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PREFACE 

It is with great pleasure that I introduce this volume, which represents the proceedings 
of the First International Symposium on OMSP and Related Sulfonium Compounds, which 
was held in Mobile, Alabama, in June 1995. The thirty-six chapters in this book cover a 
broad range of topics related to dimethylsulfoniopropionate (OMSP), and provide extensive 
background as well as the latest research and ideas on the subject. 

Scientific interest in OMSP has accelerated in recent years, in part because this 
compound has been identified as a major precursor of dimethyl sulfide (OMS), a volatile 
form of sulfur which, by its degradation products, affects atmospheric chemistry and global 
climate. In addition, OMSP and related sulfonium compounds are of great interest to 
biological chemists because: I) they are used by organisms to combat osmotic (water) stress; 
2) they are potential methyl donors; and 3) they form a large pool of organic sulfur in some 
environments. Oespite this interest, much of the basic biology and environmental chemistry 
of these compounds remains poorly understood. 

Research on OMSP and related compounds is currently being carried out in many 
different disciplines, and the number of researchers working on these compounds has 
increased rapidly in recent years. For these reasons, among others, there was a clear need 
for a focused symposium on the subject. The idea of holding a symposium on DMSP 
coalesced out of casual conversations held between myself and many colleagues over the 
years, particularly those with my close associates Pieter Visscher and Maureen Keller. In the 
Fall of 1993, I had a key phone conversation with Andrew Hanson, then of the University 
of Montreal , which made it clear that there were others outside my main discipline who were 
interested in getting together to share ideas about OMSP. I rushed to my Department 
Chairman, Dr. Bob Shipp, the idea of a symposium and received from him encouragement 
and a promise of some financial support to get things started. The organizing committee 
(Kiene, Visscher, Keller and Kirst) was formed shortly thereafter, and we set about to assess 
the interest level in a symposium dealing mainly with DMSP. The response to a preliminary 
mailing was very strong, and we therefore set about to raise more funds and to iron out details 
of the meeting. All the while I, as organizer, became newly acquainted with many colleagues 
by fax and e-mail. 

After nearly a year of planning, the First International Symposium on DMSP and 
Related Sulfonium Compounds was scheduled for early June, 1995. Sixty-four participants 
representing 12 nations were on the final list of attendees for the symposium. Because this 
was the first symposium of its kind, and because a diversity of scientists (ranging from 
oceanographers to sulfur biochemists and a high school student to emeritus professors) were 
planning to attend, I was filled with some trepidation as to whether the interdisciplinary 
format would work. My fears were allayed during the pre-symposium mixer when all the 
participants gathered for the first time. Though most were newly acquainted, it was as if 
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everyone had known each other for years. Admixtures of oceanographers, biochemists, 
microbiologists, and plant physiologists gathered in small groups and all were engaged in 
ardent conversation related to what else - DMSP! As I mingled, I noticed that the composi
tion of the small groups changed over time, but the conversations didn't let up. The energy 
level was intense right from the start, and it was clear then that the symposium would be a 
success. By all accounts it was, and this volume and the fact that future conferences of this 
type are currently being planned are testament to the first symposium's success. 
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30 YEARS OF RESEARCH ON 
DIMETHYLSULFONIOPRIOPIONATE 

A Personal Retrospective 

Yuzaburo Ishida 

Department of Fisheries, Faculty of Agriculture 
Kyoto University 
Kyoto, Japan 

SUMMARY 

1 

In 1961, with an interest in the "sea smell" as food flavor component, we commenced to 
do research on dimethylsulfoniopropionate (DMSP) in marine unicellular algae. After we 
identified the DMSP crystal from Crypthecodinium cohnii by NMR and IR and clarified the 
characteristics of a DMSP cleaving enzyme, we examined the biological significance ofDMSP in 
this alga. It was difficult, however, to find sufficient experimental evidence. After we had 
conducted an ecological study on harmful red tide algae for some time, we resumed our studies on 
DMSP, with the emphasis on algal DMS evolution in the sulfur cycle and bioactivities ofDMSP. 
We have since been doing research on the biosynthesis of DMSP and its regulation at the 
biochemical and molecular levels, in order to understand its biological role in the microalgae. 

INTRODUCTION 

It is truely a great honor and an enormous pleasure to be asked to present a plenary 
talk and paper under this title. The research in this field is making rapid progress nowadays, 
beyond comparison with its pace in the past. 

First, I will mention the circumstances under which I became interested in the subject of 
DMSP. In 1961 I had a position as a research associate at the Laboratory of Applied Microbiology, 
Food Research Institute, Kyoto University, and studied the utilization of microalgae as food of fish 
and humans (17). At first I isolated and collected unicellular algae as axenic cultures from natural 
sea waters, and examined culture conditions to accomplish mass cultivation of microalgae as food 
for young fish in the larval stages after hatching out. Simultaneously, I bred the larvae hatched out 
from fertilized eggs of black sea bream. Just at that time Prof. Kadota brought back a strain of 
heterotrophic dinoflagellate Gyrodinium cohnii (Crypthecodinium cohnii) with three other 
dinoflagellates, which were kindly provided by Prof. Luiji Provasoli, Haskins Laboratory, USA. 
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2 Y. Ishida 

Shortly after I began the study, I noticed the sea smell "Iso-no-kaori", which evolved from the 
packed cells ofC. cohnii. This smell is very familiar to the Japanese as the smell ofNori (Porphyra 
terena) and sea urchin, which feed on Ulva and Enteromorpha. In addition, I took an interest in 
volatile sulfur compounds, as I had studied the ecology of sulfate-reducing bacteria in estuaries. 
H2S was the main sulfur compound of interest at that time since sulfate reduction rates in Maizuru 
Bay were very high. Organic forms of sulfur, such as OMS were not recognized as being important 
in the global sulfur cycle. . 

Several early studies on volatile organic sulfur compounds were published by Haas 
(10), Challenger and Simpson (4) and Obata et al. (36). They reported dimethyl sulfide 
(OMS) production from marine macroalgae, Polysiphonia spp, Enteromorpha sp. and Ulva 
pertusa. The first sulfonium compound was isolated in pure form by Challenger and Simpson 
(4) from a member of the Rhodophyta, Polysiphoniafastigiata, and it proved to be OMSP. 
Although there had been no reports on OMS evolution from unicellular algae, I predicted 
that they produced OMS, based on existing literature (4, 36). Immediately after I started my 
studies, two reports suggesting that the petroleum odour in salmon and the Blackberry 
problem in cod derived from OMS from marine algae were published by Motohiro (27) and 
Sipos and Ackman (40). It was interesting but very strange that OMS smelled differently in 
the macroalgae, the sea urchin and fish. Later I obtained the preliminary result that the "good" 
flavor of sea urchin, but not the petroleum odour in fish, was attributed to association of 
OMS with neutral esters extracted from C. cohnii. 

Identification of DMSP 

In 1965 I sent a letter to Prof. Challenger that I had found that OMS was produced 
from marine unicellular algae such as C. cohnii and had isolated its precursor, OMSP as a 
crystal. In return I received an enthusiastic answer from him, in January, 1966. I still 
remember having been encouraged by him. A few months later Ackman et al. (1) published 
an article on OMS production from unicellular marine algae one year earlier than we did. 
They and we confirmed that some marine unicellular algae belonging to dinoflagellates, 
haptophyta and diatoms produced DMS (1,11). Furthermore, we proved that the precursor 
of OMS in C. cohnii was OMSP (12). I can never forget that excitement when I found a small 
transparent crystal in the desiccator (Fig. 1). The crystal was analyzed by use ofOTNMR. 
The NMR spectrum in 0 20 showed (CH3)2-protons at 7.01 ppm, the S+-CH2-protons at 6.40 

Figure 1. A crystal of dimethylsulfoniopropionate isolated from Crypthecodinium cohnii. 
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ppm, and CH2COO-protons at 6.98 ppm. The infrared(IR) spectrum of this crystal corre
sponded with that of synthetic DMSP. In addition, the stoichiometry of DMSP degradation 
with cold alkali also supported the findings obtained by NMR and IR spectra. 

BIOLOGICAL SIGNIFICANCE OF DMSP 

At that time, we had made the assumption that there were three possible functions of 
DMSP: 1) DMS evolution, 2) transmethylation, and 3) osmoregulation. 

DMS Evolution 

DMS evolution by unicellular algae was limited to marine types such as dinoflagel
lates, diatoms and haptophyta, and was not seen in the freshwater types. The effect of salts 
on DMS production from DMSP was examined, and the enzymatic activity of DMS 
evolution was markedly activated by increases in various inorganic and organic salts at 
concentrations from 0.1 M to 0.4 M. Table 1 shows the order of increasing effectiveness. 

Table 1. Characteristics of DMSP cleaving enzymes in cell free extract of C. cohnii 

CH3 CH3 

) S+CH2 CH2 COOH ~ ) S + CH2 CH COOH 

CH3 CH3 

Optimum pH of the activity: 6-7 
pH value on maximum stability of the enzyme: 5.1 
Optimum temperature: 2rC 

Optimum of NaCI conc: >a.4 M 
The evolution of OMS was activated by addition of inorganic and 
organic salts at high concentrations in an order of increasing 
effectiveness; 
©NaCI>KCI>MgCI2=CaCI2>LiCI>NaBr>LiBr> 

NaN03> >Nal>KI>Na2S04>Li2S04>CH3 COONa 

>CH2CHCOONa 

©Cr>Br->N03 -> >r>so 4=>CH3COO->CH2CHCOO

Inhibition of the enzymatic activity: 

strong inhibition-pCMB(5x1 a-4M), IAA(5x1 a-4M), 

KCN(2x1 a-3M) 

week inhibition-EDT A(1 x1 a-2M) 

The inhibition was released by homocysteine(2x1 a-3M) or 2-

mercaptoethanol(2x1 a-3M) - SH-enzyme 

Km : 1.5X 1O-3M 
pCMB: p-chloromercuribenzoic acid 
IAA: iodoacetamide 
EDT A: ethylendiaminetetraacetate-Na2 
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This table shows the characteristics of the DMSP-cleaving enzyme in C. cohnii (17). DMS 
production may contribute to the regulation of the over-production of DMSP, or DMS and 
DMSP might act as an attractant or a repellent for the other organisms. 

Transmethylation 

In general, the sulfonium compounds such as DMSP in macroorganisms are known 
to act as methyl donors in the biological transmethylation reactions and are often involved 
in synthesis of methionine and other compounds (6, 7, 22 26). In the 1960's many researchers 
concerned with sulfonium compounds took a great interest in the potential transmethylation 
reactions, but there was no evidence for transmethylation in microalgae. 

In C. cohnii the amount ofDMSP in the cells decreased considerably with an increase 
of glycine betaine in the medium from 0 to 3.3 mM. At higher betaine concentrations (>3.3 
mM), DMSP levels did not change further. The final cell yield decreased by about 40% in 
the medium without betaine. Choline also acted as well as betaine at lowering DMSP levels, 
but methylmethionine (MMSC), methionine and others did not (Fig. 2). These findings 
suggested that DMSP plays an important role in the transmethylation reaction (13). In fact, 
when 14CH3-DMSP was reacted with homocysteine in the cell-free extract of C. cohn ii, 14C 
of 14CH3-DMSP was incorporated into the amphoteric fraction (methionine and its sulfoxide) 
and anionic fraction (methylthiopropionic acid and its sulfone). This suggested that one 
methyl group ofDMSP was transferred to homocysteine and that methylthiopropionic acid 
was produced as a metabolic product. Unexpectedly the activity was very low, and moreover, 
the incorporation into methionine was only 0.3% of the methyl group ofDMSP in the absence 
of betaine, in comparison with 6.8% in the presence of betaine. 

We assumed that DMSP did not substitute for betaine as a methyl donor in this alga. 
Then we concluded that DMSP in the algae did not act as a methyl donor in the algae 
themselves, even if DMSP might act as a methyl donor in organs of animals which ingested 
these algae. 

None ~ _______ _ 

Betaine ~r-__ 

Betaine+acetate r-

Betaine+methionine 
Betaine+homocystein 

Betaine+Ciimethylglycine 

Acetate !~~~~~~~::~:.. Methionine 
Homcystein 

Dimethylglycine 
Sarcosine 

Chol ine I:::::::::.. Acethylcholine 
S-methylmethionine 

DMSP -----
o 10 20 30 40 50 60 70 80 90 100 

Ratio of 35S-DMSP to total 35S in cells (%) 

Figure 2. Ratio of 35S-DMSP to total 35S in the C. cohnii Cells incubated with 35S04 and a substrate in place 
of betaine. 
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Osmoregulation 

We made a preliminarily examination of the osmoregulatory function of DMSP. 
Recently, excellent works on osmoregulation have been published by Kinne (21), Grone and 
Kirst (9), etc., but around 1968 there were no reports on the osmoregulation or compatible 
solute functions of onium compounds such as betaine. In 1953 and 1960 Nicolai and Preston 
(34,35) suggested that a portion ofDMSP is firmly associated with some macromolecular 
compounds. 

As described above (Fig.2), DMSP content in the C. cohnii cells decreased about 
20% from about 60% after the addition of betaine. To clarify whether DMSP was decom
posed or not, and to which fraction the decreased DMSP was transferred if it was not 
decomposed, we determined the behavior of 35S-DMSP in the cells of C. Cohnii (13). As 
Fig. 3 shows, by addition of betaine the sulfur of the acid-insoluble fraction (macromolecular 
compounds) in the cells clearly increased, while on the contrary DMSP proportionally 
decreased. Then, a preliminary analysis ofthe 35S-compounds in the acid-insoluble fraction 
was made, as shown in Fig. 4 (15). The cationic fraction which was released by hydrolysis 
of the acid-insoluble fraction was applied to paper chromatography in parallel with 35S_ 
DMSP as an authentic sample. We confirmed that one of the 35S-compounds in the acid-in
soluble fraction coincided with 35S-DMSP. We assumed from this finding that a portion of 
DMSP in this alga was bound with some macromolecular compounds. 

without 
betaine 

with 
betaine 

---0- Acid soluble fraction 
-0- cationic fro (DMSP) 

c 100r----r----r---~ o n (%) 
--Ia-- amphoteric fro 

~ ...... 
.c 
u 
C1:l 
Q) 

C 

(f) 50 
L.() 
C') 

-10 

----6-- anionic fr. 
-e- Acid insoluble fraction 

o 10 20 30 40 50 
Incubation Time (hours) 

Figure 3. Behavior of3sS-DMSP and other fraction in the C. cohnii Cells transferred to betaine-medium from 
betaine-free medium. The 3sS-labeled cells cultivated in betaine free-medium were reincubated in the medium 
with betaine. The 3sS-labeJed cells were harvested by centrifugation and extracted with 5% cold perchloric 
acid (PCA). The residue is the PCA insoluble fraction. The extract(acid soluble fraction) was passed through 
an Amberlite IR 120 (H') column(through fraction is anionic fraction), and then eluted with 2N HCI. After 
removing HCl by evaporation, the solution was passed through an Amberlite IRA 400 (OH') column. The 
through fraction (cationic fraction) was further treated with charcoal and evaporated to a syrup eSS-DMSP). 
The fraction eluted with HCl is amphoteric fraction. 
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35S-DMSP Top Q) 
> L-__________________________ ~--------------~~ 

ctl 
Q5 
a: 

35S-cationic fraction by hydrolysis _ 
L of the acid-insoluble fraction ____________________ --' 

Bottom 

Front ~ n - BuOH AcA H20 (12 3 5) Ongin 

Y. Ishida 

Figure 4. Preliminary analysis of35S-compounds in the acid-Insoluble fraction by means of paper chromatog
raphy. Bottom; 35S-cationic fraction released by hydrolysis of the acid-insoluble fraction. Top; authentic 
35S-DMSP. After hydrolysis with 6N HCI at 105°C for 18 h, the hydrolyzate was fractionated by anionic and 
cationic resins. The 3sS-cationic fraction was applied to paper chromatography. Radioactivities of the spots 
which were examined by the iodide-platinium method was scanned using Aloka PCS-2 type Scanner. 

Next, we examined the effect of salts on the content ofDMSP in the cells incubated 
in the medium with or without betaine. DMSP was accumulated in the cells in response to 
the NaCI concentration in the medium without betaine, but not so much in the presence of 
betaine. If we had determined the intracellular concentration of betaine, we might have 
obtained a finding similar to that obtained in Escherichia coli (23). In addition, I had tried 
to prepare a DMSP-deficient mutant of C. cohnii by ultraviolet irradiation, but could not. 

Table 2. List of microalgae containing DMSP 

Microalgae 

Dinoflagellates 
Crypthecodinium cohnii (M); axenic culture 
Amphidinium carteri (M); axenic culture 
Gyrodinium aurealum (M); field sample 

Peridinium bipes (F); field sample 

Haptophyta 
Emi/iania huxleyi (M); field sample 
Hymonomonas carterae (M); unialgal 

culture(?) 
Syracosphaera carterae (M); axenic culture 

Diatom 
Skeletonma costatum (8); axenic culture 

M , Marine; F, Freshwater 

DMSP 

19 mg Ig wet cells 
5.8 mg Ig wet cells 

ca 4.5tLg SII 

(11 ng S/104 cells) 
0.3 mg Ig wet cells 

6 ng S/104 cells 
380 ng S/104 cells 

12 mg Ig wet cells 

6.8 mg Ig wet cells 

Ref 

44 
1 

41 

44 

41 

46 

1 
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On the other hand, OMSP was accumulated not only in marine algae but also in freshwater 
dinoflagellates such as Peridinium bipes (Table 2). 

According to Schlenk (38), some yeasts, Candida uti/is and Saccharomyces cere
visiae accumulated S-adenosylmethionine, a sulfonium compound, at the high concentra
tions of 20 to 40 mM, and 35 to 50 mM, respectively, in a medium containing 10 mM 
methionine, independent of the salt concentration. This was similar to the findings for OMSP 
in C. cohnii. Judging from these findings it was somewhat doubtful that the accumulation 
of DMSP was attributable to osmoregulation at least in unicellular algae. At that time I 
thought that an approach different from the existing one should be taken to solve this 
problem. 

DMS in the Sulfur Cycle 

Just at that time in 1968 I moved to the present department from the Food Research 
Institute. This department located in Maizuru campus is ca. 100 km away from Kyoto 
campus, and both campuses were in the height of the famous student riots. Furthermore, 
harmful algal blooms sometimes occurred in Maizuru Bay. I was compelled to discontinue 
studies on DMSP at that time. 

Fifteen years later in 1984, Uchida and I were invited to join the project of "Man's 
Activity and Sulfur Cycle" in the Research Programme on Environmental Science, supported 
by the Grant in Aid of Scientific Research from the Ministry of Education, Culture and 
Science, Japan. Through this project we intended to study an ecological role ofOMSP and 
DMS by unicellular algae. Since Lovelock (25) in 1972, the transfer of sulfur from the sea 
through the air to the land surfaces has been assigned to DMS in place ofH2S. In 1987 Shaw 
(39) proposed that the aerosol produced by the oxidation of sulfur gases from the algae may 
affect the climate. With this information, we again began to study DMS evolution from 
DMSP in unicellular algae. 

In the open ocean in which DMS-producing dinoflagellates, diatoms and haptophyta 
are generally dominant, we detected 100-1,500 ng DMSI- i in the surface water (43), as 
observed by Andreae et al. (2) and Cline and Bates (5). The correlation between DMS and 
chlorophyll a for all water samples was not significant (r=0.37, n=154). The maximum of 
DMS sometimes shifted with the chlorophyll a maximum at the depth of around 50 to 100 
m. However, in the coastal waters of Maizuru Bay, the DMS concentration exhibited a well 
defined seasonal variation. There was a marked increase in concentration of 10 to 20 g 
DMS'I-i from June to August when Prorocentrum micans was dominant, followed by a 
decrease to the minimal value of 0.5 g DMSI-i in December (42). This trend coincided with 
the trend of chlorophyll a in the region. Above all, the correlation between DMS and 
chlorophyll a is very clear in the sea water in which red tide dinoflagellates were abundant. 

In the case of Gokasho Bay where the red tide of Gymnodinium mikimotoi occurred 
and of Maizuru Bay where the red tide of Pmicans occurred, high correlations were found 
for both dinoflagellates; r=0.96 for G. mokimotoi and r=0.91 for P micans (42). The same 
result was obtained in the case of freshwater bloom of P bipes occurring in reservoirs. 

From the knowledge of the oceanic content of OMS, we could determine the 
evolution of the regional flux of OMS from the offshore, tropical and SUbtropical Pacific 
Ocean to the atmosphere. Using the equation ofLiss and Slater (24), the mean flux of OMS 
was calculated as ca 6.6 ng OMS'm-2's- i (296 g S'm-2'd- i ) referring to a mean surface 
concentration of265 ng OMS.l-i in the open Pacific Ocean. The calculated fluxes ofDMS 
across the sea surface of Maizuru Bay in summer and winter were ca 2,700 and 40 g 
S-i.m-2.d- i, respectively (42). We have estimated from several reports (4,22,43,44) that the 
most abundant OMS producers are the haptophyta and dinoflagellates. 
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Bioactivities of DMSP 

Finally, I will introduce our studies on some biological activities of DMSP. In 1984, 
Uchida and I joined the group "Regulation Mechanisms on the Ecological Interaction 
system" supported by a Grant in Aid for a Special Project Research for Ministry ofEducation, 
Culture and Science, Japan and for Scientific Research (A). We began a study on feeding 
attraction and growth promotion offish by microalgae and their intracellular low molecular 
components. This study was carried out in association with Dr. Nakajima who had an interest 
in this project. He has studied the striking behavior offish by a kimograph and the electrical 
response from fish olfactory tract to various amino acids (28). Dr. Nakajima will present his 
data in detail, elsewhere in this volume. 

We attempted to detect among various sulfur compounds some substances attractive 
to freshwater and marine fish. First, we found that the feeding activity in crucian carp and 
goldfish was most efficiently stimulated by DMSP and, to a lesser extent, by dimethylthetin 
(dimethylsulfonioacetate), dipropyl sulfide, dimethylsulfoxide and dimethylsulfone (29, 30, 
31). This result was confirmed in the experiments conducted on the olfactory tracts of 
anaesthetized carp. 

N ext, we examined the effect of dietary supplemented DMSP on the growth of marine 
fish. Growth of red sea bream, yellowtail and flounder as significantly promoted by the 
addition of 5 mM DMSP to the diet. This suggested that DMSP is a growth-promotive 
compound for fish, acting like a vitamin or hormonal agent (32). 

Another bioactivity of DMSP that I will illustrate here is that that DMSP acts as an 
antiulcer agent (16). Methylmethionine sulfonium chloride (MMSC), or vitamin U, is a 
commonly used antiulcer drug, which was originally discovered in terrestrial vegetables such 
as cabbage, and onion. Since DMSP is a chemical analogue of MMSC, DMSP and its 
derivatives will also be expected to be antiulcer drugs. A crude extract of C. cohnii and 
synthetic DMSP-Br significantly and dose-dependently protected the gastric mucosa against 
HCI-ethanol-induced lesions in rats, when these materials were administered 1 hr before 
HCI-ethanol administration. At 0.7 ml'kg" ofa crude extract containing 300 mg-kg-' DMSP, 
the development of gastric lesions was markedly prevented, the inhibition being 90.5%. 
Synthesized DMSP-Br, significantly and dose-dependently protected the gastric mucosa 
against the lesions, as well as the crude extracts of C. cohnii. DMSP at 300 and 600 mgkg-' 
had 66.6% and 99.2% of inhibitory effect on the lesions, respectively. The photograph (Fig. 

Figure 5. Effect of DMSP on HCI-Ethanol-induced gastric lesions in rats. Left; Gastric mucosal lesions were 
produced by giving 1.0 ml1200g of body wt. 0[60% ethanol(v/v) in 150 mM Hcl (HCI-ethanol). The animals 
were killed I h later, and their stomachs were removed. After removal of the gastric contents, the stomachs 
were inflated by injecting 8 ml of2% fonnalin for 10 min. The gastric mucosa was severely damaged I h after 
administration ofHCI ethanol. Right; The DMSP (300 mg/kg rat) was given to the rat 0.5 h before HCI-ethanol 
administration. It significantly protected the gastric mucosa against HCI-ethanol-induced lesions. 
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5) shows that DMSP acted locally to protect the gastric mucosa of rats. Since indomethacin 
pretreatment reduced the protective effect to some extent, endogenous prostaglandins might 
be partly involved in the mechanisms of action. Both the crude extract and DMSP signifi
cantly increased gastric secretion. 

Biosynthesis of DMSP 

Previously Green (8) showed that methionine was an efficient precursor for the 
biosynthesis ofDMSP in Ulva lactuca, and that the methyl group and sulfur ofDMSP were 
derived from those of methionine. Kahn (19) reported that the carbon at the carbon-2 of 
glycine was incorporated into the methyl group ofDMSP. We also demonstrated that methyl 
carbon and carboxyl carbons ofDMSP were derived from the methyl and carboxyl groups, 
respectively, of acetate when C. cohnii was allowed to take up acetate (14). 

Starting in 1987, Uchida and I began a study which is trying to elucidate the 
mechanism of biosynthesis ofDMSP in C. cohn ii, at the level of biochemistry and molecular 
biology. We showed that the methyl-, C3- and C2-carbon and sulfur of methionine except 
CI-carbon were converted to DMSP, and methylthiopropionic acid was produced as an 
intermediate (45). Then L-methionine decarboxylase as a key enzyme was isolated and 
purified. A single band of this purified enzyme was confirmed by polyacrylamide gel 
electrophoresis. The enzyme required pyridoxal phosphate and I mM Mg++, and the activity 
was not dependent on NaCI or KCI concentration. The molecular weight was 230 kDa and 
the enzyme consisted of a homodimer. The N-terminal amino acid sequence was Ala-Leu
Cys-Try-Ser-Asp-Ile-Ser-Pro--, but this 9 amino acid sequence was too short to make the 
DNA probe for detecting the gene of methionine decarboxylase. Now we are attempting to 
repeat this experiment. Further details on methionine decarboxylase are presented in Uchida 
et ai, this volume. 

In order to clarify the role ofDMSP in such processes as osmoregulation, it is very 
important to prepare DMSP-deficient or methionine decarboxylase deficient mutants, and 
to analyze the factors which regulate the level of transcription of the methionine decarboxy
lase gene. 

In relation to DMSP, I must point also to gonyauline (cis-2-dimethylsulfoniocyclo
propanecarboxylate) in a luminous dinoflagellate, Gonyaulax polyedra (33). This gon
yauline is a unique cyclopropane derivative of DMSP, and has been identified as an active 
substance which shortens the period of bioluminescent circadian rhythm in the cultured 
marine dinoflagellate G. polyedra (37). The chemical structure of gonyauline is close to that 
of DMSP, and gonyauline specifically occurred only in G. polyedra, but not in the other 
dinoflagellates such as P. lima etc, which contain DMSP. Biosynthesis of gonyauline was 
examined by use of 13C-NMR, and it could be proved that methionine was converted to 
gonyauline via DMSP, and gonyol was converted from DMSP with acetate (Nakamura, 
unpublished data). He suggested that Cl-carbon on gonyauline derives from CO2, 

It is interesting to note that gonyauline expressed the period-shortening function in 
G. polyhedra only when it was added externally, even though this alga itself contained 
intracellular gonyauline equivalent to the amount which ellicited expression. Whether or not 
gonyauline in G. polyedra plays the same role as DMSP in other dinoflagellates, in addition 
to the circadian rhythm remains to be determined. 

CONCLUSION 

I will point out the following questions about DMSP: 
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I. Why do aquatic plants, including algae, accumulate DMSP but not MMSC, while 
terrestrial plants (asparagus, cabbage, onion etc), accummulate MMSC (except 
for sugarcane which accumulates DMSP but not MMSC (37»? 

2. Why is DMSP accumulated in all marine and freshwater dinoflagellates and 
haptophyta, and a part of the diatoms, but not in unicellular chlorophyta except 
for some macroalgae cholorophyta such as Enteromorpha, Ulva etc? 

In order to address these questions, I am hoping to continue our efforts towards 
clarifying DMSP function; ftrst, by means of analysis of the DNA sequence of methionine 
decarboxylase and a regulatory factor at the level of the transcription, and second, by means 
of preparation ofDMSP deftcient mutants and methionine decarboxylase deftcient mutants. 
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SUMMARY 

2 

Several sulfonium compounds are found in Nature. The most biologically versatile 
is S-adenosyl-L-methionine (AdoMet). Much of this chapter is concerned with AdoMet, but 
includes a discussion of other sulfonium compounds. Some of the more interesting chemical 
properties of sulfonium compounds are discussed as well as how these properties are 
exploited in biochemical reactions. Finally, the chemistry of sulfonium compounds is 
discussed in relation to the biosynthesis of 3-dimethylsulfoniopropionate (DMSP). In this 
brief review references and topics are necessarily selective. 

DISCOVERY OF ADOMET 

For many years methionine was known to be a major source of methyl groups in 
biological methylation reactions. However, it was also recognized that methionine had to be 
activated first. Cantoni (9, 10) was the first to propose that "active methionine" is S-adeno
sylmethionine - a "high energy" sulfonium compound. The proposal was later confirmed by 
degradation of the natural product (5) and by chemical synthesis (4). 

SYNTHESIS OF ADOMET 

Two biological reactions are known in which the adenosyl moiety of ATP is trans
ferred to an acceptor: I) Synthesis of AdoMet catalyzed by AdoMet synthetase (ATP: 
L-methionine S-adenosyltransferase). 2) Synthesis of adenosylcobalamin - the cofactor in 
the methylmalonyl CoA mutase reaction. Triphosphate is formed at the active site during the 
reaction catalyzed by AdoMet synthetase but is not released. Rather it is hydrolyzed to 
phosphate and pyrophosphate (eq. I). The latter is then hydrolyzed to free phosphate by the 

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds 
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action of pyrophosphatases. As a result, two "high-energy" phosphate bonds are hydrolyzed, 
providing the free energy for the synthesis of "high-energy" AdoMet. 

L-Methionine + ATP ~ AdoMet + PPPj (+ H20 ~ P j + PPj ) (1) 

Mammalian AdoMet synthetase has been well characterized. The enzyme of mam
malian kidney (II) is distinct from that of the liver (I and III) and the two forms are coded 
by separate genes. Isoform 1 and isoform III are products of the same gene and are 
homotetramers and homodimers, respectively. [For a review see Hoffman (41)J. cDNA or 
genomic clones of the enzyme from Escherichia coli, Saccharomyces cerevisiae, Arabidop
sis thaliana, and parsley (Petroselinum crispum) have also been isolated (45 and references 
cited therein). 

CHEMISTRY OF SULFONIUM COMPOUNDS 

This subject is covered in a two volume treatise edited by Stirling (74). Only selected 
topics are discussed here. 

Stereochemical Considerations. Sulfonium compounds exhibit pyramidal bonding 
and therefore can exist as enantiomeric forms. [For reviews of chiral organosulfur com
pounds see Andersen (2) and Mickolajczyk and Drabowicz (57)]. de la Haba et al. (21) 
showed that AdoMet synthesized by liver or yeast AdoMet synthetase was completely 
consumed in the guanidinoacetate methyltransferase reaction. However, only about a half 
of synthetically-prepared AdoMet was consumed in the reaction. Thus, only one of the two 
possible diastereoisomers (Le., (S),L- or (R),L-) of AdoMet is a substrate of guanidinoacetate 
methyltransferase. Moreover, the same diastereoisomer was also shown to participate in the 
catechol O-methyltransferase (COMT) reaction (21). These experiments, however, did not 
establish the absolute configuration ofthe sulfonium center of biologically active AdoMet. 
The problem was solved by Cornforth et al. (19), who showed that the sulfonium center is 
of the (S)-configuration. 

Theoretically, enzyme-catalyzed transfer of a methyl group from AdoMet to a 
suitable acceptor can occur with retention or inversion of configuration. Woodard and 
coworkers synthesized AdoMet in which the methyl group is asymmetric and contained one 
H, one D and one T (29). When epinephrine was converted to metanephrine in a reaction 
catalyzed by COMT in the presence of [(R)-D,T-methylJAdoMet, the product contained 
labeled methyl in the (S)-configuration. Inversion of configuration occurred in the five 
enzyme-catalyzed methyl transfer reactions investigated. Thus, each enzyme operated by a 
mechanism involving direct transfer of a methyl group. Evidently, the reaction does not 
proceed via a ping-pong mechanism nor does it involve a methylated enzyme intermediate 
(29). 

Although the most important biological methyl donor is AdoMet, other methylsul
fonium compounds can sometimes be used in transmethylation reactions, especially when 
the methyl is donated to sulfur (see below). For example, some yeasts and plants possess an 
enzyme that catalyzes the transfer of a methyl group of S-methyl-L-methionine (SMM) to 
L-homocysteine (eq. 2) (38, 60). The use of SMM in biological methylations raises an 
interesting issue. Although the two methyls of SMM are chemically equivalent, they should 
be enzymatically distinguishable. By introducing label into one or other of the methyls, 
diastereoisomers of SMM may be synthesized. Grue-Serensen et al. (38) synthesized the 
two diastereoisomers of [2-2H, methyl-I3C]SMM and showed that the reaction catalyzed by 
jack bean (Canavalia ensiformis) S-methylmethionine: homocysteine S-methyltransferase 
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proceeds with a preference for the removal of the pro-(R)-methyl group to the extent of94% 
or more. 

S - Methyl-L-methionine + L-homocysteine ~ 2L-methionine + W (2) 

Acidity of Protons Attached at the Carbon A to the Sulfur. Loss of a proton a. to the 
sulfur will yield an ylide. Preparation of the ylide ofPheS+(CH3h requires the presence of 
a strong base and rigorously anhydrous conditions (31). Coward and Sweet (20) estimated 
that the pKa of sulfonium compounds of the type ArS+(CH3h is typically quite high (> 14 to 
-17), but still considerably less than that of a typical RCH3 group. Despite negligible ylide 
formation, a. protons in many sulfonium compounds (e.g. trimethylsulfonium iodide) are 
labile in aqueous solution (22). 

The acidity of the a. protons is increased by appropriate substitution at the ~ 
carbon. ~-(Dimethylsulfonio)pyruvic acid behaves as a diprotic acid (pKaJ - 9; pKa2 -
5), whereas the ester behaves as a monoprotic acid with a pKa of -9 (8). The unusually 
high acidity of the a. protons in ~-( dimethylsulfonio )pyruvic acid is unlikely to be due 
solely to the inductive effect of the electron-withdrawing dimethylsulfonio group. Reso
nance stabilization of the conjugate base must also contribute. The dimethylsulfonio 
group is conjugated with the keto group by expansion of the sulfur valence shell (eqs. 3 
and 4). 

(CH3)2S+CH2C(= O)COz + OH- ~ H20 + (CH3 )2S+CH = C(O-)COz (3) 

(CH3hS+CH = C(O-)COz B (CH3)2S+CH-C(=O)COz B (CH3)2S = CHC(=O)COz (4) 

Vinylsulfonium ions are reactive and undergo nucleophilic addition at the C2 position 
of the vinyl group (41) (eq. 5). This reactivity is due to stabilization of the carbanion at C-l 
in the transition state (41, 73). 

CH3CH2S+CH=CH2 + Nuc· + H+ ~ CH3CH2S+CH2CH2-Nuc 
I I (5) 
CH3 CH3 

As a result of the lability of the a. protons and exchange with solvent protons, the 
metabolic fate of deuterium or tritium labeled in the position a. to the sulfur of a typical 
sulfonium compound might be difficult to follow in some cases. By avoiding harsh condi
tions, however, Hanson et al. (39) were able to use eH-methyl]SMM in studies of DMSP 
synthesis in plants. 

Elimination Reactions. The electron-withdrawing properties of the alkyl sulfonium 
group and the acidity of the protons a. to the sulfur contribute to the ease with which 
elimination reactions occur. These reactions are analogous to those exhibited by quaternary 
ammonium salts, which may be cleaved to the corresponding olefin in the presence of a 
strong base (e.g. PheLi, KNH2 in liquid NH3). The mechanism is an a.',~-elimination and 
the reaction may proceed via a nitrogen ylide (see references quoted in March (51». 
Sulfonium compounds may undergo a similar a.',~ elimination reaction to yield olefin and 
dialkyl sulfide. The reaction with sulfonium hydroxides is readily accomplished by heating 
(48) (eq. 6). Alternatively, the reaction may proceed via a sulfur ylide in the presence of a 
strong base (eq. 7) (30). 



16 A. J. L. Cooper 

(6) 

I I 
-C=C- + H-C(H}-SR 

I 
R' 

(7) 

Conversion of Sulfonium Compounds to Thioethers by Reaction with Nucleophiles. 
The free energy change (dGo,) for the conversion of a sulfonium compound to a thioether 
is - -7 to -10 kcallmol. [See the discussion by Coward and Sweet (20).] This value is similar 
to that for the hydrolysis of the "high energy" bonds of ATP. Despite a favorable free energy 
change, however, conversion of a sulfonium compound to a thioether is usually very slow 
in water. Large activation energies prevent the reaction from occurring except under forcing 
conditions. Coward and Sweet (20) investigated the attack of nucleophiles (nuc-) on 
ArS+(CH3)2 to yield ArSCH3 and CH3nuc. The reaction of the sulfonium compound with 
oxygen-containing nucleophiles was found to be very slow. The relative reactivity of the 
added nucleophiles was in the order: 0 <N <S (20). 

Zappia et al. (82) investigated the methyl donor specificity of representative 0-, N
and S-methyltransferases. AdoMet: acetyl serotonin O-methyltransferase (an O-methylase) 
exhibits a strict requirement for AdoMet. On the other hand, AdoMet: histamine N-methyl
transferase (an N-methylase) utilizes S-inosyl-L-methionineto a small extent in place of 
AdoMet. Finally, AdoMet: homocysteine S-methyltransferase (an S-methylase), utilizes 
S-inosyl-L-methionine, S-adenosyl-(5')-3-methylthiopropylamine and SMM almost as ef
fectively as AdoMet (82). The data suggest that in the case of the O-methylase, the methyl 
donor must meet strict requirements. These requirements are satisfied only by AdoMet, 
which must interact at several points on the active site of the enzyme (82). Evidently, for 
effective catalysis of transmethylation reactions involving oxygen nucleophiles, sufficient 
lowering of the activation energy can only be brought about with a methyl donor capable of 
interaction on the enzyme at multiple points. On the other hand, where methylation is 
kinetically favored, as in the case of the S-methylase, catalysis requires less stringent binding 
of methyl donor to the active site, and SMM can replace AdoMet. 

NATURALLY-OCCURRING SULFONIUM SALTS (OTHER THAN 
ADOMET) 

For earlier reviews see Schlenk (68) and Maw (52). A brief summary, especially of 
more recent references, is presented here. 

S-Methyl-L-Methionine (SMM). This compound was first identified as a constituent 
of cabbage leaves and asparagus in the early 1950s and is now known to occur in algae and 
many higher plants. SMM is formed from AdoMet by the enzyme AdoMet: methionine 
S-methyltransferase in many higher plants (eq. 8): 

AdoMet + L-methionine ~ S-methyl-L-methionine + S-adenosyl-L-homocysteine (8) 
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however, to be limited in the diet of non-cetacian mammals. Therefore, this pathway is 
probably of little importance in L-methionine synthesis from L-homocysteine in most 
mammals. 

Phosphatidylsulfocholine. "Sulfocholine" the sulfur analog of choline was synthe
sized almost 50 years ago (54). The compound could not support the growth of rats on a 
methionine and choline-deficient diet. Phosphatidylsulfocholine (PSC) along with phospha
tidylcholine (PC) has been detected in several photosynthetic diatom species. In one 
non-photosynthetic species Nitzschia alba, PSC was found to completely replace PC. [See 
references quoted by Bisseret et al. (7)]. 

Recently Described Algal Sulfonium Compounds. 4-Dimethylsulfonio-2-meth
oxybutyrate and 5-dimethylsulfonio-4-hydroxy-2-aminovalerate have been reported to be 
present in some Mediterranean red algae (70). Gonyauline (cis-2-(dimethylsulfonio)cyclo
propane carboxylate) is a novel zwitterion that has recently been identified as an endogenous 
period-shortening substance in the bioluminescent circadian rhythm of the dinoflagellate 
Gonyaulax polyedra (62). Another sulfonium compound named gonyol (3S-5-dimethylsul
fonio-3-hydroxypentanoate) has been isolated from Gonyaulax polyedra grown on a source 
rich in methionine and acetate (63). 

** Met 4----=--0:::::::----HCys Free radical. reactions 

xcr+)H /-'2 
AdoHCys AdoMet --.....::;;..---~ 

~M 
t 

SPN 

HCys Methyl THF (betaine)(SMM) 

C Met ethylene 
ys , 

aKMB __ 
- --MTRP 

Figure 1. Composite scheme of the major metabolic reactions involving S-adenosyl methionine. Abbrevia
tions: ACC, l-aminocyclopropane-l-carboxylate; Ad, adenosine; AdoMet, S-adenosyl-L-methionine; aKMB, 
a-keto-y-methiolbutyrate; dAdoMet, decarboxylated AdoMet; DMG, dimethyl glycine; AdoHCys, S-adeno
syl-L-homocysteine; HCys, L-homocysteine; HSerLac, L-homoserine lactone; MTA, 5'-methylthioadenosine; 
MTRP, methylthioribose phosphate; Put, putrescine; SMM, S-methyl-L-methionine; SPD, spermidine; SPN, 
spermine; THF, tetrahydrofolate; X, methyl acceptor. Although many of the reactions shown in the scheme are 
common to both prokaryotes and eukaryotes, several are more restricted. Reactions denoted by a superscript 
are thought to be largely limited in occurrence as follows: *bacteria; **plants; tmammals; ttmammals and 
bacteria. 
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SMM is catabolized by two routes. It can be converted back to L-methionine by the 
action of SMM: L-homocysteine S-methyltransferase (eq. 2) or it can be converted to 
dimethylsulfide and L-homoserine by the action of SMM hydrolase (eq. 9). For original 
references and discussion see Mudd and Datko (60). 

S-Methyl-L-methionine + H20 --1' (CH3hS + L-homoserine + H+ (9) 

A combination of AdoMetL-methionine S-methyltransferase (eq. 8) and SMM: 
L-homocysteine S-methyltransferase (eq. 2) together with S-adenosyl-L-homocysteine hy
drolase (eq. 10) yields a net reaction in which Ado Met is converted to L-methionine and 
adenosine (eq 11). 

S-Methyl-L-methionine + L-homocysteine --1' 2 L-methionine + H+ (2) 

AdoMet + L-methionine --1' S-methyl-L-methionine + S-adenosyl-L-homocysteine (8) 

S-Adenosyl-L-homocysteine + H20 ~ Adenosine + L-homocysteine (10) 

Net: AdoMet + H20 --1' Adenosine + L-methionine + H+ (11) 

According to Mudd and Datko (60) this "S-methylmethionine cycle" provides the 
plant with a means of sustaining a pool of soluble methionine even when overshoot occurs 
in the conversion of soluble methionine to AdoMet. These reactions ensure that the levels 
of methionine and AdoMet are tightly regulated, but at the cost of consumption of ATP. The 
cycle appears to operate at a low level, however, in the leaves of Wollastonia biflora (L.) 
even though the plants contain SMM (39). 

Farooqui et al. (27) showed that Euglena gracilis contains two methyltransferases 
capable of methylating specific residues of cytochrome c. Enzyme I methylates a methionine 
residue at position 65 and enzyme II methylates an arginine at position 38. At the time of 
the report by Farooqui et al. (27), no examples of the natural occurrence ofSMM in protein 
molecules had been recorded and the authors were unable to suggest a biological role for 
enzyme I. Of interest is the recent finding of Katz and Gerhardt (44) that the abnormal storage 
protein which accumulates in hereditary ceriod-lipofuscinosis (Batten'S disease) is rich in 
S-methylmethionine. 

Finally, strong evidence implicates SMM as the precursor of dimethylsulfonio
propionate in the angiosperm W biflora (39). 

DimethylsulJoniopropionate (DMSP). Many marine algae and certain salt-tolerant 
angiosperms contain DMSP (= dimethyl-l3-propiothetin) as an osmoprotectant (e.g. 42). As 
discussed by Hanson and colleagues (42), DMSP is known to be a major precursor of 
dimethylsulfide, an important component of the global sulfur cycle (I), a contributor to acid 
precipitation (65), and the main source of cloud condensation nuclei over oceans (12). 

Two routes are known for the catabolism ofDMSP in bacteria and algae (46). DMSP 
may be converted to acrylate and dimethyl sulfide; the latter is oxidized to dimethylsulfoxide. 
Alternatively, DMSP may be demethylated (or transmethylated) to give 3-methylthio
propionate (MTP). DMSP may function as a methyl donor to nitrogen-containing com
pounds in algae. Thus, Chillemi et al. (13) noted that feeding of the red alga (Chondria 
coerulescens) with [l4CH3]DMSP resulted in the formation of methyl-labeled 4-hydroxy-N
methylproline. 

DMSP can provide essential methyl groups in experimental animals (53). Trans
methylation of DMSP is catalyzed by kidney and liver extracts (23). DMSP is likely, 



Chemical and Biochemical Properties of Sulfonium Compounds 19 

TRANSFER REACTIONS INVOLVING ADOMET/ADOHCYS 

A schematic diagram of AdoMet metabolism is shown in Fig. 1. Most of the 
biologically important pathways are initiated by breakage of one or other of the three S bonds 
at the sulfonium center, either directly on AdoMet (methyl-, 3-amino-3-carboxypropyl-, 
adenosyl transfers) or on dAdoMet - the decarboxylated form of AdoMet (3-aminopropyl 
transfer) (e.g. 36). 

Transfer of the Methyl Group of AdoMet to Low-Molecular-Weight Compounds. 
Transmethylation reactions result in the transfer of a methyl group of AdoMet to a suitable 
acceptor (at S, N, 0, C or halide) with the formation of S-adenosyl-L-homocysteine 
(AdoHCys) (Fig. 1). These reactions are quantitatively the most important route for the 
metabolism of AdoMet. The methyl may be transferred to relatively small molecules, as, for 
example, in the synthesis of creatine, phosphatidyl choline, epinephrine (N-methylations), 
3-0-methoxyepinephrine (O-methylation), and L-methionine (S-methylation ofL-homocys
teine). In addition, AdoMet is the methyl donor in the synthesis of a number of biologically
important C-methylated small molecules (e.g., methylcobalamin, ubiquinone, 
plastoquinone, methyl fatty acids,cyclopropyl fatty acids, C28 and C29 sterols, C31 triter
penes, vitamin K, and tocopherol) (49). Finally, AdoMet is the methyl donor in a reaction 
catalyzed by Brassica oleracea AdoMet:halidelbisulfide methyltransferase (3). In this 
reaction, the methyl group is transferred to halide (X·) or HS- to generate CH3X or CH3SH, 
respectively. Iodide is an especially effective methyl acceptor. 

Methylations involving AdoMet may have clinical relevance. Parkinson's disease, 
which is characterized by tremors and rigidity, results from excessive loss of dopaminergic 
neurons in the substantia nigral region of the brain. The disease usually occurs in elderly 
patients. Recently, however, after self-administration of a contaminated illicit drug related 
to meperidine several young drug abusers developed a classic Parkinson syndrome. The 
contaminant was identified as I-methyl-4-phenyl-l ,2,3,6-tetrahydropyridine (MPTP) which 
is oxidized to toxic I-methyl-4-phenylpyridinium ion (MPP+). MPP+ is toxic to the substantia 
nigra and causes Parkinsonium symptoms in primates. MPP+ interferes with the mitochon
drial electron-transport chain. It is possible that adult-onset Parkinson's disease is due to 
life-time exposure to low levels of environmental toxins or protoxins. Ingestion of 4-
phenylpyridine or of 4-phenyl-l ,2,3 ,6-tetrahydropyridine (MTP) is expected to generate 
MPP+ from AdoMet-dependent N-methylationloxidation and N-methylation reactions, re
spectively. 4-Phenylpyridine and MTP may be regarded, therefore, as protoxins which are 
not toxic of themselves but which are metabolized to neurotoxic compounds. Other protoxins 
of the substantia nigra include 1,2,3,4-tetrahydro-~-carboline (THBC) and 1,2,3,4-tetrahy
droisoquinoline (TIQ), both of which occur naturally. AdoMet-dependent N-methylations 
and oxidation reactions on tetrahydrocarbolines and tetrahydroisoquinolines will give rise 
to potentially neurotoxic compounds that will interfere with the electron-transport chain (41). 

Mammalian tissues contain two AdoMet-dependent enzymes that methylate sultby
dryls to form thioethers and an AdoMet-dependent enzyme that methylates thioethers to yield 
methyl sulfonium compounds (41). Thiopurine methyltransferase is cytoplasmic and methy
lates the sulfur of aromatic and heterocyclic thiols (e.g., 6-mercaptopurine). Thiol methyl
transferase is microsomal and catalyzes the methylation of the sulfur of aliphatic thiols (e.g., 
mercaptoethanol, captopril, D-penicillamine). Both enzymes are considered to be detoxify
ing. Thioether methyltransferase catalyzes the methylation of compounds of the type RXR', 
where X is S, Se or Te and R (or R') does not contain a carboxyl or a direct attachment to S 
at an aromatic ring (41). The enzyme may be involved in bioactivation ofxenobiotics. Thus, 
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vinyl- and allyl sulfides are potentially toxic when converted to the corresponding sulfonium 
ions; these ions may form adducts with macromolecules (41). 

Transfer of the Methyl Group of AdoMet to Macromolecules. In proteins, methyla
tion may be at lysine, arginine, histidine, or glutamate (27). E-Trimethyllysine is a precursor 
of carnitine - the carrier molecule for acyl groups between cytosol and mitochondria. 
Polysaccharides may be modified by O-methylation (6). AdoMet is also involved in the 
methylation of nucleic acids. Methylations of tRNA may be at N, C (base or ring) or 0 
(ribose) (67). 

Transfer of the 3-(3-Amino-3-Carboxypropyl) Group of AdoMet. This process re
leases 5'-methylthioadenosine (MTA). [For a review see Schlenk (69)]. An example is the 
synthesis of one of the base modifications in E. coli tRNA (64) (eq. 12). 

tRNAphe(uridine) + AdoMet ~ tRNA[3-(3-amino-3-carboxypropyl)uridine] + MTA (12) 

F ormation of MTA can also occur by intramolecular nucleophilic attack and cycliza
tion (59). For example, many microorganisms contain an enzyme that converts AdoMet to 
MTAand a-amino-y-butyrolactone (L-homoserine lactone; Hserlac) (59,69,72). The carbon 
of HSeriac can be recycled back to AdoMet (71) (eq. 13): 

HSerlac ~ O-succinylhomoserine ~ cystathionine ~ HCys ~ Met ~ AdoMet (13) 

An alternative internal nucleophilic attack gives rise to l-aminocyclopropane-l-car
boxylate (ACC) and MTA in a reaction catalyzed by ACC synthase. ACC is then oxidized 
to ethylene, CO2 and cyanide by ACC oxidase. Two ACC oxidases occur in avocados. One 
has been characterized and shown to require O2, Fell and ascorbate (56). Ethylene is a 
hormone in higher plants that has many functions including stimulation of fruit ripening 
(24). 

Transfer of the 3-Aminopropyl Group of AdohCys. In this process, AdoMetis decar
boxylated to AdoHCys; the latter serves as a 3-aminopropyl donor in the synthesis of 
polyamines spermidine and spermine from putrescine (l,4-diaminobutane). Transfer of the 
propyl amine moiety results in the formation ofMTA (Fig. 1). The biological importance of 
polyamines is still debated, but as discussed in an earlier review by Tabor and Tabor (76), 
the concentration of polyamines rises when growth rate increases. Moreover, polyamines 
have a high affinity for nucleic acids, stimulate protein synthesis, and stabilize membranes 
(76). More recently, spermidine has been recognized as a precursor of hypusine (.Nt-(4-
amino-2-hydroxybutyl)lysine), a post-translationally modified lysine residue of eukaryotic 
translation initiation factor SA (elF-SA) (80). 

Transfer of the Deoxyadenosyl Group. This reaction is rare (only 3 examples are 
presently known) but nonetheless fascinating. The overall process may be regarded formally 
as a transfer ofthe deoxyadenosyl moiety to a hydride ion (47) (eq. 14). 

AdoMet + H· ~ L-Methionine + 5'-deoxyadenosine (14) 

Pyruvate-formate lyase catalyzes a key step in glucose fermentation in Escherichia 
coli (i.e., pyruvate + CoA ~ acetyl CoA + formate). The enzyme is inactive in the non-radical 
(EH) form. Under anaerobic conditions, however, it is converted to the active radical form 
(EO) by the action of pyruvate-formate-Iyase-activating enzyme. The activating enzyme 
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contains iron and utilizes reduced flavodoxin to reductively cleave AdoMet to 5'-deoxyade
nosine-5' -yl radical and L-methionine. The 5' -deoxyadenosine-5' -yl radical is then con
verted to 5'-deoxyadenosine by abstraction of the pro (S) hydrogen of a specific glycine 
residue of pyruvate-formate lyase (33). The net reaction is shown in eq. 15. 

E(gly)H + AdoMet + e" ~ E(gly)" + 5'-deoxyadenosine + L-methionine (15) 

Aerobic ribonucleotide reductase of E. coli is a heterodimer (Cl2,P2) in which the P 
subunit contains a tyrosine free radical. In contrast, anaerobic (class 3) ribonucleotide 
reductase (nrdD) of E. coli is a homodimer which has an iron-sulfur center and a free radical 
(almost certainly glycine) at the active site of each subunit. The anaerobic enzyme is 
activated by AdoMet, NADPH and a reducing agent (61). As in pyruvate formate lyase, 
AdoMet plays a role in the formation of the active site radical. 

Clostridium SB4 lysine 2,3-aminomutase catalyzes the interconversion oflysine and 
p-lysine. The enzyme utilizes pyridoxal 5'-phosphate (PLP), AdoMet, Co(ll) and an Fe-S 
cluster (32,66) as cofactors. According to Frey and colleagues, activation oflysine-2,3-ami
nomutase proceeds in two steps. Lysine binds to the enzyme through Schiff's base linkage 
to PLP; the metal cofactors (Co, FeS) are reduced by reaction with a suitable reductant 
(glutathione, dihydrolipoate) and react with incoming AdoMet. In the second step, AdoMet 
is cleaved to 5'-deoxyadenosyl-metal cofactor and enzyme-bound methionine. The 5'-de
oxyadenosyl-metal cofactor undergoes reversible homolytic cleavage to yield 5' -deoxyade
nosine-5'-yl radical. The 5'-deoxyadenosine -5'-yl radical then initiates a rearrangement 
reaction by abstracting a hydrogen atom from carbon 3 of the lysine-PLP imine to yield 
5' -deoxyadenosine. The substrate-PLP radical then undergoes a 1 ,2-imino migration to yield 
p-Iysine-PLP imine radical. Abstraction of hydrogen from 5'-deoxyadenosine results in the 
formation of p-Iysine-PLP imine and reformation of the 5' -deoxyadenosine-5' -yl radical. 
Hydrolysis of the imine releases p-lysine to complete the reaction sequence. 

The lysine-2,3-aminomutase reaction has several unusual features. First, the 5'-de
oxyadenosine-5' -yl radical is proposed to playa direct role in the aminomutase reaction 
mechanism, whereas in the pyruvate-formate lyase- and anaerobic ribonucleotide reductase 
reactions the 5'-deoxyadenosine-5'-yl radical plays an indirect role by maintaining the 
enzyme in an active (free radical) form. Secondly, although PLP was previously recognized 
to be the most versatile biological cofactor it was not known to participate in free-radical 
reactions. With the the recent realization that it can indeed participate in free radical reactions 
it seems that the versatility ofPLP is even greater than previously suspected. Thirdly, AdoMet 
must now be considered to share catalytic features with adenosylcobalamin in that both are 
converted to 5'-deoxyadenosine-5'-yl radical during mutase-type reactions. Frey (32) has 
suggested that during the course of evolution the relatively simple AdoMet may have arisen 
first as a sole source of 5'-deoxyadenosine-5'-yl radicals. This role was then generally 
superseded later in evolution by the more elegant, but more complex, adenosyl cobalamin. 
If this is true, then lysine-2,3-aminomutase may be an evolutionary holdout. 

METHIONINE SALVAGE PATHWAY 

As mentioned above, several reactions involving scission at the sulfonium center of 
AdoMet or dAdoMet result in the formation ofMTA (Fig. 1). Giulidori et al. (37) estimated 
from tracer studies that 25% of administered AdoMet in rats is metabolized via the 
aminopropylation pathway and formation of MTA. If MTA were not metabolized then its 
synthesis might lead to a drain on scarce sulfur and methyl moieties of methionine in 
mammals. In mammalian liver, however, MIA is converted back to methionine through a 
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salvage pathway. MTA is also produced in microorganisms and plants in substantial amounts. 
Indeed, it has been estimated that the methionine concentration in plants is too low to support 
sustained ethylene production and methionine sulfur and methyl are also salvaged from MTA 
in plants (28, 58). The process whereby MTA is recycled back to methionine is interesting. 
In mammals, MTA is reacted with phosphate to yield methylthioribose-l-phosphate (MTRP) 
plus adenine. MTRP is then converted to a-keto-y-methiolbutyrate (aKMB), which, in tum, 
is converted to L-methionine via transamination with glutamine. Cooper and Meister were 
the first to point out that rat liver and· kidney contain aminotransferases capable of catalyzing 
rapid transamination between glutamine and a-keto-y-methiolbutyrate (14, 15). It now 
seems that glutamine (and to a lesser extent asparagine) is also the preferred amino donor in 
the methionine salvage pathway of bacteria (78) and plants (11, 58). In the mammalian 
salvage cycle (i.e., Met ~ AdoMet ~ dAdoMet ~ MTA ~ MTRP ~ X ~ aKMB ~ Met), 
the original methyl and sulfur of methionine are preserved but the 4-carbon unit of aKMB 
(and Met) is formed anew from four of the five ribose carbons ofMTRP. [See Cooper and 
Meister (16) for a discussion]. In bacteria the pathway is almost identical. The only difference 
is that MTA is hydrolyzed to methylthioribose which is then reacted with ATP to yield MTRP 
(78). The nature of the intermediates (X) in the conversion ofMTRP to aKMB in mammals 
and bacteria has been elucidated by Abeles and colleagues (34, 81). The pathway involves 
some interesting chemistry. MTRP (a-anomer) is isomerized by aldose-ketose isomerase to 
methyithioribulose-l-phosphate. This compound is dehydrated and ketonized to 2,3-diketo-
5-methylthio-I-phosphopentane, enolized to a phosphoene-diol and hydrolyzed to an aci
reductone (CH3SCH2CH2C(O)C(OH)=C(O-)H). In rat liver, the aci-reductone is cleaved by 
the action of a dioxygenase to yield aKMB (CH3SCH2CH2C(O)C02-) and formate. In 
Klebsiella this reaction probably is non-enzymatic. Klebsiella (but not rat liver) possesses a 
different dioxygenase that converts the aci-reductone to 3-methylthiopropionate, CO and 
formate. 

ELIMINA TION REACTIONS INVOLVING 
BIOLOGICALLY-OCCURRING SULFONIUM COMPOUNDS AND 
FORMATION OF OLEFINS 

As noted above, one pathway for the metabolism of AdoMet in microorganisms 
begins with its conversion to homoserine lactone by internal nucleophilic displacement by 
carboxylate ion. The enzyme that catalyzes this reaction in yeast appears to be largely specific 
for AdoMet (59). Mazelis et al. (55) showed that a soil bacterium possesses an enzyme 
(methionine sulfonium lyase) that can catalyze the conversion of both AdoMet and SMM to 
L-homoserine. No evidence was found for homoserine lactone formation in the reaction with 
SMM and it was suggested that in this case, nucleophilic attack on the y-carbon is by 
hydroxide ion and not by carboxylate ion (55). The hydrolase activity with SMM has also 
been shown to be present in cabbage leaves (50) and onion seedlings (40). Conceivably, the 
enzyme contains PLP and the reaction proceeds through a ~,y-elimination of the SMM-PLP 
imine followed by addition of water to the resulting ~,y double bond. However, Mazelis et 
al. (55) found no evidence that the reaction proceeds through a PLP-imine intermediate. On 
the other hand, Gessler and Bezzubov (35) reported that SMM lyase partially purifed from 
cabbage leaves loses all its activity after Sephadex chromatography, but that 20% of the 
activity may be restored by addition ofPLP. Gessler and Bezzubov (35) measured dimethyl
sulfide production from SMM but did not measure homoserine or its lactone. Therefore, it 
is not clear whether dimethylsulfide was truly formed via a PLP-dependent lyase. It is 
possible that the reaction is actually due to PLP-dependent transamination followed by 
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non-enzymatic decomposition of the a-keto acid analogue of SMM (see below). Loss of 
activity after Sephadex filtration could then have been due to removal of a-keto acid 
substrate. 

Gessler and Bezzubov (35) also noted that rat tissue homogenates were able to 
convert SMM to dimethylsulfide. Interestingly, activity was stimulated 3-fold and 1.5-fold 
by addition of pyruvate and a-ketoglutarate, respectively. Therefore, it seems almost certain 
that the dimethyl sulfide arose in large part, if not totally, from transamination followed by 
non-enzymatic ~,y-elimination (see below). [However, this possibility was not recognized 
by the authors.] Evidently, more work needs to be carried out on the mechanism of 
dimethyl sulfide formation from SMM in plants and animals. 

Several amino acids with good leaving groups in the y position undergo Il,y-elimina
tion when oxidized at the a-carbon. The C-H bond adjacent to the resulting a-imino (or 
a-keto acid) is activated, facilitating a Il,y-elimination reaction (43). For example, oxidation 
ofL-methionine-S,R-sulfoximine (18), L-homocysteine (17), and L-canavanine (43) with 
L-amino acid oxidase results in the formation of methane sulfinamide, H2S, and hydroxy
guanidine, respectively. 

This propensity of y-substituted amino acids to fragment after oxidation at the a 
carbon has been exploited in the design of prodrugs (i.e. compounds that are initially 
unreactive but become metabolized to active drug in the target organ). Thus, Elfarra and 
Hwang (25) have designed several prodrugs of the anticancer drug 6-mercaptopurine that 
are directed to the kidneys. One of these is the S-homocysteine conjugate which is transami
nated in the kidney. The resulting a-keto acid spontaneously undergoes ~,y-elimination to 
yield 6-mercaptopurine. In a similar reaction, S-(l,2-dichlorovinyl)-L-homocysteine is 
transaminated to the corresponding a-keto acid by a rat kidney homogenate. The a-keto acid 
spontaneously undergoes Il,y-elimination (26). 

Finally, Stoner and Eisenberg (75) showed that AdoMet is the amino donor in the 
transamination of7-oxo-8-aminopelargonic acid (an intermediate in the biotin biosynthetic 
pathway) to 7,8-diaminoperlargonic acid in E. coli. The expected a-keto acid (S-adenosyl
a-keto-y-methylthiobutyric acid) could not be detected but the elimination fragment (MTA) 
was identified. 

In each of the above mentioned elimination reactions involving "oxidized" y-substi
tuted amino acids, the expected olefinic product is vinylglyoxylate (2-oxo-3-butenoic acid). 
This compound has apparently not been synthesized (although vinylglycolate and vinylgly
cine are well known compounds) and appears to be very unstable, generating a product with 
a masked carbonyl. However, vinylglyoxylate can be readily trapped with a suitable 
nucleophile such as 2-mercaptoethanol (18). 

Although DMSP has a potentially good leaving group (dimethylsulfonio moiety 
[(CH3)2S+-D, it is relatively stable at neutral and acid pH and only decomposes to acrylic 
acid and dimethyl sulfide in the presence of base (79). As mentioned above, however, some 
bacteria and algae possess an enzyme capable of catalyzing the conversion of DMSP to 
acrylate and dimethylsulfide. Wagner and Daniels (79) suggested that the electrophilic nature 
of the sulfonium group in DMSP is diminished by its tendency to form an internal salt with 
the carboxyl group. On the other hand, esters of DMSP do not form this internal salt link, 
resulting in facile elimination of dimethyl sulfide (79). Thus, the pantotheine ester ofDMSP 
decomposes to acrylylpantotheine and dimethylsulfide in solution at pH values of 5.0 or 
above. 

The above discussion raises some interesting questions regarding the synthesis of 
DMSP from SMM. Several possible routes to DMSP starting from SMM are theoretically 
possible (39, 42). 3-Dimethylsulfoniopropylamine, 3-dimethylsulfoniopropionamide and 
3-dimethylsulfoniohydroxybutyrate are possible intermediates. However, Hanson and col
leagues (42) have presented evidence that these compounds are not on the main pathway 
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from SMM to DMSP in W. biflora. On the other hand, evidence was presented that 
3-dimethylsulfoniopropionaldehyde (DMSP-ald) fits the bill as a possible intermediate. This 
compound is unstable, however, and spontaneously decomposes to dimethyl sulfide. DMSP
aId is probably present in the plant at naturally very low levels. Interestingly, DMSP-ald and 
SMM are converted to dimethylsulfide much more rapidly than is DMSP in W. biflora leaf 
disks. This raises the possibilty that biogenic dimethyl sulfide production may be a by-prod
uct of DMSP biosynthesis (42). 

Hanson and colleagues (42) suggest that DMSP-ald arises from SMM via a-carbon 
oxidation/decarboxylation. This process could occur in one step via decarboxylation-tran
samination. This reaction would be analogous to that catalyzed by dialkylglycine decarboxy
lase (77). Alternatively, SMM could be converted to 4-dimethylsulfonio-2-ketobutyrate 
(DMSKB) by the action of an L-amino acid oxidase, transaminase or a dehydrogenase, 
followed by decarboxylation. However, because the dimethylsulfonio moiety is an excellent 
leaving group and the f3-CHs in the DMSKB are activated one would predict that this a-keto 
acid will spontaneously decompose to vinylglyoxylate and dimethyl sulfide. Indeed, incuba
tion of SMM with snake venom L-amino acid oxidase and catalase at neutral pH results in 
the formation of considerably less a-keto acid than ammonia with the concomitant formation 
of dimethyl sulfide (A. J. L. Cooper and A. D. Hanson, unpublished data). Additionally, SMM 
is a substrate (albeit a poor one) of rat kidney glutamine transaminase K. Vinylglyoxylate 
was identified in the reaction mixture by trapping with mercaptoethanol (A. J. L. Cooper, 
unpublished data). This instability ofDMSKB will make it difficult to determine whether it 
is a free intermediate on the pathway of SMM to DMSP. 
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SUMMARY 

3 

Identification of 3-dimethylsulfoniopropionate (DMSP) most often relies upon 
indirect methods, such as gas chromatographic analysis of dimethyl sulfide (DMS) 
released after treatment with base. Conventional electron ionization mass spectrometry 
(EI-MS) has traditionally not played a major role in the direct characterization of 
tertiary sulfonium compounds, such as DMSP, because of the low inherent volatility 
of these molecules. The development of desorption/ionization MS techniques, which 
do not require the sample to be introduced in the gas phase, has permitted DMSP and 
its analogs to be analyzed directly by mass spectrometry. Fast atom bombardment 
mass spectrometry, introduced in the early 1980's, is a simple technique that provides 
ions representative of the intact molecule with little fragmentation. With stable isotope 
labeled analogs as internal standards, we have used FAB-MS to routinely identify and 
quantify DMSP levels in a variety of plant tissues. FAB-MS has also been employed 
recently to characterize synthetic potential precursors of DMSP and to follow isotope 
incorporation patterns in biosynthetic studies. Other alternative ionization techniques, 
including plasma desorption and electro spray ionization mass spectrometry have also 
shown some promise for the characterization of DMSP. Recently, a new approach 
based on gas chromatography/mass spectrometry (GC-MS) has been developed to 
analyze DMSP and its analogs. The carboxyl group is first protected by t-butyldi
methysilylation, and after co-injection of the derivatized sample with a catalyst, a 
nucleophile-assisted on-column demethylation step converts nonvolatile tertiary sul
fonium compounds to their volatile S-methyl analogs. The GC-MS method has an 
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advantage over direct MS analysis, since retention times and mass spectral data provide 
two dimensional characterization. Further, this method is particularly suitable for 
mixture analysis and the required instrumentation is widely available. 

INTRODUCTION 

Direct analysis of 3-dimethylsulfoniopropionate (DMSP) and related sulfonium 
compounds from biological samples is difficult because of their zwitterionic character 
and consequent nonvolatility. As a result, DMSP has been traditionally detected and 
quantified by chromatographic (1,2), electrophoretic (4) or indirect methods. Usually 
the latter involves analyzing dimethyl sulfide (DMS) released from DMSP upon treat
ment with base (5,18,25). With this approach, biological samples or purified DMSP 
preparations are incubated in a septum-sealed vial with cold concentrated NaOH for 
1-4 hours at room temperature. A headspace sample is then injected into a gas chro
matograph and the evolved dimethyl sulfide is then measured by a flame ionization 
detector (FID) or flame photometric detector (FPD). The indirect assay is sensitive, 
with linear detection between 0.005-2 j.1mol of DMSP per vial (17). Although this 
indirect procedure has low detection limits and is easy to carry out, detection of DMS 
does not unequivocally demonstrate the presence of DMSP (25). Other sulfonium 
compounds, such as S-methylmethionine (SMM) willalso yield DMS when subjected 
to treatment with base, albeit in some cases with different efficiency. Thus, direct 
methods to identify and quantitate DMSP and other sulfonium compounds are pref
erable. 

In this chapter, we focus on the use of mass spectrometry for the structural charac
terization of sulfonium compounds. Although direct analysis of DMSP and its analogs by 
conventional mass spectrometry using electron impact ionization is not possible because of 
the nonvolatile character of tertiary sulfonium compounds, alternative MS-based approaches 
are capable of characterizing their intact structures. We will discuss the use ofthree different 
MS methodologies: fast atom bombardment desorption ionization, electrospray ionization 
(ESI) and a novel gas chromatography-mass spectrometry (GC-MS) technique involving an 
"on-column" demethylation to produce volatile S-methyl analogs of dimethylsulfonium 
compounds. Another useful technique, plasma desorption mass spectrometry (PD-MS), will 
be not be covered here, as it is the subject of another chapter of this volume (22, see also 
reference 3). With their structural specificity, these analytical methods are becoming increas
ingly important for studies of the biosynthesis of DMSP (9, I 0, 13). The ability to follow 
stable isotope incorporation patterns from labeled precursors to intermediates is important 
in establishing the pathway to DMSP (7, 10, 13). Accurate and sensitive analytical methods 
are also important in surveying organisms for the presence of DMSP and novel sulfonium 
compounds (17). We will also describe how novel mass spectrometric techniques were used 
to investigate the origin of a DMSP analog, dimethylsulfoniopentanoate in Diplotaxis 
tenuifolia (L.)DC (8). 

SAMPLE PREPARATION 

For our studies of DMSP, we have employed a simple purification scheme 
(6,17,20) that provides preparations that are suitable for direct mass spectrometric 
analysis. Briefly, this procedure involves extraction with methanol:chloroform:water. 
The aqueous phase is then passed through a mixed bed ion exchange resin (Dowex-
1-0H- and Biorex-70-H+) in tandem with a second Dowex 50 column, H+ form. Zwit-
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terions, such as DMSP, pass through the mixed bed resin, and are retained on the 
Dowex 50 column. DMSP and other zwitterions can then be eluted from the Dowex 
50 column with 2.5 M HCI. The eluant is then lyophilized and taken up in water prior 
to analysis. If excessive salt is present in the sample, an additional mixed bed resin 
step (eluting with water) can be added. 

FAST A TOM BOMBARDMENT MASS SPECTROMETRY (FAB-MS) 

Unlike conventional electron ionization mass spectrometry (EI-MS), the fast 
atom bombardment experiment does not depend upon introducing the sample in the 
gas phase. Therefore, it is particularly suitable for characterizing nonvolatile com
pounds, such as DMSP. For FAB-MS analysis, 1-2 III of a solution of the sample to 
be analyzed are mixed on the FAB probe tip with 1-2 microliters ofa viscous, nonvolatile 
matrix in which the analyte IS soluble, such as glycerol. The sample probe is then 
introduced through a vacuum lock into the mass spectrometer's ion source where the 
target is bombarded with a beam of high energy atoms or ions (typically 6 keY aXe 
or 10-25 keY Cs+). This process results in desorption of matrix-solvated analyte mole
cules, which are then ionized by proton transfer from the matrix during desolvation. 
It should be noted that the FAB desorption/ionization process as described here over
simplifies the actual events involved in analyte ionization. Whether the protonation 
occurs in the gas phase or in solution is still not clear. In addition, for some classes 
of molecules, odd electron (M+') species can be produced with some matrices. This 
description also does not address the formation of negative ions, [M-H]· or M·, which 
can be detected by FAB-MS. 

Once gas phase ions are produced, conventional mass spectral analysis is performed. 
In the case ofDMSP, the protonated zwitterion, MH+, with a net positive charge, is formed 
and appears in the spectrum at m/z 135. If the sample contains a sufficient quantity of salts, 
metal cation adducts ([M+Nat or [M+Kt) can also be observed, and these can dominate 
the spectrum if salt concentrations are high. Fragments formed from the MH+ ion are not 

10 0 
R 93 * * CH3 e 115 
I MH+ ...... + 
as 0 --- S-CH2-CH2-COOH 
t DMSP(2Ho) CH3 

v 
135/ e 60 

* 
A * MH+ 185 
b 75 DMSP(2H(;) u 40 * n * 141/ d 207 
a 57 +Na 
n 20 

157'1 c 
e 

.1. I. ~163 J Ij .J Jol. II I~I IlL III. .II 
JO 100 ISO 200 

M/Z250 

Figure 1. FAB-MS ofDMSP. The MW ions ofDMSP and a synthetic stable isotope labelled analog eH6) are 
detected at mlz 135 and 141, respectively. Sodium adducts, [M+Nat, for both compounds are also present in 
the spectrum at mlz 157 and 163. These data were obtained in a glycerol matrix and matrix-related peaks are 
marked with an asterisk. 
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prominent in the spectrum ofDMSP, although this is not necessarily true of other sulfonium 
analogs (see below). 

Two factors enhance the detectability of analyte molecules in FAB-MS analysis. 
First, in positive ion mode analysis, molecules with fixed positive charges are pref
erentially detected, even in mixtures. The dimethyl sulfonium moiety of DMSP and 
its analogs provides this advantage, although the net positive charge is acquired only 
after protonation of the zwitterion. The second factor that enhances detectability is a 
high concentration of the analyte on the surface of the matrix solution droplet. This 
is because desorption occurs primarily from the surface of the matrix. In the hydrophilic 
matrices required to solubilize polar analytes, enhancing the hydrophobic character 
of the analyte can increase surface concentration. Thus, the preparation of butyl ester 
derivatives of zwitterionic betaines prior to their analysis by FAB-MS significantly 
improves detectability (19,20). For DMSP, however, the reaction conditions for esteri
fication promote elimination of DMS, so that this approach cannot be used. Never
theless, there is sufficient sensitivity to readily detect DMSP at the !lmollevel without 
derivatization (9,17,24). Detection limits are well below 100 nmol applied to the 
probe. 

Quantification of DMSP and related compounds by FAB-MS is possible with 
the use of internal standards. We have typically used stable isotope-labeled analogs 
of DMSP, such as the d6 (S-(C2H3h) or d3 (S-C2H3,CH3) compounds (9,17,24) (figure 
1). These internal standards can be readily synthesized from commercially available 
precursors (l 0, 1 7). Peaks are observed in the FAB spectrum at m/z 141 (MH+ of 
2H6-DMSP) and m/z 138 (MH+ of 2Hr DMSP) for these two deuterated standards. The 
use of other labeled analogs for quantification is possible, but for maximum accuracy 
at low levels, compounds differing by only two mass units (e.g., 13Cr or 2Hz-labeled 
DMSP) should be avoided due to interference from the natural abundance 34S (+2) 
isotope of DMSP (giving a peak at m/z 137 that is approximately 4% of the unlabeled 
MH+ peak at m/z 135). Quantification of DMSP is performed by adding a known 
quantity of the internal standard to the material to be analyzed before extraction or 
sample workup. Following FAB-MS analysis, the peak areas of the MH+ ions of 
unlabeled DMSP and the labeled internal standard are measured. In conjunction with 
a standard curve, the ratio of these areas can be used to determine the level of DMSP 
in the sample. Using 1 !lmol of a stable isotope labeled analog, the standard curve is 
linear between 100 nmol and 2 !lmol of DMSP, and is usable up to 5 !lmo!. 

FAB-MS IN BIOSYNTHETIC STUDIES OF DMSP 

Isotope tracer studies are critical to the elucidation ofbiosynthetic pathways. We have 
investigated the biosynthetic route to DMSP with both radiolabeled and stable isotope-la
beled precursors and intermediates. For these studies, FAB-MS has played several roles. 
First, this mass spectrometric technique has been used for confirmation of the isotopic 
enrichments and structures of putative precursors and intermediates prepared by synthesis. 
For synthetic radiolabeled precursors, isotope enrichment is insufficient (less than 0.001 % 
enrichment on an atom molar basis) to detect by conventional mass spectrometric means, 
but FAB-MS has been useful in optimizing synthetic protocols with cold reagents prior to 
the radiosynthesis. A second application has been to follow the pattern of isotope incorpo
ration by analysis of products and intermediates following stable isotope-labeled precursor 
feeding studies. 
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Figure 2. AB-MS of synthetic [C2H3, 13CH3]-S-methylmethionine. The protonated molecule is detected at mlz 
168. Unlike DMSP, fragments from the loss of the S-methyl groups ofSMM (mlz 151.1 and 153.1) are observed 
in the spectrum, since the amino group in remaining portion of the molecule provides a site for protonation. 
These fragments help to confirm the labelling pattern of the synthetic product. 

STRUCTURAL CONFIRMATION OF SYNTHETIC PRECURSORS 

The validity of isotope labeling results in biosynthetic studies is dependent on 
feeding precursors or intermediates of known structure. Administering a mixture of 
compounds, rather than a single desired precursor can easily confound interpretations 
of precursor-product relationships. Thus, we have routinely used FAB-MS to charac
terize synthetic intermediates before feeding studies. The spectrum of the labeled 
analog ofS-methylmethionine (SMM) containing one trideuterio S-methyl group (C2H3) 

and one 13C -labeled S-methyl group (13CH3) is shown in Figure 2. The spectrum 
displays an MH+ ion at mlz 168, confirming that no partially labeled intermediates 
were formed during the synthesis. In addition, two fragments in the spectrum at mlz 
151 and 153 confirm the expected labeling of the two S-methyl groups. Other putative 
synthetic intermediates (Figure 3) have also been synthesized for these biosynthetic 
studies and structurally characterized by FAB-MS (10,13). However, not all possible 
intermediates are sufficiently stable to synthesize for feeding studies or FAB-MS 
analysis. Dimethylsulfonioa-ketobutyrate (DMSKB) is one such compound. Another 
intermediate, DMSP aldehyde (DMSP-ald), has a very short half life in solution, but 
was stable enough to analyze by FAB-MS (Figure 4). The FAB spectrum shows an 
M+ ion for DMSP-ald at mlz 119 (desorption of DMSP-ald from the FAB matrix 
yields a positively-charged species without proton at ion) as well as a glycerol matrix 
adduct at mlz 211 ([M+92t) and the diethylacetal (formed by exposure to trace levels 
of ethanol during purification) at m/z 193. Although the quantity of the diethylacetal 
in the sample is small, its response (i.e., peak intensity) in FAB-MS is significantly 
greater than that of the parent aldehyde because of its increased hydrophobicity. A 
fragment peak in the spectrum at m/z 103 is formed by loss of a methyl group and 
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Figure 4. FAB-MS of the unstable biosynthetic intennediate DMSP aldehyde (DMSP-ald) in glycerol. The 
molecular ion IS observed at m/z 119 and a second peak representing the M+ ion of the diethylacetal, fonned 
during sample workup, is found at nvz 193. Glycerol adducts to these two compounds are seen at m/z 211 and 
285 

hydrogen to leave a methylenesulfoniopropionaldehyde fragment. By monitoring 
OMSP-ald with FAB-MS under different solvent conditions, we were able to optimize 
the stability of this intermediate prior to leaf disk feeding studies (13). 

FOLLOWING STABLE ISOTOPE INCORPORATION WITH FAB-MS 

Following isotope incorporation provides the advantage of structural specificity in 
the analysis oflabeled products. The ability to determine labeling patterns, as well as isotope 
enrichment, has been helpful in distinguishing direct vs indirect precursor-product relation
ships. A good example of the power of this analytical approach was the demonstration that 
SMM was the first committed precursor in OMSP biosynthesis (7, 10). In experiments with 
Wollastonia biflora leaf disks, feeding a stable isotope analog of SMM, containing a 13C 
label in one S-methyl group and a trideuterio label in the other, produced a time dependent 
increase in labeled OMSP (figure 5). Initially at To, only the constitutive unlabeled OMSP 
(m/z 135) was observed in the spectrum and no labeled OMSP derived from this putative 
precursor (m/z 139) could be detected. However, a peak corresponding to OMSP with the 
SMM precursor's labeling pattern was detected after one day (T I) and increased as a relative 
proportIOn of total OMSP on the second day (T 2)' No evidence for partially labeled products 
([I3C]-OMSP or eH3]-OMSP was observed. That the methyl labeling pattern was maintained 
to the product, without any evidence of methyl group scrambling, strongly supports the 
notion that SMM is a direct precursor ofOMSP. If the C2H3. 13CH3 methyl group pairs were 
not retained in the OMSP produced, SMM might have contributed to OMSP synthesis only 
indirectly, via the SMM cycle (15). These data clearly indicate that this was not the case in 
Wollastonia biflora. 
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Figure 5. FAB-MS data from time course feeding experiments with C2H3,13CHr labelled SMM. These data 
confirm that the double label is incorporated in DMSP without scrambling (see text for discussion). 
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Figure 6. ESI-MS of DMSP. The spectrum was obtained by averaging spectra acquired during infusion of a 
10 ~l sample containing 13.6 ng (10 pmol) ofDMSP. Analog spectral data are shown below. 

ELECTROSPRA Y IONIZATION MASS SPECTROMETRY (ESI-MS) 

This extremely sensitive mass spectrometric ionization technique (23) can potentially 
lower the limits of detection for DMSP and sulfonium analogs by several orders of magnitude 
relative to FAB-MS. The sensitivity of this technique results from highly efficient ionization 
of the analyte. In ESI-MS the sample is introduced in acidic aqueous solution, and sprayed 
via a fine needle, held at high electrical potential, into a region of the ion source at relatively 
high pressure. In this process charged droplets are produced containing solvated analyte 
molecules. As the droplets are moved further into the lower pressure regions of the ion source 
under the influence of an electric field, evaporation increases charge density in the droplets 
to a critical point where the droplets explode into smaller droplets. This process continues 
until only desolvated, charged analyte molecules remain. Thus, nearly every molecule 
introduced is ionized and available for mass analysis. For DMSP 10 /-ll of a 1 pmoll/-ll solution 
(1 pmol=1.3 ng) produces a strong MH+ ion (Figure 6). A sodium adduct, [M+Nar, is also 
detected at mlz 157. Because carrier solvents containing high ionic strength buffers or salts 
can interfere with the electrospray ionization process, it is likely that some sample cleanup 
will always be necessary prior to analysis of DMSP samples. Detection limits for ESI-MS 
analysis of DMSP are remarkable; reasonable signals are obtained even from low fmoll/-ll 
solutions (data not shown). Thus, the sensitivity of ESI-MS is sufficient to detect DMSP 
directly in seawater, but it is likely that some microscale desalting procedure will have to 
developed before this mass spectrometric technique can be used for this purpose. 
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DMSP 

1. Dry over P20S 

2. N-TBDMS-methyltriflouroacetamide 

+ 2,4,6-trimethylpyridine (TMP) 

+ iodotrimethylsilane (TMSi) 

CHCLg 
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TBDMS derivative 

Inject reaction mixture directly into GC 

TMSI acts as a nucleophile in the heated innjection port 
to S-demethylate the derivative 

Residual TMP neutralizes released HI 

CH -S-CHZ-CHz-COO-~i+ 
3 I 

Volatile S-demethylated product 
Figure 7. Reaction scheme for the derivatization and catalytically-assisted "on-column" demethylation of 
DMSP for GC-MS analysis. 

GAS CHROMATOGRAPHY MASS SPECTROMETRY OF 
S-METHYL DERIVATIVES OF DIMETHYLSULFONIUM 
COMPOUNDS 

One of the benefits of combined gas chromatography-mass spectrometric analysis, 
is that a compound's identification can be confirmed by both its chromatographic retention 
time and mass spectrometric characteristics. This can be particularly useful in the analysis 
of mixtures. However, molecules containing a sulfonium or quaternary ammonium group 
are generally insufficiently volatile to be directly amenable to GC analysis. To overcome 
this limitation, we recently developed a procedure to convert DMSP to a volatile derivative 
suitable for GC-MS (8,17). The procedure involves two steps: the conversion of the carboxyl 
group of DMSP to a t-butyldimethylsilyl (TBDMS) ester, and following injection into the 
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GC-inlet, an "on-column," catalytically-assisted S-demethylation (figure 7). The product, 
S-methyl, t-butyldimethylsilylpropionate, has good chromatographic properties and can be 
readily analyzed by conventional electron ionization mass spectrometry. The approach used 
here is based on a method developed to analyze acylcarnitines (3-acyloxy, 4-trimethylami
nobutyrates) (11,12). 

The experimental procedure for GC-MS analysis ofDMSP is relatively simple. The 
sample is first taken to dryness and then further dried over P20 S in vacuo. For f.lg level 
samples, the TBDMS derivative is prepared by adding 20 f.ll of a freshly made solution 
containing N -(t-butyldimethylsilyl), N -methyltriflouro-acetamide/ 10% 2,4,6-
trimethylpyridine in CHCI3/ 10% 2,2-dimethoxypropane in CHCI3 10% iodotrimethylsilane 
in CHCI3 (10:2: I :1, v/v/v/v) (17). The silylation reaction is complete within S minutes at 
room temperature and the derivative is stable for several hours. The TBDMS derivative is 
preferred over the commonly used trimethylsilyl (TMS) derivative, since the former is less 
subject to hydrolysis in the presence of residual water or high humidity. 

For the GC-MS analysis, a I f.ll aliquot of the reaction mixture is injected directly 
into the GC inlet (splitless, 260°C). The iodotrimethysilane in the reagent mixture acts as 
the demethylation catalyst upon injection in the heated inlet, forming the volatile S
monomethyl analog of the TBDMS ester ofDMSP. A stronger nucleophile, I·(in the form of 
KI), was previously used to promote demethylation in the GC-MS analysis of acylcarnitines 
(II), but this was found to cause degradation ofDMSP. Typically in our laboratory, a methyl 
silicone (0.2S f.lm film thickness) capillary column (IS m X 0.32 mm id DB-I. J&W 
Scientific, Folsom CA) is used for the separation; this is connected via a heated transfer line 
directly to the ion source of a JEOL AX-SOS mass spectrometer. The initial column 
temperature is held at 100DC for 2 minutes and then ramped to 300°C at 10o/minute. The 
S-monomethyl derivative of DMSP elutes in approximately 8 minutes (figure 8a). 

The mass spectrum of the volatile DMSP derivative is obtained by conventional 
electron ionization mass spectrometry (EI-MS), using either 70 eV, or preferably 30 eV, 
ionization energy. The mass spectrum of the peak corresponding to the DMSP derivative is 
shown on figure 8b. The molecular ion (M+) for the S-methyl, t-butyldimethylsilylpropion
ate (expected at m/z 234) is not detected, but high mass ions corresponding to [M-ISt at 
m/z 219 (loss of methyl group) and [M-S7t at m/z 177 (loss of the t-butyl group, (CH3)3C.) 
are observed. Additional diagnostic fragments are seen in the spectrum at mlz 129, [M
(CH3hC-CH3SHt, 103, [CH3SCH2CH2COt, 7S, [CH3S=CHCH3t, and 61, [CH3S=CHzt. 
Note that the low abundance peak at m/z 219 may not be detected when higher ionization 
energies (e.g., 70 e V) are used. 

Betaines similarly form their corresponding TBDMS esters and with the derivatizing 
reagents and undergo N-demethylation in the injection port ("on-column") to yield volatile 
N,N-dimethyl analogs (17). We have used this procedure to analyze sugarcane samples 
containing both glycine betaine and DMSP (17). Two separate peaks are detected in the 
chromatogram for the glycine betaine and DMSP derivatives. A diagnostic mass spectrum 
is obtained for glycine betaine (data not shown, see 17). With appropriate internal standards, 
the methodology can be readily used to quantitate onium compounds in mixtures. The 
common availability ofGC-MS instrumentation and simplicity of the derivatization protocol 
should permit this analytical approach to be widely used for the direct analysis of DMSP 
and its analogs. 

SULFONIUM ANALOGS IN DIPLOT AXIS TENUIFOLIA 

Flowers of the plant, Diplotaxis tenuifolia (L.) DC. (Cruciferae) have been reported 
to produce S-dimethylsulfoniopropionate, a homolog ofDMSP (14). We used both FAB-MS 
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Figure 8. GC-MS analysis of derivatized DMSP (17). Figure 8a (top panel) shows the total ion and the mass 
chromatogram for the diagnostic ion at rnIz 61. Figure 8b (lower panel) is the mass spectrum obtained from 
the derivatized DMSP (S-methyl, t-butyldimethylsilylpropionate) peak. See text for discussion. 

and the newly developed GC-MS methodology to investigate the production of sulfonium 
compounds in this species and related salt tolerant crucifers (8). When our standard 
extraction and purification procedure was employed, no zwitterionic compounds could be 
detected by either MS method. In line with these results, TLC analysis of the initial extract 
indicated that choline was the only Dragendorff-positive compound present. The extraction 
procedure used in the original study differed from ours in that the aqueous fraction from the 
initial methanol:chloroform:water extract was heated for 16-20 hours in 6N HCI (14). Using 
this procedure, a new Dragendorff-positive spot was detected by TLC, and FAB-MS analysis 
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of the zwitterionic fraction obtained after ion exchange chromatography indicated the 
presence of two DMSP analogs. The spectrum displayed peaks at m/z 163 and 177 (data not 
shown), which represented the MH+ ions of dimethylsulfoniopentanoate and its higher 
homolog, dimethylsulfoniohexanoate. The structures of these two compounds were further 
characterized by the GC-MS method (8). Two chromatographic peaks (PI and H' in figure 
9a) corresponding to the sulfonium compounds were observed and their EI-MS spectra 
confirmed the expected derivative structures (figures 9b and 9c). The spectrum of the first 
component displayed peaks at m/z 247 and 205 for the [M-15r and [M-57r ions, respec
tively, of the S-methyl, t-butyldimethylsilylpentanoate (figure 9b). Other fragments in the 
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Figure 9. GC-MS analysis of derivatized sulfonium compounds isolated from Diplotaxus tenuifolia (8). In 
figure 9a (top panel) peaks P' and H', represent the S-methyl, t-butyldimethylsilyl derivatives of dimethylsul
foniopentanoate and dimethylsulfoniohexanoate, respectively. The spectra of these two components are shown 
below (figures 9b and 9c). 
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Figure 10. The fonnation of dimethylsulfoniopentanoate from the glucosinolate, glucoerucin, upon heating 
with 6N HCI. The sulfonium compound is not fonned if 6N HCI is omitted from the extraction procedure. 

spectrum at m/z 157, [M-(CH3)3C-CH3SHr, 131, [CH3S(CHz)4COr, and 75, 
[CH3S=CHCH3]+, supported this structural assignment. The spectrum of the second sul
fonium derivative contained high mass peaks at m/z 261 and 219, representing [M-15r and 
[M-57r, respectively, of the S-methyl, t-butyldimethylsilyl derivative of 6-dimethylsul
foniohexanoate (figure 9c). As expected, the fragments at m/z 157 and 75 were also present 
in the spectrum of this second sulfonium compound's S-methyl derivative. The appearance 
of a new fragment at m/z 145, [CH3S(CHzhCOr, provided additional evidence that this 
peak was the C6 homolog ofDMSP. 

Because the two sulfonium compounds were detected in Diplotaxus tenuifolia and 
not in related crucifers, and further, were observed only after heating with 6N HC1, it seemed 
likely that these DMSP analogs were produced during the extraction procedure from 
precursors restricted to this species. The glucosinolates, glucoerucin and glucoberteroin, 
were likely candidate precursors (17). Treatment of an authentic standard of glucoerucin 
with 6N HCl yielded dimethylsulfoniopentanoate (figure 10), confirming the artifactual 
origin of this DMSP homolog in Diplotaxus tenuifolia. The detailed structural information 
provided by the GC-MS procedure makes it particularly suited for investigation of these and 
other novel sulfonium compounds. 
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CONCLUSIONS 

Mass spectrometric techniques are now available for the direct characterization of 
DMSP and its analogs. Newer ionization methods, induding fast atom bombardment (FAB) 
and electrospray ionization (ESI), provide a means to identify these nonvolatile zwitterions 
by producing MH+ ions, representing the intact molecules. FAB-MS also has been useful in 
stable isotope labeling studies to investigate the biosynthesis ofDMSP, both to characterize 
stable isotope labeled precursors for feeding studies and to analyze labeling patterns in 
products. To determine the structure of DMSP homologs, particularly in mixtures, a novel 
GC-MS procedure has been developed. Each of these techniques has a role to play in future 
investigations of DMSP in living organisms and in the environment. 
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SUMMARY 

4 

The aim of this work was to evaluate nuclear magnetic resonance as a probe for 
studying osmoregulatory compounds in marine phytoplankton cells. To date we have largely 
focused on methods for harvesting and preparing cell extracts and the development of 
techniques applicable to the use of l3C NMR. DMSP was detected and quantified in intact 
cells using natural abundance 13C NMR. Subsequently labelled cell extracts were prepared 
using NaHl3C03 which increased sensitivity and enabled characterisation of unknown 
organic solute signals. The effects of varying the nitrogen level in cultures was also 
examined. Finally the l3C NMR spectra of selected phytoplankton species are compared. 

INTRODUCTION 

Natural abundance l3C and IH nuclear magnetic resonance spectroscopy offer the 
possibility of simultaneously detecting a range of compatible solutes, including DMSP and 
glycine betaine (GBT) within marine phytoplankton cells. Although these methods have been 
used to study e.g. osmoregulation in unicellular cyanobacteria (2,10, 11,12), there are few reports 
of NMR being used for studies on marine phytoplankton. This is perhaps due to the relative 
insensitivity of the technique which requires cell densities in the range of I 06 to 109 cm3. 

MATERIALS AND METHODS 

Cell Cultures 

The following phytoplankton species were used in this study. Haptophytes: Pleuro
chrysis carterae (Braarud et Fager!.) Braarud, CCMP645. Emiliania huxleyi (Lohm.) Hay 
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et Mohler, CCMP370. (CCMP=Provasoli-Guillard Center for culture of Marine Phytoplank
ton, Maine, USA.). Dinoflagellate: Amphidinium carterae Hulbert, Plymouth 450. (Ply
mouth Marine Laboratory Culture Collection, Plymouth, UK.) Prasinophyte: Tetraselmis 
(Platymonas) subcordiformis (Stein), Goetingen 161-la. (Goetingen Culture Collection, 
Germany). Diatom: Phaeodactylum tricornutum Bohlin 1987, CCAP105211A (Culture 
Collection of Algae and Protozoa, Dunstaffnage Marine Research Laboratory, Scotland.) 

The phytoplankton were grown in stationary batch culture on F/2 enriched seawater 
medium (8) at 15°C using a 14 hour light 10 hour dark cycle. Light was supplied by cool 
white fluorescent tubes with a photon flux density of approximately 40 mmol m-2s-1• Cultures 
were swirled daily. For initial NMR experiments on intact cells of Pleurochysis carterae , 2 
dm3 of culture was required to produce a cell pellet of sufficient volume (3 cm3) and density. 
This was subsequently reduced to a minimum of 250 cm3 as the methodology was refined. 

For l3C labelled growths 0.5 - 5.0 mM NaHl3C03 was added to F/2 medium which 
was then filter sterilised. Similar cultures of P.carterae were also grown with l3C-methyl 
labelled methionine (L-methionine-methyl-l3C Sigma-Aldrich) which was added to a con
centration of 100 mM (7). The effects of high and low levels of available nitrate nutrient on 
cultures of P. carterae and T.subcordiformis were also examined using F 12 with nitrate added 
to a concentration of 820 mM and filtered aged seawater as a base for FI2, (nitrate 
concentration <5 mM). 

Harvesting 

For whole cell experiments cultures were harvested in the late log phase (usually 
after about two weeks growth) by gravity sedimentation over approximately 36 hours. In 
subsequent experiments centrifugation was used. For small volumes (max. 50 cm3 per tube) 
600g was applied for 5 min, and for larger volumes (max. 260 cm3 per bottle) 600g for 15 
min.(7). 

Preparation of Extracts 

Harvested material was immediately snap frozen by immersion in liquid nitrogen for 
2 minutes. Samples were then stored at -20°C for no more than a few days before freeze 
drying in a Hetosicc Freezedryer (Heto Lab Equipment supplied by MDH.). Culture volumes 
of 250 cm3 are now routinely used, and these produce a minimum of 200 mg of freeze dried 
material, which provides sufficient labelled cell extract for several NMR samples. Sub
sequent storage was in the dark at 4°C. Due to the limited information available in the 
literature an evaluation of extraction methods relevant to preparing phytoplankton cells for 
NMR analysis was carried out (detailed in results section). This resulted in the following 
procedure. Dried material was thoroughly ground and homogenised with a mortar and pestle 
and 50-150 mg weighed into a micro centrifuge tube, 1 cm3 ofD20 was then added and the 
tubes briefly vortexed and then shaken vigorously for 30 minutes. This was immediately 
followed by centrifugation at 12000 rpm for 10 minutes (Eppendorfmicrocentrifuge) and 
the supernatant removed for NMR analysis. 

NMR 

A JEOL GX-400 NMR spectrometer was used throughout this study. Intact cell 
spectra were acquired in 10 mm non-spinning NMR tubes which required a minimum cell 
pellet volume of 3 cm3. Sample temperature was controlled at 15±0.1 DC. l3C spectra were 
obtained in the broadband proton decoupled mode using Waugh (15) decoupling to minimise 
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sample heating. Typically observation pulses of 60° and recycle times of I s were used. Under 
these conditions considerable saturation occurred, particularly of the carbonyl resonances. 

Field/frequency lock was provided by a sample of deuterated benzene and tetra
methylsilane contained within an external capillary tube. This also allowed chemical shift 
referencing. Exponential line broadening 000-50 Hz was generally applied prior to fourier 
transformation. 

Cell extract spectra were acquired in 5mm tubes and the D20 used in the extraction 
provided the lock signal. Line broadening in these spectra was reduced to 1.5-3 Hz. Although 
recycle times of 3s were used, saturation effects were still present. 

lH NMR spectra were obtained only on D20 extract samples. Solvent suppression 
was used to reduce the residual solvent signal using homonuclear gated decoupling (presatu
ration). 

2-D carbon-proton shift correlation (COSY) spectra were acquired using a spectral 
width of 1 0500 Hz in fl over lK data points, and 3300 Hz in f! over 128 or 256 data points. 
Ifnecessary data matrices were zero-filled to give a maximum 2 Mword matrix and 64-400 
scans per increment were collected. 2-D proton-proton shift correlation (COSY) were 
acquired using similar size matrices with spectral widths of2000 Hz in both dimensions and 
zero-filled to give <4 Hz resolution in f! and fl. Between 16 and 64 scans per increment 
were collected. In these 2-D shift correlation experiments the pulse delay and number off! 
increments were adjusted to suit the available experiment time (2.5 - 14 hr). 

2-D double quantum carbon-carbon correlation spectra (INADEQUATE) were also 
obtained for P.carterae extracts. These experiments suffer from inherently poor sensitivity 
and resolution. The sensitivity problem was somewhat alleviated by the high degree of l3C 
labelling, and the spectral width in f! was reduced (allowing signals to foldback) to improve 
digital resolution in this dimension. Data matrices were 4K x 128 zero-filled to 2 Mwords. 
Accumulation times of 64 hours were required using 1200 scans per t 1 increment. Spectral 
widths off! and fl were 12626 Hz and 25252 Hz respectively. 

RESULTS 

The l3C proton decoupled spectrum of P.carterae is shown in Fig.la. Signals from 
DMSP can be seen at 25 ppm 31 ppm and 41 ppm ( CH3, a CHz and b CH2 respectively). 
Specific signals at 183,69,20, 70 and 35 ppm and those in the region 60 to 110 ppm are 
discussed below. Other signals were only observed in early spectra. These may have been 
due to the harvesting and sample handling techniques used at that time, since they disap
peared as methods were further developed. Glycine betaine was not apparent in these spectra. 
The stability of the whole cell samples was examined by monitoring hourly for changes in 
the spectrum over 15 hours. Towards the end of this experiment signals at 183,69 and 20 
ppm had slightly increased intensities. After the experiment the cells were removed and 
examined by microscopy and were found to be highly motile suggesting that they had 
therefore not been adversely affected by the NMR experiment. 

DMSP levels were then quantified; the NMR spectrum of a 3 cm3 pellet of P.carterae 
cells was obtained and then the sample was sonicated, the cell debris filtered off and the 
filtrate spectrum acquired. Standard additions of small volumes of a 1M DMSP solution were 
then made and the integrals of the DMSP peaks calculated. The calibration line produced is 
shown in fig.2b. As a further check on linearity and limits of detection a large volume cell 
pellet was divided into 6 samples of between 0.5 and 3.0 cm3 and each was diluted to 3.0 
cm3 prior to data acquisition. The methyl signal intensities in each of these samples were 
measured and plotted in fig.2a. 
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Figure 1. I3C-Spectra of Pcarterae whole cells, a) unlabelled b) grown on 5.0 mM NaH13C03· Inset is with 
V-gain x30. 
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Figure 2. Plots of quantification experiments. a) DMSP methyl signal intensity in intact cells against cell pellet 
volume. b) DMSP methyl signal integral in supernatant after sonication and spinning against concentration of 
DMSP(mM). 
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Table 1. Summary of carbon-proton shift correlations and other NMR 
spectral data found for unknown signals in 13C-observed I and 2D 

spectra of P carterae cell extracts 

I3C Chemical 183 70 69 35 20 
Shifs PPM PPM PPM PPM PPM 

Experiment 

Dept C CH CH CH2 CH3 

3.8 4.2 1.9 1.35 
CH-COSY None PPM PPM PPM PPM 

69 35 18320 70 69 
CC-INAD PPM PPM PPM PPM PPM 

The natural abundance of 13C is only 1.01 % and the remainder e1C) is NMR silent, 
therefore only this amount of any molecular species is detectable by 13C NMR. If the 13C 
level can be increased the effective concentration of the sample is increased making detection 
easier. Cells of Synechococcus NIOO grown on 90% NaH13C03 have been shown to 
incorporate the 13C label (10) and therefore in order to improve signal-to-noise ratio in the 
spectra, and reduce experiment time, 13C labelled cells were produced. A comparison of 
labelled and unlabelled cells is shown in fig. I. The substantial improvement in spectral 
quality facilitated the identification and characterisation of the unknown signals. 

Producing cell extracts increases further the power of NMR spectroscopy for 
probing cellular systems, resolution is dramatically increased, samples are more con
veniently handled and may be repeatedly subjected to longer accumulations of 2 D 
NMR data. We evaluated typical extraction methods (2,5,9,10,12) using P.carterae ; 
80% Ethanol, D10 and 5%, 10%, 20% and 50% trichloroacetic acid in D10 were 
compared as extraction solvents. Only very minor differences in the relative intensities 
of some signals could be detected in the 13C spectra of the various extraction systems. 
These were deemed to be trivial so other aspects of these solvents were considered. 
Ethanol produces large intensity signals close to regions of interest and (unless fully 
deuterated) obscured signals in the 1 H spectrum. Although TCA extracted samples 
seemed to contain less finely suspended solid material and may have been more stable 
over longer time periods, this too produces 13C resonances. Therefore, in this work 
DzO was preferred. 

Harvesting by snap freezing and normal (slow) freezing were also compared. Spectra 
of snap frozen samples lacked signals at 183,69 and 20 ppm which were seen in the slowly 
frozen samples, and also increased in intensity with time during the 15 hour experiment 
discussed previously. It was therefore concluded that these signals arise when the cells are 
perturbed for extended periods of time. For these reasons the methodology described in the 
methods section was adopted. 

2-D hetero and homonuclear shift correlation (COSY),2-D carbon-carbon double 
quantum correlation (INADEQUATE) and polarisation transfer experiments (DEPT) 
were performed on labelled cell extract samples in order to characterise the unknown 
signals in the 13C spectrum. Correlations and further information obtained is summarised 
in Tables 1 and 2. 

Figs.3 and 4 show a comparison of P.carterae and Tsubcordiformis grown under 
conditions of high and low nitrogen (NaN03) levels. DMSP is present in all spectra, but 
marked differences can be seen and are discussed below. 

Fig.5 shows a comparison of the spectra of P. carterae grown with the addition of 100 
mM 13C-methyllabelled methionine or 0.5mM NaH13C03. These spectra were not acquired 
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Table 2. Summary of proton-proton shift correlations and other NMR 
spectral data found for unknown signals in IH-observed I and 2D spectra 

of P carterae cell extracts 

IHChemical 
shifts 

EXperiment 

HH-COSY 

Integrals 

Multiplicty 

4.2PPM 

l.35PPM 

Quartet 

3.8PPM 

1.9PPM 

Br.Singlet 

1.9PPM 

3.8PPM 

I 

Br.Singlet 

1.35PPM 

4.2PPM 

3 

Doublet 

over the same experiment time or on a similar level of 13C label and therefore are not directly 
comparable, nevertheless relative intensities of signals within spectra are revealing. 

DISCUSSION 

The quantification data shown in Fig.2a generates a least squares fit line with a 
regression coefficient of 0.998 and an intercept of 2.76. Obviously this line should pass 
through the origin. If the data point corresponding to 1.0 cm3 is omitted (this sample was 
inadvertently left at room temperature for over 1 hour before data acquisition) an even better 
fit is obtained (r = 0.9999 and intercept of 0.16). This indicates the linearity of the method. 
A DMSP concentration of 16.8 mM was determined using gas chromatography on the cell 
pellet used for the data point at 3.0 cm3• Therefore DMSP methyl signal intensities obtained 
under the conditions of this experiment could be related to absolute concentrations of the 
osmolyte. This plot also shows the limit of detection to be at least as low as 2.8 mM DMSP. 

• 
'f' 

a) • • 

... 
PPM 

I I I I I I I I I I 
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• 
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• 
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Figure 3. IlC-Spectra of P.carterae cell extracts grown on a) high and b) low levels of nitrate. DMSP signals 
are indicated by filled circles, GBT by open circles, cyclohexanetetrol by filled triangles and carbohydrate 
signals by open squares. 
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Figure 4. IlC-Spectra of fsubcordi{ormis cell extracts grown on a) high and b) low levels of nitrate . DMSP 
signals are indicated by filled circles. GBT by open circles. 

From the experimental results shown in Fig.2b a DMSP concentration in this cell 
pellet of29.8 mM can be directly calculated; this compares well with the value obtained by 
gas chromatography of 28.2 mM. This value can be related to an approximate intracellular 
concentration ofDMSP of8 pg per cell by taking into consideration cell counts, (these were 
done by light microscopy using a haemocytometer). Following this experiment the cell pellet 
was sonicated and filtered and the cell debris resuspended in D20 and re-examined. Even 
after extended accumulation no DMSP was detected and it therefore seemed likely that the 
majority of the DMSP is free within the cytoplasm. NMR can therefore quantitatively 
determine DMSP in intact phytoplankton cells, and providing standards and/or complimen
tary analytical methods are available, other osmoregulatory compounds could be treated in 
a similar way. 
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Figure 5. IlC-Spectra of Pcarterae cell extracts grown on a) 100 mM 1 JC-methyl-labelled methionine and b) 
0.5 mM NaH 1JCOJ. The methyl and methylene signals ofDMSP are indicated. 
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Qualitative spectra of unlabelled intact cells are generally available within 20 
minutes, quantification obviously requires longer to obtain accurate integrations. Fig.l 
shows a -30 fold increase in signal to noise obtained with the spectrum of intact cells 
grown on 5.0 mM NaHl3C03. The reduction in accumulation time that this degree of 
labelling provides means that spectra suitable for quantitative determinations may be 
obtained in 2 minutes. It is therefore feasible to monitor responses of cells within the 
NMR spectrometer in real time with a resolution of 2 minutes. The construction of 
an NMR probe to allow these types of experiments is presently under consideration. 

Quantifying osmolyte concentrations in samples produced using NaHl3C03 is 
more complicated and requires knowledge of, amongst other factors, the degree of 
l3C enrichment at the site used in the determination. In the NMR spectra of cell 
extracts this may be possible by studying 13C satellite signals. Close inspection of 
the DMSP signals in spectra of samples grown with 5.0 mM NaH l3C03 show a "triplet" 
for the carbonyl resonance, the central singlet (relative intensity 2) arises from the 
singly labelled 12pC- 12aC-13COOH isotopomer and the outer doublet lines (relative 
intensity 1) from the doubly labelled 12pC_13a C_13COOH isotopomer ctJee = 50 Hz). 
A similar pattern is seen for the p-carbon ct Jee = 35 Hz). The a-carbon shows a nine 
line multiplet with relative intensities 1:2:2:1:4:1:2:2:1 arising from the 12pC_ 13aC_ 
12COOH (singlet), 13pC_13a C_12COOH (doublet lJee = 35 Hz), lZPC-13a C_ 13COOH 
(doublet 1 Jee = 50 Hz), and a doublet of doublets from the fully labelled 13 pC-13aC
l3COOH isotopomers. Analysis of the intensities of these lines indicates that the DMSP 
molecule is equally labelled at these 3 sites with an enrichment factor of 50%. Further 
information might be revealed from l3C satellite signals regarding biosynthetic pathways 
and cell metabolism from the selective incorporation of l3C into particular sites within 
a molecule. For example, our work suggests that in the molecule cyclohexanetetrol, 
(discussed below), the l3C label is initially incorporated into the CH carbons rather 
than equally distributed between all carbons. 

In our work, i3C labelling has proved invaluable although other workers (12) have 
discussed the detrimental effects of high levels of 13C labelling (increased spectral complex
ity and overlap of resonances). Indeed without the 50% enrichments achieved here the double 
quantum carbon correlation experiments would have been impossible. 

From the COSY and INADEQUATE connectivity data it is possible (also con
sidering chemical shift and molecular symmetry constraints) to propose two structures 
to account for the 5 major unknown signals in the l3C spectrum of Pcarterae. The 
signals at 70 and 35 ppm, which are present at high levels in all spectra would appear 
to originate from the compound 1,2,4,5-cyclohexanetetrol. This has been observed in 
the related species Monochrysis lutheri (3) and an osmoregulatory role for it was 
proposed. The signals at 183, 69 and 20 ppm are likely to arise from 3-hydroxy 
propanoic acid. The remaining unknown signals between 60 and 110 ppm also show 
connectivities in the 2D spectra although the lower intensities of these signals makes 
identification more difficult. However the pattern of signals and l3C chemical shifts 
are characteristic of a carbohydrate. Mass spectral analysis will be used to confirm 
these preliminary identifications. 

The effect of nitrogen deficiency on DMSP in T.subcordiformis has been discussed 
previously (7). We therefore examined the spectra of T.subcordiformis and also Pcarterae 
grown on high and low levels of nitrate nutrient (Figs. 3 and 4). Cyclohexanetetrol and DMSP 
are present in both spectra of Pcarterae , the major difference being the increase in signal 
intensity between 60 and 110 ppm at low nitrate levels from the as yet unidentified 
carbohydrate. These signals are almost completely absent when high levels of nitrate are 
available. In the spectra of T.subcordiformis both DMSP and glycine betaine (at 63 and 54 
ppm) are detected at both levels but under high nitrate conditions the GBT is seen to increase 
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Figure 6. High field region of I3C-spectra of cell extracts of a) A.carterae b) E.huxleyi and c) Ptricornutum. 
DMSP signals are indicated by filled circles, GBT by open circles, cyclohexanetetrol by filled triangles. 

relative to DMSP. This is in general agreement with the hypothesis put forward by Andrea 
(1), and the observations ofTumer et al (13) on E.huxleyi . Dickson and Kirst (4) also report 
the presence of homarine in Tsubcordiformis but this compound was not detected in our 
work. 

Methionine has been shown to be a precursor for DMSP in e.g. the macroalga Ulva 
lactuca (6) and microalgae such as Tsubcordiformis (7), and a biosynthetic pathway has 
been proposed (14). We have also shown this to be the case for P.carterae. Fig.5 shows the 
increase of the methyl signal of DMSP relative to the methylene signals in the spectrum of 
the cells grown on I3C labelled methionine. The methionine methyl group is therefore used 
by the organism as a source for the methyl of DMSP. However, no intermediates in this 
biosynthetic pathway were detected. 

The high field region of some representative spectra of other phytoplankton are 
shown in Fig.6. E.huxleyi produces a very similar spectrum to P carterae , containing signals 
from cylclohexanetetrol and DMSP. No GBT was found in this organism. In contrast the 
spectra from A.carterae and Ptricornutum are much more complex, DMSP was detected in 
both species along with a considerable number of other signals including an indication of 
GBT. We believe these data demonstrate the usefulness of the NMR technique in simultane
ously detecting a range of organic solutes. A full analysis of these spectra is now being carried 
out. 
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SUMMARY 

5 

Tetraselmis subcordiformis (formerly Platymonas subcordiformis) is a f3-dimethylsul
foniopropionate (DMSP) accumulating unicellular marine green alga, and represents a useful model 
system for investigating factors controlling DMSP production. This study has focused on: 1) 
developing a method for quantifying DMSP (and other onium compounds) in Tetraselmis 
extracts using plasma desorption mass spectrometry (PD-MS), and 2) applying this method 
to analysis of DMSP (and other onium compound) levels of Tetraselmis cells grown at 
different temperatures. Onium compounds were purified from methanol extracts of 
Tetraselmis by methanol: chloroform: water phase separation and ion exchange chromatog
raphy, and were analyzed by PD-MS. Samples included two internal standards; 2H 9-gly
cinebetaine (M + H+ = m/z 127), and 2H6-DMSP (M + H+ = m/z 141). Purified onium 
fractions from Tetraselmis cell extracts were found to contain DMSP (M + H+ = mlz 
135), glycinebetaine (M + W = m/z 118), and trigonelline (nicotinic acid betaine) 
and/or homarine (picolinic acid betaine) (M + H+ = m/z 138). Glycinebetaine was 
quantified from the ratio of ions at mlz 118 : 127, while DMSP was quantified from the m/z 
135 : 141 ion ratio. As growth temperature was increased from 5 to 19°C, glycinebetaine 
levels increased from 30.0 to 44.2 fmol/cell, whereas DMSP levels decreased from 121.2 to 
14.8 fmol/cell. The high levels ofDMSP at low growth temperatures appear consistent with 
the proposed role for DMSP as a cryoprotectant. 

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds 
edited by Ronald P. Kiene et aI., Plenwn Press, New York, 1996 55 
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INTRODUCTION 

The tertiary sulfonium compound ~-dimethylsulfonio-propionate (DMSP) is a 
precursor of dimethyl sulfide (DMS), recognized as the most important volatile sulfur 
compound produced by marine algae and certain higher plant halophytes (3,9-
13,17,22,23,25). DMS released from oceans and salt marshes to the atmosphere is 
strongly implicated in the photochemical reactions which lead to formation of cloud
condensation nuclei which may influence global albedo and hence climate (2). Factors 
controlling DMSP synthesis and degradation by marine algae and higher plants are 
therefore of great interest in terms of climate modeling (2,14). 

Salinity, irradiance and temperature are major determinants ofDMSP contents of 
marine macroalgae (9-13). Because DMSP is accumulated to osmotically significant 
levels in marine macroalgae it is strongly implicated as a compatible osmotic solute 
(11,18). It may also represent an important cryoprotectant (13). Thus, DMSP tends to 
be accumulated to higher levels in cold-water marine macroalgae, and light-dependent 
accumulation ofDMSP is stimulated in these organisms up to 5-fold when their growth 
temperature is decreased from 10°C to DOC (13). 

The unicellular, flagellated marine alga, Tetraselmis subcordiformis, is known 
to accumulate the onium compounds DMSP, glycinebetaine and homarine as organic 
solutes in response to hypersaline stress (4). DMSP, glycinebetaine and homarine 
are implicated as compatible osmolytes in this organism, collectively contributing 
significantly to osmotic adjustment (4). DMSP has been shown to be more com
patible to certain enzymes of Tetraselmis than equivalent concentrations of NaCI 
(6). However, DMSP may be a compatible solute only under conditions of moderate 
temperature (15). Whereas DMSP stabilizes certain enzymes against cold-induced 
denaturation, it is not an effective stabilizer of protein structure under conditions 
of heat denaturation (15). This contrasts with glycinebetaine which not only offers 
partial protection of enzymes against NaCI or KCl inhibition, but also stabilizes 
membranes and proteins against heat inactivation (19). 

DMSP accumulation is induced in Tetraselmis in response to nitrogen de
ficiency, suggesting that the nitrogen-free DMSP may substitute for the nitrogen
containing osmolyte glycinebetaine under conditions of nitrogen deficiency (7). 
This may also apply to higher plants (8,24). Moreover, it has been suggested that 
DMSP may play a role in storage of excess sulfur in certain halophytic higher 
plants (26). 

Dickson and Kirst employed a semi-quantitative thin layer chromatography 
method for estimating glycinebetaine, homarine and DMSP contents of Tetraselmis 
(4). Although DMSP can be readily quantified by gas chromatography following 
the liberation of DMS under alkaline conditions (7,17,18), this method is not 
applicable to simultaneous quantification of the quaternary ammonium compounds, 
glycinebetaine and homarine. Recently, desorption mass spectrometry methods in
cluding fast atom bombardment (FAB-MS) (8) and plasma desorption mass spec
trometry (PD-MS)(l ,27) have been applied to the analysis of quaternary ammonium 
and tertiary sulfonium compounds in higher plants. Here we tested the applicability 
of the PD-MS method to analysis of onium compounds of Tetraselmis subcordi
formis. Because the effect of growth temperature on DMSP and glycinebetaine 
contents of Tetraselmis does not appear to have been previously investigated, we 
specifically applied this method to the analysis of the levels of these compounds 
as a function of growth temperature. 
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MATERIALS AND METHODS 

Chemicals 

2H9-Glycinebetaine was synthesized as described (20). 2H6-DMSP was synthe
sized as follows. 3-Mercaptopropionate (0.1273 g) was dissolved in 10 mL methanol 
containing 0.5g NaHC03, and chilled on ice for 5 min. Deuterium methyl iodide 
(C2H3I) (2 mL) was added and the sample stirred for 23 h at room temperature in a 
closed vial. After reaction, the sample was filtered through Whatman No.4 filter 
paper, and the filtrate was then dried under a stream of air using gentle heat « 25°C). 
The sample was extracted 3 times with 5 mL acetonitrile: methanol (10:1 v/v), and 
filtered through Whatman No.4 filter paper, discarding insoluble material. The filtrate 
was then dried under a stream of air and redissolved in 5 mL water, applied to a 9 
cm x 1.3 cm column of Dowex-l-Cl- and washed with 30 mL water. The water eluate 
from Dowex-l-Cl- was then applied to a 4 cm x lcm Dowex-50-H+ column, eluting 
2H6-DMSP with 12 mL 2.5 M HCl which was then dried and crystallized under a 
stream of air. Recovery of 2H6-DMSP.HCl was 0.0965g which was then dissolved in 
water to give a final concentration of 100 mM and stored at -20°C. 

Cell Culture 

Growth medium was adapted from (4a) and contained 27 g.L-' NaCl, 5 g.L-' 
MgS04.7H20, 0.9 g.L-' KCl, 1.5 g.L-' CaCI2.6H20, 0.02 g.L·' KH2P04, 1.01 g.L·' 
KN03, I g.L-' Tris, and 1 mL.L-' of a stock mineral solution containing I g.L·' 
FeCI3.4H20, 20.8 g.L-' Na2EDTA.2H20, 0.2 g.L-' MnCI2.4H20, 0.002 g.L-' ZnS04' 7H20, 
0.002 g.L-' CuS04.5H20 and 0.001 g.L-' Na2Mo04.2H20. Medium was brought to pH 
7.6 with concentrated HCl, and 50 mL aliquots dispensed into 200 mL flasks with 
foam stoppers, capped with aluminum foil, and then autoclaved at 121°C for 20 min. 
Tetraselmis cells were inoculated into fresh medium under sterile conditions, and 
cultures were grown on a rotary shaker under constant fluorescent lights (two 
15W/118V/60hz fluorescent lamps which yielded a light intensity at the culture surface 
of 27.75 Ilmol.m·2.s·') in a growth chamber maintained at either 5, 11, 19 or 23°C. 

Determination of Cell Doubling Times 

Cell number per mL of culture was monitored daily with a haemocytometer. Aliquots 
of I mL culture were removed under sterile conditions, cells were immobilized by adding 
50 ilL 25% glutaraldehyde, and then counted under a microscope at 100x magnification. 
Cell doubling times were determined by regression analysis oflog cell number per mL versus 
time for the 3 d period preceding extraction of onium compounds at each growth temperature. 

Extraction and Purification of Onium Compounds 

Cultures (three replicate flasks at each growth temperature) were typically harvested 
at cell densities of 0.5 to 2 x 106 cells per mL. Aliquots of cell cultures were filtered through 
glass fiber filter paper and the filter paper plus cells was extracted in 10 mL methanol at 4°C 
in the dark. To the methanol extracts was added 5 mL chloroform and 6 mL distilled H20. 
The samples were vortexed, filtered through glass fiber paper, and the upper aqueous phase 
of the filtrate was then removed and dried at room temperature under a stream of air. After 
drying, the samples were redissolved in 2 mL water. For cells grown at 23°C, aliquots of the 
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aqueous extracts were analyzed for DMSP by liberation ofDMS under alkaline conditions, 
and gas chromatography analysis ofDMS essentially as described in (7). For most PD-MS 
analyses, 1000 nmol of 2H9-g1ycinebetaine and 2000 nmol 2H6-DMSP.HCl were added as 
internal standards to the aqueous extracts, except for preliminary analyses of cells grown at 
23°C in which internal standards were excluded in order to determine if ions of the same 
mass: charge ratio as the internal standards were detectable in the purified onium compound 
fractions per se. Onium compounds were purified from the aqueous extracts of Tetraselmis 
by passing the extract over a mixed bed resin (Dowex-l-OH- and Biorex-70-W (1: I v/v))(5 
cm x 1 cm) and washing with 6 mL H20. This effectively removed choline and amino acids 
(1). The aqueous eluate from the mixed bed resin was then applied to Dowex-50-W (4 cm 
x I cm) columns. After washing with 6 mL H20, onium compounds were eluted with 6 mL 
2.5 M HCl. Use ofHCl as eluting solvent avoids possible losses ofDMSP (1,8). The dried 
residue was extracted with I mL acetonitrile:methanol (20: I v/v) (to remove inorganic ions) 
(27), and the acetonitrile: methanol extract was evaporated to dryness under a stream of air 
before PD-MS analysis. 

Plasma Desorption Mass Spectrometry 

PD-MS analyses were performed using a BlOION 20R Plasma Desorption Mass 
Spectrometer (BIOION KB, Uppsala, Sweden), essentially as described in (1,27). Sample 
targets were prepared by electro spraying -50 J..LL of a 2 mg/mL nitrocellulose solution in 
acetone onto an aluminized mylar target. 50 J..LL of methanol was added to the dried onium 
sample and 1 to 2 J..LL of this solution was applied to the sample target and dried with a stream 
of nitrogen. Samples were inserted into the BlOION 20R carousel (capable of holding up to 
8 samples) and spectra were collected for 15 minutes at an acceleration potential of 17 k V. 

RESUL TS AND DISCUSSION 

PD-MS Spectra of Synthetic Internal Standards 

The PD-MS spectrum of 2H9-glycinebetaine (40 nmol applied to the sample target), 
displayed over the mass range 100 - 170 atomic mass units (amu), is given in Figure IA. 
The major ion observed in the spectrum is the protonated molecule (M + H+) = m/z 127 (Fig. 
lA). The ion at m/z 149 corresponds to the 2H9-glycinebetaine sodium adduct ion (M + Na+). 
2H9-Glycinebetaine also gives rise to a methylation product at mlz 144 [(C2H3)3N+-CHz
COOC2H3] (M + C2H3 +) (Fig. IA). As shown previously, authentic unlabeled glycinebetaine 
gives equivalent ions at m/z 118 (M + W), mlz 140 (M + Na+) and at mlz 132 (M + CH3+) 
in this method (1). 

The PD-MS spectrum of2H6-DMSP (80 nmol applied to the sample target) displayed 
over the mass range 100 - 170 amu is shown in Figure 1 B. The major ion observed in the 
spectrum is the protonated molecule (M + W) = mlz 141 (Fig. lA). Authentic unlabeled 
DMSP gives an equivalent ion at mlz 135 (M + W)(l). The ion at mlz 158 observed in the 
spectrum of2H6-DMSP (Fig. IB) may represent a deuteriomethylation product of2H6-DMSP 
(M + C2H3+)' 

When equimolar mixtures of 2H6-DMSP and 2H9-g1ycinebetaine were tested, 2H6-

DMSP gave a signal at m/z 141 which was 6-fold less abundant than the signal from 
2H9-g1ycinebetaine at mlz 118 (not shown). 
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Figure!. PD-MS spectra of 2H9-glycinebetaine (40 nmol applied to sample target) (A), and 2Ho-DMSP,HCl 
(80 nmol applied to sample target) (B), displayed over the mass range 100 - 170 amu, See text for interpretation 
of spectra, 

PD-MS Analyses of Onium Fractions from Tetraselmis Cells Grown at 
Different Temperatures 

Preliminary studies showed that no ions atm/z 127 and 141 were detectable in PD-MS 
analyses of onium fractions purified from 23°C grown Tetraselmis cells when no internal 
standards were added (not shown), Therefore the signals at mlz 127 and m/z 141 (from 
2H9-g1ycinebetaine and 2H6-DMSP, respectively) can be attributed exclusively to these 
internal standards when these were added to cell extracts. 

A typical PD-MS spectrum of the purified onium fraction (containing the two internal 
standards) from Tetraselmis cells grown at 23°C is illustrated in Fig. 2A. Note the abundant 
signal at m/z 118 from unlabeled glycinebetaine (M + W), a signal at m/z 140 from the 
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Figure 2. PD-MS spectra (displayed over the mass range 100 - 170 amu) of purified onium compound fractions 
from Tetraselmis cells grown at 23°C (A), 19°C (B), 11°C (C) and 5°C (D). Sample sizes were: 193 x 106 cells 
(A), 89 x 106 cells (B), 96 x 106 cells (C) and 60 x 106 cells (D). Each sample included 1000 nmol 
2H9-glycinebetaine and 2000 nmol 2H6-DMSP.HCI as internal standards. See text for interpretation of spectra. 

sodium adduct of unlabeled glycinebetaine (M + Na+), and the methylation product of 
unlabeled glycinebetaine at mlz 132 (M + CHt). Ions at mlz 127 and 141 correspond to the 
protonated molecules of the two internal standards, as discussed above. The ion at mlz 135 
corresponds to unlabeled DMSP. The ion at mlz 138 (Fig. 2A) could correspond to either 
trigonelline (nicotinic acid betaine) (M + W)(l), or (more likely) homarine (M + W), which 
has been previously reported in Tetraselmis (4). 

An advantage of this PD-MS method is that it can correct for losses of DMSP 
during sample purification, since any chemical breakdown of DMSP to DMS and 
acrylate should apply equally to the 2H6-DMSP internal standard. DMSP can be quan
tified from the ratio of ions at m/z 135 : 141, the known amount of 2H6-DMSP added 
as internal standard, and the known cell density of the extract. Likewise, glycinebetaine 
can be quantified from the ratio of ions at m/z 118 : 127. Mean glycinebetaine and 
DMSP h;vels (+1- standard deviations)[n = 3 samples] for Tetraselmis cells grown at 
23°C determined by this PD-MS method were 31.62 (+1- 4.96) fmollcell and 14.66 
(+1- 5.35) fmol/cell, respectively (Table 1). The latter values are similar to values of 
10 - 15 fmol DMSP/cell reported by Grone and Kirst (1992) for Tetraselmis subcor-
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Table 1. Effect of growth temperature on cell doubling time, glycinebetaine 
(Bet) and DMSP content of Tetraselmis subcordiformis 

Growth temperature (DC) 

5 II 19 23 

Doubling time (d) 4.55 3.61 2.42 1.51 

Bet (fmol/cell) a 30.01 38.68 44.16 31.62 

(12.00) (7.04) (9.28) ( 4.96) 

DMSP (fmol/cell) a 121.23 49.88 14.83 14.66 

(30.61 ) (9.49) (2.32) (5.35) 

DMSP : Bet ratio 4.04 1.29 0.34 0.46 

a Each value IS the mean of three determinations; standard deviations are shown 
in parentheses. 

61 

diformis cells grown at 23°C on N-replete, artificial seawater medium, as measured 
by gas chromatography of DMS liberated from DMSP (7). 

The latter gas chromatography method was applied to analysis ofDMSP in aqueous 
extracts of Tetraselmis without added internal standards, and mean (+/- standard deviation) 
DMSP levels determined by this DMS liberation method were 12.33 +/- 3.47 fmol/cell (n = 
5 samples); not significantly different from the values determined by stable isotope dilution 
PD-MS (above). 

Dickson and Kirst (1986) reported glycinebetaine levels which are 1.64-fold greater 
than those of DMSP in Tetraselmis grown at 22°C and 500 mM NaCI, as determined by 
semi-quantitative TLC (4). This molar ratio ofDMSP: glycinebetaine of 0.61 is of the same 
order of magnitude as observed in the present study for cells grown at a similar NaCI 
concentration and temperature (DMSP : glycinebetaine ratio = 0.46) (Table 1). 

Because the above results obtained with PD-MS were in general agreement 
with other published values for Tetraselmis grown at 22 - 23°C, we applied this method 
to analysis of onium compounds from cells grown at different temperatures. Typical 
PD-MS spectra of purified onium compound fractions (containing internal standards) 
from cells grown at 19°C, 11 °C and 5°C are illustrated in Figs. 2B, 2C and 2D, 
respectively. It should be noted that cell number per extract differed for each of the 
samples illustrated in Fig. 2 (see Fig. 2 legend) and this largely accounts for the 
observed differences in ratio of m/z 118 : 127. Thus, glycinebetaine level per cell 
remained fairly constant at the different growth temperatures (Table I). This trend 
was not seen for the ion ratio m/z 135: 141. As growth temperature was decreased, 
the intensity of the signal at m/z 135 corresponding to DMSP was greater, despite 
fewer cells harvested per extract at the lower growth temperatures (Fig. 2). Results 
summarized in Table I show that as growth temperature was decreased there was a 
substantial increase (8-fold) in DMSP content per cell which resembles that reported 
by Karsten et al (1992) for marine macroalgae (13). 

The large increase in DMSP titer of Tetraselmis cells with low growth temperatures 
(Table 1) appears consistent with the proposed role for DMSP as a cryoprotectant in marine 
algae (13,15). 

We have not yet fully resolved the problem of quantifying homarine (and/or trigonel
line) in Tetraselmis extracts. The most obvious stable isotope labeled internal standard for 
homarine and/or trigonelline quantification would be 2Hr homarine and/or 2H3-trigonelline, 
prepared by reaction of C2H3I with picolinic acid or nicotinic acid, respectively. However, 
both of these internal standards would be expected to have the same mass: charge ratio as 
2H6-DMSP (i.e. m/z 141), and would therefore interfere with routine DMSP quantification. 
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The simplest solution to this problem would be to prepare separate samples for homarine 
(and/or trigonelline) quantification in which 2H6-DMSP is excluded as internal standard. For 
such samples an NH40H eluate from Dowex-50-H+ could be employed to prepare onium 
compound fractions which are essentially DMSP-free; i.e. containing only glycinebetaine 
and homarine (and/or trigonelline). 

Naturally occurring and genetically engineered variation for quaternary ammo
nium and tertiary sulfonium compounds is of great interest in terms of osmotolerance 
of plants and photosynthetic microorganisms (16,19-21,27). Rapid and sensitive screen
ing techniques for quantifying these compounds (such as the PD-MS method described 
here) have been instrumental in advancing our knowledge of genetic variability for 
glycinebetaine and trigonelline accumulation in maize (1,27). Such desorption mass 
spectrometry methods in conjunction with the use of stable isotope labeled precursors 
have also played a key role in the elucidation of biosynthetic pathways of these 
compounds (8,19,20). 

The present studies have not addressed whether the increase of DMSP content of 
Tetraselmis in response to low growth temperatures is the result of increased synthesis from 
methionine (5,7) via S-methylmethionine (8), and/or decreased degradation of DMSP to 
DMS and acrylate (17,25). In principle, PD-MS, in combination with suitable stable isotope 
labeled DMSP precursors, could be employed to address the turnover rates of the DMSP 
pool of Tetraselmis as a function of growth temperature. 
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SUMMARY 

6 

The restricted selectivity of conventional methods for the measurement of P-di
methylsulfoniopropionate (DMSP) has prompted the development of novel HPLC instru
mentation tailored to the measurement of dimethyl sulfide (DMS) precursors. By combining 
the separation and identification capabilities of ion-exchange HPLC with flame photometric 
detection after a post-column alkaline hydrolysis step, a high degree of selectivity is achieved 
towards compounds which readily yield dimethyl sulfide on base hydrolysis. The selectivity 
of the new instrumentation to a number of dimethylsulfonium compounds is described. The 
detection limit of the prototype instrument for DMSP, based on three times the standard 
deviation of the blank and using a 200 III injection volume, corresponds to a concentration 
of 200nM DMSP or an absolute injected mass of 6 ng of DMSP. 

A novel means of response linearization has been achieved by the post-column 
addition ofDMSP. Subsequent hydrolysis of this added DMSP gives a slow continuous bleed 
of sulfur into the flame photometric detector resulting in a reduction of the log-log calibration 
graph slope from typically 1.8 to 1.1. This permits essentially linear calibration to be 
achieved. Sensitivity is improved by such an addition, but only at the expense of increased 
noise. No significant practical improvement in signal-to-noise characteristics has as yet been 
attained from such an addition. 

INTRODUCTION 

Sulfate metabolism by marine algae results in the formation of a number of organo
sulfur compounds, the most commonly reported being dimethylsulfoniopropionate (DMSP) 
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(Compound A, Figure 1). DMSP is believed to have an osmoregulatory role, its level in algae 
responding to changes in salinity (7). Its chemical, bacterial and/or enzymatic breakdown 
releases volatile dimethylsulfide (DMS) into the atmosphere which is rapidly oxidized to 
methane sulfonic acid, sulfur dioxide, and sulfate. In tum these products cause the nucleation 
of cloud droplets and increased aerosol and precipitation acidity (2). 

Since DMS was first identified as the "odoriferous principle" evolved from the 
macro-alga Polysiphonia jastigiata in 1935 (8) numerous papers have been published 
concerning DMS and one of its biological precursors, DMSP. DMSP itself was first 
extracted and characterized from Polysiphonia jastigiata by Challenger and Simpson 
in 1948 and its alkaline hydrolysis became the basis for the measurement of DMSP 
(4). Indirect methods employing flame photometric detection (1) have been used almost 
exclusively for DMSP measurement since that time and have contributed significantly 
to our understanding of the role ofDMS-precursors (denoted by OMS-Pr) in the global 
sulfur cycle. 

OMS-Pr are widely distributed through the plant kingdom but are most commonly 
found in saline environments. In the marine environment such compounds are present in 
macro-algae (4), marsh grasses and phytoplankton, particularly prymnesiophytes such as 
Phaeocystis and coccolithophores (12). In mid and high latitude regions OMS concentrations 
differ widely between summer and winter (18) as a result of changes in biological activity. 

DMSP is not however the only potential DMS-precursor present in marine 
organisms. A number of other compounds have been isolated and characterized which 
could contribute to the release of OMS. These include 4-( dimethylsulfonio )-2-
(methoxy)butyrate (Compound B) (3,17), S-methylmethionine (SMM)( 13,19), gonyol 
(Compound D) (14), gonyauline (Compound C) (IS) and less certainly 5-(dimethyl
sulfonio)pentanoate (Compound E) (9,11). 

OCH3 

's~o-
I 0 

A B C 

o E 

Figure 1. Some naturally occurring dimethylsulfonium compounds (A = DMSP; B = 4-(dimethylsulfonio)-2-
(methoxy)butyrate; C = gonyauline; D = gonyol; E = 5-(dimethylsulfonio)pentanoate). 
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Although the literature contains many reports of measurements of DMSP, closer 
inspection reveals that in most cases DMSP has been measured by methods which 
quantitate DMS released on room temperature base hydrolysis. The extent to which 
other dimethylsulfonium compounds would contribute to such measurements has yet 
to be determined. Current DMSP measurements may therefore, for some sample types, 
be misleading. Improved methods which can distinguish between DMSP and the other 
DMS-precursors which might be present are therefore required. We have recently 
developed prototype instrumentation which, by linking HPLC separation capability 
with sulfur-specific detection (10), offers the potential for distinguishing between such 
DMS-precursors. This paper describes the selectivity of the apparatus and presents a 
novel approach to the linearization of its response. 

MATERIALS AND METHODS 

Standards and Reagents 

Two main routes were employed for the synthesis of standard sulfonium compounds. 
DMSP and 2-(methyl)dimethylsulfoniopropionate (2Me-DMSP) were prepared by stirring 
dimethylsulfide with an unsaturated acid (acrylic acid or methacrylic acid respectively). The 
preparation of dimethylsulfonioacetate (DMS-Ac), 4-(dimethylsulfonio)butanoate (DMS
but) and 5-(dimethylsulfonio)pentanoate (DMS-pent) involved the reaction of the corre
sponding bromo-acid with dimethyl sulfide. The synthesis of dimethylsulfoniocholine 
(DMS-Chol) followed a similar route involving the reaction of 2-bromoethanol with di
methylsulfide. S-methylmethionine (SMM) was prepared by the methylation of methionine 
with iodomethane. The products were characterized by NMR spectroscopy and carbonlhy
drogen/nitrogen analysis. Analytical reagent grade materials were employed elsewhere 
unless otherwise stated. 

Instrumentation 

The common features of all the DMS-precursors which have been identified to date 
are that they are low molecular weight ionic, dimethylsulfonium compounds which are 
unstable with respect to base hydrolysis. The apparatus employed in this work was specially 
designed to exploit this instability to produce instrumentation which only responds to 
compounds, such as DMSP, which readily break down to give a volatile sulfur product. It 
incorporates isocratic ion-exchange HPLC of the DMSP followed by post-column base 
hydrolysis. This releases volatile DMS from the compounds, which after separation from 
the liquid stream can be detected using a custom-designed flame photometric detector 
(Figure 2). 

HPLC Conditions 

Depending on the nature of the DMSP precursors to be determined, chromatography 
can either be carried out on an anion or cation-exchange column. A Du Pont liquid 
chromatography pump was employed to deliver the eluent and the sample was injected onto 
the column using a Rheodyne 7125 injection valve fitted with a 2001-11 sampling loop. 
Cation-exchange chromatography employed a Spherisorb 5 SCX column (51-1m packing, 
25cm x 4 mm i.d.) eluted with 50 mM aqueous potassium dihydrogen orthophosphate (pH 
adjusted to 5.7 with 3mM sodium hydroxide solution) at a flow rate of 0.8 mllmin. 
Anion-exchange chromatography was carried out on a Spherisorb 5 SAX column (51-1m 
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Figure 2. HPLC instrumentation for the measurement of DMS-precursors. Post-column DMSP addition is 
employed only when response linearization is required. 

packing, 25cm x 4 mm i.d.) eluted with 50 mM aqueous potassium dihydrogen orthophos
phate (pH adjusted to 6.7 with 20 mM sodium hydroxide solution) at a flow rate of 1.0 
ml/min. 

Post Column Hydrolysis 

Post column hydrolysis was carried out by mixing the HPLC column eluent with a 
pumped stream (2.0 mllmin) of 4M sodium hydroxide solution. The rate of hydrolysis was 
enhanced by passing the mixture through a PTFE reaction tube (length: 6m, 0.74 mm i.d.) 
which was maintained at 85°C in a thermostatted oven. Although the apparent yield ofDMS 
increased at temperatures> 85°C, increased levels of water vapour deteriorated the signal
to-noise characteristics of the detector. 

DMS Detection 

After the hydrolysis step the solution was mixed with nitrogen (flow rate: 50ml/min). 
The DMS was purged from solution in a gas-liquid separator (Figure 2) and the residual 
liquid was pumped to waste. The gas stream was then partially dried. In the first approach 
this was carried out using two traps; the first drying trap was empty and used to physically 
condense water vapour and spray, the second contained the chemical drying agent anhydrous 
magnesium perchlorate (14-22 mesh). In more recent instrumentation a Nafion dryer (12" x 
0.06", held in molecular sieves) has replaced these traps to minimize band broadening of the 
DMS peaks. 

The gas stream then passed into the air-hydrogen flame of a custom-built flame 
photometric detector. The S2 band emission from the flame was monitored by a high 
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sensitivity photomultiplier tube (EMI 6256B, run at SOOV) viewing through a wide bandpass 
glass filter (Oriel BG-12). The signal was amplified, damped, and displayed on a chart 
recorder or computing integrator. Increased selectivity was achieved using a narrow band
pass interference filter, but with reduced sensitivity. 

Calibration 

The instrument was calibrated using peak height or area measurements obtained from 
standard solutions prepared in deionized water. In its standard configuration the FPD 
response depends on approximately the square of the sulfur concentration in the flame and 
calibration is therefore normally carried out using a log (concentration) / log (response) plot. 

Response to Other Dimethylsulfonium Compounds 

In order to assess the selectivity of the instrument towards dimethylsulfonium 
compounds the HPLC column was removed from the apparatus and 200111 aliquots of 
standard sulfonium solutions were injected. In this way column retention time dependent 
peak broadening and peak tailing effects were removed, permitting the response of each 
compound to be assessed under identical conditions. The response of the system depends 
approximately on the square of the concentration and the comparison was therefore made 
by assessing the concentration of each compound which was required to give a fixed 
instrument response. 

For two compounds, 1 and 2, their responses, Rl and RI respectively, are related to 
their concentrations (C l and C2) by constants kl and kl . 

If the two compounds are to have equal responses: 

If one of the measured compounds is DMSP, K will therefore reflect the concentration 
of a compound required to give the same response as DMSP. 

RESUL TS AND DISCUSSION 

Instrument Performance 

Chromatography. The potential DMS-precursors which have been identified to date 
have in common the positively charged dimethylsulfonium group, which makes them 
amenable to cation-exchange chromatography. Compounds like DMSP, however are zwit
terionic over a range of pH values around neutrality andean be satisfactorily chromatogra
phed on both anion- and cation-exchange media, thereby enhancing confidence in the 
compound identification. 
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Figure 3. Sulfur-specific chromatography of three sulfonium compounds (2Me-DMSP = 2-(methyl)dimethyl
sulfoniopropionate, SMM = S-methylmethionine). 

A typical HPLC trace, obtained from the system to show its sensitivity to three 
sulfonium compounds, is shown in Figure 3. 

Response Characteristics. The loglo (concentration) v loglo (response) calibration 
plot for DMSP gives a slope of approximately two which is characteristic of the expected 
squared relationship obtained from emission resulting from the diatomic S2 species (Fig
ure 4). 

The detection limit for DMSP, based on three times the standard deviation of the 
blank, and using a 200 ~l injection volume, corresponds to a concentration of200 nM DMSP 
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Figure 4. Linearized calibration obtained by bleeding a low concentration ofDMSP into the column emuent. 
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or an absolute mass of 6 ng of DMSP. The presented instrumentation is in the early stages 
of development and significant improvements in sensitivity are anticipated from future 
versions of the instrument. 

Selectivity in Response to Dimethylsulfonium Compounds. The relative response 
factors were determined for a number of available compounds that are structurally related 
to DMSP (Table I). 

Although it has not as yet been possible to obtain or synthesize samples of some of 
the potential DMS-precursors which have been isolated from marine flora, the preliminary 
results presented in Table I illustrate that the present instrumentation is highly selective 
towards DMSP and its methyl analogue. The chemical structure ofDMSP makes it particu
larly susceptible to base hydrolysis and the rate of formation of dimethylsulfide is therefore 
greater than for other dimethylsulfonium compounds. As the hydrolysis reaction time in the 
HPLC instrumentation is short, a high yield of DMS is therefore only possible for DMSP 
and its structurally similar methyl analogue. All the studied compounds are thermodynami
cally capable of yielding DMS on base hydrolysis, but due to slow kinetics of hydrolysis 
only generate DMS at a low rate. Within the time allowed in the flowing stream for the 
reaction to proceed, only small quantities of DMS are therefore produced. To boost the 
responses from other dimethylsulfonium compounds would therefore require either longer 
reaction times or elevated hydrolysis temperatures. Neither of these approaches would 
however be viable for continuous flow instrumentation as these would both increase 
band-broadening and baseline noise. It is worth noting however that if gas chromatographic 
procedures which employ extended reaction times are used for the measurement ofDMS-Pr, 
the yield ofDMS from any other DMS-Pr might become significant. 

Response Linearization. It has been reported that the response to sulfur compounds 
by flame photometric detectors can be linearized by bleeding low concentrations of sulfur 
into the flame gases (5). Such linearization is normally carried out by doping the flame gases 
with a volatile sulfur compound such as carbon disulfide or dimethyl sulfide from a permea
tion source. With this HPLC system a simple modification of the apparatus can be used to 
supply the additional volatile sulfur to give a linearized detector response. This is achieved 
by the delivery of a small flow of DMSP directly into the effluent from the HPLC column 
(Figure 2). The subsequent hydrolysis then results in the release of a constant quantity of 
dimethylsulfide into the reagent stream giving rise to the required response linearization, 
taking, in the illustration, the log-log slope from 1.8 to 1.1 (Figure 4). 

The concentration of added DMSP must be chosen with due regard to the concentra
tions of DMSP to be measured by the system and must be limited in order to restrict the 
baseline shift which occurs due to S2 emission from the added sulfur. The increased 
sensitivity resulting from this addition is only however achieved with an increased noise 

Table 1. Relative response factors for some dimethylsulfonium 
compounds (response factors relative to DMSP) 

Compound 

Dimethylsulfoniopropionate 
2-( methyl)dimethylsulfoniopropionate 
Dimethylsulfoniocholine 
S-methylmethionine 
3-( dimethylsulfonio )butanoate 
Dimethysulfonioacetate 
5-( dimethylsulfonio )pentanoate 

Relative response factor K 

1.0 
0.3 

6 x 10-3 

2 X 10-3 

8 X 10-4 

4 X 10-5 

3 X 10-5 
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level and has not in our experience to date been favorable in terms of improved signal-to
noise characteristics. The ease with which the slow bleed of additional sulphur into the 
detector can be achieved and the degree of concentration control which is possible by simple 
dilution of the DMSP dopant solution, makes the liquid dopant system a simpler and easier 
to operate alternative to the permeation tubes employed in direct vapour or gas doping 
systems. 

CONCLUSIONS 

A detailed understanding ofthe origins and role ofDMS-precursors in the production 
of atmospheric dimethyl sulfide requires the application of rigorous analytical methods which 
are capable of distinguishing between a number of related compounds. The instrumentation 
described in this paper offers a high level of selectivity towards DMSP. The selectivity comes 
from three independent sources. In addition to the compound identification which is possible 
from characteristic retention time behaviour, few compounds produce volatile sulfur com
pounds on base hydrolysis. In terms of selectivity, few instruments are better tailored to a 
group of compounds as the release of volatile sulfur compounds is a prerequisite for the 
system to respond to a particular compound. DMS-Pr differ significantly in their rates of 
hydrolysis and with the instrumentation presented here the sensitivity towards DMSP and 
its methyl analogue are significantly higher than for the other compounds which have been 
investigated to date. Additional confidence in DMSP identification can be achieved by 
parallel analyses ofDMSP on both cation and anion-exchange columns. 

Current instrumentation is in prototype form and many design enhancements are 
possible to improve sensitivity. Whilst the ultimate goal of such developments must be the 
ability to measure DMS-Pr and in particular DMSP in seawater, current performance is more 
than adequate for the analysis of algal material. For the determination of natural levels of 
DMSP in seawater some further sensitivity enhancement will be necessary, but current 
performance would indicate that these should not be unattainable. 

There are many applications for which the current instrumentation is too selective 
towards DMSP and variants of the technique are therefore under development for the 
measurement of a wider range of sulfonium compounds which are intermediaries in the 
marine and terrestrial sulfur cycles. 
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SUMMARY 

7 

3-Dimethylsulfoniopropionate (DMSP) is known to be an effective osmoprotectant. 
It is accumulated to high levels (5-50 !lmol g-! fresh weight) by several diverse flowering 
plants, including intertidal Spartina species and sugarcane (Poaceae), and the coastal plant 
Wollastonia bijlora (Asteraceae). Many other species may have traces ofDMSP (0.01-0.5 
J.Lmol g-! fresh weight). The biosynthetic pathway has been investigated in W. bijlora leaves. 
In vivo isotope labeling data are consistent with the following sequence of steps: 

CH3SCH2CH2CH(NH2)COOH ... (CH 3bS+CH2CH2CH(NH2)COOH ... (CH3bS+CH2CH2CHO'" (CH 3bS+CH2CH2COOH 

Methionine S-Methylmethionine DMSP-aldehyde DMSP 

It is not clear whether S-methylmethionine is converted to DMSP-aldehyde directly 
or via an intermediate. The methyltransferase catalyzing the conversion of methionine to 
S-methylmethionine has been purified and shown to be a tetramer of 115-kD subunits; the 
other biosynthetic enzymes are not yet known. In vivo radiotracer studies ofDMSP catabol
ism in W. bijlora leaves indicate that demethylation to methylthiopropionate and breakdown 
to dimethyl sulfide are very slow (1 % of the DMSP pool per day). In W bijlora leaves, both 
S-methylmethionine and DMSP-aldehyde are degraded to dimethyl sulfide far more rapidly 
than DMSP, which suggests that part of the dimethyl sulfide emitted by DMSP-producing 
plants might come from these compounds. The efficacy of DMSP as an osmoprotectant 
coupled with its simple biosynthetic pathway, metabolic stability and lack of nitrogen make 
DMSP a rational candidate for the genetic engineering of osmotic stress resistance in crop 
plants. 
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INTRODUCTION 

Like many marine algae (4,33), certain flowering plants (angiosperms) contain 
3-dimethylsulfoniopropionate (DMSP). This is of both environmental and agricultural 
interest. The environmental interest arises because DMSP in angiosperms is a potential 
source of the dimethyl sulfide (DMS) emitted from terrestrial ecosystems (45). The 
agricultural interest stems from the effectiveness of DMSP as an osmoprotectant and 
cryoprotectant (53) and from the possibility of enhancing the stress resistance of crops 
by genetic engineering of the accumulation of such compounds (50). With these interests 
in mind, we will first review the occurrence, biosynthesis and catabolism of DMSP in 
angiosperms, making comparisons to algae where appropriate. We will then briefly discuss 
the regulation of DMSP levels and the prospects for the genetic engineering of DMSP 
accumulation in crop plants. 

OCCURRENCE OF DMSP IN ANGIOSPERMS 

Only a few hundred angiosperms have been analyzed for DMSP and, as these are 
mostly mesophytic or halophytic herbs of temperate regions, they do not adequately 
represent the group (46). In general, only leaves have been examined. It is therefore hard at 
this point to make general statements about taxonomic or ecological patterns in the occur
rence of DMSP. Further, some reports of DMSP need cautious interpretation. Those based 
on chromatography or on DMS release from samples treated with cold base do not prove 
that DMSP is present (60). Also, DMSP in marine angiosperms may be due, at least in part, 
to epiphytic algae (10). In view ofthese problems, the data cited below establish only (a) 
that a few, taxonomically disparate angiosperms certainly accumulate high levels ofDMSP, 
and (b) that many others probably contain traces. 

DMSP-Accumulating Species. High levels of DMSP (about 5 to 50 I-lmol g.1 fresh 
weight) have been found in leaves of Spartina anglica (36), S. alterniflora (11, 15), S. foliosa 
(38) and Saccharum spp. (41) from the family Poaceae, and Wollastonia biflora (= Melan
thera biflora) (25,56) from the family Asteraceae. The Spartina species are salt marsh 
halophytes and W. biflora is a salt-tolerant coastal strand plant, whereas Saccharum (sugar
cane) is a moderately salt-sensitive crop. In these plants there is no doubt that DMSP is 
present as it has been identified by spectroscopic methods. Large quantities ofDMSP have 
also been reported from the marine angiosperms Posidonia sp. (61) and Zostera sp. (60). 
However, both these reports require confirmation as the analyses were based on thin layer 
chromatography or DMS release, and contributions from epiphytic algae were not excluded. 

Reports for W. biflora and S. alterniflora show DMSP levels proportional to 
the external salt concentration, as observed in various marine algae (Fig. 1). However, 
other studies with S. alterniflora (38), S. anglica (54,59) and sugarcane (39) show 
no relationship between DMSP levels and salinity. The discrepant findings for Spartina 
species might reflect differing experimental designs or problems in quantifying DMSP 
(31,41). In S. alterniflora and W. biflora, DMSP levels increase when N supply is 
limiting (Fig. 2, and ref. 38), again as has been observed in algae. Conversely, S-de
ficiency depresses DMSP accumulation (56); high concentrations of external sulfide 
may (59) or may not (38) promote it. The parallels in DMSP response to environmental 
conditions between flowering plants and algae (Figs. I and 2) are noteworthy since 
they suggest similar regulatory mechanisms exist in both groups. 
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Plants with Low DMSP Levels. Several species of cultivated Poaceae (about half 
those surveyed) were reported to have small amounts ofDMSP (0.01 to 0.3 j.lmol g-l fresh 
weight) (7,41). These species include maize, wheat and other cereals. Another survey of 177 
species representing 90 angiosperm families from 55 orders indicated that about 16% of the 
sample (29 species, from 22 orders) had DMSP levels of 0.01 to 0.5 j.lmol g-l fresh weight 
(40). These studies all used DMSP assays based on release ofDMS by cold base treatment; 
although this DMS is unlikely to originate from S-methylmethionine (SMM), it could 
possibly come from other (unknown) dimethylsulfonium compounds (10,40,60). 

Artifactual Origin of the DMSP Homolog 5-Dimethylsulfoniopentanoate. Apart from 
DMSP and SMM, the only dimethylsulfonium compound so far reported from angiosperms 
is 5-dimethylsulfoniopentanoate, from flowers of Diplotaxis tenuifolia (Brassicaceae) (35). 

Figure 2. Responses of DMSP levels to envi
ronmental N supply in flowering plants and ma
rine microalgae. Data for Wollastonia biflora 
(25), Spartina alterniflora (11), Tetraselmis sub
cordiformis (22) and phytoplankton assem
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units for ease of comparison. In all cases, the 
salinity level was at or near that of nonnal 
seawater and S supply was not limiting. Note 
that the responses of the microalgae may be 
larger because their low N treatments were more 
severe than for the angiospenns. 
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However, this compound was recently shown to be an artifact generated from the glucosi
nolate glucoerucin by hot acid treatment (23). 

DMSP BIOSYNTHESIS 

Early radiotracer experiments with the alga Ulva lactuca showed that the carbon 
skeleton, the S atom and the methyl groups of DMSP are derived from methionine (Met) 
(20,30). Subsequent radiolabeling studies with other algae confirmed that Met is the 
precursor ofDMSP (6,44). While this work established that DMSP originates from Met via 
methylation, deamination, decarboxylation and oxidation, it did not show the order of these 
steps or provide information about the intermediates and enzymes involved. Progress in these 
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Figure 3. Biosynthesis of DMSP in Wollastonia biflora leaves. Bold arrows denote steps that have been 
demonstrated experimentally. Steps shown with dashed arrows are hypothetical, as is the intermediate 
DMSKB. The reverse step (thin arrow) appears to be a minor reaction. Numbers on the left correspond to the 
following steps: I, S-methylation; 2, transamination or deamination; 3, decarboxylation; 4, oxidation. Abbre
viations: Met, methionine; SMM, S-methylmethionine; DMSKB, 4-dimethylsulfonio-2-ketobutyrate; DMSP
aid, 3-dimethylsulfoniopropionaldehyde; DMSP, 3-dimethylsulfoniopropionate; MMT, AdoMetMet 
S-methyltransferase; HMT, SMM:Hcy S-methyltransferase. 
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areas has recently been made with Wollastonia biflora (25,27 ,28), as summarized below and 
in Figure 3. 

Step 1: S-Methylation. Four lines of evidence from isotope labeling studies with W 
biflora leaf disks indicate that methylation of Met to SMM is the first step in DMSP 
biosynthesis (25). (a) In pulse-chase experiments with [14C]Met, SMM had the labeling 
pattern expected of a pathway intermediate, acquiring label rapidly during the [14C]Met pulse 
and then losing it during the chase period when [14C]Met was replaced with unlabeled Met. 
(b) [14C]SMM was efficiently converted to DMSP. (c) Supplying unlabeled SMM reduced 
14C incorporation into DMSP from [14C]Met and caused accumulation of[14C]SMM. (d) The 
dimethylsulfonium group from [13CH3,C2H3]SMM was incorporated as a unit into DMSP. 
Detailed studies have not been made of other angiosperms, but leaf disks of sugarcane readily 
converted supplied [35S]SMM to [35S]DMSP, suggesting that SMM is an intermediate in 
DMSP synthesis in this species also (40). The situation in algae is unclear. Ulva lactuca (44) 
and Chondria coerulescens (6) metabolized [14CH3]Met to both SMM and DMSP, and excess 
unlabeled SMM reduced incorporation of label from Met into DMSP in U. lactuca (30). 
However, neither species converted exogenous radiotracer SMM to DMSP (6,20). The 
negative results with supplied SMM might be explained by poor absorption (26), or by 
compartmentation of SMM of exogenous origin away from the metabolic pool of SMM. 

The enzyme catalyzing the S-adenosylmethionine (AdoMet) dependent methylation of 
Met has been purified from W biflora leaves and characterized (27). This enzyme (AdoMetMet 
S-methyltransferase, EC 2.1.1.12, MMT) is a homotetramer of 115-kDa subunits. Like other 
methyltransferases that utilize AdoMet (5), it is strongly inhibited by S-adenosylhomocysteine 
(AdoHcy). It is also inhibited by SMM. SMM and MMT occur very widely in plants (19), so are 
not unique to the DMSP biosynthesis pathway. Apart from conversion to DMSP, SMM has only 
two known metabolic fates: cleavage to homoserine and DMS, and reaction with homocysteine 
(Hcy), catalyzed by SMM:Hcy S-methyltransferase, to give two molecules of Met (19). The 
tandem action of MMT and SMM:Hcy S-methyltransferase, together with the hydrolysis of 
AdoHcy, can interconvert SMM and Met; this sequence of reactions has been termed the SMM 
cycle (37). This cycle appears to function only at a low level in W biflora leaves (25). 

Steps 2 and 3: Trans- or Deamination and Decarboxylation. Three lines of evi
dence indicate that SMM is converted to DMSP via 3-dimethylsulfoniopropionaldehyde 
(DMSP-ald) in W. biflora leaf disks (28). (a) In pulse-chase experiments with [35S]SMM, 
DMSP-ald labeled as expected for an intermediate, whereas three other possible intermedi
ates (3-dimethylsulfoniopropylamine, 3-dimethylsulfoniopropionamide and 4-dimethylsul
fonio-2-hydroxybutyrate) did not. (b) When [35S]SMM was supplied along with unlabeled 
compounds, only DMSP-ald promoted [35S]DMSP-ald accumulation while the three other 
possible intermediates had no such trapping effects. (c) Plants that do not accumulate DMSP 
did not form [35S]DMSP-ald from [35S]SMM. DMSP-ald is rather unstable in aqueous 
solution, and is present only in trace amounts in W. biflora. The DMSP-ald content estimated 
from radiolabeling data was only 0.3-0.6 nmol g-I fresh weight (28), which may be compared with 
the contents ofSMM and DMSP, respectively around 300 and 12,000 nmol g-! fresh weight (25). 
The radiolabeling data also indicated that the DMSP-ald pool turns over once every 15-30 sec. 

Conversion ofSMM to DMSP-ald involves loss of the amino and carboxyl groups, but the 
enzyme reactions involved are not known. It seems improbable that the first reaction is 
decarboxylation because this would produce 3-dimethylsulfoniopropylamine, and radiotracer 
data indicated this compound was not an intermediate (see above). Two more likely possibilities 
are shown in Figure 3. One is analogous to a Strecker degradation (49): SMM might be converted 
directly to DMSP-ald, in a reaction catalyzed by a decarboxylation-dependent transaminase 
(52,57). This would be unusual inasmuch as there appear to be no other cases in which an amino 



80 A. D. Hanson and D. A. Gage 

acid with an -H undergoes such a reaction. Alternatively, transamination or oxidative deamination 
could produce the -keto acid 4-dimethylsulfonio-2-ketobutyrate (DMSKB), which could then 
undergo decarboxylation to DMSP-ald. DMSKB is not a known natural product and appears 
never to have been chemically synthesized, although there is indirect evidence that its adenosine 
analog (S-adenosyl-2-keto-4-methylthiobutyrate) is a natural metabolite in Escherichia coli (55). 
Amino acids with a good leaving group in the position are known to undergo B, a-elimination 
upon conversion to the corresponding keto (or imino) acid (9). Since SMM has a good leaving 
group, (CH3)2S+ (48), its a-keto analog DMSKB would be expected to be unstable and to undergo 
a fragmentation reaction. 

Step 4: Oxidation. IfDMSP-ald is an intermediate in DMSP biosynthesis, then the 
last step in the pathway must be the oxidation of the aldehyde group. It was not possible to 
confirm this directly by supplying [14C]DMSP-ald to W. biflora leaf disks, due to the 
chemical instability ofDMSP-ald and its rapid catabolism to DMS (28). However, prelimi
nary tests with leaf extracts have indicated the presence of pyridine nucleotide-dependent 
DMSP-ald dehydrogenase activity (James and Hanson, unpublished data). This suggests a 
parallel with the glycine betaine biosynthesis pathway, where the last step is oxidation of 
betaine aldehyde, catalyzed by an NAD+-dependent betaine aldehyde dehydrogenase (46). 
As DMSP-ald is structurally similar to betaine aldehyde, and as W. biflora (genotype B) can 
produce glycine betaine as well as DMSP (25), the enzymes involved may be closely related 
or perhaps identical. In this connection it is noteworthy that the glycine betaine and DMSP 
biosynthesis pathways occur together in other DMSP-rich angiosperms and algae (4,46). 

DMSP CATABOLISM 

DMSP catabolism has been studied very little in angiosperms. Two catabolic routes 
are known for DMSP in bacteria and algae (34): cleavage by a lyase enzyme to DMS and 
acrylate, and demethylation or transmethylation to give 3-methylthiopropionate (MTP). 
There is fragmentary evidence to suggest that angiosperms may have both routes, neither of 
them very active. This evidence is discussed below. 

Release of DMS. When W. biflora leaf disks were incubated for 4 h with tracer 
[35S]DMSP about 0.1 % of the absorbed label was released as [35S]DMS (28). Supplied [35S]SMM 
and [14CH3]DMSP-ald were degraded to DMS much more rapidly, by 60- and 2,500-fold 
respectively (28). The enzymes involved were not investigated, but SMM lyases catalyzing 
conversion ofSMM to DMS and homoserine are widely distributed in plants (17,19), and it is 
possible that they can also attack DMSP and DMSP-ald. A low rate ofDMS emission has also 
been observed from intact S. alterniflora leaves, equivalent to around 0.8% of the endogenous 
DMSP content per day (11). As this rate was 100-fold higher than those for grasses that do not 
accumulate DMSP it seems likely that DMSP was the precursor. However, the possibility that 
endogenous SMM or DMSP-ald (or perhaps DMSKB) was the source cannot be excluded. 

Conversion to MTP A partially purified SMM:Hcy S-methyltransferase preparation 
from Jack bean seeds was found to use DMSP as a methyl donor (1), showing that 
angiosperms may have the potential to demethylate DMSP, as has been demonstrated for the 
alga Chondria coerulescens (6). However, following incubation of W. biflora leaf disks with 
tracer [35S]DMSP for 24 h, 99% of the absorbed 35S was recovered as [35S]DMSP, and 
[35S]MTP was not detected (28). These data indicate that there is little net degradation in 
vivo of DMSP via MTP or any other route. Although they do not rule out turnover of the 
DMSP methyl groups via a transmethylation-remethylation cycle, this seems unlikely to 
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be highly active in W. biflora because supplied [14C]MTP was not extensively converted 
to DMSP (25). 

REGULATION OF DMSP LEVEL 

The slow rates of DMSP breakdown in. W. biflora and S. alterniflora ( I % per day) 
make it seem likely that DMSP levels are regulated mainly by the rate of synthesis in relation 
to growth (11,28). Little is yet known about how flux through the DMSP biosynthesis 
pathway is controlled, particularly by environmental factors such as N-nutrition and salinity. 
The following is a synopsis of the data available. They are consistent with control being 
shared among several pathway steps, as is generally the case (16). 

The conversion ofSMM to DMSP-ald is the committing step in DMSP biosynthesis, 
and so would seem one likely control point. There is indirect evidence for this: conversion 
of supplied [35S]SMM to DMSP was proportional to the endogenous DMSP contents of W. 
biflora and three other species (40). The Met SMM step in W. biflora appears to be modulated 
by the intracellular concentrations of both SMM and AdoHcy (25,27). The supply of Met 
can also exert control, as large doses of Met raised DMSP production in W. biflora to about 
4 J.lmol g-l fresh weight day-I, well above the likely range of endogenous synthesis rates (25). 
Exogenous Met also enhanced DMSP accumulation in the alga Tetraselmis subcordiformis 
(22). The physiological significance of control via Met supply is uncertain, as Met levels in 
vivo are probably stabilized by feedback mechanisms (18,19). 

METABOLIC ENGINEERING PROSPECTS 

Figure 4 sets DMSP accumulation in the framework of overall sulfur and methyl 
group metabolism in leaves. Although the data are approximations, they bring out two 
essential points: engineering a DMSP-free plant to produce as much DMSP as W. biflora 
could triple the amount of reduced sulfur required, and would also increase the demand for 
methyl groups. Because lignin and pectin methylation are minor activities in the mature leaf 
tissues that produce DMSP, the methyl group demand in these tissues could also easily triple. 
These considerations show that DMSP accumulation has major repercussions on the meta
bolism of sulfur amino acids and on methyl group biogenesis and transfer, and hence that 
engineering it requires attention to these areas as well to the DMSP biosynthesis pathway 
itself (2,29). We expand upon this briefly below and in Figure 5, which shows how DMSP 
and Met biosynthesis are related. The essential point is that DMSP biosynthesis requires two 
molecules of Met: one for the methylthiopropionate moiety, the other to donate a methyl 
group. The Hcy moiety left after methyl transfer is recycled to Met. 

DMSP Biosynthesis Enzymes. In the simplest case it might not be necessary to 
increase MMT expression, since plants that do not accumulate DMSP can have MMT 
activities and SMM levels comparable to W. biflora (3,27). It would almost certainly be 
necessary to introduce the enzyme(s) responsible for converting SMM to DMSP-ald, as this 
is the committing step in DMSP biosynthesis and no DMSP-ald was found in plants lacking 
DMSP (28). It is probable that an enzyme to oxidize DMSP-ald would also be required, 
although perhaps not in glycine betaine-accumulating plants if betaine aldehyde dehydro
genase can catalyze DMSP-ald oxidation (see above). 

Enzymes of Methyl Group Biogenesis and Transfer. These include methylene tetra
hydrofolate reductase, Met synthase, AdoMet synthetase and AdoHcy hydrolase. The activi-
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Figure 4. Theoretical sulfur (A) and methyl group (B) budgets for leaves of a plant metabolically engineered 
to accumulate DMSP. This plant is assumed to contain no betaines or other methyl-rich small molecules. Open 
bars show sulfur and methyl group demands before engineering; solid bars show the new demands created by 
two levels ofDMSP, equal to those in W biflora grown without (control) or with (salinized) 450 mM NaCI 
(56). SMM values are also from W biflora (25). Sulfur and methyl group demands for proteins were estimated 
from typical biomass composition data (43), assuming mole abundances of methionine (Met) and cysteine 
(Cys) of 5%; the pools of free sulfur amino acids and glutathione were assumed to be negligible (19). The 
methyl group demand for choline moieties was estimated by summing typical values for free choline (21) and 
phosphatidylcholine (47). Some assumptions made in calculating methyl demands were: that lignin is 
polyconiferyl alcohol (43); that pectin is fully carboxymethylated polygalacturonic acid; that there is no 
turnover of methyl groups; and that 10% ofnuc1eic acid bases are methylated (making this demand negligible). 
Note that the theoretical sulfur budget is consistent with experimental data for S. alterniflora, in which as much 
as 50 to 86% of the total sulfur can be allocated to DMSP (38,59). 

ties of these enzymes in a plant lacking DMSP might not suffice to cope with a large 
additional methyl group demand for DMSP synthesis. This inference is strengthened by two 
types of observations: (a) high levels of AdoMet synthetase and AdoHcy hydrolase are 
constitutively expressed or induced in tissues with a large requirement for methyl groups for 
lignin synthesis (14,32,42); and (b) the methyl group supply can limit growth of cotyledons, 
which have a high methyl group demand for pectin synthesis (8). It is possible that the entire 
methyl group biogenesis and transfer subsystem in leaves would respond adaptively when 
presented with a larger load (29). If it did not, then inadequate AdoHcy hydrolase activity 
might be the most serious problem (51). This enzyme is responsible for removing AdoHcy, 
which strongly inhibits AdoMet-dependent methyltransferases (5). Ifinadequate AdoHcy hydro
lase activity led to AdoHcy accumulation, the consequent suppression of methylation reactions 
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Figure s. Methionine and DMSP biosynthesis. The reactions inside the box are unique to DMSP biosynthesis. 
The broken lines represents negative feedback control by methionine of assimilation of sulfate into cystathion
ine and of O-phosphohomoserine synthesis (18,19). Ado, adenosine; AdoHcy, S-adenosylhomocysteine; 
AdoMet, S-adenosylmethionine; THFA, tetrahydrofolate; MeTHFA, AP-methyltetrahydrofolate; Asp, aspar
tate; Cys, cysteine; Gly, glycine; Hey, homocysteine; Hse, homoserine; Met, methionine; Ser, serine; SMM, 
S-methylmethionine. Enzymes: I, Hse kinase; 2, Cys synthase; 3, cystathionine- -synthase; 4, B-cystathionase; 
5, methylenetetrahydrofolate reductase; 6, Met synthase; 7, AdoMet synthetase; 8, AdoHcy hydrolase; 9, 
SMM:Met S-methyltransferase; 10, AdoMetMet S-methyltransferase; *, other methyl transfer reactions. 

could have many undesirable effects on the rest of metabolism. Engineering higher levels 
of this enzyme may therefore be required. Alternatively, if the plant to be engineered already had 
the capacity to accumulate a betaine, it could have a pre-existing capacity for methyl group 
synthesis and transfer high enough to cope with an additional demand from DMSP (24). 

Enzymes of Sulfate Assimilation and Hcy Biosynthesis. DMSP accumulation would 
greatly increase the requirement for assimilation of sulfate into cystathionine and its product 
Hcy, the precursor of Met. Met(or a close metabolic product thereof) may exercise strong 
negative feedback control over the sulfur and carbon metabolism involved (18,19), so that 
increased consumption of Met might elicit a matching increase in its production. In this case it 
would not be necessary to increase expression of the many enzymes upstream from Hcy (29). 

DMS Emissions from Metabolically Engineered Crops. The prospect of engineer
ing DMSP accumulation in crop plants raises the issue of a potential increase in terrestrial 
DMS emissions, via catabolism ofDMSP in the crop or by microbial action on crop residues. 
The significance of such hypothetical emissions is obviously hard to evaluate. However, as a 
point of comparison, the DMSP-accumulating crop sugarcane is presently grown on a land area 
of about 17 x 106 hectares. As it is unlikely that crops genetically engineered to produce DMSP 
would ever occupy so large an area, their contributions to terrestrial DMS emissions would most 
probably be small in relation to those currently made by the world's sugarcane crop. 
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CONCLUSION 

Although some progress has been made in elucidating the DMSP biosynthesis 
pathway in W biflora, many issues remain for future research. These can be summarized as 
follows. With respect to the pathway in W biflora, we do not know (a) whether SMM is 
converted to DMSP-ald directly or via an intermediate, (b) where in the cell the pathway is 
localized or (c) what types of enzymes catalyze the steps after SMM. We know very little 
about how flux through the pathway is controlled. More generally, it is uncertain whether 
the DMSP biosynthesis pathway in other angiosperms or in algae is the same as in W biflora. 

Many questions remain about the catabolism of DMSP in angiosperms. In W biflora 
and S. alterniflora leaves it seems to be slow, but we do not know if this applies to all 
developmental stages and all environmental conditions, or to other species. Nor do we know 
whether DMSP is translocated from leaves to roots or flowers, or whether these organs can 
degrade it. Except for preliminary reports on SMM lyase activity, nothing is known about the 
angiosperm enzyme(s) that catalyze release ofDMS from dimethylsulfonium compounds. 

Lastly, it must be emphasized that our present picture of the occurrence of DMSP in 
angiosperms is deficient in two respects. First, too few species (particularly tropical and 
woody plants) have been surveyed for DMSP to give a clear picture of its taxonomic 
distribution or its ecological significance. Second, the reports of low levels of DMSP ( 0.5 
/-lmol g-' fresh weight) in various angiosperms cannot be interpreted rigorously until the 
identity ofDMSP is established by spectroscopic methods (mass spectrometry, NMR). 
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SUMMARY 

8 

The effects of sulfide on growth and dimethylsulfoniopropionate (DMSP) concen
tration in Spartina alterniflora were studied in greenhouse cultures. Spartina plants were 
maintained in sand-filled pots and supplemented with a balanced nutrient mixture and I gil 
ofNaCI. After they were well established, plants were separated into four treatment groups 
that were maintained in different sulfide concentrations ranging from 0 to 2 mM Na2S for 5 
weeks in March and April, 1994. Relative growth rates, determined from weekly plant 
heights, final dry weights, and final DMSP concentrations in tissues were measured. The 
results indicated that sulfide concentrations in the neighborhood of 1 mM were optimal for 
growth. Sulfide treatment affected leaf growth, but not root growth. The maximum relative 
growth rate (2.0±0.3% day-I) was found in the 1 mM treatment, while the minimum growth 
rate (0.5±0.2% day-I) was found in the 0 mM treatment. Mean stem height reached 64 cm 
in the 1 mM treatment and was 47 cm in the 0 mM treatment. Final stem weights were 1.4± 1.2 
and 0.8±0.65 g/pot in the 2 and 0 mM treatments, respectively. In general, growth at 2 mM 
was equivalent to that in the 1 mM treatment. The sulfide treatments had marginally 
significant effects on the DMSP concentration in leaf tissues and no effect in roots. Data on 
sulfide distributions in pore water in several marsh sites suggest that there is no consistent 
relationship between Spartina production and sulfides. The results demonstrate that the 
relationship between Spartina growth and sulfides is complex. 

INTRODUCTION 

Previous research suggests that growth (19, 1) and nutrient uptake (2) by marsh grasses 
(Spartina spp.) are negatively affected by sulfides in controlled experiments. Sulfide toxicity has 
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been reported to be the cause of dieback of Spartina alterniflora in the field (14). It has also been 
hypothesized that DMSP is produced in Spartina in response to sulfides. In greenhouse experi
ments, van Diggelen et al. (19) found a positive relationship between DMSP concentration in S. 
anglica tissue and the concentration of sulfide in nutrient solutions. They speculated that DMSP 
and the subsequent formation ofDMS may be a detoxification mechanism that allows this species 
to tolerate toxic sulfides in anoxic marine soils. However, there is contradictory evidence about the 
effect of sulfides on Spartina growth and DMSP production. A recent greenhouse study of 
Spartina alterniflora (16) failed to demonstrate a relationship between sulfides and DMSP. 
Furthermore, this study showed that the concentration ofDMSP in S. alterniflora tissues was not 
related to either salinity or sulfide concentration in field populations growing along a natural 
salinity gradient. Finally, the stable sulfur isotope composition of S. alterniflora taken from the 
field indicates that the sulfur contained in this plant is derived from sulfides, not from sulfate, 
despite an overwhelming abundance of sulfate in marine sediments (3). The collective data 
indicate that the traditional view of sulfide as a toxin may be an over simplification. 

This paper reports results of a study that was undertaken to provide additional information 
about the effects of sulfides on the growth and DMSP production of Spartina alterniflora. A 
greenhouse experiment was conducted in which Spartina plants were cultured at different levels 
of sulfide. Field data on concentrations of soluble sulfides in pore water in several healthy marshes 
are reported to provide a context for judging the ecological relevance of the greenhouse study. 

MATERIALS AND METHODS 

Single newly emerged stems of Spartina alterniflora with their rhizomes and roots were 
collected in the field from a salt marsh near Georgetown, SC and cultured in sand-filled pots in the 
greenhouse. Single ramets were maintained, initially one per pot, for several weeks to establish the 
plants before beginning the experiment. The pots were randomly divided into eight groups and 
kept in tubs containing a nutrient solution. All treatments contained 1 gil ofNaCI in their nutrient 
solutions. In addition, the nutrient solution was composed of a balanced mixture of macro and 
micronutrients (Table 1) patterned after a modified Hoagland's solution (7). The level of solution 
was kept even with the surface of the sand in the pots. Each tub contained 12 pots. At the start of 
the experiment in March the tubs were organized into two replicates each of four treatments of 
sulfide concentration. The sulfide concentrations used in the experiment were 0, 0.5, 1.0, and 2.0 

Table 1. Composition of nutrient solution used in growth experiments, 
exclusive ofNaCI which was maintained at a final concentration of 1 gil 

Volume of stock 
Cone. of stock soln. (ml) per liter 

Compound solution of final soln. 

KH2P04 1M 2 
Ca(N°3)24H20 1M 4 
MgS047H2O 1M 1 
~Cl 1M 8 
Fe-EDTA 20mM 2 
H3B03 25mM 1 
MnS04H2O 2mM 
ZnS047H20 2mM 
CuS045H20 O.5mM 
H2Mo04 O.5mM 
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mmoilliter ofNa2S. The nutrient solutions were replaced weekly after the experiment was started, 
while Na2S was added daily and the pH adjusted as necessary to maintain neutrality. Sulfide 
concentrations decreased following each renewal largely because of the volatilization ofH2S and 
were close to zero after 24 h. The experimental treatments continued for five weeks in the 
greenhouse under natural light and ambient temperature during spring 1994 at a time when the 
plants were in log-phase growth. 

Every week the total number of shoots and the length of the tallest plant in each pot were 
recorded. At the conclusion of the experiment all of the plants were harvested, belowground and 
aboveground parts were divided, and the parts dried and weighed. Subsamples of fresh root and 
leaf tissues were collected for DMSP analysis following a modified procedure (16) of van 
Diggelen et al. (19). About OJ g fresh plant tissue was transferred first to liquid nitrogen then to 
25 ml vials containing 5 m14.25 M NaOH. The vials were immediately sealed with Teflon-lined 
grey butyl septa with crimp caps. Standards were made using known amounts of pure DMSP. 
After incubating the vials for 24 hr, DMS in the headspace gas was analyzed by gas chromatogra
phy (Carle AGC with flame ionization detector and 2 m glass column packed with 0.1 % SP-I 000 
on 80/100 Carbopack C). The concentration ofDMS in solution was calculated by Henry's Law, 
and the total quantity ofDMSP expressed as a concentration per unit weight of fresh tissue. 

Pore water sulfides were sampled in the field using diffusion samplers screened with 45 
!lm Nitex membranes. Samplers were deployed in triplicate and were collected monthly from 
several salt marsh locations in Charleston Harbor and North Inlet (Fig. I) for 1.5-yr. The sampler 

Figure 1. Locations of study sites in Charleston Harbor and North Inlet, SC. The Charleston Harbor and North 
Inlet maps are not drawn to the same scale. The site designated SC in Charleston Harbor is the location offour 
sampling stations including creek bank and interior sites. At North Inlet, there are creek bank and interior 
sampling stations at OL and GI. Sal is a high marsh site dominated by Salicornia spp. , CB is an interior site 
15 m from a creekbank. With the exception of Sal, all sampling stations are in areas vegetated by Spartina 
alterniflora. 
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bottles (30 m1 each) were placed in notches cut intO PVC pipes such that when the pipes were 
inserted into the sediment the pore water at regular depth intervals was sampled. The samplers were 
left in the sediment to equilibrate for 1 month. As they were collected, the Nitex membranes were 
replaced by Teflon septa. Sulfides were stabilized in the field immediately with ZnAc and analyzed 
the following day. ZnAc-treated pore water samples were analyzed colorimetrically for sulfide using 
a modification of the Cline procedure (5) as described by Otte and Morris (16). 

Statistical analyses were performed using the SAS statistical package. The GLM 
procedure was used to test for treatment effects both by simple linear regression (treatment 
variable treated as continuous) and by one-way ANOVA (treatment treated as a class variable). 
Tukey's studentized range test on all main effects was used to test for significant differences 
among pairs of treatments. Pore water sulfide concentrations are reported as geometric means 
to correct for skewness, and ranges of their 95% confidence limits are given in the text. 

RESULTS 

Pore water sulfide concentrations showed greater differences between marshes (Fig. 
2) than within marshes. Within these marshes sulfide concentrations generally increase from 
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Figure 2. Depth profiles of geometric mean concentrations of soluble sulfide in pore water from several marsh 
sites in Charleston Harbor and North Inlet, SC. Geometric means were computed from 1.5-yr time series of 
monthly data. 
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relatively low values along the creek banks toward higher levels in the interior marsh sites. 
Past studies have shown that spatial gradients in sulfide concentration correlate negatively 
with Spartina production within a marsh (l0, 6). However, this trend breaks down between 
sites. For instance, grand geometric means over all interior sites at North Inlet at 10 and 25 
cm depth (within the root zone) were 3.9 /lM (range of95% confidence limits is 2.7-5.8 /lM) 
and 14.1 (8.8-22.6) /lM, which is less than sulfide concentrations at creek bank locations in 
Charleston Harbor. In Charleston Harbor, geometric mean concentrations of sulfide along 
the creek bank were 13.3 (9.9-17.8) and 49.4 (31.8-76.7) /lM at 10 and 25 cm depth 
respectively. At the 100 cm depth, the sulfide concentration at the Charleston Harbor 
creekbank sites exceeds that of North Inlet sites by a factor of 25 (1957 vs 76 /lM). In both 
of these marshes the production of Spartina is greatest along the creekbanks where sulfide 
concentrations are generally lower. Yet, despite their elevated sulfide levels, Charleston 
Harbor marshes are very productive, and the productivity oftheir creekbank areas is certainly 
greater than interior North Inlet marshes (data not shown). Interior marshes in Charleston 
Harbor, which have healthy stands ofSpartina, had sulfide concentrations of324 (253-414) 
/lM at 10 cm and 1528 (1301-1795) /lM at 25 cm. 

In the greenhouse experiments, sulfide treatment had significant effects on several 
growth parameters, and there was a consistent trend toward increased growth at higher 
sulfide concentrations. The maximum relative growth rate (RGR, 2.0±0.3% day' I ) was found 
in the I mM treatment, while the minimum RGR (0.5±0.2% day·l) was found in the 0 mM 
treatment (Table 2). Simple regression analysis indicated that sulfide had a significant effect 
on RGR at the 0.004 level. Linear regression analyses likewise indicated that there were 
significant treatment effects on mean stem density and weight (Table 2). Final density per 
pot was greatest in the 2 mM treatment (2.75±1.7) and least (2.0±1) in the 0 and 0.5 mM 
treatments. Final stem weight was greatest in the 2 mM treatment (1. 7± 1.2) and least 
(0.8±0.6) in the 0 mM treatment. The height of the tallest plant from each pot, averaged by 
treatment, reached 67.6±22.3 cm in the 2 mM treatment and was 47.0±13.0 cm in the 0 mM 
treatment. The treatment effect was significant at the 0.0005 level. There was no significant 
effect of sulfide treatment on final root weight (Table 2). 

Sulfide level had a marginally significant effect on the concentration ofDMSP in leaf 
tissues (significance level for non-zero slope=O.OI) and no effect on DMSP concentration 
in root tissues (Table 3). In leaf tissues DMSP concentration averaged 9.5±3.4 f..lmol/g (fresh 
weight) in the 2 mM sulfide treatment and 6.3±1.7 ).lmol/g in the 0 mM treatment. DMSP 

Table 2. Summary growth characteristics of Spartina alterniflora from a greenhouse experiment 
in which potted plants were grown at different levels of sulfide (n=24 per treatment). Data are 
means ±l SD (or ±l SE of the estimated regression slope in the case of relative growth rate). 

Mean final plant heights with different superscript letters are significantly different at the 0.05 
level according to Tukey's studentized range test. Significance of the treatment effect using a 

simple linear regression model is given by the value ofp (ns=not significant) 

Sulfide treatment (mM) 

0 0.5 1.0 2.0 P 
RGR (%/day) 0.5±0.2 0,8±0,26 2.0±0.3 1.27±0,22 0.004 

Final height (em) 47,0±13,oa 55,3±15,yb 64.1±18.9b 67,6±22.3b 0.0005 

Stem density/pot 2,0±1.2 2,O±l.1 2.3±1.5 2,75±1.7 0.05 

Stem weight (g/pot) 0,8±0,65 0,96±0.8 1.18±0.9 1.4±1.17 0.02 

Root weight (g/pot) 0.33±0.3 0.33±0.3 0.45±0,3 0.42±0,3 ns 
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Table 3. Mean DMSP concentrations (Ilmol/gfw) in Spartina alterniflora grown 
at different levels of sulfide. Data are means ±1 SD (n=6 per treatment). Plants 
were analyzed after 5 weeks of treatment. Significance of the treatment effect 

using a simple linear regression model is given by the value ofp (ns=not significant) 

Sulfide treatment (mM) 

0 0.5 1.0 2.0 P 
Root tissue l.l±0.5 1.3±0.7 1.l±0.9 1.4±1.0 ns 

Leaf tissue 6.3±1.7 5.6±1.8 7.3±3.0 9.5±3.4 om 

concentrations in roots were lower and averaged between 1.l±0.5 and 1.4±1.0 ~mol!g (fresh 
weight) in the 0 and 2 mM treatments, respectively (Table 3). 

DISCUSSION 

The DMSP concentrations that we have observed in greenhouse cultures of S. 
alterniflora (Table 3) are consistent with other reports for this and closely related species. 
In specimens of S. alterniflora collected in the field along an estuarine salinity gradient, 
DMSP concentrations in roots varied from 0.4 to 5.6 ~mol!g (fresh weight) and in leaves 
they varied from 9 to 48 ~mol!g (fresh weight), depending on time of year and collection 
site (16). Weber et at. (20) reported concentrations in leaves of 7.5 to 26.1 ~mol!g (fresh 
weight) depending on time of year and collection site. Van Diggelen et at. (19) reported 
concentrations ofDMSP in leaves of S. anglica between 5 and 22 ~mol!g (fresh weight) in 
the greenhouse. In every example where leaf and root values have been reported, the 
concentration of DMSP in leaves exceeds that in roots. 

DMSP concentrations in S. alterniflora leaves responded marginally to the sulfide 
concentration in culture solutions (Table 3). There was a significant concentration ofDMSP 
in tissues even in the 0 mM sulfide treatment. Sulfide had no significant effect on DMSP 
concentrations in roots. These results are consistent with earlier reports by van Diggelen et 
at. (18) and Otte and Morris (16). These results do not rule out the possibility that DMSP 
has significance as an adaptation to toxic sulfides, though they do indicate that DMSP 
production is not induced by and is independent of external sulfide, at least at external sulfide 
concentrations of less than 2 mM. 

Our results challenge the long held view that any concentration of sulfide is toxic to 
S. alterniflora under any circumstance. There are negative correlations between Spartina 
production and sulfide within marshes (10, 6), and there are reports that sulfide levels in 
marsh sediments of approximately 1 mM cause the dieback of Spartina (15), but we have 
seen sulfide levels exceed I mM in healthy marsh sites in Charleston Harbor. In the interior 
marsh sites in Charleston Harbor, the time-averaged geometric mean sulfide concentration 
in the upper 50 cm of sediment was 958 11M (810-1132 /-lM confidence limits). Sulfide 
concentrations vary seasonally at all the sites we have examined. In interior Charleston 
Harbor sites they reached a seasonal maximum of3.6 mM (3.0-4.4 mM) in the upper 50 cm 
during November with no visible affect on the health of the vegetation. Furthermore, the 
commonly observed trend toward decreasing production with increasing sulfide concentra
tion within a marsh breaks down when different marshes are compared as in the case ofN orth 
Inlet and Charleston Harbor. Creek bank areas in Charleston Harbor that support highly 
productive stands of Spartina have sulfide concentrations that exceed those in interior sites 
at North Inlet (Fig. 2), and these interior North Inlet sites support the typical short form of 
Spartina. 



Effects of Sulfide 93. 

Figure 3. Photograph of a rhizome, the large structure, and root of Spartina alterniflora growing along the 
window of a sand-filled tank. The photo is of an area of approximately lOx 15 cm. The large black area around 
the rhizome is an anoxic zone with significant sulfate reduction as indicated by the dark coloration that can be 
attributed to iron monosulfides. The light area immediately around the root and part of the rhizome (right-center 
of photo) is an oxidized rhizosphere. (A color version of this figure can be found in the color insert following 
p.94.) 

The experimental evidence for toxic sulfide effects comes largely from water cul
tures. Bradley and Dunn (I) found that sulfide concentrations of 0.5 and 1.0 mM decreased 
the growth of S. alterniflora in water culture, while 2 mM sulfide was lethal. Koch et al. (12) 
also saw declines in growth rate and a suppression of alcohol dehydrogenase activity in roots 
with increasing sulfide levels up to 4 mM. Similarly, van Diggelen et al. (19) saw a depression 
of growth of S. anglica at sulfide concentrations of 0.5 and 1.0 mM in water culture. 
However, in a second experiment in water culture, but at lower sulfide levels and pH buffered 
to 6.5, sulfide significantly stimulated growth at 0.2 and 0.5 mM (18). 

Results from sand cultures indicate that low levels of sulfide stimulate growth of S. 
alterniflora. In the present study we observed a 4-fold increase in RGR as the sulfide 
treatment was raised from 0 to I mM, while the RGR at I mM and 2 mM did not differ 
significantly. Except for root production, every metric of growth, including stem density, 
showed an increasing trend with higher sulfide concentration up to 2 mM, though it appeared 
that the 1 mM level was nearly optimal. Otte and Morris (16) saw a trend of increased 
production of Spartina in sand cultures treated with as much as 2 mM sulfide. However, a 
negative effect of I mM sulfide added to permanently flooded sediment cores containing S. 
alterniflora was observed by Koch and Mendelssohn (11). 

One important difference between the sand and water cultures is the presence and 
absence of a stable rhizosphere. There is clear evidence that S. alterniflora is able to maintain 
an oxidized rhizosphere, in situ, around at least a portion of its root system. The evidence is 
the formation of a plaque offerric iron that is visible on the root surfaces (15). In sand culture 
it is possible for an oxidized rhizosphere to develop (Fig. 3), and this interface between the 
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root and its edaphic environment is probably important for the plant in anoxic sediments. 
This photo (Fig. 3) ofa Spartina alterniflora rhizome and root, taken through the side of the 
tank in which the plants were growing in sand, demonstrates the spatially complex environ
ment of the rhizosphere. The large dark area around the root and rhizome is a reduced zone 
colored by iron monosulfides. Sulfate reducing bacteria in this zone are most likely utilizing 
organic substrates diffusing away from the root and rhizome. Inside this reduced zone is a 
small pocket of oxidized space surrounding the root and part of the rhizome. A plaque of 
orange ferric iron is visible on the surface of the root. It is unlikely that such a rhizosphere 
could develop in water culture because of the unimpeded diffusion, and possibly advection, 
of solutes around the root surfaces. 

The oxidized rhizosphere may protect the plants from toxins in the surrounding 
sediment. However, if the sulfides were simply oxidized in the rhizosphere prior to their 
absorption as sulfate, then the sulfur isotope composition of the plant would be closer to that 
of sulfate. In this case, the plant sulfur should have the isotopic composition of sulfate, 
because sulfate concentrations are normally far greater than sulfide concentrations. Sea water 
has a sulfate concentration of about 29 mM (17). In fact, the isotopic composition of sulfur 
in Spartina is like that of sulfide (3). The rhizosphere may have a regulatory role by limiting 
the influx of sulfide. Or, these small oxidized zones may help scavenge nutrients, like 
phosphate and iron, that will precipitate onto the root where they can be assimilated after 
solubilization by root exudates. Root exudates from other species have been identified that 
dissolve ferric phosphate and that are induced by iron deficiency (13). 

Questions remain about the role of DMSP in Spartina alterniflora, and the nature 
of the sulfide effect. Sulfide may in fact be the preferred sulfur source, in low concen
trations, because of favorable energetics, requirements of bacterial symbionts, or secon
dary effects involving other nutrients. Sulfide is used by chemolithotrophic bacteria as 
an energy source. Perhaps Spartina, which is known to fix CO2 in its root system (8), is 
able to utilize this energy source directly or indirectly by hosting bacterial symbionts. 
The rhizosphere bacterial community may also influence plant mineral nutrition in a 
variety of ways. Sulfide may have secondary effects on plant mineral nutrition because 
of its effect on the solubility and availability of nutrients. Van Diggelen et al. (18) 
speculated that the greater growth of S. anglica that they observed at low sulfide con
centrations could have been caused by an iron deficiency in the 0 mM sulfide treatment. 
Plants grown without sulfide were chlorotic. Plants grown with sulfide were green and 
had higher concentrations of Fe and P in their tissues. 

The function of DMSP in Spartina is unclear. The evidence that it functions as an 
osmolyte is weak (19, 16). DMSP certainly does not respond to changes in salinity (19) in 
the same way as proline and glycinebetaine (4), which are believed to function as osmolytes, 
though they share the same curious characteristic that concentrations of all of these com
pounds are considerably lower in roots than in leaves. Unlike proline and glycinebetaine, 
which respond positively to nitrogen (4), DMSP concentration in Spartina decreases with 
increasing nitrogen supply (16), which raises the possibility that DMSP is an alternative 
osmolyte when the production of nitrogen-based proline and glycinebetaine are limited. 
DMSP-S accounts for a major fraction of the total S in Spartina (19,16) and, thus, it is linked 
to sulfide metabolism. Perhaps DMSP functions as a storage compound for sulfur or for 
methyl groups. As a potential methyl donor, DMSP may be involved in the methylation and 
translocation of metals (20), though more recent work does not support this (9). The 
prevalence ofDMSP in marine algae and the fact that its production is confined to a relatively 
few halophytic higher plants strongly suggests that its adaptive significance is marine-re
lated. Unfortunately the work on Spartina to date has not resulted in the definitive answer 
about its function. 



Figure 8.3. Photograph of a rhizome, the large structure, and root of Spar/ina alternijlora growing along the 

window of a sand-filled tank. The photo is of an area of approximately 10 x 15 cm. The large black area around 

the rhizome is an anoxic zone with significant sulfate reduction as indicated by the dark coloration that can be 

attributed to iron monosulfides. The light area immediately around the root and part of the rhizome (right-center 

of photo) is an oxidized rhizosphere. Notice the orange deposits offerric iron on the root surface. The red coloration 

on the rhizome (center of photo) is most likely an anthocyanidin pigment. 
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SUMMARY 

9 

Dimethylsulfoniopropionate(DMSP) is the precursor of dimethyl sulfide (DMS) 
which is the most abundant volatile sulfur compound in sea water. Various marine macroal
gae and microalgae contain DMSP in high concentration and release DMS. Crypthecodinium 
cohnii (Dinophyceae) is one of the DMSP producers. In C. cohnii, the sulfur, the methyl 
carbon and carbons 2 and 3 of the m~thionine molecule are efficiently incorporated into 
DMSP. The location of label in the radioactive DMSP is consistent with the conversion of 
methionine to DMSP by decarboxylation, deamination, and methylation. Methionine incor
poration into DMSP was not inhibited in the presence of methionine-related compounds such 
as S-methylmethionine and S-adenosylmethionine. Methionine incorporation into DMSP 
was completely inhibited in the presence of methylmercaptopropionic acid but was not 
inhibited by methylthiooxybutanoic acid. These data are consistent with a biosynthetic 
pathway in which methionine is first decarboxylated to methylthiopropylamine. This is 
followed by loss of the amino group and oxidation to give methylmercaptopropionic acid, 
which is subsequently methylated. Methionine decarboxylase, which may be the key enzyme 
of biosynthesis of DMSP, was purified from C. cohnij and characterized. This enzyme is 
pyridoxalphosphate-dependent. The N-terminal amino acid sequence of this enzyme is 
Ala -Leu-Cys-Trp-Ser-Asp-Ile-Ser-Pro---. 

INTRODUCTION 

Recent concern over acid precipitation has increased interest in the relative impor
tance of the various sources of sulfur to the atmosphere (20,21). Volatile sulfur compounds 
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are emitted both by terrestrial and marine biota (3). Recently it has been suggested that in 
the marine environment, most volatile sulfur is emitted in the form ofDMS (22), which is 
excreted by living macroalgae (12), especially from members of the Rhodophyceae (3) and 
Chlorophyceae (14), and also by microalgae including members of the Dinophyceae (13,23) 
and Haptophyceae (21). DMS volatilization is of great interest because in the atmosphere it 
acts as a precursor for cloud condensation nuclei, which can increase cloud reflectance and 
so reduce the effect of solar heating (4). 

It is generally thought that DMSP is the major precursor ofDMS and that it is produced 
by many algae. This DMSP is important in osmoregulation in a number of phytoplankton 
species (5-8,25) and may also participate in the methylation reactions. DMSP is excreted by 
algae, and its enzymatic and nonenzymatic breakdown in sea water releases DMS. 

Data on the biosynthesis of DMSP in algae are lacking. Although Green (10) first 
reported that the green alga Ulva lactuca synthesized DMSP from methionine, the mecha
nism has not yet been clarified. It was therefore of interest to determine the biosynthesis 
pathway ofDMSP in algae, especially in microalgae such as dinoflagellates. 

MATERIALS AND METHODS 

Organism 

The dinoflagellate Crypthecodinium cohnii (ATCC e32001), which is able to grow 
heterotrophically, was cultured in an ESW medium (2% glucose and 0.2% yeast extract in 
natural sea water) or A2E6 medium (9)at 25°C in dark conditions. In the growth experiments, 
cells were incubated in 50 ml ofESW medium in which sulfate was replaced with 2.5 mM 
L-cysteine or L-methionine. Cell growth was determined by measuring optical density at 
660nm. 

Chemicals 

Sodium[35S]sulfate, L-[35S]cysteine, L-[35S]methionine, L-[ methyl-14C]methionine, 
L-[3,4-14C]methionine,and L-[1-14C]methionine were obtained from Ammersham Life Sci
ence, Ltd. DMSP bromide was obtained from Shiono Koryo Kaisha, Ltd. S-methylmethion
ine, L-methionine, methylcysteine, L-cysteine, taurine, betaine, sulfate, 3-methyl 
mercaptopropionic acid (MMPA), and methylthiooxybutanoic acid(MTOB) were obtained 
from Nakarai Tesque. Ltd., Waken Chern. Ltd. and Tokyo Kasei Kogyo Co.,Ltd. 

Determination of DMS and DMSP in the Culture Medium 

DMS was analyzed using a Shimadzu Model GC-9A gas chromatograph equipped 
with a specially designed, sulfur specific, highly sensitive, linearized flame photometric 
detector (FPD) as described previously (23). DMSP was quantified by alkaline decomposi
tion to yield DMS(l). Sub-samples (l ml) of culture media, or cell free extracts were placed 
in 10 ml vials and the vials were then sealed with rubber caps. Two ml of 1 N NaOH were 
then injected through rubber caps to decompose the DMSP to DMS. After 90 min, 50 III of 
the gas phase was sampled and analyzed by gas chromatography as described above. 

Counting Procedure 

Radioactivity measurements on thin layer chromatograms were made with an Aloka 
Radiochromanyzer. 
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Isolation and Determination of DMSP 

Cells were incubated in 50 ml of ESW medium containing 1480 kBq of labeled 
compound at 25°C in dark conditions. Cultured cells collected by centrifugation were 
suspended in 4% perchloric acid (PCA) and the suspension was centrifuged at 12,000 g for 10 
min. The supernatant was neutralized with 5 N KOH and centrifuged to remove the potassium 
salt of perchloric acid. The aliquot of supernatant fraction was separated by two-dimensional 
cellulose thin layer chromatography (TLC) (Merck) with two different developing solutions 
(developing solution I; n-butanol:acetic acid:water = 4:1:1 and developing solution 2; phe
nol:water = 7:3). The air-dried plates were sprayed with Dragendorff reagent to visualise spots 
of onium compounds. Only one spot corresponding to the authentic DMSP was observed. 

Purification and Characterization of Methionine Decarboxylase 

After being treated with acetone, the precipitates were concentrated on a paper filter 
(Advantec No.2) with vacuum aspirator. The precipitates were resuspended in buffer A (0.0 I 
M potassium-phosphate buffer, pH 7.2). The cell debris was removed by centrifugation. The 
supernatant fraction was treated with solid ammonium sulfate at 4 °C to give a final 
concentration of 80%. After centrifugation, the sediment was resuspended in buffer A and 
dialyzed against the same buffer. The sample was then applied to a DEAE-cellulose column 
equilibrated with Buffer A; the column was washed with the same buffer and eluted with 
a linear gradient on NaCI (0 - 0.5 M NaCI in Buffer A). The fractions containing methionine 
decarboxylase activity were pooled and concentrated to a small volume. The concentrated 
preparation was applied to a Sephadex G-IOO column equilibrated with buffer A; the 
elution was carried out with the same buffer. The active fractions were pooled. The active 
fraction was further purified using Mono-Q and Superose-200HR FPLC columns. 

Enzyme Assay 

The L-methionine decarboxylase assay was based on measurement of the release of 
14C02 from L-[1-14C]methionine. The reaction mixture contained L-methionine (20 mM 
containing L-[ 1-14C]methionine (2.2 x 106 dpm)), pyridoxal phosphate (I mM), and enzyme 
in a total volume of I ml of buffer A. Incubation was carried out in a test tube with a butyl 
cap. After incubation at 30°C for 10 min, the reaction mixture was acidified with 0.2 ml of 
10% trichloroacetic acid and bubbled with air. The 14C02 released from the reaction mixture 
was absorbed in hyamine solution. Scintillation cocktail was added to the hyamine solution 
and the radioactivity was determined by using Aloka Liquid Scintillation System LCS-3050. 

RESULTS 

Sulfur Sources and Biosynthesis ofDMSP 

C cohnii was able to grow in an A2Eo medium in which sulfate was replaced with 
L-cysteine. From the growth pattern, it appeared that C. cohnii was able to utilize L-cysteine as 
well as sulfate, and that the final cell yields reached almost the same level. However, there was an 
initial delay period in the medium supplemented with L-cysteine, indicating a possible difference 
in the uptake mechanism from that of sulfate. In the medium supplemented with L-methionine, 
growth of C. cohnii was very poor. This indicated that L-methionine was not able to act as the sole 
source of sulfur. Taurine and methylcysteine were also not used as sulfur sources. The DMS and 
DMSP levels in the culture (mg/I) increased in parallel with cell numbers during the logarithmic 
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phase, but the levels stopped increasing in the stationary phase. The DMSP levels per cells 
(mg/l/O.D.~ did not vary so much with incubation time. The DMSPlevel per cells was highest 
in the cells incubated with L-methionine. These results indicated that the L-methionine incorpo
rated was not efficiently utilized as a sulfur source of growth, but was utilized in the biosynthesis 
ofDMSP, and that L-methionine could be a direct or close precursor ofDMSP. 

Incorporation of Labeled Sulfur-Containing Compounds into DMSP 

The cells were incubated in the ESW medium with sodium-[35S]sulfate, L_[35S]cys
teine and L-[35S]methionine, respectively, for 10 days, and the harvested cells were extracted 
with cold PCA. The PCA extract was analyzed by TLC. These three labeled sulfur-containing 
compounds were efficiently incorporated into the cells; among them methionine showed the 
highest incorporation. In a short period (135-min) incubation experiment, among the low 
molecular weight sulfur-containing materials, DMSP was also the most heavily labeled with 
L-[35S]methionine (Fig. I). 

In the next experiment, incorporation of radioactivity from methionine labeled with 14C at 
various positions or with 35S was examined (Fig. 2). The methyl, C-3 and C-4 carbons, and the 
sulfur atom of methionine were efficiently incorporated into DMSP. However, the C-l carbon of 
methionine was not incorporated into DMSP. From the relationship between the structures of 
methionine and DMSP, these data show that the methyl groups and the sulfurofDMSP are derived 
from the methyl group and the sulfur of methionine, respectively, and that the carboxyl group of 

1 
Meto 

IV 
Met~ 

.0- 0 • cO 

Phenol:Water 

15min 30min 45min 

DMSP 

.0 .0 
a~ 

75min 135min 

Figure 1. TLC distribution pattern of labeled sulfur compounds in the PCA soluble fraction of intact cells of 
C. cohnii. The intact cells were incubated in A2E6 medium containing L-[35S]methionine for 135 min. Met: 
methionine; MetO: methionine sulfoxide; DMSP:dimethyl-sulfoniopropionate. 
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Figure 3. Effect of I mM S-methylmethionine on the incorporation ofL -esS]methionine into DMSP in intact 
cells of C. cohnii. S-methylmethionine was added at time zero of the incubation. Symbols: 0, methionine + 
methionine sulfoxide; e, DMSP; 0, others. The labeling pattern in the absence of S-methylmethionine is 
shown in Fig. 2. 

DMSP may arise from the C-2 carbon of methionine. These observations are consistent with the 
hypothesis that methionine is converted to DMSPby decarboxylation, deamination, and methyla
tion. In the in vivo system the incorporation ofL-[3SS]methionine into DMSPwas not inhibited by 
addition of I mM S-methylmethionine (SMM) to the medium (Fig 3). The incorporation of 
L-eSS]methionine into DMSP was not inhibited by 1 mM betaine, but interestingly a spot 
corresponding to S-adenosylmethionine (SAM) appeared after 15 min incubation and then it 
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Figure 4. Effect of I mM betaine on the incorporation ofL-[35S1-methionine into DMSP in the intact cells of 
C. cohnii. Betaine was added at time zero of the incubation. Symbols: 0, methionine + methionine sulfoxide; 
e, DMSP; 0, others. The labeling pattern in the absence of betaine is shown in Fig. 2. 
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Figure 5. Inhibitory effect of 1 mM methylmercaptopropionic acid on the incorporation ofL-[35S)methionine 
into DMSP in the intact cells of C. cohnii. Methylmcrcaptopropionic acid was added at time zero of the 
incubation. Symbols: 0, methionine + methionine sulfoxide; e, DMSP: !:J., S-adenosylmethionine;O,others. 
The labeling pattern in the absence of methyl mer cap to-propionic acid is shown in Fig. 2. 

disappeared immediately (Fig. 4). The incorporation of L-[35S]methionine was completely 
inhibited by inclusion of 1 ruM MMPA in the growth medium but not by MTOB (Figs. 5 and 6). 
These results are consistent with a biosynthetic pathway in which the first step was not 
methylation or deamination but decarboxylation of methionine. 
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Figure 6. Effect of I mM methylthiobutanoic acid on the incorporation of L-e5S)methionine into DMSP in 
the intact cells of C. cohnii. Methylthiobutanoic acid was added at time zero of the incubation. Symbols: 0, 
methionine + methionine sulfoxide; e, DMSP; 0, others. The labeling pattern in the absence of methylthiobu
tanoic acid is shown in Fig. 2. 
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Purification and Characterization of Methionine Decarboxylase of 
C. Cohnii 

Mazelis and Ingraham (15,16) first reported the decarboxylation of methionine by 
an enzyme system from cabbage leaf. Therefore, we tested whether L-methionine decar
boxylase activity is present in crude cell extracts of C. cohnii which were obtained by 
sonication or by grinding cells with glass beads. The enzyme assay consisted of measuring 
the amount of 14C02 released from L-[1-14C]methionine after incubation for 30 min at 
30°C. As C. cohnii had methionine decarboxylase activity in crude cell extracts, we 
purified the enzyme by means of acetone precipitation, ammonium sulfate precipitation, 
and chromatography on DEAE-cellulose, Mono-Q, and Superose-200HR. After these 
procedures, purity was determined by native polyacrylamide gel electrophoresis (PAGE). 
PAGE revealed a single protein band which corresponded to the enzyme activity (Fig. 7). 
The molecular weight of this enzyme was estimated by Superose-200HR. In com
parison with the marker proteins, the molecular weight of this enzyme was calculated 
to be 230 kDa. Sodium dodecyl sulfate (SDS)- PAGE revealed that the purified 
enzyme was composed of a single polypeptide. The molecular weight of this 
polypeptide was estimated to be about 103 kDa by comparison with the SDS-PAGE 
mobility of standard proteins. Therefore, it is probable that this enzyme consists of 
two identical 103 kDa subunits. This enzyme requires pyridoxal phosphate as a 
co-enzyme and is stabilized by I mM Mg2+. The optimum pH condition was 7.3. 
This enzyme activity was not inhibited in the presence of SAM in the reaction 
mixture. No other amino acids had significant inhibitory effect on the enzyme 
activity. The N-terminal amino acid sequence was determined up to the 9th step by 
automatic Edman degradation. It was Ala-Leu-Cys-Trp-Ser-Asp-Ile-Ser-Pro--. 

DISCUSSION 

From the relationship between the structures of methionine and DMSP, the data 
presented above show that the methyl groups and the sulfur ofDMSP are derived from the 
methyl group and the sulfur of methionine, respectively, and that the carboxyl group of 
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Figure 7. Native polyacrylamide 
gel electrophoresis of completely 
purified methionine decarboxylase 
of C. cohnii. A: a photograph of the 
gel stained with the Silver Stain Kit 
Wako; B: enzyme activity of 
methionine decarboxylase. 
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Figure 8. Hypothetical pathway 
from methionine to DMSP in 
Crypthe codinium cohnii. 
MTPA:methylthiopropylamine; 
MTOB:methylthio-oxyobutanoic 
acid; MMPA;methylmercapto
propionic acid; DMSP:dimethyl
sulfonio propionate. 
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DMSP may arise from the C-2 carbon of methionine. These observations are consistent with 
the hypothesis that methionine is converted to DMSP by decarboxylation, deamination, and 
methylation. The same conversion pathway has been reported by Green in Ulva lactuca 
thallus. On the other hand, Hanson et al. (11) reported that in the coastal strand plant 
Wollastonia biflora, the methylation of methionine was the first step. 

In our experiment, the incorporation of L-[35S]methionine into DMSP was hardly 
inhibited by betaine, and a spot corresponding to SAM was detected after 15 min incubation. 
As shown in Fig. 2, in the in vivo system L-[methyl-14C]methionine was quickly incorpo
rated into DMSP. These results suggest that SAM may not be an intermediate but may act 
only as a methyl donor in the final methylation of MMPA. There was no dilution effect of 
SMM on the incorporation oflabeled methionine into DMSP, indicating that SMM may not 
be an intermediate. In other words, the evidence suggests that methylation ofL-methionine 
may not be the first step of biosynthesis of DMSP in C. cohnii. The incorporation of 
methionine into DMSP was not inhibited by MTOB but was inhibited by MMPA. This means 
that the first step from L-methionine to DMSP is not deamination but decarboxylation. The 
methylation of MMPA may occur at the final step (Fig. 8). Since these experiments were 
performed with intact cells of C. cohn ii, SAM, SMM and MTOB are not conclusively ruled 
out as intermediate, because we did not check the permeability of these compounds into the 
cells. Nor it is possible to rule out an effect ofMMPAon methionine uptake as the explanation 
of the observed effectofMMPA on DMSP synthesis. In our experiments, very small amounts 
of SMM and SAM have been detected in the cell extracts. Green (l0) also reported that 
incorporation of radioactivity from labeled SMM into DMSP was not detected and suggested 
that this compound was not an intermediate in U. lactuca. The results indicated above 
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Table 1. Comparison of methionine decarboxylases 

Source Crypthecodinium Dryopteris Streptomyces Streptomyces 
cohnii filix·mas 

MW. 230,000 100,000 100,000 130,000 

Subunit 103,000 57,000 59,000 -
(homodimeric) (homodimeric) (homodimeric) 

opt. pH 7.3 5.0 6.9 6.4 

Coenzyme PLP PLP PLP PLP 

Inhibitors Zn2+ Ag+,Hg2+ ,Cu2t 
(Mn2+,Cu2+,Fe3+) 

reference (This study) 
( stevenson) 

et.a11990 
( stevenson) 

et.a11990 
( Misono ) 

et.a11980 

strongly suggest that, in the dinoflagellate C. cohn ii, methionine is directly converted to 
DMSP by decarboxylation, deamination, oxidation, and methylation. 

There have been some reports concerning decarboxylation of methionine. Mazelis 
and Ingraham (15,16) have shown that horseradish peroxidase catalyzes oxidative decarbox
lylation of methionine to yield 3-methylthiopropionamide (CH3SCH2CH2CONH2) as a 
product. Methionine decarboxylases in which the reaction product is methylthiopropylamine 
(MTPA) have been purified from Streptomyces sp.(17,IS) and from the fern Dryopteris 
flUx-mas (19,2). The characteristics of our enzyme are summarized and compared with these 
two methionine decarboxylases (Table 1). This methionine decarboxylase which has been 
purified may be a key enzyme in DMSP synthesis. 
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SUMMARY 

10 

The biosynthetic pathways for phosphatidylsulfocholine (PSC) and phosphatidyl
choline (PC) have been studied in intact cells of the non-photosynthetic diatom Nitzschia 
alba and the photosynthetic diatom Nitzschia angularis. Sulfocholine and choline were 
incorporated intact into PSC and PC, respectively, in N. alba and presumably also in N. 
angularis. In both diatoms, incorporation of sulfocholine into PSC occurred at a greater rate 
than that of choline into PC. However, choline strongly inhibited the incorporation of 
sulfocholine into PSC in both diatoms, while sulfocholine weakly inhibited the incorporation 
of choline into PC in N. alba and more strongly in N. angularis. Serine supplied the S-methyl 
carbon atoms (presumably via CHrtetrahydrofolate) of PSC in both N. alba and N. 
angularis, but not the sulfocholine carbons I & 2 which are presumably derived from 
homoserine/aspartate. Carbon from serine was also incorporated into phosphatidylserine and 
phosphatidylethanolamine (PE) in both diatoms but was incorporated into PC only in N. 
angularis. Ethanolamine was incorporated into both PE and PC in N. angularis but only into 
PE in N. alba. Thus, in both diatoms, synthesis of PSC proceeds from serine to cysteine to 
methionine, then presumably to dimethylsulfoniopropionate (DMSP) and thence to sulfo
choline, which is incorporated into PSC by the phosphocholine transferase (nucleotide) 
pathway. This enzyme can transfer either phosphocholine or phosphosulfocholine to diacyl
glycerol. However, in N. angularis but not in N. alba, PC appears to be formed also from 
PE by the N-methylation pathway. These results may explain the presence of both PSC and 
PC in N. angularis but largely PSC in N. alba. 

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds 
edited by Ronald P. Kiene et aI., Plenum Press, New York, 1996 109 
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INTRODUCTION 

The non-photosynthetic diatom, Nitzschia alba, contains phosphatidylsulfocholine 
(PSC)(phosphatidyl-S,S-dimethyl mercaptoethanol), the sulfonium analogue of phospha
tidylcholine (PC), as the major membrane phospholipid (2,3a,3b,6,15) (Fig. I). This sul
fonium analogue completely replaces PC in N. alba, but occurs only in minor amounts in 
photosynthetic diatoms, such as Nitzschia angularis, the major phospholipid being PC 
(6,11,15). In addition, all diatoms studied contain the plant sulfolipid, sulfoquinovo
syldiacylglycerol (SQD) and two other novel sulfolipids: I-deoxyceramide-l-sulfonic acid 
(DCS)(N-acyl-l-deoxysphingenine-l-sulfonate) and the sterol sulfate (SS), 24-methylene 
cholesterol sulfate (3a,3b, 11,15) (Fig. 1 ). 

Previous studies have shown that both [35S]cysteine and [35S]methionine serve as 
precusors in the biosynthesis of PSC (4). Cysteine provided only the sulfur atom to 
methionine by the well-known cystathionine pathway (17), while methionine was shown to 
supply both the sulfur and the S-methyl groups in PSC (4) suggesting that methionine was 
converted to dimethylsulfoniopropionate (DMSP)( dimethyl-~-propiothetin) (l,9) and then 
to sulfocholine: 

+ homoserine -N-CH2-THF 
cysteine -----------~ [cystathionine] --------~ homocysteine -----------~ 

ATP 

-NH2, -C02, O2, SAM -C02, O2 

methionine -------------------~dimethylsulfoniopropionate -------~sulfocholine (1) 

N-acyl-1- deoxysphingenine -1- sulfonate 

Phosphatidyl 5,5 -dimethyl mercaptoethanol 

24 - Methylene cholesterol sulfate 

o e II 
0-5-0 

II 
o 

Sulfoquinovosyl diglyceride 

o 
II 

R -C-0-CH2 
1 I 

R -C-O-CH 

CH 2 

2 II I OH 

° CH'-0--nOt1 e 

1~2503 
Figure 1. Structures of the major sulfolipids in diatoms. 
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Sulfocholine was then presumably incorporated into PSC by a pathway analogous to 
the nucleotide pathway for PC biosynthesis in animals (16) and plants (12): 

ATP CTP 
sulfocholine ----------~ P-sulfocholine ----------~ 

sn-l,2-diacylglycerol 
CDP-sulfocholine -------------------------~phosphatidylsulfocholine (2) 

To test for the presence of the nucleotide pathway, we have studied the incorporation 
of doubly-labelled [3H-Me]/[35S]sulfocholine into phosphatidylsulfocholine in intact cells 
of Nalba. To determine whether the CDP-base transferase shows any preference for 
sulfocholine over choline and whether the sulfo-analogue inhibits the incorporation of 
choline and vice-versa, we have also studied the incorporation into PSC and PC oflabelled 
sulfocholine or choline, separately, together, or separately in the presence of cold choline or 
sulfocholine, respectively, in both N alba and N angularis. 

An alternative pathway for PC biosynthesis, the N-methylation pathway, is known 
in animals (16) and plants (12): 

CTP serine 
sn-l , 2-diacylgl ycerol ----~ CD P-diacy 19l ycerol--------~phosphatidylserine 

-C02 3 x SAM 
---------~ phosphatidylethanolamine ---------~ phosphatidylcholine (3) 

To help explain why N alba contains virtually no nitrogenous phospholipids while 
photosynthetic diatoms, like Nitzschia angularis, contain phosphatidylcholine and phospha
tidylethanolamine (PE) (11,15), the incorporation of radiolabeled serine and ethanolamine 
into the phospholipids of these two diatoms was compared to determine whether they contain 
an active N-methylation pathway. 

The present paper is a report of these exploratory radioisotopic experiments with 
intact cells of N alba and N angularis which have revealed the existence of novel pathways 
for the biosynthesis of PSC and PC and their regulation. 

MATERIALS AND METHODS 

Radioactive Precursors 

L-[35S]methionine (specific activity, 1.45 Ci//olmol; 54 GBql/olmol), L-[35S]cys
teine (spec. act., 1.19 Ci//olmol; 44 GBql/olmol), [35S]S-methylthioethanol (spec. act., 
1-10 mCi/mmol; 37-370 MBq/mmol), and [2_14C] ethanolamine (spec. act., 50 
mCi/mmol; 1.85 GBq/mmol) were purchased from Amersham (Boston, MA); 
[14C]methyl iodide (spec. act., 50 mCi/mmol; 1.85 GBq/mmol), L-[14C]serine (spec. 
act., 135 mCi/mmol; 5 GBq/mmol) and [Me- 14C]choline-Cl (spec. act. 50 mCi/mmol; 
1.85 GBq/mmol) from ICN (Irvine, CA); and L-[U-14C]cysteine (spec. act., 306 
mCi/mmol; 11.3 GBq/mmol) and [3H]methyl iodide (spec. act., 72 mCi/mmol; 2.66 
GBq/mmol) from New England Nuclear (du Pont, Boston, MA). Unlabelled S
methylthioethanol was synthesized as described elsewhere (18). 
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Synthesis of [Me-3H], [Me-14C], or [35S]sulfocholine 

Synthesis of radioactively-labeled sulfocholine was carried out as described for the 
unlabelled sulfocholine (18), with the following modifications. A mixture of unlabelled 
S-methylthioethanol (127 mg; 1.38 mmol) and [3H]methyl iodide (0.5 ml; 8.4 mmol; specific 
activity, 3.0 mCi/mmol or III MBq/mmol) or [14C]methyl iodide (0.33 ml; 0.42 mmol; 
spec.act., 2.38 mCi/mmol; 88 MBq/mmol) was vortexed for several minutes and left 
overnight at room temperature. After evaporation of the excess methyl iodide under a stream 
of nitrogen, the residual dark brown oil was dissolved in acetone (1 ml) and left at 4 C for 
2-3 hr; the crystalline sulfocholine iodide was washed with three I ml portions of cold 
acetone and dried in vacuo; yield of [Me-3H]sulfocholine iodide, 195 mg (0.83 mmol; 60%; 
4.8 mCi; 178 MBq). The iodide was converted to the chloride by ion-exchange chromatog
raphy on a column of Dowex-50 cation exchange resin (l g) by elution with IN HCI [18]; 
yield of [Me-3H]sulfocholine chloride, 114 mg (0.8 mmol; 3.33 mCi or 123 MBq ; specific 
activity, 4.16 mCi/mmol or 154 MBq/mmol); yield of [Me- 14C]sulfocholine chloride, 34.6 
mg (0.24 mmol; 0.58 mCi or 22 MBq; spec. act., 2.4 mCi/mmol or 89 MBq/mmol). 

[35S]Sulfocholine chloride was synthesized as described for [3H]sulfocholine using 
[35S]S-methylthioethanol instead of unlabelled methylthioethanol and unlabelled methyl 
iodide instead of [3H]methyl iodide. The final product had spec. act., 58 /lCi/mmole or 2.2 
MBq/mmol. 

Biosynthesis of Phosphatidylsulfocholine (PSC) from 
[Me-3H]/[35S]Sulfocholine (Long Term Labeling) 

Cells of N. alba were grown in 250 ml Erlenmeyer flasks containing 75 ml of 
synthetic sea water medium (modified Rila marine mixture (I 0) to which was added 3 ml of 
0.5 M NaCI containing 32 mg (225 /lmol) of [Me-3H]/e5S]sulfocholine [144/lCi (5.3 MBq) 
3H and 13.1 /lCi (0.49 MBq) 35S; spec. act., 0.058 /lCi (2.2kBq) 35S//lmol and 0.64 /lCi (24 
kBq) 3H/j.!mol; ratio [3H]/[35S], 11.0]; incubation was carried out with stirring at 30° C for 
44 hr (late log phase). Cells were harvested by centrifugation, washed with unlabelled culture 
medium, lyophilized, and the dried cells (35 mg) were extracted (14) with hot (600 C) 
isopropanol (16 ml) and with chloroform/methanol (l :1, v/v, 8 ml). The combined extracts 
were brought to dryness in vacuo. The residue was dissolved in chloroform-methanol (l: I, 
v/v, 8 ml) and two phases were formed by addition of water (3.6 ml). The lower chloroform 
phase was concentrated to a small volume (1 ml), counted and subjected to TLC on silica 
gel G plates (Brinkmann) in a solvent system of chloroform 1m ethan 011 water (65:35:5, v/v). 
After autoradiography on X-ray film (Fuji Film Corp.), the PSC and lyso-PSC spots were 
scraped into vials and counted; 35S counts were corrected for background, counting effi
ciency and decay to the beginning of the incubation. 

Biosynthesis of PSC and PC from [35S]Methionine, [Me-3H]sulfocholine, 
[14C]choline, [14C]serine or [14C]ethanolamine (Long Term Labeling) 

Cells of N. alba were grown in 125 ml Erlenmyer flasks in 50 ml of a modified 
synthetic sea water medium (10) in which the "marine-mix" salts were substituted with the 
following (per liter): NaCl, 27.5 g; MgC1 2.6 H20, 5.38 g; MgS04. 7 H20, 6.77 g; KC1, 0.72 
g; CaCI2, 1.35 g (final pH, 7.5). Cells of N. angularis were grown in 50 ml of artificial sea 
water + 0.1 % Bacto-Tryptone (Difco) (8) supplemented with trace elements and vitamins 
(II). The growth media for both cells contained either of the following labelled precursors: 
1) [35S]methionine [0.40 mCi(I5 kBq); 8 nmol; spec. act., 50.3 mCi(1.86 GBq)//lmol]; 2) 
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[Me-3H]sulfocholine [0.32 mCi (12 MBq); 75 umol]; 3) [MeJ4C]choline [0.25 mCi (9.3 
MBq); 75 umol]; 4) [Me-3H]sulfocholine [317 j.lCi (11.7 MBq); 75 j.lmol] + [Me- 14C]choline 
[250 j.lCi (9.3 MBq);75 j.lmol]; 5) ['4C]serine [125 j.lCi (4.6 MBq); 10 j.lmol]; or 6) 
[2- 14C]ethanolamine [125 j.lCi (4.6 MBq); 10 j.lmol). Incubation was carried out with 
magnetic stirring at 30° C for N. alba and at 18° C for N. angularis ; growth was allowed to 
proceed to the stationary phase followed by a further 52 and 110 hr for N. alba and N. 
angularis, respectively. 

Cells were harvested by centrifugation, resuspended in 1 ml of water and 
extracted (14) with 3.75 ml of methanol/chloroform (2:1, v/v). The mixture was cen
trifuged, then the supernatant was removed by Pasteur pipet, and the residue extracted 
again with the same amounts of water/methanol/chloroform (0.8:2: 1, v/v); the combined 
supernatants were then diluted with 2.5 ml of chloroform and water, and the chloroform 
phase was recovered by Pasteur pipet. The upper methanol/water phase was washed 
twice with 1 ml portions of chloroform and the combined chloroform phases were 
counted and brought to a small volume (0.1 ml). The residual lipids were separated 
by TLC on silica gel G analytical plates (Brinkmann) in the solvent system: chloro
form/methanol/conc. ammonium hydroxide (65 :35 :5, v/v), followed by autoradiography 
on X-ray film. The radioactive spots were then scraped into scintilation vials and 
counted in Aquasol-II (NEN) for 3H, 14C or 35S; all counts are corrected for efficiency 
of counting, background and decay. 

Biosynthesis of PSC from [Me-14C]Sulfocholine (with or without Cold 
Choline) and PC from [Me- 14C]Choline (with or without cold 
sulfocholine) in N. alba and N. angularis cultures (Short Term Labeling) 

N. alba cells grown m medium (8) for 20 h (log phase) were harvested by centrifu
gation and resuspended in spent medium to give a total cell count of 5 X 106 cells/ml; 6 ml 
aliquots were then incubated, in 25 ml erlenmeyer flasks, with stirring for 4 h at 29° C in 
the presence of radiolabeled substrates with or without inhibitors, as given in Table 3. 
Duplicate 2 ml portions of each mixture were then extracted (14) with 5 ml of methanol + 
2.5 ml of chloroform, followed by addition of 2.5 ml of chloroform and 2.5 ml of water to 
form two phases. After centrifugation, the chloroform phase was removed, diluted with 
benzene, brought to a small volume (0.1 ml) under a stream of nitrogen, and subjected to 
TLC, autoradiography and counting as described above. 

This experiment was repeated with a log-phase culture of N. angularis, as described 
for N. alba, except that incubation was carried out at 18-19° C in the light. 

Deacylation oflabeled material was carried out as described elsewhere (14); water
soluble degradation products were chromatographed on cellulose TLC plates (Whatman) in 
butanol/propionic acid/water (15:7:10 v/v) and chloroform-soluble products were run on 
silica gel TLC plates in chloroform/methano1l28% NH40H (65:35:5, v/v) and in petroleum 
ether/ethyl ether/acetic acid (70:30: 1, v/v/). Radioactive deacylated phospholipid and gly
colipid spots were detected by autoradiography and identified by their Rf values (14). 

RESULTS AND DISCUSSION 

Biosynthesis ofPSC from Doubly-Labeled Sulfocholine 

After incubation of N. alba cells for 44 hr with [Me-3H]/[35S]sulfocholine (initial 
average 3Hf35S ratio, 8.9 ± 1.4), a low incorporation of radioisotopes (0.5%) into the total 
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Table 1. Incorporation of [Me-3H]j35S]Sulfocholine into Lipids of Nitzschia alba 

Radioactivity. nCi 'Ratio, 

Sample 3H 35S 3H/35S 

Sulfocholine precursor .. (I) 143xl03 13.0x103 11.0 
(2)47.8x103 6.62x103 7.2 

Culture medium at zero 
time (+precursor) 64.0 7.7 8.4 

Ave+ = 8.9 ± 1.4 
Total lipids 247 16.1 
Isolated PSC 20.8 2.5 
Isolated lysoPSCt 0.248 0.Q25 

*35S counts are corrected for decay to 0 time. 
"Values are given for two independent measurements of 3H/35S ratio. 
+ Average (± mean deviation) of the 3H/35S ratio of the precursor. 

15.3 
8.3 
9.8 

tThe "lysoPSC" is a monoacylPSC, probably formed by phospholipase A degradation 
ofPSC. 

chlorofonn-soluble lipid fraction was observed (Table I), probably due to inhibition of 

growth of diatom cells by sulfocholine. However, TLC/autoradiography of the extracted 

lipids showed the presence of one major spot corresponding to PSC with 3Hj35S ratio 8.3 
and a minor spot corresponding to lyso-PSC with 3Hj35S ratio 9.8. The 3H/35S ratios for PSC 

and lysoPSC do not differ significantly from that of the sulfocholine precursor (Table I )(note 

that small amounts of lyso-PSC were always observed even after extraction with hot 

isopropanol, which would inactivate any degradative enzymes (4)). The fact that the 3Hj35S 

ratio of the precursor was the same as that ofPSC thus shows that sulfocholine is most likely 

incorporated intact into PSC, presumably by a pathway analogous to the nucleotide pathway 

(see eq.l in Introduction) for PC biosynthesis in plants (12). The alternative pathway 

involving methylation of phosphatidyl-2-mercaptoethanol, suggested previously (2), is 

Table 2. Incorporation of sulfocholine and choline into phosphatidylsulfocholine (PSC) and 
phosphatidylcholine (PC) in diatoms' 

Incorporation (nmol) into % of Control 

Radioactive precursor PSC (+ lyso PSC t) PC (+ lysoPCt ) PSC PC+ 

Nitzschia alba 

[Me-3HlSulfocholine 145 100 
[Me-14C]Choline 219 100(150) 
[Me-3HlSulfocholine 154 106 
+ [Me- 14ClCholine 62 28 

Nitzschia angularis 

[Me-3HlSulfocholine 90 100 
[Me- 14C]Choline 291 100(320) 
[Me-3HlSulfocholine 144 160 
+ [MEI4C]Choline 39 13 

'Cultures of diatoms (50 ml; Ixl06 cells/ml) were grown in the presence of 1.5 mM concentration of 
all labelled precursors for 52 hr (N alba) or 110 hr (N. angularis). 
+Values in parentheses are % of PSC control 
tLyso PSC and lysoPC are the monoacyl derivatives of PSC and PC, respectively. 
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highly unlikely since the sulfur atom is not derived from mercaptoethanol but from cysteine 
or methionine, the latter also supplying both methyl groups (4). 

It is of interest that virtually complete replacement of PC by PSC has been achieved 
by growth of mouse LM fibroblast cells (5) or the yeast Saccharomyces cerevisia (13) in the 
presence of sulfocholine. Incorporation of [Me-3H]/[35S]sulfocholine into PSC in animal 
tissues has also been reported (7). These results are consistent with the concept that the 
phosphocholine transferase has a wide substrate specificity and can utilize sulfocholine, as 
well as choline, in animal and yeast cells and in diatoms. 

Biosynthesis of PSC and PC from Labeled Sulfocholine and Choline 

To obtain further information on the pathway for PSC biosynthesis and to answer the 
question whether N. alba is capable of synthesizing PC, as does N. angularis, the incorpo
ration of labelled sulfocholine, choline, and I: I mixtures of the two bases into the lipids of 
these two diatoms was examined in a long-term incubation study (Table 2). The results with 
labeled choline and sulfocholine, separately, showed that in N. alba. choline incorporation 
into PC was 1.5 times that of sulfocholine into PSC; however, in 1: I mixture, sulfocholine 
incorporation into PSC remained essentially the same while that of choline into PC was 
reduced by about 70% (Table 2). In N. angularis, however, incorporation of choline into PC 
was about 3 times that of sulfocholine into PSC, but in I: I mixture, sulfocholine incorpora
tion was increased 1.6 fold while that of choline was reduced by 86% (Table 2). 

These results are consistent with the hypothesis that sulfocholine is incorporated 
intact into PSC, presumably as the CDP-sulfocholine derivative, by the phospho-base 
transferase enzyme system (see eq. 2), which acts on either CDP-base in both diatoms, 
although somewhat better with choline in N. angularis. However, in a competitive situation, 
this transferase system appears to have a preference for sulfocholine in both N. alba and N. 
angularis. Furthermore, sulfocholine appears to inhibit the incorporation of choline into PC 
to a greater extent in N. angularis than in N. alba (Table 2). 

Further study of the inhibition of PC synthesis by sulfocholine and ofPSC synthesis 
by choline was carried out by short-term (4 h) incubation of each diatom with labelled choline 
and sulfocholine in the absence or presence of cold sulfocholine or choline, respectively 
(Table 3). The results show that in both diatoms, sulfocholine alone is incorporated into PSC 
at more than twice the rate of choline alone into PC; also, in N. alba. choline strongly inhibits 
the incorporation of sulfocholine into PSC and sulfocholine relatively weakly inhibits 
choline incorporation into PC, while in N. angularis these bases are equally effective as 
moderate inhibitors (Table 3). 

Biosynthesis of PSC and PC from Labeled Methionine, Serine and 
Ethanolamine 

In long term labeling studies, N. alba was found to incorporate 35S from [35S]methion
ine exclusively into PSC and Iyso-PSC, as was reported previously (8), but N. angularis 
incorporated 35S from methionine into PSC + lyso-PSC only to the extent of about 70%, the 
remainder appearing in deoxyceramide sufonate (DCS) and its precursors, and also in sterol 
sulfate (SS) (Table 4). This suggests that in N. angularis but not in N. alba methionine is 
degraded to sulfate (or sulfide) which is incorporated into DCS and SS (4,8). 

In both diatoms, serine was incorporated at high levels into total lipids, of which PSC 
(+ Iyso PSC) accounted for 15% and PC (+Iyso-PC) for about 6 % in N. alba, while the 
corresponding values in N. angularis were 13% and 1 %, respectively. Serine was also 
incorporated, in both diatoms, into phosphatidylserine (PS) and phosphatidylethanolamine 
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Table 3. Inhibition of Biosynthesis Phosphatidylsulfocholine by Choline and Phosphatidylcholine 

by sulfocholine* 

Incorporation, runol % Inhibition 

Precursor Inhibitor 
(mM) (mM) PSC+lyso PC+lyso PSC+lyso PC+lyso 

N alba + 
[Me-14C]Sulfocholine Choline 29.l 0 
(1.33mM) (OmM) 
[Me-14C]Sulfocholine Choline 7.9 73 
(1.33mM) (1.33 mM) 
[Me-I4C]Sulfocholine Choline 2.9 90 
(1.33mM) (6.66mM) 
[Me-14C]Choline Sulfocholine 12.7 0 
(1.33 mM) (OmM) 
[Me-14C]Choline Sulfocholine 11.1 13 
(1.33mM) (1.33 mM) 
[Me-14C]Choline Sulfocholine 9.2 28 
(1.33 mM) (6.66mM) 

N angularis 
[Me-14C]Sulfocholine Choline 21.2 0 
(1.33mM) (OmM) 
[Me-14C]Sulfocholine Choline 10.2 46 
(1.33mM) (1.33 mM) 
[Me-14C]Sulfocholine Choline 7.1 60 
1.33mM) (6.66mM) 
[Me-14C]Choline Sulfocholine 7.4 0 
(1.33 mM) (OmM) 
[Me-14C]Choline Sulfocholine 2.9 60 
(1.33 mM) (4.33 mM) 
[Me-14C]Choline Sulfocholine 3.2 57 
(1.33 mM) (6.66mM) 

* Log-phase cells were incubated for 4 h in presence of the indicated precursors and inhibitors 

Table 4. Synthesis ofPSC and PC from various labeled precursors 

Total 
% Incorporation 

ncorp. PC 
Precursor (JJM) (runol) PSC lysoPSC +lysoPC PS PE DCS X* 

N alba 
[35S]Methionine 0.51 51.2 42.9 
(l60JJM) 
[14C]Serine 333 11.0 3.7 5.8 2.1 1.1 5.2 62.1 
(200JJM) 
[14C]Ethanolamine 38.4 tr+ tr tr tr 1.6 3.6 79.1 

(200JJM) 
N angularis 

[35S]Methionine 0.012 65.2 5.5 4.4 18.9 

(l40JJM) 
[14C]Serine 1744 12.4 0.7 0.7 0.7 4.7 2.7 51.3 
(170flM) 
[14C]Ethanolamine 132 3.8 1.4 3.0 tr 7.6 2.4 59.1 
(190flM 

*X = three fast- moving unidentified precursors ofDCS; in addition a small proportion of the label also 
appeared in the sterol sulfate (88) component.+''tr'' = trace. 
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(PE), but further incorporation into PC was significant only in N angularis (Table 4). Note 
that in both diatoms the remaining 14C-activity (>50%) appeared in DCS and its precursors 
(Table 4). 

Ten-fold lower incorporation of ethanolamine into total lipids was observed in both 
diatoms, with only trace incorporation into PSC (+ lyso-PSC) and PC (+lyso-PC) and 
significant incorporation into PE in N alba, but higher incorporation into these lipids in N 
angularis (Table 4). Again, most of the 14C-activity was found in DCS and its precursors 
(Table 4). 

The results of the present study suggest that in both diatoms serine was converted to 
cysteine and thence to methionine by the cystathionine pathway, well established in plants 
(17); methionine was presumably then converted via DMSP to sulfocholine which was 
incorporated into PSC by the Kennedy nucleotide pathway (see eq. 1 and 2 and Fig. 2). The 
biosynthesis of PC in both diatoms may thus occur by the nucleotide pathway (Tables 2 and 
3) but also by the methylation pathway (eq. 3 and Fig. 2) inN angularis and to a much lesser 
extent, or not at all, in N alba. The present findings thus might explain why N alba contains 
PSC and virtually no PC or PE while N angularis contains all three of these phospholipids 
(15). It seems reasonable to suppose that the absence of PC in N alba may be due to the 
absence of the enzymes for methylation of PE to form Pc. However, further studies with 
cell-free systems or isolated enzymes are required to establish the pathways for PSC 
biosynthesis as well as that of PS, PE and PC in these diatoms unambiguously. 

In conclusion, it appears that serine is the key precursor of the novel sulfonium 
phospholipid PSC in diatoms (as well as of the ceramide sulfonate (DCS» (Table 4). 
However, it should be noted that serine provides only the CH3-carbon atoms ofsulfocholine 
in PSC, the sulfur atom arising from cysteine/methionine or sulfate or H2S (Fig. 2). The new 
pathways outlined in Fig. 2 should provide a basis for further studies of PSC and DCS 
biosynthesis using cell-free systems. 
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SUMMARY 

11 

Salinity, next to light, temperature and nutrients, is one of the major abiotic factors 
affecting algal growth and distribution in various habitats. The osmotic balance is maintained 
by adjusting the cellular solute concentrations. Besides the ions K+, Na+ and Cl- , which are 
controlled by selective ion transport, the synthesis, accumulation and degradation of organic 
osmolytes such as polyols, sugars, tertiary sulfonium and quaternary ammonium compounds 
are involved in regulation of osmotic pressure. Organic osmolytes act as compatible solutes, 
i.e. they generate a low water potential in the cytoplasm without incurring metabolic or 
membrane damage. DMSP is one of those compounds abundant in many algal classes, 
particularly in phytoplankton species containing chlorophyll a / c, and in macroalgae, mostly 
belonging to the chlorophyll a / b type. Although DMSP plays a role in osmotic adjustment, 
the change of its concentration according to osmotic demands is very slow. Usually, DMSP 
is already present in high concentrations thus providing a buffer capacity which may help 
to bridge transient stresses under salinity shock. One of the precursors in DMSP biosynthesis 
appears to be methionine, however, many steps in the synthesis still remain obscure. ADMSP 
lyase enzyme, which cleaves the compound into DMS and acrylic acid, has been shown to 
be present, and to exhibit high activities, in an increasing number of micro- and macroalgae. 

INTRODUCTION 

Growth and distribution of algae are controlled by environmental factors such as 
light, temperature, nutrient availability and salinity. Salinity typically is a local factor, highly 
variable in tidal areas including rock pools and lagoons, as well as river inlets and estuaries, 
and in special habitats, such as sea ice in the polar regions (35). This puts an additional 
selection pressure on organisms living in those areas. Although large salinity fluctuations 
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occur in limited areas, the ability to tolerate changes in salinity appears to be present in all 
algae, even those growing in fresh water or in the open ocean, environments which typically 
have constant salinities (34). 

Changes of salinity affect organisms in three ways: (i) by osmotic stress with direct 
impact on the cellular water potential, (ii) by ion (salt) stress, a result of the inevitable uptake 
or loss of ions, which in tum is part of the transient acclimation after an abrupt change of 
salinity, and (iii) by a shift in the ratios of cellular ions because of the acclimation to the new 
conditions. 

RESPONSE TO SALINITY CHANGES: OSMOTIC ACCLIMATION 

The immediate responses to salinity changes are rapid water fluxes according to the 
osmotic gradients established. These result either in volume changes: swelling or shrinking, 
if naked organisms such as flagellates are considered, or in enhanced turgor pressure and 
plasmolysis, observed in organisms possessing a proper cell wall (refs. in 34). Subsequently, 
these fast reactions, which cause severe disturbance of the metabolism by affecting the 
cellular water potential, are replaced by processes of osmotic acclimation to restore cell 
volume or turgor pressure. This is achieved by adjusting cellular osmolyte concentrations 
such as ions and low molecular weight organic compounds accordingly. Osmotic acclimation 
cannot be separated from general ionic and metabolic regulation. The osmolarity of the 
cytoplasm and the other cell compartments (e.g. vacuole) is controlled by a variety of 
feedback mechanisms acting on active ion transport, permeability of membranes (pores / 
channels) and turnover rates of the metabolite pools (see 4 for further details). However, 
there is an increasing number of examples of incomplete regulation in species which are 
nevertheless able to thrive under variable salinities (refs. in 34). 

The major ions involved in osmotic acclimation are the monovalent cations K+ and 
Na+ and the anion CI' (4, 23, 25, 34). The cellular concentrations of divalent ions such as 
Mg2+, Ca2+ and sulfate usually are not affected by salinity changes, but Ca2+ may play an 
important role in metabolic regulation (32). Nitrate and phosphate are metabolized solutes 
although they might be accumulated in osmotically significant amounts. The high concen
trations of ions necessary to balance external hyperosmotic potentials may exert adverse 
effects on cellular metabolism (8, 18, 34, 56). Therefore, it is generally assumed that ionic 
osmolytes are sequestered mainly in the vacuole while a combination of ions and organic 
osmolytes accounts for the osmotic potential in the cytoplasm. 

ORGANIC OSMOLYTES AND DMSP 

Low molecular weight organic compounds are involved in osmotic acclimation in 
all species investigated so far, except for some extremely halophilic archaea which employ 
high concentrations of monovalent cations. Because of the fairly slow accumulation rates 
compared to ionic adjustments, organic osmolytes seem to be of importance mostly under 
long term hyperosmotic conditions. In many cases, the organic osmolytes are identical to 
the main photosynthetic products of the algae (3, 8, 26, 34, 44) such as sugars (chlorophytes: 
sucrose), polyols (chlorophytes and phaeophytes: glycerol, mannitol) and heterosides (rho
dophytes and cyanobacteria). Other osmolytes are not immediate photosynthates: N-organic 
compounds (proline, betaines) and the tertiary sulfonium compound dimethylsulfonio
propionate (DMSP). These compounds play an important role not only in algae but also in 
higher plants and in a wide variety of organisms, including prokaryotes (cyanobacteria, 
bacteria) and animals (7, 11, 18, 56). Usually most of these compounds are accumulated with 
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increasing salinity or degraded and transferred into osmotically non-active polymeric storage 
products under decreasing salinity. From these polymers, organic osmolytes may be remo
bilized again under hyperosmotic stress, or in the dark when photosynthesis is not possible. 

In the following, we will focus mainly on DMSP. It has long been suggested that 
DMSP might be involved in osmotic acclimation in those organisms in which it is present. 
However, it is only in the last decade that substantial evidence has been provided to prove 
that DMSP acts as an organic osmolyte in micro- and macroalgae (13, 15, 16,43,51,53). 
Through this research we have come to know more about the special properties ofDMSP. 

In most cases, DMSP is not the only osmolyte present in a given algal species; it is 
typically accumulated in combination with other organic compounds. For example in 
Tetraselmis (Platymonas) subcordiformis. it occurs in addition to mannitol, glycine betaine 
and homarine (14). It is interesting to note, that except for mannitol, these compounds are 
accumulated after a substantial lag phase of about three hours. Hence, DMSP seems to be 
one of the typical long term osmolytes especially involved in algae under severe hyperos
motic stresses. In contrast, with decreasing salinities, DMSP is released almost instantane
ously into the medium, presumably by controlled leakage of the cell membranes. This may 
be of importance when considering the question of whether it is possible that healthy algal 
cells release DMSP directly into the environment, rather than degrading it themselves to 
compounds such as DMS and acrylic acid. 

In macroalgae, the abundance of DMSP in various taxa is very variable. In some 
groups, there are examples of a single genus or species with very high concentrations of 
DMSP, such as the rhodophyte, Po(vsiphonia sp. Other rhodophytes and phaeophytes do not 
contain DMSP at all or just traces and minor amounts, respectively (5,6,43,55). Many of 
the benthic green algae are high DMSP producers (13, 29, for review see also 5, 34). With 
respect to the abundance of DMSP in relation to taxa, we can derive a rule of thumb from 
an ever increasing number of screening investigations: In microalgae (phytoplankton), many 
of the chlorophyll a Ie algae are high DMSP producers and within the macroalgae, many of 
the chlorophyll a I b algae produce much DMSP (in addition to the above mentioned papers 
e.g. 6, 27, 33; see also the contributions by Karsten et aI., this volume). 

DMSP AS "COMPATIBLE SOLUTE" 

What is the advantage of accumulating organic osmolytes such as DMSP in addition 
to ions? Organic compounds act not only as osmolytes but also as compatible solutes (9). 
Unlike ions, they exert a stabilizing effect on proteins (enzymes) and membranes and protect 
them against inactivation, inhibition and denaturation under conditions of low water poten
tials. Even in high concentrations, organic osmolytes do not have adverse effects on 
metabolism, or the disturbing effect is at least much less than that of equivalent levels of 
inorganic ions. 

Three mechanisms are under discussion at present to explain the protective effect of 
compatible solutes by means of solute interactions. They might act singly or in combination. 
It is suggested that the binding of the solute to the macromolecule replaces and mimics water 
to mitigate the loss of the "water sphere" at low water potential. This may be valid especially 
for polyols. Similarly, it was postulated that proline acts as an amphiphilic (detergent like) 
compound to mask hydrophobic sites of a protein and convert them into hydrophilic parts 
(45). This stabilizes the hydration shell, as lowering the water potential affects hydrophobic 
moieties of macromolecules first, because they loose their hydration water more easily. The 
third mechanism recognizes the very good solubility of compatible solutes. According to the 
theory of "preferential exclusion", compatible solutes are excluded from direct contact with 
the surface of the macromolecules (2, 18). They bind water in their own large hydration shell 
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Table 1. Characteristic properties of compatible solutes compared with those 
ofDMSP. Data on the solubility ofDMSP in water are not available. 

General properties 

High solubility 
(proline, betaines: ca. 14 osmolal 
sucrose: ca. 5.8 osmolal) 

Neutral compounds 
no net charges at physiological pH 

Controlled 
permeability / compartmentation 

Non toxic at high concentrations 

Rapid synthesis or degradation 
(turnover) 

Separated from major "maintenance" 
metabolic pathways 

With respect to DMSP 

Reasonably good solubility, 
much less than proline 

Yes ("Zwitterion") 

Yes 

Moderate (acrylic acid ?) 

Moderate 

Yes 

G. O. Kirst 

leaving the bulk water for the macromolecule. This is entropically an unfavorable condition 
that results in a reduction of the volume and stabilizes the conformation of the macromole
cule. More simply, the macromolecule is stabilized, entrapped in its "waistcoat" of bulk 
water, surrounded by highly hydrated compatible solutes. 

The characteristic properties of compatible solutes are summarized in Table 1. With 
respect to the general properties of high solubility, charge neutrality at physiological pH, 
non toxicity, synthesis and deg'.iation according to the demand under osmotic stress, DMSP 
does not seem to be as suitable as e.g. betaines, proline or glycerol. This is supported by the 
results of an investigation on the effects of DMSP as a compatible solute in in-vitro enzyme 
test systems (21). A comparison of the inhibitory effect of isosmolal concentrations ofN aCl, 
DMSP and mannitol in cell free enzyme preparations of glucose-6-phosphatedehydrogenase, 
glutamate dehydrogenase and malate dehydrogenase (MDH) obtained from Tetraselmis 
revealed that DMSP was not as "compatible" as mannitol (Table 2). In fact, at high 
concentrations, it was as inhibitory as NaC!. However, under substrate limitation, the 
protection of MDH was clearly enhanced by DMSP. 

SYNTHESIS AND DEGRADATION OF DMSP 

Methionine is the immediate precursor in DMSP biosynthesis (20, 24, 41, see also the 
contribution by Hanson and Gage, this Volume). Because of the reduction of sulfate, it is generally 

Table 2. Effect of isosmolal concentrations ofNaCI, DMSP(hydrochloride), and 
mannitol in in-vitro tests of malate dehydrogenase (MDH). Modified from (21) 

Osm. potential 
(mosmol / kg) 

330 
500 
950 

Remaining MDH 

NaCI 

70 
60 
35 

Activity 

DMSP-Cl 

85 
60 

(Contr. = 100%) 

mannitol 

87 
80 
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Protein pool 
(storage ?) 

~tress: N- deficiency; hyperosmotic conditions 
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Methionine-~ Deami- -+ Decarboxy- --+ DMSP-
~ pool nation lation pool 

de-novo ~ ~ 
protein 

synthesis 

J/ 
Cysteine 

,/ 
,/ 

S - Adenosyl - Methylation 
Homo -~ methionine ---+ (Methyl-transferase) 

,/cysteine 

1 
RX - CH3 

Figure 1. Biosynthesis of DMSP and related methionine metabolic pathways. RX-CH3: methylated com
pound. Summarized from 20,22,41,51. 

accepted that photosynthesis is a necessary prerequisite to enable organisms to synthesize 
methionine and hence DMSP, in large amounts under aerobic conditions. The biosynthesis of 
DMSP, and the related pathways of methionine metabolism (summarized from 19,20,22, 41 ), are 
given in Fig. 1 . From experiments with S-labeled precursors, it was concluded that the availability 
of methionine, via degradation of proteins, controls the size of the DMSP pool. Stress conditions, 
such as N-deficiency or hyperosmotic conditions, result in the degradation of protein which 
liberates methionine and in tum increases the synthesis of DMSP. The synthesis steps from 
methionine to DMSP involve decarboxylation, deamination, oxidation and methylation. How
ever, it is not yet clear in what order the reaction sequences proceed (51 ). 

The mechanism ofDMSP release from organisms has attracted great interest because 
of the importance ofDMSP as the precursor ofDMS, the most important biogenic volatile 
sulfur compound (e.g. 1). There is substantial evidence that DMSP is released via lysis after 
cell death, cell rupture by grazing, large hypo-osmotic shocks or leakage during excess of 
synthesis (e.g. 36, 37). There is increasing evidence to support the idea that many algae also 
possess an enzyme system capable of cleaving DMSP into DMS and acrylic acid (27, 48, 
49). DMSP lyase was partially enriched by ammoniumsulfate precipitation (0-35% fraction) 
from the macro alga, Enteromorpha sp., and its activity measured in cell free extracts. In the 
presence of detergents during preparation of the enzyme extract, the activity was increased, 
suggesting that the enzyme system may be located in membranes (49). DMSP lyase is also 
present in marine bacteria (12). 

OTHER FACTORS AFFECTING CELLULAR LEVELS OF DMSP 

There is clearly a positive correlation between DMSP content and increasing salinity 
in all algae tested in this respect (14, 34, 43, 52, 56). However, a variety of other factors also 
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influence DMSP accumulation in algae, indicating additional biological roles. Numerous 
examples demonstrate that increasing light intensity stimulates DMSP production and 
accumulation (30, 31, 52). The duration of irradiance, e.g. long-day or short-day conditions, 
increase and decrease DMSP concentrations, respectively (29). 

Nutrient supply also affects the DMSP concentrations, e.g. N deficiency has been 
reported to increase DMSP levels in phytoplankton and Spartina, (50; see also Keller and 
Korjeff-Bellows, this Volume, respectively) while Fe deficiency results in a decrease in 
DMSP in Tetraselmis (Bolt and Kirst, unpublished). Reducing sulfate to less than 2.5 % of 
its average sea water level causes a decrease in DMS production, presumably as a result of 
an indirect effect on the synthesis ofDMSP (52). 

There are reports of extracellular accumulation ofDMSP in senescent algal cultures, 
increasing with cell age, and in decaying plankton blooms (39, 42). In late stationary phases 
of cultures of dinoflagellates and diatoms, increasing leakage of DMSP from the cells was 
observed (40). From our own observations, we know that with increasing popUlation 
densities or changes in the species composition of algal culture mixtures, some microalgae 
increase their DMSP levels, e.g. Tetraselmis sp. 

CONCLUSIONS 

There is common agreement on the importance ofDMSP as a biogenic precursor for 
DMS. At the organismic level, what makes DMSP so special compared to other compatible 
solutes? 

DMSP does not appear to be as effective a compatible solute as betaines, proline, 
glycerol or mannitol. However, in those organisms which produce it, it is present at high 
levels and hence may be suitable as a buffer during the initial phases after a hyperosmotic 
shock. In this case it can act as a moderate compatible solute under substrate or metabolite 
limitation. DMSP increases with rising salinity, but especially under long term stress 
conditions. 

Unlike betaines, no additional nitrogen is needed for the biosynthesis of DMSP. 
However, this advantage may not be very significant since organisms can produce polyols, 
which are usually better compatible solutes than DMSP, without the need to reduce the sulfate 
that is necessary for DMSP synthesis. 

Other biological roles for DMSP have been suggested, including the activity of its 
byproduct, acrylic acid, as a grazing repellent or antibiotic (46). However, concentrations of 
DMSP or acrylic acid in the sea water are usually much too low to be effective for these 
purposes. Only under special conditions, when phytoplankton forms aggregates ("marine 
snow"), or in proximity to, e.g. Phaeocystis colonies, could acrylic acid retard bacterial 
activity (47). 

In Antarctic macroalgae, DMSP content was observed to increase with decreasing 
temperature (28). It was suggested that DMSP may also act as a cryoprotectant. Freezing 
point depression is part of the colligative properties of osmolytes, yet on a cellular level, the 
concentrations (usually between 50 and 300 mM) are much too low to account for a 
reasonable freezing point depression. Therefore, we assume that it is the protective effect, 
i.e. the feature of a compatible solute, rather than the colligative properties which distin
guishes DMSP as a cryoprotectant. 

DMSP appears to be a typical "secondary metabolite"; potentially handling an excess 
of reducing power under favorable photosynthetic conditions and hence, channeling over
capacities. Alternatively, DMSP may serve to detoxify sulfide present in large amounts in 
the anoxic zones of mud flats. It may act as a transient sulfur store or sink for sulfur released 
out of the cell via its volatile byproduct, DMS (refs. in 34). 
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In algae and especially in bacteria, DMSP may serve as a methyl donor in metabolism 
(10, 17, 38, 54). Although this is frequently discussed, our knowledge of these pathways 
remains scarce. 

All in all, there seems to be no single clear cut "benefit" of possessing DMSP. 
However, it may be of some selective advantage, taking part in all or some of the above 
mentioned biological roles. 
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SUMMARY 

Marine phytoplankters are the primary source of dimethylsulfoniopropionate 
(DMSP). Only certain groups of phytoplankton, notably the prymnesiophytes and the 
dinoflagellates, produce significant amounts of these compounds on a per cell basis. 
However, even within these groups, there is considerable variability in concentration, and 
the function of DMSP within the cells is not fully resolved. In macroalgae, there is a clear 
relationship between DMSP and osmotic adaptation. Most planktonic species, however, do 
not experience significant salinity variation; other factors must be responsible for any 
observed shifts in intracellular DMSP content. We have examined the effects oflight intensity 
and nitrogen availability on the production of DMSP by several isolates of marine phyto
plankton. An inverse relationship appears to exist between intracellular DMSP levels and 
nitrogen availability. The algae examined in this study produced more DMSP per cell under 
nitrogen-deplete conditions. There was no common response to light variations. It is 
important to understand the factors that control the production of DMSP in the oceans, as 
DMSP is the major precursor of the atmospherically important gas, dimethyl sulfide (DMS). 

INTRODUCTION 

Dimethyl sulfide (DMS) is the primary volatile sulfur compound involved in the 
global sulfur cycle (2,6). DMS production in the oceans is associated with phytoplankton, 
but correlations between DMS concentrations and the principal indicator of phytoplankton 
biomass, chlorophyll a, have been surprisingly poor (4,5). This can be attributed, at least in 
part, to the fact that not all phytoplankton produce DMS, or more properly, the precursor of 
DMS in algae, dimethylsulfoniopropionate (DMSP). In addition, it is clear that factors 
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external to the algal cells are important in the production and distribution of DMS in the 
water column. DMSP is cleaved to DMS and acrylic acid by the action oflyase enzymes. It 
is still not entirely clear if phytoplankton release DMS from DMSP as part of their normal 
physiology, or if mechanical breakage of the cells, via grazing or senescence, is necessary 
for its release and the release of dissolved DMSP. There is evidence to support both 
conclusions. DMS release is certainly enhanced in the presence of zooplankton (11). DMS 
and DMSP consumption by bacteria are also important controls on water column concentra
tions ofDMS and its eventual flux to the atmosphere (see Ledyard and Dacey; Kiene; and 
Taylor and Visscher, all this volume). Thus, trophodynamics is an important aspect of the 
DMSP/DMS cycle. 

Many member of the classes Dinophyceae and Prymnesiophyceae, in particular, produce 
copious amounts ofDMSP (intracellular concentrations of several hundred mmol DMSP . liter- I 

cell volume). Other classes, like the Chlorophyceae, Cryptophyceae and Cyanophyceae, produce 
very little. Members of the classes Bacillariophyceae (diatoms) and Prasinophyceae produce 
intermediate amounts (3,19). However, even among those algae known to produce DMSP, 
variations in intracellular content are substantial. This appears to be related to growth stage and 
physiology. Within microalgae, DMSP can serve as an osmoticum, changing intracellularly in 
response to salinity fluctuations (29). DMSP is one of a suite of compounds that can serve an 
osmotic function and are categorized as "compatible solutes," so-called because they do not 
interfere with cellular function, as some inorganic salts do. Kirst (pers. comm.) estimates that 
DMSP contributes up to 15% of the cells' osmolarity in species with high intracellular concentra
tions. All organic osmolytes can contribute up to 50% of the cellular osmotic pressure with the 
remaining 50% comprised of inorganic ions, mainly potassium. In marine waters, planktonic 
algae seldom experience significant changes in salinity, unless they are in an estuarine system. 
This does not eliminate the need for osmolytes, as marine organisms must continually balance 
internal and external osmotic pressure. However, it is unlikely that fluctuations in DMSP content 
in marine phytoplankton occur in response to any experienced salinity change. Therefore, other 
environmental factors must be involved in observed differences in DMSP within algae. Phyto
plankton do experience frequent and large changes in their light and nutrient levels. Changes in 
DMSP might be attributed to changes in these parameters 

MATERIALS AND METHODS 

Cultures were acquired from the Provasoli-Guillard National Center for the Culture 
of Marine Phytoplankton (CCMP) (Bigelow Laboratory for Ocean Sciences, W. Boothbay 
Harbor, ME 04575, USA). The algae were grown at 18°C in 500 ml batch cultures in 
autoclaved K medium (18) made with GFIF filtered local coastal seawater. Inocula for each 
experiment were taken from cultures in late exponential or early stationary stages of growth. 
The inocula were preadapted to conditions replicating the experimental intermediate light 
level and high nitrate medium (5 x 1015 quanta. m-2.sec- I and K levels of nitrate). Lighting 
was provided on a 14: 10 light: dark cycle with a combination of "cool white" (GE) and 
"power twist"(Duro test) fluorescent bulbs, screened with neutral density mylar sheeting to 
produce light levels OflO I6, 5 x 1015 and 1015 quanta.m-2.sec- I• These light levels correspond 
to ca. 170 , 85 and 17 umol.m-2.sec -lor 10, 5 and 1 % incident sunlight, respectively. The 
low and high nitrate levels at the time of inoculation corresponded to 44 (N:P ratio of 1.2: 1) 
and 883 (N:P ratio of24.3:1) /-lM respectively. The low nitrate level was chosen to ensure 
that the depletion of N would limit growth in batch cultures, as demonstrated previously 
(21,24). 

Cultures used for the light intensity and nitrate experiments (4 clones: CCMP 288,376, 
495, 1322; twoprymnesiophytes, a diatom and a dinoflagellate, respectively) were sampled at five 
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points during their growth cycle: twice in exponential phase, twice in stationary phase and once in 
senescence, as determined by daily measurements of in vivo fluorescence (8). Triplicate cultures 
of 26 clones were used to test for the intraclonal variation of intracellular DMSP content and 
DMSP:chl ratio comparisons. These were grown under conditions identical to the experimental 
inocula cultures and were sampled in late exponential growth as determined above. Aliquots of 
these cultures were taken for measurements ofDMS, total DMSP [DMSP(T)], dissolved DMSP 
[DMSP( d)] (by gentle GF IF filtration), chlorophyll a and cell counts and volumes. In some cases, 
only samples for DMSP(T) were taken. Particulate DMSP [DMSP(P)] was determined by 
difference between the DMSP(T) and the DMSP(d) values. DMS analyses were conducted 
immediately. DMSP samples were treated with base (5 M KOH), sealed into serum vials, and held 
in the dark for at least 24 hours prior to analysis. DMS was assayed, following collection in a 
cryogenic purge and trap system, on a Varian 3300 Gas Chromatograph with a Chromosil 330 
column (Supelco). Standards ofDMSP (Research Plus), dissolved in DMSPIDMS free seawater, 
were treated similarly and used for calibration. Cell samples were preserved with Lugol 's solution 
and counted using a Speirs-Levy counting chamber. Cell volumes were calculated from live 
cultures. Chlorophyll analyses followed the protocol of Strickland and Parsons (25). 

RESULTS 

Culture Observations 

All cultures were grown in batch mode and monitored daily with measurements of 
in vivo fluorescence. When fluorescence values suggested certain stages of growth, samples 
were taken for all parameters, including cell counts and volumes. The batch cultures 
exhibited typical growth, with defined exponential and stationary phases in all cases. The 
timing of the onset of stationary phase was different for the different algae and was initiated 
by an unknown limiting factor. Much higher biomass was achieved in the high nitrogen 
medium. There was little difference in growth cycle pattern or biomass at the different 
irradiances (Figure I A,B; Figure 2 A,B). Cell volume was determined at the same time as 
cell counts and no consistent changes in cell volumes were observed in the different 
conditions or at different points in the growth cycle. 

Since we were examining changes in DMSP production in response to different 
growth conditions, it was first necessary to determine the inherent variation in intracellular 
DMSP content in anyone experimental clone. To do this, we examined 26 clones of 
phytoplankton representing 6 algal classes (Tables 1 and 2). The cultures were grown in 
triplicate, under the same growth conditions, and all were sampled in late exponential stage 
of growth. Coefficients of variations for DMSP(p) ranged from 1-112%, with the majority 
under 30%. Greater than 90% ofthe DMSP (T) was present in the particulate fraction in the 
majority of the isolates. The dissolved fraction, DMSP(d), was dominant in only one clone 
of a cryptophyte, Rhodomonas salina. The values for DMSP(d) were more variable (C.V's 
13-115%), with the majority having CV's greater than 50%. The Prymnesiophytes, as a 
group, have a sizeable percentage of the DMSP(T) in the dissolved fraction. 

Chlorophyll a concentrations were also determined for this same group of cultures, 
and the ratio of nM DMSP: j..lg chill for the cultures was computed (Table 3). The "non
DMSP-producing" classes of algae, diatoms, chlorophytes and cryptomonads, had low 
ratios, ranging from 1-10, although the diatom, Melosira nummuloides had a ratio of 13.4; 
the prymnesiophytes had ratios of 15+ (range ca. 15-44); dinoflagellates of 30+ (range ca. 
33-124). 

Only DMSP(T) concentrations were measured for most of the light and nutrient 
experiments. These concentrations, normalized on a per cell basis (Tables 4 and 5), were 
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similar to those previously reported (17,19,20,22). Where DMSP( d) was also measured, most 
of the DMSP(T) was found in particulate form throughout the growth cycle until late 
stationary growth or senescence, when the dissolved component increased. Dissolved DMSP 
became particularly high in the low light conditions (up to 80% of the total DMSP in some 
of the cultures). DMS represented a very small percentage (1-3%) of the total DMSP. In 
many cases, DMSP(T) is much higher on a per cell basis in early exponential growth than 
at other points in the growth cycle (Figure lC; 2C,D). Concentrations often rise again in 
senescence, but this is probably an artifact caused by high DMSP(d) values in combination 
with declining cell numbers. Because of the uncertainty associated with interpreting data 
from the early exponential and late stationary stages of growth, the observed concentrations 
of DMSP (T) at two points in the growth cycle, late exponential and late stationary, were 
selected for comparative purposes (Tables 4 and 5). Cell numbers are fairly stable during 
this period and concentrations ofDMSP(d) are typically at a minimum. 

Light Effects 

Replicate cultures of four clones of microalgae were grown at three different 
irradiances (Figure I and Table 4). Levels ofDMSP (T) in Chrysochromulina were highest 
at the lowest light level. The other prymnesiophyte, Emiliania huxleyi, had the lowest levels 
at low light. The diatom, Minidiscus trioculatus, also had lower levels in low light. There 
was no pattern in the dinoflagellate Heterocapsa pygmaea. None of the differences are 
statistically significant. 
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Figure 1. Cell counts (A and B) and DMSP(T) concentrations (C and D) over the growth cycle in two clones 
of marine phytoplankton, Emiliania huxleyi and Minidiscus trioculatus grown at three different irradiances. 
Low light (ll) = 1015 quanta.m·2.sec·1, equivalent to the 1% light level. Medium light (0) = 5 x 1015quanta.m' 
2 .see·1, equivalent to the 5% light level. High light (<»= 1016quanta.m·2 .see·1, equivalent to the 10% light level. 
Symbols represent mean values; lines standard deviation. 
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Nutrients Effects 

Replicate clones of the same four microalgae used in the light experiments were 
grown in high and low nitrate media (Figure 2 and Table 5). In three of the algae, DMSP(T) 
levels increased in rt:Sponse to low nitrate conditions and from exponential to stationary 
growth, when cells were also presumably nitrogen-limited. The prymnesiophyte, Emiliania 
huxleyi, did not exhibit changes in response to nitrate, but we believe that this alga routinely 
becomes carbon-limited in batch cultures, thus making the data difficult to interprete. In spite 
of some large standard deviations in these data, the trend is clear that intracellular levels of 
DMSP do increase with nitrogen limitation. The standard deviations are much larger in the 
low nitrate samples, perhaps a function of cellular stress. 

DISCUSSION 

Culture Observations 

We have attempted in this study to identify some physiological aspects of DMSP 
production in marine phytoplankton that may be critical in our understanding of the marine 
DMSPIDMS cycle. Although conditions in laboratory cultures are simplistic and can't hope 
to duplicate the complex conditions encountered in the field, they can be used effectively to 
identify potentially important parameters. It is possible to examine the effects of individual 
parameters in a way not possible in field situations. The use of batch cultures is problematic, 
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Figure 2. Cell counts (A and B) and DMSP(T) concentrations (C and D) over the growth cycle in two clones 
of marine phytoplankton, Chrysochromulina sp. and Heterocapsa pygmaea grown at two different nitrate (N) 
levels. High N (0) = 883/-lM. Low N (<» = 44 /-lM. Symbols represent mean values; lines standard deviation. 
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Table 1. Intraclonal variation in DMSP(p) content in 26 clones of marine phytoplankton. N=3 for 
each clone. Average = pg DMSP(P) cell-1 

DMSP(p) 
% Coeff. of as % of 

Class/species Clone Average S.D. Variation DMSP(T) 

Baci/lariophyceae 
Minidiscus trioculatus CCMP495 0.101 0.002 3 98 
Chaetoceros simplex CCMP199 0.025 0.001 4 87 
Cylindrotheca c/osterium CCMP342 0.306 0.003 97 
Thalassiosira CCMP1335 0.063 0.030 48 97 
pseudonana 
Melosira nummuloides CCMP482 6.970 4.269 61 99 
Skeletonema costa tum CCMP1332 0.712 0.039 5 90 
Nitzschia laevis CCMP560 0.485 0.099 20 96 

Chlorophyceae 
Chlamydomonas sp. CCMP231 0.003 0.001 26 100 
Chlorella capsulata CCMP246 0.006 0.001 21 77 

Chrysophyceae 
Rhizochromulina sp. CCMPIl50 1.396 0.185 13 96 

Cryptophyceae 
unidentified cryptophyte CCMPll78 0.445 0.151 34 95 
Rhodomonas salina CCMP1319 0.018 0.020 112 20 

Dinophyceae 
Prorocentrumminimum CCMP1329 38.116 3.512 9 96 
Amphidinium carterae CCMPI314 16.547 3.813 23 97 
Crypthecodinium cohnii CCMP316 4.853 2.370 49 91 
Prorocentrum micans CCMP691 239.085 80.327 34 91 
Gymnodinium simplex CCMP419 46.544 7.435 16 94 

Prasinophycea 
Micromonas pusilla CCMP490 0.051 0.Dl5 30 99 
Tetraselmis levis CCMP896 1.473 0.445 30 98 

Prymnesiophyceae 
Coccolith us neohelis CCMP298 7.474 1.144 15 87 
Emiliania huxleyi CCMP378 0.792 0.264 33 80 
Emiliania huxleyi CCMP376 1.130 0.146 13 80 
Chrysochromulina sp. CCMP288 1.299 0.264 20 57 
Phaeocystis sp. CCMP628 4.090 1.061 26 76 
Pavlova pinguis CCMP609 1.066 0.157 15 93 
Prymnesium parvum CCMP708 1.831 0.499 27 70 

especially for studies of this kind, but large numbers of samples can be surveyed in a way 
that is not possible with more exacting chemostat cultures. It is necessary to control as many 
variables as possible and sample at similar points in the growth cycle for all batch cultures. 
Even then, it is unlikely that growth conditions are identical. 

No nutrient analyses were conducted from these cultures, although similar batch 
cultures became nitrogen-limited at the onset of stationary growth (Kiene, Keller and Matrai, 
unpublished data), as previously observed in other studies (21, 24). Dortch et al (12), using 
seven different microalgae grown in batch cultures, examined cellular changes from N 
sufficiency to N deficiency. External N became depleted early on and there was a 2-6 day 
lapse between this depletion and the minimum in cellular N content. Growth continued for 
only 3 days after external nitrogen depletion. By day 9, nitrogen starvation was occurring. 
Thus, it seems plausible that the batch cultures used herein did become nitrogen limited 
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Table 2. Intraclonal variation in dissolved DMSP (DMSP(d)) concentrations in culture 
medium of26 clones of marine phytoplankton. N=3 for each clone. Average = nM. L- 1 

% CoefT. of DMSP(d)as % 
Class/species Clone Average S. D. variation ofDMSP(T) 

Bacillariophyceae 
Minidiscus trioculatus CCMP495 12.0 7.989 66 2 
Chaetoceros simplex CCMP199 57.4 41.111 72 13 
Cylindrotheca CCMP342 23.2 18.2 78 3 
closterium 
Thalassiosira CCMP1335 25.3 4.38 17 3 

pseudonana 
Melosira CCMP482 43.1 16.8 39 

nummuloides 
Skeletonemacostatum CCMP1332 149.9 19.7 13 10 
Nitzschia laevis CCMP560 9.8 3.8 39 4 

Chlorophyceae 
Chlamydomonas sp CCMP231 0.59 0.23 38 0 
Chlorella capsulata CCMP246 2.344 2.518 107 23 

Chrysophyceae 
Rhizochromulina sp. CCMP1150 66.5 22.8 34 4 

Cryptophyceae 
unidentified CCMPI178 15.1 8.71 58 5 
cryptophyte 
Rhodomonas salina CCMPI319 61.1 25 41 80 

Dinophyceae 
Prorocentrum CCMP1329 266.4 145.7 55 4 

minimum 
Amphidinium carterae CCMP13l4 249.6 239.3 96 3 
Crypthecodinium CCMP316 7.499 5.514 74 9 

cohnii 
Prorocentrum micans CCMP691 454.5 389.8 86 9 
Gymnodinium simplex CCMP419 52.199 33.754 65 6 

Prasinophyceae 
Micromonas pusilla CCMP490 19.3 22.1 115 1 
Tetraselmis levis CCMP896 146.4 120.9 83 2 

Prymnesiophyceae 
Coccolithus neohelis CCMP298 148.3 52.8 36 13 
Emiliania huxleyi CCMP378 1022.3 573 56 20 
Emiliania huxleyi CCMP376 899.3 471.9 52 20 
Chrysochromulina sp. CCMP288 2098.1 657.1 31 43 
Phaeocystis sp. CCMP628 312.7 87.9 28 24 
Pavlova pinguis CCMP609 299.4 38.0 13 7 
Prymnesium parvum CCMP708 1797.8 810.2 45 30 

during stationary growth, and nitrogen limitation did occur early on in the low nitrate 
experimental cultures. 

On a per cell basis, the DMSP concentrations reported herein for cultures in expo
nential growth are generally comparable, though somewhat higher, than those previously 
measured (19). This may be a function of changing methodologies; the earlier study used 
headspace analysis, while this study used a cryogenic trap and purge method, or it may be 
a function of growth stage. The species-specific nature of production was the same. Because 
we are reporting concentrations ofDMSP on a per cell basis, potential changes in cell volume 
were a concern. Although we observed no changes, there are reports of increases in cell 
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volume in cultures of a dinoflagellate (Heterocapsa sp.) clone under nitrogen or phosphorus 
limitation (9). Other studies have found no difference or a slight decrease with nitrogen 
starvation in a variety of cultures (12). 

Intraclonal variations in DMSP(p) concentrations in phytoplankton cultures in late 
exponential stages of growth were relatively minor (Table I). Variation in DMSP( d) values 
(Table 2) was higher but since DMSP(d) is typically a very small percentage of the DMSP 
(T), such variation may be of minor concern. The size of the dissolved pool has been 
previously observed to increase in later stages of growth (17), but it is unknown if this is 
active release by the algae or simply cell leakage with senescence. It is also possible that 
changes in the dissolved pool are related to filtration, as previously demonstrated to be 
problematic with DMS sampling (27). 

The high initial DMSP(T) value that was observed in early exponential growth (Figures 
1 C and 2C,D) is a common occurrence. We have seen this high initial time point in 31 of 60 

Table 3. Concentrations ofDMSP(P) and chlorophyll a and DMSP/Chl a ratios (nM/J.!g/ L) in a 
variety of phytoplankton cultures. DMSP and Chi a values represent means of triplicate samples. 

Class/species Clone nMDMSP J.!g Chi a DMSPChl a: 

Bacillariophyceae 
Minidiscus trioculatus CCMP495 677.7 261.5 2.59 
Chaetoceros simplex CCMPI99 196.7 766.8 0.26 
Cylindrotheca closteriu CCMP342 763.5 683.1 1.12 
Thalassiosira CCMPI335 835.8 936.9 0.89 
pseudonana 
Melosira nummuloides CCMP482 4794.8 357.8 13.40 
Skeletonema costa tum CCMPI332 1204.9 347.0 3.91 
Nitzschia laevis CCMP560 217.6 163.2 1.33 

Chlorophyceae 
Chlamydomonas sp. CCMP23I 12.8 77.8 0.17 
Chlorella capsuiata CCMP246 7.1 30.5 0.23 

Chrysophyceae 
Rhizochromulina sp. CCMP1150 1557.0 32.5 47.95 

Cryptophyceae 
unidentified cryptophyte CCMPI178 306.1 493.5 0.62 
Rhodomonas salina CCMP1319 5.7 144.6 0.04 

Dinophyceae 
Prorocentrum minimum CCMPI329 6787.9 184.8 36.74 
Amphidinium carterae CCMP1314 7536.0 178.4 42.25 
Prorocentrum micans CCMP691 10300.1 307.8 33.46 
Gymnodinium simplex CCMP419 817.6 6.6 124.25 

Prasinophyceae 
Micromonas pusilla CCMP490 987.9 124.1 7.96 
Tetraselmis levis CCMP896 4634.8 234.6 19.76 

Prymnesiophyceae 
Coccolithus neohelis CCMP298 1020.0 28.2 36.19 
Emiliania huxleyi CCMP378 3984.6 258.6 15.41 
Emiliania huxleyi CCMP376 3174.8 177.5 17.88 
Chrysochromulina sp. CCMP288 2716.4 109.6 24.79 
Phaeocystis sp. CCMP628 1145.8 26.1 43.97 
Pavlova pinguis CCMP609 3880.8 255.2 15.21 
Prymnesium parvum CCMP708 4062.8 235.0 17.29 
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similar batch cultures, representing a wide variety of algal species (Keller and Bellows, 
unpubl). Originally thought to be an artifact of carryover from the inoculum or an imprecise 
cell count, either of which could produce artificially high values, it now appears to us to be 
accurate, if unexplained. This same high initial concentration has also been observed for 
particulate organic carbon and sulfur in phytoplankton cultures as well as DMS (22, 30). It is 
possible that DMSP, as well as these other compounds, accumulate rapidly in early exponential 
growth as precursors. The values equilibrate as growth becomes more balanced. The values 
often rise again in senescence, butthis, we believe, is an artifact caused by high extracellular 
DMSP values being included in intracellular calculations. Because ofthis, we believe that data 
collected in late exponential through stationary growth are the most reliable. 

The taxonomic relationship between certain groups of algae and DMSP production is well 
established, with the chromophyte microalgae clearly the most significant producers (2, 17,19,20). 
"Significance" here is defined as having substantial, albeit somewhat arbitary, intracellular 
concentrations of DMSP. When calculated on a per unit cell volume basis, members of the 
Prymnesiophytes and Dinoflagellates stand out, with concentrations in excess of several hundred 
mmol DMSP.liter -I cell volume. Members of other groups rarely contain concentrations in excess 
of 50 mM. However, this does not mean that species composition of the phytoplankton source is 
the sole determinant of "significance. "Exceptional biomass, such as that seen in diatoms in sea ice 
or in certain bloom situations, can result in very high DMSP concentrations, even though diatoms 
are thought of as less significant sources ofDMSP (e.g 17, 19,26,28). When presented on a per 
cell basis, the DMSP content of diatoms is typically quite small. 

In this regard, the ratios of DMSP:Chl calculated in this study (Table 3) support the 
previously noted taxonomic relationship, with significant DMSP producing groups with high 
ratios and "non-producers" with low ratios. The range in ratios in fact reinforces previous 
reports of the poor correlation between DMS/DMSP and chlorophyll (2,4,5). No culture 
examined here had values as high as those reported in the literature ( in excess of 200+) (e.g. 
28). For comparative purposes, the use ofthis ratio has become widespread, but it is unclear 
how to interpret any field ratio, since both mixed populations and the effects of photoadap
tation or nutrient sufficiency will alter DMSP and/or chlorophyll concentrations. Although 
high ratios may be indicative of certain groups of microalgae, they may also be attributed to 
heterotrophic organisms with accumulated pools of DMSP. Some consideration of the 
population composition must be included to aid interpretation. 

Even measurements of plant biomass in combination with species information will 
not always yield predictable DMSP concentrations. Measurements of the production of 
DMSP by any particular group of algae are undoubtably complicated by a variety of factors, 
including physiology and sampling methodology. DMSP does appear to function as an 
osmoticum in phytoplankton, with DMSP concentrations responding to salinity variations 
(29). We have attempted in this paper to identify other parameters that affect DMSP in marine 
phytoplankton. 

Light Effects 

The effect oflight on DMSP production by microalgae is not consistent nor is it apparent 
in our experiments (Table 4, Figure 1). This is not to say that DMSP production is not a light 
dependent process, as suggested by Karsten et al (15,16), but light intensity did not appear to have 
a significant effect on DMSP production in the algae examined in this study. The highest light 
condition used represents only ca. 10% of incident sunlight values. Thus, the high light conditions 
are not really that high, although they are typical of surface waters and chlorophyll maxima in 
coastal areas. The low light conditions are ca. 1 % incident sunlight, that are typical of deep 
chlorophyll maxima in more oligotrophic areas. In macroalgae, high DMSP levels were found 
only under long day conditions and high irradiances (16). Additional observations suggested that 
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Table 4. Mean total DMSP ( DMSP(T)) content, calculated on a per cell basis, at different stages 
of growth in nutrient-replete phytoplankton cultures grown in varying light conditions. DMSP 

concentration = pg DMSP(T)/cell. Light intensities: low = 1015; intermediate=5 x 1015; high=1016 
quanta.m-2sec-1 

Stages of growth 

Late exponential Late stationary 

Species Clone Light levels X s.d. N X s.d. N 
Chrysochromulina sp. CCMP288 Low 1.35 0.52 2 1.59 0.92 2 

Interm. 0.89 0.27 3 1.07 0.07 2 
High 0.75 0.31 2 0.82 0.47 2 

Emiliania huxleyi CCMP376 Low 0.64 0.38 2 1.06 0.75 2 
Interm. 0.95 0.43 4 0.89 0.32 4 
High 0.93 0.41 2 0.97 0.41 2 

Minidiscus trioculatus CCMP495 Low 0.06 0.05 2 0.12 0.12 2 
Interm 0.12 0.06 5 0.23 0.11 5 
High 0.11 0.03 2 0.12 0.07 2 

Heterocapsa pygmaea CCMP1322 Low 6.62 1 6.81 1 
Interm. 5.09 0.62 3 5.27 0.27 3 
High 6.39 6.30 

DMSPproduction occurs only in the light; species kept in the dark degraded DMSP. We observed 
higher DMSP concentrations, especially in the dissolved fraction, in the prymnesiophyte Chryso
chromulina grown in low light. This is consistent with higher DMS release previously observed at 
low light conditions in the prymnesiophyte Phaeocystis (7). Higher levels ofDMS release have 
been observed in high light in several diatoms (7, 30). There was no consistent pattern ofDMSP 
production in response to varying light intensity in the diatom used in this study. 

Nutrient Effects 

Three of the four algal clones examined in this study did exhibit increases in DMSP 
content when nitrogen-limited. This trend is evident not only between cultures grown in nitrogen 

Table 5. Mean total DMSP (DMSP(T) ) content, calculated on a per cell basis, at different stages 
of growth in phytoplankton cultures grown at two different nitrate concentrations. Low and high 
nitrate = 44 and 883 uM respectively, equivalent to Kl20 and K levels of nitrogen (18). All other 

nutrients were at K levels. 

Stage of growth 

Late exponential Late stationary 

Nitrate 
level X s.d. N X s.d. N 

Chrysochromulina sp. CCMP288 Low 1.40 0.78 2 1.60 0.74 2 
High 0.89 0.27 3 0.97 0.18 3 

Emiliania huxleyi CCMP376 Low 0.88 0.41 2 0.67 0.15 2 
High 0.82 0.47 5 0.78 0.37 5 

Minidiscus trioculatus CCMP495 Low 0.23 0.12 2 0.40 
High 0.12 0.05 5 0.24 0.11 5 

Heterocapsa pygmaea CCMP1322 Low 9.85 0.23 3 11.44 2.15 3 
High 4.63 1.28 4 3.94 1.89 2 
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replete and nitrogen deplete conditions, but also between samples collected in late exponential 
(nitrogen still available) and late stationary (nitrogen exhausted) stages of growth. There is a small 
amount of information which supports a relationship between DMSP and available nitrogen in 
phytoplankton. Turner et al (26) reported that in cultures of Emiliania huxleyi supplemented with 
extra nitrate, the per cell levels ofDMSP were about 20% lower than in cultures maintained with 
low nitrate. Recently it has been shown that DMSP levels in Tetraselmis subcordiformis are 
75-100% higher in N-limited batch cultures (13). This relationship has also been observed in 
Spartina alterniflora ( 11 a). Here, we add to the evidence supporting the importance of nitrogen in 
intracellular DMSP dynamics. One role nitrogen may play in DMSP synthesis appears to be 
connected to another compatible solute in algae, the nitrogen analog ofDMSP, glycine betaine 
(GBT). It was suggested a decade ago (1) that DMSP and GBT may be related in marine 
phytoplankton, with GBT being produced when nitrogen is available and DMSP when nitrogen is 
limiting. In the oceans, this may be very important, as most areas of the worlds' oceans appear to 
be nitrogen-limited. It is unclear why GBTwould be preferentially produced, although Kirst (pers. 
comm.) believes that GBT is a more compatible solute, providing better protein protection than 
DMSP. Also, sulfate assimilation is more energetically expensive than nitrate assimilation, and 
thus GBT production may be favored. It is clear that nitrogen plays a critical role but more 
definitive work is needed to characterize it. 

DMSP is a significant compound in the biochemistry of marine algae. Because of its 
role as the source compound of the atmospherically-important gas DMS, it deserves 
additional consideration in the areas of general marine ecology and chemistry. We now know 
that, in many cases, DMSP production is related to taxonomic position and cell physiology. 
Variations in light and nutrient levels, as well as salinity, may affect its accumulation .. 
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SUMMARY 

13 

Dimethylsulfoniopropionate (DMSP) was detected in many strains of photot
rophic bacteria and cyanobacteria. These data, together with results from earlier studies 
and the literature, clearly indicate that mainly photosynthetic micro- and macroorgan
isms have the metabolic capability to synthesize this compound. A relationship with 
temperature has also been identified. Polar macroalgae contain significantly higher 
DMSP contents compared to temperate or tropical species (5, 17). In this study, the 
cryoprotective function of DMSP was investigated on the activity of the model enzyme 
lactate dehydrogenase (LDH) as well as on that of malate dehydrogenase (MDH), 
extracted from the polar alga Aerosiphonia arela (Chlorophyta). LDH activity was 
stabilized during freezing and thawing by the presence of DMSP concentrations up 
to 230 mM. The addition of higher amounts of DMSP to the enzyme assay even led 
to a 1.5 fold stimulation in the activity. DMSP stabilized MDH activity at the extremely 
low temperature of -2°C. In the presence of high solute concentrations, up to 300 
mM, the enzyme activity rose to 165% of the control. 
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INTRODUCTION 

In recent years, the tertiary sulfonium compound, DMSP, has attracted particular 
interest as the biogenic precursor of the predominant sulfur gas, dimethylsulfide, that is 
dissolved in oceanic, coastal and estuarine waters (I, 16). The biogeochemical cycling of 
dimethylsulfide has important implications for the chemistry of the marine atmosphere, and 
subsequently in the process of cloud formation, that may influence weather and climate (8). 

DMSP is widely distributed in marine micro~ and macroalgae, as well as in some coastal 
higher plants and crops (5,17,21,26,28,36). While reports in the literature on the occurrence of 
this compound in cyanobacteria are contradictory (4, 21, 34), data on other phototrophic 
prokaryotes are to our knowledge still lacking. To fill this gap, we determined the DMSP 
concentration in different phototrophic bacteria and compared the results with previously 
published data on macroalgae and other photosynthetic organisms. One aim of the present study 
was to get a broad overview of the groups ofDMSP-containing organisms, which should indicate 
whether the physiological capability to form this compound is linked to photosynthesis and light 
conditions. Previous studies demonstrated stimulating effects of increasing irradiances on the 
intracellular DMSPpool in eulitoral green macroalgae (19). Other factors such as senescence (24), 
grazing (9), salinity (11) and temperature (20) also control the intracellular DMSP pool in algae. 

DMSP is known to act as an organic osmolyte, accumulating in micro- as well as in 
macroalgae under hypersaline salt stress (10, 11, 19,35). Other biological functions ofDMSP, 
such as an antibiotic compound (3), methyl group donor (36), storage pool for excess sulfur (32) 
or cryoprotectatlt (17) have been suggested rather than experimentally proven. Green macroalgae 
from polar latitudes contain significantly higher DMSP concentrations compared to related 
species from temperate to tropical regions (5). This points to a connection between accumulated 
DMSP content and average habitat temperature. Therefore, another goal of the present study was 
to investigate the possible cryoprotective role ofDMSP in Antarctic green macroalgae. This was 
tested on the activity of enzymes extracted from polar seaweeds, as well as on the stability of the 
cold-inactivated model enzyme lactate dehydrogenase. 

MATERIALS AND METHODS 

Phototrophic Organisms and Culture 

The purple sulfur and purple non-sulfur bacteria were obtained from the DSM 
(Deutsche Sarnmlung von Mikroorganismen und Zellkulturen, Braunschweig, FRG) and 
cultivated according to the DSM instructions. The cyanobacterial strains of Microcoleus 
chthonoplastes MPI EBD-l, MPI GNL-l, MPI MEL-l and MPI TOW-l were recently 
isolated at the Max-Planck-Institute for Marine Microbiology from marine microbial mats 
collected in Ebre Delta, Spain, Guerrero Negro Saltern, Mexico, Mellum Island, Germany 
and Towra Point Sydney, Australia, respectively. The strains were grown in membrane-fil
tered North Sea water (32 PSU; Sartorius Sartobran II, 0.2 ).tm), which was enriched with 
nutrients (PES/2) according to Starr and Zeikus (30). A growth incubator that was kept at 
25°C and provided 25-40 ).tmol photons m-2 sol from cool-white fluorescent tubes under a 
18/6 h light/dark cycle was used for cultivation. The other cyanobacterial species were 
originally isolated in the Baltic Sea and grown under estuarine conditions at 15 PSU 
(Seawater diluted with distilled water and enriched with PESI2). Temperature and light 
conditions were very similar to those used for Mierocoleus. 

The eulitoral green macroalgae, Acrosiphonia areta, Enteromorpha bulbosa and 
Ulothrix subflaecida, used in the present study, were isolated at King George Island 
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(Antarctica) by Dr. e. Wiencke, Alfred Wegener Institute for Polar and Marine Research, 
Bremerhaven, FRG (37). The water temperature in the Antarctic habitat seasonally fluctuates 
only between -1.9°C and +1.7°C, while the air temperature may change from -30°C up to 
+ 10°C (20). For the enzyme study, an Arctic isolate of Acrosiphonia arcta collected at Disko 
Island (Greenland) was utilized. The water temperature in this habitat is in the range from 
-2.0°C to +6.0°C. All species were grown from spores and subsequently cultivated in 0.5 I 
beakers containing membrane-filtered North Sea water (see above) enriched with Provasoli 's 
ES nutrients (27). The cultures were grown at 0 C, and illuminated with cool-white 
fluorescent neon tubes at 20-30 /lmol photons m-2 S-1 under a 18/6 h light/dark rhythm. 

Temperature Experiments 

For testing the influence of different temperatures on the DMSP pool, A. areta, E. 
bulbosa and U. subjlaecida were cultivated for one year at 10° and O°C, respectively and at 
a photon fluence rate of 55 /lmol m-2 S-1 under a 18/6 h light/dark cycle. Media were changed 
in intervals of 2 weeks to avoid nutrient limitation. 

Enzyme Experiments 

The physiological function of DMSP as a cryoprotectant was tested on the activity 
of malate dehydrogenase (MDH, E.e. 1.1.1.37) extracted from the Arctic A. areta, and on 
the stability of the commercially available cold-labile enzyme lactate dehydrogenase (LDH, 
E.C. 1.1.1.28) (Type XXX-S, porcine muscle, Sigma). Approximately 1 g fresh weight of A. 
areta were homogenized under liquid nitrogen in a mortar with quartz sand. 3-5 ml of an 
ice-cold extraction buffer were added to the homogenate and kept for 5 min at O°C. The 
extraction buffer (50 mM HEPES, pH 7.4) contained 4% Polyclar AT, 2 mM EDTA (Na+ salt), 
2mM L-ascorbic acid (Na+ salt), 5 mM MgCI2, 5 mM dithiothreitol, 13 mM CaCI2, 0.5% Tween 
80 (w/v) and 20% glycerol (w/v). All manipulations were conducted at O°e. The homogenates 
were centrifuged at 20000 x g for 15 min, and then to the supernatants, (NH4)2S04 was added 
step-wise to 70% saturation and stirred for several min. Insoluble material was recovered 
by centrifuging at 20000 x g for 15 min and supernatants were discarded. The pellets were 
resuspended in extraction buffer without Polyclar AT, L-ascorbic acid, CaClz and Tween 
80, and directly used for determination of MDH activity. For each estimate, the protein 
content was kept constant. MDH activity was measured photometrically by following the 
NADH decrease at 340 nm in I ml cuvettes incubated for exactly 20 min in a waterbath 
filled with 50% EtOH (v/v) at 30° and -2°C, respectively. The temperature of 300 e was 
chosen because this temperature is strongly recommended as a standard parameter for all 
enzyme assays for inter-comparision by the International Union of Biochemistry Enzyme 
Commission. Moreover, preliminary studies also demonstrated an optimum activity at 
30°C for the MDH of A. areta (Klick et al., unpublished results). MDH was assayed in 
100 mM HEPES, pH 7.5, 5 mM MgCI2, 2 mM dithiothreitol, 0.15mM NADH, and 0.25 
mM of the substrate oxalacetate. For testing possible protective effects of DMSP, this 
compound eCI-salt) was dissolved and buffered in 10 mM HEPES, pH 6.5, followed by 
addition of increasing concentrations to the enzyme assay. MDH was incubated in the 
presence of DMSP for 20 min at the temperatures mentioned above. The LDH- solution 
was centrifuged at 8000 xg, and the pellet resuspended in 10 mM HEPES buffer, pH 6.5, 
to remove most of the (NH4)zS04 that may disturb the enzyme activity. The enzyme was 
shock-frozen for several min in liquid nitrogen in the presence of various concentrations 
of proline, sucrose and DMSP. After thawing, the LDH activity was photometrically 
measured by following the NADH decrease at 340 nm in l-ml cuvettes at 25°C 
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Table 1. The occurrence of dimethylsulfoniopropionate in different 
pro- and eukaryotic phototrophic organisms 

Organisms Concentration Reference 

/lmol cm-3 cell volume 
Microalgae 
Bacillariophycea 0.2 - 264 (21 ) 
Chrysophyceae 200 - 596 (21) 
Dinophyceae 0.1 - 2201 (21) 
Prasinophyceae 0.5 - 484 (10,21) 
Pryrnnesiophyceae 3.3 - 413 (21 ) 

Organisms Concentration Reference 

mmol kg-' fresh weight 
Purple sulfur bacteria 

Chromatium gracile DSM 203 0.4 this study 
Chromatium minus DSM 178 0.6 this study 
Chromatium minutissimum DSM 1376 0.07 this study 
Chromatium violascens DSM 198 0.04 this study 
Thiocapsa roseopersicina DSM 5653 0.1 this study 
Thiocapsa pfennigii DSM 226 0.2 this study 

Purple non-sulfur bacteria 
Rhodopseudomonas suifoviridis DSM 2.2-12.5 this study 
729 
Rhodopseudomonas salexigens DSM 0.6 this study 
2132 
Rhodovulum euryhalinum DSM 4868 0.3 this study 
Rhodovulum suljidophilum DSM 1374 0.06 this study 

Cyanobacteria 
Microcoleus chthonoplastes MPI EBD-J 0.16 this study 
M. chthonoplastes MPI MEL-J 0.06 this study 
M chthonoplastes MPI GNL-I 0.319 this study 
M. chthonoplastes MPI TOW-J 0.10 this study 
Synechocystis sp. Bo79 0.14 - 0.75 this study 
Lyngbya aestuarii Bo 9 4.9 this study 
Nostoc sp. Bo 84 1.17 - 2.39 this study 
Anabaena sp. Bo 70 6.28 this study 

Macroalgae 
Chlorophyceae 

temperate 2.5 - 48.7 (14,28,36) 

tropical 7.1 - 63.1 (5) 

polar 53.6 - 290 (17) 

Rhodophyceae 0.01 - I (17,28) 

(Polysiphonia 151) 
Phaeophyceae O.oI - 0.2 (17,28) 

Higher plants 
Spartina anglica 5 - 15 (32) 
Saccharum sp. 0.1 - 6 (26) 
Cereals (Zea mays, Hordem vulgare, 0.01 - 0.1 (26) 

Sorghum vulgare, Oryza sativa) 
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accordingtoNishiguchiandSomero(25),butmodifiedasfollows:80mMHEPES,pH6.5, 
10 mM KC1, 0.15 mM NADH and I mM pyruvate. 

Dimethylsulfoniopropionate Analysis 

The DMSP content of the phototrophic organisms was determined by gas-liquid 
chromatography according to previous reports (17). 

RESULTS 

The DMSP concentrations of the different pro- and eukaryotic phototrophic organ
isms are shown in Table 1. Within the purple sulfur and purple non-sulfur bacteria, the 
contents ranged from 0.06 mmol kg'! FW in Rhodovulum sulfidophilum up to 12.5 mmol 
kg'! FW in Rhodopseudomonas sulfoviridis. The cyanobacteria exhibited very similar DMSP 
concentrations between 0.06 and 6.28 mmol kg'! FW. In contrast to the prokaryotes, most 
micro- and macroalgae contained significantly higher contents, e.g. polar Chlorophyceae 
showed up to 290 mmol kg'! FW. Within the green macroalgae, all isolates collected in 
Antarctica and the Arctic exhibited the highest DMSP concentrations compared to related 
species that were collected in temperate to tropical regions (Table 1). Except for the red alga 
Polysiphonia, all other Rhodophyceae, as well as Phaeophyceae, showed only traces of 

Ulothrix 
subflaccida 

Acrosiphonia 
arcta 

Enteromorpha 
bulbosa 

o 

• 100 C 
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Figure 1. The effect of long-tenn acclimation at 10° and O°C on the intracellular dimethylsulfoniopropionate 
(DMSP) content of the Antarctic green macroalgae Acrosiphonia areta, Enteromorpha bulbosa and Ulothrix 
subflaccida. Data are presented as mean ± standard deviation (n=4). 
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Figure 2. The effect of increasing dimethylsulfoniopropionate (DMSP) concentrations on the activity of the 
enzyme malate dehydrogenase (MDH) extracted from the Antarctic green macroalga Aerosiphonia areta. The 
activity was tested at 30° and _2°C, and expressed as percentage of the control without any addition ofDMSP. 
The absolute control activity of MDH at -2°C was 80.0 nkat mg· l protein, that for 30°C 255.6 nkat mg· l 

protein. Data are given as mean ± standard deviation (n=4). The control activity at 30°C was about 10 fold 
higher compared with the activity at _2°C. 

DMSP «1 mmol kg-I FW). In higher plants DMSP has only been found in members of the 
Gramineae. The contents are generally low in the range between 0.01 and 15 romol kg-I FW. 

The influence of long-term acclimation to 10° and 0 °C on the intracellular DMSP 
pool in Ulothrix subflaccida, Acrosiphonia arcta and Enteromorpha bulbosa is summarized 
in Fig. 1. All species contained 2-5.5 fold higher DMSP concentrations at 0° C compared 
with plants maintained at 10°e. 

The effect of increasing DMSP concentrations on the activity of the enzyme malate 
dehydrogenase (MDH) extracted from A. arcta and measured at 30 ° and _2° C is shown in 
Fig. 2. In the presence of DMSP from 19 to 300 mM (final concentration) at 30° C, the 
activity of MDH continuously decreased to 62% of the control. Just the opposite was 
observed under sub-zero conditions (_2° C), i.e. increasing DMSP concentrations led to a 
stimulation of the enzyme activity up to 165% of the control (Fig. 2). However, it has to be 
taken into account that the control MDH activity at 30° C was about 3.5-10 fold higher 
compared to the assay at _2° C because of the general temperature dependency of enzyme 
activities. 

The influence of increasing concentrations of DMSP, proline and sucrose on the 
stability of the cold-labile enzyme lactate dehydrogenase (LDH) is given in Fig. 3. Freezing 
and thawing ofLDH without the presence of any organic solute was accompanied by a strong 
loss of activity down to 15% of the control. The addition of increasing concentrations of 
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Figure 3. The effect of increasing concentrations of the organic solutes proline, sucrose and dimethylsulfonio
propionate (DMSP) on the stability of the cold-labile enzyme lactate dehydrogenase (LDH). LDH was frozen 
in the presence of the solutes followed by thawing and an activity determination. Data are given as mean ± 
standard deviation (n=4). 

proline up to 530 mM led only to a small recovery of the LDH activity in the range of 40-45% 
of the activity without any solute. While at sucrose additions up to 150 mM increased the 
activity of the LDH to about 60% of controls, higher sucrose concentrations up to 530 mM 
again inhibited the enzyme activity to about 35% of the control activity. In contrast to proline 
and sucrose, increasing concentrations of DMSP stabilized the LDH. The addition of 230 
mM DMSP before the freezing-thawing procedure led to full recovery ofthe enzyme activity. 
The presence of higher DMSP concentrations up to 530 mM resulted in a stimulation of the 
LDH activity of approximately 150% of the control (Fig. 3). 

DISCUSSION 

The distribution patterns of DMSP within different phototrophic organisms 
(Table 1) as well as a literature survey clearly demonstrate that mainly photosynthetic 
organisms are able to synthesize and accumulate this compound. The only exception 
known from the literature to synthesize and accumulate DMSP is the heterotrophic 
dinoflagellate Crypthecodinium cohnii (as Gymnodinium cohnii) (15). The opposite 
conclusion that all phototrophic organisms are able to synthesize DMSP is not valid. 
Some microalgal groups, for example, do not contain any trace of this compound 
(21). The data on the benthic and planktonic cyanobacteria clearly prove that many 
species of this group are able to form DMSP which is in agreement with other reports 
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(4, 34). Highest DMSP concentrations are usually found in many marine micro- and 
macroalgae. This strong correlation between DMSP metabolism and photosynthetic 
organisms indicates that light may be of great importance for the accumulation of 
this compound. The effect of light on the DMSP content was previously investigated 
in various green macroalgae. Species grown under fluctuating day lengths and various 
light intensities accumulated DMSP only under long day conditions and high irradiances 
(17 -19). In addition, species kept in the dark degraded DMSP, and hypersaline treated 
species formed DMSP as an osmolyte only in the light (20, 22). All data point to a 
light-dependent DMSP biosynthesis. Recently, the influence of light intensity on the 
production of dimethylsulfide by the diatom Skeletonema costatum was studied (33). 
These authors measured significantly reduced production rates under low light con
ditions. Although DMSP biosynthesis is not yet fully understood, it is reasonable to 
conclude that parts of this pathway are directly light-dependent via light-activated 
enzymes or at least indirectly via the supply of NADHINADPH and ATP by photo
synthesis. The hypothesis of light stimulation of enzymes in the DMSP pathway is 
strengthened by the fact that the sulfur containing amino acid methionine is a precursor 
in the DMSP biosynthesis (12), and that several enzymes of the amino acid metabolism 
are light-activated in algae (31). Enzymes involved in sulfate uptake and assimilatory 
sulfate reduction are also very often activitated by light (29). In conclusion, light is 
an important environmental factor influencing the ability of algae and most probably also 
of other phototrophic organisms to regulate the intracellular DMSP pool. The finding that 
a heterotrophic dinoflagellate is also capable to synthesize DMSP (15) is difficult to 
interprete. Dinoflagellates have been regarded both as plants and as animals due to the 
simultaneous occurrence of photosynthesis and heterotrophy within this group. Most pho
tosynthetic species of dinoflagellates have extremely high DMSP concentrations (21). It 
is possible that Crypthecodinium evolved from a photosynthetic ancestor and therefore 
still carries the biochemical capability to synthesize DMSP. This, however, would indicate 
that photosynthesis is not essential for the biosynthesis. Another explanation could be the 
development of an alternative pathway for DMSP synthesis in C. cohnii during evolution 
which is light-independent. However, before any final conclusions can be drawn, much 
more detailed studies on the regulation of the DMSP biosynthesis in C. cohnii have to 
be conducted. 

The physiological function ofDMSP as an organic osmolyte that is synthesized and 
accumulated under increasing salinities is well proven (l0, 22). It has been speculated that 
the ability to accumulate this compound was evolved during the last ice age, when the salinity 
of the oceans was higher (8). Moreover, DMSP acts not only as an osmolyte but also as a 
compatible solute, as demonstrated with enzyme preparations of the unicellular alga 
Tetraselmis subcordiformis (13). Compatible solutes generally have protecting and stabiliz
ing effects on metabolic pathways and membrane-dependent processes against adverse 
effects of high salt concentrations (6,22). Other physiological roles ofDMSP in metabolism 
are still obscure. However, the significantly higher DMSP concentrations in many algae 
grown under low temperatures, compared with those maintained in temperate conditions, 
suggest another biological function of this compound as a cryoprotectant (Fig. 1; 20, 25). 
While this response pattern has been demonstrated for all Arctic and Antarctic Ulvales, as 
well as for all polar isolates of A. arcta so far tested, some temperate populations of the latter 
species do not accumulate DMSP under low temperatures (Klick et aI., unpublished data). 
Studies to explain these differences in the response patterns are in progress. Our experiments 
on the enzymes MDH from A. arcta and on the cold-labile LDH clearly illustrate the role of 
DMSP as a cryoprotectant. In both assays, i.e. in the case ofMDH at _2° C, the presence of 
increasing DMSP concentrations positively affected enzyme activities in such a way that 
even significantly higher rates could be measured compared to the control. As already 
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mentioned in Materials and Methods, the MDH of the Arctic A. arcta showed optimum 
activity at 30°C (Kuck et al., unpublished data). Even at 0° C, this enzyme exhibited an 
activity of about 30% of the maximum. It seems to be a general phenomenon in polar algae, 
that many of their physiological processes, such as growth or photosynthesis, show tempera
ture optima very similar to those of temperate species (23). Instead of the development of 
specific genetic adaptations to the cold-water environment, algae from Antarctica and the 
Arctic seem rather to exhibit a broad physiological potential for acclimation. The increase 
in DMSP under low temperatures in polar algae can be attributed to such an acclimation 
strategy. 

Nishiguchi and Somero (25) found in their physicochemical study on the compati
bility of DMSP with the structural stability of three enzymes that this compound protected 
at low but not high temperatures. These authors clearly proved the function of DMSP as an 
effective cryoprotectant for phosphofructokinase under conditions of cold-induced denatu
ratuion. The opposite was not valid, i.e. DMSP did not stabilize the protein structure under 
conditions ofheat denaturation. Consequently, Nishiguchi and Somero (25) concluded that 
organisms that experience high temperatures in their habitat generally lack DMSP due to its 
perturbing effects under these conditions. 

The mechanism of cryoprotection of LDH by 28 different solutes such as sugars, 
polyols, amino acids, methylamines and lyotropic salts was studied by Carpenter and Crowe 
(7). Most of the organic compounds protected the enzyme to varying degrees from damage 
during freezing-thawing. However, none of them led to a stimulation in LDH activity as 
DMSP did in the present study. Organic solutes exert their protective function by preferen
tially excluding contact with the enzyme's surface (7). This suggests that compensation for 
temperature at the molecular level may be achieved by changes in thermodynamic activation 
parameters (enthalpy of activation) and a reduction in thermal stability. Thus, the complex 
nature of the interaction between enzyme activity, enzyme stability and temperature in the 
presence of DMSP is emphasized. However, under elevated temperatures organic solutes 
that are effective cryoprotective compounds are often destabilizing to enzymes and under 
some circumstances even toxic to cells (2, 23). This observation is also explained by the 
preferential hydration model (2, 7), i.e. especially compounds with hydrophobic components 
such as DMSP tend to bind preferentially to proteins which then causes denaturation. This 
binding is temperature-dependent, i.e. the higher the temperature the stronger the effects. 

It is also important to mention that the DMSP concentrations found in Antarctic 
green macroalgae are high enough to protect/stabilize enzymes after periods of freezing. 
This will have important physiological and ecological implications for the survival 
of these organisms under the extreme environmental conditions of Antarctica. Finally, 
the data presented call for further careful studies on the activity of many different 
enzymes isolated from polar algae. The experiments have to be conducted at various 
temperatures and in the presence of different DMSP concentrations to better understand 
the cryoprotective function of this compound. 
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THE DETERMINATION OF DMSP IN MARINE 
ALGAE AND SALT MARSH PLANTS 

D. W. Russell and A. G. Howard 

Chemistry Department 
University of Southampton 
Southampton, Hampshire, SOl7 IBJ, United Kingdom 

SUMMARY 

Factors influencing the analysis of dimethylsulfoniopropionate (DMSP) are dis
cussed with particular reference to the measurement ofDMSP using HPLC-FPD instrumen
tation. Significant losses of DMSP can occur during sampling, sample storage and DMSP 
extraction. During sampling and sample transport, care must be taken to minimize stresses 
such as changes in temperature, light level or salinity. During the extraction procedure cell 
rupture releases DMSP-Iyase into the extract leading to the breakdown of DMSP to 
dimethyl sulfide (DMS). This can be minimized by maintaining acidic extraction conditions. 
A similar DMSP loss due to the release ofDMSP-lyase occurs when samples are frozen and 
then rethawed prior to the extraction step. 

DMSP has been measured in a number of macro-algae, salt marsh plants and cultured 
phytoplankton from Southern England. DMSP has been confirmed by compound-specific 
HPLC-FPD instrumentation to be present in three red, two green and three brown macro-al
gae. The levels of this compound vary greatly, ranging from 0.001 0 mmol DMSP. kg-1 (fresh 
weight basis) in Laminaria saccharina to 161 mmol DMSP. kg-1 (fresh weight basis) in 
Enteromorpha linza. DMSP was also confirmed as being present in the higher plants 
Halimione portulacoides and Spartina alterniflora. DMSP was shown to be present in a 
number of phytoplankton. Of the studied species, levels ranged from 0.82 ).lmol DMSP/mg 
chlorophyll 'a' in Tetraselmis suercica to 157 ).lmol DMSPI mg ChI 'a' in Emiliania huxleyi. 

INTRODUCTION 

In 1948 Challenger and Simpson (10) extracted p-dimethylsulfoniopropionate 
(DMSP) from the red alga Polysiphonia jastigiata and precipitated it from a crude alcoholic 
extract as a reineckate.1t was then confirmed as DMSP by mixed melting point determination 
with a synthetic sample of the compound. Later DMSP was also isolated from the green alga 
Enteromorpha intestinalis (9) and a 'presumptive' test was proposed for the identification 
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ofDMSP based on the cold alkaline hydrolysis ofDMSP to DMS and acrylic acid. Variants 
of this test have been used almost exclusively since that time; the evolved DMS being used 
to infer the DMSP content of a sample. This method has been applied to a wide range of 
macro-algae (5,11,25,42,43,49,53), micro-algae (3,5,19,27,47,50), grasses (38,52), sedi
ments (51), fish (1,11), sugar cane (39), bacteria (33), shellfish (2), and sea water 
(7,22,28,29,35,54). 

On few occasions since the initial work has the presence of DMSP been recorded 
directly. In 1962, Greene (18) identified DMSP in Ulva lactuca by thin-layer chromatogra
phy. Ackman (3), four years later, used a similar process but followed it with the precipitation 
of the reineckate to confirm the presence ofDMSP. Larher et al (31) subjected an alcoholic 
extract of Spartina anglica to electrophoresis and then precipitated the DMSP as its 
reineckate, liberated it from the counter ion and finally purified it by further electrophoresis. 
Thin-layer electrophoresis has also been used with scanning reflectance densitometry 
(12,13,16) as a means of quantifying DMSP. 

More recently proton NMR, FAB-MS (39,48) and GC-MS of S-demethylated silyl 
derivatives (20) of DMSP have been used to study extracts from the salt-tolerant plants 
Melanthera biflora and Diplotaxis tenuifolia. Cation-exchange HPLC has been used to 
separate dimethylsulfonium compounds and betaines (15,48) with direct UV detection of 
the eluted compounds (190-220nm) or of their UV absorbing esters (17). 

These direct methods of DMSP detection are not sufficiently sensitive to measure 
DMSP in a wide range of samples without prior preconcentration, and normally require quite 
extensive sample preparation to ensure that the DMSP is sufficiently enriched to be distin
guished from co-extracted material. Thus, the way is open for a simple, thorough, direct DMSP 
analysis procedure that does not rely solely on the release ofDMS. This is especially the case 
as the basic assumption of the test, that only DMSP will yield DMS upon base hydrolysis, is 
becoming increasingly uncertain as more potential DMS precursors (DMS-Pr) are being found 
in the environment. Examples of such compounds include: S-methyl methionine (SMM) (34), 
gonyol (36), gonyauline (37), (S)-4-dimethylsulfonio-2-methoxybutyrate (46), (R)-3-di
methylsulfonio-2-methoxypropanoate (41), and 3-phosphatidyl sulfocholine (4)). With the 
exception ofSMM, which requires boiling in alkali to release DMS (14), and the dimethylsul
fonium analogue of choline, which evolves DMS at 85°C, the behaviour of these compounds 
under basic conditions is largely unreported. Indeed experimental evidence suggests that there 
are other sources of methylated sulfur species in the environment. When Roberts (44) attempted 
to measure DMSP in water samples from an Antarctic lake that contained dimethyl sulfide 
(DMS), dimethyl disulfide (DMDS), dimethyltrisulfide, and dimethyltetrasulfide using base 
hydrolysis, the concentration ofDMDS increased five-fold. There was however, no increase in 
the level ofDMS implying that no DMSP was present in the samples. 

DMSP has been specifically identified in very few cases and whilst it is likely to be 
a major natural source ofDMS, the compounds listed above and probably many others, could 
lead to a positive interference in the DMSP content inferred from DMS evolution. The 
development of simple HPLC-FPD instrumentation which is capable of separating potential 
DMS precursors by HPLC before on-line post column base hydrolysis to DMS (21), has 
opened up the opportunity to confirm the presence ofDMSP. 

The extraction ofDMSP has in the past been carried out under either acidic (18,32,49) 
or alcoholic (10,31) conditions or using a mixture of solvents (most commonly metha
nol:chloroform:water (15,17,20,39,48)). A purification procedure has always then been 
necessary before the final identification could be made. This has involved either its precipi
tation as a reineckate, electrophoresis, or most commonly by ion-exchange chromatography 
using Dowex 50. 

The use of very strong acids, such as hot 6N Hel (32), is to be avoided as such 
treatment has been shown to lead to the erroneous identification of dimethylsulfoniopen-
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tanoate (32), a compound which is produced by the breakdown of the glucosinolate 
glucoerucin (20). The HPLC-FPD apparatus employed in this work is exceptionally selective 
as compound identification arises from both characteristic chromatographic retention behav
iour and specific reaction chemistry. Such selectivity obviates the need for time consuming 
sample clean-up procedures which might lead to the preferential concentration of DMSP 
over other potential DMS precursors. 

MATERIALS AND METHODS 

Apparatus 

The apparatus employed for the measurement ofDMSP is a custom-built instrument 
employing compound separation and identification by HPLC, rapid post-column hydrolysis 
and flame photometric detection of evolved volatile sulphur compounds (21). 

Extraction Procedure 

The extraction procedure developed for this work was chosen to minimize the 
decomposition ofDMSP precursors for reasons that will be discussed in subsequent sections. 
The finally adopted procedure for the analysis of plant materials was: 

i) ca. 3 g of plant material was carefully blotted dry and weighed. 
ii) the sample was homogenized to a fine powder in liquid nitrogen. 

iii) without allowing the sample to thaw before the addition, 2ml of I 0% HCI and 8ml 
of water were added and then ground together. 

iv) the mixture and aqueous washings were centrifuged for 10 min. 
v) the supernatant liquid was filtered (Whatman GF/C, 2.5cm) 

vi) immediately prior to the chromatographic step, the aqueous extract was buJfered 
to column eluent pH and diluted with column eluent. 

Plankton was collected for analysis by gentle filtration « 1.5 atmos.) through a 
Whatman GF IC filter. This filter was then subjected to the extraction procedure steps ii) to 
vi) (see above). 

Plant biomass is reported on a fresh weight basis. For micro-algae, results are related 
to the chlorophyll 'a' content (measured spectrophotometric ally (40». 

Gas Chromatographic Measurement ofDMS and DMS-Pr 

Headspace analyses ofDMS were carried out using gas-solid chromatography with 
flame photometric detection. The PTFE column (1/8" i.d. x 350 em) contained Chromo sorb 
101 and was operated under isothermal conditions at 150°C with a carrier gas (N2) flow rate 
of 50 mllmin. DMSP-Pr were measured by room temperature base hydrolysis in 50ml 
headspace bottles. 

RESULTS 

DMSP Breakdown during Extraction 

Initial experiments involving the extraction ofDMSP into water gave poor and erratic 
recoveries of added DMSP. Challenger and Simpson first suggested that an enzyme was 
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Table 1. Recovery of spiked DMSP (n=4) 

Sample 

Fucus (no acid) 
Enteromorpha (no acid) 
Enteromorpha (with acid) 

Average % recovery of 
DMSPspike 

94± 14 
25 ±35 
73 ±5 

present in the red alga Polysiphonia jastigiata (10) that could be involved in the evolution 
of DMS. This was later confirmed by Cantoni and Anderson (8) and it was demonstrated 
that whilst the enzyme activity was highest at a pH of 5.1, it fell off sharply under more 
acidic conditions. 

The effect of pH on DMSP-lyase activity was tested by the measurement of the DMS 
released during the extraction procedure. Subsamples (ca. 8g) of Enteromorpha linza 
(ground in liquid nitrogen) were placed in 60ml bottles. To half of these bottles 5ml of 4% 
sulfuric acid was added. All bottles were then made up to 50ml with distilled water and sealed 
with silicone rubber septa. The headspace in each bottle was periodically analyzed by gas 
solid chromatography. DMS was identified in the headspace and its level increased up to 
two hours. The quantity ofDMS released corresponded to a loss of20±1 mmol kg-' (fresh 
weight) from the green alga when it was extracted with water. When acidified, however, the 
sample lost just 1.14±0.04 mmol of DMSP kg-I. 

In view of the enhanced stability brought about by the addition of a small amount of 
acid during the extraction, an experiment was carried out to assess the recovery of added 
DMSP. Ca. 3 g of algae (liquid nitrogen ground) was spiked with DMSP during its extraction 
into water. Acid (2ml of 10% Hel) was simultaneously added to some of the extracts. 

A significant improvement in both the recovery and reproducibility was achieved in 
the presence of acid. The DMSP-lyase activity varies significantly between algal species and 
this is reflected in the excellent spike recovery ofDMSP from Fucus even in the absence of 
acid. The effectiveness of the acidification is evident in both the absolute DMSP recovery 
from Enteromorpha and its variability. 

Sample Collection and Storage 

The presence of DMSP-lyase (8) and the changes in DMSP content observed in 
response to a wide range of external physical stresses such as those brought about by changes 
in salinity (14,30,43), day length (25), temperature (26,30), and light intensity (25), indicates 
that there is great potential for changes to occur in the DMSP content of samples prior to 
their extraction and analysis. This must be addressed when considering sample collection 
and storage methods. 

To test the effects of sampling and sample storage, Enteromorpha linza was collected 
from below the water line at the mouth of Lang stone Harbour at Eastney, Portsmouth, U.K.. 
The algal samples were brought back to the laboratory in sea water from the sampling site 
and returned to the laboratory within one hour of collection. The algal material was divided 
into three sub-samples before being subjected to three different regimes of overnight storage: 

Treatment 1: The alga was aerated and illuminated (150W) in natural unfiltered seawater. 
Treatment 2: After blotting dry, the alga was oven dried at 80oe. 
Treatment 3: The alga was blotted dry and frozen at -20oe. 

After 18 hours these were all extracted and analyzed for DMSP. The samples stored 
in sea water,.oven dried, and frozen contained 164 ± 20,46 ± 3, and 55.1 ± 0.3 mrnol kg-' 
(dry wt) ofDMSP (n=4) respectively. 
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Table 2. Quantification ofDMSP in various taxa using the HPLC/FPD 
instrumentation (data represented as mean ± stdev (n=4)) 

Sample 

Phaeophyceae 

Fucus vesiculosus 
Sargassum muticum 
Laminaria saccharina 

Chlorophyceae 

Ulva lactuca 
Enteromorpha linza 

Rhodophyceae 

Palmeria palmara 
Chondrus crispus 
Polysiphonia urceolala 

Flowering plants 

Halimione portulacoides (roots) 
Halimione portulacoides (leaves) 
Spartina alterniflora 
(rhizomes & roots) 

Phytoplankton 

Phaedactylum tricornutum 
Isochrysis galbana 
Tetraselmis suercica 
Emiliania huxleyi 

DMSP content 

mmol kg-1 (fresh weight) 

0.48 ± 0.08 
0.045 ± 0.016 
0.0010 ± 0.0003 

29.4 ± 2.2 
161 ± 2 

0.028 ± 0.003 
0.047 ± 0.021 

10.7 ± 1.7 
fimol kg- 1 (fresh weight) 

17 ± 2 
3.1 ± 0.4 
2.9 ± 0.3 

fimol mg- 1 (Chi 'a') 

I.l ± 0.1 
6.3 ± 0.2 
0.82 ± 0.02 

158 ± 16 

159 

After overnight storage at -20°C there was a strong smell of OMS in the container 
and as the sample thawed over a period of 90 minutes, further OMS evolution was evident. 
The same sample, which had contained 55 mmol OMSP. kg- I when extracted directly from 
the frozen state, when left to thaw on the bench before extraction, only contained 5.05 mmol 
OMSP kg-I. The enhanced decay which occurs when a sample has undergone a freeze/thaw 
cycle implies the mixing of OMSP and OMSP-lyase as a result of cell rupture. 

Although these experiments are of a preliminary nature, and the illumination of the 
sub-sample stored in sea water could conceivably lead to an increase in DMSP content, it 
vividly illustrates the unusual severity ofOMSP losses which can occur in all stages of the 
analysis protocol. Subsequent analyses were therefore carried out on samples which had 
been returned to the laboratory in water from the sampling site. These were analysed 
immediately on return to the laboratory or if necessary stored for the minimum possible time 
in aerated sea water with illumination for 18 hours a day. 

Oven Drying of Samples 

The oven drying of samples is a convenient means of preparing macro algae for 
storage, but as has been shown by Karsten et al (23), it can significantly alter the levels of 
OMS-Pr which are measured. Interestingly, with some green and especially red seaweeds, 
the result was not the expected loss of OMS-Pr but an increase in the measured levels. To 
explain this rise he postulated that there might be a second OMS precursor such as 
S-methylmethionine. Bishoff et aI, on the other hand (6), found that oven dried green and 
red macro algae contained less OMSP than fresh cultured samples from the same sampling 
site. In the case of Ulva lactuca, Karsten found a 24% increase in OMSP after oven drying. 
Using identical drying conditions and the same GC headspace method, we found only an 
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8% increase (45). More significantly, when the dried sample was extracted and analysed 
using the HPLCIFPD system,just 30% of the DMSP originally in the sample was still present. 

Analysis of Flora 

The techniques outlined previously were applied to the analysis of a number of 
samples of micro- and macro-flora. These were either collected from the coast of Southern 
England, or were in the form of non-axenic phytoplankton cultures. 

Comparison of the HPLC and Headspace GC Methods 

To obtain a direct comparison of the effectiveness of the HPLC procedure and the 
base hydrolysis headspace GC method, a sample of Enteromorpha linza was analysed by 
both methods. The DMSP result by HPLC (116 ± 10 mmol kg-I (n=6)) was not significantly 
different from the DMS-Pr level measured by GC (125 ± 10 mmol kg- I (n=4)). 

DISCUSSION AND CONCLUSIONS 

The determination of DMSP in marine flora requires particular attention to be paid 
to the sampling and sample pretreatment steps. It is fortunately rare that it is necessary to be 
as stringent in sampling procedure and in sample storage as it is with this compound. It is 
necessary to adopt a strict protocol in the collection of samples and to preserve their condition 
during the return journey to the laboratory and the time up to the analysis. For this reason 
we have adopted the procedure of returning samples in water from their site and minimizing 
changes in temperature, degree of oxygenation, light exposure etc. The rate at which the 
DMSP content of some samples adapts to environmental changes makes it impossible to use 
conventional sampling and storage procedures. 

The modified procedures have been applied to the identification and quantification 
ofDMS-Pr in a number of marine plants. Whilst to date it has only been possible to analyze 
comparatively few samples, in many cases these represent the first identifications ofDMSP 
in these flora; previously reported values having been ofDMS-Pr obtained by base hydroly
sis. 

The salt marsh plants were sampled during the winter months and this could 
explain the low DMSP content of Spartina alterniflora compared to those of Otte 
(38); 0.3-7.9 mmol kg· 1 (fresh weight). There is some variability in the literature 
regarding the levels of DMSP in the same algal species. Taking for example the green 
seaweed Ulva lactuca from different localities, reported values are of the same mag
nitude as the 29.4 mmol.kg· 1 given in this work (Greenland (23): 70.4±7.2; China 
(6): 11.04±1.23; Scotland (42): 23.4-38.7 and California (53): 15 mmol kg- I (fresh 
weight)). Such variability is to be expected in view of the susceptibility of the DMSP 
levels to environmental conditions and analysis protocols. 

The comparison of reported levels of DMSP in phytoplankton is clouded by the 
different means of reporting biomass. The level ofDMSP in Emiliania huxleyi (2.014±0.007 
(n=5) pg DMSP cell-I) reported here compares relatively well with that reported by Keller 
et al (0.75pg DMS-Pr (as DMSP) cell-I). 

The results confirm the widespread presence ofDMSP and significant differences in 
DMSP levels which are present in such flora. 
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SUMMARY 

Recording methods for determining the striking behavior of fish were developed. 
Among a number of sulfonium compounds tested, dimethylsulfoniopropionate (DMSP) 
proved to elicit the strongest effect on striking behavior of goldfish. Electrophysiological 
experiments revealed that DMSP stimulated the olfactory sense of carp more strongly than 
did glutamine. The effects of DMSP on growth and body movement of fish, amphibians, 
crustaceans, rats and chickens were examined. The results indicated that DMSP stimulated 
the growth and body movements of test organisms to varying degrees. Moreover, DMSP 
proved to accelerate the metamorphosis of amphibians and the molting of crustaceans. It 
also strengthened the resistance of fish against physical and chemical stresses and against 
stress-induced gastric ulcers in rats. The distribution of dimethylacetothetin (DMT)-homo
cysteine methyltransferase enzyme in various viscera of carp and substrate specificity of the 
enzyme were investigated. DMSP gave the highest specific activity as a methyl donor, as 
compared to other sulfonium compounds, and the highest activity of the enzyme was found 
in the hepotopancreas. Furthermore, dietary supplemented DMSP proved to accumulate 
rapidly in hepatopancreas tissues as compared to various viscera of carp. The addition of 
various concentrations of methionine to the diet or to the rearing water was found to promote 
the growth of carp and the molt of prawns but not the growth and metamorphosis of 
amphibians. 

INTRODUCTION 

Dimethylsulfoniopropionate (DMSP) is present in marine algae (10,41), crustaceans 
(44), shell fish (2,12), and fish (1,3,11), and also in some non-marine plants (17,40,45). 
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With the exception of algae, it is uncertain whether (or not) DMSP is biosynthesized by these 
organisms. Furthermore, its role in these organisms is poorly understood. The report that 
DMSP in fish may come from their diet (11), which may include DMSP-containing algae 
(10,41), suggests that only algae and/or microorganisms can biosynthesize it. Large amounts 
ofDMSP in algae may act as a compatible solute (6, 20,42), or a cryoprotectant (14, 15). 
However, there are few reports on the effects of DMSP on other organisms. Because various 
sulfur-containing compounds occur in aquatic animals (13,43), this study examined the 
effects ofDMSP and related compounds on the growth, body movements, stress resistance, 
molt or metamorphosis of fish, amphibians and crustaceans. 

MATERIALS AND METHODS 

Chemicals 

DMSP and related sulfonium compounds were synthesized by refluxing equimolar 
amounts of the appropriate dialkylsulfide and corresponding bromoorganic acid at around 
40°C for 3 h to 24 h (5). Crude products were washed with dry ether and crystallized from 
methanol, if necessary. Products were identified by NMR, IR, elemental and mass analysis 
or by x-ray or thermal-degradation. Vitamin U (3-amino-3-carboxypropyldimethylsulfoni
umchloride), glycine betaine hydrochloride and choline chloride, purchased from Wako Pure 
Chemicals Co., Ltd., were washed separately with chilled dry ether, and purified by 
crystallizing from methanol. Other chemicals used were of the highest quality available. 

Organisms 

The test organisms used were: goldfish Carassiuss auratus, (n=27 individuals, body 
weight about 0.92-1.31 g); rainbow trout, Oncorhynchus mikiss (n=32, body weight about 
0.91-4.85 g); carp, Cyprinus carpio, (n=8, average body weight 8.0 g); red sea bream, Pagrus 
major (n=12, average body weight 11.4 g); yellowtail, Seriola quinqeradiata (n=5, average 
body weight 3.3 g); and flounder Paralichthys olivaceus (n=10, average body weight 
14.2 g). 

Commercial fish diets used for determining striking strength or growth of test 
organisms were "Swimmy mini" (Nippon Pet Food Co., Ltd.) for goldfish and carp, 
"Nijimasu Chigyo C" (Nihon Haigo Shiryo, Co., Ltd.) for rainbow trout, "Ajikuranburu" 
(Nissin Shiryo Co., Ltd.) for red sea bream, flounder and striped prawn, "Buri-Mojako No. 
I" (Nisshin Shiryo Co., Ltd.) for yellowtail and commercially available spinach leaves boiled 
for 10 min for tadpole. 

Experimental 

For determining striking strength of test fish, the test vessel (13x20xI4 cm) with 2 
liters of tap water or commercial synthetic sea water (Japan Biochemical Co., Ltd.) contained 
five fish. Test paste was made by mixing cellulose powder (0.5 g) in a mortar with either 
distilled water (or commercial sea water) or the test solution (0.7 ml). The paste was formed 
into a round ball and fixed 2.5 cm from the bottom of a thread which was suspended vertically 
from a bar across the vessel. Fish striking the test paste vibrated the thread; these vibrations 
were transferred to the bar, and were recorded by smoked paper on a running drum of a 
Kimographyone (Shimano Seisakusho Co., Ltd.). Striking strength ofa trial was calculated 
from striking peak numbers by five test fish for 170 sec, which was one revolution of the 
drum. Control experiments with distilled or commercial sea water were performed at the 



Effects of DMSP and Related Compounds 167 

start and end of each experiment. The experimental process was repeated five times and test 
paste was freshly prepared for each trial. Striking numbers obtained from five experiments 
with the same test solution were totaled and expressed in terms of striking frequency of the 
test solution (21). The striking frequency measured with the Kimographyone method gave 
the same results as electric techniques (22). 

To estimate growth of the test organisms, diet paste was freshly prepared by mixing 
ground commercial pellets with a 1 mM DMSP solution at a ratio of5:7 (w/v) for freshwater 
fish and crustaceans, I mM for yellowtail, and at 5 mM for red sea bream and flounder at a 
ratio of2:1 (w/v). Feeding was ad libitum at 10:00 a.m. and 4:00 p.m. for fish and at 10:00 
a.m. for striped prawn and tadpole. The total body weights were measured en masse for 
freshwater and marine fish, striped prawn and tadpole at specified times. They were then 
expressed as percentage of their initial values. 

The molting of striped prawn was estimated every day from the numbers of sheds 
left off. The metamorphosis of tadpole was measured by counting the numbers of newly 
appearing hind and fore limbs every day. 

F or determining thrust power of test fish, fresh or commercial sea water (19 I) was 
put in a polyacrylate vessel (450 I). A polyacrylate test chamber (40x14x15 cm height) was 
placed in the center part of the vessel. Water was removed from the side part of the vessel 
by a pump (Iwaki, model MO-30R), and pumped into the test chamber. Three lattices were 
placed at the inlet, in front and rear of the test chamber. Aeration was carried out through 
the side of the vessel. All the test fish were placed between the front and rear lattices of the 
test chamber. In a trial, the flow speed was adjusted to a constant speed of34 cms- I just after 
3 min, and the swimming time was recorded when the tails of half of the total number of the 
fish touched the rear lattice. 

Resistance to oxygen deficiency was determined by exposing five fish of each group 
to air (12°C) on a wet soft cloth for specified times. After exposure, the fish were put back 
into the tank, and the time at which each fish began to swim normally was recorded. For 
estimating resistance of test fish against high water temperature, five fish in each group were 
placed into a round net basket (19.0 x 23.5 cm) in a vessel (44 x 53 x 18 cm height) with 
31.21 of water. Then, the water temperature in the vessel was raised at a rate ofO.54°C/min 
from the initial temperature of 20°C (Uni Cool Bath, NCB-130 (EYELA) Tokyo Rikakikai 
Co., Ltd.). The fish began to swim abnormally with the rising temperature and finally turned 
on their side. The water temperature and time at which each fish turned on its side were 
recorded. 

Electrical responses from the carp olfactory tract were measured as follows: The fish 
(average weight 318 g) were anesthetized by injection of galamine triethiodide (2 mg/kg 
body weight). A portion of the upper skull ofthe sedated carp was excised by a drill (Leutor 
Mini Ace 200, Hihon Seimitsukikai Kousaku Co., Ltd.) and the inner layers of lipid and 
connective tissue were gently swabbed off. The olfactory tract was exposed to air, allowing 
the insertion of two insulated bipolar stainless steel electrodes (diam 0.2 mm) about I mm 
apart. Another electrode was introduced into the muscle above the eye as a ground. The gills 
of the fish were perfused with tap water for respiration. A microdispensor (Drumond 
Scientific Co., Ltd., USA) was used to deliver 50 III of the test solution into the nasal cavity 
of the fish through a special glass inlet. Electric responses were recorded by an electroen
cephalograph (Model Me-135D, Nihon Koden Kogyo Co., Ltd.) and on a cassette tape 
recorder (Model RMG-5304, Nihon Koden Kogyo, Co., Ltd.). To calculate the strength of 
electrical responses, data was transferred from the tape to a dual beam memory oscilloscope 
VC-1O (Nihon Koden Kogyo Co., Ltd.), and loaded into a computer (Pc-880l mkII, Nihon 
Electric co., Ltd.), by which the strength was automatically estimated. 
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Table 1. Effects ofDMSP and related compounds on the striking behavior of goldfish (37) 

Striking Striking 
Frequency Frequency 

Exp. Compound" (No.) Exp. Compound" (No.) 

Control 19 IV Control 164 
DMSP 138 DMT 453 
Methyl(3-methylthio)propanoate 82 DMSP 575 
2-Mercapto-acetic acid 87 Dimethyl-4-buthylothetin 373 
3-Methylthio-propanoic acid 81 Dimethyl-5-pentylothetin 359 
3-Mercapto-propanoic acid 82 

II Control 44 V Control 124 
DMSP 314 DMT 386 
3-Methylthio-propanal 109 DMSP 503 
3-Methylthio-propylamine 101 Diethyl-3-propiothetin 340 
3-Methylthio-propanol 129 Methyl ethyl-thetin 323 

Dimethyl 2-methyl-thetin 330 

III Control 186 VI Control 9 
DMT 553 DMSP 143 
Diethyl thetin 419 Dimethyl sulfide 69 
Dipropyl thetin 360 Methyl cysteine 56 
Dibutyl thetin 350 Methyl methionine 16 

*=The compounds were tested at lO-3M. 
The abbreviations: DMT=Dimethylacetothetin; DMSP = Dimethylsulfoniopropionate 

Table 2. Effects of DMSP and related compounds on striking behavior of goldfish (37) 

Striking 
Frequency 

Exp. Compound" (No.) Exp. Compound" 

Control 16 III Control 
DMSP 130 DMSP 
Dimethyl sulfide 70 Dimethyl sulfide 
Diethyl sulfide 58 Dimethyl sulfoxide 
Dipropyl sulfide 109 Dimethyl sulfone 
Dibutyl sulfide 81 Dimethyl sulfite 

II Control 14 IV Control 
DMSP 230 DMSP 
Dimethyl disulfide 109 Dimethyl sulfide 
Diethyl disulfide 77 Acrylic acid 
Dipropyl disulfide 163 Dimethyl sulfide + Acrylic acid 
Dibutyl disulfide 112 

*= The compounds were tested lO-JM. 
The abbreviations: Exp. = Experiment; DMSP=Dimethylsulfoniopropionate. 
Roman numerals show the separate experiments. 

Striking 
Frequency 

(No.) 

32 
136 
64 

113 
92 
57 

I 
71 
50 
18 
33 
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RESULTS 

Detection of Highly Active Feeding Attractants 

Striking effects elicited by various sulfur-containing compounds were examined by 
the Kimographyone method. Compounds tested included DMSP and related sulfonium 
compounds having various alkyl side chains and different methylene carbon chains, di
methylsulfide (DMS), oxidation derivatives of DMS, cyclic sulfur-containing compounds 
and sulfur containing-amino acids. Results (Tables 1,2) showed that DMSP was the most 
effective of the test compounds. This suggested that the methyl groups were the most 
effective among various alkyl side chains attached to the sulfur atom and that the propyl 
carbon chain is the most effective among various straight carbon chains, propionates and 
isopropionic acid. Taurine, which is contained in fish, crustaceans and shellfish (13,43), and 
betaine found in crustaceans, shellfish and mollusks (4,18), have been reported as attractants 
for fish and crustaceans, but they were inactive in our experiments (36). 

Electrophysiological Experiments with Olfactory Tract of Carp 

Electrophysiological experiments with carp (7), red sea bream (7a), yellowtail (16), 
and rainbow trout (9,44), performed with various test compounds, have shown that glutamine 
was the most common compound for the olfactory sense of fish. A comparison of effects of 
DMSP and related sulfonium compounds, and glutamine on the olfactory tract of carp showed that 
DMSP activated the olfactory sense more strongly than did glutamine in carp (Table 3) (37). 

Effects of DMSP on Growth, Thrust, Moving Power and Stress 
Resistance of Various Organisms 

A DMSP-supplemented diet proved to stimulate the growth of a variety of freshwater 
and marine fish (Figure 1) including, goldfish (26,30,37), carp (26), rainbow trout (27), and 
marine fish: red sea bream (30, 38), yellowtail (38), and flounder (38). It was shown that 
betaine and, to lesser extent, dimethylthetin (DMT) were effective growth stimulants for a 
flounder, Dover sole (18), whereas DMSP was not. 

Stimulation effects of DMSP were also found for growth of tadpoles (Brown and 
Green frog) (unpublished data), salamander (Kasumi salamander) (unpublished data), crus
taceans (Striped and Kuruma prawns) (25,31,32), crab (Sawagani) (unpublished data) (35), 
rats (28), and chickens (unpublished data). 

Experiments examining thrust power of fish which ingested various diets were 
carried out. Results indicated that a DMSP-supplemented diet strengthened thrust power (26, 
27,30) (Figure 2) and resistance of test fish against oxygen deficiency, rising temperature 
(30) and ammonia water (unpublished data). 

Running power in a turning wheel and hanging power on to a bar in rats (23, 29) and 
flapping power of the wing of chickens (unpublished data) were significantly elevated when 
these organisms were given DMSP supplemented water. Furthermore, in rats which ingested 
DMSP solution, resistance against stress-induced gastric ulcers (induced by water immer
sion) was strengthened more than three times compared to those without DMSP (24, 28). 

Distribution of DMSP Added to Carp 

Incorporation of diet-supplemented DMSP into brain, kidney, heptatopancreas, heart 
and dorsal muscle of carp was examined. Results indicated that diet-supplemented DMSP 
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Figure 1. Effects of diet-supplemented DMSP on growth of goldfish (39), red sea bream (38) and yellowtail 
(38). Mean increase in body weight with time is presented. For experimental conditions, see details in the 
Materials and Methods section. . 

accumulated most rapidly, and to the highest levels, in the hepatopancreas as compared to 
other viscera (Figure 3). This finding suggests that DMSP may not function in the central 
nervous system, but rather in a detoxification organ, such as the hepatopancreas portion of 
the liver. 
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Figure 2_ Effects of diet-supplemented DMSP on thrust power of goldfish (26), rainbow trout (27) and red sea 
bream (26). For experimental conditions, see details in the Materials and Methods section. 
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Figure 3. Incorporation of diet-supplemented DMSP into viscera of carp. Diet was prepared in the same way 
as in growth experiments with DMSP solution at 1O·3M, and initially fed to test carp (average body weight 
470.4 g) for 60 min. 

Effects of DMSP on Methyl Group-Transferring Enzymes 

DMSP is structurally quite similar to DMT, with the latter containing an acetic acid 
rather than propionic acid moiety attached to the sulfur atom. Substrate specificity of 
DMT-homocysteine (HCYS) methyltransferase (EC. 2.1.1.3.) in acetone extracts ofhepa
topancreas from red sea bream was examined with DMSP and related sulfonium compounds. 
Among a number of compounds, DMSP proved to give the highest specific activity for the 
enzyme (33) (Table 4). 

Specific activity of the enzyme in various viscera of carp was examined. Results 
showed that high activities were detected (decreasing in order) in the gall bladder, hepa
topancreas, intestinal tract, spleen, ovary and kidney. No activity was found in the brain or 
heart (unpublished data). 

Effects of Methionine on the Growth, Molt or Metamorphosis of 
Crustaceans or Amphibians 

Effects of methionine at the concentrations of 0.02 to 0.3 mM on the growth, molt 
or metamorphosis of crustaceans (Striped prawn) or amphibians (tadpole of Brown frog) 
were examined. Results indicated that the addition of methionine. to the rearing stage 
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Table 3. Effects of sulfur-containing compounds on the olfactory nerve of sedated carp (37) 

Compound Olfactory Response 

p-Dimethylsulfoniopropioate 37.7* ( 135 )* * 

Dimethylsulfide 26.6 ( 95 ) 

Dimethylsulfoxide 29.3 ( 105 ) 

Dimethylsulfone 30.5 ( 109) 

Diprophyldisulfide 14.5 ( 52 ) 

Glutatmine 27.9 ( 100 ) 

*=The area of activated brain waves (jiV.sec). 
**=Relative values against 100 of glutamine. 
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accelerated the growth and metamorphosis of tadpoles to a lesser extent than did similar 
concentrations of DMSP (unpublished data). 

The supplementation of methionine at 0.05 mM to the rearing water was found to 
promote the growth of striped prawns (Table 5). The growth stimulation by methionine at 
0.05 mM was greater than observed with a similar level of DMSP. Only with DMSP levels 
of 1 mM was growth stimulated to the extent achieved with 0.05 mM methionine (unpub
lished observation). 

Table 4. Dimethylthetin-homocysteine methyltransferase activities from red sea bream with 
various substrates (33) 

Exp.· Substrate S.A. * * Exp. Substrate S.A. 

II 

Dimethylacetothetin 
Diethylacetothetin 
Dipropylacetothetin 
Dibutylacetothetin 
DMSP 

Dimethylacetothetin 
DMSP 
Dimethylbutylothetin 
Dimethylpentylothetin 
Dimethylmethylacetothetin 

*= Experiment 

0.47 
0.39 
0.67 
0.62 
1.62 

0.56 
1.74 
I II 
0.27 
0.83 

**=Specific Activity (u mol/mg protein/h) 
***=Negligible Values 

III 

IV 

Dimethylacetothetin 
3 -Methylthio-I-propanal 
3-Methylthio-I-propanol 
3-Methylthio-I-propylamine 
Methyl-3-methylthiopropanoate 
3-Methylthiopropanoic acid 
3-Mercaptopropanoic acid 
2-Mercaptoacetic acid 

0.34 
*** 

0.93 
1.21 
1.62 
0.20 
0.23 

Dimethylacetothetin 0.53 
2,4, 6-Trimethyldihydro-I, 3, 5-dithiazine 0.09 
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Table 5. Effect of DMSP and methionine additions on growth of striped prawn during rearing 

Concentration DMSP* Methionine* 
(mM) (%) (%) 

0.02 36.5 62.4 

0.05 116.5 143.5 

0.10 116.5 96.5 

0.30 116.5 83.5 

*=Mean increase in body weight is given as gain in weight after 48 days 
in relation to control (100%). 

The results outlined here lead to the conclusion that dietary DMSP is ingested and 
converted to methionine which in tum stimulates the growth of carp and crustaceans, 
probably by providing a source of methyl groups. 

DISCUSSION 

Experiments with <1 mM of the test substrates examining growth, body move
ment, behavior and environmental resistance showed that DMSP was a feeding attractant 
and promotor of growth and body movement. In addition, DMSP enhanced resistance 
in mammals, chickens, fish, amphibians and shellfish, acted as an anti-ulcer agent in 
rats, promoted metamorphosis in amphibians, and stimulated molting in crustaceans 
(34). 

Experiments examining incorporation of DMSP into carp tissue and activity of 
methyltransferase enzymes suggested that diet-supplemented DMSP is first incorporated 
into the liver portion of the hepatopancreas. In the hepatopancreas, the methyl group 
of DMSP was transferred to homocysteine to form methionine via DMT-homocysteine 
methyltransferase, after which adenosylhomocysteine and S-adenosylmethionine were 
formed, respectively. This has been confirmed by experiments using various concen
trations of DMSP and a mold, Eremothecium ashbyii (unpublished data). Thus, the 
methyl group of S-adenosylmethionine may be use to produce an active methylated 
compound, for example, a hormone. These compounds elicited various responses in 
the organisms tested, especially fish and crustaceans. Furthermore, the fact that DMS, 
a degradation product of DMSP, was not found in DMSP-incorporation experiments 
and that DMSP does not appear to arbitrarily decompose in fish bodies (11), suggests 
that DMSP plays some functional role in fish. 

The methylation reaction involving DMSP appears to be enzymatic in fish (46). 
Therefore, the enzymatic methylation reaction of homocysteine to methionine with DMSP 
as methyl group donor is considered to occur rapidly, especially in fish displaying a high 
activity of the DMT-homocysteine methyltransferase. 

The relationship of DMSP and its metabolites to the molt-stimulating hormone 
ecdysteroides in crustaceans and to the metamorphosis hormone tyroxine in amphibians 
and the growth hormone prolactin in amphibians remains quite uncertain. Also, it is 
not so clear if metabolic DMSP transformations are similar in different organisms. 
Further experiments are needed to elucidate the mechanisms of DMSP metabolism in 
these organisms. 
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THE ROLE OF DMSP AND DMS IN THE 
GLOBAL SULFUR CYCLE AND CLIMATE 
REGULATION 

G. Malin 

School of Environmental Sciences 
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Norwich, NR4 7TJ, United Kingdom 

SUMMARY 

16 

In 1972 Lovelock et al. published evidence of the ubiquity of DMS in surface 
seawater and proposed that marine DMS was the key compound transferring sulfur from the 
sea to the land via the atmosphere. At that time biochemical data were already available 
which suggested that DMSP could be the precursor of DMS in marine ecosystems. In the 
intervening years thousands of DMS and DMSP measurements have been made in coastal, 
shelf and open ocean waters and much more is now known about the water column processes 
which lead to DMS production. This paper will concentrate on the regional and global aspects 
ofDMSP, which result from its role as the major precursor ofDMS. DMS is now known to 
have 3 major environmental roles: it is the dominant volatile compound in the global sulfur 
cycle, the products of its atmospheric oxidation are acidic and therefore affect the acid-base 
balance of aerosols and rainwater, and aerosol particles derived from DMS are efficient cloud 
condensation nuclei (CCN) which have climatic significance. I will focus on the marine 
environment and discuss the sea-to-air exchange process, aspects of the atmospheric chem
istry of DMS, the role of DMS in the sulfur cycle and its climatic significance. 

ESTIMATING THE SEA-AIR FLUX OF DMS 

Estimating the significance ofDMS in the sulfur cycle necessitates quantification of 
sea-to-air fluxes, as well as anthropogenic inputs of sulfur to the atmosphere, on regional 
and global scales. DMS fluxes cannot be determined directly, so emissions are generally 
derived from field measurements of DMS concentration, temperature, salinity and wind
speed, using an appropriate transfer velocity model. The rate at which a gas is transferred to 
the atmosphere depends in part on the concentration difference between air and water. In 
tum the water concentration results from the balance between production, transformation 
and utilisation processes occurring in surface seawater. Air-sea fluxes are also governed by 
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The Role of DMSP and DMS 

Table 1. Equations used to calculate DMS transfer velocity for the 3 surface 
condition / windspeed regimes defined by Liss and Merlivat (40) 

Surface 
Condition 

Smooth 
Rough 
Breaking wave 

Windspeed Range 
u (m S-I) 

us 3.6 
3.6 < u s 13 

u> 13 

DMS Transfer Velocity 
KDMS (cm h- 1) 

1.17 U (SCDMS/600t2!3 
2.85 U - 9.65 (SCDMS/600t1!2 
5.9 u - 49.3 (SCDMS/600)-1!2 
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the Henry's Law constant and the interfacial transfer rate which depends, inter alia, on 
windspeed and for some gases, but not DMS, their chemical reactivity in the water (39). As 
a result of rapid dilution and oxidation ofDMS in the air, atmospheric DMS concentrations 
are very low relative to those in seawater, and are generally insignificant for the purpose of 
flux calculations (see 59). Liss and Merlivat (41) summarised understanding of the processes 
controlling air-sea exchange of trace gases, and proposed a three-line relationship to describe 
transfer velocity as a function of windspeed (Fig. I). This approach yields 3 equations 
describing the relationship between the water phase transfer velocity Kw (cm h- I ) and 
windspeed u (m S-l) at a height of 10 metres, when the water surface is smooth, rough or has 
breaking waves and bubble formation (Table 1). The importance of high quality windspeed 
data for calculating fluxes is discussed by Turner et al. (69) and Nightingale et al. (51 ). Other 
relationships have also been proposed which are in closer agreement with the point for the 
globally derived bomb 14C estimate of transfer velocity (67,71 see Fig.I). It should be noted 
that fluxes calculated using these alternative models would give values up to 60% higher 
than those generated using the Liss and Merlivat approach. 

In recent years considerable effort has gone into field studies designed to validate 
gas exchange models. The basic approach is to add 2 inert gaseous tracers, sulfur 
hexafluoride (SF 6) and the isotope 3He, to a patch of seawater and to measure the change in 
their concentration ratio with time (described in 42, 73). The dual-tracer technique gives data 
for in situ transfer velocity over periods of tens of hours, and allows study of the effects of 
transient features such as storms on gas exchange. During these earlier studies a conservative 
nonvolatile tracer, which was chemically stable, non-toxic and easy to measure at low 
concentration was not available. However, in a recent triple-tracer study, we deployed 
Bacillus globigii spores in order to derive dispersion corrections for the volatile tracers (51). 
The inclusion of a conservative tracer is a considerable advantage in that it allows direct 
derivation of transfer velocity values for SF 6 and 3He. Bacterial spores are metabolically 
inactive in seawater and have better detection limits than commonly used chemical tracers. 
They have been used for tracing sewage dispersion in coastal areas (55) and the movement 
of microbes in groundwater systems (32), but this represented their first use in open seawater 
and in the context of sea-air gas exchange. 

The results of the dual and triple tracer studies support the wind speed dependence 
of transfer velocity proposed by Liss and Merlivat (41), thus reducing the uncertainty 
inherent in calculating sea-air exchange of biogenic trace gases (Fig. I). The discrepancy 
with the bomb 14C transfer velocity estimate is still to be resolved. However, the recent study 
by Hesshaimer et al. (26) suggested that the estimated ocean uptake of bomb 14C should be 
reduced by 25%, which would bring the outlying 14C point on Fig.l somewhat closer into 
agreement with the Liss and Merlivat model. This has direct implications for studies on the 
global carbon cycle, in particular the global oceanic sink for anthropogenic CO2, It is also 
of interest to note that free carbonic anhydrase in seawater might enhance CO2 transfer and 
go towards explaining the remaining difference. This possibility is currently under investi
gation in our research group. 
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BIOGENIC GASES AND THE SEA-AIR INTERFACE 

When considering the sea-air exchange of volatile compounds such as DMS a degree 
of uncertainty still remains since it is not certain that inert tracer gases behave in the same 
way as biogenic trace gases. In this respect the micro layer, which is defined as the top few 
microns of the sea surface (38), may be a particular problem. The concentration difference 
term used in flux calculations is invariably the concentration in a water sample taken from 
below the surface with a conventional water bottle, or via a pumped seawater supply taken 
from between 1 and 5 metres depth. Sampling the microlayer for trace gas analysis is 
technically difficult and very few reports have appeared in the literature. Nguyen et al. (52) 
found between 1.2 and 5.3 times as much DMS in microlayer samples, collected with a Garret 
screen, compared to samples collected below the interface. If such levels of enrichment were 
common DMS emissions would be considerable underestimates. However, other studies 
have revealed no consistent enrichment of DMS in microlayer samples (3), or concluded 
that simpler sampling devices, such as the Garret screen, perturbed the biota resulting in 
significant increases in DMS concentrations particularly during phytoplankton blooms (68). 

There is clear evidence that bacteria strongly influence the production, transforma
tion and utilisation of organic sulfur compounds in the marine biogeochemical cycle ofDMS 
(see Taylor and Visscher, this volume). Microbiological studies on microlayer samples 
suggest that it represents a unique microbial habitat, and this is reflected in a bacterial flora 
which can be considerably different to that observed in the bulk water (45). Investigations 
designed to determine whether microorganisms at the air-sea interface influence emissions 
ofDMS, and other biogenic trace gases, to the atmosphere would be worthwhile. In the future 
such studies might incorporate the use of immunochemical or molecular probes directed 
against enzymes involved in e.g. demethylation of DMSP or DMS oxidation. 

It is also interesting to note that high molecular weight surfactants, including 
compounds produced by marine phytoplankton, have been shown in laboratory experiments 
to reduce gas exchange at the air-sea interface by up to 50% (21, 22). It is likely that such 
compounds are also produced in phytoplankton blooms. 

ATMOSPHERIC CHEMISTRY OF DMS 

Following emission to the atmosphere DMS undergoes a series of oxidation reactions 
which lead to the formation of a number of products including methanesulfonic acid 
(CH3S03H, MSA) and sulfur dioxide (S02), with subsequent formation of acidic sulfate 
aerosol (56). Other products include dimethyl sulfoxide (CH3SOCH3, DMSO) and dimethyl 
sulfone (CH3S02CH3, DMS02). The atmospheric DMS oxidation mechanism proposed by 
Koga and Tanaka is shown in Fig. 2 (34). There is general agreement that DMS oxidation is 
initiated by reaction with hydroxyl radicals during the day and nitrate radicals at night. The 
daytime reaction ofDMS with OH is the major process in unpolluted air, and at the global 
scale it essentially controls atmospheric DMS concentration. The reaction with N03 is less 
important although it prevents DMS accumulation at night and hence reduces the maximum
to-minimum concentration ratio (34). There are 2 major reaction pathways; hydroxyl or 
nitrate radicals either abstract a hydrogen atom leading to formation of S02, or the reaction 
goes via an OR" addition pathway, in which case MSA is the dominant product (Fig. 2). As 
NOx concentration increases the proportion ofMSA seems to be enhanced (79, 80), and MSA 
is a much more significant product under certain environmental conditions, such as in 
Antarctica where low temperature favours the OR" addition pathway (9,29). Considerable 
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uncertainty remains regarding the relative yields of the products, the reactions controlling 
the S02IMSA branching ratio and whether laboratory results are applicable in the field. 

It has been suggested that DMS could react with 10 radicals derived from photolysis 
of methyl iodide resulting in quantitative DMSO formation (6), but more recent studies have 
shown that 10 concentrations are low and the reaction too slow to be of significance for the 
atmospheric chemistry ofDMS (5, 18). However, the rate coefficient for the reaction ofDMS 
with BrO suggests that it could be a sink for DMS in the Arctic atmosphere in spring when 
BrO concentrations are high (5). 

The Global Sulfur Cycle 

Early estimates of the quantity of sulfur emitted from the oceans were in the range 1 
to 9 Tmol per annum and were based on the amount of additional sulfur required to balance 
the global budget (19, 23). The first estimate based on DMS field data was reported by Liss 
and Slater (40) who derived a flux of 0.23 Tmol per annum from the Lovelock et al. data set 
(44). Subsequently, estimates of approximately 1 Tmol per annum were calculated using 
larger DMS data sets from the Atlantic and Pacific Oceans (l, 2, 4), and taking into account 
the strong seasonality of biogenic DMS production resulted in a flux of 0.5 Tmol per annum 
(7). A question mark remains over the value for DMS diffusivity used for flux calculations. 
Until recently the calculated value proposed by Wilke and Chang (77) and updated by 
Hayduk and Laudie (24) was generally used. However, Saltzman and coworkers have now 
reported DMS diffusivity values measured in the laboratory which are considerably lower 
than the calculated values (58, 60). The updated diffusivity figures serve to slightly reduce 
the magnitude of the biogenic flux. 

During the past century anthropogenic sulfur emissions have seriously perturbed 
the natural biogeochemical sulfur cycle. These inputs dominate globally (Table 2), rep
resenting over 90% of the total input in the northern hemisphere (15). However, global 
sulfur budgets do not convey the significance of natural sulfur fluxes at the hemisphere 
or regional level. For example DMS emissions can account for most of the non-sea salt 
sulfate in the atmosphere over vast regions of the remote open oceans (62). Bates et al. 
(8) addressed this problem by reassessing sulfur emissions, taking into account the 
seasonality of natural production and refining estimates on a regional basis. Their data 
are summarised in Table 2. Terrestrial emissions were rather minor, but estimates were 
based on enclosure technique measurements which have high levels of uncertainty, and 
it was thought that an improved data base could increase the predicted emissions as much 
as 2-fold. Biogenic emissions (marine + land) accounted for 8% and 45% of the total 
sulfur flux in the northern and southern hemispheres respectively, and 15% on a global 
basis. However, natural emissions were a much more significant fraction for specific 

Table 2. Sulphur emissions from natural and anthropogenic sources in units of Gmoles S per 
annum. Biogenic is equivalent to marine + land and natural is marine + land + volcanic 

sources, as a percentage of the overall total (from 8) 

Biomass Anthro- % % 
Marine Land Volcanic burning pogenic biogenic natural 

Northern hemisphere 200 7 210 38 2200 8 16 

Southern hemisphere 280 4 83 31 240 45 58 

Global 480 11 293 69 2440 15 24 
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areas e.g. 30-100% for the tropical latitudes of the northern hemisphere between the 
equator and 200N. 

MSA AND STABLE SULFUR ISOTOPE RATIOS 

Emissions of DMS, volcanic sulfur and anthropogenic S02 all lead to the formation 
of sulfate aerosol, but only DMS oxidation yields MSA. Thus this compound is regarded as 
an unambiguous indicator of DMS emissions. Quantification of MSA in aerosol and 
rainwater samples gives information regarding the influence of biogenic sulfur on adjacent 
landmasses. For instance, for 2 relatively remote European sampling stations a clear seasonal 
cycle in MSA concentration was observed (48). Whung et al. (74) investigated MSA levels 
in a shallow Greenland ice core covering the last 200 years. The observed trend contrasted 
with that for non-sea-salt sulfate, showed no correlation with sea surface temperature for the 
last 100 years and there was no evidence for increased yield in MSA with increased 
atmospheric NOx concentrations. MSA concentrations increased from the mid 1700's to 1900 
(3.01 to 4.1 ppb), and then steadily decreased to 2.34 ppb more recently. They concluded 
that 15-40% of the sulfur in the newer ice was of biogenic origin. 

Analysis of ice cores can also provide evidence for biogenic sulfur emissions over 
much longer time frames. Antarctic ice cores covering 160,000 years before the present time, 
show elevated concentrations ofMSA and sulfate during the last ice age (36, 37, 57). This 
may have resulted from enhanced oceanic productivity (61), or changes in the phytoplankton 
assemblage favouring DMS-producing species. However, changes in atmospheric circula
tion and snow accumulation patterns cannot be ruled out (57). 

As discussed previously, the S02/MSA branching ratio varies in a way that is not 
adequately understood at present. An alternative approach is to assess the impact of volatile 
biogenic sulfur relative to anthropogenic sulfur by stable sulfur isotope analysis. This 
technique relies on different sources having characteristic isotopic signatures. Existing 
information shows that the isotopic signature of DMS-derived sulfur is about +200/00 (13, 
53), whereas for anthropogenic sources such as power plants the value is 0-50/00 (50). 
Analysis of stable sulfur isotopes for samples collected at Mace Head in Eire, and at Ny 
Alesund, Spitsbergen show that over an annual cycle, 15 to 20% of the sampled aerosol 
sulfur was derived from a marine biogenic source, and the level increased to approximately 
30% in spring and summer (48). The biogenic sulfur in these samples almost certainly 
originated from phytoplankton populations in the northeast Atlantic, an example being the 
large blooms of Em iliania huxleyi which are annual features in this area (46). 

GLOBAL CHANGE AND DMS EMISSIONS 

The major control on the quantity of biogenic sulfur emitted from the oceans to the 
atmosphere lies at the level of the marine water column production, consumption and 
transformation ofDMS. Thus environmental changes which affect the marine biogeochemi
cal cycle of DMS may also influence the pool of DMS available for sea-to-air exchange. 
There is evidence of eutrophication in coastal areas in many parts of the world. Increased 
levels of nitrate and phosphate relative to silicate can alter the structure of phytoplankton 
communities, such that flagellates, which generally produce higher cellular DMSP levels, 
are favoured above diatoms which commonly contain lower levels of DMSP (31, 43). For 
the North Sea there is also evidence for increase in total algal biomass and the duration of 
bloom events with elevated nutrient concentrations (for discussion see 35). 
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Depletion of stratospheric ozone has led to global scale increases in UV-B radiation, 
which can also alter species composition and decrease overall primary productivity (78). 
Interestingly, in the context of this paper, some of the most significant DMS producing types 
of phytoplankton such as dinoflagellates and Phaeocystis pouchetii seem better able to cope 
with increased UV-B levels (14, 30, 47). However, a recent study on diatom populations in 
fjords in the Vestfold Hills in Antarctica, revealed no changes in species composition over 
a 20 years period of increasing exposure to UV-B radiation (49). The authors anticipated that 
their data would be relevant to other coastal regions of Antarctica where the period of ice 
cover and timing of the phytoplankton bloom might reduce the detrimental effects ofUV-B. 
In addition, Herndl et al. (25) demonstrated that UV-B could suppress bacterially mediated 
cycling of organic matter by up to 40% in the upper 5 m of the water column in nearshore 
waters and down to 10m in oligotrophic areas. Since it is clear that bacterial transformation 
and utilisation ofDMS are important pathways in the biogeochemical DMS cycle (see Taylor 
and Visscher, this volume), this could be a significant factor affecting DMS emissions. 

Anthropogenic sulfur emissions are declining in many parts of western Europe and 
the U.S.A. due to a combination offuel change, increases in efficiency, economic recession 
and legislative control policies. However, dramatic increases in energy use are anticipated 
for much of the developing world in particular the tropics, India and China (11). Interestingly, 
it has been noted that changes in the spatial pattern ofS02 emissions, away from Europe and 
the U.S.A. to one centred on eastern Asia, could significantly alter the pattern of climate 
change (76). Against this background it will be necessary to improve and update current 
estimates of natural sulfur emissions on both regional and global scales. 

CLIMATIC SIGNIFICANCE OF DMS 

As previously discussed DMS is oxidised in the atmosphere to form sulfate aerosol. 
These particles can alter the global radiation budget directly by absorbing and scattering 
incoming radiation, and indirectly since they are the major source of cloud condensation 
nuclei (CCN) in areas remote from land influence. In a brief communication Shaw (64) 
highlighted the connection between biologically produced aerosols and climate, and 
Charlson et al (16) further proposed that the link between DMS, sulfate aerosol, CCN, cloud 
albedo and radiation balance could represent a biological climate regulating mechanism (Fig. 
3). Concerning the magnitude of this effect; it has been calculated that a 30% change in CCN 
over the oceans which influenced the formation of marine stratiform clouds, would alter 
global heat balance by ± 1 Wm-2• This level is highly significant when compared to the forcing 
of+1.2 Wm-2 that results from increased CO2 (15,16) 

The hypothesis provoked considerable comment and the debate continues. Schwartz 
(63) contested that anthropogenic S02 levels in the northern hemisphere do not appear to 
affect temperature, rate of warming or cloud albedo, and hence it was unlikely that marine 
DMS emissions would play such a role. In contrast, Wigley (75) found that hemispheric 
temperature data did suggest a slower warming rate north of the equator. Further supporting 
evidence comes from data acquired by satellite, which were used to demonstrate that 
variability in low level cloud albedo in the central north Atlantic was related to chlorophyll 
concentration and sea surface temperature (20). They also found that anthropogenic emis
sions from the U.S.A. increased albedo to the immediate east of the landmass. Increased 
cloud reflectance has also been documented in the vicinity of shiptracks, and it is thought 
that this largely results from sulfur emitted with exhaust gases from ship stacks (17). 
Important considerations are that anthropogenic sulfur is emitted from point sources and 
largely deposited over land where there is no shortage of CCN, whereas DMS production 
occurs throughout aquatic marine environments where it represents a widely distributed 
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cloud albedo 

temperature 
sulphate aerosol 

t 
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Figure 3. Schematic depicting the DMS-cloud-climate hypothesis. The central idea is that increased tempera
ture would lead to increased DMS emissions from seawater, sulphate aerosol, CCN and cloud albedo. Increased 
albedo would then increase the amount of solar radiation reflected back into the upper atmosphere away from 
the earth. This would serve to counteract the initial temperature increase. 

source ofCCN. DMS-derived CCN are of particular relevance for the remote oceans where 
there are few alternative CCN sources. Furthermore, cloud albedo is greatest in the shallow 
stratiform clouds which tend to be common over the oceans and therefore contribute 
significantly to albedo on the global scale (65). 

The central assumption in the DMS-climate hypothesis is that increased temperature 
would lead to increased DMS emissions. Testing this in the laboratory, in a way which is 
relevant to the natural environment, is not a trivial task. In open seawater any temperature 
change would be rather slow, occurring over periods of time representing thousands of 
generations at the individual phytoplankton cell level. These relatively gradual temperature 
changes might also lead to some species being at a slight competitive advantage compared 
to others which could result in changes in the species assemblage, and thus in a shift in the 
ability of the microalgal popUlation as a whole to produce DMSP/DMS. Furthermore, 
temperature changes would affect the whole microbial community in seawater and would 
not necessarily result in a straightforward shift in DMSP/DMS production. Altered tempera
ture could also lead to changes in ocean circulation and/or upwelling thus altering nutrient 
availability. Evidence from ice cores is, at face value, contrary to the DMS-climate hypothe
sis, since it suggests increased DMS production in the cooler glacial ocean (36, 37, 57). 
Although ocean productivity was higher during past glacials this appears to have been due 
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to greater abundances of diatoms (61), which now appear to be relatively poor DMSP 
producers. However, Holligan (28) warned that ice core records should be interpreted with 
great caution since they may largely reflect local changes in sulfur deposition. 

Nevertheless, despite the equivocal evidence for the feedback process there are 
several lines of evidence which support a strong relationship between DMS emissions and 
cloud albedo: 

• Most of the particles in clean marine air are composed of non-sea-salt- sulfate or 
MSA derived from the atmospheric oxidation ofDMS (62). 

• These sub-micron particles are efficient CCN (62). 

• In remote environments there is a clear relationship between atmospheric DMS 
concentrations and CCN abundance (27). 

• CCN lead to formation of cloud drops and reflectivity of marine stratiform clouds 
increases with increased drop concentration. 

• Coherence between CCN concentration and cloudiness has been documented 
using satellite data, which strongly suggest that DMS emissions can influence 
cloud radiative transfer properties (10). 

Despite the strong link between DMS emissions and cloudiness, the feedback part of 
the DMS-climate hypothesis remains an unresolved problem. As stated recently by Charlson 
(15) it is necessary to have a much greater understanding of the microbial ecology which 
results in emission of DMS to the atmosphere. Available data suggest that the amount of 
DMS emitted to the atmosphere is a very small fraction of the marine pool ofDMS (e.g. 33). 
Anything that significantly changes the magnitude ofthis DMS flux has the potential to alter 
climate. 

CONCLUSIONS 

A great deal has been learnt about DMS in the decades since it was first 
proposed as the volatile compound transferring sulfur from marine aquatic environments 
to the land by way of the atmosphere. It is clear that the marine DMS cycle has both 
regional and global roles, but many challenges remain for the years ahead. Research 
at the cellular and molecular level should lead to a greater understanding of the links 
between environmental factors, water column processes and DMS emissions. Further 
studies on the sea-to-air gas exchange process should reduce uncertainties inherent 
in current flux estimations. Whilst work on the detailed atmospheric chemistry of 
DMS and the ice core and paleogeological record should help in resolving its climatic 
role. Information which will allow us to predict how the system will respond to 
perturbation is of prime importance. 
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SUMMARY 

17 

The importance of picoplanktonic particulate DMSP (DMSPp GFIF-2 J.lm) was 
investigated using size fractionation during a time-series experiment in the Mediterranean 
Sea and in three areas of the subtropical Atlantic Ocean. Picoplanktonic DMSPp accounted 
for up to 25% of depth-integrated total DMSPP (GFIF-200 J.lm) in oligotrophic waters. In 
order to estimate the relative contribution of pi co phytoplankton to DMSPp in the GFIF-2 
J.lm fraction, we measured the DMSPp content of representative strains of the three main 
groups of pi co phytoplankton, includingProchlorococcus (prochlorophytes), Synechococcus 
(cyanobacteria) and picoeukaryotes belonging to four classes (Prasinophyceae, Pelagophy
ceae, Chlorophyceae and Prymnesiophyceae). The average cellular DMSPp concentrations 
(mean ± ISD) were 2.8.10-4 ± 1.8.10-4, 5.1.10-3 ± 7.8.10-3 and 46.5 ± 73.7 fg/cell for 
Prochlorococcus sp., Synechococcus sp. and the picoeukaryotes, respectively. The DMSP 
content was highly variable among taxonomic groups ofpicoeukaryotes even when normal
ized per unit biovolume. The prymnesiophytes produced the most DMSP (e.g. clone 
CCMP625, 196 mmol.1iter cell volume-I) and the chlorophyte the least (0.74 mmol.liter cell 
volume-I). Using these average DMSP contents per cell and flow cytometric counts of natural 
populations of picophytoplankton, it is strongly suggested that the picoeukaryotes were the 
main DMSP producers in the GFIF-2 J.lm size class. The combined contribution of the two 
prokaryotes was negligible (less than 1 %), even in oligotrophic waters. 

INTRODUCTION 

Dimethylsulfide (DMS) is an important gas which is involved in the sulfur cycle. It arises 
mainly from the enzymatic cleavage of dimethylsulfoniopropionate (DMSP) which is produced 
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by marine algae. In an extensive survey of marine phytoplankton, Keller and coworkers (11) 
demonstrated that DMSP was mainly produced by members of the Dinophyceae and Prymnesio
phyceae, although some other chlorophyll ccontaining algae, including species ofChrysophyceae 
and Bacillariophyceae (i.e. diatoms) could also contain significant amounts of DMSP. While 
many species of nano and microphytoplankton have been screened for DMSP production (11,12), 
fewer species of picophytoplankton, i.e. photosynthetic organisms passing through 2 j.lm pore 
filters, have been studied. Flow cytometric analyses have revealed that this class includes both 
eukaryotes, belonging to most algal classes (20), and prokaryotes mainly belonging to two genera, 
Synechococcus (cyanobacteria) and the recently discovered Prochlorococcus (prochlorophytes) 
(4,6, 7, 14, 17, 18). The latter occur at very large concentrations in the temperate and tropical open 
waters of Atlantic and Pacific oceans as well as in the Mediterranean sea (7, 10, 14, 18,21). Their 
contribution to the integrated photosynthetic biomass of warm oligotrophic oceans may reach up 
to 58% (19). Thus, due to its wide distribution and its photosynthetic activity, Prochlorococcus 
most probably plays a very significant role in the global carbon cycle. Picoeukaryotes are also 
significant components of the picophytoplanktonic standing stock (20-46% in terms of carbon) in 
both the mesotrophic and oligotrophic parts of tropical oceans. On the other hand, Synechococcus 
is most significant in mesotrophic areas (4, 19). 

In this study, we investigated the contribution of pi cop lank tonic DMSPp (GFIF-2 j.lm 
size fraction) to total planktonic DMSPp (GF1F200 j.lm size fraction) in two oceanographic 
areas (Mediterranean Sea and SUbtropical Atlantic). We also estimated the relative contribu
tion of-different picophytoplankton groups to the DMSP in the GFIF-2 j.lm size fraction in 
the latter area by converting flow cytometric cell counts of Prochlorococcus, Synechococcus 
and picoeukaryotes into cell DMSPp using conversion factors obtained by measuring the 
average DMSPp per cell of representative cultured species. 

MA TERIALS AND METHODS 

Field Samples 

Seawater samples were collected at a mesotrophic site (43 °25'N 7°51'E) in the central 
Ligurian Sea offVillefranche-sur-Mer (France). This site of the northeastern Mediterranean 
Sea was selected by the JGOFS-France DYFAMED Program and was occupied every month 
from March 1993 to November 1994. Samples were also collected in the SUbtropical 
northeastern Atlantic Ocean (Table 1), at the three sites (EU, MESO and OLIGO) selected 
by the JGOFS-France EUMELI program, in September-October 1991 (EUMELI 3; 2) and 
in May-June 1992 (EUMELI 4). All water samples were taken using 12 Niskin bottles fixed 
to a CTD system. 

Table 1. Position and date of hydro casts during cruises EUMELI 3 
(Sept. 1991; 2) and EUMELI 4 (June 1992) in the subtropical Atlantic 

SITE DATE POSITION NAME 

OLIGO 23 sept 91 200 55N 31°05W. BSN 11 
OLIGO 23 june 92 21°02N 31°lOW GOF49 
MESO 17 june 92 18°29N 21°07W GOF30 

EU 13 june 92 200 30N 18°30W CTD192 
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Picophytoplanktonic Cultures 

The origin and mean cell volume of algal strains used in this study are summarized 
in Table 3. The pigment and size characteristics of picoeukaryotic strains are described 
elsewhere (20). Although the equivalent diameters of the unidentified prymnesiophyte, 
CCMP625, and of Imantonia are slightly larger than 2 /lm (20), these organisms were 
included in this study on picoplankton because a significant fraction (ca. 10-40%) of these 
flagellates may pass through 2 /lm pore Nuclepore filters (unpublished data). All eukaryotic 
strains were grown in K medium (13); Synechococcus in f/2 medium (9); and Prochlorococ
cus in a modified K medium (6) with KIlO trace metals plus 10 nM NiCI2, 10 nM H2Se03, 
10 /lM glycerophosphate, 50 /lM NH4Cl and 50 /lM urea (Keller, unpublished). All cultures 
were maintained at 19°C under continuous low blue light (14.5 /lmol quanta m-2 S-I) provided 
by Daylight fluorescent tubes (Sylvania) wrapped with a "moonlight blue" Lee filter 
(Panavision). This low blue light simulated the light available in the lower euphotic zone in 
oligotrophic waters. All measurements were made in duplicate during the exponential phase 
of cell growth, unless otherwise specified. 

Cell Enumeration 

Cells were counted using two types of flow cytometers. A FACScan™(Becton 
Dickinson, San lose, CA) flow cytometer was used aboard the ship to count live picophy
toplanktonic populations during the EUMELI 3 cruise. An EPICS 541 flow cytometer 
(Coulter, Hialeah, Fla.) was used to analyze both the fixed samples from the EUMELI 4 
cruise and live laboratory cultures of picophytoplankton. Optical configurations and set up 
of these systems are described in (19) and (21). With both flow cytometers, cells were 
counted on biparametric histograms representing right angle light scatter vs. chlorophyll red 
fluorescence (see e.g. 21 for illustration). 

Pigment Analyses 

During the EUMELI cruises, chlorophyll a (data obtained courtesy of 1. Neveux) 
was measured by filtering water through 47 mm Whatman GFIF filters, extracting the filters 
in 90% acetone and analyzing the extracts by fluorometry (16). In the Mediterranean Sea, 
measurements of chlorophyll a and divinylchlorophyll a (data obtained courtesy of J.C. 
Marty and H. Claustre), (cumulatively termed total chlorophyll a), were done by reverse
phase HPLC using a modification of the method of Williams and Claustre (22), as described 
in (2). 

Size Fractionation 

The picoplankton size class was defined as that which passed through a 2.0 Nuclepore 
filter by gravity filtration but was retained on a Whatman GFIF filter (nominal pore size of 
0.7 /lm). This size class is designated as GFIF-2.0 /lm. 

DMSP Analysis 

The DMSP content of picoplankton (GFIF-2 /lm) was indirectly measured by 
subtracting the total dissolved DMSP + DMS of a sample filtered through a GFIF filter from 
the total DMSP + DMS content of an 2.0/lm unfiltered sample following the method 
described in (2). Seawater was collected from the surface to depths of either 110m 
(Mediterranean Sea) or 150 m (Atlantic) and 60 ml sub-samples were used for the DMSP 
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analyses. These aliquots were filtered by gravity through 2 J..lm pore-size Nuclepore mem
branes (47 mm diameter) for the total DMSP + DMS sample and through Whatman GFIF 
glass fiber filters to produce the dissolved DMSP+DMS pool. After treatment of the samples 
with cold alkali, DMS analyses were performed by GCIFPD (3). Five aliquots were used to 
estimate the overall precision of the method with natural samples. Precision for DMSPp 
samples in the GFIF-2J.1m size class was 20-40%. 

For the screening of picophytoplankton isolates, a new method was developed to increase 
sensitivity in order to quantify DMSPP levels in microorganisms containing small amounts of this 
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compound. Culture samples (8 ml), either unfiltered or filtered on Whatman GFIF filters, were 
transferred into teflon-stoppered glassware and treated with cold alkali. After 12 h storage at room 
temperature, they were purged with high-grade helium. DMS was trapped cryogenically on the 
walls ofTeflon tubing immersed in liquid nitrogen, and analyzed by gas chromatography with a 
Varian chromatograph equipped with a pulsed flame photometric detector (PFPD). PFPD is based 
on a flame source and combustible gas mixture rate that cannot sustain a continuous flame 
operation (5). With the PFPD, the sensitivity for sulfur is higher (detection limit of! pg S/sec), and 
the selectivity against hydrocarbons molecules is large (103 to 106 SIC), and the gas consumption 
is smaller than with a conventional FPD. The detection limit was 60 pg ofDMS. Measurements 
were performed in duplicate and the agreement was generally better than 15%. 

RESUL TS AND DISCUSSION 

Analysis of DMSPp in the Field 

Mediterranean Sea. Nineteen vertical profiles were taken from March 1993 to 
November 1994 in the deep (> 2000 m) open waters of the central Ligurian Sea. From 
November to March, the seawater column was well mixed, with temperatures ca. 14°C and 
detectable nitrate concentrations, with a maximum of 4 f..lM in February (M.D. Pizay, pers. 
comm.). In summer, the water column became stratified, with a 10-20 m deep mixed layer 
and surface temperatures reaching 25°C. The upper layer was oligotrophic (nitrate was 
undetectable at the f..lM level) with a subsurface chlorophyll a maximum at 20-40 m (J.C. 
Marty, pers. comm.). The integrated concentration of chlorophyll a in the top 50 m, i.e. the 
layer where nearly all the DMSP was found, displayed interannual variability (Fig. la). In 
1993, the ChI a standing stock peaked in June with a subsurface bloom ofprymnesiophytes, 
whereas in 1994, the biomass peaked in April during a bloom of diatoms (lC. Marty, pers. 
comm.). The integrated total picop1anktonic DMSPp standing stock showed a similar pattern 
in 1993 and 1994, with maximum levels of about 800 f..lmol.m-2 in June and minima during 
winter (Fig 1b). The contribution ofDMSPp in the picoplanktonic size range (GF/F-2 f..lm) 
to the total DMSPp pool (GFIF-200 /-lm) averaged 10% and ranged between 35% in March 
and 17-25% in July-September. There was a temporal displacement between the peak of total 
DMSPp and the maximum in the ratio of pi cop lank tonic to total DMSPp in both years (Fig. 
I). The relative contribution of pi cop lank tonic DMSPp was highest during summer, i.e. when 
oceanographic conditions were the most oligotrophic. 

Atlantic Ocean. In June 1992 (EUMELI 4), levels of particulate DMSP in the size 
ranges GFIF-2 f..lm and GFIF-200 f..lm were investigated in three areas of the subtropical 
northeastern Atlantic Ocean (Tables 1 and 2). A previously published result from the 
EUMELI 3 cruise (2) has been included in the data set to demonstrate that there was little 
seasonal variation at the OLIGO site. The depth integrated standing stock ofDMSPp in the 
size range GFIF-2 f..lm was at least two times in oligotrophic waters than in eutrophic and 
mesotrophic waters (Table 2), although the total DMSPp (GFIF-200 f..lm) showed an inverse 
variation. This is consistent with an increase of the relative contribution of the biomass of 
picophytoplankton to total chlorophyll biomass along the nutrient gradient from the EU and 
OLIGO sites (19). The contribution of the picoplanktonic DMSPp pool to the total DMSPp 
pool was 12-22% in oligotrophic waters and 23% in eutrophic and mesotrophic waters. 

Quantification of DMSPp in Picophytoplanktonic Species. Our filter fractionation 
studies in two different oceanic areas (Mediterranean Sea and Atlantic Ocean) have shown 
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that DMSPp in the size range GFIF-2 /lm may account for 2-25% of the total DMSPp 
reservoir. However, the relative contribution of the different picophytoplankton populations 
to the total picophytoplanktonic DMSPp, as well as any contribution by heterotrophs or 
picodetritus was not resolved. To estimate these fractions, we determined the intracellular 
DMSP content of representative species in culture in an attempt to obtain factors to convert 
cell numbers (obtained by flow cytometry) from natural populations into DMSPp values for 
these species. 

With the sensitive PFPD system used, DMSPp (> 104 fg celli) was detected in all the 
isolates screened except a clone of Synechococcus, EUMII, and an unidentified prasino
phyte EUMI6B (Table 3). The mean intracellular DMSP concentrations (±I SD) in Prochlo
rococcus, Synechococcus and the eukaryote strains were 2.8 10.4 ± 1.8 10-4 (n=9), 5.1 .10-3 

± 7.810-3 (n=3) and 46.5 ± 73.7 fg celli (n=l1) respectively. 
The Synechococcus strains used in this study belonged to two pigment groups. Clones 

EUMII and MAX42, which both possess phycoerythrin with high phycourobilin (PUB) and 
low phycoerythrobilin (PEB) content, were representative of the open ocean, while DC2, 
which possesses the converse pigment signature, was more typical of coastal waters (see e.g. 
17). DMSPp was detected in clone MAX42 but not in EUMII (Table 3). The coastal strain, 
DC2, was previously screened by Keller et al. (II), but with a less sensitive detection system, 
and they did not detect any DMSP. DMSP production does not appear to be related to the 
pigment signature in this genus. 

Among the autotrophic picoeukaryotes, DMSP production varied up to 1,700-fold 
on a per cell basis (the non-DMSP producing EUMl6B strain excluded). Variations in the 
DMSP levels per unit cell volume, which eliminates variability due to size differences among 
species, were also large (up to 265-fold). Three of the picoeukaryotic clones used in this 
study were previously screened by Keller and coworkers (11). The measured DMSP contents 
of Imantonia rotunda (II) and Imantonia sp. (this study) are similar. In contrast, Keller et 
al. (11) detected about 10 times more DMSP in Micromonas than we did. While we detected 
0.74 mmol DMSP·liter cell volume-I in Nannochloris, Keller et al. did not detect any DMSP 
in this clone. The pryrnnesiophytes (CCMP625 and Imantonia) and the prasinophytes 
produced the largest amounts of DMSP, while the chlorophytes produced the lowest (Table 
3). Pelagomonas, the only representative of the newly described Pelagophyceae, previously 
classified as chrysophytes (1), had a moderate DMSP content. These observations support 
the findings of Keller et al. (II, 12), with prymnesiophytes being major producers, prasino
phytes and pelagophytes (ex chrysophytes) moderate producers, and chlorophytes being 
non- or very small producers ofDMSP. 

Besides taxonomic position, which is probably the main factor of variation in DMSP 
production between different phytoplankton communities, intraspecific variations can also 
occur. Matrai and Keller (15) reported that for cultures of Prorocentrum minimum and 
Amphidinium carterae DMSPp varied according to the growth stage. We have confirmed 
that such variations can occur since DMSPp content varied by a factor of 4 in cultures of the 
strains EUM8 and CCMP625 sampled one week apart (Table 3). 

It is possible that contaminating bacteria in xenic cultures (such as ours) may also 
contribute to the measured amounts ofDMSP. Diaz et al. (8) showed that a marine bacterial 
strain could accumulate DMSP. Thus, the occurrence of contaminating bacteria may have 
somehow biased the determination of DMSPp in our cultures of Prochlorococcus and 
Synechococcus, which were both low DMSP producers. Bacteria able to pass through GF/F 
filters could also cause an overestimate of the dissolved DMSP pool. Since dissolved DMSP 
was subtracted from the total DMSP pool to calculate DMSPp, any interference of this type 
would be minimal. To further check possibility that bacteria in cultures might contribute to 
DMSPp, poststationary cultures of Prochlorococcus, grown at high light, were used. These 
conditions were deleterious to Prochlorococcus cells (which died), but not to contaminating 
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bacteria, which remained at high concentrations. These cultures had undetectable DMSP 
levels. Thus, there is no evidence that contaminating bacteria contribute to the DMSP pool 
in cultures. 

Contribution of Autotrophic Picoplankton to Total Picoplankton. The relative con
tribution of autotrophic prokaryotes and eukaryotes to the DMSPp pool in the GF/F-2 J.lm 
size fraction in the tropical Atlantic Ocean was estimated using the average DMSP content 
per cell (measured in cultures) and flow cytometric cell counts of pi co phytoplankton. The 
integrated values of estimated picophytoplanktonic DMSP and their relative contribution to 
measured picoplanktonic DMSP are shown in Table 4. Both in June 1991 and September 
1992, Prochlorococcus accounted for about half of the photosynthetic biomass at the OLIGO 
site (19). In contrast, Synechococcus numerically dominated at the MESO site, occupied 
during the EUMELI 4 cruise (June, 1992) (19). In both cases however, the DMSPp estimated 
for these prokaryotic groups was very low, either when compared to that contributed by the 
picoeukaryotes, or to the total measured picoplanktonic DMSPp (Table 4). The contribution 
of prokaryotes remained low even when using the highest DMSP contents measured in 
cultures of Prochlorococcus or Synechococccus as conversion factors (e.g. Synechococcus 
accounted for a maximum 2.5% of the picoplanktonic DMSP at the MESO site in June 1992). 

The estimation of picoeukaryotic DMSP was more difficult because of the large 
variability in DMSP content observed between the different taxonomic groups. Thus, a 
precise estimate would require accurate determination of the species distribution within each 
sample, a goal which is presently unattainable by flow cytometric methods. Variability in 
species composition occurs both horizontally and vertically. With these caveats in mind, we 
applied an average DMSPp value, derived from our cultures, to estimate the picoeukaryotic 
contribution at the different EUMELI sites. We found that the contribution of autotrophic 
picoeukaryotes to the DMSP pool in the GFIF to 2 J.lm size fraction ranged from 26 to 36% 
at both the OLIGO and EU sites (Table 4). This leaves the majority of the DMSP in this size 
fraction unaccounted for and suggests that a significant fraction ofDMSPp at these stations 
may be due to other sources, such as heterotrophs and/or picodetritus. At the MESO site 
however, the simulated picoeukaryotic DMSP was greatly overestimated, possibly because 
the dominant species at this station were low DMSPproducers, such as chlorophytes. 
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INTRODUCTION 

The most important volatile sulfur compound in sea water has been found to be 
dimethyl sulfide [DMS] which is mainly produced from B-dimethylsulfoniopropionate 
[DMSP] by an enzymatic decomposition (21,24). DMSP is contained in marine phytoplank
ton possibly as a regulator of cellular osmotic pressure and it is assumed to be excreted 
directly from the cells as a product of algal metabolism (23). DMS constitutes about 90% of 
the biogenic sulfur emissions from the ocean to the atmosphere and may play an important 
role in climate regulation. 

The main purpose of the project described herein was to measure the concentrations 
ofDMS+DMSP in relation to certain phytoplanktonic variables (primary production, species 
composition, and chlorophyll a) as well as environmental variables (temperature, salinity, 
nutrients), since there are significant gaps in the literature about these relationships (11). 
This is the first report of field measurements of DMS+DMSP in the Eastern Mediterranean 
Sea. 

MATERIALS AND METHODS 

The experimental work (6 cruises) was carried out at 3 stations (Fig I) in Saronicos 
Gulf, Aegean Sea, during the period December 1994-February 1995. Water samples were 
collected from the surface micro layer (upper 1 mm) as described in Ignatiades (6) and from 

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds 
edited by Ronald P. Kiene et al., Plenum Press, New York, 1996 203 
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Figure 1. Location of sampling stations. 

the bulk water (1, 10,20,30,40 m depth) with a van Dom water bottle. Temperature and 
salinity were recorded for each sampling depth. 

All samples were filtered on board using glass fiber filters (Sartorious, SM 13400) 
and analysed for chlorophyll a, phosphates, nitrates, nitrites, and silicates (20) and ammonia 
(15). Lugol's iodine was used to preserve subsamples for species identification and enumera
tion in an inverted microscope. 

Photosynthetic productivity was measured by the 14C -technique (19). The samples 
from the surface microlayer and the different depths of bulk water were dispensed to 125 ml 
polycarbonate bottles (two light and one dark for each depth) and each bottle was injected 
with 4 IlCi NaH14C03• The bottles with the subsurface samples were incubated in situ at the 
collection depths (1,10,20,30,40 m) whereas the bottles with the surface microlayer samples 
were placed in a specially designed apparatus (7), allowing incubation at the surface 
microlayer. 

Samples for DMS+DMSP were also collected from each sampling depth, dispensed 
to 9 ml vials (8 ml sea water plus I milO N NaOH) and sent to Dr. Kwint for analysis. The 
analytical procedure was as follows: The DMS+DMSP water samples were poured into a 
glass purge vessel equipped with a glass fritt and purged with high grade helium at 45 
ml.min- I for 10 min. The purge gas, containing the volatile compounds, was dried using a 
Nafion permeation drier (Dupont, model MD-125 PIP). Nitrogen was used as a drying gas 
(100 m!. min-I). The dried helium was led through a cold trap, consisting of a straight glass 
tube containing 200 mg Tenax-ta 60/80 (Chromopack). This cold trap was placed horizon
tally over a Dewar flask filled with liquid nitrogen. Cooling was achieved with aluminium 
strips, placed over the glass tube, into the nitrogen in order to achieve a temperature of 
-l20°e. The temperature was checked periodically. After purging, the collection tube was 
closed at both ends with Swagelock caps (stainless steel, fitted with teflon ferrules) and 
stored in liquid nitrogen until analysis (adapted from Lindqvist (16)). Storage tests with 
calibration gas show that samples can be stored in this way for at least 8 weeks without 
change. 
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Table 1. Physical and chemical parameters recorded at the three stations during the six sampling 
periods 

DEPTH TEMP. SAL P-PO~- N-NH3 N-NOj" N-N0Z- Si-Si02 
Date St. (m) °c ppt 11M 11M 11M 11M 11M 
5112/1994 Dl S 18.2 36.0 0.83 3.08 0.8 0.27 4.79 

18.1 36.0 0.72 2.57 0.74 0.23 4.62 
10 18.1 36.2 0.72 2.66 0.69 0.29 1.18 
20 18.1 36.2 0.57 2.03 0.52 0.27 3.24 
30 18.1 36.5 0.54 2.01 0.54 0.26 2.81 
40 18.1 37.2 0.48 1.07 0.56 0.23 3.10 
MEAN 18.1 36.4 0.64 2.24 0.64 0.26 3.29 

6/12/1994 D2 S 18.2 37.1 0.41 1.76 0.72 0.27 3.62 

18.2 37.2 0.29 1.41 0.30 0.23 3.26 
10 18.2 37.7 0.26 0.81 0.41 0.21 2.58 
20 18.2 37.3 0.05 0.36 0.32 0.20 1.69 
30 18.2 37.1 0.05 0.16 0.30 0.20 2.14 
40 18.2 37.2 0.19 0.43 0.26 0.18 2.08 
MEAN 18.2 37.3 0.21 0.82 0.38 0.22 2.56 

24/1/1995 Dl S 14.7 38.1 0.14 0.87 0.61 0.16 6.04 

1 14.7 38.0 0.15 0.49 0.56 0.07 3.24 
10 14.7 38.3 0.15 0.48 0.38 0.08 3.80 
20 14.8 38.2 0.14 0.40 0.25 0.14 3.20 
30 14.8 38.2 0.19 0.45 0.31 0.14 2.22 
40 14.8 38.8 0.17 0.45 0.45 0.14 2.10 
MEAN 14.7 38.3 0.16 0.52 0.42 0.12 3.43 

25/1/1995 D3 S 15.2 39.0 0.15 0.41 0.21 0.07 2.86 

1 15.2 38.9 0.07 0.14 0.15 0.07 2.68 
10 15.2 38.8 0.10 0.05 0.06 0.04 2.56 
20 15.1 38.8 0.05 0.09 0.07 0.03 2.31 
30 15.1 38.8 0.08 0.09 0.06 O,ol 2.35 
40 15.1 38.8 0.09 0.08 0.06 0.11 1.92 
MEAN 15.2 38.9 0.09 0.14 0.10 0.05 2.45 

8/2/1995 D3 S 14.8 38.1 0.11 0.15 0.31 0.05 7.15 

14.8 38.1 0.09 0.12 0.08 0.04 4.9 
10 14.8 38.2 0.17 0.11 0.07 0.06 6.13 
20 14.7 38.1 0.09 0.10 0.08 0.09 4.87 
30 14.7 38.1 0.06 0.12 0.09 0.08 3.96 
40 14.8 38.1 0.05 0.13 0.10 0.06 4.62 
MEAN 14.8 38.1 0.07 0.12 0.12 0.06 5.27 

9/2/1995 Dl S 14.8 38.7 0.17 0.37 0.60 0.14 5.80 

1 14.8 38.7 0.19 0.33 0.33 0.13 5.46 
10 14.8 38.7 0.15 0.09 0.48 0.10 5.28 
20 14.8 38.4 0.19 0.07 0.29 0.09 4.06 
30 14.8 38.6 0.11 0.11 0.30 0.11 4.69 
40 14.8 38.7 0.14 0.31 0.24 0.13 3.24 
MEAN 14.8 38.6 0.16 0.21 0.37 0.12 4.76 



206 C. VassUakos et al. 

The samples were analysed according to Lindqvist (16) on a VARIAN 3700 gas 
chromatograph equipped with a capillary linear plot column and a photo-ionization detector 
(PID) of 10.2 eVand with nitrogen as a carrier gas (column flow 10 mI.min-l). The detection 
limit for DMS was 1.5 pmol; calibration was performed using DMS permeation tubes in a 
dynamic dilution system. The coefficient of variation (CV) for the DMS analyses for 
independent analyses was no larger than 5% (13,14). 

Results and Discussion 

Stations D I and D2 were located in the western part of the Saronicos Gulf and are 
affected by sewage (after its primary treatment) whereas station D3 was located in the eastern 
Gulf quite far from the sewage outfall (Fig 1)_ The depth of the water column at each station 
was40m. 

Table 1 shows the values of certain physical and chemical parameters in seawater 
sampled at the experimental stations. Temperature and salinity values did not display a 
significant difference from surface to bottom indicating the strong mixing conditions that 
prevailed for December to February in the Gulf. In December the seawater was rather warm 
(mean temp. 18.1 -18.2 0c) but temperature dropped in January (mean: 14.7-15.6 0c) and 
February (14.7-14.8 0c). Salinity was lower in December (mean: 36.35-37.2 ppt) but 
increased in January (mean: 38.2-38.8 ppt) and February (mean: 38.1-38.6 ppt). 

The highest nutrient values (Table 1) were recorded in December at station D 1 (mean: 
p-pol-: 0.64 f..lM; N-NH3 : 2.32 f..lM; N-N02": 0.64 f..lM; N-N02": 0.08 f..lM) and these levels 
characterised this station as eutrophic (Ignatiades et aI., 1992). However, trophic conditions 
at station D 1 changed in January and February since the nutrient concentrations decreased 
by 2-3 times corresponding to mesotrophic levels and approaching the values of the 
mesotrophic station D2. Station D3 was characterised as oligotrophic since the mean nutrient 
concentrations in January and February ranged as follows: p-POl- : 0.09-0.07 f..lM; N-NH3 
: 0.14-0.12 f..lM; N-N03": 0.10-0.12 f..lM; N-N02": 0.05-0.06 f..lM. Silicate concentrations were 
lower in the December and January samples (mean range: 2.45-3.34 J,lM) and higher in the 
February (mean range: 4.76-5.27 f..lM) samples. Nutrient values at the surface microlayer 
were in most cases higher than at 1 m depth. 

The graphical presentations of the vertical distribution of chlorophyll a, primary 
produ~tion and DMS+DMSP for the three stations are given in Figs 2a, 2b and 2c. 
Chlorophyll a concentrations showed a gradient among sampling periods and stations being 
higher at stations Dl (mean over depth: 1.34 mg/m3) and D2 (mean over depth: 1.43 mg/m3) 
in December and lower in January and February (station Dl: mean over depth 0.42, 0.20 
mg/m3 respectively; station D3: means over depth 0.2, 0.11 mg/m3 respectively). The vertical 
distribution of chlorophyll a was higher at the surface microlayer in most cases but irregular 
in the bulk water. 

Primary production was also higher in December (mean: 2.27 and 1.59 mgC/m3.h) 
at stations Dl and D2 respectively) but declined in January and February with means of 
0.50-1.03 mgC/m3.h (station Dl) and 0.21-0.91 mgC/m3'h (station D2). The vertical profiles 
of primary production showed that in all cases maximum values were recorded at 1 m depth 
and these data are in agreement with previous observations in this area (7), which showed 
reduced rates of carbon fixation in the surface microlayer. 

The levels of DMS+DMSP in seawater showed a well defined trend from the 
eutrophic to oligotrophic conditions. Thus, the mean concentration at station D 1 was 11.30 
nM in December, 7.2 nM in January and 10.86 nM in February, at station D2 12.67 nM 
(January) whereas at station D3 the mean values ranged from 4.79 nM (January) to 8.84 nM 
(February). The vertical distribution of this parameter did not show a clearly defined pattern. 
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Table 2. Quantitative and qualitative data of phytoplanktonic communities collected at 
the three stations during the six sampling periods (D = Diatoms; DF = Dinoflagellates; 

C = Coccolithophores; S = Silicoflagellates; a = Others) 

Date/Station Total cells Taxa Dominant species 

(cells/I) D% DF% C% S% 0% 

5/12/1994 Dl 95000 65 3 30 Phaeocystis poucheti 
Chaetoceros curvisetus 

6/12/1994 D2 98000 48 3 49 Phaeocystis poucheti 
Chaetoceros curvisetus 

24/1/1995 Dl 25000 69 12 12 7 Chaetoceros curvisetus 
Pontosphaera steueri 

25/1/1995 03 4000 36 25 34 2 5 Emiliania huxleyi 
Nitzschia delicatissima 

8/2/199503 4100 58 8 30 2 4 Leptocylindrus danicus 
Bacteriastrum 

delicatulum 
9/2/199501 20100 64 2 18 21 Chaetoceros curvisetus 

Phaeocystis poucheti 

Table 2 presents the taxonomic groups of phytoplankton recorded at each station and 
sampling depth. The total mean number of cells was higher at station D1 (range: 2.0x104 -
9.5x104 cellsll) and station D2 (9.8x104cells/l) whereas at station D2 it was considerably 
lower (range: 4.0x103- 4.1x103 cells/I). Diatoms were the dominant taxa (36-68% of the total 
popUlation) at all stations and depths. "Others" (unclassified blue greens, flagellates, 
Phaeocystis poucheti) were very important (30-49% of the total population) at stations D1 
and D2 in December. The coccolithophores exhibited significant growth at station D3 
(29-33% of the total population) in January and February. 

It has been well documented that DMS production in sea water results mostly from 
phytoplankton activity (18,23). However, there is a disagreement in the literature concerning 
the relationships among DMS concentration and certain phytoplanktonic variables. Some 
investigators (9,17) reported a good correlation between DMS and chlorophyll a concentra
tions in sea water whereas others (18,22) found no relationship between these parameters. 
Proportionality ofDMS production to cell biomass in unialgal cultures has been reported by 
Ackman et al., (1) and Vairavamurthy et al., (23). 

In the present investigation, the Spearman's rank correlation analysis showed statis
tically significant relationships between DMS+DMSP and a) chlorophyll a (r = 0.62; 
p=O.OOOI), b) primary production ( r =0.41; p= 0.01), c) total cell concentration (r=0.66; 
p=O.OOOI) and d) temperature (r=0.51; p=O.OOI). These relationships suggest that 
DMS+DMSP concentrations result mostly from phytoplankton activity as reported by 
Iverson et al., (9), but temperature may also playa significant role as reported by Kiene and 
Service (12). The significant relationship between primary production and DMS+DMSP 
concentration has been also demonstrated by Andreae and Barnard (2). 

The taxonomic composition of phytoplankton may also play an important role in 
DMS production in sea water. Thus, Turner et al., (22) found no correlation between total 
chlorophyll a and DMS concentration in their samples but they did find significant relation
ships of DMS and the chlorophyll a content of certain taxa (coccolithophores, some 
flagellates). Barnard et al., (4) attributed the high concentrations ofDMS in the Bering Sea 
to high abundances of the prymnesiophyte Phaeocystis pouchetii and Malin et al., (17) found 
that the coccolithophore species Emiliania huxleyi was a significant DMS/DMSP producer 
in the N.E. Atlantic Ocean. 
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The taxonomic analysis of the present investigation has shown the presence (as 
dominant) of certain species reported as DMS producers (Phaeocystis poucheti, Emiliania 
huxleyi) in some samples (Table 2) but their contribution to the total DMS+DMSPproduction 
in these samples cannot be evaluated, since, they coexisted with a strongly developed diatom 
community which may also playa role in the DMS+DMSP production (18). It is obvious 
that the species composition as a factor controlling DMS production has not been fully 
examined in so far it will be one of the major tasks of our investigations in the future. 
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SUMMARY 

Very high concentrations of dimethyl sulfide (DMS) and dimethylsulfoniopropionate 
(DMSP) have been regularly reported from around the Antarctic coastline, and have been 
associated with blooms of the prymnesiophyte alga Phaeocystis sp. affin. antarctica. In this 
study, acrylate and DMSP concentrations were measured at an inshore marine site during 
the 1994-5 summer Antarctic phytoplankton bloom. The concentration of DMSP was 
determined by measuring the difference between the amount of acrylate before and after 
hydrolysis with NaOH. The concentration of acrylate rose from below the detection limit 
(ca. 10 nM) in early November to over 1.20 ~M by 7 December. Total DMSP also reached 
a maximum of 2.47 ~M on this date. Concentrations then dropped to below the detection 
limit by the end of January. Correlation matrix analysis of acrylate and DMSP concentrations 
and various parameters revealed significant positive correlations with cell counts of Cryp
tomonas sp., the dominant phytoplankton species during December, and dinoflagellates. 
Phaeocystis sp. affin. antarctica was present during the study in low numbers and probably 
contributed little to the DMSP pool. This is the first study which suggests that cryptomonads 
and dinoflagellates may be important producers of DMSP in the Antarctic environment. 

Biological and Environmental Chemistry of DMSP and Related SUlfonium Compounds 
edited by Ronald P. Kiene et aI., Plenum Press, New York, 1996 213 
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INTRODUCTION 

A number of recent studies have suggested that the Antarctic region is very important 
in the global sulfur cycle. Very high dimethylsulfide (DMS), acrylate and dimethylsulfonio
propionate (DMSP) concentrations have been recorded in inshore waters close to Australia's 
Davis scientific base, East Antarctica (8, 12, 13, 18, 25), and on the opposite side of the 
continent in the Weddell Sea (11). Anecdotal evidence (4, P. Nichols and H. Marchant, 
personal communication) suggests that high concentrations of these compounds are wide
spread near the Antarctic continent. The peaks in DMS, acrylate and DMSP concentrations 
are very seasonal (12, 13), occurring for only relatively short periods during intense summer 
phytoplankton blooms. In most of these studies, it has been concluded that the high levels 
of the compounds were produced by the Prymnesiophyte alga Phaeocystis sp. affin. antarc
tica (this species was previously included in P. pouchetii (19». Similar conclusions have 
also been reached in studies undertaken in the northern hemisphere (2, 17,24), where other 
species of Phaeocystis were present. In Antarctic studies undertaken during periods other 
than the peak phytoplankton bloom, much lower DMS and DMSP concentrations have been 
recorded (3, 9). 

Phaeocystis sp. affin. antarctica is often the dominant phytoplankton species in early 
summer blooms near the Antarctic continent (6, 7, 22). The species is colonial, producing 
spherical colonies, up to 5 mm across, containing thousands of individual cells embedded 
in an organic matrix. It is often associated with extremely high biomass during intense 
Antarctic blooms (6). However, its distribution is quite patchy (H. Marchant, personal 
communication), and there is no certainty that it will appear at a particular site in every year. 

Very few measurements of the concentration of acrylate (the form of acrylic acid 
dominant at the pH of seawater) have been made in the marine system. Sieburth reported 
the occurrence of the compound during Phaeocystis blooms in the Antarctic (23), and also 
reported its antibacterial properties. A recent study by Yang et al. (25), carried out in 
essentially the same area considered in the present study, found high concentrations of 
acrylate over the summer period, presumably due to the breakdown ofDMSP. 

As the breakdown ofDMSP by base hydrolysis yields equimolar amounts of acrylate 
and DMS, acrylate released upon base treatment may be used as a proxy for DMSP 
concentrations in much the same way as DMS routinely is. Because the breakdown ofDMSP 
appears to be the only major source of acrylate in the marine environment, acrylate in the 
water column reflects DMSP broken down in situ. The compound will be lost from the system 
by bacterial activity (acrylate appears to have antibacterial properties only at high concen
tration and low pH (5,23», but is unlikely to be lost by ventilation to the atmosphere. 
Therefore, any concentrations observed will be the balance of production and loss terms. 

In this paper, we report DMSP and acrylate concentrations at a coastal Antarctic site 
at which P. sp. affin. antarctica was only a minor component of the summer phytoplankton 
bloom. The paper highlights the role that other phytoplankton species may play in the 
Antarctic sulfur cycle. 

METHODS 

Water samples were collected at a site approximately I km offshore from Australia's 
Davis Base (68 0 35' S, 78 0 00' E) (Figure I) on 11 occasions over the period from early 
November 1994 to the end of January 1995. The water depth at this site was 23 m. The 
sample site was covered by a layer of ice approximately 1.6 m thick from the start of the 
study until ice breakout, which occurred as a result of a combination of high winds and tidal 
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Figure 1. Map of the Davis region showing the sample site. 
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action on 13 January 1995. Prior to ice breakout, samples were collected from depths of2 
and 10m using a polycarbonate Kammerer bottle deployed through a hole drilled in the sea 
ice. Extra samples were obtained from 5, 15 and 20 m on 7 December 1994. After ice 
breakout, samples were collected from 0 and 10m from a small boat. 

Single water samples for analysis of acrylate and DMSP were transferred to acid
washed polyethylene bottles, and were stored at -20°C until analysis was performed. 
Analyses were undertaken within 2 to 4 weeks of sampling. Reanalysis of some individual 
samples after different periods of storage within this time range revealed that delays in 
analysis had little effect on concentrations. Samples for nutrient analyses were also stored 
in acid-washed polyethylene bottles at -20°C. Samples for the enumeration and identification 
of phytoplankton were preserved with Lugol's Iodine, and were stored in glass bottles at 
room temperature. 
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Acrylate and DMSP were determined in the following way. Samples for the meas
urement of dissolved acrylate (A) were filtered gently through a 0.2 Ilm syringe filter. To 
determine total DMSP (DMSP(T)+A, 0.25 mL of 5 M NaOH was added to 10 mL of an 
unfiltered seawater sample. This resulted in the conversion ofDMSP to acrylate and DMS. 
The basified samples were stored in sealed vials at 4°C overnight, reacidified with 100 ilL 
concentrated HCI to redissolve the precipitated calcium carbonate and filtered as above. The 
total concentration of DMSP (DMSP(T)) which included both particulate and dissolved 
fractions was calculated by subtracting dissolved acrylate concentration from the acrylate 
measured in the DMSP(T)+A samples. 

Acrylate was measured using a Dionex HPLC system. Separation of acrylate 
from other short chain organic acids was achieved using a Waters IlBondapak C-IS 
column employing 0.1 % H3P04 as the eluent at a flow rate of 1.0 mL min-I. Acrylate 
was detected with a Waters 410 UV detector at 210 nm. The injection volume was 
250 ilL. Peaks attributable to other short chain fatty acid anions (e.g. formate and 
acetate) were also observed, but the acrylate peak (retention time = 9.1 min) was well 
separated from those of the other acid anions. Peak areas were measured using a 
Maclab integration package. Standard solutions were prepared from pure acrylic acid 
(Aldrich) in artificial seawater. The detection limit for acrylate was approximately 10 
nM. Analysis of each sample was repeated and the mean calculated. Precision for 
repeat analyses was generally better than 3%. 

Nutrients (N03-, P043- and H4Si04) and chlorophyll a (Chi a) concentrations 
were determined by standard wet chemical methods (21). Water temperature and con
ductivity were measured using a submersible data logger (Platypus Engineering, Hobart, 
Tasmania) and salinity calculated (10). Subsamples of preserved water samples collected 
for phytoplankton identification and enumeration were allowed to sediment first in 
measuring cylinders and then in counting chambers. At least 15 fields of view containing 
at least 300 cells were counted using a Leitz Laborlux inverted microscope at a 
magnification of 400x. 

RESULTS 

Seasonal distributions of acrylate and DMSP(T) concentrations are shown in Figure 
2. During November, the concentrations were relatively low, with only DMSP(T) being 
detected early in the month. Acrylate was not detected until 7 December,when the concen
tration at 2 m increased to 1.21 IlM. DMSP(T) also increased dramatically to 2.47 IlM. 
Concentrations decreased during the rest of December, before rising briefly in early January. 
By the end of January, both acrylate and DMSP(T) were present at levels which were below 
the detection limit of the method used. Before the breakout of the ice (when stratification 
precluded water mixing), concentrations of acrylate and DMSP(T) were lower at 10m than 
directly under the ice at 2 m, but were comparable later in the study when the water column 
was mixed (Fig. 2B). 

ChI a, a measure of phytoplankton biomass, was low during November, rose sharply 
on 7 December and dropped again by 14 December (Figure 3). The concentration of ChI a 
rose again in late December and early January, before tapering off late in the study. 

The major groups of phytoplankton present in the water samples were Phaeocystis 
sp. affin. antarctica, Cryptomonas sp .• diatoms and dinoflagellates (Figure 4). P sp. affin. 
antarctica was observed throughout the study, but only at low numbers in comparison to 
previous studies (6, 13,22,26). Cell counts for this species ranged from close to zero early 
and late in the study to ca. 6 x 105 cells L-I on 7 December (Fig. 4C). Most cells were motile 
flagellates, and very few colonies were observed. 
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Figure 2. Concentrations of acrylate and DMSP(T) (~M) at (a) 2m and (b) 10 m. Both acrylate and DMSP(T) 
were beneath the limit of detection on 28 November and 30 January. The total height of the columns is 
equivalent to the concentration ofDMSP(T)+A. 

Cryptomonas sp. was the dominant phytoplankter during the initial bloom in early 
December (Fig. 4A). Cell numbers were approximately 2 x 105 cells L-1 early in the study, 
but increased to I x 108 cells L- 1 directly beneath the ice on 7 December. The population 
decreased after this date to approximately 5 x 106 cells L-1 late in the month before rising 
again to ca. 2 x 107 cells L- 1 in early January. Cell numbers dropped for the rest of the month 
to about 5 x 105 cells L- 1• 
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Figure 3. Concentrations of chlorophyll a (~g L'!) at the sampling station near Davis, Antarctica. 
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Figure 4. Phytoplankton cell counts: (a) Cryptomonas sp., (b) diatoms, (c )Phaeocystis sp. affin. antarctica and 
(d) dinoflagellates. Note the different scales in each plot. 

Diatom numbers were low at the start of the study, and did not begin to increase 
significantly until the end of December (Fig. 4B). The maximum population was recorded 
on 4 January, when cell numbers reached 1.26 x 107 cells L-l at 10m. The species of diatoms 
present varied during the study. In early November, Entomoneis kjel/manU (Cleve) Thomas 
was the most abundant taxon. This species is a member of the sea-ice community that 
develops in spring. In late December, Nitzschia and Fragilariopsis species were the dominant 
taxa, but were replaced by Thalassiosira dichotomica (Kozl.) Fryx. and Hasle after ice 
breakout. 

Dinoflagellates were present in significant numbers throughout the study (Fig. 4D). 
In November, cell numbers were in the range 2 x 104 - 1 X 106 cells L-1, with a small 
heterotrophic Gymnodinium species (lOx 15 I!m) the most common taxon. This species 
increased in numbers to 6 x 106 cells L-l beneath the ice on 7 December before largely 
disappearing. Other species, including Gyrodinium sp., Dinophysis sp., Protoperidinium spp. 
and Amphidinium sp., became more common at the end of December, and cell numbers 
remained in the range 1 - 5 X 105 cells L-l for the rest of the study. 

In order to gain an insight into which parameters or species were possibly involved 
with the production ofDMSP and acrylate, a correlation matrix was calculated to investigate 
relationships between DMSP(T)+A, DMSP(T) and acrylate concentrations, and a variety of 
physical and biological parameters, including phytoplankton cell counts. The relevant parts 
of the matrix are shown in Table 1. The strongest correlations occurred between the 
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Table 1. Linear correlation (r) table of acrylate (A), DMSP(T) and 
DMSP(T)+A, phytoplankton counts and chemical and physical 

parameters. All data was usedfor the correlations 

Acrylate DMSP(T) DMSP(T)+A 

Cryptomonas 0.904* 0.944* 0.940* 
Diatoms -0.217 -0.144 -0.172 
Phaeocystis 0.551 * 0.526* 0.541 * 
Dinoflagellates 0.922* 0.875* 0.902* 
Chlorophyll a 0.798* 0.762* 0.784* 
Salinity 0.261 0.178 0.211 
Temperature -0.319 -0.289 -0.302 
Phosphate 0.121 0.004 0.044 
Silicate 0.269 0.224 0.241 
Nitrate -0.166 -0.220 -0.203 

*=P~O.OI 

219 

concentrations of the compounds and cell counts of Cryptomonas sp. and total dinoflagel
lates. Weaker correlation was observed with Chi a and still lower correlation with cell counts 
of diatoms, P. sp. affin. antarctica, or with any of the physical or chemical parameters. The 
correlation with Chi a should be viewed with some caution, however, as it is strongly biased 
by the data from one day when the concentrations of Chi a and DMSP(T)+ A were highest 
(7 December: r = 0.973 - 0.998, n = 5). Exclusive of this date, the correlation was much 
weaker (r = 0.045 - 0.089, n = 20). The correlation coefficient between Cryptomonas sp. and 
total dinoflagellate cell counts was 0.939. 

DISCUSSION 

The data for acrylate in this paper are among the first to be reported for the marine 
environment. Concentrations observed in this study were of the same order of magnitude as 
those of acrylate and DMS found previously at essentially the same site (12, 13, 25). 
DMSP(T) has not been previously measured during an Antarctic bloom, but the ratio of 
acrylate:DMSP(T)+A appears to be higher (ca. 0.35) than the equivalent ratio of 
DMS:(DMSP+DMS) found in studies of European coastal waters (17). This ratio may, in 
part, reflect the efficiency of the microbial community in converting DMSP to DMS and 
acrylate. 

The correlation of acrylate, DMSP(T) and DMSP(T)+A, to ChI a throughout the 
study, was not particularly strong, except on 7 December. This was related in part to the 
composition of the phytoplankton community. Diatoms predominated in January and they 
are not large producers ofDMSP on a per cell basis (14). On 7 December, the date of highest 
acrylate (A), DMSP(T) and DMSP(T)+A concentrations, there was a much stronger corre
lation, suggesting that the species contributing most of the Chi a at this time were involved 
in the production ofDMSP. The ratio of acrylate to ChI a on this date was 3.28 x 10-5 mol 
(mg ChI a)-l (n = 5), which was 2 - 10 times greater than the values of the equivalentDMS:Chi 
a ratio found in studies of phytoplankton blooms in European coastal and shelf waters (17)_ 
The ratio DMSP(T)+A:Chl a, 8.47 x 10-5 mol (mg Chi at 1, was approximately twice the 
ratio found for DMSP:Chl a in the European studies_ Obviously these ratios do not reflect 
total acrylate and DMSP production, as they do not take into account consumption or 
degradation of the compounds. The conclusion to be drawn from these results is that the 
phytoplankton community producing the high acrylate and DMSP(T) concentrations were 
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more significant producers of these substances, per unit biomass (ChI a), than those in the 
European populations, or, conversely, that biological degradation was less efficient. 

Even though there was a statistically significant correlation (P::::; 0.01) between cell counts 
of Phaeocystis sp. affm. antarctica and DMSP(T)+A, DMSP(T) and acrylate, it is unlikely that 
Phaeocystis sp. affm. antarctica was the major producer of DMSP during this study. The 
coefficients of correlation, circa 0.5, of P sp. affm antarctica cell counts with DMSP(T)+A, 
DMSP(T) and acrylate were considerably less than for Cryptomomonas sp. (0.9) and dinoflagel
lates (0.9). Cell counts of P sp. affm. antarctica were much lower than in previous studies at the 
same site (13, 25), and, if this species were the major producer, the per cell production ofDMSP 
(ca. 2500 finol cell-!) would be approximately 2 orders of magnitude higher than found previously 
at this site (13,25). TheP sp. affm. antarctica present undoubtedly contributed some DMSP to the 
total, but it must be concluded that this was a relatively minor fraction of total DMSP. 

The correlation between cell counts of Cryptomonas sp. and DMSP(T)+A suggests 
that this species was a major producer of DMSP Cryptomonas sp., a member of the class 
Cryptophyceae, is reported regularly from throughout the Antarctic region and has been has 
been an important member of the phytoplankton community of the Davis area during 
summers over the period 1992-5 (J. Gibson, unpublished results). It was not recorded during 
earlier studies in the 1980s (6, 22). 

Assuming the DMSP(T) and acrylate were totally produced by this species, the apparent 
per cell production of acrylate and DMSP+ A by Cryptomonas sp. was 12 finol cell-! and 34 fmol 
cello! respectively. The acrylate quota is of the same order of magnitude as previously reported 
for DMS produced by Phaeocystis sp. in polar waters (13 - 87 finol cell-I) (2, 13, 7, 25). 
Cryptomonas sp. has a slightly larger cell size (10-15 f.lm) than P sp. affin. antarctica, but any 
conclusions regarding the amount of DMSP on a per unit carbon basis should also take into 
account the large quantity of mucilage produced by the latter species. 

Keller et al. (14) found that only one memberofthe class Cryptophyceae, out of eight 
tested, produced significant amounts of DMSP. This species was an unidentified Crypto
monas isolated from an oceanic area. If the high concentrations of DMSP and acrylate in 
this study were produced by Cryptomonas sp., this species could be added to the list of 
Cry~tophyceae that produce relatively large amounts of DMSP. 

The correlation matrix (Table 1) also demonstrates a strong correlation between total 
dinoflagellate numbers and acrylate and DMSP(T)+A. If dinoflagellates were the major 
producer (Cryptomonas sp. producing little if any DMSP), the amount of acrylate and 
DMSP(T)+A would be approximately 190 and 500 fmol cell-! respectively, which are far 
higher than previously recorded for Phaeocystis sp (17). Several genera of dinoflagellates 
(e.g. Amphidinium, Prorocentrum) were found by Keller (14) to produce considerable DMSP 
(> 500 fmol-cell-!), whereas others (e.g. Ceratium, Gyrodinium) produced little, if any. In 
this study, the dinoflagellate counts were not separated into different genera or species. 
Considerable variation occurred during the study in both species and size of the dominant 
type within the class (ranging from small (less than 15 f.lm) Gymnodinium species early in 
the study to much larger Protoperidinium sp. and Gyrodinium lachrymosum in January). 
Since DMSP production does not appear to be consistent across different dinoflagellate 
genera, it is unclear how to interpret the strong correlation. It cannot be concluded that 
dinoflagellates as a class were not the major producers of DMSP during the study period. 

Epifluorescence microscopy revealed that the small, unidentified, Gymnodinium species 
which was the dominant dinoflagellate species on 7 December, did not contain chlorophyll, and 
was thus heterotrophic. Only one heterotrophic dinoflagellate, Crypthecodinium cohn ii, has been 
previously demonstrated to produce DMSP (14, and references therein). If Gymnodinium sp. were 
responsible for the bulk ofthe production of the DMSP and acrylate measured on this date, the 
correlation between these compounds, the cell counts of Cryptomonas sp., and the concentration 
of ChI a, must have been fortuitous. The coefficient of correlation between dinoflagellates and 
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Cryptomonas sp. on this date was 0.962 (n = 5). It is also possible that this heterotrophic 
dinoflagellate could accumulate DMSP from its prey. 

The data support the contention that diatoms, on a per cell or per unit biomass level, 
are not significant producers ofDMSP in the oceans near the Antarctic continent. At the time 
of maximum DMSP concentrations, diatoms were nearly absent, although the smaller 
increase in DMSP during early January, the period of the main diatom bloom, may be 
attributable to production by diatoms or Cryptomonas sp. and dinoflagellates, which also 
increased in numbers at this time. Diatoms do produce some DMSP (16), and the diatoms 
present would have undoubtedly added to the DMSP pool. 

The identity of phytoplankton species that were responsible for the production of the 
majority of the DMSP measured in this study cannot be identified with complete certainty 
from the data obtained. Though it appears likely that Cryptomonas sp. and/or dinoflagellates 
were the taxa responsible, it remains possible that other, possibly fragile or small species 
that were not efficiently sedimented or identified in the settling/microscopy process pro
duced the bulk of the DMSP, or at least contributed significantly. 

None of the other parameters listed in Table I show strong positive or negative 
correlations to DMSP. Perhaps most importantly, there was no correlation between DMSP 
and the in situ concentration of nitrate. It has been suggested that increased DMSP production 
by phytoplankton is a response to a N-limited environment (1,24). This interaction was not 
evident in the sea ice community studied here. 

The enhanced production ofDMSP by Antarctic phytoplankton could be related to the life 
histories of the species. Cryptomonas sp., Phaeocystis sp. affin. antarctica and numerous 
dinoflagellate species have been reported to occur in the sea-ice (19), where they probably survive 
during winter. It appears that the high salinitiy and low temperature condition in the ice during 
winter are common experiences for many species. Kirst et al. (15) reported very high DMSP 
concentrations in sea ice, and attributed this to the production of the compound by ice algae. 
Synthesis of high internal concentrations ofDMSP, to combat osmotic or cold stress could be a 
characteristic shared by many types of phytoplankton that exist in this environment. 

The conclusion to be drawn from this study is that, in the Antarctic marine environ
ment, other species of phytoplankton apart from P. sp. affin. antarctica, are capable of 
producing significant amounts of DMSP. Thus, if P. sp. affin. antarctica is absent from a 
particular phytoplankton bloom, considerable amounts of DMSP, and therefore DMS, can 
still be produced by the other organisms comprising the bloom. A key factor in the production 
of high concentrations of DMSP in the Antarctic region appears to be the existence of the 
sea-ice. A greater understanding of the behaviour of algal cells in this environment, as well 
as their response (in terms of DMSP production) to release from the melting ice, will be 
required to understand the role of biota in the Antarctic sulfur cycle more completely. 
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SUMMARY 

20 

The influence of Antarctic krill, Euphausia superba, on particulate dimethlysulfonio
propionate (DMSP(P» and dimethyl sulfide (DMS) concentrations in surface waters of the 
Southern Ocean was investigated by shipboard experiments during austral spring near the 
Antarctic Peninsula. Chlorophyll concentrations were low in the water column, but substan
tially higher in sea ice due to the high biomass of ice algae, predominantly pennate diatoms. 
A comparison of DMSP(p) concentrations and algal accessory pigments indicated that 
DMSP(p) was associated primarily with diatoms (fucoxanthin) and to a minor extent with 
Phaeocystis spp. (l9'-hexanoyloxyfucoxanthin) in sea ice algae. Maximum DMSP(p) and 
fucoxanthin concentrations also occurred in the 100-200 I-lm size fraction. We interpret this 
to mean that high biomass of diatoms in sea ice contributes significantly to DMSP(p) pools 
in the Antarctic. 

Juvenile krill were the dominant biomass component of the zooplankton community 
and were often observed grazing along the edge of ice floes. In experiments, krill grazing 
on phytoplankton or ice algae produced 3 to 16 times the amount of DMS, respectively, 
relative to that in control bottles without krill. On average, juvenile krill produced 0.64 nmol 
DMS krill-I h- I. Control bottles containing autotrophic and microheterotrophic organisms 
released only 0.03 nmol DMS L-1 h- I and the net change in DMS due to microbial processes 
was negligible. Hence, krill appear to be very efficent in converting DMSP(p) to DMS. Krill 
also egested 1.06 nmol DMSP(p) (mg fecal pellet)-I h- I. Results from sediment traps, 
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however, indicate that little DMSP(p) flux to deep water occurred even though particle fluxes 
were dominated by fecal pellets. DMSP(p) in fecal pellets may rapidly degrade to DMSP( d) 
and diffuse from pellets into the surrounding water. Our study indicates that mesozooplank
ton grazing activity plays a significant role in the release of DMSP and DMS from 
phytoplankton and ice algae. Because krill feed on ice algae during seasons when phyto
plankton production is low, DMS production from grazing occurs during all seasons in the 
Southern Ocean. 

INTRODUCTION 

Oceanic emissions of dimethyl sulfide (DMS) to the atmosphere may influence global 
climate (10), yet little is known about the biogeochemical and physical processes which 
control DMS concentration in seawater. DMS is the major volatile sulfur compound in the 
open ocean and concentrations within the euphotic zone vary spatially and temporally (2), 
with higher concentrations generally occurring in regions of higher biological productivity 
(20). Some of the highest concentrations ofDMS in seawater are reported from the Southern 
Ocean (21,24,44). Recent studies suggest that the structure of marine pelagic food webs is 
the primary determinant governing differences in DMS concentrations between oceanic 
regions (5, 35, 37). 

Marine phytoplankton are the major source ofDMS, which is produced by enzymatic 
cleavage of the precursor p-dimethylsulfoniopropionate, an intracellular compound. High 
DMSP(p) concentrations per unit cell volume are found in some taxonomic groups, such as 
dinoflagellates and prymnesiophytes (e.g., coccolithophores and Phaeocystis spp.), while 
diatoms have variable concentrations, and other groups, such as chlorophytes, have less 
significant concentrations (33). Particulate and dissolved fractions of dimethylsulfonio
propionate are released from phytoplankton during cell lysis; consequently, large blooms of 
DMSP(p )-producers that typically occur in high latitudes (e.g., Emiliania huxleyi, Phaeo
cystis spp.) may result in significant emissions ofDMS to the atmosphere in these regions 
(40,43,24). Recently, ice algae also were shown to produce significant amounts ofOMSP(p) 
in both Antarctic and Arctic regions (36, 38). In addition to cell lysis, zooplankton grazing 
is likely to be an important mechanism leading to the formation of DMS through the 
mechanical disruption of cells and digestive processes (12, 37); however, little is known 
about the influence of grazing in the natural environment. Recent field and laboratory studies 
have indicated that microzooplankton grazing plays an important role in producing OMS as 
well (5, 52). 

Biological processes also affect the removal ofDMSP(p), DMSP(d), and OMS from 
surface water. Sinking phytoplankton and fecal pellets from zooplankton may carry 
DMSP(p) out of the surface layer, but recent reports (43, 4) do not support this hypothesis. 
Bacteria consume DMSP( d) and may produce DMS or alternative products (34). Conversely, 
significant rates of bacterial consumption of DMS were reported for the eastern, tropical 
Pacific Ocean (35); hence, ocean regions with an active microbial loop may recycle OMS 
too quickly to sustain a high net flux to the atmosphere. Physical and chemical processes 
that act as a sink for OMS in seawater include exchange with the atmosphere (3), photo
chemical oxidation (8), and demethylation (34). The relative importance of these sources 
and sinks, and the factors controlling the production of OMS in different regions, remain 
poorly known. 

High DMS concentrations associated with phytoplankton blooms have been reported 
from coastal regions in the AntarctIc during spring and summer (16, 24). During winter, most 
of the ocean is covered by ice and primary production is low. Ice algae, however, are abundant 
in ice floes during all seasons and may have high concentrations of DMSP(p) (36, 38). 
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Because the Antarctic krill, Euphausia superba, is a dominant member ofthe Antarctic food 
web and feeds on ice algae as well as phytoplankton (14, 15), we hypothesized that grazing 
by krill would be a significant mechanism of DMS production in the Southern Ocean. We 
present here the results of shipboard experiments designed to examine the role of krill in the 
consumption of algal DMSP(p) and the subsequent release of DMS in Antarctic coastal 
waters during spring. 

MATERIALS AND METHODS 

Several areas in the vicinity of the Antarctic Peninsula were sampled from the RV 
Polar Duke from 2-23 November 1992 (Fig. 1). Environmental conditions were typical for 
spring and much ofthe near-shore region was still covered by sea ice. In coastal bays, vertical 
profiles of temperature and salinity indicated extensive vertical mixing, with weak to no 
stratification (A. Amos, pers. comm.), and primary production was low (245 mg C m-2 d- I ; 

W. O. Smith, pers. comm.). Two small bays, Charlotte Bay and Paradise Harbour, were sites 
of intensive sampling for zooplankton and dimethyl sulfide (DMS) and (DMSP(p) concen-

610 

S 

Adelaidf) 
Island 

o 
C 

Scotia Sea 

Weddell 
Sea 

540 W 

Figure 1. Location of sampling sites near the Antarctic Peninsula, (A) Charlotte Bay, (B) Paradise Harbour, 
(C) northern end of Maruerite Bay, and tD) Drake Passage. 
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trations in phytoplankton and ice algae. In addition, samples of ice algae were collected from 
ice floes at the northern end of Marguerite Bay, and water-column samples were collected 
in open water in the Drake Passage offshore from Anvers Island. 

Phytoplankton pigment samples were collected from the water column with 10-L 
Niskin bottles and filtered onto GFIF filters, then frozen in liquid nitrogen (N2) until 
analyzed. Bottom-layer assemblages of sea ice biota were collected from small pieces of sea 
ice and from the undersurface of large floes immediately after being overturned by the ship. 
Ice showing brownish coloration was slowly melted in 5:1 filtered (0.7 J.1m) seawater to 
sample at ca. O°C in order to prevent algal cells from rupturing. Aliquots (385 - 560 ml) of 
the melted sea ice were filtered onto GFIF filters and frozen in liquid N2 for subsequent 
pigment analyses by high-performance liquid chromatography (HPLC) using a Beckman 
system and a Kratos fluorescence detector. Pigment absorption was monitored at 430 nm. In 
the laboratory, filters were homogenized and pigments extracted in 90% acetone for 2 h at 
-10°C. Samples were microcentrifuged, then injected onto a Alltech Spherisorb ODS-2 (3 
J.1m, 150 mm) reverse phase C-18 column and eluted with a gradient similar to that reported 
by Wright et al. (53). Pigment standards were obtained from Sigma Chemical Co. (chi a, b, 
and beta carotene) or were purified from phytoplankton cultures by collecting known peaks 
as they eluted off the column. Standards for pigment degradation products were made from 
the parent pigments following methods in Jeffrey and Hallegraeff (31) and Holm-Hansen et 
al. (27). 

In addition, ice algae from Marguerite Bay were size fractionated (0.70 - 20, 20 -
100, 100~200, and> 200 J.1m) in order to assess DMSP(p), HPLC pigments, and particulate 
organic carbon (PaC) and nitrogen (PaN) concentrations associated with each size fraction. 
Ice was thawed as above, and the sample filtered by gravity through stacked Nitex screens 
in descending mesh size, and then through a Whatman GFIF glass fiber filter under low 
vacuum. Particulates retained on the screens were backwashed onto additional GFIF filters 
for DMSP and HPLC analyses. pac and paN samples were washed onto combusted GFIF 
filters. All filters were frozen in liquid N2 until analyzed. In the laboratory, filters for carbon 
and nitrogen were dried at 60°C and analyzed on a Carlo-Erba Model EAll 08 elemental 
analyzer using acetanilide as a standard. 

Zooplankton were collected by vertical tows with a 1-m Ring net (333 J.1m mesh) and 
by oblique tows with a l-m Issacs-Kidd Midwater trawl (lKMT) (6 mm mesh on top of net 
and 333 J.1m on bottom). Euphausia superba were collected from ice floes with a hand-held 
dip net from a deployed zodiac and krill swarms were detected by a 50 kHz Simrad 
echo sounder. E. superba were sorted immediately after collection for live experiments and 
the remaining sample was preserved in buffered 4% formalin. 

Some freshly collected krill and all individuals from experiments were identified to 
life history stage (39) and measured for length to the nearest mm, from the base of the eye 
to the tip of the telson. Then they were rinsed very briefly in distilled water, blotted dry, and 
frozen for dry weight analyses. In the laboratory, individual krill were placed in preweighed 
aluminum boats, dried at 60°C for at least 24 h, then weighed on a Mettler ACIOO balance. 
Rate measurements were not normalized to krill weight because all krill were juveniles and 
the difference in weights among individuals was relatively minor. 

Freshly collected krill from the water column and ice floes were assessed for relative 
gut fullness by the gut fluorescence method (13). Individual krill were homogenized by 
grinding in 10 ml of 90% acetone, then pigments were passively extracted in 90% acetone 
in the dark for 24 h at -20°C. Krill extracts were centrifuged and fluorescence in krill filtrates 
was measured on a Turner Designs fluorometer before and after acidification. Pigment 
content was calculated by summing chlorophyll a and phaeopigment fluorescence. 

Fecal pellet production rates were obtained by placing one to four individuals in 2-L 
polycarbonate containers filled with either unfiltered seawater from the chlorophyll maxi-
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mum or ice algae in filtered seawater. The containers, which held a suspended inner plastic 
cylinder having a I-mm mesh bottom to prevent the ingestion of fecal material, were 
submerged in a darkened aquarium at ambient seawater temperature (ca. -1°C). After three 
to four hours, the contents of the container were examined under a dissecting scope and the 
fecal pellets were individually siphoned off in order to separate them from phytoplankton. 
Pellets were placed on separate preweighed, combusted Whatman GFIF glass fiber filters 
and rinsed with a small amount of deionized, distilled water to remove salts. The excess 
water was removed by hand pump under low vacuum and the filters were frozen in liquid 
N2• In the laboratory, the pellet filters were dried, then weighed on a Sartorius Pro II 
microbalance. Fecal pellet production rates (mg dry weight of pellets krill-' h-') were 
determined from the difference in weight of filters before and after the addition of pellets 
and drying. 

Additional experiments using the same experimental containers were performed to 
evaluate the pigment content of food and fecal pellets. The same procedures were followed 
as above except that subsamples of food were filtered onto GF IF filters prior to the 
experiment, then after three to four hours fecal pellets were siphoned onto GF IF filters. Filters 
were frozen in liquid N2 until HPLC analyses. 

DMS production by krill grazing was determined in two experiments. In the first, 
surface water was collected in open water in Charlotte Bay and transferred into a 20-L carboy. 
Initial samples were taken for phytoplankton pigment analyses (2 L) and DMS concentration 
(300 ml). The remaining water was siphoned into a control bottle (phytoplankton + micro
zooplankton) and three 4-L experimental bottles along with three juvenile krill. A filtered 
seawater (0.7 J.lm) control also was sampled before and after the incubation in order to 
determine the level of microbial activity on DMS cycling, and a bottle of filtered seawater 
containing three krill. Alliabware was HCI cleaned. Controls were held in stoppered, glass 
bottles and experimental bottles were narrow-mouthed polycarbonate bottles sealed with 
parafilm. All bottles were incubated with zero headspace for 48 h at ca. O°C in a darkened 
aquarium with no agitation beyond the movement of the ship. Initial and final pigment 
samples were filtered, then frozen in liquid N2• DMS production by krill was calculated as 
the increase in DMS in experimental bottles minus that in the microplankton control. 

The second DMS experiment was a time-series experiment conducted in Paradise 
Harbour. Sea ice biota (ice algae + microzooplankton) were collected from the undersurface 
of ice floes and slowly melted in cold, filtered seawater. Juvenile krill were prefed on this 
diet for 24 h for digestive acclimation. Initial concentrations of pigments, DMS, and 
DMSP(p) were determined for filtered seawater and ice algae. Samples for pigments and 
DMS were processed as described above. DMSP(p) samples were filtered onto GF IF filters 
and frozen in liquid N2 for subsequent analyses. The controls were (l) filtered seawater, (2) 
filtered seawater and krill that had been starved for 10 days, and (3) sea ice biota. For the 
experiment, three juvenile krill were incubated in each of eight 6-L polycarbonate bottles 
containing ice algae in a darkened aquarium at ca. O°C. One control (sea ice biota) and two 
experimental bottles were processed after 3, 6, 12, and 22.5 h, and the remaining control 
bottles were processed at the end of the experiment for pigments, DMS, and DMSP(p). Fecal 
pellets were pipetted onto pre-weighed GFIF filters, frozen in liquid N2, freeze-dried, then 
reweighed. DMS samples were refrigerated and run on shipboard within a few hours of 
collection, while DMSP(p) samples were frozen for six months before being. analyzed. 

DMSP(p) may degrade when stored in liquid N2 (M. Keller, pers. comm.), but 
samples collected in the Antarctic have showed little change between those analyzed at sea 
and those frozen until analyzed (18) and our DMSP(p): chlorophyll ratios for ice algae are 
similar to the mean ratio (3.2 ± 2.8) obtained from samples recently collected in the Ross 
Sea and preserved in methanol (J. Dacey, pers. comm.). Furthermore, our algal DMSP(p) 
concentrations are very similar to other values reported for the Antarctic in spring (24, 36). 
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DMSP(p) concentrations in pellets, however, were corrected for a 40% (± 10%) loss that 
resulted from lyophilization, based on replicate analyses. Amaral et a1. (I) found a similar 
mean loss (36 ± 27%) of total sulfur for lyophilized sediments. Due to the uncertainties 
introduced by methodology, our DMSP(p) concentrations should be considered as lower 
limits. 

DMS and DMSP(P) measurements were made following methods described in 
DiTullio and Smith (18). Briefly, DMS was analyzed using a liquid N2 cryogenic purge and 
trap system. Sulfur gas was detected by a Hewlett Packard 5890 Series II Gas Chromatograph 
(GC) equipped with a flame photometric detector (FPD) and an HP 3396 Series II Integrator. 
Precision for replicate standards was < 4% and for replicate samples was < 10%. DMSP(p) 
filters were hydrolyzed in 2.8 ml 6N NaOH in the dark for 24 h at room temperature to 
convert DMSP(p) to DMS. An aliquot was injected into a stripping chamber containing 
sparged Burdick and Jackson water and bubbled for 20 min, then analyzed as for DMS. 

Results 

Coastal waters along the Antarctic Peninsula in the vicinity ofthe Palmer Achipelago 
(Fig. 1) remained partially covered with sea ice during November 1992. Phytoplankton 
biomass, based on chlorophyll concentrations, was very low in both Charlotte Bay and 
Paradise Harbour (Table 1). Chlorophyll concentrations associated with bottom assemblages 
of sea ice biota, however, suggested that substantial biomass had accumulated on the 
undersurface of ice floes. Microscopical examination of live phytoplankton samples at sea 
indicated that the water-column community was dominated by nanoflagellates, primarily 
cryptomonads, concomitant with low abundances of two species of centric diatoms (D. Bird, 
pers. comm.). In contrast, ice algae samples were dominated by a small pennate diatom, 
Navicula glaciei, at all sites, but several other species of diatoms and heterotrophic dinoflag
ellates also were present (D. Garrison, pers. comm.). 

Algal pigments, used as a qualitiative chemotaxonomic tool to indicate the major 
classes of autotrophic organisms present in the water column and in sea ice, supported 

Table 1. Pigment characteristics and DMSP(P) concentrations for phytoplankton 
and ice algae and pigments in fecal pellets from Euphausia superba for different 

sites along the Antarctic Peninsula· 

Chi DMSP(P) DMSP(p) 
(mgL-1) % Fuco % Hex (oM) Chi 

Phytoplankton 

Charlotte Bay 0.06 60 40 1.6 8.33 
Paradise Harbour 0.17 80 20 13 4.56 

Ice Algae 

Charlotte Bay 33.96 97 3 nd nd 
Paradise Harbour 23.58 99 1 46.7 1.98 
Marguerite Bay 13.85 98 2 12.2 0.88 

Fecal Pellets (Ilg) 

Charlotte Bay 1.21 95 5 nd nd 
Paradise Harbour 3.04 91 9 nd nd 
Marguerite Bay 1.58 96 4 nd nd 

·Pigments are median concentrations in the euphotic zone, Fuco and Hex expressed as 
percent of total accessory pigments, pigments in pellets from krill feeding on ice 
algae. ChI chlorophyll a, Fuco fucoxanthin, Hex 19' -hexanoyloxyfucoxanthin, nd no 
data 
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microscopic evidence. Fucoxanthin was the dominant accessory pigment in both phyto
plankton and ice algae, followed by 19' -hexanoyloxyfucoxanthin (Hex) (Table 1). Although 
the relative proportion of accessory pigments in cells may vary, we assumed that fucoxanthin 
was an indicator for diatoms because the concentrations of other accessory pigments (i.e., 
19' -butanoyloxyfucoxanthin for chrysophytes and peridinin for dinoflagellates) that would 
indicate the presence of additional fucoxanthin-containing groups were < I % of total 
accessory pigments in samples. Hex is the dominant xanthophyll and an indicator pigment 
for Antarctic prymnesiophytes, such as Phaeocystis spp. (9). Fucoxanthin also occurs in 
Phaeocystis spp., but was found to be a small percentage (3%) of the total carotenoid content 
in Antarctic cultures (50). When Hex pigments were present, we assumed that Phaeocystis 
spp. occurred as nanoflagellates since no colonial forms were observed during this study. 

DMSP(p) concentrations in ice algae samples were higher than those in phytoplank
ton samples of identical volume, yet when normalized to chlorophyll, they were lower, 
owing to the high chlorophyll concentrations of ice algae (Table I). This serves to illustrate 
the point that because cellular concentrations of chlorophyll and DMSP vary as a function 
of physiology and environmental conditions, the intercomparison ofDMSP(p):Chl ratios is 
problematic, particularly between different communities, and should be used with caution. 
Nevertheless, in the absence of cell numbers or other measures of biomass, we include the 
ratios here for comparison with other studies. 

The size fractionation of Marguerite Bay sea ice biota revealed that the largest 
proportion of chlorophyll a and particulate organic carbon (POC) and nitrogen (PON) was 
associated with the smallest size of ice algal cells (0.70 - 20 ).lm) (Table 2). In contrast, the 
100 - 200 ).lm size fraction contained the highest concentration ofDMSP(P) and was second 
highest in terms of carbon and nitrogen content. Hence, chlorophyll as a proxy for plant 
biomass was not a good indicator ofDMSP(p) in ice algae. Fucoxanthin was the dominant 
accessory pigment in all size fractions, suggesting that diatoms were the primary source of 
DMSP(p) in ice algae. The presence of 19' Hex in the smallest size fraction suggests that 
Phaeocystis flagellates were present but were not a significant contributor to DMSP(p) 
inventories. The relatively high C:N ratios also indicate that microheterotrophs, as well as 
detritus, may have been present in sea ice biota. The summed size fractions, or total, gives 
a composite depiction of the characteristics of ice algae from this location. 

Euphausia superba dominated the biomass of meso zooplankton in the study 
area as the abundance of other zooplankton grazers, such as copepods, amphipods, 
and salps, was low. Few acoustic targets were detected in open water of the coastal 
bays, Gerlache Strait, or in Drake Passage off Anvers Island. Instead, small swarms 
were detected in the upper 20 m of the water column, primarily in embayments near 

Table 2. Size fractionation of Marguerite Bay ice algae for DMSP(p), HPLC pigments, and 
particulate matter. Fuco and Hex expressed as percent of total accessory pigments. Chi 

chlorophyll a, Fuco fucoxanthin, Hex 19' -hexanoyloxyfucoxanthin, POC particulate organic 
carbon, PON particulate organic nitrogen 

Size 
Fraction DMSP(P) DMSP(p) ChI POC PON 

(mm) (nM) ChI (Jlg L-1) % Fuco % Hex (Jlg L- 1) (Jlg L-1) C:N 

0.7 - 20 1.83 0.19 9.43 97 3 746_2 120.3 6 
20 - 100 0.82 0.33 2.50 98 2 183.0 8.3 22 
100 - 200 8.58 6.00 1.43 99 230.4 13.6 17 

200 1.01 2.10 0.48 99 139.1 4.8 29 

Total 12.24 0.88 13.85 98 2 1298.7 147.1 8.83 
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ice floes. IKMT hauls (tows < 30 min) in Charlotte Bay caught hundreds of juvenile 
krill near ice floes, particularly in areas of acoustically detected swarms, while none 
were caught in open water at the mouth of the bay. Krill also were visually observed 
on the undersurface of ice floes overturned by the ship and were grazing along the 
edge of ice floes in many areas. All E. superba collected in the water column or from 
ice floes were juveniles, with a mean (rl ISO) length and dry weight of 27.5 mm (± 
3.1 mm, n = 146) and 24.18 mg (± 13.54 mg, n = 36), respectively. 

Grazing activity by juvenile krill showed striking differences within Charlotte 
Bay. For example, the mean chlorophyll concentration in guts of individuals collected 
from net tows in the water column was 15.1 ± 5.7 ng pigment (x ± 1 SO, n=60), while 
the gut content of individuals collected from ice floes was 21 times higher (322.6 ± 
212.8 ng pigment, n = 18). Gut fluorescence also indicated that krill were feeding 
during both day and night and no vertical migration was evident from acoustic signals 
or net collections. Pigments in fecal pellets from krill feeding on ice algae (Table 1) 
suggested that juveniles fed primarily on diatoms but ingested Phaeocystis flagellates 
as well. Fecal pellet production was variable among individuals that fed on phyto
plankton and ice algae with no discernible trend; therefore, these data were pooled. 
On average, the dry weight of pellets produced by krill was 0.261 mg krill-' h-1 (0.061 
- 0.499) (geometric mean (95% CI), n = 17). The geometric mean is appropriate for 
rate data that do not have a normal distribution (54) . The size of fecal pellets egested 
by juvenile krill also was similar for both habitats; about 140 f.lm in diameter and 
from I to 4 mm in length. 

The experiments designed to test DMS production demonstrated that krill pro
duce substantial amounts of OMS as a by-product of grazing. In the first experiment 
(Fig. 2), krill ingested phytoplankton that was collected from the water surface in an 
ice-free section of Charlotte Bay. Athough fucoxanthin (69%) was the dominant ac
cessory pigment in the experimental water, Hex (31 %) was a substantial component 
as well, indicating that Phaeocystis was present. If microzooplankton, such as small 
protozoans, were abundant in the surface water, then the result of their grazing activity 
should be accounted for by the seawater control. Although the initial chlorophyll 
concentration was relatively low (0.31 f.lg L-'), grazing processes in two of the botttles 
generated a greater than threefold increase in OMS relative to that in the initial and 
final control treatments after a 48 h incubation. Two of the krill in the third bottle 
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Figure 2. DMS production from Euphausia 
superba feeding on phytoplankton. DMS 
concentrations in initial seawater sample 
containing phytoplankton and, after a 48 h 
incubation, in a phytoplankton control and 
two experimental bottles containing phyto
plankton and three juvenile krill. Phytoplank
ton collected from surface water in an ice-free 
section of Charlotte Bay. 
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were in poor condition at the end of the experiment, therefore, the results from this 
bottle were not included here. On average, krill produced 0.14 nmol DMS krill- I h-I. 
There was virtually no change in DMS concentration in the filtered seawater control, 
only a 0.02 nmol L- I h- I increase in the microplankton community (phytoplankton + 
microheterotrophs) control, and a 0.03 nmol L- I h- I increase in DMS due to non-feeding 
krill in filtered seawater. 

In the second experiment (Fig. 3), the production ofDMS from krill grazing on ice 
algae collected in Paradise Harbour was examined over time. The initial chlorophyll 
concentration was 14.71 j..lg L-I and the relative concentration of fucoxanthin (99% of 
accessory pigments) was high, indicating that diatoms dominated the biomass of food. Net 
changes in DMS concentrations in two of the controls, filtered seawater and filtered seawater 
containing starved krill, were negligible, and the sea ice biota (ice algae + microheterotrophs) 
control only increased 0.73 nmol L-i in 22.5 h (i.e., 0.03 nmol L-I h-I). Hence, we assume 
that the increase in DMS in experimental bottles was due to grazing activity by krill. There 
was no evidence of any other kind of contribution by krill or of microbial or microzooplank
ton activity influencing net DMS concentrations over the time period of the experiment. 
Little difference in DMS concentration in experimental bottles was observed for the first 3 
h, but at all subsequent time points, DMS concentrations were 2 to 16 times higher in krill 
treatments than in the sea ice biota controls. 

There was not, however, a continuous increase in DMS concentration over time (Fig. 
3). DMS concentrations at 6, 12, and 22.5 h were significantly higher (p < 0.05) than the 
concentration at 3 h, but not significantly different from each other. The maximum rate of 
DMS production at 6 h was 3.73 nmol DMS krill- I h- I and the average rate for the experiment 
was 0.82 nmol krill- I h- i (0.38 - 1.39) (geometric mean (95% CI)). Chlorophyll concentra
tions were variable and not significantly different (p = 0.565) between time points. Although 
chlorophyll appeared to be positively correlated with DMS, there was no significant linear 
association between DMS and any of the phytoplankton pigments. Furthermore, if there had 
been a functional relationship between the removal of phytoplankton pigments and the 
subsequent release of DMS by krill, then a negative correlation between these variables 
would be expected. 

The change in DMSP(p) concentration in ice algae and fecal pellets in experimental 
bottles also was monitored over time (Fig. 4). DMSP(p) associated with ice algae was not 
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Figure 4. DMSP(p) concentra
tions in ice algae and in fecal 
pellets produced by juvenile 
Euphausia superba by the end of 
each incubation period. 
DMSP(p) c~ncentrations are the 
means (±ISE) of duplicate ex
perimental treatments containing 
ice algae and three krill; ice algae 
scale on left, fecal pellet scale on 
right. DMSP(p) concentration in 
fecal pellets normalized to dry 
weight of pellets produced at 
each time point. 

significantly different (p = 0.308) between time points. Considering DMSP(p) only in ice 
algae and not in pellets, DMSP(p): DMS ratios decreased from an initial value of 17.1 to 2.7 
at 6 h and then rose to ca. 5 for the duration of the experiment. The total amount of fecal 
pellets increased with time, indicating that krill continued to feed and egest pellets through
out the experiment. Although DMSP(p) concentrations normalized to pellet weight appeared 
to increase between 12 and 22.5 h, none of the concentrations were significantly different 
(p = 0.409). In other words, krill efficiency in degrading DMSP(P) did not change during 
the experiment. Nevertheless, DMSP(P) concentration in fecal pellets was positively corre
lated with fecal pellet weight (Pearson correlation coefficient: r = 0.98, n = 8); hence, the 
amount ofDMSP(P) increased with the increased number of pellets over time. On average, 
krill egested 1.06 nmol DMSP(p) per mg dry weight of fecal pellet (0.78 - 1.39) (geometric 
mean (95% CI), n = 8; x ± lSD = 1.23 ± 0.99; median = 0.86). The rate of krill DMSP(p) 
egestion in fecal pellets combined with the rate of fecal pellet production is equivalent to 
0.28 nmol DMSP(P) krill-I h-I or 6.72 nmol DMSP(p) krill-I dol. 

DISCUSSION 

During early spring in the Antarctic, the seasonal pack ice contains assemblages with 
dense algal concentrations which may have a higher rate of primary production than 
communities in the underlying seawater (23, 36). Although ice algal production was not 
measured during our study, biomass accumulations were more substantial in sea ice than in 
the water column, thereby providing a concentrated source of food for grazers. HPLC-pig
ment analyses and microscopic identifications indicate that diatoms were an important 
component of the phytoplankton and ice algae communities during spring and, therefore, a 
likely source of dimethlysulfoniopropionate (DMSP(p». Diatoms generally contain less 
DMSP(p) relative to other groups, such as Phaeocystis spp. or dinoflagellates (33), but 
Levasseur et al. (38) observed significant amounts ofDMSP(P) associated with high biomass 
of ice diatoms in the Arctic. Kirst et al. (36) also noted that diatoms were the dominant 
component in their Antarctic sea ice samples, but attributed DMSP(p) concentrations to the 
much lower abundances of dinoflagellates and Phaeocystis colonies present. Even though 
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our evidence suggests that diatoms were the primary source ofDMSP(p) during our study, 
Phaeocystis is a persistent and often dominant member of Antarctic communities and 
contributes substantially to DMSP(p) and dimethylsulfide (DMS) inventories elsewhere (18, 
24). 

DMS concentrations in the water column during this study were spatially variable 
and ranged from 0.05 to 10 nM (17). The lowest concentrations occurred in Drake Passage 
(x ± 1 SD = 1 ± 1.1 nM, n=31) offshore from the Antarctic Peninsula, while average 
concentrations were similar in Charlotte Bay (3.5 ± 3.4 nM, n = 74) and Paradise Harbour 
(2.4 ± 2.2 nM, n = 55). DMS concentrations also varied spatially and temporally within the 
bays. For example, on 11-12 November open-water surface concentrations in Charlotte Bay 
were relatively low « 1 nM), but concentrations were higher (4 - 6 nM) near ice floes where 
juvenile krill were observed feeding along the edge of ice floes. Surface DMS concentrations 
also fluctuated between successive days, from < 1 nM to > 10 nM. A variety of factors may 
have contributed to the large variability in DMS concentrations, including an advective 
physical regime, low primary productivity in the water column, sporadic release of ice algae 
from melting sea ice, low microbial activity, and spatially variable grazing activity. Never
theless, our DMS concentrations were similar to those observed by Gibson et al. (24) near 
the Australian Antarctic research station in Prydz Bay during November. Water-column 
DMSP(P) concentrations (0.21 - 9.40 nM) during this study (17) also occurred within the 
same range as those in Prydz Bay in November (24), the Weddell Sea in November (36), as 
well as concentrations in the Ross Sea during summer (18). Furthermore, our DMSP(p) 
concentrations in ice algae are comparable to concentrations in brine samples reported by 
Kirst et al. (36), but an order of magnitude lower than their concentrations in 'brown ice'. 

The zooplankton composition observed during this study is similar to that found in 
previous studies of this region during spring. The abundance and biomass of net samples 
was dominated by the juvenile Antarctic krill, Euphausia superba, whose distribution was 
strongly related to ice cover. Both acoustic and net samples indicated that few krill occurred 
in open water where phytoplankton concentrations were low. Instead, krill were concentrated 
near pack ice and were observed to be feeding along the edges of ice floes. These observations 
suggest that krill were feeding primarily on sea ice biota during spring in this region. Siegel 
(48) also found juvenile krill predominantly on the shelf of the Antarctic Peninsula during 
spring, while adults were found offshore. 

Physiological rates of krill also are similar to reported values. For example, molting 
and growth rates (33 d and 0.049 ± 0.041 mm d-! (n=7), respectively; Daly, unpubl.) ofthese 
individuals are typical for juvenile krill (29) and gut fluorescence measurements for juveniles 
feeding on ice algae are similar to the mean gut fullness of adults in summer (47). Our 
geometric mean fecal pellet production rate, normalized to wet weight, also is within the 
range reported by Clarke et al. (11) for summer. Hence, krill behavior during this study was 
representative of popUlations in this region as well as elsewhere in the Southern Ocean. 

Our experiments clearly demonstrate that grazing activity by krill produces signifi
cant amounts ofDMS . The maximum amount ofDMS produced was by krill feeding on ice 
algae, which was probably a result of grazing on higher concentrations of food and thus 
higher DMSP(p) quotas. Krill feeding rates for ice algae in filtered seawater are not 
comparable to the rate at which they acquire ice algae from sea ice (which are unknown), 
but krill also may feed on sinking ice algae released by melting pack ice. Juvenile krill 
produced up to 16 times more DMS than ice algae alone, for a maximum rate of 3.73 nmol 
DMS krilP h- i . For both experiments, grazing krill produced on average 0.64 nmol DMS 
krill-! h-! (0.34 - 1.01) (geometric mean (95% CI); x ± ISD = 0.88 ± 1.23; median = 0.30) 
or 15.36 nmol DMS krill- i d-!. The mean rate is slightly higher than the rate reported for two 
species of copepods feeding on high concentrations of a dinoflagellate in a laboratory study 
(12). It is likely, however, that krill production rates of DMS are underestimated because 
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container effects strongly influence krill. For example, Price et al. (46) found significantly 
higher and less variable feeding rates for krill in 50-L tubs than in 5-L bottles. 

At this time, we cannot reconcile the lack of mass balance between DMSP(p) and 
DMS in the second experiment (Figs. 3 and 4). Despite the trends in chlorophyll, DMS, and 
DMSP(p) in food and pellets, none of the mean values after 3 h were significantly different 
due to the large variability among the small number of replicates. Pigment and DMSP(p) 
concentrations were not correlated and did not appear to decrease as a result of grazing. It 
is unlikely that ice algal biomass or DMSP(p) increased during the experiment because 
bottles were incubated in the dark and growth rates of ice algae, like polar phytoplankton, 
typically are low (ca. 0.5 doublings d-I; 23). Although the initial food supply was well mixed 
before filling the experimental bottles, the dominant diatom, Navicula glaciei, tended to 
aggregate or clump together and some aggregates sank to the bottom of bottles during the 
experiment. Furthermore, since the amount of fecal pellets increased with time, it is clear 
that krill continued to feed during the entire incubation but possibly at highly variable rates. 
We suspect that variability in krill feeding rates and artifacts of sub-sampling (aggregated 
food) led to the apparent differences between time points. The changes in DMS levels also 
are puzzling. Based on gut turnover time (Daly, unpubl.), only DMS concentrations in the 
first three hours would have been influenced by the gut contents of pre fed krill. Although 
pellets were egested during the first three hours (Fig. 4), DMS didn't increase until between 
3 and 6 h. Moreover, DMS may not have decreased after 6 h, but simply reflect levels of 
variable grazing, or digested DMSP(p) may have been channeled to the DMSP( d) pool rather 
than to DMS. We also cannot discount the possibility that some DMS was lost from 
containers. Clearly, variability in degradation ofDMSP(p) by gut processes and production 
ofDMSP(d) or alternative products should be considered in future experiments. 

Despite the variability, our measured rates of krill DMS production contrast with 
results reported by Berresheim (6) who suggested that live krill were not a significant source 
of DMS. Moreover, our experiments showed that both starved krill and krill transferred to 
filtered seawater after feeding produced negligible amounts ofDMS; hence, it appears that 
live krill only produce DMS through the transformation ofDMSP(p) by digestive processes. 
Berresheim (6) also found relatively high concentrations of DMS in seawater containing 
dead krill, presumably from the decay of body tissue containing DMS and DMSP(p) (49). 
It is unlikely, however, that decaying krill would be a significant source of DMS, because 
they should sink out of the water column before they could substantially decompose. On the 
other hand, predators, such as penguins, seals, fish, and whales, also may release DMS after 
ingesting krill. 

Although bacteria and microzooplankton significantly influence DMS cycles in other 
marine systems (5, 35), these components of the food web may not be as important in the 
Southern Ocean, especially during spring. Microbial abundances were low (9 - 36 x 104 cells 
ml- I; D. Bird, pers. comm.) during this study and may remain low even when chlorophyll 
concentrations are relatively high during summer (32). Also, DMS concentrations in filtered 
seawater controls were not significantly different from initial concentrations after 22 to 48 
h incubations, indicating little net accumulation from microbial activity. Although microhet
erotroph abundance was not assessed during this study, a cursory examination of live and 
preserved samples did not indicate substantial numbers and in situ concentrations were 
represented in the microplankton community treatments in experiments. Because the net 
increase in DMS due to release by phytoplankton, ice algae, and/or grazing microhet
erotrophs was very small, microheterotroph grazing was assumed to be a minor source for 
DMS compared to krill grazing. Microheterotrophs, however, can be an important compo
nent in Antarctic food webs, both in the water column and in sea ice (22, 45); therefore, their 
role in DMS production deserves further study. 
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The sedimentation of krill fecal pellets may be a major pathway for DMSP(p) 
transport to deep water since krill fecal pellets have been reported to be a dominant 
component of the particle flux in sediment traps, particularly near the Antarctic Peninsula 
(51). Although krill egested a significant amount ofDMSP(p) (6.67 nmol DMSP(p) krill- i 

d- i ) in fecal pellets per day, it was only about 43% of the average amount ofDMS (15.36 
nmol DMS krill- i d- i ) produced per day by the same individuals in the second experiment. 
Hence, krill appear to be very efficient at converting DMSP(p) to dissolved DMSP 
(DMSP(d)) and DMS. In addition, results from sediment traps suggest that the DMSP(p) 
flux was low. Drifting sediment trap arrays, with collectors at 60, 80, and 100 m, were 
deployed for ca. 24 h in Charlotte Bay and Paradise Harbour during our study. Despite the 
fact that particle fluxes were dominated by zooplankton fecal pellets about the size produced 
by krill (D. Karl and A. Diercks, pers. comm.), DMSP(p) fluxes in both bays were less than 
1% of the integrated DMSP(p) (19). It appears that little DMSP(p) was removed from surface 
waters by sinking particles. Leaching solutes from fecal pellets would act to increase the 
contribution by grazers to the DMSP( d) and DMS pools. Consequently, the importance of 
DMSP(p) removal from surface waters via zooplankton fecal pellet flux remains uncertain. 

A variety of factors will influence the seasonal production of OMS by grazers 
in the Southern Ocean, including the abundance and distribution of grazers, the abun
dance and distribution of autotrophic cells available as food, the DMSP concentrations 
associated with different sizes and types of cells, and selective feeding by grazers. E. 
superba is a dominant component of the herbivore community and remains in the 
surface layer feeding throughout the year. During spring and summer, other grazers, 
such as the copepods, Calanoides acutus and Calanus propinqus, and the salp, Salpa 
thomsoni, may be very abundant in some regions (7, 28). In these seasons, E. superba 
may aggregate along the ice edge and in coastal regions where large phytoplankton 
blooms form, and are believed to influence the density and species composition of 
phytoplankton over large areas (26, 25). Krill tend to be more efficient at ingesting 
particles> 20 !-lm (30), primarily diatoms, but they also are known to feed on nanoplank
ton, such as Phaeocystis flagellates (41). It is not known whether they feed on the 
colonial form of Phaeocystis. From autumn to spring when much of the Southern 
Ocean is covered by sea ice and phytoplankton concentrations are low, krill also feed 
on sea ice biota (14, IS). It is unlikely that krill feed selectively when they scrape 
off material from the undersurface of ice floes (42), and the amount of ice algae that 
they ingest relative to heterotrophic protozoans and detritus is unknown. Because pack 
ice covers about 20 million km2 of sea surface, ice algae is a vast food resource 
available for much of the year. 

In conclusion, regional food web composition and dynamics influenced the produc
tion, transformation, and removal of particulate dimethlysulfoniopropionate (OMSP(p)) and 
dimethyl sulfide (OMS) in surface waters adjacent to the Antarctic Peninsula. The results of 
our study indicate that high biomass of diatoms in sea ice contained substantial amounts of 
OMSP(p) and that OMS release by primary producers alone or by microzooplankton grazing 
was relatively small. Furthermore, vertical transport of phytoplankton and ice algae and 
microbial consumption, both important loss terms in other regions, did not appear to be 
important during this study. Strong tidal currents and wind mixing did occur in the study 
area, therefore, horizontal transport may have been a major determinant of OMSP(p) and 
DMS distributions, but the influence of physical factors is unknown. Most importantly, our 
results suggest that zooplankton grazing plays a significant role in the removal ofDMSP(p) 
and the production ofDMS from the ingestion of both phytoplankton and ice algae. Because 
krill feed on ice algae during seasons when phytoplankton concentrations are low, OMS 
release from grazing must occur during all seasons in the Southern Ocean. 
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SUMMARY 

21 

The fate of DMSP produced by phytoplankton cultures incubated with and 
without copepods of the species Eurytemora aJfinis was monitored to investigate the 
influence of zooplankton grazing activity on the release of dissolved DMSP and DMS. 
Processes related to the flux of DMSP through (sloppy) feeding, gut passage, fecal 
pellet formation and fecal pellet stability were studied. It appeared that with the 
phytoplankton species used (Phaeodactylum tricornutum and Thalassiosira weissjlo
gii), no increase in DMS formation was detected during grazing but the release of 
dissolved DMSP increased slightly. Depending on the phytoplankton species, minor 
or no loss in DMSP was observed during passage trough the copepod guts. Almost 
all DMSP ingested leaves the copepods in the form of fecal pellets, a possible sink 
for DMSP. Based on the experimental results the relative importance of the zooplankton 
related removal of DMSP was quantified and found to be minor with respect to DMS 
and DMSP production by phytoplankton. The main effect of the zooplankton grazing 
activity was the repackaging of DMSP present in phytoplankton cells into fecal pellets. 

INTRODUCTION 

DMSP (B-dimethylsulfoniopropionate), a compound suspected to be involved in the 
osmoregulation of certain algal species (10) is the main precursor of dimethylsulfide (DMS) 
in the marine environment. The conversion ofDMSP may be influenced by algal senescence, 
bacterial activity, phytoplanktonic enzymes and zooplankton grazing (2, 6,15,16,22,31). 

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds 
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Some of the DMS may be ventilated into the atmosphere, where it can contribute to the 
formation of cloud-condensation-nuclei, which influence cloud albedo and climate (21). 

Of the various routes and processes involved in the transformation of DMSP 
relatively little is known about the role of zooplankton (3, 15, 18, 19). Dacey and 
Wakeham (6) found that about one third of the Gymnodinium nelsoni and Prorocentrum 
micans-derived DMSP ingested by the copepod species Labidocera aestiva or by 
Centropages hamatus was released as DMS into the water column of cultures. Leck 
et al. (19) found, when following a natural phytoplankton bloom in the Baltic Sea, 
that copepod numbers were correlated to DMS concentrations, without specifying 
cause-effect relations or quantifying the role of zooplankton. Belviso et al. (2, 4) 
studied the role of micro/nano- zooplankton using different mesh sizes and sieving 
procedures; they concluded that significant amounts of DMSP could be temporarily 
stored by microzooplanktonic predators. The same group used sediment traps in the 
Mediterranean and found that differences between day and night occurred in DMSP 
concentrations in the deposited material (3). They attributed this to the diurnal rhythm 
in the vertical migration of the zooplankton. Wolfe et al. (31) found that the ciliate 
Oxyrrhis marina metabolized up to 70% of the DMSP ingested without DMS production, 
while the rest was released as dissolved DMSP. 

In a mesocosm study we investigated the importance of zooplankton in DMS 
formation and found little difference in mesocosms with and without zooplankton> 50 !lm 
(16, 18). Because mesocosm experiments shorten the time of a phytoplankton bloom it may 
have been possible that the growth of the copepod zooplankton may have been too slow to 
reveal interactions between phytoplankton and copepods. Some additional evidence has been 
found in field surveys which suggest that zooplankton grazing activity may be an important 
factor in the production ofDMS (19, 20, 29), but these studies never quantified the role of 
zooplankton in the DMSP dynamics. 

Despite these discussions, most processes related to the flux ofDMSP, notably sloppy 
feeding, ingestion of phytoplankton, the passage through the gut, the production of fecal 
pellets and the stability of the fecal pellets with respect to DMSP have not been studied in 
detail. 

By analyzing all compartments for the DMSP-related sulfur species: dissolved 
and particulate DMSP (DMSP(d), DMSP(p», DMSP inside the copepods (DMSP(z», 
DMSP contained in fecal pellets (DMSP(f), and the DMS in the water column, the 
final aim is to obtain a complete budget of DMSP through the zooplankton linked 
part of the system. In this paper we describe a series of experiments performed under 
laboratory conditions that aim at the description of the routes in a quantitative and 
qualitative sense. 

After an investigation of the individual variation between copepods, including the 
effect of sex, incubation experiments will be described where the kinetics of uptake and 
excretion (gut passage time), fecal pellet production and DMSP stability in the fecal pellets 
were monitored. 

MATERIAL AND METHODS 

Phyto- and Zooplankton Cultures 

Stock cultures of copepods Eurytemora affinis were grown in natural filtered seawa
ter (volume about 80 1) on a suspension of the diatom Phaeodactylum tricornutum and at 
15°C, a salinity of28.5 %0 and a light cycle of 14 h light, 10 h dark. Only individuals of the 
size class> 300 !lm (adults only) obtained through sieving were used for the experiments. 
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Distinction between males and females was made by hand-picking under a microscope. For 
the investigation of the individual variation, adult copepods were sampled directly from the 
culture and analyzed individually for their DMSP content. 

Phytoplankton were cultured in lO I vessels under continuous light on standard F2 
medium at the same temperature and salinity as the zooplankton. Weekly, the phytoplankton 
culture was harvested and concentrated by centrifugation. The concentrate was stored at 4°e. 
From this concentrate defined volumes (cells.ml- i ) could be added to the different incubation 
experiments. 

Incubation Experiments 

At the start of the experiments, batches of 5 individual copepods were manually 
selected and incubated overnight in filtered artificial seawater to allow them to defecate. 
These starved copepods were then transferred to 100 ml dark bottles, that were filled 
with a suspension of the algae Phaeodactylum tricornutum (60-1000 x lO3 cells.ml- i ). 

For each determination a separate bottle was prepared. The bottles were closed without 
a headspace to prevent the ventilation of DMS into the atmosphere. Incubation bottles 
without zooplankton served as controls. The concentrations of DMS and DMSP were 
followed for 4 hours. About every 30 minutes grazed and non-grazed incubation bottles 
were harvested and water samples were taken to be analyzed for phytoplankton cell 
numbers (Elzone particle counter), DMSP(p), DMSP(d), and DMS. The 5 copepods 
from each sample were analyzed for DMSP content (DMSP(z)). At several points 
duplicate analyses were performed using duplicate incubation bottles. 

Gut Clearing Experiment 

The gut content of well fed copepods was monitored over time after they 
were transferred to filtered seawater. For this experiment, a large volume (50 1) 
from the copepod culture was sieved over a 300 !-lm mesh sieve and the copepods 
remaining on the sieve were incubated for two hours on a suspension of P tri
cornutum (20 x 106 cells.ml- i ) to ensure maximum feeding. After this feeding, the 
copepods were sieved again (180 !-lm) to separate them from the phytoplankton. 
They were rinsed with 0.45 !-lm filtered aged seawater and transferred into a clean 
bucket containing 0.45 flm filtered seawater to allow them to defecate. Sub-samples 
of copepods were taken by means of a 180 flm mesh sieve every 5 to 10 minutes 
during 1 hour. The sieve was folded into aluminum foil and submerged into liquid 
N2 to preserve the copepods and the DMSP in their guts. For each analysis 20 
males and 20 females were manually collected and analyzed for DMSP(z). 

This experiment is a classic experiment to evaluate the ingestion rate and gut 
passage time in zooplankton, which is normally performed using chlorophyll-a as 
tracer (23). As DMSP is also a component linked to the algae the experiment can also 
be performed using DMSP as the tracer compound instead of chlorophyll-a (17). The 
ingestion rate (I) and gut passage time (GPT) can then be calculated from the decrease 
in gut content (G) according to: Gt=Go e-gt and GPT = llg, where g is the gut clearance 
rate constant in min- i , Gt is the gut content at each time step in pmol DMSP.ind- l . 

The ingestion rate is calculated as: 

I = Go 60/GPT (in pmol DMSP.ind- i h- i ) (23). 
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Fecal Pellet Experiment 

A large number of copepods were concentrated into a 2 1 glass beaker and incubated 
for 2 h on a dense suspension of P tricornutum at 15°C. The copepods, the fecal pellets 
produced and the phytoplankton were then separated by sieving over a 180 /lm mesh and a 
25 /lm mesh respectively. The fecal pellets were carefully and briefly rinsed with a little 
filtered seawater and transferred into 2 1 of 0.45 /lm filtered aged seawater. The temporal 
changes in the amount of DMSP(f) in the pellets was monitored as well as the changes in 
DMSP( d) and DMS concentrations. Occasionally subsamples offecal pellets were preserved 
with Lugol's solution (10%) and counted using a microscope (mag. 40 x) and a 1 ml counting 
chamber. 

Total Budget Experiment 

This experiment had a similar setup as the first incubation experiment, only this time 
the amount ofDMSP(p) in the phytoplankton was adjusted to be approximately at the same 
level as the amount ofDMSP(z) in the copepods added. The effects of two different diatom 
species was studied. For each determination, independent replicate bottles were used. 
Batches of 20 copepods per bottle were incubated in triplicate on a suspension of the diatom 
P tricornutum (20 x 103 cells.ml- I) and on a suspension of the diatom Thalassiosira 
weissjlogii (5 x 103 cells.mI- I), while samples were taken at t = 0 and t = 24 h. For each 
diatom species duplicate ungrazed samples served as controls. Analyses were made for 
DMSP(p,d,z,f) and DMS. 

DMS and DMSP Analysis 

To determine the DMS and the DMSP( d) concentrations, a 25 mI water sample was 
filtered gently over a GF IC filter into a purge vessel and purged with helium for 10 minutes 
(40 m!.min- I ). DMS was cryogenically trapped on Tenax-ta (Chrompack) after drying 
through a Nafion drier (Dupont). From the purged filtrate, a 10 ml subsample was taken and 
transferred to a crimp-cap vial. After 1 ml NaOH (10 M) was added, the vial was immediately 
closed with a teflon lined septum. After overnight hydrolysis at 4°C, the DMS formed was 
purged from the vial with helium through hypodermic syringes and trapped cryogenically. 
The DMS formed by hydrolysis with cold NaOH is believed to represent only DMSP (14, 
30). 

For DMSP(p) a 5 mI unfiltered sample was put into a crimp cap vial and treated in 
the same way, DMSP(p) concentrations were calculated by subtracting the DMS and 
DMSP(d) concentration from this total sample. 

For the DMSP(z) and DMSP(f), the zooplankton or pellets respectively were col
lected from the batch experiments, rinsed briefly with a little artificial seawater and treated 
the same way as the DMSP(p) samples. In the fecal pellet experiment we analyzed a 0.45 
/lm filtered water sample for DMS (25 ml) and DMSP(d) (10 ml). For the determination of 
the DMSP(f) concentration a total water sample was analyzed (l0 ml). The DMSP(f) 
concentration was then calculated by subtracting the DMS and DMSP(d) concentrations 
from this total sample. 

DMS was analyzed on a Varian 3700 gas chromatograph equipped with a capillary 
linear plot column and a photo-ionization detector (PID, 10.2 eV). Hydrogen was used as 
the carrier gas. Calibration was performed using DMSP-HCl salt standards, that were 
hydrolyzed to DMS and treated the same way as the other samples. The detection limit for 
DMS and DMSP was 1.5 pmo!. For a detailed description ofthe analysis ofDMSP and DMS, 
see Kwint & Kramer (16). 
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Figure 1. Individual variation of the DMSP gut content in adult copepods >300 f.lm (Eurytemora afjinis) from 
the culture. The dashed line represents the DMSP content after starvation for 24 h. 

RESUL TS AND DISCUSSION 

Individual Variation of DMSP(Z) 

The results of the experiment to asses the individual variation ofDMSP gut content 
between adult copepods taken directly from the culture becomes clear from Figure 1. The 
dashed line indicates the mean DMSP(z) content in copepods that were starved for at least 
24 h. There appears to be a common concentration level (per copepod) of about 160 
pmol.ind- 1• However, several data points are well below or well above this level. Although 
differences between males and females occur and differences between experimental condi
tionslbatches (see also Figure 4), it is expected that the differences between individuals 
observed from one experiment are related to the characteristics of the individuals. From 
visual inspection of copepods it can be seen that individuals may contain 0, 1, 2 or 3 fecal 
pellets in the gut. This explains the 'outliers' in Figure 1. For this reason, in later experiments 
we used either starved, or well fed copepods that were incubated (2 h) in phytoplankton 
suspensions of much higher density than the original culture. 

Four Hour Incubation Experiment 

The incubation experiments where the concentrations of DMSP(p,d,z) and 
DMS were monitored over time in systems with and without zooplankton are 
presented in Figures 2 and 3. Figure 2 shows the change in DMSP concentrations 
expressed as nM in the particulate (phytoplankton only) fraction (2a), in the 
zooplankton (2b) and dissolved fraction (2c) as well as the changes in DMS concen
tration (2b). The DMSP(p) concentration in this experiment was about 3 orders of 
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Figure 2. Changes in DMSP (closed symbols) and DMS (open symbols) concentrations in suspensions of the 
diatom Phaeodactylum tricornutum (1000 x 103 cells.ml-l) incubated in 100 ml glass bottles without copepods 
(triangles) and with 5 copepods (circles) of the species Eurytemora ajJinis. 2a: particulate DMSP (DMSP(p ». 
2b: DMS and DMSP in the zooplankton gut (DMSP(z». 2c: dissolved DMSP (DMSP(d». 
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magnitude above the DMS, the DMSP( d) and DMSP(z) concentration. The change of 
DMSP(p) in the systems with and without zooplankton is more or less parallel. 

In the copepods there was an increase in the DMSP(z) gut content in the first two 
hours of about 0.5 nM.h·1 (calculated as 10 pmol.ind·1.h·1 for 5 individuals in 100 ml 
medium), after which the gut content remains stable at about 1.2 nM (24 pmol.ind·1), 
indicating that the copepods were completely saturated and were possibly excreting DMSP 
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Figure 3. Changes in DMSP concentration in suspensions of the diatom Phaeodactylum tricornutum (60 x 103 

cells.ml· l ) incubated in 100 ml glass bottles without copepods (triangles) and with 5 copepods (circles) of the 
species Eurytemora affinis. 2a: particulate DMSP (DMSP(p». 2b: DMSP in the zooplankton gut (DMSP(z». 
2c: dissolved DMSP (DMSP(d», DMS could not be detected (detection limit 0.15 nM). 
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Figure 4. Decrease ofDMSP gut content in fully satisfied Eurytemora ajfinis transferred to filtered seawater, 
to allow them to defecate. Circles: adult females. Triangles: adult males. GPT = gut passage time from mouth 
to rear end. 

at the same rate as ingesting it. The reason for using nM.h-1 instead of pmol.ind·l.h·1 was to 
facilitate budget calculations. 

The DMS concentration initially decreased from about 1.3 nM to about 0.8 
nM, after which it remained more or less stable in both systems. The DMSP(d) con
centration also decreased initially in both systems, but in the systems with copepods 
there was an increase of about 0.5 nM.h-1 between the 60 and 240 minutes, while in 
the ungrazed systems the concentration remained constant. This pattern seemed to 
match the changes in DMSP(z). 

As the DMSP(p) concentration in the previous experiment appeared to be very high 
compared to the other fractions, the experiment was repeated with a less dense and more 
realistic suspension of P. tricornutum (Figure 3 a-c). Again the changes in DMSP(p) in both 
systems appeared to be rather parallel. The DMSP gut content in the copepods increased 
initially with a rate of about 2 nM.h·1 (40 pmol.ind-I h-I) and leveled off after about 1.5 h. 
We were unable to detect any DMS in these samples (detection limit 0.15 nM). The DMSP( d) 
concentration started in this experiment at a low level and increased with time in both 
systems. In the grazed systems, however, the DMSP( d) concentration showed an increase of 
0.5 nM.h-1 in the last 2 h, compared to a decrease of 0.2 nM.h-1 in the ungrazed systems. 

Residence Time ofDMSP in Copepods 

In order to assess the residence time of the DMSP in the copepods (thus the 
DMSP(z»), the results of the gut clearance experiment are displayed in Figure 4. A large 
difference in the initial DMSP gut content between male (about 20 pmol DMSP .ind- I ) and 
female (about 50 pmol DMSP.ind-l) copepods could be observed. The gut passage time for 
both sexes was in the order of 0.5 hour. According to Dam and Peterson (8) a normal value 
at this incubation temperature for natural conditions would be 26 min. The ingestion rate for 
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Figure 5. Decrease of the DMSP concentration in fresh fecal pellets (3000 pellets.!-') placed in 2 I 0.45 ~m 
filtered seawater. Circles: DMSP in pellets (DMSP(f)). Triangles: dissolved DMSP (DMSP(d)). 

females was about 100 pmol DMSP.ind-1 h- I and for males about 30 pmol DMSP.ind- 1 h-I. 
The large differences between males and females can be explained by the difference in size 
and the fact that the females of Eurytemora carry their eggs with them, which requires more 
energy for swimming and hence a higher feeding rate. 

The effect of zooplankton upon DMSP(p) appears to be that, via DMSP(z), the 
plankton cells are packaged into fecal pellets (DMSP(f)). The release of DMSP(d) and the 
stability ofDMSP(f) was followed in a separate experiment (Figure 5). 

DMSP Stability in Fecal Pellets 

The amount of DMSP(f) in the pellets appeared to decrease about 30% during the 
first day; after 5 days about 70% had disappeared and after 2 weeks only 10% of the initial 
amount ofDMSP(f) was left (Figure 5). Surprisingly, no increase in the DMSP(d) concen
tration could be detected (mean concentration about 0.5 ± 0.15 nM). The DMS concentration 
remained below the detection limit (0.15 nM). Apparently, the DMSP in the fecal pellets was 
metabolized by bacteria present in the pellets to other sulfur compounds (e.g. methyl-mer
captopropionate (MMPA), mercaptopropionate (MPA) or DMSO) that could not be detected 
by the analysis method used, or the DMS formed was immediately assimilated to CO2 and 
particulate material (bacteria cells) (12,15,31). As the headspace of the incubation bottle 
was relatively small compared to the water volume, it is unlikely that all DMS escaped to 
the atmosphere without being detected in the water column. Visual inspection of the fecal 
pellets showed that their number did not change and that they remained intact for at least 8 
days. 

Zooplankton Related DMSP Budget 

The results of the complete budget over a 24 h experiment become clear from Figure 
6. The column t=O shows respectively the amounts ofDMSP(p), DMSP(d) and DMSP(z) 
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Figure 6. DMSP concentration in 100 ml suspensions of the diatom species Phaeodactylum tricornutum (20 
x 103 cells.ml- I) (Panel A) and Thalassiosira weissjlogii (5 x 103 cells.ml- I) (Panel B) incubated for 24h with 
20 copepods (grazed 1-3) or without copepods (ungrazed 1-2) of the species Ewytemora ajJinis. The column 
t=O represent the initial concentrations. White column: DMSP(p). Black column: DMSP(d). Grey column: 
DMSP(z). Shaded column: DMSP(f). 

(no pellets at t=O) each expressed in nM in order to make budget calculations easy. The other 
columns give the results for the amount ofDMSP in all fractions after 24 h. Obviously the 
ungrazed systems contain no DMSP(z) or DMSP(f) fractions. The data presented are the 
result of triplicate (grazed) or duplicate (ungrazed) independent analyses. 

It is clear, that the total amount of DMSP(p) + DMSP(d) in the ungrazed systems 
shows only a minor change, if any. There is a small shift from DMSP(p) to DMSP( d) in the 
experiment with T. weissflogii. 

In the grazed systems there is a distinct replacement ofDMSP(p) to the fecal pellets, 
while there is also a decrease of DMSP(z). In the experiment with P. tricornutum the total 
amount ofDMSP in all the fractions after 24 h is remarkably similar to the total amount of 
DMSP at t=O, on average 98% of the DMSP added at t=O was accounted for at the end of 
the experiment. In the T. weissflogii experiment there appeared to be a loss of about 20% of 
the DMSP to sulfur compounds that could not be detected. Grazing rates calculated from the 
disappearance of cells (measured by the Elzone particle counter) and calculated from the 
disappearance of DMSP from the particulate fraction appeared to be the same (about 2 
ml.ind- I d-I) for the P. tricornutum experiment and about 2.5 ml.ind-I d-I for the T. weissflogii 
experiment). No DMS formation could be detected in this experiment. 
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Figure 7. Possible pathways by which copepod grazing activity may influence the release of DMSP and DMS. 
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This total budget experiment allows us to construct a scheme where the different 
pathways are quantified in a relative sense (Figure 7). Phytoplankton is shown as the only 
producer of DMSP and this production is set at 100%. According to the literature (I , 28) 10 
to 25% of the daily primary production in Dutch coastal waters is consumed by copepods in 
summer and autumn. In our experiments this grazing led to a small release of 0.5-5% 
DMSP( d) (based on the results of Figure 6). We attribute this to sloppy feeding, as the results 
presented in Figures 5 and 6 show that no net DMSP(d) was released by the fecal peliets. 

In our experimental system no net DMS was formed and the major part of the 
ingested DMSP was excreted unmetabolized (when 25% of the production was ingested, 
about 20% would pass the copepods undigested), some loss in the gut is sometimes 
observed, however (see Figure 6b). The most important role of copepod grazing on 
phytoplankton appears to be the repackaging of phytoplanktonic DMSP into fecal pellets. 
Sinking rates of the fecal pellets are in the order of 20-200 m.d-I depending on the size 
and the copepod species used and the food quality (5). These high sinking velocities 
mean that a significant amount (up to 10%) of the DMSP daily production can disappear 
from the surface waters in this way, and thus at least temporarily forms a sink ofDMS(P). 
According to Small et a1. 1979 (25), sinking rates for fecal pellets from small copepods 
can be described with log S = 0.374 log V - 0.416 (with S, sinking rate and V, Volume). 
The fecal pellets produced in our experiment had an average volume of 1.5 x I 05 ~m3 
which results in an average sinking rate of 33 m.d- I . Deposition is not the only process 
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affecting the fecal pellets; zooplankton feeding on fecal pellets may influence the amount 
of DMSP disappearing from the surface waters (13). 

No release ofDMSP( d) or DMS from the fecal pellets was found in our experiments. 
Due to the rinsing of the pellets before measurement, loosely associated DMSP(d) and DMS 
could have been lost from the pellets during this procedure. One may question whether sulfur 
removed by this gentle treatment should be considered part of the pellet. A loss of DMSP 
from the pellets during the experiment could be observed (Figure 5), which must be attributed 
to bacterial consumption within the pellets involving pathways to compounds that were not 
detected. 

How do these findings compare with other (field) observations? According to Belviso 
et al. (3), the length of the deposition path of fecal pellets in the water column affects the 
amount ofDMSP in fecal pellet material which reaches sediment traps held at 200 m depth. 
This supports the idea that the pellets may be a sink for DMS(P). Daly & DiTullio (7) found 
low concentrations ofDMSP(p) in sediment traps in deep water, suggesting that break down 
of the DMSP in the fecal pellets in the water column is a process that should not be neglected 
(see also Figure 5). 

Our findings that no net DMS is formed either from the grazing activity or from the 
pellets appears to be in contrast with the results of Dacey & Wakeham (6) and Daly & 
DiTullio (7) who found that the grazing activity of copepods and juvenile krill respectively, 
caused a remarkable increase ofthe DMS production compared to ungrazed control systems. 
The latter study was, however, performed in the presence of Phaeocystis sp., which is known 
to be able to cleave extracellular DMSP( d) very rapidly into DMS and acrylate due to the 
presence of extracellular DMSP-Iyase (26, 27). Apparently, the diatom species we used in 
our experiments do not possess this lyase activity. Of the species Gymnodinium nelsoni and 
Prorocentrum micans (6) it is not known whether they have this enzyme. Another explana
tion is the possibility of DMS formation by bacteria associated with the plankton species 
used. We should also not forget that the selection of species may play an important role in 
the outcome of the results. Different zooplankton species (and development stages!) tend to 
select for favored food sources (9, 11), with different DMSP contents and lyase activity. In 
addition the shape/size and density (thus sinking rate) of the fecal pellets changes with the 
zooplankton species. The physiological state of a phytoplankton bloom may affect the 
deposition rates as well (13). Estep et al. (9) and Hansen & van Boekel (11) showed that the 
grazing activity of copepod species on Phaeocystis may depend on the physiological state 
of the algae and that the copepod Temora /ongicornis is able to switch from phytoplankton 
to heterotrophic nanoflagellates as a food source during a Phaeocystis dominated bloom. 

This all means that in addition to our findings the various pathways should be 
investigated for a number of different species combinations, before they can be generally 
applied. 

CONCLUSIONS 

The experiments with the copepod Eurytemora affinis grazing on the diatoms 
Phaeodactylum tricornutum and Thallassiosira weissflogii suggest that most of the DMSP 
ingested is packaged into fecal pellets. The pellets are subject to DMSP degradation (t\l2 of 
several days). This allows part of the fecal pellets to be deposited beyond the mixing zone, 
thus forming a potential sink for DMS(P) from the surface water. 

No net formation ofDMS (from the DMSP(z) or DMSP(t) could be observed. Only 
a small fraction was released as DMSP(d) due to sloppy feeding. 
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SUMMARY 

22 

Bacteria are able to adapt to environmental changes and generally respond to 
increases in the osmotic pressure of their surroundings by elevating the intracellular concen
trations of osmoprotective compounds. Besides potassium, the most prevalent cellular 
cation, the preferred solute is glycine betaine which is accumulated either by uptake from 
the environment or via synthesis from choline. In Escherichia coli, osmoregulatory uptake 
of glycine betaine is mediated by two transport systems, the constitutive low-affinity ProP 
system (Km = 40 f.,lM), and the osmotically inducible ProU high-affinity system (Km = 1 f.,lM). 
ProP is a single polypeptide and the energy for substrate transport is provided by the proton 
motive force. ProU is a periplasmic-binding-protein-dependent system encoded by three 
structural genes, pro V, pro Wand prox' 

Dimethylsulfoniopropionate (DMSP) also behaves as a powerful osmoprotectant in 
various bacteria. Its ability to restore growth of E. coli in media of high osmolarity is 
dependent on the ProP and ProU systems. The osmoprotective effect ofDMSP is abolished 
in strains lacking proP and prox' although DMSP has no detectable affinity for ProX, the 
periplasmic glycine betaine-binding protein. Dimethylsulfonioacetate (DMSA = di
methylthetin) is equally as effective as glycine betaine in stimulating the growth of E. coli 
in medium of high salt concentration. In Rhizobium meliloti DMSA is an efficient competitor 
for 14C-glycine betaine uptake but does not bind to the glycine betaine-binding protein. 

INTRODUCTION 

In order to proliferate in an environment subjected to fluctuations in osmolarity, 
bacterial cells must maintain a positive turgor, i.e. a cytoplasmic osmotic pressure higher 
than that of the extracellular environment. The mechanisms responsible for cellular adapta
tion to osmotic stress (osmoregulation) have been elucidated mainly during the past ten years, 
especially in bacteria (6, 7, 28). It is now clear that organisms as diverse as algae, fungi, 
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higher plants, and animals have evolved similar strategies to cope with osmotic stress. 
Indeed, only a few solutes, termed compatible solutes, are accumulated under conditions of 
osmotic stress. The main compatible solutes found in bacteria include potassium ions, a few 
amino acids (proline, glutamate), several sugars and polyols (sucrose, trehalose, glucosyl
glycerol), the most widely adopted glycine betaine, and other N- or S-methylated amino acid 
derivatives. The accumulation of osmolytes in bacteria relies on transport of osmoprotectants 
from the culture medium and/or de novo synthesis. The mechanisms of osmoregulation have 
been studied intensively by biochemical and molecular approaches, mainly in the enteric 
bacteria E. coli and Salmonella typhimurium (30). In this review article, we report on the 
main properties of betaine uptake systems and on the regulation of osmotica by genetic 
mechanisms. We also consider the role of DMSP as an osmoprotectant, and some charac
teristics of its uptake. 

THE PRIMARY ROLE OF POTASSIUM 

The most prevalent cellular cation in the cytoplasm of bacteria is potassium. Its 
intracellular concentration in E. coli is nearly proportional to the osmolarity of the growth 
medium, ranging from about 100 mM to nearly 1 M. The transport systems which are active 
in potassium accumulation have been studied in detail by Epstein and coworkers (14). 
Potassium uptake is dependent on the activity of the osmotically-inducible Kdp system and 
several constitutive Trk systems. Kdp is an ATP-driven system with a high affinity for K+ 
(Km = 1.5 IlM). Three structural genes, kdpABC, are adjacent to a regulatory element, kdpED, 
which ensures induction of the Kdp system whenever the external K+ concentration is too 
low for the Trk system to operate. A recent genetic analysis of K+ constitutive uptake 
suggested the presence of three different systems: a system capable of low rate transport, 
TrkD, dependent solely on the product of the trkD gene, and two systems capable of high 
rate transport, TrkG and TrKH, formerly lumped together as the single TrkA system (11). 
Besides these uptake systems, there are at least three efflux systems encoded by the kef ABC 
genes (12). 

GLYCINE BETAINE AND RELATED COMPOUNDS AS MAJOR 
COMPATIBLE SOLUTES 

Besides the PutP protein which is a Na+/pro1ine symporter with a high affinity for 
proline (Km = 1 IlM) and a rather low V max (4.6 nmol;tmg protein-L;tmin-1), E. coli and S. 
typhimurium possess two other independent proline transport systems, ProP and ProVo The 
putP, proP and proU operons map at 23, 93 and 58 min on the chromosome (43). The PutP 
system is required for the transport of proline as a sole nitrogen, carbon, or energy source. 
Since its activity is not stimulated in cells grown at high osmolarity, this system is not 
important for the transport of proline as an osmoprotectant. ProP and ProV were originally 
discovered by virtue of their ability to transport toxic proline analogs and were subsequently 
shown to transport glycine betaine. 

Accumulation of Glycine Betaine Is Mediated by ProP and Prou' ProP has a very 
poor affinity for proline (Km = 300 IlM; V max= 32 nmo:;t:mg protein-1:;t:min-1) and would not 
seem to contribute significantly to proline uptake in cells in which PutP is functional. In fact, 
ProP plays a major role in glycine betaine uptake and mutations in proP reduce the ability 
of this betaine to serve as an osmoprotectant (3). Studies of S. typhimurium strains lacking 
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PutP and ProP uptake systems have suggested the existence of a third proline permease, the 
ProU system, that functions only in media of elevated osmolarity (5). However, this system 
has a low affinity for proline (Km = 200 11M), and Cairney et al. (2) have demonstrated that 
proline uptake via ProU is negligible. Rather, these authors have shown that proU encodes 
a high-affinity (Km = 1.3 11M; V max = 12.5 nmottomg protein-I;t:min-I) transport system for 
glycine betaine. Both systems, ProP and ProU are controlled at two levels. Increased uptake 
of glycine betaine at high osmolarity results largely from de novo synthesis of the ProP and 
ProU transport components, since the transcription of proP-lacZ and proU-lacZ fusions is 
enhanced approximately 3- and 100-fold, respectively, when the fusion strains are grown at 
high osmolarity or subjected to a sudden osmotic upshock (2,3, 16). In addition, the activity 
of the transport systems themselves is increased by the osmotic pressure of the medium. This 
stimulation of transport activity, independent of de novo protein synthesis, might be caused 
by conformational changes in transport proteins. As a consequence of the activity of both 
ProP and ProU, glycine betaine is accumulated at very high concentrations in E. coli cells 
grown at high osmolarity (800 mM or more) while its intracellular concentration is always 
a very low (10- 15 mM) in cells grown in minimal medium (36). Similar results have been 
obtained in Rhizobium meliloti: intracellular glycine betaine concentration is only 18 mM 
in cells grown in low-salt medium and reaches 650 mM in the presence of 0.5 M NaCI (25). 

In a nitrogen- and carbon-free medium, glycine betaine does not support the growth 
of E. coli either in low-salt or in high-salt medium. This molecule is not catabolized (36). 
Recent data suggest that E. coli and S. typhimurium possess efflux systems for glycine 
betaine, separate from ProP and ProU, that permit a rapid depletion of the intracellular pool 
of the osmoprotectant (21). This system is responsive to changes in the osmotic pressure of 
the medium: a sudden osmotic downshock induces a rapid efflux of glycine betaine. 
However, this loss may not be a glycine betaine-specific phenomenon since osmotic 
downshock with serine-loaded cells provokes similar loss of the accumulated amino acid. 
The molecular basis of the efflux system and its mode of control remain to be elucidated. 

By contrast, in R. meliloti, glycine betaine can be used as a building block for cellular 
components, as well as an osmoprotectant. However, the NaCI concentration of the growth 
medium regulates the levels of enzymatic activities responsible for glycine betaine catabo
lism in a way that allows its accumulation when the cells are osmotically stressed (25, 39). 
This catabolic repression prevents a futile cycle of uptake and degradation and ensures that 
glycine betaine is preserved to function as an osmoprotectant. 
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Figure 1. Structural organization of the binding protein dependent ProU transport system in E. coli. 
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Structure of ProP and ProU and Genetic Organization. Wood and coworkers (8) 
have used functional complementation of mUltiple prolinelbetaine transport defects to isolate 
the proP gene from E. coli. The nucleotide sequence was determined. The ProP transporter 
is an integral cytoplasmic membrane protein of 42 kDa. Comparison of protein sequence 
data reveals that ProP shows significant homology to the citrate/proton symporters from E. 
coli and Klebsiella pneumoniae, and to an a-ketoglutarate transporter from E. coli. Members 
of this transporter superfamily are predicted to have cytoplasmic amino and carboxyl termini 
and to cross the cell membrane 12 times. However, in contrast to a-ketoglutarate trans
porters, ProP includes an extended central hydrophilic loop, and an extended hydrophilic 
carboxyl terminal domain of about 50 amino acids that is likely to participate in the formation 
of an a-helical bundle (8). 

Recently, it has been shown that proP utilizes two different promoter sites: PI 
is responsible for strong basal expression and response to osmotic signals, while P2 
is involved in rpoS-dependent stationary phase induction (34). Thus, proP can be 
added to the growing list of dual-signal genes responsive to both osmotic and sta
tionary-phase signals. 

The ProU transporter is a multicomponent binding-protein-dependent transport 
system (Fig. I). The proU locus contains three genes organized in a single operon and 
designated pro V, prow, andproX(9 ; Fig. 2). The sequence of 4,362 nucleotides encompass
ing the proU operon of E. coli has been determined (17). 

Pro V, a peripheral membrane protein found on the cytoplasmic surface of the 
membrane, is predicted to be a 400-amino-acid-long polypeptide, relatively hydrophilic (Mr 
44,162). Interestingly, it is devoid of any tryptophan residues, and it seems that the 
C-terminal residues of the native protein are not essential for its function as a component of 
the glycine betaine transporter. The inferred amino acid sequence of Pro V shows two regions 
of significant similarity to HisP, a component of the L-histidine transporter of S. typhimurium 
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(17). ProV also shows extensive homologies to the ATP-binding domains of other binding
protein-dependent transport systems. 

ProW is a hydrophobic polypeptide of 354 amino acids (Mr 37,619). There is an 
8-nucleotide overlap between the end of pro V and the start of pro W, suggesting that there 
may be translational coupling in the expression of the two genes. ProW has the features of 
an integral membrane protein with several hydrophobic stretches capable of spanning the 
membrane. An interesting similarity between a region of ProW and the a-subunit of the 
acetylcholine receptor protein is observed. This similarity might relate to the fact that the 
choline moiety of acetylcholine, which binds the a-subunit, is structurally similar to glycine 
betaine. 

The predicted Pro X polypeptide (330 amino acids), is hydrophobic at its N
terminal end, and hydrophilic thereafter. The sequence of the first 21 amino acids of 
ProX shows the characteristics typical of a leader peptide which is expected to be 
present in a periplasmic protein. The calculated Mr for the mature protein is 33,729. 
This protein was purified from E. coli and was shown to bind glycine betaine with 
a high affinity, KD = I IlM (I). The purified protein has no detectable affinity for 
proline, but proline betaine competes with glycine betaine for binding (18). Periplasmic 
glycine betaine-binding proteins have also been detected in the soil microorganisms 
R. meliloti and Azospirillum brasilense (27,28). As observed in E. coli, high osmolarity 
does not increase the affinity of the glycine betaine-binding protein from R. meliloti 
for its substrate (33, 38). 

A number of structural analogs of proline and glycine betaine such as proline betaine, 
y-butyrobetaine, homobetaine, L-pipecolate betaine, taurine, N,N-dimethylglycine, pipe
colic acid, and ectoine also have osmoprotecting effects in E. coli (26, 15,32,20). Both the 
ProP permease and the ProU system exhibit a broad substrate affinity for most of these 
osmoprotectants (15,30). With the exception of proline betaine, none of these osmoprotec
tants is able to bind to Prox. 

Regulation of the Pro U Locus. Several studies with lacZ and phoA gene fusions (2, 
6) have revealed that the transcription of pro U is negligible at low osmolarity but is induced 
several hundred-fold at high osmolarity. This induction is detected within a few minutes after 
osmotic upshock, and proU is expressed at a high level as long as elevated osmolarity is 
maintained. Various facets of proU regulation have been covered in recent articles (6, 30, 
7), and only essential features are briefly presented here. It has been proposed that the 
intracellular concentration of potassiumJ glutamate functions as a "second messenger" which 
selectively stimulates the transcription of genes such as proU that enhances survival under 
osmotic stress (37). An alternative model suggests that proU transcription is regulated 
primarily through changes in the DNA supercoiling of the proU promoter region (19). Both 
mechanisms are not mutually exclusive and may contribute in a synergistic manner to 
mediate osmotic regulation ofproUtranscription (30). The level ofproU expression is also 
altered by mutations in the hns gene (previously designated osmZ) which maps at 27.4 min 
on the E. coli chromosome (19, 30). hns is the structural gene for a non-specific DNA-binding 
protein H-NS (or HI) that is tightly associated with chromosomal DNA. Sequences located 
upstream and downstream from the proU promoter are targets for H-NS binding (for a recent 
review see ref. 30). The model of direct action ofH-NS onproU expression is supported by 
a recent report showing that H-NS can act as a specific repressor ofproUtranscription in a 
purified in vitro system (42). In addition, deletion analysis of chromosomal sequences 5' of 
proUhave revealed an "upstream activating region", UAR, extending approximately 200 bp 
5' to the -35 box. This UAR sequence is required for maximal expression of the promoter 
under conditions of both low and high osmolarity (29). Furthermore, genetic experiments 
have demonstrated the presence of extended transcriptional "silencer" sequences at the 5' 
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Figure 3. The osmoregulatory choline-glycine betaine pathway in E. coli. 

end of the pro V genes from both E. coli and S. typhimurium that keep proU expression 
repressed in medium of low osmolarity (35). Despite these advances, there are still a large 
number of questions that remain unanswered about proU regulation. 

Genes Encoding the Osmoregulatory Choline-Glycine Betaine Pathway (Bet Genes). 
E. coli can synthesize glycine betaine from exogenously supplied choline (40) under 
conditions of osmotic stress. The bet genes which govern this pathway cluster at about 7.5 
min on the chromosomal map of E. coli, i. e. counterclockwise to lac (41). S. typhinurium 
lacks corresponding genes and therefore is unable to synthesize glycine betaine from choline. 
The bet genes of E. coli are expressed only under aerobic conditions. They are strongly 
induced by osmotic stress, but the presence of both choline (1 mM) and high salt is required 
for full expression (23). Using E. coli strains carrying bet-IacZ transcriptional fusions , Eshoo 
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Figure 4. Genetic organization of the bet locus of E. coli. 
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(13) has shown that osmotic stress elicited a 7- to lO-fold increase in transcription; these 
genes are also regulated by temperature, oxygen, glycine betaine, and choline. 

The synthesis of glycine betaine from choline entails two oxidation steps (40), with 
glycine betaine aldehyde as the intermediate (Fig. 3). The first enzyme is an oxygen-depend
ent choline dehydrogenase which has both choline and glycine betaine aldehyde dehydro
genase activities. This enzyme is membrane-bound and independent of soluble cofactors. Its 
activity is coupled to electron transport and a terminal electron acceptor such as O2 is needed; 
under anaerobic conditions, glycine betaine cannot be produced. In addition, E. coli also 
possesses a specific NAD-dependent glycine betaine aldehyde dehydrogenase. 

The sequence of 6,493 nucleotides encompassing the bet genes of E. coli has been 
determined (22). Four open reading frames were identified (Fig. 4). The betA gene (1,668 
nucleotides) encodes the choline dehydrogenase, a 556-amino acid protein of61.9 kDa. BetA 
is a flavoprotein, presenting a typical binding site for the ADP moiety of FAD. The rather 
hydrophilic amino acid profile of BetA suggests that it is a peripheral membrane-bound 
protein. The betB gene (1,470 nucleotides) encodes a 489 amino acid soluble protein (glycine 
betaine aldehyde dehydrogenase) of52.8 kDa. The sequence demonstrates extensive amino 
acid similarity to the specific glycine betaine aldehyde dehydrogenase from spinach chloro
plasts, as well as unspecific aldehyde dehydrogenases from other eukaryotes. The betBA 
region contains an additional gene, betl (585 nucleotides), which encodes a polypeptide of 
21.8 kDa (195 amino acids) with homology to several repressor proteins. BetI is probably 
involved in the choline regulation of bet expression. Besides the betlBA genes, betT (2,031 
nucleotides) is located upstream of this operon and transcribed divergently (Fig. 4). BetT 
corresponds to a proton motive force driven, high-affinity transport system for choline (Km 
= 8 IlM). An interesting feature of BetT is the presence of a long hydrophilic C-terminal 
region ofneariy 200 amino acid residues (22). 

R. meliloti also converts choline to glycine betaine (39), and we have recently cloned 
and sequenced the betAB genes in this species (unpublished results). 

DMSP AS AN OSMOPROTECTANT IN BACTERIA 

Biological Activity. DMSP, the major precursor of dimethyl sulfide (DMS), is well
known as the principal sulfonium compound found in marine environments. There are 
remarkable structural similarities between DMSP and glycine betaine. Therefore it is 
interesting to determine whether this sulfur-containing analog can substitute for glycine 
betaine as an osmoprotectant in bacteria. 

Table 1. Increased salt resistance of E. coli strain 31 in the presence of sulfonium 
compounds (Values are the highest NaCl concentration (M) in which growth occurred) 

Osmoprotectants 

Concentrations GB DMSP Dimethylthetin 

0 0.7 0.7 0.7 
l~M 0.9 0.7 0.9 
10~M 1.0 0.8 1.0 

100 ~M 1.0 0.8 1.0 
ImM 1.0 0.8 1.0 

The data shown are from Chambers et at .. 1987. 
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Figure 5. Effect of DMSP on the growth of strain MD 14-50, a bacterium isolated from a colony of the 
cyanobacterium Trichodesmium. The data shown are from Diaz M.R. et al., 1992. 

Chambers et a1. (4) reported that the growth of E. coli in minimal medium containing 
high NaCI concentrations is enhanced by the addition of increasing quantities of DMSP 
(Table 1). More specifically, the highest NaCI concentration in which growth occurs is 
increased when 10 mM or more of DMSP is added to the medium. Lower concentrations 
have no effect. 3-methylsulfonio 2-methylproprionate has a similar effect whereas dimethyl 
sulfonioacetate (dimethylthetin) shows a higher activity. In fact, dimethylthetin is equally 
as effective as glycine betaine in promoting growth of E. coli in high-salt medium. Moreover, 
several betaines and tertiary sulfonium compounds found in marine algae have been tested 
using K. pneumoniae in a salt stress alleviation assay to quantify their respective growth
promoting activities (31). A pronounced activity is observed for glycine betaine, proline 
betaine, choline (26), and also for DMSP (31). If the ability of glycine betaine to alleviate 
growth inhibition is estimated at 100%, the relative activity of DMSP is slightly higher 
(110%). A recent study using an unspecified bacterium (strain MD 14-50) isolated from a 
colony of the cyanobacterium "Trichodesmium indicates that strain MD 14-50 can grow over 
a wide range of salinities (0.2 to 2 M NaCl) in the absence of organic osmolytes, and clearly 
demonstrates that the addition of 0.1 mM DMSP to the growth medium is essential for growth 
at 3M NaCI (10). At 2M NaCl, the presence ofDMSP reduces the lag phase during growth 
on glucose (Fig. 5). Thus, DMSP clearly functions as an osmoprotectant in various bacteria 
including marine bacteria. DMSP also plays a role as a carbon and energy source in bacteria. 
Strain MD 14-50, for example, grows well on DMSP alone (10), and rapidly oxidizes the 
substrate at low NaCI concentration (0.2 M), producing DMS and acrylate through the 
activity of a DMSP lyase. However, when strain MD 14-50 is grown in the presence of 2 M 
NaCl, only about 30% of the exogenous DMSP (0.1 mM) is catabolized during the lag phase. 
Interestingly, DMSP accumulation occurs when the cells enter the stationary phase. Catabo
lism of DMSP also occurs in other marine bacteria such as Pseudomonas doudorofii and 
strain LFR, a Gram-negative bacterium isolated from the Sargasso Sea (24). 

Very little is know about the possible accumulation of other sulfonium compounds 
in bacteria. However, dimethylthetin which stimulates growth of E. coli under osmotic stress 
is removed from the medium and essentially recovered from the bacterial cell pellets (4). 
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Table 2. Effect ofDMSP on growth rate of E. Coli (Doubling times, h) 

Minimal medium + 0.7 M NaCI 

Strains (genotype) Control +GB I mM + DMSP I mM 

MC 4100 (WT) 12.5 2.5 3.6 
GM 50 (proU) 12.5 2.7 3.8 
BK 32 (DproP) 16.5 2.5 10 
MKH 13 (proU, DproP) n.g. n.g n.g 

n.g. = no growth. The data shown are from Gouesbet G. et ai., 1994. 

Transport of DMSP From the previous experiments it is clear that DMSP is taken 
up from the medium. Hence, questions concerning the specificity of transport system(s) in 
bacteria deserve investigation. During the last five years, several authors have suggested that 
ProP and ProU are the only uptake systems for osmoprotective molecules in E. coli. The 
question of whether ProP and/or ProU are involved in DMSP uptake was recently addressed 
by Gouesbet et al. (15). In a comparative study, the authors investigated the uptake ofDMSP 
and the uptake of various betaines, such as proline betaine, ~-alanine betaine, y-butyrobe
taine, and trigonelline by different E. coli mutants. In wild type cells (strain MC41 00), DMSP 
(I mM), is a powerful osmoprotectant, although its stimulatory effect on growth at 0.7 M 
NaCI is less than that observed in the presence of glycine betaine (Table 2). In a mutant strain 
lacking the ProU system (strain GMSO) the beneficial effect ofDMSP is approximately the 
same as in the wild type strain: doubling times of 3.8 and 3.6 h, respectively, compared to 
12.5 h in the absence ofDMSP. However, in strain BK32 which lacks ProP, DMSP is far less 
efficient at improving growth: doubling time of 10 h. In a double mutant strain MKHI3 
(proU, llproP) neither DMSP nor glycine betaine is able to promote growth in the presence 
of 0.7 M NaCl. Thus, it is clear that the ability ofDMSP to restore growth of E. coli in media 
of high osmolarity depends essentially on the ProP system, but the ProU system is also 
involved. The authors determined the relative affinity of both systems for DMSP by 
measuring 14C-glycine betaine and 14C-proline uptake in the presence of cold DMSP. Their 
conclusion is that DMSP shows a higher affinity for ProP than for ProU. In addition, the 
binding protein encoded by proX is essential for osmoprotection by DMSP through ProU, 
although DMSP does not seem to have any detectable affinity for ProX. In R. meliloti we 
have also observed a strong 14C-glycine betaine uptake inhibition by dimethylthetin without 
measuring any binding between the glycine betaine binding protein and this substrate. In 
order to clearly understand the role of this protein, further investigations using radioactive 
DMSP and dimethylthetin are needed. 

CONCLUSIONS 

During the last decades, studies of dimethyl sulfide (DMS) from marine organ
isms (bacteria, phytoplankton, macroalgae, higher plants) and their environments (salt 
marsh sediments, microbial and algal mats) led to the demonstration that DMSP is 
the precursor of DMS. Despite the fact that research focusing on DMSP represent a 
very active area, we still know much less about the physiological function(s) ofDMSP 
and the osmotic control of its accumulation than what we know about glycine betaine. 
In order to assess the importance of DMSP in osmoregulation, it will be important 
to understand: (1) the intimate mechanisms of uptake and the genetic regulation of 
the transport system(s) in model organisms such as E. coli as a model and also in 
marine bacteria, (2) the different pathways for degradation including enzymatic studies 



262 D. Le Rudulier et al. 

and gene characterization, (3) the intracellular localization and pathways of synthesis 
in higher plants. In the longer term, genes encoding these pathways could be cloned 
and transferred into plant species which are naturally unable to accumulate this com
pound. Further analyses of such transgenic plants will allow testing of whether DMSP 
accumulation can play a role in osmoadaptation. Because of the linkages between 
DMSP and the better known betaine system such experimental approaches should be 
productive. 
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SUMMARY 

23 

Dimethylsulfoniopropionate (DMSP) is initially biodegraded by cleavage into dimethyl 
sulfide (DMS) and acrylate or by demethylation to 3-methylmercaptopropionate (MMPA). 
Demethylation of MMPA produces 3-mercaptopropionate (MPA) which is catabolized with the 
elimination of HzS to leave acrylate. MMPA is also metabolized with the formation of 
methanethiol by unknown mechanisms. DMSP lyases which catalyze the cleavage ofDMSP into 
DMS and acrylate, occur in a variety of organisms; aerobic and anaerobic bacteria, phytoplankton, 
macroalgae and possibly higher plants. Biochemical properties reveal the occurrence of more than 
one DMSP lyase probably because of the different physiological functions of the enzyme. 
Demethylations ofDMSP to MMPA and thence to MPA are performed by aerobic and anaerobic 
bacteria. In anaerobes the first demethylation step was documented for a species of Desulfobac
terium and the second step from MMPA to MPA was established with species of Methanosarcina. 
MPA degradation has been observed only with anoxygenic phototrophic bacteria (Rhodopseudo
monas sp. strain BBI, Thiocapsa roseopersicina) and occurs with H2S elimination to leave 
acrylate. DMS and methanethiol are degraded by a variety of aerobes and anaerobes. Strict 
aerobes may use monooxygenases to oxidize the methyl groups whereas facultative and strict 
anaerobes probably employ transmethylases and a Cl-folate system of oxidation. Methanogens 
probably funnel methyl groups from DMS, methanethiol and MMPA via specific methyl 
transfemses to methyl coenzyme M reductase. 

INTRODUCTION 

The function of DMSP as an osmolyte in marine plants ensures its importance as a 
major carbon source for the growth of a variety of marine bacteria. The initial events involved 
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in the metabolic pathways for DMSP degradation are summarised in Fig. 1. Cleavage of 
DMSP gives dimethylsulfide (DMS) and acrylate whereas demethylation produces 3-
methylmercaptopropionate (MMPA). MMPA is metabolized with the formation of 
methanethiol or by demethylation to 3-mercaptopropionate (MPA), which is degraded with 
the elimination H2S to produce acrylate. The metabolic pathways for DMSP degradation 
therefore encompass those for DMS, methanethiol and acrylate. 

INITIAL TRANSFORMATIONS OF DMSP 

The cleavage ofDMSP: 

is catalyzed by DMSP lyases that occur in bacteria, eukaryotic algae and perhaps higher 
plants. The enzymatic activity is present in aerobic bacteria (2,5,6,8,9,24,29,30), anaerobic 
bacteria (48,58), phytoplankton (17,18,39,47) and possibly flowering plants (3,13). Several 
strains of marine bacteria, including Pseudomonas doudoroffii and Shewanella spp. pro
duced DMS and/or methanethiol from DMSP (31). 

There are indications of lyases with different biochemical properties, probably 
reflecting their varying physiological roles (5,7). For example, biochemical differences 
were observed for lyase activity in cell-free extracts of an aerobic marine bacterium 
(strain MD 14-50) that grows on DMSP, as compared to that in extracts of a green 
macroalga (Ulva lactuca) in which DMSP is an osmolyte (7) (Table 1). The bacterial 
but not the algal enzyme cleaved diethyl sulfide (DES) from diethylsulfoniopropionate 
(DESP). The bacterial enzyme was more sensitive to inhibition by 2-methyl DMSP 

HSCH 2 CH 2 COOH 
MPA 

Figure 1. Initial transformations ofDMSP. (1) DMSP lyase; (2) Demethylation ofDMSP; (3) Demethylation 
of MMPA ; (4) Elimination of H2S from MPA; (5) "Demethiolation" of MMPA; (6) Demethylations of 
methylated sulfides. 



Metabolic Pathways Involved in DMSP Degradation 267 

or DESP than the algal enzyme. An intracellular location for the bacterial enzyme 
appears reasonable in light of its sensitivity to 0.5M NaCl and neutral pH optimum. 
The algal enzyme was not inhibited by O.4M NaCl and showed an alkaline pH optimum 
thereby being suited to function in seawater. The lyase activity in extracts of Gyrodinium 
cohnii required O.4M NaCI for maximal activity and was still fully active at 3M NaCI 
(18). Unlike the enzyme of U. lactuca, the lyase of G. cohnii was optimally active 
at pH 6.0-6.5 but displayed very little activity at pH 8. 

Some strict anaerobes grow on glycine betaine, an important osmolyte for a wide 
range of organisms (36,60), with a reductive cleavage to yield trimethylamine and acetate 
(14,32,34): 

The presence of DMSP lyase in some anaerobes allows their exploitation of the 
carbon chain of DMSP without an expenditure of reducing power on an initial cleavage 
reaction. DMSP lyase activity in a bacterium was originally detected in a Clostridium sp. 
isolated from river mud (58) and more recently in a Desulfovibrio sp. (48). The Clostridium 
sp. grew on DMSP with the production of DMS and fermented acrylate to a mixture of 
propionate and acetate whereas the sulfate reducer used acrylate as an additional electron 
acceptor to produce only propionate. 

The demethylation of DMSP to MMPA has been established for aerobic and 
anaerobic bacteria (41,50,53). The demethylation of DMSP to MMPA was first shown 
with an aerobe, strain DG-C 1 (41) which was isolated from a culture of the marine 
coccolithophore Emiliania huxleyi, a DMSP producer (19). Metabolism of MMPA by 
strain DG-C 1 was predominantly with the formation of methanethiol although traces 
of MPA were detected in cultures growing on MMPA. Strain BIS-6, isolated from a 
coastal sediment, grew aerobically on a range of methylated compounds that included 
DMSP, DMS, glycine betaine and methylamines (53). Strain BIS-6 quantitatively 
demethylated both DMSP and MMPA to MPA. A sulfate-reducing bacterium, Desul
fobacterium strain PM4, that grew on glycine betaine with demethylation to yield 
dimethylglycine (14) was recently shown to grow on DMSP with the accumulation 
of MMPA (50). Even though acetogens such as Eubacterium limosum can demethylate 
glycine betaine (15), acetogenic bacteria that demethylate DMSP or MMPA have not 
been isolated or detected, even though their presence was anticipated (28). 

Table 1. Biochemical Properties ofDMSP Lyases a 

Property 

pH optimum 

Inhibition by NaCI (0.5M) 

Inhibition by OB (0.5M)b 

DESP as a substrate 

Inhibition by DESP 

Inhibition by 2-methyl-DMSP 

a Diaz and Taylor (7). 
b OB = glycine betaine. 

Organism 

Strain MD 14-50 Ulva lactuca 

7.0 8.5 

+ 

+ 

+ 

+++ + 

+++ + 



268 B. F. Taylor and P. T. Visscher 

DEGRADATION OF 3-METHYLMERCAPTOPROPIONATE 
(MMPA) AND 3-MERCAPTOPROPIONATE (MPA) 

Catabolism of MMPA by aerobes or anaerobes proceeds with either demethy
lation to MPA or the production of methanethiol (28,41,49,53). Three isolates of 
Methanosarcina species, from marine habitats, were recently shown to use MMPA as 
a methanogenic substrate with the quantitative accumulation of MPA (49). Possible 
mechanisms for the anaerobic demethylation ofMMPA by methanogens were discussed 
by Hansen and his colleagues (49). They concluded that transmethylation from MMPA 
to coenzyme M was more likely than direct use ofMMPA as a substrate in the reaction 
catalyzed by methyl-S-coenzyme M reductase (57). This conclusion was based mainly 
on the limited ability of methanogens (3 out of 11 strains examined) to use MMPA 
in spite of the ubiquity of methyl-S-coenzyme M reductase in methanogens. The 
ability to use or not use MMPA, however, may reside in differences in transport 
systems. Methane production from MMPA also proceeds after demethiolation ofMMPA 
to generate methanethiol which is consumed by both methanogenic and sulfate reducing 
bacteria (10,23,27,40). Experiments with slurries of diluted sediment, at 25°C and 
with 0.5 mM MMPA, indicated that demethiolation of MMPA predominated over its 
demethylation as the route for methane formation (49). In earlier studies of a coastal 
environment (28), demethylation ofMMPA to MPA was favored over its demethiolation 
and even though environments may vary, studies are needed at environmental substrate 
levels to understand the relationships between the two pathways. 

Aerobic demethylation ofMMPA could involve a monooxygenase: 

CH3SCH2CH2COOH + O2 + NAD(P)H + W~ 
HCHO + HSCH2CH2COOH + H20 + NAD(Pt 

or a corrinoid-based transmethylation with oxidation to HCOOH via the folate coenzyme 
system, and then oxidation catalyzed by a formate dehydrogenase. Interestingly, it appears 

CH 4 CH 3SH +® Acrylate DMSP 

CH3SCOM~ ~(j) ~ 
CHSH~ MMPA 

Propio~ate ® ,;1@;;4: 
MPA 

OMS 
Acrylate 

Figure 2. Proposed metabolic routes for MMPA production and degradation. Methyl transferases specific for 
(1) DMSP and (2) MMPA; (3) DMSP lyase; (4) methyl-S-CoM reductase; (5) MMPA reductase; (6) MMPA 
monooxygenase; (7) MPA desultbydrase; (8) MMPA lyase; (9) MMPA: methyl-S-CoM transferase. 
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more difficult to obtain demethylating bacteria on MMPA than on DMSP (53,55). In 
enumeration studies of water samples and sediments in which product formation was 
measured from MMPA, methanethiol production always occurred more rapidly than MPA 
production. More detailed studies are needed to determine true differences of rates and 
mechanisms in situ. 

Mechanisms for the formation of methanethiol from MMPA are unknown but 
there appear to be several (Fig 2). As noted above, strain DG-C I which grows aerobically 
on DMSP or MMPA (41) produced methanethiol from either substrate and also from 
S-methyl cysteine (44). Kiene and Capone (25) previously observed methanethiol 
formation from S-methyl cysteine in slurries of coastal sediments and it seemed possible 
that this activity coincidentally resided in an enzyme of MMPA degradation, since 
MMPA is probably more abundant than S-methylcysteine in coastal environments. 
However, we were able to isolate aerobic bacteria from coastal marine habitats that 
grew on either MMPA or S-methyl cysteine, or both compounds (16,42). Thus MMPA 
and S-methyl cysteine degradation are not necessarily linked by a common enzyme. 
We also isolated a nitrate-respirer which produced methanethiol from MMPA either 
aerobically or anaerobically (16,42). MMPA degradation with methanethiol production 
may include B-oxidation in which MMPA is metabolized as a fatty acid (Fig. 3). The 
final hydrolytic reaction of the sequence in Fig. 3 may be a purely chemical decom
position. Support for the B-oxidation route comes from the ability of a marine aerobic 
isolate, that grows on MMPA with methanethiol production and also grows on butyrate, 
to oxidize MMPA when grown on butyrate and the oxidation of MMPA by butyrate
grown cells (43). Strain BIS-6, however, grows only poorly on butyrate and so mecha
nisms other than B~oxidation undoubtedly exist for the dissimilation of MMPA with 
methanethiol formation (Fig. 2). Possibilities include an elimination reaction: 

or a reduction: 

The microbial degradation of MPA has received little attention but it was me
tabolized by two species of anoxygenic phototrophic bacteria that were isolated from 
marine habitats (54). Rhodopseudomonas sp. strain BBI, derived from a coastal marine 
sediment, and Thiocapsa roseopersicina, from a marine microbial mat, metabolized 
MPA or mercaptomalate with the elimination of H2S and the formation of acrylate or 
fumarate: 

HOOCCHSHCH2COOH~ H2S + HOOCCH=CHCOOH 

Rhodopseudomonas sp. strain BBI grew with subsequent consumption of both the 
sulfide and the carbon moiety whereas T. roseopersicina grew only photolithoautotrophically 
on the liberated sulfide, leaving behind the acrylate or fumarate. The desulfurylation activity 
was demonstrated in cell-free extracts of Rhodospeudomonas sp. strain BB I and an identical 
or similar activity would allow the growth of nonphototrophic bacteria, either aerobes or 
anaerobes, on MPA and other low molecular weight thiols that occur in marine sediments 
(26,33). 
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CH 3SCH=CH COSCoA 

H'Ol® 
CH3 SCHOHCH2COSCoA 

NAD+ 

NADH + H+ 

CH 3COSCoA 

90 ® + CH -S-C -~"">-___ 

3 'SCoA H~ ~ CH3SH + CO 2 

2 + HSCoA 

Figure 3. ~-Oxidation of 3-methylmercaptopropionate. (1) Acyl-CoA synthetase; (2) acyl-CoA dehydro
genase; (3) 3-hydroxyacyl-CoA hydratase; (4) 3-hydroxyacyl-CoA dehydrogenase; (5) B-ketothiolase; (6) 
Chemicallbiochemical hydrolysis (?). 
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DEGRADATION OF DMS AND METHANETHIOL 

DMS is metabolized by pathways that involve demethylation to methanethiol and 
then sulfide (Fig. 4), and it is also oxidized to dimethylsulfoxide (DMSO). Aerobic bacteria 
that metabolize methylated sulfides include thiobacilli and hyphomicrobia (Fig. 4) (22,63). 
With some aerobic bacteria, O2 directly participates in the oxidation of the methyl groups 
and degradation is by the action of DMS monooxygenase and methanethiol oxidase: 

with further oxidation of the HCHO to HCOOH and then CO2 and H20 in reactions catalyzed 
by formaldehyde and formate dehydrogenases. H2S is oxidized to sulfate in both thiobacilli 
and hyphomicrobia. A facultatively aerobic thiobaciIIus (Thiobacillus sp. strain ANS-l) grew 
anaerobically with denitrification (51) and in this, and other anaerobes, another mechanism 
for methyl group catabolism operates (Fig. 5). Presumably corrinoid-dependent methyltrans
ferases catalyze the transfer of methyl groups from the methylated sulfides to C1 carriers, 
such as folates, which mediate a stepwise oxidation to HCOOH which is subsequently 
oxidized to CO2 and H20 in a reaction catalyzed by a formate dehydrogenase. Nitrate
respirers, sulfate reducers and methanogens presumably also utilize methyl groups via 
methyltransferases. DMS metabolism by Thiobacillus sp. strain ASN - I was inhibited by 
CHCI3, an established inhibitor of corrinoid-dependent methyltransferases (59), but not by 
methyl butyl ether which blocked DMS oxidation in the strict aerobe Thiobacillus thioparus 
strain T5 (52). DMS oxidation, presumably by an oxygenase, was not inhibited by CHCl3 

in T. thioparus strain T5. 

(CH 3)25 

CD O2 NAOH + H + 
H20 -~- NAO+ 

Figure 4. Catabolism of methylated sulfides by thiobacilli and hyphomicrobia. (1) Dimethyl sulfide monooxy
genase; (2) methanethiol oxidase; (3) formaldehyde dehydrogenase; (4) formate dehydrogenase; (5) sulfide 
oxidizing enzymes; (6) catalase; (7) serine pathway for carbon assimilation; (8) Calvin cycle for CO2 fixation. 
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-
MBE 

NAD++ H20 ~ 

HCHO 

Figure 5. Oxygenase-oxidase and methyl-transferase pathways for catabolism of methylated sulfides. In 
methanogens the methyJcobalamin transfers the methyl group to coenzyme M and the methyl-S-coenzyme is 
reduced to yield methane. 

The photochemical oxidation of DMS in the marine atmosphere generates methane 
sulfonic acid, which returns to the Earth's surface in rain and snow, and is degraded by 
aerobic bacteria from marine and other environments (1,21,46). However, the catabolism of 
methane sulfonate involves a monooxygenase (21) and the anaerobic degradation of methane 
sulfonate has not been reported. If the hydrolysis of MSA occurs, then, as originally 
considered by Kelly and Baker (20), its anaerobic breakdown is possible with the production 
of methane or methanol: 

The hydrolytic cleavage of the C-P bond in methane phosphonate by Pseudomonas 
testosteroni produces methane (4). An analogous cleavage of MSA would require the 
presence of an additional carbon and energy source for the growth of an anaerobic microor
ganism. If biochemically possible, the hydrolysis of MSA to methanol and sulfite would 
benefit sulfate-reducers by providing both an oxizable substrate and electron acceptor; 
methanol would also be available to other anaerobes such as nitrate-reducers and methano
gens (20). 

DMS is biochemically oxidized to DMSO by anoxygenic phototrophs (56,61) and 
aerobically by a pseudomonad (62). There is as yet no evidence for its further oxidation to 
dimethyl sulfone (CH3)2S02 even though haloperoxidases, which are common in marine 
algae, catalyze this conversion (11,35). It appears that the link between DMS and MSA is 
chemical rather than biochemical although oxygenases may exist that catalyze the transfor
mation. 
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CATABOLISM OF ACRYLATE 

Interest was aroused in the fate of acrylate because of its observed antibacterial 
properties (37,38). Acrylate is, however, a good carbon source for the growth of both aerobic 
and anaerobic bacteria. 

Acrylate is metabolized with an initial activition to acrylyl coenzyme A. Further 
metabolism to lactyl CoA, catalyzed for example by lactyl dehydratase, provides entry into 
aerobic or anaerobic metabolic pathways and reduction to propionyl CoA, catalyzed for 
example by propionyl CoA dehydrogenase, provides entry into a variety of fermentative 
routes (12,45). An interesting and novel physiological function of acrylate is its recent 
discovery as a respiratory electron acceptor generated from DMSP by a Desulfovibrio sp. 
that possesses DMSP lyase activity; the higher free energy yield on acrylate as opposed to 
sulfate might provide the organism with a competitive advantage over other sulfate reducers 
(48). 

DISCUSSION 

With respect to the varied pathways available for DMSP degradation in the marine 
environment it is worth noting that we have evidence for mUltiple pathways operating in a 
nonmarine environment, namely the alkaline, hypersaline Mono Lake of California (8). 
Cultures that cleave DMSP and use DMSP or MMPA and generate methanethiol were 
isolated and they functioned best at an alkaline pH (9.5). 

Strain BIS-6, T. roseopersicina and some methanogenic Archae individually partici
pate in multiple steps of the routes for DMSP degradation. Strain BIS-6 demethylates DMSP 
and MMPA and grows on DMS, T. roseopersicina grows phototrophic ally with either DMS 
or H2S (liberated from MPA), and Methanosarcina strain MTP4 demethylates MMPA, DMS 
and methanethiol. Whether or not environmental conditions exist that permit the simultane
ous use of DMSP and its immediate degradation products by the same organism requires 
investigation. 

Metabolism of DMSP and glycine betaine show both similarities and differences; 
some organisms engage in demethylation of both compounds whilst others are more 
restricted. Cleavage ofDMSP via a lyase enzyme may be more common in bacteria than the 
reductive cleavage of glycine betaine. In environments where concentrations of substrates 
are typically low, more versatile generalists, like strain BIS-6 (53), may have advantages 
over specialists. However, other factors, such as rapid adaptation to changing environmental 
conditions are possibly more important in determining population composition. 

DMSP and its degradation products, even acrylate which has been identified as an 
"antibiotic", that are released by phytoplankton and macroalgae, may provide a carbon 
substrate that promotes the growth of epiphytic bacteria, which in turn might fix nitrogen or 
provide growth factors for the plant. The association of bacteria that degrade DMSP with 
marine phytoplankton (9,41) suggests possible interactions between DMSP producers and 
their associated bacterial flora. The bacteria could provide the enzymes needed for DMSP 
removal, rendering superfluous a DMSP lyase in the phototroph. Finally, if a B-oxidation 
pathway functions for MMPA degradation in some bacteria then the possibility of the 
formation of poly-B-hydroxybutyrate with methylthio-groups exists via an intermediate 
(CH3SCHOHCH2COSCoA) in the B-oxidation route for MMPA catabolism. Such a polymer 
would be a store of carbon (especially methyl groups), energy and sulfur, and might have 
novel plasticity characteristics. 
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SUMMARY 

Several bacterial isolates enriched from seawater using complex media were able to 
accumulate dimethylsulfoniopropionate (DMSP) from media into cells over several hours 
without degrading it. Uptake only occurred in metabolically active cells, and was repressed 
in some strains by the presence of additional carbon sources. Accumulation was also more 
rapid in osmotically-stressed cells, suggesting DMSP is used as an osmotic solute. Uptake 
could be blocked by inhibitors of active transport systems (2,4-dinitrophenol, azide, arse
nate) and of protein synthesis (chloramphenicol). Some structural analogs such as glycine 
betaine and S-methyl methionine also blocked DMSP uptake, suggesting that the availability 
of alternate organic osmolytes may influence DMSP uptake. Stresses such as freezing, 
heating, or osmotic down shock resulted in partial release of DMSP back to the medium. 
One strain which contained a DMSP-Iyase was also able to accumulate DMSP, and DMS 
was only produced in the absence of alternate carbon sources. Bacteria containing DMSP 
were prepared as prey for bacterivorous ciliates and flagellates, to examine the fate of the 
DMSP during grazing. In all cases, predators metabolized the DMSP in bacteria. In some 
cases, DMS was produced, but it is not clear if this was due to the predators or to associated 
bacteria in the non-axenic grazer cultures. Bacterivores may influence DMSP cycling by 
either modulating populations of DMSP-metabolizing bacteria, or by metabolizing DMSP 
accumulated by bacterial prey. 

INTRODUCTION 

Recent investigations have focused attention on the potential role of marine bacteria 
in the breakdown of phytoplankton-produced dimethylsulfoniopropionate (DMSP) to di
methyl sulfide (DMS) and other products (8, 16, 17,24,25,38,39). It is likely that bacteria 
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are responsible for a substantial fraction of the DMS produced in the ocean. Since methy
lotrophic bacteria may also consume DMS in surface waters (18, 42), the balance between 
DMS production and removal, which affects DMS concentration, is strongly dependent on 
bacterial metabolism. 

Though not generally considered, other, indirect pathways for DMSP metabolism 
via bacterial uptake may exist. Much previous work has shown that many bacteria 
accumulate betaines and similar organic molecules from their environment for use as 
osmotic solutes (2, 4, 5, 13,23,30, 32, 33). Frequently, structurally-related compounds 
function equally well (I, 31), including DMSP and other sulfonium compounds (5), 
and further evidence suggests that DMSP added to growth media counteracts salt-stress 
in bacteria (8, 29). It is therefore possible that many marine bacteria may accumulate 
DMSP and other solutes from seawater without directly metabolizing them. However, 
this DMSP may still be metabolized by bacterivorous protists during grazing, as has 
been shown for herbivorous protists (43), thus representing an additional pathway for 
degradation of phytoplankton-derived DMSP. Predation may also influence the avail
ability of bacteria capable of scavenging and metabolizing DMSP and DMS, further 
mediating the abundance of those compounds. 

In this study, isolated marine heterotrophic bacterial strains, including one which 
produced DMS, were tested for their ability to accumulate DMSP from seawater. Bacteria 
which had accumulated DMSP were used as prey for bacterivorous ciliates and flagellates 
in order to examine the roles of bactervory in the cycling of this compound, and in the 
production of DMS. 

MATERIALS AND METHODS 

Media for Isolation of Bacteria 

Heterotrophic marine bacteria from phytoplankton cultures and Oregon coastal 
seawater (9-12° C) were enriched and isolated by streaking on filtered-seawater agar (1.5%) 
amended with 1 % peptone, glucose, and 0.5% yeast extract. Cultures were incubated in the 
dark at room temperature and individual colonies were restreaked to purity. Bacteria were 
prepared for experiments by picking colonies from the plates, inoculating into 20-200 ml of 
similar liquid media, and incubating 1-2 days on a shaker at 100 rpm. 

Selection of DMSP-Metabolizers 

Bacteria were isolated which either lysed or demethylated DMSP by taking 
advantage of the fact that the lysis reaction produces free acid (protons) and the 
demethylation reaction does not. Agar plates were prepared as follows: 1 liter of 
0.2-l.lm filtered seawater was autoclaved with 15 g agar (Difco) and 10 mg bromthymol 
blue and then cooled to 60°C in a water bath. Two or 5 g (10 or 25 mM) DMSP-Br 
and 1.6 g Tris-OH (10 mM), were dissolved in 40 ml of cold, 0.2I.lm-filtered seawater 
and pH-adjusted as necessary to 7.6 with NaOH. This solution was sterile-filtered 
into the 60°C agar which was then poured immediately into sterile petri plates. Because 
DMSP showed thermal degradation to DMS and acrylate above 60°C, it was not 
autoclaved. Some plates were made with trace nutrients (0.01 % glucose, peptone, and 
yeast extract) added as well to promote general heterotrophic growth or provide trace 
nutrients. 

Bromthymol blue, the pH indicator dye in these plates, is blue at pH 7.5, 
colorless at pH 6.5, and yellow at pH 6. Typically, colonies producing acid appear 
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green, since the yellow layer around the cells lies on top ofa thicker layer of unmodified 
blue agar. DMSP-lysing colonies were easily detectable by this method, while other 
colonies (DMSP-demethylators or those growing on other trace carbon sources) ap
peared white or clear. DMS odor could be detected in all plates, including sterile, 
unstreaked controls, suggesting that some autolysis of DMSP occurred. This was a 
small fraction of the total and sterile plates did not shift color over several months 
or more; however, it did mask biological production of sulfur gases. Plates were 
streaked with various inocula and incubated at room temperature in the dark. 

Demonstration of DMSP Uptake by Bacteria 

Bacteria were either incubated 24-48 hours with 1 0-1 OO~M dissolved DMSP 
during growth on complex substrates (peptone, glucose, yeast extract), or were cen
trifuged after growth, washed in filtered, autoclaved seawater (FASW), and resuspended 
in FASW with dissolved DMSP and incubated 4-24 hours at 100 rpm at room tem
perature. Typical bacterial densities were 107-108 ml- i . After incubation, bacteria were 
again centrifuged, and a subsample of the supernatent was assayed for remaining 
dissolved DMSP. The cells were then washed and resuspended in DMSP-free FASW, 
and a subsample assayed for accumulated DMSP. Samples were placed in J O-ml 
crimp-top vials, 2 ml ION NaOH was added by pipette and the vial was quickly 
capped with Teflon-lined septa. The bottles were incubated along with DMSP standards 
at room temperature for 2-24 hours and the DMS produced was sampled in I 0-25 ~l 
headspace samples taken by gastight syringe. DMS was measured by GC-FPD detection. 

Bacterial uptake of DMSP was also measured by filtering cell solutions with 
GFIF or Millipore type HA 0.45/-lm filters and measuring particulate DMSP retained 
on the filter. Samples were assayed as for centrifuged samples. Loss of cell DMSP 
was examined by similar methods after heating to 60, 80, or 100°C for 2 hours, 
freezing, or other treatments. The effect of salinity changes on DMSP uptake was 
tested by growing cells in FASW, then centrifuging and resuspending them in FASW 
diluted with distilled water (hypotonic) or amended with 25 g Jiter- i sodium chloride 
(hypertonic), along with I 0-1 OO~M dissolved DMSP. Release of DMSP due to salinity 
changes was measured by centrifuging DMSP-containing bacteria, then resuspending 
and incubating them in appropriate media. Salinity was measured by refractometer. 

Inhibitor studies. Inhibitors were prepared as 100 mM solutions in deionized water, 
except for chloramphenicol which was dissolved in ethanol, and then added to bacterial 
samples (strain 1030) at 1 mM final concentrations (final volume 2 ml). Ethanol was added 
to the no-inhibitor control as well to account for any solvent effect. 2,4dinitrophenol was 
dissolved by adding NaOH dropwise. Formalin used as a positive control was added directly 
to cultures to a final concentration of3.7%. After adding inhibitors, samples were pre-incu
bated at room temperature in the dark with shaking for 0.5 hour, then DMSP was added to 
1 OO~M and the samples incubated overnight at room temperature in the dark with shaking. 
0.5-ml subsamples were removed at 0, 3, and 22.5 hours and centrifuged to remove cells. 
0.4 ml of the supernatent was assayed for remaining dissolved DMSP by headspace analysis. 

Ciliate and Flagellate Cultures 

Protists were enriched and cultured from seawater. Cultures were maintained on 
bacteria growing on sterilized wheat berries, or on bacterial strains heat-killed for 1 hr at 
80°C. Cultures were grown in 0.25 or 0.5 L polycarbonate flasks in the dark. Prior to the 
experiments, the wheat berries were removed to allow the bacterivores to graze down their 
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prey as much as possible. The cultures were diluted into appropriate experimental samples 
with FASW and allowed to incubate overnight at 15°C before prey bacteria, DMSP, or other 
amendments were added. 

Bottle Incubations 

Protists and prey were incubated in 500- or 250-ml Nalgene polycarbonate flasks, 
filled completely to minimize headspace. Duplicate bottles of each treatment were prepared. 
Sampling during the experiments typically introduced headspace volumes less than 10% of 
the total bottle volume over several days. Bottles were handled gently to avoid aeration and 
were incubated in the dark at 15°C. 

Cell Enumeration. Heterotrophic flagellate and bacterial prey cells were enumerated 
every 12-24 hours during incubations. 0.5-2 ml culture samples were preserved with alkaline 
Lugol's reagent (l01l1 ml- I ) followed by sodium tetraborate-buffered formalin (3.7% final 
concentration). The Lugol's was bleached by the addition of 1 drop ml- I 3% sodium 
thiosulfate (35). Samples were then stained with acridine orange (AO) or 4/,6-diamidino-2-
phenyl indole (DAPI) and filtered onto black 0.2 or 0.81lm membrane filters (Poretics, 
Livermore CA, # 11053, 11021) immediately after preservation, and counted by epifluores
cence microscopy. Actively swimming ciliates were enumerated directly with a dissecting 
microscope (Wild M3Z, Leica, Inc.) in replicate 1-201l1 drops. Bacterial viability was 
determined during incubations by the Live/Dead® BacLightTM viability kit (Molecular 
Probes, Inc., #L-7007). 

Sulfur Analyses 

Sulfur analyses were made by GC using a Shimadzu GC-14 chromatograph equipped 
with a flame photometric detector. The column packing was Chromosil 330 (Supelco, 
Bellefonte, PA), operated isothermally at 60 or 90°C. Helium was the carrier gas. Headspace 
samples (l 0-25 I.tI) were collected by gastight syringe and injected onto the column (injector 
200°C) and were sampled in triplicate. Stock DMSP solutions were treated as other head
space samples for standards. For DMS analyses, 1- or 2-ml samples were sparged with He, 
cryotrapped in liquid nitrogen, and subsequently introduced onto the GC column with 
heating. For DMSP, a separate 1-2 ml sample was filtered through a GFIF filter under gentle 
filtration, and the filter was placed in ION NaOH for at least 6 hours. A subsample of the 
NaOH was then sparged/cryotrapped for DMS produced from the alkaline hydrolysis of 
particulate DMSP. For dissolved DMSP, the filtrate was first sparged to remove DMS, and 
1 ml was then sparged with an equal volume of 10 N NaOH and cryotrapped as DMS. 
Minimum detection limit was approximately 100 pg S. For additional analytical details see 
(43). 

Chemicals. DMSPHCl was obtained from Research Plus (Bayonne, NJ) and was 
prepared in concentrated solutions in water. Stocks were kept frozen until use, and after 
dilution into seawater the pH was checked to make sure samples were not acidified. Stocks 
for GC standards were further acidified with HCI to prevent bacterial growth and stored at 
room temperature. DMSP-HBr (> 90% purity) used for isolation media was synthesized from 
DMS and 3-bromo-propionic acid (Aldrich) according to the method of Kondo (20) and was 
verified by melting point (112-113 0c) and NMR spectroscopy. Sources for inhibitors were: 
glycine betaine HCI, DL-S-methyl methionine, sodium azide, sodium arsenate, L-proline, 
and chloramphenicol, Sigma Chemicals; N,N-dimethyl glycine HCI, Aldrich Chemicals; 
2,4-dinitrophenol, Kodak Chemicals. 
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RESULTS 

Marine Bacteria Accumulated Dissolved DMSP 

Five strains of marine heterotrophic bacteria were isolated on rich media. Four were 
gram-negative, and one (strain 0030) was gram-positive. All strains but 4030 readily took 
up most of the 10-100f.LM dissolved DMSP from seawater (figure 1). In three strains the 
DMSP appeared to be stored inside cells rather than metabolized, and one accumulated 
DMSP with subsequent lysis to DMS (strain 0010). Some cells appeared to increase DMSP 
uptake at higher salinity (figure 1, strains 0030, 1010), suggesting an osmotic use, but others 
showed no such response (figure 1, strain 1030). 

One accumulator (strain 1030) and the lyser (strain 0010) were selected for more 
detailed studies. Uptake times typically ranged from minutes (figure 2) to hours (figure 4a). 
However, bacterial numbers or biomass were not constant between experiments, so rate 
comparisons are not meaningful. Uptake occurred both during growth on complex substrates, 
or following growth when washed cells were resuspended in seawater amended with 
10-100f.LM DMSP. Occasionally, bacteria appeared to take up DMSP more rapidly in the 
presence of other C compounds, but more typically strains accumulated DMSP more quickly 
in their absence. The additional carbon sources may have provided alternative osmolytes 
which competitively block uptake of DMSP (see below); this inhibition was overcome in 
many strains when bacteria were incubated in double-salinity seawater (data not shown). 
Uptake of 10-1 OOf.LM dissolved DMSP resulted in internal cell concentrations of approxi
mately 10-100 mM, based on whole-cell volumes. 
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Figure 1. Example of cell uptake of dissolved DMSP. Dissolved DMSP was added to filtered, autoc1aved 
seawater and assayed at time zero; bacterial culture (strain 0010) was added at 0.5 min (arrow). 
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Figure 2. Effect of salinity on accumulation of dissolved DMSP from seawater by marine bacteria. Bacteria 
were incubated with IOIlM DMSP for 16 hr in either filtered, autoclaved seawater, seawater amended with 
NaCl, or seawater diluted with deionized water. 
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Figure 3. Release of DMSP from bacteria following shock treatments, including poisons, heating, freezing, 
and osmotic downshock. More DMSP was released when cells were already osmotically stressed. Data are for 
strain 1030. 
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DMSP Uptake Could Be Blocked by Uptake Inhibitors and Other 
Osmolytes 

283 

DMSP appeared to be taken up actively by cells. Formalin-treated bacteria did 
not take up DMSP from seawater and DMSP did not attach onto ion exchange resin 
particles such as Sephadex, so adsorption was probably not a factor. Cells heated 1-2 
hrs at 80 or 100°C showed no uptake, but cells heated to only 60°C remained active 
(data not shown) and were capable of growth when plated onto rich media. Pre-in
cubating bacteria (strain 1030) with inhibitors of transport systems or protein synthesis 
generally prevented uptake (table I). Some substrate analogs effectively blocked DMSP 
uptake (glycine betaine, S-methyl methionine) while other organic osmolytes had 
reduced (dimethyl glycine) or no (L-proline) effect. Staining cells with the BacLightTM 
viability kit showed that the glycine betaine was not lethal to cells, so uptake was 
presumably blocked by competition. 

DMSP could be stored inside cells for days without degradation, either in 
concentrated cell solutions or after cells were resuspended in seawater. In many in
stances, though, after resuspension and dilution of DMSP-containing cells, DMSP 
returned to the "dissolved" fraction over several days (see grazing results below). 
This may have been due to slight osmotic differences between the concentrated bacterial 
stock media and the seawater used for the grazing experiments, or possibly due to 
handling shock. Other stresses such freezing or heating cells resulted in release of 
DMSP to the media (figure 3). Poisons or osmotic down shock also resulted in release, 
while osmotic upshock did not. Greater release occurred in cells already stressed 
osmotically in seawater amended with NaCI (figure 3). 

A DMSP-Lysing Strain Also Accumulated DMSP Depending on 
External Conditions 

Strain 0010, able to cleave DMSP to form DMS, was able to accumulate and retain 
DMSP from solution as well. Uptake was greatest under conditions of osmotic stress (figure 
4a) and was partially repressed when other C substrates (peptone, yeast extract, glucose) 
were present. Production of DMS following uptake was greatest at higher salinities as well 
(figure 4b), but DMS production was completely suppressed when other carbon substrates 
were present. These observations suggest that some DMSP-Iysing bacteria may also be able 
to use DMSP as an osmolyte, and that cleavage to DMS and acrylate may depend on the 
presence of other carbon sources. 

Bacterivores Were Able to Utilize DMSP Accumulated in Their Prey 

When live, DMSP-containing bacteria were fed to a bacterivorous scuticociliate 
(Uronema sp.), bacterial cell numbers began to decline immediately due to grazing 
(figure 5b). After a 24-hr lag, ciliate numbers increased (figure 5a) and bacterial 
DMSP decreased (figure 6b). These results suggest that the grazers metabolized prey 
DMSP within 24 hr of ingestion. Ungrazed bacteria containing DMSP showed little 
decrease in cell number (figure 5b), but they did release DMSP to seawater (figure 
6a). However, in ungrazed bacteria, total DMSP was conserved and no DMS was 
produced (figure 6a). A small amount of DMS was produced in the grazed cultures, 
probably from bacterial associates of the scuticociliates, since scuticociliate cultures 
streaked onto DMSP agar plates gave positive results for lysers. No axenic ciliate 
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Figure 4. Accumulation of OMSP by OMSP-c1eaving bacterium (strain 0010), and dependence of OMS 
production on external conditions. (a): uptake of dissolved OMSP by strain 0010 was hastened when grown 
in 56 psu seawater compared to uptake in 32 psu seawater. Addition of other C sources (peptone, glucose, yeast 
extract) decreased uptake partially in all cases, but at higher salinities uptake still occurred. (b) production of 
OMS by 00 1 0 culture was completely suppressed by addition of other C sources and production was increased 
at higher salinities. Note different scales for two graphs. 
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Figure 5. Grazing by scuticociliate on bacterial strain 1030 pre-incubated with DMSP (.) or without DMSP 
( 0 ). (a): ciliate numbers vs. time; (L1 ) are ciliates without added prey. (b): bacterial numbers vs. time; (. ) 
is strain 1030 with DMSP (" 1 030+·') but no ciliates. 

cultures were available to test whether the DMSP lysis might in fact be due to ciliates 
themselves. 

Similar results were also obtained in grazing experiments with a flagellate (Cafeteria 
sp., data not shown). Once again, although ungrazed bacteria released DMSP, total DMSP 
was conserved, as were bacterial numbers, while in the grazed samples both decreased. In 
this case, though, a fraction of DMSP was converted to DMS in both grazed and ungrazed 
samples. 

With both predators, bacteria which contained up to 100 mM internal DMSP were 
not grazed any faster than those without, nor did grazer appearance or the increase in grazer 
number vary with prey DMSP, suggesting that even high internal DMSP pools in bacterial 
prey made little nutritional difference to predators. 
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DISCUSSION 

Accumulation of Dissolved DMSP by Marine Bacteria 

Bacteria are recognized to playa role in the cycling of phytoplankton-derived DMSP 
in marine systems. Most work on bacterial pathways for DMSP has focused on those which 
metabolize it as a carbon source, either by lysis to DMS and acrylate or by demethylation to 
3-methiol propionate (8, 16, 17, 24, 25, 38-40). Bacteria which could contribute to these 
pathways may be significant (10%) fraction of the total bacterial population in some marine 
surface waters (39), and several strains have been isolated. 

However, bacteria may also take up dissolved DMSP without metabolizing it, and 
this process has not been emphasized in studies ofDMSP cycling in marine surface waters, 
despite the fact that much work has documented bacterial uptake of other osmotic solutes 
such as choline and glycine betaine (l, 4, 5, 22, 30-32). De novo synthesis of betaine is rare 
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Figure 6. Sulfur pools for scuticociliate grazing on bacterial strain 1030 pre-incubated with DMSP. Symbols: 
(. ) DMSPp; (0 ) DMSPd; (e ): DMS. (a) Bacteria without grazers. DMSPp in the bacteria leaked out over 
3 days to the dissolved pool but no DMS was formed, and there was no net loss ofDMSP. (b) Bacteria with 
grazers. No dissolved DMSP appears but bacterial DMSP disappears as bacteria are grazed. 
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in eubacteria and seems limited to moderately or extremely halophilic eubacteria, especially 
phototrophs (41). More slightly halophilic eubacteria either accumulate betaine from their 
environment or produce it from externally-acquired choline (2, 12). Many eubacteria, 
particularly those in the Enterobacteriacae, accumulate these solutes but do not utilize them 
as carbon sources, while others such as Rhizobium can both accumulate and metabolize these 
solutes, depending on both salinity stress and nutrient needs (36). The non-metabolizers may 
also actively export these solutes to maintain osmotic balance (21, 37). In addition to the 
quaternary amines, enteric bacteria have been shown to accumulate DMSP and related 
sulfonium compounds (5, 31), and this study suggests that many marine bacteria may do so 
as well. Only one previous study (8) demonstrated that a marine bacterium could accumulate 
DMSP at high salinities, although that work focused on the ability of that strain to degrade 
DMSP at normal seawater salinities. 

The majority of bacterial strains in this study appeared to take UPIlM DMSP from 
seawater over a range of salinities (figures 1 b, 4a). Uptake rates varied among strains, and 
were influenced by environmental conditions such as the availability of alternate carbon 
substrates. In all cases, though, uptake appeared to be the result of active metabolism. Heat
or formalin-killed cells did not take up DMSP, and inhibitors of transport systems such as 
2,4-dinitrophenol, azide, or arsenate prevented uptake (table 1). 

DMSP was accumulated to mM internal concentrations, based on whole-cell volume 
calculations. However, it is possible that DMSP is stored in the cell periplasm or other 
sub-volume. Stresses such as freezing, heating, osmotic down shock, or poisoning all 
resulted in partial release of DMSP to the medium (figure 3), and frequently, dilution of 
concentrated cultures into seawater resulted in slow leakage of DMSP out of cells (figure 
6a). This may have been due to handling stress during dilution. However, strain 1030, which 
was used for most of the grazing experiments, was shown by fatty acid MIDI analysis to be 
an enteric, corresponding most closely to Enterobacter agglomerans (R. Herwig, personal 
communication). This strain did not appear to metabolize DMSP. Since export pumps for 
osmotic solutes such as glycine betaine are well known for enterics which do not further 
catabolize it as a carbon source (21, 37), the release of DMSP by this strain may also have 
been an osmoregulatory effect. 

Most of the strains appeared to retain DMSP without metabolism, but one DMSP
lysing strain (0010) also accumulated DMSP from the medium (figure 4a). Although the 
presence of other carbon sources slowed DMSP uptake, it did not prevent it. However, the 
production of DMS by this strain was completely blocked when other carbon sources were 

Table 1. Effect of inhibitors (1 mM) on accumulation of 100:M DMSP by strain 1030 

Metabolic type Compound % Inhibition I 

Controls none (- control) 
formalin (+ control) 

Uptake system poisons dinitrophenol 
sodium azide 

sodium arsenate 
Protein synthesis inhibitor chloramphenicol 
Substrate analogs Glycine hetaine 

S-methyl methionine 
Other osmolytes dimethyl glycine 

L-proline 

I percent reduction in regression slope of DMSP uptake over time relative to 
no-inhibitor control 

2 not significantly different than no-inhibitor control 

0 
100 
\00 
\00 
81 

100 
99 
86 
67 , 

n.s. -
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available, suggesting a possible dual-role ofDMSP as both an osmotic solute and a carbon 
source. This is similar to the use of glycine betaine by Rhizobium (36) which can exploit it 
for either purpose, depending on environmental conditions. 

These observations suggest that the role of marine bacteria in the cycling of 
phytoplankton-derived DMSP may be greater than previously suspected, since it is 
not limited only to those which can utilize DMSP as a carbon source. Furthermore, 
although lysis of DMSP is usually quite specific to that compound (7, 31), uptake of 
DMSP for use as an osmotic solute may be less tightly controlled, and may be influenced 
by the relative availability of DMSP and other organic solutes which can compete for 
uptake system proteins. Such competition has been demonstrated for glycine betaine 
and DMSP (I, 5, 8), and other solutes present in seawater may also influence DMSP 
uptake. In this study, both glycine betaine and S-methyl methionine blocked DMSP 
uptake in strain 1030, while other solutes (L-proline, dimethyl glycine) did not. Glycine 
betaine has recently been used to inhibit bacterial DMSP lysis in seawater (19), and 
it is possible that this effect is due to competition for bacterial uptake systems rather 
than for the DMSP-Iyase itself. The presence of yeast extract, known to be a rich 
source of glycine betaine (12), along with other carbon sources appeared to decrease 
uptake ofDMSP by most strains, although this effect could be reduced when additional 
salt stress was imposed (data not shown). 

Fate of Bacterial DMSP during Grazing by Microzooplankton 

Although bacterial metabolism is probably a major sink for phytoplankton-derived 
DMSP, bacteria which accumulate DMSP without metabolizing it may also lead to its 
removal indirectly, during grazing by bacterivores. Similar to results with herbivorous 
flagellates (43), the passage of DMSP across trophic levels results in its degradation by 
bacterial grazers, including both ciliates and flagellates (figure 6). It is not yet clear whether 
the protists themselves are able to produce DMS from prey DMSP. Although DMS was 
produced in some grazing experiments, it may have been the result of other bacteria 
associated with the grazer cultures utilizing dissolved DMSP released from the test prey, 
since the grazer cultures tested positive for DMSP-lysing bacterial strains. 

Because DMSP and other osmotic solutes accumulate to high internal concentrations 
inside prey, it is possible that they may influence the nutritional quality of prey to predators. 
DMSP and betaine have been shown to function as methyl donors in plants (3), flagellates 
(15), fish and birds (28), and mammalian cells (9, 27, 28). Whether bacterivores can utilize 
DMSP as a methyl donor is not clear, but at least some appear to metabolize it without 
significant production of DMS, consistent with this function. It is therefore possible that 
prey containing large concentrations of these compounds might be nutritionally advanta
geous for predators. However, neither ciliates nor flagellates grazing on bacteria which 
contained up to 100 mM internal DMSP showed any increase in feeding or growth rates 
compared to those grazing on bacteria containing no DMSP (data not shown). It is unlikely 
therefore that DMSP confers any nutritional advantage to predators, especially in natural 
waters, where prey are less abundant and more heterogeneous. It is possible that uptake of 
organic solutes such as DMSP effects other changes in bacterial physiology (e.g. SIze, 
motility) which in tum influences their desirability as prey for bacterivores. 

Implications for DMSP Cycling in Marine Surface Waters 

There are two separate mechanisms by which DMSP accumulates in marine micro
organisms: (a) by biosynthesis, which to date has been shown only for phytoplankton and 
for one heterotrophic dinoflagellate (14); and (b) by uptake of dissolved DMSP for use as 
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osmotic solutes, without degradation. A third pool of accumulated DMSP resides in meso
and macroorganisms from DMSP ingested in the diet (see for example Iida (II), Levasseur 
(26), and Dacey (6) and references therein). Although the latter has received notice because 
it can lead to odor problems in commercial fish and shellfish, it is likely insignificant 
compared to the pool ofDMSP in microorganisms. Similar accumulation in microzooplank
tonic herbivores and bacterivores may also occur, although cultures examined to date appear 
to metabolize the DMSP rapidly (43). 

Despite the evidence shown here that the bacterial uptake mechanism may occur, it is 
not at all obvious that it plays an important role in DMSP cycling in natural systems. In 
particular, there are three questions which need to be addressed: (1) Could DMSP accumulated 
in bacteria be a significant fraction of total DMSP? (ii) Does accumulation occur in natural 
waters where bacterial concentrations and DMSP concentrations are low? (iii) Could grazing 
ofDMSP-containing bacteria be a major loss pathway for phytoplankton-derived DMSP? 

It is not clear whether a significant fraction of the "dissolved" or "particulate" DMSP 
measured in natural seawater might actually be DMSP stored in bacteria. Although the bacteria in 
this study were retained on GF IF filters, they were also extremely large cells, compared to typical 
marine bacteria. It is quite likely that some marine bacteria may pass through GF IF filters (nominal 
size retention 0.8~). However, these probably do not contribute significantly to the "dissolved" 
DMSP pool. For example, iflO% of the typical 106 bacteriaml-1 contained 100 mM DMSP, and 
all these were spheres of diameter 0.81-lm and could pass through a GFIF filter, they would 
contribute about 2.7 nM DMSP to the "dissolved" pool. Since "dissolved" DMSP concentrations 
are frequently 10 nM or greater, this seems a small contribution, especially given the generous 
assumptions. Furthermore, filtration with 0.2I-lm-pore filters and tests with dialysis membranes 
have shown that there really is a pool of dissolved DMSP, at least in some waters (R.P. Kiene, 
personal communication). Clearly, larger bacteria, as well as those attached to surfaces, will 
contribute to the particulate DMSP pool. But because particulate DMSP concentrations are 
usually greater than for dissolved DMSP, similar calculations show the bacterial contribution is 
again likely to be minor. However, it is still possible that in certain environments, bacterial DMSP 
may contribute significantly to either DMSP pool. 

Does bacterial accumulation ofDMSP occur at the low dissolved DMSP concentra
tions (typically well below O.II-lM) which occur in most marine environments? Accumulating 
DMSP against enormous concentration gradients from very dilute solutions is metabolically 
expensive. Furthermore, other solutes may be more abundant than DMSP in seawater and 
may compete with DMSP for cell receptor sites. Glycine betaine blocked accumulation of 
DMSPby some of the bacteria in this study (table I), and betaine appears to block metabolism 
of dissolved DMSP by natural microbial assemblages (19), possibly by preventing its uptake 
into the cells. Betaine and choline probably occur in marine waters and sediments in 
concentrations similar to dissolved DMSP (34). Therefore, it is possible that accumulation 
of DMSP by marine bacteria may not occur to the degree indicated by these bottle 
experiments where both DMSP and bacterial concentrations were artificially elevated. 

Whether the bactivory pathway is an important sink for phytoplankton-derived 
DMSP in natural environments is difficult to evaluate. The great majority of marine bacteria 
do not appear to be metabolically active, based on selective staining techniques which 
measure respiratory activity (44) or DNA (45). Because DMSP uptake requires metabolically 
active cells, it is therefore likely that only a small fraction of marine bacteria may accumulate 
DMSP, even though many genera may be able to take up this compound. This seems to imply 
that if bacterivores utilize random selection of their prey, their chance of ingesting and 
degrading DMSP inside bacteria would be low. However, there is good evidence that some 
bacterivores do preferentially graze metabolically-active bacteria (10), raising the possibility 
that DMSP-containing bacteria might be preferentially selected, especially ifDMSP confers 
any increase in size or motility to cells. It is also not yet clear whether many bacterivorous 
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ciliates and flagellates can metabolize DMSP in their prey, or whether they may produce 
DMS from this DMSP. 

Clearly, the experiments reported here, using high DMSP concentrations, high 
bacterial and bacterivore popUlations, and long incubation periods, present only the possi
bility that bacterial accumulation of DMSP and its subsequent degradation by bacterivores 
may be important in natural waters. Further work is needed to assess the importance of this 
mechanism on the removal of phytoplankton-produced DMSP in natural waters. 
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SUMMARY 

A comparative in vitro study of the DMSP lyases from an estuarine isolate, 
Alcaligenes strain M3A and a marine organism, Pseudomonas doudoroffii has been 
carried out. The enzymes in both organisms were induced to high levels by aeration, 
but unlike Alcaligenes, the P. doudoroffii enzyme was easily inactivated in vivo by 
processes not yet understood. The enzymes from both organisms bound to phenyl
Sepharose CL-4B and could then be purified by hydrophobic, anion exchange and 
gel filtration chromatography. A minor form (isozyme) of DMSP lyase (DL-2) was 
detected in Alcaligenes; its size and subunit composition were similar to the major 
isoform (DL-l) as was its Km for DMSP. Polyclonal antibodies raised against the 
Alcaligenes DMSP lyase were equally reactive against both the Alcaligenes and P. 
doudoroffii enzymes. Western blots of SDS-polyacrylamide gels together with gel 
filtration analysis showed that both enzymes were monomers of 48 kDa. The purified 
DMSP lyases had a similar Km (1 to 2 mM) and Vmax (ca. 500 units/mg protein) for 
DMSP. Methyl-3-mercaptopropionate (MMPA) was inhibitory to DMSP lyase activity 
in vivo and in vitro in both organisms. Cyanide and p-chloromercuri-benzoate inhibited 
P. doudoroffii DMSP lyase activity in vivo but not in vitro; activity in Alcaligenes 
was unaffected. Based on results of kinetic and inhibitor studies, a working model of 
DMS production, which includes a postulated DMSP-binding protein in P. doudoroffii, 
but not Alcaligenes, has been presented. The N-terminal amino acid sequences of the 
DMSP lyases purified from Alcaligenes and P. doudoroffii had 75% homology to each 
other in the first 20 amino acid residues, with 90% homology in the first 10 residues 
suggesting that the N-terminal region of DMSP lyase in these two marine bacteria is 
highly conserved. The N-terminal amino acid sequences of these enzymes showed no 
significant degree of homology with any existing protein in the database. 

Biological and Environmental Chemistry of DMSP and Related SUlfonium Compounds 
edited by Ronald P. Kiene et aI., Plenum Press, New York, 1996 293 
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INTRODUCTION 

DMSP degradation by microbes in marine environments has been shown to 
occur via two pathways, one of which involves an initial demethylation to methyl-3-
mercaptopropionate (MMPA) (19,20,29), and the other pathway which cleaves DMSP 
to produce DMS, acrylate and a proton, by a reaction catalyzed by DMSP lyase 
(15-18,20,21). This report will focus on the enzymology of the DMSP lyase pathway. 
DMSP degradation to DMS has been reported under both aerobic and anaerobic con
ditions in salt marsh sediments (17,20,21,29), microbial mats (30), estuarine, oceanic, 
and coastal waters (15,16,18). A number of pure cultures of bacteria 
(7,10,15,22,29,33,35) and algae (5,6,11,14,25,26,28) possess DMSP lyase activity 
which until recently has only been studied in vivo. DMSP lyase activity has been 
studied in vitro in the following algae: Ulva lactuca (9), Polysiphonia lanosa (5,25), 
and Gyrodinium cohn;; (13). This enzyme has only recently been purified from a salt 
marsh bacterial isolate, which was identified as an Alcaligenes-like organism (7). The 
physiology of DMS production by DMSP lyase has recently been compared and con
trasted in Alcaligenes and a marine species, P. doudoroffii (3,22) with regard to their 
induction characteristics, parameters that affect enzyme turnover, and their in vivo 
kinetic constants (8). This paper compares the in vitro biochemical characteristics of 
DMSP lyase from Alcaligenes andP. doudoroffii, and is the first to report the N-terminal 
amino acid sequence of DMSP lyases. These results will provide the foundation for 
further research in investigating the still unknown aspects of the biochemistry and 
molecular biology of DMS production from DMSP and in situ population sizes of 
DMSP lyase producers in the marine environment. 

MATERIALS AND METHODS 

Induction of DMSP Lyase 

Alcaligenes was grown in 8-liter batch cultures with acrylate as an inducer and carbon 
source in the basal salts medium described earlier (7). P. doudoroffii was grown in Tryptic 
Soy Broth (TSB, Difco) in 8-liter or I-liter cultures and then induced with 1 mM DMSP. 
Both required high levels of aeration for maximum rates ofDMSP lyase induction. After the 
cells were fully induced, Alcaligenes was centrifuged at 8600 x g for 10 min whereas P. 
doudoroffii was harvested by taking the centrifuge up to 11000 x g and then stopping it. This 
was necessary because P. doudoroffii lost a considerable amount of its activity during 
prolonged centrifugation. DMSP lyase activity, both in vivo and in vitro was measured by 
gas chromatographic determination ofDMS (7). 

Purification and Characterization of DMSP Lyase 

The procedure used to purify the Alcaligenes DMSP-Iyase has been described 
previously (7) and the P. doudoroffii enzyme was purified using a modification of this 
method. Notable changes included a 40% ammonium sulfate cut instead of a 55% cut and a 
subsequent gradient of 40 to 0% ammonium sulfate in 50 mM phosphate buffer (pH 8) on a 
phenyl-Sepharose CL-4B column instead of a 55 to 0% gradient. Due to the still unexplained 
instability of the P. doudoroffii enzyme in vivo (8), the amount of electrophoretically pure 
protein recovered was small and therefore was only used to determine its molecular mass, 
estimate its kinetic constants (Km and vma..) for DMSP and N-terminal amino acid sequence. 
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Other experiments were performed using partially purified protein in fractions obtained after 
gradient elution from the phenyl-Sepharose column. 

Determination of the Molecular Mass and Subunit Composition 

Pure DMSP lyase from P. doudoroffii was chromatographed on a Sephadex G-I OOS 
gel filtration column on which the Alcaligenes enzyme (molecular mass = 48 kDa, ref. 7) 
had previously been chromatographed. This procedure allowed us to estimate the molecular 
weight of the native P. doudoroffii enzyme. Subunit composition was determined by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as described earlier for the 
Alcaligenes enzyme (7). 

Western Blots 

The enzymes were electroblotted from 10% polyacrylamide SDS gels to a poly
vinylidine difluoride membrane (PVDF, Bio-Rad) and immuno-stained using polyclonal 
-Alcaligenes DMSP lyase rabbit antiserum (I: I 000) and a goat-antirabbit horseradish 
peroxidase detection system (Bio-Rad) using chloro-naphthol as a chromogenic substrate to 
identify the bands recognized by the antibody. The techniques of electroblotting and 
immuno-staining DMSP lyase were essentially those of Sam brook et al. (27). 

Determination of the Kinetic Constants of DMSP Lyase for DMSP 

The kinetic parameters (Km and Vmax for DMSP) of DMSP lyase were determined 
using Lineweaver-Burke plots and DMSP at concentrations between 20 and 2000 j.lM. The 
data reported here are the mean of at least two experiments. 

Effect of Inhibitors on In vitro DMSP Lyase Activity 

Enzyme preparations were incubated with the inhibitors (at 5 mM) shown in Table 
2 for 10 min, after which DMSP (2.5 mM) was added and enzyme activity measured. 

Effect of pH on In vitro DMSP Lyase Activity 

The pH optima for the isozymes of DMSP lyase from Alcaligenes, and for P 
doudoroffii were determined for both the purified and partially purified enzyme as described 
previously (8). 

Sequencing of DMSP Lyase 

Following electrophoresis and electroblotting onto a PVDF membrane, the bands of 
Alcaligenes and P. doudoroffii DMSP lyase were cut from the air-dried membrane and used 
directly in the auto sequencer. The amino-terminal sequences of DMSP lyase from Alcali
genes and P. doudoroffii were determined using a pulsed liquid protein sequencer (Applied 
Biosystems model 477A) equipped with an on-line Biosystems modelI20APTH analyzer. 
Sequences were analyzed using the FASTA program with the GCG software system provided 
by the manufacturer. 
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Figure 1. Production and degradation of DMSP lyase in cell cultures of Alcaligenes and P. doudoroffii. (A) 
Rate of induction and (8) decay constants of DMSP lyase activity as a function of aeration of the culture. 
Cultures were induced with 1 roM DMSP and kinetics of DMS production were monitored every 1.5 hours. 
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Figure 2. Phenyl-Sepharose elution profile of Alcaligenes DMSP lyase activity. A 40% ammonium sulfate 
supernatant containing the enzyme was applied to the 1 x 15 cm column and eluted with 300 ml of a 40 to 0% 
ammonium sulfate gradient. The gradient ended at fraction 50 after which 50 roM phosphate buffer (pH 8) was 
used for the rest of the elution. The volume of each fraction was 4 m\. The inset shows a Western blot ofDL-l 
and DL-2 probed with the antibody to DL-l. 
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RESULTS 

Induction and Purification of DMSP Lyase 

The rate of induction of DMSP lyase in both Alcaligenes and P doudoroffii cultures 
was greatly stimulated by increased culture aeration (Fig. lA). A shaker speed of 100 rpm 
saturated the culture with oxygen at approximately 250 11M for Alcaligenes in phosphate 
buffer, and 220 11M for P doudoroffii in sea water. Once induced, the Alcaligenes enzyme 
was quite stable, but cultures of P doudoroffii showed a rapid loss of activity with increased 
aeration (Fig. 1 B). It was therefore difficult to "capture" the P doudoroffii enzyme in a stable, 
active form in vitro. However, when a crude extract with activity was obtained, the enzyme 
was fairly stable and from those preparations we were able to purify to homogeneity the 
DMSP lyase from this organism. The enzymes from both organisms were in the soluble 
fraction and showed similar chromatography characteristics; they bound to phenyl
Sepharose CL-4B when the gel was equilibrated with 40% ammonium sulfate, and were 
released with buffer containing no ammonium sulfate (Fig. 2 and ref 7). Two forms of the 
Alcaligenes-DMSP lyase with different hydrophobic characteristics eluted from the phenyl
Sepharose column after a gradient of 40 to 0% ammonium sulfate (Fig. 2). The major 
isozyme that was purified earlier (7) is referred to as DL-l; the minor form of the enzyme 
is called DL-2. The inset to Fig. 2 shows a Western blot of Alcaligenes DL-l and DL-2, and 
indicates that they have identical molecular weights. Only one isoform of the enzyme could 
be detected in P doudoroffii at this time using a similar purification protocol. 

Molecular Mass and Subunit Characteristics 

The DMSP lyases from Alcaligenes and P doudorojjii comigrated on a Sephadex 
G-lOOS column (Fig.3) indicating they have similar molecular masses; the mass of the 
Alcaligenes DMSP lyase lS known to be 48 kDa (8). With (heir identical migration on 
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Figure 3. Gel filtration data of Alcaligenes M3A and P. doudoroffii DMSP lyases on a G 1 OOS Sephadex 
column. The proteins were chromatographed on separate runs. The Alcaligenes enzyme was used as the 
standard since its molecular mass (48 kDa) is known (7). 
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Figure 4. Western blot of Alcaligenes and P 
doudorofjii DMSP Iyases. Antibody to the Alcali
genes DMSP lyase (DL-I) was used to probe the 
blot. Molecular mass markers are drawn on the left 
of the figure. 

SDS-PAGE as seen by Western blots (Fig.4), it further indicates that the DMSP lyases from 
these organisms are both monomeric proteins with similar molecular masses of 48 kDa. 
These enzymes also have a similar migration pattern on native gels (data not shown). The 
antibody against the Alcaligenes DMSP -lyase responded to the P. doudoroffii enzyme at the 
same dilution at which it reacted with the pure Alcaligenes enzyme, indicating the presence 
of similar antigenic determinants. 

Kinetic Characteristics 

When the kinetic constants were determined in cell extracts or with the pure enzyme, 
DMSP lyase from P. doudoroffii and Alcaligenes had a similar Km for DMSP that was 1 to 
2 mM (Table 1). Note however, that while the in vitro Km values are similar, theP. doudoroffii 
Km for DMSP in vivo is several orders of magnitude lower « 20I-lM); the significance of this 
fact is discussed below. The Vmax of Alcaligenes DMSP lyase was higher than the P. 

Table 1. Summary table of the kinetic characteristics ofDMSP lyase in Alcaligenes 
and Pseudomonas doudoroffii 

Parameter Alcaligenes P doudorofjii 

Cell suspension I 1.41 < 20 11M 
Cell extract2 0.97 1.40 
Pure enzyme (DL-l) 2.02 1.82 
Isozyme (DL-2) 2.34 NA 

Vmar (units/mg)3 Cell suspension I 1.09 0.32 

Cell extract2 26.75 3.75 
Pure enzyme (DL-I) 408 504 

1. The in vivo kinetic constants for the Alcaligenes enzyme are taken from reference 8. 
2. Cell extracts are fractions obtained after sonication, ammonium sulfate precipitation, and 
hydrophobic chromatography as described previously (7). 
3. A unit ofDMSP lyase activity is the amount of enzyme that catalyzes the release of I 
Ilmo1e ofDMS from DMSP in one minute. 
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Table 2. Effect of inhibitors on DMSP lyase activity in cell-free extracts of 
Pseudomonas doudorofJii and Alcaligenes strain M3A 

Inhibitor (at 5 mM) 

3-mercaptopropionate (MPA) 
Methyl-3-mercaptopropionate (MMPA) 
Methionine 

Alcaligenes 

68 
8 

% Inhibition 

P. doudoruffii 

22 
74 
22 

Glycine betaine 21 18 
Propionate 16 14 
Homocysteine 15 24 
2-mercaptoacetate 31 

Dimethylsulfoxide, S-methylmethionine, acrylate, acrylamide, methionine sulfoxide, 
methacrylate, dimethyl glycine, dimethylsulfonioacetate (all at 5 mM) showed less than 10% 
inhibition of DMSP lyase activity. Cyanide, azide, arsenate, and p-chloromercuribenzoate 
(all at 1 mM) did not inhibit DMSP lyase activity in vitro in either organism. 
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doudoroffii enzyme in cell culture and cell extracts but the purified enzymes had similar 
values of 400-S00 units/mg protein (Table I). 

The Km for DMSP for the minor isozyme (DL-2) of DMSP lyase from Alcaligenes 
was similar to that of its major isozyme, DL-l. The Vmax could not be compared since DL-2 
was not purified to electrophoretic homogeneity. 

Optimum pH and Temperature for DMSP Lyase Activity 

DMSP lyase activity in both cell cultures and cell extracts of Alcaligenes had pH 
optima at 6.S and 8.S (Fig. SA). The two pH optima are not explained however by the optima 
of the isozymes, as both the major (DL-I) and minor (DL-2) isoforms of the Alcaligenes 
enzyme had pH optima at 8.S (Fig. SB). DMSP lyase activity in P. doudoroffii determined 
in vitro had a pH optimum of 8 (data not shown). DMSP lyase activity both in vivo and in 
vitro had temperature optima at 37°C (data not shown). 

A 100 ----- DL·1 B 
--{}-- DL·2 

80 80 
~ ~ os: _ "5-
:;::; E .'" E 
" :J 60 g ~ 60 
'" E OJ .- ~ 'x (/) x 
'" '" '" '" ~E ~E 

Il.o 40 Il.o 40 

~~ 
en 0 

:2:~ 
o~ 0 

20 20 
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pH pH 

Figure 5. pH optima for activity of Alcaligenes M3A DMSP lyases in: (A) cell cultures and crude extracts and 
(B) pure DMSP lyase (isozyme, DL-l) and the partially purified minor form (isozyme, DL-2). 
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Effect of Inhibitors 

Of the several inhibitors tested, MMPA was the only compound that strongly 
inhibited DMSP lyase activity in vitro both in P. doudoroffii and Alcaligenes (Table 2). 

Effect of Alternative Substrates 

None of the following DMSP analogues, tested at 5 mM, functioned as alternative 
substrates to release DMS or methanethiol during in vitro assays of DMSP lyase from either 
P. doudoroffii or Alcaligenes: dimethylsulfonioacetate (DMSA), dimethylsulfoxide 
(DMSO), methionine, methionine sulfoxide, S-methylmethionine, homocysteine, and 
MMPA. 

Amino Acid Sequences 

When the N-terminal amino acid sequences of the DMSP Iyases from Alcaligenes 
and P. doudoroffii were compared to all other proteins in the database (in April 1995) there 
was no homology greater than 25 to 30% observed, and that was only for 4 or 5 amino acid 
sequences. There was 75% homology between the Alcaligenes and P. doudoroffii enzyme 
over the N-terminal end of these enzymes, while the first 10 amino acid residues were 90% 
homologous (Fig.6). 

DISCUSSION 

DMS, the most abundant volatile sulfur compound in seawater (l), is thought to be 
produced mainly from DMSP by DMSP lyases present in marine environments (See 
Introduction). Due to an ocean-air flux, DMS is a major source of sulfur to the atmosphere 
(1), where, following its oxidation, it may even influence climate change (2,24,34). The 
parameters that influence production, function, and maintenance of DMSP lyases will also 
affect the production ofDMS, and therefore its contribution to the global sulfur cycle. There 
is a consensus emerging that marine bacteria play an essential, perhaps dominant role in this 
process. 

We have studied the characteristics of DMSP lyases in vivo (8) and in vitro (7, and 
this study) from two marine bacteria, Alcaligenes strain M3A and P. doudoroffii. The 
Alcaligenes enzyme is very stable (Fig. I) and was easily purified (7), but DMSP lyase 
activity in P. doudoroffii was rapidly lost in vivo and therefore the enzyme from this organism 
could not be purified in large amounts. It is particularly labile when grown in large (I to 8 
liter), aerated, batch cultures. It is possible that DMSP has to be present constantly in the 
cellular environment in order for the enzyme to be maintained, but this has not yet been 
tested. 

The enzymes isolated from P. doudoroffii and Alcaligenes are both monomeric, 48 
kDa molecules (Figs 3 and 4) which have a high degree of homology in their N-terminal 
amino acid sequence (Fig. 6) and similar pH and temperature optima. Cell-free preparations 
of other DMSP lyase-containing bacterial isolates, however, have shown by Western blot 
analysis a heterogeneity in both molecular mass and the number of proteins that react with 
the Alcaligenes antibody (de Souza and Yoch, unpubl.). The different induction charac
teristics (Fig. I) and kinetic parameters (Table I) in the two organisms, and the presence of 
an isozyme in Alcaligenes (Fig. 2) indicate phenotypic differences in these two organisms 
that relate to DMS evolving characteristics. 
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5 10 IS 20 
Alcaligenes NH)-Ala-Gln-Phe-Gln-His-Gln-Asp-Asp-Val-Lys-Pro-Ala-Ala-Ile-Ser-Ala-Glu-Glu-Gly-Lys-

I I I I I I I I I I I I I I I 
Pseudomonas NHJ-Ala-Gln-Phe-Gln-Ser-Gln-Asp-Asp-Val-Lys-Pro-Ala-Ser-Ile-Asp-Ala-Trp-Ser-Gly-Lys
doudoroffii 

Alcaligenes 
25 30 35 

Gly-Lys-Leu-Val-Asp-Glu-Gln-Phe-Gln-Glu-Ala-Gln-Lys-Asn-Asn-Glu-Ala-Leu-

75% homology between first 20 residues 
90% homology between first 10 residues 

Figure 6. Comparison ofN-terminal sequences ofDMSP lyase from Alcaligenes strain M3A and P doudorofii. 
The residue numbers are depicted above the three letter amino acid symbol. 

By developing an oligonucleotide probe (or probes), based on the conserved region 
of the N-terminal amino acid sequences ofDMSP lyase from these and other bacterial and 
algal isolates, we should be able to clone the gene for DMSP lyase. Once the latter is 
accomplished, the gene probe can be used to examine the size, location and role of bacterial 
populations involved in DMS evolution from marine environments. 

The two isozymes in Alcaligenes had similar pH optima, molecular masses, and Km 
for DMSP. The isozyme DL-2 shows < 10% of the activity ofDL-I; either DL-2 is produced 
in much lower amount or its specific activity (which has not yet been determined) is much 
lower. The molecular basis for the differences in these isozymes is not known except that 
they elute differently on a hydrophobic chromatography column. 

Inhibition by MMPA of DMSP lyase activity from both organisms could have 
regulatory significance because MMPA is a breakdown product of the demethylation 
pathway ofDMSP degradation (19,20). It is possible that bacteria that demethylate DMSP 
in situ, to produce MMPA, compete for endogenous DMSP by inhibiting DMSP uptake and 
cleavage in bacteria which contain DMSP lyase. 

Cyanide and azide are well known inhibitors of electron transport and PCMB is a 
cell-impermeant modifier of sulfydryl groups. These compounds (all at I mM) strongly 
inhibited the P. doudoroffii DMSP lyase, but not the Alcaligenes enzyme, in vivo (8). 
However, these enzyme inhibitors did not affect DMSP lyase activity in vitro in either 
organism suggesting that P. doudoroffii probably actively transports DMSP into the cell, and 
may have a DMSP binding protein on its surface. A DMSP binding protein on the surface of 
P. doudorofJii, is consistent with the much higher apparent affinity (lower Km) of its in vivo 
DMSP lyase activity for DMSP, compared to that seen in Alcaligenes (Table I). In Alcali
genes, however, the DMSP lyase is probably periplasmic and a DMSP-binding protein may 
therefore not be required. A model which summarizes these results and speculation about a 
putative binding protein in P. doudorofJii is shown in Figure 7. A similar model has been 
proposed for the transport ofDMSP and its subsequent intracellular cleavage in strain LFR 
(23). 

The physiological and biochemical data presented here may be used to make 
ecological inferences about these two organisms. DMSP lyase from Alcaligenes either in its 
pure form or in cell cultures has similar Km values for DMSP of I to 2 mM (Table 1). One 
might surmise that Alcaligenes strain M3A is found in phytoplankton blooms, Spartina 
alterniflora leaves or roots, or associated with macroalgae like Ulva lactuca where high 
concentrations ofDMSP would be expected to be released during their senescence and decay 
process. Alcaligenes can also use acrylate to induce its enzyme and grow on this molecule, 
unlike P. doudorofJii (8). As maximum rates ofDMSP lyase induction by acrylate also require 



302 

OMSP -CN, PCMB 

~ 

OMSP 

MMPA 

+ 
OMS + Acrylate + H 

P. doudoroffl1 

MMPA 

OMS + Acrylate + H 

AlcalIgenes 

M. P. de Souza and D. C. Yoch 

+ 

Km for DMSP 
In vivo = <20 uM 
In vitro = 1.8 mM 

Km for DMSP 
In vivo = 1.4 mM 
In vitro = 2.0 mM 

Figure 7. A model summarizing the results of this work and that in ref. 8 with regard to DMS evolution via 
DMSP lyase in Alcaligenes and P. doudoroffii. DL = DMSP lyase, BP = putative binding protein, MMPA = 
methyl-3-mercaptopropionate, PCMB = p-chloromercuribenzoate. 

millimolar concentrations (8), one can envision that this molecule might arise from the 
activity of other DMSP lyase producers whose affinity for DMSP may be much higher than 
its own. P. doudoroffii, strain LFR (23), or phytoplankton with DMSP lyases (28) would be 
examples of such organisms. P. doudoroffii has an upper limit of 20 f.lM as its in vivo Km for 
DMSP, probably making it a part of the water column flora. It can presumably metabolize 
endogenous sea water concentrations of DMSP [2-200 nM (4,12,31,32)] which it may 
concentrate by the PCMB (and CN-)-sensitive component on its surface before cleavage by 
the cytosolic DMSP lyase. 
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SUMMARY 

In many areas of the ocean the distribution and conversion of dimethylsulfonio
propionate (DMSP) may to a high degree be influenced by the activity of the Prymnesiophyte 
alga Phaeocystis sp.: it not only produces DMSP in large amounts, but is also able to convert 
it enzymatically into dimethylsulfide (DMS) and acrylate. Characteristic properties of 
DMSP-lyase in Phaeocystis sp. indicate that the enzyme is different from lyase enzymes in 
other organisms studied. During a spring bloom in Dutch coastal waters, DMSP-lyase 
activity was strongly correlated with Phaeocystis sp. cell numbers and potentially capable 
of producing DMS in excess of abiotic loss factors. In Phaeocystis sp. cells, DMSP makes 
an important contribution to the intracellular osmotic potential, with concentrations of 
approximately 150 mM. Upon salinity shocks, however, short term regulation of its internal 
levels was not observed. Although a slow adaptation of the DMSP production in Phaeocystis 
sp. cells may affect intracellular concentrations on a long term, it is concluded that DMSP
lyase is not involved in the short term osmotic adaptation of the cell. DMSP is a structural 
component of the cell, being produced continuously in the light as well as in the dark. 
DMSP-Iyase activity facilitates the release of DMSP from the cell, with some intriguing 
beneficial effects. 

INTRODUCTION 

With respect to the sources and sinks of dimethylsulfoniopropionate (DMSP) in the 
oceans, the Prymnesiophyte alga Phaeocystis sp. is an interesting species for many reasons. 
This colony-forming microalga is well known for its high intracellular-DMSP concentrations 
of approximately 150 mM (22, 36). It is one of the few microalgae that benefits strongly 
from eutrophication (25, 30), resulting in almost uni-algal plankton blooms. Dense spring 
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blooms of Phaeocystis sp. have been reported from polar (2, 7, 14,33,42), temperate (3,8, 
21) and subtropical areas (1, 13, 17), illustrating its importance in global DMSP production. 

Grazing by macro- and micro-zooplankton has been found to be a key process in the 
release and conversion of DMSP from marine phytoplankton cells other than Phaeocystis 
(6, 26, 43), although the loss of algal DMSP could not always be recovered in the form of 
dimethylsulfide (DMS). Phaeocystis sp. colonies are, in many cases, of poor nutritional value 
for grazers (18). In culture experiments-even an increase in Phaeocystis sp. biomass was 
observed due to reduced grazing pressure when microzooplankton was offered as an 
alternative food source to the main grazer (18). Low grazing pressure implies that grazers 
will not act as a DMSP-sink and that more DMSP is available as substrate for algal and 
bacterial enzymes. 

Algal DMSP that is released in the water due to cell lysis or grazing may be converted 
into DMS and acrylate by DMSP-lyase. Demethylation of DMSP is another important 
pathway (24). After cleavage, DMS is to a large extent subject to bacterial consumption (23). 
This pathway is now thought to be of major importance as a sink for DMS. An intriguing 
aspect of Phaeocystis sp. blooms is that this organism itself is able to convert DMSP 
extracellularly into DMS and acrylate (36) and that large numbers of bacteria are only found 
during late stages of these blooms (37, 39, 41). Whether or not the number ofDMSP-de
grading bacteria follow the same trend as the bloom-associated bacteria in general remains 
to be investigated. 

The relative importance of the different metabolic pathways for DMSP degradation 
during the course of a bloom is dependent on the development of the bacterio-, zoo- and 
phytoplankton communities; this will ultimately determine the fraction of the DMSP-sulfur 
pool which becomes available for exchange with the atmosphere. Mesocosm experiments 
indicate that only a fraction of the DMSP-sulfur derived from a Phaeocystis sp. bloom may 
reach the atmosphere (29). Community structure variations within Phaeocystis sp. blooms 
exhibit a potential for substantial shifts in DMS emissions to the atmosphere. When bacterial 
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Figure 1. DMS concentration in the medium as a function of time after addition of 10 iJ.M DMSP to a batch 
culture sample from the end-exponential growth phase (3 x 108 cells 1-1), the filtered medium, a heated culture 
and fresh medium (abiotic control) (36). 
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activity and grazing pressure are low, Phaeocystis sp. blooms may result in a major 
conversion of DMSP to DMS, as it produces both DMSP-lyase and its substrate DMSP. In 
order to develop a better insight in the role of Phaeocystis sp. in the marine sulfur cycle we 
present here a review of work done in our laboratory on DMSP-lyase of this organism 
including some additional new data, and discuss its potential activity in the field and its 
function in DMSP-metabolism. 

DMSP-L Y ASE IN PHAEOCYSTIS SP 

The ability of Phaeocystis sp. to cleave extracellular, dissolved DMSP into DMS and 
acrylate was first observed in experiments with axenic cultures of this organism (36). After 
heating of the cultures for 45 min at 60°C, the cleavage reaction could not be restored, 
indicating that this conversion was an enzymatic process (Fig. 1), and that DMSP-lyase 
activity was associated with the cells. In further studies, an enzyme assay was developed to 
measure DMSP-lyase activity in extracts of natural plankton assemblages. This assay was 
used during the spring bloom of 1993 off the Dutch coast in order to test the phytoplankton 
samples for their DMSP-lyase activity in relation to species composition (35). The survey 
was done at an early stage of the bloom when there was a shift along the coast from a 
diatom-dominated to a Phaeocystis-dominated phytoplankton popUlation. A highly signifi
cant correlation was observed between Phaeocystis sp. abundance and DMSP-lyase activity, 
whereas no correlation existed with any of the other species, total diatom numbers, total 
diatom biomass and total protein content (Fig. 2). Using conservative estimations of the 
DMS-production by Phaeocystis sp., potential DMS-production rates during the spring 
bloom could be calculated. These estimations were based on the in vivo DMS-production 
rate measured in Phaeocystis sp. cultures at the in situ sea water temperature. Using a mixed 
water column depth of 5 m, the calculated DMS-production rate in nearshore waters ranged 
from 47 to 131 /-lmol m-2 d- I with Phaeocystis sp. cell numbers ranging between 8 to 26 x 
106 I-I. Compared with abiotic loss factors for DMS, such as exchange with the atmosphere 
and photochemical oxidation, calculated for the same area and period, these production rates 
are 1.5 to 4.5 times higher (35). Bacterial DMS consumption could constitute an additional 
sink. The strong correlation of the DMSP-lyase activity with Phaeocystis sp. abundance 
suggests that during the early stages of a bloom Phaeocystis sp. is a dominant, if not the 
main, DMS producer. 

LOCATION OF DMSP-L Y ASE IN PHAEOCYSTIS SP 

A first approach to elucidate the function ofDMSP-lyase is to locate the enzyme in 
relation to the cell. Although unequivocal evidence for the location can only be obtained in 
labelling studies, a first indication is obtained by comparing the characteristic properties of 
the enzyme in whole cells and in cell free extracts. An important parameter in this respect is 
the pH in the reaction mixture. Intracellular pH is expected to be influenced only slightly by 
external pH when using non-permeable buffers. A comparable reactivity of DMSP-Iyase 
with pH in whole cells and extracts is therefore a strong argument for an extracellular location 
of the enzyme. Indeed it was found for axenic Phaeocystis sp. cultures that whole cells and 
extracts displayed comparable pH profiles (34). Both preparations also displayed similar 
activity-salinity profiles. Another strong indication for the extracellular location of the 
enzyme was obtained from inhibition experiments with whole cells of Phaeocystis sp. using 
p-chloromercuribenzenesulfonic acid (PCMBS), a nonpermeable thiol-reagent which acts 
only on the outside of the cell (40). At 2 mM, pCMBS caused a 94% inhibition of lyase 
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Intrig.uing Functionality of DMSP in Phtleocystis sp 

Table 1. Comparison ofDMSP-lyase properties in several organisms. (-) indicates 
decrease in specific activity with salinity, (+) indicates increase in specific 

activity with salinity 

Organism 

Polysiphonia lanosa 
Enteromorpha clathrata 
Gyrodinium cohnii 
Alcaligenes sp. 
Phaeocystis sp. 

pH optimum 

5.1 
6.2-6.4 
6-6.5 

8 
>10 

Salinity 
response 

+ 
++ 

References 

(4) 
Steinke et al. (this issue) 

(20) 
(9) 

(34) 
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activity (34). The membrane-bound nature ofDMSP-lyase inPhaeocystis sp. was confirmed 
in cell fractionation experiments in which 50 to 80 % of total activity was present in the 
membrane fraction (34). Association with an intracellular membrane appeared unlikely 
considering the already high intracellular DMSP concentrations (ca. 150 mM) and the 
observed instantaneous conversion of extracellular DMSP by whole cells, even in the low 
micromolar ranges (Fig. 1). For the same reason an internal location of the lyase on the 
plasmalemma was considered unlikely. Such a location - within the same compartment as 
its substrate DMSP - would necessitate a strict control of enzyme activity, thereby prohibiting 
the possibility of converting such low amounts of external DMSP as was observed. 

Comparison of some characteristics of DMSP-Iyases in various organisms reveals 
that the DMSP-lyase in Phaeocystis sp. displays rather unique properties (Table I). The 
inhibition ofDMSP-lyase by thiol reagents and its high pH-optimum indicate that cysteine 
residues are involved in catalysis at the active site (34). This hypothesis is supported when 
considering the cleavage reaction of DMSP into DMS and acrylate. The reaction will be 
catalysed when a proton of the second carbon atom ofDMSP is bound to a proton acceptor. 
Under alkaline conditions the deprotonated thiol group of a cysteine residue can act as proton 
acceptor, titus resulting in an alkaline pH optimum of the cleavage reaction. The alkaline 
optimum of the extracellular DMSP-lyase in Phaeocystis sp. is physiologically relevant in 
view of the relatively high pH of sea water (pH 8.2) and in bloom situations (pH 9) (19). 

FUNCTIONS OF DMSP AND DMSP-L VASE IN PHAEOCYSTIS SP 

In most research on the physiological function of DMSP much attention has been 
paid to a possible role in algal osmotic adjustment (1 0-12,38; Kirst, this issue). Compatibility 
ofDMSP with algal metabolism was indeed confirmed when studying its effects on enzyme 
activities in extracts of Tetraselmis subcordiformis (16). In this organism, mannitol is the 
most important organic solute, the concentration of which is readily regulated upon salinity 
shocks. Mannitol increases in concentration, due to instantaneous production, after a transfer 
from low to high salinity, and decreases in concentration - probably due to excretion - upon 
transfer from high to low salinity (10). Other compounds, among others OMSP, displayed a 
lag-phase of several hours upon salinity upshocks, but were readily released from the cells 
when they experienced downs hocks (10). 

In the case of Phaeocystis sp. it is obvious that the high intracellular concen
tration of OMSP contributes to the osmotic potential of the cytoplasm. This does not 
necessarily imply an active regulation of the cellular OMSP-content upon salinity 
changes. In general, aside from a possible effect on cell volume which results in a 
change in concentrations of all solutes, salinity changes may affect intracellular DMSP 



310 J. Stefels et aJ. 

0.08 
--cr- 20 %0 S 

--<>-- 25%oS 

- 0.06 :E -0--- 30 %0 S 
:::1. - A 34 %0 S 

en 0.04 :E Ii 40%oS 
C 

• 45 %0 S 
0.02 

0 
0 100 200 300 400 

time (min) 
Figure 3. DMS production in salinity shocked axenic Phaeocystis sp. cultures over a 6 h period. Results of 
one experiment are shown; previous experiments gave comparable results. Salinity of the original culture was 
34 .PSU. At t = 0 h, subsamples were mixed with medium from different salinities to obtain the indicated fmal 
values. Data were obtained from headspace analyses of the cultures using a gas chromatograph; cultures were 
regularly checked for bacterial contamination using Hoechst dye no. 33258 with epifluorescence microscopy. 

levels through two different mechanisms. (I) Salinity changes may affect the production 
of DMSP. Upon a downshock production ceases and with subsequent growth DMSP
concentration decreases by dilution. An upshock may stimulate production. (2) Salinity 
changes may affect the removal of DMSP through regulated excretion or through a 
combination of excretion with induced changes in DMSP-lyase activity. Thus, a down
shock may stimulate excretion and possibly DMSP-Iyase activity. An increased DMSP
lyase activity will facilitate DMSP transport across the membrane by removing DMSP 
from the outside, thereby preserving a maximal DMSP gradient. An upshock may 
inhibit excretion and/or DMSP-Iyase activity. 

To investigate whether Phaeocystis sp. displays such mechanisms, shock ex
periments were performed with axenic Phaeocystis sp. cultures in which both the 
DMSP-lyase activity and the DMS and DMSP-production were measured. A culture 
grown at 34 ppt salinity (PSU) was subdivided in equal portions and subjected to a 
salinity range from 20 to 45 PSU final concentration, by dilution with sea water of 
different salinities. Further extension of the range was not possible, because growth 
of Phaeocystis sp. batch cultures ceased outside this range (Stefels unpubl.). No dis
solved DMSP was formed during previous shock experiments within this range, there
fore, only DMS production during a 6 h period is shown (Fig. 3). Cultures that had 
experienced no or only slight salinity changes (the 30 and 34 PSU cultures) displayed 
the smallest increase in DMS-production, measuring 1.7% of total particulate DMSP 
after the 6 h period. Cultures subject to large up- or down- shocks (the 20 and 45 
PSU cultures) released 2.5% of particulate DMSP as DMS. Apparently, DMS-production 
had no relation with the direction of change, and may have been caused by the lysis 
of a small percentage of cells that did not survive either the up- or downshocks. The 
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Figure 4. Particulate-DMSP concentra
tions (in Ilmolll culture) in salinity 
shocked Phaeocystis sp. cultures after an 
incubation period of 6 h. Results of one 
experiment are shown; previous experi
ments gave comparable results. The con
centration of particulate DMSP in the 
original culture at t = 0 h is given. Particu
late DMSP was measured as DMS after 
addition of NaOH to the cultures (final 
concentration: I M) using headspace 
analyses after a 12 hour incubation period. 
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results indicated that upon downshocks intracellular DMSP-concentration was not 
regulated by active excretion and conversion into DMS. 

After the 6 h period, the cells were harvested and analyzed for their DMSP content 
(Fig. 4). The increase in particulate DMSP-concentration in the culture, when comparing the 
original culture with the control culture (34 PSU), indicated that growth had occurred during 
the 6 h period. Only a slight inhibition of DMSP production was observed in the 20 and 25 
PSU cultures, but no difference was observed between all other cultures. Also, the effect of 
salinity changes on DMSP-lyase activity was minimal, resulting in only slight differences 
between the cultures: a gradual 30% loss of specific activity occurred going from 20 to 45 
PSU (34). Although concentrations of intracellular DMSP in the shocked cultures may have 
differed more distinctly due to changes in cell volume, the results did not indicate active 
regulation of the DMSP content per cell in short term salinity changes. DMSP content will 
change in the long term due to gradual shifts in production rates (Stefels unpuh!.). The 
degradation of DMSP through DMSP-lyase, however, can not be regarded as an active 
mechanism for osmotic regulation. 

Carbon:sulfur (C:S) ratios of whole cells may vary considerably over the diel cycle 
(5). In Dunaliella tertiolecta, a non-DMSP producing species, this ratio varied between 300 
and 580 on a molar basis. Using this ratio for whole cells of Phaeocystis sp. without the 
contribution of DMSP, the percentage of DMSP-sulfur of total sulfur can be calculated as 
71 to 83%. Cysteine and methionine are precursors ofDMSPbiosynthesis in plants (Hanson 
and Gage, this volume). The concentrations of these amino acids in the cell are usually strictly 
regulated (15). Nevertheless DMSP concentrations in Phaeocystis sp. are high, comparable 
to glutathione in higher plants which is proposed to function as a storage and transport form 
for sulfur (15). A 24 h survey of DMSP concentration and cell numbers in a Phaeocystis sp. 
batch culture revealed a steady increase of the intracellular-DMSP concentration in time, 
both during the light and the dark period (Fig. 5). Cell division occurred during the dark 
period. This continuous production of DMSP is comparable to the synthesis of proteins: in 
general, production of proteins during the light period extends in the dark on the expense of 
carbohydrates, whereby sulfate can be assimilated from the medium during the dark cycle, 
if needed (5, 28). This observation is important for the estimation of biological DMS and 
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Figure 5. Cell numbers (0), total OMSP + OMS (0) and dissolved OMSP + OMS (0) in a Phaeocystis sp. 
batch culture during a 24 h period. Light and dark periods are indicated. 

DMSP conversion rates in natural samples (23, 24). In many incubation experiments no 
dark-production ofDMSP has been reported to occur. Our 24 h experiment clearly demon
strated that this is not valid for habitats were Phaeocystis sp. is present. 

CONCLUSIONS 

Kirst (this issue) showed that DMSP has all the necessary characteristics, like glycine 
betaine, to act as a compatible solute in cellular osmotic regulation. Its high concentration 
in Phaeocystis sp. cells suggests that it is of vital importance to the cell's integrity. The 
significant role of sulfate assimilation and incorporation in Phaeocystis sp. may have its 
evolutionary origin in the relatively high concentrations of sulfate in the marine environment. 
In contrast, nitrogen is frequently limiting growth in these habitats, and the ability to produce 
organic sulfur containing solutes, which can compensate for nitrogen containing solutes, 
may be of competitive advantage. Indeed, there appears to be a general trend ofDMSP-con
taining species (like Prymnesiophytes and dinoflagellates) succeeding non-DMSP contain
ing species (like diatoms) during the course of blooms. Thus, algae may benefit by retaining 
high intracellular DMSP concentrations, even though DMSP is not involved in short-term 
osmotic adaptations. 

Evidence from our research suggests an extracellular location for DMSP-lyase in 
Phaeocystis sp., converting dissolved DMSP into DMS and acrylate. Assuming that the 
cleavage of DMSP is not a secondary effect of an unknown enzyme, the question remains: 
what the role is of DMSP-lyase? We hypothesize that intracellular concentrations are 
regulated by release ofDMSP rather than by its production. Removing DMSP extracellularly 
by cleavage into DMS and acrylate will facilitate this release as DMSP concentration 
gradients across the membrane are maximized. This is especially relevant for Phaeocystis 
sp., as the mucus layer, surrounding colonial cells, will increase the diffusive boundary layer 
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around these cells. The robustness of this boundary layer may allow the formation of 
microzones around the cells in which elevated levels of excretion products are observed (27), 
which, in the case of DMSP, would be unfavourable. In addition to the maintenance of a 
DMSP gradient, the cell may simultaneously profit from the release of acrylate and protons 
upon cleavage. The released protons can be used for nutrient uptake. A possible build up of 
acrylate within the microzone may result in concentrations and conditions with antibacterial 
activity, as opposed to the more dilute conditions in seawater, were acrylate may serve as a 
substrate for bacteria (31,32). Our hypothesis of regulation of intracellular DMSP by means 
of an extracellular DMSP-Iyase is supported by the observation of a daily DMS production 
measuring a few percent of total particulate DMSP in healthy growing cultures, whereas 
dissolved DMSP was hardly detected (36; see also Fig. 3). The location of the DMSP-lyase 
in Phaeocystis sp. suggests an association with a transport protein in the plasma membrane. 
Further research into the physiological function of DMSP-lyase should be undertaken. 
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SUMMARY 

27 

The enzymatic cleavage of dimethylsulfoniopropionate (DMSP) to dimethyl sulfide 
(DMS) was investigated in twenty-one strains of marine macro- and microalgae, representing 
seven algal classes. The enzymes involved in this cleavage are DMSP lyases, producing 
DMS from DMSP. All algal strains tested were able to synthesize and accumulate various 
levels of intracellular DMSP but only twelve strains showed DMSP lyase activity. It was 
possible to identify subgroups of strong and weak DMS producers. The first subgroup 
included three Enteromorpha species (E. clathrata, E. in festina/is , E. eompressa) and 
Phaeoeystis sp. with specific activities in crude cell extracts ranging from 7 to over 100 nmol 
DMS min-1 (mg cell protein)-I. The second subgroup was composed of a sub-antarctic strain 
of Aerosiphonia areta, Polysiphonia lanosa, two strains of Emiliania huxleyi, Aerosiphonia 
sonderi, Viva laetuea and Enteromorpha bulbosa. In this subgroup activity ranged from 0.01 
to 0.2 nmol DMS min-I (mg cell proteinyl. No DMSP lyase was detectable in a sub-arctic 
strain of Aerosiphonia areta, Aerosiphonia sonderi, Monostroma aretieum, Prasiola erispa, 
Polysiphonia ureeolata, Aseoseira mirabilis, Laminaria saeeharina and Tetraselmis subeor
diformis. Non-optimal assay conditions and bacterial contamination may have affected rates 
in some samples, but the results suggest the widespread presence of DMSP lyase among 
algal taxa, and also raises the possibility that closely-related species may have quite different 
lyase activities or function. 

INTRODUCTION 

The spontaneous breakdown rate of dissolved dimethylsulfoniopropionate (DMSP) 
to dimethyl sulfide (DMS) and acrylic acid is known to be very slow in seawater (3). Since 
DMS is the dominant sulfur gas found in marine surface waters (l), the understanding of 
biological processes leading to DMS production is of major importance. 
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Presently, it is believed that there are two major biological mechanisms whereby 
DMS is produced in aerobic seawater: microbial (primarily bacterial) activity may 
cleave dissolved DMSP (free DMSP in the seawater) or particulate DMSP (from 
decaying algal material and fecal pellets) (4, 16), and enzymes associated with or 
released from algal cells may cleave the DMSP to DMS (2; 23). The enzymes involved 
in this process are DMSP lyases, a group of carbon-sulfur lyases, which are classified 
as dimethylpropiothetin-dethiomethylases. Several reports of bacterial DMSP lyases 
have examined the production of DMS in seawater and bacterial cultures (6, 15, 19). 
Recently, a DMSP lyase from a DMS producing marine bacterium was purified and 
characterized (5). 

DMSP is a prominent sulfur compound in various groups of algae (12, 14) but 
not all taxa produce and accumulate DMSP intracellularly in amounts high enough 
to be quantified by existing methods. The intracellular concentrations of DMSP vary 
widely in individual species. Even within one species, the concentrations may be 
subject to physiological or environmental control (7; 8; II; see also Keller and Kor
jeff-Bellows, this volume). Although much is known about the occurrence of DMSP 
in algae, little is known about the ability of algae to degrade DMSP. The Rhodophytes 
Polysiphonia lanosa (2) and Polysiphonia paniculata (21), the Prymnesiophyte Phaeo
cystis sp. (23), and the Chlorophyte Enteromorpha clathrata (Steinke and Kirst, in 
press) are the only currently known algal species to exhibit DMSP lyase activities. 
Since extracts of Crypthecodinium (Gyrodinium) cohn ii, a heterotrophic dinoflagellate, 
showed DMS production due to lyase activity (10), there is evidence that dinophytes 
may also be able to cleave DMSP. 

In this study we used an enzyme assay developed for DMSP lyase measurements in 
Enteromorpha clathrata (Steinke and Kirst, in press) to screen twenty-one strains of marine 
macro- and microalgae for the ability to enzymatically cleave DMSP to DMS. The data 
presented provide a preliminary overview on DMSP lyase distribution in different classes 
of marine algae. 

MATERIALS AND METHODS 

Plant Material and Culture Conditions 

The algae used in this study originated from different sources and were maintained 
under conditions listed in Table 1. All cultures were unialgal with the exception of 
Scrippsiella sp. (Dinophyceae). This culture was contaminated with a small « 10 !-lm) 
chlorophyte flagellate. 

The macroalgae were kept in 500 or 1000 ml glass beakers, containing 0.2 !-lm filtered 
North Sea water. The seawater was aerated, enriched with nutrients (PES enrichment; 22) 
and adjusted to a salinity of32 practical salinity units (PSU; equivalent to parts per thousand) 
with distilled water. This culture medium was changed at least once a month to avoid nutrient 
limitation. Light was supplied by fluorescent tubes at a light-dark rhythm of 18:6 hours. 

Microalgae were cultivated in Erlenmeyer flasks using three types of media (Table 
1), adjusted to a salinity of32 to 34 PSU. Phaeocystis sp. cultures were placed on a gyratory 
shaker at 80 rpm and consisted of non-colonial, single cells when harvested. The culture 
with Tetraselmis subcordiformis was aerated, whereas Emiliania huxleyi, Scrippsiella sp. 
and Calciodinellum operosum were manually stirred once a day. Light was supplied by 
fluorescent tubes at a light-dark rhythm of 18:6 hours. 
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Preparation of Extracts 

Macroalgae: 1 to 2 g fresh weight of algal tissue was briefly rinsed in ice-cold distilled 
water to remove external salts and carefully blotted dry, then homogenized with a pestle and 
mortar under liquid nitrogen. All subsequent preparations were carried out at 4°C unless 
stated otherwise. The homogenate was suspended in 3 ml extraction buffer containing 100 
mM 2-[N-morpholino] ethanesulfonic acid (MES), 13 mM calcium chloride dihydrate, 10% 
(v/v) glycerol and 0.5% (v/v) detergent (Tween 80; polyoxyethylenesorbitan monooleate), 
adjusted with NaOH to pH 6.2. The extract was incubated on ice for 30 min to dissolve 
membranes, followed by centrifugation three times for 5 min at 1200 x g. The supernatant 
was collected and the pellet resuspended in 2 ml extraction buffer after each centrifugation 
step. The supernatants were pooled and centrifuged 5 min at 4000 x g. The liquid phase of 
the crude cell-free extract was used in the enzyme assay to test for DMSP lyase activity. 

Microalgae: Cultures were harvested during late exponential growth phase (6 to 700 
106 cells, depending on the strain investigated) by centrifugation at 3500 x g for 10 min at 
4°C. The culture with Scrippsiella sp. was centrifuged at 700 x g for 5 min at 4°C. Most 
(80%) of the contaminating flagellates remained in the supernatant and were removed by 
this procedure. The centrifuged micro algae were resuspended in extraction buffer (described 
above) and homogenized with a French Press at 138 MPa (equivalent to 20,000 psi). 
Microscopic observation indicated that >90% of cells were destroyed during this step. The 
resulting crude extracts, containing cell debris, were incubated on ice for 30 min to allow 
membranes to dissolve. No attempt was made to further purify the extracts because microal
gal biomass was low compared to macroalgal samples. 

Macro- and micro-algal crude extracts were purged of gaseous DMS (derived from 
enzymatic conversion of cellular DMSP) with compressed air for 30 min at O°C. I-ml 
aliquots of the purged crude extracts were stored in Eppendorf micro test tubes at -80D C 
to be assayed for DMSP lyase activity the day following the extraction. This allowed 
simultaneous assay of many extracts, following their preparation. Protein concentrations 
were determined after all enzyme assays were carried out (see below). Another 500 III 
subsample was heated for 60 min at 95 DC to destroy enzymatic activity and this was used 
as a control. 

Enzyme Assays 

Prior to the enzyme assay, the extracts of Enteromorpha clathrata, Enteromorpha 
intestinalis, Enteromorpha compressa and Phaeocystis sp. were diluted by I: 100 with 
extraction buffer to reduce DMSP lyase activity in the assay. 10-f.!1 extraction buffer 
containing 30 mM dithiothreitol (OTT) was transferred into a gas tight screw-capped glass 
vial (volume 1.2 ml) and equipped with a Teflon-coated silicone septum. The potential 
production of OMS from algal OMSP was assayed after adding 270 f.!l of the extract to the 
test buffer after incubating for 10 min at 27°C. Usually, only small amounts of OMS were 
detectable in the extracts, but the extract of Scrippsiella sp. produced large amounts (see 
results). After this pre-test for OMS, the reaction was started by adding 20 f.!l extraction 
buffer containing dissolved OMSP to a final concentration of 2 mM. The DMSP used in all 
experiments was prepared according to Larher et al. (18). 100 to 300 III of the gas phase 
(headspace) was sampled over 10 to 60 minutes, and injected with a gas-tight syringe into 
a Shimadzu 9 A gas chromatograph equipped with a FPO detector. Operating conditions are 
given in Karsten et al. (12). The detection limit was about 8 pmol DMS, or approximately 
80 nM OMS in a 100 f.!l headspace sample. Rates were calculated as the difference in OMS 
concentrations before OMSP addition, and after incubation with DMSP. Production rates in 
heated controls, when observed, were subtracted to give enzyme activities. Specific OMSP 
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lyase activities were then calculated based on protein concentration (see following section) 
in the algal extracts. 

Protein Determinations 

Protein concentration in the extracts was determined spectrophotometric ally at 750 
nm using a commercial test assay (Bio-Rad detergent compatible protein assay). Relative 
absorption was quantified by comparing with a series of protein standards with known 
concentrations of bovine serum albumin in extraction buffer. 

DMSP Determinations 

The intracellular DMSP concentrations in the microalgae (Tetraselmis sp. clone 
OPT4, Phaeocystis sp. clone 677-3 and Emiliania huxleyi clone BT6) were taken from the 
literature (14) and therefore, do not exactly match strains investigated in this study. The 
macroalgal DMSP concentrations were determined according to the method described by 
Karsten et al. (12). 

RESULTS AND DISCUSSION 

All algal species tested were able to synthesize and accumulate DMSP intracellularly. 
The range of this accumulation varied greatly from 0.01 to 87 mmol (kg fresh weight)-I 

• cellular DMSP concentration [pg celr'] 

0.0 O.S 1.0 1.S 2.0 2.S 
1000 

----- ----100 ./ ." / • 1 "-

( 3 2 \ 
J 

10 ". .4/ 
'-. ./ -- ------

0.1 

0.01 

3.0 

1 Enteromorpha intestinalis 
2 Enteromorpha clathrata 
3 Enteromorpha compressa 
4 Phaeoeystis sp. 

5 Acrosiphonia areta (sub-antarctic) 

6 Polysiphonia lanosa 
7 Emiliania huxleyi (oceanic) 
8 Acrosiphonia sonderi 
9 Emiliania huxleyi (coastal) 

10 Ulva lactuca 
11 a Enteromorpha bulbosa (S 'C) 
11 b Enteromorpha bulbosa (O 'C) 

0.001 L-__ .L..-__ .L..-__ -'--__ -'--__ -'--_---' 
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• cellular DMSP concentration [mmol (kg FWr'] 

Figure 1. DMSP lyase activities vs. intracellular DMSP concentrations in various algal strains. DMSP 
concentrations for micro algae (e) are expressed as pg cell-Ion the top x-axis (data from 14) and for macroalgae 
(.) as mmol (kg freshweight)-I on the bottom x-axis. See text for strains without DMSP lyase activity 
detectable. 



322 M. Steinke et al. 

(macroalgae) or 0.75 to 2.29 pg cell'] (microalgae). Initially, we choose Ascoseira mirabilis 
and Laminaria saccharina (both Phaeophyta) as non-DMSP containing controls but traces 
ofDMSP (DMS released upon NaOH treatment) were detected in both species (0.07 mmol 
DMSP (kg freshweight)·] ). 

Despite the presence ofDMSP in all strains tested, only twelve of twenty-one strains 
investigated in this study showed measurable DMSP cleavage by means of DMSP lyases. 
There was no relationship between DMSP lyase activity and intracellular DMSP concentra
tion of the species investigated (Figure 1). 

There appeared to be three groups that showed different levels of DMSP lyase 
activity. In one group no DMSP lyase was detectable (e.g. DMS production in the samples 
did not exceed that in heated controls). This group included a sub-arctic strain of Acrosi
phonia areta, A. sonderi (strain 1132), Monostroma arcticum, Prasiola crispa, Polysiphonia 
urceolata, Ascoseira mirabilis, Laminaria saccharina and Tetraselmis subcordiformis. An
other group was composed of weak DMS producers. The species in this group showed 
activities ranging from 0.01 to 0.2 nmol DMS minot (mg cell protein)"]. A sub-antarctic strain 
of Acrosiphonia areta, A. sonderi (strain ll30), Polysiphonia lanosa, both strains of 
Emiliania huxleyi, Ulva lactuca and Enteromorpha bulbosa belonged into this group. A final 
group of strong DMS producers showed production rates at least two orders of magnitude 
higher, from 7 to over 100 nmol DMS min'] (mg cell protein)"). This group was represented 
by three Enteromorpha species (E. intestinalis, E. clathrata and E. compressa) and Phaeo
cystis sp. The strain of Scrippsiella sp. appeared to have strong DMSP lyase activity as well. 
However, we could not quantify production because we were not able to reduce initial DMS 
concentrations - which arose from the enzymatic conversion of DMSP readily available in 
the crude extract. This endogenous DMS production made it impossible to quantify any 
additional DMS production which might have occurred due to the experimental addition of 
2mMDMSP. 

It is likely that the distinction between weak and strong producers is to some extent 
an artefact of our small sample size. We expect that other strains might yield rates in between 
these two groups, giving a continuum of rates. In fact, C. operosum showed a DMSP lyase 
activity of 2 nmol DMS min-] (mg cell protein)-]. It is not included in figure 1 because no 
estimate of intracellular DMSP concentration was available from the literature. 

It is also likely that measured lyase activities were affected by our assay conditions. 
As already pointed out, we used an enzyme assay which was optimized to test for DMSP 
lyase in Enteromorpha clathrata . Requirements for optimal function of DMSP lyases in 
other species may be significantly different. For example, different pH optima are reported 
for several DMSP lyases. The pH optimum for the DMSP lyase from Polysiphonia lanosa 
was 5.1 (2), whereas that from Crypthecodinium cohnii was 6 to 6.5 (l0), similar to the pH 
optimum in Enteromorpha clathrata (Steinke and Kirst, in press). It is highly likely that our 
assay conditions were not optimal for some of the weak DMS producers, yielding underes
timates of their rates. We also froze algal extracts prior to assay, so that many extracts could 
be prepared and then tested simultaneously. It is possible that the lyase activities in some 
species were reduced by cold storage, while others were not. However, our assay conditions 
were mild, so it is unlikely our underestimates were drastic. We also emphasize the dramatic 
differences between the strong and weak producers - over 1 DO-fold change in activity - rather 
than the specific rates. Nonetheless, reaction conditions should be adjusted optimally for 
each organism tested, and these data must be regarded as preliminary until further tests can 
be conducted. We note, however, that three species of Enteromorpha showed high activities, 
but E. bulbosa was a very weak DMS producer. This suggests, despite the limitations of our 
method, that closely related species may either have very different concentrations ofDMSP 
lyase, or functionally different enzymes which may require different assay conditions. 
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While non-optimal assay conditions may have yielded underestimates of the rates in the 
group of weak lyase activity, bacterial contamination by DMSP-Iysing strains could have resulted 
in overestimates, or false positives. Our algal material was not axenic, but before enzyme 
extractions, cultures were checked by light microscopy for bacterial contamination. In all algal 
cultures numbers of bacteria were low. Nonetheless, high bacterial lyase activities could have 
contributed significantly to DMS production, especially among the weak producers. Using the 
Vmax of 1.09 J..lmol DMS min- l (mg cell proteint i for the DMSP lyase of strain M3A, an 
Alcaligenes-like bacterium (5), and an approximate protein concentration of 70 J..lg cell 
protein per 109 cells in M3A (De Souza, pers. comm.) the numbers of bacteria necessary to 
generate the low activities measured in the group of weak DMS producers may be calculated: 
1.5 x 106 to 3 x 106 cells ml- i of strain M3A would be necessary to explain the activities found 
in this group. We believe such a density would have been detected by microscopy. Further
more, rinsing the algal tissue in distilled water and blotting it dry probably reduced the 
number of bacteria attached to the surface of the algal thalli. We therefore believe that 
bacterial contribution to our results was, in most cases, modest. However, in the strains of 
Emiliania huxleyi which tested positive, concentrating the cultures by centrifugation may 
have resulted in bacteria numbers high enough to explain the DMSP lyase activity measured. 

CONCLUSION 

The results of this study, though preliminary, suggest that DMSP lyase is probably 
widespread among marine algae and that levels ofDMSP lyase activity show high intraspe
cific variability. It is also likely that related strains may show very different DMSP lyase 
activities, as observed for Enteromorpha spp. Whether these differences are due to enzyme 
concentration, enzyme expression, functional enzyme variation, or environmental cues, we 
cannot yet say. 

Some of the observed variability is undoubtedly due to non-optimal assay conditions, 
or possible contamination by bacteria. Ideally, all assays should be optimized for each strain, 
and conducted on axenic material. This is an extreme undertaking and few such studies on 
comparative enzymology exist even for well-characterized enzymes. We wish to emphasize 
not the specific rates, but rather the broad pattern of algal DMSP lyase distribution and 
variability. We believe that algal DMS production should receive more attention because it 
has been shown that bacterial degradation of extracellular, dissolved DMSP produces 
relatively little DMS (17) and demethylation of dissolved DMSP may be a more important 
sink for DMSP than cleavage to DMS (24). Therefore, even slow conversion of the 
intracellular DMSP pool by algal enzymes might contribute significantly to DMS produc
tion. 
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SUMMARY 

28 

The concentration dependence of dissolved-DMSP loss and DMSP-Iyase activity 
was determined at several locations in Monterey Bay over a period of two weeks in 
spring 1995. Kinetic parameters of DMSP loss and DMS production varied over a 
wide range and were not obviously correlated with ambient DMSP levels or overall 
biomass. Apparent half-saturation values of DMSP-Iyase activity ranged from 480 nM 
to 11.3 J.lM, with corresponding maximal velocities of 5-156 nmol L- I h-I. Kinetic 
parameters of DMSP loss were also variable, with Km , Vrnax values of 23 nM, 4.9 nmol 
L- I h- I and 900 nM, 60 nmol L- I h- I found in two experiments. Based on a comparison 
of the apparent Vrnax of DMSP loss and DMSP-Iyase activity when the kinetics of both 
were assessed simultaneously, the proportion ofDMSP loss resulting in DMS production 
ranged from low to 100%. These results suggest that DMSP degradation in productive 
coastal waters can be mediated by extremely different microbial consortia over short 
temporal and spatial scales. 

INTRODUCTION 

Production of dimethyl sulfide (DMS) from dissolved dimethylsulfoniopropionate 
(DMSP) is a well-documented process in natural seawater and in pure cultures of marine 
bacteria and algae (2, 4, 6, 7, 8, 10, 11, 13, 17,20). DMSP can also be demethylated to form 
3-methiolpropionate which can undergo either demethylation to 3-methiolpropionate (MPA) 
or demethiolation to methanethiol (14, 16, 17, 19). There is evidence as well that DMSP may 
be accumulated by marine bacteria, apparently without short-term metabolism (22, 24). 
Knowledge of the extent to which DMSP is converted to DMS versus other products is 
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critical to models of DMS efflux from seawater, but as yet we have a poor understanding of 
the factors that control this quantity. 

The concentration dependence of both DMSP uptake and DMSP-lyase activity has been 
examined in a variety of marine environments, ranging from estuarine to coastal and oligotrophic 
seawater (7, 8, 10), as well as in a marine bacterial isolate from the Sargasso Sea (9). DMS 
production rates measured to date in seawater range up to 24 nmol L·I h· l , and in several cases little 
or no saturation of activity has been observed at DMSP( d) concentrations far in excess of ambient 
levels (8, 10). Another striking feature of these measurements is the discrepancy between DMSP 
loss and DMS production rates at undersaturating concentrations ofDMSP. Rates of loss often 
significantly exceed cleavage rates (7, 8, 10), indicating either a decoupling between the uptake 
and lyase system (i.e. intracellular location of the lyase) in microbial popUlations, or high levels of 
demethylation or storage, or some combination of these. Differentiating between these pathways 
by measurernent of volatile sulfur products is not straightforward in seawater incubations, since 
neither storage nor successive demethylation ofDMSP results in DMS or methanethiol formation. 
Simultaneous measurement ofDMSP loss and DMS production kinetics may provide a way to 
distinguish between these alternatives (l0). In this study we examined the kinetics ofDMSP loss 
and DMSP-lyase activity during the ONR-Marine Boundary Layer (MBL) West Coast Experi
ment in Monterey Bay (April-May 1995). 

MATERIALS AND METHODS 

Analytical 

DMS analysis has been described elsewhere (9), and was carried out with the 
following modifications. DMS was preconcentrated at room temperature on approximately 
0.5 g gold wool (Degussa; Hanau, Germany) packed in 1/8" stainless steel tubing. Following 
thermal desorption, the trap was cooled in preparation for the following run by passing 
compressed air (-10 psi) between the trap and surrounding 1/4" stainless steel sheath for 1 
min. Purified air was used as the carrier and sparging gas. Sampling and analysis were fully 
automated except when incubations involved micromolar-level DMSP additions, in which 
case sample (0.1-1 mL) was manually introduced into the sparger; the subsequent steps were 
otherwise automated. 

DMS was measured in unfiltered water. Dissolved DMSP (DMSP( d» was op
erationally defined as that which passes a Whatman GFIF glass fiber filter (nominal 
pore size 0.7 /-lm). For analysis ofDMSP(d) in incubation experiments, 4-6 mL sample 
was filtered under gentle vacuum into 10-mL serum bottles. After being purged of 
DMS with purified air for 5 min, KOH was added to a final concentration of 1 N. 
DMSP was analyzed as DMS following alkaline cleavage (21), either by sparging 
100-/-lL aliquots of liquid sample or by on-column injection of 0.25-1 mL headspace 
gas. Particulate DMSP (DMSP(P» was not measured in incubation experiments. For 
analysis of dissolved and particulate DMSP in depth profile samples, 50-100 mL 
seawater was filtered. GFIF filters were suspended in 25 mL 1 N KOH in 30-mL 
serum bottles and allowed to react overnight. 

Sample Collection 

Seawater was collected aboard the Moss Landing ship Point Sur in acid-cleaned 10-L 
Niskin bottles mounted on a Sea-Bird 12-place carousel rosette equipped with a Sea-Bird 
9/11 + conductivity-temperature-depth (eTD). Niskin bottles were fitted with silicon O-rings 
and internal bands. 
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Figure 1. Locations of incubation 
experiments, profiles and lateral tran
sect stations in Monterey Bay .• , Ill

cubation experiments: I, 4/19195; 2, 
4/27/95; 3, 4128195; 4, 5/1195 . • , pro
files: PRI, 4/21195; PR2, 4/22/95; 
PR3, 5/1195. -, transect stations. Ex
periment 2 was conducted at the east
ernmost transect station, and 
experiment 4 was carried out at the 
same station as profile 3 (PR3). 
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Over a period of two weeks, four experiments were carried out to assess the kinetics 
of DMS production (DMSP-lyase activity); locations are given in Fig. 1. In two of these 
experiments (1 and 4), the kinetics ofDMSP(d) loss were also measured. Seawater (l L) 
was dispensed through 75-l-lm Nitex mesh into l-L foil-wrapped Teflon bottles capped with 
silicone stoppers. Before incubations, bottles were sequentially rinsed with 10% Hel, 
nanopure water (Barnstead) and screened seawater. Sample bottles were held at the ambient 
temperature of surface (3 m) seawater by means of a flowing seawater bath. In experiment 
2, incubations were carried out in 125-mL glass serum bottles using 100-mL volumes of 
seawater. DMSP(d) additions were made as previously described (9); added DMSP concen
trations ranged from 5 nM to 10 I-lM. No attempts were made to selectively inhibit DMS 
consumption in incubation bottles. Ambient rates of DMS consumption determined in 
separate experiments using dimethyldisulfide to inhibit consumption of DMS (23) ranged 
from undetectable to 0.26 nmol L- i h- i (K. Ledyard and J. Dacey, unpubl.) and were assumed 
to have a negligible effect on DMS production rates measured in response to DMSP 
additions. 

Rates and Kinetic Analysis 

Rates were calculated by taking the linear fit of time courses ofDMSP(d) disappear
ance or DMS production. Rates were based on 4-6 hours' data (with approximately one 
timepoint acquired per sample per hour). Error bars in figures represent the error of the 
calculated linear fit. Kinetic parameters were determined by linearizing rate data by means 
of Eadie-Hofstee (single-reciprocal) plots (5). Following a previous convention (10), the 
term apparent half-saturation value (Kmapp) is used in place of half-saturation constant (Krn), 
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Figure 2. Vertical profiles ofDMS (0), DMSP(d) (0) and DMSP(p) (0) in Monterey Bay. 

in acknowledgment of the possibility that DMSP lyase activity may be predominantly 
intracellular in natural populations, and therefore not directly related to extracellular 
DMSP(d) concentrations. 

Vertical Profiles and Lateral Transect of DMS and DMSP 

Water samples were collected as described above and dispensed into I-L Teflon 
bottles with no headspace. DMS and DMSP were analyzed as above. Replicate analyses of 
the same samples generally agreed to better than 10%. Where shown, error bars on profile 
measurements represent the range of duplicate bottles drawn from the same Niskin. Profile 
and transect locations are displayed in Fig. I. Profiles I and 2 were collected on April 21 
and 22, respectively, while following a drifter deployed near the center of the Bay; profile 
3 was taken on May 1 while following a separate drifter. 

Reagents and Chemicals 

DMS was purchased from Fluka Chemical Corp. , Ronkonkoma, NY. DMSP-HBr 
was synthesized from DMS and bromopropionic acid as described by Challenger and 
Simpson (1). All other reagents were of analytical grade. 

RESULTS 

DMS and DMSP Distributions 

Vertical profiles taken at locations near those of three of the incubation experiments 
showed that throughout the period of sampling DMSP(p) was considerably higher than either 
DMS or DMSP(d), on the order of 10-40 nM (Fig. 2). DMS concentrations were usually 
comparable to, and occasionally higher than, those ofDMSP( d) (see also Table 1). In a lateral 
transect across the Bay on April 26, DMSP(p) decreased inland from approximately 60 to 
20 nM, then increased again with proximity to the coast, with levels of 120 nM recorded at 
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Figure 3. Lateral transect ofDMS 
(.,0), DMSP(d) (.,0) and 
DMSP(P) (.,0) across Monterey 
Bay on April 26. Closed and open 
symbols represent measurements 
at 2 and 5 m water depth, respec
tively. Samples for particulate and 
dissolved DMSP at the eastern
most station were collected on 
April 27. 

the easternmost station (Fig. 3). This station is directly outside Moss Landing and receives 
runoff from a slough; however at the time samples were collected the tide was high and 
slough influence was assumed to be minimal. As in vertical profiles, DMSP( d) and DMS 

,........ 

I 
.30 

..I: 

I 
~ 20 
0 
E 
c 

(I) 
10 

..... 
A 0 

0:: 
• 

0 • 
a 200 400 600 800 1000 

Dissolved DMSP (nM) 

70 

......... 60 B 
I 50 ..I: 

I 40 
~ Figure 4. Kinetics of DMSP loss 
0 .30 (0) and cleavage (.) on April 19 
E (experiment I). (a) Saturation 
c 20 curves: (b) Single reciprocal plots '--' 

> of rate data. For DMSP loss, Km = 
10 0.91 ± 0.09 J.lM, vmax = 60 ± 2 nmol 

~ 
L-I h-I. Linearization is based on a 

0.00 0.01 0.02 0.0.3 0.04 0.05 0.06 0.07 rates for DMSP >40 nM (5 rates). 

viS (h-1 ) 
Kinetic parameters could not be 
determined for DMSP cleavage. 



Kinetics of DMSP Lyase Activity 331 

followed the general pattern of OMSP(p) but were present at lower levels. Ambient 
concentrations of OMS and OMSP in incubation experiments are provided in Table I. 

Kinetic Parameters of DMSP Loss and DMSP-Lyase Activity 

On April 19 (experiment I), at a northern station in the Bay (37° 18.03' N, 122°46.14' 
W), a Km of 0.91 ± 0.09 J.lM and Vmax of 60 ± 2 nmol L·I h· 1 were found for DMSP(d) loss. 
Corresponding OMS production rates in the concentration range assayed could not be 
linearized, but were a small fraction (4-21 %) of rates ofOMSP loss (Fig. 4). 

The apparent Km and Vmax of OMSP-Iyase activity at an inland station just outside 
Moss Landing (36°47.80' N, 121 °50.72' W) on April 27 (experiment 2) were 6.3 ± 1.5 J.lM 
and 156 ± 14 nmol L·I h·1 (Table I). OMS levels of 20 nM had been measured in surface 
waters at the same station the previous evening (Fig. 3); at the time of the experiment they 
had decreased to about half this value. 

The following day, April 28 (experiment 3), the kinetics of OMSP cleavage were 
examined at a western station in the Bay (36°39.99' N, 122°29.95' W). The DMSP concen
tration range assayed (::;10 J.lM) was similar to that of the previous experiment, and despite 
the difference in water regime (see below), the apparent Km and Vmax ofOMSP-lyase activity 
were comparable as well: 11.3 ± 1.8 J.lM and 63 ± 3 nmol L· I h· l . These kinetic parameters 
were calculated on the basis of rates measured in the 2-10 J.lM OMSP range (4 rates); rates 
measured at lower concentrations could not be linearized on a single-reciprocal plot (Fig. 
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5a). In fact, a sigmoidal dependence of DMS production rate on DMSP(d) was noted at 
DMSP( d) concentrations <2 /lM (Fig. 5b). 

On May 1 (experiment 4) the kinetics of both DMSP loss and DMSP-lyase activity 
were assessed at a location slightly inland from the previous station (36°44.54' N, 122°20.16' 
W). This station and the previous station were assumed to lie within the California current, 
based on the low salinity of their surface water (32.91 and 32.75%0, respectively, as opposed 
to values well in excess of 33%0 in upwelled water closer to the coast). The half-saturation 
value and Vmax ofDMSP( d) loss were strikingly lower than those measured two weeks earlier: 
23.1 ± 1.9 nM and 4.9 ± 0.2 nmol VI h-I. The Kmapp ofDMSP-lyase activity was also much 
lower than in the two previous experiments (480 ± 166 nM), and the apparent Vmax the same 
within the error of the fit as that ofDMSP loss (4.6 ± 0.7 nmol L-I h-I) (Table 1). 

DISCUSSION 

While some progress has been made in describing the concentration dependence of 
DMSP(d) removal and cleavage in seawater (7,8,10), our data on this subject are still very 
limited. Unexpectedly low-affinity kinetics of both removal and cleavage have been noted, 
with activity failing to saturate over a DMSP concentration range ~1 /lM, in some cases 
resulting in an inability to estimate kinetic parameters. Ledyard and Dacey (10) have 
observed that the magnitude of rates of both processes, as well as their apparent half-satu
ration values, may increase with proximity to summer in coastal and oligotrophic seawater, 
although these data were not sufficient to establish a seasonal dependence. The results 
presented here document extreme short-term temporal and spatial variability in the kinetics 
of DMSP loss and cleavage in Monterey Bay, CA, and indicate that the factors controlling 
the kinetic parameters of these processes are complex. 

The apparent half-saturation values of DMSP cleavage measured in Monterey Bay 
in this study ranged between 0.5 and II/lM over a period of two weeks. The difficulties of 
modeling the kinetics of any process in a natural popUlation aside, the meaning of a 
half-saturation value for DMSP cleavage is especially problematic. IfDMSP cleavage occurs 
at the cell surface in a given organism, one would expect DMSP loss and DMS production 
(DMSP cleavage) to be kinetically synonymous; DMSP removal and degradation are the 
same process. However, rates of DMS production cannot be meaningfully related to 
environmental levels of dissolved DMSP if the lyase is intracellular, as appears to be the 
case in the Sargasso Sea isolate strain LFR (9) and possibly the marine bacterium Pseudo
monas doudoroffii as well (3). In strain LFR the apparent Km ofDMSP cleavage is 640 nM, 
several hundred nanomolar higher than the Km for DMSP uptake. On the other hand, DMSP 
lyase activity appears to be extracellular in a Phaeocystis sp., with a Km of 11.7 /lM at 20°C 
(13, 14), and in an Alcaligenes-like salt marsh isolate, with a Km of2.02 mM (2, 3). 

In light of the uncertainty over localization ofDMSP lyase, it is difficult to interpret 
the high (relative to ambient DMSP(d)) Kmapp values for DMSP cleavage found in experi
ments 2 and 3. They may indicate that this process was mediated by organisms such as 
Phaeocystis. Haptophytes including Phaeocystis and motile zooids of Phaeocystis made up 
a small proportion of phototrophs present during experiments 1, 3 and 4 (data were not 
available for 2), but were more abundant in experiment 3 (9.1 % of total autotrophic carbon) 
than in either 1 or 4 (1.4 and 1.3%, respectively). Phaeocystis colonies were tentatively 
identified in experiments 3 and 4; cells were large (90 pg C cell-I) and colonies unusually 
compact (K. R. Buck, pers. comm.). If organisms with extracellular DMSP-lyase were 
dominant DMSP cleavers in experiment 3, the kinetics ofDMSP loss would be expected to 
mirror those of DMS production; unfortunately DMSP loss kinetics were not examined on 
this occasion. In this regard it is interesting that in the few instances in which DMSP loss 
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and cleavage have been monitored simultaneously in natural seawater (7, 8, 10, this work), 
the kinetics of these processes are never identical. 

Maximal velocities of DMS production in Monterey Bay ranged from 4.6 to 156 
nmol L-1 h- 1• In experiment 1, for which kinetic parameters for DMSP cleavage could not be 
determined (Fig. 4), overall rates were low «4 nmol L-l h-1). Ledyard and Dacey (9) have 
previously observed that in a marine bacterium, possessing an intracellular DMSP-lyase, the 
maximal velocities of uptake and cleavage are identical, although the apparent half-satura
tion values are strikingly different. Thus in natural waters divergent Kmapp values for DMSP 
removal and cleavage (and, by the same token, non-stoichiometric DMSP removal and DMS 
production) need not necessarily indicate that DMSP is being degraded via pathways other 
than cleavage, although there is evidence that this is often the case (18, 19, see also Kiene, 
this volume). Rather, the relative Vmax values ofDMSP removal and cleavage may be a more 
reliable indicator of the comparative importance of demethylation (or accumulation without 
degradation) and cleavage (10). In the two experiments in which DMSP loss and DMS 
production were assessed simultaneously, the V max ofDMSP cleavage as a percentage of the 
Vmax of DMSP(d) removal ranged from low (experiment I, Fig. 4) to virtually 100% 
(experiment 4, Table 1), suggesting that DMS can shift from being a minor to a major 
degradation product ofDMSP over short time and space scales. 

Two estimates of the Km ofDMSP removal in Monterey Bay yielded 0.9 f.lM and 23 
nM. The latter value is on the order of the highest DMSP( d) levels observed in surface water 
during the cruise (-17 nM). DMSP( d) concentrations as high as 1 f.lM have been observed 
in temperate coastal seawater (15), but were not typical of Monterey Bay at the time of this 
study. While the relation between DMSP cleavage activity and DMSP(d) is potentially 
complex, one would expect the Km ofDMSP removal (signifying either uptake or extracel
lular degradation, or both) to reflect ambient DMSP( d) levels. In this regard the high Km for 
DMSP removal in experiment 1 is puzzling, though not unprecedented. A Km for DMSP 
removal of 157 nM was reported for Vineyard Sound seawater, where ambient DMSP(d) is 
usually <40 nM (10). The lack of a consistent relation between half-saturation values of 
DMSP removal and ambient DMSP( d) in this and other work suggests that we may not fully 
understand the microscale distribution of DMSP( d) in seawater. 

Frequently, rates estimated in unamended seawater in these experiments did not fall 
on a regression line in Eadie-Hofstee plots with rates estimated from additions. This may be 
indicative of coupling between biological DMS production and consumption at in situ 
substrate levels, resulting in artificially low rates of OMS production. However, this 
hypothesis does not explain the sigmoidal dependence of rate on DMSP( d) observed in 
experiment 3 (Fig. 5b). The origin of this concentration dependence, which was not observed 
in other experiments, is not understood. The effect could be due to mediation ofDMSP-lyase 
activity by predominantly different microorganisms at low and high DMSP levels. However, 
it may not be necessary to invoke a mixed population to explain this observation. Sigmoidal 
concentration dependence ofDMSP-lyase activity has also been observed in strain LFR (9), 
where it may reflect the interaction between DMSP uptake, accumulation, and induction of 
DMSP lyase, or may possibly indicate that the lyase has more than one binding site (5). 

No clear dependence of kinetic parameters on in situ levels of DMSP was noted 
in this study (Table 1). During the sampling period strong upwelling prevailed along the 
coast, and diatom blooms occurred over much of the eastern portion of the Bay. In 
incubation experiments 1,3 and 4, total carbon ranged from 76 (experiment 3) to 186 
f.lg C L- 1 (experiment 4), with centric diatoms dominating in 1 and 4, where rates of 
DMSP cleavage were lowest. In experiment 3, Chiarella-like eukaryotic picoplankton 
and cryptomonads dominated (63% of autotrophic carbon), and haptophytes (including 
Phaeocystis) comprised almost 10% of autotrophic biomass, instead of on the order of 
2% in the other two experiments (K. R. Buck, pers. comm.). Unfortunately, no information 
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is available for experiment 2, and Phaeocystis, although a minor component of the algal 
assemblage, cannot be ruled out as a possible source of the low-affinity DMSP-lyase 
kinetics observed in experiments 2 and 3. Algal species composition does not explain 
the low- and high-affinity kinetics of DMSP( d) removal observed, respectively, in ex
periments 1 and 4, in both of which diatoms comprised -90% of total carbon. Although 
the kinetics of DMSP-lyase activity in experiment 3 invite speculation on the role of 
Phaeocystis in turnover of dissolved DMSP in natural waters, Phaeocystis cannot be 
invoked to explain low-affinity kinetics of DMSP-lyase activity in oligotrophic environ
ments such as the Sargasso Sea (l0). 

The kinetic parameters ofDMSP removal and cleavage in Monterey Bay exhibited 
extreme local variability and did not appear to be a simple function of phytoplankton species 
composition, overall biomass levels or ambient concentrations of DMS or DMSP. Under 
bloom conditions in an upwelling area considerable lateral heterogeneity in nutrient status, 
bacterial and algal assemblages, and other characteristics can be expected, and presumably 
these were factors in the observed variability ofDMSP loss and cleavage kinetics. Elucidat
ing the role of prokaryotes in these processes will be challenging, as we are at this stage 
unable to resolve specific DMSP-cycling components of the heterotrophic bacterial popula
tion without manipulating their growth conditions. However, it is likely that with a larger 
and higher-resolution data set, correlations between kinetic parameters of DMSP loss and 
cleavage and possible controlling factors such as DMSP stocks, algal assemblage and 
temperature will emerge. 
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SUMMARY 

29 

The turnover rates of dissolved dimethylsulfoniopropionate (DMSP(d)) were deter
mined in a variety of coastal water samples collected from the Northern Gulf of Mexico 
during a 14 month period spanning 1993 and 1994. A kinetic approach was used in which 
the rate constant for DMSP( d) consumption was determined from time course data of 
DMSP(d) concentrations after spike additions of 40 to 50 nM. These rate constants were 
multiplied by the in situ concentration of DMSP(d) to obtain the turnover rate. Rates 
measured were variable and ranged from 2 to 122 nM'd-1 during the study period. No seasonal 
pattern was observed nor was there any significant relationship between turnover rates (or 
rate constants) with temperature, salinity, or concentrations of dimethylsulfide (DMS), 
particulate DMSP (DMSP(p» or DMSP(d). Based on differential filtration experiments, the 
turnover of DMSP( d) was mainly attributed to submicron-sized organisms, probably bacte
ria. DMSP was degraded to both dimethyl sulfide (DMS) and methanethiol (CH3SH) and the 
turnover of DMSP( d) is likely to be a major source of these compounds in Gulf of Mexico 
waters. 

INTRODUCTION 

Dimethylsulfoniopropionate (DMSP; [(CH3hS+CH2CH2COO-n is an organic sulfur 
compound which is distributed throughout the euphotic zone of the oceans (7, 15, 36). 
Marine phytoplankton appear to be the main source of DMSP in the marine water column 
but only certain species produce large amounts of this osmotic solute (16, 17, 39). The 
distribution of DMSP, is therefore, heterogeneous and, in most cases, not strictly tied to 
algal biomass (31). 
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The marine biogeochemistry of DMSP is of interest, in part, because this compound 
is the main precursor of dimethylsulfide (DMS), the major volatile sulfur compound found 
in the surface ocean (1,3,15,21,30,36). DMSemissions from the ocean contribute nearly 
half of the global biogenic sulfur emission to the atmosphere (1) and these emissions may 
also playa role in modulating global climate through formation of sulfur-containing aerosols 
(2,4, 8,32). 

The release and degradation ofDMSP, as well as the production ofDMS are closely 
linked with food web activities (6, 9, 14,21,41). Bacterial degradation of the dissolved 
DMSP pool (DMSP(d» (operationally defined as that which passes a GFIF or equivalent 
glass fiber filter) is thought to be a major pathway leading to DMS formation (19,25,36). 
While degradation of DMSP appears to be the main source of DMS in sea water, not all 
DMSP is degraded to DMS (6, 25). A significant fraction of the DMSP( d) degraded in marine 
surface waters appears to be converted to highly reactive methanethiol (CH3SH) (18). In 
addition to its important role as a precursor ofDMS and CH3SH, DMSP may also represent 
an important source of carbon for marine bacterioplankton (21, 37). For these reasons, it is 
important to know how fast the different pools of DMSP (dissolved and particulate) tum 
over. To date, the only study in which determined the rates of DMSP( d) turnover under 
natural conditions in the marine water column was presented by Ledyard and Dacey (28). 

In the present study, the rates of DMSP( d) turnover in Gulf of Mexico waters were 
estimated with a kinetic approach. The results indicate a large potential for DMSP(d) 
consumption and relatively rapid, but variable, rates of turnover in the waters sampled. The 
potential problems with the kinetic approach and its potential utility are discussed. 

MATERIALS AND METHODS 

Sample Collection and Processing 

Most water samples used during this study were collected over a 14 month period 
from a pier on the east end of Dauphin Island, AL. This site is located in the Northern Gulf 
of Mexico near the mouth of Mobile Bay (300 20' N, 880 10' W). One set of samples was 
collected by boat approximately 10 km south of the mouth of Mobile Bay at a site termed 
the Sea Buoy and another was collected 50 km south of Dauphin Island in the open Gulf of 
Mexico. In still other cases, water was collected from shore sites located near Fort Walton 
Beach, FL and in Santa Rosa Sound, FL. Water from these location was generally higher in 
salinity and lower in suspended solids than the Mobile Bay water. Unless otherwise 
indicated, samples were collected from the surface by bucket or carboy and dispensed 
immediately into I liter or 250 ml Teflon bottles. Water samples were stored in the dark and 
returned to the laboratory within I h where they were used immediately for experimental 
incubations. During the incubations, the bottles were maintained within I degree of in situ 
temperature and kept in the dark, except during sub-sampling « 2 min duration) when they 
were exposed to room light. The water samples were not shaken during the incubations, but 
were gently inverted several times before subsamples were removed for sulfur compound 
analysis. 

Experimental Design 

In order to determine the kinetics ofDMSP( d) degradation, spike additions ofDMSP 
(40-50 nM final concentrations) were made to freshly collected water samples. Controls 
which received no additions were run in parallel. The concentrations ofDMSP( d), particulate 
DMSP (DMSP(P)) and DMS were monitored in water samples over time courses which 
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DMSP (DMSP(p)) and DMS were monitored in water samples over time courses which 
lasted from 5 to 30 h depending on the experiment. The first sample for DMSP(d) was taken 
within 2 min of the addition and this time point was designated as time zero. Changes in 
sulfur pools in unamended controls were minor compared to those observed in DMSP-treated 
samples. In two experiments, different amounts ofDMSP(d) were added to a series of bottles 
from the same batch of seawater to give a range of initial DMSP concentrations. The highest 
concentration used was 230 nM. In these cases, the results are presented graphically as the 
ratio of the concentration (C) measured at each time point divided by the initial concentration 
(Co), which normalizes each treatment to a common initial value. Because the consumption 
kinetics for DMSP( d) were fast (see results), and a rapid sampling schedule was necessary, 
single bottles were often run for each treatmert. Duplicate treatments were occasionally run 
and replication for DMS and DMSP( d) measurements was usually better than 10%. 

Calculation of Kinetic Rate Constants and DMSP Turnover Rates 

Apparent first order rate constants (k) for the loss of DMSP( d) were estimated by 
plotting the natural log of the DMSP( d) concentration vs time and taking the slope of this 
line as k. The loss ofDMSP from the dissolved pool represented degradation since particulate 
pools were constant or declined slightly during the dark incubations. All rate constants 
reported here are from experiments in which the DMSP(d) loss data obeyed apparent first 
order kinetics and in which the added DMSP(d) was equal to or less than 50 nM. In 3 out of 
the 20 experiments conducted during this investigation it was evident that DMSP( d) 
decreased linearly (zero order kinetics) rather than with an exponential pattern, perhaps 
suggesting that DMSP consumption was saturated in these 3 cases. The DMSP(d) turnover 
rates for these experiments are not included here, so that only the data for experiments 
showing apparent first order consumption are compared. Endogenous DMSP(d) was less 
than 11 nM in all cases; often less than 6 nM. The turnover rate ofDMSP(d) in nMd'1 was 
estimated by multiplying the endogenous DMSP(d) concentration determined at the start of 
the incubations by the loss rate constant according to: 

d [DMSP (d)] = -k [DMSP (d)] 
dt 

where k is the first order loss rate constant (d'l) and [DMSP(d)] is the concentration of 
DMSP(d) in nM. 

Differential Filtration 

In order to determine the size class of organisms responsible for consuming DMSP( d) 
several experiments were carried out in which subsamples of the initial batch of seawater 
were filtered through either 0.2 or 1.0 f.lm polycarbonate membrane filters (47 mm, Nucle
pore) before the addition ofDMSP( d). A glass filtration tower was used and the vacuum was 
kept below 10 mm Hg. Despite the relatively low vacuum, the filtration of whole seawater 
though these membrane filters resulted in considerably higher DMSP(d) concentrations in 
the filtrates as compared to unfiltered water samples. This resulted most likely from lysis of 
DMSP-containing algal cells during the filtrations. 

DMSP and DMS Time Series 

The concentrations of DMSP(p), DMSP(d) and DMS were determined (see below 
for methods) in water samples collected from the Dauphin Island East End Pier over the 14 
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month period considered in this study. Some of the samples in this time series represent the 
initial values obtained in water samples used for incubations. Temperature and salinity data 
were also collected for these water samples. Salinity was determined by refractometer. 

Analytical Methods 

DMS and DMSP(P) were measured by purge and trap gas chromatography as 
described previously (25). The procedure for DMSP( d) analysis was modified somewhat 
from that used previously. A 20 ml subsample was removed from the incubation bottle and 
allowed to drip through a 47 mm Gelman AE (1.0 I-lm nominal pore size) filter held in a glass 
filter tower. The filter was used for DMSP(p) determinations while the filtrate was used for 
DMSP(d). After all of the sample had passed the filter, approximately 5 ml of the filtrate was 
placed in a small open sparge tube and bubbled with He (lOO mlmin-1 for 2 min) to remove 
DMS. After the He flow was turned off, 1 ml of the sample was removed by pipette and 
placed in a 14 ml serum vial. One ml of 5 N N aO H was added to this vial and it was sealed 
quickly with a Teflon-faced butyl rubber septum. DMSP in the water sample was decom
posed quantitatively to DMS (and acrylic acid) in the NaOH. After 30 min, the reaction was 
complete and the sample could be analyzed, though they were often analyzed the next day 
« 24 h). The DMS in the vials was measured by sweeping the headspaces of the serum vials 
into a cryotrap and subsequently into a gas chromatograph as described in Kiene and Gerard 
(23). Standards were prepared using the same liquid volumes as the samples. This approach 
yielded excellent precision (typically better than 5%) and low detection limits (0.3-0.5 nM) 
for 1 ml samples. 
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Methanethiol (CH3SH) was identified by cochromatography with authentic CH3SH 
and this compound was quantified by using standard curves for DMS. Previous work has 
shown that the standard curves for CH3SH and DMS differ by less than 5% (22). DMSPHCl 
was obtained from Research Plus Inc. and was used from concentrated stocks which were 
kept frozen. 

RESULTS 

After the addition of exogenous DMSP(d) (-50 nM) to freshly collected water 
samples, the concentrations of DMSP(d) typically declined rapidly and within 4-12 h 
approached those in unamended samples (Fig. 1). In most cases the net consumption of the 
added DMSP(d) began immediately and could be modeled with a first order (exponential) 
decay function (Fig. lA). Occasionally, a short « I h) lag in the net DMSP(d) consumption 
rate was observed as illustrated by the data in Figure IB, but it is not always clear if this 
represented a true lag or simply variability in the measurements. The consumption of 
DMSP(d) was accompanied by the production of both DMS and CH3SH (Fig. IA & B). The 
net yields ofDMS and CH3SH varied in different experiments and ranged from 7-64% and 
12-65% for CH3SH and DMS respectively. The results on relative yields of sulfur gases from 
DMSP degradation are presented in greater detail in (18). For DMSP(d) amendments below 
-100 nM, plots of CICo vs time showed nearly identical time courses (Fig. 2 A & B), 
suggesting that the rate ofDMSP(d) consumption was not saturated at these concentrations. 

Figure 2. DMSP(d) consumption 
curves for two experiments (panels A 
& B) in which DMSP( d) was added at 
several different concentrations. Data 
are presented as CICo to illustrate the 
relative rates of consumption at the 
different levels of DMSP. Data in 
Panel A are from samples collected 
from Santa Rosa Sound (May II, 
1994; 25°C, salinity = 26) and sam
ples in Panel B are from the Dauphin 
Island Pier (December 7, 1994; 
17.5°C, salinty = 11). 
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Figure 3. The effect of filtration on 
consumption of -40 nM added 
DMSP(d) in two separate experi
ments. The indicated samples were 
filtered through polycarbonate mem
brane filters of the pore sizes shown. 
Both experiments used water from the 
Dauphin Island Pier. 

At or above 100 nM, the relative rates ofDMSP(d) consumption were often slower (Fig. 2 
A & B), suggesting that these substrate concentrations may begin to saturate the DMSP(d) 
consumption activity. 

The removal of DMSP(d) from seawater was primarily due to submicron-sized 
organisms, as 1.0 f.lm filtered samples showed only slightly slower consumption rates than 
unfiltered controls (Fig. 3 A & B). Similar minimal effects have been obtained with Gelman 
AE glass fiber filtered sea water (nominal retention 1.0 f.lm) (data not shown). On the other 
hand, 0.2 f.lm filtration essentially stopped DMSP consumption (Fig 3B). Both 1.0 f.lmand 
AE filter treatments removed> 95% of the particulate DMSP in the samples but allowed 
passage of> 80% of the bacteria as determined by acridine orange direct counts (data not 
shown). 

Temporal Variability of Dimethyl Sulfur Compounds and DMSP 
Turnover Rates 

The concentrations of DMS, DMSP(P) and DMSP( d) measured in water samples 
collected over a year long period from the East End Pier on Dauphin Island are presented in 
Fig. 4. The corresponding temperature and salinity data are shown in Fig. 5. Each pool of 
sulfur compound displayed considerable temporal variability, but no distinct seasonal pattern 
was evident in this data set. Correlation analysis did not reveal any significant relationships 
among the sulfur compounds or between these and salinity or temperature. However, the 
highest concentrations ofDMSP(d) and DMS were observed during a bloom ofDMSP-pro-
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Figure 6. Panel A. DMSP loss rate 
constants determined in water sam
ples collected from the Dauphin Is
land Pier over a 14 month period. 
Each data point represents a separate 
determination of the rate constant on 
water collected on that date. Panel B. 
DMSP turnover rates on different 
dates during the study period. Turn
over rates were obtained by multiply
ing the rate constants (panel A) by the 
endogenous DMSP(d) concentrations 
(Figure 4) on that date. 

ducing phytoplankton which occurred in late June, 1994. During this period, DMSP(p) 
reached 206 nM while DMSP( d) and DMS reached lower maximal concentrations of 1104 
and Il.l nM respectively. For the entire data set, the average (± std dev.) concentration of 
DMS was 3.2 ± 2.0 nM (n= 38), while DMSP(d) averaged 3.5 ± 204 nM (n=32). The mean 
DMSP(p) concentration (49.0 ± 41.2 nM, n= 28) was much higher than for either of the other 
dimethyl sulfur pools. 

The first order rate constants for DMSP(d) consumption (calculated from loss 
curves such as those in Fig.l) in water samples from the Dauphin Island Pier varied 
from 2.0 to 24.5 ·d· l over the study period (Fig. 6A). The turnover rates for DMSP(d) 
calculated from these rate constants and the in situ DMSP( d) concentration are presented 
in Fig. 6B and ranged from 2.4 to 122 nM·d· l . Each of these parameters exhibited 
considerable temporal variability, although the rate constant showed a narrower range 
than did the turnover rate. Some of the variability may have been due to variations 
in temperature, salinity or pools of DMSP(p) (see Fig. 6). However, for the entire 
data set, no significant correlations were observed when the rate constants or the 
turnover rates were regressed against DMSP(p), DMS, DMSP( d), temperature or salinity 
(data not shown). During the late summer and Fall of 1994 the rate constants appeared 
to decline into the winter period and this was reflected in the turnover rates as well. 
On several occasions, low DMSP(d) turnover rates resulted from very low in situ 
concentrations of DMSP(d). The highest rate constant (24.5 ·d· l ) was obtained in 
January, 1994 when the DMSP( d) concentration was very low (0.36 nM). The resulting 
turnover rate (8.8 nM'd- l ) was among the lowest observed. The highest DMSP(d) 
turnover rate obtained (122 nM'd- l ) was during the bloom in DMSP(p) on June 28, 
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1994 when the DMSP( d) concentration was 7.4 nM. The highest DMS concentration 
of the year (11.1 nM) was observed on this date as well. 

Data on DMSP and DMS concentrations as well as DMSP turnover rates for 
Gulf of Mexico sites other than the Dauphin Island Pier are presented in Table I. 
These data were collected from offshore locations and from shore sites located east 
of Mobile Bay where salinities are generally higher. Concentrations of DMSP(p), 
DMSP( d) and DMS fell in the same range as those observed in Mobile Bay, though 
the average concentrations were somewhat lower than for Mobile Bay. The limited 
number of kinetically determined turnover rate estimates also showed somewhat lower 
rates than observed at the Dauphin Island Pier site. For the Santa Rosa Sound samples, 
there was considerable potential for DMSP(d) turnover as evidenced by a relatively 
high rate constant of 20d- l , however DMSP(d) was not detectable « 0.3 nM) and 
the overall turnover rate was therefore very low « 6 nM·d- I ). 

DISCUSSION 

The turnover of DMSP is of interest because this compound is one of the most 
abundant reduced sulfur compounds in the surface ocean and it is degraded to important 
products such as DMS and CH3SH (Fig. I). Presently, there is limited information available 
on the turnover rates of DMSP( d) under in situ conditions in seawater (28). The results 
obtained here suggest that DMSP( d) turnover rates are both rapid and highly variable in Gulf 
of Mexico Coastal waters. 

There is considerable potential for turnover ofDMSP( d) in subtropical coastal waters 
as evidenced by the fact that spike additions of DMSP(d) in the range of 40-50 nM were 
consumed to near ambient levels within 3 to 10 h in all of the water samples collected during 
this 14 month study. In 17 out of 20 experiments the consumption of added DMSP( d) 
appeared to follow first order kinetics (e.g. Fig. I A), that is DMSP( d) declined exponentially 
with time. DMSP( d) consumption rates were rarely saturated below substrate concentrations 
of 100 nM (Fig. 2 ) despite the fact that in situ concentrations were almost always at least 
10-fold lower than this (Fig. 4). These findings are consistent with other studies ofDMSP( d) 
consumption in marine coastal waters (25,28) and suggest that DMSP turnover is limited 
primarily by the availability of DMSP(d), which is maintained at low concentrations 
throughout the year (Fig. 4). The relatively large loss rate constants (2-24.5d- 1) determined 
for DMSP(d) suggest that the in situ dissolved DMSP pool turns over rapidly with turnover 
times of 1-12 h. Such fast turnover is similar to what has been observed for other labile, low 
molecular weight compounds such as amino acids (12,13). 

The turnover rates obtained from the product of kinetically-determined rate constants 
and the in situ concentration of DMSP( d) were quite variable during the study period and 
ranged from 2 to 122 nMd-1 (mean 35.6 nMd-1, n = 17; Fig. 6B) on different dates. These 
rates represented a turnover of between II to 240% (mean 70%) of the measured particulate 
DMSP pool per day, assuming the latter was in steady state. No distinct seasonal pattern was 
evident in the turnover rates nor in the DMSP and DMS pools measured (Fig. 4). The fact 
that the coastal waters sampled during this study varied considerably with respect to salinity, 
temperature and other factors made it highly unlikely that simple correlations between 
turnover rates and other parameters would be significant. The samples from sites less 
influenced by Mobile Bay (Table I) had somewhat lower average concentrations of sulfur 
compounds as well as DMSP(d) turnover rates, but the data set is too small to draw firm 
conclusions about site differences. The DMSP( d) turnover rate estimates from the present 
study (2 to 122 nMd-1) are in reasonable agreement with the net rates of DMSP(d) loss 
(undetectable to 38.4 nMd- l ) reported by Ledyard and Dacey for coastal waters of Vineyard 
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Sound (28). These authors also have reported considerable temporal and spatial variability 
in DMSP turnover and in the kinetics ofDMSP uptake and lyase degradation (27,28), again 
consistent with the present study. 

At the present time it is not known if the kinetic approach to determining DMSP 
turnover rates gives valid results. During the same period considered in the present study 
Kiene and Gerard (in press) used an alternative approach which was based on the inhibition 
of DMSP(d) uptake by 50 jlM glycine betaine (GBT; GBT is a potent short term inhibitor 
ofDMSP degradation, and its addition to seawater causes endogenous DMSP(d) to accumu
late (24». The net rates of GBT-induced DMSP( d) accumulation in Gulf of Mexico waters 
during 1993-1994 ranged from 4.1 to 27.3 nMd·' (mean of 12.9 nMd·'). These rates were 
somewhat lower and less variable than the kinetically determined rates and they were also 
strongly correlated with incubation temperature (24). Unfortunately direct comparisons of 
the two approaches were not done during this period. The fact that the two different 
approaches yielded values which are of the same order of magnitude suggests that the true 
turnover rates may have been in the range of those determined. 

Evaluating the approaches used for DMSP( d) turnover rate determinations is difficult 
since there are no accepted reference techniques. For the kinetic approach, errors in 
determination of the in situ concentration of DMSP( d) or the rate constant for its removal 
would lead to errors in the turnover rate. The most likely error in determination ofDMSP( d) 
would be an over estimation of the true dissolved concentration due either to filtration
induced release from the particulate pool, or possible inclusion ofDMSP-containing bacte
rial cells (see Wolfe (40)) in the glass fiber filtrates (29). Either of these situations would 
result in over-estimation of the turnover rate. Likewise, if the rate constant is over-estimated, 
due perhaps to induction ofDMSP lyase activity (10), this would also cause an over-estima
tion of the turnover rate. Induction of activity is quite possible, since DMSP was added to 
concentrations significantly above (about 10- fold) ambient levels, and incubations of several 
hours were required to determine uptake constants. In some experiments, a lag of 1 h or less 
in the consumption of DMSP(d) was observed (Fig. lB) and such a lag could have been 
missed in some experiments due to the sampling schedule. If this were a common, but often 
missed feature, the rate constants (and therefore turnover rates) reported here may be too 
high. Furthermore, it may not be possible to apply the kinetic approach with samples in 
which the in situ DMSP(d) concentration is not in approximate steady state. In most cases, 
though, the steady state approximation holds reasonably well CR. Kiene, unpublished data). 
The GBT inhibition method appears to give somewhat lower rates than the kinetic approach, 
(24) but this too has its limitations. Further studies will be necessary to evaluate these 
techniques and to determine DMSP( d) turnover rates under a variety of conditions. 

DMSP(d) turnover in Gulf of Mexico waters was mainly due to submicron sized 
organisms, probably bacteria (Fig. 3). Marine bacteria which are capable of metabolizing 
DMSP have been isolated in a number of studies (10,11,26,38) and DMSP-utilizing bacteria 
are relatively abundant in the field (37). Other organisms such as the alga Phaeocystis sp. 
may also be capable of degrading DMSP( d) (34), but their importance in Gulf of Mexico 
waters appears to have been small. DMSP may represent a potentially important carbon 
substrate for bacterial populations in the marine environment since DMSP carbon may 
comprise as much as 1-10% of the carbon in living phytoplankton (5,21,33). It is therefore 
not surprising that the ability to degrade DMSP is widespread among marine aerobic bacteria 
(26,37). At least 2 functional groups of bacteria are responsible for degrading DMSP in sea 
water: those which cleave DMSP into DMS and acrylic acid and those which demethylate 
it to 3-methiolpropionate (11,26,35,37,38). Evidence for the operation of the demethylation 
pathway in seawater has been circumstantial (6,20,25), but recent findings that CH3SH is a 
major product ofDMSP (see Fig. 1) confirm the importance of the demethylation pathway 
(18). 
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The relatively rapid turnover rates for DMSP( d) reported here are significant because 
they imply a substantial production of reactive gases such as DMS and CH3SH (see Fig. I 
and also (18». DMSP(d) is likely to be a major source of DMS in the water column, but 
because DMSP conversion efficiency to DMS can be highly variable in different water 
masses (18,28), it is difficult to predict, from DMSP turnover alone, what that contribution 
might be. Further studies are needed to investigate the factors which control DMSP turnover 
and the relative amounts of products produced. The kinetic approach used here, if validated, 
should be useful in these investigations. 
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SUMMARY 

30 

In anoxic intertidal sediments DMSP can be degraded via an initial cleavage to 
dimethyl sulfide (DMS) and acrylate or via demethylation. 3-Methiolpropionate is a possible 
intermediate of the demethylation pathway; it can also be demethiolated to methanethiol 
(MSH) and acrylate. In freshwater sediments DMS and MSH are mainly formed by the 
transfer of a methyl group from methoxylated aromatic compounds to sulfide. Both DMS 
and MSH can further be converted to methane. carbon dioxide and sulfide. In recent years 
a variety of pure cultures of anaerobic microorganisms that carry out one of the above 
mentioned conversions have been described in the literature. 

INTRODUCTION 

Most of the DMSP from marine algae is likely to be degraded in the oxic water phase 
of the seas. A wide variety of aerobic DMSP and DMS oxidizing bacteria have been isolated 
in recent years (see Taylor and Visscher, this volume). Less is known about the microorgan
isms involved in DMS(P) conversion in anoxic environments such as sediments and the gut 
system of marine animals. Benthic algae and the settling of pelagic algae explain the presence 
ofDMSP in anoxic intertidal marine sediments. Concentrations ofDMSP ranging from 1 up 
to 110 Ilmolll sediment have been measured in the surface layer of various intertidal 
sediments (18, 42, 49). In a microbial mat, a concentration of up to 200 Ilmolll sediment has 
been reported (48). For many years the only data on the anaerobic degradation of DMSP 
came from work of Wagner and Stadtman (51) on a freshwater isolate. The pioneering work 
of Kiene and colleagues on the conversion ofDMSP (19,22,23) and DMS (24, 36) in anoxic 
marine sediments showed that anaerobically, DMSP can be converted by two different 
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Figure 1. Pathways involved in the conversion of DMSP in anoxic intertidal sediments. 

pathways: a cleavage to DMS and acrylate or a demethylation to 3-mercaptopropionate 
(MPA) with 3-S-methyl- mercaptopropionate (MMPA) as a possible intermediate. They also 
succeeded in the isolation of the first DMS-metabolizing methanogen (24). In this paper an 
overview will be presented on the anaerobic microorganisms, from marine as well as 
non-marine origin, that have been shown to convert DMSP, MMPA, MPA, or DMS in pure 
culture studies. The various processes involved in the anaerobic degradation of DMS(P) 
which will be discussed below in detail are presented in Fig. I. 

CLEAVAGE OF DMSP 

Until now cleavage of DMSP to DMS and acrylate has only been described 
for one pure culture of an anaerobic bacterium (51). This organism, a strain of Clos
tridium propionicum, was isolated from river mud and ferments acrylate to acetate 
and propionate (in a 1:2 ratio). It also ferments pyruvate, lactate, and alanine. Lactate 
is converted via the acrylate pathway in which acrylylCoA is an intermediate (1, 39). 
An acetate to propionate ratio of 1:2 was also found when acrylate was added to 
suspensions of anoxic coastal sediments (20). This ratio indicated that fermentative 
organisms, such as C. propionicum , most likely are involved in the fermentation of 
acrylate and in the cleavage of DMSP to DMS and acrylate. 

Recently we isolated a DMSP-cleaving bacterium (strain W218) from anoxic inter
tidal Wadden Sea sediment; the isolate was identified as a new species of Desulfovibrio (van 
der Maarel et aI., submitted), the best described genus of sulfate-reducing bacteria. After 
cleavage ofDMSP strain W218 does not ferment acrylate but it uses acrylate as an alternative 
electron acceptor which is reduced to propionate. Reduction of acrylate occurs simultane-
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ously with the reduction of sulfate and might give the organism a competitive advantage 
under conditions of low electron donor concentrations. The amount of energy available per 
mol of electron donor with acrylate (Eo'= -217 m V, calculated from (41» as an electron 
acceptor is higher than with sulfate (Eo'=-25 mY, calculated from (41». Strain W218 has a 
very active DMSP lyase which has been purified. The Vmax for DMSP at 30°C was 12.0 
mmol.min-1.mg- l protein and the Km for DMSP 0.9 mM. The enzyme is not active towards 
S-methylmethionine nor MMPA. 

DEMETHYLATION OF DMSP 

A structural analog of DMSP is betaine (N, N, N, trimethylglycine) that similarly 
functions as an osmolyte of many organisms (54). The anaerobic conversion of betaine 
involves two different pathways of which one is analogous to the demethylation pathway of 
DMSP. This pathway involves a demethylation of betaine to dimethylglycine and was found 
in the acetogen Eubacterium limosum (31) and the sulfate reducer Desulfobacterium sp. 
strain PM4 (15). It was therefore tempting to speculate that the demethylation of DMSP in 
anoxic sediments, which was observed by Kiene and Taylor (19), might be carried out by 
such organisms. The demethylation of DMSP to MMPA is indeed catalyted by Desulfobac
terium strain PM4 (43). Two other Desulfobacterium strains, D. niacini DSM 2059 and D. 
vacuolatum DSM 3385, and a novel type of CO dehydrogenase-containing sulfate reducer 
were found to demethylate DMSP(van der Maarel and Jansen, unpublished results). 

Desulfobacterium species have the acetylCoA/CO dehydrogenase pathway in which 
an acetylCoA is cleaved into a hydropteroyltetraglutamate-bound methyl group and a bound 
carbon monoxide; both Cl-groups are subsequently oxidized to CO2 (53; Fig 2). Our present 
working hypothesis concerning the conversion of DMSP by Desulfobacterium species 
involves a methyl group transfer from DMSP to a tetrahydropterin acceptor followed by an 
oxidation to CO2 (Fig 2). A methyltransferase system has been described for the transfer of 
a methyl group by Holophaga foetida (26). The acetylCoA/CO dehydrogenase pathway also 
exists in homoacetogenic bacteria (7, 10), such as Acetohacterium sp. and Euhacterium 
limosum, where this pathway is used in the direction of acetylCoA synthesis. DMSP-de
methylating acetogens have not been described but it is possible that they exist as suggested 
by Kiene and Taylor (19). 

Figure 2. AcetylCoA/CO dehy
drogenase pathway as found in De
sulfobacterium spp. and the 
possible involvement of a methyl
transefrase system in the conver
sion of DMSP or betaine. 
Abbreviations: THP, tetrahydrop
teroyltetraglutamate; DMG, di
methylglycine. Adapted from 
Widdel and Hansen (53). 
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CONVERSION OF MMPA 

The second step in the demethylation pathway ofDMSP is the conversion ofMMPA 
which was found in the marine methanogens Methanosarcina sp. strain MTP4, M 
acetivorans, and M siciliae (42). All of these three strains also utilize methanol, trimethy
lamine, and DMS and were isolated from marine sediments, an environment where methyl
ated compounds such as TMA are thought to be the predominant precursors for 
methanogenesis (35). Methanogenic conversion ofMMPA was shown to occur in sediment 
slurries when antibiotics that specifically inhibit Bacteria but not Archaea were added (42). 
Under non-inhibited conditions MMPA (500IlM) was readily converted to methanethiol 
(MSH) and subsequently methane, indicating that the organisms involved in the demethio
lation ofMMPA belong to the domain Bacteria. 

The biochemistry ofMMPA demethylation by methanogens has not been studied but 
has some interesting aspects. MMPA is structurally very similar to methyl-S-coenzyme M 
(methyl-S-ethanesulfonic acid) and can serve, albeit poorly, as a substrate for methyl-S-co
enzyme M reductase (50), the enzyme that catalyses the last step of methanogenesis (4; Fig 
3). It is possible that after uptake MMPA is directly converted by the methyl-S-coenzyme M 
reductase to methane and the heterodisulfide of MPA and N-7-mercaptohexanoylthreon
inephosphate (HS-HTP). This heterodisulfide ofMPAand HS-HTPwould subsequently have 
to be converted by the enzyme heterodisulfide-reductase to HS-HTP and MPA. It is 
questionable whether the heterodisulfide reductase is able to reduce the MPA-HTP het
erodisulfide since this enzyme seems to be highly specific (12, 13). Of the eleven different 
methanogens that were tested for growth on MMPA, only three strains were found positive 
(42). This suggests that the metabolism of MMPA is not due to a lack of specificity of the 
methyl-S-coenzyme M reductase. Most probably a MMPA:coenzyme M methyltransferase 
system is involved in the conversion of MMPA. Specific methyltransferases for methanol 
and TMA have been found to exist in methanogens (4; Fig. 3). 

CH3-S-CH2-CH2-C02-

S-methylmercaptopropionate 

CH3-S-CH2-CH2-S03-

Oxidation S-methylcoenzyme M 

Melhyltransferase 
Methyl-S-CoM <I ~ CH,-R 

MethylCoM HS-CoM 

reductase HS-HTP ej 
Heterodisulfide 
reductase 

HTP-S-S-CoM 

Figure 3. Structural similarity be
tweenmethyl-S-coenzyme M (methyl
S-CoM) and MMPA and the 
mechanism of the final step in the for
mation of methane from methylated 
CI-compounds such as methanol or 
methylamines. Abbreviations: CoM, 
coenzyme M; HS-HTP, N-7-mercapto
hexanoylthreoninephosphte; CHrR, 
methyl containing C1 compound (R 
represents the remainder of the C1 com
pound). Adapted from BIaut (4). 
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CONVERSION OF MPA 

In addition to microbial formation, MPA can also be formed by the chemical addition 
of sulfide to acrylic acid (44). Little is known about the microbial degradation of MPA. 
Kiene and Taylor (19) found that MPA accumulated and was subsequently converted after 
the addition of DMSP to sediment suspensions. Acetate accumulated transiently when 
millimolar concentrations of MPA were added to anoxic sediment suspensions (20). They 
suggested that MPA was degraded biologically but no MPA utilizing isolates have been 
described. 

The phototrophic bacteria Rhodopseudomonas sp. strain BB 1 and Thiocapsa roseop
ersicina can grow on MPA.1t is cleaved to acrylate and sulfide, which was used as an electron 
donor by both organisms (45). Acrylate was used as a carbon source by the Rhodopseudo
monas isolate but not by Thiocapsa roseopersicina. Both strains also cleaved mercap
tomalate to sulfide and fumarate. 

PRODUCTION OF DMS AND MSH 

In anoxic marine sediments, DMS is readily produced from DMSP (19, 23). Fermen
tative bacteria such as Clostridium propionicum (51) or sulfate reducers such as strain W218 
(van der Maarel et aI., submitted) can be responsible for this cleavage. MSH is produced in 
marine sediments from sulfur containing compounds such as L-homocysteine, 2-keto-4-
methiolbutyrate, and DL-methionine (22, 23); the bacteria that produce MSH from these 
compounds have not been isolated. A wide variety of aerobic bacteria produce MSH from 
methionine or S-methylmethionine; some anaerobes such as certain Clostridium species 
were found to produce MSH from methionine, S-methylcysteine or thioglycolate (17). MSH 
is also formed transiently during the metabolism of DMS by methanogenic archaea (9). As 
discussed above, in anoxic marine sediments the demethiolation of MMPA can also result 
in the formation ofMSH (19); the only characteristic that is known about the MMPA-cleav
ing organisms is that they belong to the domain of the Bacteria (42). Cleavage ofDMSP and 
demethiolation ofMMPA both involve the breakage of a C-S bond and result in the formation 
of a volatile sulfur compound plus acrylate. A major difference between DMSP and MMPA 
is the positively charged S-atom. It can be speculated that MMPA-demethiolating bacteria 
utilize the acrylate formed in a similar way as the DMSP-cleaving sulfate reducer strain 
W218. This strain was not able to grow on MMPA (van der Maarel et aI, submitted). 

An interesting mechanism that results in the formation of MSH and DMS is the 
O-demethylation of methoxylated aromatic compounds, such as syringate (3,4,5-
trimethoxybenzoate), followed by the methylation of sulfide (8). Methoxylated aromatic 
compounds are major constituents of plants, mainly as lignin precursors (5). The O-demethy
lation mechanism has been found to exist in freshwater as well as marine sediments (8). A 
homoacetogenic bacterium, strain TMBS4, that forms gallate from syringate using the 
O-demethylation mechanism and subsequently metabolizes gallate to acetate and CO2, was 
isolated from anaerobic freshwater sediment (3, 25). Unfortunately, an isolate from marine 
sediment was lost. Strain TMBS4 has been identified as the new species Holophaga foetida 
(27). The methylation of sulfide using a methyl group ofmethoxylated aromatic compounds 
may be a major pathway for the formation ofMSH and DMS in freshwater environments, 
since DMSP is probably present at low concentrations. It cannot be excluded that the 
DMS-producing O-demethylation mechanism also plays an important role in marine envi
ronments, especially in periods when the DMSP concentration is low due to a low algal 
biomass in open waters. 
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Besides DMSP and methoxylated aromatic compounds, DMSO can also be a precur
sor of DMS. DMSO reductase activity has been found in a wide variety of (facultative) 
anaerobic bacteria from different habitats (II, 29,52,56,57). The DMSO reductase enzyme 
of Escherichia coli shows a broad substrate specificity and is for example able to reduce 
trimethylamine N-oxide, sodium chlorate, and nicotinic acid N-oxide (52). No anaerobic 
marine DMSO reducing bacteria have been described in the literature. Kiene and Capone 
(21) found that in anoxic marine sediment suspensions DMSO was rapidly reduced to DMS 
and concluded from inhibitor experiments with molybdate that sulfate-reducing bacteria 
were not involved in the reduction ofDMSO. However, very recently it was demonstrated 
that several pure cultures of marine sulfate-reducing bacteria can grow by using DMSO as 
an alternative electron acceptor (Jonkers et aI., in preparation). Whether such sulfate reducers 
are responsible for the observed conversion of DMSO in marine sediment remains to be 
established. 

CONSUMPTION OF DMS 

Anaerobic oxidation ofDMS to DMSO can be carried out by the several anoxygenic 
phototrophs (II, 47, 55). In these organisms DMS is used as a photosynthetic electron donor. 
The anaerobic oxidation ofDMS to DMSO does not lead to a substantial removal ofDMS 
from the environment because the reverse process, the reduction of DMSO to DMS as is 
described in the previous section, also takes place. DMS can also be oxidized by the 
facultative anaerobe Thiobacillus sp. strain ASN-I that uses nitrate as an electron acceptor; 
besides DMS it can use a variety of alkyl sulfides including dimethyldisulfide and diethyl
sulfide (46). 

Zinder and Brock (58) already showed that sediments from the freshwater Lake 
Mendota were able to convert DMS and MSH to methane. However, the methanogen that 
was responsible for this conversion could not be isolated. They also tested a few pure cultures 
of methanogens for their ability to utilize DMS without positive results. Later, the methano
genic conversion ofDMS was described by Kiene and coworkers (24) for anoxic estuarine 
sediment and they were the first to isolate a methanogen that can grow on DMS (24). In 
addition to DMS, this organism also utilizes MSH, methylamines and methanol (36) and it 
was identified as Methanolobus taylor;i (34). In recent years a variety of DMS- and MSH 
utilizing methanogens have been described originating from different habitats (Table I). 

Kiene and coworkers (24) found indications from sediment suspension experiments 
with low concentrations of radio labelled DMS and specific inhibitors that sulfate-reducing 
bacteria are directly involved in the oxidation ofDMS. Until now, no pure cultures of marine 
DMS-oxidizing sulfate reducers have been isolated, but DMS oxidation was reported for 

Table 1. Methanogens that are able to utilize DMS or MSH and their habitat 

Organism Habitat Reference 

Methanohalophilus oregonense Alkaline saline lake 28 
Methanohalophilus zhilinae Alkaline saline lake 30 
Methanolobus bombayensis Marine sediment 16 
Methanolobus taylor;; Estuarine sediment 34 
Methanosarcina acetivorans Marine mud 32 
Methanosarcina siciliae Oil well 32,33 
Methanosarcina sp. Strain MTP4 Marine mud 9 
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three thermophilic strains belonging to the genus Desulfotomaculum; these strains were 
isolated from an anaerobic digestor (40). No DMS-oxidizing methanogens could be isolated 
from the reactor and the authors concluded that sulfate-reducers are responsible for the 
degradation of DMS and MSH in thermophilic freshwater environments. Thus far our 
attempts to isolate mesophilic marine DMS-oxidizing sulfate reducers have not been 
successful (unpublished results), but this aspect deserves further study. Alternative explana
tions for the results of Kiene and coworkers (24) about the involvement of sulfate reducing 
bacteria in the oxidation of DMS should not be excluded such as the oxidation of DMS to 
CO2 and H2 (or formate) by methanogens coupled to the transfer of H2 to sulfate-reducing 
bacteria. In order to reduce a methyl group from a substrate such as methanol or DMS, 
methanogens have to oxidize part of the methyl group to CO2 (4). Provided that the 
DMS-oxidizing methanogen has hydrogenase activity, part of the reducing equivalent pool 
will be channelled to hydrogen. Many sulfate reducers are very good hydrogen scavengers 
(38) and are thought to be the predominant hydrogen consumers in marine sediments (35). 
The process of inter species H2 transfer forces the methanogen to oxidize more of the methyl 
group to CO2 and results in a lower CH4/C0 2 ratio then would be expected on the basis of 
exclusive methanogenesis from DMS. A similar phenomenon was demonstrated for a 
coculture of Methanosarcina barkeri and Desulfovibrio vulgaris growing on methanol or 
acetate (37) and for cocultures of acetogenic methanol-utilizing bacteria and a Desul(ovibrio 
strain (14). 

FUTURE PERSPECTIVES 

Studies on pure cultures and sediment suspensions have shown that a variety of 
different microorganisms are involved in the anaerobic conversion ofDMS(P). Pure cultures 
have been described for most of the conversions pathways presented in Fig. 1. Some of these 
organisms show interesting strategies such as the reduction of acrylate after cleavage of 
DMSP by the sulfate reducer strain W218 (van der Maarel et a!., submitted). Another recent 
finding was the metabolism of MMPA by methanogens (42). It can be expected that the 
strains that we have in pure culture at the moment represent only a minority of all the 
organisms involved in the conversion of DMS, DMSP, or their intermediate degradation 
products. Microbial ecologists have to cope with the vicious circle that enumerations, 
enrichments, and isolation of microorganisms are very much dependent on culture conditions 
and composition of media used and that for the proper knowledge of these conditions a study 
of pure cultures is often required. The next step will be the elucidation of the enzymes that 
are involved in the conversions. A start has been made by the purification and charac
terization of the DMSP lyase from strain W2l8 which will allow a comparison with the 
enzyme from the aerobic Alcaligenes-like isolate of de Souza and Yoch (6). Another impor
tant and challenging aspect will be to determine whether the pure cultures now available can 
be considered as major players in the conversion of DMS(P) or degradation intermediates. 
Novel molecular techniques may be useful to address this question such as the use oflabelled 
antibodies and 16S rRNA probes (see 2). 
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SUMMARY 

A high concentration of dimethylsulfoniopropionate (DMSP) was found in the water 
column (0.1-1.8 )lM particulate plus dissolved) of Mono Lake, CA, an alkaline, hypersaline 
waterbody. The dense Artemia monica population contained high levels ofDMSP (1.7-2.5 
mmol.g- l wet weight), presumably as an osmolyte. Death of these brine shrimp caused 
accumulation of DMSP along the shoreline of the lake, where concentrations peaked at 7 -13 
)lmol.cm-3 sediment. DMSP was also associated with the phototrophic microbial population 
in microbial mats close to the shoreline. Chemical hydrolysis of DMSP caused by the high 
pH value of the water (9.7-1O.0) competed with biological consumption. Flux chamber 
experiments suggested that part of the dimethyl sui fide (DMS) generated by hydrolysis 
escaped to the atmosphere. Vertical profiles of DMSP and DMS in the sediment correlated 
well. Methane and DMS also had similar distributions. Additional inhibitor studies showed 
that a major biological sink for DMS(P) is methanogenesis, although monooxygenase-con
taining bacteria also contributed to its consumption. 

INTRODUCTION 

Dimethylsulfoniopropionate (DMSP) is found in marine sediments, often originating 
from phototrophic organisms (17, 25). Salt marsh sediments, microbial mats, diatom mats 
and carbonate sediments may contain DMSP (8, 27), the concentration of which frequently 
displays a correlation with the organic content or chlorophyll a (Chla) concentration (25, 
27). Amended DMSP is rapidly consumed by the microbial population in water samples and 
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sediment slurries via demethylation or cleavage (9, 12, 25, 27). Degradation results in 
production of 3-methiolpropionate (MMPA), 3-mercaptopropionate (MPA), methanethiol 
(CH3SH) or dimethyl sulfide (DMS). 

A variety of bacterial isolates, obtained from marine environments, have been found 
to contain DMSP lyase activity (2, 3, 4, 9, 13). In addition, pure culture studies revealed 
demethylation and demethiolation of DMSP (21, 22, 23, 28) under oxic and anoxic condi
tions, resulting in CH3SH and MPA production. Metabolic pathways of and organisms 
involved in DMS consumption are better documented than those of DMSP, and lead 
ultimately to CO2, CH4, or dimethyl sulfoxide (20). 

DMSP degradation pathways have been established for coastal marine sediments and 
microbial mats. Hypersaline environments, such as Mono Lake, are expected to contain high 
concentrations of osmolytes, such as K+, glycine betaine, sucrose, DMSP etc. (6). In this 
study, we found the presence of DMSP in the water column and near-shore sediments of 
Mono Lake and determined some of its sources and fates in benthic communities on the 
Northeastern shore. 

MATERIALS AND METHODS 

Mono Lake is a hypersaline (9.1%), meromictic, alkaline (pH 9.7-10.0) lake in 
California, USA. Sulfide levels in the deep water column can reach 15 to 40 mM, but surface 
waters are usually well oxygenated. Primary productivity, sustained by green algae, diatoms 
and cyanobacteria, averages at 100 mg C.m-2.h- l . Artemia monica is the dominant zooplank
ton species (I, 6). 

Sediment samples were taken in July and December 1994 near the Northeastern 
shoreline. Depth profiles of oxygen and sulfide were measured with microelectrodes (24), 
dissolved CH4 and DMS were measured with a gas diffusion probe as described by Rothfuss 
et al. (18). Chla was determined spectrophotometric ally after methanol extraction (19). 
Water and plankton samples were collected at the center of the lake with Niskin bottles and 
a 60 J.lm-mesh Nitex plankton net, respectively. DMSP was measured in these samples and 
in depth profiles in sediment cores and porewaters. All assays were done in triplicate. 

Slurry experiments were performed in 57-ml (anoxic) and 160-ml (oxic con
ditions) serum bottles closed with black butyl rubber stoppers. Sediment cores were 
kept in the dark at 4°C after they were collected. Slurries were prepared by mixing 
1 part of sediment with 2 parts filter-sterilized (0.2 J.lM) Mono Lake water (for details, 
see (27)). The headspace of anoxic incubations were flushed with Or free N2 for 10 
minutes prior to additions. The following inhibitors were employed: CHC13 (0.5 mM), 
methyl butyl ether (0.5 mM), dimethyl ether (DME; 5% vol/vol), sodium molybdate 
(10 mM), bromoethanesulfonate (BES; 5 mM), CH3F (1 % vol/vol), and glutaraldehyde 
(0.5% vol/vol). Slurry experiments were either carried out with three replicates or 
repeated twice to ensure replication. 

Samples for water column DMSP(P) were collected by gently filtering a known 
volume through a Whatman GF/F glass fiber filter. The filter was placed in a small serum 
vial which was sealed with a teflon-faced septum. DMSP was measured as DMS by 
headspace analysis after alkaline hydrolysis (25, 26). DMSP in organisms and in sediments 
was determined similarly, by placing a known weight of material in a sealed serum vial and 
treating this with NaOH. Sediment DMS and CH4 samples obtained with the gas diffusion 
probe were collected in stoppered tubes which contained a saturated salt solution. Gas 
analysis was carried out on a gas chromatograph (Hewlett Packard 5730A, HNU Systems 
301 or Shimadzu GCI4A) with flame ionization or photo-ionization detection (26). 
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RESULTS 

The concentration of total DMSP in the water column of Mono Lake ranged 
from 0.1 to 1.8 j.1M, with higher values close to the water surface, where Artemia sp. 
densities were the highest. The DMSP content in Artemia, collected during a plankton 
tow, ranged from 1.7 to 2.5 mmol.g-1 dry weight. Large amounts of these brine shrimp 
accumulate at the Northeastern shoreline, which is also reflected in a DMSP(P) con
centration of up to 0.9 mmol.g-1 sediment. Porewater profiles of DMSP (7 to 13 j.1M) 
and DMS (150 to 600 j.1M) peaked at 5 and 10 mm depth, respectively (Fig. I). 
Elevated DMS concentrations typically coincided with elevated methane concentra
tions. Near the shoreline, cyanobacteria colonized the sediment (sub)surface, but the 
oxygen concentration profile did not show a pronounced maximum. At the sediment 
surface, the cyanobacterial population was actively grazed upon by brine flies (Ephydra 
hians), resulting in a brown appearance. Approximately 10 m away from the shoreline, 
a green microbial mat developed, with a Chla content of 80 to 230 j.1g.cm-3• An oxygen 
concentration of approximately 350 /!M showed that this population was actively 
photosynthesizing (Fig. I). Both mats had a sulfide maximum of 450 to 650 j.1M at 
approximately 30 mm depth. Sulfate reduction rates peaked at I and 1.5 /!mo1.cm-3.d-1 

in the brown and green mats, respectively (L.G. Miller, unpublished results). 
Preliminary flux chamber studies indicated that dimethyl ether (5%) and CH3F (1 %) 

resulted in accumulation ofDMS in the gas phase above the sediment, while methylfluoride 
addition had no effect on the methane concentration in the chambers. Sediment temperatures 
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Figure 1. Depth profile of (A) DMS (solid lines) and CH4 (dashed line) and (B) O2 (squares), sulfide (triangles) 
and DMSP (bars) (right panel). Profiles were measured in July 1994 in the green mat (see text). 
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Table 1. DMSP turnover in slurries prepared from Mono Lake sediments, collected in 
July 1994. Slurries (20 ml) were incubated for 12 hours at room temperature in the dark. 

Glut = glutaraldehyde, MBE = methyl butyl ether. Mean of three replicate bottles and 
standard deviation (in parenthesis) are given 

DMSPadded DMSP consumed DMS produced CH4 produced 
Treatment (Ilmo\.bottle-') (Ilmo\.bottle-') (Ilmo\. bottle-') (Ilmol.bottle-') 
-02 0 0(0) 0(0) 3.5 (0.4) 
-02 5 4.2 (0.2) 0.4 (0.2) 12.2 (1.1) 
-02 + BES 5 2.2 (0.5) 1.7 (0.4) 0.4 (0.5) 
-02 + Mool 5 3.8 (0.1) 0.5 (0.1) 10.7 (3.6) 
-02 +Glut 5 0.9 (0.3) 1.1 (0.2) 0(0) 
+02 5 5.0 (0.1) 0.2 (0.4) 0(0) 
+02 +MBE 5 4.7 (0.4) 3.1 (0.4) 0(0) 
+02 + CHCl l 5 4.8 (0.2) 0.2 (0.2) 0(0) 
+02 + CHJF 5 3.8 (0.2) 2.3 (0.7) 0(0) 
+02 + Glut 5 1.1 (0.2) 0.8 (0.1) 0(0) 

in July reach values> 30°C at 5 mm depth during the afternoon, which is close to the boiling 
point ofDMS. 

Slurry experiments with mat samples collected in July 1995 showed rapid 
consumption of amended DMSP under oxic and anoxic conditions. Anoxic DMSP 
metabolism was inhibited by BES and, to a lesser extent, M0042- addition, whereas 
abiotic DMSP consumption was the slowest (Table I). In the slurry which received 
DMSP only, CH4 production was almost 4 times higher than in the control. Under 
oxic conditions, CH3F addition inhibited biological DMSP consumption, and the killed 
control displayed the lowest consumption rate. 

When DMS was added to anoxic slurries, BES and MoOi- both inhibited its 
consumption (Table 2). Aerobic DMS consumption was inhibited by methyl butyl ether, but 
not by CHCI3. This indicated involvement of organisms containing a monooxygenase and 
not a methyltransferase (26). 

Similar slurry experiments with sediments collected in December 1994 display a less 
clear picture (Fig. 2). Oxygen and sulfide depth profiles showed peaks, suggesting that 

Table 2. DMS turnover in slurries prepared from Mono Lake 
sediments, collected in July 1994' 

Treatmen 

-°2 
-02 + BES 
-02 + MoO/-
+02 

+02 + CHCll 

+02 +MBE 

DMS consumed 
(Ilmol.bottle-') 

2.3 (0.2) 
0.2 (0.1) 
0.9 (0.4) 
1.7 (0.4) 
2.1 (0.1) 
0.2 (0) 

CH4 produced 
(Ilmo\.bott1e") 

3.8 (0.3) 
0(0) 

1.2 (0.6) 
0(0) 
0(0) 
0(0) 

'Slurries (20 ml) received 5 Ilmol DMS per bottle and were 
incubated for 8 hours at room temperature in the dark. MBE = 
methyl butyl ether. Killed slurries did not consume DMS; 
untreated anoxic slurries produced 0.1 Ilmol CH4.bottle-'. Means 
of three replicate and standard deviation (in parenthesis) are 
given. 
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microbial actively was still present, despite low sediment temperatures (0 to 14°C during the 
course ofa day). In CHCl3 treatments, the DMS concentration doubled during the course of 
the experiment (150 h). Addition of MoOi- and BES both had the same effect, resulting in 
an unchanged DMS concentration. CH4 formation was observed in the control but not in the 
MoO/- treatment. Similarly, DMSP addition stimulated CH4 formation in the control and 
Mo04= treatment, but not when BES was added (Fig. 3). Transient accumulation ofDMS 
was observed in all treatments. 

DISCUSSION 

The high concentration associated with the Artemia population in Mono Lake, 
suggests that this organism may use DMSP as an osmolyte. A lower salinity of the surface 
water (67-72 ppt) in the summer of1995 coincided with lower specific DMSP content in the 
brine shrimp (Visscher et aI., unpublished results). Nitszschia spp, which may be present in 
high density in this lake (6), or any of the other phytoplankton species, may be responsible 
for producing DMSP (7). Prevailing winds from the Southwest cause accumulation of 
Artemia on the Northeastern shoreline. The ambient pH of9.7 to 10.0 leads to slow chemical 
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Figure 3. Production of DMS and CH.t from amended DMSP (7 JlIIl0l.bottle- l ) in anoxic sediment slurries 
from Mono Lake (December 1994). Symbols: open squares represent the controls, triangles indicate Mooi
additions, solid squares indicate BES additions. Dashed lines indicate DMS, solid lines indicate CH4 concen
trations. 

hydrolysis of DMSP to yield DMS (2S). However, slurry experiments did suggest that live 
sediments have a higher rate of DMSP degradation than killed sediments, indicating a role 
of the microbial population. The similarity between CH4 and DMS profiles and the stimu
lation of CH4 production upon addition of DMS(P) suggests that methanogenesis is one of 
the sinks ofDMS(P). Although other sinks for DMS(P) exist, experiments in the summer of 
I99S employing 14C-DMS indicated that 14CH4 was a major product (Visscher et aI., 
unpublished results). 

Methane and CO2 were produced from CH3SH and DMS in lake sediments (29). 
Addition of methylated sulfur compounds (DMS, CH3SH, dimethyl disulfide) to a variety 
of aquatic habitats, including Mono Lake sediments, stimulated methane production (10), 
which lead to the hypothesis that DMS is a non-competitive substrate for methanogens at 
high concentrations. Methane production also was stimulated by the addition of DMSP in 
salt mareh sediments (II) and marine microbial mats (25). Oremland et al. (16) reported high 
rates of methane formation and oxidation, as well as a flux of CH4 from the water column 
and sediments around Mono Lake. 

Methanogenic cultures that utilize DMS have been isolated from an estuary (10, IS), 
a salt marsh (S) and the marine sediments (14). Alternatively, MMPAmay be used by marine 
methanogens (23). MMPA, which is the first product of DMSP demethylation, was not 
quantified in this study. Finally, the product ofMMPA demethiolation, CH3SH, may sustain 
CH4 formation (S, IS). 

Slurry and flux chamber experiments suggest that in addition to methanogens, sulfate 
reducers and monooxygenase-containing bacteria playa role in DMSP turnover as well. 
Presently, only one pure culture of a marine sulfate reducer that can grow on DMSP has been 
described (22). Similarly, methanotrophic isolates, which may be involved in DMS(P) 
oxidation based on results with CH3F additions, have not been found in hypersaline 
environments. Further studies are underway to determine the role of the different functional 
groups in DMS(P) degradation. Interestingly, due to the physical and chemical charac
teristics of Mono Lake, solely chemical decomposition of DMSP to DMS and a rapid 
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volatilization due to high sediment temperatures during the summer can cause a flux ofDMS 
to the atmosphere. 
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SUMMARY 

The dimethylsulfoniopropionate (DMSP) content of several strains of benthic marine 
cyanobacteria and diatoms was determined. We were unable to detect this compound in any 
of the cyanobacterial strains even though some of these had been isolated from cyanobacte
ria-dominated (sub)tidal sediments in which we had measured considerable amounts of 
DMSP. The diatom Cylindrotheca closterium contained an average concentration of about 
4 mmoles DMSP (g Chlayl and a strain of Navicula sp. contained approximately 30 llmoles 
DMSP (g Chla yl. DMSP production by diatoms seems to be highly species-specific but it 
provides a potential source for the DMSP encountered in the sediment. The role of cyano
bacteria in the transformation of DMSP and DMS was limited. The strains that were tested 
were not able to oxidize DMS during anoxygenic photosynthesis. Cyanobacteria are prob
ably not able to cleave DMSP enzymatically to DMS and acrylate, however the rise in pH 
they cause as a result of the photosynthetic CO2 fixation may lead to the enhanced chemical 
hydrolysis ofDMSP. A strain of the cyanobacterium Phormidium sp. reduced DMSO to DMS 
during fermentation under anoxic dark conditions. This is another potential source ofDMS 
in coastal marine sediments. 

INTRODUCTION 

Dimethyl sulfide (DMS) has been identified as an important component of the global 
sulfur cycle and it is assumed that this compound is a major factor in the transport of sulfur 
from the oceans to the continent (13). It has been estimated that ± 50% of the total flux of 
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edited by Ronald P. Kiene et aI., Plenum Press, New York, 1996 369 



370 S. A. van 8ergeijk and L. J. Stal 

sulfur to the atmosphere consists of DMS (10), and because DMS is also assumed to play 
an important role in global climate regulation, it is not surprising that much research 
concentrates on processes that are involved in the turnover of this compound. About 95% of 
the DMS emitted into the atmosphere originates from the marine environment (1 0). The main 
source of atmospheric DMS is the oceans. Most of the DMS originates from the degradation 
of dimethylsulfoniopropionate (DMSP), which is produced by a variety of marine phototro
phic organisms (9,33). DMSP can be enzymatically cleaved to acrylate and DMS. This 
reaction is carried out either by bacteria (2) after release ofDMSP in the environment or by 
the DMSP-producing organisms themselves (7,23). DMS that is produced in the water 
column is either further metabolized or it escapes into the atmosphere. In order to be able to 
predict fluxes ofDMS, all sources and sinks must be known and quantified. However, there 
are still many uncertainties in this area. 

Although there is no doubt that the oceans are the major source ofDMS, concentra
tions of this compound and its precursor and degradation products are extremely low. These 
low concentrations hamper studies of processes involved in the production and conversion 
of DMS. Marine intertidal sediments are often characterized by the occurrence of dense 
communities of phototrophic microorganisms, notably cyanobacteria and diatoms. Such 
communities are also known as microbial mats. Compared to the oceans the total surface of 
these coastal sediments is small, but, nevertheless, they produce considerable amounts of 
volatile sulfur compounds. On the basis of the few data that are available, it was calculated 
that up to 10% of the sulfur emissions can be attributed to coastal marine sediments (24). In 
marine microbial mats sulfur cycling is important with respect to energy flow and interac
tions among organisms (27). Microbial mats represent dynamic, small-scale ecosystems with 
a high biomass and biological activity, in which the environmental impact on the flux of 
DMS can be studied and modeled. 

The discovery of the presence of considerable amounts of DMSP in microbial mats 
as well as in the mat-forming cyanobacterium Microcoleus chthonoplastes (28,31) motivated 
us to study the contribution of the oxygenic phototrophic organisms (cyanobacteria and 
diatoms) to the production and consumption ofDMSP and DMS in coastal marine sediments. 

MATERIALS AND METHODS 

Field Samples 

Sediment samples were taken with stainless steel cores (l7-mm inner diameter); in 
August 1994 from a microbial mat in a subtidal pool in the Etang du Prevost, a lagoon at the 
Mediterranean coast of France, and in February 1995 from a biofilm of diatoms at an 
intertidal sand flat (the Cocksdorp) on the island ofTexel in The Netherlands. The cores were 
stored in the dark on ice and taken to the laboratory, where they were analyzed within 24 
hours. For the determination of vertical profiles ofDMS(P) and pigments, the sediment cores 
were cut into 2 or 5-mm slices. For the determination of pigments, slices were frozen, 
freeze-dried and stored until analysis. For the determination ofDMS(P), the sediment slices 
were transferred to 10-ml glass Chrompack vials. ASN III-medium (18) with 2.5% formal
dehyde was added to a final volume of 3 ml and the vials were sealed with teflon coated 
rubber septa and aluminum crimp caps. These teflon-coated septa were used in all experi
ments, except for the DMSO-reduction experiments. For these experiments butyl rubber 
stoppers were used which proved to be more efficient in maintaining anoxic conditions. Total 
hydrolyzable DMS was measured in the sediments from the isla,nd of Texel, whereas DMS 
and DMSP were determined in the microbial mat samples from Etang du Prevost. DMS and 
DMSP were measured as described below. 
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Cultures and Experiments 

Cyanobacteria. Isolates of several strains of mat-forming cyanobacteria (Table I) 
were provided by Dr. M. Villbrandt (Laboratory for Microbiology, University of Amster
dam). Microcoleus chthonoplastes strain 11 was isolated from a marine microbial mat on 
the island of Mellum (Germany) by Stal and Krumbein (21) and was obtained in pure culture 
by Visscher and Van Gemerden (28). The non-heterocystous strains of M chthonoplastes 
II, Phormidium sp., and Oscillatoria sp. were grown in ASN III medium. The heterocystous 
strains of Anabaena sp. and Nostoc sp. were cultured in a I: I mixture of nitrate-free ASN 
III and BG II medium (17), which had a salinity of approximately 17 ppt. Cultures were 
grown in Erlenmeyer flasks in an orbital shaking incubator, at an irradiance of ± 35 j.lmol 
m-2 S-I (white light) and ± 20°C. 

DMSP content. For the determination of the DMSP content 10 to 100 ml of culture 
was harvested at the end of the exponential growth phase and was transferred into 30-ml 
vials (final volume 10 ml). ChI a was measured in 1 ml subsamples. The sample was 
centrifuged for 10 minutes at 4000 rpm, the supernatant was removed and replaced by 1 ml 
of pure methanol and ChI a was extracted overnight in the dark at ± 4°C. 

DMS-oxidation experiment. DMS oxidation was tested in 5-ml cultures of M 
chthonoplastes II, Phormidium sp., Anabaena sp. and Nostoc sp. which were inoculated in 
20 ml of fresh medium in 30-ml glass bottles. Subsequently, I mM of DMS and 5 j.lM of 
3-(3,4-dichlorophenyl) 1, l-dimethylurea (DCMU) -from an ethanolic stock solution- were 
added. DCMU inhibits oxygenic photosynthesis. The vials were incubated on a shaking 
incubator at ± 10 j.lmol m-2 S-I and ± 20°C. DMS was determined gas chromatographically 
by headspace analysis. Chla was determined as described above. 

DMSO-reduction experiment. To test whether DMSO was reduced, 2S-ml samples 
of a stationary culture of Phormidium sp. were transferred to 60-ml bottles. The bottles were 
wrapped with aluminium foil and were purged with Argon for 10 minutes and then 1 mM of 
DMSO was added. DMS and Chla were determined as described above. For the determina
tion of DMSO and storage polyglucose (total glucose) samples of 1 ml were taken with a 
sterile plastic syringe and were stored at -20°C until analysis. 

Table 1. DMSP content of benthic marine cyanobacteria and diatoms 

DMSP content 
Cyanobacteria Isolation site (Ilmol DMSP (g Chla)"') 

M. chthonoplastes 11 Mellum (Ger.) ND 
Phormidium sp. Prevost (Fr.) ND 
Oscillatoria sp. Prevost (Fr.) ND 
Anabaena sp. Arcachon (Fr.) ND 
Nostoc sp. Texel (N\.) ND 
Diatoms 

C. closteriu Eerns-Dollard (N\.) ± 153 
Navicula sp. 1295 Texel (N\.) ±3 

NO = not detected. For the detection limit, see Materials and Methods section. 
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DMSP-cleavage experiment. To test whether DMS was produced from DMSP, 5-ml 
samples of cultures of M chthonoplastes 11, Phormidium sp. and Nostoc sp. were inoculated 
in 20 ml of fresh medium in 60-ml bottles. Subsequently, ± 0.5 mM of DMSP was added 
and the vials were incubated on a shaking incubator at an irradiance of ± 10 Ilmol m-2 S-I and 
± 20°C. DMS and Chla were determined as described above. For the determination ofDMSP 
1 ml-samples were taken and stored at -20°C. until analysis. 

Diatoms. Diatoms were cultured in "f' medium (5). The strains that were used, were 
Cylindrotheca c/osterium, provided by N. Staats (Laboratory for Microbiology, University 
of Amsterdam) and Navicula sp., isolated from a diatom biofilm on intertidal sediments of 
the island of Texel. Cultures were grown in Erlenmeyer flasks, which were bubbled with air 
in order to avoid CO2 limitation. The diatoms were grown on a layer of pure sea sand (Merck) 
on the bottom of the Erlenmeyer flasks. The cultures were incubated at an irradiance of ± 
40 Ilmol m-2 sol and ± 20°C. 

DMSP Content. The DMSP content of diatoms was determined as described for 
cyanobacteria. 

Effect of salinity. To test the effect of the salt concentration on the DMSP content, 
the salinity of the medium was adjusted by adding different amounts ofNaCl. The salinities 
applied were 38, 56, 74 and 94 ppt. Growth of the cultures was followed as the optical density 
(750 nm) using a spectrophotometer (Novaspec II, Pharmacia). At the end of the exponential 
growth phase the cells were harvested and Chla and DMSP were determined. 

Determination of DMS and DMSP. Pigments and Total Glucose. DMS was deter
mined by headspace analysis: 250 III of headspace was taken with a gas-tight Hamilton 
syringe and was injected in a gas chromatograph (Chrompack,CP 9000). equipped with a 
wide bore column (Poraplot U; 0.53 mm, 25 m, Chrompack, The Netherlands) and a flame 
ionization detector. The temperatures of the detector, injector and oven were 200. 175 and 
150°C, respectively. The flow of air was 250 ml min-I, the flow of H2 was 25 ml min- I and 
the flow of the carrier gas, N2, was ± 5.5 ml min-I. The retention time of DMS was ± 4.8 
minutes. DMSP and DMSO were measured indirectly as DMS after alkaline hydrolysis and 
reduction, respectively. Samples were transferred to glass Chrompack vials, which were 
closed. DMS was measured in the headspace. For the determination ofDMSP, 10M NaOH 
was added to the vials through the septa to a final concentration of at least 2 M. The samples 
were kept overnight in the dark at ± 4°C and DMS was measured again. The detection limit 
for DMS, using 30-ml vials with a volume of 14 ml of culture and NaOH, was O.1IlM. For 
the determination of DMSO a saturated SnCI2 solution (29) was added to the vials. They 
were kept for at least 90 minutes at 55°C and DMS was measured again. The Chla 
concentration in the culture samples was determined by measuring the extinction of the 
methanol extracts at 665 nm using a spectrophotometer (Novaspec II, Pharmacia). The 
extinction coefficient used was 74.5 ml mg'! cm'! (15). For the determination of pigments, 
the sediment samples were extracted with 90% acetone and the extracts were analyzed by 
HPLC (lSCO, model 2350, V4 absorbance detector), as described by Mantoura and Llewel
lyn (14). Polyglucose storage products were measured by using Boehringers GOD reagent 
(32), with absorbance being determined at 420 nm. 

Chemicals. All chemicals that were used were purchased from E. Merck AG, 
Darmstadt, BRD and Sigma Chemical Co., St. Louis, Mo., USA, except for DMSP, which 
was produced and kindly provided by the Department of Microbiology, University of 
Groningen, The Netherlands. 
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RESULTS 

In the diatom film of Texel, the DMSP concentration (total hydrolyzable DMS) was 
highest in the upper 2 mm of the sediment (Fig. lA). In the microbial mats of Etang du 
Prevost, DMS and DMSP concentrations were also highest in the upper 2 mm of the sediment 
and amounted to 7 and 140 nmoles cm·3 sediment, respectively. The vertical distribution of 
DMSP corresponded well with profiles of Chla (Fig. 1 B). This suggested that DMSP 
production is associated with the layer of oxygenic phototrophs. None of the cyanobacteria 
tested contained detectable amounts of DMSP (Table 1 ).We tested several strains, isolated 
from microbial mats of the islands ofTexel (The Netherlands) and Mellum (Germany) and 
from the coastal lagoons of Arcachon and Etang du Prevost (France). At these sites (except 
Mellum for which no data are available), high amounts of DMSP were found. In contrast, 
two species of diatoms that were tested contained considerable amounts of DMSP. When 
normalized to Chla, Cylindrotheca closterium contained almost 2 orders of magnitude more 
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Figure 1. Depth profiles of total hydrolyzable DMS (A) and chlorophyll (B) content of the intertidal sediment 
(diatom film) of Texel (The Netherlands). Dark grey bars = Chla; light grey bars = Chic. 
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Figure 2. DMSP content of C. closterium grown at different salinities. Bars represent means of triplicate 
measurements of one batch culture (with standard deviation). Dark grey bars = DMSP (g Chla)·I ; light grey 
bars = DMSP OD· I. 

DMSP than Navicula sp. In C. closterium no correlation of DMSP content and the salinity 
of the growth medium was found (Fig. 2). When nonnalized to Chla, DMSP content was 
lowest at a salinity of 56 ppt. However, the ratio Chla and biomass (optical density) varied 
with salinity, and no significant differences were found in DMSP content when expressed 
on the basis of biomass. 
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Figure 3. Cleavage ofDMSP in a batch culture of M. chthonoplastes 11. ± 0.5 mM ofDMSP was added to 25 
ml of culture in closed 60-ml bottles. Symbols represent means of duplicate batch cultures. Initial pH was 7.7; 
final pH was 10.1. Symbols: ___ = DMSP; -.&- = DMS; ..... = Chla. 
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Figure 4. DMSO-reduction by Phormidium sp. ± I mM of DMSO was added to 25 ml of culture in closed 
60-ml bottles, which were incubated under dark anoxic conditions. Symbols represent means of duplicate batch 
cultures. Symbols: --0- = DMSO; -A-= DMS; ..... = Chla; _ .• -. = total glucose. 

M chthonoplastes 11 produced DMS from DMSP (Fig. 3). The increase of Chi a with 
time showed that this culture was growing. As a result, the pH increased to > 10 due to CO2 

fixation. While 140 f.1M ofDMS were formed in the experiment with M chthonoplastes only 
3.5 f.1M were produced in the sterile control, in which the pH was 7.7. Also, in slow growing 
cultures of other species, in which the pH did not increase much, only small amounts ofDMS 
were detected (12 f.1M for Nostoc sp. with a final pH of the medium of7.9). 

None of the strains tested oxidized DMS. During the time course of the experiment 
(4 days) the amount ofDMS and of ChI a remained constant, which indicated that no growth 
occurred and that DMS was not used as an electron donor for anoxygenic photosynthesis. 

In Fig. 4 it is shown that DMS is produced from the reduction ofDMSO at the expense 
of storage glucose under anoxic conditions in the dark. After 21 h of incubation 1 mg 1-' of 
storage polyglucose was degraded while 0.7 f.1M ofDMS was produced. The concentration 
of ChI a remained constant during the course of the experiment. In abiotic controls (ASN III 
and DMSO), no DMS was detected. 

DISCUSSION 

Although DMSP has been reported to occur in cyanobacteria (28,33) we were unable 
to detect it in any of the strains we investigated. Surprisingly, we were also unable to detect 
DMSP in Microcoleus chthonoplastes strain 11. Visscher and Van Gemerden (28) reported 
previously the occurrence ofDMSP in this organism. The detection limit of the method we 
used was 5 times lower than the one used by Visscher and Van Gemerden (28). With a protein 
content ofthe cultures of 100 mg 1-', amounts as low as 1 f.1mol ofDMSP (g proteint' could 
have been measured. By concentrating the cultures 10 times, even 100 nmol ofDMSP (g 
proteint' would have been detected, which is 2 orders of magnitude lower than the 37.3 
f.1mol (g proteinY' found for M chthonoplastes strain 11. 
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C. Vogt (pers. comm.) has tested several strains of cyanobacteria and has found 
concentrations of DMSP that are in the same order of magnitude as found by Visscher 
and Van Gemerden (28). At present we can not offer a satisfactory explanation for 
this discrepancy. We would like to emphasize that the method used for the determination 
of DMSP is indirect and the gas chromatographic measurement of DMS using a flame 
ionisation detector is also less specific because it is sensitive to the methyl group 
rather than to sulfur. The column we used has a better separation than packed columns, 
which allowed us to distinguish DMS from other compounds which are sometimes 
produced during the alkaline hydrolysis of DMSP. Furthermore, we are confident 
about our method since we were able to detect DMSP in 2 species of diatoms. The 
need for the application of a specific method for the detection of DMSP is obvious 
and such experiments are in progress. Of course, it can not be excluded that the 
cyanobacteria we have tested produce higher amounts ofDMSP under natural conditions 
than under laboratory conditions, or that they even stop to produce DMSP after several 
transfers into fresh medium, but we feel that this is unlikely. 

The DMSP that was detected in the sediments could originate from benthic 
diatoms (9). The two strains we tested contained DMSP. Diatoms are often present 
in cyanobacterial mats in vast numbers, and were also observed in samples from the 
subtidal pool of Etang du Prevost. The large amount of DMSP in the diatom film on 
the island of Texel suggests that diatoms were responsible for its production. However, 
the DMSP content of Navicula sp. 1295 does not account for the amount measured 
in the field. In the upper layer of the sediment 400 nmol DMSP and 70 ).lg Chla cm·3 

were present. SeventY).lg Chla in Navicula sp. 1295 corresponds with 2.5 nmol DMSP, 
which is about 2 orders of magnitude too low to explain the sediment content. There 
are several possible explanations for the difference that we observed. Theoretically, 
the method used to determine the DMSP content in the sediment may have overestimated 
it, since the total hydrolyzable DMS concentration was measured. Another interesting 
possibility is the occurrence of vast amounts of DMSP accumulated extracellularly. 
Preliminary data do not support this. In intertidal areas deposition of DMSP-containing 
macroalgae such as Ulva sp. and Enteromorpha sp., may be an additional source of 
DMSP. However, for this possibility no data are available. Moreover, macroalgae were 
not observed in the samples from the sediments containing the diatom biofilm on the 
island of Texel. It is also possible that other diatom species are present in the sediment 
that produce larger amounts of DMSP. For instance, comparing the DMSP content of 
the biofilm with that produced by C. closterium (Table I), it is obvious that this 
species could be responsible for it. However, this species has not been observed in 
the diatom biofilm studied here, and information about the DMSP content of the 
sediment where this species was isolated is currently lacking. 

The experiment shown in Fig. 2 reveals even an average DMSP content in C. 
closterium of 5 mmol (g Chla)'! which is about 3 times the amount we measured originally 
(Table I). It is possible that different light conditions affected the DMSP content of this 
diatom. Karsten et al.(8) demonstrated that the DMSP content of macro algae increased with 
increasing daylength and light intensity. 

It has been conceived that DMSP may serve as an osmoregulator in organisms that 
contain it. We investigated this possibility in the diatom C. closterium and conclude that 
DMSP does not playa role as osmoregulator. Growth at increased salinities did not result in 
significant higher DMSP content but a higher ratio of Chla : biomass was found. This was 
probably due to an increased chlorophyll requirement to cover a higher energy demand to 
cope with osmotic stress. 

DMSP present in the sediment can be degraded biologically or chemically. It can 
either be demethylated (12,26,30), a process which does not result in the formation ofDMS 
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or it can be cleaved to acrylate and DMS (28,30). DMS production is often associated with 
the presence of cyanobacteria (3,4). Our results suggest that cyanobacteria are indirectly 
responsible for the cleavage of DMSP (Fig. 3). The formation of DMS in the cultures was 
most likely the result of the chemical degradation of extracellular DMSP and not of the 
enzymatic cleavage by a DMSP-lyase. There are no reports of the presence of this enzyme 
in cyanobacteria and there was a strong correlation between the amount ofDMS formed and 
the pH of the culture. In the light, cyanobacteria and other photoautotrophic organisms such 
as diatoms will cause a rise of pH in the sediment which will accelerate the chemical cleavage 
ofDMSP resulting in the formation ofDMS (28). 

DMS is degraded by a variety of aerobic and anaerobic bacteria (11,29,31). The 
colorless sulfur bacterium strain T5 (31) oxidized DMS to CO2 and SOl- and the purple 
sulfur bacterium Thiocapsa roseopersicina used DMS as electron donor in anoxygenic 
photosynthesis, producing dimethylsulfoxide (DMSO) from it. Many cyanobacteria are 
capable of sulfide dependent anoxygenic photosynthesis (1) but none of the strains we tested 
were capable of oxidizing DMS. Oxidation ofDMS results in formation of either DMSO or 
CO2 andH2S. 

Many organisms, such as for instance colorless sulfur bacteria (l0) and purple 
non-sulfur bacteria (17), can use DMSO as an alternative electron acceptor for anaerobic 
respiration. Our results demonstrate that Phormidium sp. is also capable of reducing 
DMSO. Cyanobacteria are metabolically versatile organisms (19). Many species have 
now been shown to switch to fermentation under anoxic dark conditions. A variety 
of fermentation pathways have been observed in cyanobacteria (6, 19), and some 
species are capable of reducing elemental sulfur. It seems unlikely that this organism 
used DMSO as a terminal electron acceptor in respiratory electron transport. Oxidation 
of 1 mg I-I storage polyglucose to CO2 using DMSO as electron acceptor would yield 
144 ~M of DMS, however, only 0.7 ~M was found. It is therefore more likely that 
DMSO served as an electron sink during fermentation. This is also the case in cy
anobacteria such as M. chthonoplastes strain 11 and Oscillatoria limosa that use 
elemental sulfur as electron sink, resulting in the formation of sulfide (19,20). The 
use of an electron sink increases the ATP yield during fermentation (19). 

Summarizing, it can be concluded that benthic cyanobacteria probably play only a 
minor role in the production and degradation of DMSP and DMS in intertidal marine 
sediments. The strains tested do not produce DMSP in significant amounts under laboratory 
conditions, but may indirectly cause the chemical decomposition ofDMSP by increasing the 
pH as a result of photosynthetic activity. Cyanobacteria also did not oxidize DMS, but were 
capable of producing it as the result of the reduction ofDMSO. 
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SUMMARY 

33 

Rapid release of dimethylsulfoniopropionate (DMSP) and subsequent production 
of dimethy1sulfide (DMS) may occur after deposition of DMSP-containing algae onto 
sediments, potentially causing a temporal accumulation ofDMS. This relation between 
sedimentation and DMS formation was studied by supplying increasing amounts of the 
marine microalga Emiliania huxleyi to anoxic marine sediment microcosms, resulting 
in initial DMSP concentrations of 950 nM, 1600 nM and 5300 nM. In all experiments, 
rapid formation of DMS was observed, the highest concentrations were reached after 2 
to 5 days. The DMS concentrations remained high for more than 5 days, suggesting a 
slow response of anaerobic DMS consuming bacteria. In a control experiment, in which 
the algae were kept in suspension, the release ofDMS was an order of magnitude lower, 
and more gradual. It was therefore concluded that sedimentation of DMSP containing 
algae to anoxic sediments can lead to emission of DMS to the water column. The ratio 
between DMS produced and DMSP added was highest at the highest algal density. This 
may indicate an increasing importance of the cleavage of DMSP under increasing 
substrate concentrations. Hence, benthic DMS formation after sedimentation of algae is 
most likely to occur in eutrophic, coastal areas, where large amounts of algae are 
deposited onto very reduced sediments. 

INTRODUCTION 

The organosulfur compound dimethylsulfoniopropionate (DMSP) has gained in
creasing scientific attention, since it is the most important biogenic precursor for the 
proposed "anti-greenhouse gas" dimethylsulfide (DMS) (5, 23). Microbial conversion of 
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DMSP to DMS and microbial degradation of DMS are key processes in the regulation of the 
flux ofDMS to the atmosphere (10, 12). 

Different physiological types of bacteria are involved in the microbial degrada
tion ofDMSP and DMS (9). These processes may not always be closely coupled: periods 
of rapid DMS formation from DMSP may temporarily lead to high DMS concentrations 
in seawater and elevated fluxes ofDMS into the atmosphere, as was found by Kwint & 
Kramer (15) in the Dutch Coastal Zone. 

Very high DMS concentrations of more than 300 nM were observed during pelagic 
mesocosm experiments, in which a bloom of the DMSP producing Prymnesiophyte 
Phaeocystis sp. was simulated (19, 20). These high concentrations persisted only for a few 
days. Osinga et al. (19) suggested the following mechanism to explain this phenomena: 
due to sedimentation and a rapid breakdown of the deposited algae on the seafloor, 
intracellular DMSP will be released. Subsequently, rapid bacterial turnover of the released 
DMSP will cause high levels of DMS. However, Phaeocystis sp. possesses a very active 
DMSP-Iyase system itself (21), and the activity of this enzyme could as well have been 
responsible for the rapid formation ofDMS in these mesocosm-experiments. 

In this study, the formation of DMS after deposition of another Prymnesiophyte, 
Emiliania huxleyi, was measured in gas-tight marine sediment microcosms. E. huxleyi is 
also an important producer of DMSP (8, 17), but in contrast to Phaeocystis sp., it shows 
little if any DMSP-Iyase activity (22). 

Kiene & Service (12), who found a close coupling between the microbial 
degradation of DMSP and DMS, hypothesized that DMS will accumulate when the 
concentration of dissolved DMSP reaches a certain threshold. An increase of the 
amount of DMSP above this threshold concentration may thus further enhance the 
accumulation ofDMS. This was studied by monitoring the concentration ofDMS after 
deposition of increasing amounts of cultured E. huxleyi onto the microcosm surface. 

Both DMSP and DMS can be degraded aerobically as well as anaerobically (23). In 
sediments with a high organic matter input, anaerobic bacterial processes will predominate 
over aerobic processes (1). Large amounts of algae were used in this study, simulating a high 
organic matter input. Hence, we focused on the fate ofDMSP under anaerobic conditions. 

MATERIAL AND METHODS 

The microcosms used for the experiments were perspex cores (94 mm diameter) 
that could be closed with removable perspex lids containing an o-ring. These lids had a 
conical shape, and two openings on top that could be closed with screw-caps containing 
a teflon-coated septum. The microcosms consisted of a sediment phase of at least 10 cm 
depth, and a water phase of 10.5-14.5 cm (0.75-1.0 I). For the sediment phase, sandy 
sediment with a low organic matter content was used, which had been collected in the 
southern North Sea. This sediment had been preserved in the lab for three years at 12°C 
in darkness, and was therefore not likely to contain significant amounts of organosulfur 
compounds. A magnetic stirrer was mounted inside the microcosm, approximately 5 cm 
above the sediment surface. 

To study the effects of deposition of algae, the microcosms were supplied with 
monospecific, non-axenic cultures of Emiliania huxleyi. The algae were cultured on a 
nutrient-rich F2 medium (6), to which 150 f.1M ammonium was added. The cultures were 
grown in Erlenmeyer flasks at a temperature of 15°C, under a light regime of 14 hours light 
and 10 hours darkness. Cell densities in the cultures were followed by microscopic counts. 
Shortly before the addition to the microcosms, the cultures were gently flushed with nitrogen 
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gas for 15 minutes to remove oxygen. Immediately thereafter, a sample was taken from the 
cultures for determination of the total OMSP content (particulate and dissolved). 

In three separate experiments, cultures with cell densities of 1.5 x 105 cells.ml·!, 4.0 x 
105 cells.ml·! and 2.0 xl 06 cells.ml-! were supplied to the microcosms. In order to check whether 
the microcosms remained anoxic, the oxygen concentration in the microcosm with 4.0 x 105 

cells.ml-! at the end of the incubation was measured using the standard Winkler method. 
The microcosms were not stirred. Since the average sinking velocity of E. huxleyi 

cells is approximately 1 m per day (P. van der Wal, personal communication), most of 
the algae will therefore have been deposited onto the sediment surface a few hours after 
the start of the incubation. However, to make sure that the observed effects are indeed 
due to deposition, a control experiment was performed with an addition of 4.0 x 105 

cells.mI-!, which was continuously stirred in order to slow down the deposition rate. 
The additions of 1.5 x 105,4.0 X 105 and 2.0 x 106 cells/ml resulted in initial OMSP 

concentrations in the water phase of respectively 950 nM, 1600 nM and 5300 nM. A 
microcosm supplied with autoclaved F2 medium only was used as a starved control. 

Samples for OMS measurements were taken from the microcosms with a 10 ml 
injection syringe, using the openings in the lids. The sample size was 10 ml. Just before 
sampling, the microcosms were gently stirred for half a minute to ensure a homogeneous 
distribution of OMS through the water column. Visually, no resuspension of algal material 
was observed due to this stirring. Resuspension was therefore assumed to be low. Immedi
ately after sampling, 10 ml of 0.2 J-lm filtered aged seawater was supplied to the microcosm. 
This was done to prevent the formation of a gas phase in the microcosms. In the experiments 
with 1.5 x 105 and 4.0 x 105 cells.ml-!, samples for OMS analysis were taken until 10 days 
after the start of the incubation, while the experiment with 2.0 x 106 cells/ml continued for 27 
days. The OMS concentration in the starved control was monitored for five subsequent days. 

In order to compare a semi-natural sediment with an artificial bottom, an additional 
experiment was performed in which a silicon rubber stopper was used as artificial bottom. 
To this microcosm, 2.0 x 106 cells/ml were added (5300 nM OMSP), and the OMS 
concentration was monitored for 27 days. 

OMS is a very volatile compound. The loss of OMS due to adsorption and/or diffusion 
processes was estimated from a control microcosm with distilled water, to which 170 nM OMS 
(Aldrich Chemicals) was added. A microcosm with a silicon stopper instead of sediment was tested in 
this way as well. The OMS concentration in these microcosms was measured on three subsequent days. 

OMS samples were preconcentrated following the procedures described by K wint & 
Kramer (14). Pre-concentrated samples were analyzed for organic sulfur compounds on a 
Varian 3500 gas chromatograph, according to Lindqvist (16). OMSP in the algal cultures 
was measured as OMS after incubation of the samples for 24 hours at room temperature with 
1 N NaOH, for chemical conversion (in an equimolar ratio) of OMSP to OMS (2). For 
calculating the OMSP concentration, the OMS concentration measured in an untreated 
sample was subtracted from the value obtained in the NaOH treated sample. 

RESULTS 

In the control experiments with distilled water and 170 nM OMS, a slow decrease in 
the concentration of OMS was observed during the first two days. Thereafter, the OMS 
concentration did not decrease further (Fig. 1). The daily loss of OMS was in general less 
than 10%, both in the system with sediment and in the system with the silicon stopper. 

The results from the experiments with increasing E. huxleyi densities are presented 
in Fig. 2, showing the concentration of OMS in the water column during a period of 10 days. 
In all cases, addition ofthe algae resulted in a short period of rapid DMS formation after the 
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first day, followed by a period of persisting high levels of DMS, during which the concen
tration did not further increase. The concentration ofDMS in the experiments with 4.0 x 105 

cells.ml- I and 2.0 x 106 cells.ml- I started to decrease after day 5. 

The DMS concentration in the starved control (Fig 2A) remained at levels around or 
below the detection limit. In the stirred control experiment with 4.0 x 105 cells.ml- I (Fig. 3), 
the concentration of DMS also remained low, and did not show the sharp increase between 
day 1 and day 3 as was observed in the experiment that had not been stirred. 

Addition of increasing amounts of E. huxleyi cells resulted in increasing DMS 
concentrations in the water column (Figs. 2B, 2C and 2D). Moreover, with increasing 
algal densities, the DMS concentration that was reached after 3 to 5 days showed a 
relative increase to the amount ofDMSP that had been added: when 1.5 x 105 cells.ml- I 

were added, only 5% of the initial DMSP had been recovered as DMS, while 100% 
had been recovered in the experiment with 2.0 x 106 cells.ml- I (Table 1). No oxygen 
could be detected in the water column of the microcosm with 4.0 x 105 cells.ml- I at 
the end of the incubation. This indicates that the sediment microcosms remained 
anoxic throughout the whole experimental period. 

Fig. 4 shows the results of a sediment microcosm compared to a microcosm with a 
silicon stopper. Remarkable differences were found between the two systems: the sediment 
microcosm exhibited a maximal DMS concentration that was almost one order of magnitude 
higher than the maximal concentration in the microcosm with the silicon stopper. In the latter 
system, the DMS concentration decreased rapidly after day 5, and dropped to values around 
zero after day 15. In contrast, DMS in the sediment microcosm did not show an obvious 
decline until day 17, and elevated concentrations were still found at the end of the incubation 
period. 

In most of the DMS samples that were analysed, some dimethyldisulfide (DMDS) 
was detected as well. In the experiment comparing the sediment microcosm and the silicon 
stopper microcosm, obvious differences in the concentration of DMDS were observed. 
Therefore, the concentration of this compound is also plotted in Fig. 4. 

In contrast to DMS, the concentrations ofDMDS were highest in the silicon stopper 
microcosm, where DMDS and DMS were found in nearly equal concentrations. The highest 
DMDS concentrations were found after day 5, when DMS had already started to decrease. 
In the sediment microcosm, the maximal DMDS concentration was 6-fold lower than in the 
silicon stopper microcosm, and was equal to only I or 2% of the DMS concentration. 
However, the values were still more than an order of magnitude higher than the concentra
tions measured in the starved control (data not shown). 
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Figure 2. DMS concentrations in the water column of microcosms supplied with different densities of 
Emiliania huxleyi. A. Starved control. B. 1.5 x 105 cells.ml- i (950nM DMSP). C. 4.0 x 105 cells.ml- i (1600 
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Figure 3. DMS concentrations in the 
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DISCUSSION 

The control experiments suggest that abiotic loss of DMS mainly occurs during the 
first two days after DMS formation. The abiotic loss during the first two days may be due 
to adsorption to the microcosm wall: DMS will be adsorbed until the wall is saturated. The 
stabilization of the DMS concentration in the control experiments after two days, and the 
long period with relatively stable DMS concentrations in the sediment microcosm with 2.0 
x 106 cells.ml'l indicate that losses due to diffusion out of the system are low. Nevertheless, 
the total abiotic loss after long incubation periods may be considerable. 

In addition to the abiotic losses, the DMS concentration will also slowly decrease 
due to the daily dilution of the microcosm water with filtered seawater after sampling. This 
decrease will be around one percent per day. 

Our results showed that under anoxic conditions, sedimentation events of DMSP
containing algae will lead to DMS emissions from the sediment surface into the water 
column. DMS formation in the continuously stirred microcosm was low, indicating that the 
observed effects in the non-stirred microcosms are indeed due to processes occurring on the 
sediment surface. The fact that the DMS formation in the microcosms showed a lag-phase 
like pattern suggests the involvement of bacteria. It has been shown that benthic heterotro
phic bacteria can respond very rapidly to deposition of algae (4,7). This gives further support 
for the ideas of Osinga et al.(l9) about the mechanism that leads to accumulation of DMS 
after deposition of DMSP containing algae: a strong release of DMSP from the rapidly 
decaying algae, followed by a rapid conversion of the dissolved DMSP to DMS. 

The persisting high levels of DMS in the sediment microcosms after the initial 
increase suggest a low microbial consumption rate of DMS in these microcosms. There are 

Table 1. Comparison of the amount ofDMSP added and the amount ofDMS 
accumulated after 5 days in the experiments with different densities of 

Emiliania huxleyi 

Cell density (cells.ml'l) 

DMSP at day 0 (oM) 
DMS at day 5 (nM) 
DMSIDMSP 

950 
51 

0.05 

4.0 X 105 

1600 
940 

0.59 

2.0 X 106 

5300 
5325 

1.00 



DMSP and EmUill1lia huxleyi 

7000 

6000 

5000 

:::iE 
.s 4000 
C/) 
~ e. 3000 
:::iE 
0 2000 

1000 

0 

1000 

BOO 

:::iE 600 .s 
~ 
e. 400 
:::iE 
o 

200 

0 5 

5 

A: sediment microcosm 

10 15 

days 

20 

-OMS 
-D-OMOS 

25 

B: silicon stopper microcosm 

10 15 

days 

_OMS 

-D-OMDS 

20 25 

387 

30 

30 

Figure 4. Concentrations ofDMS and DMDS in microcosms with sediment (4A) and with a silicon stopper 
(4B). Error bars indicate the range between duplicate samples. 2.0 x 106 cells.ml·1 (5300 nM DMSP) were 
added to these microcosms. 

two possible explanations for the discrepancy between this slow DMS consumption and the 
rapid DMS production. 

The sediment in the microcosms had been starved for three years. It is therefore not 
likely that this sediment contained a large, metabolically active population of anaerobic 
DMSP and DMS degrading bacteria. However, a high production ofDMS from DMSP does 
not necessarily require a large bacterial population. It has been reported that some anaerobic 
DMSP consumers have very active DMSP-lyases (3,25). A small bacterial population may 
thus still be able to convert a lot of DMSP to DMS. The subsequent anaerobic breakdown 
of DMS apparently requires the growth of a larger bacterial population than present in the 
microcosms. 
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It may as well be possible that many active DMSP and DMS consumers have been 
introduced in the microcosms with the added cultures of E. huxley;' Since these are 
presumably aerobic bacteria, DMS degradation by these bacteria will be blocked by the 
anoxic conditions, but the bacterial DMSP-Iyases may still be active. Hence, DMS will still 
be produced rapidly, but will not be immediately degraded in the anoxic microcosms: time 
would be required for a population of anaerobic DMS consumers to grow. 

Particularly at the lowest DMSP concentration, a substantial part of the DMSP was 
not immediately cleaved to DMS and acrylate. The unrecovered DMSP may either not have 
been degraded (perhaps due to adsorption on sediment particles) or may have been degraded 
via another pathway. Demethylation to 3-methiolpropionate and 3-mercaptopropionate is 
the only other pathway that has been described for the biological degradation ofDMSP. This 
process occurs both under oxic conditions (24) and under anoxic conditions (13). Kiene and 
Taylor (13) suggested that this demethylation pathway is quantitatively more important at 
lower DMSP concentrations, while cleavage becomes the predominant pathway at higher 
DMSP concentrations. This is in agreement with observations by Visscher et al.(26), who 
found high numbers of cleaving bacteria in an environment with high a DMSP concentration, 
and high numbers of demethylators in environments with a low DMSP concentration. 
Recently, De Souza and Yoch (3) determined high Km values for bacterial DMSP-Iyase 
activity in various environments, ranging from 30 J..lM in anoxic sediment slurries to 2 mM 
in aerobic seawater. This shows that cleaving bacteria are physiologically adapted to high 
substrate concentrations. 

An increasing dominance of the cleavage pathway with respect to the demethylation 
pathway at increasing substrate concentrations could explain the observed differences in the 
microcosms with increasing amounts of E. huxleyi. Future microcosm research should 
therefore also focus on demethylation products in order to estimate the importance of this 
pathway under different conditions. 

The differences between the microcosm with the silicon stopper and the sediment 
microcosm may suggest at first sight that the presence of sediment has an important effect 
on DMSP metabolism. However, the differences may as well have been caused by effects of 
the silicon stopper. Silicon rubber has a high permeability for DMS (11). DMS may be 
absorbed by, or diffuse through the stopper, but the control experiment with DMS in distilled 
water did not show a strong effect. The rapid removal of DMS in the silicon stopper 
microcosm must therefore be attributed primarily to biological degradation. 

The increased formation ofDMDS in the microcosm with the silicon stopper points 
to another possible effect of the silicon stopper: oxygen may have diffused through the 
stopper into the microcosm. In the marine environment, DMDS is mainly produced under 
oxic conditions by the oxidation of methanethiol (MSH), which is an intermediate in the 
degradation of DMS (23). The fact that most DMDS was formed when DMS had already 
started to decrease suggests that DMDS was indeed formed from degradation products of 
DMS. Interestingly, Wolfe & Kiene (27) recently reported on the inhibiting properties of 
DMDS on DMS consumption. These authors found that 100 nM DMDS was already 
sufficient to block the DMS consumption by more than 90 %. The DMDS concentration in 
the silicon stopper microcosm increased to 600 nM, but DMS consumption seemed not to 
be inhibited. In contrast to the study of Wolfe and Kiene (27), who used DMS concentrations 
less than 10 nM, the DMS concentration in our experiment exceeded the concentration of 
DMDS. This suggests that perhaps DMDS inhibits DMS consumption because it works as 
a competitive substrate. 

A control experiment revealed that oxygen indeed penetrated easily through the 
silicon stopper: a microcosm filled with anoxic distilled water was incubated in darkness at 
12°e. Winkler measurements showed that the water in the microcosm was saturated with 
oxygen already after 24 hours. The presence of oxygen may very well explain the difference 
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in DMS formation between the sediment microcosm and the silicon stopper microcosm. 
Under these more oxic circumstances, the DMS-consuming bacteria present in the E. huxleyi 
culture will continue their metabolic activity. This makes the period of unbalance between 
DMS production and DMS consumption that occurs after the deposition of the algae shorter 
and less intensive when compared to the anoxic-sediment microcosm. The higher accumu
lation of DMS in the sediment microcosms is thus an effect of the anoxic conditions in the 
overlying water rather than an effect of processes occurring in the sediment. Nedwell et al. 
(18) showed that high concentrations of DMSP and DMS in North Sea sediments did not 
lead to large emissions ofDMS into the water column. Hence, high DMS concentrations in 
the water column are more likely to be caused by processes occurring on the sediment surface 
than by processes in the sediment. 

In summary, our experiments showed that deposition ofDMSP containing algae can 
be followed by a temporal accumulation ofDMS, which confirms the ideas ofOsinga et al. 
(19). Accumulation of DMS is especially likely to occur in anoxic environments that are 
suddenly exposed to a high input ofDMSP. The accumulation is due to a low initial potential 
for degradation of DMS, and to the importance of the cleavage pathway at high DMSP 
concentrations. Situations like this will mainly take place in eutrophic coastal areas. Al
though these areas are of little significance to the global sulfur cycle, the phenomena 
occurring in these areas may affect the local climate: periods of DMS accumulation may 
lead to enhanced DMS emission to the atmosphere. This may locally stimulate cloud 
formation and it may lead to an increased amount of acid precipitation. 
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SUMMARY 

Marine waters at the Leigh Marine Laboratory (360 17' S, 1740 48' E), situated 
on the north-east coast of the North Island of New Zealand, were investigated on four 
occasions during 1993. Surface sampling was conducted at 1 or 2 h intervals for 24 
or 48 h. Dissolved DMSO was determined in all cases. During the later two field 
trips, dissolved DMS, total DMSP (DMSP(t» and chlorophyll a concentrations were 
also measured. DMS and DMSP(t) exhibited no apparent diurnal trends with respect 
to concentration. The DMS content was positively correlated to that of DMSP(t), but 
with differing slopes (3 in late August and I in mid November). The results for DMSO 
are tantalising rather than conclusive. Concentrations show a marked seasonal change, 
with lowest values observed during winter. The DMSO content also exhibited obvious 
diurnal variations, with a maximum usually in the afternoon and minimum values just 
before sunrise. Night-time loss processes for DMSO have no profound influence on 
the ambient DMS levels. Positive correlations are apparent for DMSO with respect 
to DMS and with respect to sunlight intensity. Given that DMSO concentrations gen
erally exceed those of DMS by an order of magnitude, the photo-oxidation of DMS 
seems unlikely to be the sole source of DMSO. The direct biosynthesis of DMSO 
may account in part for its abundance in the marine environment. 
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INTRODUCTION 

Since the first field measurements of dimethylsulfide (DMS) in sea water were made 
(28), the ubiquity ofDMS has been established in many aqueous marine environments (3, 
13, 26, 30, 42). Such investigations were also stimulated by the hypothesis that DMS was 
involved in moderating global warming (8). DMS is the dominant volatile sulfur compound 
emitted from the ocean (8) and may represent up to 90% of the sea to air sulfur flux (29). 
Concentrations ofDMS in sea water have been found to range from 0.03 to 193 nmol L- t 

with an approximate average of2.9 nmol L-t. The highest concentrations are observed in the 
most productive waters. DMS exhibits strong temporal and spatial trends (40), with summer 
values exceeding winter concentrations by up to a factor of 70. Some variation with depth 
is observed, although not necessarily consistently (2, 9). However, DMS is found to be 
concentrated in the top 200 m of the ocean and is associated with biological activity in the 
euphotic zone (10). 

The major precursor ofDMS in the oceans is dimethylsulfoniopropionate (DMSP). 
Widely occurring in the marine environment, DMSP is thought to act as a cryoprotectant in 
polar waters and as an osmoregulator in saline environments (25, 41). Phytoplanktonic 
DMSP is released to the ocean via two pathways, both producing DMS. Firstly, cell 

Table 1. Concentration ofDMSO in various environmental media 

Concentration 
System Study. (nmol L-I) 

Seawater Andreae (1980) (1) < 0.9 - 532 

Bates et al. (1994) (5) <1.2 
de Mora et al. (submitted) (14) 2.9 - 123 
Gibson et al. (1990) (16) < 2.5 - 24.3 
Hatton et al. (1994) (18) 3 - 15 
Kiene & Gerard (1994) (23) 1.2 - 25.7 
Lee & de Mora (this study) < 6.2 - 124 
Ridgeway et al. (1992) (33) < 5 - 24 
Wakeham et al. (1987) (42) up to 21 

Rainwater Andreae (1980) (1) < 2.5 - 20.3 

Harvey & Lang (1986) (17) < 0.3 - 20.3 
Ridgeway et al. (1992) (33) 

Coastal Samples 19.7-29.3 
Inland Samples 5 - 10 

Freshwater Andreae (1980) (1) 

River Samples <2.5-210 
Snow Samples <2.5 

de Mora et al. (submitted) (14) 
Snow Samples 1.4 - 2.5 
MeltWater 0.06 - 185 
Ponds 

Richards et al. (1994) (32) 
LakeslWetland 0-180 
Ponds 

Aerosols 
Harvey & Lang (1986) (17) 69 - 125 pmol 

m,3 

Watts et al. (1987) (44) 1- 62 pmol m,3 
Watts et al. (1990) (43) 3 - 12 pmol m,3 
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senescence and lysis releases DMSP into the ocean where it can then undergo enzymatic 
cleavage (40). Secondly, zooplankton grazing on phytoplankton can ingest organisms 
containing intracellular DMSP which is then digested and excreted as DMS (12). Dissolved 
oceanic DMSP can greatly exceed that ofDMS. 

Previously little consideration has been given to the role of dimethylsulfoxide 
(DMSO) in the biogeochemical cycling of sulfur and its interaction with DMS in the aqueous 
marine environment. Very few measurements of DMSO levels have been made due to the 
lack of an analytical procedure which was sufficiently sensitive and selective (18, 23). The 
first measurements of DMSO showed that it occurred throughout the euphotic zone in sea 
water and in photosynthetically active freshwater systems (1). Since then, observations have 
shown that DMSO is as ubiquitous as DMS, and present in higher concentrations (Table 1). 
Laboratory studies have shown that DMS can be oxidised in sea water (6). The losses of 
DMS and O2 from a UV-irradiated solution were consistent with DMSO being the oxidation 
product and it was estimated that DMS photo-oxidation was on the same scale as atmospheric 
exchange. The rate of bacterial consumption of DMS is on average 10 times faster than the 
transfer ofDMS to the atmosphere, but exhibits a large variation, being in the range 3- 430 
(24). 

The microbial processes linking DMS and DMSO are not well understood. A 
photosynthetic purple sulfur bacterium, tentatively identified as Thiocystis, has been re
ported to anaerobically oxidize DMS to DMSO (48) and luminescent marine bacteria may 
also produce the same result (36). A wide variety of micro-organisms, including prokaryotes 
and eukaryotes, aerobes and anaerobes, can reduce DMSO to DMS. Under anaerobic 
conditions, bacteria and yeasts have been observed to reduce DMSO to DMS (49) and in 
some organisms, DMSO can support anaerobic growth. Aerobic growth occurred only in the 
case of Hyphomicrobium EG and Hyphomicrobium S. Purple nonsulfur bacteria are capable 
of aerobic respiration in the absence of light. This led to the suggestion that any DMSO 
reaching active microbial communities would be reduced to DMS thus potentially influenc
ing the atmospheric sulfur cycle (49). Any mechanism involving anaerobic bacteria is 
unlikely to be significant in well oxygenated oceanic surface waters. Luminescent bacteria 
are, however, very abundant and may be influential. 

Using a direct gas chromatographic procedure (15), DMSO concentrations in marine 
surface waters near Leigh, New Zealand, were examined together with the precursors DMS 
and DMSP. This study was conducted to test the modified DMSO technique and to allow 
assessment of the importance of DMSO in the aqueous marine biogeochemical cycling of 
DMS. 

METHODS 

Sample Collection 

Marine waters at Leigh (360 17' S, 1740 48' E), situated on the north-east coast of the 
North Island of New Zealand, were investigated on four occasions during 1993. Between 2 
and 5 L samples were collected from a rocky point jutting into a channel at a depth of 
approximately 20 cm. The sample bottles (LDPE Nalgene) were filled slowly to capacity to 
minimize bubbling effects and to eliminate the headspace. The channel has a water depth of 
5 m. The bottom was sandy with rocky outcrops and some macroalgae. The adjacent shore 
is a relatively narrow (l0 m) sandy beach, also with rocky outcrops, and a cliff at the head 
of the beach. 
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Chlorophyll a and Climate Data 

Once the samples were returned to the laboratory, an aliquot (125 mL) was used for 
immediate DMS and DMSP analyses which were completed within 2 h of sample collection. 
The remaining sample was then filtered through a 0.45 ~m HA Millipore filter, with samples 
taken in November being filtered through Whatman GFIF filters. The filter papers were 
stored at ODC in the dark for subsequent determination of chlorophyll a (Chla;35). With the 
exception of the samples from November, the filter papers were extracted using 90% acetone 
and the absorbance of the resulting extracts was measured using a spectrophotometer. The 
samples taken during November were extracted using 95% ethanol with the samples being 
boiled in 95% ethanol for five minutes and then left to stand for 24 hours at ambient 
temperatures. The absorbances of the extract solutions were measured at 665nm and 750nm 
(19). A further 125 mL aliquot of the filtered sea water was used for DMSO analysis, which 
was also completed within 2 h of sample collection. Sunlight intensity measurements (Kipp 
and Zonen Pyronometer) and wind velocities were obtained from the Leigh Marine Labora
tory climate station. 

DMSO 

Previously published techniques (15, 31) were modified only slightly for the determina
tion ofDMSO dissolved in sea water. The analysis was conducted using a Perkin-Elmer PE8500 
gas chromatograph equipped with a flame photometric detector (GC-FPD). Other than filtration, 
no sample pretreatment was required and no reagents were added. Aliquots of 5 ~L of filtered 
seawater, with three to six replicate injections per sample, were injected directly into the Gc. The 
analytical column comprised a 1.4 m x 2.5 mm teflon tube packed with 15% Free Fatty Acid 
Phase (FFAP) on 40-60 mesh Chromosorb T. A teflon guard column (125 mm x 2.5 mm) 
containing identical packing material was installed prior to the analytical column to prevent salts 
depositing in the analytical column. However, at an injection port temperature of21 ODC, all salts 
were deposited in the glass injector liner and none were found in the guard column. The injector 
liner was cleaned with Milli-Q (18 MQ purity) water after every 30 injections. The detector block 
temperature was set at 21 O"c. Both DMSO and DMS02 could be resolved isothermally at l500C 
with retention times of approximately 1.8 and 6 minutes, respectively. It should be pointed out 
that volatile sulfur gases (DMS, CS2, etc.) do not interfere with the analysis because the 
chromatographic phase is very polar and so they pass through the system essentially at the speed 
of the carrier gas. The detection limit for DMSO was I pg or equivalent to 6 nmol L-1 in a sea 
water sample. Because of the non-linear response of the FPD, introducing a continuous flow of 
a sulfur gas into the H2 flame invokes a dramatic improvement in sensitivity (20). Sensitivity was 
markedly enhanced by using SF6 in the flame, giving an absolute detection limit of 10 fg or 
equivalent to 0.06 nmol L-1 DMSO. The detection limit for DMS02 was 20 nmol L-1 undernormal 
flame conditions and 0.2 nmol L-I under high sensitivity (SF6 bleed) flame conditions. The 
standard deviation for both analyses was 10% at a concentration of20 nmol L-1 (no SF6) or 0.25 
nmol L-I (using SF6). Milli-Q water was used to provide a blank and the DMSO content in this 
blank was consistently below detectable levels. 

DMS and DMSP(t) 

A purge and trap technique was employed for the analysis ofDMS (13, 46). A 50 mL 
aliquot of the unfiltered seawater sample was purged with oxygen-free dry nitrogen (80 
mL min-I) for 20 minutes. Trapping took place in a tube containing Molecular Sieve 5A. A 
tube containing K2C03 was placed in front of the sample tube to prevent water from 
interfering in the analysis. The sample tube was held at ambient temperature whilst trapping 
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Figure 1. Sampling location at the Leigh Marine Laboratory, New Zealand (360 17' S, 1740 48' E). 

took place. Thereafter, the sampling tube was connected to the gas sampling loop of the oc. 
The tube itself was placed in a block heater and instantly heated to 320°C. After two minutes, 
the sample valve was opened thereby allowing passage of the volatilized sample onto the 
chromatographic column. The column used for the volatile sulfur gases was a 2 m x 2.5 mm 
teflon column packed with Carbopack BI 1.5% XE601 1% H3P04 (Supelco Inc.). Tempera
ture programming (40°C - 140°C) was used to achieve baseline separation of DMS and CS2. 

Quantification of the reduced sulfur gases was carried out using permeation tubes (34). The 
detection limit for DMS was 5 pg or equivalent to 0.8 pmol L- t DMS in solution for a 100 
ml water sample. 
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Figure 2. DMSO concentration and sunlight intensity during May 24-25, 1993. Open and closed triangles on 
this and subsequent graphs indicates sunrise and sunset, respectively. 
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Figure 3. Time series for August 31 - September 1, 1993, showing (a) chlorophyll-a and sunlight intensity 
and, (b) concentrations ofDMSO, DMS, and DMSP(t). 

DMSP determinations were conducted following DMS stripping (45). After the 
addition of3 mL of2 mol L-I NaOH to hydrolyse the DMSP to DMS, the sample was then 
reanalysed for DMS as outlined previously. To prevent hydrolysis by residual base, the 
bubbling chamber was rinsed with 1 mol L-I HCl and then Milli-Q water after each DMSP 
analysis. The detection limit for DMSP was 0.08 nmol VI as DMS equivalents 

RESULTS 

The sampling programme was carried out near the Leigh Marine Laboratory (360 17' S, 
1740 48' E, Figure 1), with samples being taken from Goat Island Bay adjacent to the Marine 
Laboratory. Sunlight intensity data was available from the Leigh Laboratory climate station for all 
four occasions (Figures 2, 3a, 4a). fn all cases, maximum sunlight intensity occurred at approxi
mately 1 pm (New Zealand Standard Time). Chi a determinations were only carried out in August 
(Figure 3a) and November (Figure 4a). No data were collected for planktonic speciation. On both 
occasions the chIorophyll-a measurements show no clear temporal trends and the distribution 
observed may be due to phytoplankton moving vertically in the water column or water-mass 
movement reSUlting in new plankton communities arriving at the sampling site. 

DMSO levels in marine surface waters were determined in May, July, August and 
November 1993. Concentrations ofDMSO present in May (Figure 2) showed that the highest 
values were observed during the early afternoon, shortly after maximum sunlight intensity, and 
subsequently declined until just prior to the following sunrise. During the second day, such high 
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Figure 4. Time series for November 12 - 14, 1993, showing (a) chi a and sunlight intensity and, (b) 
concentrations ofDMSO, DMS. and DMSP(t). 

DMSO concentrations were not attained. Data from July (not shown here) were very erratic. 
DMSO concentrations were generally very low and no trend could be discerned. For both 
August (Figure 3b) and November (Figure 4b) a strong diurnal trend was evident. As with the 
May data, daily DMSO maxima were observed shortly after maximum sunlight intensity and 
concentrations fell until just before sunrise. However, on these occasions the increase in DMSO 
concentrations after sunrise was very much larger than for May. Since sampling for November 
was conducted for 48 hours, the diurnal variations were readily apparent. 

Measurements for DMSP(t) and DMS were only undertaken during the sampling 
sessions in August (Figure 3b) and November (Figure 4b). In both cases there was no 
apparent temporal trend. For August, maximum concentrations for both compounds were 
observed during the day and in general, DMS and DMSPT(t) levels exhibited similar 
tendencies. The situation for November was less clear. Although maximum concentrations 
were observed during daylight hours, peaks were observed during the first night of sampling. 
During the first 24 h period, DMS and DMSP(t) concentrations covaried. However, the trends 
diverged during the second 24 h sampling session 

DISCUSSION 

DMSP(t) concentrations during August 1993 varied between 0.3 nmol L-1 and 0.7 
nmol L-1 (average 0.45 nmol L- I), and for November 1993 ranged from not detected to 2.6 
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Figure 5. DMS as a function ofDMSP(t) for the August and November data sets. 

nmol L-1 (average 1.29 nmol L-1). Based on the non-parametric test of the Spearman's rank 
correlation coefficient, DMSP(t) concentrations were not correlated with those of chi a_ This 
has been observed previously and relates to zooplankton grazing (12) and planktonic 
speciation (27). In Goat Island Bay during winter and early spring, diatoms are known to be 
the predominant planktonic species whereas during late summer and early autumn, dinoflag
ellates are abundant (37,38). The coccolithophore, Emiliania huxleyi, has also been observed 
to be dominant during spring-time (37). The DMSP results obtained in this study are 
consistent with this pattern of planktonic speciation. Diatoms, occurring in winter, are 
considered to be amongst the poorest producers of DMSP (22), hence low levels of DMSP 
are observed. Conversely, coccolithophores are better producers of DMSP (22) and this is 
reflected in the higher levels of DMSP measured in the bay during spring. In particular, 
Emiliania huxleyi, has been shown to be capable of producing significant quantities ofDMSP 
(21) and DMS (27). 

Average DMS levels for August were 1.82 nmol L-l and for November were 1.65 
nmol L-1 with ranges of 1.50 nmol L-l to 2.80 nmol L-1, and 0.25 nmol L-1 to 2.87 nmol L- i 

respectively. DMS has been reported as having a night-time maximum in both surface waters 
(11, 39) and the atmosphere (7). In our study, DMS was not correlated to sunlight intensity 
(based on the non-parametric test of the Spearman's rank correlation coefficient), suggesting 
there was no photochemically mediated DMSP cleavage. Similarly, the lack of a strong 
negative correlation between DMS and sunlight intensity indicates that DMS photo-oxida
tion does not control its concentration. DMSP and DMS were found to be significantly 
correlated in August (Figure 5, Spearman's Rank Correlation Coefficient, P=0.05, p=0.909, 
n=13) and November (Figure 5, p=0.869, n=19). The greater slope observed for August as 
compared to November (Figure 5) may be due to a lower rate ofDMS photo-oxidation as a 
result of lower sunlight intensities and sunlight hours. Another contributing factor may be 
less efficient bacterial activity (assimilation or oxidation ofDMS) during the cooler month. 
This would allow a more rapid build up ofDMS levels at lower DMSP concentrations. 
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Surface seawater samples were found to contain concentrations of DMSO between 
6 and 124 nmol L-I. Average monthly values ofDMSO found were 33.S nmol L- l (May), 
4.0 nmol L-1 (July), 10.1 nmol L-l (August) and 54.2 nmol L-1 (November). A comparison 
ofDMSO data can be seen in Table 1, these results representing a notable proportion of the 
results published for DMSO concentrations in aqueous environments. The levels ofDMSO 
observed during this study were somewhat higher and have a larger range than values 
previously found, with the exception of the seminal study by Andreae (I), in oceanic 
environments. As noted previously (IS, 23), this original study may have over-estimated 
DMSO due to the lack of specificity in the reduction of DMSO to DMS. However, 
comparably high levels of DMSO have been found in hypersaline lakes (14, 32). DMSO 
concentrations reported here were often found to exceed DMS levels by one to two orders 
of magnitude (Figures 3b and 4b). Except during the night when DMSO levels fell below 
the detection limit, it was the dominant sulfur compound of those under consideration. 
Although the slopes differ, DMSO was significantly correlated with DMS during both 
August (Spearman's Rank Correlation Coefficient, P=O.05, p=0.762, n=13) and November 
(Spearman's Rank Correlation Coefficient, P=0.05, p=0.603, n=24). Data for August show 
a more rapid increase in DMSO concentrations with DMS compared to November, which 
may be due to the more efficient degradation ofDMSO during November. However, overall 
DMSO levels were higher during November when a better DMS-producing plankton species 
was present (coccolithophores cj diatoms) and increased sunlight was available for both 
DMS photo-oxidation and enhanced photosynthetic activity. 

The most striking feature of the data presented is the strong diurnal trend observed 
for DMSO concentrations in May (Figure 2), in August (Figure 3b) and November (Figure 
4b). No such trend was observed during July when winter concentrations were generally low 
and very close to the detection limit of the GC-FPD system being used at the time. No study 
has previously considered the likelihood of a diurnal variation. Although the slopes differ, 
a significant correlation between sunlight intensity and DMSO occurs for three of the four 
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Figure 7. DMSO concentrations during 1993. In the box and whisker plot, solid squares indicate the mean and 
range of DMSO concentrations, and the box illustrates the 95% confidence interval for each data set. 
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Table 2. Estimated rates ofDMSO production and removal 

Date (1993) 

May 24 
Aug31 
Nov 12 
Nov 13 
Nov 14 

DMSO Production Rate 

2.5 nmo1 L· I h·1 

4.5 nmol L· I h·1 

4.0 nmol L· I h·1 

5.7 nmol L· I h·1 

6.0 nmol L· I h·1 

DMSO Destruction Rate 
19 nmol L· I h· 1 

3.6 nmol L· I h-I 
1.2 nmol L-1 h-I 
5.1 nmol L- I h-I 
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dates in which sampling was undertaken, May (Figure 6a, Spearman's Rank Correlation 
Coefficient, P=0.05, p=0.423, n=24), August (Figure 6b, Spearman's Rank Correlation 
Coefficient, P=0.05, p=0.918, n=13), November (Figure 6c, Spearman's Rank Correlation 
Coefficient, P=0.05, p=0.531, n=24). There are two known processes which could contribute 
to the daytime production ofDMSO, namely photosensitized oxidation (6) and oxidation by 
luminescent bacteria (36) of DMS. These aspects are further considered below. The rapid 
loss of DMSO at night is consistent with the notion that micro-organisms may be using 
DMSO as an energy source or as a terminal electron acceptor in a dark aerobic growth mode 
(47,49). 

The DMSO concentrations exhibited a marked seasonal variability (Figure 7). By 
comparing the 95% confidence intervals for the various data sets, the DMSO levels found 
in May were significantly different from the concentrations observed in July/August, and 
significantly different from the values obtained in November. For July and August there was 
no significant difference between the two sets of DMSO concentrations. although August 
did exhibit a higher average. Two factors may account for the seasonal dependence. Firstly, 
during winter, photosynthetic activity is minimal, thereby limiting the production of DMS. 
Secondly, because both sunlight intensity and sunlight hours are lower during winter, less 
photochemical oxidation ofDMS to DMSO can occur. As apparent for DMSP(t) and ChI a, 
no correlation (based on Spearman's rank correlation coefficients) was evident between 
DMSO and ChI a. This would be expected if DMSO originates with DMSP released from 
plankton. The two step pathway to DMSO involves DMS, which can evade to the atmosphere 
or be utilised by bacteria. 

Rates of production and loss of DMSO can be estimated from the slopes of DMSO 
as a function of time (Figures 2,3 & 4). As shown in Table 2, DMSO was produced during 
the day with rates varying in the range of 2.5 to 5.7 nmol L -I h-I. The highest rates occurred 
during the spring. The production of DMSO showed a strong dependence upon irradiance. 
DMSO can be produced via the photosensitized oxidation ofDMS (6). However, the reaction 
rate is insufficient to account for all DMSO production observed here. DMS oxidation by 
luminescent bacteria represents a second possible source during the day (36), but the 
relatively low dissolved DMS concentrations would limit the resulting flux. Indeed, it is 
intriguing that DMS levels, about 1-2 orders of magnitude less concentrated than those of 
DMSO were not dramatically influenced. As noted above, DMS concentrations were not 
correlated with the sunlight intensity. This leads to the speculation that there is an additional 
mechanism, not dependent upon environmental DMS levels. It has long been known that 
DMSO concentrations naturally present in foodstuffs and beverages can be relatively high 
(4, 15, 31). The implication here is that there is a biosynthetic pathway for DMSO, which, 
for organisms in the marine environment, is apparently linked to sunlight intensity, suggest
ing that photosynthetic processes playa role. 

Finally, this study also showed that there was a marked loss of DMSO during the 
night (Table 2). Loss rates, 1-20 nmol L- t h- t , were more variable than production rates. 
Again there was no concurrent rise in DMS concentrations, suggesting that DMSO removal 
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resulted from microbial assimilation. DMSO is known to be a viable substrate for some 
bacteria (49). Presumably such microbial assimilation would also occur during the day, but 
this study provides no data to support such a claim. 

CONCLUSIONS 

DMSO, but not DMSPT and DMS exhibited a strong diurnal variation in marine 
surface waters. DMSO was found to be significantly positively correlated to DMS and 
sunlight intensity. Additionally, DMSO varied seasonally, with lowest values present in 
winter. The dominance of DMSO was evident as concentrations were typically between I 
and 2 orders of magnitude greater than those ofDMSP(t) or DMS. The rapid formation and 
loss processes observed for DMSO appeared to have little impact on DMS content. DMSO 
apparently is produced during the day. Photo-oxidation ofDMS may be a contributing factor, 
but cannot account for the apparent production of DMSO. DMS oxidation by luminescent 
bacteria may also playa role. We speculate here that DMSO may be directly synthesised by 
photosynthetically active organisms. Equivalent rates of removal are observed during the 
dark, ascribed here to bacterial assimilation as DMS concentrations were not seen to increase 
sufficiently to account for the DMSO loss. 
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DMSO 

A Significant Compound in the Biogeochemical Cycle of DMS 
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SUMMARY 

Dimethylsulfoxide (DMSO) in seawater is thought to arise from photochemical and 
bacterial oxidation of dimetbylsulfide (DMS) and is likely to be a key compound in the 
marine biogeochemical cycle of sulfur. DMSO was measured using a new highly specific 
method (12). This involves removal of DMS from samples by purging; DMSO is then 
reduced to DMS using the enzyme DMSO reductase purified from the photosynthetic 
bacterium Rhodobacter capsulatus. This technique has been used to measure DMSO 
concentrations during three field campaigns: in coastal and shelf waters of the North Sea 
during a cold and cloudy April, the equatorial Pacific inside and outside the nutrient rich 
plume in the vicinity of the Galapagos Islands, and the Arabian Sea along a transect from 
upwelled eutrophic to oligotrophic waters. Results for DMSO concentrations have been 
compared with those for DMS and dimethylsulfoniopropionate (DMSP), in surface waters 
and throughout the water column. These data are used to establish the significance ofDMSO 
in marine waters. 

INTRODUCTION 

DMSO occurs naturally in marine and freshwater environments (1, 8, 19), in 
rainwater and in the atmosphere (5, 11). Early work on DMSO suggested that it was produced 
by phytoplankton and was present at concentrations far in excess ofDMS (1, 2). However, 
this work was carried out before much was known about DMSP production and the method 
used caused degradation of DMSP to DMS. Current literature suggests that DMSO in 
seawater arises from photochemical and bacterial oxidation processes and is a key compound 
in the marine biogeochemical cycle ofDMS. 

Until recently these oxidation processes have received little attention, even though 
this may represent an important sink for DMS (21). Brimblecombe & Shooter (6) showed 
that aqueous solutions of DMS were susceptible to photooxidation by visible light in the 
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presence of photosensitizers. They estimated the global quantity of DMS photooxidized 
would amount to about 6 Tg(S) a-I. This is significant when compared with the global sea-air 
flux ofDMS of 17 Tg(S) a-I estimated by Bates & Gammon (4). The photochemical oxidation 
ofDMS to DMSO also occurs in the marine atmosphere (3,5, 14). Due to its low volatility 
and hygroscopic nature, DMSO would be scavenged from the air by rain (15) and returned 
to the oceans in precipitation. 

In addition to photochemical processes, the formation ofDMSO from DMS may be 
enzymically catalyzed (21). It has been demonstrated that some phototrophic bacteria are 
capable of oxidizing DMS to DMSO, however, most of the organisms studied to date are 
obligate anaerobes (10, 23, 25). Zeyer et al. (25) showed that enrichment cultures of 
phototrophic purple bacteria, including a pure strain of a marine Thiocystis species, rapidly 
oxidized up to 10 mM DMS to DMSO. Hansen et at. (10) isolated seven, pure bacterial 
cultures that could utilize DMS as an electron donor for CO2 fixation, with DMSO as the 
only product. Recently Hanlon et al. (9) isolated a strain of Rhodobacter sulfidophilus which 
grew autotrophic ally with DMS serving as an electron donor in photosynthesis and respira
tion, but not as a carbon source. They identified a periplasmic DMS acceptor oxidoreductase, 
which was distinct from the DMSO reductase found in this bacterium. 

Until recently, the few available measurements of DMSO in seawater were thought 
to be unreliable due to analytical difficulties (12), and hence its role in the marine sulphur 
cycle has yet to be defined . Various methods have been reported for DMSO analysis in 
aqueous samples. Direct measurement of DMSO by gas chromatography is generally 
insufficiently sensitive (but see Lee and deMora, this volume) for the nanomolar concentra
tion range found in environmental samples (7, 17, 18,24). Chemical reduction ofDMSO to 
DMS with subsequent analysis of the DMS has greater sensitivity, however these methods 
require the prior removal ofDMSP from the sample (8, 13). Recently we have developed a 
sensitive and highly specific technique for the measurement ofDMSO in aqueous solution 
(12). In this paper we discuss some of the results obtained during three field campaigns to 
shelf, coastal and open ocean waters using the new technique. 

MATERIALS AND METHODS 

Measurements ofDMSO, OMS, DMSP(p) and DMSP(d) 

The analytical system consisted of a Varian 3300 gas chromatograph fitted with a 
flame photometric detector and a Chromosil 330 column. The GC was operated using a 
temperature program (40-85°C), and the DMS retention time on this column was 3.4 min. 
The detector output was monitored on a Hewlett-Packard 3390A reporting integrator. The 
method for the hydrolysis ofDMSP(P) and DMSP(d) to DMS and the system for trapping 
DMS was identical to that described by Turner et al., (22). 

For DMSO analysis the system was also similar to that described by Turner et al. 
(22) with the exception that the purge tube was illuminated using three 60 W daylight bulbs, 
which initiated the reduction ofDMSO. Reduction ofDMSO to DMS was achieved using 
a reducing solution containing 25 f.lg cm-3 DMSO reductase, 30 mM ethyle
nediaminetetraacetic acid (EDTA), and 540 f.lM flavin mononucleotide (FMN). Under 
illumination EDTA forms radicals which reduce FMN to FMNH2, and this acts as an electron 
donor to DMSO reductase, catalyzing the reduction of DMSO to DMS. DMSO reductase 
was purified from the cells of R. capsulatus strain H123 using the method outlined by 
McEwan et al. (16). This method is described in more detail in Hatton et al. (12). 
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Field Measurements. The DMSO assay was tested under field conditions during 
three shipboard campaigns: A survey of the region surrounding the Galapagos Islands was 
conducted onboard the research vessel Columbus Iselin (5-24 November 1993). A series of 
stations were occupied both upstream (east) and down stream (west) of the Islands. Depth 
profiles were taken to 1500 m. A survey of the southern North Sea was conducted onboard 
the Cirolana (5-10 April 1994). Seawater samples were taken routinely from a depth of 
approximately 3 m using the non-contaminated ship's continuous pump supply and analyzed 
immediately. A survey was conducted in the Arabian Sea along a transect from upwelled 
eutrophic, to oligotrophic waters onboard the Discovery (20 August-6 October 1994). 
Samples for depth profiles were collected from the CTD rosette and underway samples using 
the non-contaminated ship's continuous pump supply and analyzed immediately. 

All water samples collected from the CTD rosette were stored in 500 ml ground glass 
stoppered bottles with minimal headspace for a maximum of 8 hr in the dark at ambient 
seawater temperature to minimize possible storage artifacts. 

RESUL TS AND DISCUSSION 

DMSO in Surface Seawater 

Fig. 1 shows the concentrations ofDMS and DMSO found in near surface waters in 
the North Sea and the Arabian Sea. From these results we have concluded that the distribution 
of DMSO in surface seawater closely follows that of DMS. The correlation between DMS 
and DMSO for the whole data set was r = 0.77, showing that a strong relationship exists 
between the two compounds. DMS was below the detection limit for a few of the North Sea 
analyses, but, with the exception of one sample, DMSO was readily detected in all of these 
(Fig. 2). We feel that this correlation helps to support the theory that photooxidation ofDMS 
in surface waters may be an important source of DMSO. Shooter and Brimblecombe (20) 
suggested that a number of oxidation pathways exist in seawater, but that near the sea surface, 
photochemical processes probably play the more important role in DMS oxidation. The loss 
of DMS via photooxidation to DMSO is thought to occur in seawater at rates which are of 
the same magnitude as the emissions of DMS to the atmosphere (6). Brimblecombe and 
Shooter (6) also showed that in coastal seawater photooxidation of DMS did not differ 
considerably between sunshine or overcast conditions. This would help explain the correla
tion even though the data sets were taken from both the North Sea and the Arabian Sea under 
sunny and overcast conditions. In the past, the mechanisms for DMS oxidation have received 
little attention, even though this may represent an important sink for DMS (21). Hydrogen 
peroxide is thought to be a potential chemical oxidation route for DMS in seawater (26). In 
addition, it has been shown that the formation of DMSO from DMS may be enzymatically 
catalyzed (21). A number of works have demonstrated that some phototrophic bacteria are 
capable of oxidizing DMS to DMSO, however, most of the organisms studied to date were 
obligate anaerobes (9, 10,23,25). DMSP(p) appeared to follow the same general trend as 
DMSO (Fig. 1), but did not give a significant correlation (r = 0.34). 

Vertical distribution. A series of depth profiles of DMS, DMSO, DMSP(p) and 
DMSP(d) concentrations were determined for seawater collected during the equatorial 
Pacific and the Arabian Sea campaigns. Fig. 3 shows two example depth profiles collected 
inside and outside the nutrient rich plume in the vicinity of the Galapagos Islands. The 
DMSP(p) concentrations were consistently higher than DMS, DMSO and DMSP( d) concen
trations in the upper water column. The DMSO concentrations were also consistently higher 
than DMS and DMSP(d) concentrations and were higher than DMSP(p) concentrations at 
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Figure 2. Correlation between DMS and DMSO for data set collected in the North Sea, 5th - 10th April 1994 
and Arabian Sea, 20th Aug -6th Oct 1994. Concentrations show a correlation ofr = 0.77. 
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Figure 3. Concentration profiles for DMS, DMSO, DMSP(p) and DMSP(d) for contrasting stations outside 
(a, 0030N, 89°0W) and inside (b, 0023S, 92°60W) the high productivity plume to the west of the Galapagos 
Islands. Samples were collected during the PlumEx study onboard RV Columbus Iselin, equatorial Pacific 5th 
- 24th Nov 1993. Note the difference in X axis scales. 
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Figure 4. Concentration profiles for DMS, DMSO, DMSP(P) and DMSP(d) for contrasting stations in an 
oligotrophic (a, 10014N, 65°33E) and a eutrophic (b, 17°30N, 60030E) area. Samples were collected during 
Arabesque 1 onboard RRS Discovery, Arabian Sea 20 Aug - 6th Oct 1994. Note the difference in X axis scales. 

greater depths. The concentrations of all four compounds were higher within the plume than 
outside. Fig. 4 shows two example depth profiles collected in upwelled eutrophic to open 
ocean oligotrophic waters of the Arabian Sea. The DMSP(p) and DMSP(d) concentrations 
were consistently higher than DMS and DMSO down through the top 50 m of the profile. 
The DMSO concentrations were consistently higher than DMS and were higher than 
DMSP(P) and DMSP(d) at greater depths. Concentrations of all four compounds were higher 
in the eutrophic waters than the oligotrophic regions. Results for biological parameters are 
now being processed and these will be published with the full biogenic sulphur data set in 
the future. 

DMSO in the Deep Water Column. In both the Pacific and the Arabian Sea, DMSO 
was found to be ubiquitous throughout the water column. DMSO concentrations never 
dropped below 1.5 nmol S dm-3 at greater depth and were higher throughout the water column 
in highly productive regions. Fig. 5 shows values for DMSO and DMSP from a series of 
deep profiles inside and outside the high productivity plume to the west of the Galapagos 
Islands. Results were integrated to give the average concentration in nmol S dm-3 over a 
1500 m water column. This shows that when the whole water column is taken into account 
DMSO levels are significantly higher than those of DMSP(p). Similar results were also 
observed for deep profiles taken in the Arabian Sea. Recently, Ridgeway et al. (19) observed 
that DMSO was well mixed throughout the water column, and suggested that DMSO had a 
longer mean lifetime than DMSP or DMS. Our results appear to confirm this observation 
and therefore indicate that DMSO may act as a substantial sink for DMS in deep waters. 
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Figure 5. PlumEx, RV Columbus Iselin, equatorial Pacific 5th - 24th Nov 1993 . Biogenic sulfur compounds 
were analyzed in a series of deep profiles inside and outside the high productivity plume to the west of the 
Galapagos Islands. DMSP(p) concentrations reached their minimum detection levels by 200 meters, whereas 
DMSO was detected in all samples down to 1500 m. The bars represent the average DMSO and DMSP(p) 
concentrations (nmol S dm·3) over the 1500 m water column. 

CONCLUSIONS 

Dimethylsulfoxide is present in a wide variety of marine environments, with the 
highest concentrations in upwelled and highly productive regions. DMSO is significantly 
correlated with DMS and closely parallels DMSP concentrations in near-surface water. 
Additionally DMSO appears to be ubiquitous throughout the water column being easily 
detectable in deep waters. 
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SUMMARY 

A new dimethyl sulfide (DMS)-degrading bacterium, Methylophaga sulfidovorans, 
was isolated from a Dutch intertidal mud flat. This bacterium was obligately methylotrophic, 
and able to use sulfide as an additional electron donor. Experiments with M sulfidovorans 
were carried out in continuous and batch cultures in order to measure DMS oxidation under 
the types of conditions in a microbial mat. As M sulfidovorans appears to be representative 
of the aerobic DMS oxidizing community in such a mat, its (kinetic) characteristics were 
used for the mathematical modelling of sulfur fluxes in a microbial mat. The predicted fluxes 
from a microbial mat sediment to the atmosphere in a 12 hour light period were within the 
range observed by direct measurements (derived from literature) in the field. 

INTRODUCTION 

Dimethyl sulfide (DMS) metabolism has been described for a small number of 
aerobic and anaerobic bacteria from freshwater and marine systems. Interest in freshwater 
DMS oxidizing bacteria originates primarily from their potential use in biological waste gas 
treatment systems for gases that contain (organic) sulfur compounds (9, 18,20,29). DMS 
in waste gases arises either as a product of the chemical lignin degradation in the paper 
industry, or from food manufacturing where DMS is mainly formed from the degradation of 
sulfur containing amino acids (11). The main precursor of DMS in marine environments is 
dimethylsulfoniopropionate (DMSP), an osmolyte present in many marine phototrophic 
organisms (10). Production of DMSP can be estimated at 4.10'5 g S (DMSP) y-' (15). 
Bacterial degradation of oceanic DMS is estimated to be about 90% of the total DMS 

Biological and Environmental Chemistry of DMSP and Related Suifonium Compounds 
edited by Ronald P. Kiene et aI., Plenum Press, New York, 1996 413 



414 J. M. M. de Zwart and J. G. Kuenen 

produced (15). Marine DMS oxidizing bacteria therefore play a significant role in the 
regulation of fluxes from the oceans to the atmosphere, and thus in climate regulation 
processes based on DMS fluxes (1). 

DMS degradation under anoxic conditions has been studied with several methano
genic bacteria from marine systems (12, 16, 17). It has been found that sulfate-reducing 
bacteria playa role in DMS oxidation in marine sediments (13), but so far only a freshwa
ter-sulfate reducing bacteria able to use DMS as a substrate has been isolated (22). 

Aerobic DMS degradation has only been described for a small number of marine 
bacteria (24, 27). A large part of the research on DMS oxidation in marine systems has 
concentrated on DMS transformations in salt marsh sediments and microbial mats (13, 14, 
25, 30). The physiological characteristics of aerobic DMS-oxidizing bacteria must therefore 
be examined in greater detail, in order to provide understanding ofthe role of these bacteria 
in the oxidation of DMS. In the current study, microbial mats are used as model systems to 
describe aerobic DMS oxidation. 

Microbial Communities in a Microbial Mat 

A microbial mat is a laminated microbial ecosystem a few millimetres thick that 
develops on solid surfaces (23). The driving force behind this ecosystem is photosynthesis 
in the top layer. Photosynthesis is, in most cases, the only source of organic carbon in mats 
(2). A microbial mat can, therefore, be regarded as a semi-closed system, with only input of 
light energy, carbon dioxide and sulfate. Only a few groups of microorganisms with different 
metabolic activities are therefore theoretically necessary to explain the interactions and 
activities within such a mat. In our model, five functional groups of microorganisms are 
considered; oxygenic phototrophs, sulfide-oxidizing bacteria, aerobic heterotrophs, aerobic 
DMS oxidizing bacteria and sulfate-reducing bacteria. These groups form a commensal 
relationship in substrate production and consumption. Carbon dioxide is photosynthetically 
fixed. The organic carbon is then used by the heterotrophic community in the aerobic zone 
of the mat, and by the sulfate-reducing bacteria in the anaerobic zone of the mat. The sulfide 
produced by the sulfate-reducers is oxidized with oxygen (produced by the oxygenic 
phototrophs) by colorless sulfur bacteria in the aerobic zone of the mat. The top layer of the 
mat contains phototrophs that may contain DMSP (25) from which DMS is produced. A 
population of DMS-oxidizing bacteria will, therefore, probably be present in the top layer 
of the mat where most of the DMS is produced. As our interest lies in the role of these 
organisms in the control ofDMS fluxes, the DMS-metabolizing bacteria represent a separate 
functional group of organisms in our model. 

The metabolic processes in a microbial mat are strongly dependent on the day/night 
cycle, during which pH values, oxygen and sulfide concentrations can reach extreme values. 
The pH in the top of the microbial mat can rise to above 10 due to the depletion of bicarbonate, 
which is the natural buffer in marine systems (24). During the night, the pH falls to 7 or 8 
because of carbon dioxide production from the dissimilatory processes of the microbial 
community, and diffusion of carbon dioxide and bicarbonate throughout the mat. The oxygen 
produced during photosynthesis during the day can result in supersaturation (2 to 3 times 
the air saturation value) of oxygen ( 500 IlM 02) at the in situ temperature (4). Concentrations 
of 500 J.lM H2S can be found in microbial mats (26). During the dark period the oxygen may 
only diffuse slowly from the atmosphere into the mat, and not all of the sulfide will be 
oxidized. Sulfide can then diffuse upwards and may reach the surface resulting in hydrogen 
sulfide emissions from the mat. 

DMS concentration profiles have been determined in microbial mat sediments, 
ranging from 250 Ilmoll-' at the top 5 mm to almost 0 at 25 mm depth in a specific sediment 
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(26). Furthermore, measurements have shown a DMS-uptake capacity in sediments, indicat
ing the presence ofa microbial DMS oxidizing population (13). 

This paper describes the isolation and characterisation of an aerobic, DMS-oxidizing 
bacterium from a marine microbial mat. The physiological characteristics of the isolate are 
used in a mathematical model describing sulfur fluxes in a microbial mat. In this general 
model, both biological activity and transport processes are considered in order to predict 
DMS release into the atmosphere. 

MATERIALS AND METHODS 

Bacterial Culture and Natural Samples 

Microbial mat sediment samples were obtained from an estuarine intertidal region at 
the south-west coast of the Netherlands (51 0 26.3' N, 40 7.5' E). Samples were obtained in 
1993 and 1994. Methylophaga sulfidovorans was isolated from these mat samples (7). 

Culture Media 

Medium contained per liter: 15 or 25 g NaCl, 0.5 g (NH4hS04, 0.33 g CaCI2.6H20, 
0.2 g KCl, 1 g MgS04.7H20, 0.02 g KH2P04, 2 g Na2C03, 1 mg FeS04.7H20, 1 ml trace 
solution, I ml vitamin solution. pH was set at 7.5 (± OJ) with I N HC!. The trace element 
solution was as described by Widdel and Pfennig (28), except for the addition of 0.6 flM 
Na2Se04.5H20 (final concentration). The vitamin solution contained per liter: biotin (20 
mg), nicotinic acid (200 mg), thiamine (100 mg),p-aminobenzoic acid (100 mg), pantothen
ate (50 mg), pyridoxine.HCl (500 mg), riboflavine (10 mg) and vitamin B 12 (10 mg). Medium 
used for purification of strains· was supplemented with HEPES buffer (1 mM). 

Artificial sea water, used for suspension of sediment samples, contained 22.5 g I-I 
NaCl, 24.6 g 1.1 MgS04.7H20, 1.5 g I-I KCl and 2_2 g I-I CaCI2. pH was set at 7.5. 

Liquid medium containing DMS was kept in glass bottles, which were sealed with 
butyl rubber or teflon stoppers to avoid DMS loss. 

The purity of the cultures was checked by streaking on Brain Heart Infusion plates 
supplemented with 1.5% NaCl. 

Analytical Techniques 

DMS from the headspace of the cultures was measured with a gas chromatograph 
with a sulfur-specific flame photometric detector (20), equipped with a Hayesep R column. 
Measurements of DMS were accurate (less than 5% variance) down to 0.5 flM in the gas 
phase. The equilibrium constant for DMS at room temperature was estimated at 13.5 (19). 

Oxygen consumption rates of bacterial suspensions were measured with a po
larographic Clark-type electrode in a temperature-controlled Biological Oxygen Monitor. 
Oxygen concentrations in the gas phase were determined by gas chromatography, using a 
molecular sieve packed column and hard wire detector. 

Culture density was determined using a Total Organic Carbon analyzer (Tocamaster 
815B)_ The biomass obtained from continuous cultures was analyzed for its carbon, hydro
gen and nitrogen content with a Carlo Erba CHNS-O elemental analyzer. The formula for 
biomass composition was found to be CHusOo.46NO.l9 for M sulfidovorans which shows 
that about 50% of the biomass is carbon. Biomass was also measured by dry weight 
determination. 
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DMS Consumption in Microbial Mat Sediment Samples 

OMS oxidation rates in natural samples were determined in 100 ml serum bottles 
filled with 20 ml sediment (1 part) and artificial seawater (4 parts), leaving the larger part 
as headspace. Aerobic and anaerobic headspaces were created by flushing with air or N2, 

respectively. The bottles were sealed with butyl rubber septa and teflon stoppers, in order to 
prevent inward oxygen diffusion and outward OMS diffusion. OMS was added to the 
samples « 1 mM OMS) with a syringe from a stock solution (27 mM OMS). As the bottles 
were not shaken during incubation, it must be assumed that even with an air-flushed 
headspace, part of the slurry in the flask rapidly became anoxic. The total OMS removal was 
therefore the sum of the aerobic and anaerobic breakdown of OMS. When the headspace 
was flushed with nitrogen, only anaerobic OMS degradation could occur. 

Most Probable Number (MPN) Counts of Aerobic DMS-Oxidizing 
Bacteria in Sediment Samples and Isolation Procedure 

Oilution series were made from natural samples using bicarbonate buffered mineral 
medium, and incubated at 25°C. The tubes containing the highest positive dilution were used for 
enrichment and strain purification. Enrichments were carried out in the same liquid medium. The 
flasks were inoculated in a desiccator with OMS in the headspace at a concentration that would not 
exceed I mM OMS in the liquid phase. One enrichment culture was selected for further study on 
the basis of its OMS-oxidizing capacity. As this culture did not grow on agar plates with OMS in 
the headspace, the aerobic OMS-oxidizing bacterium was isolated using several dilutions to 
extinction. Culture purity was checked withBHI agar plates and microscopy, and confirmed when 
the ONA of the culture gave only one visible 16 S rONA band after PCR amplification. 

Physiology and Taxonomy of the Isolate 

The substrate range of the isolate was tested in batch cultures at 25°C and 100 rpm. 
Aerobic growth was tested for the following substrates: OMS, methane, methanol, formate, 
thiosulfate, hydrogen sulfide, methylamine, dimethylsulfoxide, acrylate, acetate, ethanol, 
propanol, lactate, galactose, glucose and fructose. Furthermore, denitrification capacity with 
methanol as electrondonor and nitrate as electronacceptor was tested in a nitrogen flushed 
chemostat at 25°C. 

To determine the kinetics of OMS utilization by the isolate, it was grown in a methanol
limited continuous culture under standard conditions: temperature = 27°C, pH = 7.6, oxygen 
tension = 50% air saturation and dilution rate = 0.05 h-l. After a steady state on methanol had been 
reached, the medium supply to the continuous culture was stopped, and the aeration of the 
chemostat was changed to headspace recirculation, in order to prevent loss of OMS through the 
outgoing airflow. A pulse of OMS was added to the chemostat culture, resulting in a OMS 
concentration of 0.8 mM, and the rate of OMS consumption was followed by gas chromatography. 
The Michaelis-Menten parameters, Vmax and k., were then determined in a Biological Oxygen 
Monitor and directly estimated from the rate of OMS disappearance in the chemostat. 

Biomass yields on OMS were determined in shaking batch cultures, incubated at 25°C 
at 100 rpm. The flasks were sealed with butyl rubber stoppers to prevent OMS loss. OMS was 
added with a syringe and did not exceed 0.5 mM in order to prevent OMS toxicity and to prevent 
oxygen exhaustion. Biomass formation was measured by total organic carbon analysis. 

For further identification of the isolate the full (1500 base pairs) 16 S rONA sequence 
was determined and compared with known eubacterial sequences at the Deutsche Sammlung 
fur Microorganismen. 
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The influence of pH and oxygen tension on the Michaelis-Menten parameters (the 
maximum oxidation rate Vmax and the half saturation constant ks) for DMS-oxidation by M. 
sulfidovorans was determined with chemostat grown cells. After a steady state under 
standard conditions on methanol had been reached a pulse of about 0.8 mM DMS was added 
to the chemostat culture in order to adapt the culture to DMS as a substrate. After the DMS 
had dissappeared from the chemostat (partly through the outgoing airflow and partly because 
of consumption), a particular variable (PH or oxygen tension) was changed. One hour later, 
DMS was added to the chemostat (now operated as a batch fermenter with a recirculating 
headspace) and its disappearance from the culture was followed in time. 

To test the effect of hydrogen sulfide on the kinetics ofDMS oxidation, M. sulfido
vorans was cultivated in batch cultures in serum bottles sealed with butyl rubber or teflon 
septa. The serum bottles (75 ml) were filled with 20 ml mineral medium with Na2S.9H20 to 
final concentrations ranging from 0 to 6 mM. The bottles were inoculated with about 4 mg 
I-I biomass from a chemostat culture grown under standard conditions. DMS solution was 
added to give a concentration of 0.5 mM DMS, in order to avoid toxic and inhibitory effects 
and maintain an aerobic headspace during the experiment. The bottles were incubated at 25 
dc. DMS removal rates were determined with gas chromatography. The rate ofDMS removal 
was low, due to the small inoculum, to ensure that the medium remained oxic. The Vmax was 
calculated from the initial DMS oxidation. The affinity constant was calculated from the 
slower DMS oxidation rate obtained with lower DMS concentrations. 

During these experiments purity was carefully checked with BHI agar plates and 
microscopy. 

Mathematical Modelling of Fluxes in a Mat 

To investigate the interrelationships between microorganisms in a microbial mat a 
mathematical model has been developed. This model is used to design relevant experiments 
with M. sulfidovorans and to predict the fluxes of DMS to the atmosphere. The model is 
based on simple Michaelis Menten kinetics and diffusion processes through sediment. 

In the model, five functional groups of microorganisms are considered (23). These 
groups of organisms are listed in table I in order of (vertical) appearance in the mat, with 
the most significant biological reactions carried out by each group (figure I). It should be 

Table 1. List of the functional groups of microorganisms with their 
metabolic reactions, used in the mathematical model 

Functional group 

Oxygenic phototrophs 
Chemolithoautotrophs 
Methylotrophs 
Heterotrophs 
Sulfate reducers 

Metabolic reaction* 

Light + H20 + CO2 ~ CH20 + O2 + (CH3hS 
H2S + 202 ~ H2S04 

(CH3)2S + 502 ~ 2C02 + H2S04 + 2HP 
CH20 + O2 ~ CO2 + H20 
H2S04 + 2CH20 ~ H2S + 2C02 + 2H20 

(*)The stoichiometric relations of the reactions are presented, except for the 
DMS production by the phototrophic bacteria. The DMS formation rate is 
assumed to be coupled to the average DMSP content of photosynthetic bacteria 
and the photosynthetic rate, as explained in detail in the text. The functional 
groups are listed in order of vertical appearance in the model (see also figure I). 
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Figure 1. Schematic, simplified representation of a microbial mat. In the model, 5 groups of organisms are 
assumed to be in separate compartments, situated in different layers of the mat. 
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Figure 2. Aerobic and anaerobic DMS consumption in microbial mat sediment. The "aerobic" experiment had 
a gas phase containing air, but parts of the sediment in the bottle were anaerobic, due to low oxygen diffusion 
from the headspace to the sediment This experiment therefore represents a sum of aerobic and anaerobic DMS 
conversion. In the anoxic experiment, DMS was added to the sediment after the headspace was flushed with 
N2· 
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noted that the anoxygenic phototrophs, for simplicity reasons, have not been included in this 
model. Such a group could be accommodated in an additional compartment below the 
compartments of the colorless sulfur bacteria and the DMS-oxidizing bacteria, where the 
oxygen tension will be low. It can be seen from the five reactions shown in table 1, that all 
products can be consumed. The reactions take place in separate compartments (figure I), in 
different layers, of the mat. These five metabolic reactions are the basic, and, when 
considering control of DMS production and metabolism, quantitatively the most important 
biological reactions. Metabolic activity is described with Michaelis-Menten kinetics (vrnax 
and ks)' Transport to and from the compartments was described with simple transport 
equations based on diffusion. A general mass balance was set up in the model for each 
component in each compartment, and the changes of different components with time were 
described. Details of this model have been published elsewhere (6). 

Calculations over 12-Hour Periods 

The model was used to describe changes that take place in a microbial mat during a 
12-hour light period. The driving force in the microbial mat is then photosynthesis, during 
which the pH in the mat will rise because of the depletion of the bicarbonate that buffers the 
mat. The effect of increasing pH on the Michaelis-Menten parameters for DMS oxidation 
was determined for Methylophaga sulfidovorans, and incorporated in the model. The 
influence of pH on DMS fluxes from the mat to the atmosphere was simulated using the 
model. 

RESULTS 

DMS Consumption in Microbial Mat Sediments. MPN Enumerations 
with Sediment Samples 

Different samples from an intertidal coastal area were tested for their DMS- degrad
ing capabilities under aerobic and anaerobic conditions. Most of the fresh samples (which 
had been stored in the dark) produced DMS. After I to 3 days, the production ofDMS ceased, 
and DMS uptake rates under aerobic and anaerobic conditions could be determined, as shown 
for one sample in figure 2. As long as oxygen could be detected in the gas phase, the 
experiment was labelled "aerobic". When the oxygen was depleted (at the end of the aerobic 
experiment, or during the anaerobic experiments), hydrogen sulfide was detected. Most 

Figure 3. Michaelis Menten-type saturation 
curve for Methylophaga sulfidovorans. of the spe
cific oxygen consumption rate versus the DMS 
concentration. From this curve the kinetic pa
rameters Vmax and kg were estimated with a Line 
Weaver-Burk Plot: Vmax = 383 ± 16 nmol O2 mg·l 
biomass min'\ and Ks = 1.0 ± 0.32 ~oll-l DMS. 
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Figure 4. The effect of pH on the kinetic parameters (vmsx and ks) for DMS oxidation of M. suljidovorans. 

probably the hydrogen sulfide produced in the anoxic part of the sediment had been directly 
oxidized with oxygen by chemolitho (auto)trophic bacteria present in these sediments. The 
aerobic DMS-oxidation rate was estimated at 1 (± 0.5) J.lmol ml-! dol for the different samples, 
by subtracting the DMS oxidation rate found under anoxic conditions from the rate found 
under "aerobic" conditions. 

The same samples (to which no DMS was added) were used for MPN enumerations 
using a bicarbonate-buffered mineral medium with DMS in the headspace. The counts 
obtained ranged from 104 to 105 cells ml-! sediment. 

Physiology and Taxonomy of Isolate 

As evident from its limited substrate range, the isolate appeared to be an obli
gat ely methylotrophic organism, capable of growth on DMS, methanol, methylamine 
and dimethylamine. Hydrogen sulfide could be used as additional energy source, but 
autotrophic growth on H2S was not possible. 

From experiments with cells grown in a methanol-limited chemostat to which DMS 
was added, the maximum oxidation rate ofDMS (vmax) was found to be 400 (± 40) nmol O2 

min-! mg-! biomass, and the affinity constant (ks) was 1.5 (± 0.5) J.lM DMS (figure 3). 
The yield of the isolate was found to be 10.36 (± 1.44) gbiomass mol-! DMS (n =15). 

Standard tests for identification (e.g. API 20 and 20 NE) are partly based on substrate range. 
All of these tests were negative for the isolate, confirming its limited range of metabolic 
possibilities. Sequence analysis of the" 16 S rRNA showed that the isolate has the highest 
similarity with the members of the gamma subclass of the Proteobacteria. The maximum 
similarity found was 86.1 % with Methylomonas methanica. This indicates that the isolate 
belongs to a new genus. It has therefore provisionally been named Methylophaga suljido
vorans. 

Cultivation of M. suljidovorans at Various pH Values and O2 

Concentrations 

The pH was found to significantly affect DMS oxidation by M. sulfidovorans. 
Different oxygen tensions had no significant effect on DMS oxidation in the chemostat 
(between 10 and 100% air saturation). Growth did not occur under anoxic conditions with 
nitrate as alternative electron acceptor. 
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Figure 5. Simulated O2 concentration in the phototrophic compartment (open bars) and in the deeper layers 
of the mat (closed bars) during a 12-hour light period. 

The maximum oxidation rate ofDMS rapidly decreased at pH-values higher than 8 
(figure 4). For low pH values (4-7) the activity was relatively high. The pH value in marine 
microbial mats varies from 7 to 10 (24), and aerobic DMS metabolism would thus come to 
a halt at the high pH values, observed at the end of the light period. The affinity constant 
responded in a similar fashion, as shown in figure 4. The value steeply increased with higher 
pH values, and less steeply increased with low pH values. 

In batch cultures in mineral medium with sulfide and DMS, diauxic use of sulfide 
and DMS was observed. Sulfide was first oxidized at a low rate (estimated at 100 (± 30) 
nmol H2S mg- I biomass min-I), with no detectable biomass production, after which the DMS 
was oxidized. The Vrnax and ks were not influenced by the concentration of sulfide (up to 6 
mM H2S) present in the batch cultures. The rates of conversion of DMS were independent 
of the amount ofH2S utilized before DMS consumption began. 

In some of the batch and continuous culture experiments, a low level of a persistent 
satellite population, Stenotrophomonas maltophilia (identified by the Delft Culture Collec
tion) was detected « 5%). This infection could not use DMS (or the methanol, used as 
substrate in the continuous culture experiments) and did not affect the observed kinetic 
parameters for DMS oxidation. 

Model Description of a Microbial Mat Ecosystem 

The model was used to calculate the effects of microbial activity and transport 
processes on the concentration of compounds in the microbial compartments over a 12 hour 
light period. All parameters used in the model (e.g. the saturation constants, yields and 
maximum oxidation rate constants for the different organisms, buffer concentration, mass 
transfer coefficients, etc.) were tested for parameter sensitivity. From this analysis, it 
appeared that biological and physical constants significantly affected both reference vari
ables. The most influential biological parameters were the ks for DMS oxidation and the size 
of the DMS-oxidizing population. The most important physical constants were the mass 
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Figure 6. Simulation of pH 
changes in compartments I to 5 dur
ing a 12-hour light period. I to 5 
represents compartments ofthe pho
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sulfate-reducing bacteria, respec
tively. 

transfer coefficients of bicarbonate, H+ and OH- in the sediment. These values were obtained 
from the literature. 

Figure 5 shows a simulation of the oxygen distribution through the mat for a light 
period of 12 hours. As can been seen, the oxygen concentration in the top layer of the mat 
rises above the air saturation of seawater (235 J.lmol O2 I-I at 25°C). If the mass transfer of 
oxygen to the atmosphere was more effective (a higher mass transfer coefficient for oxygen), 
this would give a lower oxygen tension in the top layer of the mat. 

The simulation of pH change in different layers of the mat (because of photosynthesis 
and settling, or evening out, of the pH) is shown in figure 6. It is assumed here that 
photosynthetic activity was maximum at neutral pH, with a linear decrease in activity for 
higher pH values (adjusted from (3)). The extent of the time delay before adjustment of the 
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Figure 7. DMS emission from the phototrophic compartment during a 12-hour light period. The open bars 
represent the simulation results when the pH effect on DMS oxidation is incorporated. The closed bars represent 
the simulation results if this effect is neglected. 



Aerobic DMS Degradation in Microbial Mats 423 

pH was mostly dependent on the value of the mass transfer coefficient, but also on the rate 
of photosynthesis, DMS oxidation (e.g. H2S04 production), sulfate reduction, H2S produc
tion etc. After 6 hours, the pH in the entire system reached the predicted value of9 or higher. 

The quantitative effect of a high pH value on the microbial activity of the DMS-oxi
dizing community was assumed to be similar to that of M. sulfidovorans (figure 4). A 
quantitative relation of the Michaelis-Menten parameters for DMS oxidation with pH was 
obtained and incorporated in the model. 

Figure 7 shows the simulated DMS emission from the mat by diffusion ofDMS from 
the photosynthetic compartment into the atmosphere. Simulations with and without the effect 
of pH on DMS-oxidation were made. Ignoring the increase in the pH gave relatively low 
DMS emission rates. The amount emitted was strongly related to the affinity (vrnax1ks) of the 
DMS oxidizing-community for DMS. If the effect of increasing pH on DMS oxidation was 
taken into account, the affinity for the substrate became very low. Emission was then higher, 
since at higher pH values (reached after 2-3 hours only (figure 6» the microbial oxidation 
of DMS was negligible, leading to an increased DMS concentration in the compartments. 
Obviously, a higher concentration in the mat will give a higher emission rate. 

DISCUSSION 

DMS Oxidation in Sediments 

Sediment samples from an intertidal region on the South-West coast of the Nether
lands proved to be active in both DMS production and consumption. Figure 2 shows that 
aerobic and anaerobic consumption of DMS took place, and that a community of aerobic 
DMS oxidizing bacteria must therefore have been present. The aerobic DMS oxidation rate 
was estimated to be 1 J.lmol DMS g-I d- I. The value for anaerobic DMS removal agrees well 
with rates found by Kiene and Capone (14), who reported removal of about 100 J.lmoles 
DMS in 12 days by 25 ml sediment slurry. Recalculated for these experiments, this is about 
0.33 Ilmol DMS ml-1 slurry d-1• 

The most probable number counts of aerobic DMS oxidizing bacteria in these 
sediment samples gave results that were similar to results obtained by Visscher et al. (24). 
They found that approximately 105 DMS-oxidizing cells cm-3 were present in a marine 
microbial mat on the Island of Texel (The Netherlands). Both of these counts were carried 
out with mineral medium, and clearly underestimate the aerobic DMS oxidizing bacteria in 
the sediment samples. If 5xl04 bacteria gram-I sediment are responsible for the removal of 
1 Ilmol DMS in 24 hours, assuming that 1 bacterial cell weighs 10-12 g, and that the yield of 
bacteria on DMS is ± 10 g biomass mol- I DMS, the growth rate on DMS would have to be 
± 8.5 h-1 (a division time of5 min). Growth rates of known DMS-oxidizing bacteria, (5) have 
had maximum specific growth rates (Ilrnax) of around 0.05 h-I. This indicates that enumeration 
underestimates the aerobic DMS oxidizing community present in the sediment. 

Physiology and Taxonomy of Isolate 

The new DMS-metabolizing marine isolate has a 16 S rRNA sequence that differs 
by at least 14% from known sequences of eubacteria (DSM analysis, sequence was compared 
with 4000 different sequences). In view of its methylotrophic and sulfide-oxidizing proper
ties this proteobacterium has been provisionally named Methylophaga sulfidovorans. Thus 
far, Hyphomicrobium spp. (18,20,29) and Thiobacillus spp. (9, 11) have generally been 
found to be responsible for aerobic DMS degradation in (fresh water) waste water systems. 
From marine systems, Thiobacillus spp. capable of aerobic DMS degradation have been 
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isolated( 24, 27). M. sulfidovorans is an obligately methylotrophic bacterium that can 
degrade DMS aerobically. It represents a new group of bacteria capable of degrading DMS 
and methyl mercaptans. Kiene and Bates (15) have already concluded from inhibition 
experiments in sea water that mainly methylotrophic organisms (known to be inhibited by 
chloroform) are responsible for DMS degradation. 

The DMS uptake characteristics of M. sulfidovorans have affinity constants and 
maximum growth rates comparable with other known DMS-utilizing bacteria. However, the 
biomass yield on DMS is comparatively low, about 109 biomass mol- l DMS. Hyphomicro
bium spp. gave a yield of ± 18 g biomass mol- l DMS, which is in the same range as the yield 
found for Thiobacillus thioparus T5. 

Cultivation of M. sulfidovorans at Various pH Values, H2S and O2 

Concentrations 

The variation in the kinetics ofDMS uptake as a function of pH indicated that at pH 
values above 8, the DMS-oxidizing capacity of M. sulfidovorans rapidly decreased. This has 
significance in microbial mats, since the pH during the day time may reach values above 10. 
This rapid decrease in DMS oxidation for pH values higher than 8 was also found in all 
natural samples tested. 

The presence of relatively high concentrations of hydrogen sulfide and DMS in M. 
suljidovorans cultures resulted in diauxic consumption ofH2S and DMS. Maximum hydro
gen sulfide concentrations in mats vary from 0.1 to 0.5 mM H2S (26), but are detected well 
below the oxic zone. At the interface of oxygen and hydrogen sulfide, the concentration of 
hydrogen sulfide is usually very low « 50 /lM) (26)), which makes simultaneous use of 
sulfide and DMS possible. M. sulfidovorans should therefore have its niche in a zone in the 
microbial mat, where during light periods, the H2S concentration is sufficiently low. 

Model Description of a Microbial Mat Ecosystem 

The results obtained (figure 5) with the simulation experiment agreed well with 
reported observations of oxygen super-saturation during a light period in a microbial mat 
(4). Figure 5 indicates that a (stepwise) gradient from high oxygen tensions at the top to low 
oxygen concentrations at the bottom ofthe mat occur. The amount of oxygen in the different 
layers depends on the mass transfer of oxygen in the sediment, and the oxygen consumption 
rates of the colorless sulfur bacteria and the DMS-oxidizing bacteria. 

The simulated rise in pH in the top layer (figure 6) was in accordance with experi
mental measurements of pH in the top layers ofa mat (4). This rise can be explained by the 
depletion of bicarbonate by the phototrophs. The production of sulfuric acid by the colourless 
sulfur bacteria does not compensate for the rise in OH- ions. 

The simulated emission from the mat of 4 /lmol DMS m-2 h- l, fits with the observed 
maximum DMS emission rates of 335 /lmol m-2 dol which were detected above a sediment 
from a brackish estuary (8). Assuming a constant emission ofDMS during the day, this rate 
equals 14 !-lmol m-2 h- l for the brackish estuary, which is in the same order of magnitude as 
predicted here. Furthermore, Jorgensen and Okholm-Hansen (8) found that DMS was 
emitted in the late afternoon. The model predicts this effect (figure 7), since pH rises in the 
mat during the day, which results in a decreased microbial activity for DMS removal. 

The model presented here gives a simplistic view of a complex ecosystem. Relatively 
important sinks for hydrogen sulfide, including anoxygenic photosynthesis (23), were not 
taken into account. Furthermore, anoxygenic photosynthetic bacteria can use DMS as an 
electron donor which provides an additional sink for DMS under anaerobic conditions. As 
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OMS is produced in the top layer of the mat, the anaerobic conversions of OMS that would 
occur in the lower layers of such mats (14, 24) were not taken into account. It should be 
emphasized that this model design is of a very general nature, and can easily be extended 
with additional compartments without the need for new fundamental assumptions (6). 

In spite of its simplicity, the model gives satisfactory predictions of, for example, 
oxygen distribution, pH-settling and OMS emissions. The model, together with the new 
isolate M sulfidovorans, will help in quantitative understanding of processes in microbial 
mats, and will indicate the processes that must be examined in more detail in order to 
understand the regulation of the carbon and sulfur fluxes in a microbial mat. 
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fermentation of, 352 
measurement of, 216 
relationship with algae, 219 
reduction of, 352 

S-Adenosylmethionine (SAM, ADOMET), 13, 
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discovery of, 13 
role in DMSP synthesis, 79 
role as methyl donor, 18 

Adomet: See S-adenosylmethionine 
Adomet synthase, 14 
Aerosol, 184 
Alcaligenes sp., 323 
Amphidinum carterae, 46 

13C-NMR spectrum of, 53 
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Betaine: See Glycine betaine 
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CCN,184 
Chlorophyll a, relationship with DMSP, 139 
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Clostridium sp., 267 
Clostridium propionicum, 352 
Compatible solutes, 56,121, 132 
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Copepods, 240,242 
Crypthecodinium cohnii, 1, 150 

biosynthesis ofDMSP, 97 
Cryptomonads, 228 
Cryptomonas sp., 213 

contribution to DMSP, 220 
Cyanobacteria, 144,369 

role in DMS formation, 377 
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use as sulfur source, 100 
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Diatoms, 133, 139,218,221,369,372 

role in DMSP production, 376 
Dirnethyldisulfide (DMDS), 327, 384, 388 
Dimethylsulfide (DMS), 301 

aerobic degradation of, 423 
anaerobic oxidation of, 356 
analysis by gas chromatography, 242 
atmospheric oxidation of, 180 
bacterial catabolism, 271, 272 
climatic significance of, 184 
concentration near New Zealand, 397 
consumption of, 364 
content in Eurytemora affinis, 244 
content in Phaeodactylum tricornutum, 244 
conversion to methane, 356 
flux from Miazuru Bay, 7 
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effect of pH, 423 
model of, 417, 422 

formation in mesocosms, 240 
net yield from DMSP, 341 
precursors of, 66 
production from DMSP, 250 
production kinetics, 331 
profile in sediment, 363 
role in global sulfur cycle, 182 
sea-air flux, 177 
sea smell, 1 
sinks in seawater, 224 

Dimethylsulfide monoxygenase, 271 
Dimethylsulfonioacetate, 8, 67 
4-Dirnethylsulfonio-2 ketobutyrate, 24, 80 
4-Dimethylsulfonio-2 methoxybutyrate, 18, 66 

intermediate in DMSP synthesis, 80 
5-Dimethylsulfonio-4 hydroxy-2 amino valerate, 18 
5-Dimethylsulfoniopentanoate, 42, 66 
3-Dimethylsulfoniopropionate (DMSP) 
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aldehyde, 33,75, 79 
analogs of, 32 
analysis by FAB mass spectrometry, 29, 30, 31, 35 
analysis by gas chomatography, 242, 280 
analysis by NMR, 2, 45 
analysis by plasma emission mass spectrometry, 

55 
bacterial accumulation of, 278-288 
bacterial demethiolation of, 268, 269, 270 
bacterial demethylation of, 267-270 
bacterial uptake of, 260, 261 
biosynthesis of, 78, 82 
biosynthesis in Crypthecodinium cohnii 
catabolism of, 80, 260, 273, 283 
chemical hydrolysis of, 366, 369 
cleavage under anaerobic conditions, 352 
concentration, 409 

Arabian Sea, 409 
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Galapagos, 409 
New Zealand,397 
North Sea, 409 

content in Eurytemora aJfinis, 242, 244 
content in Phaeodactylum tricornutum, 244, 

245 
dark production of, 311 
degradation, 239-240 

kinetics of, 325, 330 
demethylation of, 286, 353 
depth profile in sediment, 373 
effect oflight on, 136, 140 
effect of nitrogen supply on, 77 
effect of NO] on, 52 
effect of nutrients on, 13 6, 140 
effect of salinity on, 76, 372 
effect of S-deficiency on, 76 
effect of temperature on, 55, 61 
effect on animals, 165 
effect on enzyme activity, 148 
effect on methanogenesis, 364, 366 
electro spray ionzation spectrometry, 35 
esters of, 23 
extraction of, 157 
factors affecting cellular levels, 125 
function in Phaeocystis sp., 305 
gas chromatography--mass spectrometry, 37 
growth promoting effects in fish, 172 
intraclonal variations, 134 
isolation of, 2 
mass spectrum of, 39 
measurement by HPLC, 65, 69 
measurement of, 156,340,362,371 
measurement of dissolved and particulate frac-

tions, 289 
metabolism by 

Alcaligenes sp., 297, 301 
Pseudomonas doudoroJfi, 266, 297, 298, 299, 

300,301 
Shewanella sp., 266 
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3-Dimethylsuifoniopropionate (DMSP) (cont.) 
metabolic engineering of, 82 
NMR spectra of, 47 
occurrence in angiosperms, 76 

in phytoplankton, 132 
in proraryotes and algae, 146 

osmoprotectant activity of analogs, 259, 260 
osmoprotectant role in bacteria, 259, 260 
plasmadesorption mass spectrometry of, 58 
purification of, 30 
quantification by NMR, 51 
relationship with algal species, 207 
relationship with nutrients, 206 
role as compatible solute, 123 
role as cryoprotectant, 56,126,143,151 
role as methyl donor, 17, 173 
role in Spartina, 94 
role in sulfocholine biosynthesis, 110, 118 
role in transmethylation, 4 
synthesis of, 23, 35, 57, 125 
temporal varability of, 342 
turnover during grazing, 249, 250 
turnover rate of dissolved pool, 337, 344 

DMSPlyase, 260,266,267,273,299,302, 328 
activities in algae, 321 
activity in seawater, 331 
activity in Phaeoocystis, 307 
assay of, 320 
inhibition of activity, 299 
kinetic parameters, 298 
location of, 332 
occurrence in algae, 125 
pH optima of, 308 
purification and characterization, 293-302 

3-0imethlysulfoniopyruvic acid, 15 
Dimethylsulfoxide (DMSO), 371 

analytical method, 394, 406 
concentration, 392, 396, 408, 410 

Arabian Sea, 408 
equatorial Pacific, 410 
New Zealand, 396 
North Sea, 408 

correlation with light intensity, 400 
loss rates, 40 I 
overview, 392 
production of, 356, 401 
reduction by Phormidium sp., 375 
reduction of, 355 

Dimethylthetin-homocysteine methyltransferase, 
174 

Dinoflagellates, 133, 139, 150,218 
heterotrophic forms, 220 

Diplotaxis tenuifolia, 30, 49, 77 
Dragendorf reagent, 99 

Emiliania huxleyi, 45, 136, 155, 160, 183,317,398 
I3C-NMR spectrum of, 53 
role as OMS producer, 384 
sedimentation of, 381 
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Eubacterum limosum, 267 
Enteromorpha sp., 2, 317 
Enteromorpha linza, 15& 
Escherichia coli, 6 

metabolism of glycine betaine, 255, 257, 259 
Euphausia superba, 223, 229, 235 

Fast atom bombardment mass spectrometry, 29, 56 
Feeding attractants, role ofOMSP and DMS, 169 
Flame photometric detector, 68 
Flow cytometry, 191, 193 
Flux chamber, OMS fluxes, 363 
Fucoxanthin, 229 

Genetic engineering, 75 
Global change, 193 
Glycine betaine, 94, 123,253,254,259,267,273, 

282,287,28&,289,353 
analysis by NMR, 45 
effects on OMSP, 347 
effects of temperature on, 61 
plasma desorption mass spectrum of, 58 
role as compatible solute, 56 
synthesis, 258, 259 

Gonyaulax polyhedra, 9, IS 
Gonyauline,9, IS, 66 

production by Gonyaulax polyhedra, 18 
Gonzol,66 
Gulf of Mexico, 337, 346 
Gyrodinum cohnii, 1 

19' Hexanoyloxyfucoxanthin, 229 
Homocysteine, reaction with DMSP, 4 
Henry's Law, 177 
Horruuine, 53, 55, 60, 123 
HPLC, analysis ofOMSP, 155, 160 
Hyphomicrobium sp., 393, 423 

Ice-algae, production of DMSP. 224, 228 
lmantonia sp., 198 

Kinetic parameters 
ofOMSP loss, 331 
of DMSP lyase activity, 331 
variability of, 334 

Klebsiella pneumoniae, 260 
Krill, 223 

fecal pellet DMSP, 235 
rate of DMS production, 231, 234 

Lactate dehydrogenase, 144, 148 
Light 

effects on DMSP, 136, 140 
requirement for DMSP synthesis, 150 

Ligurian Sea, 193 
Lovelock, James, 177 

Macroalgae, OMSP lyase production by, 317 
Mass spectrometry, 29, 56, 58 

Mediterranean Sea, 192, 196,203 
Melosira mummuloides, 135 
3-Mercaptopropionate (MPA), 355 
Methanesulfonate monooxygenase, 272 
Methanesulfonic acid, ISO, IS3 

bacterial catabolism of, 272 
Methanethiol, 351, 355, 3S& 

bacterial catabolism, 271 
net yield from OMSP, 341 
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production from OMSP, 268, 269, 270, 337, 340 
Methanogens 

use ofDMS, 356 
use ofMMPA, 354 

Methanosarcina sp., 268 
Methionine 

methyl incorporation into DMSP, 53 
precursor for AdoMet, 14 
precursor of phosphatidyl sulfocholine, 110 
role as precursor ofOMSP, 121 
salvage pathway, 21 

Methionine decarboxylase, 99 
characteristics of, 105 
N-terminal amino acid sequence of, 103 
purification of, 103 

3-Methiolpropionate, 351 
2-Methyl-OMSP, 67 
3-Methylmercaptopropionate (MMPA) 

metabolism, 269, 270 
production from OMSP, 268, 269, 270 

3-Methylmercaptopropionic acid, 102 
Methylophaga sulfidovorans, 420 
Methylthiobutanoic acid, 102 
Methylthiopropionate, production from DMSP, 17 
Methylthiopropionic acid, production from DMSP, 

4 
Methyl-S-coenzyme M, 354 
Methyl-S-coenzyme reductase, 26S 
S-Methylmethionine, 66, 102, 105 

catabolism of, 16 
conversion to DMSP, 17, 75, 79 
occurrence of, 16 
role as methyl donor, 14 
sulfonioum lyase, 22 
synthesis of, 33 

Methylmethionine sulfonium chloride (MMSC), 
8 

Microbial mat, 369, 414 
Micro-layer, 180 
Microcoleus sp., 144 
Microcoleus chthonoplastes, 370, 375 

cleavage ofOMSP, 374 
production ofDMSP, 376 

Mono Lake, 361, 362 
Monterey Bay, distribution of DMSP and OMS in, 
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Nitzchia alba, 18, 109 
biosynthesis of phosphatidyl sulfocholine, 113 

Nitzschia angularis, 109 
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NMR,45 
Nutrients, effects on DMSP, 136 

Onium compounds, purification of: 58 
Osmolytes, 122 
Osmotic adjustment, 121, 122 

the role ofDMSP, 121, 123 

Peridinium bipes, 7 
Phaeocystis sp., 66, 213, 223, 232, 235, 305 

DMS production by, 307 
role in DMSP production 214, 220 

Phaeocystis pouchettii 
Phaeodactylum tricornutum, 240, 242 

13C-NMR spectrum of, 53 
Phosphatidylcholine, 109 
Phosphatidylsulfocholine, 17, 109 

biosynthesis of, 112, 116 
occurrence in N alba, 110 

Picoplankton, 191 
contribution to DMSP, 196 

Pigments 
analysis by HPLC, 226 
relationship with algal DMSP, 198 

Plasma desorption mass spectrometry, 55, 58 
Platymonas sp.: See Tetraselmis 
Pleurochrysis carterae, 45 

13C-NMR spectrum of, 51 
Polysiphoniafastigiata, 2, 66 
Potassium, role in cell osmoregulation, 254 
Prochlorococcus, 191 
Proline, 94, 123 
Proline permease 

genetics, 255-259 
Pro P, 255, 256 
Pro U, 256 
Pro V, 256 
Pro W, 256, 257 
Pro X, 257 
regulation, 257 

Proline Transport in E. coli, 254 
Prorocentrun micans, 7 
Pryrnnesiophytes, 133, 139 

Rate constant, for DMSP consumption, 337, 339, 
344 

Rhizobium meliloti, metabolism ofGBT, 255, 257, 259 
Rhodobacter capsulatus, 406 
Rhodomonas salina, 134 
Rhodobacter su/fidophilus, 406 

Rhodopseudomonas sp. strain BBI, 269 
Rhizosphere, 93 

Saccharum sp., 76 
Salinity 

effects on organisms, 122 
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effects ofDMSP accumulation in bacteria, 282 
SAM, 105; see also S-adenosylmethionine 
Saronicos Gulf, Aegean Sea, 203 
Sea ice, 121,221 
Sedimentation (algal), role in DMS production, 386 
Size fractionation, 229 
Southern Ocean, 223 
Stenotrophomonas maltophilia, 421 
Spartina sp., 75 
Spartina alternijlora, 76,155,160 

effects of salinity on, 92 
effects of sulfide on, 87, 91 

Spartina anglica, 76, 88, 92 
Spartinajoliosa, 76 
Sulfide 

effects on DMSP, 87, 92 
measurement of, 90 

Sulfocholine, 110 
synthesis of, 112 

Sulfonium compounds 
elimination reactions, 15, 22 
reaction with nucleophiles, 16 

Synechococcus, 191 

Tetraselmis subcordiformis, 46, 123, 150 
13 C-NMR spectrum of, 50 
DMSP and Glycine betaine levels, 60, 61 
growth of, 57 
measurment ofDMSP in, 55 

Thiobacillus sp., 423 
Thiocapsa roseopersicina, 269 
Thiocystis sp. 393, 406 
Transfer velocity, 179 
Trigonelline, 55, 60 
Trimethy1 sulfonium iodide, 15 

Ulva, 2 
Ulva iactuca, 78, 98, 156, 160, 317 

Weddell Sea, 233 
Wollastonia bijlora, 17, 75 

ketomethiol butyrate in, 21 
DMSP synthesis pathway, 78 
sulfur and methyl budgets in, 81 
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