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Preface

Algae, including cyanobacteria, are the
most primitive and dominant photosynthetic
life over the planet, which play a crucial role for
sustainability and development of entire eco-
systems. They are ubiquitous in freshwater
and marine habitats, and considered as major
biomass producers, maintaining the trophic
energy dynamics of both aquatic and terres-
trial ecosystems. It has been estimated that
prokaryotic and eukaryotic microalgae ac-
count for more than 40% of the Earth’s net
primary photosynthetic productivity and
convert solar energy into biomass-stored
chemical energy. Owing to obstinate survival
in assorted environments, these organisms
evolved a range of chemicals or secondary
compounds, each with specialized functions to
compete successfully on the planet. Moreover,
algae are immense sources of several valuable
natural products of ecological and economic
importance. During the past few years, there is
growing interest in fresh and marine algal
biochemistry to explore the important chem-
icals or metabolic processes or pathways for
the competent progress in metabolic engi-
neering and future biotechnological mission at
global level. The development of green algal
technology for bioremediation, ecofriendly
and alternative renewable energy or biofuels,
biofertilizers, biogenic biocides, cosmeceut-
icals, sunscreens, antibiotics, antiaging, and an
array of other biotechnologically important
chemicals may prove a prodigious boon for
human life and their contiguous environment.
In recent times, a number of novel algal prod-
ucts of potential commercial values ensued
from advances in algal green chemistry, which

XV

may be exploited as drug leads. In the past few
decades, numerous industries have been
established worldwide for the production of
algae-based value-added green products with
marked applications in the food, pharmaceu-
tical, cosmetics, agriculture, and energy sectors
for the benefit of human welfare and sustain-
able future.

The present book “Algal Green Chemis-
try: Recent Progress in Biotechnology” pre-
sents state-of-the-art information on various
eco-friendly products or processes from
algae/cyanobacteria by the internationally
recognized experts and subject matter ex-
perts. It is certainly not possible to consider
all aspects of algal biology as mentioned
above in a single volume book but efforts
have been made here to provide most
comprehensive and related information.
Accordingly, the book contains 14 chapters
with macro-level attempt to address the key
concepts of knowledge associated with
recent advances on promising algal biotech-
nology. Recent progress on the research of
osmoprotectant molecules in halophilic
algae/cyanobacteria with their possible
biotechnological application is discussed.
Some chemical compounds such as
mycosporine-like amino acids and scytone-
min (Scy) are recognized as strong UV-
absorbing/screening biomolecules that can
be used in cosmetic and pharmaceutical in-
dustries for development of novel drugs.
Recent advances in synthesis and bio-
functionalities of some UV-sunscreens from
algae are discussed with special emphasis on
their potential use as cosmeceuticals.
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Algae and cyanobacteria have great ability
to absorb greenhouse gas (CO,) and can be
grown at large-scale outdoor cultures for
production of bioproduct. Genome- and
proteome-wide analyses for targeted manip-
ulation and enhancement of bioproducts in
cyanobacteria is discussed in a chapter.
Microalgae are rich source of several nutri-
tionally important compounds such as pro-
teins, pigments, carbohydrates, poly
unsaturated fatty acids, dietary fibers, and
bioactive compounds with wide range of
health benefits. A chapter is focused on the
production of different nutraceuticals of mi-
cro- or macroalgal origin with their
biochemical properties and health benefits.
Nature have devised inherent defense system
comprises of several antioxidants to fight
against oxidative stress in various organisms.
A chapter summarizes an overall update in
the field of “algal antioxidants” and their
promising applications in pharmaceutical
and biomedical research in therapeutics of
various physiological anomalies, including
aging, neurodegeneration, and cancer.
Microalgae-based carotenoid production is of
great interest in the recent times owing to
their high commercial values. A chapter
tends to provide an overview of caroteno-
genesis from microalgae. Health-promoting
properties of various algal pigments are
also provided in some details. There
is worldwide increasing demand for
bioplastics. Microalgae-derived bioplastics
are biodegradable, which also makes them
eco-friendly. A chapter discusses both direct
usage of microalgal biomass and derivatized
microalgae biomass for bioplastic production.

Recent advances and up-to-date knowl-
edge on low-molecular-weight nitrogenous
compounds such as GABA (y-aminobutyric
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acid) and polyamines (PAs) derived from
microalgae are focused in a chapter. Pro-
duction of PAs in marine macrophytes in
response to abiotic stress conditions is also
conferred. Sustainable agriculture is ad-
vantageous over conventional agriculture
for its capacity to accomplish food demand
by utilizing environmental resources
without negatively affecting it. An overview
of the role of algae as biofertilizers is well
documented in a chapter. A part of the book
combines the technoeconomic analysis as
well as innovative approaches and
achievements in modeling of microalgal
process for the production of bioenergy and
high-value coproducts. Optimizing large-
scale culture cultivation arises as a perma-
nent need at industrial scale to increase the
cost-effective production of algal biomass.
This is discussed in a chapter addressing
several important issues occurring during
microalgal biomass cultivation. Finally, a
chapter evaluates the algal biofilms and
their significance in agriculture and envi-
ronmental biology for bioremediation and
nutrient sequestration. Moreover, prodi-
gious research in the field of algal green
chemistry will certainly be a windfall in the
field of environmental biotechnology, green
energy, and various aspects of agricultural

as well as biomedical research and
biochemical industries for sustainable
development of current and future
populations.

We strongly feel that the contents of the
book would be of special interest to the
graduate/postgraduate students, teachers,
biochemists, researchers in the fields of
applied and environmental microbiology,
medical microbiology, microbial biotech-
nology, and metabolic engineers engaged in
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the development of algae-based bioproducts.
As it is expected, the current context and
discourse on algal green chemistry will be
highly promising for facilitating the readers
toward front-line knowledge of algal biology
and biotechnology for process and product
development.

We thank authors of all the articles for
their kind cooperation and also for their
readiness in revising the manuscripts in a
specified time frame. We also appreciate the
consistent support from the reviewers of
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particular chapters for critical inputs to
improve the articles. We are extremely
thankful to Dr. Marinakis Kostas, Dr. Chris-
tine McElvenny, and the entire team of
Elsevier for their cooperation and efforts in
producing this book.

Editors

Rajesh Prasad Rastogi
Datta Madamwar
Ashok Pandey
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1. INTRODUCTION

To survive under halophilic environments, halophilic microorganisms must have devel-
oped the special systems such as synthesis of osmoprotectant and sunscreen molecules.
Osmoprotectants are small molecules that act as osmolytes and help organisms survive under
extreme saline conditions. Examples of compatible solutes include betaines, amino acids,
dimethylsulfoniopropionate (DMSP), and sugars. These molecules accumulate in cells and
balance the osmotic difference between the cell’s surroundings and the cytosol. Compatible
solutes have also been shown to play a protective role by maintaining enzyme activity under
abiotic stress conditions. Their specific action is unknown but is thought that they are pref-
erentially excluded from the proteins interface due to their propensity to form water struc-
tures. Here, we summarize recent progress on the research of osmoprotectant and
sunscreen molecules in halophilic algae/cyanobacteria. Their possible biotechnological appli-
cation in the field of green energy, biomedical research, and various biochemical industries
were described.

2. OSMOPROTECTANTS AND SUNSCREEN MOLECULES (MAA)

2.1 Basic Features of Osmoprotectants in Cyanobacteria and Algae

Cyanobacteria and algae, as primary producers of ecosystems, have wide range of habitats
from freshwater to hypersaline environments [1,2]. To survive under high salt conditions,
special mechanisms are required to cope ionic/osmotic imbalance. Since salt stress is a major
factor to decrease crop yield, extensive studies have been carried out on salt stress on plants.
Unique systems and unique genes in halophilic algae and cyanobacteria could be applied to
increase the crop yield of plants [3]. For the ionic regulation under high salinity conditions,
the capacity of plants to maintain a high cytosolic K*/Na™ ratio is the key determinant of
plant-salt-tolerance [4]. Besides the ionic regulation, the accumulations of alternative solutes
without inhibiting metabolic activities inside the cells are necessary [2—4]. Such solutes are
termed “compatible solutes,” which are organic molecules with low molecular weight, highly
soluble in water, and usually without net charge. Based on their chemical structure, compat-
ible solutes can be classified into several groups. The main groups are (1) disaccharides, (2)
polyols, (3) heterosides, (4) zwitterionic quaternary ammonium and tertiary sulfonium com-
pounds, and (5) amino acids [1—3]. In addition to their osmotic functions, compatible solutes
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have protective effect on proteins and membranes against denaturation under various abiotic
stresses.

Cyanobacteria can be divided into three groups according to their salt tolerance, freshwater
cyanobacteria (sensitive to salinity), marine type cyanobacteria (tolerant up to near 1 M NaCl),
and halophilic cyanobacteria. Freshwater strains tend to accumulate disaccharides, marine
strains generally use glucosylglycerol (GG), and halophilic strains accumulate glycine betaine
(GB) [2]. In algae, because of the phylogenetic diversity, there seems to be a great variety of
compatible solutes. The compatible solutes such as disaccharides in green algae, several kinds
of heterosides in red algae, and polyols in brown algae have been reported. In marine micro-
and macroalgae, accumulation of DMSP, GB, and proline has been reported [5]. The genus
Dunaliella contains species whose normal habitats range from seawater of around 0.4 M
NaCl to 5 M NaCl [1]. Dunaliella salina has adapted to survive in high salinity environments
by accumulating glycerol to balance osmotic pressure.

In this chapter, we focus on saccharides, GB, and DMSP as osmoprotectants in cyanobac-
teria and algae.

2.2 Saccharides and Their Derivatives

2.2.1 Glucosylglycerol and Glucosylglycerate

Moderately salt-tolerant and marine cyanobacteria often accumulate GG as a compatible
solute. GG-accumulating cyanobacteria Synechocystis sp. PCC 6803 can grow in freshwater
and media with salt concentration higher than seawater [6]. Glucosylglycerate (GGA) is an
uncommon compatible solute because it carries a net charge at physiological pH. GGA accu-
mulation was found in marine picoplanktonic cyanobacteria, Prochlorococcus and Synechococ-
cus spp., and in Synechococcus sp. PCC 7002. The amount of GGA was dependent on the
extent of salinity. It has been hypothesized that GGA replaces glutamate under N-limiting
conditions as alternative organic anion to counteract cations, such as K", inside cyanobacte-
rial cells [7].

2.2.2 Biosynthetic Pathway

The biosynthetic pathways of GG and GGA show similar two-step reactions. In many or-
ganisms, firstly glucosyltransferase reaction produces phosphorylated intermediates, and
then this is hydrolyzed by phosphatase to the final saccharide and derivatives [8]. The initial
step of GG synthesis is catalyzed by GG-phosphate synthase (GGPS).

ADP-glucose + glycerol 3-phosphate — glucosylglycerol-phosphate + ADP

The next step is hydrolysis of phospho-moiety of the intermediate by GG-phosphate phos-
phatase (GGPP).

Glucosylglycerol-phosphate + H,O — GG + Pi

GGPS and GGPP were firstly identified in salt-sensitive mutant of Synechocystis sp. PCC
6803 [8]. GGPS shows considerable similarity to the trehalose-phosphate synthase (OtsA)
from heterotrophic bacteria. GGPS of Synechocystis sp. PCC 6803 was activated by addition
of NaCl into the assay solution. The result indicated that GGPS in Synechocystis was
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posttranslationally regulated by NaCl. GGPP as well as GGPS become activated when NaCl
was added at concentration of 100 mM [9].

In GGA synthetic pathway, GGA-phosphate synthase (GGAPS) catalyzes the first step
[7,10].

NDP-glucose + glycerate 3-phosphate — GGA-phosphate + NDP
In the second step, GGA is produced by GGA-phosphate phosphatase (GGAPP).
GGA-phosphate — GGA + Pi

Genes encoding proteins similar to GGAPS and GGAPP of the heterotrophic bacteria were
identified in the genomes of many marine Prochlorococcus and Synechococcus strains [7,11].
GGA synthesis genes were not found in the genomes of marine Np-fixing strains [11]. Cya-
nobacterial genes encoding GGAPS are usually found in an operon with two other genes cod-
ing GGAPP and GGA hydrolase as in heterotrophic bacterial genome. Recently, homologous
genes involved in the biosynthesis of galactosylglycerol were identified in the red alga [12].

2.3 Glycine Betaine

2.3.1 Accumulation and Response to Environment

GB (N,N,N-trimethylglycine) is one of the most predominant compatible solutes to protect
organisms thriving under very high salinity [13—15]. It has been shown that the highly salt-
tolerant cyanobacteria such as Aphanothece halophytica accumulates high amount of GB (near
1 M) under salt stress condition [16,17]. Since this cyanobacterium was originally isolated
from the Dead Sea, high accumulation level of GB would be an advantage for thriving under
this extreme environment. In addition to de novo biosynthesis of GB, the betaine transporter
gene (betT) derived from A. halophytica, which specifically transported GB, has been isolated
and functionally characterized [18]. BetT is classified as the member of the betaine-choline-
carnitine transporter family. Functional characterization of BetT revealed that this transporter
had high activity under alkaline pH conditions.

2.3.2 Biosynthetic Pathway

GB is synthesized either by choline oxidation or glycine methylation (Fig. 1.1). For the case
of choline oxidation, the first step is catalyzed by choline monooxygenase (CMO) in plants
[19], choline dehydrogenase (CDH) in animals and bacteria [20], and choline oxidase
(COX) in some bacteria [21]. The second step is catalyzed by betaine aldehyde dehydrogenase
in all organisms [20,22]. Unlike other GB synthesizing organisms, the halotolerant cyanobac-
terium A. halophytica possesses a novel biosynthetic pathway for GB via three subsequent
methylation reactions of glycine. The methylation reactions are catalyzed by two enzymes,
glycine/sarcosine-N-methyltransferase (GSMT) and dimethylglycine-N-methyltransferase
(DMT), with S-adenosyl-methonine (SAM) acting as the methyl donor [23].

Since many crop plants do not have a GB synthetic pathway, genetic engineering of GB
biosynthesis pathways represents a potential way to improve crop plant stress tolerance.
Choline oxidation enzymes such as CMO, CDH, and COX have been introduced into non-
GB-accumulating plants, and this has often improved stress tolerance. However, the engi-
neered levels of GB are generally low, and the increases in tolerance are commensurately
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FIGURE 1.1 Biosynthetic pathways of
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small. Interestingly, the transfer of genes for the three-step methylation of glycine yielded
much higher accumulation of GB and also enhanced halotolerance for transformed cells in
both the freshwater cyanobacterium Synechococcus sp. PCC 7942 and the higher plant Arabi-
dopsis thaliana. Halotolerance of these transformed Synechococcus and Arabidopsis cells corre-
lated to the accumulation of elevated levels of GB [15].

It has been shown that provision of substrate for GB synthesis via choline oxidation
pathway could enhance GB [24]. Supplementation of glycine could also enhance the GB level
significantly via glycine methylation [17]. These results suggest that provision of substrate is
crucial for boosting GB accumulation. In A. halophytica, GB is synthesized using glycine as
substrate. Serine and glycine are interconvertible through the catalysis of serine hydroxyme-
thyltransferase (SHMT) [25]. Choline is synthesized from ethanolamine, which is derived
from serine. Therefore, two routes for the biosynthesis of GB can utilize serine as an upstream
precursor. Overexpression of the A. halophytica SHMT in Escherichia coli (E. coli) resulted in
higher GB accumulation, despite the fact that E. coli synthesizes GB via choline oxidation
[25]. The similar result was observed in the case of transfer 3-phosphoglycerate dehydroge-
nase gene (ApPGDH), which encodes the first step of the phosphorylated pathway of serine
biosynthesis into E. coli and A. thaliana [17]. These data showed the importance of provision of
upstream precursor for the enhancement of GB accumulation through both the choline oxida-
tion and the glycine methylation routes.

2.3.3 Regulation of Related Enzyme Activity and Gene Expression

The activities of GSMT and DMT in A. halophytica increased about 1.6- to 2.5-fold upon the
increase of NaCl from 0.5 to 2.5 M [23]. Glycine can be synthesized by two biosynthetic routes
in photoautotrophic organisms. One starts from 2-phosphoglycolate in photorespiratory
pathway [26], and another starts from 3-phosphoglycerate in phosphoserine pathway [27].
The gene expression of 3-phosphoglycerate dehydrogenase was induced by salt-upshock in
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A. halophytica [17]. GB biosynthesis by three sequential methylations generates S-
adenosylhomocysteine (SAH), which is known as transmethylation inhibitor. Continuous
GB synthesis needs for the regeneration of SAM from SAH not only to supply methyl donor
but also to remove the inhibitor. In A. halophytica, SAH hydrolase (SAHH) catalyzed the
reversible reaction of hydrolysis and synthesis of SAH [28]. It was shown that the synthetic
activity of SAHH was inhibited by 0.4 M KClI but the hydrolytic activity was not affected by
KCL Moreover, the addition of GB increased the synthetic activity in the presence of 0.4 M
KCl, but it had no effect on the hydrolytic activity. These results suggested that the GB
biosynthesis is regulated by the ratio of K and GB in A. halophytica cells.

CMO and BADH are localized in chloroplasts in Amaranthus plants such as spinach [19];
however, barley BADH was localized in peroxisomes [29]. The evidence of choline oxidation
enzymes, other than Amaranthus plants, especially in monocots, largely remains to clarify
[29,30].

2.4 Glycerol

2.4.1 Accumulation and Response to Environment

Unicellular green alga Dunaliella species, the most salt-tolerant photoautotropic organism,
accumulates glycerol as a compatible solute [31,32]. Glycerol concentration in Dunaliella parva
reached above 7 M in the growth medium containing 4 M NaCl [32]. The energetic cost of its
biosynthesis is notably inexpensive than the production of other compatible solutes [33], and
it can be mixed infinitely with water. Although these merits are thought to be a favor for
compatible solute, it was reported that glycerol is chaotropic at high concentration [34]. It
has been reported that the ATP synthesis activity of spinach thylakoid was inhibited 50%
by 2.75M glycerol, while that of Dunaliella bardawil was twofold stimulated under the
same concentration of glycerol [35]. The results showed ATPase of D. bardawil had been
adapted to high concentration of glycerol. Unlike other green algae, Dunaliella cells lack a
cell wall [36] but have an elastic plasma membrane to enable flexible change in cell volume
[37]. Usually, biological membranes are permeable to glycerol. However, it has been shown
that the permeability for glycerol of membranes from Dunaliella was exceptionally low [38].
This enables Dunaliella cells to keep high concentration of glycerol inside the cell.

2.4.2 Biosynthesis Pathway

Glycerol is synthesized by the pathway in which glycerol 3-P dehydrogenase (G3PDH)
and glycerol 3-P phosphatase (G3PP) convert dihydroxyacetone phosphate to glycerol [36].

(G3PDH) dihydroxyacetone phosphate + NAD(P)H — glycerol-3-phosphate + NAD(P)"™

(G3PP) glycerol-3-phosphate — glycerol + Pi

The activities of G3PDH and G3PP in Dunaliella cells were increased under high salinity
[39]. Upon hypoosmotic shock, glycerol content in Dunaliella cells decreased with a parallel
increase in starch content, indicating metabolic conversion of glycerol to starch [36]. Dynamic
interconversion between glycerol and starch may occur in Dunaliella cells.
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2.5 Dimethylsulfoniopropionate

2.5.1 Accumulation and Response to Environment

DMSP is a zwitterionic tertiary sulfonium compound and a widespread compatible solute
in marine micro- and macroalgae [40,41] and some species of higher plants [42]. In algae, it
was reported that intracellular DMSP concentrations increase in response to high salinity [43],
low temperatures [44], variations in light [45], and nutrient limitation [46—49]. DMSP and its
metabolite, acrylate, are shown to act as scavengers for reactive oxygen species [48]. Besides,
DMSP has a role in defense against grazers [50]. Moreover, DMSP is known as a central mole-
cule in the marine sulfur cycle and as the precursor of dimethylsulfide (DMS) that has an
impact on the global climate [51].

2.5.2 Biosynthetic Pathway

In algae, it has been proposed that DMSP is synthesized from methionine by four-step re-
actions [52]. First, methionine is converted to 4-(methylthio)-2-oxobutanoic acid (MTOB) by
aminotransferase. MTOB is next reduced to 2-hydroxy-4-(methylthio) butanoic acid
(MTHB) by reductase. Then, S-methyltransferase converts MTHB to 4-(dimethylsulfonio)-2-
hydroxy-butanoate (DMSHB). Finally DMSP is produced by oxidative decarboxylase from
DMSHB. Although the enzymatic activity of each step of DMSP biosynthesis was examined,
putative genes encoding the enzymes have yet to be identified in any organisms. But, by pro-
teomic and transcriptomic approaches using diatom, some candidate proteins or genes
responsible for DMSP synthesis have been proposed so far [53—55]. The conversion of
MTHB to DMSHB is believed to be a committing step because the reaction is unidirectional
while the reactions from methionine to MTHB are reversible. It was found recently that
MTHB S-methyltransferase activity increased upon the increase of salinity and decreased
upon S deficiency in Ulva pertusa and was inhibited by high concentration of DMSP [52].
Although U. pertusa does not synthesize GB, the level of DMSP decreased significantly
upon the uptake of exogenously supplied GB under S-deficient condition. In contrast, the
level of proline in Ulva was not affected by GB supply. Besides the synthesis of DMSP,
DMSP levels may be regulated by its catabolic reactions or by the balance of its release
and uptake.

2.5.3 Omics Approaches to Identify DMSP Biosynthetic Enzymes and Genes

The synthesis of DMSP by diatoms has been shown to be regulated by light intensity or
availability of nutrients [53]. The investigation of protein changes associated with salinity-
induced DMSP increases in the model sea-ice diatom Fragilariopsis cylindrus (CCMP 1102)
revealed that SAH hydrolases, SAM synthetases, and SAM-dependent methyltransferase,
those are involved in the cycle of SAM synthesis, increased significantly, suggesting the
flux of the active methyl cycle is regulated for the synthesis of DMSP and GB [53]. In addition,
candidate proteins involved in DMSP biosynthesis in marine algae (an aminotransferase, an
NADPH-dependent flavinoid reductase, two putative SAM-dependent methyltransferases,
two putative decarboxylases) were nominated among proteins induced by the increase in
salinity. As the genome of Thalassiosira pseudonana has been sequenced, transcriptomic and
proteomic analyses were conducted to elucidate DMSP biosynthetic genes [54,55]. However,
homologs of the candidate proteins were not induced by abiotic stresses that increased DMSP
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content in the algal cells. The authors discussed that there is no individual limiting step to
control DMSP synthesis. Instead, different components could be limiting under different con-
ditions. In general, compatible solutes are thought to be final metabolites. Indeed, turnover of
compatible solutes was often found to be low, e.g., for glycerol [37] and glucosylglycerol [5].
A clear exception to this rule is amino acid proline, which is actively metabolized like other
amino acids.

2.6 Basic Features of Mycosporines and MAAs

Mycosporines and mycosporine-like amino acids (MAAs) are water-soluble small
(<400 Da) secondary metabolites known as a sunscreen molecule. These metabolites are char-
acterized by maximum absorbance in the UV range of 310—362 nm with high molar extinc-
tion coefficients (e = 28,100—50,000 mol ! cmfl) [56]. Mycosporines and MAAs were
originally discovered as fungal metabolites, and its chemical structure was determined in
1970s [57]. Structures of mycosporines and MAAs consist of a cyclohexenone ring or imino
cyclohexene rings, on which one or two amino acids are substituted, respectively [58]. For
instance, mycosporine-glycine contains a glycine at C3 position (Fig. 1.2). Shinorine contains
glycine and serine at C3 and C1, respectively. The nitrogen atom at the imine group is pro-
tonated in MAAs, and the positive charge on a nitrogen atom is delocalized. Extensive conju-
gation due to resonance tautomers facilitates the unique absorption maximum and higher
extinction coefficient of MAAs. To date, more than 20 different MAAs have been identified.
Chemical structures of some mycosporines, MAAs, and their precursor compound 4-
deoxygadusol are shown in Fig. 1.2B. Mycosporines and MAAs are synthesized in cyanobac-
teria, fungi, and algae [59]. Although MAAs can be detected in animals, it is believed that
these MAAs are through the food chain or derived from symbiotic microorganisms [60].
However, it was found that coral and sea anemones possess the gene cluster homologs to cya-
nobacterial MAAs, suggesting the de novo synthesis of MAAs in these animals [61]. It was
also shown that fish can synthesize MAAs-related compound, gadusol, de novo [62]. Biolog-
ical function of mycosporines and MAAs was anticipated as a sunscreen molecule because of
their UV absorbing capacity, but other functions such as reactive oxygen species (ROS) scav-
enger and compatible solutes have also been reported.

2.7 Biosynthetic Pathway of MAAs

2.7.1 Genes and Proteins Responsible for Biosynthesis of MAAs

4-Deoxygadusol (4-DG) is the common precursor for the synthesis of mycosporines and
MAAs. Two possible pathways for the synthesis of 4-DG have been proposed. One is the shi-
kimate pathway. Synthesis of mycosporines and MAAs from 3-dehydroquinate (3-DHQ), an
intermediate of shikimate pathway, through 4-DG was shown in fungus Trichothecium roseum
[63]. This pathway was supported by the finding that synthesis of MAAs in the coral Stylo-
phora pistillata was inhibited by glyphosate, a shikimate pathway-specific inhibitor [64]. Based
on genome mining, Singh et al. found that two genes in cyanobacterium Anabaena variabilis
ATCC29413, Ava_3858 (demethyl 4-deoxygadusol (DDG) synthase) and Ava_3857
(O-methyltransferase), might be responsible for the production of 4-DG from 3-DHQ [65].
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29413, Nostoc punctiforme ATCC 29133, and Aphanothece halophytica. (B) Biosynthetic pathway of shinorine and
mycosporine-2-glycine.
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The genes homologs, NpR5600 and NpR5599, to Ava_3858 and Ava_3857 were found in
another cyanobacterium Nostoc punctiforme ATCC29133. It was shown that NpR5600 and
NpR5599 produced 4-DG from sedoheptulose-7-phosphate (SHP), but not from 3-DHQ, in
the presence of S-adenosylmethionine (SAM), nicotine amide adenine dinucliotide (NAD™),
and Co?" in vitro [66]. Furthermore, it was shown that Ava_3855 and Ava_3856 are involved
in shinorine biosynthesis [66]. Ava_3856, a C-N ligase, produces mycosporine-glycine from
glycine and 4-DG. Ava_3855, a nonribosomal peptide synthetase, produces shinorine from
serine and mycosporine-glycine. A similar cluster of four genes in Nostoc punctiforme
ATCC29133 (NpR5600, NpR5599, NpR5598, and Npr5597) has also been shown to catalyze
the same reaction, although in this case, NpF5597 encodes D-Ala D-Ala ligase and the direc-
tion of transcription is opposite to that of NpR5600 and NpR5598 [66,67].

Inahalotolerant cyanobacterium A. halophytica, closely located three genes, Ap3857, Ap3856,
and Ap3855, homologous to Ava_3857/NpR5599, Ava_3856/NpR5598, and NpR5597, respec-
tively, were found [68]. A gene Ap3858, homologous to Ava3858/NpR5600, was not found in
the upper region of Ap3857, but found at the distant end. Ap3858 protein contained an addi-
tional functionally unknown N-terminal domain (Fig. 1.2A) [68]. The E. coli cells transformed
with four genes from A. halophytica produced mycosporine-2-glycine (M2G) [68].

Cyanobacterial MAAs synthetic gene homologs have also been found in bacteria, fungji,
dinoflagellates, sea anemones, and coral [61,66,69]. Phylogenetic analysis suggested that
the genes Ava_3858 and Ava_3857 were horizontally transferred from cyanobacteria to dino-
flagellates [65]. To date, detailed molecular analyses of genes associated with MAAs have
only been conducted in cyanobacteria. Molecular investigation of MAAs synthetic pathway
with other organisms will be an important subject.

2.7.2 Regulation of Biosynthesis of MAAs
2.7.2.1 UNDER UV RADIATION

Biosynthesis of MAAs is enhanced by UV light. In cyanobacteria, intracellular accumula-
tion of MA As was significantly increased by photosynthetically active radiation (PAR), UV-A
(315—400 nm) radiation, and UV-B (280—315 nm) radiation [70—72]. The most effective in-
duction by UV-B radiation was demonstrated in Anabaena variabilis, Nostoc commune, Scyto-
nema sp., and Arthrospira sp. Induction of MAAs by UV radiation was also observed in
yeast, macroalgae, and marine microalgae such as prymnesiophyte, diatoms, and dinoflagel-
late [73—76].

As a molecular mechanism of MAAs induction by UV radiation in cyanobacteria, an evi-
dence of UV-B photoreceptor was proposed [77]. The possibility of MAAs induction without
specific photoreceptors was also presented. The induction of MAAs via ROS was demon-
strated [78]. In this case, ROS probably acts as signal to enhance MAAs bioproduction.

2.7.2.2 UNDER ABIOTIC STRESSES

Induction of MAAs by salt stress, without PAR or UV radiation, was reported in cyanobac-
teria Chlorogloeopsis, A. variabilis, and A. halophytica [68,70,77], and in marine dinoflagellate
Gymnodinium catenatum [79]. A significant salt-induced increase of mRNA for four M2G
biosynthetic genes was observed in a halotolerant cyanobacterium A. halophytica [68]. Heat
stress also increased the accumulation level of MAAs in corals Lobophytum compactum and
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Sinularia flexibilis [80]. However, in cyanobacteria Chlorogloeopsis PCC6912 and A. variabilis
PCC7973, high temperature did not enhance MAA accumulation [70,81]. Further investiga-
tion is required to clarify the mechanisms of abiotic-induced MAAs accumulation.

In addition to abiotic stresses, nitrogen supply also induced MAAs biosynthesis. Increase
of shinorine by addition of ammonium to the medium was observed in cyanobacterium
A. variabilis PCC7937 [70]. Ammonium supply with UV radiation induced accumulation of
MAAs including shinorine and porphyra-334 in marine red macroalga Porphyra columbina
[82]. MAAs act as intracellular nitrogen storage molecules due to their nitrogenous com-
pounds [83].

2.8 Biological Function of Mycosporines and MAAs

2.8.1 Sunscreen Role

Mycosporines and MAAs could absorb UV-A and UV-B without generating ROS. A cor-
relation between MAAs content and irradiance level supports the role of MAAs in UV pro-
tection. MA As localize in the cytoplasm of cell and have a highly water-soluble property [83].
MAAs are commercialized as Helioguard 365, which contains shinorine and porphyra-334
isolated from the red alga Porphyra umbilicalis [66]. It is believed that mycosporines and
MAAs produced in marine organisms such as cyanobacteria play an important role to reduce
the damage by UV radiation in their cells [84]. However, in a cyanobacterium Microcystis aer-
uginosa, shinorine, as the sole MAA type of this strain, did not contribute to the protection
against UV radiation [85]. In this case, shinorine was located in extracellular polymeric sub-
stances. Further investigations are required to assess the real function of MAAs.

2.8.2 Osmoprotectant Role

In addition to sunscreen property of mycosporines and MAAs, their roles to keep the bal-
ance between intracellular osmotic pressure and outer environment were presented. Myco-
sporines and MAAs are small, uncharged, and water-soluble organic compounds like
osmoprotectants [83]. Very high concentration of MAAs were found in community of cyano-
bacteria inhabiting a gypsum crust developing on the bottom of a hypersaline saltern pond in
Eilat, Israel in which cyanobacterium A. halophytica was detected [86,87]. Dilution of the me-
dium by freshwater to reduce salinity resulted in excretion of MAAs [87]. This fact supported
osmoprotectant property of MAAs. However, it should be noted that additional compounds
such as glycine betaine also contribute to balance osmotic condition in these organisms [83].

2.8.3 Antioxidant Role

Dissipation of light energy by MAAs as heat without the generation of ROS has been
demonstrated [88]. It was also shown that MAAs have a property to scavenge ROS such
as hydroxyl radicals, hydroperoxyl radicals, singlet oxygen, and superoxide anions [83].
Thus MAAs act as an antioxidant role under photooxidative stress condition caused by
ROS [84]. Antioxidant activity of mycosporine-glycine was demonstrated in vitro [83] and
in vivo in Stylophora pistillata and dinoflagellates [89]. 4-Deoxygadual, the precursor com-
pound of MAAs, also has antioxidant activity. Thus MAAs act as antioxidant in cyanobacte-
ria and marine algae. However, MAAs, such as shinorine and porphyra-334, which consist of
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an aminocyclohexene imine structure, did not show strong antioxidant activity like
mycosporine-glycine or 4-deoxygadusol [60].

2.8.4 Roles of MAAs in Halotolerant Cyanobacteria

Halotolerant cyanobacterium accumulates M2G, and the combination of UV-B radiation
and high salinity stresses further enhanced the M2G level significantly. This suggests the
role of M2G as both sunscreen and osmoprotectant. Analysis of cyanobacteria in hypersaline
saltern pond also supports osmoprotectant property of MAAs in halophilic cyanobacteria
[87]. In a halophilic cyanobacterium possessing GB, its level was much higher than M2G un-
der high salinity condition [90]. However, the accumulation rate of M2G was significantly
faster than that of GB when the cells were transferred from low to high salinity condition,
suggesting the role of M2G as osmoprotectant during early stage acclimation to salt stress.

3. CONCLUSIONS AND PERSPECTIVES

Halophilic microorganisms have evolved unique adaptations to thrive in hypersaline envi-
ronments. The intracellular accumulation of osmoprotectant via uptake and/or biosynthesis is
of central importance for the cellular defense under harsh conditions. The accumulating find-
ings revealed the biosynthetic regulations of various osmoprotectant molecules, for example
DMSP, GB, and sunscreen compound MAA. The present review is designed to address impor-
tant aspects of these molecules through accumulation, response to environment stress, biosyn-
thesis, and regulation. We also highlight the areas that have seen substantial progress in recent
years. However, for the comprehensive picture and understanding of their features, further
investigations are required. Comprehensive analysis including not only osmoprotectant func-
tions but also other physiological roles/significances should be done because they are possibly
multifunctional. In addition, MAAs might also be multifunctional as mentioned above.
Further investigations of these multifunctional molecules would be useful not only to under-
stand the molecular mechanisms for acclimation toward various environmental stresses but
also could be applied to biotechnological field such as generating stress-tolerant organisms.
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1. INTRODUCTION

Algae including cyanobacteria are the largest group of photosynthetic organisms in both
aquatic and terrestrial ecosystems. They are immense source of several secondary compounds,

Algal Green Chemistry
http://dx.doi.org/10.1016/B978-0-444-63784-0.00002-3 1 7 Copyright © 2017 Elsevier B.V. All rights reserved.


http://dx.doi.org/10.1016/B978-0-444-63784-0.00002-3

18 2. UV PHOTOPROTECTANTS FROM ALGAE—SYNTHESIS AND BIO-FUNCTIONALITIES

each with specialized functions and high economic values. Increased solar ultraviolet (UV:
280—400 nm) radiation on the Earth’s surface due to depletion or thinning of ozone layer
by means of natural and/or anthropogenically released ozone-depleting substances has
generated tremendous concern about their harmful effects on aquatic and terrestrial organisms
[1-3]. Increased solar UV radiation may alter normal physiology and biochemistry of
all photosynthetic life either directly by affecting the key cellular machinery such as lipids, pro-
teins, and DNA or indirectly by the generation of reactive oxygen species (ROS) or other free
radicals [4—6]. Incidence of solar UV-B (280—315 nm) radiation may cause drastic effects to all
life forms including human beings. Solar UV (mainly UV-B) radiation may induce skin disor-
ders such as edema/erythema, premature skin aging, and carcinogenesis. UV-induced oxida-
tive stress may also alter the expression of certain genes leading to induction of a sequence of
collagen and elastin-degrading enzymes, such as metalloproteinase, and cause photoaging.
ROS-mediated lipid-peroxidation, protein modification, DNA damages such as strand breaks,
and formation of purine/pyrimidine dimers may cease the vital functionality of the cell.

Moreover, increased incidence of solar ultraviolet (UV) radiation on the Earth’s surface is
supposed to be a major physiological stress factor to all the photosynthetic or nonphotosyn-
thetic life forms. Several organisms have developed a number of defense mechanisms to over-
come the detrimental effects of UV radiation (Fig. 2.1).

An increase in high-energetic solar radiation (280—315nm) has aroused interest in the
search for natural photoprotectant biomolecules from various organisms. A number of UV-
absorbing/-screening biomolecules, such as mycosporine-like amino acids (MAAs), scytone-
min (Scy), melanins, carotenoids, flavonoids, parietin, and usnic acid, have been reported
from diverse organisms (Fig. 2.2) [7].

Algae including cyanobacteria are capable of protecting themselves from harmful solar UV
radiation by synthesizing the UV-absorbing secondary compounds. Some specific UV-
photoprotective biomolecules have been reported in different algae. MAAs and Scy are
the most important photoprotectants that have great efficacy to protect from harmful UV
radiation [8—10]. Since application of synthetic UV filters might be harmful due to endocrine
side effects [11], the photoprotectants such as MAAs and Scy may be a great substitute in
pharmaceutical and cosmetic industries for the development of novel cosmeceuticals and
natural suncare products against photoaging and other ROS-associated disorder. This
article summarizes the occurrence of UV protective compounds MAAs and Scy in algae,
their synthesis, and bio-functionalities with special emphasis on their potential use as
cosmeceuticals.

2. PHOTOPROTECTANTS FROM ALGAE

A number of photoprotectants have been derived from different taxonomic groups of
algae. Biosynthesis or accumulation of some photoprotective compounds such as MAAs
and Scy has been documented as important phenomena against short wavelength UV-A or
UV-B radiation in several micro-/macroalgae including cyanobacteria. Herein, we have dis-
cussed about the photoprotectant small molecules MAAs and Scy pigment.
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FIGURE 2.1 Defense mechanisms adopted
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2.1 Mycosporine-like Amino Acids

MAAs are small, hydrophilic, colorless, intracellular secondary compounds composed of
cyclohexenone or cyclohexenimine chromophores conjugated with the nitrogen substituent
of an amino acid or its imino alcohol. In general, the ring system of MAAs includes a
glycine subunit at the third carbon atom; however, some MAAs also contain sulfate esters
or glycosidic linkages through the imine substituents [12]. The extreme hydrophilicity of
MAAs are due to their zwitter ionic form derived from the amino acid substitution. More-
over, the hydrophilicity can also be increased by modification with sulfonic acids or sugar
molecules [12,13]. The MAAs have high molar extinction coefficients, UV absorption max-
ima, and stability under different physicochemical factors. The UV absorption properties of
different MAAs differ due to variations in the attached side groups and nitrogen substitu-
ents [12,13]. Moreover, the specific stereo structure of MAAs (except palythine and
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FIGURE 2.2 Chemical structure of some common UV-absorbing compounds from different taxonomic groups.

palythene), including amino acids substituents is not completely interpreted. Currently,
more than 25 MAAs have been reported from diverse organisms, among which several
MAAs (Table 2.1) have been isolated from different species/strains of algae or
cyanobacteria.

2.2 The Glycosylated MAAs

Some MAAs are covalently linked to different oligosaccharides comprising of galactose,
glucose, xylose, glucoronic acid, or glucosamine [13,14] and known as glycosylated MAAs.
The UV-absorbing compounds having absorption maxima at 335 nm and 312 nm is supposed
to be first glycosylated MAA (G-MAAs) isolated from the extracellular glycan sheath of
Nostoc sp. [13]. The G-MAAs has extremely high molecular weight due to attached oligosac-
charides. The G-MAA pentose-bound porphyra-334 (Amax: 335 nm; 478 Da) was identified
from the cyanobacterium Nostoc commune [14]. Another G-MAA with double absorption
maxima at 312 and 340 nm with a molecular mass of 1050 Da was also found in the cyano-
bacterium Nostoc commune. The unique structure of 1050-Da G-MAA consisted of two distinct
chromophores of 3-aminocyclohexen-1-one and 1,3-diaminocyclohexen and two pentose and
hexose sugars [14]. Recently, two novel glycosylated MAAs such as a hexose-bound
porphyra-334 (Amax: 334 nm) and a two hexose-bound palythine-threonine (Apax: 322 nm)
with a molecular mass of 508 Da and 612 Da, respectively, were found in the terrestrial
cyanobacterium Nostoc commune [15]. Furthermore, a number of G-MAAs such as 7-O-(b-
arabinopyranosyl)-porphyra-334 (478 Da), pentose-bound shinorine (464 Da), hexose-bound
porphyra-334 (508 Da), and some other G-MAAs such as 273-Da MAA were isolated from
different strains of Nostoc commune [16]. Moreover, the occurrence of G-MAAs has been re-
ported only in some cyanobacteria like Nostoc spp., and needs an extensive study to explore
these MAAs in diverse organisms.
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TABLE 2.1 Chemical Structure of Some Common MAAs Isolated From Cyanobacteria (Blue Green

Algae) and Eukaryotic Algae

No. MAAs Chemical Structure Abs. Maxima (nm)
01. Mycosporine-tau o 309
HO NH
k/sog,H
02. Mycosporine-glycine 0 310
OH OCHs
HO NH
COOH
03. Palythine NH 320
I OCH,
HO
HO NH
|\COOH
04. Mycosporine-methylamine-serine Hsc\NH 327
i _OCH;
HO
HO NH
HOHZC)\COOH
05. Asterina-330 K\N 330
OH | OCHy
HO
HO NH
COOH
06. Palythinol HsC 332
.
OH l OCH,
HO
HO NH

(Continued)



22

2. UV PHOTOPROTECTANTS FROM ALGAE—SYNTHESIS AND BIO-FUNCTIONALITIES

TABLE 2.1 Chemical Structure of Some Common MAAs Isolated From Cyanobacteria (Blue Green

Algae) and Eukaryotic Algae—cont'd

No. MAAs Chemical Structure Abs. Maxima (nm)
07. Porphyra-334 HOOC 334
H
3Cﬁ)\N
OH OCH,
HO
HO NH
kCOOH
08. Shinorine HOOC 334
O
OH | OCH,
HO
HO NH
COOH
09. Mycosporine-2-glycine C&H 334
N
HO NH
LCOOH
10. Mycosporine-glycine-valine HooC 335
HSCﬁ)\N
CHy OCH,4
HO
HO NH
LCOOH
11. Palythenic acid HooC 337

T
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TABLE 2.1 Chemical Structure of Some Common MAAs Isolated From Cyanobacteria (Blue Green
Algae) and Eukaryotic Algae—cont'd

No. MAAs Chemical Structure Abs. Maxima (nm)
12. Usujirene /\ N 357
CH3 | OCHg
HOHO NH
LCOOH
13. Palythene H3C\/\ N 360
| OCH,
HOHO NH

14. Euhalothece-362 362

3. OCCURRENCE OF MAAs

MAAs have been reported in diverse organisms such as micro-/macroalgae, cyanobacteria
and several aquatic invertebrates such as sea anemones, limpets, shrimp, sea urchins, and ver-
tebrates [17]. It has been assumed that in higher animals occurrence of MAAs can be attributed
either to their ingestion through food chain or their synthesis by symbiotic algal partners. A
number of MAAs reported to be from different taxonomic groups of algae belong to cyanophy-
ceae, chlorophyceae, rhodophyceae, phaeophyceae, and bacillariophyceae (Table 2.2).

3.1 MAAs From Cyanobacteria (Blue Green Algae)

Cyanobacteria are the most dominant photoautotrophs that can synthesize a range of
different MAAs [18] (Table 2.2). Besides the most dominant MAAs, i.e., porphyra-334, shinor-
ine, and mycosporine-glycine [7,19], some other MAAs such as asterina-330, palythine, paly-
thinol, euhalothece-362, and mycosporine-2-glycine are considered as common MAAs found
in cyanobacteria. The occurrence of G-MAAs has also been reported in certain species of cya-
nobacteria as mentioned above. Recently, some novel MAAs such as palythine (Amax: 319 nm;
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TABLE 2.2 Occurrence of Some Common MAAs in Cyanobacteria and Eukaryotic Algae

Mycosporine-Like Amino Acids

Algal Groups MT MG PT MMS AS PL PR SH M2G MGV PA US PE E-362

Cyanobacteria  + + + + + o+
Green algae
Brown algae

Red algae

+ o+ o+ o+

Diatoms +

+ o+ o+ o+ o+ o+
+ o+ o+ + +
+ o+ o+ o+ o+ o+

Dinoflagellate

+ o+ + + o+ o+ o+
+ o+ + o+ o+ o+

Haptophyte + +

AS, asterina-330; E-362, euhalothece-362; M2G, mycosporine-2-glycine; MG, mycosporine-glycine; MGV, mycosporine-glycine
valine; MMS, mycosporine-methylamine-serine; MT, mycosporine-taurine; PA, palythenic acid; PE, palythene; PL, palythinol;
PR, porphyra-334; PT, palythine; SH, shinorine; US, usurijene.

m/z: 245), asterina (Amax: 330 nm; m/z: 289), and an unknown MAA M-312 (Apax: 312 nm) were
found in the cyanobacterium Lyngbya sp. [20]. The MAAs shinorine (Amax: 333 nm) and M-307
(Amax: 307 nm) were reported from the unicellular cyanobacterium Gloeocapsa sp. [21]. A pri-
mary MAA mycosporine-glycine (Amax: 310 nm) was first time reported and chemically char-
acterized in the cyanobacterium Arthrospira sp. studied so far [22]. Sinha et al. [23] have
reported the MAAs porphyra-334 and shinorine from three different species of Nodularia
upon UV-B irradiation. MAA-producing cyanobacteria are abundant in hot spring [19] and
hypersaline environments [24,25]. Moreover, an extensive study is needed to explore the
occurrence of some novel MAAs in different taxonomic groups of cyanobacteria.

3.2 MAAs From Eukaryotic Micro-/Macroalgae

Eukaryotic algae are capable of protecting themselves from harmful solar UV radiation by
synthesizing a range of UV-absorbing biomolecules. A number of MAAs have been reported
from eukaryotic micro-/macroalgae (Table 2.2) [26—30]. MAAs have been reported to occur
in the members of the chlorophyceae (green algae), phaeophyceae (brown algae), rhodophy-
ceae (red algae), dinophyceae (dinoflagellate), bacillariophyceae (diatom), and haptophyceae
(or prymnesiophyceae). The occurrence of MAAs in green or brown algae is very limited.

3.2.1 Chlorophyceae

Some common MAAs such as porphyra-334, shinorine, palythinol, mycosporine-glycine,
and asterina-330 were found in different green alga such as Acrosiphonia sp., Boodle sp., Cau-
lerpa sp., Chaetomorpha sp., Codium sp., and Ulva sp. [27,31—34]. The presence of an UV-
absorbing compound with an absorption maximum at 324 nm was reported in the subaerial
green macroalga Prasiola crispa spp. [35] and Prasiola stipitata [36]. Karsten et al. [37] also re-
ported the presence of two MAAs from Prasiola crispa with identical absorption spectra and a
maximum at 324 nm. A 322 nm-MAA (Apax: 322 nm) was also found in a green microalga
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Myrmecia incise [38]. Two UV-absorbing compounds with absorption maximum at 324 nm
and 322 nm were also found in the green microalga Tetraspora sp. [30]. Jeffrey et al. [39]
have investigated more than 200 strains of microalgae including several green algae for the
presence of UV-absorbing compounds and found the sunscreening compounds with absorp-
tion maxima between 330 and 340 nm. Karsten et al. [33] have found a significant concentra-
tion of photoprotective mycosporine-glycine and porphyra-334 in the green algae Boodlea
composita and Caulerpa racemosa, respectively. Recently, some common MAAs such as
porphyra-334, shinorine, and mycosporine-glycine were isolated from the extracts of marine
green alga Chlamydomonas hedleyi [40].

3.2.2 Phaeophyceae (Brown Algae)

Some UV-absorbing compounds were found in the member of phaeophyceae [33]. A single
MAA porphyra-334 was found in the brown algae Dictyota bartayresii, Hydroclathrus
clathratus, Chorda tomentosa, Dictyosiphon foeniculaceus, and Pilayella littoralis [33,34]. The
brown alga Sargassum oligocystum was found to synthesize three different MA As such as shi-
norine, porphyra-334, and palythine [33]. The MAAs porphyra-334 and shinorine were iso-
lated from the brown alga Desmarestia aculeata [27]. The brown alga Halopteris scoparia was
found to produce palythine, porphyra-334, and shinorine [27,33,34]. A number of MAAs
such as palythine, asterina-330, palythinol, porphyra-334, and shinorine was found in a
brown alga Padina crassa [31].

3.2.3 Rhodophyceae (Red Algae)

The red algae are able to synthesize or accumulate several MAAs in high concentrations
[27,35]. Several species of red algae, such as Acanthophora, Bangia, Bostrychia, Caloglossa,
Catenella, Devaleraea, Ceramium, Chondrus, Corallina, Curdiea, Cystoclonium, Devaleraea,
Dumontia, Galaxaura, Gelidiella, Gelidium, Gracilaria, Iridea, Palmaria, Phyllophora, Polysiphonia,
Porphyra, Stictosiphonia, etc., synthesize high concentrations of different MAAs [27,33,34].
The MAAs such as palythine, asterina-330, palythinol, porphyra-334, and shinorine are
widely distributed MAAs in different species of red algae. Moreover, the red alga Gracilaria
changii was found to produce seven different MAAs [33]. The red alga Porphyra umbilicalis
synthesizes three main MAAs such as palythine, shinorine, and porphyra-334 [37]. The
MAAs porphyra-334 + shinorine and asterina-330 + palythine were found in the red alge
Porphyra rosengurttii and Gelidium corneum, respectively [41]. Six different MAAs, palythine,
shinorine, asterina-330, porphyra-334, palythinol, and the low-polarity usujirene, have been
reported in the edible red alga, Palmaria palmata (dulse) [42]. The MAA porphyra-334 was
found in high concentration in some algae, particularly Porphyra spp. and Bangia atropurpurea
[43—45]. Recently, a novel MAA catenelline was isolated and chemically characterized from
marine red seaweed Catenella repens [46]. Two MAAs shinorine and palythine were derived
from Russian red algae Gloiopeltis fucatas and Mazzaella sp. [47].

3.2.4 Bacillariophyceae, Dinophyceae, and Haptophyceae

Several MAAs have been reported to occur predominantly in members of the bacillario-
phyceae (diatom), dinophyceae (dinoflagellate), and haptophyceae (or prymnesiophyceae)
[27,39]. A number of MAAs have been reported from different species of diatoms [48,49].
High content of UV-absorbing compounds were detected in the chain-forming diatom
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Thalassiosira gravida from Antarctica [50]. The UV-absorbing compound having absorption
maximum at 334 nm was observed in a marine red-tide alga Skeletonema costatum (diatom)
[51]. The presence of different MAAs such as palythine, porphyra-334, shinorine, and traces
of asterina-330, palythinol, and palythinic acid were observed in the frustules of marine
diatoms [52]. The MAAs porphyara-334 and shinorine were found in some Antarctic diatoms
such as Porosira glacialis, Porosira pseudodenticulata, Probiscia inemis, Stellarima microtrias,
Thalassiosira antarctica, Thalassiosira tumida, and other Thalassiosira spp. [49,53]. High concen-
tration of some MAAs was observed in some phytoplankton community including diatoms
from Kongsfjorden, Svalbard, Arctic [54]. Recently, occurrence of MAAs with photoprotec-
tive function was shown in a bipolar diatom Porosira glacialis [55]. The diatoms Thalassiosira
weissflogiilow produces low concentrations of porphyra-334 [28]. Piiparinen et al. [56] have
observed the group of some MAAs shinorine, palythine, porphyra-334, and an unknown
compound with absorption peaks at 335 and 360nm in diatom and dinoflagellate-
dominated sea-ice algal community in the Baltic Sea [56].

Some species of dinoflagellates such as Alexandrium excavatum is known to produce high
concentrations of MAAs [57]. It has been found that the bloom-forming dinoflagellate Alexan-
drium excavatum grown under intense light possess a complex mixture of MAAs such as shi-
norine, porphyra-334, asterina-330, and small proportion of palythine [57]. The dinoflagellates
such as Prorocentrum micans was found to synthesize four different MAAs such as
mycosporine-glycine, asterina-330, porphyra-334, and shinorine [58], whereas only two
MAAs palythine and shinorine were found in P. minimum [59]. In a dinoflagellate Amphidi-
nium carterae the MAA mycosporine-glycine was found [60]. In the marine dinoflagellate
Gyrodinium dorsum, five MAAs, i.e., shinorine, porphyra-334, palythine, and two unidentified
MAAs having Amax at 310 and 331 nm were found [61]. High-performance liquid chromatog-
raphy analysis of Gymnodinium catenatum extracts revealed the presence of mycosporine-
glycine, shinorine, porphyra-334, and several unknown UV-absorbing compounds [39].
Several UV photoprotective compounds such as shinorine, porphyra-334, and mycosporine-
glycine, palythene, and an unknown M-370 were found in Gymnodinium catenatum [62].
High concentrations of UV-absorbing compounds have been observed in several species of
bloom-forming dinoflagellates [57,63]. Five different MAAs such as palythine, palythinol,
porphyra-334, palythene, and mycosporine-glycine were found in a red-tide dinoflagellate
Lingulodinium polyedra [64]. A range of MAAs having UV-absorption maxima between 310
and 360 nm, including the MAAs mycosporine-glycine, palythine, asterina-330, palythinol,
shinorine, porphyra-334, palythenic acid, cis-usujirene, and palythene were found in the
red-tide dinoflagellate Alexandrium excavatum [39]. In the presence of UV radiation, high con-
centrations of mycosporine-glycine, shinorine, and porphyra-334 were produced by Symbiodi-
nium microadriaticum [65]. An unusual MAA having UV-absorption maximum at 333 nm
(called MAA M-333) was reported from different dinoflagellates such as Alexandrium tamar-
ense and Heterocapsa triquetra [66], which was tentatively identified as a shinorine methyl ester.
However, recently, Carignan and Carreto [29] characterized this novel compound M-333 as
mycosporine-serine-glycine methyl ester, by nuclear magnetic resonance.

Like dinoflagellates, some species of prymnesiophyte e.g., Phaeocystis pouchetii (haptophy-
ceae or prymnesiophyceae) also produce high concentration of different MAAs [67].
In Antarctica, high UV-absorption maxima, an indicative of MAAs was characteristic
of assemblages dominated by prymnesiophytes [68]. Mycosporine-glycine, shinorine, and
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mycosporine-glycine valine were the major MAAs responsible for strong in vivo UV-
absorption in Phaeocystis antarctica [69]. Moreover, several UV-absorbing compounds were
observed in some members of haptophyceae such as Emiliania huxleyi, Isochrysis galbana,
and Phaeocystis globosa but chemically not quantified [27,28].

4. GENETIC AND ENVIRONMENTAL REGULATION OF MAAs
BIOSYNTHESIS

The biosynthesis of MAAs is supposed to occur via first part of the shikimate pathway,
where 3-dehydroquinate formed during the early stages of this pathway and serves as a pre-
cursor for the synthesis of primary MAAs via gadusols or 4-deoxygadusol (4-DG) [70—72]
(Fig. 2.3). The shikimate pathway for MAAs synthesis was supported by the fact that in
the reef-building coral Stylophora pistillata, MAA synthesis was blocked by the use of glyph-
osate, which is a specific shikimate pathway inhibitor [73]. However, genome-mining for
MAA synthesis revealed the occurrence of specific genes responsible for MAA synthesis in
some cyanobacteria [74—76]. The genetic basis of MAA biosynthetic pathway has recently
been elucidated [74]. It has been suggested that the MAAs originate from the pentose phos-
phate pathway intermediate sedoheptulose-7-phosphate via 4-DG [74] (Fig. 2.3). A cluster of
four genes i.e., dehydroquinate synthase (DHQS) homolog Ava_3858, O-methyltransferase
(O-MT) Ava_3857, ATP-grasp Ava_3856, and nonribosomal peptide synthetase (NRPS) ho-
molog Ava_3855 was found in Anabaena variabilis responsible for MAA (shinorine) synthesis
[74]. It has been proposed that the DHQS and O-MT enzymes convert the precursor into 4-
DG, and ATP-grasp catalyzes the addition of glycine to 4-DG to form mycosporine-glycine
(M-Gly), while NRPS catalyzes the addition of serine to M-Gly and form shinorine. A cluster
of four genes (NpR5600, NpR5599, NpR5598, and NpF5597) responsible for MA As synthesis
has also been reported in the cyanobacterium Nostoc punctiforme ATCC 29133 [74,76]. The
gene organization for MAA synthesis has been investigated in the halotolerant cyanobacte-
rium Aphanothece halophytica under salt stress conditions [77]. Recently, Pope et al. [78]
have disclosed that pentose phosphate pathway and shikimate pathways are inextricably
linked to MAA biosynthesis in the cyanobacterium Anabaena variabilis ATCC 29413. The shi-
kimate pathway is supposed to be a more predominate route for UV-induced MAA biosyn-
thesis in A. variabilis ATCC 29413 [78]. Moreover, the genetic regulation of MAA synthesis in
different organisms is still ambiguous and needs more extensive study to reveal the complete
pathway.

Biosynthesis of MAAs is regulated by a number of environmental factors such as different
wavelengths of PAR and UV radiation, desiccation, nutrients, and salt concentrations [7].
Synthesis or accumulation of MAAs is highly responsive to UV-B radiation; however, PAR
and UV-A radiation has also been found to increase the synthesis of some MAAs to a certain
extent [79,80]. PAR-induced synthesis of MAAs was shown in a marine macroalga Chondrus
crispus [81] and in the dinoflagellate Alexandrium excavatum [57]. Synthesis of some MAAs
such as porphyra- 334, palythine, and asterina-330 was stimulated under blue light, while shi-
norine was found to accumulate under white, green, yellow, and red light in a red alga
Porphyra leucosticta [82]. UV-induced synthesis of MAAs (Fig. 2.4) has been observed in
several species of cyanobacteria [20,21,83] and eukaryotic algae [30,84]. The UV-A radiation
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FIGURE 2.3 A proposed pathway of MAAs biosynthesis.

as well as availability of certain nutrients was found to affect the accumulation of some
MAAs in a dinoflagellate Gymnodinium catenatum [62]. The bloom-forming prymnesiophyte
Phaeocystis pouchetii was found to produce UV-absorbing compounds in response to exposure
under UV-B radiation [67]. A circadian induction of MAAs was observed in the cyanobacteria
Scytonema sp. HKAR-3 [80] and Fischerella muscicola TISTR8215 [83].

A significant decrease in MAAs synthesis was observed in the marine dinoflagellates
Akashiwo sanguinea (syn. Gymnodinium sanguineum) and Gymnodinium cf. instriatum growing
under nitrogen-limited condition [85]. Increased content of MAAs was observed in Porphyra
spp. growing under ammonium-rich medium [86,87]. The cyanobacterium A. variabilis PCC
7937 growing under sulfur deficiency showed the bioconversion of a primary MAA shinorine
into a secondary MAA palythine-serine [88]. MAAs were also shown to respond to elevated
osmotic stress in some cyanobacteria [89,90]. Portwich and Garcia-Pichel [91] have reported
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the induction of the synthesis of MAA under salt stress without PAR or UV radiation in the
cyanobacterium Chlorogloeopsis sp. PCC 6912. Moreover, several cyanobacteria do not synthe-
size or accumulate sufficient MAAs for protection against harmful UV radiation [92,93];
hence the role of MAAs other than photoprotection cannot be ignored. Overall, the mecha-
nisms behind the environmentally regulated synthesis or accumulation of MAAs have not
been elucidated.

5. SCYTONEMIN

Scy is a small, yellow-brown colored, lipophilic, dimeric compound exclusively produced
by some species of cyanobacteria [9]. It is a highly polar pigment molecule accumulated in the
extracellular sheath of extremophilic cyanobacteria (Fig. 2.5A). The UV-absorption maximum
of purified Scy is 386; however, it also absorbs significantly at 252 +2, 278 + 2, and
300 £ 2nm (Fig. 2.5B) [8,20]. In general, Scy exists in oxidized (green) or reduced (red)
form (Fig. 2.5B) [20,94]. However, some other forms of Scy have also been reported [9].

The genes responsible for Scy synthesis have been identified in some cyanobacteria [95,96].
The biosynthesis of Scy is supposed to be regulated by a cluster of 18 genes (ORFs:
NpR1276—NpR1259) [95]. Moreover, a total eight genes have been identified, which are
involved in the biosynthesis of tryptophan and tyrosine, while the function of other genes
do not show any significant homology with functionally characterized proteins (Fig. 2.6)
[7,95]. Some genetic variations was observed in the genome clusters of different cyanobacte-
ria, but majority of the Scy-synthesizing genes showed high degree of amino acid sequence
similarity [95], indicating that the Scy biosynthesis in cyanobacteria is a highly conserved
process.

The biosynthesis of Scy is greatly affected by a number of environmental factors. The
expression of Scy gene cluster was observed in the cyanobacteria exposed under UV-A radi-
ation [95]. Induction of the synthesis of Scy was observed in the cyanobacterium Chroococci-
diopsis sp. [97] and Scytonema sp. R77DM [98] under increased temperature and oxidative
stress conditions. An increase in Scy synthesis was shown in the cyanobacterium Nostoc putnc-
tiforme PCC 73102 grown under nitrogen-limited condition [99]. Salinity-induced synthesis of
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FIGURE 2.5 Synthesis of scytonemin in the extracellular sheath of Lyngbya sp. (A) having the UV-absorption
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Scy was also observed in the cyanobacterium Lyngbya aestuarii [100]. It is a highly stable com-
pound under different abiotic stressors such as UV, heat, and oxidation stresses [98].

6. BIO-FUNCTIONALITIES OF MAAs AND SCYTONEMIN

MAAs exhibit strong UV absorption maxima (310—362 nm), high molar extinction coeffi-
cients (e = 28,100—50,000 M cmfl), UV-induction, photostability, and resistance to several
abiotic stressors such as heat, UV radiations, pH, oxidizing agents, and different organic sol-
vents [21,22,101—103], and play an important role in photoprotection of organisms residing
under intense solar light. Biosynthesis or accumulation of MAAs in diverse organisms in
response to UV-A/B radiations strongly favors their role in diminishing the harmful effects
of short wavelength UV radiation. MAAs can dissipate absorbed radiation efficiently as heat
without producing ROS [104]. It has been proposed that MAAs provide protection from UV
radiation not only to their producers, but also to primary and secondary consumers through
the food chain [105]. Recently, Rastogi and Incharoensakdi [30] reported the UV protective
function of 324 nm-MAA and 322 nm-MAA isolated from a green microalga, Tetfraspora sp.
The MAAs such as porphyra-334 and M-gly were found to protect eggs of the sea hare Aply-
sia dactylomela from UV radiation [106]. MAAs can prevent three of every ten photons from
striking cytoplasmic targets in cyanobacteria [92]. The production of MAAs in microalgae
and various other organisms may serve as passive defense mechanisms that allow them to
capture photons preventing their interaction with key cellular machinery, such as proteins
and DNA. Moreover, the exact biological functions of different MAAs synthesizing in diverse
taxonomic groups is still ambiguous.

MAAs can detoxify the harmful effects of UV radiation with their great efficacy as strong
antioxidants. Some MAAs such as porphyra-334 and shinorine has great antioxidant poten-
tial [107—110]. The MAA M-gly has also been found to protect the biological systems against
photodynamic damage by quenching single oxygen [111]. The G-MAAs isolated from Nostoc
commune showed efficient free radical scavenging activity [14]. A mixture of MAAs such as
shinorine + M-307 and palythine + asterina + M-312 isolated from Gloeocapsa sp. [21] and
Lyngbya sp. [20], respectively was found to act as strong free radical scavenger (Fig. 2.7).
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FIGURE 2.7 DPPH free radical scavenging activity of MAAs (shinorine + M-307) isolated from Gloeocapsa sp.
CU2556 [0.2 (A), 0.4 (B), 0.83 (C) and 1.6 (D) mg/mL [21].
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MAASs can maintain the genome integrity by minimizing the UV-induced formation of
thymine dimers [112,113], the most genotoxic and cytotoxic DNA lesions within the cell
[4]. MAAs may be considered as broad-spectrum UV absorbers/protectors and can be
used as potential ingredients in cosmetics and other cosmeceutical industries. MAAs can pre-
vent the occurrence of UV-induced skin cancer [114]. The MAAs (porphyra-334 + shinorine)
isolated from red algae was found to protect against premature skin aging [115]. Oyamada
et al. [116] have reported the role of MAAs in protecting the human fibroblast cells from
UV-induced cell death. Some synthetic analogues of MAAs, such as tetrahydropyridine de-
rivatives, have been developed for commercial application as suncare products [109,117,118].

Like MAAs, Scy also play an important role in photoprotection. The UV screening function
of Scy is well established in cyanobacteria [9,119,120]. It can prevent up to 90% of the incident
solar UV radiation from reaching the potential targets of a cell [94]. Scy can also minimize
the production of cellular ROS and thymine dimers [8,98] (Fig. 2.8). Scy has great pharmaco-
logical potential with interesting anti-inflammatory and anti-proliferative activities [121].
Moreover, due to potent UV protecting capacity [7,122—124], MAAs and Scy can be used
in the field of biotechnology and biomedical research [9,125] for the commercial development
of suncare and other cosmeceuticals products.

7. CONCLUSION AND FUTURE PERSPECTIVES

The algae including cyanobacteria are capable of protecting themselves from harmful solar
UV radiation by synthesizing the UV-absorbing biomolecules, such as the MAAs and Scy.
Although a number of MAAs has been reported from diverse organisms, several other UV
photoprotectants remain to be explored from the nature. The complete pathway for genetic
and ecological regulation of MAAs and Scy biosynthesis is still obscure. These compounds
are highly stable against different physicochemical factors and act as strong antioxidants.
MAAs and Scy are able to prevent cellular as well as genomic damage resulting from UV-
induced ROS. It has been shown that the biosynthesis of these photoprotectants greatly
induced under UV exposure and can be established as the key biomarkers of UV-stressed
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environment. Natural photoprotectants may be of great interest in pharmaceutical and other
biotechnological research for the development of novel sunscreens and other commercial
products against ROS-associated disorders.
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1. INTRODUCTION

In 1979, Rippka et al. classified cyanobacteria into five sections based on their
morphology and reproduction: Section I: unicellular cyanobacteria that reproduce by
binary fission or by budding; Section II: unicellular cyanobacteria that reproduce by
multiple fission; Section III: filamentous nonheterocyst cyanobacteria that divide in
only one plane trichome helical; Section IV: filamentous heterocyst cyanobacteria that
divide in only one plane; and Section V: filamentous heterocystous cyanobacteria
that divide in more than one plane [1]. Spirulina is a cyanobacterium that is currently
classified into the genus Arthrospira and belonged to Section III of the cyanobacteria
(Fig. 3.1A and B).

Spirulina was discovered in the mid-1960s by Jean Leonard, a member of a French-
Belgian expedition to Africa, leading to the start of extensive studies on its physiology,
biochemistry, and mass cultivation techniques [2]. Cell contents of Spirulina are high-
lighted for nutraceutical potentials, for example, phycocyanin, an antioxidant; polyunsat-
urated fatty acids, for example, gamma-linolenic acid that is a precursor for prostaglandin
biosynthesis; and sulfolipid, an antiviral agent (Herpes simplex type I). In addition, Spirulina
is a good source of protein due to high amount of protein in a cell. Proteins contribute
65—70% of total dry weight of Spirulina cells [3], whereas other cyanobacteria contain pro-
tein at approximately 30—50% of dry weight [4]. Thus, this organism is an important
source of value-added biochemicals and proteins. There are some compounds from Spiru-
lina that are commercially available, e.g., proteins including phycocyanins, lipids, and car-
bohydrates [5]. Moreover, Spirulina biomass is well known to be used as a food
supplement. These facts draw a lot of attention to this cyanobacterium, and thus large-
scale mass cultivation has been developed in outdoor ponds or culture tanks (Fig. 3.1C)
to supply for the market demand of the cell biomass used as a food supplement for
humans and a source for value-added biochemicals (Fig. 3.1D). The availability of outdoor
mass cultivation system of Spirulina causes a great advantage of this cyanobacterium over
others whose outdoor mass cultivation is not developed. In contrast to other bacteria
including cyanobacteria, Spirulina is tolerant to alkaline growth media [5], which allows
us to cultivate Spirulina under nonsterilized conditions. However, the disadvantage of
Spirulina is lack of gene transformation system, which causes difficulties for strain
improvement by using gene manipulation.
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(A) (B)

FIGURE 3.1 Spirulina (A) cells (strain C1) under microscope (B) strain C1 grown on a plate (C) culture grown in
outdoor-pond and (D) bioproduct extracts; (from left to right) chlorophyll, carotenoid, phycocyanin, and fatty acids.

2. THE SPIRULINA GENOMES

Genomes of five Spirulina strains, Arthrospira platensis C1 (Fig. 3.2), A. platensis NIES-39,
A. platensis Paraca, A. maxima CS-328, and Arthrospira sp. 8005 have been sequenced [6]
and the statistical comparison of the five genomes (Table 3.1) shows that A. platensis NIES-
39 has the biggest genome size of 6,788,435 bp, whereas the A. platensis C1 genome size is
6,089,210 bp, taking third place in the size [7].

Similar GC-content, 43.55—44.76% is found among the strains. While the genome size of
A. platensis C1 is ranked in the third place among the five Arthrospira genomes, it has the
largest number of protein coding genes with function prediction. Moreover, it is ranked in
the second for the number of protein coding genes with enzyme function, and genes con-
nected to KEGG-pathway and KEGG—orthology (Table 3.1). A distinct property of the strain
C1 (A. platensis C1) is nongliding property that enables single colonies formation (Fig. 3.1B).
Therefore, it makes them suitable to use as a laboratory strain for physiological and
molecular-level studies including proteome analyses.
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3. TRANSCRIPTIONAL REGULATION OF GENES INVOLVED IN
PRODUCTION OF VALUE-ADDED COMPOUNDS

In order to enhance the production of beneficial products by a microorganism, it is essen-
tial to know how the production is controlled in vivo. The gene regulation of the desaturation
process of fatty acids in Spirulina has been studied to gain knowledge that would lead to an
increase in the GLA (C18:3A%'%¢) production. GLA, a precursor for prostaglandin biosyn-
thesis, is an essential unsaturated fatty acid for human and its blood-cholesterol reducing
property has been detected [3]. According to the previous study, at low temperature
(22°C), the cellular GLA level is increased by approximately 30% compared to its level in cells
grown at the optimal growth temperature (35°C) [8,9]. The A°, A'?, and A® desaturases
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TABLE 3.1 Statistical Comparison of Five Arthrospira Genomes

A. platensis  A. platensis  A. maxima A. platensis  A. sp. PCC

Genome C1 NIES-39 CS-328 paraca 8005
Genome size (bp) 6,089,210 6,788,435 6,003,314 4,997,563 6,145,553
Number of scaffolds 1 1 129 1820 119
G + C content (%) 43.55 43.65 44.76 44.30 44.72
Protein coding genes 6108 6630 5690 5370 5675
RNA genes 45 46 40 31 43
tRNA genes 39 40 36 28 37
rRNA genes 6 6 4 3 6

55 2 2 2 0 2
165 2 2 1 1 1
23S 2 2 1 2 3
Protein coding genes with function 3759 2589 3329 3052 3050
prediction

Protein coding genes with enzyme 886 908 866 822 867
function

Protein coding genes connected to 949 987 917 910 942
KEGG pathways

Protein coding genes connected to 1609 1686 1557 1507 1603
KEGG orthology (KO)

Protein coding genes with COG 2433 2428 2433 2090 2461
Protein coding genes with Pfam 3832 4005 3939 3705 3871
Protein coding genes with TIGRfam 1189 1223 1168 1192 1211

The data were obtained from JGI Website (IMG: the integrated microbial genomes database and comparative analysis system (7)) as of
December 2015.

encoded by the desC, desA, and desD genes, respectively, are responsible for the desaturation
process. Thus, the regulation of the rate-limiting step catalyzed by A°® desaturase was eluci-
dated by using heterologous hosts, Escherichia coli and Saccharomyces cerevisiae [10,11]. The re-
sults obtained from the temperature response analyses of the 5 upstream region of desD gene
showed that the regulatory DNA elements and the corresponding regulatory binding pro-
teins are distinct for each particular stress condition. In response to temperature downshift,
the “AT-rich inverted repeat” (—192 to —164) served as a target-binding site for a transcrip-
tional regulator in GntR family [12], whereas under high-temperature condition at 40°C, the
AT-rich region (—98 to —80) serves as a binding site for its transcriptional regulator [13].
Moreover, the analysis of high-temperature—responsive DNA-binding protein complex by
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) revealed the presence
of HtpG (Hsp90), GroEL (Hsp60 or chaperonin) and various protein kinases in the complex
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[14]. These results provide evidence that molecular chaperones such as HtpG and GroEL are
involved in transcriptional regulatory networks in cyanobacteria. Whereas thioredoxin (trx)
was detected in the low-temperature—responsive protein complex and it was shown to
play a critical role as a reducing agent that inactivates the desD repressor, GntR, consequently,
the desD gene expression is induced after low-temperature exposure [14].

Moreover, the desD gene manipulation was carried out in heterologous hosts, E. coli and
S. cerevisiae, to explore the possibility of the enhancement of the GLA production [10,11].
The data demonstrated the role of histidine residue 313 (His313) in the regioselectivity of
the enzyme; the site-directed mutagenesis of this residue caused the change in the double
bond position from A® to A [15]. In addition, the immediate electron donor ferredoxin,
and intermediate electron donors, NADPH and FADH; were found to play an important
role in the GLA biosynthesis in the two heterologous hosts [10,11]. Thus the classical molec-
ular biology approaches and the Spirulina genome sequencing mentioned above lay the foun-
dation for OMICS studies, which will be discussed further.

4. PROTEOME ANALYSIS

4.1 Spirulina Proteome

Proteome coverage of the three subcellular fractions of A. platensis C1 grown under
optimal temperature, 35°C was carried out by using gel-based [two-dimensional differential
gel electrophoresis (2D-DIGE)/matrix-assisted laser desorption ionization time of flight
(MALDI-TOF)] and nongel based (LC-MS/MS) techniques. By using the two techniques,
the degree of proteome coverage would be higher than using single technique because the
disadvantages of one technique can be complemented by the other. For example, the proteins
with pl less than 3 and higher than 10 will not be detected by 2D-DIGE due to the limitation
of the range of pH gradients in the first dimension; however, this limitation is overcomed by
using LC-MS/MS. The data were collected in the A. platensis C1 proteome database and
details on the identified protein spots can be visualized individually via a bioinformatics tool
SpirPro (http://spirpro.sbi.kmutt.ac.th, see Section 4.4). The number of proteins identified in
strain C1 at the optimal growth temperature by using proteomics techniques is 4804, which
is calculated to be 79% of the total open reading frames; however, 55% of them were hypothetical
proteins. It is also noteworthy that majority of the proteins identified by using LC-MS/MS are
soluble proteins, whereas most of the membrane-bound proteins were detected by 2D-DIGE.
This might be due to the poor solubility of membrane proteins during the sample preparation
step prior to LC-MS/MS analysis.

4.1.1 Bioinformatics Tools for Screening of Bioproduct Synthetic Capability

Bioinformatics approach plays a critical role in data mining and integration for in-depth
biological analyses. Screening for bioproducts from organisms is a time- and labor-
consuming process, thus genome-wide screening by using bioinformatics tool can effectively
shorten such process. In terms of genome-scale screening for bioproduct synthetic capability
from cyanobacteria including Spirulina, a bioinformatics tool named “CyanoCOG” (http://
www2.sbi.kmutt.ac.th/orthoCOG/cyanoCOGnew /summary) developed by our group at
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King Mongkut’s University of Technology Thonburi can support not only the genome-wide
screening for a gene of interest by using “search” menu but also the comparative studies of
the gene among cyanobacterial genomes by using “pattern” menu. The user-guide can be
found on the web-page.

Briefly on how to use CyanoCOG: Fifty-six cyanobacterial genomes were collected into the
database. These cyanobacteria are categorized into four groups: unicellular (freshwater and
others), filamentous (high alkaline and others), marine picocyanobacteria, and others
(referred to cyanobacteria excluded from the three groups mentioned) in the “search”
menu. Furthermore, subcategories are listed in the “pattern” menu: unicellular (freshwater),
unicellular (others), filamentous (high alkaline), filamentous (others), extreme environment,
obligate photoautotrophs, marine picocyanobacteria, uncategorized, and Spirulina platensis.
When a given protein of interest, e.g., gene/protein name and function, is used as a keyword
in the query box, the tool can perform matching using protein names, functions/properties,
and functional category. On the output page of “search” menu, multisequence alignment of
protein homologs among cyanobacteria can be viewed by clicking on <msa> under
ortholog-id [16]. Whereas the output page of “pattern” menu provides number of genes pre-
sent in each cyanobacterium in the comparative Table-format, and the corresponding nucle-
otide/protein sequences can be viewed by clicking on <msa> under ortholog-id. By using
this tool, the target gene that is involved in the synthesis of bioproduct of interest can be
screened in various cyanobacteria.

4.2 Quantitative Proteome Analysis

Temperature stress affects production of value-added biochemicals in a cell. As described
above, Spirulina is mass-cultivated in outdoor ponds as a source for production of value-
added bioproduct(s). Cells grown in outdoor cultivation system routinely encounter temper-
ature fluctuations. For biomass production and quality control of bioproducts, it is important
to elucidate how Spirulina respond/tolerate to temperature stress. Cells respond to stress by
changing expression levels of various proteins. Thus, cellular stress response can be explored
by quantitative proteome analysis, using high throughput techniques, including multidisci-
plinary approaches such as proteomics and bioinformatics.

Quantitative proteome analysis provides information on levels of protein expression under
one experimental condition as compared with those under the other condition. Differentially
expressed proteins, which include upregulated and downregulated proteins, are identified by
using this approach.

In case of A. platensis C1, proteins in the three subcellular compartments, soluble, thylakoid
membrane (TM), and plasma membrane (PM), were examined by using 2D-DIGE and
iTRAQ-multidimensional-LC-MS/MS to study changes in protein expression levels and
differential expression patterns upon immediate exposure to low (22°C)- and high (40°C)-
temperatures [17—19]. In response to temperature downshift, 69, 436, and 369 proteins with dif-
ferential expression levels were identified in PM, soluble fraction, and TM, respectively [17],
whereas temperature upshift caused changes in the protein expression level of 40, 52, and 39
proteins in PM, soluble, and TM fractions, respectively [18].

Based on functional classification by COGs (Clusters of Orthologous Groups) category, the
data obtained from low-temperature stress condition revealed that during the first 3 h after
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the temperature reduction, the most abundant proteins are those involved in protein quality
control (i.e., molecular chaperones), signal transduction systems (e.g., Ser/Thr kinase), photo-
synthesis, DNA repair/transcription/translation, and lipid biosynthesis [19], whereas the
differentially expressed proteins identified in response to high temperature stress can be func-
tionally classified into five major groups: two component systems (e.g., CheA/CheY), stress-
related proteins (e.g., DEAD/DEAH-box DNA helicase), DNA damage/DNA repair system
(e.g., exonuclease), and translational machinery (e.g., ribosomal proteins) [19].Therefore,
these proteins may be important for acclimation during the initial period of the temperature
down-shift.

The quantitative proteome data with cells exposed to the temperature stresses demon-
strates that both low and high temperature stresses have a strong effect on photosynthesis
and its related process. The enzymes involved in chlorophyll biosynthesis such as magne-
sium chelatase and uroporphyrinogen decarboxylase were upregulated upon temperature
down-shift. In addition, some proteins in photosystem I (PSI) and photosystem II (PSII)
were downregulated in common between both temperature shifts. Furthermore, the most
abundant light-harvesting phycobilisome proteins such as phycocyanins, were found in the
soluble fraction upon temperature up-shift, suggesting its dissociation from the thylakoid
membrane. The dissociation of phycobilisome may be the first step for its degradation to
generate nitrogen supply for the cells during exposure to high temperature [20].

Moreover, the quantitative proteome data sets were analyzed for interprotein relation via
protein—protein interaction (PPI) network construction, which is described below (see Section
4.5). The analysis demonstrates that (1) there is a connection between temperature stress and
nitrogen assimilation in both cold and heat shock responses, (2) the temperature stress is
tightly linked with oxidative stress as well as photosynthesis; however, no specific mecha-
nism is revealed in the case of the high-temperature stress response, and that (3) there is a
cross-talk among different signaling pathways [19]. It is known that signal transduction takes
place immediately upon stress [21]. In the case of Spirulina, the signaling proteins, e.g., Hik14,
Hik 21, Hik26, and Hik28, were shown to have potential interactions with differentially
expressed proteins, e.g., SigG, GltB, and PleD, identified under low and high temperature
stress conditions [17—19]. Thus, the importance of the signal transduction system(s) is high-
lighted and it should be further explored by integration of phosphoproteome data sets.

4.3 Phosphoproteome Analysis

Phosphorylation is a posttranslational protein modification that commonly occurs as a
regulation of protein function. When cell senses a temperature change as a signal, the signal
is transmitted to regulate gene expression/protein function that are involved in the stress
response mechanism. Phosphorylation of proteins is one of the common means in the signal
transduction pathway. Comparative quantitative proteome analyses provide information on
protein expression level and pattern, which represent the regulation at the translational level.
Regulation at the posttranslational level can be analyzed by comparative phosphoproteome
analyses that give information on phosphoproteins and phosphorylation sites detected under
the experimental conditions.

In phosphoproteome analysis, phosphoproteins are less abundant than nonphosphopro-
teins in a cell; thus phosphoproteins are concentrated after total protein-sample preparation.
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FIGURE 3.3 Workflow for phosphoproteome analysis.

As shown in Fig. 3.3, after a protein sample is digested with trypsin, the peptide mixture is
subjected to the phosphopeptide enrichment step by using titanium dioxide (TiO).

The phosphopeptides are attached to the TiO, and then they can be eluted by using pH
gradient. After desalting, the phosphopeptide samples are ready for the separation and anal-
ysis by LC-MS/MS. Phosphoproteins, phosphopeptides, and phosphorylation sites are iden-
tified. In Section 4.7, we will describe the phosphoproteome analysis performed with
Synechococcus elongatus PCC7942 wild type (WT) and groEL2-deleted mutant.

4.4 Bioinformatic Tools in Proteome-Wide Analysis

Proteome-wide analyses for protein expression level (quantitative proteome analysis) and
posttranslational modification of proteins occurred under a certain condition (e.g., phospho-
proteome analysis) lead to information required for understanding cellular response to a
change in the experimental condition. In terms of proteome-wide analysis tool, SpirPro is a
powerful web-based tool and a database for proteome data analysis of A. platensis C1 [16].
Quantitative proteome and phosphoproteome data were integrated into the database. The
in-depth analyses in terms of pathways, interpathway connections, metabolisms, and PPIs
can be performed and visualized with this tool.



48 3. GENOME- AND PROTEOME-WIDE ANALYSES

4.5 Protein—Protein Interaction Networking and Bioinformatic Tools for the
Analysis

Different proteins are linked as a group or a subnetwork to perform distinct cellular func-
tions, and these groups of proteins are interconnected in cell-wide protein networks. Under-
standing the structures and operational modes of these networks is one of the great
challenges in biology. Furthermore, it is important to understand how the network is main-
tained functional during stress exposure in the production of biomass or value-added
biochemicals.

PPI networking is a complicated association of proteins, and thus an effective bioinformat-
ics tool is required in the construction and the analysis of the networking. As mentioned
above that SpirPro is a web-based tool that can be used to construct PPI network [16] by
using prototype (template) PPI database of Synechocystis [22]. The construction is based on
a graph, in which the nodes and edges represent proteins and interactions, respectively.
Each node is assigned by performing BLAST similarity searches to identify homologous pro-
teins, which are mapped to their reciprocal best-hit Synechocystis proteins according to a sig-
nificance threshold of E < 1 x 10~ ™.

4.6 Molecular Chaperones in Relation to Production of BioProducts by
Bacteria

Molecular chaperones are a group of proteins that play critical roles in cellular protein
homeostasis [23]. Thus, they are important for cell survival under stress conditions where
proteome is changed due to protein denaturation. Among molecular chaperones, five protein
families are recognized as highly conserved and ubiquitously distributed [23]. They are small
Hsp, chaperonin or Hsp60 (GroEL), Hsp70 (DnaK), Hsp90 (HtpG), and Hsp104 or Hsp101
(ClpB). GroEL, DnaK, HtpG, and ClpB are terms normally used for prokaryotic members.
Detailed information on various molecular chaperones in cyanobacteria can be obtained in
a recently published book chapter [24].

There is good evidence that molecular chaperones play a vital role in stress management in
cyanobacteria [24]. Inactivation and deletion of the single small Hsp and HtpG genes in the
genomes of Synechocystis sp. PCC6803 and S. elongatus PCC7942, respectively, cause great
loss of thermotolerance [25,26]. Constitutive overexpression of an exogenous small Hsp
gene in S. elongatus PCC7942 results in enhanced cell growth/survival under heat, high
salt, and oxidative stresses [27—29].

Even in the presence of multiple homologous chaperone genes in a genome, one of the genes
plays a role under stress. It appears that one of them becomes specialized to take on specific
cellular roles under stress. Cyanobacteria express two or more GroEL genes. We showed
that a mutant strain of Thermosynechococcus elongatus whose gene encoding one of the two
GroELs (GroEL2) is inactivated is not capable of growing at both heat and cold stresses [30].
Similarly, a clpB1 mutant of S. elongatus PCC7942 is sensitive to both high and low tempera-
tures [31,32]. GroEL1 and ClpB2 are essential [33,34], while GroEL2 and ClpB1 are not essential
although they play an essential role under temperature stresses [30,31].

We are particularly interested in one of the two GroELs, GroEL2 in S. elongatus PCC7942.
Our mutational studies indicate that GroEL2 in this cyanobacterium plays a role under



4. PROTEOME ANALYSIS 49

(A)  E coi

S. elongatus PCC7942
A. platensis C1

(B)

structure GroEL GroEL1 GroEL2

Essential? Yes Yes? No

Stress inducible? Yes Yes Yes
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GroES/ATP-dependent fashion?

FIGURE 3.4 (A) Schematic representation of the E. coli groESL operon, the cyanobacterial groESLI operon and
groEL2 and (B) functional and structural properties of E. coli GroEL, S. elongatus PCC7942 GroEL1 and GroEL2.

various stresses including temperature stress like GroEL2 from T. elongatus (S. Huq and H.
Nakamoto, unpublished data). The two GroELs are homologous in their amino acid se-
quences, but are quite different in various aspects. The most significant difference between
the two paralogous groEL genes is that groEL1 is arranged with an upstream co-chaperone
gene, groES, forming a bicistronic groESL operon like the E. coli groESL operon. In contrast,
the second groEL gene (groEL2) does not have an accompanying groES gene in its neighbor.
Furthermore, we observed many differences in the structure and function of the two GroEL
proteins as summarized in Fig. 3.4 [35—37]. GroEL1 appears to be similar to the E. coli GroEL
in many aspects.

In addition to cyanobacterial genomes, other bacterial genomes also contain two or more
copies of groEL [38]. Recent studies indicate that GroEL2 whose gene does not form an operon
with groES in Myxococcus xanthus DK1622 and Rhodococcus rhodochrous ATCC12674 plays a
vital role for the biosynthesis of a secondary metabolite (myxovirescin) and the alkane toler-
ance, respectively [39,40]. Those findings have important implications for the role of GroEL2
in various bioproduct/biofuel production by bacteria.

4.7 Involvement of GroEL2 in Cellular Protein Networks and in silico

Translation of Phosphoproteome Data Obtained From One Species to the
Other

Phosphoproteome data obtained from other transformable cyanobacterium, in this case
S. elongatus PCC7942, is inferred for Spirulina to elucidate a role of a molecular chaperone
GroEL2 under temperature stress conditions.

As described above, due to the lack of stable transformation system and specific gene
manipulation system, mutants cannot be easily constructed in Spirulina. Thus, it is more diffi-
cult to study functions of a specific gene in Spirulina than transformable cyanobacteria whose
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FIGURE 3.5 Schematic diagram of bi-level analysis platform for stress-response bi-level regulatory subnetwork
identification.

mutants are easily constructed; however, bioinformatics may be able to solve the problems by
translating results obtained with a transformable cyanobacterium to Spirulina (Fig. 3.5).

In silico analytical and data management platform was applied for phosphoproteome data
simulation of Spirulina to elucidate the molecular chaperone networking under temperature
stress conditions by using a transformable model cyanobacterium S. elongatus PCC 7942 WT
and its groEL2-deleted mutant. The cyanobacterium is unicellular unlike the filamentous
Spirulina.

Like S. elongatus PCC 7942, A. platensis C1 has two kinds of GroEL [6]. Quantitative pro-
teome data of A. platensis C1 indicates that GroEL2 as well as other chaperones such as
GroEL1, DnaK?2, and DnaK3 is among those highly (more than 1.5-fold-change) upregulated
proteins in response to temperature shifts [17,19]. GroEL2 as well as GroEL1 from S. elongatus
PCC 7942 is also upregulated upon heat shock (Fig. 3.4). Moreover, similarity between
GroEL1 and GroEL2 of the two cyanobacteria A. platensis C1 and S. elongatus PCC 7942
are approximately 88% and 70%, respectively, and functional domains are conserved be-
tween the two organisms (Fig. 3.6). As shown in Fig. 3.6, GroEL1 and GroEL2 can be easily
distinguished by the presence of the characteristic GGM-repeating motif at the C-terminal
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FIGURE 3.6 Phylogenetic tree of cyanobacterial GroEL1 and GroEL2 and sequence alignment of the C-terminal
regions of A. platensis strain C1-GroEL1 (SPLC1_S170420; 545 amino acids) and -GroEL2 (SPLC1_5542180; 558 amino
acids), S. elongatus PCC7942-GroEL1 (Synpcc7942_2313; 544 amino acids) and -GroEL2 (Synpcc7942_0685; 555 amino
acids). Note: The group of GroEL1 and GroEL2 of Arthrospira, Synechococcus, marine cyanobacteria, and freshwater
cyanobacteria are highlighted in yellow (lightest gray in print version)-, green (dark gray in print version)-, cyan (gray in
print version)- and orange (light gray in print version)-boxes, respectively.

end of GroEL2. Therefore, S. elongatus PCC 7942 WT and the groEL mutant were used in the
phosphoproteome analysis. However, it is worth noted that Synechococcus contains only 2662
protein-coding genes (KEGG genome database), thus protein networking in Spirulina might
be much more complicated than that of the Synechococcus.

Phosphoproteins found in the S. elongatus PCC7942, WT and mutant strains (manuscript
in preparation), in response to temperature stresses were computationally transformed to
Spirulina proteins via orthologous group identification (Fig. 3.5). Then, SpirPro was applied
in this step to assist in (1) integrating the data in the translational (quantitative proteome)
and posttranslational (phosphoproteome) levels, (2) locating the designated phosphoproteins
onto pathways obtained from KEGG, and (3) analyzing PPI networks. Up to this point, the
bi-level proteome data of Spirulina were integrated for further in-depth analyses by using
proteome-wide analysis tools described below.

4.8 Bi-Level Temperature-Responsive Subnetwork

PPI networks at the translational and posttranslational levels were constructed from the
data obtained from proteome-wide analyses of protein expression level and protein
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phosphorylation in response to temperature stresses. The two levels of PPl networks were
aligned and compared to identify the PPI subnetwork that exists in both levels. The proteins
regulated at both translation and posttranslation levels (bi-level) and their PPI networking are
named as “bi-level temperature-responsive subnetwork” (Fig. 3.5) due to the hypothesis that
proteins regulated at both translational and posttranslational levels and their associated pro-
teins should be important components of the cells to respond to the temperature stresses. The
bi-level—regulated proteins are shown in Table 3.2.

TABLE 3.2 Proteins Present in the Temperature-Stress-Response Bi-Level Regulatory Subnetwork

Translational Posttranslational-
Level Level

Heat Cold

Gene Symbol Protein Name Heat Cold +GroEL2 —GroEL2 +GroEL2 —GroEL2

a a

ATPase
aldA Aldehyde dehydrogenase
Hypothetical protein
Penicillin-binding protein 1A
rpsB 30S ribosomal protein S2

30S ribosomal protein S1

<l 2l Sl 2 &l &
<.

SEMO0034 Periplasmic sensor hybrid
histidine kinase

GAF sensor signal transduction J N,
histidine kinase

mnmG tRNA uridine 5- N V
carboxymethylaminomethyl
modification enzyme GidA

TPR repeat-containing protein J N B
dnaK3 Molecular chaperone DnaK J NI N

CheA signal transduction J ¢ Vv :
histidine kinase

Hypothetical protein N Vv V)
Hypothetical protein V V v v

rpoB DNA-directed RNA polymerase N NI
subunit beta

tilS Hypothetical protein N, : ?
Hypothetical protein J J

tatA Twin-arginine translocation N,
protein TatA
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TABLE 3.2 Proteins Present in the Temperature-Stress-Response Bi-Level Regulatory Subnetwork—cont'd

Gene Symbol

Protein Name

Heat

Translational Posttranslational-
Level Level
Heat Cold

Cold +GroEL2

—GroEL2 +GroEL2 —GroEL2

groEL1

htpG

cofH
chIN

gap2
‘Gap2

cbbL

atpA
glgB
ccmK
ccmM
fusA

tuf

Molecular chaperone GroEL
Pyruvate kinase

Methionine synthase (B12-
dependent)

Hypothetical protein

Mrr restriction system protein
Arsenite-activated ATPase ArsA
Heat shock protein 90

Cyclic nucleotide-binding protein
FO synthase subunit 2

Light-independent
protochlorophyllide reductase
subunit N

Magnesium chelatase subunit H

Metal dependent
phosphohydrolase

Ferredoxin-NADP
oxidoreductase

Glyceraldehyde-3-phosphate
dehydrogenase

Glyceraldehyde-3-phosphate
dehydrogenase

Ribulose 1,5 bisophosphate
carboxylase
(large subunit)

ATP synthase FOF1 subunit alpha
Glycogen branching enzyme
Carboxysome assembly protein
Carbonate dehydratase
Elongation factor G

Elongation factor Tu

J
\/ a
v

\/ a
vy
v
v
vy
v

N
vy
v
N
v
v
vy
\/ a
v
v
vy
\/ a
N Vv

v
Vv
N

<l 2l Ll <

B

<l Ll <

J

(Continued)
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TABLE 3.2 Proteins Present in the Temperature-Stress-Response Bi-Level Regulatory Subnetwork—cont'd

Translational Posttranslational-
Level Level
Heat Cold
Gene Symbol Protein Name Heat Cold +GroEL2 —GroEL2 +GroEL2 —GroEL2
nrtCPhl Nitrate transport ATP-binding N, ? J ?
subunits C and D
D-3-phosphoglycerate Vv V)
dehydrogenase
Ribulose 1,5 bisophosphate J NI NI J J
carboxylase (small subunit)
ilvD Dihydroxy-acid dehydratase N, J J
argG Argininosuccinate synthase N, J
two component transcriptional NI J
regulator
LC7 J
kdsA, CcmA  2-Dehydro-3- J NI
deoxyphosphooctonate aldolase
Photosystem I reaction center J a a
subunit IIT
petA Apocytochrome f J J
proS Prolyl-tRNA synthetase J B B B N
pyrG CTP synthetase N, N
Pgk Phosphoglycerate kinase N, J N,
gapl Glyceraldehyde-3-phosphate N, J
dehydrogenase
psbB Photosystem II core light J J J J J
harvesting protein
1-Cys peroxiredoxin J 2 2
groEL2 Molecular chaperone GroEL N N, ? :
secA Preprotein translocase subunit N N N N
SecA
dnaJ Molecular chaperone DnaJ N N @ a
cynD Nitrate transport ATP-binding J J J
subunits C and D
Glutamate synthase (ferredoxin) J J @ J 2
clpB2 ATPase NI J ? 2
gyrA DNA gyrase subunit A J J ? ?
GAF sensor-containing NI NI J

diguanylate cyclase

Note:  represents the protein identified under the designated condition.

“The protein identified under optimal temperature (35°C).



4. PROTEOME ANALYSIS 55

The locus-tag of the protein in A. platensis C1 and S. elongatus PCC7942 are given in the
designated Table. The complete bi-level temperature-responsive subnetwork of A. platensis
C1 created by using SpirPro is shown in Fig. 3.7A and B, where protein nodes are labeled
with locus tag, which is a systematic identifier applied to a gene in a genome.

However, in the bi-level subnetworks created by using STRING (http:/ /string-db.org) as
shown in Fig. 3.8A and B, the protein nodes are labeled with either gene symbol or locus tag
of S. elongatus PCC7942. The PPI subnetwork generated by using STRING gives information
on protein—protein relationship other than physical interactions data obtained from yeast
two hybrid systems, e.g., textmining, gene neighborhood, and databases that might be bene-
ficial for further studies.

There are 64 proteins regulated at bi-level and six molecular chaperones (GroEL1, GroEL2,
ClpB2, DnaK3, DnaJ, and HtpG) are included in the group. It highlights the critical role(s) of
chaperones in the stress response mechanisms. According to Fig. 3.7, these chaperones
appear in the center of the bi-level subnetwork. In addition, proteins in the subnetwork
are in signal transduction mechanisms, photosynthesis, energy production, CO, concen-
trating mechanism, nitrogen metabolism, Calvin cycle, protein biosynthesis, and protein
transport.

When the bi-level subnetwork is considered based on the presence or absence of GroEL2,
the proteins can be categorized as GroEL2-dependent and GroEL2-independent proteins
based on the fact that their expression level and/or phosphorylation state are affected by
the presence or absence of GroEL2. We found that expression level and/or phosphorylation
state of the molecular chaperone HtpG and some proteins involved in photosynthesis such as
ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCO) and the PSII light-harvesting
protein PsbB (CP47) are not different significantly in the WT and the mutant strains
(Table 3.2). Thus, these proteins are “GroEL2-independent.”

Proteins can be classified as GroEL2-dependent proteins when their expression level and/
or phosphorylation state are altered in the presence or absence of GroEL2. Unexpectedly, we
found many GroEL2-dependent proteins (Table 3.2). In the presence of GroEL2, the proteins
in the bi-level subnetwork are in the group of chaperones, such as DnaJ, DnaK3, and ClpB2;
energy production, such as ATPase and ATP synthase; transcription factors, such as RpoB;
and protein translation and biosynthesis, such as RpsB (Table 3.2). Whereas in the groEL2-
deleted mutant, proteins involved in DNA repair such as GyrA, chlorophyll biosynthesis
such as ChIN, and cytochrome bgf complex which mediates the electron transfer from PS II
to PS I are present in the subnetwork, suggested that photosynthesis was affected by the
absence of GroEL2 (Table 3.2).

It is noteworthy that in addition to the bi-level analyses, comparative PPI network analyses
of cells in the presence and absence of GroEL2 can be carried out using the PPI tool in SpirPro.
As a result, GroEL2-dependent and GroEL2-independent subnetworks of phosphoproteins
under the temperature stress conditions can also be constructed (manuscript in preparation).
The subnetworks can tell us not only the GroEL2-networking in response to either low or
high temperatures, but also the alternative responsive networking of the cells in the absence
of GroEL2.

Hidden information regarding high/low temperature—specific subnetworks and common
temperature-responsive subnetwork can be extracted by using the integrated platform. In
case of high-temperature—responsive subnetwork, DnaK3 and a hypothetical protein
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FIGURE 3.7 Protein—protein interaction (PPI) networks of the proteins, (A) in WT or in the presence of GroEL2
and (B) in the mutant or in the absence of GroEL2, involved in the temperature-stress-response bi-level regulatory
subnetwork constructed by using SpirPro. Note: A protein node in oval, pentagonal, octagonal, and circular shape represents
a differentially expressed protein, phosphoprotein, bi-level—regulated protein, and protein immediately connected to a
bi-level—regulated protein (based on Symechocystis sp. PPI-template) that was not found in our experiments,
respectively. Node color, blue (dark gray in print version), green (light gray in print version), and red (gray in print
version), represents protein identified under low, optimal and high temperature conditions, respectively. An edge
represents physical interaction verified by yeast two hybrid system of the two proteins. Solid-edge represents immediate
(1 interaction-path) interaction of the two proteins, whereas, dash-edge shows nonimmediate (2 interaction-path up)
interactions between the proteins. Edge color, red (dark gray in print version) and purple (gray in print version),
represents interaction of proteins identified in the translational and posttranslational level, respectively.
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(SPLC1_S600110), which contains TORPIM or topoisomerase-primase conserved domain,
were the two proteins that are regulated at the translational- and posttranslational levels in
the presence of GroEL2. 5600110 is phosphorylated regardless of the presence of GroEL2
according to Table 3.2. However, when the GroEL2 is absent, CheA (SPLC1_5061650), a signal
transduction histidine kinase in two-component regulatory system involved in chemotaxis,
was revealed instead of DnaK3. The critical roles of the DnaK family in heat stress response
were reported [41,42]. DnaK2 and DnaK3 are essential for cyanobacterial growth [33];
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FIGURE 3.8 Protein—protein interaction (PPI) subnetwork of (A) DnaK3 (SPLC1_5010870 or Synpcc7942_2580)
and (B) two-component response regulator (SPLC1_5208110 or Synpcc7942_1453) obtained by using STRING
(http:/ /string-db.org/). Note: Protein nodes in the subnetworks are labeled with gene symbol or locus tag of

S. elongatus PCC7942.
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however, the subcellular localization of the two proteins is quite different. DnaK?2 is mainly
detected in the cytosol, whereas the DnaK3 is associated with thylakoid membranes [43].
Thus, it might be anticipated that DnaK3 (Fig. 3.8A) might be involved in the heat-protecting
mechanism of photosynthetic system in the presence of GroEL2 under high temperature stress.
There are pieces of evidence to show that GroEL2 is also localized on thylakoid membranes as
well as cytosol [17,19]. There are three DnaK homologs, and as shown in Fig. 3.9, DnaK3 has a
characteristic C-terminal end that may be important for its localization on thylakoid membrane

and its special function [42].
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Regarding bi-level low-temperature—responsive subnetwork, in the presence of GroEL2,
the key chaperone, GroEL1 was one of the bi-level-regulated proteins as shown in
Table 3.2. The other proteins in the subnetwork were proteins involved in carbon metabolism
such as Pgk and Gapl, amino acid biosynthesis such as ProS, and nucleotide biosynthesis
such as PyrG. Whereas, in the absence of GroEL2, no chaperone proteins were detected in
the subnetwork, however, the proteins in the bi-level subnetwork under this condition
were involved in carbon dioxide concentrating mechanism, carbon metabolism, DNA biosyn-
thesis, photosynthesis, and two-component transcriptional regulation. It is noteworthy
that the two-component transcriptional regulator, Synpcc7942_1453, which is in the same
orthologous group containing winged-helix domain as SPLC1_5208110, was the only
signaling protein found in the low-temperature—responsive subnetwork, whereas PPI anal-
ysis of the protein using STRING shows the relationship of the two-component response
regulator with NblS (Hik33) and SasA, which are nonbleaching sensor and adaptive-
response sensory kinase, respectively (Fig. 3.8B). Phosphorylated form of Hik33-dimer
was reported to be induced by cold shock [44]. The phosphate is transferred to the response
regulator, Rre26, and then the phosphor-Rre26 binds to regulatory region of the target cold-
inducible genes to activate their expression [44]. Whereas SasA participates in the KaiABC
circadian clock protein complex and it is known that resetting of the circadian clock via the
phosphorylation of KaiC plays a critical role in regulation of energy storage in the form of
glycogen [45]. Therefore, the data indicate direct participation of GroEL1 in the cold
stress response mechanism in the presence of GroEL2. However, in the absence of GroEL2,
the cells responded to cold stress by controlling their energy storage, carbon metabolism,
and circadian clock, probably via two-component transcriptional regulator, SPLC1_5208110
(Synpcc7942_1453 ortholog).

Moreover, it should be noted that the protein in the bi-level subnetwork found in common
between the two temperatures is GltB, which synthesizes glutamate from 2-oxoglutarate
(2-OG). The 2-OG in the TCA cycle is located at the interconnection of C and N metabolism and
its level is well recognized as a signal for nitrogen regulatory protein PII (GInB) phosphory-
lation in response to N-limitation [46]. It indicates that the regulation of C/N ratio is impor-
tant under temperature stress similar to that under N-starvation.

Interestingly, two key enzymes involved in carbon dioxide concentrating mechanism and
the Calvin cycle, carbonate dehydratase (or carbonic anhydrase) and RuBisCO, were regu-
lated at the protein expression level after cold stress exposure, whereas their phosphorylated
forms were identified under high and low temperature regardless of GroEL2 (Table 3.2). The
data indicate the bi-level regulation of these proteins in response to temperature downshift
and the regulation at protein-modification level under elevated temperature. It suggests
that carbonate dehydratase and RuBisCO have to be regulated at the bi-level for the opera-
tion of carbon fixation under temperature stresses. Taken together, the data revealed critical
information on bi-level regulation of temperature-response mechanism via PPI network anal-
ysis. It should be addressed that the essential chaperones, GroEL1 and DnaK3, are present in
the bi-level regulatory subnetwork, whereas GroEL2, DnaJ, and HtpG are regulated only at
the protein expression level [17—19].
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4.9 Pathway Visualization

4.9.1 Bioinformatics Tools for Pathway Visualization

As a part of integrated biological platform, pathway tool is required to visualize pro-
teomics data after the analyses. Visualization of proteins in pathway and pathway inter-
connection based on integrated proteome-wide data of Spirulina under the temperature
stresses can be done by using SpirPro. Pathway analysis and PPI network mapping pro-
vide biological meanings of the proteomics data, for example, overview of the cellular
response and multilevel regulation via PPIs and interpathway connection. Therefore,
the overall proteome data management and bioinformatics tools are integrated as a plat-
form that can be applied for in-depth proteome data analyses obtained from other
organismes.

4.9.2 An Example of the Platform Application for High Value Chemical Production

Among several bioproducts produced by Spirulina cells, y-linolenic acid is an important
biochemical due to its nutraceutical potential as described above. A. platensis can synthesize
up to 23% and 13% more GLA in the plasma membrane after 24 h and thylakoid membrane
after 48 h of the temperature downshift to 22°C, respectively, as compared to the level of GLA
in cells maintained at the optimal growth temperature [9]. It appears that the homeoviscous
adaptation comes many hours after the temperature reduction. Therefore, the present inte-
grated proteome-wide analytical platform can be used as part of an attempt to control and
manipulate conditions to maximize polyunsaturated fatty acid (PUFA) biosynthesis in this
cyanobacterium. The proteome-wide data obtained in the previous cold-shock response
studies of A. platensis [17,47] showed that several proteins involved in fatty acid biosynthesis,
such as histidine kinases, (3R)-hydroxymyristoyl-[acyl-carrier-protein]-dehydratase, acyl car-
rier protein, and A’-desaturase are differentially expressed. Moreover, the isocitrate dehydro-
genase [6], the key enzyme in TCA cycle that produces 2-OG was found in its phosphorylated
form. As mentioned earlier, 2-OG is positioned at the key regulatory point to control the C/N
balance in the cells. The knowledge obtained can be applied to flux balanced analysis (FBA)
to study the flux model and flux manipulation by controlling the enzymes of interest target-
ing for increasing PUFA production in Spirulina. The FBA model has to be validated by anal-
ysis for products of interest obtained from wild type and/or genetically manipulated mutant
cells grown according to the model. Then an appropriate strain and culture conditions can be
used in the industrial scale for the biochemical production.

5. CONCLUSIONS AND PERSPECTIVES

Production of bioproducts by using microorganisms including cyanobacteria requires
multidisciplinary expertise. Implementation of knowledge-to-process is the key to successful
biochemical production. Prior to the implementation, basic knowledge involved in biochem-
ical syntheses and regulation in biological systems are essential. OMICS techniques including
bioinformatics can facilitate the process of obtaining such basic knowledge. Thus, the linkage
between knowledge and process for the synthesis of biochemicals of interest would be the
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focus point. FBA based on OMICS including proteomics data is the above mentioned linkage
step, where the flux model and flux manipulation by controlling the target proteins/enzymes
in pathways would be simulated to achieve the maximum biomass production prior to large-
scale production. Then, the FBA model has to be validated by systematic analysis of bio-
product synthesis by the cells, possibly by using metabolomics approach. The appropriate
strain and culture conditions can be successfully applied in the industrial scale for the
biomass and/or biochemical production.
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66 4. NUTRACEUTICALS FROM ALGAE AND CYANOBACTERIA

1. INTRODUCTION

As global population is increasing, there is an increased demand for sustainable food sup-
plements. Nutraceuticals are nutrients from food or food products that not only supplement
the diet, but also facilitate the prevention or treatment of a disease and/or disorder [1]. The
term nutraceuticals originated from the root words “nutrition” and “pharmaceuticals.” Dr.
Stephen L. De Felice defines nutraceutical as “a food (or part of a food) that provides medical
or health benefits, including the prevention and/or treatment of a disease.” The major differ-
ence between pharmaceuticals and nutraceuticals is that the former is used as a drug to treat
diseases and the latter as nutritional supplements that are intended to prevent diseases.
Considering the current lifestyle and foodborne illness, the consumer trend has skewed to-
ward health-promoting substances like nutraceuticals and organic food. As estimated by
BCC research the global nutraceutical market was about $160.6 billion in 2013 and is esti-
mated to grow $241.1 billion by 2019 with an estimated compound growth rate (CAGR) of
7% from 2014 to 2019 (BCC research: www.bccresearch.com).

Microalgae have been studied for decades, but in recent years a new wave of research has
started as part of the search for renewable and sustainable energy sources [2—4]. The algal
biomass can be cultivated in large scale using commercially available growth components
like urea [5,6] and inexpensive growth media [7], to translate this potential technology
commercially viable in large scale open pond cultivation. Recent reports also revealed that
the microalga lipid can be enhanced adopting nitrogen starvation [4,7—9]. Microalgae are
unicellular to multicellular organisms that can grow up to 60 m, one of the largest and
most poorly understood group of organisms on the planet Earth. Moreover, marine microal-
gae, the most abundant group of living organism in the ocean, become the primary producer
for many aquatic organisms [10—12]. These biological cell factories are the natural nutritional
base and primary source of the aquatic food chain [10]. Algal biomass has been used for cen-
turies as food and medicine. The health-promoting effects of algae were discovered as early
as 1500 BC [13]. However, the biomass of algae gained interest as a source of chemicals and
pharmaceuticals only recently. An alga contains a wide range of nutrients including proteins;
lipids; carbohydrates; and trace nutrients, including vitamins, antioxidants, and trace ele-
ments [14]. These compounds have the characteristics to serve as natural nutritional supple-
ments in human and animal feed and have many health-promoting effects. Fish meal is the
protein source primarily constituted by products from processed fish traditionally used in
aquaculture diets, but its increasing demand makes it limited and expensive. So, in order
to overcome this problem, nutritional contents of algae are rapidly gaining importance as a
renewable source to substitute the conventional ingredients in the human diet or animal
feed [15].

Microalgae ensure certain exceptional advantages over other organisms, that they are pho-
toautotrophs and therefore do not require organic substances for energy; consequently, their
large-scale culture is theoretically simpler and cheaper. Solar radiation, water, CO,, and inor-
ganic nutrients are the basic requirement for algal growth. Furthermore, many algae also
grown in saline to hypersaline waters, and thus do not compete with conventional agricul-
ture for limited resources such as fresh water and arable land. Furthermore, algae micronu-
trients are immediately bioavailable and more easily digested, owing to minuscule of algal
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cells that can be readily absorbed by the digestive system [16]. These distinct parameters
make microalgae as a potential source for the large-scale production of nutraceuticals in an
economically viable manner.

Different types of algae, specifically microalgae that could become more prevalent in food
supplements and nutraceuticals are Spirulina, Chlorella, Haematococcus, Nostoc, Botryococcus,
Anabaena, Chlamydomonas, Scenedesmus, Synechococcus, Parietochloris, Crypthecodinium,
Porphyridium, etc. due to the capability of producing necessary vitamins. In addition, these
edible microalgae are rich source of major (phosphorus, sodium, sulfur, nitrogen, magne-
sium, and calcium), minor, and trace elements (zinc, iodine, manganese, copper, selenium,
cobalt, and molybdenum). Algae are also high producers of essential amino acids, omega-3
[docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA)], and omega-6 (arachidonic
acid) fatty acids. Due to a wide range of beneficial compounds and nutritive contents, the
market for increased algae production for nutraceuticals is getting more attention and it is
more profitable [15,17,18].

Algae serve as a viable source for combating numerous diseases and nutrient deficiencies
experienced by people around the world. Very recently, the four most prevalent global dis-
eases such as malnutrition, nutritional anemia, xerophthalmia (vitamin A deficiency), and
endemic goiter (iodine deficiency) were reported [16]. These nutrient deficiencies can be
remediated by just a single tablespoon of appropriate edible algae per day. Consumption
of algae promotes regular healthy functioning of major body systems, including the immune
system, humoral system, cardiovascular system, respiratory system, and nervous system
[19,20]. In addition to these major functions, algae have been used as a sun protectant, a mois-
turizing agent, and as a treatment for wounds, burns, and bruises, due to its antiinflamma-
tory properties. Algae offer a number of possibilities for enhancing health and wellbeing of
human and animals. Recent research has even suggested algae as a therapeutic solution
for a number of serious conditions, including diabetes, heart disease, autoimmune diseases,
cancer, and cognitive decline, in the form of dementia and Alzheimer disease [21,22], consid-
ering the above said fact that alga offers attractive health benefits in a commercially viable
manner. The present chapter discusses the nature of nutraceuticals, bioactive compounds,
and its health benefits in a comprehensive manner with appropriate illustrations.

2. NUTRACEUTICALS AND FUNCTIONAL FOOD FROM ALGAE

2.1 Polyunsaturated Fatty Acids

Fatty acids play a vital role in metabolism, as an essential component of all the organelle
membranes and as a regulatory molecule. Polyunsaturated fatty acids (PUFAs) are essential
dietary lipids that are the major precursor molecules for active metabolism. Marine microal-
gae are potential sources of long-chain polyunsaturated fatty acids. PUFAs are fatty acids that
contain more than one double bond in their backbone. PUFAs are mainly divided into two
categories, i.e., omega-3 fatty acids and omega-6 fatty acids. These two are come under the
group of methylene-interrupted polyenes in which two or more cis double bonds are present
that are separated by a single methylene bridge.
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2.1.1 Omega-3 Fatty Acids

In omega-3fatty acids, the first double bond may be found between the third and fourth
carbon atom from the omega carbon. These fatty acids are important dietary fats. Although,
humans and other mammals can synthesize saturated fatty acids and some monounsaturated
fatty acids from carbon groups in carbohydrates and proteins, they lack the necessary en-
zymes to insert a cis double bond at the n-6 or the n-3 position of a fatty acid. Humans
and animals lack the enzymes necessary for the synthesis of PUFAs more than 18 carbon
atoms. The conventional source of such omega-3 fatty acids is fish oil; however, fish do
not synthesize these fatty acids but, acquire them through their diet, which consists of marine
microalgae. Fish consumption has several disadvantages like danger from contaminants
like mercury and the rapid decline in fish stocks. Moreover, microalgae have several advan-
tages over fish. They can be grown in controlled environments that eliminate the risk of
contamination from chemical pollutants. Omega-3 fatty acids are the major components of
cell membranes and important in antiinflammatory processes and viscosity of cell mem-
branes. Mainly three types of omega-3 fatty acids involved in human health and physiology
are a-linolenic acid (ALA) (found in vegetable oils), EPA,and DHA (both commonly found
in marine oils) (Fig. 4.1). Among these, DHA and EPA are commercially important algal
omega-3 fatty acids.

2.1.2 Chemistry of Omega-3 Fatty Acids

Alpha-linolenic acid (ALA) is a carboxylic acid with an 18-carbon chain and three cis dou-
ble bonds. ALA is the most common omega-3 fatty acid in the western diet. It comes from
plants, and is found in vegetable oils, primarily flaxseed, walnut, canola, and soybean oils.
It is an essential fatty acid, but human body cannot synthesize it, thus needs to be supple-
mented in the diet. ALA is the precursor for two nutritionally important fatty acids, namely
DHA and EPA. In chemical structure, EPA is a carboxylic acid with a 20-carbon chain and
five cis double bonds; the first double bond is located at the third carbon from the omega
end (Table 4.1). It also has the trivial name of timnodonic acid. It serves as precursor for
prostaglandin-3 and thromboxane-3 families. The major source of EPA in humans is fish or
algae. The richest reported sources of algae are Phaeodactylum tricornutum, N. oculata,

Omega 3 fatty acids Omega-6 fatty acids

HO. _— - — Methyl
3 end HO

o 6

Alpha Linilenic Acid (ALA, C18:3, Omega-3) °

o~ Linoleic Acid (LA, C18:2, Omega-6)
o = = = = _3
HO _ _ _ _
Eicosapentaenoic acid (EPA, C20:5, Omega-3) It s
o 3 Arachidonic Acid (AA, C20:4, Omega-6)

o

Docosapentaenoic acid (DHA, 22:5, Omega-3)

FIGURE 4.1 Chemical structure of omega 3 and omega 6 fatty acids.
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TABLE 4.1 Biochemical Properties and Nutritional Applications of Omega 3 Fatty Acids

Shorthand
Common Name Chemical Name Notation Major Source Potential Applications
a-Linolenic acid all-cis9,12,15- C18:3, n-3 Arthrospira Infant formulas for full-term
(ALA) octadecatrienoic acid infants, nutritional
supplements

Eicosapentaenoic all-cis-5,8,11,14, C20:5, n-3 Nannochloropsis, Nutritional supplements,
acid (EPA) 17-eicosapentaenoic Phaeodactylum, aquaculture

acid Nitzschia
Docosahexaenoic all-cis-4,7,10,13,16, C22:6, n-3 Crypthecodinium, Infant formulas for full-term/
acid (DHA) 19-docosahexaenoic Schizochytrium preterm infants. Nutritional

acid supplements, aquaculture

M. subterraneus. Depending upon cultivation conditions the proportion of EPA varies in
different species. Pure EPA supplementation in the ethyl ester form always has a greater ef-
fect than fish oil because of the easier absorption of the ethyl ester through the intestinal wall
without requiring lipase. DHA (22: 6) is a 22-carbon chain polyunsaturated omega-3 fatty
acid. DHA is essential for the growth and functional development of the brain in infants
and adults. More specifically, it is a major structural lipid in the brain and the retina of the
eye and is a key component of the heart. In humans DHA is biosynthesized by the conversion
of EPA to docosapentaenoic acid, subsequently converted to DHA.

2.1.3 Health Benefits of Omega-3 Fatty Acids

Omega-3 fatty acids have a major role in the diet as well as prevention of major diseases
like cardiovascular diseases. These omega-3 fatty acids protect the heart by decreasing ar-
rhythmias, blood clot formation, blood triglycerides, growth rate of atherosclerotic build-
up, as well as improve the function of arteries. Adequate supplementation of DHA and
EPA in the diet is known to reduce blood pressure. ALA also appears to have a protective
effect for the heart. In populations with low levels of fish consumption, higher ALA intake
is associated with a reduced risk of heart disease [23]. DHA and EPA have antiinflammatory
properties and are effectively used to treat the inflammatory bowel disease, eczema, psoria-
sis, and rheumatoid arthritis [24]. The antiinflammatory and cardio protective functions of
n-3 omega PUFAs improve the immune system. Thus, immune system—compromised dis-
eases like HIV/AIDS requires DHA- and EPA-enriched nutrients to strengthen the immune
system for long-term survival [25].

In diabetic patients, plasma glucose and low-density lipoproteins (LDL) level may be high
and high-density lipoproteins level may be very low. Omega-3 PUFAs significantly decreases
LDL levels with plasma triglyceride [26]. DHA and EPA are also used in the treatment of
gastrointestinal diseases and also help to decrease platelet aggregation [27]. Increased concen-
trations of long-chain fatty acids and EPA (major proportions of n-3 omega PUFAs) reported
to have a protective role against colorectal cancer [28]. Dietary supplementation of n-3 PUFAs
has been shown to produce beneficial effects in patients with pancreatic cancer, such as the
suppression of tumor formation [29] and reducing weight loss [30].
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Deficiency in EPA during childhood related to development of mental health issues like
depression, heart problems, joint and bone conditions, and neurodegenerative diseases like
Parkinson disease. The DHA level is significantly reduced after the development of brain
and CNS (after the age of five). This is a good time to increase EPA in the diet, as studies
show that EPA can help with childhood behavior and academic performance, like focus,
attention, and reducing aggression. Dry skin conditions, asthma, and allergies are also com-
mon in children, and good levels of EPA at this time can help to reduce the inflammation.
EPA also protects our genes and cell cycle as well as helps to keep our stress response regu-
lated, thus, an adequate supply of EPA in day-to-day diet prevents a range of chronic illness.
DHA is an essential component of the retina. Omega-3 fatty acids also prevent eye diseases
like age-related macular degeneration, an illness associated with progressive degeneration of
the macula (needed for sharp, central vision), a small spot near the center of the retina. Alz-
heimer disease is the most common cause of dementia in elderly adults. Research findings
suggest that lower DHA levels are also associated with Alzheimer, DHA perhaps inhibit
the progression of the disease. Moreover, DHA inhibits the formation of amyloid plaques
and decreases the chances of development of Alzheimer diseases (Fig. 4.2).

2.1.4 Algal Sources of Omega-3 Fatty Acids

Algae are the primary producers of aquatic ecosystem and are rich in omega-3 fatty acids
that are subsequently consumed by other marine life forms. DHA-rich algal oil is derived
from the heterotrophic fermentation of the marine alga, Schizochytrium sp. The Schizochytrium
sp. neither produces any toxic chemicals nor it is pathogenic, thus it is commercially exploited
for the production of omega-3 fatty acids. Among the other marine microalgae, Crypthecodi-
nium cohnii is the prolific producer of DHA. Since it produces only DHA, and no other PUFAs
in its lipid content make easy separation of DHA. Successful cultivation of C. cohnii for com-
mercial edible oil containing DHA has been achieved by Martek Corporation in Maryland,
USA. Martek has developed a GMP process utilizing a wild-type C. cohnii growing on
glucose as the main carbon source to produce single cell oil (DHASCO) with a DHA
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FIGURE 4.2 Omega 3 fatty acid deficiency.
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enrichment of above 40% [31]. Single cell edible oil containing DHA can be used in infant
formulas and baby foods, pharmaceutical products, and dietary supplements. As C. cohnii is a
photosynthetic protists, but can be cultured in heterotophic mode as well, it has the potential
as model organism (genetic and biochemical tool) for the characterization of the enzymes
involved in the production of 22:6w-3. C. cohnii possesses all the enzymes necessary for de-novo
synthesis of 22:6w-3, thus, becoming anideal candidate for engineering of the fatty acid elongation
and saturation metabolic pathways [32]. Nannochloropsis is considered as a promising alga for in-
dustrial applications because of its ability to accumulate high levels of PUFA. It is used as both
food for humans and animals. The EPA content of Nannochloropsis is highly influenced by the
culturing conditions. A diatom, Phaeodactylum tricornutum, naturally accumulates high levels of
EPA (but trace amount of DHA) and is considered as a good source for large-scale commercial
production.

2.2 Omega-6 Fatty Acids

Omega-6 fatty acids are PUFAs where the first double bond is present at the sixth carbon
(Table 4.2 and Fig. 4.1). These are important fatty acids for human health. But, humans cannot
synthesize omega-6 fatty acids in their body. Omega-6 fatty acids have an important role in
human growth and development. These have important role in skin and hair growth, main-
taining bone health, regulating metabolism, and maintaining reproductive system. But, some
omega-6 fatty acids have an adverse effect on health, hence they promote inflammation, but
not all promote inflammation. Most omega-6 fatty acids come from vegetable oils. Omega-6
fatty acids help to reduce diabetic neuropathy, allergy, rheumatoid arthritis, breast cancer,
high blood pressure, multiple sclerosis, and osteoporosis.

2.3 Algal Pigments and Its Nutraceutical Values

Carotenoids are natural pigments widely distributed in nature and occur extensively in
plants, animals, and microorganisms. Carotenoids are synthesized principally by plants
and microalgae (Figs. 4.3 and 4.4). Animals, including humans are not able to synthesize
carotenoids themselves and they obtain these pigments from plants and microalgae. Caroten-
oids are responsible for many of the red, orange, and yellow hues of plant leaves, fruits, and
flowers, as well as the colors of some birds, insects, fish, and crustaceans. The word “caro-
tene” was suggested by Wachenroder (1831) for the hydrocarbon pigment he had crystallized

TABLE 4.2 Different Types of Omega 6 Fatty Acids

Major Health Benefits of

Common Name Lipid Name Chemical Name Omega 6 Fatty Acids
Linoleic acid 18:2,n-6 9,12-Octadecadienoic acid Antiinflammatory
Gamma linoleic acid 18:3,n-6 6,9,12-Octadecatrienoic acid Cardiac defense

Combats diabetes and obesity
Eicosadienoic acid 20:2,n-6 11,14-Eicosadienoic acid Potent anticancer activity

Arachidonic acid 20:4,n-6 5,8,11,14-Eicosatetraenoic acid Prevents skin diseases
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FIGURE 4.3 The structure of isoprene unit = (A) CH,
(A), B-carotene (B), and Asthaxanthin (C). l

from carrot roots. The global carotenoid market is rising every year and will reach
US$1.2 billion by 2015 because of the awareness of peoples about the health benefits of
various carotenoids (Global Industry Analysts, Inc. http://www.strategy.com/Carotenoids
Market Report.asp/). As per the latest predictions, it was projected that the carotenoid
demand in the US will reach a target of US$1.3 billion in 2017 (http://www.prweb.com/
pdfdownload /8849957 .pdf). According to latest reports, US markets tend to reach US$1.3 bil-
lion by 2017. In many markets, microalgal carotenoids are in competition with a synthetic
form of carotenoids because microalgal carotenoids have the advantage of supplying natural
isomers in their natural ratio [33].

2.3.1 Chemistry of Algal Carotenoids

The basic structure of carotenoid is a symmetrical tetraterpene formed by tail to tail linkage
of two Cyg units. All carotenoids are derivatives of C4Hse, a long acyclic hydrocarbon chain
with conjugated double bonds. This structure can be considered as chemically identical to
lycopene. This base structure (Fig. 4.3A) can be chemically altered by different chemical pro-
cesses such as oxidation, cyclization, hydrogenation, and dehydrogenation or any combina-
tion of these to make a huge variety of carotenoids. This forty carbon polyene chain serves as
a molecular backbone that provides different molecular structures to carotenoids, which are
involved in the chemical properties like light absorption features and for the existence in the
presence of oxygen [34]. Carotenoids can be classified into different groups on the basis of the
criteria used. Based on the basic chemical structure and the oxygen presence, carotenoids are
classified into two types: carotenes or carotenoid hydrocarbons, composed of carbon and
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FIGURE 4.4 Biosynthetic pathway of carotenoids.

hydrogen only, and xanthophylls or oxygenated carotenoids, which are oxygenated and may
contain epoxy, carbonyl, hydroxyl, methoxy, or carboxylic acid functional groups [35]. Lyco-
pene and B-carotene are examples of carotene carotenoids and lutein, canthaxanthin, zeaxan-
thin, violaxanthin, capsorubin, and astaxanthin are xanthophyll carotenoids [36].

Basically, carotenoids are hydrophobic and soluble only in organic solvents because of
their limited solubility in water. Carotenoids are very sensitive to high temperatures. The
addition of hydroxyl groups to the end groups makes them more polar. One of the most char-
acteristic features of carotenoids is their strong coloration, which is a consequence of light
absorption due to the presence of an extensive system of conjugated double bonds. The pres-
ence of these conjugated double bonds is important for the proper functioning of carotenoids,
especially in light absorption in photosynthetic organisms and photoreception in all living or-
ganisms [37].

In algae and higher plants carotenoids have important role in photosynthesis. They are
important components in light harvesting complexes, scavenging the reactive oxygen species,
and dissipating excess energy [38]. Oxygen is very important for humans, although pro-
oxidants like ROS can damage biologically important properties of different molecules
such as DNA, protein, carbohydrates, and lipids. Carotenoids are important in the scav-
enging of reactive oxygen species formed as a result of this damage. The efficacy of caroten-
oids for physical quenching is related to the number of conjugated double bonds present in
the molecule, which determines their lowest triplet energy level. The powerful antioxidative
properties make carotenoids a class of important nutrients in health promotion. In animals
and humans, these compounds are precursors of vitamin A (pro-vitamin A activity) and
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retinoid compounds required for morphogenesis and embryonic development [39]. Caroten-
oids have an important role in food and feed industry and they are mainly used as natural
colorants in food products and cosmetics, as vitamin supplements and health food products,
and as feed additives for poultry, livestock, fish, and crustaceans. In addition to these, carot-
enoids have intrinsic antiinflammatory properties due to their quenching action on reactive
oxygen species and also have anticancer effects.

2.3.2 Microalgae as Source of Carotenoids

Microalgae serve as an outstanding natural source of carotenoids. Microalgae have several
advantages over higher plants and other microorganism. Compared with higher plants, algae
can be cultivated in a controlled system like bioreactors for obtaining continuous culturing in
contamination free manner. Another advantage is that the growth of microalgae on photo
bioreactors is not dependent on season and weather so that a homogenous biomass can be
obtained throughout the year. Production of carotenoids has been one of the most successful
activities in microalgal biotechnology achieving great commercial success. Carotenoids accu-
mulated in microalgae can be classified into two types, primary and secondary ones. Primary
carotenoids (Lutein and B-carotene) act as the major functional components of the cellular
photosynthetic apparatus and therefore they are essential for survival. Secondary carotenoids
accumulate only after exposure to specific environmental stimuli like caratenogen or UV light
or any extreme stress [40]. If the amount of primary carotenoids is not sufficient, secondary
carotenoids, e.g., astaxanthin, canthaxanthin, and adonixanthin will accumulate out of thyla-
koid membrane to protect cells against oxidative damage [41].

Several microalgal strains have been reported with carotenoid producing activities such as
B-carotene from Dunaliella salina [41,42], zeaxanthin from Synechocystis sp. [42], lutein from
Chlorella protothecoides [43], astaxanthin from Haematococcus pluvialis [44], and Chlorella
zofingiensis [45]. Some of the most important carotenoids in terms of biotechnological and
biomedical uses explored so far are: Astaxanthin, f-Carotene, Canthaxanthin, B-Cryptoxan-
thin, Fucoxanthin, Lycopene, Lutein, Zeaxanthin, and Violaxanthin. Among these
B-Carotene, Astaxanthin, Lutein, and Canthaxanthin are the major carotenoids with commer-
cial interest (Table 4.3).

2.3.2.1 B-CAROTENE

B-Carotene is an important fat soluble primary pigment in the carotenoid family. B-Caro-
tene is a natural carotenoid that converts to vitamin A in the body. It is a pigment with
increasing demand in markets. It occurs as orange-colored carbon-hydrogen carotenoid,
abundant in yellow-orange fruits and vegetables and in dark green, leafy vegetables. It is
also the most widely distributed carotenoid in foods. f-Carotene was first isolated by Wack-
enroder in 1831. The structure of B-carotene was elucidated by Karrer in 1931 and this was the
first time that the structure of any vitamin or provitamin had been established. For this work
Karrer got the Nobel Prize (Fig. 4.3B). The first total synthesis of B-carotene was achieved in
1950 and in 1954 Roche started its commercial production. It is widely used as a food coloring
agent, provitamin A (retinol) in food and animal feed, additive to cosmetics and multivitamin
preparations, and as a health food product under the antioxidant category.

Because of limited supply from natural sources, several companies are interested in syn-
thetically produced carotenoids to meet the high demands in the global market. Dunaliella
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TABLE 4.3 Commercially Important Microalga Carotenoids and Their Health Benefits

Carotenoid Microalgae Main Effect References

B-Carotene Dunaliellasalina Reduced plasma cholesterol [46]
and atherogenesis, reduced fat

Dunaliellabardazwil accumulation and inflammation in liver. [47]
Astaxanthin Haematococcuspluvialis Prevent obesity and fatty liver disease. [48,49]
Chlorella zofingiensis
Zeaxanthin Dunaliellasalina Vision and antioxidant protection of body [50,51]
Microcystis aeruginosa
Nannochloropsis
Lutein Chlorella zofingiensis Protective antioxidative effect [31,52]

Chlorella protothecoides

Muriellopsissp

is the most potent producer of B-carotene. Dunaliella is a genus of unicellular and motile green
alga commonly found in marine water. It stores secondary carotenoids (mostly B-carotene) in
the chloroplast as lipid globules emitting red fluorescence originating from the chlorophyll in
the thylakoid membrane. During stress conditions, the red fluorescence from chlorophyll
partly disappears as the thylakoid membranes are broken down. During this time the cells
start to produce carotenoid globules and green fluorescence appears simultaneously [52].
Natural B-carotene has several advantages over the synthetic entity in the presence of two
isomers, the trans-isomer and the 9-cis isomer. Synthetic B-carotene contains only the fully
trans-isomer, which has lower liposolubility and antioxidant activity than the 9-cis isomer,
which is found exclusively in the natural environment.

Dunaliella sp. occurs in the oceans; as they are halophilic organisms they also occur in brine
lakes, salt marshes, salt lagoon, and salt water ditches near sea, predominantly in water
bodies containing more than 2 M salt and high level of magnesium. Dunaliella sp. is recog-
nized as being the most halotolerant eukaryotic photosynthetic organism, showing a remark-
able degree of adaptation to a variety of salt concentrations from as low as 0.1 M to salt
saturation about 4 M [53]. The high-quantity production of B-carotene by Dunaliella is
inversely proportional to high salinity and nutrient limited conditions. According to the re-
ports of global markets for carotenoids, B-carotene has the largest share of the market. Valued
at $247 million in 2007, this segment is expected to be worth $285 million by 2015, a CAGR of
1.8% (http:/ /www.companiesandmarkets.com/Market-Report/the-global-market-for-carot-
enoids-696137.asp) (Table 4.4).

Use of Dunaliella as a nutraceutical positively influences the intracellular communication
and immune response [54]. Several studies have reported the role of B-carotene in preventing
different types of cancer like pancreas, lungs, stomach, cervix, colon, rectum, ovaries, pros-
trate, and breast by its antioxidant activity. Daily dose of B-carotene can reduce asthma
induced as a result of exercise [55]. Age-related macular degeneration is one of the most
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TABLE 4.4 Companies Involved in Algal Beta Carotene Production

Company Location
Cognis nutrition and health Australia
Cyanotech Hawaii, USA
Aquacarotene USA

Tianjin Lantai biotechnology China

Parry Nutraceuticals India
Nikken Sohonsha Corporation Japan
Seambiotic Israel
Muradel Australia

common eye diseases causing severe or permanent loss of vision; an antioxidant therapy us-
ing combinations of high-dosage antioxidant vitamins C, E, B-carotene, and zinc is employed
[56]. The price for natural B-carotene ranges from US$300 to US$3000 per kilogram. Naturally
produced purified B-carotene is usually accompanied with other Dunaliella sp. carotenoids
mix, which includes lutein, neoxanthin, zeaxanthin, violaxanthin, cryptoxanthin, and o-caro-
tene. Variety of natural B-carotene can be found for sale as health food and supplement under
vitamin section. In powder form, natural B-carotene is used for colorization and provitamin A
for animal (cattle and poultry) and aquaculture (shrimp and fish) feed [53]. Even though nat-
ural B-carotene from Dunaliella has several advantages, more than 90% of commercialized
B-carotene is produced synthetically. But natural B-carotene shows higher bioavailability
compared to the synthetic analogue of B-carotene [57]. The production of antioxidant en-
zymes such as catalase, peroxidase, and superoxide dismutase is significantly greater in
B-carotene from Dunaliella and there are no risks associated with consumption of supple-
ments containing this alga.

2.3.2.2 ASTAXANTHIN

Astaxanthin is a reddish pigment that belongs to a group of chemicals called carotenoids.
It is a symmetric molecule consisting of a short ring of polyene terminated by rings. The keto
(O) and hydroxyl group present helps to distinguish it from other carotenoids such as B-caro-
tene (Fig. 4.3C). It is widely used in aquaculture industry as a pigmentation source. Astaxan-
thin is synthesized naturally by microalgae or phytoplankton. It is produced in the cytoplasm
of these organisms. Zooplankton and other marine microorganisms consume these microal-
gae and as a result astaxanthin will accumulate in their body and elicit pinkish-red color in
the flesh of these fishes. This pigment has been considered as super vitamin E due to its nat-
ural antioxidant activities.

Natural astaxanthin can be produced by Haematococcus microalgae, Chlorella zofingiensis,
Chlorococcum sp., and the yeast Xanthophyllomyces dendrorhous [34,58—60]. Fatty acids are
esterified to the 3 or 3’ hydroxyl groups resulting in mono and diesters of astaxanthin.
This esterification increases its solubility and makes it more stable to oxidation. Synthetic
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astaxanthin is in free form; algae-produced astaxanthin is a mixture of mono and diesters.
Normally, astaxanthin is a red carotenoid pigment, but when it forms complexes with
various proteins, its light absorbance property changes and causes crustaceans to range in co-
lor from green, yellow, and blue to brownish. When these crustaceans cooked red color is
produced because these proteins will denature on cooking and will release astaxanthin
from their protein group. Animals cannot synthesize astaxanthin and they get this pigment
through diet. The ability to synthesize astaxanthin or converting dietary astaxanthin into
vitamin A is absent in mammals. Unlike B-carotene, astaxanthin has no provitamin A activity
in these animals [61]. Natural sources of astaxanthin are numerous, but astaxanthin is present
in very low concentrations. The prominent source of astaxanthin is the green alga Haemato-
coccus pluvialis, which is also referred as Haematococcus lacustris or Sphaerella lacustris belongs
to Haematococcaceae family.

Haematococcus is a motile green alga that occurs in nature worldwide, which utilizes the
available phosphate, nitrate, and other nutrients to grow and reproduce. This alga has
different forms during its life cycle. Massive amounts of astaxanthin are produced by the
algae when the cells undergo a dormant stage until the next influx of water and nutrients.
When the algae are stressed due to low nutrients or other unfavorable environmental condi-
tions, spores will form, which rapidly accumulate astaxanthin. It is thought that during un-
favorable environmental conditions, Haematococcus is exposed to harsh ultraviolet rays and
produces astaxanthin as a protective barrier. The astaxanthin level in Haematococcus is about
1.5—3% of its dry weight [62].

Astaxanthin has many important applications and it is widely used in neutraceuticals,
cosmetics, food, and feed industries. Astaxanthin is a potent antioxidant and its antioxidant
activity is more than 10 times stronger than B-carotene and close to 1000 times more effective
than vitamin E. A report showed that Haematococcus pluvialis especially in dose of 3 g/kg feed
administration may effectively enhance the antioxidant system and some biochemical
parameters in rainbow trout [63]. The antioxidant properties of astaxanthin have a key role
in several other properties such as protection against UV-radiation, photo oxidation, inflam-
mation, cancer, ulcer, Helicobacter pylori infection, aging, and age-related ailments, or the
promotion of the immune response, liver function and heart, eye, joints, and prostate
health [63].

In Japan, the international research center for traditional medicine investigated the effects
of astaxanthin in hypertensive (i.e., high blood pressure) rats. They found that after 14 days,
astaxanthin provided significant reduction in the arterial blood pressure. After five weeks,
astaxanthin significantly reduced blood pressure in stroke-prone rats [64]. The researchers
suggested that astaxanthin can exert beneficial effects in protection against hypertension
and stroke, and in improving memory in vascular dementia. Astaxanthin is essential for
cellular health and they also mediate gene expression and cell to cell communication
(Fig. 4.5). The price for astaxanthin varies in the market and depends on the percentage con-
tents in algal source; however, the overall maintained price of 5% astaxanthin is about
US$1900 kg~ ' (http:/ /www.herbridge.com/bencandy.php). Companies that involved in
the production of astaxanthin from Haematococcus involve Cynotech Corporation, Parry
Nutraceuticals, Fuji Health Science, Bioreal, Aqua Search Inc, Valensa International, and
Alga Technologies. To date, there is no report on the negative consequences of Haematococcus
as a source of astaxanthin as a direct dietary supplement.
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2.3.2.3 LUTEIN

Lutein belongs to the xanthophyll family of carotenoids and is one of the major compo-
nents of the macular pigment of the retina [65]. These are synthesized within dark green leafy
plants such as spinach and in algae. It is a yellow pigment and humans cannot synthesize this
pigment and depends entirely on dietary sources such as leafy vegetables or algae. Lutein is
mainly used for the natural coloration of foods, drugs, and cosmetics and it is also widely
used for the pigmentation of animal tissues and products.

Lutein is an oxycarotenoid with one beta and one epsilon ionone ring end groups. It con-
tains extended conjugated double bond system. The backbone polyene chain exists in two
confirmations, either a cis or trans-confirmation (Fig. 4.6). Among these two confirmations
trans form is more predominant. These two confirmations give rise to different mono-cis
and poly-cis lutein isomers. During stress conditions the geometric isomerization converts
all-trans isomers into a cis configuration. All-trans isomer of lutein is present in the lens
and macular region of retina. The bioavailability of all-trans lutein is higher than that of
cis-luteins in human body [66,67]; therefore, commercial production of lutein mainly focuses
on all-trans lutein content.

The free hydroxyl groups at the two ends of lutein reacts with fatty acids and produces
lutein mono-ester or lutein di-ester. Esterification helps to increase the bioavailability of lutein
and it had no effects on antioxidant activity of lutein [68,69]. Global lutein market in 2004
accounted for US$139 million and was considered as the fastest projected growth in

HO™"
FIGURE 4.6 Structure of lutein.
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individual carotenoids sales [70]. The market value of lutein in 2010 was approximately
US$233 million and is expected to reach US$309 million by 2018 with a compound annual
growth rate of 3.6% (http://www.companiesandmarkets.com/). French marigold (Tagetes
patula) is currently the most widely applied source for lutein production in the world. In
the USA, two lutein-containing products, Aztec Marigold and Tagetes have been successfully
commercialized.

Marigold is the major producer of lutein. Three different varieties used for the production
of lutein are Marigold orange, Marigold yellow, and Marigold red. Among these, Marigold
orange variety has high content of lutein [71]. But, one disadvantage is the harvesting of
this Marigold flower is a labor intensive process. Another disadvantage is that the mass culti-
vation of Marigold requires a large land area and is influenced by weather changes. To over-
come these problems, microalgae can be used as a potential source of lutein. Several
microalgae are a rich source of lutein. The microalgae biomass from Chlorophycean is also
considered as the major source of lutein, especially Chlorella sp., Scenedesmus sp., and Muriel-
lopsis sp. Nevertheless, there is no established commercial cultivation system for the produc-
tion of lutein from microalgae. Studies showed that heterotrophically cultivated Chlorella
accumulates high content of lutein [72] and makes it a suitable source for commercial produc-
tion of lutein.

Lutein is the major component in the retina of eye and it has an important role in eye
health. The macular region of the primate retina is yellow in color due to the presence of
the macular pigment, composed of two dietary xanthophylls, lutein and zeaxanthin. Age-
related macular degeneration (AMD) is an important cause of blindness. In AMD the pig-
mented epithelium and photoreceptors are mainly affected. It was found that individuals
with the highest intake of lutein/zeaxanthin (6 mg daily) showed 57% decreased risk for
AMD compared to those who consumed the lowest level of 0.5 mg daily [73]. Lutein and
zeaxanthin are the only two carotenoids that have been identified in the human crystalline
lens. Numerous studies found that increased consumption of foods rich in lutein/zeaxanthin
decreases the chances of cataract in men and women. The antioxidant activity of lutein helps
to scavenge super oxide radicals, free hydroxyl radicals, and inhibits lipid peroxidation. It has
a role in cardiovascular diseases.

Lutein deposited in many body areas is prone to free radical damage such as eyes and
skin. The only way to capitalize on lutein’s antioxidant benefits is to consume it or, for
skin care products, to apply it on the skin. Commercial lutein is sold as granules, powders,
capsules, or oleoresin with 3—80% w/w lutein content. Products with 5—20% lutein is
used as fodder additives while others are used in food industry as additives or further pro-
cessed into health products.

2.4 Chlorophyll Pigments as Natural Colorant

Chlorophyll molecules are the important energy producers of photosynthesis. They are
group of tetrapyrrolic compounds with common structural elements and function. Chemi-
cally, they are cyclic tetrapyrroles of the porphyrin, chlorin, or bacteriochlorin oxidation state.
These are the most important components of chloroplast lamellae. The name chlorophyll was
first coined by Pelletier and Caventou in 1818 but the chemical structure describing chloro-
phyll as magnesium complexes was obtained by Willstatter and Stoll in 1913.
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Chlorophyll is an important natural coloring agent used in the food industry. But it has
some disadvantages. Chlorophyll in its natural environment that is inside the chloroplast
is conjugated with phospholipids, polypeptides, and tocopherols, and also protected by a hy-
drophobic membrane. When this chlorophyll is taken out from the chloroplast the magne-
sium ions will be replaced by a weak acid and it becomes unstable. So in the food
industry this problem is resolved by the substitution of magnesium ion with a copper ion,
which forms the highly stable blue/green complex [74]. This copper complex is not absorbed
by the body and it will be excreted as waste product so it is used in many countries as a food
additive. Although it is a natural food coloring agent, it loses its stability at different pH con-
ditions of the food and is very expensive to produce.

Chlorophyll is widely used in pharmaceutical industries. It inhibits bacteria, stimulates tis-
sue growth, and is involved in the wound healing process. Because the structure of chloro-
phyll is closely related to a hemoglobin molecule it facilitates easy carbon dioxide and
oxygen interchange. So it is widely used in the treatment of ulcers, oral sepsis, and protocol-
ogy. The application of ointments containing chlorophyll derivatives can eliminate the pain
and improve the affected tissues. In addition to this, chlorophyll is a very good antioxidant
capable of neutralizing free radicals in the body. Eating chlorophyll rich-foods can prevent
degenerative diseases. One important property of chlorophyll is its ability to inhibit the
growth of cancerous cells. It inhibits some carcinogenic compounds like nitrosamine, afla-
toxin etc. According to studies on animals, chlorophyll can reduce the level of triglycerides
and cholesterol in the body.

2.5 Pigment-Protein Complexes

2.5.1 Phycobiliproteins

Phycobiliproteins are a group of accessory light-harvesting pigment molecules and are
important water soluble fluorescent pigment—protein complexes organized in supramolecu-
lar phycobilisome complexes. This phycobilisomes serves as photosynthetic apparatus in cya-
nobacteria and in some eukaryotic algae. The major classes of phycobiliproteins are
phycocyanin, phycoerythrin, and allophycocyanin. In cyanobacteria, these phycobiliproteins
comprise up to 40% of the total soluble protein content. These phycobiliproteins have wide
spectrum applications in the field of biotechnology, nutraceuticals, pharmaceuticals, food in-
dustry, cosmetics, clinical diagnostics, and biomedical research.

2.5.2 Phycocyanin

Most of the blue-green algae contain c-phycocyanin as a major phycobiliprotein. Spirulina is
an important source of c-phycocyanin. The dark blue color of blue-green algae is due to the
presence of phycocyanin, which emits red color on excitation. c-Phycocyanin molecule
is widely used as a natural dye because of its deep intense color. They can be used as a fluo-
rescent reagent for immunological analysis without any toxic effect and also can be used as
fluorescent probes for the analysis of cells and molecules [75]. The use of c-phycocyanin in fluo-
rescent probes is dependent on chemical cross linking of peptides to form stable trimers [76].

Phycocyanin has a wide range of application in food industry as a coloring agent. They are
used as a colorant in jelly gum and soft candy. Cyanobacteria rich in c-phycocyanin improve
the immune system of humans. Spirulina rich in phycocyanin is a potent free radical
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scavenger and it also inhibits lipid peroxidation in microsomes. Phycocyanin helps to protect
renal failure caused by certain drugs. It also has anticancerous activity. C-phycocyanin also
inhibits the growth of cancer cell lines.

2.5.3 Phycobilins

It is a group of photoreceptor pigments. These have structural similarity with mammalian
bile pigments. There are two classes of phycobilins and they occur only in cyanobacteria and
Rhodophyta. The phycobilin component is similar to the porphyrin without a metallic atom.
These phycobilins have an important role in food, pharmaceutical, and textile industries.

2.5.4 Phycoerythrins

Phycoerythrin is a major component of light-harvesting complex in red algae and cyano-
bacteria. It has important fluorescent properties and it is widely used as a fluorescent probe. It
is also used as an analytical reagent. Its value as a fluorescent probe exceeds 10,000 per kg.
There are two major isomeric forms of phycoerythrin namely R-phycoerythrin and B- phyco-
erythrin. R-phycoerythrin is the predominant natural form.

2.6 Vitamins

A vitamin is an organic compound required as a nutrient in tiny amounts by an organism.
A compound is called vitamin, when it cannot be synthesized in sufficient quantities by an
organism, and must be obtained from the diet. The term vitamin does not include other
essential nutrients such as dietary minerals, essential fatty acids, or essential amino acids,
or does not encompass the large number of other nutrients that promote health but are other-
wise required less often. Vitamins are classified based on their activity, instead of their chem-
ical structure. Vitamins are broadly classified as water-soluble or fat-soluble. In humans,
there are 13 vitamins, which includes four fat-soluble (A, D, E and K) and nine water-
soluble (8 B vitamins and vitamin C) (Table 4.5). Fat-soluble vitamins are absorbed through
the intestinal tract with the help of lipids (fats), because they are more likely to accumulate in
the body, which in turn leads to hypervitaminosis. Water-soluble vitamins dissolve easily in
water, and in general, are readily excreted from the body, to the degree that urinary output is
a strong predictor of vitamin consumption. Because they are not readily stored, consistent
daily intake is very important.

Microalgae are considered as a rich, nonconventional source of vitamins for human nutri-
tion. Spirulina and Chlorella are rich in vitamin B12. A number of vitamins are present in
higher concentrations in the microalgae than in conventional food, traditionally considered
rich in vitamins such as vitamin E, -carotene [provitamin B (tocopherols)], C (ascorbic
acid), A, and B12. Dunaliella is rich in lipid soluble vitamins. D. tertiolecta is very rich in
vitamin B2, vitamin B12, folic acid, vitamin C, nicotinic acid, and vitamin E, which accounted
31.2,0.7, 4.8, 163.2, 79.3, and 116.3 (mg/kg of dry weight), respectively.

2.7 Polysaccharides

Polysaccharides are ubiquitous biopolymers that occur widely in nature. These are poly-
mers of simple sugars that are monosaccharides linked together by glycosidic linkages. There
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TABLE 4.5 Vitamins—Functions and Deficiencies

Vitamin Function Deficiency-Diseases

A Night vision Night blindness
Healthy skin Skin diseases

B Healthy nervous system Beriberi
Healthy skin, formation of red blood cells Anemia

C Wound healing Scurvy (bleeding gums)

Disease resistance

D Bone health Ricketts
Strong teeth

E Disease resistance reproduction Sterility

K Blood clotting Prolonged bleeding

are different types of polysaccharides. Polysaccharides exhibit a molecular structure that can
be linear or highly branched, composed by the same (homopolysaccharide) or different (het-
eropolysaccharide) monosaccharide units. Structural differences confer distinct physical and
chemical properties. Polysaccharides are nontoxic, natural biodegradable biopolymers. Algae
are an important source of polysaccharides. Algae are cultivated in different parts of the
world for the commercial production of phycocolloids such as alginates and carrageenan.
Marine microalgae contain different types of polysaccharides namely cell wall polysaccha-
rides, mucopolysaccharides, and storage polysaccharides. Sea weeds, especially the red
macro algae are rich sources of these polysaccharides. Harvesting of seaweeds from natural
habitat is very easy. These polysaccharides have wide range of commercial applications. They
are extensively used gelling agents, thickeners, stabilizers, and as emulsifiers in food prod-
ucts. They also have application in pharmaceuticals, photographic films, and tertiary oil re-
covery. The highest content of polysaccharides is found in species such as Porphyra and
Palmaria with a polysaccharide content of 65%.

Sulfated polysaccharides are another important group of polysaccharides from algae. They
act as a protective barrier against pathogen. These sulfated polysaccharides act as promising
ingredients in nutraceutical, pharmaceutical, and food industry. Important sulfated polysac-
charides are agar and carrageenan [77]. Agar is one of the important polysaccharide from red
algae. It is extracted from red seaweeds like Gracillariidae and Gelidiaceae. Agar is used as a
gelling agent in food and pharmaceutical industry. Some of these polysaccharides impart
functional value to food. Sulfated polysaccharides such as fucoidan, porphyrin, and furcel-
laran have been shown to demonstrate biological activities along with nonsulfated polysac-
charide laminarin. B-1,3 Glucan is an important group of polysaccharide from green algae
Chlorella. 1t is important for human health. It acts as an immune-stimulant and also used
in prophylactic treatment.
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2.8 Mycosporine and Mycosporine-like Amino acids

Mycosporines are chemical compounds that contain an aminocyclohexenimine ring linked
to an amino acid, amino alcohol, or amino group. They have absorption maxima between 310
and 360 nm. Mycosporine-like amino acids (MAAs) are imine derivatives of mycosporine
with a molecular weight of <400 Da. They are colorless water-soluble substances. MAA is
transparent to visible light and has a high molar absorptivity for UV-A and UV-B. MAAs
are more common in coral reef algae [78].

MAA-producing cyanobacteria are more abundant in hyper saline environment. Microcys-
tis aeruginosa is a common cyanobacterium with bloom-forming ability to synthesize MAAs
that can directly absorb UVR. The photoprotective effects of MAAs make it a good compo-
nent in sunscreen. Some MAAs may protect the cell not only against UV radiation by
absorbing the high-energy photons and dissipating the energy as heat, but also by scavenging
reactive oxygen species such as singlet oxygen, superoxide anions, hydroperoxyl radicals,
and hydroxyl radicals.

2.9 Bioactive Peptides and Proteins

Bioactive peptides are small peptide molecules that consist of 2—20 amino acids. These
peptides have biological activities and health benefits. In order to cope-up the stress condi-
tions microalgae synthesizes various bioactive chemicals. These chemicals are usually sec-
ondary metabolites, which include carbohydrates, organic acids, amino acids and peptides,
vitamins, antibiotics, growth substances, enzymes, and toxic compounds. These bioactive
peptides show anticancer, antiviral, antioxidant, and immunomodulatory effects (Table 4.6).

Marine microalgae produce a wide range of secondary metabolites, hence they considered
as a rich source of antioxidants. The protease extracted from brown seaweeds Scytosiphon
lomentaria and Ishigeo kamurae displayed high free radical scavenging activities [79]. Chlorella
vulgaris contains a pepsin hydrolyzed peptide with strong antioxidant activity. This peptide
is a protein waste and it is resistant against gastrointestinal enzymes [80]. Chlorella vulgaris
also contains a bioactive peptide with antiproliferation effects [81].

TABLE 4.6 Microalgal Bioactive Peptides and Its Applications

Type Peptide Name/Sequence Source References
Anticancer peptides VECYGPNRPQF Chlorella vulgaris [82]
Polypeptide CPAP Chlorella pyrenoidosa [84]
Polypeptide Y2 Spirulina platensis [85]
Antihypertension peptides VECYGPNRPQF Chlorella vulgaris [83]
VEGY Chlorella ellipsoidea [86]
GMNNLTP, LEQ Nannochloropsis oculta [87]
Immunomodulatory peptides Protein hydrolysates Chlorella vulgaris [88]
Antiartherosclerosis peptide VECYGPNRPQF Chlorella sp [89]
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3. NUTRITIONALLY IMPORTANT ALGAE

3.1 Haematococcus pluvialis

Haematococcus pluvialis is a green unicellular alga in Chlorophyceae species with world-
wide distribution and most common in temperate regions. Haematococcus is a common
component for nutraceuticals, cosmetics, pharmaceuticals, aquaculture, and numerous food
products. It is a green free-swimming organism under optimal conditions of growth, and
when conditions are unfavorable they form spores and rapidly accumulate astaxanthin.
Haematococcus is the largest natural source of astaxanthin. Astaxanthin products from
Haematococcus are available in the public domain from past 15 years. A recent survey of con-
sumers of a commercial Haematococcus astaxanthin supplement indicates several benefits of
astaxanthin supplementation. Haematococcus algae meal provides a minimum of 1.5% astax-
anthin in an esterified form similar to that from krill and crawfish. H. pluvialis has been
approved as a color additive in salmon feeds and a dietary-supplement ingredient for human
consumption in USA by FDA, Japan, as well as several European countries [89].

3.2 Chlorella

Chlorella is a unicellular, green alga found in many aquatic systems. It is mass cultured for
the commercial production of health foods in the form of pills and powder. First commercial
production plant of Chlorella was established in Japan. The size of Chlorella is roughly similar
to human blood corpuscle and it was first discovered by M.W Beijerinck. Chlorella is almost
60% protein and it is able to produce protein 50 times more efficiently than other protein
crops. Chlorella contains all eight essential amino acids, the constituents of protein. Its amino
acid content compares favorably with that of animal-derived protein, except that it has a
slightly lower amount of methionine. It contains relatively high amounts of vitamin C,
B-carotene (provitamin A), Bl, B2, B6, B12, niacin, pantothenic acid, folic acid, biotin, choline,
inositol, PABA, vitamin E, and vitamin K. Its mineral content includes phosphorus, potas-
sium, magnesium, sulfur, iron, calcium, manganese, copper, zinc, iodine, and cobalt. It is
also a source of lipoic acid, an important microbial growth factor [90]. It is now widely avail-
able as a food supplement in tablet, granules, or in liquid form and is easily digested and
hence, it is suitable for infants also.

3.3 Spirulina

Spirulina (Arthrospira) belongs to the group of oxygenic photosynthetic bacteria and are
filamentous, nonheterocystous cyanobacteria commonly found in tropical and subtropical re-
gions. This alga is known as “superfood” of nature because its nutrient profile is more potent
than any other food, plant, grain or herb. Spirulina is an ideal food and dietary supplement
for the twenty-first century by the Food and Agriculture Organization (FAO) of the United
Nations. Spirulina contains almost all biochemical and it helps to build a healthy immune sys-
tem that scavenges free radicals. Compounds extracted from Spirulina have inhibitory activity
against a wide range of viruses [91]. Spirulina is claimed as a nontoxic, nutritious food, with
some corrective properties against viral attacks, anemia, and tumoral growth, and as a source
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of the yellow coloration of egg yolk when consumed by hens and growth. This contains pro-
teins, carbohydrates, essential fatty acids, vitamins, minerals, carotenes, chlorophyll a, and
phycocyanin. There has been a significant change in functional properties of Spirulina under
stressed conditions.

3.4 Nannochloropsis

Nannochloropsis is a unicellular green alga that is rich in PUFA. Nowadays, it is widely
used as an energy-rich source in aquaculture. It is also used for biodiesel production from
photosynthetic organisms. Nannochloropsis is actually in use as a food additive for human
nutrition and it is also served at the restaurant “A Poniente” of El-Puerto de Santa Maria
(Cadiz, Spain) close to the natural environment where Nannochloropsis gaditana was first iso-
lated and still grows. Nannochloropsis is an emerging microalgae with high omega-3 fatty acid
content especially EPA. Many companies are using Nannochloropsis for the commercial pro-
duction of omega-3 fatty acids.

4. CONCLUSION

Algae from marine and freshwater ecosystems are known for their potential to produce
food ingredients and bioactive compounds since ancient times besides being a biofuel feed-
stock. Algal biomasses are now being widely cultivated to make the commercial formulation
of functional foods and nutraceutical application. Algae contain many valuable compounds,
which includes omega-3 fatty acids, vitamins and pigment—protein complexes etc. Even
terrestrial plants could not be the producer of certain essential food ingredients and bioactive
compounds, for which we majorly depend on algal sources. Considering the current shrink-
ing arable land, persistent pesticides in food grains and leafy vegetables, and lifestyle-related
diseases, there is no doubt that the algal biomass-derived food ingredients will serve as a
“wonder molecule” for the mankind.
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1. INTRODUCTION

Free radicals and reactive oxygen species (ROS) are believed as slow poison due to their
adverse effects on biologically significant molecules [1,2]. To cope up with harmful free rad-
icles, every organism has its inherent antioxidant system comprising of several characteristics
enzymatic and nonenzymatic antioxidants. The accumulation of excessive ROS, due to inef-
ficiency of the antioxidant system in body will cause serious damage to various biomolecules,
which in turn, results in occurrence of several life-threatening diseases including cancer, brain
aging, diabetes, atherosclerosis, arthritis, immature aging, and neurodegenerative diseases
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[3—5]. The fact that “the supplement of exogenous antioxidant can help the endogenous anti-
oxidant system in combating against free radicals” has generated the thirst of the worthy
antioxidant [1,2]. As result of which, many antioxidants have been synthesized chemically
or purified from natural resources during last few decades. Among them, the synthetic
ones are documented to have more side effects like liver damages and carcinogenesis [6].
This fact turned the consumers and researches toward the natural antioxidants with little
or no side effects. Algae are considered as largest and oldest taxonomic group of photoauto-
trophs bearing an immense treasure of therapeutically important antioxidant molecules [7].
The present chapter summarizes the recent updates in the field of algal antioxidants with
therapeutic perspective.

2. OXIDATIVE STRESS

The majority of ROS are the by-products of mitochondrial respiration [8]. Both the inner
and outer mitochondrial membranes are involved in the production of free radicals. Mono-
amine oxidase, localized on outer mitochondrial membrane produces large amount of
hydrogen peroxide (H2O,) as by-product during the oxidative deamination of biogenic
amines [9]. This H,O; contributes to the increase in the steady state concentration of ROS
in both the cytosol and mitochondrial matrix [10]. In the case of inner membrane, several
redox centers of mitochondrial electron transport chain (Complex I and III) are found to
leak the electrons, serving as the primary site for ROS production in all mammalian tissues
via different routes [11,12] (Fig. 5.1).

Leaked electrons reduce the minor portion of consumed oxygen in to relatively stable
superoxide anions (Oz), which is the first precursor for the generation of most of the ROS
[8] (Fig. 5.1). The Oy is further neutralized by the enzyme superoxide dismutase in to
H,O, (Fig. 5.1). Further, this HyO, participates in the generation of highly reactive hydroxyl
radicle [OH] through either Haber—Weiss reaction (reaction between O; and H»O,) or
Fenton reaction (Fe™ driven cleavage of HyOy) (Fig. 5.1) [13]. Under oxidative stress, the
production of ROS surpasses to that of its demolition despite the existence of mitochondrial
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antioxidant defense system. Gradual accumulation of ROS inside mitochondria leads to the
damages of mitochondrial biomolecules and impacts substantial negative effects on cell
viability (Fig. 5.1).

2.1 Oxidative Stress—Associated Irregularities in Mitochondria

ROS damages the mitochondrial macromolecules, indispensible for life, specifically
including DNA, proteins, and lipids. Mitochondrial-DNA (mtDNA) encodes for several pro-
teins and RNAs having crucial role in electron transport chain and in energy (i.e., ATP) gen-
eration [14]. mtDNA is highly susceptible to ROS-induced damages due to the absence of
protective histones [8]. ROS affects the mtDNA by triggering the formation of the most carci-
nogenic oxidative stress—induced lesion 8-hydroxydeoxyguanosine (8-OHdG) [8]. ROS-
induced mtDNA damage is probably the major cause of mitochondrial genomic instability
since oxidatively modified bases are found 10—20 folds higher in mtDNA as compared to nu-
clear DNA [8]. Such modified bases are believed as major causatives for aging—associated,
neurodegenerative, and other carcinogenic deformities.

The major targets of O3 is the iron-sulphur (Fe-S)—containing proteins including aconitase,
NADH dehydrogenase, and ATPase [10,15,16]. Aconitase is found to be involved in meta-
bolic activity—regulated mitochondrial gene expression by interacting with the mtDNA-
protein complex [15]. Impaired function of aconitase might adversely alter the mitochondrial
gene expression. Moreover, aconitase performs two other major functions: first, it holds the
reactive Fe™? in the form of inactive (3Fe2-4S)" cluster [17]; second, it catalyzes the conver-
sion of citrate to isocitrate, a crucial step of Krebs cycle. Therefore, the inactivation of mito-
chondrial aconitase results in the amplification of oxidative stress and impaired energy
production by providing the reactants for Haber—Weiss/Fenton reactions and dysfunction
of Krebs cycle, respectively. Other proteins like NADH dehydrogenase and ATPase having
major role in Krebs cycle are also highly prone to the ROS-mediated oxidation and results
in the hampered energy generation [10].

Inner mitochondrial membrane contains proteinaceous channel, named as a permeability
transition pore (PTP). The thiol groups of PTP-proteins are highly susceptible to Ca**—
induced oxidative stress (as describes in next paragraph). The cysteine and methionine resi-
dues are easily oxidized to disulfide and methionine sulfoxide by even the lesser amount of
hydroxyl radicals [18]. The variation in protein structures due to cyc/met residues oxidation
promotes the nonspecific permeability of inner mitochondrial membrane referred to as mito-
chondrial permeability transits (MPT) [19—21]. Gradually, MPT results in the complete loss of
permeability control, which allows the uncontrolled bilateral flow of protons, osmolytes, and
small proteins [19—21]. At developed stage, MPT drastically alters the mitochondrial struc-
ture and functional activity leading to the cell death.

Lipid peroxidation in outer (OMM) and inner mitochondrial membrane (IMM) is majorly
identified as free radical—caused mitochondrial deformation [22,23]. Free radical oxidizes the
unsaturated fatty acids of membrane (L — L) to lipid radicals. Lipid radical then combines
with molecular oxygen to generate the highly active lipid peroxide (L* — LOOr), which
initiate the chain of lipid peroxidation [24]. Thus, mitochondrial lipid peroxidation causes
complete loss of mitochondrial functions. OMM lipid peroxidation impaired the Ca™? buff-
ering capacity, which triggers the Ca'*-induced oxidative stress and associated



94 5. NATURAL ANTIOXIDANTS FROM ALGAE: A THERAPEUTIC PERSPECTIVE

malformations including MPT [16,25,26]; whereas, IMM lipid peroxidation affects the crucial
functions of mitochondria including respiration, oxidative phosphorylation, inner membrane
barrier properties, and maintenance of mitochondrial membrane potential (AY). Specifically,
cardiolipin peroxidation in IMM activates the prematured apoptotic pathway [24].

2.2 Mitochondrial Irregularities Result in Life-Threatening Diseases

During past several years, the pivotal role of oxidative stress and free radicals in occur-
rence of several life-challenging diseases like diabetes, cancer, aging, and other neurodegen-
erative diseases has been uncovered (Fig. 5.2).

There is considerable evidence that the oxidative stress plays major role in the develop-
ment of muscular and cardiovascular complications in diabetes. The diabetic retinopathy, ne-
phropathy, and cardiomyopathy could be prevented by trans-gene—mediated antioxidant
enzymes expression and provision of antioxidant compounds in the diabetic mice [27—33].
Content of oxidative stress—modified bases (8-OHdG) was found significantly higher in
the DNA of cancerous cells as compared to the adjacent normal cells [34]. Moreover, the
elevated level of 8-OHdG in the urine of cancer patients has also suggested oxidative stress
as the major causative of cancer [35]. Increased oxidative stress causes the gradual malfunc-
tioning of almost all organs, results in aging [36]. Role of oxidative stress in aging is reason-
ably supported by some concrete evidences. First, long-lived animal mutant/transgenic (flies,
worms, and mice) is linked with either reduced oxidative stress or increased antioxidant de-
fense. Second, the provision of exogenous antioxidant compounds vitamin E, a-tocopherol
[37], trolox [38], and a—lipoic acid [39,40] alleviates the onset of aging. The neurons astrocytes
and microglia dysfunctionality is majorly supposed to happen due to premature apoptosis,
notably triggered by altered ion transport and calcium homeostatic in mitochondria [41].
As discussed above, the respiratory chain of mitochondria is site of the ROS-generation.
The oxidative stress, indirectly, by raising many adverse conditions like genetic mutation,
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protein misfolding, and proteins aggregation, leads to the neurological disease including
Alzheimer disease [42], Parkinson disease, amyotrophic lateral sclerosis, and many others.

3. WHY ALGAE?

Algae are oldest photoautotrophs, surviving and booming across wide range of habitats
including bare rocks, deep oceans, ice shelves, deserts, barren soil, rivers, ponds, hot springs,
and even in Arctic and Antarctic regions [43—47]. They are biggest contributors to the Earth’s
primary production. They have been exposed to several abiotic stresses, which include high
light, high oxygen concentration, UV-radiation, high salinity, and desiccation [48,49]. The
long-term exposure to such unique environmental conditions have positively pressurized
the algae toward the metabolic evolution, which results in the production of various second-
ary metabolites with great biological, ecological, and economic importance. Based on the cur-
rent literature, algae are perceived as emerging source of biomolecules like fatty acids,
carotenoids, polysaccharides, and pigment proteins with diverse bioactivity [50]. Moreover,
the biomolecules originated from algae are most likely to possess the biomedically and ther-
apeutically important properties. The conjugated pi-double system of the algal molecule en-
ables them to accept the electron and oxidize easily. This property is the primary requirement
to be the antioxidants. Several algal-compounds have been found to show the antioxidant ac-
tivity during last few decades [51]. Moreover, algal antioxidants are very diverse in terms of
their size, solubility, and range of antioxidant activities.

4. ALGAL ANTIOXIDANTS

Numerous genera of algae including Ahnfeltiopsis, Colpomenia, Gracilaria, Halymenia, Hydro-
clathrus, Laurencia, Padina, Polysiphonia, and Turbinaria have been reported to produce the anti-
oxidant compounds [52]. Algal compounds with antioxidant activity are also found to express
some biologically significant activities viz. antiproliferative, anticancer, antiaging, neuroprotec-
tion etc. Algal antioxidants like phycobiliproteins, phlorotannins, carotenoids, sulfated polysac-
charides, scytonemin and mycosporine-like amino acids (MAAs) are discussed in detail with
respect to its occurrence, structure, mode of action, and putative roles in therapeutics.

4.1 Phycobiliproteins

Phycobiliprotein (PBPs), the water-soluble pigment proteins harvest the sunlight in
broader region of solar spectrum for algal photosynthesis [53,54]. They are found in the cya-
nobacteria and certain algae like Rhodophyta and Cryptomonas. Generally, they are composed
of two dissimilar peptide chains containing the covalently attached chromophore/s (Fig. 5.3)
[55,56]. PBPs are classified in to three major divisions viz. phycoerythrin (PE,
Miax = 540—570 nm; A =575—585), phycocyanin  (PC,  A"pax = 610—620 nm;
N nax = 645—653), and allophycocyanin (APC, A" pax = 651—655nm; A = 657—665),
based on the type of chromophore/s they contain (Fig. 5.3) [57—62]. APC and PC contain
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FIGURE 5.3 Spectral characteristics, apoproteins, and chromophores composition of phycobiliproteins. UV-
visible (intact line) and fluorescence emission (fragmented line) spectra of phycoerythrin (A), phycocyanin (C),
and allophycocyanin (E) upon excitation at 559, 589, and 645 nm. The phycoerythrin, phycocyanin, and allophyco-
cyanin absorb the maximum visible light in the range of 540—570, 610—620, and 651—655 nm, respectively and give
fluoresce emission between 575—585, 645—653, and 657—665 nm. The optical appearance of phycoerythrin, phyco-
cyanin, and allophycocyanin has been shown in the inset of Figures A, C, and E, respectively. SDS-PAGE profiles of
phycoerythrin (B, upper), phycocyanin (D, upper), and allophycocyanin (F, upper) showing the existence of two
dissimilar type of a- and B-apoproteins in each phycobiliproteins. The chormophores (and its conformation) attached
with the apoproteins of phycoerythrin (B, lower), phycocyanin (D, lower), and allophycocyanin (F, lower)

[53,58,62,65].
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phycocyanobilin and/or phycoviobilin, and PE contains phycoerythrobilin and/or phycour-
obilin as a chromophore/s with their peptide chains (Fig. 5.3) [54].

The substantial evidences during last two decades s