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PREFACE

This book resulted from presentations at an international
conference on bacterial plasmids held January 5-9, 1981 in Santo
Domingo, Dominican Republic. This was the first meeting of its
kind in the Southern Hemisphere. The meeting place was selected
for its relaxed and comfortable climate, conducive to interactions
among participants. More importantly the locale facilitated the
participation of nearby Latin American clinical and research
scientists who deal directly with the health manifestations of
pathogenic plasmids. Diseases and socio-economic practices of
developing countries exist in the Dominican Republic whose
scientific community could directly benefit from having the
meeting there.

The book includes the talks as well as extended abstracts of
poster presentations from the meeting. This combination, which
provides readers with reviews as well as recent findings, captures
the full scientific exchange which took place during the 5-day
meeting.

As one indication of pathogenicity related to plasmids, the
conferees were surveyed for gastro-intestinal problems during and
after their stay in the Dominican Republic. The results are
summarized at the end of this book.

Stuart B. Levy
Royston C. Clowes
Ellen L. Koenig
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EVOLUTION AMONG ANTIBIOTIC RESISTANCE

PLASMIDS IN THE HOSPITAL ENVIRONMENT

W. Edmund Farrar, Jr.

Infectious Diseases Division
Medical University of South Carolina
Charleston, South Carolina 29405

Plasmid mediated resistance to antibiotics was first
discovered about 25 years ago in Japan because of the unexpected
appearance of multiple drug resistance during an outbreak of
bacillary dysentery (1). Ever since this time the unexpected
appearance of a new or unusual drug resistance marker or an
unusual pattern of multiple drug resistance has been a clue that
plasmids might be involved as carriers of the resistance genes,
and in many cases the 'epidemic strain' of the pathogen involved
in the outbreak has been found to contain one or more resistance
plasmids. Spectacular examples of this are the extensive epidemic
of bacillary dysentery due to Shigella dysenteriae Type I in
Central America and southern Mexico during 1969-70, investigated
by Mata, et al. (2) and the somewhat smaller but still dramatic
epidemic of typhoid fever which occurred in and around Mexico City
in 1972, investigated by Olarte et al. (3). In both instances the
epidemic strain was found to contain a plasmid which conferred
resistance to multiple antibiotics. On a smaller scale, many
outbreaks of hospital-associated infection have been shown to be
due to a particular strain of a gram-negative organism which
contains one or more plasmids.

More recently, within the last four or five years, with the
simplification of some of the methods of molecular biology which
can be used to investigate plasmids as physical entities, it has
become possible for individuals whose interests and backgrounds
lie primarily in the clinical and epidemiological aspects of
antibiotic resistance, and who are not card-carrying molecular
biologists, to investigate plasmids more directly, and to
adequately compare plasmids isolated in clinical surroundings with
one another. During this time there have been several well-

1



2 W. E. FARRAR, JR.

documented cases in which outbreaks of infection in hospitals have
been shown to be due to two or more different species of gram-
negative bacilli harboring a common resistance plasmid. Examples
of this are the finding by Elwell et al. (4) at Seattle of a
plasmid conferring resistance to tobramycin and other antibiotics
in both Klebsiella pneumoniae and Enterobacter cloacae in a burn
unit, and the finding by Sadowski et al. (5) at Minneapolis of a
plasmid conferring resistance to gentamicin in four different
species of gram-negative bacilli. In this outbreak one patient
was found to be inhabited by three different species of
microorganism harboring this plasmid, strongly suggesting that
transmission of the plasmid from one bacterial species to another
occurred in vivo. In Boston, O'Brien et al. (6) have found a
plasmid conferring resistance to gentamicin and other antibiotics
in six different species of gram-negative bacilli at the Peter
Bent Brigham Hospital, and again at Seattle Tompkins et al. (7)
have also found a common resistance plasmid in six species of
gram-negative pathogens at one hospital. In these instances it is
appropriate to speak of an 'epidemic plasmid' rather than an
'epidemic strain'.

We have recently had the opportunity to investigate an
extensive outbreak of hospital-associated infections due to
gentamicin-resistant organisms in which the common element
appeared to be a transposable DNA sequence carrying the gentamicin
resistance gene, which moved from one plasmid to another, these
plasmids in turn spreading among several bacterial species. The
molecular biological studies were carried out in my laboratory at
the Medical University of South Carolina, primarily by Craig
Rubens, as part of a doctoral research project. The epidemiolog-
ical aspects of the study were performed by Zell McGee and
William Schaffner at Vanderbilt University, where this outbreak
took place.

Beginning in late 1973, an increase in hospital-associated
infections due to gentamicin-resistant organisms was seen at
Vanderbilt University Medical Center (Figure 1). At this time
most of these infections were due to Serratia marcescens and
Pseudomonas aeruginosa. Later, in 1976, an increase in infections
due to getamicin-resistant strains of Klebsiella pneumoniae was
observed, with a few cases caused by gentamicin-resistant strains
of Enterobacter cloacae. No increase in infections due to
Escherichia coli was seen. The outbreak eventually involved four
hospitals in the Nashville area, interhospital spread apparently
taking place on the hands of the medical staff (8). At one
hospital an outbreak of infections due to Serratia marcescens was
immediately followed by an upsurge of cases due to Klebsiella
pneumoniae resistant to the same group of antibiotics (9).
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4 W. E. FARRAR, JR.

From the several hundred strains isolated during this
outbreak, a group of 25 strains was selected which represented
each of the different species of bacteria involved, different
times during the five-year period, and different hospitals and
wards where infections with gentamicin-resistant bacteria were
occurring (Table 1). These strains were examined for plasmid DNA
content, antibjotic resistance markers, and presence of
aminoglycoside modifying enzymes. (The enzyme studies were kindly
performed by Kenneth Price and Peter Kressel at Bristol
Laboratories). Gentamicin-resistant strains of Pseudomonas
aeruginosa all contained a single 9.8 Md plasmid, and were also
resistant to most other commonly used antibiotics with the

exception of amikacin. They produced an aminoglycoside
acetyltransferase (either AAC 3-1 or AAC 3-3) and the
aminoglycoside phosphotransferase APH 3-1. Gentamicin-sensitive

strains of P. aeruginosa lacked this plasmid, were sensitive to
gentamicin and tobramycin, and did not contain aminoglycoside-
modifying enzymes. Gentamicin-resistant strains of Serratia
marcescens isolated during the first three years of the outbreak
(Groups I and II) also contained a 9.8 Md plasmid, plus another

larger plasmid of either 80 or 100 Md. These strains were also
resistant to numerous other antibiotics and elaborated
aminoglycoside-modifying enzymes. A single strain of

gentamicin-resistant S. marcescens isolated in 1976 (Group III)
contained a single 105 Md plasmid, but exhibited resistance to
aminoglycosides and produced the AAC 3-3 enzyme. Strains of
Klebsiella pneumoniae and Enterobacter cloacae, all isolated late
in the outbreak, contained plasmids of either 105 or 110 Md, were
resistant to multiple antibiotics including gentamicin and
tobramycin, and were found to possess aminoglycoside modifying
enzymes. Thus, a preliminary assessment indicated that
gentamicin-resistant strains of all species contained either a
small 9.8 Md plasmid, or a very large plasmid of 105 Md or larger.

In order to separate the different plasmids from one another,
we took advantage of the fact that small plasmids (approximately
10 Md or less) are likely to be nonself-transmissible, but readily
transform CaCl treated E. coli, whereas larger plasmids
(approximately “30 Md or larger) are likely to be self-
transmissible but not readily taken up by CaCl, treated E. coli.
Table 2 shows the results of transformation expériments with CaCl
treated E. coli C600. 1In every case it was possible to obtaii
transformants containing the small 9.8 Md plasmid. As seen in
this table, this plasmid conferred resistance to PB-lactam
antibiotics and to the aminoglycosides, along with the ability to
produce aminoglycoside-modifying enzymes. Table 3 shows the
results of conjugation experiments between gentamicin-resistant
strains containing large plasmids and rif' E. coli SF186.
Plasmids of 80 Md and 100 Md size do not confer resistance to
aminoglycoside antibiotics nor ability to elaborate
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8 W. E. FARRAR, JR.

aminoglycoside-modifying enzymes, whereas plasmids of 105 Md or
110 Md confer aminoglycoside resistance along with ability to
elaborate enzymes which modify these agents.

We next looked for evidence of relatedness among the various
plasmids found in these strains. Digests were prepared from 9.8
Md plasmids obtained from five different strains, using the
restriction endonuclease Hinc II. These included three strains of
S. marcescens and two of P. aeruginosa. Agarose gel
electrophoresis revealed that the pattern of fragments produced
was the same in all of these plasmids. When large plasmids (80 to
110 Md) were cleaved with Hind III, many common fragments were
observed, with the largest number of fragments produced from the
110 Md plasmids. Similar results were obtained with Bam HI.
DNA-DNA hybridization studies also revealed a high degree of DNA
base sequence homology among these large plasmids (Table 4). When
plasmids of the same molecular size were hybridized, essentially
complete homology was found.

These findings led us to believe that a transposable DNA
sequence containing the genes for aminoglycoside resistance,
originally present on the 9.8 Md plasmid, had been translocated to
a larger (probably 100 Md) plasmid, resulting in the formation of
a composite plasmid containing all the resistance markers observed
in the strains isolated from this outbreak. Experiments to test
this hypothesis were performed and have been described previously
(10). Briefly, a 105 Md plasmid from a strain of S. marcescens
was put into E. coli containing the small plasmid pMB8. Hybrid
plasmids were found in these cells, which appeared to represent
concatameric forms of pMB8 into which was inserted a transposon
corresponding to a molecular size of 6.2 Md, containing genes for
resistance to aminoglycosides and B-lactam  antibiotics.
Heteroduplex analysis confirmed this interpretation. The
transposition event was shown to be independent of the rec A
system. Similar experiments were done with a 105 Md plasmid from
a strain of K. pneumoniae, with identical results. Finally,
heteroduplex analysis using pBM8::6.2 Md transposon and a 9.8 Md
plasmid from S. marcescens revealed that these two plasmids shared
a contiguous 6.2 Md region. The findings thus indicate that not
only do the 105 Md plasmids contain a transposon carrying the
genes for gentamicin resistance, but that this transposable
sequence originated on the 9.8 Md plasmids found in strains
isolated in the early stages of the outbreak.

It is interesting to view these events from the perspective
of a selfish gentamicin resistance gene. As long as this gene was
restricted to a small non-conjugative plasmid, its horizon was
quite limited. An opportunity to enter a new bacterial species
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10 W. E. FARRAR, JR.

would arise only if a large, conjugative plasmid happened to enter
the cell in which it was residing. This might result in its
mobilization and transfer into a new bacterial host. However, when
the DNA sequence of which it is a part underwent transposition to
a larger conjugative plasmid, it acquired the ability to spread to
additional bacterial species, with opportunity to inhabit a
greater variety of patients and a wider diversity of niches within
the hospital environment.
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R FACTORS PRESENT IN EPIDEMIC STRAINS OF SHIGELLA AND
SALMONELLA SPECIES FOUND IN MEXICO

Jorge Olarte

Laboratorio de Bacteriologia Intestinal
Hospital Infantil de Mexico
Mexico 7, D.F., Mexico

The appearance of Shigella flexneri resistant to common antibio-
tics (tetracycline, chloramphenicol and streptomycin) was detected in
Mexico as early as 1955 (1,2). Of particular importance was the cli-
nical failure observed in the treatment with tetracycline of children
with acute dysentery caused by strains of S. flexneri resistant in
vitro to this antibiotic. After the discovery of R plasmids in Japan,
we tested our culture collection of Shigella, Salmonella and Escheri-
chia coli, including strains which were isolated between the years
1955 and 1969, and found that a large proportion of the resistances
observed in these cultures was transmisible to E. coli K-12 (3).

The proportion of the number of multiple resistant strains
increased during the following years, particularly in the Shigella
group (Table 1). However, the process has not been steady showing ups
and downs. Shortly after the introduction of new antibiotics such as
ampicillin, aminoglycosides and cephalosporins, strains resistant to
them also appeared.

SHIGELLA DYSENTERIAE TYPE 1 EPIDEMICS

In spite of the fact that the clinicians became concerned about
the negative repercussions observed in the treatment of infections
caused by multiple resistant strains of enteropathogenic bacteria, if
was not until 1969-1970 when the true epidemic importance of this kind
of resistance became evident due to the dysentery outbreak originated
by a multiple resistant strain of S. dysenteriae type 1 which spread
through Central America and Mexico (4,5). The organism showed a uni-
form and persistent resistance pattern representing a single clone.

1
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Table 1. Shigella Strains Isolated in Mexico City from 1953 to 1976,
Resistant to Various Antibiotics 4

Year of No. of Per cent resistant to 10 mcg/ml or more b
strains

isolation tested T C S A
1953 31 0 0 74

1955 26 19 8 50

1956 41 34 7 39

1957 33 39 3 39

1959 71 38 21 63

1960 44 43 20 73 0
1961 41 34 27 41

1962-1964 53 36 32 53 3
1965 57 30 19 61 7
1967 55 35 35 58

1971 42 48 36 100 14
1975 69 52 16 99 7
1976 25 76 36 96 56

& Source: Olarte, J. 1978 Bol.Med. Hosp.Infant. Mex., 35:295-309.
b T: tetracycline, C: chloramphenicol, S: streptomycin, A: ampicillin

As seen in Table 2, it was found that the R factors conferring
resistance to chloramphenicol, streptomycin, tetracycline, and sul-
fonamides, present in all samples tested of the epidemic strain of
Shiga 1 belonged to the incompatibility group O plasmid (6). This
incompatibility group was described by Hedges, Datta et al. (7), and
was originally found in two strains of enteropathogenic Escherichia
coli, serotypes 086:B7 and 0126:B16, isolated in our Hospital from
babies with acute diarrhea in 1956; it was of interest since it con-
fers resistance to ampicillin, yet its host strains were isolated
before ampicillin was ever used. The corresponding beta-lactamases
were studied at the laboratory of Stanley Falkow ?8). Group 0 plasmids
have been also found in S. flexneri and are apparently common in Cen-
tral America and Mexico (6). The Shiga 1 epidemic, which extended from
1968 to 1970 attacking over 100,000 persons, almost entirely subsided
during the following years.

In Mexico City on June 1972 (Table 2), an outbreak of dysentery
due to S. dysenteriae type 1 took place in a hospital ward lodging
children under treatment for tuberculosis. This time the causative
organism was resistant to ampicillin, in addition to chloramphenicol,
tetracycline, streptomycin, and sulfonamides. The ampicillin resis-
tance could be transferred independently from the other drug resis-
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Table 2. R Factors Found in Shigella dysenteriae 1 and
Escherichia coli

al COMPATIBILITY)|
ORGANISM STRAIN ORIGIN RESISTANCE |TRANSFERRED GROUP
EPIDEMIC CENTRAL AMERICA
S.DYSENTERIAE 1 [(SEVERAL HUNDRED| AND MEXICO CSTSu csTS [}
ISOLATED) 1888 - 1870
E.COLI 088:87 SPORADIC CASE |MEXICO CITY, 1856 ASTS ASTSu Iw AND O
(E -987)
E. COLI 0128: B16 | SPORADIC CASE |MEXICO CITY, 1956 ACS TS, ACSTS I« AND O
(E - 1235)
S. DYSENTERIAE 1 | HOSPITAL OUTBREAK| MEXICO CITY, 1872 ACSTS csTs. b o
(S STRAINS) A
S. DYSENTERIAE 1 | COMMUNITY DUT- |COSTA RICA, 1874 ACSTS: csTs®
BREAK  (762) Ac
S. DYSENTERIAE 1 | COMMUNITY OUT-| BANGLA DESH, ACSTSu ACSTS.
BREAK  (6986) 1972 - 1973 A¢

a C: CHLORAMPHENICOL, S:STREPTOMYCIN, T:TETRACYCLINE, Su:SULFONAMIDES, A: AMPICILLIN
b 80- MDAL CONJUGATIVE R - PLASMIO
< 5.5- MDAL NONCONJUGATIVE PLASMID

SOURCE: COMPILED FROM REFS. 6, 9, 10

tances from five recovered strains of S. dysenteriae type 1 to E. coli
K-12 (9). It was found that these strains were carrying two different
plasmids, the 0 80 megadaltons plasmid detected in the former epidemic
strain, and a 5.5 megadaltons plasmid which contained the ampicillin
transposon (TnA) sequences and was nonconjugative (10). It is interes-
ting that strains of Shiga bacillus with the same resistance pattern
coded by identical plasmids were also isolated in Costa Rica, and
strains of Shiga with the same ampicillin 5.5 megadaltons plasmid

were simultaneously found in Bangla Desh. The ubiquity of this small
ampicillin plasmid is noteworthy.

The practical implications of such resistant strains have been
previously emphasized (9,10).

TYPHOID FEVER EPIDEMIC

Though strains of Salmonella typhi resistant to chloramphenicol
were found in different parts of the world since the early sixties
(11), it was until 1972 when a strain resistant to multiple antibio-
tics, including chloramphenicol, caused a large and rapid spreading
epidemic of typhoid fever in Mexico City, Pachuca and other commu-
nities of Mexico. Over 10,000 cases were seen (12).

As shown in Table 3, all chloramphenicol resistant strains of
S. typhi isolated during the outbreak, which were studied in various
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laboratories in Mexico (12,13), the United States (14), and England
(6,11), were uniformly resistant to chloramphenicol, streptomycin,
tetracicline, and sulfonamides, and had the same phage sensitivity
pattern, representing a single clone. The resistance was caused by

a transmissible plasmid of the incompatibility group H. Considering
that the outbreak of typhoid fever in Mexico followed the severe
epidemic of bacillary dysentery in Central America, already mentioned,
in which the causative organism was resistant to the same four drugs,
the question was raised of whether the same plasmid was present in
both epidemic pathogens (15). However, the studies accomplished
indicate that each organism carried a phylogenetically distinct
plasmid, H and 0 incompatibility group, respectively (6,14).

In the course of the typhoid outbreak seven strains of S. typhi
were isolated in different localities, which were resistant to am-
picillin in addition to chloramphenicol, streptomycin, tetracycline,
and sulfonamides (Table 3). One of these (H-185), was also resistant
to kanamycin. A1l seven strains were infected with the H plasmid
conferring resistance to the four drugs to which the epidemic strain
was resistant, but in addition were carrying several different R plas-
mids. In four strains (H-185, La Raza 2, LA, and JM) the ampicillin
resistance plasmid was nonconjugative, but was mobilized by the

Table 3.R Factors Found in Salmonella typhi
in Mexico - 1972

Ll
STRAIN ORIGIN RESISTANCE |TRANSFeERRED [COMPATIBILITY | o GE TYPE
GROUP
EPIDEMIC MEXICO-CENTRAL CS8TSu C8TS. N ovs-2 °
(MORE THAN 10000 |STATES AND
CASES) WEST COST
SPORADIC CASES:
H-188 MEXICO CITY AKCSTSu X N Iw AND O DvVsS-10
AK -
CSTSu H
LA RAZA 1 MEXICO CITY ACSTSu ACS (K) A AND C ovs-1
CS8STSu H
PUEBLA 12 PUEBLA ACSTSu AS le DVS- Qb
CSTSu H
JRR ACAPULCO ACSTS, A 18 Vi NEGATIVE
CSTSu H
LA RAZA 2 MEXICO CITY ACSTSu C8TSu H
ACSTS.C -
LA MEXICO CITY ACSTS. C8TSu H ovs-10
ACS T8.S -
J M TULANCINGO ACSTS, C8TSu H th-ab
ACSTSS -
a YO E. 8. = LONDON (PERSONAL COMMUNICATION)
b EPIDEMIC STRAIN (W GROUP A - 70 coc)

< THE A RESISTANCE WAS NOT SELF-TRANSMISSIBLE, BUT MOSILIZED BY ACCOMPANYING PLASMID
SOURCE: COMPILED FROM REFS. 8, 12
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accompanying transmissible plasmid. The other three strains had
conjugative ampicillin resistance plasmids, all different from one
another in compatibility (A and C in strain La Raza 1, I«in strain
Puebla 12, and I&in strain JRR). The kanamycin resistance in strain
H-125 was plasmid determined and transmissible, coded by incompati-
bility group Is and 0 (6).

The epidemic strain of S. typhi was of a Vi degraded phage type.
Two ampicillin resistant strains EPueb1a 12 and JM) were of the same
phage type of the epidemic strain, one (JRR) was Vi negative, another
(La Raza 2) was not phage typed. The remaining three ampicillin resis-
tant strains (H-185, La Raza 1, and LA) showed different phage sen-
sitivities. According to E.D. Anderson the epidemic strain and these
three strains correspond to new phage types to be described (personal
communication).

These findings show that the carrying of the H plasmid of the
epidemic strain did not prevent the acquisition of other R factors
by the same strain. This was also true in the case of the 0 plasmid.
of the epidemic strain of Shiga bacillus. There is the possibility
that the acquisition of some R factors could influence in some way °
the phage sensitivity of S. typhi; however, Alfaro, Martuscelli and~
Mendoza (16), have obtained some experimental results contrary to
this hypothesis.

The typhoid outbreak was apparently a self-limited event. Typhoid
fever has been endemic in Mexico City for a long time, but its ocurren
ce in epidemic form has been rather unusual for the last 30 years. The
explosive outbreak began in early 1972, reached a peak by the middle
of the year and then declined to almost disappear in 1973. It is not
clear how the epidemic started, but it is even more difficult to
understand why it did not spread to the whole country and Central and
South America, considering the large number of residual carriers that
would be expected from such a large number of cases, combined with
epidemiological conditions over this large area propicious for its
propagation.

As seen in Table 4, the proportion of S. typhi chloramphenicol
resistant strains isolated in Mexico City was very high (94.7 %) in
1972, decreased through 1973, and then, with the exception of 1975
(23.5 %), it has declined dramatically. It is not known when the
resistant strain first make its appearance in Mexico. We detected
it at the time the outbreak was obvious, but the search for resistant
strains during the years immediately before the outbreak was neglec-
ted, since we become complacent, believing that the susceptibility
of the organism to chloramphenicol was very stable.

The decreasing incidence of the resistant strain could be due
to either genetic, ecological, or epidemiological causes, or a
combination of them. Unfortunately, we can not place too much trust
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Table 4. Decreased Incidence of S. typhi Resistant to Chloramphenicol,
Mexico City - 1972 to 1980

Year Number of strains Per cent resistant

1972 @ 226 94.7

Jan-Jun 604 60.7
1973 {

Jul-Dec 179 41.3
1974 D 109 3.5
1975 b 230 23.5
1976 b 142 4.9
1977 b 89 6.2
1978 b 60 3.6
1979 b 95 0.0
1980 108 3.7

b

@ From Ref. 13. Data provided by J. Martuscelli, UNAM, Mexico.

in the epidemiological data collected during the outbreak. The
behavior of resistant strains in nature is not well understood.

SALMONELLOSIS OTHER THAN TYPHOID FEVER

Regarding the infections caused by species of Salmonella called
of animal origin, strains resistant to multiple drugs have been
detected in Mexico for many years (3). From time to time we have
observed outbreaks of 1imited importance which mainly affect young
children. No doubt that these outbreaks have spread through the
community in general; however, they have been only studied in pedia-
tric hospitals. The extension that these organisms have affected
different animal species in Mexico is not well known.

As shown in Table 5, a strain of S. poona resistant to nine.
drugs was isolated from 154 children with acute gastroenteritis
attending the Hospital Infantil de Mexico, from May to July, 1976.
Twenty-three had septicemia, and nine septicemia and meningitis;
seven of the latter died (17). From June, 1979 to May, 1980, a strain
of S. newport resistant to eight drugs was isolated in the same Hos-
pital from 51 children with acute gastroenteritis. Five had septi-
cemia and two septicemia and meningitis. In both outbreaks some of
the children were already infected with the salmonella at the time
of admission, whereas others acquired the salmonella in the hospital
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Table 5. Salmonellosis in Children Caused by Multiple
Resistant Strains of S. poona and S. newport,
Hospital Infantil de Mexico

ORGANISM TLLNESS RESISTANCE
S. POONA GASTROENTERITIS 122 CASES AMPICILLIN, CHLORAMPHENICOL,
(MAY - JULY, 1976)
CASTROENTERITIS, COMPLL. TETRACYCLINES, CEPHALOTHIN,
CATED WITH SEPTICEMIA 23 CASES KANAMYCIN, STREPTOMYCIN,
(From Ref.17) GASTROENTERITIS COMPLI- GENTAMICIN, CARBENICILLIN,
CATED WITH SEPTICEMIA SULFANOMIDES
AND MENINGITIS 9 CASES
S. NEWPORT GASTROENTERITIS a4 CASES AMPICILLIN, CHLORAMPHENICOL,
JUNE 1959 - MAY 1980)
( CASTROENTERITIS COMPLI . CEPHALOTHIN, STREPTOMYCIN,
CATED WITH SEPTICEMIA 5 CASES KANAMYCIN, GENTAMICIN,

GASTROENTERITIS COMPLI- SULFONAMIDES

CATED WITH SEPTICEMIA
AND MENINGITIS 2 CASES

as a result of cross infection. The resistance present in both strains
of Salmonella is transmissible; the R factors involved are under study.

Similar outbreaks of gastroenteritis caused by multiresistant
Salmonella serotypes of animal origin have been reported in various
regions. Of particular importance have been certain strains of S.
wien which have spread through various countries in Southern Europe
and North Africa (18), and S. typhimurium in South America (19), the
Middle East and Great Britain (18,20).

The possibility that epidemic multiresistant strains of entero-
pathogenic bacteria possess, in addition to the R factors, an enhanced
virulence or a factor which facilitates its transmissibility, has
been the subjet of much speculation and remains to be resolved.

The data presented in this review are a good example of what
Tikely could occur in any country that, T1ike Mexico, meets the condi-
tions for the propagation of enteric infections, together with its
high incidence and the indiscriminate use of antimicrobial drugs.
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THE COMMUNITY: SPREAD OF PLASMIDS AND TRANSPOSONS

Naomi Datta and Hilary Richards

Department of Bacteriology
Royal Postgraduate Medical School
Du Cane Road, London W12 OHS, England

INTRODUCTION

Trimethoprim is a very effective synthetic antibacterial drug
that was introduced for use in human and veterinary medicine about
10 years ago in Europe (7 years in the US). Until recently it has
been used always in conjunction with a sulfonamide. Trimethoprim
and sulfonamides act synergistically, at different points upon the
folic acid cycle of bacteria and using both drugs together should
prevent the emergence of resistant mutants!. Trimethoprim-sulfona-
mide preparations are effective against a wide range of bacteria
and have been extensively used in treating urinary, respiratory and,
to a lesser extent, gastrointestinal infections in hospitals and in
the community.

Combining trimethoprim with sulfonamide could not entirely
prevent the emergence of trimethoprim-resistance since resistance
to sulfonamides, often plasmid-determined? was already common.
Using trimethoprim-sulfonamide to treat infection caused by bacteria
highly resistant to sulfonamide is equivalent to treating the
infection with trimethoprim alone3. Laboratory-selected trimetho-
prim-resistant mutants are frequently thymine-requiring. Some
clinical isolates are of this kind while others show quantitative
or qualitative alterations in dihydrofolate reductase activity™.

Although most published reports on trimethoprim resistance
refer to members of the Enterobacteriaceae, resistance in Staphylo-
coccus aureus®, S. albus®, Streptococcus faecalis® and in occasional
strains of Haemophilus influenzae’ has been noted.

Plasmids determining trimethoprim resistance were first
21
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identified in 19728 and plasmid-mediated resistance permits normal
bacterial growth at high concentrations of trimethoprim. The
plasmids determine production of trimethoprim-insensitive dihydro-
folate reductase (DHFR) that the bacterium uses when its native
enzyme is inhibited by the drug’>!0. Two types of plasmid-deter-
mined DHFR have been identified!! and sometimes plasmid DHFR is
encoded by transposable DNA sequenceslza13. We have collected
bacteria from various sources and characterised trimethoprim-
resistance plasmids and transposons, the aim being to gain under-
standing of the routes of dissemination of the resistance genes.

MATERIALS AND METHODS

Sources of bacterial strains

Three sets of urinary isolates of Escherichia coli were
tested: 1) 93 from schoolgirls taking part in a long-term study
of bacteriuria in schoolgirls, 1979-80'"; 2) 187 from specimens
sent by general practitioners to the diagnostic laboratory,
Department of Bacteriology, Royal Postgraduate Medical School,
January-August 1980; and 3) 269 from inpatients in Hammersmith
Hospital, London, July and August 1980.

The strains were identified by conventional biochemical methods
and tested for sensitivity using a disc diffusion methodl!S.

Plasmid transfer and characterization

These were as described previously using E. coli K12 strain
J62~2 as primary recipient and the recA strains PB1150 and HH2616,17,

Tests for transposition of trimethoprim resistance

1) Genetic analysis. Transposition was indicated if trimetho-
prim resistance was retained in E. coli K12 after a plasmid that
had carried it was eliminated during incompatibility tests or in
"curing" experiments. If the new locus was in the chromosome, this
was indicated by non-transmissibility of the resistance and lack of
plasmid bands after gel electrophoresis of lysates. A second trans-—
position event could then be shown by introducing a conjugative
plasmid (without trimethoprim resistance) and retesting for transfer
of trimethoprim resistance. Transpostion to another plasmid, at the
first or second transposition event, was shown by linkage in transfer
experiments and by DNA analysis. Serial transfer from plasmid to
chromosome, chromosome to plasmid or plasmid to plasmid was looked
for in Rec+ or recA hosts.

2) Restriction enzyme analysis. Having identified a transposon,
its mass was determined (from the increase in molecular weight upon
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its acquisition by another plasmid) and its susceptibility to

cutting by restriction enzymes (from the altered restriction pattern
yielded by a plasmid upon its acquisition). Enzymes used were EcoRl
and HindIIT, from BRI Inc. When TnT is digested with HindIII, two
characteristic internal fragments (Fig. 1) can be recognised by
their migration in gel electrophoresis.

For the purposes of this paper, we took transposition of
trimethoprim-streptomycin/spectinomycin resistance, mass of DNA
transposed and identification of the characteristic HindIII frag-
ments, as evidence for the presence of Tn7 or a closely similar
transposon, without testing each example for transpostion in a
recA host. Methods for DNA extraction, digestion with enzymes and
gel electrophoresis were as described by Datta et allS,

Figure 1 Map of TnT
Hs 3 H7,5 Hio.2
Vv \ Vv
TpSmSp A 15.2 kb
Ey.7

Cut sites H = HindIII E = EcoR1

RESULTS

The incidence of trimethoprim-resistance in enterobacteria

1) In the community. Strains of E. coli isolated from urinary
tract infections outside hospital are rarely trimethoprim—resistant.
Table 1 shows our latest results of tests for sensitivity to ampi-
cillin, sulfonamide and trimethoprim on E. coli strains from two
groups of non-hospitalized people. Table 2 shows the trend over
the last 2 decades for the sensitivity of comparable bacteria to
ampicillin and trimethoprim.
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Table 1. Resistance to trimethoprim (Tp), sulfonamide (Su), and
ampicillin (Ap) in urinary isolates of E. coli

Numbers (%) from

Total Schoolgirls General Inpatients
resistant to (Cardiff) practice (Hammersmith)
(Hammersmith)
1979-80 Jan-Aug 1980 July-Aug 1980
Tp 0 3 (1.6) 27 (10.0)
Su 12 (12.9) 42 (22.5) 81 (30.1)
Ap 16 (17.2) L7 (25.1) 73 (27.1)
Sensitive to
Tp Su Ap 75 (80.6) 122 (65.2) 157 (58.4)
Total 93 (100) 187 (100) 269 (100)
Combinations

of resistance

Tp 0 1 ( 0.5) 2 ( 0.7)
Su 2 ( 2.2) 17 ( 9.1) 31 (11.5)
Ap 6 ( 6.5) 22 (11.8) 25 (1 9.3)
SuTp 0 0 6 ( 2.2)
ApTpSu 0 2 (1.1) 15 ( 5.6)
ApTp 0 0 5 (1.5)
ApSu 10 (10.8) 23 (12.3) 29 (10.8)

A1]1 Tp-resistant strains, but not all Tp-sensitive ones, were
tested for sensitivity to a wide range of antibacterial drugs, not
shown here.

2) In hospital. Trimethoprim resistance has been increasing
in frequency in hospital infections. Table 1 shows our results
for E. coli from urinary infections. When all enterobacteria from
all infected sites are included, the incidence of trimethoprim
resistance in the same hospital was 20%.
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Table 2. E. coli from urinary-tract infections in the

community
Percentage resistant to:
Year ampicillin trimethoprim
1960 0 0
1970 5 1
1980 25 1

Data, from refs. 19,20 and 21 and this paper, summarize
findings in several groups of patients in England and
Wales.

Trimethoprim-resistance plasmids

The first trimethoprim resistance plasmids were very uniform,
though found in a variety of bacterial species. They were of
incompatibility group W (IncW), had molecular masses of about 25
Md and determined resistance to sulfonamides(Su) and trimethoprim
(Tp) (example, R388). In a collection of trimethoprim-resistant
bacteria made in 1972 these were the only trimethoprim resistance
plasmids found. They were found only in bacteria isolated in London
hospitals: no trimethoprim resistance plasmids were detected in
isolates from other parts of England and Wales22, 1In several later
studies, plasmids of many different incompatibility groups carried
trimethoprim resistance (Table 3) and the resistance patterns were
different from the original TpSu. Bacteria carrying these plasmids
were nearly always sulfonamide-resistant but sulfonamide resistance
genes were not necessarily determined by the trimethoprim resistance
plasmids. Some plasmids, e.g. R751, carried no resistance except to
trimethoprim?4, others carried multiresistance e.g. pTH11!8.

Table 3. Trimethoprim resistance plasmids: range of
Incompatibility (Inc) Groups

Year Inc Groups found
1972 W
1980 W B C D I FII N P X

Data in refs. 16, 18, 22 and 23 and unpublished results.
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Trimethoprim-resistance plasmids have usually been identified
in bacteria from environments where the drug is most used i.e. from
hospital patients and farm animals. Of the 27 trimethoprim E. coli
strains from hospital infections, listed in Table 1, 24 carried
trimethoprim resistance plasmids. Although resistance to trimetho-—
prim is unusual in bacteria causing human infections outside hospi-
tal, when it does occur it is often plasmid-determined. From
urinary tract infections in the community, we had only 3 trimetho-
prim-resistant E. coli from a total of 280 (Table 1). 1In 2 of
the 3, the resistance was plasmid-borne.

Trimethoprim—resistance transposons

Two transposons carrying trimethoprim-resistance genes are
known, Tn7l2 and Tnk02!3.

Tn7 determines a low level of resistance to streptomycin/
spectinomycin and a high level of trimethoprim resistance. It is
approximately 15 kilobases (kb) and a restriction map of it is
shown in Fig. 1. It transposes very readily e.g. if a plasmid
carrying TnT is transferred to E. coli K12 and then eliminated, a
high proportion (between 1% and 50%) of the "cured" clones still
carry the transposon, now integrated into the chromosome.

We have identified Tn7 in plasmids and chromosomes of many
naturally-occurring bacteria, isolated from man and animals. The
first example!? came from E. coli from a calf that had been fed
large, doses of a trimethoprim-sulfonamide combination for experi-
mental purposes. Later examples from farm animals were in E. colil?
and Salmonella?®, Trimethoprim-sulfonamide combinations have been
extensively used in animals in England for both therapy and prophy-
lactic purposes. Smith2® has shown that an increasing proportion
of faecal E. coli from healthy market pigs carry trimethoprim resis-
tance plasmids. We have examined 15 such plasmids (received from
H. W. Smith) and have positively identified Tn7 in 6 of them.

In hospital infections, TnT has been found in plasmids of
different general®:18 and also in the chromosomes of infecting
bacterial®. Of the 27 trimethoprim E. coli strains from hospital
infections (Table 1) trimethoprim resistance plasmids were identified
in 24 strains and 18 of these carried TnT-like sequences.

In the two cases of plasmid-determined resistance in community
infections, Tn7 was identified in both. There was no epidemiological
connexion between the patients and the TnT-bearing plasmids were
different in their resistance patterns and molecular masses.

Tn7 determines DHFR tyge I of Pattishall et alll. Tnko2,
identified in plasmid R75113,2%, determines DHFR type II27. Tnko2
transposes at a frequency too low to be detected in our studies,
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but DHFR II is carried by naturally occurring plasmids of at least
four incompatibility groups?’, indirect evidence for the spread of
Tnk02 in nature.

DISCUSSION

Despite widespread use of trimethoprim-sulfonamide combinations,
trimethoprim-resistance is still uncommon (frequency 1%) in strains
of E. coli isolated from urinary tract infections in the community
outside hospitals. This is our finding in the new isolates des-
cribed here; it confirms the experience of others21,28, 1In the
same strains, the incidence of resistance to sulfonamides and to
ampicillin is higher (Table 1). The frequency of acquired resistance
to any antibacterial drug evidently depends upon various factors
among which are: 1) the ability of the bacteria to become resistant
by mutation, 2) access to a pool of resistance genes that may be
transferred from one bacterium to another and 3) the degree of
selection for resistance in the environment.

In the case of trimethoprim, acquisition of resistance, by
mutation can be demonstrated in the laboratory! but during short
courses of therapy in man, infecting or commensal enterobacteria do
not commonly mutate to resistance. Lacey et al® studied the effects
of 5-day courses of trimethoprim-sulfonamide or of trimethoprim
alone upon the bacteria carried by 279 patients and found no tri-
methoprim-resistant Enterobacteriaceae. Resistant mutants of
Streptococcus faecalis, however, readily appear on exposure to
trimethoprimS,

During the use of long-term co-trimoxazole for the control of
intractable urinary infections, some strains of E. coli were found
that had become trimethoprim-resistant by mutation2?9.

Our research is concerned with the second factor determining
the incidence of resistance, the availability of a pool of plasmid
genes that may be acquired by contact with other, already-resistant
bacteria. The low incidence of trimethoprim-resistant E. coli in
urinary infections in the community indicates that this pool, in
the intestinal bacteria of people outside hospitals, is still small.
Had it been greater, resistant Enterobacteriaceae might have been
isolated from the patients studied by Lacey et al® after short-term
courses of therapy. From patients on long-term prophylaxis studied
by Pearson et al??, strains of Entercbacteriaceae carrying trimetho-
prim resistance plasmids were isolated in a few cases. Here the
third factor was operative, there being strong selection for resis-
tance when trimethoprim was taken for months rather than days.

We have found transposons resembling, or identical with, TnT
in plasmids of many incompatibility groups in bacteria of various
genera in a variety of environments in England i.e. in hospital
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infections, in E. coli from urinary infections in the community,

in salmonella from man and animals and in the normal intestinal

E. coli of market pigs. Tn7 has been found in the chromosomes of
naturally-occurring bacteria from which loci it transposes very
readily, in the laboratory, to plasmids that did not previously
carry trimethoprim-resistance. TnkO2, though it does not transpose
so readily in laboratory experiments, is found on a variety of
naturally-occurring plasmids. These transposons possess a potential
for world-wide dissemination. Such a thing has already happened
with Tnl and related transposons that determine resistance to
penicillins, including ampicillin and carbenicillin, mediated by
the TEM B—lactamase30. Tnl-related genes are carried by plasmids
of many types and are now common in bacteria, isolated in all
continents, and of many genera including all the Enterobacteriaceae,
Pseudomonas aeruginosa, Haemophilus influenzae and Neisseria
gonorrhoeae. The spread of Tnl-determined B-lactamase genes is
largely responsible for the high incidence of ampicillin resistance
in E. coli and other Enterobacteriaceae both in and out of hospitals
(Tables 1 and 2). The very successful spread of this DNA element
can be related to its facility in transposition and by heavy use of
ampicillin in the treatment of many kinds of infections, trivial or
severe. Trimethoprim resembles ampicillin in its wide spectrum of
activity, low toxicity and convenient oral dosage. Until recently
it has been used in combination with a sulfonamide but it is now
available for use alone, in which form it is more acceptable to
patients, having fewer unpleasant side-effects. Since neither TnT
nor Tnk02 determines sulfonamide resistance their dissemination may
be favoured by use of trimethoprim alone.

The frequency of resistance acquired by gene transfer depends
upon the extent of the pool of transmissible or transposable resis-
tance genes and the selection of resistant bacteria depends upon
use of the drug. With the use of trimethoprim alone, we should
look for changes in these variables.

REFERENCES

1. S. R. M. Bushby, .Combined antibacterial action in vitro of
trimethoprim and sulfonamides. Postgrad. Med. J. 45:(Suppl)
10-16 (1969).

2. N. Datta, Drug resistance and R factors in the bowel bacteria
of London patients before and after admission to hospital,
Brit. med. J. 2:407-411 (1969).

3. R. N. Grineberg, The use of co-trimoxazole in sulfonamide
resistant Escherichia coli urinary tract infection,
J. antimicrob. Chemother. 1:305-310 (1975).

Y, J. M. T. Hamilton-Miller, Mechanisms and distribution of
bacterial resistance to diaminopyrimidines and sulfonamides,
J. antimicrob. Chemother. 5:(suppl. B) 61-73 (1979).




SPREAD OF PLASMIDS AND TRANSPOSONS

5.

10.

11.

12.

13.

1k,

15.

16.

29

E. L. Lewis, and R. W. Lacey, Present significance of resistance

to trimethoprim and sulfonamides in coliforms, Staphylo-
coccus aureus and Streptococcus faecalis, J. Clin. Path.
26:175-180 (1972).

W. Lacey, V. L. Lord, H. K. W. Gunasekera, P. J. Lieberman,
and D. E. A. Luxton, Comparison of trimethoprim alone with
trimethoprim-sulfamethoxazole in the treatment of respira-
tory and urinary infections with particular reference to
selection of trimethoprim resistance, Lancet 1:1270-1273
(1980).

J. Howard, C. J. Hince, and J. D. Williams, Antibiotic
resistance in Streptococcus pneumoniae and Haemophilus
influenzae. Report of a study group on bacterial resis—
tance, Brit. med. J. 1:1657-1660 (1978).

P. Fleming, N. Datta, and R. N. Grineberg, Trimethoprim
resistance determined by R factors, Brit. med. J. 1:726-
728 (1972).

G. B. Amyes, and J. T. Smith, R-factor trimethoprim resis-
tance mechanism: an insusceptible target site, Biochem.
Biophys. Res. Commn. 58:412-418 (197L4).

Skold, and A. Widh, A new dihydrofolate reductase with low
trimethoprim sensitivity induced by an R factor mediating
high resistance to trimethoprim, J. biol. Chem. 249:432L-
4325 (1974).

H. Pattishall, J. Acar, J. J. Burchall, F. W. Goldstein,
and R. J. Harvey, Two distinct types of trimethoprim-resis-
tant dihydrofolate reductase specified by R plasmids of
different compatibility groups, J. biol. Chem. 252:2319-
2323 (1977).

T. Barth, N. Datta, R. W. Hedges, and N. J. Grinter,
Transposition of a deoxyribonucleic acid sequence encoding
trimethoprim and streptomycin resistance from R483 to other
replicons, J. Bact. 125:800-810 (1976).

A. Shapiro, and P. Sporn, Transposon Tnk0O2: a new trans-
posable element determining trimethoprim resistance that
inserts into bacteriophage lambda, J. Bact. 129:1632-1635
(1977).

W. Asscher, E. R. Verrier-Jones, K. Verrier—Jones,

R. Mackenzie, and L. A. Williams, Bacteriologic follow-up
of schoolgirls with untreated covert bacteruria, Kidney
International 16:92 (1979).

J. Stokes, and P. M. Waterworth, Antibiotic sensitivity
tests by diffusion methods, Association of Clinical
Pathologists Broadsheet, 55:1-12, British Medical
Association, London (1972).

Datta, S. Dacey, V. Hughes, S. Knight, H. Richards,

G. Williams, M. Casewell, and K. P. Shannon, Distribution
of genes for trimethoprim and gentamicin resistance in
bacteria and their plasmids in a general hospital, J. gen.
Microbiol. 118:495-508 (1980).




30

17.

18.

19.

20.

21.

22.

23.

oh.

25.

26.

27.

28.

29.

30.

N. DATTA AND H. RICHARDS

P. T. Barth, and N. Datta, Two naturally occurring transposons
indistinguishable from Tn7, J. gen. Microbiol. 102:129-13k
(1977) .

N. Datta, V. M. Hughes, M. E. Nugent, and H. Richards, Plasmids
and transposons and their stability and mutability in bacteria
isolated during an outbreak of hospital infection, Plasmid 2:
182-196 (1979).

J. L. Harkness, F. M. Anderson, and N. Datta, R factors in
urinary tract infection, Kidney International 8:8130-S133
(1975) .

R. N. Grilineberg, Susceptibility of urinary pathogens to various
antimicrobial substances: a four year study, J. Clin. Path.
29:292-295 (1976).

R. N. Griineberg, Antibiotic sensitivities of urinary pathogens
1971-1978, J. Clin. Path. 33:853-856 (1980).

N. Datta, and R. W. Hedges, Trimethoprim resistance conferred
by W plasmids in Enterobacteriaceae, J. gen. Microbiol.
72:349-356 (1972):

N. Datta, M. Nugent, S. G. B. Amyes, and P. McNeilly, Multiple
mechanisms of trimethoprim resistance in strains of
Escherichia coli from a patient treated with long-term
co-trimoxazole, J. antimicrob. Chemother. 5:399-406 (1979).

R. S. Jobanputra, and N. Datta, Trimethoprim resistance factors
in enterobacteria from clinical specimens, J. med. Microbiol.
7:169-177 (1974).

H. Richards, N. Datta, C. Wray, and W. J. Sojka, Trimethoprim
resistance plasmids and transposons in Salmonella, Lancet
2:1194-1195 (1978).

H. W. Smith, Antibiotic-resistant Escherichia coli in market
pigs in 1956-1979; the emergence of organisms with plasmid-
borne trimethoprim resistance, J. Hyg., Camb. 84:L6T7-LTT
(1980).

M. E. Fling, and L. P. Elwell, Protein expression in Escherichia
coli minicells containing recombinant plasmids specifying
trimethoprim-resistant dihydrofolate reductase, J. Bact.
141:779-785 (1980).

Anonymous, Bacterial resistance to trimethoprim, Brit. med. J.
281:571-572 (1980).

N. J. Pearson, K. J. Towner, A. M. McSherry, W. R. Cattell,
and F. 0'Grady, Emergence of trimethoprim-resistant entero-
bacteria in patients receiving long-term co-trimoxazole for
the control of intractable urinary tract infection, Lancet
2:1205-1209 (1979).

M. P. Calos, and J. H. Miller, Transposable elements: review,
Cell 20:579-595 (1980).




ECOLOGICAL FACTORS THAT AFFECT THE SURVIVAL, ESTABLISHMENT, GROWTH

AND GENETIC RECOMBINATION OF MICROBES IN NATURAL HABITATS
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Despite the remarkable advances in the isolation, analysis,
reconstruction,and methods of introducing new genes into organisms,
the ultimate fate of natural and manipulated genetic material is
dependent on the survival, establishment, and growth of the organ-
ismal vectors (usually microbes) that house the genetic material
in the natural habitats into which the vectors are introduced.
Survival, establishment, and growth are, in turn, dependent on the
genetic constitution of the microbes and on the physical (tempera-
ture, pressure, electromagnetic radiation, surfaces, spatial rela-
tions), chemical (carbonaceous substrates, ironganic nutrients,
growth factors, ionic composition, available water, pH, oxidation-
reduction potential, gaseous composition, toxicants), and biologi-
cal (characteristics of and positive and negative interactions
between microbes) factors of the various habitats (Fig. 1). Limi-
tations of space preclude a detailed discussion of and an extensive
bibliography to these ecological factors and to the genetical
aspects of this report. Consequently, reference is made to reviews
wherever possible,

The relative influence of these individual ecological factors
differs with the recipient habitat and is usually greater on
introduced than on indigenous microbes. Furthermore, none of
these factors operates individually but in concert with numerous
other factors, and although one or a few factors may be dominant
in a specific habitat, their influences may have indirect, but
cascading, effects on other characteristics. Consequently, an
alteration in one environmental factor may result in simultaneous
or subsequent changes in other factors, and ultimately, the
habitat and the ability of both introduced microbes and of portions
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FACTOR

IONIC
pH

COMPOSITION
PRESSURE
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(carbon)
INORGANIC
NUTRIENTS
WATER
TEMPERATURE
RADIATION
(e-m spectrum)
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COMPOSITION
SURFACES
(particulates)
SPATIAL
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MAGNETIC FIELDS
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OTHERS

HABITAT

GROWTH FACTORS
CHARACTERISTICS

Eh
(redox potential)
OF ORGANISMS

soiLs X x X

PLANTS X X

ATMOSPHERE X

FRESH WATERS X x

SALT WATERS

ESTUARIES

& SEASHORES X X
WASTE WATERS
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ASTROINTESTINAL
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TRACT X
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INSECTS & OTHER
INVERTEBRATES x

FOODS x x

PETROLEUM

MATERIELS X

INDUSTRIAL
FERMENTATIONS X X X

LABORATORY X

OTHERS

Fig. 1. Physical, chemical, and biological factors that affect
the ecology of microorganisms in various habitats. For
illustrative purposes, some of the dominant factors in some
habitats have been indicated.
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of the indigenous microbiota to survive are changed. Inasmuch

as the possible permutations of interactions between these environ-
mental factors are essentially unlimited, the relative success of
microbes containing new genetic information to survive, establish
and grow in these natural habitats cannot be easily predicted.

The heightened activity in recombinant DNA technology increases
the probability that genetically engineered microbes will eventually
be introduced - either accidentally or deliberately - into natural
habitats, such as soils, waters, and sediments, which are the
major final repositories for all microbes. Inasmuch as such
microbes will contain new DNA sequences ~ some inadvertently in-
serted along with desired and, presumably, harmless sequences -
there are potential dangers to the health of plants and animals,
including humans, and to other aspects in the biosphere, especially
if such microbes are able to grow better in the recipient environ-
ment than the indigenous microbiota or the experimental parental
strains (1-5)and as even minor changes in a single biosynthetic
capability can apparently result in significantly increased growth
rates (6) and, hence, presumably in greater survival and coloniza-
tion by introduced microbes. For example, will bacteria with an
acquired ability to fix Nj, coupled with existing capabilities
for rapid growth, efficient metabolism, and survival value in
natural habitats, reduce the N2 content of the atmosphere, enhance
pollution of ground-waters with_NO}, and deplete the ozone layer
due to formation of NO, from N03 ? Will organisms engineered to
destroy oil-spills remain restricted to these spills or will they
spread and eventually also degrade petroleum products in the
refinery and the gas station, especially if they also acquired
other genes that will enhance their ability to survive in these
habitats?

The survival value of manipulated microbes in natural habitats
is presumably low and there should, therefore, be little danger of
their establishment and proliferation in natural habitats, and
some "'constructed" host organisms are so auxotrophic and debili-
tated that they should "self-destruct" outside of enriched labora-
tory media (7). However, there have been few studies on the
survival of such microbes in natural habitats and on the ability
of debilitated recipients to acquire the genes from the natural
habitat into which they may be deposited that will reduce their
degree of auxotrophy and enhance their survival. There have
apparently been no studies on the influence of the physicochemical
characteristics of the recipient environment on the survival of
and the acquisition of genes by these microbes. These character-
istics have major roles in determining the survival, establish-
ment, and growth of both indigenous and introduced microorganisms

in natural habitats (8).
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Most studies on genetic recombination in bacteria have been
conducted in vitro, and there are few data showing that gene
transfer occurs in situ. A few in vivo studies have been con-
ducted with zxenic animals or with animals in which the normal
biota, usually of the intestinal tract, had been greatly reduced
or eliminated by antibiotic pretreatment, and these have focused
on conjugation, primarily R-factor transfer, as the mechanism of
gene transfer (9-32).

A few studies have investigated the transfer of R-factors in
non-animal habitats. Smith (33) showed that 373 strains from
435 strains of Escherichia coli that were isolated from 90 river
water samples in Great Britain and were resistant to chlorampheni-
col could transfer this resistance to F~ strains of E. coli K12,
and 179 of these strains were resistant to five or more anti-
biotics. Furthermore, 208 of these strains could also transfer
the resistance to chloramphenicol to Salmonella typhimurium.
Antibiotic-resistant bacteria containing conjugative R-factor
plasmids have also been isolated in sewage-impacted waters in
the United States (e.g., in the Hudson River, the new York Bight
(34,35(, and in Chesapeake Bay (36). Many of these strains con-
tained plasmids that conferred resistance not only to antibiotics
but also to heavy metals (37) and to other antibacterial agents,
such as the algal product, chlorellin (38).

Transfer of R-factor genes by transduction has been demon-
strated in Staphylococcus aureus (39-42) and in Pseudomonas
aeruginosa (43). Certain soil-borne bacteria (e.g., species of
Pseudomonas, Arthrobacter, and Acinetobacter) and some non-soil
bacteria (e.g., species of Klebsiella and Serratia) appear to be
evolving genetic competence, via plasmid transfer, for the utili-
zation of a spectrum of aromatic hydrocarbons that were assumed
to be not only recalcitrant but also toxic to these organisms
(44-46). Furthermore, conjugation in vitro in soil-borne bacteria,
such as pseudomonads, has been demonstrated (47-49).

Although there is empirical evidence (i.e., increase in noso-
comial infections by drug-resistant bacteria) to indicate that the
transfer of genes conferring resistance to antibiotics and heavy
metals occurs in natural habitats, there is little experimental
evidence to verify this, as most of these studies have been re~
stricted to either isolating such resistant bacteria from natural
habitats or demonstrating the transfer and expression of such
genetic material under controlled laboratory conditions. Essen-
tially no studies have attempted to bridge these experimental
extremes, probably because of the lack of both techniques to study
genetic recombination in natural habitats and interest on the part
of scientists trained in microbial genetics.
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Both auxotrophic and prototrophic strains of E. coli K12 can
survive, multiply, and conjugate in sterile soils (50). The
presence of clay minerals, especially montmorillonite, increased
the frequency of recombination, probably because clays enhance
bacterial growth. This enhancement is due, in great part, to the
ability of clays to buffer soils against changes in pH, which, in
turn, is a function of the cation exchange capacity of the clays.
Many of the mechanisms whereby clay minerals affect the survival,
establishment, growth, and metabolic activities of microbes in
natural habitats have been defined (8,51). Preliminary studies
on conjugation in non-sterile soils have indicated that the
frequency of recombination is significantly less than in sterile
soils (Krasovsky and Stotzky, unpublished).

The decrease in frequency of recombination in non-sterile
soils supports results obtained with the transfer of drug-resis-
tance plasmids in an animal system (21,22). The frequency of
transfer of a multiple drug-resistance plasmid from Salmonella
typhosa to E. coli in the bladder of healthy rabbits was as high
(and, in some instances, higher) as in in vitro systems containing
either sterile urine or synthetic mating media. However, in the
presence of other bacteria (exogens; i.e., Proteus mirabilis
and non-conjugative E. coli), the frequency of transfer decreased
significantly (Fig. 2). This decrease was not the result of a
physical (i.e., steric) interference of the exogens in the con-
jugation process, as polystyrene latex particles of the same size
and at the same concentration as the exogens had essentially no
effect on the frequency of plasmid transfer, suggesting that the
exogens caused a chemical interference with conjugation. Whether
such interference was responsible for the lower frequencies of
conjugation in non-sterile than in sterile soils is not known,
but as a variety of species may be in close proximity in various
natural microbial habitats (52-54), such interference could be
possible.

The studies of conjugation in sterile soil also indicated
that bacteria auxotrophic for different nutrients could co-exist,
both in soil and on replica-plated agar media, by cross-feeding
(syntrophism), rather than by having undergone genetic recombina-
tion (50). This observation emphasizes the need to investigate
carefully both claims for apparent genetic recombination in
natural habitats and the possibility that auxotrophs can survive
in natural habitats, despite their apparent fragility and debili-
tation, if other microbes in the same habitat serve as commensals
to provide the nutrients that the auxotrophs are incapable of
synthesizing. Sagik and Sorber (55) indicated that such auxo-
trophs (e.g., the EK2 host, DP50supF) can survive in a nutrient-
rich environment (i.e., a model sewage treatment plant). This
survival appeared to be associated with the solid portion of the
waste stream, again indicating that particulates and the resultant
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Fig. 2. Frequency of transfer of a plasmid conferring resistance
to tetracycline, streptomycin, and chloramphemicol from
Escherichia coli to Salmonella typhosa in vivo and in
vitro, in the presence and absence of Proteus mirabilis
and a non-conjugative E. coli or polystyrene latex parti-
cles (ref. 21,22).
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increases in surface area enhance the growth and survival of
bacteria (8,51). Furthermore, cometabolism or '"shared" detoxi-
fication" of inhibitors can contribute to the survival of toxin-
sensitive microbes in the absence of any genetic recombination
(54,56,57,58).

There is little documentation that transformation occurs in
natural microbial habitats (4,5,59,60). Although this lack of
information is a reflection primarily of the paucity of studies
on transformation in situ, it may also reflect an unsubstantiated
concept; namely, that '"naked" DNA is very susceptible to enzymic
degradation in natural habitats. However, Greaves and Wilson
(61,62) have indicated that nucleic acids adsorb to clay minerals
in soil, especially to montmorillonite, and that this sorption
provides protection to the nucleic acids against enzymic degrada-
tion. Similarly, viruses, proteins, peptides, and amino acids
adsorbed to clays are protected to various degrees against micro-
bial degradation (8,51). Consequently, both naked DNA (involved
in transduction) may persist in natural habitats in the absence
of an appropriate host.

This apparent protection against degradation of soluble or-
ganics and of viruses as a result of adsorption to clay minerals
is an important consideration in any potential genetic exchange
in habitats containing clays and, probably, other surface-active
particulates. It might be expected that transforming DNA and
transducing viruses would not long survive in natural habitats in
the absence of hosts and be rapidly degraded by the indigenous
microbiota, as nucleic acidg and viruses should be ideal substrates
for non-host microbes (i.e., they contain C, N, and P and, in the
case of viruses, also S). However, evidence is accumulating that
DNA and viruses persist in natural habitats as a result of being
adsorbed to clay minerals, which protects against both physico-
chemical and biological inactivation. Furthermore, this adsorp-
tion does not reduce the catalytic activity of enzymes (in fact,
it may increase it (8); or the ability of viruses to infect their
hosts (51,63-65). Consequently, if viruses and transforming DNA
(no studies have apparently been conducted on the transforming
ability of adsorbed DNA) persist in natural habitats, it is
possible that their genetic information could eventually be trans-
mitted to any suitable host that may be introduced, inadvertently
or deliberately, into these habitats.

The survival and subsequent establishment of microbes that
are not inhabitants of a particular habitat have been sporadi-
cally studied; e.g., the survival of enteric bacteria (including
E._coli, Salmonella sp., Shigella sp) that could be introduced
into soils and waters by wastewater or sludge applications (66-68)
and of Listeria monocytogenes (69) and Clostridium botulinum (70).
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These studies have generally indicated that soil and natural
waters are not particularly hospitable habitats for these microbes,
although there are reports of some exceptions, especially when
these habitats have been carefully examined (71). Although many
of the bacterial species currently used in recombinant DNA tech-
nology are not normal inhabitants of soil and water and, there-
fore, do not survive long in these habitats, the spectrum of
organisms that are increasingly being used include species that
are indigenous to these habitats. No data are apparently available
on the ability of introduced microbes to transfer genetic inform-
ation to indigenous microbes in various natural habitats and vice
versa, although this is, obviously, a very important consideration
in the survival of genetically manipulated microbes and of their
genetic informati-n in such habitats.

When survival, establishment, and subsequent growth of intro-
duced microbes have occurred, some physiochemical factor has
usually been implicated. For example, the establishment of
Fusarium oxysporum f. cubense, the causal agent of Fusarium wilt
of banana, in soils (more than 140) throughout the banana growing
areas of the world was correlated with the absence in these soils
of a specific clay jineral that had the characteristics of mont-
morillonite. Similarly, Histoplasma capsulatum, a fungus patho-
genic to humans and which has a discrete geographic distribution,
was isolated essentially only from soils (131 from 134 soils)
that did not contain this clay mineral. Preliminary studies
with some other fungal pathogens of humans (e.g., Cryptococcus
neoformans, Blastomyces dermatitidis) showed similar patterns,
although the geographic distribution of Coccidioides immitis
appeared not to be correlated with the clay mineralogy but
rather with the salinity of the soils (8). Introduction of these
fungi into the habitat was not the limiting factor for their sub-
sequent growth and survival (e.g., healthy banana plantations
were routinely irrigated with surplus waters from diseased planta-
tions; birds and bats, the presumed spreading vectors of H.
capsulatum, defecate everywhere), but rather, the limiting factor
was their establishment as members of the soil microbiota.

Studies on various levels of experimental complexity have
shown that clay minerals affect the establishment and growth of
fungi in soil primarily by influencing the activities of indig-
enous bacteria, which, in turn, exert a biological control on
the fungi (8). Furthermore, competition between bacteria and
fungi in soil and other habitats is mediated by pH, osmotic
pressure, nutrient levels, oxygen content, and toxicants, and
the types of clay minerals present modulate the effects of these
physicochemical factors (8,37,51,72,73).

Consequently, clay minerals, as only one example of an
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ecological factor, have a major role in the establishment and
growth of microbes, in the survival of viruses, in the persistence
of readily degradable organics, and in the genetic recombination
in bacteria in habitats that contain clays. The pH, which is an
important factor in genetic recombination in vitro (74-77), also
appears to affect genetic recombination in soil (Fig. 3), and the
effect of pH, in turn, is modified by the buffering capacity of
different clays (8).

These interactions are indicative of how individual ecological
factors can influence other factors, which, in turn, can affect
a spectrum of microbial events in natural habitats.

4l |1 TOTAL (EMB AGAR) —
2 DONOR (X503; str® ; MINIMAL AGAR) 2
3RECIPIENT (X696; str|; leu™, arg™, prd”)

4 TRANSCONJUGANT (MINIMAL AGAR & STR)

3 — —

2 { 3

RELATIVE NUMBERS
|
H

123 4 4 4
-

S
47— 5.3 87 — 6.0 6.2 — 66 68 — 70

pH RANGE

Fig. 3. Effect of pH on survival and growth of auxotrophic and
prototrophic strains of Escherichia coli and on their
conjugation in soil (Krasovsky and Stotzky, unpublished).
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Hemolysins or cytolysins are extracellular toxic proteins that
disrupt the membranes of erythrocytes and other differentiated
eucaryotic cells.l Most hemolysins seem to have little or no
effect on procaryotic cells. The hemolytic phenotype is frequently
associated with pathogenic strains of a given bacterial species.
There is clear evidence for the involvement in pathogenesis for
cytolysins in Gram-positive pathogenic bacteria, such as streptoly-
sins produced by Streptococcus pyogenes, o-, B-, y- and 6-toxins
from Staphylococcus aureus, 6-toxin from Clostridium perfringens,
listeriolysins from Listeria monocytogenes and others.l These
toxins all of which can be considered as hemolysins disrupt eucary-
otic membranes by different modes of action, which are only partially
understood. Whereas some cytolysins act as enzymes, like the staph-
ylococcal B-toxin which is a sphingomyelinase,2 others like the
"SH-activated cytotoxins" including streptolysin 0, C. perfringens
f-toxin, cereolysin (Bacillus cereus) and listeriolysin disrupt
eucaryotic membranes by a non-enzymatic mode of action, using prob-
ably cholesterol as receptor.3

Hemolytic strains are also found in Gram-negative bacteria,
especially in Escherichia coli, Proteus morganii and Pseudomonas
aeruginosa. The significance of these hemolysins in pathogenesis,
however, is still controversial and based on more circumstantial
evidence.“%"® Whereas only a small percentage of E. coli strains
isolated from the intestines of healthy individuals or patients
suffering from acute diarrhoea are hemolytic, E. coli strains with
the capability of producing hemolysin are frequently occurring in
extra-intestinal infections. E. coli strains are frequently causing
urinary tract infections and a high percentage of these E. coli
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strains are hemolytic as already observed by Dudgeon in 1921 and
reconfirmed by several other groups (Table 1). There is still some
debate whether or not there is a correspondence between faecal E.
coli strains and E. coli strains found in urinary tract infections.
It appears, however, that certain E. coli O-serotypes, especially
Ok and 06 are more frequently encountered in urinary tract infec-
tions than others and again most O4 and 06 E. coli isolates are
hemolytic.6 This seems to support the suggestion that these two
serotypes may be especially pathogenic for the urinary tract and
that hemolysin may be a special virulence factor. Hemolytic E.
coli strains are also frequently occurring in other extra-intestinal
infections, such as peritonitis, appendicitis or bacteremias.®27

No correlation, on the other hand, has been found between hemolysin
and enterotoxin production and there is no evidence for an associa-
tion of hemolysin production and colonization factors, such as CFAI
or II.8,%9 Transmissible plasmids have been found to determine
hemolysin production in many faecal hemolytic E. coli strains from
human and animal sources. On the contrary, most hemolytic E. coli
strains from extra-intestinal infections do not seem to carry
plasmids connected to hemolysin production. A large number of Hly-
plasmids have been isolated and characterized.l0-1% Their molecular
weights range from 40 to 93 x 10% daltons; they are transmissible
and most of them belong to rather rare incompatibility groups, such
as incI2, incFIII, IV and VI (Table 2). There is circumstantial
evidence that the Hly determinant may move between various plasmids
residing in the same bacterial cell and, as shown later, there are
Hly plasmids which share only the hemolysin determinant as common
sequence.

Table 1. Frequency of Occurrence of Hemolytic E. coli

Origin Noﬁo?e$Zi¥ZQC/ % Reference
Stool 8/100 7.3 DeBoy et al.(1980)
Blood 7/ 1k 50.0 "
Urine 4/ 20 35.0 "
Misc. Wounds 8/ 23 34.8 "
Blood 18/ 51 35.0 Minshew et al.(1978)
Urine 29/ 59 k9.0 "
Sputum 2/ 5 40.0 "
Miscellaneous 16/ 27 59.0 "
Stool
EEC 0o/ 9 0 "
Normal 1/ 20 5.0 "
Urine 26/59 Ui,k our data
Stool 2/39 5.0 "
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Plasmid-determined hemolysin of E. coli is secreted apparently
through both membranes since most of it appears in the mid-
logarithmic growth phase in the supernatant from where it can be
isolated as a protein with a molecular weight of about 60,000
daltons. In addition, internal active hemolysin is found which can
be chased into the extracellular poolls suggesting that it repre-
sents hemolysin en route to secretion.

By mutagenizing hemolytic E. coli cells with nitrosoguanidine,
we obtained two types of hemolysis-negative mutants, those which do
not synthesize any active hemolysin and those which still produce
active internal hemolysin that is not secreted. Similar mutants
were obtained by transposon mutagenesis with the ampicillin trans-
poson Tn3. These mutations have been mapped on the Hly plasmid
pH1y152.16 Tn3 insertions leading to a complete loss of hemolysin
activity map within a region of about 3500 bp (Fig. 1), whereas
insertions causing a defect of the extracellular transport of
hemolysin map immediately to the right in a region of about 1500 bp
(Fig. 1). Recombinant plasmids with either EcoRI-F or HindIII-E
inserted into pACYC18k4 are able to complement hemolysin-negative
Tn3 mutants with Tn3 insertions located in the first 500 bp of the
5000 bp region. Both of these restriction fragments cover the left
part of the hemolysis region (Fig. 1). Tn3 mutants with impaired
transport functions for hemolysin, all of which carry the Tn3
insertions in the right 1500 bp region covered by EcoRI-G, can be
complemented to full extracellular hemolysin production by a recom-
binant DNA carrying this fragment. The other hemolysin-negative
mutants with Tn3 insertions in the middle 3000 bp part of the
hemolysis region are complemented by recombinant DNA carrying a
Bam-Sal fragment, which includes a large part of the whole hemol-
ysis region. Cloning of this part of the hemolysis determinant
proved to be difficult and was only possible with the aid of the
vector plasmid p3l (J. Hedgpeth, personal communication) which
allows the insertion of the Bam-Sal fragment into a site of very

Table 2. Plasmids from Hemolytic E. coli Strains

Plasmid(xlOQEZiton) Inc Group Source Reference

pH1y152 Lo I2 Mouse Goebel et al.(197h)
pH1y167 Lo 12 Pig "

pH1y20 L2 12 Pig "

pHly-P212 ND FVI Pig Monti-Bragadin (1975)
MIP240 ND FIII Human LeMinor et al.(1976)
MIP2L1 ND I2 Human "

pSU316 L8 FIII/IV Human DelaCruz et al.(1980)
pSU5 93 Ta/I2 Pig "

pSUL05 7 FVI Pig "

pSU233 60 ? Pig "
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cisC cisA cisB
500 bp 3000 bp . 1500 bp
Eco-F
Hind-E
Bam-Sal
Eco-G
Bg1II

Fig. 1. Schematic presentation of the hemolysis region which con-
sists of three cistrons, C, A and B. These cistrons are
defined by Tn3 insertions leading to different hemolysis-
negative mutants and their complementation be recombinant
plasmids carrying the restriction fragments listed below.

low transcription activity (Fig. 2). Increased gene expression of
this part of the hemolysis region is lethal to the cell as demon-
strated by the following experiment. A BglII fragment carrying the
AcIgsy gene together with the left (Pr) and the right (PR) promoters
of phage A was inserted in front of the Bam-Sal fragment (Fig. 3)

of the recombinant DNA p31-2, thus allowing an induced transcription
of the genetic information of the inserted Bam-Sal fragment at
elevated temperature (42°C). Whereas E. coli cells carrying this
new recombinant plasmid (p31-2cI) grow normally at 30-35°C, no
growth occurs anymore upon a shift of the temperature to L42°C. The
rate of survivors after 1 hr treatment of these cells at 42°C is
less than one in 10% cells. The removal of the right part of the
Bam~Sal fragment by deleting the BglII fragment of p3l-2cI (Fig. 3)
does not eliminate the killing activity at 42°C, indicating that

the region between the Bam and the BglII site is responsible for

the lethal effect. Whereas neither p31-2cI nor p31l-2cI Bglllgel
determine extracellular hemolysin (intracellular hemolysin activity
is, however, observed in E. coli cells harboring these plasmids),
extracellular hemolysin is secreted when cells carrying the plasmid
p31-2cI are complemented with recombinant DNAs having either EcoRI-F
or HindIII-E inserted into pACYC184. Cells carrying this combination
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Fig. 2. Construction of recombinant plasmids carrying either cisA
and cisB (p31-2) or the whole hemolysis determinant, i.e.
cisC, cisA and cisB (pAN202-312).

of plasmids are still killed at 42°C. Under these conditions a
large amount of extracellular hemolysin is produced.

The complementation data described suggest that the hemolysis
region consists of three cistrons (Fig. 1), which are determining
synthesis and transport of hemolysin. Recently we succeeded in the
construction of a recombinant plasmid, which carries the whole
hemolysis determinant inserted into pACYC184 (Fig. 3). 1In spite of
the high copy number of this plasmid, pAN202-312, cells harboring
it synthesize and secrete roughly the same amount of external and
internal hemolysin as cells carrying the single copy wild-type
plasmid pHlyl52. This may indicate a rather tight control of the
expression of the hemolysis determinant, which seems to occur from
a single promoter transcribing all three cistrons from left to
right (i.e. cisC + cisB).
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Fig. 3. Construction of recombinant plasmids which carry the
promoter PR and Py, together with the cI gene of phage X
in frontof cisA.

Hemolysis is not a very specific reaction and it is conceivable
that different extracellular proteins may be causing the hemolytic
phenotype in hemolytic E. coli strains. There are reports on
different hemolysins in E. coli.* We therefore carried out hybrid-
ization studies with the cloned hemolysis determinant of plasmid
pH1y152 and various Hly plasmids of faecal hemolytic E. coli strains
and the chromosomal DNA of hemolytic E. coli strains from extra-
intestinal infections. All plasmids tested hybridize well with
radioactive DNA probes carrying cisC, A or B of pHlyl52, indicating
that these plasmid-inherited hemolysin determinants are alike if
not identical. There are, however, remarkable differences in the
overall hybridization between the standard Hly plasmid pHlyl52 and
the other Hly plasmids (Table 3). Four Hly plasmids all of which
belong to the incompatibility group incI2 share sequence homologies
extending far beyond the hemolysis determinant. Others have only
little sequence homologies besides the common hemolysis determinant
(Table 3). There appears to be a rather defined right end of the
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hemolysis determinant (at the cisB side) in all Hly plasmids,
whereas the left end (at the cisC side) varies to a much larger
extent in these plasmids.17

Chromosomally determined hemolysin from extra-intestinal E.
coli isolates has similar biochemical properties as the plasmid-
determined hemolysin from faecal strains. Besides, similar
hemolysis-negative mutants can be isolated from these hemolytic E.
coli strains, i.e. those that produce no active hemolysin and those
that produce internal hemolysin only. This suggests that the chro-
mosomal Hly determinant has a similar genetic complexity as the
plasmid Hly determinant. Hybridization of chromosomal DNA from
three such hemolytic strains with the plasmid Hly determinant is
considerably lower than that of total DNA from plasmid-determined
hemolytic strains with the same probe. A more detailed hybridiza-
tion study indicates that a fragment carrying cisB of plasmid-
encoded Hly determinant shows strong hybridization, one with eisC
still shows some hybridization, but a fragment with cisA shows
little or no hybridization with DNA of hemolytic E. coli possessing
chromosomal Hly determinants. The hybridization data are supported
by the recent observation that the chromosomal Hly determinant can
complement plasmid-coded cisC and cisB but not cisA mutants. Thus
it appears that plasmid- and chromosome-inherited Hly determinants
may share two common cistrons (cisB and cisC), but cisA which seems
to code for the hemolysin protein itself is entirely different in
both determinants suggesting possibly different functions of these
two types of hemolysins:

Table 3. Hybridization of different Hly Plasmids with the
Hly-Determinant of ley152

Hybridization with Hybridization Outside
Plasmid cisC cisA cisB of the Hly Determinant
pH1yl67 incI?2 + + + 100%
pH1y20 incI2 + + + >90%
pHlyl2hk incI2 + + + ~70%
pSU5 ineI2/Ia + + + ~50%
pSU233 — + + + ~15%
pSU105 incFVI + + + ~ 8%
pSU3L6 incFIII/IV + + + < 5%
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ABSTRACT

The characteristics of the clindamycin-erythromycin (clinY)
resistance transfer factor from Bacteroides fragilis TMP 10 are
presented. Transfer ability and the determinant for clin' are
found on a 15.6 kilobase plasmid named BFTM 10. Recent clinda-
mycin and tetracycline resistant strains of Bacteroides fragilis
have been isolated in Chicago. The Chicago tetY isolate, TMP 230,
transfers both clin® and tet®, but appearsto be plasmid free when
tested by standard methods. Homology between the clinY transfer
factor pBFIM 10 and the chromosome of the TMP 230 could be demon-
strated by the Southern hybridization technique. The location of
the clinY determinant on the chromosome and mode of transfer are

under invistigation.

Anaerobic bacteria are prominent members of the normal flora
of man; in the colon anaerobic organisms including Bacteroides,
Clostridia and non-sporing, gram-positive bacilli outnumber facul-
tative bacteria such as E. coli and Streptococcus fecaelis by
about 1000:1 (1). Over the past 20-25 years anaerobic bacteria
have been increasingly recognized as important pathogens in human
suppurative infections (2). Bacteroides fragilis emerges as the
most important anaerobic bacterium in abdominal, surgical and
gynecological infections because it most frequently invades the
bloodstream in this setting. Most B. fragilis strains are re-
sistant to intermediate levels of penicillin G and cephalosporins;
they are uniformly resistant to the aminoglycoside antibiotics,
and in the 1960's it was noted that there was the emergence of
widespread resistance to tetracycline (3,4). This latter re-
sistance was important because tetracycline was the agent of choice
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in treating infections involving B. fragilis in the 1950's. More
recently there have been reports of the increasing incidence of
high-level penicillin resistance and scattered reports of resist-
ance to chloramphenicol, clindamycin, cefoxitin, and metronidazole
(5-9.). C(Clindamycin resistance is important because this drug has
currently been the prime agent for treating bacteroides infections.

Because of the widespread resistance in Bacteroides fragilis
and closely related species, numerous attempts have been made to
transfer the penicillin or tetracycline resistance (tetY) deter-
minants both within B. fragilis and from B. fragilis to E. coli
(10,11). Until the late 1970's the only documented successful
transfer of tetracycline resistance was from B. fragilis to E. coli
by an undescribed mechanism by Mancini and Behme (12). There is
one report of the transfer of ampicillin resistance from E. coli
to B. fragilis and a fusobacterium, but the ampicillin resistance
was unstable (13). Transformation of E. coli to ampicillin re-
sistance was reported with DNA from B. fragilis; however, the
plasmid used to transform could not be visualized in the E. coli
(15). 1In 1979, three laboratories concurrently reported the trans-
fer of clindamycin resistance determinants within the genus Bacter-
oides, Privitera et al. at the Pasteur Institute, Welch and Macrina
in Richmond, Virginia, and our own studies (15,16,17).

Investigations at the Pasteur Institute disclosed the transfer
of both clindamycin (clin¥) and tetracycline resistance (tetT) from
a strain of B. fragilis isolated in France to another B. fragilis
strain. They showed that erythromycin and streptogramin resistance
were transferred with the clin', and these resistances were spontan-
eously curable. Further work by the French group demonstrated that
transfer of tet’ in B. fragilis could be induced to a higher fre-
quency by pretreatment of the donor culture with subinhibitory
levels of tetracycline (18). Welch and Macrina working with the
isolate from the Pasteur Institute demonstrated that the transfer
of clindamycin, erythromycin and streptogramin resistance was
associated with a 27 megadalton plasmid (16). Our laboratory was
working with a different strain of Bacteroides fragilis, isolated
in California, that was highly resistant to clindamycin and erythro-
mycin and possessed a different plasmid associated with the transfer
of the clindamycin resistance. This paper describes the character-
ization of our clindamycin resistance transfer factor.

Standard anaerobic techniques in an anaerobic glovebox were
employed, and the matings were carried out utilizing Nalgene
filters (17). DNA was analyzed by agarose gel electrophoresis,
and cells were lysed by a number of different procedures. DNA-DNA
hybridization studies were carried out by a modification of the
Southern technique (19,20,21,22,23),
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Table 1. Characteristics of the Donor and Recipient Strains
of B. fragilis?

Organisms Phenotypic Characteristics
DONORS r
B. fragilis TMP 10 clin”, tet¥,rifS,nalS,phage?
B. fragilis TMP 230 clin®, tet?,rifS. nalS, phage®
RECIPIENTS
B. fragilis TM 2000 clinS,tet?, rifT,nals,phage®
B. fragilis TM 4000 clin®, tetS,rif’,nalS,phages
B. fragilis TM 4500 clinS, tetS,rif?,nal’,phages
B. fragilis JC 101 clinS, tetS,rifY,nals, phages,his™,
arg”
B. thetaiotaomicron clinS, tet?,rif%,nals,phage?, rham™,
T™ 5000 arat
a

Abbreviations: clin-clindamycin-erythromycin, tet-
tetracycline, rif-rifampicin, nal-nalidixic acid, phage-
phage susceptibility, arg™,his™ requires arginine or

histidine to grow on minimal medium, rham’ ara’ - grows on
minimal medium with rhamnose or arabinose as only carbon
source.

Bacteroides fragilis TMP 10 was mated with B. fragilis TM
2000 for clin¥-rifTr isolates, and a low number of transicpients
were obtained which were confirmed as transcipients by their phage
patterns. Transcipient strains were tested for retransfer of clinT
to Bacteroides thetaiotaomicron. ClinT, ara’ isolates were confirmed
by checking for rham%. In all instances erythromycin resistance was
transferred with clindamycin resistance. Thus, these studies plus
the studies by the French group and the Richmond Virginia group show
that there is intra-and interspecies transfer of resistance deter-
minants within the genus Bacteroides.

Analysis of the extrachromosomal DNA in a number of our trans-
cipients is shown in Figure 1 (17). In lane 1 is the original re~
cipient, TM 2000, and in lanes 7 & 8 are the original donor, TMP 10.
In lane 2 is a strain which was originally isolated as clin® but
subsequently was found to have spontaneously lost clin¥; it posses-
es a 2.8 kb plasmid shown in two molecular forms (covalently closed
circle and open circle). In lane 3 is a strain which has retained
its clin?, and the only additional plasmid is the high molecular
weight one. Thus, the minimal requirements for the transfer of the

clin® that we originally described were the presence of these two
plasmids (17).
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Figure 1. Agarose gel analysis of DNA in parental and trans-
cipient strains of Bacteroides. Each gel slot contained 5-25ul
of DNA purified by the CsCl-EtEr (cesium chloride-ethidium
bromide) method (lanes 2-8) or phenol-extracted cleared lysates
(lane 1). Samples were obtained from: (1) Bacteroides fragilis
strain TM2000; (2) B. fragilis TM2010; (3) B. fragilis TM2006;
(4) B. fragilis TM2008; (5) B. fragilis T™2002; (6) B. fragilis
TM2001; (7) B. fragilis TMP10, preparation A; (8) B. fragilis
TMP10, preparation B (obtained on a different day from prepar-
ation A).

At this point, Privitera published his studies on the induc-
ibility of tetracycline resistance transfer in B. fragilis (18).
This prompted us to re-examine our strains since the original donor
TMP 10 and recipient TM 2000 were known to be tetf. Utilizing a
plasmid-free recipient strain TM 4000 kindly supplied by Dr. Sebald
from the Pasteur Institute we studied the transfer of both clin®
and tet® from TMP 10 to a nalidixic acid resistant (nall) deriv-
ative of the Sebald strain called TM 4500. The original donor was
mated under 3 conditions, uninduced, induced with tetracycline, and
induced with clindamycin (Table 2).
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Table 2. Effect of Antibiotic Pretreatment on Resistance Transfer
Frequency from B. fragilis TP 10 to B. fragilis TM 4500

(Mating Frequency per donor input)

Condition Tet Transfer* Clin Transfer**
Untreated 10~/ 1078
Clindamycin 1072 1076
Tetracycline 10~3 10-4

*Primary selection on tet rif plates, secondary character phageS
nalf
**Primary selection on clin rif plates

In the uninduced mating there was low level transfer of both clin®
and tetY; however, with tetracycline or clindamycin induction there
was a 2-4 log increase in the frequency of transfer. The transfer
of tetf was not associated with a detectable extrachromosomal
element (25).

In order to properly characterize our clindamycin resistance
transfer factor it was necessary to isolate it in a plasmid-free
tetracycline susceptible background. Bacteroides fragilis TMP 10
was mated with strain TM 4000, selecting for clin'-riff and check-
ing for tetS and phageS. Several tetS-clin® transconjugants were
isolated, and they could retransfer clin® to a TM 4500.

Several isolates were analyzed for extra chromosomal DNA; some
strains contained one plasmid. The plasmid DNA from strain TM 4003
was isolated and designated pBFTM 10. pBFTM 10 measures 15.6 kb
when compared to pBR322 by electron microscopy. This plasmid was
also sized by specific restriction endonucleases including Eco RI,
Hind IIT and Pvu II. A preliminary restriction map of pBFTM 10
is illustrated (Figure 2). A spontaneous clindamycin susceptible
derivative of TM 4003 possesses a plasmid with a 4.5 kb deletion of
PBFIM 10. For this reason, the 4.5 kb fragment of pBFTM 10 is
believed to carry clinf.

Close cell-to-cell contact is required for transfer. The
process is resistant to DNAase treatment of the donor and recipient
cells, and supernatants of chloroform-treated donor cells do not
transfer. Finally, there is no increased frequency of transfer by
pretreatment with clindamycin when the donor and recipient are in
a tetracycline susceptible background. Despite the small size we
feel that pBFTIM 10 is a self-transferable plasmid, but we cannot rule
out the possible requirement for host chromosomal functions to affect
the transfer. It has been used to mobilize penicillin/ampicellin
resistance from another strain of B. fragilis (26).
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Figure 2. Preliminary Restriction Map of pBFTM 10.

The clindamycin transfer factor, pBFTM 10, can also be used
as a probe to investigate other clin® bacteroides, and was employ-
ed as such to study strains from a recent outbreak of clin®
bacteroides on the surgical wards of the University of Illinois
Hospital in Chicago.

B. fragilis TMP 230, a clin® and tetf isolate from Chicago
which is known to be rif°® and nalS, was mated with a laboratory
derivative of strain TM 4000 called JC 101 (clins,tets,rifr,nals,
arg~,his™) using filter mating techniques with and without tetra-
cycline induction of the donor. There was no transfer of tet® or
clin® without tetracycline induction. However, with tetracycline
induction transfer of both tet® and 2linr occurred. The frequency
of tetracycline transfer was 5 X 107 ' and clindamycin 1 X 10-5,

All clindamycin resistant isolates were also tetracycline resistant
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while one-third of the tetracycline resistant transconjugants were
clindamycin resistant.

Analysis of the donor and transcipient strains for extra-
chromosomal DNA failed to reveal the existence of closed circular
molecules. Based on the assumption that the clindamycin resistant
determinant in strain TMP 230 may be related to the previously des-
cribed clindamycin transfer factor pBFTM 10, an Eco Rl digest of
the chromosome of TMP 230 was probed with nick-translated 32p pNA
from pBFTM 10 utilizing a modification of the Southern hybridiz-
ation technique (23); the uncleaved chromosome of TMP 230 possesses
some homology with pBFTM 10, and this homology has been localized
in 3 Eco Rl fragments of the chromosome.

TMP 230 was mated with JC 101 and the chromosome of 2 trans-
conjugants were probed with 32p_1abelled pBFIM 10 as described
above. The homology with pBFIM 10 was strongest in the donor but
was clearly evident in both the transcipients. These data indicate
that there was transfer of clindamycin resistance determinants
similar to that found on pBFTM 10 from the chromosome of strain
TMP 230 to the chromosome of the recipient JC 101 by a yet un-
disclosed mechanism. Probing of Eco Rl and Pvu II digests of the
TMP 230 and its transcipients reveals that there are different
amounts of DNA being acquired in the transcipients and that the
sites of insertion in each transconjugant arechanged from the
donor. This supports our belief that the DNA coding the resistance
is inserted into the chromosome rather than residing on a large
plasmid which was not detected. The mechanism of chromosomal
transfer is not presently understood. It may be similar to the
"conjugal transposon''-mediated tetracycline resistance transfer
gn ftreptococcus fecaelis as reported by Clewell and his associates
27).

In conclusion, we have presented data from our laboratory
showing that clindamycin resistance transfer in our strain of
Bacteroides fragilis TMP 10 is associated with a 15.6 kilobase
plasmid called pBFIM 10. This clindamycin transfer factor can be
used as a prob for the location of clindamcyin resistance deter-
minants in other resistant bacteroides. Clindamycin transfer may
be independent or associated with a tetracycline transfer element
located in the chromosome.
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CAMPYLOBACTER JEJUNI: CHARACTERISTIC FEATURES OF THE ORGANISM AND
IDENTIFICATION OF TRANSMISSIBLE PLASMIDS IN TETRACYCLINE-RESISTANT
CLINICAL ISOLATES

Diane E. Taylor*

Research Institute and Department of Bacteriology,
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INTRODUCTION

In recent years Campylobacter jejuni has been recognizedl 2
throughout the world as a common cause of bacterial diarrhea™’",
The organism is microaerophilic, and therefore requires special
conditions for selection and growth. Methods developed by Butzler
and colleagues3’4 in Belgium and Skirrow? in the United Kingdom
have enabled many microbiological laboratories to isolate this or-
ganism from stools and have led to its recognition as a significant
enteric pathogen. The relative frequencies of organisms causing
gastroenteritis isolated during 1978 and 1979 at the Hospital for
Sick Children, Toronto are shown in Table 1. Among pediatric pa-
tients reporting with diarrhea, C. jejuni was isolated almost as
often as non-typhoidal salmonella. Other enteric pathogens were
isolated much less frequently. The most common clinical features
of campylobacter enteritis are diarrhea, often accompanied by blood
in the stools, and abdominal painz. Several excellent review ar-
ticles have been published recentlg dealing with both the disease
and the causative organlsm > The reader is referred to
them for more detailed information. In this article, I will des-
cribe the significant features of campylobacters, including their
morphology, growth requirements and resistance to antibiotics.

I will then discuss recent work on transmissible plasmids that me-
diate tetracycline resistance in C. jejuni, a preliminary report
of which has been publishedg.

*Present address: Department of Medical Bacteriology, The University
of Alberta, Edmonton, Alberta, Canada T6G 2H7.
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Table 1. Relative Frequency of Different Enteric Pathogens a
Isolated at The Hospital for Sick Children, Toronto

Number of Cases

Pathogen 1978 1979
Campylobacter jejuni 103 100
Salmonella spp. (non-typhoidal) 129 105
Salmonella typhi 6 6
Shigella spp. 22 15
Yersinia enterocolitica 12 17
Enteropathogenic Escherichia coli 57 50
serotypes

3Cases of bacterial diarrhea, inpatients and outpatients seen
during 1978 and 1979. (M.A. Karmali and P.C. Fleming, unpublish-
ed data.)

CHARACTERISTIC FEATURES OF CAMPYLOBACTERS

The Genus Campylobacter

The organisms in the genus Campylobacter are oxidase-positive,
microaerophilic, gram-negative bacilli. They are_divided into two
groups based on their ability to produce catalase~. Three species,
Campylobacter jejuni, C. fetus subsp. fetus, and C. fetus subsp.
venerealis belong to the catalase-positive group. Two other species,
C. sputorum and C. bubulus, are catalase-negativel. Studies of plas-
mids are limited to work on strains of C. jejuni, although one strain
of C. fetus subsp. fetus (ATCC 27374) has been used as a recipient
in interspecies matings. The catalase-negative campylobacters are
not pathogenic for humans, and since nothing is known of their
plasmid content, they will not be discussed further. Campylobacter
fetus subsp. fetus causes abortion in cattle and sheep, but it is
occasionally implicated in some human infections. In contrast, C.
fetus subsp. venerealis is associated with sterility in cattle but
is not thought to be pathogenic for humans.

Campylobacters because of their morphology were once included
in the genus Vibrio, however studies of the guanine plus cytosine
(G + C) content of18NA from members of the two genera indicate that
they are unrelated”™ . DNA from strains of Campylobacter fetus subsp.
fetus and C. fetus subsp. venerealis has a G + C content of 34.47%;
DNA from strains of C. jejuni has a G + C content of 32.7%. The
genus Vibrio, however, comprises bacteria which contain DNA with a
G + C content of 40 to 53%10,
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Morphology of Campylobacters

Campylobacters are spirally curved rods which have a single
polar flagellum at one or sometimes both ends of the cell. When
examined by phase-contrast microscopy, the organism is motile with
a characteristic corkscrew-like motion. Karmali et al. have shown
that catalase-positive campylobacters may be differentiated morpho-
logicallyll. Campylobacter jejuni is a small rod with tightly
coiled spirals, which have a wave-length of 1.12 um and an amplitude
of 0.48 um. The spirals of Campylobacter fetus subsp. fetus are
intermediate in size with a mean wave-length of 1.8 um and an am-
plitude of 0.55 ym. Of the three species, C. fetus subsp.
venerealis form the largest spirals, with a mean wave-length of
2.43 ym and an amplitude of 0.73 um.

Growth Conditions

The catalase-positive campylobacters are microaerophilic,
growing best in an atmosphere in which the oxygen tension is re-
duced to 5-7%. Such an atmosphere may be achieved by evacuating
two thirds of the air from an anaerobic jar (without catalyst) and
replacing the evacuated air with_carbon dioxide or a mixture of
carbon dioxide and nitrogen~>“°>"~., Commercial gas generating
systems (BBL, Oxoid) are also available.

Differential Features of Campylobacters

Table 2 shows characteristic features of C. jejuni and C. fetus
subsp. fetus. These characteristics are important in the choice of
temperatures for plasmid transfer, in the choice of antibiotic for
counter-selection, and to allow differentiation of C. jejuni donors
and C. fetus subsp. fetus recipients after plasmid transfer.

Table 2. Characteristics for the Differentiation of Campylobacter
jejuni and Campylobacter fetus subspecies_fetus

Growth at Resistance to Resistance to
25°C 37°C 42°C nalidixic acid® cephalothin?

C. jejuni - + + S R

C. fetus subsp. fetus + + - R S

aS, susceptible: zone of inhibition surrounding disc containing 30 ug of nalidixic

acid or cephalothin; R, resistant: no zone of inhibition.
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EPIDEMIOLOGY AND PATHOGENESIS OF C. JEJUNI

The epidemiology of campylobacter enteritis is not well under-
stood. The organism is a pathogen or commensal in a wide range of
animal species, including cattle, sheep, pigs, poultry, dogs, cats
and wild birdsé’ , consequently there is a large natural reservoir.
Ingestion of contaminated waterl? and unpasteurized milkb,>13,
has been implicated in some human infections. Serotyping schemes
are currently being developed3,13,14,16 a5 one approach to under-
standing the epidemiology of campylobacter enteritis.

Little is known about the pathogenesis of C. jejun Studies
by Butzler and Skirrow using chick embryos and 8- day-old chicks in-
dicate that pathogenesis depends on the direct invasive ability of
the organism although a few strains also produced a thermostable
enterotoxinl. The presence of blood in the stools from patients with
campylobacter enteritis also suggests an invasive process. Patho-
genicity studies have been hampered by the lack of a suitable expe-
rimental model. Recently, however, Ruiz-Palacios et al. reported
that the three-day-old chick may constitute a suitable animal model
for campylobacter enteritis.

ANTIBIOTIC RESISTANCE IN C. JEJUNI

Although campylobacter enteritis is usually self-limiting, anti-
biotics may be indicated for treatment of the more severe cases,
Erythromycin, tetracycline, and the nitrofuran derivative, furazoli-
done, have been recommendedl18, Approximately 1% of C. jejuni strains
isolated at The Hospital for Sick Children, Toronto, in 1978 and
1979 were resistant to erythromycinlg. This result is similar to
the report of 0.5% erythromycin-resistant strains in the United
Kingdom 20, Higher levels of erythromycin resistance were observed
in Belgiuml and Sweden21 where 9% of C. jejuni strains were erythro-
mycin-resistant. In Toronto, studies are in progress to determine
if erythromicin resistance in C. jejuni is plasmid-mediated.

In the Toronto studylg, all C. jejuni isolates were susceptible
to nitrofurantoin with a minimal 1nh1b1tory concentration (MIC) of
2ug/ml. About 20% of strains were resistant to 4ug/ml of tetracy-
cline; 12% showed high level resistance to tetracycline
(MIC > 64ug/ml). The significant number of tetracycline-resistant
strains of C. jejuni in Toronto contrasts with the lower percentage
of European 1solat§s resistant to this antibiotic. In Belgium,
Vanhoof et al.l showed that about 5 to 8% of clinical isolates
were tetracycline-resistant. In Sweden, however, Walder?3 found that
all clinical isolates of C. jejuni were susceptible to tetracycline.
In North America,owing to the high incidence of tetracycline-resist-
ant C. jejuni, tetracycline may be of limited use in the treatment
of campylobacter enteritis.
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ANTIBIOTIC RESISTANCE TRANSFER AND PLASMIDS IN C. JEJUNI

The relatively recent recognition of C. jejuni as a pathogen
and the special conditions required for growth of the organism have
delayed the study of plasmids in this genus. The first report of
plasmids in C. jejuni was that of Austin and Trust24, who found that
approximately 19% of strains from various geographic locations con-
tained plasmids. The molecular weights of these plasmids varied
from 5.0 to 77x10°. Only one isolate harboured more than one plasmid.
Some of the strains of C. jejuni studied were resistant to antibio-
tics, but no direct correlation was made between antibiotic resist-
ance and plasmid carriage“”™.

Intraspecies Transfer of Tetracycline Resistance

At the Hospital for Sick Children, Toronto, clinical isolates
of C. jejuni with MIC of tetracycline > 64ugm/ml were studied. Tetra-
cycline resistance was shown to be plasmid-mediated and transmissible
within the genus Campylobacter’. A clinical isolate of C. jejuni,
MK22, which had a tetracycline MIC of 128ug/ml, was used as the donor
strain. The recipient strain, SD2, was a spontaneous nalidixic acid-
resistant mutant of C. jejuni (MIC of tetracycline < 4ug/ml and of
nalidixic acid = 256ug/ml). Tetracycline resistance transfer was
performed using broth and filter mating methods. For both procedures,
the strains were grown in a special medium devoid of blood (M.A.
Karmali and P.C. Fleming, unpublished data). It contained per litre:
Tryptone soya broth (Oxoid) 10g, special peptone (Oxoid) 5g, yeast
extract (Oxoid) 5g, hemin 0.01g, TRIS (BDH) 0.75g, and sodium pyru-
vate 10g. Dithiothreitol (0.15g per litre) was added to the broth
as a reducing agent and the pH adjusted to 7.2 by addition of hydro-
chloric acid. All solid media contained 3% agar to prevent swarming,
which is a characteristic feature of C. jejunill.

Liquid matings were prepared by adding 0.5 ml of the donor
culture to 1.0 ml of recipient culture and 1.0 ml of fresh broth.
The mating mixtures were incubated at 42°C for 48 hours, then ali-
quots from the mating mixtures were diluted in 0.05M sodium phos-
phate buffer pH7.2. The C. jejuni transconjugants were selected on
Diagnostic Sensitivity Testing agar (DST, Oxoid) containing 5%
lysed horse blood, 50ug/ml nalidixic acid and 16ug/ml tetracyline.
Filter matings were prepared by adding 0.5 ml of the donor culture
to 1.0 ml of the recipient culture. The mating mixtures were col-
lected on nitrocellulose filters (Millipore HA type, pore size
0.22 ym). The filters were placed on agar plates, containing the
special medium plus 3% agar and incubated under reduced oxygen ten—
sion (7%) at 42°C for 48 hours. The filters were removed from plates,
placed in tubes containing 1.0 ml of sterile phsphate buffer, and
cells were separated from the filter by vortexing the tubes. Dilu-
tions were made of the cell suspensions and the transconjugants were
selected as described above.
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The tetracycline resistance determinant was transferred from
C. jejuni strain MK22 to strain SD2. 1 broth matings, the frequency
of transfer was 2.4x10™0 transconjugants per recipient in a 48 hour
mating period at 42°C. For filter matings, the frequency of trans-
fer was 5.0x10‘4; an increase in the transfer frequency of about
two hundred-fold. No significant difference in the transfer fre-
quency of tetracycline resistance was noted when the temperature of
the mating mixtures was reduced from 42°C to 37°C.

Interspecies Transfer of Tetracycline Resistance

The higher transfer frequency observed for the filter-mating
procedure indicated that a solid surface facilitates intraspecies
transfer of the C. jejuni tetracycline resistance determinant.

As the filter-mating method is somewhat tedious, we used a plate-
mating procedure for the interspecies transfer studies.

Interspecies transfer was demonstrated with two donor strains
of C. jejuni, MK22, described above, and MK175, a clinical isolate
resistant to both tetracycline (MIC = 64ug/ml) and ampicillin
(MIC = 128ug/ml). The recipient strain was C. fetus subsp. fetus
ATCC 27374 (CIP 5396) 0, which is naturally resistant to nalidixic
acid (MIC = 256ug/ml). The strains were grown on Columbia base
agar (Gibco) containing 7% defibrinated horse blood (BA) and in-
cubated for 48 hours, at 42°C for C. jejuni and at 37°C for C.
fetus subsp. fetus. The cells from the plates were suspended in
0.05M sodium phosphate buffer at 1x10° cells/ml. Aliquots of
0.15 ml of donor and recipient cell suspensions were mixed together
and spread over BA plates. The plates were incubated at 37°C for
48 hours. To select for C. fetus subsp. fetus transconjugants,
cells were washed off the | plates, diluted and spread on DST agar
containing 5% lysed horse blood, 75ug/ml nalidixic acid and 1l6ug/ml
tetracycline.

Interspecies transfer of tetracycline resistance from clinical
isolates of C. jejuni to C. fetus subsp. fetus ATCC 27374 is shown
in Table 3. The tetracycllne resistance determinant transferred
equally well to both the C. fetus subsp. fetus and C. jejuni reci-
pients. Attempts were also made to transfer tetracycline resistance
to Escherichia coli. Three strains were used: E. coli K12, J53-1
(pro met gyrA), NM148 (Kr~Kmt gyrd), a restrlction deficient mutant
of E. coli K12, and the E. coli C strain RG176 25 yhich does not
possess the K restriction system. None of the three E. coli strains
was able to act as a recipient.

Mechanism of Transfer of C. jejuni Tetracycline Resistance Deter-
minants

Cell-free filtrates of the donor strains of C. jejuni MK22 and
MK175 could not promote the transfer of tetracycline resistance
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Table 3. Interspecies Transfer of Tetracycline Resistance
from C. jejuni to C. fetus subsp. fetus?

Resistance pattern Resistance
of C. jejuni determinant, c
isolate transferred Plasmid Transfer frequency
-4
Tc Tc PMAK22 2.7x10
ApTc Te PMAK175 9. ‘.!.xlO_'6

a'l.‘et:ra::ycl:l.x.\e resistance determinants were transferred from
C. jejuni clinical isolates to C. fetus subsp. fetus ATCC 27374
in a 48 hour mating at 37°C.

bAp, Ampi¢illin; Tc, tetracycline.

®Calculated as transconjugants per recipient.

determinants to strains of C. jejuni SD2 or C. fetus subsp. fetus
ATCC 27374 ( <1x10-8 transconjugants per recipient after a 48 hour
mating period). These results indicate that the transfer process

was not mediated by bacteriophage transduction. The addition of
DNase, at 100ug/ml, to the agar used in the plate-mating experiments,
also did not affect plasmid transfer frequencies. DNA transformation
therefore would not appear to be involved in the transfer process.

It appears most likely that transfer of C. jejuni tetracycline R de-
terminants involves a plasmid-mediated conjugative process.

Isolation of C. jejuni Plasmid DNA

Physical isolation of plasmid DNA was performed using a modifi-
cation of the method of Meyers et al.26, The DNA samples were
analyzed immediately after isolation by agarose gel electrophoresis
as described by Taylor and Levine2’, Plasmid-enriched DNA fractions
were prepared from a total of four tetracycline-resistant clinical
isolates of C. jejuni isolated in Toronto. Tetracycline resistance
determinants could be transferred from all these strains to
C. jejuni SD2 and to C. fetus subsp. fetus ATCC 27374. Similar
extracts made from the recipient strains C. jejuni SD2 and C. fetus
subsp. fetus ATCC 27374 were plasmid-free. In contrast, all of
the above tetacycline-resistant campylobacters harboured a plasmid
with a molecular weight of approximately 38x106. A plasmid of the
same molecular weight was observed in tetracycline-resistant trans-
conjugants of C. jejuni and C. fetus subsp. fetus.

Other Reports of Plasmids in Tetracycline Resistant C. jejuni

Goldstein and Acar have observed transfer of tetracycline re-
sistance between strains of C. jejuni, although transfer to E. coli
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was not achieved (F.W. Goldstein and J.F. Acar, personal communica-
tion). Cohen and Falkow noted the presence of a plasmid with a mo-
lecular weight of about 38x10% in a tetracycline resistant clinical
isolate of C. jejuni (M.L.Cohen and S.Falkow, personal communication).

Ampicillin Resistance in C. jejuni

Recent studies in Toronto have indicated that ampicillin re-
sistance, observed in approximately 15% of clinical isolates of
C. jejuni, is associated with B-lactamase production by these strains
(Karmali, D'Amico and Fleming, in preparation). MK175 is one such
strain. Transfer of tetracycline resistance and the concomitant
transfer of a 38x106 plasmid were observed in this strain (Table 3),
however, ampicillin resistance was not cotransferred with tetracy-
cline resistance, and is presumably not located on the same plasmid.
As no other plasmid was visualized in DNA prepared from MK175, it
is likely that ampicillin resistance in this strain is of chromoso-
mal origin.

CONCLUSIONS

Transmissible plasmids encoding tetracycline resistance were
identified in four clinical isolates of C. jejuni. The plasmids had
molecular weights of 38x106. All four clinical isolates originated
in Toronto, and it is possible that the plasmids are related and
may have had a common source.

Transfer of plasmids in Campylobacter was facilitated on solid
surfaces. A similar preference for a solid surface for mating has
been noted for plasmids of some incompatibility groups in Entero-
bacteriaceae®®, Our experiments indicate that DNA transformation
and bacteriophage-mediated transduction are not involved in transfer
of tetracycline resistance from C. jejuni. The process probably in-
volves conjugation, via cell to cell contact.

Intraspecies transfer in C. jejuni was demonstrated, as well as
interspecies transfer from C. jejuni to C. fetus subsp. fetus. The
ability of C. fetus subsp. venerealis to act as a recipient, is cur-
rently being tested. Attempts to transfer campylobacter plasmids
to E. coli were unsuccessful. Analogous host range limitations have
been reported for other gram-negative organisms. Plasmids of the
P2 incompatibility group from Pseudomonas aeruginosa could not be
transferred to E. coli 9. Apparently it is also difficult to trans-
fer plasmids from Bacteroides fragilis to E. c01i30, The reason for
the failure of plasmids from one species to transfer to and/or re-
plicate in a different species is, as yet, undetermined.
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The studies reported here demonstrate that antibiotic-resistant
campylobacters, like many pathogenic bacteria, may harbour resistance
plasmids. Further work is required to determine both the source of
these plasmids and the origin of their resistance determinants.

ACKNOWLEDGEMENTS

I thank my colleagues in the Department of Bacteriology, The
Hospital for Sick Children, and the Department of Medical Micro-
biology, The University of Toronto, especially P.C.Fleming, M.A.
Karmali, S.A. De Grandis, J.G. Levine, A.K. Allen and J.L. Penner.

This work was supported by a grant from The Medical Research
Council of Canada. The author was also in receipt of a Medical
Research Council Scholarship.

REFERENCES

1. Butzler, J.P. and M.B. Skirrow. Clinics in Gastroenterol. 8:
737-765 (1979).

2. Karmali, M.A. and P.C. Fleming. Can.Med. Assoc. J. 23: 1525-
1532 (1979).

3. Butzler, J.P. in: "Modern Topics in Infection'. J.D.Williams
ed., pp.214-239. Heinmann, London. (1978).

4., Dekeyser, P., M, Gossuin, M. Detrain, J.P. Butzler and J.
Sternon. J. Infect. Dis. 125: 390-392 (1972).

5. Skirrow, M.B. British M Med. J. ii: 9-11 (1979).

6. Blaser, M.J., I.D. Berkowitz, F.M. LaForce, J. Cravens, L.B.
Reller and W.L.L. Wang. Ann. Intern. Med. 91: 179-185 (1979).

7. Sack, R.B., R.C.Tilton, and A.S. Weissfeld. in "Cumulative
Techniques and Procedures in Clinical Microbiology" 12, S.J.
Rubin ed. pp. 1-13. ASM, Washington, D.C. (1980).

8. Smibert, R.M. Ann. Rev. Microbiol. 32: 673-709 (1978)-

9 Taylor, D.E., S. .A. De Grandis, M.A. Karmali and P.C. Fleming.
Lancet ii: 797 (1980).

10. Veron, M. and R. Chatelain. Int. J. Syst. Bacteriol. 23: 122-
134 (1973).

11. Karmali, M.A., A.K. Allen and P.C. Fleming. Int. J. Syst.
Bacteriol. (in press-1981).

12, Tiehan, W. and R.L. Vogt. Morbidity Mortality Weekly Rep. 27:
207 (1978).

13. Abbott, J.D., B.A.S. Dale, J. Eldridge, D.M. Jones and E.M.
Sutcliffe, J. Clin. Path.33: 762-766 (1980).

14. Robinson, D.A., W.J. Edgar, G.L. Gibson, A.A. Matcheff and
L. Robertson. British Med. J. 1: 1171-1173 (1979).

15. Kosunen, T.U., D. Danielsson and J. Kjellander. Acta Path.
Microbiol. Scand. Sect. B. 88:207-218 (1980).




70 D.E. TAYLOR

16. Penner, J.L. and J.N. Hennessy. J. Clin. Microbiol. (in press-
1980).

17. Ruiz-Palacios, G.M., E. Escamilla and N. Torres. 20th. Inter-
science Conference on Antimicrobial Agents and Chemotherapy,
Abstract 697, ASM,Washington, D.C. (1980).

18. Vanhoof, R., M.P. Vanderlinden, R. Dierickx, S. Lauwers,

E. Yourassowsky and J.P. Butzler. Antimicrob. Agents Chemother.
14: 553-556 (1978).

19. Karmali, M.A., S. De Grandis and P.C. Fleming. Antimicrob.
Agents Chemother. (in press-1981).

20. Brunton, W.A.T., A.MM., Wilson and R.M. Macrae. Lancet ii:
1385 (1978).

21. Walder, M. and A. Forsgren. Lancet ii: 1201 (1978),.

22, Vanhoof, R., B. Gordts, R. Dierickx, H. Coigrau, and J.P.
Butzler. Antimicrob. Agents Chemother. 18: 118-121 (1980).

23. Walder, M. Antimicrob. Agents Chemother. 16: 37-39 (1979).

24, Austen, R.A., and Trust, T.J. FEMS Microbiological lLetters
8: 201-204 (1980).

25. Taylor, D.E., and R.B. Grant. Molec. Gen. Genet. 153: 5-10
(1977).

26. Meyers, J.A., D. Sanchez, L.P. Elwell and S. Falkow. J.
Bacteriol. 127: 1529-1537 (1976).

27. Taylor, D.E. and J.G. Levine. J. Gen. Microbiol. 116: 475-484
(1980).

28. Bradley, D.E., D.E.Taylor and D.R. Cohen. J. Bacteriol. 143:
1466-1470 (1980).

29. Shahrabadi, M.S., L.E. Bryan and H.M. Van Den Elzen. Can. J.
Microbiol. 21: 592-605 (1975).

30. Welch, R.A., K.R. Jones and F.L. Macrina. Plasmid 2: 261-268
(1979).




STUDIES ON DRUG RESISTANCE TRANSPOSONS IN HAEMOPHILUS

INFLUENZAE R PLASMIDS

R. Laufs, R. Fock and P.-M. Kaulfers

Institut fir Medizinische Mikrobiologie
und Immunologie der Universitdt Hamburg
Martinistr. 52, 2000 Hamburg 20
W-Germany

INTRODUCTION

The emergence of R plasmids in H. influenzae is of
great clinical concern, since H. influenzae causes
serious infections including meningitis, epiglottitis,
pneumonia, and otitis media. Resistance to ampicillin
(Ap), as well as to tetracycline (Tc) was shown to be
plasmid linked (1, 2). The conjugative Haemophilus R
plasmids that have been described are closely related
to each other and have most of their base sequences in
common independent of their geographical origins and
their antibiotic resistance markers (3, 4). This paper
examines whether these R factors arose as a result of
the transposition of different resistance genes on to
closely related indigenous H. influenzae plasmids or
whether closely related R factors from the same incom-
patibility group with different resistance genes have

now infected H. influenzae strains throughout the world.

MATERIALS AND METHODS

Bacterial strains, media, isolation of plasmid DNA,
conjugation, DNA-DNA duplex studies and electron micros-
cope DNA heteroduplex and homoduplex analysis have
been recently described (5).

71
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RESULTS

Relationship between the H. influenzae R plasmids

The H. influenzae R plasmids which were shown to be
self-transmissible have similar molecular properties.
The molecular weights of these R plasmids are between
30 to 40 Mdal and they have most of their base sequen-
ces in common as was shown by the analysis of plasmid
DNA homo- and heteroduplexes using the single-strand
specific endonuclease S1 (Table 1).

Table 1: Relationship between H. influenzae R plasmids

% DNA sequence

Resistance Molecular homology with
R plasmid marker’ weight (Mdal) pKRE5367 (ApY)
pKRE5367  Ap- 30 100
pFR16017  Tct 33 71
pHK539 mct, apt 36 80
pR1234 tct, cmE 35 63
pHI706 rct, cm®, apt 38 81

Characterization of the resistance genes by molecular
DNA-DNA hybridization using plasmids with known trans-
posons as molecular probes

The presence of the ampicillin transposon Tn3 in the
ampicillin resistance specifying plasmids was demon-
strated by molecular hybridization studies using the
5.5 Mdal plasmid RSF1030 (6) gs a molecular probe. The
DNA-DNA duplexes between the “H-labeled RSF1030 DNA and
the ampicillin resistance specifying plasmids were
analysed using the single-strand-specific endonuclease,
S1, of Aspergillus oryzae (7). Plasmid RSF1030, which
contains the whole Tn3 representing 58 % of its total
DNA, had 49 % to 53 % of its base sequence in common
with the ampicillin resistance specifying H. influenzae
plasmids (Table 2).

As a molecular probe for the detection of the tetra-
cycline resistance genes pKTOO7 (8) and a lambda phage
containing Tn10 (9) were used, which contains the whole
DNA sequence of Tn10. The homology ranged between 12 %
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and 17 % indicating, that the tetracycline resistance
inducing H. influenzae R plasmids contain the transpo-
sable element Tn10 (Table 2).

Table 2: Hybridization between 3H-labeled RSF1030 (Tn3),

PKTOO7 (Tn10) and phage A::Tn10 DNA and whole
cell DNA from H. influenzae strains

3DNA sequence homology with
H-labeled plasmid or phage DNA (%)
Source of

unlabeled DNA

RSF1930 pKT097 A::T¥10
(Ap™) (Tc™) (Tc™)
PKRE5367 (Ap:) 51 o 0
PFR16017 (Fc™) o) 28 17
pHK539 (Tc™, ApY) 53 21 12

The presence of Tn9 in the R plasmids coding for
combined tetracycline and chloramphenicol resistance
could not be demonstrated as clear as the presence of
Tn10 since only a small part of the lambda phage used
as a molecular probe represented the DNA sequence of
Tn9 (10). The presence of Tn9 was mainly indicated by
analysis of homo- and heteroduplexes in the electron
microscope.

Characterization of DNA sequences in the electron mic-
roscope specifying tetracycline, ampicillin and chlor-
amphenicol resistance

Heteroduplex molecules between the different H. in-
fluenzae R plasmids were studied in the electron micros-
cope. The plasmids specifying for ampicillin resistance
were heteroduplexed with those specifying for tetra-
cycline resistance. The heteroduplex molecules showed
an insertion loop with the characteristics of Tn3 (6)
and an insertion of a structure characteristic for
Tn10 (9).

The H. influenzae R plasmids coding for combined
resistances, however, showed unexpected insertions.
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The plasmids coding for combined ampicillin and tetra-
cycline resistance had the Tn3 integrated in one of the
inverted repeats of Tnl10 close to its end toward the

Tc resistance specifying genes. The plasmid coding for
combined tetracycline and chloramphenicol resistance
carried a translocatable DNA segment composed of Tn10

Tc

Ap

pHK 539 PRI234

Fig. 1. Diagram of self-annealed pHK539 (Tc ’ Ap )
molecule shows the Tn3 (Ap~) inserted 1n one
of the inverted repeats (IR)_of Tnl10 (rc’) and
the self-annealed pRI234 (Tcr, Cmr) shows the
Tn9 (Cm~ ) on long inverted repeats inserted in
one of the inverted repeats of Tn10. Electron
micrographs of formamide-spread single stran-
ded plasmid DNA.

containing an insertion of the chloramphenicol resi-
stance transposon Tn9 (11). Tn9 was found to be inser-
ted into one of the components of the Tn10 inverted
repetitions and is itself flanked on both sides by long
inverted repetitions. The localisation of the integra-
tion site of Tn9 in one of the inverted repeats of

Tn10 was similar to that of Tn3 in Tn10 (Fig. 1).
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The R plasmids coding for tripleresistance against
tetracycline, chloramphenicol and ampicillin showed the
same combined structure out of Tn10 and Tn9_as was found
in the doubly resistant R plasmids (Tcr, Cmr). In addi-
tion the Tn3 integrated independently of the combined

transposon at a different site of the plasmid core.

Transposition of Tn3

A 3.2 ¥ 0.2 mdal DNA sequence of pKRES5367 as well as

of pHK539 was transposed into the 5.5 Mdal plasmid
RSF1010 (Su -, Smr) (6) by conjugative transfer of the
H. influenzae R plasmids to E. coli C600 carrying
RSF1010 and selecting for ampicillin resistant clones.
The resulting 8.7 - 0.2 Mdal hybrid plasmid was shown
to be RSF1010::Tn3 by analysis with restriction enzyme
EcoR1 and electron microscope heteroduplex studies.

Multiple integration of drug resistance transposons

The H. influenzae R plasmids with the transposon
Tn10 showed after prolonged growth in medium containing
tetracycline one, two, three, four or even five copies
of Tn10 integrated in the same plasmid. The minimum in-
hibitory concentration against tetracycline increased
from 20 ug to 30 ug of tetracycline ml-1., The molecular
size of the DNA sequence between the integration sites
was found to be similar in all molecules studied
(Fig. 2).

The H. influenzae R plasmids with the tetracycline-
chloramphenicol resistance transposon was integrated
two or three times in the plasmids after their growth
in medium containing tetracycline. The presence of mul-
tiple copies of the transposon correlated with higher
minimum inhibitory concentrations against tetracycline
as well as against chloramphenicol. The MICs had risen
from 10 to 30 ug of tetracycline ml~1 and from 10 to
40 ug of chloramphenicol ml-1. The intervening DNA
segments between the integration sites had the same
length as those found between the Tn10 copies found in
the monoresistant strains (Fig. 2).
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Tc Tc Tc Tc
IR IR IR| IR

Tc CmTc Cm Tc Cm

Schematic drawing of the multiple integration
of Tn10 (Tc®) in pFR16017 (TcY); 1 to 5 copies
of Tn10 were found to be integrated in the
same plasmid core in self-annealed molecules
(top); one, two or three copies of the Tn10-
Tn9 (Tc~, Cm~) transposons were found to be
integrated in pRI234 (bottom). The intervening
DNA sequences between the integration sites
had the same molecular size in pFR16017 as
well as in pRI234; IR: inverted repeats.
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In vitro creation of multiresistant H. influenzae R

plasmids

Doubly resistant H. influenzae strains were obtained
by conjugational transfer of H. influenzae R plasmids
carrying Tn3 and H. influenzae R plasmids carrying Tn10
within the H. influenzae isolates. R plasmids were ob-
tained which contained Tn3 and Tn10 integrated at dif-
ferent sites in the same plasmid core and only in one
out of ten molecules examined in the electron micros-
cope the Tn3 was integrated in one of the inverted re-
peats of Tn10 as it was found in the doubly resistant
natural isolates.

The Tn10 of pFR16017 as well as Tn3 of pKRE5367 was
found to be integrated in the same plasmid core with
the combined Tn10 - Tn9 transposon of pHK539 after con-
jugation of the different strains. However, Tn3 was
never found linked to the combined Tn10 - Tn9 transpo-
son.

Isolation of an indigenous H. influenzae plasmid

Fresh isolates of H. influenzae and H. parainfluenzae
were examined by agarose gel electrophoresis for the
presence of extrachromosomal DNA. Among 699 isolates
only one H. influenzae type B isolate was found with
the expected indigenous plasmid (pW266). Its molecular
size was 27 Mdal and it had 82 % base homology with
PKRE5367. This plasmid, which does not carry any detec-
table drug resistance markers, could not be regularely
demonstrated by agarose gel electrophoresis and it
seems possible that the chromosomal integration of
pW266 is a frequent event (12).

DISCUSSION

The H. influenzae R plasmids examined are not repli-
cate isolatesof one plasmid clone. They not only
have different molecular weights and different resi-
stance markers, but also differ slightly in the base
sequences of their plasmid cores. The presence of Tn3
in the ampicillin resistance specifying H. .influenzae
R plasmids was indicated by base sequence homology with
the plasmid RSF1030 containing the Tn3 and the ampicil-
lin resistance specifying DNA sequence was transposed
from the H. influenzae plasmid pKRE5367 and pHK539 on
to the E. coli plasmid RSF 1010. The genes for tetra-
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cycline resistance were shown to be Tn10 by molecular
hybridization studies with a lambda phage containing
Tn10.

It was shown by electron microscopy that the H. in-
fluenzae P plasmids coding for combined tetracycline
and ampicillin resistance or combined tetracycline and
chloramphenicol resistance carried Tn3 or Tn9 integra-
ted in one of the inverted repeats of Tn10. The passage
of the Tc plasmids in medium containing tetracycline
regularely resulted in the multiple integration of the
Tn10 oxr of the combined Tc-Cm transposon into the same
plasmid core. The multiple integration of the transpo-
sable elements was paralleled by an increase of the
resistance against Tc in the case of pFR16017 and
against Tc and Cm simultaneously in the case of pHK539.

The similarity between the cores of the H. influen-
zae R plasmids examined and the identity of the drug
resistance transposons with those found in the entero-
bacteriaceae is compatible with the hypothesis that the
H. influenzae R plasmids arose as a result of the trans-
position of different drug resistance transposons on
to closely related indigenous H. influenzae plasmids.
This idea is further supported by the isolation of an
indigenous plasmid which had the expected molecular
size and had almost all of its base sequences in common
with the H. influenzae R plasmids. Furthermore, the in
vitro creation of multiresistant H. influenzae plasmids
by conjugation of monoresistant and doubly resistant
strains revealed plasmids which were indistinguishable
from the multiresistant clinical isolates. An alterna-
tive hypothesis is that closely related R factors from
the same incompatibility group have now infected H. in-
fluenzae strains throughout the world. Such an incom-
patibility group, however, has not been detected yet.
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INTRODUCTION

The genus Streptococcus contains several clinically, industri-
ally and ecologically important species, and many relevant proper-
ties resemble, phenotypically, similar traits known to be associ-
ated with plasmids among members of other bacterial genera. Studies
on the contributions of plasmids to the virulence and metabolic
versatility of the streptococci have, however, only recently begun.
The purpose of this review is two-fold: 1) to highlight some of the
major developments in the field of streptococcal plasmid biology
over the past eight years, and 2) to present data relevant to areas
of current activity in the field.

HISTORY OF STREPTOCOCCAL PLASMID BIOLOGY

The first report of plasmids in streptococci appeared in 1972
with the demonstration by Courvalin et al.l of plasmid-linked tetra-
cycline and erythromycin resistance in a strain of Streptococcus
faecalis. 1In 1974, Jacob and Hobbs?2 provided the first conclusive
evidence for conjugal transfer of plasmid-borne multiple antibiotic
resistance in S. faecalis, and in 1975 Jacob et al.3 described a
transmissible hemolysin plasmid in the same strain. These reports
stimulated several groups to become actively enga%ed in strepto-
coccal plasmid research, but, with few exceptions ’5’6’7, work
prior to 1976 was done with strains of S. faecalis. This was pri-
marily due to difficulties in lysing other streptococcal species,
especially those obtained from natural sources. In 1976 Chassy
reported that growth of streptococci in a rich medium supplemented
with threonine, which inhibits cell-wall cross linking, yielded
cells which could be rendered susceptible to detergent lysis fol-
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lowing treatment with lysozyme. Using this approach, and adapting

existing plasmid enrichment techniques originally used for the iso-
lation of plasmids from gram-negative bacteria, we9d, as well as oth-
ersl , were able to isolate and visualize directly on agarose gels,
plasmids from virtually any species of Streptococcus, and quite of~
ten from less than 10 ml of culture.

Another initial obstacle to the study of plasmids among the
streptococci was the unavailability of plasmid transfer systems in
this genus. All three of the major bacterial genetic transfer
systems, transduction, transformation and conjugation are now
available. Plasmids have_been transferred by transduction among
Lancefield groups A and Gll, and between strains of group N12 strep-
tococci. Two strains have been used extensively for interspecies
transfer of plasmids by transformation, the group H Challis strain
of S. sanguisl3,14,15,16,17 and a group F isolatel8, More recently
pneumococci have also been used for this purposelg. All three of
these strains exhibit physiological competence. So far, all
attempts to render other streptococcal species competent for trans-
formation by artificial means have failed. Two types of "conjuga-
tion" systems have been described in the streptococci. The CIA,
or pheromone-enhanced mating system, which appears to be confined
to group D streptococci, is discussed in the paper by Clewell (this
volume). The second type of plasmid transfer requiring cell-to-cell
contact is facilitated by bringing donor and recipient cells to-
gether on a membrane filter., This system has been used for intra-

and interspecies transfer of a number of transmissible plasmidsl>,
16,17,20,21,22,23

With the development of plasmid transfer systems, and improved
plasmid isolation techniques, the role of extrachromosomal elements
in a variety of streptococcal functions has now been established,
Plasmid-mediated single and multiple antibiotic resistance has been
reported in most species of streEtococci which are isolated from
human or animal sourcesl»2,7,14,15,16,17,20,22,24,25  gfstathiou
and McKay26 have described a role of plasmids in the resistance of
S. lactis strains to inorganic ions such as silver, copper, chro-
mate, arsenite and arsenate. Many clinical isolates of S. faecalis
are B-hemolytic on horse and human blood, but not sheep blood4/,
These hemolysins are often linked, if not identical, to bacteriocins
on plasmids which are usually transmissible3»27,28, Two transposons,
one carrying resistance to erythromycin29 and the other tetracy—
cline30, have been identified in a strain of S, faecalis. We have
recently obtained preliminary results suggesting the presence of a
kanamycin-streptomycin resistance transposable element in a different
strain of S. faecalis (D. J. LeBlanc and L. N, Lee, unpublished ob-
servations). Plasmids may also play an important role in the
metabolism of the group N streptococci, as discussed below,
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PLASMID-MEDIATED METABOLIC ACTIVITIES AMONG THE GROUP N STREPTOCOCCI

The ability of the group N, or dairy, streptococci to catabo-
lize or produce a variety of organic compounds appears to be
plasmid—mediagid. Plasmids have been implicated in the fermentation
of lactose3l s galactose33, or sucrose glucose—mannose34 and
D—xylose34; in the utilization of citrate3? and uric acid (J. A.
Breznac, Eersonal communication); and in the production of pro-
teinases3! and the small peptide antibiotic, nisin34, in at least
some strains of the Lancefield group N streptococci. With the
exception of a few lactose plasmids, which have been shown to be
transmissib1e36’37’38, and some lactose and groteinase plasmids
which have been transferred by transductionl ’39, all plasmid-
associated traits in this group of streptococci have been identified
by curing experiments.

We are currently using a new approach to learn more about the
group N metabolic plasmids. We have chosen the lactose pathway,
which is quite different from the corresponding pathway in enteric
bacteria, for our initial studies. Among streptococci lactose
enters the cell as a phosphorylated molecule by the activity of a
phosphoenolpyruvate-dependent phosphotransferase system40, or PTS,
The lactose phosphate is then cleaved, by a phospho—B—galactosidase41,
or P-B-gal, to glucose and galactose-6-phosphate, which are further
catabolized by glucose- and galactose-specifi¢ pathways. 1In col-
laboration with E. J. St. Martin we have recently employed the
Challis transformation system to obtain preliminary evidence sug-
gesting that the structural genes for the two specific lactose path-
way enzymes are carried by the lactose plasmid in a strain of S.
lactis. These results are summarized in Table 1. When S. lactis
strain DL11 was grown at the expense of lactose it possessed PTS
activity for both galactose and lactose in a ratio of 0.3 to 133,
Using an activity stain for P-f-gal (E. J. St, Martin, L. N. Lee
and D. J. LeBlanc, manuscript in preparation), on a polyacrylamide
gel containing total cell protein from strain DL11, we obtained a
molecular weight estimate for P-f-gal of 40,000. 1In contrast, a
lactose-grown wild-type culture of the Challis strain had a galac-
tose to lactose PTS ratio of only 0,05 to 1, and its P-f-gal had
a molecular weight of 52,000. We isolated a lac-negative mutant of
the Challis strain, lac-8, which was missing P-B-gal activity, but
retained lactose PTS. This mutant was transformed by plasmid DNA
from the §. lactis strain, and selected for ability to grow on
lactose. These transformants exhibited the same galactose to lac-
tose PTS ratios as the Challis strain, but now possessed a P-f-gal
activity with the same molecular weight as that of the donor strain,
A second mutant, lac-83, missing both lactose PTS and P-B-gal, was
isolated from the lac-8 mutant of Challis. When this strain was
transformed by plasmid DNA from strain DL11l, it had PTS and P-B-gal
activities with the properties of the donor S. lactis strain.
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Plasmid DNA could not be isolated from the Challis transformants,
nor were they curable for lactose fermentation. We tentatively
interpret this to mean that structural genes on the lactose plasmid
from S. lactis have integrated into the Challis chromosome to re-
store functions required for lactose metabolism., We are currently
preparing labeled probes of whole lactose plasmid DNA, as well as
restriction fragments, to locate the appropriate sequences on the
plasmid, and to determine if, in fact, these sequences are inte-
grated into the Challis chromosome. Similar approaches are also
being used to examine other plasmid-mediated metabolic functions
of the group N streptococci.

ANTIBIOTIC RESISTANCE

The streptococci, as with all other bacterial genera inhabiting
human and animal niches, have become increasingly resistant to anti-
biotics. Several of these resistance traits have.been shown to be
plasmid-mediated in at least some streptococcal isolates, Plasmid-
associated resistance to aminoglycosides and to chloramphenicol is
mediated by antibiotic modifying enzymes which resemble in activity,
but are clearlz different from, their counterparts in gram-negative
bacteria24,25, 2.

The vast majority of studies on antibiotic resistance plasmids
in the streptococci have centered on resistance to erythromycin7,13,
14,15,16,18,20,21,22,23,29, Streptococcal and staphylococcal plas-
mids mediating resistance to this antibiotic are referred to as MLS
plasmids because the mechanism of resistance, N6—dimethy1ation of

Table 1. Characterization of lactose’ transformants of

S. sanguis by plasmid DNA from S. lactis

Gal/Lac PTS?

Strain Activity Ratio E-—B—Galb
S. lactis DL11 0.30 40,000
S. sanguis (Challis) 0.05 52,000
S. sanguis lac-8 + -
pDL1 X S. sanguis lac-8 0.07 40,000
S. sanguis lac-83 - -
pDL1 X S. sanguis lac-83 0.29 40,000

8gee reference 33 for assay procedure
bAssay procedure in (E, J. St. Martin, L, N. Lee, and
D.J. LeBlanc, manuscript in preparation).
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adenine in 23S ribosomal RNA, also results in resistance to other
macrolides, to lincosamides and to streptogramin B type antibiotics®3»
This mechanism is common among streptococci44, Staphylococcus
aureus#3 and the producer of erythromycin, Streptomyces erythreus?.
MLS plasmids izolated from several streptococcil®,44,46,47 " 35 ywell as
staphylococci4 , all share at least some common sequences with each
other. With the exception of a few large MLS plasmids in strains of
S. faecalisz’zo, with transmissibility apparently limited to this
species, and one small non-transmissible plasmid isolated from a
strain of S. sanguisl4, the vast majority of MLS plasmids in strep-
tococci have a very narrow molecular weight range, between 15 and
20 million, and a very broad ran§e of hosts to which they may be
transferred by filter matingsl5,16,20,21,22,23  Not only can these
plasmids be conjugally transferred among virtually all species of
streptococci, but at least three intergeneric crosses have been
successfully attemptedl'B’49 (0. E. Landman et al., Abstracts of the
Annual Meeting of the American Society for Microbiology, p. 114,
1980). One of these MLS plasmids, pAMBl50, often becomes partially
deleted following transfer to a new host. These deletions, which
range from approximately 2.3 to 18.8 kilobases, from a molecule
originally 25.7 kilobases in size, often result in the loss of
transmissibility. We have collected several of these deleted
molecules and are attempting to locate on a restriction map of the
original plasmid, and enumerate, plasmid functions required for
conjugation.

UNUSUAL PROPERTIES OF TETRACYCLINE RESISTANCE DETERMINANTS

Among gram-negative bacteria of clinical origin, tetracycline
resistance has _almost always been associated with a plasmid>l. How-
ever, Burdettl’ has reported that among 30 tetracycline resistant
group B streptococcal isolates, 27 could not be shown to harbor
tetracycline resistance plasmids. Similarly, in a recent study of
tetracycline resistant streptococci obtained from the human oral
cavity, we were able to isolate plasmid DNA from only 23 of 121
strains examined32. Yet, we have observed transfer, on membrane
filters, of resistance from 14 out of 50 of these isolates to a
strain of S. faecalis. Only 4 of the strains with transmissible
tetracycline resistance had detectable plasmids (D. J, LeBlanc and
L. N. Lee, unpublished observations).

Recent reports from two different laboratories appear to offer
possible explanations for these results. Guild and associates have
demonstrated chromosomal linkage, by transformation, of a chloram-
phenicol and a tetracycline resistance determinant in a strain of
S. pneumoniae. These investigators subsequently observed conjugal
transfer of these determinants by filter matings to a recipient
strain of the same species53. No plasmid DNA could be isolated from
the donor or from transconjugant isolates, Franke and Clewell30
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recently reported the conjugal transfer of a tetracycline resistance
determinant located on a transposon between strains of S, faecalis,
in the absence of a plasmid DNA, The authors suggest that the
transposon may be a plasmid-like (or phage-like) element that lacks
replicative autonomy while retaining specific information for trans-
fer. We, in collaboration with J. A. Donkersloot, have been studying
a transmissible tetracycline resistance determinant in a porcine iso-
late of S. mutans, which exhibits a somewhat different type of ap-
parent plasmid-less transfer. S. mutans strain DL5 is resistant to
high levels of streptomycin, MLS antibiotics and tetracycline. Ex-
tensive searches for plasmids in this strain, using several different
methods, have all proven negative. Although MLS and streptomycin
resistance could not be transferred by this strain, tetracycline
resistance was, as shown in Table 2. When the JH2-2 strain of S.
faecalis? was used as the recipient transfer occurred almost equally
as well in broth matings as on filters. A recombination-deficient
strain of S. faecalis, UV20254, was also a good recipient, However,
with a S. mutans strain, DR0001/121, as the recipient the transfer
frequency was almost two orders of magnitude lower and occurred only
on filters. One of these transconjugants, strain DL43, transferred
tetracycline resistance to strain JH2-2, but at a low frequency and
only on filters. Resistance was not transmissible from any of the

S. faecalis transconjugants. As shown in Table 3, we have observed
plasmid DNA in some transconjugant isolates. The S. mutans trans-
conjugant, strain DL43, which can transfer tetracycline resistance,
occasionally yielded a band in agarose gels with a migration rate
consistent with a molecular weight of approximately 19 million. The
S. faecalis transconjugants, which do not appear to transfer the
resistance determinant, consistently yielded a plasmid with a molec-

Table 2. Transmissibility of a Streptococcus mutans
tetracycline resistance determinant

Donor Strain Recipient Strain Conjugation?@
Frequency
S. mutans DLS S. faecalis JH2-2 2 x 10°% ()P
5 x 10~/ (B)
S. faecalis UV202 1 x 106 (F)
S. mutans DRO001/1 1 x 1078 (F)
S. mutans DL43 S. faecalis JH2-2 1x 10_8 (F)

4per input donor colony forming units
b(F) or (B) refer to filter or broth matings
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Table 3. Properties of transconjugant isolates receiving
tetracycline resistance from S. mutans DL5

Plasmid Curing

Strain Derivation (Mdal) Frequency?
DL5 S. mutans donor - < 0,3%
DL43 DL5 X S. mutans DROOO1/1 19? < 0.3
DL40 DL5 X S. faecalis JH2-2 8 4,5
DL178 DL5 X S. faecalis UV202 8 13.5

3Curing frequencies were determined after 40 to 50 generations
in the absence of tetracycline.

ular weight of 8 million. The covalently closed circular nature of
this latter plasmid species has been confirmed by dye buoyant density
gradient centrifugation. We have also examined these isolates for
spontaneous curing of tetracycline resistance following 40 to 50
generations in the absence of antibiotic. We could not detect curing
in either of the S. mutans strains, but the curing frequencies in a
JH2-2 transconjugant, strain DL40, and a rec™ transconjugant, DL178,
were relatively high. All cured strains examined had lost the 8
megadalton plasmid. We cannot yet explain all of these results, but
the system resembles, in some respects, those chromosomally integra-
ted conjugative plasmids which appear to be common among antibiotic
resistant strains of Haemophilus influenzae33:56, We are currently
trying to isolate sufficient plasmid DNA from the transconjugants

to prepare labeled probes to investigate the possibility of chromo-
somal integration in the S. mutans strains.

We have recently observed yet another unusual property associ-
ated with tetracycline resistance in the streptococci. The JH1
strain of §. faecalis2>3 harbors two transmissible plasmids, a 50
megadalton species, pJHl, mediating resistance to kanamycin, strep-—
tomycin,erythromycin and tetracycline, and a 35 megadalton species,
pJH2, coding for hemolysin and bacteriocin production. Each of
these plasmids can be transferred to the JH2-2 strain of S. faecalis
during broth matings. After conducting such a mating experiment we
recently obtained one transconjugant isolate with the properties
shown in Table 4. This isolate, strain DL172, was resistant to
tetracycline, but did not possess the other resistance traits associ-
ated with plasmid pJHl1. Whereas the donor strain, JHl, was hemolytic
in the presence or absence of tetracycline, strain DL172 was hemolyt-
ic only in the presence of tetracycline, and contained a plasmid
intermediate in size between pJH1 and pJH2. Initially, we suspected
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Table 4. Properties of S. faecalis strain JH1, JH2-2 and DL172

Property JH1 JH2-2 DL172

Resistance to (ug/ml):

Tetracycline 256 1 128
Kanamycin 10,000 500 500
Streptomycin 10,000 250 250
Erythromycin 1,000 1 1
Lincomycin 500 25 25
Hemolysis on Horse Blood:
with tetracycline + no growth +
without tetracycline + - -
Plasmids present (Mdal) 50 & 35 none 43

that the tetracycline resistance determinant from plasmid pJH1 had
integrated into pJH2. However, when the 43 megadalton plasmid from
strain DL172 was purified, labeled with 32p by nicked translation,
denatured and incubated with a blot containing pJH1 and pJH2, plus
chromosomal DNA from strain JH1, this plasmid hybridized with DNA

in the chromosome region and with plasmid pJH2, but not with pJHI.

We interpret these results to mean that a second tetracycline resist-
ance determinant, from the chromosome of strain JH1, became integrated
into pJH2 and was transferred into strain JH2-2, Regardless of the
source of the tetracycline resistance determinant, it would appear
that the plasmid-mediated hemolytic activity was affected by the
presence of this DNA sequence, probably as a result of the location
and orientation of insertion, In support of this conclusion, Clewell
and associates30 have recently described hyper- and non-hemolytic
isolates of S. faecalis strain DS16, resulting from site-specific
insertion of the tetracycline resistance transposon, Tn916, into the
hemolysin plasmid, pADIl.

CONCLUSIONS

Although the existence of plasmids in the streptococci was only
demonstrated eight years ago, a great deal has been accomplished in
the area of streptococcal plasmid biology since then, Plasmids ob-
viously play a significant role in the metabolism of the group N
streptococci and in antibiotic resistance and its dissemination among
several streptococcal species, Furthermore, the streptococci may be
an important link in the dissemination of antibiotic resistance among
gram-positive bacteria in general, particularly with regard to MLS
resistance, Our ability to answer many existing questions are
certainly now enhanced by the development of streptococcal recomb§7
nant DNA host-vestor systems recently described by Macrina et al.
and by Behnke and Ferretti’8,
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INTRODUCTION:

The majority of infectious diseases had begun to decline at
the turn of the century with the understanding that potentially
dangerous microbes could be transmitted by water, food and insects
and by the application of sanitation and antisepsis. Since the
birth of the modern antibiotic era some 45 years ago the incidence
of bacterial disease has declined further and, despite the marvels
of R plasmids we heard earlier today, most bacterial infections can
be controlled, though usually not prevented, by chemotherapy. Some
bacterial infections can be prevented by immunization although ex-
cept for certain toxins, immunization is generally based on hit or
miss whole organism vacccines. The fact is that if we understood
more about how particular microorganisms caused infection it might
be possible to devise rational means to prevent them.

Moreover, there is still the surprise of 'new' pathogens. The
last decade alone has seen the emergence of the toxic shock syn-
drome (TSS) caused by certain strains of Staphylococcus aureus
and pneumonitis caused by Legionella pneumophilat. These organ-
isms are, it seems to me, the responses of microorganisms to “civi-
lization". Legionella seems to like water-cooling towers used for
air-conditioning and are subsequently spread by aerosols while TSS
staphylococci are associated primarily with increased tampon usage
by women over the past decade. We might understand something of
the selective pressures that have brought these organisms to the
ggre, we still don't understand why or even how they can cause

isease.

N
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In many parts of the world, in fact not far from this meeting
hall, microbial diseases considered trivial by wealthy nations
exact a heavy toll of mortality and morbidity. Diarrheal disease,
leprosy, protozooan diseases, and infection with large parasites
are the central problems. Widespread preventive measures are
required. It would be easier to formulate these measures if we
understand the mechanisms of infection.

In the following sections it is my intent to review general
aspects of microbial pathogenicity. I shall not attempt to dwell
on bacterial plasmids since the speakers that follow will do that
and there have been several excellent reviews of the subject of
plasmids and pathogenicity3,4. Rather I shall Jjust summarize
information that any interested individual might find in a textbook
of medical microbiology or infectious disease text5,6,7,8.
The references are few, the speculations are many. But it is in
this way I hope to provide a perspective for the papers to come.

INFECTION AND DISEASE.

Thus far 1 have used the terms infection and disease inter-
changeably. It is useful to distinguish between the two terms.
Infection is the persistent presence of a microorganism on the sur-
faces or within the tissue of the human body. The mere presence of
the organism in the body however does not 1lead invariably to
clinical illness, disease. In fact the production of disease in
humans by most microorganisms is the exception rather than rule.
It seems to me that disease occurs more as an abnormal event, an
accident if you will, rather than an invariant outcome of infec-
tion. Generally speaking most of the time something goes awry with
normal host defence mechanisms and tips the host-parasite relation-
ship from a relatively innocuous compromise to a potentially
dangerous event.

Hence all of us at one time or another carry pneumococci,
meningococci and streptococci without misfortune. But let there be
some new factor thrown into the equation, trauma or a toxic insult
1ike alcohol and we may not escape so lightly. Not unexpectedly
the disease caused by a particular microorganism depends upon its
properties, its pathogenicity. Pathogenicity is a relative term.
Virutally any microorganism can cause disease when host defenses
are suppressed or compromised. One can visit any burn unit or can-
cer ward to see the devastation caused by ‘'ordinary micro-
organisms'. However the term pathogen is generally employed to
refer to an organism that causes disease in 'normal’ hosts. Viru-
lence properly refers to the degree of pathogenicity among strains
within a given species. It should come as no surprise to the par-
ticipants of this meeting that the genetic potential for patho-
genicity may vary greatly between species of microorganisms. For
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example only about a dozen of the myriad of E. coli serotypes are
regularly found as the causative agents of diarrheal disease.

The Pathogenesis of Infection

a. The initial events.

The inital encounter between a pathogenic microorganism
and host involves a variety of factors. As a first step it is
clear that sufficient numbers of the organism must be taken in by
the human host before infection takes place. The numbers of organ-
isms required to establish infection and disease varies dra-
matically. Some microbial species (for example Shigella flexneri)
are so virulent that only a few hundred viable cells are required
to establish clinical disease in a significant number of sus-
ceptible persons. In other instances, enteropathogenic E. coli for
example, millions of viable cells are required. Since E. coli and
Shigella flexneri are so closely related genetically, these dif-
ferences will be presumably understood in the not too distant
future - indeed Dr. Kopecko will speak to this question later on in
the proceedings. In any event the offending microorganism must
possess the genetic capacity to proliferate within the potential
host; obviously the capacity to spread from host-to-host is of
equal importance.

After an organism gains entry into a human host, a certain
period of time (incubation period) elapses before clinical illness
is apparent. It should be apparent also that the incubation period
will be dependent upon the multiplication rate of an invading
organism. Few microorganisms multiply as well in vivo as they do
artificial culture media. Obviously a microorganism which has a
doubling time measured in days (for example the tubercle bacillus)
will tend to cause a more slowly evolving infection and disease
than a microorganism which has a doubling time within a host of a
few hours (for example, Salmonella typhimurium). In addition, just
as in the laboratory the in vivo pH and oxygen tension must be
satisfactory for growth.

We are still pretty much ignorant of the properties of cells
after they have grown in vivo; most investigators grow their cul-
tures on plates or in broth. In vivo growth can have an enormous
affect on infectivity. It seems clear, as Professor Harry
Smithl0 has suggested for many years now, that microbiologists
should devise clever techniques to examine the properties of in
vivo - grown cells as well as the more conveniently prepared
lTaboratory grown cells of pathogens.

Finally, in analysing the initial encounter between the human
and a pathogen it is worthwhile to see that despite differences in
the required inoculum size, the capacity of proliferate in vivo
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etc. virtually all infections can be divided into a relatively few
categories:

1. Those in which the organisms have specific mechanisms for
attaching to and sometimes penetrating the body surfaces of the
human host.

2. Microorganisms introduced into the body of the normal
host by a biting arthropod.

3. Organisms which are dependent upon previous tissue damage
on severe impairment of host defense mechanisms for invasion to
take place.

4. Organisms capable of causing disease through the secre-
tion of toxic substances. Such organisms may not even need to
penetrate body surfaces to cause disease.

Few pathogens fall snugly into just one of these categories

but, in the simplest possible terms, bacteria cause disease either
because they invade tissue, or elaborate toxins.

Bacterial Attributes of Virulence

1. The capacity to attach to the host cellular surface.

May microorganisms have the capacity of specifically adhere to
host cellsll., Indeed this adherence is highly evolved and is
often quite specific for a certain host cell type. In the oro-
pharynx, for example, Streptococcus pyogenes synthesizes a specific
surface protein, the M protein, that permits it to tightly adhere
to pharyngeal cells but not to teeth or the epithelial cells of the
cheek. Similarly gonococci adhere to microvilli of columnar
epithelial cells of the urogenital tract via pili and Bordetella
pertussis specifically adhere to cilia on epithelial cells of the
trachea. We shall hear later on from Jan van Embden concering
properties of plasmid-mediated pili of toxigenic E. coli that per-
mit adherence to epithelial cells of the small bowel. Thus many
successful pathogens possess the capacity to ‘'stick' to the
epithelial cell surface and the spread of the organism is very
rapid on epithelial surfaces covered with liquid. These adherence
mechanisms point out one fundamental microbial strategy to circum-
vent host defense mechanisms and to increase their 1likelihood of
establishing a host-parasite relationship.

2. Spread of microorganisms in tissue.

Many infections stay pretty much confined to the epithelial
cell surface and the organisms remain as extracellular parasites.
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Such organisms may spread through the tissues effectively by
mechanical means such as ciliary action, gravity, coughing, sneez-
ing etc. Some degree of subepithelial spread will occur because of
the death of host cells from microbial by-products. However, di-
rect spread in the sub-epithelial tissue is often limited because
of the connective tissue matrix. Some bacteria are known to elab-
orate specific enzymes including hyaluronidase that degrades the
hayaluronic acid component of the connective tissue matrix and col-
lagenase that breaks down the collagen of connective tissue. Other
known bacterial enzymes and other extracellular factors thought to
facilitate pathogenicity include coagulase (leading to the clotting
of plasma), DNAse (thought to reduce the viscosity of exudates) as
well as lecithinase and hemolysins both of which attack cell mem-
branes). Whether one can asign specific roles in pathogenesis to
any of these extracellular factors is not clear. Bacteria in
general produce a variety of proteases and lipases that would
theoretically play a role in bacterial pathogenesis. It is just as
likely, however, that these enzymes play a role in bacterial nutri-
tion and metabolism as they do in the infectious process. Cer-
tainly they can be considered as accessory determinants of patho-
genesis at least in providing for the ease of mechanical spread of
microorganisms throughout the tissue.

Most recently, a variety of* pathogens that are largely re-
stricted to the mucosal surface including Streptococcus mitis, S.
pneumoniae, N. meningitidis, H. influenzae and N. gonorrheae have
been found to elaborate a protease specific for human IgAl2.
This specificity coupled with the known antibacterial and anti-
adhesive properties of IgA suggests that this enzyme may play an
important role in pathogenesis although this has yet to be proved.
Since the enzyme is found within microorganisms readily amenable to
genetic study one can expect that it will be possible to assess the
importance of this unusual class of enzymes. By the same token
some bacteria, notably Streptococci and Staphylococci, actively
bind the Fc portion of IgM, IgA and IgG. This property and
antibody-specific proteases may all act to circumvent both specific
and non-specific immune mechanisms.

3. Invasion of epithelial cells.

Some bacteria regularly penetrate epithelial cells during the
course of infection. Precisely how the microorganisms accomplish
this dis not known. For example, members of the Shigella and
Yersinia group adhere to the host cell surface and enter the cyto-
plasm often causing a local breakdown in the host cell plasma mem-
brane. This invasive process may be ultimately lethal to the cell.
In other cases, for example in Salmonellosis, the penetration of
the organism may not be fatal to the cell; it is almost as if the
microbial cell is "passing through" to deeper tissue layers. This
is not simply a passive phenomenon. One can easily isolate mutants
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of Salmonella, or plasmidless derivatives of Yersinia and Shigella
which fail to invade tissue. Yet the precise biochemical mecha-
nisms at play remain the subject to study. Plasmid-mediated deter-
minants that confer invasiveness in Shigella and Yersinia will be
discussed later on in this session.

4, Subepithelial invasion.

Once an invading microorganism penetrates the basement mem-
brane barrier it is exposed to important host defense mechanisms.
The most important of these is the inflammatory response. The in-
flammatory response is a subject of considerable complexity. Suf-
fice it to say that the host responds to a microbial insult by a
prompt and vigorous change in its microcirculation. The reaction
is the same for any part of the body - there is a dilatation of
vessels and their permeability increases allowing the influx of
serum, immunoglobulins and other proteins. Fibrinogen may be con-
verted to fibrin so that a diffuse network is laid down to retard
invading organisms. This 1is followed by active passage (diape-
desis) of leucocytes and other cellular fractions into the insulted
tissue. The lymphatics draining the affected area also become
dilated, take up the inflammatory fluid and carry it to Tocal
lymph nodes where the macrophages lining the node act as filter
agents.

It is at the subepithelial Tlevel that the battleground between
the invading organism and the host take place. The outcome of the
infection depends on the capacity of the inflammatory responses,
particularly the phagocytes, to handle the invading microorganism
and the microorganisms capacity to overcome normal host defense
mechanisms. Two microbial factors that will be discussed in some
detail at these meetings may come into play here. One of these,
serum resistance, will be discussed by Ken Timmis. The other which
is a more subtle but highly significant factor is the capacity of
infecting microorganisms to sequester the free iron they require
from growth from the host which in turn goes to great lengths to
bind the iron in an unavailable form. Peter Williams' will
describe to us the marvelous way that the Col V plasmid brings this
capacity to certain E. coli strains.

a. Anti-phagocytic factors of extracellular parasites.

A number of microorganisms have ways of interfering with
phagocytic activity. The best known example is the bacterial cap-
sule although there are other antiphagocytic surface components.
For example, the pathogenic success of the pneumococcus and Strep-
tococcus pyogenes are due to their capacity to avoid phagocytosis.
SimiTarly the M protein of Streptococci and the pili of gonococci
that provide specific adherence to certain target host cells also
appear to be associated with their relative resistance to phago-
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cytosis. In any event, encapsulation or the presence of an anti-
phagocytic surface is quite common in both gram positive and gram
negative microorganism. For most extracellular, parasites (those
that cannot survive within phagocytes) the antiphagocytic cell sur-
face is the critical determinant of virulence. If one isolates
non-encapsulated mutants of pneumococci or cells that have lost
their antiphagocytic surface, the mutant cells are avirulent. If
one then isolates reversions or transfers genes conferring encapsu-
lation virulence is regained. I am not aware there have been ex-
tensive genetic studies on most antiphagocytic determinants and
their specificity, however.

Some microorganisms, like Streptococcus pyogenes, not only
resist phagocytosis through the nature of its cell surface but also
because it elaborates a phagocytic poison, leukocidan. Similarly
some Staphylococci elaborate a substance that induces the granules
of white cells to discharge into its own cell cytoplasm; the white
cell is thus duped into killing itself rather than the micro-
organism. Such microbial tactics imply a long-standing evolution-
ary relationship between host and parasite that would be amenable
to genetic study.

b. Antiphagocytic factors of intracellular bacteria.

Some bacteria like the tubercle bacillus, the leprosy bacillus
and the cause of undulant fever, Brucella sp. grow in macrophages
that phagocytose them. Their success as infectious agents depends
on this. It is not clear if these bacteria have specific receptors
that interact with the phagocytic surface or not. Clearly if a
phagocytosed microorganism is not exposed to the killing and diges-
tive processes of the phagocyte, it can survive and even multiply.
This indeed seems to be a factor leading to the survival of the
tubercle bacillus within macrophges.

The ways in which microorganisms survive within phagocytes is
not clearly understood. In this regard it 1is survival within
macrophages that is crucial. Polymorphs have a short lifespan but
macrophages live for comparatively long periods of time. of
course, bacteria in a macrophage are protected against many anti-
biotics as well as antibody that cannot penetrate the macrophage
surface.

6. Bacterial Toxins.

In my mind, bacterial toxins provide one of the more clear cut
examples of the polygenic nature of microbial pathogenesis. The
bacterial toxins are broadly divided into exotoxins, those that are
liberated in the environment from multiplying bacteria and endo-
toxins, those that are associated with the gram negative cell wall
and are released, in large part, upon death of the microorganism.
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In some microorganisms the capacity to elaborate an exotoxin is the
primary determinant of pathogenicity and the clinical symptoms in a
patient can be accounted for by the action of the toxin alone.
This is certainly true of botulism, staphylococcal food poisoning,
tetanus, diphtheria, cholera and E. coli enterotoxins.

It is important, however, to make a distinction between the
pharmocological action of pure exotoxin and the reality of its
role in microbial pathogenesis. Undoubtedly in the case of botu-
Tism and staphylococcal food poisoning, the ingestion of preformed
toxin in food will lead to clear-cut clinical disease; the micro-
organism need not multiply the host. One can duplicate diphtheria
and tetanus, by parenteral toxin infection, and cholera and E. coli
diarrhea by directly injecting toxin into ligated loops of bowel.
Yet, many animals and man regularly carry toxigenic diphtheria
bac1111 and Clostridium tetani without apparent harm. Microbial
cells which synthesize even large quantities of E. coli enterotoxin
but lack the ability to effectively colonize the small intestine
are innocuous to animals. Hence the important point to me is not
that a purified toxin can cause injury when injected into an animal
or a human but rather it is the sum total of toxigenicity coupled
with the other determinants of the microorganism that is essential.
C. tetani 1is innocuous if not introduced into tissue with a low
redox potential; C. diphtheriae must be able to establish itself
in the oropharynx (or a skin Tlesion), and multiply before the
effects of intoxication can be appreciated. The delivery system is
as important as the toxin. We still understand very little about
the acessory determinants of pathogenicity in "purely" toxigenic
pathogens.

At the end of this discussion of the general attributes of
bacterial pathogenicity it is useful perhaps to note that rarely
are invasiveness and toxigenicity completely separable. Invasive
organisms often utilize factors of short-lived or Tlocal toxige-
nicity (a leukocidan, for example) while as noted above, toxigenic
bacteria must possess at least some degree of bacterial multiplica-
tion and persistance in the tissues.

Plasmids and Pathogenicity

There has been a growing appreciation over the last decade
that determinants carried by bacterial plasmids may directly con-
tribute to bacterial pathogenicity. In the papers that follow we
shall hear some of the details involving plasmid-mediated determi-
nants of toxigenicity, adherence, serum resistance, invasiveness
and iron scavanging. Many of us are fascinated by the fact that
most bacterial toxins are associated with plasmids and bacterio-
phage. Why this should be I have no idea. It can not be acci-
dental that this is so. Is this associated with the transmissi-
bility of the genetic elements or their dispensability? Presumably
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the tactic that a plasmid-mediated determinant can be lost without
affecting viability could be the most important factor. Under many
circumstances we can imagine that a determinant of pathogenicity is
a deterrent to microbial success. If it can be lost and later re-
gained, it seems the best of both worlds.

~Plasmid-mediated determinants of pathogenicity encompass a
tantalizing array of elements and I believe we have yet but touched
the tip of the iceberg. On the other hand, given the complexity of
the steps in the pathogenesis of infection, the many genes that
must be at play, the very dispensability of plasmids and the fact
that only one or a few genes of pathogenicity are plasmid-mediated
makes me a bit cautious in over interpreting their significance.
For example we have shown that the heat labile enterotoxin of E.
coli seems always to be plasmid-mediated while the closely related
gene in V. cholerae is chromosomall3. Similarly there are
chromosomal iron sequestering systems, determinants of serum resis-
tance, hemolysins and invasive factors. This does not detract from
the importance of plasmid-mediated determinants of virulence. In-
deed because they can be so readily studied at the genetic and
molecular level, they are of considerable importance to better un-
derstand pathogenicity. However, my guess is that the importance
of plasmids to the pathogenicity of any particular organism lies
more in the genetic flexability rather than the precise nature of
the pathogenic determinant carried by plasmids.
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INTRODUCTION

More than a decade ago, enterotoxigenic E.coli strains were
found to be associated with acute diarrhoea in young animals and
later such strains were also found to be involved in cases of human
diarrhoea. Enterotoxigenic E.coli strains release a heat labile toxin
and/or a heat stable toxin which effects the fluid and electrolyte
secretion in the intestine by activation of the mucosal enzymes
adenyl cyclase and guanyl cyclase, respectivelyT,g. A number of
proteinaceous surface antigens of enterotoxigenic E.coli have been
identified, that are involved in the colonization of the gut by
facilitating the adherence of the microorganism to the intestinal
mucosa. Enterotoxins and several of these colonization factors are
encoded by plasmids. The significance of organisms that possess
plasmid-mediated pathogenic characteristics is that they constitute
a genetic pool from which new lines of pathogenic organisms may
arise. To the research worker, they represent genetic material that
can be added or removed from organisms, thus permitting the construc-
tion of new lines which differ only from the parent microorganism by
the presence or the absence of one character. Smith and coworkers
exploited this idea to elucidate the pathogenesis of E. coli dia-
rrhoea in animals. They showed in an elegant series of experiments
that the antigens K88 and K99 promote colonization of the intestine
by implanting K88 and K99 plasmids into non-pathogenic strains of
E. coli or alternatively by removal of these plasmids from pathogen-
ic strains and subsequently feeding such modified strains to neo-
nates3’h’5. The adhesion of K88 to the intestinal mucosa was de-
monstrated by Jones and Rutter®. Vaccination with K88 antigen results

101



102 J.D.A. van EMBDEN ET AL.

in protection of neonatal animals by the antibodies induced in the
colostrumT>8. The K88 antigen is found on the surface of the E.coli
cell as a thin filament of protein. Such filaments, also called pili
or fimbriae, have been found among a great variety of bacteria.
Among enterotoxigenic E.coli strains, 5 serologically unrelated

pili have been found to be associated with adhesion and colonization
of the intestine: K88, 987pP, K99, CFA I and CFA 119510511 Each of
these adhesive antigens is found among a characteristic set of
serotypes of E.coli. E.coli strains producing the antigens K88 and
P987 are found in diseased piglets, K99 mainly in calves and lambs
and to a lesser extend in pigs. CFA I and CFA II have been associated
with human strains. All five adhesive antigens share the following
properties: The antigens are high molecular weight structures,
composed of identical non-covalently linked polypeptides having
molecular weights between 14,000 and 26,000. Each antigen can adhere
to a specific set of animal cells, including erythrocytes and epi-
thelial mucosa cells of the intestine; at temperatures of 18-20°C

no or very little of the antigen is produced. Furthermore, the
capability to produce pili is usually an unstable genetic trait.
Although in certain cases this instability is due to the loss of
plasmids which encode for the pili, this is not always the case.

The protein of the adhesive antigens analysed are rich in hydro-
phobic amino-acids. Some of the properties of various pili are
depicted in table 1. It is presumed that the pili recognize particu-
lar receptor structures on the surface of the animal cell. Until
now no such receptors for any of the 5 adhesive antigens have been
isolated and characterized in biochemical terms, although several
attempts have been made!2> 13,14 In order to study the genetic
organization and the expression of adhesive antigens we have cloned
the genes encoding for K88 and K99.

Table 1. Properties of adhesive antigens of enterotoxigenic

E.coli
Antigen Diameter Mol.weight  Genetic Origin
(nm) sub unit location

K88 2 25,000 plasmid piglet

K99 3 18,500 plasmid calf, lamb,
piglet

987P T 22,000 ? piglet

CFA I 6-9 14,000 plasmid human

CFA II 7-8 ? plasmid human
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EXPRESSION AND CLONING OF THE K99 GENES

The K99 antigen is of particular interest with regard to its
peculiar regulation of expression. Certain serotypes, like 08, 09,
and 020, produce considerably less K99 than wild type strains of the
serotypes 010115, This regulation seems to be a host dependant trait
because no difference in the level of K99 expression is observed
when K99 plasmids of high and low producing serotypes are trans-
ferred to E.coli K12. Furthermore, K99 production is highly dependent
on the composition of the growth medium. Because the K99 antigen
is usually difficult to detect by agglutination with antiserum
after growth on common media, Guinée et al. 10,17 developed a supple-
mented minimal medium. Isaacson showed that the amount of K99 on
the surface of the cell is subject to catabolite repression:
glucose repression_could be overcome by addition of 0.5 mM cyclic
AMP to the medium!S. More dramatically, however, is the effect of
the presence of alanine. When alanine is added to minimal
medium at concentrations above 1 mM, the K99 production is less than
3% compared to that after growth in the absence of alanine!9. By
cloning of the K99 genes and introduction of mutations in these
genes we hope to get more insight in this regulatory system.

Plasmid pRI9901 was used for cloning of the K99 determinant and it
originated from E.coli 0101:K99 strain BL1. The K99 plasmid was
transferred conjugally to E.coli K12 in order to separate it from
the other 3 plasmids that are also present in BL1. The K99 genes
were cloned into the Hind III site of pBR322 and subcloned into

the Bam HI site of pBR325. Four subclones were obtained which all
contained a 4.5 MA BamHI fragment. Three of them expressed K99 and
one clone produced very little K99 although the 4.5 Md was undistin-
guishable from the fragment of the other 3 subeclones as analysed by
multiply cutting enzymes on agarose gels20. Morris et al.?! found
spontaneous K99-negative mutants of BL1 and analysis of plasmid DNA
of this strain showed no difference with its K99-positive parental
strain. Therefore, it seems likely that the expression of the K99
genes can he switched off, without loss of K99 DNA, perhaps by a
mechanism analogous to the flagellar phages variation in Salmonella
typhimuriumgz. Although the K99 genes were cloned on a multicopy
vector, expression of K99 in E.coli K12 was low compared to the
production of wild type strains. However, by introduction of

the K99 recombinant plasmids into a wild 0101 strain, we obtained

a strain that produced K99 more than L-fold, compared to the best
wild type producers. This again reinforces the idea that properties
of the host play a major role in the expression of K99. By deletion
of various regions in the cloned 4.5 Md K99 fragment the approximate
location of the structural gene of the K99 subunit could be inferred
between the coordinates 4.1 Kb and 5.8 Kb at the physical map as
shown in figure 1. It is interesting a region about 1 Md distal from
the K99 structural gene is required for K99 expression (as in
PRI9915-11), whereas the more proximal region between 3-4 Kb can be
deleted without much effect on the level of K99 expression.
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CLONING AND EXPRESSION OF THE K88 GENES

Much more is known of the K88 antigen. At least three different
antigenic variants exist: K88ab, K88ac and K88ad23. Virtually all
E.coli isolates that are K88*% have also the ability to ferment the
trisaccharide raffinose®*. Both characters are located on a single
plasmid and therefore K88 can easily be transferred conjugally by
selection of recipients on raf*. Shipley et al.2> found that K88
is generally encoded by plasmids of a molecular weight of about
50 Md and these plasmids showed at least 97% polynucleotide homology.
No or only slight differences are observed in the restriction enzyme
digest patterns of K88ab, K88ac or K88ad plasmids and the plasmids
of all 3 K88 variants contain a 7.7 Md Hind III fragment that encodes
for the K88 determinant (25, Meyerink, unpublished). The presence of
2 copies of the IS1 sequence in direct orientation separated by a
stretch of about 10 M of DNA20 explains the early observations
of Let Bak et al.2T on the dissociation of a 50 Md K88 plasmid into
a 40 Md and a 10 Md component. The amino-acid sequence of about 90%
of the K88ab subunit is established?d and no differences between
K88ab and K88ac in the sequenced part of the K88 subunit have been
found. In contrast, the K88ad polypeptide differs from K88ab at least
in 4 amino-acids.

Previously, we reported the cloning of the K88ab determinant. The
smallest plasmid obtained that still expressed K88 was pFM205, which
is composed of pBR322 and a 4.3 Md piece of K88 DNA29. We constructed
derivatives of pFM205, having deletions in various regions of pFM205
and the expression was studied in minicells (see figure 2). pPFM205
directs the synthesis of 6 non-vector encoded polypeptides in mini-
cells. One of these (26 Kd) is identical to the K88ab subunit,
because specific K88 antiserum precipitates this polypeptide as the
only one. The K88 surface protein is translocated across the cyto-
plasmic membrane and therefore one might expect that the mature K88
subunit is a product of proteolytic processing. By inhibition of the
processing system with 9.5% ethanol, a 28 K4 K88 polypeptide was
found in minicells, which indeed indicates the existence of a signal
sequence about 20 amino-acids. This is consistent with preliminary
DNA sequence data of the K88 coding region, which indicate that the
K88 structural gene has a signal sequence of 22 amino-acids. Deletion
of the genes encoding for the 17 Kd and the 81 Kd polypeptides (as

in plasmids pFM222 and pFMTT, respectively) affects the expression

of K88 as an antigen. Extracts of cells carrying pFM222 or pFMTT

bind only small amounts of anti-K88 antibodies, although the synthe-
sis of the K88 subunit in minicells does not differ significantly
from that in minicells carrying the parentel plasmid pFM205 (figure
2). Furthermore, the antigenic material of these mutants is much more
thermolabile compared to wild type K88. Presumably, the 17 Kd and the
81 K4 polypeptides are involved in the assembly of the 26 K4 subunits
to complete pili. The function of the other 3 polypeptides (27 Kd,

29 Kd and 30 Kd) which are also synthesized in minicells is present-
ly unknown.
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Jones and Rutter6,found brush borders of pigs from certain
litters that were not adhesive for K881 E. coli. This "non-adhesive"
phenotype was inherited as an autosomal recessive characteristic
and the experiments showed the "non-adhesive" pigs conferred relative
resistance to developing diarrhoea after challenge with K88*% entero-
toxigenic E.coli. Recently, Bijlsma (unpublished) extended the study
of Jones and Rutter and tested all 3 K88 variants in adhesion tests
with brush borders from 42 pigs and piglets obtained from the
slaughterhouse. He also found a 'non-adhesive'" phenotype, type E,
to which none of the 3 K88 variants adhered. The brush borders of
"adhesive phenotype", however, could be divided into 4 groups:
phenotype A was adhesive for all 3 K88 variants, B for K88ab and
K88ac, C for K88ab and K88ad and phenotype D only for K88ad
(table 2). Preincubation of type A brush borders with an excess of
purified K88ad antigen did not interfere with the adhesion of K88ab
or K88ac bacteria, whereas K88ab completely blocked the adhesion
of bacteria producing K88ac and vice versa.

Table 2. Adhesion of K88ab, K88ac and K88ad E.coli to
brush borders of pigs

Brush border Adhesion by Number of
phenotype K88ab K88ac  K88ad pigs tested

A + + + 11
B + + - 6
C + - + 11
D - - + 3
E - - - 11

total L2

These experiments indicate that the antigenic variation of K88 is
associated with differences in adhesive properties.
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INTRODUCTION

Bacterial diseases of the gastrointestinal tract usually occur
by one of three overall mechanisms. The first mechanism, termed
"intoxication," occurs by bacterial secretion of an exotoxin that
oftentimes is preformed in food prior to ingestion by the host. This
process is exemplified by staphylococcal or clostridial food poison-
ing. In contrast, the remaining two processes require living and
multiplying disease agents. In the "enterotoxigenic'" mechanism, as
discussed elsewhere in this volume, bacteria colonize the small in-
testine, usually in the jejunum or duodenum. These bacteria multi-
Ply on the intestinal surface and elaborate an enterotoxin that stim-
ulates excessive fluid and electrolyte efflux resulting in a watery
diarrhea. Enteropathogenic Escherichia coli and Vibrio cholera serve
as typical examples. Finally, a third group of organisms, termed
"invasive," actually penetrate the epithelial mucosa of the large
intestine. Subsequently, these organisms multiply intracellularly
and disseminate within or through the mucosa. This latter mechanism,
classically typified by Shigella and Salmonella, is now thought to
be used by invasive strains of E. coli, Yersinia, and, possibly,
Campylobacter. In contrast to other invasive bacterial diseases
like salmonellosis in which the invading bacteria are disseminated
throughout the host, shigellosis is a disease normally confined to
the intestinal lining. Whereas toxigenic organisms generally require
a large dose of organisms to cause disease, previous studies have
shown that as few as ten virulent cells of Shigella can cause disease
in humans. Thus, these features distinquish the toxigenic from the
invasive mechanism of intestinal disease (see reviewsl,2).

Two common and essential features of invasive bacteria are their

11
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ability to genetrate and to multiply within the epithelial cells of
the colonls2, Mutants of Shigella strains that fail to penetrate or
that penetrate but cannot multiply intracellularly have been iso-
lated. Both types of mutants are avirulent. The process of invasion
has thus far been characterized in microscopic, but not biochemical
detail. The first visible alteration in the host intestinal epithe-
lium is a localized destruction of the microvilli, the outermost
structure of the intestinal lining. The invading bacteria are then
engulfed by means of an invagination of the intestinal cell membrane
and are contained intracellularly within vaculoes. Subsequently, the
microvilli are reestablished and intracellular bacterial multipli-
cation occurs. These bacteria then destroy the vacuole and dissemi-
nate to adjacent cells, causing necrosis and resulting in acute in-
flammation and focal ulceration of the epithelium. The resulting
dysentery is characterized by a painful, bloody and mucous diarrhea
normally of relatively small volume.

Genetic studies of Shigella flexneri have previously resulted
in the conclusion that vIru%ence 1s multideterminant, with at least

two widely separated bacterial chromosomal regions being required

for invasionls2, Furthermore, these studies have shown that not
only is a smooth lipopolysaccharide bacterial cell surface necessary
for intestinal invasion, but also that only certain O-repeat unit
polymers are effective in this process; this is true for both shi-
gellae and invasive E. coli. Until recently, plasmids did not appear
to play a role in the invasion process or in the virulence of Shi-
gella. Recent evidence amassed over the past three years, however,
demonstrates that plasmids of Shigella are involved in the invasion
process3s4,5,

RESULTS

Colonial morphology transition of S. sonnei. Shigellosis is
still an important disease worldwide, with approximately 15,000 cases
reported in the U.S. during 1980. Of the 4 species of Shigella, S.
sonnel is currently responsible for greater than two-thirds of all
shigellosis cases in the U.S. and Europe. Because of its importance,
this species was chosen as the initial focus of our studies, Unlike
the other Shigella species, all S. sonnei strains fall into a single
serotype. This serotype is due to a somatic antigen, termed form I,
that is required for epithelial cell invasion. Chemical studies
have revealed that the from I antigen is the O-side chain6.

Upon restreaking on agar medium, smooth even-edged form I
colonies generate at a relatively high frequency rough uneven-edged
colonies, termed form II. Form II colonies appear in different
strains at frequencies varying from 1 to 50%. Further study has
shown that these rough colonies have irreversibly lost the form I
antigen and are always avirulent due to the inability to invade epi-
thelial cells3,4, The ability to penetrate epithelial cells can
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easily be monitored using the guinea pig eye as an assay system7.
Bacterial strains that can penetrate epithelial cells will elicit a
keratoconjunctivitis within 72 hours following inoculation of the
guinea pig eye with a bacterial suspension. This assay was used
exclusively throughout these studies.

Plasmid analyses of form I and II strains. The high frequency
and irreversible nature of the form I to II transition, which always
resulted in the loss of virulence, suggested the involvement of a
plasmid in this phenomenon. Thus, the plasmid DNA's of various S.
sonnei strains, obtained from different parts of the world, were
examined3. Plasmid DNA's of 4 representative isogenic sets of form

Fig. 1. Agarose gel electrophoretic profiles of circular plasmid
DNA obtained from sets of isogenic form I and II S. sonnei
strains. Plasmid profile of: (A) strain 53G form I; (B)
536G form II; (C) 50E form I; (D) 50E form II; (E) 9774 form
I; (F) 9774 form II; (G) MBI form I; and (H) MBI form II.
The asterisks mark the large plasmids in the form I strains
that are lost in form II derivatives. The gel position
expected for fragmented chromosomal DNA is indicated. DNA
isolation and gel electrophoresis procedures are described
elsewhere3.
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I and form II S. sonnei strains are shown in Fig. 1. Each of the
DNA's from the form I strains contained a large plasmid which is es-
timated, for most strains, to be 120 Mdal in size (Fig. 1A, C, E, G).
This large plasmid is missing in all form II derivatives (Fig. 1B, D,
F, H). This observation has been independently confirmed%.

Conjugal transfer studies. Direct proof that this large plasmid
is involved in form I antigen synthesis and virulence can only be ob-
tained by reintroduction of this plasmid into a form II recipient cell
with concomitant reestablishment of these properties. However, nei-
ther the form I antigen nor virulence phenotypes are useful as selec-
tive markers to monitor plasmid transfer. Therefore, we attempted to
identify any marker of selective value expressed by the form I plas-
mid. To date, about 175 biochemical and antibiotic resistance char-
acters have been tested for, but we have been unable to detect any
other trait encoded on this large plasmid. In addition, the results
of further studies indicate that neither bacteriocin production nor
iron-chelating systems are encoded by this form I plasmid (Sansonetti,
Kopecko, and Formal; submitted for publication). To circumvent this
problem, the form I plasmid was phenotypically tagged with the
ampicillin resistance transposon, Tn3, or with transposons Tn5 or
Tnl0. These transposons were introduced into the appropriate strains
on a carrier F'yg lac replicon that is temperature sensitive for
replication3. Strains in which the form I plasmid had been tagged
expressed the appropriate transposon-encoded antibiotic resistance;
and, this resistance was always lost during the transition to form II
cells.

Attempts to detect conjugal self-transfer of these tagged plas-
mids, using antibiotic selective pressure, were unsuccessful, in-
dicating that these large plasmids are not self-transmissible. How-
ever, two systems to mobilize the form I plasmid to recipient cells
have been developed. Initially, an F'yg lac::Tn3 plasmid was intro-
duced into an S. sonnei strain carrying a Tn3-tagged form I plasmid.
We reasoned that recombination between the Tn3 units on these two
plasmids would result in the formation of a composite conjugative
plasmid. In fact, form I plasmid transfer was obtained as well as
evidence for the composite plasmid species3. Using this mobilization
system, form I antigen synthesizing ability has been transferred to
form IT S. sonnei, S. flexmeri, E. coli K12, Salmonella typhi and
Serratia. These data strongly suggest that this S. sonnei plasmid
carries the structural genes for synthesizing the form I antigen.

Although F' lac-mediated transfer of the form I plasmid was
achieved, none of these form I transconjugants had reacquired viru-
lence. Further studies, discussed later, have revealed that FI in-
compatibility (inc) group plasmids inhibit invasiveness. Thus, fur-
ther attempts were made to mobilize the form I plasmid using various
conjugative plasmids of ten different incompatibility groups. O0ddly
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Fig., 2. Mobilization of the form I plasmid by R386. The agarose
gel electrophoretic profiles of circular plasmid DNA obtain-
ed from donor, recipient, and transconjugant strains: (A)
E. coli J53 carrying R386; (B) S. sonnei 482-79 carrying
PWR105, a Tn5-tagged form I plasmid; (C) donor 482-79 with
pWR105 and R386; (D) recipient form II S. sonnei Rudy; (E)
Rudy transconjugant carrying pWR105; (F) Rudy transconjugant
carrying pWR105 and R386. Experimental details are describ-
ed elsewhere (Sansonetti, Kopecko, and Formal, submitted for
publication)3,12,

enough, only the R386 plasmid, of FI inc, was found capable of mobil-
izing the form-I plasmid. The plasmid DNA profiles of donor, recip-
ient, and transconjugant strains from this mobilizing system are
shown in Fig. 2. Some transconjugants received only the form I
plasmid (Fig. 2E), while others also inherited the R386 plasmid

(Fig. 2F). Only transconjugants that did not contain the R386
plasmid were virulent, again verifying the virulence-inhibiting
nature of FI inc group plasmids. This mobilizing system has allowed
us to establish that form I antigen synthesizing ability and
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virulence are encoded by the 120 Mdal form I plasmid (Sansonetti,
Kopecko, and Formal; submitted for publication).

Incompatibility testing. Next, an attempt was made to identify
the inc group of the form I plasmid. Various reference plasmids were
conjugally transferred to an S. sonnei strain containing a Tn5-tagged
form I plasmid. The resulting strains, purified on antibiotic selec-
tive media and each carrying the form I plasmid and a reference
plasmid, were streaked onto MacConkey lactose agar. The stability of
the form I colony type was then monitored. As shown in Table 1,
none of the reference plasmids, except R386, significantly affected
the normal form I to II transition as compared to the wild-type S.
sonnei strain. Control studies showed that all of these reference
plasmids are stably maintained in the isogenic form II S. sonnei
derivative strain. Virtually identical results were obtained when
two different form I plasmids were tested for incompatibility. Al-
though these experiments are hampered by the natural instability and
nonselftransferability of the form I plasmid, these limited data
suggest that the form I plasmid is of the FI inc group (Sansonetti,
Kopecko, and Formal; submitted for publication).

Table 1. Incompatibility Between The Form I Plasmid
Of S. Sonnei 482-79 And Other Plasmids

Secondary Incompatibility Colony Phenotype
Plasmid Group

I I-II II

( % of 400 colonies )

none - 90.5 8.5 1
R386 FI 52.5 38 9.5
Rl FII 86.5 9.75 3.75
R124 FIV 8l 13.5 2.5
R64-11 Ix 92.75 6.25 1
N3 N 91.5 7.5 1
R16 (o] 81.75 15.5 2.75
RP1 P 89.5 8.0 2.5
S-a w 96 3 1
RA1 A 82.75 16.5 2.75
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Virulence inhibition. As mentioned previously, the F'ig lac
plasmid inhibited the virulence of form I-expressing S. sonnei
strains. To examine this phenomenon in more detail, plasmids of
various incompatibility groups were transferred to several invasive
bacteria including S. sonnei, S. flexneri, S. dysenteriae and E.
coli. Only a few representative plasmids and the virulence responses
of two invasive strains are shown in Table 2, but all invasive
strains responded similarly. Only the FI inc group plasmids and
plasmid pED830 were observed to inhibit virulence. pED830, con-
structed in N. Willetts' lab, is a colicin Ej derivative containing
Tn3 and which has inserted into the Tn3 BamHl site a 45 kilobase (kb)
BamHl fragment containing zll of the F plasmid conjugal transfer
geness. These data indicate that plasmids of the FI inc group
inhibit the ability of invasive organisms to penetrate epithelial
cells. Furthermore, the gene(s) responsible for this inhibition is
located on the 45 kb BamHl fragment that carries the conjugal trans-
fer genes of the F plasmid (Sansonetti, Kopecko, and Formal; sub-
mitted for publication).

S. flexneri virulence plasmids. S. flexneri is a leading cause

Table 2. Effect Of Different Incompatibility Group
Plasmids On The Virulence of Shigella Strains

Virulence

Plasmid Incompatibility S. sonneil S. flexneri

Group §82-19 1 M3
none - + +
Fi14tslac: ;3 FI - -
Fi14tslac FI - -
PEDB30 (F tra genes) - -
R1 FII + +
222 FII + +
R124 FIV + +
R64 I + +
N3 N + +
R16 (o] + +

Virulence assessed by gulnea pig keratoconjunctivitis assay.
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of shigellosis in many parts of the world. Initially, representa-
tive strains of the six serotypes of S. flexneri were examined for
plasmids. Regardless of serotype, all strains were found to contain
multiple plasmid species and always contained at least one large
plasmid species of approximately 140 Mdal in size (unpublished data).
Upon restreaking virulent, smooth S. flexneri colonies on agar medi-
um, granular colonial variants have recently been detected at a
frequency of about 0.17 in 4 of the 6 serotypes. No reversion to-
ward the original colonial morphology was observed when these vari-
ants were repurified on different media. More importantly, all of
these granular derivatives proved to be avirulent. Plasmid DNA
profiles of these avirulent granular derivatives were then compared
to those of the respective parental strains (Fig. 3). Three of the
4 granular variants have lost the large 140 Mdal plasmid (Fig. 3B,
D, H), while in the fourth avirulent variant this plasmid appears to

Fig. 3. Agarose gel profiles of plasmid DNA obtained from virulent
S. flexneri (wells A,C,E,G) and their respective avirulent
derivatives (wells B,D,F,H). (A,B) strain Z, serotype 1lb;
(C,D) M4243, serotype 2a; (E,F) MI0T, serotype 5; (G,H)
CCHO60, serotype 6. DNA isolationl? and gel electrophoresis
procedures3 are described elsewhere. The DNA bands in (H)
migrated slightly behind the corresponding bands in (G),
because the DNA was overloaded in (H) to verify loss of the
largest plasmid.
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have undergone a deletion (Sansonetti, Kopecko, Washington, and
Formal; manuscript in preparation). Although this evidence is not
conclusive, these data strongly suggest that plasmid-borne genes are
involved in the virulence of S. flexneri. To date, we have been
unable to obtain self-transfer of or detect selectable phenotypic
properties on these 140 Mdal plasmids. Thus, although these plasmids
appear to affect the ability of the bacterial host to penetrate
epithelial cells, the exact plasmid-mediated functions involved are
undetermined.

Vaccine strain construction. Parenterally administered Shigella
vaccines have not been successful, probably because shigellosis is an
infection limited to the superficial layer of the colonic mucosa.
Therefore, circulatory antibodies do not appear to be protective
against shigellosis. On the other hand, attenuated shigellae vac-
cines administered orally have been effective in protecting against
this disease, suggesting that the local intestinal immune response
is induced by the living oral vaccine9. However, attenuated Shigella
vaccines have not been widely used because of difficulties in iso-
lating safe (i.e., nonreverting) and effective strains. Recently,
Germanier and FurerlQ have reported on the isolation and character-
ization of a galactose-epimeraseless (galE) mutant of Salmonella
typhi, the typhoid bacillus. This attenuated strain has been tested
in more than 15,000 volunteers and has been shown to be a safe and
highly effective oral vaccinell, We considered the possibility that
this strain might be modified so as to be protective also against
shigellosis due to S. sonnei. Therefore, the plasmid responsible
for S. sonnei form I antigen synthesis was mobilized, as described
earlier, into the galE S. typhi strain. The resulting derivative S.
typhi was shown to contain the form I plasmid. Furthermore, serol-
ogical studies demonstrated that this derivative strain expresses
not only the somatic antigens of the S. typhi parent, but also the
S. sonnei form I antigen. It appeared that this derivative strain
would be a good vaccine candidated.

Mouse protection tests. To test the effectiveness of this vac-
cine, preliminary animal tests were conducted. Groups of mice were
inoculated with one of several vaccines or with a saline control.
Four weeks post-immunization, all mice were challenged with virulent
strains of S. typhi or S. sonnei and deaths were recorded 72 hours
after challenge (Table 3). Note that the living S. typhi galE
typhoid vaccine protected against the homologous challenge strain,
but not against the heterologous (i.e., S. sonnei) challenge. Sim-—
ilarly, the living S. sonnei vaccine protected against challenge by
S. sonnei, but not by S. typhi. However, the form I galE S. typhi
derivative vaccine protected against both challenge organisms-.
These preliminary studies indicate that the form I-expressing galE
S. typhi strain is an effective immunizing agent in mice for pro-
tection against S. typhi and S. sonnei. Volunteer studies are
currently underway.
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Table 3. Protection Of Mice Against S. typhi And S.
sonnei Challenge With S. typhi And S. Sonnei

Vaccines
Vaccine Route of Challenge Strain*
ImmunizatZon S. typhi Ty2 S. sonnei 53GI
Living S. typhi Ty2la 1P 0/12%* 15/15
SC 4/15 15/15
Living S. typhi-form I 5076-1C P 0/13 1/14
sC 1/16 0/16
Living S. sonnei-53GI IP 14/16 1/16
sC 16/16 0/16
AKD*** S, typhi Ty2 1P 2/16 15/16
SC 1/16 16/16
Saline IP 10/10 10/10

Challenges, suspended in 0.5 percent hog gastric mucin, were administered IP.

Deaths recorded 72 hrs after challenge.
Total

ok Standard acetone-killed and dried typhoid vaccine,

SUMMARY

1. Shigella sonnei contain a 120 Mdal nonconjugative plasmid
which appears to be in the FI inc. group. This plasmid codes for
the structural determinants of the form I antigen which is thought to
be essential for invasiveness. Other virulence properties, exclud-
ing iron-chelation, may reside on this plasmid.3’4 (Sansonetti,
Kopecko, Formal; submitted for publication).

2. All six serotypes of S. flexneri contain a large plasmid of
approximately 140 Mdal, which also appears to be necessary for
epithelial cell penetration. (Sansonetti, Kopecko, Washington,
Formal; ms. in prep.).

3. A form I-expressing galE S. typhi vaccine strain has been
constructed and has proven to be protective in mice against
challenges with both virulent S. sonnei and S. typhi strains.5

4. This S. typhi galE strain Ty2la, which has been shown to be
a safe and highly effective oral vaccine, should serve as a useful
carrier strain for other antigens (e.g., colonization antigens or
toxoids) to protect against a variety of different intestinal
infections.
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PLASMID-SPECIFIED IRON UPTAKE BY BACTERAEMIC STRAINS

OF ESCHERICHIA COLI
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INTRODUCTION

Although Escherichia coli is a normally harmless major aerobic
component of the gut flora of a healthy individual, some strains are
invasive, and able to produce extraintestinal infections. FE.colZ
has been isolated from urinary tract infections and from cases of
neonatal meningitis and bacteraemia. Smithl reported that a signi-
ficant proportion of E.coli strains associated with bacteraemia of
humans and domestic animals harboured plasmids (ColV) specifying the
narrow spectrum antibacterial protein colicin V. Furthermore,
Cabello2 found that many E.coli strains isolated from patients with
meningitis carried such ColV plasmids. It has been unequivocally
shown that possession of a ColV plasmid markedly enhances the viru-
lence of E.col?l strains in comparison with plasmid-free strains in
experimental infections of a number of laboratory animalsl,2,3,

Investigations of the correlation between colicinogenicity and
virulence have led to the identification of several ColV plasmid-
associated characteristics which may be implicated in pathogenicity.
Bacteria carrying a ColV plasmid show an enhanced ability to adhere
to intestinal epithelium Zn vitro4, while colicin V itself, detected
in the laboratory by its ability to kill sensitive E.coli strains,
may act synergistically with endotoxin to increase vascular perme-
ability in the skin5, and to depress macrophage activity in the
peritoneal cavity of infected animals®. These may be crucial factors
in the initiation of the invasive process. Binns et al7 nhave cloned
restriction fragments of the prototype plasmid ColV,I-K94 which
specify increased resistance of bacteria to the bactericidal effects
of antibody and complement in serum. It is difficult to assess the
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importance of this, however, since the serum resistance of E.col?
isolates from meningitis was found to be unaffected by elimination
of ColV plasmids although lethality in experimental infections was
significantly reduced by curing2.

Another characteristic controlled by ColV plasmids from bacter-
aemic strains of E.coli is the capacity to grow in conditions of iron
deprivation. It is this aspect that is considered in detail in this
communication.

There is now considerable evidence in the literature that the
concentration of free ferric cations in the tissues and fluids of the
body is critical to the outcome of the conflict between establishment
of a bacterial infection and its suppression by the host animal8.
Although present in body fluids, iron is predominantly unavailable
for microbial growth because it is strongly associated with iron
binding proteins (transfeprrin in serum, lactoferrin in secretions).
Inclusion of excess iron in the inoculum in experimental infections
enhances bacterial virulence?. Moreover, clinical conditions, such
as hepatitis, haemolytic anaemia, or haemorrhage due to severe viral
infection, which lead naturally to increased levels of free iron in
the body fluids are frequently associated with increased suscepti-
bility to, and severity of, bacterial infections8. On the other
hand, an otherwise healthy body responds to infection in a number of
ways to reduce still further the level of free iron, and so deprive
invading bacteria of an essential growth requirement8. There may be
specific reduction of intestinal absorption of exogenous iron, and
increased iron flux from body fluids to hepatic storage sites; there
may also be increased synthesis of iron binding proteins and their
localisation at potential sites of infection. Thus, a bacterial
strain which is capable of overcoming such "nutritional immunity"8
by competing efficiently for iron with the iron binding proteins of
the host will be better able to proliferate rapidly after infection
and therefore elicit severe disease symptoms.

ColV PLASMIDS AND IRON STRESS

Since iron availability is crucial to the progress of a
bacterial infection, the possible involvement of ColV plasmids of
bacteraemic E.coli strains in iron uptake was investigated (table
1). 1Iron is normally present in low concentration in defined
minimal media as an impurity of the component chemicals. However,
addition of purified iron-free human transferrin to minimal medium
decreased the growth rate of plasmidless E.coli? K-12 strain W3110
due to conversion of free iron to a relatively unavailable complexed
form. Saturation of iron binding sites of transferrin by excess
ferric ions reversed the inhibitory effect. On the other hand,
the same concentration of transferrin had no effect on the growth
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Table 1. Effect of Transferrin on Bacterial Growth in
Defined Minimal Medium

Bacterial strain Mean generation time (min)
Designation Characteristics ~transferrin +transferrin®
w3110 K-12, plasmidless 46 72 (470)
LG1327 W3110/ColV-H247 45 45

H247 bacteraemic E.colz 34 34

H247V™ cured derivative 34 55

aTransferrin was added at 250 ug/ml.

bFeCl3 at 100 pM was added to growth medium.

rate of the colicinogenic human bacteraemic strain H247. Two
observations indicate that the ColV-H247 plasmid has a role in
acquiring sufficient iron for growth from the transferrin-complexed
state; transferrin significantly inhibited the growth of a cured
derivative of strain H247, while conversely a derivative of W3110
to which plasmid ColV-H247 had been transferred by conjugation was
unaffected by the presence of transferrin in the growth medium.
Identical results were obtained with ColV plasmids from bacteraemic
strains of calf (B188), pig (P72) and chicken (F70) origin and with
one of the prototype ColV plasmids ColV-K3010,11,

Growth rate differences of this magnitude account for the
observed changes in constitution of mixed cultures of colicinogenic
and plasmid free bacteria during growth in conditions of iron
deprivation in immunoglobulin-free calf seruml0, Furthermore, in
mixed infections of mice, the minority colicinogenic component of
the inoculum was reisolated as the predominant organism from dead
animals (table 2). When excess iron was included in the inoculum,
however, the relative proportions of the two strains recovered from
infected mice were similar to that of the inoculation mixture. Thus,
it is clear that ColV plasmids contribute to the ability of the cells
that harbour them to sequester iron under conditions of iron stress
both Zn vZvo and <n vitro. When iron is freely available the
selective advantage of colicinogenicity is abolished.
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Table 2. Effect of Iron on the Course of Mixed
Infections of Mice

% colicinogenic a Addition % colicinogenic
bacteria in inoculum of Fe3d* b bacteria recovered
1 - 87
1 + 2
11 - 100
11 + 16

a -

Mixtures of strains H247 and H247V in the proportions
indicated were inoculated I/P into groups of 3 adult
white mice.

bFerric ammonium citrate (20 mM).

Cperitoneal wash of dead mice.

ColV PLASMID SPECIFIED IRON UPTAKE

A number of routes of entry of iron into cells of enteric
bacteria have been describedlz. When the element is present at a
high concentration in the growth medium it enters in a passive,
non-specific fashionl3, However, in conditions of iron deficit, the
synthesis and excretion of the catechol siderophore enterochelin are
induced14, and the ferric-enterochelin complexes formed in the medium
are subsequently actively transported into cells1S, Alternatively,
compounds present in natural environments may be utilised for iron
uptake; an example is the fungal siderophore ferrichromel6,

Mutants of E.colz K-12 defective in the synthesis of entero-
chelin are able to grow either if a high concentration of iron is
provided to allow passive entry (as in growth in nutiient medium),
or by addition to defined medium of an iron solubilising compound
such as sodium citrate which can be actively transported across the
cell membrane. The presence of plasmids ColV-H247, ColV-P72,
ColV-F70 or ColV-K30 in an enterochelin defective mutant, however,
abolishes the growth requirement for citratel3, indicating the
activity of an efficient alternative iron uptake mechanism. This
has been demonstrated indirectly by observation of a plasmid-
specific sparing of the induction of synthesis of bacterial outer
membrane proteins that characteristically occurs when intracellular
iron concentrations are reduced10,1l, Direct confirmation of the
operation of the plasmid-specified system comes from measurement of
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Figure 1. Effect of the presence of a ColV plasmid on bacterial iron
uptake. Strains LG1013 (blasmidless, enterochelin producing, O);
AN1937 (plasmidless, enterochelin deficient, ®); and LG1315 (AN1937
cargging ColV-K30, A) were grown in low iron medium, and the uptake

of FeCl3 into washed, non-growing cells was determinedlo,11

radioactive iron uptake into bacterial strains (fig.1l). While the
enterochelin deficient mutant AN1937 did not actively take up 55Fe
from the medium, a derivative carrying ColV-K30 (strain LG1315, Iut)
showed more efficient uptake of label than the plasmidless entero-
chelin producing control strain LG1013.

MECHANISM OF IRON UPTAKE

Like the enterochelin-, citrate- and ferrichrome-mediated routes
for the uptake of iron, the ColV plasmid specified system is an
active process requiring the tonB gene productlo»ll. I; involves
iron chelation by an inducible hydroxamate siderophore1 . The
observation that plasmid-free strains are not cross-fed by coli-
cinogenic strains in mixed culture and infection suggests either
that the plasmid-coded iron chelator is cell bound, or that plasmid-
specified products act to transport an extracellular siderophore
into the cell. Stuart et all? favour the former model on the basis
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of their finding that hydroxamate compounds were chemically detect-
ablel8 in cell pellets of ColV plasmid-carrying bacteria.

Genetic data, on the other hand, suggest that the plasmid
specified siderophore is a cell-free diffusible productl9, Following
mutagenesis and penicillin enrichment of strains LG1315 (enterochelin
deficient, carrying ColV-K30), mutants defective in plasmid promoted
iron uptake were isolated. All showed reduced virulence in experi-
mental infections of mice. Moreover, they fell into two classes on
the basis of cross-feeding tests (table 3), defining two plasmid-
specified functions for the uptake of iron. One class (Zuc) was
cross-fed by a strain carrying a wild type plasmid, and is therefore
postulated to lack an extracellular diffusible product for which the
cross-feeding strain compensates. The other mutant class (Zut) was
not cross-fed by a strain producing extracellular chelator, but
was itself able to cross-feed mutants of the Zuc class; thus it
produces normal siderophore, but is defective in some aspect of the
transport of siderophore into the cell. The behaviour of these
mutants cannot easily be reconciled with a cell-bound mode of action

Table 3. Cross-Feeding Tests®

Patch inoculum Bacterial lawn
Strain; LG1439° LG1418 LG1419
Characteristics entd entA/ColV-K30Zuce entAd/ColV-K30Zut
LG1315 +
entd/ColV-K30Iu - + -
LG1418°
entd/ColV-K30Zue - - -
LG1419d
entd/ColV-K30Zut - + -

8l,awns of bacteria (107 cells/plate) on minimal agar containing
o 0”“-dipyridyl (160 uM) were patch inoculated as indicated.
Cross-feeding (+) was observed as a zone of growth of the
bacterial lawn around a particular patch; (-) indicates no
cross-feeding.

bStrain LG1439 is a colicin V insensitive derivative of strain
AN1937.

CNo growth of patch inocula except on the LG1419 lawn.

dpoor growth of patch inocula.
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of the plasmid-specified system. The general nature of the phenom-
enon is suggested by the finding that AN1937 derivatives carrying
plasmids ColV-H247 or ColV-P72 (from human and porcine bacteraemic
strains respectively) were also able to cross-feed Zuc mutant strain
LG1418.

This type of test provides a sensitive quantifiable biological
assay for iron chelating activity. There is complete coincidence
of elution of biologically determined iron binding activity and
chemically determined hydroxamate material of strain LG1315 from
both Dowex-1 and Sephadex G-50 columns (fig. 2) indicating that
both tests measure the same plasmid characteristic. Furthermore
the Zuc mutant LG1418, deduced from cross-feeding tests to be
deficient in chelator synthesis, was found to produce no detectable
hydroxamate material, while LG1419, the Zut mutant defective in
transport of iron, produced 10-100 times more chelator (depending
on growth phase) than parental strain LG1315 on the basis of both
biological and chemical assays.

Furthermore, biological assays have confirmed the previous
observationl? that cell pellets of exponentially growing cultures
of strains carrying wild-type ColV plasmids contain iron chelating
activity. Cell pellets were washed extensively, sonicated and
assayed for ability to promote the growth of Zuc mutant LG1418 in
conditions of iron limitation. Approximately 10% of the total
biologically measurable activity produced by strain LG1315 was
associated with the cell pellet. Cell-associated activity in
sonicates and cell-free activity in culture supernatants eluted
identically from Sephadex G-50 columns.

Strain LG1418 is defective in plasmid specified siderophore
synthesis but it can grow in conditions of iron deficit if cell-
free siderophore is supplied exogenously. In this case also, bio-
logical activity was recovered from extensively washed, sonicated
cell pellets. These data suggest that the iron chelating material
associated with cell pellets was actively involved in iron uptake
into growing cells at the time of sampling. That is, it represents
the transient association of a diffusible chelator with a membrane
receptor rather than the more permanent involvement of siderophore
molecules as components of the bacterial membrane as suggested by
Stuart et a117.

SELECTIVE ADVANTAGE OF COLICINOGENICITY

The siderophore elaborated by plasmid ColV-K30 has been identi-
fied by field desorption mass spectrometry as aerobactin (A.
Bindereif and J.B. Neilands, personal communication). This compound
was first purified from a strain of Aerobacter aerogenes20, but has
subsequently been found to be synthesised by strains of Shigella2l
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Figure 2. Column chromatography of ColV plasmid specified sidero-
phore. 1In (a) culture supernatant of strain LG1315 was applied to
Dowex-1 and eluted with an ammoniumchloride gradient (-l—&);
eluant was tested for biological activity (histogram) and hydrox-
amate (O==-0). In (b) LG1315 culture supernatant material
concentrated approximately tenfold by Dowex-1 chromatography was
applied to a Sephadex G-50 column (25 cm x 1 cm); eluant was tested
for biological activity (histogram) and hydroxamate ( O——-0O). The
void volume is marked by the arrow. In (c) the sample was LG1315
culture supernatant to which were added 1 uC 55FeCl3 and then
excess transferrin to solubilise any non-complexed iron; the mixture
was applied to Sephadex G-50 and the column eluant was tested for
biological activity (histogram) and 95Fe radioactivity ( @-----@ ).
Ferric-transferrin eluted in the void volume. Biological activity
is defined as the reciprocal of the highest dilution of a sample
which allowed growth of LG1418 in conditions of iron limitation.
Hydroxamate compounds were determined colorimetrically (A ) by
the method of Csakyl8, 526
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and Salmonella (A. Bindereif and J.B. Neilands, personal communi-
cation) also. It is not known if aerobactin synthesis in these
genera is plasmid mediated, but the observation raises interesting
questions about the evolutionary origin of ColV plasmids carried

by bacteraemic strains of E.colZ. Of more immediate interest is the
question of why aerobactin, a relatively low affinity iron chelator,
should provide a selective advantage to bacterial strains that can
also synthesise the high affinity siderophore enterochelin. It
should be noted, however, that the synthesis of enterochelin, and
its breakdown to release iron within a cell are expensive of meta-
bolic energylz. We may speculate, therefore, that in conditions of
extreme iron stress the operation of an iron uptake system which
requires little energy, albeit a low affinity system, may be crucial
to the survival of a bacterial cell.
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SERUM RESISTANCE IN E.COLI
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INTRODUCTION

Pathogenic bacteria that cause generalized infections or
meningitis invade the blood stream and are thereby distributed
throughout the body. Blood, or serum, contains a number of non-
specific (complement, lysozyme, phagocytes, iron-binding proteins,
etc.) and specific (antibodies, lymphocytes) agents that alone or
in combination lyse, kill or prevent the growth of the majority of
bacteria with which they make contact. Abilities to resist, evade
or inactivate these host defences constitute major components of
the virulence of invasive bacteria. At present little is known
about these bacterial properties or their molecular interactions
with host defences.

The role of resistance to serum/complement in the virulence
of invasive Gram-negative bacteria is indicated, on one hand, by
a substantial volume of epidemiological datal-3 and, on the other,
by results obtained with experimental invasive bacterial infec-
tions, such as endocarditis, in laboratory animals4/5. We have
studied resistance to serum in E.coli and have found that two cel-
lular components, an outer membrane protein and a polysaccharide
capsular antigen, are able to provide bacteria with substantial

resistance to serum.
RESULTS

The Plasmid R6-5 Surface Exclusion Gene traT Mediates Serum

Resistance

Several groups have reported that certain plasmids of Gram-
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Physical and genetic map of plasmid R6-5. The R6-5 map
(top) is that of Timmis et al. O; cross bars indicate
EcoRI cleavage sites. The genetic map of the R6-5 tra
reglon (expansion, center) is that of Achtman et al. 11
the bars above the map indicate EcoRI cleavage sites
whereas bars below the map indicEEE-EEEQIII cleavage
sites. The detailed restriction map of the R6-5 EcoRI
fragment E-7 (bottom) is that of Moll et al.12, E:_ﬁ,P,
and B numbers indicate restriction endonuclease fragments
generated by EcoRI, HindIII, PstI, and BstEII, respec-
tively. The PstI and BsH BstEII fragments of the E-7 fragment
are numbered ac accordlng to size as they exist in the
PKT107 hybrid plasmid, and not according to size as they
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exist in R6-5. The diamond symbols indicate the sites of
insertion of Tn3 elements within the B-2 fragment in
serum resistant-defective insertion mutant derivatives of
the pKT107 plasmid. Abbreviations: CmY, Km¥Y, SmY, suf,
and HgY, resistance to chloramphenicol, kanamycin, strep-
tomycin, sulfonamide, and mercury salts, respectively;
Rep and IS1, replication functions and insertion sequence
1; RTF, R-det, and tra, resistance transfer factor, re-
sistance determinant, and transfer functions, respec-
tively.

negative bacteria increase the resistance of E.coli strains to se-
rum6-8. Plasmid R6-59 is a large (100kb), conjugative, multiple
antibiotic resistance plasmid (Fig.1) that we have studied exten-
sively and that is closely related to R100, one of the plasmids
shown to specify serum resistance®’8. Table 1 shows that R6-5 pro-
vides a smooth strain of E.coli, E.coli 59rif, with almost com-
plete resistahce to serum and significantly elevates the resist-
ance of a highly-sensitive rough strain, E.coli K-12, to low con-
centrations of serum.

In order to determine the approximate location of the serum
resistance determinant on the R6-5 genome, we examined the ability
of ColEl hybrid plasmids carrying EcoRI fragments of R6-510 to
confer upon E.coli K-12 host bacteria resistance to 3% rabbit se-
rum. Only one type of hybrid plasmid was found to specify a serum
resistance function, namely that which carries EcoRI fragment
E-712, A detailed restriction endonuclease cleavage map of the E-7
fragment is shown in Figure 1. For ease of subsequent genetic ma-
nipulations this fragment was cloned into the pACYC184 vector to
form hybrid plasmid pKT107. This hybrid also confers resistance to
serum upon E.coli K-12 (Table 1). Three genes, traS, traT and trabD,
that function in plasmid conjugation are known to be coded by
fragment E-711, The traS and traT genes encode proteins that are
responsible for surface exclusion, the reduction in ability of
bacteria carrying a conjugative plasmid to act as recipients when
mated with donors carrying a closely related plasmid, whereas traD
specifies a function involved in conjugal DNA transfer from donor
to recipient bacterial3.

Precise localization of the serum resistance gene was accom-
plished by transposon mutagenesis of the pKT107 plasmidlz. Trans-
poson Tn3 was introduced into pKT107 by standard procedures and
insertion mutant derivatives that no longer specified serum re-
sistance were identified using a recently-developed, colorimetric,
rapid screening procedure14. Restriction endonuclease cleavage
analysis of these mutant plasmids revealed that all Tn3 elements
that had inactivated the serum resistance gene of pKT107 were lo-
cated within a 600 bp BstEII fragment, B-2, although on different
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PstI fragments, P-4, P-5 and P-6, that lie within or overlap with
the B-2 fragment (Fig.1). These insertion mutations localize the
serum resistance gene to a region thought to contain the traT sur-
face exclusion gene.

Definitive identification of the serum resistance gene pro-
duct was obtained by comparing plasmid-encoded proteins synthe-
sized in minicells containing pKT107 or its serum resistance-nega-
tive Tn3 insertion derivatives. As can be seen in Figure 2, the
traS, traT and traD gene products were readily detected by poly-
acrylamide gel electrophoresis of radioactive proteins made by
minicells containing the pKT107 serum resistance-positive plasmid,
whereas the traT gene product could not be identified among the
proteins made by minicells containing the serum resistance-nega-
tive insertion mutant plasmids-“. The traT gene product, a 25,000
dalton protein, is thus responsible for plasmid R6-5-specified
serum resistance.

The traT Protein is Located on the Outer Surface of the Outer
Membrane

Complement is activated by cell surface structures and it is
the cell surface which is the site of action of the membrane at-
tack unit of activated complement. It was therefore anticipated
that the traT protein, which mediates resistance to complement
killing, would either be localized on the cell surface or excreted
into the medium. We have compared the amounts of traT protein in
whole cells and in outer membrane preparations of these cells
(Triton X-100 insoluble component of the cell envelopes) and have
found that the majority of cellular traT protein is localized in
the outer membrane (Fig.2). It could be calculated from densito-
meter tracings of stained polyacrylamide gels of outer membrane
proteins that bacteria carrying the pKT107 plasmid contain about
20,000 copies of the traT protein per ce1112

Outer membrane proteins may be located on the inner or outer
surface of the membrane, or may traverse it. In order to determine
whether the traT protein is exposed on the outer surface of the
outer membrane, we coupled 1251 to the surfaces of whole cells
using lactoperoxidase and analysed the labeled proteins by poly-
acrylamide gel electrophoresis, followed by autoradiography15 As
can be seen in Figure 2, the traT proteln is labeled more heavily
than outer membrane proteins I I and 1I¥ , which are larger and pre-
sent in numbers of copies 5-fold greater than that of the traT
protein. This indicates that the traT protein is highly exposed on
the outer surface of the outer membrane. Similar findings have
been made on the F15 and R10016 traT proteins.
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Fig.
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R6-5-specified serum resistance is mediated by the traT
protein which is located on the outer surface of the cell
outer membrane. Identification of the serum resistance
gene product as the traT protein. (A,B) Analysis of plas-
mid-encoded proteins synthesized in minicells. Minicells
containing pKT107 (a) or its serum sensitive Tn3 inser-
tion derivatives (b-f) were purified, radioactively la-
beled with [3°Slmethionine, and analyzed by SDS-poly-
acrylamide gel electrophoresislz. The gel was subsequent-
ly stained (A) and autoradiographed (B). (b) pKT116;

(c) pKT117; (d) pKT118; (e) pKT119; (f) pKT120. (C) Ana-
lysis of outer membrane proteins of plasmid-carrying bac-
teria. The outer membranes (Triton X-100-insoluble com-
ponent of the cell envelope) of cells harboring pKT107
were analyzed by SDS-polyacrylamide gel electrophoresis
followed by staininq15. (D) Analysis of proteins exposed
on the cell surface. Cells harboring pKT107 were iodinat-
ed with 1251 in the presence of lactoperoxidase15 and the
total proteins analyzed by SDS-polyacrylamide gel elec-
trophoresis, followed by autoradiography.
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Table 2. Serum resistant bacteria fail to cross protect
sensitive bacteria

Percent Survival in 3% Seruma

Bacterial
strain After 60 min After 180 min
b
A. CR34nal 0.67 <0.001
B. C600rif (pKT107)° 282 319
C. CR34nal + c 2.33 <0.001
C600rif (pKT107) 237 320

%Bacteria were prepared as described in Table 1. At -30 min,
C600rif (pKT107) bacteria were added to serum solutions (B and C);
at O min, CR34nal bacteria were also added (A and C); at + 60min
and + 180min the bacterial suspensions were diluted and plated on
agar containing either nalidixic acid (50 ug/ml, for A and C) and
rifampicin (100 ug/ml; B and C);

2 nalidixic acid resistant mutant of E.coli K-12 CR34;
present at 3 x the concentration of that of CR34nal.

Functional Aspects of the traT Protein

Although we found no evidence of release of significant
amounts of traT protein from bacteria carrying the pKT107 plasmid,
the release of small quantities would not have been detected.
There are three possibilities regarding the mode of action of the
traT protein in serum resistance: (a) inactivation of one or more
components of complement in the fluid phase by released traT pro-
tein, (b) inactivation by cell-bound traT protein, or (c) preven-
tion of the activation of complement by cell surface structures,
or inhibition of the lytic activity of activated complement on the
cell surface,due to a traT protein-mediated structural modifica-
tion of the cell envelope. If the principal mechanism of serum re-
sistance is inactivation of complement in the fluid phase, it
should be possible to protect serum sensitive bacteria by preincu-
bating the serum to be used with serum resistant cells. Table 2
shows that this is not the case: preincubation of 3% rabbit serum
with serum resistant bacteria (final concentration 6x106/m1) for
30 min did not significantly increase the survival of serum sen-
sitive bacteria (final concentration 2x106/ml) that were subse-
quently added. This means that the traT protein does not inacti-
vate complement components present in the fluid phase and that it
must mediate resistance as an integral component of the bacterial
outer membrane (see also ref.l17).
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As indicated above, the traT protein is responsible in part
for plasmid surface exclusion. In order to examine the functional
relationship between serum resistance and surface exclusion, we
have begun to isolate and analyse serum resistance-defective,
hydroxylamine-induced point mutant derivatives of the pKT107 plas-
mid. Twenty-two putative mutant plasmids of this type were initi-
ally identified by the rapid screening procedure, which measures
bacterial growth in the presence of serum, but only three were
subsequently confirmed as serum resistance-defective. The remain-
ing seventeen mutant derivatives all caused substantial over-pro-
duction of the traT protein (up to 200,000 copies per cell) 18 ana
all resulted in poor growth characteristics of host bacteria (the
rapid screening procedure is therefore a useful method for identi-
fying bacterial mutants that exhibit altered regulation of the
synthesis of the traT protein, and also for mutants with altered
regulation of other structural components of the cell and that ex-
hibit poor growth). Two of the three serum resistance-defective
plasmid derivatives have been examined: one of them, pKT147, spe-
cified normal surface exclusion (exclusion index of pKT107 with
R100drd:51) whereas the other, pKT145, exhibited greatly increased
surface exclusion (indices with R100drd of 45 and 1032, respec-
tively). This suggests that surface exclusion and serum resistance
are independent activities of the traT protein, although a change
in the activity of traS in pKT145 cannot at this time be ruled out.

Outer membranes prepared from bacteria carrying the pKT145
and pKT147 plasmids did not exhibit detectable amounts of a 25,000
dalton protein and we conclude that these mutant plasmids no lon-
ger direct the synthesis of the traT protein, or that they direct
the synthesis of (a) traT protein in severely reduced amounts,
(b) a protein of altered molecular weight, or (c) a protein that
is no longer transported to the outer membrane. In view of the
fact that neither mutant plasmid specifies less than the normal
level of surface exclusion, alternatives (a) or (b) appear the
most plausible, although the isolation and analysis of more mutant
plasmids will be required before a firm conclusion can be drawn.

The Kl Capsular Antigen Mediates Bacterial Resistance to Serum

The Kl polysaccharide capsular antigen is an important viru-
lence factor of E.coli strains that produce meningitis and septi-
caemia in neonatesl19-21. Its precise role in bacterial pathogeni-
city has not thus far been elucidated but it is known to reduce
the sensitivity of bacteria to phagocytosis22 and some epidemio-
logical data indicate that the K! antigen also provides bacteria
with resistance to serum23, although this latter conclusion has
recently been challenged3124'25.
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Fig. 3. Cleavage of hybrid plasmids that specify K1 antigen bio-
synthesis with BamHI endonuclease. Plasmid DNA prepara-
tions were obtained, digested with BamHI restriction
endonuclease,and the fragments thereby generated analysed
by electrophoresis through a 0.8% agarose gel, as pre-
viously describedlO, From left to right: pHC79 (cosmid
vector), pKT168 (K17), pKT169 (Kit+), pKT170 (K1%), pKT171
(K1%), pKT172 (K1*), ADNA cleaved with EcoRI and HindIII.
PKT170 is from the PstI gene bank; the remaining hybrid
plasmids are from the BamHI gene bank.

In order to be able to examine the serum resistance proper-
ties of essentially isogenic strains that differ only in their
ability to synthesize the Kl capsule, we have cloned the K! bio-
synthesis genes in E.coli K-12 strain LE392. This was carried out
with the cosmid cloging — ) packaging system26 using the pHC79
vector?® and E.coli Bi 7509/41 (07:K1:H™) DNA that had been par-
tially cleaved with BamHI or PstI, to produce two gene banks. A
number of the clones in these banks were subsequently shown to pro-
duce precipitin haloes of specific antigen-antibody complexes,
when grown on agar plates containing meningococcus B antiserum
(the meningococcus B polysaccharide is identical to the K1 poly-
saccharidel!”), and hence to synthesize K1 antigen. Plasmid DNA was
prepared from four representative Kit clones, three from the BamHI
gene bank and one from the PstI gene bank, and from one K1~ clone
and analysed by BamHI endonuclease cleavage (Fig.3). Comparison of
the digest patterns of the three hybrid plasmids from the BamHI
gene bank indicated that they possess three common BamHI fragments,
having sizes of approximately 20, 5.3 and 4.3 kb, which is consis-
tent with the fact that they all specify biosynthesis of the Kl
antigen.
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Comparison of the serum resistance properties of the LE392
strain of E.coli K-12 and its K1t derivatives LE392 (pKT172) pro-
vided unequivocal evidence that the K1 capsular antigen provides
bacteria with substantial protection against serum killing (Table
1). A similar conclusion has been arrived at by comparison of the
serum resistance of K11 wild strains of E.coli and K1~ mutant de-
rivatives thereof21,27, -

DISCUSSION

At least two bacterial components, the R6-5 plasmid-deter-—
mined traT outer membrane protein and the K1 polysaccharide capsu-
lar antigen, mediate resistance to complement killing; as antici-
pated, both are components of the cell surface.

The R6-5 traT protein is a 25,000 dalton polypeptide that is
present in about 20,000 copies in plasmid pKT107-containing bac-
teria and that is highly exposed on the outer surface of the outer
membrane. It provides resistance to complement not by inactivating
complement components in the fluid phase but by modifying cell
surface structure to prevent one or more steps in complement acti-
vation or action. It has been suggested that the traT proteins of
the F and R100 plasmids, which are similar to that of R6-5 and
which also mediate serum resistance (A. Moll, unpublished data),
exist as multimeric aggregates in the outer membranel5:16, If this
is also the case for the R6-5 traT protein, it is unlikely that it
can be randomly distributed in the membrane and at the same time
block all of the approximately 30,000 complement binding sites on
the cell surface. Indeed, recent data show that there is little
difference in the binding of complement components up to C8 to
serum resistant and serum sensitive bacteria (ref. 17; Binns et al,
this volume; D. Bitter-Suermann, personal communication). Taken
together, these results suggest that the traT protein is localized
at specific sites in the outer membrane, presumably sites of com-
plement attack (adhesion zones between inner and outer membrane? 8
? ), and that it functions either by inhibiting the binding of the
terminal complement component C9 to form the membrane attack unit
or, more likely, by inhibiting the action of the membrane attack
unit.

The R6-5-type of serum resistance does not appear to be uncom-
mon. ColV, a plasmid that is found in a high proportion of inva-
sive strains of E.coli21129r30, has been shown to increase bacte-
rial virulence29/3T and to provide resistance to serum3! via an
outer membrane protein (Binns et al, this volume). Moreover, there
appears to be a high degree of correlation between virulence,
serum resistance, and the presence of an outer membrane protein
in gonococcus~“.
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On the other hand, capsules are also common attributes of in-
vasive bacteria and these would appear to provide resistance to
serum by a distinct, almost certainly less specific, mechanism
that probably involves the shielding of cell surface structures
which are ordinarily responsible for activating complement33. The
fact that invasive strains of E.coli, Haemophilus, etc. frequently
contain plasmids of the ColV and R6-5 type and synthesize capsules
suggests that both types of serum resistance factor, outer mem-
brane protein and capsule, may be important for bacterial viru-
lence.
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ANTIBIOTIC RESISTANCE - A SURVEY

Julian E. Davies

Biogen S.A.
rte de Troinex 3
1227 Carouge/Geneva, Switzerland

The study of antibiotic resistance determinants is an active
area of investigation that covers many aspects of plasmid biology.
Thus, there is interest in, not only the biochemical mechanism by
which the determinants express their resistance, but also in the
distribution, origins and dissemination of resistance mechanisms.
The problem of dissemination is particularly interesting since
antibiotic resistance provides a convenient marker for the inves-
tigation of transposable elements. Parenthically, it should be
added that plasmid-encoded resistance determinants are key compo-
nents of all cloning vectors used in recombinant-DNA experimenta-
tion and "amp" and "tet" have become almost bywords in the field!

Although this brief review will focus on resistance to clinically
useful antimicrobial agents, it should be remembered that R-plasmids
may encode resistance to a wide variety of agents that are toxic

to bacteria such as bacteriophages, bacteriocins, heavy metals,
ionising radiation, serum components, detergents and other environ-
mental poisons ; determinants exist (probably) that protect bacte-
ria against toxic agents which have not yet been recognised. R-
plasmids are the ultimate prophylactic agents (1).

In the past few years, studies of R-plasmid encoded antibiotic
resistances have identified four distinct biochemical mechanisms
that may be involved. These are listed in Table 1 together with
some representative examples ; there are still some forms of anti-
biotic resistance that remain incompletely characterized in bio-
chemical terms (for example, tetracycline, and certain forms of
aminocyclitol and chloramphenicol resistance). In addition, resis-
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Table I

Mechanisms of R-plasmid encoded antibiotic resistance*

Mechanism Examples
En.ymatic detoxification A -lactams, chloramphenicol,

aminocyclitols, pristinamicin
Alteration of target site erythromycin-lincosamide

Altered uptake or retention
by cell tetracycline

By-pass sensitive step with
drug-insensitive enzyme sulphonamides, trimethoprim

* There are other resistance mechanisms known that are due to
mutation and are not R-plasmid determined. In addition, there
are classes of R-plasmid resistance (to chloramphenicol, amino-
cyclitols) that are uncharacterized biochemically.

tance to some antibiotics may involve a combination of biochemi-
cal mechanisms as exemplified by the aminocyclitols ; these agents
are detoxified inside the resistant organism which has the effect
of preventing strong binding to their target site (the ribosome)
necessary for uptake and maintenance of the drug inside the cell.
The overall result is that uptake of aminocyclitols into R cells
is drastically reduced (2).

It is well-nigh redundant to discuss the appearance of new
forms (allomers) of resistance mechanisms that appear almost rou-
tinely with the continued selective pressure of antibiotic use in
human health and agricultural applications. The appearance of
B-lactamases with different substrate ranges and their spread to
different species and genera of bacteria is well-known and is
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cause for concern now that penicillin-type resistance has been
characterized in Neisseria, Hemophilus (3), and other important
pathogenic genera. The presence of multiple-~drug resistance in
these organisms will certainly complicate therapy and in some
instances the efficacy of the more advanced cephalosporins is
threatened. Although penicillin-resistance in Streptococcus is not
of the f-lactamase type its emergence has been a portent of other
natural mechanisms of resistance to the B-lactams (4). A similar
situation has been encountered in the case of the aminocyclitols
and many mechanisms of resistance have (and continue to be) iden-
tified in Gram-negative and Gram-positive pathogens. The situation
vis a vis aminocyclitols is more complex than that of resistance
to B-lactams and other antibiotics since a variety of different
aminocyclitol modifying enzymes exist in multiple allomeric forms
with different substrate ranges (see Table II). More than one form
of enzyme has been identified with respect to modification of the
6', 3', 2', 3 and 2" positions of aminocyclitols. For example in
the case of modification at the 2"-OH group an allomeric form of
adenylyltransferase has been reported recently, with a substrate
range that includes the third-generation aminocyclitol amikacin
(5) ; this drug was thought to be inert to resistance modifica-
tion of this type (Fig. 1). The dissemination of such a resistance
mechanism into other genera of Gram-negative bacteria could

have serious consequences for aminocyclitol therapy of nosocomial
infections. It is relevant at this point to voice some concern
over the likelihood that large quantities of antibiotics may be
used soon in industrial fermentations employing recombinant
plasmids ; if "amp" or "tet" are used to maintain the plasmids
involved it will be necessary to take steps to remove these

agents before disposal of spent medium. As alternatives, the
maintenance of plasmids in their hosts during industrial fermen-
tations by other selective or genetically comditional methods
should be investigated.

The mechanics of dissemination of R-plasmids and drug
resistance is a complex problem ; many R-plasmids are non-conju-
gative (especially in Pseudomonas and Gram-positive organisms)
and the mechanism of resistance spread in such genera in nature
is not understood ; clearly transduction and transformation are
mechanisms that could operate. However, it is apparent that even
extremely rare events such as Staphylococcal-Streptococcal (6)
conjugal exchange could lead to the establishment of a new group
of resistance mechanisms in a hitherto "virgin" organism. Detai-
led nucleic acid and protein homology studies should throw some
light on this question and positive support for Staphylococcal-
Streptococcal: exchange comes from the demonstration that the
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Table II

Aminocyclitol-modifying enzymes

Enzyme

6'-acetyltransferase (AAC-6')

2'-acetyltransferase (AAC-2')

3-acetyltransferase (AAC-3)

4'-adenylyltransferase (AAD-4')

2"-adenylyltransferase (AAD-2")

3"-adenylyltransferase (AAD-3")
6-adenylyltransferase (AAD-6)
3'-phosphotransferase (APH-3')
3"-phosphotransferase (APH-3")
2"-phosphotransferase (APH-2")
5"-phosphotransferase (APH-5")

6-phosphotransferase (APH-6)

+
Typical substrates

Kanamycin, tobramycin, amikacin,
sisomicin, neomycin.

gentamicins

gentamicins, tobramycin,
kanamycin, neomycin, fortimicin

tobramycin, amikacin, kanamycin,
neomycin

gentamicin, tobramycin,
kanamycin

streptomycin, spectinomycin
streptomycin

neomycin, kanamycin
streptomycin

gentamicins, kanamycin
ribostamycin, lividomycin

streptomycin

+
These vary with the isozymic form of the enzyme.

macrolide-lincosamide resistance determinants in Staphylococcus
and Streptococcus are homologous both in biochemical function and

sequence (7).
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With regard to the dissemination of resistance between repli-
cons, transposable drug resistance provides a satisfactory mecha-
nism for this exchange (8) and at present most, if not all drug
resistance genes can be demonstrated to transpose either singly or
in groups (Table III). The case of gentamicin resistance is inte-

Table III

Transposable drug resistances

B-lactams

chloramphenicol
streptomycin-spectinomycin
trimethoprim
erythromycin-lincomycin
gentamicin-tobramycin
sulphonamide

tetracycline

fosfonomycin

resting ; until recently transposition of these resistance genes,
in spite of the widespread use of the drug and occurence of resis-
tant strains, had not been recognized. However, several examples
of gentamicin resistance transposition have now been identified
and the reason for difficulty in detection is probably due to the
fact that the gentamicin resistance traﬁsposons are large elements
in which the gene for gentamicin resistance is associated with at
least 3 or 4 other resistance determinants ; their size > 10 M4
prevented detection by transposition onto bacteriophage lambda
which could not accomodate such a large insert, even though A is
normally a convenient receptor in transposition assays (9). Studies



ANTIBIOTIC RESISTANCE - A SURVEY 151

of gentamicin resistance transposition from plasmid to plasmid

(by the use of incompatibility) have demonstrated the widespread
nature of transposable elements encoding gentamicin resistance

(10, 11). More recently in studies with a number of clinical iso-
lates using bacteriophage Pl as a receptor for transposons, it has
been demonstrated that a large proportion of gentamicin resistance
determinants is capable of transduction either by transposition or
cointegration (12). To date most of the transposable resistance
elements that have been studied are from Gram-negative organisms,
and substantial information has been obtained with respect to their
structure and function. Only one Gram-positive transposable element
has been relatively well characterized, an erythromycin resistance
element (Tn551) that, interestingly, has short inverted repeat
sequences that share some homology with Tn3, the B~lactamase trans-
poson of Gram-negative bacteria (13). In addition, there is strong
circumstantial evidence that the aminocyclitol resistance genes of
Staphylococci are transposable since the genes are associated with
invertible DNA structures of wide distribution and similar struc-
ture (14). However, definite proof of transposition is lacking.

It is worth noting that, with respect to the intrageneric exchange
of resistance mechanisms, most if not all Gram-positive resistance
genes have been found to be expressed in Gram-negative hosts, al-
though the reverse has not been demonstrated.

No survey of R-plasmid encoded resistance can be complete
without some mention of recent studies on the sequences of the
resistance genes and their regulatory elements. The complete DNA
sequences of a B-lactamase (15), chloramphenicol acetytransferase
(16, 17) two aminocyclitol phosphotransferases (18, 19) and ery-
thromycin ribosomal RNA methylase (20, 21), as well as partial
sequences for other genes are available. Of particular interest
is the regulatory region of the erythromycin resistance gene ;
sequence studies have led to the proposal that induction of the
expression of this gene (erythromycin resistance) can be explained
by antibiotic inhibition or slowing of ribosome movement over the
leader sequence to allow the formation of a new mRNA conformation
that exposes the initiator sequence to start translation. This
attentuation mechanism bears a strong resemblance to those pro-
posed for the regulation of tryptophan, histidine, and threonine
biosynthesis. Sequences of the regulatory regions of point mutants
to constitutivity support the model since the single base changes
of the mutants are in sites that expose the initiator and allow
continuous translation (20, 22). It will be of interest to see
if the same situation obtains in Streptomyces erythreus, the ery-
thromycin producing strain.
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With regard to the regulation of other resistance determi-
nants, much less is known. The Gram-negative chloramphenicol
acetyltransferase (23) is a constitutive enzyme and is (apparently)
regulated by catabolite repression only. The Gram-positive chlor-
amphenicol acetyltransferase is inducible and it will be of inte-
rest to see how this gene is regulated - will it be like the atte-
nuator-controlled erythromycin resistance of Staph aureus, or will
it involve classical repressor-operator interactions ? In what way
will chloramphenicol act as inducer ? There has been much nice
work on the regulation of tetracycline resistance which functions
through a typical repressor-operator interaction (24). It will be
intriguing to know how the tetracycline actually interacts with
the repressor ; will the same inducible mechanism obtain for the
tetracycline resistance of Gram-positive R-plasmids ? The sequence
of the aminocyclitol phosphotransferase 3'-I of Tn903 presents
several interesting features, the gene is expressed in several
eukaryotic organisms and the probable regulatory region has cer-
tain "eukaryotic" features (e.g. a Hogness box) that may well be
associated with its capacity to be expressed well in a eukaryotic
cytoplasm (25). Studies of the regulation of other resistance
genes are eagerly awaited, since they may offer additional sur-
prises concerning regulatory mechanisms.

To conclude this brief review, mention must be made of the
ubiquity of antibiotic resistance mechanism in the microbial
population of nature. In a variety of microorganisms other than
clinical isolates, antibiotic resistance mechanisms have been
characterized that are biochemically identical to those found in
R-plasmid harboring organisms. In addition resistance mecha&isms
to new or rarely used antibiotics have been found in antibiotic
producing organisms (Table IV). The detection of these mechanisms
may be of predictive value in the design and modification of anti-
biotics in the future ; biochemical mechanisms of resistance to
a given antibiotic may be very limited. The strong biochemical
homology between resistance of clinical isolates and producers
has been used as the basis of a hypothesis that R-plasmid-encoded
resistance mechanisms may have evolved from antibiotic-producing
organisms in nature. The failure to detect any nucleic acid homo-
logies between the various determinants rules out the possibility
of any direct (and recent) gene transfer between the different
types of organisms (26). However, it will be interesting to see
if DNA or protein sequence studies indicate any active site ho-
mologies. In the one case where two members of an allozymic group
have been compared directly at the sequence level there is no
evidence of any similarity in DNA or protein sequence (except
that they contain the same bases and amino acids !) (Table V).
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Table IV
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Naturally-occurring (non R-plasmid) antibiotic resistance mechanisms

Resistance mechanism

B-lactamase

chloramphenicol acetyltransferase
erythromycin ribosome methylase
aminocyclitol acetyltransferases

aminocyclitol phosphotransferases

aminocyclitol adenylyltransfera-
ses
thiostrepton ribosome methylase
viomycin phosphotransferase
hygromycin phosphotransferase
Table V
Comparison of APH(3')-I
M.W. 27k
Amino acid residues ~ 280
Base composition 44 % GC
Km neomycin 2 uwM

Amino acid composition high in asp

argwlys

Source

Actinomycetes, Bacillus
Actinomyces
Actinomycetes, Bacillus
Actinomycetes
Actinomycetes, Bacillus

Bacillus

Actinomyces
Actinomycetes

Actinomycetes

APH(3')-II

23-25k

~ 200 (sequence
incomplete)

63 % GC
4 uM

asp~glu
arg?lys
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This would tend to indicate that, at least in the case of these

two aminoglycoside-3'-phosphotransferases, evolution occurred inde-
pendently from two different and entirely unrelated sources. Will
we be able to find the sources, or possible replicons on the evo-
lutionary route to these genes$ (enzymes) as they now exist ? Since
some R-plasmid resistance determinants are (unlike Gram-negative
chromosomal genes) expressed in Gram-positive cytoplasm, one might
argue that the determinants are not typical Gram-negative genes
even though they reside in such hosts.
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INTRODUCTION

Resistance to the macrolide-lincosamide-streptogramin B (MLS)
group of antibiotics, often mediated by plasmids, is widespread
among clinically isolated strains of Staphylococcus and Strepto-
coccus (1-5). The mechanism of resistance to these inhibitors of
protein synthesis has been elucidated by B. Weisblum and his col-
leagues (6-8). MLS-resistance is associated with the presence of
additional methyl groups (as N6,N6-dimethy1 adenine) on 23S rRNA.
This modification reduces the ribosomal affinity for the MLS anti-
biotics. In many cases exposure to a subinhibitory concentration
of erythromycin (Em), results in induction of resistance to
elevated levels of antibiotic. Although only Em and a few closely
related macrolides like oleandomycin (Om) act as inducers, cultures
exposed to these drugs acquire resistance to the entire range of
MLS antibiotics. We will deal in this report with the MLS resis-
tance specified by the 3.5 kb plasmid pE194. This entity was
isolated from Staphylococcus aureus (9) and then transferred to
Bacillus subtilis (10). All of our work has been carried out in
the latter organism.

Certain features of induced resistance deserve emphasis. The
regulatory system must possess some means of avoiding what appears
to be an intrinsic dilemma: how to induce increased synthesis of a
protein (ribosomal methylase - see below), by exposure to an
inhibitor of protein synthesis (Em). This contradiction might be
resolved kinetically or spatially. For instance, the Em-sensing
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Fig. 1. Restriction endonuclease cleavage site map of pE194. The
plasmid is shown linearized at its single Xbal site. The
segment containing the ermC gene is shown in expanded form
and the position of the ermC determinant is indicated by a
horizontal bar. The location of the ermC promoter (Prm) and
the direction of transcription are also shown.

sites for induction may be separated physically from the ribosomes
which must translate the ribosomal methylase. Also, since resistance
is dependent on the specific methylation of rRNA, we can predict that
an economic regulatory system might sense both the intracellular con-
centration of Em and the existing extent of rRNA methylation. Such a
dual requirement for Em and unmethylated ribosomes as positive effec-
tors for methylase induction would generate a feedback loop, since
induced methylase will decrease the concentration of unmethylated
ribosomes. Such a system would be capable of maintaining a steady
state level of enzyme just sufficient to methylate newly synthesized
ribosomes.

The ermC gene and its product.

The inducible MLS-resistance specified by pE194 is encoded by
the ermC gene. This determinant specifies a 29,000 dalton poly-
peptide, the synthesis of which has been shown to be induced by Em
(11). Cloning of restriction fragments and deletion analysis have
defined the location of the ermC gene on the pEl194 physical map
(12,13). The gene is located between the single SstI and Clal sites
(Fig. 1). These studies have also served to confirm the essential
role of the 29 K protein in MLS resistance. The direction of trans-
cription and the location of the ermC promoter have been established
by RNA polymerase binding studies, deletion analysis, transcription
mapping and by DNA sequencing (12,13). The promoter is near the
single SstI site and transcription of ermC proceeds from left to
right on the map (Fig. 1). Recently, we have purified to homogeneity
an inducible ribosomal methylase specified by pE194 (unpublished).
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This enzyme co-electrophoreses with the 29 K protein on SDS-poly-

acrylamide gels. The methylase requires S-adenosyl methionine and
methylates only "free'" 50S ribosomes in vitro.

Induction is Posttranscriptional.

Using the B. subtilis minicell system (11,14), we have estab-
lished that induction of the ermC gene product is mediated post-
transcriptionally (15). Enhanced synthesis of the 29 K protein
occurs in response to an inducing (27nM) concentration of Em, even
after transcription is arrested by the addition of either rifampicin
or streptolydigin. This enhancement is specific; synthesis of the
other four known pE194 polypeptides is unaffected by this concen-
tration of Em. Tylosin (Ty), a non-inducing macrolide antibiotic,
does not stimulate synthesis of the 29 K protein. These experiments
also reveal that Em (and not Ty) specifically lengthens the func-
tional half-life of the 29 K protein transcript, since the synthetic
capacity of the minicells for this protein decays very slowly in the
presence of both rifampicin and Em. Although we suspect that stabi-
lization of ermC mRNA by Em is a secondary consequence of enhanced
translation, it may very well be an important factor contributing to
the all-over induction of ribosomal methylase.

Induction Requires a Ribosomal Em-Binding Site.

Minicells pre-incubated in the presence of Em cannot be induced
when the drug is washed away and then added back (15). Instead,
methylase synthesis continues at the basal (uninduced) rate. This
is easily explained in terms of the feedback loop postulated above,
since pre-induced cells contain methylated ribosomes. The non-
inducibility of pre-induced cells is consistent with the notion that
a ribosomal Em-binding site is required for induction. In support
we cite two more observations. First, all Em-sensitive ermC mutants
studied to date, are hyper-inducible for the mutant protein (15).
This strongly indicates that a feedback mechanism is operative during
induction of the normal methylase and is consistent with the
hypothesis that an unmethylated ribosomal site is required for in-
duction. Second, we can perturb the Em-binding site by introducing
ole-1, a chromosomal mutation which alters ribosomal protein L17 and
results in a low-level resistance to Em (G. Williams and I. Smith,
pers. commun.; 16). Ribosomes isolated from ole-1 cultures bind Em
poorly in vitro (15). Minicells from an ole-1 strain carrying pE194
cannot be induced to synthesize the ribosomal methylase at an ele-
vated rate by the usual inducing concentrations of Em. Once again
we are led to the conclusion that a ribosomal Em binding site is
required for induction. If an Em-ribosome complex must form in order
for induction to occur, then the system has an effective way to meter
the intracellular concentrations of both Em and unmethylated
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(Em-sensitive) ribosomes as postulated above. These properties of
the system seem eminently consistent with our conclusion that induc-
tion is regulated posttranscriptionally.

Regulatory Mutants.

Selection of colonies capable of growth on Ty in the absence
of Em, permits ready isolation of constitutive (tyc) mutants (10).
These plasmid mutations result in elevated levels of methylase in
the absence of induction (11; unpublished). The map location and
the nature of the tyc mutations strongly support the posttrans-
criptional model of methylase regulation. Out of 21 spontaneous
tyc mutants which we have studied, 12 contained plasmids of larger
molecular weight than the pEl194 parent. Restriction endonuclease
mapping of the "extra" DNA present in these molecules revealed that
this material (ranging in size from about 100 to 600 base pairs)
was inserted between the single Sstl and HaelIll sites of pEl194
(Fig. 1). Several other tyc mutations which do not appear to result
in larger plasmids, were mapped by marker rescue (17) and found to
be located near the HaeIII site (unpublished). Thus, the tyc
mutations are located at the promoter proximal end of ermC. If
these mutations exert their effects posttranscriptionally, as does
Em-induction, we would expect that the mutations might be located
within the transcribed portion of ermC. 1In this respect they would
be unlike operator-promoter mutants which are themselves usually
not transcribed. This expectation was confirmed for two mutants,
tyc-16 and tyc-9 which result from insertions of about 100 and 600
base pairs respectively. The sizes of the tyc-16, tyc-9 and wild
type ermC transcripts were measured in a blotting-hybridization
experiment. The ermC transcript, normally about 0.97 kb in size,
was enlarged by about 0.1 and 0.6 kb in the mutants (13). Thus the
tyc mutations most likely act posttranscriptionally as does Em-—
induction. Two tyc mutants have been sequenced and will be
described below.

Structure of the ermC Gene.

The ermC gene has been entirely sequenced (13). A portion of
the sequence, corresponding to the promoter proximal region is re-
produced in Fig. 2. Transcription-mapping has confirmed that trans-
cription initiates near the tandem A residues at positions 196-197
(13). Centered about 10 bases upstream from this position is a
TATAAT sequence which is a typical prokaryotic consensus "-10
sequence" (18). The sequence contains a single open reading exten-
ding from an ATG codon at 337 to a TAA termination codon at position
1069 (not shown). This is sufficient to encode a protein of 244
amino acids with molecular weight 28,947, in agreement with the
known molecular weight of the ribosomal methylase. Thus the sequence
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TCGTAATTAAGTCGTTARACCGTGTACTCTACGACCAAAACTATARAACC TTTAAGAACT TTCTTTTTTTACAAGAAAAAAGAAATTAGATAARTCTCT 99

CATAICTTTTATTCMTMTCGCATCCGATTGCAGTATMATI’TMCGATCACTCATCATGTTCATA!M‘ATCAGAGCTCGTGCTATMTTATACTMT 198

MboI -35 Sstl -10

MetGlyIluPheSerIluPheVallluSerT InProAsnLysL
TTTATMGGAGGAMMATATGGGCATTTTTAGTATTTTTGTMTCAGCACAGTTCATTATCMCCAMCMMMTMGTGGTTATMTGMTCGTTA 297
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Gl AsnIluLysHi 1 heIluTh yaAsnIluAsp
ATAAGCMMTTCATATMCCAMTTAMGAGGGTTATMTGMCGAGMAMTATMMC&CAGTCAAMCTTTATTACTTCAMACATMTATAGAT 396

LyaI h IluArgL, 7, "r‘ 'ZuPheGluI -“ LaP" Tul n1ﬂ.n.
MAATMTGACMATATMGATTMATGAACATGATMTATCTTTGMATCGGCTCAGGN\MGGCCATTTTACCCTTGMTTAGTMAGAGGTGTAAT 495
Ddel Haelll

Fig. 2. The promoter proximal portion of the ermC sequence (13) is
presented. The coding strand is shown. The promoter is
located near the Sstl cleavage site and the inferrred RNA
polymerase binding and recognition elements are denoted as
"_10" and "-35." The probable transcriptional initiation
point at 196-197 and the direction of transcription are
marked by an arrow. The inferred ribosomal binding sites
are indicated as "S.D.l and S.D.2" and probable trans-
lational start codons are shown by wavy underlining. The
stop codon for the 19 amino acid peptide is denoted by
double underlining.

defines a 141 base leader sequence, between positions 197 and 337.
Within this leader are several noteworth features summarized in

Fig. 2 and 3. SDl1 and SD2 (Shine-Dalgarno sequences (19) represent
probable ribosomal binding sites, possessing 7 and 9 base comple-
mentarities with the terminal 3' sequences of bacillus 16S rRNA
(20-22). Correctly situated downstream from SD1 and SD2 are AIG
codons. The first potentially initiates translation of a 19 amino
acid polypeptide. The second almost certainly initiates methylase
synthesis. In addition to these features, the leader region contains
6 complementary segments (I-VI) which permit folding into several
possible stem-loop structures (Fig. 3). Within two of these poten-
tial structures (A & B), the ATG codon for methylase synthesis and
part of SD2 are buried within a base-paired region. In structure C,
SD2 and its associated ATG codon are unpaired. In all of these
possible structures, SD1 and its ATG codon are exposed and therefore
available for interaction with a ribosome.

Fig. 3 also indicates the locations of the tyc-1 and tyc-16
mutations (13). tyc-1 substitutes A for C at position 317. tyc-16
inserts an extra 109 base pairs between positions 321-322. The
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Hypothetical hairpin structures for the 5' end of ermC

mRNA. The

tyc-1 base

sequences are written with thymine residues to
facilitate comparison with Fig. 2.

The locations of the

change and the tyc-16 insertions are indicated.

Calculated energies of structures A and B (inactive) and C

(active) are given (31,32).

The inferred ribosomal binding

sites and start and stop codons are denoted as in Fig. 2.
The heavy bar on structure D is meant to suggest the
approximate location of a ribosome, stalled in the presence

of Em.
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inserted DNA is a direct tandem duplication of the 109 residues
immediately downstream from the point of insertion.

We will now suggest a model for the regulation of ribosomal

methylase synthesis, which is based on the features of the ermC
system described above.

Translational Attenuation.

Several of the features of the ermC system are reminiscent of
the attenuation mechanisms proposed for regulation of a number of
amino acid biosynthetic operons (23-28). These features include
the presence of a leader with extensive potential secondary <truc-
ture, the possible translation of a short polypeptide within the
leader sequence and a requirement for a ribosome as a positive
effector. We propose that ribosomal methylase synthesis is regu-
lated by an attenuation-like mechanism, but entirely on the trans-—
lational level. Other, less attractive alternatives have been
discussed (13). The present model suggest that mRNA folding deter-
mines the rate of methylase synthesis and that this folding can be
influenced by tyc mutations as well as by Em-induction. The trans-
criptional attenuation models (23-28) hold that depletion of an
amino acyl tRNA species causes stalling of a ribosome at a sensitive
site during leader-peptide translation. This in turn induces iso-
merization of the nascent mRNA, which removes a structural feature
required for the termination of transcription. Consequently, trans-
cription of the structural genes can occur. Our model of trans-
lational attenuation suggests that Em causes ribosome stalling
during translation of the 19 amino acid peptide which results in
refolding of the already completed transcript into an active config-
uration for methylase synthesis. This mechanism is consistent with
a large body of work which points to the importance of mRNA secondary
structure in regulating translation by masking or exposing initiation
sequences (29,30).

Some Specific Features of ermC Regulation.

In minicells and in whole cells a basal level of methylase is
produced without induction (11 and unpublished). The basal syn-
thesis corresponds to about 57 of the induced level. This can be
explained by the spontaneous refolding of inactive structures (A
and B) into an active form e.g. C. (Fig. 3). The calculated ener-
gies of these structures (31,32) suggest that they are stable enough
to exist in the cell. Considerable uncertainties are associated
with these calculations however, making quantitative assertions
about the equilibrium ratios of active and inactive forms very
dangerous. Nevertheless, A, B and C should be in equilibrium with
one another, with the concentrations of A and B being higher than
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that of C. The tyc-1 mutation elevates the basal level 2-4 fold
(unpublished). This mutation increases the calculated energy of A
from -30.5 to -22.5 Kcal/mol and that of B from -40.5 to -31.6. On
the other hand, by permitting the formation of several additional
base pairs, the stability of the tyc-1 mutant form of C is, if
anything, slightly increased (from -18.8 to -19.4 Kcal/mol). Thus
an increase in the concentration of C would be expected to occur,
leading to an increased basal synthesis, as observed. tyc-16 per-
mits an entirely new structure to form, since complementary segments
V and VI are duplicated. The inserted DNA should form structures
identical to A and B, but with the "original” V and VI segments
located downstream, in an exposed configuration and contiguous with
the remaining protion of the ermC coding sequence. This arrangement
should result in enhanced basal synthesis as observed.

The translational attenuation model of induction presupposes
that a ribosome can bind at SD1 and initiate translation of the 19
amino acid peptide. Inhibition of this ribosome by a bound molecule
of Em, will result in stalling within segments I or II. Ribosomal
stalling, we suggest, induces isomerization of structure A or B to
generate D, exposing SD2 and the methylase start codon. We will
first consider this model in the light of what is known about the
mode of Em action. This antibiotic appears to slow the movement of
ribosomes on mRNA (33). Em binds to "free'" ribosomes and to poly-
somes, from which peptidyl tRNA has been removed. It binds poorly
to native polysomes (33,34). Em (and Om) inhibit neither initiation
complex formation, nor formation of the first peptide bond (35,36).
These macrolides seem to inhibit translocation or transpeptidization
only when the nascent peptidyl tRNA has grown to some (unknown)
chain length (37). In addition to size, the chemical nature of the
polymerized amino acid residues is an important determinant of Em
sensitivity, with bulky and hydrophillic amino acids contributing to
enhanced susceptibility (38). Other MLS antibiotics, such as Ty,
can inhibit formation of the first peptide bond following initiation
(36). We would expect then, that Em will bind to a 50S ribosome
before or immediately following initiation of 19 amino acid peptide
synthesis. When the peptidyl tRNA reaches a critical length and
when the appropriate amino acid substituents are polymerized, the
ribosome will stall. In Escherichia coli, initiating ribosomes pro-
tect 30-35 bases in mRNA from the action of RNAse A (39). Thus it
is plausible to suggest that ribosome stalling within segments I or
IT will sequester segment II leading to the freeing of segment III
(Fig. 3). This will result in formation of structure D directly
from B. Freeing of III within structure A will also increase the
concentration of D, since the III-IV structure is more stable
(-15.0 Kcal/mol) than IV-V (-11.7 Kcal/mol). This model can also
accomodate the failure of Ty and other MLS antibiotics to act as
inducers of ermC expression. Em and Om may induce because they per-
mit the nascent peptidyl tRNA to elongate somewhat before ribosome
stalling occurs. Ty would be expected to prevent formation of the
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first peptide bond (fmet-gly) thus possibly stalling the ribosome
in a position which does not induce isomerization to an active
structure. Whether a given MLS antibiotic acts as an inducer should
therefore depend on the details of molecular structure in a given
system. A dramatic feature of the transcriptional attenuation sys-
tem is the presence of several tandem repeat amino acid codons
which comprise a site of extraordinary sensitivity to depletion of
a specific amino acyl tRNA (23-28). It is tempting to speculate
that the 19 amino acid peptide is likewise a specialized sensor of
Em. In fact, polylysine synthesis seems particularly sensitive to
the action of Em (40). Perhaps the HisTyrGlnProAsnLysLys sequence
at the C-terminus of the peptide comprises a string of bulky hydro-
phillic residues for sensing the presence of Em (38).

The translational attenuation model surmounts the dilemma posed
initially, since it separates the Em-sensing device from the ribo-
somes which translate the methylase structural sequence. Since
induction can occur at low (v20nM) Em levels and since ribosomes are
half-saturated in vitro by Em at about 1pM (15) most of the ribosomes
which bind and initiate at the newly exposed SD2 sequence will be
uninhibited. Once translation of methylase begins, increased Em
concentrations will have no effect, since Em does not bind to poly-
somes (33,34). Slow colony formation can occur when uninduced cells
carrying pE194 are seeded on plates containing as much as 8mM Em
(unpublished). Since a basal level of methylase exists in this sys-
tem, some methylated ribosomes presumably are also present prior to
induction. Em will cause non-methylated ribosomes to stall within
the coding sequence for the 19 amino acid peptide, thus exposing SD2
by isomerization of the mRNA. If a rare methylated ribosome then
attaches and initiates, methylase will be synthesized. Thus, the
ingridients are present for a slow exponential escape from inhibi-
tion by high concentrations of Em, a bacteriostatic agent.

Some Features of Posttranscriptional Regulation.

RNA polymerase (41-43), gene 32 protein of T4 (44), ribosomal
proteins (41,42,45-48) and proteins of RNA bacteriophage (30) all
seem to be regulated on the level of translation and all are pro-
teins capable of interaction with nucleic acid. The ribosomal’
methylase of pEl194 clearly fits into this category. The former
systems also seem to be regulated autogenously, by direct binding
of each protein to specialized secondary structures at the 5' end
of mRNA. Methylase induction is at least formally autogenous,
although the feedback loop is probably mediated via rRNA methylation.
Direct autogenous regulation of methylase synthesis by binding of
the protein to mRNA has not been excluded and it is tempting to
speculate by analogy, that such direct autorepression operates.
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INTRODUCTION

Escherichia coli K-12 is coding for a B-lactamase which
hydrolyzes the B-lactam ring of both cephalosporins and peni-
cillins including ampicillin. Its structural gene, ampC, has been
mapped to 93.8 min on the E. coli chromosome (Burman et al., 1973,
Grundstrém et al., 1980). The level of ampC B-lactamase is stric -
ly proportional to the gene dosage, and to the ampicillin resis-
tance (Normark et al., 1977). These features enabled us to direct-
ly select for ColEl ampC hybrid clones within the collection of
ColEl hybrids prepared by Clarke and Carbon (Clarke and Carbon,
1976; Edlund et al., 1979). One ColEl ampC hybrid plasmid was
physically mapped and the location of ampC within this plasmid was
deduced by subcloning (Grundstrém et al., 1980). We could thereby
demonstrate that the ampC gene was present on a 1,370 bp DNA seg-
ment. By selecting for various degrees of ampicillin resistance
a number of E. coli mutants have been isolated that hyperproduce
the ampC B-lactamase due to mutations in ampA, a control sequence
region for ampC (Grundstrém et al., 1980).

In this paper we report the complete nucleotide sequence for the
agpC operon. We also show that ampA contains both a promotor and
an attenuator. Mutations in both ty: types of control sequences may
cause elevated production of ampC g-lactamase. The relative
synthesis of ampC B-lactamase increases with growth rate (Jaurin
and Normark, 1979). We present data suggesting that the growth
rate dependent regulation of ampC is due to antitermination of
transcription at the ampC attenuator.

169
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RESULTS AND DISCUSSION

Nucleotide sequence of the ampC gene

The entire ampC gene with flanking sequences was DNA sequenced
using the procedure of Maxam and Gilbert (Fig. 1). To localize the
beginning of the coding region for ampC, the order of the twelve
N-terminal amino acids of purified ampC g-lactamase was determined
by Edman degradation. A complete correspondence was found with the
codons stretching from base +117 to base +152. The nearest trans-—
lation start sequence appeared nineteen codons before the N-termi-
nal amino acid, alanine, of the purified enzyme. This means that
the primary translational product of ampC carries a nineteen amino
acid long N-terminal extension. This extension has all the structu-
ral features of a signal peptide.

The ampC g-lactamase consists of 358 amino acids and has a
molecular weight of 39,600. It is therefore considerably larger
than previously sequenced R-lactamases (Ambler, 1979). The four
previously sequenced glactamases all show a preference for sub-
strates of the penicillin group and are therefore penicillinases,
whereas the ampC B-lactamase is a cephalosporinase. The four se-—
quenced penicillinases all show extensive sequence homologies with
each other (Ambler, 1979). Short blocks of amino acid residues
that show homology between the ampC B-lactamase and the consensus
sequence of the four sequenced penicillinases are shown in Fig. 2.
Outside the homologous amino acid blocks very little, if any,
amino acid sequence homology is found between the ampC B-lactamase
and the penicillinases. Only one g-lactamase apart from ampC has
been sequenced on DNA level, namely the bla gene of pBR322
(Sutcliffe, 1978). Upon comparing the DNA sequence of these two
genes, small sequence homologies were found even in regions outside
the blocks coding for homologous amino acid residues. This may in-
dicate that the bla and the ampC genes have evolved from a common
ancester gene. An active site peptide fragment of the chromosom-
ally encoded pg-lactamase of Pseudomonas aeruginosa has recently
been sequenced (S. G. Waley, personal communication). The deduced
amino acid sequence showed a significant degree of homology with
the region around serine 80 in the ampC R-lactamase. Clearly this
suggests that serine 80 is the reactive residue at the active site.
The ampC plactamase like all four sequenced penicillinases exhibit
regions of amino acid sequence homology with some sequenced D-
alanine carboxypeptidases (Fig. 2). As these latter groups of en-—
zymes also contain a reactive serine in the active site (Yocum et
al., 1979) we speculate that cephalosporinases, penicillinase, and
D-alanine carboxypeptidases may have a common evolutionary origin.

The DNA sequences at positions -13 to -8 (-T-A-C-A-A-T-) and
-35 to -30 (-T-T-G-T-C-A-) (Fig. 1) show a five out of six base-
pair homology with the conserved -10 and -35 regions of promotors,
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Figure 1. Upper part: Restriction enzyme map for enzymes that cut
at most twice in the ampC region. The box displays the location of
the ampC gene. P, L, and S indicate promotor region, leader region,
and signal peptide, respectively. Lower part: DNA sequence of the
ampC gene from Escherichia coli K-12. The three letter abbrevia-
tions for the amino acids of the ampC P-lactamase appear directly
over their three-base codons and they are numbered (every 20th
amino acid) starting from the first methionine. The positions of
restriction enzyme sites are marked with a horizontal line between
the strands, and the names of the enzymes are written below the
strands. The start of transcription is marked by +1 and the wavy
arrow. The major and minor termination points of the attenuator are
(Continuation next page)
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respectively (Siebenlist et al., 1980). By RNA sequencing it was
possible to demonstrate that the adenine at position +1 is the
first base of the g-lactamase mRNA. The g-lactamase leader-DNA is
59 basepair long. In this leader we find a nine basgepair long, ex-—
clusively G-C containing, dyad symmetry at nucleotide positions

NH COoH
2
ampC  B-lactamase 211 - AlaleuAsp - 17 - GlnSerAsnleulysProleu - 6 - LeuGLnGln - 36 - SerAsphsn - 41 - GlulysGluLeu - 27
17- 17- ¥ . 44- _ 109-
penicillinases 2o ~ Alaleudsp -4 = AlaSerThr-N-LysAlaleu - 5 - LeuGinGln ~ . - SerAsphsn - 33 - GlubroGluleu = _ 15,
T°° (Glule) (et) (Valile) (GIuarg) (1le)
(Ser) (Thr)
D-alanine _ T e o
carborypeptid 13 - LewalhAsp - 18 - AlaSerMetThrLysMet

Figure 2: Regions showing amino acid sequence homologies between
the ampC g-lactamase, four sequenced penicillinases (Ambler, 1979)
and the sequenced N-terminal part of the D-alanine carboxypepti-
dase of Bacillus stearothermophilus (Yocum et al., 1979). The num-
ber of amino acids separating the blocks of homology and the ter-
mini of the proteins are given. Where the four penicillinases
differ from each other, the stretches are indicated as intervals.
Within the parenthesis are given the amino acid residues in the
case where one of the penicillinases differ from the others. -N-
means that four different amino acids are found at that position.
Underlined amino acids represent homologous residues found in at
least two of the three groups of proteins. The serine residues
marked with stars have been shown to bind active site-directed
substrate analogous for the D-alanine carboxypeptidase, and the
g-lactamase I of B. cereus.

(Continuation Fig. 1)

indicated by vertical solid and dashed arrows, respectively. Solid
horizontal lines designate possible ribosome binding sites. The
regions of dyad symmetry in the attenuator and the possible operon
terminator are marked by horizontal arrows. The boundary between
the signal peptide and the mature g-lactamase is marked by a verti-
cal dashed line. The -35 and -10 regions of the g-lactamase promo-
tor are indicated. The ampP15Gl6 G-C insertion and the ampL35A. A-T
transversion are indicated.
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+17 to +25 and +29 to +37. This symmetrical DNA sequence is follow-
ed by a stretch of four T residues on the non-coding strand. Thus,

this region has all the features of a terminator for transcription.
In vitro transcription studies have indeed revealed that about 94%

of all initiated transcripts are terminated with base +4l at their

3' end. Thus, the ampC gene was found to be controlled by attenua-

tion of transcription.

The XhoI/KpnI DNA segment that carries most of the structural
gene ampC (Fig. 1) was 32p-labelled by nick translation and used
as a DNA probe in Southern blotting experiments with restriction
endonuclease digests of chromosomal DNA from a number of entero-
bacterial genera (Fig. 3). The ampC probe hybridized to DNA frag-
ments of the same size in strains of Escherichia coli, Shigella
sonnei, Shigella flexneri, Salmcnella typhimurium, Serratia
marscesens and Klebsiella pneumoniae. Therefore, a region with
extensive sequence homologies to that of the ampC gene is present
in all tested members of the Enterobacteriacae. It therefore seems
likely that the chromosomal g-lactamases within these genera con-
stitute a very related group of enzymes.

Figure 3: Hybridization of a
P-labelled XhoI/KpnI ampC
probe to XhoI/PvuIl digests of

enteric DNAs. The XhoI/KpnI
ampC probe was 1060 bp large.
This fragment was 90 bp larger
than the XhoI/Pvull fragment.

Lane 1, S. typhimurium

lane 2, 3. sonnei
lane 3, S. flexneri
lane 4, K. pneumoniae
lane 5, S. marscesens
lane 6, E. coli

lane 7, ampC probe.

The location of the ampC hybri-
dization fragment is indicated
by the arrow.
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Mutations leading to overproduction of the ampC R-lactamase

i) Promotor mutations

The resistance of E. coli K-12 to ampicillin is 1 pg/ml. At
an incidence of about 10 1V mutants are found with a fifteenfold
increase in both resistance to R-lactam antibiotics and produc-
tion of the ampC B-lactamase. One such mutant was isolated several
years ago and the mutated control sequence region was denoted ampA
(Eriksson—Grennberg, 1968). Plasmid derivatives carrying the muta-
tion was isolated, and the ampA region was physically mapped, and
DNA sequenced. The mutation leading to a fifteenfold increase in
B-lactamase production was found to be a G-C insertion between
positions -16 and -15 in the ampC promotor (Fig. 1). This mutation
denoted ampP15G16 (previously ampAl), is an up-promotor mutation,
becatise in vitrc transcription of an 1.5 kb SacII-XhoIl DNA frag-—
ment carrying the mutation resulted in the increased synthesis of
both the short leader transcript and a long run off transcript.
The ampP15G16 mutation increases the distance between the conser-—
ved sequences of the ampC promotor. The mutation indicates that
the sterical arrangement between the two conserved regions is im—
portant for efficient initiation of transcription.

ii) Attenuator mutations

From an E. coli K-12 strain carrying the up-promotor mutation
ampP15G16 spontaneous mutants with a further four to tenfold in-
crease in f-lactamase production could be isolated.
These mutants fell into two groups with respget to genetic stabi-
lity. The group of mutants unstable in a rec background was found
to carry multiple tandem repeats of the ampC region of the E.
coli chromosome (Edlund et al., 1979). The genetically stable mu-
tants were each found to contain an additional mutation in the
same 370 bp DNA segment as where ampPl5Gl6 had been mapped
(Grundstrém et al., 1980).

The nucleotide sequence of the ampC control region was estab-
lished in one such double mutant. In addition to the mutation
EEEP15G16 a transversion from C-G to A-T was found at position
+35. This amp leader mutation denoted ampL35A occurred within the
ampC attenuator. When a DNA fragment cg;?ying both EEQP15G16 and
ampL35A was transcribed in vitro no synthesis of the short leader
transcript was observed. Instead, the amount of the long run off
transcript was further increased. Thus, the ampL35A mutation abo-
lishes the terminator located within the ampC leader.

In a coupled in vitro transcription-translation system the
ampL35A mutation leads to a fourfold increase in the synthesis of
the ampC pre— B-lactamase. This corresponds to the fourfold in-
crease in the steady state amount of g-lactamase found in vivo
at high growth rates. In the in vitro transcription system the
ampL35A mutation increased the transcriptional read-through about
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sixteenfold (from about 6 per cent to virtually 100 per cent). This
suggests that in vivo, and in the coupled transcription-translation
system one or several factors decrease the degree of termination

at the wild type attenuator.

The relative amount of the ampC R-lactamase increases with
growth rate (Jaurin and Normark, 1979). The amount of a majority
of the more abundant E._coli proteins exhibit a similar positive
correlation with growth rate. This group of proteins includes ribo-
somal proteins, elongation factors, aminoacyl-tRNA-synthetases as
well as the subunits of the RNA polymerase (Pedersen et al., 1978).

The growth rate response of an E. coli strain carrying the
ampP15G16 promotor mutation was investigated. The specific amount
of ampC R-lactamase increased proportionally with growth rate as
in the wild type (Table 1). However, in an E. coli double mutant

Table 1. Relative amount of ampC p-lactamase produced in strains
LA51 and TE18 at different growth rates.

1A51% TE18%

I3 . c b . c
k relative amount k relative amount
0.33 1.00 0.26 8.90
0.h47 1.25 0.33 8.83
0.95 1.87 0.50 8.65
1.39 2.h7 0.97 8.73

8The E. coli K-12 strain LAS51 carries the ampP15G1l6 up-promotor
mutation. Its derivative TE18 carries in addition the attenua-
tor mutation ampL35A.

bGrowth rates are expressed as k, the first-order constant,
in units of hour™l, as calculated from the expression
k = 1n2/mass doubling time in hours.

®The relative amount of ampC R-lactamase produced is based on the
relative area obtained from rocket immunoelectrophoresis.

carrying both the ampP15G1l6 and the ampL35A mutations, the growth
rate dependent regulation was abolished. Thus, in this mutant, the
level of B-lactamase was constantly high. There was no change in
B-lactamase level within a threefold variation in growth rate
(Table 1). This suggested that a functional attenuator is requir-
ed for growth rate dependent regulation. Attenuators have been
found within the leader DNA of a number of amino acid biosynthetic
operons, e.g. the trp operon (Crawford and Stauffer, 1980).
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Unlike these operons, the 4l bases long ampC leader transcript
has no coding region for a leader peptide. Moreover, the ampC
leader RNA cannot form any alternative secondary structure that
would preclude formation of the terminator stem. However, in the
ampC leader RNA the first three bases are complementary to a se-
quence near the 3' end of 16S RNA. At bases 8 to 13 is an initia-
tion codon (AUG) directly followed by an ochre stop codon (UAA).
The amp leader RNA has therefore the potential to bind a ribosome

RIBOSOME

+1__ MetOch .
AUCGCCAAUGUAAAUCCGGCCCGCCUAUGGCGGGCCGUUUUGUAUGGAAA
4

12 BASES PROTECTION

Figure 4: A model for growth rate dependent attenuation of tran-
scription. Hypothetical protection by the ribosome is thought to
prevent formation of the termination stem, leading to read-through
(see text for Discussion). The stippled area represents a ribosome.
Start of transcription is marked by +1. The solid line designate

a possible basepairing with the 3' end of 16S RNA. Met and Och
stands for initiation codon (Methionine) and stop codon (Ochre),
respectively. The termination stem is indicated by the horizontal
arrows. The major and minor termination points of the attenuator
are displayed by vertical solid and wavy arrows, respectively.

and form an initiation complex. If a ribosome binds to the nascent
ampC leader it would preclude the formation of the terminator stem
and' loop structure and favour transcriptional read-through. The
amount of ribosomes per cell mass increases with growth rate. Our
current hypothesis is therefore that the concentrastion of ribosom-
es is the factor that regulates the degree of anti-termination at
the ampC attenuator (Fig. 4).
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We have studied the growth rate response of a number of clini-
cal E. coli isolates that hyperproduces the ampC B-lactamase. The
response was abolished in one of the isolates but retained in the
remaining five isolates tested. This suggets that both promotor
and attenuator mutations may be selected for in the in vivo situ-
ation.
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MECHANISMS OF PLASMID-DETERMINED

HEAVY METAL RESISTANCES

Simon Silver

Department of Biology
Washington University
St. Louis, Missouri 63130 U.S.A.

INTRODUCTION

Many plasmids of both Gram negative and Gram positive bacteria
have genes determining resistances to a wide range of toxic inor-
ganic cations and anions, including ions of mercury (and organ-
omercurials), cadmium (in Gram positives only), arsenic, antimony,
bismuth, chromium, silver and tellurium. Three years ago, we re-
viewed the available information on the physiological and biochemi-
cal bases of these resistances, as well as the genetic structures
that govern them (Summers and Silver, 1978). Here I will try to
summarize both the overall picture and newer findings.

MERCURY AND ORGANOMERCURIAL RESISTANCES

Plasmid-determined resistance to Hg2+ and to organomercurials
occurs in both Staphylococcus aureus (Novick and Roth, 1968) and
Escherichia coli (Smith, 1967). The frequency of Hg(II) resistance
determinants among clinical isolates can be well over 50% (e.g.
Nakahara et al., 1977a and b) and among the collection of over
800 plasmids introduced into E. coli K-12 in Drs. Datta and
Hedges' laboratory, about 25% conferred Hg(II) resistance (Schottel
et al., 1974). There are differences in frequencies of these
resistances. Although Cd(II)-resistance is found with high
frequency in S. aureus of both human and animal origin, Hg(II)-
resistance is common in human hospital staph but rare or absent
in non-hospital human and animal S. aureus (Lacey, 1980; Witte et
al., 1980).

We have found a small number of resistance patterns for or-
ganomercurials among strains with plasmids: (a) In E. coli over
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90% of the mercury-resistance plasmids confer resistance to the
organomercurials merbromin and fluorescein mercuric acetate (FMA)
but to no other tested organomercurial (Fig. 1). We called these
"narrow spectrum'' mercurial-resistance plasmids (Weiss et al.,
1978b), since the other 4% "broad spectrum" plasmids additionally
conferred resistances to phenylmercuric acetate (PMA) and.thimero-
sal. The plasmids in Pseudomonas aeruginosa also divided into
"narrow" and "broad" spectrum with regard to resistance to organo-
mercurials (Clark et al., 1977); however, about 50% of the plasmids
tested fell into each class. Furthermore, the "narrow spectrum'
Pseudomonas plasmids also conferred resistance to p-hydroxymercuri-
benzoate (pHMB) and the "broad spectrum" Pseudomonas plasmids
showed still additional resistance to methylmercuric and ethyl-
mercuric compounds (Clark et al., 1977; Weiss et al., 1978b).

Only a single pattern has been found with S. aureus plasmids

(Weiss et al., 1977,1978b), but this pattern is different yet in

(2
KO'M‘
S=-Hg-CHaCHy
kY
Wg+-OCCHy
PHENYLMERCURIC ETHYLMERCURITHIOBALICYLATE
ACETATE (THMEROSAL; THIOMERSOL ;
MERTHIOLATE)
CHyHe*CI™ cu,cu'n.‘cl-
METHYLMERCURIC CHLORIDE ETHYLMERCURIC CHLORIDE

A. MERCURIC REDUCTASE
o
”ﬁm4<:>y{rm, ng*_*Hg°1
volatile

P-HYDROXYMERCURIBENZOATE
B. ORGANOMERCURIAL HYDROLASE (S)

(pHMB)
O+ —<O)
7 phenyl mercury benzene
0"Net
u CHyHg® —=CH, T
] No*-0 methyl mercury methane
o el *
° CH,;CH Hg™ —C,Hy I
( )R ACETATE  (FMA) ethyl mercury ethane
Fig. 1. Structures of the Fig. 2. Enzymatic detoxifi-
organomercurial compounds. cation of Hg(II) and organo-

mercurials.

that all the S. aureus plasmids conferred resistances to PMA,
pHMB and FMA but not to thimerosal or to merbromin. Recently,

Hg (II)-resistant plasmid-bearing Bacillus have become available
(Timoney et al., 1978; K. Izaki, in press; D. Reanney, personal
communication). These plasmids all conferred a pattern of resis-
tance to Hg(II) and organomercurials identical to that in S.
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aureus (T.G. Kinscherf, unpublished). Thus plasmids confer re-
sistances to a range of organomercurials, and each type of organism
shows only a small number of resistance patterns. To a limited
extent these patterns can be correlated with plasmid incompatabil-
ity groups (Schottel et al., 1974; Weiss et al., 1978b).

Enzymatic Mechanism of Mercury and Organomercurial Detoxification

Hg2+ resistance results from enzymatic detoxification leading
to the volatilization of mercury from the growing bacterial
culture. This was discovered independently in two laboratories
in Japan (Tonomura and Kanzaki, 1969; Furukawa and Tonomura,

1972; Komura et al., 1971; Izaki et al., 1974) and our own (Summers
and Silver, 1972). The volatile mercury was shown to be metallic
Hg° in each case and the enzyme responsible is the mercuric
reductase enzyme.

Several organomercurials were also enzymatically detoxified
to volatile compounds. These include methylmercury, ethylmercury,
PMA, pHMB and thimerosal (Fig. 2); benzene is produced from PMA,
methane from methylmercury and ethane from ethylmercury, and
these have been identified by gas chromatography. The enzymes
responsible for cleaving the Hg-C bond are organomercurial lyases.
In a soil pseudomonad (for which a plasmid has never been demon-
strated), Tezuka and Tonomura (1976,1978) were able to separate
two small soluble lyase enzymes. Both have molecular weights of
about 19,000 and require thiol reagents such as thioglycolate.

The two lyases were difficult to separate by chromatographic
methods, but when this was accomplished (Tezuka and Tonomura,
1978), it was found that one enzyme cleaved PMA, pHMB and methyl-
mercury, while the other enzyme cleaved only PMA and pHMB. With

a plasmid-containing E. coli, there was no evidence for hydrolysis
of pHMB (Weiss et al., 1978b) and Schottel (1978) was unable to
separate the two lyases. Nevertheless, kinetic analysis indicated
that there were two enzymes active toward PMA but only one active
toward methyl-and ethylmercury. The E. coli organomercurial
lyases appeared to have a somewhat greater molecular weight, but
otherwise the general properties of the enzymes from the soil
pseudomonad and E. coli were rather similar.

Mercuric reductase has been studied in greater detail both
with plasmid-bearing E. coli (Izaki et al., 1974; Schottel, 1978)
and with the soil pseudomonad (Furukawa and Tonomura, 1972). The
intact enzyme has a molecular weight of about 180,000 and con-
sists of three identical subunits (Schottel, 1978), each containing
an FAD molecule. The enzyme is strictly NADPH-dependent and one
NADPH is oxidized per Hg(II) reduced (Schottel, 1978).

Antibodies have been prepared against purified mercuric
reductases coded by two different plasmids in E. coli (Kinscherf,
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in preparation). All reductases tested (obtained from different
Gram negative sources) reacted with these antibodies as shown by
inhibition of enzyme activity and formation of precipitin bands
on double-diffusion gels. The enzymes divided into two major
subclasses, based on only partial immunological identity. The
prototype enzyme of the first class is coded by transposon

Tn501, the first well-studied mercuric resistance transposon
(Bennett et al., 1978). This enzymological class also includes
mercuric reductases governed by a variety of plasmids found in
clinical isolates of enteric bacteria and P. aeruginosa, in
marine pseudomonads, and in Pseudomonas putida (the MER plasmid).
The MER plasmid harbors a transposon, Tnl861, which appears
indistinguishable (Friello and Chakrabarty, 1980) from Tn501
(Bennett et al., 1978) which originated in a clinical P. aeruginosa
isolate. That is one strong conclusion from studies of plasmid-
determined mercuric resistance: the same system appears widely
in clinical isolates and in bacteria from other environments.

The second immunological subgroup of the Gram negative mercuric
reductases has as its prototype the enzyme coded by plasmid R100,
one of the earliest and most thoroughly studied of the antibiotic
resistance plasmids. It is with this plasmid that the genetic
structure of the mercuric resistance operon was recently studied
(Foster et al., 1979; Nakahara et al., 1979). This subgroup also
includes enzymes from plasmids of a wide variety of incompatability
groups and also the enzyme determined by a second characterized
Pseudomonas mercury transposon, Tn502 (Kinscherf, in preparation;
Stanisich, in preparation). Although all of the mercuric reduc-
tases from Gram negative bacteria were immunologically related,
the antibodies prepared against the two classes of Gram negative
enzymes did not cross react with mercuric reductases from S.
aureus strains and marine and soil Bacilli. These enzymes from
Gram positive sources showed similar masses and functional require-
ments to those from E. coli (Weiss et al., 1977), but they are
immunologically distinct from the Gram negative enzymes.

To summarize briefly the current understanding of plasmid-
determined mercuric and organomercurial resistances: (a) These
occur widely in both Gram positive and Gram negative species and
are the best understood of all plasmid-coded heavy metal resis-
tances. (b) Resistance is due to enzymatic detoxification of the
mercurials to volatile compounds of lesser toxicity that escape
from the growth media. (c) The enzymes responsible (mercuric
reductases and organomercurial lyases) have been purified and
studied in vitro.

CADMIUM RESISTANCE IN S. AUREUS
Plasmid-determined cadmium resistance has been found only in

S. aureus (Novick and Roth, 1968). In some clinical collections,
Cd(II) resistance is the most common of the S. aureus plasmid
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resistances, exceeding in frequency both mercury and penicillin
resistances (Nakahara et al., 1977a). Gram negative cells without
plasmids are just as resistant to Cd(II) as are staph cells with
plasmids (Nakahara et al., 1977b), probably because of relatively
reduced Cd(II) uptake by the cells (Silver, unpublished).
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Fig. 3. Model for Cd~ uptake Fig. 4. Arsenate and phosphate
and efflux systems (from Tynecka uptake by sensitive and resis-
et al., 1981). tant E. coli (from Silver et al.,
1981).

The mechanism of Cd(II) resistance is a constitutive block
on the accumulation of Cd(II) by the resistant cells (Chopra,
1970, 1975; Tynecka et al., 1975). This was initially considered
a direct permeability block (Chopra, 1975), but it was later
found that Cd(II) enters S. aureus cells as an alternative sub-
strate for the cellular Mn(II) transport system (Weiss et al.,
1978a; Silver, 1978). Resistance prevented Cd(II) accumulation
through this transport system. Most recently, it has been shown
that the lowered accumulation is due to a plasmid-coded efflux
system that rapidly excretes Cd(II) rather than a direct effect
on the uptake process itself (Tynecka et al., 1981). Fig. 3
shows the current model of Cd(II) resistance including the shared
Mn (II)/Cd(II) uptake system found in both sensitive and in resis-
tant S. aureus cells and the Cd(II)/H exchange system that
functions only in resistant cells (Tynecka et al., 1981). Studies
with membrane vesicles (R.D. Perry, in preparation) support this
picture by showing identical kinetic parameters for Cd(II) and
Mn(II) transport in right-side out vesicles from sensitive and
from resistant cells. Unfortunately, the type of inside-out
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vesicle studies used by McMurry et al. (1980) to demonstrate a
similar efflux transport system for tetracycline in plasmid
containing E. coli have not succeeded in S. aureus.

ARSENATE, ARSENITE AND ANTIMONY(III) RESISTANCES

Arsenic and antimony resistances are governed by the same S.
aureus plasmids that code for other heavy metal resistances
(Novick and Roth, 1968). The first arsenic-resistance plasmid in
E. coli was found by Hedges and Baumberg (1973) and more recently
many similar plasmids have been isolated (Smith, 1978). The
first detailed report of arsenate, arsenite and antimony(III)
resistances is, however, still in press (Silver et al., 1981). I
will summarize here the basic findings of that paper.

Arsenate, arsenite and antimony(III) resistances are coded
for by an inducible operon-like system in both S. aureus and E.
coli (Silver et al., 1981). All three ions induce all three
resistances. Genetic studies with S. aureus plasmids demonstrate
that the gene for arsenate resistance is different from but
closely linked to the gene for arsenite resistance, which in turn
may not be the same as that for antimony(III) resistance (Novick
et al., 1979). Bi(III) is a gratuitous inducer of this system
with E. coli plasmid R773, which does not confer Bi(III) resis-
tance (Leahy and Silver, unpublished).

The mechanism of arsenate resistance is a reduced accumulation
of arsenate by induced resistant cells., Arsenate is normally
accumulated via the cellular phosphate transport systems, of
which bacterial cells appear to have two (Silver, 1978). Phosphate
protects cells from arsenate toxicity, just as high Mn(II) protects
sensitive S. aureus from Cd(II) toxicity (R.D. Perry, unpublished).
The separateness of arsenate and arsenite resistances was shown
by the finding that phosphate did not protect against arsenite
(Silver et al., 1981). The presence of the resistance plasmid
does not alter the kinetic parameters of the cellular phosphate
transport systems, not even the K, for arsenate as a competitive
inhibitor of phosphate transport.  This finding, coupled with
direct evidence for plasmid-governed efflux of arsenate, suggests
that the arsenate resistance system will be an efflux transport
system (Silver et al., 1981), similar to that described above for
Cd(1II).

We do not know the mechanism(s) of arsenite or of antimony
resistances. Arsenicals and antimonial compounds are toxic by
virtue of inhibiting thiol-containing enzymes (e.g. Albert,

1973). Some dithiol reagents such as BAL (British anti-Lewisite)
protect against arsenicals and antimonials. We have experimen-
tally eliminated two possible hypotheses for arsenite and antimony
resistances proposed in our earlier review (Summers and Silver,
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1978). Arsenite is not oxidized to the less toxic arsenate by
plasmid-bearing E. coli or S. aureus (Silver et al., 1981).
Growing resistant cells do not excrete soluble thiol compounds
into the medium to bind arsenite and antimony, since pre-growth
of resistant cells in medium containing these toxic ions does not
allow subsequent growth of sensitive or of uninduced resistant
cells (Silver et al., 1981). We are left only with untested
hypotheses of an alteration in uptake or a change in a key intra-
cellular target.

SILVER RESISTANCE
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Fig. 5. Resistance of E. coli strains J62 (sensitive) or J62
(pSC35) (resistant) to Ag sulfadiazine and AgNO3 in low and high
Cl™ (Silver and Leahy, unpublished).

Silver-resistance plasmids are among the more recent discov-
eries of the heavy metal resistance plasmids (McHugh et al.,
1975; Annear et al., 1976; Summers et al., 1978; Bridges et al.,
1979). These resistance plasmids have been found (not surprising-
ly) following the widespread use of silver salts as topical
treatments for extensive burns (e.g. Fox, 1968). Only one known
Ag  resistance plasmid was transferrable by conjugation (McHugh
et al., 1975). However, R.W. Hedges (personal communication)
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produced a recombinant between plasmid R1 and a Ag+ resistance
plasmid from Citrobacter (Hendry and Stewart, 1979) and introduced
it into an E. coli K-12 strain. We have been studying it for
much of the last year, since Hedges insisted that ''Silver must
not ignore silver-resistance,'" and can report here some progress
and a somewhat supported hypothesis for the mechanism of Ag -
resistance. Silver resistance is constitutive in E. coli, like
Cd(II) resistance in S. aureus, but unlike Hg(II), arsenate-,
arsenite-, and antimony-resistances. The plasmid-determined
resistance is very great and the ratio of minimum-inhibitory
concentrations can be greater than 1000:1 (Fig. 5B). The level
of resistance is strongly dependent upon available halide ions;
and without Cl_, there is relatively little difference between
the cells with or without a plasmid (Fig. 5B)._Br and I at
concentrations far below those required for Cl confer resistances
on both plasmid-less cells and cells with the plasmid. These
results have led to our current hypothesis that both sensitive
and resistant cells bind Ag tightly and are killed by effects on
cell respiration (Bragg and Rainnie, 1974) and other cell surface
functions (Rosenkranz and,Carr, 1972; Fox and Modak, 1974). Once
bound extracellularly, Ag enters the cells and is found in high
speed centrifugal supernatant fluids (unpublished data). Ag
precipiiﬁtes with C1~, as the solubility product for AgCl is only
1.6x10 M at 25°C (and those for AgBr and Agl are significantly
lower yet). The hypothesis is that the sensitive cells bind Ag
so tightly that they extract it from AgCl, whereas the cells with
the resistance plasmid do not compete successfully with
Ag-halide precipitates for Ag . Because topically applied AgNO3
ointments caused tissue chloride loss, silver sulfadiazine has
significantly replaced AgNO, in clinical practice (Fox, 1968).

As seen in Fig. 5A, the AgN83—resistance plasmid confers resis-
tance as well towards silver sulfadiazine. However, added Cl

was without effect on the inhibitory concentrations of silver
sulfadiazine. This result was expected, since it is known that
adding NaCl to solutions of silver sulfadiazjne does not cause
AgCl precipitates to form. Although many Ag -resistant clinical
isolates have determinants of sulfadiazine resistance as well,
these determinants can be on separate plasmids (Hedges, personal
communication). The function of sulfadiazine in topical prepara-
tions is not to inhibit bacterial growth directly (the concentra-
tions released are too low; Fox, 1968), but rather to bind silver
in a form subject to slow release.

OTHER HEAVY METAL RESISTANCES

There are many other plasmid heavy metal resistances (Summers
et al., 1978; Summers and Silver, 1978). Yet, we know nothing
today about the mechanisms of resistances to bismuth, boron,
cobalt, nickel, tellurium or zinc ions. Chromate resistance in a
pseudomonad isolated from river sediment seems to be due to
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reduction of toxic Cr(VI) to less toxic Cr(III) (Bopp and Ehrlich,
Abstract Q111, 1980 A.S.M. Meetings) and this resistance appears
to be plasmid determined (Chakrabarty, personal communication).
However, caution on this point is needed, since bacteria capable
of oxidizing toxic As(III) to less toxic As(V) are also known,
but this turned out not to be the mechanism of plasmid-governed
resistance (Silver et al., 1981). Hopefully, at future plasmid
symposia our understanding of the mechanisms of these heavy metal
resistances will be beyond the space limits of such a brief
review. We need to start asking why these resistances occur at
high frequencies in clinical isolates that have experienced no
apparent selection with mercurials, arsenicals, antimonials etc.
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CONJUGATION AND RESISTANCE TRANSFER IN STREPTOCOCCI
AND OTHER GRAM POSITIVE SPECIES: PLASMIDS, SEX PHEROMONES
AND ""CONJUGATIVE TRANSPOSONS" (A REVIEW)
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Ann Arbor, MI 48109

Until recently, information on the nature of conjugation and
related gene transfer in Gram positive bacteria has been relatively
scarce, Althou%h conjugation among the actinomycetes has been known
for many years, *2 fertility plasmids have, so far, been recognized
in only a single strain of a single species in this group. Strepto-
myces coelicolor strain A3(2) harbors two conjugative plasmids, SCP1
and SCP23=9%; and whereas SCP2 has been isolated and characterized®’®,
efforts to isolate SCPl have been unsuccessful. The latter deter-
mines the synthesis of the antibiotic methylenomycin7 and, when
integrated into the bacterial chromosome, will mobilize chromosomal
segments to SCP1~ strains with almost 100 percent efficiency®.

It has been only eight years since the phenomenon of plasmid
transfer in Gram positive eubacteria was first describedg, and con-
jugative plasmids have now been identified in a number of species of
streptococci, as well as in Clostridium perfringens (Table 1). A
report as early as 1964!° had claimed a high frequency of transfer
(2.2 per donor) for a chloramphenicol resistance mutation (presumably
on the chromosome) in Streptococcus faecalis. There was no evidence
for plasmid involvement, and such a high frequency of chromosomal
transfer has not been confirmed. It was not until nine years later
that conjugal transfer was again reported-—again in S. faecalis.
Tomura et al,'! reported on the transfer of a hemolysin-bacteriocin
determinant at relatively high frequency (up to 5.8 x 1072 per
donor). While direct evidence for a plasmid bearing this property
was not provided, it is likely that this was the case. [Hemolysin—
bacteriocin activity was subsequently shown to be plasmid-borne in a
number of other hemolytic (bacteriocinogenic) strains of S.
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faecalis!? 71 . Interestingly, these two activities appear to
represent one and the same proteinl7’1°.] About the same time,
Jacob and Hobbs® presented evidence for conjugal transfer of multi-
ple drug resistance from S. faecalis strain JH1 and were the first
to show the direct involvement of plasmid DNA, Strain JH1 actually
harbored two conjugative plasmids, a 50 Mdal R-plasmid pJH1l, and a
38 Mdal hemolgsin—bacteriocin plasmid pJHZS’la. In both of the
above reports”’ 11, transfer occurred in broth in a matter of hours;
transfer was DNase resistant, and evidence against transduction was
provided. Thus, cell to cell contact seemed a requirement for
transfer.

Additional evidence for conjugative plasmids in S.
faecalis!?=16> 19727 ;5 ywell as in other streptococci?®-37, and
even Clostridium perfringensse’ 39 soon followed (see Table 1);
and it was shown that, like the case in Gram negative bacteria
nonconjugative plasmids!?’ !©? “% and even chromosomal markers
could also be mobilized.

h1su2

Table 1. Gram Positive Species with Naturally
Occurring Conjugative Plasmids

Bacteria References
Actinomycetes
Streptomyces coelicolor 3-5
Eubacteria
Streptococcus faecalis (Group D) 9, 12-16, 19-27
Streptococcus pyogenes (Group A) 28-30
Streptococcus agalactiae (Group B) 31-34
Streptococcus lactis (Group N) 35,36
Streptococcus sp. (Group C) 37
Streptococcus sp. (Group G) 37
Clostridium perfringens 38,39

Some attention has been focused recently on pAMBl, a 17 Mdal
conjugative plasmid determining erythromycin resistance. This
resistance is representative of the so-called MLS phenotype (i.e.,
resistance to macrolides, lincosamides and streEtogramin B).
Originally identified in S. faecalis strain DS5 3 pAMBl has been
shown to have a broad host range. Its transfer into different
species of streptococci was first shown by LeBlanc and co—workers““,
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and it now has been shown to establish in nine different species of
streptococci?®’ 312 %¥» 45> k6 = 1, g4dition, it has been observed
to transfer into Lactobacillus casei“e, Staphylococcus aureus?®’ *7
and Bacillus subtilis (0. Landman, personal communication). Inter-
estingly, in S. faecalis, the transferability of pAMBl is dramati-
cally inhibited if pAMyl or pADl is also present in the donor strain;
the latter two plasmids remain highly transmissible (Brown and
Clewell, unpublished). It is also noteworthy that pAMBl has been

useful in the construction of streptococcal cloning vehicles"®.

MLS-resistance plasmids resembling gAMBl in size (15-20 Mdal)
have been identified in S. faecalis?®® *7» %8, S. Ezogeneszg’ 30,50
and S. agalactiae31'3“, as well as in Lancefield groups C and G%7,
One S. pyogenes plasmid, pAClio was found to be more than 90 percent
homologous with pAMBlSl. [A report52 showing homology of MLS-
resistance determinants in streptococci (including pneumococci) and
staphylococci suggests that this determinant has a common origin in
Gram positive bacteria.] Malke?® recently showed that pACl (called
pDC10535 by him) could be transferred from S. pyogenes to several
other species including S. faecalis. In the same report, a rather
comprehensive study showed that several MLS-resistance plasmids from
different sources transfer (on filter membranes) between strains of
streptococcal groups A, B, D and H. Other recent studies demon-
strated transfer of drug resistance between strains of groups A, B
and D29 26» 32 angd several MLS-resistance plasmids identified in
group B streptococci were transferrable to group B, D, F and H
recipients®'. R-plasmid transfer between S. pneumoniae and
streptococcal groups A, B and D26,%22 and between Staphyloccus
aureus and groups A, B and D2%>*7 has also been reported.

Conjugative systems recently described in group N strepto-
cocci®®? 3% involve transfer of the ability to metabolize lactose.
Interestingly, variants which donate at high frequency and exhibited
an unusual cell-aggregation phenotype were readily generated35 (L.
McKay, personal communication).

SEX PHEROMONES IN STREPTOCOCCUS FAECALIS

In Streptococcus faecalis there appear to be two basic types
of conjugative plasmids. There are those such as pADl1l, pOBl, pPD1,
pJH2, pAMyl, pAMY2 and pAMy3, which transfer at relatively high fre-
quency (10~° to 10~! per donor) in broth!3» 1%» 335 5% (ya04  Brown,
and Clewell, unpublished); and there are those such as pAMyl, pACl,
pIP501, and pSM15346, which transfer poorly in broth (usually less
than 10—“, and in most cases, less than 107° per donor), but which
transfer well (10-* to 10~2) when the matings are carried out on
filter membranes?®’ 3! (Brown and Clewell, unpublished). The reason
for these differences is now becoming clear. Those systems which
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transfer well in broth, make use of sex pheromones to generate cell
to cell contact, whereas those that transfer poorly in broth do not.
As illustrated in Fig., 1, recipient strains have been found to ex-—
crete soluble, protease-sensitive, heat-stable substances which
induce donor cells to become adherent!®’ °%’ 5%, This induction
facilitates the formation of mating aggregates arising from random
collisions of these non-motile cells, Since cell-free filtrates of

Donor Reci pient

OO

Sex pheromone excreted

O |

N

OO

Conjugation

Fig. 1. Expression of sex pheromone by recipient and response by
donor containing a conjugative plasmid (see text).

recipients also elicit an aggregation (clumping) response when mixed
with donors, this substance has been referred to as "clumping-inducing
agent'" (CIA). When filtrates of recipients are mixed with donor

cells for 20-50 min prior to a short (10 min) mating with recipients,
the frequency of plasmid transfer is increased by several orders of
magnitude, CIA, therefore, can be viewed as a sex pheromone. The
response of donor cells to CIA requires both RNA and protein
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synthesis, but not DNA synthesislg. The acquisition of a conjugative

plasmid results in a "shutting off" of endogenous CIA production; and
the cell with the newly acquired plasmid becomes responsive to exo-
genous CIA,

Interestingly, donors harboring different conjugative plasmids
respond to different CIAs®®., A given recipient actually produces
multiple pheromones; and the acquisition of a given plasmid shuts
off the production of only the related pheromone, while the cell
continues to produce other pheromones which can induce other donors
with different conjugative plasmids. The pheromones are now identi-
fied by relating them to the plasmid originally used to detect them.
Thus, cPDl refers to the CIA to which strains harboring pPDl1 respond.
Similarly, the other activities are identified as cAMyl, cOBl, etc.

Studies have now shown that, in addition to an aggregation res-
ponse, the pheromone induces a function(s) more directly related to
plasmid transfer®®. This was revealed by analyzing isogenic donor-
donor matings using derivatives of gADl containing two distinguish-
able transposons (Tnglgﬁz and Tn917 6, 57). It was reasoned that if
the sole function of the pheromone (cADl) was to induce aggregation,
then once the cells aggregated, transfer should occur equally well
in both directions--regardless of which donor was induced with cADl
prior to mating. It was found, however, that when only one of the
donors was induced, transfer occurred only in the direction from
the induced to the uninduced strain. If both donors were induced,
transfer occurred in both directions. Thus, the pheromone must also
induce a "preparation" for plasmid transfer, the nature of which is
not known. Conceivably, the pheromone induces a polycistronic operon
[perhaps somewhat analogous to the Tra operon of certain conjugative
plasmids in Gram negative bacteria (for reviews, see ref. 58, 59)]
which, in addition to having determinants related to aggregation,
also determines functions related to transfer.

Pheromone activity can be quantitated using a simple microtiter
plate systemsa; the highest dilution of filtrate (using serial 2
fold dilutions) that still induces clumping in appropriate res-
ponder (donor) cells is taken to represent the pheromone titer, The
titer for a given filtrate varies somewhat with the particular res-
ponder system; this depends on the conjugative plasmid as well as
the host. (Titers typically range from 4-64.) In general, it would
seem to be disadvantageous to produce '"too much" sex pheromone, or
for donors to be "too sensitive'; such behavior would result in
donors becoming induced when they are '"too far'" away from recipients
to make contact.

The production of phero?ones by recipient cells was found to
closely parallel cell growth 8, In the case of certain plasmid-
free strains such as JH2-2 or DR1l, CIA activity in filtrates leveled
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off as cells entered stationary phase. In the case of other strains
such as 0Gl or ND539, both liquefaciens subspecies, activity in
filtrates rapidly disappeared as cells entered stationary phase. It
is likely that this decrease is due to degradation by the protease
("gelatinase") produced by these strains (i.e., the liquefaciens
subspecies), [A recently derived mutant of 0Gl, which fails to
degrade gelatin, produces CIA activity which does not decrease as

the cells enter stationary phase (Yagi, Craig and Clewell, unpub-
lished).]

Recent data have shown that pheromone~induced donor cells have
a new antigen on their surface®’. A highly specific rabbit anti-
serum prepared against induced pPDl-containing cells (the serum was
absorbed with uninduced cells) was found to readily cross-react with
different donors (induced) harboring several different conjugative
plasmids (pAD1, pOBl, pAMyl, pAMy2 and pAMy3)®°., The surface mater-
ial has been referred to as aggregation substance (AS); and, being
sensitive to trypsin and pronase, it must be proteinaceous. When
submitted to specific immunological staining procedures involving
conjugated horse-radish peroxidase and analyzed by electron micro-
scopy, an amorphous surface material (presumably representing AS)
could be visualized on the surface of induced, but not uninduced,
cells®?, Pilus-like structures were not seen; however, the possi-
bility that small, difficult to resolve microfimbriae may coat the
surface, remains.

AS probably binds to a specific substance, designated binding
substance (BS) located on the surface of both recipients and donors.
The interaction of AS and BS requires divalent cations and, inter=-
estingly, also phosphate ions®?.

Krogstad et al,%! recently presented electron micrographs of
mating mixtures of S, faecalis, showing what appears to be inter-
cellular connections between chains of streptococci in the absence
of fimbriae or pili. (While the latter system represented a '"high
frequency" transfer system, evidence for pheromone involvement was
lacking.) Similar "connections" have been observed in pheromone-
induced aggregates of cells harboring pPDlez; however, preparations
of uninduced cells also showed such connections, Thus, in this
case at least, it was not clear whether the observed "connections"
were an actual reflection of "conjugal contact", or an artifact of
the preparation.

The chemical nature of the pheromones is currently being
examined. Their sensitivity to proteases [including exopeptidases
(R. Craig, unpublished)], as well as heat stability and dialyz-
ability suggests that they are small peptides. [It was originally
reported that CIA was sensitive to trypsinlg. However, subsequent
studies have shown that this was probably due to chymotrypsin
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contamination., Purer preparations of trypsin fail to inactivate
cPD1, cADl, cAMyl, or cOBl, whereas chymotrypsin inactivates all of
these activities (Craig and Clewell, unpublished).] Analyses of
cPD1 on molecular sizing columns suggest a molecular weight of less
than 1000%*,

Examination of 100 clinical isolates of S. faecalis showed that
34 percent exhibit a CIA response to a filtrate of the plasmid-free
strain 0G1-10, and 72 percent excreted cPD1%3, Interestingly, the
ability to respond to, as well as produce CIA activities, was sig-
nificantly more frequent among strains resistant to one or more
drugs as compared to drug sensitive strains®®. Thus, pheromones
may contribute to the evolution of drug resistance in this species.,
A recipient producing numerous sex pheromones would probably be a
prime "target" for R~plasmids which confer pheromone responses, or
which can be mobilized by such systems. [In the case of pAMyl,
PAMY2 and pAMY3, it is worth noting that these plasmids, all having
nearly identical molecular weights and previously indistinguishable
from each other in their original host (S. faecalis strain
DS5%2? *3), have each been shown to determine responses to differ-
ent pheromones (Yagi, Brown, Craig and Clewell, unpublished).]

Whereas several of the above-mentioned pheromone-responding
plasmid systems (pAD1l, pAMyl, pOBl and pJH2) determine hemolysin
(bacteriocin), this phenotype is not necessarily related to the
ability to respond. For example, pPDl, pAMv2 and pAMY3 do not de-
termine hemolysin, but confer a pheromone response (Brown, Yagi and
Clewell, unpublished). [While it was believed earlier that pPD1
determined a hemolysinsa, this has recently been shown not to be
the case, We now know that in the original isolate (strain 39-5),
hemolysin is actually determined by a different conjugative plasmid,
pPD5, which has a similar molecular weight and which frequently
transfers together with pPD1 (Brown, Yagi and Clewell, unpublished).
pPD1, however, does determine a bacteriocin activity.] Also, of the
34 clinical isolates mentioned above which exhibited CIA responses,
only nine were hemolytic.

A model®3 has been proposed (Fig. 2) to explain the relation-
ship between plasmids, pheromones, and the aggregation phenomenon.
The model schematically shows a plasmid-~free recipient strain that
produces two different pheromones, cA and cB; two isogenic donor
strains harboring the conjugative plasmids pA or pB are also shown.
All three strains have the chromosomally determined binding sub-
stance (BS). Plasmid pA determines the ability to respond to cA;
and, at the same time, through an IcA (inhibitor of cA) gene, pre-
vents production of endogenous cA. (Alternatively, an inactivation
of cA could be involved). Similarly, plasmid pB allows its host to
respond to cB and prevents the production of endogenous cB via gene
IcB. The response of the donor cell to the pheromone is depicted as
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an interaction (directly or indirectly) of the latter with "res-
ponding substance" (repressor or activator?) determined by gene
RcA or RcB, which in turn, activates AS synthesis. As, which could
be either plasmid (as shown in Fig. 2) or chromosonally determined,
locates itself on the cell surface where it can 'recognize' BS,

(It is clear from the model how induced donors can self aggregate
as well as bind to recipients).

The fact that a single recipient strain of S, faecalis may
produce numerous sex pheromones specific for different donors seems
at first surprising, since it is possible that such cells have never
before encountered the "related" plasmids. Conceivably, the phero-
mones may have other functions in the recipient or represent degra-
dation products of larger proteins. Plasmids might then have
evolved in such a way as to take advantage of such molecules to
facilitate their dissemination.

CONJUGAL TRANSFER IN THE ABSENCE OF PLASMIDS
(CONJUGATIVE TRANSPOSONS?)

When multiply resistant clinical isolates of S. pneumoniae
began to appear a few years agoss’ 64 efforts bg ‘several research
groups to reveal R-plasmids were unsuccessful®%=7° (Brown and
Clewell, unpublished). Recently, there have been reports showing
that resistance determinants in S. pneumoniae are capable of trans-—
fer to recigient strains on membrane filters by a DNase-resistant
processsg’ ! . Plasmid-free transfer has been observed in S.
faecalis"?’ 72, in groups A, B F and G streptococci73, and certain
oral streptococci7“ (D. LeBlanc, personal communication); and there

are indications that it may also occur in Clostridium difficile’S,

Shoemaker, Smith and Guild’! reported that two plasmid-free
isolates of S. pneumoniae (BM6001 and N77) could transfer Tc~ and
Cm-resistance determinants on membrane filters at a frequency of
10-® per_donor. Transfer was resistant to DNase; however, transfer
of an Em" chromosomal mutation (ery-2) marker could be eliminated
by DNase. The two resistance markers cat and tet had earlier been
shown by transformation studies to be closely linked and were
shown both physically and genetically to represent insertions
(referred to as Q cat tet) in the bacterial chromosome®’., In
matings, about 90 percent co-transfer of cat and tet was observed;
however, while tet could transfer without cat, the reverse did not
occur’!, Also, Cm®, TcS derivatives could be generated by trans-
formation, but they failed to donate cat by conjugation. It was
estimated that cat had a size of 4-6 kb, whereas tet was greater
than 30 kb®7,

69

Buu-hoi and Horodniceanu’” reported that several plasmid-free
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clinical isolates of S. pneumoniae could transfer resistance traits
not only into S. pneumoniae recipients (by filter mating), but also
to group B and group D strains. In some of these cases, transfer
occurred en bloc as: Tc¥f and Cm¥; Tc¥ and MLST; or Tc¥, Cmf, MLST
and Km*., Similar observations were made in clinical isolates of
Group A, B, F and G streptococci73.

Franke and Clewell have reported that a transferrable Tc-
resistance determinant located on the chromosome of S. faecalis
strain DS16 is located on a 10 Mdal transposon*?’ 72" Designated
Tn916, this element was shown to insert at multiple sites into
several different conjugative plasmids at a frequency of about
10-¢, Transposition of Tn916 from the chromosome to the conjuga-
tive plasmid pADl is Rec-independent as is its abllitg to transfer
in the absence of plasmid DNA (at a frequency of v 10=°)., (Transfer
of Tc-resistance was not reduced if either the donor or the recip-
ient was Rec™.) Transfer involved the entire transposon; after
introduction of a conjugative plasmid into transconjugants, typical
transposition to plasmid DNA could be detected. Transfer from a
plasmid-free donor required cell to cell contact; extensive efforts
to implicate transformation or transduction by a variety of means
were unsuccessful, [It is noteworthy that S. faecalis has never
been transformable (despite exhaustive efforts to obtain transfor-
mation), nor have transducing phages ever been reported in this
species.

After transfer from the plasmid-free strain DS16C3, some
transconjugants have been found to retransfer Tn9l6 at_an elevated
frequency (v10~%), about 100-fold higher than "normal"’®, Inter-
estingly, the transposition frequency from the chromosome to a
subsequently introduced pADl is also elevated about 100-fold in
such strains76, suggesting a common step for both transfer and
transposition.

It has also been shown that after Tn91l6 transfer, insertion
can occur at different sites on the recipient chromosome’®. This
was done in the following way. Insofar as Tn9l6 has a single
Hind III cleavage site, Hind III digests of chromosomal DNA con-
taining Tn916 should give rise to two fragments, X and Y, which
constitute the transposon-host DNA junction fragments. With the
"Southern blot" hybridization technique, using an EcoRl fragment
of pAD1::Tn916 (there are no EcoRl sites in Tn916) as a probe,
hybridization with the two fragments (X and Y) readily occurs.
However, the size of the detectable X and Y fragments varies
greatly in chromosomal DNA preparations obtained from different
transconjugants (including those from secondary matings), a result
which would be expected if Tn9l6 were located at different sites
on the chromosome. (It is noteworthy that this result also is
strong evidence against the location of Tn916 on a plasmid which

had escaped physical detection,)
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It is likely that Tn916 determines (at least in part), functions
related to its own transfer; at a size of 10 Mdal there would seem
to be room for such genetic information. Thus, transfer could
simply represent an elaborate transposition event where the donor
and recipient replicons are in different cells, A model generated
from an earlier proposal"z’ 72 is suggested in Fig. 3, where the
transposon is shown to excise and then have the option to: 1) re-
insert onto the chromosome (perhaps at a different location); ii)
insert onto a resident plasmid; or iii) transfer to another cell,

Chromosome Tn 916
Re-insert Excision
Chrom.

Insert O\.

Plasmid Transfer by
Conjugation

Fig. 3. Model showing Tn916 as a "conjugative transposon" (see
text).

After transfer into the recipient, insertion might be facilitated
by "zygotic induction" of an "integrase" (the related transposase?).
Since transfer probably occurs by a single strand (i.e., plasmid-
like) process, a copy of the transposon would remain in the donor
and might still be capable of reinserting into host DNA.

In view of the growing evidence in a number of species of
streptococci for conjugal transfer in a plasmid-free enviromment,
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it will be interesting to see the extent to which these systems
represent "conjugative transposons". In this regard, Guild's grcup
(unpublished) has recently shown that Tn916 has homology with the
transferrable tetracycline element that they have studied in S.

Eneumoniae71.

CONCLUSIONS

While many aspects of conjugation in Gram positive bacteria
appear similar to the more heavily studied Gram negatives, there are
in certain cases characteristics which, so far, appear distinct.
Clear evidence for sex pheromones in bacteria other than S. faecalis
(Gram positive or Gram negative) has not yet been reported, although
sex-related chemotactic factors in E. coli’’ and S. typhimurium’®
have been suggested. Pheromone-related behavior is well known,
however, in yeast, fungi and higher organisms’®’ 8%, "Conjugative
transposons" are also yet to be reported in Gram negative bacteriaj;
however, there are recent indications that such elements may indeed
occur in Bacteroides fragilis®!® 82,

The use of recently developed cloning systems in Streptococcus
sanguis“e’ 83 and Bacillus subtilis®*’ ®° should begin to simplify
genetic analyses in Gram positive bacteria, and it is likely that
rapid progress will be made in revealing the molecular bases of
conjugal transfer,
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SITES AND SYSTEMS FOR CONJUGAL DNA TRANSFER IN BACTERIA
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Plasmids isolated from Gram-negative bacteria can be divided
into two major groups: large plasmids (>30 kb) that determine
conjugation systems, and small plasmids (<10 kb) that do not.
However, it was observed many years ago that a representative small
non-conjugative plasmid, ColEl, was mobilised with high efficiency
if the cell also contained an appropriate conjugative plasmid
(Clowes, 1963), and more recent data for other non-conjugative
plasmids suggests that this might generally be the case. Indeed,
ColEl contributes not only an "origin of transfer" DNA sequence
(oriT), but also mobilisation genes that are essential for its own
transfer (Inselburg, 1977; Dougan and Sherratt, 1977).
Interestingly, about one-third of the total plasmid DNA is devoted
to conjugation, both for conjugative plasmids such as F, and for
non-conjugative plasmids such as ColEl; this compares to the
5-10 fold smaller proportion required for autonomous replication.

The importance of conjugation to plasmids is underlined by the
large percentage of them that encode conjugation systems, by the
likelihood that even small non-conjugative plasmids frequently
carry an oriT and perhaps mobilisation genes, and by the relatively
large proportion of the plasmid DNA dedicated to this function.
From an evolutionary point of view this importance is not
surprising, since as a result plasmid genes are better able to
survive., Firstly, conjugation allows plasmids repeatedly to
express their "phenotype" genes (which, as in the case of anti-
biotic resistance, typically confer only a transient advantage) in
different hosts in different environments. Secondly, conjugation
is essentially a replication process, and allows plasmid genes to
replicate faster than host chromosomal genes. This can give rise,
for example, to "infectious spread" of a conjugative plasmid
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through a bacterial population. | Transmissible non-conjugative
plasmids may have the additional advantages of exploiting several
types of conjugation systems (with the corollary of a wider host
range) and of their small size being compatible with a high copy
number.

In this paper I shall discuss the requirements that must be
satisfied for a replicon to be transferred by conjugation, and
review the inter-relationships that have been observed between
different conjugation systems.

Conjugation systems determined by plasmids belonging to different
incompatibility groups

Most, if not all, conjugation systems so far studied are
physiologically similar, and two separate though connected
components can be recognised: mating pair formation with a
potential recipient cell, for which the plasmid-encoded extra-
cellular pilus is essential, and conjugal DNA metabolism that
subsequently transfers and replicates the plasmid DNA from its oriT
site. For the purposes of this article, the first component will
be abbreviated to Mpf and the second to Dtr.

Despite this overall similarity, numerous distinct and non-
interacting conjugation systems have been identified. The pilus
provides one important means of classifying conjugation systems,
since pili differ in their morphology and serology, in the
particular varieties of male-specific bacteriophages that they
adsorb, and in their abilities to allow conjugation in liquid,
as opposed to solid, medium (Table 1; Bradley, 1980; Bradley et al,
1980) . A second method is to determine whether non-piliated
(Mpf~ ptrt oriTt) mutants of one plasmid can be transferred by the
conjugation system of a second (Willetts, 1970 and unpublished
data) . By these means, the conjugation systems of plasmids
falling into different incompatibility groups can be compared: the
data presently available suggest that plasmids with similar
conjugation systems belong either to a single incompatibility group

Table 1. Pilus types

Lipid-cont.

Pilus Isometric Filamentous double-
Plasmid Pilus diameter RNA single-strand strand
group morphology (nm) phage DNA phage DNA phage
I Flexible 6 - If1 -
F Flexible 9 £2, OB f1 -
X Flexible 9 - - -
P Rigid 8 PRR1 P£f3 PR4
N Rigid 9.5 - Ike PR4
W Rigid 12 - - PR4
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(as for IncN, P, W or X plasmids) or to one of a small collection of
incompatibility groups (as for the IncF or IncI "complexes"). Further-
more, the lack of complementation between different conjugation syst-
ems implies that recognition of a particular oriT sequence by a Dtr
system, and of a particular Dtr system by an Mpf system, are both
highly specific processes.

Because of the large proportion of plasmid DNA devoted to conju-
gation, plasmids with similar conjugation systems share a large pro-
portion (40-80%) of DNA homology, while plasmids with different
systems do not (<10%). These percentages are for plasmids from the
six groups listed above (Falkow et al, 1974). The absence of DNA
homology itself provides an indication that the conjugation systems
determined by a particular pair of plasmids are likely to be dissimilar.

The F conjugation system

In the case of IncF plasmids, sufficient information is avail-
able to provide a substantial genetic and molecular basis for under-
standing the Mpf and Dtr components of the conjugation system. This
information has been reviewed recently by Willetts and Skurray (1980)
and will be briefly summarised here.

Approximately 33 kb of DNA is required to determine the F conju-
gation system, and about 20 conjugation genes have been identified
(Fig. 1). Those contributing to the Mpf system are traALEKBVWCUNFHG.
The pilin precursor protein is encoded by traA (Minkley et al, 1976),
and most of the other genes are required for the (unknown) pathway
whereby this is chemically modified and erected into the pilus struc-
ture. traG is needed not only for pilus synthesis, but also - together
with traN - for stabilisation of mating pairs. As might be expected,
the products of all these genes are located in the cell envelope.

Genes necessary for the Dtr system are traMYDIZ. Of these,
tra¥Z probably determine an endonuclease that reversibly nicks one
DNA strand at oriT - even in the absence of Mpf (Everett and

Willetts, 1980). 1In response to Mpf, the traMI products may
trigger Dtr by displacing the YZ endonuclease from the nicked

”

L el
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Fig. 1. A map of the F conjugation region. Letters above the line
indicate tra genes. Those not required for pilus formation are
boxed. The various tra operons and their regulatory systems are
indicated.
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Fig. 2 A model for conjugation

form of the plasmid DNA and allowing the strand separation (to which
the traD product may contribute) required for initiation of DNA
transfer and synthesis from oriT. Host proteins such as RNA poly-
merase, DNA polymerase III and gyrase play important roles in the
latter two processes. The traZ and tral proteins, together with
the host proteins listed, are located in the cytoplasm, whereas the
tra¥Y and traM components of the nicking and triggering functions
and the traD protein are found in the cell envelope, where they
perhaps serve to connect the Mpf and Dtr systems, and to locate the
oriT sequence strategically at the inner cell surface.

A model for conjugation is illustrated in Fig. 2; one
additional feature of this is that the 3' and 5' termini of the
transferred strand are both linked to a presumptive membrane-located
transfer complex. This would account for the RNA primer requirement
for donor conjugal DNA synthesis and for accurate and efficient
recA- and tra-independent recircularisation of the transferred strand
in the recipient cell.

Specificity of the Dtr systems of F-like plasmids

F-like plasmids synthesise morphologically and serologically
similar pili that adsorb (though with varying efficiencies) the
same male-specific phages, and their transfer regions are largely
homologous. Indeed, all F-like plasmids tested (including R100-1,
R1-19, ColV2 and ColVBtrp) allow transfer (via complementation or
perhaps successful Mpf-Dtr interaction) of EEE; mutants of F.
However, F mutants in the Dtr genes traMYIZ are not always trans-
ferred by other F-like plasmids, indicating that there are different
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Table 2. Complementation of piliated Flac tra mutants

Complementation (%) by

Flac mutation R1-19  R100-1
traM102 0.03 0.1
traY::EDA4 0.60 1.5
traN548 82 48
traG42 50 61
traD38 73 76
traIldl 58 1.0
traA1z337 41 3.0

Plasmids with complementation patterns similar to F itself
are ColvV2, ColB2, ColVBtrp and R124; to R1-19 are R538-1

and ColB4; and to R100-1 are R6 and R136.

allelic forms of these genes. Table 2 presents data to illustrate
this point, and lists the three groups into which F-like plasmids
can be arranged on this basis. It is the paired traY and traM, and
traZ and tral, specificities that suggests that the traYZ endonuc-
lease and the traMI triggering function both act at oriT, within
which there may be two domains.

An implication of these observations is that the oriT sequences
of the three groups of F-like plasmids differ from each other. This
has been verified directly in one case, since pED806, a pBR322
derivative into which the F oriT (but no tra genes) has been cloned,
is efficiently transferred by Flac but noE—E& an ApS R1-19 variant
or by R100-1.

Despite the differences between their Dtr systems, it should be
emphasized that the Mpf system of any F-like plasmid will serve to
transfer an Mpf.Dtr+ mutant of any other F-like plasmid, whereas this
is not the case for plasmids with unrelated conjugation systems.

Mobilisation of non-conjugative plasmids

Small naturally-occurring non-conjugative plasmids are often
transferred efficiently and specifically by one or more types of
conjugative plasmid (Table 3). This may prove to be the general
rule for all non-conjugative plasmids once sufficient conjugation
systems have been tested to allow the appropriate one(s) to be
identified. For example, although it has been known for some time
that IncI plasmids mobilise non-conjugative IncQ plasmids such as
RSF1010 with relatively low efficiency, we have recently found that
IncP plasmids mobilise RSF1010 with 100% efficiency in both E.coli
and P.aeruginosa (Willetts and Crowther, 1981). Neither IncN nor
IncW plasmids, which like IncP plasmids determine rigid pili that
adsorb the male-specific phage PR4, mobilised RSF1010. IncP
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Table 3. Mobilisation of non-conjugative plasmids

Conjugative Transfer (% of conjugative)
plasmid Group ColEl CloDF13 ColE2 pSC101 RSF1010

R64-11 I 70 80 0.5 6_,
Flac F 100 133 <0.01 102 1073
R1-19 F 40 83  <0.01 107 1077
R100-1 F 0.1 93 10
R751 P 48 13 100_,
R388 W 1 10

Data are taken from: Reeves and Willetts, 1974; Hardy,
1975; Warren et al, 1978, 1979; Willetts, 1980; and
Willetts and Crowther, 1981.

plasmids were also fairly efficient at mobilising pSC101.

The efficiency, specificity and recA-independence of the
mobilisation of non-conjugative plasmids indicate that these
plasmids contain an oriT sequence from which conjugal transfer can
be initiated. This sequence is probably similar to that at which
the protein-DNA "relaxation complexes" of ColEl and some (but not
all) other small plasmids are nicked in response to ionic detergents
or other stimuli (Clewell and Helinski, 1969). However, caution
must be exercised in comparing conjugal DNA metabolism by F, which
is relatively well understood, and by ColEl, which is not. Some
of the fundamental questions that remain unanswered for ColEl are
whether a pre-existing unique DNA strand is transferred
undirectionally, and in what orientation; whether donor conjugal
DNA synthesis replaces this strand, and what primes this synthesis;
and what the role(s) of the ColEl mobilisation gene(s) are.
Furthermore, despite extensive efforts, we have been unable to
identify an F relaxation complex.

The oriT sequence of a non-conjugative plasmid is often,
perhaps always, recognised by a Dtr system (which might function
in a different way to that of a conjugative plasmid) determined by
the plasmid's own "mobilisation" genes (Warren et al, 1978). These
genes are essential for mobilisation, indicating that the Dtr system
of the conjugative plasmid is of different specificity and therefore
probably dispensable. This is indeed the case for mobilisation of
ColEl or CloDF13 by F, since the F traMIZ genes (and the traD gene,
for CloDF13 - but not for ColEl) are not required (Table 4;
Willetts, 1980). Complementation of Dtr~ mutants of ColEl by Colk
but not by ColE2 (Warren and Sherratt, 1977) shows that different
non-conjugative plasmids encode different Dtr systems (and therefore
have different oriT sequences), even when they are mobilised by the
same conjugative plasmid (R64-11 in this case). Similar




CONJUGAL DNA TRANSFER IN BACTERIA 213

Table 4. Mobilisation by Flac tra mutants

Flac Transfer (%)
mutant Function lost ColEl CloDF13
Ezgf - 27 36
traA pilus synthesis 0.002 0.002
traG stabilisation of <0.001 <0.004
traN } mating pairs 0.016 0.014
traM } triggering 21 38
tral 10 32
tralZ triggering and 18 32

nicking
traD strand separation? <0.001 51

experiments show that even the 2.3 kb miniplasmid pl15A is efficiently
mobilised if ColEl and F are present to provide the necessary Dtr

and Mpf systems (Chang and Cohen, 1978), and therefore contains an
oriT sequence.

It is clearly essential that the conjugative plasmid's Mpf
system should specifically recognise the non-conjugative plasmid's
Dtr system (or, possibly, a second DNA sequence other than oriT on
the plasmid to be transferred). In either case, the success or
failure of this recognition process can account for the ability or
otherwise of a non-conjugative plasmid to be mobilised by a
particular conjugative plasmid. Insufficient information is
available for any clear understanding of the molecular requirements
for successful Mpf-Dtr interaction; the data in Table 3 emphasise
the complexities of the patterns already observed. In this
connection the versatility of ColEl is of particular note; this
plasmid can be efficiently mobilised by IncF (although excluding,
curiously, R100-1), IncI and IncP plasmids.

Mobilisation of replicons without an oriT

Replicons that do not carry an oriT sequence, or carry one
that is non-functional because of the absence of Dtr or Mpf systems
of appropriate specificities, can be conjugally transferred only if
they become covalently linked by recombination to a functional
oriT sequence. This type of mobilisation is of particular
importance for the special case where the mobiljised replicon is the
bacterial chromosome, since the resultant interchange of genes may
accelerate bacterial evolution (Reanney, 1976).

Mobilisation of the E.coli K12 chromosome by F is due mainly
to inefficient host-encoded recombination between the short regions
of homology provided by insertion sequences present in both replicons
(Davidson, 1975). Chromosome mobilisation by autonomous F and
Hfr formation are both reduced about 100-fold if the cell is
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Table 5. Transpositional mobilisation

Conjugative Non-conjugative Relevant
plasmid plasmid transposon (source)
R1-19AKm psci01 Tn3 (c)
Flac chromosome: :Mu cts Mu_é2§_ (NC)
Flac mini-R1 Tn3 (NC)
R388 PMB8: : Tn3A596 Tn3A596  (NC)
(+RSF1010: : TniApS)
F pBR322 Y$ (C)
R1-19AKm mini F-Km Tn3 (c)
R68.45 PBR325AAp 1s21 (c)

References (in order) are: Lopecko and Cohen, 1975; Faelen
and Toussaint, 1976; Goebel et al, 1977; Gill et al, 1978;
Guyer, 1978; Crisona et al,-1980; Willetts et al, 1981.

recombination-deficient (Moody and Hayes, 1972; Cullum and Broda,
1979) or if all the insertion sequences are deleted from F by
in vitro means (Willetts and Johnson, unpublished data).

Where no such homology exists, mobilisation can be detected
as the result of cointegrate formation during transposition of a
transposable DNA sequence from the conjugative to the non-
conjugative replicon, or vice versa (Table 5). This mechanism
probably accounts for host chromosome mobilisation by the IncP
plasmid variant R68.45, since this contains the highly
transposable IS21 (Willetts et al, 1981).

Conclusions

The requirements that must be satisfied for a replicon to be
transferred by conjugation are that (a) it must contain (or be
covalently linked to) an oriT sequence; (b) the cell in which the
replicon exists must synthesise a DNA transfer and replication (Dtr)
system that specifically recognises this oriT; and (c) the cell
must also synthesise a system for stable mating pair formation with
recipient cells (Mpf) that specifically recognises this Dtr system
(or possibly a second specific DNA sequence near to oriT). The
Dtr and Mpf systems, though often encoded by the replicon itself,
can be provided in trans by other replicons.
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CONJUGATIVE PILI OF PLASMIDS IN ESCHERICHIA COLI K-12

AND PSEUDOMONAS SPECIES
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SUMMARY

There are three basic morphological forms of conjugative pili
for plasmids transferable to Escherichia coli K-12: thin flexible,
thick flexible, and rigid. Plasmids determining rigid pili transfer
at least 2000X more efficiently on a solid surface compared with in
a liquid. The majority of such plasmids are naturally derepressed
for transfer and pilus synthesis. The following Pseudomonas plas-
mids determine rigid pili: Rmsl48 (IncP-7), TOL (IncP-9), and R91.5
(IncP-10). Several new plasmid-specific bacteriophages have been
found to adsorb to the sides or tips of conjugative pili.

INTRODUCTION

F pili were the first conjugative pili to be identified,l and
were quickly implicated as organelles of plasmid transfer.2:3 Con-
jugative pili have since been found for all incompatibility groups
in Escherichia coli K-12,4 and for some in Pseudomonas (see below).
However, the requirement of pili for conjugation has only been
demonstrated in three cases: F pili,2,3 I pili,5 and W pili.® Con-
jugative pili are of direct value in plasmid identification and
classification when their morphological and serological character-
istics are compared. The classification of plasmids by incom-
patibility (for review see reference 7) correlates well with pilus
serotyping on the basis that similar pili (serologically related)
are determined by plasmids within an incompatibility group. However,
while different incompatibility groups of plasmids usually have
unrelated pili, there are a few exceptions: C pili are related to
J pili for example.8 A direct result of studying pilus morphology
has been the discovery that certain types of conjugative pili are
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structurally fragile, and this is linked with poor transfer effi-
ciency in liquids. However, when bacteria carrying these plasmids
are mated on a solid surface such as an agar plate, transfer effi-
ciency is dramatically increased.? This paper reviews these aspects
and describes some new observations on Pseudomonas conjugative pili.

METHODS FOR STUDYING CONJUGATION AND CONJUGATIVE PILI

The standard method for plasmid transfer in the past has been
mating in a liquid environment (broth), but the identification of
surface mating systems9 suggests that in many cases a plate mating
method would be more appropriate as follows. A nalidixic acid-
sensitive donor and a nalidixic acid-resistant recipient are grown
in shake culture to an absorbance of 1.0 at 620 nm wavelength, and
equal volumes of the cultures are mixed. 0.3 ml of the mixture is
spread on a nutrient non-selective plate predried at 37°C for 20
minutes uncovered. The bacterial suspension is allowed to dry on
the plate at the appropriate incubation temperature for the plasmid
or host strain (5-10 minutes). The plate is then covered and incu-
bated for 55 minutes for mating. The cells are washed off quan-
titatively with three washes of 1.0 ml of broth using a wire
spreader to resuspend them. After adjusting the suspension volume
to 3.0 ml, serial dilutions are spread on selective plates
(nalidixic acid counterselection to prevent further plate mating)
for incubation and the counting of transconjugant colonies. This
procedure allows the introduction of mating inhibitors such as
inactivated pilus-specific bacteriophages into the mixture on the
mating plate. A concurrent comparative liquid mating can be
carried out by adding 0.3 ml of the initial mating mixture to 1.0
ml of broth, incubating this for 1 hour, then making the volume up
to 3.0 ml and plating serial dilutions as above.

Pili determined by derepressed plasmids can be prepared for
electron microscopy by mounting them on specimen grids from a very
thick bacterial suspension.4 For repressed plasmids, the "temporary
derepression" method of growth often improves pilus yields. Loop-
fuls of 6 hour non-selective plate cultures of donor and recipient
(both "bald") are spread evenly on a transconjugant-selecting plate
after suspending them in a drop of broth. Overnight incubation
gives confluent growth which is used for electron microscopy.

MORPHOLOGICAL AND SEROLOGICAL RELATIONSHIPS AMONG CONJUGATIVE PILI

The morphological and serological relationships of conjugative
pili correlate well with the existing plasmid classification based
on incompatibility.8 Three basic morphological types of pilus have
been identified: thin flexible (Fig. 1), thick flexible (Fig. 2),
and rigid (Fig. 3). Thin flexible pili (thickness about 6 nm) are
determined by plasmids in the I complex of incompatibility groups,
and also IncB and IncK plasmids. Immune electron microscopy has
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Fig. 1. Thin flexible I, pili from E. coli J53 (R64drdll). Bar
for Figs. 1-3, 100 nm.

Fig. 2. Thick flexible H2 pili from E. coli JE2571 (pIN32).

Fig. 3. Rigid N pili determined by E. coli JE2571(N3). Arrow
marks a very short pilus, which is common.
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revealed two distinct serotypes, the I, serotype for pili of IncIy,
IncIy, IncB, and IncK plasmids, and the I; serotype for I3 and Ig
pili. I pili reacted with antisera to both I, and I pili, the
first reaction being the stronger. While a relationship between

IncB and IncIy plasmids has been established,10 the possibility that
IncK plasmids belong to the I complex is unexpected. Thick flexible
pili (diameter about 9 nm) are determined by plasmids of incompati-
bility groups C, D, the F complex, H1l, H2, J, T, V, X, com9, and

the single plasmid (one which forms its own incompatibility "group")
Folac. Of these, C pili were found to be related to J pili, and

com9 pili to Folac pili, the remainder being unrelated. 1In a recent
study (D. E. Bradley, unpublished), it was found that the pili of a
transferable plasmid coding for the production of heat-stable entero-
toxin (plasmid TP224; strain E7476 in reference 11) were serological-
ly related to Fplac and com9 pili. TP224 was compatible with both
Folac and R71 (com9); it probably forms its own incompatibility
"group" (M. McConnell, personal communication).

Rigid pili, which are fragile and easily broken, were deter-
mined by plasmids of incompatibility groups M, N, P, U (a tentative
new group as yet unpublished), and W, as well as the unclassified
plasmid R775 (R. W. Hedges, unpublished). There was no relation-
ship between the pili of any of these groups.

Tests on pili of plasmids within incompatibility groups showed
serological identity with two exceptions. pHH1457 (V. Hughes,
personal communication), while IncD, did not determine D pili. 1Its
thick flexible pili were serologically unrelated to any others in
the morphological group. pDT201 (D. E. Taylor et al., Plasmid, in
press), while IncM, determined pili which were serologically related
to those of plasmids in the F complex, most strongly to FII pili.

It cannot therefore be stated that pili for all plasmids within a
given incompatibility group are related, although exceptions are
very rare,

The morphological classification of conjugative pili is neces-
sarily somewhat subjective since it depends upon their appearance
in the electron microscope, and some inaccuracies could arise. For
example, X pili were obviously thick and flexible when obtained from
overnight plates .4 However, R6K, the naturally derepressed proto-
type IncX plasmid, only determined large numbers of pili during the
exponential phase of growth on plates (D. E. Bradley, unpublished),
and these appeared much shorter (Fig. 4) and could easily be mis-
taken for rigid pili.

Another IncX plasmid, R485, illustrates the usefulness of
serological techniques for pilus identification. R485 determines
very thin pili only 5 nm thick ,12which are not typical X pili.
This, together with its ill-defined incompatibility relationship
with R6K, suggested that it might not be truly IncX. However, the
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Fig. 4. Aggregate of short thick flexible X pili from a 6 hour
plate culture of E. coli JE2571(R6K). Bar marker 100 nm.

temporary derepression growth method revealed that, in addition to
the thin pili, thick filaments which labeled with antiserum to X
pili were produced (not illustrated). A possible function of the
thin pili may be to provide the host organism with the ability to
adhere to surfaces, since strains carrying the plasmid adhere very
much better to electron microscope specimen support films than those
without it.

REIATIONSHIP OF PILUS MORPHOLOGY WITH OPTIMUM MATING ENVIRONMENT

The use of plate mating allows a direct comparison to be made
between the transfer efficiencies of a plasmid on a solid surface
and in a liquid. By this means, Bradley et al.? compared the trans-
fer frequencies on plates with those obtained in broth for repre-
sentative plasmids from most incompatibility groups. Table 1 aligns
the plasmids according to optimum mating environment as indicated by
the ratio plate mating frequency/broth mating frequency. A ratio
near 1 shows that transfer frequencies were similar in both environ-
ments, with higher ratios demonstrating correspondingly greater sur-
face mating efficiencies. It was expected that all plasmids deter-
mining thick flexible pili might transfer equally well in both
environments, but it can be seen that those in incompatibility groups
C, D, T, and X are considerably more efficient on a solid surface
than in a liquid. As was expected, all plasmids determining rigid
pili transferred very much more efficiently on plates, and in most
cases transfer frequencies were at derepressed levels. The broth
matings normally used to transfer these plasmids had erroneously
suggested that they were naturally repressed.

COMPARISON OF STATE OF PILUS SYNTHESIS (REPRESSED OR DEREPRESSED)
WITH PLASMID TRANSFERABILITY

It was possible to ascertain from the number of conjugative
pili found in the electron microscope whether or not they were deter-
mined constitutively (derepressed synthesis; see reference 8). This
could then be correlated with the transfer frequency obtained in the
plasmid's optimum mating environment. It might be thought that all
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Table 1. Classification of Plasmid Mating Systems Based on
Optimum Environment for Conjugal Transfer

Type of mating Pilus morphology Inc groupb Representative Transfer frequency

system plasmid ratio plate/brothC
Universal Thin flexible Ia R64 0.9
K PTM559 0.51
Thick flexible FII R100 0.73
H1 R27 5.5
J R391 0.9
v R753 0.35
com9 R71 1.55
Surface Thick flexible C RALl 45
preferred D R711b 180
T Rtsl 265
X R6K 250
Surface Rigid M R446b 16,150
obligatory N N3 10,200
P RP1 2,100
u RA3 7,900
W Sa 36,450

a"Universal", transfer equally good in a liquid or on a solid surface; "surface
preferred", transfer significantly better on a solid surface compared with in a
liquid; "surface obligatory", transfer fairly low in a liquid and very high
(derepressed) on a surface

bgingle representatives only are included for incompatibility group complexes I, F,
and H. IncU is tentative and unpublished (R. W. Hedges, personal communication).
CTransfer frequencies on plates divided by frequencies in broth.

plasmids determining conjugative pili constitutively would transfer
at derepressed frequencies (>10~1 transconjugants/donor/hour). How-
ever, representative plasmids from incompatibility groups D (R711b)
and T (Rtsl) determined pili constitutively but transferred at
repressed frequencies. In summary, the following naturally occur-
ring plasmids (as opposed to laboratory derepressed mutants) were
repressed for both pilus synthesis and transfer: R64 (IncIy), TP1l1l4
(IncIy), and pTM559 (IncK), each of which determined thin flexible
pili; RA1l (IncC), R100 (IncFII), R27 (IncH1l), R478 (IncH2), R391
(IncJd), R753 (IncV), TP228 (IncX), and R71 (com9), which determined
thick flexible pili. Plasmids which determined pili constitutively
and were derepressed for transfer were as follows: R6K (IncX),
which determined thick flexible pili; R831b (IncM), N3 (IncN), RP1
(IncP), RA3 (IncU), and Sa (IncW), which determined rigid pili.
Notably, R6K is a naturally derepressed IncX plasmid, but other IncX
plasmids appear to be repressed. Apart from the exceptions already
indicated, the IncM plasmid R446b was repressed for pilus synthesis
although it transferred at 1.4 X 10-1 transconjugants/donor /hour
Possibly, like R6K, R446b only determines M pili in large numbers
during the exponential phase of bacterial growth. It must be
emphasized that, while a plasmid is derepressed in one bacterial
species such as E. coli, it may well be repressed in another. Loss
of derepression Eight also occur on transfer between different
strains of the same species.



Escherichia coli K-12 AND Pseudomonas SPECIES 223

Figs. 5, 6. P-7 pili (rigid) determined by Rms148 derepressed in
host P. aeruginosa PAO1150.1. Bar 100nm.

DETERMINATION OF PILI BY SOME PIASMIDS OF PSEUDOMONAS SPECIES

Conjugative pili have been identified for Pseudomonas incom-
patibility group P-1 only with any degree of certainty. They are
rigid and thinner than average.l3 P-7, P-9, and P-10 pili can now
be added (D. E. Bradley, unpublished). Pili determined by Rms148
(IncP-7) are short, rigid, and synthesized constitutively by PAO
strains of Pseudomonas aeruginosa carrying the plasmid (Figs. 5, 6).
TOL (IncP-9) appears to determine two kinds of pilus at a repressed
level, one thick and rigid (Fig. 7), and the other thinner and
flexible (Fig. 8). However, the latter could be a metabolic prod-
uct. P-10 pili are determined by R91.5 (R91 derepressed), 14 and are
again rigid. They are determined constitutively (Fig. 9). Six of
the ten incompatibility groups of Pseudomonas speciesl4,15 remain to
be screened for pili, and all of them except IncP-1 for the surface
mating characteristics of their plasmids.

PLASMID-SPECIFIC BACTERIOPHAGES

Plasmid-specific bacteriophages such as fdl6 and R1717 are
useful for identifying plasmids. Also, if plaques are formed, con-
jugative pilus receptors are determined constitutively. The iso-
lation of five new phages by J. N. Coetzee and colleagues (see
F. A. Sirgel et al., J. Gen. Microbiol., in press, for phage C-1)
greatly extends their usefulness. From Table 2 (single examples
only are included for F-specific phages), it can be seen that phages
have now been found for the majority of incompatibility groups,
although the host ranges of many are overlapping. All the phages
tested adsorb to conjugative pili. They can be divided into two
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Fig. 7. Rigid TOL pilus from P. putida AC37(TOL). Bar marker for
Figs. 7-9, 100 nm.

Fig. 8. Thick flexibile filaments associated with TOL.

Fig. 9. Rigid P-10 pili determined by R91.5.

general classes: RNA phages adsorbing to the sides of pili, and the
tip-adsorbing filamentous and tailed types. The first are highly
specific, while the tip-adsorbing phages are relatively non-specific.

CONCLUSION

Studies of conjugative pili must clearly be extended. For
example, it is desirable to demonstrate unequivocally that all
types are required for mating. A new experimental approach to this
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Table 2. Plasmid-Specific Bacteriophages

Bacteriophage Type Inc specificit:y'a Adsorption site
designation (pilus type)
R17 RNA FI-FIV Thick flexible
fd Filamentous FI-FIV, D, F lac Thick flexible
If1l, If2, PR64FS Filamentous I complex, Thin flixil:ll;:
uA6P, F_lac® RNA F_lac Thick flexible
C-lcl RNA Cc Thick flexible
c-2¢ Filamentous [o] Not yet tested
tc RNA T Thick flexible
Xc Filamentous X, M, N, U, (W), R775 Thick flexible
(X only), rigid
IKe Filamentous N, (P), Rigid
PRD1, PR4 Lipid N, P, W Rigid
PRR1 RNA P Rigid
P£f3 Filamentous (P) Not yet tested
J¢ short-tailed C, D, J Not yet tested

aPlaques formed with most derepressed plasmids. Plasmids in parentheses
show multiplication with titer increase test only. Pseudomonas incom-
patibility groups not included.

brsolated by G. D. Armstrongl9, serologically related to phage Fplac.
CIsolated by J. N. Coetzee and colleagues (manuscripts in preparation) .
dpoes not plaque on Escherichia coli strains but forms hazy plaques on
Pseudomonas aeruginosa.

is to block receptor sites on recipient cells by introducing puri-
fied pili into mating mixtures. Preliminary experiments with N and
P pili have been successful using plate mating.l3 The functional
role of pili in conjugation is still not fully understood, although
the concept that they attach to recipient cells by their tips, and
bring about cell-to-cell contact by retraction, is fairly well
supported by experimental evidence.l® How this model would apply to
surface mating systems has not yet been considered. The chemical
and physical structures of rigid pili remain to be examined; one
would expect them to be different from flexible pili, of which only
those of F and Folac have been extensively studied.19,20
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THE PATHWAY OF PLASMID TRANSFORMATION IN PNEUMOCOCCUS

Walter R. Guild and Charles W. Saunders
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Duke University
Durham, North Carolina 27710

SUMMARY

Plasmids transform Streptococcus pneumoniae by a process
involving low efficiency assembly of replicons from fragments of
single strands that have entered the cell separately. Transformation
of preexisting replicons is much more efficient. We have cloned the
erm gene of pIP501 into pMV158, which so far as we know is the first
example of cloning in a pneumococcus host-vector system.

INTRODUCTION

Plasmids have not been found in drug resistant clinical isolates
of Streptococcus pneumoniae, which instead carry R determinants
inserted into their chromosomes (1, 2). However, a few laboratory
strains carry the 2 Md cryptic pDP1 (3), and several R plasmids have
been introduced into laboratory strains by conjugation (4, 5) or by
transformation (1, 4, 6). We have examined the transformation of
pneumococcus by the 3.5 Md tet plasmid pMV158, isolated from a group
B streptococcus (7). The results appear useful in thinking about
plasmid rearrangements and cloning strategies in streptococci. Here
we review work described in three recent papers (8-10) and report the
successful cloning of a gene in pneumococcus.

The normal entry pathway for donor DNA in naturally competent
pneumococcus, and apparently in S. sanguis and B. subtilis, involves
binding and nonspecific cutting of donor duplexes on the cell surface
followed by entry of one of the strands of the donor fragments and
degradation of the other (11-13). If this is also the major pathway
used for plasmid transformation in these gram positive species, it

227
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predicts that plasmid replicons have to be assembled inside the
recipient cell from fragments of the original donors, as has been
shown for transfection by phage DNA in pneumococcus (14).

RESULTS

We first established that transformation by pMV158 appears to
share binding and entry steps with chromosomal transformation, in
that both required the competent state of the cell surface and a
membrane endonuclease needed for the single strand entry pathway,
and that both were inhibited to comparable extents by competitor
DNA (although a larger plasmid was less inhibited) (8).

We then examined which forms of plasmid DNA were active and
characterized their relative contributions to the total transformants
observed. In doing so, we paid close attention to the results from
B. subtilis, where multimeric forms of very high specific activity
were shown to contaminate other fractions and could give misleading
results (15, 16). The problem was to know whether activity comigrat-
ing with a physically detectable DNA form was due to that form or to
another of high specific activity. In particular, in the size range
of pMV158, monomer open circles (OC) migrate in 0.5% - 1.0% agarose
gels very close to closed circular (CC) dimers (9), and in sucrose
gradients dimer OC cosediments with monomer CC (9, 10, 17). A single
separation by either method was not sufficient to allow conclusions
as to which form contributed the activity, particularly since it was
quickly evident that much of the activity was due to dimers or higher
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Fig. 1. Plasmid transforming activity in dye-buoyancy gradients
before (A) and after (B) digestion of a cleared lysate with
S1 nuclease. Filled symbols, pMV158; open, chromosomal
reference marker. Twice as much DNA was put into B as into
A (from ref. 10).



PLASMID TRANSFORMATION IN PNEUMOCOCCUS 229

multimers which were often undetectable by fluorescence of gels
stained with ethidium bromide (EtBr). Later work showed that at most

% of pMV158 DNA was in dimeric forms and that often only a fraction
of this was CC. We therefore used combinations of methods to sepa-
rate and identify which plasmid form contributed a given transforming
activity, and then characterized these further with respect to
kinetics and relative activities.

Transformants arose from DNA in both the CC and non-CC regions
of EtBr-CsCl gradients, with the fraction in each region varying from
preparation to preparation (1, 8). On deliberately cutting a cleared
lysate by treatment with S1 nuclease, over 99% of the activity
disappeared from the CC region, and that in the non-CC region,
representing almost all the surviving activity, increased slightly
(Fig. 1). Therefore, non-CC forms clearly could transform but had
much lower activity per molecule than the CC forms (10).

The critical results came from analysis of the behavior of
transforming activity in fractions separated by preparative gel
electrophoresis, using automated collection of fractions from a large
agarose slab gel, the "Gene Machine' described by Polsky et al. (18).
Well resolved peaks of activity were found and the activities in a
number of them were examined by various combinations of sedimentation
velocity, dye-buoyancy, analytical gel electrophoresis, kinetic
response, and sensitivity to S1 nuclease. The profile of a prepara-
tion in which almost all activity was in CC forms is shown in Fig. 2.
Analytical gels showed that CC monomer coeluted with peak A and that
OC monomer was the only plasmid form visible in peak B. However,

98% of the activity in peak B banded as CC in an EtBr-CsCl gradient,

Fig. 2. Preparative electrophoretic fractionation of pMV158
transforming activity (from ref. 9).



230 W. R. GUILD AND C. W. SAUNDERS

and most of it had the sedimentation velocity expected for dimer CC;
that in peak A was 100% CC in EtBr-CsCl and had the velocity of
monomer CC. On examining kinetics, transformation varied with the
square of DNA concentration in peak A; the material in peak B gave
linear concentration response (9).

Fig. 3 shows the electrophoretic profile of activity in the
preparation of Fig. 1 that had been digested with S1 nuclease be-
fore running (10). Essentially all the activity banded as non-CC
in dye-buoyancy gradients. Beneath the R_. scale are shown the
positions expected for various forms from analytical gels run under
similar conditions and, for monomer forms, observed directly in
analytical gels of single fractions from this or similar runs (that
in Fig. 2 used different conditions and was not directly comparable
for Rf) .

Fig. 4 shows the sedimentation velocity distributions in the
initial cleared lysate before (A) and after (B) S1 treatment and of
fractions 51, 68, and 152 from the run of Fig. 3. There was too
little activity in fraction 41 to confirm that it was due to monomer
linear DNA, but the strong presumption is that it was. The combined
results of these runs provided strong evidence that CC, OC, and
linear forms of both monomers and dimers were active, but that the
non-CC forms were much less active than the CC forms per molecule.

A small fraction of the total activity may have come from trimers or
higher multimers sedimenting rapidly (Fig. 4A, 4B) and eluting near
fractions 80-95 in Fig. 3.
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Fig. 3. Preparative electrophoresis of the S1 treated lysate in
Fig. 1B (from ref. 10).
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Fig. 5. DNA concentration dependence of transformation for pMV158
( @ ) and chromosomal marker (o). A, monomer OC (fr. 51);
B, dimer linear (fr. 68); C, dimer OC (fr. 152) (ref. 10).

As did CC forms, the monomer OC gave second order kinetics
while the dimer forms showed linear responses (Fig. 5). When a
cleared lysate was used as donor, the response curve was the sum
of a linear component seen at low concentrations and a multi-hit
component at higher concentrations (Fig. 6). That is, the fraction
of the transformants arising from monomers increased from undetect-
able at low concentration in the transformation tube to a majority
at higher concentrations.
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Fig. 6. Dose-response curve for a cleared lysate containing pMV158
( ) and a chromosomal marker (m). It was coincidence
that the numbers were the same at high dilution. The dashed
line indicates a slope of 2.0 (from ref. 8).
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Unique linear products of digestion with either of two
restriction enzymes that cut at single sites showed essentially no
transforming activity ( < 0.1% of that of CC forms). However, a
mixture of the two separate dlgests transformed at a level comparable
to that of the mixture of linear monomers produced by S1 nuclease,
near 1% of that of an equal weight of CC monomer. In another
experiment, monomer CC, dimer CC, and dimer OC forms were first
separated electrophoretically and then digested with S1. Surviving
activities were 2.6, 2.8, and 72% respectively (10).

MODEL

Fig. 7 summarizes our interpretation of the pathway of plasmid
transformation in pneumococcus. We believe that it will prove to be
similar in S. sanguis and probably in B. subtilis, although it
remains to be established why monomer plasmids are not active in the
latter system (15, 16). Quantitative estimates of absolute effi-
ciency imply that less than 1% of the cells that receive the minimum
number of strand fragments are in fact transformed. We have sug-
gested that this reflects intracellular degradation of the first
strand while it awaits the entry of the second, and that this process
may be more extensive in B. subtilis than in pneumococcus (10).

In S. sanguis, Macrina et al. have shown that multimeric forms
of pVA736 contrlbute the majority of the transforming activity and
that the monomer CC band cut from gels is active with second order
kinetics (19). In contrast, data forcing one to invoke cooperation
between donor strands is lacking in B. subtilis. However, based on
the similarities of the chromosomal transformation pathways in these

DONORS INTRACELLULAR INTERMEDIATES

TWO MONOMERS:
cc,0C, OR B co

MIXED LINEARS } Q — 0 A

CDA,
UNIQUE LINEARS } @
B'c’ D
ONE DIMER: ABCDA
—_— e —
" €C,0C OR LINEAR }

Fig. 7. Intracellular assembly of plasmid replicons from single
strand fragments in pneumococcus. See text (from ref. 10).
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gram positive species, Dubnau et al. (24) have suggested a model
similar to ours for the processing of multimeric plasmid DNA in
B. subtilis.

A recent report on transformation of pneumococcus by other
plasmids reached some conclusions similar to ours (6). These authors
concluded from a single separation by gel electrophoresis that OC
monomer was active, whereas we found that activity comigrating with
monomer OC was almost entirely due to dimer CC, unless we had first
digested the preparation with S1. They found cooperation between
restriction digests, as did we. Although our results differ in some
quantitative respects, such as relative activities of the various
forms, the major qualitative difference is in the kinetics for mono-
mer donors, where they did not recognize the second order response.

IMPLICATIONS

Assembly of replicons from fragments of single strands repre-
sents physical recombination, and the low efficiency suggests that
the rare successes result from minimal pairings just sufficient to
generate a circle carrying intact replication functions. In this
situation sequence rearrangements may be expected to occur wherever
partial homologies allow them, and those generating smaller replicons
should have a selective advantage. We have observed an extensive
deletion during transformation of the 20 Mdal pIP501 (4), and Behnke
et al. have seen several examples of deletion during transformation
of S. sanguis by a derivative of pSM19035 (20).

CLONING IN PNEUMOCOCCUS

The fragmentation on entry and the resulting low overall effi-
ciency of establishing new replicons in the recipient implies that
recovering plasmids created by in vitro recombination will be more
difficult than if the donor molecule remained intact. However, the
efficiency of adding new information to a partially homologous repli-
con already present is much higher, as in chromosomal transformation
and in marker rescue in phage transformation (21). Dubnau's labora-
tory has explicitly demonstrated this for plasmid transformation in
B. subtilis (22, 23). Using this approach, we have cloned the erm
(MLST) gene from a derivative of pIP501 into pMV158. Digests of pDP4
treated with Hind III and S1 and of pMV158 treated with S1 were
treated with T4 ligase and used to transform a recipient carrying
pMV158. MLST transformants were recovered and lysates of several of
these transformed the same recipients again at high efficiencies
while transforming plasmid-free cells at much lower efficiencies.

The transformants carry plasmids of varying sizes and some of these
carry both tet and erm, making them potentially useful for further
cloning. So far as we are aware, this is the first successful
cloning in a pneumococcus host vector system.
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PLASMIDS OF THE GONOCOCCUS

P. Frederick Sparling, Gour Biswas, James Graves, and
Eleanore Blackman

Departments of Medicine and Bacteriology
University of North Carolina School of Medicine
Chapel Hill, N. C. 27514

There are at least four naturally-occurring plasmids in the
gonococcus (Table 1). This paper will review the structure,
origins and functions of these plasmids, insofar as known or can
be reasonably inferred. Certain hybrid plasmids which have been
of particular interest in delineating early steps in entry of DNA
into competent gonococci are also discussed.

Table 1. Plasmids of Neisseria gonorrhoeae

Plasmid Mol%

Size Designation G+C Function Ref.
2.7 pFAl, pLE2600 50 np? 1-4
3.4 pFA7, pMR0200 41 Pcz 4,5
4.7, pFA3, pMR0O360 41 Pc_ 4,5
7.5 pFA10 ND Pc 5
24.5 pFA2, pLE2450 50 Tra® 4,6,7
28.0°¢ pFAl4 ND Pc’, Tra~ 5

3Not determined.

Recombinant plasmid pFA3 @ pFAl, resulting from entry of
pFA3 by transformation into a pFAl-containing recipient.
Recombinant plasmid pFA3 @ pFA2, resulting from entry of
pFA3 by transformation into a pFA2-containing recipient.

237
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CRYPTIC PLASMIDS

Most gonocogcglaigolates contain an approximately 2.7 Mdal
cryptic plasmid.” ™’ "’ The structure of this plasmid is highly
conserved, although small deletions or differsniss in restric-
tion-endonuclease sites have been documented.”’ The func-
tion(s) of this plasmid have been elusive. There is no evidence
that the 2.7 Mdal plasmid (or any other gonococcal plasmid) is
involved in control of piliation, iron utilization, or resistance
to serum. We have recently observed that strains lacking the 2.7
Mdal plasmid are apparently aberrant in several respects, includ-
ing their propensity to be highly opaque in their colonial mor-
phology. We have attempted to introduce the native 2.7 Mdal
plasmid into plasmidless strains by transformation or conjuga-
tion, selecting for entry of a 4.7 Mdal Pc’ plasmid and scoring
on agarose gels for coincident entry of the 2.7 Mdal plasmid.
None of over 100 Pc' transformants or transconjugants also
acquired the 2.7 Mdal cryptic plasmid. Attempts to cure strains
of their cryptic plasmid have also been unsuccessful. Failure to
construct isogenic derivatives varying in presence of the 2.7
Mdal plasmid has prevented serious study of its function(s).

PENICILLINASE PLASMIDS

In 1976, strains of gonococci were isolated in the United
Kingdom, U.S.A., d in South East Asia which produced a TEM-1

type B-lactamase. The bla gene (penicilligaf? production) was
carried on either a 3.4 or 4.7 Mdal plasmid.”’ (Earlier papers

considered the sizes of these plasmids as 3.2 and 4.4 Mdal, but
these estimates were probably slightly too low.) Isolates of pc’
gonococci in the U.S.A. and Asia generally contained the 4.7 Mdal
plasmid, whereas Africgn and European isolates usually contained
the 3.4 Mdal plasmid. Strains of Pc  gonococci from Asia and
the U.S.A. also often contained a 24 Mdal conjugative plasmid,
and were either prototrophic or proline-requiring; European-
African isolates were frequently argininfirequiring, and rarely
contained a 24 Mdal conjugative plasmid. These observations
suggested nearly simultaneous origin of two related but epidemio-
logically distinct clones of pc’ gonococci in.different geo-
graphic areas.

Roberts, Elwell, and Falkow showed by DNA-DNA hybridization
r .

that gonococcal Pc plasmids were closely related to each other
and to previously characterized Ap plasmids of about 4 Mdal iso-
lated in Haemophilus influenzae. The 4.7 and 3.4 Mdal gono-
coccal Pcr'plasmids have a base content of about 41 mol.% G+C,
which is similar to Haemophilus DNA but unlike the approximately
50% Toi.% G+C in other gonococcal plasmids and chromosgmal
DNA.”’ ’" These data suggested that the gonococcal Pc plasmids
could have been transferred into gonococci from Haemophilus.
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This speculation was strengthened by demonstration of a 4.7 Mdal
Haemophilus pct plasmid with HpaII, Alul and BamHI restriction-
endonuclease fragment structure identical with the 4.7 Mdal gono-
coccal Pc’ plasmid. This strain of Haemophilus, which was iso-
lated in 1974 (before_the advent of Pc gonococci), could conju-
ga%ly transfer its Pc plasmid into gonococci. The Haemophilus
Pc® plasmid was very unstable in a gngcoccal host, even in the
presence of penicillin or ampicillini It is also possible, of
course, that the similar 4.7 Mdal Pc” plasmids observed in gono-
cocci and Haemophilus were transferred into each from another
unknown source.

Introduction of the gonococcal 4.7 Mdal pc’ plasmid into an
isogenic Pc~ gonococcal recipient by transformation frequently
resulted in formation of deleted plasmids, varying in size from
2.3 Mdal to 3.4 Mdal. The most common class of transformation-
induced deleted Pc" plasmid was 3.4 Mdal, which was identical in
restriction-endonuclease fragment structure to the naturally-
occurring 3.4 Mdal plasmids. Deletions were observed with both
4.7 Mdal Pc® plasmid transforming DNA prepared from cesium
chloride-ethidium bromide density gradients, and with more highly
purified preparations from subsequent sucrose gradients. Similar
deletions were not observed during serial passage of strains
carrying the 4.7 Mdal P’ plasmid in vitro, nor after transfer of
the same plasmid into gonococci by conjugation or into E. coli by
transformation. Thus, it was proposed that entry of plasmids by
transformation may produce linear fragments, and that recircular-
ization may have resulted in_formation of the 3.4 Mdal P’
plasmid from the 4.7 Mdal pc’ plasmid. This event is perhaps
more plausible if one considers the uniform competence f? trans—
formation of virtually all naturally-isolated gonococci, and
the propensity of gonococci to autolyze and thereby release trans-
forming DNA.

The gonococcal Pc’ plasmids, like the small Haemophilus P’
plasmids, contain about 40% of the ampicillin-resistance trans-—
poson Tn%liTgluding one of the two terminal inverted
repeats. ’ This almost certainly means that the gonococcal
bla gene cannot undergo transposition into new sites. Hybrid bla
plasmids have been observed after transformation into certain
recipients, but these are probably the result of classical recom-
binational events and not transposition (see below).

For several years the prevalence of pc’ gonococci in the

U.S.A. and Europe remained low, although in_c Etain areas of the
L/ . r

Far East up to 50% of all gonococci were Pc™. Very recently,
there have been several outbreaks of Pc  gonococcal infections in
the U.S.A. and Europe, which may portend greater problems in the
future. The prevalence of pc’ gonococci in the U.S.A. is appar-
ently still less than 1.0% of all isolates, however, and thus
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currently recommended regimens for treatment in the U.S.A. have
not included routine use of drugs such as sgectinomycin or cefoxi-
tin, wTéc¥7are known to be effective for Pc gonococcal infec-
tions.” ’

CONJUGATIVE PLASMIDS

Shortly after the discovery in 1976 of pc” gonococci, it was
shown that many gonococci could conjugally transfer their Pc
plasmid to other §gnococci, E. coli, or certain other Neisseria
such as N. flava. The ability to act as a conjugal donor
depended on presence of an approximately 24 Mdal plasmid, which
carried no detectable markers for drug, heavy metal, or ultra-
violet resistance, but efficient%y mobilized itself and also the
smaller non-self-transferable Pc  plasmids into suitable recipi-
ents. Transfer was mediated by an Anderson Class II system.
Nearly 50% of pc’ gonococ a isolated in the Far East carried a 24
Mdal conjugative plasmid, whereas only, 12 of 156 (8%) tested
Pc” gonococci carried a similar plasmid. This suggested that
Pc” plasmids may be conjugally transferred between gonococci in
nature.

The structure of a limited number of the 24 Mdal conjugative
plasmids has been studied. All had simjlar (but not identical)
restriction digest fragment structures. There were remarkable
differences in function, however, when different 24 Mdal plasmids
were introduced into a strain carrying the non-self-transferable
4.% Mdal Pc" plasmid pFA3. Some 24 Mdal plaspids mobilized the
Pc™ plasmid with a frequency of about 1 x 10 per donor cell,
whereas others did not mobilize it at detectable frequency. In
other strains, the same 24 Mdal plasmids were all capable of mobi-
lizing the 4.7 Mdal pc’ plasmid. Certain deletions of the 4.7
Mdal Pc’ plasmid completely prevented mobilization by the 24 Mdal
conjugative plasmid. Thus, efficiency of conjugation was depen-
dent on both plasmid and host strain factors, many of which have
not been well characterized.

Recent evidence showed that the gonococcal conjugal system
was naturally derepressed, with frequencies of Pc” plasmid trans-
fer up tp,10% per donor CFU in a 90 minute mating on membrane
filters. Efficiencies of transfer were often reduced, some-
times by orders of magnitude, in crosses between unrelated gono-
coccal strains, or between unrelated species (E. flava, E. coli).
Maximum frequencies of pc’ plasmid transfer were only detected
when low concentrations of penicillin (about 8-fold greater than
the MIC of the recipient strain) were used to select the transcon-
jugants; this was necessary because of the low single-cell resis-
tance of gonococci carrying a Pc’ plasmid. Despite evidence
that gonococcal conjugation is derepressed, no sex pili have been
observed yet.
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The interaction between conjugal donor and recipient cells is
poorly understood. Addition of purified lipopolysaccharide iso-
lated from the donor did not reduce frequencies of conjugal trans-
fer of a 4.7 Mdal Pc” plasmid (unpublished data). Outer membrane
protein structure did influence conjugation, however. Gonococci
are known to undergo relatively high-frequency bidirectional vari-
ation in expression of a series of closely related, at-modifi-
able, outer membrane proteins of about 2800 daltons; cells con-
taining these proteins are termed opaque, whereas those without
these proteins are transparent. In a series of experiments with
isogenic donors and recipients varying in presence of the
"opacity proteins', conjugation efficiencies were at least 10-
fold higher in transparent x transparent than opaque x opaque
crosses. One might have expected the reverse result, since
opaque gonococci are much more likely to clump and therefore each
opaque CFU contains many more cells. Perhaps the heat-modifiable
outer membrane opacity proteins reduce efficiency of mating pair
formation. The 24 Mdal plasmid has no effect on outer membrane
proteins,land no surface exclusion in conjugation has been
observed.

Many laboratories have attempted to demonstrate conjugal
transfer of chromosomal genes. 1Initial results were promising,
since recombinants for a variety of chromosomal markers were ob-
served in prolonged filter maﬁangs, apparently due to a DNase-
resistant transfer mechanism. At least three laboratories have
since shown, however, that the apparent initial successes were
probably due to transformation which occurred despite initial
addition of DNase. No differences in transfer frequencies were
observed in isogenic donors Yaiﬁ? garied only in presgnce of the
24 Mdal conjugative plasmid.” "’77° Norlander et al™" reported
that 24 Mdal plasmids enhanced the transformation-competence of
recipient cells, but we were unable to confirm their claim (unpub-
lished data).

HYBRID Pc® PLASMIDS

When the 4.7 Mdal Pc’ plasmid pFA3 was introduced by trans-
formation into a recipient which contained the 2.7 Mdal cryptic
plasmid pFAl and the 24 Mdal conéugative plasmid pFA2, rare
hybrid P’ plasmids were formed. One of these, designated
pFA10, was about 7.5 Mdal in mass, and has been shown to be a
nearly complete cointegrate between pFAl and pFA3 (unpublished
data). Another, designated pFAl4, was about 28 Mdal and has been
shown to be a recombinant of pFA3 into the conjugative plasmid
pFA2 (unpublished data). The insertion into pFA2 rendered it con-
jugation deficient (Tra ). We have studied these hybrid plasmids
in some detail, because of their markedly enhanced activity in
transformation (Table 2).
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Table 2. Transformation Frequencies With Native and Hybrid pc’
Plasmids Into An Isogenic Pc” Recipient

Mass Pc’ Trangformants Per ug DNA
Plasmid (Mdal) per 10 Recipient Cells
pFA3 4.7 10
pFAlO 7.5 60,000
pFA14 28.0 140,000

2The recipient contained pFAl and pFA2.
pFAlO is a pFA3Q pFAl hybrid.
pFA14 is a pFA3Q pFA2 hybrid.

We recently have completed experiments which provide a
rational basis for the markedly increased transformation effi-
ciency of the hybrid pc’ plasmids pFA10 and pFAl4. Two mechanisms
are involved: marker rescue, and sequence specific uptake of
transforming DNA.

The ev1dence for marker rescue is straightforward. When the
hybrid Pc’ plasmid pFA14 (pFA2 @ pFA3) was introduced by transfor-
mation into competent isogenic recipients which lacked any
plasmid, or which contained only the unrelated plasmid pFAl, P’
transformants were rare (< 10 ' per ug plasmid DNA). When Pc
plasmids were reisolated from the transformants, they were always
much smaller than the orlglnal 28 Mdal donor plasmid. 1In con-
trast, when the pFA2 pFA3 Pc’ hybrid (pFAl14) was introduced into
the same isogenic recipient, excepting that it now contained the
homologous plasmid pFA2, Pc  transformants were obtained at 1000-
fold increased frequency, and each of the tested transformant Pc
plasmids was of the same size (28 Mdal) and restriction-digest
fragment structure as the donor plasmid pFA14 (Table 3). We hy-
pothesized that there probably were endonucleases which linearized
the incoming P’ plasmid, resulting in rare recircularized Pc
transformant plasmids of reduced size; however, when the recipient
contalned a resident replicon homologous with much of the incoming
P’ plasmid, the linearized P’ plasmid was '"rescued'", possibly by
recombination with the resident plasmid. The putative endonu-
cleases were presumably not restriction endonucleases, since the
experiments were done entirely with DNA isolated from the single
strain used as recipient. (These experiments will be presented in
detail elsewhere.)
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Table 3. Marker Rescue During Transgormation of the Gonococcus
With the Hybrid 28 Mdal Pc Plasmid pFAl4 (pFA3 Q pFA2)

Pc’ Transformants Deleted Plasmids
Recipient Plasmid per ug DNA per 10 in Transformants/
Content? Recipient Cells Total Tested
b
PFAl 18 13/13
pFAl, pFA2 20,000 0/14

8The donor Pc' plasmid is a stable recombinant between the pc’
plasmid pFA3 and the native gonococcal conjugative plasmid pFA2.
The donor DNA was isolated from the strain used in subsequent
transformations; the pc® recipients were identical excepting for
thg addition to one of them (by conjugal transfer) of pFA2.

Pc” plasmids were isolated from individual transformants and were
compared on horizontal agarose gels to the size of the donor
plasmid pFAl4.

b

There is a second reason for increased transformation effi-
ciency of the hybrid Pc’ plasmids: acquisition of resident gono-
coccal DNA containing sequence(s) required for efficient uptake by
competent cells. It was shown earlier that non-homologous DNA did
not ¢ §pete effectively against gonococcal DNA during transforma-
tion. We have confirmed and extended this evidence for spec-
ificity of gonococcal DNA uptake, using the pc’ hybrid plasmid
pFA10. The hybrid Pc’ pFA10 (pFA3 @ pFAl) has been shown to be
10 to 30-fold more active in transformation of a plasmid-free
recipient strain than the naturally-occurring Pc” plasmid pFA3.
Since there was no detectable plasmid DNA in the recipient,
marker rescue of the hybrid plasmid by a homologous resident
replicon seemed unlikely. (pFA10 is relatively more active in
transformation of recipients containing a 2.7 Mdal cryptic
plasmid, presumably because of homology with the pFAl portion of
pFA10 - "marker rescue'.) Since the experiments were done in a
completely isogenic background, differences due to restriction
modification also seemed implausible. There was no evidence for
increased formation of multimeric forms of the hybrid pFA1l0;
rather, monomeric DNA isolated on sucrose gradients seemed to
account for the great majority of transforming activity. Thus,
we reasoned that the hybrid pFA10 probably had sequences required
for uptake which were not present on the parent plasmid pFA3, and
that these sequences were probably on the pFAl (2.7 Mdal cryptic
plasmid) component of pFA10.
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The structure of pFA10 is known in considerable detail. It
has seven major Mspl fragments, or which one (M2, 3000 bp) is com-
posed entirely of DNA from the native gonococcal 2.7 Mdal plasmid
pFAl. Two other Mspl fragments contain smaller amounts of pFAl
DNA, plus a majority of DNA from the original Pt plasmid pFA3.
All other Mspl fragments contain DNA entirely derivg? from pFA3.
Competent gonococcal cells were briefly exposed to P-end-
labeled Mspl fragments of pFA10, followed by digestion with DNase-
1 to remove all fragments not taken up. The cells were then care-
fully washed. DNA extracted from the washed cells was separated
on agarose gels, and autoradiography repeatedly demonstrated that
the only fragment taken up was the 3000 bp M-2 fragment derived
entirely from the native 2.7 _Mdal cryptic plasmid pFAl. Thus

gonococci, like Haemophilus, recognize specific sequences
during DNA uptake. The gonococcal sequences appear to be differ-
ent from the 11 bp Haemophilus uptake sequence, since Haemophi-

lus DNA did not compete with gonococcal DNA during transforma-
tion. (These experiments will be presented in detail elsewhere.)

CONCLUSIONS

The hybrid P’ gonococcal plasmids have proven highly useful
in better understanding early events in gonococcal transformation.
Much remains to be learned however. What is the precise mechanism
for marker rescue? What is the nature of the gonococcal DNA
sequence required for uptake? What is the receptor for uptake?
Why is this receptor apparently inactive in non-piliated non-
competent gonococci? Can the hybrid pFA10, which contains nearly
all of the ubiquitous 2.7 Mdal cryptic plasmid, be used to iden-
tify the functions of the cryptic plasmid? Can future hybrid
plasmids be constructed which will effectively mobilize the
chromosome in conjugation? Can these or similar plasmids be used
as cloning vehicles, so as to understand the basis for many other
unresolved problems concerning the biology and pathogenicity of
the gonococcus? We believe the answer to many of these questions
is affirmative.
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GENETIC ORGANIZATION AND EXPRESSION

OF NON-CONJUGATIVE PLASMIDS

H. John J. Nijkamp and Eduard Veltkamp
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De Boelelaan 1087
Amsterdam, The Netherlands

INTRODUCTION

Non-conjugative plasmids are plasmids that are not able to
transfer themselves to other cells without the help of a conjuga-
tive system provided by the large, so-called conjugative plasmids.
Non-conjugative plasmids are small plasmids. Their M.W. generally
does not exceed 10 Megadaltons. Furthermore, they are multicopy
plasmids; that means that they are usually present to the extend
of 10-20 copies per chromoscme. As all other small DNA molecules,
the non-conjugative plasmids are very attractive for basic re-
search. Over the past ten years studies on plasmids were focused
on basic questions dealing with gene-function, gene-organisation,
gene-expression, mechanism and control of replication, and plasmid

mobilisation. And, ever since it became apparent that plasmids’
are a very useful tool in genetic engineering also a lot of work
has been done on the construction of appropriate vector molecules.

The availability of mutants is of discisive importance in the
study on the genetic organisation and gene functions of plasmids.
Over the past five years new~ approaches became available for the
construction and isolation of plasmids mutants and for the study
of their behaviour. Construction and isolation of plasmid mutants
can, in addition to classical methods, be achieved by insertion
of transposable elements into plasmid DNA and plasmid deletions/
hybrids can be constructed in vitro by using appropriate restric-
tion nucleases. Besides these methods of "site-directed" muta-
genesis, new DNA sequencing procedures as well as techniques to
study gene expression in vivo (minicells and maxicells) and in
vitro (cell-free systems) have become available that allows
detailed characterisation of plasmid mutants.
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This brief review on the genetic organisation and expression
of non-conjugative plasmids, will be focussed mainly on the small
bacteriocinogenic E. coli plasmids CloDF13 (originally from
E. cloacae DF13) and ColEl, because these plasmids have been
studied quite well.

GENETIC MAP OF BACTERIOCINOGENIC PLASMIDS

Glancing at a genetic map of a non-conjugative plasmid, e.g.
of CloDF13 (Fig. 1), one can observe, to a certain extend, a
clustering of those sites and genes that are functionally related.
In the region involved in replication the origin of replication
as well as the genetic information essential for the control of
replication is located. The adjacent region is involved in
bacteriocinogenicity; three genes are located in this region.
Another cluster is located at the lefthand side of the map. This
region is responsible for the mobilisation of the plasmid, a
mobilisation that is regular for the transfer of the non-
conjugative plasmid to other cells. In addition to these genes,
regions have been located that are involved in the maintenance of
the plasmid, the inhibition of the propagation of RNA phages and
the transfer of certain other plasmids and the inhibition of the
multiplication of DNA phages.

The ColEl and CloDF13 proteins that have been identified
both, in vivo (using E. coli minicells) and in vitro are listed
in Table 1. CloDF13 encodes at least for 10 polypeptides; the sum
of their M.W. comprises about 70% of the coding capacity of
CloDF13. In case of ColEl about 13 plasmid encoded polypeptides
have been identified. The sum of their M.W, amounts to about
400 KD., which is significantly more than the coding capacity of
ColEl. Some of these polypeptides may be breakdown products of
other proteins. The functions or presumptive functions of these
proteins are also listed in Table 1.

Fig. 2 shows the RNA species produced by CloDF13 in CloDF13
containing minicells. About 15 of these RNA bands are CloDF13
specific: four of them (indicated in Fig.2) have been mapped
precisely.

FUNCTIONS SPECIFIED BY CloDF13 AND ColEl

In this section the different plasmid regions as well as
their functions will be discussed in more detail. In Fig. 3, the
region to the left of gene H is the region involved in replication.
Although a description of the mechanisme of vegetative plasmid
replication is out of the focus of this paper, it is relevant to
mention that these small plasmids are fully dependent for their
replication on enzymes specified by the host. The CloDF13 repli-
cation starts at the origin (2,8%) and proceeds uniderectional.
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The sequences upstream the replication origin are required for
autonomous replication and may reflect a regulatory role in the
initiation of plasmid replication.

What are the mean features of this region? (1) RNA primer for
the initiation of DNA replication is synthesized starting from
promoter P3. Actually this RNA molecule is a pre-primer, because
it is processed into a primer by RNAase H as was shown by Itoh
and Tomizawa for ColEl’. They showed that. the pre-primer of ColEl
is 555 nucleotides long. In case of CloDF1l3 the length of this
pre-primer is 580 nucleotidesas was determined by Stuitje et al.?
(2) Codon analysis3 has shown that the pre-primer might code for
a basic, arginin-rich protein of about 45 amino acids, both for
ColEl and CloDF1l3, since an open reading frame is present. How-
ever, such a protein has not yet been identified. (3) A small RNA
molecule of about 100 nucleotides (RNA-100) is synthesized from
the opposite strand of CloDF13*. This RNA molecule is therefore
complementary to the 5' end of the preprimer RNA. A similar situ-
ation exists in case of ColE1°®/7+%, Interestingly, the trans-
cription of the pre-primer is initiated at a position where the
RNA-100 is terminated. The crucial question is whether this region
has a function in the control of vegetative plasmid replication.
In order to tackle that problem, replication control mutants have
been isolated in a number of different ways. A few mutants in
replication control, so called copy mutants because of an increas-
ed copy number, have been studied in detail.

Figure 2.

SDS-urea pol§acrylamide gel electro-
phoresis of -H-labeled RNA synthesized
in minicells harboring the CloDF13
cop3 plasmid (track a) og in plasmid-
less minicells (track b)~.
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TABLE 1

PROTEINS ENCODED BY COL El1 AND CLO DF 13

Col E1 Clo DF13
mw X 10—3 Function mw X 10—3 Function
62 mobility> 64 cloacin DF 13
58 colicin Elg- 62 mobility, RNA phage int.g
44 unknown 21 unknown
41 unknown 18 unknown
36 unknown 17 RNA phage int.9
33 unknown 12.5 unknown
30 unknown 11 DNA phage int.,
stability? —
27 unknown 10 unknown
17 mobility> 8.5  immunity>'S
15 mobilityi 6.5 transport of cloacin
14 immunitys
10 mobility>
6.5 unknown

|

|o

[Ke]

|

e

The presumptive function of these proteins is based on the fact
that the molecular weights of these proteins correspond to
those isolated from relaxable DNA31.

Identification of colicin El1 protein is based on identical
molecular weights of labeled and purified colicin protein37’38’39
immunological crossreactivity40, and the effect on polypeptide
synthesis of mutations affecting colicin activity '3

Possible breakdown products of colicin R1l, based on their
reaction with colicin El antiserum, are omitted from this table.

Identification of this protein is based on effects on polypep-
tide synthesis of mutations affecting immunity activity~”~.

The identification of these proteins is based on the effects

on protein synthesis of mutations affecting the activities
described41,27,35,25,26,

The aminoacid sequence of purified immunity protein has been de-
termined as well as the DNA base sequence of the immunity gene18.

This table is taken from Veltkamp and Stuitje32,
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Figure 3. Transcriptional maps of the CloDF13 and ColEl DNA
regions containing the origin of replication (ORI) as well
as the genes coding for the bacteriocin and immunity (IMM)
proteins. @—: direction of transcription. The estimated
length of the RNA molecules is given in nucleotides.

il : CloDF13 and ColEl homologous sequences that

might code for protein. Pl indicates the cloacin promotor;

Tl and T2: termination site 1 and 2.
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For instance two non-conditional CloDF13 copy mutants have been
mapped by base sequence analysis“. Both mutations cop2, cop3 are
located within the region encoding for the RNA-100 suggesting
that this RNA molecule modulates the rate of initiation of DNA
synthesis in a negative way. However, the situation is complex,
because these mutations do alter, at the same time, also the
pre-primer RNA. In our laboratory we have also located a
conditional copy control mutation ggg}—Tsz, a mutation that causes
both, an increase in plasmid copy number and cell death at increas-
ed temperature. This ts mutation has been located in the termin-
ator, T2, of the bacteriocin operonz. Also, a Col El copy muta-
tion has been located by Polisky et al.lo0.

Fig. 4A shows the 100 n.RNA molecules of CloDF13 and ColEl.
They can be folded in a similar way, although the sequences differ
to about 30%2, Apparently the secondary structure is very important
for the functionning of this RNAY9, The sequence of the first loop
at the 5' end (GCUCUC) of the RNA-100 of CloDF13 is identical
to that of ColEl. The sequence of the second and the third loop
of CloDF13 (UCCCCA) are identical. These loops sequences are also
identical in ColEl (GUUGGUAGC). However, the latter sequences
of CloDF13 differ from those of ColEl. An interesting question is
whether these differences might be the reason for the fact that
CloDF13 and ColEl are compatible.

As indicated earlier, the Eggl—Ts mutation (G-»A transition)
is located in the terminator region (T2) of the bacteriocin operon.
This terminator region overlaps with the promotor sequence for the
synthesis of the pre-primer RNA (Fig. 4B). Therefore, the effect
of the copl-Ts mutation, a temperature inducible plasmid copy
number, could be the result of read through of transcription.

We postulate that the formation of the pre-primer RNA is regulated
in different ways: (1) The synthesis of the pre-primer RNA is
negatively controlled by the RNA-100, e.g. by the formation of
a RNA-RNA or RNA-DNA hybrid, (2) The synthesis of the pre-primer
RNA may be also controlled by transcriptional activities of the
bacteriocin operon since promotor P3 overlaps the terminator T2
of the bacteriocin operon (Fig.3) the leftward transcription of
this operon might influence the rate of pre-primer synthesis,

(3) Additional controls might operate at or around the origin of
replication by the formation of the primer and/or start of DNA
synthesis.

Adjacent to the replication region, a DNA region is located
that is involved in bacteriocinogenicity (Fig.5). This region
code for the production of the antibiotic protein cloacine DF13
in case of CloDF13 and colicin El in case of ColEl. Both proteins

have been purified and characterized.l1:12,13,14, cells carrying
these plasmids are immune to the lethal effect of their homologous
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bacteriocines. The genes responsible for this immunity have been
located both for ColE115/16 and for clopr1317+18, The clopFi3
immunity substance has been purified and characterized in our
laboratory as a protein of 85 amino acids!18:19,20  qnig protein
is able to inactivate the cloacin protein by the formation of an
immunity protein-cloacin complex21. The cloacin and immunity gene
can be induced by e.g. mitomycin C or UV. The mechanism of
regulation has not yet been elucidated.

OR! Py

_——— -

Col E; b

Eco Ry

Figure 5. Regulatory sites involved in CloDF13 and ColEl
replication. Presumed promotors and terminators are
indicated by ® and <« respectively. The direction of
transcription is indicated by an arrow. The estimated
length of the RNA molecules is given in nucleotides.

Recent data show that this CloDF13 region encodes for two classes
of RNA molecules; the transcription of these RNA molecule is
initiated at the cloacin promotor, located at 32%4. The
transcription of the first class, consisting of 2200 nucleotides
RNA terminates at terminator T1, while the second class,
consisting of 2400 nucleotides RNA overlaps the first class and
terminates at T24. This latter transcript does not only contain
the message for the cloacin and immunity proteins, but it also
codes for the third protein, protein H. This latter protein has
been identified as a 5800 daltons protein and is localized as

an innermembrane protein. The synthesis of this protein largely
depends on a functional cloacin promotor (P1). What is the function

of protein H? If we raise the level of protein H in the cell by
either induction with mitomycin C or by gene dosage effect using
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a thermosensitive copy mutant, the cells will die and will lyse
as well. When gene H is missing e.g. by deletion, the bacterial
cells will still die in this experiment, but cells wil not lyse
anymore. Protein H is likely involved in the lysis of the cell
under these circumstances?3. The natural function of protein H
could be the transport of the cloacin-immunity protein complex
through the cell envelope, because H cells accumulate this com-
plex inside the cell23,

With respect to ColEl the situation seems to be different.
The direction of transcription of the immunity gene is the
opposite of that of CloDF136+24, That means that in case of
ColEl the genes for colicin, the immunity protein and the
hypothetical protein H (gene H is likely present also in ColEl
because of the presence of an open reading frame) are not part
of one transcriptional unit.

In Fig. 1, the CloDF13 region next to the bacteriocin operon,
two genes (K and L) have been identified25. In contrast to the
transcription of the bacteriocin operon, the transcription of
this region proceeds clockwise4. Gene L is involved in an inter-
action with the development of double standed DNA phages.
Although certain transposon insertions in gene K have the same
effect as insertions in gene L, it could be demonstrated that
this effect is due to a polar effect on gene L. The gene L
product inhibits the multiplication of phages like P1l, Tl, and 2},
leading to a reduced burstsize and an altered phage morphologyzs.
It is important to note, that plasmids, even small plasmids, can
affect the propagation of phages and that, in general, one should
be aware of such phenomena in case of phage typing of bacteria.

The neighbouring area (Fig.1l) plays a role in the stable
maintenance of the plasmid CloDF13. Deletion of this region in a
CloDF13 copy mutant gives rise to large multimeric plasmid
molecules and finally to loss of the plasmids from the cel127,
Integration of an ampicillin transposon (Tn901) restores the
stability. Probably the Tn901 transposon, like Tn323, provides for
a system that resolves multimeric molecules into monomeric
molecules, a system that the CloDF13 deletion mutant is missing.
The stability region has, like the replication control region, a
function in incompatibility23 (Stuitje, unpublished observations).

PLASMID MOBILIZATION

Genetic studies reveal that the transfer of CloDF13 and ColEl
does not entirely depend on the conjugative plasmid, but also on
genetic information present in case of non-conjugative
plasmid522r27r28r29. Three CloDF13 genes (B, X and Y) have been
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identified that are involved in mobilization of CloDF1322, Mutations
in either of these genes can be complemented by the wild type
CloDF13, but not by the wild type ColEl. The gene products for
mobilization are not exchangeable between CloDF13 and ColE122, one
type of mutant cannot be complemented at all27, The location of such
a cis-acting sequence, named bom30 (basis of mobilization) is
interesting because it is very close or may be even identical to

the site where the three protein components of the ColEl relaxation
complex3 are bound and where upon relaxation a single strand nick
is produced bij one of these proteins. This nick is considered as
one of the steps in the initiation of transfer replication. At the
moment none of the three proteins present in the relaxation complex
have been identified as one of the gene products of the mobilization
genes.

The bom site in CloDF13 and ColEl is distanced only a few
hundred base pairs downstream the origin of regetative replication
and this might be significant for the transfer of these plasmids.

A model that includes a relationship between the vegetative plasmid
replication process and the plasmid mobilization process has been
discussed by Veltkamp and Stuitje33. A conjugative plasmid, like F.
is required for the transfer of non-conjugative plasmids. The
question is whether all transfer genes of F are required for the
transfer of non-conjugative plasmids. Obviously, the F tra genes,
involved in mating pair formation are required, but F tra genes
required for the replication and transfer of F itself, like tra

M, I, and Z are not required for the transfer of CloDfl3 and
ColE133/34,27 A difference between these plasmids is that the

tra D gene product is required for ColEl transfer33, but not for
CloDF13 transfer?”. Apparently, CloDF13 produces its own tra D
like product.

One of the mobilization genes, gene B and also gene D, located
next to the mobilization region, are responsible for a reduced
propagation of male specific RNA phages and for an inhibition of
the transfer of F and ColE135. Likelg their gene products inhibit
the function of the F tra D product3 .

In Fig.l most of the present knowledge about the genetic
constitution of ColEl and CloDF13 have been summerized. If we
compare both bacteriocinogenic plasmids, it is evident that the
overall genetic organization is very similar. However, many
differences exist, not only at the level of base sequences and
transcription patterns but also at the level of the action of the
gene products. Probably, this is the reason that certain gene
products are not exchangeable between CloDF13 and ColEl. Although
during the past 10 years, a reasonable amount of progress have been
made with respect to the genetic organization and expression of
non-conjugative plasmids, like ColEl and CloDF13, many questions
have still to be answered for a clear comprehension of the
molecular biology of non-conjugative plasmids.
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STURCTURE-FUNCTION RELATIONSHIPS IN ESSENTIAL REGIONS FOR PLASMID
REPLICATION
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INTRODUCTION

The development of recombinant DNA techniques has made possible
the isolation of segments of a plasmid DNA molecule that are essen-
tial for plasmid replication and stable maintenance in a bacterial
host. The discovery of rapid methods for the determination of the
nucleotide sequence of DNA fragments and the development of in vitro
systems for plasmid DNA replication permit a detailed analysis o
the structure-function relationships of these various DNA segments.
Such an analysis has been carried out on the essential region for
plasmid R6K DNA replication. In addition segments of the replica-
tion regions of plasmids R6K and F that are involved in plasmid
incompatibility have been isolated and analyzed. A striking feature
of the essential region of replication of plasmids R6K, F and the
broad host range plasmid RK2 [also studied in our laboratory!-%j is
the presence of direct repeats of nucleotide sequences. The impor-
tant role of these direct repeats in both plasmid replication and
incompatibility and the major structural features of the essential
region for plasmid R6K replication will be considered in this article.

GENERAL PROPERTIES OF PLASMID R6K

The antibiotic resistance plasmid R6K 1is 38 kb in size and
specifies resistance to the antibiotics streptomycin and ampicillin®
This multi-copy plasmid (10-15 copies per chromosome equivalent) is
a member of incompatibility group X. The positions of three origins
of replication, designated o, B and y, and a unique terminus of
replication have been determined on a restriction map of this
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plasmid (Fig. 1)77!°, At least two of the origins, o and B, exhibit
in Escherichia coli sequential, bi-directional replication toward

an asymmetrically located terminus ''°!'2. An <n vitro system has
been developed from E. coli for the replication of plasmid R6K and
its derivatives!®’'*. The frequency of usage of the a, B and y
origins in vitro (0.20:0.43:0.37, respectively) differs from that
observed in vivo where the a origin is used predominantly®’®!°,

& /30”-" ygd

replication
region

sm’

0/38 Kb
Ap'

Figure 1. Physical and genetic map of R6K. The arrows indicate
the sequential bi-directional mode of replication of replication
origins o and B. 2, 15, 9 and 4 refer to specific Hind III frag-
ments. The positions of other Hind III sites, the Bam H1 ( + )
site and EcoRI ( w ) sites also are indicated. mter refers to the
terminus of replication.

CONSTRUCTION OF PLASMID R6K DERIVATIVES

A variety of restriction endonucleases have been used to delete
regions of R6K non-essential for replication®’!®. The replication
region of plasmid R6K, encompassing all three replication origins,
is approximately 4 kb in length and includes Hind III fragments 2,
15, 9 and 4. A number of low molecular weight derivatives of R6K,
capable of autonomous replication, have been obtained. We have
found that Hind III fragments 15 and 9 and a portion of 4 are com-
mon to all of these fragments'®. This minimal replication region,
depicted in Fig. 2, consists of two separate components: the vy
origin and a structural gene, designated pir, which acts in trans
to support the replication of the y origin'®. Interruption of the
junction between Hind III fragments 4 and 9 by insertion of DNA
fragments results in inactivation of the y origin. Similar attempts
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in our laboratory to derive minimal replicons for the o and B
origins have not been successful.

Studies with the in vitro R6K replication system 1dent1f1ed
the 7 protein as the trans-acting product of the pir gene!*. This
35,000 dalton protein is required for the initiation of R6K replica-
tion in a cell-free E. coli system'®

NUCLEOTIDE SEQUENCE OF THE R6K vy-REPLICON

The nucleotide sequence of the entire 7 gene-y origin repl1con
(consisting of 1583 bp) has been determined'’>!®., The y origin com-
ponent of this replicon has been delineated by the insertion of the
Tn5 transposon into a number of sites in the y origin reg1on and
determ1nat1on of the effect of the Tn5 insertions on y origin
activity'®

2* 15 9 4*
H
H % I~ = E'g S
2 T I 8 3 T £
| | | | |
pir ori

Figure 2. Map of the R6K y-replicon. The locations of the pir gene
and v origin (ori) of replication are indicated. The arrow heads
represent the positions of the 22 bp nucleotide sequence repeats.

Hind Il Bgl Il p“ ->
1 100 200 300 400 500
] 1 ] [ 1 1
|l|2|3|‘|5|0|7| m
~—~————
0% A'/
5 AAACATGAGAGCTTAGTACGTA TGCTAAAACATG -4 TCTCATG ~-5--G 3

F1gure 3. Major features of the nucleotide sequence of the vy
origin region of R6K!7°'®, Nucleotide sequences of one of the
direct repeats and putat1ve RNA polymerase recognition and binding
sites in the promoter region (P ) of the m gene also are indicated.

The functional y origin was found to consist of a 260 bp region
extending from a short distance to the left of the junction of
Hind III fragments 4 and 9 (Fig. 3) to just before the Bgl II site
in Hind III fragment 9. The y origin includes seven tandem 22 bp
direct repeats. Removal of three or more of the direct repeats
results in loss of origin activity!®. As indicated in Fig. 3, an
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eighth direct repeat of 22 bp is located in the putative m gene
promoter region. The nucleotide sequence of the R6K y-replicon
contains only one large open reading frame!® for translation that
spans Hind III fragments 2, 15 and 9'®. This sequence encodes for
a polypeptide of 35,000 molecular weight which is in good agreement
with the size estimate of the m protein.

ROLE OF THE w PROTEIN IN R6K REPLICATION

Both in vivo and im vitro evidence have been obtained for the
essential role of the m protein in plasmid R6K replication!*®!®,
In addition, studies with the in vitro system for R6K replication
have provided evidence for the requirement for the m protein in the
initiation of R6K replication. The analysis of Tn5 transposition
mutants and deletions of the y origin region also has established
a role of the 22 bp direct repeats in y origin activity!®. If ¢
functions as a regulatory protein, the control of initiation of
replication at the vy origin conceivably could involve a relatively
simple circuit that consists of the interaction of 7 as a positive
regulatory element with the direct repeats within the y origin and
the autoregulated expression of the pir gene (Fig. 4). Autoregu-
lated expression of the pir gene would be mediated conceivably by
interaction of the 7 protein with the eighth direct repeat in the
putative m promoter region. To test this model several in vitro
plasmid constructions were carried out to vary the cellular level
of m protein, in order to determine the effect of = protein con-
centration on plasmid copy number?°. In addition, the effect of
the presence of m protein on pir gene promoter activity in vivo

was determined?’.
autogenous regulation @
of T expression /

initiation of
DNA replication

T m-RNA

JAYAYAYAY | | VAVAVAVAVAV 3
ENENERENERLNER (| 0
Wad 11 M
| 1
I T T T T T
1 L] m n " (]

Figure 4. Model for the role of the m protein in the initiation
of R6K replication. The numbered boxes indicate the positions of
the eight 22 bp direct repeats.

AUTOGENOUS REGULATION OF EXPRESSION OF THE pir GENE
If the expression of 7 is autogenously regulated, then a

change in the number of the pir genes per cell is not expected to
affect the concentration of = protein in that cell. To obtain
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bacteria carrying different copies of the pir gene, isogenic strains
of E. coli were either made lysogenic with a A-pir hybrid phage!® or
transformed with a ColEI-pir recombinant plasmid (maintained at 20-
40 copies per chromosome equivalent). The amount of m per cell was
monitored by the in vitro R6K replication assay using extracts pre-
pared from the A-pir lysogens and the ColEI-pir transformants?°.
Similar amounts of m were recovered from both cell types. Thus at
least a 20-fold increase in pir gene dosage has no significant effect
on the concentration of m in the cell. These results are consistent
with an autoregulated expression of the pir gene.

Nucleotide sequence analysis identified a putative promoter for
the expression of the pir gene. That the pir gene contains its own
transcriptional promoter was shown by fusing the putative pir-pro-
moter to the Zac Z gene?°. Plasmids carrying the pir-lac fusion
allowed expression of B-galactosidase (Fig. 5).

B-Galactosidase Activity in Cells Harboring Operon Fusions

Strain Plasmids 8-Gal Units %
MC1000 none 0 0
MC1000 pRK419 0 0
MC1000(apir) none 0 0
MC1000 pMC81 41 2
MC1000 PRK776 1364 81
MC1000 pRK776, pRK419 1443 85
MC1000 pRK775 1686 100
MC1000 PRK775, pRK419 763 45
MC1000(apir) PRK775 ms 66

Figure 5. The construction of plasmid pCM81 was described®’.
Plasmids pRK775 and ERK776 are derivatives of pCM81. Plasmid
pRK6652° and pRK419'> were the sources of the Hind III fragments
containing the pir and the kan promoters, respectively.

When m protein is provided in trans by A-pir or plasmid pRK419, a
significant reduction in the levels of B-galactosidase expression
from the pir-lac plasmid is observed (Fig. 5). The m protein has

no effect on the expression of R-galactosidase from the kanamycin
resistance promoter (Fig. 5). These results indicate that the =
protein interacts with its own promoter region and thereby regulates
its own expression.
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m PROTEIN IS NOT THE REGULATORY ELEMENT FOR THE INITIATION OF
REPLICATION

A fundamental role assigned to m in the working model (Fig. 4)
is its ability to regulate positively the frequency of initiation
of R6K DNA replication. This regulatory role of 7 was tested by
placing the expression of m under different promoters and assaying
for the effects of different cellular levels of ©m on the copy num-
ber of derivative of the R6K plasmid. We were able to isolate an
R6K Hinf I fragment that contains the pir gene but is deleted for
the region containing the pir promoter sequence and the first five
nucleotides from its putative translational start signal. This
fragment was fused to a tryptophan promoter fragment containing
the first seven codons of the N-terminus of TrpE, which provides
a promoter sequence, a ribosomal binding site and a translational
start signal. The correct reading frame was provided by the intro-
duction of EcoRI linkers between the pir and the Trp fragments.
Cells carrying either one of the four plasmids depicted in Fig. 6
were transformed subsequently with the R6K y origin plasmid pRK526'°.
By varying conditions for tryptophan expression, the copy number of
pRK526 could be determined for varying cellular concentrations of
the m protein. Concentration of the 7 protein was assayed either
by following synthesis in minicells or by the in vitro R6K replica-
tion assay.

Copy No. -activity
y-ori

“'S-Met--
rinicells in vitro rep.)

PRK665 18 1.0 1.0

Peep m
PAS75]1 Repressed 18 1.3 0.057
Derepressed 17 7.0 N.0.
TrpR™ 17 7.0 5.4
—_—
P,
22 14
PAS752 18 0.1 0.85
“~Tc
—_
P32
m
PAS754 3 <0.1 <0.01

“hp
Figure 6. The effect of variation of m concentration on the copy
number of a y origin plasmid. A1l constructs are pBR322 derivatives.
pRK665 contains the entire pir operon; pAS751, pAS752 and pAS754
carry the m sequences without the pir promoter. pAS752 and pAS756
differ in orientation of insertion of the m coding sequence in the
EcoRI site of pBR322. pAS754 and pAS751 differ in that the latter
also contains the tryptophan promoter fragment.
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There is some discrepancy between the results obtained from
minicells and the in vitro assay (Fig. 6). Nevertheless, regard-
less of the method for determining m concentration, the results
show that varying the concentration of ©m in the cell over a 70-95
fold range has no effect on the copy number of the R6K y origin
plasmid. Recently this analysis was extended to the entire R6K
replicon (includes all three origins of replication) with similar
results. These observations argue against a positive regulatory
role of 7 in replication. For the last construction (pAS754), shown
in Fig. 6, the level of m was too low to be detected by the methods
used and the copy number of pRK526 correspondingly is very low. In
addition pRK526 is maintained unstably under non-selective condi-
tions. This result is consistent with a minimal requirement of this
essential initiation protein for stable maintenance of the plasmid.

m PROTEIN IS REQUIRED FOR ACTIVITY OF ALL THREE ORIGINS OF
REPLICATION

The failure to isolate the most frequently used origins of
replication in vivo (a and B) even when m is supplied in trans,
raised the question of whether or not the requirement for = is
limited to replication from the y origin. To answer this question,
in vitro site specific insertions were carried out, taking advan-
tage of previous information that two Hind III recognition sites
span the coding sequence for w. For the insertions a small Hind
IIT fragment of 58 bp that was constructed by dimerization of a 29
bp segment located on pBR322 between the EcoRI and Hind III sites
was employed. The EcoRI site provided an easy marker for the map-
ping of the site of insertion as well as a convenient tool for
further genetic rearrangements. Figure 7 summarizes the data from
these experiments. In the construction of pAS808 the 58 bp
fragment is inserted in the junction of Hind III fragments 9 and
15 which corresponds to the N-terminus of the w protein. This
plasmid was found to be unable to replicate in a pol A strain of
E. coli unless a functional w protein is supplied in trans. It
can be concluded therefore that replication of R6K from any one of
the three origins requires the w protein.

Contrary to previous observations (Fig. 7, pRK693/Hin) inser-
tion of this 58 bp fragment in the junction of Hind III fragments
9 and 4 (pAS865 and pAS807) did not abolish the y origin activity.
This unexpected finding may be due to the fact that the 58 bp
insert is composed of two tandem inverted repeats and may therefore
acquire a structure which would not adversely affect the structure
of the vy origin.

THE vy ORIGIN REGION IS REQUIRED in cis FOR o AND B ORIGIN ACTIVITY

Plasmid pAS904, a deletion mutant of the R6K replicon that is
missing the Hind III fragment 9, was constructed. Hind III fragment
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9 contains a major part of the N~terminus of m together with the
essential seven 22 bp repeats of the y origin (Fig. 2). Plasmid
pAS904, which contains both the o and the B origins of replication,
cannot be maintained in E. coli even when 7 is supplied in trans.
Thus, replication of R6K from the a or B origins requires the w
protein, which may be supplied in trans, and a cis interaction of
the y origin region with o and B.

It is conceivable that the proposed interaction of the m
protein with the direct repeats of the y origin region activates
also the o and B origins either via a transcriptional activation
event or by promoting the synthesis of RNA transcripts that sub-
sequently are processed into a functional initiation primer
specific for the a and B origins.

Rep polA~  Rep polA™

< Yy A 7T (9+15)
—- - : 39 Ce 2 - PRK3S + +
L L]
“wan
b
Y 4 PAS808 - +
v A v Y, passo7 + +
— DPAS864 _ +
T ez PRKEOYHIn _
v PASBES _ +

— — 19 4 PASS04 p— —

L
—
S8bp

V=

Figure 7. Ability_of R6K derivatives to replicate in an E. colz
polA strain. PolA™ w (9+15) refers to a A pir lysogen of the poZA
strain. Each triangle in the third line represents a different
plasmid carrying the 58 bp insert; pAS807 refers to an insert at
Hind III junction 9 and 4. Plasmids pAS807, pAS808 and pAS904 are
pSF2124 derivatives. pAS864, pAS865 and pRK693 are pBR322 deriva-
tives. The pRK693/Hin represents a group of plasmids carrying
individual Hind III fragments from R6K (except Hind III-4) inserted
into the Hind III 9/4 junction.

DIRECT REPEATS OF NUCLEOTIDE SEQUENCES FUNCTION IN PLASMID
INCOMPATIBILITY

The region of R6K containing the seven 22 bp direct repeats,
which is required for replication from the o, B or y origins, also
expresses R6K incompatibility. A segment of R6K containing the
seven 22 bp direct repeats, but non-functional as a replicon, was
cloned into the normally compatible plasmids pBR322 and pACYC184.
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When these two hybrid plasmids were introduced into the same cell,
they behaved as an incompatible pair. Moreover, when hybrid plas-
mids were constructed that carried fewer copies of the 22 bp repeats.
the level of incompatibility correspondingly decreased (S. Yang, un-
published observations).

Direct repeats also have been identified in an incompatibility
region of the E]asmid mini-F, a low molecular weight derivative of
the F plasmid?2°23,  The mini-F <neC region of about 600 bp (45.8
- 46.4 Kb on F plasmid map) had been cloned on a ColEI replicon and
the resulting plasmid pRF7 was shown to express incompatibility with
mini-F derivatives (M. Kahn, unpublished results). Mutations®* have
been obtained in the region 45.1 - 46.4 Kb [i.e. ineB (45.1 - 45.8
Kb) plus ineCl, that result in a higher copy number and a loss of
incompatibility. The nucleotide sequence of the <ncC region was
analyzed to determine whether this region has the capacity to en-
code for a repressor protein. The nucleotide sequence?® revealed
a very limited coding capacity; the largest putative polypeptides
with an ATG translational start signal are only 4.1 K and 3.4 K.

A striking feature of this region, however, is the presence of five
22 bp direct repeats within a 251 bp segment. Fig. 8 summarizes

the prominent features of this 453 bp region. To determine whether
it is apolypeptide Or the direct repeat region that is required

for incompatibility, deletions were made in plasmid pRF7. Deletion
of the start signal ATG for the 4.1 K polypeptide was obtained by
partially digesting pRF7 with Mbol; this deletion had no effect on
the expression of incompatibility. More extensive deletions were
carried out in order to remove the start codon for the putative

3.4 K polypeptide and copies of the 22 bp direct repeats. Plasmid
pRF7, linearized with EcoRI, was partially digested with BAL31.

The extent of the deletions obtained by this treatment was determined
by Dde I restriction enzyme analysis. Deletion derivatives that lack
the Ddel site at 129 bp only (type A in Fig. 8) no longer contain the
start codon and retain a region that contains three to five repeats.
No decrease in the expression of incompatibility was observed with
these plasmid derivatives. But type B deletions (Fig. 8) that lack
the Dde I sites at both 129 bp and 184 bp exhibited markedly de-
creased incompatibility. These plasmids retained only two or three
of the direct repeats.

These data indicated that the direct repeat region is important
for incompatibility. To test directly whether it is the repeats
that express incompatibility, we cloned the 58 bp Ddel fragment (129
- 184 bp) containing two 22 bp repeats into pACYC184 that had been
linearized by partial Ddel digestion?®. The 58 bp fragment was
inserted into various sites in pACYC184. These hybrid plasmids
expressed incompatibility not only with mini-F but also with F'ige.
When two copies of the fragment were inserted in tandem, expression
of incompatibility was considerably stronger. In fact, in this
case it was not possible to propogate host cells that contained both
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the hybrid plasmid and the mini-F under conditions of selection for
both plasmids.

While a role of the direct repeats in the expression of F in-
compatibility is established, the mechanism by which these repeat
sequences function in this phenomenon remains to be determined.

The sequence is clearly too small to code for a regulatory repressor
polypeptide that inhibits the initiation of replication, but the
possibility of expression from the direct repeat segment of an RNA
molecule that functions in the incompatibility phenomenon is not
ruled out.
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Figure 8. Prominent features of the incC region. The arrows show
the location of the 22 bp repeats. The region shown bv a dotted
line is a ColEI DNA segment. Solid lines in (A) and (B) show the
regions that are unambiguously present; dashed lines indicate the
portions that may also be present?®,

CONCLUDING REMARKS

Direct nucleotide sequence repeats of 22 bp play a vital role
in R6K v origin activity. The region containing these repeats also is
required for functional o and B origin activity. In addition, direct
repeats play an important role in the expression of incompatibility
by plasmids R6K and mini-F. When a 58 bp segment containing two
copies of the 22 bp repeat sequences from the ZxneC region of mini-F
is inserted into plasmid pACYC184, which is normally compatible with
the F plasmid, the hybrid plasmid is incompatible with mini-F deri-
vatives and the F'Zac plasmid. Similarly, the insertion of the 22
bp direct repeat region of R6K into the normally compatible plasmids
pACYC184 and pBR322 renders these plasmids incompatible. Direct
repeats of 17 bp also are a major feature of the replication origin
region of plasmid RK2 and play a role in RK2 incompatibility. The
biochemical nature of the role of these direct repeats in replica-
tion origin activity and incompatibility is unknown. Clearly the
repeats can serve as binding sites for plasmid specific proteins
involved in the replication and/or plasmid partitioning process.
Indirect evidence has been obtained for the binding of the essential
m protein to the R6K direct repeats. Alternatively or perhaps addi-
tionally, the direct repeats may facilitate association of the
plasmid with a replication and/or plasmid partitioning membrane
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site. Finally, it is possible that RNA transcripts of the direct
repeats account for their role in replication and/or incompatibility.

Considerable progress has been made towards an understanding
of R6K replication. The nucleotide sequence of the entire R6K A-
origin replicon has been determined. Contained within this 1583 bp
sequence is the 7 protein structural gene and a 260 bp segment that
has been identified as the y origin. No other protein is encoded
by this replicon. The w protein is required for the activity of
all three R6K origins of replication. Although it is required for
the initiation of replication, it is not a regulatory protein.
Clearly, however, there are constraints on the replication of
plasmid R6K since it is stably maintained at a copy number of 10-
15 per chromosome equivalent. The nature of the mechanism of
regulation of the R6K copy number remains to be determined.
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CONTROL OF PLASMID REPLICATION AND ITS RELATIONSHIP

TO INCOMPATIBILITY

Robert H. Pritchard and Norman B, Grover#*

Department of Genetics
University of Leicester
Leicester LE1 7RH, England

The mechanisms that determine plasmid copy number and the
relationship between control of copy number and incompatibility are
controversial topics. Since many people attending this conference
do not have a day+to-day interest in them, it has been suggested to
me that it would be useful to list the points on which there might
be general agreement among those working on these related aspects
of plasmid biology.

I propose to do this and then speculate a little about the
nature of the control systems involved.

It is hazardous to generalise about plasmids. They are
entrepreneurs of the bacterial world and different plasmids will
no doubt have found different ways of securing their future. Never-
theless I believe that some generalisations can be made with
reasonable confidence. Much of the experimental evidence upon which
they are based is referred to in recent reviews by Gustafsson et all
and by Pritchardz, and in various contributions to this meeting. It
will not be listed exhaustively here.

I. The first point of agreement would be that plasmid replication
is controlled at the level of initiation. What this means is that
the concentration of plasmid origins is in some way sensed ‘and
maintained by regulation of the frequency of plasmid replication.
Altering the size of a plasmid by inserting or removing DNA will
not affect copy number unless it coincidentally interferes with

the functioning of the control mechanism,

n
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In apparent contradiction to this generalisation it has been
found that in some cases lengthening a plasmid by insertion of
additional DNA results in a compensating reduction in copy number
as if it were the total amount of plasmid DNA rather than the number
of plasmid copies that is controlled. In all of these exceptions,
however, the plasmids being studied were probably copy mutants (cop™)
in which the wild-type control system was defective. It has been
suggested that in such mutants copy number does not rise indefinitely
but plateaus when a cellular component involved in DNA chain elonga-
tion becomes rate limiting for plasmid replication. Increasing the
length of such a plasmid will inevitably lead to a reduction in copy
number. A direct test of this hypothesis has recently been made
with the plasmid ColEl, Deleting DNA of this plasmid does not affect
copy number of cop®’ derivatives but increases the copy number of cop~
mutants3,

The generalisation is thus only valid for plasmids with a
wild-type copy control genotype.

II. The rate of plasmid replication under steady state growth
conditions is determined by the concentration of an inhibitor which
is plasmid specified and acts in trans on all plasmids of the same
incompatibility group (see below). The inhibitor is an RNA species
in plasmids as different as ColE14 and R15 but is a protein in the
laboratory construct Adv (see ref., 2).

III. A third generalisation is that if a chimera is made between
plasmids with different copy numbers the copy number of the chimera
will not be less than that of the component plasmid with the higher
copy number, If the control system of the higher copy component
functions normally it will passively carry the copy number of the
low ccey component to the same level. The control system of the
latter will sense this elevated copy number and respond by

reducing the probability of replication from its origin. This effect
has been termed switch-off2, The extent of switch-off will depend on
the sensitivity of the control system to enforced departure from the
copy number it freely determines.

Data conflicting with this generalisation also have been
reported. In the most fully analysed case® a chimera between ColE1l
(average copy number about 20) and RK2 (average copy number about 5)
had a copy number of about 5. It was clearly demonstrated, however,
that the ColEl component of the hybrid was incapable of initiating
replication and had even lost its capacity to express incompatibility
against another ColEl plasmid. Thus the conflict is only apparent.
Since the ColEl component could be recovered from the cointegrate
as a functional replicone, its loss of function was probably due to
transcriptional read-through from an RK2 promoter across one of the
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junctions between the two plasmids into the control region of ColE1l,

IV, In the case of multicopy plasmids replication occurs at any

time during the cell cycle more or less randomly, Whether this
generalisation holds for plasmids like F, which have an exceptionally
low copy numiPer (less than one plasmid per chromosome) is uncertain
because there is an unresolved conflict of evidence?,38,

V. This generalisation, which follows logically from IV, is that
plasmid replication is not correlated in time with (and therefore
not coupled to) any identifiable event in the cell cycle or chromo-
some replication cycle. This generalisation has been shown to be
valid for F despite the uncertainty about the timing of replication
of this plasmid9,

VI. In the case of multicopy plasmids the choice of plasmid for
replication is approximately random. Thus a plasmid that has
recently replicated is as likely to replicate again as one that
has notl,

VII. Incompatibility is the inevitable outcome of a copy control
system in which there is a random choice of plasmids for replication
and control of the total number of plasmid copies. This would be
true even if there were a perfect mitosis-like partitioning of
sister plasmids to daughter cells as was pointed out in the Sixties
In cells initially containing an equal number of two phenotypically
distinguishable types of the same plasmid, random choice of plasmids
for replication would cause the proportions of each type to become
distributed randomly in the cell population. Some cells would
therefore contain only plasmids of one type. Since this sorting
out is irreversible, the whole population will ultimately consist

of pure clones containing one or other plasmid type. The severity
of incompatibility would be determined by the copy number. Low

copy plasmids will show strong incompatibility. High copy plasmids
will show weak incompatibility.

It is not known whether sister plasmids do in fact undergo
mitosis-like partitioning of daughter cells. The alternative extreme
would be a completely random distribution of plasmids to daughter
cellsll, If there were a random distribution some cells would be
born with no plasmid copies and the frequency of this zero class
is predictablell. For several low copy plasmids the zero class is
found to be too small to be consistent with random segregation
hence:
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VII., There is a partitioning mechanism at least in low copy plasmids
which ensures that cells are born with at least one plasmid copy.
Plasmid mutants that are unstable (i.e. are lost from a significant
proportion of the population at each cell doubling) are well known.
Evidence that one class of unstable derivatives of the plasmid R1

is par™ is given by K. Nordstrtm in his contribution to this
meeting.

The nature of the copy number control system is beginning to
emerge from molecular genetical analysis and from physiological
studies of a number of plasmids. Two observations from physio-
logical studies providing useful insight into the properties of the
control system will be mentioned here,

The concentration of all plasmids for which data are available
(F, R1, P1, R6K, ColEl) is less at fast growth rates than it is at
slow growth rates (e.g. Fig. 1). The shape of the curve differs
with different plasmids but the trend is the same suggesting that
the relationship is a fundamental property of initiation control
systems in plasmids. The simplest relationship is that found for
R1 where there appears to be a proportionality between doubling
time and plasmid concentrationl. What this means in the case of R1
is that the number of plasmid replications per minute is a constant
independent of plasmid concentration. This has lead Gustafsson
and Nordster1 to suggest that plasmid replication is controlled
by a system that determines the frequency of replication without
measuring the actual copy number, and that if initiation is
controlled by an inhibitor there is no gene dosage effect on its
concentration,

Another way of looking at this apparently paradoxical result
is to consider the properties of a simple negative feedback loop

-
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in which a plasmid gene 7 produces an inhibitor I which binds to
the origin O of the plasmid to block initiation. Assume that the
probability of initiation at a plasmid origin is the same at all
growth rates when the origin is 'open' (i.e. has no inhibitor
bound to it). Assume also that [I >> than Kp the binding constant
of inhibitor. Assume,finally, that I is produced constitutively
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Figure 1. The average concentration of F particles
in steady state exponential cultures of Escherichia
coli at different growth rates. The figure is
modified from data presented in reference 9 which
gives details of the method of estimating F concen-
tration. One additional assumption made here is
that the average concentration of chromosome
origins is invariant.
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and that the output of I per minute per 7 gene is proportional to the
growth rate. (This relationship has been found for a number of
constitutive genes in E,coli18). Using the first two assumptions:

1
Replications/min/mass « [';j[o 1] - - - (1)

or = k.[—'i_][O] - - 2)

In other wordsy; the rate of replication in a unit of cell mass
will be inversely proportional to the inhibitor concentration and
directly proportional to the number of origins available for initia-
tion. If the third assumption is correct then under steady state
growth conditions the concentration of I will be proportional to

the concentration of plasmid origins since every plasmid has an

7 gene and partially replicated plasmids with two origins and one

7 gene can be neglected. So:

eld =0 - - - - &
Therefore substituting for [ 0] in (2) gives
Replications/min/mass = K, - - - 4)
where K is a constant, and
Replications/generation/mass = K.t - - (5)
or ld =kt - - (&

From this analysis it can be seen that the apparent constancy of
the replication frequency independent of the origin concentration
and the inhibitor concentration is due to the fact that they affect
the probability of initiation in opposite directions. If the
growth rate is raised [0 ]falls, decreasing the rate of initiation,
but [I] falls proportionately increasing the rate of initiation by
the same amount to give no net change of rate.

It is necessary to emphasise that a strict inverse proportion-
ality between plasmid concentration and growth rate is not found
for all plasmids (e.g. P14 and R6K15) indicating that the
assumptions underlying equations (4)-(6) are not universally
applicable.

The initial 'inhibitor dilution' model10 proposed that initia-
tion of chromosome and plasmid replication was under the control of
a negatively acting inhibitor which was stable. In the same paper
an alternative unstable inhibitor model was also considered. It
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is possible to distinguish between a stable inhibitor and an unstable
inhibitor by determining the kinetics with which a plasmid equi-
librates at its new concentration following a change of growth rate
caused by a nutritional shift. Since the relationship in (3) can
only hold during a transition if I has a rapid turnover the rate of
replication can only remain constant during a transition if I is
unstable. Gustafsson and Nordstrtml2 have found that equation (4)
does hold during a transition indicating that [I] is indeed unstable
in R1,

4
Recent work with the plasmid ColEl suggests that in this
plasmid initiation frequency is determined by a feedback loop with
properties very similar to the unstable inhibitor model.

It might also be noted finally that in the case of ColEl the
copy number is not only higher at slow growth rates but also rises
during the transition of a culture from exponential growth into
stationary phase3 as equation (6) predicts. The continued repli-
cation of ColEl in the presence of chloramphenicol could also be
predicted for a feedback loop of the type described., The fact that
in more complex plasmids like F there is little run-on of plasmid
replication during stationary phase or inhibition of protein syn-
thesis suggests a more complex control of these plasmids or that
other plasmid-coded or cellular products required for replication
of these plasmids soon become limiting under these conditionms.

R. H. P. especially wishes to acknowledge his appreciation of
the many stimulating and challenging discussions he has had over
many years with Kurt NordstrBm,
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Rl and R100 are large complex plasmids, approximately 90 kb in
size, that code for multiple antibiotic resistance and functions
involved in conjugal transfer of plasmid DNA.1s2 Both Rl and R100
belong to the FII plasmid incompatability group,3 indicating that the
control of DNA replication in these plasmids is similar., Hetero-
duplex studies have confirmed this relationship by showing that the
regions of Rl and R100 that are required for autonomous DNA repli-
cation have great sequence homology.4 This region is about 2.5 kb
in length for R100, and, in addition to the replication origin,5’6’7
encodes at least one function that is required for replication.

Part of this 2,5 kb replication region also encodes functions in-
volved in plasmid incompatibility and copy number control.6 Studies
with Rl have led to very similar conclusions.8

pSM1 and pTR1 are small, high copy number plasmids that were
derived from R100 and R1, respectively.9,10,11 pSM1 and pTR1 share
approximately 2.1 kb of homology, which is within the 2.5 kb repli-
cation region. Part of the remainder of the replication region
(about 250 bp) is non-homologous in R1 and R100 (Figure 1). We have
determined the nucleotide sequence of the entire replication regions
of both pSM1 and pTR1.10,11 Here we will describe our analysis of
this replication region with regard to the hypothetical coding
frames, regions of possible secondary structure, RNA transcripts,
and polypeptides that we have identified. This analysis has
allowed us to formulate a model for DNA replication control in
large drug resistance plasmids as exemplified by R1 and R100.
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Figure 1.
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A summary of some physical and genetic properties of
plasmids R100, pSMl, and pTRl.. The open, crosshatched,
and heavy arrows represent open reading frames predicted
from nucleotide sequences, reading frames whose polypep-
tide products have been identified, and RNA transcripts,
respectively.

HYPOTHETICAL CODING FRAMES

Four possible coding frames that are common to both pSM1 and
pTR1 have beén identified from the nucleotide sequence of the repli-

cation regions of these two plasmids.

These coding frames, which we

have designated RepAl, RepA2, RepA3 and RepA4, are all in the same
reading frame and are located within the nucleotide sequence as

shown in Figure 1.
fied and encodes a polypeptide 33,000 daltons in size.10,11

RepAl is the longest common coding frame identi-
There

are 49 bp changes between the RepAl coding frame of pSM1 and that of

pTR1.

However, these changes result in only 8 amino acid substitu-

tions because 39 of the bp changes occur in the third codon posi-
tion.l0 Because the RepAl coding frame crosses the junction of two
Pstl fragments that is required in the original orientation for

autonomous plasmid replication,6’7

it is likely that RepAl is

required for replication.

RepA2 and RepA3 are encoded within the region of R1Q0_and R1

that specifies incompatibility and copy number functions."?

(Fig-

ure 1) A part of this region (about 250 bases) is non-homologous
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Figure 2. Nucleotide sequence of one strand of the replication
region of pSMl. Arrows below the sequence indicate
the location of inverted repeat sequences. The
sequences within the small boxes preceeding the open
reading frames are nucleotides complementary to the
3' end of 16S rRNA. Replication proceeds rightward
from the origin region, designated by the large boxes,
which indicate one and two standard deviations from
the position where the origin has been mapped. Bases
corresponding to the 5' and 3' ends of the trans-
scripts RNAI-III are shown by heavy arrows. The se-
quence in the origin region which is homologous to
RNAI is underlined.
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between mutually incompatible R100 and R1.4510,11 The non-homology
lies within the RepA2 coding frame and comprises 837 of the RepA2
sequence so it is unlikely that RepA2 plays a major role in deter-
mining incompatibility. In contrast to RepA2, the nucleotide
sequences for RepA3 in pSM1 and pTRl have only two base pair differ-
ences, both of which would result in amino acid changes in the RepA3
polypeptide.lo’11 RepA4 is the fourth hypothetical coding region
common to pSMl and pTR1l and encodes a polypeptide approximately
14,000 daltons in size.10,11,12 The origin of replication is con-
tained within RepA4.10’11’12 However, because the nucleotide
sequence preceeding the RepA4 coding frame does not have the char-
acteristics typical of polypeptide reading frames, we do not believe
that RepA4 encodes an actual polypeptide.l0,11

SECONDARY STRUCTURES AT THE ORIGIN OF REPLICATION

The approximate location of the origin of replication of pSM1
has been determined by electron microscopic analysis,5 and corresponds
to the region between nucleotides 1763 and 2456 allowing for two
standard deviations about this point, as shown in Figure 2,10,11,12
Replication proceeds unidirectionally to the right from this site.
5,12 The origin and mode of replication used by pSMl is the same as
that used by R100-1,13 indicating that the control of replication of
the large plasmid is also present in pSMl, although most of the R100-1
has been deleted in pSMl.l*’9

Numerous sequences that are either direct or inverted repeats
can be found within the nucleotide sequence near the replication
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Figure 3. Possible secondary structure at the pSMl replication
origin., Nucleotides 100 to 400 in this Figure corres-
pond to nucleotides 1843 to 2143 in Figure 2,
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origin of pSM1 and pTRl.lo’ll’12 The stem-loop structures

that can be drawn using these repeated sequences is shown in Figure
3. The most striking feature of these structures is that they

occur in the region to which the origin has been mapped micro-
scopically. Although there are 12 bp changes in the region of these
structures between pSM1 and pTR1l, none of these changes affect the
base pairing of any of the stem structures. The conservation of
this base pairin% suggests that these structures are important for
DNA replication. 0,1 Complex secondary structures resembling

those shown in Figure 3 are also present at_the replication origin
regions of other organisms such as E. coli,1 Salmonella typhi-
murium, 5 and bacteriophage lambda.T®

RNA TRANSCRIPTS

Three RNA transcripts are produced in vitro when superhelical
pSM1 and pTR1 DNA or the appropriate fragment from the replication
region of these plasmids are used as substrates. The smallest
transcript is 91 nucleotides in length and is designated RNAI. The
coding region for RNAI is contained totally within that of RepA3,
but RNAI is synthesized in the direction opposite to that of the
RepA3 transcript (Figures 1 and 2). Hypothetically, RNAI can form
two large, stable secondary structures as shown in Figure 4. There

c—505
CA
G A
c A
UA
510 —U<—C G
AU
Ug u
CG
U
u
U AS
UA
CG
UA
AU
AU
uu UA
AQG GU
U GC
u CG
G CG
G [
GeC CG
563 gu 23
A
5._pp\ U 533\G U/47a 473

ACGGUUUAAGU  UUCGUUQy-3'

Figure 4. Possible secondary structure of RNAI. The two arrows
at the top of the loop indicate the differences in the
sequences of RNAI for pSM1 and pTR1l. The line within
the smaller hairpin shows the region complementary to
the pSM1 origin region between nucleotides 2367 and
2380 (See Figure 2).
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are only two base changes in RNAI between pSM1 and pTR1l, and both
changes occur at the top of the larger secondary structure loop
(Figure 4). In addition, 13 of the first 14 nucleotides of RNAT
are complementary to a sequence at the replication origin region
(Figure 2, refs,11,17).

The second RNA transcript common to both pSM1 and pTR1 is very
large and is designated RNAII. This transcript begins 54 base pairs
to the 5' side of the initiation codon of RepA3. The location of
the 3' end of this transcript is presently not known; however, we
believe that RNAII is the mRNA for RepAl and perhaps also for RepA3,
RNAII is synthesized in the direction opposite to that of RNAI and
the entire region encoding RNAI is contained within the RNAII coding
sequence (Figures 1 and 2).

The third RNA transcript, RNAIII,is synthesized in the same
direction as is RNAII from the region previously identified as the
replication origin of pSM1 and pTR1l, RNAIII is found only when the
linear Pstl fragment containing the replication origin is used as
a template (Figures 1 and 2) and not with superhelical pSM1 and pTR1
DNA. The 14 bp region of complementarity between RNAI and the repli-
cation is contained within RNAIII.l7

POLYPEPTIDES SYNTHESIZED IN VIVO

35 When purified minicells containing pSM1 are incubated with

S-methionine, thirteen labelled polypeptides are synthesized.
These polypeptides range in size from approximately 6,000 to 36,800
daltons, as determined by SDS polyacrylamide gel electrophoresis.19
The 36,800 dalton polypeptide is the only polypeptide produced by
pSM1 that is close to the size predicted for RepAl (33,000 daltons,
ref. 10 and 11). ZLabeling with different amino acids to identify
the 36,800 dalton polypeptide definitively as RepAl on the basis of
amino acid content is not possible because the DNA sequence predicts
that RepAl contains all 20 amino acids.l0511 Since no other coding
region for a polypeptide this large can be found in the nucleotide
sequence of the entire pTR1 plasmid and since the 36,800 dalton
polypeptide is produced by pTR1l as well as pSMl, we have identified
the 36,800 dalton polypeptide as RepAl.l9

There are three polypeptides produced by pSM1l that are close
to the size predicted for RepA2, which is 11,400 daltons (Figure 5,
ref, 11), Since the nucleotide sequence predicts that RepA2 should
not contain tryptophan (Figure 2 and refs. 10,11), minicells con-
taining pSM1 were labeled with radioisotopes of tryptophan, histi-
dine and proline. Histidine and proline were incorporated in the
12,300 dalton polypeptide, but tryptophan was not.191n addition, the
12,300 dalton polypeptide is synthesized by the same PstI fragment

of pSM1 that encodes RepA2 and is not produced by pTR1l, as predicted
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Figure 5. Autoradiogram of Tris-borate polyacrylamide gel (ref. 8).
Minicell strains derived from the E, coli K12 strain
P678-54 (ref. 22) were purified by the method described
by P. Matsumura (personal communication). Plasmids
carried by the minicell strains are pSM1, pAOl-Km, a
derivative of pML2 (ref., 24), and pAOl-Km carrying the
PstI-D fragment of pSM1 (ref. 19).

by the nucleotide sequence (Figures 1 and 2. refs., 10 and 11),
Therefore, we have identified the 12,300 dalton polypeptide as RepA2

because of its size, amino acid content, map location, and lack of
production by pTR1.19

RepA3 is a hypothetical polypeptide 6,700 daltons in size which
the nucleotide sequence predicts should not contain histidine,10,11
The RepA3 coding regions in pSM1 and pTR1 have only two bp differ—
ences and so are highly conserved,10,11 However, no polypeptide
of this size and amino acid content has yet been identified in either
pSM1 or pTRl. In addition, no polypeptide close in size to 14,000
daltons (RepA4) has yet been identified. So, it is not clear at this

time whether polypeptides are actually made from the RepA3 and RepA4
coding frames.

Recently, a small polypeptide was identified that is produced
by the PstI fragment (fragment D) of pSMl which encodes incompati-
bility and copy number functions. The size of this polypeptide
(approximately 6,000 daltons, Figure 5) is close to that predicted
by an extended RNAI transcript. Such an extended transcript actually
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is synthesized in vitro in the presence of glycerol.17 There does

not appear to be another open reading frame in the PstI-D fragment
that could code for a polypeptide of this size,loal]_gb we have tenta-
tively identified the 6,000 dalton polypeptide as the product of the
extended RNAI transcript.

CONTROL OF DNA REPLICATION

We have used the DNA sites, coding frames, RNA transcripts, and
polypeptides identified from our studies of pSM1 and pTR1l to formu-
late a model for control of DNA replication. We have attempted to
emphasize only the most basic processes which might be involved in
this control.

From analysis of the replication origin sequences of pSM1 and
PTR1, we have identified a sequence that is capable of forming a
large secondary structure common to both plasmids and which is
similar to structures demonstrated at other replication origins.

We assume that the sequence at which this secondary structure occurs,
which is within the region previously identified as the replication
origin,lo’l2 is essential for DNA replication.

One possible model for replication predicts that transcription
of RNAIII alters the conformation of this secondary structure. This
altered conformation would, in turn, allow an initiation complex,
which might include the positive effector polypeptide RepAl, to form
at the origin structure. DNA replication could commence after the
assembly of the initiation complex. Synthesis of the RNAIII trans-
cript could be regulated by the binding of RNAI at the region of
complementarity between the 5' end of RNAI and the sequence of the
origin region between nucleotide 2367 and 2380 of the pSM1 nucleo-
tide sequence, as shown in Figure 2, RNAI might function in this
way as a repressor molecule to control DNA replication.

However, another level of control of replication could also
exist. The bases of RNAI that are changed in pSM1 and pTRl relative
to wild type Rl, are found at the top of the large secondary struc—
ture in RNAI, These base changes are most likely responsible for
relaxation in replication control which results in the high copy
number phenotypes of pSM1 and p’I‘Rl.lO’ll Since it is unlikely that
the top of the stem—loop structure where these changes occur inter-
acts directly with nucleotides at the replication origin, it seems
probable that the stem loop structure of RNAI would interact with
a polypeptide. RepA3 is a likely candidate for this polypeptide
since the RepA3 coding frame is so closely conserved in pSM1 and
PTR1, as would be expected of a controlling molecule. RNAI, then,
might not itself be a repressor but rather be required for initiation
of DNA replication, which would occur in the absence of a repressor.
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It is likely that some control is also exerted at the level of
synthesis of RNAI and the postulated repressor polypeptide, RepA3,
Since the coding regions for RNAI and RepA3 overlap, control of
plasmid replication could be linked to cell growth by an attenuator-
type mechanism,20 as described in detail elsewhere.l

The model we have proposed here for control of replication of
large drug resistance factors bears some resemblance to a model
recently described for plasmid ColEl replication,21 in that both
models involve two RNA transcripts, one of which has nucleotide
complementarity with the replication origin.

In summary, we have predicted from analysis of the replication
region of pSM1 and pTR1 that three coding frames shared by both
plasmids and one coding frame found only in pSMLl are most likely

to encode actual polypeptides. To date, we have confirmed the
existence of two of these polypeptides. (RepAl and RepA2). We have
also identified three RNA transcripts produced by the replication
region of pSM1 and pTRl, one of which has a significant secondary
structure., A model for control of DNA replciation that incorporates
these features is proposed.
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