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ABSTRACT
The red marine psychrophile, formerly designated as
NRC 1004, was identified as a Vibrio and given the name

Vibrio psychroerythrus sp. n. Classification was mainly

based on DNA guanine plus cytosine content, fermentation
ability and sensitivity to vibriostat 0/129. Thin section
preparations of intact cells showed triple-layered outer
and cytoplasmic membranes, each 6.0 to 7.5 nm wide; mesosomes
were occasionally observed. Although a densely staining R
layer could not be demonstrated in thin sections, the pre-
sence of muramic acid in mechanically-prepared envelopes
suggests that the red-psychrophile contains a glycosamino-
peptide iayer of the type found in other Gram negative
bacteria. Rod-shaped organelles 10-15 nm wide and of
varying lenéth tentatively identified as Ehapidosomes, were
frequently seen crossing the septum of leldlng cells; in-
clusion bodies were also observed in the cytoplasmlc matrlx.
Cell division proceeds with an initial constriction and
centripetal growth of the cell membrene, and cell membrane
septation proceeds to completion before the outer membrane
begins to participate in the division process. Growth on
enriched solid media and Ca+2—supplemented liquid medium
help preserve cellular fine structure; an increased number
of membranes were observed in the cytoplasm of cells grown

on enriched solid media.

V. psychroerythrus is stable in agueous solutions of

0.5M NaCl plus 0.1M MgCl,. Morphological and chemical studies
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on the lytic susceptibility of the red psychrophile in solu-
tions of low ionic strength showed that both Na' and Mg*2
ions preserve the structural integrity of the outer membrane
whereas the cell membrane is best stabilized by Mg+2; Ca+2
but not k' ions also appear to preserve cell membrane struc-
ture. Lysis at 37C induced considerable structural deterio-
ration and heavy leakage; the effects of lysis in an "all
salts" solution pH 5.0 were less pronounced. The nature of
the particles released under different conditions of lysis
was also studied. Fractionation of a 0.5M NaCl lysate
yielded three homogeneous, red-pigmented bands on ficoll
density gradients. Preliminary morphological and chemical
characterization of the fractionated material did not permit
us to identify the fractions as cell wall or cell membrane
material.

Low beam intensity studies showed that the surface
pattern of H. cutirubrum, seen as a regular hexagonal array
of particles in shadowed preparations, occurs as a regular
honeycomb network containing hexagonal holes 9.5 to 11.0 nm
in diameter with a center-to-center repeat distance of 15.5
to 17.0 nm. These structures appeared to be negatively
stained by NaCl or heavy cations absorbed from the growth

medium. The network shares a number of characteristics

with the perforate layer of Lampropedia hyalina.
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Des études physiologiques et biochimiques nous ont per-
mis d'identifier le psychrophile marin NRC 1004 pigmenté
rouge comme membre du genre Vibrio; nous proposons donc le

nom Vibrio psychroerythrus sp. n. La position systématique

du psychrophile a été basée en grande partie sur la teneur
GC % de son ADN, sa capacité de fermenter le glucose et sa
sensibilité au vibriostat 0/129. En coupe transversale, la
membrane externe de la paroi cellulaire et la membrane cyto-
plasmique apparaissent comme des structures unitaires (deux
feuillets sombres séparés par un feuillet clair) 6.0 & 7.5
nm d'épaisseur; quelques mésosomes ont &té observés. Malgré
1'absence en coupe transversale d'un feuillet dense aux
électrons correspondant 3 la couche rigide (R) de la paroi
cellulaire, la présence d'acide muramique dans l'enveloppe

de Vibrio psychroerythrus suggdre que le psychrophile possé&de

une couche glucosaminopeptidique du type que l'on retrouve
dans d'autres germes Gram négatifs. Des organelles cyto-
plasmiques en forme de batonnets 10-15 nm d'&paisseur et de
longueur variable, provisoirement identifiés comme des
rhapidosomes, ont &té observés & plusieurs reprises traver-
sant le septum de cellules-filles. Nous avons aussi noté
la présence de nombreux corps d'inclusion dans le cytoplasme
de cellules intactes. La premidre phase de la division
cellulaire est marquée d'une constriction initiale suivie
d'une invagination de la membrane cytoplasmique pour former

un septum; la division cellulaire se poursuit avec une crois-
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sance centrip&de de la membrane externe pour finalement

lib8rer deux cellules-filles. La croissance de V. psychio-

erythrus sur milieu gélosé enrichi ou dans le milieu standard

liquide additionné de 0.01M CaCl2 favorise une meilleure
préservation des détails morphologiques; la croissance sur

milieu gélosé enrichi stimule aussi la formation de membranes

dans le cytoplasme.

rl

V. psychroerythrus est stable en solution saline con-

tenant 0.5M NaCl et 0.1M Mgclz. Des &tudes morphologiques
et biochimiques sur la lyse du psychrophile en solution
saline a faible concentration ont démontré que le Na et le.
Mg+2 maintiennent la structure unitaire de la membrane ex-
terne; par contre, le Mg+2 est plus éfficace.que le Na+ dans
lé maintien de la membrane cytoplasmiqﬁe comme stfucture

unitaire. Le Caq"2

mais non le XK semble aussi stabiliser
la membrane cytoplasmique; La lyse @ 37C éndoﬁmaée coﬁsi-
ééfablement 1'ultrastructure des céllﬁles et ‘donne lieu 3
ﬁne pette importante de coméosants cytoplasﬁiqﬁes; les
effets de la lyse én solution saline acide (pH 5.0) sont
moins marqués. Les fragments cellulaires libérés a la suite
de différents traitements lytigues ont aussi été soumis &
une étude morphologique. Une suspension de cellules ayant
subi la lyse en solution saline de 0.5M NaCl a &té séparée
en trois fractions homog&nes sur des gradients de densité
3 base de ficoll. Des études préliminaires sur la morpho-

logie et la composition chimique de ces fractions ne nous

permettent pas d'établir leur origine c.a.d. matériel pro-

e B T AT D T B
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venant de la paroi cellulaire ou de la membrane cytoplasmi—A

que.

La surface ombragée de Halobacterium cutirubrum semble

atre formée d'un réseau hexagonal de sous-unités sphériques.
Les études & rayomsde faible intensité de cellules séchées

3 partir de solutions salines rév8lent un réseau régulier

en forme de nid d'abeilles; les trous hexagonaux, 9.5 & 11.0

nm de diam3tre, se répétent centre é centre toﬁs les 15.5
3 17.0 nm. Ces structures semblent &tre teintes négative-
ment par NaCl ou par des cations de poids atomique élevé
provenant du milieu de croissance. Ce r@seau partage un

nombre de caract@ristiques communes avec la couche extérieure

perforée de Lampropedia hyalina.

alem
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Preface

The aims of this research were to characterize, morpho-
logically and chemically, the cell envelope of the red-
pigmented marine psychrophile NRC 1004. This organism, ori-
ginally isolated from flounder eggs by K. Eimhjellen of
Trondheim, Norway, grows at 0-19 C but dies and rapidly
lyses at 21C or higher. Possibly, elevated temperatures
(25 and 38C) activate cell bound phosphatidases resulting
in cell lysis and loss of most of the lipid phosphorus
(Hagen, Kushner and Gibbons, 1964). The marine psychrophile
is stable in cold seawater or in a solution containing 0.5 M
NaCl and 0.1 M MgClz; cells are stabilized by some divalent
cations but lyse in distilled water. Lysis in cold distilled
water released 60-70% of the cell lipid-phosphorus and 80-85%
hexosamine; most of these compounds could be recovered by
high speed (100,006 xg) centrifugation (Korngold and Kushner,
1968) . Acid, temperature and water-lysed cells showed an
increased electrophoretic mobility. It was suggested that
intracellular maferial released from cells lysed in water or
at acidic pH is adsorbed on the surface thus increasing their
electrophoretic mobility whereas the increased mobility of
temperature-lysed cells is not due to adsorbed material but
rather to an irreversible surface change (Madeley, Korngold,
Kushner and Gibbons, 1967). Studies of the lipid composi-
tion have shown that the marine psychrophile contains a
large proportion of monoenoic acids (maihly hexadecenoic

acid), no cyclopropane acids and significant amounts of
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phosphatidyl ethanolamine (Kates and Hagen, 1964). The or-
ganism also produces exocellular proteinases with relatively
high témperature optima that hydrolyze casein, gelatin, B-
lactoglobulin and haemoglobin (McDonald and Chambers, 1963).
Purification of the proteolytic preparation yielded three
enzymatically active fractions, two of which gave a similar
electrophoretic band on polyacrylamide gel. From this and
other evidence, Nunokawa and McDonald (1968) suggested that
the red psychrophile produces two types of proteinase.

It was the purpose of this work to study the fine
structure of the psychrophile and correlate the.existing
data on its lytic behavior at elevated temperatures, acidic
pH and low ionic strength with morphological changes accom-
panying lysis. It was felt that such morphological studies
could provide some information on the site of action of
various cations, and possibly a means of isolating cellnwall
fractions through a non-degradative process (as obtained by
Costerton, Forsberg, Matula, Buckmire and MacLeod 1967 with
a marine pseudomonad) . Although a good deal of work has
been done on this organism, its classification was still
uncertain and it Qas thought that a serious attempt should
be made at assigning it generic standing.

The results of these studies will be presented in five
separate chapters dealing with the taxonomy, general ultra-
‘Structure, structural changes occurring under various condi-
tions of lysis and preliminary work on the isolation and

chemical characterization of its cell wall. The last chapter

g‘.ii
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(Chapter 6) deals with some morphological aspects of the
cell wall envelope of the red-pigmented, Gram negative,

extreme halophile, Halobacterium cutirubrum, which resembles

the psychrophile in that it requires Na' cations for its
stability. |

The Introduction (Chapter 1) will consist of a litera-
ture review of the structural and physiological roles of
cations in marine and extremely halophilic bacteria, a major
aspect of the present studies. Aspects of the morphology,
chemistry and synthesis of the various layers of Gram nega-

tive cell envelopes will also be discussed. !




Chapter 1

General Introduction




Chapter 1

|
I. Marine and Halophilic bacteria

1- Definition:

Over the past thirty years, salt-requiring bacteria
have consistently attracted the interest of scientists. In
1946, 6.5% of the bacteria described in Bergey's Manual of
Determinative Bacteriology were of marine origin (ZoBell,
1946) and this proportion increased to 20% by 1964 (Scholes
and Schewan, 1964). It would not be surprising to see this
figure increase within the next decade.

It was soon realized that the salt response of "halo-
philic" bacteria was not homogeneous. In an effort to con-
fine the growing confusion, a number of classification
schemes based on salt tolerance were proposed (Flannery 1956,

Ingram 1957 and Larsen 1962). The following terminology,

which will be used in this thesis, basically follows that s

of Baxter and Gibbons (1956) and Kushner (1968).
Non-halophiles - those organismswhich grow without
any added NaCl in the medium and do not grow in L
concentrations of NaCl above 0.5 M. They may well 5 
require trace amounts of Na' or other cations for
growth, a requirement which could be easily satisfied
by the contaminating ions of commercial media, as
suggested by MacLeod (1965) and confirmed by

Bovallius and Zachariés (1971).




Marine - those organisms which grow well in 0.2-
0.5 M NaCl; below this level, the rate and extent
of growth are roughly proportional to the amount
of Na' presenf in the medium. Poor growth is ob-
tained at about 1 M NaCl. (MacLeod 1965).
Moderately halophilic - those organisms which re-
quire 0.5 M NaCl for growth and survival; they grow
well in 1-2 M NaCl and can grow in concentrations
up to 3 or 4 M NaCl.

Extremely halophilic - those organisms which re-
quire 2.0-2.5 M NaCl for growth and survival; thef
grow well in 4.0-4.5 M NaCl and will grow in satu-
rated or near saturated NaCl solutions (5.5-6.0 M).
Halotolerant - those organisms which have a low

salt requirement for growth but which exhibit a

— D N Bt e TP - S Bl N R A LD N AN AR D R

salt tolerance range that can extend as high as

4 M NaCl.

It is then clear that a classification of organisms
based on salt requirement and tolerance is only a working
scheme. The great number of organisms included in this
scheme and as great a number of salt responses cannot but
introduce some oveflapping in the terminology.

2- Distribution - Economic Importance:

The non-halophiles, usually isolated from soil and

fresh water environments, are the most abundant and exten-

sively studied group of organisms (Brown, 1964a). Their

importance in industry and medicine has long been acknowledged.
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Most of the organisms which fall in the marine category are
of marine origin. In the past decade or so, they have cap-
tured the interest of an increasing number of investigators.

Although the relationship between specific requirements for

salts and the physiology of living matter is of great interest,

the potential of marine bacteria in restoring the equilibrium
of polluted offshore regions of the sea, which is rapidly
becoming the universal septic tank, cannot be overlooked.

Moderate halophiles such as Vibrio costicolus cause spoilage

of salted products (Smith 1938, Larsen 1962). Some studies
of their physiology have been carried out (Flannery and
Kennedy 1962, Forsyth and Kushner 1970) though less interest
has been shown in them than in extreme halophiles. Extreme
halophiles have been isolated from salted meat products
(Harrison and Kennedy 1922, Flannery 1956) and also occur

in natural saline environments such as the Dead Sea (Volcani
1940) and the salt flats at the southern end of San Francisco
Bay. The envelopes of many extreme halophiles contain bright
carotenoid pigments which apparently protect the organisms
from photochemical damage caused by direct sunlight (Dundas
and Larsen 1963, Larsen 1962). Next to the non-halophiles,
the halotolerant organisms are thevmost numerous group;

this is not surprising because the inherent flexibility of
"halotolerant" would permit some members of the marine and
moderately halophilic groups to be classified as halotolerant.
The salt tolerance of organisms isolated from various sour-
ces has been the subject of several reports (Shah and deSa

1964, Ingram 1957, and Forsyth, Shindler, Gochnauer and




Kushner 1971).

II. Cation requirements

1. wNat - Marine

Marine bacteria are generally more psychrophilic (ability
to grow in the cold)in character than terrestrialhspecies
and prefer seawater or 3% NaCl to freshwater in the medium
for growth (MacLeod 1965). Are these significant differ-
ences which make marine bacteria a unique group of organisms,
distinctly set apart from their terrestrial counterparts?
What physical and/or chemical characteristics of the marine
environment are essential for the growth and proliferation
of marine organisms? | E

The organic nutrition of marine bacteria in complex
and synthetic media as studied'by Ostroff and Henry 1939,
MacLeod, Onofrey and Norris 1954 and Burkholder 1963 showed

that although these bacteria appear to have a characteristic

preference for amino acids as a carbon, nitrogen and energy
source, there is nothing that could be considered unique

about their organic nutritional requirement (MacLeod 1965).

If nutrients do not appear to be the distinguishing
trait of marine bacteria, would it not be the salts or NaCl
present in the marine environment? If such was the case,

one would expect the salt requirement to be a stable charac-

ter of marine bacteria. Korinek (1927) found that original ;
differences between freshwater and marine bacteria were not ié

eliminated after a one-year cultivation on laboratory media
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and Stanier (1941)-failed to train marine agar-digesting
bacteria to grow at lowered seawater or salt concentrations.
On the other hand, ZoBell and Michener (1938) and ZoBell
(1946) presented evidence that most of their marine bacteria
which required seawater in the medium on initial isolation
developed a capacity to grow in freshwater media. Such con-
fusing reports on the ability to train organisms of marine
" origin to grow on freshwater media did not support a definite
physiologiqal role of salts in the growth of marine bacteria.
MacLeod (1965) later suggested that the nutrients used in
these experiments were most probably contaminated with in-
organic ions, the presence gf which might conceivably have
a beéring,on the conflicting reports 6n,the'stability of
ﬁhe halophilic character of marine bacteria. MaclLeod's sug-
'gesﬁion-pfoved-tb'be correct‘féllowing the work of Bovallius
and Zacharias (1971) on the metal content of commercially
prepared media. Richter.(1928), Mudrak (1933) and Dianova
and Voroshilova (1935) were among the first to observe a
specific Na requiremeﬁt.forbﬁhe‘growth of marine bacteria;
the most recent report was published by Baumann et al (1972).
Although it had been established that Na' was specifi-
cally required for the growth of marine bacteria, the -
specific role of Na' on their physiology and/or structure
had yet to be elucidated. Since marine bacteria lysed when
suspended in seawater diluted with distilled water, it was
thought that Na’ acted as an osmotic stabilizer. The limited

ability of related monovalent cations and sucrose to replace
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the Na® requirement for growth and stability of marine bac-
teria (MacLeod and Onofrey 1957, Payne 1958, Buckmire and
MacLeod 1965, Korngold and Kushner 1968) suggests that the
function is not only osmotic. However, an osmotic role for
Na' has not been completely dismissed because a number of
salts and sucrose reduce the Na+ requirement for the growth
of a marine Vibrio (Pratt and Austin 1963, Pratt 1963).
From these considerations, it appears that the degree of
specificity for Na® varies with the bacterial species}‘but
that a minimal, irreplaceable requirement for Na® neverthe-
less remains.

Efforts to determine the function of Na' in the meta-
bolism of marine pseudémonads revealed that Na® is speci-
fically required for the oxidation of exogenous substrates
(Tomlinson and MacLeod 1957, MacLeod, Claridge, Hori and
Murrayl958, Payne 1960 and MacLeod and Hori 1960) where the
amounts of Na' required varied with the substrate'to be
oxidized (MaclLeod, Claridge, Hori and Murray 1958); however,
Na' was not specifically required by any of the enzymes
tested in extracts derived from these cells (MacLeod,
Claridge, Hori and Murray 1958, MacLeod and Hori 1960).
Similarly, Pratt and Happold (1960) observed a Na© require-
ment for indole production from tryptophan by whole cells
but not by cell extracts of a marine Vibrio. These findings
suggested that Na+ might be specifically required for the
activation of a transport mechanism. Drapeau and MacLeod

(1963) using the non-metabolizable substrates a-amino-
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isobutyric acid and D-fucose to separate transport from meta-
bolic processes, showed that the marine pseudomonad speci~
fically required Na® for the uptake of these compounds; this
system was furfher investigated by Drapeau, Matula and MacLeod
(1966) and Wong, Thompson and MacLeod (1969). MacLeod (1965)
suggested that previously observed differences in.the quan-
titative requirements for Na' for the oxidation of various
substrates by a marine bacterium (MacLeod, Claridge, Hori

and Murray 1958) could be accounted for if one assumed the
presence of different permeases in the cell membrane with
quantitatively different Na' requirements for activation.

In 1960, Payne reported a Na' - dependent glucuronate uptake

mechanism in Pseudomonas natriegens; similar studies were

later extended to other marine bacteria (Rhodes and Payne
1962) . Recently, Webb and Payne(1971) confirmed earlier
i reports (Rhodes and Payne 1967 and 1968) of a Na® - dependent

mannitol transport mechanism in Vibrio natriegems. It should

be noted that in the course of Payne's studies on this

organism, the generic standing of Pseudomonas natriegens

was changed to Vibrio (Webb and Payne 1971). It would then
appear that one of the functions of Na' in marine bacteria
is to activate transport mechanisms. For more general in-
formation on transport mechanisms, the reader is referred
to the excellent review of Oxender (1972). Pardee (1968)
also reviewed some current ideas on the isolation.and

characterization of membrane transport proteins.
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Structural roles of Na' in marine bacteria have been
proposed. Studies on the stability of intact cells and en-

velope preparation of the marine Pseudomonas type IV when

suspended in various solutions of inorganic salts and non-
ionic solutes suggested that Na® stabilized the cell wall
by shielding the negative charges of the outer layer
(Costerton, Forsberg, Matula, Buckmire and MacLeod 1967)

or of the mucopeptide layer (Buckmire and MacLeod 1965).

Na© may also be required to maintain the cell membrane in-
tact (Thompson, Costerton and MacLeod 1970, DeVoe, Thompson,
Costerton and MacLeod 1970). Na' and Mg+2 ions contribute
to the structural integrity of the cell wall of psychrophilic
mafine Vibrios (Kennedy, Colwell and Chapman 1970 and see
Chapter 4).

Marine bacteria require Na® for their growth. The
specific Na® requirement does not appear to be linked to an
osmotic phenomenon but rather to an activation of a number
of transport mechanisms and to the stability of the cell
envelope of marine bacteria. Is the specific requirement
for Na© a unique characteristic of the marine bacteria?

This question will be answered in the following section.

Na' - Extreme halophiles

The Na'@ requirement is by no means unique to marine
bacteria; there have been some well documented reports of
non-halophilic species that require Na* for growth (Sistrom
1960, Bryant, Robinson and Chu 1959, Goldman, Diebel and

Niven 1963). NaCl is essential for the growth and stability
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of moderate and extreme halophiles (reviewed by Brown 1964,
Larsen 1967 and Kushner 1968). Since extremely halophilic

bacteria are of secondary importance to this thesis, I will

not dwell at any length on this vast subject but only under-

i A ca

line the salient features of extreme halophilism.

Extreme halophilism has already been defined (see

"Definition") as a requirement of organisms for near-saturated

or saturated NaCl solutions for growth. One of the first

questions that comes to mind is what is the internal salt
concentration of cells that live in an extremely halophilic
environment? Do extreme halophiles possess an active pump-
ing mechanism that would maintain a low ionic strength
within the cell's cytoplasm? It appears that extremely
halophilic bacteria do not exclude salt at all; in fact,
the ionic strength within the cytoplasm is as high as the

external environment (Brown 1964, Larsen 1967, Kushner 1968)

though some ions, such as K+, may be selectively transported
into the cytoplasm at the expense of Na® (Christian and
Waltho 1962).

Halophilic enzymes require high salt concentrations
for activity and most of these enzymes are inactive in the
absence of salts (Larsen 1967, Kushner 1968). Holmes and
HalQorson (1965) have shown that this salt inactivation is

reversible for malate and alanine dehydrogenases. The de-

gree of enzyme activation by Na' and k¥ varies with each

enzyme system. At equimolar concentrations of KCl or NaCl,

higher activities were observed with the former salt in
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citrate cycle enzymes of Halobacterium salinarium (Aitken

and Brown 1969), in cytochrome oxidase, cysteine desulfhy-

drase and several dehydrogenases of Halobacterium salinarium

(Baxter and Gibbons 1954, 1956, 1957) and in an aminoacyl

t-RNA synthetase of Halobacterium cutirubrum (Griffiths and

Bayley 1969). The aspartic transcarbamylase of Halobacterium

cutirubrum was equally active in 3-4 M NaCl or KCl (Liebl,
Kaplan and Kushner 1969) as was the NADH2 oxidase of the
halophilic strain AR-1 (Hochstein and Dalton 1968). Extra-

cellular proteolytic enzymes of Halobacterium saliharium are

more active in the presence of NaCl than KCl at equimolar
concentrations (Norberg and ﬁofstein 1969); this is consist- g
ent with the high Na* and low K ion content of the external
environment of extreme halophiles. It would then appear
that many enzymes of the extreme halophiles have a prefer-
ence but not an absolute requirement for high concentrations
of K ions which is consistent with the observation that the
intracellular concentration of K is unusually high in these
cells.

The 70S ribosomes of Halobacterium cutirubrum are com-

posed of 60% RNA and 40% protein; in this respect, the ribo-

somes of Halobacterium cutirubrum are similar to those of

Escherichia coli although the former differ in their high

content of acidic proteins (Bayley and Kushner 1964). The

halophilic ribosomes exist in their 70S state when suspended

in 3-4 M KC1 plus 0.1 M MgCl, and dissociate into subunits

2
upon dilution of both salts. The KCl requirement for ribo-
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somal integrity is quite specific and cannot be replaced with
Na' or other monovalent cations. Bayley pointed out that the
high concentration of cytoplasmic K’ may neutralize mutually
repulsive negative charges on the acidic proteins and RNA
thereby enabling these components to aggregate and form stable
and functionally active ribosome structures. It.has been
possible to reconstitute halophilic ribosomal particles
(Bayley 1966) and elaborate a cell-free protein synthesizing
system which required KCl, NaCl and NH4C1 for maximum acti-
vity (Bayley and Griffiths 1968). Clearly, the halophilic

2 ions

nature of these ribosomes is a function of K  and N@f
rather than Na'. Norberg et al (1973) recently suggested
that low salt éoncentrations caused conformational changes

in the aspartate transcarbamylase of H. cutirubrum.

Extreme halophiles require high concentrations of NaCl
for their growth. This requirement does not appear to be
directly linked to their enzymes and ribosomes which function
better in KCl than -in NaCl alone. As first suggested by
Abram and GiEbons (1961), Na' ions may play a structural
role by shielding negative surface charges of the halophilic
envelope. The presence of more acidic than basic amino acids
in the envelope proteins of halobacteria (Brown 1963, Kushner

1968), the excess of negative charges at the envelope sur-

face of Halobacterium halobium as studied by titration tech-

niques (Brown 1965) and the stability of protein extracted

envelopes of Halobacterium cutirubrum in water (Kushner and

Onishi 1966) strongly support the hypothesis. of Abram and

v ema e &
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Gibbons (1961). A more direct proof that Na* plays a struc-
tural role in stabilizing negatively charged envelopes was
provided by Brown (1964b) who showed that the marine bacterium
NCMB 845 whose envelope normally disintegrated at about 1-2%
NaCl, required 5% NaCl to prevent lysis, following acylation
with succinic anhydride. Thus, the addition of carboxyl
groups to the surface made the envelope halophilic.

Using electron spin resonance (ESR) spin-labelling tech-
niques, Hsia, Wong and MacLennan (1971) recently demonstréted

that the envelope dissolution of Halobacterium salinarium in

low NaCl concentration involves changes in protein conforma-
tion and lipid-protein interactions. This hypothesis is in
keeping with previous ESR studies on synthetic lipid bilayers
(Butler, Dugas, Smith and Schneider 1970).

High Na' concentrations may also activate transport
mechanisms as suggested by the Nétdependent uptake of gluta-

mate in Halobacterium salinarium (Stevenson 1966).

It would then appear that the need for high concentra-
tions of NaCl for the growth and stability of halobacteria
results from characteristics of their envelope rather than

characteristics of their cytoplasm.

2. Mg*2? - Non halophiles

In non halophiles, the role of Mg+2 extends through
various levels of cellular organization and function.
Although such a topic is beyond the scope of this thesis,

a few examples will be cited in order to provide some insight

on the extent to which Mg*2 participates in non-halophilic
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bacterial systems. Mg"'2 (and Ca+2) stabilized the envelope

of Pseudomonas aeruginosa (Brown and Melling 1969 a and b) and

affected the cell wall composition of Aerobacter aerogenes

when the latter was grown in a Mg+2 - depleted medium
(Ellwood and Tempest 1967). The degree and type of reag-
gregation of Mycoplasma membrane lipids is Mg+2 sensitive
(Razin, Ne'eman and Ohad 1969). The absence of Mg+2 inhibits
the respiratory activity of an Azotobacter sp. (Goucher,
Sarachek and Kocholaty 1966) and adversely affects proteiﬁ
synthesis by dissociating ribosomes into subunits (McCarthy

1962).

Mg*? - Marine

Marine bacteria, grown in a synthetic medium, usuélly
require 4 to 8 mM Mg+2 for growth (MacLeod and Onofrey
1956) although some organisms, including the one described
in this thesis, may require as much as 40 mM Mg+2 (Korngold
and Kushner 1968). The Mg+2 requirement of marine bacteria
is high compared to that of terrestrial species such as

Escherichia coli (Young, Begg and Pentz 1944) and Bacillus

subtilis (Feeney and Garibaldi 1948) which require 0.02 and
0.08 mM respectively. In 1956, MacLeod and Onofrey observed
a marked interaction between Mg"2 and Ca+2 in marine
bacteria; although both ions are required for growth, the
requirement for one of the ions usually varied inversely
with the level of the other in the medium. Lewis and Corpe
+2 . +2
(1964) also found that Ca “ could partially replace Mg

for the growth of a red marine bacterium. Brown (1960 and
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1 1962) observed an increased susceptibility of the marine
bacteria NCMB 845 to proteolytic digestion when grown in a
cation-depleted medium and concluded that protein conforma-
tional changes were responsible for the increased sensiti-
vity. He further suggested that under such growth conditions,
Mg"'2 was not available to shield the carboxyl groups of the
envelope proteins, thereby changing the conformation of the
proteins. In his review, Brown (1964) states that divalent
cations such as Mg+2 and Ca+2 can be expected!to stiffen a
lipoprotein membrane by forming salt bridges between
neighboring carboxyl groups just as they were shown by
Langmuir and Schaefer (1937) to stiffen faﬁty acid mono-
layets. Mg+2 cross-linkages of envelope components have
been cited in order to explain the lytic behavior of some
marine bacteria when suspended in solution of low salt con-
centrationé (Costerton, Forsberg et al 1967 and DeVoe and
Oginsky 1969).

Mg2+ - Extreme halophiles

Extreme halophiles require 100 to 500 mM Mg"'2 for

optimal growth (Larsen 1967, Kushner 1968). It would appear
that Brown's hypothesis on the Mg+2 salt bridges in theven-
velopes of marine bacteria (Brown 1964) may also be valid
for the extreme halophiles. As early as 1955, Brown and
Gibbons suspected a structural role of Mg""2 in the halo-

. philic envelope from the observation that the rod-shaped

cells of Halobacterium salinarium changed to spheres when

. . +
grown in a medium low in Mg+2 but normally high in Na .

i
! i
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Kushner and Onishi (1966) found that removal of lipids from

‘the envelope of Halobacterium cutirubrum greatly increased

the Mg+2 concentration required for stability; they inter-
preted these results to indicate that lipids were involved
as Mg+2 binding sites. The work of McClare (1967) on the

bonding between proteins and lipids in the envelopes of

Halobacterium halobium lends strong suppnort to Brown's hypo-

thesis on the structural role of Mg+2. McClare suggested

that the lipids in the envelope of Halobacterium halobium

are bound to at least two types of proteins by vpolar and
non polar bonds and that the polar type of bonds may involve
a Mé*z chelate of protein and lipid head groups.

Extreme halophiles differ from marine bacteria in the
amounts of Mg+2 required for optimal growth but are similar
to marine bacteria in that Mg+2 is used to crosslink various

components of their envelopes.

3. K - Non halophiles

The physiology of K* in bacterial systems is poorly
documented. In non-halophiles, Kt is required for protein
synthesis in intact and cell-free extracts of Escheriéhia
coli (Ennis 1971) and for the incorporation of amino acids
into polypeptides (Sachs 1957). There has also been a re-

. s . + .
port that, in Escherichia coli, K may not be free in

solution but rather bound to proteins (Damadian 1969).
+ .
X - Marine
Washing the marine pseudomonad Bl6 in 0.05 M MgSO, and

suspending the organism in 0.2 M NaCl + 0.01 M KC1 produced
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an immediate increase followed by a slow decrease in optical
density (i.e. lst and 2nd phase of optical change). The lst
phase of optical change (increase in 0.D.), resulting from

a decrease in cell volume, was due to an interaction of

NaCl with components of the cell envelope giving rise to a
contraction of the envelope and shrinkage of the cell. The
2nd phase of optical change (slow decrease in 0.D.), result-
ing from a gradual increase in cell volume, was shown to be
a kK - dependent process in which the rate of the 0.D. de-
Crease was similar to the rate of uptake of isotopic K by
the cells. K would appear t§ be osmotically active since
its accumulation was accompanied by an increase in cell
volume (Matula, Srivastava, Wong and MacLeod 1970). Thomp-
son, Costerton and MacLeod (1970) came to similar conclusions
in their morphological studies of the same system. That K
is osmotically active is not unique to marine bacteria for
it has been observed in mitochondria (Agatha and Rasmussen

1966) and in cells of Bacillus coli communis (Orskov 1948).

X" - Extreme halophiles

Substantial amounts of K" are needed for the growth of
extreme halophiles (Brown and Gibbons 1955, Gochnauer and
Kushner 1969). The contribution of K* to the activity of
halophilic enzymes and the stability of ribosome structure
has already been discussed (see Na+-requirement). Vitamins
and éarbohydrates are stimulatory to the growth of Halo-
bacterium sp. if the low K' concentration of the normal

growth medium (Onishi, McCance and Gibbons 1965) is increased
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to 0.1% K+ (Gochnauer and Kushner 19639), much of which be-

comes 'cell bound' (Gochnauer and Kushner 1971). One

striking feature of Halobacterium sp. is their ability to
maintain high intracellular K" concentrations for days in

the absence of an energy source (Gochnauer and Kushner 1971)

or oxygen uptake (Ginzburg, Sachs and Ginzburg 1970).
These preliminary reports suggest that XK' is osmotically
active (not bound) in marine bacteria and that the unusually

high concentration of K+ ions in Halobacterium sp., often

U N Wi N e Ve e RIS SAFAA YT LGS T T e e e R

exceeding that required to saturate their internal fluid,

may occur in two physiological states: free in the cyto-

TP Ty

plasm and bound to proteins or other polyanions.

4. Concluding Remarks

Salt requirements (and possibly salt tolerance) are

genetically stable characteristics of a bacterium which are

o NS AT LG A R ARG

expressed in the amino acid composition and sequence of

proteins (Larsen 1962). Most marine bacteria are motile,

gram negative rods and facultative psychrophiles (Hucker
.1954); some of these organisms can grow at high hydrostatic 25 
pressures (Albright and Henigman i97l and Pélmer and i
Albright 1970). The question of the existence of speci-
fic marine bacteria may be linked to the presence of
*tracélamounts of toxic heavy metals in the sea.Escherichia
coli will survive and grow in.natural or artificial

seawater only if a chelating agent is present in the

medium (Scarpino and Pramer 1962, Jones 1964). Marine bac-

teria require inorganic ions for their growth and metabolism
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and for maintaining the integrity of their cell envelope.
Na+, which is specifically required for growth and whose
intracellular concentration equals that in the growth medium
(Matula et al 1970), activates Na* - dependent mechanisms for
transporting substrates into the cells. Stability of the
cell envelope of marine bacteria rests on the capacity of
Na* to shield negative charges on the cell surface layers

and of divalent cations to form cross linkages between
various components of the cell envelope. A siﬁiiar mechanism
exists in the envelopes of extreme halophiles. The integrity
of the ribosomes and the activity of many enzymes in the
extreme halophiles is k" rather than Na®© - dependent, a
finding which is consistent with their unusually high in-
ternal K concentration. The presence of an excess of

acidic proteins in the envelopes and ribosomes of extreme
halophiles may represent one if not the major adaptive res-
ponse of these organisms to survival in an extremely halo-

philic environment.

III. Psychrophilism

1. Terminology and some physiological aspects

Growth temperature ranges have been used to divide
microorganisms into thermophiles. mesophiles and psychro-
philes. It is generally agreed that the former two are
quite distinct from each other whereas there exists'a con-
siderable amount of confusion and lack of agreement on the
dividing line between mesophilic and psychrophilic micro-

organisms.
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The etymology of the word psychrophile stems from the
Greek words psychros (cold) and philos (loving). The term
psychrophile was coined by Schmidt—Nielsen (1902) to describe
the ability of certain organisms to grow at OC. Early in-
vestigators in the field objected to this name because it
implied that these organisms preferred low temperatures
whereas ample experimental evidence had already shown that
psychrophiles grew better at 20C or higher (Ingraham and
Stokes 1959). In fact, most psychrophiles are cold-tolerant
rather than cold-loving. That freezing or near freezing
temperatures were not the optimal growth temperatures of
psychrophiles stimulated some workers to seek other descriptive
.epithets which Woul&imo?e accurately convey the temperature
cha:écteristics éf this group of o;ganisms. Among others,
ésychro-tolerant (Hérowitz—Wlassowa and Grinberg 1933), eury-
thermic (Zobell 1934) and thermophobic (Edsall and Wetterlow -
.1944) had Been.proposed.'

Most psychrophiles aré Gram negative, asporogenous rods
which belong to the genus Pseudomonas and, to a lesser extenﬁ,

to the Vibrio, Achromobacter, Flavobacterium and a few other

genera (Inéraham and Stokes 1959, Liston 1957, Witter 1961,
Colwell- 1962, Stokes 1963 and Larkin and Stokes 1966).
Psychrophilic microorganisms are very widely distributed

in nature having been isolated from air, water, soil, plants,
animals and a great variety of foods (Stokes 1963). The
greatly increased use of frozen and chilled foods in recent

years and the increasingly longer periods of time between

.
D T e B LR SO AT SO L
T e e e e R I IS SRS TN A v e T T LR S e




-20-

their production and consumption have greatly enlarged the
importance of psychrophilic bacteria in the food industries.
The question of the definition of osychrophiles is a
difficult subject in which different conclusions can be
reached depending on whether the minimal, optimal or maximal
growth temperature is used as point of reference. In 1954,
Hucker side-stepped this problem when he proposed two
psychrophilic sub-groups not based on any of the three
cardinal temperatures. According to his proposal, faculta-
tive psychrophiles were organisms that grew at 0C and 32C
whereas organisms that grew at 0C but not at 32C made up
the obligate psychrophilic group. Baxter and Gibbons (1962)
also divided the psychrophiles into obligate and facultative
sub-groups based on the capacity of the former to grow
rapidly below 20C and the latter at or ‘above 20C. That
the unigue property of psychrophilic organisms was the
ability to grow well at OC had been recognized from the
very early studies of psychrophiles (Forster 1887, Schmidt-
'Nielsen 1902). Some definitions of psychrophilism specifically
made use bf this fact i.e. psychrophiles are organisms that
.prOduce visible growth following a two-week (Ingraham.and
Stokes 1959) or a one-week (Stokes 1963) incubation at 0C or
organisms that exhibit a generafion time of 48 hours or less
.at 0C (Ingraham 1958). From these considerations, the
organism studied in this thesis has been designated as an
obligate psychrophilic bacterium since it grows well in the

temperature range 0-19C; at 21C, growth ceases and the
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organism rapidly dies and lyses at higher temperatures

(Hagen, Kushner and Gibbons 1964).

Physiological aspects of psychrophilism in microorganisms

Many so-called psychrophilic organisms have shown a
surprisingly high maximum temperature for growth i.e. as
high as 45C (Bedford 1933). Witter (1961) claimed that,
since the maximum growth temperaturesof organisms capable
of low temperature growth are so variable, the inclusion of
a limiting maximum growth temperature in the definition of
a psychrophile would serve no useful purpose.

The minimum growth temperature of psychrophiles lies
in the vicinity of -10C where growth is very slow (Bedford
1933, ZoBell 1934 and Smart 1935). Below this temperature,
 growth inhibition probably results from the progressive
dehydration and the concomitant increase in salt concentra-
tion of the medium due to the progressive removal of water
by freezing.

Psychrophiles have been defined most frequently on the
basis of their optimum temperature for maximum growth rate;
for most psychrophiles, this optimum temperature usually
lies above 20C (Ingraham and Stokes 1959) and approaches
that of mesophiles. Some authors (Hess 1934, Ingraham 1958)
have found that a more representative optimum growth tempera-
ture can be obtained when it is defined in terms of thg

generation time of cells in the exponential phase of growth;

TSN PN TS, PRI AN CD AT AATF LD T
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it follows that the temperature at which the generation time.

is shortest is the optimum growth temperature for these cells.
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Cell yield has also been proposed as a parameter.in deter-
mining optimal growth temperature. However, this approach
suffers from a serious drawback in that very long periods

of incubation may be required to obtain maximal cell numbers

(Hess 1934).

2. Psychrophily: a function of

A. Thermolabile enzymes:

Psychrophilism is an important aspect of marine life in
view of the fact that, with the exception of surface waters
which are subject to latitude and seasonal variations, the
temperature of the sea is approximately 5C (Zobell 1946).
Though psychrophily is not a characteristic unique for
bacteria of marine origin, its physiological basis in marine
bacteria and other microorganisms is of considerable interest.
The ability of psychrophiles to grow at low temperatures may
be due to some unique piOperty of their enzymes and/or cell
envelopes.

The van't Hoff-Arrhenius plot is commonly used in
chemical kinetics to determine the activation energy of
chemical reactions.. If the natural logarithm of the feaction
rate (k) is plotted as a function of the reciprocal of the
absolute temperature (T), the slope of the straight line
obtained is proportional to the energy of activation of the

reaction (AE) i.e. In K = -%% + C where C is an integration

constant. Microbiologists have substituted bacterial growth
rate for reaction rate in the van't Hoff-Arrhenius equation

to obtain the temperature characteristic of growth (u), a
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quantity which is analogous to activation energy. It was
hoped that this parameter, which indirectly measured the
mean activation energy of the limiting enzyme systems of a
cell population, would provide a novel approach to the
definition of psychrophiles and mesophiles. Ingraham (1958)

compared the growth of three psychrophilic strains of Pseu-

domonas with strains of mesophilic Escherichia coli and

Pseudomonas aeruginosa and found the temperature coefficient

(1) for growth to be lower for the psychrophilic strains.
The values of u for the psychrophilic strains varied between
8,700 and 9,400 calories/mole while that of the mesophiles
was 14,000 calories/mole. Ingraham suggested that this dif-
ference in temperature coefficient might be due to the
different activation energies of psychrophilic and mesophilic
enzymes or, stated differently, that the enzymatic activi-
ties of the psychrophiles were less affected by changes in
température. However, Hanus and Morita (1968) obtained
lower u values for mesophilic than psychrophilic strains of
Vibrio. From the discrepancies of their results with those
of Ingraham (1958), Hanﬁs and Morita (1968) concluded that
no consistent diffe;ences existed in the p values for meso-
philes and psychrophiles and that attempts to try to cor-
relate the p of an organism's enzyﬁes with its temperature
range of growth would be futile. 1In fact, Brown {1957) and
Ingraham and Bailey (1959) had previously found that the
activatioﬁ energies of corresponding enzyme systems in

psychrophilic and mesophilic strains of Pseudomonas were
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very similar for the enzyme examined.
Morita and Burton (1963) and Burton and Morita (1963)
reported that the inactivation of malic dehydrogenase of

Vibrio marinus, a facultative psychrophile with an optimum

growth temperature of 24C and a maximum of 30C, was very
rapid at 30C. The enzyme activity in cell-free extracts

was 20 times greater than in intact cells although the cell-
free enzyme lost almost twice as much activity with each

10C degree drop than did the intact cell enzyme. The authors
suggested that an interplay between thermolabile enzymes and
cell permeability may govern the maximal temperature at
which this organism can grow. Morita and Robison (1964)

came to similar conclusions from their work with an obliga-

tely psychrophilic strain of Vibrio marinus on the tempera-

ture inactivation of metabolic systems involved in oxygen
uptake.

Grant, Sinclair and Nash (1968), following up earlier
work by Sinclair and Stokes (1965) on the temperature-
sensitive glucose fermentation in the psychrophilic yeast

Candida gelida, confirmed that the heat-induced (35C) loss

of fermentative activity was due to inactivation of a
temperature-sensitive pyruvate decarboxylase, the only
temperature-sensitive enzyme of the alcoholic fermentation
pathway.

Malcolm (1969) ascribed the molecular basis of obligate

psychrophily in Micrococcus cryophilus to two temperatu;e-

sensitive aminoacyl t-RNA synthetases which recognize their
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cognate species of t-RNA only when the latter is in a low-

temperature configuration. A few other reports have des-

cribed thermolabile enzymes in psychrophiles (Hagen and

Rose 1962, Langridge and Morita 1966, Purochit and Stokes
1967) .

Though heat sensitivity of enzymes seemsto be one, if
not the principal, of the known factors limiting the maxi-
mum growth temperature of psychrophiles, it should not be

taken for granted that all the enzymes isolated from psy-

chrophilic organisms function best at low temperatures. The
optimum temperature for the activity of some prbteolytic
enzymes of an obligate marine psychrophile ranges from 40-45C
(McDonald and Chambers 1963) whereas a phosphatidase, in the

same organism, functions at temperatures exceeding 20C

DALY N i A RN v AR, s

(Hagen, Kushner and Gibbons 1964). &

B. Cell permeability:

In addition to thermolabile enzymes, psychrophilism may ng

also be linked to cell permeability. In the temperature

range of 0-20C, little glucosamine uptake was measured in

a mesophilic strain of the yeast Candida whereas the uptake

was relatively unaffected in an obligate.psychrophilic strain
of the same organism (Baxter and Gibbons 1962). The authors |E
commented that an increased permeability at low temperatures ;ﬂ
may be of prime importance for the survival of orgénisms it

that thrive in the cold.

Elevated temperatures adversely affect the structural 'fL

integrity of psychrophilic cell envelopes. An obligate marine. i
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psychrophile, which grows in the temperature range of 0-19C,
rapidly lyses at temperatures above 21C releasing significant
amounts of lipid-phosphorus and ultraviolet-absorbing
material into the medium (Hagen, Kushner and Gibbons 1964,
and see Chapter 4). Thermally-induced leakage has been re-

ported in obligately psychrophilic strains of Vibrio marinus

(Morita and Robison 1964, Haight and Morita 1966) and Candida
nivalis (Nash and Sinclair 1968). ,

C. Lipid composition

Growth of microorganisms at low temperatures results in
an increase in the proportions of unsaturated fatty acids
(Rates 1964). The lipid composition of an obligate marine
nsychrophile (a marine Vibrio - see Chapter 2) differed from

a mesophlllc strain of Serratia marcescens in its lack of

cyclopropane acids and a grea;er amount of unsaturated fatty

acids when both organisms were grown at their optimal growth

temperature (Kates and Hagen 1964). Over the temperature-

range of 43C to 10C, the proportion of monoenoic acids in
E. coli cells grown in glucose-minimal and in yeast extract-
supplemented media increased and the amount of cyclopropane
acids decreased with decreasing temperature (Marr and
Ingraham 1962) . These findings suggest that the enzymatic
transfer of a methylene group to the double bond of the
monoenoic acids to form cyclopropane acids is either very
slqw or inhibited at low temperatures; other factors such as

composition of the growth medium may also be involved in

this saturation reaction (Kates 1964). The contribution of
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lipid composition to psychrophilism is not clear at the.pre-
sent time.

A few isolated reports indicate that the salinity of
the growth medium may affect the temperature tolerance of

bacteria. When two psychrophilic strains of Vibrio marinus

were grown in a medium containing 0.7% salts (lowes£ salinity
permitting growth), the maximum growth temperature was 10C
lower than in a medium containing 3.5% salts (Stanley and
Morita 1968). Goldman, Deibel and Niven (1963) also reported
that a number of strains of lactic acid bacteria isolated
from meat-curing brines developed a reqﬁirement for NaCl at

elevated temperatures.

IV. Morphology and Chemistry of the bacterial cell envelopes

The concentric layers that surround the cytoplasm make -
up the cell envelope; the number, morphology, localization
and chemical composition of these layers may vary from one
group of organisms to énother. It is then not surprising
that a number of texts (Gunsaius and Stanier 1960, Salton
1964, Rogers and Perkins 1968) and reviews (Glauert and
Thornley 1969 on the "Topography of the Bacterial Cell Wall",
Osborn 1969. on the "Structure and Biosynthesis of the Bac-
terial Cell Wall", Robertson 1966 on the "Design Principles
of the Unit Membrane", Korn 1969 on "Cell Membranes :
Structure and Synthesis" and Tomasz (1971) on "The Bacterial
Cell Surface" have been devofed to the structural and

chemical complexity of the bacterial cell envelope.
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The major components of the bacterial envelope have
been grouped under four headings: surface appendages,
structured or amorphous outer layers, cell wall, and cell
membrane.

1. Surface appendages

The flagella, thread-like structures responsible for
cell motility, occur singly or in groups at the polar ends"
or the periphery of the bacteria. Bacterial flagella, at-
tached to both the cell wall and cell membrane by a hook-
bas;l body complex (DePamphilis and Adler 1971 a and b),
consist almost solely of protein (Kerridge 1961, Iino 1969).
The flagellins, a term coined by Astbury (1955) to designate
the globular proteins of flagella, are of low molecular
weight ranging from 20,000 to 40,000 in different species
(Abram and Koffler 1964, Kerridge, Horne and Glauert 1962).
Eucaryotic flagella and cilia exhibit a nine plus two
organization of tubules (reviewed by Gibbons 1967, Hookes,
Randall and Hopkins 1967) whereas no such arrangement has
been obéerved in bacterial flagella. Electron microscope
and X-ray diffraction studies suggest that bacterial fla-
gella are constructed of three to five helices of flaéellin
units about 5 nm in diameter and wound around a common
center (Kerridge, Horne and Glauert 1962, Lowry and Hanson
1965). Flagella grow by the addition of flagellins at their
tips (Asakura, Eguchi and Iino 1968, reviewed by Kushner -

1969 and Iino 1969).
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2. Structured and amorphous outer layers

Capsules and slime layers lie external to the rigid cell
wall of many microorganisms. Like the surface appendages,
these extramural layers can usually be removed without af-
fecting the viability or the morphological integrity of
microorganisms (Salton 1964).

Production of capsules is subject to both phenotypic
and genetic variations. The amount and chemical composition
of_capsular material is dependent on the organism and
characteristics of its growth medium (Salton 1964). Micro-
organisms which produce capsules always form a layer of
slime similar if not identical in composition to the capsular
material (Rose 1965). It has been shown that the absence of
capsules in a usually encapsulated organism may result from
a mutation (Duguid and Wilkinson 1953 and 1954) or the pro-
duction of capsule-degrading enzymes by the organism (Kass
and Seastone 1944).

Polysaccharides are the principal component of capsules
and slime layers aithough a D-glutamic polypeptide capsule

has been found in Bacillus anthracis (Salton 1964); these

components are usually quite distinct chemically from those
of the cell wall (Salton 1960, Stacey and Barker 1960) al-
though Salton (1964) does make reference to several instances
of chemical overlap. Antigenic specificity has been asso- '
ciated with bacterial capsules; the texts by Boyd (1962) and
‘Humphrey and White (1963) should be consulted for detailed

information on this subject.
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In addition to capsules and slime layers, the occurrence
of intercellular cementing substances has been reported.

Cellulose facilitates cellular cohesion in Sarcina ventriculi

(Canale-Parola, Borasky and Wolfe 1961), whereas an uniden-
tified polysaccharide acts as the intercalating material in

Lempropedia hyalina (Chapman, Murray and Salton 1963). Ce-

menting materials share some common features with capsules
in that they are also polysaccharides and not essential for
the survival of the organism.

Removal of non-structured layers, contiguous with the
outer surface of the cell wall, has been described in a
number of Gram negative bacteria. Treatment with sodium
lauryl sulphate removed a lipoprotein layer in E. coli cells
(Murray, Steed and Elson 1965) while lipopolysaccharide was
libérated from Gram negative bacteria by washing in water
or monovalent cations (Corpe and Salton 1966, Roberts, Gray
.and Wilkinson 1967). A loosely bound outer layer containing
protein, lipid and carbohydrate, was removed from a marine
pseudomonad by washing intact cells in 0.5 M NaCl (Forsberg,
Costerton and MacLeod 1970). In none of the above cases did
extraction of these external layers affect the viability of
the cells.

‘A number of bacteria exhibit a structured outer layer.
Negatively stained and shadowed preparations of intact cells
and cell envelopes have revealed a regular hexagonal pattern

in Halobacterium sp. (Houwink 1956, Kushner and Bayley 1963);

this topic will be discussed in more detail in Chapter 6.
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Other macromolecular layers have been observed in Spirillum

serpens (Houwink 1953, Murray 1963), Micrococcus radiodurans

(Work and Griffiths 1968), Lampropedia hyalina (Chapman,

Murray and Salton 1963) and Bacillus polymyxa (Nermut and

Murray 1967). For a more detailed account on this subject,
the reader is referred to the review by Glauert and Thornley
(1969). The subunits of the structured surface layer of

Halobacterium halobium (Marshall, Wicken and Brown 1968)

and of Spirillum serpens (Buckmire and Murray 1970) have

been isolated and shown to consist mainly or entirely of
proteins. At present, the structural and/or physiological
significance of these layers is not clear.

3. Cell wWalls

A. Introduction

The morphology and chemistry of the bacterial cell
walls, the outermost layer of the cell envelope primérily
responsible for cell rigidity, were extensively reviewed
by Salton (1964), Rogers and Perkins (1968) and Ghuysen,
Strominger and Tipper (1968); other reviews will be men-
tioned in the course of the discussion.

Purified cell wall preparations have been isolated
- following physical disruption of intact cells and treatment
of the crude wall preparation with chemical agents such as
trypsin, pepsin and nuclease (see Salton 1964 for a compre-
hensive review). The cell wall of_Gram positive organisms,
‘whose thickness ranges from 15 to 80 nm, accounts for 20 to

40% of the cell's dry weight while the Gram negative cell
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wall, approximately 8.0 nm thick, contributes lgss than 15%
of the cell dry weight (Salton 1964). The cell wall compo-
sition of these two groups of bacteria differs markedly;

the Gram negative bacteria contain more lipids, less amino
sugars and a full range of amino acids while only a few
amino acid residues are present in the Gram positive épecies
(Perkins 1963). Variations in the composition of the cell

walls are of taxonomical significance; the cell wall lipid

content permits Gram differentiation of bacterial species o

(salton 1964), lipopolysaccharides often reflect the endo-
toxic and antigenic properties of certain bacteria (Simmons
1971) and the presence of phage receptor sites (Salton 1964).
The Gram negative cell wall will be discussed under
three headings, corresponding to the three general areas of

their wall: the outer membrane, the outermost layer of

'‘unit membrane' appearance, the periplasmic space, an electron

transparent area between the outer membrane and the cyto-

plasmic membrane, and the glycosaminopeptide layer (R layer)

which confers rigidity to the cell.

B. Outer Membrane

The spatial relationship of the outer membrane with
other layers of the Gram negative cell wall is represented
in the model profiles (based on the biochemical and ultra-
structural studies of Martin (1963 - see figure 1) and
DePetris (1967 - see figure 2). Models for the cell wall

of Escherichia coli (Weidel, Frank and Martin 1960), Proteus

vulgaris (Burge and Draper 1967) and other Gram negative

8
<
*
§
3
<
o
B
3
1

e




-33-

bacteria (Glauert and Thornley 1969) do not differ signifi-
cantlj‘wifh that presented in figure 2.

In thin section, the outer membrane appears as a 'unit
membrane' (two electron dense layers separated by one of
lesser density) 6.0 to 10.0nm thick and usually exhibiting
a wavy, undulating outline which can be altered by different
fixation methods (Murray, Steed and Elson 1965). Thin

sections of phenol-extracted Gram negative cells no longer

show the outer membrane (Weidel, Frank and Martin 1960) sug-

gesting that lipopolysaccharides are associated with this
layer. From his cytochemical and ultrastructural studies,
DePetris (1967) proposed a model (figure 2) in which lipids
form the basic layer in the outer membrane of E. coli with
proteins and lipopolysaccharides in close association on
both its inner and outer faces. This model is attractive
because it explains the double-track staining pattern as a
property of the polar heads of oriented sheets of lipids
and phospholipid molecules similar to those postulated in
the 'unit cytoplasmic membrane’ which gives a similar stain-
ing pattern. Burge and Draper (1967) came to similar con-
clusions from their X-ray diffraction studies on the cell

wall of Proteus vulgaris from which they suggest that the

hydrocarbon chains of the oriented sheet of lipids in the
outer membrane lie at right angles to the plane of the wall;
subsequent work led them to conclude that the outer membrane
is a lipopolysaccharide 'unit membrane' (Burge and Draper

1967a). The reader is referred to Osborn (1969) for a
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Figure 1.

a)

b)

¢) and Q)

e)

f)

Cell wall changes after treatment with lysozyme

or penicillin.

Gram positive bacterium in which the cytoplasm
(CP) within the cytoplasmic membrane (CM) is sur-
rounded by a presumably pure glycosaminopeptide
cell wall (MPW).
Lysozyme dissolves the cell wall and liberates
the naked protoplast.
Gram negative bacterium with complex triple-
layered cell wall. Separation of the layers
can be achieved by solvent extraction and by
treatment with proteolytic (P) enzymes. d)
Both EDTA(E) - lysozyme (L) and penicillin (PEN)
treatments induce depolymerization of the
glycosaminopeptide polymer (MP) to a different
degree and by a different mechanism.
Small glycosaminopeptide fragments (MF), cova-
lently linked to other cell wall components,
remain in the wall after lysozyme treatment.
Penicillin spheroplasts may retain larger frag-
ments of a non-rigid glycosaminopeptide (MF).
L?, lipoprotein; 1s, lipopolysaccharide;‘
RL, rigid layer; PG, protein granules. The
LP and LS regions correspond to the molecular
sieve layer and periplasmic space respectively.

Illustrations are taken from H.H. Martin (1963) .
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comprehensive review on the structure and synthesis of- lipo-
polysaccharides. The observations by Frank and Dekegel
(1962) and DePetris (1967) that thin sections of lipopoly-
saccharides extracted with phenol from E. coli cell walls
exhibit a 'unit membrane' appearance support the view of
Burge and Draper (1967a). The outer membrane of a Gram
negative marine bacterium, removed by simple manipulation
of the cation concentration of the suspending medium, was
found to be rich in proteins and phospholipids (Costerton,
Forsberg, Matula, Buckmire and MacLeod 1967) and to contain
hexosamines and non-amino sugars (Forsberg, Costerton and
MacLeod 1970).
Present evidence suggests that the major components of

the outer membrane of Gram negative bacteria are lipopro-

- teins or lipopolysaccharides or both (Costerton 1970) ar-

ranged in some type of mosaic structure (Glauert and
Thornley 1969). However, Costerton (1970) expressed his
reservations on the complete identity of complexes obtained
through the action of rigorous extraction procedures with
those that exist in the intact cell. The observation that
enzymatic disruption of one cell envelope component releases
many other envelope components (Whiteside and Corpe 1969)
supports Costerton's view.

The function of the outer membrane would seem to be
that of a selectively permeable layer (Costerton 1970).
Although the cell walls of Gram positive bacteria may retard

the passage of certain molecules such as streptomycin and




Figure 2. Model profile of E. coli cell wall.

The dimensions, shapes and arrangements of the
actual single constituent elements of the cell wall layers

are still unknown. The approximate correspondence of the

various components with the structure visible in thin section

is shown on the far left.

The left part of the diagram represents the wall
of a 'smooth'cell in which the polysaccharides (S-Ps) are
assumed to be composed of a basal structure and specific
side chains; on the right, the wall of a 'rough' form in

which the polysaccharides (R-Ps) lack the specific side

chains.

Proteins (Pr) and polysaccharides (Ps) are consi-
dered to be distributed in a mosaic on the surface of the

wall (ll) and polysaccharides are possibly present at 13.
The bulk of the lipids (Lp) is situated at the level of the

L membrane where Lp' and Lp" indicate schematically the

existence of different classes of lipids associated either

with po;ysaccharides or proteins. Globular proteins, cova-

lently linked to the glycosaminopeptide layer (MP) are

represented at the level of the G layer. The possible

existence of other materials (proteins?) in the M'layer

b .
etween 9, and the cytoplasmic membrane (CM) is also indi-

cated.

Illustration taken from S. de Petris (1967)
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neomycin (Kagan 1968), it is only in the Gram negative cell
wall that we find a layer which acts as a "molecular sieve"
(term coined by Mitchell 1961) in restricting the passage
of certain large molecules (reviewed by Costerton 1970).
The demonstration that spheroplasts, in which the outer mem-
brane is demonstrably damaged, are able to carry on normal
metabolic activities (Martin 1963) and that cells of a
marine pseudomonad, from which the outer membrane is com-
pletely removed, are able to concentrate a non-metabolizable
amino acid analogue at an undiminished rate (DeVoe, Thompson,
Costerton and MacLeod 1970) suggests that the outer membrane
does not play an important role in selective permeability or
in active transport. Stated briefly, the Gram negative
bacteria are not surrounded by two cytoplasmic membranes
but by a cytoplasmic membrane within a molecular sieve layer.
The cell wall morphology of the Gram negative Halobacte-
rium sp. is not typical of Gram negative bacteria in that
it lacks a tripartite outer layer (see Chapter 6). Thin
sections have revealed a fairly homogeneous layer approxi-
mately 7.5nm thick with a 'serrated edge' which corresponds
to the regular surface pattern in sectional view (Cho, Doy
and Mercer 1967, Steensland and Larsen 1969, and see Chapter
6). Chemical studies have indicated that the composition
of the 'cell envelope is different from that of the cell walls
of other Gram negative bacteria: in particular, the content
of amino sugars (Stoeckenius and Kunau 1968) and simple

sugars (Kushner, Bayley, Boring, Kates and Gibbons 1964) is
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low. Envelopes of Halobacterium sp. also lack muramic acid

and diaminopimelic acid (Brown and Shorey 1963, Kushner et

al 1964) indicating that these bacteria do not have a rigid

glycosaminopeptide layer of the type found in other Gram

negative bacteria (see section on "Glycosaminopeptide"”).
Tdentification of the "rigidity factor" in extreme halophiles

must await further experimentation.

C. Periplasmic space

The periplasmic space, a term coined by Mitchell (1961),
describes the electron transparent area of the Gram negative
cell wall between the cytoplasmic membrane and the molecular

sieve layer (figure 1). The observation that proteolytic
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enzymes "unzip" the cell wall of intact E. coli at this
jevel indicates that proteins are associated with this area
(DePetris 1967). Periplasmic lipopolysaccharides have also

been localized in E. coli and Salmonella typhimurium sphero-

plasts using ferritin-conjugated antibody (Shands 1966) .
Forsberg, Costerton and MacLeod (1970) reported the presence %%
of proteins, lipids and carbohydrates in the 'underlying ﬁﬁ
layer' of a marine pseudomonad following a non-degradative
dissection of its cell wall.

A number of enzymes such as glucose—6—phosphatase
(Mitchell 1961), DNA'ase and RNA'ase (Brockman and Héppel

1968) and a few others (cited by Costerton 1970) are asso-

ciated with the periplasmic space. The most thoroughly

documented case for the periplasmic localization'of an

enzyme is that of alkaline phosphatase based on the evidence
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that the enzyme is not bound to either the membrane or wall
fragments of E. coli cells (briefly reviewed by Brockman
and Heppel 1968). The enzyme could not be detected immu-
nologically at the outer surface of 8. typhimurium cell
walls (Schlesinger and Olsen 1968). The latter authors
also found that when spheroplasts are formed, active alka-
line phosphatase is released into the medium without a con-
comitant release of "intracellular" enzymes. The inactive
subunits of this enzyme are synthesized in the cell cyto-
plasm and then transferred to the periplasmic space where
they form active dimers (Torriani 1968).

Murray's comment (1968) that "things happen" in the
gap between the cytoplasmic membrane and the innermost layer
of the cell wall has been substantiated with the localiza-

tion of a number of enzymes whose activities are important

to cell function.

D. Glycosaminopeptide layer (R layer)

a. Morphology:

The constituent which is thought to be mainly respon-
sible for the mechanical strength of the cell wall has
alternatively been called murein, mucopeptide, mucocomplex,
pgptidoglycan and glycosaminopeptide (cited in Glauert and
Thornley 1969). Salton (1964) strongly criticizéd the use
of the terms mucopeptide and mucocomplex because they are

chemically vague and physico-chemically misleading as the
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wall fraction responsible for its rigidity is far from
mucoid; the term glycosaminopeptide which more accurately
describes the chemical nature of the rigid layer will be
used in this thesis. Glycosaminopéptides have not been

isolated from extreme halophiles and are absent in proto-

plasts and L-forms; otherwise, these compounds are present

in all the bacteria so far studied (Glauert and Thornley
1969) and in other microbial groups such aé blue-green algae
and Rickettsiae (Salton 1964).

This layer accounts. for 5-10% (w/w) of the Gram negative
cell wall and as much as 80-90% of the Gram positive Micro-

coccus lysodeikticus (Rogers and Perkins 1968). The R layer

has been visualized as a rigid ‘bag-shaped' macromolecule
surrounding the Gram negative (Weidel and Pelzer 1964) and
Gram positive (Costerton 1970)'bacteria. In thin section,
the R layer of Gram negative bacteria is 3.0 to 8.0 nm thick
and appears as a densely staining layer in the ‘matrix' of

the periplasmic space (figure 1 and 2). The R layer is

sometimes closely allied to the inner surface of the outer

membrane (Murray, Steed and Elson 1965). Another interest-

ing morphological aspect of the R layer is the presence of

granules on the surface of shadowed preparations of purified
g- coli 'mucopolymer' (Martin 1963, and see figures 1 and 2).
These granules can be dissolved by proteolytic enzymes
liberating a cell-shaped, smooth, lysozyme-sensitive 'muco-
polymer' layer (Frank and Martin 1960) . The function of

these protein granules has led to some speculation. DePetris
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(1967) suggested that the R layer and protein granules could

be the sites of 'surface-bound' enzymes; it is also possible

that these granule§ have ariseh from the aggregation of peri-
plasmic enzymes.

b. Protoplasts, spheroplasts and mureinoplasts

The glycosaminopeptide layers of Gram negative and Gram
positive bacteria are very similar in that they are disrupted
by lysozyme digestion and their assembly is inhibited by
penicillin (Martin 1963, Murray, Steed and Elson 1965).

As shown in figure 1, the Gram positive cell wall is
solubilized by lysozyme digestion yielding an osmotically-
sensitive protoplast; if the organism is originally rod-
shapéd, a concomitant transition from rod to sphere occurs
RS ' ; (Martin 1963). In contrast, preparation of 'clean' Gram
negative protoplasts has met with some difficulties (Salton 1964)
although they have been obtained from sucrose-washed, EDTA-
lysozyme treated cells of a marine pseudomonad (Costertqn,
Forsberg, Matula, Buckmire and MacLeod 1967). True naked
protoplasts retain no residual cell wall demonstrable by
chemical or immunological methods or by phage receptor acti-
vity.

Spheroplasts are lysozyme-treated cells that have been
converted into sphefical bodies, sensitive to a hypdtonic
medium, but which are still surrounded by a partially degra-
ded, non-rigid cell wall (Martin 1963). Spheroplasting of
Gram negative bacteria requires ethylenediaminetetraacetic

acid (EDTA) which penetrates or partly dissolves the outer
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membrane thus exposing the R layer to lysozyme attack (figu-
re 1).

The term 'mureinoplast' has recently been proposed to
describe Gram negative cells which have lost the outer
layers of their cell wall and are surrounded only by the
cytoplasmic membrane and the R layer (DeVoe, Thompson,
Costerton and MacLeod 1970).

c. Composition in Gram negative bacteria

The chemical composition of partially purified R layers
from Gram negative organisms (Weidel, Frank and Martin 1960,
Mandelstam 1961 and 1962) although qualitatively similar to
that of certain Gram positive bacteria (Costerton 1970) dif-
fers quantitatively from the Gram positive species. In the
Gram negative species, the proportion of muramic acid is
much lower and both lysine and DAP are present, whereas
only one of these aminc acids occurs in a given species of
Gram positive bacteria (Mandelstam 1961) . The glycosamiho-
-peptidé biosynthetic pathway appears to be analogous in
both groups of organisms. From acetone-dried E. coli cells,
Comb, Chin and Roseman (1961) extracted four uridine nucleo-
tides of the "Park type" (see figure 3) containing uridine,
phosphorus and N-acetylmuramic acid (Mur NAC) linked to’
different molar amounts of alanine, glutamic and diamino-
pimelic acids. Though the composition, the synthesis and
possibly the structure of the R layer in Gram negative and
Gram positive bacteria are very similar, much more informa-

tion is available on the structure and biosynthesis of the

Gram positive R layer.
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Figure 3. Structure of UDP Mur NA, pentapeptide

A "Park (1952) type" of nucleotide which serves

as a precursor for glycosaminopeptide synthesis -

1 2{; in Staphylococcus aureus.

Transpeptidation, the formation of cross-linkages

between peptide units of. neighbouring hexosamine

chains, involves the release of the terminal

D-ala (see text).

Illustration taken from H.H. Martin (1966).
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d. Gram positive bacteria

i) Composition and structure

The glycosaminopeptide layer is composed of a glycan
and a peptide portion. The glycan contains two alternating
sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic
acid (Mur NA ), a 3-0-lactyl derivative of glucosamine
first characterized by Strange and Park (1956). Early
studies of the glycosaminopeptide in S. aureus Copenhagen

(Ghuysen and Strominger 1963) and in M. lysodeikticus

(Salton and Ghuysen 1960, Perkins 1960) led to a tentative
jdentification of the disaccharide as a B-1,6 structure;
comparison of the isolated material with authentic B-N-GlcNAc-
1,6=-Mur NAC(Flowers and Jeanloz 1963) showed that the original
identification was incorrect and that the linkage was actual-
ly 8-1,4 (Tipper, Strominger and Ensign 1967). It is cur-
rently assumed that the basic structure of the glycan chain

is similar in all bacteria; the broad specificity of lyso-
zyme and other muramidases is consistent with this assumption
(Osborn 1969).

The amino acid composition of the peptide portionlof the
glycosaminopeptide is fairly constant in a wide variety of
bacteria; D-ala, L-ala, D-glut and a dibasic amino acid,
usually L-lys or meso-DAP, are present in approximately
equal molar ratios (Salton 1964). These amino acid residues
are usually linked in a tetrapeptide structure with a L-ala-
y-D-glut-L-lys (or DAP) -D-ala sequence (Ghuysen 1968 and

see figure 3); the significance of the pentapeptide (figure
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3) will be discussed under "glycosaminopeptide biosynthesis".
Digestion of glycosaminopeptides with Mur NAc-L-ala amidase
has shown that the tetrapeptide units are joined to the
glycan chain by amide linkages between the a-amino groups
of L-ala and the lactyl carboxyl groups of muramic acid
residues (Ghuysen 1968). The extent to which peptide sub-
units are cross-linked and the nature of the bridging ele-
ment appear to be the major site of variability in glyco-
saminopeptide structure (reviewed by Osborn 1969).

Although the glycosaminopeptide has been shown to contain
a number of covalent bridges and cross-links, what structural
relationship does this layer maintain with other cell wall
components? In Gram negative bacteria, protein granules
(figure 1 and 2), covalently linked to the R layer, have
already been mentioned; in Gram positive organisms, teichoic
acids (figure 4), polymers of ribitol or glycerol phosphate
(Armstrong, Baddiley, Buchanan, Carss and Greenberg 1958)
are covalently linked to the giycosaminopeptide layer pro-
bably through phosphodiester bonds between the glycerol (or
ribitol) of teichoic acids and muramic acid phosphorylated
in the C6 position (Ghuysen 1368, osborn 1969). Glycosami-
nopeptide-linked polysaccharides have also been reported in
a few Gram positive organisms; the reader is referred to

the review by Perkins (1963) and Ghuysen (1968) for a detail-

ed discussion.
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Figure 4.

Teichoic acid

The teichoic acid of Bacillus subtilis (Armstrong),
Baddiley and Buchanan 1960) consists of a polymer
of D-ribitol units linked to phosphate residues
through phosphodiester bonds. Each repeating

unit is substituted in the C4 position with a D-
glucoside and with an alkali-labile D-ala (Perkins
1963) in the C2 or C3 position, i.e. the point

of attachment of D-ala on the ribitol unit has

not yet been ascertained (Salton 1964).

The nature of the polyol-phosphate polymer and
substitutions therein are subject to specific
variations; for example, a glycerol phosphate

polymer was isolated from Lactobacillus casei

cell walls, an a-glucoside or an N-acetylglucosa-
mine residue linked to the C4 of D-ribitol were

detected in Lactobacillus arabinosus and Staphy-

lococcus aureus respectively. A more detailed

discussion of these and other examples may be

found in Salton (1964).

Illustration taken from H.R. Perkins (1963).
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ii) Biosynthesis of glycosaminopeptide

This topic has already been the subject of several re-
views (Perkins 1963, Strominger and Tipper 1965, Ghuysen
1968, Osborn 1969, Rothfield and Romeo 1971) and will be
briefly discussed here.

Since Park's (1952) first observation that cells Bf S.
aureus, inhibited with penicillin, accumulated uridine
nucleotides containing amino sugars and amino acids (figure
3), it has since been confirmed that uridine diphospho-N4 )
acetylglucosamine (UDP GlcNAc) and uridine diphospho-N-
acetylmuramyl pentapeptide (UDP Mur NAc pentapeptide -
see figure 3) serve as precursors fo; the synthesis of
glycosaminopeptides in both Gram positive and Gram negative
organisms (Perkins 1963, Ghuysen 1968). Amino acids are
added stepwisg to UDP Mur NA_, each step being under the
control of enzymes specific for both the uridine nucleo-
tide and the amino acid substrates; however, the last
sequence, D-alanyl-D-ala, is added in one step to the UDP
Mur NAc tripeptide to form a pentapeptide similar to that
in figure 3.

The synthesis of the nucleotide precursors is followed
by a sequence'of enzyme-catalyzed reactioné which results
in the formation of uncross-linked glycosaminopeptide
strands. Three successive transfers are involved in this
reaction cycle: attachment of the UDP Mur NA, pentapeptide
to a membrane-bound pplyisoprenoid phosphate (Higashi,

Strominger and Sweely 1967), transglycosylation of the lipid-
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pentapeptide with UDP GlcNAéB-l,4 linkage) and transfer of
the "lipid-disaccharide penﬁapeptide* complex to an endo-
genous acceptor, probably an incomplete glycosaminopeptide
(Rothfield and Romeo 1971). The bridge-closing reaction,
the last step in the synthesis of the glycosaminopeptide
network, results from a penicillin-sensitive transpeptida;
tion (Strominger and Tipper 1965, Tipper and Strominger
1965) in which the chemical potential of the terminal di-
peptide (D-alanyl-D-ala) bond in the pentapeptide subunit
(figure 3) is utilized to effect the closure of the peptide
cross-link with the concomitant release of the terminal
D-ala residue.

Ghuysen (1968) concluded that in spite of the variations
in chemical composition and in structural detaiis of bacte-
rial glycosaminopeptides, they all possess the same type of
network and appear to be synthesized by means of analogous

mechanisms.

4. Cell Membranes

A. Morphology and Chemistry

Bacterial membranes became more accessible to direct
investigation following the studies of protoplast formation
by Weibull (1953} and the demonstration that membrane
"ghosts" could be readily isolated by osmotic lysis of
the protoplasts (Weibull 1953a) . It has already been men-
tioned that protoplasting of Gram negative bacteria has met
with limited success and for this reason, the isolation of

homogeneous membrane fractions has been achieved only in a
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few rare instances (Gray and Thurman 1967, Miura and
Mizushima 1969, Martin and MacLeod 1971). The most notable
exception in the Gram negative group is the membrane of

Mycoplasma species which may be readily isolated because

of the absence of an external cell wall (Morowitz and Terry
1969, Tillack, Carter and Razin 1970). Criteria such as
density in linear denmsity gradients, fine structure and the
occurrence of membrane markers such as phospholipids, caro-
tenoids, menaquinones, cytochromes and respiratory compo-
nents (reviewed by Op den Kamp, van Deenen and Tomasi 1969,
Salton 1971) have been used to assess the purity of mem-
brane fractions. However, Salton (197la) stressed the fact
that although membrane markers are associated with isolated
membrane, direct confirmation that they do indeed exist in
the membranes of intact cells is generally lacking and very
difficult to obtain.

In overall chemical composition, the bacterial membranes
do not differ markedly from those of other types of cells;
they are usually composed of 40-75% protein, 20-30% lipid

and 0.2-20% carbohydrate (Salton 1967, Martin and MacLeod

1971). In addition to the major protein and lipid consti-
tuents, bacterial membranes usually contain varying amounts

of RNA and lipid-soluble components such as carotenoids and

menaquinones which account for 1% or less of the whole mem-
brane structure (Salton and Schmitt 1967). The chemistry -
and distribution of bacterial membrane lipids is well docu-

mented (Kodicek 1962, Kates 1964, Salton 1967). It has also
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been shown that the membrane lipid content can be varied
experimentally; for example, the fatty acid composition of
an E. coli mutant requiring unsaturated fatty acids for
growth depends on the fatty acids added to the medium
(Silbert, Ruch and Vagelos 1968) whereas glucosaminyl phos-
phatidylglycerol becomes a major constituent of B. subtilis
when grown at acid pH (Op den Kamp, Iterson and Van Deenen
1967). 1In contrast, very little is known of the variety"
and nature of membrane proteins. From disc gel electropho—

resis studies of membranes isolated from M. lysodeikticus,

B. subtilis and S. lutea, Salton (1967a) concluded that
bacterial membranes contain a complex variety of proteins
differing from species to species. It is generally assumed
thét membranes consist of both structural and catalytic
proteins although opinions vary as to which, if either, is
essential to the integrity of the membrane (Korn 1969).
_Among others, many enzymes of the triqarboxylic acid cycle
have been localized in the cell membranes of Gram positive
organisms (compiled by Salton 1971a).

Thin sections of bacterial envelopes, first prepared
by Kellenberger and Ryter (1958), show an underlying trila-
minar cell membrane with an overall thickness of approxima-
tely 7.5 nm (Salton 1964 and see figure 1). It is now
recognized that lipids are not essential for the trilaminar
appearance of membranes (Korn 1963); for example, extraction
with 90% acetone removed over 95% of labelled M. laidlawii

membrane lipid but left sedimentable protein-rich membranous
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material with unit membrane morphology (Morowitz and Terry
1969). Freéze-fractured and freeze-etched replicas of
bacterial membranes have shown that the fracture faces are
very similar to those obtained with erythrocytes and mem-
branes from a variety of animal and plant sources (Salton
1971a) . The globular particles on the freeze-fractured
faces of bacterial membranes (figure 5) represent the in-
ternal globular structures revealed by cleavage of the in-
ternal region of the membrane as originally suggested by
Branton (1966) and later confirmed in red blood cell mem-
branes using a ferritin marker (Pinto da Silva and Branton
1970) .

One of the first membrane models was presented by
Danielli and Davson (1935) whereby cell membranes were con-
ceived to be a bilayer of lipid molecules with their polar
groups directed outwards and covered by monomolecular films
of proteins; Robertson (1966)'presented an excellent retros-
pective of the many membrane models that have since appeared.
Since membranes consist mainly of lipid and protein, a number
of models have been proposed based on studies of lipid—lipid,
protein-protein and lipid-protein interactions. Of these,
the lipid-lipid interactions are best understood and the
reader is referred to the recent review by Henn and Thompson
(1969) for a detailed discussion of 1ipid bilayer membranes;
little is known about membrane protein-protein interactions.
The lipid-protein interactions are the most actively'debated

aspect of membrane structure in spite of or because of the




Figure 5. Fracture plane of cell membranes

a and b.

Platinum~-carbon replica of the convex
(a) and concave (b) fracture face of
the membrane of freeze-fractured M.
laidlawii cells. The observation that
the convex face is always more densely
packed with particles suggests the pre-
sence of a unique fracture plane of the

cell membrane.

Of the three fracture possibilities re-
presented here, complementary replicas
and thin sections of fractured B.
subtilis cells have shown that the
membrane is fractured through its center
(center sketch).

FP, fracture plane; CW, cell wall;

PM, plasma membrane; CY, cytoplasm.

Figures a and b taken from Tillack, Carter and

Razin (1970) and figure c¢ taken from Nanninga

(1971).
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lack of sound experimental data on the structure of lipo-
protein complexes (Stoeckenius and Engelman 1969).

These same authors extensively discussed the evidence
and arguments supporting or discrediting the two main
models: the Danielli (lipid bilayer) and the subunit mo-
dels. The subunit model proposes three classes of lipo;
protein subunits in cell membranes; 'structural subunits'
which determine the characteristic shape of membranes,
'functional subunits' capable of carrying out a given com-
plex function of a membrane and 'assembly subunits' which
would be used in membrane éynthesis through a self-assembly
process. Evidence for the subunit model, derived from
ultrastructural studies, is confined to the demonstration
of a globular substructure in the two dense layers of some
thin-sectioned membrane preparations (reviewed by Stoeckenius
and Engelman 1969) and perhaps to the globular particles on
the fractured faces of cell membranes (figure 5). Reag-
gregation into membrane-like structures of disaggregated
membrane fractions has 6ften been used as an argument for
subunit structure (Morowitz and Terry 1965, Butler, Smith
and Grula 1967). Nevertheless, Stoeckenius and Engelman
(1969) conclusively have shown that present evidence favors
a modified Danielli model in which the central hydrocarbon
region of the lipid bilayer is disordered (as opposed to
the symmetrical arrangement in the original model) and in
which the membrane continuum could conceivably be inter-

rupted by the insertion of gubunits in certain areas of the
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membrane. (Hendler 1971, Singgr and Niqolson 1972).
B. Mesosomes

Mesosomes, a term coined by Fitz-James (1960) are mem-
branous structures which result from the invaginatién of
the bacterial cell membrane. The mesosomeé of Gram positive
organisms usually consist of a membrane sac seemingly con-
tinuous with the cell membrane and containing internal mem-
branes which have alternatively been described as lamellae,
tubules or vesicles (Rogers 1970). .These structures, whose
number varies from one to many per cell; are widely distri-
buted in Gram positive organisms whereas oﬁly a few reports
describe membranous structures in Gram negative bacteria
(Ryter 1968, Pontefract, Bergeron and Thatcher 1969, and
see Chapter 3). Exposure of Gram positive bacteria to a
hypertonic medium induces the extrusion of the mesosomes
from the cytoplasm to the space between the cell membrane
and the cell wall (Iterson 1961 and 1965); if the cell wall
of these plasmolyzed cells is digested with lysozyme, pro-
toplasts are liberated and mesosomal tubﬁles are released
into the surrounding medium (fitz-James 1965). Partially
purified mesosomal fractions obtained by a variety of tech-
niques from a number of Gram positive bacteria (reviewed
by Salton 1971a) have‘been subjécted to chemical analyses.
Mesosomes generally differ from the cytoplasmic membranes
in composition, in the variety of protein bands recognizable
on polyacrylamide electrophoresis gels and in their enzymic

activities (Rogers 1970) although Salton (1971a) pointed
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out that the difficulty of assessing the homogeneity of
mesosome fractions is undoubtedly a factor in the conflict-
ing reports on enzyme distribution between mesosomes and

cell membranes. Evidence obtained from B. licheniformis

suggésts that the fatty acid composition of the mesosomes
and cell membranes are identical (Rogers 1970).

A number of functions have been assigned to the meso-
somes. Studies by Ellar, Lundgren and Slepecky (1967) have
provided strong morphological evidence that mesosomes of
B. megaterium are jnvolved in septum formation. The contri-
bution of mesosomes to cross-wall synthesis appears to be
partly linked to their high content of Css isoprenoid al-
cohol derivative (Thorne and Barker 1971), an essential
component in glycosaminopeptide synthesis. The absence of
mesosomes in cells whose division process is upset further
supports the involvement of mesosomes in septation (Ryter,
and Landman 1964, Rogers, McConnell and Burdett 1970) .

From their ultrastructural studies of the division cycle

of B. subtilis, Ryter and Jacob (1964) found several meso-=
somes per cell and proposed a model whereby longitudinal
division of mesosomes was necessary to effect nuclear segra-
gation. With his more recent estimate of one mesosome per
cell, Highton (1970) has pointed out the mechanical dif-
ficulties of a simple pulling apart of DNA by a single meso-
some and called for a reassessment of the function of meso-
somes in DNA separation. Cytochemical studies of Gram posi-

tive cells suggest that the mesosomes are also the loci of
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respiratory activity. Tellurite and tetrazolium reduction
is greater in the mesosomes than in the‘peripheral plasma
membrane of a number of organisms (Iterson and Leene 1964,
Kawata and Inoue 1965, Takagi, Abe and Ueda 1965, Sedar and
Burde 1965). Cytological evidence also suggests that
bacterial DNA may be connected to the cell membrane and/or
the mesosomes (Fuhs 1965, Iterson 1965) although there is

no definite answer as to whether the DNA is fixed to the
membrane by a single or multiple points of attachment
(Rogers 1970). As to the significance of this occurrence,
Ryter (1968) commented that we do not know whether the point
of attachmént coincides with the point of replication or
whether, on thecontrary, DNA is anchored at a predetermined
place where the site of réplication travels along the length

of the chromosome.
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Chapter 2
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Introduction

The marine psychrophile, a motile, Gram negative, rod-
shaped bacterium contains a red pigment chromatographically
similar to prodigiosin (Hagen, Kushner and Gibbons 1964).
Because of its pigment, as well as its lipid composition
(Kates and Hagen 1964), and its extracellular proteinases
(McDonald and Chambers 1963, Nunokawa and McDonald 1968),
the organism Qas once considered as possibly related to the
genus Serratia. However, preliminary morphological studies
showed the cell to be polarly flagellated (Chapter 3), a
finding that did not support classification as a Serratia sp.
The present chapter deals with the physiological and bio-
chemical studies that led to the classification of the

marine psychrophile NRC 1004 as a member of the genus Vibrio..

Materials and Methods

Growth medium

Cells were grown for 48-60 hr in shaken cultures at
10C in a medium containing 0.5M NaCl, 0.04M MgClz, 0.004M
KH,PO,,
tone; pH 7.0. Agar plates were prepared by supplementing

1078 Fecl,, 1.5 x 1074 caCl, and 0.8% (w/v) tryp-

the growth medium with 1.5% (w/v) Bacto agar. This growth
medium was used in all the experiments unless stated other-
wise. The "all salts" washing solution contained all the

components of the growth medium except tryptone. |
oc pfuls

Inoculum. Tubes and plates were inoculated with loo

of a 48-60 hr preculture (OD650 = 0.5 - 0.7).
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Acid from carbohydrates

Acid production from carbohydrates, determined in stand-
ing tubes at 10C, were carried out in an "all salts” solution
supplemented with 0.2% (w/v) tryptone, 1.0% carbohydrate and
0.003% bromthymol blue; final pH 7.4. Mono- and disacchari~-
des were sterilized by filtration whereas a 10% aqueous
solution of dextrin was autoclaved 7 min. All tests with
carbohydrates were carried out in triplicate and checked
daily. Aerobic and anaerobic utilization of glucose was
determined by the Hugh and Leifson method (1953) modified
so as to promote growth of the psychrophile. The medium
contained "all salts" (in which the RH, PO, was substituted

for 0.03% K HP04), 0.2% tryptone, 1% glucose, 0.003% brom-

2
thymol blue and 0.3% agar; the pH was adjusted to 7.1 and
the medium autoclaved for 15 min. Tubes of semi-solid
medium, inoculated by stabbing, were checked daily.

Other physiological tests

Nitrate reduction, indole production and citrate utili-
zation broths (Bradshaw 1963), made up in "all salts" solu-
tion, were carried out in standing tubes at 10C. The ni-
trate broth contained 0.1% KNO3 and 0.2% peptone, the indole
broth 1.0% tryptone and the citrate broth 0.57% Koser
citrate (Difco); the final pH was adjusted to 7.0. Samples
from the nitrate and indole tubes, assayed with sulfanilic
acid and Kovacs reagents respectively (Bradshaw 1963), were
checked daily until cell pigments interfered with the color

reaction (4 days following inoculation) .
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Catalase, oxidase and starch hydrolysis (0.2% of solu-
ble starch) tests were performed on 2-week-old cultures grown
on agar plates of complete medium. Catalase activity was
assayed by flooding a portion of the plate with 3.0% hydro-
gen peroxide whereas oxidase activity was detected using
the p-aminodimethylanilino-HCl-o-naphthol reagent; libera-
tion of gas and development of a blue color respectively,
were taken as positive tests (Skerman'1967). Oxidase was
also tested using Pathotec (Warner-Chilcott, N.J.) strips.
Starch hydrolysis was checked by flooding the plates with
Kopeloff's iodine (Bradshaw 1963).

Sensitivity to vibriostat 0/129

Vibriostat sensitivity was tested by placing filter
paper di