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STATEMENT OF THE PROBLEM

This thesis is concerned with an_experiméntal study of
a bacterium isolated from the ocean. The study was designed
to answer the following questions:

a. What are the specific ilons normally found in the
ocean which are required by this organism for growth and for
maintenance of cellular integrity?

b. 1Is this marine bacterium so basically different in
its properties from its terrestrial counterparts that its
survival outside the ocean enVironment would be tenuous?
What are the primary lesions resulting from removal of the
bacterium from the oceanvenvironment? What are the causes
of these lesions?

c. 1In what ways does this marine bacterium differ bio-
chemically, structurally, and/or physiologically from a simi-
lar terrestrial organism? Why should such differences make
this marine organism better fit for survival and pfopagatién

in the ocean environment?



INTRODUCTION

A. General

Over the past sixty years, ﬁhere has accumulated a vast
guantity of informatioh concerned with the biochemistry and
physiology of bacteria from non-marine sources, e.g. fresh
water, soil, animals, and planté; however, relatively few
comparable studies have been carried ouﬁ on bacteriavfrom e
ocean. Most of the investigations 0.1 such organisms have
been concerned with the identification‘ahd classification’of’
various bacteria from the many marine environmenté, Such as
tidal areas, sediments, marine marshes, and various depths and
conditions of the deep sea(l,2,3).

One of the reasons that bacteria from the marine environ-
ments have not been studied as extensively as terrestrial
forms is-that there has been some doubt as to whether speci-
fic marine bacteria exist(4). It is possible to suppose that
bacteria isolated from the ocean are merely the progeny of
contaminants from land or fresh water sources, which could
survive and grow in the sea. If no fundamental differences
exist betwecen terrestrial forms and the forms found in the
oceEn, or if 'the diftfiertrees a¥e readily losE by sulbcul turifg
in the laboratory, then there would be little point in study-
ing bacteria from the ocean.

As a result of the paucity of biochemical and physiologi-



cal information on bacteria from the ocean, one is hard put
to supply a single definition which would set bacteria indig-
enous to the ocean apart from those from other sources. From
the early comparisons between bacteria from marine and non-
marine sources, it was determined that bacteria from the sea
generally require sea water for growth(l). Some controversy
has developed, however, concerning this sea water reqﬁireﬁent.
Zobell and Rittenberg(2) noted that on initial isolation,‘
chitinoclastic bacteria from the sea demonstrated a require-
ment for sea water for growth. Howéver, after prolonged lab~
oratory cultivation, these bacteria deyeloped the ability to
grow in‘fresh water media. ﬁécLeod and Onofrey{5) noted this
same phenomenon with a pseudomonad isolaied from a marine
source. The organism in this case was "trained" to grow on a
protein hydrolysate medium without sea water. An analysis of
this medium by flame photometry indicated that the mediﬁm con-
tained 0.025 @lNa+ (the concentration of Na© in sea water is
approximately 0.46 M). '"This same-organism would not grow
initially, ncr could it be trained to grow without Na'. Cascs
in which bacteria have "lost" their sea water recuirement have,
for the most part, been concerned with bacteria grown in com-
plex media, such as nutrient broth, peptone, fish broth, or
trypticase(4). These media could be expected to be contamin-
ated with inorganic ions at levels sufficiently high to sup-
port the growth of organisms requiring these ions. Other in-
vestigators have reported extreme difficulty T Tl we o A

sea water-requiring bacteria to grow in fresh water media(6,7).
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In one investigation, ninety-six separate isolates taken from
the coastal waters of Florida were found to have a s peEhiis
Na't requirement (8) . Payne(9) also demonstrated a reguirement
for Na¥ in a pseudomonad from a marine source. Neither Rb+,
Cs+, nor Li* coula substitute for Na' in the growth medium of
this organism. Sea water-reguiring bacteria, which have been
studied for their ionic requirements, have been found to re-
quire Na+, among other ions, for growth(4).

As more information accumulates on the ‘ionic reguire-
ments of bacteria from the ocean, it may become evident that,
generally, bacteria indigenous to the ocean are obligate
halophiles. The information presently available suggests
that this may be true. 1If this is so, then one may define

marine bacteria, tentatively, as bacteria from the ocean that

©

demonstrate a requirement for sea water, or more speedfically
for certain ions from the sea water including Na®. EaetEria
which require Na" for growth fall into the generai classilfis
cation of halophilic bacteria. Studies of halophilic bacteria
indicate that the organisms of this group have many common
characteristics, especially concerning their response to their
salt environment. To better understand the marine bacbeRia,
it is useful to consider this group of halophiles as a whole.

B. The halophilic bacteria.

Halophilic bacteria have been defined as those bacteria
which are favorably influenced by certain concentrations of
NaCl in their aqueous environments(10). This definition in-

cludes those bacteria which can grow in the absence of NacCl



but whose growth is "favorably" influenced by the presence

of NaCl: the facultative halophiles. The facultative halo-

philes will not be considered here. Those bacteria that will

be considered are the obligately halophilic bacteria, which

require the presence of Na¥ in their growth medium.

I. Classification of halophilic bacteria.

The obligately halophilic bacteria can be divided into
three main groups depending on their level of Nat require-
ment: (a) the extreme haloPhiles which reéﬁire Na+ in the
medium at levels from 20 to 30%(3.4 to 5.1 M), i.e. just be-
low the saturation concentration oi® 31%; (b) the modérate
halophiles which grow best in media.containing NaCl from 5
to 20%(0.85 to 3.4 M) ; and (c) the slight halopﬁiles which ré»
quire Nat in their growth medium at levels from 2 to 5%(9.34
to 0.85 M). The non-halophilic bacteria are those organisms
which grow best below 2%(0.34 M) NaCl(10).

The extreme halophiles are coﬁposed of two distinct

groups: the Halobacterium group and the Sarcina-Micrococcus

group. Due to the presence of carotenoid pigments, both
groups are characteristically red.

- The moderate halophiles include both gram-negative and
gram-positive organisms, sporeformers and non-sporeformers,
motile and non-motile organisms, rods, cocci, and sarcina.
Most are colorless in contrast to the red-pigmented extreme
halophiles. Both the extreme and moderate halophiles inhabit
salt brines, salted fish, salted hideé, salted beans, and ba-

con-curing brines. These organisms are very probably intro-
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duced into the brines and other habitats when solar salt is
added. Solar salt is often contaminated with as many as 10°
te 106 organisms per gram of salt(l0).

The slight halophiles include the marine bacteria from
the ocean and surrounding marine environments. These organ-
isms are distributed throughout the oceans(1l). One or more
representatives of more than sixty of the well-defined bac-~
terial genera have been isolated from sea water or mariue
mud{1,10,11,12). 1In spite of the abundance of marine bac-
teria, relatively few investigations have been carried ol
on these organisms,

Before’the field of mgrine bactériolqu can advance be-
yond its present fqrmative stage, many problems concerning
the mechanisms of survival and propagation of bacteria in
the ocean environment need to be considefed. The =salE re=
quirement of these organisms is only one of the factors
basic to the study of marine bacteriology. Morita and his
co-workers have studied other aépects of marine microbi-
ology including the psychrophilic nature of the marine bac-

terium Vibrio marinus(3,13,14), as well as temperature-

salinity interactions(15). The effects of hydrostatic
pressure on marine organisms have been. studied only super-
ficially; some observations on hydrostatic pressure on mar-
ine organisms have been presented by Morita(lé6).

Although this thesis is concerned with studies on a
slight halophile_isolated from the ocean environment, all
three groups of halophiles will be considered in the follow-

ing sections. The reason for this becomes apparent when one



compares the similarities between the three groups, especial-
ly concerning the specific aspects of their inorganic ion re-
guirements.

IT. Physiolegy of halophiles ig response to salt environment.

The requirement of halophiles.for NaCl indicates that a
basic difference exists between these salt-requiring bacteria
and the non-halophilic bacteria. To understand this differ-
ence, one must look in some detail at the inorganic'salt il e
quirement at the biochemical anad physiological leweal.

{a) Intracellular Na+ concentration

By what mechanism are some orginisms capable of living
in NaCl conéentrations up to‘saturaﬁion level? Why do some
organisms require relatively high concentrations‘of Na@Gl i@
their medium in order to grow? Cells growing in a‘highisalﬁ
environment must either excludé the salt froh inside the cells
by some mechanical means, i.e. a membrane impermeable to such
salt, or have internal proteins which are édapted to with-
stand salt concentrations which would be eRpected &0 sait out
most proteins.

The internal salt (NaCl) concentration of bacteria grow-
ing in high salt environments is a factor that should be con-
sidered when determining those properties which might make
these organisms better fit for survival in such environments.
If internal salt concentrations of halophiles are high, rela-
tive to those of non-halophilic bacteria, then one might ex-
pect to find enzyme proteins which are capable of resisting

the salting out effects of high salt levels. Several investi-



gations on the internal concentration of NaCl have been car-
ried out. The data from these investigations are summarized
in Table k.

The data in Table 1 indicate that the ratios of inter-
nal/external salt vary greatly from one organism to the next,
even among those of the same group. However, in the group of
extreme halophiles, the internal salt condentfation was at
least 1.37 M, and in some cases approached 4.6 M. These high
internal salt concentrations suggest that intracellular pro-
teins may be structurally different from those éf oréanisms
having lower internal salt concentrations. Such structural
differences could pfovide the mechanism for survival of these
qrganisms in high salt concentrations and méy also account for
the requirement of these organismé for high salt concentra-
tions; the physiological significance of such different pPro=
tein structure will be discussed in the following sections.

There are inconsistencies (Table 1) in the findings in-

volving the moderate halophile Micrococcus halodenitrificans.

Christian and Ingram found that the internal salt concentra-
tion was approximately the same as the external over a range
of 1.0 to 2.0 M NaCl(17). However, with the same orgahism,
Gibbons and Baxter found that an intracellular salt concen-
tration of 0.85 M was maintained even when external concen-
trations were raised above 1.4 M to as high as 3.7 MI18] .
The ability to maintain this internal salt concentration was
found to involve an energy-dependent mechanism.

A number of studies on aniwmal tissues from non-halo-



Table 1
Internal/external salt concentration of bacteria.
Internal External Ratio of R&E
Group of halophile salt salt internal/
and organism (Molar) (Molar) externalj t
Extreme
Sarcina 24,0 4.0 =1.0 B 55
litoralis Yo de=dnd 3.1-4.6 0.55-0.69|a] 18
Sarcina )
morrhuae kB 4.0 0. 79 . Py 19
Halobacterium
halobium ~4,0 4.0 =1.0 gl 17
Halobacterium
salinarium Loy 4.0 0.34 vl 19
Moderate
Micrococcus (
halodenitrificans 0.25 .34-0.68 0.74-0.37|a| 18
' 0.85 1.4+3.7 0.61-0.23|a| 18
0.3 1l 0.30 vyl 19
2.0~2.0 1,0-2.0 4.6 Bl 17
Vibrio :
costicolus 0.68 1.0 0.68 y| 19
1.0-2:0 1.0-2.0 1.0 Bl 17
Slight
Marine pseudomonad B-1.0 0=1.0 1.0 §| 20
Non-halophiles
Staphylococcus
aureus 0.098 da13 0.65 y| 19
Salmonella
oranienburg 0.13 0.15 087 y| 19
ta  Calculated as internal Cl~ concentration.
B Calculated as freezing point differences.
Y Flame photometric studies of trichloroacetic acid ex-

tracts.

§ Calculated from uptake of Na
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philic organisms including nerve, muscle, frog skin, red
blood cells, and cells from other tissues have provided evi-
dence that Nat is maintained at lower levels inside cells
than outside by an energy-requiring mechanism(21). Of the

non-halophilic bacteria, Escherichia coli K12 has also been

shown to possess an energy-linked mechanism for extruding

Na+(22). Whether the same is true for Staphylococcus aureus

and Salmonella oranienburq is not known (Table 1).

Another factor that'must.be considerédlin a discussion
of intracellular salt concentrations, is the internal concen-
tration of Kf. If the internal K+'concentration is also main-
tained at high levels, then the reéultant ionic strength inside
the organisms could, in some cases, be extremely high. 1In the
halophilic bacteria studied for their internal k' concentra-
tions, such internal concentrations have been found to be
greater than the external in all three classes of halophiles
(19,20). Furthermore, of those organismsAstudiéd by ChEise=

tian and Waltho(19), only two had internal kKt levels lower

than that of Na+: Vibrio costicolus and Sarcina morrhuae.

In the case of Halobacterium salinarium the internal K+ level

was close to the limit of solubility of KCl, approaching 4.6 M.

(b) Metabolic activity.

As described above, the obligate halophiles are distin-
guished from other bacteria in their specific requirements
for the cation Na¥. The results of investigations into the
nature of this requirement present some interesting findings.

Baxter and CGibhons(23) investigated the effects of NaCl and
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KCl on selected enzymes-of H. salinarium and M. halodenitri-

ficans. The enzymes investigated were glycerol dehydrogenase,
isocitrate dehydrogenase, lactate dehydrogenase, succinate de-
hydrogenase, malate dehYdrogenase, cysteine desulfhydrase,
glutamate-aspartate transaminase, cytochrome oxidase and
catalase. As one might expect, in view of the internal Nat
and k¥ levels, all enzymes of the extreme halgphile, H. salin=-
arium, demonstrated maximum activity at NaCl concentrations
above 1.0 M with the exceptions of cysteine desulfhydrase,
which was progressively inhibited as the NaCl concentration
increased, and catalase, which reached maximum activity at

0.7 M NaCl. Succinate dehydrogenése and la;tate dehydrogenase
exhibited the highest activity in 4.0 Q‘NaCl, the highest con-
centration tested. For maximum activity of these two enzymes,
higher concentrations of NaCl may be required. The activity

of enzymes from the moderate ha.ophile, M. halodenitrificans,

were generally depressed by the presence of NaCl above 0.2 M;
however, lactate dehydrogenase reached maximum activity in
1.5 M NaCl. An interesting point is that all the above en-
zymes were more active in K+ than in Na+ solutions(lO)f
Both ions may act together in maintaining enzyme activity, or
high levels of x* may be required to compete effectively with
Na+ for sites on the enzyme.

The high concentrations of salts required for activity
by some enzymes of halophiles may be needed to maintain the
active configuration of the enzymes. It may be that the en-

zymels ©of halephiles differ Freg fthose ©f non-Halephiles il be-
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ing less firmly held in their catalytically-active confbrm— )
ation(24). At low salt concentrations, the electrostatic re-
pulsion between ionized groups on the enzyme may change the
structure of the protein to a form which is not catalytical-
ly active. Furthermore, this change in form at sufficiently
low salt concentrations may progress to a stage at which the
protein is irreversibly denatured(24).

If a non-halophilic cell could be injected wiéh NaCl at
concentrations encountered by the enZymes>of-thé extreme and
noderate halophiles, one might expect the internal metabolic
process would be drastically influ=nced(l0). Proteins would
be denatured; and to some extent precipitated. Ingram(25)
suggested in 1938 that protein moleculeé of halophiles might
be smaller than those of non-halophiles, thefeby alldwing
them to resist "salting-out" effects. ,Direét evidence go
support this hypothesis has, to mf knowledge, not been pre-
sented. V

Investigations on the effect of NaCl concentratioh on
enzymatic activity have also been carried out witﬁ slight
halophiles. 1In one marine pseudomonad 50 mM Nat was required
by whole cells for the maximum oxidation rate of acetate,
butyrate, propionate, glucose, or galactose(26). For the
maximum oxidation rate of malate, citrate, or fumarate, three
to four times this concentration of Na' was required. How-
ever, when cell-free extracts were tested using the same sub-
strates, in all cases the Nat 1level required by whole cells

for maximum oxidation rate was inhibitory to cell-free enzyme
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activity. When the enzymes of the tricarboxylic acid cycle
from £he same organism were tested for their response to in-
organic salts, there was no specific stimulation of activity
in any case by Na+(27). Aconitase activity wés increased by
the presence of a number of salts, but not specifically by
Na'. 1In fact, isocitrate dehydrogenase activity was higher
in the absence of those salts tested.

The localization of a specific requirement for Na+zhas
been demonstrated in two marine bacteria. In each case Na
was required for the transport of substances across the mem-
brane. In one instance, gluconate uptake was depéndent on
the presence of Na+, and né\other ion tested :ould replace
it(9). In another marine bacterium a Na+—dependent active
transport of the labelled amino acid analogue a-aminoisobu-
tyric acid (AIB) was demonstrated. AIB was concentrated in
the cell up to three thousand times that of the outsiée con-
centration(28). The maintenance of this high internal con-
centration was also dependent oﬁ the presence of Na+; al-
though both Lit ana x* were found to substitute for Na® in
the latter case, neither was as effective.

The Na' has also been .shown to play a similar role in
animal tissues. Several workers have shown a Na@ require-
ment for the absorption of various sugars by intestinal
tissue (29,30,31).

(c) Requirement for jions in the maintenance of cellular

integrity of halophilic bacteria.

Cellular integrity is maintained when the envelope of

the cell 15 sufficiently intact to prevent the leakage of



cytoplasmic components from -the cell.

On the other hand, lysis of whole cells is here defined
as the disruption of the envelope of the cell accompanied by
leakage of cytoplasmic material, and, when measured spectro-
photometrically, is also accompanied by a decrease in optical
density of cell suspensions. Such a decrease in optical den-
sity of cell suspensions is not, in itself, zufficient evi-
dence for lysis, so therefore, opticél'density measurements
must be accompanied by other tests to detect cell leakage
materials or cell envelope degradation. Lysis of isolated
envelopes refers to the disaggregation of the envelope re-
sulting in a decrease in optical'density of envelope sus-
pensions, or in some cases, in a loss of énveloPe protein.

The instantaneous lysis of the extreme halophile Halo-
bacterium in distilled water is characteristic for all the
species of this genus(l0). Th. other group of the extreme

halophiles, Sarcina-Micrococcus, does not appear to be much

affected morphologically by hypotonic environments(l0). The

morphology of Halobacterium cutirubrum, Halobacterium halo-

bium, and Halobacterium salinarium at various concentrations
of NaCl was studied(32). Cells in 4.5 M NaCl were normal
rods, while at 3.6 M irreqular cell forms were observed. At
2.8 M the morphology of the cells was bizarre, club-shaped,
and swollen:. AL 1.8 M the €ells became spheres; at lower
concentration cells underwent a sudden lysis resulting in a
rapid decrease in opticai density. This lysis was attributed
to osmétic factors and possibly to cell envelope denaturation.

The envelopes of H. cutirubrum were found to disintegrate in
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low donic strength solutions (33). The rate of cell envelope
disintegration was rapid but measurable, whereas whole cell
disintegration was complete at "zero time", apparently as
the result of both electrostatic interactions and osmotic
factors. Disintegration of cell envelopes was measured as
the amount of protein in the pellet after centrifugation at
15,000 g for 30 min. At 33 C, 75% of the disintegration had
taken place in the first 6 sec in distilled water, and the |
rate of disintegration decreased thereafter. By 40 sec a
stable residue, consisting of approximately 15% of the origi-
nal protein, remained in the pellet. The disinﬁegration{thus
occurred in tWo stages. ' |

Certain monovalent cation chloride salts have been more
effective than others in preventing lysis of extreme halo-
philes. The chloride salts of Nat and 1i%* were found to
maintain cell integrity of H. halobium at lower concentra-
tions than did those salts of K+ or NH4+(34). It has been
proposed that the ions that provide the greatest protection
against lysis (Na+ and Li+) are those with greater hydrated
volumes and, therefore, these ions are unable to penetrate
the cell as easily as those with smaller hydrated volumes
(K+ and NH4+)(34). Therefore, Lit ang na* presumably pro-
vide greater osmotic protection for H. halobium than do Kt
or NH4+. A similar situation was observed with L. cutiru-
brum, in which NaCl was much more effective than KC1l or NH4C1
in Presprviing «ell inkegrity(38) -

As has been the case in all investigations on lysis of
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halophiles, enzymes could not be ruled out as the agent of
lysis. Osmotic factors were considered not to act in enve-
lo?e disintegration. When the temperature was raised the
rate and degree of disintegration of the envelopes increased,
apparently the result of increased molecular activity. No
intact envelopes or envelope fragments could be detected mi-
croscopically following the disintegratiﬁn.’

Available information indicates that the mechanism of
lysis in low ionic environments may be the same for moderate

halophilic bacteria as for the extreme halophilic bacteria.

V. costicolus, a moderate halophile, also lyses immediately

upon‘transfér to distilled water. This organism has been ob-
served ﬁo lyse at NaCl concentrations which were constant
fractions of the NaCl concentrations in the growth medium
(36). The lysis was therefore interpreted as an osmotic
phenomenon brought about by high internal osmotic pressure.

However, on further investigation V. costicolus was found to

respond differently to various salts, in that lysis occurred

in KC1 and NH,Cl solutions but not in NaCl or LiCl solutions

4
at identical concentrations(36). There was thus specificity
for particular ions to maintain the integrity of the.cell,
and lysis could not be explained solely in osmotic terms.
The pattern of lysis observed in studies of marine bac-
teria, of slight halephiles, dis similar te that af bhoth The
extreme and moderéte halophilic bacteria. This conclusion

is based on experiments with a variety of marine bacteria,

some examples of which are described below.
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As early as 1915, Harvey(37) noted that marine luminous
bacteria failed to produce light when the sea water in which
théy were suspended was diluted with distilled water. This
effect was attributed to cytolysis brought about by lowered
osmotic pressure, since light production could be maintained
when the sea water was replaced by 1.0 M sucrose. When nine-
ty-six gram-negative marine bacteria were tgfted Fok theit
behavior in distilled water, in all cases, an optical density
decrease occurred(8). Five other marine bacteria were tested
for their lytic susceptibility in low ionic environments(38).
One of the organisms belonged to the genus Cytophaga, two

were members of the genus Pseudomonas, and two were different

strains of Achromobacter. These organismé were transferred
from 1.0 M NaCl to solutions of various concentrations of
NaCl, distilled water, or other monovalent cation salt solu-
tions. Even though lysis occ rred - as determined by opti-
cal density decreases of cell suspensions, ultraviolet ab-
sorption spectra of cell supernates, and morphology studies
of cells in the light microscope -~ no changes in cell shape,
such as swelling, were observed for any of the five organ-
isms as the solute concentration was decreased. Although
the lytic susceptibilities varied greatly among the five or-
ganisms, the patterns within each genus appeared similar.

As was noted with the extreme and moderate halophiles,
NaCl and LiCl were more effective in maintaining cell integ-
rity of the marine bacteria than NH,Cl or FE1(38) - In the

case of the pseudomonads, 0.5 M sucrose was found to main-
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tain the optical densities of cell suspensions(38); however,
later data indicate that cell envelepes had wadergone le-
sions that did not affect the optical densities(39). These
lesions were evidenced by a separation of the layers of the
bacterial envelope.

The lysis of envelopes of another marine pseudomonad
was studied by Browh(405. The pattern of lysis for this or-
ganism appears much the same as that of the other halophiles.
above, i.e. optical densities of envelope éuSpénsions in low
solute concentrations decreased with time. This optical den-
sity decrease was accompanied by :the loss of a number of sol-
uble components from the envelope, such as protein degrada-
tion products and hexqsamines. The, haturey, Gf £his envelore
degradation led Brown to-conclude that envelope disintegré—
tion was due to a lytic enzyme or enzymes. le proposed that
this enzyme was active in low solute concentrations, and that
inorganic ions produced conformational changesiin the lytic
enzymé in the cell envelope which resulted in an inactive en-
zyme molecule. The lysis then was considered to be an auto-
lysis, and the direct result of conformational changes of
endogenous lytic enzyme at low concentrations of inorganic
ions.

The studies of Buckmire and MacLeod(4l) on the degrada-
tion of bacterial envelopes of a marine pseudomonad revealed
that a separation of inner and outer envelope layers occurred
when envelopes were placed in 0.01 M NaCl. This separation
was accompanied by a release of both dialyzable and non-

dialyzable components from the envelope. The non-dialyzable
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ffaction contained components of the rigid mucopeptide or
murein layer, which is described later in this Introduc-
tion. It was suggested that the murein layer might be made
up of units which form a continuous layer only if their neg;
ative charges are screened by cations. Buckmire and MacLeod
(41) proposed that the loss of this murein component from
whole cells resultedAin weakening of the enveiope structure
to a point where osmotic forces caused the envelOpé to rup-
ture. |

Neither Brown(40) nor Buckmire and MacLeod (41) observed
complete disintegration of envelor2s of marine pseﬁdomonads,
as was observed with the extremely‘halophilic bacteria.
However, certain soluble components were re%eaéed_from the
envelopes during degradation in low ionic environmenﬁs} The
argument by Brown(40) for enzymatic degradation of enveiopes
in low ionic environments is not convincing, as sufficient
evidence, e.g. kinetic or enzyme purificétion sfﬁdies, was
not pfesented to confirm the presence of an active lytic en-
zyme. The evidence presented by Brown(40) can also be in-
terpreted in terms of envelope degradation due £o electro-
static repulsion between polyanionic groups in the envelope.
Conversely, no direct evidence has been presented in any of
the studies on lysis of halophiles or on degradation of their
envelopes in low ionic environments, which rules out lytic
enzymes as the causative agent. Autolytic enzymes are known
to oPérate in envelopes of other gram-negative bacteria(42,

43). So, until such time as evidence is presented for or

against the presence of a lytic enzyme(s), the problem re-
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mains unanswered.

It is quite evident that cell disruption of halophiles
in low ionic environments is intimately associated with the
biochemistry, physiology, and structure of the bacterial en-
velopes. A discussion of the envelope structure in halo-
philic bacteria would not be meaningful at this point with-
out first discussing bacterial envelopes in general. For
this reason, a discussion of the envelopes of halophiles is

presented at the end of the following section.

C. General characteristics of bacterial cell envelopes.

Is GCeperals | |

The envelope consists »f those structures external to
the cytoplasm which constitute a "wall" suirouhding the bac-
terial cell. Bacterial envelopes are generally obhtained by
violently shaking the suspension of organisms in é container
containing small glass beads, resulting in physical rupture
of the organism. The envelopes are then washed free of cyto-
plasmic debris.

The material isolated from gram-positive bacteria in
this manner is relatively free of the cytoplasmic membrane,
and consists primarily of a mucopeptide polymer, known as
murein(42). In some cases,-murein is linked to teichoic
acid polymers of ribitol or glycerol phosphate. In gram-
negative bacteria, the cytoplasmic membrane remains attached
to envelopes following isolation procedures, and with present
techniques, cannot be selectively detached from the remain-
der of the envelope. The gram-positive envelope is rela-

tively simple in nature when compared to the gram-negative
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bacterial envelope, which consists of cytoplasmic membrane,
murein layer, lipopolysaccharide, lipids aﬂd proteins. Be-
cause this thesis problem is concerned with gram-negative
bacteria, only the gram-negative bacterial envelope will be
discussed in any great detail.

IT:. <he biochemistry of the gransnegative envelopes

(a) The cytoplasmic membrane.

-

A well-defined, separate cytoplasmic membrane in gram-
negative bacteria may perhaps be demonstrable only in elec-
tron micrographs(44). Until very recently, it'has been im-
possible to obtain protoplasts of gram-negative bacteria,
1.8 organisms from which the layers of the envelope exter-
nal to the cytoplasmic membrane have been removed. The iso-
lation of protoplasts makes it poésible to study the phys-
iological processes of the cytoplasmic membrane separate
from the remainder of the enwveleppe. Costérten &t al (38)
claim to have succeeded in rémoving the external layers from
the envelopes of marine bacteria by exposing these cells to
0.5 M sucrose with the addition of ethylenediamine tetra-
acetic acid (EDTA) and lysozyme. However, confirmatory re-
sults by other investigators with other gram-negative bac-
teria have not vet been obtained. Therefore, to date little
is known of the specific biochemical make-up or the physi-
ology of the cytoplasmic membrane of gram-negative bacteria
due to a lack of techniques for isclating this membrane from
the other components of the envelope.

Information on the composition of the cytoplasmic mem-—

brane of gram-positive bacteria is now available. The cyto-
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plasmic membrane of these organisms can be isolated by di-
gesting away the wall of the cell enzymatically with lyso-
zyme (45). This leaves a protoplast, which can'be gently
lysed inl hypotoni@ solitions allowing the isclaticnh of the
cytoplasmic membrane (46) .

Based on a study of the cytoplasmic membranes of Micro-

coccus lysodeikticus, Sarcina lutea, Bacillus licheniformis,

and Bacillus stearothermophilus, Salton and Freer (47) found

that the membranes are comprised mainly of protein (53-75%)
and lipid (20-30%) with small amounts of RNA and polysac-

charide which may be contaminants from the cyt0plaSm. Bac-

terial membranes from M. lysodeikticﬁs and g; lutea, when
subjected to non-lonic surface—acfiﬁe agents, disaggregated
into "sub-units" which-were rather homogeneous inAsiZe as
determined in the ultracéntrifuge(éS)a Ultiasdnic treatment
was also capable of breaking the hembrane ihto small parti—
cles of relatively low sedimentation coefficients of 4S to
55. Vorbeck and Marinetti(49) analyzed the CytOplaémic mem-

brane of Streptococcus faecalis for lipids; these consisted

primarily of phosphatidyl glycérol, diphosphatidyl glycerol,
and lipoamino acids (O-amino acid esters of phosphatidyl
glycerol). Other studies have shown that major lipid con-
stituents of bacterial membranes may vary from strain to
strain(50).

Im cells from planks ang animals thete Zwe several
sources of membranes: "surface" plasma membrane, the endo-
plasmic reticulum, nucleus, lysosomes, golgi, mitochondria,

and chloroplasts. In bacteria, internal membrane systems
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have been seen in thin sections, but are not always seen

in the gram-negative bacteria grown under usual growth
conditions(50). The mesosome, an invagination of the cyto-
plasmic membrahe, was first seen in fine detail by Ryter
and Kellenberger (51). Mesosomes are only rarely seen in
strict anaerobes, but appear to develop“normally when fac-

ultative organisms are grown under anaerobic conditions

It has been suggested that the mesosomes carry out
the functions in bacteria that the mitochondria carry out
in higher forms(50). Van Iterson and Leene(52) observed
that tellurite was reduced at ﬁhe site of the mesosome in

Bacillus subtilis, suggesting that these structures are

the locale of the electron transport system. However,

more direct evidence has been presented in support of this
argument (53). On plasmolysic, the mesosome apparently
evaginates and can be separated from the remainder of the
cytoplasmic membrane. All the cytochromes known to be
present in B. subtilis were found in these evaginated meso-
somes.

Other functions of bacterial membranes are not com-
pletely understood. The mesosomes appear to be involved
in divigion of the nuclear material (50). Sites for trans-
port mechanisms (permeases) and coordinated protein syn-
thesis may also be located in or on the cytoplasmic mem-
brane (50) .

(b) Murein layer._

Located externally to the cytoplasmic membrane is a
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layer called the murein layer(42). The function of this
layer is the maintenance of the shape and rigidity of the
cell envelope, thereby allowing the cell to maintain its
integrity in adverse osmotic environments. This compo-
nent of the walls of bacteria consists mainly of a poly-
mer containing N-acetyl glucosamine and N-acetyl muramic
acid (3-lactyl glucosamine) 1inkéd in a B-1,4 linkage(54).
Side chains attached to the lactyl moiety of muramic acié
contain D-glutamic acid, D- and L-alanine, either lysine
or diaminopimelic acid (DAP), and variably glycine, ser-
ine, and/or threonine(55,56,5?). Dueuto,the'compléx na-
ture of the gram—negative'eﬁvelope; the deterrination of
the components of the murein layer has been rather diffi-
cult. Mandelstam(58,59) purified this 1ayer from Eecheri-

chia coli, Proteus vulgaris, Klebsiella pneumoniae, Citro-

bacter freundii, Serratia marcescens, and Pseudomonas

fluorescens by extracting lipids of the isolated envelopes

with ethanol-ether, digesting thé envelopes with pepsin,
and further extracting with phenol. Analysis of the resi-
due indicated that the composition of the murein layer of
gram-negative bacteria was much like that of the gram-
positive bacteria. The componénts present were
N-acetylmuramic acid and N;acetylglucosamine (Fiqure 1),
plus glutamic acid, alanine, DAP, lysine and glycine.

The structure shown in Figure 2 is bonded to other
identical structures, forming a complex network or "bag-

shaped macromolecule" (42).



Figure 1. Structure of amino sugars in the murein layer:

(a) N-acetylmuramic acid; (b) N-acetylglucosamine.
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Figure 2. Structure of the murein layer from Escherichia

coli(42,54). NAGA, N-acetylglucosamine; DAP, diamino-

pimelic acid; NAMA, N-acetylmuramic acid.
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(c) Lipopolysaccharide component of the cell envelope.

Another component of the cell envelope of gram-
negative bacteria, especially abundant in the enteric bac~-
teria, is lipopolysaccharide (1lps). Lipopolysaccharide is
readily extractable from the envelopes of gram-negative
bacteria with hot phenol by the method of Westphal and
Luderitz (60). This extracted lps is water soluble. The

hydrolysis of lps from E. coli 0111(6l) and Salmonella

typhimurium(62) yielded several components:4 (l) a water-

insoluble Lipid A fraction, consisting of long-chain'fatty
acids, glucosamine and phosphate} ¢2) a water—solubie Eraics
tion containing heptose, phosphate; 2-keto-3-deoxyoctanoate,
and ethanolamine; (3) a backbone fraction of poiysaccharide
with as many as seven different sugars.

<

The Lipid A fraction from E. coli 011l has been analyzed
quite thoroughly(6l). The purified Lipid 2, as obtained by
silicic acid chromatography, was shown to have a molecular
weight'of 1700 and to contain long-chain fatty acyl groups.
An analysis of these fatty acids indicated that they were
B-hydroxy acids, primarily B-hydroxymyristic acid. The
Lipid A fraction contained almost no unsaturated or cyclo-
propane fatty acids. Of the bacterial lipids of E. coli,
B-hydroxymyristic appeared to be unique to the lps, since
it is not a component of the hot ethancl, chloroform-
methanol extractable lipids of E: coli(63). A tentative
strueture for the E: guli Lipid & has been preopesed HiR
which N-acetylglucosamine molecules, with esterified fatty

acid side chains, are joined together by phosphate groups
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to form a polymer(6l).

The composition of the lps from different bacteria,
and even from different strains of the same species, may
differ greatly, especially in the polysaccharide fraction.
Lipopolysaccharide is water-soluble, yet contains lipid
material which itself is water-insoluble. Therefofe, the
infrared spectrum has a unique pattern which is charac-
teristic for lpsled) .

(d) Lipids of gram-negative bacterial cell enve-

lopes.

The principal lipid types found in bacteria are phos-
shALIAYlethanalaine, phosphatidylserine, plssshatiayls
glycerol, diphosphatidylglycerol, phosphatidic acid, and
glycolipids. Two other species of lipids also found, al-
though rarely, are phosphatidylcholine ana phosphatidyl-
inositol. Triglycerides, sterols,ASphingolipids, and poly-
unsaturated fatty acids are not found in bacteria(65).

Kaneshiro and Marr(63) analjzed the lipids of three

gram-negative bacteria, E. coli, Azotobacter agilis, and

Agrobacterium tumefaciens extracted with ethanol and chloro-

form-methanol. fThe principal phospholipid found was phos-

phatidylethanolamine. A. tumefaciens was the only one of

the three bacteria which contained detectable amounts of

phosphatidylcholine, which is found only rarely in bacteria.
The fatty acid composition of these three bacterial

species is representative of many gram-negative bacteria

(66). Palmitic acid was the predominant straiqght chain,
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saturated fatty acid, and myristic acid was the only other
normal saturated fatty acid present. The unsaturated fatty
acids were hexadecenoic and octadecenoic acids. Both A.

tumefaciens and E. coli form the cyclopropane derivatives

of both mono-unsaturated fatty acids. Cyclopropane fatty
acids were not found in A. agilis. However, the presence
of cyclopropane fatty acids or their unsaturated derivatives
depends on growth conditions and/or'thé age of the cells
(44) .

The fatty acids of the gram-positive and gram-
negative bacteria differ in that the majority of the fatty .
acids from gram-positive bacteria are C-15 branched acids
while the gram-negative bacteria possess unsaturated,
saturated, and cyclopropane fatty acids(44).

(e) Proteins of the gram-negative bacterial cell

The spectrum of amino acids derived from the hydrol-
ysis of envelopes of gram-negative bacteria is distinc-
tive in that it is high in acidic and neutral amino acids
and low in the basic amino acids(67). A more detailed
discussion of the amino acids of gram~negative bacterial

envelopes will be covered in the Discussion section.

(£) Ultrastructure of gram-negative bacterial cell

envelopes.
The typical envelope in thin-sections of normal gram-
negative bacteria fixed in their growth medium appears as

a multi-layered structure{68). On close examination, the
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inner layer, i.e. the layer enclosing the cytoplasm, ap-
pears as a track-like layer which is generally considered
to be the cytoplasmic membrane. Another double track-like
layer'can be seen as the outer layer of the envelope. A
layer corresponding to the murein layer can sometimes be
visualized lying between the inner and outer track-like
layers(68). This layer can be seen as a single dark line

in electron micrographs of thin sections.

tg) The effeckt of lysozyme and ethylehediamine

tetraacetic acid (EDTA) on gram-negative bacterial cell
envelopes. |

In 1922; Fleming reported the'discovery of a bac-
teriolytic enzyme present in nasal secretions and other
animal tissues(69)., Thé bacteriolytic effect has sinée
been shown to be the result of an enzymatic ﬁydrolysis gf
the murein layer of the cell wall(70). The term "lyso-
zyme", coined by Fleming, has been applied to sevéral oell
wall lytic enzymes of varying specificities. Howevei, i
has been suggested by Strominger and Ghuysen(71) that the
term be restricted to that enzyme activity which catalyses
the hydrolysis of the B~1,4 linkage between the units of
the murein component N-acetylmuramyl-N-acetylglucosamine.
There are two other types of bacteriolytic enzymes which
act on bacterial cell walls: endopeptidases, which split
the peptide cross-links, and N-~acetylmuramyl-L-alanine
amidases, which cleave the junction between the pol&sac~

charides and peptides of the murein layer(71).
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For lysozyme to act efficiently on gram-negative bac-
teria, the divalent cations in the envelope must be re-
moved., Repaske(72) devised a system consisting of EDTA
‘pluS lysozyme which resulted in the rapid lyéis of gram-

negative bacteria. In Pseudomonas aeruginosa EDTA alone

will rapidly lyse the cells(73). A spheroplast can be pro-

duced following lysozyme and EDTA treatment if the exter-
nal osmotic pressure of the medium is maintained. This

resultant spheroplast consists of the cytoplasmic membrane
plus the residual layers of the envelope after the murein

layer has been removed(67).

¥

(h) The role of divalent cations i@ ths gram-negative

bactenial cell elvaleope.

It is apparent from the above discussion that the di-
valent cation Mg++ plays a significant role in the main-

tenance of the envelope integrity of P. aeruginosa as re-

moval of Mg++ by EDTA results in cell 1lysis(73). Further-
more, osmotically unstable rods were produced by removing

++

Mg with EDTA and replacing the Mg++ with Na+(

74). Di~-
valent cations have also been shown to be reguired in the

envelope of other organisms. Calcium-deprived cells of

Rhizobium trifolii developed an abnormal morphology sug-

gestive of a weakened double-layered envelope structure(75).
The normal walls of this organism were analyzed for divalent

. . 4+ _ ++ .
cation content, and Ca and Mcqg found to be present in a
wellght ratie 6E S:BL76) -

Divalent cations may have multiple functions in enve-
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~ . +
lopes and membranes of bacteria. A Mg +—dependent aler
aggreqgation of bacterial cytoplasmic membrane particles from

Streptococcus faecalis was reported by Brown(77). Magnesium

ions have alsc been shown to stabilize bacterial protoplasts

of Xanthomonas phaseoli(78).

The role of divalent cations in the halophilic bac-
terial envelope may be through an interaction with lipids.
The fractidnation ana analysis of the lipids of cell enve-
lopes of a marine pseudomonad by Gordon and MagLeod(79)
indicated that Mg++ (which in low concentrations will pre-
vent lysis(38,80)) was bound to the diphosphatidylaglycerol
fraction. Divalent cations may interact with lipids in
maintaining cell integrity of the extreme ﬁalOphile Halo-~

bacterium cutirubrum, since the capacity of Mq++ and ca’’t

to prevent cell envelope disintegration was markedly re-
duced when lipids were extractid from the cell envelope of
Bhite organism(Bl) . Tt appears; ‘therefoie; EBat clivalent
cations are essential components of gram-negative bhacterial

cell envelopes of both halophiles and non-halophiles.

D. The envelopes of oram-necgative halophilic bacteria.
The ultrastructure of marine gram-negative bactefia
in thin-section appears much like that of other gram-
negative bacteria: a multi-layered envelope consisting of
two double, track-like layers (39,40,68,82). Attempts to
visualize a murein layer in a marine bacterium have not
been successful(39). The envelope of the extremely halo-

hiliec bacteria, H. halobium and ll. salinarium, studied bv
P r B D lum L narium 3
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electron microscopy of thin-sections by Brown and Shorey
consisted of only one double, track-like layer, i.e. a
siﬁgle membrane (83,84). However, Cho eis &l (85) hawe pre-
sented electron micrographs of thin sections of Ha halo-
bium which indicate that the envelope is multi-layered,
consisting of a double, track-like cytoplasmic membrane
with a single layer external to this membra:e.

The results of experiments on iyéis of halophilic
bacteria in low ionic environments indicate that there
are basic chemical and/or structural differences in the
envelopes of these organisms as compared to those of most
non—haloPhilic bhacteria. Search for the nature of such
differences in marine pseudomonads has ndt been fruitful.
Muramic acid, a distinctive component of the rigid murein
layer of both gram-positive and gram-negative bacteria,
has been found in marine pseuvomonads(40,41). Further-~
more, when the phospholipids of a marine pseudomonad and

of P. aeruginosa were extracted and analvzed by silicic
r g p’ f

acid column chromatography, there were no major differences
between the lipids of these two organisms or other non-
halophilic gram-negative bacteria(65,79).

On the other hand, analyses have shown that muramic
acid is not a component of the envelope of those extremely
halophilic bacteria investigated(84,86). A lipid analysis

of the envelopes of the extreme halophile, H. cutirubrun,

revealed that 93% of the lipids were phosphatides(87),

which is sirmilar to the composition of other gram-negative
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bacterial enveiopes(63). The analysis of the phosphatides
revealed the presence of an unusual phosphatidylglycerol
phosphate derivative containing terpenoid ether groups in-
stead of the fatty acid ester groups commonly found(66,87,
88) .

E. Objectives of this research.

The area of marine bacteriology is still in a forma-
tive stage. Relatively little is known about basic différ—
ences which may exist between bacteria from marine and
terrestrial sources. A knowledge of such differences is a
basic prerequisite to a detailed study of miéroorganisms
in the ocean environment.

The research began, at the first step, with the iso-
lation of a bacterium from the ocean. A study was then
made of its ionic requirements, first for growth and sub-
sequently for cellular integrity, to determine whethervthe
organism was élassifiable as an obligate marine bacterium.
The next phase was an analysis of the behavior of the or-
ganism in low ionic environments, such as might be encoun-
tered by terrestrial organisms. This led to the formula-
tion of an hypothesis concerning the role of cations in
maintaining cellular integrity of marine bacteria.

The major objective of the research was to determine
’whether biochemical and/or ultrastructural differences
could be found to exist between the cell envelopes of the
marine bacterium and a similar bacterium isclated from a

non-marine source, and whether such differences could
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underlie the behavioral differencés of the two oréanisms

in low ionic environments. It was considered that these
studies might provide additional criteria, to better dis-
tinguish marine from terrestrial organisms. Such knowledge
could be meaningful in leading to an understanding not only
of the relationship between marine bacteria and their en-
vironment, but also of the significance of ionic require-

ments in microbial ecology in general.
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MATERIALS AND METHODS

A. Isolation and classification of bacterial strains.

I. 1Isolation and stock culture maintenance of marine

bacterium c-aAl.

A 250 ml sample of sea water was taken at high tide
(6.8 feet) at Depoe Bay, Oregon. Ten ml of the sea water
was incubated at 25 C to permit further bacterial growth.
After 16 hr incubation, 0.2 ml was spread on artificial
sea water(89) peptone agar in petri dishes. The constitu-
ents of the agar medium used throughout the isolation pro-
cedure were: |
Bacto-peptone 5.0 gm,
Bacto—-agar 15.0 gm,
artificial sea water 1000 ml.
The composition of the artificial sea water(89) used
for these GXperiments'was as follows: 0.402 M NaCl, 0.028 M

Na,50,, 0.002 M NallCO,, 0.009 M KCl, 0.01 M KBr, 0.052 M

3!

0.15 gﬁ SrCl BO,.

2 27 3773

Following overnight incubation, several colonies which

MgClz, ¢,01 M CaCl and 0.42 mM H
had grown on the solid medium were transferred to peptone
agar slants; one organism isolated by this method was desig-
nated c-Al, and is the subject of most of the reseaxrch in
this thesis. Later experiments have demonstrated that this
isolate is unable to grow on the above medium when distilled
water is substituted for artificial sea water.

A pure culture of marine organism c-Al was obtained as



37

follows: organisms from the slant were streaked onto a
peptone agar plate and incubated 24 hr at 25 C. From the
plate a single colony was picked off and restreaked on the
same medium, incubated for 24 hr at 25 C, at which time a
single colony transfer to a slant of the same medium was
made. Stock and working cultures were maintained on the
peptone agar medium until a synthetic medium was designed,
after which time the synthetic medium was used. ‘Stock and
working cultures were held in the refrigerator and trans-

ferred approximately each sixty days.

II. 1Isolation and stock culture maintenancé’9£

terrestrial Pseudomonas 121.

Pseudomonas strain 121 was originally isolated from

soil by enrichment culture for 5-hydroxytryptamine-
degrading organisms by Dr. E. L. Oginsky, who provided the
organism used in this study. Stock and working cultures

were maintained on a medium consisting of:

Bacto-peptone 5.0 gm,
Bacto-agar 15.0 gn,
distilled water 1000 ml.

Stock and working cultures were held in the refrigerator
and transferred approximately each sixty days.

II1. Classification of isolate c¢-Al and Pseudomonas 121.

Both organisms were subjected to the classification
scheme of Colwell and Liston(90), with all tests performed

as described in Manual of Microbiological Methods(S1).

Isolate c~-Al was also subjected to the classification

scheme of Shewan, Hobbs, and Hodgkiss(92). The media for 121
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were prepared with distilled water, whereas those for c-Al

were prepared with artificial sea water(89).

B. Determination of salts and ions present in sea water

required for growth of c-Al.

I. Sources and grades of salts and sugars used in

this research.

(a) Merck & Co., Rahway, N.J. (A.C.S. reagent grade) -

e,

MgCl CaCl NH,Cl, glucose and

NaCl, KCL, LiCl, Na g 50 NH,

2SO

4’
sucrose.
(b) Mallinckrodt Chemical Works, N.Y. (A.C.S. xre~

;. Na,HPO NaH,PO

;, H,BO K, HPO 2 40 2P0,

agent grade) - NaHCO 305/ K,

3 4

MnClz, K2804.

(c} Allied Chemical, Morristown, N.J. (A.C.S5. re-
agent grade) - KBr, (NH4)ZSO4, lactoée.

(d) Sigma Chemical Co., St. Louis, Mo. - Monosodium
glutamate. |

(e} J. T. Baker Chemical Cp., Phillipsburg, N.J.
(A.C.S. reagent grade) - Sodium acetate.

(f) Matheson, Coleman & Bell, Cincinnati, Ohio
(A.C.S. reagent grade) - KH2P04. .

{9} K & ¥ Laboratories, Ine.,; Plazinview, N.¥. - EbCl
(99% pure).

{h) Penn Rare Metals, Inc., Revere, Pa. - CsCl(99.9%
pure) .

IT. Selection of a carbon source in a synthetic medium

for isolate c-Al.

It was necessary to devise a synthetic medium in or-

der to determine specific and minimum sea water salt(s) re-
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guired for growth. As the first step, three common carbon
sources were tested separately or in combination for their
ability to support aerobic growth in a medium in which NaCl,
KCl, and MgS0, at sea water molarities were substituted for
sea water. This substitution was based on the report that
Na+, K+, and Mg++ were the only cations required by several
sea water-requiring bacteria tested by MacLeod et al{93).

-

The medium constituents tested included the following:

Final
Constituents concentration
Group a. Glucose ' 0.2%
Sodium glutamate 0.2%
Sodium acetate 0.2%
Group b. NH4C1 0.2%
K,HPO ~KH, PO, (pH6.8) 0.05 M
NacCl 0.4 M
KCl 0.009 M
MgSO4 0.05 M

Group a components were separately sterilized by autoclav-
ing (15 1lbs for 15 min), while group b components were com-
bined and sterilized by Millipore filtration. The growth

response of c-Al was tested on medium consisting of the

group b mixture plus group a components separately and in
combination. Each tube containing 10 ml medium was inocu-
lated with 0.02 ml of a 24 hr culture of isolate c—Ak in

sea water peptone broth. Tubes were vigorously shaken
(Gyrorotarvahaker, New Brunswick Scientific Co., New Bruns-

wick, N.J.) at 25 C for 48 hr. Optical densities at 520 mp
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were determined at 24 hr and 48 hr (Spectronic 20 spec-
trophometer, Bausch and Lomb).

ITI. Requirements of isolate c-Al for NaCl, RCl, and

NgSO4 in a synthetic medium.

The medium components employed for the determination
of the salt requirements for growth were as follows:

Final

Component concentration
Group a. NaCl A | - 0.4 M
KC1 0.009 M
MgSO4 7 0.05 M
Group b.  Glucose Y 0.2%
Sodium glutamate 0.2%
NH,C1 ' 0.2%.
Na,HPO,-Nal,P0, (pH6.8) 0.003 M :

Glucose and sodium glutamate were‘stefﬁlized by Millipokxe
glittration. 0Other componehts were sterilized separately
by autoclaving (15 lbs for 15 min); The gfbwth fesponée
of c¢c-Al was tested on medium consisting df the group b
mixture plus group a componenﬁé separately and in combina-
tion. Total final volume in every case was 8.0 ml. Each
tube was inoculated with 0.02 ml of a 24 hr culture in sea
water peptone broth, incubated with vigorous shaking at

25 C for 48 hr, and growth determined visually by noting
turbidity at 24 and 48 hr.

IV. The ability of related salts to substitute for

NaCl in supporting growth of isolate c-Al in synthetic

medium.



41

In order to determine whether the requirement for NaCl
was specific, thereby placing isolate c-Al in the category
of obligately halophilic bacteria, various relafed salts
were substituted for NaCl in the medium below. The medium

consisted of the following:

Glucose 0.2%
Sodium glutamate 0.2%
KC1 : 0.01 M
NH4Cl 0.2%
MgSO4 0.05 M
' i A /1 -
I\2HPO4 1\112P04 (pH7. 4) O.QOZ M
M

NaCl 0.4
Each of the componenté was autoclaved separately.' TﬁeAre~'
lated salts (KCl, RbCl, CsCl, LiCl) were.individually s;b~
stituted at equimolar concentrétion for NaCl in the above
medium or NaCl was deleted from the medium withbﬁt substi-
tution. Ten ml of medium in 50 ml flasks were inoculafed
with 0.02 ml of a suspension of cells which had been har-
vested from synthetic medium and washed twice by centrifu-
gation and resuspension in the medium lacking glucose, buf-
fer, and NaCl, The cultures were incubated at 25 C with
vigorous shaking for 72 hr, except that media with LiCl or
with no salt substituted for NaCl were incubated for 48 hr
only. Growth was recorded as optical density at 520 mp at

24, 48, and 72 hr. The above medium, with slight modifica-

tions in some cases, was used as the synthetic medium in
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the experiments presented hereafter.

V. ZThe abil ¥ty of MnCl2 and CaC12 to substitute for

gﬂgig I SRR

medium.

A specific requirement for MgC12 was tested by substitu-
ting related divalent cations of Mg++ in synthetic medium

consisting of the following:

Glucose - D%
Sodium glutamate 0.2%
(NH4)ZSO4 0.2%
JaCl | ' 0.4 M
KC1 0,01 M
K,HPO,~KH,PO, (pH7.2) 0.05 M
Mquz 0.05 M
or _ 0.005 M
or 0.001 M

The medium was prepared and sterilized as described in the
previous experiments. Manganese chloride or CaCl2 was in-

dividually substituted for MaCl., at eguimolar concentra-

2
tion in the above medium. The ability of these organisms
to grow in medium lackinag divalent cations was also tested.
Ten ml of each medium in 50 ml flasks was inoculated with
0.02 ml of a 24 hr culture in synthetic medium. Each tube
was incubated with shaking at 25 C for 48 hr. Crowth was

recorded as optical densitv at 520 mp at 24 and 48 hr.

Vil e alility lef reilgted salts ke puligfitute for
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KCl in supporting growth of isolate c-Al in synthetic

mediumn.
In order to determine whether KCl was required speci-
fically, several other monovalent cations were substituted

for X in the following medium:

Glucose 0.2%
Sodium glutamate 022
NaCl - 0.4 M
MgSso, . 0.05 M
NH4C1 0.2%
Na,HPO,~NaH,P0, (pH7.2)  0.002 M
KC1 0.01 M

The medium was prepared and sterilized as described pre-
viously. Related salts (RbCl, LiCl, CsCl, NaCl) were in-
dividually substituted at equimolér concentration for KC1l
in the above medium or KCl was deleted without substitution.
Ten ml of each medium in S0 ml flasks were inoculated with
0.02 ml of cell suspension from a 24 hr culture grown in
synthetic medium and washed once in the above medium less
KCl. Each flask was then incubated with vigorous shaking
at 25 C for 72 hr with optical densities (520 mp) deter-
mined at 24, 48, and 72 hr. Because of the presence of
slight turbidity at 72 hr, the contents of the flask con-
taining RbCl in place of KCl were centrifuged and resus-
pended to the original volume in the above medium less KCl.

Cells were again washed in the absence of KCl1l and 0.02 ml
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of the final cell suspension was used to inoculate 10 ml
of the medium containing RbCl in place of KCl. Optical
densities (520 mu) were determined at 24, 48, and 72 hr.

VII. The ability of sulfate ion to substitute for

chloride ion in supporting growth of isolate c-Al in syn-

thetic medium.

To determine whether sulfate ion could substitute for
chloride ion in the growth of this isolate, all chloride
ion in the medium was replaced by sulfate ion, while main-

g . . -+ o+ y ++
taining molarities of cations Na + K, and Mg unchanged.

The following medium was employed:

Glucose A ’ 0.2%
Sodium glutamate 0.2%
(NH4)2SO4 0,2%
K, HPO,-KH,PO,  (pH7.2) 0.05 M
MgSO, - 0.05 M
K,50, 0.05 M
NacCl , 0.4 M

The medium was sterilized by filtration as described pre-~
viouslyf Sodium sulfate was substituted for NaCl in the
above medium maintaining the Na™T molarity unchanged at
0.4 M. Ten ml of each medium in 50 ml fiasks were inocu-
lated with 0.02 ml of 24 hr culture in synthetic medium.
The cultures were incubated for 72 hr with vigorous shak-
ing at 25 C and optical densities (520 mp) determined at
24, 48, and 72 hr.

VIII." The ability of chloride ion to substitute for
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sulfate ion in suppoiting growth of iselate e-Al.

The following medium was employed:

Glucose 0.2%
Sodium glutamate 0,.2%
I o
I\.II4C1 0.2%
NaCl 0.4 I_ﬂ
KCl 0.01. M

K. HPO ,~KH PO (pH7.4)  0.01 M

F 4 2774

=
)
0
o
o
=
(S
=

Preparation and sterilization of the medium waé as de-
scribed in previous experimenté. The ability of MgCl2

to substitute for MgS0, in the. above medium was tested,
while maintaining cation concentrations unchanged. Ten ml
of medium in 50 ml flasks were inoculated with 0.02 ml of»
24 hr culture in synthetic medium. Cells were incubated

at 25 C with vigorous shaking for 72 hr. Optical densities
(520 mu) were determined at 24, 48, and 72 hr.

IX. Growth response of c-Al to varying concentrations

of NaCl in a synthetic medium.

For the determination of the growth response of c-Al

to increasing levels of Nat the following medium was em-—

playeds
Glucose : 0.2%
Sodium glutamate 0.2%
MgSO, 0.05 M

KC1 _ 0.01 M



46

NH,C1 | 0.22%

KZHPO4~KH2PO4 (pH7.4) 0.002 M
The above medium was prepared and sterilized as described
previously. This medium was tested for its ability to sup-
port growth when supplemented with 15 different concentra-
tions of NaCl ranging from 0 to 0.4 M. Ten ml of each me-
dium in 18 nm x 150 mm tubes were inoculated‘with 8.02 mil
of a suspension of 24 hr cells grown in synthetic’medium
and washed twice by centrifﬁgation and fesuspehsion in the
medium without NaCl. Cultures were incubated at 25 C with
vigorous éhaking for 48 hr. Optfcal densities (520 my) of
the culture tubes were determined at 24 and 48 hr,

C. The effect g£ various salts ons Ehe maintenance of

cellular integrity of marine isolate c-21.

©

I. The ability of various salts to maintain optical

densities of cell suspensions.

The general procedura for determininq thé ébility of
salts to maintain optical densities of isolate c-Al wés as
follows:

(a) All manipulations were carried out at room tem-
perature {(approximately 25 C).

(b) Cells were grown in sea water peptone broth for
16 'hx at 25 C with wigerous shaking.

(c) The culture was divided into eqgual portions in
several 50 ml centrifuge tubes and harvested by centrifuga-
tign (7780 @ for L0 min) .

(d) Cells were washed by'resuSPQnsion of the pellets
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in sea water, MgCl or NaCl solutions to the original

27
volume by use of a vortex mixer, followed by Qentrifuga—
tion (7700 g for 10 min). The washing procedure was then
repeated.

(e) Following the second wash, cells were resuspended
in sea water to an optical density of 0.4é - 0.60 (520 my)
in 13 x 100 mm tubés containing 4 ml of suspénsion.

(f) Cell suspensions were then centrifuged‘f2200 g
for 30 min), supernates discarded and the'pelléts resus-
pended to 4 ml in the salt solution being tested.

(g) Optical densities of the test suspensiéﬁs were
determined over a period of sevefal hours at 520 mp, and
in some cases, cells_were stained with crystal violet and-
observed in the light microscope.

©

II. The ability of various salt solutions to maintain

viability of 9~Al.

The ability of 1.0 M or 0.5 M NaCl, sea water, or

0.05 M MgCl, to maintain the viability of c-Al was deter-

2
mined using the following procedure:

(a) Cells were grown, harvested, and washed as de-
scribed in section C.I. (a-d).

(b) After the last centrifugation from wash solution,
the pellets were resuspended in the appropriate salt solu-
tion to a volume equal to that of the growth medium.

(c) The number of viable cells was determined for
the 16 hr culture, the second wash suspension, and the sus-
pension in the appropriate salt splption ak @, 1, 2; anhd

3 hr. Viable counts were determined by the method of Miles



48

and Misra(94) on sea water peptone agar. All dilutions
were carried out in sea water, and all plating was carried
oot in triplieéate.

I1I. Studies on cell lysis of c-Al and 121 in various

salts, sugars, and distilled water at 25 C.

The following standard procedure was carried out in
experiments involving lysis of c-Al. Slight modificatioﬁs
in this procedure were made in some experiments and are ‘
noted invthe Results section.

(a) Cells were grown and harvested as described in
c. I. (a-c) except that 121 was grownuin,peptone medium
with distilled water insteaé of seé water.

(b) The harvested pellets were resuspended to the
original volume in different salt solutions containing the
chlorides of divalent cation (Mq++ or Ca++) and/or monovalent
cation unbuffered at pH 6.8-7.0. |

(c) Each portion of cells was washed three times by
centrifugation and resuspension in the salt solution.

(d) Each thrice-washed pellet was suspended to an
optical density (520 mu) of 0.60-0.85 (13 x 100 mm tubes).
| (e) Four ml replicates 6f each suspension were then
transferred to 13 x 100 mm tubes and centrifuged at 2200 g
for 30 min.

(f) Each pellet was rapidly resuspended in 4 ml of
distilled water, an appropriate sugar, a solution of a

monovalent cation chloride salt, or the appropriate wash
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solution as control.

(g} After 30 seconds - to allow fér clegrance [Of
bubbles - and periodically thereafter, depending on the
experiment, optical densities (520 mp) were determined.

(h) In some experiments the distilled water-treated
cell suspensions were centrifuged at 2290 g for 30 min,
eells frem the pellédk staincd with efystal jwicles fer ob-
servation in the light microscope, and supernates tested
for the presence of leakage material by ultraviolet absorp-
tion spectra (220 mp - 300 mu) and/or by the presence of
ninhydrin-positive material in 20 pl of the supernates
spotted on Whatman No, 1 filter paper. Spots were visual-
ized with 0.25% ninhydrin in n-butanol.

IVv. Studies on cell lysis of ¢-Al at various tem-

peratures.

(a) Cells were grown ard harvested as described in
sachion €.0. (a-a).

(b) Cells were washed in a solution containing 0.1 M
NaCl plus 0.05 M MgClz.

(c) Each thrice-washed pellet was suspended to an
optical density of 0.78 (520 mu) in 13 x 100 mm tubes.

(d) Four ml replicates of each suspension were then
transferred to 13 x 100 mm tubes and centrifuged at 2200 g
for 30 min.

(e) Each pellet was rapidly resuspended in 4 ml of
gistilled water at @ diffierent temperature, rangihg (Fom
2 = 96 C.

(f) Optical densities (520 mp) were determined at 30
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secC.

V. Investigation for soluble lytic enzymes in the

distilled water supernates of lysed cells of isolate c-Al.

(a) Cells of c-Al were grown and harvested as de-
scribed in C.I. (a-c).

(b) The cells were divided into three portions and
washed three times as described in C.I. (d),.except that
each was washed in one of the folloWing solutions: 1.0 M
NaCl, 1.0 M NaCl plus 0.05 M MgCl,, or 0.05 M MgCl, only.

(c) The washed pellets were each brought to an opti-
cal density of 1.2 at 520 mu (13 x 100 rum tubes) in the ap-
prOpriate washing solution.

(d) Four ml replicates of each suspénsion were trans-
ferred to 13 x 100 mm tubes and centrifuged at 2260‘g pig =%

30 min, and the supernates discarded.

(e} The pellets were eac. resuspenced in 4 ml of
distilled water with a vortex mixer, immediately centrifuged
at 2200 g for 30 min and the supernates retained.

(f) In the case of the distilled water supernate from
cells washed in 1.0 M NaCl, several dilutions (1/2, 1/10,
1/20, 1/100) of the supernate were made in distilled water;

all four diluted supernates and the three undiluted super-

nates were applied to Micrococcus lysodeikticus as de-

scribed below.

(g) Dried cells of M. lysodeikticus (Worthington

Biochemical Corp., Freehold, N.J.) were suspended in dis-—

tilled water in a concentration sufficient to produce an
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optical density of 0.5 at 520 mp in 13 x 100 mm tubes.
Four ml of the suspension was then pipetted into each of
several 13 x 100 mm tubes, and the tubes centrifuged at
2200 g for 30 min.

(h) Each M. lysodeikticus pellet was resuspended to

4 ml in one of the above seven supernates from distilled
water-suspended cells of c¢c-Al. Four ml suspensions of M.

lysodeikticus pellets in distilled water, 0.01 M NaCl, and

0.001 M NaCl served as controls. Optical‘densities of the
suspensions were determined (520 mp) atv30 sec and at 5 min
intervals thereafper, for 1 hr.

(i) Lyéozyme (General Biochemicals, Chagrin Falls,
Ohio) controls at several enzyme concentrations (1 to 100
ug/ml) served to determine the minimum conégntration of

¢

enzyme detectable with the M. lysodeikticus system.

VI. Optical density changes in suspensions of cell

envelopes of Pseudomonas 121 and isolate c-Al in distilled

water after exposure to various salt solutions.

(a) Cells were grown at 30 C in 0.5% peptoné, in
sea water in the case of c-Al, and in distilled water in
the case of 121. Cells were harvested by continuous flow
céntrifugation (Ivan Sorvall, Inc., Norfolk, Conn.)»after
which the cells were washed three times as described pre-~
viously in the appropriate wash solution: sea water for

c-Al and 0.05 M MgCl, for 121. All harvesting and wash-

2
ing of whole cells was carried out at room temperature

(approximately 25 C).
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(b) Wet pellets were stored at =70 C until used.

(c) Pellets were thawed to 4 C and suspended in four
volumes of the appropriate cold washing solution., All op-
erations involved in preparation of cell envelopes were
carried out in the cold (approximately 4 C).

(d) A detailed description of the standard procedure
for the preparation of cell envelopes is given later in a
separate section (D.). Envelopes used in the exPerimeﬁts
described here were prepared by the standard procedure.

(e} Generally the experimentai ?rocedgre enployed
here was like that described in section C. III. (c~g)i
Envelopes Were thrice—washgdrby sﬁspénsiqn in an appro-
priate solution containing, either separately or in com-
bination, MgC12 and NaCl, followed by centrifugation at
9370 g for 15 min.

(f) Optical densities (520 mp) of envelobe suspen~
sions after the final wash were determined, the suspensions
centrifuged, the supernates diécarded, and the pellets re-
suspended in distilled water to the original volume.: |

(g) Optical densities (520 muy) were determined at
30 sec and periodically, thereafter, for 40 min,

{h} Sufficient NaCl oxr MgC12 was added to certain
tubes after 30 min ke bring the concentratiens to 1.0 B
and 0.05 1M, respectively, after which optical densities
(520 mpy) were again deternined oﬁer a 30 min period.

(i) Samples of envelopes in 1.0 M NaCl, distilled
water after transfer from 1.0 M Na€l, and after MgClz was

added to the system were shadow cast and observed in the



electron microscope.

VII. Cation exchange between Na+ and Mg++ in the

envelopes of Pseudomonas 121 and marine isolate c-Al.

(a) Cells were grown, harvested, and washed as de-
scribed in section C.I. (a-d), except that 121 was grown
in peptone medium in distilled water and washed in 0.05 M
MgClz. Cells were stored at -70 C until used, at which
time they were brought to 4 C.

(b) Cell envelopes were prepared as described later
on in section D.

(c) 2All operations and manipulations, wiﬁh the ex-
ception of tﬁe cation exchaﬁge proéed;re itself, were car-
ried out in the cold (4 C).

(d) Envelopes were suépended in 0,05 Q_Mgclz, each
tube containing 1.5 ml (21 mg/1.5 ml for c¢-Al; 10.32 mg/
1.5 ml for 121), and centrifuged at 9370 g for 15 min.

(e) The pellets were washed two times by suspension
in distilled water at the originél volume followed by cen-
trifugation at 9370 g for 15 min, and the supernates dié—

carded. One pellet of c-Al envelopes (13.0 mg) was sus-

pended in distilled water and ashed for 4.5 hr(95).

(f) Pellets were resuspended in the appropriate con-
centration of NaCl or distilled water for 15 min, after
which time the suspensions were centrifuged at 9370 g for
15 min., |

(g) One ml of the supernate from each tube was set

aside for Mg++ assay by the procedure of Garner (96) modi-
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fied by substituting 1 N-HC1lO, for 10% TCA. The éellets
were suspended in 2 ml of 1 E»HClO4 for YSrmin and eentxis
fuged at 9370 g for 15 min.

(h) The perchloric acid supernates and the ashed'sam—
ples were also assayed for Mg++ using a modification of the
Garner{96) procedure by substituting 2 ml of 1 N-HC10, for
2 ml of 2% trichloracetic acid.

(i) The amoung of Mg++ present in samples was deler-
mined colorimetrically at 540 mp by comparison with a stan-
dard curve prepared from known concenﬁrations of Mg++ as
MgClz.

D. Prepatstion ¢f cell eﬁ%eloPes of isolate c-Al and

Pseudomonas 121.

(a) Cells were grown, harvested, and washed as de-
scribed in section C.I. (a-d) except that 121 was washed
in 005 M MgC12 instead of sea water. Washed cells were
stored at -70 C until usecd.

(] Prozen pellets were thawed to 4 C and suspended
in four volumes of the appropriate cold washing solutibn
(sea water, in the case of c¢-Al, and 0.05 M MgCl2 for 121).
All operations involved in cell envelope preparation and
purification were carried out in the cold (approximately
4 C).

(c) Tén ml each of cell suspension and of glass beads
(0,011 - 0.12 mm) were transferred to a pre-cooled 50 ml
flask designed for use with the Braun Tissue Homogenizer

(Bronwill Scientific Co., Inc., Rochester, N.Y.).
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(d) The flask was shaken on the homogenizer for 40
sec with continual cooling by streaming C02. Contents of
the flask were then transferred to conical tubes, and al-
lowed to settle for 20 min to permit beads to separate from
the supernate. Supernates were collected, the beads washed
with the above appropriate cold wash solution equal in vol-
ume to the supernate, and the two fractidns combined.

(e) The cell envelopes were isolated and washed ac-

cording to the scheme outlined in Figure 3.

E. Electron microscopy of isolate c-Al and Pseudomonas

strain 121.

I. Electron microscopy of thin sections.

For electron micrographs, cells were pre-fixed immedi-
ately following the 30 sec optical density determination in

the experiment outlined in Material and Methods, section C.

III. by the addition of 0s0, in Kellenberger buffer(99) to
give a final concentration of 0.1% 080, . Control suspensions

in 1.0 M NaCl, 0.05 M MgCl or artificial sea water were

2
also pre-fixed by the same procedure. For subsequent fixa-
tion and embedding, the procedure of Kellenberger and Ryter
(99) was followed. Vestopal W (Polysciences, Inc., RYdal,
Pa.) embedded cells were sectioned on the LKB Ultrotome with
glass knives. In some cases, sections were stained with lead
citrate after sectioning(100). Electron micrographs were ob-

tained with an RCA EMU-3F microscope.

II. Electron microscopy of shadowed whole cells and

isolated envelopes.
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Figure 3. Procedure for the isolation and washin§ of cell
envelopes. The buffered enzyme solution contained the fol-
lowing: Tris(hydroxymethyl)aminomethane, 0.025 M, pH 7.8
(Sigma Chemical Co., St. Louis, Mo.); trypsih, 0.5 mg/ml
(100,000 units/mg(97); Worthington Biochemical Corp.,
Freehold, N.J.); ribonuclease, 0.5 mg/ml (~40 units/mqg(98);
Calbiochem, Los Angeles, Calif.); deoxyribonuclease, 0.05

mg/ml (=100,000 units/mg(98); Sigma Chemical Co.).
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To determine the morphology of fixed and unfixed
whole cells from cultures of ¢-Al and 121, Parlodion
(Mallinckrddt Chemical Works, St. Louis, Mo.) coated grids
were placed on drops of 16 hr peptone broth cultures on
dental wax for 15 min. The grids were blotted dry on fil-
ter paper. Shadowing was carried out employing a vacuum
evaporator (Varion VE-10, Portland, Orégon) with ecarbof=

~
platinum pellets (Ladd Research Industries, Inc., Burling-
ton, Vermont), the shadow being cast at an angle of 12€
to 16°. Envelopes were also shadow-cast foiloWing suspen-
sion in their appropriate wash solutions (section D. (b))
following the above procedure. Electron micrographs were
obtained with an RCA IEMU-3TF microscope.-

F. Biochemical analyses of cell envelopes of Pseudomonas

121 and isolate c-Al.

I. Extraction and analvsis of lipopolysaccharide

(lﬁﬁ) of Pseudomonas 121 and isolate c-Al.

The extraction and purification of lps was carried out
following the procedure of Westphal and Luderitz(60) which
involved the extraction of whole cells with 45% phenol at
65 C, followed by dialysis and differential ethanol precipi-
tation to remove contaminating nucleic acid. The pliriry ©f
the lps at different steps during the purification process
waé followed by ultraviolet absorption spectra (220-300 mp) .
Infrared spectroscopy (Perkins-Elmer 221 Spectrophotometer,
Perkins-Elmer Corp., Norwalk, Conn.) was employed to ana-

lyze the purified lps in accordance with the procedure of
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Berst et al(64). The extraction and purification of lps
from c-Al and 12] envelopes was carried out on 16 hr cells
grown, harvested, and washed as in C. I. (a-d), except that
121 was grown in peptone medium without sea water and

washed in 0.05 M MgCl The extraction of c¢-Al was carried

9*
out in the presence of 1.0 M NaCl while the procedure for
121 employed distilled water. The purified lps was shadow-

- cast with platinum and examined in the electron microscope.

IT. Extraction and analyéis of phospholipids of

Pseudomonas 121 and isolate c-Al.

For the analysis of phospholipids, the proceduré was
as follows: |

(a) Cells were grown, harvested, and washed as dé-
scribed in section C. I. (a-d) and stored ét ~70 Cvuntiic
used, at which time pellets were brought to 4 C.

(b) Envelopes were preparéd by the standard pro-
cedure (D. (b-~e)).

(c) Envelopes (approximately 0.7 gm dry weight) of

c-Al or 121 were suspended to 30 ml in sea water or 0.05 M

MgClz, respectively, and extracted twice in a 20 fold volume
of chloroform-methanol (2:1) by the method of Folch et al(101).
(d) The extract was filtered through chloroform-
methanol washed Whatman No. 2 filter paper.
(e) Fifty ml of distilled water was added to the ex-
tract, which was then shaken vigorously and allowed to
stand aflroom temperature until separation of the two phases

was. complete (approximately 2 hr).
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(f) The upper phase was removed and the lower phase

surface washed twice with upper phase solvent and the wash-

ings discarded. Upper phase solvent was prepared by mixing

chloroform, methanol, and water in the proportions 3:48:47
by volume(101).

(g) Methanol was then added to the lower phase until
a one-phase system was obtained.

(h) The extract was filtered through washed filtér

paper, and the filtrate takem to dryness in vacuo.

(1) The dried extract was extracted twice with dis-
tilled water, redissolved in 20 ml of chloroform-methanol

(2:1), and concentrated to 5 ml in st;eam oi"Nz.

{}) Fifty ml of.acetone were added to the 5 ml lipid
solution with stirring to precipitéte the phospholipids,
which were collected by centrifugation at 7700 q for 15
min,

(k) The precipitate was redissolved in 7.5 ml of
chloroform-methanol (2:1), filtered as before, and dis-
pensed to ampoules which were flushed with N,, sealed, and
stored at -20 C for later use.

(1) The lipid extract was spotted (50 pg/spot) on
Eastman thin-layer sheets of silica gel (Distillation Prod-
ucts Industries, Rochester, N.Y.) and developed with a
solvent systém containing chloroform: methanol: acetic
acid: water (250:74:19:3) (102). Spots were visualized
with iodine vapor and with ninhydrin - lﬁtidine - butanol

(0.3 gm minhydein @m 5 ml dotidine breught to LOQGrml wikh
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water-saturated n-butanol) spray reagent(l03) and the Rf
of each spot determined.

(m) Preparative chromatograms were prepared using
silica gel thin-layer sheets with 16 contigﬁous spots of
100 pg lipid mixture each on the origin line, and in the
above solvent system. A 1 cm strip was cut from each side
of the sheet, and spots visualized with iodine vapor.
Areas on the remainder of the sheet corresponding in dis-
tance from origin to the various visualized spots were
scraped off and eluted with a minimum volume of chloroform-
methanol (2:1). Eluates were spotted on the same type of
sheet andleach developedvzn the‘following s~lvent systems:

1) Chleroform methanol:‘acetic acid:
water (250: 74: 19: 3) (102)

2) Isopropanol: acetic acid: water
(3: Lz L) {103

3) Isopropanol: water

4) Butanol: acetic acid: water
(63: 10: 27)

Rouser gﬁ_g&(l@é) used a solvent system with the same com-
ponents as 4) above but in the ratio of 60:20:20 for the
separation of beef brain lipids. To my knowledge, solvent
system 3) has not been used for chromatography of lipids on
silica gel thin-layers.

(n) The following phospholipid standards were chroma-
tographed with solvent system 1) above. The source of
these compounds was as follows: Applied Science Lab., Inc.,

State College, Pa. - phosphatidylethanolamine, phosphatidyl-
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serine, phosphatidylcholine; Dr. Charles Grossman, Univer-
sity of Portland, Oregon - phosphatidic acid.

III. Extraction and analysis of amino sugars from

envelopes‘gﬁ isolate c-Al and Pscudomonas 121,

(a) Cells were grown, harvested, and washed as de-
scribed in section C.I. {a-d). Cell envelopes were pre-
pared as described in section D. The hydrolysis of cell
envelopes and fractionation of the amino sugars was car- \
ried out according to the proceduré of Perkins and Rogers
(105) with slight modifications.

(b) Envelopes (100 to 200 mg) were hydrolysed in 4 N

HCl in N_,-flushed, sealed ampoules at 100 C foi 5 hr.

2

(c) The hydrolysate was taken to dryness in vacuo,
redissolved in 2.4 ml of distilled water,’and concentrated
to 0.5 ml under a stream of N2.

(d) One-tenth ml of 12 N HCl was added to 0.5 ml of
the hydrolysate to bring the concentration to 2 N HCl.

(e) The hydrolysate was applied to a column (5 mm
diameter) cohsistinq of a mixture of charcoal (Mallinckrodt
Chemical Works, St. Louis, Mo.), 0.25 gm, and celite (Johns-
Manville Co., New York), 0.25 gm, which had been previously
washed 4 hr with a total of 250 ml of 2 N HCl. The amino
sugars were then eluted at room temperature with 10 ml of
distilled water followed by 10 ml of 5% ethanol. One ml

fractions were collected (0.2 ml/min) with a Gilson model

VL fraction collector (Gilson Medical Electronics, Middleton,

Wisconsin), until 30 fractions were obtained.
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(f) Fifty yl of each fraction was spotted on What-
man No. 2 paper which was sprayed with ninhydrin (0.25%
in n-butanol). The color was developed at 80 C for 10 min.

(g) Fifty ul of each fraction containinq‘ninhydrin—
positive material was spotted on Whatman 3 MM paper and
developed with n-butanol: acetic acid: water (63:10:27)
in a descending direction for 17 hr with the following |
standards: muramic acid (50 ug) and galactosamine (20 pé),
both purchased from Sigma Chemical Co., St. Louis, Mo.;
glucosamine (20 pg) purchased from Calbiochem, Los Angeles,
Calif. Drying of the chromatograms was carried out at
room temperature in an air étream.‘

(h) Spots were visualized with Elson-Morgan reagents
(106) as employed for paper chromateraphy(lO?). The Rqa
(ratio of the distance of unknown from origin to the dis-
tance of glucosamine standard from origin) was calculaﬁed
for each spot.

(i) Preparative chromatogréms were made with Whatf
man 3 MM paper which had been washed three times in 1 N HCl
and rinsed in distilled water until the water was free of

Cl~ when tested with 0.1 M AgNO Fractions containing ma-

3.
terial with Rqa similar to the muramic acid standard were
spotted at 1 cm intervals along the origin. The chromato-
grams were developed for 17 hr in a descending direction

with n-butanol: acetic acid: water (63:10:27). After

deying, & 1/2" styip From the center of the paper was
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sprayed as described above to detect spots.

() The area on the paper corresponding to muramic
acid on the sprayed strip was cut out, and the material in
the spot eluted in 20 ml of distilled water with stirring
for 1 hr.

(k) Paper fibers were removed by centrifugation at
2200 g for 5 min, and the eluate was cOncenﬁrated to dry-

ness in vacuo.

(1) The eluate was redissolved in 2 ml of distilled
water. |
(m) Thirty ul of the eluat= were spotted, bbth alone .
and together with 50 ug muramicrécid standard, on 1/2" x
36" strips of Whatman No. 1 chromatography paper.
(n) The chromatogramrs were developed in an ascending
direction for 24 hr in the following,solvént systems:c
1) 1Isopropanol: acetic acid: water (3:1:1) (103).
2) TIsopropanol: water (4:1)(108).
3) n-butanol: pyridine: water (6:4:3) (108);
the pyridine was distilled the day prior to
use.
4) Phenol-saturated water.
(o) The R_. of each spot was determined.

£
IV. BAmino acid analyses of acid hydrolysates of cell

envelopes of Pseudomonas 121 and isolate c-Al.

(a) Cells were grown, harvested, and washed as de-
scribed in section C. I.(a-d) and stored at -70 C until used,
at which time pellets were brought to 4 C. Cell envelopes

were prepared as described in section D. The hydrolysis of
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the envelopes was carried out by the procedure outlined
by Hil1(109) with slight modifications.

(b) Envelopes (95 mg, c-Al: 150 mg, 121) were sus-
pended in 5 ml distilled water and combined with 5 ml of
concentrated HCl to give a final concentration of 6 N HCIL.

(c) The 10 ml suspensions were transferred to 50 nl
ampoules and flushed with N, for 5 min. The ampoules wére
sealed and maintained at 100 C for 24 hr.

(d) The hydrolysate was filtered through sintered
glass and the filter twice-washed with 10 ml of distilled
water. . |

(e) Combined hydrolysate and washings ‘-ere brought

to dryness in vacuo, and redissolved in a minimum of dis-

tilled water.

(f) Hydrolysates were analyzed on a Technicon Amino
Acid Analyzer (Technicon Instrument Corp., Ardsley, N.Y.)
using Technicon type C-2 resin with column dimensions 0.64
cm x 64 cm. Elution time was 6.5 hr. The samples were
eluted with sodium citrate buffer gradient over a pH range
of 2.75 - 6.10. A mixture of amino acid standards (Tech-
nicon) of known concentration was used to identify and

quantitate components of the hydrolysates.



65

A. Classification gﬁ.c—Al and 121 EX the scheme of Liston

and Colwell(90). 3,

The purpose of testing c-Al and'lgllin this classifi-

cation scheme for Pseudomonadaceae was to determine the

extent of the similarity of characteristics. Morphologi-
cal characteristics were determined on organisms grown in
peptoné broth. Cultural and morphological‘characteristics
were determined at 72 hr unless ctherwise noted. All test
media for c-Al contained sea water while those media for

121 were made up in distilled water. Tests of 121 in sea

water media were not possible, as sea water was inhibitory
to the growth of this organism. The results of these
tests are presented in Table 2.

This method was originally designed for computer
analysis. The organisms used in this study were not, how-
ever, analyzed by computer. The results of these tests

show that c-Al and 121 have twenty-seven like and nineteen

unlike characteristics. A close analysis of these data
reveals that about one-half of the differences pertain to
cell morphology or colony characteristics, which one might
expect between any two fairly closely-related organisms.

About one-quarter of the differences pertain to tests for
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the hydrolysis of large molecules, such as, casein from
milk, gelatin, and starch, which could be the result of

the action of only two enzymes. The remaining differences,
for the most part, pertain to the ability to use certain
sugars. Aside from differences involving morphological

and colony characteristics, the organisms differ mainly in
theiy ability ko use‘sugars and hydrolyze proteins. There-
fore, these organisms appear to be more closely related
than they appear at first glahce. |

Based on the results in Table 2, these organisms both

are classifiable in the genus Pseu.omonas.

B. Classification of isolate c-Al by the scheme of Shewan;>

Hobbs, and Hodgkiss(92).

Isolate c¢c-Al was further classified by_subjectingrtpe
organism to a battery of testé, some oOf Which are included
in the Liston and Colwell scheme. 1In addition to the re-
sults alfeady presented, g:éi_grew at 4 Crand 30 <, Grthh
was also obtained in a medium consisting of (NH4)2SO4, K, HPO,,
sea water, and glucose. However, the same medium with ace-
tate instead of glucose would not support growth.

The results of the tests in this scheme (92) indicate

that isolate c-Al falls into the genus Pseudomonas Group II.

C. Requirement for salts for growth of Pseudomonas c-Al,

I. Selection of a carbon source in a synthetic medium

for Pseudomonas c-Al.

The results of this experiment are presented in Table

3.  As the best growth was obtained on a medium containing
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g}assification gg Pseudomonas gggains 121 and c¢-21l

by the scheme 2£«Liston and Colwell(90)

Test Result
c-Al 123

ol gt Shape rods, curved &| rods, straicht

@ - straight with with rounded

SIS =

g n rounded ends ends

o

< o Size (mean length &

E.B width) Lidlim 2 5w 1.5 4 = 0.5 .4

Tl Gram reaction negative negative

o .

§:g Flagellation , monopolar lophopolar

0 |

" g Colony size 2 md 0.5 2:5 oo 2 0.5
?f}@ Colony edge entire crefiated
oua
= 8.9 Colony color cream cream
OU 8| Colony surface raised flat, raised

g oF center '

e 5 Pigmentation none none

w

8

fi Comparison of charac-

A teristics at 24 & 72 hy same same

3 8 Tupbigdity uniform uniform

+ Q

i Sediment slight viscous

% 8 Ring no no

L .

D Pellicle no no

? 5 Fluorescence no no

N e

Fpot Motility ves yes

—

o

v



Physioclogical characteristics

Table 2 (continued)
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Growth at 0 C
in broth and on
slant

Growth at 25 C
in broth and on
slant

Growth at 37 C
in broth and on
slant

Sea water required

Catalase test

Penicillin resistant “

0/129 pteridin
resistant

Agar digested
Gelatin liquified
Litmus milk reactions:
Peptonized
Acid or alkaline
Surface peptonized
Reduced
NH3 from peptone water.
Voges-Proskauer test
Methyl red test

Indole produced

Growth in Koser's
citrate

Cytochrome oxidase test

c~Al

yes

yes

no
yes
positive

yes

yes

no

yes

decolorized

no
negative
negative

no

no

positive

121

yes

yes

no

no

‘positive

yes

yes
no

no

no
alkaline
no
no
no
negative
negative

no

no

positive



Physiological characteristics

Table 2 (continued)
G=Kl
Sugar utilization:
Glucose oxidative,
no gas
Maltose oxidative,
no gas
Sucrose oxidative,
no gas
Lactose negative
Galactose negative
Mannitol negative
Starch hydrolyzed ves
Gluconate oxidized no
Nitrate reduced no
Nitrite reduced no
Trimethylamine oxide
reduced to trimethyl-
amine no
H,S from cysteine yes

2
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negative
negative
negative

negative
negative

oxidative,
no gas

no
yes
yes

no

no

yes
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Growth gg_Pseudomonas c~Al on various sources of

carbon at 25 C

Carbon source (0.2%) Optical densityl (520 my)
Glucose Glutamate Acetate 24 hr 48 hr

+ - - 0.15 0.20

- + - 0.01 0.06

- - + U315 0.15

+ + - 0.40 0.82

+ - + 0.04 0.43

- + + : 0.21 0.27

+ + + 0.47 0.64

lZero time

optical density of all tubes: 0.00.

Table 4

Growth of Pseudomonas c-Al in synthetic medium

with related salts substituted for NaCl (0.4 M)

Optical densityl (520 my)

Incubation - no salt
time (hr) NaCl K1l REC] CsCl LiCl substituted
24 0.56 0.0Q - 0.00 0.00 0.00 0.00
48 1.50 0.00 0,01 0.00 6,00 0.00
72 1.30 0.00 0.01 0.00 - -

1

Zero time

optical density of all tubes: 0.00.
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glucose plus glutamate, the media employed in subsequent
tests contained both of these carbon sources.

II1. Requirements of Pseudomonas c-Al for NaCl, KC1,

and MgSO, in a synthetic medium.

4

The results of this experiment were clear cut: no

visible turbidity occurred in any of the media at 40 hr
unless all three of the above salts were present.

I1I. The ability of related salts to substitute for

NaCl in supporting growth of Pseudomonas c-Al in synthetic

medium.

The results of this experiment, presented in Table 4,
indicate that the NaCl requirement is specific, i.e., NaCl
cannot be replaced by any of the related salts tested.

IV. The ability of MnCl, and CaCl, to substitute for

2

in supporting growth of Pseudomonas c=Al in a syn-

2

MgCl2

thetic medium.

The results are presented in Table 5. Although some
turbidity developed in the flask containing CaClz, the re-
sults indicate that neither of the divalent cation salts
tested will effectively substitute for MgC12 iR, e 'Sy
thetic medium employed.

V. The ability of related salts to replace KCl in

supporting growth of Pseudomonas c-Al.

Four related salts were tested for their ability to
replace KCl in synthetic medium. The results are presented
in Table 6.

Some growth occurred in tubes containing RbCl and CsCl
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Table 5

Growth of Pseudomonas c-Al in synthetic

medium with MnC12 9__1:.CaCl2 substituted for

MgC12
. . 1
Divalent Optical density” (520 my)
cation salt Concentration 24 hr 48 hr
MgCl2 1 mM 0.20 i 0.15
5 mM 0.51 1.00
50 m? 0.58 1.20
MnCl2 , 1 mM 0.00 0.01
5 mM 0.01 0.00
50 mM 0.00 0.01
CaCl2 1 mM 0.00 0.02
5 mM 0.10 0.12
50 Qﬁ' 0.12 0.15
MgC12 deleted; 1 mM 0.00 0.00
no salt substi-
bt . 5 mM 0.00 0.00
50 mh 0.00 0.00

i

lZero time optical density of all tubes: 0.00.

2This concentration of MgC12 corresponds to that in the
complete synthetic medium.



Table 6

Growth of Pseudomonas c¢-Al in synthetic medium

with related salts substituted.for KCl (0.01 ™)

Optical densityl (520 my)

Incubation no salt
time (hr) KC1 RbC1 CsCl NaCl LiCl substituted

24 0.48 0.20 0.07 0.0l 0.05  0.00
48 1.20 0.42 0.12 0.01L 0.06 0.00

72 1.28 6.30 0.4y 0.01 0.01 0.00

. Zero time optical density of all tubes: 0.00.
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in place of KCl, although the growth in CsCl was extremely
small. The cells from the RbCl tube were washed and used

to re-inoculate a tube of fresh medium containing RbCl in
place of KCl. No measurable growth occurred in this

second tube at 72 hr. The small growth that occurred in

the original tube was very probably due to the presence of
contaminating KCl in the RbCl (99% pure) éluﬁ the residual
KCl in the original inoculum. Failure to grow a second time
in RbCl was probably the result of a potassium level that
was too low to support growth. An alternative explanation is
that the cells may have been irreversibly damaged in RbC1l so
that further growth was not possible.

No growth occurred in the mgdia with'NaCl or LiCl sub-
stituted for KCl. 1It was, therefore, concluded that none of
the salts tested was able to replace KC1l in the synthetic
medium employed in this experiﬁent.

VI; The ability of sulfate ion to substitute for

chloride ion in supporting growth of Pseudomonas c-Al in

synthetic medium.

As shown in Table 7, Cl  cannot be replaced in this

medium by SO4 . The results of the experiment can aléo be
attributed‘to toxicity of SO4=. To determine whether such
toxicity was a factor, the effect of the combination of
these salts on bacterial growth was tested. The results of
this test suggest that SO4= at the level used may have been

slightly inhibitory in the presence of Sl

VII. The ability of chloride ion to substitute for
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Table 7

Growth of Pscudomonas c-Al in synthetic medium

with sulfate ion substituted for chloride ion

Optical densityl (520 my)

Incubation

time (hr) Na,50, onlyza “NaCl only2 Na,50, plus NaC1?
24 0.01 0.54 0.52
48 0.01 1.20 0.99
72 0.01 1.30 1.10

1 Zero time optical density of all tubes: 0.00.

Concentration 0.4 M with respect to Na+.
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sulfate ion in supporting growth of Pseudomonas c-Al.

The ability of Cl to replace SO4 in a synthetic medium

was tested. The results of this experiment, presented in

However, SO4= cdoes enhance the growth of

this organism. The culture without SO4_

sence of SO4
decreased in optical
density between 48 hr and 72 hr indicating that some lysis

may have occurred after 48 hr.

VIII. Growth response of Pseudomonas c-Al to varying

concentrations of NaCl in a synthetic medium,

Figure 4 shaws the results of 'this eXperiment,vwhich
indicate that above 0.30 M NaCl gréwth‘was not enhanced by
additional Na+, while below 0.30 M the growph of c-Al was
proportional to the concentration of NaCl. Detectable qroﬁtb
was observed at concentrations aS‘lOW'aS‘0.06 M NaCl. Based

on these results, Pseudomonas c¢-Al falls into the category

of slight halophilic bacterium.

The data thus far presented indicate that Pseudomonas

N . + + -
c=Al regulires for growth Na+, K , Mg +, and Cl1 , none of

which could be replaced by the other ions tested. Although

SO4

D. Requirement for salts to maintain structural integrity

was not required, growth was enhanced by this ion.

9£ Pseudomonas c-Al.

The effect of NaCl =md MgCl2 alone and in combination
on maintenance of structural integrity was tested on cells
which had been grown in sea water peptone broth, washed free

of. the medium in sea water, and resuspencded in a solution of



Table 8

Growth of Pseudomonas c-Al in synthetic medium

with chloride ion substituted for sulfate ion

Optical densityl (520 my)

77

Incubation

time (hr) : MgSO42 MgC122
24 0.58 ‘ ©0.50
48 ‘ 1.20 1.00
72 1.30 0.85
1

Zero time optical density of tubes was: 0.00.

2Concentration 0.05 M with respect to Mg++_
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Figure 4. Growth of Pseudomonas c-Al in a synthetic medium
containing varying concentrations of NaCl from 0 to 0.4 M.
Growth was measured at 24 and 48 hr of incubation (25 C), as

optical density at 520 myu.
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the salt(s) to be tested. Optical densities in each case
were determined at the time of resuspension and periodically

thereafter.

I. The ability of NaCl §E various concentrations to

maintain optical densities of suspensions of Pseudomonas

C~AL.

The results of the experiment testing NaCl for its

ability to maintain optical densities of suspensions of c-Al

are presented in Figure 5. Optical densities of cell sus-
pensions in NaCl concentrations less than 0.1 M decreased

by "zerc time" or 1 hr. A concentration of 0.2 M NaCl or
greatér was needed to maintain oétical densities for 5 hr,
although 0.1 M NaCl did maintain optical density for 1 hr.
At NaCl concentrations which did not maintain optical den-
sity, a large part of the decrease in optical density oc-
curred even before the "zero time" reading (recorded at
approximately 30 sec). Optical density decreases were
greater in 0.02 M and 0.01 M NaCl than in distilled water.
The optical densities of suspensions in 1.0 M NaCl were
greater than 100% throughout the 5 hr period. This could be
the result of shrinkage of the cells due to loss of water
when they were placed in a hypertonic solution. Others have
noted a similar phenomenon with mitochondria and bacteria and
have proposed the above hypothesis tc account for optical

density increases in hypertonic solutions(107,108).

II. The ability gé'ggClz at various concentrations to

maintain optical densitigs of suspensions of Psecudomonas c-=Al.

In Figure 6 a graphic analysis of the results of this
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Figure 5. The ability of NaCl to maintain optical densities

of suspensions of Pseudomonas c-Al. Cells were harvested

fr&m sea water and suspended in various concentrations of

NaCl (0.01 to 1.0 g), sea water, or distilled water (25 C).
The percent of the initial optical density (520 mp) was deter-
mined at "zero time", 1 hr, and 5 hr. The initial optical

density was that of cells suspended in sea water at "zero time"
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Figure 6. The ability of MgCl, to maintain optical densities

of suspensions of Pseudomonas c-Al. Cells were harvested

from sea water and suspended in various concentrations of
MgCl2 (0.001 to 0.05 M), sea water or distilled water (25 C).
The decreases in optical density were determined at "zero
time", 1 hr, and 5 hr. The initial optical density was that

of cells suspended in sea water at "zero time".
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experiment is presented. BAll concentrations of MgC12 below
0.05 M produced decreases in optical density at "zero time",
1 hr, and 5 hr; however, at concentrations between 0.0075 M
and 0.05 M the optical densities were naintained within 80
to 90% of the initial optical density.

IITI. The ability of KCl at various concentrations to

maintain optical densities and staining properties of cell

suspensions of Pseudomonas c-Al following transfer from

0.05 M MgCl, or 1.0 M NaCl.

2

Cells of c-Al were harvested and washed in either 0.05 M

MgCl, or 1.0 M NaCl as described i.i Materials and Methods,

2

section C.I. Following the second wash initial optical den-

sities were adjusted to 0.70 in MgCl, and 0.68 in l.O_? NaCl
and the suspensions centrifuged. The pellets weré resus- |
pended in KCl at the appropriate concentration. The results
are given in Tables 9 and 10. The results of light micros-
copy studies of crystal violet-stained cells after 1 hr’in
KCl solutions are presented in Tables 11 and 12.

The ability of KCl to maintain optical densities of
cells suspensions is strikingly different, depending on

whether cells from 1.0 M NaCl or 0.05 M MgCl, are used. Fol-

2
lowing MgC12 exposure, 0.5 M and 1.0 M KC1l were more effective
in maintaining cells than any other molarity of KC1

or distilled water. Actually, the optical density decreases
in 0.1 M, 0.05 M, or 0.01 M KCl suspensions were greater

than that in distilled water. This might be an indication

that XKCl itself plays some role in lysis.
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Table 9

- Optical densities of cell suspensions of Pseudomonas c-Al

in solutions of KC1l at various concentrations after

exposure to 0.05 M MgC12

Optical density (520 myu)

Exposure _
time (25 Q) Molarity of KCl Controls
| 0.05 M
1.0 0.5 0.1 0.05 0.0l H,0 MgCl,
Initialt 0.70 0.70 0.70 0.70 0.70 0.70 0.70
30 sec 0.70 0.70 0.63 0.56- 0.49 0.56 0.69
10 min 0.68 0.68 0.58 0.48 0.46 =—-——— 0.70
30 min 0.64 0.64 0.50 0.43 0.40 =---- 0.70
60 min 0.62 0.62 0.43 0.39 0.34 0.56 0.68
1

Initial optical density was that of the third wash suspension.
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Table 10

Optical densities of cell suspensions of Pseudomonas c-Al

in solutions of KCl at various concentrations after

exposure to 1.0 M NaCl

Optical density (520 my)

Molarity of KC1 Controls
§?§ZS%§§ ¢) 1.0 0.5 0.1 0.05 o0.01 H20 gégizﬂ
Initiall 0.68 0.68 0.68 0.68 0.68 0.68  0.68
30 sec 0.58 0.35 0.21 0.20 0.16 0.12  0.69
10 min 0.40 0.27 0.15 0.15 ©0.12 0.10  0.69
30 min 0.38 0.26 0.15 0.14 0.11 0.09  0.70
60 min 0.37 0.22 0.13 0.11 0.09 0.07  0.67

lInitial optical density was that of the third wash suspension.
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Table 11

Appearance of Pseudomonas c-Al transferred from 1.0 M NaCl

Eglvarious concentrations of KC1

Suspending
medium (25 C)

1.0 M KCl Mostly amorphous debris; some
darkly stained rods.

0.5, 0.1, 0.05,

and 0.01 M KC1 All debris.

Distilled water All debris.

1.0 M NaCl All dark normal rods
Table 12

Bppearance of Pseudomonas c-Al transferred from 0.05 Dé_MgCl2

to various concentrations of KC1l

Suspending
medium (25 C) Description
1.0 QAKCl Mostly debris; few darkly

stained rods.
0.5, 0.1, and
0.05 M KCl Ghosts and debris; few darkly
stained rods.

0.01 M KC1 Mostly moderately stained rods
with some scattered debris.

Distilled water Moderately dark, normal rods.

0.05 M MgCl2 All dark normal rods.
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Cells from 1.0 M NaCl solutions underwent lysis in all
KCl molarities, indicating that KCl cannot replace NaCl in
maintaining cells. Furthermore, the decrease in optical den-
sity was greatest in the distilled water suspension. The
ability of KCl to prevent optical density decreases after
1.0 M NaCl exposure was proportional to the concentration
of KCl present.

In light microscope studies, normal cells stain darkly
and the stain is retained when slides are rinsed in water,.
However, damaged cells do not retain the stain and appear as
very lightly stained "ghosts". Debris refers to amorphous
material on the slide assuméd to be material ryleased from
within cells or from cell envelopes. |

Such studies of cells in KCl after MgC12 exposure
(Table 12) show that at no KCl molarity are cells completely
protected against lysis. There were no suspensions in‘which
stained cells were completely absent. Unexpectedly, of the
cells in test suspensions, those in distilled water appeared
most normal. In this suspension there were no ghosts or
debris. Cells in KCl after 1.0 M NaCl were strikingly dif-
ferent from those described for MgC12 pre-exposed cells above.
The only test suspension with rods present was 1.0 M KCl, al-
though even this suspension consisted of mostly debris. DNo
other KCl suspensions, as well as that in distilled water,
contained evidence of whole cells or ghosts.

The findings of this experiment were the first indication

that cells might be preconditioned to lysis in different ways
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depending on the salt to which they were pre-exposed.

IV. The ability of LiCl and NaCl at 0.5 M to maintaig

optical densities of cell suspensions of Pseudomonas c-Al

following transfer from 0.05 M MgCl

¢

The purpose of this experiment was to compare the
ability of LiCl to that of NaCl in maintaining optical
densities of cell suspensions. From the results presented
in Table 13, it is apparent that the optical densities, and
presumably the integrity, of botthaCl and LiCl suspensions
were maintained equally well for 2 hr.

E. The ability of solutions of 1.0 M-NaCl, 0.5 M NaCl,

0.05 M Mquz, and sea water to maintain viability of Pseudo-

monas c-Al.

Data from this experiment are plotted in Figure 7; it
is evident that viability of c-21 was maintained relatively
constant over 3 hr in all the solutions tested.

F. Studies on cell lysis of c-2Al and 121 in various salts,

sugars, and distilled water at 25 C.

I. Transfer of c-Al and 121 from solutions containing

NaCl or MgCl, to distilled water.

2

In Figures 5 and 6, striking differences were apparent

betweén the ability of NaCl and MgCl, to maintain optical
densities of cell suspensions of c-Al. The suspensions of
c-Al in 0.02 M and 0.01 M NaCl underwent a greater decrease
in optical density than did cells in distilled water. This
suggested that it was not simply the lack of sufficient NaCl

to maintain cell integrity, but that NaCl in low concentra-



Table 13

Optical densities of Pseudomonas c¢-Al in 0.5 M LiCl and

0.5 M NaCl after exposure of cells to 0.05 M MgCl2

Exposure
time (25 C)

Initiall
30 sec
30 min
60 min

120 min

88

LACL ' NaCl
0.68 0.69
0.62 0.63
0.61 0.60
0.62 - 0.62
0.62 0.62

Initial Optical density was

suspension.

that of the third wash
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Figure 7. Viable counts of Pseudomonas >-Al over a perioa of

3 hr in 1.0 M NaCl, 0.5 M NaCl, and 0.05 M MgCl, (25 C).
Fach point on the graph represents the mean of triplicate

plate counts.
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tions played an active rble in lysis. A similar phenomenon
was noted for KCl (Table 9). It was possible that Na' had
some effect on the envelope of the cell which M§++ did noi,
and that this Na+—produced effect might influence the lytic
pattern in distilled water, i.e. make cells more susceptible
to lysis. To test this possibility, cells of c-Al were
washed in different salt solutions of 1.0 M NaCl, 0.5 M NaCl,
0.5 I_~1MgC12 or 0.05 M MgC12 as described in the Materials
and Methods (C. III.). These cells were then resuspended

in distilled water and optical densities of suspensions

were recorded at 30 sec. and period%cally for one hour. The

same procedure was followed for Psecudomonas 121 using 1.0 M

NaCl and 0.05 I»_'I_MgCl2 only. The fesulﬁs of theserexperiments
are presented in Figure 8. The optical density chénges ob-
served for c-Al transferréd from NaCl or from MgC12 to éis—
tilled water were very differeht,»even when equimolar con-
centrations of the salts were used. Equally striking was
the observation that nearly all the maximum decreases in
optical density had occurred by 30 sec.

Results from this experimeﬁt employing 121 were quite
different from those of c¢c-Al. The NaCl-treated 12] experi-
enced smaller decreases in optical densities than did c-al
from NaCl solutions; In contrast, 121 transferred from
MgC12 to distilled water underwent approximately the same
optical density decrease in distilled water as did c-Al.

There are several possibilities that might account for

the results obtained from the experiments involving g—Al:
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Figure 8. The effect of distilleg water (25 C) on Pseudo-
monas strains 121 and c-Al following exposure of the cells
to 1.0 M NaCl, 0.5 M NaCl, 0.5 M MgCl,, or 0.05 M MgCl,.
Optical densities determined at 30 sec, 15 min, and 1 hr

are expressed as percent of initial optical density (520 mu).
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(a) exposure of c-Al to NaCl may in some way cause the cells
to become structurally weakened and, therefore, more sus-
ceptible to lysis in distilled water than does exposure to

MgClz; (b) the differences observed in suspensions of c¢c-Al

“may have been due to osmotic factors, in which case one must
then assume that NaCl gets into cells in greater amounts

than does MgCl {c) another possibility is that both (a)

2?
and (b), above are similtaneously involved during lysis.

The differences betweeﬁ patterns observed for E:éi
and 121 could be accounted for by a more rigid enyelope in
121 or an envelope in which NaCl does not affect fhe cells
in a way that would cause them to become more susceptible to
lysis in distilled water. If NaCl does not affect the lytic
susceptibility of 121 by weakening structural componén}s,
then the optical density differences observed as a result of
the two salts could be due to osmotic factors, i.e. to the
hydrostatic pressure resulting from the entry of wate; into
the éells upon suspension in distilled water.

The following experiments were designed to test possi-

ble mechanisms involved during lysis of Pseudomonas c-Al in

low ionic environments.

IT. Transfer of c-Al from 0.05 I_\/I“MgCl2 to various con-

centrations of NaCl or to distilled water.

It is believed that Mg'" functions as a bridge between
anionic groups in membranes(110). If the role of Mq++ in the
envelope of c¢-Al is that of bridging between anionic groups,

such as phosphoryl head groups of phospholipids or earboxyl
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groups of protein anionic side chains, then such bridges
would be broken if the Mq++ were replaced with a monovalent
cation, such as Na+. Replacing Mg++ with monovalent cat-
ions would maintain the shielding of the negative charges
preventing repulsion of the anionic groups. However, even
though the integrity might be maintained in such a situa-
tion, the structure would be weakened due to a lack of
bridges. l

If the phosphoryl and/or carboxyl groups are bridged

+
, then one would not expect Mg++ could be removed by

by Mg+
distilled water, based on the solubility of magnesium phos-
phates or cafbonates. An experiment was desigﬁed to deter-
mine whether Na® in low concentrations was moré effective
than distilled water iﬁ lysing cells after their exposure
to MgClz. °
Several portions of cells of c-Al were washed three
times in 0.05 M MgC12 with the third wash'suspehsions being
adjusted to the desired optical density at 520 my. Thé
suspensions were centrifuged, supernates discarded, and the
pellets resuspended in NaCl or distilled water to the same
volume as the wash suspension. Optical densities were re-
corded at 30 sec, and periodically thereafter for 4 hr
(Figure 9), after which suspensions were centrifuged and
ultraviolet absorption spectra (Figure 10) run on the super-
nates. The cells from the pellet were observed in the light

microscope after staining with crystal violet.

Several important observations of this experiment were:
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Figure 9. The effect of distilled water, 0.05 M MgClz, or
various concentrations of NaCl (0.005 to 1.0 ﬁ) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>