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The salt-tolerant bacterium Halomonas elongata makes a variety of physiological adaptations in response to
increases in the salt concentration of its growth medium. The cell walls become more compact and internally
coherent. The overall lipid pattern shows an increased amount of negatively charged lipids. In addition, the
peptidoglycan composition of H. elongata, although not changing in response to increased NaCl, contains the
hydrophobic amino acid leucine which is unique among bacterial species. The results suggest that H. elongata is
able to live in a wide variety of salt concentrations because it alters its cell physiology in ways which increase
both structural integrity and the amount of less-mobile, "structured" cell water, making the cells less
susceptible to NaCl-induced dehydration.

Bacteria that live in extremes of temperature, pH, and
salinity have made extensive modification of protein struc-
tures, lipid composition, ionic content of their cytoplasm,
and metabolic pathways (14). Although these modifications
have allowed such organisms to make efficient use of their
particular environment, most of them have very limited
abilities to make further adaptations to adjust to major
changes in their environment. Some exceptions can readily
adapt to a wide range of physical conditions. This includes
osmotolerant algae, fungi, and halotolerant bacteria.

Previous research on salt-tolerant bacteria such as NRCC
41227 (20), Pseudomonas sp. strain 101 (19), Paracoccus
halodentrificans (24), and Micrococcus varians (6) has
shown that they maintain their cytoplasmic Na+ and K+
concentrations at a lower level than that of their external
environment. A similar situation exists in the halotolerant
bacterium Halomonas elongata in which the concentration
of cell-associated Na+ is always lower than the salt concen-
tration in an external environment varying from 0.05 to 3.4
M NaCl (30). Martin et al. (18) suggested that the lower
internal Na+ concentrations are useful in energizing the
amino acid transport systems in H. elongata. However,
Martin et al. (18) were unable to demonstrate a clear role for
K+ in amino acid transport in these organisms and conclud-
ed that although K+ may have enzymatic functions in H.
elongata, there was little reason to suspect that the orga-
nisms possessed K+ gradients similar to those reported in
extreme halophiles by other authors (9, 10, 25). This conclu-
sion substantiated the findings of Vreeland et al. (30) that
cell-associated K+ and Mg2+ reached levels equivalent to
those in the external medium but were not concentrated
further, whereas the levels of Ca2+ and amino acids associat-
ed with the cells increased with the increasing concentration
of NaCl in the medium. These authors concluded that H.
elongata responds to NaCl in a manner more similar to that
of nonhalophiles than to that of halophiles (30).
These data bring to mind interesting questiotis regarding
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the physiology of H. elongata. Because this organism uti-
lizes osmoregulatory substances similar to those of nonhalo-
philes, is it also physiologically similar to nonhalophiles? In
addition, is there any detectable alteration in its lipid compo-
sition, peptidoglycan, or other cell components attributable
to adaptation to increased NaCl in the medium? This paper
presents the results of the first series of experiments de-
signed to answer these questions.

MATERIALS AND METHODS

Cultures. H. elongata 1H9 (ATCC 33173), a gram-negative
rod, was isolated originally from the salterns on the island of
Bonaire, Netherlands Antilles (27, 28). Stock cultures of this
organism were maintained on a complex medium containing
(grams per liter): NaCl, 80.0; trisodium citrate, 3.0;
MgSO4 7H20, 20.0; K2HPO4 (anhydrous), 0.5 (all from
Fisher Chemical Co., Fair Lawn, N.J.); Casamino Acids
(with vitamins), 7.5; Protease Peptone no. 3, 5.0; yeast
extract, 10 (all from Difco Laboratories, Detroit, Mich.).
Cultures for experiments were prepared by the growth
procedure described previously (29). The defined medium of
Vreeland and Martn (29) was modified to contain (grams per
liter): CaC12, 0.11; K2HPO4, 0.5 (both from Fisher); sodium
glutamate, 8.45 (Sigma Chemical Co., St. Louis, Mo.); and
NaCl (Fisher) to give a final concentration of 0.05, 1.37, or
3.4 M. The amounts of NaCl added were always adjusted to
allow for the sodium contributed by the sodium glutamate.

Electron microscopy. Cells for thin-section studies were
prepared by the procedure of Burdett and Murray (5) with-
out prefixation. The fixative was modified by the use of
buffers to simulate the cytoplasmic composition of H. elon-
gata in each of the three concentrations used in the growth
medium (30). The composition of the three buffers is shown
in Table 1. The cells were enrobed in 2% agar made with
buffer and then fixed in an acrolien-glutaraldehyde fixative
containing 2.0 ml of 100% acrolien, 0.2 ml of 50% glutaralde-
hyde, and 37.75 ml of buffer. The fixation was conducted at
room temperature for 3 h after which samples were placed
into the refrigerator where fixation continued overnight.
After primary fixation the samples were washed three times
with distilled water, postfixed in 1% OS04 for 1 h, washed
five times, and stabilized in 2% uranyl acetate for an
additional 1 h. The samples were embedded in Spurr resin
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and sectioned on a Porter-Blum Ultramicrotome MT-1 (Ivan
Sorvall, Inc., Norwalk, Conn.) fitted with a glass knife. Thin
sections were examined with an EM-200 electron micro-
scope (Phillips Instruments, Eindhoven, Holland) at 60 kV.
Micrographs were recorded on 35-mm Kodak FRP-426 EM
film (Eastman Kodak Co., Rochester, N.Y.). Freeze-frac-
ture studies were performed on unfixed cells frozen without
cryoprotection in liquid N2 (3). Cells were etched for 1 min in
a freeze-etching apparatus (model BA 510; M. Balzers AG,
Liechtenstein), shadowed with platinum-carbon, and repli-
cated for examination in a Phillips EM-300 electron micro-
scope at 60 kV.

Whole-cell phospholipid profiles. The whole-cell phospho-
lipid analyses were done with five 1.0-liter log-phase cultures
from each NaCl concentration. The cultures were harvested
by centrifugation, washed twice in basal salts buffer contain-
ing NaCl equal to that in the growth medium, and freeze-
dried. Protein concentrations were determined by the meth-
od of Lowry et al. (16). The whole-cell lipids were extracted
by the modified Bligh and Dyer (4) procedure as described
by Kates (12). Total phospholipid content of the samples was
determined by the method of Rouser et al. (23). Individual
lipids were separated by two-dimensional thin-layer chroma-
tography on Silica Gel H with chloroform-methanol-ammo-
nia (65:35:5, vol/vol) in the first dimension and chloroform-
acetone-methanol-acetic acid-water (10:4:2:2:1, vol/vol) in
the second. The lipid identifications were based upon the
relative Rf values of the samples as compared with authentic
Escherichia coli phospholipids and the reactions of each spot
to specific stains for phosphorus, amine (ninhydrin), and
carbohydrate. The staining procedures used were those of
Rouser (23) and Kates (12). Phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG) were also identified by their
fatty acid/glycerol/phosphorus ratios as determined by the
procedures of Chen (8), Renkonen (22), and Rouser et al.
(23).

Peptidoglycan analysis. Peptidoglycan sacculi were isolat-
ed from H. elongata stabilized by subculture and growth to
log phase in each of the three NaCl concentrations used to
grow the cells. The cells were first harvested and washed
twice with basal salts buffer of appropriate ionic strength.
After the final washing, the cells were harvested in a tared
centrifuge tube, and the wet weight of the resulting pellet
was obtained. The pellet was then diluted 1:100 (wt/vol) in
cold (4°C) Tris hydrochloride buffer, and enough powdered
sodium dodecyl sulfate was added to give a 2% sodium
dodecyl sulfate solution. The suspensions were then frozen
overnight. The next day the suspensions were thawed and
washed free of sodium dodecyl sulfate; and pronase (50
mg/ml; B grade; Calbiochem-Behring, La Jolla, Calif.) was
added to each tube. The samples were then incubated at
37°C for 2 h. After this incubation the sacculi were harvested
at 18,000 rpm for 20 min, washed three times with cold
sterile Tris buffer and twice with cold sterile distilled water,
and then resuspened in cold Tris buffer. The pronase treat-
ment was repeated with a 1-h incubation at 37°C. After this
treatment the sacculi were washed three times in cold Tris
buffer. The purity of these preparations was checked by
electron microscopy and by the Lowry method of protein
determination (16). The preparations were then lyophilized
for analysis on a Hitachi-Perkin-Elmer amino acid analyzer.

RESULTS

The electron microscope revealed some interesting differ-
ences between cells grown in media of different NaCl

concentrations (Fig. 1 and 2). Thin sections showed that
cells grown in low salt concentration (0.05 M; Fig. 1A)
possessed numerous outer membrane blebs (Fig. 1A, ar-
rows) which were not present on the cells grown in 1.37 M
(Fig. 1B) or 3.4 M (Fig. 1C) NaCl. These samples also
confirm an observation that H. elongata cells become visibly
thinner in media with high concentrations of salts (29).
Finally, the sections also indicated that cells grown in high
salt concentrations have a more compact nucleoplasm and
more densely packed ribosomes in the cytoplasm than do
those from media of lower salt content. The freeze-fracture
studies provided further information. The cells grown in low
salt concentrations showed three distinct fracture faces (Fig.
2A). An outer fracture occurred within the outer membrane;
a middle fracture occurred between the outer and cytoplas-
mic membranes; and an inner fracture occurred in the cell
membrane. The step between the outer membrane surface
and the cytoplasmic membrane was often seen (Fig. 2A;
arrow). Some of the cells grown at the optimal NaCl
concentration (1.37 M; Fig. 2B) also showed the fracture
pattern evident in the low-salt-grown culture (Fig. 2B, upper
left and right corners). A significantly large proportion of the
cells from these cultures, however, did not reveal any
fractures above the ice layer and appeared similar to the cell
shown in the center of Fig. 2B. This cleavage pattern looked
more like that of the cells grown in 3.4 M NaCl. Cells grown
in high salt concentration (3.4 M) showed a completely
different fracture pattern from that of cells grown in 0.05 M
salt (Fig. 2C) because there were no fracture faces within the
wall. These cells always fractured straight through the wall
to the inner lamella of the cytoplasmic membrane exposing
the inner membrane.
The phospholipid analysis indicated an increase in the

phospholipid-to-protein ratio for cells grown in higher NaCl
concentrations (1.37 and 3.4 M; Table 2). The greatest
increase in the ratio occurred between cells grown in 0.05
and 1.37 M NaCl. Previous studies on the internal solute
compositon of H. elongata have shown a similar pattern of
changes, i.e., rapid physiological shifts between cells grown
in 0.05 and 1.37 M salt with less-pronounced changes
between cells grown in 1.37 and 3.4 M NaCl (30). When the
individual phospholipids were quantitated it was found that
cells grown in 3.4 M NaCl contained four times the cardioli-
pin (C) present in cells grown in 0.05 M NaCl (Table 2). Cells
grown in high salt showed almost the same relative content
of PG (44 versus 42%) but considerably less PE (36 versus
50.8%) than did low-salt-cultured samples. The effect was
even more obvious when the sum of the related lipids PG and
C were considered. In this case PG and C account for over
half (57%) of the total phospholipid present in high-salt-
grown cells but only 45% of that found in low-salt-grown
cells.

TABLE 1. Buffers used for electron microscope fixation of
H. elongata"

Medium mmol used per liter of water
NaCI concn

(M) Na+ Ca2+ Glu Gln Ala

0.05 42.3 3.1 2.0 1.1
1.37 312 9.6 79.1 4.2 7.9
3.4 630 119 302 20.8 30.6

a These buffers were used without pH adjustment. The buffer compositions
were derived from analyses of the internal ion composition and the composi-
tion of the free amino acid pool of H. elongata (30).

b Basal salts (lOx) (100 ml/liter) was used in all buffers. Basal salts (lOx)
contains: MgCI2-6H2O, 0.026 M; KCI, 0.01 M; (NH04S04, 0.031 M.
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FIG. 1. Thin sections of H. elongtgita grown in different NaCI concentrations. (A) Cells grown in 0.05 M NaCl; (B) cells grown in 1.37 M
NaCl; (C) cells grown in 3.4 M NaCl; insert, cross-section of cell grown in 3.4 M NaCI. Bar, 0.5 pLm. Arrows show outer membrane blebs.

FIG. 2. Freeze-fracture patterns of H. elongata grown in different NaCl concentrations. (A) Cells grown in 0.05 M NaCI; (B) cells grown in
1.37 M NaCl; (C) cells grown in 3.4 M NaCI. Bar, 0.5 p.m. Arrow in A shows fracture between outer membrane surface and cytoplasmic
membrane.
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TABLE 2. Phospholipid composition of H. elongata after growth in different NaCi concentrations.'
Medium i±moles of
NaCI lipid P per PPEUKTotal Total
concn mg of CC and PG other
(M) protein

0.05 0.16 3.2 42.0 50.8 4.0 45.2 54.8
1.37 0.26 7.4 42.0 38.3 12.3 49.4 50.6
3.4 0.23 12.8 44.2 36.5 6.5 57.0 43.0

All values for C, PG, PE, UNK (unknown phosphoglycolipid), and totals are expressed as percentage of total lipid phosphorous.

The peptidoglycan of H. elongata was not significantly
altered by changes in the NaCl content of the growth
medium (Table 3). The analysis involved clean murein
sacculi since only five amino acids plus N-acetylmuramic
acid and N-acetylglucosamine were detected. The analysis
showed that the peptidoglycan of H. elongata contained
many of the components normally found in peptidoglycan
from other gram-negative bacteria with two basic differ-
ences. The data indicated that leucine is one of the amino
acids present in this heteropolymer. The presence of this
particular amino acid is unique to this bacterium. The data
also showed that the Ala/Glu/diaminopimelic acid ratio of H.
elongata peptidoglycan is different from that of other gram-

negative bacteria.

DISCUSSION

When Christian and Waltho (9, 10) showed that cells
growing in high salt concentrations possessed enough inter-
nal K+ to osmotically balance the medium Na+, bacteria
were classified in four halophilic groups: nonhalophiles and
slight, moderate, and extreme halophiles (15). Christian and
Waltho (9) suggested that the ability to be salt tolerant could
be correlated with an ability to concentrate potassium in the
cytoplasm. At that time halotolerant bacteria, able to grow in
media with little to no NaCl and in media saturated with
NaCl, had not been described. They were first grown by
Matheson et al. (20), and after isolating more strains, Vree-
land et al. (28) created the genus Halomonas for these salt-
tolerant bacteria. Both of these papers showed that unlike
the strict halophiles these bacteria grew well regardless of
the NaCl concentration in the medium. Vreeland and Martin
(29) also found that H. elongata unlike halophiles requires
only the Na+ ion and not NaCI. The bacteria are aptly
described as halotolerant because they are able to grow in
especially wide ranges of NaCl (18). It is now realized that
most of these adaptable organisms never do achieve com-
plete osmotic balance with their external environment (20,
24, 26, 30). Vreeland et al. (30) suggested that one of the
ways in which microorganisms could survive without osmot-
ic balance would be to control water movement.
The data presented here provide circumstantial evidence

for this hypothesis. The first indication can be seen in Fig. 1.
It is apparent from these micrographs that the cells are

changing in response to increased NaCI. The first apparent
changes are the loss of the blebs visible on the cells grown in
0.05 M NaCl but missing on the cells grown in 1.37 and 3.4 M
NaCl (Fig. 1) and the changes in the fracture patterns shown
in Fig. 2. These observations suggest that the bacterial cell
walls become more stable and, perhaps, internally coherent
and tightly bound to the cytoplasmic membrane. Certainly
the restriction of cleavage to the outer membrane would
argue for some changes in the physical properties of the
cytoplasmic membrane (1). The thinning of the cells ob-
served here (Fig. 1) and by Vreeland and Martin (29) may be
at least partly responsible for the more densely packed
appearance of the ribosomes and nuclear material of cells
grown in 3.4 M NaCl. In addition, increased levels of cations
(such as occur in H. elongata in high salt concentrations)
have been shown to neutraliZe the charges and repulsive
forces in polyanionic structures such as DNA and RNA,
thereby allowing these molecules to become more compact
(31). At present we do not know if the degree of nuclear
compaction seen here arose from leakiness of the cells
during fixation or if H. elongata in 3.4 M NaCl possesses a

highly compact nuclear material due to higher than normal
Na+ fluxes. If such compaction occurs because of Na+
fluxes one could postulate that under these conditions,
intracellular water would have a greater tendency to form
"4structured" water, decreasing its mobility (7, 17, 21) and
changing the properties of both the membranes and the
cytoplasm.
The cellular phospholipid compositions are obviously al-

tered during adaptation to different NaCl concentrations.
The overall effect under conditions of high salt concentra-
tions is to shift the phospholipid pattern to more negatively
charged species (PG and C) at the expense of more neutral
species. The cell lipid-to-protein ratio increases, and all of
this change can be attributed to increased amounts of C and
its related lipid PG (Table 2). At the same time the cells show
decreased amounts of the comparatively neutral lipid PE. In
fact, negatively charged lipids such as C and PG make up ca.
57% of the phospholipids of cells grown in 3.4 M NaCl
(Table 2). It is interesting to note that similar increases in
negatively charged lipids were observed when halotolerant
Staphylococcus epidermidis (13) and Staphylococcus aureus

(11) were grown in increasing concentrations of salt. In these
cases, however, the content of PG was decreased under

TABLE 3. Molar ratios of the components of H. elongata peptidoglycan'
Molar ratios

NaCI concn N-acetylmur- N-acetylglu- Diaminopi-
(M) amic acid cosamine melic acid Leu Gly Glu Ala

0.05 1.3 1.4 1.0 1.0 0.5 1.75 2.7
1.37 1.5 1.5 1.0 0.9 0.4 1.5 2.6
3.4 1.5 1.5 1.0 0.9 0.4 1.5 2.5

a All ratios calculated assuming diaminopimelic acid to be 1.0.
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growth conditions of high salt concentration, unlike the
increased PG content observed in the present study. If the
trend toward higher cellular content of negatively charged
lipids is a generalized response to hypertonic conditions, it
would, therefore, appear that different halotolerant microor-
ganisms achieve this end by somewhat differing means.
The presence of leucine in the cell peptidoglycan (unique

among bacteria studied to date) would add to the overall
hydrophobicity of the cell wall (-1,800 cal/mol for leucine
compared with -500 cal/mol for alanine). The fact that the
composition of the peptidoglycan remains constant in all
NaCl concentrations is not surprising. A large-scale alter-
ation such as that occurring with the cellular lipid composi-
tion would be a difficult task. Further, any destabilization of
this critical biopolymer may be lethal to the cells during their
adaptation to altered NaCl concentrations.

In summary, H. elongata appears to be physiologically
similar to nonhalophilic bacteria. The cells possess a modi-
fied peptidoglycan and do not contain lipids found in ex-
treme halophiles. However, H. elongata seems to use a
nonosmotic mechanism to control, or at least inhibit, the loss
of cell water in high solute concentrations. This mechanism
seems to involve a progressive tightening of the cell wall to
decrease its permeability and remove most cell wall-associ-
ated water. Perhaps the increased ionic content of the
surrounding environments increases the strengths of the
hydrophobic interactions between macromolecules leading
to a tougher, stronger, more coherent envelope and there-
fore greater structural support against the stresses imposed
by dilution or concentration of solutes in the environment,
which is the reverse of the chaotropic effect of EDTA (2). At
the same time the cells become thinner, with compaction of
the cytoplasmic contents, which would be expected to have
the effect of structuring the cell water, further decreasing its
mobility.
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