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We examined the effect of reduced water availability on the fatty acid composition of Pseudomonas putida
strain mt-2 grown in a defined medium in which the water potential was lowered with the permeating solutes
NaCl or polyethylene glycol (PEG) with a molecular weight of 200 (PEG 200) or the nonpermeating solute PEG
8000. Transmission electron microscopy showed that —1.0-MPa PEG 8000-treated cells had convoluted outer
membranes, whereas —1.0-MPa NaCl-treated or control cells did not. At the range of water potential (—0.25
to —1.5 MPa) that we examined, reduced water availability imposed by PEG 8000, but not by NaCl or PEG 200,
significantly altered the amounts of frans and cis isomers of monounsaturated fatty acids that were present in
whole-cell fatty acid extracts. Cells grown in basal medium or under the —0.25-MPa water potential imposed
by NaCl or PEG 200 had a higher trans:cis ratio than —0.25-MPa PEG 8000-treated cells. As the water potential
was lowered further with PEG 8000 amendments, there was an increase in the amount of frans isomers,
resulting in a higher trans:cis ratio. Similar results were observed in cells grown physically separated from PEG
8000, indicating that these changes were not due to PEG toxicity. When cells grown in —1.5-MPa PEG 8000
amendments were exposed to a rapid water potential increase of 1.5 MPa or to a thermodynamically equivalent
concentration of the permeating solute, NaCl, there was a decrease in the amount of frans fatty acids with a
corresponding increase in the cis isomer. The decrease in the frans/cis ratio following hypoosomotic shock did
not occur in the presence of the lipid synthesis inhibitor cerulenin or the growth inhibitors chloramphenicol
and rifampicin, which indicates a constitutively operating enzyme system. These results indicate that thermo-
dynamically equivalent concentrations of permeating and nonpermeating solutes have unique effects on

membrane fatty acid composition.

In soil, one of the more important environmental factors
influencing the activity of microorganisms is the soil water
potential (¥), which is the potential energy of water relative to
the potential energy of pure water (17, 37). Generally, in sat-
urated soils, the soil water potential is comprised almost ex-
clusively of the solute potential, but as soils dry, the matric
potential becomes the predominant factor contributing to the
total soil water potential (17, 37). Consequently, the difference
between these two stresses is that with a solute stress, bacteria
are bathed in water (albeit water with diminished activity),
whereas with a matric stress, bacteria become desiccated by the
removal of water from its environment, and the availability of
the water that is remaining is reduced through its interaction
with the soil matrix. For dry nonsaline soils at —1.5 MPa of P,
which is the permanent wilting point for many agronomic
plants, the water film thickness surrounding soil matrices has
been estimated to be about 10 H,O molecules (3, 17).

Studies of bacterial water stress physiology have generally
examined the genetic and physiological mechanisms of adap-
tation to osmotic stress caused by permeating solutes used to
lower the water potential of the growth medium (11). In many
nonsaline soils, however, lowering of the water potential is due
primarily to a reduction in the water content and not to an
increase in the concentration of permeating solutes. High-
molecular-weight (i.e., a molecular weight [MW] of >3,000)
polyethylene glycol (PEG) has been used extensively in plant
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(4, 24) and microbial (6, 31, 33) studies focused on responses
to reduced water content. These PEGs are too large to pene-
trate cell walls and lower the water potential of a medium like
a dry soil (46). PEG has also been used to demonstrate that
osmoregulation of the proU operon in Salmonella enterica se-
rovar Typhimurium (36) and synthesis of phosphocholine-sub-
stituted B-1,3;1,6 cyclic glucans in Bradyrhizobium japonicum
(39) do not require solutes that can permeate into the periplas-
mic space of gram-negative bacteria.

The dehydration of membranes at a constant temperature
causes a phase transition to a gel phase at a temperature at
which they would be in a liquid crystalline phase if fully hy-
drated; that is, dehydration results in an increase in the tran-
sition temperature (9, 40). Further dehydration can cause a
transition of the lamellar membranes to an inverted hexagonal
II phase in which there are inverted phospholipids forming a
micelle sandwiched between the bilayer (7, 10, 32). Sucrose
and trehalose can depress the phase transition temperature
during desiccation and may contribute to the ability of many
microorganisms to survive desiccation by maintaining the flu-
idity of the membrane (9, 15, 40). Bacteria that are exposed to
low matric water potentials may adjust membrane fatty acid
composition or make other adaptations to offset the lipid-
solidifying effects of dehydration in a fashion that is analogous
to the homeoviscous adaptation of membrane fluidity to
changes in temperature (30, 43) or hyperbaric pressure (12,
27). The phospholipid fatty acid (PLFA) profiles of subsurface
bacteria have been previously shown to change during starva-
tion and desiccation in a porous medium, although it is difficult
to separate desiccation effects from starvation effects, since
both stresses can occur simultaneously during air drying of a
porous medium (28).
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Our long-term goal is to elucidate the mechanisms that
bacteria employ for responding to the forms of water depriva-
tion they commonly encounter in soil. The objective of the
work reported here was to assess whether the fatty acid com-
position of Pseudomonas putida mt-2 is differentially affected
by permeating (NaCl or PEG 200 [i.e., a PEG with a MW of
200]) and nonpermeating PEG 8000 solutes, since they are
frequently used to simulate solute and matric components of
soil water potential, respectively. We used whole-cell fatty acid
methyl ester (FAME) analysis to examine the effect of water
deprivation on fatty acid composition, since this approach re-
flects the fatty acid composition of phospholipids (8, 48) and
lipopolysaccharides (25). In these studies, we examined a range
of water potentials that commonly occur in temperate and
semiarid soils.

MATERIALS AND METHODS

Organisms, growth conditions, and culture media. P. putida mt-2 was grown in
500-ml triple-baffle sidearm culture flasks (Bellco Biotechnology, Vineland, N.J.)
at 27°C in an orbital shaker (150 rpm). Growth was monitored by measuring
changes in culture density at 660 nm.

The basal medium consisted of 0.5 g of NH,Cl, 1.725 g of Na,HPO, - 7TH,0,
1.38 g of KH,PO,, and 100 ml of half-strength Hutner’s mineral solution (44) per
liter of deionized water. Glucose was provided at a concentration of 1.28 g per
liter. The water potential of the basal medium was —0.15 MPa. To alter the water
potential of the basal medium by —0.25, —0.5, —1.0, and —1.5 MPa, we added
3.2,23.7,0r 100 g; 6.4,43.7, or 150 g; 12.8, 77.2, or 262 g; and 19.2, 105.3,0r 330 g
of NaCl, PEG 200, or PEG 8000, respectively (17, 45). All media were filter
sterilized (with a 0.2-pm-pore-size filter) prior to use.

A solid medium with altered water potentials was prepared in the following
manner. The basal medium constituents, 1.0 g of MgSO, - 7H,0, 8.0 g of
Phytagel gellan gum (Sigma Chemical Co., St. Louis, Mo.), and 500 ml of
deionized water, were boiled for 1 min prior to autoclaving. The MgSO, - 7TH,O
was omitted when solid media containing high concentrations (—1.0 and —1.5
MPa) of PEG 8000 were made. To achieve the desired water potential, various
concentrations of PEG or NaCl were dissolved in 500 ml of deionized water, and
the solutions were each filter sterilized (with a 0.2-um-pore-size filter) into a
sterile bottle containing a magnetic stir bar and incubated at 75°C. While the
PEG or NaCl solutions were gently stirred on a stir plate, 500 ml of warmed
(75°C) gellan gum solution was added slowly. Once these solutions were thor-
oughly mixed, the plates were poured immediately. For all experiments using
solid medium, bacteria were grown physically separated from the agar surface by
placing a 1,000-MW exclusion membrane (Amicon, Inc., Beverley, Mass.) be-
tween the solid medium containing PEG 8000 or NaCl and a Magnagraph nylon
membrane (MSI, Westboro, Mass.), which served as a surface for growth of the
bacteria. Plates were incubated in sealable plastic containers at 27°C. Water
potentials of all liquid and solid media were determined with a thermocouple
psychrometer (Decagon Devices, Inc., Pullman, Wash.).

Preparation of hypo- and hyperosmotically shocked cells. For preparation of
hypoosmotically shocked cells, 50 ml of mid-exponential-phase cultures grown in
—1.5-MPa PEG 8000-amended medium was harvested by centrifugation and
resuspended in 1 ml of —1.5-MPa PEG 8000-amended medium. These cells were
then added to 49 ml of either —1.5-MPa PEG 8000-amended, —1.5-MPa NaCl-
amended, or unamended medium. For preparation of hyperosmotically shocked
cells, 50 ml of exponential phase cultures grown in unamended basal medium was
harvested by centrifugation and resuspended in 1 ml of unamended medium.
These cells were then added to 49 ml of either —1.5-MPa PEG 8000-amended,
—1.5-MPa NaCl-amended, or unamended medium. The cell suspensions were
shaken at 150 rpm for 15 to 120 min. After the desired length of time, cells were
harvested by centrifugation for FAME analysis.

Inhibition of lipid, protein, and mRNA synthesis. To inhibit lipid, protein, or
mRNA synthesis, 10 pg of cerulenin per ml, 100 wg of chloramphenicol per ml,
or 100 pg of rifampicin per ml was added to mid-exponential-phase cultures,
respectively. Fifty milliliters of exponential-phase cultures was harvested by cen-
trifugation and resuspended in 1 ml of medium of the same water potential as the
growth medium, and the cultures were incubated on an orbital shaker with the
inhibitors for 30 min at 27°C. The cell suspensions were then added to either 49
ml of —1.5-MPa PEG 8000-amended, —1.5-MPa NaCl-amended, or unamended
medium to create a hypo- or hyperosmotic shock condition. The cell suspensions
were incubated on an orbital shaker for 5 to 120 min before the cells were
harvested by centrifugation for FAME analysis. The concentration of the inhib-
itors was held constant throughout the duration of the experiment. Chloram-
phenicol and rifampicin completely inhibited growth, as determined by monitor-
ing changes in culture density and protein content following addition of these
inhibitors. Cerulenin pretreatments at 10 wg/liter have been previously shown to
inhibit fatty acid synthesis in P. putida (13, 19).
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Cellular protein content. Cells were isolated by centrifugation (30,000 X g for
20 min at 5°C) within 0.75 to 1.5 h after the onset of stationary phase and then
were solubilized by heating at 90°C for 10 min in 1 N NaOH. Protein content was
determined by the method of Bradford with the Protein Assay kit (Bio-Rad,
Hercules, Calif.), and bovine serum albumin was used as the standard.

FAME analysis. To assess the effect of chronic exposure to solute or matric
stress on fatty acid composition, mid-exponential-phase cultures were used to
inoculate media with the same concentration of NaCl or PEG amendments.
These cultures were grown to mid-exponential phase, harvested by centrifugation
as described above, frozen in a dry ice-ethanol bath, and stored at —80°C until
they were thawed for fatty acid analysis. Total cellular fatty acids were extracted
from lipids by mixing the cell pellets with a 15% NaOH solution made in 1:1
methanol and water, and the fatty acids were methylated by incubating the cell
mixture in a 6 N HCl-methanol solution (3.25:2.75) for 10 min at 80°C. FAMEs
were extracted with a 1:1 mixture of hexane and methyl rert-butyl alcohol. Flame
ionization detection gas chromatography was performed using the MIDI system
(Newark, Del.) and in accordance with the manufacturer’s recommended mate-
rials and protocols. Peaks were compared to known standards with the Sherlock-
MIDI identification system and commercially available 16:1 »7f and w7c FAME
standards (Sigma Chemical Co.), since the Sherlock-MIDI system lumps these
fatty acids into one group (designated sum4). A subset of samples were subjected
to PLFA analysis and gas chromatography-mass spectrometry analysis (Micro-
bial Insights, Knoxville, Tenn.) to verify peak identity. Similar fatty acid profiles
were generated by the MIDI-FAME whole-cell and PLFA procedures, except
for the inclusion of hydroxy and 12:0 fatty acids in the MIDI procedure. As a
control, we determined that PEG does not produce FAME peaks that could be
mistaken for fatty acids.

Fatty acid nomenclature is as follows: the first number reflects the total
number of carbon atoms, and the second number (separated by a colon from the
first) is the number of double bonds. If double bonds are present, the location is
designated by its distance from the aliphatic (w) end and its orientation in cis (c)
or trans (t) geometry. The suffixes OH, cyclo, and ISO denote hydroxy, cyclo-
propyl, and isobranched fatty acids, respectively. Results are reported as the
mean percentage of the total amount of fatty acids or the ratio of particular types
of fatty acids =+ the standard error (SE) of three to five independent replications.

Transmission electron microscopy. Early-exponential-phase cultures were
harvested by centrifugation and resuspended in the same growth medium to
one-tenth of the original volume. Cells were subjected to propane jet cryopreser-
vation, fixed in 1% OsO,, embedded in Epon/Araldite 502 resin, and poststained
with lead citrate and uranyl acetate. Transmission electron micrographs were
taken with a JEOL electron microscope. Cells grown on a solid medium
amended with either PEG or NaCl to attain a water potential of —1.0 MPa were
used directly for electron microscopy.

Statistical analyses. Statistical analyses were performed using Systat software
(SPSS, Inc., Chicago, Il.). For each type of solute, a one-factor analysis of
variance was performed on each fatty acid to compare the effect of water
potential on fatty acid composition. Fisher’s least significant difference (LSD)
(P = 0.01) was calculated by Systat software for comparison of treatment means.
A paired ¢ test was performed to compare the amount of fatty acid synthesized
among the various types of solute amendments for each type of fatty acid. For
cells exposed to an acute increase or decrease in water availability in the presence
of various inhibitors (cerulenin, chloramphenicol, or rifampicin), a separate
two-way analysis of variance was performed for each fatty acid. Factors noted
included basal medium and NaCl- or PEG 8000-amended medium plus the
inhibitors.

RESULTS

Influence of water stress on cell morphology. We assessed
the effects of NaCl and PEG 8000 treatments on cell ultra-
structure by transmission electron microscopy. The outer
membranes of cells grown in the basal medium, —0.25-MPa
PEG 8000-amended medium (data not shown), and —1.0-MPa
NaCl-amended medium were smooth, whereas those grown in
—1.0-MPa PEG 8000-amended medium appeared thicker and
convoluted (Fig. 1). The apparently thicker outer membrane
may be an artifact of viewing several planes of a convoluted
membrane. We consistently observed that NaCl-treated cells
exhibited a greater degree of plasmolysis than the PEG 8000-
treated cells, which suggests that PEG 8000 did not penetrate
the outer membrane (Fig. 1). The cytoplasmic membrane did
not appear to be altered, even at higher magnifications (data
not shown). Similar results were observed when cells were
grown on a 1,000-MW exclusion ultrafiltration membrane
overlaying a solid medium containing PEG 8000 or NaCl (data
not shown); PEG 8000, but not NaCl, is too large to diffuse
through the ultrafiltration membrane. These results suggest
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FIG. 1. Transmission electron micrographs of cell ultrastructure during wa-
ter stress. (A) Basal medium; (B) —1.0-MPa NaCl-treated medium; (C) —1.0-

MPa PEG 8000-treated medium. Magnification, X36, 600. Bar, 1 pm.
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that the altered outer membranes observed in the PEG 8000
liquid cultures were not due to a direct physical interaction
between PEG and the cell membrane.

Effects of permeating and nonpermeating solutes on cellular
fatty acid composition. We performed FAME analysis on
whole-cell fatty acid extracts of early- to mid-exponential-
phase cultures grown in the presence of one of the permeating
solutes (NaCl or PEG 200) or the nonpermeating solute PEG
8000. In general, the permeating and nonpermeating solutes at
various water potentials primarily affected the relative amount
of cis and frans isomers of monounsaturated fatty acids (Figs.
2-4) and, to a lesser extent, the ratio of saturated to unsatur-
ated fatty acids (Fig. 4). The greatest differences between the
effects of the nonpermeating solute, PEG 8000, and the per-
meating solutes were in the percentages of the trans and cis
isomers of the 16:1 and 18:1 fatty acids (Fig. 2) and the trans:cis
ratio of these fatty acids (Fig. 3). For example, for —0.25-MPa
PEG 8000-treated cells, the frans:cis ratio was 0.03 = 0.02 as
compared to 0.15 = 0.03 for the untreated cells and 0.11 = 0.04
and 0.19 = 0.05 for the —0.25-MPa NaCl- and PEG 200-
treated cells, respectively (Fig. 3C). At a water potential of
—0.25 MPa, the amount of the frans isomer 16:1 w7t in PEG
8000-treated cells was significantly smaller (P = 0.05) than in
the NaCl- or PEG 200-treated cells, based on a paired ¢ test
analysis. In contrast, at water potentials below —0.25 MPa, the
PEG 8000-treated cells exhibited a reduction in the cis isomers
and a corresponding increase in the trans isomers of the 16C
and 18C monounsaturated fatty acids (Fig. 2). At water poten-
tials of —1.0 MPa or lower in the PEG 8000 treatments, there
was approximately a threefold increase in the amount of 16:1
7t compared to the no-stress control (0 MPa) and —0.25 MPa
(Fig. 2). 18:1 w7t was detected only at water potentials of —1.0
MPa or lower in PEG 8000-treated cells. Based on a paired ¢
test at water potentials of —1.0 and —1.5 MPa, the PEG 8000-
treated cells had a statistically significant increase in the
amount of trans fatty acids and in the frans:cis ratio when
compared to either PEG 200- or NaCl-treated cells (Fig. 2 and
3). The increase in the amounts of trans fatty acids at —1.0 and
—1.5 MPa was not due to a reduced growth rate, since NaCl,
sucrose, and PEG 200 treatments impose a reduction in growth
rate similar to that of PEG 8000 treatments (21) without sig-
nificantly altering the frans:cis ratio (Fig. 3 and data not
shown).

The total amounts of 16:1 or 18:1 fatty acids were influenced
by the type of solute used to lower the medium’s water poten-
tial. For example, as the water potential was lowered, the
amount of 16:1 decreased in the PEG 8000 amendments, in-
creased in the PEG 200 amendments, and did not change with
the NaCl amendments (Fig. 4A); statistically significant differ-
ences were only observed at water potentials of —1.0 and —1.5
MPa. In contrast, the amount of 18:1 fatty acids was negatively
correlated with the amount of 16:1 fatty acids (Fig. 4A). Al-
though amounts of individual monounsaturated fatty acids
were influenced by the severity of stress and type of solute used
to impose stress, the total amount of unsaturated fatty acids
and the ratio of saturated to unsaturated fatty acids generally
remained constant at all water potentials for each solute (Fig.
4B). The exception was PEG 200-treated cells, which had
smaller amounts of monounsaturated fatty acids (Fig. 4B) with
a corresponding increase in saturated fatty acids (Fig. 4C).
Although there was a reduction in the amount of monounsat-
urated fatty acids in PEG 200-treated cells as the water poten-
tial was lowered, there was no significant effect from lowering
the water potential on the trans:cis ratio, compared to the PEG
8000-treated cells (Fig. 3).
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FIG. 2. Effects of permeating and nonpermeating solutes on trans-to-cis
isomerization. (A) 16:1 fatty acids; (B) 18:1 fatty acids; (C) percent cis or trans
isomers. Open symbols, cis isomer; closed symbol, trans isomer; O or @, PEG
8000; (1 or m, PEG 200; A or A, NaCl. Values are the means * SE of three to
five replications. LSDs for the percentage of 16:1 cis isomers (A) are 3.7, 3.8, and
3.2 for PEG 8000, PEG 200, and NaCl treatments, respectively. LSDs for the
percentage of 16:1 trans isomers (A) are 3.5, 3.9, and 3.9 for PEG 8000, PEG 200,
and NaCl treatments, respectively. LSDs for the percentage of 18:1 cis isomers
(B) are 23.3, 1.9, and 2.2 for the PEG 8000, PEG 200, and NaCl treatments,
respectively. The LSD for the percentage of 18:1 trans isomer for the PEG 8000
treatments is 1.4 (B). LSDs for the percentage of cis isomers (C) are 3.6, 4.2, and
4.2 for PEG 8000, PEG 200, and NaCl treatments, respectively. LSDs for the
percentage of trans isomers (C) are 3.5, 3.9, and 3.9 for PEG 8000, PEG 200, and
NaCl treatments, respectively.

% 16:1 Fatty acids

% 18:1 Fatty acids

% cis or trans isomers

PEG-cell interactions on fatty acid composition. P. putida
was physically separated from PEG 8000-amended solid me-
dium by growth on a 1,000-MW exclusion membrane overlay-
ing the solid medium. In general, fatty acid profiles of cells
grown on a solid medium were similar to the profiles of cells
grown in liquid batch culture, except for the presence of cy-
clopropyl fatty acids (Table 1). There were no statistically
significant differences in the fatty acid composition of un-
treated and —1.0-MPa NaCl-treated cells (data not shown).
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Effect of hyperosmotic shock on fatty acid composition. Ex-
ponentially growing cells of P. putida were exposed to a sudden
decrease in water availability by the resuspension of pelleted
cells grown in a basal medium in either —1.5-MPa NaCl- or
PEG 8000-amended or unamended medium. There was no
change in culturability of the cell population or in protein
content before and after the hyperosmotic shock. Within 15
min after this sudden decrease in water availability, there was
approximately a 100 and 200% increase in the amount of 16:1
w7t in the NaCl- and PEG 8000-treated cells, respectively, with
a corresponding decrease in 16:1w7¢ in both treatments (Table
2). Unlike cells growing in the presence of NaCl (Fig. 2 and 3),
the —1.5-MPa (NaCl-treated) osmotically shocked cells exhib-
ited a statistically significant increase (P = 0.05) in the amount
of 16:1 w7t. There was no significant change in the total

>

-
1

16:1 trans:cis ratio

0.6 -
0.5 4
0.4
0.3

0.2 4

18:1 trans:cis ratio

0.1 1

0.0 4

1 \
O

Total trans:cis ratio

-1.5 -1.0 -0.5 0.0
Water Potential (MPa)

FIG. 3. Effects of permeating and nonpermeating solutes on trans:cis ratio.
(A) 16:1 fatty acids; (B) 18:1 fatty acids; (C) total. @, PEG 8000; m, PEG 200; A,
NaCl. Values are the means = SE of three to five replications. LSDs for panel
A are 0.22, 0.2, and 0.17 for PEG 8000, PEG 200, and NaCl treatments, respec-
tively. LSD for panel B is 0.09 for the PEG 8000 treatments. LSDs for panel C
are 0.11, 0.09, and 0.09 for PEG 8000, PEG 200, and NaCl treatments, respec-
tively.
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FIG. 4. Effects of permeating and nonpermeating solutes on monounsatu-
rated and saturated fatty acids. (A) Percentage of 16:1 and 18:1 fatty acids; (B)
percentage of total monounsaturates; (C) saturated:unsaturated fatty acid ratio.
Open symbols, 18:1 fatty acids; closed symbols, 16:1 fatty acids (A); ®, PEG
8000; m, PEG 200, A, NaCl (B and C). Values are means = SE of three to five
replications. LSDs for the percentage of 16:1 fatty acids (A) are 2.6, 1.4, and 1.7
for PEG 8000, PEG 200, and NaCl treatments, respectively. LSDs for the per-
centage of 18:1 fatty acids (A) are 2.7, 1.9, and 2.2 for PEG 8000, PEG 200, and
NaCl treatments, respectively. LSDs for the percentage of unsaturated fatty acids
(B) are 1.3, 1.7, and 1.7 for PEG 8000, PEG 200, and NaCl treatments, respec-
tively. LSDs for the saturated:unsaturated fatty acids ratio (C) are 0.03, 0.03, and
0.02 for PEG 8000, PEG 200, and NaCl treatments, respectively.

amount of 16:1 and 18:1 monounsaturated, unsaturated, or
hydroxy fatty acids (data not shown). Also, unlike the PEG
8000-treated cells, the untreated and NaCl-treated (shocked)
cells did not produce detectable amounts of 18:1 w7t (Table 2).
Neither fatty acyl chain length nor saturation of fatty acids was
affected by the sudden decrease in water availability (data not
shown).

Effect of hypoosmotic shock on fatty acid composition. Cells
were exposed to a sudden increase in water availability by
resuspending pelleted cells grown in PEG 8000-amended me-

APPL. ENVIRON. MICROBIOL.

TABLE 1. Effect of PEG-cell interactions on fatty
acid composition”

Mean * SE (%) fatty acid content

Fatty acid B . —1.0-MPa PEG-amended
asal medium -
medium
16:1 o7c 5.45 *+0.46 5.58 £247
16:1 w7t 6.64 = 0.28 8.16 = 1.81
17:0 cyclo 18.70 = 0.96 15.28 = 4.46
18:1 o7c 15.18 £ 0.95 10.39 = 0.02
18:1 o7t 0.00 = 0.00 475 +0.23
trans:cis ratio 0.32 = 0.01 0.81 = 0.04

“ A 1,000-MW exclusion membrane was placed between solid medium con-
taining PEG or NaCl (data not shown) and a nylon membrane, which served as
a surface for bacterial growth.

dium in the basal medium. There was no change in culturabil-
ity or protein content before or after hypoosmotic shock.
Within 15 min, there was a 53% decrease in the amount of
trans fatty acids with a corresponding increase (46%) in the
amount of cis fatty acids (Table 3). Most of the changes in the
amount of frans fatty acids were due to a disappearance of 18:1
w7t with a corresponding increase in 18:1 w7c. Preincubation
of cells in the presence of either an inhibitor of fatty acid
synthase (cerulenin), protein synthesis (chloramphenicol), or
transcription (rifampicin) did not prevent the trans-to-cis
isomerization from occurring during conditions of hypoos-
motic shock (Table 4). Preliminary studies indicated that pre-
treatment with these inhibitors reduced the incorporation of
sodium [1-'*CJacetate into lipids or a combined protein and
nucleic acid pool to 0.8 to 2.3% of the amount of label incor-
porated into untreated cells (L. J. Halverson, unpublished
data). Also, the concentrations of chloramphenicol and rifam-
picin were sufficient to inhibit the growth of P. putida mt-2
completely. This suggests that there is a constitutively operat-
ing trans-to-cis enzyme system that is able to change the ori-
entation of the hydrogen atoms at the double bond following
hypoosmotic shock. Furthermore, a sudden change in the form
of water deprivation (from nonpermeating to permeating sol-
ute) also resulted in an increase in the amount of the cis isomer
with a corresponding decrease in the frans isomer (Table 3).
However, this change was not as dramatic as that observed
when cells were exposed to a sudden increase in water avail-
ability. Again, cerulenin, chloramphenicol, and rifampicin pre-
treatments did not prevent the increase in the amount of cis
isomers (L. J. Halverson, unpublished data). There was no
affect of hypoosmotic shock or change from permeating to
nonpermeating solute on fatty acyl chain length or saturation
of fatty acids (data not shown).

DISCUSSION

Our findings show that there is a differential effect of per-
meating and nonpermeating solutes on the fatty acid compo-
sition of P. putida mt-2, which suggests that there is a differ-
ential effect of matric and solute components of soil water
potential on cellular fatty acid composition. First, a cis-to-trans
isomerization of monounsaturated fatty acids occurred in re-
sponse to growth in the presence of the nonpermeating solute
PEG 8000 but did not occur in response to growth in the
permeating solutes (Fig. 2 to 4). These results support and
expand an earlier observation that a desiccated (air-dried)
Pseudomonas aureofaciens strain in sand cultures exhibits a
twofold increase in the amount of frans fatty acids at approx-
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TABLE 2. Effect of hyperosmotic shock on cis-to-trans isomerization”

Fatty acid content (%)”

Treatment

16:1w7¢ 16:1w7t 18:1w7¢ 18:1w7¢ Total cis Total trans Total trans:cis ratio
None 29.1 £3.6 A 57 19A 223 *02A 0x0A 513 £38A 57x19A 0.10 £ 0.04 A
NaCl 234+1.1B 10.7+15B 226 + 04 A 0*x0A 46.0 = 1.5B 10.7 +15B 0.24 = 0.03B
PEG 8000 16.0 £ 0.8 C 173 208 C 200 1.1 B 26 +1.6B 36.0 £2.7C 199 *+24C 0.55 £0.09C

“ Mid-exponential-phase cells were grown in a basal medium and suddenly exposed to a —1.5-MPa reduction in solution water potential by the addition of the
permeating solute NaCl or the nonpermeating solute PEG 8000. Fatty acids were extracted from cells within 15 min after the addition of NaCl or PEG 8000. Values

are the means = SE of three replications.

b Values followed by the same letter in a column are not statistically different, based on Fisher’s LSD (P = 0.05).

imately a 5% water content (28). It has been previously shown
that the cis-to-frans isomerase is constitutively expressed in P.
putida P8 (14, 19), and more recently, a genetic approach has
been used to demonstrate constitutive expression of the cti
(cis-to-trans isomerase) gene in a solvent-resistant P. putida
strain (26). The cis-to-frans isomerase is localized in the
periplasm (26, 38) and apparently requires the involvement of
other factors for its activity (38), possibly of a cytochrome
c-type protein (22). Second, there was a greater increase in the
cis-to-trans isomerization of monounsaturated fatty acids when
cells were shocked with nonpermeating solutes than with per-
meating solutes (Table 2). Lastly, the frans/cis ratio decreases
when cells were hypoosmotically shocked and when the form
of stress is switched from a nonpermeating to a permeating
solute (Table 3). The frans-to-cis isomerization appears to be
due to a constitutively operating enzyme system, although it
cannot completely reverse the cis-to-trans isomerization that
occurs when cells are exposed to a sudden decrease in water
availability. A trans-to-cis isomerization has been previously
suggested to occur in response to cold shock, although a cor-
responding increase in the amount of cis isomer was not ob-
served (34). Further work is necessary to firmly establish that
the frans-to-cis isomerization is the result of a constitutively
operating enzyme system.

There is strong evidence indicating that PEG is excluded
from membrane surfaces (1, 2), and our results clearly show
that alterations in membrane ultrastructure and fatty acid com-
position are not due to PEG-cell interactions, since these re-
sponses also occurred when cells were physically separated
from PEG 8000. Ultrastructural changes may be the result of
osmotic pressure being exerted on the outer membrane rather
than the cytoplasmic membrane, since nonpermeating sugars
can also impose similar effects on cell ultrastructure (51).

Presumably, these changes reduce the damaging effects of
PEG 8000-mediated dehydration on membrane integrity that
have been observed in other systems (5, 9, 23). The poorly
dehydrating properties of NaCl (49) may explain the differen-
tial effects of NaCl and PEG 8000 on the fatty acid composition
of P. putida (Fig. 2 to 4 and Table 3). An increase from a

millimolar to molar NaCl concentration has a very small effect
on the gel-to-liquid crystalline phase transition temperature
(42), and only with toxic concentrations of NaCl is there a
significant increase in the trans/cis ratio of P. putida strain S12
(18). It is unlikely that the cis-to-trans isomerization we ob-
served in PEG 8000-treated cells was due to the trace amounts
of impurities in the PEG (<0.0005 to 0.05%), since it has been
previously shown that millimolar concentrations of those ele-
ments are required for the cis-to-frans isomerization (18).

Since trans monounsaturated fatty acids have a packing ar-
rangement similar to that of saturated fatty acids, isomeriza-
tion of cis fatty acids into trans fatty acids reduces the spacing
between phospholipids. This could explain the increase in trans
unsaturated fatty acids at matric water potentials of =—1.0
MPa (Fig. 2 to 4); however, this does not explain the decrease
in trans fatty acids at —0.25 MPa (Fig. 2 to 4). Rand and
Parsegian (41) reported that one-third to one-half of the water
of a hydrated phosphatidylcholine bilayer could be removed
with a relative humidity equivalent to a —0.1-MPa water po-
tential. The thickness of the water film surrounding soil micro-
organisms at a —0.1-MPa matric water potential has been
estimated to be 1.5 wm thick (17). It is conceivable that at a
—0.25-MPa matric water potential, membranes are sufficiently
dehydrated that the gel-to-liquid crystalline phase transition
temperature is raised. Thus, P. putida may adapt by increasing
the proportion of cis monounsaturated fatty acids and lowering
the phase transition temperature, therefore maintaining the
membrane in a liquid crystalline phase to counteract the mem-
brane-solidifying effects of dehydration. Further reductions in
matric water potential could lower the liquid crystalline-to-
hexagonal phase transition temperature. By increasing the
amount of frans unsaturated fatty acids, P. putida may raise this
transition temperature (7, 29, 50) and prevent the formation of
hexagonal II phases, which are favored by cis monounsaturated
fatty acids, and thus again maintain the membrane in a liquid
crystalline phase.

The synthesis of frans monounsaturated fatty acids has been
reported to increase in several species of gram-negative bac-
teria in response to various physiologically stressful conditions,

TABLE 3. Effect of hypoosmotic shock or exposure to the permeating solute NaCl on fatty acid composition”

Fatty acid content (%)”

Treatment

16:107¢ 16:1w7t 18:1w7¢ 18: 107t Total cis Total trans Total trans:cis ratio
Control 120 =09 A 185+ 1.1 A 169 =2.7A 40+ 13A 289 3.6 A 225 *29A 0.78 = 0.11 A
Basal 194 +15B 105+ 1.7B 23.2+03B 0+x0B 426 +15B 105+ 1.7B 0.25 =0.05B
NaCl 143 =09 A 169 +14A 213 +04B 0+0B 356 +1.2C 169 +14C 047 £0.05C

¢ Mid-exponential-phase cultures grown in —1.5-MPa PEG 8000-amended medium were either exposed to a sudden increase in solution water potential (basal
treatment), no increase in water potential but a change from a nonpermeating to a permeating solute (NaCl treatment), or no change in the form or magnitude of water
deprivation (control). Fatty acids were extracted from cells within 15 min after the treatments were initiated. Values are the mean percentage = SE of three replications.
Values followed by the same letter in a column are not statistically different, based on Fisher’s LSD (P = 0.05).
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TABLE 4. Effect of physiological inhibitors on cellular fatty acid composition, following hypoosmotic shock”

APPL. ENVIRON. MICROBIOL.

Fatty acid content

Treatment 16:1 w7t 18:1 07t Total trans/cis ratio
Control® Shock® Control Shock Control Shock
No inhibitor 185+ 1.1 105 = 1.7 40+ 1.3 00=0 0.78 £ 0.11 0.27 £ 0.05
Rifampicin 19.0 £ 1.2 128 £ 1.9 3.7+19 000 0.85 = 0.18 0.33 = 0.06
Chloramphenicol 183 = 1.1 11.3+15 41+21 00=0 0.83 £ 0.19 0.28 = 0.04
Cerulenin 183 £ 1.0 11.7+14 34+1.7 000 0.82 £0.17 0.29 = 0.04

“ Values are the means * SE of three replications. Cultures were exposed to the inhibitors for 30 min prior to the hypoosmotic shock. Fatty acids were extracted

15 min after the osmotic shock.
> No change in water potential.
¢ Hypoosmotic shock (1.5-MPa water potential increase).

such as pH, temperature, starvation, desiccation, and heavy
metal and pollutant toxicity (14, 18-20, 28, 34, 35, 50; H. C.
Pinkart, D. C. White, J. Wolfram, and R. Rodgers, Abstr. 94th
Gen. Meet. Am. Soc. Microbiol. 1994, abstr. K-85, p. 290,
1994). Desiccation of P. aureofaciens in air-dried sand cultures
resulted in an increase in the ratio of saturated to unsaturated
fatty acids, an increase in the ratio of frans to cis monounsat-
urated fatty acids, and an increase in the ratio of cyclopropyl
fatty acids to their monoenoic precursors (28). We did not
observe an increase in the ratio of saturated to unsaturated
fatty acids or in the ratio of cyclopropyl fatty acids to their
monoenoic precursors when P. putida was exposed to simu-
lated matric water stress conditions. This is probably due to
differences in the growth phase (exponential versus stationary
phase) in these studies. Furthermore, the extent of cis-to-trans
isomerization in response to nonpermeating solutes and des-
iccation in porous medium is comparable to the extent of the
cis-to-trans isomerization observed with cells exposed to or-
ganic pollutants or elevated temperature.

In an earlier report (21), we showed that growth rates of P.
putida mt-2 were slightly higher in PEG 8000-amended me-
dium (—0.25 MPa) than in an unamended medium or media
amended with various permeating solutes (—0.25 MPa). This
higher growth rate correlates with a reduction in the total
amount of frans monounsaturated fatty acids and with a cor-
responding increase in the amount of cis isomer. Membrane
fluidity can strongly influence nutrient transport rates (52, 53),
membrane enzyme activities (16), and electron transfer rates
(47). 1t is possible that with —0.25-MPa PEG 8000 treatments,
there are similar changes in membrane protein activities due to
increased membrane fluidity; as a consequence, P. putida
grows faster.

To the best of our knowledge, this is the first report of the
differential effect of thermodynamically equivalent concentra-
tions of permeating and nonpermeating solutes on cellular
fatty acid composition. Our results also indicate that the
amount of trans isomers of monounsaturated fatty acids can
decrease, following an increase in water availability or in re-
sponse to a change from a nonpermeating solute to a perme-
ating solute. We cannot state conclusively that these observa-
tions represent homeoviscous adaptation of membrane fluidity
until physical measurements of membrane viscosity are made.
However, studies of other organisms have shown a strong cor-
relation between temperature- and pressure-induced changes
in lipid composition and maintenance of membrane fluidity
(27, 43). Additional studies will allow us to determine whether
membrane fluidity is altered by matric water stress, whether
other physiological strategies are employed to counter the
membrane destabilizing effects of cellular dehydration, and

whether the same enzyme is responsible for the cis-to-trans and
trans-to-cis isomerization activities.
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