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Vibrio parahaemolyticus was grown in tryptic soy broth (TSB) containing
NaCl levels of 0.5, 3.0, and 7.5% (wt/vol). Cultures incubated at 21, 29, and 37 C
were harvested in late exponential phases and thermal death times at 47 C
(D47 c; time at 47 C required to reduce the viable population by 90%) were

determined in phosphate buffer containing 0.5, 3.0, and 7.5% NaCl. At a given
NaCl concentration in the growth medium, D47 c values increased with elevated
incubation temperatures and with elevated levels of NaCl in the heating men-

strua. Differences in thermal resistance of cells cultured at a particular temper-
ature were greater between those grown in TSB containing 0.5 and 3.0% NaCl
than between those grown in TSB containing 3.0 and 7.5% NaCl. D47 c values
ranged from 0.8 min (grown at 21 C in TSB with 0.5% NaCl) to 6.5 min (grown at
37 C in TSB with 7.5%, heated in 7.5% NaCl buffer). Methyl esters of major
phospholipid fatty acids extracted from cells were quantitated. The ratio of
saturated to unsaturated fatty acids in cells grown at a given NaCl concentra-
tion increased with elevated incubation temperature. At a particular growth
temperature, however, saturated to unsaturated fatty acid ratios were lowest for
cells grown in TSB containing 3.0% NaCl.

Heat resistance and injury of food-borne
pathogens such as salmonellae, Staphylococcus
aureus, and clostridia have been studied exten-
sively. Less attention has been given to the
thermal stability characteristics of Vibrio para-
haemolyticus, a gram-negative halophilic estu-
arine bacterium annually reponsible for the
majority of food poisoning outbreaks in Japan,
and recently incriminated as a causative agent
of gastroenteritis in Western nations. The orga-
nism is reported to be extremely sensitive to
thermal inactivation when heated in either lab-
oratory media or shrimp substrates (3, 8, 25),
and its resuscitation after thermal assault is
influenced substantially by nutrients provided
in recovery media (26). To our knowledge, noth-
ing has been reported regarding the effects of
NaCl concentration in growth media and tem-
perature of growth on thermal resistance of V.
parahaemolyticus.

Temperature ofgrowth (15, 18, 19, 21, 23) and
nutrient supply in growth media have been
shown to affect the fatty acid composition of
gram-negative bacteria. Fatty acid composition
(13) and growth temperature (14), in turn, have
been reported to influence thermal stability of
bacteria. Although fatty acid profiles of lipo-
polysaccharides from V. parahaemolyticus
have been studied (9, 22), little is known of the

fatty acid composition of phospholipid compo-
nents of the cytoplasmic membrane.
This study was initiated to determine the

effects of growth temperature and concentra-
tion ofNaCl in growth media on heat resistance
and phospholipid fatty acid composition of V.
parahaemolyticus. Effects of NaCl in heating
menstrua on thermal stability were also stud-
ied.

MATERIALS AND METHODS
Cultural and harvesting conditions. V. parahae-

molyticus T-3765-1 (03:K7) was obtained from H.
Zen-Yoji, Tokyo Metropolitan Research Laboratory
of Public Health. Identical procedures were followed
to culture cells for both thermal resistance studies
and phospholipid fatty acid analysis. Cells were
grown in tryptic soy broth (TSB, pH 7.2, Difco)
containing 3.0% (wt/vol) NaCl at 29 C for 16 h. A 1-
ml inoculum from this culture was transferred to
500-ml Erlenrmeyer flasks containing 200 ml of TSB
(pH 7.2) with added NaCl to give final concentra-
tions of 0.5, 3.0, and 7.5%. The inoculated media
were then incubated at 21, 29, or 37 C on a New
Brunswick gyrotory shaker (New Brunswick Scien-
tific, New Brunswick, N.J.) at 100 rpm. Cells in late
exponential growth phases were examined for ther-
mal resistance. Growth curves had previously been
determined by plating the growing cultures on TSB
containing 1.5% agar and 3.0% NaCl.

Cells in late exponential phases were also ana-
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lyzed for phospholipid fatty acid content. Organisms
were collected by centrifuging at 8,000 x g. Pellets
were washed in 0.1 M potassium phosphate buffer
(pH 7.2) containing 3.0% NaCl, collected again, ly-
ophilized, and stored at -30 C until analyzed.
Dried-cell preparation were pulverized with a mor-
tar and pestle just before phospholipid extraction.
Cells collected from as many as 54 individual flasks
representing four independent trials were pooled for
a particular medium/growth temperature test com-
bination.

Determination of thermal resistance. Exponen-
tial-phase cells (10 ml of NaCl-TSB culture) were
transferred to 190 ml of 0.1 M potassium phosphate
containing 0.5, 3.0, or 7.5% (wt/vol) NaCl (pH 7.2) at
47 + 0.1 C. the initial viable cell populations in
heating menstrua were approximately 108 for orga-
nisms grown in 3% NaCl-TSB and 107 for 0.5 and
7.5% NaCl-TSB cultures, regardless of incubation
temperature. The suspension was heated under con-
stant agitation. Samples were withdrawn at appro-
priate times, dispensed in sterile chilled test tubes,
and serially diluted in 0.1 M potassium phosphate
(pH 7.2) containing 3.0% NaCl. The recovery me-
dium (tryptic soy agar) consisted of TSB contain-
ing 1.2% agar and 3.0% NaCl, and was tempered at
42 C before pouring. Colonies were counted after 18
to 24 h at 35 C and heat survivor curves of log,(,
viable number per milliliter versus time at 47 C
were plotted. Decimal reduction times at 47 C (D47 c;
time in minutes required to destroy 90% of the via-
ble V. parahaemolyticus) were then read from the
plotted data. D47 C values reported in this article
represent means from three or more independent
trials.

Lipid extraction. Duplicate 1-g samples of lyophi-
lized cells were rehydrated and immediately ex-
tracted with redistilled solvents by the procedure of
Bligh and Dyer (5). This procedure effectively ex-
tracts neutral lipids and phospholipids from biologi-
cal materials but does not extract nonlipid material
or lipids that are bonded covalently to other cellular
constituents. The extraction procedure has been
successfully applied to the study of bacterial phos-
pholipids (1, 12). After removal of organic solvent
under a stream of nitrogen, extracted lipid was held
at -18 C until analyzed.

Identification of neutral lipids. All samples
were examined qualitatively for neutral lipids by
thin-layer chromatography. A prepared silica gel G
plate (Brinkman Instruments Inc., Westbury, N.Y.)
was prewashed in hexane-diethyl ether-acetic acid
(90:10:1; vol/vol), divided into 1-cm bands by scoring,
and dried at 60 C for 20 min. Weighed lipid extracts
were dissolved in hexane to give a concentration of
approximately 200 Ag/Il, and 1 Al of each extract
was applied to the plate. As an aid in the identifica-
tion of neutral lipids, a standard consisting of equal
parts of cholesterol, octadecenoic (oleic) acid, tri-
olein, methyl octadecenoate, and cholesteryl octa-
decenoate was applied to the center band and
co-chromatographed with sample lipids in the hex-
ane-diethyl ether-acetic acid solvent system. The
developed plate was sprayed with the indicator solu-
tion described by Jones et al. (16) and viewed under

ultraviolet light. The plate was further examined
after spraying with sulfuric acid-potassium dichro-
mate and charring at 100 C. Identification of neutral
lipid components was based on a comparison of
standard and sample Rf values.

Fatty acid analysis. Lipid fatty acids were con-
verted to methyl esters with 1 ml of NaOCH3 (0.2 M
in anhydrous methanol, 100 C, 10 to 15 min) fol-
lowed by 1 ml of BCl3 in methanol (100 C, 5 min).
After addition of 2 ml of 0.2 M KCl, methyl esters
were extracted with petroleum ether and analyzed
by gas-liquid chromatography with a MicroTek 220
chromatograph equipped with flame ionization de-
tectors. Glass columns (6 feet by 1/4 inch [ca. 183 by
0.64 cm]) were packed with 10% Silar 5 CP (Ap-
plied Science Laboratories, State College, Pa.)
coated on 80- to 100-mesh Chromosorb W that had
been acid-washed and treated with dimethyl-
chlorosilane. The oven, detector, and injection port
temperatures were maintained at 200, 300, and
275 C, respectively, and the helium carrier gas flow
was kept at 100 ml/min. Peak areas were measured
with an Infotronics CRS 100 integrator, and major
fatty acid values are reported as weight percentage
of total fatty acids.
Sample methyl esters were examined for the pres-

ence of hydroxy fatty acids by gas-liquid chromatog-
raphy before and after trimethylsilation with a 1:1
mixture of pyridine and N-trimethylsilylimidazole
(27), and were examined for cylcopropane fatty acids
by thin-layer argentation chromatography (10) and
gas-liquid chromatography of the isolated saturated
methyl esters. Peak identifications were based on
retention time data obtained with the aid of authen-
tic standards.

RESULTS
Heat resistance. Values for V. parahaemoly-

ticus grown and heated in menstrua containing
various levels of NaCl are summarized in Table
1. Thermal survivor curves were often diphasic,
especially for cells grown at 29 and 37 C in TSB
containing 7.5% NaCl and heated in 7.5% NaCl
buffer. D47 c values were calculated from the
first segments of inactivation curves, which al-
ways had the greatest slopes and transcended
at least 5 log reductions in viable population.
The second segments of inactivation curves
were noted to occur when the viable popula-
tions were reduced to 102 to 103 per ml. In-
creased temperature of growth resulted in in-
creased heat resistance of V. parahaemolyticus.
This was true for all tests wherein the percent-
ages of NaCl in growth media were considered
separately and the NaCl concentrations of heat-
ing buffers were unchanged. At a particular
growth temperature, addition of NaCl to TSB
generally yielded cells displaying more resist-
ance to thermal destruction. This resistance
was most pronounced when cells were heated in
buffer containing 7.5% NaCl. Cells grown at a
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TABLE 1. Decimal reduction times for V.
parahaemolyticus

NaCI concn (%)
Growth
temp (C) Growth Heating D47 c value

mediuma mediumb

21 0.5 0.5 0.8
3.0 2.9
7.5 6.9

3.0 0.5 0.8
3.0 5.3
7.5 9.4

7.5 0.5 0.8
3.0 5.5
7.5 10.2

29 0.5 0.5 1.1
3.0 7.1
7.5 9.9

3.0 0.5 1.2
3.0 7.5
7.5 16.1

7.5 0.5 2.1
3.0 17.6
7.5 32.8

37 0.5 0.5 3.6
3.0 15.3
7.5 17.0

3.0 0.5 2.6
3.0 48.2
7.5 64.5

7.5 0.5 3.0
3.0 50.2
7.5 65.1

a TSB (pH 7.2).
b 0.1 M potassium phosphate (pH 7.2).

particular temperature in a medium with a
given NaCl concentration had increased resist-
ance to heat in buffer containing increased lev-
els of NaCl.

Lipid analysis. An examination of the thin-
layer chromatogram revealed small amounts of
neutral lipid that consisted primarily of hydro-
carbons and traces of free fatty acids in all
extracts and traces of triglycerides in those cul-
tures grown in 3.0% NaCl-TSB at 21 and 29 C.
The combined neutral lipids were estimated to
represent no more than 10% of total lipid.

Intense spots were observed at the point of
application of each sample, indicating a high
proportion of phospholipids (and possibly other
polar lipids) in all extracts. That lipopolysac-
charides were not extracted by the Bligh and

Dyer (5) procedure was indicated by an absence
of hydroxy fatty acids as discussed below under
fatty acid analysis.

Fatty acid analysis. Gas-liquid chromato-
grams of total lipid fatty acid methyl esters
revealed major peaks with retention times cor-
responding to methyl esters of saturated and
monoene fatty acids. Major peaks were identi-
fied as dodecanoic (12:0), tetradecanoic (14:0),
tetradecenoic (14:1), hexadecanoic (16:0), hex-
adecenoic (16:1), octadecanoic (18:0), and octa-
decenoic (18:1) acids (Table 2). Minor fatty acids
comprised less than 3% of the total acids and
were identified as dodecenoic (12:1), pentadeca-
noic (15:0), heptadecanoic (17:0), heptadecenoic
(17:1), octadecadienoic (18:2), and eicosenoic
(20:1) acids. Treatment of methyl esters with
pyridine-N-trimethylsilylimidazole did not
change fatty acid spectra, thus indicating an
absence of hydroxy fatty acids previously iden-
tified in lipopolysaccharides of V. parahaewoly-
ticus (9, 22). Gas-liquid chromatography of the
saturated fatty acid fraction obtained by thin-
layer argentation chromatography showed
peaks corresponding to 12:0, 14:0, 16:0, and 18:0.
Cyclopropane fatty acids, which behave as nor-
mal saturated acids in thin-layer argentation
chromatography, were not detected. These
data, in addition to those showing low quanti-
ties of hydrocarbons, free fatty acids, and tri-
glycerides, indicate that fatty acid methy esters
were primarily of phospholipid origin.
The relative amounts of saturated and unsat-

urated fatty acids incorporated into the phos-
pholipid of V. parahaemolyticus were influ-
enced by both NaCl content and temperature of
growth media (Table 2). Cultures grown in
7.5% NaCl-TSB generally produced higher lev-
els of 14:0 than those grown in lower concentra-
tions of NaCl. Those cultures grown in 7.5%
NaCl-TSB at 21 C produced unusually large
quantities of 14:1 and much smaller quantities
of 18:1 than cultures grown under other test
conditions. The saturated to unsaturated (S/U)
weight ratios of fatty acids in phospholipid of
cells cultured at 21, 29, and 37 C in TSB con-
taining 0.5, 3.0, and 7.5% NaCl are shown in
Fig. 1. At any of the three NaCl levels, in-
creased temperature of growth resulted in an
increased S/U ratio. At a given incubation tem-
perature, however, the S/U ratio was not linear
with NaCl concentration.

DISCUSSION
V. parahaemolyticus grew most rapidly in

3% NaCl-TSB. Slower growth rates were ob-
served in hypotonic 0.5% NaCl-TSB and in hy-
pertonic 7.5% NaCl-TSB, resulting in the for-
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TABLE 2. Phospholipid fatty acid composition of V. parahaemolyticus

NaCl Fatty acid composition!
Growth concn in
temp (C) TSB Minor

growth 12:0 14:0 14:1 16:0 16:1 18:0 18:1 compo-
medium nents

(%)

21 0.5 0.6 5.1 0.9 26.7 48.5 1.2 16.1 0.9
3.0 0.3 3.7 0.6 23.2 48.8 1.4 21.6 0.4
7.5 1.2 12.4 3.3 23.3 52.2 1.1 4.8 1.7

29 0.5 0.4 4.9 0.5 30.5 43.1 1.6 18.0 1.0
3.0 0.3 4.5 0.4 27.1 42.8 1.8 22.1 1.0
7.5 0.6 11.3 0.9 28.1 44.7 1.1 12.6 0.7

37 0.5 1.7 5.1 0.9 36.5 32.2 3.1 18.1 2.4
3.0 0.4 5.5 0.4 31.3 39.6 2.4 19.4 1.0
7.5 0.6 12.0 0.7 34.3 39.7 1.6 10.5 0.6

a Values are expressed as weight percentages of total phospholipid fatty acids. Fatty acids are designated
as x:y, where x equals the number ofcarbon atoms andy equals the number ofdouble bonds per molecule.

mation of swelled or filamentous type cells,
respectively. Times required to reach late expo-
nential growth ranged from 6 to 24 h, depend-
ing upon the incubation temperature and
growth medium under study. Christian and
Wiebe (7) also noted that temperature mark-
edly affects the rate of growth of a Vibrio sp.
Because of morphological differences, centri-
fuged cells that had been grown in 0.5 and 7.5%
NaCl-TSB were extremely difficult to resus-
pend without clumping. Thermal survivor
studies were therefore conducted using un-
washed cell suspensions as they were with-
drawn directly from culturing flasks. The
change in NaCl concentration in heating men-
strua as a result of this procedure should be
noted; however, the magnitude of change is not
considered great enough to markedly affect the
relative range of D47 c values observed. Never-
theless, the reader should realize that data pre-
sented for 0.5, 3.0, and 7.5% NaCl heating men-
strua refer to initial concentrations and that
these concentrations were, in some cases, modi-
fied by the addition of TSB cultures containing
various levels of NaCl. Emphasis should be
placed on comparisons of D47 c values obtained
from cells heated in menstrua containing low,
medium, and high (0.5, 3.0, and 7.5%, respec-
tively) NaCl.
The condition of V. parahaemolyticus cells

before heating was affected both morphologi-
cally and biochemically by cultural techniques.
Addition ofNaCl decreases the water activity of
TSB (4), thereby altering the osmotic sensitiv-
ity of cells produced in it. Cells grown at a
particular growth temperature had increased
thermal resistance when heated in a men-
struum containing a higher percentage of NaCl
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FIG. 1. SIU phospholipid fatty acid weight ratios

from V. parahaemolyticus cells grown in 0.5, 3.0,
and 7.5% NaCl-TSB; (U) growth temperature of
21 C; (-) 29 C; (A) 37 C.

than the growth medium. This phenomenon is
more pronounced at higher incubation temper-
atures. These data imply that the addition of
NaCl to heating menstrua has a protective ef-
fect against destruction, regardless of the adap-
tation of the cells to osmotic conditions before
thermal exposure. Calhoun and Frazier (6)
noted similar behavior of Escherichia coli. En-
hanced heat resistance was reported for cells
that were both grown and heated in media
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wherein reduced water activity was controlled
through the addition of NaCl. The protective
effect ofNaCl in heating media against destruc-
tion of heat-sensitive salmonellae had also been
demonstrated (2).
Response of bacteria to heat stress is depend-

ent upon chemical makeup of the cells as well
as the physical and chemical nature of the heat-
ing environment. Several reports show correla-
tions between cellular fatty acid composition
and heat resistance. Changes in growth me-
dium composition have been demonstrated to
be responsible not only for quantitative differ-
ences but, in some cases, for qualitative
changes in fatty acid spectra of gram-negative
cells (14, 20). In the present study, elevated
levels of tetradecanoic acid were noted in phos-
pholipid of V. parahaemolyticus grown in 7.5%
NaCl-TSB, as compared with 0.5 and 3.0%
NaCl-TSB cells cultured at the same tempera-
ture. Considering each NaCl-TSB medium in-
dividually, increased percentages of hexadeca-
noic acid were accompanied by decreased lev-
els of hexadecenoic acid in cells as the growth
temperature was increased. These changes
were associated with higher heat resistance.
Increased percentages of saturated fatty acids
in phospholipids ofE. coli (17-19, 23) and Ther-
mus aquaticus (15) also have been correlated
with elevated temperatures of growth. Hansen
(13) demonstrated a clear relationship between
increased S/U ratios in lipid of E. coli cultured
at elevated temperatures and increased heat
resistance. Studies were conducted using a sin-
gle growth medium. He speculated that, since
fatty acids are found principally in the cell
envelope, increased ratios between high-melt-
ing and low-melting fatty acids significantly
enhanced thermal stability of bacterial cells.
Relative proportions of saturated and unsatu-
rated fatty acids have been demonstrated to
affect the fluidity (24) and permeability of cell
membranes. Higher S/U ratios in lipsomes are
associated with lower permeability (11, 12). The
general correlation of higher heat resistance
with higher growth temperature and high S/U
ratios in phospholipid of V. parahaemolyticus,
as shown in this study for cells grown in a given
NaCl-TSB medium, would tend to strengthen
the theory that cytoplasmic membrane fatty
acid composition affects the thermal integrity
of bacterial cells. However, data reported in
this communication indicate that this correla-
tion can be made only for cells grown at various
temperatures in TSB containing identical con-
centrations of NaCl. For example, cells grown
in 7.5% NaCl-TSB at 21 C have a higher S/U
ratio than cells grown in 3.0% NaCl-TSB at

29 C. Yet the D47 C values for cells grown in
7.5% NaCl-TSB at 21 C and heated in 0.5, 3.0,
or 7.5% NaCl buffer are lower than the D47 c
values calculated for cells grown in 3.0% NaCl-
TSB at 29 C and heated in corresponding
buffers. Also, at a particular growth tempera-
ture, higher S/U ratios do not necessarily corre-
late with higher heat resistance. This is exem-
plified by the observation that cells grown at a
given temperature in 3.0% NaCl-TSB have
lower S/U ratios than cells grown in 0.5% NaCl-
TSB, yet a comparison of the two types of cells
heated in buffer with the same salt concentra-
tion indicates that 3.0% NaCl-TSB cells have
greater resistance to inactivation. Therefore, in
addition to fatty acid content, quantity and
quality of other cellular components are un-
doubtedly affected by growth medium composi-
tion and are in turn influencing the heat resist-
ance of V. parahaemolyticus cells.
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