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ABSTRACT

We previously showed that modeled microgravity conditions alter the physiological characteristics of Escherichia coli O157:H7.
To examine how microgravity conditions affect bacterial heat stress responses, D values, membrane fatty acid composition, and
heat stress-related gene expression (clpB, dnaK, grpE, groES, htpG, htpX, ibpB, and rpoH), E. coli O157:H7 ATCC 35150, ATCC
43889, ATCC 43890, and ATCC 43895 were cultured under two different conditions: low-shear modeled microgravity (LSMMG,
an analog of spaceflight conditions) and normal gravity (NG, Earth-like conditions). When 24-h cultures were heated to 55°C,
cells cultured under LSMMG conditions showed reduced survival compared with cells cultured under NG conditions at all time
points (P < 0.05). D values of all tested strains were lower after LSMMG culture than after NG culture. Fourteen of 37 fatty acids
examined were present in the bacterial membrane: nine saturated fatty acids (SFA) and five unsaturated fatty acids (USFA). The
USFA/SFA ratio, a measure of membrane fluidity, was higher under LSMMG conditions than under NG conditions. Compared
with control cells grown under NG conditions, cells cultured under LSMMG conditions showed downregulation of eight heat
stress-related genes (average, �1.9- to �3.7-fold). The results of this study indicate that in a simulated space environment, heat
resistance of E. coli O157:H7 decreased, and this might be due to the synergistic effects of the increases in membrane fluidity and
downregulated relevant heat stress genes.

IMPORTANCE

Microgravity is a major factor that represents the environmental conditions in space. Since infectious diseases are difficult to
deal with in a space environment, comprehensive studies on the behavior of pathogenic bacteria under microgravity conditions
are warranted. This study reports the changes in heat stress resistance of E. coli O157:H7, the severe foodborne pathogen, under
conditions that mimic microgravity. The results provide scientific clues for further understanding of the bacterial response un-
der the simulated microgravity conditions. It will contribute not only to the improvement of scientific knowledge in the aca-
demic fields but also ultimately to the development of a prevention strategy for bacterial disease in the space environment.

Bacteria have evolved numerous strategies that enable them to
survive when exposed to environmental stresses (1, 2), includ-

ing alterations in temperature, pH, and osmotic pressure (3–5).
Similarly, bacteria exhibit survival responses under modeled micro-
gravity conditions, which simulate a space-like environment. Re-
cently, we showed that low-shear modeled microgravity (LSMMG)
conditions alter the physiological characteristics of the foodborne
pathogen Escherichia coli O157:H7 (6). Bacteria actively grew in
minimal medium despite a reduced pH. In addition, bacterial cells
cultured under LSMMG conditions were larger than those cul-
tured under normal gravity (NG) conditions. Since bacterial re-
sistance to stress changes upon exposure to various environmental
conditions (7–9), we can hypothesize that reduced gravity affects
stress responses and physiological characteristics.

Heat treatment is the most common method for reducing bac-
terial populations in foodstuffs. It is therefore important to un-
derstand bacterial heat resistance mechanisms, because these de-
termine the effectiveness of thermal interventions (10, 11). Some
foods consumed by astronauts are heated prior to consumption
(12); therefore, understanding the bacterial heat resistance under
microgravity conditions may improve food safety in the space
environment. The D value estimates bacterial heat resistance. It is
the time required to destroy 90% (1 log cycle) of the target micro-

organism at a specific temperature. Under NG conditions, E. coli
O157:H7 has a large D value because it can survive relatively high
temperatures (13). The D value of E. coli O157:H7 under modeled
microgravity conditions is not known.

The mechanisms underlying bacterial stress responses, includ-
ing exposure to microgravity (14), are still not fully understood.
There is, however, a relationship between heat stress resistance
and membrane fatty acid composition (15). For example, bacte-
rial cells with high membrane fluidity (represented by a lower
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ratio of unsaturated fatty acids to saturated fatty acids [USFA/
SFA]) are more susceptible to heat (16, 17).

Previous studies have sought to explain bacterial stress re-
sponses by examining changes in gene expression (15, 18–21). The
primary mechanism of cellular protection against heat stress in-
volves the expression of heat shock proteins (HSPs), which act as
molecular chaperones (22). Molecular chaperones play essential
roles in protein folding, degradation, assembly, and transport;
thus, they help thermally damaged proteins regain biological
function after heat stress (23, 24). The well-studied heat shock
sigma factor �H provides protection against cytoplasmic heat
stress by regulating the transcription of HSPs (22, 25). In E. coli,
the DnaK-DnaJ-GrpE and GroEL-GroES systems are the most
extensively characterized molecular chaperones (26). Others, in-
cluding the Clp ATPases (ClpB, ClpX, and ClpY), the Hsp90 ho-
molog HtpG, and the small HSPs IbpA and IbpB are also believed
to function as molecular chaperones in vivo (27, 28). The tran-
scription levels of relevant genes provide insights into related pro-
tein translation; however, it is still not known if there are any
differences in the expression of genes encoding HSPs and �H in E.
coli O157:H7 under LSMMG conditions. Therefore, changes in
the gene expression should be considered alongside changes in
membrane fatty acid composition when assessing the bacterial
heat stress response.

Although bacterial stress responses under simulated micro-
gravity conditions have been reported (14, 29–34), none of those
studies have examined the severe foodborne pathogen E. coli
O157:H7. Moreover, it is technically difficult to identify the mech-
anisms that underlie bacterial heat resistance under microgravity
conditions. Here, we examined the effects of the simulated micro-
gravity on heat resistance, membrane fatty acid composition, and
gene expression of �H (rpoH) and seven HSP-encoding genes
(clpB, dnaK, gorES, grpE, htpG, htpX, and ibpB) in E. coli O157:H7
in a simulated space environment.

MATERIALS AND METHODS
Preparation of bacterial strains. E. coli O157:H7 ATCC 35150 (acid re-
sistant; human feces isolate), ATCC 43889 (acid adaptable; human feces
isolate), ATCC 43890 (acid sensitive; human feces isolate), and ATCC
43895 (acid resistant; ground beef isolate) were used for all experiments
(35). The strains were obtained from the Food Microbiology Culture Col-
lection at Korea University (Seoul, South Korea) and stored at �20°C in
Luria-Bertani medium (LB; Difco, Sparks, MD, USA) containing 20%

glycerol. Prior to use in the experiments, each strain was grown overnight
in LB medium at 37°C in a shaking incubator at 225 rpm (VS-8480S;
Vision Scientific Co., Ltd., Seoul, South Korea). The initial turbidity of the
stationary-phase cultures was measured in a SmartSpec Plus spectropho-
tometer (Bio-Rad, Hercules, CA, USA).

Generation of normal and microgravity conditions. A rotary cell cul-
ture system (RCCS; Synthecon, Houston, TX, USA) and a high-aspect-
ratio vessel (HARV; Synthecon) were used to generate LSMMG and NG
conditions, as previously described (6) (Fig. 1). The HARV apparatus was
filled with diluted (1:500) overnight cultures (50 ml) with zero headspace
that were then maintained in a constant state of suspension. To simulate
LSMMG conditions, the vessels were rotated at 25 rpm around a horizon-
tal axis to offset gravitational forces with hydrodynamic forces (centrifu-
gal, Coriolis, and shear forces) (29). NG conditions were provided by
rotating the vessels around a vertical axis. All incubations were performed
at 37°C. A gas-permeable membrane on the back of the HARV bioreactor
allowed air exchange throughout the experiments.

Survival of E. coli O157:H7 during heat treatment. Cells cultured
under LSMMG or NG conditions for 6 h (exponential phase) and 24 h
(stationary phase) were removed through a port on the front plate of the
HARV and added to 10 ml of fresh LB medium (1:100 dilution) in a glass
culture tube (18-mm internal diameter by 150 mm in length). Prior to use,
each fresh-medium-containing culture tube was prewarmed by immer-
sion in a water bath (Vision Science Co., Incheon, South Korea). The
survival of E. coli O157:H7 was examined at 55°C. After heat treatment,
culture tubes were removed from the water bath at the appropriate time
intervals (10, 20, or 30 min), and samples were serially diluted 10-fold in
M9 minimal medium with no glucose. The diluted samples were then
spread plated on LB agar (Difco) and incubated for 24 h at 37°C. Bacterial
counts were expressed as log CFU per milliliter. All experiments were
repeated six times.

Determination of D values. D values (time to inactivate 90% of the
bacterial population at a specific temperature) were determined by plot-
ting the mean values of the number of survivors (log CFU per milliliter)
against time at 55°C. This was done for each bacterial cell culture exposed
to both gravity treatments for 6 and 24 h. The linear fit for survivor plots
was determined by linear regression in the Sigma Plot 10.0 software (Sys-
tat Software, Richmond, CA, USA), and the D values were calculated as
the negative reciprocal of the slope for each regression line.

Determination of membrane fatty acid composition. Bacterial pel-
lets (about 50 mg) were collected by centrifugation (13,000 � g, 10 min)
after culture under LSMMG or NG conditions for 24 h. Fatty acid methyl
esters were then extracted as described in MIDI Technical note no. 101,
with a slight modification (15). Fatty acid composition was analyzed using
an Agilent gas chromatograph (model 7890A; Agilent Technologies, Santa
Clara, CA, USA) equipped with a flame-ionizing detector. Fatty acids were

FIG 1 (A) High-aspect-ratio vessel-rotary cell culture system used to generate simulated microgravity conditions in ground-based investigations. (B) Differ-
ential rotation of the vessel perpendicular or parallel to the gravitational vector generates NG (Earth-like) or LSMMG (spaceflight analog) conditions,
respectively.
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separated on a DB-Wax column (25 m length by 0.2 mm inner diameter
[i.d.] by 0.33-�m film thickness; Agilent Technologies). The conditions
for gas chromatography were the following: sample (1.0 �l; split ratio, 20)
was injected at an injector temperature of 250°C; the initial oven temper-
ature was 50°C, held for 1 min; and the oven temperature was subse-
quently increased to 200°C at a rate of 25°C/min for 5 min, and then to
230°C at a rate of 3°C/min for 20 min. The detector temperature was held
at 280°C. Helium was used as the carrier gas. The data were expressed as
percentage of composition, calculated as the molar ratio of each individ-
ual fatty acid to the total fatty acid content. All experiments were con-
ducted in triplicate.

RNA extraction and cDNA synthesis. After cell culture under
LSMMG or NG conditions for 24 h, total RNA was extracted using TRIzol
reagent (Invitrogen, Grand Island, NY, USA), according to the manufac-
turer’s instructions. The total RNA concentration was determined using
an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). The quality of the RNA samples was deemed acceptable if the
A260/280 ratio was 1.9 to 2.1 (36).

RNA was reverse transcribed using high-capacity cDNA reverse tran-
scription kits (Applied Biosystems, Foster City, CA, USA), according to
the manufacturer’s instructions. In brief, 0.5 �g of RNA was reverse tran-
scribed with 10� random primers, 25� dinucleoside triphosphate
(dNTP) mix (100 mM), 10� buffer, 1.0 �l of MultiScribe reverse trans-
criptase, and 1.0 �l of RNase inhibitor (total reaction volume, 20 �l).
cDNA was synthesized in a thermocycler (Thermo Fisher Scientific, Rock-
ford, IL, USA) under the following cycling conditions: 25°C for 10 min,
37°C for 120 min, and 85°C for 5 min, followed by a 4°C hold to stop the
reaction.

Real-time RT-PCR for heat stress-related gene expression. Expres-
sion of the stress-related genes in E. coli O157:H7 under LSMMG and NG
conditions was evaluated by real-time reverse transcription-PCR (RT-
PCR). Each 25-�l reaction mixture contained 2 �l of reverse-transcribed
cDNA, 12.5 �l of Maxima SYBR green/ROX quantitative PCR (qPCR)
master mix (Thermo Scientific, Hampton, NH, USA), a concentration of
0.2 �M of each primer, and 5.5 �l of nuclease-free water. The Maxima
SYBR green/ROX qPCR master mix contained the following components:
Maxima Hot Start Taq DNA polymerase, dNTPs, SYBR green I dye, ROX
passive reference dye, and optimized PCR buffer. The DNA sequences of
the primers used in this study are listed in Table S1 in the supplemental
material (19, 37).

Real-time RT-PCR was performed on a Bio-Rad iQ5 thermal cycler
(Bio-Rad, Hercules, CA, USA), under the following conditions: pretreat-
ment at 50°C for 2 min; initial denaturation at 95°C for 10 min; and 40
cycles of denaturation, annealing, and extension at 95°C for 15 s, 63°C for
1 min, and 72°C for 30 s, respectively. Fluorescence data were collected at
the end of each cycle. A no-template control was included, and no thresh-
old cycle (CT) values were obtained for the negative controls (data not
shown). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was in-
cluded to normalize the input amounts of RNA. Relative gene expression
levels were determined using the comparative critical threshold (2���CT)
method (38), whereby the normalized LSMMG value was divided by the
NG value. All experiments were repeated 10 times.

Statistical analysis. Statistical analysis was performed using SAS soft-
ware version 9.1 (SAS Institute, Inc., Cary, NC, USA). Data were evaluated
using a general linear model for analysis of variance. Tukey’s test was used
to determine the significance of differences in bacterial survival between
E. coli O157:H7 cultures grown under LSMMG conditions and those
grown under NG conditions. Statistical significance was regarded at a P
value of �0.05.

RESULTS
Survival of E. coli O157:H7 under heat stress conditions. Sur-
vival curves for E. coli O157:H7 at 55°C were generated by fitting a
log linear model to the data. All survival models fitted the data well
(R2 � 0.95). In Fig. 2, the y axis represents the log ratio of the

number of viable cells remaining after heat treatment (N) relative
to the initial number of cells (N0), where N0 ranged from 6.8- to
7.4-log CFU/ml.

When E. coli O157:H7 was cultured under LSMMG or NG
conditions for 6 h and then heated to 55°C, there was no signifi-
cant difference between the survival rates of LSMMG and NG
cultures (P � 0.05), except for ATCC 43890. When 6-h cultures of
ATCC 43890 were heated for 30 min, the log reductions were
greater in LSMMG cultures than in NG cultures (5.6 and 3.7 log
CFU/ml, respectively; P � 0.05). LSMMG had a significant impact
on the survival of 24-h cultures of E. coli O157:H7 subjected to
heat stress. Cells cultured under LSMMG conditions showed re-
duced survival compared with cells cultured under NG conditions
at all time points (P � 0.05), except ATCC 43890 during 10- and
30-min heat treatment (P � 0.05). When fitting a log linear
model, survival in the stationary phase (24 h) was higher than that
in the exponential phase (6 h) for all cultures. Thus, in general, the
smallest log reduction was observed in 24-h NG cultures, followed
by 24-h LSMMG cultures and 6-h NG and LSMMG cultures.

Among the four strains tested, E. coli O157:H7 ATCC 35150
was most resistant. When cells cultured under NG conditions for
24 h were heated to 55°C for 30 min, log reductions of 1.5, 3.0, 3.2,
and 2.3 log CFU/ml were observed for ATCC 35150, ATCC 43889,
ATCC 43890, and ATCC 43895, respectively. The log reductions
were greater in LSMMG cultures than in NG cultures (2.6, 3.8, 3.6,
and 3.7 log CFU/ml, respectively).

Differences in D values between LSMMG and NG cultures. D
values at 55°C were obtained from the linear portion of the sur-
vival curves under each gravity treatment and cultivation time
(Table 1). The D values for E. coli O157:H7 cultured under
LSMMG conditions for 24 h were generally lower than those seen
under NG conditions (P � 0.05). The 24-h D values for E. coli
O157:H7 ATCC 35150, ATCC 43889, ATCC 43890, and ATCC
43895 were 21.8, 9.6, 10.1, and 13.5 min under NG conditions,
and 12.3, 7.6, 7.7, and 8.5 min under LSMMG conditions, respec-
tively. The D values for most of the 6-h cultures were not signifi-
cantly different (P � 0.05), with the exception of ATCC 43890
(NG, 7.7 min; LSMMG, 5.5 min; P � 0.05). Among the four
strains tested, ATCC 35150 showed the greatest heat resistance
under all treatments (P � 0.05).

Differences in membrane fatty acid composition in cells cul-
tured under LSMMG and NG conditions. The fatty acid compo-
sition of the E. coli O157:H7 membrane after culture under
LSMMG and NG conditions is shown in Fig. 3. Fourteen of the
tested 37 fatty acids were identified in the bacterial membrane.
The nine predominant fatty acids were lauric acid (C12:0), myr-
istic acid (C14:0), pentadecylic acid (C15:0), palmitic acid (C16:0),
palmitoleic acid (C16:1	7c), margaric acid (C17:0), linoleic acid
(C18:2	6c), linolelaidic acid (C18:2	6t), and 
-linolenic acid
(C18:3	3c). The other five (present at levels �1.0%) were capric
acid (C10:0), tridecylic acid (C13:0), stearic acid (C18:0), oleic
acid (C18:1	9c), and elaidic acid (C18:1	9t).

In all E. coli O157:H7 strains tested, the membranes of cells
cultured under LSMMG conditions contained mostly C16:0 (45.4
to 51.2%), followed by C16:1	7c (13.6 to 23.7%) and C14:0 (8.6 to
10.4%). The membrane fatty acid content of cells cultured under
NG conditions showed no particular trend, although C16:0 was
predominant (40.0 to 48.0%). Among the fatty acids identified,
the amounts of C15:0, C16:0, C16:1	7c, C17:0, and C18:3	3c were sig-
nificantly different under LSMMG conditions (P � 0.05). Overall,
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growth under LSMMG conditions resulted in less C15:0, C17:0, and
C18:3	3c but more C16:0 and C16:1	7c. The largest difference was
observed in membranes of E. coli O157:H7 ATCC 43889, which
contained 5.4% more C16:0 and 13% more C16:1	7c under
LSMMG conditions than under NG conditions.

Changes in membrane fluidity under LSMMG conditions.Total

membrane fatty acid composition, including minor fatty acids,
SFA, USFA, and the USFA/SFA ratio (which is indicative of mem-
brane fluidity), is shown in Table 2. Overall, the total amount of
each fatty acid under LSMMG conditions was significantly higher
than under NG conditions (P � 0.05). The USFA/SFA ratio in-
creased when bacterial cells were cultured under LSMMG condi-

FIG 2 Heat resistance at 55°C of E. coli O157:H7 ATCC 35150 (A), ATCC 43889 (B), ATCC 43890 (C), and ATCC 43895 (D) cultured under LSMMG and NG
conditions for 6 and 24 h. Log (N/N0) values represent the mean � standard error (SE) (n � 6). The lines denote predictions from linear regression (R2 � 0.95).
a and b, means of 24-h NG and LSMMG culture within each time point are significantly different when letters are different (P � 0.05). x and y, means of 6-h NG
and LSMMG culture within each time point are significantly different when letters are different (P � 0.05).

TABLE 1 D values (minutes at 55°C) for E. coli O157:H7 strains cultured under LSMMG and NG conditions for 6 and 24 h

Strain

D values (mean � SE) (min)a

6-h culture 24-h culture

LSMMG NG LSMMG NG

ATCC 35150 10.7 � 0.5 A 10. 8 � 0.9 A 12.3 � 1.2 A C 21.8 � 3.1 A D
ATCC 43889 6.9 � 1.0 B 7.8 � 0.8 B 7.6 � 0.3 B C 9.6 � 0.8 B D
ATCC 43890 5.5 � 0.4 B C 7.7 � 0.4 B D 7.7 � 0.8 B 10.1 � 0.7 B
ATCC 43895 6.7 � 0.3 B 7.5 � 0.3 B 8.5 � 0.7 B C 13.5 � 1.7 B D
a D values were calculated by linear regression (n � 6 replicates). Values denoted by different letters of A and B are significantly different (cells cultured for the same time under
each condition) (P � 0.05). Values denoted by different letters of C and D are significantly different (cells cultured under the same gravity conditions) (P � 0.05).
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tions, reaching maximum values of 0.46 for E. coli O157:H7 ATCC
43890, 0.45 for ATCC 43889, 0.39 for ATCC 43895, and 0.35 for
ATCC 35150. Lower USFA/SFA ratios were observed in NG cul-
tures (approximately 0.3); the lowest ratio was observed in ATCC
35150.

Relative expression of heat stress-related genes during
growth under LSMMG conditions. E. coli O157:H7 ATCC 35150,
ATCC 43889, ATCC 43890, and ATCC 43895 were examined for
variation in gene expression using real-time RT-PCR. The relative
LSMMG/NG expression levels of the heat stress-related genes,
clpB, dnaK, grpE, groES, htpG, htpX, ibpB, and rpoH, are shown in
Fig. 4. Values below �1 indicate decreased gene expression
(downregulation) under LSMMG conditions compared to that
under NG conditions. In all E. coli O157:H7 strains tested, the
expression of all genes was reduced under LSMMG conditions,
from an average �1.9- to �3.7-fold. Downregulation of clpB,
dnaK, htpX, and rpoH in response to LSMMG conditions was
conspicuous, with average fold changes of �2.9, �3.5, �3.2,
and �3.7, respectively. Among the four strains, E. coli O157:H7
ATCC 43889 showed the most marked downregulation of clpB,
dnaK, and htpX, with fold changes of �4.5, �6.5, and �6.9,
respectively (see Table S2 in the supplemental material). In the
case of rpoH, the strongest response to LSMMG conditions was
shown in E. coli O157:H7 ATCC 43890, followed by ATCC
43889 (�4.8- and �4.4-fold, respectively).

DISCUSSION

Bacterial heat resistance is influenced by many factors, including
growth temperature (16, 39), medium composition (40), and pH
(16). Likewise, microgravity conditions can induce changes in
bacterial heat stress responses. The present study shows that the
heat resistance of E. coli O157:H7 decreased when cells were cul-
tured under LSMMG conditions. Heat resistance was greater
when cells were in the stationary phase. For all strains, D values at
55°C decreased in the order 24-h NG, 24-h LSMMG, 6-h NG, and
6-h LSMMG. After 24 h, the D values of LSMMG cultures were
1.3- to 1.8-fold lower than those for NG cultures (in terms of log
population size). These data differ from those published by Wil-
son et al. (14), who observed that growth for 10 h under LSMMG
conditions increased the heat resistance of Salmonella enterica se-
rovar Typhimurium 8.6-fold (in terms of percentage survival). On
the other hand, the heat resistance of Streptococcus pneumoniae
strain TIGR4 was diminished after growth under LSMMG condi-
tions (41), indicating that bacterial heat resistance under LSMMG
conditions might be species specific. Nevertheless, we have shown
that low-gravity conditions do affect the heat stress response of E.
coli O157:H7.

Cell membrane fluidity can be roughly measured by mem-
brane polarization; a high polarization value indicates low mem-
brane fluidity. England et al. (42) reported that no differences
were observed in membrane polarization values of Pseudomonas
aeruginosa grown under LSMMG and NG conditions. To investi-
gate the possible mechanisms underlying changes in the heat re-
sistance of E. coli O157:H7, we examined the fatty acid composi-
tion of the membranes of cells grown under LSMMG and NG
conditions using gas chromatography. As mentioned earlier,
membrane fluidity is affected by fatty acid composition. For in-
stance, membranes containing higher levels of SFA are more
densely packed and lack fluidity, whereas membranes containing
higher levels of USFA are looser and more fluid (43). We found
that the membranes of E. coli O157:H7 consisted primarily of one
SFA (C16:0; palmitic acid; average, 48.6% under LSMMG and
44.5% under NG) and one USFA (C16:1	7c; palmitoleic acid; av-
erage, 19.6% under LSMMG and 9.1% under NG). Under
LSMMG conditions, the total amount of USFA increased, while
the total amount of SFA decreased, yielding a higher USFA/SFA
ratio that is indicative of increased membrane fluidity. This
change was mainly due to a marked increase in C16:1	7c and a
decrease in C15:0. For example, we observed a �2-fold increase in
the amount of C16:1	7c in most strains cultured under LSMMG
conditions, with the exception of ATCC 43890 (1.7-fold in-
crease). The levels of C15:0 in LSMMG cultures were 1.9- to 2.7-
fold higher than those in NG cultures.

Changes in membrane fluidity are related to bacterial adapta-
tion to a variety of environmental stresses (43, 44). For example,
changes in growth temperature (45–47) and acidity (48–50) lead
to changes in membrane fatty acid composition. Heat-adapted E.
coli O157:H7 grown at 42°C and 45°C shows a reduced USFA/SFA
ratio, whereas low-temperature bacterial growth increases the

FIG 3 Membrane fatty acid composition of E. coli O157:H7 ATCC 35150 (A), ATCC 43889 (B), ATCC 43890 (C), and ATCC 43895 (D) cultured under LSMMG
and NG conditions for 24 h. The data represent the mean � standard error (SE) (n � 3). Asterisk indicates significant differences between NG and LSMMG (*,
P � 0.05; **, P � 0.01; and ***, P � 0.001). On the x axis, 	 denotes the location of the first double bond of unsaturated fatty acid, c and t denote cis and trans
forms, respectively, and c � t means the sum of the cis and trans fatty acid amounts.

TABLE 2 Total membrane fatty acid composition and USFA/SFA ratio
in E. coli O157:H7 strains cultured under LSMMG and NG conditions
for 24 h

Strain Membrane fatty acid

Content (mean � SE) (%)a

LSMMG NG

ATCC 35150 Total minor fatty acidsb 2.2 � 0.1 A 3.8 � 0.5 B
Total SFA 72.3 � 0.1 A 74.9 � 0.4 B
Total USFA 25.5 � 0.1 A 21.4 � 0.1 B
USFA/SFA 0.35 0.29

ATCC 43889 Total minor fatty acids 3.0 � 0.1 A 4.8 � 0.3 B
Total SFA 66.9 � 0.1 A 72.4 � 0.3 B
Total USFA 30.1 � 0.2 A 22.8 � 0.0 B
USFA/SFA 0.45 0.31

ATCC 43890 Total minor fatty acids 1.8 � 0.0 A 3.1 � 0.2 B
Total SFA 67.4 � 0.3 A 72.1 � 0.6 B
Total USFA 30.9 � 0.3 A 24.8 � 0.8 B
USFA/SFA 0.46 0.34

ATCC 43895 Total minor fatty acids 1.7 � 0.2 A 2.8 � 0.1 B
Total SFA 70.6 � 0.3 A 73.6 � 0.6 B
Total USFA 27.7 � 0.5 A 23.6 � 0.6 B
USFA/SFA 0.39 0.32

a n � 3 per group. Values with different of each strain are significantly different (P �
0.05).
b Minor fatty acids were capric (C10:0), tridecylic (C13:0), stearic (C18:0), oleic (C18:1	9c),
and elaidic (C18:1	9t) acid; composition values were all �1.0%.
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amount of unsaturated fatty acids in the membrane (51). Also,
acid adaptation by E. coli O157:H7 is accompanied by an increase
in the amount of SFA and a decrease in the amount of USFA,
resulting in reduced membrane fluidity (50). Here, we found that
exposure to LSMMG conditions induced changes in heat resis-
tance and membrane fatty acid composition similar to those ob-
served after low-temperature growth (reduced heat resistance and
increased membrane fluidity).

Membrane fatty acid composition and heat resistance are
clearly related. Indeed, D values are higher for cells with a low
USFA/SFA ratio, which results in low membrane fluidity in gen-
eral (52). Here, the USFA/SFA ratio of bacterial cells varied ac-
cording to strain and microgravity conditions, which in turn af-
fected heat resistance. We found that the USFA/SFA ratio in E. coli
O157:H7 under LSMMG conditions increased 1.2- to 1.5-fold,
indicating greater membrane fluidity. The USFA/SFA ratios in-
creased in the following order: ATCC 35150 (0.35), ATCC 43895
(0.39), ATCC 43889 (0.45), and ATCC 43890 (0.46). Membrane
rigidity (the converse of membrane fluidity) decreased in the fol-
lowing order: ATCC 35150, ATCC 43895, and ATCC 43890 and
ATCC 43889. The same trend was observed for heat resistance in
LSMMG cultures: D values decreased in the order ATCC 35150
(12.3 min), ATCC 43895 (8.5 min), ATCC 43890 (7.7 min), and
ATCC 43889 (7.6 min). Therefore, changes in membrane fatty
acid composition at least partly explain the decreased heat resis-
tance of E. coli O157:H7 cultured under LSMMG conditions.

To understand the genetic mechanisms of the heat stress re-
sponse under LSMMG conditions, we examined the relative ex-
pression levels (LSMMG/NG) of the genes encoding HSPs (clpB,
dnaK, grpE, groES, htpG, htpX, and ibpB) and the global transcrip-
tion regulator �H (rpoH). The major heat shock protein, DnaK,
assists in the refolding of misfolded proteins (53) and, in combi-
nation with ClpB, plays a role in nondestructive protein disaggre-
gation (54). HtpX also plays a major role in the proteolytic quality
control of membrane proteins (55). After cultivation under
LSMMG conditions, the expression of clpB, dnaK, and htpX was

largely downregulated compared to that of other HSP genes (av-
erage, �2.9-, �3.5-, and �3.2-fold, respectively; Fig. 4). In con-
trast, Chopra et al. (34) reported upregulation of dnaK in S. Ty-
phimurium under LSMMG conditions. Otherwise, Vukanti et al.
(32) reported downregulation of genes in the unfolded protein
response of E. coli under LSMMG conditions, including htpG,
ibpB, dnaK, clpB, Lon, dnaJ, and ibpA (�2.0- to �6.5-fold). This is
in accordance with our result, which might explain the decreased
heat resistance of E. coli O157:H7 under LSMMG conditions. The
other HSP genes (grpE, groES, htpG, htpX, and ibpB) were also
downregulated (average, �1.9- to �2.1-fold) under LSMMG
conditions, which is also consistent with the heat stress response of
the LSMMG culture.

The global transcription regulator �H directs the transcription
of genes encoding heat shock chaperones and consequently makes
bacteria more resistant to heat (22). Here, the transcription of
rpoH decreased under LSMMG conditions (�2.5- to �4.8-fold;
average, �3.7-fold). Similarly, the expression of rpoH is reduced
when cells are cultured at low temperatures (15). The downregu-
lation of rpoH may thus be a possible explanation for the down-
regulation of HSP genes and the reduced heat resistance of cells
cultured under LSMMG conditions.

Overall, the heat resistance of LSMMG cultures was lower than
that of NG cultures due to the complex effects of increases in
membrane fluidity and downregulation of relevant heat stress
genes (clpB, dnaK, grpE, groES, htpG, htpX, ibpB, and rpoH). The
present study is the first to report altered heat stress responses in E.
coli O157:H7 cultures under LSMMG conditions and to elucidate
the most likely underlying mechanisms. Since changes in mem-
brane fatty acid composition probably affect antibiotic resistance
(56) and protein secretion through the bacterial membrane (57),
further studies should examine whether the observed changes in
membrane composition affect E. coli O157:H7 antibiotic resis-
tance and verotoxin secretion. Testing an isogenic mutant of
downregulated heat stress-related genes in E. coli O157:H7 also
might provide insight into the function of genes under LSMMG
conditions.
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