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Enterohemeorrhagic Escherichia coli is a leading cause of
foodborne illness, with the majority of cases linked to
foods of bovine origin. Currently, no completely effective
method for controlling this pathogen during carcass proc-
essing exists. Understanding how this pathogen behaves
under those stress conditions experienced on the carcass
during chilling in cold air could offer opportunities for
development or improvement of effective decontamina-
tion processes. Therefore, we studied the growth kinetics
and physiological response of exponential phase E. coli
O157:H7 Sakai cultures upon an abrupt downshift in tem-
perature and water activity (from 35 °C aw 0.993 to 14 °C
aw 0.967). A parallel Biolog study was conducted to follow
the phenotypic responses to 190 carbon sources. Expo-
sure of E. coli to combined cold and water activity
stresses resulted in a complex pattern of population
changes. This pattern could be divided into two main
phases, including adaptation and regrowth phases, based
on growth kinetics and clustering analyses. The transcrip-
tomic and proteomic studies revealed that E. coli exhib-
ited a “window” of cell susceptibility (i.e. weaknesses)
during adaptation phase. This included apparent DNA
damage, the downregulation of molecular chaperones
and proteins associated with responses to oxidative
damage. However, E. coli also displayed a transient in-
duction in the RpoE-controlled envelope stress response
and activation of the master stress regulator RpoS and
the Rcs phosphorelay system involved in colanic acid
biosynthesis. Increased expression was observed for sev-
eral genes and/or proteins involved in DNA repair, protein

and peptide degradation, amino acid biosynthesis, and
carbohydrate catabolism and energy generation. Further-
more, the Biolog study revealed reduced carbon source
utilization during adaptation phase, indicating the disrup-
tion of energy-generating processes. This study provides
insight into the physiological response of E. coli during
exposure to combined cold and water activity stress,
which could be exploited to enhance the microbiological
safety of carcasses and related foods. Molecular & Cel-
lular Proteomics 15: 10.1074/mcp.M116.063065, 3331–
3347, 2016.

Escherichia coli O157 strains are prominent among patho-
genic E. coli strains, referred to with various designations
including enterohemorrhagic, verocytotoxin-producing, or
Shiga-toxin-producing organisms and have become a signif-
icant cause of food-borne illness worldwide (for review see
(1)). This pathogen causes human illness that ranges in sever-
ity from mild diarrhea to hemorrhagic colitis and the poten-
tially life-threatening Hemolytic Uremic Syndrome (HUS). Al-
though many food and dairy products have acted as vectors,
the majority of reported cases appear to be attributed to the
consumption of foods of bovine origin; with ground beef the
most frequently identified vehicle (2). Cattle comprise a main
reservoir of O157 and this organism can be found in their
feces, rumen, hide, and derived carcasses (3–5). Foodborne
disease and product recalls because of this organism con-
tinue to occur even though control measures have been under
investigation for over 20 years (6). Because of the global
nature of the red meat food supply chain, safety concerns
with beef will continue and the challenges facing the beef
industry will increase at the production and processing levels
(7). Although intervention strategies are possible at many
points along the production chain (6), an understanding of
how E. coli O157 strains survive and proliferate on meat car-
casses would permit the development of effective strategies
to control growth or inactivate this pathogen.

On the meat carcass surface, several factors strongly influ-
ence the potential for, and rate of, growth of bacteria (8). In
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Australia, carcasses are traditionally chilled by circulation of
cold air, which introduces another constraint aside from chill
temperature stress, i.e. reduced water activity, because of
surface drying of the carcass (8–10). These stressful environ-
mental conditions have a significant impact on the growth and
survival of microorganisms, including E. coli (11–14). Bacon et
al. (15) reported that conventional chilling resulted in a reduc-
tion in E. coli of up to 2 log units over 24 to 36 h. Similarly, but
of a smaller magnitude, air chilling was reported to cause a
0.3 to 0.7 log unit reduction in microbial populations on car-
casses (16). Greig et al. (17) also analyzed the available liter-
ature on carcass chilling, and concluded that chilling alone
can cause inactivation of E. coli. However, it has been dem-
onstrated that such reductions following the chilling condi-
tions were only transient, and were because of cell injury
rather than cell death (14). This provides a “window” of op-
portunities in which novel “intervention” strategies could be
applied to completely eliminate E. coli on carcasses during
chilling. Therefore, a detailed understanding of the physiolog-
ical responses of E. col to the temperature and water activity
changes as occurs during air chilling is important in order to
optimize the chilling process as an effective decontamination
process during carcass processing.

Previously we undertook a baseline study employing both
cDNA microarray and 2D-LC/MS/MS analyses to elucidate
the transcriptional and proteomic responses of exponential
phase E. coli O157:H7 strain Sakai grown under steady-state
conditions, relevant to low temperature and water activity
conditions experienced during carcass chilling (18). This study
was extended to investigate the growth kinetics of this patho-
gen subjected to an abrupt downshift in water activity (aw

0.993 to either aw 0.980, 0.975, 0.970, 0.967, or 0.960) (19)
and temperature (35 °C to either 20 °C, 17 °C, 14 °C or 10 °C)
(20), as well as to examine the time-dependent alterations in
its transcriptome and proteome during adaptation upon an
abrupt downshift in aw (from 0.993 to aw 0.967 (19)) and
temperature (from 35 °C to 14 °C (20)). In combination these
studies revealed that E. coli O157:H7 appeared to lose, and
then recover, culturability because of the effects of an abrupt
downshift in aw; but not in temperature. Universal and distinct
transcriptomic and proteomic responses to temperature and
aw downshift included an initial transient induction in the
RpoE-dependent extracytoplasmic stress response and
sustained expression of the RpoS-dependent general stress
response pathway, as well as activation of the Rcs phospho-
relay system involved in the biosynthesis of the exopolysac-
charide colanic acid and downregulation of genes and pro-
teins involved in chemotaxis and motility. These studies not
only revealed the upregulation of genes and proteins that are
part of an established adaptive response specific to cold
temperature or hyperosmotic stress, but also revealed the
unique upregulation of a number of genes and proteins not
previously reported to be associated with survival and adap-
tation at low temperature and low osmolarity.

To gain a complete insight into the physiological response
of exponentially growing E. coli O157:H7 Sakai to dynamic
changes in conditions relevant to low temperature and water
activity stress as occurs during carcass chilling, the present
study was undertaken to investigate the growth kinetics and
time-dependent changes in the transcriptome and proteome
of exponential phase E. coli O157:H7 Sakai subjected to a
sudden downshift in temperature and aw from 35 °C aw 0.993
to 14 °C aw 0.967. The genome-wide expression response of
E. coli was analyzed by both cDNA microarray (transcriptome
response) and 2D-LC/MS/MS analysis (proteome response)
as previously described (18–20), to characterize the potential
mechanisms enabling this pathogen to adapt and/or survive
under combined stresses.

EXPERIMENTAL PROCEDURES

Bacterial Strain and Preparation of inocula—The strain of E. coli
O157:H7 Sakai (19, 20) used in this study was provided by Carlton
Gyles (Guelph, Canada). A stock culture was maintained at �80 °C
and was cultivated by plating onto brain-heart infusion (BHI) agar
(Thermo Scientific, Waltham, MA, CM225) and incubating at 37 °C for
24 h. An isolated colony was inoculated into 25 ml of BHI broth and
incubated at 37 °C for 20 h. The resulting broth culture was kept at
4 °C and used as a “working” culture within a week.

Preparation of Low aw Broth—BHI broth containing a very high
concentration of NaCl (aw 0.760 � 0.003) was prepared as described
previously (18). The aw of the NaCl-modified BHI broth was confirmed
with an Aqualab CX-2 dew point instrument (Decagon Devices, Inc.,
Pullman, WA).

Abrupt Downshift in Both Temperature and Water Activity—An
appropriate volume of the working culture was diluted 1:104 into 25 ml
of pre-warmed (35 °C) BHI broth. This “primary” culture was incu-
bated at 35 °C with agitation (80 oscillations�min�1; Ratek Instru-
ments, Boronia, Australia) and its growth was monitored turbidimet-
rically at 600 nm with a Spectronic 20 spectrophotometer (Bausch
and Lomb, Rochester, NY). After achieving an OD600 of 0.1 � 0.01 (i.e.
the mid-exponential phase of growth, �107 CFU.ml�1), a “secondary”
culture was prepared by dilution of the primary culture by 1:102 into
25 ml of prewarmed (35 °C) BHI broth. The secondary culture was
incubated at 35 °C with agitation until it reached the mid-exponential
growth phase (OD600 of 0.1 � 0.01). The culture was then subjected
to a sudden downshift in both temperature and water activity, by
adding an appropriate volume of NaCl-concentrated BHI to yield a
final aw of 0.967 and by placing the culture at 14 °C in a shaking water
bath.

Microbiological Analysis—Growth of E. coli was determined peri-
odically by the viable count method, as described previously (18). The
growth experiment was performed in quadruplicate. Construction of
the growth curve and analysis of its kinetic parameters (i.e. generation
time, GT1; lag time, LT; and adaptation time, AT) was undertaken
according to Kocharunchitt et al. (2). Adaptation time (AT), i.e. the time
taken for bacterial cells to resume exponential growth after the shift,
was determined as cell death would mask the time when the lag
period is actually resolved and would result in overestimation of the
lag time (LT). Relative lag time (RLT) was calculated by dividing LT or
AT with GT, to estimate the amount of work to be done by E. coli to
adjust to the new conditions (21, 22). Where appropriate, statistical

1 The abbreviations used are: GT, generation time; LT, lag time; AT,
adaptation time; RLT, relative lag time; RMA, robust multiarray anal-
ysis; NSAF, normalized spectral abundance factor.
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analysis was applied to assess differences in kinetic parameters using
the Student’s t test, at a confidence interval of 95% (p value � 0.05).

Preparation of Samples for Transcriptomic and Proteomic Analy-
sis—For each experiment, E. coli cultures were subjected to an ab-
rupt downshift from 35 °C aw 0.993 to 14 °C aw 0.967 as described
above to prepare samples for cDNA microarray and 2D-LC/MS/MS
analysis. Nine independent cultures (25 ml) were harvested either
before an abrupt downshift in both temperature and aw (i.e. control),
or at 0 (i.e. immediately after the shift), 60, 250, 1605, 4070, 5700,
9900 or 18,565 min after the shift. All samples were subjected to the
extraction protocol for RNA, and both soluble and membrane pro-
teins, according to the methodology previously described (18). Table
I describes the number of biological replicates performed for each
time point in the transcriptomic and proteomic analysis.

In the present study, the procedures of King et al. (3) and Kochar-
unchitt et al. (2) were carried out for cDNA microarray and 2D-LC/
MS/MS analyses.

Microarray Data Analysis—Gene expression was analyzed using
GeneSpring GX 10.0 software (Agilent Technologies, Palo Alto, CA).
Array data was normalized using the Robust Multiarray Analysis
(RMA) algorithm (23). Probesets with an intensity value in the lowest
20th percentile among all the intensity values were excluded. The
remaining probesets, with intensity values between the 20th and
100th percentile, were used for downstream statistical analysis. Sig-
nificance analysis was conducted using one-way analysis of variance
(ANOVA) using the multiple correction testing method of Benjamini
and Hochberg (24) with a p value cut-off of �0.01.

Analysis of MS/MS Data—MS/MS data obtained from each protein
sample of membrane and soluble fractions were processed by the
Computational Proteomics Analysis System (CPAS), a web-based
system built on the LabKey Server (v9.1, released 02.04.2009) (25).
The experimental mass spectra produced were subjected to a semi-
tryptic search against the combined databases of E. coli O157:H7
Sakai (5318 entries in total) downloaded from the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/,
downloaded 25.11.2008) using X!Tandem v2007.07.01 (26). These
databases included the E. coli O157:H7 Sakai database (5230 entries,
NC_002695.fasta) and two E. coli O157:H7 Sakai plasmid databases,
plasmid pO157 (85 entries, NC_002128.fasta) and plasmid pOSAK1
(three entries, NC_002127.fasta). The parameters for the database
search were as follows: mass tolerance for precursor and fragment
ions: 10 ppm and 0.5 Da, respectively; fixed modification: cysteine

carbamidomethylation (�57 Da); and no variable modifications. The
search results were then analyzed using the PeptideProphet and
ProteinProphet algorithms from the Trans Proteomic Pipeline v3.4.2
(27, 28). All peptide and protein identifications were accepted at
PeptideProphet and ProteinProphet of �0.9, corresponding to a the-
oretical error rate of �2% (29). To assess a false-positive discovery
rate for each data set, the MS/MS spectra were searched against the
target-reversed (decoy) database using the same search criteria as
described above. The false-positive discovery rate of peptide identi-
fications was then estimated by dividing the number of spectra
matching decoy peptides with the total number of spectra, and ap-
peared to be less than 4% for all data sets (supplemental Table S1).

All protein identifications that passed the above criteria were fur-
ther assessed based on the confidence level of protein identifications
across biological replicates at each time point. Their confidence level
was determined as described previously (18). Specifically, proteins
identified by more than one unique peptide in at least one of the
replicates were considered to have a “high” confidence score. The
“intermediate” confidence level was assigned to proteins with a single
peptide hit that was detected in more than one replicate. “Low-
confidence” proteins were considered to be those identified by a
single unique peptide and found in only one replicate. Only protein
identifications with a “high” and “intermediate” confidence level (re-
ferred to as having a “high confidence score”) were accepted for
further analysis (see supplemental Tables S2–S10).

Following data filtering, all protein identifications with high confi-
dence from membrane and soluble fractions of the same sample were
combined to represent a “total” proteome of the corresponding sam-
ple. This combined approach was carried out to improve the reliability
of the proteomic data. The R2 values, as determined by linear regres-
sion analysis indicated a relatively stronger linear correlation between
spectral counts (SpCs, the number of MS/MS spectra) for all possible
pair-wise comparisons of replicates of pooled fractions (average R2 �
0.92 � 0.06) when compared with that of replicates of each fraction
(average R2 � 0.74 � 0.13, and 0.88 � 0.13 for membrane and
soluble fractions, respectively). Each of the total fractions across the
biological replicates was then used to generate the final list of pro-
teins considered to be representative of each time point of sampling.

Protein Abundance Ratio and Its Significance—Spectral count data
generated by 2D-LC/MS/MS analysis were used as a semiquantita-
tive measure of protein abundance (28, 30). The total abundance of
each protein in a sample was obtained by pooling spectral counts

TABLE I
The number of valid protein identifications and significantly differentially expressed genes and proteins after temperature and water activity

downshift of E. coli O157:H7 Sakai from 35 °C aw 0.993 to 14 °C aw 0.967

Time point
(min after the shift)

Number of biological
replicates Number of proteinsb Number of differentially

expressed elementsc

Transcriptome Proteomea Membrane
fraction

Soluble
fraction

Total
fraction

Trancriptome
(total)

Proteome
(total)

Transcriptome
vs. Proteomee

Control 3 6 (6) 300 1116 1162 NAd NA NA
0 3 2 (2) 266 416 507 6 (1) 97 (55) 1 (0)
60 3 2 (2) 258 489 566 79 (1) 83 (53) 3 (0)
250 3 2 (2) 139 291 341 277 (39) 44 (22) 7 (0)
1605 3 2 (2) 191 352 424 435 (346) 60 (41) 12 (7)
4070 3 2 (2) 366 531 581 537 (336) 144 (71) 68 (19)
5700 3 2 (2) 433 818 879 547 (386) 334 (120) 108 (35)
9900 3 2 (2) 366 611 687 528 (424) 223 (112) 96 (38)
18565 3 2 (2) 450 647 748 430 (404) 236 (132) 77 (42)

a Number of replicates performed for soluble (outside brackets) and membrane (within brackets) fractions of E. coli.
b Number of proteins identified in membrane and soluble fractions of the E. coli proteome that have passed the filtering criteria.
c Number of genes or proteins with increased (outside brackets) and decreased (within brackets) expression levels � 1-log2 fold.
d NA; not applicable.
e Number of differentially expressed elements found in both the transcriptomic and proteomic analysis.
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detected for a given protein from membrane and soluble fractions of
the same sample (i.e. the same biological replicate). Normalized spec-
tral abundance factor (NSAF) was then applied to the pooled spectral
count of each protein, according to Zybailov et al. (31). Briefly, the
NSAF for a given protein is the pooled spectral count of the protein
divided by its amino acid length (L), and normalized against the
average SpC/L across all proteins in the corresponding data set. The
NSAF values were then averaged across all biological replicates at
each time point of sampling to obtain the representative values of
NSAF.

Fold changes in protein abundance because of changes in envi-
ronmental conditions were calculated as the log2 ratio of the average
NSAF value in the sample over the average NSAF value of the control.
To avoid errors during fold change calculation in cases where a zero
value was obtained, a correction factor of 0.01 was added to each of
the average NSAF values. It should be noted that the addition of the
correction factor to the data did not have any significant impacts on
the data, as indicated by the linear regression analysis of log2 ratios
between the data with and without the correction factor (i.e. having an
average slope of 1.12 � 0.01 with R2 � 0.98). Furthermore, differ-
ences in protein abundance were statistically analyzed using the
beta-binomial test implemented in R (32). All proteins with a p value of
�0.01 and at least 2-fold change were considered to be differentially
abundant.

Transcriptomic and Proteomic Data Mining—Information on genes
and proteins, including gene and protein names, ECs numbers (locus
tag), GI numbers, NCBI Reference Sequence (RefSeq), protein sizes
and molecular masses were obtained from the UniProt knowledge-
base (http://www.uniprot.org/, accessed on 2.2.2011) and the Na-
tional Center for Biotechnology Information (NCBI) database (https://
www.ncbi.nlm.nih.gov/, accessed on 2.2.2011). Preliminary functions
and properties of the proteins were based on the EcoCyc database
collection (http://www.ecocyc.org/, accessed on 15.2.2011) and the
KEGG database (http://www.genome.jp/kegg/pathway.html/, ac-
cessed on 25.2.2011). supplemental Table S11 contains an annotated
list of all genes and proteins displaying a level of differential expres-
sion � 1-log2 fold.

Predefined Set Enrichment Analysis—The T-profiler t test based
method of Boorsma et al. (33) was performed on the log2 expression
ratios, as previously described (19, 20), to determine changes in
overall expression of a predefined set of proteins cold osmotic shock.

BiOLOG MicroPlate Assays—A study was conducted in parallel to
the combined transcriptomic and proteomic study, to ascertain which
substrates and products were utilized and produced by E. coli under
the test conditions. Cultures were grown in duplicate and harvested at
the time points previously described. PM1 and PM2 Biolog Pheno-
type Microarray plates were employed to test for carbon source
utilization. Plates were inoculated according to the manufacturer’s
instructions, however the aw of the inocula was adjusted with NaCl to
an aw of 0.967 and the inoculated Biolog plates were incubated at
14 °C. Microarray plates were read on a Wallac Victor 2 at an OD595

every 3 days for 30 days and a final reading was taken at 40 days.
Positive well readings were those in which the OD595 was greater than
twice that of the negative control. A carbon source was deemed as
being utilized only if both biological replicates returned a positive
reading for that carbon source.

Validation of Microarray Data by qRT-PCR—Microarray results
were validated using quantitative real-time reverse transcription-PCR
(qRT-PCR) as described previously (20). The siroheme synthase gene
(cysG/ECs4219) was included for normalization within samples (34).
Forward and reverse PCR primers for eight genes were designed
using Primer3 software (35) and are listed in supplemental Table S12.
One microgram of purified total RNA was reverse transcribed using
the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time

PCR was performed on 10-fold dilutions (from 10�2 to 10�4) of the
template cDNA. qRT-PCR mixes contained a total volume of 20 �l
consisting of 10 �l IQ SYBR green supermix (Bio-Rad), 1.6 �l diluted
cDNA, 0.4 �l each forward and reverse primer (25 �M stock), and 7.6
�l nuclease-free water (Ambion, Austin, TX). All Real-time PCR reac-
tions were performed on the LightCycler 480 (Roche Applied Science,
West Grove, PA) under the cycling conditions of: 95 °C for 3 min, 45
consecutive cycles consisting of 95 °C for 10 s and 60 °C for 30 s,
and 72 °C for 30 s. Melting curve analysis (55 to 95 °C, increment of
0.11 °C/sec) was performed to ensure PCR specificity. The method
described by Pfaffl (36) was employed to determine the expression
fold changes of the target gene in cultures at each time point post-
combined water activity and temperature downshift, compared with
the reference culture.

Accession Numbers—Transcriptomic data was deposited at Array-
Express (http://www.ebi.ac.uk/arrayexpress/) under accession num-
ber E-MTAB-3969. The proteomic data was deposited to the Pro-
teomeXchange Consortium via the PRIDE (37) partner repository
under accession numbers PXD004803. The peptide identification re-
sults can be viewed using MS-Viewer (http://prospector2.ucsf.edu/
prospector/cgi-bin/msform.cgi?form�msviewer) (38), using the search
keys listed in supplemental Table S1.

RESULTS AND DISCUSSION

Growth of E. coli O157:H7 Sakai Upon Cold Osmotic
Shock—Exponentially growing E. coli cultures were exposed
to a sudden downshift in temperature and water activity from
35 °C aw 0.993 to 14 °C aw 0.967. This combined downshift
induced a complex pattern of microbial behavior, resulting in
a growth curve that could be divided into three successive
phases (Fig. 1). In the first phase cell numbers initially declined
and then increased rapidly. In the second phase cell numbers
decreased again and a period of “exponential-like” growth
followed. In the third phase the population number remained
at a similar level to the starting population until “true expo-
nential” growth was established. Kinetic parameters were
determined as described previously (19–22, 39) for each
phase of the growth curve (Table II).

The GT for phase I was significantly shorter (p value �0.05)
than that of phase II and III, whereas there was no significant
difference in the GT between phase II and III (Table II). Both AT
and RLT were significantly different (p value �0.05) between
phases and increased in magnitude with increasing phase
number. Furthermore, the LT was significantly longer (p value
�0.05) than that of the AT for phase III. This observation aligns
with our previous study in which cell injury or death caused by
osmotic stress was thought to mask the time at which the
actual lag period was resolved, leading to an overestimation
of the lag time (19). However, the estimates of RLT for phase
III; as determined by dividing LT or AT with GT, did not show
a statistically significant difference.

The initial decline in cell numbers during phase I suggests a
loss in cell culturability on enumeration media as a result of
injury (Fig. 1). This loss of culturability was followed by a
period of cell recovery at a rate (i.e. GT of phase I) significantly
faster (p value �0.05) than those of phases II and III (Table II).
In support of these results, Mellefont et al. (14) demonstrated
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a transient loss of the ability of E. coli to produce colonies on
enumeration plates when chilling and desiccation profiles
were applied simultaneously. Our previous studies also re-
ported that hyperomostic shock alone (from aw 0.993 to aw

0.967) could result in the injury and recovery phenomenon
(19), however this was not the case for cold shock alone (from
35 °C to 14 °C) (20). Taken together, the results of the current
and previous studies (19, 20) indicate that the apparent loss
and subsequent recovery of culturability upon exposure to
combined cold and osmotic shock, is because of the effects

of an abrupt downshift in aw and not temperature. This is also
consistent with the results of Kocharunchitt et al. (16), indi-
cating that water activity stress has a greater effect on the
physiology of E. coli than cold stress.

There was no significant difference between the GTs ob-
served in phase II and III (Table II), indicating that exponential
growth may have already resumed from phase II onward.
However, the basis of the subsequent period in which bacte-
rial numbers remained constant during phase III (Fig. 1) is still
unclear. Further investigation by culture-independent meth-

FIG. 1. Growth response and sampling scheme for analysis of the cellular response of E. coli O157:H7 Sakai to a sudden downshift
in temperature and water activity from 35 °C aw 0.993 to 14 °C aw 0.967. The time at which a downshift in temperature and aw was applied
is indicated by a dotted line. Block solid arrows indicate the sampling points for cDNA microarray and 2D-LC-MS/MS analysis. Data points
represent means � standard deviations of at least two independent replicates. Panel (A) shows all available data and panel (B) shows all data
on a reduced time scale.
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ods may further our understanding of the growth response of
E. coli to cold osmotic shock. For example, insight would be
provided though the examination of the ultrastructure of the
cells as they appear to undergo rapid division and recover
viability.

Molecular Response of E. coli O157:H7 Sakai to Tempera-
ture and Osmotic Downshift—Time-dependent changes in the
gene expression and protein abundance profiles of E. coli in
response to temperature and aw downshifts were investigated
by microarray and 2D-LC/MS/MS analyses. The proteomic
analysis identified a number of proteins with high confidence
in membrane and soluble fractions of E. coli at each time point
(Table I and supplemental Tables S2–S10). A number of genes
and proteins were observed to be differentially expressed by
E. coli when subjected to environmental changes (Table I).
supplemental Table S11 presents a complete and annotated
list of these genes and proteins with a comparison to previ-
ously published studies.

Comparison of Transcriptome and Proteome—The level of
correlation between transcriptomic and proteomic data was
determined by calculating the percentage of differentially ex-
pressed genes and proteins matched at each time point. The
level of correlation appeared to be low, with an average of
only 8.5% � 7.4% of genes and proteins matched across all
time points. To validate the results of the microarray study,
qRT-PCR was used to determine the expression level of sev-
eral selected candidate genes. The results of the qRT-PCR
experiments confirmed the results of the microarray study
(supplemental Table S13). The apparent low level of correla-
tion between the transcriptomic and proteomic data is con-
sistent with previous studies, supporting the idea that differ-
ent control mechanisms are present at the transcriptomic and
proteomic levels, and that a combination of mRNA and pro-
tein expression patterns are required to fully develop an un-
derstanding of the functional architecture of genomes and
gene networks (18–20, 40).

To further determine the similarity between gene and pro-
tein profiles across different time points, hierarchical cluster-
ing analysis was performed on the T-values obtained in the
present study (i.e. both transcriptomic and proteomic data)
and that of Kocharunchitt et al. (18) on the transcriptomic and
proteomic responses of E. coli during exponential growth at
the same stress conditions (14 °C aw 0.967). It was found that
gene and protein profiles could be grouped into three major
clusters (Fig. 2). The first cluster consists of the gene profiles
within the first 60 min following downshifts in temperature and
aw and the protein profiles within the first 1605 min, whereas
the second cluster is comprised of the gene profiles from 250
min onwards, and the protein profiles from 4070 min onwards
and that of steady-state growth at 14 °C aw 0.967. The last
cluster only contains the gene profile of steady-state growth
at 14 °C aw 0.967. These findings agree well with previous
studies (19, 41), reporting that the transcriptomic data at a
given time point was a reflection of subsequent, rather than
concomitant proteomic data, providing a valid explanation for
the low level of correlation between gene and protein profiles
observed here (see above). It also should be noted that al-
though the gene profile of E. coli during steady-state growth
at 14 °C aw 0.967 did not cluster with any other profiles, the
apparent cluster of the protein profiles from 4070 min on-
wards and that of E. coli grown under the condition of 14 °C
aw 0.967 suggests that that balanced growth typical of growth
at 14 °C aw 0.967 has been established from 4070 min on-
ward. This supports the hypothesis derived from the growth
study, that E. coli might have already resumed growth from
phase II of the growth curve onward. Taken together, it could
be hypothesized that there were only two physiological states
of E. coli during exposure to combined cold and water activity
stresses, despite the complex pattern of their growth behavior
observed (see above). These were growth arrest or adaptation
phase, and regrowth phase. However, the microbial physiol-

TABLE II
Summary on the growth response of exponential phase E. coli O157:H7 Sakai to a sudden downshift in temperature and water activity from

35 °C aw 0.993 to 14 °C aw 0.967, as determined by viable count

Trial Starting number
(CFU.ml�1)a

Phase I Phase II Phase III

RLT

GT
(min)b

AT
(min)c

RLT
(AT/GT)

GT
(min)

AT
(min)

RLT
(AT/GT)

GT
(min)

AT
(min)

LT
(min)d AT/GT LT/GT

1 7.36 13.66 15.86
2 7.30 37 72 1.95 872 2100 2.41 1088 13,740 13,820 12.63 12.70
3 7.53 86 78 0.91 922 2340 2.54 931 14,220 16,957 15.27 18.21
4 7.48 66 84 1.27 1015 2220 2.19 1044 13,800 17,191 13.22 16.47
Mean 7.42 57 75 1.44 963 2220 2.31 1028 14,025 16,154 13.69 15.81
S.D. 0.11 23 8 0.45 80 98 0.19 68 299 1,572 1.13 2.30

a The number of E. coli at which a downshift in temperature and aw was applied.
b Generation time (GT) is determined by linear regression for each phase.
c Adaptation time (AT) is estimated visually for each phase, as the time taken for cells to resume the exponential growth after applying the

shift.
d Lag time (LT) is calculated by linear regression as the time taken to increase above starting numbers.
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FIG. 2. Hierarchical clustering analysis of combined transcriptomic and proteomic data. The heat map represents the T-values
calculated for transcriptomic (T) and proteomic (P) profiles based on JCVI CMR functional categories (row) and is linked by a dendrogram
representing clustering of these profiles obtained from E. coli O157:H7 Sakai during exposure to simultaneous downshifts in temperature and
aw and those during exponential growth at 14 °C aw 0.967 (18) (top). The color code is as follows: red indicates positive T-values; green
indicates negative T-values; and gray indicates not determined.
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ogy of the subsequent period, in which bacterial numbers
were unchanged, is still unclear (i.e. during phase III).

Time-dependent Response—To investigate the expression
pattern of genes and proteins under conditions of combined
cold and osmotic stress, the present study employed the
K-means clustering algorithm together with principal-compo-
nent analysis to analyze genes and proteins with an altered
expression level at one or more time points. Based on
the principal-component analysis, it was evident that the gene
and protein profiles could be respectively explained by three
and five principal components, accounting for �95% of the
variance (data not shown). This means that three major inde-
pendent features were required to categorise the time-de-
pendent expression level of each gene, whereas there were
five major features for proteomic profiles (42). The apparent
differences in the characteristics of gene expression and pro-
tein abundance reflect the complexity of the mechanisms of
adaptation used by E. coli when exposed to combined cold
and water activity stresses. Of particular note is that E. coli
cells appeared to primarily regulate their protein abundance
(possibly through the processes of translation and post-trans-
lational modification) to quickly adapt or respond to such
stresses (as discussed in more detail below). In keeping with
this, previous studies have reported a similar observation for
the transcriptome and proteome of E. coli during exposure to
hyperosmotic shift (19) and Saccharomyces cerevisiae during
alcoholic fermentation (41).

Genes and proteins with similar expression characteristics
were assigned into three (Clusters I–III) and five (Clusters A–E)
different clusters by the K-means clustering analysis, respec-
tively. Fig. 3 describes the average expression of genes and
proteins in each cluster over the course of the experiment.
The complete list of genes and proteins in each cluster is
given in supplemental Table S11. Because of the complexity
of the transcriptomic and proteomic data and their low levels
of correlation, the data from each approach will be described
and discussed separately. However, the biological signifi-
cances, where the common trends were observed, will be
highlighted.

Gene Cluster I—The first gene cluster was characterized by
178 genes that displayed an increase in expression from 250
min after the stresses were imposed (Fig. 3A). This pattern of
expression corresponds well with the period at which E. coli
had recovered from the injury as a result of the stresses. This
suggests that proteins encoded by those genes in this cluster
might help E. coli to adapt and survive under the stress con-
ditions. In keeping with this, cluster I includes the master
stress regulator rpoS (ECs3595) and the extracytoplasmic
stress response regulator rpoE (ECs3439). The T-profiler anal-
ysis of the transcriptomic study also revealed upregulation of
the RpoS regulon from 250 min onwards, and the RpoE
regulon from 60 min onwards (supplemental Table S14). Clus-
ter I contains a number of other stress responsive genes
involved in regulation (osmE/ECs2445, rseC/ECs3436, soxS/

ECs5044, ybaY/ECs0507), the osmotic stress response
(osmB/ECs1856, osmC/ECs2086), cold shock response
(cspG/ECs1145), oxidative stress response (katE/ECs2438),
DNA protection (dps/ECs0890), synthesis of trehalose (ot-
sAB), and control of the intracellular level of trehalose (treF/
ECs4399). This correlates with the T-profiler analysis, which
revealed upregulation of genes from 60 mins onwards, in-
volved in adaptations to atypical conditions (supplemental
Table S14). Within this functional category, the cold shock
protein encoded by cspG/ECs1145 was among the most highly
expressed genes at every time point displaying up to a 6.66-
log2 fold increase in expression (supplemental Table S11).

The T-profiler analysis of the transcriptomic data revealed
the upregulation of the Rcs regulon from 250 min onwards
(Supplemental Table S14) and cluster I includes a number of
genes involved in the biosynthesis of colanic acid (wcaM/
ECs2848, wcaL/ECs2849, wcaK/ECs2850, ECs2851, wcaJ/
ECs2852, wcaI/ECs2855, wcaG/ECs2857, gmd/ECs2858,
wcaF/ECs2859, wcaE/ECs2860, wcaC/ECs2862, wcaB/
ECs2863, wcaA/ECs2864, wzc/ECs2865, and yjbF/ECs5010).

Cluster I also contained a number of genes involved in
energy metabolism, including genes of the TCA cycle (gltA/
ECs0745, acnA/ECs1849, fumC/ECs2317). The T-profiler
analysis of the transcriptomic data also revealed upregulation
of the TCA cycle from 1605 min onwards (supplemental Table
S14). Genes involved in the pentose phosphate pathway,
namely talA/ECs3326 and tktB/ECs3327, were also upregu-
lated in keeping with the fact that their transcription is posi-
tively regulated by RpoS (43).

Over 40% of the genes in cluster I encode hypothetical
proteins (supplemental Table S11), indicating that further
work is required to further characterize the physiological re-
sponse of E. coli to combined osmotic and chill temperature
stress.

Gene Cluster II—The 447 genes in cluster II displayed a
similar expression profile to cluster I, although their magni-
tude of induction was smaller (Fig. 3A). Cluster II also con-
tained genes of the RpoS regulon including those involved
in acid resistance (gadB/ECs2098), cell filamentation (fic/
ECs4212), and encoding hypothetical proteins (ECs0383,
ECs0886, ycaC/ECs0982, ECs1692, ECs2695, ECs2785,
ECs2888, ECs3588, ECs4112, yhfG/ECs4213, ECs4323,
ysgA/ECs4760, ECs5089).

Cluster II contains genes involved in fatty acid and phos-
pholipid metabolism (fadA/ECs4773, fadI/ECs3225). Genes
involved in energy metabolism were upregulated, including
those involved in glycogen degradation (ECs0453), the TCA
cycle (sdhC/ECs0746, sdhD/ECs0747, sucC/ECs0753, ECs4933),
mixed acid fermentation (aldA/ECs2021), glycolysis (ECs2022),
trehalose biosynthesis, and glycogen degradation (glgX/
ECs4276). However, as stated previously, the T-profiler anal-
ysis of the transcriptomic data only revealed positive regula-
tion of genes of the TCA cycle (supplemental Table S14).
Genes involved in central intermediary metabolism were up-
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regulated, including those involved in glycine betaine bio-
synthesis (betB/ECs0358) and glutamate dependent acid
resistance (gadB/ECs2098). Genes involved in histidine bio-
synthesis were upregulated (hisD/ECs2821, hisC/ECs2822,
hisH/ECs2824), as well as genes involved in isoleucine and
valine biosynthesis (ilvB/ECs4612, ilvC/ECs4708).

Cluster II contains a number of genes encoding transport
and binding proteins, including those involved in the uptake
of glycine betaine/proline (proV/ECs3540, proW/ECs3541),
transport proteins for charged solutes such as glutamate
(ECs0692, ECs0693), a putrescine transporter ATP-binding
subunit (ECs0935) and histidine transport system permease
protein (ECs3192).

A number of genes involved in DNA metabolism were up-
regulated, including a DNA damage-inducible gene (dinJ/
ECs0253), a UV-induced DNA repair gene (ECs0733), a nu-
cleotide excision repair endonuclease (ECs2447), the SOS
response to DNA damage (recA/ECs3556), subunits of the
UvrABC nucleotide excision repair complex (uvrA/ECs5040),
and the response regulator of RpoS (ECs1737). Cluster II also
contains clpA/ECs0968, which catalyzes the removal of both
misfolded and properly folded proteins. We also observed
upregulation of the outer membrane lipoprotein involved in
stationary-phase cell survival (nlpD/ECs3596).

As for cluster I, over 40% of the genes within cluster II
encode hypothetical proteins or have no known function (sup-

FIG. 3. Changes in the average expression levels of genes and proteins in each cluster over the course of the experiments, as
determined by K-means clustering analysis. K-means clustering assigned genes and proteins with similar expression characteristics into
three (Clusters I (f), II (�) and III (F)) and five (Clusters A (f), B (Œ), C (E), D (�) and E (F)) different clusters, respectively.

Response of E. coli to Temperature and Water Activity Downshift

Molecular & Cellular Proteomics 15.11 3339

http://www.mcponline.org/cgi/content/full/M116.063065/DC1


plemental Table S11). This reinforces the need for further
characterization of the physiological response of E. coli to
combined osmotic and chill temperature stress.

Gene Cluster III—This cluster consists of 541 genes that
were downregulated from 250 min after exposure to com-
bined cold and osmotic stresses (Fig. 3A). This indicates that
proteins encoded by genes with this expression pattern might
not be required for cells to resume growth and survive under
the stress conditions. A number of genes within cluster III are
involved in chemotaxis and motility (ECs1450, ECs1451, flgC/
ECs1452, ECs1454, ECs1455, ECs1456, ECs1457, flgI/
ECs1458, ECs1459, ECs2588, ECs2589, ECs2601, ECs2661,
fliE/ECs2676, fliF/ECs2677, ECs2678, ECs2679, ECs2680,
ECs2681, ECs2682, ECs2683, ECs2684, ECs2685, ECs2686,
ECs2687, ECs2688, ECs2689, ECs5315). The regulator of
flagellar biosynthesis (flhD/ECs2602) is also present in this
cluster. These results align with the results of the T-profiler
analysis, which revealed a significant decrease in the overall
expression of genes involved in chemotaxis and motility from
250 min of the shift onwards (supplemental Table S14). Con-
sistent with these, Kocharunchitt et al. (18) has suggested that
chemotaxis and motility systems are the most dispensable
functions during steady-state growth under combined cold
and osmotic stress (14 °C aw 0.967). It is also worthwhile
noting that the apparent downregulation of genes involved in
chemotaxis and motility, is in line with the negative regulation
of genes encoding flagella by RpoS (44) and Rcs (45).

Genes involved in energy metabolism were also among
those genes downregulated in cluster III. Significant down-
regulation was observed for genes involved in aerobic respi-
ration (ECs3161, ECs3162, ECs3163, ECs3164, ECs3166,
ECs3168, ECs3169, nuoC/ECs3170, nuoB/ECs3171), oxida-
tive phosphorylation (cydA/ECs0768, ECs0769, ECs3161,
ECs3162, ECs3163, ECs3164, ECs3166, ECs3168, ECs3169,
nuoC/ECs3170, nuoB/ECs3171, ECs3172, atpD/ECs4674,
atpG/ECs4675, atpH/ECs4677, atpF/ECs4678, ECs4679,
ECs4680, and ppa/ECs5204), ATP-proton motive force inter-
conversions (ECs4680, ECs4338, atpG/ECs4675, atpH/
ECs4677, atpF/ECs4678, atpD/ECs4674, ECs2680, ECs4679),
and electron transport (ECs0769, ECs0988, nfnB/ECs0616,
ECs2308, nuoB/ECs3171, ECs3166, cydA/ECs0768, ECs3162,
ECs3168, ECs1031, ycbY/ECs1032, nuoC/ECs3170). These
results correlate with the T-profiler analysis of the transcrip-
tomic data (supplemental Table S14), with significant down-
regulation observed for genes involved in aerobic respiration
(1605 min onward), oxidative phosphorylation (250 min on-
ward), ATP-proton motive force interconversion (250 min on-
ward), and electron transport (250 min onward). This cluster
also contained genes involved in nitrogen metabolism
(ECs1321, ECs1322, ECs1325, ECs1327), sulfur metabolism
(ECs3605, cysI/ECs3618, cysJ/ECs3619), and folate biosyn-
thesis (folA/ECs0051, moaC/ECs0861, moaD/ECs0862,
ECs2521, folB/ECs3941). However, the T-profiler analysis of

the transcriptomic data did not display a significant trend in
the expression of these genes (supplemental Table S14).

Cluster III includes a number of genes that play an essential
role in cell division (minE/ECs1668, minD/ECs1669, ECs3432).
However, this trend was not observed in the T-profiler analy-
sis of the transcriptomic data (supplemental Table S14).
Cluster III also contains genes involved in the salvage of
nucleosides and nucleotides, pyrimidine ribonucleotide bio-
synthesis, and purine ribonucleotide biosynthesis. This pat-
tern of expression was also shown to be significant in the
T-profiler analysis, with the transcriptomic data revealing a
significant downregulation in genes involved in the salvage of
nucleosides and nucleotides from 250 min onwards (supple-
mental Table S14). Cluster III contained a number of genes
involved in DNA repair (sbcD/ECs0448, xthA/ECs2455, mutS/
ECs3589, radA/ECs5347, uvrC/ECs2651) and metabolism
(hepA/ECs0063). The downregulation of hepA/ECs0063 is un-
expected, as HepA is a transcriptional regulator that activates
transcription by stimulating RNA polymerase (RNAP) recy-
cling in case of stress conditions such as supercoiled DNA or
high salt concentrations. In addition, around 5% of the genes
within cluster III are involved in protein synthesis. Cluster III
also contained a number of genes involved in protein folding
and stabilization (ECs0587, ECs2878, ECs3084, ECs3584,
ECs3585, ECs5123) and protein modification and repair
(ECs0970, ECs3582, ECs5345).

Surprisingly, cluster III also contains a number of genes with
established roles in the osmotic stress response, such as
cardiolipin synthetase (ECs1749). Increasing cardiolipin con-
tent is a key player in bacterial adaptation to osmotic stress.
In addition, we observed downregulation of the transcriptional
regulator of the kdp operon involved in potassium transport
(kdpE/ECs0722), a component of the KDP system (ECs0724)
and the osmolarity response regulator (ompR/ECs4247). Al-
though cold and osmotic stress induce a defense response
mechanism against oxidative stress that includes the induc-
tion of elements involved in iron acquisition, this cluster also
included genes involved in iron acquisition (fepA/ECs0623,
fiu/ECs0883).

Protein Cluster A—The first protein cluster represents 94
proteins that exhibited an increase in abundance level at 4070
min after simultaneous cold and osmotic shifts and main-
tained their level of upregulation throughout the stress (Fig.
3B). This abundance pattern corresponds well with the period
at which E. coli had resumed exponential growth after apply-
ing the shifts (i.e. from phase II of the growth curve onward;
see above). This indicates that the proteins in this cluster
might be part of adaptive strategies and responses to mediate
growth and/or survival of E. coli under combined cold and
osmotic stress. It also should be noted that the expression
characteristic of proteins in cluster A was similar to that of
gene cluster I (see above and Fig. 3). This is despite the time
delay between the expression of genes in cluster I; which
displayed an increase in expression 250 min after the stresses
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were imposed, and proteins in cluster A; which displayed an
increase in abundance after 4070 min. The apparent delay in
time of the gene expression and protein abundance changes
reinforces the previous idea that the transcriptomic data at a
given time point was a reflection of subsequent, rather than
concomitant proteomic data (19, 41).

Cluster A is mainly composed of proteins with functions
related to a stress response. These included chaperone pro-
teins (IbpA/ECs4627 and Spy/ECs2449), which have func-
tions in facilitating protein folding, and preventing aggregation
of misfolded proteins; PspA/ECs1881, which is responsible
for maintaining the proton motive force under stress condi-
tions; YncC/ECs2054 that regulates biofilm formation and
mucoidity; YtfE/ECs5187, which is involved in the repair of
damaged iron-sulfur clusters under nitrosative and oxidative
stress conditions; and DkgA/ECs3896 that is involved in the
detoxification of methylglyoxal (a toxic compound produced
during glycolysis, fatty acid metabolism, and protein
metabolism).

One of the major cold shock proteins (CspG/ECs1145),
whose gene is also present in cluster I (see above), exhibited
an increase in abundance during growth under combined cold
and osmotic stress. This cold shock protein is thought to have
overlapping functions with the well-studied cold shock protein
CspA, as an RNA chaperone. Increased production of CspG/
ECs1145 has also been reported to be essential for bacterial
cells to resume growth at low temperature (46, 47). However,
the abundance pattern of CspG/ECs1145 observed here con-
tradicts previous proteomic studies using two-dimensional
difference gel electrophoresis (2D-DIGE), which demon-
strated that CspG is upregulated during acclimation phase
upon cold shock, and subsequently downregulated when
cells have become cold-adapted (46, 48). This was despite
the recent findings that have indicated an upregulation of
cspG/CspG in E. coli cells at which growth was resumed after
a temperature downshift (20). It also should be noted that the
present study found a transient decrease in abundance of
CspA/ECs4441 following simultaneous cold and osmotic
shifts (i.e. Cluster C; see below). These observations, there-
fore, suggest that CspG may play a more important and
specific role than CspA in response to the stress conditions
used in this study. In support of this, Yamanaka (47) reported
that CspG is induced within a narrower range of low temper-
ature than CspA.

E. coli responded to combined cold and osmotic stress by
upregulating the master stress regulator RpoS/ECs3595, and
a group of proteins whose transcription is positively regulated
by RpoS (43, 44, 49), as indicated by their presence in cluster
A. This observation agrees well with gene cluster I (see
above), and is consistent with the T-profiler analysis, revealing
a significant increase in the overall abundance of proteins
involved in the RpoS regulon from 250 min after application of
the combined cold and osmotic stress onward (supplemental
Table S14). More specifically, the majority of these RpoS-de-

pendent proteins are involved in osmotic adaptation (18, 50–
52). These included osmotically inducible proteins (OsmB/
ECs1856, OsmC/ECs2086, OsmE/ECs2445, OsmY/ECs5334);
Dps/ECs0890, which is responsible for the protection of DNA;
OtsA/ECs2604 and OstB/ECs2605, which are involved in the
de novo synthesis of trehalose; TreF/ECs4399, which controls
the intracellular level of trehalose; YhbO/ECs4034, which reg-
ulates RNA/protein interaction, signal transduction, thiamine
biosynthesis and proteases; and a group of proteins with
undefined functions (ElaB/ECs3154, YciE/ECs1829, YciF/
ECs1830, YgaM/ECs3533, and YjbJ/ECs5028). Other pro-
teins of the RpoS regulon in this cluster were also identified,
and appear to be associated with the response to oxidative
damage, such as KatE/ECs2438, SufA/ECs2391, SufC/
ECs2389, and SufS/ECs2387. In keeping with this, Kochar-
unchitt et al. (18) has demonstrated activation of the master
stress regulator RpoS during exponential growth of E. coli
under the same stress condition (14 °C aw 0.967). The present
findings also align with previous studies, reporting that the
general response network established by the RpoS regulon
typically provides cross-protection against diverse stress
conditions (18, 43, 44, 49). Furthermore, it has previously
been demonstrated that prolonged exposure of E. coli cells to
cold stress (14 °C) resulted in downregulation of several ele-
ments involved in the response to oxidative stress (20),
whereas expression of these elements was induced during
growth at hyperosmolarity (aw 0.967) (19). This has led to the
suggestion that the increase in abundance of oxidative stress-
responsive proteins observed here may be because of the
effects of osmotic stress rather than cold stress. However,
Kocharunchitt et al. (18) reported upregulation of several
genes involved in oxidative stress resistance in E. coli cells
grown under the conditions of low temperature (14 °C aw

0.985) and aw stress (25 °C aw 0.967).
Another group of important proteins in cluster A, most of

whose corresponding genes are present in cluster I (see
above), are those involved in the Rcs phosphorelay system
(i.e. WcaC/ECs2862, WcaG/ECs2857, WcaI/ECs2855, WcaK/
ECs2850, WcaL/ECs2849, Wza/ECs2867, and Wzc/ECs2865).
This system is known to regulate the biosynthesis of the
exopolysaccharide colanic acid (53). Consistent with these
observations, Kocharunchitt et al. (18) demonstrated that
E. coli strongly upregulated Rcs-dependent elements and
produced a high level of colanic acid during steady-state
growth under conditions of combined cold and osmotic stress
(14 °C aw 0.967). Colanic acid has been reported to play an
important role in protecting bacterial cells from a variety of
environmental stresses, including both low temperature and
osmotic stress (54–56), and has been shown to be essential
for biofilm formation (57). Despite this, the mechanism of
stress tolerance conferred by colanic acid remains to be
elucidated. Several studies have also suggested that the
properties of colanic acid, i.e. to create a physical barrier with
a strong negative charge on the outer cell surface, might be

Response of E. coli to Temperature and Water Activity Downshift

Molecular & Cellular Proteomics 15.11 3341

http://www.mcponline.org/cgi/content/full/M116.063065/DC1
http://www.mcponline.org/cgi/content/full/M116.063065/DC1


one of the contributing factors that mediate the tolerance of
cells to stressful conditions (55, 56, 58). However, it is worth
noting that Kocharunchitt et al. (18) found that colanic acid
was not required for growth and survival under combined cold
osmotic stress. Further research, therefore, should be con-
ducted to elucidate the physiological function of colanic acid
during exposure of bacterial cells to stress conditions.

Protein Cluster B—Cluster B consists of 90 proteins that
were downregulated during the whole period of exposure to
combined cold and osmotic stress (Fig. 3B). It is suggested
that proteins with this abundance pattern may not be required
for cells to resume growth and survive under these stress
conditions. In addition, a decrease in synthesis of these pro-
teins may prevent an inappropriate use of cellular energy.
Cluster B consists of a wide range of proteins with diverse
functions (supplemental Table S11). Notably, this cluster in-
cludes a group of proteins (Rnc/ECs3433 and Rnd/ECs2513),
that are responsible for RNA degradation; TrmA/ECs4896,
TrmB/ECs3836, and TrmJ/ECs3398, which have functions in
tRNA and rRNA base modification; SdaB/ECs3657 that is a
key enzyme in the pathway of serine degradation; and WbdO/
ECs2843 and WbdQ/ECs2837, which are putative enzymes
involved in the biosynthesis of lipopolysaccharide.

Protein Cluster C—Cluster C is composed of 183 proteins
whose abundance was transiently reduced within the first
1605 min of combined cold and osmotic stress (Fig. 3B). The
abundance characteristics of these proteins is consistent with
the period at which growth arrest was observed upon simul-
taneous cold and osmotic shifts (see above). This indicates
that the functions of these proteins may contribute to the
prolonged growth arrest of E. coli after the shifts. Cluster C
also contained a number of proteins involved in defense
mechanisms against oxidative damage, including alkylhy-
droperoxide reductase (AhpC/ECs0644 and AhpF/ECs0645),
Hydroperoxidase I (KatG/ECs4871), and lipid hydroperoxide
peroxidase (Tpx/ECs1903). This finding is consistent with the
study of Mackey and Derrick (59) demonstrating that E. coli
was sensitized to oxidative stress upon cold shock. It has also
been shown that several oxidative stress-responsive ele-
ments were downregulated during growth arrest upon a tem-
perature downshift (from 35 °C to 14 °C) (20), whereas no
obvious trend of response was observed for expression of
these elements following hyperosmotic shock (from aw 0.993
to aw 0.967) (19). This indicates that the apparent downregu-
lation of proteins involved in the oxidative stress response
may be related to the effects of cold shock rather than os-
motic shock.

Exposure of E. coli to sudden downshifts in temperature
and aw resulted in a transient downregulation of several chap-
erones (ClpX/ECs0492, DnaK/ECs0014, GrpE/ECs3476, and
HtpG/ECs0526), as indicated by their presence in cluster C.
All of these chaperones are of the RpoH regulon, which is
responsible for the control of protein misfolding in the cyto-
plasm (60, 61). Accordingly, the T-profiler analysis revealed a

significant decrease in the overall abundance of proteins in-
volved in protein folding and stabilization within the first 250
min of the stress and those proteins involved in the RpoH
regulon at 250 min (Fig. 3B). This was despite the observation
that RpoH/ECs4310 did not exhibit a significant change in
abundance. The apparent downregulation of chaperone pro-
teins during growth arrest indicates that E. coli may lose effi-
ciency in repairing misfolded proteins and in facilitating the
proper folding of newly synthesized proteins following com-
bined cold and osmotic shifts. In keeping with this, Strocchi et
al. (62) report that the growth arrest of E. coli upon cold shock
may be associated with inactivation of the chaperone system.
It has also been shown previously that a sudden downshift in
temperature resulted in downregulation of several elements
involved in protein folding machinery (20, 63). Additionally, it is
worthwhile noting that other chaperone proteins of the RpoH
regulon were observed in this study. Many of these (DnaJ/
ECs0015, GroEL/ECs5124 and HtpX/ECs2539) appeared to
be upregulated within the first 60 min of combined cold and
osmotic stress (i.e. Cluster E; see below).

Protein Cluster D—Among the five clusters of the proteomic
data, cluster D forms the largest group and contains 260
proteins. These proteins have a similar characteristic of abun-
dance to those of cluster A (i.e. increased abundance after
4070 min of combined cold and osmotic shock onward),
although their magnitude of induction was relatively weaker
(Fig. 3B). This, in turn, means that the expression pattern of
proteins in cluster D was similar to that of genes in cluster II
(see above and Fig. 3). Taken together, the proteins in this
cluster might also play an important role in promoting growth
and/or survival under combined cold and osmotic stress.

Similar to protein cluster A, cluster D comprised several
proteins previously known to be induced by RpoS/ECs3595 at
their transcriptional level (43, 44, 49) (supplemental Table
S11). This was despite the fact that these RpoS-dependent
proteins are mainly associated with the response to other
stresses (rather than osmotic stress in cluster A), such as acid
(GadA/ECs4397, GadB/ECs2098, HdhA/ECs2327, and Slp/
ECs4377) and oxidative damage (SodC/ECs2355 and SufB/
ECs2390). A number of other proteins involved in adaptation
to stress conditions are also present in cluster D. These
include a putative catalase (ECs1652); universal stress
proteins (UspA/ECs4367 and UspE/ECs1914); and YieF/
ECs4650 that possesses quinone reductase activity, provid-
ing cellular protection against oxidative stress.

Cluster D also contained several proteins involved in the
DNA repair system, most of whose corresponding genes are
also present in cluster II (see above). These included a com-
ponent of the RecFOR complex (RecR/ECs0525) that func-
tions in RecA-mediated replication recovery; RecA/ECs3556,
which serves as a regulatory protein to induce the SOS re-
sponse to DNA damage; and subunits of the UvrABC nucle-
otide excision repair complex (UvrA/ECs5040 and UvrB/
ECs0857). An increase in abundance of these DNA repair
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enzymes might indicate that DNA damage occurs upon ex-
posure to sudden downshifts in temperature and aw, and that
DNA damage repair is required to establish growth following
the shifts. In line with this, previous studies have reported that
DNA damage resulted from osmotic shock (64, 65) and cold
shock (66). However, previous findings did not provide strong
evidence of induced activity of the DNA repair system in either
cold-adapted cells (20) or osmotically adapted cells (19).

E. coli upregulated a number of proteases during the period
at which growth was re-established after simultaneous cold
and osmotic shifts, as indicated by their presence in cluster D.
These included proteins known to be responsible for the
degradation of proteins (ClpA/ECs0968 and ClpP/ECs0491
and Lon/ECs0493) and peptides (Dcp/ECs2147, PrlC/
ECs4370 and HslU/ECs4858), which are, respectively, impor-
tant for processing irreversibly damaged or denatured pro-
teins and peptides. This increase in the abundance of
proteases may be a response for E. coli to cope with the
increased levels of protein misfolding and aggregation caused
by the downregulation of chaperones (see Section ‘Protein
cluster C’) in order to re-establish growth under combined
cold and osmotic stress. This agrees well with the recent
study on the response of Pseudomonas putida during growth
at low temperature (67). However, our previous study on the
molecular response of E. coli to a temperature downshift did
not reveal this trend in the expression pattern of genes and
proteins in cold-adapted cells (20).

Similar to the trends observed in gene clusters I and II,
cluster D contains several enzymes of the glycolysis/gluco-
neogenesis pathway and the TCA cycle. These include FbaA/
ECs3796, PykA/ECs2564, PfkB/ECs2429, GapA/ECs2488,
SucA/ECs0751, SucB/ECs0752, SucC/ECs0753, SucD/
ECs0754, IcdA/ECs1608, FumC/ECs2317, and SdhA/ECs0748.
The upregulation of several proteins involved in the major
processes of carbohydrate metabolism and energy genera-
tion from 4070 min after applying combined cold and osmotic
shifts onward, may be to compensate for the reduced activity
of these processes under such stress, or may reflect a high
level of energy production together with an increase in the
level of precursors for the biosynthesis of various macromol-
ecules. The latter also agrees well with the period from when
these changes became apparent, suggesting that growth
might have already resumed from phase II of the growth curve
onward (Fig. 1). In support of this, previous studies have also
demonstrated an increase in the metabolic activity of E. coli
during exponential growth under the same stress condition
(14 °C aw 0.967) (18).

Cluster D contains a number of proteins involved in the
biosynthesis of various amino acids. Among these proteins
are those involved in the biosynthesis of isoleucine and valine
(IlvA/ECs4706, IlvB/ECs4612 and IlvD/ECs4705), and histi-
dine (HisA/ECs2825, HisB/ECs2823, HisC/ECs2822, HisD/
ECs2821, HisH/ECs2824, and HisI/ECs2827). This agrees
well with the trend observed in gene cluster II (see above).

Taken together, an increase in the cellular content of these
amino acids may reflect their importance in mediating growth
and/or survival of E. coli under combined cold and osmotic
stress. This is consistent with previous studies, reporting that
an increased level of specific amino acids can aid tolerance to
certain stress conditions (68, 69). In keeping with this, Kochar-
unchitt et al. (18) reported the same response of E. coli during
steady-state growth at 14 °C aw 0.967.

Cluster D also contained components of the min system
(MinD/ECs1669 and MinE/ECs1668) that is responsible for
the correct placement of the division site (the Z-ring septum)
at mid-cell; MreB/ECs4123, which functions in proper chro-
mosome segregation; essential cell division proteins (FtsI/
ECs0098 and FtsI/ECs0088); and ZapA/ECs3781, which
promotes the formation of the Z-ring. The abundance char-
acteristics of these cell division-related proteins indicates that
growth has been established from 4070 min of combined cold
and osmotic treatment onward. This further supports the hy-
pothesis derived from the growth study, that E. coli might
have already resumed growth from phase II of the growth
curve onward, although the physiological basis of the subse-
quent period, in which bacterial numbers were unchanged,
remains to be elucidated (i.e. during phase III; see above).

Protein Cluster E—Cluster E represents 118 proteins whose
abundance was transiently induced within the first 60 min
after simultaneous cold and osmotic shifts (Fig. 3B). The
transient induction of these proteins indicates that their phys-
iological functions are part of the initial response of E. coli to
the shifts (i.e. an “emergency” response). Specifically, many
proteins of this cluster have previously been shown to be
involved in the RpoE regulon that controls protein misfolding
in the cell envelope (60, 61, 70). These included RseC/
ECs3436, which is a positive regulator of RpoE activity; outer-
membrane protein OmpX/ECs0892; PqiB/ECs1035 whose
transcription is induced in response to superoxide generators;
Imp, which has functions in the proper assembly of lipopoly-
saccharides at the surface of the outer membrane; YaeT/
ECs0179 that is responsible for outer membrane protein
biogenesis; and a protein with undefined functions (YjeP/
ECs5138), despite that RpoE/ECs3439 was not detected in
the present study. Similarly, the T-profiler analysis also re-
vealed a significant induction of the RpoE regulon immedi-
ately after the shifts (Fig. 3B). Activation of this regulon prob-
ably serves as a multipurpose emergency response to
attempt to repair protein misfolding at the cell surface.
The apparent response of E. coli to combined cold and os-
motic shifts through a transient induction of the RpoE regulon
is also in keeping with previous studies on the cellular re-
sponse of E. coli to an abrupt downshift in temperature (20,
71) and aw (19, 72).

Upon simultaneous cold and osmotic shifts, E. coli tran-
siently increased abundance of several proteins associated
with the transport system for metallic cation, iron-siderophore
and vitamin B12, as evident by their presence in cluster E. A
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component of the TonB-ExbBD energy transducing system
(ExbB/ECs3890) that provides the energy source required for
the uptake of iron-siderophore complexes and vitamin B12
across the outer membrane was observed. This was accom-
panied by the presence of FhuA/ECs0154, FhuC/ECs0155,
FhuD/ECs0156, and FepA/ECs0623, which are respectively
subunits of the TonB-dependent uptake system for iron (III)
hydroxamate and ferric enterobactin. CirA/ECs3047 and Fiu/
ECs0883 that act as receptors for siderophores and colicin
are also grouped in this cluster. It has previously been re-
ported that the induced activity of iron uptake systems is
strongly linked with an increase in the cellular levels of hydro-
gen peroxide (H2O2) and superoxide (O2

�). The high levels of
these reactive oxygen species (ROS) can induce the oxidative
stress response (68). Therefore, the apparent enhancement of
iron uptake indicates that E. coli may suffer from oxidative
damage under conditions of combined cold and osmotic
stress. This likely explains the upregulation of a number of
oxidative stress-responsive proteins during growth under the
stress conditions (see Sections Cluster A and Cluster D).
Furthermore, a wide range of other transport systems were
found to be members of this cluster. These included those
proteins involved in the uptake of lipoprotein (LolCE/ECs1494
and LolE/ECs1496), methionine (MetIN/ECs0200, and MetN/
ECs0201), and nucleoside (Tsx/ECs0464).

Cluster E also contains a group of proteins involved in
chemotaxis and motility (i.e. FliF/ECs2676, FliF/ECs2677,
FlgC/ECs1452, and FlgI/ECs1458). In keeping with this, it has
previously been demonstrated that osmotic shock alone (from
aw 0.993 to aw 0.967) but not cold shock alone (from 35 °C to
14 °C) immediately induced the expression of chemotaxis and
motility elements (19, 20). This has led to the hypothesis that

upregulation of proteins involved in chemotaxis and motility
may be because of the effects of a sudden downshift in aw

rather than in temperature, and that the presence of NaCl may
stimulate this response. Wecker et al. (2009) also suggests
that E. coli cells adopt this initial response to move away from
the stress condition (73).

Carbon Source Utilization—The results of the parallel Biolog
study aligns with growth resuming from Phase II onwards, as
we observe an increase in the number of carbon sources
utilized (Fig. 4). Under the “optimal” reference conditions of
35 °C and aw 0.993, E. coli utilized 42% (79/190) of the total
number of carbon sources present on the Biolog PM1 and
PM2A plates (Fig. 4). Upon a sudden downshift in temperature
and water activity, the number of carbon sources utilized
plummeted to 0 at 250 min (Fig. 4). Although the number of
carbon sources utilized increased to 18 at 1605 min, a wa-
vering increase was observed in the number of carbon
sources utilized until a final count of 29 at 18565 min. All 29
carbon sources utilized at 18,565 min were also utilized under
“optimal” conditions. The number of carbon sources utilized
dropped to 7 at 4070 min, which aligns with the time at which
the bacterial population underwent a second decrease and
subsequent “exponential-like” phase of growth (Phase 2; Fig.
1). At 9900 min the number of carbon sources utilized
dropped to 12, aligning with the time at which the population
appeared to remain constant at a similar level to the starting
numbers until “true exponential” phase growth was estab-
lished (Phase 3; Fig. 1). However, as previously discussed,
positive T-value results were observed for the TCA cycle and
pentose phosphate pathway across these time points and
there was no downregulation of genes and proteins involved
in carbohydrate transport (supplemental Table S14).

FIG. 4. Number of Biolog PM1 and PM2A plate carbon compounds utilized by E. coli O157 Sakai during a sudden downshift in
temperature and water activity from 35 °C aw 0.993 to 14 °C aw 0.967.
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In a previous report, Biolog GN2 MicroPlates were used to
study the metabolism of 95 substrates by strains with distinct
ratios of the general stress response sigma factor (RpoS) and
the housekeeping-metabolic sigma factor (RpoD) (74). King et
al. (74) demonstrated that strains of E. coli with higher RpoS
levels were more resistant to external stress but metabolized
fewer substrates, whereas strains with lower RpoS levels had
broader nutritional capabilities. Not surprisingly, during a tem-
perature and water activity downshift we observed a steady
increase in the level of expression of rpoS (increases from 60
to 9900 min, slight decrease at 18565 min) and RpoS (in-
creases from 5700 to 18565 min) (Supplemental Table S11).
The Biolog study also revealed that the nutritional versatility of
E. coli was reduced at 250 min (Fig. 4), corresponding to the
time at which significant downregulation in the expression
level of RpoD (log2 expression ratio � �5.78; supplemental
Table S11) was observed. In our previous study, RpoD was
also shown to be downregulated under steady-state condi-
tions of high osmolarity (25 °C aw 0.967 and 14 °C aw 0.967),
which was estimated to be a result of the decreased growth
rate (18). Further work is required to determine the biological
significance of these results and whether downregulation of
RpoD under these conditions enables E. coli to redirect cel-
lular energy toward repair and recovery.

Concluding Remarks—Under conditions of combined low
temperature and water activity stresses, E. coli showed a
complex pattern of growth behavior, including “loss of cultur-
ability and recovery” phases. Analysis of the associated tran-
scriptomic and proteomic data sets pinpoint a number of
factors that may be responsible for, or contribute to, the
complex growth behavior of E. coli when exposed to such
stresses. Specifically, the RpoE regulon was activated during
the initial loss and subsequent recovery of culturability (during
adaptation phase). This implies that RpoE plays a critical role
as an emergency response for cells to repair protein misfold-
ing in the cell envelope, possibly enabling them to survive
under these stress conditions. The downregulation of molec-
ular chaperones and those proteins associated with re-
sponses to oxidative damage during growth arrest, may be
one of the contributing factors to the prolonged growth arrest
of E. coli after the shifts. In addition, the reduction in carbon
source utilization may indicate the disruption of energy-gen-
erating processes, which may further contribute to the growth
arrest of E. coli. Finally, growth under combined cold and
osmotic stress was found to activate the master stress regu-
lator RpoS and the Rcs system-controlled colanic acid bio-
synthesis, as well as to increase expression of several genes
and proteins with diverse functions, including those in-
volved in the DNA repair system, the degradation of proteins
and peptides, amino acid biosynthetic pathways and the
major processes of carbohydrate catabolism and energy
generation (i.e. the glycolysis/gluconeogenesis pathway
and the TCA cycle). This reflects their important functions in
establishing and promoting growth and/or survival under

these stress conditions. The results presented in this study
provide an insight into the opportunities for further studies,
to ascertain which specific responses can be targeted in
controlling or eliminating E. coli during carcass chilling or
during exposure to similar processing and storage
conditions.
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and Dehò, G. (2003) Changes in Escherichia coli transcriptome during
acclimatization at low temperature. Res. Microbiol. 154, 573–580

72. Bianchi, A. A., and Baneyx, F. (1999) Hyperosmotic shock induces the �32

and �E stress regulons of Escherichia coli. Mol. Microbiol. 34, 1029–1038
73. Wecker, P., Klockow, C., Ellrott, A., Quast, C., Langhammer, P., Harder, J.,
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