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Survival of the food-borne pathogen Listeria monocytogenes in acidic environments (e.g., in the human stomach) is vital to its
transmission. Refrigerated, ready-to-eat foods have been sources of listeriosis outbreaks. The purpose of this study was to deter-
mine whether growth at a low temperature (i.e., 7°C) affects L. monocytogenes survival or gene transcription after exposure to a
simulated gastric environment (i.e., acid shock at 37°C). L. monocytogenes cells grown at 7°C were less resistant to artificial gas-
tric fluid (AGF) or acidified brain heart infusion broth (ABHI) than bacteria grown at higher temperatures (i.e., 30°C or 37°C).
For L. monocytogenes grown at 7°C, stationary-phase cells were more resistant to ABHI than log-phase cells, indicating that both
temperature and growth phase affect acid survival. Microarray transcriptomic analysis revealed that the number and functional
categories of genes differentially expressed after acid shock differed according to both growth temperature and growth phase.
The acid response of L. monocytogenes grown to log phase at 37°C involved stress-related transcriptional regulators (i.e., �B, �H,
CtsR, and HrcA), some of which have been implicated in adaptation to the intracellular environment. In contrast, for bacteria
grown at 7°C to stationary phase, acid exposure did not result in differential expression of the stress regulons examined. How-
ever, two large operons encoding bacteriophage-like proteins were induced, suggesting lysogenic prophage induction. The adap-
tive transcriptional response observed in 37°C-grown cells was largely absent in 7°C-grown cells, suggesting that temperatures
commonly encountered during food storage and distribution affect the ability of L. monocytogenes to survive gastric passage and
ultimately cause disease.

Listeria monocytogenes is a food-borne pathogen that has the
potential to cause symptoms ranging from gastroenteritis to

severe neurological disorders and spontaneous abortions. Post-
processing contamination of a food product with L. monocyto-
genes is of particular concern for refrigerated ready-to-eat (RTE)
products that support L. monocytogenes growth, as this organism
can grow even at temperatures below 7°C (64). A 1999 survey (2a)
showed that the average temperature of 27% of food products in
U.S. home refrigerators was above 5°C. In the same study, the
average temperature of RTE deli meats (from deli counters and
prepackaged) in the U.S. was reported as �7°C. Temperatures
during distribution and home storage of refrigerated RTE foods
are thus often higher than 4°C, which is the recommended maxi-
mum refrigeration temperature (60). Therefore, to simulate tem-
perature conditions that can be experienced by L. monocytogenes
in refrigerated RTE foods, we selected an experimental tempera-
ture of 7°C.

Once consumed, L. monocytogenes must survive gastric passage
to reach the intestinal epithelial cell barrier, where it can invade
and subsequently spread systemically. Human stomach pH ranges
from 1 to 3 (55) but can be higher (over 6.0) after food consump-
tion (51). Adaptation of L. monocytogenes to acidic environments
involves mechanisms that maintain intracellular pH homeostasis
by directing H� ions out of the cell (e.g., FoF1 ATPases or cat-
ion/H� antiporters) and by consumption of internal H� through
decarboxylation reactions (e.g., glutamate and lysine decarboxy-
lases), generation of ammonium ions (e.g., amino acid deimi-
nases), and macromolecule repair by heat shock proteins (52). A
number of transcriptional regulators contribute to acid stress re-
sponse in L. monocytogenes (23, 42, 52, 67). The negative tran-
scriptional regulators HrcA (heat regulation at CIRCE) and CtsR

(class three stress gene repressor), which regulate class I and class
III heat shock genes, respectively, have been implicated in acid
stress adaptation in L. monocytogenes and other organisms (23,
42). CtsR-regulated genes in L. monocytogenes (38) include clpP
and clpE, which both show increased transcript levels after acid
shock (42); genes encoding Clp chaperone proteases (e.g., clpC,
clpE, and clpP) help rid the bacterial cell of aggregated proteins
resulting from environmental stress exposure (33). �H is an alter-
native sigma factor that regulates the transcription of genes en-
coding chaperonins, including groEL, clpB, and dnaK in Coryne-
bacterium glutamicum (16). �H also is expressed at higher levels in
L. monocytogenes after acid stress (45), indicating that it may be
involved in acid response in L. monocytogenes and other Gram-
positive bacteria. The alternative sigma factor �B regulates stress
response genes in L. monocytogenes (30) and is specifically in-
volved in stationary-phase acid survival (17, 67), as well as regu-
lation of gadD3 (lmo2434) and at least three other genes that con-
tribute to acid resistance (1). L. monocytogenes �B also plays a
critical role in a number of stress-related regulatory networks,
including transcription of genes encoding other regulatory pro-
teins (e.g., hrcA and prfA) (10, 27, 28, 43). Further, the �B and �H

regulons show considerable overlap (10). Therefore, multiple
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transcriptional regulators appear to be involved in adaptation to
acid stress.

Adaptation of L. monocytogenes to certain environmental con-
ditions appears to affect its subsequent response to acidic stress.
For example, sublethal exposure to ethanol or acid increases acid
resistance of L. monocytogenes (35). In addition, growth rate and
growth phase also affect acid resistance in L. monocytogenes (44,
53). Preliminary data also indicate that adaptation to a low tem-
perature (i.e., 10°C) may reduce L. monocytogenes survival at pH
2.5 compared to growth at 30°C (44). These observations suggest
that environmental conditions experienced prior to human con-
sumption may affect L. monocytogenes ’ ability to survive passage
through the acidic gastric environment. The specific goal of this
study was to compare the responses to low-pH exposure for L.
monocytogenes grown at 7°C and at 37°C. Survival was monitored
over time for L. monocytogenes 10403S grown to log or stationary
phase at 7°C, 30°C, or 37°C and then exposed to pH 3.5 at 37°C
either in artificial gastric fluid or in acidified brain heart infusion
broth (BHI). Full-genome microarrays were used to determine
changes in gene transcription following exposure to acidified BHI
for 5 and 15 min for L. monocytogenes that had been grown to log
or stationary phase at 7°C or 37°C.

MATERIALS AND METHODS
Stains and growth conditions. L. monocytogenes strains 10403S (FSL X1-
001; serotype 1/2a; lineage II), FSL J1-194 (serotype 1/2b; lineage I), and
Mack (FSL F6-367; serotype 1/2a lineage II) were streaked from frozen
stocks (stored at �80°C) onto BHI agar and stored at 4°C for working
stocks. For acid survival and microarray studies, one colony from the
working stock was inoculated into 5 ml BHI and grown at 37°C overnight
(12 to 18 h). The overnight culture was diluted 1:100 in 5 ml BHI and
grown with aeration (i.e., shaking at 220 rpm) at 37°C to an optical density
at 600 nm (OD600) of 0.4. A 1:100 dilution of this culture was made to 50
ml of BHI in a 500-ml side-arm Nephelo flask (Belco, Vineland, NJ), and
this culture was grown at the appropriate temperature with aeration to log
phase, defined as an OD600 of 0.4 for 37°C and 7°C, or to early stationary
phase, defined as an OD600 of 1.0, followed by an additional incubation for
either 3 h (for 30 and 37°C) or 120 h (for 7°C).

Artificial gastric fluid survival. To assess the effect of growth temper-
ature on L. monocytogenes survival in artificial gastric fluid, 10403S and
J1-194 were grown to stationary phase at 7°C, 30°C, or 37°C in BHI. Three
independent biological replicates of the artificial gastric fluid survival as-
say were conducted as described by Garner et al. (21) with slight modifi-
cations. Briefly, a 1-ml aliquot of culture was added to 4 ml of 1.25�
artificial gastric fluid for a final concentration of 1� (8.3 g/liter Proteose
peptone, 3.5 g D-glucose, 2.05 g NaCl, 0.6 g KH2PO4, 0.147 g CaCl2 ·
2H2O, 0.37 g KCl, adjusted to pH 2.5 with HCl) and for a final pH of
approximately 3.5. Though we acknowledge that metabolic compounds
in the 1-ml aliquot of culture could affect response to subsequent acid
stress, we have found that centrifugation induces the activity of alternative
sigma factor SigB, which is involved in activating the acid response in L.
monocytogenes (9). Washing of bacterial cells thus would induce the SigB
regulon, which is why the experiment was designed to not include a wash
step. Acid-exposed cultures were subsequently incubated at 37°C for 0,
0.5, 1, or 2 h with bacterial enumerations at each time point performed by
plating appropriate dilutions on BHI with a spiral plater (Advanced In-
struments, Norwood, MA). Separate analyses of variance (ANOVA) of
bacterial log reduction values with the factors “temperature” and “strain”
were performed for each time point.

Acidified BHI survival. To assess the effect of growth temperature on
the ability of L. monocytogenes to survive exposure to acidified BHI over
time, 10403S was grown to log phase or early stationary phase at 7°C or
37°C in BHI buffered with 100 mM morpholinepropanesulfonic acid

(MOPS) (adjusted to pH 7.2 with NaOH). At the appropriate growth
stage, 5 ml of culture was adjusted to pH 3.5 with 12 N HCl. Acid-exposed
cultures were subsequently incubated at 37°C, and viable bacteria were
enumerated at different time points by spiral plating appropriate dilutions
on BHI. Three independent biological replicates of this experiment were
performed. Data were analyzed using ANOVA of bacterial log reduction
values.

RNA extraction and microarray. The effect of growth temperature on
the L. monocytogenes transcriptional response to acid shock was evaluated
using strain 10403S; this strain was chosen for these microarray experi-
ments because it has the same genetic lineage (II), serotype (1/2a), and
ribotype (DUP-1039C) as EGD-e, for which the array was designed (46),
and because comprehensive regulon data are available for this strain.
Briefly, L. monocytogenes 10403S was grown to log or stationary phase at
7°C or 37°C, and a 5-ml aliquot of each culture was adjusted to a final pH
of 3.5 by the addition of 12 N HCl, followed by incubation at 37°C without
aeration for 5 or 15 min. This time frame was chosen because prior studies
indicated that key events in acid stress response occur within 15 min of
acid treatment (42) and because log-phase cultures showed considerable
loss in viability after 15 min of acid treatment. Samples (4.5 ml) were taken
from untreated, 5-min acid-treated, and 15-min acid-treated cultures.
RNA was stabilized by adding 0.5 ml of a 10% acidified phenol in ethanol
solution to each sample for a final concentration of 1% phenol (5). Bac-
terial cells were then pelleted by centrifugation at 1,800 � g for 10 min,
and RNA extraction was performed using TRI reagent (Applied Biosys-
tems, Foster City, CA) according to the manufacturer’s protocol with
slight modifications. Briefly, cell pellets were resuspended in 5 ml TRI
reagent, combined with 3 cm3 of 0.1-mm zirconium beads and homoge-
nized in a Mini-Beadbeater-8 (BioSpec Products Inc., Bartlesville, OK) for
4 min. After centrifugation at 3,200 � g for 10 min, supernatants were
removed, and 1-bromo-3-chloropropane (0.5 ml) was added to each su-
pernatant. Samples were then allowed to phase separate at room temper-
ature for 10 min, followed by centrifugation at 10,000 � g for 10 min. The
aqueous phase was removed, and nucleic acids were precipitated with
isopropanol. After washes in 70% and 100% ethanol, nucleic acid pellets
were resuspended in nuclease-free water and stored at �80°C. DNase
treatment was subsequently carried out as previously reported (46). Fol-
lowing DNase treatment, RNA was purified using an RNeasy minElute
cleanup kit (Qiagen, Germantown, Maryland), resuspended in nuclease-
free water, and stored at �80°C.

Microarray design, cDNA labeling, competitive hybridization, and
scanning. The microarray used here (Cornell University Food Safety Lab-
oratory Listeria 6K oligonucleotide array, v1.0; Gene Expression Omnibus
accession no. GPL5029) has been described in detail (46). Briefly, the
array consists of 70-mer oligonucleotides representing 2,857 open reading
frames (ORFs) from L. monocytogenes EGD-e; only 45 probes on the array
have an EGD-e/10403S cross-hybridization identity of �90 (46). DNA
labeling, cleanup, hybridization, and slide scanning were performed as
described previously (46), except that in this study, cDNA was synthesized
from 6 �g of total RNA. To determine baseline differences in gene tran-
scription between growth temperatures for L. monocytogenes grown to log
or stationary phase, competitive hybridizations were performed between
total cDNA from non-acid-treated cells grown at 7°C and 37°C. To deter-
mine changes in gene transcription after acid shock, separate competitive
hybridizations were performed between cDNA from untreated cells
(grown at 7°C or 37°C to log or stationary phase) and cDNA from corre-
sponding log- or stationary-phase cells acid treated for either 5 min or 15
min. Four biological replications were completed for the entire experi-
ment. Dye swapping was carried out to account for dye incorporation
bias; for each competitive hybridization experiment, two replicate sam-
ples from a given treatment were labeled with Cy3, and the other two
replicate samples were labeled with Cy5.

Statistical analysis of microarray data. Microarray results were ana-
lyzed as described by Raengpradub et al. (46). Briefly, TIFF images from
array scans were analyzed using GenePix Pro 6.0 software. The LIMMA
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(version 2.16.2) package for R (version 2.8) was used to determine differ-
entially expressed genes. Data were background corrected using “norm-
exp” and normalized using “printtiploess.” To identify genes that were
differentially expressed after acid addition, for each temperature and
growth phase condition, the modelMatrix design for comparing more
than one condition to a reference sample was employed with the un-
treated sample as the reference sample. The duplicateCorrelation function
was used to account for duplicate spots, and a linear model was fitted to
the normalized data using lmfit, followed by empirical Bayes smoothing
using the eBayes function to calculate moderated t statistics and B statis-
tics. P values were adjusted by controlling for false discovery rate using the
Benjamini-Hochberg method (3).

For microarray comparisons to determine differentially expressed
genes between untreated cultures grown at 37°C and 7°C, genes were
considered differentially expressed if the absolute value of the fold change
(FC) between the two temperatures was �2.0 with an adjusted P value of
�0.05. These criteria had been used previously in determining the
growth-phase-dependent L. monocytogenes 4°C regulon (7), though in the
previous study, cultures were grown at 4°C or 37°C without aeration,
whereas in this study, L. monocytogenes cells were cultured at 7°C or 37°C
with aeration. Because we exposed the cultures to acid for relatively short
times (i.e., 5 or 15 min), we used a less conservative definition of differ-
ential expression for the acid shock experiments to increase the sensitivity
for identifying acid-induced changes in gene transcription. Specifically,
for acid shock experiments, genes were considered differentially expressed
if the absolute value of the fold change after acid shock was �1.5 with an
adjusted P value of �0.05.

Gene set enrichment analysis (GSEA). Rather than confirming
changes in gene transcription for a relatively small subset of genes, GSEA
was used to identify differences in the transcript levels of gene sets (i.e.,
sets of genes having the same biological function or sets of genes in the
same regulon) between two conditions (e.g., before and after acid shock).
GSEA (58) was performed as described previously (7). Briefly, a ranked
list of each probe’s M value (log2 of fold change between growth temper-
ature or after acid shock) obtained from the LIMMA analyses was com-
pared to lists of gene names categorized by biological function (based on
The Institute for Genomic Research Comprehensive Microbial Resource
[http://cmr.tigr.org]) or lists of genes that are part of the regulons for
selected transcriptional regulators. Briefly, the regulons for �B (7), PrfA
(7), �H (10), and �L (10) were defined as genes that had been identified as
positively regulated by these proteins in previous microarray studies (7,
10). The regulons for HrcA (27), CtsR (28), and CodY (7) had been de-
fined as genes negatively regulated by these repressors in previous mi-
croarray studies (7, 27, 28). For each growth temperature-growth phase
combination (e.g., cells grown to log phase at 7°C), separate GSEA anal-
yses were performed to analyze changes in transcript levels after 5 or 15
min of acid shock. Gene sets that were significantly (P � 0.05) enriched for
genes with positive changes at a given temperature or after acid shock were
reported as showing positive enrichment, whereas gene sets that were
significantly enriched for genes with negative changes were reported as
showing negative enrichment.

Bacteriophage enumeration. To enumerate plaque-forming sub-
stances in L. monocytogenes supernatants, 5-ml aliquots of 10403S, grown
at 7°C to stationary phase, were exposed, as described above, to acidified
BHI for 15 min at 37°C, neutralized to pH 7.0 to 7.2 with NaOH, and
placed at 7°C or 37°C for 2 or 4 h. Untreated control samples (i.e., no acid
shock) were also incubated at 7°C or 37°C for 2 or 4 h. At these time
points, L. monocytogenes cells were enumerated by plating the appropriate
dilution on BHI, and 0.5 ml of the culture was filtered through a 0.22-�m
syringe filter. For identification and quantification of plaque-forming
substances (e.g., phages and monocins), 10-fold serial dilutions of the
filtrate were prepared, and 100 �l of the appropriate dilution was mixed
with 300 �l of an overnight (12 to 18 h at 37°C) culture of L. monocyto-
genes Mack diluted 1:10 in Luria-Bertani–MOPS (LB-MOPS) broth, fol-
lowed by the addition of 4 ml LB-MOPS agar (10 g/liter tryptone, 5 g/liter

yeast extract, 10.5 g/liter MOPS free acid plus glucose [1 g/liter] and salts
[1.47 g/liter CaCl2, 1.02 g/liter MgCl2]). The entire mixture was poured
over a plate of LB-MOPS�Glu�salts agar (1.5%). Plates were incubated
upright at room temperature (approximately 25°C) for 24 to 48 h. Plaques
were enumerated, and results were recorded as PFU/ml. We chose L.
monocytogenes Mack as the host strain because it is a host for L. monocy-
togenes phage A118 (25), which showed induction in our microarray ex-
periments.

To determine differences in phage titer between incubation tempera-
tures and between acid-treated and non-acid-treated cultures, matched-
pairs analyses, which take into account differences in initial phage titer for
each replicate, were performed for each time after acid shock.

Transmission electron microscopy. High-titer phage stocks were
prepared after two rounds of plaque purification (19). A drop of the 0.2-
�m-filtered phage stock (3.5 � 109 PFU/ml) was placed on a carbon
adhesive tab and allowed to dry for a minute. One drop of staining solu-
tion (2% uranyl acetate; pH 4.2) was transferred onto the carbon film
containing the phage sample. Excess stain was removed with filter paper,
and the grid was allowed to air dry before imaging with an FEI Tecnai 12
microscope (electron microscopy and optical facility at the Cornell Center
for Materials Research, Ithaca, NY).

Microarray accession number. Raw and analyzed microarray data are
available at the NCBI Gene Expression Omnibus (http://www.ncbi.nlm
.nih.gov/geo/) under the accession number GSE22672.

RESULTS
Growth at 7°C increases susceptibility to artificial gastric fluid
compared to growth at 30°C or 37°C. L. monocytogenes 10403S
grown at 7°C showed significantly lower survival after 0.5 and 1 h
of acid exposure than bacteria grown at 30°C or 37°C (P � 0.05;
Tukey’s honestly significant difference [HSD]) (Fig. 1A). After 2 h
exposure, 10430S grown at 7°C showed 4.78-log reduction, com-
pared to 3.61- and 3.12-log reductions for 10403S grown at 30°C
and 37°C, respectively, and at this time point the effect of growth
temperature on survival was statistically significant (P � 0.039;
ANOVA) (Fig. 1A). Strain J1-194 grown at 7°C also showed sig-
nificantly reduced survival after 0.5, 1, and 2 h exposure to artifi-
cial gastric fluid compared to J1-194 grown at 30°C or 37°C (P �
0.05; Tukey HSD) (Fig. 1b). Overall, these results show that L.
monocytogenes cells grown at 7°C are more susceptible to artificial
gastric fluid than bacteria grown at higher temperatures.

L. monocytogenes cells grown at 37°C are more resistant to
acidified BHI than bacteria grown at 7°C. Strain 10403S was cul-
tured to log or stationary phase at 7°C or 37°C in MOPS-buffered
BHI, followed by exposure to pH 3.5 at 37°C (referred to as acid
shock below). The average pHs of 7°C cultures were 7.11 (stan-
dard deviation [SD] � 0.01) and 6.92 (SD � 0.14) for log- and
stationary-phase cells, respectively, and the average pHs for 37°C
cultures were 7.08 (SD � 0.06) and 6.89 (SD � 0.15) for log- and
stationary-phase cells, respectively. An overall ANOVA showed a
significant (P � 0.0059) effect of temperature on survival of bac-
teria grown to log phase. After 15, 60, and 120 min of acid shock,
survival of 10403S grown to log phase at 7°C was significantly
lower than that of 10403S grown to log phase at 37°C (P � 0.05; t
test) (Fig. 2A). These results indicate that cells grown to log phase
at 7°C are more susceptible to acid shock in BHI than cells grown
to log phase at 37°C, though the small difference in final culture
pH between log- and stationary phase could contribute to in-
creased acid resistance of stationary-phase cells. However, the pH
difference between log- and stationary-phase cultures was small,
and for cultures grown at 37°C, the pH values for log- and station-
ary-phase cultures showed overlapping standard deviations.

Ivy et al.

3826 aem.asm.org Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=GSE22672
http://aem.asm.org


For L. monocytogenes 10403S grown to stationary phase and
exposed to acid, the effect of temperature on survival was border-
line significant (P � 0.0511; ANOVA). However, after 60 and 120
min of acid shock, L. monocytogenes 10403S grown at 7°C showed
numerically lower survival than 10403S grown at 37°C (Fig. 2B).
Even though L. monocytogenes cells grown to stationary phase at
7°C showed numerically higher mean survival after 15 min of acid
shock than bacteria grown to log phase at 7°C prior to acid shock
(1.81 log reduction versus 0.13 log reduction, respectively), the
effect of growth phase on survival was not significant (P �
0.2407).

Some acid resistance genes are downregulated at 7°C before
acid shock. Initial analyses identified 355 genes with significantly
higher transcript levels (LIMMA; change � 2.0-fold; adjusted P
value � 0.05) at 7°C compared to 37°C (see Table S1 in the sup-
plemental material for a complete list of these genes). A total of
192 and 146 genes, respectively, showed higher transcript levels
only in the comparison between log-phase cells and only in the
comparison between stationary-phase cells grown at the two tem-
peratures. In addition, there were 17 genes that showed signifi-

cantly higher transcript levels at 7°C in both log- and stationary-
phase cells. A total of 298 genes showed lower transcript levels at
7°C than at 37°C (see Table S2 in the supplemental material for a
complete list of these genes), including 174 and 100 genes that
showed lower transcript levels only in log-phase cells and only in
stationary-phase cells, respectively. groEL, which is part of the
HrcA regulon, is one of the genes that showed lower transcript
levels in stationary-phase cells grown at 7°C; this is relevant, as the
GroEL protein is expressed at higher levels after acid exposure
(45). A total of 24 genes showed lower transcript levels at 7°C in
both log and stationary phase; among these genes are both genes in
the gadT2-gadD2 operon (lmo2362-2363), which encode a gluta-
mate transporter and decarboxylase.

GSEA was used to identify predefined functional categories
and stress regulons that differed in transcript levels between log or
stationary-phase L. monocytogenes grown at 7 and 37°C. For L.
monocytogenes grown to log phase, five role categories showed
positive enrichment at 7°C compared to 37°C (see Table S3 in the
supplemental material), including three categories of transport
and binding proteins and the categories “Viral functions: general”

FIG 1 L. monocytogenes survival after challenge with artificial gastric fluid. L. monocytogenes 10403S (A) and J1-194 (B) were grown to stationary phase at 37°C
(black), 30°C (gray), or 7°C (white) in BHI before being exposed to artificial gastric fluid (pH approximately 3.5) at 37°C for various amounts of time. Log
reduction was calculated as log10 CFU/ml before treatment minus log10 CFU/ml after treatment. Capital letters represent statistical groupings of growth
temperatures within exposure time (ANOVA; post hoc Tukey HSD; P � 0.05). Bars show the averages of three biological replicates; error bars represent standard
deviations.

FIG 2 L. monocytogenes survival in acidified BHI. L. monocytogenes 10403S was grown to log phase (A) or stationary phase (B) at 37°C (gray bars) and 7°C (white
bars) before the cultures were adjusted to pH 3.5 and incubated at 37°C for various amounts of time. Log reduction is log10 CFU/ml before treatment minus log10

CFU/ml after treatment. Time points showing statistically lower log reduction (i.e., higher survival) in 37°C-grown cells are marked with an asterisk. Bars show
the averages of three biological replicates; error bars represent standard deviations.
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and “cellular processes chemotaxis and motility” (see Table S3),
while 8 categories showed negative enrichment. For L. monocyto-
genes grown to stationary phase, only one category (“energy me-
tabolism ATP-proton motive force interconversion”) showed
positive enrichment (i.e., higher transcript levels at 7°C than
37°C). For L. monocytogenes grown to log phase, one regulon (i.e.,
the �H regulon) showed positive enrichment while four regulons
(CodY, HrcA, �B, �L) showed negative enrichment at 7°C com-
pared to 37°C (see Table S3). For L. monocytogenes grown to sta-
tionary phase, GSEA of the different regulons revealed patterns
distinct from those observed for log-phase cells. While the �L

regulon showed negative enrichment (i.e., lower transcript levels
at 7°C) in both log- and stationary-phase cells, the CodY-regulon
showed positive enrichment in stationary-phase cells and the CtsR
and �H regulons showed negative enrichment in stationary-phase
cells.

Chan et al. (7) previously probed differences in gene transcrip-
tion levels between L. monocytogenes grown without aeration at 4
and 37°C. Using the same criteria to define differential transcrip-
tion (i.e., change � 2.0-fold; adjusted P value � 0.05), 209 and 163
genes showed higher transcript levels at 7°C than at 37°C in log
and stationary phases, respectively, whereas Chan et al. (7) found
110 and 237 genes transcribed at higher levels at 4°C than at 37°C
in log and stationary phases, respectively. Like Chan et al. (7), we
found lower transcript levels of PrfA-regulated virulence genes
(i.e., plcA, hlyA, actA, and plcB) at 7°C (see Table S2 in the supple-
mental material), enrichment of CodY-dependent genes at 7°C in
stationary phase (see Table S3 in the supplemental material), and
enrichment of �L-dependent genes at 37°C in stationary phase
(see Table S3). Also consistent with the work of Chan et al. (7), we
observed, for L. monocytogenes cells grown to log phase at 7°C,
higher transcript levels of lmo450, which encodes an RNA heli-
case, bacteriophage genes (e.g., lmo0123), and motility genes (e.g.,

lmo0684) as well as lower transcript levels of groEL, which encodes
a heat shock protein, than in cells grown to log phase at 37°C (see
Tables S1 and S2 in the supplemental material).

The early transcriptional response to acid shock differs be-
tween L. monocytogenes grown at 7 and 37°C. For L. monocyto-
genes grown to log phase at 7 and 37°C, a total of 16 and 64 genes,
respectively, showed higher transcript levels after acid shock (i.e.,
after 5 and/or 15 min of acid shock) (Table 1; also, see Tables S4
and S6 in the supplemental material), including 2 and 10 operons,
respectively. We identified no genes that showed higher transcript
levels after acid shock in L. monocytogenes grown to log phase at 7
and 37°C (Table 1). Also, for bacteria grown to log phase at 7 and
37°C, a total of 13 and 86 genes, respectively, showed lower tran-
script levels after acid shock (Table 1; also, see Tables S4 and S6 in
the supplemental material), including 1 and 11 operons, respec-
tively. Among these genes, nine showed lower transcript levels
after acid shock of L. monocytogenes grown to log phase at 7°C and
at 37°C (Table 1).

For L. monocytogenes grown to stationary phase at 7 and 37°C,
a total of 33 and 13 genes, respectively, showed higher transcript
levels after acid shock (Table 1; also, see Tables S5 and S7 in the
supplemental material), including 5 and 2 operons, respectively.
The two operons that showed higher transcript levels after acid
shock of stationary-phase cells grown at 37°C encode ribosomal
proteins (Table 2), consistent with a previous study that also
found higher transcript levels, after organic acid stress, of genes
encoding ribosomal proteins (57). Only one gene (lmo2293)
showed higher transcript levels after acid shock of cells grown to
stationary phase at 7°C and 37°C (Table 1). Also for bacteria
grown to stationary phase at 7 and 37°C, a total of 13 and 48 genes,
respectively, showed lower transcript levels after acid shock (Table
1; also, see Tables S5 and S7), including 3 operons that showed
lower transcript levels after acid shock of stationary-phase cells

TABLE 1 Genes differentially expressed after acid treatment of Listeria monocytogenes grown under various conditionsa

Growth temp(s) and culture phase(s) prior to
acid treatment

Upregulated genes Downregulated genes

No. Examples No. Examples

7°C log phase only 13 lmo0066, lmo0320, lmo1151 6 lmo0299, lmo0735, lmo1114
7°C stationary phase only 28 lmaA, lmaB, lmaD 6 lmo0049, lmo0728, lmo2445
37°C log phase only 63 clpC, grpE, clpP 68 lmo0680, lmo1406, minD
37°C stationary phase only 13 rplU, lmo2362, rplP 38 lmo0770, murC, ndk
7°C log phase � 7°C stationary phase 3 lmo2290, lmo2291, lmo2292 1 lmo2210
37°C log phase � 37°C stationary phase 0 5 lmo0998, lmo1597, lmmo1965
7°C log phase � 37°C log phase 0 7 lmo952, lmo1749, lmo2408
7°C stationary phase � 37°C stationary phase 1 lmo2293 2 lmo1049, atpI
7°C log phase � 37°C stationary phase 0 0
7°C stationary phase � 37°C log phase 1 lmo0903 1 lmo1926
7°C log phase � 7°C stationary phase � 37°C

log phase
0 1 lmo0883

7°C log phase � 7°C stationary phase � 37°C
stationary phase

0 0

37°C log phase � 37°C stationary phase �
7°C log phase

0 1 lmo1639

37°C log phase � 37°C stationary phase �
7°C stationary phase

0 3 lmo0217, lmo1828, deoD

All conditions tested 0 0

Total 122 139
a Genes showing a change in expression with an absolute value of �1.5-fold and an adjusted P value of �0.05 (LIMMA) after acid treatment for 5 and/or 15 min (acid treatment
was BHI-MOPS adjusted to pH 3.5 with HCl followed by incubation at 37°C).
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TABLE 2 L. monocytogenes 10430S operons differentially transcribed after acid treatment of cells grown at 37°C to log or stationary phasea

Locus tag (gene name) Gene functionb

Fold change after acid treatment of cells inc:

Putative
binding
site(s)d

Log phase Stationary phase

5 min 15 min 5 min 15 min

lmo0113 Similar to protein gp35 from bacteriophage A118 �1.81*
lmo0114 Similar to putative repressor C1 from lactococcal bacteriophage Tuc2009 �1.57*
lmo0136 Similar to oligopeptide ABC transporter, permease protein 2.27** 2.10**
lmo0137 Similar to oligopeptide ABC transporter, permease protein 1.64** 1.54* B
lmo0180 Similar to sugar ABC transporter, permease protein 1.71* 1.80*
lmo0181 Similar to sugar ABC transporter, sugar-binding protein 1.75* 1.87** h
lmo0230 Similar to Bacillus subtilis YacH protein 1.53* 1.56* B, i
lmo0231 Similar to arginine kinase 1.60**
lmo0232 (clpC) Endopeptidase Clp ATP-binding chain C 1.59** 1.67**
lmo0680 Similar to flagellum-associated protein FlhA �1.59** �1.87***
lmo0681 Similar to flagellar biosynthesis protein FlhF �1.54* �1.84**
lmo0683 Similar to chemotactic methyltransferase CheR �2.16** �2.68**
lmo0806 Similar to transcription regulator 2.03* i
lmo0808 Similar to spermidine/putrescine ABC transporter, permease protein 1.87* 2.08*
lmo0809 Similar to spermidine/putrescine ABC transporter, permease protein 1.90** 2.07**
lmo0810 Similar to spermidine/putrescine-binding protein 2.27** 2.25***
lmo0811 Similar to carbonic anhydrase 2.55** 2.78**
lmo0847 Similar to glutamine ABC transporter (binding and transport protein) 2.27** 2.29**
lmo0848 Similar to amino acid ABC transporter, ATP-binding protein 1.82** 1.91**
lmo1041 Similar to molybdate ABC transporter binding protein �1.66*
lmo1046 Molybdenum cofactor biosynthesis protein C �1.58*
lmo1089 (tagD) Highly similar to glycerol-3-phosphate cytidylyltransferase, CDP-

glycerol pyrophosphorylase (teichoic acid biosynthesis protein D)
�1.86*** �2.03***

lmo1090 Similar to glycosyltransferases �1.51** �1.64*** b, h
lmo1406 (pflB) Pyruvate-formate lyase �4.03* �4.30*
lmo1407 (pflC) Pyruvate-formate lyase activating enzyme �2.86* �2.72*
lmo1474 (grpE) Heat shock protein GrpE 1.84** 1.71**
lmo1475 (hrcA) Transcription repressor of class I heat shock gene HrcA 1.83** 1.76** B, I, III
lmo1541 Similar to unknown protein 1.60* 1.57**
lmo1542 (rplU) Ribosomal protein L21 1.51* 1.69***
lmo1556 (hemC) Highly similar to porphobilinogen deaminases (hydroxymethylbilane

synthase)
�1.59* h

lmo1557 (hemA) Highly similar to glutamyl-tRNA reductase �1.72*** �1.87***
lmo1589 (argB) Highly similar to N-acetylglutamate 5-phosphotransferase �4.37* b
lmo1590 (argJ) Highly similar to ornithine acetyltransferase and amino acid

acetyltransferases
�6.76* �4.84*

lmo1591 (argC) Similar to N-acetylglutamate gamma-semialdehyde dehydrogenases �25.44* �11.04*
lmo1833 (pyrD) Highly similar to dihydroorotase dehydrogenase 1.57** h
lmo1835 (pyrAB) Highly similar to carbamoyl-phosphate synthetase (catalytic subunit) 1.83* 1.91**
lmo1929 (ndk) Similar to nucleoside diphosphate kinase �1.73***
lmo1932 Heptaprenyl diphosphate synthase component I �1.51*
lmo2040 (ftsL) Similar to cell division protein FtsL �1.51***
lmo2041 Similar to unknown proteins �1.68***
lmo2114 Similar to ABC transporter (ATP-binding protein) 2.28** 2.25**
lmo2115 Similar to ABC transporter (permease) 2.23** 2.16**
lmo2260 Similar to unknown proteins 1.87* 1.78*
lmo2261 Similar to unknown proteins 1.63*
lmo2293 Protein gp10 (bacteriophage A118) �2.34*
lmo2295 Protein gp8 (bacteriophage A118) �2.88* �2.39*
lmo2296 Similar to coat protein (bacteriophage SPP1) �2.32*
lmo2362 Similar to amino acid antiporter (acid resistance) �2.97** �2.80**
lmo2363 Similar to glutamate decarboxylase �2.59* �2.28*
lmo2408 Similar to repressor protein �1.61*** �1.94***
lmo2409 Unknown �3.28** �4.21*** h
lmo2484 Similar to B. subtilis YvlD protein 2.11* B
lmo2487 Similar to B. subtilis YvlB protein 1.56* 1.74**
lmo2625 (rplP) Ribosomal protein L16 1.69*
lmo2630 (rplW) Ribosomal protein L23 1.50*
lmo2632 (rplC) Ribosomal protein L3 1.50*
lmo2633 (rpsJ) Ribosomal protein S10 1.64*

a Operons with at least two genes showing a fold change with an absolute value of �1.5 after acid treatment and an adjusted P value of �0.05 after acid treatment. Gene names are
from ListiList (http://genolist.pasteur.fr/ListiList), and operon predictions are from ListiList and reference 59. Acid treatment was done at 37°C in BHI adjusted to pH 3.5 with HCl.
b Based on annotation provided by TIGR (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi).
c Adjusted P values are indicated as follows: ***, �0.001; **, �0.01; *, �0.05.
d Putative binding sites for �B (B, b), �H (H, h), �L (L, l), CtsR (III, iii), and HrcA (I, i) are based on the hidden Markov model results reported by Hu et al. (27, 28), Raengpradub
et al. (46), and Chaturongakul et al. (10). Hits were considered significant if they had an E value of �0.02 and were �300 bp upstream of the respective coding sequence. Uppercase
denotes genes for which regulation has been confirmed by experimental studies (i.e., differential transcription in an isogenic deletion mutant versus the wild type).
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grown at 37°C (Table 2). Only five genes showed lower transcript
levels after acid shock of cells grown to stationary phase at 7°C and
cells grown to stationary phase at 37°C (Table 1). These data fur-
ther support the idea that there is very limited overlap between
acid shock responses of L. monocytogenes grown at 7 and 37°C.

Comparisons of genes that showed up- or downregulation af-
ter acid shock of both log- and stationary-phase L. monocytogenes
grown at the same temperature revealed three genes (lmo2290 to
lmo2292) that showed higher transcript levels after acid shock
treatment of both log- and stationary-phase cells grown at 7°C
(Table 1) and two genes (lmo0883 and lmo2210) that showed
lower transcript levels after acid shock treatment of both log- and
stationary-phase cells grown at 7°C (Table 1). While there were no
genes that showed higher transcript levels after acid shock treat-
ment of both log- and stationary-phase cells grown at 37°C, eight
genes showed lower transcript levels after acid shock treatment of
both log- and stationary-phase cells grown at 37°C (Table 1).
Overall, our data found very limited overlap between genes differ-
entially transcribed after acid shock of bacteria grown under dif-
ferent conditions (i.e., growth phase or temperature) (Table 1).

Few previously reported acid stress response genes were in-
duced after acid shock. We found that very few genes that were
previously reported as playing a role in acid stress response were
induced after acid shock. Among a total of 42 previously reported
acid response genes representing four categories of acid stress re-
sponse mechanisms (i.e., decarboxylases, deiminases, macromo-
lecular repair, and ATP synthases) as well as other �B-dependent
acid stress genes [i.e., lmo0796, lmo0913, and lmo2391 (1)] (see
Table S8 in the supplemental material), only three genes (clpE,
clpP, and grpE, all encoding proteins involved in macromolecular
repair) showed induction after acid stress. All three of these genes
were induced after 5 and 15 min of acid shock exposure of log-
phase cells grown at 37°C but were not induced in bacteria grown
under any other conditions (see Table S8 in the supplemental
material).

Functional categories that show differential gene set enrich-
ment after acid shock differ considerably in L. monocytogenes
grown to different growth phases prior to acid shock. GSEA
showed limited overlap between functional gene categories that
showed positive or negative enrichment after acid shock treat-
ment of log- and stationary-phase cells. Among the 18 functional
categories that showed positive or negative enrichment after 5 or
15 min of acid shock treatment of L. monocytogenes grown at ei-
ther 7 or 37°C, only three categories (i.e., “protein synthesis: ribo-
somal proteins: synthesis and modification,” “transport and bind-
ing proteins: carbohydrates, organic alcohols, and acids,” and
“viral functions: general”) showed positive enrichment after acid
shock of both log- and stationary-phase cells (Table 3).

For L. monocytogenes grown to log phase, GSEA revealed eight
and two gene categories that showed positive and negative enrich-
ment, respectively, after acid shock treatment. Among these 10
categories, only one (i.e., “purines, pyrimidines, nucleosides, and
nucleotides: pyrimidine ribonucleotide biosynthesis”) showed
significant (positive) enrichment after acid shock of both L. mono-
cytogenes grown at 7 and 37°C (Table 3). Examples of upregulated
genes involved in pyrimidine ribonucleotide biosynthesis include
pyrD and pyrAB (both encode enzymes involved in pyrimidine
biosynthesis), which showed significantly higher transcript levels
in cells grown to log phase at 37°C and then exposed to acid shock
for 15 min (adjusted P value � 0.01, LIMMA [see Table S4 in the

supplemental material]). The gene category “protein fate: protein
folding and stabilization” (Table 3) showed positive enrichment
after acid shock of log-phase bacteria grown at 37°C; this category
includes the heat shock gene grpE, which showed significant up-
regulation after 15 min of acid shock of cells grown to log phase at
37°C (adjusted P value � 0.01 [see Table S4]). The two gene cat-
egories that showed negative enrichment after acid shock treat-
ment of log-phase bacteria were “energy metabolism fermenta-
tion” and “amino acid biosynthesis: glutamate family” (Table 3).
Examples of genes in the glutamate family category that showed
significantly lower transcript levels after 5 and 15 min of acid
shock are lmo1589 (argB), lmo1590 (argJ), and lmo1591 (argC);
the three enzymes encoded by these genes are involved in conver-
sion of glutamate to n-acetyl-ornithine. Downregulation of these
genes is thus expected to increase the pool of intercellular gluta-
mate, which is the substrate for the glutamate decarboxylase path-
way, which contributes to acid response and resistance in a variety
of organisms (2, 47), including L. monocytogenes (12, 13, 29).

For L. monocytogenes grown to stationary phase prior to acid
shock treatment, GSEA revealed seven and four gene categories
that showed positive and negative enrichment, respectively. Five
categories showed significant (positive) enrichment after acid
shock of both L. monocytogenes grown at 7 and 37°C (Table 3). For
four of these categories, bacteria grown at 7°C showed significant
enrichment after 15 min of acid shock treatment, while bacteria
grown at 37°C showed significant enrichment after 5 min of acid
shock treatment, indicating more rapid induction of acid stress
response in L. monocytogenes grown at 37°C. Bacteria grown to
stationary phase at 7°C showed positive enrichment of the gene
category “viral functions: general” after 5 min and 15 min of acid
shock treatment (Table 3), with bacteria grown at 37°C showing
positive enrichment after 15 min of acid shock. Specifically, two
large groups of bacteriophage genes showed significantly higher
transcript levels after acid shock (see Table S6 in the supplemental
material), including the lmo0115-lmo0129 operon, which in-
cludes lmaA-lmaD (22, 54), and four operons comprised of genes
encoding proteins from a temperate bacteriophage similar to L.
monocytogenes phage A118 (lmo2278-lmo2279, lmo2282 to
lmo2292, lmo2293 to lmo2299, lmo2303 to lmo2326 [see Table S7
in the supplemental material]).

A number of stress regulons show positive enrichment after
acid shock of log-phase L. monocytogenes but not after acid
shock treatment of stationary-phase cells. Regardless of growth
temperature, log-phase cells showed highly significant positive
enrichment for �B-regulated genes after acid shock (Table 3). For
example, the �B-dependent oligopeptide transporter genes
lmo0136 and lmo0137 were both induced (FC � 1.5; adjusted P
value � 0.05, LIMMA) after 5 and 15 min of acid shock of L.
monocytogenes grown to log phase at 37°C (Table 2). Also consis-
tent with our observed enrichment of �B-dependent genes after
acid shock, genes involved in chemotaxis (i.e., cheR) and flagellar
biosynthesis genes (lmo0676, lmo0680, lmo0681, and lmo0683),
which had been shown to be indirectly negatively regulated by �B

(46, 59), were downregulated after acid shock of bacteria grown to
log phase at 37°C (see Table S4 in the supplemental material). L.
monocytogenes grown to log phase at 37°C also showed positive
enrichment of the �H and the CtsR regulons (Table 3). The CtsR-
regulated genes clpC, clpE, lmo1138, and clpP all showed induction
after 5 and 15 min of acid shock treatment of log-phase cells grown
at 37°C (adjusted P � 0.05; FC � 1.5, LIMMA [see Table S4]). On
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the other hand, the regulons for the repressors CodY and HrcA
showed a negative enrichment after 5 and 15 min of acid shock
treatment of L. monocytogenes grown to log phase at 37°C. Inter-
estingly, the HrcA regulon also showed positive enrichment after
15 min of acid shock treatment of bacteria grown to log phase at
7°C (Table 3). Consistent with the negative enrichment for the
HrcA regulon and the positive enrichment of the �B regulon after
acid shock of bacteria grown to log phase at 37°C, hrcA and grpE,
which are in the same operon, showed significantly higher tran-
script levels after 5 and 15 min of acid shock of bacteria grown to
log phase at 37°C (Table 2). As hrcA transcription is upregulated
by �B (10) [even though the hrcA-grpE-dnaK operon is also re-
pressed by HrcA (27)], increased activity of �B after acid shock
treatment may contribute to upregulation of hrcA and hence
downregulation of the HrcA regulon.

Among the regulons included in the GSEA, only �L and PrfA
showed positive enrichment after acid shock treatment of station-
ary-phase L. monocytogenes (Table 3); both regulons showed pos-
itive enrichment after acid shock treatment of bacteria grown at
7°C. The PrfA regulon also showed positive enrichment after acid
shock of bacteria grown to log phase at 7°C. GSEA showed nega-
tive enrichments for the �B and �H regulons after acid shock treat-
ment of L. monocytogenes grown to stationary phase at 37°C (Ta-
ble 3), possibly reflecting that these regulons are already highly
transcribed in stationary-phase cells [consistent with the fact that
�B is induced in stationary phase (31)].

Prophage induction occurs in stationary-phase L. monocyto-
genes grown at 7°C. As our transcriptomic analyses indicated a
possible prophage induction after acid shock of L. monocytogenes
grown to stationary phase at 7°C, we evaluated bacteriophage

TABLE 3 Listeria monocytogenes gene groups showing positive or negative enrichment after acid treatment for 5 or 15 min at 37°C

Gene category and protein or protein group
No. of genes
in group

Enrichment in bacteria grown toa:

Log phase Stationary phase

7°C 37°C 7°C 37°C

5 min 15 min 5 min 15 min 5 min 15 min 5 min 15 min

Regulons
CtsR 18 �*** �***
HrcA 20 �** �** �*
�B 166 �*** �*** �*** �*** �*** �***
�H 95 �*** �*** �*** �***
�L 31 �*
PrfA 9 �* �***
CodY 84 �* �*

Functional categoriesb

Purines, pyrimidines, nucleosides, and nucleotides:
pyrimidine ribonucleotide biosynthesis

18 � �* �*

Amino acid biosynthesis: aspartate family 22 �*
Amino acid biosynthesis: glutamate family 14 �*** �***
Cellular processes: chemotaxis and motility 25 �*
Cellular processes: cell division 24 �** �*
Cellular processes: adaptations to atypical

conditions
19 �*

Cell envelope: other 37 �**
Energy metabolism: fermentation 33 �*** �**
Protein fate: protein folding and stabilization 14 �*** �**
Amino acid biosynthesis: aromatic amino acid

family
70 �** �***

Energy metabolism: pentose pyruvate
dehydrogenase

65 �*** �*** �***

Energy metabolism: biosynthesis and degredation
of polysaccharides

16 �*

Energy metabolism: sugars 44 �**
Protein synthesis: ribosomal proteins: synthesis

and modification
59 �** �*** �*** �***

Regulatory functions: other 180 �*** �***
Transport and binding proteins: carbohydrates,

organic alcohols, and acids
110 �*** �** �** �***

Transport and binding proteins: cations 58 �*
Viral functions: general 47 �** �** �*** �*** �**

a Reported changes are based on gene set enrichment analysis. �, genes comprising a group were significantly enriched for higher transcript levels after acid stress relative to the
nonstressed control in the same growth phase (i.e., positive enrichment); �, significant enrichment for lower transcript levels after acid stress (i.e., negative enrichment). ***, P �
0.001; **, P � 0.01; *, P � 0.05.
b Functional categories from The Institute for Genomic Research Comprehensive Microbial Resource (http://cmr.tigr.org). Only functional categories containing �10 genes are
reported; 74 total functional categories were tested for enrichment, including 39 that contained �10 genes.
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titers in L. monocytogenes 10403S grown to stationary phase at
different temperatures and then exposed to acid shock. Initial ex-
periments showed phage titers below the detection limit (1.3 log
PFU/ml) for L. monocytogenes grown to stationary phase at 37°C,
while bacteria grown to stationary phase at 7°C showed detectable
phage titers. For further experiments, L. monocytogenes was grown
to stationary phase at 7°C and then exposed to pH 3.5 for 15 min
at 37°C, followed by neutralization by the addition of NaOH and
determination of PFU counts after 2 and 4 h of incubation at
either 7°C or 37°C. At time zero (i.e., before acid shock), 10403S
had an average titer of 3.59 log PFU/ml (Fig. 3). Cultures incu-
bated for 2 and 4 h at 7°C after acid shock showed average phage
titers of 3.56 log and 3.45 log PFU/ml, respectively; control
cultures not exposed to acid showed similar titers (Fig. 3). For
cultures incubated at 37°C for 2 h and 4 h after acid shock treat-
ment, average titers were 1.76 and 1.66 log PFU/ml, respectively,
and phage titers for non-acid-shocked control cultures were sig-
nificantly higher (Fig. 3) (P � 0.0139, matched-pairs analysis).
With one exception (4 h with no acid shock; P � 0.0647, matched-
pairs analysis), L. monocytogenes incubated at 7°C had signifi-
cantly higher titers than cells incubated at 37°C (P � 0.05,
matched-pairs analysis) (Fig. 3), regardless of acid shock, consis-
tent with our microarray results showing that transcription levels
of multiple bacteriophage genes were higher at 7°C than at 37°C
(see Table S1 in the supplemental material).

Transmission electron microscopy of a purified phage pre-
pared from a single plaque obtained from L. monocytogenes cul-
ture grown at 7°C to stationary phase showed phage morphology
similar to that of L. monocytogenes phage A118 [i.e., an isomeric
capsid with a long, noncontractile tail (68)].

DISCUSSION

This study provides clear evidence that growth temperature and
growth phase of L. monocytogenes affect its survival and transcrip-
tional response to a sudden downshift in pH. Specifically, we
found that (i) L. monocytogenes cells grown at �30°C are more
resistant to acid shock than cells grown at 7°C, (ii) L. monocyto-
genes log- and stationary-phase cells show distinct transcriptional
responses to acid shock, (iii) L. monocytogenes cells grown to log
phase at 37°C show an acid response involving induction of mul-
tiple regulators that may prime the cells for intracellular survival,
and (iv) acid shock treatment of L. monocytogenes grown to sta-
tionary phase at 7°C induces rapid upregulation of prophage
genes in the absence of any clear other transcriptional responses.

L. monocytogenes grown at >30°C are more resistant to acid
shock than cells grown at 7°C. Our finding that L. monocytogenes
cells grown at 7°C are more susceptible to inorganic acid shock
than cells grown at 37°C is consistent with other studies that indi-
cated that bacterial food-borne pathogens such as Salmonella en-
terica serovar Typhimurium and E. coli O157:H7 grown at low
temperatures mount a less effective acid tolerance response (ATR)
and are less resistant to acid challenge than cells grown at higher
temperatures (53). One study also showed that L. monocytogenes
grown at 10°C had a significantly shorter D value when exposed to
pH 2.5 (at 30°C and at 10°C) than cells grown at 30°C (44). Over-
all, these data suggest that food-borne pathogens, including L.
monocytogenes, grown at refrigeration temperatures may survive
less well in the low-pH gastric environment than bacteria grown at
higher temperatures. As Patchett et al. (44) showed that L. mono-
cytogenes cells growing at lower rates were more resistant to acid
shock than cells growing at higher rates and as both stationary-
phase and log-phase cells grown at 7°C showed reduced acid re-

FIG 3 Plaque-forming substances present in the supernatants of L. monocytogenes 10403S grown to stationary phase at 7°C and then exposed to acid shock (pH
3.5) for 15 min (gray bars) or not acid shocked (white bars) and incubated at 7°C or 37°C for 2 or 4 h. The solid line at 3.59 log10(PFU/ml) represents the mean
count at time zero (i.e., stationary-phase culture with no acid stress or subsequent incubation). Dashed lines represent the standard deviations of the counts at
time zero. Instances where cultures incubated at 7°C showed significantly higher log10(PFU/ml) than cultures incubated at 37°C are indicated with an asterisk
(P � 0.05, matched-pairs analysis). Bars show the averages of four biological replicates; error bars represent standard deviations.
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sistance in the experiments reported here, growth temperature,
rather than reduced growth rate at low temperature, appears to
affect the acid resistance phenotype of L. monocytogenes. Hence,
growth conditions, including growth temperature, may signifi-
cantly affect the outcomes of experiments that involve low pH
exposure, including possibly oral infection experiments and acidic
food challenge experiments.

The transcriptomic data reported here also provide insights
into the mechanisms that may be responsible for the reduced acid
resistance of L. monocytogenes grown at lower temperatures. For
example, L. monocytogenes cells grown at 7°C were found to have
lower transcript levels than cells grown at 37°C of some key regu-
lons that have been implicated in acid stress response, including
negative enrichment for the �L regulon in both stationary and log
phases as well as negative enrichment for the �B regulon in log-
phase and the �H regulon in stationary-phase cells grown at 7°C.
L. monocytogenes �L has been shown to contribute to osmotic
stress (41) and resistance to bacteriocins (48), but no prior publi-
cations have reported contributions of �L to acid resistance in L.
monocytogenes. While some previous studies of Mycobacterium
tuberculosis have suggested that �H is involved in stress response
(37), including acid stress (49), no reduced stress resistance phe-
notypes have been observed in L. monocytogenes sigH-null mu-
tants (10). Most importantly, the �B regulon was found here to be
downregulated in cells grown to log phase at 7°C. In addition, the
gadT2-gadD2 operon, which encodes a 	-aminobutyric acid
(GABA) transporter and associated glutamate decarboxylase,
which have been shown to contribute to the survival of L. mono-
cytogenes LO28 in low-pH environments (12, 13), showed lower
transcript levels at 7°C than at 37°C in both log- and stationary-
phase cells. As �B has previously been shown to play a critical role
in the acid stress response in L. monocytogenes (8, 66, 67), down-
regulation of the �B regulon, along with downregulation of key
acid resistance genes in bacteria grown at 7°C, may at least par-
tially explain the reduced acid resistance of L. monocytogenes
grown at this temperature.

L. monocytogenes log- and stationary-phase cells show dis-
tinct responses to acid shock. A number of studies, including the
one reported here, have shown that stationary and log-phase L.
monocytogenes cells differ in their acid resistance phenotypes, with
stationary-phase cells typically being more resistant to acid stress
(14, 40, 53). The data reported here indicate that log- and station-
ary-phase cells show distinct differences in their transcriptomic
responses to acid shock. Most importantly log-phase cells showed
higher transcript levels of key stress response regulons after acid
shock, including rapid induction of the �B regulon after acid
shock of log-phase cells grown at 7 and 37°C; cells grown to log
phase at 37°C also showed rapid induction of the CtsR and �H

regulon. Thus, while bacteria grown to log phase at 7°C were more
sensitive to acid stress, they were still able to mount a rapid �B-
dependent transcriptional response to acid shock. Reduced acid
resistance of bacteria grown at 7°C may thus at least partially re-
flect lower transcript levels of genes encoding key acid response
proteins prior to acid shock rather than a reduced ability to mount
a rapid �B-dependent transcriptional response. Rapid induction
of a transcriptional response to acid shock is consistent with pre-
vious reports that showed induction of the �B regulon after 15 min
of salt stress (42) and after as little as 3 min of heat shock (61).

By comparison, the transcriptomic response to acid shock of L.
monocytogenes grown to stationary phase showed no evidence for

induction of stress response regulons (except for induction of the
�L regulon after acid shock of stationary-phase cells grown at
7°C); bacteria grown to stationary phase at 37°C actually showed
downregulation of �B and �H regulons after acid shock. Previous
studies have shown that �B activity and transcription of the �B

regulon are at higher levels in stationary-phase than in log-phase
L. monocytogenes (31) and that L. monocytogenes cells develop in-
creased acid resistance with entry into stationary phase (14). Our
findings, thus, support a model where stationary-phase cells show
high transcript levels for the �B regulon, including for �B-depen-
dent acid response genes [e.g., gadD3 (30)], likely reflecting rela-
tively high levels of acid response proteins, and are thus highly
resistant to acid exposure (67). As their considerable acid resis-
tance is associated with already high transcript levels of acid resis-
tance genes, stationary-phase cells do not show induction of typ-
ical stress response regulons linked to acid resistance (e.g., the �B

regulon) but rather can show reduced transcript levels of some of
these regulons, possibly reflecting an adaptation to transcription
of specific acid response genes or a general metabolic rearrange-
ment of transcription rather than induction of general stress re-
sponse regulons. Alternatively, growth arrest after acid shock may
lead to more rapid declines in transcript levels for genes that are
part of these general stress response regulons, as these genes may
have short RNA half-lives (26).

L. monocytogenes cells grown to log phase at 37°C show an
acid response involving multiple transcriptional regulators,
which may prime the cells for intracellular survival. While
mechanisms by which L. monocytogenes adapts to acidic environ-
ments include increased expression of FoF1 ATPases pumps, de-
carboxylation reactions, or deiminases (52), we found that few
genes encoding proteins with these H� removal systems were in-
duced after acid shock. For example, while a number of studies
have shown that L. monocytogenes �B is important for acid stress
survival (18) and transcriptional regulation of genes that are in-
volved in acid survival (1, 30, 46), including the glutamate decar-
boxylase (GAD) gene gadD3 (30), none of these genes were tran-
scribed at significantly higher levels after acid shock. Potential
explanations for these observations include functional overlaps
among the GAD systems found in L. monocytogenes (13, 15) and
regulation of some gad genes (e.g., gadT2-gadD2 operon) by mul-
tiple transcriptional regulators (27).

Overall, L. monocytogenes grown at 37°C to log phase showed
rapid induction of three stress response regulons (i.e., the �B, �H,
and CtsR regulons) after acid shock treatment, including upregu-
lation of some genes with obvious or potential roles in acid re-
sponse. For example, we not only found evidence for derepres-
sion, after acid shock, of the CtsR regulon, which is comprised of
type III stress genes, but also found increased transcript levels for
clpP and clpE, which both belong to the CtsR regulon (38). While
CtsR has been shown to be involved in heat stress survival in L.
monocytogenes (28), Hu et al. (28) found no evidence that a 
ctsR
deletion affects L. monocytogenes resistance to pH 2.5 acid stress.
However, genes encoding class III stress proteins are transcribed
at higher levels after acid shock in other Gram-positive bacteria,
including Streptococcus pneumoniae (36) and Lactobacillus reuteri
(65), supporting some role for CtsR in acid resistance. We also
found significantly higher transcript levels for grpE after acid
shock treatment of log-phase cells grown at 37°C (compared to
non-acid-shocked log-phase cells grown at 37°C); grpE encodes a
cochaperone for the heat shock protein DnaK (24) and appears to
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be regulated by both HrcA and �B (27). As these three upregulated
genes (i.e., clpP, clpE, and grpE) are all involved in protein repair
mechanisms and as genes in the role category “protein fate: fold-
ing and stabilization” also showed upregulation after acid shock, it
appears that induction of protein repair mechanisms represents
an important transcriptional response to acid shock. This is con-
sistent with previous studies showing the contribution of chaper-
one proteases to acid response in Streptococcus mutans (34) and
Staphylococcus aureus (6).

While reduced acid resistance of a mutant with a deletion of the
HrcA-regulated gene dnaK (23) suggests a role for HrcA-regulated
class I heat shock genes in L. monocytogenes acid stress response,
Hu et al. (27) found no evidence that a 
hrcA deletion affects L.
monocytogenes resistance to pH 2.5 stress, consistent with our ob-
servations that the HrcA regulon, overall, showed reduced tran-
script levels after acid shock. Interestingly, however, the HrcA-
regulated hrcA-grpE operon showed increased transcript levels
after acid shock, likely due to increased transcription of this
operon from an upstream �B-dependent promoter (27), as sup-
ported by the observation that the �B regulon was rapidly induced
after acid shock. As HrcA is a negative regulator, increased hrcA
transcription will facilitate repression of the HrcA regulon. Our
data thus indicate that acid stress response in log-phase cells
grown at 37°C involves both �B-dependent upregulation of a large
gene set (i.e., the �B regulon) and �B-dependent downregulation
of other genes (through HrcA). Interestingly, our data showed
downregulation of transcript levels for the gadT2-gadD2 operon
after acid shock treatment of bacteria grown to log phase at 37°C.
While one initial study, using gel-based nonquantitative reverse
transcription PCR (RT-PCR) (66), proposed that these genes are
positively regulated by �B, subsequent microarray studies indi-
cated negative regulation of these genes by �B (46), which is con-
sistent with our findings that these genes are downregulated after
acid shock of cells grown to log phase at 37°C even though the �B

regulon is upregulated. While other studies have reported tran-
scriptomic data that suggest (indirect) positive regulation of
gadT2-gadD2 by the repressors HrcA and CtsR (27, 28), L. mono-
cytogenes 
hrcA and 
ctsR strains were no more susceptible to
acid stress (pH 2.5, HCl) than the parent strain (27, 28). Further
studies are clearly needed to clarify regulatory interactions that
affect transcription of the gadT2-gadD2 operon, which plays an
important role in acid resistance (13).

Additional interactions between regulatory elements also ap-
pear to contribute to acid stress response. We specifically found
rapid induction of both the �B and �H regulon after acid shock
treatment of L. monocytogenes grown to log phase at 37°C, consis-
tent with a significant overlap between the L. monocytogenes �B

and �H regulons (10) and proteomics data that showed increased
�H levels after acid stress in L. monocytogenes (45). As a previous
study (10) showed that a 
sigH strain was significantly more re-
sistant to pH 2.5 than the parent strain while, as expected, a 
sigB
mutant was more sensitive to acid stress than the parent strain
(10), further studies on the �B and �H interactions and regulatory
networks will be important to understand the combined roles of
these alternative � factors in L. monocytogenes stress response.

Interestingly, we also found clear evidence that regulons and
specific genes that are involved in L. monocytogenes host invasion
as well as intracellular survival and multiplication are upregulated
after acid shock and particularly after acid shock of cells grown to
log phase at 37°C. In addition to upregulation of the PrfA regulon,

we also found upregulation of the CtsR-regulated genes clpB and
clpP and of pyrimidine ribonucleotide biosynthesis genes, includ-
ing pyrD and pyrAB (all after acid shock of bacteria grown to log
phase at 37°C). clpB and clpP have been shown to contribute to
escape from the host phagosome. ClpP was found to be necessary
for functional listeriolysin O secretion (20), which is vital to es-
cape from the primary host cell vacuole (56), while a 
clpC strain
was shown to be impaired in escape from the macrophage phago-
some (50). Pyrimidine biosynthesis genes may facilitate scaveng-
ing of intracellular nutrient sources after phagocytosis, an idea
that is supported by a study (32) that found that pyrE, which is
cotranscribed with pyrD and pyrAB, was translated at higher levels
in the intracellular environment than during growth in BHI.
These findings provide potential mechanisms that may contribute
to the previously observed increased survival of acid-adapted L.
monocytogenes in activated macrophages (11) and suggest that co-
ordinated upregulation of different genes during gastric passage
may prime L. monocytogenes for subsequent stages of infection,
including intracellular growth and survival.

The acid response of L. monocytogenes grown to stationary
phase at 7°C involves upregulation of prophage genes. Our tran-
scriptomic analyses showed that two groups of genes encoding
bacteriophage proteins were specifically induced after acid shock
treatment of L. monocytogenes 10403S grown to stationary phase
at 7°C. One of these regions represents 15 genes (lmo0115 to
lmo0129) that include the lmaDCBA operon. This putative in-
complete cryptic prophage has been identified in similar locations
in the genomes of L. monocytogenes strains F2365, H7858, and
F6858 (39). LmaA has previously been shown to be localized to the
bacterial surface (69) and secreted into the medium at 20°C but
not at 37°C (54), consistent with the temperature-dependent tran-
scription of this operon observed here. The second prophage re-
gion that showed increased transcript levels after acid shock of
stationary-phase bacteria grown at 7°C corresponds to a prophage
similar to L. monocytogenes bacteriophage A118 (68). While we
were able to isolate a bacteriophage with a morphology similar to
that of A118 from the supernatant of 10403S cultured at 7°C, we
did not observe a reproducible increase in phage titer after acid
shock. Further experiments will thus be necessary to characterize
the phenotypic consequences of the increased transcription of the
A118 prophage genes after acid shock.

Increased levels of bacteriophage gene transcripts after short-
term acid shock have been reported in at least one other organism
[i.e., Lactobacillus reuteri (65)]. Prophage induction can be linked
to the bacterial SOS response (63), and there is evidence that the
SOS response is induced after acid shock in L. monocytogenes (62).
Induction of prophage gene expression after exposure to lethal
acid shock not only may facilitate phage survival but also may
facilitate horizontal gene transfer and, in a mixed population, may
thus represent an important mechanism for the acquisition of
stress resistance genes that facilitate acid stress survival. In addi-
tion, increased expression of prophages or incomplete phages
(e.g., monocins) could inhibit or kill other strains and may thus
provide a competitive advantage. For example, the products of the
putative incomplete (cryptic) bacteriophage operon that was in-
duced here after acid shock has been shown to specifically inhibit
the growth of other strains of L. monocytogenes (69). Further study
is needed to determine whether bacteriophage gene expression is
linked to the SOS response in L. monocytogenes and what role, if
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any, this induction plays in environmental stress survival and per-
sistence.

Conclusion. Our results show that adaptation to food-relevant
temperatures, specifically refrigeration, can impact the pheno-
typic and transcriptional responses of L. monocytogenes to sudden
acid shock. These data contribute to the mounting evidence that
growth condition and previous environmental exposure affect
how L. monocytogenes responds to stress, consistent with similar
reports on other organisms, including yeast (4). Therefore, com-
plete characterization of the stress response of a food-borne
pathogen should include examination of multiple strains and
multiple pregrowth conditions, including temperature and
growth phase.
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