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The foodborne pathogen Listeria monocytogenes is able to survive and grow in ready-to-eat foods, in which it is likely to experi-
ence a number of environmental stresses due to refrigerated storage and the physicochemical properties of the food. Little is
known about the specific molecular mechanisms underlying survival and growth of L. monocytogenes under different complex
conditions on/in specific food matrices. Transcriptome sequencing (RNA-seq) was used to understand the transcriptional land-
scape of L. monocytogenes strain H7858 grown on cold smoked salmon (CSS; water phase salt, 4.65%; pH 6.1) relative to that in
modified brain heart infusion broth (MBHIB; water phase salt, 4.65%; pH 6.1) at 7°C. Significant differential transcription of 149
genes was observed (false-discovery rate [FDR], <0.05; fold change, >2.5), and 88 and 61 genes were up- and downregulated,
respectively, in H7858 grown on CSS relative to the genes in H7858 grown in MBHIB. In spite of these differences in transcrip-
tomes under these two conditions, growth parameters for L. monocytogenes were not significantly different between CSS and
MBHIB, indicating that the transcriptomic differences reflect how L. monocytogenes is able to facilitate growth under these dif-
ferent conditions. Differential expression analysis and Gene Ontology enrichment analysis indicated that genes encoding pro-
teins involved in cobalamin biosynthesis as well as ethanolamine and 1,2-propanediol utilization have significantly higher tran-
script levels in H7858 grown on CSS than in that grown in MBHIB. Our data identify specific transcriptional profiles of L.
monocytogenes growing on vacuum-packaged CSS, which may provide targets for the development of novel and improved strate-
gies to control L. monocytogenes growth on this ready-to-eat food.

Listeria monocytogenes is a psychrotolerant foodborne pathogen
that causes a potentially severe disease, listeriosis. This patho-

gen is of particular concern to the ready-to-eat (RTE) meat and
seafood industries due to its ability to grow at temperatures as low
as �0.4°C and under conditions of salt content as high as 25% (at
4°C) (1–3). Cold smoked salmon (CSS), an RTE seafood, repre-
sents a typical food product that can support the growth of L.
monocytogenes from low numbers to potentially hazardous levels
(4–9). The heat treatment applied during processing of CSS is not
sufficient to inactivate microbes present on the raw material, in-
cluding L. monocytogenes (10, 11). In addition, RTE food prod-
ucts, including CSS, can be contaminated with L. monocytogenes
from environmental sources in processing facilities (10–13). Im-
portantly, typical product characteristics of CSS, including pH,
water activity (aw), salt, and phenolic components, do not seem to
be sufficient to control the growth of L. monocytogenes if it is
present (8, 9).

With the aim of developing control strategies that prevent or
reduce growth of this pathogen in RTE seafood products, there is
a need for a better understanding of the mechanisms that L. mono-
cytogenes uses to survive and grow under the complex conditions
of specific food matrices. Characterization of bacterial gene ex-
pression patterns in different environments can be used to assess
the physiological state of L. monocytogenes under different condi-
tions and to help identify the metabolic pathways that are impor-
tant for survival and growth of L. monocytogenes in food products.
This will facilitate the identification of new compounds that could
specifically interfere with these metabolic pathways and thereby
control the growth of L. monocytogenes (14). Extensive studies on
the transcriptome of L. monocytogenes have been conducted to
assess how it responds to the physical, chemical, or biological
stresses that it may encounter on/in food matrices (15–22). The

majority of data from these experiments are based on exposure of
L. monocytogenes to specific stresses in laboratory media, provid-
ing information about specific stress responses and transcrip-
tional profiles in a controlled environment. This information may
not provide the full extent of the bacterial transcriptional land-
scape in a more complex environment, such as a food matrix.

We characterized the transcriptome of late-log-phase L. mono-
cytogenes strain H7858 (a serotype 4b lineage I strain) grown on
CSS and the same strain grown to late log phase in modified brain
heart infusion broth (MBHIB; water phase [w.p.] salt, 4.65%; pH
6.10). While the two conditions chosen here are distinct, they do
facilitate characterization of the L. monocytogenes transcriptional
landscape in a real food as well as comparisons against commonly
used reference conditions. Our approach is similar to studies that
provided significant insights into the pathogen transcriptional
landscape in human or animal hosts, which also, by necessity,
must choose reference conditions (e.g., growth in rich medium)
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that differ by a multitude of factors from complex host-associated
environments (e.g., presence in intestinal lumen or human
blood). For example, previous characterization of the L. monocy-
togenes transcriptome in BHI (designated the “reference condi-
tion” by the authors) and physiologically relevant conditions (e.g.,
stationary phase, low temperature) as well as in the intestinal lu-
men of infected mice and inoculated human blood provided cru-
cial knowledge of the L. monocytogenes transcriptional landscape
under various conditions that this pathogen may experience dur-
ing transmission (23). In the present study, we demonstrate the
use of transcriptome sequencing (RNA-seq) technology to study
the global gene expression of L. monocytogenes in an RTE seafood
product. We overcame the technical difficulties associated with
isolating high-quality bacterial RNA from the seafood matrix and
took advantage of the probe and annotation independence of
RNA-seq technology to explore the genome-wide transcriptional
landscape of L. monocytogenes grown under the complex condi-
tions on this food matrix.

MATERIALS AND METHODS
Bacterial strain and inoculum preparation. L. monocytogenes strain
H7858 was used in this study (24). H7858 is a lineage I, serotype 4b strain
(representing epidemic clone II) isolated from RTE meat and was linked
to a multistate listeriosis outbreak from 1998 to 1999 (24, 25). We selected
H7858 for this study because we had previously quantified the phenotypic
and transcriptomic responses of this strain to a number of stresses relevant
to food products, including organic acids and bactericidal additives, and
know that it can grow to high levels on cold smoked salmon (26–28). L.
monocytogenes H7858 was streaked from frozen BHI stock stored at
�80°C in 15% glycerol onto a BHI agar plate, followed by incubation at
37°C for 24 h. A single colony was subsequently inoculated into 5 ml of
BHIB (in 16-mm tubes), followed by incubation at 37°C with shaking
(230 rpm) for 18 h (series 25 incubator; New Brunswick Scientific, Edison,
NJ). After 18 h, 50 �l BHI culture was inoculated into 5 ml chemically
defined medium (DM) (29) and grown to stationary phase in DM at 16°C
statically, as described previously (30). This culture was used to inoculate
CSS and MBHIB as detailed below. DM was used to approximate a nutri-
ent-limited environment (e.g., food processing plants) that L. monocyto-
genes may encounter before contaminating food.

Growth conditions in BHI and on salmon. BHIB was modified to
have 4.65% w.p. NaCl and pH 6.1 to simulate the levels typically present in
commercially processed CSS (30). The stationary-phase DM culture was
used to inoculate 100 ml of MBHIB in 300-ml Erlenmeyer culture flasks
with metal caps (Bellco Glass Co., Vineland, NJ), with an initial popula-
tion of approximately 1 � 106 CFU/ml, followed by static incubation
at 7°C.

Commercially produced wet-cured CSS fillets were stored at �20°C
and thawed at 4°C overnight. A mixture of natural hardwood and fruit-
wood had been used to cold smoke the salmon. The background micro-
biota (mainly lactic acid bacteria) and physicochemical characteristics of
the untreated salmon slices used in the present study have been described
previously by Kang et al. (31). All CSS samples were from the same batch
of product. The concentration of lactic acid bacteria on uninoculated CSS
was �4 log CFU/g on day 0, �6 log CFU/g on day 5, and �7 log CFU/g on
day 10 during incubation of the vacuum-packaged slices at 7°C. For the
uninoculated CSS, the pH was �6.18, water activity (aw) was 0.96, mois-
ture content was �63.58%, and fat content was �8.87% (31). Uninocu-
lated salmon samples were plated onto Oxford agar and incubated at 30°C
for 48 h to confirm the absence of L. monocytogenes.

Salmon slices were weighed (10 � 0.5 g each) and transferred into
sterile petri dishes. Both sides of the salmon slice were inoculated with 500
�l stationary-phase cultures from DM that were diluted in 0.1% sterile
peptone water to a target population of approximately 1 � 106 CFU/g and
spread with sterile plastic cell spreaders. Inoculated salmon slices were

then placed in a biosafety cabinet for 15 min to dry the surface before
being transferred into storage bags (oxygen permeability, 38.10 ml/m2 to
40.50 ml/m2 at 23°C dry/24 h) and packaged using a commercial vacuum
sealer (FoodSaver model V2244). All samples were stored at 7°C. Incuba-
tor temperature was recorded every 20 min by an automated thermal
recorder during the storage of both MBHIB cultures and CSS samples.
The recorded incubation temperature was 7.0 � 0.5°C.

Determination of exponential-phase sampling points. To monitor
L. monocytogenes growth, cell density was determined every day, starting
from day 0, until log-phase cells were collected for RNA extraction on day
7; another three time points were taken on days 10, 11, and 12 after RNA
extraction to determine the maximum cell density. For MBHIB samples,
cultures were diluted with 0.1% sterile peptone water and spiral plated in
duplicate onto BHI agar using an Autoplate 4000 (Spiral Biotech, Inc.,
Norwood, MA). BHI plates were incubated at 37°C for 24 h before colo-
nies were counted with the Q-Count Colony Counter (Spiral Biotech).
For salmon samples, 2 vacuum-packed samples were aseptically opened
for each time point and stomached for 30 s at the high-speed setting
(Stomacher 400; Seward, West Sussex, United Kingdom) with 40 ml of
0.1% sterile peptone water. CSS homogenates were spiral plated on Ox-
ford agar (catalog no. 222530 from BD and catalog no. SR0140 from
Oxoid, Ltd., Hampshire, United Kingdom) using the Autoplate 4000.

Measurements of L. monocytogenes cell density over time in MBHIB
and on CSS were fitted with a three-phase linear model described by
Buchanan et al. (32) using the NLStools package (v0.0 to 11) in R v 2.13.0.
Four growth parameters including lag phase (�, in days), maximum
growth rate (�max, in log CFU/milliliter or/gram per day), initial cell den-
sity (N0, in log CFU/milliliter or /gram), and maximum cell density (Nmax,
in log CFU/milliliter or /gram) were calculated. Extracted RNA was con-
sidered to be qualified for downstream processing and analysis if it had an
RNA integrity number (RIN) of �7 (33). Pilot experiments showed that
L. monocytogenes cell density on CSS needed to be at least 8 log CFU/g to
obtain total RNA with a RIN of �7; at this cell density, H7858 was still in
log phase. To predict the time point for RNA isolation (TRNA-extraction)
(when L. monocytogenes cell density reaches 8 log CFU/ml or /g), we ob-
tained the growth parameters by fitting growth data collected from days 0
to 5 as described earlier and calculated TRNA-extraction using the equation
derived from the Buchanan model (32): TRNA-extraction � � 	 (1 � 108

CFU/g � N0)/�max. The real Nmax of each growth experiment was con-
firmed by sampling on days 10, 11, and 12 after RNA extraction to ensure
accuracy of the prediction. The time points for RNA extraction fell on day
7 for all four replicates of both CSS and BHI samples.

RNA isolation, integrity, and quality assessment. Similar procedures
were used to extract RNA from L. monocytogenes growing in MBHIB and
on CSS. For MBHIB, a total of 7 ml of RNA Protect reagent (Qiagen,
Valencia, CA) was added to 7-ml samples in 14-ml Sarstedt tubes
(Sarstedt, Nümbrecht, Germany), followed by vigorous vortexing for 10 s
to mix well; for CSS, 17 ml of RNA Protect reagent was added to 10-g
samples, followed by massaging of the sample bag to mix well. The mix-
ture was incubated at room temperature for 10 min to ensure that the
bacterial RNA was stabilized. For CSS samples, the liquid part of the
mixture was then filtered out with a 207-ml filter bag (catalog no.
B01385WA, Whirl-Pak bag; Nasco, Fort Atkinson, WI) to remove salmon
particles. Cells were pelleted by centrifugation (4,637 � g, 15 min) at 4°C
and suspended in nuclease-free water with proteinase K (12.5 mg/ml) and
lysozyme (25 mg/ml), followed by incubation at 37°C for 30 min. TRI
reagent (Ambion, Austin, TX) was then added to each sample (in screw-
cap tubes with 3 ml of 0.1-mm acid-washed zirconium beads), followed
by mechanical lysis for 5 min in a Mini-Beadbeater-8 (BioSpec Products,
Inc., Barlesville, OK) and subsequent RNA extraction according to the
manufacturer’s recommendations. Total RNA was incubated with RQ1
DNase (Promega, Madison, WI) in the presence of RNasin (Promega) to
remove any remaining DNA. Subsequently, RNA was purified using two
phenol-chloroform extractions and one chloroform extraction, followed
by RNA precipitation and suspension of the RNA in RNase free Tris-
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EDTA (TE; 10 mM Tris, 1 mM EDTA [pH 8.0]; Ambion). UV spectro-
photometry (Nanodrop, Wilmington, DE) was used to quantify and as-
sess purity of the RNA. The efficacy of the DNase treatment was assessed
by TaqMan quantitative PCR (qPCR) analysis of DNA levels for the
housekeeping gene rpoB (34). qPCR was performed using Taq-Man One-
Step RT-PCR Master Mix reagent and the ABI Prism 7000 sequence de-
tection system (all from Applied Biosystems, Foster City, CA). All samples
showed CT values of 
35 for rpoB, indicating negligible levels of DNA
contamination. As a final step, RNA integrity was assessed using the 2100
Bioanalyzer (Agilent, Foster City, CA). All experiments were performed in
quadruplicate.

Preparation of cDNA fragment libraries and RNA-seq. Preparation
of cDNA fragment libraries was performed using the ScriptSeq Complete
kit (Bacteria)-Low Input kit (Epicentre, Madison, WI). To remove 16S
and 23S rRNA from total RNA and enrich for mRNA, 1 �g total RNA was
treated with Ribo-Zero rRNA Removal Reagents (Bacteria)-Low Input
and Magnetic Core kit-Low Input according to the manufacturer’s pro-
tocol. Enriched mRNA samples were run on the 2100 Bioanalyzer (Agilent
Technology, Santa Clara, CA) to confirm reduction of 16S and 23S rRNA
and purified using Agencourt RNAClean XP kit (Beckman Coulter Inc.,
Brea, CA) prior to preparation of cDNA fragment libraries. The mRNA-
enriched fraction was converted to indexed RNA-seq libraries with the
ScriptSeq v2 RNA-seq Library Preparation kit. This protocol allows the
identification of the specific strand from which each read was generated,
resulting in a strand-specific analysis of the RNA-seq results. Indexed and
purified libraries (8 libraries, including 4 replicates for each CSS and
MBHIB) were loaded together onto a flow cell without any other samples;
sequencing was carried out on a Hiseq 2000 (single end, 100 bp per read).

RNA-seq alignment and coverage. As the H7858 genome has not
been completely closed (GenBank accession number AADR00000000),
the sequence reads were aligned to a H7858 pseudochromosome. The
pseudochromosome was created through alignment of the contigs of the
H7858 draft genome to the completely closed genome of the L. monocy-
togenes strain EGD-e (GenBank accession number NC_003210) and sub-
sequent concatenation of these contigs into a pseudochromosome. Align-
ment of reads was carried out using the BWA mem algorithm in BWA
version 0.7.3a (35). Default parameters were used for the alignment. Cov-
erage at each base position along the chromosome was calculated by enu-
merating the number of reads that aligned to a given base for each DNA
strand separately.

Differential expression analysis. Differential expression of genes under
the conditions in MBHIB and on CSS was statistically assessed using the
BaySeq method (36) implemented in the BaySeq 1.16.0 package available
from Bioconductor. This package implements a full Bayesian model of
negative binomial distributions to simultaneously assess the likelihood of

various models, each representing a possible pattern of expression for a
given gene. Library sizes were normalized using the approach described by
Bullard et al. (37). To allow for quantitative comparisons among genes
and treatments, we used the average normalized RNA-seq coverage
(NRC) generated by BaySeq for each gene of the four replicates to identify
the genes with the highest average NRC of L. monocytogenes grown on
CSS. Genes were considered differentially expressed if they showed a false-
discovery rate (FDR) of �0.05 and a fold change (FC) of �2.5 (for genes
upregulated on CSS) or �0.4 (for genes downregulated on CSS), where
FC is the average NRC for CSS divided by the average NRC for MBHIB. To
confirm annotation of differentially expressed genes, the NCBI BLAST
standalone program was used to search the H7858 amino acid sequence
for each of these genes against the amino acid sequences of the CDS of L.
monocytogenes strains EGD-e (GenBank accession number NC_003210),
10403S (GenBank accession number NC_017544), and F2365 (GenBank
accession number NC_002973), as well as Salmonella enterica serovar Ty-
phimurium LT2 (GenBank accession number NC_003197) and Esche-
richia coli K-12 MG1655 (GenBank accession number NC_000913).

GO enrichment analysis. Rather than validating the upregulation of
individual genes, we focused on identifying the metabolic pathways that
contained multiple differentially expressed genes by using the results gen-
erated by Gene Ontology (GO) enrichment analysis. This method allowed
us to statistically confirm the upregulation of specific metabolic pathways
that may facilitate the survival and growth of L. monocytogenes on CSS.
Enrichment of GO terms among genes upregulated on CSS was assessed
using the GOseq 1.18.0 package (38) available from Bioconductor. GO
term classification for each gene in H7858 was obtained using the blast2go
program.

Microarray data accession number. RNA-seq data from this study are
available in the NCBI GEO Short Read Archives (GSE64353).

RESULTS
L. monocytogenes growth parameters are similar on CSS and in
MBHIB. L. monocytogenes growth parameters, including �, �max,
N0, and Nmax, did not differ significantly between CSS and MBHIB
(P 
 0.05; t test) (Fig. 1). The average � values were 1.78 � 1.05
and 2.12 � 0.35 days for CSS and MBHIB, respectively. The aver-
age �max was 0.35 � 0.06 log CFU/g/day and 0.40 � 0.02 log
CFU/ml/day for CSS and MBHIB, respectively. The average N0

and average Nmax were 6.48 � 0.16 and 8.68 � 0.14 log CFU/g for

TABLE 1 Summary of RNA-seq coverage dataa

Matrix and sample ID
No. of mapped
reads

No. of reads
mapped to CDS

% of reads
mapped to CDS

MBHIB
MBHIB-1 1,555,154 1,293,750 83
MBHIB-2 2,020,923 1,684,965 83
MBHIB-3 6,182,126 4,828,777 78
MBHIB-4 6,302,268 4,821,223 76
Avg MBHIB 4,015,118 3,157,179 80

CSS
CSS-1 1,611,849 1,314,001 82
CSS-2 2,303,793 1,946,859 85
CSS-3 3,557,097 2,830,220 80
CSS-4 3,204,674 2,684,028 84
Avg CSS 2,669,353 2,193,777 82

a Abbreviations: MBHIB, modified brain heart infusion broth (water phase salt, 4.65%,
pH 6.10); CSS, cold smoked salmon; CDS, coding DNA sequence for protein.

FIG 1 Growth of H7858 on cold smoked salmon (CSS; squares) and modified
BHI broth (w.p. salt 4.65%, pH 6.10) (MBHIB; circles) at 7°C. RNA was ex-
tracted at the average H7858 cell density of 8.17 � 0.16 log CFU/g on CSS and
8.28 � 0.21 log CFU/ml in MBHIB (*).

Tang et al.

6814 aem.asm.org October 2015 Volume 81 Number 19Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=AADR00000000
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_003210
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_003210
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_017544
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_002973
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_003197
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_000913
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64353
http://aem.asm.org


CSS, respectively, and 6.35 � 0.06 and 8.82 � 0.07 log CFU/ml for
MBHIB, respectively.

Late-log-phase H7858 has 88 up- and 61 downregulated
genes on CSS compared to cultures in MBHIB. RNA-seq was
performed on H7858 RNA samples representing four indepen-
dent biological replicates of H7858 grown on CSS or in MBHIB.
Samples for RNA isolation were collected when H7858 was grown
to late log phase under the conditions of these two matrices; the
average cell densities of collected L. monocytogenes samples were
8.17 � 0.16 log CFU/ml for CSS and 8.28 � 0.21 log CFU/g for
MBHIB (Fig. 1). Since the growth parameters of H7858 were not
significantly different on CSS and in MBHIB, the L. monocytogenes
cells from both conditions at the time point for RNA isolation
were expected to be at the same growth phase, indicating that
observed differences in transcript levels were not likely to reflect
different growth phases of H7858. Transcriptome sequencing
generated 1.6 million to 10.9 million reads per sample (Table 1).
For RNA samples from H7858 grown in MBHIB and on CSS, of
the reads that mapped to the reference pseudochromosome,
�80% and �82% mapped to protein-coding sequences, respec-
tively. The remaining reads mapped to noncoding RNA, including

rRNA and tRNAs. Among the unmapped reads from CSS, 83% on
average were found to represent sequences that mapped to
Atlantic Salmon genomic DNA (GenBank accession number
AGKD00000000.3), suggesting contamination with residual
salmon RNA, and 6% on average mapped to the genome of Car-
nobacterium maltaromaticum LMA28 (GenBank accession num-
ber NC_019425.2), which is representative of a genus of Gram-
positive bacteria that are found in food products and grow
anaerobically (39) and likely represent part of the resident micro-
biota of CSS.

As RNA-seq allows for absolute quantification, our data al-
lowed us to identify the genes that showed the highest transcript
levels in H7858 on CSS (Table 2). The three genes with the highest
average NRC were fusA, eno, and tuf, which encode translation
elongation factor G, an enolase, and translation elongation factor
Tu, respectively. Other genes with well-defined functions and high
average NRC include gadT2D2 (40), which encode proteins in-
volved in glutamate-dependent acid resistance, gap, which en-
codes a NAD-dependent glyceraldehyde-3-phosphate dehydroge-
nase involved in glycolysis, and cspLA, which encode cold shock
proteins involved in adaptation to atypical conditions (Table 2).

TABLE 2 Genes with highest average normalized RNA-seq coverage (NRC)

Gene name in:

H7858 gene product

Avg NRC rank
for:

Avg NRCb

for:

H7858 EGD-ea 10403Sa CSS MBHIB CSS MBHIB

LMOh7858_2915 lmo2654 (fusA) LMRG_02199 Translation elongation factor G 1 1 3,643,359 3,404,382
LMOh7858_2604 lmo2455 (eno) LMRG_01793 Enolase (EC 4.2.1.11) 2 3 3,348,509 2,505,110
LMOh7858_2914 lmo2653 (tuf) LMRG_02198 Translation elongation factor Tu 3 4 3,296,021 2,329,659
LMOh7858_2506 lmo2363 (gadD2) LMRG_01479 Glutamate decarboxylase (EC 4.1.1.15) 4 65 3,186,282 627,851
LMOh7858_2608 lmo2459 (gap) LMRG_01789 NAD-dependent glyceraldehyde-3-phosphate

dehydrogenase (EC 1.2.1.12)
5 15 2,650,840 1,618,077

LMOh7858_2505 lmo2362 LMRG_01480 Probable glutamate/gamma-aminobutyrate
antiporter

6 86 2,589,714 490,907

LMOh7858_1751 lmo1634 LMRG_01332 Alcohol dehydrogenase (EC 1.1.1.1); acetaldehyde
dehydrogenase (EC 1.2.1.10)

7 8 2,504,749 1,849,977

LMOh7858_2605 lmo2456 (gpmI) LMRG_01792 2,3-Bisphosphoglycerate-independent
phosphoglycerate mutase (EC 5.4.2.1)

8 12 2,229,167 1,648,039

LMOh7858_2609 lmo2460 LMRG_01788 Central glycolytic genes regulator 9 32 2,197,665 1,008,437
LMOh7858_2607 lmo2458 (pgk) LMRG_01790 Phosphoglycerate kinase (EC 2.7.2.3) 10 15 2,158,721 1,592,390
LMOh7858_2353 lmo2219 (prsA2) LMRG_01613 Foldase protein PrsA precursor (EC 5.2.1.8); foldase

clustered with pyrimidine conversion
11 2 1,919,848 2,662,595

LMOh7858_2899 lmo2638 LMRG_02183 Pyridine nucleotide-disulfide oxidoreductase family
protein

12 665 1,913,850 1,275,847

LMOh7858_2708 lmo2556 (fbaA) LMRG_01691 Fructose-bisphosphate aldolase class II (EC
4.1.2.13)

13 1,378 1,892,452 951,955

LMOh7858_2043 lmo1917 (pflA) LMRG_01064 Pyruvate formate-lyase (EC 2.3.1.54) 14 19 1,886,299 1,435,588
LMOh7858_1070 lmo1003 (ptsI) LMRG_02103 Phosphoenolpyruvate-protein phosphotransferase

of PTS (EC 2.7.3.9)
15 6 1,810,680 1,933,477

LMOh7858_1451 lmo1364 (cspLA) LMRG_00814 Cold shock protein 16 67 1,723,202 615,514
LMOh7858_1331 lmo1250 LMRG_00696 Transporter 17 250 1,711,134 210,841
LMOh7858_0642 lmo0582 (iap) LMRG_00264 P60 extracellular protein, invasion-associated

protein Iap
18 5 1,675,726 2,318,702

NGNc lmo1388 (tcsA) LMRG_00840 Unspecified monosaccharide ABC transport system,
substrate-binding compound

19 9 1,607,769 1,818,968

LMOh7858_2330 lmo2196 (oppA) LMRG_01636 Oligopeptide ABC transporter, periplasmic
oligopeptide-binding protein O

20 10 1,603,950 1,694,246

a Strains EGD-e (GenBank accession no. NC_003210) and 10403S (GenBank accession no. NC_017544) are L. monocytogenes.
b NRC, normalized RNA-seq coverage; genes with average NRC of 
1,500,000 are presented.
c NGN, no gene name given; in the published version of the H7858 genome (27), this gene was not annotated and therefore did not receive a locus name; the gene was identified in
our annotation.
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Initial analysis of the RNA-seq data identified 88 and 61 genes
that showed significantly higher and lower transcript levels, re-
spectively, for H7858 grown on CSS than in MBHIB (see Tables S1
and S2 in the supplemental material for lists of up- and downregu-
lated genes). The 88 upregulated genes included genes encoding
proteins annotated as being involved in cobalamin biosynthesis
(26 genes), ethanolamine utilization (8 genes), 1,2-propanediol
utilization (7 genes), carbohydrate transport and utilization (14
genes), the nonoxidative branch of the pentose pathway (5 genes),
and agmatine deiminase (4 genes), as well as genes regulated by
PrfA (5 genes) (see Tables S3 to S7 in the supplemental material).
The 61 downregulated genes included genes encoding proteins
annotated as being involved in pyrimidine nucleotide biosynthe-
sis (6 genes) and L-cystine ABC transporter (3 genes) (see Table S2
in the supplemental material). GO enrichment analysis identified
37 GO terms that were overrepresented among genes upregulated
in L. monocytogenes grown on CSS compared to MBHIB (Table 3).

No GO terms were found to be enriched among the downregu-
lated genes.

Genes involved in cobalamin synthesis, ethanolamine utili-
zation, and 1,2-propanediol utilization were upregulated in
H7858 growing on CSS. In addition to the identification of 26
upregulated genes with cobalamin metabolism-related annota-
tions (see Table S3 in the supplemental material), we also found
the GO terms “cobalamin biosynthetic process” and “cobalamin
transport” to be overrepresented among upregulated genes of
H7858 on CSS (Table 3). We mapped these genes to the overall
cobalamin biosynthesis pathways (Fig. 2) constructed based on
the metabolic pathway data of EGD-e and 10403S available in the
BioCyc database (biocyc.org) (41). Among the 21 genes mapped
to the cobalamin biosynthesis pathways (Fig. 2), 18 were found to
be upregulated (FC, 2.76 to 12.88).

We also identified eight upregulated genes with ethanolamine
utilization-related annotations (see Table S4 in the supplemental

TABLE 3 GO terms enriched among genes upregulated in H7858 grown on CSS compared to genes in H7858 grown in MBHIB at 7°C

GO ID GO term

Pathway associated with GO term

Cobalamin
biosynthesis/transport

Ethanolamine/1,2-
propanediol utilization

Carbohydrate
utilization/transport

GO:0005363 Maltose transmembrane transporter activity Ya

GO:0006580 Ethanolamine metabolic process Y
GO:0006766 Vitamin metabolic process Y
GO:0006767 Water-soluble vitamin metabolic process Y
GO:0006778 Porphyrin-containing compound metabolic process Y
GO:0006779 Porphyrin-containing compound biosynthetic process Y
GO:0006824 Cobalt ion transport Y
GO:0008757 S-Adenosylmethionine-dependent methyltransferase activity Y
GO:0009110 Vitamin biosynthetic process Y
GO:0009235 Cobalamin metabolic process Y
GO:0009236 Cobalamin biosynthetic process Y
GO:0015151 Alpha-glucoside transmembrane transporter activity Y
GO:0015157 Oligosaccharide transmembrane transporter activity
GO:0015235 Cobalamin transporter activity Y
GO:0015420 Cobalamin-transporting ATPase activity Y
GO:0015422 Oligosaccharide-transporting ATPase activity Y
GO:0015423 Maltose-transporting ATPase activity Y
GO:0015768 Maltose transport Y
GO:0015889 Cobalamin transport Y
GO:0015994 Chlorophyll metabolic process Y
GO:0016628 Oxidoreductase activity, acting on the CH-CH group of

donors, NAD or NADP as acceptor
Y

GO:0022804 Active transmembrane transporter activity Y Y
GO:0033013 Tetrapyrrole metabolic process Y
GO:0033014 Tetrapyrrole biosynthetic process Y
GO:0034311 Diol metabolic process Y
GO:0034313 Diol catabolic process Y
GO:0042364 Water-soluble vitamin biosynthetic process Y
GO:0042439 Ethanolamine-containing compound metabolic process Y
GO:0042440 Pigment metabolic process Y Y
GO:0044237 Cellular metabolic process Y Y Y
GO:0046483 Heterocycle metabolic process Y Y
GO:0051143 Propanediol metabolic process Y
GO:0051144 Propanediol catabolic process Y
GO:0051180 Vitamin transport Y
GO:0051183 Vitamin transporter activity Y
GO:0051186 Cofactor metabolic process Y
GO:0051188 Cofactor biosynthetic process Y
a Y, yes (this gene ontology term is associated with the corresponding function).
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material) and the GO term “ethanolamine metabolic process”as
overrepresented among upregulated genes in H7858 grown on
CSS compared to in MBHIB (Table 3). Mapping of these genes to
the ethanolamine utilization pathway, constructed based on pre-
vious studies for S. enterica (42–44) and information about the eut
operon provided by Staib and Fuchs (44), showed that genes
encoding 8 of the 11 key enzymes mapped to the ethanolamine
degradation pathway were upregulated (FC, 4.97 to 6.19) (Fig.
2). Furthermore, we identified seven upregulated genes with
1,2-propanediol utilization-related annotations (see Table S4
in the supplemental material) and the GO term “propanediol
catabolic process” as overrepresented among upregulated
genes (Table 3). We mapped these genes to the 1,2-propanediol
utilization pathway, which was constructed based on data from
S. enterica (42–44) and information about the pdu operon pro-
vided by Staib and Fuchs (44). This analysis showed that 6 of
the 13 genes encoding key enzymes mapped to the 1,2-pro-
panediol degradation pathway (Fig. 2) were upregulated on
CSS (FC, 2.88 to 6.57).

Genes involved in carbohydrate transport and utilization
were upregulated in H7858 growing on CSS. We identified 14
upregulated genes with carbohydrate and alcohol transport and
utilization-related annotations (see Table S5 in the supplemental
material), and the GO terms “alpha-glucoside transmembrane
transporter activity” and “oligosaccharide-transporting ATPase
activity” were overrepresented among upregulated genes (Table
3). As the 14 upregulated genes represented functions related to
transport and metabolism of galactitol, mannose, and maltose, we
diagrammed the galactitol- and mannose-specific phosphotrans-
ferase system (PTS), maltose-specific ATP-binding cassette
(ABC) transporter system, as well as a few catabolism reactions for
each of these three molecules (Fig. 3) to further assess expression
of these pathways. For the mannose-specific PTS of L. monocyto-
genes, genes encoding all four components (PTS-IIAMan, PTS-IIB-
Man, PTS-IICMan, and PTS-IIDMan) were upregulated (Fig. 3). For
the galactitol-specific PTS, which includes three components,
genes encoding two components (PTS-IIBGat and PTS-IICGat)
were upregulated. For the maltose-specific ABC transporter sys-

FIG 2 Cobalamin biosynthesis and ethanolamine and 1,2-propanediol utilization pathways in H7858. Pathways were constructed based on information
provided in the BioCyc database and previous studies (42–44). H7858 protein designations for enzymes involved in these pathways are shown in blue text.
Enzymes encoded by genes upregulated in H7858 grown on cold smoked salmon (CSS) compared to genes in H7858 grown in modified BHI broth (MBHIB) are
designated by display of the fold change (FC) in green boxes. Microcompartments are depicted by dotted lines. Purple, orange, and blue boxes mark molecules
involved in ethanolamine, cobalamin, and 1,2-propanediol metabolism, respectively. Solid and dotted orange boxes mark reactions under anaerobic and aerobic
conditions, respectively.
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tem of L. monocytogenes, genes encoding all three domains of this
ABC transporter (MalE, MalF, and MalG) were upregulated.

Additionally, we found that 4 of the 16 genes involved in the
nonoxidative branch of the L. monocytogenes pentose phosphate
pathway were significantly upregulated in H7858 growing on CSS
(see Table S5 in the supplemental material); these genes encode
enzymes involved in four of five key reactions of this pathway
branch based on the 10403S database on BioCyc (Fig. 3). More-
over, 6-phospho-D-gluconate, generated by maltose utilization
reactions, and D-glyceraldehyde-3-phosphate, generated from ga-
lactitol utilization reactions, are also found to be the participants
of the nonoxidative branch of the pentose phosphate pathway in
L. monocytogenes (Fig. 3), which reflect a potential connection

between these two carbohydrate utilization pathways and the
nonoxidative branch of the pentose phosphate pathway.

Genes involved in the agmatine deiminase system were up-
regulated in H7858 growing on CSS. We also identified four up-
regulated genes with agmatine deiminase-related annotations (see
Table S6 in the supplemental material); the fold changes of these
genes ranged from 13.67 to 31.36 and were the highest among all
upregulated genes. To further explore the functions of these genes,
we reconstructed the reactions involved in the L. monocytogenes
agmatine deiminase system, using previous studies on L. monocy-
togenes and other Gram-positive bacteria (45–48). All four genes
encoding the key enzymes involved in the breakdown of agmatine
to CO2 and NH3 showed higher transcript levels in H7858 grown

FIG 3 Schematic of galactitol- and mannose-specific phosphotransferase system (PTS), maltose-specific ATP-binding cassette (ABC) transporter system,
catabolism reactions for each of the three molecules, and the nonoxidative branch of the pentose phosphate pathway in H7858. Pathways were constructed based
on information provided in the BioCyc database. H7858 protein designations for enzymes involved in these reactions and pathways are shown in blue text.
Enzymes encoded by genes upregulated in H7858 grown on cold smoked salmon (CSS) compared to genes in H7858 grown in modified BHI broth (MBHIB) are
designated by display of the fold change (FC) in green boxes. Pink, red, and blue boxes mark molecules involved in galactitol- and mannose-specific PTS and
catabolism reactions, maltose-specific ABC transporter system and catabolism reactions, and the nonoxidative branch of the pentose phosphate pathway,
respectively.
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on CSS (Fig. 4), indicating upregulation of the overall agmatine
deiminase pathway.

L. monocytogenes grown on CSS shows higher transcript lev-
els of PrfA-dependent genes. Five genes known to be regulated by
the master regulator of virulence genes, PrfA, were found to be
upregulated in H7858 grown on CSS. These PrfA-dependent
genes include inlB (FC � 2.71), plcA (FC � 2.83), hly (FC � 2.54),
actA (FC � 2.86), and plcB (FC � 3.19) (see Table S7 in the
supplemental material). Statistical analysis showed that PrfA-de-
pendent genes as a group were significantly enriched among up-
regulated genes (P � 0.0001; Fisher’s exact test).

DISCUSSION

In this study, we used RNA-seq to explore the transcriptional
landscape of L. monocytogenes H7858 growing on CSS and in
BHIB modified to reflect the pH and water phase salt concen-
tration of CSS. Our data indicate that H7858 grown on vacu-
um-packaged CSS (i) upregulates cobalamin biosynthesis
pathways as well as ethanolamine and 1,2-propanediol utiliza-

tion pathways, (ii) differentially regulates carbohydrate trans-
port functions, and (iii) upregulates arginine deiminase genes,
likely facilitating adaptation to anaerobic conditions, utiliza-
tion of nutrients available on CSS, and growth in the presence
of the resident microbiota.

Limitations of using MBHIB as a reference condition to CSS
for studying the gene expression profile of L. monocytogenes
during growth. A number of previous studies have analyzed the
transcriptomes of foodborne pathogens under stress conditions
commonly present on/in food matrices (including hyperosmotic
stress, cold stress, hydrostatic pressure stress, antimicrobial stress,
acid stress, and alkali stress), using laboratory media modified to
simulate these conditions as a model (15–22, 49–63). These labo-
ratory media include BHI broth (18, 20, 21, 59), BHI agar (19),
Luria-Bertani broth (60, 61), tryptic soy broth (62), M9-glucose
(63), and Listeria minimal medium (22) as reference conditions.
The key differences between the reference condition that we used
and CSS were that the CSS was vacuum packaged while the refer-
ence medium was not anaerobic (though MBHIB was incubated
without shaking), L. monocytogenes was grown on the surface of
CSS, while growth was planktonic in the liquid MBHIB, and CSS
contains a number of unique components that cannot be easily
added to BHIB at comparable concentrations (e.g., different phe-
nolics, lipids, trace elements, etc.). In addition, a previous study in
our lab on the same batch of CSS demonstrated that the resi-
dent lactic acid bacteria were able to grow to �7 log CFU/g by
day 10 (with an initial density of �4 log CFU/g on day 0) under
the same growth conditions as those used in the current study
(31). Lactic acid bacteria are known to be one of the dominant
microbes on CSS and may constitute a natural form of antimi-
crobial control via competition for particular nutrients or pro-
duction of organic acids, hydrogen peroxide, and bacteriocins
(64–66). Furthermore, Lactobacillus has been demonstrated to
be able to reshape L. monocytogenes protein-coding genes and
small RNA (sRNA) expression profiles (67). Even though we
modified the laboratory medium to present the same major
conditions as those found in CSS and L. monocytogenes had
similar growth patterns under the conditions of food matrix
and laboratory medium, the aforementioned differences be-
tween these two conditions add limitations to the comparison
of the transcriptional profiles.

The inoculation level of L. monocytogenes in MBHIB and on
CSS was high in the present study (�1 � 106 CFU/g). L. monocy-
togenes contamination of cold smoked fish is typically at low levels
(8, 68), and there is the potential for differences in responses of L.
monocytogenes when inoculated at different levels. However, L.
monocytogenes can grow in food products at refrigeration temper-
atures to high levels, and the infection dose in an immunocompe-
tent individual can be high (up to �9 log CFU/g) (69). While our
study does not encompass all possible variations in inoculum
level, medium preparation, and competitive microbes found on
some naturally contaminated products, data from previous stud-
ies indicate that what we found was not unusual. Consistent with
our results, studies with lower inoculum levels also found similar
growth rates (e.g., 0.37 log units/day) and similar final concentra-
tions (e.g., �8 log CFU/ml) for L. monocytogenes on vacuum-
packed CSS at refrigerated temperatures (e.g., 4°C) (7, 70). Our
results do provide insights into the relative differences in tran-
scriptomes of L. monocytogenes at the same growth phase under
different complex conditions and reflect the gene expression pro-

FIG 4 The agmatine deiminase system in H7858 was constructed by connect-
ing reactions associated with agmatine deiminase based on previous studies
(45–48). H7858 protein designations for enzymes involved in these reactions
are shown in blue text. Enzymes encoded by genes upregulated in H7858
grown on cold smoked salmon (CSS) compared to genes in H7858 grown in
modified BHI broth (MBHIB) are designated by display of the fold change
(FC) in green boxes. Blue boxes mark molecules involved in the agmatine
deiminase system.
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file of L. monocytogenes in food at high levels that could cause
human disease.

L. monocytogenes grown on vacuum-packaged CSS upregu-
lates cobalamin biosynthesis pathways as well as ethanolamine
and 1,2-propanediol degradation pathways, likely facilitating
adaptation to available nutrient sources. Our data showed that L.
monocytogenes significantly upregulated both cobalamin biosyn-
thesis and transport systems, presumably to increase the availabil-
ity of cobalamin in the bacterial cells. Cobalamin (coenzyme B12

[71]) is found in high levels in CSS. Smoked salmon has up to
18.10 �g B12 per 100 g according to the USDA National Nutrient
Database for Standard Reference (Basic report no. 35190, salmon,
red (sockeye), smoked). We found that transcript levels of genes
involved in both aerobic and anaerobic pathways (72–74) were
significantly higher in L. monocytogenes grown on CSS than in
BHIB. Roth et al. (42) proposed that the primary function of co-
balamin in many bacteria is to support fermentation of small mol-
ecules such as ethanolamine and 1,2-propanediol by catalyzing
molecular rearrangements. We propose that one of the reasons L.
monocytogenes uptakes or synthesizes cobalamin C is to facilitate
growth under this condition by using cobalamin to support the
utilization of ethanolamine and 1,2-propanediol.

To date, three foodborne bacterial pathogens have been shown
to be able to use both ethanolamine and 1,2-propanediol as a
carbon source (75) and to use ethanolamine as a nitrogen source:
L. monocytogenes, S. enterica, and Clostridium perfringens (76).
Ethanolamine is a major constituent of lipids in eukaryotic cells
(77), including in salmon (78), and thus may become available for
L. monocytogenes through the breakdown of salmon cells. Broad-
range phospholipases such as PlcB (plcB was upregulated in CSS)
of L. monocytogenes might serve to reduce phosphatidylethano-
lamine to ethanolamine (44). 1,2-Propanediol is produced during
bacterial anaerobic catabolism of the common methylpentoses
rhamnose and/or fucose (44, 79). 1,2-Propanediol may be avail-
able for L. monocytogenes through the breakdown of salmon mu-
cosal glycoconjugates, which contain fucose and rhamnose (80,
81). Moreover, in L. monocytogenes, one cobalamin-binding ribo-
switch is located upstream of the first gene in the eut locus; this
riboswitch regulates expression of eut in response to cobalamin
availability (82). A second cobalamin-binding riboswitch is lo-
cated upstream of the pdu locus; this riboswitch maximizes the
expression of 1,2-propanediol utilization genes when both 1,2-
propanediol and cobalamin are present (83). These findings fur-
ther demonstrate the close relationship between ethanolamine
and 1,2-propanediol utilization pathways and cobalamin biosyn-
thesis/transport pathways.

Recent research has identified potential roles for ethanolamine
and 1,2-propanediol utilization in L. monocytogenes and S. Typhi-
murium during growth in foods and/or in the host environment
(84–87). Srikumar and Fuchs (88) found that nonpolar deletions
of pocR (regulating pdu and cob-cbi) and eutR in S. enterica serovar
Typhimurium led to significantly reduced proliferation in milk
and egg yolk. Likewise, Goudeau et al. (84) reported that S. en-
terica mutants with deletion of pduD or cobS show decreased fit-
ness in cilantro soft rot. Archambaud et al. (67) reported that L.
monocytogenes shows higher transcript levels of genes encoding
functions involved in ethanolamine and 1,2-propanediol utiliza-
tion as well as cobalamin biosynthesis when present in the intes-
tine of gnotobiotic mice that contained Lactobacillus spp. than in
mice without Lactobacillus spp. This suggests that 1,2-propanediol

and ethanolamine utilization may provide L. monocytogenes a
mechanism to effectively coexist with the members of the resident
microbiota, which are usually not able to utilize these organic
compounds. Overall, our study, along with other studies, suggests
that foodborne pathogens, including L. monocytogenes, may uti-
lize ethanolamine and/or 1,2-propanediol to proliferate in food
and host environments in which these molecules are available.
Further studies will be needed to confirm this and to identify food
matrices or growth conditions under which ethanolamine and/or
1,2-propanediol utilization by L. monocytogenes may occur.

Listerial physiological adaptation to the end products of eth-
anolamine and 1,2-propanediol utilization on CSS may provide
targets for novel interventions. Under anaerobic conditions, two
of the major products of the ethanolamine and 1,2-propanediol
utilization pathways are acetate (42–44, 89) and propionate (42–
44, 90), respectively. We propose that L. monocytogenes utilizes the
agmatine deiminase system to attenuate the acidification caused
by these two acids. This is supported by the observation that L.
monocytogenes grown in vacuum-packaged CSS upregulated
genes encoding functions involved in the agmatine deiminase sys-
tem. This system has been demonstrated to catalyze arginine
and/or agmatine deamination, which generates two NH3 mole-
cules, facilitating pH buffering (45–48, 91) and thus possibly buff-
ering acid end products (acetate and propionate) created by the
ethanolamine and 1,2-propanediol degradation. However, the
upregulation of genes related to this system has not been found in
studies on L. monocytogenes growing on/in food matrices such as
turkey deli meat (19), skim milk (21), or cut cabbage (22), which
may indicate that this transcriptional response is specific to the
growth conditions tested here. The production of acetate and pro-
pionate as by-products of ethanolamine and 1,2-propanediol deg-
radation suggests that growth inhibitors that include these two
organic acids may be able to more effectively inhibit L. monocyto-
genes growth than currently used growth inhibitors. This is sup-
ported by a recent transcriptomic study in BHIB-grown L. mono-
cytogenes (17), which showed that exposure of L. monocytogenes to
acetate and lactate led to decreased expression of lactate- and ac-
etate-creating energy pathways, shifting ATP production to a less
efficient pathway with acetoin, a noncharged molecule, as an end
product.

Higher transcript levels of genes encoding specific carbohy-
drate PTS components and ABC transporter domains indicate
that L. monocytogenes may uptake and utilize a broad range of
carbohydrates on CSS. As L. monocytogenes upregulated genes
encoding proteins involved in utilization and transport of galac-
titol, mannose, and maltose, we propose that L. monocytogenes
growing on CSS broadens the range of carbohydrates that are
utilized to compensate for the limited availability of glucose (rel-
ative to BHIB, which contains 2 g added glucose/liter). Galactitol
is the reduction product of galactose, which together with man-
nose, may be available as components of mucin glycoconjugates at
the mucosal tissue of fish (80, 81, 92, 93). While maltose is found
in many processed products that have been sweetened (94), it is
unclear whether there is a specific maltose source in CSS. Consis-
tent with our findings, genes involved in carbohydrate metabo-
lism were identified to be more expressed on cut cabbage (22) and
on ready-to-eat turkey deli meat (19) than what was observed with
the growth of L. monocytogenes in laboratory media. However, no
genes involved in carbohydrate metabolism were found to be up-
regulated in skim milk in Liu and Ream’s study (21), which may be
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attributed to the abundance of lactose as a carbon source in milk.
In the host environment, Toledo-Arana et al. (23) and Chatterjee
et al. (95) found increased transcript levels of specific PTSs in L.
monocytogenes, which enabled it to utilize sugars, such as mannose
and fructose, and/or their alcohols, including galactitol, during
growth in the intestine of axenic mice (23) or upon entering epi-
thelial cells (95). In sum, exploiting a wider range of carbohydrates
appears to be a successful strategy of enteric pathogens to over-
come nutrient limitations or adapt to specific nutrient composi-
tions when proliferating under the complex conditions of food
matrices such as CSS.

Our data suggest that L. monocytogenes growing on CSS may
use the nonoxidative branch of the pentose phosphate pathway
for gluconeogenesis, which is plausible since the pentose phos-
phate pathway is more efficient in anabolism than in glycolysis. In
a result similar to our finding, Bae et al. (19) also found that the
gene LMOf2365_1395 of L. monocytogenes F2365, involved in the
pentose phosphate pathway, was induced on RTE turkey deli meat
(19). Zhou et al. (96) found that several key enzymes involved in
the pentose phosphate pathway were more prevalent in biofilms
than in planktonic cells of L. monocytogenes, and Hefford et al.
(97) reported that proteins involved in sugar metabolism were
highly expressed in biofilms. These findings may indicate that up-
regulation of the aforementioned carbohydrate utilization genes,
especially the pentose phosphate pathway-related genes, is due to
growth of L. monocytogenes on the surface of foods, such as deli
meat and CSS.

Differential regulation of PrfA-dependent genes in vacuum-
packaged CSS supports that growth conditions can have multi-
faceted effects on gene expression and cell physiology. Interest-
ingly, PrfA-dependent genes showed higher transcript levels in
vacuum-packaged CSS than in MBHIB, which may be triggered
by (i) the low level of glucose on CSS, (ii) the oxygen restriction
condition presented in vacuum-packaged CSS, and/or (iii) spe-
cific signals associated with salmon tissue or specific compounds
in the BHIB that could suppress the expression/activity of PrfA. As
the presence of glucose and fermentable carbohydrates can affect
expression of the PrfA regulon (98–100), the apparent utilization
of different carbohydrates by L. monocytogenes grown on CSS may
affect the transcript level of PrfA-dependent genes in L. monocy-
togenes grown on CSS. The importance of the anaerobic environ-
ment is supported by data from Larsen et al. (101), who reported
higher invasion of Caco-2 cells by L. monocytogenes grown for 2
and 4 weeks on modified atmosphere-packaged ham at 4°C than
by bacteria grown in BHIB. Andersen et al. (102) reported that L.
monocytogenes grown under oxygen-restricted conditions were
more invasive to Caco-2 cells and yielded higher bacterial loads in
organs after oral guinea pig challenge than did bacteria grown
without oxygen restriction. In contrast to our findings, Olesen et
al. (20) reported that L. monocytogenes strain O57 prfA transcript
levels were significantly higher in bacteria grown in BHI than in
those grown in liver pâté at 7°C. Possible explanations for these
observed differences include the fact that L. monocytogenes was
grown on liver pâtés under aerobic conditions and differences in
the length of incubation.

Although PrfA-dependent genes represent bona fide virulence
genes (103–105), differential regulation of these genes under the
complex conditions of food matrices appears to occur, with oxy-
gen-restricting conditions and carbohydrate availability possibly
representing environmental cues affecting expression of the PrfA

regulon. In addition, a role for PrfA in the survival and prolifera-
tion of L. monocytogenes outside the human host and on/in spe-
cific food matrices cannot be excluded, as supported by data that
suggest that PrfA contributes to L. monocytogenes biofilm forma-
tion (106). Along with previously reported studies, our data sug-
gest that growth conditions can have multifaceted effects on gene
expression and cell physiology, which reach beyond specific adap-
tations to nutrient availability and stress conditions encountered.

Increasing evidence supports that food-related factors that are
not easily simulated in laboratory medium likely play important
roles in growth and survival of foodborne pathogens in different
foods. Use of RNA-seq-based transcriptomic profiling allows for
detailed assessment of the physiological state of pathogens present
on/in food matrices and provides novel insights in adaptations of
foodborne pathogens to the complex conditions on/in specific
food matrices and environmental conditions. This type of detailed
information will open up a number of new avenues to improve
food safety. For example, the type of information presented here
could pave the way for developing better detection methods (e.g.,
methods targeting highly expressed RNA molecules) and may
even provide for improved risk assessments that account for the
fact that the virulence of a given pathogen may be affected consid-
erably by its physiological state, which clearly depends on a num-
ber of factors, including, but not limited to, food matrix, temper-
ature, and packaging strategies. Most importantly, detailed data
on pathogen adaptation to different complex conditions of food
matrices may hold the key to the development of more-efficient
control strategies and will move the development of control strat-
egies from traditional trial and error approaches to rational-de-
sign type approaches for the development of new growth inhibi-
tors.
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