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Listeria monocytogenes is a gram-positive, food-borne pathogen that causes disease in both humans and animals.
There are three major genetic lineages of L. monocytogenes and 13 serovars. To further our understanding of the
differences that exist between different genetic lineages/serovars of L. monocytogenes, we analyzed the global protein
expression of the serotype 1/2a strain EGD and the serotype 4b strain F2365 during early-stationary-phase growth
at 37°C. Using multidimensional protein identification technology with electrospray ionization tandem mass spec-
trometry, we identified 1,754 proteins from EGD and 1,427 proteins from F2365, of which 1,077 were common to
both. Analysis of proteins that had significantly altered expression between strains revealed potential biological
differences between these two L. monocytogenes strains. In particular, the strains differed in expression of proteins
involved in cell wall physiology and flagellar biosynthesis, as well as DNA repair proteins and stress response
proteins.

Listeria monocytogenes is a gram-positive, facultative intra-
cellular pathogen and is the causative agent of listeriosis. It is
an opportunistic food-borne pathogen that can cause life-
threatening infections, including meningitis, septicemia, mis-
carriage, and fetal death (52). L. monocytogenes is responsible
for nearly 28% of all food-related deaths in the United States
(31, 33, 52). Those that are most susceptible include immuno-
compromised individuals, the elderly, pregnant women, and
neonates (44).

L. monocytogenes has been divided into three genetic lin-
eages using ribotyping, sequence variations of known virulence
genes, and multilocus sequence typing (34, 47, 55). Lineage I
contains serovars 1/2b, 3b, and 4b, and lineage II contains
serovars 1/2a, 1/2c, and 3c. Almost all of the major food-borne
epidemics of listeriosis have been caused by strains in serovar
4b (41, 55), and lineage I contains a significantly higher pro-
portion of human isolates than do the other divisions (21, 35,
41). Many human clinical isolates are also present in lineage II,
and in particular, serotype 1/2a is prevalent among food iso-
lates (19, 29). However, listeriosis cases caused by lineage II
isolates tend to be more sporadic and not associated with
epidemics.

DNA microarrays using L. monocytogenes strains from dif-
ferent lineage groups demonstrated that many genes have di-
verged between the lineages and revealed that lineage I is a
more clonal population than lineage II (3, 6, 12). The genomes
of two strains representing epidemic clonal groups within
serovar 4b (F2365 and H7858) have been sequenced, along

with two serovar 1/2a strains (EGD and F6854) (20, 39). Com-
parative genomics between lineage I (serovar 4b) and lineage
II (serovar 1/2a) showed that all of the previously identified
virulence factors were common to all L. monocytogenes strains;
thus, many of these 4b-specific genes encode either unknown
proteins or poorly characterized surface proteins or transcrip-
tional regulators (39). Most of the genomic differences be-
tween the strains were phage insertions, transposable ele-
ments, and single nucleotide polymorphisms. Comparison of
how listerial strains respond to stationary phase at the tran-
scriptome level revealed differences between the two lineages
in cell wall synthesis, the stress-related sigma B regulon, and
virulence-related genes (50).

Conducting comparisons between lineage I and lineage II
listerial strains at the genome sequence level and at the tran-
scriptome level is not sufficient to allow identification of the
virulence factors that enable strains to cause epidemic listeri-
osis. To better understand the differences between epidemic
clonal groups and sporadic disease isolates, there is a need to
compare how they respond to the environment at the protein
level. In the current study, we examined the expressed pro-
teomes of serovar 4b isolate F2365 and serovar 1/2a isolate
EGD during early stationary phase at 37°C using multidimen-
sional protein identification technology (MuDPIT) (56). Our
results demonstrate that excellent coverage of the L. monocy-
togenes proteome can be achieved using MuDPIT, and they
provide a map of the expressed proteomes of these strains
during early stationary phase. By identifying proteins that are
orthologous between the strains, our results further show that
MuDPIT may be an effective tool for conducting quantitative
comparisons of protein expression between F2365 and EGD.
The results of our quantitative comparisons reveal similarities
and differences in how the two strains respond to the same
environment, and they lay the groundwork for future work to
compare how lineage I and lineage II listerial isolates respond
to changes in their environment.
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MATERIALS AND METHODS

Bacterial growth conditions and protein isolations. Colonies from freshly
streaked plates of L. monocytogenes strains F2365 (serotype 4b) and EGD (sero-
type 1/2a) were used to inoculate 2-ml starter cultures of each strain in brain
heart infusion (BHI) medium, which were then grown for 8 h aerobically at 37°C
with rotary aeration to ensure that the two strains were equally acclimated to
medium conditions. Following this initial period, cultures were diluted 1:100 in
20 ml of BHI medium and growth was allowed to continue aerobically at 37°C
overnight (17 h) with rotary aeration to an optical density at 600 nm of 1.3 to 1.4
(cell concentrations were �5 � 109 CFU/ml for both strains). At this point, the
entire culture was pelleted by centrifugation (5,656 � g for 10 min at 4°C) and
resuspended in 4 ml of lysis solution (2% Triton X-100, 2.6 mg/ml sodium azide,
0.1 M Tris [pH 8.0], 8 mM phenylmethanesulfonyl fluoride). Lysozyme (2 mg/ml)
was added, followed by incubation for 2 h at 37°C. Bacteria were then sonicated
with four 30-s pulses (Fisher Scientific Model 100 Sonic Dismembrator, setting 3)
on ice with 1 min of cooling between pulses. Samples were treated with 85 �g/ml
DNase I and 20 �g/ml RNase A for 30 min at 37°C, and cell debris was pelleted
by centrifugation (18,000 � g for 5 min at 4°C). Supernatant containing the
protein was precipitated with an equal volume of 50% trichloroacetic acid over-
night at �20°C. Precipitated protein was pelleted by centrifugation at 18,000 �
g for 5 min at 10°C, washed with ice-cold acetone (Chromosolv for high-pressure
liquid chromatography; Sigma-Aldrich), and then dried at room temperature.

Protein was resuspended in 0.5 ml of solubilization solution {7 M urea, 20 mM
Tris-Cl, pH 8.0, 5 mM EDTA, 5 mM MgCl2, 4% 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS), 1 mM phenylmethanesulfonyl
fluoride}. Following quantitation of solubilized protein using the 2-D Quant kit
(Amersham Biosciences), 0.1 mg of protein was precipitated with an equal
volume of 50% trichloroacetic acid for 1 h at �20°C. Precipitated protein was
pelleted, washed twice with ice-cold acetone, and resuspended in 0.1 ml of 100
mM ammonium bicarbonate and 5% acetonitrile. Protein was treated with 5 mM
dithiothreitol for 10 min at 65°C, followed by treatment with 10 mM iodoacet-
amide for 30 min at 30°C. Protein was digested for 15 h with 2 �g sequencing-
grade trypsin at 37°C. Tryptic digestions were stopped by decreasing the pH to
4.0 with acetic acid. Peptides were desalted using a peptide macrotrap (Michrom
Bioresources, Inc.), and eluted samples were dried at room temperature and
stored at �80°C until further needed. Before samples were processed through
two-dimensional (2D) liquid chromatography (LC)–tandem mass spectrometry
(MS-MS), purified peptides were resuspended in 0.02 ml of 0.1% formic acid and
5% acetonitrile. Proteins were isolated from EGD and F2365 from three inde-
pendent experiments.

Protein analysis. MuDPIT analysis was performed on three replicates of EGD
and F2365 by using strong cation exchange followed by reverse-phase chroma-
tography coupled directly in line with an electrospray ionization (ESI) ion trap
tandem mass spectrometer (LCQ; ThermoElectron Corp.) exactly as previously
described (37). The salt gradient applied in this study was applied in steps of 0,
10, 15, 20, 25, 30, 35, 40, 45, 50, 57, 64, 90, and 700 mM ammonium acetate in 5%
acetonitrile-0.1% formic acid. The reverse-phase gradient used 0.1% formic acid
in acetonitrile. The acetonitrile concentration was increased in a linear gradient
from 5% to 30% in 20 min and then 30% to 95% in 7 min, followed by 5% for
10 min for the 0, 10, 15, 25, 30, 45, 64, 90, and 700 mM salt gradient steps. For
the 20, 35, 40, 50, and 57 mM salt gradient steps, acetonitrile concentration was
increased in a linear gradient from 5% to 40% in 65 min, 95% for 15 min, and
5% for 20 min.

All database searches of tandem mass spectra were performed using Turbo-
SEQUEST (Bioworks Browser 3.2; ThermoElectron) (14). Mass spectra and
tandem mass spectra were searched against the appropriate in silico trypsin-
digested protein database of L. monocytogenes strain F2365 or EGD downloaded
from the National Center for Biotechnology Information (NCBI). Cysteine car-
bamidomethylation and methionine oxidation (single and double) were included
in the search criteria. We used the reverse database functionality in Bioworks 3.2
and searched MS-MS data for each strain against the appropriate reversed
database using the same search criteria as described above. We assigned prob-
abilities to peptide identifications by calculating the composite score derived
from the SEQUEST Xcorr and �Cn for all peptides from the real and reverse
database searches (32, 40). We combined real and reverse database peptides and
ranked them based on the composite score. We used the distribution of the
scores to calculate the probability for each peptide identification to be derived
from the real database (D. Kunec, B. Nanduri, L. A. Hanson, and S. C. Burgess,
presented at the 54th ASMS Conference on Mass Spectrometry, Seattle, WA,
2006). Protein probabilities were then calculated as previously described using
only peptides with P � 0.01 (32, 40).

Protein comparisons. Because F2365 and EGD were sequenced by two dif-
ferent research groups (20, 39), the annotation (protein names) varied greatly
between the two strains. Therefore, to facilitate differential expression analysis,
we first identified orthologous proteins between EGD and F2365 by identifying
reciprocal-best-BLAST hits. To estimate the quantity of each protein, we used
our published label-free quantification method based on the sum of Xcorrs of all
the peptides from each protein (38). ProtQuant was used to identify significant
changes in orthologous protein expression between EGD and F2365 (4). Prot-
Quant is a custom program that calculates the mean sum of Xcorrs of all the
identified peptides from all three replicates for each protein and then conducts
one-way analysis of variance (� � 0.05) to identify statistically significant differ-
ences in protein expression between treatments.

RESULTS

Proteome profiles of EGD and F2365. Based on their respec-
tive genome annotations, EGD (NC_003210) has 2,846 puta-
tive protein-encoding genes and F2365 (NC_002973) has 2,821
putative protein-encoding genes. However, the names for the
protein-encoding genes from one strain did not correspond to
the names provided for the other strain. We therefore gener-
ated a list of orthologous proteins between EGD and F2365 by
conducting reciprocal-BLAST searches. We identified 2,608
orthologous proteins (reciprocal-best-BLAST hits) between
EGD and F2365. However, we could not identify F2365
orthologs for 238 EGD proteins, and 213 F2365 proteins had
no EGD orthologs.

To determine the proteins expressed during stationary phase
for F2365 and EGD, we conducted 2D LC ESI MS-MS with
proteins isolated from these strains. Using this method, we
identified 1,427 proteins in F2365 (50.5% of the predicted
proteome) and 1,754 proteins in EGD (61.6% of the predicted
proteome). Together, a total of 2,104 L. monocytogenes pro-
teins were identified. Based on the list of EGD-F2365 ortholo-
gous proteins, we determined that the two strains expressed a
common set of 1,077 proteins during growth in BHI medium.

A thorough analysis of the biological functions represented
by the identified proteins requires identification of the func-
tions of these proteins. We evaluated three different sources
for obtaining protein function: Clusters of Orthologous
Groups (COGs), Gene Ontology (GO), and the functional
classification codes from ListiList (http://genolist.pasteur.fr
/ListiList/index.html). We did not find COG assignments for
24% of identified proteins from EGD and F2365. Further-
more, 19% of EGD and F2365 proteins that did have a COG
designation were assigned to either the category “general func-
tion prediction only” (COG-R) or the category “function un-
known” (COG-S) (data not shown). Overall, COGs did not
contain functional information for nearly 41% of our data (854
out of the total protein set of 2,104).

Using GO annotation from Uniprot (http://beta.uniprot
.org/), we found that fewer proteins from our data set had
assigned functions with GO than when they were analyzed by
COGs. GO was available for approximately 63% of identified
EGD and F2365 proteins. Additionally, we found that many of
these classifications were based on eukaryotic functions and
cellular locations and were therefore not relevant for our anal-
ysis (data not shown).

By contrast, using the functional classification codes pro-
vided by ListiList, we were able to assign a classification code
to 92% of the identified proteins from F2365 and 96% of the
identified proteins from EGD. Approximately 28% of ListiList

VOL. 75, 2009 PROTEOMIC ANALYSIS OF L. MONOCYTOGENES F2365 AND EGD 367



classification codes were similar to unknown proteins (category
5) or not similar to other proteins (category 6). Overall, the
ListiList database provided information for 68% of our total
proteins (1,435 out of the total 2,104 proteins). This functional
coverage was better than that of COGs or GO. Furthermore,
because ListiList classification codes are specific for listerial
species, they are more relevant than those generated by GO or
COGs for analysis of L. monocytogenes proteins. Therefore, we
used ListiList functional categories for data analysis in this
study.

Using ListiList’s functional classifications, the proteins iden-
tified in EGD and F2365 were divided into six general catego-
ries (Fig. 1). These six categories were as follows: 1, cell enve-
lope and cellular processes; 2, intermediary metabolism; 3,
information pathways; 4, other functions; 5, proteins that are
similar to unknown proteins; and 6, proteins with no similarity
to other proteins. We added an additional category (7) to
indicate proteins whose functions were not identified through
ListiList. The two strains showed similar patterns in coverage
of these seven functional categories relative to the total num-
ber of proteins present in that category for that strain. The best
coverage for both EGD and F2365 was in intermediary me-
tabolism, and the lowest coverage was in the category labeled
“other functions” (Fig. 1).

The genome annotation of EGD had a larger number of
proteins classified as “hypothetical” than did that of F2365.
This could be because the EGD genome was sequenced earlier
than F2365 (2001 versus 2004, respectively); therefore, less
protein function information was available when the EGD
sequence was annotated. However, for many of the proteins
that were classified as hypothetical in EGD, we were able to
transfer annotation from orthologous genes in F2365. There
was one protein classified as hypothetical in F2365 for which
we were able to transfer annotation from EGD; this protein
was classified as a putative cell surface protein in EGD.

Proteins common to EGD and F2365. A common set of
1,077 proteins was expressed by both EGD and F2365 when
cultivated at 37°C in BHI broth. Of these proteins, 5% were
not classified by ListiList (59 out of 1,077 proteins). In addi-
tion, 223 of the common set of proteins that were classified by
ListiList were assigned to either category 5 or 6, and both
categories represent unknown function classifications. The in-
termediary metabolism category accounted for 286 (26%) of

the proteins from the set common to both EGD and F2365.
The cell envelope and cellular processes category accounted
for 240 (22%) of the common proteins (Table 1, common set).

Of the proteins common to the two strains that have inter-
mediary metabolic functions, 86 were involved in fatty acid,
amino acid, and lipid metabolism. In addition, 125 of the pro-
teins were involved in carbohydrate metabolism. Proteins in-
volved in glycolysis, the pentose phosphate pathway, and elec-
tron transport were expressed by both strains. Nucleotide/
nucleic acid biosynthesis was also found to be conserved in
both strains (Table 1).

Several information pathways were found to be similar for
both EGD and F2365. For instance, 148 proteins in both
strains were found to be involved in RNA synthesis and protein
synthesis (Table 1). Additionally, DNA replication was con-
served; DNA polymerase I, DNA polymerase III, primase, and
DNA gyrase were expressed in both strains.

A set of proteins that corresponded to the phosphoenolpyru-
vate:carbohydrate phosphotransferase (PTS) system was ex-
pressed in both EGD and F2365. In fact, 3% of the commonly
expressed proteins were classified as being part of the PTS
system (35 out of 1,077). The PTS system functions to trans-
port sugars into the cell and phosphorylate sugars during this
transport process (43). Cytoplasmic IIA components, as well as
membrane-bound components IIB and IIC, were identified in
both strains. The heat-stable protein HPr, which is required for
the initial transport and phosphorylation of the carbohydrates,
was also expressed by both strains (43).

The two strains shared many similarities in membrane pro-
tein expression. For instance, 13 cell wall surface anchor pro-
teins were found in both EGD and F2365, nine of which were
classified as having the LPXTG motif (5). Two cell wall-bound
internalins with LPXTG motifs were expressed by both EGD
and F2365: internalin A and another internalin family protein
(gi: 46908017). Internalins are virulence proteins involved in
cell invasion. There were also three cell division proteins that
were shared between the two strains (DivIC, FtsY, and FtsZ).
Additionally, the cell shape-determining protein MreB was
also expressed in both F2365 and EGD. Another cell division-
related protein that both strains expressed was the septation
ring formation regulator EzrA, even though expression levels
differed between these two strains.

There were several proteins with activities related to oxida-

FIG. 1. Percentages of proteins identified relative to the set of proteins with ListiList classification. Percentages (y axis) were calculated for both
strains and classified according to the six categories provided by ListiList and a seventh category including those proteins that were not identified
by ListiList.
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tive stress that were expressed in both EGD and F2365. Some
of these proteins included thiol peroxidase, catalase, super-
oxide dismutase, coproporphyrinogen III oxidase, peroxide re-
sistance protein, and several different oxidoreductases. The

expression of these proteins during stationary phase indicates
that these strains are prepared for surviving environments
where oxidative damage is likely to occur.

Another interesting feature shared between EGD and
F2365 was that both strains expressed several types of heli-
cases. Both EGD and F2365 expressed the DNA helicases
PcrA, RecG, RecQ, and DinG and the RNA helicases DbpA
and DeaD. A majority of these identified helicases have im-
portant roles in bacterial DNA repair (RecG, RecQ, DinG,
and DbpA) (1, 23, 28, 53). PcrA has been suggested to work
with the recombination proteins RecFOR, yet its precise func-
tion has not yet been identified (42). Other repair proteins that
were expressed in both EGD and F2365 were RecO, RecD,
RecR, RecJ, RecN, and photolyase.

Finally, expression of several PrfA-regulated proteins was
detected in both strains, including listeriolysin, actin-assembly
inducing protein (ActA), phosphatidylinositol phospholipase C
(PI-PLC), and phosphatidylcholine phospholipase C.

Analysis of proteins specific to either EGD or F2365. The
results of our reciprocal BLAST searches between EGD and
F2365 showed that 141 of the expressed EGD proteins did not
have orthologous protein-encoding genes in F2365. Of these,
77% (109 out of 141) were classified as hypothetical proteins in
EGD. F2365 had a total of 79 expressed proteins that did not
have an orthologous protein-encoding gene in EGD, and 49
(62%) of these were classified as hypothetical (see the table in
the supplemental material).

Several of the expressed EGD proteins that lacked ortholo-
gous protein-encoding genes in the F2365 genome were bac-
teriophage proteins. In total, EGD expressed 28 bacteriophage
proteins (Table 1). By contrast, F2365 expressed five phage-
related proteins according to the ListiList classification codes
(three of these were also expressed by EGD). However, the
F2365 “phage-related” proteins were named as hypothetical
proteins in the F2365 annotation, so it is not certain that they
are truly phage proteins. Eleven of the EGD bacteriophage
proteins were A118-specific proteins (30), which are known to
be encoded in the EGD genome (39).

Another protein detected in EGD that does not have an
ortholog in F2365 is internalin B, which is truncated in F2365
because inlB has a premature stop codon due to a point mu-
tation.

Analysis of orthologous proteins differentially expressed by
EGD or F2365. Of the proteins that had orthologous protein-
encoding genes in EGD and F2365, expression of 413 was
significantly different between the two strains under the culture
conditions that we tested (see the table in the supplemental
material). Expression of 322 proteins was significantly in-
creased in EGD relative to F2365, and expression of 91 was
significantly decreased in EGD. The predominant differences
in protein expression were in the cell envelope and cellular
processes category; approximately 22% of the proteins differ-
entially expressed by EGD and F2365 were in this category.
Differences in this category were mostly seen in transport pro-
teins, lipoproteins, and cell surface proteins (Table 1).

F2365 and EGD had several differences in the expression of
cell wall physiology proteins (cell division, cell shape, and cell
wall biosynthesis proteins). EGD had a significantly higher
expression of several cell division proteins than did F2365,
including DNA segregation ATPase FtsK/SpoIIIE protein,

TABLE 1. Protein classifications of EGD-specific proteins, F2365-
specific proteins, and the common set of proteins based

on ListiList categories

Function or description ListiList
category no.

No. of proteins

EGD F2365 Common

Cell envelope and cellular
processes

1 141 73 240

Cell wall 1.1 24 10 43
Transport/binding proteins

and lipoproteins
1.2 77 40 105

Sensors (signal transduction) 1.3 5 0 10
Membrane bioenergetics 1.4 7 4 21
Mobility and chemotaxis 1.5 3 3 12
Protein secretion 1.6 0 1 7
Cell division 1.7 6 3 9
Cell surface proteins 1.8 19 12 31
Soluble internalin 1.9 0 0 2
Transformation/competence 1.10 0 0 0

Intermediary metabolism 2 132 73 286
Metabolism of carbohydrates

and related molecules
2.1 53 24 125

Specific pathways 2.1.1 50 24 104
Main glycolytic pathways 2.1.2 2 0 16
Tricarboxylic acid cycle 2.1.3 1 0 3
Metabolism of amino acids

and related molecules
2.2 32 27 63

Metabolism of nucleotides
and nucleic acids

2.3 6 6 35

Metabolism of lipids 2.4 16 6 23
Metabolism of coenzymes

and prosthetic groups
2.5 23 10 36

Metabolism of phosphate 2.6 2 0 4

Information pathways 3 107 49 224
DNA replication 3.1 7 4 11
DNA restriction/modification

and repair
3.2 12 2 17

DNA recombination 3.3 5 1 10
DNA packaging and

segregation
3.4 1 0 10

RNA synthesis 3.5 54 26 91
Initiation 3.5.1 3 1 0
Regulation 3.5.2 48 25 81
Elongation 3.5.3 2 0 8
Termination 3.5.4 1 0 2
RNA modification 3.6 8 4 14
Protein synthesis 3.7 15 9 57
Ribosomal proteins 3.7.1 11 6 27
Aminoacyl-tRNA synthetases 3.7.2 3 2 19
Initiation 3.7.3 0 0 5
Elongation 3.7.4 1 1 4
Termination 3.7.5 0 0 2
Protein modification 3.8 4 3 9
Protein folding 3.9 1 0 5

Other functions 4 53 12 45
Adaptation to atypical

conditions
4.1 2 6 22

Detoxification 4.2 9 2 9
Phage-related functions 4.3 28 2 3
Transposon and insertion

sequence
4.4 10 1 1

Miscellaneous 4.5 4 1 10

Similar to unknown proteins 5 163 71 179
From Listeria 5.1 20 5 11
From other organisms 5.2 143 66 168

No similarity 6 67 20 44

Not identified in ListiList 7 14 52 59
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septation ring formation regulator EzrA, a cell wall hydrolase
(autolysin), and N-acetylmuramoyl-L-alanine amidase protein.
EGD also expressed significantly more of the cell shape-deter-
mining protein MreB. F2365 expressed significantly more of
the cell division protein FtsQ. Several cell wall biosynthesis
enzymes had increased expression in EGD compared to F2365,
including GlmS, which catalyzes the first step in hexosamine
biosynthesis; D-alanyl-D-alanine carboxypeptidase; UDP-N-
acetylglucosamine 1-carboxyvinyltransferase (MurA); and a
penicillin binding protein.

Another difference in expression of cell wall physiology pro-
teins was observed with cell wall anchor proteins. EGD ex-
pressed significantly more of five of these cell wall anchor
proteins, while F2365 expressed significantly more of one cell
wall anchor protein. All of these cell wall-bound proteins have
a predicted LPXTG motif. While the exact function of these
cell wall-associated proteins is not currently known, it is rea-
sonable to expect that the differences in cell wall-associated
protein expression patterns between strains could be related to
differences in pathogenicity or antigenicity between strains due
to their location at the cell surface.

There was also good evidence that EGD expressed more
flagellar structural proteins than did F2365. EGD expressed
significantly more flagellar hook-associated protein, flagellar
motor switch protein, flagellar M-ring protein, and flagellum-
specific ATP synthase than did F2365. By contrast, F2365 ex-
pressed significantly more flagellar biosynthesis protein (gi:
46906930). EGD also expressed more of the chemotaxis pro-
tein CheY than did F2365. Both EGD and F2365 had nine
flagellar proteins that were expressed by the two strains.

EGD had a higher expression of DNA repair proteins than
did F2365. For instance, EGD had a significantly higher
amount of UvrA and UvrC expressed than did F2365. UvrA
and UvrC are components of an endonuclease enzyme com-
plex involved in nucleotide excision repair (49). EGD ex-
pressed significantly more 3-methyladenine DNA glycosylase,
which catalyzes the first step in base excision repair by cleaving
damaged DNA bases within double-stranded DNA to produce
an abasic site. EGD had higher expression of the base excision
repair protein uracil DNA glycosylase, and it expressed more
PriA, which helps DNA polymerase II restart DNA synthesis
immediately following UV exposure (46). EGD also expressed
significantly more MutS, which recognizes mismatches to ini-
tiate the DNA repair process, and RecN, which repairs double-
strand breaks. EGD had a higher amount of MutY expressed,
which is part of the GO repair system that is largely involved in
repair of oxidative damage (36). F2365 had a higher level of
expression of the MutT repair protein, which is also involved in
the GO repair system.

In addition to DNA repair enzymes, EGD expressed signif-
icantly more of several DNA metabolism enzymes than did
F2365, including DNA ligase, DNA gyrase, DNA polymerase
III, and DNA topoisomerase ParC. Three DNA helicases had
significantly greater expression in EGD than in F2365: PcrA,
which is a homolog of UvrD; a helicase that serves as the
epsilon subunit of DNA polymerase III; and a helicase in the
Snf2 family. EGD also expressed significantly more SbcC,
which is part of a two-protein complex that cleaves hairpin
structures that cause DNA replication to stall (10) and inserts
double-strand breaks to remove DNA-bound protein (9).

EGD also had stronger expression of stress response pro-
teins than did F2365 during stationary phase. There were sig-
nificantly more of the chaperones GroEL, GroES, DnaK,
ClpB, and GrpE in EGD, and there was significantly higher
expression of a protein in the PfpI superfamily, which com-
bines molecular chaperone and aminopeptidase activities and
performs a protective function under a wide range of stress
conditions. EGD also expressed a significantly higher amount
of RsbR, which helps induce sigma B-mediated bacterial re-
sponse to physical stress (48). EGD had significantly increased
expression of osmotic stress proteins OsmC and Ctc (17) com-
pared to F2365, and it had increased expression of oxidative
stress proteins Dpr (involved in peroxide resistance), thiore-
doxin, and methionine sulfoxide reductase A (which reduces
methionine sulfoxide). Two cold shock domain proteins also
had increased expression in EGD compared to F2365. In ad-
dition, two acid tolerance proteins, glutamate decarboxylase
(gamma subunit) and a putative lactoylglutathione lyase, also
had significantly increased expression in EGD. F2365, on the
other hand, expressed significantly higher amounts of sigma B
activator RsbT as well as the oxidative stress proteins catalase
and thiol peroxidase.

Interestingly, EGD expressed significantly higher amounts
of HPr and phosphoenolpyruvate protein phosphotransferase.
The genes encoding these proteins are cotranscribed, and ex-
pression is increased in the presence of glucose (8). Increased
expression of these proteins induces expression of glucose cat-
abolic enzymes and inhibits expression of PrfA-regulated vir-
ulence genes (11). Another interesting protein that was ex-
pressed only by EGD was the fibronectin binding protein.
Fibronectin binding proteins allow L. monocytogenes to bind to
fibronectin found associated with eukaryotic cells, which is an
important step in establishing infection (18).

DISCUSSION

Listeria monocytogenes is a major threat to both the medical
and food industries. Here, we characterized the proteins ex-
pressed during early stationary phase in BHI at 37°C in L.
monocytogenes strains EGD and F2365. Strain F2365 is repre-
sentative of serovar 4b epidemic isolates from lineage I, and
strain EGD is representative of serovar 1/2a sporadic disease
isolates from lineage II. Together, these two serovars contrib-
ute to a majority of reported cases of listeriosis (25).

Previous investigations of the L. monocytogenes proteome
have largely used 2D gel electrophoresis followed by identifi-
cation of individual spots by mass spectrometry (13, 16, 22, 24,
45, 54). In the current study, we used MuDPIT (2D LC directly
inline with ESI and MS-MS) to evaluate the expressed pro-
teome of EGD and F2365. Using this method, we achieved
approximately 50 to 60% coverage of the predicted proteomes,
which to our knowledge is the best-reported coverage of the L.
monocytogenes proteome. Our protein isolation technique also
allowed good coverage of membrane proteins. Importantly,
this coverage of the L. monocytogenes proteome was achieved
by analyzing 2 �g of trypsin-digested protein per replicate by
2D LC ESI MS-MS. By comparison, �60 to 100 �g is required
for analysis by 2D gel electrophoresis (13, 22, 54). Our results
demonstrate that MuDPIT is a practical and effective method
for evaluating the L. monocytogenes proteome.
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Because the two strains were cultivated under the same
bacterial growth condition, we found that many proteins that
conduct core metabolic functions were expressed in both EGD
and F2365. Additionally, the presence of similar transport pro-
teins suggests that the two strains utilize similar nutrients.
Common DNA replication proteins and helicases indicate that
DNA replication and chromosome segregation also proceed
similarly between these two strains under these growth condi-
tions.

Expression of several PrfA-regulated virulence proteins was
detected, including listeriolysin, ActA, PI-PLC, and phosphati-
dylcholine phospholipase C. Typically, cultivation under either
nutrient-restricted or iron-restricted medium is required to
induce higher levels of expression of the genes encoding these
proteins, particularly for hlyA (encoding listeriolysin) and plcA
(encoding PI-PLC) (2, 15, 51). One possible explanation for
the expression of these virulence proteins is that we harvested
proteins during stationary phase, which is known to stimulate
sigma B-mediated expression of PrfA-regulated virulence
genes (26). In fact, there was evidence that a sigma B-mediated
stress response was present in the current study; sigma B was
detected from EGD, and several sigma B-activating proteins,
including RbsR, RsbS, RsbT, and RsbU (7), were also de-
tected.

The protein expression patterns detected in the current
study are consistent with previously reported studies of Listeria
monocytogenes during stationary phase. One study found a
large number of differentially expressed protein spots in strain
Scott A between exponential and stationary phase; however,
only 10 spots were identified by peptide mass fingerprinting
(54). In this previous study, LacI, GrpE, and superoxide dis-
mutase were reported to have higher expression during sta-
tionary phase, and we detected all three of these proteins in the
current study. Interestingly, we also detected expression of
several proteins that Weeks et al. reported were either down-
regulated or not expressed during stationary phase, including
elongation factor Ts, DNA polymerase III, HPr, Smc, and ATP
synthase. Another study reported increased expression of some
cellular metabolism proteins during stationary phase as well as
proteins involved in stress adaptation (16). Many of the stress
response proteins that they found with increased expression in
stationary phase were detected in the current study, including
ferritin, GroES, and listeriolysin.

Comparisons of the EGD and F2365 genomes have pro-
vided information on the genes that may play vital roles in
strain-specific functions (20, 39). A previously reported com-
parison of strains from serovars 1/2a and 4b at the genome
level showed that 83 genes were specific to serotype 1/2a and
51 genes were specific to the 4b serotype (39), and our recip-
rocal-BLAST searches between the EGD and F2365 genomes
identified 238 proteins unique to EGD and 213 proteins
unique to F2365. It could be predicted that many of these
strain-specific genes allow the strains to adapt to their respec-
tive ecologic niches. However, to our surprise, we found that
many strain-specific genes are expressed at the protein level
during stationary phase: specifically, 141 EGD-specific pro-
teins and 79 F2365-specific proteins were identified in the
current study. Not surprisingly, approximately two-thirds of the
EGD- and F2365-specific expressed proteins were hypotheti-

cal. More work remains to be done to determine the functions
of these strain-specific proteins.

There were also a surprising number of proteins differen-
tially expressed between the two strains, considering that they
were grown under the same culture condition. Even though the
two strains may perform basic cellular processes similarly, they
are different in other characteristics. In particular, our data
show that these two strains differ in expression of cell envelope
proteins and flagellar proteins. Differences between outer
structures of these two serotypes may help to determine the
type of environment that is best suited for the microorganism
or how it is presented to the host’s immune response. These
differences may help explain why serotype 4b strains are asso-
ciated with outbreaks of human listeriosis while serotype 1/2a
strains tend to cause isolated cases of human listeriosis (25).

Additionally, the two strains had differences in DNA repair
and stress response proteins that were expressed during sta-
tionary phase. Although both strains expressed these proteins,
many of them had significantly higher expression in EGD,
suggesting that stationary phase may induce a stronger stress
response in EGD than in F2365. Such proteins may play an
important role in survival under stressful conditions associated
with food processing. Further experimental analysis needs to
be performed to verify whether the increased expression of
these stress response proteins provides a greater tolerance to
stress.

The data presented here provide the most comprehensive
expressed proteome map to date for L. monocytogenes during
early stationary phase. The current study also demonstrates
that protein expression comparisons between lineage I and
lineage II listerial strains can reveal similarities and differences
in how they respond to the environment. Information from this
type of study complements comparisons made at the genome
sequence level and at the transcriptome level to identify viru-
lence factors responsible for the epidemic potential of some
listerial strains. The current report demonstrates the feasibility
of using MuDPIT to analyze listerial protein expression in
response to the host. In the future, we will use this method
to study lineage I and lineage II adaptation to growth in the
host environment to identify host-induced virulence factor
expression.
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