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The EIL,™*" phosphotransferase system (PTS) permease encoded by the mpt operon is the principal glucose
transporter in Listeria monocytogenes. EII,™*" participates in glucose-mediated carbon catabolite repression
(CCR) and downregulation of virulence gene expression, and it is the receptor for class Ila bacteriocins. The
regulation of this important protein and its roles in gene control were examined using derivatives of strain
EGD-e in which the mpt operon or its regulatory genes, manR and lmo0095, were deleted. Real-time reverse
transcription-PCR analysis showed that the mpt mRNA level was 10- and 100-fold lower in the Imo0095 and
manR deletion strains, respectively. The manR mRNA level was higher in the mpt deletion mutant in medium
lacking glucose, possibly due to disruption of a regulatory process that normally downregulates manR tran-
scription in the absence of this sugar. Analysis of the mpt deletion mutant also showed that EI1,**" participates
to various degrees in glucose-mediated CCR of PTS operons. CCR of the Imo0027 gene, which encodes a
B-glucoside PTS transporter, required expression of EII,™". In contrast, genes in two mannose PTS operons
(Imo0024, Imo1997, and Im02002) were repressed by glucose even when EII,>*" was not synthesized. A third
mannose PTS operon, mpo, was not regulated by glucose or by the level of EIL,*". Finally, the mRNA levels
for five genes in the prf4 virulence gene cluster were two- to fourfold higher in the mpt deletion mutant. The
results show that EII,™" participates to various extents in glucose-mediated CCR of PTS operons and makes
a small, albeit significant, contribution to downregulation of virulence gene transcription by glucose in strain

EGD-e.

The EIL™*" phosphotransferase system (PTS) permease en-
coded by the mannose permease two (mpt) operon is the prin-
cipal glucose transporter in Listeria monocytogenes (9, 36, 39).
EILM=" plays a central role in class Ila bacteriocin resistance
(9, 16, 30, 31, 33, 41), carbon catabolite repression (CCR) (1,
42), and possibly regulation of virulence gene expression (10,
18, 21, 22, 25, 36) in Listeria species. The mpt operon contains
three genes, which encode the HABM*" (mptd), IICM*"
(mptC), and IIDM*" (mptD) subunits of the transporter (Fig.
1). Seminal studies of class ITa bacteriocin resistance showed
that the mpt promoter is controlled by the o>* sigma factor (8,
17, 33) and the o”*-associated activator, ManR (encoded by
Imo0785) (9, 42). In addition, transcription is controlled by the
response regulator protein, ResD (encoded by Imo1948) (21),
and, at least in Listeria innocua, by the Crp-Fnr homolog,
Lin0142 (20, 41), the ortholog of which in L. monocytogenes is
Lmo0095. The role of Lmo0095 in mpt control in L. monocy-
togenes has not been studied.

The regulation of gene expression by glucose occurs by
similar processes in Bacillus subtilis and L. monocytogenes.
Namely, transport and metabolism of glucose are coupled to
both catabolite control protein A (CcpA)-dependent and
CcpA-independent mechanisms of gene control (1, 3, 6, 7, 11,
12, 42) (Fig. 1). In CcpA-dependent CCR, the metabolism of
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glucose leads to an increase in the level of fructose 1,6-bisphos-
phate, which is an activator of the regulatory enzyme, HPr
kinase/phosphorylase (HPrK/P) (11, 12). HPrK/P phosphory-
lates the HPr core kinase of the PTS at a regulatory serine
residue, activating it for binding to CcpA (7, 11, 12). Subse-
quently, the HPr-Ser-P/CcpA complex binds to control sites
known as cre sequences (catabolite repression elements) in
genes involved in catabolism of alternative carbon sources,
inhibiting transcription (3, 11, 12). Because EILM*" is the prin-
cipal glucose transporter in L. monocytogenes, it is thought to
play a central role in CcpA-dependent CCR (1). In CcpA-
independent CCR, the activities of regulatory proteins that
control the transcription of catabolic operons are modulated
by PTS transporter-mediated phosphorylation of histidine res-
idues in structural domains called PTS regulation domains
(PRDs) (12, 23, 37). It has been proposed that phosphorylation
of ManR PRD-II by the EIIM*" transporter in the absence
of glucose inactivates ManR and downregulates mpt transcrip-
tion in L. innocua (42) and presumably in L. monocytogenes
(Fig. 1).

Recent transcriptome studies have identified a number of
PTS operons that are regulated by glucose and other sugars in
L. monocytogenes (19, 25, 36). However, the role of EIIM*" in
CCR in glucose medium has been examined for relatively few
genes. One PTS permease whose expression appears to be
strongly inhibited by EIIM*"-based CcpA-dependent CCR is
the B-glucoside PTS permease encoded by the Imo0027 gene
(15, 16, 36) (Fig. 1). Another highly expressed PTS operon of
the mannose structural family, mpo (mannose permease one)
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FIG. 1. Model for EIIM*" regulation of PTS operon and virulence gene transcription in L. monocytogenes. The EILM*™ PTS permease
transports and phosphorylates glucose (glc) using a phosphate group (P) donated from phosphoenolpyruvate (PEP) and transferred to the
permease via the enzyme I (EI) and histidine protein (HPr)-His-P components of the core PTS (center). EII,M*" participates in CcpA-independent
downregulation of mpt transcription in the absence of glucose through inactivation of ManR by phosphorylation of its PRD-II (lower left). The
dephosphorylated species of ManR that predominates in glucose medium activates mpt transcription, as do the o*, Lmo0095 (95), and ResD
proteins. In addition, EIIM*" appears to contribute to downregulation of mpt transcription in the absence of glucose by an unknown mechanism
that decreases manR transcription (upper right). EILM*" also appears to participate to various extents in CcpA-dependent regulation of other PTS
operons in glucose medium (lower right). Downregulation of Imo0027 (solid line) requires EIIM*" expression, whereas downregulation of Imo0024,
Imo1997, and Imo02002 does not require EIL,M*" expression (lower dashed line). EIL,M*"-dependent regulation of the mpo operon (upper dashed
line) was not observed in this study but has been reported elsewhere. Lastly, the downregulation of prf4 and other virulence genes by EIIM*" in
glucose medium is indicated at the upper left. Regulatory processes examined in this study are indicated by asterisks. Abbreviations: Pyr, pyruvate;
FBP, fructose 1,6-bisphosphate; II, ManR PRD-II. Other gene and protein abbreviations are explained in the text.

encoding EII ,M“", also may be controlled by EIIlM*-initiated

CcpA-dependent CCR since its transcription is 12-fold higher
in an mptA insertion mutant (2). Interestingly, the mpo operon
has a near-consensus o”* promoter sequence (2). Because the
manR gene is located immediately upstream, it is possible that
mpo is controlled by ManR. The L. monocytogenes EGD-e
genome contains genes encoding subunits of potentially two
other PTS permeases of the mannose structural family (14).
The regulation of these genes by glucose, EIIM*", and ManR
has not been examined.

EILM* also may be involved in glucose-mediated down-
regulation of the activity of the master regulator of virulence
gene expression in L. monocytogenes, PrfA (positive regulatory
factor A) (21, 36). PrfA controls a cluster of genes that encode
virulence factors, such as listeriolysin O (kly) and two phos-
pholipase C enzymes (plcA and plcB), which allow internalized
cells to escape from the phagocytic vacuole of a mammalian
host cell. PrfA also regulates transcription of its own gene
(prfA) and the actA4 gene, which encodes a protein (ActA) that
is important for intracellular movement and cell-to-cell spread
(13, 24, 34). Recent studies have indicated that CcpA and HPrK/P
are not involved in the regulation of PrfA activity and virulence
gene transcription by carbohydrates (3, 25). Instead, PrfA ac-
tivity is negatively correlated with the levels of the dephosphor-
ylated species of PTS transporters for glucose and other PTS
sugars (36). The dephosphorylated forms of the transporters
accumulate when their substrates are being transported into
the cell (Fig. 1). Virulence gene expression also has been
reported to be elevated in an mpt deletion mutant (21). How-
ever the contribution of EII,™*" to virulence gene downregu-

lation was not quantified in this study. Because PTS operon
expression and transport of glucose and other PTS sugars
decrease in PrfA overexpression strains, it is possible that PrfA
activity is controlled by its direct interaction with PTS per-
meases, such as EILM*" (22).

In this study, we examined the roles of EII,M*", ManR, and
Lmo0095 in the regulation of mpt, mpo, and two other PTS
operons of the mannose structural family. We also quantified
the effects of mpt deletion on expression of genes in the prf4
virulence gene cluster. The experiments increase our under-
standing of the roles played by EI,™*" in the regulation of
gene expression by glucose in L. monocytogenes.

MATERIALS AND METHODS

Bacterial strains. All experiments were performed with strains derived from L.
monocytogenes EGD-e (ATCC BAA-679) (14) obtained from the American
Type Culture Collection (Manassas, VA). Escherichia coli DH5« was used as the
host for cloning. DH5a was grown at 37°C in Luria-Bertani (LB) medium
supplemented with 0.2% D-glucose and 100 pg/ml ampicillin when it was trans-
formed with pKSV7 (35) and derived plasmids.

Construction of deletion mutant strains. Experiments were conducted using
EGD-e and three deletion mutant strains designated EGD-e Amptl, EGD-e
AmanR1, and EGD-e Almo0095-1. The wild-type copies of the genes were
replaced by in-frame deletion genes introduced into the EGD-e chromosome by
homologous recombination using plasmid pKSV7 (35, 42). Deletion genes were
constructed by splice-by-overlap extension PCR (42) using EGD-e genomic
DNA as the template and the primers listed in Table 1. Twelve to 18 amino acid
codons at the 5" and 3’ ends of the genes were preserved and fused together in
the constructs. In the EGD-e Ampt] strain, all three genes in the mpt operon
(mptA, mptC, and mptD) were deleted. The sequences of the deletion genes in all
strains were confirmed by DNA sequencing.

RNA isolation and mRNA quantitation. The transcript levels for PTS operon
and regulatory genes were measured for strains grown in LB medium supple-



VoL. 75, 2009

MANNOSE PTS REGULATION IN L. MONOCYTOGENES 6673

TABLE 1. Primers used for construction of deletion mutant strains”

Strain Primer Direction Sequence No. of amino acids”
EGD-e Almo0095-1 Imo0095-A-BamHI F CGGGATCCTTTGCGATGAAGTCGTTGCATT 15 N terminal, 15 C
Imo0095-B R GGTCGAGTCAGTAACCAAGGTGTCAACAAAT terminal
CTTCTTTGACCAATTGATGG
1mo0095-C F ACACCTTGGTTACTGACTCGACC
Imo0095-D-Sall R ACGCGTCGACCAAATTCACCGTGAGTTGCGAG
EGD-e Amptl Imo0096/8-A-Kpnl F GCGGGTACCAACGAACTAGTCAATGAAGGTG 12 N terminal, 15 C
1mo0096/8-B R CCAACTATACCAACTACGAATAGAAATTCACC terminal
GTGAGTTGCGAGGA
1mo0096/8-C F CTATTCGTAGTTGGTATAGTTGG
Imo0096/8-D-Sphl R GCGGCATGCAGCAAATGTGTATGTGCCGTTG
EGD-e AmanR1 manR-A-BamHI F CGGGATCCGCCAGCTTGTAATTCTCTACC 18 N terminal, 18 C
manR-B R GATATCGTACAAATAACATAGCTTAGTGGAA terminal
GGATTTTCTAA
manR-C F CTATGTTATTTGTACGATATC
manR-D-Sall R CCGTCGACGTAATAAACTCTATGTCC

“ F, forward; R, reverse. The restriction sites incorporated into primers for cloning are indicated by bold type. The regions of the “B” primers that are complementary
to the “C” primers used for splice-by-overlap extension PCR are underlined. Primers were designed using the L. monocytogenes EGD-e genome sequence available

at the ListiList server (http:/genolist.pasteur.fr/ListiList).

> Amino acid codons remaining at the 5" and 3’ ends of deletion genes. For the mpt deletion strain, the 12 N-terminal amino acids encoded by mptA were fused to

the 15 C-terminal amino acids encoded by mptD.

mented or not supplemented with 0.2% p-glucose. Cultures were grown at 30°C
and harvested at an optical density at 600 nm (ODy) of ~0.5. The levels of the
mptA and mpoA mRNAs also were measured for strains grown at 37°C in brain
heart infusion (BHI) medium (which contained 0.2% glucose) until the ODy
was ~1.0. The effects of mpt and Imo0095 deletion on virulence gene transcrip-
tion were measured for cultures grown in BHI medium containing 0.2% acti-
vated charcoal (Sigma-Aldrich, St. Louis, MO) (BHI/C) supplemented or not
supplemented with 25 mM p-glucose. Cultures were grown at 37°C and harvested
when the ODg, was ~1.0.

Total cellular RNA was isolated using the RNeasy mini kit method (Qiagen,
Valencia, CA) (41, 42). The only change in the previously described RNA
isolation and quantitation procedures was that cells were broken using the
FastRNA Pro Blue lysing matrix and a Fast Prep-24 cell disruption apparatus
(MP Biomedicals, Irvine, CA) prior to RNA isolation. mRNA levels were mea-
sured by real-time reverse transcription-PCR using the iQ SYBER green Super-
mix kit protocol (Bio-Rad, Hercules, CA) and the primer sets listed in Table 2.
16S rRNA was used as the internal standard for all measurements (38). The
mRNA values that are reported below are the averages obtained for four or five
independent RNA preparations. The 2008 online version of the Relative Ex-
pression Software Tool (REST) program (29) was used to calculate changes in
mRNA levels and to determine whether changes were significant.

Database searches. Searches for cre sites in the EGD-e genome were con-
ducted using the Pattern Recognition search tool at the ListiList server (http:
//genolist.pasteur.fr/ListiList). The input sequence used in the searches was TG
TTTACGTTTACA, which is the putative autoregulatory cre site located 60 bp
upstream of the ccpA gene in L. monocytogenes 10403S (3). The ccpA cre se-
quence has only one deviation (underlined) from the B. subtilis consensus cre
sequence (TGWNANCGNTNWCA, where W is A or T and N is any residue)
that has been experimentally established (11, 40). The location and sequence of
the ccpA cre site are identical in EGD-e. In the search, six base mismatches were
allowed, and this generated a total of 105,675 matches in the genome. The list of
matches was examined to find potential cre sites with coordinates located near
PTS permease genes.

RESULTS AND DISCUSSION

Regulation of the mpt operon by Lmo0095 and ManR. We
previously determined that the mpt operon in L. innocua Linl1
is positively regulated by the Lin0142 protein (41). The puta-
tive ortholog of this protein in L. monocytogenes EGD-¢ is
Lmo0095. Like the 1in0142 gene, Imo0095 is located immedi-
ately upstream of mpt4 (Imo0096) (Fig. 1). To determine if
Lmo0095 is the functional equivalent of Lin0142, we deleted

the Imo0095 gene to obtain the EGD-e Almo0095-1 strain and
examined the effects on mpt transcription. We also assessed the
relative contribution of manR to mpt regulation using the
EGD-e AmanR1 mutant. While manR has been shown to pos-
itively regulate mpt in L. monocytogenes (9), the reduction in

TABLE 2. Primers used for real-time reverse transcription-PCR
measurement of mRNA levels”

Gene Direction Sequence
Imo0024 AGGAATGGATATGGCGATTG
CGGCAATTGATCCAAAAATC
Imo0027 GAACCAGCGATTTACGGTGT
GACCGAAGATTCCAAGTCCA
Imo0095 GCGGAAATGATTTTGGTGAA

TCGTAGACACCGAGCATTTG
AGGTGTTCGCGTTAAACCAG
ACGAATTCGATTTTGCCATC
AACCAATGGGATCCACAAGA
CCCGTTCTCGCTAATACTCG
CCATTAGGCGGAAAAGCATA
CAGGTAGAGCGGACATCCAT
TTAGCTTGGGAATGGTGGAG
ATTTCGGATAAAGCGTGGTG
GGAAAGCCATAGCATCATCG
AGCATCCGCAACTGACTCTT
AGCAAATGCCTGTTGTGATG
TTATCCGCGGACCAACTAAG
TCGGCAAACAGGACAATGTA
CCGCCAAATAAATCAACCAT
AGGTGAAACTGGTCGGATTG
TCTAGCACGCTAGCAAACGA

Imo0096 (mptA)
1mo0200 (prfA)
Imo0201 (plcA)
1mo0202 (hly)
Imo0204 (actA)
Imo0205 (plcB)
Imo0784 (mpoA)

Imo0785 (manR)

Imo1997 GAATCCGCGGAAAACTTACA
CATTAAACGGAGTGCCACCT

Imo02002 AGAGGCGGCAAAACTAGTCA
CTTCAACCGATTCGACAACA

16S rRNA AAGCAACGCGAAGAACCTTA

R TR TR TR TR TR TR TR TR TR TR T R T R T R T

TGCACCACCTGTCACTTTGT

“F, forward; R, reverse. Primers were designed using the L. monocytogenes
EGD-e genome sequence available at the ListiList server (http://genolist.pasteur
fr/ListiList).
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TABLE 3. Levels of mRNAs for mpt operon and regulatory genes in EGD-e and deletion mutant strains

Levels of mRNAs*

Strain Medium
Imo0095 manR mptA

EGD-e LB 1.0 1.0

LB + Glc 1.3 (0.7-2.9) 2.4 (1.5-4.0) 8.3 (3.6—16.8)”
EGD-e Almo0095-1 LB 0 1.2 (0.7-2.1) 0.09 (0.05—0.2)b

LB + Glc 0 2.0 (1.0-4.9) 39 (2.4—7.1)1’
EGD-e AmanR1 LB 0.9 (0.5-1.9) 0 0.01 (0.004—0.02)b

LB + Glc 0.8 (0.5-1.4) 0 0.01 (0.004—0.01)”
EGD-e Amptl LB 1.2 (0.5-3.1) 4.8 (2.1—14.1)b 0

LB + Glc 1.1 (0.6-2.1) 22(1.2-4.7) 0

“ The average levels of mRNA for each gene were normalized to the level obtained for strain EGD-e grown in the absence of glucose. Values were calculated based
on measurements obtained for four or five independent RNA preparations. Standard errors calculated by using the REST statistics program are indicated in

parentheses.

® The value differs significantly (P < 0.05) from the value obtained for the reference strain.

mpt expression that occurs in the absence of ManR has not
been reported.

The mptA transcript levels in the Imo0095 deletion strain
were lower than those in EGD-e (Table 3), indicating that
Lmo0095 positively regulates mipt transcription (Fig. 1). The
mptA mRNA levels were ~10-fold lower in LB medium lack-
ing glucose and ~2-fold lower in medium containing this sugar.
In comparison, the mptA transcript levels were ~100-fold
lower in the manR deletion strain regardless of whether glu-
cose was present in the medium. Taken together, the results
indicate that while mpt transcription is activated more strongly
by ManR than by Lmo0095, Lmo0095 nonetheless is required
for full activation of transcription of the operon in glucose
medium. mRNA quantitation also revealed that the levels of
the Imo0095 and manR transcripts in EGD-e are not changed
by addition of glucose to the medium.

Similar 100-fold reductions in mpt transcription were ob-
served for an L. innocua Linll manR deletion mutant (42).
However, disruption of 1in0142 expression by transposon
Tn917 insertion in L. innocua Linl1 resulted in inhibition of
mpt transcription that was greater than that observed here for
EGD-e Almo0095-1 (41). This could have been because mpt
transcription is more dependent on the Lmo0095 ortholog,
Lin0142, in L. innocua or because the transposon somehow
inhibits the mpt promoter. It is unlikely that the higher level of
mpt mRNA observed in the Imo0095 deletion mutant was due
to residual mpt transcription originating from the 1mo0095
promoter. This is because a rho-independent terminator (14) is
preserved downstream of the Imo0095 deletion gene and the
Imo0095 and mptA coding sequences are separated by 297 bp.

Regulatory relationships between 1mo0095, manR, and mpt
transcription. Levels of mRNAs for the Imo0095 and manR
genes were measured in the strains mentioned above and in
the EGD-e Ampt] mutant in which the mptACD genes are
deleted (Table 3). No significant changes in Imo0095 mRNA
levels were detected in the manR or mpt deletion strains com-
pared to EGD-e, indicating that neither ManR nor EI[M*"
regulates Imo0095, at least under the conditions examined.
While the manR transcript level was not affected by deletion of
Imo0095, it was ~5-fold higher in the mpt deletion strain grown
in the absence of glucose. It was unchanged when the mpt
deletion strain was grown in glucose medium. A similar in-
crease (~3-fold) in the manR transcript level in medium lack-

ing glucose was observed for the L. innocua Linll Tn917
insertion mutant mentioned above, in which transcription of
mpt is undetectable (41).

These observations suggest that manR transcription is reg-
ulated by EIIM*"-dependent repression in the absence of glu-
cose (Fig. 1) and by an EIIM*"-independent process in glu-
cose-containing medium. Because no differences in the manR
mRNA levels in the strains grown in glucose medium were
observed, the data do not provide insight into how manR
transcription is controlled under these conditions. However,
the results obtained for the EGD-e Amptl strain grown in
medium lacking glucose are consistent with a control mecha-
nism in which the phosphorylated form of EIIM*" is involved.
This form of the transporter normally predominates in the
absence of glucose and is not present in the mpt deletion
mutant. If this proposal is correct, then the data obtained for
the Imo0095 deletion mutant suggest that the relatively small
amount of the phosphorylated species of EIIM*" that remains
in this strain is sufficient to keep manR transcription repressed
in the absence of glucose. We have considered the possibility
that ManR controls the transcription of its own gene and that
transcription normally is repressed in medium lacking glucose
due to phosphorylation of ManR PRD-II by EIIM** (42).
However, this type of control would require that the manR
gene is regulated by a o> promoter, and a ¢°* promoter
sequence does not appear to be present upstream of this gene.

Regulation of the mpo operon. The mpo operon contains
four genes, mpoA (Imo0784), mpoB (Imo0783), mpoC
(Imo0782), and mpoD (Imo0781), which encode the TIAM=,
HBM22 [ICM2" and IIDM*"” subunits of the EII ™" permease,
respectively (14) (Fig. 1). This operon, like mpt, is one of the
most strongly expressed PTS operons in L. monocytogenes (36).
The mpo operon is located just downstream of the manR gene
(Imo0785), and mpoA is preceded by a putative —24/—12 ¢°*
promoter sequence (TGGCACAGTTTTTGCG) which is sim-
ilar to the L. monocytogenes o™* consensus sequence (TGGC
ACGGAACTTGCA) (1). For these reasons, we determined
whether ManR regulates mpo transcription. We also deter-
mined whether EIIM*" and Lmo0095 control the operon.

The mpoA mRNA level was unchanged in the EGD-e
Almo0095-1 and EGD-e AmanR1 mutants (Table 4), indicat-
ing that transcription of the mpo operon is not controlled by
Lmo0095 or ManR, at least under the conditions studied.
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TABLE 4. Levels of mRNAs for mannose PTS genes in EGD-e and deletion mutant strains

Levels of mRNAs*

Strain Medium
1mo0024 Imo0027 mpoA Imo1997 1mo02002 mptA
Strains grown in LB
medium
EGD-e LB 1.0 1.0 1.0 1.0 1.0
LB + Glc 0.2 (0.1-0.4)" 0.02 (0.01-0.08)> 0.8 (0.3-2.1) 0.4 (0.2-0.7)* 0.2 (0.1-0.5)*
EGD-e Almo0095-1 LB ND 1.4 (0.7-3.2) 1.4 (0.6-2.8) ND ND
LB + Glc ND 1.6 (0.4-6.9) 1.4 (0.7-3.4) ND ND
EGD-e AmanRI1 LB 0.5 (0.2-1.1) 3.1(1.2-7.1) 1.1 (0.4-4.0) 1.3 (0.7-2.7) 1.2 (0.5-2.7)
LB + Glc  0.04 (0.02-0.1)* 2.3 (1.1-4.8) 0.7 (0.3-1.6) 0.2 (0.1-0.3)> 0.2 (0.1-0.4)°
EGD-e Amptl LB 0.6 (0.3-1.4) 1.4 (0.6-3.5) 0.6 (0.2-1.4)  1.1(0.7-2.3) 1.6 (0.7-2.9)
LB + Glc  0.1(0.04-0.3)° 6.2 (2.3-20.0)" 0.6 (0.2-1.2) 0.4 (0.2-0.6)> 0.4 (0.2-0.8)"
Strains grown in BHI
medium
EGD-e BHI 1.0 1.0
EGD-e Almo0095-1 BHI 0.6 (0.2-1.5) 0.2 (0.05-0.5)"
EGD-e AmanR1 BHI 1.7 (1.0-2.8) 0.001 (0.0-0.001)"
EGD-e Amptl BHI 0.6 (0.3-1.3) 0

“ The average mRNA levels for each gene were normalized to the level obtained for strain EGD-e grown in LB medium lacking glucose or for EGD-e grown in BHI
medium. Values were calculated based on measurements obtained for four or five independent RNA preparations. Standard errors calculated by using the REST

statistics program are indicated in parentheses. ND, not determined.

® The value differs significantly (P < 0.05) from the value obtained for the reference strain.

Consistent with a recent report (36), we observed that mpo
transcription is not induced by addition of glucose to the me-
dium. However, we were unable to confirm that in our mpt
deletion mutant the level of mpoA mRNA increases when
EILM*" is not expressed (2). Because the original analysis of
the effects of EII,M*" expression on mpo transcription was
performed using cultures grown at 37°C in BHI medium, we
also obtained measurements under these conditions (Table 4).
However, again, no changes in mpo expression were observed
in the deletion strains in which either mpt4A mRNA was absent
(EGD-e Amptl) or mptA mRNA expression was ~5-fold
(EGD-e Almo0095-1) or ~1,000-fold (EGD-e AmanR1) lower.
These results contradict previous findings suggesting that mpo
transcription is downregulated by EIIM*"-mediated CcpA-de-
pendent CCR. In agreement with our findings, other investi-
gators have found that mpo expression does not increase in
ccpA and hprK (which encodes HPrK/P) mutants (25). It is
unclear why our results differ from the results obtained previ-
ously, which also were obtained using a mutant prepared using
strain EGD-e (2). The differences may stem from sequence
polymorphisms in the two strains or may be due to the types of
mpt mutants that were examined. In this regard, an mptA4
insertion mutant was used in the previous study.

Regulation of Im00027. To verify that our deletion strains
are not somehow defective in exhibiting relief of CCR for
catabolic operons such as mpo, we compared the effects of
glucose on expression of the Imo0027 gene, which encodes a
B-glucoside-specific PTS permease (14), in EGD-e and the
deletion mutants. This gene is strongly upregulated in class Ila
bacteriocin-resistant mutants in which EIIM** expression is
reduced (15, 16). In addition, Imo0027 transcription is 16-fold
greater in an rpoN (o°*) deletion mutant, most likely due to a
partial reduction in EII,M*" expression (~5-fold lower for the
ITABM=" subunit) (1). Based on these observations, it has been
proposed that EIIM*™ downregulates Imo0027 via CcpA-de-
pendent CCR in glucose medium (1, 16) (Fig. 1).

In general agreement with previous studies, we observed
that the Imo0027 transcript levels in the Imo0095, manR, and
mpt deletion mutants grown in glucose medium were upregu-
lated approximately 80-, 115-, and 310-fold, respectively, com-
pared to the level in EGD-e. We further observed that the
Imo0027 mRNA level was ~50-fold lower in EGD-e in the
presence of glucose. Two potential cre sites located 170 (TGC
AACCGTTTTCT) and 78 (TGTATGCGTGGAGT) nucleo-
tides upstream of the Imo0027 ATG codon that might be
involved in CCR were identified. These sequences contain the
5" TG and central CG dinucleotide residues that are highly
conserved in the B. subtilis cre consensus sequence (4, 11, 40).
They differ from the consensus sequence at two and four po-
sitions (underlined bases), respectively. Taken together, the
results are consistent with the proposal that Imo0027 is regu-
lated by EIlM**-dependent CCR in glucose medium. They
further confirm that glucose-mediated CCR is relieved for at
least some catabolic operons in the EGD-e AmptI strain and
other deletion strains.

Currently, it is unclear why the level of Imo0027 mRNA in
the mpt deletion strain in glucose medium was higher than the
level in medium lacking glucose. This result cannot simply be
attributed to relief of CcpA-mediated CCR, since if this were
the case, the mRNA level would be expected to increase only
to the level observed in medium lacking glucose. The results
suggest that Imo0027 is controlled by different mechanisms
depending on whether glucose is present in the medium.

Regulation of other mannose PTS permease genes. We also
examined the roles of glucose, EILM*", and ManR in control of
three other genes that may encode components of mannose
PTS permeases (Fig. 1). Two of these genes (Imo1997 and
1m02002) are part of a group of genes that appear to encode a
complete set of mannose PTS subunits, including Imo1997
(which encodes a IIAM*" subunit), Imo2000 (which encodes a
IID™2" subunit), Im02001 (which encodes a IIC™*" subunit),
and 1mo2002 (which encodes a IIBM*" subunit). Although
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TABLE 5. Summary of PTS permease gene regulation

Gene Encoded protein function®

Regulatory effect”

Glucose EILM" deletion ManR deletion Lmo0095 deletion
Imo0024 IIDM2" subunit of PTS permease Down None None ND
Imo0027 EII®¢' permease (IITABCP#') Down Up Up Up
1mo0096 (mptA) ITABM?" subunit of EIIM*" permease Up NA Down Down
Imo0784 (mpoA) ITAM=" subunit of EII M permease None None None None
Imo1997 ITAM2" subunit of PTS permease Down None None ND
Imo2002 IIBM“" subunit of PTS permease Down None None ND

“ The putative functions of PTS permease genes are based on the annotations at the ListiList server (http://genolist.pasteur.fr/ListiList).

® ND, not determined. NA, not applicable.

Imo1997 is not contiguous with the other genes, all four genes
may occur in a single transcriptional unit (14). The remaining
gene, 1mo0024, encodes an isolated IID™*" subunit and is
immediately downstream and probably in a transcriptional unit
containing three fructose PTS structural family genes. These
genes are Imo0021 (which encodes a IIAF™ subunit), Imo0022
(which encodes a IIBF™ subunit), and Imo0023 (which encodes
a IICF™ subunit).

mRNA analyses showed that 1mo0024, 1mo1997, and
Imo02002 are significantly repressed (~3- to 5-fold) by glucose
in EGD-e (Table 4). These results are consistent with tran-
scriptome analyses performed with strain EGD, which showed
that the levels of expression of Imo2000, Imo2001, and Imo02002
are three- to fivefold higher in medium containing glycerol
than in medium containing glucose (36). Similarly, the level of
expression of Imo0021, which is linked to Imo0024, is threefold
higher in EGD in glycerol medium than in glucose medium.
The combined results indicate that the PTS permeases en-
coded by these genes are unlikely to transport glucose.

Interestingly, the levels of mRNAs for these three genes
were not different in the mpt deletion mutant and EGD-¢ in
either medium (Table 4). This behavior differs from that of
Imo00027, which was strongly upregulated in the EGD-e Ampt!
strain grown in glucose medium. Nonetheless, we propose that
EIL™*" may normally contribute to glucose-mediated CcpA-
dependent CCR of these genes (Fig. 1). When EII#" is not
expressed, as in the mpt deletion strain, CCR may continue to
be exerted due to the uptake of glucose by another PTS per-
mease or even a non-PTS transporter in the strain (28). In this
regard, glucose transport is mediated exclusively by PTS per-
meases in strain EGD (36), but it is carried out by both PTS
and proton motive force-dependent systems in L. monocyto-
genes Scott A (5). In support of this idea, we observed that
addition of glucose to the medium greatly increased the growth
rate and cell yield for the mpt deletion strain, indicating that
this strain still transports and metabolizes glucose efficiently. In
addition, several potential cre sites occur in the 1mo0024,
Imo1997, and Imo2002 gene regions, and transcriptome studies
have indicated that Imo2001 is upregulated in ccpA4 and hprK
mutants (25). In summary, the observed differences in the
EILM*" dependence of gene regulation may be due to varia-
tions in the level of the HPr-Ser-P/CcpA complex formed when
cells take up glucose using different transporters and in the
amount of the complex that is required to bind to the cre sites
of the genes. It should be noted that the level of the HPr-Ser-
P/CcpA complex present in B. subtilis depends on the concen-

tration of fructose 1,6-bisphosphate (11). The concentration of
this metabolite may vary based on the rate at which glucose is
transported into and metabolized by cells.

Lastly, transcription of Imo0024, Im01997, and Imo2002 does
not appear to be controlled by ManR, because the levels of
mRNAs for these genes were unaffected in the EGD-e
AmanR]1 strain in the absence of glucose (Table 4). If ManR
positively controlled these genes, decreases in mRNA levels
due to manR deletion may be detectable in the absence of
glucose, as under these conditions ManR-activated transcrip-
tion would not be counteracted by CCR. A summary of the
effects of deletion mutations on PTS gene regulation is shown
in Table 5.

Virulence gene expression increases in the mpt deletion mu-
tant. Early work showed that virulence gene activity in L.
monocytogenes is downregulated by readily metabolized PTS
sugars, such as glucose (3, 26, 27, 32). More recent studies have
demonstrated that PrfA activity and virulence gene expression
are negatively correlated with the level of the nonphosphory-
lated species of PTS permeases in cells (18, 19, 22, 25, 36) (Fig.
1). While a reciprocal relationship between mpt and virulence
gene expression was noted in some of these studies, changes in
virulence gene expression were not directly measured using a
strain in which mpt is inactivated. In another study, in which
the mpt operon was inactivated, increases in virulence gene
activity were not quantified (21). For these reasons, we mea-
sured the levels of mRNAs for virulence genes in the prf4 gene
cluster in the mpt deletion strain. We also measured the levels
of mRNAs for virulence genes in the Imo0095 deletion mutant,
in which the EII,™*" level is partially reduced, to determine
how sensitive virulence gene expression is to the level of this
permease.

For these studies, mRNA quantitation was performed with
strains grown in BHI/C medium and BHI/C medium supple-
mented with 25 mM glucose. These conditions are optimal for
detecting the repressive effects of glucose on virulence gene
expression in L. monocytogenes (21, 32). Interestingly, addition
of glucose to BHI/C medium did not decrease the levels of
mRNAs for the prfA, plcA, hly, actA, and plcB virulence genes
in EGD-e or the Imo0095 and mpt deletion mutants compared
to the levels measured in BHI/C medium alone (data not shown).
This result is consistent with a recent study comparing viru-
lence gene repression by glucose in strains EGD and EGD-e,
in which it was found that repression is strong in EGD and
minimal in EGD-e (36). (Note that virulence gene expression
nonetheless was strongly elevated by charcoal for all strains in
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TABLE 6. Levels of mRNAs for virulence genes in EGD-e and deletion mutant strains
Levels of mRNAs*
Strain

prfA pleA hly act4 plcB
EGD-e 1.0 1.0 1.0 1.0 1.0
EGD-e Almo0095-1 2.3(0.7-5.9) 2.6 (0.8-7.8) 2.3 (0.5-10.0) 2.7(0.8-7.3) 2.8 (0.8-8.6)
EGD-e Amptl 2.4 (1.3-3.9) 4.4 (2.3-8.9) 2.9 (1.6-5.7)° 4.1(2.2-9.5) 3.1 (1.8-5.6)

¢ Strains were grown in BHI/C medium supplemented with 25 mM glucose. The average mRNA levels for each gene were normalized to the level obtained for the
EGD-e reference strain. Values were calculated based on measurements obtained for four or five independent RNA preparations. Standard errors calculated by using

the REST statistics program are indicated in parentheses.

® The value differs significantly (P < 0.05) from the value obtained for EGD-e.

both media [data not shown].) However, the levels of mRNAs
for all five virulence genes were ~2- to 4-fold higher in the mpt
deletion mutant than in EGD-e when the strains were grown in
BHI/C medium supplemented with glucose (Table 6). Dere-
pression was not observed in the Imo0095 deletion mutant,
which suggests that the reduction in EIIM*" expression that
occurs in this strain (~5-fold) (Table 4) is not sufficient to alter
virulence gene expression.

Summary and conclusions. It has been determined that the
Lmo0095 protein positively regulates mpt transcription in L.
monocytogenes EGD-e. While Lmo0095 is not as important as
ManR in regulating this operon, it contributes significantly to
expression of the EIL,M*" transporter, particularly in medium
lacking glucose. The Imo0095 deletion strain is >1,000-fold
more resistant to the class Ila bacteriocin pediocin AcH than
EGD-e¢ is. This indicates that resistance to class IIa bacterio-
cins in L. monocytogenes could result from spontaneous inac-
tivation of the Imo0095 gene. We also determined that manR
transcription is downregulated by an EII,*"-dependent mech-
anism in medium lacking glucose. It is proposed that this is a
physiologically important process that functions in addition to
phosphorylation control of ManR activity (42) to minimize
synthesis of EII,**" in medium lacking glucose (Fig. 1).

EILM*" was found to contribute to various extents to CCR
of PTS operons in glucose medium. CCR of the Imo0027 gene
was strongly dependent on the expression of EII, ", whereas
CCR of the Imo0024, Imo1997, and Imo2002 mannose PTS
permease genes was not. We propose that the dependence of
these genes on EII,M*" for CCR varies because they differ with
respect to the concentration of the HPr-Ser-P/CcpA complex
that is needed for binding to their cre sites. Possibly, the level
of the HPr-Ser-P/CcpA complex in EGD-e Amptl is sufficient
to occupy cre sites that regulate the mannose PTS permease
genes but not Imo0027.

Finally, the experiments showed that the EI permease
contributes to a small but significant degree to downregulation
of virulence gene transcription in glucose medium. Given the
interest in using class Ila bacteriocins to control the growth of
L. monocytogenes in foods, the basis for this relationship and
the effects of mpt inactivation on virulence in bacteriocin-
resistant mutants should be more fully investigated. In this
regard, a resD mutant, in which mpt expression is greatly re-
duced and virulence gene activity is elevated in glucose me-
dium, did not exhibit increased invasiveness and growth in cell
culture lines (21). However, experiments have not been carried
out with a mpt deletion mutant per se, and it is not known if the

Man
L,

upregulation of virulence genes that occurs in this genetic
background results in greater infectivity.
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