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While Listeria seeligeri and L. monocytogenes contain the main Listeria virulence gene cluster, only L.
monocytogenes is considered an intracellular pathogen. Initial evolutionary analyses showed that the virulence
genes prfA, hly, and plcA are conserved in L. seeligeri, with specific Hly and PrfA amino acid residues showing
evidence for positive selection in L. seeligeri. Our data also show that temperature-dependent transcript
patterns for prf4, which encodes a transcriptional regulator of virulence genes, differed between L. monocyto-
genes and L. seeligeri. To further investigate the divergence of virulence gene function and regulation, L. seeligeri
prfA (prfA. ), hly (hly, ), and plcA (plcA, ), as well as prfd; ¢ constructs with different prf4 promoter regions,
were introduced into appropriate L. monocytogenes null mutants. Only when prf4, o was under the control of the
L. monocytogenes prfA promoters (P1- and P2prf4) (P1P2,\, prfA,s) was prfA, ; able to fully complement the
AprfA, \, deletion. hly, ¢ introduced into an L. monocytogenes background under its native promoter showed
transcript levels similar to those of kly, ,, and was able to partially restore L. monocytogenes wild-type-level
hemolysis and intracellular growth, even though Hly,,, and Hly, 3 showed distinct patterns of cell- and
supernatant-associated hemolytic activities. Our data indicate that (i) regulation of prf4 expression differs
between L. monocytogenes and L. seeligeri, although hly transcription is temperature dependent in both species,
and (ii) PrfA and Hly functions are largely, but not fully, conserved between L. seeligeri and L. monocytogenes.
Virulence gene homologues and their expression thus appear to have adapted to distinct but possibly related

functions in these two species.

Listeria seeligeri is a putative nonpathogenic bacterial species
in the genus Listeria, which includes the hemolytic species L.
monocytogenes, L. seeligeri, and L. ivanovii and the nonhemo-
lytic species L. welshimeri, L. innocua, and L. grayi. L. mono-
cytogenes causes disease in a wide range of species, including
humans, while L. ivanovii, which affects predominantly sheep,
has a narrow host range. Both of these species can also cause
disease upon inoculation into laboratory animals (e.g., mice
[16]) and can invade and intracellularly multiply in tissue cul-
ture cells (35). L. seeligeri, on the other hand, has generally not
been found as a natural etiological agent of disease in animals
or humans (47), does not cause disease in laboratory animals
(25), and does not effectively invade and multiply in tissue
culture cells (15, 25). While this species is generally considered
nonpathogenic, some possible cases of human disease caused
by L. seeligeri have been described, including a human menin-
gitis case (48). L. seeligeri is commonly isolated from natural
environments and has been found in some studies (51) to be
the most common Listeria species isolated from these environ-
ments.

The apparent lack of virulence and pathogenicity for L.
seeligeri is intriguing, as most L. seeligeri isolates appear to carry
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a homologue of the Listeria prfA virulence gene cluster
(pVGC) (17, 63), which contains many of the genes required
for virulence in both L. monocytogenes and L. ivanovii (29, 60).
This virulence gene cluster is absent from the nonhemolytic,
nonpathogenic Listeria spp. (i.e., L. welshimeri, L. innocua, and
L. grayi) but is located between prs and Idh in L. monocyto-
genes, L. ivanovii, and L. seeligeri. In L. monocytogenes and L.
ivanovii, the pVGC is about 9 kb long and includes six major
virulence genes critical for survival and multiplication inside
mammalian host cells (60). In all three species this virulence
gene cluster contains homologues of the L. monocytogenes
virulence genes prfA, plcA, hly, mpl, actA, and plcB (29) (Fig.
1). hly encodes listeriolysin O (LLO) in L. monocytogenes and
seeligeriolysin O (LSO) in L. seeligeri; this cholesterol-depen-
dent cytolysin (CDC) is essential for rapid escape of Listeria
from the host cell vacuole (1, 44). LSO has 81.5% amino acid
(aa) identity to LLO, and similar transcriptional signals (in-
cluding a PrfA box) upstream of hly in L. monocytogenes and L.
seeligeri have been reported (18, 25). The products of plcA (a
phosphatidylinositol-specific phospholipase C) and plcB (a
broad-range phospholipase C) have accessory roles in escape
from the host cell vacuole. plcB, in conjunction with Aly, is
essential for release of Listeria from the double-membrane
vacuole that forms after cell-to-cell spread (44). In one L.
seeligeri strain sequenced, the pVGC is 13 kb long and includes,
in addition to six main virulence genes, a plcB duplication and
several L. seeligeri-specific open reading frames (ORFs) (29).
One of these ORFs, orfE, is located between plcA and prf4 in
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FIG. 1. Schematic of the prf4 virulence gene cluster loci in L. monocytogenes and L. seeligeri. This cluster is located between prs and Idh in both
species. prfA, which encodes the transcriptional regulator PrfA, is denoted by gray, and additional ORFs specific to L. seeligeri are denoted as
stripes. Asterisks (*) denote the locations of PrfA boxes. Adapted from Kreft et al. (29).

L. seeligeri (29) and appears to be PrfA dependent. orfE tran-
scription has been hypothesized to interfere with prf4 tran-
scription from the upstream plcA promoter, contributing to the
inability of L. seeligeri to escape from the phagosome of mam-
malian cells (25, 29).

PrfA (positive regulatory factor A), which is also encoded by
a gene (i.e., prfA) located in the pVGC, is a transcriptional
regulator belonging to the Crp-Fnr family of transcriptional
regulators. PrfA interacts with a 14-nucleotide (nt) palindrome
DNA sequence known as the “PrfA box,” located upstream of
PrfA-regulated genes (14, 30, 55), including the virulence
genes located in the pVGC. L. seeligeri PrfA has 73.4% amino
acid identity to L. monocytogenes PrfA. With L. monocytogenes,
regulation of PrfA has been shown to occur on several molec-
ular levels (12, 13, 33, 46). At the transcriptional level, prfA
expression is controlled by three promoter regions, including
(i) two promoter regions directly upstream of prfd (the o**-
dependent PlprfA promoter as well as P2prfA4, which includes
overlapping o*- and o®-dependent promoters), and (ii) a
PrfA-dependent promoter located upstream of plcA, which
produces a bicistronic plcA-prfA transcript (5). Regulation at
the posttranscriptional level involves temperature-dependent
translation of the Plprf4 transcript through a hairpin that
masks the Shine-Dalgarno sequence at temperatures of =30°C
but is relieved at higher temperatures, thus facilitating higher
PrfA levels at mammalian and avian body temperatures (13,
14). While it is known that PrfA can exist in active and inactive
states, the mechanisms for this posttranslational regulation are
still largely unknown (12, 61, 62).

Genome hybridization studies (11) and a recent genome
analysis (57) have shown that L. seeligeri does not contain
homologues of a number of internalin genes that are present in
L. monocytogenes (e.g., inlA and inlB) and encode proteins
important for invasion of different mammalian cell lines (11,
19, 39). While the absence of inl4 and iniB, in particular, may
explain why L. seeligeri has not been found to invade mamma-
lian epithelial cell lines (11, 19, 25), additional differences
between L. seeligeri and L. monocytogenes also appear to con-
tribute to the apparent lack of virulence in L. seeligeri. For
example, in vitro transcription data (33) in combination with
complementation of an L. monocytogenes prfA null mutant
with L. seeligeri prfA suggested that L. seeligeri PrfA (PrfA, )
has a reduced ability to activate PrfA-dependent transcription
in L. monocytogenes (compared to PrfA;,,). On the other
hand, complementation of an L. seeligeri wild-type strain with
a plasmid containing the L. monocytogenes plcA-prfA operon
allowed expression and activation of L. seeligeri hly, enabling

escape from the phagosome of enterocyte- and macrophage-
like cells (25). While initial data thus indicate that virulence
gene function and regulation differ between L. monocytogenes
and L. seeligeri, our overall understanding of the diversification
of virulence-associated functions between L. monocytogenes
and L. seeligeri has remained limited. The goal of this study was
to use a combination of (i) evolutionary analyses of prf4, hly,
and plcA, (ii) transcriptional analyses of prf4 and hly in L.
seeligeri and L. monocytogenes grown under different condi-
tions, and (iii) complementation studies involving introduction
of L. seeligeri prfA, hly, and plcA into L. monocytogenes to
further characterize diversification of virulence-related func-
tions in the genus Listeria. We specifically focused on comple-
menting an L. monocytogenes strain with selected L. seeligeri
genes, as (i) L. monocytogenes contains other critical virulence
genes (e.g., inlA and inlB) that are absent in L. seeligeri, thus
allowing for evaluation of a wider range of phenotypes in
complemented L. monocytogenes strains, and (ii) complemen-
tation of L. seeligeri with selected L. monocytogenes genes has
previously been attempted (25).

MATERIALS AND METHODS

Sequencing of L. seeligeri prfA, hly, and plcA. To evaluate conservation and
selection patterns, the L. seeligeri virulence genes prfA, hly, and plcA were PCR
amplified and sequenced (see Table 1 for primers) from a set of 8 diverse L.
seeligeri isolates (see Table 2 for isolates). Sequences were assembled and proof-
read using Seqman (DNAStar, Madison, WI) and were aligned in Megalign
(DNAStar) using the Clustal W algorithm. PESTFind (https://emb1.bcc.univie
.ac.at/toolbox/pestfind/pestfind-analysis-webtool.htm [49]) was used to identify
PEST sequences in Aly.

Positive selection analysis. Positive Darwinian selection at the DNA sequence
level can be evaluated by estimating the ratio (o) of the rate of nonsynonymous
nucleotide substitutions (dy) to that of synonymous substitutions (dg) between
homologous protein-coding gene sequences (38). An w value of >1 suggests that
the gene evolved by positive selection. Conversely, an w value of <1 suggests that
the gene evolved by negative selection, and an o value of 1 indicates neutral
evolution of the gene. Model 0 implemented in the program codeml in the
software package PAML version 3.15 (66) was used to determine the average
dn/dg ratio for hly, prfA, or plcA using the L. seeligeri sequences that were
obtained here or were available in GenBank (Table 2).

Positive selection during divergence of L. seeligeri from other Listeria species
(i.e., L. monocytogenes and L. ivanovii) was assessed using a branch site test (test
2) implemented in PAML 3.15 (67) as previously detailed (42). This test can
detect positive selection affecting a small number of sites along prespecified
branches in a phylogeny (67). These positive selection analyses were performed
using alignments of hly, plcA, and prfA for L. seeligeri (Table 2), 40 L. monocy-
togenes isolates (42), and the one L. ivanovii isolate for which sequence data for
these genes were available (strain NRRL 33021, GenBank accession no.
AYS510073 [64]).

Bacterial strains for mutant construction. L. monocytogenes 10403S (serotype
1/2a) and L. seeligeri FSL S4-039 were used as parent strains for mutant con-
struction (Table 3). FSL S4-039 is an environmental isolate obtained from soil
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TABLE 1. Primers used in this study’

Primer function or name

Sequence (5'—3")

Amplification of L. seeligeri hly
CRLLShIyF

GGGATCCGCATAGGAAAAATAATGGAGTAAACAGC

CRLLSAIYR .o seeees oo seeeees oo

Amplification of L. seeligeri plcA
CRLLSpIcAF
CRLLSpIcAR

Amplification of L. seeligeri prfA
CRLLSprfAF
CRLLSprfAR

Amplification of L. monocytogenes prfA

CRLIOLMPITAFPSL ....viiiiiiiiiiiiiiiiiciciccccccieiccieieiceieeieseieseseieresenenenene
CRL2ZLMPIP2R ..ottt ettt

Construction of the AprfA P1P2; \,356 prfA, g strain®

CRLT7LMPIPZE ..ottt

CRLSLSprfAR(2)..

CRLLSPITAF ...ttt

Confirmation of pPL2 integration

INCLO oo

PL95

.................. GCGGCCGCTTATTTTATGGTGTGTGTGTTAAGCG

GGGATCCGATTCCGAGATTTTTCGGATATATACTAG
GCGGCCGTCTCTCCCCTTCACTTTTTCATTCTTC

GGGATCCTGAAACAATTAATAAAAAGCGCAAAAG
GCGGCCGCACATATTCCTTAAATTTTGCCTTACAAG

.................. CAACTGCAGCGTACGCGTTCATGAAAATGCT
.................. GCGGCCGGTTCGAGGATTAGGCATACTAATCATGG

.................. GTCTCATCCCCCAATCGTTTTTTATCG

....CGATAAAAAACGATTGGGGGATGATGTGAG

.................. GGGATCCTGAAACAATTAATAAAAAGCGCAAAAG

.................. GTCAAAACATACGCTCTTATC

ACATAATCAGTCCAAAGTAGATGC

5" RACE PCR for L. seeligeri prfA

GSP1 CRLIILSPITA ..ot
GSP2 CRLIZLSPITA ..ot

5" RACE PCR for L. monocytogenes prfA

GSP1 LM PIfART ..o
GSP2 LM PrfARACE ...

.................. TTATGAAAGCGCCTTTATAGTATTG
.................. TTCAGAATATCCCCGCTCTCAC

.................. GCCTGCTCGCTAATGACTTCTA
.................. GGTCCCGTTCTCGCTAATACT

“ L. seeligeri primers were designed using ATCC 35967 sequence data, and L. monocytogenes primers were designed using 10403S sequence data.
b Primers used to construct the AprfA P1P2; \1356 prfAy g strain include (i) CRL2LMP1P2R and CRL7LMPIP2F to amplify the L. monocytogenes prfA promoter
region and (ii) CRLS8LSprfAR(2) and CRLLSprfAF to amplify the L. seeligeri prfA coding sequence.

near Syracuse, NY, in 2001 (51). Previously constructed L. monocytogenes
10403S isogenic prfA, hly, and plcA null mutants (Table 3) were used as host
strains for complementation experiments.

Construction of L. monocytogenes complementation mutants. Selected L.
seeligeri virulence genes (i.e., prfd, hly, and plcA) were introduced into the
appropriate L. monocytogenes 10403S null mutants by cloning these genes and
their upstream promoter regions into the pPL2 integration vector, which inte-
grates at tRNAA™-a#tBB’ on the L. monocytogenes chromosome (31, 65). Briefly,
PCR (primers listed in Table 1) was used to amplify the gene of interest and the

appropriate promoter region for cloning into pPL2, and the pPL2 constructs
were introduced into the appropriate L. monocytogenes mutant strains using
electroporation as previously described (31). Strains generated through this
approach include the L. monocytogenes hly and plcA null mutants complemented
with L. seeligeri hly and plcA (including 314 and 52 nt upstream of the start codon
of the respective gene); these strains are designated 10403S Ahly tRNAA™::pPL2
hly 314 (Ahly hlygz4) and 10403S AplcA tRNAA:pPL2 pleA, ss, (AplcA
plcAy gs,) (Table 3). In addition, we created five strains in which an L. mono-
cytogenes prfA null mutant was complemented with different prf4 alleles. Strain

TABLE 2. L. seeligeri isolates used for evolutionary analysis of prf4, hly, and plcA

Sequence information was

Isolate no.? Isolate Isolate source available and used for: Source or reference for DNA
source location sequence data
prfA plcA hly

FSL S4-035 Vegetation Syracuse, NY + + +b This work
FSL S4-039 Soil Syracuse, NY + + + This work
FSL S4-079 Vegetation Adirondack Park, NY + + + This work
FSL S4-116 Soil Finger Lakes National Forest, NY + + + This work
FSL S4-200 Vegetation Catskills Park, NY + + + This work
FSL S4-212 Vegetation Connecticut Hill, NY + + + This work
FSL S4-252 Soil Albany, NY + + + This work
FSL S4-307 Vegetation Catskills Park, NY + + +b This work
ATCC 35967¢ Soil Germany + + + 63

SLCC 3379¢ Soil Germany + - +

NRRL 33019¢ Soil Germany - - + 64

“ Additional isolate information is available under the isolate number at www.pathogentracker.net.
b hly sequence was truncated; full gene sequence not used for positive selection analyses.

¢ Sequence data for these isolates were obtained from GenBank.
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TABLE 3. Bacterial strains used in this study

Strain Description (strain abbreviation used throughout the text) lszsegziff
10403S L. monocytogenes parent strain 4
FSL S4-039 L. seeligeri wild-type strain 51
FSL B2-046 10403S AprfA¢ 34
FSL R3-003 10403S Ahly 24
FSL R3-004 10403S AplcA 5
FSL L5-029 10403S AplcA tRNAME:pPL2 plcA; g5, (AplcA pleA, s, strain) This work
FSL L5-030 10403S Ahly tRNAE::pPL2 hly; 43,4 (Ahly hly; g314 strain) This work
FSL L5-032 10403S AprfA tRNA”E:pPL2 prfA; 157 (AprfA prfA; ;57 strain) This work
FSL L5-162 10403S AprfA tRNA™:pPL2 prfA; gs67 (AprfA prfA, ss¢, Strain) This work
FSL L5-113 10403S AprfA tRNA™E:pPL2 prfd; yase (AprfA prfA; aasse strain) This work
FSL L5-160 10403S AprfA tRNA™::pPL2 PplcA prfA; msse (AprfA PpleA prfA, ysse strain) This work”
FSL L5-112 10403S AprfA tRNARG::pPL2 P1P2; 356 prfArs (AprfA P1P2; yyas6 prfA; ¢ strain) This work

“ This strain carries a 339-bp in-frame deletion in prfA.

® The plasmid with the PplcA prfA; \pasq construct that was used to construct the pPL2 plasmid employed to generate this strain was first reported by Wong and Freitag

(65).

10403S AprfA tRNAAE::pPL2 prfd, g5, (here denoted as the AprfA prfA; ss7
strain) contains the prf4; ¢ ORF and 157 nt upstream of the prfA4, g start codon,
while the AprfA tRNAA:pPL2 prfd sa67 (AprfA prfA; s367) strain contains the
prfALs ORF and 367 nt upstream of the prfAd; g start codon (Table 3); both
include the full Plprfd-and-P2prfA (P1P2prfA) promoter region. Two control
strains include (i) L. monocytogenes AprfA complemented with prfA; \, and the
356-nt-type upstream promoter region (10403S AprfA tRNAA™:pPL2
PrfALmase; here denoted as the AprfA prfA; \ase strain [Table 3]) and (ii) L.
monocytogenes AprfA complemented with prfA; \, and its upstream promoter as
well as the upstream PplcA promoter region (AprfA tRNAA™:pPL2 PplcA
PrfA; m3se, here denoted as the AprfA PplcA prfAy ysse strain [Table 3]). Finally,
we also created a pPL2 construct that contained prfd; s fused to a 356-nt L.
monocytogenes prfA promoter region, which included both the P1prf4 and P2prf4
promoters. This chimera was constructed using splice overlap extension (SOE)
PCR (21) (primers listed in Table 1) and was introduced into L. monocytogenes
10403S AprfA yielding the Aprf4 tRNAA™:pPL2 P1P2; 1556 prfdy s strain (the
AprfA P1P2y \1356 prfA; s strain [Table 3]). Correct construction and integration
of all pPL2 constructs were confirmed by PCR analysis and sequencing.

Growth conditions. Unless specified otherwise, all experiments (including
RNA studies) were performed using L. monocytogenes or L. seeligeri grown to
stationary phase at either 16 or 37°C. An initial overnight culture grown in brain
heart infusion (BHI) at 37°C was diluted 1:100 into 5 ml fresh BHI broth and
grown at 37°C, with shaking to log phase (optical density at 600 nm [ODy] of
0.4). This log-phase culture was then diluted 1:100 into fresh BHI, incubated with
aeration (shaking at 210 rpm) or without shaking at 16 or 37°C until cells reached
stationary phase (defined as an ODg, of 1.0 followed by 3 h of incubation for
cells grown with shaking and as an ODg, of 0.8 followed by 3 h of incubation for
cells grown without shaking).

RNA purification and quantitative reverse transcription-PCR (qRT-PCR).
For RNA purification, 4 ml of culture was added to 8 ml of RNAprotect
(Qiagen) and incubated at room temperature for 5 min, and cells were subse-
quently collected by centrifugation (at 4°C) at 5,000 X g for 5 min. Cell pellets
were frozen at —80°C and used for total RNA extraction as previously described
(34).

TagMan qRT-PCR was used to monitor transcript levels for Aly, prfA, and plcA
in appropriate wild-type and mutant strains. While L. monocytogenes qRT-PCR
primers and probes have previously been reported (see Table S1 in the supple-
mental material), primers and probes for L. seeligeri genes and the prfA chimera
construct (i.e., P1P2; s prfd; ) were designed using Primer Express (Applied
Biosystems, Foster City, CA) (see Table S1). For normalization, transcript levels
for the housekeeping genes rpoB and gap were also determined for each RNA
sample, as previously described (34). qRT-PCR, including reverse transcriptase
negative-control reactions, DNA standard curves, and statistical analysis, was
performed as previously described (34). All qRT-PCR experiments were per-
formed on three RNA samples representing independent biological replicates.
mRNA transcript levels of target genes were normalized to the geometric mean
of the transcript levels for the housekeeping genes rpoB and gap (7, 27), i.e.,
{[log,, target gene mRNA] — [(log,, rpoB mRNA + log;, gap mRNA)/2]} as
previously described (59). While some propose that normalization against tran-
script levels for at least three housekeeping genes is optimal (59), normalization
to one housekeeping gene has been used in a number of studies of L. monocy-

togenes (20, 37, 58) and normalization to gap and rpoB transcript levels has been
used in a number of previous studies (34, 40). The geometric mean of rpoB and
gap transcript levels in this study showed limited variation among the different
strains grown at 37°C (average 5.53, range 5.21 to 5.83), supporting the approach
used here.

5" RACE PCR. The L. seeligeri prfA promoter region was mapped with the 5’
rapid amplification of cDNA ends (RACE) system (Invitrogen) according to the
manufacturer’s protocol as previously described (26). RNA was isolated as de-
scribed above from cells grown at 37°C with aeration (shaking at 210 rpm) or
without aeration. Briefly, RNA was used for gene-specific first-strand cDNA
synthesis, dCTP tailing, and subsequent PCR amplification using a nested gene-
specific primer and a poly(G/I) primer (primers are listed in Table 1). PCR
products of the appropriate size were then purified using a QIAquick gel extrac-
tion kit (Qiagen), cloned into pCR2.1 using a TOPO TA cloning kit (Invitrogen),
and sequenced to identify transcriptional start sites. As gel extraction will facil-
itate characterization of a specific transcript, our RACE experiments are ex-
pected to map the transcriptional start site for a specific promoter.

Determination of hemolytic activity. Both supernatant- and cell-associated
hemolysin activities for selected strains were determined as previously described
(44), with minor modifications. Briefly, a dilution series (in phosphate-buffered
saline [PBS] with 0.5 mM dithiothreitol, pH 5.8) of the supernatant fraction or
a cell suspension of bacteria grown in LB-salt for 5 h at 37°C (with shaking) were
prepared and incubated for 30 min at 37°C. These dilutions were then mixed with
washed sheep red blood cells (RBCs) resuspended in PBS and incubated for 60
min at 37°C. To quantify the lysis of RBCs, hemoglobin release was determined
by measuring the optical density (at 420 nm) of the supernatant using a Fusion
Universal microplate analyzer (Packard, Meriden, CT). A hemolytic unit was
defined as the reciprocal of the supernatant dilution at which 50% of the sheep
red blood cells were lysed; the supernatant OD,,, values for 50% lysis were
determined as the mean of the OD,,, values for 100% lysis (using a positive
control of RBC lysed with 1% Triton X-100) and spontaneous lysis (supernatant
of control RBC without Triton). Three biological replicates were performed for
each assay.

Intracellular growth in macrophage-like J774 cells. Intracellular growth assays
using stimulated J774 cells were performed to assess Listeria cell-to-cell spread in
J774 cells as previously described (8), with minor modifications. Briefly, 48 h
prior to the assay, J774 cells were seeded into 24-well plates at a density of 2 X
10° cells/well, using Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and without antibiotics. At 24 h prior to infection, J774
cells were stimulated by addition of fresh medium containing 10 wg/ml of Esch-
erichia coli 055:B5 lipopolysaccharide (Sigma). Infection was performed by add-
ing approximately 1 X 10° CFU of Listeria to each well, yielding a multiplicity of
infection (MOI) of approximately 1. At 30 min postinfection (p.i.), J774 cells
were washed with PBS, and fresh medium containing 50 pg/ml gentamicin was
added to each well to kill any extracellular bacteria. J774 cells in separate wells
were lysed by addition of ice-cold sterile water at 1.5, 5, and 7 h postinfection.
Intracellular Listeria cells were then enumerated by the plating of lysed J774 cells
on BHI agar. All experiments were repeated three times.

Intracellular growth in mouse-derived bone marrow macrophage cells. For
selected strains, we also performed intracellular growth assays in bone marrow
macrophages (BMM@) derived from BALB/c mice as previously described (43).
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TABLE 4. Results for PAML positive selection analyses for prfA4, plcA, and hly

Gene (no. of aa No. of syn. substitutions No. of nonsyn. substitutions

in L. seeligeri) in L. seeligeri (rngs)” in L. seeligeri (Tryns)” dw/ds® P value? @ P aa sites with BEB of >95%/
prfA (237) 18 (0.042) 3(0.001) 0.038 0.179 56.720 0.015 107

plcA (320) 29 (0.054) 17 (0.009) 0.146 1 1.000 0.150

hly (530) 14 (0.018) 11 (0.005) 0.184 0.004 5.050 0.048 5,39, 67, 117

“ mnss, Ducleotide diversity (average pairwise differences per site) for synonymous (syn.) substitutions.
Tns, Nucleotide diversity (average pairwise differences per site) for nonsynonymous (nonsyn.) substitutions.
¢ dy/dg, number of nonsynonymous changes per nonsynonymous site/number of synonymous changes per synonymous site for the entire gene; calculated based on

10 L. seeligeri isolates for prf4 and 9 isolates for Aly and plcA.

@ P values for analyses of positive selection during divergence of L. seeligeri from L. monocytogenes and L. ivanovii.
¢ Proportion of all amino acids falling into the class with the shown w value of =1.
/BEB, Bayesian empirical Bayes analysis of positive selection. Identifies amino acid sites with high probability (>95%) of having evolved by positive selection during

divergence of L. seeligeri from other Listeria species.

Cells were maintained for 10 days in 100-mm petri dishes in DMEM supple-
mented with 10% fetal calf serum (FCS), 5% horse serum, and 20% L cell-
conditioned medium and cultured with penicillin and streptomycin. Intracellular
growth assays of these cells were performed as described above for J774 cells.

Statistical analysis. ¢ tests or one-way analysis of variance (ANOVA) with
Tukey-Kramer multiple-comparison correction was performed for comparisons
of means for two or more strains. All statistical analyses were performed in JMP
6 (SAS, Inc.), with P values of <0.05 considered significant. Exact P values were
reported, except when P was <0.0001.

Nucleotide sequence accession numbers. Sequences have been deposited in
GenBank under accession numbers EU755300 to EU755321.

RESULTS

PrfA, Hly, and PlcA are conserved among L. seeligeri iso-
lates, but prf4, ¢ and hly, 3 show evidence of positive selection
at specific codon sites. In order to initially characterize the
diversification of Aly, prfA, and plcA in L. seeligeri, these three
genes were sequenced for 8 L. seeligeri strains. These se-
quences were analyzed together with additional L. seeligeri
sequences available in GenBank (Table 2). PrfA, Hly (LSO),
and PlcA amino acid sequences were 97 to 99% identical
among L. seeligeri strains; the sequences showed between 3
(prfA) and 17 (plcA) nonsynonymous changes (Table 4). To
further characterize the evolution of these virulence genes in
L. seeligeri, a branch site analysis using test 2 (67) was used to
determine if individual amino acids in L. seeligeri PrfA, Hly,
and PIcA evolved by positive selection during the divergence of
L. seeligeri from other Listeria species, which would provide
evidence that a given gene may have adapted to divergent
function in L. seeligeri. While no significant evidence for pos-
itive selection was found for plcA, g and prfd, s (Table 4),
PrfA; 5 aa 107 showed a high probability of having evolved by
positive selection (P of >95%|Table 4]). PrfA aa 107 is located
in the B-sheet flanking the B-roll fold, a domain similar to the
domain containing the cyclic AMP (cAMP) binding site in Crp
regulators (62).

hly, s showed strong evidence of having evolved by positive
selection during the divergence of L. seeligeri from other Lis-
teria species (P = 0.004). Four amino acid sites (positions 5, 39,
67, and 117) were identified as having a significant probability
(P of >95%) of having evolved by positive selection in Hly; ¢
(Table 4). One of these amino acid residues (aa 39) was lo-
cated in the PEST-like region of L. seeligeri Hly; a putative
PEST motif has also been described for the N-terminal region
of L. monocytogenes Hly (32, 49). A PEST motif is a region,
rich in proline (P), glutamic acid (E), serine (S), and threonine

(T), which, in general, can facilitate proteolysis of a protein,
even though this region has been hypothesized to be important
in LLO synthesis during cytosolic growth of L. monocytogenes
(52, 53). Only 10 of the 19 aa in the L. seeligeri PEST-like motif
were homologous to L. monocytogenes. The L. seeligeri PEST-
like motif showed a considerably higher PESTfind score
(15.48) than that of L. monocytogenes (4.74), and contains
more PEST residues than the L. monocytogenes PEST motif.
While one of the amino acid residues under positive selection
(aa 5) was located in the Hly signal sequence, SignalP 3.0 (3)
showed clear evidence for the presence of a signal sequence in
Hly, ¢ and Hly, \,, with probabilities of 0.994 and 1.0, respec-
tively.

prfA, ¢ transcription in L. seeligeri FSL S4-039 originates
from a homologue of the L. monocytogenes P2prfA promoter
region. RACE PCR mapping of the L. seeligeri FSL S4-039
prfA promoter region using RNA extracted from bacteria
grown at 37°C without aeration showed that prfA4, ¢ transcrip-
tion initiated from a promoter site corresponding to the L.
monocytogenes P2prfA region (Fig. 2); 13 of the 14 cloned
prfA; s RACE PCR products mapped to a transcriptional start
site that is 10 nt upstream of the —10 region in P2prfA4 (Fig. 2).
prfA transcripts in L. monocytogenes 10403S grown without
aeration also mapped to the P2prf4 region (in all 8 clones
sequenced) (Fig. 2). RACE PCR experiments performed using
RNA extracted from L. monocytogenes 10403S grown at 37°C
with aeration showed that transcription of prf4; ,, under these
conditions initiated predominantly from the P1prf4 promoter
(only a RACE PCR product corresponding, by size, to initia-
tion from Plprf4A was observed, and all 4 clones sequenced
mapped to an initiation site 10 nt upstream of the P1prf4 —10
site; see Fig. S1 in the supplemental material). This finding is
consistent with previous RACE PCR data for L. monocyto-
genes grown at 37°C to stationary phase with aeration; these
data also showed that prf4 transcripts initiated predominantly
from the PlprfA4 region (27). On the other hand, RACE PCR
results for L. seeligeri grown at 37°C with aeration showed that
even under these conditions, prf4 transcription predominantly
initiates from the L. seeligeri P2prfA promoter (only a RACE
PCR product corresponding, by size, to initiation from P2prf4
was observed, and all 3 clones sequenced mapped to an initi-
ation site 10 nt upstream of the P2prfA4 —10 site; see Fig. S1 in
the supplemental material). Overall, these results indicate that
(i) in L. seeligeri grown at 37°C to stationary phase, prf4 tran-
scription originates predominantly from the P2prfd region,
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ACAAAAACTAACAATTGTTATTG CTGTCTAAGCTTCAAAAGGGTAATTTTAAAATGGGAAGTTAAAGA..n(20)...GTG 3’

------------ SiaB(35) SigB(-10)

FIG. 2. Mapping of the L. seeligeri and L. monocytogenes prfA transcriptional start sites through 5" RACE PCR on RNA isolated from bacteria
grown without aeration at 37°C. (A) Agarose gel electrophoresis of 5 RACE PCR products generated using RNA from stationary-phase L.
monocytogenes (lanes 2 to 4) and L. seeligeri (lanes 5 to 8) and prfA-specific primers. Lanes 1 and 9, DNA marker; lanes 2 and 5, PCR on untailed
L. monocytogenes and L. seeligeri cDNA, respectively (included to identify unspecific PCR products which would show up in this reaction); lane
3, PCR on tailed L. monocytogenes cDNA; lanes 6 and 7, PCR on tailed L. seeligeri cDNA (run in duplicate); lanes 4 and 8, negative PCR controls
(no template). Arrows mark PCR product that was excised for cloning and sequencing to determine transcriptional start sites; the weak larger
product found in L. seeligeri RACE PCR did not map to any apparent promoter site. (B) DNA sequence of the prf4 promoter region in L.
monocytogenes (strain 10403S; GenBank accession no. NZ_AARZ00000000) and L. seeligeri (strain FSL S4-039; determined in this study). The first
(5') nt shown here is 154 and 162 nt upstream of the start codon for L. monocytogenes and L. seeligeri, respectively; the fragments used for
complementation all start upstream of the first nt shown here. The L. monocytogenes P1- and P2prfA promoters, including the ¢*- and
o®-dependent promoters, are indicated as previously reported (13, 14, 45); —10 and —35 sequences are marked in bold and underlined; the PrfA
binding box (55) is marked by a broken line (—) beneath the sequence; homologous sequences in L. seeligeri are also indicated in the same way.
Translational start sites (ATG for L. monocytogenes and GTG for L. seeligeri) are indicated in bold and underlined. Transcriptional start sites
mapped by RACE PCR in L. seeligeri and L. monocytogenes grown without aeration are indicated by an asterisk (*) (for L. monocytogenes grown
without aeration, the P2prfA start site was identified in all 8 RACE PCR clones sequenced; for L. seeligeri grown without aeration, the P2prfA4 start
site was identified in 13 of 14 RACE PCR clones sequenced).

regardless of whether cells are grown with or without aeration,
and (ii) in L. monocytogenes grown at 37°C to stationary phase,
prfA transcription originates predominantly from the P2prf4
region in cells grown without aeration, while originating pre-
dominantly from Plprf4 in cells grown with aeration, suggest-
ing that oxygen tension affects prfA4 transcription initiation in L.
monocytogenes but not in L. seeligeri.

Sequence analysis revealed both a putative o®- and a puta-
tive o”*-dependent promoter in the L. seeligeri P2prfA region;
the putative L. seeligeri o® promoter differs from the L. mono-
cytogenes P2prfA o® promoter by 1 nt in the —10 region and 2
nt in the —35 region (Fig. 2). The putative L. seeligeri P2prfA
o promoter differs from the L. monocytogenes P2pifA o
promoter by 1 nt in the —10 region and 1 nt in the —35 region
(Fig. 2). The L. seeligeri region corresponding to the previously
reported L. monocytogenes PlprfA promoter shows a putative

o*-dependent promoter that differs from the L. monocytogenes
PlprfA o promoter by 1 nt in the —10 region and 2 nt in the
—35 region. The putative PrfA box upstream of the L. mono-
cytogenes PlprfA is also largely conserved between L. monocy-
togenes 10403S and L. seeligeri FSL S4-039; there is only a 1-nt
difference in the 3’ end of the PrfA box between these two
strains (Fig. 2). Diversification in the prfA promoter regions
thus may contribute to differences in transcriptional regulation
of prfA between L. monocytogenes 10403S and L. seeligeri FSL
$4-0309.

L. monocytogenes and L. seeligeri prfA promoter regions differ
in their ability to activate transcription of prfd, y in an L.
monocytogenes AprfA strain. A series of constructs with prfA4, g
and prfA; \, under the control of different L. monocytogenes
and L. seeligeri prfA promoter regions was introduced into an
L. monocytogenes 10403S AprfA strain (Table 3) to quantify the
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FIG. 3. Transcript levels for prfA (A) and hly (B) in L. monocytogenes 10403S (LM) and L. seeligeri FSL S4-039 (LS) wild-type strains, the L.
monocytogenes AprfA strain, and the L. monocytogenes AprfA strain complemented with different pPL2 constructs carrying prfA, \; and prfA, g under
the control of different prf4 promoters (strains are indicated on the x axis; strain designations are as detailed in Table 3 and in Materials and
Methods). Transcript levels were determined by qRT-PCR and are expressed as log cDNA copy numbers/geometric mean of cDNA copy numbers
for the housekeeping genes rpoB and gap (i.e., log,, target gene — [(log,, 7poB + log,, gap)/2]), indicated as “normalized log,, cDNA equivalents”
on the y axis. All strains were grown at 37°C to stationary phase. Values shown represent the averages of qRT-PCR assays performed on three
independent RNA collections; error bars show standard deviations of three independent biological replicates. One-way ANOVA comparison with
Tukey-Kramer multiple comparison correction was used to determine whether the transcript levels differed among strains; statistical groupings are

shown as letters above the transcript level bars; bars that do not share

a letter represent significantly different transcript levels. One-way ANOVA

for both prfA and hly transcript levels showed a highly significant effect of the factor strain on transcript levels (P < 0.0001, for prfA and hly).

ability of L. monocytogenes and L. seeligeri prfA promoters to
activate prfA transcription. In the control construct in which
prfA; v is preceded by a 356-nt L. monocytogenes promoter
region containing P1- and P2prfA (AprfA prfA; ysse strain [Ta-
ble 3]), prfA transcript levels (as determined by qRT-PCR)
were significantly lower (0.62 log) (Fig. 3) than prf4 transcript
levels in the L. monocytogenes wild-type strain. When prfA;
was fused to a promoter construct containing P1- and P2prf4
as well as the upstream PplcA promoter (which has been sug-
gested to contribute to L. monocytogenes prfA transcription [5,
6, 36]), prfA transcript levels were also significantly lower (0.85
log) (Fig. 3) than prfA4 transcript levels in the L. monocytogenes
wild-type strain. This finding is consistent with qRT-PCR data
for a wild-type L. monocytogenes strain, which also indicated
that transcription from the PplcA promoter has limited contri-

butions to total prf4 transcript levels (27). Overall, these data
show that prfA4 transcription can be activated when prf4 (with
its native promoter) is inserted in #rans in an L. monocytogenes
AprfA strain, even though prf4 transcript levels are slightly
lower in the constructs with prfA in frans than in a strain with
wild-type prfA.

In order to evaluate transcription of L. seeligeri prfA in an
isogenic background, two pPL2 constructs, containing prfd, ¢
as well as 157 nt or 367 nt upstream of the prfA, g start codon,
were introduced into the L. monocytogenes AprfA strain (yield-
ing the AprfA prfA,q,s; and AprfA prfA; 34, strains, respec-
tively); both of these constructs included the P1P2prf4 pro-
moters. Both the AprfA prfA, 5,5, and AprfA prfA; <56, Strains
showed lower prfA transcript levels than either wild-type L.
seeligeri or L. monocytogenes grown to the same growth phase
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(ie., stationary phase) (Fig. 3). Interestingly, the Aprf4
DPrfA; s367 strain showed significantly higher prfA transcript lev-
els than the AprfA4 prfA, g5, strain. These findings suggest that
regions upstream of the L. seeligeri P1P2prfA region contribute
to transcriptional activation of prf4, .

To further investigate differences between the L. seeligeri
and L. monocytogenes prfA promoters and their abilities to
activate prfA transcription, we also introduced a fusion be-
tween the L. monocytogenes PlprfA-and-P2prfA promoter re-
gion and prfA4, ¢ into the L. monocytogenes AprfA strain (yield-
ing the AprfA P1P2, 1356 prfA,s strain). Interestingly, the
AprfA P1P2, \1356 P1fA, s strain showed prfA transcript levels
that were significantly higher than those in the AprfA4 prfA, gs47
strain (Fig. 3) and not significantly different from the transcript
levels for either the L. monocytogenes or L. seeligeri wild-type
strain. These data suggest that, in an L. monocytogenes back-
ground, the P1P2, , region activates transcription of prfd, ¢
more effectively than the wild-type Pprfd, ¢ region, further
supporting that regulation of prfA transcription differs between
L. seeligeri and L. monocytogenes. These observed differences
cannot be due to differences in qRT-PCR amplification effi-
ciencies for prfA; 5 and prfA, \, (which were —3.48 and —3.33,
respectively), as gene-specific primers and gene-specific stan-
dard curves were used to generate absolute cDNA levels for
both genes (this procedure takes into account differences in
amplification efficiencies).

L. monocytogenes strains with prfd,  controlled by different
upstream promoter regions differ in their ability to activate hly
transcription and in their hemolytic capability. To evaluate
the ability of L. seeligeri and L. monocytogenes PrfA, generated
from the different prf4 constructs, to activate transcription of
PrfA-dependent genes, qRT-PCR was used to measure tran-
script levels for the PrfA-dependent gene Aily. The L. monocy-
togenes AprfA strain showed detectable Aly transcript levels,
suggesting some PrfA-independent Aly transcription and con-
sistent with previous reports that showed PrfA-independent Aly
transcription (10). Complementation of the Aprf4 strain with
prfA; v either under the control of the P1P2prf4 promoter
region (AprfA prfA msse strain) or under the control of both
the PplcA and P1P2prfA promoter regions (the AprfA PplcA
PrfA; mase Strain) yielded strains that showed hly transcript
levels not statistically different from the L. monocytogenes par-
ent strain hly transcript levels (Fig. 3), even though both of
these strains showed lower prf4 transcript levels than the L.
monocytogenes parent strain.

Consistent with the observation that prfA, g transcript levels
were lowest in the AprfA prfA, g5, strain, higher in the Aprf4
PrfA| s36-, strain, and even higher in L. monocytogenes with
prfA; s under the control of the P1P2, ,, promoter region (the
AprfA P1P2; 1356 PrfAy s strain) (Fig. 3), hly, , transcript levels
in these three strains followed the same trend. Therefore,
higher levels of prfA, g transcript correlate to higher levels of
hly; v even though the relative changes in hly;,, transcript
levels are smaller (compared to the changes in prfA transcript
levels), most likely because hly; . is also transcribed from a
PrfA-independent promoter.

To further characterize the different prf4 complementation
mutants, we also performed semiquantitative hemolysis assays.
While the L. monocytogenes AprfA strain showed no detectable
cell-associated hemolysis, it showed low levels of supernatant-
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TABLE 5. Hemolytic activity of whole-cell suspension and
supernatant fractions of L. monocytogenes
and L. seeligeri strains

Avg no. of hemolytic units for:*

Strain Cell-associated ~ Supernatant-associated
fraction fraction
L. monocytogenes 10403S 74.7 =33 373 =13
L. seeligeri FSL S4-039 16.0 =0 20=0
10403S AprfA prfA, si57 <05*0 33x1
10403S AprfA prfA; a6 533+23 53+2
10403S AprfA P1P2, \; prfA, s 853 =37 320x0
10403S AprfA prfA; m 64.0=0 26.7*=9
10403S AprfA PplcA prfA; \ 853 =37 320x0
10403S Ahly hly, g 64 =0 <05=*=0
10403S AplcA plcA, 853 =37 427 £ 18
10403S AprfA <05=*0 27=*1
10403S Ahly <05*0 <05*=0
10403S AplcA 64 =0 320 =18

“ Hemolytic unit is defined as the reciprocal of the dilution at which 50% lysis
of sheep red blood cells occurred; data represent the average and standard
deviations for 3 independent biological replicates.

associated hemolysis (Table 5), further supporting some PrfA-
independent Aly transcription. Complementation of the AprfA
strain with prfAd, , under the control of either the P1P2prf4
promoter region (the AprfA prfA;usse Strain) or under the
control of both the PplcA and P1P2prfA promoter regions (the
AprfA PplcA prfA; \sse Strain) yielded strains that showed cell-
and supernatant-associated hemolysis similar to that of wild-
type L. monocytogenes (Table 5), consistent with Aly transcript-
level data. Also consistent with the Aly transcript-level data,
hemolytic activities were lowest for the AprfA prfA; 5,57 strain,
higher for the AprfA prfA; g34; strain, and highest for the Aprf4
P1P2; \1356 P1fA; s strain (Table 5). Hemolysis levels for the
AprfA P1P2, \13s6 P1fA; s strain were similar to hemolysis levels
in L. monocytogenes 10403S (Table 5), further supporting that
PrfA, g can upregulate Aly, \;.

Temperature-dependent patterns of prfd and hly transcrip-
tion differ between L. seeligeri and L. monocytogenes. To probe
temperature-dependent transcription of prf4 and hly, tran-
script levels for these genes were initially determined, using
qRT-PCR, in L. monocytogenes 10403S and L. seeligeri FSL
$4-039, both grown to stationary phase at 16 or 37°C. While L.
monocytogenes prfA transcript levels at 16 and 37°C were not
different (P = 0.6494), hly transcript levels were 2.3 log higher
in L. monocytogenes grown at 37°C than at 16°C (P = 0.0001)
(Fig. 4). These observations are consistent with posttranscrip-
tional upregulation of PrfA in L. monocytogenes grown at 37°C,
leading to increased transcription of PrfA-dependent Aly (23,
28). In L. seeligeri, prfA transcript levels were significantly
higher in bacteria grown at 37°C than in those at 16°C (1.3 log
difference; P = 0.0059) (Fig. 4A). L. seeligeri hly transcripts
were also significantly higher in bacteria grown at 37°C than in
those at 16°C (2.3 log difference; P = 0.0024) (Fig. 4B). To
compare levels of active PrfA in L. monocytogenes and L.
seeligeri grown at different temperatures, we also calculated
PrfA activity, which we defined as the ratio of normalized hly
transcript levels to normalized prfA transcript levels (Fig. 4C).
These data showed that PrfA activity in L. monocytogenes
grown at 37°C is approximately 42 times higher than that in L.
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FIG. 4. Normalized, log-transformed prf4 (A) and hly (B) transcript levels and PrfA activity levels (C) in wild-type L. monocytogenes 10403S
and L. seeligeri FSL S4-039, and normalized, log-transformed prf4 (D) and hly (E) transcript levels and PrfA activity levels (F) in L. monocytogenes
AprfA P1P2; \13s6 prfAy s and AprfA prfA; g3¢7, all grown to stationary phase at both 16 and 37°C. Transcript levels were determined by qRT-PCR
and are expressed as log cDNA copy numbers/geometric mean of cDNA copy numbers for the housekeeping genes rpoB and gap (i.e., log,, target
gene — [(log,, rpoB + log,, gap)/2]; indicated as “normalized log-10 cDNA equivalents” on the y axis). Values shown represent the averages of
qRT-PCR assays performed on three independent RNA collections; error bars show standard deviations of three independent biological replicates.
“PrfA activity” is defined as the ratio of normalized Aly transcript levels/prf4 transcript levels, which indicates the activity of PrfA (measured as
transcripts of the PrfA-dependent gene /ly) normalized to the number of prfA transcripts; higher values thus indicate either enhanced translation
or enhanced PrfA activity. Bars labeled with an asterisk (*) indicate transcript levels or PrfA activity levels that differed significantly between 16

and 37°C; NS indicates that no significant difference was found.

monocytogenes grown at 16°C, while PrfA activity in L. seeligeri
grown at 37°C was only about 7-fold higher than that in L.
seeligeri grown at 16°C. L. seeligeri thus shows reduced temper-
ature-dependent activation of PrfA, while showing greater ab-
solute PrfA activity at both 16 and 37°C than L. monocytogenes
at the same temperatures. While PrfA activity is higher at 37°C
than at 16°C in both L. seeligeri and L. monocytogenes, only L.
seeligeri shows temperature-dependent transcription of prfd
(with higher prfA transcript levels for bacteria grown at 37°C
than at 16°C), suggesting differences in temperature-depen-

dent regulation of virulence gene expression between the L.
monocytogenes and L. seeligeri strains tested here.
Temperature-dependent patterns of L. seeligeri and L. mono-
cytogenes prfA and hly transcription are due to differences in
the prf4 promoter sequences in these two species. To further
explore temperature-dependent transcription of L. seeligeri
and L. monocytogenes prfA and hly, transcript levels for these
two genes were measured in two isogenic L. monocytogenes
strains transcribing prfA, ¢ under the control of either (i) the L.
seeligeri prfA promoter region (the AprfA prfA, ¢4, strain) or
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FIG. 5. Intracellular growth, in activated J774 cells, of L. monocytogenes, L. seeligeri, and L. monocytogenes isogenic mutants expressing prfA, g
and prfA, , from different promoters (see Table 3 for strain designations). The graph shows intracellular bacterial numbers (log,, CFU/ml) at 1.5 h,
5 h, and 7 h postinfection; values shown represent the averages of three independent biological replicates; error bars show standard deviations of
these replicates. These data were also used to calculate intracellular growth between (i) 1.5 and 5 h (i.e., [CFU/ml at 5 h] — [CFU/ml at 1.5 h])
and (ii) 1.5 and 7 h, which were used for statistical analyses; statistical analyses were performed on intracellular growth data rather than absolute
intracellular bacterial numbers at different time points, as there was a significant variation between intracellular bacterial numbers for the different
strains at 1.5 h p.i. Results from the statistical analyses (one-way ANOVA comparison with Tukey-Kramer multiple-comparison correction) of
growth between 1.5 and 5 h, and 1.5 and 7 h are shown in the inserted table; strains that do not share a letter (e.g., “A”) for a given time point
show a significant difference in their intracellular growth levels between 1.5 and 5 h or 1.5 and 7 h.

(ii) the L. monocytogenes prfA promoter region (the AprfA
P1P2, \1356 PrfA; ¢ strain); transcript levels were measured in
these strains grown to stationary phase at 16°C or 37°C (with-
out aeration). Overall, prf4 and hly transcript patterns in these
isogenic mutants were similar to transcript patterns in the
corresponding wild-type strains that served as the source of the
promoter in these constructs, e.g., transcript patterns for
the strain transcribing prfA;,, under the control of the L.
seeligeri prfA promoter (Fig. 4D) were similar to the transcript
patterns in the L. seeligeri wild-type strain (Fig. 4A). prf4 tran-
script levels were lower at 37°C than at 16°C (0.45 log differ-
ence; P < 0.0001, two-sided ¢ test) in the strain transcribing
prfA; s from the L. monocytogenes prfA promoter. In the strain
transcribing prfA,; g from the L. seeligeri prfA promoter, prfA
transcript levels were higher at 37°C than at 16°C (1.05 log
difference; P < 0.0001, two-sided ¢ test), further supporting
that the L. seeligeri prfA promoter may have evolved to facili-
tate temperature-dependent transcription of prf4. For both
strains, Aly transcript levels were significantly higher in bacteria
grown at 37°C than in those grown at 16°C (Fig. 4E).

For the strain transcribing prfA, ¢ from the L. monocytogenes
prfA promoter, PrfA activity was significantly higher for bac-
teria grown at 37°C than for those grown at 16°C (Fig. 4F),
similar to the trend seen with the L. monocytogenes wild-type
strain (Fig. 4C and F). These findings are consistent with pre-
viously reported posttranscriptional activation of PrfA in L.
monocytogenes, i.e., through increased translation of the prf4
transcript at 37°C compared to <30°C, due to temperature-

dependent secondary structures in the region upstream of the
start codon (23, 28). In the L. monocytogenes strain transcrib-
ing prfA; s from the L. seeligeri prfA promoter, there was no
significant temperature-dependent PrfA activation, even
though temperature dependence of PrfA activity was observed
with the L. seeligeri wild-type strain, suggesting that the tem-
perature-dependent activation of PrfA in L. seeligeri may de-
pend on genetic elements outside the prfA fragment intro-
duced into L. monocytogenes (e.g., noncoding RNAs).

prfA; s must be transcribed from the L. monocytogenes prfA
promoter region to fully complement an L. monocytogenes
AprfA strain in an intracellular growth assay in activated J774
cells. To investigate the ability of L. seeligeri prfA to regulate
transcription of virulence genes during intracellular infection,
we evaluated the ability of the different prf4 complementation
mutants (Table 3) to grow intracellularly in activated J774
cells. While the L. monocytogenes parent strain was clearly able
to grow intracellularly (Fig. 5), consistent with previous reports
(17, 25), the L. seeligeri parent strain showed no significant
growth over time (Fig. 6), also consistent with previous data
(25). These findings are also consistent with a previous study
that showed a lack of proliferation of L. seeligeri in another
macrophage cell line (9). The L. monocytogenes AprfA strains
expressing prfA, y, under the control of the P1prfA-and-P2prfA
promoter region (the AprfA prfA, \3s¢ strain) or under the
control of the P1P2prfA4 region and the upstream plcA pro-
moter (the AprfA PplcA prfA, \, strain) showed intracellular
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FIG. 6. hly transcript levels (A) and intracellular growth (B) in activated J774 cells of L. monocytogenes, L. seeligeri, and L. monocytogenes Ahly
hlyy 314. hly transcript levels were determined using qRT-PCR on RNA extracted from bacteria grown at 37°C to stationary phase; transcript levels
are expressed as log cDNA copy numbers/geometric mean of cDNA copy numbers for the housekeeping genes rpoB and gap (i.e., log,, target
gene — [(log,, rpoB + log,, gap)/2], indicated as “normalized log-10 cDNA equivalents” on the y axis. Values shown represent the averages of
qRT-PCR assays performed on three independent RNA collections; error bars show standard deviations of these replicates. Transcript levels and
intracellular growth for L. monocytogenes AprfA grown under the same conditions are included as a control (these data are also shown in Fig. 4).
One-way ANOVA for hly transcript levels showed a significant effect of the factor strain on transcript levels (P < 0.0001). Statistical groupings are
shown as letters above the transcript level bars. Results from the statistical analyses (one-way ANOVA comparison with Tukey-Kramer
multiple-comparison correction) of growth between 1.5 and 5 h, and 1.5 and 7 h are shown in the inserted table; strains that do not share a letter
(e.g., “A”) for a given time point show a significant difference in their intracellular growth levels (e.g., between 1.5 and 5 h or 1.5 and 7 h).

growth at 5 and 7 h that did not differ significantly from intra-
cellular growth of the L. monocytogenes parent strain (Fig. 5).

The two L. monocytogenes strains expressing prf4, ¢ under
the control of L. seeligeri upstream promoter regions of differ-
ent lengths (i.e., the AprfA prfA,ss; and AprfA prfA; ss;e7
strains) both had significantly reduced intracellular growth
compared to the L. monocytogenes parent strain. Growth of the
AprfA prfA, ,s, strain was not significantly different from the
intracellular growth of the L. monocytogenes AprfA strain,
while the AprfA prfA; ss6- Strain had significantly higher levels
of intracellular growth at 5 and 7 h postinfection than the
AprfA strain, indicating partial complementation (Fig. 5). The
AprfA P1P2 \1356 prfAL g strain, which expresses prfA; ¢ under
the control of the L. monocytogenes P1P2prfA region, showed

intracellular growth that was not significantly different from
that of the L. monocytogenes parent strain (Fig. 5), suggesting
that PrfA, ¢, when transcribed from the L. monocytogenes prfA
promoter, can appropriately regulate L. monocytogenes viru-
lence genes essential for intracellular growth. Overall, our data
suggest that the L. seeligeri prfA promoter region does not
allow for appropriate regulation of prfA transcription during
intracellular growth of L. monocytogenes.

While hly, g is expressed and retains hemolytic capability
when introduced into an L. monocytogenes Ahly strain, Hly, ¢
and Hly, ,, differ in their associations with cell and superna-
tant fractions. In order to evaluate the functional conservation
of L. monocytogenes and L. seeligeri hemolysins, hly, ¢ (under
the control of its native L. seeligeri promoter region) was in-
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troduced into an L. monocytogenes 10403S Ahly strain, result-
ing in the Ahly hly, g5, strain. hly, g transcript levels in Ahly
hly| 314 strain cells grown at 37°C to stationary phase were not
significantly different from hly; ¢ transcript levels found in L.
seeligeri but were significantly higher than Aly, , transcript lev-
els found in L. monocytogenes 10403S grown under the same
conditions (Fig. 6). These results suggest that PrfA,,, can
activate transcription of hly, g utilizing its native upstream PrfA
box, consistent with previous in vitro studies (33).

Cell-associated hemolytic activity in the Ahly hly; 45,4 Strain
(64 hemolytic units [HU]) was similar to that in the L. mono-
cytogenes parent strain (74.7 HU) but considerably higher than
cell-associated hemolytic activity observed for the L. seeligeri
parent strain (16.0 HU [Table 5]). The supernatant-associated
hemolytic activities for the Ahly hly, 45,4 strain (<0.5 HU) and
the L. seeligeri parent strain (2.0 HU) were considerably lower
than the supernatant-associated hemolytic activity for the L.
monocytogenes parent strain (37.3 HU) (Table 5). The L.
monocytogenes parent strain showed similar levels of cell- and
supernatant-associated hemolysis (74.3 and 37.3 HU, respec-
tively [Table 5]; HU are expressed as a reciprocal of the serial
dilution for which 50% hemolysis was observed, with 32 and 64
being sequential dilutions), while both the L. seeligeri parent
strain and the L. monocytogenes strain expressing hly; ¢ showed
considerably higher cell-associated hemolytic activities than
supernatant-associated hemolytic activities (Table 5). These
data suggest differences in cell association between L. seeligeri
and L. monocytogenes Hly.

To further evaluate the functional conservation of L. mono-
cytogenes and L. seeligeri Hly, intracellular growth assays with
the L. monocytogenes Ahly hly, 45,4 strain were also performed
(Fig. 6). While the L. monocytogenes Ahly strain showed no
intracellular growth, the L. monocytogenes Ahly hly, 45,4 strain
showed considerable intracellular growth that is significantly
higher than growth of either the L. monocytogenes Ahly or
AprfA strain or L. seeligeri (Fig. 6). While the intracellular
growth pattern of the Ahly hly; ¢5,4 strain was similar to the
growth pattern for the L. monocytogenes parent strain, over-
all growth at 5 h and 7 h postinfection was numerically slightly
lower for the Ahly hly; 514 strain compared to the L. mono-
cytogenes parent strain (Fig. 6); the difference in growth at 7 h
p.i. was statistically significant. These findings suggest that
hly, ¢ can largely, but not completely, complement a Ahly \,
mutant. Partial complementation may be related to the obser-
vation that L. seeligeri Hly shows lower supernatant-associated
hemolytic activities than L. monocytogenes Hly.

pleA; s cannot complement an L. monocytogenes 10403S
AplcA strain. To evaluate the conservation of additional L.
seeligeri virulence genes, plcA, g (with its native promoter) was
introduced into an L. monocytogenes AplcA strain, yielding the
AplcA plcA, s, strain (Table 3). qRT-PCR analysis revealed
slightly but significantly lower plcA, ¢ transcript levels in the
AplcA plcA, g5, strain (grown at 37°C to stationary phase) than
in the L. seeligeri parent strain; these transcript levels were
higher than the plcA transcript levels in the L. monocytogenes
parent strain (Fig. 7). Evaluation of the AplcA plcA, g5, strain
in an intracellular growth assay in primary mouse macrophage
cells showed an intracellular growth pattern that did not differ
significantly from that of the 10403S AplcA strain (Fig. 7).
These data suggest that plcA; ¢ cannot functionally comple-
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ment a plcA; , deletion, although it cannot be excluded that
complementation could occur if plcA; g were transcribed at
higher levels in L. monocytogenes.

DISCUSSION

Comparative sequence analyses of L. seeligeri prfA, hly, and
plcA and heterologous complementation studies of L. mono-
cytogenes revealed that (i) the virulence genes prfA4, hly, and
plcA are conserved among L. seeligeri isolates but are distinct
from the virulence gene homologues in L. monocytogenes, (ii)
while regulation of prf4 transcription has diversified between
L. monocytogenes and L. seeligeri, prfA and hly transcript levels
are higher in L. seeligeri grown at 37°C (than in those grown at
16°C), suggesting a function of L. seeligeri virulence genes in
warm-blooded hosts, and (iii) PrfA and Hly functions are
largely, but not fully, conserved between L. seeligeri and L.
monocytogenes. Overall, our findings suggest that while prf4
and hly have diversified in L. seeligeri, including in their tran-
scriptional regulation, they have maintained similar functions,
possibly involving pathogenic or commensal interactions with
warm-blooded hosts.

The virulence genes prf4, hly, and plcA are conserved among
L. seeligeri isolates but are distinct from the virulence gene
homologues in L. monocytogenes. While previous studies have
shown that some L. seeligeri strains lack the Listeria prfA viru-
lence gene cluster (63), our data show that prfA, hly, and plcA
are fairly conserved among the L. seeligeri strains that contain
this virulence gene cluster, providing initial evidence that these
genes are not pseudogenes and/or that these genes are not
under neutral selection. Interestingly, patterns of conservation
of the protein sequences encoded by these three genes were
very similar between L. monocytogenes and L. seeligeri, with
PrfA being the most conserved protein, followed by Hly, and
PIcA (which represented the most diverse protein among both
the L. seeligeri sequences analyzed here and L. monocytogenes
sequences analyzed previously [41]). These findings are also
consistent with functional studies, discussed in more detail
below, which show that L. seeligeri prfA and hly can largely
complement the L. monocytogenes AprfA and Ahly null mu-
tants, supporting considerable functional conservation of PrfA
and Hly.

While considerable diversification of the overall Listeria prfA
virulence gene cluster and the specific coding regions within
this cluster has previously been reported (e.g., reference 25),
no formal evolutionary analyses of the selection of virulence
gene homologues during the divergence of L. seeligeri from
other Listeria species have previously been reported. Our anal-
yses showed significant evidence for positive selection in Aly, q.
Two Hly, g amino acid residues with evidence for positive se-
lection (aa 67 and 117) are located, respectively, within puta-
tive domains 1 and 2 (50, 53), which have no clearly assigned
functions. The N-terminal region of Hly, which shows the least
conservation between L. seeligeri and L. monocytogenes, con-
tains the other two amino acid residues with evidence for
positive selection; aa 5 falls into the N-terminal secretion signal
sequence, while aa 39 falls within a PEST-like region (32, 52),
a region hypothesized to be important in LLO synthesis during
cytosolic growth of L. monocytogenes (52, 53). Overall, our
evolutionary analyses, combined with the finding that a smaller
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FIG. 7. plcA transcript levels (A) and intracellular growth (B) in primary bone marrow-derived mouse macrophage cells of L. monocytogenes,
L. monocytogenes AplcA, and L. monocytogenes AplcA plcA, g5, grown at 37°C. (C) DNA sequence of the intergenic region between plcA and hly
in L. seeligeri and L. monocytogenes. plcA transcript levels were determined using qRT-PCR on RNA from bacteria grown at 37°C to stationary
phase; transcript levels are expressed as log cDNA copy numbers/geometric mean of cDNA copy numbers for the housekeeping genes rpoB and
gap (i.e., log,, target gene — [(log,, rpoB + log,,gap)/2], indicated as “normalized log-10 cDNA equivalents” on the y axis). Values shown represent
the averages of QRT-PCR assays performed on three independent RNA collections; error bars show standard deviations of these replicates.
One-way ANOVA for plcA transcript levels showed a significant effect of the factor strain on transcript levels (P < 0.0001). Statistical groupings

L. monocytogenes

are shown as letters above the transcript level bars.

fraction of Hly; g (than of Hlyy,,) is secreted, suggest some
functional differences between the L. seeligeri and L. monocy-
togenes Hly proteins and a possible functional adaptation of
Hly, ¢ to a distinct niche.

While regulation of prfd transcription has diversified be-
tween L. monocytogenes and L. seeligeri, prfA and hly transcrip-
tion in L. seeligeri is higher at 37°C, suggesting a function of L.
seeligeri virulence genes in warm-blooded hosts or additional
environments. Our data provide clear evidence that regulation
of prfA has diversified between L. seeligeri and L. monocyto-
genes, including (i) that prfA4, ¢ transcript levels (in an L. mono-
cytogenes genetic background) when prfA, g is transcribed from
an L. monocytogenes prfA promoter are higher than those when
prfA, s is transcribed from the native L. seeligeri promoter, (ii)
temperature-dependent prfA transcription in L. seeligeri but
not L. monocytogenes, (iii) differential utilization of the P1- and

P2prfA promoters depending on aeration in L. monocytogenes
but not in L. seeligeri, and (iv) considerably more-pronounced
temperature-dependent apparent PrfA activity in L. monocy-
togenes than in L. seeligeri. The observation that prf4 transcript
levels are higher in L. monocytogenes 10403S carrying prfA, ¢
under the P1P2, , region than in the strain carrying prfA;
under the same promoter also suggests the higher transcript
stability of prfd, g (i.e., slower transcript turnover) than of
prfA . While it has been well established that L. monocyto-
genes prfA transcript originating from the PlprfA promoter
includes a thermosensor that allows for temperature-depen-
dent prfA translation and facilitates induction of translation at
temperatures >30°C (23), no evidence for temperature-depen-
dent expression of virulence genes has previously been re-
ported for L. seeligeri. Interestingly, the mechanism of temper-
ature-dependent virulence gene expression in L. seeligeri
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includes increased transcription of prfA itself at 37°C, which is
not observed with L. monocytogenes. L. seeligeri also appears to
have a mechanism for posttranscriptional temperature-depen-
dent regulation of PrfA activity (mediated by either increased
translation or activation of the translated PrfA), even though
posttranscriptional temperature-dependent regulation of PrfA
activity in L. seeligeri is less pronounced than in L. monocyto-
genes. As temperature changes can act as a signal for transition
into a mammalian or avian host environment (13, 14, 23), our
findings, overall, suggest that L. seeligeri virulence genes may
play a role in facilitating interactions with a warm-blooded
host.

Differences in regulation of prfA transcription between L.
monocytogenes and L. seeligeri suggest that L. seeligeri may have
adapted to interact with hosts other than those infected by L.
monocytogenes. Furthermore, the observed differences in prf4
transcriptional initiation between L. monocytogenes grown with
and without aeration may be related to the enhanced virulence
of L. monocytogenes grown in microaerophilic growth condi-
tions (2), possibly as prf4 transcription originates predomi-
nantly from P2prf4 in cells grown without aeration, with this
promoter allowing for temperature-independent translation of
prfA transcript. The critical nature of differences in prf4 tran-
scription between L. monocytogenes and L. seeligeri is also
supported by the observation that introduction of L. monocy-
togenes prfA (including the upstream plcA promoter) into L.
seeligeri facilitated LSO synthesis and escape from the phago-
some, a phenotype that was not observed with wild-type L.
seeligeri (25).

PrfA and Hly functions are largely, but not fully, conserved
between L. seeligeri and L. monocytogenes. Our data showed
that expression of prfA, ¢ from the L. monocytogenes prfA pro-
moter was able to functionally complement an L. monocyto-
genes AprfA mutant. These findings suggest that PrfA; ¢ can
interact with L. monocytogenes PrfA boxes and upregulate L.
monocytogenes virulence genes needed for intracellular growth
and survival. Interestingly, Mauder et al. (33) found, using in
vitro transcription assays, that PrfA; ¢ has decreased binding
affinity (compared to PrfA;,,) to homologous and heterolo-
gous PrfA boxes and that chromosomal replacement of prfA; \,
by prfA; ¢ (also placing prfA, s under the control of the L.
monocytogenes prfA promoters) only partially restores hemo-
lytic activity and virulence in a mouse model. Apparent differ-
ences in our findings may possibly be explained by the use of
different prfA, ¢ genes in our studies (while the full prf4 se-
quence used by Mauder et al. [33] is not available in GenBank,
evaluation of primer sequences used for mutant construction
suggests at least 2 aa differences between the prf4, ¢ alleles
used here and by Mauder et al. [33]). It is important to note,
though, that in our studies, prf4, g transcribed from the L.
monocytogenes promoters showed transcript levels numerically
(but not statistically significantly) higher than prf4 transcript
levels in the L. monocytogenes wild-type strain, which could
possibly help to overcome a reduced promoter affinity of
PrfA; 5. Our L. monocytogenes strain transcribing prfA, ¢ from
an L. monocytogenes promoter also showed numerically (but
not significantly) reduced intracellular numbers compared to
those of the L. monocytogenes parent strain in the intracellular
growth assay. Combined with our data that suggest positive
selection of at least one PrfA residue in L. seeligeri and the
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observation that the L. monocytogenes and L. seeligeri PrfA
proteins differ by 63 aa residues, it thus appears likely that
PrfA, g shows some functional differences from PrfA,,,, in-
cluding somewhat reduced affinity to PrfA promoters.

Complementation of an L. monocytogenes Ahly strain with
hly, s (under the control of its native L. seeligeri promoter)
indicated effective recognition of the L. seeligeri hly promoter
by PrfA; s, consistent with previous in vitro transcription (33)
and L. seeligeri complementation studies (25). However, ex-
pression of Hly,  in L. monocytogenes showed a distinct pat-
tern of cell- and supernatant-associated hemolysis, including
reduced supernatant-associated hemolysis activity compared
to that of Hly, ,, possibly due to diversification of the signal
peptide sequence. Combined with clear evidence for positive
selection in Aly; g, our functional data suggest that Hly, ¢ has
diverged functionally from Hly; ,,, while maintaining the abil-
ity to lyse the host cell vacuole and interact with mammalian
host cells. Some level of functional conservation of Hly is
supported by other studies that showed that Hly, ¢ could facil-
itate vacuolar escape in L. seeligeri if hly, ¢ transcription is
activated (25) and that Hly,  and Hly, ,, have identical abilities
to induce gamma interferon in mouse spleen cells (22).

Conclusions. Combined with previous studies (e.g., refer-
ences 25 and 33), our data suggest that virulence differences
between L. seeligeri and L. monocytogenes do not simply reflect
a loss of function in the L. seeligeri pVGC genes but rather
reflect adaptation of L. seeligeri to a specific niche and/or hosts.
This adaptation appears to have occurred at multiple levels,
including gene loss or acquisition and diversification of viru-
lence gene regulation as well as allelic variation and diversifi-
cation of effector protein functions (e.g., hemolysin). Interest-
ingly, the L. seeligeri strain tested not only showed higher
virulence gene expression when grown at temperatures typical
of mammalian and avian hosts but also showed a mechanism
for temperature-dependent regulation (i.e., temperature-de-
pendent regulation of prf4 transcription) different than that
for L. monocytogenes. While it has been suggested that main-
tenance of virulence genes in environmental microorganisms
in general (54, 56, 68) and in L. seeligeri in particular may occur
as a result of interaction with nonmammalian hosts (e.g.,
amoebae, nematodes, and insects), our data suggest that the
pVGC virulence genes in L. seeligeri have adapted to function
in warm-blooded hosts. Additional experiments that character-
ize regulation of virulence gene expression during temperature
shifts will be needed, though, to provide further insight into
virulence gene regulation in L. seeligeri. Confirmation of our
findings with other L. seeligeri strains will also be necessary to
ensure that these results are not strain specific, but pertain to
L. seeligeri as a species.
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