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The genus Listeria includes (i) the opportunistic pathogens L. monocytogenes and L. ivanovii, (ii) the
saprotrophs L. innocua, L. marthii, and L. welshimeri, and (iii) L. seeligeri, an apparent saprotroph that
nevertheless typically contains the prf4 virulence gene cluster. A novel 10-loci multilocus sequence typing
scheme was developed and used to characterize 67 isolates representing six Listeria spp. (excluding L. grayi)
in order to (i) provide an improved understanding of the phylogeny and evolution of the genus Listeria and (ii)
use Listeria as a model to study the evolution of pathogenicity in opportunistic environmental pathogens.
Phylogenetic analyses identified six well-supported Listeria species that group into two main subdivisions, with
each subdivision containing strains with and without the prf4 virulence gene cluster. Stochastic character
mapping and phylogenetic analysis of hly, a gene in the prf4 cluster, suggest that the common ancestor of the
genus Listeria contained the prfA4 virulence gene cluster and that this cluster was lost at least five times during
the evolution of Listeria, yielding multiple distinct saprotrophic clades. L. welshimeri, which appears to
represent the most ancient clade that arose from an ancestor with a prf4 cluster deletion, shows a considerably
lower average sequence divergence than other Listeria species, suggesting a population bottleneck and a
putatively different ecology than other saprotrophic Listeria species. Overall, our data suggest that, for some
pathogens, loss of virulence genes may represent a selective advantage, possibly by facilitating adaptation to

a specific ecological niche.

Population genetics-based and phylogenetic studies have
greatly contributed to the understanding of the evolutionary
history and ecology of bacterial pathogens. In particular, multi-
locus sequence analyses (MLSA) and single-nucleotide poly-
morphism (SNP)-based population genetics research have re-
vealed the microevolutionary patterns of species complexes
like the Bacillus cereus complex (12) or the microevolution of
well-known pathogens like Yersinia pestis (2), Salmonella en-
terica serovar Typhi (57), and Mycobacterium tuberculosis (18).
One of the common findings of these studies is that obligate
pathogens generally have a genetically clonal population struc-
ture as inferred by MLSA (1), while the population structure of
free-living facultative pathogenic bacteria is characterized by
relatively high genetic variability (12, 70). It has been hypoth-
esized that these differences in population structure are related
to the fact that some obligate pathogens represent epidemic
clones (38), i.e., clonal lineages whose members have an epi-
demiological advantage compared to other lineages and are
therefore able to quickly spread within the population. Be-
cause this dispersal of the members of an epidemic clone
occurs rapidly, there is not enough time to accumulate muta-
tions.

In this paper we present a phylogenetic and population ge-
netics study of the genus Listeria. This genus consists of six
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closely related pathogenic (L. monocytogenes and L. ivanovii)
and nonpathogenic (L. innocua, L. welshimeri, L. seeligeri, and
a newly described species, L. marthii) species as well as a
distantly related species, L. grayi (22). Another new species, L.
rocourtiae, has been recently reported (33), but isolates were
not available for inclusion in the study reported here. Because
of the distant phylogenetic relatedness of L. grayi to the other
Listeria species, it has been suggested that this species should
be put in a separate genus, Murraya (63); L. grayi was thus not
included in our study reported here. L. monocytogenes and L.
ivanovii are facultative pathogens of warm-blooded animals
and are the causative agents of a severe infectious disease,
listeriosis (67). While L. monocytogenes has a wide host range,
including humans, the host range of L. ivanovii seems to be
largely restricted to ruminants, in particular sheep (13), even
though some human listeriosis cases caused by L. ivanovii have
been reported (34).

Key virulence genes in Listeria include (i) six genes (prfA,
plcA, hly, mpl, actA, and plcB) clustered in a genomic element,
designated the prf4 virulence cluster or the Listeria pathoge-
nicity island (LiPI), and (ii) members of the internalin family
(61). Genes in the prfA cluster encode functions that that are
necessary for inter- and intracellular motility and intracellular
survival in the host cell. While some internalin genes encode
proteins essential for host cell invasion (e.g., inl4 and inlB) (3),
inlC has recently been shown to encode a protein critical for
cell-to-cell spread (52), and the functions of a number of other
internalin proteins still remain to be elucidated (40). A number
of internalin genes are also organized in clusters, including the
inlAB operon, the inlGHE operon (which can also be present
as an inlGC2DE or as an inlC2DE operon), which is found in
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L. monocytogenes and an L. ivanovii species-specific pathoge-
nicity island encoding sphingomyelinase and numerous in-
ternalins (13). Importantly, the presence or absence of the prfA
cluster and virulence characteristics can also be used to classify
Listeria species and clades into three groups, including (i) spe-
cies that do contain the prf4 virulence cluster and are known
pathogens, like L. monocytogenes and L. ivanovii, (ii) species
that lack the prfA4 virulence cluster and are nonpathogenic (L.
marthii and L. welshimeri), and (iii) species in which the pres-
ence of the prfA virulence cluster varies by strain. The last
group contains L. seeligeri, which is nonpathogenic, although
the majority of strains in the population contain the prfA vir-
ulence cluster (69), and L. innocua, which is also nonpatho-
genic, and although most strains lack the prf4 virulence cluster,
a small proportion of strains do carry this cluster (31, 68). The
facts that the genus Listeria contains closely related nonpatho-
genic and pathogenic species and that strains with and without
the prfA cluster within the same species make this genus an
interesting model system for studies on the evolution of patho-
genicity in opportunistic environmental pathogens. In addition,
an improved understanding of the phylogeny and evolution of
pathogenic and nonpathogenic Listeria spp. will also help in
the development of appropriate assays for the specific detec-
tion and identification of human and animal pathogenic Liste-
ria strains as well as regulations and intervention strategies that
specifically target pathogenic species and strains.

MATERIALS AND METHODS

Isolates. A total of 50 Listeria spp. isolates were selected for characterization
by multilocus sequence typing (MLST), including L. monocytogenes (n = 15), L.
innocua (n = 11), L. marthii (n = 3), L. welshimeri (n = 6), L. seeligeri (n = 7),
and L. ivanovii (n = 8). Except for L. ivanovii, isolates were selected from the
Cornell University Food Safety Laboratory (CUFSL) culture collection. As the
CUFSL culture collection only included a limited number of L. ivanovii subsp.
ivanovii isolates, an additional three L. ivanovii subsp. ivanovii and three L.
ivanovii subsp. londoniensis isolates were obtained from ATCC (Table 1). Selec-
tion of isolates other than L. ivanovii was made using a sigB-based phylogeny (see
the supplemental material for the sigB tree and phylogenetic analysis) based on
sigB sequence data for 676 Listeria spp. isolates. sigB was used as a phylogenetic
marker for isolate selection, as (i) it had previously been shown to provide no
evidence for positive selection and recombination in L. monocytogenes (45), (ii)
allows for reliable classification into Listeria spp., and (iii) sequence data for a
large isolate set were available. Isolates were specifically selected to (i) represent
the main genetic lineages (based on a sigB-based phylogeny) in each species and
(ii) represent sigB genetic diversity within each species and lineage (see Fig. S1
in the supplemental material).

In addition to the 50 Listeria spp. isolates that were characterized by MLST
here, DNA sequence data for the 10 genes targeted by MLST were also
obtained from genome sequences for Listeria spp. isolates for which appro-
priate genome sequence data were available (Table 1), including L. monocy-
togenes (two genome sequences [F2365 and EGD-e] from references 12, 21,
and 42; genome sequences available at http://www.broadinstitute.org
/annotation/genome/listeria_group/), L. innocua (one genome [21]), and L.
welshimeri (one genome [28]).

Selection of MLST target loci and primer design. Loci for the MLST scheme
used here were selected to fulfill five criteria: (i) no evidence for positive selec-
tion, (ii) no previous evidence for homologous recombination, (iii) present in all
targeted Listeria species (meaning that they are part of the Listeria core genome),
(iv) a dispersed distribution of target loci on the chromosome, and (v) inter- and
intraspecific variability (i.e., no extreme conservation). Positive selection and
recombination analyses performed on core genes found in four L. monocy-
togenes genomes and one L. innocua genome by Orsi et al. (46) were used to
initially identify genes that showed (i) no evidence for positive selection and
(ii) no detectable homologous recombination in these genomes. As the mem-
bers of the genus Listeria show a high level of genome synteny (27), loci were
selected to be dispersed throughout the EGD-e genome (Fig. 1). For loci that
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were initially selected as possible target loci for a 10-gene MLST scheme, the
presence of the loci in all six targeted Listeria spp. was confirmed by initial
PCR amplification and sequencing of the targeted loci in a subset of 16
isolates (Table 1).

PCR primers were designed with the online version of PriFi (19) and
alignments of the target gene sequences, which were created using sequence
data obtained from the genome sequences for L. monocytogenes isolates
EGD-e (GenBank accession number AL591824) and F2365 (GenBank acces-
sion number AE017262), L. innocua CLIP 11262 (GenBank accession num-
ber AL592022), and L. welshimeri SLCC5334 (GenBank accession number
AM263198).

PCR amplification and sequencing. PCR amplification of the targeted gene
fragments was performed using either genomic DNA prepared with the QIlAamp
DNA minikit (Qiagen, Valencia, CA) or a cell lysate; cell lysates were prepared
in 100 pl 1X PCR buffer using lysozyme (2 mg/ml final concentration) and
proteinase K (200 pg/ml final concentration), similar to a procedure described by
Furrer et al. (20). PCR was performed in 50-pl reaction mixtures containing 0.5
wl of template, 10 pl of 5X PCR buffer, MgCl, at a final concentration of 1.5
mM, deoxynucleotide triphosphates at a final concentration of 200 uM each,
forward and reverse primers at a final concentration of 0.5 pM each, and 0.5 pl
of Tag polymerase (5 U/ul; GoTaq Flexi; Promega, Madison, WI). PCR condi-
tions for all loci were similar and included (i) one cycle at 95°C for 5 min; (ii) 20
touchdown cycles with 95°C for 30 s, 65°C for 30 s with a decrease of the
annealing temperature by 0.5°C per cycle, and 72°C for 1 min; (iii) 20 cycles of
95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and (iv) one cycle at 72°C for
5 min. Some loci were amplified using a hot start protocol (see Table 2 for
further details and primer sequences).

Sequence alignments. Alignments were constructed in MacClade 4.08 (35).
Since all of the loci are protein-coding genes without insertions or deletions,
the pair-wise alignment option in MacClade was used for automatic align-
ment.

Descriptive analyses. DnaSP 4.90.1 (58) was used to calculate the average
number of pair-wise nucleotide differences per site (1), the average number of
pair-wise nucleotide differences per sequence (k), the number of polymorphic
sites, the number of mutations, the number of alleles, the GC content, Tajima’s
D value (test for neutrality of the data [65]), the number of synonymous and
nonsynonymous mutations, and the rate of nonsynonymous-to-synonymous
changes with a Jukes-Cantor correction.

Recombination analyses. A Sawyer test (60), implemented in GENECONYV,
and the PHI (pair-wise homoplasy index) statistic (7), implemented in PhiPack,
were used to test for evidence of intragenic recombination; the default settings
were used for both methods. Extensive simulation studies (7, 49) have shown that
these methods are less prone to type I errors, as opposed to neighbor similarity
score (NSS) (29) and maximum chi-square (37) statistics.

Structure analysis. To infer the ancestry of different clades identified among
the sequence types (STs) in our data set, we performed an analysis using the
linkage model of the program STRUCTURE (16); these analyses were per-
formed essentially as described previously (11).

Positive selection analyses. PAML 4.1 (75) was used to test for evidence of
positive selection within the 10 loci. Specifically, two tests for positive selection
were performed, including (i) a likelihood ratio test for the overall presence of
positive selection within a locus, based on model M1a (nearly neutral) compared
to model M2a (positive selection) (74), and (ii) the branch site test 2 as described
by Zhang et al. (77), which is a likelihood ratio test for the presence of positive
selection in a specific branch within a phylogeny. In most cases the branches
leading to the individual species were tested; however, in cases where a species
could be subdivided into several distinct branches (e.g., lineages I, II, III, and IV
in L. monocytogenes) these branches were also tested for evidence of positive
selection (branches tested in these analyses represented the actual branches
found in a given gene tree; these did not necessarily always correspond to major
phylogenetic lineages [see. Fig. S2 in the supplemental material]). For both tests,
the gene trees used were constructed with the neighbor-joining algorithm in
PAUP* 4.010b (64) using sequences for all unique allelic types.

Phylogenetic reconstruction. BEAST 1.5.2 (14, 15) was used to construct
separate phylogenies with a relaxed molecular clock model for each individual
locus and to infer the position of the root of the tree in the absence of a suitable
(closely related) outgroup. An advantage of the use of the relaxed molecular
clock model is that it gives a summary statistic of the clockliness of the data, o .
If o, is 0 then the sequence data are perfectly clocklike, i.e., there is no variation
in the branch rates. Larger values of o, correspond to increased rates of hetero-
geneity among branches. If the 95% highest posterior probability density of o,
contained 0, a comparison with a strict clock model was performed using the
Bayes factor as calculated using Tracer 1.5 (available from A. Rambaut at
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TABLE 1. Isolates used

Species and isolate identifier” Additional information

L. innocua isolates
FSL S4-045 e Isolated from algae along lake shore, NY

FSL S4-051.... ....Isolated from lake water, NY

FSL $4-176"... ....Isolated from pond water, NY

FSL S4-235..... ....Isolated from sidewalk, urban environment, NY
FSL $4-3787... ....Isolated from water puddle, NY

FSL R2-609 ... ...Isolated from food processing plant environment, USA
FSL S4-846.... ....Isolated from sidewalk, urban environment, NY
FSL R2-604 ... ....Isolated from soil, urban environment, NY
FSL R6-556 ... ....Isolated from food related environment, NE
FSL W3-075 .. ....Hemolytic, isolated from food, USA

FSL J1-0237... ....Hemolytic, origin unknown

CLIP T1262% .ottt ettt et ere et eae e eaeeas s b ebe s eneeneas Isolated from food, Morocco

L. ivanovii subsp. ivanovii
FSL C2-0107 oo sseesessessessesses s sassaen Bovine isolate, obtained from USDA-ARS, 1A

FSL C2-0117.. ....Bovine fetus isolate, obtained from USDA-ARS, IA

FSL F6-600.... ...ATCC 19119, sheep isolate, Bulgaria

FSL F6-599.... ....ATCC BAA-678, clinical specimen, sheep fetus, Spain

FSL FO-597 .ottt ettt ATCC 700402, quality control strain for API products, origin unknown

L. ivanovii subsp. londoniensis

FSL F6-598° .. ....ATCC BAA-139, isolated from washing water, Switzerland
FSL F6-595.... ...ATCC 49953, goat isolate, Belgium
FSL FO-596.....iuiiieteeeeeeeeeeeteeeeeeetee ettt et ve et et aeens ATCC 49954, food isolate, France

L. monocytogenes
FSL S4-440 ..ottt ettt Lineage I, serotype 1/2b, isolated from sidewalk, urban environment NY

FSL C1-406.. ....Lineage I, serotype 1/2b, isolated from food, NY
FSL S4-643 .... ....Lineage I, serotype 4b, isolated from surface bench, NY
FSL E1-039.... ....Lineage I, serotype 1/2b, isolated from bovine clinical specimen, NY
FSL J1-194*... ....Lineage I, serotype 1/2b, isolated from human sporadic case, NY
FSL R2-503*. ....Lineage I, serotype 1/2b, human isolate, human outbreak, IL
HPB2262*...... ....Lineage I, serotype 4b, human isolate, human outbreak, Italy
FSL N1-017*. ....Lineage I, serotype 4b, isolated from trout brine, NY
FSL J1-175%... ....Lineage I, serotype 1/2b, isolated from water, NY
FSL J2-064*... ....Lineage I, serotype 1/2b, isolated from animal clinical specimen, NY
CDC F2365*.. ....Lineage I, serotype 4b, food isolate, human outbreak, CA
FSL F2-553" .. ....Lineage II, serotype 1/2a, isolated from human sporadic case, NY
FSL N4-290 ... ....Lineage II, serotype 1/2a, isolated from animal clinical specimen, NY
CDC Jo161* ....Lineage II, serotype 1/2a, human isolate, human outbreak, USA
10403S*.......... ....Lineage II, serotype 1/2a, isolated from human skin lesion, USA
CDC J2818*.. ....Lineage II, serotype 1/2a, food isolate, human outbreak, USA
FSL N3-165*. ....Lineage II, serotype 1/2a, isolated from soil, farm environment, NY
CDC F6900*.. ....Lineage II, serotype 1/2a, isolated from human sporadic case, USA
EGD-e*.......... ....Lineage II, serotype 1/2a, strain derived from animal case, Great Britain
FSL S4-465 .... ....Lineage IIIA, serotype 4b, isolated from water puddle, NY
FSL S4-839.... ....Lineage IIIA, serotype 4c, isolated from sidewalk, urban environment, NY
FSL F2-695" .. ....Lineage IIIA, serotype 4a, isolated from human sporadic case, NY
FSL F2-5257 .. ....Lineage IIIA, serotype 4b, isolated from human sporadic case, NY
FSL J2-071*... ....Lineage IIIA, serotype 4c, isolated from animal clinical specimen, NY
FSL F2-208" .. ....Lineage IIIC, serotype 4a, isolated from human sporadic case, OH
FSL W1-1117. ....Lineage IV, serotype 4c, origin unknown
FSL R2-142 ... ....Lineage 1V, serotype 4c, isolated from food, NY
FSL W1-112 .. ....Lineage IV, serotype 4a, origin unknown
FSL M2-030...c.citiiiiiiieteetee ettt ettt eeaes Lineage IV, serotype 4b, origin unknown

L. seeligeri
FSL S4-003 ....hly positive, isolated from leaves/debris, natural environment, NY
FSL S4-009.... ....hly positive, isolated from soil, natural environment, NY
FSL L5-054 .. ....hly positive, isolated from soil, natural environment, NY
FSL S4-171.... ....hly negative, isolated from urban environment, NY
FSL N1-067°.. ....hly positive, isolated from food related environment, NY
FSL S4-015..... ....hly positive, isolated from water, natural environment, NY
FSL S4-039 ..ottt ettt ae e a hly positive, isolated from soil, urban environment, NY

L. marthii
FSL SA-120 cuuieieeteeteeeeeteetet ettt eve e ese s sse s s b s ns s enan ATCC BAA-1595, isolated from soil, natural environment, NY

Continued on following page
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TABLE 1—Continued

Species and isolate identifier”

Additional information

FSL $4-710
FSL S4-9657...

L. welshimeri
FSL $4-059%
FSL S4-1267...
FSL $4-182....
FSL S$4-027 ....
FSL C2-006
FSL S4-145
SLCC 5334*...

...BEIR NR-9581, isolated from water, natural environment, NY
...BEIR NR-9582, isolated from water, natural environment, NY

Isolated from sidewalk, urban environment, NY
...Isolated from algae in a pond, natural environment, NY
...Isolated from soil, natural environment, NY

...Isolated from floor, urban environment, NY

...Isolated from food-related environment, NY

...Isolated from leaves/debris, natural environment, NY
...Isolated from decaying vegetation, USA

“ Isolates listed included 50 isolates for which genes sequences for the 10 MLST loci were determined here as well as 16 isolates for which sequence data were derived
from existing genome sequences (these isolates are marked with a *); isolates that were used for initial MLSA development are marked with a 7.
® This isolate was originally deposited with ATCC as L. ivanovii, and it is listed by ATCC as L. ivanovii subsp. ivanovii; trees for all 10 loci group
this isolate into the L. ivanovii subsp. londoniensis clade (see Flg 3), and this isolate is thus listed here as L. ivanovii subsp londoniensis.
¢ hly positive and negative notations indicate L. seeligeri isolates that were positive or negative by PCR for the gene encoding the L. seeligeri

hemolysin.

http://tree.bio.ed.ac.uk/software/tracer/). The analyses were performed assuming
a coalescent process with a constant population as a prior for intraspecific
relationships and a Yule model (76) of speciation as a prior for the interspecific
phylogenetic relationships.

PHYML version 3.0 (25) was used to infer maximum likelihood (ML) phy-
logeny and bootstrap values based on concatenated sequences for the 10 loci.
The hierarchical likelihood ratio test in Modeltest 3.7 (50) was used to select the
model of nucleotide evolution for this analysis; a general time-reversible nucle-
otide substitution model with variant sites assumed to follow a gamma distribu-
tion and a probability  of sites being invariant (GTR+G+1) was identified as the
best model and was used. ML bootstrap support (17) was inferred from 100
bootstrap replicates.

Reconstruction of evolutionary history of the prf4 cluster in Listeria. To infer
the evolutionary history of the prf4 virulence gene cluster in Listeria, we used
both parsimony-based (35) and stochastic/maximum likelihood-based (36) crite-
ria to map the character evolution of the cluster on the phylogeny of Listeria. To
map the character evolution on the phylogeny using the parsimony criterion,
MacClade 4.08 (35) was used. Stochastic character mapping was performed with
Mesquite (36).

To allow for these analyses, all strains were tested for the presence or absence
of hemolytic activity using the Christie, Atkins, Munch, Petersen (CAMP) test
(24). Hemolytic activity is associated with the presence of the hemolysin gene,
which is found in the prfA4 virulence cluster. As the CAMP test for a number of
L. seeligeri isolates was inconclusive (due to very weak hemolysis), a PCR assay
was performed to test for the presence or absence of the L. seeligeri hemolysin
gene (forward primer, 5'-GGGATCCGCATAGGAAAAATAATGGAGTAAA
CAGC-3'; reverse primer, 5'-GCGGCCGCTTATTTTATGGTGTGTGTGTTA
AGCG-3'). The presence of the hemolysin gene in the atypical CAMP-positive
L. innocua isolates (FSL W3-075 and FSL J1-023) was further confirmed by PCR
and sequencing of part of the hemolysin gene, and strain identity was confirmed
by resequencing part of the sigB locus in these isolates.

To further probe the evolutionary history of the prf4 cluster, we also con-
structed a phylogeny for the hemolysin gene (hly, which is located in the prf4
cluster) for a subset of isolates that were found to be Aly positive. These analyses
were performed with 10 hly gene sequences that were available from publicly
available genome sequences (L. monocytogenes EGD-e, F2365, and FSL J1-072
[see Table 1 for GenBank accession numbers]) and the following individual
sequences (GenBank accession numbers in parentheses): L. monocytogenes FSL
F2-208 (GU810924), L. ivanovii subsp. ivanovii (AY510072), L. ivanovii subsp.
londoniensis (AY510073), L. seeligeri FSL S4-039 (EU755301), L. seeligeri FSL
N1-067 (GU810921), L. innocua FSL J1-023 (GU810922), L. innocua FSL W3-
075 (GU810923). The coding nucleotide sequences for hly were (manually)
aligned in MacClade 4.08. Maximum likelihood analyses were performed using
PAUP* version 4.010b (64). The hierarchical likelihood ratio test in Modeltest
3.7 (50) identified the Tamura Nei model with variant sites assumed to follow a
gamma distribution (TrN+G) as the appropriate model to infer the hly phylog-
eny; ML bootstrap support (17) was inferred from 100 bootstrap replicates. The
resulting Aly phylogenetic tree was compared to the phylogenetic tree inferred
from the 10 gene MLSA for the same isolates.

Nucleotide sequence accession numbers. Sequences and alignments for all 10
loci (Idh, Imo0490, prs, sigB, polC, rarA, LMO1555, pbpA, addB, and LMO2763)
have been deposited in GenBank (accession numbers GU475501 to GU475964).

RESULTS

Descriptive analysis of sequence data. Among the 66 iso-
lates (including 50 isolates sequenced here and sequence data
obtained from 16 genome sequences [Table 1]), the 10 MLST
loci yielded between 36 (prs) and 50 (Imo0490) allelic types
(Table 3). The overall divergence between allelic types, as
measured by 7 (the average number of pair-wise nucleotide
differences per site) ranged from 0.0779 for Imo2763 to 0.2457
for Imo1555 (Table 3).  was chosen as a measure of sequence
diversity, as this value is less affected by gene length or the
number of sequences. L. monocytogenes was the most diverse
species, as it showed the highest average  value for all 10 loci
(0.0484), which is likely a reflection of the fact that this species
is represented in four distinct lineages (see below). L. welshi-
meri showed the lowest diversity (with an average = for all 10
loci of 0.0050), and the corresponding average  values for the
other species were 0.0261 (for L. ivanovii), 0.0177 (for L. seelig-
eri), 0.0168 (for L. innocua), and 0.0122 (for L. marthii).

Tajima’s D values for the individual loci were positive for all
10 loci for L. ivanovii (with 4 loci showing values significantly
[P < 0.05] higher than 0 and the other 6 showing P values
between 0.05 and 0.10) and for 9/10 loci for L. monocytogenes
(with only addB showing values significantly [P < 0.05] higher
than 0). A significantly positive value for Tajima’s D is indic-
ative of a decrease in population size, balancing selection (43),
or subdivision of the population (62); these findings are con-
sistent with the fact that both L. monocytogenes and L. ivanovii
contain clearly distinct subspecies and lineages. L. innocua and
L. welshimeri predominantly showed Tajima’s D values that
were negative or positive but close to zero; none of the values
for these species was significantly different from 0. For L.
seeligeri, Tajima’s D values for 9 of 10 genes were negative,
including 1 gene (rar4) which showed a negative value that was
significantly different from 0. Negative values for Tajima’s D
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are indicative of a population bottleneck or a selective sweep
(43).

Recombination. Overall, 4 of the 10 loci showed statistical
evidence for intragenic homologous recombination in at least
one of the two recombination tests used (i.e., Sawyer Test and
PHI) (Table 4). Only one locus, Imo0490 (encoding shikimate
5-dehydrogenase), showed significant (P < 0.01) evidence of
intragenic recombination with both the Sawyer test and the
PHI statistic. The output for the Sawyer test indicated that two
separate fragments of this sequence were involved in recom-
bination, including (i) a 174-bp fragment near the 5’ end of the

1400 kbp

EVOLUTION AND PHYLOGENY OF LISTERIA 6089

400 kbp

LMO0490

600 kbp

800 kbp

1000 kbp
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polC
FIG. 1. Position of 10 MLST loci on the L. monocytogenes EGD-e chromosome (GenBank accession number AL591824).

alignment, which appears to represent a recombination event
between the Imo0490 allele found in the hemolytic L. innocua
FSL J1-023 (acceptor) and the allele found in L. marthii FSL
S4-710 (donor), and (ii) a 163-bp fragment, which appears to
represent a recombination event between the Imo0490 allele
found in another hemolytic L. innocua isolate, FSL W3-075
(acceptor), and the allele found in L. monocytogenes lineage
IIIA isolate FSL F2-525 (donor).

The Sawyer test further found significant (P < 0.01) evi-
dence for recombination within the prs locus, while the PHI
statistic found no significant signal of recombination for this
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TABLE 2. List of loci and primers used for PCR amplification

Expected Primer name and sequence (5'-3")
Locus product Hot start”
size (bp)“ Forward Reverse

Idh 921 No HdB351dhF, CAAAAAATTATTTTAGTTGGC HdB36ldhR, TTGTTTCATTGCRTCGTCWAG
GACGGAGCAGTTGG

Imo0490 791 Yes HdB37LMO490F, GCCACTCCAATCAGACAC HdB38LMO490R, ACTGGCATTTCTTTGTGT
AGTTTATCACCAAC GTCCAAATTTCGAAAGC

prs 809 No HdB40prsF, CCAAATTAACATTGAAGAAAG HdB41prsR, GAACTTACAGAWGCATTYTC
TATCCGTGGTTGTC ATGWAC

sigB 841 Yes Lm sigB15, AATATATTAATGAAAAGCAGG Lm sigB16, ATAAATTATTTGATTCAACTG
TGGAG CCTT

polC 968 No HdB14polCF, CAAGCWGCTGATTGGGGWC HdB15polCR, GCMGCTTGCATYCCTTTTTG
AYAAAGC CATCATYGCTTCA

rarA 860 No HdB30rarAF, ATGGCAATTCAACCTTTAGC HdB31rarAR, TCCTCATAWGCCATAACDA
TTACCGRATGCG GCATTCTCC

LMO1555 712 No HdB32LMO1555F, ATGAKTAAAAAARTTRT HdB33LMO1555R, CCTCCTGTATTATCAAA
TTTAACAAGAGARGC TCAGCTARGTGCTTCATG

pbpA 1,240 Yes HdB20pbpAF, TCGCAGAAGTTGGAACCGA HdB21pbpAR, GCAGCATARGCWCCRGCCA
ACGGCGGG TTTGCATTGG

addB 845 No HdB26addBF, TGGAAATGGGAAAAAGARG HdB27addBR, GCTTGYTTAGARCGAATRT
GMGAYTGGAT AACTACTTTGTTC

LMO2763 1,216 Yes HdB39LMO2763F: GAACACGGCATGGAAC HdB40LMO2763R, AGCCGACCAGAAGCGC
GTGTTTTAGTACCAG GAGCCAGTTTCCTCCTG

“ The expected product size was calculated based on the respective gene sequence for L. monocytogenes EGD-e.
® This column indicates whether hot start PCR was performed (hot start PCR was done by manual addition of the Taq polymerase after the initial denaturation step).

gene; this may indicate that the prs locus has a region with
significant clustering of substitutions (a signal of recombina-
tion for the Sawyer test [49]); however, these substitutions are
not (phylogenetically) incompatible and are thus not consid-
ered a signal of recombination by the PHI statistic (7). The six
recombinant sequence fragments in prs identified by the Saw-
yer test were located in a 176-bp section in the 5’ end of the
locus sequenced and likely represent a single recombination
event (as these fragments share 5’ and 3’ breakpoints) (45);
this event involved alleles found in three L. innocua isolates
(FSL S4-045, FSL S4-176, and FSL S4-235) as possible accep-
tors and alleles found in two L. monocytogenes lineage IITA
isolates (FSL F2-525 and FSL S4-465) as donors.

The PHI statistic also found statistically significant evidence
(with P values between 0.01 and 0.05) for recombination in Idh
and polC (with no significant evidence for recombination in
these genes based on Sawyer’s test); as recombination tests
were performed for 10 loci and no correction for multiple
comparisons was performed, we deemed these findings as
likely false positives (a Bonferroni corrected P value cutoff
would have been <0.005).

Structure analysis. Structure analysis was performed to
identify (i) putative recombination between different Listeria
species and (ii) recombination between different lineages (for
L. monocytogenes lineages I, II, 111, and IV) or subspecies (for
L. ivanovii subsp. ivanovii and L. ivanovii subsp. londoniensis).
Structure analysis at the species level indicates very distinct
allelic compositions between species, with a few notable excep-
tions. Specifically, the structure analysis showed that a consid-
erable part of the loci of the three L. marthii isolates is derived
from L. monocytogenes lineages I, 11, and III and L. innocua. It
appears that most of the L. monocytogenes and L. innocua gene
content in L. marthii represents different recombination
events, including (i) acquisition, by L. marthii, of part of sigB
from L. innocua and (ii) acquisition of a complete locus

(Imo2763) and an almost-complete locus (pbpA) from L.
monocytogenes (Fig. 2B). These events would not have been
detected by the Sawyer test or the PHI statistic; however, the
recombination event in 1mo2763 was supported by phyloge-
netic analyses of the individual loci (see below). Structure
analysis also showed that the Imo0490 locus in L. seeligeri
includes a sequence fragment introduced from L. ivanovii by
homologous recombination. In addition, selected L. innocua
sequence types showed evidence for recombination with other
species, most notably the ST of the hemolytic L. innocua iso-
late FSL J1-023, which includes parts of several loci (Imo1555,
polC, and prs) that appear to have been introduced into the
genome from L. monocytogenes and L. marthii.

Structure analysis of the four L. monocytogenes lineages (72)
showed a considerable amount of shared alleles as well as a
considerable allelic composition that is unique to lineages III
and IV (Fig. 2); lineages I and II and lineages III and IV share
a considerable proportion of their alleles. In addition, lineage
IV (which has also previously has been described as lineage
IIIB [55]) contains some L. innocua alleles, which appear to
largely represent horizontal gene transfer of part of sigB from
L. innocua to L. monocytogenes lineage IV. The two L. ivanovii
subspecies show >90% shared alleles, a considerably higher
shared proportion of alleles than for the alleles shared between
L. monocytogenes lineages I/I1 and lineages III/IV. L. ivanovii
subsp. londoniensis shows some Imo2763 alleles that appear to
be derived from L. seeligeri through a homologous recombina-
tion event involving this locus.

Positive selection. None of the 10 loci analyzed showed
evidence for positive selection with the overall test for positive
selection (75) or background on the positive selection analysis,
indicating that the loci evolved neutrally or under negative
selection (see File S1 in the supplemental material for results).
Weak evidence for branch-specific positive selection was only
found for pbpA in the L. seeligeri clade (P = 0.04); as no
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TABLE 3. Descriptive analysis of nucleotide sequence data
Length in b No. of P No. of mutations
Species () and gene (%g of fullp variable N(?' ° f 1,\]0' of GC a/site? k¢ Ta]“l}a s dN/dS¢
ORF) sites mutations alleles  content D Synonymous  Nonsynonymous
All sequences (66)*
addB 669 (20.1) 283 418 43 3510  0.1715 114.75 NA NA NA 0.08
ldh 711 (75.4) 201 277 48 4220  0.0970  68.95 NA NA NA 0.01
Imo0490 611 (69.7) 155 203 50 39.50  0.0810  49.50 NA NA NA 0.02
prs 511 (53.4) 143 180 36 41.40  0.0808  46.48 NA NA NA 0.02
polC 695 (16.0) 222 329 41 36.90  0.1312  90.43 NA NA NA 0.02
pbpA 871 (35.1) 223 330 41 3740  0.1254  91.32 NA NA NA 0.04
LMO2763 958 (70.8) 232 297 48 39.60  0.0779  74.40 NA NA NA 0.02
Imo1555 495 (68.6) 282 442 39 33.60 0.2457 116.15 NA NA NA 0.21
rarA 574 (44.7) 188 277 39 39.60 0.1276  71.82 NA NA NA 0.03
sigB 660 (84.6) 161 218 48 38.20  0.0866  57.07 NA NA NA 0.01
L. monocytogenes (29)
addB 669 (20.1) 115 112 18 3630 0.0716  47.91 2.09* 97 18 0.07
ldh 711 (75.4) 91 97 19 41.60  0.0447  31.77 1.10 92 5 0.01
Imo0490 611 (69.7) 66 71 21 39.80  0.0303  18.53 0.10 66 5 0.01
prs 511 (53.4) 42 42 12 41.40  0.0240  13.26 0.89 42 0 NA
polC 695 (16.0) 92 99 13 36.90  0.0523  36.25 1.63 98 1 0.00
pbpA 871 (35.1) 115 130 13 3840  0.0530  46.08 1.51 113 12 0.03
LMO2763 958 (70.8) 96 108 19 4040  0.02806  27.28 —0.03 106 2 0.00
Imo1555 495 (68.6) 135 154 16 3390 0.1143  56.12 1.67 72 55 0.22
rarA 574 (44.7) 51 56 13 40.60  0.0298  16.79 0.67 50 4 0.01
sigB 660 (84.6) 74 80 17 38.80  0.0355  23.40 0.57 74 3 0.02
L. innocua (12)
addB 669 30 30 9 34.00 0.0120 8.02 —0.87 37 2 0.02
ldh 711 55 57 10 43.60 0.0291  20.71 0.45 26 4 0.03
Imo490 611 45 46 9 39.80 0.0214  13.09 —0.64 54 3 0.02
prs 511 28 28 9 4270 0.0126 6.95 —1.12 45 1 0.00
polC 695 39 41 10 38.00 0.0150  10.39 —1.07 28 0 NA
pbpA 871 40 40 10 3720 0.0141 1226 —0.34 36 5 0.03
Imo02763 958 39 39 9 39.30  0.0137  13.15 0.08 38 2 0.01
Imo1555 495 30 30 6 32.80  0.0150 745 -1.12 38 0 NA
rarA 574 36 38 9 38.70  0.0221  12.68 0.04 17 13 0.21
sigB 660 21 22 10 37.20  0.0128 8.42 0.69 19 3 0.05
L. marthii (3)
addB 669 1 1 2 36.00  0.0010 0.66 NA 0 1 NA
ldh 711 20 20 3 4370  0.0188  13.33 NA 19 1 0.02
Imo490 611 24 24 3 41.20  0.0262  16.00 NA 21 3 0.04
prs 633 9 9 3 42.90  0.0109 6.00 NA 9 0 NA
polC 695 28 28 3 39.20  0.0268  18.67 NA 28 0 NA
pbpA 871 8 8 3 38.30  0.0061 5.33 NA 8 0 NA
Imo02763 958 13 13 3 40.30  0.0091 8.67 NA 13 0 NA
Im01555 495 4 4 3 33.50  0.0054 2.67 NA 2 2 0.26
rarA 574 7 7 3 40.20  0.0081 4.67 NA 5 2 0.12
sigB 660 10 10 3 37.30  0.0101 6.67 NA 10 0 NA
L. welshimeri (7)
addB 669 4 4 4 33.50  0.0017 1.14 -1.43 2 2 0.27
ldh 711 12 12 5 42.40  0.0071 5.05 0.17 12 0 NA
Imo490 611 10 10 7 37.20  0.0053 324 —1.11 10 0 NA
prs 511 4 4 4 40.00  0.0024 133 -0.88 4 0 NA
polC 695 11 11 6 36.40  0.0069 4.76 0.33 10 1 0.02
pbpA 871 11 11 7 38.10  0.0058 4.67 0.21 8 3 0.12
Imo02763 958 16 16 7 39.40  0.0056 533 —1.02 15 1 0.02
Imo1555 495 7 7 6 30.90  0.0048 238 —0.86 3 4 0.48
rarA 574 8 8 7 39.20  0.0060 3.43 0.26 7 1 0.03
sigB 660 8 8 7 36.90  0.0040 2.67 —0.96 6 2 0.08
L. seeligeri (7)
addB 669 22 22 7 3370 0.0110 733 —1.03 15 7 0.16
ldh 711 17 19 7 42.00 0.0118 8.38 0.45 19 0 NA
Imo490 611 68 74 7 38.60 0.0481 2938 —0.16 69 5 0.02
prs 553 13 15 5 4220 0.0084 4.67 —1.31 15 0 NA
polC 695 30 32 7 37.60  0.0143 9.90 —1.38 30 2 0.02

Continued on following page



6092 DEN BAKKER ET AL.

TABLE 3—Continued

APPL. ENVIRON. MICROBIOL.

Length inbp  No. of

No. of mutations

Species (n) and gene % of full variable No. o f No. of GC wi/site” k¢ Tajima’s dN/dS*¢
; @ ¢ ( ORF) sites mutations alleles  content / b Synonymous  Nonsynonymous :
pbpA 871 31 31 6 38.10  0.0108 9.43 —1.46 30 1 0.01
Imo02763 958 31 31 7 37.70  0.0121 11.62 —047 31 0 NA
Imo1555 495 32 32 5 33.20  0.0204 10.10 —1.30 22 10 0.14
rarA 574 43 45 5 38.90 0.0226  12.95 —1.70* 37 8 0.07
sigB 660 30 31 7 38.60 0.0174 1148 —0.53 29 2 0.02

L. ivanovii (8)
addB 669 33 33 3 36.10  0.0258  17.29 1.907 27 6 0.07
ldh 711 33 33 4 40.70  0.0241 17.11 1.837 31 2 0.01
1mo490 611 46 46 3 38.90 0.0394  24.07 1.927 41 5 0.03
prs 553 30 30 3 40.90 0.0287 15.86 1.96" 30 0 NA
polC 695 26 26 2 37.00  0.0200 13.93 2.05* 23 3 0.04
pbpA 871 38 38 2 37.20  0.0234  20.36 2.08* 35 3 0.02
Imo02763 958 67 67 3 38.80  0.0372  35.61 2.05* 63 4 0.02
Imo1555 495 21 21 3 35.10  0.0219  10.86 1.787 10 11 0.31
rarA 574 22 22 2 38.50  0.0205 11.79 2.04* 16 6 0.11
sigB 660 25 25 4 39.50  0.0197 13.00 1.837 23 2 0.02

“ These sequences were obtained from 50 isolates as well as 16 publicly available genomes (see Table 1 for more information).

b Average number of pair-wise nucleotide differences per site.
¢ Average number of pair-wise nucleotide differences per sequence.

 Tajima’s D was not inferred for (i) all isolates (because it is a population genetics statistic) or for (ii) L. marthii (because of the small number of isolates), and such

cases are marked as not available (NA). #; P < 0.05; , 0.05 < P < 0.10.

¢ If the number of synonymous or nonsynonymous mutations could not be unambigiously inferred, the result is reported as not available (NA).

correction of P values for multiple comparisons was per-
formed, this is likely a false positive (the Bonferroni corrected
P value cutoff would have been <0.007, corrected for the fact
that seven branch-specific analyses were performed for pbpA).

Phylogenetic reconstruction. The ML analysis of the concat-
enated sequences of the 10 loci analyzed resulted in a well-
supported and highly resolved phylogenetic tree of Listeria
(Fig. 3). All six species included here formed well-supported
clades (bootstrap support [BS], 100%) in the ML tree based on
the concatenated gene and were generally well supported by
the individual gene trees. For example, the L. innocua and L.
welshimeri clades received significant Bayesian support in all 10
individual gene trees, while the L. seeligeri and L. marthii clades
received significant Bayesian support in 9 out of 10 gene trees.
Interestingly, while isolate ATCC BAA-139, which was origi-
nally deposited with ATCC as L. ivanovii, is now listed by
ATCC as L. ivanovii subsp. ivanovii, trees for all 10 loci group
this isolate into the L. ivanovii subsp. londoniensis clade (Fig.

TABLE 4. Recombination statistics and models of substitution
nucleotides inferred for the individual loci

Geneconv result (no. Nucleotide substitution

Locus of fragments)” PHI statistic” model
ldh 0.4854 0.0268* GTR+I+G
Imo00490 0.0078 (2)** 0.00106** TrIN+I1+G
prs 0.0019 (6)** 0.0792 TrN+I1+G
sigB 0.4262 0.8720 TrN+I1+G
polC 0.1055 0.0155* TrIN+I1+G
rarA 0.1776 0.3940 TrN+I1+G
LMO1555 0.2525 0.5530 HKY+I+G
pbpA 0.2856 0.5780 TrN+I1+G
addB 0.3446 0.1640 TrIN+I1+G
LMO2763 0.1104 0.4810 HKY+I+G

“xx P < 0.01.

bx P < 0.01; %%, P < 0.01.

3), suggesting that this isolate represents L. ivanovii subsp.
londoniensis. The phylogenetic placement of atypical hemolytic
L. innocua isolates in the L. innocua clade was confirmed by
our analysis and is consistent with previous studies (31, 68).

L. monocytogenes was the species that was the least well
supported by the individual gene trees; while no contradicting
gene trees were found, the monophyly of this species was only
significantly supported (posterior probability [PP], >95%) by 5
out of 10 gene trees (sigB, polC, rarA, Imo1555, and addB).
Significant Bayesian support for branches that interrupted the
monophyly of L. monocytogenes was found for two gene trees,
including (i) the sigB gene tree (see Fig. S3a in the supplemen-
tal material), which places L. monocytogenes lineage IV in a
sister group position to L. innocua, suggesting an ancient re-
combination event between the ancestor of lineage IV and the
ancestor of L. innocua, and (ii) the Imo2763 gene tree (see Fig.
S3b), which nested L. marthii sequences within L. monocyto-
genes lineage II sequences, suggesting a recent recombination
event (as the divergence between the L. marthii allelic types
and the phylogenetically most closely related L. monocytogenes
lineage II allelic types is lower than the overall divergence
between L. monocytogenes lineage II allelic types). A high
bootstrap support (>85%) was found for all L. monocytogenes
lineages (lineages I, I1, III, and I'V), which further supports the
observation that L. monocytogenes can be subdivided into four
separate evolutionary lineages (72).

In the Imo0490 tree (see Fig. S3c in the supplemental ma-
terial), L. ivanovii subsp. ivanovii and L. ivanovii subsp. londo-
niensis form two distinct clusters which are nested between L.
seeligeri isolates, suggesting two individual recombination
events between L. seeligeri and L. ivanovii. The STRUCTURE
analysis, however, suggested that only one recombination
event took place between the most recent common ancestor
(MRCA) of L. ivanovii subsp. londoniensis and L. seeligeri.
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FIG. 2. Mixture of ancestry as inferred by the program STRUCTURE. (A) Proportions of ancestry from ancestral L. monocytogenes lineages
I and II population (green), ancestral L. monocytogenes lineages III and IV population (yellow), ancestral L. marthii population (purple), the
ancestral L. innocua population (red), the ancestral L. welshimeri population (light blue), the ancestral L. seeligeri population (orange), and the
ancestral L. ivanovii population) as inferred by STRUCTURE assuming K = 8 ancestral populations. The asterisks mark hemolytic L. innocua
isolates. Each vertical column represents an isolate and is colored according to the inferred proportion of single-nucleotide alleles that were derived
from one of the ancestral subpopulations. (B to E) Posterior probabilities that an individual SNP allele is derived from one of the ancestral
subpopulations within an individual isolate, including L. marthii FSL S4-120 (B), L. innocua FSL J1-023 (C), L. seeligeri FSL S4-015 (D), and L.
ivanovii subsp. londoniensis FSL F6-596 (E). Colors of the columns indicate the ancestral subpopulation of a given SNP (see the color legend,
above); the height of the color indicates the posterior probability (indicated on the y axis) that a given SNP is derived from a given ancestor. The
numbers on the x axis represent the loci where these SNP alleles are found (1, addB; 2, Idh; 3, Imo0490; 4, Imo1555; 5, Imo02763; 6, pbpA; 7, polC;

8, prs; 9, rarA; 10, sigB).

MLST data also allowed for characterization of phylogenetic
relationships between the different Listeria spp. Although the
phylogram constructed (Fig. 3) is midpoint rooted and there-
fore may have an arbitrary rooting position, the majority of the
BEAST analyses (i.e., the analyses for 6 out of 10 loci: prs, ldh,
1mo0490, sigB, rarA, and Imo2763) placed the root between the
L. ivanovii/L. seeligeri clade and a clade that contains the spe-
cies L. welshimeri, L. innocua, L. marthii, and L. monocyto-
genes. The sister group relationship of L. seeligeri and L. ivano-
vii is well supported (100% BS), with a PP of >95% in 8 out of
10 gene trees. The L. welshimeri/L. innocua/L. marthii/L.
monocytogenes clade also received high bootstrap support
(100%); however, only one individual gene tree (Imo2763)
showed a significant PP for this clade. The interspecific phylo-
genetic relationships within the L. welshimeri/L. innocua/L.
marthii/L. monocytogenes clade all received high ML BSs (92 to
100%); however, significant PP values for these relationships
within individual gene trees were scarce (i.e., for the sister
group relationship of L. marthii and L. monocytogenes) or
completely absent (i.e., for the sister group relationship of L.

innocua and the L. marthii/L. monocytogenes clade). While L.
grayi was not included in our study reported here, due to its
extremely distant relationship to all other Listeria spp., we also
performed a phylogenetic analysis which used the sequence
data for nine loci for all isolates included here as well as for
one L. grayi isolate for which a genome sequence has recently
become available (see Fig. S4 in the supplemental material);
the Imo0490 locus was not included in this analysis because it
was not present in the available L. grayi genome sequence. The
resulting phylogeny clearly showed the distant relationship be-
tween L. grayi and all other Listeria spp. (see. Fig. S3 in the
supplemental material).

The o, statistic showed that 7 of the 10 loci did not evolve
in a clocklike manner, which indicates that these genes did
not evolve at the same approximate mutation rate in the
entire tree (14). Three loci (sigB, polC, and rarA) have a
posterior probability density that includes 0, which indicates
that these genes possibly have a clocklike mutation rate. A
clocklike mutation rate could only be confirmed, through
comparison with a strict clock model using the Bayes factor,
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FIG. 3. Phylogram inferred by the maximum likelihood based on 10 concatenated loci. Bootstrap values of >60% are indicated above the
branches. The bars summarize Bayesian support for the individual branches as found with the BEAST analysis of the individual loci, depicted as
individual compartments of the bar (1, prs; 2, ldh; 3, Imo490; 4, sigB; 5, polC; 6, rarA; 7, Imo1555; 8, pbpA; 9, addB; 10, Imo02763); white indicates

<95% PP and black indiates >95% PP.

for sigB. A putative reason for a nonclocklike mutation rate
in some loci could be the presence of (homologous) recom-
bination in all loci but sigB. As only a few of the 10 loci
showed evidence for recombination (e.g., Imo0490), more
likely explanations for this finding include (i) differences in
generation time between clades and (ii) differences in mu-
tation rates between clades. Differences in mutation rates
between clades are usually associated with changes in bio-
logical function or selective pressure (73); hence, a possible
explanation for clocklike evolution of sigB may be that this
gene is essential in the stress response and survival and thus
is under negative selection in all clades (signals for positive
selection may have been too weak to be detected by the
analyses performed here).

Reconstruction of the evolutionary history of the prf4 clus-
ter in Listeria. The isolates tested here included 29 L. mono-
cytogenes isolates (all with the prfA4 cluster), 12 L. innocua
isolates (2 with and 10 without the prfA cluster), 3 L. marthii
isolates (all without the prfA cluster), 7 L. welshimeri isolates
(all without the prfA cluster), 7 L. seeligeri isolates (6 with and
1 without the prfA cluster), and 8 L. ivanovii isolates (all with
the prfA cluster). For all L. seeligeri isolates, presence of the
prfA cluster was determined using a PCR assay for the L.
seeligeri hly gene. For the other isolates, the presence of the hly
gene could be inferred by a positive CAMP reaction or by

examination of the genome sequence. Information on prfd
cluster presence/absence and the 10-gene ML tree was used to
reconstruct the evolutionary history of the prf4 cluster in Lis-
teria. Based on parsimony criteria the observed contemporary
pattern of prfA4 cluster distribution (Fig. 4) could be explained
by either five gains or five losses of this cluster. An approach
using parsimony criteria did, thus, not provide an unambiguous
scenario for the evolutionary history of the prf4 cluster in
Listeria. Stochastic character mapping (Fig. 4), an approach
that takes branch lengths (an approximate of evolutionary time
and therefore the probability of a character to change) into
account, suggests a scenario where the MRCA of Listeria had
a prfA cluster as the most likely scenario; in this scenario, the
MRCA of L. marthii and L. welshimeri lost the prfA cluster,
while the MRCA of L. innocua had the prfA cluster, which was
subsequently lost at two occasions during the evolutionary his-
tory of L. innocua. Under this scenario, the nonhemolytic L.
seeligeri would have lost the prf4 cluster recently.

To further probe the evolution of the prfA cluster, we also
constructed an ML tree based on the Aly sequences available
for 10 isolates included in our analyses reported here (four L.
monocytogenes isolates, two hemolytic L. innocua isolates, a
representative of each of the subspecies of L. ivanovii, and two
hemolytic L. seeligeri isolates; these analyses resulted in a tree
with a likelihood score of —In5,702.1579 (Fig. 5). The topology
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FIG. 4. Stochastic character mapping of gain/loss of the prfA cluster over the evolutionary history of Listeria. Solid branches indicate the
presence of the prfA cluster, and white branches indicate the absence of the prfA cluster. This analysis shows that the most likely scenario
for Listeria is one in which the MRCA of Listeria had the prf4 cluster, and the cluster was lost on five separate occasions, including (i) once
in the ancestral lineage of L. welshimeri, (ii) once in the ancestral lineage of L. marthii, (iii) twice within L. innocua, and (iv) a recent loss

in L. seeligeri.

of the Aly tree is highly similar to the 10-gene MLST tree; the
L. monocytogenes isolates are found in a moderately supported
(77% BS) clade, while the hemolytic L. innocua isolates form
awell-supported (95% BS) clade. The L. innocua isolates have
a well-supported (100% BS) sister group relationship to L.
monocytogenes. The hly phylogeny does not support the sis-
ter group relation of L. ivanovii and L. seeligeri found in the
10-gene MLST analyses. Instead, the 4ly phylogeny places L.
ivanovii in a sister group position to the L. monocytogenes/L.
innocua clade, while L. seeligeri seems to represent an early
split from the rest of the “core” Listeria species. This is
consistent with the suggestion that the prfA4 virulence cluster
in L. seeligeri may represent an ancestral form of this cluster

(66). Overall, these data support the hypothesis that the
prfA cluster in the hemolytic L. innocua strains was not
obtained through horizontal gene transfer but was instead
vertically transmitted.

DISCUSSION

A new 10-gene MLST scheme was developed and applied to
an initial isolate set representing the overall genetic diversity of
the core species in the genus Listeria in order to probe the
phylogeny and evolution of this genus, which contains a num-
ber of pathogenic and nonpathogenic clades. Overall, our data
indicate that (i) the genus Listeria includes at least six phylo-
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FIG. 5. Comparison of Aly (left) and 10 concatenated loci (right) ML phylograms of a subset of isolates of species with the prfA cluster. Values
above the individual branches are bootstrap values based on 100 ML bootstrap replicates.

genetically well-supported species, including well-supported
subspecies-like clades in at least L. ivanovii and L. monocyto-
genes, and (ii) while the common ancestor of the genus Listeria
contained the prfA4 virulence gene cluster, this cluster was most
likely lost at least five times during the evolution of Listeria,
yielding multiple distinct saprotrophic clades.

The genus Listeria includes at least six phylogenetically well-
supported species, including well-supported subspecies-like
clades in at least L. ivanovii and L. monocytogenes. Despite the
availability of a number of MLST schemes for L. monocyto-
genes (45, 51), an MLST scheme that can be used on all Listeria
spp. has not previously been available. While the main species
in the genus Listeria (i.e., L. innocua, L. monocytogenes, L.
seeligeri, L. ivanovii, and L. welshimeri) have been well defined
for a few decades based on phenotypic and some genetic meth-
ods (5, 39, 56), development of the new MLST scheme re-
ported here provided a new opportunity to further probe the
phylogeny and taxonomy of the genus Listeria. Overall, our
MLST-based phylogeny not only supported that the previously
known Listeria species represent phylogenetically well-sup-
ported units but also provided further clear and unambiguous
support that L. marthii, which was first described in 2009 (22),
represents a distinct species. Our data thus showed that the
MLST scheme reported here will have considerable utility by
facilitating clear speciation of unusual Listeria isolates, as also
supported by clear classification, into the respective species
clades of hemolytic L. innocua (31, 68) and nonhemolytic L.
seeligeri (69) isolates included in our isolate set. Interestingly,
even though the 10 genes included in our MLST were prese-
lected to represent genes that showed no evidence for recom-
bination (based on genome sequence analysis for L. monocy-
togenes and L. innocua [46]), a few loci showed a low number
of recombination events (summarized in Table 5) involving
part of (Imo490, prs, and polC) or the complete locus se-
quenced (Imo0490, Imo2763, and sigB). We specifically found
evidence for interspecific recombination between (i) L. in-

nocua and L. monocytogenes, (ii) L. monocytogenes and L.
marthii, (iii) L. innocua and L. marthii, and (iv) L. ivanovii and
L. seeligeri. While bacterial species are often defined as clonal
groups that show no/limited horizontal gene transfer and
homologous recombination of a core gene (32), our data
suggest that genetic exchange between closely related Lis-
teria spp. still occurs, possible reflecting (i) relatively limited
diversification between species (e.g., between L. seeligeri and
L. ivanovii, which showed evidence for horizontal transfer)
and/or (ii) overlapping or shared niches for individual Lis-
teria species, consistent with previous studies in other patho-
genic species (6).

Importantly, the MLST data and their phylogenetic analyses
also allowed for further insights into the possible subspecies or
subspecies-like clades within some Listeria spp. (i.e., L. ivanovii
and L. monocytogenes). Our data clearly support that L. ivano-
vii represents two highly divergent subspecies, consistent with
the initial description of this subspecies by Boerlin et al. (4),
with very limited genetic variation within a given subspecies
(particularly in L. ivanovii subsp. ivanovii). Limited genetic
variation, based on pulsed-field gel electrophoresis patterns, in
L. ivanovii subsp. ivanovii was previously reported based on 38
isolates from various sources and geographic localities from
the United Kingdom (53). As L. ivanovii is characterized by an
apparent stringent host specificity for ruminants, where it pre-
dominantly causes abortions, its genetically homogeneous pop-
ulation structure seems to point toward L. ivanovii as being a
highly specialized, clonal pathogen, comparable in population
structure to known obligate pathogens like Yersinia pestis and
Mycobacterium tuberculosis (1). Interestingly, the genetically
homogeneous population structure of L. ivanovii is in clear
contrast to the genetically heterogeneous population structure
of L. monocytogenes, suggesting that the pathogenic life style
probably plays a greater role in the ecology of L. ivanovii than
L. monocytogenes. For L. monocytogenes, our data also support
previous findings that this species represents multiple distinct
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TABLE 5. Summary of homologous recombination events identified for the 10 genes characterized in this study”

Evidence for recombination within locus identified

Gene (species o strain[s] involved)? Evidence for recombination of complete locus®®
1mo0490 Two events identified by GENECONYV and PHI (event 1: One event identified by STRUCTURE and GENE TREE
D, L. marthii; A, L. innocua; event 2: D, L. (D, L. ivanovii; A, L. seeligeri)
monocytogenes; A, L. innocua)
LMO2763 One event identified by STRUCTURE and GENE TREE
(D, L. monocytogenes lineage 11; A, L. marthii)
sigB One event identified by STRUCTURE and GENE TREE
(D, L. innocua; A, L. monocytogenes lineage 1V)
polC One event identified by STRUCTURE (D, L. marthii;
A, L. innocua)
prs One event identified by GENECONV (D, L.

monocytogenes lineage 11I; A, L. innocua); one event

identified by STRUCTURE (D, L. marthii; A, L.
innocua)

“ Genes which showed evidence for recombination only by PHI with P values between 0.01 and 0.05 (Table 4) are not included here, as they likely represent false

positives (due to borderline P values with no Bonferroni correction).
> D, donor; A, acceptor.

¢ This column lists recombination events that involved the full locus sequenced; the events were typically identified in the STRUCTURE analysis (Fig. 2) and/or
through inspection of the gene trees (see Fig. S2a, b, and ¢ in the supplemental material).

species-like lineages. In addition to L. monocytogenes lineages
I and II, which have been well documented in a large number
of studies (11, 45, 48, 51, 54), our data also allowed further
insights into the taxonomy and evolution of L. monocytogenes
strains that have previously been classified as either lineage I1I
(including IIIA, B, and C) (30, 53, 54) or lineages III and IV
(72). Strains classified into these lineages (i) are, overall, rare
and appear to be associated with animal hosts, even though
they are also isolated from humans (23, 30, 55); (ii) represent
serotypes 4a and 4c as well as 4b (even though these strains are
distinct from the more common lineage I 4b strains [44, 55]);
(iii) are genetically diverse; and (iv) show evidence for more
common recombination compared to lineage I and II strains.
Our MLST data show that isolates previously grouped into
these isolates clearly represent two distinct lineages, which
were named III (representing lineages previously designated as
IITA and C [55]) and IV (previously designated as IIIB [55]),
consistent with a previous study by Ward et al. (72). Our
findings thus overall support that L. monocytogenes represents
at least four distinct subspecies-like lineages which, based on a
variety of previous studies (23, 30, 71), may also differ in their
ecology. Even though isolates were selected to represent di-
verse and distinct strains within each species (based on sigB
allelic type data for >650 isolates), no clear subspecies-like
clades were identified in our study for the other Listeria spp.;
characterization of larger and more geographically diverse iso-
late sets by MLST may reveal new clades and subspecies in
other species, however, particularly if isolates are obtained
from sources and hosts not represented or underrepresented in
our isolate collection. For example, while we did not identify
distinct lineages within L. seeligeri, a recent study on isolates
obtained in Upper Franconia, Germany, identified two distinct
L. seeligeri clades (41).

Our data clearly support a basal split of the core species in
the genus Listeria into two main clades, including (i) a clade
consisting of L. seeligeri and L. ivanovii and (ii) a clade con-
sisting of L. welshimeri, L. innocua, L. marthii, and L. mono-
cytogenes. Phylogenetic analyses based on 9 of the 10 genes
analyzed here, furthermore, showed that L. grayi is very distinct

from the other Listeria spp. and represents a very distant sep-
arate clade, consistent with a number of other studies (61, 69),
including a proposal that L. grayi should be reclassified as a
separate genus (63). While a number of previous analyses (61,
69) have supported that the core Listeria spp. represent two
main clades, consistent with those defined here, most of these
studies were only based on a few genes or genes that are in
close chromosomal proximity (e.g., 16S and 23S, open reading
frames [ORFs] of the virulence cluster, and prs and Idh) or only
studied very few isolates. For example, Schmid et al. (61) only
used six isolates in their study. While our analyses clearly put
L. welshimeri into a clade with L. innocua, L. marthii, and L.
monocytogenes and indicate that L. welshimeri represents a
lineage that diverged from the common ancestor of L. in-
nocua/L. marthii/lL. monocytogenes early during the evolution-
ary history of Listeria, previous studies were inconclusive about
the position of L. welshimeri. For example, a study reporting a
16S rRNA sequence-based phylogeny (69) showed weak sup-
port (<60%) for the grouping of L. welshimeri in the L. in-
nocua and L. monocytogenes clade. On the other hand, a gene
tree based on iap (69) provided strong support for placement
of L. welshimeri in the L. seeligeri/L. ivanovii clade, and another
study (61) also showed strong support for grouping of L.
welshimeri with L. seeligeri and L. ivanovii, based on a phylo-
genetic analysis of 16S rRNA, 23S rRNA, iap, prs, vclB, and
ldh. However, the majority of loci in these studies (61, 69)
either flank the prf4 virulence cluster (prs, vclB, and Idh) or
represent a potential virulence gene (iap), which also appears
to show a considerable amount of deletions (8), and thus they
may not be reliable phylogenetic markers. We thus conclude
that our results from a phylogeny with 10 genes with no evi-
dence for positive selection and only a few genes with evidence
of recombination likely allowed for accurate reconstruction of
the phylogenetic position of L. welshimeri, particularly since
the grouping of L. welshimeri found here is also supported by
a 100-gene phylogeny constructed using genome sequences for
six Listeria spp. isolates representing all six species studied here
(unpublished data).
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While the common ancestor of the genus Listeria contained
the prfA virulence gene cluster, this cluster was lost at least
five times during the evolution of Listeria, yielding multiple
distinct saprotrophic clades. Construction of a robust phylog-
eny for the genus Listeria also allowed us to reconstruct the
evolutionary history of the prfA pathogenicity cluster in this
genus. While a parsimony criterion suggests that a scenario of
five losses and a scenario of five gains of the prf4 cluster are
equally likely, the hypothesis that the MRCA of the contem-
porary core Listeria spp. already contained the prf4 virulence
gene cluster and that this cluster was lost in (at least) five
separate events in the evolutionary history of Listeria is sup-
ported by (i) maximum likelihood-based stochastic character
mapping (Fig. 4) and (ii) phylogenetic analysis of 4y sequences
(Fig. 5). This hypothesis of an MRCA with the prfA4 cluster is
also consistent with the observation that the prfA cluster does
not contain the features typical for classical pathogenicity is-
lands, which generally show evidence for horizontal gene trans-
fer (26). While features that suggest mobility of pathogenicity
islands include the presence of direct repeats, association with
tRNA genes, or insertion sequence elements, integrases, or
transposases, and an aberrant GC content compared to the
rest of the chromosomal DNA (9), the GC content of the prf4
cluster is comparable to the rest of the chromosome and this
cluster does not seem to be associated with mobile genetic
elements. However, it cannot be excluded that the prf4 cluster
once was associated with mobile elements; two ORFs found in
the cluster show similarity to viral proteins (66), and a putative
conjugative transposon insertion junction has been reported
between the prfA cluster and the adjacent prs gene (9). This
suggests that the prf4 cluster may once have been a mobile
element but lost its mobility after integration into the chromo-
some of the ancestor of Listeria (66).

While the hypothesis of an MRCA that possessed the prfA
cluster with subsequent losses of the cluster in nonpathogenic
species has also been suggested by Schmid et al. (61), no
rigorous phylogenetic tests of this hypothesis have previously
been reported. Interestingly, our data also indicate that dele-
tions of the prfA cluster occurred at different times in the
evolutionary history of Listeria, yielding some monophyletic
prfA cluster-negative clades that represent nonpathogenic Lis-
teria spp. (e.g., L. welshimeri and L. marthii) as well as appar-
ently more recent losses of this cluster, e.g., in L. seeligeri,
where this loss yields a prfA4 cluster-negative clade within an
otherwise-prf4-positive species. Interestingly, an evolutionary
trend toward the loss of virulence-associated characteristics
has also been observed in L. monocytogenes, where a large
number of strains and clades are characterized by different
premature stop codon mutations in the virulence gene inlA
which yield invasion-attenuated strains (51). These observa-
tions suggested that losses of the prf4 cluster and other viru-
lence factors are not necessarily deleterious to Listeria but may
even represent a selective advantage under some circum-
stances and/or in some lineages. As Listeria species are, even in
the case of facultative pathogenic species, commonly found in
the environment and considered saprotrophs (59), it is tempt-
ing to speculate that loss of virulence-associated characteristics
may accompany, or even facilitate, a transition to organisms
with improved environmental survival, consistent with the ob-
servation that L. innocua appears to sometimes outcompete L.
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monocytogenes in non-host-associated environments, including
in certain enrichment media (10, 47). Further experimental
efforts are needed, however, to test this hypothesis.

Interestingly, our data indicate that L. welshimeri, which
appears to represent the most ancient clade that arose from an
ancestor with a prf4 cluster deletion, shows a considerably
lower average sequence divergence than other Listeria spp.
Although this low within-population divergence could be ex-
plained by the small and geographically limited sample size,
this seems to be unlikely, since other species in this study with
a similarly limited sampling (L. innocua and L. seeligeri)
showed an average sequence divergence that was approxi-
mately 3.5 times higher than that observed in L. welshimeri.
Another argument against the low diversity of L. welshimeri
being a sampling artifact is the fact that an extensive sampling
of sigB (see Fig. S1 in the supplemental material) showed the
same pattern of low within-population divergence in L. welshi-
meri (w, 0.00531) versus a comparably higher within-sequence
divergence in L. innocua (w, 0.01213) and L. seeligeri (m,
0.01963). A putative biological explanation for this observation
is either (i) a lower mutation rate or (ii) a population bottle-
neck. In our relaxed molecular clock analyses, no evidence was
found for L. welshimeri having a lower mutation rate, as nei-
ther the median relative mutation rate nor the 95% posterior
probability density of the relative mutation rate (data not
shown) proved to be lower than the relative mutation rates
inferred for other species/branches. The pattern observed is
more consistent with a scenario of a population bottleneck or
a scenario in which the contemporary population descended
from a highly successful fast-spreading clone. Both scenarios
leave the same population genetics fingerprint and can there-
fore not be distinguished from each other. A population bot-
tleneck is generally characterized by a (significantly) negative
value of Tajima’s D (43). Although negative values of Tajima’s
D were found for 5 out of the 10 genes examined in L. welshi-
meri, none of these values was significantly different from 0 and
thus cannot be seen as convincing evidence for the occurrence
of a population bottleneck in the recent history of L. welshi-
meri. Regardless of the actual evolutionary or biological mech-
anisms that are responsible for the relatively low genetic di-
versity in L. welshimeri, our data do suggest that L. welshimeri
has a unique natural history in the genus Listeria, which war-
rants further investigations, including additional diversity data
for isolates collected from other regions.

Conclusions. Overall, our data indicate that the genus Lis-
teria represents a group of well-supported species and also
support the hypothesis that these species have evolved from an
ancestor with a prf4 virulence gene cluster. Over time these
species have diversified into highly clonal pathogens (e.g., L.
ivanovii), nonpathogens (L. welshimeri and L. marthii), and
clades that include isolates with and without the prf4 virulence
cluster (L. innocua and L. seeligeri). Gene loss, lateral gene
transfer, and recombination, including in housekeeping genes,
as well as positive selection (46) clearly have contributed to the
evolution of the genus Listeria into closely related species and
clades that have adapted to different niches. Further applica-
tion of the Listeria genus MLST scheme, which was developed
and used here, to characterize additional isolates will not only
help to further improve our understanding of the evolution and
population genetics of the genus Listeria but also will help in
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rapid and unambiguous classification of unusual Listeria iso-
lates, which are increasingly being described (31, 68, 69).
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