1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Infect Genet Evol. 2011 December ; 11(8): 1881-1890. doi:10.1016/j.meegid.2011.08.001.

Recombination and positive selection contributed to the
evolution of Listeria monocytogenes lineages Ill and IV, two
distinct and well supported uncommon L. monocytogenes
lineages

Yeu-Harn Lucy Tsai, Steve B. Maron, Patrick McGann, Kendra K. Nightingale, Martin
Wiedmann, and Renato H. Orsi*
Department of Food Science, Cornell University, Ithaca, NY, 14853

Abstract

Listeria monocytogenes lineages I11 and IV represent two uncommon lineages of the human and
animal pathogen L. monocytogenes, characterized by occurrence of unusual phenotypic and
genetic characteristics that differentiate them from the common lineages | and 11. To gain further
insights into the evolution of lineages Il and 1V, we amplified and sequenced housekeeping genes
(i.e., gap, prs, purM, ribC, and sigB), internalin genes (i.e., inlA, inlB, inlC, inlG, inIC2, inID,
inlE, inlF, and inlH) and the virulence gene cluster containing prfA, plcA, hly, mpl, actA, and plcB
for lineage 111 (n=7) and IV (n=4) isolates. Phylogenetic analyses of the sequences obtained along
with previously reported sequence data for 40 isolates representing lineages I (n=18), Il (n=21),
and 11 (n=1), showed that lineages 11 and IV represent divergent and monophyletic lineages. The
virulence gene cluster as well as the inlAB operon were present in all isolates, with inlF absent
from all lineage 111 and 1V isolates. While all lineage IV isolates contained only inlC (in addition
to inlAB), lineage 111 isolates showed considerable diversity with regard to internalin gene
presence, including presence of (i) only inlC (n=2), (ii) inlC and inlGC2DE (n=3), (iii) only
inlGC2DE (n=2), and (iv) inIC and inlIC2DE (n=1). In addition to evidence for horizontal gene
transfer events, among lineage 111 and IV isolates, in prs, actA, plcB, mpl, inlA, inIB, inlG, inID,
and inlE, we also found significant evidence for positive selection in the hly promoter region and,
along the lineage 111 and IV branches, for actA (including in sites recognized for interactions with
proteins involved in actin tail polymerization). In conclusion, lineages Il and IV represent two
distinct monophyletic groups with contributions of intragenic recombination to the evolution of
their internalin genes as well as contributions of positive selection to evolution of the virulence
genes island.
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1. Introduction

Listeria monocytogenes is a Gram-positive, facultative intracellular bacterium that can cause
severe systemic infections in both humans and a variety of animal species. L.
monocytogenes can often be found in natural and food processing environments, which can
be sources for transmission of this pathogen to animals and humans, through the food and
feed chain. This organism is recognized as a major problem in the food industry due to its
ability to endure environmental stress better than many other foodborne-illness causing
organisms (De Jesus and Whiting, 2003). An estimated 1,591 human listeriosis cases,
including 255 deaths, occur annually in the United States (Scallan et al., 2011).
Manifestations of invasive listeriosis in animals and humans include septicemia, meningitis,
encephalitis, and/or spontaneous late-term abortions in pregnant hosts (Farber and Peterkin,
1991; Gellin and Broome, 1989; Jones, 1990; Lorber, 1997; Schuchat et al., 1991).

Three genetic lineages were initially defined for L. monocytogenes based on PCR-RFLP,
sequence analyses and ribotyping (Nightingale et al., 2005; Rasmussen et al., 1995;
Wiedmann et al., 1997). Lineage | strains have been reported to be overrepresented among
strains associated with human listeriosis outbreaks as well as, at least in some countries,
among isolates from human clinical cases (Gray et al., 2004; Hong et al., 2007; Kiss et al.,
2006). Lineage Il isolates, while also frequently isolated from human sporadic cases, have
been reported to be statistically overrepresented among food isolates in some countries,
including the United States (De Cesare et al., 2007; Gray et al., 2004; Handa et al., 2005;
Klaeboe et al., 2006; Lukinmaa et al., 2004; Norton et al., 2001). Lineage Il1 strains, on the
other hand, have been predominantly isolated from ruminants and other non-primate
mammals, but have also been occasionally isolated from human clinical cases (e.g. Jeffers et
al., 2001; Liu et al., 2006; Roberts et al., 2006; Wiedmann et al., 1997). Recently, lineage Il
isolates were shown to belong to two divergent groups that were first called lineages I11A/C
(Roberts et al., 2006) and I11B, but were recently designated lineages 111 and IV, respectively
(den Bakker et al., 2010; Orsi et al., 2010; Ward et al., 2008). Isolates in these two lineages
can show a number of unusual genetic and phenotypic characteristics and have been
reported to show considerable genetic and phenotypic diversity (see review by Orsi et al.,
2010), including, for example, slow rhamnose utilization (Roberts et al., 2006). While L.
monocytogenes serotypes 4a and 4c are only found among lineage 111 and IV isolates, these
lineages also contain isolates with serotype 4b, which is typically associated with lineage |
(Nightingale et al., 2007). While both lineage 111 and 1V strains have been isolated from
human and animal clinical cases (Roberts et al., 2006; Wiedmann et al., 1999), isolates in
these lineages show considerable virulence diversity with a number of virulence attenuated
strains reported (Liu et al., 2006). The overall rare isolation, of lineage 111 and 1V isolates,
from human listeriosis cases may thus be due to a combination of factors, including, but not
limited to, uncommon human exposure to these lineages (Ward et al., 2004); this hypothesis
is consistent with the rare isolation of lineage Il and IV strains from food and
environmental sources as well as reports of their increased susceptibility to different stress
conditions, including thermal inactivation (De Jesus and Whiting, 2003).

Despite a number of studies on phenotypic and genetic characterization of lineage I11 (and in
a lesser extend lineage 1V) isolates (De Jesus and Whiting, 2003; Liu et al., 2006; Roberts et
al., 2006; Wiedmann et al., 1997), our understanding of the evolution of these lineages is
still limited, particularly since lineage IV has only been recently identified. For example,
while previous studies using sequence data on the prfA virulence gene cluster (Ward et al.,
2004) and multilocus genotyping (Ward et al., 2008) data indicated that lineage I and
lineage 11 are sister taxa, a recent MLST study suggested that lineages 111 and IV share a
common ancestor and are not sister taxa to lineage | (den Bakker et al., 2010). In addition,
while the relative contributions of different evolutionary processes (e.g., positive selection,
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recombination) to the evolution of L. monocytogenes lineages | and Il have been well
documented (Dunn et al., 2009; Nightingale et al., 2005; Orsi et al., 2008a; Orsi et al., 2007;
Orsi et al., 2008b; Ragon et al., 2008; Tsai et al., 2006), our understanding of the role of
these forces in the evolution of lineages 111 and IV is more limited. While housekeeping
genes diversify slowly through the accumulation of neutral or nearly neutral changes, thus
providing for more reliable reconstruction of phylogenies as compared to fast-evolving
genes with potential for positive selection (e.g., bacterial virulence genes) (Maiden et al.,
1998; Spratt and Maiden, 1999), analysis of virulence gene sequences is critical for our
understanding of the evolution of virulence associated characteristics in bacterial pathogens.
We thus sequenced and analyzed a set of housekeeping genes (i.e., gap, prs, purM, ribC,
and sigB) and the main virulence gene cluster (i.e., the prfA cluster), as well as a number of
genes encoding internalins (i.e., inlA, inIB, inlC, inlC2, inlID, inlE, inlF, inlG, and inlH), to
probe the evolution of lineage 111 and 1V isolates. Internalin genes were included as they
represent surface or secreted proteins with known (e.g., inlA, inIB, inlC) or hypothesized
roles in virulence (see Bierne et al., 2007 for a review of L. monocytogenes internalins).

2. METHODS

2.1. Bacterial isolates

A set of 11 L. monocytogenes isolates representing lineages Il (n = 7) and IV (n = 4) (Table
1) were conveniently selected from isolates previously reported by Roberts et al. (2006) to
represent different actA and sigB allelic types. Previously reported sequence data for another
40 isolates, including one lineage I11 isolate (Orsi et al., 2007; Tsai et al., 2006), were
included in our analyses, yielding a total of 8 lineage 111 isolates. The lineage of each isolate
was initially assigned based on ribotyping as well as actA and sigB allelic typing
(Nightingale et al., 2005; Orsi et al., 2007; Roberts et al., 2006; Tsai et al., 2006). The 12
lineage I11 and IV isolates analyzed had been obtained from human (n=5) and animal (n=5)
clinical cases as well as from foods (n=2) (Table 1). Bacterial lysates for PCR were prepared
from overnight cultures in BHI broth using lysozyme and proteinase K as previously
described (Furrer et al., 1991) with two modifications (i.e., use of 2 mg/ml of lysozyme and
incubation for 1 h at 58°C).

2.2. Primer design and PCR amplification

Previously reported primers were used for PCR amplification and sequencing of
housekeeping genes (Nightingale et al., 2005), internalin genes (Nightingale et al., 2005;
Orsi et al., 2007; Tsai et al., 2006), and the prfA cluster (Orsi et al., 2008a), using previously
described PCR conditions (Nightingale et al., 2005; Orsi et al., 2008a; Orsi et al., 2007; Tsai
et al., 2006). PCR products were purified using Qiaquick PCR Purification Kit (Qiagin Inc,
CA). DNA sequencing was performed by Cornell University’s Core Laboratories Center
(Ithaca, NY) or Macrogen, Inc. (Seoul, Korea), using PCR primers and internal sequencing
primers (Nightingale et al., 2005; Orsi et al., 2008a; Orsi et al., 2007; Tsai et al., 2006), Big
Dye Terminator chemistry, and AmpliTag-FS DNA Polymerase; sequencing reactions were
run on an ABI 3730xI or on an ABI 3700 DNA analyzer.

2.3. Descriptive analysis

Sequences were proofread and assembled in Seqgqman (DNAStar, Lasergene, Madison, WI).
Sequence alignments for each gene were generated using the Clustal W method in
MegAlign (DNAStar, Lasergene, Madison, WI). Nucleotide diversity (r, average pairwise
nucleotide difference per site), number of polymorphic sites, number of alleles, G+C
content, number of synonymous mutations (S), and the number of nonsynonymous
mutations (N) were assessed using DnaSP version 3.99 (Rozas and Rozas, 1999). Sequence
types (STs), defined as unique combinations of alleles, were assigned manually.
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2.4. Phylogenetic analysis

MODELTEST was used to identify the most appropriate DNA substitution model (Posada
and Crandall, 1998) for each alignment used. PAUP (Swofford, 2002) was used to create
Neighbor-Joining trees for (i) the prfA cluster alignment, (ii) a concatenated alignment of the
housekeeping genes, (iii) a concatenated alignment of inlA and inIB genes, and (iv) a
concatenated alignment of the prfA cluster, housekeeping genes, inlA and inIB. All
phylogenetic trees were unrooted. Bootstrap replicates (n=5000) were performed to generate
confidence measures for tree branch points. ClonalFrame (Didelot and Falush, 2007) was
used to estimate the clonal relationship between the isolates taking into account the
recombination events. ClonalFrame version 1.1 was run with default settings and a 33%
consensus network was generated using the program SplitsTrees (Huson and Bryant, 2006).

2.5. Analysis for horizontal gene transfer

Sawyer’s test (Sawyer, 1989; Sawyer, 1999) was performed using GENECONYV to identify
recombination events, involving lineage I11 and 1V isolates as donors or recipients, in the
prfA cluster and internalin genes. GENECONV was initially performed allowing no
mismatches within the recombinant fragment. Fragments that could be linked to identical 3’
or 5’ breakpoints were considered a single recombination event; if the breakpoints could not
be linked, the fragments were considered independent recombination events (as described
previously; see Nightingale et al., 2005; Orsi et al., 2007). Additional recombination
analyses allowing mismatches were conducted in order to further determine if any of the
actA recombination events represented the same event; allowing mismatches takes into
account the possibility of point mutations after the recombination occurred. If point
mutations did occur, these mutations would become the breakpoints of the recognized
fragments, which would prevent linking similar recombination events. Fragments were
verified visually to assign donors and recipients to events.

2.6. Analysis for intragenic positive selection

Intragenic positive selection was assessed using the Phylogenetic Analysis using Maximum
Likelihood (PAML) package version 3.14 (Yang, 1997; Yang and Nielsen, 2000; Yang et
al., 2005). Positive selection in coding regions can be estimated by calculating the ratio of
the nonsynonymous substitution rate to the synonymous substitution rate (dn/ds, represented
by the omega (w) parameter in PAML). As the rate of synonymous substitution is assumed
to be neutral, ® > 1 indicates that a coding region may have evolved by positive selection.
Three Likelihood Ratio Tests (LRT) between nested null (MO, M1a, M7) and alternative
(M3, M2a, M8) models were performed to assess the contribution of natural selection during
evolution of the sequences. MO0 versus M3 aims to identify variation in selection along a
sequence, while comparing M1a to M2a and M7 to M8 tests for positive selection. These
tests differ in that M1a and M2a contain two and three site classes for o, respectively,
whereas M7 and M8 approximate a continuous distribution of o with ten classes (Yang and
Nielsen, 2000). Moreover, M1a and M2a assume a class of sites with o = 1, which makes
the test between these models more conservative than the test between M7 and M8 that does
not assume a site class with ® = 1. PAML also uses a Bayesian Empirical Method to identify
amino acids sites potentially evolving by positive selection (Yang et al., 2005).

A branch-site model (Yang et al., 2005; Zhang et al., 2005) was used to assess whether
specific branches in the phylogenetic tree had undergone positive selection. The branches of
interest were tested using the alternative Model A in which the branches of interest are
allowed to evolve by positive selection (o > 1), and a nested null model in which the same
branches are not allowed to evolve by positive selection (o = 1). The branch-site model was
used to identify positive selection events in lineage 11 or IV branches.
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2.7. Analysis for intergenic positive selection

Analysis for intergenic positive selection in the prfA cluster was performed using EvoNC
(Wong and Nielsen, 2004) as previously described (Orsi et al., 2008a). Briefly, in this
analysis, the ratio of the rate of nucleotide substitution in the noncoding regions to the rate
of synonymous substitution in the adjacent coding region is represented by the parameter &.
When & for a noncoding fragment exceeds 1, there is evidence that the region evolved by
positive selection. Positive selection in noncoding regions can be identified using three
models implemented in EVONC; the null model is compared to two alternative models,
which either have two or three categories of &. The two category model allows for § < 1 or &
> 1, whereas the three category model allows for £ <1, § = 1, or & > 1. Each noncoding
region in the pathogenicity island was tested separately for positively selected sites. Sites
with probability > 0.95 of being under positive selection were considered.

2.8. Data access

Access to detailed isolate information including DNA sequences is available through the
Pathogen Tracker database [http://www.pathogentracker.net], using the isolates I1Ds (e.g.
FSL F2-695). All sequences were also deposited on GenBank under the accession numbers:
EU521577, DQ302593, DQ302614, DQ302669, DQ302710, DQ347706-DQ347818,
JF12518-JF12529.

3. RESULTS

3.1. Descriptive analysis

All five housekeeping genes and the complete prfA cluster were successfully amplified and
sequenced in all lineage 111 and IV isolates (Table 2). Among the internalin genes, only the
two genes in the inlAB operon were detected in all isolates; inlF was not amplified in any of
the lineage Il and 1V isolates. Among the other internalin genes tested here, only inlC was
amplified in all lineage IV isolates. Lineage Il isolates showed considerable diversity with
regard to internalin gene amplification. Among the 8 lineage Il isolates (including
previously reported data for FSL F2-695, see Table 1), (i) only inlC was amplified in two
isolates, (ii) inlC and genes in the inlGC2DE operon were amplified in three isolates, (iii)
only genes in the inlIGC2DE were amplified in two isolates, and (iv) inlC and genes in
inlC2DE operon were amplified in one isolate (Table 1). inlC was thus found in all but two
lineage 11 isolates and five of the eight lineage I11 isolates carried inlGC2DE cluster. Isolate
FSL F2-270 (lineage I11C) as well as all lineage 1V isolates were further screened for the
presence of inlGC2DE cluster using two additional sets of primers that amplify the most
conservative regions of inlG, inlC2, inlD, and inlE, but consistent negative results (data not
shown) were found for all isolates examined, indicating that the inlGC2DE gene cluster was
present only in selected lineage Il isolates and absent from all lineage 1V isolates

In both lineages 111 and IV isolates, the GC content of housekeeping genes was higher as
compared to the GC content of internalin genes and the prfA cluster (Table 2); the same
trend was observed for lineage | and Il isolates (data not shown). However, for each gene
the average GC content was very similar for lineages 111 and 1V (Table 2). With the
exception of gap, nucleotide diversities were consistently higher among lineage I11 isolates
as compared to lineage 1V isolates (i.e., for housekeeping genes, internalin genes and the
prfA cluster; see Table 2). However, when only lineage I11A isolates are considered (by
excluding FSL F2-270, a lineage 111C isolate, from the alignment), the nucleotide diversity
of lineage 111 isolates is lower than that in lineage IV for inlC. Each of the eight lineage 111
and the four lineage 1V isolates had a different prfA cluster sequence. While each lineage 11l
isolate also presented different alleles for each individual genes in the prfA cluster, some
lineage 1V isolates shared identical alleles for some genes in the prfA cluster (i.e., prfA, hly).
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Among the internalin genes, inlB, inlC, inlC2, inID and inlG each showed different alleles
for each lineage 111 isolates, while both inlA and inIB showed different alleles for each
lineage 1V isolate.

3.2. Phylogenetic analysis

Four datasets were created to investigate the phylogenetic history of lineages Il and IV,
including (i) a concatenated alignment of the 5 housekeeping genes; (ii) a concatenated
alignment of inlA and inlB (these genes are located in the same operon and represent the
only two internalin genes present in all isolates studied); (iii) an alignment of the entire prfA
cluster; and (iv) a concatenated alignment of the three previous alignments; a Neighbor-
Joining (NJ) tree was generated from each dataset. In three out of the four phylogenetic
trees, the four lineages formed monophyletic groups (Fig. 1), supporting their classification
into different lineages. Only the NJ tree based on the inlAB alignment did not provide good
bootstrap support for a monophyletic lineage IlI.

In addition, the trees based on the four datasets showed different relationships among the
lineages (Fig. 1). In the housekeeping tree, lineage 111 isolates formed a sistergroup to
lineage | isolates, while in the other three trees, lineages 111 and 1V isolates shared a most
common recent ancestor. The housekeeping alignment also provided the poorest bootstrap
support (i.e., 62 %), among all datasets, for monophyletic grouping of the lineage 1V
isolates. The largest dataset, i.e., the concatenated alignment of housekeeping genes, inlA
and inIB, and the prfA cluster, supported the monophyletic grouping of each of the four
lineages with high support (i.e., bootstrap values > 90%) with lineages 111 and IV
representing divergent sister clades. As some genes in this alignment showed evidence for
recombination (see below), we also constructed a phylogeny using ClonalFrame, which uses
an algorithm that accounts for the presence of point mutations as well as recombination. The
ClonalFrame analysis of the concatenated alignment of the prfA cluster, housekeeping genes
and inlA and inIB genes also supported that lineage 111 and 1V isolates form distinct lineages
(Figure 2). The phylogenetic tree inferred by ClonalFrame also grouped lineages | and 111
together (as sistergroups). Overall, our analyses show that the phylogeny of L.
monocytogenes lineages 111 and IV may be hard to define, possibly due to recurrent
recombination events, but do suggest that lineages | and I1l may indeed be sistergroups.
Interestingly, isolate FSL F2-270, which was classified as lineage 111C by Roberts et al.
(2006) was highly divergent from the other lineage 11 isolates in the ClonalFrame tree. This
isolate also grouped separate from the other lineage I11 isolates in the NJ tree based on the
housekeeping genes (Fig. 1a) and showed long branches, within the other lineage 111
isolates, in the prfA cluster and inlA-inIB tree (Fig. 1b and c). Given the relatively high
divergence found in this study between isolates from lineages I11A and 111C, further studies
should be carried to closely investigate the evolution of lineage I11 as more lineage I11C
isolates become available.

3.3. Horizontal gene transfer analysis

GENECONYV was used as previously described (Nightingale et al., 2005) to identify and
characterize possible recombination events. Lineage I11 isolates were identified as recipients
in (i) six recombination events among the internalin genes (inlA, inlB, inID, inlE and inlG [2
events]), (ii) four recombination events in the prfA cluster, and (iii) one recombination event
in prs (Table 3). Only one of the recombination events identified had a lineage 1V isolate as
recipient (this event occurred in inlB; a lineage | isolate was identified as donor; see Table
3). While the recombination events identified among lineage 111 isolates involved
predominantly lineage Il isolates as donors (Table 3); the only recombination event
identified between lineage 111 and IV isolates occurred in the noncoding region upstream
actA and involved a lineage 111 isolate as recipient and a lineage 1V isolate as donor). Our
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data indicate that both lineage I11 and 1V isolates evolved with substantial contributions of
horizontal gene transfer, which may explain at least in part the great genetic diversity
observed within these two lineages (Table 2). The lineage 111C isolate FSL F2-270, which
was highly divergent from other lineage 111 isolates in our phylogenetic analysis, was
identified as recipient of two recombinant fragments, one within inlA and one including part
of mpl and its upstream noncoding region.

3.4. Intragenic positive selection

Three tests (M0 vs. M3, M1a vs. M2a, and M7 vs. M8) implemented in PAML were used to
assess whether the different genes in the prfA cluster and the different internalin genes (i.e.,
inlA, inlB, inlC, inlC2, inlD, inlE, inlF, inlG) evolved by positive selection (using an
alignment of the available sequences for all 51 isolates). M3 was supported over MO for all
virulence genes in this study (i.e. internalin genes and genes in the prfA cluster), which
indicates that heterogeneous levels of selection occurred in different regions of these genes.
In addition, we found evidence of positive selection (P < 0.05; M1a and/or M7 rejected in
favor of M2a and/or M8) for hly, plcA, actA, inlA and inlC2 (Table 4). The Bayesian
approach implemented in PAML identified 8, 7, 6 and 6 codon sites in plcA, actA, inlC2,
and inlA as showing evidence for positive selection, respectively (o > 1; posterior
probability > 0.95; Table 4). Three of the positively selected sites in ActA (452, 464, and
479) were identified in a transmembrane domain located between sites 391 to 639 and
reverted from polar to non-polar or vice versa. This may affect the ActA bacterial anchoring
ability (Skoble et al., 2000). Positive selection was also found at amino acid site 117, which
is one of five sites necessary for filament formation (Lasa et al., 1997). Another positively
selected site was site 141, which is part of a cofilin homologous sequence (136-165) that
was previously found to be important for actin nucleation and Arp2/3 stimulation (Skoble et
al., 2000). The positively selected site 294 is in a region (264—-390) that interacts with the
host vasodilator-stimulated phosphoprotein (VASP), and, while not vital for actin tail
formation, contributes to the rate of movement and the percentage of moving bacteria
(Skoble et al., 2000). Site 168, which was also found to be under positive selection, falls in a
region with no defined function. All the positively selected sites in actA and plcA were
polymorphic in lineage 111 or IV isolates, with exception of sites 464 (actA) and 119 (plcA),
which were conserved within each lineage, although divergent between them. None of the
sites under positive selection in plcA are known to be important for its function (Moser et
al., 1997). Although a recent study has shown that InIC2 elicits the humoral immune
response against L. monocytogenes in guinea pigs, cattle, sheep (Yu et al., 2008) and rabbits
(Yuetal., 2007), InlC2 function is not yet well enough characterized to determine whether
any positively selected sites in this protein fall into functionally important sites.

When the virulence gene alignments were further analyzed, using branch-sites models
(zhang et al., 2005), to test for positive selection along lineage I11 and 1V branches, positive
selection was only observed for actA (for both lineages 111 and IV; Table 5). All of the
amino acid sites identified as under positive selection in lineage 1V using the branch-sites
model had also been identified using M8. Branch-sites model analysis of lineage 111
identified three sites with evidence for positive selection, which were not identified in the
M8 analysis, including (i) aa site 48, which is located in the f- actin binding region (21-97)
and is necessary for proper actin tail elongation (Lasa et al., 1997) and (ii) site 611, another
site in the transmembrane domain that reverted from polar to non-polar.

3.5. Intergenic positive selection

Positive selection analysis of intergenic regions, using EvoNC (Wong and Nielsen, 2004),
identified three noncoding regions (prfA-plcA, plcA-hly, and hly-mpl) that may have evolved
by positive selection among the 51 isolates representing all four L. monocytogenes lineages
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(Figure 3). In these three regions, two positively selected sites between prfA and plcA, ten
sites between plcA and hly, and six sites between hly and mpl were identified. Among
lineage 1V isolates, 16 out of the 18 sites under positive selection were monomorphic
(Figure 3B). Conversely, 17 out of the 18 sites under positive selection were polymorphic
among lineage 111 isolates. These results suggest that positive selection may have occurred
either during divergence of the lineages or during diversification of lineage Ill. One
nucleotide located 74 bp upstream of the plcA start codon and 168 bp upstream of the hly
start codon is positively selected; this nucleotide is located next to the PrfA-dependent hly
promoter, and directly upstream the PrfA box. This mutation occurred in five of the fifty-
one isolates, including one lineage 11 isolate (FSL F2-318). A SigmaA-dependent —35
region upstream of hly harbored four polymorphic sites, including two sites with evidence
for positive selection. All four lineage 1V isolates have the same sequence (GTGCCA) in
this region while lineage 111 isolates presented three different sequences (GGGACA, 4
isolates; AGGACA, 1 isolate; GAGACA, 2 isolates) in the same region. All lineage |
isolates were identical (GGGACA) and lineage Il isolates harbored three distinct alleles
(AGGATA, 3isolates; GGGACA, 17 isolates; AGGACA, 1 isolate) in this —35 region.

4. DISCUSSION

Lineage Il and lineage IV isolates of L. monocytogenes are rarely associated with human
clinical cases of listeriosis. They are thus usually underrepresented among isolate collections
and have been understudied as compared to lineage | and lineage Il isolates. Comparative
analysis of selected housekeeping and internalin genes as well as the prfA cluster in lineage
Il and 1V isolates showed that (i) L. monocytogenes lineages 11 and IV represent highly
divergent monophyletic lineages, (ii) intragenic recombination contributed considerably to
the genetic diversity of lineage 11, and (iii) actA evolved by positive selection in both
lineage I11 and IV while inlA, inlC2 and plcA showed evidence for positive selection in L.
monocytogenes in general.

4.1. Lineages lll and IV are divergent and monophyletic

While L. monocytogenes lineages | and 11 have been well established to represent two well
supported divergent monophyletic lineages (see review by Orsi et al., 2010), which may
show significantly different virulence characteristics (Chen et al., 2006), the phylogeny of
lineages 111 and lineage 1V isolates and their relation to lineages | and Il has remained
unclear, despite the fact that these lineages represent a number of phenotypic and genetic
characteristics unusual for the species L. monocytogenes. While Ward et al. (2004) identified
lineages I, I1, and 11 as distinct evolutionary divisions based on prfA virulence gene cluster
sequence data, their dataset did not include lineage 1V isolates. Liu et al. (2006) and Roberts
et al. (2006) provided phenotypic evidence that lineage 111 isolates might represent three
distinct lineages, named I11A, 111B and I1IC. Roberts et al. (2006) also provided some
genetic evidence based on the partial sequences of actA and sigB that these three lineages
were divergent, although lineages I11A and 111C were more closely related to each other as
compared to lineage I11B isolates.

Recently, Ward et al. (2008) suggested that lineage I11B should be renamed as lineage 1V to
make it clear that this lineage represents a completely distinct group within L.
monocytogenes. Ward et al. (2008) and den Bakker et al. (2010) provided genetic evidence
of the paraphyletic relationship of lineages I11A and I11C, which were thus grouped together
and designated as lineage I11. We have provided genetic evidence, based on more than 16 kb
of DNA sequence data for distinct regions in the L. monocytogenes chromosome, that the
four L. monocytogenes lineages are monophyletic. However, our data failed to provide
definitive insights on the phylogenetic relationships between the different L. monocytogenes
lineages. While the Neighbor-Joining trees based on the concatenated alignment of the prfA
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cluster, inlA and inIB genes and 5 housekeeping gene fragments suggest that lineage 1V
isolates share a most common recent ancestor with lineage 111 isolates, which is in
disagreement with some previous studies (Orsi et al., 2008b; Roberts et al., 2006; Ward et
al., 2008) and in agreement with a most recent population study (den Bakker et al., 2010),
the ClonalFrame phylogenetic tree from this same concatenated alignment places lineages |
and I11 as sister groups; however this relationship is not supported by a significant posterior
probability. Our inability to reveal, with high confidence, the true phylogenetic structure of
L. monocytogenes lineages is probably due to the high amount of horizontal gene transfer
followed by homologous recombination observed between isolates belonging to different
lineages. Future work on more lineage 111 and 1V strains, including phylogenetic analyses
utilizing full genome sequences will likely be needed to further clarify the phylogeny of
these two lineages

In addition to the genetic divergence between lineages Il and 1V, we also observed
considerable differences in internalin gene profiles among these two lineages, consistent
with previous data that showed considerable diversity in the internalin gene presence/
absence patterns in lineage | and Il strains (Call et al., 2003; Hong et al., 2007; Jia et al.,
2007; Pohl et al., 2006). Interestingly, inlC, which has been shown to be critical for cell to
cell spread by L. monocytogenes (Engelbrecht et al., 1996; Rajabian et al., 2009) was
missing from two lineage I11 isolates, consistent with previous data by Jia et al. (2007), who
also found this gene absent in the lineage 111 strain FSL F2-695 (which represented one of
the two strains without inlC in this study presented here). In addition, the full inlGC2DE
cluster was missing from all lineage IV isolates and two lineage 111 isolates, all of these
strains did contain inlC though. Using a A inlGC2DE strain Bergmann et al. (2002) showed
that inlGC2DE might have a role in aiding InlA- and InIB-mediated endocytosis in lineages
I and Il strains. The absence of the gene cluster from lineage 1V isolates could possibly
indicate that inlGC2DE cluster does not play a critical role in bacterial adaptation or
survival, and was lost in lineage 1V by genetic drift. These genes may also only be required
in specific hosts, which are not generally infected by lineage IV (and some lineage I11)
isolates. While, overall, our findings are consistent with observations that lineage 11l and 1V
isolates show considerable diversity with regard to virulence-related phenotypic
characteristics (including virulence attenuation of some isolates) (Liu et al., 2006;
Nightingale et al., 2008; Orsi et al., 2010; Orsi et al., 2007; Van Stelten and Nightingale,
2008), further virulence characterization of strains with well defined sequence data (such as
the strain characterized here), including characterization of appropriate internalin gene null
mutants in lineage 111 and 1V strains, will be needed to clarify the role of internalin gene
presence/absence in the virulence characteristics of lineage 111 and IV strains.

4.2. Intragenic recombination contributed significantly to the genetic diversities of lineage
lll virulence genes

Lineage Il internalin genes and the prfA cluster are characterized by high frequencies of
intragenic recombination, probably reflecting that virulence genes are under less stringent
functional constraint than housekeeping genes (Nightingale et al., 2005), and are more likely
to retain and incorporate the genetic fragments after acquiring them (Lan and Reeves, 2001;
Lan et al., 2000; Wertz et al., 2003). Alternatively, some of these genes may experience
positive selection in lineages 111 and 1V, thus facilitating fixation of horizontally acquired
virulence and internalin genes (as previously proposed by Levin and Cornejo, 2009; Orsi et
al., 2007; Orsi et al., 2008b). Identification of considerable recombination among lineage 111
strains (including introduction of divergent sequences from other lineages) is also consistent
with the observation that lineage I11 isolates showed higher genetic diversity in the prfA
cluster, inlA, inIB, inlC, and prs and sigB, as compared to lineage 1V isolates as well as
compared to lineages | and Il isolates (Orsi et al., 2007; Orsi et al., 2008b; Tsai et al., 2006).
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A similar trend was previously observed for lineage Il isolates (Orsi et al., 2008a; Orsi et al.,
2007; Orsi et al., 2008b), which show a much higher diversity and recombination levels than
lineage | isolates. The fact that few recombination events were observed among lineage 1V
isolates may be due to the underrepresentation of this lineage in our dataset. However,
genetic differences between lineages IV and 11, such as different restriction systems that
interfere with their recombination levels, cannot be ruled out. Future studies on additional
lineage 1V isolates, as they become available, will hopefully help clarify this.

4.3. Positive selection contributed to the evolution of virulence genes in lineages lll and IV

Although positive selection in inlA, inIC2, plcA and hly was identified in the whole
phylogeny (i.e., including isolates from lineages | and I1), consistent with previous studies
(Orsi et al., 2008a; Orsi et al., 2007; Tsai et al., 2006), positive selection in actA was also
identified in the ancestral branches of lineages Il and IV. Interestingly, actA is the only
gene in the prfA cluster that encodes a protein attached to the bacterial cell wall (Vazquez-
Boland et al., 2001). Although, unlike listeriolysin O, ActA is not readily presented to the
immune system by MHC class | or class Il molecules (Darji et al., 1998), its localization
may require a higher degree of variation in order to avoid immune detection. As ActA may
aid in host cell entry by recognizing an HSPG receptor (Alvarez-Dominguez et al., 1997),
amino acid changes in ActA may also facilitate invasion of diverse host cells. Finally, as
some ActA aminoacid sites under positive selection in lineages Il and IV are in regions that
have known functions for actin tail formation and interact with different macromolecules in
the host cells, positive selection of ActA may facilitate adaptation to the intracellular
environment of different host species. As additional mammalian genomes are completed, it
may become possible to test this theory by comparing ActA sequences with those of their
interacting proteins from various animal species.

Consistent with one previous study (Orsi et al., 2008a), which indentified evidence for
positive selection in sites in the hly-plcA intergenic region in the prfA cluster, we also
identified a specific nucleotide site in the —35 promoter region upstream of hly that appears
to have evolved by positive selection. This mutation was found in five of the fifty-one
isolates analyzed, including one lineage Il isolate. Mutations in promoter sequences can
affect the binding affinity of sigma factors or other regulators to the DNA, which can affect
the rate of transcription initiation. The mutation identified here is of particular interest as
listeriolysin, which is encoded by hly, is not only required for escape from this host cell
vacuole, but is also extremely toxic to cells, and therefore its expression is strictly regulated
(Shen and Higgins, 2005). While it is tempting to speculate that adaptations of hly promoters
across isolates representing different lineages suggests functional importance of the
positively selected site identified here (possibly reflecting different virulence associated
functions), future experiments with isogenic strains with site specific mutations in this site
will be required to identify the specific functions that may be associated with this change.

5. Conclusion

Consistent with two other recent studies (den Bakker et al., 2010; Ward et al., 2008), our
data support that L. monocytogenes lineages 111 and IV form clearly distinct monophyletic
groups, even though the phylogenetic relationships of these two lineages remain difficult to
define, likely due to considerable horizontal gene transfer in lineage Il isolates. Both
horizontal gene transfer and recombination as well as positive selection of virulence genes
appear to have been important forces shaping the evolution of these two lineages and seem
to have contributed to their genetic and phenotypic diversity. While lineages I1l and 1V are
rarely isolated from foods, and possibly environmental sources, they have been associated
with human cases and are not uncommon among isolates from animal clinical cases. While,
overall, these lineages are candidates for host adapted L. monocytogenes lineages, further
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research on their host range using animal and tissue culture models are needed. These
experiments, combined with generation and characterization of lineage 111 and 1V null
mutant strains will provide further insight into the biology and virulence of these unusual
clonal groups and will help us to determine whether these groups represent unusual
virulence characteristics, which could be facilitated or acquired by horizontal gene transfer
and positive selection.
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Figure 1.

Phylogenetic trees constructed in PAUP using the Neighbor-Joining method and substitution
models selected by ModelTest. (A) Tree based on a concatenated alignment of the five
housekeeping genes (gap, prs, purM, ribC and sigB); (B) Tree based on a concatenated
alignment of inlA and inIB sequences; (C) Tree based on alignment of the prfA cluster; and
(D) Tree based on a concatenated alignment of the three previous datasets. Numbers on
major branched show the bootstrap support for the branch (%). Branches are color coded as
lineage | (green), lineage 1l (brown), lineage 111 (blue) and lineage 1V (red). Branch tips are
labeled with the last 5 characters of the isolate designation, e.g., FSL J1-208 (Table 1) is
coded as “J1208)
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Figure 2.
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Lineage lll

Consensus network (33%) for the concatenated alignment with all sequence data (i.e., the
five housekeeping genes, inlA and inlB, and the prfA cluster). Posterior probabilities are
shown for the major branches. Analysis was run with ClonalFrame version 1.1 using default

settings.
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ho-independent terminato.
h (N190) GTTAAAAT’I‘G.AAATAGGGTTAGTATATGGTTCCGATGGTTGCTCGGAGATATACTAACCCTTTTTTTTGTAGGAATAATATATG
plcA (1) (2) . PrfA box
mm—— CAAAATGGCCCCCch‘rTTGATTAGTATATTCCTATCTTAAAGTgACTTTTATG'rTGAGGCA
(3) G
(4)
AGGGAQ}}GCAGGACT AATAAAGCTATAAA (N60) AAAAGAGAGGGGGGGCTAAACGGTATTTGG (N20) TAGAAGGAGAGFGAAACCCATG
) A AT
-(8,9) (10) (11,12) PrfA box
TTTTAARA (N40) GCGEAAAATA (N10) GCACTCTTCGTAAATTATTTTGIGAAGAAT (N20) TTAATTTTTTTAGAAGAATTARCAARTGTARAAGAA
(13) R 125%) RBS ol
pl
TATCTGACTGTTICTCCATATAATATAAGCATAT (N116) TAT'I.‘TTTA’(I;GATTTGAAAAGGGGCGGTGAAATG -—’
G (18)
(17)
Isolate Lineage Positively selected sites
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
F2-270 1l T A TTCATGGA A G A C G G C C
F2:318 Il AAATGTTCAGS GG T A C G G C T
F2-501 111 A AT TCATGAA A G A T A A C T
J1-168 111 T AT TCATOGAA A G G C G G C T
J2-071 11 AA T GCATGGA A G G C G G C T
J2-074 111 AA GTCATGGG G T A T A A C T
R2-128 1l T ATTCATGGG G T A C G G C T
F2-695 I A G T T CATGGA A G A T A A C T
MI-001 1V T GTCCGTGTAGT G C G G T T
F2-086 IV T 6T CCGTGTA G T G C G G C T
J1-208 1V T 6T CCGTGTA G T G C G G C C
R2-142 1V T G T € € G T G T A G T G € G G T T
Figure 3.

Positively selected sites identified in the intergenic regions between prfA and plcA, plcA and
hly, and hly and mpl. (A) The figure shows all intergenic regions between prfA and mpl;
coding regions are shown as arrows and selected noncoding regions that did not show
evidence for positive selection are coded with N and the number of nucleotides that are not
shown (e.g., N190). For all sites with evidence for positive selection, the polymorphic
nucleotides are shown below the sequence, and are labeled by numbers 1 to 18. Selected
features in the intragenic regions are highlighted, including (i) start codons (large font), (ii)
ribosome binding sites (RBS) (large font and italics), (iii) —35 and —10 promoter regions
(double and triple underline, respectively), (iv) PrfA boxes (double line above the sequence),
and (v) rho-independent transcription terminators (single line above the sequence). (B)
Polymorphic nucleotides among lineage Il and IV isolates for sites with evidence of
positive selection. Sites are labeled in Panel (A).
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Table 1

Isolates used in this study.

Isolate Name  Sero-type Lineage (Previous lineage assignment)  Internalin genes present  Source
FSL F2-6952 4a 11 (H1A) inlAB, inlIGC2DE Human
FSL J2-074 4c 11 (1A) inlAB, inlC, inlGC2DE Animal
FSL R2-128 4a 11 (11A) inlAB, inlC, inlIGC2DE Food

FSL F2-318 NDP 11 (IA) inlAB, inIC Animal
FSL J1-168 4a 11 (IA) inlAB, inlC, inlGC2DE Human
FSL F2-501 4b 11 (1A) inlAB, inIC, inIC2DE Human
FSL J2-071 4c 11 (IA) inlAB, inlGC2DE Animal
FSL F2-270 4a 11 (11C) inlAB, inIC Human
FSL F2-086 4a 1V (111B) inlAB, inIC Human
FSL J1-208 4a 1V (111B) inlAB, inIC Animal
FSL M1-001 4b 1V (111B) inlAB, inIC Animal
FSL R1-142 4a 1V (111B) inlAB, inIC Food

Page 19

aFSL-F2-695 was previously analyzed with a set of other 39 isolates representing lineages | and 11 (Tsai et al., 2006; Orsi et al., 2007; Orsi et al.,

2008a).

bND; not determined
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Recombination events involving lineages I11 or 1V

Location

Donor

Recipient

plcA/non-coding
mpI/non-coding/actAb

ac'[A/non-coding/pIcBb

prs
purM
inlG
inlG
inID
inlE
inlA
inlA
inlA
inlB
inlB
actA
actA

actA
actA
actA
actA

b

non-coding/mplb

Undefined?

11
Undefined
|
1
11
11

11

11
Undefined
Undefined
Undefined
Undefined

v

Undefined

Undefined

Undefined

Undefined
1

a, ] L . . S
”Undefined” indicates instances where the donor isolate could not be identified

Table 3

Page 22

as the whole prfA region was used for recombination analyses some recombinant fragments span multiple genes and non-coding (intergenic)

regions

Infect Genet Evol. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Tsai et al.

Table 4

Positive selection results for positively selected genes?.

Page 23

Gene M1la vs M2a (p-value, wb, p%)

M7 vs M8 (p-value, P, pC)

Sites identified as positively selected with posterior
probabilities of >95%, and >99%(*)

actA  p-value <0.001; w = 3.46; p = 0.035
plcA  p-value <0.001; w = 3.67; p=0.038
inlA p-value = 0.030; w = 2.99; p = 0.013
inlC2  p-value < 0.001; = 7.99; p = 0.007

p-value < 0.001; w = 2.90; p = 0.054
p-value < 0.001; w = 3.55; p = 0.042
p-value = 0.011; = 2.58; p = 0.021
p-value <0.001; w = 7.40; p = 0.008

117, 141, 168, 294, 452, 464*, 479
4*,7*, 13,17, 19, 56, 119, 211*
3,19, 142, 187*, 426, 594
20, 39, 102*, 395*, 396*, 445*

aThese analyses were performed using the available sequences for all 51 isolates; polymorphic sites among lineages 111 and IV isolates are detailed

in the “Results” section

bw: dN/ds estimated for sites under positive selection using models M2a or M8;

c . L . . .
p: frequency of sites under positive selection estimated using models M2a or M8
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