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Comparative Genomics Reveals the
Diversity of Restriction-Modification
Systems and DNA Methylation Sites in
Listeria monocytogenes

Poyin Chen,>< Henk C. den Bakker,** Jonas Korlach,© Nguyet Kong,>
Dylan B. Storey,><* Ellen E. Paxinos,© Meredith Ashby,c Tyson Clark,c Khai Luong,©
Martin Wiedmann,® ©©Bart C. Weimera

Department of Population Health and Reproduction, School of Veterinary Medicine, University of California,
Davis, California, USA%, Department of Food Science, Cornell University, Ithaca, New York, USA®; Pacific
Biosciences, Menlo Park, California, USAS; 100K Pathogen Genome Project, University of California, Davis,
California, USA9

ABSTRACT Listeria monocytogenes is a bacterial pathogen that is found in a wide
variety of anthropogenic and natural environments. Genome sequencing technolo-
gies are rapidly becoming a powerful tool in facilitating our understanding of how
genotype, classification phenotypes, and virulence phenotypes interact to predict
the health risks of individual bacterial isolates. Currently, 57 closed L. monocytogenes
genomes are publicly available, representing three of the four phylogenetic lineages,
and they suggest that L. monocytogenes has high genomic synteny. This study con-
tributes an additional 15 closed L. monocytogenes genomes that were used to deter-
mine the associations between the genome and methylome with host invasion
magnitude. In contrast to previous findings, large chromosomal inversions and rear-
rangements were detected in five isolates at the chromosome terminus and within
rRNA genes, including a previously undescribed inversion within rRNA-encoding re-
gions. Each isolate’s epigenome contained highly diverse methyltransferase recogni-
tion sites, even within the same serotype and methylation pattern. Eleven strains
contained a single chromosomally encoded methyltransferase, one strain contained
two methylation systems (one system on a plasmid), and three strains exhibited no
methylation, despite the occurrence of methyltransferase genes. In three isolates a
new, unknown DNA modification was observed in addition to diverse methylation
patterns, accompanied by a novel methylation system. Neither chromosome rear-
rangement nor strain-specific patterns of epigenome modification observed within
virulence genes were correlated with serotype designation, clonal complex, or in
vitro infectivity. These data suggest that genome diversity is larger than previously
considered in L. monocytogenes and that as more genomes are sequenced, addi-
tional structure and methylation novelty will be observed in this organism.

IMPORTANCE Listeria monocytogenes is the causative agent of listeriosis, a disease
which manifests as gastroenteritis, meningoencephalitis, and abortion. Among Sal-
monella, Escherichia coli, Campylobacter, and Listeria—causing the most prevalent
foodborne illnesses—infection by L. monocytogenes carries the highest mortality
rate. The ability of L. monocytogenes to regulate its response to various harsh envi-
ronments enables its persistence and transmission. Small-scale comparisons of L.
monocytogenes focusing solely on genome contents reveal a highly syntenic ge-
nome yet fail to address the observed diversity in phenotypic regulation. This study
provides a large-scale comparison of 302 L. monocytogenes isolates, revealing the
importance of the epigenome and restriction-modification systems as major determi-
nants of L. monocytogenes phylogenetic grouping and subsequent phenotypic ex-
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pression. Further examination of virulence genes of select outbreak strains reveals
an unprecedented diversity in methylation statuses despite high degrees of genome
conservation.

KEYWORDS L. monocytogenes, 100K Pathogen Genome Project, SMRT sequencing,
methylation, inversion, infection, bacterial epigenetics, genetic epidemiology, DNA
methylation, Listeria, genome analysis, virulence regulation

isteria monocytogenes is a facultative, aerobic, intracellular, foodborne pathogen

found in a wide variety of anthropogenic, natural, and food sources (1-3). As
causative agents of foodborne illness, Salmonella, Clostridium perfringens, and Campy-
lobacter spp. outnumber L. monocytogenes in the yearly number of cases, yet listeriosis
remains one of the leading causes of deaths in the United States resulting from
foodborne infections (16%). With pathogen surveillance progressing toward the use of
next-generation sequencing (NGS), improved insight into the unique genotypic traits of
each pathogen will be paramount to the future of outbreak detection, trace back, and
management (4).

The first L. monocytogenes genome, that of strain EGD-e, was sequenced in 2001 (5).
To date, draft and closed genome sequences for 358 strains are publically available, 57
of which are closed genomes. Comparative genomic analyses from Listeria sequenced
prior to 2013 suggest that gene content and genomic synteny are highly conserved
(6-8) despite the diversity of phase variation and pathogenic potential (9, 10). Current
categorization schemes (i.e., clonal complex and serotype) also fail to capture pheno-
typic variations (11), despite numerous publically available genomes. This phenotypic
diversity is also observed in many food-associated bacteria, where isolates displaying
little genetic variation have remarkably different phenotypes that are attributed to
plasmid content (12-14) and epigenetic regulation (15-17). However, there is no
large-scale study that links disease or phenotype with genotype that would adequately
represent the genomic space of Listeria.

Coupled with informatics capabilities, sequencing technologies enable a deeper
insight into the nuances between highly similar genomes. The ability to produce closed
genomes via single-molecule real-time (SMRT) sequencing allows for the identification
of genome rearrangements previously undetectable with draft genomes. While large
chromosomal inversions have been documented in Lactococcus (18), Lactobacillus (19),
Salmonella, and Escherichia coli, similar structural variations have yet to be described in
L. monocytogenes (5, 8, 13). These genome rearrangements may result in global shifts
in gene expression brought on by shuffling of methyltransferase specificities (20), and
the bacteria may ultimately exhibit new phenotypes represented by variations in cell
and colony morphologies and fitness (21, 22). The large number of reported phenotype
variations suggests that additional genomes needed to be sequenced before the
underlying variation will be observed, which is congruent with the report by Weimer et
al. (23) predicting that at least 500 genomes of each bacterial species are needed to
robustly encapsulate the diversity in variation within bacterial genomes. Additionally,
determination of methylation on the large scale is a challenge that is only now being
investigated. Chen et al. (24) demonstrated methods for use in large-scale genomic
studies to discover new genes associated with epigenetic variation while gene content
is conserved.

DNA methylation, a chemical modification of the canonical primary nucleotides by
methyltransferases, is of critical importance in the biology of bacteria and may regulate
virulence in many pathogens (21, 25). Many methyltransferases are encoded in the
vicinity of restriction endonucleases, suggesting their involvement in restriction-
modification systems (RMS) (26), which are the primary bacterial defense against
invading foreign DNA (27). Methyltransferases, usually associated with RMS, are an
abundant and diverse component of the pan-genome of L. monocytogenes (28). With
the exception of a Sau3Al-like RMS, which is found in an epidemic-associated subpop-
ulation of the species, little is known about the diversity and function of methyltrans-
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ferases in L. monocytogenes (29, 30). This lack of current understanding warrants
additional examination to attribute modification loci to expression changes and sub-
sequent phenotypic differences to biological consequences (26). SMRT sequencing
paired with RMS calling via REBASE allows for the detection of novel RMS enzymes and
corresponding motifs (31), facilitating the understanding of the role of epigenetics in
gene regulation despite genome structure conservation.

In this study, we report the genome and methylation pattern comparison of RMS
gene distribution between 302 L. monocytogenes genomes. Subsequent SMRT sequenc-
ing of 15 L. monocytogenes outbreak isolates was used to identify genomic variation
that may contribute to phenotypic diversity, such as infectivity and serotype
designation. Epigenome comparison of these isolates was included for a compre-
hensive analysis of genomic variability. Despite genome conservation between isolates
in this study and L. monocytogenes genomes sequenced to date, SMRT sequencing
revealed previously undescribed genome features and diversity. Our structural and
epigenome analyses indicated an unprecedented frequency of large chromosome
rearrangements and unanticipated diversity in methylation abundance and motif
modification. Serotype-determining and virulence genes displayed diverse methylation
loci and patterns that were unique to strains belonging to the same outbreak. Isolate-
specific methylation patterns and chromosome structures were not singly predictive of
the diversity of in vitro host infection capabilities.

RESULTS

Genome comparison of 318 Listeria isolates reveals lineage and clade-specific
RM motifs. Genome distances were calculated for 302 environmental and outbreak-
associated Listeria isolates acquired internationally between 1976 and 2013 to deter-
mine the classification and amount of genomic similarity. L. monocytogenes isolates
clustered into three major clades distinguished by lineages |, Il, and lll, with Listeria
innocua isolates forming a distinct branch separate from the three lineages (Fig. 1A)
spread over time (Fig. 1B). Analysis of restriction-modification systems (RMS) revealed
lineage- and clade-specific patterns for genes encoding the RMS. Type II RMS was the
most heavily represented RMS with 256 genomes, followed by 110 genomes containing
type | RMS, 73 genomes containing type IV RMS, and 25 genomes containing type IlI
RMS (Table 1). Numerous isolates contained multiple RMS types with isolates encoding
the same group of RMS genes clustering within the same clade. Of the 19 RMS motifs
identified among these genomes, three motifs were present throughout all three
lineages: GATC, GCWGC, and GTCGAC. Lineage-specific motifs were also identified
(Table 2). Isolates with RMS enzymes recognizing the same RMS motif tend to have the
least genomic variation among each other, despite being isolated decades apart from
different geographical locations. This observation holds true for the lineage-specific
motifs (Fig. 1C), as well as the promiscuous GATC motif (Fig. 1D). Interestingly, excep-
tions to this observation did exist, where a clade contained multiple RMS motifs and the
same lack of temporal influence on genome distances (Fig. 1B).

Presence of large chromosomal inversions encompassing the terminus of
replication in the L. monocytogenes genome. SMRT sequencing of 15 outbreak-
associated L. monocytogenes isolates produced closed genomes. Analysis revealed large
chromosomal rearrangements in five of the 15 strains (BCW_2358, BCW_2377,
BCW_2994, L2074, and L2625) (Fig. 2; see Table S1 in the supplemental material). The
inversions observed using SMRT sequencing were confirmed by PCR to be correct (see
Fig. S1 and Tables S2 and S3 in the supplemental material). Inversion sites involved
noncoding regions and RNA-coding genes (Fig. 3). The inversions were not a result of
duplications (Fig. 2 and 3) and contained no identifiable methylation motifs at the
inversion junctions. Furthermore, the presence of these inversions did not influence in
vitro host association capabilities (see Fig. S2 in the supplemental material).

Whole-genome sequence alignments of the isolates against one another corrobo-
rated previous reports of genomic synteny within L. monocytogenes for some of the
isolates (see Fig. S3 in the supplemental material). Gene order within inversion regions
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FIG 1 L. monocytogenes possesses promiscuous and clade-specific methyltransferase specificities. (A) An L. monocytogenes
phylogenetic tree was constructed based on genome distances and displays overall clustering by lineage. Additional metadata
for all strains are provided in Table S1 in the supplemental material. (B) L. monocytogenes clade representing multiple
methyltransferase specificities. (C and D) Lineage lI-specific motif (GANNNNNNTGCG) (C) and promiscuous motif (GATC) (D)

that is associated with a single clade independent of geographical location and time of isolation. US, United States; NA, not
available; NZ, New Zealand; UK, United Kingdom; CA, Canada; CH, Switzerland; FR, France.

was also conserved. MAUVE alignments of all genomes grouped L. monocytogenes
genomes into six locally colinear blocks (LCBs). Inversion-containing isolates L2626,
L2074, and BCW_2994 displayed identical arrangements of all LCBs (Fig. 2). BCW_2358
(R2-502) and BCW_2377 (J2-1091) both exhibited displacement and inclusion of LCB 4
in the inverted region. LCB 5 was also displaced and inverted in BCW_2377 (J2-1091).
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TABLE 1 RMS gene distribution among L. monocytogenes genomes®

No. of genomes with RMS type:

Gene category | 1l 11l 1\
Total genomes 110 256 26 73
Restriction endonuclease 109 301 25 75
Methyltransferase 109 494 26

Specificity subunit 172 4

Controller protein 26

Helicase domain 1

9RMS genes were identified using REBASE.

Methylomes are highly variable among isolates. Using the kinetic information
acquired from SMRT sequencing, it was possible to determine the specificities of active
methyltransferases in bacteria (32). Epigenomes of the sequenced isolates were deter-
mined by modification type and sequence motif to observe near saturation of all motifs
except one (Table 3). Six different N6-methyladenines were found, five of which were
previously undescribed in L. monocytogenes, and these encompassed type |, type Il, and
one undetermined methylation system. Eleven isolates exhibited one active methyl-
transferase, one isolate showed two, and three isolates unexpectedly lacked methyl-
ation (Table 4).

Even within the same serotype, active methyltransferases varied markedly; the
epigenome of every strain in serotype 1/2b was unique. Isolates from the same
serotype (1/2a) and monophyletic cluster within lineage Il (L1846, L2626, and L2676)
exhibited the same methylation pattern and sequence motif, 5'-GMAN,TGCG-3’ (the
methylated base is in bold, and methylation on the opposite DNA strand underlined).
This observation holds true for isolates of the same 2002 U.S. multistate outbreak
(BCW_2992 [J1776], BCW_2993 [J1817], and BCW_2994 [J1926]) in regard to the
5'-GTmSATCC-3' motif.

These closed genomes allowed a comprehensive analysis of predicted methyltrans-
ferase genes responsible for the observed methylation patterns (http://rebase.neb.com/
rebase/private/pacbio_Weimer24.html). In many cases, the observed methylation could
be assigned to the corresponding methyltransferase gene (Table 4). Two interesting

TABLE 2 Percent distribution of methyltransferase recognition motifs in L. monocytogenes
lineages |, I, and Il

% of isolates recognizing motif

Lineage 1 Lineage 2 Lineage 3
Motif (n = 115) (n = 140) (n = 75)
ACGT 5.7
CCGG 5.0 8.7
CTGGAG 1.7
CTSAG 15.7
GAAGAC 1.7 0.7
GACNNNNNGGT 0.7
GACNNNNNRTTC 2.9
GANNNNNNTGCG 10.4
GATC 14.8 28.6 28.3
GCNGC 0.9
GCSGC 2.2
GCWGC 52 0.7 17.4
GGCC 2.2
GTATCC 17.1
GTCGAC 5.2 12.9 43
GTGCAG 1.7
TACBNNNNNGGT 2.1
TACBNNNNNNGTNG 5.0
TTAGNNNNNNTTC 14

aMethyltransferase recognition motifs identified using REBASE were overlaid onto metadata provided during
sample collection.
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FIG 2 MAUVE alignments of L. monocytogenes genomes. Whole-genome alignments of L. monocytogenes
isolates were carried out using MAUVE. Isolates are arranged by serotype, and genomes are displayed as
locally colinear blocks (LCBs), which are labeled 1 to 6. Additional metadata for all strains are provided
in Tables S1 and S2 in the supplemental material. The isolates used for this figure are as follows, with the
original identification and serotype in parentheses: BCW_2992 (J1776, serotype 4b), BCW_2993 (J1817,
serotype 4b), L1846 (serotype 1/2a), L2624 (serotype 1/2b), L2625 (serotype 1/2a), L2676 (serotype 1/2a),
BCW_2360 (C1-387, serotype 1/2a), BCW_2366 (J2-064, serotype 1/2b), BCW_2410 (N1-011, serotype
1/2b), BCW_2398 (J2-031, serotype 1/2a), BCW_2377 (J2-1091, serotype 4b), BCW_2358 (R2-502, serotype
1/2b), BCW_2994 (J1926, serotype 4B), L2074 (serotype 1/2a), and L2626 (serotype 1/2a).

type | systems were observed in one of the isolates (L2624), having two distinct target
recognition domains present in conjunction with one methyltransferase. This likely
represents an example where internal inversions permit different methylation specific-
ities to be expressed (20). Methylation at the sequence context 5’-GTATCC-3’ had been
previously observed in three strains (1816, H7550-Cds, and H7858), but the specific base
methylation was previously undetermined. The SMRT sequencing data allowed confi-
dent assignment of methylation as 5’-GTM°ATCC-3' in these isolates.

In addition to the observed methylation signals, three L. monocytogenes strains
(BCW_2377, L2074, and L2625) displayed kinetic signals not explained by previously
observed signals for DNA base modification. In these strains, the T residues of 8 to 16%
of genomic locations with the 5'-GATC-3" motif exhibited kinetic signals (Tables 3 and
4). In some cases, only one strand of the DNA displayed a modification signal; in other
locations, both DNA strands within the 5'-GATC-3" motif exhibited modification. While
some of these strains contain a predicted 5-methylcytosine methyltransferase (m5C),
the signal levels were not consistent with previously observed m5C methylation (33).
We hypothesized potential phosphorothioation, but no evidence for dnd genes was
found (34). These novel observations are yet to be linked to a functional role, but they
were not uniquely associated with a single clonal complex, lineage, multilocus se-
quence type (MLST), serotype, or virulence.

0O-antigen and teichoic acid biosynthesis genes and virulence genes display
strain-specific methylation patterns. We resolved the methylation statuses of genes
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\A r Yy
BCW_2358 ISrRNA b 't sSrRNA MR ISrRNA
BCW_2994 24'3,530 . 1,731,885
ssrRNA 3 IsrRNA Adididdddididididididdi SSTRNA 44l IsrRNA ssrRNA
239,759 1,697,488
)2 / y
L2074 ISTRNA Adddddidididdddididin 4 SSTRNA KT ((({{{ ISTRNA
/
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)4 v
L2626 ISIRNA Adddddididiiddddiidis 4 SSTRNA KT (({{{{ ISTRNA
55 ! ! /
RNA tRNA tRNA 5S RNA

FIG 3 MAUVE alignments of L. monocytogenes large-scale inversion junctions. The gene contents of large-scale inversion
junctions are illustrated. Due to the large inversion sizes, breaks in the inversion are displayed as black zigzag lines to
highlight junction regions. rRNA genes are represented as red arrows, tRNA genes are represented as gray arrows, and all
other genes are represented as blue arrows. The inversion region is highlighted by the blue blocks, with inversion genome
coordinates listed at the ends of each block. Additional metadata for all strains are provided in Tables ST and S2 in the
supplemental material.

encoding enzymes involved in L. monocytogenes O-antigen and teichoic acid biosyn-
thesis pathways to further examine the influence of DNA methylation on traditional L.
monocytogenes categorization methods. This analysis encompassed all known methyl-
ation motifs. The methylation frequency of each gene varied from isolate to isolate
independent of serotype, clonal complex, promoter region methylation (150 bp up-
stream of the start site), and strandedness (see Tables S4 and S5 in the supplemental
material). Examination of serotype-determining genes revealed a marked difference
between serotype 4b and serotypes 1/2a and 1/2b (Table S4). Methylation patterns of
established virulence factors in L. monocytogenes, i.e., inlA, inlB, and virulence genes
within LIPI-1 (prfA, plcA, hly, mpl, actA, plcB), were determined (Table S5). Similar to the
results from methylation analysis of the O-antigen and teichoic acid synthesis genes,
the virulence genes exhibited a wide range of specific methylation patterns that was
not associated with clonal complex or serotype. Methylation analysis across each
virulence gene did reveal patterns of methylation events between specific strains (see
Fig. S4 in the supplemental material). Within actA, L2626 and L2676 displayed similar
methylation patterns, while BCW_2992 (J1776), BCW_2993 (J1817), and BCW_2994
(J1926) shared a unique set of methylation patterns (Fig. 4).

We also examined genes encoding established virulence factors important for host
cell invasion by L. monocytogenes (inlA and inlB) and genes contained in the LIPI-1
pathogenicity island for mutations. In addition to methylation differences, this analysis
revealed that actA and plcB contained indels in some isolates. In particular, previously
described deletions of a proline-rich repeat (35) were detected in the actA genes of
BCW_2366 (J2-064), L2624, and BCW_2377 (J2-1091); these deletions did not correlate
with invasion efficiency (Fig. 4; see Fig. S2 and Table S6 in the supplemental material),
Despite gene size conservation, single-nucleotide polymorphism (SNP) analysis of all
virulence genes revealed serotype-specific SNP patterns (data not shown). Serotype-
specific SNPs were present in actA (see Fig. S5 in the supplemental material), but
differences in virulence gene methylation profiles could not be attributed to SNP
location, as methylation events were detected regardless of SNP presence (Fig. 4).
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TABLE 4 DNA modifications, methyltransferase specificities, and predicted methyltransferases

Clonal Modified Methyltransferase

Isolate Serotype complex base® specificity? Predicted RMS REBASE

BCW_2398 (J2-031) 1/2a Type |, premature stop in No
specificity subunit

BCW_2360 (C1-387) 1/2a No, mrr-like type IV restriction Yes
endonuclease present

L1846 1/2a 7 m6A 5'-GMSANTGCG-3’ Type | Yes

L2074 1/2a X 5'-GAXTC-3’ Type |l Yes

L2625 1/2a X 5'-GAXTC-3’ Type Il Yes

L2626 1/2a 7 m6A 5'-GM6ANTGCG-3' Type | Yes

L2676 1/2a 7 m6A 5'-GMSANTGCG-3’ Type | Yes

L2624 1/2b 5 m6A 5'-GmSACN;GGT-3’ Type | Yes

BCW_2410 (N1-011A) 1/2b 3 mo6A 5'-Gm6ATC-3’ Type |l Yes

BCW_2410 (N1-011A) 1/2b 3 m6A 5'-TAGR™°AG-3’ Type Il Yes

BCW_2366 (J2-064) 1/2b 5 Type | No

BCW_2358 (R2-502) 1/2b 3 m6A 5'-GMSATC-3' No RMS detected Yes

BCW_2377 (J2-1091) 4b 1 X 5'-GAXTC-3’ Type Il; restriction enzyme Sau3Al¢ Yes

BCW_2992 (J1776) 4b 6 m6A 5'-GTMSATCC-3' No, DNA adenine methylase (dam) Yes
most likely candidate

BCW_2993 (J1817) 4b 6 mo6A 5'-GTMeATCC-3' No, DNA adenine methylase (dam) Yes
most likely candidate

BCW_2994 (J1926) 4b 6 m6A 5'-GTMSATCC-3' No, DNA adenine methylase (dam) Yes

most likely candidate

aX, no previously observed modification signals for thymidine base methylation.
bMethylated bases are in bold, and methylation on the opposite DNA strand is represented by underlining.
<Cut site matches methyltransferase specificity: 5'... | GATC...3'/3"...CTAG }...5".

L. monocytogenes host association capabilities are isolate specific and inde-
pendent of serotype and clonal complex. /n vitro host adhesion and invasion assays
using outbreak-associated L. monocytogenes isolates revealed extensive variation in
host association phenotypes (Fig. S2). Neither serotype, clonal complex, nor genome
features significantly correlated with host association (P > 0.05). While serotype was
not significantly associated with invasion (P > 0.05), isolates BCW_2992 (J1776),
BCW_2993 (J1817), BCW_2994 (J1926), and BCW_2377 (J2-1091), all belonging to
serotype 4b and were among the least invasive isolates in this study. Conversely, isolate
L2074, belonging to serotype 1/2a, displayed maximum invasiveness yet possessed the
same unknown methylation pattern as the less invasive isolate BCW_2377. Initially, the
clonal complex and serotype of each isolate were hypothesized to correlate with in vitro
invasiveness; however, isolates of the same clonal complex were found to significantly
differ in invasiveness (P = 0.01). L1846 was isolated from a 2010 hog head cheese
outbreak, and L2074 was isolated from a 2010 celery outbreak (Table S1). Both isolates
originated from outbreaks occurring in the same year and belong to serotype 1/2a, yet
they displayed significantly different invasion amounts (P < 0.001) (Fig. S2).

DISCUSSION

Comparative genomics of 318 L. monocytogenes isolates reveals RMS motif-
dependent clades. L. monocytogenes is a foodborne pathogen with an increasing
presence in current food recalls due to its ability to survive harsh environmental
conditions. Previous whole-genome comparisons of L. monocytogenes characterized
this pathogen as having a highly conserved and syntenic genome, an observation
which was confirmed in our study. While genome distance-based phylogenetic com-
parison of 302 draft and finished L. monocytogenes genomes categorized the isolates
into three lineages, the clades formed within each lineage could not be attributed to
isolate source, outbreak, geographical location, or year of isolation. In spite of the
discriminatory power of NGS to identify new genomic variants (36), the genotypes of
these isolates were not linked to any of the specific phenotypic measures used in this
study (Fig. 3 and 4; see Fig. S2 in the supplemental material). This observation is
corroborated by work from Weimer et al. (23) and Weis et al. (64), highlighting the need
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for large numbers of genomes to link the genotype to the phenotype, especially in
more slowly evolving genomes such as Listeria.

Interestingly, the majority of methyltransferase motif specificity was clade specific,
with the exception of the GATC motif, which was scattered throughout isolates across
all three lineages (Fig. 1). The lack of influence of isolation time and geography on clade
organization was surprising, as SNPs and structural alterations to the genome are
expected to accumulate as time progresses, particularly under stress-inducing condi-
tions. RMS are traditionally considered to be the bacterial version of a defense mech-
anism against phage infection, with little consideration as to how they may be
influencing genome evolution. Further research is needed to elucidate the role of RMS
in the maintenance of genome conservation.

Large structural variations in L. monocytogenes. In accordance with previous
sequencing efforts, SMRT sequencing of outbreak-associated L. monocytogenes isolates
revealed some genomic synteny among isolates. Interestingly, chromosome rearrange-
ments were detected in the form of inversions in five isolates BCW_2358 (R2-502),
BCW_2377 (J2-1091), BCW_2994 (J1926), L2074, and L2625 (Fig. 2). Except for one
isolate, all inversions took place within regions of RNA clusters encompassing tRNA-
and rRNA-encoding genes (Fig. 3). These inversions likely occurred as a result of
homologous recombination events at the inversion junctions, since they occurred
within multiple tRNA and rRNA sites. It is unlikely that these inversions occurred as a
result of RMS activity due to the lack of methylation motifs detected at inversion
junctions. These observations indicate that further sequencing of L. monocytogenes will
reveal additional genome rearrangements that will expand the pan-genome.

Evolutionarily, genomes are organized for maximum fitness of the organism. If an
inversion is tolerated, extraneous regions of the genome may reorganize to reestablish
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maximize overall fitness. Large-scale bacterial chromosome inversions alter cell physi-
ologies such as growth rate and the expression of cell wall proteins (37). While
rRNA-associated inversions have been documented in E. coli (38), this paper reports
rRNA-associated inversions in L. monocytogenes; the effects of such rearrangements
remain to be delineated. Inversions involving rRNA operons may cause a decrease in
cell fitness due to a collision of the replisome with the transcription complex during
growth (39). These inversions did not appear to influence the isolates’ host association
capacity, as no significant differences in invasiveness were observed between inversion-
positive isolates and other isolates of the same outbreak.

Large chromosomal inversions, such as those detected in our isolates, often include
the origin of replication or the terminus region and occur as a result of tandem repeats
or duplications (40). Eisen et al. (40) described these inversions as instances of evolution
when genomes were compared across different genera within the same phylogenetic
class. In addition to rRNA gene involvement, inversions in BCW_2358 (R2-502),
BCW_2377 (J2-1091), BCW_2994 (J1926), L2074, and L2625 encompassed the terminus
region of the chromosome, likely as a result of homologous recombination due to
complementary sequences flanking the inversion sites.

SMRT sequencing reveals clade-specific methylation patterns that can be at-
tributed to specific methyltransferases/RMS. Genome distance matrices of our
isolates revealed the delineation of our isolates into the three lineages commonly
associated with listeriosis outbreaks (Fig. 1). RMS were shared between isolates of the
same phylogenetic clade, suggesting adaptation of the RMS to the genome in which it
resides. The cooccurrence of a particular RMS with a specific genome may arise from
toxin/antitoxin interactions between the RMS and phage elements present on the
chromosome (41).

Three L. monocytogenes isolates displayed an unexplained kinetic signal that did not
correlate with any known DNA modification-associated kinetic signals detected by
SMRT sequencing (33, 42). We hypothesized that this kinetic signal represents a novel
DNA modification mechanism that is unique from RMS and phosphorothioation. The
only RMS identified using REBASE prediction algorithms was a type Il RMS involving the
Sau3Al restriction enzyme, which recognizes the same target sequence as that associ-
ated with the unexplained kinetic signal. Resistance to Sau3Al digestion has been
described for many epidemic-associated L. monocytogenes isolates, although the sig-
nificance of this correlation has yet to be elucidated (29, 30). While the Sau3Al
restriction endonuclease and the unidentified kinetic signal are both associated with
the same motif (GATC), the kinetic signal for the Sau3Al recognition site does not
correspond with that of the unknown modification. Furthermore, the Sau3Al modifi-
cation occurs on cytosine and the base modification of the unidentified signal on
thymine. The possibility of the unidentified kinetic signal representing the cytosine
methylation is slim, although studies are under way to characterize the chemical
properties of this modification.

Presence of L. monocytogenes O-antigen and teichoic acid synthesis genes is
serotype specific yet displays isolate-specific methylation patterns. Analysis of
SMRT sequencing results revealed extensive methylation of many O-antigen and
teichoic acid biosynthesis genes with isolate-specific methylation depth and stranded-
ness (see Table S4 in the supplemental material). Examination of the methylation
patterns of genes involved in O-antigen and teichoic acid biosynthesis uncovered no
correlation between gene-specific methylation patterns and the corresponding sero-
type. While such extensive and diverse modifications likely resulted from an active RM
system, populations of these modifications were located in the promoter region (150
bp upstream of the start site) of each gene (Table S4), indicating a potential role in
transcriptional regulation.

Despite the discrepancy in methylation patterns, differences in gene content be-
tween the serotype 4b isolates and serotypes 1/2a and 1/2b were apparent. Serotype
4b isolates lacked O-antigen biosynthesis enzymes, glucose-1-phosphate thymidylyl-
transferase (EC 2.7.7.24), dTDP-p-glucose 4,6-dehydratase (EC 4.2.1.46), and dTDP-4-
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dehydrorhamnose 3,5-epimerase (EC 5.1.3.13). Additionally, serotypes 1/2a and 1/2b
lacked glycerophosphotransferase (EC 2.7.8.12), the enzyme involved in teichoic acid
biosynthesis. These findings are in accordance with previous reports of serotype-
specific representation of L. monocytogenes O-antigen-associated genes (7, 43). Al-
though differences in sugar metabolism between isolates are not expected to affect L.
monocytogenes host colonization abilities (43), the consequences of these missing
genes for O-antigen structure, as well as recognition by the host, remain unknown.
Glycan structures on the Listeria cell surface not only act as serotype determinants but
also modulate host association (44). Although it is beyond the scope of this study to
elucidate the effects of gene copy number and gene-specific methylation patterns on
the expression and activity of O-antigen and teichoic acid synthesis genes, the diversity
uncovered in our analysis of these genes offers potential insights into the influence of
serotype-associated genes on L. monocytogenes virulence mechanisms.

L. monocytogenes invasiveness of Caco-2 cells is predicated by neither
serotype-dependent SNPs nor strain-specific methylation patterns. Methylation of
the L. monocytogenes pathogenicity island LIPI-1 (prfA, plcA, hly, mpl, actA, and plcB), as
well as host entry factors inlA and inlIB, was analyzed (45). Similar to the case for the
O-antigen and teichoic acid biosynthesis genes, methylation of neither the virulence
genes nor their promoter regions was associated with L. monocytogenes invasion
capabilities. All isolates contained full-length virulence genes, with the exception of
truncations detected in actA and plcB. These truncations did not appear to impact in
vitro invasiveness, likely because these two virulence factors are specifically involved in
cell to cell spread and not initial host entry (45) (see Fig. S2 and Table S5 in the
supplemental material). Additionally, invasiveness could not be attributed to the
presence of serotype-dependent SNPs within L. monocytogenes virulence genes (see
Fig. S5 in the supplemental material). The observed shared methylation patterns
between specific strains are likely a result of shared methyltransferase specificities (Fig.
S4; Table 4). Of the strains in this study, L2626 and L2676 share predicted type | RMS
with identical methyltransferase specificities. This is also observed in BCW_2992 (J1776),
BCW_2993 (J1817), and BCW_2994 (J1926), where these strains share a methyltrans-
ferase specificity that is unique to these three strains (Table 4).

Virulence and invasiveness are not specific to serotype or clonal complex in L.
monocytogenes. L. monocytogenes is a foodborne pathogen that is highly adaptable to
diverse environments and survives many conditions for long periods in food and the
environment (3). In addition to adaptability, L. monocytogenes displays diverse host
association capabilities within a single-host model (Fig. S2) with invasiveness that is
unrelated to serotype, clonal complex, and temporal influences, a finding supported by
a study by Roberts et al. (46). Neither clonal complex, time of isolation, nor serotype can
be used as a predictive determinant of in vitro invasiveness even when isolates belong
to the same serotype or clonal complex, confirming that previously assigned classifi-
cation phenotypes are not predictors of invasiveness. As an organism under high
purifying selection in systems of food production (47), L. monocytogenes relies on the
presence of phage elements to introduce phenotypic variability, allowing for rapid
adaptation to different environments (48). Genome sequencing and subsequent anal-
yses revealed unexpected differences in genome structure and diverse and unique
methyltransferase motifs and methylome patterns. While this is the largest genome
comparison of L. monocytogenes with draft and closed genomes, it is clear that
additional sequencing will likely find more isolates with divergent genomes.

Conclusion. SMRT sequencing of 15 L. monocytogenes isolates from outbreaks
spanning 2 decades revealed conservation of the core genome but an unexpectedly
diverse array of structural variations that give rise to phenotypic multiplicity. Though L.
monocytogenes genomes were observed to be syntenic, advanced NGS technologies
are exposing an additional diversity of methylation. Each of these genomic variations
has the potential to alter the transcriptional profiles of their respective genomes,
rendering the reliance of outbreak surveillance on clonal complex designations an
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outdated practice. Many more factors are involved in governing the expression of
persistence and virulence genes than just the presence of the gene itself. A greater
understanding of the implications of genome attributes for pathogen persistence will
contribute to the rapidly evolving landscape of food safety surveillance, facilitating
faster outbreak management and potentiating microbe- and isolate-specific personal-
ized treatment, allowing the bypass of broad-spectrum antibiotics and thereby mini-
mizing the spread of antibiotic-resistant pathogens throughout the food industry and
the community. The increasing availability of closed genomes and the corresponding
epigenomes in the public domain continues to be a tremendous contribution toward
the improvement of foodborne pathogen outbreak management.

MATERIALS AND METHODS

Bacterial strains. L. monocytogenes cultures were grown overnight in brain heart infusion (BHI) broth
(BD, Franklin Lakes, NJ) for DNA extraction (see Table S1 in the supplemental material). Approximately
1070 cells in liquid culture were centrifuged at 16,000 X g for 5 min. The pellets were collected and stored
in a —80°C freezer for DNA extraction.

Infectivity assay. The in vitro infectivity of each L. monocytogenes strain was determined in cultured
intestinal epithelial monolayers (Caco-2, ATCC HTB-037) using a gentamicin protection assay as previ-
ously described (49) and modified by Shah et al. (50, 51). Briefly, Caco-2 monolayers were infected with
L. monocytogenes (n = 3, multiplicity of infection [MOI] = 100) for 60 min, followed by 2 h of incubation
in cell culture medium supplemented with 1 mg/ml gentamicin (Sigma-Aldrich, St. Louis, MO). Samples
were lysed with Warnex lysis buffer (AES Chemunex Canada, Inc.) following the manufacturer’s instruc-
tions. Quantification was done using quantitative PCR (qPCR), with results reported as L. monocytogenes
CFU/Caco-2 cell. All experiments were conducted in biological triplicate; results were graphed using
GraphPad InStat 3 (GraphPad Software, Inc., La Jolla, CA), and statistical analysis was done using analysis
of variance (ANOVA) in conjunction with Tukey’s test on JMP version 10 (SAS Institute, Triangle Park, NC).
Data are displayed as the mean = standard error of the mean (SEM). A P value of <0.05 was considered
to be statistically significant.

DNA extraction. L. monocytogenes DNA was extracted as described by Kong et al. (52) Briefly, L.
monocytogenes cell pellets were resuspended in 1 ml of lysis buffer (500 mM NaCl, 50 mM Tris-HCl, 50
mM EDTA, 1% SDS, pH 8.0) and 0.2 g of 0.1-mm glass beads. Bacterial cells were lysed by bead beating
and then incubated at 70°C for 15 min. The lysates were centrifuged at 4°C for 5 min at 16,000 X g and
the supernatant transferred to a new 2-ml tube. Ammonium acetate was added to the supernatant to
achieve a final concentration of 0.1 M. Samples were incubated on ice for 5 min and centrifuged at 4°C
for 10 min at 16,000 X g. The supernatant was transferred to a new tube with a final concentration of
50% isopropanol. Samples were mixed by gentle inversion and incubated on ice for 30 min, followed by
centrifugation at 4°C for 15 min at 16,000 X g. The supernatant was discarded, follow by washing with
70% ethanol, and the pellet was left to air dry. Sample pellets were dissolved in 200 ul Tris-EDTA buffer.
Genomic DNA (gDNA) contaminants were removed by using QIAamp DNA stool minikit 51304 (Qiagen,
Valencia, CA) per the manufacturer’s recommendations. Quality control was done as described by the
100K Pathogen Genome Project and included measures of protein and organic contamination (A,¢,/A,50
and A,,/A,5, ratios of =1.8 to 2.0, respectively), as well as intact gDNA (52).

Library preparation and SMRT sequencing of 15 L. monocytogenes isolates. Genomic DNA was
sheared to fragments of ~10 to 15 kb using Covaris g-TUBEs (Woburn, MA). SMRTbell sequencing
libraries were made according to the manufacturer’s instructions (Pacific Biosciences, Menlo Park, CA).
Briefly, fragmented DNA underwent DNA damage repair, end repair, and ligation to hairpin adapters.
SMRTbell libraries were sequenced on a PacBio RS using the recommended protocol for large insert
libraries (C2 sequencing chemistry, magnetic bead loading, stage start enabled, and 2-hour acquisitions).
Sequence was obtained from 4 to 8 SMRT cells per genome, resulting in an average depth of coverage
of approximately 150-fold. Genomes were assembled de novo using the hierarchical genome assembly
process (HGAP), and sequences were polished using Quiver to obtain a final consensus assembly (53).
Both modules are part of the SMRT Analysis package (version 1.3). Methylation detection was carried out
using the base modification analysis protocol “RS_Modification_and_Motif_Analysis.1” as part of the
SMRT Analysis software package (Pacific Biosciences, Menlo Park, CA), and methylation signals were
visualized using SMRT View. Methyltransferase prediction was carried out using SEQWARE (54).

Genome annotation, distance matrix calculation, and RMS gene presence/absence analyses. All
draft genomes, including those publicly available, were assembled and annotated as a group. Briefly,
assembly of paired-end reads was done using ABySS 1.5.2 (55) and annotated using Prokka (56) before
comparative genomic analyses were done. Genomic distances were determined using the Web server
Genome-to-Genome Distance Calculator (GGDC) (http://ggdc.dsmz.de/distcalc2.php) as published
previously (57, 58). Dendroscope was used to generate a maximum-likelihood tree based on the genome
distance matrix (60). REBASE was used to infer RMS gene presence/absence for each isolate and to
identify methylation motifs (31). Mobile element analysis was completed with PHAST (http://
phast.wishartlab.com/) (61).

Mauve alignment. Closed genomes were aligned using Mauve 2.3.1 with default settings (62).

MUMmer and NUCmer analysis. Whole-genome nucleotide and protein alignments were com-
pleted in all pairwise combinations using MUMmer 3.0 (63) with default settings.
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Accession number(s). The sequences obtained from SMRT sequencing were deposited in GenBank
with accession numbers NC_021837.1, NC_021823.1, NZ_CP007688.1, NZ_CP007689.1, NZ_CP007687.1,
NZ_CP007684.1, NZ_CP007685.1, NZ_CP007686.1, NC_021826.1, NC_021824.1, NC_021838.1,
NC_021839.1, NC_021827.1, and NC_021840.1.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02091-16.

TEXT S1, PDF file, 1.2 MB.
DATASET S1, XLSX file, 0.02 MB.
DATASET S2, XLSX file, 0.01 MB.
DATASET S3, XLSX file, 0.009 MB.
DATASET S4, XLSX file, 0.02 MB.
DATASET S5, XLSX file, 0.01 MB.
DATASET S6, XLSX file, 0.02 MB.
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