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ABSTRACT In the foodborne pathogen Listeria monocytogenes, arsenic resistance is
encountered primarily in serotype 4b clones considered to have enhanced virulence
and is associated with an arsenic resistance gene cluster within a 35-kb chromo-
somal region, Listeria genomic island 2 (LGI2). LGI2 was first identified in strain Scott
A and includes genes putatively involved in arsenic and cadmium resistance, DNA
integration, conjugation, and pathogenicity. However, the genomic localization and
sequence content of LGI2 remain poorly characterized. Here we investigated 85
arsenic-resistant L. monocytogenes strains, mostly of serotype 4b. All but one of the
70 serotype 4b strains belonged to clonal complex 1 (CC1), CC2, and CC4, three ma-
jor clones associated with enhanced virulence. PCR analysis suggested that 53
strains (62.4%) harbored an island highly similar to LGI2 of Scott A, frequently (42/
53) in the same location as Scott A (LMOf2365_2257 homolog). Random-primed PCR
and whole-genome sequencing revealed seven novel insertion sites, mostly internal
to chromosomal coding sequences, among strains harboring LGI2 outside the
LMOf2365_2257 homolog. Interestingly, many CC1 strains harbored a noticeably di-
versified LGI2 (LGI2-1) in a unique location (LMOf2365_0902 homolog) and with a
novel additional gene. With few exceptions, the tested LGI2 genes were not de-
tected in arsenic-resistant strains of serogroup 1/2, which instead often harbored a
Tn554-associated arsenic resistance determinant not encountered in serotype 4b.
These findings indicate that in L. monocytogenes, LGI2 has a propensity for certain
serotype 4b clones, exhibits content diversity, and is highly promiscuous, suggesting
an ability to mobilize various accessory genes into diverse chromosomal loci.

IMPORTANCE Listeria monocytogenes is widely distributed in the environment and
causes listeriosis, a foodborne disease with high mortality and morbidity. Arsenic
and other heavy metals can powerfully shape the populations of human pathogens
with pronounced environmental lifestyles such as L. monocytogenes. Arsenic resis-
tance is encountered primarily in certain serotype 4b clones considered to have
enhanced virulence and is associated with a large chromosomal island, Listeria
genomic island 2 (LGI2). LGI2 also harbors a cadmium resistance cassette and genes
putatively involved in DNA integration, conjugation, and pathogenicity. Our findings
indicate that LGI2 exhibits pronounced content plasticity and is capable of transfer-
ring various accessory genes into diverse chromosomal locations. LGI2 may serve as
a paradigm on how exposure to a potent environmental toxicant such as arsenic
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may have dynamically selected for arsenic-resistant subpopulations in certain clones
of L. monocytogenes which also contribute significantly to disease.

KEYWORDS Listeria monocytogenes, arsenic resistance, genomic island, heavy metal
resistance, hypervirulent clones

Listeria monocytogenes is the only species in the genus Listeria that causes human
disease (listeriosis) transmitted via contaminated foods and manifested with severe

symptoms and high mortality (1, 2). Of the three serotypes (1/2a, 1/2b, and 4b) involved in
the majority (�95%) of human clinical cases, serotype 4b has been implicated in numerous
outbreaks and contributes to a large portion of sporadic cases, although it is generally less
common in foods and food processing facilities (3–6). Outbreaks and sporadic illnesses
have frequently involved a small number of clonal groups of serotype 4b, previously
designated epidemic clone I (ECI), ECIa (also referred to as ECIV), and ECII (7–9). Based on
multilocus sequence typing (MLST), ECI, ECIa, and ECII correspond to clonal complex 1
(CC1), CC2, and CC6, respectively, which, together with the newly described CC4, have been
recently shown to constitute widely disseminated clones of L. monocytogenes (6, 10, 11).

Analysis of serotype 4b L. monocytogenes from sporadic listeriosis in 2003 to 2008 in
the United States revealed that arsenic resistance was exhibited among 27% of ECI
(CC1) and 70% of ECIa (CC2) isolates and was strongly associated with arsenic resistance
genes (arsA1 and arsA2) identified in the CC2 strain Scott A (9, 12–14). In the Scott A
genome, these genes are part of an arsenic resistance cassette within a 35-kb chro-
mosomal region termed Listeria genomic island 2 (LGI2) (12–14). In Scott A, LGI2 is
inserted in the LMOf2365_2257 homolog (lmo2224 in strain EGD-e) (13, 14). Besides the
arsenic resistance cassette, LGI2 harbors a cadmium resistance cassette and genes
putatively involved in DNA integration, conjugation, and pathogenicity (12, 14, 15).
However, limited information is currently available on LGI2 in other arsenic-resistant
strains of L. monocytogenes. In this study, we investigated the LGI2 content and
genomic location in a panel of 85 arsenic-resistant strains of L. monocytogenes of
diverse genotypes, sources, and serotypes.

RESULTS AND DISCUSSION
Arsenic-resistant strains were primarily serotype 4b and CC1, CC2, and CC4.

Analysis of our laboratory’s Listeria strain collection revealed that 114 of 618 serotype
4b isolates (ca. 18%) were resistant to arsenic. Within serotype 4b, arsenic resistance
was most frequently encountered in CC2 (84% of the available CC2 strains), followed by
CC1 (35%) and CC4 (24%), while it was not encountered in CC6 strains and was
detected only in 4% of serotype 4b strains of other clonal groups. Arsenic resistance
was encountered in six of 50 (12%) serotype 1/2c isolates but was less common in
serotype 1/2a (9/472; ca. 2%) and especially in serotype 1/2b (1/320; ca. 0.3%). A panel
of 85 isolates derived from diverse sources and including 70 serotype 4b, all available
serotype 1/2a (n � 9), the one available serotype 1/2b, and five serotype 1/2c strains
were chosen for further analysis (Table 1). The strong propensity of arsenic resistance
in serotype 4b has been repeatedly noted before (16–18), but the underlying eco-
evolutionary mechanisms remain to be elucidated.

Of the 70 serotype 4b arsenic-resistant strains, all but one were members of well-known
clonal complexes, including 31, 33, and 5 strains of CC1, CC2, and CC4, respectively (Table
1). CC1, CC2, CC4, and CC6 (formerly designated ECII) are major, disseminated clones of L.
monocytogenes (6, 10, 11). Noteworthy in being overrepresented among human isolates
and in their capacity to cause invasive disease in individuals with relatively few or no known
comorbidities, CC1, CC2, CC4, and CC6 are considered to constitute “hypervirulent clones”
(6). Interestingly, as mentioned above, none of the 55 CC6 strains in our collection were
found to be arsenic resistant, as also was reported before for clinical isolates from sporadic
listeriosis or from food isolates (9, 18).

LGI2 can reside in different chromosomal loci among arsenic-resistant strains
of L. monocytogenes. In L. monocytogenes Scott A (CC2), LGI2 is inserted in the
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TABLE 1 Arsenic-resistant L. monocytogenes strains used in this study

Serotypea Strainb State or province and/or country Yr Sourceg CCh

LGI2 insertion
site Reference(s)

4b OLM 9 USA 1933 A CC1 LMOf2365_2257 This study
4b OLM 15 USA 1934 C CC1 LMOf2365_2257 This study
4b OLM 18 USA 1934 C CC1 LMOf2365_2257 This study
4b OLM 61 Ontario, Canada 1951 C CC1 LMOf2365_2257 This study
4b OLM 93 Ontario, Canada 1954 C CC1 LMOf2365_2257 This study
4b OLM 98 Nova Scotia, Canada 1955 C CC1 LMOf2365_2257 This study
4b OLM 142 Newfoundland, Canada 1961 C CC1 LMOf2365_2257 This study
4b OLM 152 Newfoundland, Canada 1963 C CC1 LMOf2365_2257 This study
4b J4187 WI, USA 2006 C CC1 LMOf2365_2257 9
4b J4600c OK, USA 2007 C CC1 LMOf2365_2257 20
4b OLM 10c,d MA, USA 1933 C CC1 LMOf2365_0902 19
4b OLM 125d Ontario, Canada 1959 C CC1 LMOf2365_0902 This study
4b OLM 147d Canada 1961 C CC1 LMOf2365_0902 This study
4b Hummusd NAf 1997 E/F CC1 LMOf2365_0902 This study
4b LW-A1d NA 2000 E/F CC1 LMOf2365_0902 18
4b LW-A45d NA 2001 E/F CC1 LMOf2365_0902 18
4b LW-A46d NA 2001 E/F CC1 LMOf2365_0902 18
4b J2213c,d AZ, USA 2003 C CC1 LMOf2365_0902 9, 14, 20
4b J2302d CA, USA 2003 C CC1 LMOf2365_0902 9, 14, 20
4b J2353d IL, USA 2003 C CC1 LMOf2365_0902 9, 14
4b J2584d VT, USA 2003 C CC1 LMOf2365_0902 9, 14
4b J3232d OK, USA 2004 C CC1 LMOf2365_0902 9, 14
4b 2005-446d NC, USA 2005 C CC1 LMOf2365_0902 This study
4b J3916d NM, USA 2006 C CC1 LMOf2365_0902 9, 14
4b J4274d NH, USA 2006 C CC1 LMOf2365_0902 9, 14
4b J5080d NM, USA 2008 C CC1 LMOf2365_0902 9, 14
4b J5095d MD, USA 2008 C CC1 LMOf2365_0902 9, 14
4b J5136d SC, USA 2008 C CC1 LMOf2365_0902 9, 14
4b RM15655d CA, USA 2012 E/F CC1 LMOf2365_0902 This study
4b BS-26c NA NA E/F CC1 LMOf2365_0902 20, 18
4b J3422c LA, USA 2005 C CC1 Intergenicj 20
4b FDA 100c NA 1986 E/F CC2 LMOf2365_2418 20
4b OLM 11c CT, USA 1933 C CC2 LMOf2365_2257 19
4b OLM 77 Ontario, Canada 1954 C CC2 LMOf2365_2257 This study
4b OLM 78 Ontario, Canada 1954 C CC2 LMOf2365_2257 This study
4b OLM 102 Nova Scotia, Canada 1955 C CC2 LMOf2365_2257 This study
4b OLM 117 Nova Scotia, Canada 1956 C CC2 LMOf2365_2257 This study
4b OLM 118 Nova Scotia, Canada 1956 C CC2 LMOf2365_2257 This study
4b OLM 120 Ontario, Canada 1957 C CC2 LMOf2365_2257 This study
4b OLM 121 Ontario, Canada 1957 C CC2 LMOf2365_2257 This study
4b OLM 124 Ontario, Canada 1958 C CC2 LMOf2365_2257 This study
4b OLM 127 Newfoundland, Canada 1959 A CC2 LMOf2365_2257 This study
4b OLM 138 Ontario, Canada 1961 C CC2 LMOf2365_2257 This study
4b OLM 144 Brazil 1961 C CC2 LMOf2365_2257 This study
4b 4b1 Germany 1962 C CC2 LMOf2365_2257 This study
4b OLM 151 Newfoundland, Canada 1963 C CC2 LMOf2365_2257 This study
4b OLM 153 Newfoundland, Canada 1963 C CC2 LMOf2365_2257 This study
4b OLM 157 Ontario, Canada 1964 C CC2 LMOf2365_2257 This study
4b Scott Ac MA, USA 1983 C CC2 LMOf2365_2257 12, 43
4b FDA 11 NA 1987 E/F CC2 LMOf2365_2257 18
4b LW-A58 NA 2001 E/F CC2 LMOf2365_2257 18
4b J3290 ME, USA 2004 C CC2 LMOf2365_2257 9
4b LW-A84 NA 2004 E/F CC2 LMOf2365_2257 18
4b J3419 CA, USA 2005 C CC2 LMOf2365_2257 9
4b J3768 CO, USA 2005 C CC2 LMOf2365_2257 9
4b LW-A101 NA 2005 E/F CC2 LMOf2365_2257 18
4b LW-A102 NA 2005 E/F CC2 LMOf2365_2257 18
4b LW-A103 NA 2005 E/F CC2 LMOf2365_2257 18
4b LW-A104 NA 2005 E/F CC2 LMOf2365_2257 18
4b J3921 CT, USA 2006 C CC2 LMOf2365_2257 9
4b J4503 NY, USA 2007 C CC2 LMOf2365_2257 9
4b J4948 GA, USA 2008 C CC2 LMOf2365_2257 9

(Continued on next page)
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LMOf2365_2257 homolog (14). To localize LGI2 in other strains, we first employed PCR
with LMOf2365_2257 primers (PCR 11) (Fig. 1), with the hypothesis that LGI2 insertion
in this gene would render the PCR product too large for amplification while the
expected product would be obtained from strains with an intact LMOf2365_2257
homolog. Insertion of LGI2 in this gene was confirmed with PCR targeting the
LMOf2365_2257 homolog and an LGI2-internal gene (PCRs 12 to 14) (Fig. 1).

Of the 85 arsenic-resistant strains, 43 (ca. 51%) harbored LGI2 within the
LMOf2365_2257 homolog, and all but one were serotype 4b. These included 32 of the
33 CC2 strains, 10 of the 31 CC1 strains, and the sole arsenic-resistant strain of serotype
1/2b, strain F7493 (Tables 1 and 2). PCR with primers derived from different
sequences on the Scott A LGI2 revealed that all serotype 4b strains with LGI2
insertions in this locus were PCR positive for all tested targets, while the serotype
1/2b strain F7493 was positive for only three of the tested LGI2 targets, arsA2, ardA,
and LMOSA_2450 (Table 1).

Random-primed PCR and sequencing of the PCR product were employed to deter-
mine the LGI2 location in 11 arsenic-resistant strains that harbored LGI2 outside the
LMOf2365_2257 homolog. LGI2 locations were also examined via analysis of whole-
genome sequence (WGS) data from 10 strains chosen to represent different serotypes
(4b, 1/2a, and 1/2c), genotypes, and LGI2 locations (Table 1). In all cases, the WGS data
confirmed the LGI2 insertion sites identified through PCR targeting LMOf2365_2257 or
via random-primed PCR. This led to identification of seven new LGI2 insertion sites,
dispersed across the chromosome (Table 2 and Fig. 2). LGI2 insertions were in coding
sequences, with the exception of one strain (J3422, CC1), which harbored LGI2 in the
intergenic region between the LMOf2365_2381 and LMOf2365_2382 homologs, encod-
ing a hypothetical protein and FeS assembly protein SufB, respectively (Table 2 and

TABLE 1 (Continued)

Serotypea Strainb State or province and/or country Yr Sourceg CCh

LGI2 insertion
site Reference(s)

4b J4954 CT, USA 2008 C CC2 LMOf2365_2257 9
4b J1-220c MA, USA 1983 NA CC2 LMOf2365_2257 42
4b F8027c NA NA E/F CC315 LMOf2365_0072 20
4b OLM 12 CT, USA 1934 C CC4 LMOf2365_2679 This study
4b J2422 RI, USA 2003 C CC4 LMOf2365_2679 9
4b J3618 NJ, USA 2005 C CC4 LMOf2365_2679 9
4b J4434 TN, USA 2007 C CC4 LMOf2365_2679 9
4b RM16550 CA, USA 2012 E/F CC4 LMOf2365_2679 This study
1/2c 2008-911c NC, USA 2008 C CC9 LMOf2365_2335 20
1/2c LW-A124e NA 2005 E/F NDi ND This study
1/2c BUG916e NA NA NA ND ND This study
1/2c NC140e NC, USA NA E/F ND ND This study
1/2c NC191e NC, USA NA E/F ND ND This study
1/2b F7493 NA 1989 E/F ND LMOf2365_2257 This study
1/2a 2012-0070c NC, USA 2012 E/F CC14 LMOf2365_0271 20
1/2a OLM 29e England 1938 A CC31 ND This study
1/2a L1014ae VA, USA 2004 E/F CC8 ND This study
1/2a FDC 102956e NA 2002 NA ND ND This study
1/2a 192Ae NC, USA 2004 E/F ND ND This study
1/2a 2004-363e NC, USA 2004 C ND ND This study
1/2a L1009ae VA, USA 2004 A ND ND This study
1/2a L1508ae VA, USA 2005 E/F ND ND This study
1/2a BUG923 NA NA NA ND ND This study
aSerotype was determined with the PCR-based serotyping scheme devised by Doumith et al. (33).
bBold, strains PCR positive for all tested LGI2 genes.
cStrain with a sequenced genome.
dPCR positive for only two of the tested LGI2 genes (arsA2 and ardA).
ePCR negative for all tested LGI2 genes.
fNA, not available.
gA, C, and E/F represent animal, clinical, and environment/food isolates, respectively.
hThe CC was determined as described in Materials and Methods.
iND, not determined.
jIntergenic region between LMOf2365_2381 and LMOf2365_2382.
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Fig. 2). The locations of the islands would be expected to disrupt various genes,
including homologs of LMOf2365_0072 (encoding a putative diarrheal toxin),
LMOf2365_0271 (encoding sucrose phosphorylase), LMOf2365_0902 (encoding a mem-
brane protein), LMOf2365_2335 (encoding a RofA family transcriptional regulator),
LMOf2365_2418 (encoding a leucine-rich repeat domain protein), and LMOf2365_2679
(encoding a MutT/nudix family protein) (Table 2 and Fig. 2). LGI2 integration in this
locus was encountered only in CC4 (Table 2).

A marked preference for specific LGI2 insertion sites was noted in CC2 and CC4: the
island was inserted in LMOf2365_2257 in 32 of the 33 CC2 strains, while all five CC4
strains harbored LGI2 in LMOf2365_2679 (Table 2). However, a diversity of insertion sites
was discovered in CC1 strains, in which LIG2 was found in three different insertion sites,

FIG 1 Genomic organization of LGI2 in L. monocytogenes Scott A. Genes within LGI2 are shown in white, whereas LGI2-flanking ORFs in strain
F2365 are in black. Solid and dashed black lines indicate expected amplicons from PCRs with the corresponding numbers that were conducted
to examine LGI2 diversity and confirm location within the LMOf2365_2257 homolog, respectively (Table 3).

TABLE 2 Location of LGI2 in arsenic-resistant L. monocytogenes

Serotype (no. of strains) CCa LGI2 insertion site(s)b Tn554 arsAc

4b (70) CC1 (31) LMOf2365_0902 (20), LMOf2365_2257 (10), intergenic region between
LMOf2365_2381 and LMOf2365_2382 (1 [strain J3422])

None

CC2 (33) LMOf2365_2257 (32), LMOf2365_2418 (1 [strain FDA 100]) None
CC4 (5) LMOf2365_2679 (5) None
CC315 (1; F8027) LMOf2365_0072 (1) None

1/2a (9) CC14 (1; 2012-0070) LMOf2365_0271 (1) None
CC8 (1; L1014a) ND 1
CC31 (1; OLM 29) ND 1
NDd (6) ND 5

1/2b (1) ND (1; F7493) LMOf2365_2257 (1) None
1/2c (5) ND (4) ND 4

CC9 (1; 2008-911) LMOf2365_2335 (1) 1

Total (85) 12
aCC, clonal complex based on MLST designations; the number of strains with the specific CC is shown in parentheses, followed by the strain designation for
singletons.

bThe LGI2 insertion site corresponds to homologous loci in the genome of L. monocytogenes F2365 (40). The number of strains with the same insertion site is
indicated in parentheses.

cNumber of strains PCR-positive for Tn554-associated arsA.
dND, not determined.
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including the LMOf2365_2257 homolog (Table 2). No evidence was obtained for strains
harboring more than one copy of LGI2.

LGI2 sequences have been diversified in certain strains, especially in CC1. Early
evidence for diversity in LGI2 content was obtained by PCR testing of the 85 arsenic-
resistant strains with primers derived from seven genes in the LGI2 of Scott A. All CC2
strains (n � 33) and all five CC4 strains were PCR positive for all tested LGI2 genes, as
were the single strain (F8027) of CC315 and the serotype 1/2a strain 2012-0070 (Table
1), while the serotype 1/2c strain 2008-911 was positive for all tested targets except
LMOSA_2330. However, of the 31 arsenic-resistant CC1 strains, only 12 were PCR
positive for all LGI2 target genes; the remaining 19 yielded the expected amplicons for
only two of the target sequences, arsA2 and ardA (Table 1).

Of the 10 arsenic-resistant strains for which WGS data were available, six, i.e., the
serotype 4b strains J4600 (CC1), BS-26 (CC1), FDA 100 (CC2), OLM 11 (CC2), and F8027
(CC315) and the serotype 1/2a strain 2012-0070 (CC14), were PCR positive for all
targeted LGI2 sequences (Table 1). WGS data from these strains confirmed that all six
harbored LGI2 which was virtually identical in content among themselves and with
Scott A (Fig. 3A and data not shown). The shared LGI2 content between OLM 11 (19)
and J4600 (20) was especially noteworthy, considering that these two strains belonged
to different CCs (CC2 and CC1, respectively) and were isolated 74 years apart (1933 and
2007, respectively) (Table 1).

PCR-based evidence for LGI2 diversification among CC1 strains that were PCR
positive only for arsA2 and ardA was supported by WGS-based analysis of OLM 10 (19)
and J2213 (20), two of the 19 CC1 strains with this PCR profile (Table 1). WGS analysis
revealed that in these strains the LGI2 genes constitute syntenic but diversified
homologs (63 to 89% identity at the nucleotide sequence level) of their Scott A
counterparts (Fig. 3B and data not shown). The exception was six genes located at one
end of LGI2 (homologs of LMOSA_2420-LMOSA_2470) that showed over 90% identity
with Scott A (Fig. 3B). Both strains harbored the LGI2 in the LMOf2365_0902 homolog;

FIG 2 Diversity in LGI2 insertion sites in arsenic-resistant L. monocytogenes. Insertion sites identified via random-primed
PCR and WGS analysis are shown in the corresponding locations in the genome of L. monocytogenes F2365 (40). The
circular genome map and LGI2 insertion sites were generated with CGView Server (http://stothard.afns.ualberta.ca/
cgview_server/index.html) (41) using the F2365 genome retrieved from NCBI (GenBank accession no. AE017262.2). LGI2
insertion sites are marked as arrows and LGI2 is shown as a black triangle, with termini occupied by the phage integrase
gene (LMOSA_2150 homolog) and the LMOSA_2470 homolog colored in gray and white, respectively.
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in fact, all other strains with the same PCR profile harbored this LGI2 in the same
location (Table 1). In addition, the LGI2 content was virtually identical between OLM 10
and J2213, in spite of their large temporal distance (70 years) (19, 20). Analysis of the
sequence data suggested that negative PCR data originally obtained with these strains
were due to sequence diversification in relevant primer sequences (data not shown).
The LMOf2365_0902 homolog was found to be the integration site in a total of 20
strains, 19 of which were CC1 and PCR positive only for arsA2 and ardA, while one
(strain BS-26) was CC1 and PCR positive for all tested LGI2 genes (Tables 1 and 2).

WGS analysis also revealed that the diversified LGI2 in OLM 10 and J2213 harbored
a gene encoding a putative cystathionine �-synthase (GenBank accession no.
WP_047584133.1) which was not present in the LGI2 of Scott A (Fig. 3B). PCR with
primers derived from this gene (Table 3 and Fig. 3B) indicated that it was present in all

FIG 3 WGS-based comparisons between LGI2 sequences and the LGI2 in strain Scott A. The strains are J4600 (A), OLM 10 (B), J3422 (C),
and 2008-911 (D). Locus tags for the genes at the 5= and 3= ends in the Scott A region are shown in parentheses. Alignment was obtained
with Mauve equipped within Geneious 9.1. ORFs are shown in rectangles, with those below the center line indicating reverse orientation.
Color blocks represent homologous regions, with the height of dark pink peaks signifying the extent of diversity. Hence, within blocks,
highly homologous regions are shaded in light pink, whereas divergent regions have multiple dark pink peaks. Ovals indicate ORFs
identified in the LGI2 of the corresponding sequenced strain but absent from Scott A LGI2. For panel B, solid black lines indicate expected
amplicons from PCRs 16 to 20 (Table 3).
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19 CC1 strains with the same PCR profile (PCR positive only for arsA2 and ardA) (data
not shown). Taken together, the data suggest that a large portion (19/31, 61%) of
arsenic-resistant CC1 strains share a unique and diversified LGI2, designated here
LGI2-1, found exclusively in this clonal complex and also harboring a putative cysta-
thionine �-synthase gene. The extent to which this gene mediates unique stress-related
adaptations in these strains, such as those shown with cystathionine �-synthase of the
fungal agent Botrytis cinerea in relation to resistance to osmotic, oxidative, and thermal
stresses (21), remains to be determined.

WGS-based analysis of LGI2 revealed sequence divergence in two other strains,
J3422 (serotype 4b; CC1) and 2008-911 (serotype 1/2c; CC9) (Fig. 3C and D). In the place
of LMOSA_2460 and LMOSA_2470 homologs found near one end of LGI2 in other
sequenced strains, J3422 harbored two new open reading frames (ORFs), which encode
a hypothetical protein and a nucleotidyltransferase (Fig. 3C). These WGS findings
explained the failure of random-priming PCR with a primer targeting LMOSA_2470 and
also the unsuccessful PCR between the LMOSA_2470 and LMOf2365_2381 homologs for

TABLE 3 Primers used in this study

Primer Sequence (5= to 3=) Target PCR(s)a

LMOSA_2150F GATCTGCACTGCGTTCTTC LMOSA_2150 1, 8
LMOSA_2150R GAAGCCCAGCAAACTTATCG LMOSA_2150 1, 12, 21, 22
LMOSA_2180F CTGGATCAAAATTGCGGAC LMOSA_2180 2
LMOSA_2180R TACCACTAATTGAACAAGCC LMOSA_2180 2, 8
LMOSA_2220F CAACTTTGACCCTGTGGAG LMOSA_2220 3, 9
LMOSA_2220R CTTTCCATTCAATCACTGCG LMOSA_2220 3, 13
pLI37_F CAACCAGATCAGTTACCATTAAC LMOSA_2260 4
pLI37_R TGCTTCTCCAGAGATTTCTTCTG LMOSA_2260 4, 9
LMOSA_2330F GCATACGTACGAACCAGAAG LMOSA_2330 5
LMOSA_2330R CAGTGTTTCTGCTTTTGCTCC LMOSA_2330 5
LMOSA_2400F GTCGTTTGCTTGATAGAGGCG LMOSA_2400 6, 10
LMOSA_2400R GGGCGATGGTTTGAACTACC LMOSA_2400 6
LMOSA_2450F TAATAGCCAGCAACTCCAGC LMOSA_2450 7, 14, 22
LMOSA_2450R GAAAAAGACCGCTTGTCTCTG LMOSA_2450 7, 10
F2365_2257F ACATTGCGAGAACACCTTGG LMOf2365_2257 11, 12, 13
F2365_2257R GATTTATCGGCGCAATGACG LMOf2365_2257 11, 14
LMOSLCC2372_2751F TAACCAATAAGCCAACACCG LMOSLCC2372_2751 15
LMOSLCC2372_2751R CTTCTTTCCACTTCCCGAGC LMOSLCC2372_2751 15
OLM10_1F ATCCGCCATTGCACAGAGAG LMOSA_2150 homolog in OLM 10 16, 19
OLM10_1R CGTGCGGTGGCTCAAATTTT LMOSA_2150 homolog in OLM 10 16, 20
OLM10_2F GCGGAGAAATTGGTGAACGG Cystathionine �-synthase gene in OLM 10 17
OLM10_2R ACAACTAGCCCTGCGGTTAC Cystathionine �-synthase gene in OLM 10 17, 19
OLM10_3F GAGTAGGGAACGTAAGCCCG LMOSA_2450 homolog in OLM 10 18
OLM10_3R CCGCTGGCTCCTTTCAGTTA LMOSA_2450 homolog in OLM 10 18
Marq207 GGCCACGCGTCGACTAGTACNNNNNNNNNNGTAAT Random primer with adaptor (first amplification) 21
Marq208 GGCCACGCGTCGACTAGTAC Primer annealing to the adaptor region of Marq207

(second, nested amplification)
21

LMOSA_2150R2 GCTATGTTACAGGAATGGCG LMOSA_2150 21
LMOSA_2470F GGAAGTCAGAGATAAGCTG LMOSA_2470 21,22
LMOSA_2470F2 CTTAGAAGAACTGGACTCTG LMOSA_2470 21
F2365_0072F GACTAAGTTGCCGAGTGAAC LMOf2365_0072 22
F2365_0072R ATCGTGTCAGCAACATGTGG LMOf2365_0072 22
F2365_0271F CGTTACCCATGGTGATGCTG LMOf2365_0271 22
F2365_0271R CGCTGATTTGGAATGTTTTAG LMOf2365_0271 22
F2365_0902F CCGTTTTCCGCGCCATTAATAG LMOf2365_0902 20, 22
F2365_0902R GCAGTAGTAACTTTGACCGC LMOf2365_0902 22
F2365_2335F CACTAGTCGGAATATCCCTC LMOf2365_2335 22
F2365_2335R GCGGAATATATGGAGACTTC LMOf2365_2335 22
F2365_2381F CTCGCGCTCTCTAAGTAATTC LMOf2365_2381 22
F2365_2382R CTGGTAAAGGCCAACGTCAAG LMOf2365_2382 22
F2365_2418F CTGCTTGGTGCGATAAAATC LMOf2365_2418 22
F2365_2418R GATACAGTTCCCTTACCAGC LMOf2365_2418 22
F2365_2679F CTGAACAGCAGACTCGTAAG LMOf2365_2679 22
F2365_2679R GAACGGATGCAGATGTTTGGC LMOf2365_2679 22
aPCRs 1 to 14, as shown in Fig. 1; PCR 15, Tn554-associated arsA; PCRs 16 to 20, as shown in Fig. 3B; PCR 21, used in random-primed PCR; PCR 22, used in LGI2
insertion site confirmation.
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this strain (data not shown). In fact, for strain J3422, an amplicon obtained with primers
annealing to LMOSA_2450 and LMOf2365_2381 was used to obtain the LGI2 sequence
close to the LMOf2365_2381 homolog, revealing its intergenic region insertion site
(Table 2), which was later confirmed by WGS.

In the case of the serotype 1/2c strain 2008-911, the region between LMOSA_2320
and LMOSA_2350 had noticeably diverged (approximately 80 to 85% identity for genes
in this region, except for the LMOSA_2340 homolog with 92% identity) from its
counterparts in Scott A (Fig. 3D). Sequence analysis indicated that the negative PCR
results for one of the genes in this region, LMOSA_2330, were due to divergence in
primer regions. The location of LGI2 in this strain was also unique, i.e., the
LMOf2365_2335 homolog (Table 2).

An alternative arsenic resistance determinant associated with Tn554 was fre-
quently identified among arsenic-resistant strains of serotype 1/2a and 1/2c but
was not detected in serotype 4b. The majority (70/85) of arsenic-resistant L. mono-
cytogenes strains in our panel were of serotype 4b. The remaining 15 strains included
9 of serotype 1/2a, 5 of serotype 1/2c, and one serotype 1/2b strain (Table 1). Most
(11/15) of these strains were PCR negative for all tested LGI2 genes (Table 1). As
discussed above, clear evidence for LGI2 was obtained only for the serotype 1/2a strain
2012-0070 and the serotype 1/2c strain 2008-911. PCR evidence for some of the
targeted LGI2 genes was also obtained for the serotype 1/2a strain BUG923 (PCR
positive for ardA and LMOSA_2450) and the serotype 1/2b strain F7493 (PCR positive for
ardA, LMOSA_2450, and arsA2). In the absence of WGS data for these two strains, we
cannot exclude the possibility that they harbor a divergent LGI2, with sequence
diversity accounting for PCR-negative results for some of the target sequences.

The identification of arsenic-resistant serotype 1/2a and 1/2c strains that were PCR
negative for the LGI2-associated arsA1 and arsA2 suggested that an alternative determi-
nant(s) conferred arsenic resistance in these strains. A Tn554-associated arsenic resis-
tance cassette harboring arsA was earlier identified through WGS of a serotype 1/2c
strain (13). PCR with primers derived from the Tn554-associated arsA (LMOSLCC2372_
2751) revealed that, with the sole exception of strain 192A, our serotype 1/2a and 1/2c
arsenic-resistant strains that were PCR negative for the LGI2-associated arsA1 and arsA2
were in fact PCR positive for the Tn554-associated arsA (PCR15) (Table 2). Sequencing
of the amplicons from four such strains revealed that they were highly conserved
among themselves and with Tn554-associated arsA (data not shown). Furthermore,
Tn554-associated arsA was detected via PCR and WGS analysis outside LGI2 in the
above-discussed serotype 1/2c strain 2008-911, which also harbored LGI2-associated
arsA1 and arsA2 (Fig. 3D). Interestingly, none of the 70 serotype 4b arsenic-resistant
strains were PCR positive for Tn554-associated arsA (Table 2), and this determinant was
also not detected via WGS analysis among any of the eight sequenced serotype 4b
strains. The findings suggest that in serotype 4b, in which arsenic resistance is most
commonly encountered, LGI2-associated arsenic resistance genes appear to be the key
contributor to resistance, while in serotypes 1/2a and 1/2c, resistance to arsenic is
mediated largely by Tn554. The relative scarcity of arsenic resistance among serogroup
1/2 strains and the finding that resistance in these strains tended to be mediated by
Tn554 rather than LGI2 may also reflect specific outcomes of adaption to selection
pressures in food and food processing environments, where serogroup 1/2 strains tend
to predominate (5, 6). A similar scenario may operate with premature stop codon
mutations in inlA which result in the absence of wall-associated internalin and are
common among strains of serogroup 1/2 from food and food processing facilities but
are rare in serotype 4b (5, 6, 22).

Heavy metal resistance is becoming increasingly recognized as an important adap-
tation of several other bacterial pathogens (23–30). L. monocytogenes has a pronounced
lifestyle as a saprotroph (31), and genetic determinants that render this bacterium
resistant to arsenic may confer fitness advantages in arsenic-contaminated soil or water
(32). The propensity of LGI2 to be associated with serotype 4b, a leading serotype for
human invasive listeriosis (1, 3, 7), and especially with CC1, CC2, and CC4, which are
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three of the four major clones of this pathogen associated with enhanced virulence (6),
also raises the possibility that arsenic resistance and other LGI2 determinants might
contribute to virulence. Such potential contributions remain to be characterized. Our
group is currently constructing strain derivatives with and without LGI2, which will be
useful in elucidating the potential contribution of LGI2 to virulence in L. monocytogenes.

Various features of LGI2, including its sequence content and putative phage
integrase-mediated insertion into the chromosome, suggest that it represents a mobile
genetic element in L. monocytogenes (12, 13) (Fig. 1). Our data show that LGI2 can be
integrated in diverse locations on the chromosome, even though certain integration
sites, such as LMOf2365_2257, LMOf2365_2679, and LMOf2365_0902 homologs, pre-
dominate. Multiple lines of evidence presented in our study also suggest that LGI2 has
undergone diversification in arsenic-resistant L. monocytogenes strains. It was especially
noteworthy that the majority of arsenic-resistant CC1 strains harbored a markedly
diversified LGI2 (LGI2-1), which also harbored a novel gene. These two types of LGI2
islands in CC1 may reflect differences in ecological niches, reservoirs, or adaptations of
the corresponding strains, warranting further studies.

In conclusion, our assessment of the diversity and variable location of the genomic
island LGI2 suggests that this may be essentially a “floating island” capable of mobi-
lizing various accessory genes, including heavy metal resistance cassettes, into different
genomic locations in L. monocytogenes. The impact of LGI2 on the population structure
and biology of L. monocytogenes is to be further characterized; however, the putative
functions of LGI2 genes and the expected inactivation of various chromosomal genes
by the insertion of LGI2 support the hypothesis that this genomic island may contribute
to environmental fitness, enhanced pathogenicity, and an accelerated evolution. Ad-
ditional research is warranted to enhance our understanding of LGI2 and other mobile
elements circulating in the L. monocytogenes population, potentially driving this patho-
gen’s evolution and accessory gene acquisition.

MATERIALS AND METHODS
Bacterial strains, determination of arsenic resistance, and growth conditions. The 85 arsenic-

resistant strains of L. monocytogenes originated from diverse sources and included serotypes 4b (n � 70),
1/2a (n � 9), 1/2b (n � 1), and 1/2c (n � 5) (Table 1). Serotype designations were confirmed by the
multiplex PCR scheme of Doumith et al. (33). Arsenic resistance was assessed as previously described (16),
and all strains displayed resistance to 500 �g/ml of sodium arsenite. Cultures were routinely grown at
37°C in brain heart infusion (BHI) (Becton, Dickinson and Co., Sparks, MD) or on BHI plates with 1.2% agar
(Becton, Dickinson and Co.).

MLGT and MLST-based ST and CC designation. Multilocus genotyping (MLGT) haplotypes were
determined as previously described (34–36). Determination of MLST-based sequence type (ST) designa-
tions corresponding to each MLGT haplotype was based on whole-genome sequence (WGS) analysis of a
strain panel representing diverse haplotypes (Y. Chen, T. Ward, and P. Evans, unpublished) and will be
described in a separate presentation. For the arsenic-resistant strains with genomes sequenced in this study,
the ST was also determined from in silico analysis of the WGS data. MLST-based clonal complexes (CCs) were
based on the ST-CC correspondence data obtained from the Pasteur Institute MLST database (http://bigsdb
.pasteur.fr/perl/bigsdb/bigsdb.pl?db�pubmlst_listeria_seqdef_public, accessed 11 November 2016).

PCR-based analysis of LGI2 diversity. Arsenic-resistant strains were analyzed by PCR using primers
derived from seven genes within LGI2 (PCRs 1 to 10) (Fig. 1; primer sequences are listed in Table 3).
Amplified regions were chosen to include open reading frames (ORFs) at different sites in LGI2 and
putatively mediating functions of special biological relevance (Fig. 1).

LGI2 insertion site identification. The location of LGI2 was first investigated with PCR using primers
F2365_2257F and F2365_2257R derived from LGI2-flanking sequences homologous to LMOf2365_2257
(PCR 11) (Fig. 1 and Table 3). To confirm the LGI2 location in the LMOf2365_2257 homolog, all strains that
were PCR positive for the genes close to the ends of LGI2 (LMOSA_2150, LMOSA_2220, and LMOSA_2450)
were examined by PCR using primers annealing to the LMOf2365_2257 homolog and the corresponding
LGI2 gene (F2365_2257F and LMOSA_2150R, F2365_2257F and LMOSA_2220R, and LMOSA_2450F and
F2365_2257R) (PCRs 12 to 14, respectively) (Fig. 1; primers are listed in Table 3). To determine the LGI2
insertion site in strains harboring LGI2 outside the LMOf2365_2257 homolog, random-primed PCR was
employed as described by Cao et al. with modifications (37). Specifically, genomic DNA was used as the
template for PCR using an arbitrary primer with an adaptor (Marq207) and primers specific to terminal
genes of LGI2 at both ends (LMOSA_2150R and LMOSA_2470F, targeting LMOSA_2150 and LMOSA_2470,
respectively) (Table 3). The PCR amplicon was used as the template in a second, nested PCR employing
primer Marq208, which anneals to the adaptor region of Marq207, and a nested, gene-specific primer
annealing further downstream of the gene-specific primer used in the first PCR (LMOSA_2150R2 and
LMOSA_2470F2) (Table 3). The PCR products were purified with the QIAquick PCR purification kit (Qiagen,
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Valencia, CA) and sequenced by Eurofins MWG Operon (Huntsville, AL) using the gene-specific primers
employed in the second PCR. Sequencing results were analyzed with BLASTN against the National Center
for Biotechnology Information (NCBI) database (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM�blastn
&PAGE_TYPE�BlastSearch&LINK_LOC�blasthome) (38). The insertion sites identified through random-
primed PCR were confirmed with PCR amplifying the flanking region and the region between the
flanking gene and a gene internal to LGI2 (Table 3).

WGS and in silico analysis of LGI2. WGS data were obtained from a panel of 10 arsenic-resistant
strains (Table 1) as described previously (19, 20). In addition, WGS data were previously available for
strains ScottA and J1-220 (Table 1). Regions homologous to the Scott A LGI2 were identified and analyzed
with Geneious 9.1 (Biomatters Ltd., Newark, NJ). To identify LGI2 counterparts in these genomes, Scott
A LGI2 and its flanking regions (from LMOSA_2130 to LMOSA_2490) were used for BLASTN against the
sequenced genomes, and hits from BLAST searches were aligned against the Scott A LGI2 region. Regions
homologous to LGI2 and their flanking regions were initially annotated by finding genes exhibiting over
75% similarity to their homologs in Scott A and F2365. To identify additional genes potentially harbored
on LGI2 of the sequenced strains, ORFs over 250 bp were identified, and those absent from the Scott A
LGI2 were added to the annotation. These genes were further analyzed with BLASTP, BLASTN, and
alignment with Scott A. To identify deletions and insertions, sequenced LGI2 regions were aligned
against the Scott A LGI2 region with Mauve available in Geneious 9.1 (39). The insertion sites of the
sequenced LGI2 regions were identified by aligning these regions against the F2365 genome (40). The
sequence of the novel gene identified in LGI2 of OLM 10 and J2213 was used to design new primers for
testing other strains (Table 3).

Presence of the Tn554-associated putative arsenic resistance determinant. All strains in the
panel were PCR tested for the Tn554-associated arsenic resistance determinant arsA (13) using primers
LMOSLCC2372_2751F and LMOSLCC2372_2751R (Table 3). The arsA PCR amplicons from strains 2004-
363, BUG916, LW-A124, and FDC 102956 were sequenced, and strain 2004-363 was used as positive
control.

Accession number(s). The LGI2-flanking sequences and Tn554-associated arsA sequences were
deposited in NCBI (GenBank accession no. KR229741 to KR229747 and KR229748 to KR229751, respec-
tively).
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