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Dear Editor,

Listeria monocytogenes is an important foodborne pathogen with
a high fatality rate. Clinically, infections are associated with particular
high-risk groups, including unborn, newborn, elderly and immuno-
compromised individuals. The majority of listeriosis cases are caused
by serotypes 1/2a, 1/2b and 4b, and outbreaks and cases attributable
specifically to serotype 1/2a are increasing in both the United States
and Europe. In India, infections with L. monocytogenes remain largely
undiagnosed and are under-reported both because of a lack of
awareness and the limited availability of proper diagnostic assays.
In an Indo-German collaboration, we collected 830 listerial strains
comprising different listerial species isolated during 2000-2014 in the
Indian Listeria culture collection (ILCC). Further analysis identified
396/830 strains as L. monocytogenes represented by serotypes 4b
(n=239), 1/2a (n=110) and 1/2b (n=47; Supplementary Table S1).1?
The data indicated an overall preponderance of serotype 4b strains from
different sources and geographically dispersed regions.

On the basis of their availability, two representative strains of each
serotype (that is, 4b, 1/2a and 1/2b) from each source (that is, animals,
humans, foods and the environment) of each geographical region
(n=21) were selected to cover the spatial strain diversity. A total of 98
strains (4b n=53, 1/2a n=23 and 1/2b n=22) were analyzed with
pulsed-field gel electrophoresis (PFGE; Figure 1A). The PFGE analysis
revealed diverse patterns, particularly for the strains belonging to
serotypes 1/2a and 1/2b. In contrast, 37 out of the 53 serotype 4b
strains obtained from different sources and geographical locations over
a period of 14 years exhibited a single indistinguishable PFGE pattern
(designated herein as Ind-4b-dom-pulsotype; Figure 1A). To further

establish whether the majority of the serotype 4b strains from India
were clonal, an additional 56 serotype 4b strains from different sources
and geographical regions were analyzed. Of these, 38/56 strains
exhibited PFGE patterns indistinguishable from those of the ‘Ind-
4b-dom-pulsotype’ (Supplementary Figure S1A). Thus, altogether,
68.80% serotype 4b strains exhibited identical pulsotypes.

To further determine the molecular basis of the relatedness of these
strains, we performed whole-genome sequencing of 11 strains from
human-clinical (n=6), animal-clinical (n=3), food (n=1) and
atypical (mosquito; n=1) sources (Supplementary Table S2). These
strains were well discriminated temporally (isolated between 2001 and
2014) and spatially (from eight different regions). Six of the 11
sequenced strains were also analyzed for their virulence potential by
using Galleria mellonella larvae and were deemed to be pathogenic
(Supplementary Figure S2).

The characteristics of the genomes of the sequenced strains are
summarized in Supplementary Table S2. On average, a sequencing
coverage of 98.85% (98.21%-99.26%) was obtained (using L. mono-
cytogenes F2365 as the reference strain). Comparison of the 11
genomes revealed that 2651/2717 genes (excluding those of the
prophages) were common. When directly compared with the F2365
strain, between 29 and 39 genes per strain were either absent or
truncated. Strain-specific genes were rare at between zero and four
genes per isolate (Supplementary Table S3). Most of the deletions/
truncations and additions of genes were due to point mutations.

In combination with 27 previously published L. monocytogenes
genomes, the phylogenetic context of the sequenced strains was
determined on the basis of the amino acid sequences of a concatenated
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ILCCID _Serogroups_Source Place Year Reference

ILCCasT 172 Environmental Goa 2009 Rodrigues 2014

ILCCS31 172 Environmental - Goa 2007 Parihar 2007

ILCC3T3 12 Environmental Kolhapur 2010 Doijad 2011

ILCC3T8 120 Environmental Kolhapur 2010 Doijad 2011

ILCCO46 1722 Food Agra 013

ILCC367 1728 Food Agra 2009 Aurora 2009

ILCC630 172 Human Nagpur 2013

ILCCI61 4b Food Margaon 2006 Doijad 2010

ILCC462 4b Food Mumbai 2004

ILCCS62a 4b Environmental Kankavli 2011 Raorane 2014

ILCC822 172 Food Shivamoga 2014

ILCC817 1720 Food Shivamoga 2014

ILCCES9 1720 Animal 2013

ILCC492 4b Animal 2005

ILCCS02 4b Environmental 2002

1LCCS06 4b Environmental Mumbai 2002

ILCC827 4b Food Shivamoga 2014

ILCC361 4b Food Agn 2009 Aurora 2009

ILCC830 4b Food Shivamoga 2014

ILCCO01 4b Food Mathura 2007

ILCCG05 4b Food Mathura 2007

ILCCSG8 4b Animal Munmbai 2010 Raorane 2014

ILCCS63 1720 Animal Mumbai 2010 Raorane 2014

ILCCOS3  1/2b Food Delhi 2014

1LCCO27 1/2b Human Goa 2006 Kalckar 2011

ILCCO29 1726 Human Pondicherry 2006 Kalekar 2011

ILCCOS4 1/2b Food Delhi 2015

ILCCOS2 1/2b Animal Kolhapur 2002

ILCC365 1/2b Food Agra 2009 Aurora 2009

ILCCO40 172D Animal Kolhapur 2001

ILCCI40 1720 Human Kolhapur 2006 Kalekar 2011

ILCCO% 172 Human Pondicherry 2006

ILCCE20 1720 Human Thi 2012

ILCCE21 1/2b Human 2012

ILCCI96 1720 Food 2005 Gawade 2010

ILCCI97 1/2b Food 2005 Gawade 2010

ILCC285 1/2b Food 2004

ILCC297 1/2b Food 2004

ILCC395 1720 Food Kolhapur 2001

ILCCTI7 1/2b Food Barapani (NE) 2014

ILCCS22 120 Environmental Kolhapur 2010 Doijad 2011

ILCC643 1/2b Food Agra 2013

ILCCSS8 1/2b Animal Mumbai 2010 Raorane 2014

ILCC673 1720 Food Barapani (NE) 2014

ILCCG83 1722 Food Barapani (NE) 2014

ILCCO0S 1722 Animal Goa 2001

1LCC207 172 Food Goa 2008 Parihar 2008

ILCC302 1722 Food Mumbai 2004

ILCCISS 1722 Food Nagpur 2008

ILCCE80 172 Food Barapani (NE) 2014

1ILCCO23 172 Food Nagpur 2008

ILCCI44 112 Animal Goa 2001

ILCCI48 1722 Animal Munbai 2005

ILCCI49 1722 Animal Mumbai 2008

ILCCIS2 1122 Food Mumbai 2004

ILCCI60 1722 Food Goa 2006 Doijad 2010

1LCC237 12 Human Nagpur

ILCC820 4b Human Kerla 2014

ILCC484 4b Environmental Nagpur 2008

ILCC243 4b Animal Gujarat 2009 Yadava and Roy 2009

ILCCT37 4b Animal Gujarat 2009 Yadava and Roy 2009

ILCCSI16 4b Environmental - Goa 2010 Poharkar 2013

ILCCITL 4b Animal Nagpur 2006 Kalorey 2006

ILCCA60._dh Humay Baeill 013

ILCCG64 4b Human Bareilly 2013

ILCC244 4b Human Mumbai 2005

ILCC271% 4b Food Nagpur 2008 Kalorey 2008

ILCCO0L 4b Food Goa 2006 Doijad 2010

ILCCO06_ 4b Animal Kolhapur 2001

1LCC026% 4b Human Goa 2006 Kalekar 2011

ILCCAgs_ 4b Environmental - Nagpur 2008

1ccoas® ap Animal Nagpur 2006 Kalorey 2006

ILCCo16% 4b Human Kolhapur 2007 Kalekar 2011

ILCC636 4b Food Bareilly 2013

ILCCE39 4b Food Bareilly 2013

1LCCO17, 4b Human Kolhapur 2009 Kalekar 2011

1LCC004¥ 41y Animal Kolhapur 2001

ILCC625 4b Human Nagpur 2013

ILCC627 4b, Human Nagpur

ILCC466 4b Food Margaon 2006 Doijad 2010

ILCCo44 4b Food Agra 013

ILCCO4S 4b Animal Punjab 2007

ILCCIS4, 4b Food Goa 2006 Doijad 2010

1LCCG07¥ 4b Invertebrates  Goa

ILCCO30 4b Human Pondicherry 2006

ILCCO32 4b Human Pondicherry 2006 Kalekar 2011

ILCCO36 4b Human Mumbai 2005 Kalckar 2011

1LCCOT9 4b Human G 2010 Kalekar 2011

ILCCO98 _ 4b Human Agra 2006 Kalekar 2011
l 1.cco2s®ap Human Agna 2006 Kalekar 2011

ILCC235 4b Food Nagpur 2007 Jallewar 2007

ILCC647 4b Animal Kashmir 2013

ILCC649 4b Animal Bareilly 2013

ILCCOs1 4b Animal Kashmir 2013

ILCCES6 4b Animal Baeilly 2013

1LCC300_a Sood N 04

ILCC671 4b Food Barapani (NE) 2014

1LCCT0S 4b Food Barapani (NE) 2014

Jammu

Shivamoga

Thrissur

Figure 1 (A) Ascl and Apal enzyme-generated pulsed-field gel electrophoresis patterns of 98 representative L. monocytogenes strains from different sources,
times and geographical regions of India. Among the 4b serotype strains observed in the culture collections, 68.80% exhibited unique pulsotypes and were
designated as the Ind-4b-dom-pulsotype (marked with the red square), thus suggesting the persistence of a dominant clone across India. *sequenced strain.
(B) Geographic locations in India from which the L. monocytogenes 4b strains with dominant pulsotypes were obtained. These locations represent the sub-
collection centers that independently studied the occurrences of L. monocytogenes from different sources within the associated geographical regions.
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set of 2401 core genes (Supplementary Figure S3). We also
included the genome sequences of three serotype 4b strains
from India, which were available from an independent study, for
comparison.> All of the sequenced strains in this study and
the strains from the independent study grouped together with
L. monocytogenes F2365, which is a well-characterized outbreak
strain from the Jalisco soft cheese outbreak in 1986/7 in the United
States, and shared 2747 genes with this strain. A total of 18 genes,
including the gene for the internalin B protein, were truncated
in the outbreak-causing F2365 strain;* however, all of these genes
were intact in the strains sequenced in this study. In addition, the
average nucleotide identity of all of these serotype 4b strains,
including three strains from an independent study, was 99.99%,
thus supporting their highly clonal nature.

To examine the similarity at the nucleotide level, we performed
comparative single nucleotide polymorphism (SNP) analyses
of the sequenced strains against the F2365 reference strain. A total
of 377 SNPs were observed, and 83 of these SNPs were commonly
present (Supplementary Table S4). The individual strains exhibited
between 155 and 230 unique SNPs per strain. Compared with F2365
and with the exception of the prophage insertions, the few discre-
pancies based on the synteny of the genomes of the clonal strains were
apparently due to the occurrence of these putative transposases. These
transposases were similar in sequence and were present as inverted
elements in the various genomes examined in this study
(Supplementary Table S4, Supplementary Figures S4 and S5). The
regions flanking these elements were variable and identified as
hotspots for SNPs and deletions, which indicated microevolution
amongst the strains. Overall, the conservation of the genome was
remarkable, given that the strains were obtained from over an
extended period (13 years) from different isolation sources and diverse
geographical locations.

Prophages were observed in the seven of the 11 strains. Two
prophages of 37.8 and 37.6 kb were inserted at identical locations in
five strains, that is, ILCC004, ILCC026, ILCC028, ILCC271 and
ILCC607. ILCC616 harbored only the 37.8 kb bacteriophage. These
bacteriophages are similar to the previously described Listeria phages
LP-030-02 and LP-030-03 and are members of the family Myoviridae.?
All of the detected prophages were identical in terms of nucleotide
sequences and sizes. The only exception was observed in ILCC619, in
which three different prophages with sizes of 16.25, 36.5 and 36.96 kb
were detected at discrete locations. Thus, some of these clonal strains
could be differentiated only on the basis of the types and locations of
the prophages.

To permit comparisons with known L. monocytogenes strains, we
performed backward compatibility studies by determining both the
multilocus  sequence types (MLSTs) and multi-virulence-locus
sequence types (MVLSTs) of all the strains. The MLST analysis
revealed that 10 of the 11 strains were sequence type (ST) 328, and
one strain was ST1. ST328 is a single locus variant of ST1 that was
assigned to a strain from 1936 and is representative of clonal complex
I (CC1) of L. monocytogenes (Supplementary Figure S6). Interestingly,
we noted that of the nine previously reported ST328 strains in the
Listeria-MLST database that were from an independent study, eight
were from India and a single strain was from Australia. These eight
ST238 strains were isolated from the environment and foods. Among
the seven CCs that had previously been demonstrated to be associated
with clinical cases, CCl was slightly more diverse, with a central
genotype that exhibited two single locus variants with additional
variants (Supplementary Figure S6).” According to surveys of isolates
obtained from foods, food processing plants and other habitats, CC1
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strains are apparently ubiquitous in the environment and have
repeatedly been introduced into foods,® thus probably reflecting the
greater fitness of the CCl strains in the environment® and possibly
accounting for the frequent isolation of CCl strains throughout the
country.

The MVLST analyses indicated that these strains were of the
virulence profile type 20 (VT20) and were members of the
epidemic clone I group (Supplementary Figure S7). In a previous
study, we have found that 84% of all serotype 4b strains from ILCC
belonged to VT20, thus supporting the persistence of a single
clone.’ of the CCI/VT20 group have previously
been implicated in foodborne outbreaks in Nova Scotia (1981),
Switzerland (1983-1987), the United States (1986 and 1987)
and France (1992).!1° The PFGE profiles (Apal and Ascl) of the
strains for a given CC can vary considerably.!” In contrast,
however, the PFGE profiles of the CC1 strains in this study
thus suggesting
supporting their clonal nature. Moreover, the three serotype 4b
strains from the independent study® have also been observed to be
of the MLST ST328 (CC1) and MVLST VT20 varieties, thus
supporting the spread or persistence of the clonal serotype 4b
strain in India.

In conclusion, our study provides strong evidence for the circula-
tion of a stable and widespread epidemic clone of L. monocytogenes
serotype 4b in the Indian subcontinent (Figure 1B). The routes of
transmission of this clone (‘Ind-4b-dom-pulsotype’, ST328, VT20),
which is geographically unique and distributed over enormous

Strains

were highly homogeneous, robustness and

distances in both space and time, are presently unknown. The
frequency of the isolation of this pathogenic major clone from
different sources warrants further attention and indicates the need
for further studies of its influence on public health and foodborne
diseases in India. The occurrence of ST328 appears to be restricted
primarily to India, and investigations into its presence in different
countries, particularly those in East and Southeast Asia, should be
conducted.
Materials and methods are provided in Supplementary Data.
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