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ABSTRACT Some life-threatening, foodborne, and zoonotic infections are transmit-
ted through poultry birds. Inappropriate and indiscriminate use of antimicrobials in
the livestock industry has led to an increased prevalence of multidrug-resistant bac-
teria with epidemic potential. Here, we present a functional molecular epidemiologi-
cal analysis entailing the phenotypic and whole-genome sequence-based character-
ization of 11 H. pullorum isolates from broiler and free-range chickens sampled from
retail wet markets in Hyderabad City, India. Antimicrobial susceptibility tests revealed
all of the isolates to be resistant to multiple antibiotic classes such as fluoroquinolo-
nes, cephalosporins, sulfonamides, and macrolides. The isolates were also found to
be extended-spectrum �-lactamase producers and were even resistant to clavulanic
acid. Whole-genome sequencing and comparative genomic analysis of these isolates
revealed the presence of five or six well-characterized antimicrobial resistance genes,
including those encoding a resistance-nodulation-division efflux pump(s). Phyloge-
netic analysis combined with pan-genome analysis revealed a remarkable degree of
genetic diversity among the isolates from free-range chickens; in contrast, a high de-
gree of genetic similarity was observed among broiler chicken isolates. Comparative
genomic analysis of all publicly available H. pullorum genomes, including our isolates
(n � 16), together with the genomes of 17 other Helicobacter species, revealed a
high number (8,560) of H. pullorum-specific protein-encoding genes, with an average
of 535 such genes per isolate. In silico virulence screening identified 182 important
virulence genes and also revealed high strain-specific gene content in isolates from
free-range chickens (average, 34) compared to broiler chicken isolates. A significant
prevalence of prophages (ranging from 1 to 9) and a significant presence of
genomic islands (0 to 4) were observed in free-range and broiler chicken isolates.
Taken together, these observations provide significant baseline data for functional
molecular infection epidemiology of nonpyloric Helicobacter species such as H. pullo-
rum by unraveling their evolution in chickens and their possible zoonotic transmis-
sion to humans.

IMPORTANCE Globally, the poultry industry is expanding with an ever-growing con-
sumer base for chicken meat. Given this, food-associated transmission of multidrug-
resistant bacteria represents an important health care issue. Our study involves a
critical baseline approach directed at genome sequence-based epidemiology and
transmission dynamics of H. pullorum, a poultry pathogen having established zoo-
notic potential. We believe our studies would facilitate the development of surveil-
lance systems that ensure the safety of food for humans and guide public health
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policies related to the use of antibiotics in animal feed in countries such as India.
We sequenced 11 new genomes of H. pullorum as a part of this study. These ge-
nomes would provide much value in addition to the ongoing comparative genomic
studies of helicobacters.

KEYWORDS Helicobacters, genomics, molecular epidemiology, poultry

Helicobacter pullorum is a urease-negative, bile-resistant bacterium that was first
isolated from the ceca of asymptomatic poultry and was also recovered from the

intestinal contents and livers of laying hens with enteritis and vibrionic hepatitis (1).
This nonpyloric Helicobacter species has also been isolated from people suffering from
gastroenteritis (1–4) and is likely to be associated with inflammatory bowel disease (5,
6) and chronic liver disease (7–12). Laharie et al. (13) also detected DNA of H. pullorum
and H. canadensis in Crohn’s disease patients, as well as in controls. Moreover, several
reports suggest that some enterohepatic Helicobacter species, such as Helicobacter
hepaticus, Helicobacter bilis, Helicobacter canis, Helicobacter cinaedi, and H. pullorum,
produce a common, well-characterized bacterial virulence factor, the cytolethal dis-
tending toxin (CDT) (14–18). This bacterial protein triggers G2/M cell cycle arrest in a
wide range of mammalian cell lines, leading to enlarged or distended cells dying with
apoptosis (19). A recent finding also highlighted that CDT in H. pullorum is responsible
for major cytopathogenic effects in vitro, reinforcing its role as a major virulence factor
in pathogenesis (20).

The infectious disease burden is very high globally, and inappropriate and irrational
use of antimicrobial agents against these infectious diseases has already resulted in the
emergence of multidrug-resistant (MDR) bacteria. The prevalence of MDR organisms in
livestock and their products has traditionally been linked to the disproportionate use of
antimicrobials in veterinary practice and animal husbandry settings in the form of
prophylactic agents and growth promoters (21). These drug-resistant bacteria greatly
reduce treatment efficacy and cause increased morbidity and mortality in livestock, as
well as in humans (22). The problem of antimicrobial resistance (AMR) is even more
complex in developing countries because of high population density, poor sanitation,
and less stringent antibiotic policies. In addition to this, there are only a few novel
antimicrobial agents that are expected to be available for use in the next few years (23).

The problem of AMR is one of the greatest threats to public health. The resistant
bacteria and their associated genes can move within and between populations of
humans and animals, which makes AMR a contentious issue. As this problem continues
to grow, it is imperative to characterize organisms that are resistant to multiple
antimicrobial agents so that epidemiological surveillance data can be reliably obtained.

Chickens are used as a major source of food proteins worldwide. In India, consump-
tion of poultry meat is growing at about 12% a year, making it one of the fastest-
growing markets in the world (National Sample Survey Office of India report, 2014). In
order to fulfill the high demand for chicken meat, poultry farmers or feed manufactur-
ers may resort to the use of growth promoters, including various antibiotics, sometimes
indiscriminately, for faster weight gain by chickens. Moreover, epidemiological inves-
tigations suggest that the majority of the foodborne bacterial infections caused by
different enteric pathogens majorly spread through foods of animal origin (24, 25). The
mainstream medical literature lacks any report from India or other developing countries
on systematic epidemiological tracking of bacterial pathogens from poultry, in partic-
ular, H. pullorum. In poultry, H. pullorum was found to colonize predominantly the
cecum (26). Recently, Borges et al. isolated H. pullorum directly from chicken meat (27).
The presence of H. pullorum on poultry carcasses has also been reported, which might
be due to contamination during the poultry rearing, handling, and slaughtering
processes (28). Therefore, with the risk of zoonosis together with its ability to spread
AMR, H. pullorum could be an emerging foodborne human pathogen that needs to be
deciphered at the genomic and molecular levels, particularly by elucidating its zoonotic
potential.
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In this study, we attempted to rigorously characterize a modest set of H. pullorum
isolates with respect to their multidrug resistance potential and their genome sequence-
based phylogeny and epidemiology by analyzing their core and pan-genomes, mobilome,
and virulence gene repertoire.

RESULTS
Isolation, characterization, and genome sequencing of H. pullorum isolates. We

isolated 11 H. pullorum isolates from 100 chicken samples that were collected from
seven different retail wet markets in Hyderabad City, India. These 11 isolates originated
from four different markets that were spread out in different places in Hyderabad
City. Of these 11 strains, 6 were isolated from free-range chickens and were
designated NAP1W4, NAP2W5, NAP3W17, NAP5W19, NAP6W24, and NAP8W25 and
5 were from broiler chickens and named NAP10B8, NAP11B31, NAP12B32, NAP13B35,
and NAP14B36. The broiler chickens we sampled were reared on farms that employ
formula feed supplemented with antibiotics, while the free-range chickens originated
in rural areas. Gram staining and urease testing revealed small, curved, Gram-negative,
and urease-negative bacilli that were confirmed as H. pullorum by species-specific PCR
and 16S rRNA gene sequencing. Whole-genome sequencing (WGS) of 11 H. pullorum
isolates produced high-quality genomic assemblies. The detailed genome characteris-
tics of the 11 sequenced H. pullorum isolates are shown in Table 1, and an alignment
of their whole genome sequences with the H. pullorum MIT985489 genome as a
reference is shown in Fig. 1. The result of BLAST ring image generator (BRIG) analysis
of this whole-genome alignment demonstrated that the 11 H. pullorum isolates of
free-range and broiler chickens together with 1 H. pullorum isolate from a human were
homogeneous in their genetic architecture, with no significant genomic divergence
despite their geographic and host differences.

Antimicrobial susceptibility profiles and identification of AMR genes. All of the
isolates from both broiler and free-range chickens were found to be MDR, as all 11
isolates were resistant to at least three different antibiotic classes. The isolates from
broiler and free-range chickens did not show any significant difference in their antibi-
otic resistance profiles, as shown in Table 2. The AMR rates of broiler and free-range
chicken isolates were found to be 100% for nalidixic acid, enrofloxacin, co-trimoxazole,
and cefotaxime, while 80% of the broiler and 83% of the free-range chicken isolates
were resistant to ciprofloxacin. Also, 80% of the broiler and 67% of the free-range
chicken isolates were resistant to clarithromycin. However, all of the isolates were
susceptible to tetracycline, neomycin, chloramphenicol, and colistin. Phenotypically,
the rate of extended-spectrum �-lactamase (ESBL) production in broiler and free-range
chicken isolates was found to be 100%. In addition, all of the ESBL producers were
resistant to the beta-lactamase inhibitor clavulanic acid. Correlating with the pheno-
typic observations, the genomic data of all of the isolates showed the presence of five
or six well-characterized AMR genes linked to resistance to various antibiotic classes
(see Table S2 in the supplemental material). All of the strains, irrespective of their

TABLE 1 Genome statistics of the whole-genome sequences of the 11 H. pullorum isolates in this study

Strain
Avg fold genome
coverage

No. of
contigs

Genome
size (bp)

No. of
CDSs

Avg CDS
length (bp)

% coding
capacity % G�C

No. of genes

rRNA tRNA

NAP1W4 202 162 1,889,077 1,947 885 88.2 34.16 3 37
NAP2W5 212 140 1,804,031 1,814 886 89.1 34.38 3 36
NAP3W17 286 74 1,733,930 1,746 906 91.2 34.44 3 37
NAP5W19 166 127 1,731,995 1,719 893 88.6 34.45 3 36
NAP6W24 171 108 1,691,767 1,688 904 90.2 34.56 5 38
NAP8W25 110 134 1,783,256 1,819 883 90 34.25 3 37
NAP10B8 119 105 1,717,485 1,705 907 90.1 34.46 4 36
NAP11B31 80 139 1,862,853 1,886 876 88.7 34.08 3 37
NAP12B32 97 130 1,856,360 1,883 877 88.9 34.11 2 36
NAP13B35 83 123 1,856,511 1,881 885 89.6 34.11 2 36
NAP14B36 76 101 1,855,374 1,888 879 89.4 34.11 3 36
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isolation source, were found to harbor common AMR-associated genes such as the
elfamycin resistance gene tufA, a quinolone/fluoroquinolone resistance-related gene
encoding DNA gyrase subunit A, and a multidrug resistance-nodulation-division (RND)
family transporter efflux pump gene (cmeB). All of the isolates carried aminoglycoside
resistance gene aph(3�)-Ib, except for one free-range chicken isolate, NAP8W25. The
broiler chicken isolates carried one or two additional genes encoding aminoglycoside
resistance (see Table S2 in the supplemental material).

Phylogenetic analysis. To determine the genetic relatedness of heterogeneous
Helicobacter species and H. pullorum strains, we performed a consensus bootstrapped
core genome maximum-likelihood-based phylogenetic analysis. The results showed
that all 33 Helicobacter, Wolinella, and Campylobacter genomes could be broadly
separated into two distinct clusters (Fig. 2). H. canadensis and H. rodentium clustered
closely with H. pullorum isolates, revealing high similarity to H. pullorum among all of
the other Helicobacter species analyzed. This is in agreement with the previous reports
of 16S rRNA gene-based phylogenetic analyses (29, 30). Interestingly, the genomes of
Wolinella succinogenes and Campylobacter jejuni, although they belong to different
genera, coclustered with H. pullorum, exhibiting their genetic relatedness to the latter.

The phylogenetic diversity within H. pullorum isolates is depicted by a tree in Fig. 3.
From the phylogenetic tree, we could glean that all of our H. pullorum isolates were
intermixed with each other, forming mixed clusters, irrespective of their geographic
origins and isolation sources. Hence, our results suggest that our H. pullorum strains did

FIG 1 Whole-genome alignment of H. pullorum comprising six free-range (green) and five broiler (blue) chicken isolates generated by BRIG
with the H. pullorum MIT985489 genome positioned as a reference. The key to the right lists the isolates from top to bottom as they appear
from the inside of the circle toward the outside.
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not show geographically restricted lineages, unlike H. pylori. Additionally, H. pullorum
strains from broiler and free-range chickens and a single human isolate showed mixed
clusters, indicating that H. pullorum strains from different hosts and geographical
locations share significant genetic features with each other and they particularly did not
exhibit a host-specific genomic architecture. The results also demonstrated that the H.
pullorum isolates from broiler chickens were genetically more similar than H. pullorum
isolates from free-range chickens (Fig. 3).

Core and pan-genome analysis. The core genome contents of 11 sequenced H.
pullorum strains, H. pullorum strain 229313, and human-derived strain MIT985489 were
analyzed by OrthoMCL. A total of 25,438 proteins were predicted from the 13 strains.
These predicted proteins formed 2,188 orthologous gene clusters. Of these, around
1,359 orthologous gene clusters were found to constitute the core genome. Of the
1,359 core gene clusters, 1,041 could be characterized into various functional categories
according to the Clusters of Orthologous Groups of proteins (COG) database, as shown
in Fig. 4. The COG functional classification revealed a large proportion of genes
belonging to the J, E, and M functional classes. Class J contains genes having functions
related to translation, ribosomal structure, and biogenesis, while classes E and M consist
of genes involved in amino acid transport/metabolism, and cell wall/envelope biogen-
esis, respectively. The core genome comprised genes encoding multidrug efflux pumps,
which contribute to intrinsic drug resistance in bacteria (31). The genes encoding
metallo-�-lactamase enzymes that confer resistance to �-lactam antibiotics, including
carbapenems, were also identified in the core genome. H. pullorum-specific gene
content analysis revealed a total of 8,560 H. pullorum-specific proteins among all 16 H.
pullorum isolates, with an average of 535 specific proteins per isolate. Of the total of
8,560 H. pullorum-specific genes, 83% (7,136) belong to a hypothetical category
whereas the remaining 17% (1,424) were classified into different COG categories, with
the majority of them being assigned to cell wall/membrane/envelope biogenesis,
transcription, defense mechanisms, and other multiple classes.

Further analysis of our H. pullorum isolates for the presence of strain-specific content
revealed a total of 327 strain-specific genes. H. pullorum strains from free-range
chickens were found to contain 204 strain-specific genes, with an average of 34 genes

TABLE 2 Prevalence of antimicrobial resistance in H. pullorum isolates obtained from free-
range and broiler chickens

Phenotype

Overall prevalence
of resistance
phenotype in
population (%)

Estimated fraction due
to isolates from:

Free-range
chickens

Broiler
chickens

Quinolone/fluoroquinolone resistance
Ciprofloxacin 82 0.55 0.44
Nalidixic acid 100 0.54 0.45
Enrofloxacin 100 0.54 0.45

Sulfonamide/trimethoprim (co-
trimoxazole) resistance

100 0.54 0.45

Cephalosporin (cefotaxime) resistance 100 0.54 0.45
Macrolide (clarithromycin) resistance 73 0.50 0.50
Aminoglycoside (neomycin) resistance 0 0 0
Phenicol (chloramphenicol) resistance 0 0 0

Tetracycline resistance
Oxytetracycline 0 0 0
Chlortetracycline 0 0 0
Doxycycline hydrochloride 0 0 0

Miscellaneous (colistin) resistance 0 0 0
ESBL production 100 0.54 0.45
Clavulanic acid resistance 100 0.54 0.45
Multidrug resistance 100 0.54 0.45
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per genome, while H. pullorum from broiler chicken strains contained only 14 strain-
specific genes. The genomes of H. pullorum strains 229313 and MIT985489 carried 59
and 50 strain-specific genes, respectively (Fig. 5). Analysis of these strain-specific genes
revealed that a majority of them were predicted to code for hypothetical proteins,
prophages, transposons, and functions related to cell wall/envelope biogenesis and

FIG 2 Core genome-based consensus maximum-likelihood phylogenetic tree of 11 in-house and 5
publicly available H. pullorum genomes with 1 C. jejuni, 1 W. succinogenes, and 17 other Helicobacter
species genomes. The tree was generated after 1,000 replicates/bootstraps with RAxML. The output of
RAxML was visualized with the iTOL tool.

FIG 3 Core genome-based consensus maximum-likelihood phylogenetic tree of only H. pullorum isolates
comprising 11 in-house and 5 publicly available H. pullorum genomes. The tree was generated after 1,000
replicates/bootstraps with RAxML and visualized by the iTOL tool. FRC, free-range chicken isolates; BC,
broiler chicken isolates.

Qumar et al. Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02305-16 aem.asm.org 6

http://aem.asm.org


transcription. In addition, some of these genes also code for type IV DNA secretion
systems and type I restriction-modification systems. Moreover, a few strain-specific
genes were also found to be associated with bacterial defense mechanisms, replication,
recombination, and signal transduction.

Identification of virulence factors and mobile genetic elements. To understand
the pathogenicity of H. pullorum and the most prevalent virulence profiles, we inves-
tigated the virulence gene contents of all of our isolates. A total of 182 different
virulence factors were predicted from among our H. pullorum isolates (see Table S3 in
the supplemental material). The results revealed that around 116 virulence genes were
conserved in all of the H. pullorum isolates; the other 66 genes were present in some
but absent from other strains of H. pullorum. It was found that about 40 such virulence
genes encode functions related to bacterial motility that could be essential for the
colonization of chicken ceca by bacteria. The presence of a histidine kinase (FlgS) and
a response regulator protein (FlgR) also indicated the existence of bacterial two-
component regulatory (TCR) systems. A total of 20 genes were found to encode

FIG 4 COG functional classification of 1,041 core genes obtained by comparing 13 H. pullorum isolates (11 in-house and 2 publicly available genomes). On the
x axis is the number of genes in each functional category on the y axis.
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adhesion function proteins with the unique characteristic of being heat stable. Other
virulence factors identified in H. pullorum strains included 18 genes that are part of a
glycosylation system and 7 genes coding for hypothetical lipopolysaccharide endotox-
ins. Most importantly, all of the isolates encoded the CdtB subunit of a common cell
cycle-arresting cytotoxic protein named CDT.

The draft genome sequences of H. pullorum strains from both broiler and free-range
chickens were also screened for the presence of putative phage sequences, genomic
islands, and insertion elements. The genomes of broiler chicken isolates NAP11B31,
NAP12B32, and NAP13B35 carried various phage remnants along with one intact phage
region. While NAP14B36 carried only one intact phage sequence, NAP10B8 harbored
four incomplete phage regions. The sizes of the intact phage regions present in
NAP11B31, NAP12B32, NAP13B35, and NAP14B36 were found to be 8.7, 6.4, 7.7, and
19.8 kb, respectively, containing 18, 12, 15, and 24 coding sequences (CDS), respec-
tively. All intact phage regions contained Escherichia phage vB_EcoM-ep3, except for
the intact region of NAP11B31, which contained Stenotrophomonas phage Smp131 of
Stenotrophomonas maltophilia.

All of the H. pullorum isolates from free-range chickens contained incomplete phage-
associated regions of various sizes, ranging from 5.6 to 15.8 kb. Cronobacter sakazakii phage
GAP32 and Cafeteria roenbergensis phage BV-PW1 were the common phage-associated
regions found in these isolates. These phage-associated regions consisted of genes encod-
ing putative functions relevant to bacterial metabolism, membrane-associated protein
functions, restriction-modification systems, and metalloproteases together with phage-
related tail and base plate assembly proteins and some hypothetical proteins. For detailed
descriptions of the phages identified in the genomes of H. pullorum and their gene
contents, see Table S4 in the supplemental material.

Several genomic islands ranging in size from 4 to 67 kb were identified in 7 of the
11 H. pullorum genomes sequenced. No genomic island was detected in the NAP2W5,
NAP3W17, NAP6W24, or NAP10B8 isolate. These islands mainly contain genes associ-
ated with bacterial outer membrane proteins, type II/IV and VI secretory systems,
restriction-modification system(s), and putative hypothetical proteins. Table S5 in the
supplemental material presents a detailed account of all of the genomic islands
identified in seven isolates along with their major predicted functions.

DISCUSSION

From the above observations, it is evident that our study exhaustively unraveled, as
a pioneering effort, the genotypic, phenotypic, chromosomal, and molecular charac-

FIG 5 Diagrammatic representation of core and specific gene contents of free-range and broiler chicken
isolates and two other H. pullorum strains (MIT985489 and 229313).
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teristics of H. pullorum isolates from the intestines of broiler and free-range chickens in
India. Other studies (26, 32) previously reported on the prevalence of H. pullorum in the
raw meat, cecum, and liver of poultry from different countries, which could possibly
pose a high health risk to humans via its transmission through food similar to that of
Campylobacter species. However, the prevalence and molecular characteristics of H.
pullorum from chicken carcasses have not been studied in greater detail, including the
genomic and epidemiological attributes of field strains. Our study also gains signifi-
cance in the Indian context, as there is currently no effective implementation of
antibiotic use guidelines in the poultry industry in this vast country that has a
predominantly agriculture-based and rural-area-focused economy. On the other hand,
the rate of consumption of chicken meat is increasing exponentially. The reason for the
paucity of work in this area could be that H. pullorum is a fastidious organism and its
isolation is troublesome; this has, in many ways, hindered the establishment of this
organism as a foodborne pathogen. In this study, we validated and reassessed the
usefulness of a convenient method for isolation of H. pullorum from the poultry cecum,
a membrane filter technique described earlier (26).

Further, we have comprehensively characterized the AMR profiles of H. pullorum
isolates from both broiler and free-range chickens by testing them against several
different classes of antibiotics and also compared their genomic features. Previous
studies involving antimicrobial susceptibilities of H. pullorum by Zanoni et al. (26) and
Ceelen et al. (33) did not detect resistance to the macrolide and fluoroquinolone
classes. Although Borges et al. (27) reported H. pullorum resistance against fluoroquino-
lones, they only included four strains isolated from a single poultry source and did not
examine the ESBL production of H. pullorum strains. In our study, we found that all of
the isolates were MDR, irrespective of their isolation source. Our findings showed that
all of our Indian isolates were prominent in harboring resistance to various classes of
antibiotics (quinolones/fluoroquinolones, cephalosporins, sulfonamides, and macro-
lides), unlike previous reports (26, 33). Moreover, all of our isolates were also resistant
to clavulanic acid. We were expecting a lower prevalence of AMR in free-range chicken
isolates because there is no intensive use of antibiotics in their rearing process, unlike
that of broiler chickens. Surprisingly, our broiler and free-range chicken isolates showed
similar resistance patterns, which might be due to the ability of these bacteria to
acquire genes horizontally (34) from resistant microorganisms in the surrounding
environment as the exposure of free-range chickens to environmental contamination is
much greater than that of farm-reared chickens (35, 36). This could also be due to the
indiscriminate use of antibiotics in humans and animals, which results in high selection
pressure. Free-range chickens have high exposure to human and animal excreta and
their wastes. Because they inhabit human communities, these birds pick up antibiotic
residues/resistance determinants, thus making their gut microbiota resistant to differ-
ent antibiotics. We believe that this is how the free-range and broiler chicken isolates
in this study came to have similar AMR profiles.

Resistance to clavulanate might be due to hyperproduction of the enzyme beta-
lactamase, which overwhelms the action of this enzyme inhibitor (37). However, the
presence of an RND family efflux pump(s) and its involvement in clavulanate resistance
cannot be ruled out because of its wide range of efflux substrates (38, 39). In addition
to performing phenotypic antimicrobial susceptibility tests, we also genotypically
confirmed the presence of molecular determinants of AMR toward elfamycin, quino-
lone/fluoroquinolone resistance genes, and a multidrug RND family transporter efflux
pump in all of our isolates, with the aminoglycoside resistance genes being predom-
inant (92% of our isolates). In particular, more aminoglycoside resistance genes were
detected in H. pullorum from broiler chickens than in H. pullorum from free-range
chickens.

The core genome is the part of a genome that is present in all of the isolates of a
species and is crucial for survival in a particular habitat. Core genome analysis plays a
key role in determining population structure, which in turn sheds light on the evolu-
tionary trajectories of strains (40). Core genome-based phylogenetic analysis clearly
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demonstrated an interspecies genetic relatedness of Helicobacter isolates in cluster 1 of
Fig. 2. High intraspecies genomic diversity of H. pullorum from free-range chickens was
observed, as shown in Fig. 3. Analysis of phylogenetic trees revealed that the genomes
of W. succinogenes, C. jejuni, H. canadensis, H. rodentium, and H. pullorum clustered
together, showing high conservation of their core genome content compared to that
of other Helicobacter species, which indicates their common ancestry and suggests that
H. pullorum could have descended from or shared lineages with any of the above
species, particularly H. canadensis. The habitat of an organism also plays an important
role in the evolution of bacterial species, as some of them, such as H. canadensis (29),
C. jejuni, and H. pullorum, have the same host, and this might be the reason for shared
core genome contents compared to others. The presence of a remarkable number of
genomic islands and a large inventory of prophages in H. pullorum isolates points
toward plausibility of its ability to acquire genes via horizontal gene transfer, which has
a potential impact on the evolutionary adaptation of bacterial species (41).

Our analyses also made it clear that the genomes of H. pullorum isolates exhibited
some degree of genomic diversity, which is consistent with a previous study based on
two fingerprinting techniques, amplified fragment length polymorphism and pulsed-
field gel electrophoresis (42). We found that strains from free-range chickens were
genetically more diverse than broiler chicken isolates, which could possibly be due to
the unrestricted movement of free-range chickens in their surroundings, where con-
tinuous exposure to a large number of microorganisms from a variety of foods and
contaminated water and air shapes their gut microbiota composition. In contrast,
broiler chickens were restricted at a specific place and fed formula feed with a clean
water supply and compulsory exposure to antibiotics used as anabolics and adminis-
tered also for prophylaxis and treatment. Because of this restricted environment and
the continuous selection pressure of antibiotics, it was obvious that the guts of broiler
chickens on poultry farms would contain a largely clonal and identical repertoire of
microbial species that would be very different from that of their free-ranging counter-
parts. Hence, we saw less diversity in H. pullorum isolates obtained from broiler
chickens.

Corroborating the results of whole-genome phylogeny, the results of strain-specific
gene content analysis confirmed the increased genomic diversity of H. pullorum from
free-range chickens. Consequently, we identified a higher number of specific genes in
all of our free-range chicken isolates than in our broiler chicken isolates, three of which
were completely lacking specific genes, while only 12 and 2 specific genes were
observed in two such isolates. According to our restricted/unrestricted-movement
assumption, free-range chickens have an opportunity to make their gut microbiota
more dynamic and more prone to acquire genetically diverse bacteria from their
surroundings than broiler chickens.

Although the pathogenic mechanisms of H. pullorum are not well understood, it is
known that adherence, cell invasion, and intracellular resistance, along with toxin-
producing factors, are prerequisites for establishing a bacterial infection and for its
outcome. As motility is an essential process involved in direct colonization (43), the
presence of a notable number of virulence genes associated with bacterial motility and
signal transduction indicates H. pullorum’s potential to colonize chickens, as well as
humans. Also, the presence of genes for a TCR system in H. pullorum may suggest its
importance in supporting bacterial growth at various temperatures in different hosts
(44).

A noteworthy number of genes were found to be associated with bacterial adher-
ence, immune evasion, and glycosylation systems. These genes mostly correspond to
bacterial membranous lipopolysaccharides and capsule biosynthesis and are consid-
ered heat-stable antigens and therefore may be required for the pathogen’s stability
and proper function at the high body temperature of chickens. In addition, the
presence of about 20 glycosylation system-related genes makes it highly probable that
they are required to change the carbohydrate structure and thus orient carbohydrates
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to mimic surface-exposed host carbohydrate molecules, as in Guillain-Barre syndrome
caused by C. jejuni (45).

In our virulence factor analysis, we found genes for synthesizing a common subunit
of CDT, CdtB. We identified it as a C. jejuni-like toxin subunit; CdtB in H. pullorum was
found to possess characteristics of type I DNases. Brief exposure of cultured cells to this
subunit results in remarkable chromatin disruption, induction of cytoplasmic distention,
and eventually cell cycle arrest (46). So, the existence of this protein in H. pullorum
might play an important role in several complications associated with human, as well
as animal, health.

Besides these virulence factors, the core genomes of all of our H. pullorum isolates
were found to have an RND family efflux pump, which is not restricted only to drugs
but could also play an important role in bacterial pathogenicity. In addition to their
wide range of efflux substrates, these multiple drug resistance pumps also facilitate
bacterial adaptation to different niches (47). The presence of AcrAB-TolC and CmeABC
RND efflux pumps suggests H. pullorum’s extraordinary defense against a wide range of
host-derived substrates, and these pumps could also play an important role in bacterial
adherence to and invasion of host epithelial cells, as observed in Salmonella Typhimu-
rium (48) and C. jejuni (49) infections, respectively. Because of the wide range of
antibiotic resistances associated with them, multiple-drug efflux pumps may also serve
as potential antibacterial targets, as their inhibition may help to achieve the maximum
effectiveness of current and future antibiotics (50).

In conclusion, our study suggests that chickens could be a major source for
transmission of the emerging MDR pathogen H. pullorum from poultry to humans.
Additionally, our study provides a strong argument that H. pullorum is an emerging
foodborne pathogen because of its high genomic relatedness to some seasoned
pathogens such as C. jejuni. Given that India has the world’s fifth largest poultry
industry and a large consumer base of approximately 500 million customers for
chicken meat, food-associated acquisition of AMR and MDR genes and virulence
genotypes and phenotypes represents an alarming situation, and our study con-
stitutes a baseline pioneering effort at dissecting this situation from a pathogen
biology and epidemiology point of view. This would likely underpin increased and
augmented surveillance systems for the safety of food for humans and also for
monitoring animal health. Further, the genomes newly sequenced in this study
would be an important resource for future studies involving the comparative
genomics and molecular epidemiology of pyloric and nonpyloric Helicobacter iso-
lates in different hosts.

MATERIALS AND METHODS
Sampling, isolation, and identification of strains. Samples from the gastrointestinal tracts of 55

broiler chickens and 45 free-range chickens from commercial retail poultry outlets were collected in
separate sterilized plastic tubes and processed within 3 to 4 h. The ceca were aseptically severed, and
their surfaces were washed with 1� phosphate-buffered saline to minimize contamination. The cecal
contents were removed, and tissues were cut into small pieces and put into a sterile tissue homogenizer
containing 5 ml of brain heart infusion (BHI) broth to get a homogeneous suspension. Tissue homog-
enates (100 �l) were diluted in 300 �l of BHI broth. Diluted samples were inoculated onto BHI agar
supplemented with 10% horse serum and antibiotics (vancomycin [10 mg/liter], amphotericin B [3
mg/liter], and cefoperazone [32 mg/liter]) by the modified filter technique of Steele and McDermott (51).
In brief, sterile cellulose acetate membrane filters (0.65-�m pore size) were applied with sterile tweezers
onto the surface of a BHI agar plate and 100 �l of diluted homogenate was placed in the middle of each
membrane filter. The plate was then incubated for 1 to 2 h in a microaerobic atmosphere (90% N2, 5%
O2, 5% CO2) at 37°C. The membrane filters were then removed with sterile tweezers, and the filtrate was
streaked onto the agar with a sterile loop. The plates were then incubated under the same conditions
for 3 to 4 days. Approximately 5 to 10 grayish white bacterial colonies were observed on the plates in
each case.

Colony PCR assays for the H. pullorum 16S rRNA gene with specific primers (forward, 5= ATG AAT
GCTAGT TGT TGT CAG 3=; reverse, 5= GAT TGG CTC CACTTC ACA 3=) were performed for confirmation to
the species level. Amplified products were run on 1.2% agarose gel and visualized with a gel documen-
tation system (Major Science, USA). Amplified products were also sequenced for further confirmation.

Antimicrobial susceptibility testing and identification of AMR genes. The standard Kirby-Bauer
disk diffusion method was used to test the antimicrobial susceptibility of all isolates. The antimicrobial
drugs (HiMedia, Mumbai, India) used for this experiment included oxytetracycline (30 �g), doxycycline
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hydrochloride (30 �g), chlortetracycline (30 �g), ciprofloxacin (5 �g), nalidixic acid (30 �g), enrofloxacin
(5 �g), chloramphenicol (30 �g), neomycin (10 �g), co-trimoxazole (25 �g), cefotaxime (30 �g),
clarithromycin (15 �g), and colistin (10 �g). To standardize the bacterial suspension (in BHI broth
medium), the bacterial density was adjusted to a 0.5 McFarland standard and spread over the entire
surface of each BHI agar plate with a sterile cotton swab. Antimicrobial discs were placed on the agar
surface with sterile tweezers, and then the plates were incubated at 37°C for 3 to 4 days under
microaerobic conditions as described before. A double-disc synergy test was used to check all isolates for
ESBL production (52). Thereafter, both results were interpreted according to Clinical and Laboratory
Standards Institute recommendations (73). In addition, the amino acid sequences encoded by the
predicted genes of 11 H. pullorum strains were compared with those in the comprehensive antibiotic
resistance database (http://arpcard.mcmaster.ca) by using BLASTp with identity and query coverage of
�50% and �80%, respectively.

Isolation of genomic DNA and WGS. Genomic DNA was extracted with the Qiagen DNeasy blood
and tissue kit (Qiagen, Germany). The yield and quality of DNA were assessed with a NanoDrop
spectrophotometer (Thermo Scientific). WGS of all isolates was carried out with the Illumina MiSeq
sequencer, which generated approximately 0.5 to 1.2 million paired-end reads of 300 bp, with an average
insert size of 400 to 500 bp. Filtering and trimming of the paired-end reads were done with the help of
NGS QC Toolkit (53) and FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), respectively. To deter-
mine the optimum hash length and the best assembly, VelevetOptimiser.pl script and Velvet (v1.2.10),
respectively, were employed (54). Gene prediction and functional annotation of the draft genomes were
carried out with RAST (Rapid Annotation Using Subsystem Technology) (55–57), followed by validation
with GeneMarkS (58) and Glimmer (59). Genome statistics of these strains were gleaned with ARTEMIS
(60). The numbers of tRNA and rRNA genes were identified with tRNAscan-SE (61) and RNAmmer (62),
respectively.

Phylogenetic analysis. The predicted amino acid sequences of 11 H. pullorum isolates along with 5
other strains of H. pullorum, 17 other Helicobacter species, 1 C. jejuni strain, and 1 Wolinella succinogenes
strain from the National Center for Biotechnology Information (see Table S1 in the supplemental
material) were compared all versus all with BLASTp, followed by the Markov clustering algorithm to
identify orthologs (63). Here, the percent identity threshold and E value were adjusted to 70% and
0.00001, respectively. Only genes comprising a minimum of 50 amino acids were included in ortholog
analysis. The orthologous gene clusters that did not have any paralogs were considered for further core
genome-based phylogeny. Core orthologous genes were aligned with Mafft by using default parameters,
followed by removal of gaps with TrimAL (64, 65). The processed alignments were concatenated by
using an in-house perl script and used as the input for RAxML (66). The program was run by using
the general time-reversible nucleotide substitution model with gamma correction. A consensus
maximum-likelihood-based phylogenetic tree was generated after 1,000 replicates/bootstraps. Sim-
ilarly, we constructed a separate phylogenetic tree exclusively for H. pullorum isolates of free-range
and broiler chickens to get a better understanding of their genotypic resemblance. The output of
RAxML was visualized with the interactive tree of life (iTOL) tool (67). Further, the whole genomes
of free-range and broiler chicken isolates of H. pullorum were also compared by using BRIG (68) to
visualize the approximate similarity within their genomes with BLASTn.

Core and pan-genome analysis. The sequenced H. pullorum isolates along with two others (human
H. pullorum isolate MIT985489 and poultry isolate 229313) were analyzed to calculate their core and
accessory genome contents. The orthologs were determined on the basis of the threshold values as
mentioned in the above section. The orthologous gene clusters that carried orthologs in all of the
genomes constituted the core content, whereas others were considered accessory gene content.

The specific gene content of H. pullorum was analyzed by pooling the predicted amino acid
sequences of 17 different species of Helicobacter (see Table S1 in the supplemental material) together
with all of our H. pullorum isolates (n � 16). Core and accessory gene contents were identified with the
OrthoMCL program. H. pullorum accessory genes were extracted from the pooled accessory gene content
of all Helicobacter species. BLASTp analysis was performed by using H. pullorum accessory proteins as the
query with Helicobacter accessory proteins as the database. The best hits of BLASTp output for each
protein were obtained, and proteins �70% identical were considered H. pullorum-specific proteins.
Further, H. pullorum strain-specific genes were also identified by using an in-house perl script. The
functional categories of the strain-specific genes were predicted by using the COG database (69). The
genes were classified into multiple classes that comprise more than one domain of a COG functional
category, while those genes that did not show any significant hit against the database were identified
as hypothetical genes.

Identification of virulence genes and detection of mobile genetic elements. The whole genomes
of all of our isolates were screened with the BLASTp program for the presence of virulence genes listed
in the Virulence Factor Database (VFDB, http://www.mgc.ac.cn/VFs/). The amino acid sequences of the
predicted genes from all of the 11 strains were compared with the database of virulence-related genes
of C. jejuni obtained from the VFDB. The identity cutoff and query coverage values were kept at �50%
and �80%, respectively.

In addition, all of these strains were screened for the presence of mobile genetic elements. Phages
or phage-like elements were identified by the PHAST tool (70). Genomic islands in these strains were
determined with IslandViewer (71), which makes use of three algorithms (IslandPick, IslandPath-DIMOB,
and SIGI-HMM) for prediction and facilitates the visualization and analysis of these islands. Insertion
elements were predicted with the ISfinder web tool (72), which compares the query sequences against
a database of insertion sequence elements.
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Accession number(s). This Whole Genome Shotgun project has been deposited at DDBJ/ENA/
GenBank under accession numbers MAOZ00000000 (H. pullorum NAP10B8), MAPA00000000 (H. pullorum
NAP8W25), MAPB00000000 (H. pullorum NAP6W24), MAPC00000000 (H. pullorum NAP5W19),
MAPD00000000 (H. pullorum NAP3W17), MAPE00000000 (H. pullorum NAP2W5), MANJ00000000 (H.
pullorum NAP13B35), MANK00000000 (H. pullorum NAP14B36), MAJF00000000 (H. pullorum NAP11B31),
MAJG00000000 (H. pullorum NAP12B32), and LXWI00000000 (H. pullorum NAP1W4), including all 11 of
the isolates sequenced in this study.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02305-16.

TEXT S1, PDF file, 1.2 MB.
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