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A B S T R A C T

Pasteurella multocida is a causative agent of pneumonic pasteurellosis in ruminants. Bovine and porcine strains of
P. multocida have been sequenced and analyzed worldwide. However limited genomic information is available
on ovine strains involved in causation of pneumonic pasteurellosis. Therefore, the present study focused on
genome sequencing and analysis of a P. multocida type A isolate recovered from respiratory infection of sheep to
unravel the genetic contents and its involvement in the disease.

P. multocida type A strain NIVEDI/PMS-1 genome was 2,543,931bp in size, assembled into 67 contigs, con-
sisted of 1879 protein-coding regions, 19 genomic islands (GIs) and 10 phage regions. The identified GIs and
phage regions showed high sequence identity mostly with other Pasteurellaceae family respiratory pathogens
indicating horizontal gene transfer in ovine respiratory niche. The phylogenetic analysis revealed strain NIVEDI/
PMS-1 as closest neighbor to P. multocida P1933 strain reported from bovine. Comparative genomic analysis of
strain NIVEDI/PMS-1 with virulent GX-Pm and avirulent Pm70 strains revealed presence of 45 virulence genes
common with virulent strain. Further, various virulence factors and accessory genes needed for survival and
pathogenesis were also identified. Dermonecrotic toxin (ToxA) like protein presence in the strain appears in-
teresting and further study is needed to understand its role in ovine pasteurellosis.

1. Introduction

Pneumonic pasteurellosis is an economically significant infectious
disease of ruminants, and the main etiological agent is Pasteurella
multocida, a non-hemolytic, Gram-negative, coccobacillus, bipolar and
capsulated Pasteurelleaceae family bacterium (Boyce et al., 2010).
Based on capsular and somatic antigens, five serogroups (A, B, D, E, and
F) and 16 serotypes were identified, respectively (Carter, 1967;
Heddleston et al., 1972). P. multocida can infect a wide range of animals
including haemorrhagic septicaemia (HS) in bovines, fowl cholera in
poultry, atrophic rhinitis in pigs, snuffles in rabbits and pneumonic
pasteurellosis in small ruminants (Harper et al., 2006). Pneumonic
pasteurellosis in sheep also called epizootic pneumonia and clinical
manifestation includes dyspnoea, pyrexia, mucopurulent nasal dis-
charge and mortality during the outbreak (Miller et al., 2011). P. mul-
tocida also act as a secondary pathogen and cause infection in

immunocompromised host (Du et al., 2016). Recently, human infec-
tions of P. multocida from animal bites, scratches and respiratory ex-
posure were reported (Wilson and Ho, 2013).The pathogenicity of P.
multocida is complex and mediated by various virulence factors such as
capsules, lipopolysaccharides (LPS), adhesins, toxins, siderophores,
fimbriae, hyaluronidase, iron acquisition and regulation proteins, sialic
acid metabolism and outer membrane proteins (Omps) (Harper et al.,
2006). Improper use of antibiotics due to ineffective im-
munoprophylactic measure for the disease lead to the development of
antibiotic resistance in P. multocida (Kehrenberg et al., 2001).

Recently, genome sequencing of a large number of P. multocida
strains has facilitated a better understanding of pathogenesis and geo-
graphical relatedness (Moustafa et al., 2015). First complete genome
sequence of an avian P. multocida Pm70, serotype F revealed basic
genomic structure with series of genes involved in virulence, iron up-
take, oxidative pentose phosphate, Entner–Doudoroff pathways,
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glycolysis, gluconeogenesis, and tricarboxylic acid (TCA) cycles (May
et al., 2001). Comparative genomic analysis of virulent versus avirulent
strains of P. multocida identified the genomic differences between the
strains that enhance the ability of the bacteria to cause disease (Johnson
et al., 2013). According to Juhas (Juhas, 2015), the emergence of the
novel pathogen is due to horizontal gene transfer (HGT) which lead to
the transfer of accessory genes clustered as genomic Island (GI). Yu
et al. (2016) noted the presence of five GIs consisting of resistance
genes for streptomycin, chloramphenicol, and sulphonamide in P.
multocida GX-Pm strain. Antibiotic resistance genes in P. multocida are
mediated either by plasmid (Kehrenberg et al., 2003) or integrative
conjugative elements (ICE) (Peng et al., 2017). The previous analysis
showed the presence of phage regions in P. multocida genome im-
plicating in virulence (Boyd and Brüssow, 2002), and dermonecrotic
toxin gene (ToxA) carried on lysogenic bacteriophage responsible for
porcine atrophic rhinitis (Pullinger et al., 2004).

Many strains of P. multocida from bovine, avian and porcine have
been sequenced and analyzed for a better understanding of virulence
mechanism associated with respective diseases. Pneumonic or septi-
caemic pasteurellosis in sheep and goat is one of the most economically
important disease in India. It has major impact on small ruminant
health and production where environmental stress result into pre-
cipitation of disease affecting large number of small ruminant popula-
tion of the country. In spite of its high endemicity, only few research
reports are available on the causative organism at genomic level
(Jorundsson et al., 2016). Therefore, the present study focused on se-
quencing and analysis of ovine P. multocida strain to unravel genes
involved in survivability and pathogenicity of the bacteria associated
with pneumonic pasteurellosis.

2. Materials and methods

2.1. Isolation of P. multocida and extraction of genomic DNA

A deep nasal sample was collected from the nasopharynx of the
sheep (Ovis aries) with a history of severe respiratory infection. The
sample was processed on tryptic soy agar (TSA) containing 5–7% sheep
blood and incubated at 37 °C for 24 h. The isolate recovered was
identified by morphology and biochemical characters (Marru et al.,
2013) and confirmed by species and capsule specific PCRs as P. mul-
tocida type A (Townsend et al., 2001, 1998). The isolate was designated
as P. multocida type A NIVEDI/PMS-1. The isolate was subcultured on
brain heart infusion agar (BHI) for genomic DNA extraction. The DNA
was extracted using DNeasy kit as per the manufacturer’s protocol
(Qiagen, Hilden, Germany). The quality and quantity of extracted DNA
was evaluated by using NanoDrop2000 (Thermo Scientific, Waltham,
USA) and on agarose gel (0.8%) electrophoresis.

2.2. Genome sequencing, assembly, and annotation

Whole genome of P. multocida type A NIVEDI/PMS-1 was sequenced
using Ion Torrent Personal Genome Machine (Life Technologies,
Carlsbad, CA). The de novo assembly was done using MIRA (Mimicking
Intelligent Read Assembly) version 3.9.18 (Chevreux et al., 1999). For
genome annotation, the assembled sequence of P. multocida NIVEDI/
PMS-1 was submitted to NCBI Prokaryotic Genomes Annotation Pipe-
line (NCBI PGAP) (http://www.ncbi.nlm.nih.gov/genome/
annotationprok/process/). Further annotation was also performed by
Rapid Annotations Subsystems Technology (RAST) (Aziz et al., 2008).
The rRNAs and tRNAs genes were predicted using RNAmmer (Lagesen
et al., 2007) and tRNAscan-SE 1.21 (Lowe and Eddy, 1997), respec-
tively. Protein coding sequences were analyzed by a cluster of the or-
thologous group in COG database (Tatusov et al., 2000) on WebMGA
(Wu et al., 2011). Graphical views of the genome were generated using
Artemis and DNAplotter and a total number of contigs, their predicted
coding sequences in forward and reverse position, rRNA, and tRNA

were plotted.

2.3. Genome-based phylogenetic analysis

Whole genome sequences of P. multocida (n= 121) and one each of
P. dagmatis, P. testudinis, P. bettyae and P. skyensis were retrieved from
NCBI database and compared with NIVEDI/PMS-1 strain. The compo-
sition vector (CV) method (Qi et al., 2004), which uses k value to dis-
tance matrix, was used for the genome comparision as CV method can
be used to compare the bacterial genomes differing significantly in size,
gene number, and gene order. The whole genome phylogenetic tree was
constructed using maximum-likelihood method with the bootstrap va-
lues. The constructed phylogenetic tree was visualized using iTOL
(Letunic and Bork, 2016).

2.4. Prediction of virulent genes

Virulence Factor Database (VFDB) (Chen et al., 2016) was used to
identify the virulence factors in NIVEDI/PMS-1 strain and protein se-
quences were BLAST against the VFDB database with 60% coverage and
similarity.

2.5. Comparison of P. multocida type A NIVEDI/PMS-1 with virulent and
avirulent P. multocida strains

P. multocida type A has been isolated from multiple host. For better
understanding of the genome structure and relatedness with other re-
ported pathogenic P. multocida type A, the present sequenced genome
was compared with reported virulent strain P. multocida GX Pm
(JZXO00000000), and avirulent strain Pm70 (NC_002663) using pro-
gressive Mauve with default parameters (Darling et al., 2010). The
shared and unique genes in the genomes were identified by online web
server Edgar Personal Project (Blom et al., 2016).

2.6. Identification of horizontal gene pool, antibiotic and metal resistance
genes

The genomic islands were predicted using Islandviewer 4, a com-
putational tool that integrates, IslandPath-DIMOB (Hsiao et al., 2003),
SIGI-HMM (Waack et al., 2006), Islander (Hudson et al., 2014) and
IslandPick (Langille et al., 2008). Antibiotic and metal resistance genes
were predicted using comprehensive antibiotic resistance database
(CARD) (Jia et al., 2017) and BacMet (Pal et al., 2014), respectively.
CARD and BacMet are manually curated database containing high-
quality reference data on the molecular basis of antimicrobial and
metal-resistance genes. These genes were also predicted using RAST.
The phage regions were predicted using PHAST (Zhou et al., 2011)
which accurately identify, annotate and display prophage sequences
within bacterial genomes or plasmids. Panseq server (Laing et al., 2010)
was used to find out novel GIs and phage regions in NIVEDI/PMS-1
strain.

3. Results

3.1. Genome statistics

P. multocida type A NIVEDI/PMS-1 genome consists of a single
chromosome of 2,543,931bp size with 41.32% GC content. A total of
2,037,411 reads with an average read length of 174 bp were obtained.
Total sequence output was ∼354 Mb, which is approximately 189-fold
coverage. The de novo assembly performed using MIRA, yielded 67
contigs and largest contig of 210,992bp long. Annotation performed
using RAST, and NCBI PGAP predicted 1879 as protein-coding regions.
Among these 1879 genes, 1358 were predicted to give functional pro-
teins and remaining 521 genes as hypothetical proteins. A total of 66
RNA genes were predicted, among which 10 predicted as rRNA and 52
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as tRNA genes using RNAmmer and tRNAscan-SE 1.21, respectively
(Fig. 1, Table 1). The genome showed a greater percentage of genes
related to general functions (Table 2).

3.2. Whole genome based phylogenetic analysis

Whole genome-based phylogenetic tree constructed using CV tree,
depicted P. skyensis in basal clade followed by P. testudini, P. bettyae and
P. multocida strains (Supplementary Table S1). The sequenced NIVEDI/
PMS-1 genome showed the closest neighbour with P. multocida P1933
(Accession no. NZ_ARNY01000000) (Fig. 2) (Supplementary Fig. S1).

Fig. 1. Circular representation of P. multocida type A
NIVEDI/PMS-1 genome. From outer circle to inner
circle, black indicates total base pairs, red indicates
forward strand, blue indicates reverse strand, grey
indicates the total number of contigs, rose indicates
tRNA, green indicates rRNA, grey and light blue in-
dicates GC skew, green and pink indicates GC plot.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version
of this article.)

Table 1
Genome statistics.

Attribute Value % of totala

Genome size (bp) 2,543,931 100
DNA G+C content (bp) – 40.2
Total genes 2510 100
RNA genes 66 2.62
rRNA operons 10 0.39
tRNA genes 52 2.07
ncRNAs 4 0.15
Protein-coding genes 1879 74.86
Genes with function prediction (protein) 1358
Genes assigned to COGs 1626 86.53
CRISPR arrays 2 0.07

a These values are based on either the size of the genome in base pairs or the
total number of genes in the annotated genome.

Table 2
Number of genes associated with general COG functional categories.

COG class Value Percentagea Description

A 2 0.11 RNA processing and modification
C 97 5.16 Energy production and conversion
D 18 0.96 Cell cycle control, cell division, chromosome

partitioning
E 135 7.18 Amino acid transport and metabolism
F 47 2.50 Nucleotide transport and metabolism
G 136 7.24 Carbohydrate transport and metabolism
H 94 5.00 Coenzyme transport and metabolism
I 38 2.02 Lipid transport and metabolism
J 131 6.97 Translation, ribosomal structure and

biogenesis
K 94 5.00 Transcription
L 88 4.68 Replication, recombination and repair
M 95 5.06 Cell wall/membrane/envelope biogenesis
N 6 0.32 Cell motility
O 74 3.94 Posttranslational modification, protein

turnover, chaperones
P 93 4.95 Inorganic ion transport and metabolism
Q 17 0.90 Secondary metabolites biosynthesis, transport

and catabolism
R 189 10.06 General function prediction only
S 177 9.42 Function unknown
T 37 1.97 Signal transduction mechanisms
U 39 2.08 Intracellular trafficking, secretion, and

vesicular transport
V 17 0.90 Defense mechanisms
W 2 0.11 Extracellular structures

a Percentage of annotated genes. The total is based on the total number of
protein coding genes in the genome.
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3.3. Prediction of virulent genes

Various virulent genes were predicted in NIVEDI/PMS-1 strain by
using VFDB (Supplementary Table S2) and RAST (Supplementary Table
S3). These virulent genes include genes needed for biosynthesis and
glycoform generation of LPS, capsule biosynthesis, sialic acid metabo-
lism, iron acquisition and regulation. The analysis also revealed the
presence of genes needed for adherence, biofilm formation, Omps for
nutrient uptake and molecules transportation.

3.4. Multiple genome alignment and comparative genome analysis

Multiple genome alignments of P. multocida type A NIVEDI/PMS-1
with virulent strain GX-Pm and avirulent strain Pm70 by progressive
mauve indicated similarity of sequenced genome structure with the
virulent strain GX-Pm than the strain Pm70 (Fig. 3A). Comparative
genome analysis with virulent strain GX-Pm and avirulent strain Pm70
revealed the presence of 513 unique and 45 common genes (Fig. 3B) in

NIVEDI/PMS-1 and virulent GX-Pm strains whereas these genes were
absent in avirulent strain Pm70 (Supplementary Table S4).

3.5. Prediction of GIs in strain NIVEDI/PMS-1

A total of 19 GIs were predicted in the genome (Fig. 4) which code
for 345 genes, of which 146 and 199 proteins were identified as func-
tional and hypothetical proteins, respectively. These 19 GIs sequences
showed high similarity with the sequences of Haemophilus somnus (GI1,
GI13, GI19), Actinobacillus equuli (GI2, GI5), Haemophilus influenza (GI3,
GI4, GI6, GI12, GI17), Haemophilus parainfluenzae (GI7), Mannheimia
haemolytica (GI8, GI14) Histophilus ovis (GI9), Bacteriophage (GI10),
Haemophilus parasuis (GI11, GI15), Methanoculleus bourgensis (GI16) and
Mannheimia phage (GI18) (Table 3). Except phage region and GI16, all
the other GIs were originated from the class Gammaproteobacteria and
family Pasteurellaceae. Interestingly, GI5, GI7 and GI9 were identified as
novel regions to NIVEDI/PMS-1 strain, transferred from the genus
Haemophilus.

Fig. 2. Whole genomw-based phylogenetic analysis of P. multocida type A NIVEDI/PMS-1 and other Pasteurella sp. genomes retrieved from NCBI database (access
date: 2/05/17) using Maximum likelihood method and visualized using iTOL.
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3.6. Prediction of antibiotic and metal resistance genes

In vitro antimicrobial susceptibility test for different antibiotics
showed resistance towards penicillin. The genotypic characterization
using antibiotic resistance gene markers performed revealed P. multo-
cida type A NIVEDI/PMS-1 contained gene sul2 which encodes for
sulfonamide resistant gene dihydropteroate synthase. CARD identified
the presence of sulphonamide, chloramphenicol, trimethoprim, strep-
tomycin, ciprofloxacin, rifampicin, tetracycline and, fluoroquinolones
resistance genes in the NIVEDI/PMS-1 strain genome (Supplementary
File S5). Similarly BacMet database and RAST annotation showed the
presences of copper homeostasis, arsenic reductase, magnesium - cobalt
efflux protein and CorA for copper, arsenic, magnesium and cobalt re-
sistance genes, respectively (Supplementary File S6 and S7).

3.7. Identification of prophage regions in NIVEDI/PMS-1 strain

The sequenced genome contained 10 phage regions (Fig. 5), of
which six were identified as intact phages (34.8 kb–114 kb), three

regions as incomplete phages (11.4 kb–14.9 kb) and remaining as
questionable phage (14.9 kb) (Table 4). Panseq revealed 7 prophage
regions (R3, R5, R6, R7, R8, R9, and R10) novel to NIVEDI/PMS-1
strain.

4. Discussion

According to Basic Animal Husbandry Statistic (BAHS), 2012, India
is having a huge small ruminant population of 65.06 and 135.17 million
sheep and goats, respectively (DADH, 2012). Pneumonic pasteurellosis,
an infectious disease is prevailing in a small ruminant population of
India. Pathogenesis of P. multocida and its ability to colonize in diverse
host niche are facilitated by the presence of various virulence factors
and accessory genes. The whole genome sequencing and comparative
analysis of the strain isolated from ovine pasteurellosis (P. multocida
type A NIVEDI/PMS-1) have been discussed with special reference to its
genetic content associated with virulence.

P. multocida type A NIVEDI/PMS-1 is a single chromosome genome
of 2,543,931bp size with 41.32% GC content. The whole genome

Fig. 3. Comparison of NIVEDI/PMS-1 with closely related virulent strain GX-Pm and avirulent strain Pm70. A) The 3 genomes were compared using progressive
Mauve with default parameters, and collinearity of the genomes was shown. B) The no. of unique and shared genes present in of NIVEDI/PMS-1, GX-Pm, and Pm70
strains.
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phylogenetic tree showed that, the strain NIVEDI/PMS-1 clustered to-
gether in the same clade with other P. multocida strains and found a
closest neighbor to strain P. multocida P1933 (Accession no.
NZ_ARNY01000000) isolated from bovine. The present sequenced
strain also showed the presence of various virulent genes. LPS is an
important virulence factor which helps in colonization of the bacteria to
epithelial cells of the respiratory tract and causes severe systemic da-
mage during infection (Gallego et al., 2017). The present strain has
shown the presence of genes involved in the LPS biosynthesis, lpxC,
kdsA, lpxB, kdsB, lpxK, lpxD, lpxA, kdtA, htrB and inner oligosaccharide

synthesis rfaE, rfaF, rfaD and gmhA. Previous studies have reported that
these genes were conserved among Actinobacillus, Haemophilus and
Pasteurella species (Peng et al., 2016). The ovine strain contained intact
hptA and hptB genes encoding for heptosyltransferases (HptA and HptB)
and Kdo transferase, kdtA needed for glycoform generation of LPS like
avian and bovine strains (Boyce et al., 2009). Capsular antigens are
responsible for host predilection and pathogenicity in P. multocida. In
sequenced genome, hyaC, hexD, hexB, and hexC were identified among
hyaEDCB, hexDCBA and phyBA ORFs needed for capsule biosynthesis,
export and substitution of hyaluronic acid, respectively (Chung et al.,

Fig. 4. Identified GIs in NIVEDI/PMS-1 strain using
Islandviewer 4. Black circle represents the total bp;
inner circle represents the GC content, the curved line
indicates the total number of contigs. Orange, blue and
red represented the prediction methods of SIGI-HMM,
IslandPath-DIMOB and integrated of both methods.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version
of this article.)

Table 3
Identification of GIs in P. multocida type A NIVEDI/PMS-1.

Accession Id GI Island region GI bp Locus start Locus end Identity % HGT

MEDF01000030 GI1 73515–87368 13854 BGK37_11220 BGK37_11330 72 Haemophilus somnus
MEDF01000008 GI2 20714–25205 4492 BGK37_04210 BGK37_04155 86 Actinobacillus equuli
MEDF01000012 GI3 14924–19082 4159 BGK37_05970 BGK37_05995 81 Haemophilus influenzae
MEDF01000012 GI4 20949–35720 14772 BGK37_06010 BGK37_06115 80 Haemophilus influenzae
MEDF01000006 GI5 177924–206521 28598 BGK37_03700 BGK37_03515 74 Actinobacillus equuli
MEDF01000031 GI6 15140–37851 22712 BGK37_11430 BGK37_11560 77 Haemophilus influenzae
MEDF01000021 GI7 54992–63508 8517 BGK37_09400 BGK37_09450 86 Haemophilus parainfluenzae
MEDF01000043 GI8 212–4350 4139 BGK37_12485 BGK37_12465 100 Mannheimia haemolytica
MEDF01000013 GI9 181538–195479 13942 BGK37_07210 BGK37_07140 81 Histophilus ovis
MEDF01000013 GI10 14476–76362 61887 BGK37_06670 BGK37_06230 98 Bacteriophage
MEDF01000007 GI11 828–8586 7759 BGK37_03765 BGK37_03710 78 Haemophilus parasuis
MEDF01000040 GI12 1–11190 11190 BGK37_12205 BGK37_12275 81 Haemophilus influenzae
MEDF01000010 GI13 38314–56713 18400 BGK37_05015 BGK37_05085 97 Haemophilus somnus
MEDF01000003 GI14 159622–167294 7673 BGK37_01255 BGK37_01200 99 Mannheimia haemolytica
MEDF01000041 GI15 1–6943 6943 BGK37_12310 BGK37_12350 94 Haemophilus parasuis
MEDF01000034 GI16 972–5111 4140 BGK37_11720 BGK37_11760 93 Methanoculleus bourgensis
MEDF01000049 GI17 2836–7157 4322 BGK37_12685 BGK37_12720 Haemophilus influenzae
MEDF01000033 GI18 57–8671 8615 BGK37_11615 BGK37_11660 73 Mannheimia phage
MEDF01000038 GI19 187–10166 9980 BGK37_12090 BGK37_12165 92 Haemophilus somnus
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1998). The Sialometabolism is crucial for the protection of the bacteria
against host innate defence mechanisms. NIVEDI/PMS-1 strain con-
tained sialidases nanH, sialyltransferase neuS2, CMP-sialicacidsynthe-
tase neuA genes involved in scavenging of host-derived sialic acids for
cell surface modification like Neisseria gonorrhoeae and Haemophilus
spp. (Steenbergen et al., 2005). Iron is one of the important nutrient
and the sequenced strains possess TonB-ExbB-ExbD genes, TonB he-
moglobulin/transferrin/lactoferrin receptor family protein reported
earlier only in the bovine strains, ferric iron ABC transporter, iron ABC
transporter permease and heme utilization proteins (HutZ & Hut X)
needed for iron acquisition and regulation (Peng et al., 2016). NIVEDI/
PMS-1 strain contained prepilin-type N-terminal cleavage/methylation
domain-containing protein (ODS43837) having 99% similarity with
type IV fimbriae subunit, ptfA, comE (ODS44789), a putative compe-
tence protein secretin (pilQ), a novel adhesin of P. multocida and tad

genes of Flp-pilus assembly proteins needed for adherence and biofilm
formation (Yu et al., 2016). Omps of bacteria are important for nutrient
uptake, molecule transportation and considered as highly immunogenic
(Hatfaludi et al., 2010). The genome contained OmpH and a hypothe-
tical protein (ODS44456) having similarity with OmpA. Other virulent
proteins include superoxide dismutase and catalase.

Other than these virulence factors, comparative genome analysis
predicted the presence of lysozyme inhibitor that helps in P. multocida
infection by blocking the lytic effect of lysozyme, SprT, a membrane
secreted protein secreted by type IX secretion system porin and adhesin
(ODS43804) which were present in the virulent strains of P. multocida
type A, GX-Pm (China) but absent in avirulent Pm70 (Yu et al., 2016).
Multiple genome alignments revealed higher genomic structure identity
of strain NIVEDI/PMS-1 with virulent strain GX-Pm than avirulent
strain Pm70 by progressive mauve. The significant difference and

Fig. 5. Predicted phage like region in P. multocida type A NIVEDI/PMS-1 strain.

Table 4
Identified phage like region in P. multocida type A NIVEDI/PM.S-1

SI. No Region length Completeness Identified phage elements Region position Similar hits

R1 14.9 Kb incomplete Recombinase, tail 621855–636793 Pseudomonas phage vB_PaeS_PM105
R2 46.7 Kb intact Integrase, tail, plate, lysin, head, terminase, capsid, portal 731082–777787 Mannheimia phage phiMHaA1
R3 34.8 Kb intact Transposase, head, virion, tail 1203416–1238220 Burkholderia virus BcepMu
R4 35.8 Kb intact Integrase, portal, terminase, capsid, tail 1262212–1298076 Pasteurella phage F108
R5 36.4 Kb intact Recombinase, integrase, capsid, portal, terminase 1302640–1339123 Mannheimia phage vB_MhS_587AP2
R6 114.1 Kb intact Transposase, tail, terminase, portal, head, coat, plate, lysin 2253186–2367286 Haemophilus phage SuMu
R7 16.1 Kb incomplete Transposase, terminase, recombinase, capsid 2414472–2430652 Mannheimia phage vB_MhS_1152AP2
R8 47 Kb intact Head, tail, recombinase 2441244–2488340 Aggregatibacter phage S1249
R9 11.8 Kb incomplete Tail, recombinase, capsid 2511890–2523773 Aggregatibacter phage S1249
R10 14.9 Kb questionable Tail, transposase 2528707–2543644 Haemophilus phage Aaphi23
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similarity in the genome structure may be due to origin or difference in
the virulence potential of strains. Presence of all these factors similar to
that of virulent strain substantiate the reasons for enhanced virulence of
the ovine strain.

Accessory genes clustered as a genomic island (GI) are desirable for
pathogenesis and adaptation of the bacteria in the host environment
and are transferred via HGT. Strain NIVEDI/PMS-1 genome contained
19 GIs which showed high similarity with the sequences of other re-
spiratory pathogens mostly Pasteurellaceae family indicating lateral
gene transfer within ovine respiratory tract under the same family
species. GI13 transferred from H. somnus was carrying a hypothetical
protein (ODS44260) having 99% similarity with toxA gene encoding
ToxA toxin which causes atrophic rhinitis in swine. According to an
earlier study, toxA gene resides in lysogenic bacteriophage of
Siphoviridae family (Harper et al., 2006). In the current study, hy-
pothetical protein (ODS44260) was not predicted in any of the
prophage regions by PHAST tool. Shayegh and Atashpaz (2008) re-
ported high prevalence of toxA gene among ovine P. multocida isolates
with respiratory disease and considered it as epidemiological marker
associated with disease in sheep. The GI12 transferred from H. influenza
containing integrase (ODS43207) of family tyrosine integrase similar to
transferable H. influenza genomic island carrying antibiotic resistance
elements (Mohd-Zain et al., 2004).

Other than stress and virulence factors expression, the factor which
intensify the severity of the disease is antibiotic resistance (Welsh et al.,
2004).Previous studies have reported the presence of antimicrobial
resistance genes in P. multocida (Kehrenberg and Schwarz, 2001;
Michael et al., 2012; San Millan et al., 2009). The present study also
attempted to find the presence of antibiotic resistance genes present in
the genome which can cause antibiotic resistance in ovine strain. The
CARD detected genes chloramphenicol acetyltransferases, dihy-
dropteroate synthase and dihydrofolate reductase for chloramphenicol,
sulphonamide and trimethoprim resistance, respectively in NIVEDI/
PMS-1 strain (Kehrenberg et al., 2003). The dihydrofolate reductase
gene was present along with copper homeostasis genes (ODS43389,
ODS43386, ODS44993 & ODS44901) needed for the bacterial survival
in host environment of high copper concentration (Hodgkinson and
Petris, 2012). The presence of resistance genes in ovine P. multocida
indicated wide adaptability of the bacteria in the changing hostile en-
vironment of the host during infection.

P. multocida type A NIVEDI/PMS-1 genome contained ten different
intact, incomplete and questionable phage regions. Presence of these
phages in the P. multocida genome has impact on the virulence. Intact
phage R6 of size 114.1 Kb had similarity with phage SuMu, aMyoviridae
double-stranded DNA Mu phage found in virulent H. parasuis strains
and previously reported homology with P. multocida HS strains of bo-
vine (Zehr et al., 2012). Another novel phage, R3 phage (34.8 Kb) was
found similar to Burkholderia virus Bcep Mu phage. Integration of the
Bcep Mu phage, carrying pathogenic genes, type-II-secretion compo-
nent exeA and LPS modification acyltransferase in Burkholderia cen-
ocepacia genome were attributed for the cause of cystic fibrosis (CF) and
bronchopneumonia in humans (Summer et al., 2004). The other intact
phage regions present in NIVEDI/PMS-1 strain were similar to Man-
nheimia phage phiMHaA1, Mannheimia phage vB_MhS_587AP2 from
Mannheimia species and Aggregatibacter phage S1249 from Ag-
gregatibacter species. Presence of various phage regions in the strain
similar to other respiratory pathogen phages emphasizes on the con-
tinuous HGT via the process of transduction within the respiratory tract
which might be facilitating enhanced virulence of P. multocida causing
pneumonic pasteurellosis in sheep.

5. Conclusion

In summary, P. multocida type A NIVEDI/PMS-1 strain isolated from
pneumonic sheep was sequenced and analyzed to unravel genetic po-
tential of the bacteria needed for causation of pasteurellosis in ovine

population. Phylogenetic analysis revealed its closest relation with
P1933 strain of bovine origin. The strain consisted of virulent, anti-
biotic, metal resistance genes and GIs and phage regions similar to the
sequence other respiratory pathogens. Presence of all these factors
elucidated the virulence potential of the ovine strain and its ability to
survive in the host environment. Further genomic characterization of
more number of ovine P. multocida strains from different anatomic lo-
cations of respiratory tract is needed for better understanding of the
pathogenesis and its comparison with different hosts and geographical
origin strains.
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