RESEARCH ARTICLE
Omaleki et al., Microbial Genomics 2020;6
DOI'10.1099/mgen.0.000346

MICROBIAL GENOMICS

M MICROBIOLOGY
SOCIETY

'DATA 3 MICROBIOLOGY

Using genomics to understand inter- and intra- outbreak
diversity of Pasteurella multocida isolates associated with fowl
cholera in meat chickens

Lida Omaleki"?*, Patrick J. Blackall', Thom Cuddihy?, Scott A. Beatson?, Brian M. Forde?*,t+ and Conny Turni't

Abstract

Fowl cholera, caused by Pasteurella multocida, continues to be a challenge in meat-chicken-breeder operations and has
emerged as a problem for free-range meat chickens. Here, using whole-genome sequencing (WGS) and phylogenomic analysis,
we investigate isolate relatedness during outbreaks of fowl cholera on a free-range meat chicken farm over a 5-year period.
Our genomic analysis revealed that while all outbreak isolates were sequence type (ST) 20, they could be separated into two
distinct clades (clade 1 and clade 2) consistent with difference in their lipopolysaccharide (LPS) type. The isolates from the
earlier outbreaks (clade 1) were carrying LPS type L3 while those from the more recent outbreaks (clade 2) were LPS type
L1. Additionally, WGS data indicated high inter- and intra-chicken genetic diversity during a single outbreak. Furthermore, we
demonstrate that while a killed autogenous vaccine carrying LPS type L3 had been successful in protecting against challenge
from L3 isolates it might have driven the emergence of the closely related clade 2, against which the vaccine was ineffective.
The genomic results also revealed a 14 bp deletion in the galactosyltransferase gene gatG in LPS type L3 isolates, which would
result in producing a semi-truncated LPS in those isolates. In conclusion, our study clearly demonstrates the advantages of
genomic analysis over the conventional PCR-based approaches in providing clear insights in terms of linkage of isolate within
and between outbreaks. More importantly, it provides more detailed information than the multiplex PCR on the possible struc-
ture of outer LPS, which is very important in the case of strain selection for killed autogenous vaccines.

have been provided within the article or through supple-
mentary data files.

DATA SUMMARY

Genome sequence data generated in this study have
been deposited to the National Center for Biotechnology
Information (NCBI) under BioProject accession number
PRJNA590306. Raw Illumina sequence read data have been
deposited to the sequence read archive (SRA) under the
accession numbers SRR10485145 to SRR10485219. The

INTRODUCTION

The members of the family Pasteurellaceae consists of Gram-
negative, obligate parasites that have adapted to living on
the mucosal surfaces of many animal species [1]. Pasteurella

programs used to analyse raw sequence reads, for poly-
morphism discovery, and whole-genome-sequence-based
phylogenies are available as described in Methods. The
authors confirm all supporting data, code and protocols

multocida, a heterogeneous species from this family, is found
in multiple hosts and causes a range of markedly different
diseases that include haemorrhagic septicaemia in cattle and
buftaloes, snuffles in rabbits, fowl cholera in poultry and
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atrophic rhinitis in pigs [2]. The organism can also cause
septicaemia and sudden death in a range of captive wildlife
such as fur seals [3] and squirrel gliders [4], thus confirming
the capacity of this organism to cause similar disease in a
variety of host species. Fowl cholera is a re-emerging problem
in the free-range layer [5] and meat-chicken industries in
Australia [6]. The disease manifestation can vary from per-
acute to acute to chronic, with the recovered birds becoming
a reservoir of the organism [7].

P multocida strains are currently classified into 16 somatic
(Heddleston) serovars (1 to 16) based on their lipopoly-
saccharide (LPS) antigens [8, 9]. An LPS multiplex PCR
(LPS-mPCR) is currently in use to assign the 16 Heddleston
serovars to one of the eight LPS genotypes (L1 to L8) based
on their LPS outer core biosynthesis locus [10]. LPS type
3 (consisting of Heddleston serovars 3 and 4) has been
recognized as the most prevalent LPS type associated with
fowl cholera in Australia, followed by LPS types L1 (shared
between Heddleston serovars 1 and 4) and L6 (represented by
Heddleston serovars 10, 11, 12 and 15) [10, 11].

Recent work has demonstrated that killed whole cell
vaccines give protection only against strains with identical
or nearly identical LPS structures [12]. In Australia, multi-
locus sequence typing (MLST), Heddleston serotyping,
LPS genotyping and repetitive element PCR finger-printing
(rep-PCR) are used for epidemiological investigations and
also guide autogenous vaccinations in the poultry industry
[11]. However, none of these techniques are discriminatory
enough to provide the required insight into the LPS struc-
ture of isolates. Many of the fowl cholera associated isolates
carrying LPS type L3 produce a truncated LPS, which suggests
that the full-length LPS is not necessary to cause disease [13].

Whole-genome sequencing (WGS) and single nucleotide
polymorphism (SNP) analysis of the core genome is now
becoming the preferred method for investigations into isolate
relatedness in nosocomial [14, 15] and food-borne outbreaks
[16] as well as within host diversity of bacterial pathogens
[17]. Here we report on our analysis of WGS data to examine
the relatedness of P. multocida isolates associated with fowl
cholera outbreaks on a free-range meat-chicken farm.

METHODS
Farm and isolates

A total of 78 isolates from outbreaks of fowl cholera from 2009
to 2013 on a free-range chicken-meat farm were included in
this study. Isolates were mostly obtained from the pericardial
sac, heart blood, liver and bone marrow with multiple single
colonies taken from the primary isolation plates of the bone
marrow (Table S1, available in the online version of this
article). The farm was a large complex containing a hatchery,
processing plant, fertilizer composting facilities as well as
several growing sheds. Each individual shed was operated on
an all-in-all-out basis, while the farm was multi-age. Chickens
were kept in a fully enclosed shed till day 19, when they were
transferred to an open-access shed till processing.

Impact Statement

Our data indicated high inter- and intra-chicken genetic
diversity in P multocida isolates during a single outbreak
for the first time. Importantly, it demonstrates the benefit
of genomics analysis in providing more detailed infor-
mation on the possible structure of outer LPS, which is
very important in the case of strain selection for killed
autogenous vaccine. Using genomics data, we could
demonstrate that although all the isolates belonged to
the same clone, they were carrying two different LPS
outer core biosynthesis loci type. In addition to that, our
data revealed a major genetic mutation carried by all the
LPS type 3 isolates, which would cause them to produce
a truncated LPS outer core biosynthesis loci.

An additional single isolate associated with fowl cholera
(PM1439) for which its LPS outer structure has been fully
analysed previously [18], was also included in the study. This
isolate was obtained in 2010 from a chicken-meat breeder
farm located in northeast New South Wales.

Genotyping

For initial genotyping, the repetitive extragenic palindromic
PCR (rep-PCR) was performed as previously described [19],
with the exception that the genomic DNA was prepared using
the PrepMan Ultra Sample Preparation reagent.

Whole-genome sequencing

The bacterial isolates were revived and cultured aerobically
overnight on 5% sheep blood agar. DNeasy UltraClean
Microbial Kit (Qiagen GmbH, Hilden, Germany) was used for
DNA extractions according to the manufacturer’s instructions
and sequenced on the Illumina NextSeq 500 platform (150 bp
paired ends) by the Australian Centre for Ecogenomics at
the University of Queensland (St Lucia QLD 4072, Australia).
Raw Illumina sequencing data was quality filtered using Trim-
momatic v0.36 [20], quality assessed using FastQC v0.11.5
[21] and de novo assembled using SPAdes v3.10.1 [22]. QUAST
v2.3 was used to check the final assemblies’ metrics [23]. In
silico MLST profiling was performed using MLsST v2.8 (https://
githib.com/tseemann/mlst) and the P. multocida RIRDC-
MLST scheme [24, 25]. BLASTNn v2.2.31+ was used to extract
the relevant contigs containing the LPS outer core biosyn-
thesis loci from the draft assemblies. Geneious R11 (https://
www.geneious.com) was used for annotation of the gene in
the LPS region and CLUSTALW v2.1 [26] for alignments and
comparisons to the corresponding loci in P. multocida type
strain PM70 (NC_002663.1) in the case of LPS type 3 carrying
isolates and the P. multocida Heddleston serovar 1 reference
strain X73 (HQ873311) for those carrying LPS type 1.

As well, the amino acid sequence of the recently identified
phosphoethanolamine (PEtn) transferase (PetG), responsible
for the addition of the two PEtn molecules to the outer core
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galactose in strain X73 [27], was used as the query protein
sequence using BLASTX against the draft assemblies of the
LPS type 1 carrying isolates.

Nesoni v0.132  (https://github.com/Victorian-Bioinfor-
matics-Consortium/nesoni) was used for read mapping of
the trimmed paired end reads against PM70 and X73 for LPS
type 3 and LPS type 1 carrying isolates, respectively. Artemis
v16.0.0 [28] was used to check the read pile ups.

Parsnp v1.2 [29] was used for core genome alignment and
SNP calling in the draft genome assemblies. Phylogenetic
trees were then constructed with RAXML x8.2.9 using the core
genome SNP alignment after removal of predicted recombi-
nation sites by Gubbins v2.1.0 [30]. A general-time reversible
nucleotide substitution model with a GAMMA correction for
site variation was used for tree construction (bootstrap 1000
with Lewis ascertainment correction). Phylogenetic trees
were visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/) and Phandango [31]. PHYLOViZ v2.0 was
used to build a minimum spanning tree from core genome
SNPs of the 2009 isolates [32].

RESULTS
Outbreaks

The details of the farm, the 2009 to 2012 samplings and the
association of the 2011 and 2012 outbreaks with feral cats
have been previously reported [6]. The first outbreak of fowl
cholera occurred in 2009 with high mortality happening as
early as 30 days of age. In the 2009 outbreak, five dead birds
were sent to the University of Queensland from which 29 P.
multocida isolates were obtained and included in the current
study (isolates PM1330 to PM1358). At the same time, six
dead birds from three different sheds (sheds 4, 11 and 15)
were sent to the vaccine production company (two birds
from each shed), from which isolates PM1766, PM1767
and PM1768 were kept (one isolate per shed). The farm has
been using a single strain autogenous alum hydroxide gel

vaccine subcutaneously at day of hatch (PM1766) since 2009.
However, while initially successful, the vaccination program
did not fully protect. Fowl cholera control was achieved after
improvements in biosecurity, improved management and a
change of the coccidiosis vaccination program [6]. However,
flocks again suffered from fowl cholera outbreaks in 2011
and 2012 with an average of 55% mortality to processing
[6]. In 2013, fowl cholera was still affecting some sheds
with chickens as young as 24 days of age being affected. The
observed mortality in the 2013 outbreak ranged from 6.7%
in 27-day-old chickens to 15.9% in 41-day-old chickens. A
total of 18 isolates from the 2013 outbreaks were included
in this study - an original five isolates from the 24-week-old
chickens (PM1707 to PM1711) together with 13 isolates from
the reoccurrence of the disease in the same flocks (PM1754
to PM1765 and PM1779) (Table 1).

Genotyping and phylogenomic analysis of P.
multocida isolates

The in silico MLST revealed all isolates belonged to ST20
(Table 1). However, the in silico LPS typing resulted in recog-
nition of two different LPS types, L1 and L3. While the 2009
and 2010 isolates together with the vaccine strain PM1766
carried LPS type L3, isolates from the 2012-2013 outbreaks
carried LPS type L1. The rep-PCR typing, however, agreed
with the MLST results in recognition of only one genetic type
across the years in this farm (Fig. 1). Between zero to 78 non-
recombinant SNPs were identified between the core genomes
of all isolates. The maximum likelihood analysis separated the
isolates into two clades (clade 1 and clade 2), in agreement
with their LPS types (L3 and L1, respectively) (Fig. 2).

The 2009 outbreak was further investigated for both inter-
host and intra-host genetic diversity of the P. multocida
isolates. For the inter-host diversity investigation, a total of
29 isolates including five single colony picks from the original
femur cultures of each chicken and also single colonies from
internal organs such as liver, heart blood and pericardium

Table 1. Meat-chicken farm outbreaks and isolates

Year Outbreak isolate(s) No. of isolates No. of chickens Sequence type LPS type Note

2009 PM1330 to PM1358, PM1766*, PM1767, 29 5 20 L3 gatG 14bp deletion
PM1768

August 2010 PM1422 to PM1430 9 6 20 L3 gatG 14bp deletion

June 2012 PM1614, PM1615 2 NA 20 L1 None

July 2012 PM1634 to 17(19)% 4 20 L1 None
PM16511

August 2013 PM1707 to 5 NA 20 L1 None
PM1711

October 2013 PM1754 to PM1765% 11(12)% 20 L1 None
PM1799*

*Used in autogenous vaccine. NA, datanot available.

tReads from isolates PM1642, PM1648 and PM1755 were removed from the analysis due to contamination.

fNumbers in the bracket indicate the original number of isolates.
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LPS type 3

LPS type 1

Fig. 1. Rep-PCR analysis of the P multocida isolates obtained across the
year. The finger printing shows the isolates carrying LPS type 1 and 3
share the same DNA finger print.

were included. The pairwise comparisons between these
isolates identified 0 to 12 SNPs, with the highest number
found between isolates PM1352 and PM1358 obtained from
femurs of chicken numbers 5 and 2, respectively (Fig. 3a).
Some isolates obtained from different chickens appeared to
be identical at the core genome level, e.g. isolates PM1332
and PM1351 and PM1346, with the first two isolates obtained
from femur, and the last one from pericardium of three
different chickens (Fig. 3b). This investigation also showed
that within chicken diversity in chickens 1, 2, 3 and 5 was
comparable or greater than between chicken diversity. For
example, the core genomes from the eight isolates obtained
from chicken one differed by between 1 and 11 SNPs (mean
6.1+2.5) (Fig. 3c).

No SNP was identified in the LPS outer core biosynthesis loci
between the LPS type 3 isolates or between the LPS type 1
isolates. Two of the isolates from each group (PM1333 and
PM1352 in the LPS type 3 isolates and PM1760 and PM17644
in the LPS type 1 isolates) had their LPS outer core biosyn-
thesis loci over 2 contigs (broken natC gene and broken pcgD
gene, respectively). A review of the read pile ups of these four
isolates as well as from those with unbroken LPS confirmed a
very low read coverage in those regions in general.

The LPS type 3 isolates carried 36 nucleotide differences in
the 6176 bp region of LPS outer core biosynthesis loci when
compared with that from PM70, including a 14bp deletion
in their gatG gene from position 491 to 505, as well as a one
bp insertion in their natC gene (313_314insA). The LPS type
1 carrying isolates were also identical to each other in their

5573bp LPS outer core biosynthesis loci with all carrying
only two synonymous substitutions compared to that from
Heddleston serovar 1 type strain (G666T in gatA and C525T
in the pcgC gene).

In order to investigate if the LPS type 1 carrying isolates had
the potential of a decorated outer core galactose with PEtn,
the draft genome assemblies were subjected to bioinformatic
examination. The 525 amino acid long PetG sequence was
used to search against the draft genome assemblies of LPS
type 1 isolates using BLASTX. However, only one region with
similar amino acid size was identified where it shared only
67% amino acid identity with the PEtn transferase respon-
sible for the addition of PEtn to the outer core glucose of the
Heddleston serovar 1 reference strain.

DISCUSSION

P multocida is a rare example of a multi-host pathogen within
the family Pasteurellaceae [1]. The aim of the current study
was to provide some insight into the natural genetic diver-
sity occurring within an outbreak of fowl cholera. Repeated
outbreaks of fowl cholera on one farm can be simply the
re-emergence of the very same strain (from carrier birds or
a stable environmental source) or the introduction of new
strains (replacement stock or a new environmental source)
(5, 6].

MLST has been used to understand the epidemiology of fowl
cholera outbreaks in Australia [6] and overseas [33] allowing
a recognition of when strains have been associated with
repeated outbreaks across time and when new strains have
been introduced. Our results in this study, however, showed
that while all the isolates in this farm belonged to ST20, they
belonged to two separate, albeit closely related, clades when
comparing their whole-genome SNPs. A relationship was
also found between the clades and their capacity to carry LPS
type L3 or L1 (clade 1 and 2, respectively) highlighting the
role of horizontal gene transfer in the evolution of the LPS
outer core biosynthesis loci, as reported previously [13]. In
addition, the results of our study suggest that vaccination
with isolates from clade 1 carrying LPS type L3 has been
successful in halting the initial outbreak. However, the
vaccine has not been sufficient to halt subsequent outbreaks.
As even minor changes of the LPS structure has been shown
to cause a loss of vaccine cross-protection provided by killed
vaccines [12], the use of the killed vaccine with LPS type 3
might even have driven the selection for P. multocida with
LPS type 1.

Our results also show that the currently in-use DNA finger-
printing technique, rep-PCR, can fail to identify the variations
in the LPS outer core biosynthesis loci as isolates with LPS
type L1 or L3 produced the same rep-PCR pattern. Hence,
rep-PCR finger-printing can be misleading in guiding
vaccine selection if used as the only tool, as it is not always
discriminatory enough to pick the difference in the LPS outer
core biosynthesis loci of isolates. This lack of discrimination
capacity by the typing schemes in-use, meant that on-going
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outbreaks of fowl cholera were not understood to be due to
an antigenically very different challenge strain.

Within host diversity of bacterial pathogens has been
reported in a number of important bacterial pathogens
such as Staphylococcus aureus and Pseudomonas aeruginosa
[17, 34]. Our laboratory has previously reported within-host
variations in the core genome of P. multocida isolates obtained
from cases of pasteurellosis in captive pinnipeds [3]. In our
current work, five single colony picks from the primary
isolation plates of femur bone marrow of several diseased
chickens across different years revealed population diversity
even in a single organ. Our analysis suggests that WGS from
a single colony would not be sufficient to accurately deter-
mine transmission pathways between different chickens.
Despite high diversity within individual chickens, some
isolates from different chickens were nearly identical at the
core genome level, indicating transmission from a common
source, which carried a mixed population or repeated cross
transmission between infected chickens. Microbiome analysis

of tissues has the potential to offer greater insight into the
diversity of co-infecting organisms within a fowl cholera
outbreak. Although most standard microbiome analyses do
not discriminate between closely related strains of the same
species, it is feasible to resolve strain heterogeneity within
metagenome data [35, 36]. These methods have the potential
to capture, from a single sample, the P. multicide diversity
defined by our conventional multiple isolate examination.

Both of the LPS outer core biosynthesis loci L1 and L3 start
with a heptosyltransferase coding gene for the addition of
the first outer core sugar, being a heptose, followed by a gene
coding for a bifunctional glycosyltransferase [13]. The LPS
type L3 consists of a total of six glycosyltransferase coding
genes named hitpE, gctC, gatF, natB, gatG and natC [18].
Previous studies on the field isolates of P. multocida, have
revealed that a total of six different LPS outer core structures
could be produced by the L3 bearing isolates with some
being the result of major genetic mutation in the linked
transferase gene [18]. Our analysis of the genomes of LPS
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type L3 carrying isolates revealed that all carried a 14 bp dele-
tion in their gatG gene in contrast to the P. multocida type
strain PM70, which has a fully functional gatG. This genetic
mutation has been reported in previously studied P. multocida
ST20 isolate PM1439 [18]. Previous studies have revealed that
the gatG gene codes for a galactosyltransferase, which adds
the second galactose (Gal II) to the fourth position of the first
galactose (Gal I) [18]. The structural analysis of the LPS from
isolate PM1439 as well as one of the strains from this farm
(PM1422) has previously revealed their outer core finishes at
the first galactose and consists of Hep.[Glu].Glu.Gal [12, 18].
This confirms the role of the 14bp deletion in gatG, in the
LPS truncation beyond Gal I. Since the isolates carrying LPS
type L3 in the current study had LPS outer core biosynthesis
loci that were identical to that of previously studied isolate
PM1422 and PM1439, it is highly likely that the LPS type L3
carrying isolates in this farm all had an LPS outer structure
finishing at Gal I. Our laboratory has previously reported an
insertion in the position 777 of the gatG gene of P. multocida
isolates associated with pasteurellosis in captive fur seals
resulting in a CDS frame shift [3], which most likely results

in the same LPS outer structure. These results indicate that
there may be a strong selective advantage in truncating the
LPS at Gal I.

The LPS outer core biosynthesis locus L1 consists of six genes
including four genes involved in biosynthesis of phospho-
coline (PCho) (pcgD, pcgA, pcgB and pcgC) as well as two
glycosyltransferases htpE and gatA (for the addition of the
outer core heptose and a bifunctional galactosyltransferase
which adds Gal I and Gal IT to the heptose, respectively) [37].
This LPS type is shared by the Heddleston serovars 1 and
14 serovar reference strains. The structure analysis of the
Heddleston serovar 1 reference strain X-73 has revealed that
the LPS outer core of this strain consists of one heptose, with
two galactoses attached to its positions 4 and 6 [37]. One PCho
and one PEtn molecule are also attached to the positions 3
and 6 of both galactose molecules, respectively [13]. It has
been suggested previously that fowl cholera isolates carrying
LPS type L1, mostly have an outer structure similar to that
of VP161 [2PCho, 2Hex, Hep], which lacks the two PEtn
found in X_73 [10]. A number of PEtn transferases has been
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identified in P. multocida with some responsible for adding
PEtn to the inner core, lipid A, as well as outer core biosyn-
thesis loci galactose [27]. The gene coding for the addition of
the PEtn molecule has been recognized recently and named
petG [27]. However, no protein sequence with high similarity
to that of PetG could be identified in the LPS type 1 carrying
P. multocida in our study. The fact that both strains VP161
and X_73 are overseas isolates, this finding might suggest a
difference between Australian isolates carrying LPS type L1
and overseas strains in terms of the presence of particular
PEtn transferase genes. The extracted PEtn transferase region
from the LPS type 1 isolates in our study showed high degree
of amino acid similarity with that from lipooligosaccharide
phosphoethanolamine transferase A (LptA) (accession
number WP_064968839.1) using BLASTP function in NCBIL
However, full understanding of the diversity in the phosphoe-
thanolamine transferase genes of P. multocida was beyond the
scope of the current project.

In conclusion, whole-genome sequencing and core-genome
SNP analysis is a suitable method for replacing PCR-based
techniques in examining outbreaks of fowl cholera. As well,
genomic analysis provides clearer insights into the associations
of the P. multocida isolates within and between outbreaks as
well as within a single chicken during an outbreak. The occur-
rence of within-host, as well as within-outbreak, diversity of
fowl cholera-associated P. multocida isolates is quite a novel
finding that requires further studies to fully understand the
implications for prevention and control programs. WGS data
is routinely used now in human bacterial pathogen research
to investigate strain relatedness, monitor the emergence of
bacterial antibiotic resistance and/or bacterial virulence
factors [38], e.g. in food-borne disease outbreaks [39]. Since
infectious disease outbreaks in animals can follow different
epidemiology scenarios, the issue of flexible WGS-based case
definitions of a ‘clonal outbreak’ that has been suggested for
food-borne outbreaks [39] needs to be explored for veterinary
disease outbreaks investigated by WGS. Our data strongly
supports and expands the original observations of Singh et
al. [6] - effective fowl cholera vaccination programs require
effective strain selection for killed vaccines as well as other
management and biosecurity-related strategies. Future efforts
are needed to characterize P. multicida diversity by WGS of
isolates across a larger geographical area. Importantly, the
application of microbiome analysis to both chicken tissues
and the surrounding environment are likely to be relevant
and practical strategies in the near future for investigation of
strain diversity and particular genes such as LPS outer core
biosynthesis loci.
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