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“Ndo ha céu sem tempestades, nem caminhos sem acidentes. Ndo tenha medo da vida, tenha
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RESUMO
Pasteurella multocida é um patégeno comensal e oportunista que causa varias doengas como
pneumonia, rinite atrofica, colera aviaria e septicemia hemorragica em diferentes hospedeiros.
Essas doencas causam um alto indice de morbidade e mortalidade, resultando em grandes
prejuizos econdmicos a nivel mundial. No Peru, P. multocida é o principal agente causador de
pneumonias, possuindo alta taxa de mortalidade em neonatos e filhotes de alpacas na época das
geladas, o qual representa uma grande problematica, uma vez que a producéo de alpacas € um
dos principais recursos econémicos da regido dos Andes. Nesse contexto, é essencial o
conhecimento de caracteristicas genémicas da espécie P. multocida para o desenvolvimento de
estratégias futuras para controle e prevencao dessas doencas. Por esse motivo, foi sequenciada
a linhagem UNMSM isolada de uma alpaca com pneumonia e 22 linhagens de P. multocida
foram recuperadas da base de dados National Center for Biotechnology Information (NCBI).
Com o objetivo de decifrar a diversidade genética e o processo adaptativo de P. multocida, este
trabalho realizou andlises filogendmicas e pangendmicas de isolados de distintas doencas e
hospedeiros dessa espécie. Analises de selecdo positiva, predicdo de ilhas genémicas e de genes
componentes do genoma acessorio foram realizadas nos grupos fenotipicos estabelecidos.
Como resultado, comprovou-se a patogenicidade da linhagem UNMSM devido a presenca dos
principais genes de viruléncia da espécie e da presenca de ilhas de patogenicidade. Entretanto,
a andlise filogenética demostrou que a linhagem UNMSM diverge das demais linhagens do
grupo que causam a pneumonia. A analise da diversidade baseada na filogenia de nucleotideos,
aminoacidos e presenca e auséncia de genes demonstrou a concordancia do agrupamento de
linhagens aos grupos fenotipicos estabelecidos. A anélise da diversidade por filogenia baseada
na presenca e auséncia de genes, mostrou uma maior variabilidade no mesmo grupo. Em relacéao
aos estudos de pangenoma, 0s genes acessorios codificam proteinas associadas ao metabolismo
e transporte de carboidratos, aminoacidos, biogénese e membrana de parede celular e proteinas
hipotéticas. A presenca desses grupos funcionais como parte do genoma acessorio sugere a
importancia no processo adaptativo, indicando a fixagdo no genoma através da pressao seletiva.
Anélises de selecdo positiva no genoma identificaram genes submetidos a selecdo, relevantes
na interacdo com hospedeiro, mas ndo estdo implicados no processo de adaptagdo em
patogenias. Finalmente, a presenca de ilhas genébmicas e determinadas linhagens teriam um
papel crucial na preferéncia por determinado hospedeiro e/ou doencga. Analises genémicas e
transcricionais poderdo fornecer novas informag0es acerca do papel essencial de eventos de
transferéncia horizontal e polimorfismos de nucleotideo Unico envolvidos na diversificacao e

compreensdo dos mecanismos de adaptagdo de P. multocida.



Palavras-chave: Pasteurella multocida, adaptacao evolutiva, diversidade gendmica,
pangenoma, filogenémica e gendmica comparativa.



ABSTRACT

Pasteurella multocida is a commensal and opportunistic pathogen that causes several diseases
such as snuffles, pneumonia, atrophic rhinitis, fowl cholera and hemorrhagic septicemia in
different hosts. These diseases cause a high rate of morbidity and mortality, causing important
economic loss worldwide. In Peru, P. multocida is a mean agent of pneumonic infection, with
a high mortality rate in neonatal alpacas in the seasons of icy. This represents a major problem
since the production of alpacas is one of the main economic resources from the Andes region.
In this context, knowledge of genomic characteristics from P. multocida species is essential for
the development of future strategies for the control and prevention of these diseases. For this
reason, the UNMSM strain isolated from an alpaca with pneumonia was sequenced and 22 P.
multocida strains were retrieved from the NCBI database. In this case, to decipher the genetic
diversity and adaptive process of P. multocida, this work aimed to perform phylogenomic and
pan genomic analyses of isolates from distinct diseases and hosts. Analysis of positive selection,
prediction of genomic islands and accessory genome were performed in the phenotype
established phenotypic groups. As a result, the pathogenicity of the UNMSM strain was
evidenced due to the presence of the main virulence genes of the species and the presence of
pathogenicity islands. However, phylogenetic analysis has shown that the UNMSM strain
diverges from other lineages in the pneumonia group. Analysis of the diversity based on the
nucleotide/aminoacid phylogeny and presence and absence of genes show the agreement of the
clustering of lineages from established phenotypic groups. Analysis of diversity by phylogeny
based on the presence and absence of genes showed greater variability in the same group.
Notably, the accessory genes encode proteins associated with metabolism and transport of
carbohydrates, aminoacids, cell wall and membrane biogenesis, and hypothetical proteins. The
presence of these functional groups as part of the accessory genome suggest the importance in
the adaptation process, suggesting their fixation in the genome through selective pressure.
Positive selection analysis identified genes under selection, relevant in host interaction but are
not involved in the pathogen adaptation process. In conclusion, the presence of genomic islands
and determinate strains would play a crucial role in host/disease predilection. Transcriptional
and genomic analyzes may provide new information about the essential role of horizontal
transfer events and single nucleotide polymorphisms involved in the diversification and

understanding of the mechanisms of P. multocida adaptation.

Keywords: Pasteurella multocida, evolution, diversity genomics, pangenome,
phylogenomic, comparative genomics.



SUMARIO

LISTA DE FIGURAS ...ttt bbb 9
LISTADE TABELAS ... oot 10
LISTA DE ABREVIATURAS. ...ttt 11
APRESENTACAO. ......oooieeceeteeee e teeies s s es s sn st nass s, 13
(O00] F=1 o] - oo 1SS 14
] (o] [ SO 15
(@] o =] 1LY PSSR 18
(@] o] =2 LAV 0N [=] -1 ISR 18
ODjJEtiVOS ESPECITICOS. ...veviieiiciiie e 18
CAPITULO 1: REVISAO DA LITERATURA ..o 19
CAPITULO 2: RESULTADOS ......vvveieieeiieiesesteeesseseeses s sesssss s senssssssessssn s 20
ReSUItad0S aICIONAIS ......ccveiuieiiiieieeie et re e e nreenee s 22
CAPITULO 3: Discussdo geral, conclusdo e Perspectivas ............cccccveeeerveeseenenenens 26
DT ol U ESY: (oo T = | SO 26
(0] 0] 1151 o 1SRRI 29
PEISPECTIVAS ...ttt ettt et e et e s b e s te et e s reesbe e st e sneesreeneeneenneenee s 30

ANEXQOS: Material SUPIEMENTAN..........cccveiiiiieirce e 31



LISTA DE FIGURAS

Figura 1. Arvore filogenética baseada nos SNPs do genoma central de 23 linhagens de P.
multocida utilizadas no estudo “Pan-genomic approach shows insight of genetic divergence
and pathogenic adaptation of Pasteurella multocida” (Hurtado et al., 2018). Complexos
clonais, hospedeiro, doencas, continentes e sequéncias tipo foram adicionadas na arvore para a

melhor interpretacao da relagéo filogenética.



LISTA DE TABELAS

Tabela 1. Sequéncias tipo e complexos clonais de 23 linhagens de P. multocida utilizadas no
estudo “Pan-genomic approach shows insight of genetic divergence and pathogenic

adaptation of Pasteurella multocida” (Hurtado et al., 2018).

10



LISTA DE ABREVIATURAS

API

BRD
BRIG
BLASTp
BOX-PCR
CAPES
CC

CCT
CDSs
CG-SNPs
CNPq
COG
DNA
ERIC-PCR
Reaction
EUA
FAPEMIG
FMV
ICB

GEls
G+C
GIPSy
HGT

HS

ICEs
LGCM
LGT

LPS
MCL
MGEs
Mls
MLST

Analytical Profile Index

Bovine Respiratory Disease

Blast Ring Image Generator

Basic Local Alignment Search Tool — protein

BOX- ALR element

Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
Clonal Complex

CGView Comparison Tool

Coding sequences

Complete genomics Single Nucleotide Polymorphisms
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
Cluster of Orthologous Genes

Deoxyribonucleic acid

Enterobacterial Repetitive Intergenic Consensus Polymerase Chain

Estados Unidos da América

Fundacao de Amparo a Pesquisa do Estado de Minas Gerais
Facultad de Medicina Veterinaria

Instituto de Ciéncias Bioldgicas

Genomic Islands

Guanine + Cytosine

Genomic Island Prediction Software
Horizontal Gene Transfer

Hemorrhagic Septicemia

Integrative and Conjugative Elements
Laboratdrio de Genética Celular e Molecular
Lateral Gene Transfer

Lipopolysaccharide

Markov Clustering Algorithm

Mobile Genetic Elements

Metabolic Islands

Multilocus Sequence Typing

11



MDR
NCBI
PAls
PATRIC
PFGE
RAPD-PCR
RAST
REA
RIRDC
Rls
SNPs
STs

Sls

TA
UNMSM
UNA
UFMG
UniProt
VFDB
VFs
WGS
wgMLST

Multidrug Resistant

National Center of Biotechnology Information
Pathogenicity Islands

Pathosystems Resource Integration Center
Pulsed-field gel electrophoresis

Ribotyping, random amplification of polymorphic DNA
Rapid Annotation using Subsystem Technology
Restriction Endonuclease Analysis

Rural Industries Research and Development Corporation
Resistance Islands

Single Nucleotide Polymorphisms

Sequences Types

Symbiotic Islands

Toxin-antitoxin

Universidad Nacional Mayor de San Marcos
Universidad del Altiplano

Universidade Federal de Minas Gerais
Universal Protein Resource

Virulence Factor Database

Virulence Factors

Whole Genome Sequencing

Whole-genome Multilocus Sequence Typing

12



APRESENTACAO

13



Colaboracoes

Este trabalho foi realizado no Laboratério de Genética Celular e Molecular (LGCM) do
Instituto de Ciéncias Bioldgicas (ICB), Universidade Federal de Minas Gerais (UFMG)
supervisionado pelo Prof. Dr. Vasco Azevedo e Profa. Dra. Flavia Aburjaile. Este trabalho foi
realizado em colaboragdo com o Prof. Dr Lenin Maturrano, Pesquisador e Professor da
Universidad Nacional Mayor de San Marcos (UNMSM), Secdo de Biologia Molecular e
Genética da Faculdade de Medicina Veterinaria (FMV), localizado no Peru.

Este trabalho teve o apoio financeiro das seguintes agéncias brasileiras: Fundacdo de
Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG), Coordenacdo de Aperfeicoamento
Pessoal de Nivel Superior (CAPES) e Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq). Além disso, o projeto contou com o apoio financeiro do Programa
Nacional de Inovacdo para a Competitividade e Produtividade (Innovate Peru), visando o

controle e prevencdo de infecdes de ambito veterinario na regido dos Andes.

14



Prefacio

Durante o desenvolvimento da dissertagdo do mestrado, iniciou-se uma colaboragéo entre
a equipe de pesquisa do Peru da Seccdo de Biologia e Genética Molecular FMV-UNMSM, e o
Laboratdrio de Genética Celular e Molecular, ICB-UFMG. Em ambos laboratorios, visava-se
0 estudo gendmico de bactérias de interesse publico e veterinario, para o desenvolvimento de
estratégias de controle e prevengdo em diferentes animais de producdo. Durante esse periodo
foram desenvolvidos projetos em conjunto, dos quais resultaram na publicacéo de trés artigos
cientificos.

O primeiro artigo foi elaborado como parte do desenvolvimento do projeto: “Vacinologia
reversa para o desenvolvimento de nova geragdo de vacinas para controle e/ou prevencao de
pneumonia em alpacas com pasteurelose”, subvencionado pelo Programa Innovate Peru. Este
projeto apresenta relevancia devida a que a producéo de camelideos sul-americanos ser um dos
principais recursos econdmicos para as comunidades andinas no Peru, isto pelo consumo de
carne e a demanda de venda da fibra da alpaca. Porém a producéo desses animais diminuiu
principalmente por infegbes pneumdnicas, que sdo uma das principais causas da mortalidade
em neonatos e filhotes de alpacas. Pasteurella multocida é uma bactéria Gram-negativa,
membro da microbiota normal do trato superior desses animais. No entanto, devido a fatores
ambientais e de manejo, 0s animais apresentam uma susceptibilidade imunitéria, a qual permite
0 desenvolvimento de infeccBes bacterianas, como pneumonia (Rosadio et al., 2011). P.
multocida é o principal agente patogénico em animais domésticos e selvagens, causando
pneumonias (em animais ruminantes) e septicemia hemorragica (bovinos), rinite atréfica
(porcos), colera aviaria e mais usualmente infecdes na pele (humanos) (Wilson and Ho, 2013).

Nesse contexto, redigiu-se uma revisao sistematica de P. multocida, sendo o primeiro artigo
de revisdo a abranger estudos envolvendo areas, como a gendmica e epidemiologia, para
responder questdes a respeito da diversidade gendmica e adaptacdo evolutiva. Essa revisao
intitulada: “Insights of Pasteurella multocida: genomic diversity, epidemiology and
evolutionary adaptation” foi recentemente submetida ao periddico International Journal of
Medical Microbiology, e encontra-se no Capitulo 1 - REVISAO DA LITERATURA deste
manuscrito.

Tratanando-se de problemas relacionados as infec¢cdes pneumonicas em alpacas estao as
medidas do controle e prevencdo nao eficientes, 0 que causa 0 uso de antibidticos genéricos, e
sem um controle da susceptibilidade e resisténcia a antimicrobianos. Além disso, ndo se tem o
registro adequado em relacédo ao local de isolamento e detecgdo da doenca ao longo dos anos.

Tendo em vista esse cenario, em 2014, um estudo de campo foi realizado pela Universidad del
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Altiplano (UNA), no estado de Puno, Peru. Foram coletadas 24 linhagens de P. multocida de
46 animais com evidéncia clinica de pneumonia procedentes do centro experimental la Raya.
Todos esses isolados de P. multocida pertencem ao sorogrupo A e genotipo L6. Por meio de
técnicas moleculares, como ERIC-PCR e BOX-PCR, acredita-se que 0 surto ocorreu
procedente de uma infecdo comum, devido a homogeneidade genética encontrada na maioria
das linhagens (Rocio et al., 2017). Dentre os isolados obtidos neste estudo, foi selecionada a
linhagem UNMSM. A partir dos dados gendmicos foi possivel identificar importantes genes de
viruléncia e 75 genes relacionados a fagos. Esse resultado nos permitiu inferir sobre a viruléncia
da linhagem e a plasticidade gendmica da mesma. O resultado deste trabalho foi apresentado
no artigo publicado no periédico Journal of Genomics: “Draft Genome Sequence of a Virulent
Strain of Pasteurella Multocida Isolated From Alpaca” o qual esta no Capitulo 2 —
RESULTADOS desta dissertacéo.

Além de provocar doencas em alpacas, com alto indice de viruléncia e patogenicidade,
como demonstrado no artigo anterior, P. multocida é um patégeno veterinario que afeta a
producdo de bovinos, porcos, aves e coelhos. O tratamento com antibidticos é a estratégia mais
utilizada contra essa bactéria, porém apresenta uso excessivo e indiscriminado. Além do uso
dos antibioticos, vem sendo utilizadas vacinas composta por toxinas, bacterinas, bactérias
atenuadas, proteinas e peptideos recombinantes, que na maioria dos casos ndo confere completa
imunidade e a maioria ndo sdo comercialmente disponiveis (Wilson and Ho, 2013). Com isso,
ainda ndo é suficiente os esforcos para combater os diferentes processos infeciosos, por isso é
de suma importancia conhecer caracteristicas em nivel genémico que contribuem no tropismo
e patogenicidade desse microrganismo, para a busca e melhora das estratégias de prevencdo e
controle. Com o continuo aumento de genomas sequenciados é possivel acessar a informacao
genémica de linhagens procedentes das diversas doencas e hospedeiros.

Em meio a essas questdes, surge a ideia de realizar analises pangendmica, predicdo de
elementos genéticos moveis e de genes submetidos a pressao seletiva, que possam estar
envolvidos na diversidade intraespecifica e na adaptacdo patogénica, permitindo encontrar
diferengas genémicas entre linhagens procedentes de diversos fendtipos. A contribuicdo deste
trabalho permitiu conhecer 0s recursos genémicos que promovem a adaptabilidade aos
diferentes nichos e patogénese. Esses resultados conferem dados importante para novas
estratégias de controle e tratamento de diversas doencas acometidas por essa espécie. Os
resultados deste trabalho foram apresentados no artigo publicado no periédico GENE “Pan-
genomic approach shows insight of genetic divergence and pathogenic adaptation of
Pasteurella multocida”, e exibido no Capitulo 2 - RESULTADOS. Além disso, foi realizada
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a predicdo de sequéncias tipo e de grupos clonais que permitiram agregar valor as anélises
filogenébmicas. O resultado permitiu a identificagdo de linhagens ancestrais associadas a
capacidade de infeccdo de um hospedeiro e/ou doenca, resultados que corroboram com as
analises populacionais. Os detalhes desses resultados estdo apresentados na secdo de
RESULTADOS ADICIONALIS.

Ao fim deste manuscrito, temos também uma se¢do composta por discussdo, conclusdo e
perspectivas deste trabalho de dissertagdo ao longo destes ultimos dois anos, reunindo 0s
resultados obtidos em nossos estudos e em trabalhos cientificos prévios para a compreensao de

P. multocida no contexto evolutivo, epidemiolégico e gendmico.
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Objetivos

Objetivo geral

Analisar a diversidade genémica e adaptacéo evolutiva de 23 linhagens de Pasteurella

multocida isoladas de diferentes hospedeiros e doencas.

Obijetivos especificos

» lsolar e caracterizar microbiologicamente a linhagem UNMSM de P. multocida
procedente do estado do Cusco, Peru;

» Sequenciar, montar, anotar o primeiro isolado pertencente a linhagem UNMSM P.
multocida, proveniente de um pulmé&o de alpaca com pneumonia;

» Analisar a diversidade intraespecifica através da relacdo filogenética baseada em
substituicdo nucleotidica/aminoacidica e presenca e auséncia de genes;

» ldentificar e caracterizar a presenca de genes e de ilhas gendmicas possivelmente
associadas a capacidade de infectar um determinado hospedeiro e/ou causar uma doenca
especifica;

» ldentificar genes submetidos a pressdo seletiva que estejam envolvidos com a doenca

ou adaptacdo ao hospedeiro.
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CAPITULO 1: REVISAO DA LITERATURA

Artigo de revisdo intitulado “Insights of Pasteurella multocida: genomic diversity,
epidemiology and evolutionary adaptation”. O artigo foi submetido ao periodico International
Journal of Medical Microbiology (Elsevier) em janeiro de 2019.

Esté revisdo descreve a histdria gendmica desde o primeiro genoma isolado de P. multocida
proveniente de um caso de colera aviaria reportado no ano de 2011, até os ultimos estudos de
genbmica comparativa em nivel populacional, com o aumento crescente de genomas
sequenciados provenientes de origem veterinaria. Os resultados das analises comparativas e
pangendmicas, revelaram a espécie com um genoma flexivel, devido a presenga de uma grande
variedade de elementos genéticos mdveis, tais como ICEs, GEls, ISs e plasmideos. A
identificacdo de ilhas gendbmicas exclusivas e a presenca de genes de resisténcia a antibiotico,
indica a fixacdo destes no genoma, pelo aumento do fitness da bactéria em um nicho especifico.
Adicionalmente, analises epidemioldgicas baseadas na tipificacdo de sequéncias multilocus,
serotipagem, genotipagem e polimorfismo de nucleotideo Unico permitiu explorar um pouco
mais a relacdo de genotipos e grupos filogenéticos associados a capacidade de causar uma
determinada doenca e/ou predilecdo por um hospedeiro. Além disso, encontrou-se elementos
genéticos moveis presentes em determinados grupos genéticos ou adquiridos por convergéncia
evolutiva que atuariam na capacidade de causar uma doenca ou infectar um hospedeiro. A
analise de selecdo de diversificacdo encontrou proteinas expostas na superficie sujeitas as
pressdes de selecdo relacionadas a sua capacidade de adaptacdo ao nicho. Portanto, é essencial
explorar o contetdo genético e os Single Nucleotide Polymorphisms (SNPs) desse patdgeno que
desempenham papéis cruciais na viruléncia bacteriana, na diversificacdo da populacdo e na
adaptacdo aos nichos hospedeiros. Esse artigo de revisdo é o primeiro estudo descrevendo a
relacdo gendmica e epidemioldgica para uma melhor compreensao da diversidade e evolugédo

de P. multocida.
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Abstract

Pasteurella multocida is an important veterinary pathogen that harbors the ability to infect a wide
range of animals in a broad spectrum of diseases. P. multocida is a complex microorganism
concerning genomic flexibility, host adaptation and pathogenesis. Epidemiological analysis based in
multilocus sequence typing, serotyping, genotyping, association to virulence genes and single
nucleotide polymorphisms (SNPs) allow to asses intraspecies diversity, phylogenetic relationships
and strain-specific associated with host predilection or disease. A high number of sequenced genomes
to draw us to a more accurate interpretation genomic and epidemiological to possibly conclude that
certain lineages can having host predilection or produce disease. Comparative analysis and pan-
genomic approaches have shown a flexible genome for hosting mobile genetic elements and therefore
show a significant variation on the genes content. Moreover, it was possible to find lineage-specific
the mobile genetic elements (MGEs) from the same niche, showing acquisition probable due to an
evolutionary convergence event or by a genetic group with the capacity of infect or produce disease.

Furthermore, diversification selection analysis exhibits proteins exposed on the surface subject to

Single Nucleotide Polymorphisms (SNPs)
Mobile Genetic Elements (MGES)
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selection pressures with an interstrain heterogeneity and it would be related to their ability to adapt.
Therefore, it is essential to explore the genes content and SNPs of this pathogen that would play
crucial roles in bacterial virulence, population diversification and niche adaptation. This article is the
first study describing the genomic and epidemiology relationship for a better understanding of the
diversity and evolution of P. multocida.

Highlights

» P. multocida can infect a wide range of hosts and cause different diseases.

P. multocida presents genomic flexibility in host adaptation and pathogenesis.
» SNPs have roles in population diversification and niche adaptation.

« Integration of genomic and epidemiological data is essential to cognize evolution.

Keywords: genomics; epidemiology; host predilection; phenotypes associated strains; virulence.

1. Introduction

Pasteurella multocida was isolated for the first attempts by Pasteur in 1881, from a fowl cholera
outbreak and to develop an attenuated bacterial used as a vaccine, which can stimulate an immune
response in chickens (Pasteur, 1881, 1880). Belonging to the genus Pasteurella, are mostly
commensal and opportunistic pathogens bacterial found in the oral cavity, nasopharyngeal, and upper
respiratory tract of a wide range of domestic and wild animals throughout the world.

P. multocida is a Gram-negative rod-shaped, non-flagellated (4). P. multocida isolates are aerobic
or facultative anaerobic and grow well at 37°C on 5% sheep’s blood in different medium agar,
however no growth on MacConkey agar. Although P. multocida grows on blood agar, it is not
hemolytic. Most clinical isolates are catalase, oxidase, indole, and ornithine decarboxylase positive
but Urease negative (Boerlin et al., 2000). Identification of P. multocida is performed using
biochemical strips (such as API 20E/20NE) (Collins et al., 1981). This microorganism is the primary
agent causing of fowl cholera, predominantly in poultry and a variety of avian species (Christensen
etal., 2008; Shane and Stern, 2003), hemorrhagic septicemia in ungulates animals, especially in cattle
and buffalo (Rimler and Wilson, 1994), atrophic rhinitis in pigs (Chanter and Rutter, 1990; Davies et
al., 2003), rhinitis (snuffles) and pneumonia in rabbits (DiGiacomo et al., 1991; Tayeb et al., 2004).
P. multocida as secondary agent is implicated in the pneumonic infection (Dabo et al., 2007; Hansen
et al., 2010; Rosadio et al., 2011) in host as cattle (Dabo et al., 2007), sheep (Davies et al., 2003),
pigs (Chanter and Rutter, 1990; Davies et al., 2003; Hansen et al., 2010), rabbit, goat (Wilkie et al.,
2012) and alpaca (Hurtado et al., 2017; Wilkie et al., 2012). P. multocida is an zoonotic agent, being
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the most predominant pathogen isolated in human infections, and their transmission occurs through
animal bites or contact with nasal secretions (Wilson and Ho, 2013). The infection associated with
Pasteurella are generically called “Pasteurellosis” that can be presented as an acute or chronic
infection and that can lead to significative mortality (Harper et al., 2006; Wilson and Ho, 2013). More
information about the pathogenesis by specific disease were described previously (Wilkie et al., 2012;
Wilson and Ho, 2013).

P. multocida was subdivided into three subspecies: P. multocida subspecies multocida, P. multocida
subspecies septica, and P. multocida subspecies gallicida (Mutters et al., 1985) classified by
phylogenetic relations (Kuhnert et al., 2000), phenotypes (Mutters et al., 1985) and niche adaptation
(Holst et al., 1992; Muhairwa et al., 2000). The P. multocida strains are classified based in the
serotyping, which recognize 5 types capsular polysaccharide antigens, distinguishing: A (Hyaluronic
acid), B (arabinose, mannose and galactose), D (heparin), E (uncharacterized), or F(chondroitin)
serogroups (CARTER, 1955). The strains also are classified on 16 serotypes based on the recognizing
of lipopolysaccharide (LPS) antigens using the Heddleston scheme (Heddleston et al., 1972). For a
simplified typing of LPS antigens and accuracy is replaced Heddleston serotyping scheme by a
multiplex PCR targeting the genes encoding the structure of the LPS outer core biosynthesis loci
(Harper et al., 2006) which, recognize and classify the eight distinct genetic loci in L1 through L8
genotype corresponding at Heddleston serovar: L1(1, 14); L2 (1,2, 5); L3 (3,4); L4 (6,7); L5(9);
L6(10,11,12,15); L7 (8,13) and L8 (16). In this review, we discuss phylogenomic and epidemiological
strategies to describe the relationship between some Pasteurella multocida strains and its capacity of
host predilection or cause a disease. We also summarize comprehensive genomic analyses, such as
pan-genomic, pathogenomics and evolutionary forces (acting on genes and SNPs) for a better
understanding of the diversity and evolutionary adaptation of P. multocida (Figure 1). A timeline of
key genomic and pathogenesis research of P. multocida is given in Figure 1 in the attempt to

understand the genetic diversity and evolution of specie (Figure 2).

Figure 1. Workflow comparative genomic studies of P. multocida isolates. P. multocida can infect a
wide range of host. The resource of genetic diversity is mediated mainly by point mutations and
acquisition of mobile elements as 1S, transposons, GEIs and plasmids. An increase of genome
sequencing of diverse pathogenic phenotype isolates allows a fine knowledge of diversity and
evolutionary adaptation. Studies of comparative genomic are reported including phylogeny
construction, pangenome analysis, epidemiology and positive selection.

Figure 2. Timeline showing key genomic analyses and pathogenesis studies in the attempt to decipher
the genetic diversity and evolution of P. multocida.
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2. Epidemiology: multilocus sequence typing, serotyping, genotyping and virulence-associated
genes

P. multocida is genetically diverse according to numerous studies (Blackall et al., 1998; Davies et
al., 2004, 2003; Garcia-Alvarez et al., 2017; Hotchkiss et al., 2011; Marois et al., 2009; Shivachandra
et al., 2005; Subaaharan et al., 2010). Numerous studies try to decipher the genetic diversity,
pathogenic association, epidemiological origin and dissemination of P. multocida isolates. Main
issues in discussing is to identify genetic differences among strains that could be associated with the
capacity of hosts predilection and cause diverse diseases (Davies et al., 2004; Gunawardana et al.,
2000; Shivachandra et al., 2005). The bacterial pathogenesis result of complex interactions between
host factors (e.g., species, age, immune status) and the presence of bacterial virulence factors (e.g.,
LPS, capsule, adhesins, virulence genes) (Boyce et al., 2010). A variety of gene based strategies are
applied to know the genetic diversity, genetic relationships and epidemiological depth among P.
multocida strains (Garcia-Alvarez et al., 2017; Massacci et al., 2018; Peng et al., 2018a), such as 16S
rRNA, restriction endonuclease analysis (REA), ribotyping, random amplification of polymorphic
DNA (RAPD)-PCR, pulsed-field gel electrophoresis (PFGE) and multilocus sequence type analysis
(MLST) (Muhldorfer et al., 2011; Sthitmatee et al., 2010).

Being MLST analyses a strategies more popularity to explore global epidemiology, population
structure and surveillance in long-term studies (Mihldorfer et al., 2011; Wang et al., 2013a). MLST
scheme presents two databases operating on BIGSdb with separated housekeeping genes. RIRDC
(Rural Industries Research and Development Corporation) MLST database (Subaaharan et al., 2010)
is the largest concerning isolates compared to the multi-host MLST database for P. multocida (Davies
et al., 2004). MLST analyses in bacteria as Campylobacter (Zautner et al., 2011) and S. aureus
(Herron-Olson et al., 2007) has identified clonal complexes in correlation to host specialization
(Smith et al., 2005; Smyth et al., 2009), these findings could form the basis for similar work in P.
multocida. Among epidemiological marker genes that allow to show distribution and prevalence of
virulence genotypes and correlated with the pathogenic mechanism of P. multocida isolates to cause
a disease, are the capsule biosynthesis genes (cap A, B, D, E and F), genogroups of L1 through to
L8 and 14 virulence-associated genes (Ewers et al., 2006) of which, toxA, tbpA, hgbB, and pfhA
genes present a greater variability of frequency and association among hosts and disease (Bethe et
al., 2009; Ewers et al., 2006; Katsuda et al., 2013; Li et al., 2018). Majority of epidemiological
analyses are presented to continuation in attempt to find genotypes associated to pathogenic

phenotype isolates.
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2.1. Fowl cholera and epidemiology

Countable epidemiological analysis of P. multocida isolates from fowl cholera outbreaks in avian
species has been reported in America, Australia, India and China (Amonsin et al., 2002; Blackall et
al., 1998; Gunawardana et al., 2000; Kardos and Kiss, 2005; Li et al., 2018; Muhairwa et al., 2000;
Shivachandra et al., 2005; Wang et al., 2013a). In 2010, Subaaharan developed the prediction of
sequences types (STs) to species P. multocida, of an analysis of 63 isolates from Australian poultry
in 8 fowl cholera outbreaks, it was reported 26 STs (Subaaharan et al., 2010). These results show
great diversity and representativeness of STs in samples from Australian origin. In Chine, frequently
occur outbreaks of fowl cholera, an outbreak was reported between 2011- 2012, the MLST analysis
of 40 strains classified all strains with the sequence type, ST129 (Table 1) (Wang et al., 2013a).
MLST analysis of 45 isolates of an outbreak of fowl cholera occurring during 2016-2017 in southwest
China reported three different STs (ST129, ST8 and ST342), being ST129, the dominant sequence
type (Table 1) (Li et al., 2018). To isolates from outbreaks of fowl cholera in Chine, it was identified
ST129 as the genotype of major prevalence in avian P. multocida strain (Table 1) (Li et al., 2018;
Peng et al., 2018a; Wang et al., 2013a), suggesting that this allelic variant have a predisposition to
cause fowl cholera in avian, however, ST129 was identified in bovine (Hotchkiss et al., 2011), pig
and another animals, being an ST that is shared across host species worldwide (Li et al., 2018; Peng
et al., 2018a; Wang et al., 2013a). Another way could be explained by a limited number of isolates,
limited geographic distribution or the same strain origin (Gunawardana et al., 2000; Hotchkiss et al.,
2011). Likewise, it was also reported ST specific to host avian with fowl cholera, as a new ST342
(Hotchkiss et al., 2011; Li et al., 2018; Subaaharan et al., 2010).

Table 1. Sequence types (STs) of isolates of P. multocida obtained from all known studies.
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Multihost (#/%) RIRDC ST (#/%) CC Number of isolates Host Disease/Source Country/Continent Reference
ST 1-28 (Except 3, (Subaaharan et
6); ST8 (12 isolates) 63 Poultry Fowl cholera Australia al., 2010)
ST13, ST79 and Respiratory isolates
ST80 (91/128); og healt%/y and
ST122, ST51, ST81, clinically affected
ST86, ST123, animals UK, USA, Scotland and
ST125,ST137,ST9. | CC13 (82.03%) 128 Bovine France
Cattle, Buffalo, Hemorrhagic (Hotchkiss et
ST122 12 Elephant, Bison septicemia Asia al., 2011)
ST132, ST95, ST98,
ST99, ST102, Pneumonia
ST124 28 QOvine NZ, Spain
ST50, ST73, ST74, 15 Porcine Bronchopneumonia UK
ST13 9 Avian Asia/unknown
ST13 (21/29) CC13
ST149 (1/29) CC13
ST74 (3/29) CC74 (Pors et al
ST148 (1/29) CC74 29 Porcine Bronchopneumonia Denmark 2011a) B
ST50 CC50
ST150 CC50
ST146 CC50
Fowl cholera: 21
strains from the liver
,3 €ggs, 2 oviduct,1
eye of a chicken. 8 (Wang et al
ST129 40 Poultry strains of the liver, 2 | China, Jiangsu province N
heart of duck. 2 2013b)
strains from liver
goose, and one from
liver pigeon
ST131,5T132, (Bisgaard et al
ST137, ST173, 116 Ruminants Pneumonia Western part of Europe 2013) "
ST174, ST175
Hemorrhagic (Cardoso-Toset
ST47 ST322 10 Pigs septicemia Spain et al., 2013)
Hemorrhagic Pakistan and Thailand, (Moustafa et
ST122 (100%) 20 Buffalo, cattle septicemia South Asia al., 2013)
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Hemorrhagic

ST122 58 Ruminants septicemia Indonesia, ND, Sri Lanka
ST122 (50)
ST63 (1) Hemorrhagic .
ST147 (2) . . septicem?a Vietnam, S.OUth an_d
ST162 (2) 64 Bovine, pig and ce'n'tral_ Africa, Indlg, (Petersen et al.,
buffalo Nasal swabs or Philippines, Malaysia, 2014)
. Irag and Burma
tonsils of apparently
ST151 (9) healthy pigs
ST10 ST74 Pneumonia (lungs),
ST11 ST50 pyometra (Uterus),
ST12 ST9 . skin abscesses, . Garcia-Alvarez
38 Rabbit mastitis (mammary Spain, Portugal ( etal., 2015)
gland), septicemia
ST25 ST9 (liver or spleen)
ST203 (1) ST321
ST50 (1) and ST323 (1)
ST19 ST131 (1) PReumonia
ST19, ST52 STT320 (2)
ST19, ST52, ST56 ST324 (4)
ST20 ST95 (2) 12 Ovine Spain (Garcia-Alvarez
ST12, ST25 ST9 (4) etal., 2017)
ST3 ST13(2) Pneumonia
STi1 STS0 (2) Pig septicemia ar,1d
ST62 ST27(2) arthritis
ST10 ST74(2)
ST47 ST322 (1) 13
ST129(83.7%) CC129
ST8 (4.44%) CC8 45 Poultry Fowl cholera China (Lietal., 2018)
ST342 (15.55%) CC129
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23/52 (ST9, ST24,
ST27, ST50,
ST74, ST204,
ST206); 29/52

(ST293, ST294,
ST295, ST296,
ST297, ST298,
ST299, ST300,
ST301, ST302,
ST303,
ST304, ST305,
ST310, ST311,
ST312, ST313)

CC ST9, CC ST50,
CCST74

52

Rabbit

Respiratory disease,
metritis, mastitis,
skin with abscesses
and septicemia

Italian, Denmark and
other countries

(Massacci et al.,
2018)

ST8(2)

ST8

ST9 (1)

ST9

ST27 (1)

ST74

ST53 (1)

ND

ST60 (2)

ST158

ST129 (7) (43.75%)

ST129

ST156 (1)

ST156

ST159 (1)

ND

16

Avian

Fowl cholera

ST12

ST9 (52.94%)

ST11

ST50 (5.88%)

ST27, ST204,
ST298

17

Rabbit

France

ST80(5%)

ST13

ST122 (60.00%)

ST122

ST79 (30%)

ST13

ST65(5%)

ND

20

Bovine

ST7, ST9,
ST13(23.21%),
ST27, ST50
(37.5%),
ST74(21.43%),
ST122, ST287

56

Porcine

(Peng et al.,
2018a)

ST3 (7/40)

ST13

ST10 (13/40)

ST74

ST11 (18/40)

ST50

ST16 (2/40)

40

Porcine

Lung of respiratory
disease

Chine

(Peng et al.,
2018b)
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2.2. Hemorrhagic septicemia and epidemiology

Hemorrhagic septicemia (HS) is a disease of high economic importance, reported with a high
prevalence and mortality in Asia and Africa regions (Benkirane and De Alwis, 2002; Hotchkiss et al.,
2011; Moustafa et al., 2013). There are reports in Central and South America countries and Southern
and Eastern European countries (De Alwis, 1999; Shivachandra et al., 2011). In two studies of 12 and
20 isolates of hemorrhagic septicemia cases, a unique genotype, ST122 was reported being the last
case collected from different climate zones and outbreaks in different years from Pakistan and
Thailand regions (Table 1) (Hotchkiss et al., 2011; Moustafa et al., 2013). Of an outbreak of
hemorrhagic septicemia in pigs in Spain, 10 isolates belonged to ST322 (typing ST47 by multi-host
MLST) (Table 1) (Cardoso-Toset et al., 2013) grouping in the cluster with other STs associated to
HS in cattle indicating a close genetic relationship among genotype related to disease (Garcia-Alvarez
et al., 2017; Hotchkiss et al., 2011). MLST analysis of 55 isolates of P. multocida associated with
hemorrhagic septicemia in mainly bovines and also in pigs and buffalo from south and central Africa
and Asia, reporting the genotypes, ST122 (90.9%), ST63 (1.8%), ST147 (3.6%) and ST162 (1.8%),
forming a clonal complex (Petersen et al., 2014). Of 20 isolates, 12 belonged to ST122 genotype
(Peng et al., 2018a). Interestingly, ST122 is reported in an isolated of bovine, buffalo, and a pig with
hemorrhagic septicemia with wide geographic distribution (Cardoso-Toset et al., 2013; Garcia-
Alvarez et al., 2017; Peng et al., 2018a; Petersen et al., 2014), suggesting that a clonal population of
P. multocida is associated with HS but not with a host (Cardoso-Toset et al., 2013; Garcia-Alvarez et
al., 2017; Peng et al., 2018a; Petersen et al., 2014). Likewise, some sequence types were identified in
another host as ST8 (Li et al., 2018; Peng et al., 2018a), ST129 in birds (Li et al., 2018; Wang et al.,
2013a), also some genotype would be specific of septicemia hemorrhagic bovine as the ST322
(Hotchkiss et al., 2011).

2.3 Respiratory diseases and epidemiology
2.3.1. Rabbit pneumonia

In the MLST analysis, 15 isolates of P. multocida from spanish rabbit with pneumonia were
reported in major frequency to ST50 (typing ST11 by multi-host MLST) and another STs as ST74
and ST9 (Garcia-Alvarez et al., 2015). Of an epidemiologic study of 39 P. multocida isolates from
Italian rabbit with a variety of clinical manifestation, 19 STs were reported mainly distributed into
three clonal complexes (CC) that include the 82% of all strains, being three sequence types more
prevalent ST9, ST50 and ST74 (Massacci et al., 2018). A summary of epidemiological study based
on MLST, associated with 17 P. multocida isolates from France, show five genotypes (ST9, ST27,
ST50, ST204, and ST298), being the most prevalent, ST9 (52.94%). Genotypes ST50, ST74, ST13
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and ST9 have been identified different host and not exclusively in rabbit (Garcia-Alvarez et al., 2017;
Hotchkiss et al., 2011; Massacci et al., 2018; Peng et al., 2018a; Pors et al., 2011a). Interestingly, the
predominant MLST genotype isolates from pneumonia rabbit is ST9. However, the analyzes were
poorly represented by the number of samples (Garcia-Alvarez et al., 2015; Massacci et al., 2018).
Likewise, they have identified unique STs in rabbit as ST37, ST204, ST298 among others (Garcia-
Alvarez et al., 2015; Massacci et al., 2018).

2.3.2. Bovine pneumonia

Bovine respiratory disease (BRD) in cattle include pneumonia and shipping fever diseases. In a
study of respiratory cases in cattle with 128 isolates from the UK, USA, Scotland and France collected
between 1984 -2008 were reported 91 isolates belonging to three STs (ST13, ST79 and ST80), 105
bovine respiratory isolates belonging to CC13, which include cases from a wide range of countries,
years and presentations (Table 1) (Hotchkiss et al., 2011) that corresponds with last analyses (Peng
et al., 2018a). The CC13 is associated strongly with bovine respiratory isolates, but not exclusively,
due to another host belonging to this CC, according to the database, considering then a virulent clone
with some degree of specificity for respiratory disease (Bisgaard et al., 2013; Hotchkiss et al., 2011;
Peng et al., 2018b; Pors et al., 2011a). However, there is some unique genotype ST; find in a specific
disease (Hotchkiss et al., 2011) for example, ST74 in pneumonia bovine, pig and rabbit (Garcia-
Alvarez et al., 2017; Hotchkiss et al., 2011; Massacci et al., 2018; Peng et al., 2018a; Pors et al.,
2011b). However, homogeneity of STs could be the result of getting samples of a limited geographical
distribution (Hotchkiss et al., 2011; Peng et al., 2018a).

2.3.3. Ovine Pneumonia

An MLST analysis of 43 P. multocida isolates mostly from pneumonia ovine cases in Spain,
reported ST95, ST131, ST203, ST320, ST324, ST321, and ST323 genotypes (Table 1) (Garcia-
Alvarez et al., 2017) and 28 isolates pneumonia ovine from Spain and New Zeland reported ST132,
ST95, ST98, ST99, ST102 and ST124 genotypes (Table 1) (Hotchkiss et al., 2011), all STs with
exceptions ST132 have been exclusively detected from ovine pneumonia cases (Bisgaard et al., 2013;
Garcia-Alvarez et al., 2017; Hotchkiss et al., 2011). Also, they identified six STs (ST131, ST132,
ST137, ST173, ST174 and ST175) isolated from pneumonia in ruminants on western of Europe
(Bisgaard et al., 2013), one of this, ST131 was reported on ovine (Garcia-Alvarez et al., 2017). The
detection of these STs almost exclusively from sheep and goat might indicate the existence of genetic
groups of P. multocida adapted to this host, or at least to small ruminant hosts and with European

origin (Hotchkiss et al., 2011).
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2.3.4. Pigs pneumonia

The 29 isolates with bronchopneumonia in Danish pig herds, as the major representants of genetic
diversity, were submitted to MLST analysis. The results report three clonal complex, CC13, CC74
and CC50 (Table 1) (Pors et al., 2011a), being these three CC associated to pneumonia cases (Garcia-
Alvarez et al., 2015; Hotchkiss et al., 2011; Pors et al., 2011b). MLST analysis of 48 isolates of pig
with pneumonia, septicemia and arthritis from Spain reported ST9, ST13, ST27, ST50, ST74 and
ST322 genotypes (Table 1) (Garcia-Alvarez et al., 2017). All STs identified among the porcine
isolates, except ST322, had been identified previously in P. multocida isolates from pig, avian,
bovine, rabbit, lion, goat, and human, associated to different clinical backgrounds and from diverse
geographical areas (Bethe et al., 2009; Blackall et al., 2000; Davies et al., 2003; Fussing et al., 1999;
Pors et al., 2011b). MLST analysis of 40 P. multocida isolates in China randomly selected, reported
three genotypes, ST13, ST74, and ST50 (typing ST3, ST10 and ST11 by multi-host MLST) (Table
1) (Peng et al., 2018b). To 56 pig isolates were identified prevalently the ST50 (37.50%), ST13
(23.21%), and ST74 (19.64%) genotypes (Peng et al., 2018a). The number of cases of pneumonia or
respiratory associated disease concludes the presence in major frequency of determinate complex
clonal as CC13, CC50 and CC74, CC13 in rabbit (Garcia-Alvarez et al., 2015; Massacci et al., 2018),
cattle (Hotchkiss et al., 2011; Peng et al., 2018a) and pig (Hotchkiss et al., 2011; Peng et al., 2018Db).
CC50 and CC74 were presents in rabbits (Garcia-Alvarez et al., 2015; Massacci et al., 2018) and pigs
(Hotchkiss et al., 2011).

These findings suggest that several evolutionary lines belong to same group of STs or be
independent and may adapt to specific niches (phenotype disease/host), and it supports the idea that
exists some genetic groups that may be truly pathogenic (virulent clone) rather than opportunistic
(Bisgaard et al., 2013; Davies et al., 2004, 2003; Hotchkiss et al., 2011; Pors et al., 2011b). This
proposes that some lineages have increased the capacity to acquired virulence factor or present
compensatory mutations which could lead to the emergence of dominant lineages (Casali et al., 2014;
Davies et al., 2003; Enright and Spratt, 1998; Ford et al., 2013; King et al., 2002). For example the
ST131 S. Typhimurium, an emergence lineage was associated to the presence of multiple drug
resistance and evidence a partial genome degradation, their presence could support some degree of
human adaptation, however other lineages also have the ability to cause invasive disease indicating
that others host factors are drives as susceptibility and not by bacterial genotype (Klemm and Dougan,
2016).

2.4. Virulence genes and epidemiology
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Epidemiological analysis based on the profile and distribution of virulence factor allows
correlating the presence of them to the pathogenic potential of P. multocida lineages (Christensen and
Bisgaard, 2010; Dabo et al., 2007; Davies et al., 2004; Ewers et al., 2006; Hata et al., 2010; Sheppard
et al., 2010). This strategy allows explaining the association of virulence genes in isolates with the
capacity to cause the same clinical case or having host predilection. Analysis of the diversity of
virulence-associated genes proven of isolates from various clinically healthy and diseased hosts
record gene tbpA (31.5%) that encode a transferrin binding protein firstly detected in ruminant strains
(Ewers et al., 2006) but lately, reported the tbpA (82%) gene in poultry, swine, and rabbit isolates
(Garcia-Alvarez et al., 2015; Sarangi et al., 2014). A gene pfhA (37.0%) that encode a filamentous
hemagglutinin was positively associated to diseased bovine (Ewers et al., 2006), but lately, pfhA
(95.3%) gene was identified in high prevalence irrespectively in host species (Sarangi et al., 2014).
Additionally, the pfhA, nanB, and nanH genes were regularly distributed among all the serogroups
(Sarangi et al., 2014). In relation to respiratory diseases cases, in a study of isolates of P. multocida
from clinically healthy and diseases calves reported four virulence-associated genes (pfhA, tadD, thpA
and HAS) associated with the serogroup A, in agreement with previous studies, pfhA, tbpA and hghB
genes were associated with respiratory bovine diseases (Ewers et al., 2006; Katsuda et al., 2013). In
a study of isolates from the lungs of swine, it was identified the gene HAS (63.5%). Also, pfhA, tadD,
HAS and hgbA genes were more prevalent in serogroup A than serogroup D, while hsf-1, hgbB and
plpB were more prevalent in serogroup D (Peng et al., 2018a)(Peng et al., 2018a).

In a study of P. multocida isolates from pneumonia rabbit cases, it was identified serotype D
associated to hgbB (88.9%) and serotype A and hghB + pfhA negatively associated with pneumonia
(Garcia-Alvarez et al., 2015) in accordance with isolates from rabbit affected by various diseases, it
was reported pfhA (33.33%), hgbB (53.84%) and pfhA +hgbB (10.25%) genes (Massacci et al., 2018).
The pfhA, tadD, HAS, hgbA and nanH genes were more prevalent in LPS genotype L3 than genotype
L6, while and nanB were more prevalent in LPS genotype L6 (Peng et al., 2018b). The gene toxA
encode a dermonecrotoxin, present in 12.5% of isolates proven all host and 66.7% from swine,
similarly was detected in 44.1% of swine isolates (Peng et al., 2018b; Sarangi et al., 2014). ToxA was
initially detected in serogroup D associated with atrophic rhinitis in pigs (Davies et al., 2003; Gardner
et al., 1994). Likewise, toxA (2.6%) gene have shown a low prevalence in isolates from pneumonia
swine (Djordjevic et al., 1998a; Peng et al., 2018a) and absent in pneumonia rabbit, serogroup D
(Garcia-Alvarez et al., 2015). To isolates of P. multocida from fowl cholera cases, they were found
the ompH, oma87, sodC, hgbA, hgbB, exBD-tonB and nanB genes in 100% of the isolates, and it was
identified sodA and nanH (96%), ptfA (92%), and pfhA (60%) genes. Gene toxA was not identify
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(Furian et al., 2013). Analysis based on the profile and distribution of virulence-associated genes

show their association to pathogenicity but not distinguish clearly among them.

2.5. Serotyping and epidemiology

The P. multocida strains are classified based in the serotyping and genotyping, in 5 serogroups, 16
serovars and 8 LPS genogroups. Fowl cholera cases have been frequently designated in serogroups
A, B, DandF (Davies et al., 2003; Wilson and Ho, 2013); and serovars 1, 3 and 4 (Table 2) (Rhoades
and Rimler, 1990; Wilson and Ho, 2013) that correspond to LPS genogroups L1, L3 (Li et al., 2018)
and lately reported L2, L5, and L6 (Table 2) (Peng et al., 2018a). Hemorrhagic septicemia is caused
by P. multocida mainly in bovine and buffalo species caused by specific serotypes B:2 and E:2 and
in lower frequency in various other serotypes (De Alwis, 1999), and bovine respiratory diseases have
been reported in the highest frequency to serotype A:3 (Table 2) (Dabo et al., 2007, 1997; Wilson
and Ho, 2013). P. multocida isolates from bovine with diverse diseases belong in major frequency to
serogroups A and B; and LPS genogroups L1, L2, L3 (Table 2) (Peng et al., 2018a). Isolates from
rabbit have been classified in serotypes A, D and F (Chengappa et al., 1982; Dabo et al., 1999; Jaglic
et al., 2004), and in the serovars 1, 3, 4, 11, 12 and 15 (Brogden, 1980; Chengappa et al., 1982;
DiGiacomo et al., 1993).

Last studies of P. multocida isolates from Pasteurellosis cases in rabbits belonged to serogroups
A, D and F and corresponded to serovars 3 and 4 or L3 and serovars 6 or L6 (Table 2) (Garcia-Alvarez
et al., 2015; Massacci et al., 2018; Peng et al., 2018a; Townsend et al., 2001). P. multocida strains
isolated from respiratory diseases in pig were frequently designated to serogroups A and D in China
(Djordjevic et al., 1998b; Liu et al., 2017; Pijoan et al., 1983; Tang et al., 2009), and in low frequency
to serogroups B and F (Table 2) and in the serovars 3, 4, and 12 (Jamaludin et al., 2005; Lainson et
al., 2002; Pijoan et al., 1983), in addition, this was classified in three LPS genogroups, in high-
frequency L3 and L6 and low frequency L2 (Table 1) (Peng et al., 2018b). To porcine atrophic rhinitis
cases often belong in the highest frequency to serogroups D and A (Davies et al., 2003; Gardner et
al., 1994; Sakano et al., 1992). Analysis based on the profile and distribution of serotypes, serogroups
and, LPS genogroups shows the distribution of specific genotypes associated with phenotypes
corroborated with the last study at the genomic level (Peng et al., 2018a).

Preliminary genetic diversity and epidemiological analyses have identified that determined
lineages could have the predisposition to infect a host or cause a disease. However MLST approach
does not differentiate among members of the same clone, by consequence, it presents a limited
discriminations power (Blackall et al., 1998). Another strategies have identified the profile,
distribution and correlation of virulence genes and serotyping with the pathogenic potential of P.
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multocida lineages (Davies et al., 2004; Ewers et al., 2006; Shirzad Aski and Tabatabaei, 2016; Tang
et al., 2009). Although the reports of virulence-associated genes, capsule and lipopolysaccharide are
correlated to pathogenic phenotypes, they could not discriminate between the diversity of phenotypes
strains. That is how the massive whole-genome sequencing (WGS) data analysis could allow an
approach more representative of diversity on genes content and nucleotide sequence variability. An
approach more representative of nucleotide diversity is the single nucleotide polymorphism analysis
(SNPs) at a whole-genome level (Achtman, 2008; Pearson et al., 2009).

Table 2. Serotyping LPS genogroups of isolates of P. multocida obtained from all known studies.
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341
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Diseases/Hosts Serotypes (%/N°) Serovars LPS genogroups (%) Reference
A Fand B, D (Davies et al., 2003)
1,3and 4 L1(1) and L3 (3,4) (Hirsh et al., 1985)
A (85.7%) n=20 (Ewers et al., 2006)
Fowl cholera (L1, L2, L3, L5, and L6),
A (93.75%) n=16 L1 (56.25%), L3 (25.0%) |(Peng et al., 2018a)
L1 (95.6%) and L3
A (100%) n= 45 (4.4%) (Lietal., 2018)
Hemorrhagic
septicemia/bovine
and buffalo B and E L2 (2) (De Alwis, 1999)
A L3(3) (Dabo et al., 2007, 1997)
Respiratory diseases |A (93.7%) and D
and health / bovine |(6.3%) n=338 (Katsuda et al., 2013)
type A (92.3%) n=91 (Ewers et al., 2006)
(L1, L2, L3), L2
Variety disease (60.00%) and L3
bovine A (40.00%) and B (35.00%) B:L2 (60.00%)
(60.00%) n=20 and A: L3 (35.00%) (Peng et al., 2018a)
(Chengappa et al., 1982;
Dabo et al., 1999; Jaglic
A, DandF et al., 2004)
1,3,4,11,12 (Brogden, 1980;
and 15 Chengappa et al., 1982)
A (93.75%) and D L3 (76.47%) and L6
n=17 (23.53) (Peng et al., 2018a)
Rabbit A: (76.47%) L3 (76.47%) (Townsend et al., 2001)

A:3or A4

(Harper et al., 2013)

A (47.0%), D
(28.0%), and F
(25.0%) n=100

(Garcia-Alvarez et al.,
2015)

A (51.28%), D
(23.07%) and F
(25.64%)

3 (56.41%) or 6
(43.59%)

(Massacci et al., 2018)

Respiratory diseases
and health /pig

Aand D

(Djordjevic et al., 1998a;
Pijoan et al., 1983)

3,4, and 12

(Jamaludin et al., 2005;
Lainson et al., 2002;
Pijoan et al., 1983)

A (39.5%) and D
(54.9%) and
untypeable (5.2%)
n=233

(Tang et al., 2009)

A (49.3%) and D
(47.6%) n=296

(Liu et al., 2017)

A 100% n=111

(Pors et al., 2011b)

A (48.21), B, D
(42.865) and F, n=56

(L2, L3, L6), among
them, L6 (66.07%) and
L3 (32.14%), concluding
A: L3 (76.47%) n=56

(Peng et al., 2018a)

A (49.6%), D
(46.1%), and
untypeable (4.3%);
n=115

L3 (22.6%) and L6
(77.4%) n=115

(Peng et al., 2018b)

Atrophic rhinitis

A D

(Davies et al., 2003;
Gardner et al., 1994;
Sakano et al., 1992)

3. Phylogenomics

Phylogenetic analysis seeks to infer the evolutionary history and relationship among organisms

from nucleic acids or amino acid sequences, genes or genomes. The increasing availability of whole
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genome sequences allows an appropriate genome-scale phylogenetic inference of organisms called
phylogenomic (Eisen and Fraser, 2003; Maiden et al., 1998; O’Brien and Stanyon, 1999; Sicheritz-
Ponten, 2001). Phylogenomic methods are based on different approaches for the construction of
phylogenies using a whole phylogenetic signature, such as sequence variability, gene content (Gu and
Zhang, 2004; Huson and Steel, 2004; Snel et al., 1999), concatenated sequences (Brown et al., 2001,
Rokas et al., 2003) and consensus and supertree approach with the integration of multiple gene tree.
Phylogenomics constructions are the basis of important studies as pathogen transmission mapping,
geographical distribution, identification of emerging strains and as well as gene-to-phenotype
association studies (Klemm and Dougan, 2016). Construction of the phylogenetic trees SNP-based
variant calling is currently the most widely used technique. SNP-based methods have the power to
distinguish between closely related genomes that differ by only a few SNPs (Klemm and Dougan,
2016). The common prediction of phylogenies encompasses the vertically transmitted phylogenetic
signal. However, one of the challenges could represent infer the horizontal evolutive way through of
a phylogenetic representation (Comas et al., 2007; Jain et al.,, 1999; Kurland et al., 2003).
Phylogenomic construction based on content genes will be the best way to infer the horizontal
evolution. To the date, P. multocida presents an increase of available sequencing genomes from
isolates sampled across age lineages, regions and diseases (Bentley and Parkhill, 2015) however still
is insufficient the representativeness of samples. (Bentley and Parkhill, 2015). The continue increases
of sequenced genomes of P. multocida would allow a possible approximation to an evolutionary
reality with the analysis of the largest number of polymorphisms.

3.1. Phylogeny in P. multocida

First pan-genomic analysis of the nine P. multocida strains (complete genomes Pm70, 36950 and
incomplete genomes X73, VP161, Anand1P, Anand1G, P903, M1404 and P3480) based on 7,931
SNPs at shared positions shows a little or no correlation between the phylogenetic relatedness of the
strains and the country of isolation, the serogroup, serovar, the disease or the host predilection (Boyce
et al., 2012). Phylogenetic analysis based on similarity of common genes among six complete P.
multocida strains (3480, HNO6, p1059, Pm70, 36950 and X73) shows only subtle nucleotide
differences among them (Wilson and Ho, 2013). Phylogenetic analysis using 7,892 CG-SNPs show
the clustering of 12 P. multocida HS strains, clearly separated of non-HS strains (Pm70, X73, VP161,
P1059 and Anand1P) (Moustafa et al., 2015). This finding could show a correlation between lineage
and HS disease. However, there was no clear correlation with another type of diseases or hosts.
Additionally, phylogenetic relatedness of only the HS group using 722 CG-SNPs, show separate
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clustering among Asiatic strains (Thai and Pakistani strains) and M1404 (the North American isolate)
revealing a clear genetic relationship by geographic local (Moustafa et al., 2015).

Later, a core genome SNP phylogeny of 33 P. multocida genomes from the diverse host, present
four major phylogenetic groups (Cao et al., 2017). Group IV includes all serotype-B strains that
includes HS bovine strains from different countries, except the swine host. Group Il shows a close
relationship between isolates of poultry and rabbit host, probably derived from a recent common
ancestor. Phylogenetic group I, contain ATCC 43137 strain isolated of pig and 36950, P1062 (isolates
of pneumonia in cattle) and HBO3 isolated of respiratory diseases in swine (Cao et al., 2017).
Concluding that with the highest number of sequenced genomes, it is possible to find genetic
variability but not relate phylogenetic groups to pathogenic phenotypes among the P. multocida
isolates (Cao et al., 2017), considering a limited available number of genomes and the lack of
information on the origin of samples. Phylogenetic-based analysis on SNPs across the WGSs and the
SNPs within all single-copy within 1806 genes among 109 P. multocida genomes show a
corresponding phylogenetic relationship with the combining of LPS: MLST genotype (Peng et al.,
2018a). The distribution of LPS: MLST genotypes in the tree allow clustering some isolates cases
with a same MLST genotype and host but was not analyzed by disease association. A last study
among 114 isolates of P. multocida from different host species show the phylogenetic relationship
and classification of MLST genotype of these strains intimately related to the host and geographical
location (Zhu, 2019). The MLST and SNP analysis found some important genetic groups likely relate
to strain-specific phenotypes (Christensen and Bisgaard, 2010; Dabo et al., 2007; Davies et al., 2004;
Ewers et al., 2006; Hata et al., 2010; Sheppard et al., 2010) .

A similar result of phylogenetic-based analysis on 1688 core proteins of 23 P. multocida isolates
show the clustering of Pneumonia group isolates from various countries except for 3480 and HNO7
strains, and a group from snuffles of rabbit strains. Remains the avian strains clustering in two groups,
except strain Pm70 (Hurtado et al., 2018). What leads one to think that specific genetic groups may
be related to the capacity of cause a disease or host predilection. Phylogenomic analysis based on the
presence/absence genes, could represent the better way of the horizontal evolution on bacteria. The
clustering of mobile genetic element included on accessory genome could explain the association to
pathogenic phenotype-specific strain (Comas et al., 2007; Hurtado et al., 2018; Medini et al., 2005;
Vernikos et al., 2015).

The phylogeny based on the accessory genome shows a major diversity at genes level on P.
multocida strains but no stronger correlation between gene content, and host predilection or disease
manifestation (Hurtado et al., 2018). This likely reflects that the differences associated to pathogenic
phenotypes isolates could be defined for acquisition or loss genes events that could explain by
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evolutionary convergence (Hurtado et al., 2018) or by a genetic group with the capacity of cause
disease or having host predilection. It will be of interest to discover whether this trend continues with

more P. multocida sequenced genomes.

4. Comparative genomics

Since the first complete genome sequencing of Haemophilus influenza, nowadays exist a massive
number of genome sequenced product of high-throughput next-generation sequencing technologies.
The existence of a large amount of genome from the same species or lineages has allowed a study of
diversity and evolution at a high scale and level of resolution (Loman and Pallen, 2015).

Comparative genomic strategies allow to identifying similarities and differences at gene and
sequence variation among isolates enabling their clustering them. When these differences are linking
to information of isolates origin as time, space and clinical data, it can bring an understanding of
species evolution, geographical spread and disease associations (Bentley and Parkhill, 2015).
(Bentley and Parkhill, 2015; Mira et al., 2010; Vernikos et al., 2015).

Increasing the number of the sequences of representative lineages of the same species appears the
enormous variability of gene content at the intraspecific level on bacterial (Mclnerney et al., 2017).
Being that the concept of pangenome refered at all set of gene families that are found in the multiple
genomes from specie bacterial, and subdivided in core genome, genes involved in essential processes
and a group of accessory genes (indispensable and unique genes) involved in adaptive process. The
first study in this field revealed the detection of the difference in gene content in 8 strains of
Streptococcus agalactiae (Tettelin et al., 2005). Some prokaryotic species have extensive (or open)
pangenomes while others have genomes that manifest very few gene content differences (closed
pangenomes) (Mclnerney et al., 2017).

The dominant source of gene-containing variability is the cause of acquisition and loss of genes by
horizontal transfer mechanisms, allied to differential gene losses, with gene duplications also playing
a role, albeit a lesser one (Treangen and Rocha, 2011). Accessory genes associated with a specific
phenotype could usually have functions that confer a selective advantage (Frost et al., 2005). As a
consequence of the advantageous acquisition of these genes, the organism can migrate to new niches

and maintain itself through natural selection, increasing its fitness (Mclnerney et al., 2017).

4.1. Comparative genomics in P. multocida

In the attempt to decipher the diversity and evolutionary adaptation of P. multocida strains,
phylogenetic trees based on MLST, 16S RNA gene, core and whole genomes were constructed.
Complementary, comprehensive genome-wide comparisons analysis based on strategies of pan-
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genomics, pathogenomics and evolutionary selection forces prediction of genes and SNPs associated
with P. multocida strain-specific phenotypes, facilitate a better understanding of diversity and
evolutionary adaption. The genomic history in P. multocida begin with the first complete genome
sequencing, Pm70 strain, belonging to a representative clonal group from a fowl cholera case reported
in 2001, then provide the first highlights of genomic information with identification of a variety of
virulence factors, such as two genes encoding filamentous hemagglutinin and 50 genes with a
potential role in iron acquisition and metabolism (May et al., 2001).

Nowadays, the sequencing of new genomes from diverse phenotypes presents 189 all sequenced
genomes available of P. multocida, of which 51 are complete and 138 are incomplete in the NCBI
database. All available P. multocida genomes are between 2.30Mb in length with approximately G+C
content 40.40% (Table 1). Comparative analysis between complete genomes (Pm70 and 36950
strains) and incomplete genome (X73, VP161, Anand1P, Anand1G, P903, M1404 and P3480 strains)
allowed the first pan-genomic analysis resulting with a core of 1110 genes, but using only complete
genomes it resulted in 1,780 core genes and a pan-genome with more than 2,800 genes (Boyce et al.,
2012). The 36950 strain presents a unique large integrative conjugative element, ICEPmul (Michael
et al., 2012) of 82kb containing 88 genes of which 12 genes encoding resistance to antibiotics (Boyce
et al., 2012). To M1404 strain, presents 60 unique phage-related genes. The presence of this mobile
genetic element, as ICEPmul from another pathogen bacterial (Histophilus somni 2336 and
Mannheimia haemolytica PHL213) which share the same host niche with P. multocida. Another
unique region present in Pm70 strain is a homolog cluster present in another member of
Pasteurellaceae family (H. influenzae R2846, H. somni 2336, and Gallibacterium anatis UMN179)
(Wilson and Ho, 2013). The result of genetic exchange will be facilitated share the same host niche
and present homolog regions for recombination by to be members of the Pasteurellaceae family.

The comparison between HNO6 and 3480 strains, HNO6 presents a unigue region of 18kbp carrying
14 genes that include a toxA gene and several phage-related genes. Two shared regions of 4.8-kbp
and 16kbp between 3480 and HNO6. To 3480 strain, a unique region of 37-kbp and HNO6 a unique
region of 33kb no found in any of the other strains. Pm70 strains compared with 36950 strain, present
a region with a site-specific recombinase, a restriction/modification system and two unique phage-
like genes (Wilson and Ho, 2013). First pathogenomics analysis mediated by the comparison between
virulent avian P. multocida genomes (P1059 and/or X73) versus an avirulent strain Pm70, allow the
identification of 336 genes which include 61 genes with unknown function, the differential presence
of this genes could be associated with their capacity of virulence (Johnson et al., 2013). There was
identified a region shared among P1059 and F218 strains of 8.5 kb containing six genes involved in
the transport and modification of citrate and a region shared among X73 and F216 strains of 12.78kb
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containing genes encode galactitol-specific phosphotransferases, reported uniquely in isolates of fowl
cholera, but absents in 21 isolates from other different hosts and diseases (Hurtado et al., 2018). A
region shared among P1059 and/or X73 and absent in Pm70 strains contained ten CDSs involved in
the transport and utilization of L-fucose. Overall, the presence of unique genes/systems related to
metabolism and adhesion could provide to avian strains additional resources for increased fitness
leading to higher virulence (Johnson et al., 2013).

Additionally, comparison with a new avian virulent GX-Pm strain compared with P1059, X73,
Pm70 strains, show the presence of unique GEIs containing drug resistance gene such as 2
streptomycin resistance genes, 1 chloramphenicol resistance and 1 sulfonamide resistance genes, and
also several function-unknown proteins in prophage regions (Yu et al., 2016). Furthermore, 22 genes
were predicted shared between all virulence strains (P1059, X73, GX-Pm) which include a
periplasmic lysozyme inhibitor and flavohemoglobin synthase. Also, 475 genes were included in at
least some of virulent strains, among these were predicted Type | restriction-modification System, an
antitoxin protein HigA, SprT and Opacity-associated protein (Opa) that contribute on the process of
adhesion to the host cells (Yu et al., 2016). The potential of virulence-associated genes shared by
virulent strains was corroborated with new analysis among virulent strains P1059, X73 or HB02
versus avirulent Pm70 (Peng et al., 2017). The comparison among them shows the variation of
distribution of known virulence genes, like hgbA, hgbB, ptfA, tadD, flpl, pfhB1, pfhB2, nanB and
nanH. This analysis also allowed to characterize virulence-related genes present in the subspecies
septica (HBO2 strain) (Peng et al., 2017). Another diversity variant is the presence of pseudogenes
and the duplication of genes (paralogous presence). Of the comparison between 36950 and Pm70
strains shows the presence of 30 non-functional genes (pseudogenes) contained in 36950. An example
is the presence of two pseudogenes Afu2 and Afu3 that conventionally encode iron-binding proteins.
Another particularity is the presence of putative functional paralogues from pseudogenes as example
PfhB1 and PfhB2, Hsfl and Hsf2 (Boyce et al., 2012).

Another characteristic is the variation of distribution of the paralogous genes among the strains
(Pm70, P1059, X73, 36950, HNO6 3480). OmpH2 is more highly conserved than the ompH1 gene.
OmpH3 gene is present in all sequenced strains except for X73 strain. The pfhB1 gene is present in
strains Pm70, P1059, X73, and 3480 strains. PfhB2 gene is present in strains Pm70, P1059, X73, and
36950. The pfhB3 and pfhB4 genes are absent in strain Pm70. A pfhB3 gene is present in strains
P1059, X73, and 36950 strains. A pfhB4 gene present in strains P1059, HNO6, and 3480 (Johnson et
al., 2013). The occurrence of pseudogenes and paralogous genes could be due to the likely significant
redundancy of function and the loss of these functional genes that will have a little impact on the
phenotype of the strains. It is too probable that exist an incomplete distribute number of genes as a
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consequence of genetic variation rather than the complete absence of these genes (Garcia et al., 2011;
Johnson et al., 2013).

Comparative genomics analysis among high virulent strains (PmCQ2, Pm36950, and PmHNOG6)
with low virulent strain (PmCQ6) and avirulent strains (Pm3480 and Pm70) show the presence of a
Transposase 1S200 which contains three proteins ModA, ModB, and ModC in only the three high
virulent strains. The virulent PmCQ2 strain shows the presence of unique elements as 1S605, ModB,
nonspecific tight adherence protein D and include recombinase, phage-related genes, phage N-6-
adenine-methyltransferase, phage terminase, and prophage integrase. The ModB encodes a class of
zinc finger-containing transcription factor with a broad range of functions (Du et al., 2016). Virulence
genes and insertion sequences present in high virulent strains might be responsible for the virulence
differences among high virulent, low virulent and avirulent strains. Also, these results stand out the
virulence factors among strains from bovine host (Du et al., 2016).

The first genomic analysis of all HS-associated strains (M1404, Pakistani and Thai) compared to
strains not associated with HS (Pm70, 3480, 36950 and HNO6) show two unique intact prophages of
approximately 34 kb and 15kb in length present on all HS strains (Moustafa et al., 2015). Overall, the
HS strains share 96 genes dispersed around the genome and that are absent from the other genomes
analyzed. Also, the twelve Asian HS strains share an incomplete phage of approximately 44 kb region
with 59 genes absent from the American HS strain, M1404 (Moustafa et al., 2015). This region
includes 44 hypothetical proteins and includes an IgA FC receptor with antiphagocytic function and
a protein that encodes cell filamentation protein Fic, component of the toxin-antitoxin module; these
results were conferred with an additional Razi_0001 HS strain and compared with 19 isolates from
others phenotypes (Hurtado et al., 2018).

The seven Pakistani strains share a questionable phage of approximately 50 kb region containing
39 genes that include phage elements as well as hypothetical proteins but it is not present in other
genomes including 9 Thailand strains (Moustafa et al., 2015). Additionally, the strains 36950, TX1
and BUKK share 35 unique genes that include a range of antimicrobial resistance genes, designated
as a new integrative conjugative element, ICEPmu2 (Moustafa et al., 2015). Additionally, accessory
genome analysis between Razi_0001, V1, Lslm, THA, and PMTB2.1 identified 127 CDSs
exclusively shared by the HS strains that include 110 hypothetical proteins and virulence-related
genes such as TonB-dependent heme receptor A, XRE family transcriptional regulator and ArsR
family transcriptional regulator (Hurtado et al., 2018).

News pan-genomic analysis on 33 P. multocida strains reveal the composition of a pangenome
with 4036 genes, 1602 core genes (39%), 1,364 dispensable (33%) genes, and 1,070 strain-specific
genes (27%) (Cao, 2017). Likewise, pan-genomic analysis with 23 strains show similar proportions
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with a pan-genome of 3,585 genes, 1,688 (47.08%) core genes, 1,200 (33.47%) were part of the
dispensable genome, and 697 (19.44%) were unique genes. The result shows 52.91% of variable
genome content, additionally suggesting that P. multocida species present an open pan-genome. Also,
it shows that content of accessory genes is related to carbohydrate transport and metabolism (9.54%),
cell wall/membrane/envelope biogenesis (5.55%), transcription (4.85%), replication, recombination
and repair (3.08%), inorganic ion transport and metabolism (4.6%), and unknown function (49%)
(Hurtado et al., 2018). Last studies of total repertoire genes on 109 P. multocida strains show a
composition of 1,806 core genes, 1,841 dispensable genes, and 609 strain-specific genes. Likewise,
complementary to the studies of the association of accessory genome no found presence of specific
genes to a predilection to host (Peng et al., 2018a), On the contrary, an association of accessory
genome to specific diseases would be expected (Hurtado et al., 2018; Johnson et al., 2013; Moustafa
et al., 2015). All comparative genomic analysis shows the presence of prophages, ICEs, insertions
sequences with the content of virulence genes from horizontal transfer events, which allow present to
P. multocida with a dynamic genome (Boyce et al., 2012; Hurtado et al., 2018). The important
intraspecific diversity is conferred with pan-genomic analyses based on the presence and absence

genes from 179 genomes of P. multocida (as shown in Figure 3).

4.1.1 A comparative genomics approach to identify genes under diversification and
positive selection pressure

Genomic comparison analysis between five complete genomes of P. multocida (Pm70, HBO3,
HNOG6, 3480, and 36950 strains) show a total of 500 putative mutant protein, which are categorized
into 10 groups as outer membrane proteins, capsule and fimbria, and involved in processes such as
carbohydrate, energy, nucleic acid and amino acid metabolisms, in addition to transport, and drug
resistance (Okay, 2015). These proteins were described in previous studies highlighting their
functional importance in response to the host environment, adaptive responses and stress response,
host-pathogen interaction and pathogenicity (Boyce et al., 2010; Guo et al., 2012; Hatfaludi et al.,
2010; Michael et al., 2012; Paustian et al., 2002). Likewise, various mutations were detected in
hypothetical proteins, non-coding regions, some of which are on repetitive DNA regions (Nakagawa
et al., 1986; Okay and Kurt Kizildogan, 2015), and the effects of mutational variants in these regions
are still unknown.

SNPs analysis in three P. multocida genomes (X73, P1059 and Pm70) has indicated a higher dN/dS
ratio within proteins localized on the outer membrane or secreted such as PfhB2, HgbA, HemR, a
secreted effector protein, an iron-regulated outer membrane protein, TadD-F (pilus assembly
proteins), RcpB-C (pilus assembly proteins), and PlpP proteins. This event suggests that they are
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under diversifying selection due to interactions with the host immune system, although further
analyses would be required to confirm this observation (Johnson et al., 2013). There were reported
known virulence genes bcbAB, fcbC, lipA, bexDCA, ctrCD, IgtA, IgtC, lic2A involved in the
biogenesis of surface polysaccharides, hsf encoding autotransporter adhesin, and fhaB encoding
filamentous haemagglutinin, are under diversifying selection in 33 strains of P. multocida (Cao et al.,
2017).

Later, a screening based on genome-wide positive selection found a total of 35 genes subject to
strong selection pressure, preferably located in extracellular space, because of the interactions with
host immune systems (Chen et al., 2006; Fitzpatrick et al., 2005; Johnson et al., 2013) or with a role
in the bacterial colonization and adaptation to host niches (Lin et al., 2002). Among the Positively
Selected Genes were described omp47, ompP5 and ompA, associated with bacterial evasion of host
immune responses. hgbA gene, TonB-dependent receptor family protein involved in heme and iron
acquisition and icsA gene that encodes an autotransporter related to the Type V secretion system (Cao
et al., 2017). Likewise, three genes (rffG, ntpA, wzz,) involved in the biogenesis of LPS, gene ftswW
coding a transporter of lipid-linked peptidoglycan precursors, yedZ encoding a sulfoxide reductase
heme-binding subunit involved in protein repair were also subject to positive selection. The function
associated with the metabolism of protein and DNA on the adaptation process still unknown (Cao et
al., 2017). Also, it was identified two genes gabR, encoding an HTH-type transcriptional regulator
with significant evidence for positive selection. Besides, the gene gseC, which encodes a sensor
kinase in the two-component gqseBC quorum- sensing system, was also positively selected in P.
multocida (Cao et al., 2017). These findings indicated that a positive selection of genes involved in
transcriptional control might contribute to bacterial adaptation to various niches. Bacterial two-
component regulatory systems and transcription factors are known to enable rapid adaptation to
environmental conditions (Cases et al., 2003).

There is still a challenge in knowing in depth the genomic diversity of the species P. multocida,
this because there are few isolated strains, most of which are representative strains of independent
populations. The availability of a major number of P. multocida genomes and new strategies of
genomic comparison will contribute to a fine knowledge of diversity and evolutionary adaptation of

species.

5. Genetic divergence

The resource of genomic plasticity and the evolutionary forces in bacterial are the key points for
the enormous diversity and adaptive capacity at new and changing environments. The generation of
genetic variation is mediated by mutation rate, recombination, HGT and the evolutionary forces
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which address the mutational fixation are natural selection, migration, effective populations size and
genetic drift (Arber, 2000). Among the major resource of variation genetic is the horizontal transfer
of mobile genetic element, that allow an evolution more significative and saltational, contributing
more greatly to diversification than do point mutations that are long-term (Burrus and Waldor, 2004;
Levin and Bergstrom, 2000). The new genomic integration generate a genomic restructuration and

could be fixed by natural selection (Brussow et al., 2004; Levin and Bergstrom, 2000).

5.1. Mobile genetic elements

The MGEs are DNA regions that encode proteins that allow mobilizing of DNA within and without
genome bacterial. MGEs are transferred by three mechanisms of horizontal: transformation,
conjugation and transduction (Frost et al., 2005). (Brussow et al., 2004; Levin and Bergstrom,
2000)(Brussow et al.,, 2004; Levin and Bergstrom, 2000)(Brussow et al., 2004; Levin and Bergstrom,
2000)(Brussow et al., 2004; Levin and Bergstrom, 2000)MGESs often carry fitness genes associated with
entry, invasion and survival in a host cell (Welch et al., 2002), considered the major drivers of
bacterial evolution and provide sources with adaptive traits that enhance the fitness of bacteria in new
and changing niches (Wiedenbeck and Cohan, 2011). The mobile genetic elements more known are
plasmids, prophages, insertion sequences, transposons and ICEs. Nowadays, a populational study of
114 P. multocida isolates predicted a total of 280 GEls, 123 of which were PAIls, 27 RGls, 97
symbiosis islands, 4 metabolic islands, 7 pathogenicity and metabolic islands, 1 pathogenicity and
symbiosis island and 21 pathogenicity and resistance islands. Likewise a total of 324 phages. From
accessory genomes 42.3 % of functional genes was present in the GEIs. Reporting prevalently
proteins with role on the replication and repair, related to defense mechanisms and cell membranes
(Zhu, 2019). The presence of numerous GEIs from accessory genome accomplish an important role
on the diversification and adaptation of P. multocida. The presence of MGEs in P. multocida will be
detailed at continuation.

5.1.1. Plasmids
Most of these plasmids confer adaptive advantages and increase the survival of specific conditions,
in the majority of cases carrying multiple antibiotic resistance genes (Heuer and Smalla, 2012).
Nowadays, antibiotic treatment is an effective strategy against P. multocida. However, there is limited
information regarding the antibiotic susceptibility and resistance, with excessive and unjustified use
of antimicrobials and high prevalence of multidrug resistance containing in plasmid from P.
multocida (Furian et al., 2016; Oh et al., 2018). A total of 19 plasmids from P. multocida have been
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submitted in the NCBI database, that being compost by resistance genes. The plasmids are classified
on conjugative and small or mobilization plasmids (Frost et al., 2005).

Plasmids have also been detected in the majority of porcine P. multocida strains examined
(Gardner et al., 1994; Schwarz and Chaslus-Dancla, 2001). The complete nucleotide sequence of a
plasmid carrying resistance genes will be descriptive, founding streptomycin and sulphonamide
resistance genes (Table 3) (Wright et al., 1997). The pCCK1900 plasmid present florfenicol resistance
genes (Corinna Kehrenberg et al., 2008), there were reported multi-resistance isolates carrying on
multiple plasmids harboring ampicillin, streptomycin, tetracycline and sulphonamide resistance gene
(Table 3) (San Millan et al., 2009).

In the outbreaks from fowl cholera of different countries, isolates resistant to streptomycin,
trimethoprim, lincomycin, tetracycline (Diallo et al., 1995) lincomycin, sulfadiazine and tetracycline
(Jonas et al., 2001), ampicillin, amikacin and tetracycline were reported (Shivachandra et al., 2004);
but without correlation with their presence on plasmids. Likewise, there were reported plasmids
containing streptomycin, sulfonamide, tetracycline, and kanamycin resistance genes (Hirsh et al.,
1985). The complete nucleotide sequence of a plasmid carrying resistance genes was pJR1 plasmid
harboring sulfonamide, tetracycline, chloramphenicol resistance genes (Table 3); pJR2 plasmid
harbored streptomycin and spectinomycin, ampicillin and carbenicillin resistance genes (Table 3)(Wu
et al., 2015a; Zhao et al., 2012). Pvm11l plasmid harbored sulfonamide, streptomycin and
tetracycline resistance gene (Kehrenberg et al., 2003). Also, it was identified a cryptic plasmid,
pLEM isolated from avian (Table 3)(McGee and Bejcek, 2001).

Plasmids isolated from cattle strains of P. multocida code for streptomycin, sulphonamide,
tetracycline (Hirsh et al., 1985; Silver et al., 1979), or ampicillin resistance (Livrelli et al., 1988) or
are phenotypically cryptic (Price et al., 1993). The complete nucleotide sequence of Ppmtl and
Pmth1 plasmid presented tetracycline resistance gene (Table 3) (Kehrenberg et al., 2001, 1998), non-
conjugative plasmids encoding resistance to ampicillin in both cases from pneumonia (Rosenau et
al., 1991). The pCCK411 plasmid present kanamycin resistance gene (Table 3) (Yamashita et al.,
2014). The pCCK381 plasmid probably results in from inter-plasmid recombination carrying
chloramphenicol and florfenicol resistance genes (Table 3)(Kehrenberg and Schwarz, 2005). Small
plasmids were isolated from hemorrhagic septicemia outbreaks, which do not carry any virulence
gene or antibiotic resistance, with no apparent role in pathogenicity (Ameen, MahmoodJamal et al.,
2005). Also, it was reported a pCCK647 plasmid containing spectinomyecin/streptomycin resistance
gene (Table 3)(Kehrenberg et al., 2005). In the lambs lung were detected the pB1018 plasmid that
presented tetracycline resistance gene (Table 3) (Ares-Arroyo et al., 2018).
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The last studies show resistance or susceptibility for several antibiotics of class aminoglycosides
(Rigobelo et al., 2013; WANG et al., 2017; Yeh et al., 2017), penicillin (Ferreira et al., 2012; Furian
etal., 2016; Rigobelo et al., 2013), tetracyclines (Oh et al., 2018; Rigobelo et al., 2013) and florfenicol
(Ferreira et al., 2012; Oh et al., 2018). However, there are isolated with resistance to macrolides
(Ferreiraetal., 2012; Yeh et al., 2017) and sulphonamides (Furian et al., 2016; Oh et al., 2018). Also,
there are isolates susceptible to quinolones (Ferreira et al., 2012) and Cephalosporins (Rigobelo et
al., 2013) being considered the most effective drugs (Ferreira et al., 2012; Kehrenberg et al., 2001).

Different studies describe resistance to different antibiotics class, however, it is not clear if the
transference of them will be chromosomic, although already the presence of multidrug resistance and
spread would show their acquisition by plasmid transfer (Corinna Kehrenberg et al., 2008; Tang et
al., 2009). Even so, the presence of plasmids has not been reported in most sequenced genomes; this

would show the lack of strategies to complement the genomic information of the bacterium.

Table 3. Complete Plasmids and ICEs identified in P. multocida.

Single Nucleotide Polymorphisms (SNPs)
Mobile Genetic Elements (MGES)
26


https://en.wikipedia.org/wiki/Cephalosporin

Cm*
Antibiotic class Aminoglycosides fu Macrolides | Penicillins Tetracyclines or/and
Ff*
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pll\;\c;m?d Accession HOSE){SZ;zzue/ Size Resistance genes References j_é_ g é % % -:-:6 %_ ;%é %% Eé’ Té g g % % % % % % % % ?_(3:
© © «© o k) IS ® | —
5] =| o
b-lactamase resistant to
ampicillin, ticarcillin,
no and narrow-spectrum | (Rosenau et
information | no information Calf/lung 4.3kb cephalosporins al., 1991)
sulphonamide and (Wright et
plG1 NC_001774.1 Pig 5.36 kb | streptomycin resistance |  al., 1997)
Cattle/pneumo (Kehrenberg
pPMT1 no information nia 4.828 kb tet(H)-tetR resistance | etal., 1998) X | X
(Kehrenberg
pMHT1 no information | no information 4.4 kb tet(H), tetR et al., 2001) X | X
(McGee and
no information Bejcek,
pLEM no information Avian 3.745 kb 2001)
sulfonamide resistant
(sul2), tetracycline
resistance protein
(tetG),
chloramphenicol
acetyltransferase gene | (Wuetal,,
pJR1 NC_004771.1 | Fowl cholera 6792 bp (catB2) 2015b, 2003) X X | X
aminoglycoside
adenylyltransferase
(aadAl), beta- (Wuetal.,
pJR2 NC_004772.1 | Fowl cholera 5252 bp lactamase (blaP1) 2015b, 2003) X X
sulphonamide (sul2),
streptomycin (strA-
no strB) and tetracycline | (Kehrenberg
Pvm111 no information | Fowl cholera | information | resistance [tetR-tet(H)] | et al., 2003) X | X X X | X
Bovine florfenicol ,
respiratory chloramphenicol (Kehrenberg
pCCK381 NC_006994.1 disease 10.8 kb resistance (floR) et al., 2005) X
spectinomycin/strepto
Calves/periton mycin resistance gene, | (Kehrenberg
pCCK647 NC_006868.1 itis 5.198 kb designated aadA14 et al., 2005) X
(C.
Kehrenberg
pCCK1900 NC_011378.1 Pig 10.226 kb no information et al., 2008) X
ampicillin resistance | (San Millan
pB1000 Pig 4.613 kb gene (blaROB-1) et al., 2009) X
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streptomycin and

no sulphonamide (sul2 (San Millan
pB1005 NC_012215.1 Pig information and strA) et al., 2009)
no tetracycline resistance | (San Millan
pB1006 NC_012216.1 Pig information genes tet(O) et al., 2009)
(San Millan
pB1001 Pig 5.128 kb tet(B) et al., 2009)
no (San Millan
p9956 no information Pig information tet(H) et al., 2009)
no ampicillin resistance | (San Millan
p1002 no information Pig information gene (blaROB-1) et al., 2009)
no (San Millan
p1003 no information Pig information sul2 and strA et al., 2009)
streptomycin/spectino
mycin (aadA25),
streptomycin (strA and
strB), gentamicin
(aadB),
kanamycin/neomycin
(aphAl), tetracycline
[tetR-tet(H)],
chloramphenicol/florfe
nicol (floR),
sulphonamides (sul2),
tilmicosin/
clindamycin [erm(42)]
Bovine or
respiratory tilmicosin/tulathromyci | (Michael et
ICEPmMu1, CP003022 disease 85 kb n [msr(E)-mph(E)] al., 2012) X
kanamycin resistance | (Yamashita
pCCK411 NC_016973.1 Cattle gene etal., 2014)
kanamycin/neomycin
aphAl,streptomycin
strB, streptomycin,
StrA, sul?2,
chloramphenicol/florfe
nicol floR, tilmicosin/
clindamycin erm(42),
gentamicin aadB,
aadA25, bla OXA-2,
Bovine tilmicosin/tulathromyci
respiratory no n msr(E), mph(E), (Beker et al.,
ICEPmMu3358 | no information disease information tetracycline tetH 2018) X
Bovine aadB, aadA25, bla
respiratory no OXA-2, msr(E), (Beker et al.,
ICEPmMuU3361 | no information disease information mph(E), tetH 2018)
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697

Bovine

ICEPMu1259 respiratory no aphAl, strB, strA, (Beker et al.,
1 no information disease information sul2, tetH 2018) X
Bovine
ICEPmMu1260 respiratory no aphAl, strB, strA, (Beker et al.,
1 no information disease information sul2, tetH 2018) X
blaROB-1, sul2, and (Lietal.,
pOoVv NC 019381.1 13,551 kb strAB genes 2018)
tetracycline resistance | (Ares-Arroyo
pB1018 NC_019981.1 | Lambs/lungs gene tetH etal., 2018)
aminoglycoside O-
phosphotransferase
APH(3")-1b.
sulfonamide-resistant
dihydropteroate
NC_017035.1 | no information | 5360 bp synthase Sul2 NCBI
NZ_CP020346 | Rabbit/lung | 325.255 kb no information NCBI
NZ_CP020404.
1 no information | 3742 bp no information NCBI
NZ_CMO009574
pS298D 1 no information | 29.269 kb no information NCBI
CP020348,
CP020349 no information | 34.596 kb no information NCBI

Abbreviation of antibiotics class*: Su, sulfonamides Cm, chloramphenicol; Ff, florfenicol.
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5.1.2. Integrative and conjugative elements (ICEs)

ICEs are self-transmissible elements of DNA able, like conjugative plasmid, and capable of
integrating into the chromosome and its replication occurs together with chromosomal replication
(Burrus et al., 2002; Wozniak and Waldor, 2010). The presence of ICEs will be related to confer
fitness of the host and its survival under specific conditions (Burrus and Waldor, 2004).

The strain 36950 isolated from a case of BRD, present an ICE called ICEPmu1l, element of 85 kb
length that carries 88 genes, including 12 different resistance genes which confer resistance to
streptomycin/spectinomycin,  streptomycin, gentamicin, kanamycin/neomycin, tetracycline,
chloramphenicol/florfenicol, sulphonamide, tilmicosin/clindamycin or tilmicosin/tulathromycin,
additionally contain genes involved in conjugative transfer and its chromosomal excision/integration
(Table 3) (Michael et al., 2012). ICEpmcnQ7 was identified in HNO7 strain, containing set of genes
to encoding a putative type IV secretion system (T4SS), their presence may also be associated with
the virulence variability as ICEhin1056, with which present high similarity (Peng et al., 2017).
ICEPMu3358, ICEPmMul12591, ICEPmMul260 and ICEPmu3361 were sequenced that include
clustering of the antibiotic class aminoglycosides, florfenicol, macrolides, sulfonamides, beta-lactams
and tetracyclines (Table 3) (Beker et al., 2018).

5.1.3. ISs and Transposons

Insertion sequences and transposons present the ability to move and carrying the information
necessary for transposition (Burrus et al., 2002). Typically, an IS consist of a gene encoded a
transposase enzyme and it is flanked by a specific inverted repeat. Transposons are constituted by
two IS flanking and generally containing genes that confer antibiotics resistance.

The role of the transposons is important for the dissemination of multiple antibiotic resistance
containing in conjugative plasmids (Burrus et al., 2002; Burrus and Waldor, 2004). Such is the case
of mapping of plasmid pPMT1 and pMHT1 from P. multocida containing integrated transposon
Tn5706. This transposon of size 4,378-bp consists of an internal tet(H)-tetR resistance gene region
which is flanked by almost identical insertion elements, 1S1596 and 1S1597. The nucleotide sequence
of the 4,828bp region of plasmid pPMT1, including the entire transposon, Tn5706 and its adjacent
flanking regions (Kehrenberg et al., 1998).

5.1.4. Genomic islands
Genomic islands (GEls) are common large genomic region transferred and inserted into bacterial

genome (Juhas et al., 2009). GEls are elements that drive at the genome evolution and adaptation of
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bacteria (Dobrindt et al., 2004). Some GEIls are stable and not easily transferable, while others are
highly mobile (Gyles and Boerlin, 2014).

GEls are composed by clusters of genes, which allows classifying by the function of genes
encoding virulence factors (Dobrindt et al., 2000; Gal-Mor and Finlay, 2006); responsible for
antibiotic resistance (Krizova and Nemec, 2010); related to metabolism (Tumapa et al., 2008); for
sustaining a bacterium symbiotic relationship (Barcellos et al., 2007).

Several studies of P. multocida report the presence of complete, incomplete and questionable
genomic islands that were previously discussed (Hurtado et al., 2018; Moustafa et al., 2015; Okay
and Kurt Kizildogan, 2015).

Conclusion

This is the first review article that related genomic and epidemiology to answer evolutionary
adaptation of this important veterinary pathogen. The presence of a diverse number of mobile genetic
elements shows a dynamic genome of P. multocida, fixed by selective pressure, such as the presence
of resistance genes on multiple plasmids. The diversity of mobile genetic elements and single
nucleotide polymorphism reveals that the strains are in a constant diversification process,
evolutionary convergence and selection pressures by adaptation to niche. A union of all information
correlated to the availability of genome data from P. multocida would allow the elaboration of new

strategies to control, combat and elucidate the pathogenomics with P. multocida.
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Figure 3. Pan-genome visualization of 179 P. multocida strains was obtained using Anvi'o tool. The
proteins were predicted with interactive tool. The protein similarity calculation by DIAMOND and
clustered with MCL algorithm. The dark bars indicate the occurrence of gene cluster that are
organized across genomes by ring. Dark region indicate the core genome and the color variations, as
dark and light show accessory genome. The dendrogram represents the hierarchical clustering of

genomes based on the occurrence of gene clusters.
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CAPITULO 2: RESULTADOS

O trabalho intitulado “Draft Genome Sequence of a Virulent Strain of Pasteurella multocida”
foi publicado no periddico Journal of Genomics (lvyspring) em junho de 2017, e teve como
objetivo a apresentacdo e submissdo do primeiro genoma de P. multocida isolado de um caso
de uma alpaca com pneumonia na base de dados do National Center of Biotechnology
Information (NCBI). O desenvolvimento desse trabalho nasceu do projeto “Vacinologia reversa
para o desenvolvimento de nova geragdo de vacinas para controle e/ou prevencao de pneumonia
em alpacas com pasteurelose”, incentivado pelo governo do Peru, que considera de grande
relevancia econdbmica combater as diferentes problematicas na producéo de alpacas. Entre as
principais causas de mortalidade em neonatos e filhotes de alpacas estdo as infecdes
pneuménicas, nas quais a P. multocida é um dos agentes mais frequentemente reportados.
Tendo em vista esse cenario, em 2014, um estudo de campo foi realizado na Universidade del
Altiplano (UNA), no estado de Puno no Peru, pela equipe de Biologia Molecular e Genética da
FMV, UNMSM. O projeto coletou 24 linhagens de P. multocida de 46 animais com evidéncia
clinica de pneumonia procedente do centro experimental la Raya. Das andlises de diversidade
genética baseada na técnica molecular ERIC-PCR e BOX-PCR, reportou a homogeneidade
genética em 22 linhagens isoladas do surto. Dentro do grupo clonal, foi selecionada a linhagem
de P. multocida UNMSM. Dos resultados do sequenciamento e analises gendémicas foram
identificados importantes genes de viruléncia e 75 genes relacionados a fagos. Por conseguinte,
nos permitiu inferir a natureza patogénica da linhagem de acordo com o caso clinico do qual
foi isolada e pela presenca de genes de viruléncia e genes associados a viruléncia, assim como

pela plasticidade gendmica da mesma.
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Abstract

Pasteurella multocida is one of the most frequently isolated bacteria in acute pneumonia cases, being
responsible for high mortality rates in Peruvian young alpacas, with consequent social and
economic costs. Here we report the genome sequence of P. multocida strain UNMSM, isolated
from the lung of an alpaca diagnosed with pneumonia, in Peru. The genome consists of 2,439,814
base pairs assembled into 82 contigs and 2,252 protein encoding genes, revealing the presence of
known virulence-associated genes (ompH, ompA, tonB, tbpA, nanA, nanB, nanH, sodA, sodC, plpB and
toxA). Further analysis could provide insights about bacterial pathogenesis and control strategies of

this disease in Peruvian alpacas.

Key words: Alpaca, genome, pasteurellosis, pneumonia.

Introduction

Pasteurella multocida is a commensal bacteria
from the upper respiratory tract [1], which affects a
wide range of hosts [2, 3]. This bacteria is the primary
agent of many infections such as; avian cholera,
hemorrhagic septicemia in ungulates, atrophic rhinitis
in pigs and snuffles in rabbits [3], and acts as a
secondary agent in infectious pneumonia, including
cases of acute or chronic pneumonia in different hosts
such as swine, calves, sheep, bovine and alpaca [3-5].

In Peru, alpaca raising represents an important
economic activity for the High Andean population.
However, acute pneumonia causes high mortality
rates in young alpacas, in which P. multocida has been
principally isolated [6]. P. multocida has a large
number of virulence factors that play a role in
pathogenesis, including capsule, lipopolysaccharide,
fimbriae, adhesins, toxins, outer membrane proteins,
iron regulated and iron acquisition proteins,
acquisition proteins, hyaluronidase and sialidase [6].

In this study, we announce the draft genome of P.
multocida strain UNMSM isolated from an alpaca lung
affected with pneumonia.

Pasteurella multocida strain UNMSM is a gram
negative, short rod shaped bacteria, oxidase and
catalase positive and nonhemolytic, with approximate
measures of 0.3 - 0.6 um in width and 0.8 - 2.0 um in
length (Figure 1). Genome sequencing was performed
using Illumina Hiseq sequencing platform. The
paired-end library contained inserts of an average size
of 100 bp. De novo assembly was performed using
Edena v3.131028 and SIMBA v1.4 software [7],
which produced 82 contigs, with a N50 value of
70,838, 2.4 Mb of size and mean depth coverage
~400-fold. The genome was annotated using the
Rapid Annotations using Subsystems Technology
(RAST) [8], following by manual curation of the
predicted CDSs (Coding Sequences). The genome
presents GC content around 40.2%. A total of 2,434
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genes were predicted, of which 2,252 were
protein-coding genes, eight rRNA genes (four 16S
rRNA, one 235 rRNA and three 55 rRNA genes) and
55 were tRNA genes. In table 1, a few summary
statistics of the genome are presented.

Table 1. Genome statistics of P. multocida strain UNMSM.

Attribute Value % of Total*
Genome size (bp) 2,439,814 100.00%
DNA coding region(bp) 2,066,315 84.69%
DNA G+C content (bp) 979,694 40.15%
Total genes 2,434 100.00%
Pseudogenes 115 4.72%
Genes assigned to COGs 1,921 78.92%
Genes with Pfam domains 1,183 48.60%
Genes with signal peptides 173 7.10%
Genes with transmembrane helices 490 20.13%

CRISPR repeats 1 -

* The total is based on either the size of the genome in base pairs or the total
number of genes in the annotated genome.

The Cluster of Orthologous Genes (COG) [8]
assignments were done using CGView Comparison
Tool (CCT), and the presence of protein domains was
predicted by Pfam. The signal peptides were
identified with the SignalP 4.0 software [9],
transmembrane helices were classified by method of
Krogh and collaborators method [10], and the CRISPR
motif was detected with a web tool described by
Grissa and collaborators [11] (Table 1). The functional
analysis obtained from Rapid Annotation using
Subsystem Technology (RAST) revealed 395
collections of functionally related protein families
(Figure 2). The genome has 54 genes responsible for
iron acquisition and metabolism; 42 genes involved in
virulence, disease and defense; 74 genes involved in

membrane transport, and 75 genes related to phages,
prophages and transposable elements. Analysis of
genes showed that this strain belongs to capsular type
A, and the presence virulence associated genes,
including outer membrane proteins as ompH

(UR07_03150), and ompA (UR07_05380);
hyaluronidases as nanA (UR07_06210), nanB
(UR07_07035) and mnanH (UR07_07095); iron

acquisition related genes, tonB (UR07_07610) and tbpA
(UR07_03090); genes involved in sialic acid
metabolism as sodA (UR07_00380) and sodC
(UR07_00680); a lipoprotein, plpB (UR07_09985) and
toxA (UR07_03905), a dermonecrotic toxin [5-12].

This work provides a better understanding of P.
multocida UNMSM, the first genome isolated from
alpaca. Future studies in vitro and in vivo associated
with virulence genes predicted in P. multocida, will
improve understanding of their pathogenicity and
provide an assessment of new targets for the use of
vaccines and drugs, which may be important for the
control of pneumonia case numbers in alpacas. The
genome projects of P. multocida strain UNMSM have
been deposited in GenBank under the following
accession numbers, LGRE00000000.
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Figure 1. Scanning electron micrograph of cells of P. multocida strain UNMSM. The scale bar represents 0.6 pm.
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O artigo cientifico intitulado “Pan-genomic approach shows insight of genetic divergence
and pathogenic adaptation of Pasteurella multocida” foi publicado no periddico GENE
(Elsevier) em maio de 2018. O material suplementar encontra-se na secdo “ANEXOS:

material complementar” desse manuscrito.

P. multocida é um patégeno veterinario capaz de causar diversas doencas em um amplo
espectro de animais de producao (bovinos, porcos, aves, alpacas e coelhos). As prévias analises
genbmicas comparativas e epidemioldgicas mostraram a presenca de elementos genéticos
maveis especificos e grupos genéticos associados a capacidade de causar uma doenca especifica
ou infectar um hospedeiro. Nesse contexto, surgiu a idéia de realizar analises pangenémicas,
predicdo de elementos genéticos moveis e de genes submetidos a pressao seletiva, que possam
estar envolvidos na diversidade intraespecifica e na adaptacdo patogénica da espécie P.
multocida. Para isso, realizou-se um estudo em 23 linhagens provenientes de isolados
veterinarios com genomas disponiveis no NCBI. As analises pangenémicas mostraram que essa
espécie possui um pangenoma aberto com um constante e gradual aumento de genes. Das
analises funcionais do genoma acessorio e predi¢do de ilhas genémicas exclusivas por grupo
fenotipico, resultou na composicdo em maior porcentagem de genes relacionados ao
metabolismo e transporte de carboidratos e ion inorganico, biogéneses da membrana e da parede
celular, transcricdo, replicacdo, recombinacdo e reparo, além de proteinas de funcdo
desconhecida. Genes associados a estas categorias funcionais, estdo envolvidas nos
mecanismos de adaptacao entre as linhagens. A contribuigdo deste trabalho permitiu conhecer
0s recursos gendémicos que promovem a adaptabilidade aos diferentes nichos e patogéneses. As
analises de selecao positiva por grupo filogenético encontraram a pressao seletiva em dois genes
no subgrupo sorotipo B, mas sem relagdo funcional com o grupo fenotipico de procedéncia.
Baseado nestes resultados, é de suma importancia conhecer as caracteristicas do contetdo
gendmico que contribuem no tropismo e diversificagdo desse microrganismo, para a busca e

melhoria das estratégias de prevencao e controle.
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ARTICLE INFO ABSTRACT

Keywords: Pasteurella multocida is a gram-negative, non-motile bacterial pathogen, which is associated with chronic and

Genes acute infections as snuffles, pneumonia, atrophic rhinitis, fowl cholera and hemorrhagic septicemia. These

Genomic islands diseases affect a wide range of domestic animals, leading to significant morbidity and mortality and causing

Pan-genome analysis significant economic losses worldwide. Due to the interest in deciphering the genetic diversity and process

Virulence factors adaptive between P. multocida strains, this work aimed was to perform a pan-genome analysis to evidence
horizontal gene transfer and positive selection among 23 P. multocida strains isolated from distinct diseases and
hosts. The results revealed an open pan-genome containing 3585 genes and an accessory genome presenting
1200 genes. The phylogenomic analysis based on the presence/absence of genes and islands exhibit high levels
of plasticity, which reflects a high intraspecific diversity and a possible adaptive mechanism responsible for the
specific disease manifestation between the established groups (pneumonia, fowl cholera, hemorrhagic septi-
cemia and snuffles). Additionally, we identified differences in accessory genes among groups, which are involved
in sugar metabolism and transport systems, virulence-related genes and a high concentration of hypothetical
proteins. However, there was no specific indispensable functional mechanism to decisively correlate the pre-
sence of genes and their adaptation to a specific host/disease. Also, positive selection was found only for two
genes from sub-group hemorrhagic septicemia, serotype B. This comprehensive comparative genome analysis
will provide new insights of horizontal gene transfers that play an essential role in the diversification and
adaptation mechanism into P. multocida species to a specific disease.

1. Introduction

Pasteurella multocida is a gram-negative bacteria, commensal and
opportunistic pathogen. It causes various diseases in a wide range of
hosts, including fowl cholera; hemorrhagic septicemia in ungulates;
atrophic rhinitis in pigs; snuffles in rabbits; pneumonia in pig, cattle,
sheep, and alpaca; and, it is also associated with infection in humans
transmitted from cats and dog bites. These diseases in animals are

highly crucial for the animal production and lead to significant eco-
nomic losses worldwide (Wilkie et al., 2012; Hurtado et al., 2017).

P. multocida has been classified into five serogroups capsules (A, B,
D, E, and F), due to differences in capsular antigens, and 16 Heddleston
serotypes based on lipopolysaccharide (LPS) antigens (Carter, 1955;
Harper et al., 2015).

Studies of P. multocida attempting to elucidate its pathogenesis
have described several virulence factors that include capsule,
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3-deoxy-p-manno-oct-2-ulosonic acid; ICEPmul, Integrative conjugative element (ICE) of Pasteurella multocida; LPS, Lipopolysaccharide; Mb, Megabase(s); MCL, Markov Clustering
Algorithm; MIs, Metabolic islands; NCBI, National Center for Biotechnology Information Database; NSS, Neighbor Similarity Score; PAls, Pathogenicity islands; PHASTER, PHAge Search
Tool Enhanced Release; PHI, Pairwise Homoplasy Index; pident, Percent identity; PTS, Phosphoenolpyruvate transferase system; Rls, Resistance islands; RNA, Ribonucleic acid; rRNA,
ribosomal RNA; SIs, Symbiotic islands; SNPs, Single Nucleotide Polymorphisms; VFDB, Virulence Factor Database; VFs, Virulence factors; TCA, Tricarboxylic acid
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Table 1
General information of 23 P. multocida strains.
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N° Strain Name Host Disease Serogroup/Serotype  Accession Complete (C)/Draft (# de contigs) Prokka annotation
Size (bp) CDS Genes

1 3480 Swine Pneumonia A PRINA32177 C 2,378,127 2216 2272
2 36,950 Bovine Pneumonia A:3 PRJINA70829 C 2,349,518 2152 2207
3 HBO1 Bovine Pneumonia A PRJNA210009 C 2,416,068 2260 2317
4 HBO3 Swine Pneumonia A PRJNA83131 C 2,307,684 2107 2162
5 HNO06 Swine Atrophic Rhinitis D PRJNAS80883 C 2,402,218 2252 2309
6 P1059 Avian Fowl cholera A:3 PRJINA152827 C 2,307,912 2119 2170
7 P1062 Bovine Pneumonia A:3 PRJINA201507 C 2,699,012 2412 2467
8 Pm70 Avian Avirulent F:3 PRJNA39 C 2,257,487 2031 2089
9 UNMSM Alpaca Pneumonia A6 PRINA276484 82 2,439,814 2401 2458
10 X73 Avian Fowl cholera Al PRJNA155371 C 2,266,799 2078 2130
11 Pm-3 Bovine Pneumonia A PRJIJNA312874 C 2,415,558 2289 2346
12 Razi_0001 Bovine Hemorrhagic septicemia B PRINA352138 C 2,360,663 2230 2292
13 HNO7 Swine Pneumonia F PRINA231703 C 2,325,026 2120 2175
14  CIRMBP-0884 Rabbit Snuffles A PRJNA355236 C 2,137,782 2391 2446
15 FDAARGOS_218 Turkey Fowl Cholera A:3 PRINA231221 C 2,331,741 2137 2194
16 FDAARGOS 216  Avian Fowl Cholera Al PRJNA231221 C 2,295,161 2093 2151
17 PMTB2.1 Buffalo Hemorrhagic septicemia B:2 PRJNA172191 8 2,315,202 2134 2191
18 THA Buffalo Hemorrhagic septicemia ~ B:2 PRJINA244069 29 2,299,006 2131 2184
19  Islm Buffalo Hemorrhagic septicemia ~ B:2 PRJINA244093 32 2,349,312 2187 2240
20 V1 Buffalo Hemorrhagic septicemia B:2 PRINA244097 27 2,348,747 2187 2240
21 CIRMBP-0922 Rabbit Snuffles A PRJINA355236 14 2,275,582 2121 2171
22 Razi0002 Avian Fowl cholera A:l PRJINA360234 C 2,289,036 2193 2251
23 CIRMBP-0873 Rabbit Snuffles A PRJINA355236 C 2,418,212 2393 2454

lipopolysaccharide, fimbriae and adhesins, toxins, iron-regulated and
iron acquisition proteins, sialic acid metabolism proteins, hyalur-
onidase and outer membrane proteins (Ewers et al., 2006; Harper et al.,
2006). The first complete genome to be analyzed was P. multocida Pm70
strain. It showed a gene set involved in virulence, such as iron uptake,
TCA cycle, glycolysis, glyconeogenesis, oxidative pentose phosphate
and Entner Doudoroff pathways (May et al., 2001).

Phylogenetic analysis based on 16S rRNA genes and core genome of
P. multocida strains 3480, HN06, P1059, Pm70, 36,950 and x 73 did
not find any specific relationship by hosts or disease patterns (Wilson &
Ho, 2013). Nevertheless, the comparison of these genomes revealed a
unique region (18 kb) that includes the toxA gene (the toxin responsible
for atrophic rhinitis) and phage-related genes in HNO6 strain, also un-
ique regions of 37 kb and 33 kb in strains 3480 and HNO6, respectively.
Additionally, there are two regions of 4.8 kb and 16 kb, shared among
3480 and HNO6 strains. These regions are composed of phage-related
genes, whose functions are still to be determined (Wilson & Ho, 2013).

The genetic diversity analysis of P. multocida strains Pm70, HBO3,
HNO06, 3480, and 36,950 identified amino acids variation in proteins
mainly involved in the outer membrane and distinct metabolic pro-
cesses, playing a role in the pathogenicity and host adaptation (Okay &
Kurt Kizildogan, 2015). Previous comparative analysis of complete and
draft genomes of Pm70, 36,950, x73, VP161, Anand1P, AnandlG,
P903, M1404 and P3480 strains identified accessory regions among
them. Strain 36,950 had a region of 92kb denominated integrative
conjugative element (ICEPmul), which contains 88 genes encoding
antibiotic resistance proteins (Boyce et al., 2012; Michael et al., 2012).
Within these genes, 35 encoded proteins sharing a significant level of
identity with BUKK and TX1 HS strains (Moustafa et al., 2015), and
Pm70 strain contains 15 unique genes. Also, analysis based on 7931
SNPs concluded that there is no clear correlation between phylogenetic
relatedness and host predilection, disease, country of isolation and
serogroup (Boyce et al., 2012).

The comparative analysis of three avian isolated P. multocida strains
(Pm70, x73 and P1059) identified 61 genes shared among 2 patho-
genic strains ( X 73 and P1059) and absent in one non-pathogenic strain
(Pm70), most of them classified as hypothetical protein and a region
containing ten predicted proteins involved in the transport and utili-
zation of L-fructose. In strain P1059, 148 unique genes were predicted,

194

including a region involved in citrate transport and modification. In
strain X 73, 127 unique genes were predicted, where five of them were
involved in the galactitol-specific phosphotransferase and utilization
system; and six genes involved in sugar p-allose transport and utiliza-
tion systems. Such genomic differences in comparison with additional
strains give light in understanding the fitness enhancement in the avian
host and its role in adaptation (Christensen et al., 2004).

Comparative genomic analysis of P. multocida associated the 12
strains (incomplete genomes) that cause hemorrhagic septicemia (HS)
with complete genomes of the strains 36,950 (pneumonia), Pm70
(avirulent), 3480 (pneumonia), HNO6 (atrophic rhinitis) and M1404
(HS). They identified the presence of 4 phage regions in the septicemia
group, 2 of them being intact phages and several dispersed genes un-
iquely present in all HS-associated strains. Overall, the HS strains share
96 genes that are absent in the other analyzed genomes, including a
capsule biosynthesis locus. An incomplete prophage of 44kb was
shared with only 12 Asian hemorrhagic septicemia strains, and a
probable prophage of 50 kb was shared among seven Pakistani strains
(Moustafa et al., 2015). Considering that, the presence of different
phage elements in different sets of strains may contain important
virulence genes and impact on the virulence (Boyce et al., 2012). Also,
phylogenetic analysis indicated that HS strains from North America,
Pakistani and Thai isolates form clades based on the isolation country
(Moustafa et al., 2015).

There are currently 136 complete and draft genomes from P. mul-
tocida strains isolated from bovine, swine, rabbit, buffalo, alpaca, ovine,
human, and dog. Comparative analysis of P. multocida strains identified
accessory genomes, genomic islands, and positive selection, which
could be involved in the phenotypic diversity between strains (Wilson &
Ho, 2013; Boyce et al., 2012; Moustafa et al., 2015; Lefébure & Stanhope,
2007).

Currently, few studies tried to decipher the genetic diversity among
P. multocida strains, and none of them strived to correlate their pa-
thogenic phenotypes with their gene repertoires. In this work, we
analyzed 23 genomes of P. multocida to determine their phylogeny,
intraspecific diversity, and to evaluate the correlation between gene
content, pathogenicity islands and positive selection as adaptation
mechanisms in disease/host specialization.
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2. Material and methods
2.1. Obtaining data

The genome sequences (draft and complete) of 23 P. multocida
strains were downloaded from the National Center for Biotechnology
Information Database (NCBI) (www.ncbi.nlm.nih.gov) (Table 1). The
software Prokka was used to homogenize and improve the genome
annotation (Seemann, 2014).

2.2. Orthologous clustering

All coding sequences (CDSs) from 23 P. multocida genomes were
subjected to orthologous prediction using OrthoMCL (Fischer et al.,
2012). All against all BLASTp comparison was performed to predict
orthologous groups using the Markov Clustering Algorithm (MCL). The
parameters for the prediction of orthologous genes were defined as 50%
sequence identity and 50% coverage with each other. The paralogs
were removed from all gene families. The distribution of core, accessory
and unique genes, in different strains, were analyzed through the
construction of a phylogenetic tree associated with a heatmap using R
language (R Development Core Team, 2016) with a script available in
GitHub (https://github.com/katholt/plotTree). Additionally, we used
an in-house script to identify exclusive genes by a specific group, by
considering only genes that were shared by at least two members of a
specific group and absented in the other groups (disease) analyzed. The
established groups were chosen according to the monophyletic group in
the phylogenomic tree (Fig. 1). Furthermore, we performed a functional
annotation of exclusive genes by a specific group to better characterize
through Gene Ontology and the integration of several databases using
GO FEAT (Araujo et al., 2018). A second pan-genome analysis and vi-
sualization was performed by Anvi'o v.4 (Eren et al., 2015), which
proteins were clustered with MCL algorithm and protein similarity
calculation by DIAMOND (Buchfink et al., 2015).
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2.3. Pan and core genome analysis

The pan-genome and core genome size and extrapolations were
obtained from the models and regression algorithms given by Tettelin
(2005). The curve fitting of the pan-genome was performed using a
power-law regression based on Heaps' law [y = Apaanp"‘" + Cpanl. As
previously described (Tettelin et al., 2005), y is the pan-genome size, x
is the genome number and Ap,n, Bpan, and Cpay fit parameters. The core,
accessory, and pan-genomes were calculated with the software Or-
thoMCL. The PanGP program (Zhao et al., 2014) was used for pan-
genome analysis of 23 P. multocida strains, generating the cumulative
curve, where Bp,, is equivalent to the parameter y, and a = 1 — .
When 0 < y < 1 and a <1 the size of the pan-genome increases
unboundedly with the sequential addition of new genomes and can be
considered open, whereas a y > 1 and a > 1 is representative of a
closed pan-genome, where the addition of news genomes will not in-
crease the pan-genome substantially. Curve fitting of the core-genome
was performed using an exponential regression model [y = A.qree ™
¥ 4 Ceorel, where, y is the gene number, x is the genome number, e is
the Euler number and Acore, Beore and Ceore fit parameters.

2.4. Functional classification of the core and accessory genome

The core, accessory and unique genes of 23 P. multocida strains were
assigned to functional categories. Protein sequences were compared
against the Clusters of Orthologous Groups database (Galperin et al.,
2015) using rpsblast+ (Altschul et al., 1990) with an e-value of 0.0001.
COG categories were assigned for the best hits. Furthermore, com-
plementing the functional annotation was realized through the com-
parison of protein sequences against KEGG database using BLASTKO-
ALA (Kanehisa et al., 2016).

2.5. Phylogenetic analysis of the P. multocida strains
The phylogenetic relationships of P. multocida strains, isolated from
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Fig. 1. Phylogenomic analysis constructed using a presence/absence gene matrix of accessory genome from 23 Pasteurella multocida strains. The distance was
calculated using binary methods and the hierarchical cluster was constructed with a neighbor-joining method based on the Manhattan distance with 1000 bootstrap

replicates.
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different hosts (bovine, avian, swine, rabbits, buffalo and alpaca) and
associated to specific diseases (pneumonia, fowl cholera, hemorrhagic
septicemia, atrophic rhinitis and snuffles), were analyzed based in two
phylogenomic approaches: core genome and gene content (presence/
absence of genes). In the phylogenomic analysis of genes present in the
core genome, all the genes containing paralogous sequences were ex-
cluded. The amino acid sequences of the core genes were extracted with
an in-house script, aligned with MUSCLE (Edgar, 2004), and the align-
ment was trimmed using trimAL (Capella-Gutiérrez et al., 2009). The
substitution model was predicted with Prottest (Abascal et al., 2005),
and these results were concatenated with FASCONCAT (Kiick & Longo,
2014). The tree was constructed with the maximum likelihood method
using RaxML (Stamatakis, 2014) with 1000 iterations using the PRO-
TGAMMA substitution model. The resulting tree was visualized using
Figtree v 1.4 (Rambaut, 2012). Pan-genome phylogeny was constructed
based on the pan-matrix (binary gene presence/absence matrix) using
PAST3 (Hammer et al., 2001). The hierarchical cluster was constructed
with a neighbor-joining method based on the Manhattan distance with
100 bootstrap replicates.

2.6. Genome plasticity analysis of P. multocida

To improve understanding of role horizontal gene transfer in pa-
thogen adaptation process at specific host and diseases, we performed
the prediction of genomic islands and prophages in the 23 P. multocida
strains. GIPSy (Genomic Island Prediction Software) was used to predict
genomic islands (GEIs) (Soares et al., 2016). GEI predictions are based
on commonly shared features that are marks of incorporation event: the
regions acquired by horizontal transfer were determined by GC Content
and codon usage deviation, the presence of transposase, tyrosine re-
combinase and serine recombinase genes, flanking direct repeats and
flanking tRNA genes (Bellanger et al., 2014). Additionally, these islands
can be classified into four categories due to its genomic repertoires,
such as pathogenicity islands (PAls), metabolic islands (MIs), resistance
islands (RIs) and symbiotic islands (SIs). The presence of prophages
regions was predicted using PHASTER (PHAge Search Tool Enhanced
Release) (Arndt et al., 2016). For the prediction of genomic islands in
the four draft genomes, for each scaffold genome, the contigs were
manually assembled. Once the GEIs were predicted, the islands loca-
lized in regions linking contigs were eliminated to avoid the prediction
of false positives. To find shared GEIs, we performed a local BLAST
between their nucleotide sequences using BLASTn. To define homologs
GEls, we considered an identity higher than 60% and used two strate-
gies. First, we performed a comparison between the GEIs of each strain,
among members of each group (diseases); and secondly, we compared
GEIs between the groups. Finally, GEIs were mapped using BLAST Ring
Image Generator (BRIG) (Alikhan et al., 2011). Overall, islands shared
by at least two members of a group and absent in the other pathogenic-
group analyzed were considered to be specific to the former group.

2.7. Prediction of the accessory genome through Genomic Islands and
phages analysis

All the CDSs were extracted from the genomic islands of each
genome. Each CDS belonging to the Genomic Islands of each genome
was subjected to orthologous prediction using OrthoMCL. A binary gene
presence/absence matrix was retrieved from the OrthoMCL resulting
data. The distribution of GEI genes in different strains was analyzed
through the construction of a phylogenetic tree associated with a
heatmap using R language. Furthermore, we performed a functional
annotation of genomic islands to better characterize the hypothetical
proteins through Gene Ontology and the integration of several data-
bases using GO FEAT (Araujo et al., 2018).
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2.8. Virulence factors in core and accessory genome

The presence of virulence genes in core and accessory genome was
identified using BLASTp (Altschul et al., 1990) against the Virulence
Factor Database (VFDB) (Chen et al., 2004). The parameters considered
were an E-value of 1e”>, a minimum identity percentage of 30% and
minimum coverage of 70%, between the query and subject sequences.
The functional annotations were obtained from the categories provided
by the Virulence Factor Database.

2.9. Positive selection analysis

Besides the presence and absence of genes, we searched for se-
quence variations in P. multocida that could explain host adaptation and
disease manifestations. Positive selection analysis using branch-site
models can identify adaptive mutations that occurred in specific bran-
ches of phylogeny in specific amino acid positions (sites) of a protein,
i.e., directional selection. The branch to be tested for positive selection
is the foreground, while the remaining branches are the background.
The test identifies the protein sites in which w > 1 (positive selection)
for the foreground and ® < 1 or w = 1 (negative selection or neutral
evolution) for the background (Yang & Nielsen, 2002; Zhang, 2005).
This information identifies the different selective pressures for each
branch and can be used to generate hypothesis for functional studies
(Yang & Dos Reis, 2011).

The 23 genomes of P. multocida were reannotated using RASTtk
(Brettin et al., 2015) in PATRIC bacterial Bioinformatics Resource
Center (Wattam et al., 2017). The PosiGene pipeline (Sahm et al., 2017)
was used to perform a genome-scale positive selection analysis. Strain
CIRMBP_0884 (snuffles) was used as the reference and anchor genome.
Protein homology was identified by BLASTp bidirectional hits, using
the identification of the reference genome to name the orthologous
groups. Only protein sequences present in the anchor genome and with
at least 50% of identity were analyzed. A species tree required to
identify the branches to be tested generated by filtering each alignment
using GBLOCKS (Castresana, 2000), phylogeny reconstruction by the
maximum parsimony method and jackknifing using DNAPARS from
PHYLIP package (Felsenstein, 2005) and calculating a consensus tree
using CONSENSE (Felsenstein, 2005). Each ortholog group was rea-
ligned at codon level by PRANK (Loytynoja & Goldman, 2008) using the
species tree. The last step was the analysis of positive selection using
branch site-models present in codeml (Yang, 2007). Only significant
results for False Discovery Rate (p < 0.05) were considered. The
Phipkack was used to perform recombination analysis with the methods
Pairwise Homoplasy Index (PHI) (Bruen et al., 2006), Neighbor Simi-
larity Score (NSS) (Jakobsen & Easteal, 1996) and Maximum Chi-
Square (Smith, 1992). We combined the results of at least two
methods (Posada et al., 2002) and considered the sequences as re-
combinant when p < 0.05 for PHI and at least another test (Hongo
et al., 2015).

The foregrounds, required to be monophyletic groups, were chosen
according to the species tree (Fig. 2). The snuffles foreground (blue) has
strains that caused snuffles in the rabbit. The pneumonia foreground
(green) has strains that caused pneumonia in bovines, alpaca and swine.
The serotype B subgroup (red) has strains that caused hemorrhagic
septicemia in buffalo and bovine and belong to serotype B, what ex-
cludes strain PMTB2.1. The serotype F foreground (orange) has the
strain that caused swine pneumonia (HNO7) and the avirulent strain
Pm?70, isolated from avian, both from serotype F.

The functions of the positively selected genes were identified
using RASTtk annotation, PATRIC's Pathway Summary and BLASTp
against InterProScan Database (https://www.ebi.ac.uk/interpro/
search/sequence-search).
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Strain Host
HBO1 Bovine
Pm-3 Bovine
36950 Bovine
HBO03 Swine
P1062 Bovine
UNMSM Alpaca
_: Islm Buffalo
Vi1 Buffalo
THA Buffalo
Razi 0001 Bovine

: P1059 Avian
FDAARGOS 218 Turkey
CIRMBP-0922 Rabbit

CIRMBP-0884 Rabbit
CIRMBP-0873 Rabbit

HNO07 Swine

Pm70 Avian
: 3480 Swine

HNO6 Swine
— X73 Avian
L— FDAARGOS 216 Chicken
— Razi 0002 Avian
— pMTB2.1 Buffalo

3. Results and discussions
3.1. Genome features

In the present work, we performed the pan-genome analysis of 23 P.
multocida strains isolated from distinct diseases and hosts (Table 1). The
sizes of the analyzed genomes are in a range between 2.13 and 2.69 Mb,
and the number of coding sequences of the strains varies between the
ranges of 2031-2412 (Table 1). All strains were assigned to a group,
where each group is related to the disease and host from where they
were isolated. The Xx73, P1059, Razi_0002, FDAARGOS_ 216 and
FDAARGOS_218 strains are fowl cholera-associated group; the Pm-3,
3480, 36,950, P1062, UNMSM, HBO1 and HBO3 strains are pneumonia-
associated group; the CIRMBP_0873, CIRMBP_0884 and CIRMBP_0992
strains are snuffles-associated group and Razi_0001, V1, Lslm, THA, and
PMTB2.1 are a septicemia-associated group. We analyzed the strains in
groups for the identification of accessory genes and genomic islands
and seek to correlate their presence with their adaptive potential in host
specificities and disease manifestations.

3.2. Pan-genome and core-genome profile

The genes distributed in all genomes were denominated as part of
the core genome, whereas the ones present in only one strain were
denominated as unique genes and the genes present in two or more
genomes, but not in all, were denominated accessory genes. In this
analysis, we identified a pan-genome of 3585 genes, 1688 (47.08%) of
which were shared by all strains, 1200 (33.47%) were part of the ac-
cessory genome, and 697 (19.44%) were unique genes. The result
shows 52.91% of variable genome content, showing the high genomic
diversity of P. multocida, as previously reported (Moustafa et al., 2015;
Cao et al., 2017). The fitting curve was generated for all 23 genomes
(Fig. 3) supported by the formula a = 1 — vy, were inferred an a of
0.73, results suggest that the P. multocida pan-genome is open, whence
by each newly added genome, the number of genes will increase sig-
nificantly. Open pan-genomes are frequently found in bacterial species
that are more prone to high horizontal gene transfer (HGT).
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Disease Fig. 2. The phylogenetic tree was reconstructed
based on SNPs of core genome of 23 Pasteurella
Pneumonia multocida strains. The tree was inferred using the
Pneumonia maximum parsimony method and jackknifing using
Pneumonia DNAPARS. Phylogenetic groups were .designated as
P . snuffles foreground (blue), pneumonia foreground
neumon¥a (green) and the serotype F foreground (orange). (For
Pneumonia interpretation of the references to color in this figure
Pneumonia legend, the reader is referred to the web version of
Hemor. Sept. this article.)
Hemor. Sept.
Hemor. Sept.
Hemor. Sept.

Fowl cholera
Septicemia due
Snuffles
Snuffles
Snuffles
Pneumonia
Avirulent
Pneumonia
Atroph. Rhin.
Fowl cholera
Fowl cholera
Fowl cholera
Hemor. Sept.

4000

— Pan-Genome Size

3500

3000

N Genes

2500

2000

1500

N Genomes

Fig. 3. Core and pan-genome development for 23 Pasteurella multocida gen-
omes. The number of genes in the pan (blue) and core (green) are plotted in
function of the number of genomes sequentially added. The curve for the pan-
genome is the least-squares fit of the function y = AxB + C with the best fit
obtained with a correlation r2 = 0.999 for A = 1121.01 *= 3.26, B = 0.27,
C = 899.43 + 7.24. The curve for the core genome is the least-squares fit of
the function y = AeBx + C with the best fit obtained with a correlation
r2 = 0.935 for A = 1713.94 + 52.07, B= —0.66, C = 1713.94 *= 1.09. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

3.3. Functional annotation of genes in the pangenome

The functional annotation of the pan-genome was carried out using
the Clusters of Orthologous Groups of proteins (COG) database. The
result showed the relative abundance and distribution of the functional
categories across the core, accessories and unique genomes of P. mul-
tocida. Briefly, the unique genes are composed by genes related to
metabolism (13.11%), replication, recombination and repair (2.97%),
transcription (3.51%), cell wall/membrane/envelope biogenesis (5%)
and unknown function (46.35%). The accessory genes are related to
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Fig. 5. Distribution of KEGG categories of the P. multocida strains in the core-genome, accessory genome, and unique genes.

carbohydrate transport and metabolism (9.54%), cell wall/membrane/
envelope biogenesis (5.55%), transcription (4.85%), replication, re-
combination and repair (3.08%), inorganic ion transport and metabo-
lism (4.6%), and unknown function (49%) (Fig. 4). These genes related
to metabolism and replication, and transcription systems, could be re-
lated to mechanism adaptations that allow their high invasive spec-
trum. The core genome present, in its majority, genes assigned to me-
tabolic functions (33.4%). In the core genome, 86% of the genes were
assigned to COG function category, whereas 46.35% and 49% of the
genes in the unique and accessory gene sets were assigned to the un-
known function, suggesting that there is a large number of non-char-
acterized proteins that may be involved in genetic diversification. Fu-
thermore, the KEGG pathway analysis of the core-genomes showed
similar result to GO analysis presenting 30.83% of genes related to
metabolic function (Fig. 5). Gene categories (Fig. 5) have been de-
scribed to be involve receptors for sensing environmental factors,
transcriptional and translation process to control mechanisms that
confer the adaptation to environmental niches (Brooks et al., 2011;
Simon et al., 2009).

3.4. Analysis of exclusive genes from established pathogenic group

The exclusiveness of accessory genes in specific host-expresses
phenotypes would provide signs of selective advantage of adaptation on
the host (Levin & Bergstrom, 2000). Briefly, we identified 127, 79, 18
and 155 CDSs exclusively shared by the groups hemorrhagic septi-
cemia, fowl cholera, snuffles and pneumonia, respectively (S1 Tables
S1, S2, S3, and S4). For hemorrhagic septicemia group, we identified
110 hypothetical proteins and virulence-related genes such as TonB-
dependent heme receptor A, XRE family transcriptional regulator, ArsR
family transcriptional regulator (S1 Table 1). For the avian group, we
identified 44 hypothetical proteins and a set of CDSs involved in fruc-
tose, galactitol, citrate transport and metabolism, which are described
in genomic islands (S1 Table 2). Additionally, we identified proteins
associated at virulence as succinyl ornithine transaminase, a protein
that encodes a hemoglobin receptor of TonB-dependent family
(Prasannavadhana et al., 2014) and two UDP-glucose 6-dehydrogenase,
an enzyme involved in the synthesis of different surface structures
(Jiang et al., 2010). In the snuffles group, we identified CDSs such as
regulator transcriptional glucitol operon repressor and putative HTH-
type transcriptional. (S1 Table 3). In the pneumonia group, we
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identified 126 hypothetical proteins and a putative trehalose utilization
locus consisting of a transcriptional regulator, treR; a trehalose phos-
phoenol pyruvate transferase system (PTS) transporter, treB; and a
trehalose-6-phosphate hydrolase, treC (S1 Table 4). Reports indicate
that the possession of trehalose biosynthesis pathways has potential to
contribute to Mycobacterium tuberculosis virulence (Tournu et al., 2013).
Also, we identified virulence-related genes as transcriptional regulators,
like RCS-specific HTH-type transcriptional activator RclR, HTH-type
transcriptional regulator Prtr, Deoxyribose operon repressor, and LexA
repressor. We identified an auto-transporter adhesion EhaG, a Trimeric
auto-transporter protein, considered an important virulence factor that
mediates specific adherence to intestinal epithelial cells, reported in
enterohemorrhagic Escherichia coli (Totsika et al., 2012). Moreover,
also, we identified a mannosylglucosyl-3-phosphoglycerate phospha-
tase, TonB-dependent receptor, and UDP-glucose 4-epimerase. (S1
Table 4). However still will be elucidating the relation of the presence
of them as a mechanism of advantage adaptive in a specific group.

3.5. Virulence factors distributed in the core genome

We identified 172 virulence factors (VFs) in the core genome de-
tailed in the S2 Table 1. Among these genes, some are involved in the
cell wall composition. The lipopolysaccharides (LPS) play a prominent
role in the pathogenesis of the disease. The structure of LPS for P.
multocida is formed by a hydrophobic lipid A domain, a non-repeating
inner and outer core oligosaccharide (Raetz & Whitfield, 2002). Twenty
genes encoding enzymes for LPS biosynthesis were present in all strains.

The conformation of the inner core is composed of
residues of 3-deoxy-p-manno-oct-2-ulosonic acid (KDO) and
L-glycerol-p-mannoheptose for assembly of the nascent LPS (Raetz &
Whitfield, 2002). We identified a cluster of genes coding for enzymes
that catalyze the biosynthesis of the inner core, which includes kdtA,
kdkA, opsX, rfaF and waaC (Raetz & Whitfield, 2002; Johnson et al.,
2013). The kdtA encodes 3-deoxy-p-manno-octulosonic-acid transferase
required for addition of the Kdo molecules to lipid A. The phosphor-
ylation of the first Kdo residue is performed by a kinase, KdkA. We
observed the presence of a conserved biosynthesis of lipid A, where the
first reaction is the acylation of the sugar nucleotide UDP-GIcNAc by
LpxA. We also identified the other acyltransferases, like kdsA, IpxB,
kdsB, IpxH, IpxK, lpxD, kpsF, IpxL and msbB (Raetz & Whitfield, 2002).
The kdsA and the kdsB serve as the Kdo donors. The transferases and 1,
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p-heptose precursors are required for the biosynthesis and the transfer
of 1, -heptose; among these, there is an isomerase gmhA, rfaD, and rfaE,
phosphatase. The external core structure is different among strains.

Others VFs involved in iron-dependent regulation and acquisition
were identified, such as the ferric iron transport-related genes fecCD.
Also, we identified heme iron utilization and exporter proteins, such as
ccmABCEF (Harper et al., 2006; Paustian et al., 2002).

The outer membrane proteins enhance P. multocida ability to colo-
nize the host and their coding genes have been identified in the core
genome, such as P6 and ompP5; lipoprotein, lolD, IcsA, metQ an im-
munogenic lipoprotein A, two secretory proteins as secretory im-
munoglobulin A-binding protein EsiB and a protein E of Type II se-
cretion system.

3.6. Phylogenetic analysis of the P. multocida strains

P. multocida strains are adapted to a broad range of hosts with di-
verse disease manifestations. However, the genetic diversity that there
is behind these adaptive mechanisms is not completely known, and the
elucidation of their phylogenetic relationship with various strategies
could shed light on its pathogenic specialization. The genome of 23 P.
multocida strains isolated from different hosts and disease were used to
estimate their phylogenetic relationship.

The core phylogenomic tree was constructed using 1688 core genes
that represent the orthologous genes harbored in a single copy by all the
genomes. The strains from the hemorrhagic septicemia group were
clustered together and were very distantly related to any other group,
except for PMTB2.1 strain, which is closely related to the fowl cholera
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group (Fig. 6). The avian strains were also clustered in two groups se-
parated except the avirulent strain, Pm70. Pneumonia group formed a
closely related group with UNMSM strain more evolutionarily distant
and with the strains 3480 and HNO7, isolated of swine host, outside the
group. The snuffles strains were clustered together. This analysis allows
to show evolutionary divergences among strains isolated from different
spectrum hosts or diseases but is no sufficient to support the correlation
of them, as previous analysis (Boyce et al., 2012).

An alternative strategy of phylogenomic analysis was based on the
presence/absence gene matrix of the accessory genome (Fig. 1). A total
of 33.47% of genes were identified as accessory genome and could have
played a key role in the evolution of P. multocida. The phylogeny shows
a close relation with phylogeny analysis based on core genes but shows
a major variability in the level of genes content on the different groups.
The pneumonia cluster has allowed the clustering of strains isolated
from pneumonia cases in diverse hosts showing a great variability at the
gene level. The avian cholera group is more segregated, but it still tends
to cluster in two groups. As mentioned above, hemorrhagic septicemia
members are strictly related but profoundly diverge from PMTB2.1 and
the other groups. Snuffles group showed a significant variation in ge-
netic content, with major divergence in CIRMBP_0992. The phylogeny
based on the accessory genome shows a high diversity at level genes on
P. multocida strains but no a stronger correlation between gene content,
and specificity host and disease manifestation. The clusterization of
strains that present a common niche point for an evolutionary con-
vergence, due to the presence of accessory genes acquired by horizontal
gene transfer (Lawrence, 1997; Marri et al., 2006). The distribution of
accessory genes and pan-genome supports the phylogenetic
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Fig. 6. Phylogenomic tree analysis based on a total of 1688 protein sequences from the core genome of 23 Pasteurella multocida strains. The tree was inferred from
core genes using the maximum likelihood with a model of protein substitution using RaxML. The percentages for the bootstrap test were 1000 iterations.
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phylogeny based on the accessory genome no show a stronger correlation between gene content and specificity host and disease manifestation.

clusterization among groups (Figs. 7 and 8). This finding could support
the presence of gene sets related to adaptations of specific groups.
Additionally, the pan-genome analysis performed by Anvi'o tool, show
the clusterization from genomes based on the presence/absence pattern
of genes clusters (Fig. 9). The Anvi'o program uses another heuristic for
the determination of orthology and, for this reason, small differences
that do not interfere in the final result were visualized.

3.7. Assessment of the pathogenic potential of P. multocida strains based on
the Genomic Island content

The 23 genomes from P. multocida were analyzed for the prediction
of genomic islands (GEIs) and prophages (S3 Table 1). This analysis
showed a considerable variation in the number of genomic islands,
highlighting an essential intraspecific diversity in P. multocida. GEIs
were predicted for each genome, being grouped, by association with the
disease (hemorrhagic septicemia, fowl cholera, pneumonia and snuf-
fles). The comparative analysis between the GEIs was performed within
the same group and between groups. A GEI was considered the genomic
island of a group if it were at least in two members of the group.

3.7.1. Hemorrhagic septicemia group

The comparative analysis among GEIs from hemorrhagic septi-
cemia-associated strains (Razi_0001, V1, Islm and THA with exception
PMTB2.1) identified seven specific GEIs (S3 Table 2) (Fig. S1). For the
description of islands, Razi 0001 and PMTB2.1 were used as reference

strains (S3 Tables 3, 4). The genes of each exclusive GEI are detailed on
S4. R1_PGI10 is an incomplete phage of approximately 46.6 kb har-
boring 44 hypothetical proteins, an IgA FC receptor with function an-
tiphagocytic (Nordenfelt et al., 2012) and a protein that encodes cell
filamentation protein Fic, component of the toxin-antitoxin module
(Garcia-Pino et al., 2008). Also, the prophage R1_PGI11 has approxi-
mately 15.3 kb (S3 Table 2), which include a capsule biosynthesis locus
present in all strains belonging to capsular serogroup B, as previously
reported (Moustafa et al., 2015). Additionally, a small island R1_PGI2
of 5.7 kb encodes four transferases of glycosyl groups. For PMTB2.1
strain, six PGI were predicted, which are commonly shared with an-
other group. The presence of different islands explains the segregation
of this strain from the hemorrhagic septicemia group (Fig.7), and its
close relationship with the avian group, whose it shares the islands
PMTB2_PGI1, 4, 6 (S3 Table 2).

3.7.2. Fowl cholera group

The comparative analysis of GEIs from fowl cholera-associated
strains ( X 73, P1059, Razzi_0002, F216 and F218) identified six specific
regions (S3 Table 5, Figs. S2, S3). For the description of islands x 73
and P1059, strains were used as a reference (S3 Tables 6, 7). The genes
of each exclusive GEI are detailed on S5. We found two islands shared
between %73 and F216 strains. X73_GEI1 with a size of 12.78 kb
harbored 12 CDSs, six involved in galactitol transport and metabolism
and described in previous studies (Johnson et al., 2013) and three
glycosyltransferases. X 73_GEI4 (10.95kb) contains 10 CDSs, five
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involved in the transport and utilization of i-fructose and 3 CDSs in-
volve in Ribose ABC transport system. The capacity for using different
sugars could be important to host invasion as other reported have been
described before (Johnson et al., 2013). Between F216, R2, PMTB2.1,
and X 73, we identified two islands X 73_GEI3 (7.28 Kb) with 5 CDSs
involved in the allose transport and metabolism. The X73_GEI6 (9.13
Kb) with 7 CDSs, involved in the transport and metabolism of arabi-
nose. We identified two specific GEIs in P1059 and F218. The
P1059_GEI1 (8.5kb) has 4 CDSs involved in the transport and mod-
ification of citrate, described in previous studies (Fig. S3) (Johnson
et al., 2013).

3.7.3. Snuffles group

There were no specific islands in the rabbit-associated strains (C873,
C884, and C992). For the description of islands, the reference strains
CIRMBP_0873 and CIRMBP_0992 were used (S3 Tables 9, 10). All GEIs
were shared between C873, C884, C0992 and with strains of other
groups (Figs. S4, S5). Furthermore, there are several genes uniquely
present in snuffles group, scattered throughout the genome (S1
Table 3).

3.7.4. Pneumonia group

The comparative analysis of GEIs from pneumonia-associated
strains (Pm-3, 3480, 36,950, P1062, UNMSM, HBO1 and HB03) iden-
tified 10 specific GEIs (S3 Table 11). For the description of the islands,
strains Pm-3, P1062, UNMSM and 36,950 were used as a reference (S3
Tables 12, 13, 14, 15). The genes in each exclusive GEI are detailed on
S6. The island Pm-3_GEI2 (5.35kb) was identified as a putative
prophage present in 36,950, UNMSM and Pm-3 strains (Fig. S6) with
eight CDSs, including a rhodanese-like domain-containing protein and
AraC family transcriptional regulator.

A GEI was shared between Pm-3 and HBO1. Pm-3_GEI11 (46.1 kb) is
an intact phage with 63 CDSs, harboring the cI — cro set of genes,
which are regulators lysogenic and lytic states maintenance, respec-
tively. We also identified a CII for stimulation of CI transcription
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(Oppenheim et al., 2005). Also, we identified a host specificity tail
protein J, which binds to the host receptor, protein holing, is a trans-
membrane protein that conforms a pore for exporting endolysins from
the bacterial cell wall (Reddy & Saier, 2013). Also, operon hicAB was
identified, it encodes a toxin-antitoxin (TA) system, that has a role
regulating bacterial programmed cell death, biofilm formation, cope
with nutritional stress, establish persistent subpopulations and offer
protection from phage attack (Ghafourian et al., 2014). A P1062_GEI5
(Fig. S7), which encodes three trehalose metabolism genes, Chromate
reductase and Quercetin 2,3-dioxygenase which are shared with
36,950, HBO1 and HBO3.

Although the number of islands gives us a sight of high diversity
among strains, an analysis of the gene content is necessary. The dis-
tribution of GEI genes allows the corroboration of phylogenetic clus-
tering among some lineages of the set groups (Fig. 10). The set of
members of septicemia hemorrhagic group (THA, Razi_0001, Islm and
V1), pneumonia group (HBO1, Pm-3, P1062 and UNMSM), snuffles
group (C0884, C0873) and the two avian groups (F218, P1059 and
F216, x73) were possible clustering at the level of an island gene
analysis. This finding could support the presence of gene set at specific
groups from adaptation.

3.8. Positive selection and its association with pathogenic adaptation

A previous positive selection analysis using 33 genomes of
Pasteurella multocida identified 35 genes related to virulence processes,
such as adhesion, host immune system evasion, LPS biosynthesis, but
also related to gene regulation and DNA and protein metabolism (Cao
et al., 2017). The analysis used site models, suitable to identify di-
versifying selection in specific codons (Yang et al., 2000). Here, we used
branch-site models, suitable to identify adaptive mutations by testing
for positive selection only in specific codons of pre-determined lineages
(Yang & Nielsen, 2002; Zhang, 2005). From twelve genes were initially
identified as positive selected, only two were true positive results. The
only gene detected in Rabbit foreground was discarded due to
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Fig. 9. Pan-genome visualization of 23 P. multocida strains was obtained using Anvi'o tool. Each ring indicates a genome, color variations as dark or light show
presence or absence of genes by genome. The outer-most track in red show the core genome, while the different members of established groups are indicated by
colors: members of hemorrhagic septicemia group (red color), pneumonia group (green gradients color), snuffles group (blue color), fowl cholera group (yellow
color) and HNO6 strain (purple color). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

alignment issues, and nine other genes had evidence of recombination.
Recombination causes false positive results in positive selection analysis
due to the alignment of non-homologous codons (Garcia-Pino et al.,
2008; Oppenheim et al., 2005). The complete results for each group and
the initial 12 detected genes are in S7 Table 6.

Positive selection was identified only for two genes from serotype B
foreground. The TonB-dependent hemin ferrichrome receptor (cirA,
CIRMBP0884_107) is an outer membrane protein that transports iron-
containing proteins and colicin Ia (Jakes & Finkelstein, 2010; Zarate-
Bonilla et al., 2014). It had 4 PS sites within its functional domains. The
alpha/beta hydrolase (CIRMBP0884_803) has seven sites under positive
selection, and its function is unknown.

The results of positive selection analysis suggest directional

selection only for an alpha/beta hydrolase, an iron and colicin uptake
systems from serotype B strains. Most of the adaptations in P. multocida
appear to be related to the variation of gene content.

4. Conclusion

In summary, the comparative analysis of 23 P. multocida strains
shows an open pan-genome. Accessory and unique genes present
(46.35% and 49%) a high content of proteins of unknown functions,
which reveal a high intraspecific diversity and a lack of knowledge of
functional mechanism. Additionally, we performed a phylogenetic
analysis using accessory genome content that allows showing at great
diversification and this could reflect a clusterization among the specific
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disease (hemorrhagic septicemia, fowl cholera, pneumonia and snuf-
fles), but not host. On the base of core genome and their association
with virulence genes, we identify a known set of genes encoding en-
zymes for LPS biosynthesis, set encoding involved in iron-dependent
regulation and acquisition and outer membrane proteins, with promi-
nent roles in the pathogenesis.

Analysis based on the content of GEIs identified 7, 6 and 10 GEIs
exclusive on set groups (hemorrhagic septicemia, fowl cholera and
pneumonia). On both analysis of exclusivity of genomic islands and
genes, were corroborated with the presence of a majority of phage-re-
lated genes, hypothetical proteins and virulence-associated genes. The
positive selection analysis suggests adaptive mutations on an alpha/
beta hydrolase, an iron and colicin uptake system, uniquely for the
serotype B sub-group, the remaining genes were not considered by
having evidence for recombination.

Finally, our finding report an analysis comprehensive of content
genomic as strategies of adaptation and diversification of P. multocida
on pathogenic specialization.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gene.2018.05.084.
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Resultados adicionais

Neste trabalho, como resultado adicional aos artigos publicados, visou-se fazer uma analise
de MLST (Multilocus Sequence Typing) para complementar as andlises filogenémicas, e avaliar
arelacdo filogenética entre os genotipos e a capacidade de infectar um hospedeiro e/ou provocar
uma doenca. Para isso, 23 linhagens de P. multocida foram submetidas ao servidor MLST
(cge.cbs.dtu.dk//services/MLST) (Larsen et al., 2012). Essa andlise determina a sequéncia tipo
(ST) ou perfil alélico de acordo com os alelos de cada um dos 7 locos. Esses resultados foram
adicionados a ferramenta eBURST (Spratt et al., 2004) para a predi¢do de grupos de sequéncias
tipo (STs) e complexo clonal (CC). Isso permite o0 agrupamento das STs que compartilham um
ancestral comum recente. Os resultados foram conferidos na base de dados de STs de P.

multocida (https://pubmlst.org/) e descritos na Tabela 1. Os dados de CCs foram adicionados a

arvore filogenética baseado no SNPs do genoma central das 23 linhagens (Figura 1). A arvore
foi usada para entender a relacdo entre os genotipos e os fen6tipos das linhagens do estudo. Do
estudo a relacdo filogenética de algumas linhagens relacionada a doenca, localizacdo geogréfica
e ST. Como é mostra na Figura 1, as linhagens aviarias de P. multocida (X73, P1059, F216,
F218) estdo divididas em dois grupos de acordo com as STs. Sendo identificadas com os
complexos clonais ST158 e ST8, reportadas em estudos prévios em amostras isoladas de aves
(Subaaharan et al., 2010; Li et al., 2018; Peng et al., 2018). Porém, a linhagem Pm70 e R2
(linhagens aviarias) pertencem a ST9 e ST129 respectivamente, e ndo se encontram agrupadas.
As STs preditas em isolados de aves com célera aviaria foram um resultado esperado, uma vez
que as STs encontradas em nosso estudo (neste grupo), foram reportadas previamente em aves
(Submission in process: Hurtado, 2019). Entretanto, a maioria dos isolados, com excecdo da
linhagem R2, proveem dos Estados Unidos, sugerindo que possivelmente existe uma variedade
de STs nesse pais. Ainda assim, estas STs também ja foram reportadas na China, Austrélia e
Canada (Submission in process: Hurtado, 2019), evidenciando a propagacdo destas STs entre
paises e continentes. Além disso, as STs analisadas foram preditas em diferentes hospedeiros
(Submission in process: Hurtado, 2019), sendo ndo exclusivas de aves com exce¢do da ST158
(Harms, 2015).

As linhagens provenientes do grupo septicemia hemorragica de P. multocida (V1,
THA, llsm e R1) foram agrupadas correspondendo com o mesmo complexo clonal ST122 e
pertenecendo a0 mesmo continente asiatico. A ST122 é o genotipo frequentemente reportado
em casos de septicemia hemorragica e ndo restrito a um Gnico hospedeiro (Hotchkiss et al.,
2011; Moustafa et al., 2013; Petersen et al., 2014). A ST122 foi reportado também em paises

da Africa e da Asia (Moustafa et al., 2013), com isto é possivel deduzir que essa ST, pode estar
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correlacionada nessas localidades geograficas. Porém, a linhagem PMTB2 (isolada de
septicemia hemorréagica) foi agrupada com a linhagem R2, pertencendo ambas a0 mesmo
complexo clonal ST129.

As linhagens provenientes do grupo pasteurelose (rinite e pneumonia) (CIRMBP-0922,
CIRMBP-0884, CIRMBP-0873) foram agrupadas, correspondendo também ao complexo
clonal ST9, e tipo de doenca. Sendo que o complexo clonal ST9 é frequentemente reportado
em casos de pneumonia e presentes em diferentes hospedeiros, mas frequentemente em coelhos
(Submission in process: Hurtado, 2019). Esse gendtipo estaria relacionado a doenca e ao
hospedeiro, mas poderia estar relacionado a localizacdo geogréfica, ja que essa ST foi reportada
nos paises da Europa (Submission in process: Hurtado, 2019).

As linhagens provenientes do grupo pneumonia (Pm3, P1062, HB03, HB01, UNMSM)
foram agrupados, correspondendo também aos complexos clonais ST13 e ST203, e mesmo tipo
de doenca. Sendo que o complexo clonal ST13 esta presente na China, Alemanha e Estados
Unidos, reportado previamente (Submission in process: Hurtado, 2019), considerando a
propagacdo dessas STs em um amplo espectro de paises e continentes. Porém, as linhagens
HNO7 e 3480 pertencem ao ST9 e ST74 respectivamente, e ndo pertencem ao grupo pneumonia.
Os complexos clonais ST13, ST50 e ST74 séo reportados em maior prevaléncia nos casos de
pneumonias, e associadas ao sistema respiratorio em diferentes hospedeiros (Submission in
process: Hurtado, 2019). Nesse contexto, € possivel inferir que existam algumas STs associadas
aos casos de pneumonias, das quais algumas sao reportadas unicamente com a doenca
(Submission in process: Hurtado, 2019). Contudo, o nimero de relatos e estudos que confirmem
essa hipotese é escasso (Hotchkiss et al., 2011; Garcia-Alvarez et al., 2017). Além disso, a
linhagem UNMSM isolada de pneumonia em alpaca no Peru, pertence ao grupo clonal ST203.
Sendo a ST203, reportado em ovinos com pneumonia na Espanha (Garcia-Alvarez et al., 2017).
O fato da ST203 ser reportada em uma linhagem do Peru e da Espanha condiz com a propagacao
deste CC nestes paises, e que poderia estar associado ao tipo de doenca, mas faltariam estudos
para sustentar esta afirmagdo. Além disso, a linhagem HNOG (rinite atr6fica no coelho) pertence
a ST50, sendo ele o primeiro registro de STs em casos de rinite atrofica.

Dessa forma, os resultados adicionais nos permitem inferir que conhecendo grupos
genotipicos associados a um tipo de doenca, hospedeiro, distribuicdo geogréafica e relacdo com

0s surtos, é possivel planejar estratégias de controle e prevencéo para combater essas doencas.

23



Tabela 1. Sequéncias tipo e complexos clonais de 23 linhagens de P. multocida utilizadas no estudo “Pan-genomic approach shows insight of

genetic divergence and pathogenic adaptation of Pasteurella multocida”(Hurtado et al., 2018).

Linhagens ST CC Hospedeiro

Doencas Origem

. . . Alelos CC
Linhagens Origem Hospedeiro Doencas MLST adk | Est [gdn [mdh | pgi |pmi | zwf
X73 EUA/América do Norte Aves Colera Aviaria 60 4 24 | 2 |11 |21 | 25 | 25 | ST158
FDAARGOS216 | EUA/América do Norte Aves Colera Aviéria 60 4 24 | 2 | 11 |21 | 25 | 25 | ST158
FDAARGOS 218 | EUA/América do Norte Aves Colera Aviaria 8 4 5 3 5 5 2 5 ST8
P1059 EUA/América do Norte Aves Colera Aviéria 8 4 5 3 5 512 |5 ST8
HNO7 China/Asia Porco Pneumonia 9 2 7 5 4 7 5 6 ST9
Pm70 EUA/América do norte Aves Colera Aviéria 9 2 7 5 4 7 | 5|6 ST9
CIRMPB-0884 Franca/Europa Coelhos Pasteurelose (Pulmao) 9 2 7 5 4 7 5 6 ST9
CIRMPB-0873 Franca/Europa Coelhos Pasteurelose (Pulmaéo) 204 2 11 | 5 4 27| 5 6 ST9
CIRMPB-0992 Franca/Europa Coelhos Pasteurelose (Cavidade Nasal) 9 2 7 5 4 7 5 6 ST9
Razi0002 Ird/Asia Aves Colera Aviéria 129? 21 |33 |20 |17 |20 (26?7 | 2 | ST129
PMTB2.1 Malésia/Asia Bufalo Septicemia Hemorragica 201 21 |33 |20 |17 |35 |26 | 2 | ST129
V1 Tailandia/Asia Bufalo Septicemia Hemorragica 122 23 |37 | 2 4 |17 | 21 | 17 | ST122
THA Tailandia /Asia Bufalo Septicemia Hemorragica 122 23 | 37 | 2 4 |17 |21 | 17 | ST122
IIsm Tailandia /Asia Bufalo Septicemia Hemorragica 122 23 |37 | 2 4 |17 | 21 | 17 | ST122
Razi0001 Ird/Asia Bovino Septicemia Hemorragica 122 23 | 37 | 2 4 |17 |21 | 17 | ST122
Pm3 China/Asia Bovino Pneumonia 79 26 11 | 7 4 8 9 | 10 | ST13
P1062 EUA/América do Norte Bovino Pneumonia 80 7 11 | 7 4 8 |40 | 10 | ST13
HBO03 China/Asia Bovino Pneumonia 13 7 11 | 7 4 8 9 |10 | ST13
HBO1 China/Asia Bovino Pneumonia 79 26 11 | 7 4 8 9 |10 | ST13
36950 Alemanha/Europa Bovino Pneumonia 79 26 11 | 7 4 8 9 | 10 | ST13
3480 China/Asia Porco Pneumonia 74 22 |13 |3 | 8 |31 |8 |29 | ST74
UNMSM Peru/América do Sul Alpaca Pneumonia 321 23 | 44 |53 | 15 |43 | 39 | 36 | ST203
HNO06 China/Asia Porco Rinite Atrdfica 50 14 | 10 | 3 8 [20 |20 | 19 | ST50

N
S
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Figura 1. Arvore filogenética baseada no SNPs do genoma central de 23 linhagens de P. multocida utilizadas no estudo “Pan-genomic approach
shows insight of genetic divergence and pathogenic adaptation of Pasteurella multocida” (Hurtado et al., 2018). Complexos clonais,

hospedeiros, doengas, continentes e sequéncias tipo foram adicionadas na arvore para melhor interpretacéo da relacao filogenética.
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CAPITULO 3: Discussdo geral, conclusio e perspectivas

Discusséao geral

» A linhagem UNMSM de P. multocida isolada de um pulméo de alpaca com quadro de
pneumonia na provincia de Cuzco, é considerada uma linhagem patogénica, devido ao quadro
clinico de isolamento e presenca de genes de viruléncia, que foram identificados em trabalhos
prévios (Rimac et al., 2017), cumprindo as caracteristicas definidas para um organismo
patogénico (Ewers et al., 2006; Harper et al., 2006; Wilson and Ho, 2013). Foram
identificadas 14 ilhas gendmicas, as quais 6 eram regides de profagos, sendo essa uma das
linhagens que apresenta um maior nimero de elementos moveis. Nas andlises filogeneticas, a
linhagem UNMSM apresenta-se mais divergente dentro do grupo de isolados de pneumonia
(Hurtado et al., 2018), isso poderia ser consequéncia do isolamento geografico, sendo a unica
linhagem isolada e sequenciada da América do Sul.

» Dentre os resultados adicionais, foram analisadas as STs e os CC na linhagem UNMSM, a
qual pertence ao ST321 e ao complexo clonal ST203, sendo este CC ja reportado em casos de
pneumonia em ovino (Garcia-Alvarez et al., 2017). Isso reafirma que certos grupos de ST
poderiam estar relacionados a sua procedéncia fenotipica. Adicionalmente, essa linhagem foi
isolada de um agrupamento de linhagens clonais, procedente de andlises de diversidade
convencionais por PCR (Rocio et al., 2017)(Rimac et al., 2017; Rocio et al., 2017)(Rimac et
al., 2017; Rocio et al., 2017). No entanto, as analises genémicas seriam importantes para
conhecimento da diversidade de linhagens de camelideos em regiGes endémicas na América
do Sul, nos diferentes anos e locais.

> Asanalises de diversidade baseadas na filogenia de substitui¢do de nucleotideos, aminoacidos
e presenca/auséncia de genes mostram a concordancia no agrupamento de linhagens
provenientes de grupos fenotipicos estabelecidos (doenca) (Hurtado et al., 2018). Isso
corrobora com estudos prévios baseados em analises de MLST, genes associados a viruléncia
e sorotipos, como tentativa de correlacionar grupos genéticos a uma mesma procedéncia
fenotipica (Davies et al., 2004; Ewers et al., 2006; Dabo et al., 2007; Christensen and
Bisgaard, 2010; Pors et al., 2011; Hotchkiss et al., 2011; Cardoso-Toset et al., 2013; Moustafa
et al., 2013; Petersen et al., 2014; Garcia-Alvarez et al., 2015, 2017).

» As andlises de populacdo mostram a relacdo filogenética com as STs, genogrupos e
sorogrupos, e relaciona algumas linhagens com o tipo de hospedeiro (Peng et al., 2018). Em

um estudo recente se sugere que a filogenia tem relagdo com a procedéncia do hospedeiro e



localizacdo geografica das linhagens (Zhu et al., 2019). Nesses dois ultimos artigos
publicados, o estudo foi abordado desde filogenia ao genoma central (core), entretanto é
essencial considerar os elementos moveis no processo de evolugdo. A filogenia baseada no
genoma acessorio complementa essas analises, as quais, obteve-se a filogenia do genoma
central (core) e presenca e auséncia de genes, 0s quais mostram concordancia no agrupamento
de grupos estabelecidos (Hurtado et al., 2018). O agrupamento de linhagens poderia ser
explicado pela presenca de elementos moveis, que foram herdados de um ancestral comum,
ou que foram adquiridas horizontalmente de microrganismos pertencentes a um mesmo nicho
(teoria de convergéncia evolutiva). Isso explicaria a porcentagem variada de homologia entre
algumas ilhas genémicas dentro de agrupamentos estabelecidos (Brissow and Kutter, 2004;
Hurtado et al., 2018). Contudo, sobre as analises de filogenias é importante mencionar que
existem linhagens que ndo foram agrupadas de acordo com o esperado, e iSSO sugere que
algumas linhagens seriam capazes de infectar, devido a condi¢cdes de susceptibilidade do
hospedeiro, sendo essa uma caracteristica propria de um patégeno oportunista.

As andlises de diversidade por filogenia baseada na presenca e auséncia de genes mostra uma
maior variabilidade entre linhagens dos grupos estabelecidos (Hurtado et al., 2018)
comparada a variagdo nucleotidica/aminoacidica. As analises de pangenoma apresentaram um
genoma acessorio de 52.91%, sendo que esses genes estavam, em sua maioria, em ilhas
gendmicas. Esses resultados corroboram com um estudo de 114 linhagens de P. multocida, o
qual 42% dos genes funcionais apresentam-se dentro das ilhas gendmicas, e sua variacédo
estaria determinada pela localizagédo geografica ou ecoldgica (Zhu et al., 2019). O pangenoma
dessa espécie encontra-se aberto, em um aumento regular e constante de novos genes, € isso
é esperado, devido a natureza de estilo de vida de P. multocida, sendo n&o restrita a hospedeiro
e patdgeno facultativo.

O conjuntos de genes que compdem o pangenoma podem expandir-se através da aquisi¢do de
elementos moveis (GEIs, CEls, profagos) e pressdo aos diferentes ambientes (Hurtado et al.,
2018; Zhu et al., 2019)(Hurtado et al., 2018; Zhu et al., 2019)(Hurtado et al., 2018; Zhu et al.,
2019). Neste trabalho foram identificados 159 GEls de 23 linhagens, das quais 7, 6, 10 GEIs
foram exclusivas dos grupos pertencentes a septicemia hemorrégica, cOlera aviaria e
pneumonia, respectivamente. Baseado nas analises funcionais foram identificados genes
relacionados a fagos, proteinas hipotéticas e genes de viruléncia. Na maioria dos casos as ilhas
pertenciam a profagos, sendo considerado um importante elemento movel para a variabilidade
da espécie (Hurtado et al., 2018; Zhu et al., 2019). O estudo de Zhu e colaboradores, revelou

a predicéo de ilhas genémicas de 114 genomas de P. multocida, identificando 280 ilhas, as
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quais 123 eram ilhas de patogenicidade (Zhu et al., 2019), considerando a importancia dos
elementos moveis na patogenicidade e definigdo da espécie.

Em nosso trabalho, analises referente ao contedldo do genoma acessorio revelaram em maior
porcentagem os seguintes grupos funcionais: (i) metabolismo e transporte de carboidratos e
aminoéacidos; (ii) biogénese da parede celular e membrana; (iii) reguladores transicionais e
(iv) proteinas de funcdo desconhecida (Hurtado et al., 2018). Os mesmos grupos funcionais
foram identificados em diversos estudos patogendmicos (Ford et al., 2013; Johnson et al.,
2013; Wilson and Ho, 2013; Moustafa et al., 2015; Du et al., 2016; Yu et al., 2016)(Johnson
et al., 2013; Wilson and Ho, 2013; Moustafa et al., 2015; Du et al., 2016; Yu et al.,
2016)(Johnson et al., 2013; Wilson and Ho, 2013; Moustafa et al., 2015; Du et al., 2016; Yu
etal., 2016). A presenca desses grupos funcionais, como parte do genoma acessorio, sugerem
a sua importancia no processo de adaptacdo, inferindo a fixacdo no genoma por pressao
seletiva (Mclnerney et al., 2017). Esses mesmos grupos funcionais foram identificados em
estudos de expressédo diferencial quando foram avaliados em casos de doenca in vivo em
coelhos (Guo et al., 2012). A presenca de genes e maior expressdo diferencial, pertencentes a
esses grupos funcionais, sdo essenciais no processo de regulacdo e adaptacdo a determinada
condicdo ambiental. Genes envolvidos no transporte e metabolismo de aminoacidos e
carboidratos sdo importantes para uso das maquinarias metabolicas na aquisicao de nutrientes
necessarios para adaptar-se a um novo hospedeiro (Johnson et al., 2013). Também é possivel
que reguladores transcricionais sejam selecionados e ativados para uma rapida adaptacédo a
diferentes condicdes ambientais (Cases et al., 2003; Guo et al., 2012). Proteinas com func¢éo
desconhecida estdo presentes na espécie P. multocida, demostrando a escassez de estudos
funcionais bacterianos. Essas proteinas foram identificadas, principalmente, em regides de
profagos, as quais as bases de dados funcionais ainda ndo estdo completas.

As andlises de polimorfismo de nucleotideo Gnico demostraram que a espécie encontra-se em
um constante processo de diversificagdo e submetidos a sele¢éo positiva (Fitzpatrick et al.,
2005; Chen et al., 2006; Johnson et al., 2013; Okay and Kurt Kizildogan, 2015; Cao et al.,
2017). A maioria das categorias funcionais encontradas estdo envolvidas na interagdo entre o
patdgeno e hospedeiro, porém ndo estdo associadas com uma determinada patogenia.
Entretanto, em analises de selecéo positiva de grupos estabelecidos ndo foi possivel identificar
genes submetidos a selecéo por grupo, com excec¢do para o subgrupo B HS, em que o0s genes

ndo estdo implicados no processo adaptativo da espécie (Hurtado et al., 2018).
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Conclusdo

P. multocida, linhagem UNMSM, é uma bateria patogénica, que por analises filogenéticas se
mostra mais divergente em relagdo a outras linhagens isoladas de pneumonia, possivelmente por
isolamento geogréfico e especializacdo ao hospedeiro. Além disso, a linhagem pertence ao ST203
reportado em casos de pneumonias em ovino. As andlises de pangenémica e predicdo de ilhas
genbmicas demostraram que a espécie estd em um constante processo de adaptacdo submetido a
pressdo seletiva, considerando a importancia dos elementos mdveis na evolucdo e definicdo da
espécie. As analises funcionais do genoma acessdrio mostraram que 0s genes envolvidos em
processos como o metabolismo e transporte de carboidratos e aminoacidos, biogénese da parede
celular e membrana, reguladores transcricionais sao fundamentais no processo adaptativo. Os genes
submetidos a selecdo positiva séo relevantes na interagdo com hospedeiro, mas ndo estdo implicados
no processo de adaptacdo por patogenias. As andlises filogenémicas e pangendmicas em P. multocida
demonstram que a presenca de ilhas gendmicas e algumas linhagens podem ter a capacidade de causar
uma doenca e infectar preferentemente um hospedeiro. A presenca de ilhas genémicas e SNPs

desempenham um papel crucial no processo de diversificacdo e adaptagdo da espécie P. multocida.
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Perspectivas

Este trabalho tem como perspectivas:

- Realizar o sequenciamento das linhagens restantes isoladas do centro experimental da Raya (Puno),
proveniente de diferentes regides de producgéo de Alpaca no Peru;

- Realizar anélises de vacinologia reversa, com enfoque em casos de pneumonia, e identificar alvos
para o0 amplo espectro de doencas e hospedeiros;

- Analisar os reguladores transcricionais, envolvidos em rede regulatorias e redes metabélicas de P.
multocida em cada perfil de doenca associada;

- Analisar a diversidade em nivel de polimorfismo de nucleotideo Gnico que possa estar associada ao

nivel regulatério do transcriptoma.
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ANEXOS: Material suplementar

Figure. S1. Circular maps comparing genomic islands (GEIs) between Pasteurella multocida strain Razi_0001 as reference with others members
of hemorrhagic septicemia group (red gradients color), and fowl cholera group (yellow gradients color), pneumonia group (green gradients color),
snuffles group (blue gradients color), Pm70 strain (orange color), HNOG6 strain (purple color).
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Fonte: (Hurtado et al., 2018)
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Figure. S2. Circular genomic maps comparing genomic islands (GEIs) of Pasteurella multocida strain X73 as reference with others members of
fowl cholera group (yellow gradients color), and hemorrhagic septicemia group (red gradients color), pneumonia group (green gradients color),
snuffles group (blue gradients color), Pm70 strain (orange color) and HNOG6 strain (purple color).
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Fig. S3. Circular maps comparing genomic islands (GEIs) between P. multocida P1059 strain as reference with others members of fowl cholera
group (yellow gradients color), and hemorrhagic septicemia group (red gradients color), pneumonia group (green gradients color), snuffles group

(blue gradients color), Pm70 strain (orange color) and HNOG strain (purple color).
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Figure. S4. Circular genomic maps comparing genomic islands (GEIs) between P. multocida CIRMBP_0873 strain as reference with others
members snuffles group (blue gradients color), and fowl cholera group (yellow gradients color), hemorrhagic septicemia group (red gradients

color), pneumonia group (green gradients color), Pm70 strain (orange color) and HNOG6 strain (purple color).
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Figure. S5. Circular genomic maps comparing genomic islands (GEIs) between P. multocida CIRMBP_0992 strain as reference with others

members of snuffles group (blue gradients color), and fowl cholera group (yellow gradients color), septicemia hemorrhagic (red gradients color),

pneumonia (green gradients color), Pm70 strain (orange color) and HNO6 strain (purple color).

P.multocida CIRMBP_0992

2275582 bp

Isim

Fonte: (Hurtado et al., 2018)

35



Figure. S6. Circular genomic maps comparing genomic islands (GEIs) between P. multocida Pm-3 strain as reference with others members of
pneumonia group (green gradients color), and fowl cholera group (yellow gradients color), hemorrhagic septicemia group (red gradients color),

snuffles group (blue gradients color), rhinitis atrophic (HNO6), Pm70 strain (orange color) and HNO6 strain (purple color).
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Figure. S7. Circular genomic maps comparing genomic islands (GEIs) of Pasteurella multocida strain P1062 as reference with others members
of pneumonia group (green gradients color), and fowl cholera group (yellow gradients color), hemorrhagic septicemia group (red gradients color),

snuffles group (blue gradients color), Pm70 strain (orange color) and HNOG strain (purple color).
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Figure. S8. Circular genomic maps comparing genomic islands (GElIs) of Pasteurella multocida UNMSM strain as reference with other members
of pneumonia group (green gradients color), and fowl cholera group (yellow gradients color), hemorrhagic septicemia group (red gradients color),
snuffles group (blue gradients color), rhinitis atrophic (HNO6), Pm70 strain (orange color) and HNO6 strain (purple color).
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Supplementary Material 2

S1 Table 1. Description of the exclusive genes for hemorrhagic septicemia group. Fonte: (Hurtado et al., 2018)
Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1jm_cLa?dI=0

S1 Table 2. Description of the exclusive genes for Fowl cholera group. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1ljm_cLa?dI=0

S1 Table 3. Description of the exclusive genes for snuffles group. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0

Table 4. Description of the exclusive genes by pneumonia group. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0

Supplementary Material 2

S2 Table 1. Virulence factors distributed in the core genome. Fonte: (Hurtado et al., 2018)
Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0
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Supplementary Material 3

S3 Table 1. General information of the number of genomic islands predicted in the 23 genomes of P.
multocida.

STRAINS GEls | PHAGE | GEI TOTAL
3480 8 2 8
36950 6 2 7
HBO1 8 3 8
HBO03 7 1 7
HNO6 7 4 7
P1059 8 1 8
P1062 9 8 11

UNMSM 14 6 14
X73 7 1 7
Pm-3 10 4 11

Razi_0001 11 3 11
HNO7 2 1 2

CIRMBP-0884 2 4 4
FDAARGOS 218 | 4 3 4
FDAARGOS_216 8 1 8

PMTB2.1 6 2 6
THA 10 3 10
IsIm 11 4 11

Vi 11 4 11
Razi_0002 5 1 5
CIRMBP-0873 3 5 5
CIRMBP-0922 2 10 10

Fonte: (Hurtado et al., 2018)
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S3 Table 2. Description and comparison of predicted Genomic Island of each GEI of hemorrhagic
septicemia group.

. . . . PMTB2.1 Others members
Reference GEIs | GC (%) CDs |Size (kb) | V1 (pident) | IsIm (pident) | THA (pident) (pident) Groups (pident)
V1 GEI6 Lsim_GEI6 | THA GEI5
R1_GEI1 42.31 49 34.03 (100%) (100%) (100%) - -
V1 GEI7 Lsim_GEI7 | THA GEI6
R1_GEI2 31.29 6 5.71 (100%) (100%) (100%) - -
V1 GEI11 | Lslm_GEIl11 | THA_GEI10
R1_GEI3 37.56 29 17.54 (100%) (100%) (100%) - -
V1 GEIl Lslm_GEIL | THA_GEIl ) )
R1_GEI7 34.69 5 6.339 (100%) (100%) (100%)
P1059_GEI3 (57.6%),
R1_GEI9 38.00 10 | 1339 \/(1(—)855')3 - T'?ﬁ)af/'i'z ; F218 GEI4 (46.3%),
0 0 HNO06_GEI2 (53.3%)
V1_GEl4 Lsim_GEI3 THA_GEI3 ) )
R1_GEI10 43.22 63 46.683 (63.84%) (30.73) (63.8%)
V1_GEI5 Lsim_GEI5 THA_GEl4 ) )
R1 GEI11 34.16 10 15.371 (100%) (100%) (100%)
V1_GEI2
lIsim_GEI2 37.78% 58 51.42 (100%) - - - -
PMTB_GEI4 32.87% 6 6.76 - - - - R0002_GEI5 (100%),
X73_GEI6 (100%),
PMTB_GEI6 33.3% 7 9.13 - - - -

F216_GEI4 (100%),

- The GEls of red color are unique to the group. The GEls of black color are islands partially shared in the
group or that share similarity partially with other groups.

- pident: Percent identity

Fonte: (Hurtado et al., 2018)
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S3 Table 3. Predicted islands of the genome Razi_0001 (R1).

LABEL |#START | #STOP

R1_GEI1 90568 124605

R1_GEI2 | 209145 | 214857

R1_GEI3 | 318557 | 336101

R1_GEI4 | 557193 | 563706

R1_GEI5 | 835489 | 844941

R1_GEI6 | 848368 | 857926

R1_GEI7 | 1062663 | 1069001

R1_GEI8 | 1468538 | 1479907

R1_GEI9 | 1690515 | 1703908

R1_GEI10 | 1920930 | 1967612

R1_GEI11 | 2074198 | 2089568

Fonte: (Hurtado et al., 2018)

S3 Table 4. Predicted islands of the genome PMTB2.1 (PMTB).

LABEL #START | #STOP

PMTB_GEI1 | 268718 286747

PMTB_GEI2 | 566074 600012

PMTB_GEI3 | 700662 739845

PMTB_GEI4 | 899897 906659

PMTB_GEI5 | 1701213 | 1710766

PMTB_GEI6 | 1744068 | 1753201

Fonte: (Hurtado et al., 2018)



S3 Table 5. Description and comparison of predicted Genomic Island of each GEI of fowl cholera

group.
Reference GC (%) |CDs Size FDAARGOS 216 |FDAARGOS_218 X73 Razi_0002 Others members
GEls 0 (kb) (pident) (pident) (pident) (pident) Groups (pident)
X73_GEI1 37.59 15 12.8 | F216_ GEI8 (100%) - - - -
Pm-3_GEI3 (28.4%),
36950_GEI2
X73_GEI2 | 3041 13 7.88 |F216_ GEI1 (100%) - - - (28.5%).
HBO1_GEI2 (30%)
R0002_GPI3 PMTB2_GEI1
0, - - — —
X73_GEI3 | 32.17 7 7.29 | F216_GEI2 (93%) (93%) (100%)
R0002_ GEI2 PMTB2_ GEI6
0, - - — —
X73_GEI6 | 3331 7 9.13 | F216_ GEI4 (100%) (100%) (100%),
F218_ GEl
P1059_GEI1 | 41.05 8 8.53 - 2(100%) - - -
i F218_GEl4 . ) R1_GEI9(32.18%) ,
P1059_GEI3 | 38.38 | 24 24 (81.9%) HBO6_GEI3 (36.5%)
X73_
P1059 GEI4 | 36.91 7 10.6 |F216_ GEI1 (63.3%) - GEl - -
2(63.4%)
PMTB_GEI3(10%);
i F218_ GEl ) R0002_ GEI | P1062_GEI1(14%),
P1059_GEI5 | 37.12 | 83 | 69.27 3(100%) 4(104%)  |HNO6_GEI6_ (21%),
C0992_GEI9 (17%)
X73_
P1059 GEI7 | 41.27 9 | 10.95 |F216_GEI3 (100%) - GEI - -
4(100%)
PMTB_ GEI4
R2_GEI5 32.89 6 6.76 - - - ) (100%)

- The GEls of red color are unique to the group. The GEIs of black color are islands partially shared
in the group or that share similarity partially with other groups.

- pident: Percent identity

Fonte: (Hurtado et al., 2018)
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S3 Table 6. Predicted islands of the genome X73.

Reference |#START |#STOP
GEI X73

X73_GEI1 339169 | 351953
X73_GEI2 565638 | 573518
X73_GEI3 | 1066332 | 1073616
X73 GEI4 | 1525058 | 1536015
X73 GEI5 | 1560853 | 1570411
X73 GEI6 | 1603712 | 1612845
X73_GEI7 | 2156689 | 2198379

Fonte: (Hurtado et al., 2018)

S3Table 7. Predicted islands of the genome P1059.

Refe;i%CSZGE' #START | #STOP
P1059 GEIL | 107623 | 116147
P1059 GEI2 | 269157 | 274606
P1059 GEI3 | 564124 | 588130
P1059 GEI4 | 590325 | 597759
P1059 GEI5 | 758990 | 819268
P1059 GEI6 | 1348162 | 1358728
P1059 GEI7 | 1608101 | 1619057
P1059 GEI8 | 1647399 | 1656852

Fonte: (Hurtado et al., 2018)

S3 Table 8. Predicted islands of the genome Razi_0002.

Reference

GEI R2 #START |#STOP

R2 GEI1 457849 467401
R2 GEI2 500702 509834
R2 GEI3 1340328 | 1358346
R2 GEI4 1739520 | 1774910
R2 GEI5 1934945 | 1941708

Fonte: (Hurtado et al., 2018)
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S3 Table 9. Predicted islands of the genome CIRMBP_0873 (C873).

LABEL |#START #STOP
C873_GEIl1 3 21667
C873_GEI2 | 346621 395990
C873_GEI3 | 651247 688242
C873_GEI4 | 1255813 1289149
C873_GEI5 | 2385993 2418620

Fonte: (Hurtado et al., 2018)

S3 Table 10. Predicted islands of the genome CIRMBP_0992 (C992).

LABEL #START [#STOP

C992_GEI1 134514 189473
C992_GEI3 419429 441584
C992_GEI5 880921 913161
C992_GEI9 1692470 1741407
C992_GEI10 | 1761436 1779844

Fonte: (Hurtado et al., 2018)
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S3 Table 11. Description and comparison of predicted Genomic Island of each Pneumonia—group.

Others
reforence | GC |CD [Size | 3480 P1062 UNMSM | 36950 HBOL HBO3 | members
(%) | s |(kb) | (pident) (pident) (pident) (pident) (pident) (pident) groups
(pident)
410 P1062_GEI9(10.27 [UNMSM_GEI | HBOL_GEI8 ] ]
pm3_GENL [*30145 |a14| - o 5 (209%) 100%)
372 UNMSM_GEI |36950_GE
Pm3_GEI2 | g~ | 8 |535) - - 3(92.9%) |13 (100%) - - -
309 P1062_GEI8 36950 GE | HBOL_GEI2 |HBO3_GE|
Pm3_GEI3 | 777110160 | - (100%) - 12 (100%) (100%) 12 (100%)
308 36950 GE | HBO1_GEI3 |HBO3_GE|
Pm3_GEI4 79| 6 7741 - - - 15 (100%) (100%) 13 (100%)
41.0 o\ [UNMSM_GEI HBOL_GEI8 ] ]
pms_GEIs |*7% (45 [314| - |P1062_GEIN(10%) | g 1o\ - 100%)
UNMSM
pm3 GEI6 |28 5 |522| - - _GEI6 - HB(0314—02)E'5 - -
(31.75%)
HN06_GE
0
38.4 3480_GE | p10g2 GEI2  |UNMSM_GEI HBO1_GEI1(64% 11 (19%).
pm3_GEI7 |*0% |63 61| I (@512 5 (16,57 - ) - |cos73 GE
(20.2%) 7 7 12
(25.97%)
HBOL_GEI5
pm3_GEI1 220 | 70 |46.7 [3480_CE (29P 125/2)_ 51062, G : - (90.6%), : :
ma3_ 2 111 (9:20%) | (29:15%) P1062_ HBO1 GEI1(36.7
EI6 (13.46%)
8%)
39.9 UNMSM_GEI
P1062_GEIL |°07 42 317 | - ; Y3 (5.0 - - - -
36.7 36950 GE | HBOL_GEI4 |HBO3_GE|
P1062_GEIS |\ "5~ | 7 |857] - - - 16 (100%) (100%) 14 (100%)
407 321 UNMSM_GE
P1062_GEI9 37| 20 % - ; 100%) - - - -
HN06_GE
16
(30.66%),
400 |, [314 HBO1_GEI5 C0992_GE
p1062_GEIL1 |*20 | 25 |31 - - - - (19.58%) - s
(26.7%),
F218 GEI
3 (30.8%)
UNMSM_G [39.3| . [317] P1062_GEI9 ] ] ] ] ]
EI7 6 1 (98.4%)

- The GEls of red color are unique to the group. The GEls of black color are islands partially shared in
the group or that share similarity partially with other groups.
- pident: Percent identity

Fonte: (Hurtado et al., 2018)
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S3 Table 12. Predicted islands of the genome Pm-3.

REFERENCE

#START

#STOP

PM3_GEI1

182864

215842

PM3_GEI2

625869

631222

PM3_GEI3

895141

901141

PM3_GEI4

1132516

1140257

PM3_GEI5

1176078

1209903

PM3_GEIG6

1424112

1429336

PM3_GEI7

1463038

1509613

PM3_GEI8

1799159

1807795

PM3_GEI9

2146789

2156242

PM3_GEI10

2159668

2169225

PM3_GEI11

2368606

2415312

Fonte: (Hurtado et al., 2018)

S3 Table 13. Predicted islands of the genome P1062.

REFERENCE |#START | #STOP
P1062_GEI1 134656 | 167436
P1062_GEI2 240664 | 292873
P1062_GEI3 714550 | 724003
P1062_GEIl4 745258 | 783672
P1062_GEI5 1062784 | 1071361
P1062_GEI6 1181943 | 1225145
P1062_GEI7 1301837 | 1307043
P1062_GEI8 1582477 | 1588471
P1062_GEI9 1787839 | 1819957
P1062_GEI10 | 2305216 | 2336673
P1062_GEI11 | 2481611 | 2509016

Fonte: (Hurtado et al., 2018)
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S3 Table 14. Predicted islands of the genome UNMSM.

REFERENCE |[#START | #STOP

UNMSM_GEI1 | 258148 | 279516

UNMSM_GEI2 | 790931 | 799448

UNMSM_GEI3 | 846777 | 851950

UNMSM_GEI4 | 1057677 | 1070365

UNMSM_GEI5 | 1746728 | 1753572

UNMSM_GEI6 | 1758786 | 1769302

UNMSM_GEI7 | 1785541 | 1817250

UNMSM_GEI8 | 1863525 | 1868561

UNMSM_GEI9 | 1910585 | 1931354

UNMSM_GEI10 | 1953329 | 1965613

UNMSM_GEI11 | 1985391 | 1995841

UNMSM_GEI12 | 2030356 | 2035643

UNMSM_GEI13 | 2096073 | 2114029

UNMSM_GEI14 | 2246523 | 2251955

Fonte: (Hurtado et al., 2018)

S3 Table 15. Predicted islands of the genome 36950.

REFERENCE |#START | #STOP

36950_GEI1 266444 | 359969

36950_GEI2 569425 575426

36950_GEI3 839320 844679

36950 _GEI4 | 1140019 | 1149376

36950_GEI5 | 1284272 | 1292014

36950 _GEI6 | 1420951 | 1429528

36950_GEI7 | 1723676 | 1733231

Fonte: (Hurtado et al., 2018)

Supplementary Material 4

S4 Table 1. Description of GEI1 genes on R1 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1ljm_cLa?dI=0



S4 Table 2. Description of GEI2 genes on R1 strain.

# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
J6CN71 50S ribosomal protein L31
OS=Pasteurella multocida subsp. G0:0003735 - structural constituent of ribosome|G0:0005840 -
multocida str. Anand1_buffalo GN=rpmE ribosome|G0:0006412 - translation|G0:0019843 - rRNA
1 |OOHFKHOD 00214 |50S ribosomal protein L31 210 [PE=3 SV=1 98.59% [70/71] binding|G0:0046872 - metal ion binding
Lipooligosaccharide
2 |OOHFKHOD 00213 |biosynthesis protein lex-1 840 |Beta-1,4 galactosyltransferase 98.59% [280/284] |G0:0016757 - transferase activity, transferring glycosyl groups
3 |OOHFKHOD_00215 |hypothetical protein 840 |Beta-1,2 N-acetylglucosaminyltransferase |98.59% [280/284] |G0:0016757 - transferase activity, transferring glycosyl groups
DOEADS Alpha 1,6-LD-
heptosyltransferase OS=Pasteurella G0:0008152 - metabolic process|GO:0016757 - transferase activity,
4 |OOHFKHOD 00217 |hypothetical protein 882 |multocida GN=hptE PE=4 SV=1 98.33% [294/299] |transferring glycosyl groups
G0:0003684 - damaged DNA binding|G0:0006284 - base-excision
repair|GO:0006289 - nucleotide-excision repair|GO:0008270 - zinc ion
binding|G0:0008534 - oxidized purine nucleobase lesion DNA N-
AO0A1D2NWD?2 Formamidopyrimidine- glycosylase activity|GO:0140078 - class | DNA-(apurinic or
Formamidopyrimidine- DNA glycosylase OS=Pasteurella apyrimidinic site) lyase activity|G0O:0140080 - class I11/IV DNA-
5 |OOHFKHOD 00218 |DNA glycosylase 810 |multocida GN=mutM PE=3 S\VV=1 98.54% [270/274] |(apurinic or apyrimidinic site) lyase activity
G0:0008152 - metabolic process|GO:0016757 - transferase activity,
6 |OOHFKHOD 00216 |hypothetical protein 1056 |Alpha 1,6-DD-heptosyltransferase 98.60% [352/357] |transferring glycosyl groups

Fonte: (Hurtado et al., 2018)




S4 Table 3. Description of GEI3 genes on R1 strain.

# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
1 [OOHFKHOD_00332 Blast error
2 |OOHFKHOD_00336 |hypothetical protein 216 |Uncharacterized protein 98.63% [72/73]
3 |OOHFKHOD_00337 |hypothetical protein 213 |Uncharacterized protein 98.61% [71/72]
4 |OOHFKHOD_00338 |hypothetical protein 216 |Uncharacterized protein 98.63% [72/73]
5 |OOHFKHOD_00339 |hypothetical protein 147 |Uncharacterized protein 84.48% [49/58] G0:0006355 - regulation of transcription, DNA-templated
AlpA family transcriptional
6 |OOHFKHOD_00340 |hypothetical protein 201 |regulator 98.53% [67/68]
7 |OOHFKHOD_00335 |hypothetical protein 423 |Uncharacterized protein 98.60% [141/143]
8 |OOHFKHOD_00341 |hypothetical protein 591 (Uncharacterized protein 98.50% [197/200]
9 |OOHFKHOD_00342 |hypothetical protein 462 |Uncharacterized protein 98.72% [154/156]
10 |OOHFKHOD_00344 |hypothetical protein 366 |Terminase 98.39% [122/124]
11 |OOHFKHOD_00346 |hypothetical protein 354 |Uncharacterized protein 99.16% [118/119] |G0:0003676 - nucleic acid binding| GO:0004519 - endonuclease activity
12 |OOHFKHOD_00347 |hypothetical protein 324 |Uncharacterized protein 99.08% [108/109]
13 |OOHFKHOD_00348 |hypothetical protein 354 |Phage head-tail adapter protein  [99.16% [118/119]
14 |OOHFKHOD_00350 |hypothetical protein 552 |Peptidase 98.40% [184/187]
15 |OOHFKHOD_00352 |hypothetical protein 405 |Phage tail protein 98.54% [135/137]
16 |OOHFKHOD_00353 |hypothetical protein 261 |Transglycosylase 98.86% [87/88] G0:0016021 - integral component of membrane
Prophage integrase G0:0003677 - DNA binding| GO:0006310 - DNA recombination| GO:0015074 - DNA
17 |OOHFKHOD_00333 |IntA 1197 |Preprotein translocase 98.52% [399/405] |integration
18 |OOHFKHOD_00334 |hypothetical protein 1602 [DNA primase 98.52% [534/542]
19 |OOHFKHOD_00343 |hypothetical protein 1665 |Terminase 98.40% [555/564] |G0O:0003779 - actin binding
20 [OOHFKHOD_00345 [hypothetical protein 2727 |Uncharacterized protein 98.38% [909/924]
21 |OOHFKHOD_00349 |hypothetical protein 1209 |Phage portal protein 98.53% [403/409]
22 |OOHFKHOD_00351 [hypothetical protein 1197 |Capsid protein 98.52% [399/405]

Fonte: (Hurtado et al., 2018)




S4 Table 4. Description of GEI7 genes on R1 strain.

# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
1 |OOHFKHOD_01072 |hypothetical protein 738 |Uncharacterized protein 98.40% [246/250]
putative metal-dependent G0:0016888 - endodeoxyribonuclease activity, producing 5'-
2 |OOHFKHOD_01074 |hydrolase YjjV 729 |Hydrolase TatD 98.38% [243/247] |phosphomonoesters
3 |OOHFKHOD_01071 |hypothetical protein 1764 |KAP family P-loop domain protein [98.49% [588/597]
G0:0003677 - DNA binding| GO:0005524 - ATP binding| GO:0016874 -
4 |OOHFKHOD_01073 |7-cyano-7-deazaguanine synthase 1311 [DNA-binding protein 97.11% [437/450]

ligase activity

Fonte: (Hurtado et al., 2018)

S4 Table 5. Description of GEI10 genes on R1 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt _jRNX9MFGhogxz1ljm_cLa?dl=0
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S4 Table 6. Description of GEI11 genes on R1 strain.

# [Locus tag Prokka Length |Product Completeness Gene onthology
Q9LILO BchE
OS=Pasteurella
multocida GN=bchE
1 |OOHFKHOD 02015 |hypothetical protein 708 |PE=4 SV=1 98.74% [236/239]
Q9L9L1 BchF
OS=Pasteurella
multocida GN=bcbF
2 |OOHFKHOD_02016 |hypothetical protein 372 |PE=4 SV=1 98.41% [124/126]
3 |OOHFKHOD_02019 |Spore protein YkvP 978 |Bchl 98.49% [326/331]
Q9L9K®6 BcbA
OS=Pasteurella
multocida GN=bcbA G0:0008761 - UDP-N-acetylglucosamine 2-epimerase
4 |OOHFKHOD 02011 |UDP-N-acetylglucosamine 2-epimerase 1056 |PE=3 SV=1 98.05% [352/359] |activity
G0:0000271 - polysaccharide biosynthetic
process|G0:0016616 - oxidoreductase activity, acting on
QI9L9K7 BchB the CH-OH group of donors, NAD or NADP as
OS=Pasteurella acceptor|GO:0016628 - oxidoreductase activity, acting on
UDP-N-acetyl-D-mannosamine multocida GN=bcbB the CH-CH group of donors, NAD or NADP as
5 |OOHFKHOD_02012 |dehydrogenase 1266 |PE=3 SV=1 98.37% [422/429] |acceptor|GO:0051287 - NAD binding
Uncharacterized 98.38%
6 |OOHFKHOD 02013 |putative glycosyltransferase EpsJ 3099 |protein [1033/1050]
7 |OOHFKHOD_02014 |hypothetical protein 1425 |BcbhD 98.55% [475/482]
8 |OOHFKHOD 02017 |hypothetical protein 1563 |BchG 98.49% [521/529]
9 |OOHFKHOD_02018 |hypothetical protein 2163 |BcbH 98.36% [721/733]
G0:0000271 - polysaccharide biosynthetic
10 |OOHFKHOD _02020 |hypothetical protein 2046 |LipA 98.41% [682/693] |process|G0O:0015774 - polysaccharide transport

Fonte: (Hurtado et al., 2018)




S4 Table 7. Description of GEI4 genes on PMTB2.1 strain.

# |Locus tag Prokka Length Product Completeness Gene onthology

A0A292DLE1 Putative addiction module antidote protein OS=Pasteurella
1 |IAKPAGJH_00859 |hypothetical protein 270 |multocida GN=CRN72_01610 PE=4 SV=1 91.84% [90/98]
2 |IAKPAGJH_00860 Blast error
3 |IAKPAGJH_00861 |hypothetical protein 225 | ATP-dependent RNA helicase HrpA 81.52% [75/92] G0:0004386 - helicase activity
4 |IAKPAGJH_00862 |hypothetical protein 333 |Uncharacterized protein 73.51% [111/151]

G0:0005524 - ATP binding|GO:0016887 -

5 [IAKPAGJH_00863 |ATPase RavA 1203 |ATPase family protein 74.67% [401/537] |ATPase activity
6 |IAKPAGJH_00864 |Protein ViaA 1260 |Uncharacterized protein 86.42% [420/486]

Fonte: (Hurtado et al., 2018)

S4 Table 8. Description of GEI6 genes on PMTB2.1 strain.

# |Locus tag Prokka Length |Product Completeness Gene onthology
1 [IAKPAGJH_01633 |Arabinose operon regulatory protein 855 |Arabinose operon transcriptional regulator AraC 98.62% [285/289]
2 [IAKPAGJH_01634 |Autoinducer 2-binding protein LsrB 972 |Autoinducer 2 ABC transporter substrate-binding protein 98.48% [324/329]
3 [IAKPAGJH_01636 |Ribose import permease protein RbsC 957 |ABC transporter permease 98.46% [319/324]

Autoinducer 2 import system permease
4 ||IAKPAGJH_01637 |protein LsrD 945 |ABC transporter permease 98.44% [315/320]

Arabinose import ATP-binding protein
5 [IAKPAGJH_01635 |AraG 1485 [Sugar ABC transporter ATP-binding protein 98.41% [495/503] |G0:0005524 - ATP binding
6 [IAKPAGJH_01638 |Ribulokinase 1593 |ATPase 98.52% [531/539]

AOA290LTP6 L-arabinose isomerase OS=Pasteurella multocida G0:0016853 - isomerase

7 |IAKPAGJH_01639 |L-arabinose isomerase 1485 |GN=CLD33_01210 PE=4 SV=1 98.41% [495/503] |activity

Fonte: (Hurtado et al., 2018)

S4 Table 9. Description of GEI6 genes on Islm strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt _jRNX9MFGhogxz1ljm_cLa?dl=0




Supplementary Material 5

S5 Table 1. Description of GEI1 genes on X73 strain.

# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
2 [FBFOMBLG_00315 |hypothetical protein 99 |Glycosyl transferase family 1 [47.83% [33/69] G0:0016740 - transferase activity
UDP-glucose 6- Nucleotide sugar G0:0000271 - polysaccharide biosynthetic process| GO:0003979 - UDP-glucose
3 |[FBFOMBLG_00318 |dehydrogenase 141 |dehydrogenase 68.12% [47/69] 6-dehydrogenase activity| GO:0051287 - NAD binding
4 |FBFOMBLG_00319 75 |Uncharacterized protein 89.29% [25/28]
Tagatose 1,6-diphosphate Tagatose 1,6-diphosphate G0:0009024 - tagatose-6-phosphate kinase activity| GO:0016829 - lyase
5 |FBFOMBLG_00304 |aldolase 717 |aldolase 74.22% [239/322] |activity|GO:0019512 - lactose catabolic process via tagatose-6-phosphate
PTS system galactitol-specific PTS system galactitol-specific
6 |FBFOMBLG_00306 |EIIA component 330 |transporter subunit IIA 71.90% [110/153] |G0:0016301 - kinase activity
G0:0008982 - protein-N(PI)-phosphohistidine-sugar phosphotransferase
PTS system galactitol-specific PTS system galactitol-specific activity | GO:0009401 - phosphoenolpyruvate-dependent sugar
7 |FBFOMBLG_00307 |EIIB component 231 |transporter subunit IIB 81.05% [77/95] phosphotransferase system
DeoR family transcriptional G0:0003677 - DNA binding| GO:0003700 - DNA binding transcription factor
8 [FBFOMBLG_00310 |Glucitol operon repressor 579 |regulator 75.39% [193/256] |activity| GO:0005622 - intracellular| GO:0006351 - transcription, DNA-templated
9 |FBFOMBLG_00311 |hypothetical protein 297 |Uncharacterized protein 75.57% [99/131] |G0:0016758 - transferase activity, transferring hexosyl groups
10 [FBFOMBLG_00312 |hypothetical protein 213 [Uncharacterized protein 82.56% [71/86] G0:0016758 - transferase activity, transferring hexosyl groups
Glycosyltransferase, group 1
11 [FBFOMBLG_00313 |hypothetical protein 651 |family protein 78.91% [217/275] |GO:0016757 - transferase activity, transferring glycosyl groups
N-acetyl-alpha-D-
glucosaminyl L-malate Glycosyltransferase, group 1
12 [FBFOMBLG_00314 |synthase 285 [family protein 75.40% [95/126] |GO:0016757 - transferase activity, transferring glycosyl groups
13 [FBFOMBLG_00316 |hypothetical protein 357 |Uncharacterized protein 57.49% [119/207]
UDP-glucose 6- Nucleotide sugar G0:0000271 - polysaccharide biosynthetic process| G0O:0003979 - UDP-glucose
14 |FBFOMBLG_00317 |dehydrogenase 639 |dehydrogenase 78.60% [213/271] |6-dehydrogenase activity| GO:0051287 - NAD binding
D-tagatose-1,6-bisphosphate D-tagatose-1,6-bisphosphate
15 |FBFOMBLG_00305 |aldolase subunit GatZ 1005 |aldolase subunit GatZ 76.66% [335/437] |G0O:0003824 - catalytic activity | GO:0019402 - galactitol metabolic process
G0:0009401 - phosphoenolpyruvate-dependent sugar phosphotransferase
PTS system galactitol-specific PTS system, galactitol-specific system|G0:0015577 - galactitol transmembrane transporter
16 |FBFOMBLG_00308 |EIIC component 1164 [IIC component 84.72% [388/458] |activity| GO:0016021 - integral component of membrane
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FBFOMBLG_00309

Galactitol-1-phosphate 5-
dehydrogenase

780

Galactitol-1-phosphate
dehydrogenase

73.86% [260/352]

G0:0008270 - zinc ion binding| GO:0016491 - oxidoreductase activity

Fonte: (Hurtado et al., 2018)

S5 Table 2. Description of GEI3 genes on X73 strain.

# (Locus tag Prokka annotation Length |Product Completeness Gene onthology

1 [FBFOMBLG_00952 |Ribose-5-phosphate isomerase B 441 [Ribose 5-phosphate isomerase B 98.66% [147/149] |G0:0016853 - isomerase activity
2 [FBFOMBLG_00953 |D-allose kinase 891 |Allose kinase 98.02% [297/303] |G0:0016301 - kinase activity

3 |FBFOMBLG_00954 |D-allulose-6-phosphate 3-epimerase 666 |Allulose-6-phosphate 3-epimerase 98.23% [222/226]

4 |FBFOMBLG_00955 |D-allose transport system permease protein AlsC 942 |Allose ABC transporter 98.13% [314/320]

5 |FBFOMBLG_00957 |D-allose-binding periplasmic protein 930 |Allose ABC transporter 97.79% [310/317]

6 |FBFOMBLG_00958 |HTH-type transcriptional regulator RpiR 849 |MurR/RpiR family transcriptional regulator |98.26% [283/288]

7 |[FBFOMBLG_00956 |Galactose/methyl galactoside import ATP-binding protein MglA 1518 |Allose ABC transporter ATP-binding protein {98.25% [506/515] |G0:0005524 - ATP binding

Fonte: (Hurtado et al., 2018)
S5 Table 3. Description of GEI1 genes on P1059 strain.

0 |Locus tag Prokka annotation Length |Product Completeness Gene onthology
AOA179CY03 Citrate lyase acyl carrier
Citrate lyase acyl carrier protein OS=Bibersteinia trehalosi Y31
1 |[EHKLGOCA_00082 |protein 216 |GN=citD PE=3 SV=1 74.23% [72/97] G0:0005737 - cytoplasm|GO:0016829 - lyase activity
G0:0006084 - acetyl-CoA metabolic process| GO:0008816 - citryl-CoA
lyase activity| GO:0009346 - citrate lyase complex|G0O:0046872 -
2 |[EHKLGOCA_00083 |Citrate lyase subunit beta 756 |Citrate lyase subunit beta 85.42% [252/295] |metal ion binding
3 |[EHKLGOCA_00087 |hypothetical protein 357 |Uncharacterized protein 75.80% [119/157] |G0:0016021 - integral component of membrane
4 |EHKLGOCA_00088 |hypothetical protein 402 |Uncharacterized protein 86.45% [134/155] |G0:0016021 - integral component of membrane
AOA1E3XHXO [Citrate [pro-3S]-lyase] ligase G0:0005524 - ATP binding| GO:0008080 - N-acetyltransferase
[Citrate [pro-3S]-lyase] OS=Pasteurella multocida activity | GO:0008771 - | GO:0009058 - biosynthetic
5 |[EHKLGOCA_00081 |ligase 1086 |GN=BGK37_10525 PE=4 SV=1 98.10% [362/369] |process|GO:0016829 - lyase activity
AOA1V3KO0AS Citrate lyase alpha chain G0:0006084 - acetyl-CoA metabolic process| G0O:0008814 - citrate
0OS=Rodentibacter heylii GN=BKG89_10325 CoA-transferase activity| GO:0008815 - citrate (pro-3S)-lyase
6 |[EHKLGOCA_00084 |Citrate lyase alpha chain 1290 |PE=4 SV=1 84.15% [430/511] |activity| GO:0009346 - citrate lyase complex
2-(5"-triphosphoribosyl)-3'- G0:0005524 - ATP binding| GO:0016310 -
dephosphocoenzyme-A A6VNL5 Probable 2-(5"-triphosphoribosyl)- phosphorylation| GO:0016757 - transferase activity, transferring
7 |EHKLGOCA_00085 |synthase 768 |3'-dephosphocoenzyme-A synthase 52.24% [256/490] |glycosyl groups|G0:0016779 - nucleotidyltransferase
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0OS=Actinobacillus succinogenes (strain
ATCC 55618 / 130Z) GN=citG PE=3 SV=1

activity | GO:0046917 - triphosphoribosyl-dephospho-CoA synthase
activity| GO:0051191 - prosthetic group biosynthetic process

8

EHKLGOCA_00086

Inner membrane protein
Ybhl

1227

Uncharacterized protein

84.16% [409/486]

G0:0005215 - transporter activity | GO:0006814 - sodium ion
transport| GO:0016021 - integral component of
membrane|G0:0055085 - transmembrane transport

Fonte: (Hurtado et al., 2018)

S5 Table 4. Description of GEI2 genes on P1059 strain.

# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
1 |[EHKLGOCA 00249 |hypothetical protein 0 0.00% [0/45]
G0:0016021 - integral component of
2 |EHKLGOCA_00248 |hypothetical protein 414 |Uncharacterized protein 89.03% [138/155] |membrane
G0:0016021 - integral component of
3 |EHKLGOCA 00250 |hypothetical protein 573 |Uncharacterized protein 90.52% [191/211] |membrane
Type | secretion target GGXGXDXXX
4 |EHKLGOCA _00251 |hypothetical protein 558 |repeat-containing domain protein 35.29% [186/527]
Bifunctional hemolysin/adenylate
5 |EHKLGOCA_00252 |cyclase 810 |RTX toxin protein 46.55% [270/580]
Fonte: (Hurtado et al., 2018)
S5 Table 5. Description of GEI7 genes on P1059 strain.
# |Locus tag Prokka annotation Length |Product Completeness Gene onthology
G0:0003677 - DNA binding|G0:0003700 - DNA hinding
Glycerol-3-phosphate transcription factor activity|G0O:0005622 - intracellular|GO:0006351 -
1 |[EHKLGOCA_01504 |regulon repressor 738 |DeoR family transcriptional regulator 97.23% [246/253] |transcription, DNA-templated

EHKLGOCA 01507

L-fucose mutarotase 399

AOAIWIFTA2 L-fucose mutarotase
OS=Pasteurella multocida GN=fucU PE=3
sv=1

91.10% [133/146]

G0:0005737 - cytoplasm|G0:0016854 - racemase and epimerase
activity|G0:0042354 - L-fucose metabolic process|GO:0042806 -
fucose binding

EHKLGOCA 01508

L-fuculose phosphate

aldolase 636

AOA1WIFT98 L-fuculose phosphate aldolase
OS=Pasteurella multocida GN=fucA PE=3
Sv=1

97.25% [212/218]

G0:0008270 - zinc ion binding|GO:0008738 - L-fuculose-phosphate
aldolase activity|G0O:0042355 - L-fucose catabolic process

EHKLGOCA 01511

Ribose import binding

protein RbsB 954

AO0A292DN35 Lacl family transcriptional
regulator OS=Pasteurella multocida
GN=CRN72_07240 PE=4 SV=1

98.45% [318/323]
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A0A292DP21 L-fucose isomerase
OS=Pasteurella multocida GN=fucl PE=4

5 |[EHKLGOCA _01505 |L-fucose isomerase 1755 |Sv=1 98.32% [585/595]
AOALIWIFT64 L-fuculokinase OS=Pasteurella G0:0005524 - ATP binding|GO:0008737 - L-fuculokinase
6 |EHKLGOCA 01506 |L-fuculokinase 1398 |multocida GN=fucK PE=3 SV=1 92.64% [466/503] |activity|GO:0042355 - L-fucose catabolic process
AOALIWIFSW4 Galactose/methyl galactoside G0:0005354 - galactose transmembrane transporter
Galactose/methyl galactoside import ATP-binding protein MglA activity|G0:0005524 - ATP binding|GO:0005886 - plasma
import ATP-binding protein OS=Pasteurella multocida GN=mgIA PE=3 membrane|GO:0015407 - monosaccharide-transporting ATPase
7 |[EHKLGOCA_01509 |MgIA 1500 |SV=1 96.90% [500/516] |activity
G0:0005215 - transporter activity|GO:0005886 - plasma
Ribose import permease membrane|G0O:0006810 - transport|GO:0016021 - integral component
8 |EHKLGOCA 01510 |protein RbsC 1026 [Ribose ABC transporter permease 98.56% [342/347] |of membrane
9 |EHKLGOCA 01512 |Lactaldehyde dehydrogenase 1425 | Aldehyde dehydrogenase 97.54% [475/487] |G0:0016491 - oxidoreductase activity

Fonte: (Hurtado et al., 2018)

Supplementary Material 6

S6 Table 1. Description of GEI1 genes on Pm-3 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1ljm_cLa?dl=0

S6 Table 2. Description of GEI2 genes on Pm-3 strain.

# |Locus tag Prokka Length |Product Completeness Gene onthology
1 |[BKFAJCHN_00576 |hypothetical protein 288 |Uncharacterized protein 98.97% [96/97]
2 |BKFAJCHN_00577 |hypothetical protein 378 |Uncharacterized protein 98.44% [126/128]
Inner membrane protein
3 |BKFAJCHN_00578 |RcIC 636 | Membrane protein 98.60% [212/215] |G0O:0016021 - integral component of membrane
Thiosulfate sulfurtransferase
4 |BKFAJCHN_00579 |PspE 351 |Rhodanese-like domain-containing protein 99.15% [117/118]
AOA1D7R1Q7 Alkyl hydroperoxide reductase
AhpD OS=Pasteurella multocida G0:0004601 - peroxidase activity|G0:0051920 - peroxiredoxin
5 |BKFAJCHN_00580 |hypothetical protein 339 |GN=AZ196_02845 PE=3 SV=1 99.12% [113/114] |activity
RCS-specific HTH-type G0:0003700 - DNA binding transcription factor
transcriptional activator activity|G0:0006351 - transcription, DNA-
6 |BKFAJCHN_00581 |RcIR 867 |AraC family transcriptional regulator 98.63% [289/293] |templated|GO:0043565 - sequence-specific DNA binding
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7

BKFAJCHN_00582

hypothetical protein

651 |Uncharacterized protein

74.32% [217/292]

8

BKFAJCHN_00575

hypothetical protein

180 |Uncharacterized protein

43.48% [60/138]

Fonte: (Hurtado et al., 2018)

S6 Table 3. Description of GEI3 genes on Pm-3 strain.

# |Locus tag Prokka Length |Product Completeness Gene onthology
hypothetical
1 |BKFAJCHN_00812 |protein 0 0.00% [0/39]
hypothetical Uncharacterized G0:0016021 - integral component of
2 |BKFAJCHN_00813 |protein 204 |protein 98.55% [68/69] |membrane
hypothetical Uncharacterized G0:0016021 - integral component of
3 |BKFAJCHN_00808 |protein 402 |protein 98.53% [134/136] |membrane
hypothetical Uncharacterized
4 |BKFAJCHN_00809 |protein 441 |protein 98.66% [147/149]
hypothetical Uncharacterized
5 |BKFAJCHN_00810 |protein 384 |protein 98.46% [128/130]
hypothetical Uncharacterized
6 |BKFAJCHN_00811 |protein 513 |protein 98.84% [171/173]
hypothetical Uncharacterized
7 |BKFAJCHN_00814 |protein 369 |protein 98.40% [123/125]
hypothetical Uncharacterized
8 |BKFAJCHN_00815 |protein 351 |protein 99.15% [117/118]
hypothetical Uncharacterized
9 |BKFAJCHN_00816 |protein 507 |protein 98.83% [169/171]
hypothetical Uncharacterized
10 |BKFAJCHN_00817 |protein 351 |protein 99.15% [117/118]
Fonte: (Hurtado et al., 2018)
S6 Table 4. Description of GEI4 genes on Pm-3 strain.
Gene
# Locus tag Prokka Length |Product Completeness onthology
1 [BKFAJCHN_01036 hypothetical protein 441 [Uncharacterized protein 98.66% [147/149]
2 |BKFAJCHN_01038 hypothetical protein 558 |Uncharacterized protein 98.41% [186/189]
3 |[BKFAJCHN_01035 hypothetical protein 1095 |Uncharacterized protein 97.33% [365/375]
4 |BKFAJCHN_01037 hypothetical protein 2004 |Uncharacterized protein 98.38% [668/679]
5 |[BKFAJCHN_01039 hypothetical protein 1269 |Uncharacterized protein 98.37% [423/430]
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6 |BKFAJCHN_01040

hypothetical protein

1740 |Uncharacterized protein

98.47% [580/589]

7 |BKFAJCHN_01034

hypothetical protein

0.00% [0/77]

Fonte: (Hurtado et al., 2018)

S6 Table 5. Description of GEI5 genes on Pm-3 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxzljm_cLa?dl=0

S6 Table 6. Description of GEI6 genes on Pm-3 strain.

# Locus tag Prokka Length Product Completeness Gene onthology

1 |BKFAJCHN_01331 hypothetical protein 207 |Uncharacterized protein 98.57% [69/70]
G0:0003677 - DNA binding|G0:0004803 -
transposase activity|GO:0006313 - transposition,

2 |BKFAJCHN_01330 hypothetical protein 414 | Transposase 98.57% [138/140] DNA-mediated

3 |BKFAJCHN_01333 hypothetical protein 570 |Uncharacterized protein 98.45% [190/193]

4 |BKFAJCHN_01329 hypothetical protein 1134 | Transposase 98.44% [378/384]

5 |BKFAJCHN 01332 hypothetical protein 1236 |Uncharacterized protein 98.56% [412/418]

Fonte: (Hurtado et al., 2018)

S6 Table 7. Description of GEI7 genes on Pm-3 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0

S6 Table 8. Description of GEI11 genes on Pm-3 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1jm_cLa?dl=0

S6 Table 9. Description of GEI7 genes on 3480 strain.

# |Locus tag Prokka

Length

Product

Completeness

Gene onthology

[y

FDIUDFMK_01749

hypothetical protein 720 |Virulence protein

70.59% [240/340]
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N

FDIJDFMK_01747

hypothetical protein

603

Anticodon nuclease

43.51% [201/462]

Type | restriction enzyme EcoR12411

3 |FDIUDFMK_01748 |hypothetical protein 654 | specificity protein 57.98% [218/376] |G0:0003677 - DNA binding|G0:0006304 - DNA modification
putative type | G0:0003677 - DNA binding|GO:0008170 - N-methyltransferase
restriction enzymeP Type | restriction-modification system subunit activity|G0O:0009007 - site-specific DNA-methyltransferase (adenine-

4 |FDIJDFMK_01750 |M protein 1254 (M 79.47% [418/526] |specific) activity|GO:0009307 - DNA restriction-modification system
Type | restriction AOALA7NTNI Type I restriction enzyme R G0:0003677 - DNA binding|G0O:0005524 - ATP binding|G0O:0009035
enzyme EcoR12411 R Protein OS=Gallibacterium genomosp. 3 - Type | site-specific deoxyribonuclease activity|GO:0009307 - DNA

5 |FDIIDFMK_01746 |protein 2430 |GN=QV01_03605 PE=3 SV=1 77.59% [810/1044] |restriction-modification system

Fonte: (Hurtado et al., 2018)

S6 Table 10. Description of GEI8 genes on 3480 strain.

# |Locus tag Prokka annotation |Length |Product Completeness Gene onthology

1 |[FDIJDFMK_02028 |hypothetical protein 243 | Transposase 80.20% [81/101]

2 |FDIIDFMK_02029 |hypothetical protein 243 | Transposase 72.32% [81/112]

3 |FDIJDFMK_02030 |hypothetical protein 189 |Uncharacterized protein |38.18% [63/165]

4 |FDIIDFMK 02032 |hypothetical protein 249 | Transcriptional regulator |72.17% [83/115] |G0:0043565 - sequence-specific DNA binding
5 |FDIJDFMK_02033 |hypothetical protein 402 |DDE transposase 62.62% [134/214]

6 |FDIJDFMK_02034 |hypothetical protein 285 |ISSst2, family 1S1595 | 76.00% [95/125]

7 |FDIJDFMK_02035 |hypothetical protein 204 |DNA repair protein 45.95% [68/148]

8 |FDIJDFMK_02036 |hypothetical protein 0 0.00% [0/139]

9 |FDIJDFMK_02031 |hypothetical protein 618 | ATP-binding protein 46.40% [206/444] |G0O:0005524 - ATP binding

Fonte: (Hurtado et al., 2018)

S6 Table 11. Description of GEI1 genes on P1062 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0
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S6 Table 12. Description of GEI5 genes on P1062 strain.

# |Locus tag Prokka Length  |Product Completeness Gene onthology
Hypothetical
1 |[FAKKMGJE_01094 protein 354 |Uncharacterized protein 99.16% [118/119]
Quercetin 2,3-
2 |[FAKKMGJE_01096 dioxygenase 894 |Quercetin 2,3-dioxygenase 98.68% [298/302] G0:0051213 - dioxygenase activity
Chromate
3 |FAKKMGJE_01097 reductase 528 |NADPH-dependent FMN reductase  [98.88% [176/178] G0:0016491 - oxidoreductase activity
G0:0005886 - plasma membrane|GO:0008982 - protein-N(PI)-
phosphohistidine-sugar phosphotransferase activity|GO:0009401 -
PTS system phosphoenolpyruvate-dependent sugar phosphotransferase
trehalose- system|G0:0015574 - trehalose transmembrane transporter
specific EIIBC activity|G0:0016021 - integral component of membrane|G0:0016301
4 |[FAKKMGJE_01093 component 1416 |PTS maltose transporter subunit 1IBC |98.54% [472/479] - kinase activity
Trehalose-6-
phosphate G0:0005737 - cytoplasm|GO:0005993 - trehalose catabolic
5 |FAKKMGJE_01095 hydrolase 1638 | Alpha,alpha-phosphotrehalase 98.38% [546/555] process|G0O:0008788 - alpha,alpha-phosphotrehalase activity
Glutathione-
regulated
potassium-
efflux system G0:0006813 - potassium ion transport|GO:0015299 - solute:proton
6 |FAKKMGJE_01098 protein KefC 1800 |Potassium transporter 98.52% [600/609] antiporter activity|G0:0016021 - integral component of membrane
HTH-type G0:0003677 - DNA binding|G0O:0005991 - trehalose metabolic
transcriptional process|GO:0006351 - transcription, DNA-templated|GO:0045892 -
7 |FAKKMGJE_01092 regulator TreR 942 |Trehalose repressor 98.43% [314/319] negative regulation of transcription, DNA-templated

Fonte: (Hurtado et al., 2018)

S6 Table 13. Description of GEI9 genes on P1062 strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1jm_cLa?dl=0

S6 TABLE 14. Description of GEI7 genes on UNMSM strain. Fonte: (Hurtado et al., 2018)

Disponivel em https://www.dropbox.com/sh/ybzwijizlckBmh1/AABt_jRnX9MFGhogxz1ljm_cLa?dl=0
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Supplementary Material 7

S7 Table 1. Complete results for positive selection analysis using the target group
BovinePneumonia. Fonte: (Hurtado et al., 2018)

Disponivel em
https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0

S7 Table 2. Complete results for positive selection analysis using the target group Snuffles. Fonte:
(Hurtado et al., 2018)

Disponivel em
https://www.dropbox.com/sh/ybzwijizlckBmh1/AABt_jRnX9MFGhogxz1ljm_ cLa?dI=0

S7 Table 3. Complete results for positive selection analysis using the target group SerotypeB.
Fonte: (Hurtado et al., 2018)

Disponivel em
https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRnX9MFGhogxz1ljm_cLa?dI=0

S7 Table 4. Complete results for positive selection analysis using the target group SerotypeF.
Fonte: (Hurtado et al., 2018)

Disponivel em

https://www.dropbox.com/sh/ybzwijizlck8mh1/AABt_jRNX9MFGhogxz1ljm_cLa?dl=0

S7 Table 5. Recombination analysis for positively selected genes in Pasteurella multocida.

Locus NSS Chi2 Phipack

CIRMBP0884_626 0 0 0
CIRMBP0884_ 1043 0.002 0.091 0.0108
CIRMBP0884_803 0.066 0.009 0.162
CIRMBP0884 1057 0 0 0.398
CIRMBP0884_300 0.002 0.002 0.825
CIRMBP0884_1860 0 0 3.08E-23
CIRMBP0884 78 0 0 3.06E-13
CIRMBP0884_ 1954 0.001 0 0.00134
CIRMBP0884_360 0 0 0.00000231
CIRMBP0884_107 0.054 0.207 0.0888
CIRMBP0884 1277 0 0 1.49E-15
CIRMBP0884_ 1278 1 0.001 1

Fonte: (Hurtado et al., 2018)



S7 Table 6. Genes and number of sites under positive selection in different lineages of Pasteurella multocida.

Gene |Product FDR 0] PS sites |Localization |Foreground RASTtk ID GenBankID

purL |*Phosphoribosylformylglycinamidine synthase 2.40E-14 | 12.91 17 NA BovinePneumonia |PmCIRMBP0884_626 |BTV67_03100
talA [*Transaldolase 5.70E-03| 5.51 2 CP BovinePneumonia [PmCIRMBP0884_1043 (BTV67_05150
- Hypothetical protein (Alpha/beta hydrolase domain) 3.70E-10 | 24.29 7 NA SerotypeB PmCIRMBP0884_803 |BTV67_03975
murB |*UDP-N-acetylenolpyruvoylglucosamine reductase (EC 1.3.1.98) | 1.00E-05 | 13.57 5 NA SerotypeB PmCIRMBP0884_1057 |BTV67_05215
lIolE |*Lipoprotein releasing system transmembrane protein LolE 1.30E-04 | 14.18 7 CM SerotypeB PmCIRMBP0884_300 |BTV67_01460
- *Hypothetical protein (Membrane anchored) 3.90E-04 {3037 12 |[NA SerotypeB PmCIRMBP0884_1860 |BTV67_09135
hrpA |*ATP-dependent RNA helicase 7.60E-04 | 8.83 9 CP SerotypeB PmCIRMBP0884_78  |BTV67_00380
ilvB  |*Acetolactate synthase large subunit (EC 2.2.1.6) 2.10E-03| 7.2 3 CP SerotypeB PmCIRMBP0884_1954 |BTV67_09595
- *Hypothetical protein 3.30E-03| 2.35 14 NA SerotypeB PmCIRMBP0884_360 |[BTV67_01755
cirA | TonB-dependent hemin, ferrichrome receptor 3.70E-02 | 4.13 4 oM SerotypeB PmCIRMBP0884_107 |BTV67_00535
cl *Bacteriophage P4, Ash protein 0.0257 9.2 1 NA SerotypeF PmCIRMBP0884_1277 |BTV67_06300

* - recombinant, PS - positively selected sites, CP - cytoplasm, CM - cytoplasmic membrane, OM - outer membrane, NA — unknown.

Fonte: (Hurtado et al., 2018)
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