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Resumo

Staphylococcus aureus € o maior agente etiologico de mastite em pequenos
ruminantes de todo o mundo. Mastite consiste em uma infeccédo na glandula
mamadria que é de dificil cura e possivel reincidéncia, levando a grandes perdas
econdbmicas na producdo de leite e na criacdo de animais de rebanho. Pouco
se sabe sobre caracteristicas genémicas de linhagens de S. aureus isoladas de
mastite em pequenos ruminantes, principalmente em ovinos. Estudos dos
genomas desse microrganismo podem contribuir para melhor compreenséao de
tracos envolvidos na especializacdo por hospedeiro e além disso, contribuir
para novas estratégias de tratamento e controle da mastite ovina. Neste
estudo, analises de gendmica comparativa entre 12 linhagens isoladas de
mastite de ovelhas da Franca e 11 genomas isolados de diferentes
hospedeiros, disponiveis no banco de dados do NCBI, foram realizadas. Como
resultado, 3,964 diferentes genes foram encontrados nos genomas e 2,969
genes sao compartilhados entre eles, destes, 859 sdo genes acessorios. Os
2,110 genes que fazem parte do genoma central estdo envolvidos no
metabolismo celular, de acordo com as analises de distribuicdo de COG. Além
disso, os grupos de genes acessorios e genes exclusivos encontrados nas
linhagens de ovinos estdo incluidos na categoria de sinalizacdo celular.
Profagos, ilhas de patogenicidade e ilhas gen6micas foram preditas e carreiam
importantes fatores de viruléncia bacteriano. Um agrupamento de linhagens
ovinas pode ser observado na analise de Identidade Média de Nucleotideos.
Além disso, as andlises de Tipagem de Sequéncias Multilocus revelaram dois
grandes grupos clonais de S. aureus ovino, exceto por trés linhagens que
podem ser consideradas atipicas. Este resultado estd de acordo com as
analises filogenéticas. Em adi¢cdo, algumas linhagens isoladas de ovelha e
vaca podem estar evolutivamente relacionadas. Estas analises de gendmica
comparativa podem contribuir para a identificacdo dos genes adquiridos por
transferéncia horizontal, bem como o papel destes na adaptacdo do hospedeiro
e viruléncia bacteriana, e caracterizacao das linhagens que acometem ovinos.

Palavras- chave: Gendmica comparativa, mastite, ovinos, genoma central,
complexo clonal.



Abstract

Staphylococcus aureus is the major etiological agent of mastitis in small
ruminants, worldwide. Mastitis is a mammary gland inflammation that is difficult
to cure and prone to resurgence, leading to great economical losses in milk
production and herd animals. To date, little is known about the genomic
features specific to S. aureus strains isolated from mastitis in small ruminants,
such as ovines. The study of the genomes of these microorganisms might
contribute to a better understanding of the bacterial traits involved in the host
specialization, supporting the development of new treatment and control
strategies for ovine mastitis. In this study, comparative genomic analyses
between 12 strains isolated from ovine mastitis in France and 11 genomes,
isolated from various hosts, retrieved from the NCBI database, were performed.
Results revealed 3,964 different genes found in the genomes and 2,969 genes
shared between the groups, out of these, 859 are accessory genes. The 2,110
genes, which comprise the core genome, are involved in the cellular
metabolism, according to the COG distribution analysis. Beyond the cellular
metabolism category, the groups of accessory genes and genes exclusively
found in the ovine strains include the cell signaling category. Prophages,
pathogenicity and genomic island were predicted and carries important bacterial
virulence factors. A cluster of ovine strains was formed in the Average
Nucleotide Identity analysis. Besides that, the Multilocus Sequence Typing
analysis revealed two big clonal- related group of S. aureus ovine, except for
three strains that can be considered atypical. This result is in agreement with
the phylogenetic analysis. In addition, some sheep and cattle strains can be
evolutionary related. These comparative genomic analyses may contribute to
the identification of traits acquired through lateral gene transfer, as well as the
roles of these traits in host adaptation and virulence, and characterization of S.
aureus ovine strains.

Key words: Comparative genomics, mastitis, ovines, core genome, clonal
complex.
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1. Introducdao geral

1.1. Mastite em ovinos e S. aureus

A mastite € uma inflamacdo que acomete as glandulas mamaéarias de
ruminantes de pequeno e grande porte, sendo de dificil cura e de provavel
reincidéncia. A severidade dessa infeccdo pode variar de subclinica a
gangrenosa, e eventualmente se tornar crénica, ou resultar em uma infeccéo
sistémica (Maréchal et al., 2011; Peton et al.,, 2014). Esta doenca causa
impactos consideraveis na ovinocultura, levando a perdas econémicas que
resultam desde a diminuicdo da producdo leiteira até a morte dos animais
(BRADLEY, 2002; EFSA Panel On Animal Health and Welfare (AHAW), 2014;
Maréchal et al., 2011).

Quando assintomatica, a mastite € considerada subclinica e
caracterizada pelo aumento do numero de células somaticas (leucécitos e
células epiteliais) no leite, o que leva a diminuicdo da qualidade desse produto
(Bradley, 2002; Oviedo-Boyso et al., 2007; Brito & Brito, 1998). A mastite
subclinica pode se tornar crbnica, podendo, ainda, alternar entre as fases
clinica e subclinica (Oviedo-Boyso et al., 2007). A mastite é considerada clinica
qgquando ha sinais visiveis no leite, como floculacdo e coagulos. Na mastite
clinica, além do quarto mamario apresentar inchagco e secre¢des anormais, 0
animal pode apresentar febre, perda de apetite e desidratacdo (Crist et al.,
1997). Em casos mais graves, como o da mastite gangrenosa, ha necrose da

glandula mamaria, o que pode levar os animais a 6bito (Vautor et al., 2009).

Staphylococcus aureus € 0 maior agente causador de mastite em
ruminantes no mundo. Em ovelhas, este € o principal patdbgeno causador de
mastite clinica (EFSA PANEL ON ANIMAL HEALTH AND WELFARE (AHAW),
2014; Peton et al., 2014). Esta bactéria é de dificil controle e invade
rapidamente todos os tipos celulares da glandula mamaria, podendo infectar
outros ruminantes do rebanho e outros quartos mamarios nao-afetados do
mesmo animal (Oviedo-Boyso et al.,, 2007). A prevencdo contra novas

infeccbes é realizada principalmente por meio da terapia da vaca seca, que

consiste na infusdo de antibioticos na glandula mamaria do animal, na ultima

11



ordenha do periodo de lactacdo (Lents et al.,, 2008; Brito & Brito, 1998).
Embora a antibioticoterapia seja uma das principais abordagens terapéuticas
recomendadas contra a mastite, baixas taxas de cura tém sido relatadas
(Barkema et al., 2006; Da Silva et al., 2004; Roy & Keefe, 2012). A higiene do
local de ordenha, dos objetos e do Ubere do animal, durante e imediatamente
apos a ordenha, podem contribuir para a diminuicdo da taxa de infeccdo por S.

aureus no rebanho (Da Silva et al., 2004).

Ainda ndo foram elucidadas as caracteristicas genéticas bacterianas
e/ou fatores do hospedeiro que podem contribuir para o estabelecimento das
diferentes formas de mastite, portanto, novos estudos sdo necessérios (Vautor
et al., 2009). A mastite em bovinos é amplamente estudada, porém h& poucos
estudos sobre a mastite ovina. H4 dados que estimam a prevaléncia da mastite
subclinica em 5-30% dos pequenos ruminantes, e a incidéncia anual da mastite
clinica € de 5%, podendo apresentar variacbes nesse indice (Vautor et al.,
2003; Contreras et al., 2007).

12



1.2. Staphylococcus aureus: aspectos microbiologicos

S. aureus é uma bactéria Gram-positiva que apresenta 0.5-1.5um de
diametro. As células possuem forma de cocos, sdo imoveis, ndo formadoras de
esporos e anaerodbias facultativas, sendo capazes de realizar tanto respiracao
aerobia quanto fermentagcdo em anaerobiose. Esse microrganismo é coagulase
e catalase positivo, oxidase negativo, tolera até 10% de NaCl no meio de
cultura, e sobrevive a uma faixa de temperatura de 7°C a 48,5°C (Harris; et al.,
2002; Murray, 1995). S. aureus pode colonizar e infectar diversos hospedeiros,
causando pneumonia e infeccbes de pele em humanos, além de infeccbes
como a mastite, em animais de rebanho. Essa bactéria também constitui um
grande problema de saude publica pela disseminacdo de clones resistentes a
antibioticos, causando epidemias e surtos pelo mundo (Feil et al., 2003; Holden
et al., 2013).

Durante a infeccdo em ovinos, a persisténcia de S. aureus no interior
das células epiteliais da glandula mamaria pode ser um dos fatores
responsaveis pela dificuldade de eliminacdo do patégeno (Oviedo-Boyso et al.,
2007). Além disso, a dose de antibidticos e a duragcdo minima do tratamento
podem ndo ser respeitadas (Brito & Brito, 1998). Quando realizado de maneira
inadequada, o tratamento da mastite pode tornar as bactérias resistentes aos
antibidticos e propiciar a contaminacdo de hospedeiros humanos, através de

alimentos de origem animal (Bradley, 2002).

Para estabelecer o processo infeccioso na mastite, a bactéria enfrenta
diversas barreiras no organismo hospedeiro. A primeira delas se da no canal
do teto, onde o musculo do esfincter mantém o orificio fechado, isolando o
interior da glandula mamaria. Além disso, o canal do teto é recoberto por
queratina, dificultando a internalizacdo da bactéria durante o processo
infeccioso. Ja foi relatado que a destruicdo dessa estrutura esta relacionada
com o aumento da incidéncia da mastite. Além das barreiras fisicas que
encontra, a bactéria precisa resistir ao recrutamento de neutrofilos, a ativacao
de linfécitos e producdo de citocinas (Myllys et al., 1994; Oviedo-Boyso et al.,

2007).
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Por outro lado, S. aureus produz uma ampla gama de proteinas de
superficie que promovem aderéncia as células do hospedeiro e destruicdo dos
tecidos. Dentre elas, encontram-se as chamadas proteinas de ligacdo, que
ajudam na evasdo do sistema imune e participam da captacdo de ferro, as
coagulases, e as toxinas que desempenham papel fundamental na intoxicacao
alimentar de humanos que consomem leite e derivados do animal contaminado
(Gordon & Lowy, 2008; Le Loir et al., 2003; Oviedo-Boyso et al., 2007). Genes
envolvidos em fatores de viruléncia e resisténcia a antibidticos podem ser
encontrados tanto no cromossomo quanto em elementos genéticos moveis,
como o0s plasmideos (Novick, 1990). Existem, ainda, relatos de mastite
causada por linhagens hipervirulentas de S. aureus (Smith et al., 2014;
Maréchal et al., 2011).
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1.3. Genbmica co mparativa para a analise de bactérias
patogénicas

O primeiro genoma de bactéria patogénica inteiramente sequenciado foi
da espécie Haemophilus influenzae (Fleischmann et al., 1995). Desde entéo, a
gendmica tem transformado o entendimento da interacdo bactéria-bactéria e
bactéria-hospedeiro. Com a introducao das tecnologias de sequenciamento de
nova geracdo (NGS, do inglés Next-generation sequencing), estudos de
evolucdo e gendmica comparativa em larga escala tém sido realizados de
forma a contribuir para o conhecimento de novos determinantes de viruléncia
bacterianos e resisténcia a drogas, bem como de func¢des atribuidas a
determinados segmentos do genoma, como regides génicas regulatorias. Além
disso, esses estudos tém contribuido para uma melhor compreensdo da
epidemiologia gendmica em surtos bacterianos hospitalares, como ja realizado
com S. aureus (Deleo & Chambers, 2009; Delsuc, 2003; Harris et al., 2010;
Loman & Pallen, 2015; Metzker, 2010).

O genoma de S. aureus consiste em um cromossomo circular de
aproximadamente 2,8Mb, possuindo uma quantidade média de 2872 genes e
conteudo GC de cerca de 32,8% (Lowy, 1998; NCBI 2018). Os primeiros
genomas dessa espécie foram sequenciados no ano de 2001, e pertencem as
linhagens Mu50 e N315, isoladas de humanos (Kuroda et al.,, 2001).
Atualmente, mais de oito mil genomas de S. aureus estédo depositados na base
de dados do NCBI (National Center for Biotechnology Information) e, destes,
cerca de 189 estdo depositados como completos. Apesar disso, dentre os
genomas completos de linhagens com informacfes sobre o hospedeiro de
origem, apenas o genoma da linhagem ED133 (Guinane et al., 2010) esta
associado a um caso de mastite ovina. Genomas completos sdo de extrema
importancia para a gendmica comparativa, pois possuem toda a sequéncia do
genoma e contribuem para a correta representacado dos genes (Puranik et al.,
2014).
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1.4. Plataformas de sequenciamento de nova geracao

Algumas plataformas NGS realizam o sequenciamento com base na
tecnologia da PCR, como os sequenciadores GS-FLX 454 da Roche (Roche
Diagnostics Corp, Branford, CT, USA), lllumina Genome Analyzer (lllumina Inc.,
San Diego, CA, USA), ABI SOLID System (Life Technologies Corp., Carlsbad,
CA, USA) e lon Personal Genome Machine (Life Technologies, South San
Francisco, CA, USA). Para o sequenciamento na plataforma lllumina, apos a
fragmentacdo aleatéria da sequéncia de DNA, adaptadores (sequéncias
universais especificas de cada plataforma de sequenciamento) séo ligados aos
fragmentos de DNA e entdo amplificados pelo método de PCR, formando a
biblioteca de DNA (Mardis, 2013; lllumina, 2016). Essa biblioteca é adicionada
ao chip de sequenciamento (flow cell), o qual possui, em sua superficie, oligos
gue sao complementares aos adaptadores dos fragmentos de DNA. Logo, cada
fragmento se liga ao respectivo oligo e €& amplificado pela chamada
amplificacdo de ponte, formando grupos para o0 sequenciamento. O
sequenciamento é realizado por sintese, no qual a DNA polimerase catalisa a
incorporacdo de nucleotideos fluorescentes a cadeia de DNA que estd sendo
sintetizada. Os nucleotideos sao identificados por excitacdo fluoréfora, na
medida em que sao incorporados a cadeia de DNA. O numero de ciclos da
corrida do sequenciamento determina o tamanho da read que sera gerada.
Além disso, essa plataforma utiliza a tecnologia paired-end, que consiste na
leitura de ambas as dire¢cbes dos fragmentos de DNA (forward e reverse), o
que produz grande vantagem em comparacdo ao dado single-read, pois as
sequéncias geradas tém maior acuracia e capacidade de detectar insercfes e
delecdes (Berglund et al., 2011; Illumina, 2016). As etapas do sequenciamento

de DNA na plataforma Illlumina estdo sumarizadas na Figura 1.

Outras tecnologias, porém, sdo baseadas no sequenciamento de
molécula Unica, e dispensam a etapa de amplificacdo, que normalmente
antecede o sequenciamento. Estas plataformas incluem HeliScope (Helicos
Bioscience Corp., Cambridge, MA, USA) e PacBio RS SMRT System (Pacific
Biosciences Menlo Park, CA, USA) (Kaur & Malik, 2013). Soma-se, a esse
grupo, o sequenciador MinilON da Oxford Nanopore Technologies, lancado em
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2015, que tem como caracteristicas o tamanho reduzido e a capacidade de
portabilidade. Este sequenciador é acoplado ao computador como um pen

drive, e é controlado por um software proprietario (Jain et al., 2015).

A.  Preparo de biblioteca B. Amplificacdo dos grupos
DNA
gendmico
1 Fragmentacdo sl
p=—= o} PR 1
Adaptadores -y
-_—— Ciclos de
Amplificacdo
[ Ligacao 1
T D e— ) "
T — )
Biblioteca S —
0 SOE— ) A é

Grupos

C.  sequenciamento
| L W

= i 2) O L

(1)
Ciclos do g X}
sequenciamento

_ Imagem

O dado é exportado para o l digital
computador
Clster 1> Read 1: GAGT..
Cluster 2> Read 22 TTGA..
Cluster 3> Read 3 CTAG..
Clustir 4 > Reaxt 4: ATAC.... Dado

Figura 1: Etapas do sequenciamento de DNA na plataforma lllumina. A)
Preparacdo de bibliotecas de DNA. Primeiro, a amostra de DNA total é
fragmentada e, depois, as extremidades dos fragmentos sdo ligadas aos
adaptadores. B) Os fragmentos com adaptadores ligam-se nos
oligonucleotideos existentes na flow cell, por complementariedade de bases.
Cada fragmento € amplificado e da origem a um grupo (cluster) de fragmentos
clonais. C) Nucleotideos com propriedades fluorescentes sdo adicionados e a

emissao de fluorescéncia € captada para gerar a sequéncia de DNA.

Fonte: Adaptado de www.illumina.com/technology/next-generation-
sequencing.html
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2. Justificativa

S. aureus é 0 maior agente causador de mastite em animais ruminantes
de todo o mundo. Esta infec¢do é frequente em animais de producao leiteira,
leva a consideraveis perdas econdmicas e € de dificil cura. O tratamento da
mastite se da principalmente com o uso de antibioticos, o que pode levar ao
aumento da resisténcia bacteriana e ocasionar a reincidéncia da infeccao
(Barkema et al., 2006; Da Silva et al., 2004; Le Maréchal et al., 2011; Roy &
Keefe, 2012). A melhor compreensdo dos determinantes moleculares de
viruléncia e patogenicidade de S. aureus poderd contribuir para o
desenvolvimento de novas terapias ndo apenas contra a mastite, mas também
contra outras doencas causadas por este agente em diferentes organismos

hospedeiros.

Genomas de diversos isolados de S. aureus tém sido sequenciados e
depositados no banco de dados do NCBI, sendo a maioria de origem humana.
(dado disponivel em: https://www.ncbi.nim.nih.gov/). Dentre os isolados com
genoma completo e depositado, somente a linhagem ED133 (Numero de
acesso CP001996) (Guinane et al., 2010) tem origem ovina. Com isso, apesar
dos esforgos dedicados ao conhecimento do processo infeccioso da mastite e
estratégias de prevencao e tratamento, pouco se sabe sobre as caracteristicas
exclusivas dos genomas de linhagens de S. aureus isoladas de pequenos
ruminantes (Mavrogianni et al.,, 2006; Peton et al., 2014). Estudos prévios
sugerem a existéncia de genes, em S. aureus, que podem estar envolvidos na
associacao especifica com o hospedeiro ovino (Ben Zakour et al., 2008; Alves
et al., 2009). Diante desse cenério, o presente estudo se propde avaliar as
caracteristicas gen6micas das linhagens isoladas de ovinos a fim de analisar a
especificidade pelo hospedeiro, a relagcdo evolutiva entre os isolados e
caracteristicas que podem estar associadas a viruléncia, a fim de contribuir
para novas estratégias de controle e tratamento dessa infec¢do. A contribuicédo
desse trabalho também pode ir além da gendmica, uma vez que as linhagens
de ovinos, aqui utilizadas, estardo montadas, anotadas e disponiveis em banco
de dados publicos a fim de contribuir para novos estudos envolvendo outras

abordagens émicas.
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3. Objetivos

3.1. Objetivo Geral

Estudar as caracteristicas genémicas de linhagens de S. aureus
causadoras de mastite ovina, confrontando os genomas de treze isolados
ovinos com um grupo de genomas de linhagens isoladas de outros hospedeiros

animais.

3.2. Objetivos Especificos

- Obter as sequéncias genbmicas completas e anotadas das linhagens
055, 017, 082, 0217, 0267, 0268, 0322, 0326, 0331, 0408, O11 e 046 de

S. aureus, isoladas de ovinos;

- Selecionar genomas completos de linhagens de S. aureus isoladas de

ovinos e outros hospedeiros, depositados em bancos de dados;

- Proceder com a tipagem molecular in silico das linhagens de S. aureus
utilizadas no estudo, por meio da identificacdo de Sequence Types (STs) e

complexos clonais (CCs);

- Avaliar como as linhagens de S. aureus isoladas de ovinos se
relacionam filogeneticamente entre si e com as demais linhagens selecionadas

de outros hospedeiros;

- Definir um padrédo de segregacdo filogendmica capaz de distinguir
grupos de linhagens oriundos de ovinos de grupos de linhagens encontradas

em outros hospedeiros;

- Avaliar os elementos gendmicos, incluindo genes, ilhas genémicas e
profagos, presentes apenas nas linhagens ovinas de S. aureus, em

comparacgao com as linhagens de outros hospedeiros;

- Verificar a presenca de genes que possam contribuir para o tropismo
de hospedeiro nas linhagens ovinas de S. aureus, incluindo potenciais

marcadores de viruléncia e patogenicidade.
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4. Manuscrito completo preparado para submissédo a Frontiers in
Microbiology

O Manuscrito completo “Comparative genomic analysis of ovine
mastitis Staphylococcus aureus”, referente as analises realizadas neste
trabalho, foi preparado para submisséo a revista “Frontiers in Microbiology”,
que é voltada para pesquisas que envolvem todo o espectro da microbiologia.
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Introduction

Mastitis is an infectious condition of the mammary gland that is responsible for
economic losses in milk production and animal health. Mastitis may vary from
subclinical to clinical, and can become chronic if infection persists for a long time.
Occasionally, mastitis can also become systemic. This infection can be caused by
different species of bacteria; however, Staphylococcus aureus is the major causer of
mastitis in ruminants worldwide (Aires-de-Sousa et al., 2007; Oviedo-Boyso et al.,
2007; Halasa et al., 2009; Maréchal et al., 2011). Similar to cattle, treatment against
mastitis in small ruminants is done using antibiotics (Bergonier et al., 2003). However,
the use of antibiotics is often inefficient to cure the infection caused by S. aureus and
the disease is prone to resurgence, as bacteria may remain viable inside the epithelial
cells of the mammary gland (Maréchal et al., 2011; Oviedo-Boyso et al., 2007).

S. aureus strains are commonly categorized into clonal complexes (CCs),
according to the Multilocus Sequence Typing (MLST) of seven housekeeping genes
(arcC, aroE, glpF, gmk, pta, tpi and yqiL) (Enright et al., 2000). The MLST method has
extensively been used for characterization of S. aureus isolates, which are commonly
associated to host-specific CCs, such as CC133 for ovine isolates (Aires-de-Sousa et al.,
2007; Merz et al., 2016; Smith et al., 2005, 2014; Smyth et al., 2009; Zakour and Loir,
2007). Also, previous studies in S. aureus have shown variation in genome content
(mobile genetic elements and hypothetical proteins) and differences in regulatory genes
of ovine strains, leading to host-association (Ben Zakour et al., 2008; Alves et al.,
2009).

Comparative genomic analyses can be conducted to understanding the basis of
intraspecific evolution and pathogenesis, since bacteria may have strain-specific genetic
traits acquired through horizontal gene transfer (e.g. pathogenicity islands and
bacteriophages sequences) (Ben Zakour et al., 2008; Dobrindt and Hacker, 2001).
Although the number of S. aureus complete genomes deposited in the NCBI database
has vastly increased in the last years, most of them are related to human isolates and
only one (the strain ED133, Accession number CP001996) is from a strain isolated from
an ovine (Guinane et al., 2010). Little is known about the genome peculiarities of

ruminant isolates and there is no knowledge of the genomic features that might be
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involved in the onset of mastitis in sheep (Smith et al., 2005; Binnewies et al., 2006;
Ben Zakour et al., 2008; Alves et al., 2009; Peton et al., 2014; Bosi et al., 2016).

In order to contribute to the knowledge of genomic specialization and the genes’
role in the establishment of infection in ovine mastitis-associated S. aureus, this study
presented comparative genomic analyses to infer the genomic characteristics and

phylogenetic relation of these genomes.

Material and Methods

Ovine S. aureus strains and genomic DNA obtention

Twelve French S. aureus strains, isolated from different forms of mastitis in
flocks of sheep, were considered for genomic DNA sequencing in this study (Table 1).
In order to extract the genomic DNA, these strains were first cultivated on LB (Luria
Bertani) agar and, next, on 30mL of LB broth, at 37°C, for 12h. Every culture was
centrifuged for bacterial pellet formation and the supernatant was discarded. The pellet
was suspended in 600uL of solution (Tris-HCI pH 7.0, 0.5M EDTA pH 8.0, NaCl 5M,
and distilled H,O sufficient to obtain 50 mL) and transferred to a tube of 2mL
containing glass beads (VKO01) (Bertin Technologies). 3uL of RNase A solution
(20mg/mL) was added prior to subjecting bacteria to mechanical lysis. Two
homogenization cycles of 15sec each, at 6,500rpm, were performed using Precellys 24
(Bertin Technologies). Subsequently, 1mL of phenol:chloroform:isoamyl alcohol
(25:24:1) solution was added to the tube and the mixture was homogenized and
centrifuged at 13,000rpm, for 7min. Next, the upper aqueous phase of the mixture was
transferred to a new tube, and a second round of phenol:chloroform:isoamyl alcohol
purification was performed. Next, the upper aqueous phase was recovered and mixed
with ImL of chloroform. Following centrifugation at 13,000rpm, for 7min, the upper
aqueous phase was transferred to a new tube. 1mL of ethyl alcohol, 40uL of 3M NaAc,
and 4uL of 20mg/mL glycogen were added. Following gentle inversion, the mixture
was placed at -20°C, overnight, for DNA precipitation. Following centrifugation at
13,000rpm, for 15min, the supernatant was discarded. 1mL of 70% ethyl alcohol was
added to rehydrate the DNA pellet. A second round of 70% ethyl alcohol wash was
performed using centrifugation at 13,000rpm, for 15min. The DNA pellet was placed at

23



60°C to dry. Finally, the DNA precipitate was suspended in 50 pL of sterilized ultra-
pure water. DNA quantity and quality assessments were conducted using NanoDrop™
2000 (Thermo Scientific™), Qubit Fluorometer (Thermo Scientific™) and 1% agarose

gel electrophoresis.

Table 1: S. aureus strains isolated from ovine mastitis used in the present study.

Strain Mastitis range  Isolation Locality isolation (France)
Year
0268 Clinical 1998 Pyrénées-Atlantiques
017 Clinical 2003 Alpes Maritime
0322 Clinical 2008 Alpes de Haute-Provence
0326 Clinical 2008 Alpes de Haute-Provence
0217 Chronic 2002 Aveyron
O11* Gangrenous 2002 Unespecified
0408 Gangrenous 2010 Alpes de Haute-Provence
046* Subclinical 2002 Unespecified
082 Subclinical 2002 Unespecified
0267 Subclinical 1998 Pyrénées-Atlantiques
0331 Subclinical 2008 Alpes de Haute-Provence
055 Subclinical 2002 Unespecified

* The strains O11 and 046 were not considered in this DNA extraction because their
genomes were previously sequenced.

Sequencing, assembly and annotation of the ovine S. aureus genomes

Chromosomal sequencing of every ovine S. aureus strain was performed using
Hiseq technology (lllumina, San Diego, CA, USA), except for O46 and O11, whose
draft genome sequences were previously obtained using Illumina Genome Analyzer
GAIl (Fasteris, Geneva, Switzerland) and submitted to the NCBI database by Le
Maréchal et al., (2011). SPAdes, version 3.9.1 (Bankevich et al., 2012), was used for the
ab initio assembly of all ovine genomes, including 046 and O11. Contigs were
submitted to CONTIGuator, version 2.7 (Galardini et al., 2011), for scaffolding. The
gaps resulting from assemblies were manually filled using the CLC Genomics
Workbench software, version 7.0 (Qiagen, USA), in which reads were mapped against
the reference genome to generate the consensus sequences used for gap filling. To
choose the reference genomes, the resulting contigs for each strain were submitted to
the Basic Local Alignment Search Tool for nucleotides (BLASTN) (Altschul et al.,

1990). The genome that presented the highest hit score and lowest e-value was chosen
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as reference for each strain. All genomes were automatically annotated using the RAST

server, version 2.0 (Aziz et al., 2008).

Methicillin resistance predicition and comparative genomics of ovine S. aureus

A search for the SCCmec IV, a staphylococcal cassette chromosome carrying
the mecA or mecC gene, was performed by submitting all ovine S. aureus genomes to
SCCmecfinder, version 12 (Kaya et al., 2018) (available at
cge.cbs.dtu.dk/services/SCCmecFinder). For this analysis, the thresholds of 90% and
60% for minimum identity and minimum length, respectively, were used to compare the
genome against the reference database (Kaya et al., 2018). Two genome groups were
considered for comparative genomic analyses. The first group comprised 12 ovine
strains, whose genomes were sequenced and assembled in this study, and the French
ovine strain ED133, whose complete genome was retrieved from the NCBI (National
Center for Biotechnology Information) database. An external, second group was formed
with 10 S. aureus strains isolated from different hosts, including two clinical human
isolates. These strains were selected based on the host-diversity and availability of
complete genomes on the NCBI database (available at https://www.ncbi.nlm.nih.gov/).

Table 2: S. aureus strains, isolated from different hosts, whose genomes were retrieved
from the NCBI database.

Strain Host Infection/Isolation Isolation  Accession
source locality Number
RF122 Cattle Mastitis Ireland AJ938182.1
K17 Bovine Milk India CP020713.1
K18 Buffalo Milk India CP020714.1
LGA251 Bovine Bulk milk England FR821779.1
ED133 Ovine Mastitis France CP001996
ATCC25923 Human Clinical isolated USA CP009361.1
NCTC13435 Human Skin abscess United LN831036.1
Kingdom

ILRI_Emoyle Camel Nasal swab Kenya LN626917.1
1/1

ISU935 Pig Nasal swab USA CP017090.1
ISU926 Pig Nasal swab USA CP017091.1
ED98 Broiler Bacterial Ireland CP001781.1

chicken chondronecrosis
with osteomyelitis
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Molecular typing and phylogenetic analysis of the selected S. aureus strains

To determine the Sequence Type (ST) of each selected S. aureus strain, an in-
silico method was used. All genomes were submitted to the MLST (Multilocus
sequence typing) server, version 1.8 (available at cge.cbs.dtu.dk//services/MLST)
(Larsen et al., 2012). Grouping of STs was performed using eBURST, version 3 (Spratt

et al., 2004), to evaluate the clonal complex (CC) formation.

Phylogenetic analyses were conducted, using Mega X, version 10.1 (Kumar et
al., 2018), based on alleles of the seven housekeeping genes considered for the MLST
analysis. All sequences were aligned using Clustalww (Thompson et al., 1994) and a
phylogenetic tree was designed using the Maximum Likelihood method, with 1000
iterations bootstrap, based on the Hasegawa-Kishino-Yano model (Hasegawa et al.,
1985). The strain ATCC12228 of Staphylococcus epidermidis was used as an outgroup

in the generation of the tree.

Phylogenomic analyses of the selected S. aureus strains

A phylogenomic tree was generated using the Phylogenomic Tree Tool in
PATRIC, version 3.5.17 (Wattam et al., 2017). For this, the variation of amino acid
residues in the protein sequences predicted by RAST server was considered. The
Maximum Likelihood method was used, with the Automated Progressive Refinement
option selected. The strains DAR1907 and ATCC12228 of S. epidermidis were used as

an outgroup.

A complimentary phylogenomic analysis was conducted using Gegenees,
version 2.2.1 (Agren et al., 2012). For this, fragments of the DNA sequence were
obtained, and the fragments content shared by all selected strains was subtracted to
generate comparisons among the variable genomic regions. The variable content
similarities between strains were calculated and the resulting percentages were used to
generate an all-versus-all heatmap (Fig. 6) (Agren et al., 2012). A distance matrix file in
the nexus format was exported to SplitsTree, version 4.14.2, to generate a
phylogenomic tree using the UPGMA (Unweighted Pair Group Method using
Arithmetic Averages) method (Kloepper and Huson, 2008).
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Genome Average Nucleotide Identity (ANI) analysis in the selected S. aureus

strains

The ANI analysis was used to determine the genome relatedness among the
ovine strains and the strains isolated from various hosts. For this, the JSpecies Web
Server (available at jspecies.ribohost.com/jspeciesws/#analyse) (Richter et al., 2016)
was used with BLASTn (Altschul et al., 1990), selecting the ANIb option. This method
of analysis performs pairwise comparisons of 1020bp fragments between a query and a
reference genome. Results are obtained using the mean identities of all BLASTn
matches with identities equal to or greater than 30% and coverage equal to or greater
than 70% (Goris et al., 2007; Richter and Rossell6-Mdra, 2009). The strain ED133

genome, retrieved from the NCBI database, was used as the reference in this analysis.

Genome plasticity analyses in the selected S. aureus strains

To identify conserved genomic regions, including DNA rearrangements and
inversions, a synteny analysis was conducted using Mauve (Darling et al., 2004),
version 2.4.0, with the most accurate option for alignment selected, Progressive Mauve.
The genome of every strain was submitted to PHASTER (Arndt et al., 2016) for the
identification and annotation of prophages. Genomic island (GEI) and pathogenicity
island (PAI) predictions were performed using GIPSy (Genomic Island prediction
Software), version 1.1.2 (Soares et al., 2016), with the genome of Staphylococcus
warneri strain 231, retrieved from the NCBI database, used as the reference. ACT
(Artemis Comparison Tool), version 13.0.0 (Carver et al., 2008), and Double ACT,
version 2 (available at http://www.hpa-bioinfotools.org.uk/pise/double_act.html), were
used for the visualization and curation of PAIs and GEls predicted in the aligned
genomes. BLAST Ring Image Generator (BRIG), version 0.95 (Alikhan et al., 2011),
was used to generate a circular image of all genomes with the predicted prophages,
GEls and PAIs.
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Prediction of ovine mastitis-associated S. aureus genes and proteins

The software BPGA (Bacterial Pan Genome Analysis Tool), version 1.3
(Chaudhari et al., 2016), was used to determine the core, accessory and singleton genes
for the ovine and other 11 S. aureus strains isolated from various hosts (Table 2). The
complete genomes of these strains were retrieved from the NCBI database and
reannotated using RAST (Aziz et al., 2008), in order to homogenize gene annotation
throughout all selected strains analyzed. Clustering of the orthologous genes with
identities equal to or greater than 80% allowed the identification of accessory or
exclusive genes present in the selected strains.

The proteins predicted to exist exclusively in the proteomes of ovine S. aureus,
according to the BPGA analysis, were assessed using the Basic Local Alignment Search
Tool for proteins (BLASTp) tool (Altschul et al., 1990) against the VFDB (Virulence
Factors of Pathogenic Bacteria) database (Chen et al.,, 2005). This analysis was
conducted to predict the virulence factors that might be specifically implicated in ovine
mastitis. For this purpose, similarities were determined when the e-value was lower than
or equal to 1e”, and the identities and coverages of queries, in relation to their subjects,
were equal to or greater than 30% (Lindahl and Elofsson, 2000; Yang and Honig, 2000)
and 70%, respectively. In order to classify into categories the proteins shared
exclusively by the strains associated with a single form of mastitis (Table 1), the Protein
Family Sorter Tool, version 3.5.17 [available in PATRIC (Pathosystems Resource
Integration Center)] (Wattam et al., 2017), was used. Protein functions were assigned
using the RAST (Rapid Annotation using Subsystem Technology) server (Aziz et al.,
2008). Categorization of proteins into families was conducted using the Markov Cluster
(MCL) algorithm (Davis et al., 2016).

Results

Genomic statistics and MLST of the ovine S. aureus strains

The chromosomal genomes of the twelve ovine S. aureus strains sequenced in
this study ranged from 2.7 to 2.8 Mb in size, with approximately 33% of GC content.
The RAST annotation server predicted between 2,519 and 2,754 gene coding
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sequences. As expected, all of the ovine strains were predicted to be Methicillin
Sensitive S. aureus (MSSA). Although they do not carry the SCCmec chromosomal
cassette, other genes that can contribute to the methicillin resistance phenotype, such as

the fmtB gene, are found in all ovine strains.

In silico MLST analysis revealed that the majority of the ovine strains
considered in this study is grouped into two major clonal complexes, CC130 and
CC133. The exceptions were the strain 055, which is grouped into CC425, together
with the bovine strain LGA251, and the strain 0217, which comprises CC30 together
with the strains ATCC25923 and ILRI_Emoylel/1, isolated from human and camel,
respectively. The strain O331 did not share sufficient alleles to belong to a pre-defined
clonal complex, therefore it is considered a singleton. All alleles predicted in these

analyses are shown in Table S1.

Table 3: General genomic features of twelve ovine S. aureus strains analyzed.

Strain Genomes’ GC CDS
length (pb) content  Predicted
(%)
0268 2842531 32.84 2754
017 2772344 32.83 2645
0322 2768115 32.79 2638
0326 2778005 32.69 2658
0217 2764231 32.75 2623
011 2784926 32.70 2668
0408 2778443 32.68 2672
046 2815614 32.76 2701
082 2761422 32.83 2643
0267 2864635 32.85 2803
0331 2695455 32.75 2519
055 2794102 32.79 2673
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Table 4: Sequence types and clonal complexes of the ovine S. aureus strains used in
this study.

Strain ST Definition
082 2011
046 2490
0326 700 CC130
011 700
0408 700
055 425
LGA251 425 CC425
0268 133
017 133
0322 133 CC133
0267 133
ED133 133
0331 59 Singleton
ATCC25923 243
0217 30 CC 30

ILRI_Emoylel/1 30

MLST-based phylogenetic analysis of the ovine S. aureus strains

A phylogenetic analysis based on the MLST data was conducted (Fig. 1) and
showed that all strains belonging to the CC133, which were categorized into the same
ST (133), comprise a single clade, suggesting a strong genetic relationship between
them. This clade likely shares a close ancestral with the clade formed by the strains
belonging to CC425, with a bootstrap value of 98. Another single clade, formed by the
strains comprising the CC30, is located apart from the clades formed by all other ovine
S. aureus strains evaluated in this study. However, a bootstrap value of 30 between
these two groups suggests possibility of a stronger MLST relatedness among the CC30

strains and some of the other ovine strains considered in this analysis.

On the other hand, the strains belonging to the CC130 were divided into two
distinct phylogenetic clades, one of them comprising the strains O46 and O82 (STs
2490 and 2011, respectively), and the other the strains 0326, O11, and 0408 (ST 700).
The low bootstrap values separating one clade from the other and these two clades from
the remainder ovine S. aureus strains suggest greater genetic diversity in the group of
CC130 strains. This suggestion is corroborated by the fact that the CC130 group,

differently form the remainder clonal complexes identified in this study, is formed by a
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greater variety of sequence types (STs 2011, 2490 and 700) (Table 4). Noteworthy, O46
and 082 share a combination of 6 out of 7 possible alleles (aroE_57, glpF_45, gmk_2,
pta_7, tpi_14, and yqiL_52). Also, O46 and O82 share 6 alleles (with the exception of
tpi_14) and 5 alleles (with the exception of arcC_200 and tpi_14), respectively, with the
strains 0326, O11, and 0408 (Table S1).

Interestingly, the bovine strain RF122 likely shares greater MLST relatedness
with the strains of CC130, CC425 and CC133, in comparison with the strains of CC30.
The MLST-based phylogenetic analysis also revealed that the strain RF122, isolated
from bovine, likely shares one common ancestral with the ovine strain O331, which was
predicted to form a clonal complex not yet characterized. It is also evident the existence
of a close phylogenetic relationship between the clade formed by RF122 and 0331 and
the clade of 0326, 011, and O408.
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Fig. 1: MLST phylogenetic analysis of all selected S. aureus strains, based on alleles of
the genes arcC, aroE, glpF, gmk, pta, tpi, ygiL. Each CC is highlighted as a coloured
box: CC133 (blue), CC130 (red), CC425 (green), CC30 (yellow). Staphylococcus
epidermidis ATCC12228 was used as an outgroup.

Phylogenomic analyses provide better clustering of ovine S. aureus strains

Phylogenomic analyses were conducted to assess genome-scale phylogenies
among the ovine S. aureus strains and the strains isolated from the other hosts. First, a
phylogenomic tree was generated, using the Phylogenomic Tree Tool and considering
the presence/absence of amino acids in the shared proteomes (Fig. 2). In contrast to the
previous MLST-based phylogeny findings, the strains belonging to CC130 (082, 046,
0326, O11, and 0408) formed a single clade. This result clearly indicates that the

32



determination of phylogeny benefitted from a proteome scale analysis, when compared
to the limited number of gene loci considered in the MLST-based phylogenetic analysis.
Similarly to the MLST-based results, the strains belonging to CC130 and CC425 form
two distinct clades, whilst the O55 strain comprises a third clade together with the
bovine strain LGA251. Also, 0217 forms a single clade together with the strains
ATCC25923 (from human) and IRLI_Emoylel/1 (from camel), and the strain 0331
forms another clade with the bovine strain RF122.

Another phylogenomic approach was considered, using Gegenees, for the
comparison among all selected S. aureus strains. The variable DNA sequences present
in the S. aureus genomes were pairwise-compared to generate a phylogenomic tree and
plot a heatmap, demonstrating the phylogenomic relatedness among all strains (Fig. 3).
The strains belonging to CC130 form a single clade, as well as the CC133 strains form
another clade. Once again, the strain O55 is grouped with the strain LGA251 and the
strain 0217 is grouped with the strains ATCC25923 and IRLI_Emoylel/1.

Staphylococcus aureus NCTC13435
100 100, Staphylococcus aureus K17
Staphylococcus aureus K18
60 Staphylococcus aureus ED98

100 — Staphylococcus aureus ISU935

1001 Staphylococcus aureus O11

100 Staphylococcus aureus 0326

92 Staphylococcus aureus 0408

Staphylococcus aureus 082

100~ Staphylococcus aureus O46

1007 Staphylococcus aureus 0268

100 Staphylococcus aureus 0267
Staphylococcus aureus ED133
Staphylococcus aureus 0322
68| 100 Staphylococcus aureus O17

100 Staphylococcus aureus LGA251]

100" Staphylococcus aureus O55
Staphylococcus aureus 0331
Staphylococcus aureus RF122

88
Staphylococcus aureus 1ISU926
% Staphylococcus aureus 0217
Staphylococcus aureus ATCC25923

59— Staphylococcus aureus IRLI_Emoyle1/1

— Staphylococcus epidermidis DAR1907
100— Staphylococcus epidermidis ATCC12228

Fig. 2.: Molecular phylogenomic analysis based on presence/absence of amino acids
from S. aureus genomes. Each CC is highlighted with a coloured bracket: CC133
(blue), CC130 (red), CC425 (green), CC30 (yellow). Staphylococcus epidermidis
ATCC12228 and DAR1907 were used as outgroup.
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Fig. 3: Phylogenomic tree and heatmap of the 23 S. aureus strains, generated using
Genenees. The similarity percentages are presented in an all-versus-all fashion, ranging
from red (lower similarities) to green (higher similarities). The numerals above the
heatmap correspond, in the same order, to the strains listed vertically in the tree.

ANI analysis evidences ovine S. aureus genomic relatedness

Average Nucleotide Identity predictions were conducted, using all selected S.
aureus strains, to achieve a better understanding of how the ovine strains genetically
correlate with each other and with the strains from the other hosts. All genomes
presented a high degree of similarity with the genome of the reference strain, ED133
(ANI > 97%). The majority of the ovine S. aureus genomes were clustered in the
highest similarities group (Fig. 4), with the exception of strain 0217 (ANI < 98%). The
genomes from O17, 0267, 0268, and 0322 presented the greatest similarities (nearly
100%) with ED133. Interestingly, LGA251 and RF122 (ANI > 98%) were the non-
ovine strains with the greatest similarity with the ED133 reference, corroborating the

phylogenetic and phylogenomic clustering previously observed in this work (Fig. 2).
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Fig. 4. ANI similarities (%) of the 23 selected S. aureus genomes with the reference
ovine strain ED133.

Identification of core, accessory and exclusive genes in selected S. aureus strains

The 23 S. aureus genomes were separated into two groups for the comparative
genomics analysis. The first group consists of genomes isolated from ovines (Table 1)
and the second group is composed of genomes isolated from other hosts (Table 2). The
comparative genomics yielded 3,964 different genes found in both groups, representing
~1,47 fold of the average of total genes in the genomes studied. Using a threshold
identity of 80% among the coding sequences, 281 genes were found to belong
exclusively to the ovine strains, while the group of other hosts has 714 exclusive genes.
2,969 genes are shared between the groups; however, 859 of these genes are accessory
genes (i.e., genes that are present in at least two genomes but not in all of the genomes)
(Fig. 5- A). Comparing the core genome between the groups, 2,110 genes are present in
all strains of both groups. 2,149 genes comprise the core genome of ovines, while the

core genome of the other hosts’ group present 2,119 genes (Fig. 5- B).

The genes belonging to the core, accessory and exclusive genome of each group
were categorized into cellular processes and functions, in accordance with the terms of
COG (Fig. 6). Most of the core genes are responsible for cellular metabolism processes,
mainly transport and metabolism of amino acids. For the accessory genes and genes that
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are unique to a specific strain, the most represented COG functions are replication
(information storage) and recombination and repair (processing activities). Additionally,
the functions of the proteins exclusively found in the group of ovine S. aureus were
assessed (Fig. 7). A very high percentage (41%) of the 281 exclusive ovine S. aureus
genes encode proteins with unknown functions, evidencing the need of further studies
on them. Also, 27% of the 281 genes encode proteins involved in different cellular
functions, such as iron acquisition proteins, transferases, DNA helicases, and
coagulases. Interestingly, 25% of the exclusive ovine genes are found in prophages and
mobile genetic elements (25%), suggesting that many of the genetic traits related to the

ovine host specificity might be horizontally disseminated.

Core, accessory and

: Coregenome

exclusive genome

Ovines :;::sr
2110 Ovines 39 2110 9

+859
281 714
A 3964 B

Fig. 5: Venn diagrams presenting the numbers of genes grouped according to the
comparative genomic analysis between the ovine S. aureus strains (green) and the
strains isolated from other hosts (blue). A) Number of genes found in both groups,
exclusive genes in each group, and the total of non-redundant genes found in the
comparative analysis (represented in the grey circle). B) Numbers of genes comprising
the core genomes of each group and both of the groups combined.
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Fig. 6: Graphical representations of COG distribution profiles of the genes assessed in
the BPGA comparative analysis of all 23 selected S. aureus strains. A) Information
storage and processing category is in red bars, cellular processes and signaling in blue
bars, metabolism in green bars, and poorly characterized genes in orange bars. B)
Detailed COG functional categorization of core (green bars), accessory (red bars), and
unique (blue bars) genes from 23 S. aureus genomes. D: Cell cycle control, cell
division, chromosome partitioning; M: Cell wall/membrane/envelope biogenesis; N:
Cell motility; O: Posttranslational modification, protein turnover, chaperones; T: Signal
transduction mechanisms; U: Intracellular trafficking, secretion, and vesicular transport;
V: Defense mechanisms; J: Translation, ribosomal structure and biogenesis; K:
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Transcription; L: Replication, recombination and repair; C: Energy production and
conversion; G: Carbohydrate transport and metabolism; E: Amino acid transport and
metabolism; F: Nucleotide transport and metabolism; H: Coenzyme transport and
metabolism; I: Lipid transport and metabolism; Q: Secondary metabolites biosynthesis,
transport and catabolism; P: Inorganic ion transport and metabolism; R: General
function prediction only; S: Function unknown.

COMMON GENES DISTRIBUTION
IN OVINE STRAINS

Transporter
1%

Others

Toxins

Cell wall 3%

3%

Hypothetical protein
41%

Fig. 7: Categorization of the 281 genes exclusively found in the 13 ovine S. aureus
strains according to the BPGA prediction and to the RAST annotation.

Virulence genes in the ovine S. aureus strains and mastitis-specific proteins

Out of the 281 genes exclusive to the ovine S. aureus strains, 14 codify virulence
factor proteins, including the prophage-carried seb (staphylococcal enterotoxin B), selk
(staphylococcal enterotoxin K) and vWpb (secreted von Willebrand factor-binding
protein precursor). Virulence genes encoding transporters, membrane proteins, iron
acquisition proteins, and exotoxins are also present in ovine S. aureus. All virulence

proteins predicted using the VFDB database are listed in Table S2.

The analysis of proteins that are exclusively shared among genomes of S. aureus

involved in a single form of mastitis resulted in the prediction of hypothetical and
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phage-related proteins. However, although these genes might be exclusively related to a
specific form of mastitis, they are not shared by all of the strains grouped in the same
mastitis condition (Table S3). Therefore, further studies are necessary to elucidate the
molecular basis of S. aureus virulence that might lead to the development of different
forms of mastitis. Also, specific traits of the ovines affected by S. aureus, as well as the
interference of the environment, should be taken into consideration in order to explain

the development of a determined form of mastitis.

Multi-genome synteny and plasticity analyses in the ovine S. aureus strains

A very high synteny level is observed for the genomic regions present in the
ovine S. aureus strains, with only a few regions of DNA inversion. Some differences
caused by gene acquisition from phages and DNA recombination events likely explain
the variation in size among the genomes of the ovine strains. One example involves the
prophage region 5, which is absent only in the 0217, 0408, and 0331 genomes (Fig.
S1). Using the strain 0268 as the reference, a circular genome representation was
generated for the visualization of most of the prophages found in the ovine genomes
(Fig. 8). The proteins predicted to be encoded by genes present in these prophages are
listed in Table S4. The S. aureus genomes from the other hosts were included in this

analysis in order to evaluate the sequence conservation across all of the genomes.

All of the prophages predicted in the ovine genomes are listed in Table S5. The
prophage region PHAGE_Staphy StB27 NC 019914 is found in the strains 0267,
0268, 0331, and ED133, while the prophage region
PHAGE_Acinet vB_AbaM_phiAbaAl_NC_031280 is found in the strains 0322, 017,
055, 0217, and O267. These two prophages are not present in any of the genomes
belonging to the non-ovine hosts considered in this study. The first one carries genes for
hypothetical proteins and transposases. In contrast, the second one carries genes for the
chaperone GroEL, co-chaperone GroES, the von Willebrand factor-binding protein

VWhp, in addition to membrane proteins and transposases.
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Fig. 8: Circular genome map presenting all prophages found in the strain O268.
Representation, from the inner to the outer circle, is: 0268, GC Content, GC Skew,
011, 017, 0217, 0267, 0322, 0326, 0331, 0408, 046, 055, 082, ATCC 25923,
ED133, ED98, ILRI_Emoylel/1, 1SU926, ISU935, K17, K18, LGA251, NCTC13435,
RF122, and prophages (orange color). The numbers represent the prophages:
PHAGE_Staphy StauST398 2_NC_021323 (2);
PHAGE_Staphy PT1028 NC_007045 (2); PHAGE_Staphy 77_NC_005356 (3);
PHAGE_Staphy StB27_NC_019914 (4); PHAGE_Staphy StauST398 2 NC_021323
(5); PHAGE_Staphy phiPV83_NC_002486 (6);
PHAGE_Acinet_vB_AbaM_phiAbaAl_NC_031280 (7).
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The number of PAIs predicted in the ovine S. aureus genomes ranges from 8 to
13. In turn, the number of GEIs predicted ranges from 8 to 15 (Table 5). The PAIs and
GEls found in O82 are represented, as a circular image, in Fig. 9. The largest
pathogenicity island, PAIL is found in all of the analyzed genomes; however, part of its
sequence is common only to the strains O11, 0326, 0408, and O46. GEI12 is the
genomic island presenting the largest sequence heterogeneity among all of the genomes.

In strain 0331, the enterotoxin genes sei (Staphylococcal enterotoxin type 1) and
selK (enterotoxin K-like protein) are localized in the PAI5, while the gene encoding the
Enterotoxin 15 is found in the GEI2. Also, the iron acquisition genes mbtB_2 (Iron
acquisition yersiniabactin synthesis enzime) and IgrE (lron acquisition yersiniabactin

synthesis enzime) are localized in the PAIL of strains O11 and 0326, respectively.

Table 5: Number of PAIs and GElIs predicted in every S. aureus genome considered in
this study, using GIPSy.

Strain PAI GElI
011 10 12
017 10 12
046 8 10
055 11 8
082 10 15

0217 9 11
0267 8 10
0268 9 11
0322 12 12
0326 11 10
0331 10 10
0408 9 11

ED133 12 6

K17 11 6
LGA251 9 9

RF122 12 6

K18 12 6
IRLI_Emoylel/1 13 8
ED98 8 10
ATCC25923 11 -
NCTC13435 11 -
ISU926 12 9
ISU935 8 8
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Fig. 9: Circular genome map representing all genomic and pathogenic islands found in
the 082 strain. Representation, from the inner to the outer circle, is: 082, GC Content,
GC Skew, 011, 017, 0217, 0322, 0267, 0326, 0331, 0408, 0268, 055, 046, 055,
046, ED133, ATCC25923, ED98, ILRI_Emoylel/1, 1SU926, ISU935, K17, K18,
LGA251, NCTC13435, and RF122.
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Discussion

S. aureus is an important pathogen of ovine mastitis (Maréchal et al., 2011;
Smith et al., 2014). This infection is difficult to control, since S. aureus can spread
within the herd and become resistant to the treatment with antibiotics (Oviedo-Boyso et
al. 2007). The number of ovine S. aureus genomes available in the NCBI database is
minimal and genomic studies involving these strains, are scarce. Therefore, more
information about the S. aureus genomic characteristics are necessary for the

development of new strategies to efficiently control infection (Peton et al., 2014).

In this study, new genomic information related to 12 S. aureus strains, isolated
from ovine herds in France, was acquired. Together with the ovine strain ED133, whose
complete genome sequence was previously available on the NCBI database, these
strains were predicted to be sensitive to methicillin (MSSA). However, zoonotic
transmission of S. aureus is of great interest and the horizontal acquisition of resistance
genes could increase the relevance of ovine mastitis in human infection with methicillin
resistant S. aureus (MRSA). Although the SCCmec chromosome cassette was not found
in the genomes of the ovine strains considered in this study, these genomes present
multiple chromosomal factors that can contribute to the methicillin resistance
phenotype, such as the fmtB gene (Komatsuzawa et al., 1997). It has already been
shown that the fmtB gene has an indirect effect on methicillin resistance, but further
biochemical studies are necessary to elucidate the role of fmtB in this mechanism of

resistance (Komatsuzawa et al., 2000).

To evaluate the clonal relationship of the ovine S. aureus strains, MLST analysis
was conducted. The sequence typing of S. aureus is routinely done with allelic variants
of 7 housekeeping genes (arcC, arokE, glpF, gmk, pta, tpi, yqiL) (Enright et al., 2000),
and the combination of these variants defines a specific sequence type. If at least 5 out
of the 7 alleles in the different loci are shared between two S. aureus isolates, these
isolates form a single clonal complex (Enright et al., 2000; Maiden et al., 1998; Smith et
al., 2005). The CC130, which had already been associated with ovine mastitis (Guinane
et al., 2010; Smith et al., 2014), encompassed 5 of the ovine strains considered in this
study (STs 2411, 2490, and 700). Also, three of the selected ovine strains were found to
belong to the CC30 (STs 30 and 243). Studies have associated these STs with human,

bovine and ovine infections in Europe and Asia (Monecke et al., 2008; Rabello et al.,
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2007; Smith et al., 2014). The strains ED133, 0268, 017, 0322, and 0267 present the
same ST and belong to the CC133, which is associated with intramammary infections in
ovines (Smith, et al., 2013; Smyth et al., 2009). Interestingly, only the strain 0331
presents the ST59. S. aureus ST59 has already been isolated from bovine milk (Hata et
al., 2010) and dairy goat mastitis (Chu et al., 2012). The strain O331 is likely an
atypical clone among the ovine strains considered in this study, since studies showed
that the ST59 isolates originated in the United States and have spread to Asia. Also,
ST59 S. aureus have also been isolated in Oceania and the North of Europe (Mediavilla
et al., 2012; Smith et al., 2014; Tristan et al., 2007). Further studies are necessary to
track the origin of the ST59 isolates in France.

A previous study suggested that the Multilocus Sequence Analysis (MLSA) can
accurately determine the evolutionary relationships among the strains of
Flavobacterium columnare (Kayansamruaj et al., 2017). However, a comparative
genomics approach has potential to provide a much higher strain typing resolution
compared to the MLST analysis, since a larger number of genes is considered (Hall et
al., 2010). In the MLST-based phylogenetic tree generated, the group of CC130 is
divided into two different clades, one formed by the STs 2490 (O46) and 2011 (082),
and the other by the ST700 (Fig. 1). In turn, the phylogenomic analysis based on the
amino acid variation in the proteomes of the S. aureus strains (Fig. 7) resulted in the
grouping of all strains belonging to the CC130, with a bootstrap value of 100. However,
the phylogenomic analysis also reinforced the fact that the STs 2490 and 2011 are more
closely related to each other than to ST700.

It is also noteworthy the strengthening of confidence observed in the formation
of the ovine S. aureus clades, following the amino acid-based phylogenomic analyses.
For example, the strains RF122 and O331 are grouped, in the MLST analysis, with a
bootstrap value of 66 (Fig. 1), while the same clade in the phylogenomic tree is
supported by a bootstrap value of 88 (Fig. 7). Considering that RF122 was isolated from
cattle and 0331 from ovine mastitis, this result provides strong evidence that these two
strains are closely related to each other. Also, LGA251 and O55 are once more grouped,
reinforcing the close phylogenetic relationship between these two strains that were
isolated from different hosts and countries. Interestingly, these two strains present
mammary gland tropism, since LGA251 was isolated from a cow’s bulk milk and O55
from ovine mastitis. In turn, the grouping of 0217, IRLI_Emoylel/1, and ATCC25923
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is not supported in the phylogenomic approach, in contrast to the result provided by the
MLST analysis, in which a bootstrap value of 94 was observed. This result suggests that
these three strains, although belonging to the same clonal complex (CC30), do not share
a very high level of similarities in their proteomes. In the phylogenomic analysis with
Gegenees, two ovine clusters were formed with similarities ranging from 97 to 100%. It
Is possible to observe a clonal-behavior among them, compared with strains from the
others hosts. However, three strains from ovines (0217, O55 and O331) are not grouped
in these clusters. O217 is grouped with ATCC25923 and IRLI_Emoylel/1, in
agreement with the CC formation. The same clustering agreement is observed for O55,

which belongs to the same clonal complex of LGA251.

Another mean to measure evolutionary relatedness among closely related
bacterial strains, through identity and similarity values of the total genome sequence is
using the ANI method (Kim et al., 2014; Konstantinidis et al., 2006). In this analysis, all
ovine genomes presented more than 98% of similarity regarding ED133 genome, except
for 0217, which presented the minor percentage of similarity among sheep strains. In
the same way, this strain has not been grouped with any ovine genomes in MLST
analysis. This study showed that it belongs to CC30, important in human and animal
infections, which suggests no host- specialization by this strain. On the other hand,
genomes isolated from milk or mastitis in cows (LGA251 and RF122) present a
similarity level major than 98%, regarding to ED133 (isolated from ovine). Previous
studies reported that some CCs were originated from human and acquired genetic
adaptation to infect ruminants (Guinane et al.,, 2010; Sakwinska et al., 2011).
Furthermore, in the present study, the evolutionary separation of some ovine and bovine

strains is not totally clear.

The genomic diversity of multiple strains can be uncover determining the core,
accessory and exclusive genomes (Bosi et al., 2016; Chaudhari et al., 2016). All strains
used in this comparative analysis have the average of 2679 genes predicted by RAST
server. The comparative genomics performed using BPGA software yielded 3964
genes. In its turn, the core genome is formed by 2110 genes among all strains. It
represents 79% of the S. aureus genes average predicted in this study, and a core
genome 1,7 -fold proportionally higher than a previous study of comparative genomic
analysis in 64 S. aureus strains, which resulted in a core genome of 56% on average of

the predicted genes (Bosi et al., 2016). Additionally, the core genome analysis was
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performed among ovine strains and among other hosts strains, resulting in 2149 and
2119 genes, respectively. It represents 79% (ovine strains) and 81% (other hosts) of the
average genes predicted by RAST server. The number of core genes in this study
suggests low diversification in core genome of S. aureus strains used for comparison.
About the functions core genes, they were classified, by COG categories, playing role in
amino acid transport and metabolism. This data is according of the expected, because
core genome belongs to the group of housekeeping functions (Tettelin et al., 2005). The
accessory genes predicted in this present study (n= 859), are in their majority, involved
in replication, recombination and repair (R). These genes play role in lateral gene
transfer events from mobile genetics elements, such as transposons and bacteriophages
(Bosi et al., 2016; Tettelin et al., 2005). Of the exclusive genes found in ovine genomes
(n=281), the major part consists in hypothetical proteins (41%), which are proteins of
unknown function, and can contribute with many activities in the genome. For instance,
a functional assignment of hypothetical proteins in S. aureus study, predicted these as
binding proteins, helicases, transporters and virulence factors (Prava et al., 2018).
Mobile genetic elements represent 25% of the exclusive ovine genes. They are very
important in bacterial diversity due to capacity to transduce host genes and confers
novel genetic information for bacteria, such as genes involved in virulence factors
(Kwan et al., 2005). Some genes predicted playing role in virulence and are carried by
phage, entB (Staphylococcal enterotoxin B), selk (Staphylococcal enterotoxin K) and
vWpb (Secreted von Willebrand factor- binding protein precursor). Furthermore, two
prophages were found in some ovine strains and they were not found in strains of other
hosts group. The PHAGE_Acinet vB_AbaM_phiAbaAl NC_031280, present in O17,
0268, 0322, 055, 0217 and 0267, was predicted as an incomplete phage, with score
<70 by PHASTER, and produces 15 proteins. This phage is commonly found in
Actinobacter baumanii (Turner et al., 2017). Noteworthy, Kwan et al., 2005 have been
showed that gene transfer among S. aureus phages are more predominant than between
of S. aureus and other species. The other prophage found was the
PHAGE_Staphy StB27 NC_019914, present in 0268, 0331, ED133 and 0267, which
carries principally hypothetical proteins, that may play role in virulence factors (Lima-
Mendez et al., 2011). Both prophages were classified as PAIs or GEIs by GIPSy (Soares
et al., 2016). Genes that encode cell wall proteins represent 3% of the genes found in all
ovine genomes. These proteins are important in adherence (Silhavy et al., 2010) and

antibiotic resistance (Assis et al., 2017). Likewise, 3% of the genes were predicted as
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toxins precursor. Toxins have an important role in pathogenicity, in this context, S.
aureus exotoxins are a leading cause of gastroenteritis in human from consumption of
contaminated food, principally of raw milk and raw milk cheese, which can have
contaminations from animal origins due to infections, such as mastitis (Balaban and
Rasooly, 2000; Le Loir et al., 2003). Additionally, exfoliative toxins were found in S.
aureus isolated from cows, and these proteins are agent of scalded- skin syndrome in
humans (Vautor et al., 2009). In addition, the ovine exclusive genes were compared to
the VFDB database through BLASTp, and resulted 14 proteins predicted, such as the
coagulase (coa), which is secreted by S. aureus and causes clotting in the host’s plasma,
as a result of mechanisms of escape from immune system (Javid et al., 2018),
hyaluronate lyase precursor (hysA), which plays role in subcutaneous infection
(Ibberson et al., 2014; Makris et al., 2004) and toxins.

Finally, the comparative genomics among the isolates of the same mastitis form,
resulted in hypothetical and phage-associated proteins present in some but not in all
genomes of the same mastitis isolates. Therefore, further studies are needed to define
the bacterial virulence mechanisms of the mastitis spectrum. It was previously reported
that different levels of iron metabolism, transcriptional regulators and exoprotein
production can contribute to ovine mastitis severity, as well as, different levels of toxin
expression were related to pathogenic potential of genomes isolated from bovine
mastitis (Ben Zakour et al., 2008; Maréchal et al., 2011).
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Conclusion

In this study, comparative genomic analyses were performed with S. aureus
genomes isolated from different forms of ovine mastitis, against genomes retrieved
from the NCBI database and isolated from different hosts. The MLST and
phylogenomic analyses revealed two major clonal complexes formed by the ovine
genomes, each one comprised of 5 strains. However, three of the ovine strains studied
do not belong to these groups and have probably evolved from distinct ancestors. These
atypical ovine strains have indispensable genic regions shared with isolates from other
hosts. Also, some of the ovine and bovine strains seem to be closely related. The
comparative genomic analyses revealed a high gene conservation level among the S.
aureus strains considered for study. However, accessory genes encoding virulence
factors and unknown proteins that might play an important role in the establishment of
infection are exclusively found in the ovine genomes. This work brings to light new

evidences of genomic specialization in ovine mastitis-associated S. aureus.
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Supplementary Material

Table S1: Alleles prediction of the seven housekeeping genes considered in MLST
analyses.

Alleles
Strains arcC arok glpF gmk pta tpi yqiL
O11
0326 6 57 45 2 7 95 52
0408
046 6 57 45 2 7 14 52
082 200 57 45 2 7 14 52
0268
0267
ED133 6 66 46 2 7 50 18
0322
Oo17
055
LGAZ51 18 33 6 20 7 50 48
0217
IRLI_Emoylel/1 2 2 2 2 ° > ’
ATCC25923 2 2 5 2 6 3 2
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Table S2: Virulence proteins of exclusive genes from ovine S. aureus found in VFDB

database.

VFDB prediction

Query ID

Subject ID

%ID

%Query
coverage

VFG000365(gb|NP_4054
74) (ybtP) lipoprotein
inner membrane ABC-
transporter [Yersiniabactin
(VF0136)] [Yersinia

pestis CO92]

sa_082 00
51

VFG000365(g
bINP_405474)

31.034

83

VVFG000365(gh|NP_4054
74) (ybtP) lipoprotein
inner membrane ABC-
transporter [Yersiniabactin
(VF0136)] [Yersinia

pestis CO92]

sa_082 00
50

VFG000365(g
bINP_405474)

32.869

85

VFG000359(gh|NP_4054
68) (YbtE) yersiniabactin
siderophore biosynthetic
protein [Yersiniabactin
(VF0136)] [Yersinia

pestis CO92]

sa_0408 0
042

VFG000359(g
bINP_405468)

38.856

94

VFG000368(gb|NP_4054
77) (ybtS) salicylate

synthase Irp9

[Yersiniabactin (VF0136)]
[Yersinia pestis CO92]

sa_0ll 00
52

VFG000368(g
bINP_405477)

41.210

76

VFG002423(gb|YP_0013
32910) (scn) complement
inhibitor SCIN [SCIN

(VF0425)]

[Staphylococcus aureus
subsp. aureus str.

Newman]

sa_046 04
10

VFG002423(g
blYP_001332
910)

50.427

100

VFG001801(gh|AAA2662
8) (etb) exfoliative toxin B
[Exfoliative toxin

(VF0009)]

[Staphylococcus aureus]

sa_082 20
66

VFG001801(g
bJAAA26628)

57.762

99

VFG002418(gb|YP_0013
31791) (VWhp) secreted
von Willebrand factor-
binding protein precursor
[VWbp (VF0420)]
[Staphylococcus aureus
subsp. aureus str.

Newman]

sa_0268 1
995

VFG002418(g
blYP_001331
791)

60.000

100

VFG002419(gb|NP_6450

21) (coa)

sa_0267_0
167

VFG002419(g
bINP_645021)

78.199

89
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staphylocoagulase
precursor
[Staphylocoagulase
(VF0421)]
[Staphylococcus aureus
subsp. aureus MW2]

VFG001280(gb|NP_6453
34) (sdrD) Ser-Asp rich
fibrinogen-binding bone
sialoprotein-binding
protein [SDr (VF0019)]
[Staphylococcus aureus
subsp. aureus MW?2]

sa_0408_0
574

VFG001280(g
bINP_645334)

79.409

85

VFG001315(gb|NP_6469
46) (hysA) hyaluronate
lyase precursor
[Hyaluronate lyase
(VF0013)]
[Staphylococcus aureus
subsp. aureus MW2]

sa 0331 1
632

VFG001315(g
bINP_646946)

88.022

99

VFG001275(gb|NP_6471
61) (hlgB) gamma-
hemolysin component B
[<gamma>-hemolysin
(VF0011)]
[Staphylococcus aureus
subsp. aureus MW?2]

sa_082 22
77

VFG001275(g
bINP_647161)

90.476

69

VFG001327(gb|NP_6467
55) (selk) staphylococcal
enterotoxin K precursor
[SE (VF0020)]
[Staphylococcus aureus
subsp. aureus MW?2]

sa 0331 0
728

VFG001327(g
bINP_646755)

96.680

99

VFG001326(gb|NP_6467
54) (selq) staphylococcal
enterotoxin G precursor
[SE (VF0020)]
[Staphylococcus aureus
subsp. aureus MW?2]

sa 0331 0
729

VFG001326(g
bINP_646754)

97.934

100

VFG001802(gh|AAA8855
0) (seb) staphylococcal
enterotoxin B [SE
(VF0020)]
[Staphylococcus aureus
S6]

sa 0331 0
749

VFG001802(g
bJAAAS88550)

100.00

100
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Table S3: Shared proteins among S. aureus ovine genomes isolated of the same mastitis

form.
ID Protein Product Chronic mastitis
0217
PLF_1279 00004852 Hypothetical protein X
PLF_1279 00005354 Hypothetical protein X
PLF 1279 00125358 Hypothetical protein X
Gangrenous
ID Protein Product mastitis
011 0408
PLF_1279 00005879 Hypothetical protein X
PLF_1279 00028431 Hypothetical protein X
ID Protein Product Subclinical mastitis
046 082 0267 0331 055
PLF_1279 00002691 Hypothetical protein X X
PLF_1279 00002997 Hypothetical protein X X
PLF_ 1279 00016586 Hypothetical protein X X
PLF 1279 00123752 Hypothetical protein X X
ID Protein Product Clinical mastitis
0268 017 0322 0326 ED133
PLF 1279 00002376  Phage associated protein X X
PLF 1279 00002379  Phage associated protein X X

PLF_1279_00002380

PLF_1279 00002381
PLF 1279 00002382
PLF_1279 00002383

PLF_1279_00002384

PLF_1279_00002385
PLF_1279_00002386
PLF_1279_00002387

PLF_1279 00002388
PLF_1279 00002390
PLF 1279 00002391

PLF_1279 00002861
PLF 1279 00010931
PLF_1279 00018094
PLF 1279 00026606
PLF 1279 00029130

PLF_1279_00030260

Phage terminase, large

subunit

Phage major capsid protein

Phage protein
Phage protein

Prophage Clp protease-like

protein
Phage protein
Phage protein
Phage protein

Phage-associated homing

endonuclease
Phage protein
Phage transcriptional
terminator
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Cl-like repressor, phage

associated

x
x

X X X X
X X X X

X X X X
X X X X

x
x

X X
X X X
X X
X X
X X
X X
X X
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Fig. S1: Synteny analysis of S. aureus strains isolated from ovines. This alignment was
performed using Progressive Mauve option of the software Mauve. Each block
represents sequences shared by genomes (locally collinear blocks). The black arrow,
represents a prophage, which is absent in 0217, 0408 and 0331 genomes.
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Table S4: Features of prophages and their proteins predicted in the genome S. aureus 0268.

Product

Perfringolysin O regulator protein PfoR, Pseudouridine Kinase,
Pseudouridine 5' -phosphate glycosidase, Predicted sialic acid
transporter, N- acetylneuraminate lyase, N- acetylmannosamine
kinase, Sialic acid utilization regulator- RpiR Family, N-
acetylmannosamine-6-phosphate 2-epimerase, Predicted histidine
uptake transporter, Triacylglycerol lipase, Phage integrasse,
CAAX amino terminal protease Family, Phage repressor protein,
Phage antirepressor protein, Single- stranded DNA- binding
protein, Phage replication initiation protein, DNA helicase, Phage
associated, Transcriptional regulator, Cro/Cl Family, Dimeric
dUTPase, Transcriptional activator rinB- phage associated, DNA
primase- phage associated, DNA helicase- phage associated

Product

Inosine- 5" monophosphate dehydrogenase / CBS domain, GMP
synthase [glutamine- hydrolyzing], aminotransferase subunit/
GMP synthase [glutamine - hydrolyzing], ATP pyrophosphatase
subunit, Integrase, Superantigen - encoding pathogenicity islands
SaPl, Putative primase, Superantigen-encoding pathogenicity
islands SaPl, Phage terminase small subunit, Toxic shock
syndrome toxin 1, Superantigen enterotoxin, Superantigen
enterotoxin SEL

LSU ribosomal protein, Phage DNA invertase, Cro, Phage
antirepressor protein, Single-stranded DNA binding protein, Phage
replication initiation protein, DNA helicase- phage associated,
Deoxyuridine 5'- triphosphate nucleotidohydrolase (EC 3.6.1.23)
[SA bacteriophages 11, Mu50B], Transcriptional activator rinB -
phage associated, Phage terminase- large subunit, Phage portal
(connector) protein, Prophage Clp protease- like protein, Phage
major capsid protein, Phage transcriptional terminator, Phage tail
length tape- measure protein, Structural protein, phage associated,
Enterotoxin- phage associated, Phage holin, Phage lysin, N-
acetylmuramoyl-L-alanine amidase (EC 3.5.1.28), HNH homing
endonuclease, Phage lysin, N-acetylmuramoyl-L-alanine amidase
(EC 3.5.1.28), Cell surface receptor IsdB for hemoglobin and
hemoglobin complexes, Cell surface protein IsdA, Transfers heme
from hemoglobin to apo-1sdC, NPQTN cell wall anchored protein
IsdC, Heme transporter ISUDEF, membrane component IsdD,
Heme transporter IsdDEF, lipoprotein IsdE

Intact phage Genes
Region 1

g psuG,

sglT,

PHAGE_Staph nannaé'pi‘;]t

y_ StauST398 hél ’

2_NC_021323

Incomplete Genes
phage
Region 2

guaB,

guaA, pri,

PHAGE_Staph  tst, sel,

y_PT1028 NC entC1
_007045
Region 3

eglon ssh 1,

isdA_1,

PHAGE _Staph 'Si‘ig‘az'

y_17_NC_005 isdD is:dE

356 ’

Region 4

PHAGE_Staph
y_StB27_NC_
019914

Hypothetical proteins, Transposase




Region 5

PHAGE_Staph
y_StauST398
2_NC_021323

lukD,
IuKE_1,
IuKE_2,
hemY,
hemH,
hemE,
EcsB,
ecsA_4

Mobile element protein, Leukotoxin LukD, Leukotoxin LukE,
Leukotoxin  LukE, Phage integrase, Phage lysin, N-
acetylmuramoyl-L-alanine  amidase (EC  3.5.28), Phage
antirepressor protein, Phage repressor, Integrase, tRNA-Ser-GGA,
tRNA-GIU-TTC, tRNA-Asn-GTT, tRNA-Gly-TCC, tRNA-His-
GTG, tRNA-Phe-GAA, tRNA-Asp-GTC, tRNA-Met-CAT,
Protoporphyrinogen IX oxidase - aerobic - HemY (EC 1.3.3.4),
Ferrochelatase,  protoheme  ferro-lyase = (EC  4.99.1.1),
Uroporphyrinogen Il decarboxylase (EC 4.1.1.37), ABC
transporter- permease protein EscB, ABC transporter- permease
protein EscA, Histidine triad nucleotide-binding protein- similarity
with At5g48545 and yeast YDL125C

Region 7

PHAGE_Acin

et vB_AbaM_

phiAbaAl NC
031280

vWhp, Int-
Tn, groL,
groS

Permease of the drug/metabolite transporter (DMT) superfamily,
5-aminolevulinate synthase, Potassium uptake protein- integral
membrane component, KtrB, Secreted von Willebrand factor-
binding protein VWhbp, Involved in expression of fibrinogen
binding protein- phage associated, Putative primase- superantigen-
encoding pathogenicity islands SaPl, Phage antirepressor protein,
Integrase- superantigen-enconding pathogenicity islands SaPl,
Heat shock protein 60 family chaperone GroEL, Heat shock
protein 60 family co-chaperone GroES

Questionable
phage

Genes

Product

Region 6

PHAGE_Staph
y_phiPV83 N
C_002486

bcglA,
lukF-PV,
hlgA 1,

ygbO,

SShA,

Type | restriction- modification system- DNA-methyltransferase
subunit M, Panton-Valentine leukocidin chain F precursor,
Panton-Valentine leukocidin chain S precursor, Phage lysin, N-
acetylmuramoyl-L-alanine amidase (EC 3.5.1.28), Phage tail
lenght tape-measure protein, Phage DNA packaging, Phage capsid
protein, Phage head maturation protease, Phage portal protein,
Phage terminase, large subunit, Phage terminase- small subunit,
Transcriptional activator rinB- phage associated, Dimeric
dUTPase (EC 3.6.1.23), DNA helicase- phage associated, Phage
replication initiation, Pathogenesis-related transcriptional factor
and ERF, Single-stranded DNA- binding protein, Phage repressor,
Phage integrase
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Table S5: Region of prophages found in ovine S. aureus genomes.

Strains Regions Status
Beginning End
326K 371K Intact
410K 437K Intact
Ol ggak 914K  Questionable
1,95M 1.99M Questionable
320K 361K Intact
017 191M 1.96M Questionable
2.03M 2.05M Incomplete
334K 380K Intact
046 419K 446K  Intact
1.89M  1.97M Intact
313K 359K Intact
872K 889K  Questionable
0% 131M  1.35M Intact
2.06M 2.08M Incomplete
329K 375K Intact
082 413K 441K Intact
1.92M 1.96M Questionable
313K 359K Intact
0217 131K 1.32K  Incomplete
2.03M 2.04M Incomplete
320K 384K Intact
1.12M  1.17M Intact
1.37TM 1.38M Incomplete
O267  193M  1.95M Incomplete
1.99M  2.05M Intact
2.12M 2.14M Incomplete

Strains Regions Status
Beginning End
307K 368K Intact
431K 448K Incomplete
1.10M  1.15M Incomplete
0268 1.35M  1.35M Incomplete
1.90M  1.93M Incomplete
1.98M  2.02M Questionable
2.09M  2.12M Incomplete
279K 318K Intact
0322 1.87M  1.92M Questionable
1.99M  2.01M Incomplete
328K 373K Intact
0326 412K 439K Intact
1.94M  1.99M Questionable
0331 818K 836K Questionable
1.27M  1.28M Incomplete
328K 373K Intact
0408 412K 439K Intact
1.94M  1.99M Questionable
307K 369K Intact
432K 449K Incomplete
ED133 1.11M  1.15M Incomplete
1.35M  1.36M Incomplete
1.97M  2.02M Intact
2.09M  2.11M Incomplete
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5. Perspectivas

Este trabalho tem como perspectivas:

Realizar a anotagcdo funcional das proteinas hipotéticas encontradas
exclusivamente em genomas isolados de ovinos, a fim de elucidar os

possiveis papeis dessas proteinas na infeccao e associacao ao hospedeiro;

Detalhar os resultados obtidos na analise de predicdo de ilhas genémicas e

correlaciona-los com os genomas isolados de diferentes formas da mastite;

Avaliar os genomas de S. aureus isolados de ovinos através de polimorfismos
de nucleotideo Unico, com o intuito de se estabelecer taxas de mutacdo entre

as linhagens;
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