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RESUMO

O género Bartonella é composto por bactérias Gram-negativas e reemergentes, como a
Bartonella henselae, que infecta humanos e sobrevive dentro de eritrocitos. Essa espécie
€ transmitida por arranhdes ou mordidas de gatos domésticos e usualmente causa
infecgbes sintomaticas em humanos, conhecidas como Doenga da Arranhadura do Gato.
A doencga causa multiplos sinais clinicos em humanos, como doengas dermatoldgicas,
cardiovasculares, linfaticas, hepaticas e do sistema nervoso, principalmente em
individuos imunossuprimidos. Embora a bactéria seja altamente relevante por sua
importancia zoondtica em todo o mundo, poucos estudos objetivaram caracterizar os
genomas dessa espécie e ainda ndo ha estudos pan-gendmicos disponiveis. Aqui, foram
realizadas analises de filogendmica, pan-gendmica e plasticidade gendmica para
determinar aspectos epidemioldgicos, o tamanho do pan-genoma e sua variabilidade nas
ilhas de patogenicidade identificadas. Os 24 genomas de B. henselae analisados
apresentaram similaridade variando de 96 a 100%. Foram encontrados dois subconjuntos
de genomas nas analises filogendmicas, um composto exclusivamente de linhagens
isoladas de gatos e outro de hospedeiros felinos e humanos. Identificou-se um pan-
genoma de 1655 genes nao redundantes, onde 70% destes genes integram seu core
genoma, composto por genes essenciais ao microrganismo. Além disso, 0
desenvolvimento do pan-genoma do conjunto completo de dados identificou um valor de
a = 0,94. A anadlise de plasticidade gendmica revelou a presengca de 6 ilhas de
patogenicidade e 1 regido de fago no genoma de referéncia B. henselae Houston-1. No
geral, os resultados mostraram que os genomas s&o altamente similares, com um pan-
genoma tendendo a tornar-se fechado. Ainda, as regides de plasticidade gendmica
analisadas s&do compostas por genes relacionados a viruléncia da bactéria. Para a
validagdo dos padrbes de distribuicdo genbmica, aponta-se a necessidade de
sequenciamento de mais genomas em todo o mundo para melhor caracterizar variagoes
no pan-genoma e compreender os padrdes de adaptacdo dessa espécie. A alta
conservagao dos genomas dessa espécie € muito importante para o desenvolvimento de
novas vacinas e analises de alvos de drogas contra esse patdgeno. Esses dados poderao
ser utilizados em trabalhos futuros, de grande relevancia para a contengédo da doenga em

todo o mundo.

Palavras-chave: Bartonella henselae. Doenga da arranhadura do gato. Pan-genoma.

Plasticidade genémica. Filogendmica.



ABSTRACT

The genus Bartonella is comprised of Gram-negative re-emerging bacteria like
Bartonella henselae, which infects humans and survives inside erythrocytes. This
species is transmitted by scratches and bites from domestic cats and usually causes
a symptomatic infection in humans, known as Cat-Scratch Disease (CSD). The
disease causes multiple clinical signs in humans, such as dermatic, cardiovascular,
lymphatic, hepatic and nervous system diseases mainly in immunosuppressed
individuals. Although the bacteria are highly relevant for its zoonotic importance
worldwide, few studies aimed at characterizing these species genomes and there is
still no pan-genome study available. Here, phylogenomic, pan-genome and genome
plasticity analyses were performed to determine the epidemiological aspects, the size
of the pan-genome and its variability in the identified pathogenicity islands. The 24
genomes of B. henselae analyzed showed similarity ranging from 96 to 100%. Two
subsets of genomes were found in phylogenomic analyzes, one composed exclusively
of strains isolated from cats and the other from feline and human hosts. A pan-genomic
analysis identified 1655 non-redundant genes, where 70% of these genes integrate
their core genome, composed of genes essential to the microorganism. In addition, the
pan-genome development of the complete data set identified a a value = 0.94. The
analysis of genomic plasticity revealed the presence of 6 pathogenicity islands and 1
phage region in the reference genome B. henselae Houston-1. Overall, the results
showed that the genomes are highly similar, with a pan-genome tending to become
closed. Furthermore, the regions of genomic plasticity analyzed are composed of
genes related to the virulence of the bacteria. For the validation of genomic distribution
patterns, the need of sequencing more genomes worldwide is pointed out in order to
better characterize the variations in the pan-genome and understand the adaptation
patterns of this species. The high conservation of genomes of this species is very
important for the development of new vaccines and analyzes of drug targets against
this pathogen. These data can be used in future works, of great relevance for the

containment of the disease worldwide.

Keywords: Bartonella henselae. Cat scratch disease. Pan-genome. Genomic
plasticity. Phylogenomics.
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1. INTRODUGAO

1.1. Género Bartonella

Atualmente, as bactérias do género Bartonella sédo consideradas patdgenos
zoonoticos reemergentes e negligenciados. Apesar de sua ampla distribuigdo mundial,
afetam principalmente a populagdo com condigdes precarias de saneamento, e que
estdo em contato direto com animais domeésticos e artrépodes transmissores desses

microrganismos.

O género foi assim nomeado em homenagem ao microbiologista peruano Dr.
Alberto Leonardo Barton Thompson. Em 1905, Thompson investigou pacientes que
apresentavam febre e anemia grave ap6s uma viagem a La Oroya, no Peru. Tal estudo
levou a identificacdo da bactéria Bartonella bacilliformis, agente etiolégico da Febre
de Oroya (fase aguda, caracterizada por bacteremia que cursa com anemia hemolitica
fatal) e verruga peruana (fase crénica, com a presenga de tumores vasculares)
(GOMES; RUIZ, 2017). Por décadas, o género foi composto exclusivamente pela

espécie supracitada.

Durante a Primeira Guerra Mundial, emergiu uma doenga que acometia
diversos soldados por meses. Caracterizada por febre de inicio subito com cinco dias
de duracido e recorréncias durante o ano, a doenca foi denominada “Febre de
Trincheiras”. A causa e a forma de transmissdo dessa patologia permaneceram
incertas, uma vez que o organismo causador ndo pdde ser cultivado. Em 1918, a
transmissao por inoculacdo sanguinea foi associada ao piolho, quando foram
encontradas bactérias denominadas, até entdo, como “corpos de Rickettsias” no
intestino e fezes dos piolhos que estavam em contato com pacientes doentes. Apds
inumeras discussoes e tentativas de isolamento do agente etioldgico, houve em 1920,
um consenso geral de que a génese da Febre de Trincheiras advinha da bactéria
Rickettsia quintana (ANSTEAD, 2016). Outros estudos levaram a transferéncia de R.
quintana para o género Rochalimaea, até a reclassificagdo completa deste para o

género Bartonella em 1993.

O primeiro relato de uma manifestagao clinica da Doenga da Arranhadura do

Gato (DAG) se deu por Parinaud et al. (1889) em pacientes com conjuntivite e
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linfoadenopatia regional (VALOR; HUBER, 2018). Em 1931, o professor de pediatria
Robert Debré comegou uma investigagdo de um menino com adenite supurativa
associado com multiplas arranhaduras de gato. Debré et al. (1950) realizaram a
divulgacao formal e escrita da sindrome clinica da DAG, cuja nomenclatura se fixou
devido a relacdo de gatos domésticos com a patogénese da doenga. O agente
etiolégico da DAG foi observado em linfonodos de pacientes estudados por Wear et
al. (1983), quando bacilos pleomorficos Gram-negativos estavam presentes nas
regides proximas aos linfonodos acometidos, principalmente nas paredes capilares.
Rochalimaea henselae foi isolado e assim denominado em homenagem a Diane
Hensel, uma microbiologista que contribuiu consideravelmente para o isolamento
inicial da bactéria causadora da DAG (ANDERSON; NEUMAN, 1997).

Até 1993, quatro espécies compunham o género Rochalimaea, sendo elas:
Rochalimaea quintana, Rochalimaea vinsonii, Rochalimaea elizabethae e R.
henselae. Nesse ano, os géneros Rochalimaea e Bartonella foram reclassificados
filogeneticamente considerando a estreita relagao entre conteudo de guanina-citosina
(GC) e homologia do RNA ribossdmico 16S. Sendo assim, o género Rochalimaea foi
fundido ao género Bartonella (HORDT et al., 2020).

Patologias associadas ao atual género Bartonella permaneceram
negligenciadas até meados dos anos 90, quando infec¢des oportunistas acometiam
pessoas vulneraveis, principalmente pacientes com a Sindrome da Imunodeficiéncia
Adquirida (AIDS) e pessoas sem teto em areas urbanas (KOEHLER, 1995). Desde
entdo, o numero de espécies aumentou consideravelmente, assim como a associagao
de diferentes espécies com doengas humanas e uma variedade de manifestacoes
clinicas associadas. A evolugdo dos métodos diagndsticos contribuiu
consideravelmente para a identificagdo e documentacao de agentes de infecgbes em
animais, doentes e saudaveis, e seres humanos, imunocompetentes e

imunocomprometidos.

De acordo com a classificagdo taxondmica atual, o género de bactérias
Bartonella esta incluso no filo das Proteobacteria, classe das Alphaproteobacteria,
ordem Rhizobiales e familia Bartonellaceae. Os membros dessa familia possuem a
habilidade de infectar eritrocitos e causar bacteremias intra-eritrociticas prolongadas

em seus hospedeiros reservatorios. As bartonelas sdo caracterizadas por serem
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bactérias Gram-negativas, de formato cocobacilar, pleomorficas, aerdbicas
obrigatérias e de crescimento fastidioso (DEHIO, 2004; MADA et al., 2020).

1.2. Bartonella henselae

B. henselae é um organismo catalase, urease e indol negativos, ndo fermentador
de carboidratos, positivo para fosfatase alcalina e arginina, e negativo também para
acetoina e reducao de nitrato a nitrito. Além disso, essa espécie possui fimbrias, que
estdo associadas com a citoaderéncia da bactéria (DIDDI et al., 2013). A espécie é
uma das mais conhecida dentre as Bartoneloses patogénicas causadoras de
infeccbes em humanos, sendo a DAG e a Angiomatose Bacilar (AB) suas

manifestagbes mais comuns.

1.2.1. Transmissao

Os gatos domésticos (Felis catus), principalmente jovens, sdo 0s principais
reservatorios naturais de B. henselae, assim como sdo para outras espécies de
Bartonella. Raramente desenvolvem manifestacbes clinicas, permanecendo
infectados com altos niveis de bacteremia intravascular assintomatica (ALVAREZ-
FERNANDEZ et al., 2018; CHOMEL et al., 2006). Cées também sao relatados na
literatura como reservatoérios e potenciais transmissores da espécie para humanos
(BREITSCHWERDT, EDWARD B., 2017; IANNINO et al., 2018). A associagao desse
grupo de microrganismos com reservatorios felinos e humanos ja esta estabelecida
ha muito tempo, mas, devido ao crescente interesse e importancia do género no ramo
médico e veterinario, novos reservatorios tém sido relatados e investigados, como:
mamiferos marinhos, tais como golfinhos (MAGGI et al., 2005) e baleias brancas
(MAGGI et al., 2008); tartarugas marinhas (VALENTINE et al., 2007); bovinos
(CHERRY et al., 2009a); e aves (MASCARELLI et al., 2014).

Muitos estudos sugerem a transferéncia desse patdogeno para artropodes
hematofagos, flebotomineos, piolhos, pulgas e carrapatos durante o repasto
sanguineo (ANGELAKIS et al., 2010; BILLETER et al., 2008; KAISER et al., 2011). O
principal vetor de transmiss&o da bactéria entre gatos € a pulga Ctenocephalides felis.
A bactéria pode ser expelida na saliva e excretada junto as fezes da pulga, como

demonstrado por Bouhsira et al. (2013), durante um experimento de alimentagéo
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artificial. Consequentemente, a contaminacdo acontece através do contato com as

fezes desse artrépode infectado por B. henselae.

A transmissao para humanos pode ocorrer através de arranhdes, lambeduras
ou mordidas de animais contaminados pelas fezes de vetores. O processo efetivo de

transmissao ocorre, entdo, por meio da inoculagcédo da bactéria no tecido humano.

Os gatos, domésticos ou selvagens, além de reservatérios naturais, sdo os
principais transmissores da doenga ao humano. Além disso, existem relatos de
transmissao por transfusdo sanguinea e por agulhas contaminadas entre veterinarios
(DINIZ et al., 2016; LIN et al, 2011; OLIVEIRA et al., 2010). Um estudo de
amplificagdes de DNA por reagao em cadeia da polimerase (PCR) de regiées do DNAs
ribossomais 16S e 23S e de analises do gene rpoB e de imunofluorescéncia aponta a
possibilidade de transmissao da bactéria da mae para o filho durante o parto ou in
utero (BREITSCHWERDT, EDWARD B et al., 2010).

1.2.2. Epidemiologia

A espécie B. henselae, assim como as demais espécies do género Bartonella,
possui distribuigdo mundial e é descrita na maioria dos paises do mundo (BLANCO;
RAOULT, 2005). De acordo com Bass et al. (1997), a incidéncia da DAG é diretamente
proporcional a quantidade de gatos presentes na populagdo observada (principais
reservatérios da bactéria), grau de infestagdo por pulgas (transmissores inter e
intraespécies) e regides de clima quente e umido (ambiente propicio para a

propagacao de artropodes transmissores da bactéria).

Nos Estados Unidos, estima-se que a incidéncia anual de DAG seja de 4,7
diagndsticos para cada 100.000 habitantes com idade inferior a 65 anos, sendo que,
cerca de 12.500 pacientes sado diagnosticados ambulatorialmente e quase 500
pacientes sao internados pelo agravamento da doenga por ano no pais (NELSON et
al., 2016). Essa estimativa € considerada baixa, uma vez que muitos pacientes
acometidos pela bactéria desenvolvem casos autolimitados e nado procuram
atendimento médico, levando a uma subnotificagdo da doenga e seu

negligenciamento.
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No Brasil, Costa et al. (2005) encontraram uma soropositividade para B.
henselae em 60 (13,7%) das 457 amostras de soro de individuos saudaveis

analisadas em um estudo na cidade de Piau, no estado de Minas Gerais

Um estudo retrospectivo em um banco de sangue em Campinas, Sao Paulo,
demonstrou a bacteremia prolongada em pacientes assintomaticos doadores de
sangue, onde 15 dos 500 doadores analisados apresentaram PCR positiva para B.
henselae e 16% dos doadores apresentavam anticorpos contra a referida bactéria.
Estes dados demonstram a importancia de se analisar o sangue de doadores para a
possibilidade de infec¢cdo assintomatica por B. henselae (PITASSI et al., 2015). Um
estudo de Diniz et al. (2016) visou a procura por fatores de risco associados a
infecgdes subclinicas em doadores de sangue também no sudeste brasileiro. Dentre
os doadores, a soropositividade para espécies de Bartonella foi maior dentre aqueles

que tiveram contato com gatos.

Visando estudar a prevaléncia da bactéria em gatos domésticos, Souza et al.
(2010) realizaram um estudo no municipio de Vassouras, no estado do Rio de Janeiro
(RJ), onde se evidenciou a presenga de DNA de Bartonella spp. em 36 das 37 (97,3%)
amostras sanguineas de gatos por meio de analises de PCR para o gene htrA. Essa
alta prevaléncia foi justificada pelo fato de todos os gatos pertencerem a um abrigo,
sem acesso ao exterior, facilitando a transmissao direta (por meio de arranhaduras ou
mordeduras) ou indireta (através de vetores) entre eles. Outro estudo brasileiro, do
mesmo grupo de pesquisa, realizado na regiao metropolitana da cidade do Rio de
Janeiro — RJ, visou a analise de amostras sanguineas de 163 gatos domésticos de
propriedades privadas colhidas no ultimo trimestre de 2009. Realizando ensaios de
PCR, foram encontrados DNA de Bartonella henselae em quase 75% dos gatos
analisados (SOUZA et al., 2017).

1.2.3. Fisiopatologia e fatores de viruléncia

As bactérias da espécie B. henselae colonizam o intestino médio dos
artrépodes sugadores de sangue e sdo expelidas em suas fezes. Durante o repasto
sanguineo, ocasionalmente as fezes contaminadas penetram na pele dos mamiferos
reservatorios, como gatos, principalmente (CHOMEL et al., 2009). E necessario que
elas colonizem um nicho primario onde sao transportadas para células do endotélio

vascular antes da invasao da corrente sanguinea. Uma vez dentro do sistema vascular
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do hospedeiro, as bactérias apresentam tropismo por células eritrociticas, envolvendo
um sistema complexo de adesao e invasao celular, gerando um novo nicho intra-
eritrocitico competente para ser transmitido para um novo vetor artropode durante a
sucgdo sanguinea deste. A localizagdo intra-eritrocitica ndo hemolitica e intra-
endotelial garante a preservagao da infecgdo bacteriana. A resposta imune desses
hospedeiros contra o patégeno é imunomodulada pelo mesmo, se tornando ineficaz
em elimina-lo do organismo, ocasionando bacteremia intra-eritrocitica assintomatica
de longa duracéo (CHOMEL et al., 2009; SEUBERT; SCHULEIN; DEHIO, 2001).

ApoOs a transmisséo da bactéria para humanos, a mesma utiliza estratégias de
fuga do sistema imune inato do hospedeiro. No caso de B. henselae, os receptores
celulares especializados em reconhecimento de potenciais bactérias e virus
invasores, como os receptores Toll-like (TLR) ndo conseguem reconhecer os padroes
moleculares relacionados a patégenos (PAMPs, do inglés) localizados
superficialmente a membrana externa da bactéria, que evade do sistema de defesa
inato do organismo (ZAHRINGER et al., 2004).

Assim como nos hospedeiros reservatorios, o processo de invasao endotelial
se repete em humanos, uma vez que 0s microrganismos invadem células endoteliais
por mecanismos dependentes do Sistema de Secregcdo Tipo IV (T4SS),
principalmente VirB / VirD4 (SIAMER; DEHIO, 2015). T4SS representa um conjunto
de fatores de viruléncia composto por moléculas responsaveis pela transferéncia
eficaz de complexos de nucleoproteinas, como ssDNA relaxases, para células
hospedeiras, criando um mecanismo benéfico anti-apoptotico das células infectadas
(HARMS et al., 2017; WAGNER; DEHIO, 2019).

Adesinas do tipo A de Bartonellas (BadA) também s&o fatores de viruléncia
importantes presentes na superficie de B. henselae associadas com a autoaglutinagao
bacteriana seguida de adesao da bactéria a glébulos vermelhos, além de inibir
apoptose e induzir o processo angiogénico (FRANZ; KEMPF, 2011; RIESS et al.,
2007). A estimulagao da proliferacdo vascular € caracteristica da infecgdo por esta
bactéria, decorrente do processo de indugao de angiogénese e inibicado da apoptose
de células endoteliais que ocasiona na producgao de fatores de crescimento endotelial
vascular (VEGF) (BERRICH et al., 2011; DEHIO, 2003). O sistema de secre¢do Trw

também se mostra importante para a invasao de eritrocitos pela espécie B. henselae,
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uma vez que sua localizagao na superficie da bactéria favorece a interagdo com os
glébulos vermelhos e sua posterior invasao (VAYSSIER-TAUSSAT et al., 2010).

1.2.4. Sintomatologia

A adaptacao especifica de B. henselae ao hospedeiro reservatorio ndo causa
sintomas ao mesmo, ou apresentam-se apenas na forma leve da doenca, levando a
uma infecgao subclinica. Enquanto isso, a infeccdo de hospedeiros acidentais, como
no caso do ser humano, esta associada a um amplo espectro de doencas e multiplos
sinais clinicos (FLORIN; ZAOUTIS; ZAOUTIS, 2008).

As manifestagdes clinicas da infecgao por B. henselae dependem do estado
imunologico da pessoa acometida. A DAG e a AB sao as principais patogenias
envolvendo o patégeno (CHANG et al., 2002).

Entre trés e dez dias apds a exposicdo a bactéria por meio da mordida ou
arranhdo de um gato infectado, a maioria dos pacientes com DAG desenvolvem, no
local do trauma, lesdes caracterizadas por papulas eritematosas com crostas. A
linfadenopatia regional é a principal manifestagao clinica primaria decorrente da DAG,
devido a drenagem linfatica do local de inoculacao da bactéria para o linfonodo mais
préoximo da lesédo, podendo cursar com sinais inflamatorios (sensibilidade, dor, edema,
eritema e hiperemia) cerca de 1 a 3 semanas apos a exposi¢ao. Microscopicamente,
esses linfonodos apresentam agregados bacterianos, granulomas com ou sem

necrose e microabscessos.

Aproximadamente metade dos pacientes cursam com febre de origem
desconhecida, dor abdominal, fadiga, mal-estar, nauseas e vomitos, € uma minoria
exibe outros sinais, como dor de cabecga, dor de garganta, emagrecimento,
hepatoesplenomegalia, anemia hemolitica e erupg¢do cutdnea. Em individuos
imunocompetentes, esse quadro geralmente é autolimitado, sendo resolvido sem

antibioticoterapia em cerca de 2 a 5 meses (GARCIA et al., 2014).

Em individuos imunocomprometidos, B. henselae pode causar uma ampla
variedade de complicagdes sistémicas, como a propria AB potencialmente fatal,
endocardite (FLORIN; ZAOUTIS; ZAOUTIS, 2008), osteomielite (DONA et al., 2018),
doengas oculares (BIANCARDI; CURI, 2014; CELIKER et al., 2018; KSIAA et al.,
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2019; ORAY et al., 2017; VALOR; HUBER, 2018), neurolégicas (CANNETI et al.,
2019; GANESAN; MIZEN, 2005; GERBER et al., 2002; HMAIMESS et al., 2004;
ZAKHOUR et al, 2018), hematologicas (VIEIRA-DAMIANI; ERICSON, 2016),

cuténeas (LINS et al., 2019), entre outras.

A AB é caracterizada por lesdes cutaneas derivadas da proliferagao do epitélio
vascular em virtude da infeccdo por B. henselae (e também por B. quintana)
principalmente em individuos imunocomprometidos, como portadores de AIDS ou
transplantados em terapia de imunossupressao (DINIZ, et al., 2016). As lesdes sao
altamente vasculares gragas a angiogénese anormal estimulada por essas espécies
de Bartonella (VELHO et al., 2003). Além disso, essas lesbes podem adentrar pelo
tecido cutaneo e levar ao envolvimento visceral, como o figado, bagco ou medula
O0ssea. Nesses 0rgaos, o quadro de multiplas lesdes vasculares, parenquimatosas e

hemorragicas passa a ser denominado de Peliose Bacilar (LINS et al., 2019).

1.2.5. Diagnostico

O diagndstico imediato da infecgdo por B. henselae € bastante desafiador, uma
vez que a maioria dos sinais e sintomas sio inespecificos e podem ser observados
em outras infecgdes. A identificagdo da DAG classica se baseia, principalmente, em
uma analise conjunta de sinais e sintomas do paciente, histéria clinica e exame fisico.
A exposigao a gatos € um critério chave para o curso da investigagéo, seguido do
relato de mordidas e arranhdes pelos mesmos e presenca de lesdo no local de

inoculagao e linfonodos aumentados (MAGGI et al., 2011).

A analise laboratorial para confirmacdo diagndstica de infecgdes por B.
henselae nao se da por um meétodo padrao ouro, mas sim, através de um conjunto de
métodos para evitar falsos-negativos. As metodologias mais utilizadas sao: testes
soroldgicos e moleculares, cultura de tecidos e isolamento bacteriano, microscopia
eletrdnica, e ensaios imuno-histoquimicos (FLORIN; ZAOUTIS; ZAOUTIS, 2008).

Exames sorologicos para detecgdo de anticorpos anti B. henselae, como
técnicas de imunofluorescéncia indireta e ELISA (ensaio de imunoabsorgao

enzimatica), sdo os melhores testes para o diagnostico da DAG, pela rapidez e
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facilidade de execugdo em comparagao com as demais metodologias (VERMEULEN
et al., 2007).

Testes moleculares sao utilizados para elucidar casos em que o resultado da
sorologia € negativa e ainda ha suspeita clinica que precisa de confirmacao. A PCR é
altamente sensivel e especifica para detecgédo de fragmentos de DNA de B. henselae
em amostras provindas de linfonodos infectados. De modo geral, a regido intergénica
16S-23S do DNA ribossébmico € um dos principais alvos para determinagdo e
diferenciacao de espécies de Bartonella durante os testes de PCR, todavia a utilizagcao
de duas ou mais regides alvo aumentam consideravelmente a sensibilidade do teste
(CHERRY et al., 2009b). A principal desvantagem dessa metodologia é o uso de
amostras obtidas de forma invasiva, como aspirados e bidpsias de 6rgaos e tecidos
acometidos, principalmente linfonodos. Também se faz necessario o uso de
equipamentos e profissionais treinados para execucado das técnicas moleculares
(CHONDROGIANNIS et al., 2012).

O isolamento de B. henselae em cultura a partir de amostras sanguineas
aumenta consideravelmente a sensibilidade e especificidade do diagnéstico da
infeccao (BREITSCHWERDT, E. B., 2014; KWON et al., 2018). Porém, essa
metodologia é dificil, exigindo periodo de incubagcao de aproximadamente 6 a 8
semanas em placas de agar sangue a 35°C, com 5% de CO2 e ambiente saturado de
agua (OTEO et al.,, 2017). Além disso, em rotinas laboratoriais, o sistema de
hemocultura automatizada nao permite o crescimento da bactéria, ja que as mesmas
dependem, dentre outros fatores, de um longo periodo de incubacéo, e, em geral, os
frascos de hemoculturas sdo desprezados apds 7 dias de auséncia de crescimento
(BLANCO et al., 2008).

1.2.6. Tratamento e profilaxia

As manifestacbes clinicas de infeccdes por B. henselae determinam o
processo terapéutico apropriado. Na DAG classica, em pacientes
imunocompetentes, a doenga tende a ser autolimitada e o uso de antimicrobianos
nao € indicado, sendo o tratamento basicamente sintomatico, como, por exemplo,
administragdo de analgésicos. Em contraste, € aconselhavel o uso de

antimicrobianos em pacientes imunocomprometidos, principalmente para redugao



24

do risco de disseminagao sistémica da bactéria e acometimento dos 6rgaos
(BREITSCHWERDT, EDWARD B., 2008). Os esquemas de antibidticos
recomentados para estes pacientes envolvem a administragdo de azitromicina,
doxiciclina e eritromicina, em dosagens e duragbes especificas para evitar
bacteremias (SHORBATLI; KORANYI; NAHATA, 2018). Em casos de AB e peliose
hepatica, a eritromicina € o medicamento de primeira escolha para o tratamento
(ROLAIN et al., 2004).

A infeccdo bacteriana por B. henselae resulta em imunidade permanente, uma
vez que o processo infeccioso ativa o sistema imune adaptativo com a consequente
formacéao de anticorpos contra a referida bactéria. Porém, recidivas de bacteremias
ja foram relatadas em pacientes com AIDS, mesmo apds administracdo de
antimicrobianos (ROLAIN et al., 2004).

Dado que a bactéria é transmitida de gatos para o ser humano causando a
DAG, uma das formas de prevengao da infecgao é evitar contato direto com estes,
especialmente gatos de rua e de origem desconhecida, casos em que se
desconhece o histérico de ectoparasitose. A higienizagdo apds contato com os
animais de estimacédo também é um fator de cautela para evitar transmisséo da
bactéria. Para minimizar a transmissao entre felinos, a erradicagdo de pulgas é
extremamente eficaz, além de manter os animais em casa, evitando a exposi¢cao e
contato com gatos de rua que podem ser possiveis vetores. (BRUNT et al., 2006;
CHOMEL; BOULOUIS; BREITSCHWERDT, 2004).

1.3. BIOINFORMATICA
1.3.1. Gendmica comparativa

A genbmica comparativa consiste na comparag¢ao do conteudo genético de um
organismo contra outro e seu principal propédsito € obter um melhor entendimento
biolégico da espécie em estudo (GENEREUX et al., 2020; SIVASHANKARI,
SHANMUGHAVEL, 2007). Esta metodologia ajuda a determinar as sequéncias de
regides codificantes do genoma e suas fungdes, assim como caracterizar a frequéncia
de eventos evolucionarios, plasticidade gendémica e estabelecer as relagdes

filogenéticas entre linhagens e/ou espécies (OGIER et al., 2010). A maior parte das
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analises comparativas tem como objetivo identificar similaridades e diferengas entre
os organismos (ABBY; DAUBIN, 2007).

A comparagao gendmica é usada com frequéncia em muitos aspectos
diferentes da ciéncia, como, por exemplo, na comparacao dos genes de Drosophila
melanogaster (mosca das frutas - organismo modelo) com os genes humanos. Foi
relatado que 548 genes do genoma da mosca apresentam homologia a genes
humanos que estdo ligados a doengas humanas de diferentes naturezas (doencgas
cardiovasculares, visuais, auditivas, endocrinas e 6sseas) (REITER et al., 2001). A
descoberta de genes homologos comumente compartilhados entre humanos e outros
organismos abre a possibilidade de testar novas terapias em organismos modelo
(SIVASHANKARI; SHANMUGHAVEL, 2007).

Da mesma forma, essa abordagem pode ser usada em organismos procariotos
como, por exemplo, na comparagao de Bacillus licheniformis (bactéria gram-positiva
de interesse farmacéutico e biotecnoldgico, usada para expressao de proteinas e
producdo de antibidticos) com duas espécies correlatas: Bacillus subtilis e Bacillus
halodurans. A comparacado entre estas trés bactérias ndo s6 contribuiu para a
montagem do genoma de B. licheniformis como também ajudou nos estudos
evolucionarios e na identificagdo de eventos de transferéncia horizontal de genes
(HGT, doinglés) entre elas (REY et al., 2004).

Estendendo o conceito, a gendmica comparativa pode ser usada com um
grande numero de bactérias com estilos de vida distintos. Um estudo usando 317
genomas, de diferentes espécies, géneros e filos de bactérias, foi realizado visando
estabelecer padrdes entre seus estilos de vida, repertérios génicos e tamanhos dos
genomas. Como resultado, os autores observaram que patdgenos intracelulares sé&o
mais propensos a perda génica ou evolugdo gendmica reducionista, contribuindo
consideravelmente para os mecanismos de especiagao dos mesmos (MERHEJ et al.,
2009).

Finalmente, a disponibilidade de genomas bacterianos em bancos de dados e
o uso de abordagens de gendbmica comparativa permitem a realizacdo de estudos
mais aprofundados utilizando novas abordagens, tais como: filogenémica, pan-
genbmica e plasticidade gendémica (LAPIERRE; GOGARTEN, 2009; MUZZI;
MASIGNANI; RAPPUOLI, 2007; TETTELIN, H. et al., 2005).
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1.3.2. Filogenémica

A filogenética € um dos ramos de estudo da filogenia que se refere a
determinacédo da distancia evolutiva de espécies baseando-se em suas relagdes
genéticas. No passado, as reconstru¢des evolucionarias da arvore da vida eram
realizadas baseando-se, principalmente, na identificagcdo do ponto de divergéncia
entre as espécies, considerando-se unicamente caracteristicas homdlogas
compartilhadas. Contudo, tal metodologia poderia tornar-se muito complicada devido
as evolugdes convergente e divergente (PATANE; MARTINS; SETUBAL, 2018).

Com o advento das técnicas moleculares, a filogenética foi aperfeigoada
enormemente pelo uso de diferengas entre nucleotideos e marcadores universais de
referéncia, criando a area da filogenémica (DELSUC et al., 2005; PEREZ-LOSADA;
ARENAS; CASTRO-NALLAR, 2018). Na era pds-gendmica, uma segunda onda de
mudancas trouxe novas abordagens a filogendmica, que agora infere a divergéncia
evolucionaria tirando vantagem de dados de genomas inteiros, como: conteudo e
ordem génica; ortologia; e estrutura da fita de DNA ou assinatura do DNA (KUMAR et
al., 2012). Neste sentido, a filogendmica pode ser definida como a juncédo da
filogenética e gendmica para reconstruir arvores confiaveis de espécies, analisar a
distribuicdo e espalhamento bacteriano e predizer genes ortélogos e paralogos
(CHAN; RAGAN, 2013; OCANA; DAVILA, 2011).

A metodologia de tipagem genotipica por sequenciamento multilocus
(Multilocus Sequence Typing — MLST) € classicamente utilizada para analises
epidemioldgicas por possuir alto poder de discriminagao entre cepas bacterianas.
Inicialmente descrita por Maiden et al. (1998), o método se baseia na analise de,
normalmente, sete genes constitucionais, chamados também de genes
housekeeping, compostos por cerca de 450 pares de base (pb) cada. O perfil criado
pelo conjunto dos alelos de cada gene define o chamado perfil alélico do isolado, ou
sequence typing (ST) (MAIDEN, MARTIN C. J. et al., 2013; PEREZ-LOSADA;
ARENAS; CASTRO-NALLAR, 2018).

Atualmente, uma ferramenta nova vem ganhando espago na area de
filogenbmica pela dindmica de analise de quantidades pré-determinadas de genes e,

inclusive, todo o genoma. O chamado whole genome MLST (wgMLST), que trabalha
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como um MLST estendido, possui poder discriminatério notavelmente superior se
comparado aos usuais sete genes da metodologia classica, sendo capaz de distinguir

clones entre isolados de uma mesma espécie (JOLLEY; MAIDEN, 2014).

1.3.3. Pan-gendmica

Uma metodologia criada para prover uma visdao mais ampla do genoma de uma
espécie ou género € a metodologia de pan-genémica. A ideia de pan-genoma foi
inicialmente introduzida por Tettelin et al. (2005) utilizando as sequéncias genémicas
de oito linhagens de Streptococcus agalactiae. Apds esta pesquisa, outros estudos
foram realizados utilizando analises pan-genémicas de diferentes microrganismos,
incluindo Bacillus cereus (RASKO et al., 2005), Escherichia coli (RASKO et al., 2008),
Sulfolobus islandicus (RENO et al., 2009), Streptococcus pneumoniae (DONATI et al.,
2010), Methanobrevibacter smithii (HANSEN et al., 2011), Corynebacterium
diphtheriae (TROST et al., 2012), Corynebacterium pseudotuberculosis (SOARES et
al., 2013), Pantoea ananatis (DE MAAYER et al., 2014), entre outros.

Ultimamente, a disponibilidade de um grande numero de genomas de diferentes
isolados do mesmo patégeno tem aberto a possibilidade de investigar varias
caracteristicas genémicas intrinsecas a espécie (TETTELIN, H. et al., 2005). Neste
contexto, o objetivo principal dessa metodologia € a comparagao genbmica de
diferentes linhagens de uma dada espécie ou até mesmo género, visando identificar
similaridades e diferengas entre elas (ALCARAZ et al., 2010; SNIPEN; ALM@Y;
USSERY, 2009).

O pan-genoma € definido como o repertério completo e nédo-redundante de

genes de uma dada espécie ou género e € composto de trés subgrupos:

I. Core genome (ou genoma central), que corresponde a todos os genes
compartilhados pelo conjunto de dados estudado. Usualmente, sdo genes
altamente conservados e estdo envolvidos em processos celulares essenciais
relacionados a garantia do funcionamento do microrganismo (MUZZI;
MASIGNANI; RAPPUOLI, 2007);

Il.  Shared genome (também chamado de core estendido), que consiste de genes

que sao compartilhados por duas ou mais linhagens, mas n&o estao presentes



28

em todas. Geralmente sdao genes envolvidos em fungbes adaptativas e
virulentas de determinados nichos (LAPIERRE; GOGARTEN, 2009; MIRA et
al., 2010); e,

Singletons (ou genoma exclusivo), que sao genes espécie/linhagem
especificos, presente apenas em determinada espécie/linhagem e ausente nas
demais. Normalmente, os genes que estdo presentes neste subgrupo dos
singletons estdo envolvidos na adaptacdo da bactéria ao ambiente ou
hospedeiro. Sdo pouco conservados com relagdo a outros grupos, e sao
relacionados, também, com HGT, além de estarem intimamente envolvidos em
aquisicao e perda de material genético de viruléncia e patogenicidade
(JORDAN, 2001; MEDINI et al., 2005; TETTELIN, H. et al., 2005; TETTELIN,
HERVE et al., 2008).

Além da classificagdo em subgrupos, o pan-genoma também pode ser

classificado em aberto ou fechado, dependendo da quantidade de novos genes que

sdo adicionados ao pan-genoma a cada novo genoma adicionado na analise (MEDINI
et al., 2005). Ou seja:

O pan-genoma aberto representa aquele cujo numero de novos genes
adicionados ao pan-genoma aumenta a cada novo genoma incluido na
pesquisa, tendendo ao plato;

O pan-genoma fechado € aquele cujo numero de novos genes tende a zero,
conservando 0 numero de genes ja presentes no pan-genoma antes da adi¢ao

de genomas.

1.3.4. Plasticidade genémica

Procariotos sdo organismos muito promiscuos, comparados a eucariotos, no

sentido de que os mesmos podem adquirir novas adaptagdes ao ambiente através da

incorporacao de DNA recebido de diferentes organismos via HGT (BOTO, 2010).

Varios mecanismos diferentes podem estar envolvidos em eventos de HGT,

exercendo um papel importante na evolugao através da incorporacéo de plasmideos,

bacteriéfagos, transposons, elementos de inser¢cdo e ilhas genémicas. Devido a

caracteristicas especificas da fonte e a mecanismos utilizados na incorporacao
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genbmica, regides adquiridas horizontalmente possuem em comum: (i) um desvio na
assinatura genémica (conteudo G+C e uso de cédon), que reflete a assinatura
gendmica do organismo doador; (ii) a presenga de sequéncias de inser¢ao e/ou tRNAs
flanqueadores, que, por sua vez, podem apresentar uma sequéncia de insergao
especifica em suas regides 3'-terminais; e, (iii) a presenga de transposases
(AZEVEDO et al., 2011).

llhas genémicas (Gls, do inglés: Genomic Islands), grandes regides adquiridas
por eventos de HGT, podem estar ausentes em organismos do mesmo género ou
espécie e ainda albergarem altas concentragbes de genes com fungdes correlatas e
especificas, que as classificam em: ilhas de resisténcia (Rls), com altas concentragdes
de genes de resisténcia a antibidticos (KRIZOVA; NEMEC, 2010); ilhas simbidticas
(Sls), que podem estar correlacionadas com a associacdo de bactérias a plantas
hospedeiras da familia Leguminosae, por exemplo (BARCELLOS et al., 2007); ilhas
metabdlicas (Mls), com varios genes associados com a biossintese de metabdlitos
secundarios (TUMAPA et al., 2008); e, ilhas de patogenicidade (PAls), que possuem
altas concentragbes de fatores de viruléncia, estdo presentes em bactérias
patogénicas e ausentes em espécies ndo-patogénicas do mesmo género e/ou espécie
correlata, além de estarem envolvidas na re-emergéncia de varios organismos
patogénicos devido a insercdo de novos determinantes de viruléncia (DOBRINDT et
al., 2000).

Em vista de sua alta instabilidade e da incorporagao de varios genes em bloco,
Gls sdo muito interessantes para analises de genGmica comparativa, principalmente
para pan-genémica, onde a informacgdo para varias linhagens esta disponivel. As
analises pan-gendmicas associadas com a predicdo de Gls podem ajudar a
compreender a plasticidade genémica do género ou espécie como um todo e ajudar
a correlacionar a presenga/auséncia de diferentes regides com a adaptabilidade ao

hospedeiro ou ambiente.

1.4. Abordagens genémicas em Bartonella henselae

As linhagens de B. henselae sao divididas em dois genotipos diferentes de
acordo com o rRNA 16S: (1) tipo 1 ou Houston-1; e (lI) tipo 2, ou Marseille (LA SCOLA

et al., 2002). Ambos estao distribuidos mundialmente, com prevaléncias relativas em
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determinadas regides, sendo o genétipo Houston-1 encontrado comumente na Asia e

o gendtipo Marseille em gatos europeus (BOULOUIS et al., 2005).

Embora as bactérias do género Bartonella apresentem alta importancia meédica,
veterinaria e zoondtica, atualmente existem poucos estudos sobre o perfil genémico

das espécies.

Alguns dos trabalhos relatados na literatura visam, por exemplo, a
caracterizagdo de genes especificos. Fiskus et al. (2003) encontraram, através de
alinhamentos multiplos de sequéncias, genes presentes em B. henselae e B.
bacilliformis que codificam proteinas com consideravel homologia com espécies da
ordem Rizhobiales, como os géneros Brucella e Agrobacterium. As proteinas (DdIB,
FtsQ e FtsA) sdo relacionadas com a sintese da parede celular e no processo de
divisao celular das bactérias. Riess et al. (2007) contribuiram para o entendimento da
variabilidade do gene que expressa a Adesina A, um importante fator de viruléncia em
linhagens de B. henselae (BadA). O trabalho revelou que eventos de plasticidade
genbmica, como insergdes e delec¢des, sdo capazes de alterar a expressao de BadA

em linhagens da bactéria, coexistindo linhagens BadA-positivas e BadA-negativas.

Lindroos et al. (2006) avaliaram o conteudo gendmico e estrutura de 38
genomas de B. henselae isolados de gatos e humanos. O estudo demonstrou o
tamanho homogéneo do genoma da espécie, variando de 1,9 a 2,0 Mb, além da alta
frequéncia de rearranjos em regides de Gls. De maneira geral, o trabalho sugere que
as diferengcas derivadas da plasticidade genémica entre as linhagens determina
diferentes padrdes de expressao proteica que podem favorecer ou dificultar a evaséo
ao sistema imune e alterar consideravelmente a patogenicidade do microrganismo no

hospedeiro durante sua permanéncia.

Com o propdsito de avaliar as taxas de mutagdes e recombinagcdes em paralelo
com a analises do pan-genoma de B. henselae, Guy et al. (2012) investigaram a
variacdo de genes desse microrganismo. O estudo foi promissor para a dedugéo da
elevada taxa de recombinagdo génica intra-espécie, onde as regides com maior
predominéncia desses eventos foram identificadas em segmentos de genes dos
sistemas T4SS. Relativamente, pelo fato dos genomas apresentarem variabilidade
nessas regides especificas relacionadas com viruléncia, os dados sao sugestivos de

recombinacao dos genes de viruléncia decorrentes de processos de adaptacao a
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hospedeiros. Além disso, o pan-genoma foi classificado como fechado, com um
conjunto delimitado de genes, dada a baixa variagdo génica nos genomas da espécie

como um todo.

Estudos anteriores revelaram a possibilidade de HGT, de adaptabilidade e
patogenicidade envolvendo espécies do género Bartonella (BERGLUND et al., 2009).
Uma reviséo bibliografica de 2019 reuniu estudos acerca de eventos relacionados a
transferéncia de genes e suas possiveis origens e impactos nas bactérias do género
Bartonella. A base para as mudancgas que ocorrem nos genomas € multifatorial, com
origens em HGT e em recombinagdes génicas dentro de uma espécie com pan-
genoma fechado, como no caso das bartonelas. Consequentemente, levando em
consideragao o estilo de vida dessas bactérias, principalmente pelo desenvolvimento
intracelular facultativo, a restricdo a ambientes especificos favorece a conferéncia de
adaptabilidade a hospedeiros (QUEBATTE; DEHIO, 2019).
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2. JUSTIFICATIVA

De forma geral, as bartoneloses apresentam-se como doengas
negligenciadas, além de emergentes, com um amplo espectro de manifestacdes
clinicas importantes para a saude de pessoas e animais ao redor do mundo,
principalmente por causar condi¢gbes crénicas e debilitantes para pessoas de baixos

recursos.

Com o advento da era gendbmica, novas portas se abrem para pesquisa no
género de bactérias patogénicas. A busca por conhecimentos gendmicos da espécie
causadora da DAG, utilizando novas estratégias ndo antes descritas na literatura,
poderiam ajudar a identificar: (1) os padrées de distribuicdo dos complexos clonais da
espécie utilizando técnicas atuais de epidemiologia molecular de genoma inteiro; (2)
potenciais fatores de viruléncia que possam estar relacionados com o processo
patolégico e com os diferentes sintomas causados pelas linhagens; e (3), métodos de
aquisicao de fatores de viruléncia, via identificagcdo dos mecanismos de HGT, por meio
de analises de plasticidade genémica voltadas para a predicdo de ilhas gendmicas,

principalmente ilhas de patogenicidade.
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3. OBJETIVOS

3.1. OBJETIVO GERAL

Realizar analises de sintenia génica, filogenébmica e pan-genémica de 24
linhagens de Bartonella henselae disponiveis publicamente, incluindo a identificagao
e investigacdo de genes de fatores de viruléncia presentes em regides adquiridas

horizontalmente.

3.2. OBJETIVOS ESPECIFICOS

o Realizar analises de filogenia por fragmentacao-alinhamento-filogenia, gene a
gene e wgMLST;

o Analisar os rearranjos gendmicos intraespécie via sintenia génica;

o Caracterizar genes ortologos;

o Classificar os grupos de genes ortélogos nos subconjuntos do pan-genoma;

o Desenvolver o pan-genoma intraespécie, incluindo seus subconjuntos

o Classificar os subconjuntos de genes do pan-genoma nas categorias funcionais
do clusters of orthologous groups (COG);

o Identificar regides adquiridas horizontalmente, localizar ilhas gendmicas de

patogenicidade e de integracao de fagos e analisar o conteudo das mesmas.
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4. The pan-genome of the zoonotic neglected pathogen Bartonella henselae

reveals two groups with different patterns of adaptation to hosts

As anadlises de gendmica comparativa decorrentes do trabalho foram
suficientes para preparacado do artigo intitulado “The pan-genome of the zoonotic
neglected pathogen Bartonella henselae reveals two groups with different patterns of
adaptation to hosts”, publicado na revista Journal of Bacteriology and Mycology, do
grupo Austin Publishing. Em geral, foram utilizadas analises de pangendémica voltadas
para a identificagdo do conteudo génico conservado (core genoma) e variavel (shared
genoma e singletons), avaliando as possiveis regides advindas da plasticidade

gendmica do organismo via analises de ilhas genémicas.
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Abstract

The genus Bartonella is comprised of Gram-negative re-emerging
bacteria like Bartonella henselae, which mainly infects humans and survives
inside erythrocytes. This species is transmitted by scratches and bites from
domestic cats and usually causes a symptomatic infection in humans, known
as Cat-Scratch Disease (CSD). The disease causes multiple clinical signs in
humans, such as dermatic, cardiovascular, lymphatic, hepatic and nervous
system diseases in immunosuppressed individuals. Although the bacteria
are highly relevant for its zoonotic importance worldwide, few studies aimed
at characterizing these species genomes and there is still no pan-genome
study available. Here, we performed phylogenomic, pan-genome and genome
plasticity analyses to determine the epidemiological aspects, the size of the pan-
genome and its variability in the identified pathogenicity and resistance islands.
Altogether, our results showed that the genomes are highly similar, with an
almost closed pan-genome. Also, we found two subsets of genomes, composed
of 7 and 17 genomes of bacteria. Our results point to the need of sequencing
more genomes worldwide to better characterize these variations in the pan-
genome and understand the patterns of adaptation of this species. The highly
conserved genomes from this species are very important for the development of
new vaccines and analyses of drug targets against this pathogen. Furthermore,
these data may then be used in future works, which will be highly relevant for
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containing the disease worldwide.

Keywords: Bartonella henselae; Cat-Scratch Disease; Pan-Genome;
Genome Plasticity; Phylogenomics
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ACT (Artemis Comparison Tool); B. apis (Bartonella apis); B.
henselae (Bartonella henselae); BRIG (BLAST Ring Image Generator);
CDSs (Coding DNA Sequences); COG (Cluster of Orthologous
Groups); CSD (Cat-Scratch Disease); DNA (deoxyribonucleic
acid); GC-content (guanine-cytosine content); GIPSy (Genomic
Island Prediction Software); LCBs (Locally Collinear Blocks); Mb
(mega base pairs); kb (kilo base pairs); MCL (Markov Clustering);
NCBI (National Center for Biotechnology Information); PAIs
(Pathogenicity Islands); RIs (Resistance Islands); T4SS (type IV
secretion system); USA (United States of America); VFDB (Virulence
Factor Database); wgMLST (whole genome Multilocus Sequence

Typing).
Introduction

The genus Bartonella is comprised of Gram-negative, fastidious,
intracellular and reemerging bacteria [1]. Some species from this
genus mainly infect cats, but is also an opportunistic pathogen
for humans and are frequently acquired through hematophagous
arthropod vectors. Those species are able to infect and survive inside
erythrocytes, through a long intra-erythrocytic and intra-endothelial
infection, which results in recidivist bacteremia both in humans and
other mammals [2]. The genus presents at least 13 human pathogenic

species [3], among which the 3 most relevant ones being: Bartonella
bacilliformis, which causes the Oroya fever [4]; Bartonella quintana,
causing trench fever [5]; and, Bartonella henselae, the causative agent
of the Cat-Scratch Disease (CSD).

Domestic cats are the main reservoirs of B. henselae and both
immunocompetent and immunosuppressed cats are frequently
asymptomatic to the infection, though they can present subclinical
infections and suffer from recidivist bacteremia through their lives
[6]. B. henselae transmission between cats occurs through arthropod
vectors, mainly fleas [7] and dogs are also potential reservoirs of
B. henselae [8]. The transmission route between humans and cats
occurs mainly through the dermic inoculation of the bacteria
through scratches or bites of contaminated cats [9]. However, other
studies show B. henselae infections of immunocompetent humans
through the possible inoculation by ticks and spider bites [10,11].
In the bloodstream, the bacteria invade erythrocytes, where they
persist intracellularly, causing erythrocytic and vascular endothelial
alterations [12].

B. henselae infection in humans causes multiple clinical signs,
such as dermatic, cardiovascular, lymphatic, hepatic and nervous
system diseases [13]. CSD is characterized by circumscribed regional
lymphadenopathy in the inoculation site and previous studies
revealed an immune-dependent pattern of clinical manifestations of
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CSD, mainly in immunosuppressed humans [14].

Although the bacteria present a high veterinary, medical, and
zoonotic importance, there are currently few studies about the
genomic profile of the species and the few existing ones aim at
characterizing specific genes and analyzing the recombination and
mutation rates [15-18]. Previous studies revealed the possibility
of a horizontal gene transfer of adaptability and virulence genes in
the species from the genus Bartonella [19]. Altogether, the fact that
B. henselae is distributed worldwide and considered as a neglected
zoonotic pathogen, opens doors for new genome plasticity studies
of the species. In this work, we performed phylogenomics, pan-
genomics, and genome plasticity analyses to find the possible
epidemiological relationships between the strains, the conserved
and variable subsets of genes and the pathogenicity and antibiotic
resistance islands that may be involved in the pathogenesis process.

Material and Methods

Genomes

We retrieved 24 genomes of different strains of B. henselae
publicly available at the GenBank on NCBI (https://www.ncbi.nlm.
nih.gov). The genomes were retrieved through FTP in .gbff, .fna and
faa file formats. The genome of Bartonella apis was used as a non-
pathogenic reference where applicable.

Phylogenomic analyses

The software Gegenees was used to compare the percentage of
similarity between the 24 genomes [20]. The .fna files containing
the complete and draft genomes of B. henselae were imported
to Gegenees and analyzed using the default parameters. Briefly,
Gegenees fragments all genomes in pre-defined sizes; performs
similarity analyses using BLASTn among the genomes to identify the
commonly shared regions; and, finally, the software creates a heatmap
with the percentage of similarity among the genomes. Here, we used a
fragmentation size of 200 bp and a similarity threshold of 40%.

The similarity matrix generated by Gegenees was then exported
in .nexus format and further used in the software SplitsTree [21] to
create a neighbour-joining phylogenetic tree based on the similarity
among the strains using the option Equal Angle.

For a greater resolution on the phylogenomic tree analysis, a
whole genome Multilocus sequence typing (WgMLST) analysis [22]
was performed via the online software PGAdb-builder [23]. The 24
genomes of B. henselae, in the .fasta format, were compared with the
PGAdb profile through BLASTn, using the module Build_PGAdb.
Next, the PGAdD profile of the genomes, in the .scheme format, was
used to build a wgMLST tree using the module Build_wgMLSTtree,
with a 90% coverage and 90% identity filter. After the BLASTn
analyses, the output file .newick was exported and used as input file in
the software MEGA?7 [24] for the reconstruction of the phylogenomic
tree.

Gene Synteny

The gene synteny analysis was performed using the software
Mauve [25]. Briefly, Mauve fragments the genomes in pre-defined
sizes, creates Locally Collinear Blocks (LCBs) using the sequence
alignments and exports the results as a figure where the rearrangement
events are represented. Here, we imported the .fna files from the 24

strains and used the Houston-1 strain as reference along with the
“progressiveMauve” algorithm.

Pan-genomic analyses

The prediction of orthologous genes was performed with the
software OrthoFinder [26] and further classified with the use of
an in-house script in: core genome, containing only genes that are
commonly shared by all strains; shared genome, containing genes
that are shared by two or more strains, but not all; and singletons,
with strain-specific genes. Briefly, OrthoFinder used the .faa files with
the amino acid sequences of all Coding DNA Sequences (CDSs) in
each genome to perform an all-vs-all BLASTp analysis. The sequences
were then grouped using the Markov Clustering (MCL) algorithm to
determine the orthologous genes [27].

Pan-genome and subsets development

The pan-genome, core genome and singletons development
were calculated based on the mean values of the permutations of
all genomes using the method described in Soares et al. [28]. The
final curves were then fitted using an in-house script to estimate the
fixed parameters for Heap’s Law (pan-genome analyses) and least-
squares fit of the exponential regression decay (core-genome and
singletons). The extrapolations of the pan-genomes from the different
datasets were calculated by curve fitting based on Heap’s Law with
the formula n=x *N¢, where n is the expected number of genes for
a given number of genomes, N is the number of genomes, and the
other terms are constants defined to fit the curve. The extrapolations
of the core genomes and singletons for all datasets were calculated by
curve fitting based on least-squares fit of the exponential regression
decay with the formula n=«*exp[—x/t]+tg(0), where n is the expected
subset of genes for a given number of genomes, x is the number of
genomes, exp is Euler’s number, and the other terms are constants
defined to fit the curve.

We used 7 subsets of genes for all the analyses: the complete
genome dataset; 2 subsets with genomes isolated from different hosts
(cats and humans); two subsets of genomes from different locations
(France and USA); and, two subsets containing the genomes of the
two groups identified on Gegenees and PGAdb (genomes 2-8 and
9-25 on Gegenees). The group 2-8 includes the strains: A242, A244,
A121, A112, A233, U4 and BM1374165, while the group 9-25 consists
of the strains: A235, JK41, JK42, Zeus, JK53, A76, A74, BM1374163,
MVTO02, A20, A71, F1, FDAARGOS175, Houston-I, Houston-1,
JK51, and JK50.

Classification of CDSs of the pan-genome subsets into
the cluster of orthologous groups

The subsets of the pan-genome (core, shared and singletons)
were classifled according to the functional categories of the cluster
of orthologous groups (COG) into 1 - Information storage and
processing; 2 — signaling and cellular processes; 3 — metabolism; and,
4 - poorly characterized. To perform this classification, the CDSs of
the subsets were BLAST aligned against the myva database of COG,
using an e-value of le-6, and the result was crosschecked with the
WHOG information from COG [29].

Horizontally acquired regions

The software GIPSy (Genomic Island Prediction Software)
[30,31] was used to perform the prediction of Pathogenicity Islands
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Table 1: Genomic features of the strains used in this study.

Soeces | swan  assemby  STUISSE goc ool Mest ool o tomm Rt Tl
Houston-1 GCA_000046705  1.931.050 | 38.2 1 1 1.743 1.52 USA Human
BM1374165 | GCA_000612765 1.975.500 | 38.1 1 1 1.767 1.538 France Cat
BM1374163  GCA_000612965  1.905.380 | 38.2 1 1 1.705 1.505 France Cat
MVT02 GCA_001291465  1.905.380 | 38.2 1 1 1.706 1.505 France Human
Houston-| GCA_001525625  2.014.710 | 38.3 1 1 1.757 1.52 USA Human Jan-95
JK 51 GCA_000516675 | 1.926.860 | 38.1 26 7 1.731 1.511 USA Cat Oct-94
JK 50 GCA_000516695  1.921.450  38.2 28 5 1.732 1.505 USA Human Sep-94
JK 42 GCA_000516715  1.921.970 | 38.3 47 13 1.691 1.469 USA Cat Jul-93
JK 41 GCA_000516735  1.875.760 | 38 33 9 1.675 1.466 USA Human Jul-93
Zeus GCA_000708485  1.940.920  38.2 60 19 1.727 1.465 USA Cat 1990/1995
JK 53 GCA_000708545  1.940.190  38.3 53 12 1.711 1.462 USA Human | 1995/2005
Bartonella | FDAARGOS_175 | GCA_001525625 ~ 2.014.750 | 38.3 2 2 1.803 1.547 USA Human 1990
henselae A20 GCA_001932075  1.840.740 38 66 66 1.596 1.454 France Cat Apr-96
A74 GCA_001932085  1.855.280 @ 38 71 71 1.61 1.471 France Cat Mar-96
AT76 GCA_001932095  1.862.680 @ 37.9 58 58 1.613 1.466 France Cat Mar-96
AT71 GCA_001932135  1.839.690 = 38 74 74 1.607 1.463 France Cat Apr-96
A112 GCA_001932145 ~ 1.838.410  37.9 64 64 1.63 1.467 France Cat May-96
A233 GCA_001932165  1.835.600  37.9 46 46 1.618 1.461 Denmark Cat Oct-98
A121 GCA_001932175 1.837.810 | 37.9 53 53 1.615 1.458 France Cat May-96
A242 GCA_001932215  1.860.020 | 38 46 46 1.638 1.486 Denmark Cat Mar-98
A235 GCA_001932225 | 1.821.810 | 38 42 42 1.584 1.448 Denmark Cat Mar-98
A244 GCA_001932235| 1.857.850 38 43 43 1.628 1.47 Denmark Cat Mar-98
F1 GCA_001932245 | 1.864.200 38 67 67 1.621 1.479 USA Cat 1996
U4 GCA_001932295  1.812.180 | 38 56 56 1.576 1.42 USA Cat 1996
Bartonella apis BBC0122 GCA_002007565  2.907.210 | 45.7 1 1 2.546 2445 | Switzerland m::lﬁ:i:ra Dec-14

(PAIs) and Resistance Islands (RIs) in the genomes of B. henselae.
Briefly, GIPSy is a multi-pronged tool that identifies the most
common features of the pathogenicity islands, such as genomic
signature deviation, tRNA flanking genes, transposases and a high
concentration of virulence factors. We used .gbk files and default
parameters in our analyses. The genome of Bartonella apis [32] was
used as the non-pathogenic reference.

The phage regions, i.e. regions harboring phage sequences, were
predicted and annotated by the software PHASTER [33] using the
fasta file of the Houston-1 strain. PHASTER performs gene prediction
in bacterial genome followed by BLAST analyses against a customized
phage database on NCBI and prophage database developed by
Srividhya et al. [34,35], which contains phage genes. PAI and phage
regions were plotted in comparative circular genome representations
on the software BRIG (BLAST Ring Image Generator) [36].

We used the software BRIG to create a circular genome mapping
using different genomes as references. The genomic sequences in. fasta
format were used on BRIG, which performed the comparative analysis
using BLAST to compare the strains of B. henselae with the reference
Houston-1 strain. Furthermore, the species B. apis was also added to
the analysis. The results were plotted on a circular comparative map.

The image generated is composed of rings, where each genome is
represented by a ring of a given color. The intensity of such color is
related to the degree of similarity with the reference genome. Deleted
regions of the genomes, compared with the reference, are represented
by empty regions (blanks). The coordinates of the islands predicted by
GIPSy and the phages predicted by PHASTER were added to BRIG’s
circular map for visualization of the genomic plasticity events. Two
additional plasticity analyses were performed using, as references,
strains isolated from cats and humans (BM1374165 and Houston-1I,
respectively). Both were selected as references because they are strains
with the largest complete genomes among the 24 available genomes
for each host group.

The coordinates of the pathogenicity islands predicted by GIPSy
were analyzed at the ACT (Artemis Comparison Tool) software [37]
and exported to a list of the genes present in each region. The tool
PATRIC [38] was used to find information on the virulence genes
found in the analysis. The tool uses BLASTp to compare the genes
found on the islands against a database that integrates the Virulence
Factor Database (VFDB) [39], MvirDB [40] and manually annotated
virulence genes, mainly of the genus Mycobacterium, Shigella,
Salmonella, Escherichia, Listeria and Bartonella [38].
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Figure 1: Phylogenomic tree correlating the evolutionary distance among the strains of Bartonella henselae. The genomes of the bacteria are enumerated
and named in the 25 lines, whereas the genomes are found in the same order in the columns at the upper region of the chart. The heatmap values indicate
the percentage of similarity among the genomes. The colors indicate the degree of similarity, varying from red (low similarity) to green (high similarity). The
phylogenomic reconstruction was performed using the SplitsTree software based upon the distance matrix generated by the Gegenees software. The circle next
to the name of the strain indicates the country of isolation of the same, according to the respective color of the legend. The triangle represents the host from which
the bacterium was isolated for sequencing, also following the color of the legend. Bh: Bartonella henselae. Ba: Bartonella apis. N/A: Not applicable. USA: United
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Results

General Features

The genomic features of all the genomes used for the analyses are
presented in Table 1. Regarding the species B. henselae, the genomes
have a relatively homogenous size, varying between 1,81 and 2,02 Mb,
with a gene content in the range from 1576 to 1803 genes and a GC-
content that varies from 37,9% to 38,3%. The amount of contigs on
the draft genomes varies from 2 to 74 (Table 1).

Phylogenomic analyses

The similarity analysis was made using Gegenees software to
determine the degree of genomic variability among the strains of B.
henselae. The generated heatmap (Figure 1) shows a high similarity
among the strains of B. henselae, varying from 96 to 100%. The strains
were sub-grouped on clusters, generating 2 clusters on the heatmap.
The first cluster comprises of the strains 2 to 8, with the similarity
varying from 99% to 100% among them, where all the strains were
isolated from cats. The second cluster is formed by the other strains
(9-25), with similarities varying from 98% to 100%, where the strains
were isolated both from cats or humans. A phylogenomic tree based
on Gegenees analysis was also plotted on Figure 1. Noteworthy, the
strains A244 and A242, isolated from cats, are more distantly related
to the others, whereas they cluster together with other 5 strains (A121,
A112, A233, U4 and BM1374165), also isolated from cats.

A phylogenomic tree based on wgMLST analysis is shown in
Figure 2, explaining the evolutionary correlation among the strains,
where the short evolutionary distance among the various strains
is noticeable. As observed at the SplitsTree reconstruction, the
correlation of ancestry among the strains corresponds to the same
pattern previously found on Gegenees, with a high bootstrap value,
while the strains A112, A121, A233, BM1374165, U4, A242, and
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Figure 2: Dendrogram created with the wgMLST profile of the 24 genomes
of Bartonella henselae. The PGAdb profile of the genomes of Bartonella
henselae was used to construct a wgMLST tree using the Build_wgMLSTtree
module. The bootstrap values are shown at the nodes. The phylogenomic
tree was built via the online software PGAdb-builder and the file “.newick” was
exported and used in MEGAY for the tree visualization. The circle next to the
name of the strain indicates the country of isolation of the same, according
to the respective color of the legend. The triangle represents the host from
which the bacterium was isolated for sequencing, also following the color of
the legend. Bh: Bartonella henselae. N/A: Not applicable. USA: United States
of America.
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Figure 3: Gene synteny analysis of the complete and draft genomes of The core genome, composed of genes commonly shared by all species,
Bartonella henselae. The limits among the contigs are represented by contains 1160 genes, or 70.1% of the total number of genes in the
red lines. The different Locally Collinear Blocks (LCBs) that are conserved The shared ith hared b
among the strains are represented by different colors. The deleted regions pan.—genome. ¢ shared genome, with genes shared by two or more
of the genome are represented by blank spaces between the blocks, and the strains, but not all, has 388 genes (23.44% of the total pan-genome).
low similarity regions among the genomes are represented by blank spaces Lastly, 107 genes (6.46%) are strain specific, being denominated
inside the blocks. The enumerated ruler above the LCBs represents the .
S singletons.
genomic position.

A244 are more distantly related from the others, including the strains
isolated from humans. According to these results, other analyses were
carried out using subsets based on the strains present in clusters 2-8
and 9-25.

Gene Synteny Analysis

At Figure 3, the prediction of LCBs on all the strains has shown
large and numerous regions of homology, mainly among the complete
genomes. All the draft genomes present small and large inverted
regions represented by a change in the orientation of the LCBs from
one DNA strand to another. The strain BM1374165 has a large new
region compared to Houston-1.

The use of fragmented genomes hinders the visualization of the
synteny among the strains. A more accurate analysis was made using
only the completed genomes, as represented in Figure 4. There is a
predominance of 3 LCBs: the first one (represented by the red color)
with approximately 1.46 Mb, a second one (blue) with around 0.43 Mb
and a small one (green) between the other two, with just 4.85 kb. Only
the strain BM1374165 presents small deletions on a pathogenicity
island (highlighted by the black box). Besides that, it is interesting
to notice that MVT02 and BM1374163, although presenting 100%
similarity on Gegenees, are still very similar on the analysis run by
Mauve, as opposed to Houston 1 and Houston I, that present regions
of deletion on different regions of the genome.

Pan-genomic analysis

The pan-genomic analysis through Ortho Finder software
identified a pan-genome composed of 1655 non-redundant genes.

Pan-genome, core genome and singletons development

Considering a=1-y, where the y value for the extrapolation of
the pan-genome of the complete dataset was 0.06, the a value of
the complete dataset is 0.94, whereas the subsets USA, France, cats,
humans, 2-8 and 9-25 have the following o values, respectively: 0.94,
0.93, 0.93, 0.92, 0.90 and 0.95. According to Heap’s Law, an a lower
than 1 is representative of an open pan-genome, where each added
genome will contribute some genes to the pan-genome, whereas an a
higher than 1 is representative of a closed pan-genome, where newly
added genomes will not contribute significantly to the pan-genome.
Considering this rule, all pan-genomes are still open, although
varying at different rates, where the subset of 2-8 presents the fastest
changing pan-genomes, opposing to the subset 9-25, which present
the slowest growing pan-genome.

The core genomes of the complete dataset and the subsets USA,
France, cats, humans, 2-8 and 9-25 have the following tg(0) values,
respectively: ~1136, ~1023, ~1141, ~1165, ~1230, ~1137 and ~1211.
Concerning the singletons of the complete dataset and the subsets
USA, France, Cats, humans, 2-8 and 9-25, they have the following
tg(0) values, respectively: ~1, ~6, ~3, ~3, ~12, ~16 and ~4.

According to the least-squares fit of the exponential regression
decay, the tg(0) represents the point where the curve will stabilize,
which may be correlated to the number of genes in the core genome
after stabilization and the number of singletons that will be added
to the pan-genome for each newly sequenced genome. Considering
this rule, the core genome of the complete dataset will have 1136
genes after stabilization, whereas the subset from the USA will be the
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and singletons development using the clusters 9-25 generated from Gegenees.

Figure 5: Pan-genome, core genome and singletons development of Bartonella henselae. A1/B1/C1, respectively, the pan-genome, core genome and singletons
development using all 24 strains of B. henselae; A2/B2/C2, pan-genome, core genome and singletons development of the strains isolated from USA; A3/B3/C3, the
pan-genome, core genome and singletons development of the strains isolated from France; A4/B4/C4, the pan-genome, core genome and singletons development
of the strains isolated of cats; A5/B5/C5, the pan-genome, core genome and singletons development using the strains isolated of humans; A6/B6/C6, the pan-
genome, core genome and singletons development using of the clusters 2-8 generated from the software Gegenees; A7/B7/C7, the pan-genome, core genome

Table 2: Locations and sizes of pathogenicity islands predicted in the reference
strain Bartonella henselae Houston-1.

ISLAND LOCATION SIZE (pb)
PAI 1 126.888 136.627 9.739
PAI 2 356.6 428.14 71.54
PAI 3 1.277.004 1.300.302 23.298
PAI 4 1.437.361 1.505.591 68.23
PAI 5 1.524.451 1.542.024 17.573
PAI 6 1.799.481 1.819.889 20.408

smallest one, with 1023 genes and the core genome of humans will
be the largest one, with 1230 genes. On the singletons subset, on the
other hand, only one gene will be added to the complete dataset for
each newly sequenced genome, whereas the subsets from France and
Cats will have 3 newly added genes and the subsets humans and 2-8
will have 12 and 16 newly added genes, respectively (Figure 5).

Classification of the CDSs in the subsets of the pan-
genome on the cluster of orthologous groups

The classification of subsets of the pan-genome on the functional
categories of the COG is represented in Figure 6. Most of the genes
at the subsets shared and singletons are composed of “poorly
characterized” genes. On the other hand, the core genome is mostly
composed of genes that integrate the cellular “metabolism”, in
addition to genes responsible for “cellular processes and signaling”
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STORAGE AND PROCESSES AND CHARACTERIZED
PROCESSING SIGNALING
Figure 6: Subset classification of the pan-genome according to the functional
categories of the Cluster of Orthologous Groups. The figure represents the
classification of the gene sets of the pan-genome according to the functional
categories of the Cluster of Orthologous Groups (COG) on a percentage
scale.

and “information storage and processing”.

Genomic Plasticity

The analysis of the circular comparison of the genomes of the
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Figure 7: Circular representation of the genomic comparison among the strains of the Bartonella henselae species. The circular genomic comparisons were
created with the BRIG software. The image represents the genomic plasticity among the genomes of B. henselae using the strain Houston-1 as a reference. Each
ring in the image corresponds to one genome of one strain of B. henselae, with the respective color corresponding to the legend at the right. The deleted regions are
represented by blank spaces inside the circles, while the shared genes regions are filled with color. The PAls, Rls, and phage regions were predicted by the GIPSy
and PHASTER software, respectively. The circle next to the name of the strain indicates the country of isolation of the same, according to the respective color of
the legend. The triangle represents the host from which the bacterium was isolated for sequencing, also following the color of the legend. The numbers next to the
keys indicate the numbering of the cluster generated by Gegenees and PGAdb analysis. The asterisk (*) represents the location of the cluster of virulence genes
virB. Bh: Bartonella henselae. Ba: Bartonella apis. PAI: pathogenicity island. RI: resistance island N/A: Not applicable. USA: United States of America.
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Figure 8: Gene content of the phage region found in Bartonella henselae Houston-1. The phage region determined by the PHASTER software, with approximately
54.9 Kb, possesses 89 genes that are represented by colored arrows. The segment was cut in 3 parts to facilitate the representation. Arrows pointing to the
right and left sides represent the forward and reverse strands of DNA. Gene names are represented right above their correspondent arrows. To facilitate the
representation, the intergenic regions were not dimensioned. The final region of the segment, composed of attR and tRNA are overlapping on the genome.
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Figure 10: Circular representation of the genomic comparison between all strains of the Bartonella henselae using the strain Houston-I as reference. The image
represents the genomic plasticity among the genomes of B. henselae using the strain Houston-I as a reference. Each ring in the image corresponds to one genome
of one strain of B. henselae, with the respective color corresponding to the legend at the right. The deleted regions are represented by blank spaces inside the
circles, while the shared genes regions are filled with color. The circle next to the name of the strain indicates the country of isolation of the same, according to the
respective color of the legend. The triangle represents the host from which the bacterium was isolated for sequencing, also following the color of the legend. The
numbers next to the keys indicate the numbering of the cluster generated by Gegenees and PGAdb analysis. Bh: Bartonella henselae. Ba: Bartonella apis. PAI:
pathogenicity island. RI: resistance island N/A: Not applicable. USA: United States of America.
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Table 3: List of all genes located in the pathogenicity islands of the reference

strain Bartonella henselae Houston-1.

ISLAND | GENE LOCATION PRODUCT
psA 127083 | 128783 30S ribosomal protein S1
cmk 128916 | 129563 Cytidylate kinase
paq | SPA | 129500 | 130888 r-omooepeimransiorase
BHO00960 @ 131075 131455 Hypothetical protein
ilvD 132510 | 134348 Dihydroxy-acid dehydratase
BH00990 | 134491 134639 Prophage integrase
lldD 357436 | 358587 L-lactate dehydrogenase
BH02730 = 360289 | 360414 Hypothetical protein
BH02740 = 361075 | 361395 Hypothetical protein
pheP 361576 | 363003 Phenylalanine-specific permease
BH02760 @ 363045 | 363725 ABC transporter ATP-binding protein
BH02770 = 363722 | 364360 Hypothetical protein
BH02780 = 364374 | 364928 Biotin synthase
BH02790 = 366252 366632 exonuclease
BH02800 & 367274 | 367522 [no /product]
BH02810 | 368313 | 368600 [no /product]
BH02820 = 368624 | 368975 Phage related
BH02830 & 369436 | 370097 Phage related
BH02840 @ 370293 | 370475 Hypothetical protein
BH02850 = 370522 | 370674 Hypothetical protein
BH02860 | 370808 | 371101 Hypothetical protein
BH02870 & 371023 | 371178 Hypothetical protein
BH02880 @ 371485 | 372642 Hypothetical phage integrase
BH02890 = 372656 | 372886 Hypothetical protein
BH02900 &= 372914 | 373504 Anti-repressor protein
dind1 373624 | 373899 DNA-damage-inducible protein
BH02920 @ 373912 374202 Hypothetical prophage protein
BH02930 @ 374325 | 374555 Hypothetical prophage protein
BH02940 = 374666 | 374893 Hypothetical prophage protein
PAI2 | BH02950 & 374890 & 375552 Phage related lysozyme
BH02960 @ 375712 376014 Hypothetical prophage protein
BH02970 | 376001 376321 Hypothetical prophage protein
BH02980 = 376365 | 376643 Hypothetical prophage protein
BH02990 @ 376640 | 377371 Anti-repressor protein
BHO03000 = 377391 377618 Anti-repressor
BH03010 = 377623 | 378195 Anti-repressor protein
BH03020 | 378223 | 378771 Anti-repressor protein
gpD 379083 | 380390 Late control gene D protein
agpX 380387 | 380611 Phage tail protein
gpU 380608 @ 380988 Phage tail protein
BHO03060 | 380994 = 383294 Phage tail protein
BH03070 = 383404 | 383688 Hypothetical prophage protein
gpFll 383690 | 384196 Major tail tube protein FlI
gpFl 384196 = 385428 Major tail sheath protein FI
BHO03100 = 385668 | 385844 Anti-repressor
BH03110 = 385898 | 386419 Phage protein
BHO03120 @ 386465 | 386794 Virulence-associated protein
BH03130 = 386882 387061 Hypothetical prophage protein
BH03140 @ 387357 | 388682 Hypothetical prophage protein
BH03150 | 388697 | 391840 Virulence-associated protein
gp27 391842 392948 Phage protein gp27
gp26 392948 = 393775 Phage protein gp26
agp25 393772 | 394101 Phage protein gp25

gp24 394110 | 394799 Phage-related baseplate assembly protein
BH03200 = 394780 @ 395322 Hypothetical prophage protein
BH03210 | 395374 = 395646 Hypothetical prophage protein
BHO03220 @ 395636 @ 395953 Hypothetical prophage protein
BHO03230 @ 396194 @ 396472 Hypothetical prophage protein
BH03240 = 396469 = 397227 Anti-repressor protein
BH03250 = 397246 = 397800 Anti-repressor protein
BHO03260 @ 397821 398012 Anti-repressor
BHO03270 @ 398185 = 399258 Hypothetical prophage protein
BHO03280 = 399294 = 399647 Hypothetical prophage protein

gp20 399649 = 400725 Phage protein gp20

gp19 400738 | 401106 Phage protein gp19
BHO03310 = 401103 = 401516 Hypothetical protein

gp18 401366 | 402475 Phage protein gp18

gp17 402399 | 403955 Phage protein gp17
BHO03340 @ 403955 = 404203 Hypothetical prophage protein

gp15 404207 | 406135 Phage terminase large subunit (gp15)

gp13 406128 | 406709 Phage protein gp13
BH03370 | 406772 | 407086 Killer protein

vapA1 407103 | 407399 Virulence-associated protein a
BHO03390 @ 407511 407684 Hypothetical prophage protein

dinJ2 407809 | 408072 DNA-damage-inducible protein
BHO03410 = 408059 @ 408340 Hypothetical prophage protein
BHO03420 @ 408383 | 408661 Hypothetical prophage protein
BHO03430 @ 408658 @ 409416 Anti-repressor protein
BHO03440 @ 409476 | 409991 Anti-repressor protein
BHO03450 = 410008 = 410847 Anti-repressor protein
BHO03460 @ 410879 | 411421 Anti-repressor protein
BHO03470 @ 411438 @ 411704 Hypothetical protein
BH03480 @ 412018 @ 412596 Hypothetical prophage protein
BHO03490 = 412600 @ 412920 Hypothetical prophage protein
BHO03500 @ 413179 @ 413355 Hypothetical prophage protein
BH03510 | 413393 | 413788 DNA-binding protein
BHO03520 = 413785 = 413943 Hypothetical prophage protein
BHO03530 @ 414079 @ 414618 Hypothetical prophage protein

ssb1 414599 | 415045 Single-strand binding protein SSB
BH03550 | 415237 | 415517 vapD

vapA2 415540 | 415830 Virulence-associated protein A
BHO03570 @ 415927 = 416199 Hypothetical prophage protein
BHO03580 = 416364 @ 416762 Hypothetical prophage protein
BHO03590 @ 416776 @ 417888 Hypothetical prophage protein
BHO3600 = 417878 @ 418225 Hypothetical prophage protein

gp11A 418218 | 418694 Hypothetical prophage protein
BHO03620 = 418822 = 419598 Hypothetical prophage protein
BHO03630 @ 419607 = 420059 Hypothetical prophage protein
BHO03640 = 420072 = 420437 Hypothetical prophage protein
BHO03650 @ 420515 @ 421132 Phage repressor protein
BHO03660 = 421374 @ 421748 Hypothetical prophage protein
BHO03670 @ 421813 | 422205 Anti-repressor protein
BHO03680 = 422215 @ 422682 Anti-repressor protein
BHO03690 @ 422672 @ 422974 Hypothetical prophage protein
BHO3700 = 422987 @ 423370 Phage related protein
BHO03710 = 423374 | 423739 Hypothetical prophage protein
BHO03720 = 423736 = 423903 Hypothetical prophage protein
BHO3730 | 423812 | 424591 Phage related protein
BHO03740 | 424593 | 425216 Exonuclease
BHO03750 | 425245 | 425736 Exonuclease
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BHO03760 @ 425809 | 426012 Phage related protein BH13440 @ 1537113 | 1540244 Hypothetical protein
serC 426588 | 427751 Phosphoserine aminotransferase BH13450 1541044 1541217 Prophage integrase
BH11550 | 1277140 1278357 Hypothetical protein BH15520 | 1799985 1801265 Oxidoreductase
BH11560 @ 1278427 | 1280100 Hypothetical protein korB 1802021 | 1802290 korB protein
BH11570 @ 1280717 | 1280968 Hypothetical protein BH15540 @ 1802337 1803065 Hypothetical protein
ubiC 1282863 = 1283378 Chorismate-pyruvate lyase trwN 1803062 = 1803730 trwN protein
carA 1284573 | 1285772 | Carbamoyl-phosphate synthase small chain korA 1803874 | 1804167 korA protein
BH11600 @ 1285837 | 1286849 putative transport protein trwl1 1804130 | 1804447 trwL1 protein
BH11610 @ 1287680 | 1288519 Hypothetical protein trwlL2 1804494 | 1804805 trwlL2 protein
PAI3 carB 1289195 | 1292680 = Carbamoyl-phosphate synthase large chain trwl.3 1804829 | 1805152 trwL3 protein
BH11630 | 1293067 1293276 Cold shock protein trwl4 | 1805190 1805507 trwL4 protein
aatA 1293574 | 1294776 Aspartate aminotransferase a trwlL5 1805661 | 1805969 trwL5 protein
BH11650 @ 1295556 @ 1296461 LysR family transcriptional regulator trwlL6 1806088 | 1806429 trwL6 protein
trxB | 1296518 1297471 trwL7 | 1806567 1806881 trwL7 protein
trkH 1297784 | 1299178 trk system potassium uptake protein trkh PAI 6 trwl.8 1807042 | 1807353 trwlL8 protein
BH11680 | 1299870 1299953 [no /product] trwM | 1807366 1807674 trwM protein
BH12870 | 1439270 1439626 DNA-binding protein trwk | 1807677 = 1810148 trwK protein
BH12880 | 1440117 | 1440584 Prophage integrase trwd1 1810145 1810933 trwJ1 protein
asd 1440905 | 1441921 Aspartate-semialdehyde dehydrogenase trwl1 1811167 | 1812051 trwl1 protein
BH12900 @ 1442300 | 1442926 Hypothetical protein trwH1 1812216 | 1812362 Hypothetical protein
yaeC 1443453 | 1444271 Lipoprotein trwd2 1812359 | 1812985 trwJ2 protein
BH12920 = 1444299 | 1445333 ABC transporter, ATP-binding protein trwl2 1813241 | 1814125 trwl2 protein
BH12930 @ 1445326 | 1445985 ABC transporter, permease protein trwH2 1814293 | 1814439 Hypothetical protein
BH12940 @ 1446396 | 1447533 Prophage integrase trwG 1814436 | 1815134 trwG protein
nodN 1447916 = 1448395 Nodulation protein n trwF 1815148 | 1815954 trwF protein
BH12960 1448563 | 1449900 Hypothetical protein trwk 1815954 | 1817141 trwE protein
BH12970 @ 1454740 | 1455480 Hypothetical protein trwD 1817116 | 1818177 trwD protein
BH12980 | 1455496 1456524 Hypothetical protein
BH12990 | 1456535 | 1457506 Hypothetical protein strains of B. henselae (Figure 7) shows various regions shared by all
BH13000 | 1458309 | 1458431 Prophage integrase the strains, as well as few deleted regions on them. We identified 6
BH13010 | 1459285 | 1459866 Probable surface protein pathogenicity islands (PAIs) through predictions made by the GIPSy
BH13020 | 1459863 | 1462346 Hypothetical protein software. Their lengths vary from ~9.7 kb (PAI 1) to ~68.2 kb (PAI
PAI4 | BH13030 | 1463064 | 1469090 Probable surface protein 4). The location and size of the PAIs are shown in Table 2 and the
BH13040 | 1470331 | 1471284 fatD list of all the genes located at PAIs is presented at Table 3. We also
BH13050 | 1471232 | 1472220 fatC identified one phage region considered intact by the PHASTER
BH13060 | 1472178 | 1472962 ceuk software, whose location corresponds, approximately, to the same
BH13080 | 1473184 | 1473395 [no /product] PAI 2 region (Figure 8). Among the 191 genes predicted into all
BH13090 | 1474501 | 1475505 Hypothetical protein the islands, 73 (38%) are “hypothetical proteins”, and, among these,
BH13100 | 1476693 | 1477628 [no /product] 36 are “hypothetical prophage protein”. The strain B. henselae U4
BHT3110 | 1477431 | 1479672 [no fproduct] presents a deletion at the region predicted as PAI 2 on the reference
BH13120 | 1480666 | 1484991 Hypothetical protein genome (B. henselae Houston-1), that corresponds, also, to the region
BH13130 | 1485515 @ 1485661 Prophage integrase predicted as Phage 1.
BH13140 1486276 | 1488897 Probable surface protein
BH13150 = 1489421 @ 1489567 Prophage integrase According to the analysis of the genome BM1374165 (Figure 9)
BH13160 1490182 | 1492524 Hypothetical protein and Houston-I (Figure 10), isolated from cat and human, respectively,
BH13170 | 1493412 | 1493714 Hypothetical protein we predicted 4 Rls, 2 PAIs and one phage region on the former and
BH13180 | 1494963 | 1497581 Hypothetical protein 6 RlIs, 4 PAIs and two phage regions on the latter. Interestingly,
BH13190 1499323 | 1499766 Hypothetical protein the region that is present on the strain BM1374165 and absent on
parA1 1503848 | 1504477 parA protein Houston-1, observed on Mauve (Figure 3-4), mostly corresponded to
BH13360 | 1521519 | 1521725 Hypothetical protein RI 1 predicted by GIPSy on the former, as observed in Figure 9. This
BH13370 | 1521736 | 1523370 Putative cell filamentation protein is a duplication of the region 840001-903302 of the strain Houston-1,
traG 1523533 | 1525452 Conjugal transfer protein trag which is equivalent to the regions 810628-873868 and 911748-976210
PAlS BH13390 | 1525994 | 1527622 Hypothetical protein of the strain BM1374165.
BH13400 1528692 | 1530290 Putative cell filamentation protein . ) .
13410 | 1530764 | 1532308 Hypothetioal protein . Br1eﬂ?r, tl?e phage region harl.aours tbe genes: phage integrase
o342 | 1552694 | 1634083 Hypothetical profein (int), whlcb is requlrefl for the integration of the eleme?nt, he.ad
13430 | 1534424 | 1536928 Hypothetical protein genes, terminase subunits, prohead protease, scaffold protein, major

capsid subunit, and the tail genes, including the major and minor
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tail subunit proteins, overlapping open reading frames, and the tape
measure protein [41].

Discussion

Our analyses suggest that the B. henselae species present a high
similarity among its strains, indicating a certain stability of the
genome and low degree of diversity. This fact corroborates previous
studies that demonstrated the low rate of recombination of the
intraspecies gene content [17,18].

Bouchouicha et al. [42] demonstrate the use of MLVA for
classification of B. henselae genomes into two genotypes. In the case of
our study, where the strains are completely sequenced and deposited
in public databases, it is more viable to use wgMLST approaches,
which use the whole genome, instead of 16s. This methodology is more
precise than MLVA and is able to identify clones and meroclones
from the samples as shown by Maiden [22]. Although the strains
of B. henselae have a high similarity at its genetic content, they can
still have some small variations at the nucleotide level that cannot be
traced by the Gegenees software. In order to identify the differences
at such level, we performed a phylogenomic analysis based on the
genome polymorphism of the species. As shown by the tree created
by Splits Tree, the analysis of wgMLST via PGAdb-builder also
presents a high proximity among the species, demonstrating the gene
conservation throughout time. The strains A242 and A244 became
further apart compared to the others. Both strains were isolated from
cats in Denmark on the same period (March 1998) [43].

The proximity of the A74 and A76 strains could be associated
to the fact that both were isolated and sequenced at the same period
from feline hosts on France (March 1996). The host’s data, as well
as in the case described above, could not justify the phylogenomic
analysis. But, an interesting fact is evidenced by analyzing the U4 and
F1 strains. Both were isolated in 1996 from feline hosts in the USA.
However, both in the SplitsTree and the PGAdb-builder analyses, the
strains presented themselves as phylogenomically apart and present
in clusters with strains from 2 different countries (France and the
USA). From these results, it might be possible to hypothesize that the
phylogenomic proximity among different strains is independent of
the fact that they were isolated from the same country or year.

Although highly similar concerning their gene content, different
strains of the same species may exhibit genetic rearrangements that
allow them to develop different phenotypes. To verify the possible
existence of rearrangement at the B. henselae genomes, a gene
synteny analysis was performed by Mauve. This software identifies
LCBs during the alignment process, defined as regions without
local rearrangements of probable homologous sequences shared
by two or more genomes. From the analysis considering only the
completed genomes, we could observe that the species maintain its
structure conserved among its strains since there are no inversions
and translocations. Although the completed genomes present some
deletion regions, none of them are inside pathogenicity islands.

Altogether, the data on the extrapolations show a very
homogeneous variation on the pan-genome, core genome and
singletons of the complete dataset, with an a value 0f 0.94, representing
a slow growing open pan-genome and tg(6) of 1136 and 1 for the
core genome and singletons, respectively, which shows a tendency

for a closed pan-genome. However, the singletons from the genome
isolated from the USA and the core genome and singletons from the
strains isolated from humans show fast changing values, showing a
possible fast changing pan-genome, which is in agreement with the a
value of 0.92 from the pan-genome of human. Also, the alpha value
of the strains 2-8 was the smallest one, 0.90, whereas the core genome
and singletons present only slight variations on the curve, which is
in agreement with the grouping of those strains in the phylogenomic
tree.

As expected, the analysis of the subsets of the pan-genome by the
COG database demonstrated that the main components of the core
genome are genes responsible for essential processes of the bacteria,
as metabolism and cellular signaling. In contrast, genes that compose
the shared and singletons are poorly characterized genes. This is in
agreement with the high importance of the core genes subset, which
is mostly composed of housekeeping genes of the species.

Genome plasticity analyses allow the search for regions on the
genome called pathogenicity island (PAIs), which are very important
for being acquired by horizontal gene transfer and for containing
virulence genes, as initially observed by Hacker, in virulence studies
with Escherichia coli [44] For PAIs prediction, we included the B.
apis bacteria genome at GIPSy as a non-pathogenic reference. The
choice was based on the fact that this species, until this moment,
was not associated to a pathogenic response on a human host or on
mammals in general. B. apis can be found in the posterior intestine of
fully grown bees, where they live in a symbiotic relationship with its
host [32]. Besides, the species is intimately related with the B. henselae
species.

Six PAIs were identified from the analyses of all the B. henselae
genome through GIPSy (Table 2). The gene list with the respective
location can be found in Table 3. We analyzed gene by gene and we
focused on the genes that code proteins involved in known virulence
mechanisms and described in the literature.

PAI 1: The gene aroA, coding for the product 3-phosphoshikimate
1-carboxyvinyltransferase, is an integral part of the Shikimate
pathway, responsible for the formation of aromatic amino acids in
bacteria [45]. The mutation in this gene is used in Salmonella species
for the generation of recombinant mutants used as adjuncts in
attenuated vaccines [46]. Besides that, other studies using the gene
aroA asa potential vaccine target were published in literature and used
on a variety of microorganisms, such as Pasteurella multocida [47],
Bordetella pertussis [48] and Yersinia pestis [49]. However, in the last
study, although the mutation in the gene was able to elicit an immune
response in guinea pigs, it presented virulence in mice. A recent
study revealed that the elimination of the aroA gene of Salmonella
typhimurium led to an increased virulence and consequent elevation
of immunogenicity of the strain, such a fact being advantageous to
the optimization of the vaccine agents and bacterial immunotherapy
[50].

The gene ilvD coding for the product dihydroxy-acid dehydratase
was described in Mycobacterium tuberculosis [51] and Escherichia coli
[52] as being an enzyme essential to bacteria. Its main function is to
take part in the biosynthesis of branched-chain amino acid. Previous
studies with anti-tuberculosis agents revealed that the inactivation
of the ilvD gene led to auxotrophy of three amino acids (isoleucine,
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leucine, and valine) and reduced the surviving capabilities of the
bacteria [53].

PAI 2: The second pathogenicity island corresponds to a phage
region predicted by Phaster as phage integration regions. Several
phage proteins can be found in this region, justifying the pathogenicity
island predicted by GIPSy.

PALI 3: The operon carAB was the main component found in this
island. In prokaryotes, the genes carA and carB are responsible for the
coding of the minor and major subunits, respectively, of the product
Carbamoyl-phosphate synthase large chain [54]. This enzyme is
essential for the metabolism of arginine and pyrimidines. Previous
studies revealed that mutations on the carA and carB genes produce a
silenced mutant, which may be used as an oral vaccine against avian
colibacillosis [55].

PAI 4: The gene asd, that code Aspartate-semialdehyde
dehydrogenase, takes part in the formation of the cell wall and was
described in studies of the immunologic response of Salmonella
enterica serovar Typhimurium [56].

PAI 5: Six of the ten genes present in this island are genes that
code hypothetical proteins, with no description of those in the
literature. It was also found as a prophage integration region.

PAI 6: The genes trwLl, trwL2, trw]2, trwF, trwE, and trwD were
found in this island. The genes of the ¢trw family are intimately related
with the species of the Bartonella genus virulence, mainly Bartonella
tribocorum [57], being an operon that codes the components of type
IV secretion system (T4SS). The trw locus was acquired via horizontal
gene transfer on Bartonella species and is currently present in
approximately 13 species [58]. It is a conjugation system involved in
the bacteria pathogenicity and related with the transport of proteins
(mostly virulence factors) and DNA. The bacteria component as a
whole eases the dispersion of bacterial genetic material, including
the pathogenicity islands to other microorganisms, being able to
transform non-virulent species into pathogenic ones, which makes
it an important virulence factor present in B. henselae [59]. Besides,
it was already described that the trw system mediates the specific
erythrocyte infection of the host, attaching itself to the erythrocyte
surface, which is the main developmental factor in the pathogeny of
B. henselae [57].

It is interesting to notice that the main virulence genes of the
T4SS, of the virB family, are not harbored by any of the predicted
PAIs in our study. However, such genes are present among the PAI
4 and PAI 5, as represented by an asterisk in Figure 7, and such a fact
is relevant due to the possibility that these genes are integrated into
the islands and become transmissible by horizontal transference to
non-pathogenic species.

The additional analysis of the genomes isolated from cat
(BM1374165) and human (Houston-I), selected from clusters 2-8
and 9-25, respectively, showed that, in cat isolates, the amount of
horizontally acquired regions (PAIs, Ris, Prophage) is lower in
relation to the human isolate.

Conclusion

All the results presented here highlighted the high similarity
among the genomes of B. henselae. We have found two clusters of

genomes, one composed of strains isolated from cats (2-8) with more
diverse pan-genome and another composed of strains isolated from
cats or humans (9-25), with a more homogeneous pan-genome, where
the extrapolations of the pan-genome, core genome, and singletons
show that group 2-8 are varying faster than the strains from group
9-25. Also, although many PAIs and RIs were predicted, none of
them present deletions in agreement with the subsets studied here
and may not be correlated with the epidemiological hypothesis raised
here. Altogether, there is still a need for sequencing more strains from
other countries to better understand the pangenomic features of this
organism. Finally, the highly conserved genomes from this species
are very important for the development of new vaccines and analyses
of drug targets against this pathogen that is of great importance for
causing disease not only in domestic cats but also in humans, and
these data may then be used in future works, which will be highly
relevant for containing the disease worldwide.
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5. CONCLUSOES

De forma geral, o trabalho aponta para a comprovagcdo da alta similaridade
intraespécie de B. henselae. Seu pan-genoma, apesar de aberto, tende a se tornar
fechado. Porém, para a validagao dos padrdes de distribuigdo gendmica, aponta-se a
necessidade de sequenciamento de mais genomas em todo o mundo, de diferentes
locais e hospedeiros, como humanos, gatos e caes, para melhor caracterizar

variagdes no pan-genoma e compreender os padrdes adaptativos dessa espécie.

A alta conservagcdo dos genomas dessa espécie € muito importante para o
desenvolvimento de novas vacinas e analises de alvos de drogas contra esse
patdogeno. Esses dados poderdo ser utilizados em trabalhos futuros, de grande

relevancia para o tratamento da doenga em todo o mundo.
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