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“C’est le temps que tu a perdu pour ta rose qui fait ta rose si importante.”

Antoine de Saint-Exupéry

“A ciéncia nunca resolve um problema sem criar pelo menos outros dez.”

George Bernard Shaw
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RESUMO

O trato respiratdrio suino ¢ habitado por diversas espécies bacterianas. Dentre essas, 0s
micoplasmas atraem particular interesse. Sao trés as principais espécies de Mycoplasma
encontradas nesse ambiente: Mycoplasma hyopneumoniae, agente da pneumonia enzootica
suina, Mycoplasma hyorhinis, associado ao complexo de pneumonias suinas ¢ causador de
artrites, ¢ Mycoplasma flocculare, considerada uma espécie comensal. A reconstrugdo das
vias metabolicas dessas espécies identificou diferengas que podem estar relacionadas aos
diferentes niveis de patogenicidade entre elas. Um aspecto interessante esta relacionado ao
metabolismo de glicerol e a consequente producdo de peroxido de hidrogénio nas espécies
patogénicas. Outra diferenga importante ¢ uma via para a captagdo e metabolismo de mio-
inositol presente somente em M. hyopneumoniae. Enquanto todas as linhagens de M.
hyopneumoniae foram capazes de captar mio-inositol do meio de cultura e permanecer
viadveis apos o cultivo com esse carboidrato como fonte priméaria de energia, a producgdo de
peroxido de hidrogénio s6 foi detectada nas linhagens patogénicas dessa espécie em
condi¢des padrdo de cultivo. Esses dois aspectos metabolicos de M. hyopneumoniae
(produgdo de peroxido de hidrogénio e catabolismo de mio-inositol) podem estar
diretamente relacionados a sua viruléncia aumentada em relagdo a M. hyorhinis ¢ M.
flocculare. Dessa forma, torna-se interessante estudar a interagdo de M. hyopneumoniae
com o hospedeiro suino. Assim, foi realizada a analise de expressdo diferencial de genes e
miRNAs de uma linhagem de células epiteliais suinas (NPTr) infectada por M.
hyopneumoniae para identificar as alteragdes que a infec¢do causa na expressao génica das
células hospedeiras. Também foi analisada a expressdo diferencial de miRNAs do meio
extracelular e de exossomos liberados das células infectadas. A infec¢do levou a alteragao
da expressao de 1.283 genes e 170 miRNAs (p < 0,05). Diversos genes relacionados a
atividade de oxidagao-reducao apresentaram aumento de expressao durante a infec¢ao, em
sua maioria regulados pelo fator de transcricdo NRF2. NRF2 regula a expressdo de genes
citoprotetores em resposta ao estresse oxidativo. A produgdo de peroxido de hidrogénio
por M. hyopneumoniae durante a infec¢do pode ter levado a ativagdo desse fator de
transcri¢do, resultando no aumento da expressdo de diversos genes com funcdo
antioxidante. Além disso, ocorreu a redugdo da expressao de miRNAs que regulam genes
antioxidantes, de forma que parece haver uma altera¢do global na expressdo génica para
ativar essa fun¢do durante a infec¢do. Genes relacionados aos cilios, ao citoesqueleto e a
divisdo celular apresentaram redugdo de expressao durante a infec¢do. O citoesqueleto e o
ciclo celular sdo impactados por diversos patogenos e a infeccdo por M. hyopneumoniae
pode estar relacionada a esses aspectos. Quanto aos cilios, houve a reducao da expressao
de genes que codificam proteinas responsdveis pelo movimento ciliar, o que pode estar
relacionado com a ciliostase induzida por M. hyopneumoniae. A maior parte dos miRNAs
diferencialmente expressos identificados estd nas amostras extracelulares e de exossomos,
reforgando o papel dessas vesiculas na comunicacao celular. Devido a participacao dos
exossomos durante a infecgdo, testamos seu efeito sobre M. hyopneumoniae em cultura.
No entanto, os resultados indicam que nao ocorreu interagdo das vesiculas com os
micoplasmas e que 0s exossomos ndo alteraram o crescimento bacteriano.
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ABSTRACT

Several bacterial species inhabit the swine respiratory tract. Among these, mycoplasmas
attract particular interest. Three Mycoplasma species are important in this environment:
Mycoplasma hyopneumoniae, agent of swine enzootic pneumonia, Mycoplasma hyorhinis,
which is associated with pneumonia and causes arthritis, and Mycoplasma flocculare,
considered a commensal species. The reconstruction of metabolic models of these species
identified differences that might explain their different levels of pathogenicity. One
important trait is related to glycerol metabolism and consequent hydrogen peroxide
production in the pathogenic species. Another important feature is a pathway for uptake
and metabolism of myo-inositol found only in M. hyopneumoniae. While all strains of M.
hyopneumoniae were able to uptake myo-inositol from the culture medium and remain
viable when this carbohydrate was the primary energy source, the hydrogen peroxide
production was detected only in the pathogenic strains of M. hyopneumoniae in rich
medium. These two metabolic features of M. hyopneumoniae (hydrogen peroxide
production and myo-inositol catabolism) might be directly related to its enhanced virulence
compared to M. hyorhinis and M. flocculare. In this way, it is interesting to study the
relation between M. hyopneumoniae and the swine host. Therefore, we analyzed the
differential expression of genes and miRNAs of an epithelial porcine cell line (NPTr)
infected with M. hyopneumoniae to identify the changes that the infection caused in gene
expression of host cells. We also analyzed the differential expression of miRNAs of the
extracellular medium and of exosomes released from infected cells. The infection induced
the differential expression of 1,283 genes and 170 miRNAs (p < 0.05). Several genes
related to oxidation-reduction activity were up-regulated during infection; most of them are
regulated by the transcription factor NRF2. NRF2 regulates the expression of
cytoprotective genes in response to oxidative stress. Hydrogen peroxide production by M.
hyopneumoniae during infection might have induced the activation of this transcription
factor, resulting in increased expression of several antioxidant genes. In addition, we
identified a dow-nregulation of miRNAs targeting antioxidant genes, so that it seems there
is a global change in gene expression to activate this function during infection. Genes
related to cilia, cytoskeleton and cell division were down-regulated during infection. The
cytoskeleton and the cell cycle are affected by several pathogens and M. hyopneumoniae
infection might be related to these aspects. Regarding the cilia, a number of genes that
encode proteins responsible for the ciliary beating was down-regulated, which might be
related to M. hyopneumoniae induced ciliostasis. Most of the miRNAs identified were
differentially expressed in total extracellular and in exosome samples, reinforcing the role
of these vesicles in cell communication. Due to the involvement of exosomes during
infection, we tested their effect on M. hyopneumoniae in culture. However, we were not
able to detect interactions between exosomes and mycoplasmas, and the vesicles did not
affect bacterial growth.
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1. INTRODUCAO

1.1 —Micoplasmoses do trato respiratorio suino

A suinocultura ¢ uma atividade economica de grande importancia no Brasil,
estando presente na maior parte das propriedades rurais brasileiras. O pais ¢ o quarto maior
produtor mundial e quarto maior exportador de carne suina, com uma producao de 3.758
milhdes de toneladas no ano de 2017, sendo a regido Sul responsavel por quase 65% do
abate dos animais (ABPA, 2018). Atualmente a suinocultura ¢ caracterizada por sistemas
de producao intensiva, visando maior produtividade e diminui¢do dos custos associados a
produgdo. No entanto, essa forma de produgdo leva a altas densidades populacionais em
ambientes fechados, o que propicia maior exposicdo a agentes infecciosos. Diversas
bactérias colonizam o trato respiratorio suino causando doengas, ¢ dentre as enfermidades

bacterianas de maior importancia a suinocultura, destacamos as micoplasmoses.

A pneumonia enzooética suina (PES) € a principal micoplasmose suina ¢ a doenca
bacteriana que causa as maiores perdas econdmicas na suinocultura (MAES ef al., 1996).
A PES ¢ uma doenga respiratoria infecciosa cronica que tem como principal agente
etiologico a bactéria Mycoplasma hyopneumoniae. M. hyopneumoniae ¢ um patdgeno
extracelular que coloniza o trato respiratorio através da aderéncia as células do epitélio
ciliar de traquéia, bronquios e bronquiolos, causando danos a esses tecidos (DEBEY &
ROSS, 1994). A aderéncia aos cilios ¢ essencial para a iniciagdo da infec¢do, € uma vez
estabelecida, ela induz ciliostase, perda dos cilios e morte das células epiteliais (Figura 1).
Isso resulta em uma funcao diminuida do principal mecanismo de defesa inespecifico do
trato respiratorio, o aparelho mucociliar (DEBEY & ROSS, 1994; THACKER, 2004), o
que predispde o animal a infec¢des por patogenos secundérios (CIPRIAN et al., 1988;
MAES et al., 1996; THACKER, 2004). Além do impacto fisico do microrganismo no trato
respiratorio, M. hyopneumoniae também ¢ capaz de modular e evadir a resposta imune

para persistir no hospedeiro (THACKER, 2004; MAES et al., 2017).

A PES apresenta distribuicdo mundial, estando presente em quase todos os
rebanhos suinos (MINION et al., 2004). Caracteriza-se por uma tosse seca ndo-produtiva,
retardo de crescimento, alta morbidade e baixa mortalidade (MAES ef al., 1996). A tosse ¢

uma consequéncia direta das lesdes pulmonares observadas nos animais afetados, que

14



consistem em dareas de consolidacdo purpura acinzentadas (MAES et al., 2017). A
transmissdo da enfermidade ocorre principalmente por transferéncia horizontal de suinos
infectados para ndo-infectados, também ocorrendo transmissdo vertical de fémeas
contaminadas para sua prole durante a lactacio (NATHUES et al., 2016). O impacto
econdmico da PES se da sobretudo devido aos custos de tratamento e vacinagdo, as perdas
relacionadas a redugdo no ganho de peso dos animais e consequente menores valores de
venda de carcacas, ¢ ao aumento da mortalidade causado pelas infecgdes secundarias

(THACKER & MINION, 2012; MAES et al., 2017).

O controle da PES pode ser realizado pelo uso de antibidticos, pela vacinagio e
pela otimizagdo das praticas de manejo. Tetraciclina e macrolideos sdo os antibidticos mais
frequentemente utilizados no controle da PES (MAES et al., 2008). No entanto, a
utilizacdo de medicamentos para o controle de infec¢des por M. hyopneumoniae muitas
vezes oferece uma protegdo apenas parcial e assim que o tratamento ¢ interrompido a
doencga ¢ novamente estabelecida (THACKER & MINION, 2012). Quanto as vacinas, as
atualmente disponiveis sdo compostas pelo microrganismo inativado (bacterinas), mas elas
conferem apenas prote¢do parcial ao rebanho e ainda nio foi desenvolvida uma vacina
completamente eficaz contra a bactéria (SIMIONATTO et al., 2013; MAES et al., 2017).
Até o momento, um unico método ainda nao foi capaz de eliminar a infeccdo de forma
rapida e eficiente. Dessa forma, fica evidente a necessidade de estudos que investiguem o
metabolismo e os mecanismos moleculares de M. hyopneumoniae a fim de identificar

novos potenciais alvos para o controle da infecgao.

Figura 1. Eletromicrografia de células epiteliais suinas infectadas com M.
hyopneumoniae. Microscopia eletronica de varredura mostrando a aderéncia e dano ao
epitélio ciliado causado pela linhagem patogénica 91-3 de M. hyopneumoniae (seta).
Escala: Spum. Adaptado de Young et al. (2000).
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Mycoplasma hyorhinis € outra espécie de Mycoplasma frequentemente isolada de
suinos (KOBISCH & FRIIS, 1996). De acordo com Friis e Feenstra (1994), seu habitat
natural s3o as membranas mucosas do trato respiratério superior e tonsilas. Apds a
exposicdo, o organismo se espalha rapidamente através do trato respiratdrio superior e
pode ser frequentemente isolado dos pulmdes (THACKER & MINION, 2012), fazendo
assim com que M. hyorhinis seja considerado agente etioldgico do complexo de
pneumonias suinas (GOIS et al., 1968; GOIS et al., 1971; KOBISCH & FRIIS, 1996).
Adicionalmente, a pneumonia causada por M. hyorhinis esta com frequéncia associada a

infeccao por M. hyopneumoniae (LIN et al., 2006).

Assim como M. hyopneumoniae, M. hyorhinis se adere ao epitélio ciliado das vias
aéreas dos suinos, prejudicando o aparelho mucociliar e predispondo o hospedeiro a
infecgdes secundarias (THACKER & MINION, 2012). M. hyorhinis também ja foi
relacionado a ocorréncia de otite média em suinos (MORITA et al., 1995). Entretanto,
apesar de o habitat natural dessa bactéria ser o trato respiratoério suino, a maioria das
doencas associadas a M. hyorhinis estdo relacionadas a invasdo sistémica do organismo,
resultando em artrites e polisserosites (HAKKARAINEN er al., 1992; THACKER &
MINION, 2012). Além disso, este microrganismo ocupa um importante nicho artificial
como um dos contaminantes de cultura celular mais prevalentes em todo o mundo (CITTI

et al.,2000).

Mycoplasma flocculare ¢ a terceira espécie do género Mycoplasma encontrada
colonizando o trato respiratorio suino. No entanto, apesar da alta prevaléncia em rebanhos,
¢ considerada uma bactéria comensal e nenhuma doenca foi relacionada a sua presenca até

o momento (KOBISCH & FRIIS, 1996).

Além das bactérias citadas, outras espécies de micoplasmas sdo encontradas
colonizando diversos tecidos de suinos. Algumas delas sdo causadoras de doengas, como
Mycoplasma suis, causadora de anemia, e Mycoplasma hyosynoviae, causadora de artrite
em animais em fase de terminagdo. Outras espécies, como Mycoplasma sualvi,
Mycoplasma hyopharingis e diversas espécies de Acholeplasma também podem ser
isoladas de suinos, mas estas parecem ser nao-patogénicas (THACKER & MINION,
2012).
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1.2 — O género Mycoplasma

Os organismos do género Mycoplasma estdo entre os menores € mais simples
organismos auto-replicativos identificados. Pertencem a classe Mollicutes (do Latim:
mollis, mole; cutis, pele), sendo que a auséncia de parede celular e o tamanho diminuto sdo
caracteristicas que os diferenciam fenotipicamente dos demais procariotos (RAZIN, 2006).
Inicialmente considerados virus, os Mollicutes foram identificados como bactérias em
meados da década de 1960. Desde entdo, o numero de espécies pertencentes a classe vem
crescendo e atualmente existem cerca de 200 bactérias caracterizadas como Mollicutes

(RAZIN & HAYFLIK, 2010).

Os micoplasmas estdo amplamente difundidos pela natureza como parasitos de
seres humanos, mamiferos, aves, répteis, peixes, artropodes e plantas (PITCHER &
NICHOLAS, 2005). Normalmente sdo extracelulares, aderindo-se a superficie de células e
tecidos do hospedeiro, embora ja tenham sido descritas algumas espécies ocupando o
interior de células eucarioticas (LO et al., 1993; BASEMAN et al., 1995). Podem ser
patogénicos ou apenas fazer parte da microbiota natural do hospedeiro (RAZIN, 2006).
Embora a maioria dos micoplasmas seja hospedeiro-especifico, algumas espécies como
Mycoplasma bovis, Mycoplasma agalactie € Mycoplasma mycoides subespécie mycoides
tém uma gama mais ampla de hospedeiros e a ocorréncia de micoplasmas como agentes
zoondticos ja foi ocasionalmente descrita (PITCHER & NICHOLAS, 2005; CITTI &
BLANCHARD, 2013). Nos seres humanos, os micoplasmas estdo relacionados a doengas,
principalmente em individuos imunocomprometidos, tais como sindromes respiratorias,

pneumonia, atrite reumatoide e doengas autoimunes (BASEMAN & TULLY, 1997).

A auséncia de parede celular explica algumas das propriedades Unicas dos
micoplasmas, como sensibilidade ao choque osmotico e detergentes, resisténcia a
penicilina e formacao de colonias com a forma peculiar de “ovo frito”. A existéncia de
apenas uma membrana trilaminar simples faz com que morfologicamente os micoplasmas
sejam considerados gram-negativos (RAZIN, 2006). Entretanto, filogeneticamente
relacionam-se com bactérias gram-positivas, compartilhando um ancestral comum com os
géneros Streptococcus, Lactobacillus, Bacillus e Clostridium (WOLF et al., 2004).
Acredita-se que a evolucao dos Mollicutes teria ocorrido por degeneracao ou reducao do
genoma de bactérias gram-positivas com baixo contetido de G+C, acompanhado de perdas

significativas de sequéncias genémicas (WOESE, 1987). O caminho evolutivo da reducao
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do genoma levou os micoplasmas a um estilo de vida parasitico obrigatorio, que
presumivelmente selecionou as bactérias que melhor manipulam seus hospedeiros e fazem
o melhor uso de seu nicho especifico com um conjunto minimo de genes (KAMMINGA et

al., 2017).

Os genomas dos organismos do género Mycoplasma sdo extremamente reduzidos,
variando entre 564 kb (Mycoplasma parvum) e 1358 kb (Mycoplasma penetrans)
(SASAKI et al., 2002; NASCIMENTO et al., 2013) e apresentando um baixo conteudo de
G+C, com variagdes entre 22 e 40% (dados do site do NCBI — acesso em outubro de
2018). Assim como ocorre em outros organismos, a distribuicdo do conteudo de G+C nos
genomas de Mycoplasma ¢ desigual. Nas regides intergénicas o conteudo de A+T é maior
que nas regides codificadoras, podendo chegar a ordem de 90% (DYBVIG & VOELKER,
1996). Também entre os genes a distribuicdo de nucleotideos ¢ irregular, sendo que o
conteudo de G+C concentra-se mais nos genes codificadores de rRNA e tRNA (RAZIN et
al., 1998). Como resultado da composi¢ao atipica dos genomas, hd o favorecimento da
utilizacdo de cddons que contém adenina e timina (DYBVIG & VOELKER, 1996). Outra
particularidade ligada a essa questdo € a utilizacdo do codon UGA para codificar triptofano
(YAMAQO et al., 1985), caracteristica também encontrada no genoma das mitocondrias
(MACINO et al., 1979). Como no cddigo genético universal, esse cddon codifica um sinal
de término de traducdo, a expressdo heterdloga de genes de Mycoplasma spp. pode ser
comprometida, sendo necessarias metodologias de mutagénese dirigida (ROBINO et al.,

2005; HAMES et al., 2005).

A economia de informagdo genética foi provavelmente a responsavel pela perda,
nos micoplasmas, de varias vias enzimaticas caracteristicas da maioria das bactérias,
impedindo a presenga de uma vasta gama de atividades metabolicas. A maioria das
atividades metabolicas existentes parece estar associada com a geragdo de energia, em vez
de fornecer substratos para as vias de rotas de biossintese (RAZIN & HAYFLIK, 2010).
Consequentemente, esses organismos possuem complexas necessidades nutricionais, como
a dependéncia de fontes externas de precursores biossintéticos, incluindo aminoécidos,
nucleotideos, acidos graxos e esterdis (BASEMAN & TULLY, 1997). Dessa forma, €
necessario um contato intimo entre os micoplasmas e as células do hospedeiro in vivo para

que a bactéria seja capaz de suprir as necessidades nutricionais indispensaveis para sua
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sobrevivéncia (CLARK, 2005). In vitro, esses organismos se multiplicam lentamente apos

a incubagdo em meios de cultura nutricionalmente complexos (RAZIN, 2006).

Assim como observado para as vias do metabolismo central, apenas os sistemas
regulatorios considerados indispensaveis para a sobrevivéncia no ambiente natural foram
mantidos durante a reducdo evolutiva dos micoplasmas (HALBEDEL & STULKE, 2007).
O numero de genes identificados relacionados a transcrigdo nos micoplasmas ¢
significativamente menor que nas demais bactérias. Na linhagem 232 de M.
hyopneumoniae sao 11 genes e em M. penetrans sao 23, correspondendo, respectivamente,
a 1,6% e 2,2% do total de sequéncias de DNA codificadoras (SASAKI et al., 2002;
MINION et al., 2004), enquanto que em bactérias como Bacillus subtilis ¢ Pseudomonas
aeruginosa 6,7% e 8,4% das sequéncias codificadoras sdo responsaveis pela transcri¢ado,
respectivamente (SASAKI et al., 2002; STOVER et al., 2000). Além disso, apenas um
fator sigma da RNA-polimerase foi identificado nos micoplasmas (RAZIN et al., 1998).
No entanto, apesar da aparente reduzida maquinaria de regulagdo génica, tanto estresse
ambiental quanto metabdlico parecem induzir respostas transcricionais especificas nos
micoplasmas (WEINER 111, et al., 2003; MUSATOVOVA et al., 2006; GUELL et al.,
2009; ZHANG & BASEMAN, 2011). Apesar da presenga de poucos fatores de
transcricdo, parece haver uma complexa regulacdo nessas bactérias indicando que outros
processos regulatorios podem estar envolvidos, como a regulagdo por RNAs ndo-
codificadores (LLUCH-SENAR et al., 2015; SIQUEIRA et al., 2016). E importante
salientar que existe um grande nimero de proteinas hipotéticas sem fun¢do conhecida
distribuidas ao longo do genoma de diversas espécies do género Mycoplasma, podendo,
portanto, haver diversos genes relacionados ao controle da regulagdo génica ainda ndo

identificados.

A perda significativa de sequéncias genéticas aliada ao seu reduzido genoma faz
dos micoplasmas um objeto de investigacdo adequado para a determinacdo do conjunto
minimo de genes necessarios para o estabelecimento de vida independente (HUTCHISON
et al., 1999; GLASS et al., 2006), além de levar a tentativas de criar uma célula artificial
baseada no paradigma de que M. genitalium perdeu a maioria dos genes ndo-essenciais
(GIBSON et al., 2008; GIBSON et al., 2010; HUTCHISON et al., 2016). Aliado a sua
importancia médica e veterinaria, isso faz com que diversas espécies de micoplasmas

tenham seus genomas sequenciados. No momento, o NCBI (National Center for

19



Biotechnology Information) possui dados de 89 espécies do género Mycoplasma com o

genoma total ou parcialmente sequenciado (acesso em outubro de 2018).

1.3 — Mycoplasma hyopneumoniae

M. hyopneumoniae ¢ o agente etiologico da pneumonia enzootica suina. Seu
primeiro isolamento pulmonar foi relatado por Maré e Switzer (1965) nos Estados Unidos
e por Goodwing et al. (1965) no Reino Unido a partir de suinos com sintomas de
pneumonia. Assim como a maioria dos membros do género Mycoplasma, M.
hyopneumoniae infecta apenas um unico hospedeiro, o suino, no entanto os mecanismos de

especificidade pelo hospedeiro ainda sao desconhecidos (MINION et al., 2004).

O cultivo e isolamento de M. hyopneumoniae ¢ complexo. Seu isolamento
apresenta varias dificuldades devido a sua natureza fastidiosa, o crescimento lento e a
presenga de outros micoplasmas no trato respiratério suino (MAES et al., 2008). Como ja
mencionado, M. hyorhinis ¢ M. flocculare sao encontrados no mesmo ambiente que M.
hyopneumoniae e apresentam grande semelhanga com este Gltimo no que diz respeito a
morfologia, ao crescimento e a antigenicidade (ROSS, 1999). Além disso, existe uma
dificuldade de cultivo que ¢ geral para os micoplasmas, sendo que muitas espécies nunca
foram cultivadas (RAZIN et al., 1998). M. hyopneumoniae ¢ uma das espécies que
apresentam método de cultivo estabelecido. O meio Friis, desenvolvido para isolamento de
M. hyopneumoniae e M. hyorhinis, ¢ um meio rico e possui soro suino livre de anticorpos e
o indicador de pH vermelho fenol (FRIIS, 1975). O crescimento bacteriano € controlado
pela mudanca de coloragdo do meio de cultivo de vermelho para amarelo, indicando a
oxidacdo da glicose e a acidificagdo do meio. Inoculagdo em meio solido e incubagdo na
presenca de 5-10% de didxido de carbono resultam no aparecimento de colonias quase

invisiveis apos dois ou trés dias de incubacao (THACKER & MINION, 2012).

Baseados na reconstrugao in silico das vias metabodlicas de micoplasmas do trato
respiratdrio suino, Ferrarini e colaboradores (2016) desenvolveram um meio definido para
o cultivo de M. hyopneumoniae, M. hyorhinis ¢ M. flocculare. O meio, baseado no meio
definido estabelecido para cultivo de Mycoplasma pneumoniae (YUS et al., 2009), nao
permite a multiplicagdo bacteriana, mas permite que as células se mantenham viaveis

mesmo apos varios dias de cultivo (FERRARINI et al., 2016). Apesar de ser somente um
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meio de manutengdo, este se torna um objeto interessante para o estudo de M.
hyopneumoniae, pois ¢ uma ferramenta manipuldvel que permite avaliar o impacto de

diversos substratos no metabolismo da bactéria.

As linhagens de M. hyopneumoniae sdo antigénica e geneticamente diversas
(THACKER & MINION, 2012). A diversidade genética foi confirmada nos
sequenciamentos das sete linhagens de M. hyopneumoniae com genomas atualmente
disponiveis (232, 7448, J, 168, 168-L, 7422 ¢ KMO014) (MINION et al., 2004;
VASCONCELOS et al., 2005; LIU et al., 2011; LIU et al., 2013; SIQUEIRA et al., 2013,
HAN et al., 2017). Seus genomas variam entre 0,89 Mb e 0,96 Mb e o conteudo G+C
perfaz apenas 28,5% do genoma. A maior parte do genoma, superior a 80%, ¢ constituido
de regides codificadoras, sendo identificados entre 726 (M. hyopneumoniae 232) e 790
genes (M. hyopneumoniae KM014) nessa espécie (dados do site do NCBI — outubro/2018).

A partir da disponibilidade dos genomas sequenciados, as analises de diversos
processos regulatorios nessa bactéria puderam ser iniciadas. A andlise da organizacdo do
genoma de M. hyopneumoniae 7448 revelou que a maior parte dos genes da bactéria sdo
transcritos em mRNAs policistronicos, com apenas 5% dos genes sendo transcritos em
mRNAs monocistronicos (SIQUEIRA et al., 2011). Posteriormente, a andlise
transcritomica de M. hyopneumoniae confirmou a tendéncia da co-expressao dos mRNAs
em unidades transcricionais policistronicas, além de mostrar que quase todos os seus genes
sdo expressos em algum nivel basal (SIQUEIRA et al., 2014). Essa organizacao genomica
possibilita uma economia significativa de energia para a bactéria, pois apenas um aparato

transcricional € montado para a transcricdo de varios genes (SIQUEIRA et al., 2011).

Com base na analise do genoma, as sequéncias promotoras e terminadoras de M.
hyopneumoniae também foram analisadas. Weber e colaboradores (2012) fizeram a
predicao dos promotores de M. hyopneumoniae 7448 e determinaram sua sequéncia
consenso como TATAAT, idéntica a sequéncia candnica do elemento promotor -10 do
fator 6’° de Escherichia coli. Nenhum padrio conservado correspondendo ao elemento -35
foi identificado (WEBER et al., 2012). Quanto ao término da transcricdo, como a
terminacdo Rho-dependente parece nao ocorrer em Mycoplasma spp. (RAZIN et al.,
1998), Fritsch e colaboradores (2015) fizeram a predi¢do de terminadores intrinsecos no
genoma de M. hyopneumoniae. Os autores propuseram um padrao de formagao de grampo

(hairpin) de RNA durante o processo de terminagdo e fizeram a predi¢do da localizagdo
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dos terminadores no genoma de M. hyopneumoniae, identificando terminadores intrinsecos
putativos em 76% das unidades transcricionais (FRITSCH et al., 2015). Ainda em relacao
a elementos regulatorios relacionados a sequéncia de DNA, Cattani e colaboradores (2016)
identificaram que repeticdes de DNA em tandem e palindromos podem ter potencial
regulatorio no perfil transcricional de M. hyopneumoniae, mostrando diferentes niveis de

conservagao dos elementos repetitivos entre linhagens patogénicas e ndo-patogénicas.

Diversos estudos de expressdo utilizando microarranjos demonstraram que M.
hyopneumoniae ¢ capaz de regular seus genes em resposta as alteracdes ambientais
(MADSEN et al., 2006a; MADSEN et al., 2006b; SCHAFER et al., 2007, ONEAL et al.,
2008; MADSEN et al., 2008). Além dos genes, foi visto que M. hyopneumoniae é capaz de
alterar a expressdo de pequenos RNAs nao-codificadores em resposta ao estresse
(SIQUEIRA et al., 2016). A descoberta de sSRNAs e seus alvos em M. hyopneumoniae
(SIQUEIRA et al., 2016) traz luz a novos mecanismos de regulacdo nessa bactéria e
mostra que redes regulatorias globais complexas podem estar envolvidas em sua regulacao

génica, 0 que se pensaria ser inesperado ao analisar a simplicidade do seu genoma.

1.4 — Mycoplasma flocculare

M. flocculare € uma espécie do género Mycoplasma amplamente distribuida nos
rebanhos suinos, sendo frequentemente isolada do trato respiratério. Coloniza a cavidade
nasal bem como as mucosas do trato respiratorio inferior (ROSS & WHITTLESTONE,
1983), podendo ser encontrada em pulmdes normais € com lesdes pneumoOnicas
(KOBISCH & FRIIS, 1996). No entanto, ndo ¢ considerada uma bactéria patogénica e
nenhuma doenga foi relacionada a sua presenca. M. flocculare é capaz de aderir as células
do trato respiratdrio, mas sem ocasionar danos ao epitélio ciliar (YOUNG et al., 2000)
(Figura 2). Seu estudo tem atraido interesse devido a sua grande similaridade com M.

hyopneumoniae (KOBISCH & FRIIS, 1996).

O primeiro isolamento e descrigdo de M. flocculare foi feito por Meyling e Friis
(1972). Assim como M. hyopneumoniae, os suinos sdo seus Unicos hospedeiros naturais e
nao ha a descrigdo do isolamento de M. flocculare em qualquer outra espécie animal
(KOBISCH & FRIIS, 1996). Seu crescimento ¢ lento e fastidioso, no entanto, seu cultivo

in vitro € possivel no meio Friis (FRIIS, 1975).
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Figura 2. Eletromicrografia de células epiteliais suinas infectadas com M. flocculare.
Microscopia eletronica de varredura mostrando a aderéncia de M. flocculare ao epitélio
ciliado, sem causar danos ao tecido. Escala: 2 um. Adaptado de Young et al. (2000).

Os mesmos fatores que dificultam o isolamento de M. hyopneumoniae estio
presentes quando se tenta isolar M. flocculare. Além do crescimento lento, a similaridade
com outras espécies de micoplasmas no trato respiratério, principalmente com M.
hyopneumoniae, restringe o emprego de algumas ferramentas de identificacdo desses
agentes (FREEMAN et al., 1984; PETERSEN et al., 2016). Andlises de sequéncias de
DNA dessas espécies permitiram a deteccao de algumas diferengas entre elas, relacionadas
principalmente a sintenia (BLANK & STEMKE, 2001; SIQUEIRA et al., 2013). Porém
comparagdes em nivel de rRNA 16S evidenciaram uma alta similaridade, confirmando a
estreita relacdo filogenética entre M. hyopneumoniae e M. flocculare (STEMKE et al.,

1992; SIQUEIRA et al., 2013).

A alta similaridade com M. hyopneumoniae fez com que houvesse interesse em
sequenciar o genoma de M. flocculare, a fim de comparé-lo com essa espécie e identificar
os fatores relacionados a patogénese. Atualmente as sequéncias completas dos genomas de
duas linhagens de M. flocculare estao disponiveis (SIQUEIRA et al., 2013; CALCUTT et
al., 2015). Seu genoma tem cerca de 0,77 Gb e um conteudo de G+C de aproximadamente
29%, sendo um pouco menor que o genoma de M. hyopneumoniae (SIQUEIRA et al.,
2013). O genoma também estd organizado principalmente em unidades transcricionais
policistronicas, com 98% dos genes sendo transcritos em condigdes padrao de cultivo, e
foram identificados pequenos RNAs ndo-codificadores que parecem estar envolvidos na

regulacdo génica (SIQUEIRA et al., 2014; SIQUEIRA et al., 2016).
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1.5 — Mycoplasma hyorhinis

M. hyorhinis ¢ uma espécie bacteriana associada a artrites, polisserosites, otites e
outras desordens clinicas em suinos (THACKER & MINION, 2012), além de estar
associada ao complexo de pneumonias suinas (KOBISCH & FRIIS, 1996). Diferentemente
das outras espécies do género Mycoplasma aqui analisadas, apesar de o suino ser seu
hospedeiro natural, M. hyorhinis pode infectar outros organismos ¢ tipos celulares. Essa
caracteristica faz com que M. hyorhinis seja um dos principais contaminantes de culturas

celulares em todo o mundo (DREXLER & UPHOFF, 2002; HWANG et al., 2012).

A capacidade de M. hyorhinis de infectar diferentes tipos celulares vem sendo
amplamente analisada. Estudos tém demonstrado uma surpreendente associagdo entre M.
hyorhinis e o desenvolvimento de cancer em seres humanos (VOORDE et al., 2014). Esse
microrganismo foi capaz de induzir instabilidade cromossomica e transformac¢des malignas
em linhagens celulares apds tempo prolongado de exposicdo, promovendo assim
imortalizagdo e propriedades caracteristicas de células tumorais (NAMIKI ez al., 2009;
VOORDE et al., 2014). Yang e colaboradores (2010) mostraram a presenca de M.
hyorhinis em 64% das amostras de cancer gastrico analisadas. Curiosamente, a metastase
dos linfonodos foi mais evidente em pacientes com tumores positivos para micoplasma. A
proteina de superficie p37 de M. hyorhinis tem sido largamente estudada na relagdo entre a
bactéria e o desenvolvimento de cancer. Estudos in vitro mostraram que p37 inibe a adesado
e aumenta a motilidade, migracdo e invasdo de células de tumores géstricos e de prostata
(VOORDE et al., 2014). Além disso, a expressdo de p37 em cé¢lulas tumorais foi
relacionada a metastases pulmonares in vivo (GONG et al., 2008). Em fibroblastos, p37
parece estar relacionada a rapida inducdo da expressao de genes implicados na inflamagao

e progressao tumoral (GOMERSALL et al., 2015).

Em seu hospedeiro natural, o suino, M. hyorhinis ¢ considerado um membro
normal das vias aéreas superiores de animais jovens (THACKER & MINION, 2012). O
organismo pode ser isolado tanto de secreg¢des nasais quanto de pulmdes, pois apds a
exposicao se espalha facilmente pelas vias aéreas (KOBISH & FRIIS, 1996). M. hyorhinis
tem predilegdo pela colonizacdo do trato respiratorio (GOIS et al., 1971), no entanto a
invasao sistémica do organismo esta associada com a maior parte das doengas relacionadas
a essa bactéria, resultando em artrites e polisserosites (HAKKARAINEN et al., 1992;
THACKER & MINION, 2012). Entretanto, o mecanismo que permite a M. hyorhinis
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deixar o sistema respiratorio e induzir doenga sistémica ainda ¢ desconhecido, apesar de a
presenga de outros patdogenos ou estresse poderem facilitar a propagacdo do organismo de

forma sistémica (THACKER & MINION, 2012).

Quanto ao cultivo in vitro, M. hyorhinis ¢ tipicamente o primeiro micoplasma a
crescer no meio de cultura quando se investiga micoplasmoses em suinos (THACKER &
MINION, 2012). Seu crescimento ¢ menos fastidioso que o de outras espécies de
micoplasmas encontradas no mesmo ambiente, o que o torna um problema para o
isolamento de M. hyopneumoniae e M. flocculare, pois seu crescimento rapidamente
supera o dessas espécies (WHITTLESTONE, 1979). O meio Friis € o meio de cultivo mais
utilizado para o crescimento de M. hyorhinis (FRIIS, 1975). Colonias de M. hyorhinis se
desenvolvem apos dois a cinco dias de incubacdo e tem a morfologia tipica de “ovo frito”

(KOBISH & FRIIS, 1996) (Figura 3).

Figura 3. Colonias de M. hyorhinis em meio sélido. Fotografia de colonias de M.
hyorhinis crescidas em meio s6lido (aumento de 100x). (Imagem do autor)

Devido a importancia médica e veterinaria de M. hyorhinis, sete diferentes
linhagens dessa espécie ja tiveram seus genomas sequenciados. Destas, uma linhagem foi
isolada do trato respiratdrio de suinos (LIU et al., 2010), uma linhagem foi isolada de focos
de artrite (GOODISON et al., 2013) e duas linhagens foram isoladas de culturas celulares
(KORNSPAN et al., 2011; CALCUTT et al., 2012). Além destas, outra linhagem derivada
de culturas celulares (DBS1050) e a linhagem tipo da espécie (ATCC®17981) também
foram sequenciadas (sequéncias depositadas no NCBI — sem antincio de publicagdo), além
de uma linhagem pertencente a cultivar a, que sdo linhagens que ndo podem ser cultivadas
em meios tradicionais para o crescimento de micoplasmas (DABRAZHYNETSKAYA et

al., 2014). Analises gendmicas identificaram que M. hyorhinis segue o mesmo modelo de
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organizagdo génica descrito para M. hyopneumoniae ¢ M. flocculare, com a maioria de
seus genes transcritos em longos RNAs policistronicos (SIQUEIRA et al., 2014). Outras
caracteristicas, como a regulacao por pequenos RNAs ndo-codificadores também foram

evidenciadas (SIQUEIRA et al., 2014; SIQUEIRA et al., 2016).

1.6 — Patogenicidade dos micoplasmas

Patégenos sdo definidos como microrganismos que podem causar dano ao
hospedeiro, levando a doenga (PIROFSKI & CASADEVALL, 2012). Eles se adaptaram
para alterar a funcionalidade celular do hospedeiro para seu proprio beneficio, promover a
sobrevivéncia, e, em caso de patdgenos intracelulares, para gerar um ambiente apropriado
para replicacdo dentro das células do hospedeiro (MONERRI & KIM, 2014). Para
estabelecer a infecg¢do, patdogenos desenvolveram inumeras estratégias para contornar as
defesas do hospedeiro e explorar sua maquinaria celular, os chamados fatores de
viruléncia. Enquanto patogenicidade ¢ definida como a capacidade de um microrganismo
de causar dano a um hospedeiro suscetivel, sendo uma variavel descontinua (o organismo ¢
patogénico ou ndo €), a palavra viruléncia est4 relacionada ao nivel de dano causado pelo
microrganismo patogénico, sendo uma variavel relativa (considerando a comparagdo com

outro microrganismo) (PIROFSKI & CASADEVALL, 2012).

A base molecular da patogenicidade dos micoplasmas permanece bastante
evasiva. Micoplasmas ou sdo comensais ou causam infec¢des cronicas, raramente do tipo
fulminante (RAZIN ef al., 1998). A maior parte dos efeitos patoldogicos dos micoplasmas
parece ser resultado da resposta do hospedeiro a infec¢do em vez de efeitos toxicos diretos
de componentes celulares micoplasmaticos aos tecidos do hospedeiro (BROWNING et al.,
2014). Em contraste com outras bactérias patogénicas e como revelado pela analise do
genoma de diversos micoplasmas, as espécies patogénicas de micoplasmas parecem
carecer de fatores de viruléncia primadrios tipicos, como toxinas, invasinas e citolisinas
(PILO et al., 2005). Por essa razdo, os conceitos classicos de genes de viruléncia sdo
geralmente problematicos e um conceito mais amplo de viruléncia ¢ usado para essas
espécies. Dessa forma, um gene de viruléncia em micoplasmas ¢ descrito como qualquer

gene nao essencial para o crescimento convencional in vitro que seja essencial para a 6tima
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sobrevivéncia (colonizagdo, persisténcia ou patogenicidade) no hospedeiro (BROWNING

etal., 2014).

A adesdao as células do hospedeiro ¢ considerada o principal mecanismo de
viruléncia dos micoplasmas (ROSENGARTEN et al., 2000). E um pré-requisito para a
colonizacdo e infecc¢do, sendo que a perda da capacidade de adesdo por mutagdes resulta
em perda da infectividade, e a reversao para o fendtipo de citoaderéncia ¢ acompanhada
pela recuperagdo da infectividade e da viruléncia (RAZIN & HAYFLICK, 2010). Sua
importancia fica evidente quando se verifica o grande nimero de genes nos reduzidos
genomas dos micoplasmas que codificam proteinas de superficie (RAZIN, 1999;

SIQUEIRA et al., 2013).

Existem dois tipos principais de adesdao descritos para micoplasmas, ambos tendo
por base a participacdo de adesinas. Algumas espécies, como M. pneumoniae e M.
genitalium, possuem uma organela especial formada pelo citoesqueleto, semelhante a uma
ponta, com uma alta concentragdo de moléculas de adesdo (tip organelle, em inglés),
constituindo uma estrutura que permite ao micoplasma aderir a superficie do hospedeiro
(KRAUSE, 1998; BURGOS et al., 2006). Outras espécies, como M. hyopneumoniae, nao
possuem todas as proteinas necessarias para a formacao da organela completa, tendo as
adesinas distribuidas pela membrana celular como mediadoras do processo de adesao

(VASCONCELOS et al., 2005).

Apesar dos mecanismos de adesdo serem importantes para a viruléncia, o fato de
muitas bactérias comensais também se aderirem as cé€lulas do hospedeiro, mas ndo serem
patogénicas, realca que alguma forma de dano € requerida para a viruléncia microbiana
(CASADEVALL & PIROFSKI, 2001). Dessa forma, outros mecanismos envolvidos na e

patogenicidade e viruléncia de diferentes espécies de Mycoplasma foram identificados.

A variagdo de antigenos de superficie € uma estratégia de viruléncia importante
para organismos que possuem a membrana celular exposta ao hospedeiro, como ¢ o caso
dos micoplasmas. Essas bactérias desenvolveram mecanismos para rapida adapta¢do no
hospedeiro, como a variagdo de lipoproteinas de superficie. Isso ¢ resultado de sistemas
genéticos sofisticados que impulsionam a variacdo com alta frequéncia (CITTI et al.,
2010). As lipoproteinas variaveis (Vlps, do inglés variable lipoproteins) foram

inicialmente identificadas e descritas em M. hyorhinis (ROSENGARTEN & WISE, 1990;
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YOGEV et al., 1991). Sao produtos de uma familia génica capaz de gerar variagdes no
padrao de expressdao de lipoproteinas de superficie, em que diferentes células podem
expressar diferentes combinagdes de Vlps, que variam em fase e tamanho (CITTI et al.,
2000). Outras espécies de Mycoplasma também possuem familias génicas responsaveis
pela variagdo de antigenos de superficie (GLEW et al., 1998; SHEN et al., 2000;
LYSNYANSKY et al., 2001; FLITMAN-TENE et al., 2003), que podem ser gerados por
diversos mecanismos, como deslizamento da DNA polimerase, recombinagao homologa,
conversdao geénica, duplicacdo génica, adicdo ou dele¢do de unidades de repeticio em

tandem e inversdes de DNA (RAZIN, 2006).

Foi demonstrado que as variagdes de fase e tamanho ocorrem espontaneamente e
em alta frequéncia in vivo e in vitro nos micoplasmas. Além disso, elas parecem ser
reversiveis na mesma frequéncia em que ocorrem (RAZIN, 2006). Essa plasticidade
fenotipica, representada pela capacidade de modificar a estrutura e composicdo de
proteinas expostas na superficie celular, contribui para a constante mudanga na
configuracdo de antigenos e a consequente evasdo do sistema imune do hospedeiro

(RAZIN et al., 1998; WOUDE & BAUMLER, 2004).

Outro mecanismo que os micoplasmas desenvolveram para evadir-se do sistema
imune ¢ o mimetismo molecular. O mimetismo molecular refere-se a epitopos antigénicos
que parecem ser compartilhados por micoplasmas e células hospedeiras. Esses epitopos
estariam supostamente envolvidos na evasdo das defesas do hospedeiro e também na
indu¢do de autoanticorpos observados durante a infeccdo com certas espécies de
micoplasmas (ROTTEM, 2003). Uma forma adicional de evitar o reconhecimento pelo
sistema imune do hospedeiro ¢ a invasao celular. Foi demonstrado que diversas espécies do
género Mycoplasma sdo capazes de invadir células eucaridticas, a0 menos in vitro, mas 0s
mecanismos responsaveis por esse processo ainda ndo estdo elucidados. Isso contribuiria
para a persisténcia desses patogenos no hospedeiro (BASEMAN et al., 1995;
BROWNING et al., 2014).

Além de evadir o sistema imune do hospedeiro, os micoplasmas parecem ser
capazes de modulad-lo. Micoplasmas podem estimular, bem como suprimir linfocitos de
uma maneira policlonal ndo-especifica, tanto in vifro como in vivo. Além de afetar varios
subconjuntos de linfocitos, os micoplasmas e seus componentes celulares derivados sdo

capazes de modular as atividades de mondcitos, macrofagos e células NK, e desencadear a
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producdo de uma grande variedade de citocinas e quimiocinas (RAZIN & HYFLICK,
2010). A capacidade de muitos micoplasmas de desencadear a producao de citocinas pro-
inflamatérias pode explicar grande parte da patogénese observada durante a infecgdo. O
grau de aumento da produgdo de citocinas pro-inflamatdrias parece estar relacionado com a
severidade da resposta inflamatoria na mucosa, de forma que o sistema imune também esta
envolvido no desenvolvimento de lesdes patogénicas e na exacerbacdo de doencas

induzidas por micoplasmas (BROWNING et al., 2011; RAZIN & HYFLICK, 2010).

Também ¢ interessante notar que infecgdes por micoplasmas nao estdo
necessariamente associadas com uma forte resposta inflamatoria, e algumas espécies sao
capazes de colonizar os tratos respiratorio ou urogenital sem causar sintomas clinicos
aparentes. Dessa forma ¢ possivel especular que certos organismos tém a capacidade de
suprimir citocinas pro-inflamatorias ou induzir citocinas anti-inflamatorias, suprimindo a
resposta imune do hospedeiro (ROTTEM, 2003). A capacidade de modular a resposta
imune contribui para as propriedades patogénicas dos micoplasmas, possibilitando a eles
evadir ou suprimir os mecanismos de defesa do hospedeiro e estabelecer uma infecc¢ao

cronica persistente (RAZIN, 2006).

Embora nao possuam lipopolissacarideos (LPS), estudos mostram que algumas
espécies de micoplasmas, como M. mycoides subsp. mycoides, Mycoplasma pulmonis e M.
agalactie, sdo capazes de produzir polissacarideos extracelulares relacionados com a
viruléncia (PILO et al., 2007; DAUBENSPECK et al., 2009; GAURIVAUD et al., 2016).
M. mycoides subsp. mycoides pode produzir dois tipos de polissacarideos, uma forma
capsular e uma forma ndo ligada a célula, chamada de exopolissacarideo. Em ambos os
casos, o polissacarideo parece ter a mesma composicdo, sendo formado por galactana
(BERTIN et al., 2013), mas diferentes composi¢des podem ser encontradas em outras
espécies (BERTIN er al., 2015). Linhagens que apresentam a forma capsular do
polissacarideo parecem ser capazes de permanecer por mais tempo no hospedeiro,
evadindo suas defesas, enquanto que linhagens que secretam o exopolissacarideo possuem
melhor capacidade de adesdo, podendo formar biofilmes (GAURIVAUD et al., 2014). A
presenca desses componentes em M. myocides subsp. mycoides foi relacionada ao aumento
da viruléncia em linhagens atenuadas e com a persisténcia e disseminacao dessa espécie no

hospedeiro infectado (PILO et al., 2007).

29



Apesar de toxinas potentes ndo serem associadas aos micoplasmas, subprodutos
toxicos do metabolismo tém sido acusados de causar efeito citotoxico as células do
hospedeiro (RAZIN, 2006). A maior evidéncia da liberagdo de um fator citotoxico tendo
papel na viruléncia de diversos micoplasmas ¢ a produgdo de perdxido de hidrogénio
durante o catabolismo de glicerol. M. mycoides subsp. mycoides ¢ M. pneumoniae sdo duas
espécies em que a produgdo de peroxido de hidrogénio estd associada com efeitos
citotoxicos no hospedeiro (PILO et al., 2005; HAMES et al., 2009). A enzima glicerol-3-
fosfato oxidase (glpO) catalisa a oxidacdo de glicerol-3-fosfato em di-hidroxiacetona
fosfato, com consequente liberagdo de uma molécula de H>O» (PILO et al., 2005). Ao
contrario de outras bactérias, em que os genes de metabolismo do glicerol parecem ser
expressos apenas na auséncia de fontes preferenciais de carbono e na presenca de glicerol,
em M. pneumoniae eles sao expressos constitutivamente, indicando sua importancia nessa

bactéria (HAMES et al., 2009).

Além da atividade de glpO, a producdo do metabolito toxico também esta
associada a disponibilidade de glicerol intracelular, pois linhagens de micoplasmas que
transportam mais glicerol intracelularmente parecem produzir maiores quantidades de
peroxido de hidrogénio (VILEI & FREY, 2001). A intensidade da produ¢do de perdxido
também pode estar associada com a localizacdo intracelular de glpO. Enquanto que em M.
pneumoniae essa ¢ uma proteina citoplasmatica, em M. mycoides subsp. mycoides, uma
espécie com uma produ¢do muito mais abundante de peroxido de hidrogénio, a glpO esta
localizada na membrana, e ¢ ao menos parcialmente exposta na superficie celular (PILO et
al., 2005; HAMES et al., 2009). O contato intimo com o hospedeiro € necessario para
translocar com sucesso o peroxido de hidrogénio para as células hospedeiras. Dentro
destas, esse componente toxico age como um mediador poderoso de injuria celular e

indutor do processo de inflamagdo, podendo levar a morte celular (PILO et al., 2005).

A producao de outros componentes toxicos foi identificada em diferentes espécies
de Mycoplasma, como a producdo da toxina CARDS em M. pneumoniae. Essa toxina tem
atividade de ADP-ribosilase e provoca vacuolizagdo e morte celular em células de
mamiferos (KANNAN & BASEMAN, 2006). A producao de sulfeto de hidrogénio,
responsdvel por causar hemolise, também foi demonstrada em M. pneumoniae
(GROBHENNIG et al., 2016). Sialidase ¢ outro componente produzido por micoplasmas

patogénicos, como Mycoplasma alligatoris e Mycoplasma synoviae, e pode causar
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degradacdo da matriz extracelular e apoptose de fibroblastos pulmonares (HUNT &
BROWN, 2007; MAY et al., 2008). A presenga desse composto pode explicar por que M.
alligatoris causa uma doencga cardiopulmonar aguda e letal, enquanto sua espécie
relacionada menos virulenta Mycoplasma crocodyli, que ndo possui sialidase, causa apenas

pneumonia leve (HUNT & BROWN, 2007).

Em virtude do que foi apresentado, percebe-se que a patogenicidade dos
micoplasmas ¢ resultado da agdo coordenada de varios componentes. Enquanto alguns
fatores parecem ser essenciais para a viruléncia de determinadas espécies, em outras
espécies os mesmos fatores podem ser dispensaveis (SZCZEPANEK et al., 2014). Os
diferentes atributos de viruléncia permitem aos micoplasmas patogénicos evadir ¢ modular
a defesa imune do hospedeiro, se aderir firmemente a superficie da célula hospedeira,
liberar metabolitos toxicos que causam danos ao hospedeiro, persistir ¢ se disseminar no
hospedeiro, e causar inflamagdo e doenca. A combinacdo de diferentes atributos de
viruléncia varia entre diferentes espécies do género Mycoplasma, o que pode explicar as

diferengas de patogenicidade e niveis de viruléncia existentes entre elas.

1.7 — Patogenicidade de M. hyopneumoniae

A patogenicidade de M. hyopneumoniae ¢ complexa e envolve diversos fatores,
como tempo de colonizacdo do epitélio respiratorio, estado imune do hospedeiro e
interagdo com outros agentes infecciosos (THACKER & MINION, 2012). Assim como
para a maioria dos micoplasmas, as lesdes associadas com M. hyopneumoniae parecem ser
resultado principalmente da reacdo imune e inflamatdria do hospedeiro. Apesar da
relativamente baixa exposi¢do da bactéria ao sistema imune do suino, M. hyopneumoniae
causa uma imunossupressdo geral e também induz uma resposta imune localizada nos
animais infectados, a qual ¢ responsdvel por danos adicionais ao epitélio respiratorio
(FERREIRA & CASTRO, 2007). O padrao de infeccdo e a severidade da doenca sao
fortemente determinados pela viruléncia do isolado de M. hyopneumoniae, bem como

pelas praticas de manejo e condigdes ambientais (VILLARREAL et al., 2009).

Em M. hyopneumoniae, o estudo dos fatores de viruléncia também esta centrado
principalmente na caracterizacdo das moléculas de adesdo. Inicialmente acreditava-se que

M. hyopneumoniae se aderia apenas aos cilios do epitélio da traqueia, no entanto a bactéria
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parece se aderir a diversos tipos celulares, incluindo macrofagos alveolares suinos, células
epiteliais alveolares e células renais suinas (PK15) (CHE et al., 2013 apud LIU et al.,
2017a). Embora a forma exata como a bactéria se adere a célula hospedeira ainda nao
tenha sido completamente elucidada (THACKER & MINION, 2012), diversas proteinas
envolvidas com a adesdo foram identificadas. A principal adesina identificada em M.
hyopneumoniae ¢ a proteina P97. Estudos com anticorpos monoclonais identificaram que
P97 tem um papel importante na adesdo de M. hyopneumoniae aos cilios, uma vez que a
presenca desses anticorpos bloqueou a adesao da bactéria ao epitélio in vitro (ZHANG et
al., 1995). No entanto, o bloqueio da regido R1 de P97, responsavel pela ligagdo da
proteina aos cilios (HSU & MINION, 1998), ndo inibiu completamente a adesdo de M.
hyopneumoniae ao epitélio (ZHANG et al., 1995), indicando que outras proteinas estdo
envolvidas nesse processo. Uma delas ¢ a adesina P102, localizada no mesmo operon que o
gene que codifica P97, sendo esses genes co-transcritos e expressos durante a infec¢ao

(ADAMS et al., 2005).

Além destas, diversas outras adesinas ja foram identificadas nessa bactéria, como
MgPa, P69, P76, P110, P146, P216, dentre outras (VASCONCELLOS et al., 2005).
Diversas dessas proteinas tém a capacidade de se ligar a componentes da matriz
extracelular do hospedeiro, como fibronectina, plasminogénio e heparina (Tabela 1). A
ligacdo de proteinas de superficie a heparina ¢ importante, pois esta bloqueia a ligagdo de
M. hyopneumoniae aos cilios do epitélio. Além disso, a ligagcdo de heparina na superficie
da a bactéria a capacidade de interagir com uma diversidade de moléculas do hospedeiro e
contornar a necessidade de receptores individuais (JENKINS et al., 2006). Quanto ao
plasminogénio, o sequestro dessa molécula por M. hyopneumoniae em sua superficie
facilita sua conversdao em plasmina, processo que pode levar a invasdo tecidual e infeccao
sisttmica (BOGEMA et al., 2012). A fibronectina, por sua vez, ¢ abundante na matriz
extracelular do hospedeiro, e muitos patégenos possuem adesinas que interagem com esta
molécula, desempenhando um papel importante na adesdo e na invasdo celular
(DEUTSCHER et al., 2010). A Tabela 1 mostra algumas das principais proteinas de

adesdo de M. hyopneumoniae e seus ligantes.
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Tabela 1. Principais proteinas conhecidas relacionadas a adesio em M.
hyopneumoniae.

Nome ID MHP7448 Ligante Referéncia
P97-like MHP7448 0272  Cpiteliociliar, heparina, fibronectina, Seymour et al., 2011

P116 ou P102-like
P97
P216

P159, P110 ou P76
P97
P102

Proteina hipotética
P146
Proteina hipotética

Proteina hipotética

MHP7448 0271
MHP7448 108
MHP7448_496

MHP7448 0497
MHP7448 198

MHP7448 199
MHP7448 0662
MHP7448 0663
MHP7448 0373
MHP7448 0372

plasminogénio

Epitélio ciliar, fibronectina, plasminogénio
Epitélio ciliar, heparina, fibronectina
Epitélio ciliar, heparina

Epitélio ciliar, heparina

Epitélio ciliar, heparina

Epitélio ciliar, fibronectina, plasminogénio
Epitélio ciliar, heparina

Epitélio ciliar, heparina, plasminogénio
Epitélio ciliar, heparina

Epitélio ciliar, heparina

Seymour et al., 2010
Deutscher et al., 2010
Wilton et al., 2009

Burnett et al., 2006
Jenkins et al., 2006

Seymour et al., 2012
Bogema et al., 2011
Bogema et al., 2012
Deutscher et al., 2012
Deutscher et al., 2012

Adaptado de Siqueira ef al., 2013.

Outra caracteristica importante relacionada a patogenicidade de M.
hyopneumoniae ¢ a variagdo antigénica. Diversas moléculas bacterianas de superficie sdo
antigénicas e essa propriedade estd frequentemente associada com a patogénese. Em M.
hyopneumoniae existem diversas evidéncias que indicam a existéncia de variagdo
antigénica utilizando mecanismos que envolvem modificagdes no DNA ou nas proteinas.
Variagdes no nimero de sequéncias repetidas de nucleotideos em regides codificadoras do
DNA podem ser observadas nas diferentes linhagens de M. hyopneumoniae, resultando em
alteracdes no numero de repeticdes de aminoacidos em suas proteinas, processo observado
em diversas proteinas de membrana (variacdo de tamanho) (VASCONCELOS et al., 2005;
CASTRO et al., 2006). Além disso, a variagao de nucleotideos ndo parece ocorrer apenas
nas regides codificadoras, tendo sido demonstrada a presenca de variabilidade em regides
intergénicas, potencialmente realizando um processo “liga/desliga” dos genes associados

(FERREIRA & CASTRO, 2007).

Além das variagdes de sequéncia dos nucleotideos, modificagdes pos-traducionais

ocasionadas pelo processamento proteolitico em proteinas antigénicas de M.

hyopneumoniae ja foram descritas, sendo encontradas principalmente em adesinas e

lipoproteinas de superficie (DJORDJEVIC et al., 2004; BURNETT et al., 2006; PINTO et
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al 2007; TACCHI et al., 2016). Os produtos da clivagem dessas proteinas sdo translocados
para a superficie celular de M. hyopneumoniae e permanecem associados a ela durante o
crescimento, pelo menos in vitro (DJORDIEVIC et al., 2004). E interessante observar que
o processamento dessas proteinas parece ser linhagem-especifico (BURNETT et al., 2006)
e em diferentes linhagens, fragmentos de diversas proteinas sd3o apresentadas ao
hospedeiro, levando a uma topografia de superficie altamente dindmica. Isso pode ter um
papel importante nas propriedades de adesao de diferentes linhagens de M. hyopneumoniae
e também estar relacionado as capacidades de imunomodulagado e evasao do sistema imune

do hospedeiro (FERREIRA & CASTRO, 2007).

Além de serem alvos de variabilidade antigénica, muitas lipoproteinas de
membrana tém um papel nos mecanismos de patogenicidade, pois sdo conhecidas por
induzirem citocinas pro-inflamatorias (FERREIRA & CASTRO, 2007). A expressdo de
interleucina (IL)-1, IL-6, IL-8, IL-18 e fator de necrose tumoral (TNF)-a foi observada em
suinos experimentalmente infectados com M. hyopneumoniae (CHOI et al., 2006;
MUNETA et al., 2008). Além disso, proteinas de membrana de M. hyopneumoniae
também foram capazes de induzir a producdo de 6xido nitrico e apoptose em macrofagos
alveolares suinos e em linhagens de células epiteliais (BAI et al., 2013; NI et al., 2015;
PAES et al; 2017). Um estudo recente identificou que o colesterol, um constituinte
essencial para o crescimento dos micoplasmas, também pode estar relacionado com a
indugdo de apoptose em macrofagos alveolares in vitro, além de aumentar a adesdo de M.

hyopneumoniae a essas cé€lulas (LIU et al., 2017a).

A indugdo da producdo de citocinas pro-inflamatorias tem um papel na mediacao
e regulacdo da inflamacdo e parece ser um efeito direto da infeccdo causada por M.
hyopneumoniae (CHOI et al., 2006). Tais citocinas levam ao acumulo de um grande
numero de leucdcitos no tecido pulmonar, uma das principais caracteristicas da infeccao
causada por essa bactéria. Dessa forma, a ativacdo e a infiltracdo de leucdcitos ¢
provavelmente um dos eventos-chave na progressdo da pneumonia causada por M.
hyopneumoniae (MUNETA et al., 2008). O grande niimero de citocinas pré-inflamatorias
induzidas por M. hyopneumoniae pode estar envolvido na imunomodula¢ido do hospedeiro.
Tanto IL-1 quanto TNF-a sdo fatores de ativagdo para linfocitos T. Parece que a
superproducdo dessas citocinas pode exacerbar o efeito direto de M. hyopneumoniae e

levar a danos teciduais mediados pelo hospedeiro (CHOI et al., 2006). Além disso, a
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apoptose excessiva de células imunes resulta em imunossupressao com maior
suscetibilidade a reinfeccdo, que estd associada ao aumento da severidade de infecgdes
secundarias (THACKER et al., 1999). Dessa forma, a infeccdo por M. hyopneumoniae nao
causa apenas dano fisico ao sistema respiratorio suino, mas altera a resposta imune do

hospedeiro, resultando em injuria tecidual e doenca.

Existem ainda outras caracteristicas relacionadas a viruléncia de M.
hyopneumoniae, como a capacidade de formar biofilmes. Tassew e colaboradores (2017)
identificaram trés linhagens de M. hyopneumoniae isoladas de suinos com casos
confirmados de pneumonia capazes de produzir biofilmes e secretar exopolissacarideos in

vitro. No entanto, os mecanismos responsaveis por esse efeito ainda sdo desconhecidos.

Diversos niveis de viruléncia tém sido observados em diferentes linhagens de M.
hyopneumoniae (VICCA et al., 2003; VILLARREAL et al., 2009). Além disso, sua
espécie filogeneticamente mais proxima, M. flocculare, ¢ comensal e ndo causa doenga em
suinos (SIQUEIRA et al., 2013). Essas diferencas levam a um grande numero de estudos
na busca de fatores que expliquem as diferencas relacionadas a viruléncia e patogenicidade
nessas espécies (LIU et al., 2013; SIQUEIRA et al., 2013, 2014; FERRARINI et al., 2016;
PAES et al., 2016). Os estudos comparativos confirmam que as adesinas desempenham um
papel importante na viruléncia e na patogenicidade. Entretanto, somente as proteinas de
adesdo ndo explicam os diferentes niveis de viruléncia entre linhagens e espécies. M.
flocculare possui ortdlogos para todas as adesinas de M. hyopneumoniae, com excecao de
uma copia de P97 e de P102 (SIQUEIRA et al., 2013). Além disso, o fato da linhagem J de
M. hyopneumoniae, com reduzida capacidade de adesdo, ter P97 aparentemente funcional
reforca a ideia de que a viruléncia ¢ de natureza multifatorial (FERREIRA & CASTRO,
2007). Ainda que diferencas de variantes proteicas e de niveis de expressdo e
processamento pos-traducional de adesinas estejam presentes (SIQUEIRA et al., 2013),
somente isso ndo explica as diferencas de patogenicidade das espécies analisadas. E
importante salientar o grande niimero de proteinas hipotéticas no genoma das espécies de
Mycoplasma aqui analisadas, que pode conter genes ainda ndo identificados relacionados a
viruléncia. Dessa forma, at¢ o momento ndo ha fatores claros que diferenciem entre
linhagens patogénicas e ndo patogénicas de M. hyopneumoniae ou que difiram a bactéria

patogénica M. hyopneumoniae da bactéria comensal M. flocculare.
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Ferrarini e colaboradores (2016) fizeram a reconstru¢ao das redes metabdlicas de
M. hyopneumoniae, M. flocculare ¢ M. hyorhinis e identificaram algumas diferengas que
podem ajudar a explicar as diferengas de patogenicidade e niveis de viruléncia entre essas
espécies. A principal diferenga diz respeito ao metabolismo de glicerol e a suposta
capacidade de M. hyopneumoniae e M. hyorhinis utilizarem esse alcool como fonte de
carbono, e nesse processo produzir o metabolito toxico perdxido de hidrogénio. A enzima
responsavel por esse processo, glpO (glicerol-3-fosfato oxidase), estd presente nessas
espécies, mas ausente em M. flocculare (Figura 4). A producao de peroxido de hidrogénio
pela agdo de glpO ja foi descrita em M. pneumoniae e é essencial para a patogénese dessa
bactéria (HAMES et al., 2009). A segunda diferenca significativa encontrada por Ferrarini
e colaboradores estd relacionada a presenca de uma unidade transcricional completa (com
exce¢do de um gene) codificando proteinas para a absor¢do e metabolismo de mio-inositol

apenas no genoma de M. hyopneumoniae.
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Figura 4. Metabolismo diferencial de glicerol em M. hyopneumoniae, M. flocculare e
M. hyorhinis. Representacdo esquemadtica mostrando as diferencas no metabolismo de
glicerol nas espécies de micoplasmas suinos. M. flocculare ndo possui a enzima
responsavel pela produ¢do do metabdlito toxico peroxido de hidrogénio (em destaque).
Adaptado de Ferrarini ef al. (2016).
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Recentemente, uma revisao publicada por Maes e colaboradores (2017) enfatiza a
necessidade de maiores investigacdes do papel dos metabolismos de glicerol e mio-inositol
e sua contribui¢cdo para a viruléncia de M. hyopneumoniae. A producao de perdxido de
hidrogénio ¢ um mecanismo de viruléncia e citotoxicidade presente em vdrias espécies do
género Mycoplasma (PILO et al., 2005; KHAN et al., 2005; HAMES et al., 2009), no
entanto estudos funcionais detectando sua produg¢do em M. hyopneumoniae ainda nao
foram realizados. Quanto ao catabolismo de mio-inositol, este ainda nao esta descrito em
nenhuma espécie do género Mycoplasma e, se mostrado funcional em M. hyopneumoniae,
pode representar para essa bactéria uma fonte de energia que ndo precisa ser disputada com

outros organismos presentes no sistema respiratorio suino.

1.8 — Exossomos

As células eucaridticas sdo capazes de produzir uma variedade de vesiculas de
membrana que sao liberadas no meio extracelular. Essas vesiculas podem funcionar como
um eficiente sistema de sinalizagdo e comunicagao celular e podem afetar as células que as
encontram de maneiras complexas. As vesiculas extracelulares variam entre 10 ¢ 1000 nm
de diametro e sdo secretadas por virtualmente todos os tipos celulares. Entre as vesiculas
extracelulares liberadas pelas cé€lulas encontram-se exossomos, microvesiculas e corpos
apoptdticos. Essas estruturas sdo classificadas de acordo com sua origem celular ou

biogénese e possuem especificidades que as diferenciam das demais (Figura 5).

Dentre as vesiculas extracelulares, os corpos apoptéticos sdo os mais faceis de
identificar, pois tém caracteristicas mais bem definidas. Sdo as maiores dentre as vesiculas
extracelulares, variando entre 2 e 4 um e sdo formados por células em processo de
apoptose (EVANS-OSSES et al., 2015). Exossomos e microvesiculas sdo mais dificeis de
diferenciar, pois propriedades como tamanho, morfologia e densidade parecem ndo ser
suficientes para uma distingdo clara entre eles. O que evidentemente diferencia essas duas
vesiculas ¢ sua origem celular (RAPOSO & STOORVOGEL, 2013; YANEZ-MO et al.,
2015). Enquanto microvesiculas variam entre 100 e 1000 nm e sdo formadas por
brotamento da membrana plasmatica, exossomos sdo vesiculas de origem endocitica que
variam entre 50 ¢ 150 nm e sdo liberados através da fusdao de corpos multivesiculares com

a membrana plasmatica (RAPOSO & STOORVOGEL, 2013; EVANS-OSSES et al,
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2015). Corpos multivesiculares sdo formados durante a maturacdo endossomica ¢ podem
ter dois destinos — se fundir a lisossomos e levar a degradacao de seu contetido luminal, ou

se fundir 8 membrana plasmatica e liberar os exossomos no meio extracelular (ROME,

2013).
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Figura S. Biogénese e liberacio de vesiculas extracelulares. As vesiculas extracelulares
sao classificadas em trés classes principais: microvesiculas, produzidas por brotamento ou
fissdo da membrana plasmadtica; exossomos, formados na via endossomal e liberados sob
fusdo dos corpos multivesiculares com a membrana plasmatica; e corpos apoptoéticos,
liberados como bolhas de células submetidas a apoptose. CCV — vesiculas revestidas de
clatrina; MVE — corpo multivesicular. Adaptado de Raposo e Stoorvogel, (2013) e Yanez-
Mo et al. (2015).

Exossomos foram identificados na maioria dos fluidos celulares (sangue, leite
materno, saliva, urina) e foram purificados de quase todos os tipos celulares de mamiferos
(células epiteliais, neuronais, musculares, células-tronco) (PETHO et al., 2018). Eles
podem estar envolvidos em diversas fung¢des fisiologicas e estados patoldgicos, sendo
liberados das células tanto constitutivamente quanto sob indugdo. Essas vesiculas carregam
receptores/ligantes de superficie da célula de origem e tém o potencial de interagir
seletivamente com células-alvo especificas (ROME, 2013). Além disso, diversos estudos
indicam que os exossomos podem transferir informagdes e sinais entre células vizinhas ou
tecidos distantes através da transferéncia de RNAs, proteinas e lipideos (FORTERRE et

al., 2014). Interessantemente, evidéncias indicam que a selecdo do contetido dos
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exossomos ocorre ndo-randomicamente, com algumas populagdes de moléculas sendo
preferencialmente empacotadas nos exossomos, uma vez que certos mRNAs ¢ miRNAs
estao presentes predominantemente ou em niveis mais elevados nos exossomos do que nas

células de origem (VALADI et al., 2007; ROME, 2013).

A composi¢cdo dos exossomos varia de acordo com sua origem celular e estado
patofisiologico e pode determinar sua funcionalidade de diferentes maneiras. Receptores e
ligantes expostos na superficie sdo responsaveis pela sua biodistribui¢do e pela sua ligacao
a células-alvo (YANEZ-MO et al., 2015). Curiosamente, a analise da composi¢do de
proteinas dos exossomos demonstrou que sua diversidade proteica ¢ limitada — exossomos
ndo contém proteinas de origem nuclear, mitocondrial, do reticulo endoplasmatico ou do
aparato de Golgi. Além disso, todas as proteinas exossomais identificadas foram
encontradas no citosol, nas membranas de compartimentos endociticos ou na membrana
plasmatica (PETHO et al., 2018). Proteinas de membrana conhecidas por se agruparem em
microdominios, como as tetraspaninas, estdo enriquecidas nos exossomos. Tetraspaninas
como CD63, CDS81, CD82, CD53 e CD37 foram identificadas pela primeira vez em
exossomos de linfocitos B, onde elas podem estar enriquecidas mais de 100 vezes. Estudos
apontam que essas proteinas também sdo abundantes em exossomos de outras origens, de
forma que passaram a ser utilizadas como marcadores de exossomos (RAPOSO &

STOORVOGEL, 2013).

Uma grande descoberta relacionada ao estudo dos exossomos foi a demonstragao
de que sua carga contém tanto mRNAs quanto miRNAs e que os mRNAs podem ser
traduzidos em proteinas nas células-alvo (VALADI et al., 2007). Dentre as moléculas
empacotadas nos exossomos, os miRNAs sdo de especial interesse, pois estdo sabidamente
envolvidos na regulagdo génica, podendo assim modular alvos nas células receptoras
(FORTERRE et al., 2014). Além destes, diversos tipos de pequenos RNAs nao-
codificadores foram encontrados nos exossomos, como RNAs estruturais, fragmentos de
tRNAs, RNA Y e pequenos RNAs de interferéncia (BELLINGHAM et al., 2012; NOLTE-
‘T HOEN et al., 2012). Exossomos podem ainda induzir mudancas no fenétipo das células
receptoras através da transferéncia de receptores funcionalmente ativos (YANEZ-MO et

al., 2015).

Embora alguns estudos indiquem que a internalizagdo dos exossomos pelas

células receptoras ocorre por endocitose (TIAN et al., 2010; TIAN et al., 2013), outros
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estudos indicam que a internalizacdo do seu contetdo ocorre através da fusdo de sua
membrana com a membrana plasmatica das células receptoras (PAROLINI et al., 2009). A
possivel explicagdo para isso € que a via de captacao das vesiculas depende da interacao
entre as moléculas de superficie dos exossomos € 0s receptores na membrana plasmatica,
além das condi¢des ambientais em que essa interacdo ocorre, como o pH do ambiente
extracelular (PAROLINI et al., 2009; MAAS et al., 2017). As diferentes origens dos
exossomos ¢ o tipo de célula receptora podem levar a modos diferentes de interacao (TIAN

et al., 2010; YANEZ-MO et al., 2015).

Enquanto a libera¢do de vesiculas por patégenos eucaridticos durante a infec¢ao
foi descrita apenas mais recentemente como uma potencial estratégia de viruléncia
(MARCILLA et al., 2012), a liberagdo de vesiculas por células hospedeiras infectadas ja ¢
conhecida ha algum tempo. Em alguns casos, ela parece ser benéfica para o hospedeiro, e
em outros, benéfica para o patégeno. Estudos sobre exossomos liberados por macrofagos
infectados por Mycobacterium tuberculosis ou Mycobacterium bovis demonstraram que
esses exossomos continham antigenos patogeno-derivados e as vesiculas induziam a
producdo de citocinas pro-inflamatérias por células virgens, ativando vias pro-
inflamatorias (BHATNAGAR et al., 2007). Por outro lado, exossomos liberados por
células com infecgdes virais parecem ter efeitos deletérios para o hospedeiro e favorecer a
infeccdo (SILVERMAN & REINER, 2011). O mesmo ocorre com exossomos liberados de
células tumorais, que parecem contribuir para a progressdo tumoral, promovendo a
angiogénese e a migracdo de células tumorais em forma de metastases (RAPOSO &

STOORVOGEL, 2013).

Atualmente estd bem estabelecido que os exossomos sdo importantes para o
funcionamento celular em diversos eventos bioldgicos, como comunicacdo intercelular,
transporte, tumorigénese € metabolismo, além de ter inimeras aplicacdes em diagndsticos
e terapias de diversas patologias (PETHO et al., 2018). Exossomos tém a capacidade de
proteger sua carga interna e o potencial de transmiti-la para tipos celulares especificos
através das interagdes receptor-ligante. Além disso, eles tém o potencial de atravessar
barreiras teciduais, como a barreira hematoencefalica. Seu potencial de enderecamento e
penetracao de barreiras fazem deles promissores veiculos terapéuticos de entrega. Ainda, a
presenca universal em fluidos biologicos, a liberacdo por todos os tipos celulares e

mudangas no conteiido molecular baseadas no estado patofisiologico das células de origem
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fazem dos exossomos notaveis marcadores moleculares (MAAS et al., 2017). Sobretudo, a
investigacao dos alvos de pequenos RNAs contidos nos exossomos pode ser importante
para entender como as vesiculas extracelulares podem modificar a regulacdo génica e

modular as células receptoras.

1.9 — miRNAs

MicroRNAs (miRNAs ou miRs) sdo uma classe de pequenos RNAs nao-
codificadores de 18-24 nucleotideos que atuam como reguladores pos-transcricionais da
expressdo génica em eucariotos. Essas moléculas evolutivamente conservadas influenciam
processos bioldgicos fundamentais, tais como proliferagcdo celular, diferenciacdo, apoptose,
resposta imune ¢ metabolismo, determinando o destino celular, e alteragdes na sua
capacidade regulatdria podem levar ao desenvolvimento de patologias (BARTEL, 2004;
WILCZYNSKA & BUSHELL, 2015; LUO et al., 2017). Desde sua descoberta em
Caenorhabditis elegans, em 1993 (LEE et al., 1993), os miRNAs tém ganhado destaque
por sua capacidade de regular finamente a expressdo génica. Naquele trabalho, Lee e
colaboradores mostraram que um pequeno RNA, lin-4, tinha complementariedade parcial
com a regido 3’UTR do mRNA que codifica a proteina lin-14, levando a reducdo da
expressdao dessa proteina. Posteriormente, a descoberta de let-7 no mesmo organismo

ajudou a confirmar essa classe de RNAs ndo-codificadores (REINHART et al., 2000).

Os miRNAs apresentam um alto grau de conservagdo em suas sequéncias e
mecanismos de agdo entre diferentes organismos (BARTEL, 2004). Embora inicialmente
se acreditasse que os miRNAs fossem codificados em regides intergénicas, atualmente foi
verificado que a maioria dos genes que dao origem aos miRNAs em humanos encontram-
se em introns de RNA codificadores e nao-codificadores (KIM & NAM, 2006; PAULEY
& CHAN, 2008). Os miRNAs sdo inicialmente transcritos como longos precursores de fita
dupla (pri-miRNA) dentro do nucleo celular. Ainda no nucleo, pela agdo da enzima
Drosha, o pri-miRNA ¢ clivado e convertido em miRNA precursor (pré-miRNA) em forma
de grampo. O pré-miRNA entdo ¢ transportado para o citoplasma, onde sofre a a¢do da
enzima Dicer, uma ribonuclease III, produzindo uma fita dupla (miRNA:miRNA¥*) de
aproximadamente 22 nucleotideos. Apds a separacao desse duplex de RNA, uma das fitas

(miRNA*) ¢ degradada e a outra (miRNA maduro) ¢ acoplada a um complexo de
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silenciamento induzido por miRNA (miRISC) para agir nos mRNAs-alvo (LEE et al.,
2003; BARTEL, 2004; WINTER et al, 2009). A Figura 6 mostra a via candnica de
biogénese ¢ maturagdo de miRNAs.Uma via alternativa para maturagdo de miRNAs
independente de Drosha foi descoberta em alguns organismos (RUBY et al., 2007;
BEREZIKOV et al., 2007). Nessa via, os miRNAs podem ser derivados do splicing de
sequéncias intronicas de mRNA que imitam caracteristicas estruturais de pré-miRNAs e
sao referidos como mirtrons. Os mirtrons podem entrar na via de biogénese de miRNAs
sem clivagem mediada por Drosha, no entanto, essas estruturas representam apenas um
pequeno numero dentre os miRNAs conhecidos (PAULEY & CHAN, 2008; WINTER et
al, 2009).
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Figura 6. Biogénese e maturacio dos miRNAs. O processo candnico de maturagdo dos
miRNAs inclui a produgdo de um transcrito de miRNA primério (pri-miRNA) pela RNA
polimerase II ou III e a clivagem do pri-miRNA pelo complexo formado por Drosha e
DGCRS no nucleo. O pré-miRNA resultante desse processo € exportado para o citoplasma
pelo complexo formado por exportina-5. No citoplasma, ocorre a clivagem do pré-miRNA
em miRNA maduro pela RNAse Dicer. A fita funcional do miRNA maduro € carregada
junto a proteina Argonauta no complexo miRISC (complexo de silenciamento induzido por
miRNA), onde ela guia miRISC para o silenciamento de mRNAs alvo através de clivagem,
repressao traducional ou deanilagdo do mRNA alvo, enquanto a outra fita do duplex de
RNA ¢ degradada. Adaptado de Winter et al., 2009.
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Os miRNAs maduros interagem com a proteina argonauta (Ago) para formar o
complexo miRISC, e entdo guiar esse complexo até o mRNA-alvo, preferencialmente até a
regido 3’UTR, embora experimentos tenham mostrado que o pareamento pode ocorrer ao
longo de todo o mRNA (LITTLE et al., 2007; WILCZYNSKA & BUSHELL, 2015). Essa
ligacdo do miRNA ao mRNA ¢ extremamente dependente de complementaridade de
sequéncia. Sete nucleotideos na regido 5° do miRNA, conhecidos como sequéncia “seed”
sdo cruciais para a ligagdo ao mRNA-alvo (LEWIS et al., 2003). A sequéncia 3’ a jusante
da sequéncia seed, no entanto, muitas vezes forma pareamentos de base imperfeitos com o
alvo, contendo mismatches, parecamento de bases GU e saliéncias (bulges, em inglés)
(SARAIYA et al., 2013). O grau de complementaridade de sequéncia entre miRNA-
mRNA define se o mRNA vai ser degradado por clivagem proteolitica (perfeita
complementaridade entre miRNA-mRNA) ou sofrer repressdao traducional
(complementaridade parcial) (PAULEY & CHAN, 2008). Em animais, a maioria dos
miRNAs se liga na regido 3°’UTR atuando como repressores traducionais, porém, trabalhos
recentes tém apontado outros possiveis mecanismos de regulagdo génica pelos miRNAs,
como a desestabilizacdo, deanilacdo, degradagdo e liberagdo precoce dos ribossomos
(NILSEN, 2007; WILCZYNSKA & BUSHELL, 2015). Além disso, ja foi reportado que
em certas situacdes, como estresse celular e quiescéncia, certos miRNAs podem ativar a
tradu¢do ou desreprimir mRNAs-alvo na presenca de certas proteinas
(BHATTACHARYYA et al., 2007; VASUDEVAN et al., 2007; OROM et al., 2008;
VASUDEVAN, 2011; TRUESDELL et al., 2012).

Surpreendentemente, um mesmo miRNA pode regular positivamente um alvo
enquanto regula negativamente outros alvos, como ¢ o caso de miR-145 na diferenciagdo
muscular, que aumenta a expressdo de miocardina enquanto diminui a expressao de outros
substratos (VASUDEVAN, 2011). Mais interessante ainda € o fato que alguns miRNAs
podem exercer efeitos opostos de regulagdo da tradugao de um alvo especifico dependendo
da extensdo do pareamento com o alvo ou da fase do ciclo celular. Saraiya e colaboradores
(2013) identificaram que o miRNA miR-3 de Giardia lamblia reprime a traducdo do
mRNA da histona H2A contendo um alvo com pareamento imperfeito ao miRNA, mas
aumenta a traducdo deste mRNA quando o pareamento ao alvo ¢ totalmente
complementar. Em humanos, o miRNA miR-369-3 também demonstrou ter efeitos opostos

de regulagdo da traducdo de TNF-o em diferentes fases do ciclo celular, mas essa
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regulagdo também depende de fatores adicionais (VASUDEVAN et al., 2007). A
reversibilidade na natureza de regulacao pos-transcricional dos miRNAs permite as células
que os carregam a responder rapidamente a diferentes condigdes celulares e
consequentemente bloquear desperdicios de energia desnecessarios ou manter o estado
celular (ORANG et al., 2014). Dessa forma, a regulagdo de mRNAs-alvo por miRNAs ¢ a
forma como essa regulagdo ocorre parecem ser extremamente complexas, dinamicas e
dependentes de diversos fatores celulares e ambientais ainda ndo completamente

elucidados.

Como identificar alvos para os miRNAs? Enquanto existem centenas de
potenciais mRNAs-alvo para cada miRNA, baseado na complementaridade da regido seed
e na energia livre de interagdo, os principios reais de reconhecimento de alvos ainda nao
sdo completamente conhecidos (WILCZYNSKA & BUSHELL, 2015). Em plantas, muitos
alvos podem ser preditos com confianga simplesmente pela busca de RNAs mensageiros
com extensiva complementaridade aos miRNAs. Em animais, por outro lado, extensiva
complementaridade com o alvo, levando a clivagem do mesmo, ¢ muito menos usual
(BARTEL, 2009). Dessa forma, o desafio da predi¢ao de alvos de miRNAs em animais ¢ a
busca computacional no genoma que identifique a maioria dos alvos sem trazer também
muitos resultados falso-positivos. Atualmente existem disponiveis diversos métodos de
predicao de alvos de miRNAs baseados em diferentes critérios, como miRanda (BETEL et
al., 2008), PITA (KERTESZ et al., 2007), TargetScan (AGARWAL et al., 2015),
RNAhybrid (REHMSMEIER et al., 2004), dentre outros; no entanto, nenhum deles ¢
considerado completamente eficiente € uma melhor abordagem para a predi¢ao de alvos

geralmente envolve o uso de mais de uma ferramenta (RIFFO-CAMPOS et al., 2016).

Além da predicao de alvos, ferramentas de bioinformética também possibilitam a
predicdo de novos miRNAs, principalmente a partir da grande quantidade de dados
disponiveis com os sequenciamentos de nova geragao (NGS). Através dessas ferramentas,
miRNAs putativos sdo preditos em sequéncias gendmicas baseadas em caracteristicas
estruturais de miRNA. Esses algoritmos essencialmente identificam estruturas de hairpin
em regides nao-codificadoras e ndo repetitivas do genoma que sdo caracteristicas de
sequéncias precursoras de miRNAs. Os miRNAs candidatos sdo entdo filtrados por
diferentes critérios (LIU et al., 2012). Existem diversos algoritmos disponiveis para a

predicdo de miRNAs, como miRScan (LIM et al., 2003), miRanalyzer (HACKENBERG et
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al., 2009), miRDeep* (AN et al., 2013) e Mirinho (HIGASHI et al., 2015). Apos as
predigdes, técnicas de biologia molecular sdo frequentemente usadas para confirmacao dos

miRNAs (LIU et al., 2012).

De forma geral, um unico miRNA pode regular centenas de alvos, mesmo que
apenas em um grau leve, e reciprocamente, diversos miRNAs podem se ligar a um mesmo
mRNA alvo e cooperativamente promover a sua regulagao (LIM et al., 2005; KIM &
NAM, 2006). Como a complementaridade de sequéncia com o alvo abrange apenas uma
fragdo do tamanho do miRNA, cada miRNA tem centenas de alvos em potencial, o que os
implica em quase todas as rotas biologicas (WILCZYNSKA & BUSHELL, 2015). Quatro
tipos de sitios-alvo com ligagdo a regido seed sdo seletivamente conservados: o sitio 6-mer,
que se liga perfeitamente aos seis nucleotideos do miRNA seed; o sitio 7mer-m8, que
compreende além da ligagdo do seed um pareamento Watson-Crick do oitavo nucleotideo
do miRNA; o sitio 7mer-Al, que compreende a ligacdo da regido seed suplementada por
um A (adenina) na posi¢ao referente ao primeiro nucleotideo do miRNA; e o sitio 8-mer,
que compreende a ligacdo da regido seed suplementada por ambos m8 e A1 (FRIEDMAN
et al., 2009). A hierarquia de eficiéncia dos sitios-alvo de miRNA ¢é 8mer > 7mer-m8 >
Tmer-Al > 6mer. Quando se considera uma regido de 7-8 nucleotideos para
reconhecimento do alvo, estima-se que cada familia de miRNAs conservada em
vertebrados tenha em média 300 alvos conservados, nimero que pode exceder 400 quando
se considera também regides de seis nucleotideos para reconhecimento do alvo (6-mer)
(BARTEL, 2009). Em suma, mais de 60% dos genes codificadores de proteinas em
humanos parecem ser alvos conservados para o reconhecimento e regulagdo por miRNAs

(FRIEDMAN et al., 2009).

Diferentes padroes de expressdo de miRNAs sdo encontrados em diferentes
células (LIM et al., 2005), sendo razoavel propor que cada tipo celular em cada estagio do
desenvolvimento possa ter um padrao de expressao de miRNAs distinto (BARTEL, 2004).
Existem evidéncias de que o impacto de alguns miRNAs sobre seus alvos s6 pode ser
observado em condi¢des celulares muito especificas, como estdgios particulares do
desenvolvimento, estresse, respostas a condi¢cdes ambientais e sinalizagdo extracelular, o
que d4 aos miRNAs a capacidade de regulagdo fina da expressao génica (WILCZYNSKA
& BUSHELL, 2015). O efeito de knockout de genes de miRNAs frequentemente ndo ¢é

obvio na observagdo do fenotipo em condigdes normais, sendo aparente apenas em certos
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contextos celulares ou condi¢des de estresse. Isso acontece pois apenas uma minoria dos
miRNAs parece reprimir seus alvos em mais de 50%, sendo que a maior parte deles
reprime seus alvos apenas modestamente. Assim, a maioria dos miRNAs nao funcionaria
como um “interruptor” nos genes, mas estaria mais relacionado a “sintonizagdo” ou ajuste
destes, destacando a importancia dos miRNAs no microgerenciamento da expressao génica

(BARTEL, 2009; WILCZYNSKA & BUSHELL, 2015).

1.10 — Interagdes patogeno-hospedeiro mediadas por miRNAs

Durante a infec¢do, bactéria e hospedeiro s3o submetidos a mudangas
significativas de condigdes fisioldgicas e ambientais as quais eles podem se adaptar ou
reagir. Patogenos bacterianos podem ajustar seu metabolismo e desencadear a expressao de
genes de viruléncia, que os ajudam a se beneficiar dos recursos do hospedeiro. Da mesma
forma, organismos infectados sdo capazes de perceber a intrusdo de bactérias patogénicas e
reagir desencadeando as defesas imunes inata ou adaptativa. A complexa rede de agdes e
contra-agdes que ocorre entre um invasor bacteriano e o organismo infectado ¢ referido

como crosstalk ou interacdo patogeno-hospedeiro (DUVAL et al., 2016).

Dentre as diversas mudancas que ocorrem no hospedeiro durante a infeccao
bacteriana, a que nos desperta maior interesse ¢ o efeito que esses microrganismos causam
na expressao de genes e miRNAs. Em 2006, foi publicado o primeiro estudo descrevendo a
resposta de um miRNA do hospedeiro a componentes bacterianos. O reconhecimento da
flagelina de Pseudomonas syringae por Arabidopsis thaliana mostrou induzir a expressao
de miR-393a e a subsequente inibicdo da expressdo de trés receptores de auxina. Isso, por
sua vez, diminui a sinalizagcdo por auxina, um hormodnio vegetal que modula a resposta
imune e diminui a suscetibilidade ao agente bacteriano (NAVARRO et al., 2006). Em
mamiferos, o envolvimento de miRNAs na resposta imune inata foi investigado através da
estimulagdo de mondcitos humanos por LPS e levou a caracterizacdo de miR-146 como
um regulador negativo da inflamac¢ao (TAGANOV et al., 2006). Seguindo esses estudos, a
resposta de miRNAs a infecgdes bacterianas em mamiferos foi amplamente investigada.
Infecgdes por diferentes patdégenos levam a expressdo de conjuntos de miRNAs
especificos. Dentre eles, miR-155, miR-146, let-7, miR-21 e miR-29 sdo alguns dos

miRNAs que tém papéis importantes na resposta das células hospedeiras a bactérias
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(EULALIO et al., 2012; STAEDEL & DARFEUILLE, 2013; MAUDET et al., 2014;
ZENG et al., 2015). Esses miRNAs regulam as respostas imunes a fim de eliminar a

infec¢do bacteriana, enquanto preservam o organismo dos efeitos deletérios da inflamacao

(ZENG et al., 2015; DUVAL et al., 2016).

Estudos mostram que os miRNAs estdo envolvidos na resposta imune contra
infec¢des tanto de bactérias gram-positivas quanto bactérias gram-negativas, bem como na
resposta a bactérias intra e extracelulares (EULALIO et al., 2012). Os miRNAs mais
comumente identificados na resposta a infecgdes sao miR-146 ¢ miR-155 (EULALIO et
al.,2012; DUVAL et al., 2016). Ambos os miRNAs sdo induzidos de maneira dependente
de NF-«xB e também exercem regulagdo sobre essa via, sendo considerados como parte dos
mecanismos regulatérios que modulam a producdo de citocinas inflamatorias em resposta a
estimulos bacterianos (TAGANOV et al., 2006; EULALIO ef al., 2012). Em geral, miR-
155 tem um efeito sobre as vias de sinalizacdo pro-inflamatorias, enquanto miR-146
desempenha um papel na tolerdncia imunoldgica inata, ajudando a manter o balango da
resposta imune (ZENG ef al., 2015). Interessantemente, um estudo demonstrou que miR-
146 e miR-155 foram encontrados em exossomos apds a estimulacao de células dendriticas
com LPS e ambos foram transferidos com sucesso para as células receptoras, regulando a

resposta inflamatoria nessas células (ALEXANDER et al., 2015).

As interagdes patogeno-hospedeiro resultam em modificagdes fisiologicas e de
sinalizacdo nas células hospedeiras que induzem a expressao diferencial e a regulacdo pos-
transcricional mediada por miRNAs de genes envolvidos na resposta imune e em diversas
vias celulares (DUVAL et al., 2016; MUXEL et al., 2017). Sendo assim, a identificagao
simultdnea de perfis de miRNA e mRNA fornece uma visdo mais abrangente das
interacdes patdogeno-hospedeiro durante a infeccdo e o processo de estabelecimento da
doenga. Desse modo, além dos esforgos para a identificacdo de miRNAs regulados pela
infeccdo, andlises integradas de transcritoma e miRNoma de células infectadas com
patdgenos bacterianos também tém ganhado luz nos ultimos anos (SHARBATI et al.,
2011; BAO et al., 2015; CASSELLI et al., 2017). No entanto, a identificacdo de mudangas
no perfil transcricional de células suinas submetidas a infeccdo com M. hyopneumoniae

ainda nao foi investigada.
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2. JUSTIFICATIVA

Tendo em vista o que foi apresentado, a investigagcdo de fatores de viruléncia que
ajudem a explicar as diferencas de patogenicidade entre as diferentes espécies e linhagens
de Mycoplasma que habitam o trato respiratorio suino € um topico importante que deve ser
estudado. Os resultados de Ferrarini e colaboradores (2016) indicam que a produgdo de
peréxido de hidrogénio e o metabolismo de mio-inositol por M. hyopneumoniae sao fatores
que devem colaborar para a patogenicidade aumentada dessa espécie em relagdo a M.
flocculare e M. hyorhinis, e, desse modo, tornam-se os alvos de investigagdo do presente
trabalho. A patogenicidade elevada de M. hyopneumoniae também desperta interesse na
relagdo que esta bactéria mantém com seu hospedeiro durante a infecgdo. Dessa forma,
torna-se interessante tragar um perfil das mudangas transcricionais causadas pela infec¢ao
de M. hyopneumoniae no hospedeiro, tanto em niveis d¢ mRNAs quanto de miRNAs, a
fim de identificar as alteracdes globais que essa bactéria causa na regulagdo e na
homeostase das células suinas. Além disso, a identificacio de miRNAs em exossomos
liberados por células infectadas também ¢ uma estratégia pertinente, pois pode ajudar a
identificar como essas células se comunicam durante a infecgdo, além do fato de miRNAs
exossomais ja terem sido identificados como participantes na regulacdo da resposta
inflamatoria (ALEXANDER et al., 2015). A tecnologia de NGS tem a capacidade de tragar
a expressdo de mRNAs e miRNAs conhecidos com alta resolugdo e acurécia, além de
identificar novos miRNAs e distinguir miRNAs muito similares em sequéncia (JIN et al.,
2014). Sua aplicagado se torna o ideal para a analise da expressdo diferencial de mRNAs e
miRNAs de células suinas infectadas com M. hyopneumoniae. Os resultados gerados por
essa investigacdo sdo muito importantes, pois podem ajudar a identificar formas de
interacdo entre M. hyopneumoniae e as células do hospedeiro e, desse modo, contribuir
para futuros estudos na busca de alvos de vacinas nessa bactéria que causa um impacto

econdmico tao grande na suinocultura.
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3. OBJETIVOS

3.1 — Objetivos gerais

Os objetivos desta tese de doutorado sdo investigar os mecanismos de

patogenicidade de M. hyopneumoniae relacionados ao metabolismo e identificar os efeitos

que a infeccdo com essa bactéria causa na expressao de genes € miRNAs de células suinas.

3.2 — Objetivos especificos

Identificar se as espécies e linhagens do género Mycoplasma presentes no trato
respiratdrio suino sdo capazes de produzir peroxido de hidrogénio.

Identificar se a producdo de peroxido de hidrogénio por M. hyopneumoniae ¢
decorrente do metabolismo de glicerol;

Analisar a expressao do gene glpO em linhagens patogénicas e ndo-patogénicas
de M. hyopneumoniae,

Determinar se M. hyopneumoniae ¢ capaz de captar e utilizar o mio-inositol
presente no meio de cultura como fonte de energia;

Identificar mRNAs e miRNAs diferencialmente expressos em células suinas
infectadas com M. hyopneumoniae;

Fazer a predicdo de alvos para os miRNAs diferencialmente expressos na
condicao de infecgao;

Identificar as fungdes celulares dos genes afetados pela infecgdo e, se possivel,
correlaciona-las as funcdes dos alvos de miRNAs diferencialmente expressos;
Analisar se exossomos de células suinas podem alterar o crescimento de
micoplasmas do trato respiratdrio suino;

Investigar se M. hyopneumoniae ¢é capaz de internalizar exossomos adicionados

a0 meio de cultura.
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4. RESULTADOS
Os resultados desta tese estdo organizados em trés capitulos, dos quais os dois
primeiros sdo apresentados na forma de artigos cientificos.

Os capitulos estdo organizados da seguinte forma:

e Capitulo 1: Hydrogen peroxide production and myo-inositol metabolism as

important traits for virulence of Mycoplasma hyopneumoniae.

e Capitulo 2: Mycoplasma hyopneumoniae elicits an antioxidant response and

decreases the expression of ciliary genes in infected swine epithelial cells.

e Capitulo 3: Avaliacdo do efeito de exossomos no cultivo de Mycoplasma

hyopneumoniae.
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Summary

Mycoplasma hyopneumoniae is the causative agent of
enzootic pneumonia. In our previous work, we recon-
structed the metabolic models of this species along
with two other mycoplasmas from the respiratory tract
of swine: Mycoplasma hyorhinis, considered less
pathogenic but which nonetheless causes disease and
Mycoplasma flocculare, a commensal bacterium. We
identified metabolic differences that partially explained
their different levels of pathogenicity. One important
trait was the production of hydrogen peroxide from the
glycerol metabolism only in the pathogenic species.
Another important feature was a pathway for the
metabolism of myo-inositol in M. hyopneumoniae.
Here, we tested these traits to understand their relation
to the different levels of pathogenicity, comparing not
only the species but also pathogenic and attenuated

Accepted 22 March, 2018. *For correspondence. E-mail zaha@
cbiot.ufrgs.br; Tel. +55 51 3308 6054; Fax +55 51 3308 7309. or
E-mail marie-france.sagot@inria.fr; Tel. +33 4 72 44 82 38; Fax
+33 4 72 43 13 88. tThese authors contributed equally to this

work

© 2018 John Wiley & Sons Ltd

strains of M. hyopneumoniae. Regarding the myo-
inositol metabolism, we show that only M. hyopneu-
moniae assimilated this carbohydrate and remained
viable when myo-inositol was the primary energy
source. Strikingly, only the two pathogenic strains of
M. hyopneumoniae produced hydrogen peroxide in
complex medium. We also show that this production
was dependent on the presence of glycerol. Although
further functional tests are needed, we present in this
work two interesting metabolic traits of M. hyopneu-
moniae that might be directly related to its enhanced
virulence.

Introduction

The notion that the lungs are sterile is frequently stated
in textbooks; however, no modern studies have provided
evidence for the absence of microorganisms in this envi-
ronment (Dickson and Huffnagle, 2015). Several bacte-
ria colonize the respiratory tract of swine. Mycoplasma
hyopneumoniae, Mpycoplasma flocculare and Myco-
plasma hyorhinis are some of the most important spe-
cies identified so far (Mare and Switzer, 1965; Meyling
and Friis, 1972; Rose et al., 1979; Siqueira et al., 2017).
M. hyopneumoniae is widespread in pig populations
and is the causative agent of enzootic pneumonia
(Maes et al., 1996); M. hyorhinis, although not as patho-
genic as M. hyopneumoniae, has already been found as
the sole causative agent of pneumonia, polyserositis
and arthritis in pigs (Kobisch and Friis, 1996; Davenport
et al, 1970; Thacker et al., 2012; Whittlestone, 2012).
M. flocculare, on the other hand, has high prevalence in
swine herds worldwide, but up to now, is still considered
a commensal bacterium (Kobisch and Friis, 1996).
Because of the genomic resemblance of these three
Mycoplasma species (Stemke et al, 1992; Siqueira
et al., 2013), it remains unclear why M. hyopneumoniae
can become highly virulent if compared with the other
two. It is also essential to understand that the simple
presence or absence of each species is not in itself a
determinant factor in the development of enzootic
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pneumonia: most piglets are thought to be vertically
infected with M. hyopneumoniae at birth (Maes et al.,
1996; Fano et al., 2006; Sibila et al.,, 2009) and many
can become carriers of the pathogen throughout their
entire life without developing acute pneumonia. More-
over, M. hyopneumoniae also persists longer in the
respiratory tract, either in healthy animals or even after
successful treatment of the disease (Thacker et al.,
2001; Ruiz et al., 2002; Fano et al., 2005; Overesch and
Kuhnert, 2017).

To make it even more complex, different strains of
each species bear different levels (or even lack) of path-
ogenicity. For instance, M. hyopneumoniae has six
sequenced strains, two of which are known to be attenu-
ated by culture passages (Zielinski and Ross, 1990; Liu
et al., 2013). These strains cannot cause the clinical
symptoms of pneumonia in vivo and up to now it is not
clear why.

In contrast to other pathogenic bacteria, and as
revealed by the analysis of the sequenced genomes
from several mycoplasmas (Himmelreich et al., 1996;
Chambaud et al., 2001; Minion et al., 2004; Vasconce-
los et al., 2005 Siqueira et al., 2013), pathogenic Myco-
plasma species seem to lack typical primary virulence
factors such as toxins, invasins and cytolysins (Pilo
et al., 2005; Maes et al., 2017). For this reason, classi-
cal concepts of virulence genes are usually problematic
and a broader concept for virulence is used for these
species. In this way, a virulence gene in mycoplasmas is
described as any nonessential gene for in vitro conven-
tional growth, which is essential for the optimal survival
(colonization, persistence or pathology) inside the host
(Browning et al., 2014).

There have been many different types of virulence
factors described so far in several Mycoplasma species,
most of them related to adhesion (Razin and Jacobs,
1992), invasion (Sibylle et al., 2015), cytotoxicity (Vilei
and Frey, 2001; Hames et al.,, 2009), host-evasion
(Simmons and Dybvig, 2007) and host-immunomodulation
(Katz et al., 1983; Waites and Talkington, 2004). As for
M. hyopneumoniae and M. hyorhinis, adhesion factors
such as antigen surface proteins and the ability of these
organisms to produce a capsular polysaccharide have
already been described in the literature (Tajima and
Yagihashi, 1982; Citti et al., 1997; Djordjevic et al., 2004;
Seymour et al., 2012; Whittlestone, 2012).

However, while the diseases caused by these swine
mycoplasmas have been extensively studied, only
recently their metabolism has been explored from a
mathematical and computational point of view by our
group (Ferrarini et al, 2016). We are well aware that
metabolism does not fully explain the pathologies
caused by either of them. However, adhesion proteins,
classically related to virulence in mycoplasmas cannot

be associated with the different levels of pathogenicity
between M. hyopneumoniae and M. flocculare. Both
species harbor similar sets of adhesion proteins
(Siqueira et al., 2014) and have been shown to adhere
to cilia in a similar way (Young et al., 2000). Thus, it
remains unclear what prevents M. flocculare to cause
disease in this context.

In our previous work (Ferrarini et al., 2016), we com-
pared the reconstructed metabolic models of these three
Mycoplasma species, and pointed out important meta-
bolic differences that could partly explain the different
levels of pathogenicity between the three species. The
most important trait was related to the glycerol metabo-
lism, more specifically the turnover of glycerol-3-
phosphate into dihydroxyacetone-phosphate (DHAP) by
the action of glycerol-3-phosphate oxidase (GlpO, EC
1.1.8.21), which was only present in the genomes of
M. hyorhinis and M. hyopneumoniae. This would allow
the usage of glycerol as a primary energy source, with
the production of highly toxic hydrogen peroxide in the
presence of molecular oxygen. The metabolism of glyc-
erol and the subsequent production of hydrogen perox-
ide by the action of GIpO are essential for the
cytotoxicity of lung pathogens Mycoplasma pneumoniae
(Hames et al., 2009) and Mycoplasma mycoides subsp.
mycoides (Vilei and Frey, 2001). Moreover, the Myco-
plasma hominis group is not the only one where hydro-
gen peroxide production via glpO has been reported. In
some Spiroplasma species (specifically Spiroplasma tai-
wanense) and within the pneumoniae group (for
instance in Mycoplasma penetrans), the presence of
this enzyme was also associated with virulence (Kannan
and Baseman, 2000; Lo et al., 2013).

Another major difference between our previous mod-
els was related to the presence of a complete tran-
scriptional unit (TU) encoding proteins for the uptake
and metabolism of myo-inositol in M. hyopneumoniae
(with the exception of one enzyme). This could be
another important trait for the enhanced virulence of
this species if compared with the other two. Here, we
studied this pathway in more detail to try to find this
missing enzyme and the possible reasons as to why
natural selection kept these genes only in this Myco-
plasma species.

In a recent review, Maes et al. (2017) emphasize the
need for the further investigation of the role of glycerol
and myo-inositol metabolism and their contribution to vir-
ulence in M. hyopneumoniae. Here, we experimentally
tested these two traits to show how they might be
related to the different levels of pathogenicity, by com-
paring not only the species themselves but different
strains of M. hyopneumoniae. Contrary to what we
anticipated, only the two pathogenic strains of M. hyop-
neumoniae were able to produce hydrogen peroxide in
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complex medium, and we confirmed that this production
was dependent on the presence of glycerol. The myo-
inositol metabolism, in turn, was tested with the aid of
deuterated myo-inositol in Friis medium. We were able
to detect by mass spectrometry (MS) a slight decrease
in the marked myo-inositol concentration throughout
time, indicating the ability of M. hyopneumoniae to
uptake such carbohydrate. We also show here that only
the M. hyopneumoniae strains remained viable when
myo-inositol was the primary energy source.

We present here two metabolic traits specific to M.
hyopneumoniae that might be directly related to its
enhanced virulence, especially in its ability to success-
fully overgrow the other two Mycoplasma species in the
respiratory tract of swine, persist longer in this environ-
ment and possibly cause disease.

Results

Comparative genomics of glpO from glycerol
metabolism

Highly conserved homolog genes to gipO from M.
mycoides subsp. mycoides (EC 1.1.3.21) were found
only in the genomes of M. hyopneumoniae and M. hyor-
hinis. Despite the annotation as a dehydrogenase in
both M. hyopneumoniae and M. hyorhinis, we propose
this enzyme to act as glycerol-3-phosphate oxidase
(GIpO), using molecular oxygen as the final electron
acceptor and producing DHAP and hydrogen peroxide.
We therefore refer to the encoded protein in M. hyop-
neumoniae and M. hyorhinis as GlpO, rather than GlpD.
The high similarity between these predicted proteins
(Supporting Information Fig. S1A) may be an indication
that this trait might be essential for the pathogenicity of
these Mycoplasma species.

Particularly, the cytotoxicity of M. mycoides subsp.
mycoides is considered to be related to the translocation
of the hydrogen peroxide into the host cells (Bischof
et al., 2008). This is presumably possible because of
the close proximity to the host cells along with the inte-
gral membrane GlpO (Pilo et al., 2005, 2007). Different
transmembrane prediction softwares (Hofmann, 1993;
Combet et al., 2000; Krogh et al., 2001; Kahsay et al.,
2005) identified putative transmembrane portions in the
GlpO proteins from M. hyopneumoniae and M. hyorhinis
(Supporting Information Fig. S1B). Similar results were
reported for the homolog enzyme in M. mycoides subsp.
mycoides (Pilo et al., 2005), and a recent proteomic
study has detected GIpO from M. hyopneumoniae in
surface-enriched extracts through LC-MS/MS (Personal
communication from H. B. Ferreira, (Machado et al.,
2018).
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Fig. 1. Hydrogen peroxide production by swine mycoplasmas.

A. In Friis medium after bacterial growth: Hydrogen peroxide was
only detected in growth media from pathogenic strains (field
isolates) of M. hyopneumoniae 7448 (MHP_7448) and 7422
(MHP_7422). Neither the attenuated strain J (MHP_J) nor the other
species M. hyorhinis (MHR) and M. flocculare (MFL) produced
detectable amounts of this toxic product. The concentration was
also standardized based on the average number of cells from each
culture. Data are presented as mean and standard deviation of
three independent samples and statistical analysis was performed
considering M. flocculare as a control strain (since it lacks the glpO
gene).

B. In the presence of different carbon sources: Pathogenic M.
hyopneumoniae strains were used to test hydrogen peroxide
production in incubation buffer supplemented with either glycerol or
glucose after 2 h of incubation. Both strains were able to produce
significant amounts of the toxic product when glycerol was present.
Data are represented as mean and standard deviation of four
independent samples (*p< 0.05; **** p<0.0001).

Pathogenic M. hyopneumoniae strains produce
hydrogen peroxide from glycerol

Contrary to what we had anticipated, we were only able
to detect the production of hydrogen peroxide from the
two pathogenic strains of M. hyopneumoniae (7448 and
7422) in Friis medium, as can be seen in Fig. 1A. The
attenuated strain from the same species (M. hyopneu-
moniae strain J), along with M. hyorhinis and M. floccu-
lare did not produce detectable quantities of this toxic
product. In order to verify if the amount of hydrogen per-
oxide produced was comparable between strains, we
also counted the number of cells for each replicate. In
this way, the two pathogenic strains produced approxi-
mately the same amount of hydrogen peroxide and had
cell counts of the same order of magnitude (available in
Supporting Information Table S1).

We also show (Fig. 1B) that the hydrogen peroxide
produced by the M. hyopneumoniae strains 7448 and
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Fig. 2. Expression levels of gipO gene in M. hyopneumoniae
strains.

We did not find any significant difference on the transcript levels of
glpO from all tested strains. Bars show the average relative
quantification normalized against unit mass (500 ng of total RNA)
and replicate 2 from strain 7448 was used as the calibrator.
Average expression levels were calculated with independent
biological triplicates (p < 0.05).

7422 was dependent on the presence of glycerol in the
incubation buffer.

Levels of glpO transcripts do not differ from pathogenic
to attenuated strains of M. hyopneumoniae

We tested the three M. hyopneumoniae strains (7448,
7422 and J) in order to compare the mRNA expression
levels of glpO gene by RT-gPCR. Since the transcript
levels of normalizer genes were not comparable
between strains, we used relative quantification normal-
ized against unit mass; in our case, the initial amount of
RNA. We chose one of the replicates from strain 7448
as the calibrator, and we were able to show (Fig. 2 and

B @ & @ k- & B

Supporting Information Table S2) that there was no sig-
nificant difference in the transcript levels of glpO in all
tested strains from M. hyopneumoniae.

Enzymes for the uptake and catabolism of myo-inositol
are specific to M. hyopneumoniae strains

M. hyopneumoniae is the only reported species among
the Mollicutes that contains genes involved in the catab-
olism of myo-inositol. Since Mycoplasma species seem
to maintain a minimum set of essential metabolic capa-
bilities, we decided to further investigate this pathway
and the influence of its presence on the metabolism and
pathogenicity of M. hyopneumoniae. The degradation of
inositol can feed glycolysis with DHAP and also pro-
duces an acetyl coenzyme-A (AcCoA) (Fig. 3). ATU for
the myo-inositol catabolism is present in all M. hyopneu-
moniae strains, with the exception of the gene that
codes for the enzyme 6-phospho-5-dehydro-2-deoxy-p-
gluconate aldolase (lolJ, EC 4.1.2.29), responsible for
the turnover of 6-phospho-5-dehydro-2-deoxy-p-gluco-
nate (DKGP) into malonate semialdehyde (MSA).

The gene encoding lolJ in other organisms is similar
to the one coding for enzyme fructose-bisphosphate
aldolase (Fba) from glycolysis (EC 4.1.2.13). There are
two annotated copies of the gene fba in M. hyopneumo-
niae (fba and fba-1, Supporting Information Table S3).
We performed homology and gene context analyses
(with the use of the MGcV software (Overmars et al.,
2013)), 3D comparative modelling and protein-ligand
interaction analysis to check if either of them would be a
suitable candidate for this activity.

The gene context and protein sequence alignment for
15 selected Fba homologs in Mollicutes can be seen in
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Myo-Inositol Metabolism
can n

Transcriptional Unit in M. Hyopneumoniae 7448
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Fig. 3. Myo-inositol catabolism pathway in all M. hyopneumoniae strains and its transcriptional unit in M. hyopneumoniae strain 7448.
Metabolites are depicted in dark green and enzymatic activities present in M. hyopneumoniae can be seen in pink. Metabolite abbreviations
are as follows: MI (myo-inositol), 2KMI (2-keto-myo-inositol), THcHDO (3D-(3,5/4)-trihydroxycyclohexane-1,2-dione), 5DG (5-deoxy-p-
glucuronate), DKG (2-deoxy-5-dehydro-p-gluconate), DKGP (6-phospho-5-dehydro-2-deoxy-p-gluconate), MSA (malonate semialdehyde),
AcCoA (acetyl coenzyme-A), DHAP (dihydroxyacetone phosphate). EC 1.2.1.27: MSA dehydrogenase; EC 4.1.2.29: DKGP aldolase; EC
2.7.1.92: DKG kinase; EC 5.3.1.30: 5DG isomerase; EC: 3.7.1.22: THcHDO hydrolase; EC 4.2.1.44: Myo-inosose-2 dehydratase; EC

1.1.1.18: MI-2-dehydrogenase; ABC-MI: ABC transporter for myo-inositol.
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Fig. 4. Substrate cavity prediction for Fba and Fba-1 from M. hyopneumoniae strain 7448.

Cavities from the comparative models of Fba and Fba-1 from M. hyopneumoniae in comparison to the models constructed for Fba and lolJ
from B. subtilis. The specificity for DKPG in lolJ seems to be strongly associated to the presence of a conserved arginine in position ‘a’ (R52
in Fba-1 from M. hyopneumoniage). In contrast, Fbas generally bear glycines in this position (for complete explanation see Supporting
Information Figs S3 and S4). While Fba-1 from M. hyopneumoniae resembles more the experimentally solved Fba enzymes from B. subtilis,
E. coli and, G. intestinalis, the predicted structure of Fba from M. hyopneumoniae is more similar to the lolJ structure from B. subtilis.

Supporting Information Figs S2 and S3. Comparative
models for both copies of Fba from M. hyopneumoniae
and previously characterized lolJ and Fba from Bacillus
subtilis (Yoshida et al., 2008) were constructed based
on available structures of Fba in PDB (Berman et al.,
2000) (Fig. 4 and Supporting Information Table S4). Fba
structures from Escherichia coli and Giardia intestinalis
were used to gather more information about substrate
binding (Supporting Information Fig. S3). The alignment
shows a highly conserved zinc binding site (residues
marked as ), essential for substrate binding and catal-
ysis. Positions ‘a’, ‘b’, ‘c’, ‘d’ and ‘e’ surround the sub-
strate cavity. The structural analysis suggests that the
interaction mode of DKGP (substrate of lolJ) with the
zinc ion of the active site is similar to that observed for
FBP (fructose-1,6-bisphosphate, substrate of Fba).
Nevertheless the substrate specificity is strongly
dependent on the residues that form the substrate
cavity.

While there seems to be several common features
between Fba and lolJ (residues ‘c’, ‘d’, ‘€’ and ), resi-
due ‘a’ appears to be essential for the substrate interac-
tion with lolJ. This residue is generally occupied by an
arginine (R52) in several putative lolJs from other organ-
isms (Supporting Information Fig. S4), and absent in all
predicted Fbas analysed in this study. From the
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predicted structures, the presence of this positively
charged arginine in lolJ seems to disfavour the interac-
tion with the phosphate group of FBP whilst it is comple-
mentary to the carboxyl group from DKGP.

In this way, the predicted structure of Fba-1 from M.
hyopneumoniae resembles more the Fba structures
from the experimentally solved Fbas in B. subtilis, E.
coli and G. intestinalis. The annotated Fba from M.
hyopneumoniae, on the other hand, seems to be more
similar to the lolJ structure from B. subtilis. Although
functional studies are needed to test this hypothesis, we
propose that all enzymes needed for the myo-inositol
catabolism are present in M. hyopneumoniae.

M. hyopneumoniae is able to uptake myo-inositol from
the culture medium

In order to ascertain the ability of different bacteria to
uptake myo-inositol, we used two different approaches.
The first was the use of marked myo-inositol in complex
medium and analysis by MS, and the second was to
check the viability of cells (through ATP production)
whenever myo-inositol was used as primary energy
source.

When we tested if cells were able to uptake the
marked myo-inositol, over the course of 48 h, we found
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no significant difference in M. flocculare and M. hyorhi-
nis when compared to the control medium (CTRL), as
observed in Fig. 5A. As expected, the concentrations of
myo-inositol for both strains of M. hyopneumoniae after
48 h of growth were lower than the control medium. We
also collected two extra time points for M. hyopneumo-
niae strain 7448 and CTRL: 8 h and 24 h of growth
(Fig. 5B). In all time points, there is significant difference
between the residual marked myo-inositol and the con-
trol medium, which implies that M. hyopneumoniae is
able to uptake such carbohydrate from the medium. MS
peak data is available in Supporting Information Table
S5.

Since we had glucose and glycerol present in this
complex medium analysed by MS, we also wanted to
check if the viability of the different strains and species
altered when myo-inositol was the primary energy
source. For this, we incubated cells in myo-inositol
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Fig. 5. Deuterated myo-inositol-1,2,3,4,5,6-d6 uptake in complex
medium.

A. Comparison after 48 h of growth of M. hyopneumoniae J ATCC
25934 (MHP_J) and field isolate 7448 (MHP_7448), M. flocculare
ATCC 27716 (MFL) and M. hyorhinis ATCC 17981 (MHR). While
there is no significant difference in the concentrations between
MFL and MHR and the control medium (CTRL), both M.
hyopneumoniae strains seem to be able to uptake myo-inositol.

B. We also collected two extra time points for MHP_7448 and
CTRL: 8 h and 24 h of growth. In all time points there is significant
difference between residual marked myo-inositol and the control
medium. Data are presented as mean and standard deviation of
four independent biological replicates. Asterisks indicate statistically
significant differences in residual marked myo-inositol (*p < 0.05;
**p<0.01).
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Fig. 6. Viability of M. hyopneumoniae, M. hyorhinis and M.
flocculare after 8 hours of incubation in myo-inositol defined
medium.

The viability of cells in myo-inositol defined medium was measured
by ATP production in comparison to inoculation in regular defined
medium (glucose-containing medium). Data are represented as the
ratio between ATP production in each media. There is a significant
decrease of ATP production in M. hyorhinis and M. flocculare
whereas at least 75% of the cells from M. hyopneumoniae
remained viable after cultivation in the myo-inositol defined medium
(***p<0.001; ****p<0.0001).

defined medium (depleted with glucose and glycerol) for
8 hours and measured the amount of ATP these cells
were able to produce. This in turn was directly related to
the amount of viable cells after cultivation in the specific
medium tested. Considering we do not know the ener-
getic yield and efficiency of each strain and species, we
could not directly compare the amount of ATP produced
between different organisms. For this reason, growth in
regular defined medium (with glucose) for each strain
was used as a normalization control and the ratio of
ATP production in both media was used to compare the
viable cells between strains. Since there was no other
energy source available in the medium and in accord-
ance with our previous predictions and results, only M.
hyopneumoniae cells remained viable (ranging from
75% to 280%) when compared to their control growth in
the regular defined medium (Fig. 6 and Supporting Infor-
mation Table S6). The viability of the other species in
this medium was 11.5% for M. hyorhinis and 0.2% for
M. flocculare. We also achieved similar results when
comparing the growth in myo-inositol defined medium
versus Friis medium (Supporting Information Fig. S5).

Discussion

In this study, we wanted to find possible differences
between pathogenic and attenuated strains of M. hyop-
neumoniae and also compare them with M. hyorhinis
and M. flocculare and assess possible links to the
enhanced virulence of M. hyopneumoniae. While
M. hyopneumoniae strains 7422 and 7448 are considered
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pathogenic, strain J became attenuated after serial pas-
sages of in vitro culture; M. hyorhinis strain ATCC 17981
was isolated from swine but, to our knowledge, its level of
pathogenicity has not been tested in vivo; and even
though M. flocculare is not considered pathogenic, strain
ATCC 27399 was isolated from a case of swine pneumo-
nia (strain ATCC 27716 is derived from this strain). In our
previous study (Ferrarini et al., 2016), through mathemati-
cal modelling, we predicted two traits of M. hyopneumo-
niae in silico that could be associated with its enhanced
virulence: the myo-inositol catabolism and the link
between the glycerol and the glycolysis metabolism, with
the production of highly toxic hydrogen peroxide (by the
activity of the GIpO enzyme). In this work, we tested
whether these species indeed differed from each other
regarding their ability (i) to produce hydrogen peroxide in
vitro and whether this was related to the availability of
glycerol, (ii) to uptake myo-inositol and (iii) to remain via-
ble in a defined medium with myo-inositol as the primary
energy source. While the uptake of myo-inositol might be
a general feature of M. hyopneumoniae, the production of
hydrogen peroxide in complex medium seems to be spe-
cific to pathogenic strains of this species.

Glycerol metabolism and hydrogen peroxide production

Even though the GIpO enzyme was previously detected
in proteomes from both pathogenic and attenuated
strains of M. hyopneumoniae (232 and J) (Pinto et al.,
2009; Pendarvis et al., 2014), only the pathogenic
strains tested in our study (7448 and 7422) were able to
produce detectable amounts of hydrogen peroxide in
Friis medium (Fig. 1). To our knowledge, no other study
up to now was able to show that M. hyopneumoniae
strains were able to produce this toxic product in vitro
(Maes et al., 2017). We also show here that the produc-
tion of hydrogen peroxide in the pathogenic strains of M.
hyopneumoniae is dependent on the presence of glyc-
erol (Fig. 1B).

The metabolism of glycerol and the formation of
hydrogen peroxide were described as essential for the
cytotoxicity of lung pathogens M. mycoides subsp.
mycoides (Vilei and Frey, 2001) and M. pneumoniae
(Hames et al., 2009). Moreover, although both M. hyop-
neumoniae and M. flocculare can adhere to the cilia of
tracheal epithelial cells in a similar way, only the adhe-
sion of M. hyopneumoniae causes tissue damage
(Young et al., 2000).

We showed that the difference in enzyme activity was
not related to the expression levels of glpO gene from
the strains tested (Fig. 2). We did not find any extreme
differences in their aminoacid sequences either (Sup-
porting Information Fig. S3). This could be an indication
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that either this enzyme undergoes post-translational
modifications in order to be active and/or the availability
of the substrate (glycerol) intracellularly might be a limit-
ing step for its activity. Post-translational modifications
have been extensively reported experimentally in several
proteins of M. hyopneumoniae (Djordjevic et al., 2004;
Burnett et al., 2006; Pinto et al., 2007; Seymour et al.,
2010; Tacchi et al., 2016). From transcriptomic and pro-
teomic literature data, we were not able to find any
enlightening differences in this pathway between strains
or species (Supporting Information Table S7).

As for the availability of intracellular glycerol, in our pre-
vious metabolic models, we predicted differences in the
metabolism of glycerol among the three Mycoplasma spe-
cies (Supporting Information Fig. S6). While M. hyopneu-
moniae has five different ways of uptaking glycerol
(dehydrogenation of glyceraldehyde, ABC transport of
glycerol and glycerol-phosphate, import of glycerophospho-
glycerol and glycerophosphocholine), the other two spe-
cies lack at least two reactions. This might also limit the
rate of production of hydrogen peroxide in each species.
In this way, the enhanced pathogenicity of M. hyopneumo-
niae over M. hyorhinis and M. flocculare may therefore
also be due to hydrogen peroxide formation resulting from
a higher uptake of glycerol as an energy source. Similarly,
one reason that could partially explain why M. mycoides
subsp. mycoides is highly pathogenic in comparison with
the less pathogenic M. pneumoniae might be the greater
intracellular availability of glycerol due to the presence of a
specific and very efficient ABC transporter in M. mycoides
subsp. mycoides (Hames et al., 2009).

Since the production of hydrogen peroxide was not
reported as essential to the in vivo virulence of Myco-
plasma gallisepticum (Szczepanek et al., 2014), more
studies are needed to better understand the importance
of this metabolism in M. hyopneumoniae. Moreover,
future biochemical and functional studies are needed to
prove that GIpO is indeed responsible for the activity
proposed here and to check if the enzyme in attenuated
strains/species is functional.

Myo-inositol uptake and catabolism

M. hyopneumoniae is the only Mycoplasma species with
sequenced genome that has the genes for the catabo-
lism of myo-inositol. Myo-inositol is an essential precur-
sor for the production of inositol phosphates and inositol
phospholipids in all eukaryotes (Gonzalez-Salgado
et al., 2012). Myo-inositol is also widespread in the
bloodstream of mammalians (Reynolds, 2009), which
would make it a suitable energy source for bacteria in
the extremely vascularized respiratory system. Previ-
ously, Mycoplasma iguanae was described to produce
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acid from inositol (Brown et al., 2006), but the methods
used in that paper are not clear and there is no com-
plete genome from this organism for us to draw any
conclusions. Based on sequence homology, orthology,
synteny and tridimensional analyses, we proposed a
possible candidate for the missing enzyme lold in M.
hyopneumoniae, namely a duplication of the fba gene
from glycolysis. This functional divergence after duplica-
tion is particularly interesting in bacteria for which evolu-
tion was mostly driven by genome reduction. Another
reported example of this event is the duplication of the
trmFO gene in Mycoplasma capricolum and more
recently in Mycoplasma bovis. The duplicated TrmFO in
M. capricolum was reported to catalyze the methylation
of 23S rRNA (Lartigue et al., 2014) while the duplicated
copy in M. bovis has been described to act as a
fibronectin-binding adhesin (Guo et al., 2017).

We showed here that M. hyopneumoniae was able to
uptake marked myo-inositol from a complex culture
medium (Fig. 5); in addition this was the only species
that remained viable whenever myo-inositol was used
as the primary energy source (Fig. 6). From our meta-
bolic model predictions (Ferrarini et al., 2016), the use
of myo-inositol would be much more costly than the
uptake and metabolism of glucose, which corroborates
the small uptake of myo-inositol in Friis medium (glu-
cose-rich) (Fig. 5). This basal uptake of myo-inositol
could also be an indication that this pathway is impor-
tant not only for energetic yield. Supporting this idea,
microarray studies on strain 232 showed that several
genes (if not all) from the myo-inositol catabolism were
differentially expressed during stress treatments: heat
shock (downregulated) (Madsen et al, 2006), iron
depletion (upregulated) (Madsen et al., 2006) and nor-
epinephrine (downregulated) (Oneal et al., 2008). More-
over, a previous transcriptome profiling of M.
hyopneumoniae (Siqueira et al., 2014) showed that all
genes from the myo-inositol catabolism were transcribed
under normal culture conditions. Furthermore, three
genes from the pathway (iolB, iolC and iolA) belonged
to the list of the 20 genes with the highest number of
transcript reads. Besides the transcription of these
genes, proteomic studies of M. hyopneumoniae strains
232 (Pendarvis et al., 2014), 7422, 7448 and J (Pinto
et al., 2009; Reolon et al., 2014) (Supporting Information
Table S7) showed that several enzymes from this path-
way were present in normal culture conditions.

Indeed, myo-inositol has been extensively reported in
several organisms as a signaling molecule (Downes and
Macphee, 1990; Gillaspy, 2011). Moreover, the myo-
inositol catabolism has been experimentally described
as a key pathway for competitive host nodulation in the
plant symbiont and nitrogen-fixing bacterium Sinorhi-
zobium meliloti (Kohler et al., 2010). Host nodulation is

a specific symbiotic event between a host plant and a
bacterium. Kohler et al. (2010) showed that whenever
inositol catabolism is disrupted (by single gene knock-
outs from the inositol operon), the mutants are outcom-
peted by the wild type for nodule occupancy. This
means that genes for the catabolism of inositol are
required for a successful competition in this particular
symbiosis. Moreover, the authors were not able to find a
suitable candidate for the lolJ activity. In our case, we
proposed that the activity of the missing enzyme IolJ is
taken over by a duplication of fba. We were able to find
a similar duplication (also not inside the myo-inositol
cluster) in the genome of S. meliloti 1021 (SM_b21192
and SM_b20199, both annotated as fructose-
bisphosphate-aldolase, EC 4.1.2.13). This means that in
at least one other symbiont that has the myo-inositol
catabolism genes, there could exist a putative lolJ not
close to the myo-inositol cluster, just as we proposed
here.

Whether this entire pathway is functional in M. hyop-
neumoniae is yet to be tested and further experiments
should take place to support this hypothesis. However,
the ability of M. hyopneumoniae to persist longer in the
swine lung if compared to the other two mycoplasmas
might come from the fact that this species is able to
uptake and process myo-inositol. Furthermore, the abil-
ity of M. hyopneumoniae to grow in diverse sites (Le
Carrou et al., 2006) if compared to M. flocculare might
also be due to this specific trait.

Concluding remarks

It is important to remember that even though M. hyop-
neumoniae is considered highly pathogenic, the three
Mycoplasma species studied here are widespread in pig
populations and can easily be found in healthy hosts
(Fano et al., 2005; Pieters et al,, 2010). However, the
main question permeating this fact is: what causes the
switch from a nonpathogenic Mycoplasma community to
a pathogenic one? And what makes some strains patho-
genic while others inflict no harm to the host cells?
Some strains of M. hyopneumoniae become less
pathogenic in broth culture and, after serial passages,
they lose their ability to produce gross pneumonia in
pigs (Whittlestone, 2012). In a proteomic study compar-
ing strains 232 and J, researchers have described that
the attenuated strain J switches its focus to metabolism
and therefore has developed better capabilities to profit
from the rich culture medium while the ability to infect
host cells becomes less important so that adhesion-
related genes are downregulated (Li et al., 2009). This
might be related to the fact that here we detected a
higher production of ATP in this attenuated strain when
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compared to the pathogenic strains 7448 and 7422. Liu
et al. (2013) have investigated genetic variations
between M. hyopneumoniae strains 168 and attenuated
168-L and found out that almost all reported Myco-
plasma adhesins were affected by mutations. Tajima
and Yagihashi (1982) reported that capsular polysaccha-
rides from M. hyopneumoniae play a key role in the
interaction between pathogen and host. Indeed in sev-
eral bacterial species it has been reported that the
amount of capsular polysaccharide is a major factor in
their virulence (Corbett and Roberts, 2009) and it
decreases significantly with in vitro passages (Kasper
et al., 1983). In this way, it is likely that the difference in
pathogenicity between strains in M. hyopneumoniae
does not solely depend on their metabolism, but also on
their ability to adhere to the host.

A recent metagenomic analysis of community compo-
sition (Siqueira et al., 2017) has described that M. hyop-
neumoniae is by far the most prevalent species in both
healthy and diseased hosts. The difficult isolation of
Mycoplasma species from diseased lung extracts is due
to the fact that, in culture, fast-growing bacteria will over-
come the slow-growth of mycoplasmas (McKean et al.,
1979). This means that, in vitro, the competition for an
energy source between fast and slow-growing bacteria
usually ends with an overpopulation of the fast growing
ones. Given the fact that mycoplasmas survive for lon-
ger periods inside the host even in competition with
other bacteria (Fano et al., 2005; Overesch and Kuh-
nert, 2017), we must assume that other factors exist
and are usually not mimicked in cell culture.

While M. hyopneumoniae might cause no harm,
depending mostly on the environment, the characteris-
tics of the host and the composition of this dynamic lung
microbiome, any unbalance in this system is probably
capable of turning a nonpathogenic community into a
pathogenic one. The final conclusion is that the disease
is a multifactorial process depending on several ele-
ments that include intraspecies mechanisms, community
composition, host susceptibility and environmental fac-
tors. One possibility is that the competition with fast-
growing species could result in a lower carbohydrate
concentration and that M. hyopneumoniae might have to
overcome this environmental starvation with the uptake
of glycerol or myo-inositol. Since the uptake of myo-
inositol does not lead to the production of any toxic
metabolite, it is more interesting for its persistence in
the long run. Other bacteria will strongly compete for
glucose and other related carbohydrates, while M. hyop-
neumoniae will have the entire supply of myo-inositol for
itself. The uptake of glycerol as an energy source, on
the other hand, will probably lead to the production of
toxic hydrogen peroxide as reported in other Myco-
plasma species. This toxic product combined with other
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toxins from the external bacteria in the system would
most probably recruit immune system effectors. Since
M. hyopneumoniae has efficient mechanisms of host
evasion (Fano et al., 2005; Maes et al., 2017), the newly
introduced and fast-growing bacteria might be eliminated
faster and M. hyopneumoniae, in this way, would be
able to persist longer than other species inside the host
(as it is reported in vivo).

As mentioned before, virulence factors in Mycoplasma
species cover a broader concept if compared to other
species: they are genes not essential for in vitro conven-
tional growth that are instead essential for optimal sur-
vival in vivo. From our M. hyopneumoniae metabolic
models, neither the GIpO activity nor the uptake and
metabolism of myo-inositol seem to be essential fea-
tures for in vitro growth. However, we were able to show
that they might be two metabolic traits important for the
enhanced virulence of M. hyopneumoniae when com-
pared to M. hyorhinis and M. flocculare and could be
essential for its survival in vivo and directly affect its
pathogenicity.

Experimental procedures
Mycoplasma cultivation

We used the following strains for experimental validation:
M. hyopneumoniae strains 7448, 7422 (field isolates) and J
(ATCC 25934), M. hyorhinis ATCC 17981 and M. flocculare
ATCC 27716. Cells were cultivated in Friis medium (Friis,
1975) at 37°C for varying periods of time with gentle agita-
tion in a roller drum.

Hydrogen peroxide detection

Hydrogen peroxide was detected in culture medium by the
Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit
(Invitrogen Cat. No A22188), according to the manufac-
turer's manual. M. hyopneumoniae, M. hyorhinis and M.
flocculare were cultivated for 48 h in modified Friis medium
(with no Phenol Red) and thereafter centrifuged. The super-
natant was used for the hydrogen peroxide readings com-
pared to a standard curve (Supporting Information Fig. S7).
The medium without bacterial growth was used as negative
control. We used biological and technical triplicates to infer
the average amount of hydrogen peroxide produced, and
the concentration was standardized based on the average
number of cells from each culture. Statistical analyses were
performed using GraphPad Prism 6 software by one-way
ANOVA followed by Dunnett’s multiple comparison test con-
sidering M. flocculare as a control (p < 0.05).

In order to determine if the hydrogen peroxide production
was dependent on the glycerol metabolism, we used the
Merckoquant Peroxide Test (Merck Cat. No 110011) with
detection range of 0.5 to 25 pg of peroxide per ml of solu-
tion (as described in Hames et al. (2009). Fifteen ml of
M. hyopneumoniae 7448 and 7422 strains were grown for
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48 h in Friis medium, harvested by centrifugation at 3360 g
and washed twice in the incubation buffer (67.7 mM
HEPES pH 7.3, 140 mM NaCl, 7 mM MgCl,). Cells were
resuspended in 4 ml of incubation buffer and aliquots of
1 ml were incubated for 1 h at 37°C. To induce hydrogen
peroxide production, either glycerol or glucose (final con-
centration 100 uM or 1 mM) was added to the cell suspen-
sion and samples were incubated at 37°C for additional 2 h.
Hydrogen peroxide levels were measured using colorimetric
strips according to the manufacturer’s instructions. Aliquots
without any added carbon source served as an incubation
control. The statistical significance of the results was calcu-
lated using one-way ANOVA followed by Dunnett’s multiple
comparison test (p<0.05). The results represent four bio-
logical replicates with at least two technical replicates each.

Mycoplasma cell count with flow cytometry

Mycoplasma cells cultivated for hydrogen peroxide detec-
tion were sedimented at 3360 g for 20 min at 4°C and
washed three times with NaCl 0,9% (1x 3360 g for 20 min
and 2x 3360 g for 4 min). Cells were resuspended in 1 ml
of NaCl 0,9% and diluted 1:30 for flow cytometry readings
in a Guava EasyCyte cytometer (Millipore, USA). Cells
were characterized by side-angle scatter (SSC) and
forward-angle scatter (FSC) in a four-decade logarithmic
scale. Absolute cell counting was performed up to 5000
events and the samples were diluted until the cell concen-
tration was below 500 cells/ul. The number of counts
obtained was then converted to cells/ml.

Transcript levels of glpO with the use of real-time
quantitative RT-PCR

Total RNA was isolated from 20 ml culture of M. hyopneu-
moniae strains 7448, 7422 and J grown at 37°C for 24 h.
Cells were harvested by centrifugation at 3360 g for 15
min, resuspended in 1 ml of TRizol (Invitrogen, USA) and
processed according to the manufacturer’s instructions fol-
lowed by DNA digestion with 50 U of DNasel (Fermentas,
USA). Absence of DNA in the RNA preparations was moni-
tored by PCR assays. The extracted RNA was analysed by
gel electrophoresis and quantified with the Qubit™ system
(Invitrogen, USA). A first-strand cDNA synthesis reaction
was conducted by adding 500 ng of total RNA to 500 ng of
pd(N)6 random hexamer (Promega, USA) and 10 mM
deoxynucleotide triphosphates. The mixture was heated for
65°C for 5 min and then incubated on ice for 5 min. First-
strand buffer (Invitrogen, USA), 0.1 M dithiothreitol and 200
U M-MLV RT (Moloney Murine Leukemia Virus Reverse
Transcriptase — Invitrogen, USA) were then added to a total
volume of 20 pl. The reaction was incubated at 25°C for 10
min and at 37°C for 50 min followed by 15 min at 70°C for
enzyme inactivation. A negative control was prepared in
parallel, differing only by the absence of the RT enzyme.
Quantitative PCR (gqPCR) assay was performed using 1:2.5
cDNA as template and Platinum SYBR Green gPCR
SuperMix-UDG with ROX (Invitrogen, USA) with specific
primers for glpO (5'GGTCGGGAACCTGCTAAAGC3' and
5'CCAGACGGAAACATCTTAGTTGG3') on StepOne Real-

Time PCR Systems (Applied Biosystems, USA). The qPCR
reactions were carried out at 90°C for 2 min and 95°C for
10 min followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. A melting curve analysis was done to verify the
specificity of the synthesized products and the absence of
primer dimers. The amplification efficiency was calculated
with the LinRegPCR software application (Ruijter et al.,
2009). A relative quantification normalized against unit
mass (500 ng of total RNA) was used to analyse the
expression data with the equation: Ratio(test/
calibrator)=2°T, where ACT=CTiest— CTealibrator (Calvifo
et al., 2008) and MHP_7448 (Replicate 2) was chosen as
calibrator. Statistical analyses were performed using Graph-
Pad Prism 6 software by one-way ANOVA followed by
Tukey’s multiple comparison test (p < 0.05).

Comparative modelling and protein—ligand interaction
analysis of Fba and lolJ

The SWISS-MODEL server (Schwede et al., 2003; Biasini
et al., 2014) was used for template search and the compar-
ative modelling for all Fba and lolJ proteins in this study.
The best homology models were selected according to cov-
erage, sequence identity, Global Model Quality Estimation
(GMQE) and QMEAN statistical parameters (Benkert et al.,
2009; Benkert et al., 2011). The Fba from M. hyopneumo-
niae along with lolJ and Fba from B. subtilis were modeled
using the crystal structure of fructose 1,6-bisphosphate
aldolase from Bacillus anthracis in complex with 1,3-dihy-
droxyacetonephosphate (PDB 3Q94) while Fba-1 from M.
hyopneumoniae was modeled using the fructose-1,6-
bisphosphate aldolase from Helicobacter pylori in complex
with phosphoglycolohydroxamic acid (PDB 3C52). Both
selected templates have the same resolution range (2.30
A). Fba structures experimentally solved from E. coli (Hall
et al., 1999) and G. intestinalis (Galkin et al., 2009) were
used to include information about substrate binding in the
active site. The DKGP and FBP ligands were drawn in the
Avogadro version 1.1.1 (Hanwell et al., 2012) by editing the
tagatose-1,6-biphosphate (TBP) molecule complexed with
the Fba structure of G. intestinalis (PDB 3GAY). Each
model was submitted to 500 steps of an energy minimiza-
tion protocol using the universal force field (UFF). The
DKGP and FBP molecules were inserted into the substrate
binding sites of the acquisition models obtained by super-
position of the models with the Fba structure of G.
intestinalis.

Detection of marked myo-inositol through mass
spectrometry

Solvents and reagents. Acetonitrile and formic acid
(Optima LC/MS Grade) were purchased from Fisher Scien-
tific (Loughborough, UK). MilliQ water was obtained from a
Direct-Q 5UV system (Merck Millipore, Billerica, MA, USA).
Deuterated myo-inositol-1,2,3,4,5,6-d6 was purchased from
CIL (C/D/N lIsotopes Inc. Cat No. D-3019, Canada).

Cultivation in the presence of marked myo-inositol. Cells
were cultivated in Friis medium supplemented with 0.25 g/I
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of deuterated myo-inositol-1,2,3,4,5,6-d6 (C/D/N Isotopes
Inc. Cat No. D-3019). Cultures were interrupted after 8 h,
24 h and 48 h of cultivation for mass spectrometry analysis.

Sample preparation. All samples were filtered and concen-
trated with the use of Amicon Ultra 3 kDa (Merck Millipore
Cat. No. UFC200324). After this step, samples were dried
in a miVac sample concentrator (Genevac, Ipswich, UK) for
approximately 45 min at 50°C. All samples were ressus-
pended in ultrapure water to a final concentration of 10 g/I
and were subsequently submitted to mass spectrometry.

Mass spectrometry. Aqueous extracts of Mycoplasma sp.
and commercial deuterated myo-inositol-1,2,3,4,5,6-d6
were analysed using an Accurate-Mass Q-TOF LCMS 6530
with LC 1290 Infinity system and Poroshell 120 Hilic column
(3 X 100 mm, 2.7 um) (Agilent Technologies, Santa Clara,
USA). The extracts were dissolved in water (10 g/l) and
injection volume was 3 pl. A binary mobile phase system
(A: 0.4% formic acid in milliQ-water and B: acetonitrile) was
pumped at a flow rate of 0.9 ml/min at the following gradi-
ent: 0-3.5 min, 90% B; 3.5-7 min, 90% to 0% B; 7-9.5
min, 0% B; 9.5-10 min 0% to 90% B; 10—-15 min, 90% B
(total run: 15 min). MS and MS/MS spectra were obtained
in negative mode, with the following conditions: nebulization
gas (nitrogen) at 310°C, at a flow of 10 I/min and 40 psg
pressure. The capillary tension was 3600 V and gave ion-
isation energy of 100 eV. In targeted MS/MS mode, collision
energy was set at 18 eV. Acquisition range was m/z 50—
500. MassHunter Qualitative Analysis Software (version
B.07.00) was used for data analysis.

Data analysis. Deuterated myo-inositol-1,2,3,4,5,6-d6 was
quantified in all aqueous extracts by HPLC-MS. For that, a
calibration curve (based on peak area) of a commercial
myo-inositol was performed from 0.001 g/l to 0.05 g/l in rep-
licate (4 times during the batch analysis). Statistical analy-
ses were performed using GraphPad Prism 6 software.
One-way ANOVA followed by Dunnett’s multiple comparison
test was used to test for differences in residual marked
myo-inositol in culture after bacterial growth of all tested
strains for 48 h (p<0.05). A two-tailed unpaired t-test was
used to compare the residual marked myo-inositol between
M. hyopneumoniae 7448 and the control medium with two
extra timepoints: 8 h and 24 h (p < 0.05).

Determination of cell viability of M. hyopneumoniae in
myo-inositol defined medium

All available strains were grown in Friis medium at 37°C for
48 h, sedimented by centrifugation at 3360 g for 20 min at
4°C, washed twice with ice cold PBS and inoculated in glu-
cose regular defined medium (described in Ferrarini et al.
(2016), supplemented with 5 g/l of succinate) or myo-
inositol defined medium (regular defined medium depleted
with glucose and glycerol and supplemented with 0.5 g/l of
myo-inositol and 5 g/l of succinate). Viability of cells was
measured by ATP production with live cells recovered after
8 h of growth in either media with a BacTiter-Glo™ Micro-
bial Cell Viability Assay Kit (Promega, USA) according to

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 108, 683—-696

Metabolism-related virulence genes in Mycoplasma hyopneumoniae 693

the manufacturer's manual. Luminescence was recorded in
a SpectraMax MiniMax 300 Imaging Cytometer (Molecular
Devices, USA) with an integration time of 0.5 s in an
opaque-walled multiwell plate. Average ATP production was
calculated with biological duplicates and technical tripli-
cates. The ATP production of each strain was compared
between regular defined medium and myo-inositol defined
medium to determine the ratio of viable cells and to allow a
comparison between strains. A 10-fold serial dilution of ATP
was used as a standard curve (Supporting Information Fig.
S8). Statistical analyses were performed using GraphPad
Prism 6 software by one-way ANOVA followed by Tukey’s
multiple comparison test (p < 0.05).
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ABSTRACT

Mycoplasma hyopneumoniae is an economically devastating pathogen in pig farming industry, however little is known about its
relation with the swine host. To improve our understanding on this interaction, we infected epithelial cells with M. hyopneumoniae
to identify the effects of the infection on the expression of swine genes and miRNAs. In addition, we identified miRNAs
differentially expressed (DE) in the extracellular milieu and in exosomes released by infected cells. A total of 1,283 genes
and 170 miRNAs were DE post-infection. We identified the up-regulation of several genes related to redox homeostasis and
antioxidant defense, most of them putatively regulated by the transcription factor NRF2. Down-regulated genes were enriched
in cytoskeleton and ciliary function, which could partially explain M. hyopneumoniae induced ciliostasis. Our predictions showed
that DE miRNAs could be regulating the aforementioned specific functions, since we detected down-regulation of miRNAs
predicted to target antioxidant genes and up-regulation of miRNAs targeting ciliary and cytoskeleton genes. Interestingly,
most down-regulated miRNAs were found in exosomes. Based on these observations, M. hyopneumoniae seems to elicit an
antioxidant response induced by NRF2 in infected cells; in addition, we propose that ciliostasis caused by this pathogen might
be related to down-regulation of ciliary genes.

Introduction

Respiratory diseases are among the major health problems in the pig farming industry. Mycoplasma hyopneumoniae is
the causative agent of swine enzootic pneumonia, a chronic respiratory disease that affects herds worldwide. Although M.
hyopneumoniae does not cause high mortality, it is considered the most costly pathogen for swine production (Maes et al., 1996).
This is mainly due to costs of treatment and vaccination and losses related to decreased animal performance. In addition, M.
hyopneumoniae is essential for the establishment of secondary pathogens in the host, which leads to an increase in mortality and
in production costs (Maes et al., 2017). M. hyopneumoniae attaches to the cilia of the tracheal epithelial cells with participation
of adhesins (Djordjevic et al., 2004), resulting in ciliostasis and cell death (Debey and Ross, 1994), which predisposes the host
to infections by secondary pathogens (Ciprian et al., 1988; Maes et al., 1996). Nevertheless, besides adhesins, virulence factors
are not well known in this bacterium. However, a recent study from our group indicated hydrogen peroxide production from
glycerol and myo-inositol metabolism as important traits that might be related with pathogenesis and with the predominance of
M. hyopneumoniae in the swine respiratory tract (Ferrarini et al., 2018).

MicroRNAs (miRNAs) are a class of small non-coding RNAs (ncRNAs) of 18-24 nt in part responsible for post-
transcriptional gene regulation in eukaryotes. These evolutionarily conserved molecules influence fundamental biological



processes, including cell proliferation, differentiation, apoptosis, immune response, and metabolism (Bartel, 2004; Luo et
al., 2017). The binding of miRNAs to target mRNAs changes the mRNA stability and translation efficiency (Lawless et al.,
2013), leading to degradation, suppression or even up-regulation of the target mRNA levels (Bartel, 2004; Duval et al., 2016).
miRNA-mRNA interactions are complex; one single miRNA can target a large number of genes belonging to diverse functional
groups. Alternatively, the 3’-UTR of a single mRNA can be targeted by multiple miRNAs (Lim ez al., 2005; Kim and Nan,
2006). Thus, by modulating miRNA abundance, it is possible to fine-tune the expression of proteins within the cell in a very
precise manner (Bartel, 2004; Kim and Nan, 2006).

Recently, it has been widely reported that miRNAs can be packed into exosomes and be transferred to neighboring or
distant cells to regulate cell function (Valadi et al., 2007; Rome, 2013; Chen et al., 2014; Luo et al., 2017). Exosomes are
small membrane vesicles (50-150 nm) released from eukaryotic cells both constitutively and upon induction, under normal
and pathological conditions (Rome, 2013; Schorey et al., 2015). These vesicles are involved in several cellular functions
and have the potential to selectively interact with specific target cells (Forterre et al., 2014; Rana et al., 2012). In addition to
miRNAs, exosomes can transmit information among cells by transferring proteins, lipids and nucleic acids that seem to be
selected non-randomly, with some specific populations of molecules being preferentially packaged into the vesicles (Rome,
2013; Schorey et al., 2015). As an efficient cellular signaling and communication system, the release of exosomes by infected
host cells has been recognized as a common phenomenon, in some cases beneficial to the host and in others beneficial to the
pathogen (Silverman and Reiner, 2011).

Host-pathogen interactions result in signaling and physiological modifications in host cells that induce differential miRNA
expression and miRNA-mediated post-transcriptional regulation of genes involved in immune response and several other cell
pathways (Bao et al., 2015; Muxel et al., 2017). Therefore, simultaneous identification of miRNA and mRNA differential
expression provides a comprehensive view on host-pathogen interactions during the infection and the disease establishment
process. In recent years, efforts have been made to identify miRNAs regulated by infection in the host (Lawless et al., 2013;
Staedel and Darfeuille, 2013; Maudet et al., 2014; Bao et al., 2015). However, the identification of miRNAs during infection of
swine cells with M. hyopneumoniae has not been investigated up to date. In this way, this study aimed to analyze the differential
expression of mRNAs and miRNAs of an epithelial porcine cell line infected with M. hyopneumoniae. In addition to the
intracellular differential expression, we also analyzed the difference in the expression of miRNAs in the extracellular milieu and
in exosomes, as they play an important role in cellular communication and in the dissemination of host and pathogen derived
molecules during infection. Hence, we were able to identify a correlation between genes and targets of miRNAs differentially
expressed (DE), with a general up-regulation of genes involved in antioxidant response and a down-regulation of genes related
to cytoskeleton and ciliary beating.

Results

Infection of NPTr cells with M. hyopneumoniae

To analyze the differential expression of New-born pig trachea (NPTr) cells during the infection with M. hyopneumoniae, we
first observed the infection by immunofluorescence microscopy. These analyses were performed to detect the adherence of M.
hyopneumoniae to NPTr cells. Figure 1 shows the co-localization of M. hyopneumoniae with the membrane of NPTr cells,
corroborating the success of the infection. In addition, it is possible to see that in the areas where there is higher concentration
of mycoplasmal cells, the NPTr cell membrane is more damaged. During the course of the infection, we could observe (data
not shown) increased cell death and altered cell morphology in comparison to the control condition.

RNA sequencing, processing and annotation

A total of 6 mRNA and 14 small RNA (sRNA) libraries were generated with the Illumina HiSeq2500 platform. The complete
description of samples is provided in Table 1 and Figure 2. The raw reads were submitted to the NCBI Gene Expression
Omnibus under accession number XXXXXX. After removing adaptors and filtering low quality reads, mRNA-seq yielded
from 40 to 43 M paired-end clean reads for all 6 samples (approx. 97% of raw reads) and sRNA-seq yielded from 1 to 21 M
single-end clean reads. Trimming and mapping information for each mRNA and sRNA sample is available in Supplementary
Tables S1 and S2.

Around 85% of the clean reads were mapped against the porcine genome (Sscrofal(.2 - Ensembl release 89) and 40%
against annotated genes. For intracellular sSRNAs (INTRA: samples s-9 to s-14), we were able to map around 93% against the
porcine genome. We also mapped all SRNA reads against the M. hyopneumoniae strain 7448 genome (Supplementary Table S2)
and most samples had no more than 0.5% of unique mycoplasmal reads. The exception to this rule were the extracellular SRNA
samples infected with the bacterium (s-S7 and s-S8), which had up to 20% of reads mapped to M. hyopneumoniae, as they
were expected to have more remnants of mycoplasmal cells. We also used these bacterial mapped reads to search for possible
bacterial ncRNAs described by Siqueira and collaborators (2016).
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Intracellular SRNA samples had similar sequencing depth and showed a typical miRNA distribution length curve ranging
from 18 to 26 nt, with a peak at 22 nt (Supplementary Figure S1). Extracellular exosomal sSRNA samples (EXO: s-S1 and
s-S2) had some RNA degradation (< 18 nt), but maintained a pronounced peak at 22 nt. Extracellular SRNA from vesicle-free
supernatant (SN: samples s-S3 and s-S4) were more problematic, probably due to (i) too many pre-processing steps and (ii) the
presence of RNAses in the extracellular environment. Sample s-S4 did not yield a minimum amount of reads necessary for
subsequent steps and this condition (SN) was not used for further analyses. Total extracellular SRNA samples (EXTRA: s-s5 to
s-S8) had more RNA degradation (as expected, because of the presence of RNAses and degraded mRNAs in the extracellular
environment); however, we were able - to a certain extent - to filter out (i) sequences < 18 nt and (ii) sequences mapped to
the M. hyopneumoniae genome (especially for s-S7 and s-S8). Sample s-s6 (EXTRA) had a sequencing depth smaller than
its replicate (s-S5); however, the distribution of counts was overall similar between replicates and we could use it for further
analyses. We also performed a homology analysis of raw reads and we provide the percentage of intracellular clean reads
clustered by classical types of SRNAs (Supplementary Figure S1), showing an enrichment of miRNA-homolog reads (around
40%).

We created a Sus scrofa putative miRNA database (ssc miRNA DB) with a total of 1,906 miRNAs from three different
sources: 411 miRNAs annotated in miRBase (Sus scrofa release 21), 722 annotated by Martini and collaborators (2014) and
773 novel putative miRNAs predicted by our analysis. More than 50% of intracellular SRNA clean reads were aligned against
the putative ssc miRNA DB (Supplementary Table S2).

mRNA expression profiles

In the present study, we detected a total of 20,274 (out of 23,215) genes expressed with at least 10 counts across the 6 mRNA
libraries from NPTr cells (Supplementary Table S3). We used two different methods for the detection of DE genes: EdgeR
(Robinson et al., 2010) and DESeq?2 (Love ef al., 2014). Overall, DESeq2 detected more significant adjusted p-values with less
accentuated fold changes (FCs), while EdgeR detected less significant false discovery rates (FDR) with more extreme FCs.
Both techniques have been widely used separately in several publications, and in order to select good candidates for testing, we
took into account both methods.

Differentially expressed mRNAs in NPTr cells infected with M. hyopneumoniae

In total, we detected 1,283 DE genes (p-value < 0.05), from which 511 were common to both methods, 712 were exclusive to
DESeq?2 and 88 were exclusive to EdgeR (28 of these were excluded due to the presence of outliers). Information from the
top 15 up-regulated and down-regulated DE genes is provided in Table 2. Even though we had interesting and similar results
separately from each method, we tried as much as possible to select for experimental validation genes that were detected by
both methods. The complete DE gene data are found in Supplementary Table S4.

As expected, we found several up-regulated genes related to immune response and inflammation, such as C3 complement,
SAA3, chemokines (CXCL2 and CCL20) and galectins (galectin-2 and galectin-8). Interestingly, we also detected 64 up-
regulated genes that were related to redox homeostasis and antioxidant defense. M. hyopneumoniae infection induced the
expression of genes related to the two biggest redox systems in NPTr cells: glutathione (GGT1, GGTS, GGLC, GSR) and
thioredoxin (TXNRD1, PRDXS5, PRDX6). There was also up-regulation of genes involved in the regeneration of NADPH
(which is used by the aforementioned redox systems) and of several genes coding for enzymes related to detoxification (such as
SOD2, HMOX, GST, NQOI1 and AKR gene family).

From the list of genes related to redox homeostasis, 46 have already been described as targets of nuclear factor erythroid
2-related factor 2 (NRF2) in closely related species (Table 3). This transcription factor protects the cell against oxidative
damage by recognizing and binding to antioxidant response element (ARE) motifs in the promoter region of target genes,
activating their transcription in mice (Nioi et al., 2003). We were able to detect at least one conserved ARE sequence upstream
the start codon in all targets (TGAnnnnGC) with the aid of fuzznuc from EMBOSSv6.6.0 (Rice et al., 2000) (Supplementary
Table S5).

Down-regulated genes were enriched in cytoskeleton and ciliary function. Dyneins (DNAH11, DHAH12, DNAI2, DNAL1)
which are essential for the ciliary motility, genes necessary for axonemal dynein assembly (DYX1C1), genes related to
ciliogenesis (CEP162, DCDC2, MACF]1, IFT57), ciliary polarization (INTU), ciliary beating (MYO1D) and several others in
which the mutation or knockout is associated with ciliopathies (LRRC6, MNS1, AK7), were down-regulated in the infected
condition. Several cytoskeleton genes related to mitotic spindle, chromosome segregation and cell division (GAS2L3, TPX2,
MYO10, BUB1B, ASPM, CENP-I) were also down-regulated in our analyses (Supplementary Table S4).

The selected DE mRNAs expressed were validated through reverse-transcription quantitative PCR (RT-qPCR) and results
are available in Supplementary Figure S2. Most of the genes experimentally tested were in accordance with the expression
data from sequencing (Table 2). Genes for which the results of RT-qPCR were not in accordance with sequencing were not
considered for further analysis.
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Gene Ontology (GO) enrichment analysis

We performed GO enrichment analyses with the complete up-regulated or down-regulated gene lists from both methods (EdgeR
and DESeq?2) separately. Since we did not detect the exact same DE genes from both methods, we did not expect the results
to be equal. However, both methods yielded very similar results and all enriched GO terms from the EdgeR lists were found
within the results from DESeq2 (Supplementary Table S6). We show the complete results of GO enrichment for up-regulated
and down-regulated genes in DESeq?2 separately in Figure 3 (p-value < 0.05 and absolute fold enrichment > 0.4).

In the up-regulated genes, the top enriched terms either in biological process, molecular function or cellular component
were related to protein synthesis, oxidation-reduction activity and cell-cell communication related terms (such as exosomes,
anchoring and focal adhesion functions). In down-regulated genes, the majority of overrepresented terms in all three categories
were related to cell cycle and cytoskeleton. The complete GO enrichment data is found in Supplementary Table S6.

miRNA expression profiles and differential expression

miRNAs in S. scrofa genome We predicted 773 novel putative miRNAs in intracellular samples (Supplementary Table S7)
and these were added to the ssc miRNA DB and were subsequently tested for differential expression. In all 14 SRNA samples,
we detected (with at least 10 counts across all libraries), 288 from the 411 putative miRNAs from miRBase and 229 miRNAs
described by Martini and collaborators (2014). From our predictions, 280 putative miRNAs also had more than 10 counts
across all libraries. Raw counts are provided in Supplementary Table S8.

In total, we identified 170 DE miRNAs (121 up-regulated, 48 down-regulated and 1 ambiguous). Table 4 shows the 10
selected up-regulated and down-regulated miRNAs detected in this study, and the complete list of DE miRNAs is summarized
in Supplementary Table S9. Several homologs of these miRNAs have already been linked to bacterial infection response or
immune system response in the literature and these references are also listed in Table 4. With the exception of one ambiguous
case (ssc-miR-9842-5p), whenever a miRNA was detected as DE in more than one condition, the change in expression (either
up- or down-regulated) was in accordance between them. Interestingly, most of the down-regulated miRNAs of exosomes were
DE only in these vesicles, which could be seen as a specific message they are trying to communicate to other cells.

sRNAs in M. hyopneumoniae genome Among the species-specific SRNAs of M. hyopneumoniae described by Siqueira and
collaborators (2016), we were able to detect (with at least 10 counts in extracellular samples S7 and S8) 26 putative SRNAs.
Raw counts are provided in Supplementary Table S10. These SRNAs were described by the authors to target one or small sets
of genes in the M. hyopneumoniae genome. Given that we were not able to perform DE analysis with these data, they will no
longer be discussed here.

Target prediction
In order to better understand the biological functions that could be involved with these 170 DE miRNAs, we predicted their
potential targets. We used miRanda (Betel et al., 2010), PITA (Kertesz et al., 2007), and TargetScan (Lewis et al., 2003) to
predict possible targets in the porcine genome, and RNAHybrid (Kruger et al., 2006) to assess the hybridization energy between
a miRNA-mRNA interaction pair. We only took into account genes that were detected as targets by at least two methods with a
good score (as described in the Methods section). All DE miRNAs except for one had at least one DE gene as a predicted target.
We detected a total of 59,304 putative interaction pairs between miRNAs and mRNAs. In this way, on average, a miRNA
could potentially target 349 genes in the entire porcine genome. However, we only considered as targets DE mRNAs, which
significantly decreased our list to a total of 1,682 interaction pairs. Given that in the literature most of the experimental
validation is related to an interaction pair with inversed regulation, we also decided to restrict our analysis to this type of
interaction (and kept a total of 1,051 interaction pairs). In this context, a permissive interaction is generally described as one
that occurs between a down-regulated miRNA and an up-regulated mRNA, while a repressive interaction is one in which the
miRNA is up-regulated with consequent down-regulation of the target mRNA (Martini et al., 2014). In our results, permissive
interactions represented 135 genes and 49 miRNAs, while repressive interactions occurred between 204 genes and 120 different
miRNAs. Supplementary Table S11 summarizes the permissive and repressive target pairs predicted in this study.

GO enrichment analysis

We performed GO enrichment analysis with DE targets from intracellular, extracellular and exosomal DE miRNAs. We were
able to identify a correlation between enriched terms in miRNA targets with some of the GO terms detected in the mRNA
up-regulated or down-regulated GO results (Figure 4). Target genes from permissive interactions were associated with terms
related to cofactor metabolic process and oxidation-reduction activity, whereas target genes from the repressive interactions
had enriched terms related to cytoskeleton. It is important to highlight the relevance of miRNAs found in exosomes and in
extracellular samples in the identification of GO enriched terms of miRNA targets, since only a small part of the permissive and
repressive interactions involved intracellular miRNAs. Complete GO enrichemnt of miRNA targets is found in Supplementary
Table S12.
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Network interaction analysis

We created a regulatory network with DE miRNAs and target mRNAs related to redox homeostasis detected in this study (Figure
5). We also included information about interactions from the BioGRID v3.4 database (Stark et al., 2006; Chatr-Aryamontri
et al., 2017), a general repository that includes experimentally validated physical (protein-protein) and genetic interactions.
The network shows a high level of connectivity and we were able to detect miRNAs that interacted only with NRF2 activated
targets (such as ssc-miR-31). We were able to detect miRNAs that seemed to regulate more generally redox homeostasis genes
and also miRNAs whose targets came from sets of genes with distinct functions (such as glycolysis, imune system defense,
ribosomes, among others), indicating that this response might be related to several other important functions within the cell.

Discussion

M. hyopneumoniae is considered the most costly pathogen for swine production. However, apart from studies related to
adherence to the host cells, little is known about the host-pathogen relationship between this bacterium and the swine host.
In this way, in order to improve our understanding on this interaction, we infected swine tracheal epithelial cells with M.
hyopneumoniae to identify the effects of the infection on the expression of swine genes and miRNAs. In addition, we identified
miRNAs differentially expressed in the extracellular milieu and in exosomes released by the infected cells. To our knowledge,
the simultaneous identification of miRNA-mRNA profiling during this particular infection has never been widely studied and
can help us draw a full picture of the changes in gene expression and the possible regulatory mechanisms of host cells during
disease establishment.

In general, up-regulated genes were related to antioxidant response, protein synthesis and cell-cell communication while
down-regulated genes were related to cytoskeleton and cell cycle. The up-regulation of cell-cell communication becomes very
interesting, when we realize that most DE miRNAs were detected only in the extracellular and exosome samples. Moreover,
most of the down-regulated miRNAs of exosomes were DE only in these vesicles, indicating that the cells might be selecting
specific populations of miRNAs to be packaged into these vesicles. We also performed the prediction of mRNA targets for
the DE miRNAs. Since experimental validation of the miRNA targets reported so far is predominantly related to pairs of
miRNA-mRNA with inversed regulation (up-regulation of a miRNA results in down-regulation of its target gene and vice-versa)
(Bartel and Chen, 2004), for subsequent analyses, we only considered the permissive and repressive interaction pairs. Although
there are situations in which both mRNA and miRNA are differentially expressed in the same sense and these represent forms of
gene regulation, they will not be further discussed here. In this way, we were able to identify 321 permissive and 721 repressive
interactions between DE mRNAs and miRNAs.

Since we used an attenuated strain of M. hyopneumoniae to infect the swine cells, we did not expect extreme changes in
gene expression. Indeed, most of the fold changes (FCs) of the DE genes analyzed in our results were not very high. The
attenuated strain was chosen because previous infection assays of our group showed that highly pathogenic strains, such as
7448 or 7422, have greatly damaged cells (not published) and we were not able to recover RNA with sequencing quality.
Nevertheless, even if the strain used (J) is considered non-pathogenic, it generates a considerable immune response. A similar
situation occurs in vaccine development, in which attenuated strains are used to generate immune response without causing
lethal effects. Thus, we believe that infections with pathogenic strains of M. hyopneumoniae would generate a more pronounced
effect on gene expression than what was observed here. However, our results remain important, as they provide a general
overview of M. hyopneumoniae infection in the host cells.

In the up-regulated genes, besides genes related to immune response and inflammation, which were already expected to be
DE, we also detected several genes related with redox homeostasis and antioxidant activity. Looking closer at these genes,
we identified that 46 out of 65 seem to be putatively regulated by the transcription factor NRF2 (Table 3). As previously
mentioned, NRF2 is a transcription factor that protects the cell against oxidative damage through transcription activation of
cytoprotective genes (Cho et al., 2006; Ma et al., 2013). More specifically, several studies have shown this protective role of
NRF2 in bacterial lung infections in rodents, being a critical factor for assembling the innate immune response in the host
(Thimmulappa et al., 2006; Athale et al., 2012; Reddy et al., 2009; Gomez et al., 2016). Indeed, M. hyopneumoniae infection
resulted in the up-regulation of several genes involved in glutathione and thioredoxin redox systems, and also of genes coding
NADPH-regenerating enzymes, as analogously reported for activation of NRF2 targets in mice (Kensler ez al., 2007). Moreover,
a number of antioxidant genes and genes coding for detoxification enzymes (such as the AKR gene family, NQO1 and GST)
which were up-regulated during M. hyopneumoniae infection, were also reported to be activated by NRF2 (Kensler et al., 2007).
Under normal conditions, NRF?2 is retained in the cytoplasm via its interaction to Keap1 (Kelch-like ECH-associated protein)
and it is subsequently ubiquitinated and degraded by the proteasome. In response to oxidative stress, reactive cysteines in
Keapl are modified, generating conformational changes in the complex formed by these proteins and releasing NRF2, which is
translocated to the nucleus. In the nucleus, NRF2 can recognize and bind to antioxidant response element (ARE) motifs in the
promoter region of target genes, activating their transcription (Nioi et al., 2003; Kensler et al., 2007; Biswal et al., 2012; Ma et
al., 2013). Conserved sequences similar to ARE consensus were detected in all putative target genes from this study.
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One of the many compounds that can activate the NRF2/Keapl pathway is hydrogen peroxide (Fourquet et al., 2010).
In our previous work, we identified that the pathogenic strains of M. hyopneumoniae were capable of producing hydrogen
peroxide from glycerol metabolism, while the attenuated strain J could not produce this toxic product (Ferrarini et al., 2018).
However, novel analyses indicate that in conditions where glucose concentrations were scarce, this strain was also able to
produce hydrogen peroxide (Supplementary Figure S3). These preliminary results show two specific cases: when maintained in
minimum defined medium (as described in Ferrarini et al., 2016), the attenuated strain produced a small amount of hydrogen
peroxide, however when glycerol was the only energy source available, M. hyopneumoniae J produced this toxic product
in concentrations similar to the ones produced by pathogenic strains of this species. The detection of hydrogen peroxide in
the previously reported results (Ferrarini et al., 2018) was performed in rich and complex Friis medium, indicating that the
attenuated strain preferentially uses glucose when this carbohydrate is available; however, in adverse conditions, it is able to
use glycerol as an energy source and thereby produce hydrogen peroxide. These results are also in accordance with the gene
expression of the putative enzyme responsible for hydrogen peroxide production (glpO) in M. hyopneumoniae J, which did not
differ from the pathogenic strains (Ferrarini et al. 2018).

During infection assays in general, bacteria need to compete with host cells for glucose and other energy sources. In our
case, this condition could force M. hyopneumoniae J to consume small amounts of glycerol just as it happens when this strain is
maintained in minimum defined medium. Thus, it is plausible to assume that during the infection assays, M. hyopneumoniae J
produced hydrogen peroxide and this reactive oxygen species might have been one of the triggers that activated the transcription
factor NRF2. Once again, it is reasonable to think that if we had used a highly pathogenic strain of M. hyopneumoniae in the
infection assays (which produce higher concentrations of hydrogen peroxide in culture), we might have detected much more
pronounced FCs in gene expression, possibly in response to a much higher production of hydrogen peroxide.

The analysis of the permissive interactions identified several miRNAs targeting NRF2 regulated genes (Figure 5). GGT]1,
for instance, is targeted by seven different miRNAs, while miR-31 is predicted to target four different genes induced by NRF2
(AKR1C4, AKR1CL1, GGT1 and TXNRDI). It was previously reported that NRF2 can be regulated independently of Keap1
by miRNAs in human breast cancer cells (Yang et al., 2011). Our miRNA target prediction identified three miRNAs targeting
NRF2: mir-340, miR-19a and mir-19b, all of them down-regulated in exosomes. Mir-340 has been previously identified
negatively regulating NRF2 expression in human (Shi ez al., 2014). Our miRNA-mRNA target predictions identified that this
miRNA could also be involved in the up-regulation of the transporter SLC6A6, a gene which was linked to a regulation by
NRF2 in human (Cordova et al., 2014). The other two miRNAs identified by our analyses as putative regulators of NRF2
(miR-19a and miR-19b), were also predicted to target GCLC, necessary for glutathione synthesis. MiR-19a and miR-19b have
been reported to be down-regulated in the presence of hydrogen peroxide in rats (Xu et al., 2016; Hong et al., 2017), linking
these miRNAs to a response to oxidative stress. In the literature, other miRNAs were also shown to negatively regulate the
expression of NRF2: miR-101, miR-92a, miR-27b, miR-28 and miR-34a (Yang et al., 2011; Alural et al., 2015; Yang et al.,
2015; Gao et al., 2017; Liu et al., 2017). All of them were down-regulated in our data and were predicted by this study to
regulate NRF?2 target genes (Table 5). In this way, it seems that during M. hyopneumoniae infection, there is a global change in
gene expression in an attempt to activate antioxidant genes, in association with the down-regulation of miRNAs that negatively
regulate these genes.

It is interesting to observe (Figure 5, Table 5) that the miRNAs that regulate the genes of the NRF2 pathway are down-
regulated only in extracellular or exosome samples, with no difference of expression in intracellular samples. This might
suggest an attempt of the infected cells to signal neighboring cells of the importance of these genes, preventing their repression
or degradation. This goes in accordance with the up-regulation of proteins involved in cell-cell communication, exosomes
and extracellular vesicules from our results. And it becomes even more important due to the fact that exosomal miRNAs were
already shown to regulate the inflammatory response in receptor cells from mice (Alexander et al., 2015). While miRNAs
identified in the extracellular total samples might contain SRNAs that reflect degradation remnants due to the presence of
RNAses and mRNAs in the extracellular environment, we believe that this does not happen in exosomes, since these vesicles
have a membrane that protects their content from degradation. As exosomes have an important role in cell communication, we
should consider the difference in miRNA expression in these vesicles as relevant and speculate on how they might interfere in
the gene regulation of neighboring cells. In addition, as exosomes may also affect other cell types, they may contain miRNAs
that target genes that are not DE in our samples.

Another aspect observed in our results was the increased expression of genes related to glycolysis, while genes related
to apoptosis were down-regulated. These two effects might be related, as it has been identified that the expression of the
pro-apoptotic gene PUMA (BBC3) is regulated by glucose metabolism (and high glucose consumption negatively regulated
PUMA expression) (Zhao et al., 2008). Interestingly, the up-regulation of genes related to energy metabolism might also
be linked to NRF2, as this transcription factor was shown to increase energy metabolism while suppressing lipid synthesis
(Vomhof-DeKrey and Picklo, 2012).

In general, the analysis of down-regulated genes identified many genes related to ciliary function, cytoskeleton and cell
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cycle. It is known that M. hyopneumoniae attaches to cilia and promotes ciliostasis and loss of cilia, causing damage to the
mucociliary apparatus (Debey and Ross, 1994; Young et al., 2000). Our hypothesis is that one of the reasons for epithelial
damage, besides physical adhesion, could be related to the change in gene expression induced by infection, which is a running
hypothesis for at least two other epithelial pathogens from the genus Mycobacterium (Matsuyama et al., 2018). In agreement
with this hypothesis, we were able to identify the down-regulation of several genes coding for axonemal dyneins (the molecular
motors responsible for cilia beating) (Kobayashi and Takeda, 2012), genes responsible for dynein assembly and transport (such
as DYXICI1, LRRC6 and MS1), and genes involved in ciliogenesis and ciliary polarization (Zhou et al., 2012; Tarkar et al.,
2013; Wang et al., 2013; Schueler et al., 2015; Yasunaga et al., 2015; Inaba et al., 2016; May-Simera et al., 2016; Yamamoto et
al., 2017; Shi et al., 2018). Analyzing the repressive interactions of miRNAs and mRNAs, we identified genes coding dyneins as
targets of several up-regulated miRNAs, with DNALI1 being target of seven different miRNAs. Mutations and down-regulation
of genes coding ciliary proteins, especially dyneins, were related to primary ciliary dyskinesia (Fernandez-Gonzalez et al.,
2009; Milara et al., 2010; Tarkar et al., 2013; Schueler et al., 2015; Inaba et al., 2016), but had not yet been reported in M.
hyopneumoniae infection. More investigations on this matter should be carried out, since it seems to be related to one of the
main adverse effects caused by this bacterium.

Several cytoskeleton-related genes that play a role during cell division, such as BUB1B, CENP-I, NEK2 and SPAGS, were
down-regulated during infection. Many of these genes are involved with the mitotic spindle and chromosome segregation
(Mack and Compton, 2001; Kim et al., 2002; Woolner et al., 2008; Bolanos-Garcia and Blundell, 2011; Wolter et al., 2012; Xu
et al., 2012; Matson and Stukenberg, 2014; Wadsworth, 2015). Genes encoding microtubule-dependent motor proteins that
physically affect chromosome segregation, such as kinesins (usually up-regulated during mitosis) (Cho et al., 2001), as well
as genes related to cell cycle progression were also down-regulated during infection. Taken together, these results suggest a
repression of cell division. The manipulation of cell cycle by pathogens was extensively reported, with different pathogens
being able to arrest different points of the cell cycle (Shirin et al., 1999; Marches et al., 2003; Jones et al., 2007; Alekseeva et
al., 2013). Therefore, it is possible that M. hyopneumoniae infection interferes with the host cell cycle.

A disruption of genes encoding cytoskeletal proteins may also be related to activation of NRF2. To keep this transcription
factor in the cytoplasm, the protein Keapl associates with actin filaments. Kang and collaborators (2004) observed that the
actin cytoskeleton is a scaffold necessary to maintain NRF2 in the cytoplasm, and that disruption of the actin filament network
releases NRF2 from Keapl1, resulting in the translocation of the transcription factor to the nucleus. Moreover, recently, Raymond
and collaborators (2018) showed that extracellular actin is a receptor for M. hyopneumoniae in PK-15 epithelial cells and that
fragments of adhesin P97 bind specifically to actin. In this way, the changes in gene expression of cytoskeleton-related genes
might be another indication of the NRF2 induction of antioxidant genes by M. hyopneumoniae.

In this work, we analyzed the changes that M. hyopneumoniae produced in gene and miRNA expression in tracheal epithelial
cells. However, we are aware that infection with this species involves a large component of the immune system, which is even
said to be responsible for the major tissue damage related to the infection. Thus, the results found here reflect the effect of M.
hyopneumoniae on epithelial cells, while the general picture of the respiratory tract might present different responses to the
infection. In this way, it is important to observe that besides the hydrogen peroxide production by M. hyopneumoniae, other
factors can trigger the activation of the cell antioxidant defense during infection. M. hyopneumoniae infection is characterized
by the infiltration of a large number of leukocytes in the lung tissue, which produce reactive oxygen and nitrogen species,
causing tissue damage (Muneta et al., 2008; Biswal et al., 2012). Accordingly, systemic infections with M. hyopneumoniae
have a great potential of causing oxidative stress, so that the transcription of genes activated by NRF2 seem to be important to
fight the infection and maintain cellular homeostasis.

In conclusion, we conducted the first study that analyzes mRNA and miRNAs differential expression in epithelial tracheal
cells infected with M. hyopneumoniae by NGS. Our results bring new insights on the interaction between M. hyopneumoniae
and the swine host, notably the efforts of the cells to activate genes related to antioxidant response, and leave several perspectives
related to the pathogenicity of this bacterial species.

Methods

Cultivation of NPTr cells

NPTr cells (Ferrari et al., 2002), purchased from Instituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna,
Brescia, Italy, were grown in Minimum Essential Medium with Earle’s Balanced Salts (MEM/EBSS) and 2 mM L-Glutamine
(GE Healthcare) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin
(GE Healthcare). Cells were cultured at 37°C with 5% CO2 in a humid atmosphere in T75 flasks and 6-well tissue culture
plates. Sub-passages were made when cells reached 80-100% confluence. To isolate exosome vesicles, the culture medium was
removed, confluent cells were washed with phosphate-buffered saline (PBS) and kept in medium without FBS and antibiotics
(exosome depleted) for 48h.
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Infection of NPTr cells with M. hyopneumoniae

Mycoplasma hyopneumoniae J (ATCC[®)?25934) was cultivated in 2 mL of Friis medium (Friis, 1975) at 37°C for 48h with
gentle agitation in a roller drum. Prior to NPTr infection, Mycoplasma cells were pelleted, washed with PBS and resuspended
in MEM/EBSS medium. For the immunofluorescence experiments, 5 mL of M. hyopneumoniae culture were used to infect
each slide coverslip grown with NPTr cells. For the RNA extraction experiments, 2 mL of M. hyopneumoniae culture were
used to infect each well in a 6-well tissue plate and 10 mL of the bacterial culture were used to infect NPTr cells in F75 cm?
flasks. NPTr cells were challenged with M. hyopneumoniae for 24 h.

Immunofluorescence

NPTr cells were grown in cover slips coated with poly-L-lysine (Sigma-Aldrich) for 48 h and infected or not-infected with
M. hyopneumoniae for 24 h. The cells were washed with 1x PBS three times and fixed with 4% paraformaldehyde for 20
min. After permeabilization with 0.2% Triton X-100 for 10 min and blocking with 4% BSA in PBS for 20 min, the cells were
incubated with the primary antibodies (rabbit polyclonal anti-SPAse I of M. hyopneumoniae, 1:10,000 and mouse monoclonal
anti-Sodium/Potassium ATPase alpha, 1:20, Invitrogen) for 1 h at 37°C followed by secondary antibodies (Alexa Fluor488-
conjugated anti-rabbit, 1:1,000, Invitrogen and Alexa Fluor555-conjugated anti-mouse, 1:1,000, Invitrogen ) incubation for 1 h
in the dark. The cells were washed with PBS and the DNA was stained with 0.2ptg/mL DAPI for 20 min. The slides were
mounted with Fluoromount (Sigma-Aldrich) and all samples were imaged using a fluorescent microscope (Zeiss Axiolmager
Z1).

Exosome extraction

Exosomes were purified from 250 mL of NPTr conditioned medium (as described by Forterre et al., 2014). Briefly, after 48
hours of incubation the medium was recovered and cell debris and organelles were eliminated by centrifugation at 2,000 x g
for 20 min and at 10,000 x g for 30 min. The resulting supernatant was filtered through a 0.22um filter in order to remove
large particles. Exosome vesicles were pelleted by ultracentrifugation at 100,000 x g for 90 min 4°C (Beckman-Coulter,
Optima™ MAX-XP ultracentrifuge, MLA-55 rotor). The supernatant was recovered and saved for posterior use (SN) and the
exosome sediment was washed with 25 mL of cold PBS, centrifuged at 100,000 x g for 70 min 4°C and resuspended in 50uL
PBS. Exosome extractions were performed in duplicates in both conditions of NPTr cells non-infected and infected with M.
hyopneumoniae. SN portion was submitted to nucleic acid precipitation with 1/10 volume of 3M sodium acetate and 3 volumes
of 100% cold ethanol at —20°C overnight. After centrifugation, the nucleic acid precipitated was allowed to dry at 60°C for 1
hour and was ressuspended in 100uL of ultrapure RNAse free water.

Sample preparation, RNA extraction and sequencing

For mRNA sequencing, a total of 6 samples were prepared: 3 in a control group (CTL) and 3 in the infected group (INF).
For miRNA sequencing, we prepared the samples as follows: total intracellular miRNA (INTRA: 3 CTL vs 3 INF), total
extracellular small RNA (EXTRA: 2 CTL vs 2 INF), extracellular exosomal miRNA (EXO: 1 pool CTL vs 1 pool INF) and
extracellular miRNA from vesicle-free supernatant (SN: 1 pool CTL vs 1 pool INF). Total RNA for mRNA sequencing and
sRNA sequencing (< 200bp) for miRNA analyses was extracted with mirVana kit (Ambion), according to the manufacturer’s
instructions. RNA quality was assessed with Bioanalyzer 2100 (Agilent Genomics). A total of 6 mRNA libraries were prepared
(one for each sample) using TruSeq Stranded Total RNA Sample Preparation kit (Illumina) and a total of 14 small RNA libraries
were prepared using TruSeq Small RNA Sample Prep kit (Illumina). After quality control, the sequencing of all libraries was
performed by HiSeq2500 platform (Illumina). RNA library preparation and sequencing was performed by the Duke University
GCB Sequencing Platform (Durham, USA).

Computational analysis of sequencing data

Preprocessing of raw reads

The raw reads were filtered for low quality reads, and adapter sequences were trimmed with CUTADAPT (Martin, 2011). Clean
reads were mapped against the porcine reference genome from Ensembl (Sscrofal0.2) with STAR (Dobin et al., 2013) and raw
counts of genes were obtained with HT'Seq count (Anders et al., 2015). Only uniquely mapped reads were used for further
analyses.

For miRNA prediction, we used intracellular samples as input for miRDeep2 (Friedlander et al., 2012) and kept predictions
that had a score of at least 5. After this, we collapsed similar predictions and obtained a total of 773 clusters (773 putative
miRNAs). We created a porcine miRNA DB, by including the 411 annotated porcine miRNAs in version 21 of miRBase
(Griffiths-Jones et al., 2006; Kozomara and Griffiths-Jones, 2014) along with 722 miRNAs characterized by Martini and
collaborators (2014). Reads from all samples were mapped against this database and a matrix of counts was generated.
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Differential expression of mRNA data

Raw counts were used as input for differentially expressed (DE) gene analysis. We detected possible DE genes in both EdgeR
(Robinson et al., 2010) and DESeq?2 (Love et al., 2014) packages in R. DESeq2 was run for genes that had a total count of at
least 10 in all libraries, with the method’s default normalization. EdgeR was used with TMM normalization and general linear
model fit, only for genes with cpm greater than 1 in at least 2 libraries. After testing, p-values for both methods were adjusted
with Benjamin-Hochberg (Benjamini and Hochberg, 1995) correction for multitesting. Genes were considered DE when p
< 0.05 and were selected for further investigation when log of FC (LogFC) was greater than 0.4 (for up-regulated genes) or
smaller than -0.4 (for down-regulated genes). The selection of candidates for detailed analysis and experimental testing took
into account genes that were detected as DE by both methods. For functional analyses, we also used the complete list of DE
genes whenever LogFC was greater than 0.1 (up-regulated) or smaller than -0.1 (down-regulated). These complete lists from
each method were used separately, and we compared the overall outcomes to check the robustness of our results.

Differential expression of miRNA data

The same pipeline used for DE mRNA was performed for total intracellular and total extracellular miRNAs, since we had
biological replicates in both cases. In the case where we had no replicates (instead, a single library was constructed from a pool
of 50 biological replicates), we used a tool called GFOLD (Feng et al., 2012) which provides a generalized fold change for
ranking DE genes. GFOLD is said to overcome the shortcomings of p-value and FC of existing methods and can provide a
more stable and biological meaningful gene ranking when a single biological replicate is available. In this case, we selected
miRNAs with GFOLD > 2 or < -2 for functional analyses.

miRNA target prediction

DE miRNAs were used as input for target predictions in the porcine genome. We used three methods to detect target pairs:
miRanda (Betel et al., 2010), TargetScan (Lewis et al., 2003) and PITA (Kertesz et al., 2007); and one method to validate the
hybridization of a target pair, RNAhybrid (Kruger et al., 2006). We kept only targets that were predicted by at least two distinct
tools and used the following thresholds: score in miRanda > 140, DDG from PITA < —5, score in RNAhybrid < —15. Since
TargetScan does not provide a continuous scoring system, we only validated whenever there was a prediction of at least 6mers.
Based on these, we chose from the putative target list only genes that were detected as DE in this study, and subsequentially we
only considered target pairs of miRNA-mRNA that had inversed fold change expression.

Functional analysis

Functional analysis took into account as input either the list of DE mRNAs itself or the list of targets predicted for the
DE miRNAs. We performed GO enrichment analysis (Ashburner et al., 2000) to find out which functions were over or
underrepresented in each gene list. P-values for enriched GO terms were adjusted with Benjamini-Hochberg (Benjamini and
Hochberg, 1995) correction for multitesting. GO terms and pathways with p < 0.05 were defined as significantly enriched. The
GO terms were reduced to representative non redundant terms with the use of the REVIGO tool (Supek et al., 2011).

RT-qPCR of selected differentially expressed mRNAs

For RT-qPCR, total RNA of NPTr cells infected and non-infected with M. hyopneumoniae was isolated with TRizol (Invitrogen)
according to the manufacturer’s instructions. A first-strand cDNA synthesis reaction was conducted by adding 1ug of total
RNA to 500ng of oligo(dT)15 primer (Promega) and 10 mM deoxynucleotide triphosphates. The mixture was heated for 65°C
for 5 min and then incubated on ice for 5 min. First-strand buffer (Invitrogen), 0.1 M dithiothreitol and 200 U M-MLV RT
(Moloney Murine Leukemia Virus Reverse Transcriptase — Invitrogen) were then added to a total volume of 20u L. The reaction
was incubated at 25°C for 10 min and at 37°C for 50 min followed by 15 min at 70°C for enzyme inactivation. Quantitative
PCR (qPCR) assay was performed using 1:5 cDNA as template and Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen)
with specific primers (Supplementary Table S13) on 7500 Real-Time PCR Systems (Applied Biosystems). The gPCR reactions
were carried out at 90°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A melting
curve analysis was done to verify the specificity of the synthesized products and the amplification efficiency for each primer
was calculated with the LinRegPCR software application (Rujiter et al., 2009). The mRNA levels were normalized against
porcine DNA topoisomerase II beta (TOP2B) and the relative expression of mRNA was calculated by 2-AACT method. The
threshold cycle (CT) of each target test represents the average of three reactions. Three independent biological replicates were
done for each target gene. Statistical analyses were performed using the GraphPad Prism 7 software with a two-tailed unpaired
t-test to compare the relative expression between infected and non-infected NPTr cells (p < 0.05).
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Figure 1. Analysis of M. hyopneumoniae adherence to swine epithelial cells. Results of the immunofluorescence
indicating adherence of M. hyopneumoniae to the membrane of the swine cells. Eukaryotic cell membranes were labeled with
mouse anti-Sodium/Potassium ATPase alpha (red), M. hyopneumoniae was detected with rabbit anti-SPAsel (green) and nuclei
were stained with DAPI (blue). M. hyopneumoniae was detected co-localized with the membrane of swine cells.

NPTr + MHP
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Figure 2. Experimental design of samples. Eukaryotic cells express mRNAs and miRNAs and also export some of these
molecules to the extracellular environment in vesicles or in free form. Therefore, besides analyzing differential expression of
intracellular mRNA samples (mRNA), we also analized DE miRNAs in distinct cell compartments. In this way, we extracted
sRNAs from: i) cells (intra); ii) from the medium of cultured cells, which contained all kinds of vesicles released by the cells
(microvesicles, exosomes, apoptotic bodies, etc) as well as free-living SRNAs (extra); iii) from exosomes released by cells
(ex0); iv) and from the supernatant of the ultracentrifugation of exosomes, which contained free-living miRNAs (SN). sSRNAs
of all these sources were sequenced and the differential expression between infected and non infected samples was analyzed.
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Figure 3. S

related to protein synthesis, oxidation-reduction activity and cell-cell communication (such as exosomes, anchoring and focal
adhesion), either in biological process (BP), molecular function (MF) or cellular component (CP). B. down-regulated genes

showed an enrichment of terms related to cytoskeleton, cell cycle and cell division in all the three categories.
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Figure 4. Gene Ontology analyses of DE miRNA targets. A. DE miRNA targets of permissive interactions were enriched
in terms related to oxidation-reduction process, while targets of repressive interactions were enriched in terms related to
cytoskeleton. B. We found a correlation of some GO terms from DE mRNAs and targets of DE miRNAs, indicanting that they
are possibly involved in related functions. Up-regulated genes as well as targets of permissive interactions were enriched in
oxidation-reduction related terms, while down-regulated genes and targets of repressive interactions were related to
cytoskeleton functions.
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Figure 5. Interaction network of DE miRNA and genes involved in redox homeostasis. Down-regulated miRNAs
(gray/red rectangles) that were predicted to target up-regulated genes (green ellipses) related to antioxidant and redox
homeostasis function are shown. Green arcs represent permissive interactions betweeen DE genes and miRNAs. The great
majority of miRNAs targeting these genes are DE only in exosomes (rectangles partially colored in red, far right). Genes that
were described in other organisms to be activated by NRF2 are marked with a blue border and interactions extracted from
BioGrid are seen as pale blue arcs. These represent both physical and genetic interactions between either genes or proteins
derived from such genes.
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Sample ID Name RNA Type Compartment Condition Replicates
mRNA S1-S3 mRNA CTRL Control 3
mRNA Intracellular
mRNA S4-S6 mRNA INF Infected with MHP 3
sRNA-S1 EXO CTRL Control Pool (50 biological replicates)
Exosomal miRNA
sRNA-S2 EXO INF Infected with MHP = Pool (50 biological replicates)
sRNA-S3 SN CTRL Extracellular miRNA from vesicule- Control Pool (50 biological replicates)
SRNA-S4 SN INF free supernatant | tected with MHP | Pool (50 biological replicates)
sRNA
sRNA S5-S6 EXTRA CTRL Total extracellular Control 2
SRNA S7-S8 EXTRA INF miRNA Infected with MHP 2
sRNA S9-S11 INTRA CTRL Control 3
Intracellular
sRNA S12-S14 INTRA INF Infected with MHP 3

Table 1. Samples detailed information
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DE Genes

DESeq2

EdgeR

RR-gpcR __9PCRin

GenelD Ass“:;‘;: Gt Description LogFC padj LogFC FDR UP/DOWN Te:‘i"ﬂ acz::;’:.i?n‘:,"m
ENSSSCG00000028871 LOC396866 Cystatin-A1 0.691 4,35E-24 * 5.375 1.02E-14 Upregulated
ENSSSCG00000030385 c3 Complement C3 1.427 4.69E-63 2,698 2.60E-43 Upregulated v v
ENSSSCG00000021728 LGALS2 Galectin 2 0.646 5,38E-15 1.507 3.71E-05 Upregulated
ENSSSCG00000028525 SAA3 Serum Amyloid A3 0.841 4.67E-25 1.211 2.88E-21 Upregulated v v
ENSSSCG00000001101 SCGN Secretagogin, EF-Hand Calcium Binding Protein 0.554 6.74E-09 1.018 9.06E-05 Upregulated
ENSSSCG00000028982 AKR1C4 Aldo-Keto Reductase Family 1 Member C4 0.869 2.61E-76 0.953 4.61E-54 Upregulated
ENSSSCG00000025277 AKR1CL1 Aldo-Keto Reductase Family 1, Member C-Like 1 0.866 3.96E-76 0.949 5.46E-54 Upregulated v v
ENSSSCG00000004678 DUOX2 Dual Oxidase 2 0.515 1.99E-09 0.721 6.93E-09 Upregulated v
ENSSSCG00000010146 LGALS8 Galectin 8 0.453 1.41E-06 0.691 2.39E-15 Upregulated v v
ENSSSCG00000025273 CYP11A1 Cytochrome P450 Family 11 Subfamily A Member 1 0.510 1.39E-11 0.648 3.80E-11 Upregulated
ENSSSCG00000003402 PGD P Dy 0611 3.62E-61 0.647 2.71E-36 Upregulated v v
ENSSSCG00000008959 CXCL2 C-X-C Motif Chemokine Ligand 2 0.491 5.15E-13 0.590 1.10E-11 Upregulated v
ENSSSCG00000007435 PLTP Phospholipid Transfer Protein 0.436 7.49E-09 0.544 3.54E-08 Upregulated v
ENSSSCG00000010853 EPHX1 Epoxide Hydrolase 1 0.444 5.20E-15 0.503 1.76E-06 Upregulated
ENSSSCG00000000843 TXNRD1 Thioredoxin Reductase 1 0.426 7.45E-14 0.482 7.33E-13 Upregulated
ENSSSCG00000017135 ZNF750 Zinc Finger Protein 750 -0.741 7,84E-26 * -4.899 3.43E-15 Downregulated
ENSSSCG00000009399 CYSLTR2 Cysteinyl Leukotriene Receptor 2 -0.439 1,01E-07 * -1.034 2.57E-02 Downregulated
ENSSSCG00000013401 DKK3 Dickkopf WNT Signaling Pathway Inhibitor 3 -0.581 5.15E-13 -0.774 1.35E-12 Downregulated v v
ENSSSCG00000016273 HTR2B 5-Hydroxytryptamine Receptor 2B -0.434 1.37E-05 -0.735 2.12E-03 Downregulated
ENSSSCG00000014232 LOX Lysyl Oxidase -0.464 1.06E-06 -0.718 1.39E-04 Downregulated v
ENSSSCG00000011217 NEK10 NIMA Related Kinase 10 -0.418 2.80E-05 -0.689 4.20E-03 Downregulated
ENSSSCG00000003810 UBE2U Ubiquitin C Enzyme E2 U (| ive) -0.392 1.38E-04 -0.676 8.30E-03 Downregulated
ENSSSCG00000011441 TNNC1 Troponin C1, Slow Skeletal And Cardiac Type -0.399 5.92E-05 -0.633 3.27E-03 Downregulated
ENSSSCG00000015413 FGL2 Fibrinogen Like 2 -0.487 1.81E-15 -0.554 1.64E-14 Downregulated v v
ENSSSCG00000008334 MXD1 MAX Dimerization Protein 1 -0.385 3.21E-06 -0.486 3.02E-05 Downregulated v
ENSSSCG00000027157 SLC40A1 Solute Carrier Family 40 Member 1 -0.351 1.51E-04 -0.478 1.82E-03 Downregulated
ENSSSCG00000006072 VPS13B Vacuolar Protein Sorting 13 Homolog B -0.359 4.30E-05 -0.469 5.52E-04 Downregulated
ENSSSCG00000028322 BTG2 BTG Anti-Proliferation Factor 2 -0.394 2.61E-09 -0.452 2.29E-04 Downregulated
ENSSSCG00000016059 STAT4 Signal And Acti of iption 4 -0.354 6.36E-06 -0.430 6.75E-05 Downregulated
ENSSSCG00000028196 MFF Mitochondrial Fission Factor -0.352 6.40E-06 -0.427 3.85E-05 Downregulated

*: In the cases where EdgeR detected a DE gene with high significance and the padj was not calculated in DESeq2 due to the presence of one outlier, we checked case by case and validated as DE, whenever suitable. The P-value

showed in these cases is the value

prior to i for only.

Table 2. Selected up- and down-regulated DE genes. Information about the top 15 up- and 15 down-regulated DE genes
from both DeSeq2 and EdgeR methods. Eight up-regulated and four down-regulated genes were selected for experimental
validation by RT-qPCR. Of these, five up-regulated and two down-regulated genes were in accordance with the expression of
sequencing data.
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DE Genes DESeq2 EdgeR
GenelD Associated Gene Name Description LogFC padj LogFC FDR Reference
ENSSSCG00000028982 AKR1C4 Aldo-Keto Reductase Family 1 Member C4 0.869 2.61E-76 0.953 4.61E-54 Hayes & McMahon, 2009.
ENSSSCG00000025277 AKR1CL1 Aldo-Keto Reductase Family 1, Member C-Like 1 0.866 3.96E-76 0.945 3.94E-20 Hayes & McMahon, 2009.
ENSSSCG00000003402 PGD D 0.611 3.62E-61 0.643 1.57E-10 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000025273 CYP11A1* Cytochrome P450 Family 11 Subfamily A Member 1 0.510 1.39E-11 0.648 3.80E-11
ENSSSCG00000010853 EPHX1 Epoxide Hydrolase 1 0.444 5.20E-15 0.498 3.80E-07 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000014540 FTH1 Ferritin Heavy Chain 1 0.436 1.81E-24 0.465 3.64E-14 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000003153 FTL Ferritin Light Chain 0.427 1.25E-24 0.455 4.52E-04 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000000843 TXNRD1 Thioredoxin Reductase 1 0.426 7.45E-14 0.478 2.24E-13 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000002754 NQO1 NAD(P)H Quinone Dehydrogenase 1 0.415 7.89E-18 0.451 3.26E-04 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000002626 GSTA1* Glutathione S-Transferase A1 0.407 1.02E-12 0.456 1.44E-03 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000016312 UGT1A6* UDP Glucuronosyltransferase Family 1 Member A6 0.367 1.88E-18 0.390 3.60E-04 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000011147 AKR1C1 Aldo-Keto Reductase Family 1 Member C1 0.360 1.28E-04 0.507 2.70E-03 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000021386 PTGR1 Prostaglandin Reductase 1 0.358 6.02E-12 0.392 5.66E-05 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000001488 GCLC Glutamate-Cysteine Ligase Catalytic Subunit 0.350 2.78E-10 0.388 6.30E-10 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000002825 CES1* Carboxylesterase 1 0.348 5.58E-12 0.379 1.53E-02 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000012136 PIR Pirin 0.334 9.34E-07 0.388 1.80E-06 Brzdska et al., 2014.
ENSSSCG00000025762 GSR* Glutathione S-Reductase 0.314 2.46E-03 0.485 6.49E-02 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000029144 SRXN1* Sulfiredoxin 1 0.309 3.31E-06 0.355 1.93E-05 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000010055 GGT5 Gamma-Glutamyltransferase 5 0.305 1.38E-03 0.421 3.33E-03
ENSSSCG00000014833 ucpP2 Uncopling Protein 2 0.303 5.10E-03 0.509 4.52E-02
ENSSSCG00000028099 SLC6A6* Solute Carrier Family 6 Member 6 0.295 2.36E-03 0.408 1.00E-02 Hayes & McMahon, 2009.
ENSSSCG00000026759 HMOX1 Heme Oxygenase 1 0.272 9.35E-03 0.397 1.15E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000008311 CYP26B1 Cytochrome P450 Family 26 Subfamily B Member 1 0.267 4.82E-03 0.359 8.22E-03
ENSSSCG00000028996 ALDH1A1 Aldehyde Dehydrogenase 1 Family Member A1 0.261 1.47E-18 0.270 2.16E-09 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000006717 PHGDH Dehy 0.260 1.20E-07 0.285 4.62E-05
ENSSSCG00000021067 BLVRB Biliverdin Reductase B 0.259 2.00E-04 0.298 7.14E-04 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000013366 LDHA Lactate Dehydrogenase A 0.255 9.07E-07 0.281 8.19E-05
ENSSSCG00000029781 SELENOM Selenoprotein M 0.254 2.25E-02 0.406 5.78E-02
ENSSSCG00000001723 PLA2G7 Phospholipase A2 Group VIl 0.250 4.58E-04 0.289 1.43E-03 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000004093 IYD lodotyrosine Deiodinase 0.250 1.09E-02 0.339 1.83E-02
ENSSSCG00000001963 EGLN3 Egl-9 Family Hypoxia Inducible Factor 3 0.248 7.36E-03 0.324 9.69E-03
ENSSSCG00000003914 PRDX1 Peroxiredoxin 1 0.231 1.02E-07 0.244 1.70E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000017092 GPX3 Glutathione Peroxidase 3 0.224 7.69E-05 0.246 1.66E-01 Kensler et al., 2007.
ENSSSCG00000018048 SLC5A10 Solute Carrier Family 5 Member 10 0.215 3.21E-03 0.247 1.29E-02 Hayes & McMahon, 2009.
ENSSSCG00000003491 AKR7A2 Aldo-Keto Reductase Family 7 Member A2 0.205 1.69E-02 0.247 5.33E-02 Lietal, 2015.
ENSSSCG00000021408 TKT Transketolase 0.190 2.39E-06 0.200 3.27E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000010340 FAM213A Family With Sequence Similarity 213 Member A 0.184 1.62E-05 0.198 4.20E-03
ENSSSCG00000010056 GGT1 Gamma-Glutamyltransferase 1 0.178 1.95E-02 0.205 2.08E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000013030 PRDX5 Peroxiredoxin 5 0.177 1.04E-02 0.199 3.62E-02 Graham et al., 2018.
ENSSSCG00000012847 TALDO1 Transaldolase 1 0.177 3.29E-03 0.194 2.99E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000030461 HEPHL1 Hephaestatin Like 1 NA NA 3.003 3.60E-04
ENSSSCG00000018084 ND3 ! NADH:Ub 0.166 2.19E-03 0.183 2.77E-02
Oxidoreductase Core Subunit 3
ENSSSCG00000012327 HSD17B10 F id 17-Beta D 10 0.164 1.66E-02 0.188 1.94E-02
ENSSSCG00000003007 BCKDHA Eranched chan Ke";zlzi:eﬁzz’;“mge“ase EbAED 0163 3.52E-02 0.191 5.54E-02
ENSSSCG00000010928 KDM5B Lysine Demethylase 5B 0.161 2.36E-04 0.174 1.58E-02
ENSSSCG00000014336 EGR1 Early Growth Response 1 0.159 2.52E-04 0.168 3.80E-07 Gomez et al., 2016.
ENSSSCG00000008550 SLC5A6 Solute Carrier Family 5 Member 6 0.155 2.36E-03 0.165 3.23E-01 Hayes & McMahon, 2009.
ENSSSCG00000006324 ALDH9A1 Aldehyde Dehydrogenase 9 Family Member A1 0.155 6.71E-04 0.168 2.07E-02
ENSSSCG00000022742 PRDX6 Peroxiredoxin 6 0.151 1.49E-03 0.160 2.22E-01 Hayes & Dinkova-Kostova, 2014.
EN: C 1701 1 Heat Shock Protein 90 Alpha Family Class B Member 1 0.149 2.11E-04 0.156 6.31E-09 Hayes & McMahon, 2009.
ENSSSCG00000028739 CEBPB CCAAT/Enhancer Binding Protein Beta 0.148 1.32E-02 0.161 5.27E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000004454 ME1 Malic Enzyme 1 0.145 5.30E-03 0.155 5.39E-01 Hayes & Dinkova-Kostova, 2014.
ENSSSCG00000010682 PRDX3 Peroxiredoxin 3 0.139 1.35E-02 0.149 4.36E-01 Gomez et al., 2016.
ENSSSCG00000027525 DHCR24 24-Dehydrocholesterol Reductase 0.123 3.68E-03 0.133 5.52E-02
ENSSSCG00000029876 SOD2 Superoxide Dismutase 2 0.112 1.66E-02 0.119 7.17E-01 Reszka et al., 2013.

1 References related to genes regulated by NRF2. *Genes with more than one ID identified as DE.

Table 3. DE Genes involved in redox homeostasis Detailed information for differential expression of genes (from both
DeSeq2 and EdgeR methods) related to antioxidant and redox homeostasis functions. The great majority of such genes is

putatively activated by NRF2 transcription factor in other species.
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Table 4. Selected DE miRNAs. Information about selected up- and down-regulated miRNAS in intracellular, extracellular

and exosome samples. Several homologues of these miRNAs were already described to be involved with bacterial infection in

ion as in this work. The

the same sense of express
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other species and references are provided whenever we found a correlat

1guous €Xpression among con

only miRNA that showed amb
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Upregulated GenelD

Downregulated miRNA ID

miRNA Expression

Intracellular Extracellular Exosome
AKR1C4 ssc-miR-31 NA Downregulated | Downregulated
AKR1CL1 ssc-miR-31 NA Downregulated | Downregulated
BLVRB prediction_13_40037950_40038026_-_3p-353-MC NA NA Downregulated
EGR1 antisense-ssc-mir-423_12_44150500_44150579_-_NA-353-MC NA NA Downregulated
GCLC ssc-miR-148b-3p NA NA Downregulated
GCLC ssc-miR-19a NA NA Downregulated
GCLC ssc-miR-19b NA NA Downregulated
GGT1 ssc-miR-338 NA NA Downregulated
GGT1 ssc-miR-140-3p NA NA Downregulated
BaTt e erissc ssomir 62 X 106212406, 106212487 - Nagzame | A NA Downreguated
GGT1 ssc-miR-92a NA NA Downregulated
GGT1 prediction_7_91732076_91732132_+_5p-353-MC NA NA Downregulated
GGT1 ssc-miR-31 NA Downregulated | Downregulated
GGT1 antisense-pn8/bta-mir-2320_6_43886629_43886722_- NA-424-HC NA Downregulated Downregulated
HMOX1 ssc-miR-182 NA NA Downregulated
HSP90AB1 ssc-miR-101 NA Downregulated = Downregulated
NQO1 ssc-miR-34a NA NA Downregulated
PGD ssc-miR-769-3p NA Downregulated NA
PIR ssc-miR-378 NA NA Downregulated
PRDX1 ssc-miR-101 NA Downregulated | Downregulated
PRDX6 ssc-miR-10a-5p NA NA Downregulated
PRDX6 ssc-miR-10b NA NA Downregulated
PRDX6 ssc-miR-338 NA NA Downregulated
SLC5A10 ssc-miR-1307 NA NA Downregulated
SLC5A10 antisense-pn8/bta-mir-2320_6_43886629_43886722_-_NA-424-HC NA Downregulated | Downregulated
SLC5A6 ssc-miR-10b NA NA Downregulated
SLC5A6 ssc-miR-338 NA NA Downregulated
SLC5A6 ssc-miR-423-3p NA NA Downregulated
SLC5A6 ssc-miR-27b-3p NA NA Downregulated
SLC5A6 prediction_7_91732076_91732132_+_5p-353-MC NA NA Downregulated
SLC6A6 ssc-miR-340 NA NA Downregulated
TKT antisense-ssc-mir-423_12_44150500_44150579_-_NA-353-MC NA NA Downregulated
TXNRD1 ssc-miR-103 NA NA Downregulated
TXNRD1 ssc-miR-182 NA NA Downregulated
TXNRD1 ssc-mir-107-shorter/ssc-isomir-107_14_106321702_106321788_-_NA-424-HC NA Downregulated | Downregulated
TXNRD1 ssc-miR-107 NA Downregulated | Downregulated
TXNRD1 ssc-miR-31 NA Downregulated | Downregulated
UGT1A6 ssc-miR-28-3p NA NA Downregulated
UGT1A6 antisense-ssc-mir-103_16_52667657_52667738_+_NA-424-HC NA NA Downregulated
UGT1A6 ssc-miR-769-3p NA Downregulated NA

Table 5. DE Genes putatively activated by NRF2 that were predicted as targets of DE miRNAs.
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4.3 — Capitulo 3: Avaliacdo do efeito de exossomos no cultivo de Mycoplasma

hyopneumoniae

Justificativa: E de conhecimento geral que os patdgenos podem alterar a regulagio génica
de seus hospedeiros, podendo manipular a fisiologia e as defesas do hospedeiro a seu favor
(DUVAL et al., 2016). No entanto, até recentemente ndo havia informacfes sobre o
hospedeiro regulando a expressdo génica de seus patogenos. Em 2016, Liu e colaboradores
demonstraram que hospedeiros humanos e murinos sdo capazes de alterar a microbiota
intestinal através de miRNAs fecais. Além disso, foi demonstrado que miRNAs especificos
do hospedeiro podem alterar o crescimento de bactérias presentes na microbiota intestinal e
também regular alguns de seus genes (LIU et al., 2016). Dessa forma, existe interesse de
identificar se 0 hospedeiro suino, em especial atraves de exossomos, é capaz de alterar a

fisiologia de M. hyopneumoniae.

Obijetivo: Avaliar o efeito de exossomos isolados da linhagem epitelial NPTr sobre M.

hyopneumoniae.

4.3.1 — Materiais e métodos
4.3.1.1 — Cultivo celular e isolamento de exossomos

Células da linhagem epitelial NPTr (new-born pig trachea) (FERRARI et al.,
2002) foram cultivadas em meio MEM/EBSS com 2 mM de L-glutamina (GE Healthcare)
suplementado com 10% (v/v) de soro fetal bovino inativado (FBS) (Gibco) e 1% de
penicilina/estreptomicina (GE Healthcare). Os cultivos foram realizados a 37°C com 5% de
CO, em atmosfera imida em frascos de 75 cm?. Sub-passagens foram feitas quando as
células atingiam 80-100% de confluéncia. Para cada extracdo de exossomos foram
utilizadas cerca de 30 garrafas de cultivo. Apos atingirem a confluéncia, as células foram
transfectadas com adenovirus-GFP néo-replicativo por 24h a 30h. Ap0s esse periodo, a
transfeccdo foi confirmada por microscopia de fluorescéncia. O sobrenadante das células
foi entdo removido e as células foram lavadas duas vezes com PBS e as células foram

incubadas com meio MEM/EBSS sem FBS e antibidticos (depletado de exossomos) por
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48h. Apds a incubacgdo, o sobrenadante contendo as vesiculas de interesse foi recuperado e

as células foram adequadamente descartadas.

O isolamento de exossomos foi feito de acordo com Forterre et al. (2014).
Inicialmente, o sobrenadante recuperado foi centrifugado por 20 min a 2.000 g e por 30
min a 10.000 g para eliminar debris celulares e organelas. O sobrenadante resultante dessas
centrifugacdes foi filtrado com filtro de 0,22 um para remover as particulas maiores. As
vesiculas exossomais foram precipitadas por ultracentrifugacdo a 100.000 g por 90 min a
4°C  (ultracentrifuga Beckman-Coulter, Optima™ MAX-XP, rotor MLA-55). O
sobrenadante foi descartado, e 0s exossomos precipitados foram lavados com 10 mL de
PBS gelado, centrifugados a 100.000 g por 70 min a 4°C e ressuspendidos em 50 uL de
PBS. Os exossomos foram quantificados atraves da quantidade de proteinas presentes nas

vesiculas pelo método de Bradford. As vesiculas foram conservadas a -80°C.

4.3.1.2 — Desenvolvimento de um meio definido para o cultivo de micoplasmas do trato

respiratorio suino

Os métodos e resultados referentes a esse topico fazem parte do artigo cientifico

“Insights on the virulence of swine respiratory tract mycoplasmas through genome-scale

metabolic _modeling”, publicado na revista BMC Genomics em 2016, apresentado

integralmente nos Anexos desta tese.

Resumidamente, para testar o crescimento de M. hyopneumoniae, M. flocculare e
M. hyorhinis, o meio definido desenvolvido para o cultivo de M. pneumoniae (YUS et al,
2009) foi modificado e suplementado com todos os aminoacidos (Yus+), pois ndo havia
informacBes sobre o metabolismo dessas espécies. Alem deste, o0 meio comercial CMRL-
1066 (Invitrogen) foi testado e suplementado com peptona e/ou com outros cofatores que
ndo estavam presentes na férmula (CMRL+/Pep e CMRL+). Os micoplasmas foram
cultivados a 37°C por variados periodos de tempo sob agitagdo suave (100 rpm). As

composic¢des dos meios podem ser encontradas no Anexo 9.3 desta tese.
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4.3.1.3 — Estimativa da concentracdo celular pelo método de color changing units (CCU)

O crescimento celular de M. hyopneumoniae, M. flocculare e M. hyorhinis nos
meios definidos foi estimado pelo método de CCU, como descrito por Stemke &
Roberston (1990). Para a medida de concentracdo celular em diferentes tempos, as células
foram submetidas a uma diluicdo seriada de 1:10 a 1:10%. Por esse método, 1 CCU
representa a maior diluicdo de uma suspensao bacteriana que pode causar a mudanca de
cor de vermelho para amarelo no meio de cultura, indicando a presenca de células viaveis
(PURCELL et al., 1966).

Para analisar se a adi¢cdo de exossomos ao meio de cultura afeta o crescimento
dos micoplasmas, foram inoculados 10" CCU de M. hyopneumoniae, M. flocculare e M.
hyorhinis (separadamente) em 2 mL de meio definido (Yus+). As bactérias foram mantidas
a 37°C com agitacdo por 8h e em seguida foram separados dois grupos: grupo controle, no
qual nada foi adicionado; e grupo Exo+, onde foram adicionados 5 pg de exossomos por
mL de cultivo. A determinacdo de CCU foi realizada a partir dos cultivos coletados nos
seguintes tempos: Oh (momento em que as bactérias foram inoculadas), 8h (momento em
que as vesiculas foram inoculadas), 24h, 32h, 48h, 56h e 72h. Todos os cultivos foram
realizados em duplicata bioldgica e a quantificacdo das bactérias por CCU em placas de 96
pocos foi realizada em triplicata técnica. As placas com as diluigdes seriadas foram
mantidas em estufa a 37°C por 2 semanas e apos esse periodo foram contados em quantos

pocos (diluicdes) ocorreu crescimento bacteriano.

4.3.1.4 — Estimativa da concentracdo celular por citometria de fluxo

O efeito da adi¢do de exossomos no crescimento de M. hyopneumoniae também
foi analisado por citometria de fluxo. Para isso, M. hyopneumoniae foi inoculado em 5 mL
de meio definido (Yus+) e foram separados os mesmos grupos definidos anteriormente
(controle e exo+). Porém, nesse experimento os exossomos foram inoculados no mesmo
momento em que as bactérias. Foram realizadas leituras de contagem das células nos
seguintes tempos: Oh, 2h, 6h, 9h, 12h, 24h e 48h.

Para a determinacdo do numero de células, os micoplasmas foram sedimentados
por centrifugacdo a 3360 g por 20 min a 4°C e lavados trés vezes com NaCl 0,9% (1x
3360g por 20 min e 2x 3360 g por 4 min). As células foram ressuspendidas em 500 uL de
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NaCl 0,9% e diluidas 1:10 para leituras no citbmetro Guava EasyCyte (Millipore). As
células foram caracterizadas por side-angle scatter (SSC) e forward-angle scatter (FSC)
numa escala logaritmica de quatro décadas. A contagem absoluta de células foi realizada
até 5000 eventos e as amostras foram diluidas até que a concentragdo celular para
contagem estivesse abaixo de 500 células/pL. Os resultados obtidos sdo mostrados na

forma de células/pL.

4.3.1.5 — Extracéo de proteinas de M. hyopneumoniae

Para a extracdo de proteinas, M. hyopneumoniae foi cultivado na presenca ou
auséncia de exossomos contendo a proteina GFP, provenientes de células NPTr
transfectadas com adenovirus-GFP nédo-replicativo. M. hyopneumoniae foi inoculado em 5
mL de meio Friis e mantido a 37°C sob agitacdo suave. Apds 24h de cultivo, foram
adicionados 0s exossomos na concentracdo de 5 e 10 pg/mL de cultivo nas amostras teste e
nada na condicdo controle. Ao fim de 72h de cultivo, as células foram centrifugadas a 4000
g por 15 min e lavadas trés vezes com 1 mL de PBS. Apds a lise celular, as células foram
ressuspendidas em 100 uL de PBS e as proteinas foram quantificadas pelo método de
BCA.

4.3.1.6 — Western blot

Para o western blot, inicialmente 10 pg de proteinas nas amostras de M.
hyopneumoniae e 4 pg no controle positivo (exossomos contendo a proteina GFP
purificados de células NPTr transfectadas com adenovirus-GFP) foram resolvidos em gel
de poliacrilamida anyKD (BioRad). Apds a separacdo das proteinas, estas foram
transferidas para uma membrana de nitrocelulose em um sistema semi-dry por 25 minutos
com voltagem constante (25 V) em tampdo Tris-glicina. Em seguida, a membrana foi
bloqueada por 1h em tamp&o TBS (Tris-buffered saline) com 10% de soro de cavalo. Apos
0 bloqueio, foi adicionado o anticorpo primario anti-GFP (Invitrogen) na diluicdo de
1:1000 no tampéo de bloqueio e a membrana foi incubada por 2h. A membrana foi lavada
por 3x de 3 min em tampdo TBS-tween e 1x de 3 min em tampdo TBS. O anticorpo
secundario pig anti-rabbit conjugado a peroxidase (Dako) foi adicionado na diluicdo de

1:1000 em tampéo de blogqueio e a membrana foi incubada novamente por 1h e 30 min.

97



Foram repetidas as lavagens da membrana e em seguida foi feita a revelacdo das proteinas

com peroxidase e TMB (Invitrogen).

4.3.2 — Resultados e Discusséo

4.3.2.1 — Desenvolvimento de um meio definido para o cultivo de micoplasmas do trato

respiratorio suino

O desenvolvimento de um meio definido para o cultivo de micoplasmas do trato
respiratorio suino, além do principal objetivo que foi estudar o metabolismo dessas
espécies, também foi importante para o estudo da interacdo destas com exossomos. Isso
porque o meio Friis, meio de cultivo padrdo para M. hyopneumoniae, além de ser muito
complexo, possui soro suino, que contém exossomos. Desse modo, foram testados alguns
meios de composicdo definida no cultivo de M. hyopneumoniae, M. flocculare e M.
hyorhinis e em seguida foi escolhido aquele que apresentava melhor resultado no cultivo

das trés espécies.

Os meios testados, como definido nos materiais e métodos, foram Yus+,
CMRL+ e CMRL+/Pep e a concentracdo e viabilidade celular foi determinada por CCU.
Este método foi escolhido, pois devido as caracteristicas das bactérias, medidas de
turbidimetria e ensaios colorimétricos ndo sdo possiveis de serem utilizados. Como
resultado, foi observado que nenhum dos meios utilizados proporcionou o crescimento
bacteriano. No meio CMRL suplementado, M. hyopneumoniae e M. flocculare
permaneceram Vidveis apenas quando a peptona estava presente (CMRL+/Pep). No
entanto, a peptona pareceu ter efeito negativo sobre o crescimento de M. hyorhinis,
hipbtese que ainda deve ser confirmada. O meio Yus+ ndo possibilitou o crescimento
bacteriano, no entanto todas as espécies permaneceram viaveis mesmo apds 5 dias de
cultivo (se inoculadas posteriormente em meio complexo). A manutencédo da viabilidade
celular no meio Yus+ foi posteriormente confirmada por estimativa da concentracdo
celular por citometria de fluxo (Tabela 2). Desse modo, 0 meio em que as trés espécies

analisadas parecem se comportar de forma mais similar foi o0 meio Yus+.
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Tabela 2. Contagem de células de M. hyopneumoniae cultivadas em diferentes tempos
nos meios Yus+ e Friis.

Oh 2h 5h 8h 24h

Yus+ 365 374 383 351 437
Friis 965 1635 2818 3050 4706
Células/pL

4.3.2.2 — Analise da influéncia de exossomos no crescimento de micoplasmas

Inicialmente foi avaliado se a interagdo com exossomos provenientes da
linhagem celular NPT altera de alguma maneira o crescimento dos micoplasmas suinos. O
meio de cultura escolhido para essa analise foi 0 meio Yus+, pois, como este mantém a
viabilidade celular dos micoplasmas, qualquer mudanca em relacdo ao crescimento
bacteriano poderia ser mais facilmente percebida, tanto na ocorréncia de multiplicagéo

quanto de morte celular.

No primeiro momento, a técnica de CCU foi usada para avaliar o crescimento
bacteriano em contato com o0s exossomos. Em todos os tempos analisados, os resultados
mostraram que ndo houve diferenca no nimero de CCU dos micoplasmas com a adicao
dos exossomos no meio de cultura. No entanto, como essa técnica apresenta baixa
sensibilidade, mudancas pequenas de multiplicacdo celular ndo seriam percebidas e
decidiu-se utilizar uma técnica mais sensivel para estimar o crescimento bacteriano. Dessa
forma, foi escolhida a citometria de fluxo para um ensaio piloto da avaliacdo do efeito dos
ex0ssomos no crescimento de M. hyopneumoniae. Entretanto, o ensaio piloto demonstrou
uma grande variagdo na leitura das amostras quando os exossomos eram adicionados.
Como a quantidade de exossomos era um fator limitante para o experimento e a variacao
encontrada exigia um grande ndmero de amostras, essa estratégia foi abandonada na

avaliacédo da influéncia de exossomos no crescimento bacteriano.

Dessa forma, com os resultados obtidos através de CCU, conclui-se que 0s
exossomos ndo alteraram o crescimento dos micoplasmas suinos. No entanto, essa
conclusdo nao é definitiva, pois ha varios fatores que podem ter influenciado o resultado. O
meio de cultura € um deles, pois possivelmente faltam componentes que permitam a
multiplicacdo celular dos micoplasmas e em condi¢Ges ideais de crescimento 0s exossomos

poderiam ter outro efeito sobre as bactérias. O segundo fator, é a concentracdo de
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exossomos adicionada ao meio de cultura. Foram escolhidas concentra¢des arbitrarias para
0S experimentos, baseadas na literatura. A limitacdo da quantidade de exossomos, que
demanda uma grande quantidade de tempo e material, era um fator limitante para a
realizacdo de testes. Assim, se fossem usadas concentracbes maiores de ex0Ssomos,
possivelmente esses poderiam ter influéncia no crescimento dos micoplasmas. O dltimo
fator a se observar € 0 método de CCU. Como ja observado, essa técnica apresenta baixa
sensibilidade e pequenas mudancas no crescimento bacteriano poderiam ndo ser
observadas. Além disso, 0s exossomos usados no experimento provinham de células suinas
que ndo tinham sido desafiadas contra M. hyopneumoniae. Presumivelmente ocorrem
alteracbes no conteudo de vesiculas liberadas por células infectadas, como indicam os
resultados do sequenciamento de miRNAs (Capitulo 4.2), de forma que exossomos obtidos
nessas condicBes poderiam produzir efeitos diferentes sobre o crescimento de M.
hyopneumoniae. Sendo assim, novos testes devem ser feitos para avaliar se 0S exossomos

interferem ou ndo no crescimento dos micoplasmas.

4.3.2.3 — Anélise da internalizacdo de exossomos por M. hyopneumoniae

Para investigar se 0os micoplasmas sdo capazes de internalizar os exossomos e
seu conteudo foram utilizadas as vesiculas contendo a proteina GFP. Como as vesiculas
apresentavam fluorescéncia verde devido a expressdo da proteina GFP, inicialmente
buscou-se verificar se a proteina fluorescente poderia ser detectada em M. hyopneumoniae
apos a incubacdo com os exossomos. Para tal, a intensidade da fluorescéncia verde foi
avaliada por citometria de fluxo. No entanto, foi verificado que os micoplasmas possuem
uma fluorescéncia basal verde, impactando os controles, de modo que as analises foram

inconclusivas.

Como ndo foi possivel fazer a anélise da fluorescéncia para detectar se M.
hyopneumoniae estava internalizando o conteudo dos exossomos, decidiu-se fazer um
western blot com anticorpo contra a proteina GFP para averiguar se esta proteina era
transferida para M. hyopneumoniae. A Figura 7 mostra o resultado do western blot e
verifica-se que a proteina GFP foi detectada apenas no controle positivo (exossomos).
Dessa forma, pode-se concluir que, nas condic¢des testadas, ndo ocorreu a internalizagédo

das vesiculas/proteina GFP adicionadas ao meio de cultura. Uma vez que foram
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adicionados até 50 pg de exossomos contendo a proteina GFP, esperava-se que essa
proteina fosse detectada no western blot caso ocorresse a internalizacdo das vesiculas pela
bactéria. No entanto, esses resultados ainda precisam ser investigados por técnicas mais
sensiveis, como microscopia confocal e microscopia eletrénica. Novamente ressalta-se que
0s exossomos usados no experimento eram provenientes de células suinas nao desafiadas
com M. hyopneumoniae, e que vesiculas liberadas por células infectadas poderiam ter

outro efeito na interacdo com o patogeno.

MHP MHP
+exo +exo
M Exo MHP (Sug/mL) (10pg/mL)
63 kD
48kD
35kD
| e — --28 kD

25kD

20kD

17 kD

Figura 7. Western blot contra a proteina GFP. Uma banda de 28 kDa relativa a proteina
GFP é identificada no controle positivo (exossomos), mas ndao nas amostras de M.
hyopneumoniae incubadas com as vesiculas. M — marcador de massa molecular.

101



5. DISCUSSAO GERAL

As diferencas na patogenicidade entre as diversas espécies do género Mycoplasma
séo aspectos que chamam a atencdo e merecem ser estudados. Em particular, destacamos o
interesse em estudar as diferengas na patogenicidade e nos niveis de viruléncia entre
espécies que ocupam o mesmo ambiente e que sdo muito similares, como os micoplasmas
que habitam o trato respiratorio suino. M. hyopneumoniae € o agente causador da
pneumonia enzodtica suina, entretanto a sua presenca no hospedeiro nem sempre esta
relacionada a doenca, sendo encontrado também em individuos sadios (PALZER et al.,
2008; SIQUEIRA et al., 2017). Além disso, apesar de diversas linhagens caracterizadas
serem patogénicas, ha linhagens que foram atenuadas apds passagens seriadas em cultura
(ZIELINSKI & ROSS, 1990; LIU et al., 2013). M. hyorhinis também é associado com a
ocorréncia de pneumonia, embora ndo com a mesma intensidade que M. hyopneumoniae,
além de ser causador de artrites e poliserosites em suinos (KOBISH & FRIIS, 1996;
THACKER & MINION, 2012). M. flocculare é considerada uma espécie comensal, apesar
de sua alta similaridade genética com M. hyopneumoniae (KOBISH & FRIIS, 1996).

A similaridade entre os micoplasmas do trato respiratorio suino, aliada aos
diferentes niveis de viruléncia entre essas espécies, faz com que diversos estudos
comparativos sejam realizados (LIU et al.,, 2013; SIQUEIRA et al., 2013, 2014;
FERRARINI et al., 2016; PAES et al., 2016). Siqueira e colaboradores (2013) analisaram
a semelhanca dos genomas de M. hyopneumoniae, M. flocculare e M. hyorhinis. Foram
identificados diversos genes espécie-especificos nessas bactérias, principalmente em M.
hyorhinis, o que pode explicar a diferenca fenotipica entre esta e as outras espécies
analisadas. No entanto, dentre os genes espécie-especificos ndo foram identificados genes
com func¢do conhecida e/ou relacionada a patogenicidade. Por outro lado, a maior parte das
proteinas de superficie com funcdo conhecida compartilhadas entre as trés espécies
corresponde a genes putativos relacionados a patogenicidade em M. hyopneumoniae e/ou
M. hyorhinis, incluindo muitas adesinas e lipoproteinas — fato curioso, devido ao seu papel
relacionado a viruléncia, a natureza ndo patogénica de M. flocculare e as diferencas de

patogenicidade entre M. hyopneumoniae e M. hyorhinis (SIQUEIRA et al., 2013).

Esse dado é interessante, pois a diferenca de patogenicidade entre M.

hyopneumoniae e M. flocculare é muitas vezes atribuida as proteinas de adesdo. No
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entanto, ambas as espécies carregam um conjunto similar de adesinas, com excecdo de
uma copia de P97 e de P102 ausentes em M. flocculare (SIQUEIRA et al., 2013), e
parecem se aderir de maneira similar ao epitélio ciliado do hospedeiro (YOUNG et al.,
2000). Embora existam varia¢fes nos niveis de expressdo e processamento pos-traducional
de adesinas, somente esses fatores ndo sdo suficientes para explicar as diferengas de
patogenicidade das espécies analisadas nem os diferentes niveis de viruléncia entre
linhagens de M. hyopneumoniae. E fato que as adesinas desempenham um papel
importante na viruléncia e patogenicidade de M. hyopneumoniae, mas seria mais correto
propor que sua viruléncia é de natureza multifatorial e outros fatores devem estar

implicados nessa funcao.

Entre os genes espécie-especificos identificados no genoma de M. hyopneumoniae
estdo os genes da via do catabolismo de mio-inositol (SIQUEIRA et al., 2013). Em seu
estudo, Ferrarini e colaboradores (2016) identificaram através de modelagem matematica
essa via como um dos aspectos que poderiam estar associados com a viruléncia aumentada
de M. hyopneumoniae em relacdo a M. flocculare e M. hyorhinis. Outro aspecto
identificado in silico pelos autores foi a conexdo entre o metabolismo do glicerol e a
glicolise com a consequente producdo do metabdlito toxico peréxido de hidrogénio pela
acao da enzima glpO em M. hyopneumoniae e M. hyorhinis (FERRARINI et al., 2016). No
presente trabalho, um dos objetivos foi testar experimentalmente esses dois aspectos e
avaliar sua relacdo com as diferencas de patogenicidade entre as espécies de micoplasmas
do trato respiratorio suino e com os diferentes niveis de viruléncia entre linhagens de M.

hyopneumoniae.

Dentre as espécies do género Mycoplasma que possuem genomas sequenciados,
M. hyopneumoniae é a Unica que possui 0S genes para o0 catabolismo de mio-inositol.
Como as espécies pertencentes a esse género parecem manter apenas um conjunto minimo
de genes essenciais para seu metabolismo (RAZIN & HAYFLIK, 2010), acreditamos que a
via do catabolismo de mio-inositol seja funcional em M. hyopneumoniae e por isso foi
mantida nessa bactéria. Sendo assim, decidimos investigar se M. hyopneumoniae é capaz

de utilizar mio-inositol como fonte de energia.

Mio-inositol é um poliol naturalmente presente em células de plantas e animais,
tanto em sua forma livre quanto na forma ligada a fosfolipideos ou derivados de inositol

fosfato. Tem um papel importante em varios processos celulares, sendo componente de
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diversas moléculas com fungdo bioldgica, incluindo segundos mensageiros, como inositol
trifosfato (IP3), lipideos de fosfatidilinositol fosfato (PIP,/PIP3) e possivelmente glicanos
de inositol (CROZE & SOULAGE, 2013). Foi demonstrado que diversas bactérias, como
B. subtilis, Lactobacillus casei, Salmonella enterica e Sinorhizobium meliloti, podem usar
mio-inositol como Unica fonte de carbono e energia (YEBRA et al., 2007; YOSHIDA et
al., 2008; KROGER & FUCHS, 2009; KOHLER et al., 2010). Além disso, 0 mio-inositol
¢ uma molécula difundida na corrente sanguinea de mamiferos (REYNOLDS, 2009), o que
o0 tornaria uma fonte de energia adequada para bactérias no extremamente vascularizado

sistema respiratorio.

Embora a organizacdo dos genes responsaveis pelo catabolismo do mio-inositol
possa variar entre 0s organismos, as principais rea¢fes dessa via sdo conservadas e
compreendem sete etapas. Apds a importacdo do mio-inositol por um transportador, essa
molécula é oxidada em uma primeira etapa para 2-ceto-mio-inositol, catalisado pela
enzima lolG (inositol-2-desidrogenase). Apds varios passos adicionais, incluindo a
clivagem e fosforilacdo do anel hexano, os produtos finais di-hidroxiacetona fosfato
(DHAP) e acetil coezima-A (CoA) sdo canalizados para 0 metabolismo central da célula
(MANSKE et al., 2016). Em M. hyopneumoniae, 0s genes iol, responsaveis pelo
catabolismo do mio-inositol, estdo organizados em uma unidade transcricional completa,
com excecdo do gene gue codifica a proteina lolJ, ndo encontrado nessa bactéria. lolJ (6-
fosfo-5-desidro-2-desoxi-D-gluconato aldolase) € responsavel pela parte final do
metabolismo do mio-inositol, transformando DKGP (6-fosfo-5-desidro-2-desoxi-D-
gluconato) em DHAP e malonato semialdeido (MSA), que é entdo transformado em acetil-
CoA por acdo da proteina lolA, ultima enzima dessa via (KROGER & FUCHS, 2009;
MANSKE et al., 2016).

Baseado em homologia de sequéncia, ortologia, sintenia e analises de estruturas
tridimensionais das enzimas, nos propusemos um possivel candidato para a enzima lolJ
previamente ndo identificada em M. hyopneumoniae, nomeadamente, uma duplicacdo do
gene fba que codifica a frutose-1,6-bisfosfato aldolase (Fba) da glicélise. Em outros
organismos, 0 gene que codifica lolJ é similar ao gene que codifica a Fba (YOSHIDA et
al., 2008). Em M. hyopneumoniae ha duas coOpias anotadas para esse gene (fba e fba-1).
Nossas analises estruturais mostraram que apesar de haver varias caracteristicas comuns

entre lolJ e Fba no modo de interagdo com o substrato, ha residuos de aminoacidos que
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parecem ser essenciais para a interagcdo de lolJ com seu substrato. Dessa forma, nossos
resultados sugerem que a enzima Fba-1 teria o papel de frutose-bisfofato aldolase em M.
hyopneumoniae, enquanto a enzima Fba seria mais similar a proteina lolJ, desempenhando
a atividade dessa enzima nessa espécie bacteriana. Embora estudos funcionais sejam
necessarios para confirmar essa hipdtese, a auséncia de um gene que codifique lolJ
também foi observada em S. meliloti (KOHLER et al., 2010), em S. enterica (KROGER &
FUCHS, 2009) e em Legionella pneumophila (MANSKE et al., 2016), indicando que em
outras bactérias que possuem 0s genes para o catabolismo de mio-inositol possa existir um

gene que codifique lolJ que ndo esteja proximo aos demais genes da via.

Nossos resultados mostraram que M. hyopneumoniae é capaz de importar mio-
inositol marcado quando cultivado em meio de cultura complexo. Além disso, mostramos
que essa é a Unica entre as trés espécies de Mycoplasma testadas capaz de utilizar mio-
inositol como Unica fonte de energia. O método utilizado (quantificacdo de ATP) nos
permitiu quantificar as células metabolicamente ativas e dessa forma determinar sua
viabilidade nas condicdes testadas. Diferentemente da producdo de peroxido de hidrogénio,
esse parece ser um atributo geral das linhagens de M. hyopneumoniae. De fato, a linhagem
atenuada J foi a linhagem que apresentou maior producdo de ATP quando cultivada com
mio-inositol como Unica fonte de carbono. Uma das razfes que pode explicar isso € o fato
que apOs passagens seriadas em cultura, essa bactéria parece ter mudado o seu foco para o
metabolismo, e dessa forma desenvolveu habilidades de aproveitar o meio de cultura rico,
enquanto que a habilidade de infectar o hospedeiro tornou-se menos importante,
diminuindo a expressdo dos genes relacionados a adesdo (LI et al., 2009; PINTO et al.,
2009). O crescimento in vitro mais rapido da linhagem J em relacdo a outras linhagens de

M. hyopneumoniae também foi identificado por Garcia-Morante e colaboradores (2018).

M. hyopneumoniae é capaz de persistir por mais tempo no hospedeiro se
comparado as outras especies de Mycoplasma do trato respiratério (LE CARROU et al.,
2006; OVERESCH & KUHNERT, 2017). Essa caracteristica pode ser decorrente do uso
de mio-inositol como fonte de energia por essa espécie. Foi demonstrado que a presenca
dos genes para o catabolismo do mio-inositol em L. pneumophila confere uma vantagem
no fitness dessa espécie em situacdo de co-infeccdo com outras bactérias, desse modo
colaborando na viruléncia desse patogeno (MANSKE et al., 2016). Resultados similares

foram reportados em S. meliloti, mostrando que os genes do catabolismo de mio-inositol
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s80 necessarios neste simbionte para uma competicdo bem-sucedida no processo de
nodulacgéo e colonizacdo do hospedeiro (KOHLER et al., 2010). Além disso, o catabolismo
de mio-inositol pode explicar a habilidade de M. hyopneumoniae de crescer em diversos
sitios se comparado a M. flocculare (LE CARROU et al., 2006). Sendo assim, esse € um

aspecto que pode estar diretamente envolvido na viruléncia de M. hyopneumoniae.

O gene que codifica a enzima glpO esta presente tanto no genoma de M.
hyopneumoniae como no de M. hyorhinis. Apesar de estar anotada com a funcdo de
desidrogenase, n0s propomos que essa enzima funcione como glicerol-3-fosfato oxidase
nas espécies mencionadas, produzindo DHAP e perdxido de hidrogénio como seus
produtos finais. No entanto, apesar da presenca do gene glpO em M. hyopneumoniae e M.
hyorhinis, a producdo de peréxido de hidrogénio foi detectada apenas no cultivo das
linhagens patogénicas de M. hyopneumoniae em meio rico. Tanto M. hyorhinis quanto a
linhagem atenuada J de M. hyopneumoniae ndo produziram niveis detectaveis de perdxido
de hidrogénio nas condices testadas. Além disso, a producéo celular do metabdlito toxico
foi similar nas duas linhagens patogénicas de M. hyopneumoniae testadas (7448 e 7422).
De nosso conhecimento, essa € a primeira vez que a producdo de perdxido de hidrogénio

por M. hyopneumoniae foi demonstrada in vitro (MAES et al., 2017).

Como ja& mencionado, a producdo de peroxido de hidrogénio a partir do
metabolismo de glicerol foi descrita como essencial para a viruléncia e citotoxicidade de
outras espécies de micoplasmas, como M. mycoides subsp. mycoides (VILElI & FREY,
2001; PILO et al., 2005) e M. pneumoniae (HAMES et al., 2009). Assim como em M.
pneumoniae (HAMES et al., 2009), demonstramos que a presenca de glicerol é essencial
para a producdo de perdxido de hidrogénio pelas linhagens patogénicas de M.
hyopneumoniae. Apenas uma quantidade minima de peréxido de hidrogénio foi produzida
na presenca de glicose, e nenhuma quantidade desse metabdlito toxico foi detectada na
auséncia de fontes de carbono. Por outro lado, a adicdo de glicerol na concentracédo
fisiologica (100 uM) (PILO et al., 2005) resultou na produgdo de quantidades moderadas
de peroxido de hidrogénio por M. hyopneumoniae, e a producdo do metabdlito aumentou

quando concentracdes maiores de glicerol estavam disponiveis.

NOs investigamos se a diferenca na producdo de perdxido de hidrogénio entre as
linhagens patogénicas e atenuadas de M. hyopneumoniae era devido a diferencas na

expressdo no gene que codifica a enzima glpO. No entanto, os resultados mostram que néo
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houve diferencas significantes nos niveis de RNA transcritos do gene glpO nas diferentes
linhagens de M. hyopneumoniae. Esses resultados estdo de acordo com estudos de
proteomas, que identificaram a presenca de glpO em linhagens patogénicas e atenuadas de
M. hyopneumoniae (232 e J) (PINTO et al., 2009; PENDARVIS et al., 2014). Isso pode
ser um indicativo que essa proteina sofre modificagdes pos-tradugdo a fim de se tornar
ativa ou inativa. Modifica¢bes pos-traducdo ja foram reportadas em diversas proteinas de
M. hyopneumoniae (DJORDJEVIC et al., 2004; BURNETT et al., 2006; PINTO et al.,
2007; TACCHI et al., 2016) e esse pode ser o caso de glpO, pois dados de transcritbmica e
protedmica disponiveis na literatura ndo indicam nenhuma diferenga esclarecedora nessa
via entre linhagens ou espécies que explique porque ela é ativa em algumas linhagens e em

outras nao.

A disponibilidade intracelular de glicerol também pode influenciar na viruléncia
dessas espécies. Em M. mycoides subsp. mycoides, esse fator impacta fortemente a
viruléncia e patogenicidade de dois isolados dessa espécie. O isolado africano, mais
patogénico, possui um transportador-ABC de alta afinidade para glicerol, permitindo uma
utilizacdo altamente eficiente desta fonte de carbono e a concomitante producdo de
peroxido de hidrogénio. Por outro lado, o isolado europeu, bem menos patogénico, possui
apenas um facilitador para a importacdo de glicerol, fazendo com que a disponibilidade
intracelular dessa molécula seja menor em comparacdo ao isolado africano (VILEI &
FREY, 2001). Em M. hyopneumoniae, a disponibilidade de glicerol intracelular também é
maior do que em M. hyorhinis e M. flocculare. Enquanto M. hyopneumoniae possui seis
maneiras diferentes de captar glicerol (desidrogenacdo de gliceraldeido, transportador-
ABC de glicerol e glicerol-fosfato, proteina facilitadora para importacdo de glicerol,
importacdo de glicerofosfoglicerol e glicerofosfocolina), as outras espécies ndo possuem
ao menos duas dessas reaces (FERRARINI et al., 2016). Esse € um fator que pode limitar
a taxa de producdo de peroxido de hidrogénio em cada espécie. Desse modo, a
patogenicidade aumentada de M. hyopneumoniae em relacdo a M. hyorhinis pode ser
devido a producéo de peroxido de hidrogénio resultante de uma maior absorcdo de glicerol

como fonte de energia.

Além disso, a localizacdo celular da proteina glpO também é importante no que
diz respeito a viruléncia. Em M. mycoides subsp. mycoides a proteina glpO € ligada a

membrana e esta em contato préximo com o hospedeiro, sendo que uma quantidade
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significativa de perdxido de hidrogénio é diretamente injetada nas células do hospedeiro
(PILO et al., 2005). Enquanto isso, em M. pneumoniae, uma espécie menos virulenta que a
citada anteriormente, a proteina glpO é citoplasmatica (HAMES et al., 2009). M.
pneumoniae ndo possui o transportador de alta eficiéncia de glicerol, de forma que a
disponibilidade intracelular dessa fonte de carbono & menor, e concomitantemente, a
producdo de peroxido de hidrogénio (HAMES et al., 2009). A diferenca na producdo do
metabolito toxico e na capacidade de exporta-lo diretamente para as células hospedeiras
pode ajudar a explicar a diferenca de patogenicidade entre essas duas bactérias. Em nossas
andlises, identificamos por¢6es transmembrana na proteina glpO de M. hyopneumoniae por
diferentes softwares de predicdo. Esse resultado nos permitem sugerir que a proteina glpO
de M. hyopneumoniae localiza-se associada a membrana plasmatica, dessa forma tendo
contato proximo com as células do hospedeiro. No entanto, mais estudos sdo necessarios

para confirmar a localizagdo subcelular da proteina glpO nessa bactéria.

Como anteriormente assinalado, é importante ressaltar que os micoplasmas néo
possuem genes de viruléncia classicos, como invasinas e citolisinas, mas que isso ndo
impede que algumas espécies apresentem alta viruléncia, como é o caso de M. mycoides
subsp. mycoides (PILO et al., 2005). Esse fato destaca que os Mollicutes usam as funcdes
fundamentais do seu metabolismo para garantir a sobrevivéncia nos tecidos do hospedeiro
e causar doenca (BLOTZ & STULKE, 2017). Assim como M. mycoides subsp. mycoides,
M. hyopneumoniae é capaz de produzir peréxido de hidrogénio e pode usar essa
caracteristica a seu favor para garantir a sobrevivéncia no hospedeiro. A producdo de
peroxido de hidrogénio como subproduto da utilizacdo de fontes de carbono é um processo
que ocorre em diversas bactérias (PILO et al., 2005; HAMES et al., 2009; OKAHASHI et
al., 2013; HERTZBERGER et al., 2014; SZCZEPANEK et al., 2014) e foi proposto que
isso pode representar uma vantagem seletiva para seus produtores: a exportacdo dessa
molécula causa um ambiente antibacteriano severo que previne o crescimento de bactérias
competidoras (BLOTZ & STULKE, 2017). Também pode ajudar a explicar porque embora
M. hyopneumoniae e M. flocculare sejam capazes de se aderir de maneira similar as células

do hospedeiro, apenas M. hyopneumoniae cause dano tecidual.

Recentemente, uma analise metagendmica da composi¢cdo microbiana pulmonar
de suinos reportou que M. hyopneumoniae é a espécie mais prevalente em pulmdes de

hospedeiros doentes e sadios (SIQUEIRA et al., 2017). Como ja discutido, a utilizacéo de
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mio-inositol como fonte de energia pode colaborar para o fitness de M. hyopneumoniae.
Em situacbes de infeccdo in vivo, com competicdo com outras espécies que apresentam
crescimento mais rapido, a capacidade de M. hyopneumoniae de usar mio-inositol e
glicerol como fontes de energia pode conferir vantagens adaptativas a essa bactéria.
Enquanto outras espécies competem fortemente por glicose e carboidratos relacionados, M.
hyopneumoniae teria todo o suprimento de mio-inositol a sua disposi¢do. Quanto ao uso de
glicerol como fonte de energia com consequente producdo de perdxido de hidrogénio, isso
resultaria em um ambiente tdxico para as bactérias competidoras, conferindo beneficio
para M. hyopneumoniae. Além disso, esse produto toxico combinado com toxinas de
outras bactérias presentes no sistema respiratorio provavelmente recrutaria efetores
imunes. Como M. hyopneumoniae tem mecanismos eficientes de evasdo do sistema imune
do hospedeiro (MAES et al., 2017), as bactérias de crescimento rapido seriam eliminadas
mais rapidamente e M. hyopneumoniae poderia persistir no hospedeiro por mais tempo que
as espécies concorrentes. Esse também pode ser um dos motivos das infecgdes por M.
hyopneumoniae serem mais severas quando em conjunto com infec¢bes por outros
patégenos (THACKER & MINION, 2012).

Embora saibamos que o metabolismo ndo é o Unico responsavel pela viruléncia
aumentada de M. hyopneumoniae em relacdo a M. flocculare e M. hyorhinis e que outros
fatores estdo presentes, como a habilidade de se aderir ao hospedeiro (LIU et al., 2013) e a
producdo de capsula polissacaridica (TAJIMA & YAGIHASHI, 1982), acreditamos que 0s
dois aspectos metabolicos explorados nesse trabalho colaborem com a viruléncia desta
espécie bacteriana e possam ser essenciais para sua sobrevivéncia in vivo, afetando

diretamente sua patogenicidade.

Os nossos resultados publicados na revista Molecular Microbiology indicam que
apenas as linhagens patogénicas de M. hyopneumoniae produzem peroxido de hidrogénio
em condi¢cdes padrdo de cultivo. No entanto, novas analises identificaram que em
condicGes de estresse, a linhagem J de M. hyopneumoniae, considerada ndo-patogénica ou
atenuada, também foi capaz de produzir esse metabodlito toxico. Sob estresse nutricional,
quando glicerol era a Unica fonte de energia disponivel, a linhagem J foi capaz de
metabolizar esse alcool e produzir concentragdes de peroxido de hidrogénio similares as
produzidas pelas linhagens patogénicas 7448 e 7422. Além disso, a producdo de peroxido

de hidrogénio pela linhagem J também ocorreu quando esta bactéria foi cultivada em meio
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minimo (YUS+), no entanto em concentragcGes menores que as produzidas pelas linhagens
patogénicas (Figura S3 do capitulo 4.2 — pag. 172). Isso indica que MHPJ parece utilizar
preferencialmente glicose, quando esta esta disponivel, no entanto, quando necessario -
como em situagdes de competicdo -, é capaz de utilizar glicerol como fonte de energia e
dessa forma produzir peroxido de hidrogénio. Esse resultado esta de acordo com os niveis
de expressdo do gene glpO em M. hyopneumoniae J, que ndo difere das linhagens
patogénicas. Dessa forma, é possivel que na condicdo de infeccdo das células suinas,
quando teve que competir com estas por fontes de energia, a linhagem J de M.

hyopneumoniae tenha consumido glicerol, produzindo assim perdxido de hidrogénio.

O peroxido de hidrogénio pode causar a degradagdo de proteinas e lesdes no DNA
por hidroxila¢do, bem como danos a membrana plasmatica por peroxidacao lipidica, o que
pode levar a morte celular (BLOTZ & STULKE, 2017). Isso pode ajudar a explicar porque
as células suinas infectadas com M. hyopneumoniae apresentaram tanto dano celular em
nossos resultados, principalmente nas &reas com maior concentracdo de bactérias. A
morfologia celular também parecia alterada nas células infectadas e pudemos observar
morte celular aumentada. Ja foi demonstrado que peroxido de hidrogénio pode servir como
um sinal para a morte celular em células epiteliais pulmonares (WAGHRAY et al., 2005).
Esses efeitos foram observados ap6s a infecgdo da linhagem celular NPTr com a linhagem
J de M. hyopneumoniae. Embora estudos indiquem que essa linhagem néo é capaz de se
aderir as células do hospedeiro e de causar pneumonia in vivo (ZIENLINSKI & ROSS,
1990; YOUNG et al., 2000), nossos resultados indicam que essa linhagem se adere as
células epiteliais suinas, causando danos. Resultados similares ja foram reportados
anteriormente (BURNETT et al., 2006). Possivelmente os danos as células hospedeiras
seriam ainda mais pronunciados se uma linhagem mais patogénica, como 7448 ou 7422,
tivesse sido usada nos ensaios de infeccdo, como indicam os resultados recentemente
(LEAL et al., 2018 — submetido a publicacao).

A infeccdo das células epiteliais de traqueia com M. hyopneumoniae resultou na
expressao diferencial de 511 genes (p < 0,05) identificados pelos dois métodos de analise
utilizados (DESeq2 e EdgeR), dos quais 220 estavam com a expressédo aumentada e 291
estavam com a expressao reduzida. Além dos genes identificados pelos dois métodos, 712
genes foram identificados como diferencialmente expressos apenas pelo DESeqg2 (LOVE

et al., 2014) (280 com expressdo aumentada e 432 com expressao diminuida) e 60 genes

110



foram identificados apenas pelo EdgeR (ROBINSON et al., 2014) (21 com aumento de
expressao e 39 com reducdo da expressdo), totalizando 1.283 genes diferencialmente
expressos. Dentre 0s genes que tiveram a expressdo aumentada na condicéo de infeccéo,
diversos séo sabidamente envolvidos com a func¢do imune e a resposta inflamatdria, como

0 componente C3 do complemento, galectinas e quimiocinas.

A ativacdo do complemento é um dos principais mecanismos pelos quais o
reconhecimento de patogenos é convertido em uma resposta a inflamacéo. O fator C3 é
requerido para ativacdo das vias classicas e alternativas da coagulacéo, sendo a principal e
mais abundante proteina do sistema complemento, ligando-se aos microbios para destrui-
los (JANEWAY et al., 2001; SARMA & WARD, 2011). Além disso, 0 aumento de sua
expressao e de outros fatores do sistema complemento ja foi observado em resposta a
infeccdo por M. pneumoniae, representando um mecanismo de defesa precoce inespecifico
do hospedeiro (LOOS & BRUNNER, 1979).

As galectinas sdo proteinas que podem se ligar a glicanos na superficie de
microrganismos potencialmente patogénicos e mediar o reconhecimento e as fungdes
efetoras da imunidade inata. As infeccBes bacterianas podem modular a expressdo de
galectinas, que por sua vez regulam a fungdo de leucdcitos e a resposta inflamatdria
(VASTA, 2009). Galectina-2 e galectina-8 tiveram a expressdo aumentada durante a
infeccdo com M. hyopneumoniae. Enquanto galectina-2 parece ter um efeito proé-
apoptotico em linfécitos T e induzir citocinas pro-inflamatérias (STURM et al., 2004), foi
demonstrado que galectina-8 tem um papel na defesa celular contra infec¢Bes bacterianas,
restringindo a proliferacdo de bactérias através de sua marcacdo para autofagia
(THURSTON et al., 2012).

Outro gene que teve a expressao aumentada na condicdo de infeccdo no nosso
estudo e que é sabidamente relacionado com a resposta inflamatéria é o gene que codifica
a proteina amiloide sérica A3 (SAA3). Essa é uma proteina de fase aguda envolvida na
homeostase das respostas inflamatorias e parece ser um componente vital de defesa do
hospedeiro com propriedades protetoras anti-infecciosas (SOLER et al., 2011; ERMAN et
al., 2012). Estudos demonstraram que esse gene € marcadamente superexpresso na fase
aguda da resposta inflamatoria (KUSHNER, 1982). Além disso, a expressao aumentada de
SAAZ ja foi detectada em suinos infectados por bactérias gram-positivas e gram-negativas,

inclusive no sistema respiratorio (OLSEN et al., 2013).

111



Quimiocinas, como CXCL2 e CCL20, também foram diferencialmente expressas
na condicdo de infeccdo. As quimiocinas sdo consideradas reguladores chave da migracéo
leucocitaria, desempenhando papéis importantes em diversos processos fisiologicos e
patologicos imunes e inflamatérios (GRAHAM, 2009). CXCL2 é uma quimiocina
produzida em resposta & inflamacéo e infecgdo e tem sua expressdo induzida em resposta a
infeccdes por diversas bactérias, como Klebsiella pneumoniae e Salmonella sp. (CAl et al.,
2010; RYDSTROM & WICK, 2009). Sua expressao promove o acumulo de neutrofilos e a
depuracédo bacteriana nos pulmdes (GREENBERGER et al., 1996). Quanto a CCL20, sua
expressdo pode ser induzida por fatores microbianos, como LPS, e por citocinas
inflamatorias, como TNFa e IFNy (SCAPINI et al.,, 2002). Essa quimiocina possui
atividade quimiotatica e antimicrobiana, sendo produzida no epitélio das vias aéreas em
resposta a diversos agentes infecciosos e citocinas pré-inflamatorias (HIELPOS et al.,
2015). Estudos ja reportaram a expressao aumentada de CCL20 em células epiteliais
pulmonares em resposta a diversos agentes infeciosos (STARNER et al., 2002; HIELPOS
et al., 2015; MACIEJWSKI et al., 2017).

Além de genes com funcdo imune, que ja se esperava estarem SUperexpressos
durante a infeccdo, diversos genes relacionados com a atividade de oxidagdo-reducgéo
tiveram a expressdo induzida pela infeccdo com M. hyopneumoniae. Uma analise mais
detalhada mostrou que a maior parte desses genes parecem estar sob o controle do fator de
transcricdo NRF2 (nuclear factor erythroid 2-related factor 2). NRF2 é um fator de
transcricdo que protege a célula contra danos oxidativos através da ativacdo da transcri¢do
de genes citoprotetores (CHO et al., 2006; MA, 2013). Em condi¢fes basais, ele € mantido
no citoplasma através de ligacdo a proteina Keapl (Kelch-like ECH-associated protein 1) e
marcado por ubiquitinacdo para ser degradado. Em resposta ao estresse oxidativo, as
cisteinas reativas presentes em Keapl sdo0 modificadas, gerando mudancas
conformacionais no complexo formado por essas proteinas e liberando NRF2 que é entdo
translocado para o nacleo (KENSLER et al., 2007; BISWAL et al., 2012). No nucleo,
NRF2 forma um heterodimero com proteinas do tipo SMAF (small MAF) e se liga a
elementos de resposta antioxidante (ARE) na regido promotora de genes citoprotetores
relacionados a neutralizacdo ou detoxificagdo de metabolitos enddgenos e toxinas
ambientais, como genes que codificam enzimas de detoxificacdo de fase-11 e genes

antioxidantes, como heme-oxigenase (HO-1), superoxido dismutase (SOD) e NAD(P)H
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quinona desidrogenase (NQO1) (CHO et al., 2006; KENSLER et al., 2007; COPPLE,
2012; MA, 2013). Além disso, NRF2 também pode ser regulado de forma independente de
Keapl, por miRNAs (YANG et al., 2011).

Dentre 0s muitos compostos que podem atuar ativando a via Keapl/NRF2 esta o
peroxido de hidrogénio (FOURQUET et al., 2010). Como j& discutido, peroxido de
hidrogénio é produzido por M. hyopneumoniae e pode ter sido produzido por essa bactéria
durante a infeccdo das células suinas. A presenca desse metabolito detectada pelas células
suinas poderia, entdo, levar a mudancas conformacionais na proteina Keapl no citoplasma,
dessa forma liberando o fator de transcricdo NRF2 para se translocar ao ndcleo e ativar a
transcricdo de seus genes alvo. Além disso, a infeccdo por M. hyopneumoniae €
caracterizada por um grande numero de leucécitos no tecido pulmonar, devido a producao
de citocinas pré-inflamatorias induzidas por lipoproteinas de superficie (FERREIRA &
CASTRO, 2007; MUNETA et al., 2008). Os macrofagos e neutréfilos acumulados no
tecido produzem espécies reativas de oxigénio e nitrogénio, causando danos teciduais
(BISWAL et al., 2012). Dessa forma, sistemicamente podem existir ainda mais gatilhos
que levem a inducdo de defesas antioxidantes da célula durante a infeccdo por M.

hyopneumoniae.

Diversos estudos relacionados a infecches bacterianas, principalmente
pulmonares, mostraram que NRF2 é um fator critico para montar a resposta imune inata no
hospedeiro, sendo considerado um gene anti-inflamatério (THIMMULAPPA et al., 2006;
ATHALE et al., 2012; MA, 2013; REDDY et al., 2009). A expressdo de genes efetores da
resposta imune inata (citocinas, quimiocinas, moléculas de adesdo e receptores) é
desregulada nos pulmdes de camundongos knockout para o gene Nrf2 em resposta a
estimulo por LPS. Consequentemente, ha o aumento da inflamacéo e da mortalidade nessas
condicbes (THIMMULAPPA et al.,, 2006). Também foi demonstrado que NRF2 ¢é
importante para a depuracdo bacteriana, sendo benéfico para o tratamento de infeccdes
pulmonares (GOMEZ et al., 2016). Além disso, a ativacdo da via de NRF2 ja foi
demonstrada em resposta a infeccdo com Mycoplasma, onde a lipoproteina MALP2 de
Mycoplasma fermentans mostrou induzir a expressdo de HO-1 em mondcitos através da

ativacdo por esse fator de transcricdo (MA et al., 2013).

NRF2 afeta diretamente a homeostase de espécies reativas de oxigénio e

nitrogénio por meio da regulacdo dos sistemas de defesa antioxidante através de diversos
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mecanismos. Estes incluem: (a) inducéo do catabolismo de superdxido e perdxido através
de SOD, Prdx e GPx; (b) regeneracao de cofatores e proteinas oxidadas, onde glutationa
oxidada (GSSG) € reduzida por GSR, tiorredoxina oxidada por TrxR, e Prx-SO,H por Srx;
(c) sintese de fatores redutores, como glutationa reduzida (GSH) por GCLC e GCLM, e
NADPH por G6PDH e 6PGD; (d) expressdo da proteina antioxidante tiorredoxina e
inibicdo da expressdo do inibidor TXNIP; (e) aumento do transporte redox, como o
transporte de cisteina/glutamato através de XCT; (f) quelacdo de metais por MT1, MT2 e
ferritina; e (g) inducdo de proteinas de resposta ao estresse, como HO-1 (Hmox-1) (MA,
2013). A infeccdo com M. hyopneumoniae resultou no aumento da expressdo de genes
relacionados a todas essas funcGes nas células NPTr, com exce¢do de genes relacionados

as funcdes (d) e (e).

Os genes putativos ativados por NRF2 que apresentaram um aumento da
expressdo durante a infeccdo por M. hyopneumoniae podem ser vistos na Tabela 3.
Sequéncias proximas a sequéncia consenso do elemento ARE foram detectadas em todos
o0s genes analisados (TG/TANnnnGC) (Anexo 9.2).

Tabela 3. Genes regulados por NRF2 que apresentaram diferenca de expressao
durante a infeccdo de células NPTr por M. hyopneumoniae.

Gene Descricdo DESeq2 - EDGER
LogFC Pad] LogFC FDR

AKR1C4 aldo-ceto redutase familia 1,

membro C4 0,869 2,61E-76 0,949 3,07E-20
AKR1CL1 aldo-ceto redutase familia 1,

membro C1 like 0,866 3,96E-76 0,945 3,94E-20
PGD fosfogluconato desidrogenase 0,611 3,62E-61 0,643 1,57E-10
EPHX1 epoxido hidrolase 1 0,444 5,20E-15 0,498 3,80E-07
FTH1 cadeia pesada de ferritina 1 0,436 1,81E-24 0,465 3,64E-14
FTL cadeia leve de ferritina 0,427 1,25E-24 0,455 0,000452
TXNRD1 tiorredoxina redutase 1 0,426 7,45E-14 0,478 2,24E-13
NQO1 NAD(P)H quinona desidrogenase 1 0,415 7,89E-18 0,451 0,000326
GSTA1 glutationa S-transferase A1 like 0,407 1,02E-12 0,456 0,00144
UGT1A6 UDP glucoronosil transferase

familia 1, membro A6 0,367 1,88E-18 0,39 0,00036
AKR1C1 aldo-ceto redutase familia 1,

membro C1 0,36 0,000128 0,507 0,002702
PTGR1 prostaglandina redutase 1 0,358 6,02E-12 0,392 5,66E-05
GCLC subunidade catalitica de

glutamato-cisteina ligase 0,35 2,78E-10 0,388 6,30E-10
CES1 carboxilesterase 1 0,348 5,58E-12 0,379 0,015274
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PIR
GSR
SRXN1
SLC6A6

HMOX1
ALDH1A1
BLVRB
PLAG2G7
PRDX1
GPX3
SLC5A10

AKR7A2
TKT
GGT1
TALDO1
PRDX5
EGR1
SLC5A6

PRDX6
HSP90AB1

CEBPB
ME1
PRDX3
SOD2

SLC40A1 *

pirina

glutationa-dissulfeto redutase
sulfirredoxina 1

transportador soluto familia 6,
membro 6

heme oxigenase 1

aldeido desidrogenase 1
biliverdina redutase B
fosfolipase A2 grupo VI
peroxirredoxina 1

glutationa peroxidase 3
transportador soluto familia 5,
membro 10

aldo-ceto redutase familia 7,
membro A2

transcetolase

glutationa hidrolase 1
transaldolase 1
peroxirredoxina 5

proteina de resposta precoce ao
crescimento 1

transportador soluto familia 5,
membro 6

peroxirredoxina 6

proteina de choque térmico 90
familia alfa, classe B, membro 1
proteina de ligacdo ao elemento
reforgador CCAT

enzima malica 1
peroxirredoxina 3

superoéxido dismutase 2,
mitocondrial

transportador soluto familia 40,
membro 1

0,334
0,314
0,309

0,295
0,272
0,261
0,259

0,25
0,231
0,224

0,215
0,205

0,19
0,178
0,177
0,177
0,159

0,155
0,151

0,149
0,148
0,145
0,139

0,112

-0,365

9,34E-07
0,002465
3,31E-06

0,002355
0,009346
1,47E-18

0,0002
0,000458
1,02E-07
7,69E-05

0,003209
0,016877
2,39E-06
0,019453
0,003289
0,010407
0,000252

0,002364
0,001491

0,000211
0,013159
0,005302
0,013498

0,016564

1,23E-05

0,388
0,485
0,355

0,408
0,397

0,27
0,298
0,289
0,244
0,246

0,247
0,247

0,2
0,205
0,194
0,199
0,168

0,165
0,16

0,156
0,161
0,155
0,149

0,119

-0,462

1,80E-06
0,064875
1,93E-05

0,010043
0,114874
2,16E-09
0,000714
0,001434
0,169509
0,165845

0,012937
0,053298
0,327376
0,207994
0,299277
0,036246
3,80E-07

0,322868
0,222118

6,31E-09
0,527403
0,539139
0,435901

0,717176

3,19E-05

* Ja foi demonstrado que NRF2 pode induzir a reducdo da expressdo de SLC40A1 (WU et

al., 2017).

Através da andlise da Tabela 3 pode-se observar que a infeccdo por M.

hyopneumoniae leva ao aumento de expressdo de diversos genes envolvidos nos dois

maiores sistemas redox celulares: glutationa e tiorredoxina. Também ocorre o aumento de

expressdo de genes envolvidos na regeneracdo de NADPH, usado por esses sistemas. Além

disso, genes que codificam varias enzimas envolvidas com detoxificagdo, como GST,

NQOL e a familia génica AKR, estdo com a expressao aumentada. Uma representacdo dos

sistemas antioxidantes regulados por NRF2 pode ser observada na Figura 8.
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Figura 8. Diagrama esquematico representando as enzimas antioxidantes reguladas
por NRF2. NRF2 é capaz de regular coordenadamente o0 aumento da expressdo de
diversos genes em resposta ao estresse oxidativo, como genes antioxidantes (SOD, heme
oxigenase), genes associados com o metabolismo de glutationa (glutationa peroxidase,
glutationa redutase, GCLC e GCLM), metabolismo de tiorredoxina (tiorredoxina redutase,
peroxirredoxina) e enzimas que regeneram NADPH (glicose-6-fosfato desidrogenase,
fosfogluconato desidrogenase e enzima malica 1). Além disso, genes de detoxificacdo
xenobiotica, como GST, NQOL1 e epoxido hidrolase também estdo sob o controle desse
fator de transcricdo. Os genes que codificam as enzimas destacadas em vermelho
apresentaram aumento de expressdo durante a infeccdo com M. hyopneumoniae.
Modificado de Kensler et al. (2007).
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O sistema glutationa é o principal antioxidante endégeno que protege as células
animais contra danos oxidativos (WU et al.,, 2004). GSH sequestra vérias espécies
oxidativas, como superdxido, NO, radical hidroxil e ONOO™ (LU & HOLMGREN, 2014).
O sistema é formado por trés grupos de enzimas que catalisam a biossintese de glutationa,
transferem GSH para seus substratos e catalisam a reducdo de GSSG. Sob estresse
oxidativo, GSH doa equivalentes redutores a enzimas de eliminagdo de radicais livres,
como GPx e GST, e é convertida a sua forma oxidada (GSSG). GSSG pode ser convertida
novamente a GSH por reducdo catalisada por glutationa redutase. Desse modo, a relagao
GSH/GSSG é usada para determinar os niveis celulares de estresse oxidativo (WU et al.,
2004; CHEN et al., 2016).
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O sistema tiorredoxina é um sistema antioxidante fundamental contra o estresse
oxidativo através de sua atividade de dissulfeto redutase, regulando o balanco proteico
ditiol/dissulfeto (LU & HOLMGREN, 2014). Ele reduz pontes dissulfeto de varias
proteinas e remove peroxido de hidrogénio e outros perdxidos utilizando NADPH como
um doador de elétrons (ZHANG et al., 2013). Esse sistema é composto principalmente por
tiorredoxina, tiorredoxina redutase, peroxirredoxina e sulfirredoxina, sendo que
tiorredoxina é o componente principal e os outros membros sdo responsaveis por manté-la
funcional (ZHANG et al., 2013; LU & HOLMGREN, 2014). Além disso, ja foi mostrado
que pode haver interdependéncia entre os sistemas glutationa e tiorredoxina, sendo que um
pode servir de backup um para o outro, fornecendo elétrons de forma cruzada quando
necessario (KENSLER et al., 2007; LU & HOLMGREN, 2014).

Proteinas como GST, NQO1 e AKR funcionam como um sistema de
detoxificacdo celular. NQO1 catalisa a reducdo de quinonas para hidroguinonas,
impedindo a formacgdo de semiquinonas, que podem interagir com oxigénio molecular e
formar espécies reativas capazes de induzir dano celular (ROSS & SIEGEL, 2017). GST,
por sua vez, é responsavel pela conjugacdo de glutationa a diversos substratos eletrofilicos
e xenobidticos, com o objetivo de detoxificacdo (SHEEHAN et al., 2001). As proteinas da
familia AKR sdo oxidorredutases que catalisam a reducdo dependente de NADPH de uma
variedade de substratos. Elas também desativam espécies reativas de oxigénio prejudiciais,
como compostos carbonil de lipideos e proteinas, levando a sua eliminacdo (NONNEMAN
et al., 2006). HO-1 (Hmox) é uma enzima critica que protege contra lesdo celular e
inflamacdo causada por heme livre, e a proteina sequestradora de ferro, ferritina, previne o
descontrole nas concentracdes celulares de ferro livre altamente reativo. A inducdo da

expressao de ambas as proteinas é regulada por NRF2 (KENSLER et al., 2007).

A predicdo de alvos de miRNAs diferencialmente expressos durante a infecgéo
com M. hyopneumoniae identificou NRF2 como alvo de trés miRNAs que estavam com a
expressao diminuida em exossomos. Um desses miRNAs, miR-340, ja foi identificado
anteriormente regulando negativamente a expressé@o de NRF2 (SHI et al., 2014). Para os
outros dois miRNAs, miR-19a e miR-19b, ainda ndo foi demonstrada relacdo com esse
fator de transcricdo. Como exossomos funcionam como um meio de comunicagdo
intercelular (PETHO et al., 2018), a expressdo diminuida de miRNAs nessas vesiculas

pode indicar que as células estdo tentando comunicar as outras a necessidade de manter, ou
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de nédo reprimir os alvos desses miRNAs. Desse modo, isso pode sugerir que as células
infectadas estdo tentando passar a mensagem da necessidade do fator de transcricdo NRF2
para administrar as condicOes celulares ocasionadas pela infec¢do. A presenca de miRNAs
em exossomos regulando a resposta inflamatdria em células receptoras j& foi demonstrada
(ALEXANDER et al., 2015), no entanto, ressaltamos que essa é uma suposicao altamente

hipotética e mais estudos sdo necessarios para explorar essa questao.

Além dos genes regulados por NRF2, outros genes relacionados ao controle do
estresse oxidativo tiveram a expressdo aumentada durante a infeccdo com M.
hyopneumoniae. Esse € o caso do gene que codifica a proteina mitocondrial UCP2
(uncopling protein 2). Essa proteina jA mostrou ser recrutada durante a infeccdo em
hepatocitos para diminuir a producdo de espécies reativas de oxigénio e dessa forma
contrabalancear o estresse oxidativo (RUZICKA et al., 2004), embora em macrofagos sua
expressdo esteja diminuida apos a estimulagdo com LPS (EMRE & NUBEL, 2010). UCP2
controla a ativagdo de células imunes pela modulagdo das vias de MAPK e producédo de
espécies reativas de oxigénio. Em diversos modelos de infeccdo, inflamacdo e
autoimunidade, o efeito regulatério dessa proteina foi mostrado por sua implicacdo direta
na producdo de citocinas e 6xido nitrico e na migragdo celular (EMRE & NUBEL, 2010).
Além disso, ja foi demonstrado que UCP2 estaria envolvida na homeostase da glutationa,
assim como NRF2 (CHEN et al., 2016). Em adicdo a UCP2, selenoproteina M é outra
proteina com aparente funcdo de prevencdo de dano oxidativo que teve sua expressao
elevada durante a infeccdo. Essa proteina parece funcionar como oxidorredutase e previne
danos causados por perdxido de hidrogénio em células neuronais (LABUNSKYY et al.,
2014).

A expressdo de genes com funcles relacionadas a defesa celular também foi
induzida por M. hyopneumoniae. Um desses genes codifica a proteina MMP7 (matrix
metallopeptidase 7). Essa proteina é expressa no epitéelio e funciona como um sistema de
defesa pela ativacdo de defensinas, que séo peptideos antibidticos que matam bactérias por
ruptura de membrana. Na infeccdo pulmonar com P. aeruginosa e intestinal com S.
enterica e E. coli ha inducdo da expresséo de MMP7 (ELKINGTON et al., 2005;
VANLAERE & LIBERT, 2009). Outro gene relacionado a defesa antimicrobiana induzido

por M. hyopneumoniae € o que codifica a proteina ADM (adrenomedullin). Essa proteina é
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expressa por diversas células epiteliais e ja mostrou acdo protetiva contra bactérias gram-

positivas e negativas, como E. coli e Staphylococcus aureus (ALLAKER et al., 1999).

A analise dos genes que tiveram expressdo diminuida durante a infeccdo das
células suinas por M. hyopneumoniae identificou diversos genes relacionados ao
citoesqueleto e aos cilios celulares. O trato respiratorio dos mamiferos é protegido por
mecanismos mucociliares que envolvem a integracdo do epitélio ciliar, fluido periciliar e
muco. O muco age como uma barreira fisica e quimica em que particulas e organismos
aderem. O revestimento ciliar do epitélio respiratorio impulsiona 0 muco sobrejacente para
a orofaringe, onde ele é engolido ou expectorado. A depuracdo mucociliar é perturbada se
ocorrer qualquer mudanca no nimero de cilios, sua estrutura ou movimento coordenado
(LIANG et al., 2012). Sabe-se que M. hyopneumoniae causa ciliostase (perda de
movimento ciliar) e perda de cilios. Debey & Ross (1994) observaram que ap0s infec¢éao
com M. hyopneumoniae, o epitélio ciliado de anéis de traqueia foi substituido por uma
monocamada de celulas epiteliais cubdides a planas onde a superficie epitelial luminal foi
danificada. Além disso, a presenca de M. hyopneumoniae causa emaranhamento,
aglutinacdo e divisdo longitudinal nos cilios (YOUNG et al., 2000). Uma das razfes para
os danos epiteliais e ciliares causados por M. hyopneumoniae, além da causa fisica,
decorrente da adesao a essas estruturas, pode estar relacionada a mudanca na expressao dos
genes relacionados ao citoesqueleto e aos cilios, que em nosso estudo apresentaram

expressao reduzida.

Para mediar a motilidade, os cilios possuem uma estrutura conhecida como
axonema, composto por microtibulos e proteinas associadas. Dentre as proteinas do
axonema estdo as dineinas, os motores moleculares essenciais para o batimento ciliar
(KOBAYASHI & TAKEDA, 2012). As dineinas axonemais interagem com 0S
microtubulos adjacentes e geram uma forca de deslizamento entre eles, produzindo o
movimento de flexdo necessario para que os cilios batam e impulsionem a célula ou outras
particulas. Elas sdo formadas por multiplas subunidades, compreendendo cadeias pesadas,
leves e intermediarias (IBANEZ-TALLON et al., 2003; KING, 2016). Defeitos nos cilios
resultam em desordens conhecidas como ciliopatias e uma das causas mais comuns para 0S
problemas de motilidade é a redugdo ou perda das dineinas axonemais (KOBAYASHI &

TAKEDA, 2012). Apos a infeccdo com M. hyopneumoniae, houve a diminuicdo da
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expressdo de diversos genes que codificam dineinas axonemais, tanto cadeias pesadas,
quanto intermediérias e leves (DNAH11, DHAH12, DNAI2, DNALL).

Além disso, houve a diminuicdo da expressdo de outros genes necessarios para a
montagem da dineina axonemal e motilidade ciliar, como 0s genes que codificam
DYX1C1, LRRC6 e MNSL1. Foi verificado que mutacdes e delecdo desses genes causam
defeitos nos cilios, refletindo deficiéncias na montagem ou transporte de dineina (ZHOU et
al., 2012; TARKAR et al., 2013; INABA et al., 2016; YAMAMOTO et al., 2017). Outro
gene relacionado com alteracdes ciliares que apresentou expressdo reduzida durante a
infeccdo é o gene da adenilato quinase 7 (AK7). Foi demonstrado que mutacfes nesse gene
estdo relacionadas com fenotipos de ciliopatias; além disso, um estudo mostrou que a
expressao desse gene estava reduzida em pacientes com discinesia ciliar primaria
(FERNANDEZ-GONZALEZ et al., 2009; MILARA et al., 2010). CEP162, DCDC2,
MACF1 e IFT57, relacionados com a ciliogénese (WANG et al., 2013; SCHUELER, et
al., 2015; MAY-SIMERA et al., 2016; SHI et al., 2018), e INTU, relacionado com a
polarizacdo ciliar (YASUNAGANA et al., 2015), sdo genes cuja expressdo também estava
diminuida durante nossos ensaios de infeccdo, bem como o gene que codifica miosina 1D
(MYO1D). Essa proteina é responsavel pelo padréo de flexdo unidirecional dos cilios, e foi
visto que sua auséncia causa movimento desordenado dos cilios da traqueia (HEGAN et
al., 2015). Dessa forma, M. hyopneumoniae parece causar a diminui¢do da expressao de
diversos genes relacionados a estrutura e motilidade ciliar. Esse pode ser um dos fatores
responsaveis pela ciliostase e perda de cilios causada ap6s infeccdo por M.
hyopneumoniae. A reducgdo da expressao de proteinas ciliares, principalmente das dineinas,
ja foi relacionada a discinesias ciliares, mas ainda ndo tinha sido relatada na infeccao por
M. hyopneumoniae. Sendo assim, essa € uma questdo que merece ser alvo de mais
investigacOes, pois parece estar relacionada a um dos principais efeitos nocivos causados
pela infeccdo por essa bactéria.

O citoesqueleto das células eucaridticas € composto de trés componentes
filamentosos principais: filamentos de actina, microtdbulos, e filamentos intermediarios.
Além de ser responsavel pela sustentacdo e forma celular, o citoesqueleto também é usado
como uma rede de transducdo de sinal, podendo administrar agentes antimicrobianos a
locais de infeccdo, ou distribuir receptores e outros elementos de mecanismos de resposta

imune a membrana plasmatica (JELENKSA et al., 2014). Dessa forma, diversos patégenos
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promovem o rearranjo do citoesqueleto das células hospedeiras. Na maior parte das vezes,
o remodelamento do citoesqueleto é observado em infec¢bes com patdgenos intracelulares
para propiciar sua entrada na célula. No entanto, algumas bactérias extracelulares também
podem alvejar o citoesqueleto. Yersinia sp. usa moléculas efetoras para enfraquecer a
maquinaria de actina, e dessa forma evitar a fagocitose e consequente degradacao.
Linhagens enteropatogénicas e enterohemorragicas de E. coli sequestram o citoesqueleto
de actina para formar um pedestal no local de adesao, ao qual se liga e multiplica. Vibrio
parahaemolyticus, por sua vez, promove rearranjos de microfilamentos do citoesqueleto
perturbando as juncbes de oclusdo a fim de romper a barreira epitelial (FRANCO &
SHUMAN, 2012; JELENKSA et al., 2014). Recentemente, um estudo identificou que M.
hyopneumoniae pode usar actina extracelular como um receptor (RAYMOND et al.,
2018). Os autores identificaram a co-localizacdo de M. hyopneumoniae e actina
extracelular em ensaios de infeccdo de células PK15. Actina foi identificada na superficie
das células PK15 em localizagdes distintas que espelhavam o padrdo de adesdo de M.
hyopneumoniae, sugerindo que a bactéria se aderia a essas estruturas. Além disso, 0s
autores verificaram que fragmentos da adesina P97 se ligam a actina. Também foram
identificadas outras proteinas do citoesqueleto que se ligaram a proteinas de superficie de
M. hyopneumoniae, como miosina, queratina e vimentina. Os resultados sugerem que
actina extracelular pode ser um receptor importante para M. hyopneumoniae,

principalmente ap6s a destruicdo dos cilios (RAYMOND et al., 2018).

Em pacientes infectados com M. pneumoniae foram verificados diversos tipos de
anormalidades ultraestruturais ciliares (LIANG et al., 2012), além disso, a intensidade do
dano epitelial parece estar relacionada com a intensidade da infeccdo, sendo que pacientes
que apresentavam infecces mais severas possuiam mais anormalidades epiteliais,
prejudicando o funcionamento do aparelho mucociliar (JIANG et al., 2014). Também ja
foi demonstrado que infeccdo com M. penetrans, que diferentemente de M.
hyopneumoniae é uma espécie intracelular, pode causar reorganizacéo no citoesqueleto das

células infectadas, com agregacéo de tubulina e a-actina (GIRON et al., 1996).

Nossos resultados mostram que M. hyopneumoniae causa alteragdo da expressao
de diversos genes relacionados aos cilios e ao citoesqueleto, tanto de microtibulos quanto
de filamentos de actina, envolvidos na organizacdo, rearranjo e estabilidade dessas

estruturas. Novamente frisamos que apenas a adesdo as células do hospedeiro ndo é
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suficiente para causar danos teciduais, uma vez que M. flocculare se adere ao epitélio do
hospedeiro de maneira similar a M. hyopneumoniae, mas sem causar perda de cilios. Desse
modo, a mudanca de expressao nos genes relacionados a citoesqueleto e cilios pode estar
diretamente envolvida com os danos causados por M. hyopneumoniae. N&o sabemos
porque isso acontece nem quais mecanismos estdo envolvidos nesse processo, de forma
que mais estudos sdo necessarios para investigar esse aspecto tdo importante na

patogenicidade dessa bactéria.

Outro processo relacionado com o citoesqueleto é a divisdo celular. Diversos
genes relacionados com divisdo e ciclo celular tiveram a expresséo reduzida durante a
infeccdo com M. hyopneumoniae. Nas células eucarioticas, o ciclo celular € constituido
pela interfase, que compreende as fases G1, S e G2, e pela fase mitotica (M). A progressao
ao longo do ciclo celular é controlada pela ativacdo sequencial de um conjunto de quinases
dependentes de ciclina (CDKs) (SWEENEY et al., 1996). A ciclina A2 ativa duas CDKs
diferentes e promove as transi¢cbes de fase G1/S e G2/M. Sua superexpressdo estd
relacionada com a proliferacdo celular aumentada e sua regulacdo negativa induz uma
parada do ciclo celular em G2 (FUNG et al., 2007; LIANG et al., 2015). Nossos resultados
mostraram a diminuicdo da expressdo dessa ciclina, afetando a progresséo do ciclo celular
e inibindo a proliferagéo celular. A ciclina B1, essencial para o controle da transicdo G2/M
(WANG et al., 2014), também apresentou expressdo reduzida. Por outro lado, a ciclina G2
regula negativamente a progressao do ciclo celular (SUN et al., 2014; HASEGAWA et al.,
2015), e o gene que codifica essa ciclina também estava com a expressdo diminuida em
nossos resultados. Embora esses genes parecam ter efeitos opostos, esse resultado indica
que, de uma maneira geral, ocorre desregulacdo dos genes envolvidos no controle do ciclo

celular durante a infeccdo com M. hyopneumoniae.

Interessantemente, um estudo mostrou que a deplecdo de ciclina A2 tem um
segundo efeito, além da regulacdo do ciclo celular. Esse efeito envolve mudancas
morfolégicas que refletem modificacGes no citoesqueleto, em particular redistribuicdo de
fibras de actina e vinculina. Esse papel seria independente de ligagdo a CDK e mediado
pela ligacdo de ciclina A2 a RhoA, uma GTPase que regula a morfologia celular,
citocinese e mobilidade celular através da organizacdo de filamentos de actina (ARSIC et
al., 2012). Nas células depletadas de ciclina A2 houve uma mudanca na distribuicdo dos

feixes de actina, que passaram a exibir uma localizacdo cortical. Esse efeito também foi

122



associado com a redistribuicdo de vinculina, relacionada aos complexos de adesédo (ARSIC
et al., 2012). Enquanto nesse trabalho a atividade de RhoA foi reduzida apos a deplecdo de
ciclina A2, em nossos resultados houve o aumento da expressdo desse gene, embora a
expressao de ciclina A2 esteja reduzida. Curiosamente, a expressao de genes que codificam
GEFs (guanine nucleotide exchange factors) e GAPs (GTPase-activating proteins),
necessarios para a ativacdo da GTPase e aceleracdo da hidrélise de GTP (SCHMIDT &
HALL, 2002), tiveram a expressdo diminuida durante a infeccdo. Desse modo, embora o
gene que codifica a GTPase tenha apresentado expressdo aumentada, isso ndo significa que
ocorreu 0 aumento da atividade dessa proteina, podendo inclusive ocorrer o contrario, pois
as proteinas responsaveis pela regulacdo de sua atividade (TRIO, STARD13 e ARAP2)
apresentaram expressdo reduzida. No estudo sobre deplecdo de ciclina A2, os autores
demonstraram que a reducdo da atividade de RhoA estava ligada a diminuicéo da fracdo de
RhoA ligada a GTP, sendo que a restauracdo dessa fragdo recuperou o fenétipo do
citoesqueleto. Além disso, os dados sugerem que ciclina A2 potencializa a atividade de
troca GDP-GTP das GEFs, promovendo um estado ativado de RhoA (ARSIC et al., 2012).
RhoA € responsavel por diversos processos celulares, como organizacdo do citoesqueleto e
progressdo do ciclo celular, polaridade, adesédo e migracdo. Seu papel na divisdo celular
estd ligado a organizacdo do citoesqueleto de actina, sendo também essencial para
regulacdo da organizacdo e dinamica dos microtubulos (ZHANG et al., 2014). Seria
interessante investigar a atividade dessa proteina durante a infeccdo com M.
hyopneumoniae, visto seu papel na organizacdo do citoesqueleto e divisdo celular, que
parecem estar alteradas durante a infeccdo, e ao fato de que ocorrem alteracbes na
expressao do gene que a codifica, bem como na expressdo génica de diversas proteinas

envolvidas na sua regulacéo.

A perturbacdo dos filamentos de actina esta relacionada com o atraso na
progressao da mitose em células eucaridticas, sugerindo que um citoesqueleto de actina
intacto talvez seja requerido para o inicio eficiente da mitose (HENG & KOH, 2010).
Além disso, sabe-se que durante a fase mitética do ciclo celular ocorre um aumento de
expressao global de genes que codificam proteinas motoras dependentes de microtubulos
que afetam fisicamente a segregacdo cromossdmica, incluindo diversas cinesinas
conhecidas por interagir diretamente como os centrémeros. Também ocorre 0 aumento da

expressao de genes relacionados a progressdo do ciclo celular, como os genes da familia
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CCNA, na transicdo da fase G2 para a fase M do ciclo celular (CHO et al., 2001). No
entanto, diversos genes envolvidos nesses aspectos tiveram a expressdo reduzida nos
nossos resultados. Também genes relacionados com a organizacdo do citoesqueleto de
actina, como os genes GEM, STARD13 e TRIO, apresentaram diminui¢do da expressao
durante a infeccdo. Em conjunto, esses dados sugerem uma repressdo da diviséo celular

durante a infeccdo por M. hyopneumoniae.

Diversos genes associados a proteinas do citoesqueleto e importantes para a
divisdo celular mostraram expressao reduzida durante a infeccdo com M. hyopneumoniae:
GAS2L3 e uma proteina que interage com actina e microtubulos e faz parte do fuso
durante a mitose, e cuja diminui¢do da expressao causa perda cromossdmica e aneuploidia
(WOLTER et al., 2012); ASPM ¢é uma proteina associada aos microtubulos, estando
envolvida na sua organizacdo durante a formacao do fuso e na citocinese (XU et al., 2012);
TPX2 estimula a montagem de microtibulos durante a formacdo do fuso mitotico
(WADSWORTH, 2015); MYOL10, se liga a actina e aos microtubulos, estando presente
nos polos do fuso mitético, sendo que a reducdo de sua expressdo causa defeitos como a
fragmentacdo do fuso (WOOLNER et al., 2008). De forma geral, isso mostra que actina e
microtubulos sdo importantes para a separacdo cromossdmica durante a mitose (HENG &
KOH, 2010).

A segregacdo errada de cromatides irmas durante a mitose resulta em aneuploidia,
ou seja, a perda ou ganho de cromossomos nas células filhas. Esse desfecho € evitado pelo
checkpoint para montagem do fuso mit6tico, que impede a entrada na anéfase até que todos
0s cromossomos estejam completamente alinhados (BOLANOS-GARCIA &
BLUNDELL, 2011). Uma estrutura necessaria para a segregacdo cromossdmica é o
cinetdcoro, uma grande estrutura proteica que se forma em centrdmeros e faz ligacdes
estaveis aos microtibulos do fuso. O sinal do checkpoint do fuso mitético impede a
progressao da mitose até que todos os cinetocoros estejam ligados ao fuso (MATSON &
STUKENBERG, 2014). A proteina BUB1B tem um papel central nesse processo, em
particular na estabilizacdo da conexdo entre o cinetécoro e 0s microtibulos e no
alinhamento dos cromossomos (MYSLINSKI et al., 2007; BOLANOS-GARCIA &
BLUNDELL, 2011). A proteina CENP-I, por sua vez, é importante para formagdo dos
centrémeros e para gerar o sinal de checkpoint do fuso mitdtico, sendo que sua delecéo
pode causar a parada da mitose (NISHIHASHI et al., 2002; MATSON & STUKENBERG,
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2014). NEK2, associada com os centromeros e SPAGS5 (astrin), associada com o
cinetocoro, também estdo envolvidas na formacdo do fuso mitético (MACK &
COMPTOM, 2001; KIM et al., 2002). Durante a infeccdo com M. hyopneumoniae, ocorreu
uma diminuicéo da expressdo dos genes que codificam todas essas proteinas. A expressdo
de BUB1B e de NEK2 e varidvel ao longo do ciclo celular, sendo praticamente
indetectavel em G1 e com um pico em G2/M (SCHULTS et al., 1994; KIM et al., 2002;
MYSLINSKI et al., 2007). Esses dados podem ser mais um indicativo de repressao na

divisdo das células infectadas.

Patogenos ja foram identificados manipulando o ciclo celular do hospedeiro para
seu beneficio, atuando de vérias maneiras, como a liberacdo de toxinas, associagdo com
microtabulos, ou blogueio de checkpoints do ciclo celular (JONES et al., 2007). Embora os
virus tenham mais acesso a maquinaria celular, patégenos bacterianos também podem
atuar alterando o ciclo celular do hospedeiro. Linhagens patogénicas de E. coli e de S.
aureus podem bloquear o ciclo celular na transicdo das fases G2/M, e Helicobacter pylori
pode bloquear as células na fase G1/S (SHIRIN et al., 1999; MARCHES et al., 2003;
ALEKSEEVA et al., 2013). Também foi visto que Neisseria gonorrhoae pode induzir uma
parada em G1 de células epiteliais humanas (JONES et al., 2007). Além disso, foi
demonstrado que o sobrenadante do cultivo de Actinobacillus pleuropneumoniae pode
induzir a parada de ciclo celular em G2/M em uma linhagem de células epiteliais, inibindo
a replicacdo viral (BARBOSA et al., 2015). Dessa forma, é possivel que M.
hyopneumoniae também esteja interferindo no ciclo celular do hospedeiro, como nossos
resultados sugerem. No entanto, mais experimentos Sa0 necessarios para que Se possam
tirar conclusdes sobre os efeitos dessa bactéria no ciclo celular das células suinas

infectadas.

A perturbacdo de genes que codificam proteinas do citoesqueleto também pode ter
relacdo com a ativagdo de NRF2. Como j& mencionado, em condi¢des basais NRF2 é
sequestrada no citoplasma por Keapl, e essa proteina € ligada ao citoesqueleto de actina.
Kang e colaboradores (2004) identificaram que Keapl interage com filamentos de actina
através de seu dominio DGR (double glycine repeat). Os autores observaram que actina €
um suporte necessario para Keapl manter NRF2 no citoplasma, e que a perturbacdo dos

filamentos de actina aumenta a translocagéo nuclear de NRF2 (KANG et al., 2004). Dessa
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forma, a alteracdo da expressdo de genes relacionados ao citoesqueleto pode ser mais uma

indicacdo da inducéo da expressao de genes antioxidantes através da ativacdo de NRF2.

Outro aspecto observado em nossos resultados foi que mesmo com a infeccdo ha
reducdo da expressao de genes relacionados a apoptose. Ao mesmo tempo, ha o aumento
da expressdo de genes relacionados com a glicélise. Esses dois efeitos podem estar
relacionados, pois ja foi identificado que a expressdo do gene pré-apoptotico PUMA
(BBC3) ¢é regulado pelo metabolismo da glicose. Foi verificado que o consumo de glicose
regula negativamente a expressdo de PUMA, reduzindo a apoptose. PUMA é regulado por
p53, e embora os niveis de expressdo desse gene nao sejam alterados, a atividade de p53
pode ser suprimida pelo metabolismo elevado de glicose, indicando que essa proteina pode
ser metabolicamente regulada, e dessa forma levar a inibicdo da inducdo de PUMA,

promovendo um efeito anti-apoptético (ZHAO et al., 2008).

Os resultados das analises de GO (Gene Ontology) realizadas estdo de acordo com
as discussdes que propusemos sobre os genes diferencialmente expressos. Examinando os
termos de GO dos genes que apresentaram reducdo de expressdo durante a infeccdo com
M. hyopneumoniae, pode-se ver que ha o enriquecimento de termos relacionados ao
citoesqueleto e projegdes celulares, bem como ciclo celular e mitose. Isso indica que essas
funcdes estdo diminuidas durante a infeccdo e corroboram a discussdo que fizemos até
entdo. A repressao da traducdo também é um termo que aparece nas analises de GO dos
genes com niveis de transcricdo diminuidos, e isso esta de acordo com as analises de
enriquecimento de GO dos genes que apresentaram aumento de expressdo durante a
infecgdo, que mostra varios termos relacionados a ribossomos, processos biossintéticos e
traducdo. Também aparecem termos relacionados a atividade de oxidorredutase, de acordo
com os diversos genes antioxidantes que tiveram expressao aumentada. Interessantemente,
também aparecem termos ligados aos exossomos, indicando maior envolvimento dessas

vesiculas durante a infeccéo.

Durante as analises, percebemos que o fold change (FC) dos genes
diferencialmente expressos ndo foi extremamente elevado; pelo contrario, foram obtidos
FCs considerados baixos. No entanto, consideramos que iSSO OcCOrreu porgque usamos para
0s ensaios de infeccdo uma linhagem atenuada de M. hyopneumoniae. Contudo, mesmo
gue essa linhagem seja considerada ndo-patogénica, ela gera uma resposta imune

consideravel. Situacdo semelhante ocorre na producdo de vacinas, em que sdo usadas
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linhagens atenuadas para a geracdo da resposta imune sem causar efeitos prejudiciais.
Dessa forma, acreditamos que infecgdes com linhagens patogénicas de M. hyopneumoniae
gerem um efeito mais pronunciado nas alteracdes de expressdo génica, com FCs mais
altos. No entanto, nossos resultados continuam relevantes, pois mostram uma visao geral

do que a infecgdo por M. hyopneumoniae causa na célula hospedeira.

Para a analise de miRNAs suinos afetados pela infeccdo com M. hyopneumoniae
consideramos que seria interessante analisar além de miRNAs intracelulares, o efeito da
infeccdo em miRNAs do meio extracelular total (contendo microvesiculas, exossomos,
demais tipos de vesiculas, bem como miRNAs livres em solucéo) e também os miRNAs
contidos em exossomos. Nossa intencdo era também sequenciar os miRNAS provenientes
do sobrenadante da ultracentrifugacdo dos exossomos, que conteria apenas miRNAs livres
em solucdo. No entanto, essas amostras apresentaram problemas, provavelmente devido a
presenca de RNAses no meio extracelular e as diversas etapas de pré-processamento, de
forma que uma das amostras ndo produziu nimero suficiente de reads no sequenciamento.
Dessa forma, essa condicdo (miRNAs livres em solucdo) ndo foi usada para as analises

subsequentes.

Nas analises de miRNAs das células suinas, foram detectados 1.221 miRNAs nas
14 bibliotecas de sRNAs sequenciadas. Além dos 411 miRNAs suinos depositados no
miRBase versdéo 21 (KOZOMARA & GRIFFITHS-JONES, 2014), os sRNAs
sequenciados foram mapeados contra 0s miRNAs suinos experimentalmente identificados
por Martini e colaboradores (2014). As sequéncias que ndo foram mapeadas foram usadas
para a predicdo de novos miRNAs, identificando 773 novos miRNAs putativos. As
predicdes de miRNAs foram feitas a partir das bibliotecas de SRNAs intracelulares, pois
estas apresentavam a melhor distribuicdo de tamanhos de acordo com miRNAs. As
bibliotecas de sSRNAs extracelulares e de exossomos apresentavam uma distribuicdo de
tamanho que indicava certa degradacdo, de forma que ndo eram ideais para as predicdes.
Uma vez feitas as predicdes de miRNAs, estes foram mapeados também nas bibliotecas de

SRNAs extracelulares e de exossomos.

Dos 1.221 miRNAs mapeados, foram identificados 170 miRNAs diferencialmente
expressos (p < 0.05), sendo que 121 apresentaram expressdo aumentada e 49 tiveram a
expressdo reduzida. Estes serdo identificados a partir de agora respectivamente como

mMiRNAs up-regulated e mIiRNAs down-regulated. Destes, 44 miRNAs estavam
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depositados no miRBase (11 up-regulated e 33 down-regulated), 37 foram identificados
por Martini e colaboradores (2014) (22 up-regulated e 15 down-regulated) e 89 foram
novas predicbes (88 up-regulated e 1 down-regulated). A maior parte dos miRNAs
diferencialmente expressos foi detectada nas amostras extracelulares e de exossomos,
sendo que nas amostras intracelulares foram detectados apenas 19 miRNAs
diferencialmente expressos, sendo 17 up-regulated e apenas 2 down-regulated. Destes,
dois estdo depositados no miRBase, 0 ssc-miR-184, down-regulated, e o ssc-miR-146a-5p,
up-regulated. O segundo miRNA down-regulated faz parte dos miRNAs identificados por
Martini e colaboradores (2014), bem como dois dos miRNAs up-regulated, e os demais
miRNAs up-regulated sdo novas predicOes feitas por este trabalho. Curiosamente, 0 miR-
146a-5p teve a expressdo aumentada apenas nas amostras de miRNAs intracelulares,
enquanto os demais miRNAs intracelulares up-regulated também foram detectados nas
amostras extracelulares e de exossomos. O mesmo ocorre com 0 miR-184, down-regulated

apenas nas bibliotecas intracelulares.

O miR-146 é um dos miRNAs mais comumente identificados em resposta a
infeccdes, juntamente com miR-155 (DUVAL et al., 2016), de forma que ja era esperado
que sua expressdo estivesse aumentada durante a infeccdo. Curiosamente, miR-155 néo
demonstrou mudanca de expressdo nos nossos resultados. MiR-146 é induzido por niveis
subinflamatdrios de NF-xB, tendo um papel essencial na regulacdo negativa da producao
de citocinas pro-inflamatdrias. Esse miRNA parece desempenhar um papel na tolerancia
imunoldgica, protegendo o organismo contra o choque séptico e modulando a severidade
da resposta imune (LEE et al., 2016; DUVAL et al., 2016). Além disso, 0 aumento da
expressao de miR-146a ja foi observado apos a infeccdo de células epiteliais de traqueia
com Mycoplasma gallisepticum (MAJUMDER et al., 2014). O miR-184, por sua vez,
parece estar envolvido na regulacdo da traducdo. Além disso, 0 aumento de sua expressao
ja foi relacionado ao aumento da proliferacdo celular e com o aumento da expressao de
proteinas que regulam o ciclo celular (WEITZEL et al., 2009; CUIl et al., 2014).

Quanto aos miRNAs das amostras extracelulares, foram detectados 127 miRNAs
diferencialmente expressos, dos quais 119 estavam up-regulated e 8 estavam down-
regulated. Destes, a maior parte estava diferencialmente expressa apenas nas amostras

extracelulares (76 miRNAs up-regulated e 1 miRNA down-regulated).
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Sobre os miRNAs encontrados em exossomos, a analise de expressao diferencial
foi feita por GFOLD (FENG et al., 2012), que fornece um ranqueamento dos miRNAS
diferencialmente expressos, pois essas bibliotecas representavam pools de amostras. Foram
detectados 91 miRNAs diferencialmente expressos nos exossomos, dos quais 43 estavam
up-regulated e 48 estavam down-regulated. Dentre os miRNAs com expressao aumentada,
todos sdo encontrados nas amostras extracelulares, com exce¢do de um, o miRNA 11-dna-
24, que é um novo MIRNA candidato predito neste trabalho. Dos miRNAs down-
regulated, a maioria foi encontrada diferencialmente expressa somente em exossomos (41
miRNAs). Curiosamente, 0 miRNA ssc-miR-9842 estava com a expressao diminuida em
ex0ssomos, mas aumentada nas amostras extracelulares. No entanto, ndo existem dados na

literatura sobre esse miRNA, limitando nossa discussao.

Também foram realizadas predicdes de alvos para os miRNAs diferencialmente
expressos detectados em nossas amostras. Foram preditos no total 59.304 alvos para os 170
miRNAs diferencialmente expressos. Destes alvos, 1.682 estavam em genes
diferencialmente expressos nos nossos resultados. Para as analises, foram utilizadas
somente as interacdes permissivas e repressivas entre miRNAs e mRNAs. Embora existam
situacGes em que ambos, mMRNA e miRNA, estejam diferencialmente expressos no mesmo
sentido (up—~>up ou down->down) e estas representem formas de regulacdo génica, elas ndo
serdo aqui discutidas, uma vez que na literatura a grande maioria das interacdes validadas
experimentalmente descrevem pares de miRNA-mRNA que possuem expressao em
sentidos inversos (up—-down ou down-2up). Dessa forma, foram identificadas 321
interagcfes permissivas e 721 interagbes repressivas entre miRNAs e mMRNAS
diferencialmente expressos. As interacdes permissivas representam 135 genes e 49
miRNAs diferentes, enquanto que as interagdes repressivas acontecem entre 204 genes e
120 miRNAs diferentes. Isso significa que apenas um dos miRNAs diferencialmente
expressos detectados, 0 miRNA 6-dna-79 — uma nova predi¢do —, ndo tem alvos nos genes

diferencialmente expressos identificados.

Ao analisar as interacGes permissivas, percebemos que diversos genes regulados
por NRF2 séo alvos de miRNAs diferencialmente expressos. Foram identificados 40 alvos
em 19 genes diferentes regulados por NRF2. Desse modo, parece que durante a infecgédo
ocorre uma alteracdo global de expressdo na tentativa de ativar genes com funcéo

antioxidante. Além do aumento da expressdo de genes com essa funcdo, especialmente os
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regulados por NRF2, também ocorre a reducdo da expressdo de miRNAs que regulam
negativamente genes antioxidantes, indicando a importancia da ativacdo dessa funcéo
durante a infeccdo com M. hyopneumoniae. A lista mostrando os genes regulados por

NRF2 alvos de miRNA diferencialmente expressos pode ser verificada na Tabela 4.

Tabela 4. Genes superexpressos regulados por NRF2 que séo alvos de miRNAs down-
regulated durante a infeccdo com M. hyopneumoniae.

Gene ID miRNA Expressdo do miRNA

Intracelular ~ Extracelular Exossomos
AKR1C4 ssc-miR-31 NA Down-regulated Down-regulated
AKR1CL1 ssc-miR-31 NA Down-regulated Down-regulated
prediction_13 40037950 40
BLVRB 038026__- 3p-353-MC NA NA Down-regulated
antisense-ssc-mir-
EGR1 423 12 44150500 44150579 NA NA Down-regulated
_-_NA-353-MC
GCLC ssc-miR-148b-3p NA NA Down-regulated
GCLC ssc-miR-19a NA NA Down-regulated
GCLC ssc-miR-19b NA NA Down-regulated
GGT1 ssc-miR-338 NA NA Down-regulated
GGT1 ssc-miR-140-3p NA NA Down-regulated
ssc-mir-92-shorter/ssc-isomir-
92 X_108178486_108178565
GGT1 __NAjssc-mir-92-shorter/ssc- NA NA Down-regulated
isomir-
92_X_108212408_108212487
- NA-424-HC
GGT1 ssc-miR-92a NA NA Down-regulated
prediction_7_91732076_917
GGT1 32132+ 5p-353-MC NA NA Down-regulated
GGT1 ssc-miR-31 NA Down-regulated Down-regulated
antisense-pn8/bta-mir-
GGT1 2320 6 43886629 43886722 NA Down-regulated Down-regulated
- NA-424-HC
HMOX1 ssc-miR-182 NA NA Down-regulated
HSP90AB1 ssc-miR-101 NA Down-regulated Down-regulated
NQO1 ssc-miR-34a NA NA Down-regulated
PGD ssc-miR-769-3p NA Down-regulated NA
PIR ssc-miR-378 NA NA Down-regulated
PRDX1 ssc-miR-101 NA Down-regulated Down-regulated
PRDX6 ssc-miR-10a-5p NA NA Down-regulated
PRDX6 ssc-miR-10b NA NA Down-regulated
PRDX6 ssc-miR-338 NA NA Down-regulated
SLC5A10 ssc-miR-1307 NA NA Down-regulated
SLC5A10 antisense-pn8/bta-mir- NA Down-regulated Down-regulated
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2320_6_43886629_43886722

_-_NA-424-HC

SLC5A6 ssc-miR-10b NA NA Down-regulated

SLC5A6 ssc-miR-338 NA NA Down-regulated

SLC5A6 ssc-miR-423-3p NA NA Down-regulated

SLC5A6 ssc-miR-27b-3p NA NA Down-regulated
prediction_7_91732076_917

SLC5A6 32132+ 5p-353-MC NA NA Down-regulated

SLC6A6 ssc-miR-340 NA NA Down-regulated
antisense-ssc-mir-

TKT 423 12 44150500_44150579 NA NA Down-regulated
_- NA-353-MC

TXNRD1 ssc-miR-103 NA NA Down-regulated

TXNRD1 ssc-miR-182 NA NA Down-regulated
ssc-mir-107-shorter/ssc-
isomir-

TXNRD1 107 14_106321702_1063217 NA Down-regulated Down-regulated
88_- NA-424-HC

TXNRD1 ssc-miR-107 NA Down-regulated Down-regulated

TXNRD1 ssc-miR-31 NA Down-regulated Down-regulated

UGT1A6 ssc-miR-28-3p NA NA Down-regulated
antisense-ssc-mir-

UGT1A6 103_16_ 52667657 52667738 NA NA Down-regulated
_+_NA-424-HC

UGT1A6 ssc-miR-769-3p NA Down-regulated NA

Observando a Tabela 4, percebemos que alguns miRNAs se repetem, indicando
que podem estar envolvidos na regulacdo de mais de um gene com fungéo antioxidante.
Dentre esses, 0 miRNA que alveja mais genes € 0 miR-31, que possui alvos nos genes
AKR1C4, AKR1CL1, GGT1 e TXNRD1. No entanto, interacdes entre miR-31 e esses

genes ainda n&o foram identificadas experimentalmente.

A predicdo de alvos para miRNAs apontou os genes gque codificam HSP90ABL1 e
peroxirredoxina 1, regulados por NRF2, como alvos de miR-101. Ndo foram encontradas
na literatura informag6es sobre miR-101 regulando esses genes. No entanto, um estudo
indica que esse MIRNA liga-se a regido 3’UTR de NRF2 e regula negativamente esse
transcrito (GAO et al., 2017). MiR-92a, que potencialmente regula GGT1, também foi
identificado regulando negativamente NRF2, assim como miR-27b, miR-28 e miR-34a
(YANG et al., 2011; ALURAL et al., 2015; YANG et al., 2015; LIU et al., 2017b). Como
a expressao desses miRNAs esta diminuida, esse é mais um indicativo da ativagdo deste

fator de transcricdo.
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Os miRNAs miR-340, miR-19a e miR-19b, que potencialmente alvejam NRF2
segundo nossas predi¢des, também podem estar envolvidos na regulacdo de genes ativados
por esse fator de transcricdo. O miR-340, que comprovadamente regula NRF2 (SHI et al.,
2014), também possui como um de seus alvos o transportador SLC6A6, enquanto 0s
miRNAs miR-19a e miR-19b parecem regular o gene que codifica a subunidade catalitica
da glutamato-cisteina ligase (GCLC), necessaria para a sintese da glutationa. Além disso,
foi verificado que perdxido de hidrogénio regula negativamente a expressdo de miR-19a e
miR-19b em ratos, relacionando esses mMiRNAS a uma resposta ao estresse oxidativo (XU
etal., 2016; HONG et al., 2017).

E interessante observar que os miRNAs que regulam os genes da via de NRF2
estdo diferencialmente expressos apenas nas amostras extracelulares e de exossomos, ndo
apresentando diferenca de expressdo nas amostras intracelulares. Com exce¢do de um
miRNA, miR-769, todos estdo com a expressdao diminuida nos exossomos. Novamente,
isso pode indicar uma tentativa das células infectadas de sinalizar as células vizinhas da
importancia desses genes, evitando sua repressdao ou degradacdo. Embora isso seja apenas
uma hipétese, é interessante observa-la, dado que a maioria dos miRNAs diferencialmente
expressos ndo esta nas amostras intracelulares. Enquanto que os miRNAs identificados nas
amostras extracelulares totais podem conter SRNAs que reflitam restos de degradacao
devido a presenca de RNAses e mMRNAs no meio extracelular e dessa forma incidam no
alto namero de miRNAs identificados, acreditamos que isso ndo aconteca nos exossomos,
pois essas estruturas possuem uma membrana que protege seu contetido de degradacao.
Desse modo, deve-se considerar a diferenca de expressdo de miRNAS nos exossomos
como relevante e é essencial especular como essas vesiculas podem interferir na regulacédo
génica de células vizinhas. Além disso, como exossomos podem afetar também outros
tipos celulares, eles podem conter miRNAs que alvejem genes que ndo estdo

diferencialmente expressos em nossas amostras.

Analisando as interacOes repressivas entre miRNAs e mRNAs identificamos
diversos genes relacionados ao citoesqueleto e a divisdo celular como alvos de miRNAs.
Inclusive, foram identificados genes alvejados por diversos miRNAs e miRNAs que
possuem alvos em mais de um gene com funcdes relacionadas. O gene tns3, relacionado ao
citoesqueleto, foi identificado como alvo de 16 mIiRNAs, enquanto o mMIRNA
prediction_1 283871940 283872004 - 5p-424-HC alveja oito genes, incluindo genes que
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codificam dineinas e genes envolvidos em sua montagem. De modo geral, genes que
codificam cadeias de dineinas representam 12 alvos de miRNAs, sendo que DNALL1
(dynein axonemal light chain 1) é alvo de sete miRNAs diferentes. No entanto, a maioria
desses miRNAs representa novas predices e miRNAs identificados por Martini e
colaboradores (2014), ndo havendo dados na literatura que possibilitem expandir a
discussdo. Apesar disso, esses resultados sugerem que genes com funcgdes relacionadas ao
citoesqueleto e divisdo celular cuja expressao estd diminuida também podem estar sendo

regulados por miRNAs durante a infeccéo.

Comparando nossos resultados com dados da literatura de células epiteliais
submetidas a infeccBes bacterianas, encontramos varias semelhangas e também diferengas.
Assim como na infeccdo de células epiteliais mamarias bovinas com Streptococcus uberis
(LAWLESS et al., 2013), nossos resultados mostraram a diminuicdo da expressao de miR-
193a durante a infecgdo. O mesmo foi encontrado na infec¢do desse tipo celular com E.
coli e S. aureus (JIN et al., 2014). A expressdo do miR-423 também foi reduzida na
infeccdo com as duas bactérias, bem como em nosso ensaio de infeccdo com M.
hyopneumoniae. No entanto, a infeccdo com E. coli e S. aureus causou o aumento da
expressdo de miR-92a (JIN et al.,, 2014), enquanto a expressdo desse mMiRNA esta
diminuida nos exossomos em nossos resultados. A infeccdo de suinos com A.
pleuropneumoniae resultou na diminuicdo da expressdo de miR-19a e no aumento da
expressao de miR-542 em pulmd@es infectados, assim como aconteceu em nOSSOS
resultados. No entanto, ocorreu também o aumento de expressdao dos miRNAs miR-10a,
miR-181a e miR-181b (PODOLSKA et al., 2012), que em nossos resultados tiveram
expressao diminuida. Desse modo, parece que infeccbes com diferentes espécies

bacterianas resultam em diferentes padrdes de expressao de miRNAS.

Além das andlises com células epiteliais, um estudo fez a analise do soro de
bovinos infectados com M. bovis. Esse estudo identificou o aumento da expressao do
MIRNA mIR-24 e a reducdo da expressdo dos miRNAs miR-92a e miR-423 (CASAS et
al., 2016). Resultados semelhantes foram observados em nossas amostras infectadas com
M. hyopneumoniae. E interessante observar que esses miRNAs estavam diferencialmente
exXpressos no soro, e nos nossos resultados nas amostras extracelulares e exossomos, de
forma que os dois resultados refletem um perfil de miRNAs que estdo sendo exportados

das células.
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A andlise de GO dos alvos de miRNAs diferencialmente expressos identificou que
genes-alvo de interacbes permissivas estavam associados com termos relacionados a
cofator do processo metabolico e a atividade de oxidacdo-reducdo, enquanto que genes-
alvo de interagcOes repressivas foram enriquecidos em termos relacionados ao
citoesqueleto. Desse modo, os termos de GO dos alvos de miRNAs diferencialmente
expressos parecem estar de acordo com o que foi encontrado na analise de GO dos genes
diferencialmente expressos, de forma que foi identificada uma correlacdo entre alguns
desses termos. Essa correlacdo ndo significa que os genes diferencialmente expressos sao
necessariamente alvos dos miRNAs diferencialmente expressos, no entanto indica que eles
estdo envolvidos em funcdes similares. E importante ressaltar a relevancia dos miRNAs
encontrados nos exossomos e nas amostras extracelulares na identificacdo dos termos de
GO enriquecidos de alvos de miRNAs, visto que apenas uma pequena parte das interaces
permissivas e repressivas envolvem miRNAs intracelulares (71 interacGes repressivas e 3

permissivas).

Devido a importdncia que 0S ex0ssomos parecem ter na transmissdo de
informacBes durante a infeccdo com M. hyopneumoniae, principalmente através de
miRNASs, tornou-se interessante analisar o efeito dessas vesiculas no cultivo com a
bactéria, a fim de verificar se elas interagiam ou tinham algum impacto no crescimento
desse patdgeno. Os resultados encontrados indicam que ndo ocorre interacdo do
micoplasma com 0S ex0ssomos e que essas Vvesiculas ndo alteram o crescimento
bacteriano. No entanto, os métodos utilizados ndo eram muito sensiveis e talvez ndo
tenham sido os mais adequados para analisar essa interacdo. Dessa forma, sdo necessarios
mais experimentos para uma concluséo definitiva acerca da interacdo de exossomos e M.

hyopneumoniae.

Resumindo, os resultados obtidos nesse trabalho trazem contribuigdes importantes
sobre a patogenicidade de M. hyopneumoniae, sua relagdo com o hospedeiro suino e a
resposta da célula epitelial a essa infecgdo. Os dados relativos a alteracdo na expressao
génica causada pela infecgdo com essa bactéria abrem as portas para diversas investigacdes
sobre os efeitos que M. hyopneumoniae provoca apos a adesdo as células epiteliais e que
podem estar relacionados a sua patogenicidade. A identificacdo da producdo de peroxido
de hidrogénio e do uso de mio-inositol como fonte de energia como possiveis fatores de

viruléncia de M. hyopneumoniae sdo novas contribui¢des significativas sobre a
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patogenicidade dessa bactéria. Embora os resultados iniciais tenham indicado que a
linhagem atenuada J de M. hyopneumoniae ndo produza perdxido de hidrogénio,
verificamos que, quando ha limitacdo de fontes de carbono, ocorre a producdo do
metabolito toxico por essa linhagem. Durante a infeccdo das células suinas, essa bactéria
precisa competir com as células eucarioticas por glicose e outras fontes de energia. 1sso
pode leva-la a consumir glicerol, produzindo perdxido de hidrogénio como subproduto,
assim como ocorre quando a bactéria € cultivada em meio minimo. A identificacdo do
aumento da expressao de genes antioxidantes durante a infeccdo corrobora a producéo de
peroxido de hidrogénio por M. hyopneumoniae e implica que esse metabdlito pode causar
efeitos nocivos as células, que tentam combater seus efeitos. Esses resultados também
podem ajudar a identificar novas formas de tratamento e combate a infec¢do, que ajudem a
combater seus efeitos oxidativos. A reducdo da expressdo de miRNAs que regulam genes
antioxidantes reitera a necessidade dessa funcdo durante a infeccdo. O indicio de que
diversos miRNAs estdo diferencialmente expressos nos exossomos reforca o papel dessas
vesiculas na comunicacdo celular. Além disso, a diminuicdo da expressdo de diversos
genes que codificam proteinas ciliares pode ser uma explicacdo para um dos principais
efeitos da adesdo de M. hyopneumoniae as células suinas, a ciliostase. Genes que
codificam diversas proteinas responsaveis pelo movimento ciliar mostraram expressdo
reduzida, e embora a ciliostase seja um efeito bem descrito de M. hyopneumoniae, 0s
mecanismos gque a causam ainda ndo foram investigados. A reducédo da expressdo de genes
que codificam proteinas relacionadas ao citoesqueleto e a divisdo celular também
oportuniza estudos relacionados ao efeito de M. hyopneumoniae sobre esses aspectos.
Tanto o citoesqueleto quanto o ciclo celular sdo impactados por diversos patdgenos, e
nossos resultados indicam que M. hyopneumoniae pode estar relacionado a esses
processos, sendo pertinentes mais investigacfes. Sendo assim, além de novos
conhecimentos sobre a viruléncia e a relagdo patdgeno-hospedeiro, nossos resultados
deixam perspectivas de estudo relacionadas a mecanismos de patogenicidade de M.
hyopneumoniae. Além disso, esse € o primeiro estudo que faz a anélise de mudancas
transcricionais de genes e miRNAs de células epiteliais suinas em resposta a infec¢céo por

M. hyopneumoniae atraves de NGS.
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6. CONCLUSOES

e As linhagens patogénicas de M. hyopneumoniae produzem perdxido de hidrogénio a
partir do metabolismo de glicerol em condicdes padrdo de cultivo. Além disso, a
linhagem atenuada J dessa espécie produz perdxido de hidrogénio em baixas

concentragdes de glicose.

e A producdo de perdxido de hidrogénio ndo é regulada em nivel transcricional pela
expressao do gene glpO, pois M. hyopneumoniae J transcreve esse gene nos mesmos
niveis que as linhagens patogénicas dessa espécie, de forma que o gene deve ser

regulado pos-transcricionalmente.

e Todas as linhagens de M. hyopneumoniae analisadas s&o capazes de captar mio-
inositol do meio de cultura e utilizar esse carboidrato como fonte de energia.
Também foi proposto um gene candidato para a enzima lolJ, do metabolismo de

mio-inositol, previamente ndo identificada em M. hyopneumoniae.

e Foram identificados 1.283 genes e 170 miRNAs diferencialmente expressos nas

celulas suinas da linhagem NPTr infectadas com M. hyopneumoniae.

e A infeccdo com M. hyopneumoniae resultou no aumento da expressdo de genes
relacionados a atividade de oxidacdo-reducdo nas células epiteliais suinas, em sua

maioria regulados pelo fator de transcricdo NRF2.

e A infeccdo das células epiteliais por M. hyopneumoniae causou a reducdo da
expressao de diversos genes relacionados aos cilios, ao citoesqueleto e ao ciclo

celular.

e A predicdo de alvos para os miRNAs diferencialmente expressos identificou uma
correlagéo entre as funcdes dos genes alvo de miRNAs e algumas funcdes afetadas

pelos genes diferencialmente expressos.

e A maior parte dos miRNAs diferencialmente expressos esta em ex0ssomos e em
amostras extracelulares, indicando que as vesiculas devem ter um papel importante

na comunicacao celular.
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e A adicdo de exossomos provenientes de células suinas ao meio de cultura ndo alterou
0 crescimento de M. hyopneumoniae pelos métodos analisados. Além disso, ndo
ocorreu a internalizacdo dessas vesiculas pela bactéria nas condi¢des testadas.
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7. PERSPECTIVAS

Caracterizar a proteina glpO de M. hyopneumoniae e determinar sua localizacéo

celular.

Avaliar a producdo de peroxido de hidrogénio por M. hyorhinis em baixas
concentracdes de glicose e por M. hyopneumoniae e M. hyorhinis em outras

condicdes de estresse.

Caracterizar as proteinas Fba (possivel lolJ) e Fbal de M. hyopneumoniae a fim de
identificar o substrato de cada enzima e designar corretamente a proteina lolJ nessa
bactéria, além de realizar estudos funcionais para analisar as demais proteinas da via

do catabolismo de mio-inositol.

Identificar a localizagdo celular do fator de transcricio NRF2 em células controle e

infectadas por M. hyopneumoniae através de microscopia confocal de fluorescéncia.
Analisar a expressao de proteinas ciliares apés a infeccdo com M. hyopneumoniae.

Analisar possiveis alteracbes do citoesqueleto durante a infeccdo com M.
hyopneumoniae, bem como a atividade de proteinas importantes na organizagdo do

citoesqueleto, como RhoA.

Analisar o efeito da infeccdo com M. hyopneumoniae sobre o ciclo celular do

hospedeiro.

Realizar a validacdo experimental de novos miRNAs preditos, bem como de alvos

para miRNAs de interesse.

Analisar a interacdo de M. hyopneumoniae e exossomos por microscopia eletronica

de varredura.
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9. ANEXOS

9.1 Material Suplementar referente ao artigo: Mycoplasma hyopneumoniae elicits an
antioxidant response and decreases the expression of ciliary genes in infected swine
epithelial cells.

Figure S1. Distribution of intracellular SRNAs sizes and types.
Figure S2. RT-gPCR of selected DE genes.
Figure S3. Production of hydrogen peroxide by different M. hyopneumoniae strains.

Table S1.
Table S2.
Table S3.
Table S4.
Table S5.
Table S6.
Table S7.
Table S8.
Table SO.

Trimming and mapping information of mMRNA reads.
Trimming and mapping information of miRNA reads.
MRNA Read Counts Information

Complete DE Gene List (p-value > 0.05).

ARE motifs in NRF2 putative regulated genes.
mMRNA Complete GO Enrichment Analysis.

Novel Putative miRNAs of Sus scrofa.

miRNA Read Counts Information

Complete DE miRNA List (p > 0.05).

Table S10. sSRNAs from M. hyopneumoniae detected in extracellular samples S7 and S8.

Table S11. Permissive and repressive target pairs between miRNAs and mRNAs.
Table S12. Complete GO Enrichment Analysis of DE miRNA targets.
Table S13. Primers for RT-qPCR of selected DE genes.

As tabelas suplementares podem ser visualizadas através do link:
https://tinyurl.com/supptablmucha2018
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Figure S1. Distribution of intracellular SRNAs sizes and types. A. Intracellular SRNAs
showed a pronounced peak at 22nt, in accordance with a typical miRNA-type size
distribution curve. B. The distribution of reads based on homology also showed that the
most predominant portion of intracellular sSRNAs clean reads (41%) were similar to
previously described miRNAs in the literature.
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Figure S2. RT-gPCR of selected DE genes. Eight up-regulated and four down-regulated
genes were selected for experimental validation by RT-qPCR. Of these, five up-regulated
(C3, SAA3, AKR1CL1, LGALSS8 and PGD) and two down-regulated (DKK3 and FGL2)
were in accordance with the expression of sequencing data. CXCL2, PLTP and LOX
showed no different expression in RT-gPCR, and DUOX2 and MXD1 showed inversed
expression in RT-gPCR in relation to the sequencing data (P < 0.05).
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Figure S3. Production of hydrogen peroxide by different M. hyopneumoniae strains.
A. In minimum defined medium. B. In the presence of different carbon sources. In stress
conditions, the attenuated strain M. hyopneumoniae J is able to produce hydrogen
peroxide. When cultured in minimum defined medium, hydrogen peroxide production was
small; however, when glycerol was the only carbon source available, the attenuated strain
produced the metabolic product in similar concentrations to the pathogenic strains of this
species.
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9.2 ldentificacdo de sequéncias referentes ao elemento de resposta antioxidante
(ARE) na regido promotora de genes putativos regulados por NRF2.

Start Stop
(Up- (Up-
GenelD stream stream Strand  Sequence (19nt) Secitience Consensus
from from (11nt)
ATG)  ATG)
ENSSSCG00000
017092 495 | 514 - GATGTIEEIC:@%TTG CTTQSTTT G AGT TG T
(GPX3)
AATTGTTGACAAA | TTGACAAA
657 638 + GCACTTA GCA ACAAA A
ATACTATTATCAG | ATTATCAG
341 322 + GCCTGGE GCe AT CAG C
ENSSSCG00000 858 | 839 - CAAGGATGACTAG | ATGACTAG ACTAG T
029876 GCTTTGG GCT
TCTTGATTATTAAG | ATTATTAA
(SOD2) 545 526 - CCTTAG Gee ATTAA C
ATAGTATTACTGA @ ATTACTGA
354 | 335 - GCACCCA GCA ACTGA A
CCAGAGTGACCTT | GTGACCTT
297 278 - GCTTTCC GCT ACCTT T
ENSSSCG00000 371 | 352 - TCTTAATTAGGAT | ATTAGGAT AGGAT A
010853 GCAAGAG GCA
TGATTTTTACCTTG | TTTACCTTG
(EPHX1) 86 67 - CATAAG CA ACCTT A
ENSSSCG00000 657 | 638 + ACCTGGTGAGGCC | GTGAGGCC AGGCC T
028982 GCTGAAG GCT
ATATGTTTAGAAG | TTTAGAAG
(AKR1C4) 377 358 + GCTGACA GCT A GAAG T
TAATATTGATCAA | TTGATCAA
927 908 + GCTGATA GCT AT CAA T
CTGTTGTGACTCA | GTGACTCA
655 | 636 + GCAGTTT GCA ACTCA A
ENSSSCG00000 149 | 130 + GACAAGTTAATTG | GTTAATTG AATTG T
011147 GCTTCGA GCT
CTGCTTTGACCTTG | TTGACCTT
(AKR1C1) 107 88 + CTCCTC GCT ACCTT T
AGGTTCTTAAACT | CTTAAACT
647 628 - GCTGAGT GCT AAACT T
AGTCATTTAATAA | TTTAATAA
362 | 343 - GCATTTT GCA AATAA A
ENSSSCG00000 657 | 638 + ACCTGGTGAGGCC | GTGAGGCC AGGCC T
025277 GCTGAAG GCT
ATATGTTTAGAAG A TTTAGAAG
(ARR1CL1) 377 | 358 + GCTGACA GCT A GAAG T
ENSSSCG00000 AACCTATGATGCA | ATGATGCA
o 561 | 542 + GCTTGCA GCT AT GCA T
(PRDX3) 473 | 454 + CACGTCTTAACCTG | CTTAACCT AACCT T
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ENSSSCG00000
015844
(GSR)

ENSSSCG00000
025762
(GSR)

ENSSSCG00000
013030
(PRDX5)

ENSSSCG00000
014540
(FTH1)

ENSSSCG00000
013736
(PRDX2)

82

755

485

74

900

176

562

491

187

141

52

667

348

324

254

480

932

848

603

430

34

639

425

283

63

736

466

55

881

157

543

472

168

122

33

648

329

305

235

461

913

829

584

411

15

620

406

264

CTGAGC

GAACCATGAGGTT
GCAGGTT
CCTTCTTGAATATG
CATGTT
AAGACGTGACATA
GCGTCCA
AGGGATTGAACCT
GCAACCT
GGTGACTTACGCT
GCAGGGA
TCACCGTGAGGCT
GCGCCGG
CGTTTTTGAGGGC
GCTGTTT
CTTTTCTGAGCGG
GCCCCTT
TCACGGTGACTAA
GCACCCG
GCGGCCTTAAAAA
GCAAAAA
CGGATCTGACATT
GCTGTGG
ACATTTTTATTTTG
CATTCA
GCGACATGAAGCT
GCTCACC
ACTTGCTGAGCTC
GCATGTG
GGGGCCTGAGGTC
GCCCCCG
TTTGCATTACCAG
GCACCTC
AGAAGCTGAAGGC
GCGGAAC
CCATTTTGAAATG
GCCGATC
CGGATGTGACAGT
GCGGAAA
CTGTCTTTAAGCA
GCTTAAC
GATAAATGACGTG
GCTGCTT
TTCTCCTGATGCTG
CAGCTG
CCCATGTTAAGCT
GCTTAAA
TTATCTTTATTCAG
CCGGGC

GCT

ATGAGGTT
GCA
TTGAATAT
GCA
GTGACATA
GCG
TTGAACCT
GCA
CTTACGCT
GCA
GTGAGGCT
GCG
TTGAGGGC
GCT
CTGAGCGG
GCC
GTGACTAA
GCA
CTTAAAAA
GCA
CTGACATT
GCT
TTTATTTTG
CA
ATGAAGCT
GCT
CTGAGCTC
GCA
CTGAGGTC
GCC
ATTACCAG
GCA
CTGAAGGC
GCG
TTGAAATG
GCC
GTGACAGT
GCG
TTTAAGCA
GCT
ATGACGTG
GCT
CTGATGCT
GCA
GTTAAGCT
GCT
TTTATTCA
GCC

A C

AT

A A

AT
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ENSSSCG00000
000843
(TXNRD1)

ENSSSCG00000
002754
(NQO1)

ENSSSCG00000
003153
(FTL)

ENSSSCG00000
003402
(PGD)

ENSSSCG00000
003914
(PRXD1)

ENSSSCG00000
001488
(GCLC)

ENSSSCG00000
002623
(GSTA1)

697

531

971

498

117

822

216

889

499

122

87

57

857

198

886

898

839

462

122

419

190

779

699

633
986

678

512

952

479

98

803

197

870

480

103

68

38

838

179

867

879

820

443

103

400

171

760

680

614

967

ACTTACTTATTTAG
CCTTTT
TGTTGTTTACCAAG
CCCCTG
AAATCTTTAATAA
GCACACA
GAATAATGAACAG
GCTTTGG
GTTTTGTGAAAGA
GCCCTTC
AGTGTTTTAATCTG
CCATGA
TCACAGTGACTCA
GCGAGAT
GAACCATGAGGTT
GCAGGTT
AGATACTTAGGGT
GCTCTCT
TTTCTCTGAGGTTG
CATATC
TCTCTCTGAAGCTG
CCTCTG
TGATCTTGAAGGA
GCATGTG
CTCTCCTGAGCCA
GCCCTAG
AATCCGTGAAGTA
GCAGAGT
CATCGATGACATC
GCTCCGG
AAGGCGTGAAACA
GCTACAC
TGTAGTTTATTTAG
CACAGT
GATTGCTTAGACA
GCCTCCC
CCGGGATGACTCA
GCGCTTT
AAATAGTGAGACT
GCACAAG
CGAGGCTGACCCG
GCTCCTC
ATGTATTTATTGTG
CCCACT
AATGTGTGACAGA
GCCATGA
GTGCCATTAAAGG
GCAGAGC
CCCATGTGAACTT

CTTATTTA
GCC
TTTACCAA
GCC
TTTAATAA
GCA
ATGAACAG
GCT
GTGAAAGA
GCC
TTTAATCT
GCC
GTGACTCA
GCG
ATGAGGTT
GCA
CTTAGGGT
GCT
CTGAGGTT
GCA
CTGAAGCT
GCC
TTGAAGGA
GCA
CTGAGCCA
GCC
GTGAAGTA
GCA
ATGACATC
GCT
GTGAAACA
GCT
TTTATTTAG
CA
CTTAGACA
GCC
ATGACTCA
GCG
GTGAGACT
GCA
CTGACCCG
GCT
TTTATTGT
GCC
GTGACAGA
GCC
ATTAAAGG
GCA
GTGAACTT

AT

A C

A C

AT

A C

A A
A A
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ENSSSCG00000
002626
(GSTA1)

ENSSSCG00000
022742
(PRDX6)

ENSSSCG00000
026759
(HMOX1)

ENSSSCG00000
004454
(ME1)

ENSSSCG00000
010853
(EPHX1)

ENSSSCG00000
021408
(TKT)

ENSSSCG00000
010056
(GGT1)

ENSSSCG00000
028739
(CEBPB)

ENSSSCG00000
012847
(TALDO1)

ENSSSCG00000
014540
(FTH1)

ENSSSCG00000
021067
(BLVRV)

458

926

213

363

190

484

400

371

86

141

665

457

736

531

854

120

96

499

480

932

848

219

112

439

907

194

344

171

465

381

352

67

122

646

438

717

512

835

101

77

480

461

913

829

200

93

GCATTGA

TACCACTTAATGA

GCATTTT

CTGGTCTGAGAAA

GCCTCTG

ACTCAATGACGTC

GCCCTCT

CCTGGATGAGAGA

GCCTGGG

GGAATGTTACTAT

GCGATCC

CCAGGATTAATAT

GCTACTC

TTTTGTTTACATAG

CAAATT

TCTTAATTAGGAT

GCAAGAG

TGATTTTTACCTTG

CATAAG

AGGGACTGAACCT

GCAACTT

CTGCAGTGAAGAT

GCAAGTC

TACGCCTTACGGG

GCCCTCA

AGGTTCTTAACCT

GCCGAAC

TTTTTTTTAAATGG

CTGAAC

GTGGTCTGAGGGG

GCGGGCG

CAGGCGTGACGCA

GCCGTTG

GGTTATTTATAAG

GCGGGCC

GAGACGTGAGGT

GGCTTTAA

TTTGCATTACCAG
GCACCTC

AGAAGCTGAAGGC

GCGGAAC
CCATTTTGAAATG
GCCGATC

AGTGTGTGACACT

GCATGTG

TGAGTGTGACGGT

GCAGGAT

GCA

CTTAATGA
GCA

CTGAGAAA
GCC
ATGACGTC
GCC
ATGAGAGA
GCC
GTTACTAT
GCG
ATTAATAT
GCT
TTTACATA
GCA
ATTAGGAT
GCA
TTTACCTTG
CA
CTGAACCT
GCA
GTGAAGAT
GCA
CTTACGGG
GCC
CTTAACCT
GCC
TTTAAATG
GCT
CTGAGGG
GGCG
GTGACGCA
GCC
TTTATAAG
GCG

GTGAGGTG
GCT

ATTACCAG
GCA
CTGAAGGC
GCG
TTGAAATG
GCC
GTGACACT
GCA
GTGACGGT
GCA
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TTCATGTGAGTGT | GTGAGTGT

84 65 GCAACTG GCA GG A
GTCCTGTGACTCC | GTGACTCC

967 948 GCGGCCT GCG GR@C G
EREESIEUL TTAAGCTGAAACG | CTGAAACG

001723 979 960 GCTGCTC GCT G AA T

(PLAG2G7)

ATCATTTGATCCAG | TTGATCCA

404 385 CAATCC GCA G AT A

767 748 TTG;/(—\:EZI_'IC';((:‘:?QACA CTGC,;ACA_?CA G A A T

ENS;?(;?SSOOO 437 418 GTTTTTTGAGGAT | TTGAGGAT G AG T

(PIR) GCTCCAT GCT

GGACATTTAGGTT | TTTAGGTT

292 273 GCTTCCA GCT TR C T
TCTGACTGACTGC | CTGACTGC

153 134 GCTTCAC GCT GR@C T

Consensus ? A n n

177



9.3 Composigdo dos meios definidos usados para o crescimento de micoplasmas

suinos.
Concentragao
Componente Meio Definido (Yus et CMRL-1066
) CMRL+ CMRL+/ Pep
al., 2009) (Invitrogen)
BASAL
Na2HPO4 2mM - - -
NaH2PO4 - 1.01 mM 1.01 mM 1.01 mM
NaHCO3 - 26.19 mM 26.19 mM 26.19 mM
NaCl 100 mM 117.22 mM 117.22 mM 117.22 mM
Kcl 5mM 5.33mM 5.33 mM 5.33 mM
MgS04 0.5mM 0.813 mM 0.813 mM 0.813 mM
CacCl2 0.2 mM 1.8 mM 1.8 mM 1.8 mM
Acetato de sédio-3H20 - 0.61 mM 0.61 mM 0.61 mM
Glucuronato de sédio - 0.0178 mM 0.0178 mM 0.0178 mM
FONTES DE CARBONO
glicose 10 g/L 1g/L 2g/L 2g/L
glicerol 0.5g/L - 0.5g/L 0.5g/L
AMINOACIDOS
alanina 4 mM 0.281 mM 0.281 mM 0.281 mM
arginina 4 mM 0.332 mM 0.332 mM 0.332 mM
aspartato - 0.226 mM 0.226 mM 0.226 mM
asparagina 4 mM - 4 mM 4 mM
cisteina 4 mM 1.65 mM 1.65 mM 1.65 mM
cistina - 0.0833 mM 0.0833 mM 0.0833 mM
glutamato - 0.51 mM 0.51 mM 0.51 mM
glutamina 4 mM - 4 mM 4 mM
glicina 4 mM 0.667 mM 0.667 mM 0.667 mM
histidina 4 mM 0.0952 mM 0.0952 mM 0.0952 mM
isoleucina 4 mM 0.153 mM 0.153 mM 0.153 mM
leucina 4 mM 0.458 mM 0.458 mM 0.458 mM
lisina 4 mM 0.383 mM 0.383 mM 0.383 mM
metionina 8 mM 0.101 mM 0.101 mM 0.101 mM
fenilalanina 1mM 0.152 mM 0.152 mM 0.152 mM
hidroxi L-prolina - 0.0763 mM 0.0763 mM 0.0763 mM
L-prolina 4 mM 0.348 mM 0.348 mM 0.348 mM
serina 1mM 0.238 mM 0.238 mM 0.238 mM
treonina 4 mM 0.252 mM 0.252 mM 0.252 mM
triptofano 0.5mM 0.049 mM 0.049 mM 0.049 mM
tirosina 0.5mM 0.221 mM 0.221 mM 0.221 mM
valina 8 mM 0.214 mM 0.214 mM 0.214 mM
BASES
guanina 20 mg/L - 20 mg/L 20 mg/L
uracila 20 mg/L - 20 mg/L 20 mg/L
timina 10 mg/L 10 mg/L 11 mg/L 11 mg/L
citidina 20 mg/L - 20 mg/L 20 mg/L
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adenina 20 mg/L - 20 mg/L 20 mg/L
2'desoxiadenosina - 10 mg/L 10 mg/L 10 mg/L
2'desoxiguanosina - 10 mg/L 10 mg/L 10 mg/L
2' desoxicitidina - 10 mg/L 10 mg/L 10 mg/L
5'-metil-desoxicitidina - 0,1 mg/L 0,1 mg/L 0,1 mg/L
uridina 5'trifosfato - 1 mg/L 2 mg/L 2 mg/L
VITAMINAS and COFATORES
acidoa ascorbico - 0.284 mM 0.284 mM 0.284 mM
biotina - 0.01 mg/L 0.01 mg/L 0.01 mg/L
niacinamida - 0.025 mg/L 0.025 mg/L 0.025 mg/L
acido para- - 0.05 mg/L 0.05 mg/L 0.05 mg/L
aminobenzédico
espermina 0.1 mM - 0.1 mM 0.1 mM
acido nicotinico 1 mg/L 0.025 mg/L 0.025 mg/L 0.025 mg/L
tiamina 1 mg/L 0.01 mg/L 0.01 mg/L 0.01 mg/L
piridoxal 1 mg/L 0.025 mg/L 0.025 mg/L 0.025 mg/L
cloridrato de
L. - 0.025 mg/L 0.025 mg/L 0.025 mg/L
piridoxina
acido tiotico 0.2 mg/L - 0.2 mg/L 0.2 mg/L
riboflavina 1 mg/L 0.01 mg/L 0.01 mg/L 0.01 mg/L
colina 1 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L
acido folico 1 mg/L 0.01 mg/L 0.01 mg/L 0.01 mg/L
i-Inositol - 0.05 mg/L 0.05 mg/L 0.05 mg/L
coenzima A/ 1 mg/L 0.01 mg/L 0.01 mg/L 0.01 mg/L
pantotenato
coenzime A - 2.5 mg/L 2.5 mg/L 2.5 mg/L
NAD - 7 mg/L 7 mg/L 7 mg/L
FAD - 1 mg/L 1 mg/L 1 mg/L
NADP - 1 mg/L 1 mg/L 1 mg/L
LIPIDEOS
colesterol 20 mg/L 0,2 mg/L 0,2 mg/L 0,2 mg/L
acido palmitico 10 mg/L - 10 mg/L 10 mg/L
acido oleico 12 mg/L - 12 mg/L 12 mg/L
acido linoleico 10 mg/L - 10 mg/L 10 mg/L
BSA 2g/L - 2g/L 2g/L
OUTROS
HEPES 50 mM - 50 mM 50 mM
penicillina 1000 U/mL - - -
vermelho de fenol 2.5 mg/L 20 mg/L 20 mg/L 20 mg/L
Tween 80 - 5 mg/L 5 mg/L 5 mg/L
Glutationa (reduzida) - 10 mg/L 10 mg/L 10 mg/L
Co-carboxilase - 1 mg/L 1 mg/L 1 mg/L
. L, 0.4% final com 0.4% final com 0.4% final com
Etanol 0.4% final com lipideos L L L
lipideos lipideos lipideos
pH 7.8 7.8 7.8 7.8
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Abstract

Background: The respiratory tract of swine is colonized by several bacteria among which are three Mycoplasma
species: Mycoplasma flocculare, Mycoplasma hyopneumoniae and Mycoplasma hyorhinis. While colonization by M.
flocculare is virtually asymptomatic, M. hyopneumoniae is the causative agent of enzootic pneumonia and M. hyorhinis
is present in cases of pneumonia, polyserositis and arthritis. The genomic resemblance among these three
Mycoplasma species combined with their different levels of pathogenicity is an indication that they have unknown
mechanisms of virulence and differential expression, as for most mycoplasmas.

Methods: In this work, we performed whole-genome metabolic network reconstructions for these three
mycoplasmas. Cultivation tests and metabolomic experiments through nuclear magnetic resonance spectroscopy
(NMR) were also performed to acquire experimental data and further refine the models reconstructed in silico.

Results: Even though the refined models have similar metabolic capabilities, interesting differences include a wider
range of carbohydrate uptake in M. hyorhinis, which in turn may also explain why this species is a widely contaminant
in cell cultures. In addition, the myo-inositol catabolism is exclusive to M. hyopneumoniae and may be an important
trait for virulence. However, the most important difference seems to be related to glycerol conversion to
dihydroxyacetone-phosphate, which produces toxic hydrogen peroxide. This activity, missing only in M. flocculare,
may be directly involved in cytotoxicity, as already described for two lung pathogenic mycoplasmas, namely
Mycoplasma pneumoniae in human and Mycoplasma mycoides subsp. mycoides in ruminants. Metabolomic data
suggest that even though these mycoplasmas are extremely similar in terms of genome and metabolism, distinct
products and reaction rates may be the result of differential expression throughout the species.

Conclusions: We were able to infer from the reconstructed networks that the lack of pathogenicity of M. flocculare if
compared to the highly pathogenic M. hyopneumoniae may be related to its incapacity to produce cytotoxic
hydrogen peroxide. Moreover, the ability of M. hyorhinis to grow in diverse sites and even in different hosts may be a
reflection of its enhanced and wider carbohydrate uptake. Altogether, the metabolic differences highlighted in silico
and in vitro provide important insights to the different levels of pathogenicity observed in each of the studied species.
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Background

The respiratory tract of swine is colonized by several
bacteria, among which are three common Mycoplasma
species: Mycoplasma flocculare, Mycoplasma hyopneu-
moniae, and Mycoplasma hyorhinis [1-3]. Even though
little information is available concerning the prevalence of
bacteria in healthy lungs, these three Mycoplasma species
have been isolated from the respiratory tract of both
healthy and diseased pigs [4—6].

While M. flocculare is usually described as a commen-
sal bacterium [7], M. hyopneumoniae and M. hyorhinis are
considered pathogenic. Enzootic pneumonia, caused by
M. hyopneumoniae, is widespread in pig populations and
is considered a major cause of economic loss in the pig
industry [8]; M. hyorhinis is frequently present in cases
of polyserositis and arthritis and M. flocculare has high
prevalence in swine herds worldwide, but up to date, no
disease has been per se associated with this species [7].
In addition to these mycoplasmas, Mycoplasma hyosyn-
oviae, the primary agent of non-purulent arthritis, can
occasionally colonize in the lower respiratory tract when
pneumonic lesions pre-exist [9].

Besides mycoplasmal pneumonia, the Porcine Respira-
tory Disease Complex (PRDC) has emerged as an eco-
nomically signigicant respiratory disorder characterized
by the slow growth, fever, cough, loss of appetite, lethargy
and dyspnea in pigs [10, 11]. Even though many species are
related to PRDC, it is essential to note that enzootic pneu-
monia caused by M. hyopneumoniae is by far the most
costly disease in pig industry, and this bacteria is usually
seen as an essential component to the successful establish-
ment of a pathogenic community in the host [12]. Also, M.
hyopneumoniae infections take longer to cause lesions and
to be successfully eliminated than infections from other
pathogens [10].

While mycoplasmal diseases in swine have been exten-
sively studied, their causative agents have not been
explored from a mathematical and computational point
of view, mostly because their genome sequences were
not available until recently [13-21]. Although recent
studies have placed M. hyopneumoniae, M. flocculare
and M. hyorhinis in close proximity within the hyop-
neumoniae clade by phylogenomic analysis [18], which
corroborates with their high 16S rRNA sequence sim-
ilarity [22], it is not yet clear what causes the specific
pathogenicity or lack thereof in each of them. This ele-
vated genomic resemblance combined with their different
levels of pathogenicity is an indication that these species,
as for most mycoplasmas, have unknown mechanisms of
virulence and differential expression.

Pathogenic determinants such as adhesion to the host
cell and evasion from the immune response have already
been well-described in the literature for both M. hyop-
neumoniae and M. hyorhinis [23-27]. The presence of
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a capsule in M. hyopneumoniae has been reported to
be important for the interaction with the host cells in
one single study [28]. Several studies also show that
immunosuppressed animals experimentally infected with
Mycoplasma species develop less severe microscopic
lesions of pneumonia if compared to normal animals
[29-31]. This means that it is possible in some cases that
a strong response from the host immune system might be
the primary cause of pathogenesis. However, up to date, it
is not possible to draw any further conclusions due to lack
of experimental data.

Even if these topics are of utter importance for under-
standing swine respiratory tract mycoplasmal diseases,
what has yet to be better understood is the direct par-
ticipation of metabolism in the development of them.
For instance, although adhesion factors are related to
pathogenicity, M. hyopneumoniae and M. flocculare har-
bor similar sets of adhesion proteins [32], and have been
shown to adhere to cilia in a similar way [33]. Thus, the
ability of M. hyopneumoniae to cause disease if compared
to M. flocculare might not be directly related to adhesion.

Furthermore, the genome sizes of Mycoplasma spp.
range from 580 kb (Mycoplasma genitalium) to more
than 1,358 kb (Mycoplasma penetrans), representing an
important example of genome reduction (and minimal
metabolism) during the evolutionary process. It is possi-
ble that in an initial symbiotic phase, the host provided
a broad range of metabolites for these bacteria. This,
together with the ability of the bacteria to uptake such
compounds, made several activities dispensable for the
bacterial life. Over the course of evolution, these bacteria
would have lost some of the genes that became unnec-
essary for life in an environment conditioned by another
genome [34].

In this way, we aimed at studying the reduced
metabolism through genome-scale metabolic model
reconstructions of M. hyopneumoniae, M. hyorhinis and
M. flocculare to better understand their different life-
styles. Based on the reconstructed networks, we propose
that one of the mechanisms that may explain why M.
hyorhinis and M. hyopneumoniae are pathogenic while
M. flocculare is not, is their ability to use glycerol as
a carbon source, thus enabling the production of the
highly toxic hydrogen peroxide. This trait may be directly
involved in cytotoxicity, as already described for two lung
pathogenic mycoplasmas, namely Mycoplasma pneumo-
niae in human [35] and Mycoplasma mycoides subsp.
mycoides in ruminants [36].

Additionally, growth rates and fitness have been corre-
lated in the past to virulence in several other organisms
[37-39] and may be a key factor for the difference in
pathogenicity among these three mycoplasmas. Indeed,
the in silico models show that M. hyorhinis and M. hyop-
neumoniae have extra sets of enzymes that may help
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them overgrow the non-pathogenic species M. flocculare.
M. hyorhinis seems to have a wider carbohydrate uptake
range, and probably for this reason is seen as a well-known
contaminant of cell cultures [40]. M. hyopneumoniae, on
the other hand, might use myo-inositol as a carbon source
producing acetyl-coenzyme-A as a byproduct. This fea-
ture is of particular interest for the production of cofactor
Coenzyme-A in this species, since most enzymes from the
biosynthetic pathway are missing in all species.

Nevertheless, there is little metabolic experimental data
available for the three species, which makes the recon-
struction of a reliable metabolic model an extremely
time-consuming work. Together with the fact that these
mycoplasmas are generally grown in complex media, with
high serum concentrations, we needed additional experi-
mental data in order to compare the in silico reconstructed
metabolic networks with the in vivo metabolic character-
istics of the three species. For this reason, we also per-
formed nuclear magnetic resonance spectroscopy (NMR)
analyses to detect metabolites consumed and produced in
both complex and defined media. These experiments cor-
roborated with the reconstructed models and suggested
two new features in particular: (i) the uptake of myo-
inositol in M. hyopneumoniae might be related to a higher
acetate production, and (ii) M. hyorhinis showed a surpris-
ingly reduced ability to convert pyruvate to acetate in the
growth conditions used in this study. All these in silico and
in vivo metabolic differences might influence the different
levels of pathogenicity in each of the species studied here.

We present in this work the metabolic networks
reconstructed from the annotated genomes of the three
species and the comparison done with growth rates and
metabolomic experiments performed in vitro in order to
better understand the basis of the pathologies caused by
these bacteria, which might help prevent their develop-
ment in the future.

Methods
Modeling methods
Network reconstruction and refinement
We reconstructed the metabolic networks for all avail-
able strains isolated from swine so far of M. hyopneu-
moniae (pathogenic strains 232, 7422, 7448, 168 and
non-pathogenic strains J and 168L), M. hyorhinis (HUB-
1, GDL-1, SK-76 and ATCC 17981 strain BTS7) and M.
flocculare (ATCC 27716 and ATCC 27399). The semi-
automated reconstructions were generated by the Patho-
logic tool from the Pathway Tools software [41] using
the complete genomes available online. From now on, the
species strains will be abbreviated according to Table 1.
Pathway Tools automatically associated genes with reac-
tions, based on the annotation names, Gene Ontology
(GO) terms and enzyme code (EC) numbers contained in
the GenBank files. The software assembled reactions into
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pathways by comparing them with the reference database,
MetaCyc. The software automatically added missing reac-
tions from the reference database to the model, creating
many orphan reactions (reactions that do not have an
enzyme associated). In a gapfilling step, we used the Path-
way Hole Filler tool, included in the Pathway Tools soft-
ware, to identify possible candidate genes associated with
these orphan reactions. Orphan reactions in the metabolic
network were allowed only to allow known functionalities
of the organisms or biomass production in the recon-
structed models. We incorporated the minimal number
of orphan reactions into the models to avoid adding a
behavior that was never described.

In our work, the refinement of the networks was made
in a subsystems approach [42] simultaneously on all
organisms. As a result of different genomic annotations,
slightly different reactions arose throughout the automatic
models. These reactions were checked for consistency,
and after validation of only one of them, the duplicates
were deleted. Gene-Protein-Reaction (GPR) associations
were systematically validated or included based on experi-
mental data, information provided by the Pfam functional
domain database [43], synteny analysis (gene context) and
reciprocal sequence homology (BLASTp) searches, using
at first high E-value cutoffs of at least 10710 [44]. When-
ever no hits were achieved with these parameters, more
relaxed parameters were assumed (E-value cutoffs of at
least 10~°). Homolog proteins with equivalent functional
domains were assigned as isozymes to a particular reac-
tion, while proteins with distinct functional domains were
assigned as subunits of a multi-protein complex.

Non-metabolic reactions such as DNA polymeriza-
tion, protein synthesis and RNA synthesis were explicitly
deleted from the network but implicitly included in the
biomass assembly. Generic reactions were either specified
or excluded from the models. The resulting models were
further refined in accordance with a detailed protocol
from Palsson and Thiele [45]. Reactions were compu-
tationally balanced for mass and charge, while cofactor
usage was determined based on literature data for closely
related species [46—48] . Reaction directionality was
thermodynamically checked and validated. Reaction direc-
tionality was determined based on the component contri-
bution method [49, 50], which extends the group contrib
ution method [51] and achieves a significant improvement
in the accuracy of the estimations of standard Gibbs ener-
gies. An online search and calculation interface called
eQuilibrator along with metabolite and reaction thermo-
dynamic databases are available at [52, 53]. Heuristic rules
were used to improve the directionality assignment.

We analyzed the network topology to identify com-
pounds that were only produced or consumed in the net-
work, the so-called dead-end metabolites (DEM). When-
ever a DEM was found, we either (i) added or validated
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Table 1 Selected species and strains, abbreviation, NCBI accession numbers and experimental availability of strains
Species Strain Accession number Abbreviation Pathogenicity level Experimental availability *¢ Reference
M. hyopneumoniae 168 NC_017509 MHP_168 Pathogenic NA [16]
168L CP003131 MHP_168L Attenuated NA [19]
232 AE017332 MHP_232 Pathogenic NA [13]
7422 NC_021831 MHP_7422 Pathogenic Brazil [18]
7448 AE017244 MHP_7448 Pathogenic Brazil [14]
J AE017243 MHP_J Attenuated Brazil and France [14]
All Strains NA MHP NA NA NA
M. hyorhinis HUB-1 NC_014448 MHR_HUB1 Pathogenic NA [15]
GDL-1 NC_016829 MHR_GDL1 NAx? NA [17]
SK-76 NC_019552 MHR_SK76 Pathogenic NA [20]
ATCC 17981 ARTLO100000 MHR_17981 Attenuated Brazil and France NA %€
All Strains NA MHR NA NA NA
M. flocculare ATCC 27399 CP007585 MFL_27399 Commensal France [21]
ATCC 27716 AFCG01000000 MFL_27716 Commensal Brazil [18]
All Strains NA MFL NA NA NA

Notes:
NA: Not available

x7: Strains available only in Brazil are protected strains which are property of the government and cannot be used outside authorised laboratories. Strains available in France
were purchased from the ATCC repository; these strains were also available for testing in the laboratory in Brazil

*b: M. hyorhinis strain GDL-1 was retrieved from a contaminated cell line and, to our knowledge it has never been reported neither as pathogenic nor as an attenuated strain
*<: M. hyorhinis strain ATCC 17981 genome is available online but not published in any paper up to now. (source: http://genomeportal jgi.doe.gov/Mychy1/Mychy1.info.ntml)

an orphan reaction to reconnect it to the rest of the net-
work, or (ii) removed the reaction from the model when
both substrate(s) and product(s) were disconnected from
the network and/or did not affect the overall metabolism.
Transporters were predicted at first from genome anno-
tation using the Transport Identification Parser, from
Pathway Tools [54]. Transporters were predicted mainly
based on sequence similarity to other known transporters,
since experimental data for the three mycoplasmas were
not available. Specific transport reactions and exchange
reactions required for production of biomass compo-
nents were manually added to the final version of the
networks.

Biomass composition and biomass equation

In order to simulate growth, we had first to estimate the
average cell composition of these mycoplasmas (biomass
composition). To this end, we used a general macro-
molecule mycoplasma cell composition from Razin and
collaborators [55]. Depending on the species, the authors
showed that the solid residue contained 54-62 % of
proteins, 12-20 % of lipids, 3-8 % of carbohydrates,
8-17 % of RNA, and 4-7 % of DNA. The membranes com-
prised around 35 % of dry weight of the organisms and
contained 47-60 % of proteins, 35—-37 % lipids, 4—7 % car-
bohydrates and small amounts of DNA and RNA. Since

no information on metal ions and cofactors was available,
we included them quantitatively based on the metabolic
networks reconstructed for related mycoplasmas [46, 47].
Membrane and lipid components were added based on lit-
erature composition of the selected species. It is important
to note that the only difference in composition between
the species reported so far was related to the presence of
glycolipids in M. hyopneumoniae and M. flocculare, which
were reported to be absent in M. hyorhinis [56—58]. Based
on the previous information, we assumed the following
fractions of macromolecules: 55 % proteins, 15 % lipids,
6.88 % carbohydrates, 12 % RNA, 6 % DNA, and 5.12 %
of ions and cofactors. To create a biomass elemental for-
mula, we took into account the percentage contribution of
each of the components to the overall cell. The biomass
reaction represented the drain of these components into
biomass production. It implicitly assembled DNA repli-
cation, RNA transcription, and protein synthesis into one
single reaction. Amino acids were indirectly included in
the biomass reaction: charged tRNAs were accounted as
substrates and uncharged tRNAs as products. Growth and
non-growth associated maintenance (GAM and NGAM)
were estimated based on the literature and were manually
added to the models [59, 60]. The details for the com-
plete assembly of the biomass reaction can be found in
Additional file 2.
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Model validation and FBA analysis

The metabolic networks were exported as a mathematical
Systems Biology Markup Language (SBML) models [61].
They were uploaded to the COBRA-toolbox v2.0 Mat-
lab extension [62] for Flux Balance Analysis (FBA) test-
ing. Minimum-maximum flux constraints were imposed
based on literature information [46]. Growth simulations
were achieved using biomass production as the FBA
objective function.

Experimental methods

Swine mycoplasmas cultivation

Complex media comprised (i) Friis media [63] (avail-
able in Brazil), and (ii) a commercial mycoplasma broth
(provided by Indicia Biotechnology, available in France).
Defined media cultivation tests were performed in France
and comprised (i) a medium described for M. pneumo-
niae strain 129 by Yus and collaborators (2009), and (ii)
commercial media CMRL with no glutathione (Invitro-
gen). Since we had no information on metabolism of swine
mycoplasmas, we decided to supplement the defined Yus
medium with all amino acids (from now on the sup-
plemented version will be referred to as Yus+). We also
supplemented the CMRL-1066 medium with other pep-
tone and/or other cofactors (from now on these will
be referred to as CMRL+ and CMRL+/Pep). Informa-
tion on the composition of all defined media is available
in Additional file 1: Table S1. Cells were cultivated at
37 °C for different time periods, under gentle agitation
(100 rpm).

Cell concentration estimation and viability by color changing
units (CCU) measurement

Cell growth and viability was measured with triplicate
time-matched samples of cells and culture media for CCU
as described by Stemke and Robertson [64]. Viability of
cells is visible by a change in medium color from red to
yellow. For cell concentration measurements, the cultures
were subjected to a series of 10-fold dilutions in complex
media and 1 CCU/mL was defined as the highest dilution
of cells able to change the medium color [65].

Samples for NMR spectroscopy

NMR was performed with complex Friis medium
(with strains MHP_7448, MHP_J, MHR_17981 and
MFL_27716) and defined Yus+ medium (with strains
MHP_J, MHR_17981 and MFL_27716). The medium was
collected at the following time intervals: O /4, 8 &, 10 A,
24 h, 32 h, and 48 h for Friis medium and 0 %, 8 i, 24 h,
32 h, 48 h, 56 h and 72 h for Yus+ medium. Cells were
separated from growth media through sedimentation at
3360 g for NMR analysis. Samples consisted of biological
triplicates in complex medium and biological duplicates
in defined medium. Since we had slight different time
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intervals, care was taken by not directly comparing the
results from different experiments.

NMR analysis

Sample preparation was as follows: 60 uL of a mixture
containing 1.25MKH;PO, phosphate buffer (pH=7,4) in
D, 0 with 2 mM NaN3 and 0.1 % trimethylsilyl propionate
(TMSP) was added to 540 uL supernatant samples. Both
solutions were mixed thoroughly and 550 pL were then
transferred to 5 mm NMR tubes and sorted in 96-tubes
racks.

All NMR experiments were carried out on a Bruker
800 MHz NMR spectrometer equipped with a 5 mm
TXI probe and a SampleJet autosampler, enabling high-
throughput data acquisition for large collections of sam-
ples. The temperature was controlled at 27 °C throughout
the experiments, and the samples were kept refrigerated at
4°C during a waiting time of less than 24 /1 in the autosam-
pler, before the NMR analysis. Standard 'H 1D NMR
pulse sequence nuclear Overhauser effect spectroscopy
(NOESY) with z-gradient and Carr-Purcell-Meiboom-Gill
(CPMGQG) with water presaturation (Bruker pulse program
noesygpprld and cpmgprld) were applied on each sample
to obtain the corresponding metabolic profiles. A total of
128 transient free induction decays (FID) were collected
for each experiment with a spectral width of 20 ppm. The
relaxation delay was set to 4 s. The NOESY mixing time
was set to 10 ms. The total acquisition time of each sam-
ple was 12 min 34 s. The CPMG spin-echo delay was set
to 300 ms, for a total filter of 77 ms, allowing an efficient
attenuation of the lipid and protein NMR signals. The 90°
pulse length was automatically calibrated for each sample
at around 10 us.

Data processing: All FIDs were multiplied by an
exponential function corresponding to a 0.3 Hz line-
broadening factor, prior Fourier transformation. 1H-NMR
spectra were manually phased and referenced to the TSP
signal (§= - 0.016 ppm at pH 7.4) using Topspin 3.1
(Bruker GmbH, Rheinstetten, Germany). Extraction of a
data matrix for multivariate statistical analysis from the
'H NMR profiles was done using the Statistics toolbox of
AMIX (Bruker Biospin). Spectra were integrated from 0.3
to 10 ppm at a step of 0.01 ppm but excluding the regions
of residual water at 4.68-4.88 ppm. No normalization of
the intensity was performed. The resulting data matrix
contains 947 NMR variables.

Multivariate data analysis: Principal component analy-
sis (PCA) and hierarchical clustering analysis (HCA) were
performed using SIMCA-P 13 (Umetrics, Umea, Sweden)
with scaling based on the Pareto method.

Metabolites identification and quantification: Metabo-
lite identification was achieved by comparing spectra
with databases such as HMDB [66]. Identification of
the metabolites was further verified with homonuclear
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and heteronuclear 2D NMR experiments such as 'H —!

3C HSQC, 'H—'H TOCSY and J-resolved experiments.
Absolute quantification of the metabolites was performed
using Chenomx NMR Suite (Chenomx Inc., Edmonton,
Canada).

Results

Model reconstruction and refinement

Based on the published genomes of 6 strains of M. hyop-
neumoniae, 4 strains of M. hyorhinis and 2 strains of M.
flocculare, we reconstructed 16 genome-scale metabolic
models: one model for each strain separately, one for
each species and a pan-reconstruction for all three species
(Table 1). The semi-automated reconstructions were
manually refined according to the description given in the
“Methods” section.

The Pan-swine Mycoplasma network (representing the
merge of all strains, and called pan-network) was initially
composed by 829 reactions. Duplicate reactions arose
from the fact that Pathway Tools is based only on the
annotations contained in the GenBank files. We removed
generic and duplicate reactions from the models and
replaced them with the specific and validated ones. Non-
metabolic reactions were also excluded at this point, along
with absent capabilities of these mycoplasmas, such as
heme, quinone or cytochrome dependent reactions [67].
The networks were also tested for the presence of DEM
and the ability to produce all biomass precursors. DEMs
were analyzed on a case-by-case manner. From initially
157 DEMs, 124 disconnected metabolites (along with 58
reactions) were excluded from the models: 14 DEMs came
from 7 spontaneous reactions; 59 were carbohydrate sub-
strates derived from wide range transport reactions and
were not used by any other reaction in the network; 51
were excluded as they did not interfere with the overall
metabolism and/or the enzyme had already been assigned
to one or many other reactions. Orphan reactions were
excluded unless they were essential for biomass growth.
All excluded reactions (non-metabolic, generic, dupli-
cated, orphan) and all DEMs (validated and excluded) are
listed in Additional file 1: Tables S2c and S2d. It is inter-
esting to point out that other unknown enzymes (or even
moonlight enzymes) from these organisms may indeed
use some of the excluded DEMs; however, since we have
no experimental evidence at present, we could not assess
their interference in the metabolic models.

The remaining DEMs consisted mainly of cofactors and
biomass precursors (such as nucleotides, amino acids,
fatty acids) disconnected from the rest of the network.
They were solved along with the biomass precursor check;
141 reactions were added to allow growth: 1 biomass
reaction, 14 enzymatic reactions, 1 drain-synthetic reac-
tion, 105 transport reactions and 5 spontaneous reac-
tions. Transport reactions were considered as such even
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if an enzymatic activity was also present (i.e. the import
of sugars with a concomitant phosphorylation of sub-
strate). In order to correctly assign possible and spe-
cific transporters, we performed an extensive literature
search and reciprocal BLAST alignments to characterized
transporters in other species. These results have to be
experimentally confirmed, since assignment of the correct
substrate based only on sequence homology remains an
open problem in genomic annotation.

We also changed inconsistencies of reversibility and
cofactor usage. Even after all efforts, four DEMs still
remained: TTP, hexulose-6-phosphate, deoxyinosine and
xanthosine-5-phosphate. After the final addition of 101
exchange reactions, we ran FBA tests to check the consis-
tency of all models. If a reaction was essential for biomass
growth and no homolog gene was found in the genome,
an orphan reaction was validated or added to the recon-
struction for modeling reasons only. The resulting refined
pan-network had a total of 457 reactions and 258 GPR
associations. A comparison between the species models
may be found in Fig. 1. These results indicate that all
strains from all species are indeed metabolically similar.

The overall characteristics of each reconstruction can
be seen in Table 2. A list of all reactions and metabolites
added to the models along with the corresponding genes
can be seen in Additional file 1: Table S2.

Biomass composition and biomass equation

The biomass equation drained all precursors (in their
molar biological ratios) into biomass. Biomass compo-
sition according to the “Methods” section along with a
detailed description of the assembly of the biomass reac-
tion can be found in Additional file 1: Table S3 and
Additional file 2. Considering the percentage contribution
of each of the components to the overall cell, an approx-
imate biomass elementary composition for M. hyorhi-
nis was Computed as follows: CH1‘57OOA36N0‘21P0.0250A02,

24
MHR

MHP168 MHP232 MHP7422 MHP7448

MFL MHP 0 0

Fig. 1 Venn diagrams representing the comparison of refined
networks. Numbers represent the exclusive and common reactions
present in the refined networks (a) between species, and (b) between
selected strains of M. hyopneumoniae. This analysis shows that most
of the metabolism is common to all organisms. MHR: M. hyorhinis;
MHP: M. hyopneumoniae; MFL: M. flocculare
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Table 2 Characteristics of reconstructed models from different strains and species

Organism Model name Number of genes Number Enzymatic Transport Spontaneous Total number
in model of GPRs 4 reactions reactions *° reactions #¢ of reactions %9

MHP_232 iMF170 170 233 208 111 9 426

MHP_168 iMF172a 172 234 209 1 9 427

MHP_168L iMF172b 172 234 209 m 9 427

MHP_7422 iMF168 168 234 209 m 9 427

MHP_7448 iMF171 171 234 209 m 9 427

MHP_J iIMF172c 172 234 209 m 9 427

MHP iMFmhp NA %€ 234 209 11 9 427

MHR_HUB1 iMF177 177 239 209 11 6 423

MHR_GDL1 iMF175 175 242 210 113 [§ 426

MHR_SK76 iMF181 181 243 211 113 6 427

MHR_17981 iMF182 182 243 211 113 6 427

MHR iMFmhr NA %€ 243 211 113 6 427

MFL_27399 iMF159 159 217 196 105 9 401

MFL_27716 iMF157 157 217 196 105 9 401

MFL iIMFmfl NA %€ 217 196 105 9 401

Pan-Network iMFpan NA %€ 258 230 117 9 457

Notes:

*%: GPRs are gene-proteins-reaction associations present in each genome. For iMFmhp, iIMFmhr, iMFmfl and iMFpan that account for more than one species, we added a GPR
to the species model when any of the strains harbored a gene responsible for a specific activity

+0: Reactions were considered as transport reactions even if the transporter was capable of performing a concomitant enzymatic activity

*C: Spontaneous reactions included diffusion of small molecules and spontaneous conversions

«9: Total number of reactions included also all exchange reactions needed for the mathematical modeling

*%: Genes in the pan-network and species models were added synthetically (one per reaction), to enable a reaction essentiality analysis

with traces of calcium, chlorum, cobalt, copper, iron,
potassium, magnesium, manganese, molibdenium and
zync and molecular weight (MW) on a C-mole basis
of 23.89 g/C — mol. We had a slightly different com-
position for M. hyopneumoniae and M. flocculare:
CH1.5900.34Np21P0.1650.02, with the previously mentioned
trace compounds and MW on a C-mole basis of 23.31
g/C — mol.

Metabolism of M. hyorhinis, M. hyopneumoniae and M.
flocculare

Similar to most Mycoplasma species studied so far
[46-48], all reconstructed networks exhibit low connec-
tivity due to the simplicity of the biological model. Out
of the 457 reactions in the final pan-network, 258 had
in at least one species a GPR association. From these,
212 were common to all species (Fig. 1). The overall
metabolism from the models reconstructed consisted of
11 distinct subsystems: amino sugar metabolism, amino
acid metabolism, carbohydrate metabolism (further bro-
ken down into: glycolysis, pentose phosphate pathway,
ascorbate degradation, myo-inositol degradation, gen-
eral carbohydrate metabolism, and pyruvate metabolism),
cofactor metabolism, lipid metabolism, and nucleotide
metabolism (Fig. 2 for pan-network; the number of GPR
associations for each species can be seen in Additional

file 1: Tables S4a and S4b). While all enzymes were
present in glycolysis, most metabolic pathways had major
enzyme gaps. In the product and cofactor metabolism,
for instance, gaps accounted for up to 50 % of the reac-
tions. M. flocculare was the only species that did not show
any exclusive metabolic activities in the models, although
this could not be verified in vivo due to lack of biochem-
ical studies for this species. M. hyopneumoniae had 10
exclusive reactions, linked to the myo-inositol metabolism
and alcohol dehydrogenase activity. M. hyorhinis had 24
exclusive reactions; most of them corresponded to car-
bohydrate metabolism. A global model comparing each
species enzymatic capabilities can be seen in Figs. 3 and
4. The complete list of metabolite abbreviations and EC
numbers for these two figures can be found in Additional
file 3.

Transporters

Transporter assignment was made in silico based
on sequence similarity to known transporters. We
were able to identify in all species complete putative
ABC transporters for multidrug/toxin efflux and for
import of sugars, oligopeptides, peptides, spermidine/
putrescine, phosphonate/phosphate/thiamine, cobalt,
manganese/zinc and glycerol. In the search of a
possible nucleotide transporter, we came across with
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Fig. 2 Distribution of the model reactions in the subsystems. The 457 reactions present in the model iMFpan were separated into (a) biological

90-

(]

=

960-

=

[%)

©

(]

[

30-

 HEE_EElEs II
1 1 1 1 1 1 1 I 1 1 1 1

Subsystem

75-

[]

c

O50-

=

o

©

Q

o I l

. INemll_ ]
I 1 1 1 1 ) 1 1 ] 1

£ €
§ £ 5 s £ 5 2 5
g 8 § § § 32 5 8 3
s B 8 2 B € 2 5 £ =
e g ® 83 £ § 2 g 8§ ©
E S 3 58 2 € § 8§ 35 E
s 2 £ 8 £ 5 =2 E B 3
© ] o o 2 3 (O] o 2 ©
o ° 5 £ £ (o] =3 T o
= 2 3 o S 5 3 & ]
£ € 2 o g o > 32
< < 3 =
Subsystem
subsystems and (b) further into reaction types, with the exclusion of exchange reactions in this analysis

. Amino acid metabolism

. Amino sugar metabolism
. Ascorbate degradation

. Biomass production
. Carbohydrate metabolism
. Cofactor metabolism
. Glycolysis

. Lipid metabolism

. Myo-inositol catabolism

. Nucleotide metabolism

. Pentose phosphate metabolism

. Pyruvate metabolism

Type

. Enzymatic Rxn
. Spontaneous Rxn

. . Transport Rxn
I 1

Pentose phosphate
Pyruvate metabolism

an unpublished work from Lee [68] in which a system
previously annotated as sugar ABC transporter was
experimentally validated as involved in nucleoside uptake
in Mycoplasma bovis. These results may be highly spec-
ulative, and need further verification, but we were able
to find homolog genes in the genomes of all species. M.
hyopneumoniae seems to have an extra ABC transporter
proposed for myo-inositol and M. hyorhinis has a unique
predicted ABC transporter for maltose/maltodextrins.
Three complete phospho-transferase transport systems
(PTS) were common to all species. Although specificity
of PTS is difficult to ascertain, we have tried to compare
conserved domains from validated PTS substrate-specific
enzymes II (available in TransportDB [69]) and candi-
dates from the three species. Genes coding enzyme I
and phosphocarrier were found in all strains, except in
MHR_HUBI. From sequence similarity and gene context
we were able to annotate the correct gene. Based on these
in silico predictions from domain retrieval, we propose
the following: one PTS non-specific for sugar, one with
specificity for fructose and another for mannitol. M.
hyopneumoniae and M. flocculare also share two extra

complete systems: one possibly for ascorbate and one
for N-acetylglucosamine (GlcNAc). M. hyorhinis and M.
hyopneumoniae seem to have an extra IIB component
specific for glucose, and along with the other compo-
nents of the general sugar PTS were proposed to form a
complete glucose PTS.

The protein GlpU, coded by gene MPN241 in M. pneu-
moniae, was recently described to act on the uptake of
glycerophosphodiesters [70]. We found homologs of this
gene in all strains of M. hyopneumoniae and M. hyorhi-
nis adjacent to the gene coding for the enzyme responsible
for the metabolization of these substrates (GlpQ) [71]. In
MHR_HUBI, this gene was annotated as a pseudo gene,
but from gene context, we were able to validate it as
GlpU. All species also possess several unspecific amino
acid permeases, a glycerol facilitator protein (GlyF), which
is thought to be less efficient than the glycerol ABC
transporter (ABC-Gly) [35]) and a major facilitator pro-
tein (MIF) with unknown specificity . We could also find
common transporters for cobalt and magnesium, chro-
mate, magnesium, potassium, zinc and a cation ATPase.
M. hyorhinis has two extra transport systems: one for
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sialic acid (also known as N-acetyl neuraminate) and one
sodium/phosphate co-transporter. Details of the trans-
port search throughout all species is summarized in
Additional file 4.

Carbohydrate and energy metabolism

Glycolysis As previously described in [18], all genes for
the glycolysis exist in all strains of all species. M. hyorhinis
may be able to convert dihydroxyacetone (DHA) directly
to dihydroxyacetone-phosphate (DHAP) with the action
of DHA kinase (2.7.1.29), but the mechanism of DHA
uptake is not clear.

Pentose Phosphate In agreement with previously
described literature [14, 18, 72], we found no enzymes for
the oxidative branch of the pentose phosphate pathway in
the studied species, turning ribulose-5-phosphate into a
DEM. This problem was overcome by the assumption that
the reaction ribulose-phosphate-3-epimerase (EC 5.1.3.1)
can be reversible, as reported in Lactobacillus casei [73].
Out of the 11 reactions present in the final models, we
found homologs for 9 in all species. Although a gene cod-
ing for transaldolase (EC 2.2.1.2) is missing in all species,
we included this reaction in the models to prevent both

sedoheptulose-7-phosphate and erithrose-4-phosphate
from becoming DEM.

Ascorbate Metabolism Only one enzyme is missing
from the typical pathway: L-ascorbate-6-phosphate-
lactonase (UlaG). This enzyme is responsible for the
turnover of L-ascorbate-6-phosphate to 3-keto-gulonate-
6-phosphate (EC 3.1.1.-). From the gene context,
MHP_7448_0377 from MHP_7448 and its homologs
from all other organisms may encode the missing enzyme.
The gene was annotated as a conserved hypothetical
protein with a proposed phosphotriesterase activity.

Uptake of other carbohydrates While the uptake of
fructose, mannitol and mannose is similar in all species
and they all can be fed into glycolysis as fructose-6-
phosphate (F6P) and DHAP, M. hyorhinis has an extra
set of enzymes enabling the conversion of fructose-1-
phosphate into fructose-1,6-biphosphate by the action of
1-phosphofructokinase (EC 2.7.1.56). Only in M. hyop-
neumoniae the conversion of glyceraldehyde into glycerol
might be possible through the moonlight activity of alco-
hol dehydrogenase (EC 1.1.1.372), although up to date



Ferrarini et al. BMC Genomics (2016) 17:353

Page 10 of 20

== == = [~} D CHED / & @B =
— o e @ @ @ -
™ = = @ E B < L foud B =
= [a=) = == el B3O
= - = I ! Y
n" ; Thiamine e 4 L - * y -
m L&
e L Pyridoxal Metabolism u 2 g (-4
= " B - »
= ‘ Metabolism S = s
Riboflavin g B &
Metabolism * = ° a - 4
— .,, Cofactor . Lipid = R
- m§ = =g Metabolism - Metabolism . g oo
o ) =8
[ - = ___ a
- [ R, LT
Fo\atg . =" in M. hyorhini s i) e
Metabolism nw y:;—v-u - o= nnm
a / = L S JH -
a - (- 4 =) [ =3 L J
o [} -]
@ @
= = =]
- T mn a @ a . a Purine ‘a
ﬁ"'u o @ @ D /e B e Vs o epya
e 5 Pamomena‘tg} ............... 2 o -l o_gug g S gy
= » ’ =2 =
mw Coenzyme A o wﬂwn ] nl:? mlﬂ S 2 Mn - ]
B Metabolism o o * e = = e . B Sl . 3
- T - 3 e = = [ T - ) a
o ’ $ " -] (-] [-] .
= bl P o u o . e O =y w2 S @
B0 €D ° L8 @ o Amino Acid Nucleotide e @ e @
= e E3, t Metabolism Metabolism & e QI B -wm o
e 2 = o = = = =B =
@ - @ = b B
. nu m —_— T - -
(-9 ;
Nicotinate ﬂu B - mlﬁlp‘ - P e e -
Metabolism &~ = ke 3 -H oo a o= hu 24 » B oo g
= LB “n Iﬂ“ﬂalﬂn Iﬂnmﬂﬂﬂ
H& o e -=a [ - . Ry 8 g
-] = L ~ = = L e )
at | T - , /e e e e . @ S wa
- S C LM = [ R =
o | (e @ e, = [ a [~ i
T =) nm oo @ - =
‘a Pyrimidine
[ Bt . | = = B —
= = w T Wl |\ = Metabolism ‘a
= o - wt a ™
(-] (] oD o = = [ -]
Fig. 4 Lipid, amino acid, nucleotide and cofactor complete models. Metabolites are depicted in dark green and separate enzymatic activities for M.
hyorhinis, M. hyopneumoniae and M. flocculare can be seen in yellow, pink and blue, respectively. Whenever an enzyme is missing from the three
species, the enzyme rectangle is depicted in grey. Complete list of metabolite abbreviations and EC numbers can be found in Additional file 4

no experimental evidence can sustain that assumption.
The presence of a unique transcriptional unit (TU) with
carbohydrate metabolism-related genes in M. hyorhinis
probably enables the uptake and metabolization of iso-
maltose (EC 3.2.1.10), maltose (EC 2.4.1.8), trehalose (EC
2.4.1.64 and EC 3.2.1.93) and sucrose (EC 3.2.1.48) into
either glucose-6-phosphate or F6P. This may be related
to the fact that M. hyorhinis can overgrow the other two
species in several growth media.

Myo-inositol metabolism A TU for the myo-inositol
catabolism is present in all M. hyopneumoniae strains,
with the exception of the enzyme 5-dehydro-2-deoxy-
phosphogluconate aldolase (Iol], EC 4.1.2.29). The gene
encoding this enzyme in other organisms is similar to the
fructose-biphosphate aldolase (Fba) from glycolysis (EC
4.1.2.13). Since there are two copies annotated for Fba in
M. hyopneumoniae, we proposed one of them as candi-
date for this activity based on sequence alignments with

both genes from Bacillus subtilis. Inositol can be used
as a carbon source and also produces acetyl coenzyme-A
(AcCoA), which can be a source of cofactor coenzyme-A
(CoA).

Amino sugar metabolism M. hyopneumoniae and M.
flocculare models could uptake and convert GlcNAc to N-
acetyl-glucosamine-6-phosphate (GIcNAc6P); M. hyorhi-
nis models imported sialic acid and converted it to
GIcNAC6P in three steps that are unique to M. hyorhi-
nis (EC 4.1.3.3, EC 2.7.1.60, EC 5.1.3.9). At first, the
genes coding for these three enzymes were absent from
MHR_HUBI and MHR_GDL1. However, based on chro-
mosome alignment and synteny with other genes, we were
able to find the regions and correctly annotate all genes.

Pyruvate metabolism Out of fifteen enzymatic reactions
in this pathway, only three were not found in any organ-
ism. Conversion of pyruvate to lactate and acetate were
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possible in all species. From literature data, we knew
that M. hyopneumoniae was able to produce oxaloac-
etate, malate and 2-oxoglutarate (2KG) [74, 75]. Decar-
boxylation of 2KG to succinyl coenzyme-A (SucCoA) has
been previously reported in M. hyorhinis extracts [76].
Although we did not find any candidate for the activity of
aspartate transaminase (EC 2.6.1.1), gap-filling proposed
that this activity could be performed by the pyruvate
dehydrogenase complex. Moreover, Cordwell and collab-
orators [77] suggested that in Mollicutes lactate dehydro-
genase (Ldh, EC 1.1.1.27) could also function as malate
dehydrogenase (Mdh, EC 1.1.1.37). M. hyopneumoniae is
the only organism among the three to have a gene cod-
ing for an alcohol dehydrogenase, probably enabling the
turnover of AcCoA to acetaldehyde (EC 1.2.1.1 0) and
ethanol (EC 1.1.1.1). Conversion of pyruvate to formate by
pyruvate formate-lyase (EC 2.3.1.54), malate to fumarate
by fumarate hydratase (EC 4.2.1.2) and SucCoA to succi-
nate by succinyl-CoA synthetase (EC 6.2.1.5) were added
to the models in a final step to accommodate the results
from the metabolomics experiments.

Lipid metabolism

The lipid metabolism in the models of the three
species included the uptake of glycerol, choline, glyc-
erophosphodiesters and fatty acids to the production
of the biomass precursors cardiolipin, 1,2-diacyl-sn-
glycerol, phosphatidylglycerol, phosphatidylcholine and
galactosyl-diacylglycerols (except in M. hyorhinis). Extra-
cellular cholesterol and sphyngomyelin were incorporated
unmodified directly into biomass. While M. hyopneumo-
niae seems to have four different ways to uptake and
metabolize glycerol (ABC-Gly, GlyF, GlpU and directly
from glyceraldehyde) M. hyorhinis lacks one and M.
flocculare lacks two of them (Fig. 4). The turnover of
glycerol-3-phosphate into DHAP by the action of glycerol-
3-phosphate oxidase (GlpO, EC 1.1.3.21) allows the usage
of glycerol as the sole carbon source, with the production
of highly toxic hydrogen peroxide. This was only possible
in the M. hyorhinis and M. hyopneumoniae models.

The enzyme responsible for the turnover of glycerol-
3-phosphate into acyl-sn-glycerol-3-phosphate (glycerol-
3-phosphate 1-O-acyltransferase, EC 2.3.1.15) was found
only in the genomes of M. hyorhinis. Although this can
be seen as a possible difference between the species,
we had to add the reaction to the models from the
other species to enable growth. It is possible that the
other two species import this metabolite directly from
the media, however further experiments are required to
confirm this hypothesis. No homologs for the enzyme
that produces phosphatidylglycerol (phosphatidylglyc-
erophosphatase, EC 3.1.3.27) were found; however, all
Mollicutes definitely synthesize this metabolite, and hence
must use a hitherto undetected enzyme for this step [78].
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The acyl-carrier protein (ACP) was only found in the
genomes of M. hyorhinis and may act as a fatty acid and
CoA donor in these organisms. Orphan reactions for the
production of glycolipids (EC 2.4.1.46 and EC 2.4.1.241)
were added to models for M. hyopneumoniae andM. floc-
culare based on the presence of these metabolites in
vivo [56].

Amino acid metabolism

The import of amino acids was added in two forms:
oligopeptide import and cleavage or single amino acid
import. tRNA charging accounts for most of the reac-
tions in this pathway (23 reactions). Production of
the biomass precursor S-adenosyl-methionine from
methionine is possible in all strains (methionine adeno-
syltransferase, EC 2.5.1.5). Moreover, since the enzyme
adenosylhomocysteine nucleosidase (EC 3.2.2.9) is
present in all species, we added two reactions to restore
connectivity between these two subpathways (EC 2.1.1.-
and EC 4.4.1.21). This addition resulted in the production
of two metabolites essential for quorum sensing and cell
communication in other species: S-rybosyl-homocysteine
and autoinducer-2.

Nucleotide metabolism

The mycoplasmas in this study cannot synthesize de novo
purines and pyrimidines; therefore, they have only sal-
vage pathways and interconversions to supply the cell
with nucleic acid precursors. The three species have
the same enzymatic capabilities, except for the presence
of thymidylate synthetase (EC 2.1.1.46) in M. hyorhi-
nis, which is also important for cofactor metabolism and
is responsible for the conversion of dUMP and 5,10-
methylene-tetrahydrofolate (MeTHF) to dTMP and dihy-
drofolate. Overall, the nucleotide metabolism consists
in the uptake of guanine, adenine, uracil, thymine and
cytidine and produces all deoxy-ribonucleotides (dATP,
dCTP, dGTP, TTP) and ribonucleotides (ATP, CTP, GTP
and UTP).

Cofactor metabolism

Around 60 % of the enzymes that comprise the cofactor
metabolism of the reconstructed models were not found
in any species. For instance, thiamine-pyrophosphate
is imported unchanged directly into biomass, while
pyridoxal is imported and converted to the cofac-
tors pyridoxal-phosphate by the action of pyridoxal
kinase (EC 2.7.1.36 missing in all species). From the
pantothenate/coenzyme-A metabolism, we only found
homologs for the conversion of 4’-phosphopantetheine
into dephospho-coenzyme-A by pantetheine-phosphate
adenylyltransferase (EC 2.7.7.3). Three forms of folate
are incorporated to the biomass: MeTHE, 5,6,7,8-tetra-
hydrofolate and 10-formyl-tetra-hydrofolate. We assumed
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that folate was imported and converted to these three
biomass cofactors by: dihydrofolate reductase (EC 1.5.1.3,
only present in M. hyorhinis), serine hydroxymethyltrans-
ferase (EC 2.1.2.1, present in all species) and formate-
tetrahydrofolate ligase (EC 6.3.4.3, missing in all species).
This may also account for the better fitness of M. hyorhi-
nis when compared to the other two species. Although no
homologs for NAD kinase were found, two reactions were
added (EC 2.7.1.23 and EC 2.7.1.86) to allow the presence
of NADP and NADPH, which are cofactors for several
essential reactions. The NADPH and NADH produced
from the degradation of glucose and other carbohydrates
are recycled by the action of two enzymes: NADH oxidase
(hydrogen peroxide forming, EC 1.6.3.3) and thioredoxin
disulfide-reductase (EC 1.8.1.9).

Mycoplasmas cultivation

We cultivated the three species of mycoplasmas in com-
plex and defined media to gather experimental infor-
mation and compare to in silico growth (Fig. 5). In
the CMRL+ medium, M. hyopneumoniae and M. floc-
culare remained viable only when peptone was present
(CMRL+/Pep). The presence of peptone appeared to
have a negative effect on M. hyorhinis growth, but more
tests should be performed to verify this hypothesis. Yus+
medium did not allow proliferation in any species, but
maintained cell concentration and viability even after
5 days of culture (if inoculated afterwards in complex
media). These results are in agreement with a previ-
ous work performed by Bertin and colleagues [79] in M.
mycoides subsp. mycoides that shows that CMRL-1066
contains all components to support cellular metabolism
but not growth. Here, the supplemented versions CMRL+
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or CMRL+/Pep allowed proliferation only for M. hyorhi-
nis during the first 24 h of growth. It seems that after
this period of time, one or more essential metabolites ini-
tially present were no longer available. By comparing the
models reconstructed in this work with the media compo-
sition tested for the three species, it might seem plausible
that key cofactors might not be delivered to mycoplasmas
in the correct form. For example, thiamine pyrophos-
phate should be directly delivered to all species instead of
its precursor thiamine, and pyridoxal-5-phosphate might
be the cofactor of choice for the media composition in
place of pyridoxal. A list of predicted biomass precursors
from the models versus the actual precursors found in the
Yus+ medium can be seen in Additional file 1: Table S5.
This new proposed defined medium will be submitted in
the near future to cultivation tests with M. hyorhinis, M.
hyopneumoniae and M. flocculare.

Metabolomics of swine mycoplasma

NMR analysis of the culture media was performed in
order to detect possible differences in the metabolism of
the three species. All data measured in defined and com-
plex media can be seen in Additional file 1: Tables S6a
and S6b.

The major differences in both complex and defined
media were related to the metabolism of pyruvate (Fig. 6):
M. hyorhinis produced higher quantities of pyruvate at the
end of 48 h in complex medium. As a result, pyruvate con-
version to acetate was detected in low quantities for this
species in both media. M. hyopneumoniae and M. floc-
culare, on the other hand, produced higher amounts of
acetate (this was even more pronounced for the growth
of M. hyopneumoniae in complex medium). Low amounts
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Fig. 6 Distinct products of the metabolism of pyruvate from growth in complex Friis medium and Yus+ medium of M. hyopneumoniae strains 7448
(MHP_7448) and J (MHP_J), M. flocculare strain 27716 (MFL_27716) and M. hyorhinis strain ATCC17981 (MHR_17981). In complex medium, we
calculated the ratio between the peak signal in cultivated versus control medium and error bars were calculated as the standard deviation between
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the standard deviation between duplicate time-matched samples. a In complex medium, M. hyopneumoniae (both strains) and M. flocculare can
produce high amounts of acetate; the yields are even higher from M. hyopneumoniae. M. hyorhinis, on the other hand, produces low concentrations
of acetate in this medium. The final glycolysis product for M. hyorhinis is thus pyruvate. b In defined medium, M. hyopneumoniae (strain J) and M.
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of formate, fumarate and succinate were also detected,
and this indicates the presence of genes encoding the
enzymes pyruvate formate-lyase (EC 2.3.1.54), fumarate
hydratase (EC 4.2.1.2) and succinyl-CoA synthetase (EC
6.2.1.5) in these genomes. As previously mentioned, all
models were thus modified to accommodate these activ-
ities. Formate production seems to be independent from

acetate production in M. hyopneumoniae and M. floccu-
lare. However, the similar low concentrations of acetate
and formate in both growth media from M. hyorhinis
might be an indication that both are produced con-
comitantly by the action of pyruvate formate-lyase (EC
2.3.1.54), phosphate acetyl-trasnferase (EC 2.3.1.8) and
acetate kinase (EC 2.7.2.1).
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To check if the lower concentrations of acetate were
a result of an impaired activity of the pyruvate dehy-
drogenase complex in M. hyorhinis, we compared the
predicted proteins PdhA, PdhB, PdhC and PdhD from
all species. The known active sites of ODP2 (homolog of
PdhC) and OLDH1 (homologs to PdhC and PdhD respec-
tively) from Bacillus subtilis were analyzed in search for
a possible mutation. No active sites have been described
for PdhA and PdhB so far, but the enzymes for all three
swine mycoplasmas do not present significant differences.
Although not all active sites from PdhD seem to exist in
mycoplasmas, all predicted proteins from the species ana-
lyzed (including M. genitalium and M. pneumoniae) are
similar in terms of active sites, when these are present.
The only difference between M. hyorhinis and the other
two species was found in PdhC, in the protein portion
related to the binding to PdhA and PdhD. This portion is
the most variable between the species. An enzyme charac-
terization should be made in order to verify if this complex
is not active in this species, or if it is responsible for
another unforeseen activity.

The presence of myo-inositol in swine serum [80] might
be directly related to the higher production of acetate in
the growth of M. hyopneumoniae in complex medium, if
compared to M. flocculare. Since the myo-inositol path-
way produces AcCoA, the recovery of a molecule of CoA
from myo-inositol is possible and may be directly linked to
the production of acetate. Since the myo-inositol catabolic
pathway is one of the few distinctions between the
metabolic models of M. hyopneumoniae and M. floccu-
lare, it is possible to assume that the differences in acetate
concentration in vitro may indeed arise from the ability of
M. hyopneumoniae to uptake myo-inositol. Indeed, when
no source of myo-inositol is present (defined medium), no
difference in the concentration of acetate is observed for
these two species.

The analysis of the amino acid uptake was not triv-
ial since both media contained peptone, which at first
was not measured through the CPMG experiment but,
in the course of time, was degraded into single amino
acids, and thus changed the overall signal of the NMR
spectra. To address this issue, we only took into account
the Yus+ medium at a single time point after 72 h of
growth. M. hyorhinis seemed to have lower concentra-
tions of most amino acids at the end of the growth curve
if compared either to the control medium or to the other
species. This may be related to several factors, such as
lower rates (in comparison to the other two species) of
peptone degradation by membrane proteases or higher
uptake rates of amino acids by M. hyorhinis. At this point,
we could no longer verify which hypothesis is more suit-
able for this particular distinction, however, since peptone
was not necessary for the maintenance of the viability of
M. hyorhinis in the defined medium, it is possible that this
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species may harbor transporters with higher specificity or
effectiveness for single amino acids.

The results as concerns the other metabolites indi-
cate for the three species the uptake of glucose and
nucleotides.

Flux balance analysis (FBA)

FBA was used to check the properties and capabilities
to produce detected metabolites by NMR spectra of all
models (also during the reconstruction and refinement
process). FBA simulations were performed with an in
silico medium that contained all biomass precursors. Sim-
ilarly to the in vitro growth results, in the presence of
oxygen, acetate was the main product and NADH was
recycled by the conversion of molecular oxygen into water.
In the absence of oxygen (not tested in vitro), all models
were able to grow but the main product became lactate.
As expected, the availability of myo-inositol in the in sil-
ico medium allowed an alternative source of CoA and
higher concentrations of acetate as a final product in the
models for M. hyopneumoniae. Hydrogen peroxide pro-
duction was linked to the metabolism of glycerol in both
M. hyopneumoniae and M. hyorhinis, while the models for
M. flocculare did not produce toxic levels of this metabo-
lite. Since we have no information on gene essentiality for
any species, we checked reaction essentiality in the pan-
network. This means that we deleted individual reactions
(all transport, enzymatic and spontaneous reactions) even
if they did not have a GPR association. A total of 111
reactions (69 enzymatic, 37 transport, and 5 spontaneous
reactions) were essential for growth in the pan-network
(Additional file 1: Table S7).

Discussion

In this work, we created a metabolism as realistic as pos-
sible for the three known mycoplasmas present in the
respiratory tract of swine. It is essential to point out that,
although we had to include 30 % of orphan reactions in
order to allow growth, we only used about half of the
genomes of these organisms. The other half consists either
of hypothetical or of conserved hypothetical proteins [18],
which may in part fill the missing gaps of the models. The
number of essential reactions in the pan-network in this
work is not directly comparable to the number of indis-
pensable genes predicted for M. genitalium (382 genes)
or M. pneumoniae (310 genes) [81, 82]. Gene essentiality
accounts for more than metabolic enzymes which means
that proteins not included in our models, related to pro-
tein synthesis, DNA polymerization or RNA turnover,
were not accounted for in the essential reactions of our
models. If we added these proteins, we would possibly
arrive at numbers closer to those of M. genitalium and
M. pneumoniae. The lack of experimental information on
gene essentiality is also a setback for the validation of the
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models created here. Further experiments on this matter
should help us better refine and complete the networks.

As for most of the Mycoplasma species studied [46—48],
all reconstructed networks exhibit low connectivity due
to the simplicity of the biological model. We were able
to show in this work that the three swine mycoplasma
species have similar metabolic capabilities, except for the
metabolism of myo-inositol, amino sugar, carbohydrates
and glycerol (Fig. 7). Overall, the methods used here
enabled us to address some of the main problems caused
by most automatic reconstruction methods which are the
permissive inclusion of pathways and over prediction of
capabilities. Annotation errors arise with the attribution
of ambiguous or partial EC numbers [83, 84] and the
propagation of these errors may then lead to many other
ones. Thus, it is known that the prediction of GPR asso-
ciations based only on name-matching and EC-codes is
not sufficient to add confidence to a model [84]. When
we decided to simultaneously refine the 12 models, we
enhanced the confidence of each GPR association, by
adding information on the synteny between the genomes,
protein sequence alignments and phylogenetic distance
between orthologs.

Our main objective was not only to reconstruct the
metabolic models for M. hyorhinis, M. hyopneumoniae
and M. flocculare. We also wanted to compare the
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metabolism of the three species and find possible links
to virulence, host-colonization capacity and life-style. M.
hyorhinis, for instance, is not only a pathogen, but also a
common contaminant in many mammalian cell cultures
[85]. This may be explained by the wide range of carbo-
hydrates which this organism can uptake and metabolize.
This may be a crucial factor to the ability of M. hyorhinis to
grow in diverse sites inside the host [7] and even to invade
other hosts and potentially develop cancer in humans
(58, 86]. M. hyopneumoniae has been detected in other
sites such as brain, liver and spleen [87, 88], but M. floc-
culare has never been detected outside of the respiratory
tract of swine.

One may wonder what could explain this if both organ-
isms are so similar. M. hyopneumoniae is up to date the
only Mycoplasma species with sequenced genome that
has the genes for the catabolism of myo-inositol. Myo-
inositol is readily abundant in the bloodstream of mam-
malian hosts, and can be used as a secondary carbon
source for energy production [89]. Mycoplasma iguanae
has been described to produce acid from inositol [90].
However, there is no available complete genome sequence
for this organism, making impossible any comparison of
the genes involved in this pathway. Although at this point
we cannot confirm that this pathway is functional in M.
hyopneumoniae, the NMR results we obtained suggest
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that myo-inositol might be directly related to the higher
production of acetate in complex medium of M. hyopneu-
moniae if compared to M. flocculare. This assumption is
based on two factors: first, a previous work has detected
myo-inositol in swine serum, which is a component of
the complex medium [80]; and second, the only difference
in the networks that could influence the acetate concen-
tration is the myo-inositol catabolism. This pathway may
also be involved with an alternative production of AcCoA,
precursor to CoA, an essential cofactor for growth in
all species. These metabolic distinctions may help M.
hyopneumoniae to grow in diverse sites if compared to
M. flocculare. This is particularly interesting when we
take a close look into the composition of lung surfactant
from several mammalian models [91], which likely con-
tains myo-inositol as a degradation product from phos-
phatidylinositol. Thus, it is possible that the myo-inositol
catabolism in M. hyopneumoniae is one of the reasons for
the high virulence of this species when compared to M.
flocculare and M. hyorhinis.

A striking result from the NMR results was the reduced
capability of M. hyorhinis to produce acetate. This was
not foreseen in the model reconstruction, but predicted
protein sequences from the pyruvate dehydrogenase com-
plex of the three species showed a particular distinction in
PdhC, more specifically in the region responsible for bind-
ing to other complex components. We could not verify
at this point if this complex is not active in the particu-
lar growth conditions of our work in M. hyorhinis or if
it is responsible for another unforeseen activity. However,
a transcriptome profiling of M. hyorhinis has detected
both pdhA and pdhB in the pool of genes with the high-
est number of transcript reads [32], indicating that the
complex might be translated in vivo. Moreover, pyruvate
dehydrogenase activity has been previously detected in M.
hyorhinis extracts [75], and it seems to be correlated to
oxygen availability. In our cultivations, the cells are not
grown in a complete aerobic system, which may explain
the differences between our findings and those previously
published.

Cultivation tests in vitro also showed that none of
the species was able to grow in none of the defined
media. This is probably due to a lack of the cor-
rect cofactors as previously mentioned. For instance,
thiamine, pyridoxal/pyridoxine, pantothenate, spermine
and folate were the actual media components tested,
but the reconstructed models were not able to convert
them to biomass precursors (thiamine pyrophosphate,
pyridoxal-5-phosphate, 4-phospho-pantheteine, spermi-
dine and THF). Only M. hyorhinis seems to be able to
uptake folate directly while the other two species might
need intermediate metabolites. This might also explain
why M. hyorhinis is extensively found as a cell culture
contaminant. Even though we supplemented CMRL-1066
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(CMRL+) with all missing components present in the
Yus+ medium, cells maintained viability for longer periods
in the latter. Cofactors present originally in both media
existed in lower concentrations in the CMRL-1066. This
means that possibly one or more cofactors with higher
concentrations in the Yus+ medium are essential for the
viability of the three species. Common cofactors with
higher concentration in Yus+ medium included: choline,
folate, pantothenate, pyridoxal, thiamine and spermine.

Other differences among the species seem to indicate
that M. hyopneumoniae and M. flocculare lack one or
more amino acid transporters. This may be due to two
things: (i) both remained viable for longer periods when-
ever CMRL+ was supplemented with peptone, and (ii)
we detected a higher amino acid accumulation in the
defined media if compared to M. hyorhinis. M. hyorhinis
on the other hand may have all the transporters for sin-
gle amino acids, but this hypothesis needs to be further
verified. From sequence analyses, we did not find signifi-
cant differences among the species that would explain this
distinct behavior. Moreover, since M. hyorhinis seemed
to overgrow in the first 24 h of culture in both CMRL
media (CMRL+ and CMRL+/Pep), it is possible that one
or more compounds were missing in the Yus+ medium in
order to allow growth of this species. Possible candidates
for such (present in CMRL-1066 and absent in the Yus+
medium) would be: CoA, nicotinamide, ascorbate and/or
pyridoxine.

It is still not clear if any of the swine mycoplas-
mas studied here indeed have a polysaccharide capsule,
given that only one study has assesed its presence in
M. hyopneumoniae. However, this is particularly impor-
tant because in this study Tajima and Yagihashi [28], as
discussed before, reported that capsular polysaccharides
from M. hyopneumoniae play a key role in the interac-
tion between pathogen and host. Moreover, it has been
reported that some strains of M. hyopneumoniae become
less pathogenic in broth culture and, after serial passages,
lose their ability to produce gross pneumonia in pigs [26].
In several bacterial species, it has been established that
the amount of capsular polysaccharide is a major factor in
virulence [92] and it decreases significantly with in vitro
passages [93]. Furthermore, despite increasing evidence
supporting the existence of a polysaccharide capsule in
several Mycoplasma species, it is not yet known if the
material is synthesized by the bacteria or imported from
the medium for most species [94]. Recent reports have
even shown the capacity of species from the mycoides
cluster to assemble a capsule from exogenous phospho-
rylated glucose [79, 95]. However, no homolog proteins
related to these activities were found in none of the species
studied in this work. For the reasons discussed above, we
were not able to introduce the capsule production itself
in the models; however, we tried to relate its possible
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existence with the substrates that might be used to pro-
duce it. The composition of capsular polysaccharides has
been related to the level of pathogenicity in other bacteria.
For instance, highly virulent Escherichia coli strains seem
to have practically nonimmunogenic capsular material,
due to the fact that these antigens are similar or identical
to the ones found in the host [96]. The structure of the K5
antigen from E. coli capsules is basically GlcNAc and glu-
curonic acid (GlcA) in a molar ratio of 1:1 [97]. Erlinger
and collaborators [98] identified heparan sulfate (HS) as
the predominant glycosaminoglycan in the porcine res-
piratory tract and the most common disaccharide unit
within HS is GlcNAc linked to GlcA. Since M. hyopneu-
moniae and M. flocculare might be able to import GlcNAc
unchanged, they may use it for the composition of its cap-
sule; M. hyorhinis, on the other hand, imports sialic acid,
and might use it directly to produce its own. Of course
this is highly speculative, and we are not sure if all these
hypotheses indeed happen in vivo.

The metabolism of glycerol is the final major differ-
ence between the pathogenic M. hyopneumoniae and M.
hyorhinis and the non-pathogenic M. flocculare. Such
metabolism and the production of hydrogen peroxide by
the action of GIpO are essential for the cytotoxicity of
M. pneumoniae [35] and M. mycoides subsp. mycoides
[36]. Particularly, the cytotoxicity of M. mycoides subsp.
mycoides is due to the translocation of the hydrogen per-
oxide into the host cells. This is only possible because
of the close proximity to the host cells along with the
membrane-bound enzyme. Highly conserved homolog
genes to this enzyme were only found in the genomes of
the pathogenic species studied here. Whether or not these
enzymes from M. hyopneumoniae and M. hyorhinis are
indeed capable of the same activities as GlpO is not yet
confirmed; however, the high similarity may be an indica-
tion that this trait is essential for the pathogenicity of these
two species. This may also explain why both M. hyop-
neumoniae and M. flocculare can adhere to the cilia of
tracheal epithelial cells, but only the adhesion of M. hyop-
neumoniae results in tissue damage [33]. Moreover, while
M. hyorhinis has in the reconstructed models three ways
of uptaking glycerol, M. hyopneumoniae seems to have
five, and this may reflect in its enhanced pathogenicity.

Conclusions

We presented in this work an overview of the differ-
ential metabolism of M. hyopneumoniae, M. hyorhinis
and M. flocculare using different approaches. The recon-
structed models showed some distinctions among the
species, namely the myo-inositol metabolism for M. hyop-
neumoniae, the wider uptake of carbohydrates for M.
hyorhinis and the usage of glycerol as a carbon source for
the two pathogenic species. The models also served as a
basis for all the assumptions made for the experimental
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data. Metabolic profiling of both complex and defined
media pointed to new differences that we were not able
to identify based solely on the sequenced genomes. The
major ones were related to the pyruvate conversion to
acetate, which appeared to be higher in M. hyopneumo-
niae and M. flocculare than in M. hyorhinis. After we
performed growth tests using defined media that hypo-
thetically would lead to bacterial growth in silico, we
assessed that some cofactors or metabolites were proba-
bly being delivered in the wrong form to the mycoplasmas.
The environmental context may explain the differences
between the in silico models and the in vivo behavior.

Whether the main differences among the species we
reported here (summarized in Additional file 1: Table S8)
are related to virulence or pathogenicity have not yet been
addressed experimentally, but it is tempting to speculate.
The same factors that may enhance virulence of M. hyop-
neumoniae may help the commensal species M. flocculare
to better survive inside the host.

All these in silico and in vivo metabolic differences
among M. hyopneumoniae, M. hyorhinis and M. floccu-
lare might influence the different levels of pathogenicity
in each of them. However, it is highly likely that gene
regulation may directly interfere in the metabolism and
pathogenicity and may be related to many other aspects
still unaccounted for. One of our future goals is there-
fore to understand and integrate gene regulation into the
metabolic models. Upcoming experiments will aim at test-
ing the hypotheses formulated here, particularly those
related to the metabolisms of glycerol and myo-inositol.
We also intend to better understand the habitat of these
species, and the possible metabolic and genetic dialogues
with the host and other bacteria present in this environ-
ment. Either way, this work serves as a basis for the study
of the differential metabolism and pathologies caused by
the swine lung mycoplasmas and may help to propose
ways to prevent disease development in the future.

Availability of data and material

All models from this work are available in Additional file 5
and online at the MetExplore database (http://metexplore.
toulouse.inra.fr/metexplore2/).
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composition used for the cultivation of M. hyopneumoniae, M. hyorhinis and
M. flocculare. Table S2. Complete list of reactions and metabolites from all
models. Table S3. List of all metabolites included in the final biomass
composition. Table S4. Distribution of GPR associations and exclusive GPR
associations by metabolic pathways. Table S5. Proposition of correct
precursors and cofactors for a new defined medium. Table S6. NMR
metabolomics: Metabolites detected in the complex Friis and Yus+ media
for the three swine mycoplasmas. Table S7. Prediction of essential
reactions in the pan-network. Table S8. Differential metabolism overview.
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Additional file 2: Biomass reaction assembly from reconstructed models.

Pdf file containing all steps necessary to the assembly of the biomass
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