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Resumo

Escherichia coli € um bacilo Gram-negativo, anaerébico facultativo e de
distribuicdo cosmopolita. E. coli coloniza o intestino de humanos e outros animais
endotérmicos logo apdés o nascimento, estabelecendo-se como um importante membro
da microbiota intestinal. Algumas cepas de E. coli podem adquirir fatores de viruléncia,
assumindo assim, uma natureza patogénica, como é o caso das E. coli patogénicas
extraintestinais (EXPEC). As cepas EXPEC apresentam a capacidade de colonizar e se
disseminar em diversos nichos no hospedeiro, e sao divididas em UPEC (E. coli
uropatogénica), NMEC (E. coli causadora de meningite neonatal) e APEC (E. coli
patogénica para aves). UPEC, NMEC e APEC compartilham fatores associados a
viruléncia. Para serem aptas a causar doenca, cepas EXPEC devem apresentar pelo
menos um fator associado a adesao, um fator para captacgao de ferro (sideréforo) e um
fator de resisténcia ao soro, podendo, também, apresentar genes que codificam
toxinas e invasinas. Embora sejam conhecidos muitos fatores de viruléncia associados
a patogenicidade de cepas ExXPEC, a regulagdo da expressao de tais fatores ainda
nao foi elucidada. Fumarato-nitrato-redutase (FNR) é uma proteina que atua como
regulador global, agindo como um sensor da presenga de oxigénio em bactérias gram-
negativas. Ja foi demonstrado que FNR esta relacionada a regulagéo da viruléncia de
bactérias patogénicas como Shigella flexneri e Salmonella enterica serovar
Typhimurium. Este trabalho teve como objetivo a analise epidemiolégica e
caracterizacao de cepas APEC, bem como a investigagcao do controle da expressao de
fatores associados a viruléncia de EXPEC pelo regulador global FNR.

Os resultados da analise epidemiologica das cepas APEC mostram o perfil de
resisténcia aos agentes antimicrobianos, a prevaléncia dos fatores de viruléncia e dos
grupos filogenéticos (de acordo com a classificagcdo EcoR) e a relagao filogenética dos
isolados, fornecendo um panorama da caracterizagdo de E. coli patogénicas aviarias
de lesdes severas de celulite e de infec¢ao sistémica oriundas da regido sul do Brasil.

Em relacdo ao FNR, este estudo mostrou a influéncia deste regulador sobre
importantes fatores associados a viruléncia, estando envolvido no controle de varias
etapas do estabelecimento da infecgcdo por cepas EXPEC. A delegcao de fnr na cepa
UPEC CFT 073 reduziu a motilidade, a expressao das fimbrias tipo | e tipo P, reduziu a
expressao da hemolisina e controlou a expressdo da ilha de patogenicidade do a-
cetoglutarato. Além disso, a delecdo de fnr fez tornou as bactérias incapazes de
invadir células dos rins e da bexiga e de causar doenga in vivo em camundongos de 6
semanas. FNR também foi capaz de controlar as etapas da infecgdo por NMEC 56.
Uma vez deletado, as bactérias perderam a capacidade de causar bacteremia, de
crescer no fluido cerebrospinal e de causar doenga in vivo em ratos de 5 dias de
idade. A delecao de fnr em APEC O1 resultou na diminuicdo da expressao da proteina
OmpT plasmidial, da fimbria do tipo | € do auto-transportador AatA.

A principal contribuicdo deste trabalho foi demonstrar que FNR atua na
regulacdo da expressao de importantes fatores associados a viruléncia de cepas
ExPEC (UPEC, NMEC e APEC), sendo importante para o estabelecimento da infecg¢ao
por essas cepas. Neste trabalho, verificamos que, além da fungéo ja conhecida de
regular os genes envolvidos na manutengdo de um meio anaerébico, FNR também
atua no controle de genes associados a viruléncia de cepas ExXPEC, refletindo na
capacidade de causar doenga que tais cepas apresentam.

Uni-termos: Escherichia coli; APEC; NMEC; UPEC; FNR; regulador global;
colibacilose; celulite; colissepticemia; suscetibilidade a antimicrobianos; fatores de
viruléncia; ARDRA; analise filogenética.



Abstract

Escherichia coli is a Gram-negative bacillus, facultative anaerobic and has
cosmopolitan distribution. E. coli colonizes the intestine of humans and other
endothermic animals immediately after birth, establishing as an important member of
the intestinal microbiota. Some strains of E. coli can acquire virulence factors thereby
assuming a pathogenic nature, as in the case of extraintestinal pathogenic E. coli
(ExPEC). ExPEC strains have the ability to colonize and spread out in different niches
of the host, and are divided into UPEC (uropathogenic E. coli), NMEC (newborn
meningitis E. coli) and APEC (avian pathogenic E. coli). UPEC, NMEC and APEC
share virulence factors. To be able to cause disease, EXPEC strains must produce
virulence factors required for adherence, for iron uptake (siderophore) and for
resistance to serum and may also contain genes encoding toxins and invasins.
Although many virulence factors associated with the pathogenicity of EXPEC strains
are known, the regulation of the expression of these factors has not yet been fully
elucidated. Fumarate nitrate reductase (FNR) is a global regulatory protein, acting as a
sensor of oxygen in Gram- negative bacteria. It has been shown that FNR relates
virulence of pathogenic bacteria such as Shigella flexneri and Salmonella enterica
serovar Typhimurium. The aim of this study was to do an epidemiological analysis and
characterization of APEC strains as well as the investigation of regulation of ExXPEC’s
virulence factors by the global FNR regulator.

The results of epidemiological analysis of APEC strains showed the profile of
antimicrobial resistance , the prevalence of virulence factors and phylogenetic groups
(according to the EcoR group) and the phylogenetic relationship of the isolates,
providing an overview of the characterization of avian pathogenic E. coli causing
severe cellulitis lesions and systemic infection originating from southern Brazil.

In relation to FNR, this study showed the influence of this important regulator of
virulence factors that is involved in controlling various stages of establishment of
infection by ExPEC strains. Deletion of fnr in UPEC strain CFT 073 reduced motility
and expression of type | and type P fimbriae, reduced the expression of hemolysin and
control the expression of the pathogenicity island of a -ketoglutarate. Furthermore, fnr
mutant strains were unable to invade cells of kidney and bladder, and to colonize the
urinary tract of 6 weeks-old mice. FNR was also able to control the stages of infection of
NMEC 56. The fnr mutant lost its ability to cause bacteremia, grow in cerebrospinal
fluid, cause disease in 5 days old rats. Deletion of fnr in APEC O1 resulted in
decreased expression of genes corresponding to the plasmid encoded OmpT protein,
type | fimbriae and autotransporter AatA.

The main contribution of this work was to demonstrate that FNR regulates
expression of important virulence factors of ExXPEC strains (UPEC, NMEC and APEC),
which is important for the establishment of infection by these strains. In this work, we
found that, besides the already known function in regulating genes involved in
maintaining an anaerobic environment, FNR also acts in the control of virulence-
associated genes of EXPEC strains, reflecting the ability of these strains to cause
disease.

Key-words: avian pathogenic Escherichia coli; APEC; NMEC; UPEC; FNR;
global regulator; colibacillosis; antibiotic susceptibility; virulence factors; phylogenetic
grouping; ARDRA
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1. INTRODUCAO

Escherichia coli € um bacilo Gram-negativo, anaerébico facultativo, em
forma de bastonete curto e de distribuicdo cosmopolita. E. coli coloniza o
intestino de humanos e outros animais endotérmicos logo apds o nascimento,
estabelecendo-se como um importante membro da microbiota intestinal. Essas
cepas, conhecidas como comensais, raramente causam doenga, exceto em
pessoas imunodeprimidas ou quando as barreiras gastrintestinais sdo rompidas
(Kaper et al., 2004).

Algumas cepas de E. coli podem divergir das cepas comensais e assumir
uma natureza patogénica ao adquirirem fatores de viruléncia (Yan and Polk,
2004). Esses fatores conferem a bactéria habilidade de causar doengas e sao
encontrados em elementos genéticos que podem estar presentes em diferentes
combinagdes. Somente cepas com persistentes e importantes combinagdes de
tais fatores de viruléncia causam doenga em individuos saudaveis (Kaper et al.,
2004). De maneira geral, esses fatores de viruléncia devem prioritariamente
permitir que a bactéria (1) se adapte e colonize eficientemente novos nichos no
hospedeiro, (2) sobreviva e se multiplique no hospedeiro, (3) escape dos
mecanismos de defesa do hospedeiro, e, finalmente, (4) seja transmitida para
um novo hospedeiro suscetivel, o que, em alguns casos, significa possuir
aparatos para sobreviver em um ambiente externo antes de encontrar o novo
hospedeiro (Falkow, 1991).

Escherichia coli podem ser divididas em trés grandes grupos, de acordo
com o local de onde foram isoladas, com a sintomatologia clinica e com a
presencga de genes de viruléncia. O primeiro grupo é constituido das cepas de
E. coli comensais, que estdo presentes na microbiota normal de humanos,
mamiferos e aves saudaveis, e que coexistem pacificamente com o seu
hospedeiro (Russo and Johnson, 2000).

O segundo grupo é constituido pelas cepas de E. coli enteropatogénicas,
raramente encontradas na microbiota normal de animais saudaveis, que
causam gastroenterites e colites quando ingeridas em quantidades suficientes.
Os patotipos capazes de causar essas infecgbes incluem: EPEC (E. coli

enteropatogénica), ETEC (E. coli enterotoxigénica), EIEC (E. coli
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enteroinvasiva), EHEC (E. coli entero-hemorragica)), EAEC (E. coli
enteroagregativa), DAEC (E. coli difusamente aderente), AIEC (E. coli aderente
e invasiva), STEC (E. coli produtora de shigatoxina) (Russo and Johnson,
2000).

O terceiro e ultimo grupo é constituido pelas cepas de E. coli que causam
infeccbes extraintestinais (Ex-PEC, E. coli patogénica extra-intestinal). Neste
grupo encontram-se as cepas UPEC (E. coli uropatogénica), NMEC (E. coli de

meningite neonatal) e APEC (E. coli patogénica para aves) (Kaper, 2005).

1.1. Escherichia coli patogénica extraintestinal (EXPEC)

Escherichia coli patogénicas extraintestinais (ExPEC) apresentam a
capacidade de colonizar e se disseminar em diversos nichos no hospedeiro.
Em humanos, podem causar doengas quando presentes no sangue, no
sistema nervoso central e no trato urinario; ja em aves, podem causar doengas
localizadas ou sistémicas. Apesar disso, essas cepas sao capazes de
permanecer no intestino de forma assintomatica sem causar dano ao
hospedeiro (Wiles et al., 2008).

Enquanto os patotipos entéricos de E. coli podem ser definidos pelos seus
fatores de viruléncia ou pelo seu sorogrupo, as cepas classificadas como
ExXPEC compartilham varios fatores associados a viruléncia e ndo apresentam
um patotipo definido, ndo estando estabelecidos os fatores de viruléncia que
definem uma ExPEC ou distinguem uma da outra (Johnson et al., 2008; Moulin-
Schouleur et al., 2007; Rodriguez-Siek et al., 2005).

Por causarem doengas em sitios anatdmicos tdo diferentes, seria de se
esperar que essas cepas bacterianas possuissem fatores de viruléncia
especificos para cada nicho a ser colonizado. Entretanto, nenhum fator ou perfil
de fatores de viruléncia sitio-especifico foi descrito até o momento. Isso nao é
tdo surpreendente, uma vez que os mecanismos de defesa dos hospedeiros
sao comuns a varios sitios extraintestinais que podem ser infectados por

diferentes cepas de E. coli (Russo and Johnson, 2000).
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1.1.1. Escherichia coli patogénica do trato urinéario (UPEC)

Infecgbes do trato urinario (UTIl) s&o consideradas o segundo tipo de
infeccdo mais comum em seres humanos em todo o mundo, sobretudo em
mulheres (Nicolle, 2002). Apenas nos EUA, essas infecgbes resultam em sete
milhdes de visitas a consultério médico por ano, 1 milhdo de atendimentos de
emergéncia, 100.000 internagdes, e US$ 3,5 bilhdes em custos de saude, um
encargo significativo para o sistema de saude (Russo and JR, 2003).

Cepas de Escherichia coli sdo os agentes causadores responsaveis por
mais de 80% de todas as infec¢bes do trato urinario (UTI), incluindo bacteriuria
assintomatica e infecgcado sintomatica (Hooton and Stamm, 1997; Stamm and
Norrby, 2001; Svanborg and Godaly, 1997). As cepas UPEC que causam UTI
sintomatica colonizam o trato urinario, podendo ascender para a bexiga e
causar cistite, o que normalmente esta associado aos sintomas classicos da
infeccdo, como dor ao urinar, cistite (micgdo frequente), subito desejo
compulsivo de urinar e bacteriuria (Foxman, 2003). No entanto, se essas
infeccbes nao forem tratadas, podem ascender a partir da bexiga, por meio dos
ureteres, para os rins, causando pielonefrite, podendo causar danos renais
irreversiveis e mesmo morte (Scholes et al., 2005). Estima-se que metade das
mulheres irdo sofrer pelo menos um caso de UTI durante a vida, com uma taxa
de recorréncia de 25% no prazo de 6 meses, sendo que 5% resultam em
infeccbes cronicas recorrentes (Engel and Schaeffer, 1998; Foxman et al.,
2000; Marrs et al., 2005). Em 50% destas infec¢oes recorrentes, a mesma cepa
de UPEC pode provocar tanto a infecgdo primaria quanto as infeccdes
reincidentes (lkaheimo et al., 1996).

O desenvolvimento de UTIl depende de fatores anatbmicos e da
integridade dos mecanismos de defesa do hospedeiro (Nicolle, 2002). O
sucesso do estabelecimento da infeccdo bacteriana requer a adesao
bacteriana a células epiteliais do trato urinario, a colonizacido do epitélio da
bexiga, e, em certos casos, a invasao dessas células, seguida por multiplicagao
intracelular, e a eventual disseminacido e persisténcia bacteriana para outros
tecidos (Bien et al., 2012). Tais habilidades foram bem desenvolvidas pelas
cepas UPEC com a expressao de um largo espectro de fatores de viruléncia
(Mulvey et al., 1998). Cepas UPEC codificam fatores de viruléncia que

permitem que as bactérias colonizem o trato urinario e persistam em face da
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defesa do hospedeiro altamente eficaz. Além disso, cepas UPEC apresentam
um alto grau de diversidade genética devido a presenga de genes de viruléncia
especializados localizados em elementos genéticos méveis chamados ilhas de
patogenicidade (Oelschlaeger et al., 2002; Wiles et al., 2008).

1.1.2. Escherichia coli patogénica aviaria (APEC)

As infecgdes extraintestinais causadas por cepas patogénicas de E. coli
em aves (APEC) podem manifestar-se sob a forma de infec¢des localizadas ou
sistémicas, e sdo denominadas colibacilose. A colibacilose aviaria é a doenga
mais comum e de maior custo para a industria aviaria em animais entre 2 a 12
semanas de idade (Arné et al., 2000). Entre as manifestacbes mais comuns de
infecgdes por APEC estdo: celulite; doenga respiratéria que frequentemente
culmina em septicemia e lesdes no figado, sacos aéreos e coragdo; sindrome
da cabega inchada; onfalite (infeccdo do embrido); e salpingite (infeccdo do
oviduto) (Dho-Moulin and Fairbrother, 1999; Ngeleka et al., 1996).

A avicultura brasileira é afetada sobretudo pela celulite aviaria (também
chamada dermatite necrotica), uma infecgdo subcutanea que evolui para uma
lesdo inflamatdria supurativa que pode atingir o musculo. Nos aviarios,
acredita-se que lesdes de celulite sejam iniciadas por arranhdes feitos por
outros frangos, cuja ocorréncia aumenta com o aumento na densidade da
populacdo de aves. Ademais, a chance desses arranhdes ocorrerem ¢€
aumentada pela selegédo de aves de alta conversao alimentar (rapido ganho de
peso) que, entretanto, ndo apresentam a proporcional cobertura de penas.
Quando a celulite ndo culmina em septicemia fatal (Peighambari et al., 1995), a
lesao é detectada apenas no momento do abate, acarretando a condenacéio de
parte ou de toda a carcaga. Na avicultura, a producdo de frangos de corte
tende a ser mais afetada por lesbes de celulite, enquanto que a criacdo de
matrizes e galinhas poedeiras tende a ser mais afetada por infec¢des
sistémicas iniciadas pelo trato respiratério e salpingite.

A colibacilose, quando iniciada no trato respiratério superior, ocorre
provavelmente devido a inalacdo de poeira contaminada. Fatores externos ao

animal, como altas concentracdes de ambnia no ambiente, tornam as aves
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predispostas a doenca pelo fato de causar danos no epitélio ciliar do trato
respiratorio, facilitando a entrada da bactéria. A deficiéncia no sistema de
ventilagdo, a exposi¢cdo a temperaturas superiores a 25 °C, a limitagdo do
espacgo para a criacao e a deficiéncia no processo de desinfecgao também
contribuem para a infecgao das aves por APEC e para o estabelecimento da
doenca, pois oferecem a bactéria um ambiente mais propicio ao seu
desenvolvimento (Dho-Moulin and Fairbrother, 1999; Ferreira and Knobl, 2000).
Além disso, APEC podem estar presentes na microbiota intestinal de aves
sadias, podendo assim, permanecer nas criagdes por um longo periodo,
contaminando os alimentos e a agua, que servirdo como via de disseminagao
da bactéria para as aves. Acredita-se que a contaminacgao fecal da casca do
ovo € uma das vias de transmissdo da doenga para os pintos (Ewers et al.,
2009).

Apos a colonizagdo dos pulmdes e sacos aéreos da ave pela bactéria,
observa-se o0 espessamento do epitélio e a presenca frequente de um exsudato
caseoso na superficie do trato respiratério. Microscopicamente, as primeiras
mudancas sdo edemas e infiltrados de heterdfilos no epitélio respiratorio.
Fagocitos mononucleares s&o frequentemente encontrados 12 horas apds a
infeccdo. Apds, as células fagocitarias se tornam células gigantes, comumente
encontradas pelas margens das areas necroticas, e ocorre a proliferagdo de
fibroblastos e acumulagéo de heterdfilos necréticos no exsudato caseoso (Horn
et al., 2012). As lesdes de doengas respiratdrias sao identificadas por aumento
dos foliculos linfoides, hiperplasia epitelial e presenca de heterdfilos nos
epitélios aéreos (Barnes and Gross, 1997; Ferreira and Knobl, 2000).

A colibacilose afeta todas as etapas da producdo de aves comerciais,
contribuindo para a diminuicdo da qualidade da producdo. As perdas
econdbmicas ocorrem devido a morbidade (perda de peso, reducdo do
crescimento e da produgao de ovos), ao aumento da condenagao das carcagas
durante o processamento e ao aumento da mortalidade (Dziva and Stevens,
2008).

1.1.3. Escherichia _coli patogénica causadora da meningite do recém-
nascido (NMEC)
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Escherichia coli causadora de meningite neonatal é a principal bactéria
gram-negativa causadora de sepse e meningite em recém-nascidos, e atras
somente de Streptococci do grupo B (Tseng et al, 2012). Meningites
bacterianas séo caracterizadas pela inflamagao das meninges, afetando a pia-
mater, a aracndide e o espaco subaracnoéide (Kim, 2008). E reconhecida como
uma das dez principais causas de morte relacionadas a infeccao em todo o
mundo. A mortalidade é estimada em 10% nos paises desenvolvidos e em 40-
58% nos paises em desenvolvimento.

A meningite do recém-nascido afeta 2 a cada 10.000 bebés nascidos a
termo, e 2 a cada 1.000 bebés nascidos abaixo do peso, afetando
principalmente bebés prematuros (45-81%). Além disso, esta associada a altas
taxas de mortalidade e morbidade: cerca de 30% dos bebés infectados
morrem, e cerca de 50% dos bebés sobreviventes ficam com sequelas, que
incluem hidrocefalia, convulsdes, retardo mental, paralisia cerebral e deficiéncia
auditiva (Johnson et al., 2002; Kim, 2008; Melllata, 2013).

As infeccbes por NMEC normalmente sao adquiridas a partir do trato
genital materno, no utero ou durante a passagem pelo canal do parto. Devido a
isso, essas infec¢des ja foram correlacionadas a infecgdes urinarias ao longo
da gestacao (Melllata, 2013). Em seguida, as bactérias necessitam ultrapassar
a superficie epitelial (Fagan et al., 2008) para atingir a corrente sanguinea, bem
como sobreviver e se multiplicar no sangue. Apdos atingir um nivel minimo de
bacteremia, ocorre a travessia da barreira hemato-encefalica, culminando com
a invasao das meninges e do sistema nervoso central (Kim, 2012; Melllata,
2013; Tseng et al., 2012).
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1.2 Fatores associados a viruléncia

ExXPEC compartilham fatores associados a viruléncia, comuns as cepas
UPEC, NMEC e APEC (Ewers et al., 2007).Para serem aptas a causar doenga,
cepas EXPEC devem ter pelo menos um fator associado a adesao, um fator
para captacao de ferro (siderdforo) e um fator de resisténcia ao soro, podendo,
também, apresentar genes que codificam toxinas e invasinas (Barbieri et al.,
2013). Ainda ndo se sabe como tais fatores sao regulados. Por outro lado,
cepas ExXPEC podem carecer de um ou mais desses fatores e ainda assim
serem patogénicas. Excetuando a fimbria F1, encontrada na maioria das cepas
de E. coli, os genes que codificam fatores associados a viruléncia em geral
estdo ausentes nos genomas de cepas néo-virulentas de E. coli (Dozois et al.,
2003), sendo frequentemente encontrados em elementos genéticos méveis (via
transferéncia horizontal de transposons, plasmideos, bacteri6fagos e ilhas de
patogenicidade) (Johnson et al., 2006; Mellata et al., 2009; Tivendale et al.,
2009). Dessa forma, parecem existir estratégias comuns que tornam a bactéria
um patdgeno eficiente. Os fatores de viruléncia ja descritos para EXPEC seréo

comentados brevemente a seguir.

1.2.1 Adesinas

A aderéncia da bactéria as células do hospedeiro € um passo importante
para a colonizagdo e ocorre nos primeiros momentos da interagdo bactéria-
hospedeiro. E. coli possuem fatores de adesao especificos, que lhes permitem
colonizar sitios em seu hospedeiro que provavelmente n&o seriam colonizados
na falta desses fatores (Kaper et al., 2004).

As estruturas que permitem a adesao da bactéria ao hospedeiro podem
ser fimbriadas ou afimbriadas. Na maioria das vezes, as adesinas formam
estruturas morfologicamente distintas, chamadas fimbrias ou pili. A adeséo ao
hospedeiro também pode ser realizada por proteinas da membrana externa da
bactéria (La Ragione et al., 2000).

As fimbrias F1 sao filamentos de 1-2 ym de comprimento, presentes na

superficie bacteriana, cuja extremidade contém uma lectina (FimH) de
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reconhecimento de manose, que promove a aderéncia e a colonizagao
bacteriana a superficie das mucosas. Ja a fimbria P possui uma extremidade
que reconhece receptores glicolipidicos presentes em eritrocitos e ceélulas
renais (Wullt et al., 2000; Yamamoto, 2007). Por sua vez, o Curli € uma adesina
formada por uma estrutura enrolada encontrada na superficie externa da
maioria das cepas de E. coli, e codificada pelo gene crl (La Ragione et al.,
2000).

1.2.2 Resisténcia ao Soro

Apds a adesdo a mucosa, as EXPEC devem resistir ao efeito bactericida
do soro e evadir dos sistemas fagociticos de defesa do hospedeiro. A
resisténcia é conferida por uma conjuncao de fatores, combinando os efeitos
do LPS (lipopolissacarideo), a produgao de aerobactina, a presenga da capsula
K, do antigeno O e de proteinas de membrana (Wooley et al., 1992), como Iss,

(increased serum survival), uma lipoproteina da membrana externa bacteriana.

1.2.3 Sideroéforos

Outro componente essencial para a sobrevivéncia e crescimento de E.
coli extraintestinais € o ferro, essencial a producdo das proteinas da cadeia
respiratéria, que esta presente nos meios fisioldogicos dos animais em
concentracdes insuficientes para o crescimento bacteriano. Grande parte das
bactérias patogénicas extraintestinais desenvolveu sistemas de alta afinidade
para aquisicdo de ferro, que competem com os sideroforos dos hospedeiros e
permite o crescimento bacteriano em locais de baixa concentracdo de ferro
(Dho-Moulin and Fairbrother, 1999; Marrs et al., 2005). Os sistemas sideréforos
bacterianos incluem aqueles codificados pelos genes iucD, iroN, sitD e irp2
(Sorsa et al., 2003; Vokes et al., 1999).

1.2.4 Toxinas
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Outros fatores de viruléncia importantes na mediagdo de doencas
causadas por E. coli sdo as toxinas. A a-hemolisina € uma proteina citolitica
formadora de poros, que possibilita a insercdo da bactéria na membrana de
varias células eucaribticas, como eritrocitos, granuldcitos, mondcitos e células
endoteliais (Trabulsi et al., 1999). Outras toxinas ja identificadas em ExPEC
incluem vat (vacuolating autotransporter toxin), EAST1 (heat stable cytotoxin
associated with enteroaggregative E. coli), cnf 1/2 (Cytotoxic necrotizing factor)

and sat (secreted autotransporter toxin) (Ewers et al., 2007).

1.2.5 Invasinas

Uma forma pela qual as bactérias sobrevivem no interior dos seus
hospedeiros € o processo de invasao celular, que proporciona aos micro-
organismos uma forma de permanecer no hospedeiro sem estar em contato
com os efeitos do soro. Com a invasao, a bactéria pode se manter no nicho
celular a fim de se replicar ou apenas permanecer no interior do hospedeiro de
forma quiescente. As invasinas conhecidas para ExXPEC sao Tia, IbeA e GimB
(Kim, 2012).
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1.3 Fatores mais comumente associados a viruléncia

1.3.1 Fatores mais comumente associados a viruléncia de UPEC

A fimbria P ocorre em cerca de 80% dos isolados de UPEC responsaveis
por pielonefrite e representa uma das adesinas mais importantes e estudadas
no contexto das infecgdes do trato urinario (Wullt et al., 2000; Yamamoto,
2007). Outros fatores de viruléncia fortemente associados a UPEC sdo as
adesinas do tipo 1, a toxina a-hemolisina - codificada pelo gene hlyA - (Marrs et
al.,, 2005), a toxina CNF, o sideréforo aerobactina e a protease

autotranspotadora Sat.

1.3.2 Fatores mais comumente associados a viruléncia de APEC

Os fatores mais frequentemente associados a patogenicidade de APEC
incluem as fimbrias de aderéncia F1, Tsh (hemaglutinina sensivel a
temperatura), o sistema sideroforo aerobactina, a proteina Iss (fator de
resisténcia ao soro), a capsula K e a produgédo de Colicina V (Delicato et al.,
2003; Ewers et al., 2007; Tivendale et al., 2004).

1.3.3 Fatores mais comumente associados a viruléncia de NMEC

O fator de viruléncia mais comumente associado a NMEC, presente em
80% dos isolados, é a capsula K1 (Kim, 2012). Outros fatores fortemente
relacionados a viruléncia de NMEC s&o fatores envolvidos na adesao (Tipo 1 e
Fimbrias S), invasao (lbeA, gimB, OmpA e flagelina), resisténcia ao sistema
imunoldgico do hospedeiro (K1 capsula, O-LPS, Asla), produgdo de toxinas
(CNF1) e sobrevivéncia (salmoquelina, enterobactina).

Apesar de serem conhecidos varios genes envolvidos nos diferentes
passos da infecgdo, os mecanismos que permitem a sobrevivéncia de NMEC
no sangue, a bacteremia e a travessia da barreira sangue-cérebro pela bactéria

ainda nao foram totalmente elucidados (Tseng et al., 2012).
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1.4. Regulacéo dos genes de viruléncia

Patogenos bacterianos utilizam mecanismos especificos para mediar as
respostas adaptativas em diferentes ambientes; em situacdes de estresse no
hospedeiro, a adaptacao permite a sobrevivéncia nos diferentes nichos durante
a infeccdo. Para se adaptarem a esse novo meio, algumas bactérias utilizam
sistemas reguladores que traduzem os estimulos do ambiente, regulando a
expresséao de proteinas (Bertrand et al., 2010).

Um grupo de mais de 250 fatores de transcricdo controlam a expressao
dos genes em E. coli. Alguns desses fatores séo especificos de operons,
enquanto outros sdo conhecidos como reguladores globais, que coordenam a
expressao de dezenas de promotores em resposta a diferentes estimulos
ambientais (Martinez-Antonio and Collado-Vides, 2003). Ja foi relatado que
sistemas reguladores interferem na aquisicdo de nutrientes, nos mecanismos
de viruléncia, na resisténcia a antimicrobianos, entre outros mecanismos, em
diferentes bactérias (Zhou et al., 2003). No entanto, as fungdes especificas
para cada um desses sistemas ainda nao foram elucidadas, e mesmo aqueles
sistemas cuja funcdo ja foi descrita podem apresentar outras fungdes ainda
desconhecidas (Zhou et al., 2003).

Embora se conhegca muitos fatores de viruléncia associados a
patogenicidade das ExXPEC, a regulagdo da sua expressao ainda nao foi

elucidada.

1.4.1 Sistema regulador FNR

A fumarato-nitrato-redutase (FNR) €& uma proteina que atua como
regulador global, agindo como um sensor da presenga de oxigénio em
bactérias gram-negativas. A FNR esta presente em isolados patogénicos e
nao-patogénicos, e possui um papel importante na sobrevivéncia bacteriana
em meios com restricdo de oxigénio (Lazazzera et al., 1993; Shan et al., 2012).

Ja foi demonstrado que a proteina FNR esta relacionada com a regulagao
da viruléncia de bactérias patogénicas como Shigella flexneri e Salmonella
enterica serovar Typhimurium (Fink et al., 2007; Marteyn et al., 2010). Em S.
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flexneri, a FNR foi associada a regulagado de fatores relacionados a ilha de
patogenicidade LEE (locus of enterocyte effacement). Esse estudo mostrou que
o mutante para o gene fnr perdeu a capacidade de causar doenga em
camundongos (Marteyn et al., 2010). Além disso, FNR também atua regulando
diversos grupos de genes relacionados a viruléncia de S. enterica
Typhimurium; outro estudo mostrou que o mutante para fnr ndo foi capaz de
causar doenga em camundongos infectados e persistir em macrofagos in vitro
(Fink et al., 2007). No entanto, n&o existem estudos sobre FNR relacionados a

regulagéo de viruléncia em E. coli patogénicas.
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2. OBJETIVO:

Frente ao que foi exposto, este trabalho teve como objetivos:

Realizar a analise epidemiologica de cepas de Escherichia coli
patogénica aviaria e

Determinar como FNR, um regulador global, controla a expresséao de
fatores associados a viruléncia de ExPEC.

2.1 Objetivos especificos:

1. Avaliar a suscetibilidade de isolados de E. coli recuperados de lesdes
de celulite e de infecgdes sistémicas de frangos de corte em relagdo aos
principais agentes antimicrobianos empregados na avicultura;

2. Detectar a presenca dos principais fatores associados a viruléncia por
Reacdo em Cadeia da Polimerase (PCR) Multiplex;

3. Realizar a tipagem filogenética através do método ECOR,;

4. Analisar o perfil filogenético dos isolados de celulite e colissepticemia
pelo método de variagdo do espagamento intergénico.

5. Avaliar a viruléncia em modelo in vivo dos isolados de celulite e
colissepticemia.

6. Caracterizar, por bioinfomatica, os sitios em que a proteina FNR
interage com o DNA das cepas ExPEC padrao (APEC O1, UPEC CFTO073 e
NMEC 58);

7. Analisar os fenotipos mais caracteristicos de EXPEC (fimbria do tipo |,
fimbria do tipo P, motilidade, hemolisina A, metabolismo do a-cetoglutarato,
resisténcia a agentes antimicrobianos, entre outros) para cada par selvagem e
mutante fnr de ExPEC;

8. Analisar a expressao desses genes cujos fendtipos foram observados;

9. Analisar os possiveis mecanismos de regulagao da viruléncia;

10. Analisar, em modelo in vivo, a diferenca na viruléncia dos mutantes
em relagéo ao tipo selvagem, utilizando camundongos de 6 semanas de idade
como modelo de infecgao por UPEC, e ratos recém—nascidos como modelo de

infecgcao por NMEC.
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Abstract

We characterized 144 Escherichia coli isolates from severe cellulitis lesions in broiler chickens from South Brazil. Analysis of
susceptibility to 15 antimicrobials revealed frequencies of resistance of less than 30% for most antimicrobials except
tetracycline (70%) and sulphonamides (60%). The genotyping of 34 virulence-associated genes revealed that all the isolates
harbored virulence factors related to adhesion, iron acquisition and serum resistance, which are characteristic of the avian
pathogenic E. coli (APEC) pathotype. ColV plasmid-associated genes (cvi/cva, iroN, iss, iucD, sitD, traT, tsh) were especially
frequent among the isolates (from 66.6% to 89.6%). According to the Clermont method of ECOR phylogenetic typing,
isolates belonged to group D (47.2%), to group A (27.8%), to group B2 (17.4%) and to group B1 (7.6%); the group B2 isolates
contained the highest number of virulence-associated genes. Clonal relationship analysis using the ARDRA method revealed
a similarity level of 57% or higher among isolates, but no endemic clone. The virulence of the isolates was confirmed in vivo
in one-day-old chicks. Most isolates (72.9%) killed all infected chicks within 7 days, and 65 isolates (38.1%) killed most of
them within 24 hours. In order to analyze differences in virulence among the APEC isolates, we created a pathogenicity
score by combining the times of death with the clinical symptoms noted. By looking for significant associations between
the presence of virulence-associated genes and the pathogenicity score, we found that the presence of genes for invasins
ibeA and gimB and for group Il capsule KpsMTIl increased virulence, while the presence of pic decreased virulence. The fact
that ibeA, gimB and KpsMTII are characteristic of neonatal meningitis E. coli (NMEC) suggests that genes of NMEC in APEC
increase virulence of strains.
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Introduction V (ColV) or other large plasmids, and are thought to enable APEC
. o ) . . o strains to adhere to host tissues, survive within host fluids and resist
Extraintestinal infections caused by avian pathogenic Escherichia host immune defenses [10,11,12,13]. Different APEC strains may

coli (APEC) include omphalitis in embryos, salpingitis in laying
hens, respiratory tract infections, and cellulitis [1]. Cellulitis is one
of the most prevalent extraintestinal infections caused by APEC in
broiler chickens, and is characterized by the presence of
subcutaneous fibrinonecrotic plaques and inflammation of the

have unique combinations of different virulence factors that have
similar functions with regards to disease establishment. Despite our
knowledge about the APEC pathotype, we still depend on i vivo
assays to make sure that an F. coli isolate is able to cause an
extraintestinal infection [14] and to determine the degree of
virulence of the strain [8,15].

By genotyping a North American collection of APEC strains of
8 | - known virulence in one-day-old chicks [16], Johnson et al. [17]
produFtlon [6], leading to 'losses of at !east 18 thousand tons of identified five ColV-associated genes that distinguish an APEC
meat n 2011 [7] Depending on the v%rulence of the strain, the from a non-pathogenic strain. Schouler et al. [14] combined the
localized infections may become systemic [8]. virulence genotyping of a large European collection with i vivo
virulence tests in one-day-old chicks to identify four groups of
virulence genes associated with APEC. The virulence traits
proposed by Johnson et al. [17] and Schouler et al. [14] represent
potentially efficient ways for screening APEC strains occurring

overlying chicken skin, resulting in rejection of part or all of the
carcasses at processing [2,3,4,5]. In Brazil, cellulitis lesions are
estimated to cause the loss of 0.14 to 1.4% of poultry meat

The virulence genes that permit certain intestinal commensal £.
coli to become APEC and infect extraintestinal sites include those
encoding for the adhesins type 1 fimbriae and temperature-
sensitive haemagglutinin (T'sh), iron-scavenging systems and the
protectin Iss [9]. Most of these genes are often carried on Colicin
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during poultry production. Neither work, however, allows the
prediction of the degree of virulence of an APEC isolate.

In the present work we have genotyped 144 cellulitis isolates
from broiler chickens in Southern Brazil and tested them for
virulence in one-day-old chicks. We attributed a pathogenicity
score to each isolate, which takes into account not only the
number of deaths within 7 days, but also the clinical symptoms

PLOS ONE | www.plosone.org

Table 1. Prevalence of VAGs in cellulitis isolates as detected by PCR.

Gene(s) or operon Description Size n % (n=144)
Adhesins

afa/draB Afimbrial/Dr antigen-specific adhesin 809 pb 0 0
csgA Cryptic curlin subunit 200 pb 144 (100.0)
al Curli fiber gene 249 pb 127 (88.2)
fimC Type 1 fimbriae (D-mannose specific adhesin) 496 pb 132 (91.7)
hra Heat-resistant agglutinin 540 pb 66 (45.8)
iha Iron-regulated-gene-homologue adhesin 608 pb 18 (12.5)
papC Pilus associated with pyelonephritis 500 pb 44 (30.5)
sfa/focCD S fimbriae (sialic acid-specific) and F1C fimbriae 1222 pb 6 (4.2)
tsh! Temperature sensitive hemagglutinin 823 pb 96 (66.6)
mat Meningitis associated and temperature regulated fimbriae 898 pb 101 (70.1)
Iron acquisition

chuA Heme receptor gene (E. coli haem utilization) 278 pb 83 (57.6)
fyuA Ferric yersinia uptake (yersiniabactin receptor) 773 pb 67 (46.5)
ireA Iron-responsive element 384 pb 100 (69.4)
iroN’ Catecholate siderophore (salmochelin) receptor 846 pb 110 (76.4)
irp2 Iron repressible protein (yersiniabactin synthesis) 286 pb 96 (66.6)
jucD’ Aerobactin synthesis 710 pb 17 (81.2)
sitD chr. Salmonella iron transport system gene 553 pb 21 (14.6)
sitD ep.! Salmonella iron transport system gene 1032 pb 100 (69.4)
Protectins/Serum resistance

cvi/eva' Structural genes of colicin V operon (Microcin ColV) 597 pb 83 (57.6)
iss’ Increased serum survival 309 pb 114 (79.2)
neuC K1 capsular polysaccharide 675 pb 31 (21.5)
kpsMT I Group Il capsule antigens 269 pb 53 (36.8)
ompA Outer membrane protein 918 pb 137 (95.1)
traT’ Transfer Protein 429 pb 129 (89.6)
Toxins

astA EAST1 (heat stable cytotoxin associated with enteroaggregative E. coli) 110 pb 48 (33.3)
cnf1/2 Cytotoxic necrotizing factor 445 pb 0 0

sat Secreted autotransporter toxin 666 pb 2 (1.4)
vat Vacuolating autotransporter toxin 980 pb 51 (35.4)
hlyA Hemolysin A 350 pb 1 (0.7)
Invasins

gimB Genetic island associated with newborn meningitis 736 pb 14 9.7)
ibeA Invasion of brain endothelium 341 pb 30 (20.8)
tia Toxigenic invasion locus in ETEC strains 511 pb 26 (18.0)
Miscellaneous

pic Serin protease autotransporter 410 pb 38 (26.4)
malX Pathogenicity-associated island marker 921 pb 1 (7.6)
"Genes associated with large virulence plasmids in APEC, such as pAPEC-02-ColV [NC_007675], pTJ100 [AY553855], pAPEC-O1-ColBM [NC_009837], pAPEC-O1-R (
NC_009838), pAPEC-02-R NC_006671, pAPEC-O103-ColBM NC_011964, pAPEC-1 NC_011980.1.

doi:10.1371/journal.pone.0072322.t003

manifested before death and how quickly the infection kills birds.
The pathogenicity score represents an improvement on the
lethality test using the same number of animals, and may help
to discriminate between different degrees of APEC virulence. We
also characterized the isolates in terms of their resistance to 15
antimicrobial agents, their FE. coli reference collection (ECOR)
phylogenetic typing, and their clonal relationships.
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Materials and Methods

Ethics statement

All animal experiments were approved by the Biosafety
Committee of the Instituto de Pesquisas Veterinarias Desidério
Finamor (CIB 004/08), and chickens were euthanized according
to animal welfare norms.

Bacterial strains

One hundred and forty-four E. coli isolates were obtained
between October 2006 and March 2007 from severe cellulitis
lesions in 7-week-old broiler chickens at the time of their slaughter.
The isolates were collected from different poultry flocks in 65
distinct farms in various locations within the southern Brazilian
state of Parana (PR). Farms could have more than one flock of
broiler chickens: in order to ensure diversity of the strains, we
collected only one isolate per flock. Biochemical tests (triple sugar
iron, urease and MacConkey) were performed to confirm that all
isolates were E. coli [18]. All strains were stored at —80°C in Luria-
Bertani (LB) broth with 20% glycerol until they were needed.

Antibiotic resistance in APEC

The antimicrobial susceptibility of all APEC isolates was
examined using the disc diffusion test according to the Clinical
and Laboratory Standards Institute guidelines [18], using FEsche-
richia coli strain ATCC 25922 as a control. The 15 antimicrobial
agents tested were: ampicillin (10 U), bacitracin (10 U),
cephalothin (30 pg), ceftiofur (30 pg), ciprofloxacin (5 pg), chlor-
amphenicol (30 pg), enrofloxacin (5 pug), gentamicin (10 pg),
neomycin (30 pg), nitrofurantoin (300 pg), norfloxacin (10 pg),
tetracycline (30 pg), sulphonamides (300 pg), trimethoprim (5 pg)
and a combination of sulphonamides and trimethoprim (23.7 pg
plus 1.3 pg). All antimicrobial discs were from CEFAR (Sao Paulo,
Brazil). These antimicrobials were selected because they are, or
were previously, employed in the poultry industry as growth
promoters, for disease prevention and/or for treatment. The
breakpoints were obtained from CLSI 2009 [18] for all
antimicrobials, except for ampicillin, cephalothin, chloramphen-
icol and enrofloxacin [19], ceftiofur [20] and neomycin [21].

DNA extraction

Bacterial DNA was obtained from whole organisms by boiling
[22]. The extracts were stored at 4°C, and the supernatants were
used as templates for gene amplification.

Multiplex polymerase chain reactions

The presence of 33 virulence-associated genes in the isolates
(Table 1) was investigated using multiplex polymerase chain
reactions as described [23] with a few modifications, as outlined in
[22].

Table 1. Prevalence of VAGs in cellulitis isolates as detected by
PCR.

PCR-based classification into "ECOR" phylogenetic
groups

All 144 isolates were classified using the multiplex PCR-based
phylogenetic typing method of Clermont et al. [24], which groups
strains into the four main phylogenetic groups shown in the
reference strains in the ECOR collection [25]. Reactions were
performed in a GenePro Thermal Cycler (Bioer Technology,
China) as follows: denaturation for 4 min at 94°C, 30 cycles of 5 s
at 94°C and 10 s at 59 °C, and a final extension step of 5 min at
72°C.
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Phylogenetic analysis

Genetic data was obtained using the Amplified Ribosomal DNA
Restriction Analysis (ARDRA) method [26]. This method is based
on the variability of the ribosomal 16S-23S intergenic spacer
region (ISR), which is well-distributed among isolates and has slow
rates of mutation, and hence is considered useful for measuring
intra-species diversity [26,27]. The ISR region was amplified and
digested with restriction enzymes (Rsal, Hinfl or Taql) as previously
described [22]. ARDRA restriction fragment length polymor-
phism profiles were analyzed by eye, and were converted into two-
dimensional binary matrices according to the following criteria: 1
if a band was present, and 0 if it was absent. A matrix of distances
was calculated and a dendrogram was produced using the
NTSYS-pc program (version 2.0, Exeter Software, Setauket,
NY). The Unweighted Pair Group Method with the Arithmetic
Mean (UPGMA) was used.

Lethality and pathogenicity tests

Groups of 10 one-day-old Cobb female chicks were inoculated
subcutaneously with 100 pL (10° CFU) of an overnight culture
containing ~10° CFU/mL of cach APEC isolate. A control group
was inoculated with BHI broth. The animals were observed at 12
h intervals over 7 days, with all deaths being recorded. The
lethality score (LS) was calculated according to the number of
animals that died within this period with a range from 0 (no
animal died) to 10 (all animals died) [2,28]. At 7 days post-
infection, surviving chicks were killed by cervical dislocation, and
clinical scores were recorded. Times of death and clinical scores
were combined to give pathogenicity scores (PS), as described by
Barbieri et al. [22]. Briefly, we performed postmortem examina-
tions after chick deaths, looking for evidence of airsacculitis (A),
pericarditis (P), perihepatitis (Ph), peritonitis (Pe) and cellulitis (C).
The presence of a lesion was given the value 1, and its absence, the
value 0. Pathogenicity scores (PS) were calculated from the
equation PS = (TD x 5) + P + Pe + Ph + A + C, in which TD
corresponds to the day of chick death, which has a value of 1 if the
animal dies on the first day, and is reduced by 0.14 for each day
that the animal survives up to day 7, which has the value 0.
According to this equation, the PS can vary from 0 to 10.

Animals that died on the first day after inoculation had their
livers dissected, homogenized and plated on lactose-containing
MacConkey agar to identify E. coli; a PS = 10 score was attributed
to these animals. The PS for each strain was calculated as the
median PS for the 10 chicks infected with that particular strain.

RNA purification and quantitative real-time RT-PCR

E. coli strains PROOL, PRO13, PRO17 and PR034 were grown
overnight in BHI media. RNA from these strains was stabilized by
RNAprotect Bacterial Reagent (QIAGEN) and extracted using an
RNeasy Mini Kit (QIAGEN) with a one-hour in-tube DNase
digestion (QIAGEN) to remove possible DNA contamination
according to the manufacturer’s instructions. Two biological
replicates of each sample were prepared. The concentration of
RNA was determined using a Spectrophotometer (ND-1000)
(NanoDrop).

For quantitative real-time RT-PCR, melting curve analyses
were performed after each reaction to ensure amplification
specificity. Differences (n-fold) in transcripts were calculated using
the relative comparison method, and amplification efficacies of
each primer set were verified as described by Schmittgen et al.
[29]. RNA levels were normalized using the housekeeping gene tus
encoding DNA replication terminus site-binding protein as
endogenous control [30]. Quantitative real-time RT-PCR (qRT-
PCR) was performed with a Bio-Rad 105 iCycler detection system
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using iScript one-step RT-PCR kit with SYBR Green (Bio-Rad)
according to the manufacture’s instruction [31].

Statistical analysis

Pathogenicity and lethality scores, resistance and number of
virulence-associated genes (VAGs) were treated as quantitative
variables and described by mean * standard deviation (SD). Data
was analyzed using non-parametric tests due to asymmetry in their
distributions, except for number of VAGs. For comparisons
among ECOR groups, one-way ANOVA and the Kruskal-Wallis
methods were used. The relationship between the presence of a
gene and the pathogenicity score was analyzed using the Mann-
Whitney test, by comparing the scores in isolates with and without
this particular gene. All statistical analysis was carried out with the
Statistical Package for the Social Sciences (IBM SPSS v.18.0) or
WinPEPI v.11.18 (Abramson, J.H. WINPEPI updated: computer
programs for epidemiologists, and their teaching potential.
Epidemiologic Perspectives & Innovations 2011, 8:1). Statistical
significance was accepted at p=0.05.

Results

Antibiotic resistance among the APEC isolates

All 144 APEC isolates were tested for susceptibility to 15
antimicrobial agents that have, at some point, been commonly
employed in the Brazilian poultry industry, either as growth
promoters, to prevent infection and/or for treatment. It was found
that the APEC isolates were susceptible to the majority of
antimicrobials. The frequency of resistance to all the antimicro-
bials was less than 30% except for tetracycline and sulphonamides
(with frequencies of 69.4% and 59.7% resistance, respectively)
(Fig.1). For the exact resistance values, see the shadowed boxes in
Figure 2.

With respect to the sites of antibiotic action, 29.2% of the
isolates were resistant to at least one of the antimicrobials that act
on the cell wall (ampicillin, bacitracin, cephalothin, ceftiofur);
11.8% were resistant to at least one of the antimicrobials that
inhibit nucleic acid synthesis (ciprofloxacin, enrofloxacin, norflox-
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Figure 1. Antimicrobial susceptibility of cellulitis isolates. The
susceptibility of 144 APEC isolates to 15 antimicrobials was tested
individually using disc diffusion tests.
doi:10.1371/journal.pone.0072322.g001
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acin); 68.0% were resistant to at least one of the antimicrobials
that block protein synthesis (chloramphenicol, gentamicin, neo-
mycin, tetracycline; but the percentage was only 15.3% if
tetracycline 1s excluded); and 59.7% were resistant to at least
one of the antimicrobials that target folate synthesis (sulphon-
amides, trimethoprim, sulpha + trimethoprim; but only 29.2% if
sulphonamides are excluded).

When we analyzed multi-resistance patterns, we observed that
18% of all isolates were susceptible to, or had intermediate
resistance to, all antibiotics tested. T'wenty per cent were resistant
to at least one agent; 17% to 2; 19% to 3; and 11% to 4. Fifteen
per cent were resistant to 5 or more, and one strain (PR133) was
resistant to 10. It is noteworthy that there was no antimicrobial
agent to which all 144 APEC strains were susceptible. Figure 2
shows the percentage of strains with resistance to given pairs of
antimicrobials.

Genotyping by multiplex polymerase chain reaction

The prevalence of virulence-associated genes (VAGs) among the
APEC isolates is shown in Table 1. The factors fimC, ompA, traT,
¢sgd and ¢rld were the most frequent VAGs. Overall, the isolates
had an average of 15.2 VAGs.

Virulence factors related to adhesion, iron acquisition and
serum resistance were present in all strains, with the exception of
strain PRO10 (median PS 9.1; Fig. S1), which did not contain any
of the iron acquisition systems tested. ColV plasmid-associated
genes (iro, iss, weD, sitD, traT, tsh) occurred in the majority of the
isolates (from 89.6 to 66.6%), although the ColV-encoding genes
cvi/cva were present in only 57.6% of the isolates (Table 1). The
factors afa/dra and cnf1/2 were not detected in any isolate, while
¢sgd was detected in all the isolates. The VAGs harbored by each
isolate are presented in Figure S1.

Lethality and pathogenicity tests

Lethality and pathogenicity tests in day-old chicks were used to
evaluate the virulence of the APEC isolates as described in the
Materials and Methods section, and the results for each strain are
presented in Figure S1. Most isolates were lethal: 105 (72.9%) of
the isolates killed all 10 chicks within 7 days (LS = 10); 14 isolates
(9.7%) killed 9 chicks, 9 isolates (6.2%) killed 8 chicks, 5 isolates
(3.5%) killed 7, 4 isolates (2.8%) killed 6, 2 isolates (1.4%) killed 5,
3 isolates (2.1%) killed 4, 1 isolate killed 3 chicks (0.7%), and 1
killed 1 chicken (0.7%). Overall, the isolates had a lethality score of
9.26. None of the chicks inoculated with BHI or MG1655 (the
negative controls) died.

In addition to the LS, we also determined the pathogenicity
scores. The PS takes into account the clinical symptoms and how
quickly the infection kills birds, in addition to how many chicks die
within 7 days [22]. Thus, while an LS of 10 means that all 10
chicks died within seven days, a PS of 10 means that most of the 10
chicks died on the first day. Fifty-six isolates (38.1%) had a median
PS = 10; 36 (25%) had a 9.9 > median PS > 7.0; 42 (29.2%) had
a 6.9 > median PS > 5.0; and 10 (6.9%) had a median PS lower
than 5. Overall, the APEC isolates had a pathogenicity score of
8.01. Chicks inoculated with BHI displayed no signs of infection,
while chicks inoculated with MG1655 displayed only small
cellulitis lesions at the inoculation sites (Fig. 3). Figure 3 displays
the data for a few isolates that illustrate different PS.

PCR-based classification into ECOR phylogenetic groups

We performed phylogenetic typing of the APEC isolates using
the Clermont method [24]. This technique uses the chud and 1jad
genes and 7spE4C2 fragment to allocate E. coli strains to
phylogenetic groups A, Bl, B2 and D. In previous studies,
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Figure 2. Association between resistance to 15 antimicrobials, presence of 31 VAGs' and ECOR group among 144 APEC isolates.
Numbers indicate the percentage of isolates that have both traits, while numbers in shadowed boxes indicate the percentage of isolates that have
the corresponding trait; * p=<0.001 using . ND, not determined." afa and cnf are not included, since they were not present in any strain, and csgA is

not included, since it was present in all strains.
doi:10.1371/journal.pone.0072322.g002

virulent extraintestinal strains were found to belong mainly to
group B2 and, to a lesser extent, to group D, whereas most
commensal strains belonged to group A [24,25]. The distribution
of our APEC isolates among the four phylogenetic groups is shown
in Table 2. As determined by PCR, most of the strains (47.2%)
belonged to group D.

Table 2 also shows the mean number of antimicrobials to which
the strains were resistant, and the mean number of VAGs and
pathogenicity and lethality scores of strains according to their
ECOR group. No statistical differences were observed among the
phylogenetic groups in relation to resistance (p > 0.10). Isolates
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Figure 3. Pathogenicity scores for MG1655 and five cellulitis
isolates. Ten one-day old chicks were infected with each isolate and
observed for 7 days as described in the Materials and Methods section.
Data points represent the PS for each chick, and horizontal bars
represent the median PS for each isolate. Strain MG1655 was included
as negative control.

doi:10.1371/journal.pone.0072322.9003
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from group B2 possessed a significantly higher number of VAGs
per strain, and the remaining groups did not differ in terms of the
number of VAGs they possessed. Figure 2 shows the VAGs
positively linked (p=0.001) to ECOR groups A, B1, B2 and D. As
for the lethality and pathogenicity scores, the B2 strains had on
average the highest values, whereas the Bl and D groups had the
lowest values.

In an attempt to find out what increases the virulence of APEC
1solates in one-day-old chicks, we looked for significant associations
between the presence of VAGs and pathogenicity scores (Table 3).
We found that a higher PS was positively linked (p=0.05) to the
VAGs kpsMTII, gimB and ibeA, but negatively linked (p=0.005) to

pue.

Expression of kpsMTIl, gimB, ibeA and pic

We quantified the expression of kpsMTII, gimB, ihed and pic in
four strains that contain different combinations of these VAGs,
namely PRO1 (pic), PRO13 (kpsMTII, gimB and ibed), PRO17
(kpsMTII and gimB) and PRO34 (gimB, ibed and pic), using tus as a
housekeeping gene. Figure 4 shows that all strains expressed these
genes.

Phylogenetic Analysis

We used the ARDRA method to evaluate genetic diversity
among the 144 isolates. A similarity matrix was generated based
on the presence or absence of restriction bands and strains were
clustered accordingly. The ARDRA profiles of the strains are
shown in Figure S2. We found 104 different ARDRA profiles
among the 144 isolates; 82 of them had distinct band patterns,
while the remaining 62 isolates fell into 22 groups each containing
2 to 6 strains with the same band pattern. The majority of isolates
with similar band patterns came from different farms, and only 4
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Table 2. ECOR groups among the 144 cellulitis isolates (within parentheses, number of strains) and respective mean and standard
deviation for antimicrobial resistance, number of VAGs, lethality scores and pathogenicity scores.

ECOR groups (number of isolates)

A (40) B1 (11) B2 (25) D (68) p value
Resistance 29*19 27%22 1.8+1.8 25*2.1 0.144°
Resistance (-tetra,sulpha)’ 14+1.6 14+1.9 0.9+1.2 12+1.6 0.441°
VAGs (34) 13.9+28 a 145+2.8 a 175+29 b 153+25a <0.001*
APEC VAGs (8)? 45+1.4 45+1.2 43*14 46+1.2 0.732°
Lethality score 9.6+0.9 ab 81*x24b 9.8+0.8 a 9.1*x19b 0.005°
Pathogenicity score 83+*1.7 ab 7.3+2.7 ab 89*15a 7623 b 0.050°

2APEC VAGs: papC, tsh, irp2, iucD, cva/cvi, iss, astA and vat.
30ne-way Kruskal-Wallis.

*One-way ANOVA.

doi:10.1371/journal.pone.0072322.t001

of the 22 groups contained strains collected from the same farm
(column “Origin” in Fig. S2). It is noteworthy that strains with the
same band pattern have different virulence genotypes and could
belong to distinct ECOR groups.

From the dendrogram, eight major clusters could be grouped at
a similarity level of 80% or more (Fig. S2, right), with the majority
of isolates falling into clusters A and B.

Discussion

Antimicrobial therapy is one of the primary control measures
for reducing the morbidity and mortality caused by APEC
infections. Since the indiscriminate use of antimicrobials leads to
the selection of resistant isolates, they need to be used prudently in
order to preserve their therapeutic usefulness in both animals and
humans [32]. Among the 144 APEC strains isolated from cellulitis
lesions in Brazil, the highest frequency of resistance was against
tetracycline (69.4%), in agreement with the observations of others
[33,34,35,36,37,38,39,40]. This is not surprising since tetracycline
has been used extensively for several decades, primarily as a feed
additive in the poultry industry, and is the oldest antimicrobial on
the market that was tested in this work. As a consequence,
resistance to tetracycline has increased over the years.

Apart from tetracycline and sulphonamides, the frequency of
resistance to the other antimicrobials was fairly low. Despite that,
resistance to at least one antimicrobial was observed in almost all
isolates (85.9%), and about half (54.6%) exhibited resistance to
three or more antibiotics, as observed in previous work [35,39,40].
Frequencies of resistance to nitrofurantoin and sulpha + trimeth-
oprim were much lower in the strains collected between 2006-
2007 (this work) than in strains collected between 1998-2000
within the same Southern Brazilian region [2]. We expect that the
increasing restrictions on the use of antimicrobials in the poultry
industry will, in the near future, result in a considerably lower
frequency of resistance of APEC strains to antimicrobial agents.

Our phylogenetic typing results showed that the APEC mainly
belong to E. coli reference collection (ECOR) group D, in contrast
to studies in the USA, China and Germany, in which most isolates
were found to be in group A [17,23,41,42], and in France where
they were found to be in group B2 [43]. In all the cited studies,
including ours, isolates belonging to group Bl were rare.
Extraintestinal isolates from poultry seem, therefore, to be broadly
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"Mean number of antimicrobials to which strains were resistant, excluding tetracycline and sulphonamides.

“One-way ANOVA; means indicated by the same letter did not differ using the SNK test (0.05 level).

50One-way Kruskal-Wallis; means indicated by the same letter did not differ using the Kruskal-Wallis adjusted for multiple comparisons (0.05 level).

distributed between groups A, B2 and D, but not group B1. It is
important to note, however, that the multiplex-PCR method of
Clermont et al. (2000) may sometimes classify strains actually
belonging to group B1 as group A [24].

An APEC is defined as an E. coli isolated from an extraintestinal
infection of birds. Since infections can be localized or systemic,
and caused by more or less virulent strains, an APEC collection
will include isolates with widely varying degrees of virulence. It can
be argued that the higher the virulence of an APEC, the greater its
potential to cause a systemic infection. Moreover, immunocom-
promised birds can be infected with less virulent APECs or even
avirulent commensal Z. coli. The genotyping of the 144 cellulitis
1solates revealed that all of them harbor virulence factors related to
adhesion, iron acquisition (with the exception of strain PR010) and
serum resistance, which are characteristic of the APEC pathotype.
Thus, as in previous reports [2,4,36], our results demonstrate that
cellulitis APEC isolates are indistinguishable from septicemic
APEC isolates on the basis of virulence factors. Yet the genotype
does not guarantee that an extraintestinal £. coli is truly an APEC,
so i vivo assays are necessary to confirm that the isolate does
indeed cause infection.

Since it is not feasible to perform in vivo virulence tests on a large
number of strains in 3- or 5-week-old chickens, large APEC
collections are tested in one-day-old chicks [2,14,28,43]. To
analyze the virulence of our strains, we used lethality tests (LS) on
one-day-old chicks. The majority of our strains were lethal to these
chicks within 7 days, strongly suggesting that they were virulent
APEC.

To better analyze the virulence of a given strain, we combined
an analysis of organ lesions with how quickly the infection killed
the chicks, to provide a pathogenicity score (PS), which is more
likely to detect differences in virulence among APEC strains than
the lethality score. Mortality and organ lesions in one-day-old
chicks have previously been used to classify APEC strains as
having high, intermediate or low pathogenicity [16,44]. On the
basis of their classification, the majority of our strains were found
to be highly pathogenic; only ten had a PS lower than 5. Our
phylogenetic analysis using ARDRA failed to identify a prevalent
APEC clone. Instead, the population of cellulitis isolates proved to
be diverse, with few strains belonging to the same clone.

We then analyzed which genes influenced the PS; we found that
the presence of genes for invasins thed and gimB and for group 11
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capsule ApsMTII increased virulence, while the presence of pic
decreased virulence. The expression of these genes in BHI was
confirmed by quantitative RT-PCR in four isolates. In agreement
with these findings, it has been observed that APEC strains M'T78
and IMT5155 caused a systemic infection when inoculated
intratracheally into 5-week-old chickens, while UEL17 remained
restricted to the lungs [8]. The main differences in the virulence
genotypes among the three strains are the absence of ed, gimB,
neuC and KpsMTII, and presence of pic in UEL17 [8]. Genes ibed
and ApsMTII have been associated with APEC virulence [45,46].
Although bed, gimB and EpsMTII were not found to be present in
the majority of APEC strains (Table 1) [17,23,45,47] and cannot,
therefore, be considered defining traits of APEC, they may be
“significant but minority traits” in increasing APEC virulence
[47]. Since ibed, gimB and KpsMTII are characteristic of NMEC
[23,48], we may conclude that the genes that render an APEC

PLOS ONE | www.plosone.org

Table 3. Relationship between APEC pathogenicity score (PS) and presence of different genes.

Gene + Gene -
Gene? Average PS Number of isolates Average PS Number of isolates P°
crlA 8.11 127 7.26 17 0.300
fimC 7.92 132 9.01 12 0.100
hrlA 7.93 66 8.08 78 0.377
iha 8.28 18 7.97 126 0.925
papC 8.37 44 7.86 100 0.264
sfa/foc 8.88 6 7.98 138 0.377
tsh 7.87 96 8.31 48 0.269
mat 8.09 101 7.82 43 0.559
chuA 7.96 83 8.09 61 0.756
fyuA 7.84 67 8.16 77 0.282
ireA 7.84 100 8.40 44 0.204
iroN 8.01 110 8.01 34 0.886
irp2 7.87 96 8.29 48 0.344
iucD 8.03 17 7.93 27 0.770
sit chr 8.67 21 7.90 123 0.078
sit Ep 8.08 100 7.86 44 0.362
cvi/cva 8.24 83 7.71 61 0.176
iss 8.03 114 7.94 30 0.790
neuC 7.69 31 8.10 113 0.663
kpsmTi 8.61 53 7.66 91 0.004*
ompA 7.99 137 839 7 0.865
tratT 7.96 129 8.49 15 0.443
astA 7.89 48 8.08 96 0.864
sat 6.25 2 8.04 142 =
vat 7.84 51 8.11 93 0.475
hlyA 6.28 1 8.03 143 =
gimB 9.10 14 7.90 130 0.026*
ibeA 8.56 30 7.87 114 0.042*
tia 8.60 26 7.88 118 0.178
pic 7.11 38 834 106 0.006*
malX 8.09 1 8.01 133 0.844
aGenes that occurred in none (afa/dra, cnf1/2) or all (csgA) isolates are not listed.
PExact p values for the Wilcoxon-Mann-Whitney test.
*p=0.05.
doi:10.1371/journal.pone.0072322.t002

more similar to NMEC increase virulence, and the zoonotic risk.
Interestingly, Mora et al. [49] observed that the extraintestinal £.
coli clonal group O25b:K1:H4-ST131 harboring ibed and ApsMTI1
has recently emerged among APEC isolates.

The gene pic, like £sh, encodes a serine protease autotransporter
protein, and was included in the screening of VAGs in APEC
isolates [15,23] because it had been implicated in UPEC virulence
[50]. However, according to our results, the presence of pic was
associated with decreased virulence of APEC in day-old chicks
(Table 3). The construction of a pic mutant would help to elucidate
its role in APEC virulence.

In summary, in this work, we genotyped and performed
virulence tests  vwo on the largest number of APEC isolates from
severe lesions of cellulitis described so far. In addition, our data
provide a comprehensive overview of the susceptibility of cellulitis
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Figure 4. Expression of genes found to influence the PS. Real-
time quantitative RT-PCR was used to analyze the expression of kpsMTII,
gimB, ibeA and pic in PRO01, PRO13, PRO17 and PR034. Act expresses
Ctinean SUbtracted of ctyean Of tus (housekeeping gene) of the respective
isolate. Data represent the average * SD of two experiments done in
triplicates.

doi:10.1371/journal.pone.0072322.g004

isolates currently found in south Brazil to antimicrobials and their
phylogenetic status.

Supporting Information

Figure S1 Characterization of 144 APEC isolates. Col-
umns from left to right: Stran, isolate designation; Orgin, source of
the isolate; Resistance, number of antimicrobials to which the isolate
was resistant; the subsequent columns depict the PCR results for
all VAGs tested, with presence indicated in black and absence
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indicated in white (except for afa and enf 2, which were absent
from all isolates); no. VAGs, total number of VAGs in each isolate;
LS, lethality score; PS median (range), median pathogenicity score
(range); PS mean * SD, mean pathogenicity score * standard
deviation; ECOR, ECOR phylogenetic group; Cluster, strains with
80% similarity were grouped into 8 genotypic clusterings (A to H).

(PDF)

Figure S2 ARDRA profile of 144 APEC isolates. The
ARDRA dendrogram was constructed by UPGMA based upon
enzyme restriction digestion of amplified 16-23S DNA intergenic
spacer regions. The column Strain shows isolate designation; the
column Orgin, source of isolate, with 1 to 65 designating each of
the 65 farms from which the isolates were collected. Cluster
designates the 8 genotypic clusters (A to H) into which strains with
80% similarity were grouped. E. colt ATCC25922 was analyzed as
a reference strain.
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ABSTRACT

Avian pathogenic Escherichia coli (APEC) are the etiological agent of
localized or systemic extraintestinal infections in poultry, and both cause great
economic losses to the poultry industry. We have determined the prevalence of
34 virulence-associated genes in 52 isolates from colisepticemic broiler
chickens from South Brazil. All strains harbor virulence factors related to
adhesion, iron acquisition and serum resistance, frequently found in APEC, and
the most frequent factors were fimC, csgA and crlA. Here we performed the
ECOR phylogenetic typing in isolates using the Clermont method. Most isolates
(39%) belonged to group D; 29% belonged to group A; 15%, to group B2 and
17%, to group B1. We have also assessed their clonal relationship by
phylogenetic analysis using the Amplified Ribosomal DNA Restriction Analysis
(ARDRA) and pulse-field gel eletrophoresis (PFGE) methods. Our analysis did
not identify a prevalent APEC clone; instead, the population of APEC isolates
was diverse, with few strains belonging to the same clone, and we found that
one animal could be infected with 2 distinct pathogenic strains. In one case,
three distinct isolates were isolated from liver, heart and intestine of the same
colisepticemic bird. All isolates were tested for virulence in one-day-old COBB
chicks. The lethality score represents the number of animals that died within
seven days, while the pathogenicity score combines the times of death with
clinical evidence of air sacculitis, pericarditis, perihepatitis, peritonitis and
cellulitis, as observed postmortem. According to lethality score, most isolates
(67%) were lethal, and almost half of isolates (58%) were highly pathogenic to
one-day-old chicks. Our results represent genotyping and in vivo virulence
testing of colisepticemic isolates surveyed in a single analysis to date, and also
we found for the first time that one animal could be infected with 2 distinct

pathogenic strains.

Keywords: avian pathogenic Escherichia coli; avian cellulitis; virulence

factors; phylogenetic grouping; in vivo virulence.
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INTRODUCTION

Avian pathogenic Escherichia coli (APEC) are the etiological agent of
extraintestinal infections in poultry, known as colibacillosis. Colibacillosis is one
of the main causes of morbidity and mortality in chickens, affecting all stages of
production, and causing significant economic losses to the poultry industry
worldwide. The infection normally initiates in the upper respiratory tract and
affects other organs - such as lungs, air sacs, liver, heart and spleen - often
culminating in a generalized infection (Barnes and Gross 1997; Dziva and
Stevens 2008).

Brazil is the largest exporter and the third largest producer of poultry
meat in the world (UBABEF 2013). Colibacillosis affects all stages of
production, and it causes significant economic losses to the poultry industry
(Dozois and others 1992; Johnson and others 2006). Considering the loss of
colibacillosis as predicted by Fallavena and collaborators (Fallavena and others
2000) and the production of poultry meat in 2012 (UBABEF 2013), about 29
thousand tons of meat were lost just due to APEC infection in this year,

accounting for almost 14 million dollars (Alves and others 2006).

One of the primary control measures for reducing morbidity and mortality
caused by APEC infections is antimicrobial therapy. However, the constant
monitoring of antimicrobial use is necessary to avoid the selection of resistant
isolates and preserve these drugs for therapy both in animals and humans
(Gyles 2008).

The virulence associated genes commonly associated with APEC are the
fimbrial adhesins type 1 fimbriae and temperature- sensitive haemagglutinin
(Tsh), iron-scavenging systems, outer membrane proteins, the protectin Iss;
and the K1 capsule and O1, 02, 08, O11, 018, 025, 036, 078, O111
serogroups (Dziva and Stevens 2008; Rodriguez-Siek and others 2005b). The
virulence genes permit APEC strains to adhere to host tissues, survive within
host extraintestinal tissues fluids and resist host immune defenses (Brito and
others 2003; Ewers and others 2007).
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The fact that APEC strains have diverse combinations of virulence
associated genes, makes it necessary to do in vivo assays to determine
whether that an E. coli isolated from a diseased chicken is able to cause an
extraintestinal infection (Schouler and others 2012), and also to determine the

degree of virulence of the strain (Barbieri and others 2013).

The objective of this study was to analyze the prevalence of virulence
associated factors and antimicrobial susceptibility in E. coli isolates from
colisepticemic broiler chickens in Southern Brazil. We analyzed 52 isolates from
30 animals with clinical symptoms of colibacilosis for virulence associated
genes, antimicrobial susceptibility, virulence in 1-day old chicks, serotype,
phylogenetic typing, and performed ARDRA and PFGE to establish the clonal

clonal relationships of these isolates.

We used phylogenetic analysis as a tool to measure the genetic diversity
among isolates using molecular markers. It is an important tool to identify the
differences among isolates in the same geographic region and among virulence
associated genes. These approaches allowed us to characterize APEC strains
from a specific geographic area (Garcia-Martinez and others 1996; Lee and
Maurer 2000). In addition, we found for the first time that one animal could be

infected with 2 distinct pathogenic strains.
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Material and Methods

Bacterial strains

Fifty two E. coli isolates were obtained from colisepticemic lesions from
30 7-week-old broiler chickens, at the time of their slaughter, from September
2007 to January 2008, and from January 2010 to May 2010. Separete sampling
of strains were isolated from different organs from: heart, liver, air sacs, cellulitis

and lesions of intestine.

The isolates were collected from different poultry flocks in 14 distinct
farms in various locations within the southern Brazilian state of Rio Grande do
Sul (RS). Biochemical tests (triple sugar iron, urease and MacConkey) were
performed to confirm that all isolates were E. coli (CLSI 2009). All strains were
stored at -80 °C in Luria-Bertani (LB) broth with 20% glycerol until they were
needed.

Antimicrobial resistance in APEC

The antimicrobial susceptibility of all APEC isolates was examined using
the disc diffusion test according to the Clinical and laboratory Standrds Institute
guidelines (CLSI 2008; 2009; Sayah and others 2005; Up 2003) and using E.
coli strain ATCC 25922 as a control, as described (Barbieri and others 2013).
The antimicrobial aents tested were: ampicillin (10 U), bacitracin (10 U),
cephalothin (30 ug), ceftiofur (30 ug), ciprofloxacin (5 ug), chloramphenicol (30
Mg), enrofloxacin (5 pg), gentamicin (10 pg), neomycin (30 pg), nitrofurantoin
(300 ug), norfloxacin (10 pg), tetracycline (30 ug), sulphonamides (300 pg),

trimethoprim (5 ug) and a combination of sulphonamides and trimethoprim (23.7

Mg plus 1.3 pg).

DNA extraction and multiplex polymerase chain reactions and

Bacterial DNA was obtained from whole organisms by boiling (Barbieri
and others 2012). The extracts were stored at 4°C, and the supernatants were

used as templates for gene amplification.
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The presence of 34 virulence-associated genes in the isolates was
investigated using multiplex polymerase chain reactions as described in
(Barbieri and others 2012).

Serotyping

Serotyping was performed by tube agglutination with rabbit anti-E. coli
immune sera produced against a panel of antigenic test strains of E. coli

containing E. coli O groups 1-173 and E. coli H groups 1-56.

PCR-based classification into "ECOR" phylogenetic groups

All 52 isolates were classified using the multiplex PCR-based
phylogenetic typing method of Clermont (Clermont and others 2000), which
groups strains into the four main phylogenetic groups shown in the reference
strains in the ECOR collection (Herzer and others 1990). Reactions were
performed as described in (Barbieri and others 2012).

ARDRA Phylogenetic analysis

Genetic data was obtained using the Amplified Ribosomal DNA
Restriction Analysis (ARDRA) method as previously described in Barbieri, 2013
(Barbieri and others 2013).

PFGE Phylogenetic analysis

All strains were subjected to molecular subtyping using PFGE. Isolates
were analyzed using the method of Ribot (Ribot and others 2006). Briefly,
frozen isolates were struck to TSA plates and incubated at 37 °C for 18-24 h. A
single colony was inoculated onto a second TSA plate and incubated at 37 °C
for 18—-24 h. Colonies were transferred to 5-mL polystyrene round-bottom tubes
containing 2 mL of cell suspension buffer (100mM Tris HCI [pH 8.0], Invitrogen;
and 100mM EDTA [pH8.0],Gibco), adjusting the concentrations to an
absorbance of 0.9-1.1 in a spectrophotometer at 610 nm. After that, the

preparation, lysis, and washes of plugs, and then the Xbal enzyme restriction

41



digestion were performed according to the PulseNet protocol. Salmonella
Branderup H9812 was used as a DNA marker. The electrophoresis was carried
out in a Chef Mapper (Bio-Rad Laboratories) PFGE rig, with an initial switch

time of 5 s, a final switch time of 40 s, and a total running time of 17 h 45 min.

After staining the gels with ethidium bromide, they were visualized using
a UVP imager. Macrorestriction patterns were compared using the BioNumerics
Fingerprinting software (Ver 6.5 Applied Math, Austin,TX). The similarity index
was calculated using the Dice coefficient, a band position tolerance of 1%, and
an optimization of 0.5%. The unweighted-pair group method with arithmetic
averages was used to construct a dendrogram, and clusters were selected

using a cutoff at 80% (Buyukcangaz E and others 2013).

Lethality and pathogenicity tests

Lethality and pathogenicity tests were performed as described (Barbieri
and others 2013; Barbieri and others 2012). Briefly, groups of 10 one-day-old
Cobb female chicks were inoculated subcutaneously with 100 uL (10® CFU) of
an overnight culture containing ~10° CFU/mL of each APEC isolate. A control
group was inoculated with BHI broth. The animals were observed at 12 h
intervals over 7 days, with all deaths being recorded. The lethality score (LS)
was calculated according to the number of animals that died within this period
with a range from 0 (no animal died) to 10 (all animals died). At 7 days post-
infection, surviving chicks were killed by cervical dislocation, and clinical scores
were recorded. Times of death and clinical scores were combined to give
pathogenicity scores (PS). We performed postmortem examinations, looking for
evidence of air sacculitis (A), pericarditis (P), perihepatitis (Ph), peritonitis (Pe)
and cellulitis (C). The presence of a lesion was given the value 1, and its
absence, the value 0. Pathogenicity scores (PS) were calculated from the
equation PS = (TD x 5) + P + Pe + Ph + A + C, in which TD corresponds to the
day of chick death, which has a value of 1 if the animal dies on the first day, and
is reduced by 0.14 for each day that the animal survives up to day 7, which has
the value 0. According to this equation, the PS can vary from 0 to 10.

Animals that died on the first day after inoculation had their livers

dissected, homogenized and plated on lactose-containing MacConkey agar to
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identify E. coli; a PS = 10 score was attributed to these animals. The PS for
each strain was calculated as the median PS for the 10 chicks infected with that

particular strain.

Ethics statement

All animal experiments were approved by the Biosafety Committee of the
Instituto de Pesquisas Veterinarias Desidério Finamor (CIB 004/08), and

chickens were euthanized according to animal welfare norms.
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RESULTS
Antibiotic resistance in APEC

We tested 52 APEC isolates for their susceptibility to 15 antimicrobial
agents that used to be commonly employed in the poultry industry in Brazil as
growth promoters, for infection prevention and/or treatment. We observed that
APEC isolates were susceptible to the majority of antimicrobials, with less than
25% of the isolates being resistant to any antimicrobial, with the exceptions of
antimicrobials that act in the cell wall: ampicillin (75%), bacitracin (81%),
cephalothin (65%) and ceftiofur (56%); and antimicrobials that are for a long
time in the market such as tetracycline and sulphonamides (with 69.4% and
59.7% respectively) (Fig.1).

Considering the site of antibiotic action, 94% of APEC isolates were
resistant to at least one of the antimicrobials that act in the cell wall (ampicillin,
bacitracin, cephalothin, ceftiofur); 15% were resistant to at least one of the
antimicrobials that inhibit the nucleic acid synthesis (ciprofloxacin, enrofloxacin,
norfloxacin); 65 % were resistant to at least one of the antimicrobials that act in
inhibition of protein synthesis (chloramphenicol, gentamicin, neomycin,
tetracycline; but only 33% if we exclude tetracycline); and 56% were resistant to
at least one of the antimicrobials that antagonize the metabolic activity
(sulphonamides, trimethoprim, sulpha + trimethoprim; but only 6% if we exclude

sulphonamides).

When we analyze the multiresistance pattern, we observed that 31% of
APEC isolates were resistant to at least one antimicrobial class; 19% of APEC
isolates were resistant to 2; 38%, to 3; and 12%, to all 4 classes. It is
noteworthy that there was no antimicrobial agent to which all 52 APEC strains

were susceptible.

Genotyping by multiplex polymerase chain reaction

Prevalence of VAGs among APEC isolates is shown in Figure 2
(shadowed area). The genes fimC, csgA and crlA were present in all isolates,

and afa/dra was not detected in any isolate. Figure 3 specifies the profile of
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Figure 1. Antimicrobial susceptibility of colisepticemic isolates. The susceptibility of 52

APEC isolates to 15 antimicrobials was tested individually using disc diffusion tests
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Table 1. ECOR groups among the 52 colisepticemic isolates (whithin
parentheses, number of strains) and respective mean for antimicrobial
resistance, number of VAGs, lethality scores and pathogenicity scores.

ECOR groups (number of isolates)

A (15) B1(9) B2 (8) D (20)
Frequency (%) 29 17 15 39
Resistance’ 4.7 5.0 6.1 6.7
VAGs (34) 12.9 13.1 16.3 14.9
Lethality Score 7.8 4.8 8.6 6.1
Pathogenicity Score 6.6 4.6 7.4 5.9

' Mean number of antimicrobials to which the strains were resistant.
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VAGs of each isolate; overall, the isolates had an average of 14.2 VAGs (range
from 9 to 23 VAGs).

Virulence factors related to adhesion, iron acquisition and serum
resistance were present in all strains. ColV plasmid associated genes (cvi/cva,
iroN, iss, iucD, sitD, traT, tsh) occurred in the majority (from 88 to 36 %) of the

isolates, and cvi/cva itself was present in 61% of the isolates (Fig 3).

The isolates have an average of 4.8 genes associated to adhesion
(range from 3 to 8 of 9 tested), 3.9 associated to iron acquisition systems (range
from 1 to 7 of 8 tested), 3.7 associated to serum resistance (range from 3 to 6 of
6 tested), 0.7 associated to production of toxins (range from 0 to 2 of 5 tested)
and 0.4 genes associated to invasins (range from 0 to 2 of 3 tested).

Serotyping

Among 51 serotyped APEC strains, 36 (69%) could be classified into a
single O-type, while for 15 (29 %) of the strains the O-type could not be
determined (Figure 3 and Table 2). Most of the typeable strains belonged to O-
types O78 (23%), O88 (12%) and 045 (6%), while 28% were distributed among
12 different O-types. Only 3 isolates were non-typeable with any of O-serum
used, but 12 isolates displayed a rough phenotype.

Moreover, 31 (60%) APEC strains could be classified into a single H-
type. Most of strains belonged to H-types H9 (20%), H4 (12%), H21 (12%), and
H27 (8%). Only 1 strain was non-typeable with any of H-serum used, whereas

19 isolates were non-motile.

Lethality and pathogenicity tests

Lethality and pathogenicity tests in 1 day-old chicken were used to
evaluate the virulence of APEC isolates, and results for each strain are
presented in Figure 3. Most isolates were very lethal: the number of isolates
that killed 10 chickens within 7 days (LS = 10) was 28 (54 %), and the number
of isolates that did not kill any chickens was 10 (19 %). Overall, the APEC
isolates had a mean lethality score of 6.9.
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Table 2. Most Prevalence O-type groups among the 52 colisepticemic isolates.

Prevalence

O type
frequency % n
078 23.1 12
088 11.5 6
045 5.8 3
0141 3.8 2
025 3.8 2
036 3.8 2
046 3.8 2
OR 28.8 15

ONT 5.8 3
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We used the pathogenicity score to classify strains as highly pathogenic,
which presented a PS from 7-10, intermediate pathogenic, with a PS from 3-7,
and low pathogenic, with a PS from 0-3. According to this classification, most
isolates were highly pathogenic to 1 day-old chickens (58% scored higher than
7) (Fig. 3) and, among these, 9 isolates scored 10. We observed that 14 strains
(27%) had a PS lower than 3. Overall, the APEC isolates had a mean
pathogenic score of 6.1.

Correlating the presence of VAGs to pathogenicity scores (Table 3), we
found that a higher PS was positively linked (p<0.05) to cvi/cva and vat, but
negatively linked (p<0.05) to pic. However, for the presence of VAGs and
lethality scores (Table 4), we found that a higher LS was positively linked
(p=0.05) to the ireA, but negatively linked (p<0.05) to pic.

ECOR grouping

We have performed phylogenetic typing of the APEC isolates using the
Clermont method(Clermont and others 2000). The distribution of APEC isolates
among the four phylogenetic groups is shown in Table 1. As determined by

PCR, most of the strains (39%) belonged to group D.

Table 1 also shows the mean number of antimicrobials to which strains
were resistant, mean number of VAGs, pathogenicity and lethality scores of
strains according to different ECOR groups. We observed that isolates from
group B2 had a higher number of VAGs per strain and higher pathogenicity
scores, although not significant.

Phylogenetic Analysis

We used the ARDRA method to measure the genetic diversity among the
52 isolates obtained from 30 colisepticemic animals. This method is based on
enzyme restriction digestion of amplified 16-23S DNA intergenic spacer regions
that is a highly conserved DNA portion. The ARDRA profiles of the strains are
shown in Figure 4. From the dendrogram, we found 49 different ARDRA profiles
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Table 3. Relationship between APEC median pathogenicity score (PS) and the
presence of different genes.

Gene + Gene -

Gene® Average PS Niusrglgfésc’f Average PS Niusrgg?ésm p®
hlyA 4.39 2 6.16 50 0.486
hrlA 7.15 17 5.58 35 0.448
iha 4.85 11 6.43 41 0.054
papC 5.45 13 6.31 39 0.229

sfa/foc 7.69 2 6.03 50 0.757
tsh 6.50 25 5.71 27 0.184
mat 6.18 50 3.72 2 0.278
chuA 6.50 32 5.43 20 0.293
fyuA 6.51 10 5.99 42 0.877
ireA 6.56 36 5.03 16 0.191
iroN 6.98 19 5.58 33 0.083
irp2 6.28 29 5.85 23 0.408
iucD 6.45 45 3.76 7 0.059

sit chr 6.69 8 5.98 44 0.406

sit Ep 6.50 24 5.75 28 0.938

cvilcva 5.57 32 6.93 20 0.036

iss 5.95 46 7.20 6 0.396

neuC 6.15 4 6.09 48 0.876

kpsMTIIT 5.49 21 6.43 31 0.376

ompA 5.93 48 8.05 4 0.258
tratT 5.89 41 6.83 11 0.539
astA 6.46 21 5.85 31 0.502
vat 7.66 10 5.72 42 0.027
gimB 4.74 3 6.17 49 0.272
ibeA 717 7 5.92 45 0.473

tia 6.12 13 6.08 39 0.672
pic 4.04 8 6.47 44 0.043
malX 6.15 4 6.09 48 0.876

@ Gene that occurred in one or none (afa/dra, cnfl/2, sat) or all (fimC, crlA,
csgA) isolates are not listed.
® Exact P values for the Wilcoxon-Mann-Whitney test.

0.05.

*p S



Table 4. Relationship between APEC median lethality score (LS) and
presence of different genes

Gene + Gene -

Gene® Average LS Niusrglgfésc’f Average LS Niusrgg?ésm p°
hlyA 5.50 2 6.80 50 1.000
hrlA 8.71 17 5.80 35 0.142
iha 5.64 11 7.05 41 0.091
papC 5.69 13 7.10 39 0.166

sfa/foc 9.00 2 6.67 50 0.843
tsh 6.84 25 6.67 27 0.841
mat 6.86 50 4.00 2 0.118
chuA 7.09 32 6.20 20 0.988
fyuA 7.60 10 6.55 42 0.430
ireA 7.44 36 5.19 16 0.047*
iroN 7.79 19 6.15 33 0.180
irp2 6.79 29 6.70 23 0.918
iucD 7.13 45 4.29 7 0.144

sit chr 7.50 8 6.61 44 0.470

sit Ep 7.50 24 6.11 28 0.446

cvilcva 6.50 32 7.15 20 0.287

iss 6.78 46 6.50 6 0.913

neuC 7.00 4 6.73 48 0.691

kpsMTIIT 6.10 21 7.19 31 0.312

ompA 6.50 48 9.75 4 0.214
tratT 6.41 41 8.00 11 0.179
astA 6.76 21 6.74 31 0.609
vat 7.40 10 6.60 42 0.506
gimB 5.67 3 6.82 49 0.211
ibeA 8.43 7 6.49 45 0.258

tia 7.23 13 6.59 39 1.000
pic 4.00 8 7.25 44 0.009*
malX 7.00 4 6.73 48 0.691

@ Genes that occurred in one or none (afa/dra, cnfl/2, sat) or all (fimC,
crlA,csgA) isolates are not listed.

® Exact P values for the Wilcoxon-Mann-Whitney test.

*p < 0.05.



among the 52 isolates. We could separate the isolates into 2 major clusters at a
similarity level of 70% or more (Fig. 4), with the majority of isolates belonging to
cluster B. We observed that cluster B isolates had a higher number of VAGs
(average of 15.1) and a higher PS (average of 6.5), when compared to cluster

A, which had in average of 13.3 VAGs and an average PS of 5.8.

Using the ARDRA method we observed that, from the 30 birds sampled,
9 were infected with 2 or 3 different E. coli strains (Fig. 3), indicating that the

cause of the disease were a sum of factors of two independent APEC strains.

To confirm that some birds were indeed infected with phylogenetic
distinct APEC strains, we performed phylogenetic analysis using the PFGE
method. This method uses the total chromosomal content of the bacteria to
generate restrictions bands. The PFGE profiles of 48 strains are shown in
Figure 5. We found 42 different PFGE profiles among the 48 isolates. From the
dendrogram generated, 3 major clusters could be grouped at a similarity level of
60% or more (Fig. 5), with the majority of isolates falling into cluster B. We
observed that cluster B isolates had a higher PS (average of 6.4) and higher LS

(average of 7.7) when compared to cluster A and C.

The results of the PFGE method confirmed the results obtained by
ARDRA, indicating the presence of several clones among the isolates analyzed.
Also PFGE agrees to ARDRA showing that 9 animals were infected with 2 or 3
distinct APEC strains. Among the 52 samples, three pairs of isolates in which
the two strains had identical restriction pattern were found by ARDRA method.
They are: (1) RS007 and RS008 (isolated from the same bird and with the same
serotype), (2) RS 004 and RS 005 (isolated from different birds from the same
flock with the same serotype), (3) RS021 and RS022 (isolated from different
birds of the same flock and with different serotypes). Probably the first and
second pair of isolates represents the same strain or two strains that have
diverged recently, through horizontal gene transfer. The isolates of the third pair
(RS021 and RS022), although they showed the same pattern of restriction by
ARDRA method presented a more distant phylogenetic relationship (according
to the PFGE), as well as a different serotype, which is sufficient to say that not

represent the same strain.
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DISCUSSION

Antimicrobial use in the poultry industry is the first method of controlling
morbidity and mortality caused by bacterial infections (Melllata 2013). Here we
observed a higher resistance levels for antimicrobials that acts in the cell wall
(ampicillim, bacitracin, cephalotin and ceftiofur), in comparison to our previously
work (Barbieri and others 2013). However, since 2009 all antimicrobial use for
growth promotion and prevention is forbidden in the Brazilian poultry industry
(MAPA 2009). Because of that, we expect, in the near future, to observe a
decrease in the resistance levels, since our isolates were collected before this
prohibition.

Our strains harbored a number of VAGs that ranged from 9 to 23 (out of
34), with an average of 14.2 VAGs per strain. This result is in agreement to our
previous work (Barbieri and others 2013). Virulence-associated factors related
to iron scavenger systems are the most prevalent in all strains (Ewers and
others 2007). The strains presented an average of 3.9 iron acquisition systems
out of 8 tested. In fact, this apparent redundancy in iron-acquisition genes
among APEC may indicate the importance of iron in the pathogenesis of avian
colibacilosis. Genes related to adhesins also showed a significant association
with APEC in this study. The strains presented an average of 4.8 adhesins out
of 9 tested. Genes related to serum resistance are also important, and were
present in all isolates. These results are not surprising because these virulence

factors are the most important for survival in an extraintestinal environment.

When we look at the VAGs possessed by the strains classified according
to the PS, we cannot discriminate high from intermediate pathogenic strains in
terms of the total number of VAGs (out of 34) (Figure 3, Table 2).These data
confirm that the presence of the virulence factors by themselves cannot explain
why some strains are more virulent than others. Also, we found isolates that
were isolated from intestine lesions had a high PS (RS1, RS 23, RS 29).
However, other isolates were isolate from lesions in intestine had an low PS
(RS18, RS25, RS27, RS32, RS39, RS43 and RS46). Our result showed that
even isolates that presented a similar pattern of virulence-associated factors

may present quite distinct PS.
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The pathogenicity score is a more specific tool to evaluate virulence of
APEC isolates (Barbieri and others 2013). Here we observed that the majority
of the strains (54%) was lethal to one day-old chickens, and the pathogenicity
score (PS) of the majority of the strains indicates that these isolates were highly
pathogenic (58%). There was a close correspondence between lethality score
(LS) and PS, but we believe the PS better reflects the virulence of a given
strain. Since there is no in vitro test that could determine whether an E. coli
isolate from a sick bird is pathogenic or not, pathogenicity score still is the best

tool we currently have.

Type O78 was the most prevalent O-serotype observed in our strains. It
is also the most prevalent O-serotype in United States (Rodriguez-Siek and
others 2005b) and in Germany (Ewers and others 2007). However, we did not
find any strain belonging to serotype O1 or O2, which are commonly reported
among APEC.

Large conjugative ColV plasmids and the associated gene for colicin
(cvilcva) are well know virulence markers and commonly occur among APEC
(Rodriguez-Siek and others 2005a; Skyberg and others 2006). Here we found
that the presence of cvi/cva was associated with the most pathogenic strains
(Table 3). This data indicates that cvi/cva it is not just a marker of large plasmid,
but is also a virulence factor by itself. Within the isolates described here, we
observed that vat, an autotransporter serine protease toxin, is also associated
with pathogenic strains (Table 3). It has been previously associated to improve
adherence to VERO cells (Frommel and others 2013), and was also related to

increased pathogenicity to 1-day old chickens (Restieri and others 2007).

We observed in our collection 2 isolates belonging to serotype 025:H4
(RS004 and RS005). E. coli O25b:H4 has been described to be the cause of
epidemiological outbreaks and are currently spread worldwide among humans,
livestock and companion animals (Mora and others 2010). These E. coli strains
belong to sequence type 131 (ST131) and frequently are multidrug resistance,
because it usually express blacrxm-1s and fluoroquinolone (FQ) resistance
(Ahmed and others 2013). It is a reason for concern because it is the first time
that this serotype is reported here in Brazil.
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Analyzing the ARDRA and PFGE dendrograms, we observed that 9 of
the 30 birds sampled showed an infection by more than one pathogenic strain.
This is the first time that an infection by more than one pathogenic strain in the
same chicken is described. Moreover, among the 52 samples analyzed, 3 pairs
of isolates had identical restriction pattern, representing clones. The remaining
46 strains represent different samples, according to the method ARDRA,
indicating the existence of a wide variety of strains within the same geographic

region. This indicates that we do not have a single endemic clone.

In conclusion, our genotyping and in vivo virulence of isolates from
colisepticemic chickens have shown for the first time that one chicken can be
infected with more than one pathogenic strain at the same time. Our work also
provides a panorama of the susceptibility to antimicrobials of colisepicemic

isolates currently found in Southern Brazil.

59



ACKNOWLEDGEMENTS

This work was supported by MAPA 578364/2008-5, Brazil. Nicolle L
Barbieri received scholarship from Brazilian sponsor agency CNPq (process
number 202479/2011-0).

60



REFERENCES

Ahmed A.M., Shimamoto T. and Shimamoto T. Molecular characterization of
multidrug-resistant avian pathogenic Escherichia coli isolated from
septicemic broilers. International Journal of Antimicrobial Agents 2013;
303:475-483.

Alves J.M.d.S., Martinelli O. and Dewes H. Dindmica inovativa no agronegdcio:
a inovagao tecnologica na avicultura industrial por meio da analise de
patentes. Cadernos de Ciéncia & Tecnologia 2006; 23:207-233.

Barbieri N.L., de Oliveira A.L., Tejkowski T.M., et al. . Genotypes and
pathogenicity of cellulitis isolates reveal traits that modulate APEC
virulence. Plos One 2013; 8:e72322.

Barbieri N.L., Tejkowski T.M., Oliveira A.L., Brito B.G. and Horn F.
Characterization of extra-intestinal Escherichia coli isolated from a
peacock (Pavo cristatus) with colisepticemia. Avian Diseases 2012;
56:436-440.

Barnes H.J. and Gross W.B. Colibacilosis. In Disease of Poultry, Volume 10.
Calnek BW, (ed.). Ames: lowa state university press, 1997, pp 131-141.

Brito B.G., Gaziri L.C.J. and Vidotto M.C. Virulence factors and clonal
relationships among Escherichia coli strains isolated from broiler
chickens with cellulitis. Infection and Immunity 2003; 71:4175-4177.

Buyukcangaz E, Velasco V, Sherwood JS, Stepan RM, Koslofsky RJ and CM.
L. Molecular typing of Staphylococcus aureus and methicillin-resistant S.
aureus (MRSA) isolated from animals and retail meat in North Dakota,
United States. Foodborne Pathogen Diseases 2013; 10:608-617.

Clermont O., Bonacorsi S. and Bingen E. Rapid and simple determination of the
Escherichia coli phylogenetic group. Applied and Environmental
Microbiology 2000; 66:4555-4558.

CLSI. Performance Standards for Antimicrobial disk and dilution susceptibility
tests for bacteria isolated from animals; Aproved Standard- Third Edition.
In CLSI document M31- A3. Pennsylvania: Clinical and Laboratory
Standards Institute 2008.

CLSI. Performance Standards for Antimicrobial Susceptibility Testing; Aproved
Standard- Tenth Edition M02-A10. 940 West Valley Road, Suite 1400,
Wayne, Pennsylvania 19087-1898 USA: Clinical and Laboratory
Standards Institute, 2009.

Dozois C.M., Fairbrother J.M., Harel J. and Bosse M. PAP-related and PIL-
related DNA-sequences and other virulence determinants associated
with Escherichia coli isolated from septicemic chickens and turkeys.
Infection and Immunity 1992; 60:2648-2656.

Dziva F. and Stevens M.P. Colibacillosis in poultry: unravelling the molecular
basis of virulence of avian pathogenic Escherichia coli in their natural
hosts. Avian Pathology 2008; 37:355-366.

Ewers C., Li G.W., Wilking H., et al. . Avian pathogenic, uropathogenic, and
newborn meningitis-causing Escherichia coli: How closely related are
they? International Journal of Medical Microbiology 2007; 297:163-176.

Fallavena L.C.B., Moraes H.L.S., Salle C.T.P., et al. . Diagnosis of skin lesions
in condemned or downgraded broiler carcasses - a microscopic and
macroscopic study. Avian Pathology 2000; 29:557-562.

61



Frommel U., Bohm A., Nitschke J., et al. . Adhesion patterns of commensal and
pathogenic Escherichia coli from humans and wild animals on human
and porcine epithelial cell lines. Gut Pathogens 2013; 5.

Garcia-Martinez J., Martinez-Murcia A.J., Rodriguez-Valera F. and Zorraquino
A. Molecular evidence supporting the existence of two major groups in
uropathogenic Escherichia coli. FEMS Immunology and Medical
Microbiology 1996; 14:231-244.

Gyles C.L. Antimicrobial resistance in selected bacteria from poultry. Animal
Health Research Reviews 2008; 9:149-158.

Herzer P.J., Inouye S., Inouye M. and Whittam T.S. Phylogenetic distribution of
branched RNA-linked multicopy single-stranded-DNA among natural
isolates of Escherichia coli. Journal of Bacteriology 1990; 172:6175-
6181.

Johnson J.R., Kuskowski M.A., Menard M., Gajewski A., Xercavins M. and
Garau J. Similarity between human and chicken Escherichia coli isolates
in relation to ciprofloxacin resistance status. Journal of Infectious
Diseases 2006; 194:71-78.

Lee M.D. and Maurer J.J. The genetic basis for emerging antibiotic resistance in
veterinary pathogens. Annals of the New York Academy of Sciences
2000; 916:643-5.

MAPA M.d.A.P.e.A. Instrucdo normativa n° 26, de 9 de julho de 2009,
regulamento técnico para a fabricagdo, o controle de qualidade, a
comercializagdo e o emprego de produtos antimicrobianos de uso
veterinario. Brazil: Ministério da Agricultura, Pecuaria e Abastecimento,
2009.

Melllata M. Human and Avian Extraintestinal Pathogenic Escherichia coli:
Infections, Zoonotic Risks, and Antibiotic Resistance Trends. Food
Bourne Pathogens and Disease 2013; 10:916-932.

Mora A., Herrera A., Mamani R., et al. . Recent Emergence of Clonal Group
025b:K1:H4-B2-ST131 ibeA Strains among Escherichia coli Poultry
Isolates, Including CTX-M-9-Producing Strains, and Comparison with
Clinical Human Isolates. Applied and Environmental Microbiology 2010;
76:6991-6997.

Restieri C., Garriss G., Locas M.-C. and Dozois C.M. Autotransporter-Encoding
Sequences Are Phylogenetically Distributed among Escherichia coli
Clinical Isolates and Reference Strains. Applied and Environmental
Microbiology 2007; 73:1553-1562.

Ribot E.M., Fair M.A., Gautom R., et al. . Standardization of pulsed-field gel
electrophoresis protocols for the subtyping of Escherichia coli O157:H7,
Salmonella, and Shigella for PulseNet. Foodborne Pathog Dis 2006;
3:59-67.

Rodriguez-Siek K.E., Giddings C.W., Doetkott C., Johnson T.J., Fakhr M.K. and
Nolan L.K. Comparison of Escherichia coli isolates implicated in human
urinary tract infection and avian colibacillosis. Microbiology-Sgm 2005a;
151:2097-2110.

Rodriguez-Siek K.E., Giddings C.W., Doetkott C., Johnson T.J. and Nolan L.K.
Characterizing the APEC pathotype. Veterinary Research 2005b;
36:241-256.

Sayah R.S., Kaneene J.B., Johnson Y. and Miller R. Patterns of Antimicrobial
Resistance Observed in Escherichia coli Isolates Obtained from

62



Domestic- and Wild-Animal Fecal Samples, Human Septage, and
Surface Water. Applied and Environmental Microbiology 2005; 71:1394-
1404.

Schouler C., Schaeffer B., Brée A., et al. . Diagnostic strategy for identifying
avian pathogenic Escherichia coli based on four patterns of virulence
genes. Journal of Clinical Microbiology 2012; 50:1673-1678.

Skyberg J.A., Johnson T.J., Johnson J.R., Clabots C., Logue C.A. and Nolan
L.K. Acquisition of avian pathogenic Escherichia coli plasmids by a
commensal E. coli isolate enhances its abilities to kill chicken embryos,
grow in human urine, and colonize the murine kidney. Infection and
Immunity 2006; 74:6287-6292.

UBABEF. Relatério Anual 2011/2012 www.ubabef.com.br. 2013.

Up J.P. Notice of Approval of New Animal Drug Application; Ceftiofur -
Supplement to NADA 140-890 New Animal Drug Evaluation CfVM, (ed.),
2003.

63


http://www.ubabef.com.br/

LEGENDS TO FIGURES

Figure 1. Antimicrobial susceptibility of colisepticemic isolates. The
susceptibility of 52 APEC isolates to 15 antimicrobials was tested individually

using disc diffusion tests

Figure 2. Association between presence of 30 VAGs among 52
APEC isolates.

Numbers indicate the percentage of isolates that have both traits, while
numbers in shadowed boxes indicate the percentage of isolates that have the
corresponding trait; * p<0.005 using x°>. ND, not determined." afa is not
included, since they were absent in all strain, and fimC, crlA and csgA is not

included, since they were present in all strains.

Figure 3. Characterization of 52 APEC isolates. Columns from left to
right: Strain, isolate designation; Origin, source of the isolate; Bird, same
numbers from the same animal; Serotype, O and H grouping serotype;
Resistance, number of antimicrobials to which the isolate was resistant; the
subsequent columns depict the PCR results for all VAGs tested, with presence
indicated in black and absence indicated in white; no. VAGs, total number of
VAGs in each isolate; LS, lethality score; PS pathogenicity score); ECOR,
ECOR phylogenetic group;

Figure 4. ARDRA profile of 52 APEC isolates. The ARDRA
dendrogram was constructed by UPGMA based upon enzyme restriction
digestion of amplified 16-23S DNA intergenic spacer regions. The column
Strain shows isolate designation; the column Origin, source of isolate, with A to
N designating each of the 65 farms from which the isolates were collected. Bird,
same numbers from the same animal; Organ, organ of bacteria isolation;

Serotype, O and H grouping serotype; ECOR, ECOR phylogenetic group;

Cluster designates the 4 genotypic clusters (A to D) into which strains
with 80% similarity were grouped. E. coli ATCC25922 was analyzed as a

reference strain.
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Figure 5. Pulse-Field profile of 52 APEC isolates. The PFGE
dendrogram was constructed by the unweighted-pair group method with
arithmetic averages. The scale indicates levels of similarity within this set of
isolates based upon Xbal enzyme restriction digestion of total bacterial DNA.
The column Strain shows isolate designation; the column Origin, source of
isolate, with A to N designating each of the 65 farms from which the isolates
were collected. Bird, same numbers from the same animal; Organ, organ of
bacteria isolation; Serotype, O and H grouping serotype; ECOR, ECOR
phylogenetic group; Cluster designates the 5 genotypic clusters (A to E) into
which strains with 60% similarity were grouped. E. coli ATCC25922 was
analyzed as a reference strain. The Xbal could not digest the strains RS026,
RS027, RS028 and RS043.
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ABSTRACT

Uropathogenic Escherichia coli (UPEC) are responsible for the majority of urinary tract
infections (UTIs), some of the most common bacterial infections in humans worldwide. In this
study, we demonstrated that FNR (Fumarate and Nitrate Reduction), a well-known global
regulator important for anaerobiosis, was involved in the expression of virulence factors in
UPEC. A UPEC fnr deletion strain was highly attenuated in the mouse model of human urinary
tract infection and showed a severe defect in adherence and invasion of bladder and kidney
epithelial cells. Surprisingly, we found that these phenotypes were largely independent of the
previously reported requirement of FNR for the expression of the anaerobic respiratory enzymes
and transporters. Our results indicated FNR is a key regulator of multiple aspects of virulence
affecting motility; regulating the expression of type I fimbriae and P fimbriae; modulating the
expression of hemolysin; and controlling the expression of a novel pathogenicity island that is
involved in o-ketoglutarate metabolism under anaerobic conditions. Our results indicated that

FNR is a key global regulator of UPEC virulence.
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INTRODUCTION

FNR (for Fumarate and Nitrate Reduction) is known as a global regulator, which controls
gene expression facilitating bacterial adaptation to anaerobic conditions. The fnr gene was first
identified by Lambden and Guest in the mid-1970s in their pioneering work on the
characterization of mutants that could not use fumarate or nitrate [1]. FNR is a member of a
well-characterized global transcription factor family that has two conserved domains: the N-
terminal ligand-binding domain for the O, signal and the C-terminal DNA-binding domain. The

N-terminal sensory domain contains five cysteine residues, four of which (Cys20, Cys23, Cys29
and Cys122) were shown to be required for in vivo binding of either a [4Fe—4S]2 or [,’ZFe—,’ZS]2

[2,3]. FNR is activated under anaerobic conditions by acquisition of one [4Fe—4S]2 per protein,

which promotes dimerization and enhances DNA-binding to target promoters. Under aerobic

conditions, molecular oxygen triggers the conversion of the [4Fe-4S]2 into a [2Fe-2S]2. This
conversion causes a conformational change within the FNR protein, becoming monomeric, that
is the FNR inactive form, preventing DNA binding, and interactions with the transcription
machinery [4].

The C-terminal DNA-binding domain recognizes specific FNR-binding sequences within
FNR-controlled promoters. FNR binding sites can be located at variable positions within the
promoter region [5] and can have only a partial match to the consensus sequence of
TTGATnnnnATCAA. The FNR regulon has been well-studied in non-pathogenic E. coli and up
to 125 regulon members have been identified so far [6]. These include genes encoding enzymes
for the anaerobic oxidation of carbon sources such as the glycerol and formate dehydrogenases;
enzymes for the anaerobic reduction of alternate terminal electron acceptors such as the nitrate,
fumarate and dimethylsulfoxide (DMSO) reductases; and proteins for transport of these carbon
sources or electron acceptors. FNR also represses synthesis of enzymes required for aerobic
respiration, such as NADH dehydrogenase II. As a consequence, compounds such as fumarate,

nitrate or other reducible substrates can replace oxygen as the terminal electron acceptors thus
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providing alternate eclectron transport chains for generating energy via oxidative
phosphorylation [6].

A role for FNR in bacterial virulence was first indicated by its requirement for
Salmonella typhi’s replication within epithelial cells [7]. It has been further studied in
Salmonella enterica serovar Typhimurium (ATCC 14028s), where FNR works as a positive
regulator of genes involved in motility, flagellar biosynthesis and pathogenesis [8]. This
regulation was confirmed by phenotype analysis with the fnr mutant being non-motile, lacking
in flagella, unable to survive inside macrophages, and attenuated in a murine model of mucosal
and acute infection. The inability of the mutant to survive inside macrophages was likely due to
its sensitivity to the reactive oxygen species generated by NADPH phagocyte oxidase. In
addition, many of the virulence genes in the Salmonella pathogenicity island 1 (SPI-1), as well
as the SIfABC operon were significantly down-regulated in the fnr mutant strain [8]. More
recently, FNR was shown to modulate Shigella virulence [9]. Dysentery-causing Shigella
flexneri encounters changes in oxygen tension as it progresses along the gastrointestinal tract,
and its type three secretion system (T3SS), which is essential for cell invasion and virulence, is
impacted by oxygen concentration. Expression of spa32 and spa33, the virulence genes that
regulate secretion through the T3SS, is regulated by FNR thereby affecting Shigella’s entry into

cells in response to available oxygen in vivo [9].

Based on the importance of FNR for bacterial adaptation to anaerobic conditions and the
many phenotypes shared by the fnr mutant in Salmonella, Shigella and E. coli, it has generally
been assumed that FNR is important for pathogenic E. coli’s virulence. However, experimental
evidence for a more general role of FNR, i.e., beyond facilitating adaption to anaerobic
environment, contributing to intramacrophage survival or affecting type-three secretion, has so
far been lacking. To address these questions, we constructed and characterized an fnr mutant
and a complemented strain in uropathogenic E. coli (UPEC). We found that deletion of fnr
resulted in significantly decreased virulence in vivo and in vitro. These phenotypes, are

associated with a loss of hemolytic activity and motility and reduced expression of type 1 and P
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fimbriae, leading to decreased adhesion and invasion. In addition, FNR was found to target a
novel pathogenicity island. The results indicate that FNR in UPEC FNR plays a much more
extensive role than previously believed in regulating virulence gene expression, in addition to its

established role as a regulatory switch between aerobic and anaerobic metabolism believed.

MATERIAL AND METHODS
Bacterial Strains, Culture Conditions and Plasmids

The wild-type strain used was UPEC CFT073, isolated from a patient that was admitted
to the University of Maryland Hospital with acute pyelonephritis characterized by bacteriuria of
10° CFU/ml, pyuria, fever, and no other identified source of infection [10]. Strains and
plasmids used in this study are listed in Table S1. Aerobic growth was achieved by shaking in
air at 180 rpm and anaerobic growth by incubating in a Bactron chamber (Sheldon
Manufacturing, Inc., OR) filled with gas mixture (N2, 90%; CO2, 5%; H2, 5%). For genetic
manipulations, all E. coli strains were grown routinely in Luria Bertani (LB) broth medium.
Selective antibiotics and IPTG were added when necessary at the following concentrations:
ampicillin (Amp), 100 ug ml—1; kanamycin (Kan), 50 pug. ml—1; chloramphenicol (Chl), 25

pg.ml—1; IPTG, 0.1 mM [11].

Recombinant DNA Techniques

Polymerase chain reaction (PCR), DNA ligation, electroporation and DNA gel
electrophoresis were performed according to Sambrook and Russell [12] unless otherwise
indicated. All oligonucleotides primers were purchased from Integrated DNA Technologies
(IDT, Coralville, Iowa) and are listed in Table S2. All restriction and DNA-modifying enzymes

were purchased from New England Biolabs (NEB, Ipswich, MA) and used based on the
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suppliers' recommendations. Recombinant plasmids, PCR products, and restriction fragments
were purified using QIAquick PCR purification kits or MinElute gel extraction kits (Qiagen,
CA) as recommended by the supplier. DNA sequencing was performed at the DNA facility,

Iowa State University.

Deletion mutants were constructed using the lambda red recombinase system described
by Datsenko and Wanner [13]. Chromosomal transcriptional lacZ fusions were constructed by
homologous recombination of the suicide plasmid pVIK112 carrying a fragment of complete 5'-
region, 3'- region or internal fragment of the target gene [11,14]. For complementation, the
coding sequences of genes plus their putative promoter regions were amplified from the
CFT073 genome and independently cloned into pGEN-MCS [15] using ECORI and Sall

restriction sites.

Agglutination Assays

Tests for agglutination were performed as described earlier [16]. For analysis of the fim
operon, suspensions (10%) of yeast cells (Saccharomyces cerviciae) were used, and for analysis
of Pap operon, human red blood cells (RBCs) type “O” (10 %), washed 3 times in PBS, were
used. Briefly, yeast cells or human RBCs were mixed on a glass slide with PBS or with bacteria
in PBS, in the presence and absence of D-mannose. Agglutination was read after 10 min at room
temperature. The strength of the agglutination was determined by titering of serial two-fold

dilutions of bacterial suspensions in PBS.

Motility Assay

The motility of the wild type (WT), the fnr mutant, and the complemented strain AFNR+

pGEN-FNR were evaluated under anoxic conditions as described in [8] . Briefly, 10 uL of
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anaerobically grown (16 h) cells were stabed onto LB-agar (0.25% agar) plates and incubated at

37°C for 16 h. The diameter of the growth halo was used as a measure of motility.

Determination of the Switch Orientation of fim ON and OFF-cells

The orientation of the fim invertible DNA fragment can be determined using a
molecular approach as described previously [17]. In brief, a 669-bp DNA fragment, containing
the fim invertible element, was amplified, subjected to Hinfl restriction and analyzed on 2%
agarose gel. Depending on the orientation of the fim invertible element, this method generates
different sized fragments (415 and 254 bp when in the ON orientation, 526 and 143 bp when in

the OFF orientation).

B-galactosidase Assays

Overnight LB cultures of E. coli containing the gene of interest fused to lacZ were
washed with PBS once and then were diluted 1:100 in LB, or indicated media, and grown at
37°C. For analysis of fim, cultures were grown 48 h statically at 37°C [18]. For analysis of pap,
cultures were grown on CFA media overnight without shaking at 37°C [17]. For analysis of hly,
cultures were grown on blood agar plates overnight at 37°C under anaerobic conditions [10].
For analysis of fli transcriptional fusions, cultures were grown at 37°C in LB under shaking
until OD 0.5 [19]. For analysis of a-ketoglutarate, cultures were grown anaerobically at 37°C in
M9 medium with a-ketoglutarate overnight [11]. These cultures were collected with ODgq 0.4
and diluted 1:10 in Z buffer and assayed for B-galactosidase activity using ortho-Nitrophenyl-§3-
galactoside (ONPG) as a substrate as described previously [20]. B-galactosidase activity was

consider the mean of 3 biological replicates, and two technical replicates.

Electrophoretic Mobility Shift Assays (EMSA)
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We used the (farD154A), protein variant because it displayed an DNA binding affinities
and transcriptional regulatory activities to various FNR dependent promoters under aerobic
conditions [21]. Protein expression was performed as described previously [5]. Briefly, E. coli
BL21 with pET28a-(fnrD154A), were grown in 200 mL of LB for 16 h at 25°C with 0.1 mM
IPTG. To study the binding of FNR to the DNA probe, electrophoretic mobility shift assays
(EMSAs) were performed as described elsewhere [21,22]. Briefly, FNR-His6 fusion protein was
purified to homogeneity using Ni-NTA Spin Columns [5] and dialyzed against binding buffer.
DNA probes were amplified using specific primers and purified using a QIAGEN MinElute gel
extraction kit. EMSAs were performed by adding increasing amounts of purified
(FNRD154A),-His6 fusion protein (0 to 20 ng) to the DNA probe (40 ng) in binding buffer (20
mM Tris (pH 6.8), 10 mM EDTA, 4 mM dithiothreitol, 50 mM NaCl, 10% glycerol, 0.5 mg
ml—1 bovine serum albumin (NEB) for 30 min at 37°C. Reaction mixtures were then subjected
to electrophoresis on a 6% polyacrylamide gel in 0.5xTBE buffer (44.5 mM Tris, 44.5 mM
boric acid, | mM EDTA, pH 8.0) at 200 V for 45 min. The gel was stained in 0.5xTBE buffer
containing 1XSYBR Gold nucleic acid staining solution (Life Technologies, Grand Island, NY)

for 30 min, and then the image was recorded.

Adherence and Invasion Assays

Cell adherence and invasion assays were performed as previously [23]. The cell lines
HTB-1 (J82 bladder) and HTB-44 (A-498 kidney) (American Type Culture Collection) were
cultured in Eagle's Minimum Essential Medium (GIBCO) containing 10% fetal bovine serum

(FBS) (GIBCO), at 37°C and 5% CO,.

Cells were plated in sterile 24-well plates with 1x10° cells/well 48 h before experiment.
Wild-type CFT073, mutant and complemented strains were cultured statically in LB medium
for 16 h. Before infection, two wells of cultured cells were trypsinized and the cells counted to

estimate cell number per well. Cells were washed once with 1 mL PBS and then were exposed
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to bacteria, washed once with PBS, at a multiplicity of infection (MOI) of 10. The 24-well
plates were centrifuged (500 g for 5 min) and incubated for 1 h. For the adherence assays,
bacterial-exposed cells were washed four times with 1 ml of sterile PBS and then lysed with 1
mL 0.1% Triton-X 100. Serial dilutions of cell suspensions were spread onto MacConkey agar
plates (Becton Dickinson & Co, Franklin Lakes, NJ), and CFU counts were obtained after
overnight growth at 37°C. For the invasion assays, infected cells were washed 4 times with 1 ml
of sterile PBS and then re-incubated with Eagle's Minimum Essential Medium containing 100
ug/mL gentamicin, and incubated for further 3 h. At 4 h post-infection, the cells were washed 4
times with 1 ml of sterile PBS and then lysed with 1 mL of 0.1% Triton-X 100. Serial dilutions
of cell suspensions were spread onto MacConkey agar plates, and CFU counts were obtained
after overnight growth at 37°C. The input dilution of bacteria was also plated to determine the

CFU count for each inoculum.

in vivo Infection Studies

Mouse infection studies were performed as described previously [24]. Female CBA/J
mice (six to ten weeks of age) were anesthetized and inoculated via transurethral catheterization
with a 20 pl (2x10° CFU) challenge inoculum per mouse. Overnight LB cultures of UPEC
CFT073 and the mutant strain were pelleted and re-suspended in sterile PBS, mixed in equal
volume and adjusted to make the combined challenge inoculum. To determine the initial
CFU/mL, dilutions of each inoculum were plated onto LB plates with and without kanamycin.
After 48 h, the mice were euthanized, and the bladder and kidneys were aseptically removed,
weighed, and homogenized in PBS. Dilutions of the homogenized tissue were then plated on
duplicate LB plates with and without kanamycin or on plates with different antibiotics to
determine the bacterial concentration (CFU/g) per unit of tissue. After overnight incubation at
37°C, colonies were counted. The numbers of colonies on kanamycin plates were subtracted

from those on LB plates to obtain the number of WT bacteria. In the case of the complemented
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strain, recovered bacteria were plated on LB plates with ampicillin and on LB plates with
ampicillin plus kanamycin. Similarly, the numbers of colonies on ampicillin plus kanamycin
plates were subtracted from those on LB plates with ampicillin to obtain the number of
complemented bacteria. A group of 10 mice for each dual-strain challenge were used to
determine alterations in fitness. The competition assay was performed once. For statistical
analysis, a two-tailed Wilcoxon matched pairs test was used (Prism software, CA), and the

threshold for statistical significance was a p value <0.05.

Ethics Statement

All animal procedures were conducted in accordance with NIH guidelines, the Animal
Welfare Act and US federal law. The experimental protocol for handling animals was approved
by the Institutional Animal Care and Use Committee at [owa State University (Protocol number
4-11-7111-Z). All surgery was performed under isoflurane anesthesia, and all efforts were made

to minimize suffering. Further, procedures were done in the presence of a qualified veterinarian.

RESULTS
The fnr Mutation Attenuates Virulence in the Mouse Model of UTI

To address the role of FNR in UPEC virulence, we first compared the UPEC CFT073
wild type with its isogene fnr deletion mutant strain for the ability to colonize the mouse urinary
tract at 48 hours post-inoculation using an in vivo competition assay. Though fnr mutant grew as
well as the WT in LB, the fnr mutant showed significantly reduced colonization in both bladder
(p<0.01) (Fig. 1A) and kidneys (p<0.01) (Fig. 1B) as compared to the WT. While the WT
strains colonized the bladder at a level of 1.2 x10° CFU/g, the fnr mutant colonized at 2.5 x10*

CFU/g, a 48-fold reduction in the median CFU/g in the mutant. Similar results were observed
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for the kidney. The WT colonized at a level of 1.1 x10° CFU/g, while the far mutant colonized

at 2.4 x 10° CFU/g, a 47-fold reduction in the median CFU/g in the mutant.

To verify that the impact on colonization is not due to a secondary mutation, in vivo
complementation experiments were performed. A stable low-copy plasmid pGEN-MCS [11]
was used to clone the coding region of fnr plus its predicted promoter region, and the obtained
plasmid was transformed into the mutant to construct the complemented strain. As shown in
Figure 1, reintroduction of fnr back into the mutants restored colonization in both the bladder
and kidney to WT levels. The fnr mutant containing the empty vector (pGEN-MCS)
demonstrated an expected colonization defect in bladder and kidney colonization as compared
to the WT with empty vector in bladder and kidney (not shown). These results demonstrate that

the fnr mutation attenuated virulence in the mouse model of UTL

The fnr Mutant was Impaired in Adherence and Invasion

Successful colonization of the urinary tract relies on UPEC’s ability to adhere to and
invade host cells and tissues. The cell models of UPEC adherence and invasion to bladder and
kidney epithelial cells have been established [23]. To determine the effect of the fnr mutation on
the adherence to and invasion rates of epithelial cells in vitro, cultured bladder epithelial cells
(HTB-1) were infected with WT, the fnr mutant, and the complemented strains. The results
showed that deletion of fnr significantly decreased UPEC’s adherence to (p < 0.01) and invasion
of (p < 0.01) bladder cells (Fig. 2A and B); whereas, the WT strain displayed an association of
0.21 bacteria per HTB-1 cell, the fnr mutant displayed an association of 0.07 bacteria per cell, a
3-fold reduction in host cell adherence. Similarly, we observed that while the WT strain showed
an invasion of 0.02 bacteria per cell, the fnr mutant showed an invasion of 0.002 bacteria per
cell. When we express these values in percentage of bacterial invasion, which is calculated
dividing the number of intracellular bacteria at 4 h post infection by the number of the

corresponding adherent bacteria, taking the amount of associated bacteria as 100%, we found
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that 9.5% of the adherent WT cells actually invaded HTB-1 cells, but only 2.8% of the adherent
fnr mutant strain were able to invade the cells. Thus, the mutant strain showed a three-fold
reduction in invasion of bladder epithelial cells as compared to the WT. Complementation of the
mutant by reintroduction of fnr restored adherence and invasion to WT levels (Fig. 2A and B).
These results suggest that mutation of fnr reduces adherence and invasion of UPEC to bladder

cells.

We next determined the impact of the fnr mutation on adherence to and invasion of
kidney epithelial cells (HTB-44). Deletion of fnr significantly decreased UPEC’s adherence to
and invasion of kidney cells (p<0.01) (Fig. 2C and D) at even higher fold changes than seen
with bladder epithelial cells. Whereas, the WT strain displayed adherence of 1.33 bacteria per
HTB-44 cell, the fnr mutant displayed an adherence of 0.15 bacteria per cell, a 9-fold reduction
as compared to the WT. Similarly, the WT invaded at a rate of 0.16 bacteria per cell, while the
fnr mutant showed an invasion rate of 0.002 bacteria per cell. When we express these values in
percentage bacterial invasion, we found that 11.8% of the adherent WT actually invaded HTB-
44 cells, but only 1.6% of the adherent fnr mutant cells were able to invade cultured kidney
epithelial cells. Thus, the mutant strain showed a 7-fold reduction in invasion of kidney
epithelial cells as compared to the WT. Also, reintroduction of fnr back into the mutant restored
WT levels of adherence and invasion (Fig. 2C and D). All of these results suggest that fnr

mutation impairs the adherence and invasion capabilities of UPEC to bladder and kidney cells.

Deletion of fnr Reduced Expression of Type 1 Fimbriae in UPEC

We have shown that deletion of fnr significantly decreased UPEC’s colonization in vivo
and also significantly reduced attachment to and invasion to human bladder and kidney
epithelial cell culture lines. These pathogenic mechanisms require expression of diverse
virulence factors including fimbrial and afimbrial adhesins. Among them, type 1 fimbriae are

prominent for their role in the establishment of a UTI [25,26]. We therefore analyzed whether
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fnr deletion affects expression of type 1 fimbriae, as detected by the mannose-sensitive yeast
agglutination (MSYA), which tests the ability of bacteria to bind mannoside-containing
receptors on the surface of yeast cells. Growth of the WT and fnr mutant was analyzed in
various culture media (LB, TBA, CFA, and TSA; data not shown) under different culture
conditions (data not shown), and the medium and conditions in which they showed the same
growth rates were chosen for the semi-quantitative MSYA. Using serially diluted bacteria
suspended in PBS, we observed agglutination of yeast cells with a higher dilution of WT cell
suspensions (16-fold, i.e., containing 16-times more bacterial cells) when compared to the fnr
mutant; the complemented strain recovered the agglutination ability to the WT level (Fig. 3A).
These results indicate that the fnr mutation caused a substantial decrease in the expression of

type 1 fimbriae.

The fimA gene encodes the major subunit of the type 1 fimbriae. Transcriptional studies
were firstly performed to compare the expression of the fim operon in phase variation proficient
WT and fnr mutant that carry the same fim-lacZ in the chromosome. A significant down-
regulation of fimA was observed in the fnr deletion background as compared to the WT (Fig.
3B), suggesting that FNR enhances type 1 fimbriation at the transcriptional level. Expression of
fimA is phase variable [17]. In order to examine whether fnr played a role in regulation of fimA
expression independent of phase variation, , we next performed expression studies in phase
variation deficient WT (CFT073 ON and CFT073 OFF) and fnr mutant. Due to mutations in
fimB and fimE (encoding the site-specific recombinase), both strains have invertible elements
that are locked in the ON orientation (Fig. 3D). A significantly lower fimA promoter activity

was detected in the fnr mutant, suggesting fnr up-regulates fimA promoter activity itself.

To determine if FNR directly regulates fimA expression, an electrophoretic mobility shift
assay (EMSA) was performed. The promoter region of fimA was predicted by the BProm
program (http://linux1.softberry.com) [45]. The potential binding site of FNR was identified
with the Patser software (version 3d) [8]. DNA fragments containing the potential binding site

were then PCR amplified for use as probes (202 nucleotides in size, starting from -158 to +44
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relative to translational start codon). Fragments amplified from the coding region of fimA were
used as negative controls. As shown in Fig. 3E, the FNR fusion protein was able to shift the
promoter fragment of fimA, but not the control fragment. These results demonstrate that FNR

directly regulated the expression of fimA.

FNR Affected Phase Variation of Type 1 Fimbriae

Deletion of fnr resulted in much higher fold-change of fimA expression in phase
variation proficient strains compared to the phase variation deficient strains (Fig. 3). This
suggests that FNR may also affect phase variation of type 1 fimbriae. To test this hypothesis, we
tested the phase ON/OFF switch. Our results showed that fnr mutant strain blocks the phase
switch in the lock off phase as compared to the wild type. Furthermore, complementation of the
fnr mutant restored the ON orientation to the parent level (Fig. 4A). These results demonstrate

that deletion of fnr affected phase variation of type 1 fimbriae.

The recombinases FimB and FimE have been previously associated with phase
variation of type 1 fimbriae in E. coli [27]. We analyzed the expression of the fimB and fimE
using fimB-lacZ and fimE-lacZ fusions in the chromosome. Our results showed that fimB
transcription was down-regulated 20-fold in the fnr mutant (Fig. 4B) and fimE transcription was
down-regulated 2-fold as compared to the wild type. Expression of fimB and fimE was restored
to wild type level in the complemented strain (Fig. 4B and C). Thus, our results showed that
FNR affected phase variation of type 1 fimbriae by up-regulating the transcription of

recombinases fimB.

Deletion of fnr Decreased Expression of Type P Fimbriae in UPEC

P fimbriae appeared to be especially important in E. coli pyelonephritis and its subtle

roles in uroepithelial cell culture models have been previously described [17]. We thus also
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analyzed whether deletion of fnr affects the expression of P fimbriae. P-fimbriated E. coli
specifically bind to receptors on the surface of human red blood cells, and so the expression of P
fimbriae can be detected by the human red blood cell agglutination assay [16]. The
agglutination assay showed that the UPEC wild type CFT073 agglutinated human red blood
cells (serotype O) in a mannose-independent way, and the agglutination titers of wild type were
32-fold higher than those obtained for the fnr mutant (Fig. 5A). Reintroducing the fnr gene into
the mutant recovered the agglutination ability of the fnr mutant to the wild type level. These

results suggest that the fnr mutation significantly decrease the expression of P fimbriae.

papA encodes the major subunit of P fimbriae. Using CFT073 wild type and fnr mutant
carrying papA-lacZ fusion in the chromosome, we showed that papA gene expression was
significantly down-regulated in the fnr mutant at the transcriptional level, and the reintroduction
of the fnr gene back to the fnr mutant restored papA expression (Fig. 5B). We also evaluated the
papB expression, and also observed that papB gene expression was significantly down-regulated
in the fnr mutant, indicating that FNR mutation affects not just papA in the P-fimbriae operon.
A potential binding site of FNR was identified in the promoter region of papA (-44 to -23) using
Patser software (version 3d) [8]. To determine if FNR directly regulates papA expression,
EMSA was performed. DNA fragments containing a potential binding site of FNR were then
PCR amplified for use as probes, and fragments amplified from the coding region of papA were
used as negative controls. As shown in Fig. 4D, FNR fusion protein was able to shift the
promoter fragment of papA, but not the control fragment. These results demonstrate that FNR

directly regulated the expression of papA.

FNR Affects Motility in UPEC

Bacterial flagella likely facilitate the establishment and spread of infection by microbial
pathogens within the host, and expression of flagella was coincident with UPEC ascension to

the upper urinary tract [15]. To correlate FNR with UPEC flagella expression, we compared the
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motility of wild type, fnr mutant, and the fnr complemented strain using soft-agar plates. We
observed that deletion of fnr resulted in a non-motile phenotype in UPEC CFT073 and
reintroduction of fnr into the mutant restored its motility capability (Fig. 6A). To determine
which gene(s) was (were) down-regulated by FNR in the fli and flh operons, we constructed
lacZ fusions with fliA, fliC and fIhnDC. We observed that expression of fliA and fliC were
significantly down-regulated in the fnr mutant strain compared to that in the wild type (Fig. 6B
and C respectively), but no significant difference was found for the expression of flnDC (Fig.
6D) between the wild type and mutant strains. A potential binding site (-84 to -105) for the
global regulator FNR was found in the promoter region shared by both fliA and fliC genes, and

the direct regulation of flagellar gene(s) by FNR was also confirmed by EMSA (Fig. 6E).

FNR Regulates Expression of a Novel Pathogenicity Island

Utilization of a-ketoglutarate under anaerobic conditions mediated by a pathogenicity
island has been described as a novel metabolic trait, which increased adaptability and
competitiveness of UPEC in vivo [11]. Since FNR is a well-known global regulator mediating
bacterial adaptation to the anaerobic environment, we analyzed whether FNR affects the
utilization of a-ketoglutarate under anaerobic conditions. Our growth curves showed that fnr
deletion significantly reduced the anaerobic growth of UPEC in the M9 minimum medium with
a-ketoglutarate as the sole carbon source; in contrast, the fnr mutant did not show a significant
growth defect in the M9 minimum medium supplemented with glycerol as the sole carbon
source as compared to the wild-type (Fig. 7A and B). Therefore, we compared the expression of
the pathogenicity island genes among wild type, fnr mutant, and the mutant complemented
strain. We observed that fnr deletion resulted in a significant decreased expression of
pathogenicity island genes including the a-ketoglutarate transporter gene (c5038), the kinase

gene and the response regulator gene of the novel two-component signal transduction system

87



4
N %,
5 " | 2
[ % 4 &
< 4’/% (]
3 S
<"-::r
'-'}a%
L) L) L] L] L] )
(=] (=) (=] o (=] [ =]
‘D_ Lin) [Tn] =T [t ]
o sHUn 3N
[ ]
(o]
[ ]
20
Li.

fihDC:facZ

fliC:lacZ

=
c

100+

204
0-

L) L) L)
o o L=
w o -t

syun 48N



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

(kguS/kguR). The complementation assay demonstrated that reintroduction of fnr into the

mutant restored the expression of these targeted genes (Fig. 7C).

By bioinformatics analysis, we found an FNR binding motif in the promoter region of
the signal transduction system KguS/KguR. EMSA was therefore performed using DNA
fragments containing the promoter region of the kguS/kguR genes. As shown in Fig. 7D, the
FNR fusion protein was able to shift the promoter fragment of kguS/kguR, but not the control
fragment. These results confirmed that FNR directly regulates the expression of the two-
component signal transduction system KguS/KguR. It has been reported that KguS/KguR
directly regulates the transport gene c5038 [11]; therefore, it is very likely that FNR indirectly

regulates other pathogenicity island genes, such as 5038 through KguS/KguR.

Deletion of fnr Results in Down-Regulation of Hemolysin encoding genes

Hemolysin is a very important virulence factor of UPEC [28,29]. We had previously
found that UPEC CFT073 showed much stronger hemolysis on blood agar under anaerobic
conditions than under aerobic conditions, and the upregulation of hlyCABD was responsible for
this hemolytic phenotype (data not published). We reasoned that FNR might be involved in the
regulation of hlyA expression. To verify this hypothesis, we compared the hemolytic activity of
the wild type with that of the fnr mutant grown on blood agar under anaerobic conditions. As
expected, the fnr mutation abolished the hemolytic activity, and complementation rescued this
phenotype level (Fig. 8A). A quantitative assay for the hemolytic activity further confirmed that
the fnr mutant showed significantly weaker hemolysis than the wild-type strain under anaerobic

conditions (Fig. 8B).

We then checked if FNR affected the expression of hlyCABD. Since it was reported that
hlyC, hlyA, hlyB, and hlyD shared only one promoter and there was an attenuator localized
between hlyA and hlyB, we therefore constructed hlyA-lacZ and a hlyD-lacZ fusions in the

chromosome. The fnr mutation significantly down-regulated the expression of both hlyA (Fig.
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8C) and hlyD (Fig. 8D). The molecular regulatory mechanisms of hlyCABD regulation by FNR

are currently being examined in our laboratory.

DISCUSSION

The global regulator, FNR, has been recognized as a major transcription factor of
bacterial gene expression, which participates in numerous regulatory pathways allowing
facultative anaerobes to adjust to oxygen deprivation [30]. FNR is likely to be important for
virulence of bacterial pathogens that encounter hypoxic and anoxic niches within their host. It
serves as the O, sensor to reprogram bacterial metabolism by activating genes required for
anaerobic respiration and fermentation and inhibiting genes necessary for aerobic respiration.
Accordingly, previous studies demonstrated that FNR of Bordetella pertussis, Neisseria
meningitidis, Pseudomonas aeruginosa, and Salmonella enterica serovar Typhimurium were
required for in vivo optimal growth and survival. Proteomic analyses also showed that S.
dysenteriae type 1 switched from aerobic respiration in Vvitro to anaerobic catabolism in vivo. In
addition to facilitating adaptation to hypoxic and anoxic metabolism during host colonization
and infection, FNR also triggers virulence gene expression and coordinates the function of a
Type III secretion system, thus being involved in bacterial pathogenesis. In this study we have
explored the role of the global regulator FNR in the virulence of UPEC beyond facilitating
adaption to anaerobic metabolism.

The virulence-associated phenotype observed was the significantly reduced adherence
and invasion of the fnr mutant to bladder and kidney cells. The ability of UPEC to adhere and
invade cultured bladder and kidney epithelial cells is dependent on the expression of fimbrial
and afimbrial adhesins. Type 1 fimbriae are among the most important adhesins of UPEC, and
have been shown to mediate bacterial adherence and invasion of cells in vitro and to play a
major role in the in vivo colonization process associated with urinary tract infection. In the
presence of oxygen, FNR was thought to be inactive. Interestingly, our study showed that FNR
could activate the expression of type 1 fimbriae under both aerobic and anaerobic conditions

(data not shown) and notably played a dual role in the up-regulation of type 1 fimbriae by
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promoting both promoter activity and phase variation. The FNR protein could bind to the
promoter region of the fimA gene, which encodes the main subunit of the fimbriae, and directly
up-regulated the expression of fimA. Also, FNR could activate FimB and FimE-mediated
recombination, thus promoting phase OFF to ON switching. At this time, the mechanisms of
how FNR affected the expression of fimB and fimE are still unknown, and further studies are
required to fully understand the underlying mechanisms by which FNR affects both levels of

regulation of type 1 fimbriae.

P fimbriae play an important role in the pathogenesis of ascending UTIs and
pyelonephritis in humans [31,32] by promoting epithelial attachment and resistance to filtrate
flow, facilitating early bacterial multiplication prior to the onset of ischemia and infiltration of
immune cells [33]. Using the human blood red cell agglutination assay, we could demonstrate
that deletion of fnr significantly reduced the expression of P fimbriae; in addition, decreased
transcription of the main structural gene papA was detected in the fnr mutant, suggesting that
FNR activates the expression of P fimbriae. The regulation of papA by FNR appears to be direct
since the FNR protein could bind to the promoter region of the papA gene as shown by the
EMSA. Finally, we conclude that the reduced adherence and invasion ability of the fnr deletion
mutant was presumably caused by the decreased expression fimbriae such as type 1 and P
fimbriae.

The kidney is a critical site in serious urinary tract infections, and is characterized by
metabolites not found elsewhere in UPEC life cycle. For example, the proximal tubule cells
have 10-40 fold higher levels of a-KG than any other cells [34]. We identified the first
metabolic trait, which is encoded by a pathogenicity island, to increase UPEC’s adaptability and
competitiveness during kidney infection [11]. The pathogenicity island encodes a novel two-
component signal transduction system KguS/KguR and its target genes are involved in
anaerobic utilization of a-KG. The oxygen tension was shown to modulate expression of island
genes directly via the KguS/KguR and oxygen deficiency up-regulated the expression of KguS

and KguR, suggesting that oxygen modulates expression of island genes by controlling
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KguS/KguR expression. However, no sensory domain of oxygen was found in either KguS or
KguR, and the mechanisms by which oxygen tension regulates the expression of KguS and
KguR remains unknown. Here, we demonstrated that deletion of fnr, which usually mediates the
regulation of oxygen in E. coli [6], substantially reduced the growth of UPEC in M9 medium
with 0-KG as the sole carbon source under anaerobic conditions, and deletion of fnr
significantly decreased the expression of pathogenicity island genes including kguS and kguR.
Our evidence also showed that FNR directly regulated the expression of the two-component
signal transduction system KguS/KguR, thus likely indirectly regulating other pathogenicity
island genes such as ¢5038 through KguS/KguR. It has been well known that the global
regulator FNR controls E. coli K12-common genes mediating adaptation to host anaerobic
niches. To the best of our knowledge, this is the first report showing that FNR controls the
expression of a metabolism island and contributes to bacterial fitness in vivo.

Alpha-hemolysin has been shown to be an important virulence factor of UPEC [35]. This
toxin can lyse eukaryotic cells providing an opportunity for UPEC deeper invasion and
supplying bacteria with nutrients released from host cells [36]. In addition, it has been recently
demonstrated that a-hemolysin is not only a pore forming toxin, but also triggered proteolysis of
host proteins to disrupt cell adhesion, inflammatory, and survival pathways [37]. The hly operon
contains four genes hlyCABD encoding the toxin precursor HlyA and other components
necessary for the toxin activation and secretion [38]. Several environmental stimuli, for example
anaerobiosis, have been reported to induce hly expression. However, the underlying
mechanisms are not completely understood [39,40]. UPEC CFT073 displayed much higher
hemolytic activity under anaerobic conditions than aerobic conditions (data not shown), while
deletion of fnr totally abolished the hemolytic activity of CFT073 under anaerobic conditions.
The restoration of fnr with its native promoter in the fnr mutant, and comparison of hemolytic
activity in the resulting complemented strain and in the wild-type strain revealed that the
abolished hemolytic activity is indeed due to deletion of the fnr gene. Expression studies further

confirmed that deletion of fhr reduced the transcription of hly operon. These results indicated
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that the global regulator FNR, a well-known oxygen sensor, mediates the anaerobiosis induction

of the hly operon.

Deletion of fnr also reduced the expression of UPEC flagellum, whose expression was
coincident with UPEC ascension to the upper urinary tract [15] and significantly enhanced the

pathogenesis of urinary tract infection caused by UPEC [41].

In summary, our results indicate that, in addition to mediating bacterial adaptation to
anaerobic metabolism in vivo, the global regulator FNR contributes to the virulence of UPEC by
regulation of the expression of important virulence genes of UPEC. Several known global
regulators such as H-NS [42], RpoS [43], RfaH [44], Hfq [45], and CRP-cAMP [17] have been
reported to regulate virulence of UPEC, and now FNR can be included in the growing list of
regulatory networks controlling UPEC virulence. The mechanisms by which these global
regulators interplay among each other, thus orchestrating virulence gene regulation cascades in

response to host environment, are still unknown and require further studies.
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Figure legends

Figure 1. Deletion of fnr attenuates virulence in the mouse model of UTI by UPEC
CFTO073. (A) The WT and fnr mutant strains and wild-type strain containing empty vector
(e.v.) pGEN-MCS and mutant strain containing complementation plasmid (pGEN-FNR) were
mixed to a 1:1 ratio and approximately 2x10° CFU were transurethrally inoculated into female
mice. Two days after infection, the mice were sacrificed and their bladders (A) and kidneys (B)
were aseptically removed. WT and fnr mutant bacteria were recovered by plating homogenized
tissue samples on LB or LB containing kanamycin and their viable counts were determined.
Wild-type strain containing empty vector (e.v.) pGEN-MCS and mutant strain containing
complementation plasmid (pGEN-FNR) were recovered by plating homogenized tissue samples
on LB with ampicillin or LB with both ampicillin and kanamycin. Each dot represents
log(CFU/g in the bladder or kidney from an individual animal and the detection limit is 1000
CFU/g. Bars indicate the median log;(CFU/g. A two-tailed Wilcoxon matched pairs test was
performed, and the difference in colonization levels of WT and mutants was considered

statistically significant if p < 0.05.

Figure 2. Adherence to and invasion of bladder HTB-1 cell line and HTB-44 kidney
cell line by CFT073 and its mutants. HTB-1 cells (A and B) and HTB-44 cells (C and D)
were infected at MOI of 10 CFU/cell as described in Material and Methods. For the association
assays (A and C), cells were lysed at 1 h post-infection, and the extracts plated onto LB agar for
enumeration, For the invasion assays (B and D), at 1 h post-infection, cells were washed with
PBS and incubated for further 3 h in the presence of gentamicin. Cells were then lysed, and the
extracts plated onto LB agar for enumeration. E. coli HB101 was used as a negative control.
Significant differences are indicated by asterisks (***, P<0.0001compared to the WT and

mutant).

Figure 3. UPEC type I fimbriae regulation. A, yeast agglutination assay with dilutions
of WT 1:16; AFNR 1:1 and AFNR + pGEN-FNR 1:16. Bacterial were grown statically for 48 h,
agglutination was read after 10 min at room temperature, and the strength of the agglutination
was determined by tittering of serial two-fold dilutions in PBS of the bacterial suspensions;
fimA-lacZ transcriptional fusion strains were grown in LB medium statically for 48 h at 37°C. -
galactosidase activity was measured, and the values shown are means plus standard deviations
of triplicate samples. B, B-galactosidase activity assay for expression of fimA.; C, B-
galactosidase activity assay for expression of fimA in fimB and fimE costructs; D, pB-
galactosidase activity assay for expression of fimA in locked ON strains E, Non-radioactive
EMSA studying the binding of (FNRD154A), - Hiss to the promoter regions. PCR product of

fimA promoter region was used as probes. Purified (FNRD154A), -Hiss fusion protein was
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694 added at different concentrations in each reaction mixture as indicated and MBP-Hiss was used
695  as a negative control at 300ng per each reaction. For the lane on the right on each panel, a
696  negative control DNA fragment amplified from the kguR coding region was used, and as
697  positive controls ydfZ were used. DNA fragments were stained with SYBR green. Significant
698  differences are indicated by asterisks (***, P<0.0001compared to the WT and mutant).

699 Figure 4. UPEC type 1 fimbriae phase variation. A. Phase variation electrophoresis,
700  PCR products were purified and digested with Hinfl for 4 h, and analyzed on 2 % agarose gel.;
701  fimB-lacZ and fimE-lacZ transcriptional fusion strains were grown in LB medium statically for
702 48 h at 37°C. B-galactosidase activity was measured, and the values shown are means plus
703  standard deviations of triplicate samples B. B-galactosidase activity assay for expression of
704  fimB; C. B-galactosidase activity assay for expression of fimE. Significant differences are

705  indicated by asterisks (***, P<0.0001compared to the WT and mutant).

706 Figure 5. UPEC type P fimbriae regulation. A, RBC agglutination assay with dilutions
707  ofthe WT 1:32; AFNR 1:1 and AFNR+pGEN-FNR 1:32. Bacteria were grown statically for 48
708  h, agglutination was read after 10 min at room temperature and the strength of the agglutination
709  was determined by titering of serial two-fold dilutions in PBS of the bacterial suspensions;
710  papA-lacZ and papB-lacZ transcriptional fusion strains were grown in CFA media overnight
711 without shaking at 37°C. B-galactosidase activity was measured, and the values shown are
712  means plus standard deviations of triplicate samples. B, B-galactosidase activity assay for
713  expression of papA; C, P-galactosidase activity assay for expression of papB; D, Non-
714  radioactive EMSA studying the binding of (FNRD154A), - Hise to the promoter regions. PCR
715  products of papA promoter region were used as probes. A negative control DNA fragment,
716  amplified from the KguR coding region, was used, and ydfZ were used as positive controls. DNA
717  fragments were stained with SYBR green. Significant differences are indicated by asterisks (*,

718  P<0.05 compared to the WT and mutant ; ***, P<(0.0001compared to the WT and mutant).

719 Figure 6. Motility regulation. A, Soft agar motility assay; bacterial cultures were
720  stabbed in the middle of each soft-agar plate and incubated at 37°C for 16 h; fliA-lacZ, fliC-lacZ
721  and fIhDC-lacZ transcriptional fusion strains were grown at 37°C in LB with shaking until OD
722 0.5.p-galactosidase activity was measured. The values shown are means plus standard
723 deviations of triplicate samples. B, B-activity assay for expression of fliA. C, B-activity assay for
724  expression of fliC. D, B-activity assay for expression of flnDC. E, Non-radioactive EMSA
725  studying the binding of (FNRDI154A), - Hiss to the promoter regions. PCR products of fliC
726  promoter region were used as probes. A DNA fragment amplified from kguR coding region was

727  used as a negative control, and ydfZ was used as a positive control. DNA fragments were stained
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728  with SYBR green. Significant differences are indicated by asterisks (***, P<(0.0001compared to
729  the WT and mutant).

730

731 Figure 7. UPEC o-ketoglutarate metabolism regulation. in vitro growth of fnr mutants
732  in M9 medium containing o-KG as the sole carbon source (A) or M9 medium containing
733  glycerol as the sole carbon source (B). Optical density of the UPEC CFT073 WT and mutants
734  during growth in M9 medium containing a-KG as the sole carbon source or glycerol under
735  anaerobic conditions was determined. Growth bars represent the average measurement at each
736  time point from triplicate experiments; 5038 -lacZ, kguS-lacZ and kguR-lacZ transcriptional
737  fusion strains were grown anaerobically at 37°C in M9 medium with o-KG overnight. -
738  galactosidase activity was measured, and the values shown are means plus standard deviations
739  of triplicate samples. C, f-galactosidase activity assay for expression of ¢5038, kguS and kguR.
740 D, Non-radioactive EMSA studying the binding of (FNRD154A), - Hiss to the promoter
741  regions. PCR products of kguR promoter region were used as probes. A DNA fragment
742  amplified from the kguR coding region was used as a negative control, and ydfZ was used as a
743  positive control. DNA fragments were stained with SYBR green. Significant differences are
744  indicated by asterisks (***, P<0.0001compared to the WT and mutant).Figure 8. UPEC
745  hemolysin regulation. A, Blood agar hemolytic assay. Bacteria were inoculated into blood agar
746  plates overnight at 37°C under anaerobic conditions; B, hemolytic activity quantification,
747  Dbacterial strains were grown in the presence of RBC cells overnight at 37°C under anaerobic
748  conditions and OD 540,, recorded, 100% are RBC cells lysed with Triton X-100 1 %. For
749  analysis of hlyA-lacZ and hlyD-lacZ transcriptional fusions, strains were grown on blood agar
750  plates overnight at 37°C under anaerobic conditions. C, P-galactosidase activity assay for
751  expression of hlyA. D, B-galactosidase activity assay for expression of hlyD. Significant
752  differences are indicated by asterisks (**, P<0.001 compared to the WT and mutant ; ***,
753  P<0.0001compared to the WT and mutant).

754

755

756 Supplementary material:

757 Figure. S1. Logo graph of the information matrix obtained from the consensus alignment

758  of FNR motif sequences for UPEC CFT073. The total height of each column of characters
759  represents the amount of information for that specific position, and the height of each character

760  represents the frequency of each nucleotide.
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Table S1. Strains and plasmids. The genotypes of all strains of E. coli used or

constructed in this study and information about the plasmids used in this study are presented

here.

Table S2. Oligonucleotides. Oligonucleotide sequences used as PCR primers.
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Table S1. Strains and plasmids. The genotypes of all strains of E. coli utilized or

constructed in this study and information about the plasmids used in this study.

Bacterial strains Genotype or relevant characteristics Source or
and plasmids Reference

Bacterial strains

E. coli DH5a Plasmid propagation strain Invitrogen
RK2 tra regulon, pir, host for pir-dependent

E. coli S17-Apir plasmids [1]
F-, A(araD-araB)567, AlacZ4787(::rrnB-

E. coli 3), A-, Afnr-771::kan,rph-1, A(rhaD-

for-771(del)::.kan  rhaB)568, hsdR514 [2]
Blood isolate from a patient with acute

UPEC CFTO073 pyelonephritis [3]

LMP10 CFTO073 AlacZYA [4]

LMPI11 CFTO073 AlacZYA::Chlr [4]
CFTO073 Afnr This study
CFTO073 Afnr::kan This study

CFT073 OFF IRL, fim invertible element locked off [5]

CFT073 N IRL, fim invertible element locked on [5]
CFTO073 AlacZYA Afnr This study
CFTO073 AlacZYA fimA-lacZ This study
CFTO073 AlacZYA Afnr fimA-lacZ This study
CFTO073 AlacZYA fimB-lacZ This study
CFTO073 AlacZYA Afnr fimB-lacZ This study
CFTO073 AlacZYA fimE-lacZ This study
CFTO073 AlacZYA Afnr fimE-lacZ This study
CFTO073 AlacZYA papA-lacz This study
CFTO073 AlacZYA Afnr papA-lacZ This study
CFTO073 AlacZYA papB-lacZ This study
CFTO073 AlacZYA Afnr papB-lacZ This study
CFTO073 AlacZYA c5038-lacZ [4]
CFTO073 AlacZYA Afnr ¢5038-lacZ This study
CFTO073 AlacZYA kguS-lacZ [4]
CFTO073 AlacZYA Afnr kguS-lacZ This study
CFTO073 AlacZYA kguR-lacZ [4]
CFTO073 AlacZYA Afnr kguR-lacZ This study
CFTO073 AlacZYA hlyA-lacz This study
CFTO073 AlacZYA Afnr hlyA-lacZ This study
CFTO073 AlacZYA c3565-lacZ This study
CFTO073 AlacZYA Afnr ¢3565-lacZ This study
CFTO073 AlacZYA fliA-lacZ This study
CFTO073 AlacZYA Afnr fliA-lacZ This study
CFTO073 AlacZYA fliC-lacz This study
CFTO073 AlacZYA Afnr fliC-lacZ This study
CFTO073 AlacZYA flhDC-lacZ This study

CFTO073 AlacZYA Afnr flhDC-lacZ

This study
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Plasmids

pET28a-

(farD154A)2 expression plasmid of FNR protein [6]
suicide plasmid for chromosomal lacZ

pVIK112 transcriptional fusion [7]

pGEN-MCS low copy plasmid for complementation [8]
pGEN-MCS carrying fnr coding region and

pGEM-FNR 500bp upstream promoter region This study

pKD3 template for A-Red Chlr cassette [9]

pKD4 template for A-Red Kanr cassette [9]
encodes FLP recombinase for removal of

pCP20 resistance cassette [9]

pKD46 A-Red recombinase expression [9]

1. Simon R, Priefer U, Puhler A (1983) A Broad Host Range Mobilization System for

In Vivo Genetic Engineering: Transposon Mutagenesis in Gram Negative
Bacteria. Nat Biotech 1: 784-791.

.Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, et al. (2006) Construction of

Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio
collection. Molecular Systems Biology 2.

. Welch RA, Burland V, Plunkett G, 3rd, Redford P, Roesch P, et al. (2002) Extensive

mosaic structure revealed by the complete genome sequence of uropathogenic

Escherichia coli. Proc Natl Acad Sci U S A 99: 17020-17024.
. Cai W, Wannemuehler Y, Dell’Anna G, Nicholson B, Barbieri NL, et al. (2013) A

novel two-component signaling system facilitates uropathogenic Escherichia
coli’s ability to exploit abundant host metabolites. Plos Pathogens 9: e1003428.

. Gunther NW, Snyder JA, Lockatell V, Blomfield I, Johnson DE, et al. (2002)

Assessment of virulence of uropathogenic Escherichia coli type 1 fimbrial
mutants in which the invertible element is phase-locked on or off. Infection and
Immunity 70: 3344-3354.

. Shan Y, Pan Q, Liu J, Huang F, Sun H, et al. (2012) Covalently linking the

Escherichia coli global anaerobic regulator FNR in tandem allows it to function
as an oxygen stable dimer. Biochemical and Biophysical Research
Communications 419: 43-48.

. Kalogeraki VS, Winans SC (1997) Suicide plasmids containing promoterless reporter

genes can simultaneously disrupt and create fusions to target genes of diverse
bacteria. Gene 188: 69-75.

. Lane MC, Alteri CJ, Smith SN, Mobley HLT (2007) Expression of flagella is

coincident with uropathogenic Escherichia coli ascension to the upper urinary
tract. Proceedings of the National Academy of Sciences of the United States of
America 104: 16669-16674.

. Datsenko KA, Wanner BL (2000) One-step inactivation of chromosomal genes in

Escherichia coli K-12 using PCR products. Proceedings of the National
Academy of Sciences of the United States of America 97: 6640-6645.
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Table S2. Oligonucleotides. Oligonucleotide sequences used as PCR primers.

Primers

Sequence (5'-3")

General PCR for cloning

pGEN-FNR-F

pGEN-FNR-R

For lacZ fusion
fimA-lacZ-5'-F
fimA-lacZ-5'-R
fimB-lacZ-5'-F
fimB-lacZ-5'-R
fimE-lacZ-5'-F
fimE-lacZ-5'-R
papA-lacZ-5'-F
papA-lacZ-5'-R
papB-lacZ-5'-F
papB-lacZ-5'-R
c5038-lacZ-5'-F
c5038-lacZ-5'-R
kguS-lacZ-5'-F
kguS-lacZ-5'-R
kguR-lacZ-3'-F
kguR-lacZ-3'-R
hlyA-lacZ-5'-F
hlyA-lacZ-5'-R

c3565-lacZ-5'-F

GTACCATATGGATCGAATCCCATCAGCATC

CCGAGTCGACAGGATCGATAACAACGAGCA

CACGGAATTC GTTGATGCAGGCTCTGTTGA
GCAGICTAGA TTATTGATACTGAACCTTGA
GTCGGAATTCCCGATTGAGGATTTCGGATA
CCAGICTAGACTATAAAACAGCGTGACGCT
GACGGAATTCGGCATGGGATGCGTATTAGT
CGAGICTAGATCAAACTTCTTCTCTTTTTA
CACGGAATTCATCAGTCGGTCAGGAAATGC
GCAGTICTAGAGAGCAGCATATGCACCAAAA
CACGGAATTC GGCCCCTGGATATATGCTTC
GCAGTCTAGA CTCCATCATGCCTGTTCAGA
AGTCGAATTCTGGTGGTAATGCGGAAGAAC
ATCGTCTAGATATCGCCCAGTGGCAGAAGG
ATGCGAATTCTTCGCTTTCTGGCGAGAAGG
GCTGTCTAGAGAAACCGCGAGCATGATAAG
ATCGGAATTCTGTTATTGCAGCGACCAAGG
GCACTCTAGATTAGCTGGATGATTCTGGTC
ATCGGAATTCTATTGATTTCCGGGAT
ACCGTICTAGATTATGCTGAGCTGTC

GCTGTCTAGAGAAACCGCGAGCATGATAAG
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c3565-lacZ-5'-R
hlyD-lacZ-5'-F
hlyD-lacZ-5'-R
fliA-lacZ-3'-F
fliA-lacZ-3'-R
fliC-lacZ-3'-F
fliC-lacZ-3'-R
flhDC-lacZ-3'-F

flhDC-lacZ-3'-R

For Deletion?
Del-fnr-F

Del-fnr-R

For ON/OFF switch

fimEin F

fimAin R

For EMSA

Inside negative control-Forl

Inside negative control-Revl

PromfimI-For
PromfimI-Rev
PrompaplI-For
Prompapl-Rev
PromkguR-For

PromkguR-Rev

ATCGGAATTCTGTTATTGCAGCGACCAAGG
CACGGAATTC TTCGGGAAAAGTTCAGCAAC
GCAGICTAGA TTAACGCTCATGTAAACTTTCT
CACG CCCGGG ATCAGGCCTACAAGGGGAAT
GCAGTCTAGA GCGTTCGACGGCATTAAGTA
CACGGAATTC CGACACGTAAAACGAATACCG
GCAGICTAGA CGCAGACTGGTTCTTGTTGA
CACGGAATTC CGGTGAGACCGCATAAAAAT

GCAGTCTAGA CCCAGGTCATAAACCAGTCG

GACGGTTATGCCAGACCACT

AAGCGACAAGCTTCGTGAAT

GGCATGCTTGTGGTTATGAA

TTTTCATGCTGCTTTCCTTT

ATCTGTGTGGTAAGAGAATC
TGGTGCGCCATGGGATATTG
TTTGCAGAGCCAGTACGTTG
GTTGATGCAGGCTCTGTTGA
TTCACCCGTTTTTCAGAAGC

AAAATCCGCACACTGACCAT
AAGCCATAACGTTCCGCTTC

TTGCTACTGTTTGCCGCTAC
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Prom3565-For
Prom3565-Rev
PromfliC-For
PromfliC-Rev
PromydfZ-For

PromydfZ-Rev

CAGCGTAACCACAGAGGATG
CGCAACAGAGCTGCAATATC
CGCAGACTGGTTCTTGTTGA
GGGAATAAGGGGCAGAGAAA
GCGACTGGTTTAGCGAAGAG

TGGTGATTGCGTTACGGTTA

e Underlined are restriction cutting sites;

e Capital letters represent homologous fragments of the deleted genes.
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ABSTRACT

Avian pathogenic Escherichia coli (APEC) are the etiological agent of
colibacillosis, which is one of the main causes of morbidity and mortality of chickens
and is worldwide disseminated. Though many virulence factors associated with APEC
pathogenicity are known, the regulation of virulence in these organisms remains
unclear. FNR (fumarate and nitrate reduction) is a well-known global regulator that
works as an oxygen sensor and has previously been described as a virulence regulator in
pathogenic bacteria such as Salmonella enterica serovar Typhimurium and Shigella
flexneri. The objective of this study was to examine the role of FNR in the regulation of
virulence genes in APEC O1. We found that FNR is involved in the regulation of some
important genes related to APEC pathogenicity, such as plasmidial OmpT (outer
membrane protein), type I fimbriae and AatA (autotransporter system). Loss of FNR
resulted in a decreased expression of these virulence factors. Our results indicate that

FNR is important for virulence regulation in APEC.

KEY WORDS

APEC, FNR, type I fimbriae, outer membrane protein, genes regulation, virulence

regulation.
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INTRODUCTION

Escherichia coli is an important gastrointestinal inhabitant. It is present in the
microbiote of human and birds (1). E. coli is usually a nonpathogenic bacteria, however,
some strains of E. coli acquired specific virulence factors (via DNA horizontal transfer
by transposons, plasmids, bacteriophages, and pathogenicity islands) and became
pathogenic. The virulence factors confer to the bacteria the ability to adapt to new
niches and allow the bacteria to improve its ability to cause a broad spectrum of
diseases. Extraintestinal pathogenic E. coli (EXPEC) strains may exist in the gut without
causing disease to the GI tract, but have the capacity to disseminate and colonize other
host niches including the urinary tract, the blood, and the central nervous system,

resulting in disease (2).

Avian pathogenic Escherichia coli (APEC) are the etiological agent of
colibacillosis, which is one of the main causes of morbidity and mortality of chickens,
and is worldwide disseminated. It normally initiates in upper respiratory tract and
affects other organs - such as lungs, air sacs, liver and spleen - and can culminate in a

generalized infection (3, 4).

The APEC most common virulence associated factors include genes that enable
APEC strains to adhere to host tissues, survive within host fluids, resist to host immune

defenses and make the bacteria able to infect extraintestinal sites (3, 5, 6).

More than 250 transcription factors are known to regulate gene expression in E.
coli. Some of these factors are operon-specific while others, known as global regulators,
coordinate the expression of scores of promoters in response to specific environmental
cues (7). Although many virulence factors are known to be associated with APEC

pathogenicity, the regulation of their expression is still not understood.

The transcription factor FNR (for Fumarate and Nitrate Reduction) plays a major
role in altering gene expression between aerobic and anaerobic conditions to facilitate
such changes in energy metabolism. The gene encoding FNR (fnr) was originally
discovered by Lambden and Guest in the mid-1970s from their pioneering work on the
characterization of mutants that failed to carry out fumarate and nitrate reduction (8). It

has been shown to be a global regulator of anaerobic metabolism in non-pathogenic E.
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coli, controlling the synthesis of up to 125 genes (9). These include the expression of
genes encoding enzymes for the anaerobic oxidation of carbon sources, enzymes for the
anaerobic reduction of alternate terminal electron acceptors and proteins for transport of

these carbon sources or electron acceptors (9).

FNR has been described as a virulence regulator in pathogenic bacteria such as
Salmonella enterica serovar Typhimurium (ATCC 14028s), in which FNR worked as a
positive regulator of motility, flagellar biosynthesis and pathogenesis (10). In Shigella
flexneri strains (M90T), it was observed that MOOTAfnr was substantially attenuated for
gastrointestinal colonization compared to the wild-type strain, whereas FNR binding
motifs were observed upstream of genes required for T3SS function, that are crucial to

Shigella virulence (11).

OmpT, outer membrane protein T, is characterized as a protease (12), and it is
associated with the degradation of o-helical antimicrobial peptides. Antimicrobial
peptides are usually small cationic peptides that are secreted into the extracellular
environment by epithelial cells, and have both bactericidal and immunomodulatory
properties. These peptides are key players in the innate immune response to infection.
They bind to the anionic cell membrane and lyse bacterial cells by forming pores as a
mechanism of action. They also act as a bridge between the innate and adaptive
immunity by recruiting immune cells to the site of infection (13). The LL-37 is one
example of antimicrobial peptide and is expressed by different cell types, including
neutrophils, bone marrow cells and epithelial cells of the lung and intestine. LL-37
derives from its biological precursor of human cationic antimicrobial protein 18
(hCAP18), which is processed into the biologically active peptide by the serine protease
proteinase 3 (13, 14). Previous reports showed that EHEC OmpT readily degraded and
inactivated antimicrobial peptides to promote bacterial survival, whereas EPEC OmpT
was found to have a more marginal role in antimicrobial peptides degradation (13).
APEC O1 encodes two copies of ompT gene, one in the chromosome and other in the
plasmid (15), but until now, its role in the pathogenesis of avian colibacillosis remains

unknown (12).

Type 1 fimbriae is the most important adhesin of APEC strains. It is reported as
virulence factors in animal models of colibacillosis. The type 1 fimbriae have been

shown to enhance bacterial survival, to stimulate mucosal inflammation, and to promote
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invasion and growth in UPEC strain (16). Type 1 fimbriae mediate colonization of the
center of the tubule via a mechanism that involves inter-bacterial binding and biofilm

formation (17, 18).

The majority of APEC strains harbor large virulence plasmids that encode both
known and unknown phenotypes that contribute to virulence. Autotransporters have
been associated with diverse functions, including adhesion, cytotoxicity and lipase or
protease activity. AatA is a novel autotransporter first identified in the PAI of APEC
O1’s virulence plasmid, pAPEC-O1-ColBM, which mediates adherence to chicken

fibroblasts and contributes to virulence (19).

Due to these observations, the objective of this study was to examine the role of
FNR in the regulation of certain known virulence genes in APEC O1. We observed the
influence of fnr mutant in relation to antimicrobial resistance, outer membrane protein

OmpT, type I fimbriae and AatA autotransporter.
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MATERIAL AND METHODS
Bacterial Strains and Culture Conditions

The wild type strain used was APEC Ol isolated from lesions of chickens
clinically diagnosed with colibacillosis, from United States. APEC Ol is a O1:K1:H7

strain whose genome is available (15).

Strains and plasmids used in this study are listed in Table S1. Aerobic growth was
achieved by shaking at 180 rpm. For genetic manipulations, all E. coli strains were
grown routinely in Luria Bertani (LB) broth medium. Selective antibiotics and IPTG
were added when necessary at the following concentrations: ampicillin (Amp), 100 ug
ml—1; kanamycin (Kan), 50 pg. ml—1; chloramphenicol (Chl), 25 pg.ml-1; IPTG, 0.1
mM (20).

Bioinformatics Analysis

The information matrix for the generation of the FNR logograph was produced by
using the alignment of the E. coli FNR binding sequences as done in (10). To account
for differences in nucleotide usage or slight variations in consensus sequences, a second
alignment was built for E. coli APECO]1 using the regions of the homologous genes
originally used to build the E. coli information matrix. The alignment was used to
prepare a new information matrix using the Patser software (version 3d). A graphical
representation (Fig. S1) of the matrices through a logograph was obtained with

Weblogo software (version 2.8.1).

Recombinant DNA Techniques

Polymerase chain reaction (PCR), DNA ligation, electroporation and DNA gel
electrophoresis were performed according to Sambrook and Russell (21), unless
otherwise indicated. All oligonucleotide primers were purchased from Integrated DNA
Technologies (Iowa, USA) and are listed in Table S1. All restriction and DNA-
modifying enzymes were purchased from New England Biolabs and used based on the

suppliers' recommendations. Recombinant plasmids, PCR products, and restriction
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Table 1. Strains and plasmids. The genotypes of all strains of E. coli used or

constructed in this study and information about the plasmids used in this study.

Bacterial strains Genotype or relevant characteristics Source or

and plasmids Reference

Bacterial strains

E. coli DH5a Plasmid propagation strain Invitrogen
RK2 tra regulon, pir, host for pir-dependent

E. coli S17-Apir plasmids (44)
F-, A(araD-araB)567, AlacZ4787(::rrnB-

E. coli 3), A-, Afnr-771::kan,rph-1, A(rhaD-

fnr-771(del)::kan rhaB)568, hsdR514 (45)
isolate from lesions of chickens clinically

APEC O1 diagnosed with colibacillosis (15)
APECO1 AlacZYA This study
APECO1 AlacZYA::Chlr This study
APECO1 Afnr This study
APECOI Afnr::kan This study
APECOI1 AlacZYA Afnr This study
APECO1 AlacZYA fimA-lacZ This study
APECOI1 AlacZYA Afnr fimA-lacZ This study
APECO1 AlacZYA aatA-lacZ This study
APECOI1 AlacZYA Afnr aatA-lacZ This study
APECO1 AlacZY A ompTchr-lacZ This study
APECOI1 AlacZYA Afnr ompTchr-lacZ This study
APECO1 AlacZY A ompTplas-lacZ This study
APECOI1AlacZY A Afnr ompTplas-lacZ This study
CFTO073 AlacZY A Afnr flhDC-lacZ This study

Plasmids

pET28a-(fnrD154A)2 expression plasmid of FNR protein (29)
suicide plasmid for chromosomal lacZ

pVIK112 transcriptional fusion (23)

pGEN-MCS low copy plasmid for complementation (24)
pGEN-MCS carrying for coding region and

pGEM-FNR 500bp upstream promoter region This study

pKD3 template for A-Red Chlr cassette (22)

pKD4 template for A-Red Kanr cassette (22)
encodes FLP recombinase for removal of

pCP20 resistance cassette (22)

pKD46 A-Red recombinase expression (22)
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fragments were purified using QIAquick PCR purification kit or MinElute gel
extraction kit (Qiagen, CA) as recommended by the supplier. DNA sequencing was

performed at the DNA facility, lowa State University.

Deletion mutants were constructed using the lambda red recombinase system
described by Datsenko and Wanner (22). Chromosomal transcriptional lacZ fusion was
constructed by homologous recombination of the suicide plasmid pVIK112 carrying a
fragment of the complete 5'-region, 3'- region, or internal fragment of the target gene
(23), as described in (20) . For complementation, the coding sequences of genes plus
their putative promoter regions were amplified from APEC Ol genome and

independently cloned into pGEN-MCS (24) using EcoRI and Sall restriction sites.

Agglutinattion Assays

Tests for agglutination were performed as described earlier (25). For analysis of
the fim operon, bacterial strains were grown at 37° C in LB broth without shaking for 48
h, then were pelleted and concentrated to ODgoonm Of 5.0.Suspensions (10% w/v) of
yeast cells (Saccharomyces cerevisiae) were washed 3 times in PBS prior to use.
Briefly, yeast cells were mixed on a glass slide with PBS or with bacteria in PBS, in the
presence and absence of D-mannose. Agglutination was read after 10 min at room
temperature. The strength of the agglutination was determined by titering of serial two-

fold dilutions of the bacterial suspensions in PBS (25).

B-galactosidase Assays

Overnight LB cultures of E. coli containing the gene of interest-lacZ fusions were
washed with PBS once and then diluted 1:100 in LB or indicated media and grown at
37°C. For analysis of fim, cultures were grown for 48 h without shaking at 37°C (26).
For analysis of ompT and aatA, cultures were grown in LB under shaking until OD 0.5.
These cultures were diluted 1:10 in Z buffer and assayed for B-galactosidase activity
using ortho-Nitrophenyl-B-galactoside (ONPQG) as a substrate as described previously
(27).
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Electrophoretic Mobility Shift Assays (EMSA)

Protein expression analysis was performed as describe in (28). Briefly, BL21 with
pET28a-(fnrD154A)2 were grown in 200 mL of LB for 16 h at 25°C with 0.1 mM
IPTG. To study the binding of FNR to the DNA probe, electrophoretic mobility shift
assays (EMSAs) were performed as described in (29, 30). Briefly, FNR-His6 fusion
protein was purified to homogeneity using Ni-NTA Spin Columns (28) and dialyzed
against binding buffer. DNA probes were amplified by PCR using specific primers, and
the gel was purified using a QIAGEN MinElute gel extraction kit.

EMSAs were performed by adding increasing amounts of purified (FNRD154A)2
-His6 fusion protein (0 to 20 ng) to the DNA probe (40 ng) in binding buffer (20 mM
Tris (pH 6.8), 10 mM EDTA, 4 mM dithiothreitol, 50 mM NaCl, 10 % glycerol, 0.5 mg
ml—1 bovine serum albumin (NEB) for 30 min at 37°C. Reaction mixtures were then
subjected to electrophoresis on a 6% polyacrylamide gel in 0.5XTBE buffer (44.5 mM
Tris, 44.5 mM boric acid, 1 mM EDTA, pH 8.0) at 200 V for 45 min. The gel was
stained in 0.5%TBE buffer containing 1xSYBR Gold nucleic acid staining solution for

30 min, and then the image was recorded.

Fragments amplified from the coding region of kguR (20) were used as negative
controls, and fragments amplified the gene ydfZ as describe previously (29) were used

as positive controls.

Minimal inhibitory concentrations (MIC)

Minimal inhibitory concentrations (MIC) were determined in 96-well microtiter
plates using the broth microdilution method (31). Briefly, bacterial cells were grown to
an optical density at 600 nm (OD600) of 0.5 in N-minimal medium, diluted to 5x10°
CFU/ml in the same medium, and aliquoted into rows of wells. Twofold serial dilutions
of the tested antimicrobials were added to each row of wells. The plates were incubated
at 37°C for 18 h. The lowest concentration of antimicrobial that did not permit any
visible growth, determined by the absence of turbidity, was the MIC. Determination of
MIC values was repeated at least three times. The antimicrobial test concentrations
ranged from: LL-37 (128-0.002 pg/ml), Polymyxin B (128-0.002 pg/ml) and Lysozyme
(5000-2.4 pg/ml).
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RESULTS

In silico prediction of FNR binding sites

To determine whether a binding site for FNR might be present in the region
upstream of the candidate FNR-regulated genes, we performed an in silico search of the
5" regions of these genes for the presence of a putative FNR-binding motif, using E. coli

APEC O1 specific logograph (Fig. 1).

We predicted 516 binding sites in the whole APEC O1 chromosome
(NC _008563.1), 19 binding sites in the plasmid pColBM (NC 009837.1) and 21
binding sites in the plasmid pColR (NC _009838.1). We predicted binding sites
upstream of virulence genes and operons such as genes encoding the plasmid allele of

the OmpT protein, type I fimbriae, and the autotranspoter AatA.

Deletion of fnr reduced the expression of outer membrane protein OmpT

from plasmid but not of OmpT chromossomal in APEC.

It was previously reported that ompT is an important gene for resistance to
antimicrobial peptides (13). Since we found an in silico predicted FNR binding motif in
the promoter region of the ompT gene, we investigated whether FNR affects ompT

expression.

Two copies of the ompT gene are present in the APEC OlI strain. One copy is in
the chromosome (APECO1 1482) and the other copy is in the pColBM plasmid
(APECO1_O1CoBM192). Through in silico prediction, we observed a FNR binding
motif in the promoter region of the plasmidial ompT (from - 81 to -60), but not in the
chromosomal ompT. We constructed ompT-lacZ fusions to test gene expression of the
chromosome and plasmid ompT genes independently. We observed that expression of
chromosomal ompT did not alter with fnr mutation (fig. 2A). However, the expression
of plasmid-encoded ompT was significantly reduced with fnr mutation (fig. 2B), and

plasmid-encoded ompT expression was restored in the fnr complemented strain.
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To determine whether FNR directly regulates plasmidial ompT expression,
electrophoretic mobility shift assay (EMSA) was performed. The promoter regions of
chromosomal ompT and plasmidial ompT were predicted by BProm program
(http://linux1.softberry.com). A potential binding site of FNR was identified by
bioinformatic analysis. DNA fragments containing the potential binding site were then
amplified by PCR for use as probes (259 nucleotides in size, starting from -137 to +122
relative to translational start codon). As shown in Fig. 3C, FNR did not shift the
promoter fragment of chromosomal ompT. However, FNR directly bound to the
plasmidial ompT regulatory region. These results indicate that FNR directly binds to the
regulatory region of plasmidial ompT, but not to the regulatory region of chromosomal

ompT.

FNR contributes to antimicrobial peptide resistance in APEC

It was previously reported that pathogenic E. coli strains is resistant to
antimicrobial peptides such as LL-37, lysozyme and polymyxin B (13). Here we
observed that APEC Ol strain was resistant to antimicrobial peptide LL-37, having a
MIC of 128 pg/ml (Table 2, figure 3A). For the fnr mutant, the MIC was 32 pg/ml, 4-
fold more susceptible to LL-37 peptide than the wild type strain. Moreover, the wild
type phenotype was recovered when APEC O1 A fnr was complemented with pGEN-
FNR, having a MIC of 128 pg/ml.

We also tested the minimal inhibitory concentration in relation to lysozyme. Our
results showed that APEC O1 had an MIC of 2500 pg/ml, APEC O1 A fnr had an MIC
of 312 pg/ml, and the phenotype was recovered in APEC O1 A fnr + pGEN-FNR,
showing an MIC of of 2500 ug/ml (Table 2, Fig. 3B). APEC O1 A fnr was 8-fold more
susceptible to lysozyme, indicating that FNR is important for this phenotype.

However, for the antimicrobial peptide polymyxin B we did not observe any
difference among the wild type, mutant and complemented strains (Table 2, figure 3C).

All of them presented a MIC of 4 pg/ml.

Deletion of fnr reduced the expression of type 1 fimbriae in APEC
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Table. 2. FNR affects MIC in APEC strains

MIC pg/ml
Strain
LL-37 Lysozyme Polymyxin B
APEC O1 128 2500 4
APEC O1 AFNR 32 312 4
APEC O1 AFNR +pGEN-FNR 128 2500 4
MG1655 32 312 4
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The expression of type 1 fimbriae can be detected by mannose-sensitive yeast
agglutination (MSYA), which attests the ability of type 1 fimbriated bacteria to bind to
mannose-containing receptors on the surface of yeast cells. Using serially diluted
assays, we observed that APEC O1 agglutinated yeast cells even at an 8-fold dilution of
the wild type cell suspension (8-fold); in contrast, the fnr mutant was unable to
agglutinate yeast cells; the complemented strain recovered the agglutination ability to
the wild type level (Fig. 4A). These results indicate that fnr mutation caused a

substantial decrease in the expression of type 1 fimbriae on the cell surface.

To confirm if this phenotype was related with the type 1 fimbriae genes, we
evaluated the gene expression of fimA, which encodes the major subunit of type 1
fimbriae. We tested the gene expression by [(-galactosidase assays, using fim-lacZ
construction in the chromosome. A significant down-regulation of fimA was observed in
the fnr deletion strain as compared with wild type (Fig.4B), suggesting that FNR
enhance type 1 fimbriation at the transcriptional level, consistent with our agglutination

data.

Deletion of fnr reduced the expression of AatA autotransporter in APEC

Our group has recently described an AatA autotransporter system in APEC Ol
(APECO1_0O1CoBM96), and found that this protein is important for APEC virulence in
vivo (19). A potential binding site of FNR in the promoter region of the aatA gene (from
- 89 to -68) was identified by bioinformatic analysis. To determine if deletion of fnr
affects aatA expression, we tested the gene expression by B-galactosidase assays. We
observed that aatA expression was significantly reduced in the fnr mutant strain as
compared to the wild type strain, and its expression was restored in the complemented

strain (Fig.5A).

To determine whether FNR directly regulates aatA expression, an electrophoretic
mobility shift assay (EMSA) was performed. DNA fragments containing the potential
binding site were then amplified by PCR for use as probes (245 nucleotides in size,
starting from -141 to +104 relative to translational start codon). As shown in Fig. 5B,
FNR fusion protein was able to shift the promoter fragment of aatA. These results

demonstrate that FNR directly binds to the promoter of aatA.
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DISCUSSION

The regulator of fumarate and nitrate reduction (FNR) is related to transcription
activators that control the expression of networks of E. coli genes in response to oxygen
starvation observed in nonpathogenic strains such as E. coli K-12 (MG 1655) (32). In
anaerobic conditions, FNR was able to bind to specific DNA targets at promoters and
modulate transcription (33). It is known that FNR is related to regulation of the
expression of genes encoding enzymes for respiratory processes that utilize alternative
electron acceptors, such as nitrate and fumarate, or that promote fermentation under

anaerobic conditions (9).

This work is the first to test the global capability of FNR regulation in an avian
pathogenic E. coli strain. Other works were performed using K-12 (MG 1655) as model
(33).

By bioinformatic analysis, we identified 516 FNR binding sites in the whole
APEC O1 chromosome, 19 binding sites in the plasmid colBM (NC_009837.1) and 21
binding sites in the plasmid colR (NC 009838.1). We observed genes related to
metabolic functions, transport of small molecules, iron metabolism, regulatory genes
and related to outer membrane protein. The fact that some genes bound by FNR are not
related to the switch to aerobic and anaerobic environmental, we believe that fnr is more

than just an oxygen sensor, but is also an important player in APEC virulence.

Proteolytic degradation of a-helical antimicrobial peptides, as the protein
conformation present in LL-37 antimicrobial peptide, was done by outer membrane
proteases of the omptin family (omp). This mechanism of resistance has been shown to
be used by Gram-negative pathogens (13). As we observed by bioinformatic analysis,
the ompT present in the pColBM plasmid has a FNR binding motif in its promoter
region. We observed that plasmidial ompT was down-regulated in the fnr mutant strains
(Fig. 2B) compared to the wild type. In contrast, chromosomal ompT expression was
not altered in the mutant strain (Fig. 2A). These data indicate that the resistance
phenotype to antimicrobial peptides was due to a FNR gene regulation of the plasmidial

ompT gene, suggesting that FNR influences the metabolism of antimicrobial peptides.
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Also, by the EMSA assay, we confirmed that only the plasmidial copy of ompT
was able to bind FNR protein. These data clearly indicate that FNR could regulate just
one of two copies of the same gene. We also observed that outer membrane protein
OmpT has 2 different promoter regions in their different copies. Based on this, we can
infer that there may exist different biological functions for OmpT that could be

activated by different environmental stimuli.

Antimicrobial peptides are an important new family of molecules developed for
treatment of infection by multi-resistant bacteria. Here, we tested APEC Ol
susceptibility to LL-37, lysozyme and polymyxin B (Fig. 3, Table 2). We observed a
resistance for this new LL-37 peptide. APEC O1 A fnr was more susceptible than wild
type strains, and this increase in susceptibility to LL-37 is due to a gene regulated by
FNR unrelated to its oxygen sensor activity, but related to the bacteria metabolism, as

previously described (33).

Type I fimbriae, which are present in almost all APEC isolates (6, 34) are one of
the most common virulence associated factors in APEC strains. In our findings, we
observed that the fnr mutant was unable to agglutinate yeast cells extracts at a high
concentration, and also fimA expression was reduced in the mutant strain (Fig. 4). This
confirms that fnr mutant were less able to express the type I fimbriae. Previous works
have shown that the loss of type I fimbriae caused reduction of adhesion to human
pneumocytes (A549) and hepatocytes (LM) (35), reduction of biofilm formation (18),
reduction in bacterial adhesion to eukaryotic cells (36) and a reduction of pathogenicity
in vivo (37), and fimH is required by UPEC to invade bladder epithelial cells (38). It has
also been demonstrated that the reduction of type I fimbriae expression caused by a
mutation of other virulence genes, such as type 6 secretion system (39) and ibeA (40,
41) caused a reduction in the adherence process and virulence. All of this data showed
that type 1 fimbriae are very important for the maintenance of the APEC and its
expression is important for bacterial adherence and development of the infection
process. The FNR regulation of type I fimbriae expression underscores that type I

fimbriae is an important virulent associated gene.

AatA is an autotransporter encoded by the APEC autotransporter gene (aatA),
which has been localized at the PAI found in the virulence plasmid pColBM of APEC
O1 (19). The gene aatA is present in 32-40 % of APEC isolates (19, 42). AatA is a
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protein that contributes to an adherence phenotype (42), and it is also related to
improvement of the pathogenesis of APEC O1 in vivo (19). Here we observed that aatA
was upregulated by FNR, and that FNR binds to the promoter region of aatA gene (FIG.
5), thus being directly regulated by FNR.

Large plasmids are highly associated with virulence of APEC strains, and their
transfer to non-pathogenic strains can render them pathogenic or increase their virulence
potential (43). These plasmids are also associated with horizontal gene transfer, because
they can be transferred to another bacteria by conjugation process, and because they
usually encode virulence associated genes they confer to the bacteria the ability to
survive in a new environment. This is the first time that FNR, a protein encoded by the
chromosome, is reported to regulate genes present in plasmids, such as outer membrane
plasmid ompT and auto-transporter aatA. Here we describe the FNR regulation of the
APEC virulence-associate genes plasmidial ompT, fim and aatA autotransporter system.
All of these specific virulent-associated genes required FNR for expression. Our data
indicate that FNR is not just an oxygen sensor regulator, but may also act as a very

important regulator of virulence-associated genes in APEC.
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Figure legends:

Figure. 1. Logograph of the information matrix obtained from the consensus
alignment of FNR motif sequences for E. coli APEC O1. The total height of each
column of characters represents the amount of information for that specific position, and

the height of each character represents the frequency of each nucleotide.

Figure. 2. FNR affects antimicrobial resistance in APEC. MIC assay for
antimicrobial resistance to (A) LL-37 peptide (B) lysozyme (C) polymyxin B. Bacterial
cells were grown to an optical density of 0.5 at 600 nm (OD600) in N-minimal medium,
diluted to 5x10° CFU/ml in the same medium, and aliquoted into rows of wells. Two-
fold serial dilutions of the tested antimicrobials were added to each row of wells. The
plates were incubated at 37 °C for 18 h. The lowest concentration of antimicrobial that

did not permit any visible growth, determined by absence of turbidity, was the MIC.

Figure. 3. APEC outer membrane protein OmpT regulation. ompTchr-lacZ
and ompTplas-lacZ transcriptional fusion strains were grown in LB under shaking until
OD 0.5 at 37°C. B-galactosidase activity was measured and the values shown are means
plus standard deviations of triplicate samples. A,B-galactosidase activity assay for
expression of ompT chromossome; B,B-galactosidase activity assay for expression of
plasmidial ompT; Non-radioactive EMSA studying the binding of (FNRD154A), - Hise
to the promoter regions. PCR products of ompT chr (D) and ompTplas (C) promoter
region were used as probes. Purified (FNRD154A), -Hise fusion protein was added in
different concentrations in each reaction mixture as indicated and MBP-Hisg was used
as negative control at 300ng per each reaction. For the lane on the right on each panel, a
negative control DNA fragment amplified from kguR coding region was used, and as
positive controls ydfZ were used. DNA fragments were stained with SYBR green.

Significant differences are indicated by asterisks (***, P<0.0001compared to the WT and

mutant).
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Fig. 4. APEC type 1 fimbriae regulation. A, yeast agglutination assay with
dilutions of wild-type 1:8; AFNR 1:1 and AFNR + pGEN-FNR 1:8; Bacterial were
grown statically for 48 h, agglutination was read after 10 min at room temperature and
the strength of the agglutination was determined by titering of serial two-fold dilutions
in PBS of the bacterial suspensions; fimA-lacZ transcriptional fusion strains were grown
in LB medium statically for 48 h at37°C. -galactosidase activity was measured and the
values shown are means plus standard deviations of triplicate samples B, -
galactosidase activity assay for expression of fimA. Significant differences are indicated by

asterisks (***, P<0.0001compared to the WT and mutant).

Fig. 5. APEC autotransporter AatA regulation. aatA-lacZ transcriptional
fusion strains were grown in LB under shaking until OD 0.5 at 37°C. B-galactosidase
activity was measured and the values shown are means plus standard deviations of
triplicate samples A,[B-galactosidase activity assay for expression of aatA; C. Non-
radioactive EMSA studying the binding of (FNRDI154A), - Hiss to the promoter
regions. PCR products of aatA promoter region was used as probes. A negative control
DNA fragment amplified from kKguR coding region was used, and as positive controls
ydfZ were used. DNA fragments were stained with SYBR green. Significant differences
are indicated by asterisks (***, P<0.0001compared to the WT and mutant).

Table 1. Strains and plasmids. The genotypes of all strains of E. coli used or

constructed in this study and information about the plasmids used in this study.

Table. 2. FNR affects MIC in APEC strains

Table S1. Oligonucleotides. Oligonucleotide sequences used as PCR primers.
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Table S1. Oligonucleotides. Oligonucleotide sequences used as PCR primers.

Primers

Sequence (5'-3")

General PCR for cloning
pGEN-FNR-F
pGEN-FNR-R

For lacZ fusion
fimA-lacZ-5'-F
fimA-lacZ-5'-R
ompTgen-lacZ-5'-F
ompTgen-lacZ-5'-R
ompTplas-lacZ-5'-F
ompTplas-lacZ-5'-R
aatA-lacZ-5'-F
aatA-lacZ-5'-R

For Deletion®

Del-fnr-F

Del-fnr-R

For EMSA

Inside negative control-Forl
Inside negative control-Rev1
PromompTgen-For
PromompTgen-Rev
PromompTplas-For
PromompTplas-Rev
PromaatA-For
PromaatA-Rev
PromydfZ-For

PromydfZ-Rev

GTACCATATGGATCGAATCCCATCAGCATC
CCGAGTCGACAGGATCGATAACAACGAGCA

CACGGAATTC GTTGATGCAGGCTCTGTTGA
GCAGTCTAGA TTATTGATACTGAACCTTGA
CACGGAATTCATTGCGAGGCCTTATGTGTC
GCAGTICTAGAGCCTCCTTCTTCGGCTAGAT
GACGGAATTCGGCCTTATTCGCAGTTACCA
GTCGTCTAGATCAGGCAGATAAACCCGTTC
CACGGAATTCGGGAATATCTACGGCAGCAA
GCAGTCTAGATGCACCACCGATTGATGTAT

GACGGTTATGCCAGACCACT
AAGCGACAAGCTTCGTGAAT

ATCTGTGTGGTAAGAGAATC
TGGTGCGCCATGGGATATTG
TCAGGCAGATAAACCCGTTC
AAACAAACGTTAAACAAAACAGCA
AAACAAACGTTAAACAAAACAGCA
TCAGGCAGATAAACCCGTTC
CCAGACGTCTCGTGATACTCC
CAGAGGCGTTCGAGCATTAT
GCGACTGGTTTAGCGAAGAG
TGGTGATTGCGTTACGGTTA

e Underlined are restriction cutting sites;
e (apital letters represent homologous fragments of the deleted genes.
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ABSTRACT

Escherichia coli is the most common Gram-negative causative agent of neonatal
bacteremia and meningitis. Newborn meningitis E. coli (NMEC) is recognized as one of
the top ten causes of infection-related death worldwide. Mortality is estimated at 10% in
developed countries and 40-58% in developing countries (1). The regulation of
virulence of NMEC is still unclear. FNR (fumarate and nitrate reductase) is a well-
known global regulator that acts as an oxygen sensor and has been described as a
virulence regulator in pathogenic bacteria such as Salmonella enterica serovar
Typhimurium and Shigella flexneri. The objective of this study was to examine the role
of FNR in the pathogenicity of NMEC 58. Using in vivo model of 3-day-old rats, we
observed that the FNR mutant was less virulent then the wild type strain. The fnr
mutants strains were not able to cause bacteremia and did not reach the cerebrospinal
fluid nor cause meningitis as the wild type did. FNR also affected motility in NMEC,
and fnr mutant were more susceptible to LL-37 peptide, Human Platelet factor IV 18
peptide and lysozyme. Our results confirm that FNR is important for the regulation of

virulence in NMEC.

KEY WORDS
NMEC, FNR, pathogenicity, in vivo assay, motility, antimicrobial susceptibility

and virulence regulation.
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INTRODUCTION

Escherichia coli strains causing extraintestinal disease are known as
extraintestinal pathogenic E. coli (ExPEC), and include: the uropathogenic E. coli
(UPEC), that cause urinary tract infections; avian pathogenic E. coli (APEC), that
causes systemic infections in birds; and neonatal meningitis E. coli (NMEC) (2), that is
the most common Gram-negative organism that causes neonatal bacteremia and
meningitis (3).

Bacterial meningitis is characterized by inflammation of the meninges that affects
the pia, arachnoid, and the subarachnoid space (1). It is recognized as one of the top ten
causes of infection-related death worldwide. Mortality is estimated at 10% in developed
countries and 40-58% in developing countries (1). E. coli primarily affects preterm
babies (45-81%) causing high mortality and morbidity. Most infant survivors (30-50%)
have sequelae including hydrocephalus, seizures, mental retardation, cerebral palsy, and
hearing loss (4, 5).

Infants acquire NMEC from the maternal genital tract or uterus during birth,
which is thought to enter the bloodstream by trauma during birth (5). Once in the
bloodstream, NMEC are phagocytized by monocytes and resist the killing respiratory
burst and begin intracellular replication. Once sufficient and broad bacteremia has been
established, NMEC will adhere to and invade human brain microvascular endothelial
cells and traverse the blood-brain barrier, causing inflammation in the central nervous
system and brain (3, 6).

Up until now, the set of virulence factors know for NMEC have include: adhesins
(Type 1 and S fimbriae), invasins (IbeA, flagellin, OmpA), resistance or evasion of the
host immune system (K1 capsule O-LPS, AslA), toxins (CNF1), and nutrient uptake
(salmochelin, enterobactin). The most common virulence associated factor is the
capsule KI1, that is present in 80% of the isolates (6). However, the microbial
determinants that contribute to neonatal meningitis E. coli (NMEC) survival in the
blood and bacteremia and how circulating bacteria cross the blood-brain barrier are not
completely understood (3).

Flagellum, an organelle responsible for bacterial motility, is involved in the
interaction of various pathogenic E. coli strains with epithelial cells. In NMEC
pathogenesis, it is involved in contact between bacteria and endothelium or epithelium.

Flagella contribute to virulence factors by, allowing bacteria to ascend in the
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bloodstream and reach the blood-brain barrier (7). E. coli strains may invade endothelial
epithelium through flagellin, and flagellin acts as an invasin in this process (6, 8).

Epithelial cells can secrete to the extracellular environment antimicrobial
peptides. These peptides are small cationic molecules that have both bactericidal and
immunomodulatory properties, acting as key players in the innate immune response to
infection. The antimicrobial action of these peptides involves binding to the anionic cell
membrane and lysing bacterial cells by forming pores, resulting in bacterial death. One
known human antimicrobial peptide is LL-37, which belongs to the cathelicidin family.
It is synthesized as the precursor of human cationic antimicrobial protein 18 (hCAP18),
which is processed into the biologically active peptide by the serine protease proteinase
3 (9). However, bacterial pathogens have evolved different mechanisms to resist the
killing action of antimicrobial peptides such as proteolytic degradation and extrusion by
efflux pumps.

It had been described a group of more than 250 transcription factors hav been
identified to control gene expression in E. coli (10). These regulators genes could act as
operon-specific, and as global regulators, coordinating the expression of scores of
promoters in response to specific environmental changes. Although many virulence
factors are known to be associated with NMEC pathogenicity, the regulation of their
expression is still not fully understood.

The transcription factor FNR (for Fumarate and Nitrate Reductase) plays a major
role in altering gene expression between aerobic and anaerobic conditions to facilitate
such changes in energy metabolism. The gene encoding FNR (fnr) was originally
discovered by Lambden and Guest in the mid-1970s from their pioneering work on the
characterization of mutants that failed to carry out fumarate and nitrate reduction (11).
Since then, FNR has been shown to be a global regulator of anaerobic metabolism in
non-pathogenic E. coli, controlling the synthesis of up to 125 genes (12). It has also
been described as a virulence regulator in pathogenic bacteria such as Salmonella
enterica serovar Typhimurium (ATCC 14028s), in which FNR acts as a positive
regulator of motility, flagellar biosynthesis, and pathogenesis (13). Furthermore, it has
been observed that, in Shigella flexneri strains (M90T), FNR is a positive regulator of
the T3SS pathogenicity island which confers to the bacteria the ability to invade
epithelial cells (14).

Based on the importance of FNR for the bacterial adaptation to anaerobic

conditions and on the many phenotypes shared by the fnr mutant in Salmonella,
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Shigella and E. coli, it has generally been assumed that FNR would be important for
pathogenic E. coli virulence. To address these questions we constructed and
characterized a fnr mutant strain of NMEC 58. We observed the role of fnr mutant for
virulence in vivo and we also tested this mutant for antimicrobial susceptibility and

motility phenotypes.
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MATERIAL AND METHODS

Bacterial Strains and Culture Conditions

The wild type strain NMEC 58 was isolated from the cerebrospinal fluid of an
anonymous newborn (less than 28 days old) with newborn meningitis in The
Netherlands Reference Laboratory for Bacterial Meningitis (Amsterdam) (4). The
isolate is characterized as a O18:K1 strain, belonging to phylogenetic group B2 and
MLST group ST 416 (2).

Strains and plasmids used in this study are listed in Table 1. Aerobic growth was
achieved by shaking in air at 180 rpm. All E. coli strains were grown routinely in Luria
Bertani (LB) broth medium. Selective antibiotics were added when necessary at the
following concentrations: ampicillin (Amp), 100 pg ml—1; kanamycin (Kan), 50 pg.
ml—1; chloramphenicol (Chl), 25 pg.ml—1 (15).

Bioinformatics Analysis

The information matrix for the generation of the FNR logograph was produced
using the alignment of E. coli FNR binding sequences as done in (13). To account for
differences in nucleotide usage or slight variations in consensus sequences, a second
alignment was built for E. coli NMEC 58 using the regions of homologous genes
originally used to build the E. coli information matrix. The alignment was used to
construct a new  information matrix using the  Patser  software
(http://stormo.wustl.edu/software.html). A graphical representation (Fig. 1) of the

matrices and a logograph was obtained with Weblogo software (version 2.8.1).

Recombinant DNA Techniques

Polymerase chain reaction (PCR), DNA ligation, electroporation and DNA gel
electrophoresis were performed according to Sambrook and Russell (16) unless
otherwise indicated. All oligonucleotides were purchased from Integrated DNA
Technologies (Iowa) and are listed in Table 2. All restriction and DNA-modifying
enzymes were purchased from New England Biolabs and used based on the suppliers'
recommendations. Recombinant plasmids, PCR products and restriction fragments were
purified using QIAquick PCR purification kit or MinElute gel extraction kit (Qiagen,
CA) as recommended by the supplier. DNA sequencing was performed at the DNA

facility, lowa State University. Deletion mutants were constructed using the lambda red
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Table 1. Strains and plasmids. The genotypes of all strains of E. coli used or

constructed in this study and information about the plasmids used in this study.

Bacterial strains Genotype or relevant characteristics Source or

and plasmids Reference

Bacterial strains

E. coli DH5a Plasmid propagation strain Invitrogen

E. coli for- F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-

771(del)::kan , Afnr-771::kan,rph-1, A(rhaD-rhaB)568, hsdR514 (23)
Newborn meningitis Escherichia coli isolate from

NMEC 58 a patient with meningitis 4)
NMEC 58 Afnr This study
NMEC 58 Afnr::kan This study

Plasmids

pGEN-MCS low copy plasmid for complementation (18)
pGEN-MCS carrying fnr coding region and 500bp

pGEM-FNR upstream promoter region This study

pKD3 template for A-Red Chlr cassette (17)

pKD4 template for A-Red Kanr cassette (17)
encodes FLP recombinase for removal of

pCP20 resistance cassette (17)

pKD46 A-Red recombinase expression (17)
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Table 2. Oligonucleotides. Oligonucleotide sequences used in PCR.

Primers Sequence (5'-3")

General PCR for cloning

pGEN-FNR-F GTACCATATGGATCGAATCCCATCAGCATC
pGEN-FNR-R CCGAGTCGACAGGATCGATAACAACGAGCA
For Deletion®

Del-fnr-F GACGGTTATGCCAGACCACT

Del-fnr-R AAGCGACAAGCTTCGTGAAT

e Underlined are restriction cutting sites;
e (apital letters represent homologous fragments of the deleted genes.
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recombinase system described by Datsenko and Wanner (17). For complementation, the
coding sequences of genes plus their putative promoter regions were amplified from the
CFTO073 genome and independently cloned into pPGEN-MCS (18) using EcoRI and Sall

restriction sites.

Motility Assay

The motility of NMEC 58, fnar mutant, and complemented AFNR+ pGEN-FNR
strains was evaluated under anoxic conditions as done in (13). Briefly, 10 ul of
anaerobically grown (16 h) cells were spotted onto LB-agar (0.25% agar) plates and
incubated at 37 °C for 16 h. The diameter of the growth halo was used as a measure of

motility.

MIC determination

Minimal inhibitory concentrations (MIC) were determined in 96-well microtiter
plates using the broth microdilution method (19). Briefly, bacterial cells were grown to
an optical density of 0.5 at 600 nm (OD600) in N-minimal medium, diluted to 5x10°
CFU/ml in the same medium, and aliquoted into rows of wells. Two-fold serial dilutions
of the tested antimicrobials were added to each row of wells. The plates were incubated
at 37 °C for 18 h. The lowest concentration of antimicrobial that did not permit any
visible growth, determined by absence of turbidity, was the MIC. Determination of MIC
values was repeated at least three times. The antimicrobial test concentrations ranged
from: Lysozyme (5000- 2.4 ug/ml); LL-37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) (128-0.002 pg/ml); Human
Platelet factor IV 18, C18G (128-0.002 mg/ml); Polymyxin B (128-0.002 pg/ml).

In vivo Rat neonatal meningitis model

Groups of approximately 12 specific-pathogen-free (SPF) (range of 6-14) 5-day-
old Sprague-Dawley rat pups were infected by the intraperitoneal route with
approximately 200 CFU (range, 48 to 244 CFU) of log grow, 0.5 at 600 nm (OD600)
E. coli (2). After 24 hours, the pups were euthanized using sodium pentobarbital
(Sleepaway; Fort Dodge Laboratories). For bacterial counting, blood was collected from
heart vein and plated on MacConkey agar to indicate septicemia. Cerebrospinal fluid
(CSF) was collected by cisternal punctureand plated on MacConkey agar to indicate

meningitis. The minimum detection dose was 100 CFU/ml (20). For statistical analysis,
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a two-tailed Wilcoxon matched pairs test was used (Prism software, CA) and the
threshold for statistical significance was a p value <0.05.

To confirm that all isolates derived from animals maintained their status, one
colony of blood and CSF isolates from each animal was retested for the FNR mutation

amplification gene.

Ethics Statement

All animal procedures were conducted in accordance with NIH guidelines, the
Animal Welfare Act and US federal law. The experimental protocol for handling
animals was approved for Institutional Animal Care and Use Committee at lowa State
University (IACUC) (Protocol number 4-11-7111-Z). All efforts were made to
minimize suffering. All the procedures were done with the presence of a well-qualified

veterinarian doctor.
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RESULTS

The fnr mutation attenuates virulence in newborn rats infection model of

sepsis meningitis

To study the role of FNR in virulence of NMEC in vivo, we compared the NMEC
58 wild-type strain with its NMEC 58 AFNR deletion mutant strain for the ability to
reach bloodstream and cerebrospinal fluid in 3-day-old rats infected intraperitoneally for
24 hours (the in vivo model developed for NMEC). The deletion mutation was
constructed by replacement of fnr with the cat cassette conferring kanamycin resistance.

We observed a significant difference in mortality (p value <0.001): of 14 animals
infected by NMEC 58, 11 animals died, whereas none of the ten animals infected with
NMEC 58 AFNR died. Reintroduction of fnr back into the mutants restored mortality:
of 13 animals infected with complemented strain, 12 animals died.

We did not observe detectable blood or CSF bacterial grow (p value <0.001) in fnr
mutant strains 24 hours post-infection (Fig. 1A and B respectively). Animals infected
with wild type strain presented a blood bacterial counting of 3.9 x10° CFU/ml, whereas
fnr mutant strain was unable to reach the bloodstream (<100 CFU/ml). This indicates
that fnr is essential for bacterial growth in blood. For cerebrospinal fluid counting, we
observed similar results: wild type counting was 9.8 x10° CFU/ml, whereas fnr mutant
was unable to traverse the blood-brain barrier (<100 CFU/ml).

Reintroduction of fnr back into the mutants restored infection in both blood and
CSF to wild-type levels, and we did not observe influence of the empty plasmid vector,

pGEN-MCS (Fig. 1).

FNR bioinformatics binding motif

Based on the in vivo results, we determined whether a binding site for FNR might
be present in the region upstream of the candidate FNR-regulated genes. We searched in
silico, in the 5’ regions of these genes, for the presence of a putative FNR-binding motif

using an E. coli NMEC 58 specific logograph (Fig. 2).
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We identified 524 binding sites in NMEC 58 chromosome (NC 011742.1), and
16 binding sites in the plasmid (NC_011747.1). We notably observed binding upstream

of an important flagellar operon.

FNR affects motility of NMEC

Bacterial flagella likely facilitate the establishment and spread of infection by
microbial pathogens within the host, and expression of flagella was coincident with the
ability of NMEC to traverse the blood-brain barrier (18). To correlate FNR with
NMEC’s flagella expression, we compared the motility of wild type, fnr mutant, and fnr
complemented strain using soft-agar plates. We observed that deletion of fnr resulted in
a non-motile phenotype in NMEC 58, and reintroduction of fnr into the mutant restored
its motility (Fig.3). This result indicates that fnr mutant strain loses its motility

phenotype.

FNR affects antimicrobial resistance in NMEC

Pathogenic E. coli strains were reported to be resistant to antimicrobial peptides
such as LL-37, lysozyme and Human Platelet factor IV 18, C18G (9).

Here we observed that NMEC 58 strain was resistant to antimicrobial peptide LL-
37, having a MIC of 32 ug/ml (Table 3, Figure 4A). For the fnr mutant, the MIC
obtained was 8 pug/ml, 4 fold more susceptible to LL-37 peptide when compared to the
wild type strain. Moreover, the phenotype was recovered when NMEC 58A fnr was
complemented with pGEN-FNR.

We also tested the minimal inhibitory concentration in relation to lysozyme. Our
results showed that NMEC 58 had a MIC of 5000 pg/ml, NMEC 58 A fnr had a MIC of
625 pg/ml, and the resistance was recovered in the NMEC 58 A fnr + pGEN-FNR,
which had a MIC of 5000 pg/ml (Table 3, figure 4B). The NMEC 58 A fnr was 8 fold
more susceptible to lysozyme, indicating that FNR is important for this phenotype.

Furthermore, we tested the minimal inhibitory concentration in relation to Human
Platelet factor IV 18, C18G. Our results showed that NMEC 58 had a MIC of 32 pg/ml,
NMEC 58 AFNR, a MIC of 4 pug/ml, and the phenotype was recovered in the
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complemented strain (Table 3, figure 4C). The NMEC 58 A fnr mutant was 8 fold more
susceptible to Human Platelet factor IV 18, indicating that FNR is also important for
this phenotype.

However, we did not observe any difference among the wild type, mutant and
complemented strains for the antimicrobial peptide polymyxin B (Table 3), with all
presenting a MIC of 4 pg/ml.
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Table. 3. FNR affects MIC in NMEC strains

MIC pg/ml
Strains LL-37 C18G Lysozyme
NMEC 58 32 32 5000
NMEC 58AFNR 8 4 625
NMEC 58 ﬁllj]IIiR +pGEN- 32 3 5000
NMEC 58 cured 16 32 1250
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DISCUSSION

Most cases of E. coli meningitis develop as a consequence of blood-brain barrier
crossing by circulating bacteria in the bloodstream. To accomplish the penetration of
this barrier, two major pathogenesis steps are required for the pathogen: induction of a
high-level bacteremia and binding to and invasion of microvascular endothelial cells
(3).

Our results using an NMEC infection model demonstrated that an fnr mutant
strain was not able to cause meningitis, since bacteria could not be isolated from the
cerebrospinal fluid, nor even reach the bloodstream and cause bacteremia in the infected
animals. All animals infected with the wild type strain presented symptoms of disease
such as hypothermia, cyanosis and seizures. In contrast, animals infected with the fnr
mutant strains appeared to be healthy and did not show any symptoms of infection. Our
in vivo results indicate that virulence of the fnr mutant is attenuated. As observed in
other works (13, 14), FNR regulates many virulence associated factors, whereas the fnr
mutant is unable to cause infection in the newborn rat bacteremia-meningitidis model.

The regulator FNR is related to transcriptional activators that control the
expression of networks of E. coli genes in response to oxygen starvation, as observed in
the non-pathogenic strain MG 1655 (21). In anaerobic conditions, FNR was able to bind
to specific DNA targets at promoters and modulate transcription (22). Here, we did not
link this absence of infection to the regulation of a specific gene or group of genes.

We observed, in silico, that FNR has 524 putative sites in the chromosome and 16
sites in the plasmid of NMEC 58. We observed binding sites in genes related to
metabolism, transport of small molecules, motility, iron metabolism, antimicrobial
peptide resistance and outer membrane proteins. Considering that FNR binds other
genes not related to the switch from aerobic to anaerobic environment, fnr may serve
additional functions other than its role as an oxygen sensor. Instead, FNR appears to
also regulate a large family of genes that modulate physiological changes in response to
various environmental and metabolic challenges, allowing the NMEC strain to cause
disease. In order to confirm the bioinformatics results, we selected some genes to test
the phenotypes in vitro.

Flagella are associated with NMEC infection because it allows the bacteria to
ascend the bloodstream and reach the blood-brain barrier; the flagellin is also suggested

to be an invasin (5). The structure of the flagellum is well developed and involves many
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groups of genes (13). Our data indicates that FNR positively regulates the expression of
genes involved in flagellum biosynthesis and motility (Fig. 3). We observed that the fnr
mutant strain was not able to swarm, presenting a non-motile phenotype. This lack of
motility likely contributes to reduce of the virulence of the strain.

Antimicrobial peptides are an important family of molecules developed for
treatment of infection with multi-resistant bacteria. Here, we tested the susceptibility of
NMEC 58 to LL-37, lysozyme, human platelet factor IV 18 peptide and polymyxin B
(Fig. 4, Table 3). NMEC 58 was resistant to LL-37 peptide, lysozyme, and human
platelet factor IV 18 peptide. NMEC 58 A fnr, in contrast, showed an increased
susceptibility to LL-37, lysozyme, human platelet factor IV 18 peptide when compared
to the wild type, and this susceptibility could be due to a gene regulated by FNR. Such a
phenotype is not related to an oxygen sensor activity, but related to bacterial
metabolism. In agreement with our results, it has been previously described that FNR
can also affect genes related to metabolism of small peptides (22).

Among Gram-negative bacteria, NMEC is the pathogen most frequently
associated with neonatal meningitis (6). For the infection to initiate, bacteria need to
reach the bloodstream. As an invasin, the flagellum helps and makes the bacteria able to
reach the blood-brain barrier. In addition, for bacteria to persist in the bloodstream, they
need to resist the innate immune system and be resistant to the antimicrobial peptides to
finally cause meningitis. Here we show that both flagellum expression and antimicrobial
resistance were regulated by fnr, and as a consequence the fnr mutant lost its ability to
cause bacteremia, to grow in the cerebrospinal fluid and to cause disease in the neonatal
rat model.

Here we show for the first time that the global regulator FNR plays a critical role
for virulence of neonatal meningitis causing by E. coli pathogenic. We also observed,
by in silico analysis, that FNR is involved in the regulation of important genes
associated to the NMEC pathogenicity, such as flagella and antimicrobial resistance
genes. All of these specific virulence-associated genes were upregulated by fnr. In
addition, the fnr mutant was not able to cause infection in vivo. Finally, we observed
that in NMEC, FNR controls genes involved in anoxic maintenance as well as genes

involved in virulence.

ACKNOWLEDGEMENTS

157



Nicolle L Barbieri received a scholarship from the Brazilian funding agency

CNPq (process number 202479/2011-0).

158



10.

11.

12.

13.

14.

15.

16.

REFERENCES:

Kim KS. 2008. Mechanisms of microbial traversal of the blood-brain barrier. Nature
Reviews Microbiology 6:625-634.

Tivendale KA, Logue CM, Kariyawasam S, Jordan D, Hussein A, Li G, Wannemuehler
Y, Nolan LK. 2010. Avian pathogenic Escherichia coli strains are similar to neonatal
meningitis E. coli strains and are able to cause meningitis in the rat model of human
disease. Infection and Immunity 78:3412-3419.

Tseng Y-t, Wang S-W, Kim KS, Wang Y-H, Yao Y, Chen C-C, Chiang C-W, Hsieh P-C,
Teng C-H. 2012. Nlipl Facilitates Deposition of C4bp on Escherichia coli by Blocking
Classical Complement Mediated Killing, Which Results in High-Level Bacteremia.
Infection and Immunity 80:3669-3678.

Johnson JR, Oswald E, O’Bryan TT, Kuskowski MA, Spanjaard L. 2002. Phylogenetic
distribution of virulence-associated genes among Escherichia coli isolates associated
with neonatal bacterial meningitis in the Netherlands. The Journal of Infectious
Diseases 185:774—784.

Melllata M. 2013. Human and Avian Extraintestinal Pathogenic Escherichia coli:
Infections, Zoonotic Risks, and Antibiotic Resistance Trends. Food Bourne Pathogens
and Disease 10:916-932.

Kim KS. 2012. Current concepts on the pathogenesis of Escherichia coli meningitis:
implications for therapy and prevention. Current Opinion in Infect Diseases 25:273-
278.

Schwan WR. 2008. Flagella allow uropathogenic Escherichia coli ascension into murine
kidneys. International Journal of Medical Microbiology 298:441-447.

Pichon C, Héchard C, du Merle L, Chaudray C, Bonne |, Guadagnini S, Vandewalle A,
Le Bouguénec C. 2009. Uropathogenic Escherichia coli AL511 requires flagellum to
enter renal collecting duct cells. Cellular Microbiology 11:616—628.

Thomassin J-L, Brannon JR, Gibbs BF, Gruenheid S, Moual HL. 2012. OmpT Outer
Membrane Proteases of Enterohemorrhagic and Enteropathogenic Escherichia coli
Contribute Differently to the Degradation of Human LL-37. Infection and Immunity
80:483-494.

Martinez-Antonio A, Collado-Vides J. 2003. Identifying global regulators in
transcriptional regulatory networks in bacteria. Current Opinion in Microbiology
6:482-489.

Lambden P, Guest J. 1976. Mutants of Escherichia coli K12 unable to use fumarate as
an anaerobic electron acceptor. Journal of General Microbiology 97:145-160.

Kang Y, Derek Weber, Qiu Y, Kiley PJ, Blattner FR. 2005. Genome-Wide Expression
Analysis Indicates that FNR of Escherichia coli K-12 Regulates a Large Number of Genes
of Unknown Function. Journal of Bacteriology 187:1135-1160.

Fink RC, Evans MR, Porwollik S, Vazquez-Torres A, Jones-Carson J, Troxell B, Libby SJ,
McClelland M, Hassan HM. 2007. FNR is a global regulator of virulence and anaerobic
metabolism in Salmonella enterica serovar typhimurium (ATCC 14028s). Journal of
Bacteriology 189:2262-2273.

Marteyn B, West NP, Browning DF, Cole JA, Shaw JG, Palm F, Mounier J, Prevost MC,
Sansonetti P, Tang CM. 2010. Modulation of Shigella virulence in response to available
oxygen in vivo. Nature 465:355-U113.

Cai W, Wannemuehler Y, Dell’Anna G, Nicholson B, Barbieri NL, Kariyawasam S, Feng
Y, Logue CM, Nolan LK, Li G. 2013. A novel two-component signaling system facilitates
uropathogenic Escherichia coli’s ability to exploit abundant host metabolites. Plos
Pathogens 9:e1003428.

Sambrook J, Russell DW. 2001. Molecular Cloning: A Laboratory Manual.

159



17.

18.

19.

20.

21.

22.

23.

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proceedings of the National Academy of
Sciences of the United States of America 97:6640-6645.

Lane MC, Alteri CJ, Smith SN, Mobley HLT. 2007. Expression of flagella is coincident
with uropathogenic Escherichia coli ascension to the upper urinary tract. Proceedings
of the National Academy of Sciences of the United States of America 104:16669-
16674.

Wiegand |, Hilpert K, Hancock REW. 2008. Agar and broth dilution methods to
determine the minimal inhibitory concentration (MIC) of antimicrobial substances.
Nature Proticols 3:163-175.

Kim KS, Itabashi H, Gemski P, Sadoff J, Warren RL, Cross AS. 1992. The K1 capsule is
the critical determinant in the development of Escherichia coli meningitis in the rat.
The Journal of Clinical Investigation 90:897—-905. .

Guest JR, J. Green, A. S. Irvine, Spiro S. 1996. The FNR modulon and FNR-regulated
gene expression, p. 317-342. In Lin ECC, Lynch AS (ed.), Regulation of gene expression
in Escherichia coli. R. G. Landes & Co., Austin, Tex.

Kiley PJ, Beinert H. 2003. The role of Fe-S proteins in sensing and regulation in
bacteria. Current Opinion in Microbiology 6:181-185.

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M,
Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12 in-frame, single-gene
knockout mutants: the Keio collection. Molecular Systems Biology 2.

160



Figure legends:

Figure. 1. In vivo virulence assay. Three day-old rats were inoculated
intraperitoneally with 200 CFU of NMEC 58 and its mutants, 24h after infection, the
pups were sacrificed and blood (A) and CSF (B) were aseptically removed. WT and fnr
mutant bacteria were recovered by plating on LB agar and their viable counts were
determined. Each dot represents log;oCFU/g in blood and CSF from an individual
animal and the detection limit is 100 CFU/g. Bars indicate the median log;(CFU/g. A
two-tailed Wilcoxon matched pairs test was performed, and the difference in
colonization levels of WT and mutants was considered statistically significant if p <
0.05. DHS5a and RS218 were included as negative control and reference strain,
respectively. Significant differences are indicated by asterisks (***, P<0.0001compared

to the WT and mutant).

Figure. 2. Logograph of the information matrix obtained from the consensus
alignment of FNR motif sequences for E. coli NMECS58. The total height of each
column of characters represents the amount of information for that specific position, and

the height of each character represents the frequency of each nucleotide.

Figure. 3. FNR affects motility in NMEC. Baterial cultures were grown until
stationary fase, 10 uL of inocullum were stabbed in the middle of each soft-agar plates

and incubated at 37°C for 16 h .

Figure. 4. FNR affects antimicrobial reistance in NMEC. MIC assay for
antimicrobial resistance for (A) LL-37 peptide
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES), I(B) Human Platelet factor
IV 18 peptide, (C) lysozyme. Bacterial cells were grown to an optical density of 0.5 at
600 nm (OD600) in N-minimal medium, diluted to 5x10° CFU/ml in the same medium,
and aliquoted into rows of wells. Two-fold serial dilutions of the tested antimicrobials
were added to each row of wells. The plates were incubated at 37 °C for 18 h. The
lowest concentration of antimicrobial that did not permit any visible growth, determined

by absence of turbidity, was the MIC.
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Table 1. Strains and plasmids. The genotypes of all strains of E. coli used or

constructed in this study and information about the plasmids used in this study.

Table 2. Oligonucleotides. Oligonucleotide sequences used in PCR.

Table. 3. FNR affects MIC in NMEC strains
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8. DISCUSSAO

8.1 Epidemiologia de APEC

Os resultados obtidos com o presente trabalho mostram o perfil de
resisténcia aos agentes antimicrobianos, a prevaléncia dos fatores de viruléncia
e dos grupos filogenéticos EcoR e a analise filogenética dos isolados de E. coli
patogénica aviaria de lesdes severas de celulite e de infecg&o sistémica. Esses
resultados fornecem um panorama geral dos perfis de suscetibilidade, da
viruléncia e da filogenia de cepas APEC da regiao sul do Brasil.

O tratamento com antimicrobianos € uma das formas de diminuir o
impacto da colibacilose. No entanto, a emergéncia e a disseminacdo da
resisténcia a antimicrobianos em amostras de E. coli pode dificultar o
tratamento das infeccdes em humanos e outros animais, uma vez que 0s
genes de resisténcia podem ser transferidos horizontalmente, gerando um
aumento de isolados resistentes, acarretando na ineficacia dos medicamentos
atualmente utilizados tanto para animais quanto para humanos (Ewers et al.,
2007). Nosso trabalho fornece dados sobre o perfil de resisténcia de isolados
APEC, que pode ser util para o monitoramento e o desenvolvimento de
medidas preventivas contra a disseminagdo de APEC nos estagios iniciais da
doenca.

As cepas de E. coli causadoras de celulite e de infecgbes generalizadas
em aves apresentaram fatores de viruléncia em comum. Analisando-se as
cepas utilizadas nesse estudo, todas apresentaram fatores de viruléncia
relacionados a: (1) adeséao, (2) aquisicado de ferro (com a exceg¢ao da cepa
PRO010) e (3) resisténcia ao soro. Tais fatores sdo caracteristicos do patotipo de
APEC (Ewers et al., 2007). Isso sugere que a mesma cepa de E. coli possa ser
capaz de causar tanto infec¢do localizada (celulite) quanto infecgao sistémica
(colissepticemia), dependendo da via de entrada da bactéria no seu
hospedeiro. Até 0 momento nao foi identificado um fator de viruléncia capaz de
distinguir uma cepa patogénica de uma nao patogénica.

Baseando-se apenas no gendtipo de uma cepa de E. coli extraintestinal
isolada de uma ave, ndo se pode afirmar que esta se trata de uma APEC. Para
iISSO s80 necessarios 0s ensaios in vivo, que mostram se determinada cepa €

capaz ou nao de causar doenga (Schouler et al., 2012). Neste trabalho, foram
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realizados testes de viruléncia in vivo com o maior numero de APEC isoladas
de lesdes graves de celulite até o momento.

Para analisar de forma mais ampla a viruléncia, utilizamos um método que
combina a andlise de lesdes nos 6rgaos das aves infectadas e a rapidez com
que as aves morrem apos infectadas. Essa combinacao resulta em um indice
de patogenicidade, que consiste em uma ferramenta mais especifica para
avaliar a viruléncia de isolados APEC (Barbieri et al., 2013). Através deste
método, a maioria dos nossos isolados foram considerados altamente
patogénicos.

Através da analise filogenética, verificou-se uma alta diversidade na
populacdo de cepas estudada, bem como a auséncia de clones endémicos na
regido de coleta dos isolados (Sul do Brasil), embora um mesmo clone possa
infectar 2 ou mais aves do mesmo bando. Além disso, observou-se que uma
mesma ave pode ser infectada por duas ou mesmo trés cepas patogénicas
distintas, podendo estas apresentar uma relagéo filogenética mais ou menos
distante.

Uma vez que o controle da colibacilose depende de varios fatores, a
incidéncia da colibacilose poderia ser diminuida através da associag¢ao entre
manejo eficiente e desinfeccdo dos galpdes de criacdo (Dho-Moulin and
Fairbrother, 1999; Ferreira and Kndébl, 2000). Assim como foi sugerido por
Ewers et al. (Ewers et al., 2007), as cepas de APEC apresentam um elevado
potencial zoondtico, pois cepas isoladas de carne de frango e seus derivados
mostraram-se semelhantes a cepas ExXPEC isoladas de humanos (Russo and
JR, 2003). Dessa forma, deve-se garantir que a carne de frango e seus

derivados cheguem ao consumidor sem apresentar risco para a saude publica.

8.2 Regulacéo dos fatores de viruléncia em EXPEC

O regulador global FNR tem sido reconhecido como o principal fator de
regulacéo da expressao de genes bacterianos, atuando como um sensor da
presenga de oxigénio em bactérias gram-negativas. FNR estad presente em
isolados patogénicos e nao-patogénicos, e desempenha um papel importante
para a sobrevivéncia bacteriana em meios com restrigdo de oxigénio
(Lazazzera et al., 1993; Shan et al., 2012). Este estudo mostra a capacidade

global de regulacdo da FNR em cepas de E. coli patogénicas extraintestinais.
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Observamos, neste trabalho, que FNR esta envolvido no controle de
varias etapas do estabelecimento da infecgdo por UPEC. No inicio da infecgao,
a expressao da fimbria do tipo | € necessaria para que a bactéria colonize o
trato urinario e ascenda para a bexiga, causando a cistite. Se a infec¢ao nao for
tratada, as bactérias podem ascender para os ureteres e, por conseguinte, para
o rim. Isso é possivel devido a motilidade conferida a bactéria pelos flagelos.
As fimbrias P sao necessarias para estabelecer uma infecgcdo secundaria e
causar pielonefrite aguda, com a possibilidade de causar danos irreversiveis
aos rins, levando a insuficiéncia renal. A a-hemolisina atua danificando as
células epiteliais do trato urinario, permitindo que as bactérias atinjam a
corrente sanguinea e causem uma infecgéo sistémica, e o sistema kguS/KguR
permite que a bactéria seja capaz de metabolizar o a—cetoglutarato, metabdlito
abundante nos rins. Todos esses genes associados a viruléncia tiveram a suas
expressodes reduzidas quando a fnr foi deletado, o que indica que esses genes
sdo regulados positivamente pela FNR. Além disso, a delegdo da fnr fez com
que as bactérias ndo fossem mais capazes de invadir células dos rins e da
bexiga, ou causar doenga in vivo.

Aqui também descrevemos a regulagdo da viruléncia de APEC O1 pela
FNR. Os fatores associados a viruléncia, como a proteina OmpT plasmidial, a
fimbria do tipo | e o auto-transportador AatA tiveram sua expressao reduzida
quando o gene fnr foi deletado, o que indica que esses genes sao regulados
positivamente pela FNR.

FNR também foi capaz de controlar as etapas da infeccao por NMEC. No
inicio da infecgao, as bactérias devem atingir a corrente sanguinea e alcancgar a
barreira hemato-encefalica, capacidade conferida em parte pelos flagelos. Para
persistirem na corrente sanguinea do hospedeiro, € necessario resistir ao
sistema imunolégico inato e aos peptideos antimicrobianos, para, entdo,
causarem meningite. Quando o gene fnr foi deletado, as bactérias perderam a
capacidade de causar bacteremia, de crescer no fluido cerebrospinal e de
causar doenga in vivo.

A principal contribuicdo deste trabalho foi determinar a regulagdo da
expressao de importantes fatores associados a viruléncia em ExXPEC por FNR,
que pode ser considerado um determinante de viruléncia de cepas UPEC,
APEC e NMEC. Neste trabalho, verificamos que, em ExPEC, FNR n&o controla
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apenas o0s genes envolvidos na manutengdo de um meio anaerdbico, mas
também aqueles associados a viruléncia, refletindo na capacidade que tais
cepas apresentam de causar doenca.
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Objetivos:Embora o Sistema de Secrec&#807;a&#771;0 Tipo 6 tenha sido
descrito recentemente em Vibrio cholerae, a presenc&#807;a de genes
componentes desse sistema tem sido detectada em diversos
microrganismos, incluindo va&#769;rias linhagens de Escherichia coli e
algumas espe&#769;cies de outros ge&#770;neros, relacionados
evolutivamente ou na&#771;0. Entre as linhagens de E. coli positivas para
0os genes do T6SS esta&#771;0 as cepas patoge&#770;nicas
avia&#769;rias APEC O1 e MT78, esta uma cepa sabidamente invasiva.
Ale&#769;m disso, mais recentemente, foi demonstrada a influe&#770;ncia
do T6SS sobre a virule&#770;ncia da cepa SEPT 362, isolada de um frango
com colissepticemia. Nessa cepa, a delec&#807;a&#771;0 dos genes
componentes do T6SS Ilevou a uma diminuic&#807;a&#771;0 da
virule&#770;ncia. Entretanto, ainda sa&#771;0 poucos os estudos que
investigam a possi&#769;vel relac&#807;a&#771;0 do T6SS com a
virule&#770;ncia de uma cepa bacteriana.Diante desse panorama,
considerou-se importante investigar a presenc&#807;a do T6SS nas cepas
de E. coli patoge&#770;nicas avia&#769;rias que constituem a nossa
colec&#807;a&#771;0.

Resisténcia a Antimicrobianos, Prevaléncia dos Fatores Associados a

Viruléncia, Tipagem Filogenética e Perfil Filogenético de isolados de
Escherichia coli patogénica aviaria (APEC)
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Objetivos:Escherichia coli patoge&#770;nica avia&#769;ria (APEC) e&#769;
a causa de doenc&#807;as extra-intestinais em aves, que se manifestam na
forma de doenc&#807;as localizadas ou infecc&#807;0&#771;es
siste&#770;micas, ge- rando grandes perdas econo&#770;micas para a
indu&#769;stria avia&#769;ria. O objetivo desse trabalho foi Avaliar a
suscetibilidade de isolados de E. coli recuperados de leso&#771;es de
celulite e isolados de infecc&#807;08#771;es siste&#770;micas de frangos
de corte em relac&#807;a&#771;0 aos principais agentes an- timicrobianos
empregados na avicultura;2. Detectar a presenc&#807;a dos principais
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invasdo, citotoxicidade, ativacdo de caspases) entre Escherichia coli
patogénica aviaria e células eucaritticas, buscando entender melhor o
patotipo e a colibacilose aviaria. De uma maneira mais especifica pretende-
se determinar os fatores de viruléncia essenciais para o mecanismo
patogénico..

4, Analise do Regulador FNR na Modulagao da Viruléncia de ExPEC

Objetivos:A principal contribuicdo esperada com o desenvolvimento deste
projeto € a descoberta de interacbes que podem ocorrer entre o sistema
regulador FNR e os fatores de viruléncia presentes em isolados ExPEC. A
regulagao por esse sistema podera ser um determinante de viruléncia para
isolados EXPEC. O desenvolvimento deste projeto também ira observar
como os fatores associados a viruléncia de EXPEC estdo sendo expressos,
0 que permitira elucidar o mecanismo dos isolados no estabelecimento da
infeccado. Além disso, ainda poderemos identificar uma qualidade ubiqua em
todos os isolados EXPEC e,assim, definir melhor esse patotipo. Ainda,
poderemos estudar os mecanismos de regulacdo da expressdo e de
modulagao do regulador
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Descricdo: A principal contribuicdo esperada com o desenvolvimento deste

projeto é a descoberta de interagbes que podem ocorrer entre o sistema regulador FNR e os

fatores de viruléncia presentes em isolados ExPEC. A regulagéo por esse sistema podera ser

um determinante de viruléncia para isolados EXPEC. O desenvolvimento deste projeto também

ira observar como os fatores associados a viruléncia de EXPEC estdo sendo expressos, o que
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permitira elucidar o mecanismo dos isolados no estabelecimento da infecgdo. Além disso, ainda
poderemos identificar uma qualidade ubiqua em todos os isolados ExPEC e,assim, definir
melhor esse patotipo. Ainda, poderemos estudar os mecanismos de regulagéo da expressao e
de modulagéo do regulador

Situagdo: Em andamento Natureza: Projetos de pesquisa

Alunos envolvidos: Doutorado (4);

Integrantes: Nicolle Lima Barbieri; Fabian Horn; CAl, WENTONG; NICHOLSON,
BRYON; LOGUE, CATHERINE M.; NOLAN, LISA K.; LI, GANWU (Responsavel); Ashraf
Hussein

2008 - Atual Colibacilose aviaria: Epidemiologia molecular e analise da resisténcia a
antimicrobianos de cepas de Escherichia coli patogénicas aviarias e estudo
do estabelecimento da infec¢gdo em aves

Descrigdo: Escherichia coli patogénicas aviarias (APEC) causam infecgdes
extra-intestinais em aves, conhecidas como colibacilose. A doenca pode instalar-se em
diferentes locais anatémicos da ave e apresentar sintomatologia variada. A manifestacdo mais
grave da doenca é a colissepticemia que, geralmente, é iniciada pelo trato respiratério superior

e culmina com a morte da ave. A colibacilose tem causado grande prejuizo econébmico na

industria aviaria devido ao comprometimento no desenvolvimento da ave ou na produgéo de

ovos, ao descarte da carcaga ou pela morte da ave. O Brasil é o terceiro maior produtor de
carne de frango e o primeiro maior exportador, o que faz com que seja de interesse nacional
medidas que garantam a qualidade e a seguranga na produgéo e no produto. O objetivo deste
projeto é realizar a epidemiologia de cepas APEC (duas a trés centenas) isoladas de aves com
colissepticemia ou celulite na regido Sul do Brasil; a epidemiologia sera feita através da
genotipagem dos fatores mais frequientemente associados a viruléncia de APEC, da avaliagédo
molecular do perfil filogenético por ARDRA e sorotipagem dos sorotipos mais prevalentes entre

APEC. A caracterizagédo genotipica dessas cepas sera feita por quatro Reacdes de Polimerase

em Cadeia Multiplex, para amplificar um total de 33 genes associados a viruléncia em APEC e

em outros patdégenos gram-negativos. Outro objetivo do projeto é determinar a suscetibilidade

das cepas APEC a um total de quinze antimicrobianos, que incluem aqueles usados como

aditivos na avicultura brasileira. Além do levantamento epidemiologico, analisaremos a

histologia do pulmao de galinhas infectadas com 3 a 4 cepas APEC selecionadas por sua

suposta viruléncia e com uma cepa aviaria ndo-patogénica. Com isso, esperamos elucidar
como as APEC causam a infecgédo sistémica a partir dos pulmdes e o que distingue, na
interagdo com o hospedeiro, uma cepa patogénica de uma ndo-patogénica. Os resultados
deste projeto vao (1) fornecer um panorama da diversidade

Situagédo: Em andamento Natureza: Projetos de pesquisa

Alunos envolvidos: Graduagao (2); Mestrado académico (2); Doutorado (1);

Integrantes: Nicolle Lima Barbieri; Roberta Reis; Fabian Horn (Responsavel); Leticia
Matter; Benito Guimaraes de Brito; Daniel Brisotto Pavanelo; OLIVEIRA, ALINE LUISA DE

Financiador(es): Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico-
CNPq

2007 - 2010 avaliagéo de suscetibilidade a antimicrobianos e a prevaléncia de fatores de
viruléncia em cepas de Escherichia coli patogénica aviaria
Situagao: Concluido Natureza: Projetos de pesquisa
Alunos envolvidos: Graduagao (1); Mestrado académico (1); Doutorado (1);
Integrantes: Nicolle Lima Barbieri; Fabian Horn (Responsavel); Leticia Matter; Aline
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2006 - 2008 Investigacdo da resisténcia de cepas patogénicas aviarias de Escherichia
coli a fagocitose por macréfagos de galinha

Descri¢cao: O projeto propde investigar por que cepas patogénicas aviarias de
Escherichia coli (APEC) n&o séo eliminadas pelas células de defesa das aves. Cepas APEC
sdo o agente etiolégico de colibacilose em aves, uma doenca extraintestinal caracterizada por
lesbes em varios 6rgaos, que pode evoluir para septicemia, freqientemente fatal. A colibacilose
€ responsavel por perdas econdmicas substanciais na avicultura brasileira e mundial. Dados do
nosso e de outros grupos mostram que APEC séo internalizadas por macrofagos, ou seja, elas
ndo escapam da fagocitose, porém, uma vez internalizadas, n&o sao eficientemente destruidas.
Para elucidar como APEC resistem a agéo bactericida de células de defesa, investigaremos
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principalmente (a) a viabilidade e a localizagdo intracelular de APEC em macréfagos de
galinha; e (b) se infecgdo por APEC ativa programas de morte do macréfago aviario. Estas sédo
estratégias comumente usadas por bactérias patogénicas, e a citotoxicidade de cepas APEC,
com concomitante ativacdo de caspases apoptéticas, ja foi observada em macrofagos de
camundongo.
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