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AVALIACAO DA INFECCAO DE PINTAINHOS DE CORTE POR Salmonella
Heidelberg CONTENDO DELECAO NO GENE ttrA, ttrApduA e ttrACBS

RESUMO - Salmonella Heidelberg (SH) € uma enterobactéria que pode afetar frangos
comerciais, ocasionando prejuizos econdmicos relevantes na avicultura, além de ser
uma séria preocupacado para a saude publica em escala global. Apds a colonizacdo do
intestino, Salmonella spp. faz uso de mecanismos associados as llhas de
Patogenicidade (SPI), modificando o microambiente, e consequentemente induzindo
uma resposta inflamatoéria benéfica para sua sobrevivéncia. A inducédo da inflamacao,
desencadeia a producdo do tetrationato que é utilizado como aceptor de elétrons,
promovendo novas fontes de carbono em ambiente anaerdbio e, assim, favorendo a
multiplicacdo dessa bactéria. Para utilizar o tetrationato, Salmonella spp. necessita da
expressao de genes especificos localizados na SPI-1 e 2, como o ttr, pduA e ttrACBS.
Diante do exposto, esse estudo teve como objetivo investigar as consequéncias da
delecdo dos genes ttrA, pduA e ttrACBS na infeccao de frangos de corte por SH. Foram
construidas estirpes de SH mutante (SHAttrA, SHAttrApduA e SHAttrACBS) e sua
habilidade em colonizar o intestino das aves e ser excretada foi comparada a estirpe
selvagem em dois experimentos. No primeiro foi avaliada a excrecéo fecal das quatro
estirpes por 28 dias apos a infeccdo (dpi), sendo que as estirpes SHAttrA e
SHAttrApduA apresentaram maior excrecdo. No segundo experimento, a colonizagéo
cecal foi avaliada aos dois, cinco, sete, 14, 21 e 28 dpi, sendo que a estirpe SHAttrA foi
mais isolada aos 21 e 28 dpi, SHAttrApduA foi menos isolada nos dois e sete dpi e a
estirpe SHAttrACBS néo obteve diferencas estatisticas até os 28 dpi, ha qual foi menos
isolada nesse dia. Os resultados sugerem que mesmo sem a utilizagdo do gene ttrA,
ttrApduA e operon ttr, SH ainda foi capaz de colonizar o intestino da ave, possivelmente

utilizando uma via alternativa para utilizacao de aceptores de elétrons.

Palavras-chaves: respiracao anaerébica, tetrationato, 1,2-propanodiol, paratifo aviario



Vi

INFECTION EVALUATION IN BROILER CHICKS BY Salmonella Heidelberg
CONTAINING DELETION IN ttrA, ttrApduA and ttrACBS GENES

ABSTRACT - Salmonella Heidelberg (SH) is a enterobacterium that can affect
commercial birds, causing significant economic losses in poultry industry, besides being
a serious concern for public health on a global scale. After colonization of the intestine,
Salmonella spp. makes use of mechanisms associated with Salmonella Pathogenicity
Islands (SPI), modifying the microenvironment and consequently inducing an
inflammatory response that is beneficial for its surveillance. The inflammation’s induction
triggers the production of tetrathionate, which is used as an electron acceptor, promoting
new sources of carbon in an anaerobic environment, which favors the multiplication of
this bacterium. To utilize the tetrathionate, Salmonella spp. requires the expression of
specific genes located in SPI-1 and 2, such as ttrA, pduA and ttrACBS. Therefore, this
study aimed to investigate the consequences of the ttrA, pduA and ttrACBS genes
deletion in the infection of broilers by SH. Mutant SH strains (SHAttrA, SHAttrApduA and
SHAttrACBS) was constructed, compared to wild-type infection, in two experiments. In
the first one, fecal excretion was evaluated during 28dpi and the SHAttrA and
SHAttrApduA strain was more excreted than the wild type. In the second, cecal
colonization was evaluated at two, five, seven, 14, 21 and 28dpi and SHAttrA was more
isolated at 21 and 28 dpi, SHAttrApduA was less isolated at two and sevem dpi and
SHALttrACBS did not has statistical differences up to 28 dpi, where it was less isolated on
that day. The results suggest that even without the expression of the ttrA ttrApduA and
operon ttr genes, SH is still able to stimulate intestinal inflammation and uses an
alternative path of pathogenicity in the use of electron acceptors, conferring an

advantage.

Keywords: anaerobic respiration, tetrathionate, 1,2-propanediol, fowl paratyphoid
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CAPITULO 1 - Consideracdes gerais

INTRODUCAO

bY

O g¢género Salmonella pertencente a familia Enterobacteriaceae, abrange
bactérias Gram-negativas, ndo formadoras de esporos, fermentadoras de glicose,
manitol e dulcitol, em formato de bastonetes.

Dentre os mais de 2659 sorovares identificados, aproximadamente 80-90 destes
sdo considerados de importancia para a saude humana e animal. Entre estes,
Salmonella Heidelberg tem ganhado destaque, principalmente nos continentes norte e
sul americano e europeu.

A evolucédo continua da Salmonella spp. adquirindo e perdendo genes, aumentou
e refinou sua viruléncia. Como resultado, este género aprimorou caracteristicas para
seu crescimento em ambientes inflamados do intestino e, quando alcanca este 0rgéao
do hospedeiro, interage com a microbiota existente e como mecanismo de patogenia
induz & inflamacéo intestinal para maior crescimento em relacdo as outras bacteérias.

Para que Salmonella consiga manter o ambiente inflamado, alguns fatores de
viruléncia devem ser sintetizados e as Ilhas de Patogenicidade (SPIs), desempenham
um papel fundamental nesse processo. As SPIs sdo regides cromossémicas que
possuem informacfes genéticas para codificar diferentes fatores de viruléncia
necessarios para a patogenia de Salmonella spp.

No ambiente inflamado, a bactéria se depara com um ambiente anaerobico,
portanto, sua sobrevivéncia depende da respiracdo sem utilizacdo do oxigénio. Ocorre
um aumento significativo da populacdo de heterdfilos durante a inflamacéo, que sdo
responsaveis por oxidar o tiossulfato (S203 ), gerando como produto desta reacéo o
tetrationato (S40s 2). Salmonella spp. entdo, utiliza o tetrationato como aceptor de
elétrons para aquisicao de novas fontes de carbono na respiracao anaerobica.



Dentre as fontes de carbono existentes neste ambiente se destacam a
etolonamina e o propanodiol. Este Ultimo € extensamente utilizado pela Salmonella
como doador de elétrons e utiliza o operon pdu para a utilizacdo desta fonte de
carbono. Este operon se localiza na llha de Patogenicidade de Salmonella-1 (SPI-1) e
pode ser dividido em duas partes funcionais, responsaveis pela degradacdo
propriamente dita do propanodiol (pduCDEPQW) e pela formacao da barreira poliedral
(pduABJKNTU), tendo como principal efetor o gene pduA.

Para utilizacdo do tetrationato, varios genes devem ser expressos e o ttrA é o
responsavel por codificar as proteinas de respiracdo anaerdbicas utilizando o
tetrationato como aceptor de elétrons, como analisado em modelos experimentais com
camundongos. Este gene se localiza na SPI2 e juntamente com quatro genes (ttrA, ttrC,
ttrB, ttrS e ttrR) em um operon. Quando o ttrA ndo é expresso, Salmonella perde a
capacidade de utilizar o tetrationato como aceptor de elétrons e o 1-2 propanodiol como
fonte de carbono.

Devido aos eventos citados, o fato de Salmonella spp. expressar os genes ttrA e
pduA durante a colonizacédo intestinal para auxiliar sua sobrevivéncia, corrobora com a
hipétese de que, sem a expressao deste gene, seu metabolismo estard comprometido.
Portanto, o propdésito deste estudo foi avaliar como a Salmonella Heidelberg se
comporta frente a colonizacéo intestinal de aves, sem a expressao do gene ttrA, pduA e

operon ttA



REVISAO DE LITERATURA

1. Género Salmonella

A primeira descricdo do género Salmonella foi feita no ano de 1866, porém, no
inicio acreditava-se ser a causadora da cOlera suina. Posteriormente, foi descoberto
gue o agente causador desta doenca era na verdade viral e que a bactéria do género
Salmonella era um agente secundario (Schultz, 2008). No ano de 1885, o género foi,
por fim, identificado pelo pesquisador americano Dr. Daniel E. Salmon.

Pertencente a familia Enterobacteriaceae, a classificacdo e identificacdo de
Salmonella € complexa e diversos pesquisadores utilizam diferentes modos para
referencia-la. Atualmente, o sistema mais aceito para a nomenclatura do género é a
divisdo em duas espécies: Salmonella enterica e Salmonella bangori (Issenhuth-
Jeanjean et al., 2014). A primeira espécie é dividida em seis subspecies: enterica,
salamae, arizonae, diarizonae, houtenae e indica, abrangendo um total de 2637
sorovares. Ja a segunda espécie, bangori, é formada por apenas 22 sorovares (Grimont
e Weill, 2007)

Os sorovares de Salmonella, seguem a dinamica de identificacdo desde 1930,
utilizando o esquema de White-Kauffmann-Le Minor, baseado na sorologia e bioquimica
dos antigenos somaéticos (O), flagelares (H) e capsulares (Vi). O antigeno de viruléncia
Vi nem sempre esté presente (Grimont e Weill, 2007).

A composicdo e estrutura dos polissacarideos que constituem uma parte da
estrutura da superficie celular (porcdo mais externa), comum em todos os sorovares de
Salmonella, permitem o reconhecimento e diferenciacdo de antigenos O (Le Minor,
1982; Guthrie, 1991; Holt et al., 1994).

Presentes no flagelo das enterobactérias méveis, estdo os antigenos H. S&o
compostos por uma proteina chamada flagelina (Helmunt, 2000). S&o designados com

letras minUsculas e nameros arabicos, nas fases 1 e 2, respectivamente (Echeita, et al.,



2022). A combinacdo dos antigenos somaticos (O) e flagelares (H) determinam o
sorovar. Salmonella Heidelberg, por exemplo, possui os antigenos somaticos (O:
1,4,5,12) e o flagelar (H: r) (Grimont e Weill, 2007), como descrito na tabela 1.

Em casos em que duas salmonelas pertencem a um mesmo sorovar, €
necessaria uma subdivisdo, como é o caso do sorovar Gallinarum, na qual possui uma
subdivisdo em biovares Gallinarum e Pullorum. Devido ao fato de ambas terem a
formula idéntica 1,9,12:——, ndo € possivel sua diferenciacdo apenas por métodos
sorologicos, sendo necessario o uso de prova bioquimicas para a definicho. Como
ambos ndo possuem flagelos, ndo apresentam os antigenos H na descricdo de sua
formula antigénica. (Grimont e Weill, 2007).

Tabela 1. Férmula antigénica de alguns sorotipos de Salmonella.

Sorotipo Antigeno somatico Antigeno flagelar (H)
(O) Fase 1 Fase 2
S. Enteritidis 1,9,12 g,m 1, 7)
S. Gallinarum 1,9, 12 - -
S. Heidelberg 1,4,5,12 r 1,2
S. Typhimurium 1,4,(5),12 [ 1,2

Adaptado de Grimont e Weill (2007)

Outra divisdo comumente associada ao género Salmonella, esta relacionada a
especificidade da bactéria ao seu hospedeiro. De acordo com essa divisdo, 0s
sorovares de Salmonella podem ser especificos, restritos e generalistas (vide tabela 2).
O primeiro grupo abrange aquelas causadoras de infeccdo em uma espécie especifica
de hospedeiros. Os grupos restritos sao mais comuns em infeccbes em um
determinado hospedeiro. Porém, ao contrario do primeiro grupo, ndo se limitam a uma
espécie. Por fim, o terceiro grupo, oferece risco a diferentes hospedeiros, sem
predilecdo por algum em especial (Hoelzer, Switt e Wiedmann, 2011; Baumler e Fang,
2013; Gal-mor et al., 2014).



Tabela 2. Especificidade do género Salmonella.

Sorotipo Grupo Hospedeiro
Salmonella Gallinarum Especifica Aves
Salmonella Typhi Especifica Humanos
Salmonella Dublin Restritas Bovinos (humanos)
Salmonella Choleraesuis Restritas Suinos (humanos)
Salmonella Heidelberg Generalistas Diversos
Salmonella Typhimurium Generalistas Diversos

Salvo algumas excecdes, como por exemplo S. Typhimurium, os sorotipos
generalistas, tal qual S. Heidelberg, causam doencas gastrintestinais. Enquanto
agueles especificos ou restritos cursam com uma doenca sistémica, ou seja, ndo se
restringem a gastrinterite (Sanderson e Nair, 2013).

Nesse contexto, as bactérias generalistas, também denominadas paratificas,
ganham destaque nas infeccbes alimentares em humanos, pois esses podem se
infectar ao ingerirem ou manipularem produtos de origem animal contaminados,

incluindo a carne de frango (Marus et al., 2019; Rukambile et al., 2019).

2. Paratifo aviario

A transmissao de Salmonella ocorre por meio da ingestdo de agua e/ou comida,
como vegetais, ovos e carne contaminados (WHO, 2018). Incluidos neste contexto, 0s
produtos de origem animal sdo o0s principais responsaveis por surtos de infeccdo
alimentar em seres humanos (Rukambile et al., 2019).

Gastrinterite causada por Salmonella em humanos, sdo geralmente auto
limitantes e de modo geral desaparecem entre quatro e sete dias, sem a necessidade
de tratamento. Os principais sintomas apresentados por estas pessoas sao diarreia,
febre e dores gastricas (CDC, 2019). Por outro lado, criancas, idosos, gestantes e
pessoas imunocomprometidas podem desenvolver uma forma mais grave da doenca
(CDC, 2019).

Dados sobre acometimento humano no Brasil sdo escassos. No entanto,

anualmente, em torno de um milhdo de pessoas sdo acometidas por Salmonella nos



Estados Unidos, resultando em 23 mil hospitalizacdes e 450 mortes em média (CDC,
2018). Muitos destes casos ocorrem por meio de surtos, publicados anualmente pelo
Centro de Controle e Prevencédo de Doencas (CDC), como em 2014, ocasidao em que
ocorréncia de S. Heidelberg proveniente de carne de frango afetou 634 pessoas (CDC,
2014).

Desde a década de 80, os sorovares S. Typhimurium e S. Enteritidis foram
associados principalmente as infec¢cfes alimentares provenientes de produtos avicolas
no Brasil. Porém, nos ultimos anos houve aumento na frequéncia de isolados como S.
Heidelberg, S. Infantis, S. Hadar e S. Virchow. S. Heidelberg atualmente é considerado
0 sorovar mais isolado de produtos de origem avicola, sobretudo no Sul do Brasil. No
periodo de 1995 a 2010, S. Heidelberg (40,6 %) e S. Enteritidis (34,2%) foram os mais
frequentes dentre um total de amostras positivas para Salmonella spp. (Freitas Neto et
al., 2009).

Em um estudo realizado por Monte et al., (2019), de 264 cepas de Salmonella
enterica isoladas de produtos avicolas no periodo de 2000 a 2016, nas regides sul,
sudeste e centro-oeste do Brasil, incluindo os estados de Sao Paulo, Minas Gerais,
Parana, Santa Catarina, Mato Grosso do Sul e o Distrito Federal, S. Heidelberg foi o
sorovar de maior ocorréncia, demonstrando sua importancia epidemioldgica, na qual,
correspondeu a expressivos 30,68%, seguida por S. Typhimurium, com 16,29%, S.
Infantis, representando 13,26%, S. Schwarzengrund com 7,95% e por fim, com a menor
frequéncia S. Enteritidis, com apenas 7,57%.

Esta relatada a ocorréncia de S. Heidelberg em todos os continentes. Em paises
como a Austrdlia, a ocorréncia de S. Heidelberg esta relacionada, principalmente, a
ingestao carne vermelha e suina (Sarjit et al., 2019). Por outro lado, ha diversos relatos

em outros continentes como mostra a Tabela 3.



Tabela 3. Ocorréncia de Salmonella Heidelberg proveniente de produtos avicolas no

Brasil e no mundo.

Fonte Pais Ano de isolamento Referéncia

Fezes Africa do Sul 2020 Ramatla et al.
(2020)

Suabes cloacais e Brasil 2020 Souza et al. (2020)

produtos avicolas

Carne de frango Brasil 2020 Perin et al. (2020)

Suabes cloacais Brasil 2020 Wilsmann et al.
(2020)

Suabes cloacais Egito 2019 Elhariri et al. (2019)

Carcacas Canada 2017 Boubendir et al.
(2021)

Carcacgas Brasil 2015 Webber et al.
(2019)

Carne de frango China 2020 Lin et al. (2020)

Carcacas Brasil 2012-2017 Rodrigues et al.
(2020)

Carne de frango EUA e Porto Rico 2013-2014 CDC (2014)

Carcacgas Brasil 2004-2006 Palmeira et al.
(2016)

Produtos avicolas Brasil 2000-2016 Monte. (2019)

Produtos avicolas Franca 1993, 1997 e 2000  Cailhol et al. (2006)

Carcacas EUA 1990-1991 Dreesen et al.
(1992)

Instalacbes Nova Escdcia 1980 Long et al. (1980)

De acordo com o Departamento de Agricultura dos Estados Unidos (USDA),

entre os anos 1968 e 2010, 71% dos isolados de S. Heidelberg foram oriundos de



produtos de origem avicola, indicando que esse sorovar vem se tornando motivo de

preocupacao para a industria avicola (CDC, 2013).

3. Salmoneloses em aves

Nas aves existem trés enfermidades causadas por Salmonella spp.: o tifo aviario,
causado por Salmonella Gallinarum, a pulorose, causada por Salmonella Pullorum; e o
paratifo aviario, causado por qualquer outro sorovar diferente dos dois primeiros (Gast
et al.,2019; Berchieri Junior; Freitas Neto, 2009).

As duas primeiras sdo doencas hospedeiro-especifico e sdo consideradas
septicémicas, uma vez que ndo se restringem ao trato gastrintestinal. O tifo aviario
acomete aves em qualquer idade, porém poedeiras brancas leves sdo mais resistentes
a doenca. Quando acometidas, as aves apresentam sinais clinicos como apatia,
sonoléncia, penas arrepiadas, queda do consumo de alimentos e diminuicdo da
producéo, além de diarreia esverdeada, caracteristica da doenca. A mortalidade pode
chegar a altos patamares, ultrapassando 70% no lote acometido (Berchieri Junior;
Freitas Neto, 2009; Shivaprasad, 2000).

A pulorose € uma doenca grave, com alta morbidade e mortalidade,
especialmente em aves jovens, manifestando sinais clinicos semelhantes ao tifo aviario,
porém a diarreia se apresenta na coloracdo amarelada a branco amarelada (Barrow e
Freitas Neto, 2011). Os dois patégenos pertencem ao mesmo biovar, devido ao fato de
terem os mesmos antigenos O 1,9 e 12, fazendo com que sua diferenciacdo ndo seja
possivel por métodos sorologicos, necessitando de bioquimicos ou moleculares para
sua diferenciagéo (Batista, et al., 2016)

As salmonelas paratificas sdo mais comumente associadas a aves jovens, das
guais sao mais propensas a desenvolverem os sinais clinicos. Porém podem também
acometer aves adultas (Berchieri Junior; Freitas Neto, 2009). Em aves jovens, 0S sinais
clinicos aparecem apos o quarto dia de infeccéo. Por outro lado, em aves com mais de

14 dias de vida, os sinais clinicos séo raros e quando ocorrem sdo inespecificos, com



acometimento do trato intestinal e ovario, principalmente, diminuindo os indices
zootécnicos (Berchieri Junior; Freitas Neto, 2009).

De modo geral, dentre o0s principais sinais clinicos evidenciados pelo
acometimento de salmonelas paratificas em aves, podemos destacar: apatia, penas
ericadas e asas caidas, algumas aves apresentam diarreia aquosa com coloragado
variando de amarela a esverdeada e nos casos mais graves podendo levar a
septicemia e morte. No exame necroscopico, em casos de septicemia aguda, ndo séo
encontradas lesées macroscopicas, enquanto que nos cursos mais crénicos, € possivel
notar enterite intensa com lesdes necréticas em intestino delgado. No intestino grosso,
em especial nos cecos, ocorre espessamento de parede com conteudo liquido caseoso
de coloracdo branca a branca-amarelada no lumen intestinal. Rins, baco e figado
usualmente apresentam-se congestos, podendo ocorrer pericardite fibrino-purulenta
(Berchieri Junior; Freitas Neto, 2009).

Salmonella. spp. possui capacidade de colonizacdo em aves associada a
habilidade de se ligar as células epiteliais do intestino do hospedeiro com auxilio de
diferentes adesinas fimbriais ou ndo-fimbriais (Han et al., 2012, Richlyk, et al., 2014). A
associacao entre a resposta imunologica do hospedeiro e o curso da infeccdo estédo
intimamente ligadas ao sorovar e as caracteristicas genéticas do hospedeiro. Em
animais imunocompetentes, a infeccéo é transitdria e o agente é, na maioria dos casos,
eliminado pelo sistema imune (Wigley, 2014).

Existem diversos fatores que influenciam a colonizagéo intestinal de salmonelas
paratificas, dentre estes destacam-se a viruléncia da estirpe, microbiota do hospedeiro
e estresse sofrido pelas aves (Barrow, 2007; Foley et al.,, 2008). Ainda ndo esta
totalmente elucidada a interacdo entre a Salmonella e seu hospedeiro. No entanto
diversos estudos demonstram caracteristicas da viruléncia da estirpe que influenciam

na infeccéo e colonizacao intestinal (Monte, 2020).

4. Patogenicidade de Salmonella spp.
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Salvo a transmisséo vertical, a infeccdo das aves por Salmonella spp. se inicia
pela via fecal-oral (Adhikari et al., 2017). ApoOs se instalarem no trato gastrintestinal,
salmonelas paratificas se multiplicam invadindo a mucosa entérica e 6rgaos linfoides
como placas de Peyer e tonsilas cloacais. A homeostase da microbiota intestinal é
afetada e reflete no desequilibrio da mesma (Sadeyen, 2006).

No intestino do hospedeiro existem diversas barreiras no epitélio da mucosa que
impedem ou bloqueiam a infec¢do por bactérias patogénicas para manter a integridade
epitelial e limitar os danos associados a inflamacao residente (Patel; Mccormick, 2014).
Outros mecanismos tais como a acado do suco gastrico, resposta imune do hospedeiro e
reducdo da tensdo de oxigénio dificultam a colonizacdo destas bactérias patogénicas
no trato gastrintestinal do hospedeiro inviabilizando os processos de patogenia e
consequentemente a manifestagcdo dos sinais clinicos (Berchieri Junior; Freitas Neto,
2009).

Entretanto, para sobreviver no organismo e superar tais barreiras, Salmonella
desenvolve sua patogenia por meio de alguns mecanismos, como interacdo com 0
hospedeiro, capacidade de invaséo, sobrevivéncia intracelular em macrofagos e evasao
da resposta imune (Soria et al., 2013).

Uma das consequéncias da patogenicidade de Salmonella no hospedeiro é a
inducdo da inflamagdo na mucosa intestinal (Winter, 2010). Para que a Salmonella
consiga manter o ambiente inflamado, alguns fatores de viruléncia devem ser expressos
e as llhas de Patogenicidade (SPI), que sdo regides cromossdmicas do genoma,
desempenham um papel fundamental. Este arsenal enorme de fatores de viruléncia séao
mecanismos complexos que séo sintetizados para regular a patogenia de Salmonella
spp. Embora apresentem mais de 21 SPI, as SPI-1 a SPI-5 sdo atualmente as mais
estudadas (Marcus et al., 2000).

Para que a inflamagéao ocorra, Salmonella expressa, principalmente, genes das
llhas de Patogenicidade dos tipos 1 e 2 (SPI-1 e SPI-2), que através de proteinas
secretadas que sdo transportadas as células da mucosa provocam a producdo de
citocinas pro-inflamatérias (Khan, 2014). Essas citocinas sdo expressas através da
interacdo com as proteinas TRIP6 das células do hospedeiro e resultam no tropismo de
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macrofagos e células dendriticas para o ambiente lesado que apos serem fagocitadas,
transportam a bactéria para o figado e baco, onde inicia a infeccéo sistémica (Monack
et al., 2000; Coburn et al., 2007; Chappell et al., 2009).

Atraveés da secrecao de citocinas, como prostaglandina E2, fator de crescimento
transformante beta (TGF - transforming growth factor ) e linfopoietina estromal timica
(TSLP - thymic stromal lymphopoietin), as células epiteliais do intestino podem regular a
funcdo dos macréfagos e células dendriticas. A TGFB suprime a ativagdo do fator
nuclear kB (NFkB — nuclear factor-kB), limitando assim a expressao de determinadas
citocinas, como a interleucina 12 (IL-12). Esta por sua vez, é responsavel pela ativacao
de células natural killer (NK), capazes de produzir interferon y (IFN- y) que ativam os
macrofagos para eliminar bactérias intracelular. No entanto, durante a inflamacéo
induzida por Salmonella, ocorre maior producéo de interleucina 10 (IL-10), cuja fungao
se limita a inibir a expressdo de IL-12, resultando assim em maior sobrevida do
patdgeno no interior das células fagociticas (Abbas e Lichtman, 2003; Saenz et al.,
2008; Coombes e Powrie, 2008).

No ambiente inflamado, a bactéria se depara com um meio anaerébico. Portanto,
sua sobrevivéncia depende da respiracdo sem utilizacdo do oxigénio (Winter, 2010).
Ocorre um aumento significativo da populacdo de heterdéfilos durante a inflamacao, que
sdo responsaveis por oxidar o tiossulfato (S203 %) (Furne et al., 2001), gerando como
produto dessa reacdo o tetrationato (SsOs %) (Figura 1). A bactéria entdo, utiliza o
tetrationato como aceptor de elétrons para aquisicdo de novas fontes de carbono na
respiracdo anaerobica (Winter, 2010). Estas novas fontes de carbono surgem apos a
degradacdo de glicanos dietéticos pelas bactérias, gerando como produtos &cidos
graxos de cadeia curta, como o0 acetato, propionato e butirato, que sao utilizados

posteriormente no metabolismo da Salmonella (Fischbach; Sonnenburg, 2011).
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2H*

Periplasma

Citoplasma

5,06 2e 25,0
Tetrationato Tiossulfato

Figura 1. Estrutura do tetrationato redutase (ttr). Adaptado de Winter; Baumler (2011).

5. Ilhas de Patogenicidade de Salmonella

llha de Patogenicidade € o termo usado para descrever elementos genéticos que
atuam de forma isolada ou conjunta e se localizam dentro do cromossomo de uma
bactéria (Hentschel e Hacker, 2001; Hensel, 2004). Em algumas enterobactérias,
apenas uma llha de Patogenicidade é suficiente para torna-las patogénica, no entanto,
0 sucesso da infeccdo ndo se limita a possuir ou tal ndo recurso, uma vez que a
expressao génica e patogenicidade dependem também da interacdo entre o hospedeiro
e o patogeno (Matulova et al., 2013).
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Algumas caracteristicas sdo comuns e compartilhadas por todas as ilhas, dentre
estas, destacam-se: sdo inexistentes em bactérias estritamente ndo patogénicas;
abrangem largas porcdes da regido cromossémica (10-200kb); contém genes que
conferem patogenicidade para as bactérias; estdo inseridas em sitios de tRNA; e estéo
usualmente flanqueadas por sequéncias curtas (Hacker e Kaper, 2000; Hensel, 2004;
Hentschel e Hacker, 2001; Marcus et al., 2000; van Asten e van Dijk, 2005).

5.1. SPI-1

Individualmente, as llhas de Patogenicidade apresentam caracteristicas distintas.
A SPI-1 (Figura 2) esta localizada no centrossoma 63, e corresponde a 40 kB do
genoma da Salmonella. Possui no total 41 genes e é flanqueado pelos genes fhlA e
mutS (Mills et al., 1995). SPI-1 contém genes, assim como a SPI-2 — que sera discutida
posteriormente — que codificam o Sistema de Secrecéo Tipo 3 (TTSS), dando a bactéria
a habilidade de colonizar e invadir as células epiteliais do intestino e transportar
proteinas efetoras de viruléncia para o citosol do hospedeiro (Galan, 1999; Hansen-
Wester e Hensel, 2001; Marcus et al., 2000; Ohl e Miller, 2001; Hensel, 2004). O gene
imvC, corresponde ao maior componente estrutural da SPI-1 e estudos realizados por
Galan e Curtiss (1989) demonstraram, que a delecdo neste gene resultou em maior
letalidade quando administrada oralmente em camundongos, porém com administracao
intraperitoneal ndo houveram diferencas significativas quando comparado com a estirpe
selvagem, indicando a importancia deste gene na fase inicial da infeccdo e ndo na fase
sistémica.

O TTSS codificado pela SPI-1 é regulado por fatores ambientais e genéticos.
Dentre os diversos fatores, podem ser citados: presenca de bile ou acidos graxos de
cadeia curta reprimem a expressao, uma vez que indicam que a Salmonella esta na
porcao proximal do intestino e ndo na porcao distal — principal sitio de invasao; outros
fatores de estimulo da expressao incluem pH neutro, alta osmolaridade e presenca de
fon ferro (Fe?*) (Garmendia et al., 2003; Altier, 2005; Ellermeier e Slauch, 2008).
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Winter et al., (2010) demonstraram a importancia dos genes imvA e sipB na
codificacdo do TTSS-1 e TTSS-2 respectivamente. Apés a infeccdo de camundongos
com mutacdes nos genes descritos, S. Typhimurium foi incapaz de induzir inflamacéo
intestinal, uma vez que o tetrationato nao foi detectado nestes animais.

SPI-1
sitABCD  avrA sprBC orgCBA prgKilH  hilDA  jagB sptP sipPDCB spaSRQPO imvJICBAEGFH

Figura 2. Organizacdo genética das SPI-1. Adaptado de Amauvisit et al. (2003); Gerlach
et al. (2007).

Englobado na patogenicidade da Salmonella em condi¢6es anaerdbicas esta a
utilizacdo do 1,2-propanodiol como fonte de carbono (Prince-Carter et al., 2001). Os
genes envolvidos nesta utilizagdo se encontram no locus pdu, responsavel pela
codificacdo de enzimas especificas para a degradacdo do 1,2-propanodiol assim, os
genes podem ser divididos entre os responsaveis pela degradacdo do propanodiol
propriamente dita — pduCDEPQW - e formacédo da barreira poliedral — pduABJKNTU
(Bobik et al., 1999; Leal et al., 2003.

A degradacdo ocorre em organelas especificas chamadas Bacterial micro-
compartments (MCPs) e forma aldeido toxicos para a bactéria, na qual o gene pduA
atua de forma majoritaria na formacéo de barreiras poliedrais que servem como uma
membrana semi-permeavel, impedindo que estes compostos toxicos cheguem a
Salmonella (Havemann et al., 2002; Staib e Fuchs, 2015; Chowdhury et al., 2016). Foi
demonstrado por Havemann et al., (2002) que mutantes de S. Enteritidis com delecao
no gene pduA apresentaram um crescimento interrompido em meios com excesso de
1,2-propanodiol — consequentemente com excesso de metabdlitos toxicos —, diferente
do cresimento normal em meio com baixas concentracdes.

O operon pdu se encontra adjacente ao operon cob, responsavel pela sintese da
cobalamina (vitamina B!?) e ambos sdo induzidos pela presenca do 1,2-propanodiol

(Escalante-Semerena e Roth, 1987). A cobalamina € um cofator utilizado na oxidacéo
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do 1-2,propanodiol, em meio anaerdbico pelo tetrationato e embora mutacédo dupla nos
genes cob cbi mostraram uma reducdo da viruléncia de S. Gallinarum, a mutacao

simples no gene cobS aumentou a viruléncia (Paiva et al., 2009)

5.2. SPI-2

Como fatores gerais, a SPI-2 possui papel na infec¢do, crescimento,
sobrevivéncia e replicacdo da Salmonella nos macréfagos e células epiteliais (Fierer e
Guiney, 2001). O locus da SPI-2 est& localizado no centrossoma entre 30.5 e 31, com
tamanho correspondente a 40 kB do genoma da Salmonella (Hensel et al., 1999;
Ochman et al., 1996). A estrutura em forma de mosaico desta ilha, sugere que cada
parte foi resultado de eventos de transferéncia distintos e separados (Hensel et al.,
1999b) Dois segmentos estao disponiveis na SPI-2: uma por¢cdo maior com cerca de
25.3 kB, contendo mais de 30 genes de viruléncia; e outra menor, de apenas 14.5 kB,
onde se encontra o cluster de 5 genes ttr. (Figura 3) (Hensel et al., 1999a; 1999b).

A primeira regido é responsavel por codificar o TTSS e € existente na espécie S.
enterica, e ausente na S. bangori, sugerindo que esta porcao foi adquirida pela primeira
espécie apos a divergéncia entre as duas (Hensel et al., 1997a; 1997b; Hensel et al.,
1999b; Ochman e Groisman, 1996). Ja a segunda, se encontra o operon ttrRSBCA, na
gual esta intimamente relacionado com a reducao do tetrationato, para utiliza-lo como
aceptor de elétrons (Hensel et al., 1999).

A expressdo dos genes da SPI-2 é regulada pelos sistemas reguladores
PhoP/PhoQ e EnvZ/OmpR. Em algumas condicbes como baixas concentracbes de
Mg?* e Calcio (Ca?*), PhoP induz a expressdo génica da SPI-2 por interagdo direta com
0 gene ssrB e acao no ssrA. Por outro lado, em condi¢cbes de alta concentracdo de H*
(4 > pH <5) e baixa osmolaridade, OmpR ativa diretamente 0s genes sSsrA e ssrB por
transcricdo (Deiwick et al., 1998; Feng et al., 2003; Garmendia et al., 2003; Walthers et
al., 2007; Fass e Groisman, 2007).

A necessidade do tetrationato em meio anaerébico foi evidenciada por Prince-

Carter et al., (2001), na qual culturas de S. Typhimurium obtiveram um crescimento
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esperado quando semeadas em meio com o tetrationato em diferentes substratos de
carbono, incluindo acetato, etanolamina e propanodiol, ndo havendo multiplicagéo
nestes meios sem a presenca do tetrationato como aceptor de elétrons.

ssbd ssrB ORF ORF ORF tteR tirs HrB fIrC ttrA ORF CRF ORF ORF  pykF
M2 39 70 408 245 32 4B

Figura 3. Organizacdo genética do locus da SPI-2, indicando a localizagdo do gene
ttrA. Adaptado de Hensel; Nikolaus; Egelseer (1999).

Para utilizagc&o do tetrationato, ocorre a ativagao da enzima tetrationato redutase,
gue pode ser subdividida em cinco subunidades: ttrB, ttrC, ttrA, ttrS e ttrR (Stecher et
al., 2007; Winter; Baumler, 2011). Evidéncias cientificas a respeito das subunidades do
gene ttr sdo relativamente escassas, no entanto, € sabido que a subunidade ttrA é
catalitica e contém uma porcado de ferro-enxofre (FeS), assim como um cofator de
molibdénio na forma de bis-Molibdopterina dinucleotideo guanina (MGD). (Hensel et al.,
1999). A molibdopterina é a responsavel direta pela reducédo do tetrationato e encontra-
se no centro ativo do gene ttrA. Ja o ttrB € uma subunidade responséavel por transferir
cations H* de ttrC para ttrA, além de possuir um dominio de ligacao ferro-enxofre que é
apenas processado na presenca da molibdopterina (MPT) do ttrA. A terceira
subunidade — ttrC — por sua vez, atua mais especificamente como uma ancoragem na
membrana, assim como na liberacdo de prétons para o periplasma enquanto transfere
elétrons para outros componentes do complexo redutase, advindos do “pool” de
quinona S (Hensel et al., 1999; Hinsley e Berks, 2002; Winter; Baumler, 2011; James et
al., 2013). Os outros dois genes do operon ttr — ttrS e ttrR — sdo os responsaveis pelo
sistema de regulacdo especifica do tetrationato. (Parkinson e Kofoid, 1992; Hensel,
1999).



Tanto o ttrA quanto ttrB séo sintetizados pelo peptideo de direcionamento Tat N-
terminal (Hensel et al., 1999; Hinsley e Berks, 2002). Este peptideo é responsavel por
direcionar proteinas para o sistema de translocacdo de dupla-arginina e esta transporta
proteinas através da membrana interna (Palmer e Berks, 2012).

O sistema de direcionamento Tat também transporta enzimas relacionadas a
molibdopterina e a ligacdo ferro-enxofre no que diz respeito ao ttr, incluindo complexos
heterodiméricos como a subunidade DmsAB de dimetilsulfoxido redutase e a
subunidade FANnGH de desidrogenase (Sargent, 2007).

5.3. Outras SPlIs

A SPI-3 é especifica de Salmonella spp. e esta presente no centrossoma 82 e
possui tamanho de 17 kB do genoma, no exato sitio de insercdo selC RNAt onde se
encontram as llhas de Patogenicidade de Escherichia Coli. Esta ilha possui 10 genes,
incluindo: mgtCB, rhuM, rmbA e sisA.(Figura 4).

SPI-3
selC  sugR rhuM rmbA mislL fldL marT sisA  cigR mgtB mgtC ORF
307
SPI-4
SiiA siiB siiC siiD siiE siiF
SPI-5

pipD orfX sopB pipC pipB pipA

Figura 4. Organizacdo genética das SPI-3, SPI-4 e SPI-5. Adaptado de Amauvisit et al.
(2003); Gerlach et al. (2007).
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As funcdes desempenhadas pela SPI-3 demonstram a essencialidade para a viruléncia
e sobrevivéncia no interior de macrofagos e crescimento em condi¢cdes de baixas
concentracdes de magnésio (Mg?*) (Blanc-Potard e Groisman, 1997; Blanc-Potard et
al., 1999).

Localizado no centrossoma 92, com largura de 27 kB do genoma, esta a SPI-4,
flanqueada pelos locus ssb e soxSR (Wong et al., 1998) Diferente das SPI-1 e SPI-2,
esta ilha é responsavel por codificar o Sistema de Secrecdo Tipo | (T1SS) (Marcus et
al., 2000). O operon siiCDF é expressado através da SPI-4 e analises sequenciais
indicam que todos os genes do operon sao transcritos juntos em uma larga fita de
MRNA (Gerlach et al., 2007a; 2007b; Morgan et al., 2004; 2007). Existem indicios de
gue ha ligacdo entre a regulacdo da SPI-1 e SPI-4, uma vez que a expressado génica
desta ultima é co-regulada sob condi¢cbes mediadas pela primeira (Ahmer et al., 1999)

Por fim, a SPI-5 € uma regido de 7,6 kB especifica de Salmonella, localizada no
centrossoma 25 e flanqueada pelos locus serT e copS/copR. (Hong e Miller, 1998;
Wood et al.,, 1998). Esta regido possui 6 genes singulars: pipD, orfX, sopB/sigD,
pipC/sigE, pipB e pipA (Wood et al.,, 1998). A funcdo da SPI-5 esta envolvida na
resposta inflamatéria e secrecdo intestinal e se relaciona com a SPI-1 na invasao
celular do hospedeiro (Norris et al., 1998; Wood et al., 1998; Mirold et al.,2001,
Raffatellu et al., 2005). Todas as SPI citadas se encontram na Tabela 4.



Tabela 4. lIhas de Patogenicidade de Salmonella
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SPI Tamanho Funcdes Referéncia
SPI-1  40kb Colonizagcdo e invasao Hensel, 2004
epiteliais Galan, 1999
Codificacdo do TTSS Hansen-Wester e
Hensel, 2001
SPI-2  40kb Infeccdo, crescimento e replicagdo em Fierer e Guiney,
macréfagos e células epiteliais 2001
Codificacdo do TTSS Hensel et al., 1999
Reducéo do tetrationato
SPI-3  17kb Sobrevivéncia em macrofagos Blanc-Potard e
Crescimento em baixas concentragbes  Groisman, 1997,
de Mg?* Blanc-Potard et al.,
1999
SPI-4  27kb Codificacdo da T1SS Hong e Miller, 1998
Co-regulado pela SPI-1 Marcus et al., 2000
SPI-5  7,8kb Envolvimento na resposta inflamatéria e Hong e Miller, 1998;

secrecao intestinal

Invaséo celular mediada pela SPI-1

Wood et al., 1998
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ABSTRACT

Among the important recent observations involving anaerobic respiration was that an
electron acceptor produced as a result of an inflammatory response to Salmonella
Typhimurium generates a growth advantage over the competing microbiota in the
lumen. Here we sought to compare, whether Salmonella Heidelberg strains lacking the
ttrA, ttrApduA, and ttrACBSR genes experience a disadvantage during cecal
colonization in broiler chicks. In contrast to expectations, we found that the gene loss in
S. Heidelberg potentially confers an increase in fitness in the chicken infection model.
These data argue that S. Heidelberg may trigger an alternative pathway involving the
use of an alternative electron acceptor, conferring a growth advantage for S. Heidelberg
in chicks.

Keywords: anaerobic respiration, Salmonella Heidelberg, tetrathionate, 1,2-propanediol
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1. INTRODUCTION

Salmonella enterica subsp. enterica remains a major public health concern, and
their infections cause a substantial global burden (Majowicz et al. 2010). The continuous
evolution of Salmonella enterica by acquiring and losing genes has enhanced and
refined the virulence of this pathogen (Vernikos, Thomson and Parkhill 2007; Koskiniemi
et al. 2012; Langridge et al. 2015). As a result, the fitness effects of the flux of genome
size and content could provide a potential driving force for a growth advantage for S.
enterica serovars over the competing microbiota in the lumen of the inflamed gut
(Koskiniemi et al. 2012; Galan 2021).

Although infections caused by Salmonella Heidelberg have increased in North
America, Europe and South America (Foley et al. 2011; Antunes et al. 2016; Melo et al.
2021), little is known about the virulence strategies used by S. Heidelberg during
intestinal infection and its response to the gut-associated microbial community, resulting
in colonisation, particularly in poultry and how this may differ from that of other serotypes
studied in greater detail (Chaudhuri et al. 2013). Most interestingly, gut inflammation
enhances the growth of Salmonella enterica by using tetrathionate as a respiratory
electron acceptor and 1,2-propanediol and ethanolamine as electron donors (Winter et
al. 2010; Winter, Lopez and Baumler 2013; Faber et al. 2017). However, these studies
were carried out with mice. In this regard, we have studied the role of ttrA and pduA
genes for Salmonella Typhimurium and Salmonella Enteritidis in the chicken infection
model (Barrow et al. 2015; Saraiva et al. 2021). These investigations emphasize the
complexities of the utilization of 1,2-propanediol or ethanolamine as carbon sources with
tetrathionate as electron acceptor by S. enterica serovars during infection, since
although mutations in ttrA mutants of S. Typhimurium and S. Enteritidis showed
enhanced pathogenicity in broiler chicks compared to layers, the deletion of ttrA and
pduA genes did not impair gut colonization (Saraiva et al. 2021). These observations
were remarkable since cobalamin (vitamin Bi2) is a co-factor used in the 1,2-

propanediol oxidation by tetrathionate and although double cob cbi mutants show
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reduced virulence in S. Gallinarum, a single cobS mutation increases virulence (Paiva et
al. 2009). Based on our previous results and considering the variation in the colonisation
characteristics of Salmonella serovars, there was clear value in exploring these aspects
of anaerobic respiration during colonisation in this serovar which is becoming
epidemiologically more important both as a result of its prevalence in different countries
and also its increasing antimicrobial resistance (Foley and Lynne 2008; Monte et al.
2019; EFSA et al. 2021). To do this, we performed an in vivo experiment using one-day-
old broiler chicks challenged by three defective S. Heidelberg mutant strains carrying
deletions in ttrA, ttrApduA, and ttrACBSR genes.
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2. MATERIAL AND METHODS

2.1. Bacterial strains

Salmonella Heidelberg wild-type strain (Lab ID: SH203) was routinely grown in
Lysogeny Broth and Lysogeny agar (LB — Becton Dickinson, Maryland, USA) at 37°C.
Spontaneous mutants of the S. Heidelberg wild-type strain resistant to nalidixic acid
(100 pg/mL) or nalidixic acid (100 pug/mL) plus spectinomycin (100 pg/mL) were selected
to facilitate recovery of the S. Heidelberg mutant strains (SHAttrA, SHAttrAApduA, and
SHAttrACBSR) and S. Heidelberg wild-type (SH-wt), respectively, during the in vivo

experiment.

2.2. Construction of S. Heidelberg mutants

The Lambda-Red technique was used to generate the SHAttrA mutant with the
gene replaced by a chloramphenicol cassette, SHAttrAApduA with a kanamycin
cassette replacement for pduA and SHAttrACBSR with the genes replaced by a
kanamycin cassette (Datsenko and Wanner 2000). All primers used in this study are
listed in Table S1 (Supporting Information). For all mutants, the bacteriophage P22A
lysates of the resultant strains were used to transduce each mutation (ttrA, ttrApduA,
and ttrACBSR) to a clean parental genetic background. The antimicrobial markers
(chloramphenicol and kanamycin) were removed from their chromosomes by
transformation using pCP20 plasmid (Datsenko and Wanner 2000). Subsequently,
successive passages in LB broth at 42°C were carried out before streaking onto LB agar
supplemented or not with antimicrobials to confirm the completely removal of the
resistance cassettes. We also assessed complete lipopolysaccharide (smoothness) by
absence of agglutination using 1:1000 acriflavine with smooth mutants selected and
stored at -80°C in Lysogeny broth supplemented with 30% glycerol for future use (Alves
Batista et al. 2018).



38

2.3. Invivo experiment

The experiments were performed according to the Ethical Principles on Animal
Experimentation from the Brazilian College of Animal Experimentation and previously
approved by the Ethical Committee on the Use of Animals (Process CEUA-006621/18;
at May, 10th of 2018). The experiment was carried out in the Laboratory of Avian
Pathology at the Faculty of Agricultural and Veterinary Science of Sado Paulo State
University (FCAV/Unesp).

To evaluate the requirement of ttrA, ttrApduA, and ttrACBSR for S. Heidelberg
infection, an in vivo assay was performed using 225 birds in total. One-day-old broiler
chicks were obtained from a commercial hatchery. Upon arrival, sterile swabs were used
to sample the bottom of the transport cardboard boxes to confirm the Salmonella-free
status of the birds (Zancan et al. 2000). The birds were then distributed equally into five
groups each of 45 birds [group 1 (infected with the ttrA strain), group 2 (ttrApduA), group
3 (ttrACBSR), group 4 (S. Heidelberg wild-type strain), and group 5 (uninfected control)]
within metal cages in temperature-controlled rooms. They received sterilized water and
antimicrobial-free balanced feed ad libitum throughout the experiment (28 days).

The birds in each group (1 to 4) were infected orally at 2 days of age with their
corresponding mutant strain with group 5 remaining uninfected as a negative control.
The birds were inoculated directly by gavage into the crop with 0.2 mL containing 108
CFU. Birds that developed severe clinical signs were euthanized humanely by cervical
dislocation and were not included in the study. Fecal excretion and cecal colonization of

S. Heidelberg were assessed over the experiment as outlined below.
2.4. Fecal excretion
Sixty birds were used to evaluate the fecal excretion, 15 birds each from groups 1

to 4. The chicks used to assess fecal excretion were identified individually by leg-bands

and cloacal swabs and were swabbed exclusively twice a week throughout 28 days
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post-infection (dpi). Swabs were transferred into 2 mL of Selenite Broth supplemented
with 0.04% of novobiocin (SN — Becton Dickinson, Maryland, USA) and incubated for 24
hours at 37°C. Subsequently, they were streaked onto Brilliant Green Agar (BGA —
Oxoid, UK) supplemented with 100 pg/mL of nalidixic acid for mutant strains (100
png/mL) with or without spectinomycin (100 pg/mL), incubated for 24 hours at 37°C.
Presumptive Salmonella colonies were confirmed using Triple Sugar Iron Agar (TSI -
Oxoid, UK), Lysine Iron Agar (LI - Oxoid, UK), and Sulphide Indole Motility (SIM - Oxoid,
UK) tests followed by slide agglutination test using Salmonella O and H Polyvalent
antisera (anti-O — Bio-Rad, USA). We further checked colonies for roughness using

acriflavine and strains recovered were confirmed by PCR.

2.5. Evaluation of cecal colonization

In order to enumerate bacteria, five birds from each group were euthanized at
two, five, seven, 14-, 21, and 28 days post-infection (dpi). Cecal contents were
homogenized directly into Phosphate Buffered Saline pH 7.4 (PBS). Decimal dilutions
(v/iv) of the PBS homogenates were made and a 0.1 mL aliquot of each dilution was
inoculated onto BGAN or BGANa*Spe ggar plates. Concomitantly, 2x concentration of SN
was added to samples (1:1), whilst plates and enriched samples were incubated at 37°C
for 24 hours. The CFU/g values were normalized by logio for statistical analysis. When
negative plates were obtained, enriched samples were re-streaked onto BGANa or
BGANa+See plates and incubated as previously described. The value of 102 CFU/mL was
assigned for positives samples for the purpose of further analysis. In addition, clinical
signs and mortality were daily recorded throughout 28 dpi.

2.6. Statistical analysis
Faecal excretion data were compared by Fisher's exact test, and the

logarithmically transformed values for bacterial numbers were submitted to two-way
ANOVA followed by Bonferroni multiple comparison test (P < 0.05). To evaluate
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normality, the Shapiro-Wilk test was performed and data from bacterial counts were
fitted into polynomial regression curve or nonlinear regression to choose the best curve
for the results. The difference between areas under curves were analysed by Unpaired t-

test (P < 0.05). All statistical analyses were performed using the software GraphPad

Prism, version 8.2.1.
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3. RESULTS

3.1. Deletion of ttrA, ttrApduA, or ttrACBSR does not impair fecal
excretion in chicks

To determine whether S. Heidelberg strains with deletions in ttrA, ttrApduA, or
ttrACBSR genes affect their colonization of the gut, we evaluated fecal excretion for four
weeks. Compared to the wild-type strain, excretion of the AttrACBSR mutant was not
statistically significantly different (P > 0.05) (Fig. 1). In contrast, the mutant strains
carrying deletions in ttrA or ttrApduA were excreted in significantly higher numbers than

the parental wild-type strain during the experimental period (P < 0.01; Fig. 1).

3.2. Geneloss may enhance the gut colonization by Salmonella

Heidelberg in chicks

During the first 5 days p.i. there was little significant difference in bacterial
enumeration of the four strains (Fig. 2). At day 7 the parent strains and AttrACBSR
mutant were isolated in significantly higher numbers than either AttrA or SHAttrApduA.
After this time, the latter two mutants began to predominate and did so until day 28

when the experiment was terminated.
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4. DISCUSSION

We sought to compare in this study, whether S. Heidelberg strain lacking
tetrathionate respiration and 1,2-propanediol genes confers a disadvantage during cecal
colonization in broiler chicks.

First, we deleted the ttrA gene to investigate if this single mutation could
attenuate the S. Heidelberg strain. The present report is the first to test the hypothesis
that a single mutation in tetrathionate respiration (ttrA) might contribute to inhibition of S.
Heidelberg growth in the gut lumen. Our results indicate that this mutant colonised the
ceca more effectively at 21 and 28 dpi, instead of showing reduction in cecal
colonization and virulence of S. Heidelberg.

Second, we constructed a strain carrying deletion in ttrApduA genes to confirm
previous results obtained in the mouse model. Winter et al. (2010) and Faber et al.
(2017) found that generation of this electron acceptor during 1,2-propanediol utilization
produced a growth advantage for S. Typhimurium over the competing microbiota in the
inflamed intestine. It was thus puzzling that S. Typhimurium with defective tetrathionate
respiration provided a growth advantage for S. Typhimurium in young chickens as
recently reported by Saraiva et al. (2021). In that study, double ttrApduA mutants
generally colonized the alimentary tract of very young chickens better than the parent
colonize and were isolated from the liver and spleen more frequently indicating little
effect on invasion and virulence in these young birds.

At first glance, these dissimilarities appear to be related to physiological
differences between mammals and birds, but this remains unclear and further
investigations are needed. It is also clear that the use of very young chickens with, at
most, a rudimentary gut flora presents a very different ecological picture and challenge
for colonizing bacteria since it is known that the absence of a mature gut flora facilitates
colonization by Salmonella strains that would not normally colonise well (Nurmi and
Rantala 1974; Barrow, Simpson and Lovell 1988). This may be supported by the fact

that Barrow et al. (2015) found that ttrR and ttrS mutants colonized less well in birds with
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a gut flora. However, it is appreciated that these two genes are regulatory and may have
had different effects than deletions of structural genes or the whole operon. The
inflammatory response of the intestine of day-old chickens is maybe very different to that
of older birds whether or not they possess a gut flora and this deserves to be
investigated further (Schokker et al. 2017).

There is a hierarchy of electron acceptor usage in the highly metabolically flexible
enteric bacteria dependent on the redox conditions and the energy (ATP) generated by
their utilization. Thus, nitrate reductase is energetically more favourable in terms of
energy generation than other electron acceptors such as manganese, iron oxides,
fumarate, DMSO and other N- and S- oxides and tetrathionate. It is thus entirely
possible that, although tetrathionate is one of the least favourable electron acceptors in
terms of energy generation under anaerobic redox conditions, in the presence of
excessive amounts as result of the inflammatory response generated in response to
Salmonella invasion and localized tissue destruction, it becomes the preferred acceptor.
Thus, in mutants, which are unable to utilize tetrathionate other, energetically more
favourable acceptors may be used and S-oxides and DMSO may also be available as a
result of tissue destruction under anaerobic conditions.

Thus, considering that SHAttrA and SHAttrApduA mutants remained capable to
colonize the ceca without attenuation, it is thus likely that these strains are still able to
stimulate intestinal inflammation enabling them to compete with resident microbiota
acquiring essential nutrients provided by inflamed gut (Galan 2021).

In the context of the alternative pathway, another hypothesis that supports the
successful establishment of these mutants might be that the deletions effectively
blocked the bacterial ability to trigger intestinal inflammation but resulted in increased
replication disseminating systemically (Galan 2021). Indeed, according to nutrient
repertoire available in the gut environment, Salmonella activates a regulatory system
that influences the flux of intestinal colonization and bacterial internalization into host
cells by using Enzyme IIAN" via 1,2-propanediol and propionate catabolism (Yoo et al.
2017).



44

Nonetheless, for these reasons stated above, we wondered if, after removal of ttr
operon [see the ttr operon architecture by Price-Carter et al. (2001)], a different
response might match the observations in the literature, and if so, whether such
mutation could favour an attenuated mutant. Therefore, we revisited the mutation by
deleting the complete ttr operon in an attempt to block the ability of S. Heidelberg to
stimulate inflammatory signalling and subsequently to secure carbon sources and
electron acceptors.

In our third attempt, we provide compelling experimental support that
tetrathionate respiration is dispensable in the chicks infection model by constructing a
third mutant carrying a deletion in ttr operon (SHAttrACBSR). Although this strain did not
have higher counts during the 28 dpi, we cannot yet consider it a significant attenuation,
since on days 2, 5, 14, and 21 post-infection there was no statistical difference in
comparison to SH-wt, which in principle ruled out our third hypothesis using chicks as an
infection model. Besides, it should be noted that in anaerobic conditions, Salmonella
requires cob, pdu, and prp operons together with the ttr operon using tetrathionate as
the final electron acceptor, which provides for the bacteria a broad arsenal to use an
alternative pathway to remain virulent demonstrating the extensive metabolic flexibility
(Yoo et al. 2017). These findings led to a conundrum suggesting that there is much to be
learned and deciphered about Salmonellae and its use of tetrathionate respiration, as
well as their variety of responses according to different hosts.

SUPPLEMENTARY DATA
Table S1 Primers used in this study.

ACKNOWLEDGEMENTS
FAPESP, CAPES and CNPq research grants are gratefully acknowledged. ABJ is a
research fellow of CNPq.

FUNDING



45

This work was supported by research grants from The Sdo Paulo Research Foundation
(FAPESP 2018/03189-0, 2018/21301-2, and 2020/06076-2).

CONFLICT OF INTEREST

We have no conflicts of interest to disclose.



46

REFERENCES

Alves Batista DF, de Freitas Neto OC, Maria de Almeida A et al. Evaluation of
pathogenicity of Salmonella Gallinarum strains harbouring deletions in genes whose
orthologues are conserved pseudogenes in S. Pullorum. PLoS One 2018;13:e0200585.
https://doi.org/10.1371/journal.pone.0200585.

Antunes P, Mourao J, Campos J et al. Salmonellosis: the role of poultry meat. Clin
Microbiol Infect 2016;22:110-121. https://doi.org/10.1016/j.cmi.2015.12.004.

Barrow PA, Berchieri A, Freitas Neto OC et al. The contribution of aerobic and anaerobic
respiration to intestinal colonization and virulence for Salmonella Typhimurium in the
chicken. Avian Pathol 2015;44:401-7. https://doi.org/10.1080/03079457.2015.1062841.

Barrow PA, Simpson JM, Lovell MA. Intestinal colonisation in the chicken by food-
poisoning Salmonella serotypes; microbial characteristics associated with faecal
excretion. Avian Pathol 1988;17:571-88. https://doi.org/10.1080/03079458808436478.

Chaudhuri RR, Morgan E, Peters SE et al. Comprehensive assignment of roles for
Salmonella Typhimurium genes in intestinal colonization of food-producing animals.
PL0oS Genet 2013;9:€1003456. https://doi.org/10.1371/journal.pgen.1003456.

Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia
coli K-270 12 using PCR products. Proc Natl Acad Sci U S A 2000;97:6640-5.
https://doi.org/10.1073/pnas.120163297.

de Paiva JB, Penha Filho RA, Arguello YM et al. A defective mutant of Salmonella
enterica Serovar Gallinarum in cobalamin biosynthesis is avirulent in chickens. Braz J
Microbiol 2009;40:495-504. https://doi.org/10.1590/S1517-838220090003000012.



47

EFSA Panel on Biological Hazards (BIOHAZ), Koutsoumanis K, Allende A et al. Role
played by the environment in the emergence and spread of antimicrobial resistance
(AMR) through the food chain. EFSA J 2021;19:e06651.
https://doi.org/10.2903/].efsa.2021.6651.

Faber F, Thiennimitr P, Spiga L et al. Respiration of Microbiota-Derived 1,2-propanediol
Drives Salmonella Expansion during Colitis. PLoS Pathog 2017;13:€1006129.
https://doi.org/10.1371/journal.ppat.1006129.

Foley SL, Lynne AM. Food animal-associated Salmonella challenges: pathogenicity and
antimicrobial resistance. J Anim Sci 2008;86:E173-87. https://doi.org/10.2527/jas.2007-
0447.

Foley SL, Nayak R, Hanning IB et al. Population dynamics of Salmonella enterica
serotypes in commercial egg and poultry production. Appl Environ Microbiol
2011;77:4273-9. https://doi.org/10.1128/AEM.00598-11.

Galan JE. Salmonella Typhimurium and inflammation: a pathogen-centric affair. Nat Rev
Microbiol 2021;19:716-725. https://doi.org/10.1038/s41579-021-00561-4.

Havemann G.D.; Sampson E.M.; Bobik T.A. duA Is a Shell Protein of Polyhedral
Organelles Involved in Coenzyme B12-Dependent Degradation of 1,2-Propanediol in
Salmonella enterica Serovar Typhimurium LT2. J Bateriol. 184 (5): 1253-1261, 2002.

Koskiniemi S, Sun S, Berg OG et al. Selection-driven gene loss in bacteria. PLoS Genet
2012;8:€1002787. https://doi.org/10.1371/journal.pgen.1002787.



48

Langridge GC, Fookes M, Connor TR et al. Patterns of genome evolution that have
accompanied host adaptation in Salmonella. Proc Natl Acad Sci U S A 2015;112:863-8.
https://doi.org/10.1073/pnas.1416707112.

Majowicz SE, Musto J, Scallan E et al. The global burden of nontyphoidal Salmonella
gastroenteritis. Clin Infect Dis 2010;50:882-9. https://doi.org/10.1086/650733.

Melo RT, Galvdo NN, Guidotti-Takeuchi M et al. Molecular Characterization and Survive
Abilities of Salmonella Heidelberg Strains of Poultry Origin in Brazil. Front Microbiol
2021;12:674147. https://doi.org/10.3389/fmicb.2021.674147.

Monte DF, Lincopan N, Berman H et al. Genomic Features of High-Priority Salmonella
enterica Serovars Circulating in the Food Production Chain, Brazil, 2000-2016. Sci Rep
2019;9:11058. https://doi.org/10.1038/s41598-019-45838-0.

Nurmi E, Rantala M. The influence of zinc bacitracin on the colonization of Salmonella
Infantis in the intestine of broiler chickens. Res Vet Sci 1974; 17:24-7.

Price-Carter M, Tingey J, Bobik TA et al. The alternative electron acceptor tetrathionate
supports B12-dependent anaerobic growth of Salmonella enterica serovar Typhimurium
on ethanolamine or 1,2-propanediol. J Bacteriol 2001;183:2463-75.
https://doi.org/10.1128/JB.183.8.2463-2475.2001.

Saraiva MMS, Rodrigues Alves LB, Monte DFM et al. Deciphering the role of ttrA and
pduA genes for Salmonella enterica serovars in a chicken infection model. Avian Pathol
2021;50:257-268. https://doi.org/10.1080/03079457.2021.1909703.

Schokker D, Jansman AJ, Veninga G et al. Perturbation of microbiota in one-day old
broiler chickens with antibiotic for 24 hours negatively affects intestinal immune
development. BMC Genomics 2017;18:241. https://doi.org/10.1186/s12864-017-3625-6.



49

Vernikos GS, Thomson NR, Parkhill J. Genetic flux over time in the Salmonella lineage.
Genome Biol 2007;8:R100. https://doi.org/10.1186/gb-2007-8-6-r100.

Winter SE, Lopez CA, Baumler AJ. The dynamics of gut-associated microbial
communities during inflammation. EMBO Rep 2013;14:319-27.
https://doi.org/10.1038/embor.2013.27.

Winter SE, Thiennimitr P, Winter MG et al. Gut inflammation provides a respiratory
electron acceptor for Salmonella. Nature. 2010;467:426-9.
https://doi.org/10.1038/nature09415.

Yoo W, Kim D, Yoon H et al. Enzyme IIANtr Regulates Salmonella Invasion Via 1,2-
Propanediol And Propionate Catabolism. Sci Rep 2017;7:44827.
https://doi.org/10.1038/srep44827.

Zancan FB, Berchieri Junior A, Fernandes SA et al. Salmonella spp. investigation in
transport box of day old birds. Braz J Microbiol 2000;31:230-232.



50

Figure legends
Figure 1. Faecal excretion of mutants (SHAttrA, SHAttrAApduA, and SHAttrACBSR)

and wild type strains from broiler chicks during 4 weeks.

Figure 2. Bacterial counts in cecal content from broiler chicks challenged by SHAttrA,
SHAttrAApduA, SHAttrACBSR, and SH-wt sampled at 2, 5, 7, 14, 21 and 28 days post-
infection. a, b, and c indicate statistical difference by two-way ANOVA followed by Bonferroni multiple
comparison test (P < 0.05, P < 0.01 and P < 0.001, respectively)
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sitains were used to transduce ench muwmtion (ord, dipdud, and
mmm-mmﬂmmmm-l
markers {chlorampt il and k im) were T i from ther
mhqupﬂmwrm Subse-
gquently, succesive passages in LB broth at 42°C were carried out before
strenking onto LB agar sapplemented or not with antimicrobials to
coafimm the completely removal of the resistance cassettes. We also
assemed complete lipopolysaccharide {smoothmess) by abeence of
agglutination using 1:1000 acriflavine with smooth mutants selected
aned stored at 80 “C in Lysogeny broth supplemented with 30% gheceral
for future use [20].

23 In vivo experiment

Experimentation and previously approved by the Ethical Committes on

Fidixic acid for strains (100 pgAml) with or without spec-
Ihunyd!(]ﬁﬂmﬂll].i.ﬂhﬂndlurhhliﬂ“ﬂ. Fresumptive Sal-
Motility (SIM - Oxoid, UK) tests followed by slide agglutination test
wing Salmonels O and H Polyvalent antisera (anti-0r - Bic-Rad, USA).
We further checked colonies for roughness using acriflavine and strains
recovered were confirmed by PCR

25 Bvahuation of cecal ool

In order to epumernte bacteria, five birds from each group were
w:mﬁmmum and 28 days post-infection (dpi).
Cecal ¢ were | ized directly into Phosphate Buffered Sa-
line pH 7.4 (FBS5). Decimal dilutions (v/v) of the PBES homogenates were
mn.uimumﬁmdﬁm“m“mﬁ
or BGA™YF 5 goar plates. G ration of SN brath
“ﬂdbmnlluﬂhﬂﬂﬂmmm
mﬂmﬂnj?‘ﬁfnrﬂ-‘hmﬂ:ﬂfgrluﬂmmmhﬂﬂhjhgm
samples were re-streaked onto BGA™ or BGA™ + *° plates and incw-
bated 2 previously described. The value of 107 CFUS/ml was assigned
for positives samples for the purpose of further analysis In addition,
clinical signs and mortality were daily recordsd thromghout 28 dpi.

Farecal excretion datn were compared by Fisher's exact test, and the
logarithimically tramsformed values for bacterial numbers were submit-
ted to two-way ANOVA followed by Bonferroni multipls comparison test
(P = 005 To evaluate normality, the Shapire-Wilk test was performed
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and data from bacterial counts were fitted into polynomial regression
curve or nonlisesr regression to choose the best carve for the resls.
The diference between aress under curves were anahysed by Unpaired ¢
test (F < 0U05)L All statistical analysess were performed wsing the soft-
ware GraphPad Prism, version £.2.1 for Msc OS5,

3. Results

A1 Deletion of trA, trApdud, or SrACESR genes does mot impair fiecal
excretion o chicks

To determine whether 5. Heidelberg strains with deletions in ord,
sripdud, or BrACESE genes affect their colonization of the gut, we
evaluated fecal excretion for four weeks. Compared to the wild-type
strain, excretion of the AsrACRER mutant was not statistically signifi-
cantly different (P > 0.05) (Fig. 1) In contrst, the mutant strains car-
rying deletions in &4 or trApdud were excreted in significanthy higher

hers than the pareninl wild-type stmin during the: experimentnl
period (P < 0.01; Fig. 1%

32 Gene loss may enfumce the gt colonssation by Satmonelin
Heideifvarg t chicks

During the first & doys pi. there was little significant difference in
bacterial ennmerstion of the four srains (Fig. 2. At doy 7 the parent
sirains and AfrACESR mutnt were isolated in significantly higher
pumbers than either AfrA or SHAfrApdud. After this time, the Latter
two mutants resched the same CFLU /g 2 the other bacteria (oo days 14
-dzt}-ddidmunﬂdq 2 when the Atirdpdud mutant became
significantly pred to the SHAGrACRSE.

4. Disrussion

mmnmmmmmsmm
Lsckring piration and 1,2-prog dial genes confers o
mmmummmm

First, we deleted the ird gene to investigate if this single mutation
could attenuate the 5. Heidelberg sirain. The present report is the frst to
test the bypothesis that a single mutation in tetrathionate respiration
(A ) might contribute to inhibition of & Heidelberg growth in the gut
lumen. Our results indicate that this mutant colonized the ceca more
effectively at 21 and 28 dpi, instead of showing reduction in cecal
colonization and vindence of 5. Heidelberg,

Second, we constructed a sirain carmying deletion in trApdud genes

Microlinl Pathopenesis 177 (03) 105728

to confirm previoas results obtained in the mouse model. Winter ef al.
[10] and Paber et al. [ 12] found that generation of this elactron acceptor
during 1,2-propanediol utilization produced a growth sdwantage for 5.
Typhimurium over the competing microbicta in the mflamed intestine.
It wa thus purrling that £ Typhimuriom with defective tetrathionate
respiration provided a growth advantage for £ Typhimueriom in young
chickens as recently reported by Saraiva et al. [14]. In that study, double
tirdipduA martants generally cobonized the alimentary tract of wery young
chickens better than the parent colonize and were isolated from the Bver
and spleen more frequently indicating little «ffect on invasion amd
virulence in these young birds.

.ltﬁrﬂﬂ.—o:.ﬂ:ﬂ:dndmi.lﬂbﬂq:puthbeulltdmph]dn-
logical diff ls and birds, but this remains un-
clear and further investigations are needed. It is also clear that the use of
very young chickens with, ot most, 8 mdimentary gt microbicta pre-
Ibcteria since it & known that the absence of & mature gut microbicta
fncilitates colonization by Salmonsla strains that would not normalby
colonize well [22,25). This may be supported by the fact that Barrow
et al. [17] found that R and &rf mutants colonized less well in binds
with & gut microbiota. However, it is apprecisted that thess two genes
are regulatory and maoy beve had different offeces than deletions of
stractural genes or the whale op The infl ¥ of the
nbﬂn:ufdlrnlddﬂ.dxlsnn}bemjdiﬂuﬂhﬂutﬂdﬂn
biirds whiether or not they possess & gut microbiotn and this deserves to
be imvestigated further [24].

There i a hisrarchy of electron scceptor usage in the highly meta-
baolically fecible enteric bacteria dependent an the redox conditions and
is energetically more favounble in terms of mergy gemeration than
ottier electron acceptors such 05 mangnoess, iron oxides, fumamte,
dimetiyl sulfeadde (DMS0) and other M- and % oxides and, tetrathic-
mabe. It is thus entirely possible that, although tetrathionate is one of the:
mm&mmmmdwmmﬂ
annerobic redox conditions, m the | of
result of the inflammatory response mhmmm
imvasion and localized tiswe destuction, it becomes the prefemred
acoeptor. Thus, in mutants, which are unshle to utilize tetrathionste
oitier, energetically more Grvoarnble scoeptors may be ussd and S-ox-
ides and DMS0 may also be svailable as a result of tssee destruction
mnder anserobic conditions.

Thus, considering that SHA#TA and SHASTApduA mutants remained
capable to colonize the ceca without attesuation, it is thes likely that
the=e strains are still able to stimuolate intestinal inflammation enabling

Faecal excretion from braollers by weael

~
=
5

-
T

b
in
1

= SHAfrA

N SHAADA
m SHARRACESR
[ SH-wl

Percentage of positive swabs
Lh
=
1

1 27 >

49

Yieeks Post Infection
Fig. 1. Faecal excreton of metants (SHA A, SHADrAADSA, and SHASXACESR) and wild oype sorains from beoiler chicks during 4 weeks,

3
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Bacterla counts from caecal cantent

W

[

CFLIj Iroem chiekan naaeal cowrtant

2 5 7 14

1 SHAtA
7= 0 SHAthARduA
5w mm SHAACBSR
' [ SHw

21 28

Daya Post Infectlon

Fig. 2. Bacterial counts in cecal comtent from beoiler chicks challenged by SHAorA, SHAarAApduA, SHAGrACBSR, and SH-wt sampled at 2, 5, 7, 14, 21 and 28 days

post-infection.
a, b, and ¢ indicate statistical diffesence by two-way ANOVA followed by

them to compete with resid P quking d s
provided by inflamed gut [*].
In the of the al ¥ ther hypothesis that

thmdt&nmwu&nh

into host cells by using Enzyme IIA™ via 1,2-propanediol and propio-
nate catabolism [25].

Nooetheless, for these stated above, we wondered if, after
removal of ttr operon (see the tr operoa architecture) [20] a different
response might match the observations in the literature, and if so,
whether such mutation could favour an attenuated mutant. Therefare,
we revisited the mutation by deeting the complete ttr operon in an
mmmumdsmmmw
-pﬂhgndwybm iy

hwﬂﬁdmwmmww
that tetrathionate respiration might be dispensable in the chicks infec-
tion model by constructing a third mutant carrying a deletion in or
wWMH&ﬂdﬂth@sm
during the 28 dpi, we cannot yet consider it a significant

mltiple comparison test (P < 0.05, P < 0.0] and P < 0.00], respectively).
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