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RESUMO

A Salmonella enterica é uma importante bactéria zoondtica, associada a doencas
transmitidas por alimentos, devido ao consumo de alimentos contaminados,
especialmente os de origem animal. Diferentes sorovares de S. enterica ndo-tifoide séo
considerados patégenos adaptados para infectar e sobreviver no interior de células
fagociticas, desencadeando quadros de gastrenterites em animais, incluindo humanos,
porém, na maioria das vezes, autolimitante. O uso de terapia antimicrobiana so se faz
necessario nos casos de salmonelose grave, sendo as fluoroguinolonas e as cefalosporinas
de terceira geracdo os farmacos de escolha. Entretanto, a prevaléncia de isolados
multirresistentes de S. enterica em amostras de diferentes origens tém sido cada vez mais
reportada, o que poderia levar a falhas no tratamento de infec¢cGes com antimicrobianos.
Por outro lado, o insucesso terapéutico e a recalcitrancia de infecgdes também podem ser
associados a presenca de células persisters. Diante disso, esse trabalho se propés a avaliar
os niveis de células persisters em isolados de S. enterica expostos aos antimicrobianos
ciprofloxacina e ceftazidima, bem como a influéncia da exposicdo prévia a aditivos
alimentares animal na tolerancia a ciprofloxacina. Adicionalmente, buscou-se identificar
transcritos diferencialmente expressos em células persisters de diferentes sorovares de S.
enterica expostas a ciprofloxacina e a ceftazidima em cultivo plancténico. Para tanto,
foram avaliados 10 isolados de S. enterica, que se mostraram fracos formadores biofilme
em superficie de poliestireno e suscetiveis a ciprofloxacina, ceftazidima e colistina. Todos
os isolados foram capazes de formar fracGes distintas de células persisters apos a
exposicdo a 100X o valor da Concentragdo Inibitdria Minima (CIM) para ciprofloxacina
ou ceftazidima em cultivo planctonico e em biofilme. Os niveis de persisters em biofilmes
foram superiores aqueles encontrados em cultivo plancténico para ambos os farmacos,
bem como foi possivel observar uma heterogeneidade nesses niveis entre os isolados de
S. enterica frente a um mesmo desafio. Adicionalmente, foi constatada a presenca de
small colony variants (SCV) em meio as células sobreviventes apds as exposicdes a
ciprofloxacina em todos os isolados de S. enterica. Contudo, o fen6tipo SCV mostrou-se
instavel, uma vez que foi observada a reversdo para o fen6tipo de colénia normal (FCN)
quando foram realizados sub-cultivos derivados destas coldnias na auséncia do agente
estressor, mesmo apos repetidos ciclos de exposicao a ciprofloxacina. Da mesma forma,
foi possivel verificar que foram encontrados niveis semelhantes de persisters em um
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ocorrendo selecdo de um fendtipo altamente persistente, 0 que demonstra o carater ndo-
herdavel da condigdo de persister. Também foi verificada heterogeneidade nos niveis de
persisters frente a farmacos com mecanismos de acdo diferentes, ndo indicando a
persisténcia como um fenotipo de multitolerancia. Estes achados estdo de acordo com 0s
padrdes heterogéneos de expressdo génica encontrados frente as exposices a
ciprofloxacina e a ceftazidima. As células oriundas de SCVs e FCNs, obtidas de cultivo
planctonico e de biofilme expostos a ciprofloxacina foram avaliadas por meio de
microscopia eletrénica de varredura, sendo observado que os dois fenotipos apresentaram
forma e tamanho semelhantes, independentemente da condicdo de cultivo analisada.
Entretanto, foi visualizada a presenca de septo de diviséo e de filamentacdo em todos os
morfotipos e condicBes de cultivo analisados. Cultivos planctonicos de um subgrupo de
seis isolados de S. enterica também foram expostos a concentracfes acima da CIM de
colistina, tendo sido encontrado um isolado de S. Agona incapaz de formar persisters
frente a esse farmaco. Nos demais isolados ndo sé foram detectadas células sobreviventes
ao tratamento com colistina, como, interessantemente, ap6s 48 h de exposicéo, foi
verificada a retomada do crescimento na presenca de concentracdes do farmaco similares
as iniciais. A selecdo de mutantes resistentes e de hetero-resistentes estaveis foi
descartada nesta populacdo sobrevivente que se multiplicou na presenca da colistina.
Além disso, foi verificada que a exposi¢do prévia a concentragcoes subinibitorias de acidos
organicos, colistina e, até mesmo, de ciprofloxacina ndo influenciou nos niveis de células
persisters ap0s a exposicdo a concentracdes letais deste ultimo farmaco. Desta forma,
estes resultados sugerem que os antimicrobianos testados, que foram ou ainda s&o
empregados como aditivos alimentares adicionados a racdo ou agua de bebida em criacdo
animal, ndo induziram a tolerdncia a antimicrobianos nem selecionaram mutantes
altamente persistentes. De uma maneira geral, os achados deste trabalho sugerem que
além da possivel presenca de vérias estratégias adaptativas para a sobrevivéncia frente a
estressores antimicrobianos entre isolados de S. enterica, um Unico isolado pode originar
populacdes fisiologicamente distintas de persisters, onde células que vivenciam
condicBes estressoras diferentes possam adotar estratégias de sobrevivéncia variadas e
talvez complementares.

Palavras-chave: células persisters, small colony variants, ciprofloxacina, ceftazidima,
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ABSTRACT

Salmonella enterica is an important zoonotic pathogen associated with foodborne
diseases due to the consumption of contaminated foods, especially those derived from
animal origin. Different non-typhoid S. enterica serovars are considered pathogens
adapted to infect and survive inside phagocytic cells, triggering gastroenteritis in animals,
including humans, but usually self-limiting. The use of antimicrobial therapy is only
necessary in cases of severe salmonellosis, being fluoroquinolones and third-generation
cephalosporins the drugs of choice. However, prevalence of multiresistant isolates of S.
enterica in samples from different origins has been increasingly reported, which could
lead to failures in the antimicrobial treatment against infections. On the other hand,
therapeutic failure and recalcitrant infections may also be associated with persister cells.
Therefore, this study aimed to evaluate the persister cell levels in S. enterica isolates
exposed to ciprofloxacin and ceftazidime, as well as the influence of previous exposure
to animal feed additives on tolerance to ciprofloxacin. Additionally, it identified
differentially expressed transcripts in persister cells from different S. enterica serovars
exposed to ciprofloxacin and ceftazidime in planktonic culture. For this, 10 S. enterica
isolates were evaluated and characterized as weak producers of biofilm on polystyrene
surface and susceptible to ciprofloxacin, ceftazidime, and colistin. All isolates were able
to form distinct fractions of persister cells after exposure to 100X the Minimum Inhibitory
Concentration (MIC) value of ciprofloxacin or ceftazidime in planktonic culture and
biofilm. The levels of persisters in biofilms were higher than those found in planktonic
culture for both drugs, and it was possible to observe heterogeneity in these levels among
S. enterica isolates against the same challenge. In addition, small colony variants (SCV)
were found among surviving cells after exposure to ciprofloxacin in all S. enterica
isolates. Nevertheless, the SCV phenotype showed to be unstable, since reversion to the
normal colony phenotype (NCP) was observed when sub-cultures derived from these
colonies were performed in the absence of the stressor, even after repeated cycles of
exposure to ciprofloxacin. Likewise, it was possible to verify that similar persister levels
were found in a S. enterica isolate after successive cycles of exposure to the same drug,
with no selection of a highly persistent phenotype, demonstrating the non-inheritable
condition of the persisters. We also found heterogeneity in persister levels following
exposure to drugs with different mechanisms of action, indicating that persistence is not

a multitolerant phenotype. These findings are in agreement with the heterogeneous



patterns of gene expression found on exposure to ciprofloxacin and ceftazidime. Cells
from SCVs and NCPs, obtained from planktonic culture and biofilm exposed to
ciprofloxacin were evaluated by scanning electron microscopy, and it was observed that
the two phenotypes presented similar shape and size, regardless of the culture condition
analyzed. However, division septum and filamentous cells were found in all morphotypes
and culture conditions analyzed. Planktonic cultures of a subgroup of six S. enterica
isolates were also exposed to concentrations above the MIC of colistin, and one S. Agona
isolate was unable to form persisters against this drug. The other isolates not only
presented surviving cells after colistin treatment, but, interestingly, after 48 h of exposure,
a resumption of growth was observed in the presence of the drug. The possible selection
of resistant mutants and stable hetero-resistant cells was discarded in this surviving
population that was able to grow in the presence of colistin. Furthermore, a previous
exposure to sub-inhibitory concentrations of organic acids, colistin, and even
ciprofloxacin did not influence persister cell levels after exposure to lethal concentrations
of ciprofloxacin. Thus, these results suggest that the antimicrobials tested, which were or
are still employed as feed additives added to animal feed or drinking water, did not induce
antimicrobial tolerance nor select highly persistent mutants. Overall, the findings of this
work suggest that, in addition to the possible presence of several adaptive strategies for
survival against antimicrobial stressors among S. enterica isolates, a single isolate may
originate physiologically distinct populations of persisters, where cells growing under
distinct stress conditions may adopt different and perhaps complementary survival
strategies.

Key words: persister cells, small colony variants, ciprofloxacin, ceftazidime, colistin,

organic acids, biofilm, antimicrobial tolerance.
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1.1 Introducéo

Bactérias do género Salmonella pertencem a familia Enterobacteriaceae, e sdo
referidas como bacilos Gram negativos, intracelulares facultativas e ndo formadoras de
esporos. Biogquimicamente é descrita como anaerdbia facultativa, oxidase negativa,
produtora de acido sulfidrico (H2S), fermentadora de glicose e ndo fermentadora de
lactose, malonato ou sacarose. Do mesmo modo, ndo exibem a capacidade de hidrolisar
a ureia ou produzir indol, além de serem catalase positiva e fazerem a descarboxilacdo da
lisina e ornitina. Apresentam flagelos peritriquios, conferindo-lhes a capacidade de
locomocdo, com excecdo da Salmonella Pullorum e da Salmonella Gallinarum (1). Estes
microrganismos apresentam pH 6timo para seu crescimento de 6,5 a 7,0 e sdo capazes de
crescer em temperaturas que podem variar de 8 a 45°C, com temperatura 6tima de
crescimento a 37°C. No entanto, sdo termossensiveis, sendo inativados a temperaturas
superiores a 60°C (2,3).

Taxonomicamente, esse género é constituido de apenas duas espécies, Salmonella
enterica (S. enterica), mais comumente isolada do homem e de outros animais de sangue
guente, e Salmonella bongori (S. bongori), geralmente isolada de animais de sangue frio.
Salmonella enterica é dividida em seis subespécies: S. enterica subsp. enterica (1), S.
enterica subsp. salamae (Il), S. enterica subsp. arizonae (llla), S. enterica subsp.
diarizonae (I1lb), S. enterica subsp. houtenae (V) e S. enterica subsp. indica (V1) (4). As
salmonelas apresentam uma complexa nomenclatura proposta por Kauffmann-White
(1981), baseada na sua estrutura antigénica — antigenos somaticos (O), flagelares (F) e no
antigeno de viruléncia (Vi) (5) —, sendo descritos até o momento 2.659 sorovares
compondo a espécie S. enterica (6). Esse patdgeno pode ser naturalmente encontrado

habitando locais distintos na natureza, como solo, sedimento, agua (7-9), e até mesmo
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integrando a microbiota do trato digestorio de diversas espécies de animais, incluindo
mamiferos, aves, répteis e insetos (10).

A capacidade de adaptacdo as condicdes do organismo hospedeiro e a
patogenicidade resultante dependem do sorovar envolvido. Alguns sorovares sao
altamente adaptados a um hospedeiro especifico, como S. Typhi e S. Paratyphi A,Be C
ao homem, S. Dublin aos bovinos, S. Choleraesuis e S. Typhisuis aos suinos, e S. Pullorum
e S. Gallinarum as aves (11,12). InfeccBes por esse microrganismo sdo classicamente
separadas em tifoide e ndo tifoide, de acordo com a natureza do agente envolvido.
Salmonella Typhi e S. Paratyphi A, B e C pertencem ao grupo das tifoides, causando a
febre tifoide e a febre entérica, respectivamente (13). O quadro clinico é caracterizado
pela presenca de sintomas severos, como diarreia sanguinolenta, vomito, dor abdominal
e febre, podendo evoluir para morte. Uma fracdo pequena, porém importante, da
populacdo torna-se portadora crénica assintomatica, excretando o patdgeno no ambiente
por longos periodos (14), contaminando agua e alimentos, o que torna a rota de
transmisséo fecal-oral a mais comum (15). A febre tifoide ainda é prevalente no mundo,
principalmente nos paises em desenvolvimento, que apresentam areas com condicdes
precarias de saneamento basico, afetando cerca de 21,5 milhGes de pessoas a cada ano
(15). No Brasil, essa enfermidade ocorre sob a forma endémica, com superposicdo de
epidemias, especialmente nas regides Norte e Nordeste, refletindo as condi¢cfes de vida
de suas populacdes (16). Dessa forma, o saneamento béasico, o preparo adequado dos
alimentos e a higiene pessoal sdo as principais medidas de prevencdo. A vacina¢do como
medida profilatica é indicada para pessoas que pretendam viajar para zonas de alta
endemicidade, uma vez que apresenta um alto poder imunogénico de curta duracdo
(15,16). O tratamento baseia-se no uso de terapia antimicrobiana para evitar a evolucao

para infeccBes sistémicas severas. No entanto, cepas resistentes a diferentes classes de
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antimicrobianos tém sido cada vez mais encontradas, limitando a eficicia do tratamento
(17).

Em contrapartida, o grupo das salmonelas nao tifoides (NTS), formado pelos
demais sorovares de S. enterica, é associado a salmonelose, que é apontada como uma
importante zoonose de distribuicdo mundial (18). Essa enfermidade é responsavel por
casos de gastrenterite, normalmente autolimitante, rotineiramente adquirida pelo
consumo de alimentos contaminados, principalmente os de origem animal, tais como
0vos, carne, laticinios e até mesmo frutas e verduras contaminadas com dejetos de animais
(19). Apesar da grande diversidade de sorovares encontrados nas diferentes fontes de
surtos alimentares, S. Enteritidis, S. Typhimurium e S. Heidelberg tém sido consideradas
0s principais patogenos causadores de doencas transmitidas por alimentos (DTA) em todo
0 mundo (18-20). Segundo dados publicados pelo Centers for Disease Control and
Prevention (CDC), nos Estados Unidos, sdo reportados aproximadamente 1,2 milhdes de
casos de salmonelose humana, com 450 mortes todos o0s anos (18). Ainda que no Brasil,
nem todas as unidades federativas disponham de dados minuciosos de vigilancia
epidemioldgica quanto as DTAs, estima-se que no periodo de 2000 até 2017, tenham
ocorrido cerca de 12.660 surtos de DTAs, sendo que desses, 35% foram relacionados com
algum dos diferentes sorovares de S. enterica (21).

Apds a ingestdo do alimento contaminado, as salmonelas aderem-se na mucosa
intestinal com auxilio de fimbrias e iniciam o processo de multiplicacdo, invasdo e
disseminacao pelo intestino e 6rgdos linfoides secundarios, causando diarreia em animais,
incluindo humanos (22). Na maioria dos individuos infectados, os quadros causados por
NTS sdo caracterizados por diarreia branda, com recuperacdo do paciente apds alguns
dias, ndo necessitando auxilio terapéutico. Contudo, a disseminagdo linfatica e a

implantacdo de uma infeccdo sistémica grave podem ser observadas em algumas
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situacbes, sobretudo quando h& acometimento de criancas, idosos e pacientes
imunodeprimidos, fazendo-se necessaria a utilizacdo de terapia antimicrobiana (23-25).
A presenca de S. enterica veiculada por alimentos carreando genes que conferem
resisténcia as fluoroquinolonas e as cefalosporinas de terceira geracdo (26-30), que sdo
os farmacos de escolha utilizados para o tratamento de salmonelose grave, tem sido
progressivamente reportada (18,19).

As fluoroquinolonas sdo antimicrobianos que atuam na replicacdo de DNA
bacteriano, bloqueando a atividade da DNA girase, codificada pelos genes gyrA e gyrB,
e na topoisomerase 1V, codificada pelos genes parC e parE (31). Sdo inimeros 0s
mecanismos de resisténcia associados a essa classe de farmacos, entre eles mutacdes nos
genes supracitados, que ocasionam alteracdes nos sitios de ligacdo do antimicrobiano,
chamados de regides determinantes de resisténcia a quinolonas (QRDR) (26-30). As
substituicdes de aminoacidos nas posicoes Asp87 e Ser83 em gyrA, e Thr57 em parC tém
sido apontadas como a principal causa da ocorréncia de Salmonella spp. com drastica
reducdo na suscetibilidade as fluoroquinolonas (26-28,30,32). Além das alteracbes
cromossémicas, existe a preocupacdo com a ampla disseminacdo de plasmideos que
medeiam a resisténcia as quinolonas (PMQR) por carrearem 0s genes gnr (gnrA, gnrB,
gnrC, gnrD, gnrS e gnrVVC), os quais codificam para uma proteina que confere protecédo
a DNA topoisomerase (30,32,33). Da mesma forma, a resisténcia a estes farmacos pode
ser devida a hiperexpressdo de bombas de efluxo, como a QepA (30) e a OgxAB (28),
ambas codificadas por genes carreados por plasmideos, que também podem conter o gene
aac(6’)-1b-cr, que codifica uma acetiltransferase de fluoroquinolonas (33).

As cefalosporinas, que pertencem a classe dos B-lactamicos, sdo os farmacos de
escolha para o tratamento de salmonelose grave em criangas e nos casos de resisténcia as

fluoroquinolonas (23,25). Os B-lactdmicos atuam basicamente inibindo a sintese do
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peptideoglicano pela ligacéo e inibicdo das proteinas de ligacdo a penicilina (PBP) (34).
A resisténcia as cefalosporinas de terceira geragdo, bem como aos B-lactamicos de modo
geral, tem emergido em bactérias associadas a alimentos de origem animal (27,35,36). A
resisténcia de S. enterica a essa classe de fa&rmacos se deve a diversos mecanismos, mas
tem sido especialmente associada a produgio de -lactamases (36). No entanto, também
pode ser atribuida a diminuicdo da permeabilidade de membranas externas,
provavelmente ocasionada pela perda ou modificagdo das porinas, especialmente OmpC
e OmpF (37), alteracdo da afinidade das PBPs (38) e pela hiperexpressao da bomba de
efluxo AcrAB-TolC (39).

As B-lactamases sdo codificadas por genes que podem estar inseridos no
cromossomo bacteriano ou em plasmideos, o que facilita a rapida disseminacao deste
mecanismo de resisténcia (40). De acordo com a classificacdo de Ambler, estas enzimas
sdo divididas em quatro classes (A, B, C e D), baseando-se nas suas sequéncias de
aminoacidos (41). Inimeras B-lactamases de interesse clinico ja foram descritas em
membros da familia Enterobacteriaceae: NDM, IMP, VIM, SPM, SIM e GIM (metalo-f-
lactamases — classe B); AmpC e CMY (classe C); oxacilinases (classe D); e as de classe
A, como Klebsiella pneumoniae carbapenemases (KPCs) e as B-lactamases de espectro
estendido (ESBLs) TEM, SHV e CTX-M, sendo que essa Ultima esta entre as principais
responsaveis pela resisténcia de Salmonella spp. as cefalosporinas (29,36,40,42,43).

A crescente incidéncia de S. enterica oriunda de alimentos de origem animal,
carreando diferentes mecanismos de resisténcia (26-29,36), constitui um importante
problema de salude publica. Décadas de uso indevido e excessivo de antimicrobianos
contribuiram para a evolucdo da resisténcia a antibidticos nos principais patégenos,
resultando em uma verdadeira crise de falhas terapéuticas, onde as infec¢fes facilmente

curaveis estdo se tornando uma séria ameaca a satde humana. Alguns autores defendem
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a ideia de que o intenso uso de antimicrobianos de forma profilatica na alimentagéo
animal possa favorecer a selecdo de populacGes mutantes resistentes a estes farmacos,
além da possibilidade de co-selecdo de resisténcia em isolados carreando elementos
genéticos moveis com diversos genes de resisténcia (44-47). O aumento de cepas
multirresistentes (MDR) fez com que a Comunidade Europeia interviesse banindo a
utilizacdo ndo terapéutica de antimicrobianos como promotores de crescimento na
producdo animal (48). Visto isso, a Organizacdo Mundial da Saude (OMS) publicou
recentemente diretrizes com recomendaces estritas sobre o uso de antimicrobianos na
producdo animal, incluindo a restricdo completa do uso desses farmacos como aditivos
zootécnicos. Além disso, a OMS também sugere que os antimicrobianos identificados
como de importancia critica para a medicina humana ndo sejam usados em animais de
producdo, a menos que o teste de suscetibilidade demonstre que o farmaco em questdo
seja a Unica opcdo de tratamento (49). No entanto, o Brasil lanca mao desse artificio para
aumentar a produtividade animal, utilizando farmacos como a bacitracina de zinco,
avilamicina, lincomicina, monensina e tilosina. Esses antimicrobianos séo liberados pelo
Ministério da Agricultura, Pecuaria e Abastecimento (50) para serem utilizados como
aditivos zootécnicos para a promocdo do crescimento, sendo empregados em pequenas
dosagens de modo continuo junto a racdo. O mecanismo pelo qual os antimicrobianos
atuam no trato digestorio dos animais com esta finalidade ainda nédo foi completamente
elucidado. No entanto, é proposto que ocorra a reducdo de bactérias da microbiota
intestinal e, consequentemente, a inflamacéo (51-54). O sulfato de colistina integrava a
lista de substancias permitidas como promotores de crescimento; no entanto, no final de
2016, o MAPA langcou uma instru¢cdo normativa retirando e proibindo o uso desse
antimicrobiano com a finalidade de aditivo zootécnico em todo o territério nacional (55).

Contudo, a colistina (polimixina E), um polipeptideo catibnico, continua sendo
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extensivamente utilizada na medicina veterinaria para o controle de infec¢es causadas
por membros da familia Enterobacteriaceae, principalmente na suinocultura (56). O
mecanismo de acdo desse farmaco esta relacionado com a ligacdo ao lipopolissacarideo
(LPS) da membrana externa, especificamente ao lipideo A, e desligar de forma
competitiva cations divalentes, como célcio (Ca?*) e magnésio (Mg?*), que normalmente
estabilizam o LPS. Na sequéncia, a colistina leva a um aumento da permeabilidade da
membrana externa, pela formacao de areas desestabilizadas, levando a morte celular pelo
extravasamento do conteudo intracelular (57,58). A colistina também é capaz de impedir
a inducdo do choque via endotoxina ao se ligar ao lipidio A do LPS (59). Outro
mecanismo de acdo proposto para a colistina é a producdo de radicais hidroxila, que
geram danos oxidativos, resultando em morte celular (60). Além disso, a inibicdo da
enzima respiratoria NADH-quinona oxidoredutase na membrana interna bacteriana tem
sido descrita como outro mecanismo de acdo exercido pelas polimixinas (61). A
resisténcia a colistina em isolados de S. enterica e Escherichia coli é basicamente
atribuida a mutacdes que resultam na superexpressao das proteinas PmrA e PmrB (62),
bem como perda ou inativacdo do lipideo A devido a mutaces nos genes ipxA, ipxC e
ipxD (63). Entretanto, recentemente, foi descrita a presenca de genes para
fosfoetanolamina transferase (mcr) em plasmideos, que vém se disseminado rapidamente
por inimeros paises (64,65), incluindo no Brasil, onde foram encontrados em isolados de
S. Typhimurium provenientes de carne de varejo (66).

Ao longo dos anos, pesquisas tém se concentrado no desenvolvimento de
alternativas antibidticas para manter ou melhorar a saide e o desempenho das aves, e, da
mesma maneira, controlar doencas bacterianas de consideravel impacto econémico, como
asalmonelose (67-71). A salmonelose aviéria € considerada a principal doenca bacteriana
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alimentar e a mortalidade dos lotes (72-74). As doencas causadas por esse patdgeno sdo
divididas em trés grupos: (1) pulorose, causada pela S. Pullorum; (2) tifo aviario, causado
por S. Gallinarum e (3) paratifo aviario, causado por outros sorovares de S. enterica
(74,75). Sabe-se relativamente pouco sobre como e por que S. enterica persiste no
intestino das aves por meses, sem desencadear sinais clinicos (76). A colonizagéo crénica
do trato intestinal € um aspecto importante da infeccdo persistente por esse patdgeno, pois
resulta em uma propagacao silenciosa de bactérias no meio devido a impossibilidade de
isolar os animais contaminados (77).

Desde que S. Enteritidis emergiu na industria avicola brasileira na década de 90
(78), os esforcos foram direcionados para o controle da salmonelose aviaria, bem como
para a reducdo da disseminacdo de cepas MDR na cadeia de producédo de alimentos. A
utilizacdo de vacinas tem sido adotada como estratégia para reduzir os niveis de
colonizacdo por S. enterica nas aves de producdo e, consequentemente, gerar menores
taxas de infeccbes em humanos (71,79). Além do controle da salmonelose, ha uma
preocupacao por parte das inddstrias com o desempenho zootécnico desses animais. Para
contornar esse problema, as empresas tém preconizado a adicdo de agentes como
prebidticos, probidticos (69,80) e acidos organicos (acido latico, citrico, malico, formico
e propidnico) (68,70,81,82) junto a formulacdo de racdo para aves, bem como em agua
de consumo. O mecanismo de acdo dos acidos organicos em geral esta relacionado com
a reducdo do pH citoplasmatico da célula bacteriana (83). Um dos objetivos da
acidificacdo da dieta (semelhante ao gerado pela utilizacdo dos antimicrobianos) é a
inibicdo de bactérias intestinais competindo com o hospedeiro pelos nutrientes
disponiveis, melhorando a saude intestinal e, consequentemente, o desempenho
zootécnico das aves (68,70,81,82,84). No entanto, embora a utilizacdo dos &cidos

orgénicos como aditivos em racdo de aves tenha sido proposta como estratégia para
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combater patdgenos intestinais, o seu efeito se mostrou limitado quando testado em
patogenos especificos, bem como ndo mostrou influéncia nas sucessivas mudancgas no
microbioma cecal de frangos durante 42 dias de crescimento (85). Uma possivel
explicacdo para a essa limitacdo pode ser o desenvolvimento de mecanismos de
sobrevivéncia ao pH acido (84,86,87).

A capacidade de adaptacdo a diversas condi¢fes ambientais permite que a S.
enterica possa permanecer no ambiente, possibilitando a contaminagdo cruzada e
formacéo de biofilme (88). Biofilmes sdo definidos como comunidades estruturadas de
células que tém a capacidade de adesdo a superficies bidticas ou abioticas (89,90),
envolvidas por uma matriz polimérica extracelular (EPS). A EPS de biofilmes formados
por sorovares de S. enterica é composta principalmente por proteinas, polissacarideos,
DNA extracelular (91), fimbrias e celulose (92). A capacidade de formacdo do biofilme
é dependente de inumeros fatores, como estado fisioldgico das células, tempo de contato
com a superficie, propriedades estruturais do material, pH, temperatura e presenca de
matéria organica (93-96). Uma vez iniciado o processo de colonizacdo, Salmonella
comeca a se multiplicar, produzir EPS e a expressar em maior nimero fimbrias com
capacidade agregativa, formando um microambiente que facilita a adesdo das células
bacterianas as superficies (97). Em um estagio inicial, esses microrganismos ainda podem
ser facilmente removidos com acdo quimica de desinfetantes (98). Porém, se ndo houver
a remocdo desses agregados, hovos microrganismos podem ser recrutados e aderirem-se
a esta estrutura, formando até mesmo biofilmes polimicrobianos (99,100). Quando esta
estrutura esta completamente organizada, formada por microcol6nias bacterianas de uma
ou mais espécies é reconhecida como biofilme maduro (91,100). Nesse estagio, a matriz
extracelular desempenha um importante papel na persisténcia dos biofilmes (101), pois

permite a transferéncia de moléculas de comunicacdo celular relacionadas ao quorum
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sensing (QS), que regulam principalmente a acdo do biofilme maduro (100). A
sinalizacdo exerce um papel fundamental no controle da atividade metabolica das células
em resposta a demanda nutricional e a densidade populacional, liberando as bactérias do
biofilme quando a populacéo se torna alta (93). Como consequéncia, ocorre a dispersao
das células no ambiente a fim de formar novos agregados em diferentes superficies (102).
Além disso, a matriz extracelular confere protecdo as células contra a acdo do sistema
imune do hospedeiro (103), resisténcia contra a dessecacdo (104) e protecdo contra
antimicrobianos e desinfetantes (105-108).

Apesar da matriz extracelular exercer, de certa forma, uma acdo protetora para as
células presentes no biofilme, a capacidade de sobrevivéncia das bactérias presentes nesse
ambiente, tem sido cada vez mais associada a formacdo de uma pequena subpopulacéo,
conhecida como persisters (109,110). Esse fenédmeno ja havia sido observado logo apds
a introducdo do primeiro antimicrobiano, ha aproximadamente 70 anos, quando Joseph
Bigger constatou que a penicilina rompia a maioria das células de Staphylococcus aureus
(anteriormente chamado de Staphylococcus pyogenes aureus) em crescimento. No
entanto, uma pequena fracdo (menos de 0,001% da populacdo inicial), que ndo era
classificada como mutante resistente, se mantinha viavel e nao se dividia, propondo-se
entdo que essas células eram persistentes e que poderiam entrar em um estado de
dorméncia (111). Somente mais tarde, nos anos 80, Harris Moyed estudou esse fenotipo
em culturas de E. coli tratadas com aplicacBes intermitentes de altas concentracGes de
ampicilina, proporcionando o isolamento de um mutante altamente persistente, conhecido
como hip (high persister), a partir de uma popula¢do homogénea (112). Durante todos
esses anos, as pesquisas focaram em descrever mecanismos genéticos relacionados a
resisténcia aos antimicrobianos, além do desenvolvimento de novos farmacos para

combater infec¢bes causadas por bactérias MDR. Somente na ultima década, os
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pesquisadores comecaram a tentar elucidar os mecanismos por trds da formacéo e
manutencdo da persisténcia.

Muitas das informacg6es obtidas até 0 momento corroboraram e expandiram os
achados de Bigger. Classicamente, a persisténcia pode ser definida como a formacéao de
variantes fenotipicas transitdrias a partir de uma populacdo isogénica e geneticamente
suscetivel, que apresentam a capacidade de tolerar concentracdes letais de diferentes
estressores, incluindo antibidticos bactericidas, sem transmitir sua tolerancia a progénie
(113-116). A persisténcia tem sido demonstrada por meio de uma curva de morte bifésica
apos a adicdo de doses letais de um farmaco bactericida, onde a grande maioria das células
é eliminada, mas uma subpopulacéo sobrevive a esse estresse (117). Esta pequena fracédo
retoma o crescimento na medida em que o estressor for removido, e quando a populacao
for exposta novamente ao mesmo agente originara fragdes similares de células tolerantes
(118,119). Diferentemente, as células resistentes possuem a capacidade de se multiplicar
na presenca do antimicrobiano devido a aquisi¢do de mecanismos genéticos relacionados
com a incapacidade dos farmacos antimicrobianos de atuarem (113,116,117).

A recidiva de doencas como a tuberculose, (120) infecc6es do trato urinario (121)
e até mesmo candidose (122), além de falhas na terapia contra microrganismos
relacionados a fibrose cistica (119,123), podem estar relacionadas com a presenca desse
fenotipo tolerante. As persisters foram identificadas em diversos microrganismos, tais
como: S. enterica (124), E. coli (121), S. aureus (125), Mycobacterium tuberculosis
(120), Pseudomonas aeruginosa (123), Acinetobacter baumannii (126), Borrelia
burgdorferi (127), Candida albicans (122) e Archaea (128). Porém, acredita-se que quase
todas as espécies microbianas sejam capazes de formar células persisters, que podem
estar associadas com a recalcitrancia de doengas, devido a falha terapéutica, apesar dessas

células serem geneticamente suscetiveis aos antimicrobianos. Entretanto, modelos
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matematicos tém sugerido a possivel selecdo de populagdes mutantes resistentes,
carreando mecanismos genéticos de resisténcia, devido a continua exposicao a elevadas
doses de antimicrobianos para eliminar as persisters (129,130). Adicionalmente, tem sido
sugerido que a continua exposicdo a concentracdes subinibitorias (sub-MIC) de
antimicrobianos ou de outro agente estressor — como 0 paraquat (indutor de estresse
oxidativo) — poderia promover a inducéo de populacfes persistentes, 0 que resultaem um
aumento dramatico no nimero de células persisters (131-133).

As Ultimas descobertas aumentaram a nossa percepcdo acerca do tema, mas
também trouxeram novos desafios para o entendimento da fisiologia por tras da formacéo
e manutencao desse fenotipo. As células persisters sdo formadas estocasticamente dentro
de uma populacdo bacteriana, devido a uma perturbacdo (noise, em inglés) em um
pequeno namero de moléculas impactando em alguns processos biologicos (116,134).
Além disso, sabe-se que sua formacao também pode ser induzida por situac@es entendidas
pelas células como estresse, tais como exposicao a agentes antimicrobianos, alteracdo nas
condicdes de oxigénio, pH, fontes de carbono, bem como privacdo nutricional (stringent
response — SR) (135-140). Dessa forma, Balaban e colaboradores (2004) propuseram que
as persisters seriam basicamente divididas em dois grupos: persisters tipo I, formadas na
fase estacionaria em resposta a diferentes estimulos estressores, e persisters tipo I,
formadas continuamente, porém em menor namero, durante a fase exponencial, de
maneira puramente estocastica (141). A proposta de que essas células ndo se dividiam e
entrariam em um estado de dorméncia, no qual a expressdo de genes essenciais para o
metabolismo bacteriano estaria inibida, tem sido amplamente descrita (111,112,142-145).
No entanto, em Mycobacterium smegmatis foi reportado um balan¢o dindmico entre
células mortas e sobreviventes, que possivelmente estariam em divisdo quando expostas

ao farmaco isoniazida (146), gerando indicios de que o fenotipo de persisténcia ndo é
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necessariamente associado ao metabolismo inativo encontrado no estado de dorméncia,
como previamente suposto. A partir de fluorescence-activated cell sorting (FACS) para
separar as células com metabolismo ativo daquelas com metabolismo inativo ou reduzido
em culturas de E. coli expostas a ampicilina ou ofloxacina, foi sugerido que o estado de
dorméncia ndo é suficiente como unica explicacdo para a persisténcia, e que muitas
nuances precisam ser levadas em consideracdo (147). Recentemente, foi demonstrado que
durante a infeccdo em macrofagos, as persisters de S. Typhimurium mantém um estado
metabolicamente ativo, pois conseguem transcrever, traduzir e translocar efetores capazes
de reprogramar os fagocitos, inativando a resposta imune pré-inflamatéria, permitindo,
assim, a sua sobrevivéncia na célula hospedeira. Este mecanismo foi associado a
expressao de diversos fatores de viruléncia, encontrados nas ilhas de patogenicidade de
Salmonella (SPI) do tipo 11 e secretados pelo sistema de secrecdo do tipo 111 (T3SS) (148).

Diante disso, diversos mecanismos tém sido propostos com o intuito de explicar
a formacdo de células persisters, especialmente os relacionados com a interferéncia em
processos essenciais para a manutencdo celular. Nesse contexto, encontram-se a
expressao dos sistemas toxina-antitoxina (TA), producdo de adenosina trifosfato (ATP),
sintese e degradacdo proteica, reparo e protecdo do DNA (resposta SOS), sinalizacdo
celular QS, atividade de efluxo e alteracBes nas vias relacionadas com o metabolismo
microbiano (118,135,137,139,148,149-156). Acredita-se que mecanismos moleculares
possam operar de forma independente e em paralelo, ou sobrepostos na formacédo de
persisters (113,114,139), inibindo a expressdo de sitios importantes para a atividade dos
inimeros antimicrobianos, e, assim, configurando um fenétipo de multitolerancia (MDT)
(135). No entanto, culturas idénticas expostas a diferentes agentes estressores tém
apresentado padrdes divergentes nos niveis de persisters formadas (121,126,140,151).

Isso sugere aos pesquisadores que essas células compreendem uma populagéo
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extremamente dinamica e heterogénea, cada qual com mecanismos distintos para tolerar
efeitos letais de diferentes agentes estressores como uma estratégia de adaptacdo e
sobrevivéncia em ambientes inospitos (134). Alem disso, especula-se que o fenotipo de
persisténcia como uma estratégia evolutiva possa estar ligado a uma combinacdo de
heranca epigenética (transmisséo de fatores ndo genéticos da célula mae para as células
descententes, como niveis de expressao de genes, RNA e outras biomoléculas) associada
ao “noise” celular, acarretando alteracdes na expressao de certos genes de forma
estocastica ou induzida (116).

O conhecimento atual sobre persisténcia é muito fragmentado e questdes
importantes referentes aos mecanismos responsaveis pela formagdo e manutencao desse
fenotipo permanecem inexploradas. A grande maioria dos aspectos moleculares
relacionados com a fisiologia das persisters foram obtidos a partir de modelos usando E.
coli. Inicialmente, o mais importante mecanismo proposto para a regulacédo da formacéo
de persisters foram os sistemas TAS, 0s quais sdo constituidos por uma toxina estavel,
tipicamente agindo na inibicdo de processos bioldgicos importantes na célula, como
transcricao, replicacao e sintese de parede celular, e uma antitoxina instavel, que interage
neutralizando a acdo da toxina (157,158). Sistemas TAs estdo organizados em operons, e
foram originalmente identificados em plasmideos, associados com a viabilidade celular e
manutencdo plasmidial (159). No entanto, a maioria dos sistemas TASs importantes para
0 metabolismo celular sdo encontrados no cromossomo bacteriano (160), os quais sdo
basicamente caracterizados de acordo com a natureza da antitoxina e seu modo de
regulacdo. Aparentemente, os sistemas TAs que estdo relacionados com a inducgdo do
fenotipo de persisténcia sdo os pertencentes ao tipo Il (161,162), presumindo-se que

devido ao seu mecanismo de agdo, esses sistemas poderiam estar diretamente
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relacionados com o baixo- ou ndo-crescimento apresentado por essas células
(139,147,157,158).

O primeiro sistema TA bona fide, associado a formacéo de células persisters, foi
o sistema HipAB (112), onde a toxina HipA é uma proteina serina-quinase, pertencente
ao sistema TA tipo Il, que fosforila a glutamil-RNAt sintase (GItX), levando ao acimulo
de RNAt(Glu) na célula. Esse sistema normalmente é ativado devido a uma SR em
decorréncia da privacdo nutricional, como carbono, aminoacidos e ferro (162-164),
principalmente em bactérias associadas ao biofilme, inibindo a traducéo e induzindo a
persisténcia (138,165,166). A SR é desencadeada por uma série de sinais vinculados a
ativacdo do segundo mensageiro alarmdnio guanosina tetra- ou pentafosfato — (p)ppGpp
(167). Nesse modelo, o acumulo intracelular de (p)ppGpp é ocasionado em resposta a
ativacdo de relA e/ou spoT, levando a inibicao de exopolifosfatase (PPX), o que resulta
em aumento dos niveis de polifosfato quinase (PPK), que, por sua vez, ativa a protease
Lon dependente de ATP. A maioria das toxinas ativadas por Lon sdo RNA endonucleases
que corrompem processos de traducdo, interrompendo o crescimento celular e
promovendo a sobrevivéncia das células (150,168-170). Esse desenho foi descrito
associado a pelo menos 14 sistemas TAs relacionados com aumento da persisténcia in
vivo em S. Typhimurium apdés internalizacdo por macréfagos (139). As antitoxinas sao
substratos da protease Lon, resultando na impossibilidade de neutralizacdo das toxinas,
especialmente aquelas componentes dos sistemas ShpAB (Salmonella high persister)
(171), RelBE e VapBC (172). Recentemente, Rycroft e colaboradores também
demostraram a acdo de trés toxinas acetiltransferases (TacT, TacT2 e TacT3) em S.
Typhimurium e S. Enteritidis, causando a acetilacdo de moléculas de aminoacil-RNAt, o
que levou & inibicdo da traducédo e indugdo do estado de persisténcia (124). Além disso,

o sistema TA Hha-TomB foi relacionado com a formacdo de persisters em S.
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Typhimurium, inibindo a morte celular programada sob estresse causado pelo farmaco
gentamicina (173).

Outro sistema igualmente importante descrito em E. coli, porém envolvendo a
regulacdo da resposta SOS, é o TisB/IstR pertencente ao sistema TA do tipo | (174).
Acredita-se que antibidticos bactericidas como P-lactdmicos e fluoroquinolonas
desencadeiam uma resposta SOS em reacdo ao dano ocasionado ao DNA. Este efeito é
mediado pela ativacdo de RecA, que, quando ativada, induz a autoprotedlise do repressor
LexA, estimulando a expressdo de proteinas envolvidas no reparo, como SulA, DinG,
UvrABCD, RecABCD e RuvABC (149). A toxina TisB, por sua vez, é ativada e forma
canais na membrana celular, acarretando um desbalanco da for¢a préton-motiva (PMF),
diminuindo os niveis de ATP celular (174) e promovendo a perda da atividade dos
antimicrobianos nos alvos (151,153). Outros sistemas TAs também foram associados a
persisténcia, como MazEF e RelBE em S. mutans e E. coli (118,175,176), DinJ/YafQ e
MgsRA em E. coli (177,178) e, recentemente, AbkAB em A. baumannii (179). Ao longo
dos anos, assumiu-se que os sistemas TAs desempenhavam o papel principal na formacéo
de células persisters. Ha muito tem-se refletido sobre o verdadeiro papel desses sistemas
na persisténcia, sobretudo apds observacdes de que diferentes tipos de estresse ativam a
expressao dos sistemas TAS, mas ndo necessariamente induzem a persisténcia (153).
Além disso, foi constatado que mutantes com delecdo combinada ou ndo desses sistemas
apenas reduziam o numero de persisters, mas ndo ocasionava a completa erradicacdo
desse fendtipo (135,139,150,151,155,166,174). Também foi demonstrado em biofilmes
de E. coli que a tolerancia a ofloxacina é independente dos sistemas TAs induzidos pela
resposta SOS (166), bem como em P. aeruginosa (113). Em adicdo aos achados
anteriores, Goormaghtigh e colaboradores passaram a sugerir que ndo ha ligacéo direta

entre a ativacdo dos sistemas TAs e a inducdo do fenotipo de persisténcia (170). Isto
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deveu-se especialmente a descoberta de infeccéo por bacteridfagos lisogénicos em cepas
de E. coli usadas como referéncia por varios laboratorios para estudos desse fenotipo,
afetando fortemente os resultados obtidos com esses isolados (180).

O estresse oxidativo enfrentado pelas bactérias dentro de fagocitos é considerado
um dos estresses mais impactantes, além de apresentar grande importancia para
patdgenos, como Salmonella spp., que podem causar infecgdes persistentes no ambiente
vacuolar de macrofagos (139). Esses patdgenos produzem enzimas antioxidantes para
reparar o dano oxidativo e protegé-los tanto da resposta imune, como da terapia
antimicrobiana (181). As enzimas antioxidantes catalase-peroxidase (KatG), superdxido
dismutase (SOD) e a peroxidase dependente de NADH séo sintetizadas pelas bactérias
sob a influéncia dos reguladores SoxRS, OxyR e RpoS para neutralizar a acdo das
espécies reativas de nitrogénio (ERN) e espécies reativas de oxigénio (ERO) produzidas
no fagolisossomo (131,182). Acredita-se que o tratamento com antibioticos bactericidas
também possa resultar em aumento do estresse oxidativo, gerando danos nas células
bacterianas devido a toxicidade ocasionada pelos produtos da reacdo de Fenton, e assim,
induzir a resposta SOS. Essa reacdo promove a geracdo de radicais hidroxila (OH")
altamente toxicos devido & combinagdo de ferro (Fe?*) ou cobre (Cu?*) com o perdxido
de hidrogénio (H202) (183). Recentemente, foi demostrado em E. coli uropatogénica que
a auséncia do AMP ciclico leva a diminuicdo de EROs e ao reparo do dano oxidativo ao
DNA gerado pelos radicais OH" e, como resultado, a bactéria consegue superar o efeito
toxico, dependente de uma resposta SOS, induzindo o fenédtipo de persisténcia (184).
Além disso, a tolerancia em biofilmes de C. albicans esta diretamente ligada a atividade
de ERO, e acredita-se que a utilizacdo de inibidores da SOD pode potencializar a
atividade do miconazol nessas células no biofilme (185). Da mesma forma, foi

evidenciado em P. aeruginosa que a SOD confere tolerdncia na fase estacionaria
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associada ao (p)ppGpp, e que a delecdo do gene que codifica SOD aumenta
significativamente a permeabilidade da membrana bacteriana, proporcionando a
internalizacdo dos farmacos e reducdo do estado de persisténcia (186).

Wu e colaboradores demonstraram que o pré-tratamento com um pro-oxidante
indutor de estresse oxidativo (paraquat) resultou em uma elevacgéo nos niveis de persisters
apos tratamento com fluoroquinolonas, devido a um aumento da expressdo da bomba de
efluxo AcrAB-TolC (131). Devido a esse achado, foi estabelecido um possivel elo entre
a atividade das bombas de efluxo e tolerancia a antimicrobianos. Além disso, foi
recentemente constatado, por meio de andlise do proteoma de E. coli, que as proteinas de
membrana, incluindo proteinas de transporte, estavam superexpressas, indicando que elas
podem ser importantes para a tolerancia apresentada pelas persisters (156).
Paralelamente, foi demostrado em biofilme de P. aeruginosa que a expressdo do ativador
transcricional MerR ativa genes que codificam varios sistemas de transporte ABC, além
de genes de bombas de efluxo, contribuindo para a tolerancia aos farmacos (187). Visto
isso, especula-se que as atividades de efluxo possam desempenhar um papel importante
no mecanismo de formacdo e manutencdo da persisténcia bacteriana, especialmente as
relacionadas com a hiperexpressdo da proteina de membrana TolC, que auxilia na
extrusdo de antibidticos, diminuindo a quantidade de farmacos no citoplasma bacteriano
e favorencendo assim a sobrevivéncia celular (152).

Moléculas envolvidas em QS produzidas em situacdes de alta densidade
populacional, como crescimento em final de fase exponencial, em fase estacionaria e em
biofilmes, também foram associadas com o fenotipo de persisténcia (118,188,189). A
acil-homosserina-lactona e a piocianina sdo exemplos de moléculas sinalizadoras de QS
gue mostraram aumentar a formacgédo de persisters em P. aeruginosa (188). Além disso,

foi demonstrado que a piocianina induz um efeito protetor contra o estresse oxidativo em
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A. baumannii, além de aumentar de forma consideravel os niveis de células persisters,
podendo ser um problema na clinica no caso de coinfeccdes com A. baumannii e P.
aeruginosa (190). O mesmo fato foi observado em S. Typhi, mostrando que quando
expostas a ciprofloxacina e ampicilina, na presenca de bile, a S. Typhi foi capaz de
aumentar trés vezes o0s niveis de persisters. A bile, por sua vez, leva a geracdo de ERO e,
em resposta, a S. Typhi produz enzimas antioxidantes como a SOD e a catalase (CAT).
No entanto, o QS regula os niveis dessas enzimas, ajudando a S. Typhi no manejo do
estresse oxidativo e no aprimoramento da persisténcia bacteriana dentro da vesicula biliar
(189).

Outro mecanismo proposto para a inducao e manutencao do estado de persisténcia
¢ a diminuicdo dos niveis intracelulares de ATP, preditivo da reducdo da atividade dos
alvos antibidticos e da sobrevivéncia bacteriana (155). Inicialmente, foi considerado que
células persisters de S. aureus sdo induzidas devido a entrada estocastica na fase
estacionaria de crescimento acompanhada de uma queda nos niveis de ATP intracelular
e tolerancia bacteriana aos antibioticos (151). Usando técnicas de mutagénese por
transposons em P. aeruginosa expostas a fluoroquinolonas, foi demonstrado que o
rompimento do gene carB (que codifica a subunidade maior da carbamoil fosfato
sintetase — CPSase — envolvida na sintese de pirimidina e arginina), resultou em acumulo
de ATP intracelular. No entanto, quando arsenato foi utilizado, 0 mesmo reduziu os niveis
de ATP, restaurando o perfil de tolerancia a antibioticos do mutante para niveis
semelhantes aos observados com o tipo selvagem, o que demonstrou a importancia do
ATP intracelular na formacao de células persisters (155). Além disso, foi constatado por
meio de FACS que o promotor rrnB marcado com gfp, pode ser um indicador de
persisténcia regulado pelo ATP independente da ativacao de sistemas TAs em E. coli. A

diminuigdo do nivel de ATP retarda a traducéo e evita a formag&o de quebras de fita dupla
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de DNA ap0s o tratamento com fluoroquinolonas, causando tolerancia a esses farmacos
(153). No entanto, recentemente, foi observado que a toxina HokB se insere na membrana
citoplasmatica, onde forma poros, resultando no extravasamento do ATP intracelular.
Quando essa toxina é reprimida na presenca de um blogueador de canal, ocorre a inibigdo
da formacao de células persisters, demonstrando assim, uma ligacéo direta entre a toxina
HokB e a formacao de poros na membrana que causam o vazamento do ATP intracelular
e a inducdo de persisténcia (191). Adicionalmente a achados anteriores, Pu e
colaboradores sugeriram que cada célula apresenta diferentes “profundidades de
dorméncia”, como ¢ o caso das “células viadveis ndo cultivaveis”, sugerindo que essas
células apresentam um grau profundo de dorméncia. Além disso, 0s autores
estabeleceram que uma cole¢do de agregados de proteinas endégenas € um importante
indicador do estado de persisténcia, cuja formacéo é promovida pela diminuicéo do nivel
de ATP celular (192).

Adicionalmente as células persisters, existe outra variante fenotipica também
associada a sobrevivéncia a estresses, e que pode fazer parte do ciclo de vida de algumas
bactérias, conhecida por ser formadora de small colony variants (SCV) (193-199). As
células que compdem as SCVs apresentam crescimento lento, formando colénias com
quase um décimo do tamanho em relacdo as colénias normais (197). As SCVs possuem
uma variedade de caracteristicas, tais como: alteraces no metabolismo de carbono,
diminuicdo na producdo de toxinas e enzimas liticas, suscetibilidade reduzida a alguns
antimicrobianos e, principalmente, estdo associadas com aumento da persisténcia
intracelular em diferentes quadros clinicos de infecdes prolongadas ou recorrentes (196).
Essas células sdo capazes de emergir de forma espontdnea em meio a uma populagdo
homogénea e de rapido crescimento (197), ou serem induzidas por farmacos como

estreptomicina (200), gentamicina (201) ou sulfametoxazol combinado ao trimetoprim
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(202). E importante ressaltar que em algumas situacdes, as SCVs sdo coldnias instaveis e
auxotroficas, pois apresentam a capacidade de reversdo para o fenétipo normal e de rapido
crescimento quando subcultivadas com o metabdlito necessario em meio livre de
estressores (198,200,203). Essa reversdo do fendtipo pode explicar a recorréncia de
infeccdes por SVCs apos periodos de aparente remissao (197). Em contrapartida, tém sido
descritas SCVs estaveis carreando mutacdes nos genes para a biossintese de hemina
(hemA) e menadiona (menA), bem como no gene que codifica para a timidilato sintetase
(thyA), resultando na diminuicdo na cadeia de transporte de elétrons e reducéo da sintese
de ATP (193,201,203). Aparentemente, essas alteracGes também podem estar associadas
com a reducgéo da suscetibilidade aos aminoglicosideos e B-lactamicos (193,195). Além
disso, mutacdo pontual no gene relA, também associado ao fenotipo de persisténcia, foi
reportada como mediadora da origem do fenétipo SCV (204), indicando a possibilidade
de uma conexdo na formacdo e manutencdo entre os dois fenotipos de persisténcia
bacteriana.

A mudanca fenotipica para o estado de SCV sob condicdes distintas,
especialmente em ambientes hostis, como dentro da célula hospedeira, tem sido
reconhecida como uma estratégia de sobrevivéncia, bem como tolerdncia a
antimicrobianos (196,197). Dessa forma, relatos apontam que o pH acido, como o do
fagolisossomo, pode favorecer a formacdo de SCVs em S. aureus, refletindo na
persisténcia encontrada na clinica médica (205). O mesmo fato foi observado em isolados
de S. Typhimurium infectando fibroblastos por um tempo prolongado (206). Embora
isolados de S. enterica ndo sejam foco de muitos estudos com SCV, tem sido proposto
que a reducdo no crescimento dessas células possa estar associada a mutagdo em genes
como: hemL, Ipd, aroD, prfB, ubiE e gInA (198,200,206). Foi demonstrado que 0 mutante

gInA-SCV em S. Typhimurium apresentou uma severa diminuigéo da expressédo de genes
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relacionados aos flagelos e varios fatores de viruléncia da SPI tipo 1 (SPI-1) (198),
confirmando que a atenuacdo da viruléncia da SCV esta diretamente associada com a
capacidade de persistir na célula hospedeira.

Células persisters e SCVs sdo consideradas subpopulacfes altamente dinamicas,
constituindo estratégias adaptativas que permitem que uma peguena porcentagem da
populacdo sobreviva apos a exposi¢do a um agente estressor (134,196,197). Estes dois
fenotipos compartilham uma série de caracteristicas, incluindo crescimento lento,
persisténcia intracelular e, principalmente, apresentam uma ligacdo com falhas na terapia
antimicrobiana, resultando em cronicidade e recalcitrancia de infeccOes
(113,114,197,198). A selecdo desse fenotipo em infecgdes recorrentes tem sido associada
principalmente com o uso de antimicrobianos, pois as SCVs sdo rapidamente formadas
devido as mudancas das condi¢cdes ambientais (198,200,201,206). Diante desse contexto,
é extremamente importante a elucidacao das vias envolvidas na formacdo e manutencéo
dessas estratégias adaptativas desenvolvidas em S. enterica e, por conseguinte, estratégias

que possam auxiliar no combate de infecdes causadas por esses fenotipos.
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1.2 Objetivos

1.2.1 Objetivo Geral

Este trabalho teve como objetivo avaliar a capacidade de S. enterica em formar
células persisters frente a exposicdo a antimicrobianos, bem como avaliar a influéncia da
exposicdo prévia a promotores de crescimento utilizados na producdo animal na
tolerancia a ciprofloxacina. Além disso, buscou-se identificar transcritos diferencialmente

expressos em células persisters frente a exposicéo a ciprofloxacina e a ceftazidima.

1.2.2 Objetivos Especificos

1.2.2.1 Determinar a concentracdo minima de ciprofloxacina, ceftazidima e colistina para
inibir o crescimento de isolados de S. enterica,;

1.2.2.2 Caracterizar os isolados de S. enterica quanto a capacidade de formar biofilme em
superficie de poliestireno;

1.2.2.3 Avaliar a capacidade de isolados de S. enterica em formar células persisters em
estado plancténico, bem como na condicdo de biofilme, frente a ciprofloxacina e
a ceftazidima;

1.2.2.4 Avaliar a capacidade de formacéo de células persisters em isolados de S. enterica
na condicdo plancténica frente a ciprofloxacina mediante exposi¢do prévia aos
acidos férmico e latico;

1.2.2.5 Verificar a capacidade de formacdo de células persisters em isolados de S.
enterica na condicdo planctonica frente a ciprofloxacina mediante exposicdo
prévia a concentracdes subinibitorias de ciprofloxacina ou colistina;

1.2.2.6 Avaliar a morfologia de colbnias de células persisters de S. enterica formadas

mediante exposi¢do de cultivo plancténico a ciprofloxacina e a ceftazidima;
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1.2.2.7 Determinar a estabilidade na formacéo de células persisters nos diferentes tipos
morfoldgicos encontrados frente a ciprofloxacina;

1.2.2.8 Sequenciar o genoma total de isolados de S. enterica capazes de formar diferentes
fracdes de celulas persisters frente a exposicdo a ciprofloxacina e a ceftazidima
em cultivo plancténico;

1.2.2.9 Identificar genes diferencialmente transcritos em células persisters oriundas de

cultivo plancténico de S. enterica expostas a ciprofloxacina e a ceftazidima.
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Capitulo 2

Artigo Cientifico 1

Salmonella enterica persister cells form unstable small colony variants after in vitro

exposure to ciprofloxacin

Artigo cientifico submetido ao periddico Scientific Reports em 18 de dezembro de 2018.

Fator de impacto: 4.122 (JCR 2017)
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Persistence phenotype and small colony variants (SCVs) can be part of a bacterial bet-hedging strategy
. for survival under environmental stresses, such as antimicrobial exposure. These phenotypes are
- of particular concern in persistent and relapsing infections, since cells resume to normal growth
. after cessation of the stressful condition. In this context, we found persisters and unstable SCVs as
- phenotypic variants of Salmonella enterica that were able to survive ciprofloxacin exposure. A high
heterogeneity in persister levels was observed among S. enterica isolates grown under planktonic
and biofilm conditions and exposed to ciprofloxacin or ceftazidime, which may indicate persistence
as a non-multidrug-tolerant phenotype. Nevertheless, a comparable variability was not found in
- the formation of SCVs among the isolates. Indeed, similar proportions of SCV in relation to normal
- colony phenotype (NCP) were maintained even after three successive cycles of ciprofloxacin exposure
. testing colonies from both origins (SCV or NCP). Additionally, we found filamentous and dividing cells
in the same scanning electron microscopy images from both SCV and NCP. These findings lead us to
hypothesize that besides variability among isolates, a single isolate may generate distinct populations
- of persisters, where cells growing under distinct conditions may adopt different and perhaps
. complementary survival strategies.

Salmonella enterica comprises pathogens adapted to infect and survive inside human and animal epithelial and
phagocytic cells'?, including some non-host adapted serovars that are among the most important zoonotic path-
- ogens worldwide. Salmonella enterica infection can result in diseases that range from gastroenteritis to enteric
- fevers. In the midst of this scenario, millions of foodborne outbreaks caused by S. enterica are reported every year,
- wherein the majority are due to consumption of food derived from animals’, Enteric fevers are life-threatening
- febrile illnesses requiring antibiotic therapy’, and fluoroquinolones, especially ciprofloxacin, are the chosen
- drugs. However, fluoroquinolones block DNA replication by inhibiting DNA gyrase and topoisomerase [V* and
are not suitable to treat infections in children and pregnant women®, Thus, in those cases, the treatment is per-
- formed using third-generation cephalosporins, such as celtazidime, whose mechanism of action is the inhibition
- of peptidoglycan synthesis®.
: Most 8. enterica serovars are able to adhere to abiotic surfaces and persist in the environment for long peri-
- ods, especially when growing as biofilms’. In fact, biofilms are recognized as major contributors to food pro-
- cessing cross-contamination due to the difficulty in removing them from contaminated surfaces. This makes
them an important public health concern®. Inn vivo, biofilms can also prevent antimicrobial diffusion and block
- the entry of immune system components”. In addition, the higher bacterial survival levels in biofilms could be
- explained by the presence of persister cells'”, a non-heritable phenotype that comprises a small subpopulation of
cells derived from an isogenic bacterial culture, which displays high antibiotic tolerance by entering in a transient
- slow or non-growth state! 2, It is postulated that all bacteria can form persisters'?, including S. enterica'* ', as
well as archaea'® and [ungi'®. Persister cells can be stochastically formed in a microbial population, or induced
by stressors such as antimicrobials. Indeed, persisters can survive exposure even to high levels of bactericidal

- 'PUCRS, Escola de Ciéncias, Laboratdrio de Imunologia e Microbiologia, Porto Alegre, RS, Brazil. “PUCRS, Escola
de Ciéncias, Programa de Pds-graduagdo em Ecologia e Evolugdo da Biodiversidade, Porto Alegre, RS, Brazil,
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S Agona (S48)

Feathers meal .01

2
S Agona (879) Meat meal 0.005 1
§. Enteritidis (152) Ready-weatfood | 0005 | 0.5
8, Enteritidis (192) Poultry carcass oL 1
5. Enteritidis (393) Food handler .01 L
5. Enteritidis (45A) Porcine faeces 0,005 L
5, Enteritidis (545) Meat meal 0.005 2
5. Infantis (S02) Meat meal not 2
8. Infantis (S67) Viscera meal 0.03 1
8. Schwarzengrund (858} | Flesh and hones meal 0.005 1

Table 1. Salmonella enterica isolates and minimum concentration of ciprofloxacin (CIP) and ceftazidime
(CAZ) required to inhibit their growth. MIC, minimum inhibitory concentration. MIC breakpoints for CIP:
<0.06 pg/ml, susceptible; 0.12-0.5 pg/ml, intermediate; =1 pg/ml, resistant. MIC breakpoints for CAZ: <4 pg/
ml, susceptible; 8 pg/ml, intermediate; =16 pg/ml, resistant (CLSI Document M100-528) .

antibiotics without undergoing any genetic change, unlike drug resistant cells®. Thus, eradication of persisters
has become a challenge to avoid recurrent treatment failures and recalcitrance of chronic infections'". Molecular
mechanisms behind persister cell formation have been studied, but they have not yet been fully elucidated. The
trigger for persisters phenotype formation may involve a down or up-regulation of molecules related to stringent
response”!, energy production®*, phosphate metabolism®, $OS response® and toxin-antitoxin (TA) systems'”,
acting whether alone or overlapped'®. Salmonella may form persisters in host macrophages when induced by
vacuolar acidification and nutritional deprivation, and TA systems are presumed to be responsible for this micro-
organism’s physiological state'*.

Another phenotypic switching found in response to harsh environments are the small colony variants (SCV)*.
SCVsare characterized as slow-growing cells forming pin-prick-sized colonies” that can revert to wild-type-like
colonies™, or even be stably kept™, which enable survival to diverse environmental pressures, such as antimi-
crobial exposure™ and intracellular host defense®. Therefore, isogenic bacterial populations may present hetero-
geneous phenotypes such as persisters and SCVs.

We found persisters and unstable SCV's as phenotypic variants of 5. enterica that were able to survive cipro-
floxacin exposure. In addition, a high heterogeneity in the levels of persisters was observed among 5. enterica
isolates cultured under planktonic and biofilm conditions after ciprofloxacin or ceftazidime exposure, there-
fore not indicating persistence as a multidrug-tolerant phenotype. However, a similar variability was not found
in the proportion of SCVs formed among the isolates, which was maintained even after successive treatments.
Importantly scanning electron microscopy analysis allowed us to observe division septum and filamentous cells
from both SCV and normal colony phenotype (NCP) images. Thus, our findings contribute to the characteriza-
tion of these adaptive strategies Lo survive stressful environments, and may help to explain treatment failure and
relapsing infections.

Experimental Procedures

Bacterial isolates. Salmonella enterica isolated between 1995 and 2012 from poultry by-product meals,
poultry carcass, food, porcine facces and food handler in Southern Brazil were used in this study as follows:
Salmonella Schwarzengrund (n= 1), Salmonella Agona (n=2), Salmenella. Infantis (n = 2) and Salmanella
Enteritidis (n=5) (Table 1). All isolates were stored at —80°C in Trypticase Soy Broth (TSB) (BioBras, Sao Paulo,
Brazil) with 20% glycerol.

Antimicrobial susceptibility. The ciprofloxacin (CIP) and ceftazidime (CAZ) (Sigma-Aldrich, St Louis,
USA) minimum inhibitory concentrations (MIC) were determined by broth microdilution method, in Lriplicate“’.
The cut-off values were interpreted according to the Clinical and Laboratory Standards Institute guidelines™.

Biofilm assay. AllS. enterica isolates were evaluated with regard to biofilm formation in 96-well polystyrene
plates. 1-pl aliquots of overnight cultures of each strain were adjusted to approximately 10° colony-forming units
per millilitre (CFU/ml). These were added in triplicate to wells containing 200 pl of fresh Luria Bertani (LB)
broth [10 g/l tryptone (Kasvi, Roseto degli Abruzzi, Italy), 5 g/l yeast extract (Himedia, Mumbai, India) and 5 g/l
NaCl (Nuclear, Diadema, Brazil), pH 7.2], and incubated for 48h at 37 °C. Afterwards, wells were washed twice
with phosphate-buflered saline (PES) [8 g/l NaCl (Nuclear), 0.2 g/l KCI (Nuclear), 1.44 g/] Na,HPO, (Nuclear)
and 0.24g/1 KH,PO, (Nuclear)| to remove planktonic cells, dried at 60 °C for 15 min, and then the biofilms were
stained with 0.1% crystal violet for 5 min. After washing twice with PBS, wells were dried at 60°C for 1 h and
incubated with absolute ethanol for 15 min at room temperature. Wells containing only 200 pl of LB broth were
used as negative control. Adherent cells were measured using a SpectraMax® 190 microplate reader (Molecular
Devices, Sunnyvale, USA) at 570 nm. Salmonella enterica isolates were classified according to Stepanovic et al.
as non-biofilm producers (OD < OD,), weak biofilm producers (OD, < OD < 20D, ), moderate biofilm producers
(20D_< OD = 40D,), and strong biofilm producers (40D, < OD). OD_is the cut-off OD which was the mean
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OD plus three times the negative control standard deviations. Salmonella Typhimurium ATCC 14028 was used
as a positive control for biofilm formation.

Persister cell levels. DPersister cell levels were determined in planktonic and biofilm cultures after exposure
to ciprofloxacin or ceftazidime according to the protocol described by Gallo et al.”*, with some modifications
(Fig. 1). To evaluate persister levels in planktonically growing cells, overnight cultures in LB broth were diluted
1:30 and incubated at 37 °C for 2h 30 min until the mid-exponential growth phase (approximately 108 CFU/ml)
(Supplementary Fig. S1). Before antimicrobial exposure, the initial cell density was determined by diluting a
100 pl-aliquot until 1077 in 0.85% saline and spotting 10 pl of each dilution in triplicate on nutrient agar (Oxoid,
Hampshire, England}), which was then incubated at 37 °C for 24 h. Afterwards, the mid-exponential growth
phase cultures were exposed to antimicrobials at 100-fold MIC for each isolate at room temperature for 72 h
(see Table 1). In order to determine the surviving fractions at 6, 12, 24, 48 and 72 h of antimicrobial exposure, 1
ml-aliquots were removed at each time, centrifuged at 7,200 rpm for 7 min, and the supernatants were discarded.
The pellets were washed with 1 ml of 0.85% saline to remove antimicrobial residues. After washing, the pellets
were resuspended in | ml of 0.85% saline that was diluted until 107% and 10 pl of each dilution were spotted on
nutrient agar (Oxoid).

To determine the persister levels in biofilm, S. enterica isolates were grown in LB broth for 48h at 37°C using
96-well polystyrene plates. After this period, the culture medium containing non-adherent cells was removed
and the biofilm was washed twice with PBS. The initial biofilm population density was evaluated by adding 200l
of 0.85% saline to each well with subsequent disruption by an ultrasonic water bath (Ultrasonic Cleaner 1400 A,
Unique, Indaiatuba, Brazil) for 10 min. For the determination of persistence levels, 200 pl of fresh LB broth con-
taining 100-fold MIC of ciprotloxacin or ceftazidime were added to the 48 h-biofilms and incubated at room
temperature until 72 h, At 6, 24, 48, and 72 h of exposure (evaluated in independent microplates), wells were
washed twice with PBS, and 200 pl of 0.85% saline was added. Biofilms were disrupted by an ultrasonic water
bath for 10 min. The supernatant containing dissociated adherent cells was removed and their quantification was
performed as described for the planktonic cultures.

The survival cell fractions were calculated by dividing the number of remaining colonies counted by the num-
ber of colonies found before the antibiotic treatment. After a 72-h exposure to high concentrations of ciprofloxa-
cin or ceftazidime, the MIC of each antimicrobial was determined again by broth microdilution® in the surviving
cells to exclude the selection of mutant resistant. All assays were performed in biological triplicate, and CFU
count data were the means of three replicates.

Salmonella enterica small colony variant (SCV).  Colonies formed by surviving cells after exposure to
100-fold MIC of ciprofloxacin or ceftazidime both in planktonic and biofilm cultures were morphologically ana-
lysed at all-time points (Fig. 1). Salmonella enterica SCVs were characterized by a maximum diameter of 0.5mm,
contrasting with around 2mm diameter of the NCP on nutrient agar after 48-h incubation (Fig. 2). The cells from
SCVs were also evaluated with regard to susceptibility to ciprofloxacin by broth microdilution. Furthermore, to
confirm SCVs as S. enterica, genomic DNA from each colony was extracted by boiling for 10 min* and used as
template for PCR targeting the invA gene™.

The ability of SCV's to revert to a normal phenotype was evaluated by sub-culturing colonies from all isolates
in a fresh nutrient agar without antimicrobials. Likewise, two isolates (. Infantis S02 and S. Enteritidis 393) were
used to investigate the stability of SCV phenotype after exposure to ciprofloxacin. For this, overnight cultures of
cach isolate were diluted 1:30 with fresh LB broth and cultured at 37°C for 2h 30 min until the mid-exponential
growth phase. Afterwards, cultures were incubated with ciprotloxacin at 100-fold MIC for 72 h at room tempera-
ture, and spotted on nutrient agar. Surviving cells from one NCP and one SCV were separated into independent
experiments. Each colony was grown separately overnight in a fresh LB broth, diluted 1:30 with fresh LB broth,
cultured at 37 °C for 2h 30 min, exposed again to ciprofloxacin at 100-fold MIC for 72h at room temperature, and
spotted on nutrient agar (cycle 1). Surviving cells from one NCP and one SCV were again separated into inde-
pendent experiments and the assay was repeated two more times (cycles 2 and 3) as described for cycle 1. All tests
were performed in three independent biological replicates. This same assay used to evaluate one colony of each
morphology was performed using a pool of ten each of NCPs or SCV's. In each cycle, susceptibility to ciprofloxa-
cin was re-evaluated by broth microdilution™.

Scanning electron microscopy (SEM). SEM was employed to analyse S. Enteritidis 393 cells from nor-
mal and small colonies cultured under planktonic and biofilm conditions exposed to ciprofloxacin. As men-
tioned above, after exposure to antimicrobials for 72 h, aliquots of cultures grown under each condition were
removed, plated on nutrient agar, and grown at 37 °C for 24 h. Afterwards, NCPs and SCVs, 10 of each, were
gently collected, inoculated in 1 ml of 0.85% saline, and centrifuged at 7,200 rpm for 7 min. The supernatants
were removed and the pellets were immediately fixed by immersion in 2.5% glutaraldehyde and 0.1 M phosphate
buffer (pH 7.2-7.4) for one week. Then, cells were adhered on 18-mm glass coverslips previously coated with
poly-L-lysine. The material was washed thrice with phosphate buffer, dehydrated with acetone, and desiccated to
remove the acetone, followed by gold metallization. The images were observed with a Field Emission Scanning
Electron Microscope (Inspect F50, FEI Company Inspect, Eindhoven, Netherlands) at the Central Laboratory of
Microscopy and Microanalysis (LabCEMM) of PUCRS,

Statistical analysis. Surviving fractions from planktonic or biofilm cultures after treatment with antimicro-
bials for 72 h were compared using an analysis of variance (ANOVA) with permutations (9,999 bootstrap itera-

tions in all tests), and repeated measures ANOVA when applicable. Analyses were carried out with pooled mean
values of all isolates, and considering each isolate separately. The same analyses were performed to compare the
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Figure 1. Flow diagram of experimental design for the in viftro evaluation of persistence in Salmonella enterica.
(A) Evaluation of persister levels in planktonic culture at mid-exponential growth phase following exposure

to ciprofloxacin or ceftazidime for 72 h. For the measurement of the surviving fractions, before addition of

the antimicrobial, the initial cell density was determined by dilution and count of colonies on agar plate. After
removal of the aliquot to determine initial cell density, cultures were exposed to 100-fold MIC of ciprofloxacin
or ceftazidime for 72h at room temperature, and 1 ml-aliquots were taken at 6, 12, 24, 48, and 72h following
the antimicrobial exposure for the count of colonies formed by the surviving cells. The minimum inhibitory
concentration (MIC) of each antimicrobial was evaluated in the surviving cells by microdilution broth
according to CLST (2012). (B) Persister levels were also determined in biofilm after exposure to ciprofloxacin
or ceftazidime. Firstly, isolates were grown as 48 h-biofilm on independent microplates according to the time
point to be evaluated after the antimicrobial was added. Prior to the initial cell density determination, cells not
adherent to the microplate TO were discarded and biofilms were washed to be disrupted by ultrasonic water
bath. After removal of the aliquot for the initial density determination, antimicrobial was added and cultures
were incubated for 72 h at room temperature. At each time point (T6, T24, T48 and T72), biofilms were washed
to be disrupted by ultrasonic water bath, and the following steps were performed according to described for
the planktonic cultures, (C) Morphology of the colonies formed by persisters from both planktonic and biofilm
cultures were analysed, and after exposure to ciprofloxacin were found small colony variants (SCV) in addition
to the normal colony phenotype (NCP). (D) SCVs from both planktonic and biofilm growth were confirmed
as Salmonella spp. by PCR targeting the invA gene. (E) Morphology of the cells forming NCP and SCV from
both planktonic and biofilm growth was analysed by scanning electron microscopy (SEM). (F) Stability of
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the SCV phenolype among persisters surviving after exposure to ciprofloxacin was evaluated, separately, in
avernight cultures derived from both NCP and SCV. For this, the same procedures described for the evaluation
of persisters in planktonic growth were employed and repeated for three consecutive cycles (G). The same
procedures used to analyse stability of SCV originated from single colonies (SCV or NCP) were also employed
using a pool of colonies derived from SCV or NCP. All assays were performed in three biological replicates, and
data of CFU counts represent the mean of three replicates. Visual representations were taken from a free online
source (clker.com) with the exception of microplates that were designed by the co-author S.PM.D.

SCV ratios found for both culture conditions and antimicrobial exposures and to evaluate the stability of the SCV
phenotype during successive cycles of exposure to ciprofloxacin. Pairwise comparisons between persister frac-
tions obtained from different serovars, as well as the SCV ratios found in different serovars, were employed using
Tukey’s post-hoc test after ANOVA with permutations. All analyses were conducted in the statistical platform R*
using ‘ImPerm’ package®. We considered p-values < 0.05 as significant.

Results

Biofilm intensity and minimum inhibitory concentration to ciprofloxacin and ceftazidime. All
§. enterica isolates were characterized as weak biofilm producers after growth in polystyrene microplates for 48h,
and cell densities ranged from 6.1 x 10° to 3.9 x 10" CFU (Supplementary Tables $1 and $2). The MIC values
ranged from 0.005 to 0.01 pg/ml and 0.5 to 2 pg/ml, for ciprofloxacin and ceftazidime, respectively (Table 1),
which characterized all isolates as susceptible to both antimicrobials.

Different persister levels were found in 5. enterica isolates after ciprofloxacin or ceftazidime
exposure. Persister cells were detected in all 8. enterica isolates after 72-h exposure to high concentrations of
ciprofloxacin or ceftazidime in both planktonic and biofilm cultures. In order to assure the presence of S. enierica
persisters and not of antibiotic-resistant mutants, a new susceptibility test was performed after all persister assays
with the remaining 72-h cells and no difference in MIC values was detected.

Treatments with 100-fold MIC of ciprofloxacin or ceftazidime for 72 h resulted in distinct persister frac-
tions (p < 0.05) in planktonically grown cells ranging from 0.0020% to 0.2252% (Fig. 3A,C and Supplementary
Table S1) and 0.1466% to 1.6755% (Fig. 3B,C and Supplementary Table 52), respectively. In the same context,
persister fractions from biofilms after a 72-h treatment with ciprofloxacin or ceftazidime ranged from 0.0694%
to 0.9378% (Fig. 3A.D and Supplementary Table §1) and 0.6076% to 1.5869% (Fig. 3B,D and Supplementary
Table 52}, respectively. All S. enterica isolates, except for three S. Enteritidis (192, 45A, and 545) grown as biofilms,
had significantly different persister levels (p < 0.05) when exposed to the distinct antimicrobials (Supplementary
Table 53). Furthermore, a high heterogeneity in persister levels was found among 8. enterica isolates when cul-
tured under the same conditions and exposed o a same antimicrobial, especially planktonically grown cells
exposed to ciprofloxacin (Fig. 3A,C and Supplementary Tables S1 and $2).

Biofilms presented higher persister levels than planktonic cultures. Taking together the persister
fractions from all isolates, it was possible to notice higher levels of persisters in biofilms compared to planktonic
cultures, and in both of those exposed to ciprofloxacin (p < 0.001) or ceftazidime (p < 0.05) (Fig. 4). Indeed, in
some isolates, the persister levels found in biofilms after ciprofloxacin exposure were up to 140-fold higher than
those detected in planktonic counterparts (Supplementary Table S1).

Levels of persisters after ceftazidime exposure were not affected by serovar regardless of
culture condition. Persister levels in isolates from different serovars cultured under both conditions after
exposure to ceftazidime or ciprofloxacin were compared, and no difference (p > 0.05) was found among serovars
after ceftazidime treatment, as well as in biofilms exposed to ciprofloxacin (Supplementary Table 54). On the
other hand, persister levels from planktonic cultures exposed to ciprofloxacin varied depending on the serovar
(p=0.01), except when S. Enteritidis was compared with S. Infantis (p = 0.7364). In addition, we found signifi-
cantly different persister levels among S. Enteritidis isolates when comparing both culture conditions regardless
of the antimicrobial used; this was also observed among S. Infantis isolates (p < 0.05) (Supplementary Table §5).

SCVs were found among S. enterica tolerant to ciprofloxacin.  After ciprofloxacin exposure, colonies
formed by surviving cells were morphologically analysed and SCVs could be seen from all §. enferica isolates
(Fig. 2). All isolates showed similar ratios of SCVs in relation to the total number of colonies formed by persisters
(p=0.05) (Supplementary Fig. §2). However, when comparing colonies of persisters from all isolates in plank-
tonic cultures with biofilms, SCVs were observed in higher proportion in planktonic cultures (Supplementary
Fig. 83} (p < 0.05). On the other hand, similar ratios of SCVs were detected in both culture conditions for the
same isolate {Supplementary Table $6). All SCV's reverted to a wild-type-like phenotype after sub-culturing in
a medium without an antimicrobial. SCVs were confirmed as Salmonella spp. by the presence of the invA gene
(Supplementary Fig. S4), and susceptibility to ciprofloxacin was maintained, since no difference between MIC
values from NCPs and SCVs were detected. In groups of isolates from the same serovar, we did not find significant
differences between each group in the ratios of SCVs to total colony numbers formed by persisters (Supplementary
Fig. $5). Culture conditions also did not have a significant influence on the ratio of SCVs formed in each serovar
(Supplementary Table §7). SCVs could not be observed in ceftazidime assays even after 48-h incubation.
Throughout three cycles, regardless if the analysis was performed from a single colony or from a pool of ten
colonies, or whether originating from SCVs or NCPs, there was no significant difference between persister frac-
tions forming SCV's after 72-h exposure to ciprofloxacin (p > 0.05). The same findings were observed in isolates

|
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Figure 2. Salmonella enterica colony morphologies. After 72-h exposure to 100-fold MIC of ciprofloxacin, two
different colony morphotypes were observed on nutrient agar during 24-h incubation at 37 °C, normal colony
phenotype (NCP) and pinpoint colonies with reduced size, called small colony variants (SCV). The diameter of the
colonies was measured using Image] software 1.8.0, represented here by an NCP of 1.98 mm and SCV of 0.5 mm.

belonging to different serovars (S. Infantis and S. Enteritidis). Therefore, a stable SCV phenotype was not selected
throughout three cycles. Interestingly, when analysing the persister levels during 72-h ciprofloxacin exposure in
each cycle for both isolates, we detected similar fractions from cells growing as SCVs or NCPs, regardless of their
source (Fig. 5 and Table 2).

Cells from SCV and NCP showed similar size, division septum and filamentation. SEM was
employed to evaluate morphology of cells from SCV and NCP grown in planktonic and biofilm conditions
(Fig. 6). Regardless of the culture condition, a similar size was observed in cells from both SCVs and NCPs
(Fig. 6A,C,E,G). Interestingly, in both SCVs and NCPs cultured in planktonic and biofilm condition, we found
filamentous cells (Fig. 6B,D,F,H) concurrent with cells showing septum division (Fig. 6A,C,E,G). Furthermore, an
extracellular substance was noticed circumventing SCVs cells obtained from planktonic culture (Fig. 6C,D), and
filamentous cells were observed in SCVs and NCPs from both planktonic and biofilm cultures.

Discussion

Bacteria can continuously face unpredictable stresses, such as host immune defence; starvation; temperature,
oxygen, and pH alterations, and antimicrobial action®. The phenotypic switching that occurs in a small number
of individuals within isogenic populations can be an essential adaptability strategy that is adopted by many micro-
organisms to survive ditferent challenges***", Persisters and SCVs comprise phenotypic variants able to survive a
hostile environment and can resume normal growth after the stressful condition has ceased'*2%,

In this paper, we showed that isolates from four distinct S. enterica serovars were able to generate persisters
after exposure to both antimicrobials tested. However, we did not find correlations between persister levels and S.
enterica serovars, especially when ceftazidime was employed; however, a fluctuation in persister fractions among
serovars was noticed in planktonic cultures exposed to ciprofloxacin. Nevertheless, different persister levels were
found after exposure of isolates to antimicrobials with distinct action mechanisms. These findings led us to hypoth-
esize that a single isolate generates distinct populations of persisters, each one with particular mechanisms to
tolerate the lethal effects of different bactericidal antibiotics. Thus, the classical paradigm of a multidrug-tolerance
phenotype because of antimicrobial ineffectiveness'*** may not be present in all persister cells.

S. enterica persister levels also varied with regard to the culture conditions. Indeed, higher levels of surviv-
ing cells were detected in biofilms when compared to their planktonic counterparts, especially after ciprofloxacin
exposure. It is important to highlight that the planktonic cells evaluated here were from a mid-exponential phase,
since levels of persisters from bacterial cells growing in a stationary phase have been described as similar to or
even higher than those found in biofilms*’. Bacteria growing in biofilms can face stressful conditions related to
persistence, such as starvation®!, oxygen deprivation* and limited metabolic flux*, triggering a stringent response,
which, in turn, may activates the SOS response*. The SOS response allows survival after exposure to (3-lactams and
fluoroquinolone antibiotics’™", and has been proposed as necessary for biofilm ofloxacin tolerance™.

Quorum sensing had also been associated with persister formation in biofilms*’; however, we found that
both biofilm and planktonic cultures with higher initial densities did not have the highest persister levels
(Supplementary Tables S1 and $2), which we had previously reported in Acinetobacter calcoaceticus-baumannii®®,
Additionally, initial cell density; i.e., the population before antibiotic exposure, was higher in planktonic cultures
than in biofilms. Therefore, we were not able to corroborate that quorum sensing is playing a major role in the
generation of persisters in biofilms; once we detected up to a 10-fold variation in biofilm persister levels when
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Figure 3. Persister fractions of Salmonella enterica after exposure to antimicrobials for 72 h. Box plots
representing the average and variance of all isolates (11 = 10) cultured under planktonic and biofilm conditions
at each time evaluated after exposure to (A) 100-fold MIC of ciprofloxacin or (B) ceftazidime, as well as the
persister fractions after exposure to ciprofloxacin or ceftazidime found in the isolates growing as (C) planktonic
culture and (D) biofilm. Surviving fractions after 72 h-exposure to antimicrobials were compared by ANOVA
with permutation, considering p-values < 0.05 (*) as significant.
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Figure 4. Comparison among persister fractions obtained from all Salmonella enterica isolates in planktonic
and biofilm cultures exposed to ceftazidime or ciprofloxacin. In each box, bold horizontal lines and *x letters
represent medians and mean values, respectively. Results from the analysis of variance with permutation are

represented as p-values < 0.05 (*) and <0.001 (*%),

initial cell densities were similar. Indeed, an important aspect to take into account is the physiological states of
cells growing in different conditions, which would be involved with the ability to respond to stresses and transport
substances across membranes®®.

In addition to isolates with distinct behaviours that are related to persister levels when exposed to different
antimicrobials and/or cultured under different conditions, heterogeneity was observed among isolates facing a
same situation, which highlights a wide individual variation in antimicrobial tolerance, as also described in other
bacteria”"’ |,6‘J.."0‘

Phenotypic switching to SCVs has also been recognized as a strategy for antimicrobial tolerance®. Here, we
reported SCVs among persisters surviving after ciprofloxacin treatment in all S. enterica isolates, and a stable
SCV phenotype was not found even in three consecutive cycles of ciprofloxacin exposure, regardless of whether
the origin of the colony was small or normal, since all SCVs reverted to the wild-type-like phenotype when
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Figure 5. Small colony variants (SCV) phenotype evaluation throughout three consecutive cycles. Overnight
culture was diluted 1:30, grew until mid-log phase and treated with ciprofloxacin 100-fold MTC for 72-h. The
surviving cells forming SCV and normal colony phenotype (NCP) were separated in different experiments. The
procedure was repeated three times and at the end of each cycle, SCV was obtained from NCP (NCP-SCV) or
SCV (SCV-SCV) and NCP was also obtained from NCP (NCP-NCP) or SCV (SCV-NCP). (A-F) Salmonella
Infantis: cycle one to three performed with (A-C) only one colony or (D-F) pool of colonies. (G-L) Salmonella
Enteritidis: cycle one to three performed with (G-I only one colony or (J-L) pool of colonies. The values are
average of three biological with three technical replicates and bars indicate the standard error.

sub-cultured under stress-free conditions. This can indicate that SCVs, like persisters, represent a transient phe-
notype originating from stress responses and possibly coordinated by epigenetic changes™ ™, Furthermore, we
also confirmed that the formation of persisters in S. enferica is a non-heritable mechanism, since the fractions of
persisters remained approximately the same during repeated cycles.

All unstable SCVs we detected maintained the same ciprofloxacin MIC values of their ancestors, as already
described in other studies”’, However, SCVs have been reported to be less susceptible to aminoglycosides and
3-lactams antimicrobials™ ", especially in stable SCVs, which may be due to mutations in genes involved in path-
ways required for the antimicrobial actions independent of those involved in the small colony size phenotype™.

Despite the wide variation of persister levels found between the isolates, the ratios of SCV:total colonies
were not different among them. Another important aspect to be highlighted was the detection of more 5CV's
in planktonic cultures than in biofilms, unlike what is usually found in persisters, which allow us to speculate
that cells growing under distinct conditions may adopt different and perhaps complementary survival strategies.
Nevertheless, no fluctuation in SCV rates among serovars could be seen, leading us to assume that serovars do
not influence in SCV rates.

We also investigated the cell morphology of cells forming SCVs and NCPs, since SCVs from Staphylococcus
spp. have been described as cells with different sizes, smaller or larger, when compared to those of NCPs’,
However, we observed similar shapes and sizes when comparing all cells, regardless of the culture conditions
(Fig. 6A,C,E,G). Nevertheless, filamentous cells were seen among cells forming both SCVs and NCPs. These
have been reported in E. coli after exposure to ciprofloxacin due to the inhibition of cell division resulting from
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Single colony SCv 1 0.00008
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Single colony SCV 1 0.00043
Single colony SCvV 2 0.00019
Single colony SCV 3 0.00024
Single colony NCP 1 0.00030
Single colony NCP 2 0.00022
s o Singjc r:olm;:v NCP 3 0.00009
S, Enteritidis (393)
Pool SCV 1 000056
Poal SCV 2 0.00017
Poal SCV 3 0.00021
Pool NCP 1 0.00030
Poal NCP 2 0.00074
Poal NCP 3 0.00010

Table 2. Small colony variants (SCV) persister fractions obtained from cells growing as SCVs or as normal
colony phenotype (NCP) during three ciprofloxacin exposure cycles derived from a single colony or a pool of
ten colonies.

Figure 6. Scanning electron microscopy of Salmonella Enteritidis (393) forming small colony variants (SCV)
and wild-type-like phenotype colonies after exposure to 100-fold MIC of ciprofloxacin for 72 h. In cells from
both (A,B,E,F) wild-type-like phenotype and (C,D,G,H) SCV derived from (A-D) planktonic and (E-H)
biofilm cultures were observed septum division (insets), (B,D,F,H) filamentation, and similar size between
wild-type-like phenotype and SCV (A} (1.129-1.155pum), (C) (1.285-1327 um), (E) (1.057-1.041 pm) and (G)
(1.275-1.158 um). (C,D) White arrow indicates the extracellular substance in SCVs obtained from planktonic
culture and black arrows indicate septum division.

the induction of SOS response and raise of DNA-repair capability**®’, In opposite, several cells showed septum
division, which lead us to suggest that different behaviours can be found among cells forming distinct colonies
morphologies, where cells may exhibit metabolic activity at different levels resulting in different growing speeds.
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Both SCV and persisters are thought to be part of a bacterial bet-hedging strategy for the survival under stress.
So, could SCVs comprise a phenotypic variant of persisters characterized by slow growth? If we consider these
phenotypes as independent variants in S. enferica that randomly generate unstable SCV regardless of antibiotic
exposure, we should also have found SCV after exposure to ceftazidime, which did not happen. Can we postulate
that the diversity of strategies may be greater or that there is an overlap of physiological strategies depending on
the challenging stress? Thus, elucidating the mechanisms involved in phenotypic switching of S. enterica isolates
in an isogenic population is essential for the development of methods for an effective treatment of chronic infec-
tions, which may be of special concern in infections caused by invasive Salmonella serovars.

References
1. Knadler, L. A Salmonella enterica living a double life in epithelial cells. Curr Opin Microbiol. 23, 23-31 (2015).
2. Lobato-Marquez, 1., Moreno-Cérdaba, I, Figueroa, V., Diaz-Orejas, R. & Garcia-del Portillo, F. Distinct type I and type IT toxin-
antitoxin modules control Salmonella lifestyle inside cukaryotic cells. Sci Rep. 5 (2015),
WHO. World Health Organization. Salmonella (non-typhoidal). Available at, http://www.who.int/en/news-room/fact-sheets/detail/
salmonella-(non-typhoidal) (Accessed: 11th December, 2018).
4. Shane, A. L. et al. 2017 Infectious diseases society of America Clinical Practice Guidelines for the diagnosis and g tof
infectious diarrhea. Clint Infect Dis. 65, 1963-1973 (2017).
Wolfson, J. 5. & Hooper, D. C. Fluoroquinolone antimicrobial agents. Clin Microbiol Rev. 2, 378-424 (1989).
Gustaferro, C. A, & Steckelberg, J. M. Cephalosporin antimicrobial agents and related compounds. Mayo Clin Proc. 66, 1064-1073
(1991).
Abdallah, M., Benoliel, C., Drider, D., Dhulster, P. & Chihib, N. E. Biofilm formation and persistence on abiotic surfaces in the
context of food and medical environments. Arch Microbiol, 196, 453-472 (2014).
Dantas, 8. T. A. et al. Cross-Contamination and biofilm formation by Salmonella enterica serovar Enteritidis on various cutting
boards. Foodborne Pathog Dis. 15, 81-85 (2018).
9. Gonzilez, |. E, Alberts, H,, Lee, J., Doalittle, L. & Gunn, ). S. Biofilm formation protects Salmornella from the antibiotic ciprofloxacin
in vitro and in vive in the mouse model of chronic carriage. Sci Rep. 8 (2018).
10. Lewis, K. Persister cells. Annu Rev Microbiol. 64, 357-372 (2010).
11. Orman, M. A, & Brynildsen, M, P. Dormancy is not necessary or sufficient for bacterial persistence. Antimicrob Agents Chemother,
57,3230-3239 (2013).
12. Van den Bergh, B, Fauvart, M. & Michiels, ]. Formation, physiology, ecology, evolution and clinical importance of bacterial
persisters. FEMS Microbiol Rev. 41, 219-251 (2017).
13. Lewis, K. Persister cells, dormancy and infectious disease. Nat Rev Microbiol. 5,48-56 (2007).
14. Slattery, A, Victorsen, A. H., Brown, A., Hillman, K. & Phillips, G. |, Isolation of highly persistent mutants of Salmenella enterica
scrovar Typhimurium reveals a new toxin-antitoxin module, [ Bacteriol. 195, 647-657 (2013),
15. Helaine, §. et al. Internalization of Salmonella by macrophages induces formation of nonreplicating persisters. Science. 343, 204-208
(2014).
16. Silva-Herzog, E., McDonald, E. M., Crooks, A. L. & Detweiler, C. S. Physiologic stresses reveal a Sainionella persister state and TA
family toxins modulate tolerance to these stresses. PLoS One, 10 (2015).
17. Rycroft, |. A. et al. Activity of acetyltransferase toxins involved in Salmonella persister formation during macrophage infection. Nar
Commniun. 9 (2018).
. Megaw, . & Gilmore, B. F. Archaeal Persisters: Persister cell formation as a stress response in Haloferax volcanii. Front Microbiol. 8
(2017).
19. Lafleur, M. D., Qi, Q. & Lewis, K. Patients with long-term oral carriage harbor high-persister mutants of Candida albicans.
Antimicrob Agents Chemother. 54, 39-44 (2010).
20. Lewis, K. Persister cells: molecular mechanisms related to antibiotic tolerance, Handb Exp Pharmacol. 211, 121-133 {2012).
21. Germain, E., Roghanian, M., Gerdes, K. & Maisonneuve, E. Stochastic induction of persister cells by HipA through (p)ppGpp-
mediated activation of mRNA endonucleases. Proc Nat! Acad Sci USA 112, 5171-5176 (2015).
22. Conlon, B. P. et al. Persister formation in Staphylococcus aureus is associated with ATP depletion. Nat Microbiol. 1 (2016).
23. Braetz, S., Schwerk, P.,, Thompson, A, Tedin, K. & Fulde, M. The role of ATP pools in persister cell formation in (fluoro)quinolone-
susceptible and -resi strains of Sab lla enterica ser. Typhimurium. Vet Microbiol. 210, 116-123 (2017).
Li, Y. & Zhang, Y. PhoU is a persistence switch involved in persister formation and tolerance to multiple antibiotics and stresses in
Escherichia coli, Antimicrob Agents Chemother. 51, 2092-2099 (2007).
25. Dorr, 'L, Vuli¢, M. & Lewis, K. Ciprofloxacin causes persister formation by inducing the TisB toxin in Escherichia coli. PLoS Biol. 8
(2010).
26. Cano, D. A. et al. Selection of small-colony variants of Salmonella enterica serovar Typhimurium in nonphagocytic eukaryotic cells.
Infect Inmmun. 71, 3690-3698 (2003).
27. Aurass, P. et al. glnA truncation in Saimonella enterica results in a small colony variant phenotype, attenuated host cell entry, and
reduced expression of flagellin and SPI-1 associated effector genes. Appl Enwiron Microbiol, https:/{doLorg/10.1128/ AEM.01838-17
(2017).
Kahl, B. C., Becker, K. & Léfiler, B. Clinical significance and pathogenesis of Staphylococcal small colony variants in persistent
infections. Clinn Microbiol Rev. 29, 401-427 (2016),
29. Li, W. et al. Phenotypic and genetic changes in the life cycle of small colony variants of Salmonella enterica serotype Typhimurium
induced by streptomycin. Ann Clin Microbiol Antimicrob. 15 (2016),
30. CLSL Clinical and Laboratory Standards Institute. Methods for dilution antimicrobial susceptibility tests for bacteria that grow
aerobically - Ninth Edition. CLSI document M07-A9. Wayne, P. A. (2012),
31. CLSL Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing: Twenty-Eighth
Informational Supplement. CLS] Document M100-528. Wayne, P. A, (2018).
32. Stepanovic, 8., Vukovic, D., Dakic, L., Savic, B. & Svabic-Vlahovic, M. A modified microtiter-plate test for quantification of
staphylococcal biofilm formation. J. Microbiol. Methods. 40, 175-179 (2000).
33. Gallo, 5. W., De B. K., Pag ti, V. E,, Ferreira, C. A. & de Oliveira, 8. D, Effects of meropenem exposure in persister cells
of Acinetobacter calcoaceticus-baumannii, Future Microbiol. 12, 131-140 (2017).
34. Bai, )., Shi, X. & Nagaraja, T. G. A multiplex PCR procedure for the detection of six major virulence genes in Escherichia coli
O157:H7. ] Microbiol Methods. 82, 85-89 (2010).
35. Rahn, K. et al. Amplification of an invA gene sequence of Salmonelia Typhimurium by polymerase chain reaction as a specific
method of detection of Salrtonelia. Mol Cell Probes. 6,271-279 (1992).
36. R Core Team. R: A Language and environment for statistical computing. R Found Stat Comput Vienna, Austria, https://doi.
org/10.1038/5.hdy.6800737 (2016).
. Wheeler, B. & Torchiano, M. ImPerm: Permutation tests for linear models. R Packag Version 210, https://CRAN.R-project.org/
package=ImPerm (2016),

o

N ew

o

1

@«

24.

-

28,

«

w
-

SCIENTIFICREPORTS| (2019) 9:7232 | https://doi.org/10.1038/s41598-019-43631-7 10

54



www.nature.com/scientificreports/

38

28

Cabral, 1. |, Wurster, . 1. & Belenky, P. Antibiotic persistence as a metabolic adaptation: Stress, metabolism, the host, and new

directions. Pharmaceuticals (Basel). 11 (2018).

39. Keren, L, Kaldalu, N., Spoering, A., Wang, Y. & Lewis, K. Persister cells and tolerance to antimicrobials. FEMS Microhiol Lett. 230,
13-18 (2004).

40, Spoering, A, L. & Lewis, K, Biofilms and plankronic cells of Psendomonas aeruginosa have similar resistance to killing by
antimicrobials, [ Bacteriol, 183, 6746-6751 (2001).

41, Amato, S. M. & Brynildsen, M. P Nutrient transitions are a source of persisters in Escherfchia colf biofilms. PLoS One, 9 (2014).

42. Borriello, G. et al. Oxygen limitation contributes to antibiotic tolerance of Pseudomonas aeruginosa in biofilms. Antimicrob Agents
Chemaother, 48, 2659-26064 (2004),

43, Stewart, P. 5, & Franklin, M, |. Physiological heterogeneity in biofilms. Nat Rev Microbiol, 6, 199-210 (2008),

44, Strugeon, L., Tilloy, V., Floy, M. C. 8 Da Re, 5. The stringent response promoles antibiolic resistance dissemination by regulating

integron integrase expression in biofilms. MBio. 7 (2016).

Grant, 8. 5. & Hung, D. T. Persistent bacterial infections, antibiotic tolerance, and the oxidative stress response, Virulence, 4, 273-283

(2013).

46, Bernier, S. F. et al, Starvation, together with the SOS response, mediates high biofilm-specific tolerance to the fluoroquinolone
ofloxacin, PLaS Genel, 9 (2013),

47. Hazan, R. et al. Auto paisoning of the respiratory chain by a guorum-sensing-regulated molecule favors biofilm formation and
antibiatic talerance. Curr Biol. 26, 195-206 (2016).

48. Verstraeten, N. et al. Obg and membrane depolarization are part of a microbial bet-hedging strategy that leads to antibiotic
tolerance. Mal Cell. 59,9-21 (2015).

49, Chung, F. 5., Wi, Y. M. & Ko, K. 5. Variation in formation of persister cells against colistin in Acinetobacter b if isolates and
its relationship with treatment failure, | Antimicrob Chemother. 72, 2133-2135 (2017).

50. Donamore, B. K., Gallo, §. W,, Abreu Ferreira, B M., Sanchez Ferreira, C. A. & de Oliveira, S. D, Levels of persisters influenced by

aeration in Acinetobacter calcoaceticus-baumannii. Future Microbiol. 13, 209-219 (2018).

Sousa, A, M., Machado, 1. & Pereira, M. O. Phenotypic switching: an opportunity to bacteria thrive in Science against microbial

pathogens: communicaling current research and technological advances (ed. Méndez-Vilas, A.) 252-262 (Formalex Research

Center, 2011).

52, Onyango, L. A, Hugh-Dunstan, R,, Roberts, T. K., Macdonald, M. M. & Gottfries, J. Phenotypic variants of staphylococci and their
underlying population distributions following exposure to stress. PLoS One, 8 (2013).

53, Bui, L. M. G. & Kidd, 5. P. A full genomic characterization of the development of a stable Small Colony Variant cell-type by a clinical
Stapfylococcus aureus strain. Infect Genel Evol, 36, 345-335 (2015).

54. Tuchscherr, L. et al. Staphylococeus aureus phenotype switching: an effective bacterial strategy to escape host immune response and
establish a chronic infection. EMBO Mol Med. 3, 129-141 (2011).

55. Curtis, T. D., Gram, L. & Knudsen, G. M. The small colony variant of Listeria monocyfogenes is more tolerant to antibiotics and has
altered survival in RAW 264.7 murine macrophages. Front Microhiol. 7 (2016).

56. Suwantarat, N. et al. Frequency of small-colony variants and antimicrobial susceptibility of methicillin-resistant Staphylococeus
anrens in eystic fibrosis patients. Diagn Microbiol [nfect Dis, 90, 296-299 (2018).

57. Kastb]trg‘\-' G., Hein-Kristensen, L. & Gram, L. Triclosan-induced aminoglycoside-tolerant Listerfa monocytogenes isolates can
appear as small-colony variants. Antimicrob Agents Chemother. 58, 3124-3132 (2014).

58, Kahl, B. C. et al. Thymidine-dependent small-colony variants of Staphylococcus aureus exhibit gross morphological and
ultrastructural changes consistent with impaired cell separation. [ Clin Microbiol. 41, 410-413 (2003).

59, Walters, R, N, Piddoce, L. 1. V. & Wise, R, The effect of mutations in the 508 response on the kinetics of quinolone Killing, J.
Antimicrob. Chemother, 24, 863-873 (1989).

6l Fiddock, L. J. & Walters, R. N. Bactericidal activities of five quinolones for Escherichia coli strains with mutations in genes encoding

the 508 response or cell division. Antimicrob Agents Chemother. 36, 819-825 (1992),

45,

wn

sl

Acknowledgements

We are grateful to the laboratory technicians for preparing materials, and to the Central Laboratory of Microscopy
and Microanalysis (LabCEMM) for preparing and assisting in the interpretation of microscopic analyses, 5O is
thankful for the Research Career Award of the National Council for Scientific and Technological Development
(CNPq). This work was supported by the Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) - [Finance Code 001). SD received a scholarship from CAPES, Brasil.

Author Contributions

S.D. performed the experiments, analysed the data, and wrote the manuscript. $.G. and C.F analysed the data
and revised the manuscript. PE performed the statistical analysis and revised the manuscript. 5.0. conceived and
designed the experiments, analysed the data and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/541598-019-43631-7.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. Il material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.orgflicenses/by/4.0/.

@ The Author(s) 2019

SCIENTIFIC REPORTS | [2019) 9:7232 | https://doi.org/10.1038/541598-019-43631-7 11

55



Salmonella enterica persister cells form unstable small colony variants after in vitro

exposure to ciprofloxacin

Samara Paula Mattiello Drescher, Stephanie Wagner Gallo, Pedro Maria Abreu Ferreira,

Carlos Alexandre Sanchez Ferreira, Silvia Dias de Oliveira”

56



Supplementary Table 1. Colony forming units (CFU) from Salmonella enterica isolates after exposure to ciprofloxacin for 72 h in planktonic and biofilm

cultures.
Planktonic Biofilm
Isolate Persister Persister
oh* 6h 24h 48h 72h fractions Oh 6h 24h 48h 72h fractions
(%) (%)
5. Agona (549) L2BE+08'+ 378E+06: 3.1LE+05: 136E+05: 222E+05: . LA4EsO7t 6.66E+04r 422E+D4r  255E+04+  L8OE+04E ..
A9 1.73E406!  117E+06  B8.40E+04  1.03E+04  5.08E+04 ' 1.06E+06  5.77E+03  5.0SE+03  3.87E+03  6.97E+03 '
5. Agona (579 L32E+08¢  GA1E+05: 258E+05: S.LE+05r 722E+04 . 267E06: SI1E+04r  233E+04r  245E04r  LTBENOAE
A9 854E+06  1.68E+05  2.15E+04  6.97E+04  1.26E+04 ' 3356405  6.97E+03  3.35E+03  6.93E+03  5.08E+03 '
1476408+ 3.33E+05+ 2.78E+04+ 5.67E+03+  4.67E+03+ 3.33E+07+ 3.33E+05+ A456E+04+  3.44E+04+  2.67E+04+
_ Enteritidis (152 0032 0892
S Enteritidis (152) ) hor 07 121E+05  5.08E+03  134E+03  3.35E+02 00032 ) 34E+07  5.77E+04  L150E+04  5.10E+03  3.35E+03 0.089
o Enriigis(1op)  [OLEY0BE  434EN05r  244E40Ar  41IE03r 322E403r o 21IEO7+  37BE4O6r  AE05r  23UE06:  BBUENME
' 1156407  153E+05  5.10E+03  7.68E+02  3.87E+02 ' 1356407  165E+06  1.26E+05  6.65E404  7.68E+03 '
o 1.54E+08+ 3.00E+05+ 4.00E+04+ 220E+04+  1.67E+04+ 2.33E+07+  156E+05:+  4.33E+04+ 2.80E+04+  2.45E+04+
S. Enteritidis (393 0.0108 0.1251
tidis (393) ) 31Ev06  6.70E+04  6.70E+03  5.08E+03  3.35E+03 1.00E+07  1.96E+04  1.34E+04  B40E+03  3.87E+03
2.80E+08+ 2.33E+06+ 2.00E+05+ 4.11E+04+  4.44E+04+ 267E+06+  A56E+04+  3.56E+04+  2.33E+04%  2.44E+04+
_ Enteritidis (4SA 01 037
S Enteritidis (45A) 1 oei08  3.35E405  8.83E+04  L26E+04  L.9BE+03 00165 5 3cki05  126E+04  510E+03  6.65E+03  5.10E+03 0.9378
o 4.80E+08+ 4.22E+06+ 153E+06+  8.00E+05+  8.33E+04+ 3.66E+06+ 3.78E+05+ 3.11E+04+ 2.80E+04+  2.55E+04+
S. Enteritidis (S45) 0.0188 0.7879
1656408  7.74E+05  2.31E+05  3.30E404  3.35E+03 1156406  7.74E+04  510E+03  O.64E+03  1.07E+04
5. Infantis (502 L30E+08: A478E+05: 5.78E+04r SO00E+O4: 3226403+ . 322E407: LSSE405: 411E+04t  3L1E04r 2206404
' 8.80E+06  1.02E+05  6.93E+03  1.I5E+04  6.93E+02 ' 6.93E+06  3.87E+04  510E+03  1.34E+04  B8.40E+03 '
1276408+  1.78E406+ 5.78E+05+  7.44E+04+  6.67E+04% 2336407+ A11E+04+  3.44E+04+  2.00E+04+  2.22E+04+
S. Infantis (S67 0.0530 0.0989
(S67) 5.77E+406  B8.40E+05  508E+04  510E+03  1.20E+04 6.65E+06  1.26E+04  5.10E+03  3.30E+03  8.40E+03
S.Schwarzengrund ~ S4SE+08+  444E+06+  248E+06r 202E+06: L21Es06: . GASEY06r GIIE+04r 233Es04r 245E+04r  LTSEROAE
(S58) 6.93E+07 1.96E+05 1.50E+05 1.01E+05 7.21E+04 ' 1.57E+06 6.97E+03 3.35E+03 6.93E+03 5.08E+03 '

*CFU counts from culture before adding antimicrobial. The persister fractions at each time point should take into account the value of CFU in Oh for each culture condition.

T Data of CFU counts represent the average of three biological and three technical replicates.

t Standard Deviation
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Supplementary Table 2. Colony forming units (CFU) from Salmonella enterica isolates after exposure to ceftazidime for 72 h in planktonic and biofilm

cultures.
Planktonic Biofilm
Isolate Persister Persister
oh* 6h 24h 48h 72h fractions Oh 6h 24h 48h 72h fractions
(%) (%)
178E+08't 267E+07+ 4.33E+06: 3.00E+06:  5.55E+05% 3.67E+07+  4.22E+06+  L1A4AE+06:  3.56E+05:  3.56E+05+
S. Agona (348) 508E+07¢  8.79E+06  8.79E+05  3.30E+05  6.93E+04 03279 13)F+07  508E+05  510E+05  126E+05  1.26E+05 1.0613
5. Agona (S79) L78E+08+ 500E+07+ 24SE+07+ L66E+07+ 300E406+ | .. 233E+07+ ASSE+05: 3TBE05: AJIEH05: 3O00E+05E oo
-Ag 1.91E+07  120E+07  6.93E+06  5.77E+06  6.70E+05 : 335E+06  107E+05  1.02E+405  1.00E+05  3.30E+04 :
o AS6E+08+  6.11E+07+ 544E+07+ 167E+07+  6.11E+06+ AAAE+07+ 500E+06+ 2.44E+06+  6.00E+05+  511E+05+
S.Enteritidis (152) 130508 6.O7E+06  126E+07  3.35E406  1.02E406 14639 g36E+06  176E+06  8.36E+05  8.83E+04  8.40E+04 1.2007
o 167E+08+ A55E+06+ 1.89E+06+ 511E+05+  244E+05% 5AAE+07+  6.44E+06+  3.67E+06+  2.44E+06+  5.45E+05+
S Enteritidis (192) 357,07 693E+05  5.10E+05  5.10E+04  5.10E+04 0.1466 1 02E+07  117E+406  121E+06  8.36E+05  1.35E+05 1.0574
o 5.56E+08+  2.78E+07+  267E+07+  3.11E+06+  2.33E+06+ 545E+07+  7.11E+06+ A4.33E+06+ 5.67E+05+  3.22E+05+
S Enteritidis (393) ;776,08  g40E+06  8.79E+06  5.10E+05  6.65E+05 04275 135407  126E+06  6.65E+05  6.65E+04  6.93E+04 0.6076
o 178E+08+  2.44E+07+ 5AAE+06+  3.67E406+  1.44E+06% 356E+07+  1.33E406+ 544E+05+  4.89E+05+  4.22E+05+
S.Enteritidis (45A)  5'g7r 107 510E+06  154E+06  6.65E405  5.10E+05 08056 g 36F406  3.35E+05 1026405  1.07E+05  1.02E+05 1.2078
o 389E+08+ 3.80E+07+ 1.89E+07+ 3.67E+06+  2.89E+06+ A11E+07+ 511E+06+ 445E+06+  7.11E+05+  5.00E+05+
S.Enteritidis (S45)  3'g1F,07  510E+06  6.97E+06  1.00E+06  5.10E+05 0.7450  5A0E+06  6.97E+05  107E+06  4.99E+04  8.83E+04 1.2283
S. Infants (S02) L8OE+08: 222E+07: A25E+06r 366E+06: 378E+05: oo SA1E+07&  5O0EH06: ATBEF06r 57BE#05:  3ASEH0SE .
: 1.91E+07  958E+06 1556406  5.77E405  8.40E+04 : 768E406  120E+06  102E406  6.93E+04  3.87E+04 :
. 200E+08+  4.00E+07+ 3.11E+07+ 7.11E+06+  1.78E+06+ 245E+07+  511E+05+ A4.33E+05+ 2.78E+05+  2.00E+05+
S.Infantis (S67)  g93E407  8.83E+06  B.40E+06  3.8lE+05  5.08E+05 08027 Go3E+06  168E+05  3.35E+04  5.08E+04  3.32E+04 0.8756
S. Schwarzengrund ~ 3.45E+08+  3.00E+07+  2.67E+07+  7.22E+06+  4.78E+06+ 3.56E+07+  4.67E+06+  3.44E+06+ 5.89E+05+  5.67E+05+
1.4668 1.5869
(S58) 107E+08  8.83E+06  6.65E+06  B8.40E+05  6.93E+05 : 510E+06  8.75E405  8.36E+05  B.40E+04  1.21E+05 :

*CFU counts from culture before adding antimicrobial. The persister fractions at each time point should take into account the value of CFU in Oh for each culture condition.

T Data of CFU counts represent the average of three biological and three technical replicates.

 Standard Deviation
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Supplementary Table 3. Analysis of variance with permutation (PERM-ANOVA) of
persister fractions obtained from each Salmonella enterica isolate in planktonic and

biofilm cultures exposed to ceftazidime or ciprofloxacin.

Ciprofloxacin vs Ceftazidime
Biofilm Planktonic

Isolate Lot isti
Sumof £ atistic p-value Sumof ¢ qatistic p-value
squares squares

152 0.00018 21.52000 0.00974 0.00032  16.84000 0.01481
192 0.00006  5.35700 0.08163 0.00001  1639.00000 0.00001
393 0.00003 29.01000 0.00574 0.00002  34.23000 0.00425
4SA 0.00001 1.34200 0.31120 0.00009  61.76000 0.00141
S02 0.00020 20.73000 0.01039 0.00001 128.10000 0.00034
S45 0.00002 2.18100 0.21380 0.00008  76.54000 0.00094
S48 0.00012 12.04000 0.02560 0.00001  7.98600 0.04754
S58 0.00017 36.40000 0.00380 0.00023  20.20000 0.01087
S67 0.00009 17.34000 0.01410 0.00008 1642.00000 0.00001
S79 0.00005 7.88600 0.04841 0.00039  132.40000 0.00036




Supplementary Table 4. Comparison between persister fractions from each culture

conditions and antimicrobial exposure in each group of Salmonella enterica serovars

employing Tukey’s test.
Agona Enteritidis Infantis Schwarzengrund
o Agona 0.88820 0.93190 0.40860
Biofilm Enteritidis 1.01800 1.00000  0.12090
Ceftazidime
Infantis 0.84510 0.00824 0.19110
Schwarzengrund 2.23000 3.27100 2.92000
Agona Enteritidis Infantis Schwarzengrund
) Agona 0.70360 0.39820 0.62630
Planktonic Enteritidis 1.52900 0.84150  0.15580
Ceftazidime
Infantis 2.25700 1.16800 0.08126
Schwarzengrund 1.71100 3.08100 3.55400
Agona Enteritidis Infantis Schwarzengrund
o Agona 0.98610 0.39540 0.97120
Biofilm ~  Eteritidis 0.48170 03530  0.99560
Ciprofloxacin
Infantis 2.26500 3.18800 0.32150
Schwarzengrund 0.62010 0.32530 2.46900
Agona Enteritidis Infantis Schwarzengrund
) Agona 0.00001 0.00128 0.00079
Planktonic g0 itidis 8.64700 0.73640  0.00000
Ciprofloxacin
Infantis 6.02100 1.45000 0.00000
Schwarzengrund  6.28300 13.63000 11.20000
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Supplementary Table 5. Comparison of persister levels from different culture

conditions after exposure to ceftazidime or ciprofloxacin by group of serovars using

ANOVA.
Biofilm vs Planktonic
Ceftazidime Ciprofloxacin

Serovar

sum of F-statistic p-value Sum of F-statistic p-value

sguares squares
Agona 0.00001 0.28830 0.60310 0.00002 4.12600 0.06965
Enteritidis 0.00009 4.37500 0.04567 0.00015 17.54000 0.00025
Infantis 0.00009 6.91800 0.02515 0.00001 9.28500 0.01231
Schwarzengrund ~ 0.00001 0.16140 0.70840 0.00001 4.75000 0.09480
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Supplementary Table 6. Comparison between SCVs levels from different culture

conditions in the same Salmonella enterica isolate using ANOVA.

Biofilm vs Planktonic

Isolate Sum of squares F-statistic p-value
152 0.02570 0.60890 0.47880
192 0.02154 0.16310 0.70690
393 0.01773 0.44960 0.53920
4SA 0.13481 2.16400 0.21530
S02 0.07014 1.12900 0.34800
S45 0.01048 0.74610 0.43640
S48 0.05711 0.93460 0.38840
S58 0.01174 0.08805 0.78140
S67 0.00017 0.00655 0.93940

S79 0.00490 0.11320 0.75350




Supplementary Table 7. Comparison between ratios of SCVs from different culture

conditions after exposure to ciprofloxacin by group of serovars using ANOVA.

Biofilm vs Planktonic

Serovar Sum of squares F-statistic p-value
Agona 466.11600 2.33600 0.15740
Enteritidis 0.02896 0.26920 0.60790
Infantis 0.04496 0.80250 0.39140
Schwarzengrund 935.43500 0.99280 0.37540
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Supplementary Figure S1. Graphical representation of Salmonella Infantis growth
curve in Luria-Bertani broth (LB) medium. The isolate was diluted 1:30 and the growth
at 37 °C was monitored by measuring the optical density (ODsoonm) every 10 min in a
SpectraMax® 190 microplate reader. Plotted points represent the mean + standard

deviation of three replicates. The curve fitted show r? = 0.92 and a half-life of 6 h.
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Supplementary Figure S2. Proportions of small colony variants (SCVs) and normal
colony phenotypes (NCPs) in each isolate of Salmonella enterica exposed to 100-fold
MIC of ciprofloxacin. Tukey’s test was employed for the statistical analysis and similar

rations were found (p-value > 0.05).
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Supplementary Figure S3. Graphical representation of the small colony variants

(SCV) proportion found between both culture conditions. The values represent means of

three replicates from all isolates and the bars indicate the error standard.
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Supplementary Figure S4. Agarose gel electrophoresis of invA gene amplicons from
SCV. Lane M: 100 bp DNA Ladder; Lanes 1-21: 284 bp invA amplicons; Lane N:

negative control (water was used as sample).
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Abstract

Organic acids and other antimicrobials have been used in poultry feed and water to
improve growth performance by optimizing the balance of gastrointestinal tract
microbiota and reducing pathogen colonization. However, stressful conditions can
induce a bacterial phenotypic switching triggered by common regulatory networks.
Therefore, we aimed to evaluate whether a prior exposure to feed additives (such as
organic acids and colistin) or even to ciprofloxacin is able to influence persister levels
among Salmonella enterica isolates subsequently exposed to high concentration of
ciprofloxacin. S. enterica isolates (S. Enteritidis, S. Infantis, S. Agona and S.
Schwarzengrund) were exposed to 5-fold the minimum inhibitory concentration (MIC)
of colistin for 48 h, presenting persister levels ranging from 0.0186% to 0.2577%, with
the exception of the S. Agona isolate that was not able to form persisters. Additionally,
most isolates showed a significant resumption of growth after colistin treatment without
selection of a resistant mutant, hetero-resistance phenotype or antimicrobial
degradation. Exposure to formic and lactic acids resulted in a substantial reduction in
the number of surviving cells in most isolates, and did not seem to induce an acid
tolerance response. Furthermore, exposure to colistin, organic acids or even
ciprofloxacin at sub-MICs followed by treatment with 100-fold the MIC of
ciprofloxacin did not affect the persister fractions when compared to cultures exposed
only to 100-fold the MIC of ciprofloxacin. Therefore, our results may suggest that the
feed additives evaluated could not induce antimicrobial tolerance neither select highly
persistent mutants.

Keywords: Organic acids, colistin, ciprofloxacin, tolerance induction, Salmonella

enterica, persisters.
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1. Introduction

The increasing concern about the use of antibiotics in poultry production has
been changing the way in which producers manage poultry health. Antimicrobials have
been used at sub-therapeutic doses to improve growth, feed conversion efficiency and to
prevent intestinal infections. However, this practice may be linked to the intense
development of antimicrobial resistance among pathogenic bacteria. Thus, many
countries have banned the use of antimicrobials as feed additives, forcing the poultry
industry to develop alternatives to replace antibiotic growth promoters in feed (Millet
and Maertens, 2011; Brown et al., 2017; Broom, 2018).

The organic acids such as formic, lactic, propionic, citric, sorbic and phosphoric
acids have been used in poultry diets and drinking water for decades and seem to elicit a
positive response in growth performance. In addition, they are considered safe, with no
involvement in antimicrobial resistance, as well as residues in the meat usually cannot
get over into the human food chain. Organic acids optimize the balance of
gastrointestinal tract microbiota and are able to reduce Salmonella enterica colonization
by lowering the pH and protecting especially young chickens from intestinal infections
(Biggs and Parsons, 2008; Dittoe et al., 2018; Hamid et al., 2018).

On the other hand, S. enterica is an adaptable microorganism able to respond to
diverse acid stresses, inducing different levels of acid tolerance response (ATR) that are
dependent on pH concentration, time exposure and growth phase (Ye et al., 2019). The
acid stress tolerance in S. enterica is of particular importance because it’s a major
human zoonotic pathogen causing salmonellosis, which is related to foodborne
infections mainly due to consumption of poultry meat and eggs products (CDC, 2018).

Since Salmonella can be found intracellularly, ATR may become even more challenging
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by allowing intravacuolar survival, which could result in persistent infections (Kenney
et al., 2018; Stapels et al., 2018).

Persistent infections can be mediated by persisters, which are slow or non-
growing cells, stochastically formed and/or induced by stressors, such as acids and
antimicrobials. Although persisters arise from an isogenic population susceptible to
antimicrobials, they are able to tolerate lethal doses of antibiotics, hindering the
treatment and causing relapsing infections (Lewis, 2012). Persistence is described as a
non-heritable phenotype; however, different stressful conditions, such as pre-exposure
to sub-inhibitory concentrations of several antimicrobial classes, can significantly
increase persister levels (Johnson and Levin 2013; Cui et al., 2018). Likewise, pre-
treatment with sub-inhibitory doses of paraquat (oxidative stress inducer) promoted a
dramatic increase in the number of persisters surviving challenge with fluoroquinolone
antibiotics (Wu et al., 2012). Taking that into account, we aimed to evaluate whether a
previous exposure to feed additives (such as organic acids and colistin) or even to
ciprofloxacin (drug of choice for severe salmonellosis treatment in humans) is able to

influence on persister levels among S. enterica isolates later exposed to ciprofloxacin.

2. Materials and methods
2.1. Bacterial isolates and growth conditions

Three S. enterica isolates from poultry by-product meals (S. Infantis, S.
Schwarzengrund, and S. Agona), and three S. Enteritidis isolates from poultry carcass,
ready-to-eat-food and food handler were used in this study (Table 1). Samples were
grown overnight in Trypticase Soy Broth (TSB) (BioBras, Séo Paulo, Brazil) at 37°C,

and stored at -80°C with 20% glycerol.
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2.2. Minimum inhibitory concentrations

Colistin (Sigma-Aldrich, St Louis, USA) and organic acids (OA) (formic and
lactic acids — 4,096 pug/mi/4,698 ug/ml) (Oligo Basics Agroindustrial, Parand, Brazil)
minimum inhibitory concentrations (MIC) were determined by broth microdilution
method (CLSI, 2012). All assays were performed in triplicate. The colistin breakpoints
were interpreted according to the European Committee on Antimicrobial Susceptibility

Testing (EUCAST, 2018) guidelines.

2.3. Persister cell assays
2.3.1. Colistin

Initially, the formation of persisters following exposure to colistin was evaluated
in both S. Enteritidis (152) and S. Agona (S79) isolates employing concentrations of 10,
5 and 2.5-fold the MIC. For this, overnight cultures in Luria-Bertani broth (LB) were
diluted 1:30 and incubated at 37°C for 2 h 30 min until mid-exponential growth phase,
achieving 108 colony-forming units per milliliter (CFU/ml). The cell densities of these
cultures were determined by removing 100 pl-aliquots of the cultures, diluting to 10 in
0.85% saline, spotting 10 pl of each dilution on nutrient agar (Oxoid, Hampshire,
England), in triplicate, and then incubating at 37°C for 24 h (Drescher et al., 2019
submitted). Afterward, to access persister cells, the cultures at mid-exponential growth
phase were exposed to colistin at room temperature for 6 h. The surviving cell fractions
were determined at every hour after drug exposure. One ml-aliguots from each time
point were removed, centrifuged at 7,200 rpm for 7 min, diluted to 10 in 0.85% saline,
10 pl of each dilution were spotted on nutrient agar, in triplicate, and incubated at 37°C
for 24 h. The same procedure was performed exposing five isolates (S02, S58, 152, 192

and 393) to 5-fold the MIC of colistin for 48 h, and determining the persister fractions at
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6, 12, 24 and 48 h. The persister cell fractions were measured by dividing the number of
remaining colonies by the number of colonies found before the antibiotic treatment. All
assays were performed in biological triplicate, and data of CFU counts represent the
mean of three technical replicates. After the persistence assays, the remaining colonies
were submitted to a new broth microdilution test in order to confirm non-selection of

resistant mutants.

2.3.2. Organic acids

Survival of all S. enterica isolates was determined after exposure to OA at 2.5-
fold the MIC for 72 h at room temperature, as described above. The time points used to
access the surviving cells were 6, 12, 24, 48 and 72 h of exposure to OA. A culture of S.
Enteritidis (152) isolate at mid-exponential phase was employed for the evaluation of
the acidification of the medium provided by OA. Thus, pH of the culture added of OA
was measured every 10 min for 30 min, followed by hourly measurements up to 6 h, as

well as at 12, 24, 48 and 72 h at room temperature incubation.

2.3.3. Pre-exposure to sub-inhibitory concentrations of antimicrobials

The effect of a pre-exposure to sub-inhibitory concentrations of ciprofloxacin,
colistin and OA in the formation of persister cells before exposure to high concentration
of ciprofloxacin (100-fold the MIC) was evaluated in all S. enterica isolates. The first
steps of adjusting the culture to the mid-exponential growth phase were performed as
described above. Subsequently, the cultures were exposed to ciprofloxacin, colistin or
organic acid at 0.5-fold the MIC, in separate assays, for 30 min at room temperature.
The culture-containing vials were then centrifuged at 10,000 rpm for 10 min and

washed once with phosphate-buffered saline (PBS). The pellets were resuspended in 10
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ml of fresh LB-containing 100-fold the MIC of ciprofloxacin, which was incubated at
room temperature. Pre-treatment effect was measured by accessing the CFU/ml at
designated time points (30 min, 6, 12 and 24 h after exposure to antimicrobials at sub-
MIC), as described above.

One S. Enteritidis (393) isolate was evaluated by successive exposures to
colistin at 0.5-fold the MIC for 30 min, once a day. For this, cultures were grown in LB
broth overnight at 37°C, diluted 1:30 and again incubated 37°C for 2 h 30 min. At this
time, colistin was added at 0.5-fold the MIC and incubated at room temperature for 30
min. After this period, the cultures were centrifuged at 10,000 rpm for 10 min, washed
once with PBS, a fresh LB was added without colistin and the cultures were further
incubated overnight at 37°C. This procedure was repeated for four subsequent days. At
the end of the fifth day of repeated exposure to 0.5-fold the colistin, the culture was
centrifuged, washed once with PBS, and the pellet was resuspended in LB containing a
100-fold the MIC of ciprofloxacin. The levels of persisters were determined as

described above.

2.4. Evaluation of colistin hetero-resistance

Hetero-resistant colistin subpopulation from S. Enteritidis (192) isolate was
determined by population analysis profile (PAP), as previously described (EI-Halfawy,
2015). The isolate was grown on nutrient agar during 24 h and the colonies were diluted
in 0.85% saline until turbidity of 0.5 MacFarland standard (approximately 108 CFU/m).
After the initial inoculum is adjusted, it was serially diluted to 10 and 100 pl of each
dilution was spread, in duplicate, on Mueller Hinton agar (MHA\) surface containing 0,
1, 2,4, 8 and 16 pg/ml of colistin and plates were incubated at 37°C for 48 h. The

frequency of hetero-resistant subpopulations was calculated by dividing the number of
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165  colonies (more than 20 CFU/mI) grown at the highest drug concentration by the colony
166  counts from the same bacterial inoculum plated onto antibiotic-free plates. The obtained
167  colonies were sub-cultured for five days in MHA without colistin and the MIC values
168  were assessed again in order to evaluate whether this resistance was stable.

169

170  2.5. Liquid chromatography coupled to mass spectrometry in tandem (LC-MS/MS)

171 LC-MS/MS analysis was employed in order to verify the colistin content during
172 the persistence assay in S. Enteritidis (192), at final concentration of 5 pg/ml. At time
173 points of 0, 6, 24 and 48 h after exposure to colistin, 1-ml aliquots were removed and
174  stored at -20 °C until analysis.

175 Colistin has a number of amino groups that can generate multiple charged

176  molecular ions in the LC-MS/MS electrospray ionization source (ESI) either by

177  protonation or deprotonation of these groups. In order to achieve stable and intense

178  signals for colistin A and colistin B, acid formic was added in both sample and LC-

179  MS/MS mobile phases. In this condition, colistin fractions A and B form double and
180 triple charged molecular ions. The samples preparation before LC-MS/MS analysis

181  consisted in thawing and removing of 100 ul of each sample into a new tube with 400-
182l acetonitrile. After, the mixture was vortexed and centrifuged at 5,500 rpm for 5 min,
183  being the supernatant transferred to a glass vial and injected (3 pl) into LC-MS/MS.
184 LC-MS/MS analysis was performed on an Agilent 1290 liquid chromatograph
185  coupled to an Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies,
186  Paolo Alto, CA, USA) equipped with an ESI source operated in positive mode. The

187  chromatography was carried out on a reverse phase Phenyl-Hexyl C18 column (50 x 4.6
188  mm, 1.8 um, Agilent, Santa Clara, USA) preceded by a guard column with the same

189  packing material. Separation of colistin fractions A and B was performed in gradient
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mode, at flow rate of 0.7 ml/min, at 30 °C. Mobile phases were consisted of (solvent A)
0.1% formic acid in water, and (solvent B) 0.1% formic acid in acetonitrile. The
gradient was set to start with 5% of solvent B and then linearly increased to 95% after 2
min, which was maintained for 2 min before returning to the start condition. ESI was set
with the following parameters: a dry gas temperature of 350 °C, a dry gas flow rate of
10 I/min, a nebulizer pressure of 35 psi, a sheath gas temperature of 320 °C, a sheath
gas flow rate of 11 I/min, a nozzle voltage of 500 V, and a capillary voltage of 3500 V.
Mass spectrometer was operated in multiple-reaction monitoring (MRM) to detect both
colistin A and colistin B with the parameters summarized in Table S1. Analyte
concentrations were calculated by external standardization, using matrix-matched
calibration curves of five concentration levels of colistin in bacterial culture medium
(from 1 to 10 pg/ml) (Fig. S1). Colistin concentrations were determined as the sum of
their fractions A and B. All data were acquired and processed by using Agilent

MassHunter (Agilent Techologies Paolo Alto, CA, USA).

2.6. Statistical analysis

Surviving cell fractions after treatments were compared using analysis of
variance (ANOVA) with permutation (9,999 bootstrap iterations in all tests), followed
by Tukey’s post-hoc test for the pairwise comparisons. Analyzes were carried out with
pooled mean values of all isolates and considering each isolate separately. All analyzes
were performed in the statistical platform R (R Core Team, 2016) using package
‘ImPerm’ (Wheeler and Torchiano, 2016). We considered p-values < 0.05 as

significant.
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3. Results

The MIC values of colistin ranged from 1 to 2 pg/ml (Table 1), characterizing all
isolates as susceptible to this antimicrobial. The MICs of formic/lactic acids were
512/587 pg/ml for all isolates.

Initially, S. Enteritidis (152) and S. Agona (S79) isolates were exposed to 2.5, 5
and 10-fold the MIC of colistin, and, interestingly, S. Agona (S79) was not able to form
persisters at any concentration tested even after 1 h of exposure to colistin. Conversely,
S. Enteritidis (152) produced persisters, and there was no significant difference among
their levels after exposure to the two highest concentrations (p > 0.05) (Table S2).
Therefore, 5-fold the MIC of colistin was employed in the further assays with all
isolates, and the persister levels after 48 h-exposure ranged from 0.0186% to 0.2577%.
S. Enteritidis (152) isolate was able to produce more persisters after 6-h exposure to
colistin when compared to the other isolates, whilst the comparison among persister
fractions from all isolates after 48 h showed that the lowest fraction was found for S.
Enteritidis (192). Additionally, after 48-h colistin exposure, all isolates but S. Enteritidis
(152) showed a significant increase of populations when compared to those from 6 h of
exposure (p < 0.05). A resumption of growth, although non-significant, can also be
observed in S. Enteritidis (152) (Fig. 1).

Colonies formed by persisters were tested again by broth microdilution, and no
change in the previous MIC values was observed. Additionally, taking into account the
resumption of growth, it was investigated hetero-resistance as a possible explanation for
the increase in the number of surviving cells. Therefore, the PAP assay was performed,
but a stable resistance pattern was not detected. In order to verify colistin integrity
during persistence assay, LC-MS/MS analysis was employed and it was not detected

degradation of colistin after 6, 24 and 48 h of exposure (Table S3).
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The addition of organic acids at 2.5-fold the MIC in the culture provided an
immediate acidification (pH 4.0) that was maintained throughout the experimental
procedure. Exposure to organic acids resulted in a substantial reduction in the number
of surviving cells even in 6 h, and the population was undetectable in 48 h for four
isolates (S. Infantis was not detected in 24 h). However, around 102 cells from the S.
Enteritidis (152) survived even after 72 h of organic acid exposure (Fig. S2).

We investigated if a pre-exposure to colistin, organic acids or ciprofloxacin at
sub-MICs could induce an increase of persister levels before exposure to a lethal
concentration of ciprofloxacin. However, we found that pre-exposure to these
antimicrobials at sub-MICs during 30 min did not affect the persister fractions after
exposure to 100-fold the MIC of ciprofloxacin at any time point evaluated. Taking
together the results from all isolates, we found that regardless of the sub-MIC treatment
and isolate evaluated, there was no significant difference in the persister cell fractions
when compared to the cultures exposed only to 100-fold the MIC of ciprofloxacin (p >
0.05) (Fig. 2). The analysis of the results from each isolate showed that exposure to sub-
MIC of ciprofloxacin or colistin in the 192, 393, S79 and S02 isolates resulted in lower
population densities at some time points than those exposed to sub-MIC of organic
acids (data not shown). It was also possible to notice that multiple exposures to sub-
MIC of colistin followed by the treatment with 100-fold the MIC of ciprofloxacin did

not influence the persister levels obtained when compared to control (p > 0.05) (Fig. 3)

4. Discussion
Salmonella spp. are constantly faced with different stressful conditions, both in
the animal production environment and inside the host, where they need to survive the

presence of bile salts, gastrointestinal tract pH, high osmolarity, low oxygen tension and
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macrophages intracellular environment. As a consequence, S. enterica presents various
regulatory networks in order to properly sense and respond to stress (Alvarez-Ordofiez
et al., 2012). In this study, we evaluated if levels of persister cells would be affected by
a prior exposure to sub-inhibitory concentrations of products used as feed additives in
poultry feed. In this sense, we firstly tested the ability of S. enterica isolates to form
persister cells against different concentrations of colistin (antimicrobial previously used
as feed additives in Brazil) (MAPA, 2018). Interestingly, S. Agona (S79) was unable to
form persisters at any concentration tested. Although the absence of this phenotype in
bacterial populations seems to be uncommon (Lewis, 2012), a similar finding was
previously reported by our research group in A. baumannii exposed to polymyxin B and
tobramycin (Barth et al., 2013), leading to speculation that mechanisms associated with
bacterial persistence could be absent or silenced. However, all other isolates formed
persisters at similar levels when exposed to clinically relevant lower concentrations (5
and 10 pg/ml), in agreement with Cui et al. (2016), who found no difference in persister
levels after exposure to these concentrations, but detected that, at higher doses, colistin
acts depending on its concentration. Among the characteristics of killing curves from
the S. enterica isolates exposed to colistin is that they significantly resumed their
growth, which is in disagreement with the behavior expected for the persisters (Lewis,
2012). A possible explanation for the apparent discrepancy would be the selection of a
hetero-resistant population. Thus, in order to evaluate this possibility, a PAP assay was
employed, and did not find a stable resistance pattern, since the MIC values obtained for
the isolates were the same after and before exposure to the drug. Another possible
interpretation for this finding would be antimicrobial degradation throughout the time of
exposure, but HPLC analysis showed that the levels of colistin remained at similar

levels during the experiment. However, it’s also important to consider that a mechanism
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of extrusion of the drug, such as efflux pumps, may be involved in this tolerance
accompanied by growth. Regulation of efflux pumps has already been associated with
persistence in Escherichia coli, but not implying in resumption of growth (Pu et al.,
2016).

Organic acids used as feed and/or water additives to reduce pathogens that can
contaminate broilers (Biggs and Parsons, 2008; Dittoe et al., 2018) could potentially
lead to a development of an acid tolerance response (ATR) in S. enterica (Ye et al.,
2019). Bacterial ATR can be an important concern, since this response involves genes
that may also participate in pathways common to virulence and protection against other
environmental challenges, such as oxidative stress, heat, osmolarity, and DNA damage
(Hu et al., 2018). In this study, although the cultures achieved a pH 4.0 after the
addition of organic acids, we couldn’t detect a pattern to be assumed as ATR among
most of the isolates.

Taking into account that the pre-exposure to stressors could increase persister
levels (Wu et al., 2012; Johnson and Levin, 2013; Cui et al., 2018), we attempt to
investigate if organic acids, as well as colistin, would influence the persister fractions of
S. enterica isolates. Therefore, S. enterica cultures were treated with sub-inhibitory
concentrations of colistin or OA for 30 min before the addition of a lethal concentration
of ciprofloxacin. Conversely to the increase in persister levels described for exposure to
paraquat prior to fluoroquinolone (Wu et al., 2012), both antimicrobials were not able to
produce the same effect here. However, this effect should still be evaluated in the S.
Enteritidis (152) isolate, which presented higher tolerance to acid organics.
Furthermore, considering persistence as a non-multidrug-tolerant phenotype, where a
population can be formed by cells with distinct ability to survive different stressors

(Van den Bergh et a., 2017), we tested a prior exposure to a same stressor
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(ciprofloxacin), but variation on persister levels were again not observed. These
findings may indicate a major role of stochastic origin for persisters instead as from
induction when a stressor is faced. In addition, prior and multiple exposures to
antimicrobials were employed to investigate the possible induction/selection of a
persistent mutant, as found in E. coli after intermittent ampicillin applications (Moyed
and Bertrand, 1983). These authors described a high persistent mutant (hipA7) able to
increase the level of persisters in 1,000-fold. Likewise, a highly persistent mutant was
also found in S. Typhimurium, imparting a 3- to 4-fold increase in survival after
ampicillin exposure, which was attributed to a nonsense mutation at the 3’ end of the
shpB gene encoding an antitoxin from the TA module ShpAB (Slattery et al., 2013).
However, we did not detect a high persistent mutant (hip) in S. enterica isolates under
pre-exposure to colistin, organic acids or even ciprofloxacin.

In conclusion, the model described as persisters arising from a stochastic switch
in a microbial population seems to fit with our results, since we were not able to induce
an increase on persister fractions by pre-exposure to antimicrobials or even by multiple
exposures. Additionally, the results presented here suggest that antimicrobial tolerance

mediated by highly persistent mutants may not be selected by feed additives.
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483 Tablel

489  Minimum concentration of colistin required to inhibit the growth of Salmonella enterica

490 isolates from different serovars and origins.

Isolates (ID) Origin MIC? (pg/ml)
S. Agona (S79) Meat meal 2
S. Enteritidis (152) Ready-to-eat-food 2
S. Enteritidis (192) Poultry carcass 1
S. Enteritidis (393) Food handler 1
S. Infantis (S02) Meat meal 1
S. Schwarzengrund (S58) Flesh and bones meal 1

491  *MIC: minimum inhibitory concentration.

492
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Fig. 1. Killing curve of Salmonella enterica isolates after exposure to colistin for 48 h.
Cultures were grown until mid-log phase and exposed to 5-fold the MIC of colistin. At
each time point, aliquots were removed to determine the surviving cell counts. Plotted
values are the mean of three biological replicates measurements and error bars represent
standard deviation (+ SD).

CFU: Colony-forming unit.
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Fig. 2. Killing curves of Salmonella enterica isolates exposed to sub-MIC (0.5-fold the
MIC) of colistin (Col), organic acids (OA) or ciprofloxacin (Cip) before exposure to
100-fold the MIC of ciprofloxacin for 24 h. Arrow indicates the addition of 100-fold the
MIC of ciprofloxacin. At each time point, aliquots were removed to determine the
surviving cell counts. Plotted values are the mean of all isolates measurements and error
bars represent standard deviation (= SD).

CFU: Colony-forming unit.

92



510
511

512

513

514

515

516

517

518

519

520

521

522

Logl0 [CFU/ml)
m

0 0.5 6 12 24 48 72
Time (h)

—Col D54GP 100 ——Cip 100X MIC  ——Col 0.5X MIC
Fig. 3. Killing curve of Salmonella enterica isolates exposed four times to sub-MIC of
colistin (Col) followed by addition of 100-fold the MIC of ciprofloxacin for 72 h (white
squares). Cultures were grown until mid-log phase and exposed to 0.5-fold the MIC of
Col during 30 min (four consecutive days) (the first three exposures to Col at sub-MIC
are not represented in this figure). Thereafter, 100-fold the MIC of ciprofloxacin was
added as indicated by the arrow. Two other curves represent exposure to only
ciprofloxacin (100-fold the MIC) (black circle) or colistin (0.5-fold the MIC) (white
circle). At each time point, aliquots were removed to determine the surviving cell
counts. Plotted values are the mean of all isolates measurements and error bars represent
standard deviation (+ SD).

CFU: Colony-forming unit.
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Supplementary material

Supplementary Table 1. Retention times (Rt) and parameters of mass spectrometry for

the target analytes.

Compound Rt FV CE Precursor Production*
Formula . .

name (min) (V) (V) ion(M/z) Q1(m/iz) Q2(miz)

Colistin B CspHegN1sO13  4.14 100 10 386 101.0 374

Colistin A CssHi00N16013  3.98 100 10 391 101.1 385

aTwo transitions were used for multiple-reaction monitoring (MRM). The first one was used for
quantification, and the second one was used for confirmation. Rt, retention time; FV, fragmentor voltage;

CE, collision energy.
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Supplementary Table 2. Persisters (colony-forming units-CFU) from Salmonella

Enteritidis isolate (152) exposed to different colistin concentrations

Time of Colistin (pg/ml)*
exposure (h) 5 10 20

o* 2.11E+08  2.22E+08  2.44E+08
1 3.33E+06%"  4.67E+05°  4.78E+05°
2 5.67E+05%  2.45E+05%  2.44E+05?
3 3.67E+05%  2.11E+05%  1.67E+05%
4 3.11E+05*  1.67E+05°  5.22E+042
5 1.78E+05  6.11E+04°  2.33E+04°
6 1.56E+05  5.55E+04°  1.66E+04°

*Colistin concentrations of 5, 10 and 20 pg/ml correspond to 2.5, 5 and 10-fold the MIC for the isolate,

respectively.
# CFU values before colistin exposure.

TDifferent superscript lowercase letters in the same line indicate significant difference (p < 0.05).
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Supplementary Table 3. Concentration of colistin A and colistin B throughout the

persister cell assay evaluated by liquid chromatography coupled to mass spectrometry in

tandem.
Sample ID At Bt A+B+t Colistin(pg/ml)*
Withe 0 0 0 0
TOa 899 3939 4838 4.61820979
TOb 1033 3647 4680 4.470890443
TOcC 948 3728 4676 4.467160839
T6a 1066 3887 4953 4.725435897
T6b 1960 3943 5903 5.611216783
T6C 1038 3841 4879 4.656438228
T24a 1021 3114 4135 3.962731935
T24b 1278 3642 4920 4.694666667
T24c 930 3422 4352 4.165062937
T48a 1009 3404 4413 4.221939394
T48b 1274 3615 4889 4.665762238
T48c 966 3613 4579 4.376717949

+ Area ratio of colistin compounds

* Concentration found after addition of 5 pg/ml of colistin.

Different letters on sample ID represent biological replicates.
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Supplementary Fig. 1. HPLC calibration curve of analytes using the peak area ratio of

colistin A and colistin B for internal standard.
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Supplementary Figure 2. Killing curve of Salmonella enterica isolates after exposure
to organic acids for 72 h. Cultures were grown until mid-log phase and exposed to 2.5-
fold the MIC of organic acids. At each time point, aliquots were removed to determine
the survival cell counts. Plotted values are the mean of three biological replicates
measurements and error bars represent standard deviation (+ SD).

CFU: Colony-forming unit.
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Capitulo 4

Resultados Preliminares

Anélise do transcritoma (RNA-seq) de isolados Salmonella enterica formadores de

diferentes fragdes de células persisters expostas a ciprofloxacina ou a ceftazidima

Resultados preliminares que irdo compor artigos a serem submetidos a periodicos

cientificos.
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Analise do transcritoma (RNA-seq) de isolados Salmonella enterica formadores de

diferentes fracoes de células persisters expostas a ciprofloxacina ou a ceftazidima

Introducéo

Os diferentes sorovares de Salmonella enterica nédo tifoide sdo responsaveis por
casos de gastrenterite, normalmente autolimitante, associada com o consumo de
alimentos contaminados de origem animal (1). A S. enterica é considerada um patdgeno
intracelular facultativo e, apresenta a habilidade para sobreviver no interior de células
fagocitarias. A capacidade de adaptacdo para persistir em ambientes indspitos é
compativel com a formacéo de um fenotipo altamente tolerante a antibidticos devido a
presenca de células persisters, que sdo descritas como responsaveis pela recalcitrancia de
infeccdes (2).

Células persisters sdo variantes fenotipicas transitorias originadas a partir de uma
populacdo isogénica e geneticamente suscetivel a antimicrobianos, com a capacidade de
tolerar concentracdes letais de diferentes estressores, incluindo antibioticos bactericidas,
sem transmitir sua tolerancia a progénie (3-6). Essas células apresentam um metabolismo
reduzido devido ao baixo ou ndo-crescimento e podem ser formadas estocasticamente
dentro de uma populacdo bacteriana (7) ou induzidas por situacdes que resultem em um
estresse celular (2,5,8,9).

Diversos mecanismos foram propostos com o intuito de explicar a formacédo do
fenotipo de persisténcia, tais como: alteracdes nas vias relacionadas com a reducdo do
metabolismo microbiano, sistema toxina-antitoxina (TA), producdo de adenosina
trifosfato (ATP), sintese e degradacdo proteica, reparo e protecdo do DNA (resposta
SOS), sinalizacdo celular QS e atividade de efluxo (2,8,-18). No entanto, a forma como

esses mecanismos moleculares operam na formacdo e manutengéo das persisters ainda
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ndo foi completamente elucidada. Este contexto, somado a importancia da S. enterica na
cadeia produtiva de alimentos de origem animal, enfatiza a necessidade de identificar a
constituicdo fisioldgica e metabdlica de células persisters de diferentes sorovares de S.
enterica. Assim, neste trabalho buscou-se identificar genes diferencialmente expressos
em células persisters de diferentes sorovares de S. enterica em cultivo planctdnico
expostos a ciprofloxacina ou a ceftazidima por meio do sequenciamento de alto

desempenho do DNA complementar (dASDNA, Illumina RNA-seq).

Material e Métodos
Isolados bacterianos

Dois isolados de S. enterica sorovar Enteritidis provenientes de fezes de suinos
(785-4SA) e de carcaca de frango (182-192), e um isolado de S. Schwarzengrund (796-
S58) oriunda de farinha de carne e 0ssos foram selecionados a partir de ensaios anteriores,
baseando-se na capacidade de formar diferentes fracbes de células persisters quando
expostas a ciprofloxacina ou ceftazidima em cultivo plancténico. Os isolados foram
mantidos a -80 °C em meio Luria-Bertani (LB) (Sigma-Aldrich, Saint Louis, USA) com
adicdo de DMSO a 20%. As analises gendmicas e transcritbmicas empregando esses
isolados foram realizadas durante o periodo de doutorado sanduiche no, Laboratério de
Investigacdo e Diagnostico de Doencas Animais (ADRDL) no Departamento de
Veterinaria e Ciéncias Biomédicas da Universidade do Estado da Dakota do Sul (SDSU),
coordenado pelo prof. Dr. Joy Scaria e, financiado pela CAPES pelo periodo de seis

meses.
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Isolamento do DNA gendmico e sequenciamento pela plataforma Illumina

Os isolados de S. enterica foram cultivados overnight a 37 °C em LB. Aliquotas
de 1 mL foram removidas para isolamento do DNA genémico usando o kit Qiagen
DNeasy (Qiagen, Valencia, CA, EUA) de acordo com o protocolo estabelecido pelo
fabricante, seguindo eluicdo em 50 pL de agua livre de nucleases. A qualidade do DNA
foi analisada utilizando NanoDrop™ One (Thermo Scientific™, DE), quantificada com
o fluorimetro Qubit® 3.0 (Thermo Fisher Scientific Inc., MA), sendo, subsequentemente,
armazenados a -20 °C. O sequenciamento do genoma completo foi realizado utilizando a
plataforma Illumina Miseq V2 com 2x250 paired-end. A concentracdo do DNA
genémico foi ajustada para 0,3 ng/pL para a preparacao das bibliotecas com Nextera XT
DNA Sample Prep kit (Illumina Inc., San Diego, CA). As bibliotecas foram normalizadas,
reunidas em volume unico, desnaturadas e 0 sequenciamento prosseguiu usando o

reagente Miseq versdo 2 (Illumina, Inc.).

Montagem e anotagdo do genoma

Os arquivos de dados brutos com os genomas dos isolados de S. Enteritidis (192
e 4SA) e S. Schwarzengrund (S58) foram convertidos em arquivos FASTQ usando o
Casava v.1.8.2. (lllumina, Inc.) e montados usando o método de novo com o software
CLC Genomics workbench 9.4 (Qiagen Bioinformatics, CA) (Tabela — 01). A anotagédo
dos genomas de cada isolado foi realizada usando o software Prokka que, posteriormente,

foi empregada como referéncia para mapear as leituras obtidas no RNA-seq.

102



Tabela 01. Parametros obtidos no sequenciamento e montagem do genoma dos isolados

de Salmonella enterica.

Isolado Numero de contigs ~ Tamanho do genoma (pb)
S. Enteritidis (192) 68 4.711.380
S. Enteritidis (4SA) 117 4.770.518
S. Schwarzengrund (S58) 106 4.616.765

Ensaio de persisténcia, extracao de RNA de células persisters e enriquecimento do RNAm

Para a analise do transcritoma das células persisters de S. enterica, os isolados
foram cultivados overnight a 37 °C. As culturas foram diluidas na propor¢édo 1:30 em
meio LB, incubadas por 2 h e 30 min a 37 °C, o que correspondeu ao meio da fase
exponencial, e expostas a 100 X o valor da concentracao inibitéria minima (CIM) para
ciprofloxacina e ceftazidima, separadamente. Nos tempos de 0, 6 e 48 h ap06s a exposi¢do
aos farmacos, aliquotas de 5 mL foram removidas e imediatamente tratadas por 5 min sob
refrigeragdo com RNAlater (Invitrogen, CA, USA) mantido a 4 — 8 °C. As amostras
foram centrifugadas a 10.000 rpm durante 5 min a 4 °C e o pellet obtido foi lavado uma
vez com solucdo tamponada de salina-fosfato (PBS) mantida a 4 — 8 °C. As células
remanescentes foram lisadas com lisozima (Qiagen) (0,5 mg/mL) e dodecil sulfato de
sodio (SDS a 10%) refrigerados (4 — 8 °C) com subsequente incubacdo por 10 min em
temperatura ~ ambiente. Na  sequéncia, foi adicionado UltraPure™
fenol:cloroférmio:alcool isoamilico (PCA) (25:24:1) (Invitrogen, Cat 15593031) mantido
a 4 — 8 °C, seguido por homogeneizacdo por 1 min e incubacdo por 10 min a 65 °C
(homogeneizacgdo a cada minuto). Apds esse periodo, as amostras foram imediatamente
incubadas em gelo por 5 min e centrifugadas a 14.000 rpm por 10 min a 4 °C. A fase
aquosa foi cuidadosamente transferida para um novo tubo, adicionando-se 400 pL de

cloroférmio mantido a 4 — 8 °C, o que foi homogeneizado e novamente centrifugado a
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14.000 rpm por 10 min a 4 °C (essa etapa foi repetida duas vezes). Subsequentemente,
foi adicionado 10% do volume total obtido da fase aquosa de acetado de sédio (NaOAC)
a 3 M e adicionado de etanol absoluto em quantidade suficiente para completar 1 mL. Os
tubos foram cuidadosamente homogeneizados e centrifugados a 14.000 rpm durante 10
min a 4 °C. O sobrenadante foi removido e o pellet foi lavado duas vezes com etanol a
70% e seco em temperatura ambiente durante 5 min. O RNA total obtido foi eluido em
50 pL de agua livre de RNase e armazenados a -80 °C. Em cada um dos tempos
designados, trés replicatas biologicas, cada uma constituida de trés replicatas técnicas,
foram utilizadas para a extracdo do RNA.

A concentracdo total do RNA foi medida utilizando NanoDrop™ One (Thermo
Scientific TM, DE) e a integridade do mesmo foi verificada por meio de eletroforese em
gel de agarose com formaldeido, mediante observacdo de bandas intactas correspondentes
aos RNAr 16S e 23S. Na sequéncia, 0 RNA total (5 pg) foi submetido a deplecéo do
RNAr empregando o kit RiboZero™ (Epicenter), que contém esferas magnéticas
especificas para a deplecdo do RNAr e enriquecimento do RNAm em bactérias Gram-
negativas. O RNA obtido foi purificado com RNeasy Power Clean ™ (Qiagen) e

armazenado a -80 °C.

Preparacdo da biblioteca do DNAdSs e sequenciamento do transcritoma com Illumina

O RNAm obtido apds a deplecdo do RNAr foi usado como molde para a confecgédo
da primeira fita do DNAc empregando primers randémicos ancorados ao dT (dT23VN)
(S1330S) (BioLabs, New England) associado a uma transcriptase reversa recombinante
(M-MuLV) usando ProtoScript® Il Reverse Transcriptase (M0368L) (BioLabs, New
England), de acordo com as especifica¢fes do fabricante. Na sequéncia, a segunda fita do

DNA (DNAds) foi sintetizada usando NEBNext® Ultra™ II Non-directional RNA
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second strand synthesis module (E6111L) (BioLabs), de acordo com as especificacdes
do fabricante. O DNAdSs obtido foi purificado empregando esferas magnéticas Agencourt
AMPure XP (lllumina, Inc.) e armazenado a -20 °C. Posteriormente, 0,3 ng/pL do DNAds
foi tagmentado (fragmentacdo enzimatica com transposase e ligacdo de adaptadores ao
final de cada sequéncia) usando o kit Nextera XT DNA™ Library Prep Kit (Illumina,
Inc.). Subsequentemente, as bibliotecas foram montadas usando os indexadores i7 € i5,
seguindo-se uma PCR de 12 ciclos de amplificacdo para o enriquecimento e ligacdo dos
indexadores aos adaptadores no final dos fragmentos obtidos, gerando amplicons com >
300 pb. Uma etapa de purificacdo foi realizada com esferas magnéticas Agencourt
AMPure XP (Illumina, Inc.) para a remocdao de fragmentos pequenos. A normalizacao e
quantificacdo das bibliotecas foi realizada de acordo com o protocolo estabelecido pela
llumina MiSeq® (Illlumina, Inc). A qualidade das bibliotecas obtidas foi medida e
ajustada para 0,3 ng/uL de DNAds em cada amostra com Qubit® 3.0 (Thermo Fisher
Scientific Inc.). Para o sequenciamento, todas as amostras foram reunidas em um volume
unico, desnaturadas e adicionada em uma flow cell com reagentes especificos para o

Miseq versdo 2 com 2x250 paired-end (Illumina, Inc.).

RNA-seq e analise dos dados

A andlise de expressdo génica diferencial (DEG) entre os tempos e tratamentos
foi determinada usando o software CLC, juntamente com a normalizacdo das leituras
Reads per Kilobase per Million (RPKM), seguido da transformacdo em log.. A analise
da DEG foi realizada empregando o ajuste do valor de p pela aplicagédo da False
Discovery Rate (FDR) e relagdo de proximidade entre os diferentes grupos de genes
expressos, obtidos nos diferentes isolados e tempos de exposicdo aos farmacos foi

avaliada pela Analise de Componentes Principais (PCA). A ontologia génica (GO) foi

105



realizada usando a base de dados Kyoto encyclopedia of genes and genomes (KEGG
pathway) e a complementacdo com a funcéo dos genes foi realizada empregando a base
de dados on-line Uniprot. Os heatmaps foram gerados com o programa R, empregando o

pacote heatmap.2, com o0 método de agrupamento padréo (distancia euclidiana).

Coloracéo Live/Dead

Para avaliar a presenca de celulas mortas nas culturas de S. enterica ap0s 0s
tratamentos com ciprofloxacina e ceftazidima (0, 6 e 48 h) como possiveis contaminantes
para analise do transcritoma, foi retirada uma aliquota de 1 mL do ensaio de persisténcia
(descrito acima), a qual foi centrifugada a 8.000 rpm por 5 min. O pellet obtido foi lavado
uma vez com solucao salina a 0,85% para a remocao de restos celulares e ressuspenso em
1 mL de solucdo salina a 0,85%. Para a coloracdo diferencial, foi empregado o kit de
marcacdo de viabilidade bacteriana LIVE/DEAD® BacLight™ (Bacterial Viability Kit;
Life Technologies, Carlsbad, CA, USA) na concentracdo de 1,5 uM de SYTO 9e 1,5 uM
de iodeto de propidio em cada amostra e incubada por 15 min no escuro. As amostras
foram examinadas sob um microscopio Olympus BX51 com filtro WBI, excitacao a 460-
495 nm e emissdo a 510 nm. Foi estabelecida a contagem das células em 10 campos
aleatdrios, sendo que bactérias vivas foram coradas pelo SYTO 9 com emissdo de
fluorescéncia verde e bactérias mortas (ou com membrana danificada) foram coradas pelo

iodeto de propidio com emissao de fluorescéncia vermelha.

Resultados Preliminares
As imagens de microscopia de fluorescéncia permitiram a observacéo de que as
aliquotas removidas nos tempos em que a analise transcritbmica foi realizada eram

compostas por células vivas sobreviventes a exposicao aos farmacos (Figura — 01). Apos
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a analise dos diferentes campos de imagem, um nimero muito pequeno ou até mesmo a
auséncia de células mortas ou com a membrana danificada pode ser visto (Figura — 01 B,
D, F, H, J) quando comparado com a presenca de células vivas (Figura—01 A, C, E, G,

1) apos 6 e 48 h de exposicao a ciprofloxacina ou ceftazidima.
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Figura — 01. Microscopia de imunofluorescéncia empregando o kit Live/Dead®
Baclight™ (Bacterial Viability Kit; Life Technologies) em cultura de Salmonella
Enteritidis (4SA) no meio de fase exponencial do isolado antes da exposi¢do aos farmacos
(A-B), 6 h (C-D) e 48 h (E-F) apds a exposicdo a 100X o valor da concentracéo inibitoria
minima (CIM) para ceftazidima e, 6 h (G-H) e 48 h (I-J) ap6s a exposicao a 100X o valor
da CIM para ciprofloxacina. Bactérias coradas em vermelho pelo iodeto de propidio estéo
mortas (ou com membrana danificada) (B, D, F, H, J), bactérias vivas foram coradas pelo

SYTO 9 com emissdo de fluorescéncia verde (A, C, E, G, I).

A variacdo encontrada no conjunto de dados relativos a expressao génica foi
avaliada pela analise dos componentes principais (PCA) em cada isolado nos diferentes
tempos (0, 6 e 48 h) para cada um dos farmacos (Figura —02). A analise de PCA permitiu
observar que o padrédo de expressdo agrupou de forma homogénea as replicatas bioldgicas
dos experimentos, com excecao de uma replicata do isolado de S. Schwarzengrund tratada
por 6 h com ciprofloxacina. Analisando o componente principal (PC1), observou-se que
0 tratamento com ceftazidima mostrou um padrdo transcricional mais definido na
comparacao entre antes (0 h) e apds a exposi¢do (6 h e 48 h) do que o encontrado para o
tratamento com ciprofloxacina, especialmente nos isolados de S. Enteritidis (Figura —
02A, 02C e 02E). Desta forma, pode-se observar uma variacdo evidente no padréo
transcricional das células persisters avaliadas ap6s a exposicdo a ceftazidima, quando
comparadas as células ndo expostas ao tratamento. Por outro lado, a exposicdo a
ciprofloxacina resultou em uma variacdo no padréo transcricional ao longo do tempo,

considerando as diferencas encontradas entre 6 h e 48 h (Figura— 02B, 02D e 02F).
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Figura — 02. Agrupamento das amostras ndo tratadas com antibiotico e das tratadas com
ceftazidima (A, C e E) ou ciprofloxacina (B, D e F) baseado nos dados de transcritoma
pela analise dos componentes principais (PCA) nos isolados S. Enteritidis (192) (A e B),
S. Enteritidis (4SA) (C e D) e S. Schwarzengrund (S58) (E e F). Replicatas bioldgicas séo
representadas pela mesma cor, sendo a cor roxa para amostras ndo expostas aos
antimicrobianos, verde para exposi¢do por 6 h e vermelho para exposicdo por 48 h. A
analise por PCA foi realizada usando o software CLC Genomics Workbench 9.4 (CLC

Bio).

Apesar dos recentes estudos acerca do tema, ainda se sabe muito pouco sobre 0s
mecanismos de formacdo e regulacdo envolvidos no fenétipo de persisténcia. Diante
disso, este trabalho procurou avaliar o diferencial de expressao génica (g < 0,05), que nos
mostrou, de uma forma geral, que a maioria dos genes avaliados nas células persisters
expostas a ciprofloxacina ou ceftazidima apresentou niveis de expressdo mais baixos
quando comparados aqueles de células ndo expostas aos antimicrobianos (Tabela — 02).
No entanto, comparando os diferentes tempos de exposicdes e farmacos, pode-se observar
que, independentemente do isolado, o maior nivel de expressao diferencial foi encontrado
6 h apds a exposicdo a ciprofloxacina (Tabela — 02, Figura — 03 e Anexo — 01). E
importante ressaltar que as analises dos transcritos obtidos foram conduzidas apenas com
0S genes que se apresentaram, no minimo, com expressdo duas vezes maior ou menor

quando comparados ao padrdo encontrado antes da exposicao aos farmacos.
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Tabela 02. Numero de genes diferencialmente expressos nos isolados de Salmonella

enterica apds 6 e 48 h de exposicdo a ciprofloxacina (CIP) ou a ceftazidima (CAZ).

Nivel de expressdo  S. Enteritidis S. Enteritidis ~ S. Schwarzengrund

Tratamento (fold change) (192) (4SA) (S58)
>0 088 567 797
>4 422 198 356
T6-CIP <2 649 684 736
<4 92 163 110
>0 350 326 348
>4 138 86 92
T48-CIP <2 305 376 188
<4 63 100 39
>0 108 110 79
>4 13 14 27
T6-CAZ <2 747 245 370
<4 254 42 103
>0 159 96 45
>4 10 5 40
T48-CAZ <2 829 349 4
<4 321 109 0
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Figura — 03. Heat map de todos os 1.519 genes diferencialmente expressos nos isolados
de S. enterica (S. Enteritidis -192 e 4SA- e S. Schwarzengrund -S58) expostos a 100X o
valor da CIM de ciprofloxacina (CIP) ou ceftazidima (CAZ) por 6 e 48 h (T6 e T48). Os
padrdes de expressdo génica de cada amostra sdo agrupados pelo dendrograma
apresentado acima, e o0s genes diferencialmente expressos sdo agrupados pelo
dendrograma apresentado na lateral esquerda. O cddigo de cores mostrado na legenda
indica as leituras normalizadas transformadas em log.. Niveis de expressao maior ou
menor sdo indicados pelas cores vermelho e verde, respectivamente. O mapa e 0s
dendrogramas foram construidos na plataforma R com o pacote heatmap.2, com o método

de agrupamento padréo (distancia euclidiana).
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Empregando o banco de dados KEGG, foram identificadas as fun¢ées moleculares
dos genes transcritos, bem como os processos bioldgicos nos quais estdo implicados
(Anexo —01). Dessa forma, foi observado que um elevado nimero de genes codificadores
para proteinas ribossomais e aqueles envolvidos nos processos de transcri¢do e traducao
down-regulated, especialmente quando os diferentes isolados de S. enterica foram
expostos a ceftazidima. Entretanto, especialmente apos 6 h de exposicao a ciprofloxacina
foi detectado um padrdo mais heterogéneo, com varios genes up-regulated (Anexo — 01).
Em uma visdo mais global, podem ser destacados alguns genes que tiveram sua expressao
down-regulated em todos os isolados independentemente do farmaco utilizado, tais
como: era (regulacéo do ciclo celular, metabolismo energético, bloqueio do inicio da
traducdo e reducdo nos seus niveis de expressdo leva a interrupcdo temporaria do
crescimento celular), pheS (pertence a familia aminoacil-RNAt sintetase de classe II),
pheT (pertence a familia de subunidades beta da fenilalanil-RNAt sintetase), rpoC
(trancricdo), rpsQ (liga-se a extremidade 5' do RNAr durante a traducdo) e trmH (
metilacdo 2'-O da guanosina na posicdo 18 em RNAL). Por outro lado, ndo foi possivel
identificar genes relacionados a esses processos bioldgicos que estivessem up-regulated
em todos os isolados independentemente do farmaco. Apés a exposi¢do a ciprofloxacina,
em todos os isolados, foram observados niveis maiores de expressdo nos seguintes genes:
fmt (acopla um grupo formil ao grupo amino livre de metionil-RNAt (fMet),
desempenhando o seu reconhecimento por IF2), greA (necessaria para o eficiente
alongamento da transcricdo pela RNA polimerase), miaA (catalisa a transferéncia de um
grupo dimetilalilo para a adenina na posi¢do 37 do RNAt, a qual Ié cédons que comegam
com uridina, levando a formacdo de N6- (dimetilalil) adenosina), queG (catalisa a
conversdo de epoxiqueuosine em queuosine, que é uma base hipermodificada de RNAt

(Asp, Asn, His e Tyr), raiA (inibe o alongamento da traducao, bloqueando o sitio A),
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rapA (ativa a transcricdo em condicOes de estresse), rimE (metila a uridina na posicao
2552 do RNAr 23S), rpoH (fator sigma envolvido na regulacéo da expressao de genes de
choque térmico, incluindo transcricdo de reguladores globais e genes envolvidos na
manutencdo da funcionalidade da membrana e homeostase), trmJ (catalisa a formacao de
citidina 2'0-metilada (Cm32) ou uridina 2'O-metilada (Um32) na posi¢do 32 do RNAL),
tsaA (formacéo de pseudouridina nas posi¢des 38, 39 e 40 no tronco do anticodon e al¢a
de RNAL1) e yhbY (montagem do ribossomo).

A maioria dos reguladores transcricionais encontraram-se up-regulated,
especialmente quando os isolados foram expostos a ciprofloxacina (Anexo — 01), tais
como: fabR (reprime a transcricdo de fabA e fabB, envolvidos na biossintese de acidos
graxos insaturados), iscR (regula a transcricdo de varios operons e genes envolvidos na
biogénese de Fe-S), nhaR (regula de forma positiva nhaA Na*/H*), phoB (regula de forma
positiva o operon PhoBR quando o fosfato é limitado), ygaV (repressor de transcri¢do) e
ygjl (reprime a expressdo de YQjH que esta envolvida na homeostase do ferro sob excesso
de niquel). Por outro lado, os genes cspA (estimula a transcricdo dos promotores de
inducdo por choque térmico) e dauR (reprime o operon dauBAR relacionado como um
pré-requisito para a utilizacdo da D-arginina como Unica fonte de carbono e nitrogénio
através de vias catabdlicas de L-arginina) foram observados down-regulated em todos os
isolados expostos a ceftazidima, Contudo, o gene pspC (desempenha um papel na
competicdo pela sobrevivéncia em condicdes limitadas de nutrientes ou energia) foi
observado up-regulated em praticamente todos os tempos de exposi¢cdo a ambos 0s
farmacos.

De modo geral, a maioria dos genes que coordenam 0s processos de replicagéo,
recombinacdo homologa e reparo do DNA nos isolados de S. enterica apresentaram-se

up-regulated, especialmente 6 h ap6s a exposicao a ciprofloxacina e down-regulated ap6s
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a exposicao a ceftazidima (Anexo — 01). Apds exposicdo a ceftazidima, niveis menores
de expressdao foram observados nos seguintes genes: dnaE (DNA polimerase Il
responsavel pela maior parte da replicacdo, também exibe uma atividade de exonuclease
de 3a 5), dnaX (parte do complexo do grampo necessario para a pré-iniciacdo da
replicacdo do DNA), hupA (proteina de ligacdo ao DNA semelhante a histona, que é
capaz de envolver o DNA para estabiliza-lo e, assim, evitar sua desnaturacdo sob
condi¢des ambientais extremas), priB (liga 0 DNA de fita simples no local de montagem
do primossomo), recR (envolvido em um processo de recombinacdo independente de
RecBC no reparo de DNA) e rnhB (endonuclease que degrada especificamente 0 RNA
de hibridos de RNA-DNA). Contudo, genes como dnaA (desempenha um papel
fundamental na iniciacdo e regulacdo da replicacdo cromossémica), gyrA e gyrB
(topoisomerases tipo 1l que regulam os niveis de supertor¢do negativa do DNA), recA
(necessario para recombinacdo homdloga de danos ao DNA pela resposta SOS), recN
(envolvido no reparo do DNA danificado), recX (modula a atividade da RecA e tem um
papel regulador durante a resposta do SOS) e uvrB (o sistema de reparo UvrABC catalisa
0 reconhecimento e processamento de danos no DNA) encontraram-se up-regulated
guando os isolados foram expostos a ciprofloxacina.

Genes que codificam proteinas necessarias para o processo de divisdo celular
foram observados down-regulated, principalmente ap6s a exposicdo a ceftazidima
(Anexo — 01). Os genes como ftsW (polimerizacdo do peptideoglicano essencial para a
divisdo celular) e murG (organizacao da parede celular durante a divisao celular) foram
observados down-regulated em todos os isolados, independentemente do farmaco. Além
disso, destacam-se 0s genes cpoB (media a coordenacdo da sintese de peptideoglicano e
a constricdo da membrana externa durante a diviséo celular), damX (liga peptideoglicanos

nos septos e é necessario para direcionar a DamX para o anel do septo de divisdo), ftsB
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(essencial para a diviséo celular), ftsK (proteina essencial da diviséo celular que coordena
0 processo de divisdo e a segregacdo cromossdmica), ftsQ (controla a montagem correta
do divisomo), mreB (forma filamentos associados & membrana que sdo essenciais para a
forma celular, atua através da regulacdo da sintese da parede, alongamento e forma
celular), mreC (formacao e manutencdo da forma da célula, contribui para a regulacdo da
formacéo de proteinas de ligacdo a penicilina) e rseP (protease intramembrana) por se
apresentarem down-regulated em todos os isolados quando expostos a ceftazidima. O
gene sulA, que atua no sistema SOS, bem como inibe a divisdo celular levando a uma
parada rapida da divisdo celular e ao aparecimento de filamentos longos ndo-septados),
foi observado up-regulated quando os isolados foram expostos a ciprofloxacina.

A maioria dos transcritos associados a glicolise, gliconeogénese, ciclo do acido
tricarboxilico e fosforilagdo oxidativa foram observados up-regulated frente a exposicéao
a ciprofloxacina, especialmente apds 6 h, e down-regulated quando os isolados foram
expostos a ceftazidima (Anexo — 01). Entretanto, alguns genes tiveram sua expressao
down-regulated em todos os isolados independentemente do farmaco, tais como: aceF
(componente do complexo piruvato desidrogenase (PDH), que catalisa a converséo global
do piruvato em acetil-CoA e CO»), atpD (produz ATP a partir de ADP na presenga de um
gradiente de prétons através da membrana), nuoH, nuol_1, nuoJ, nuoK e, nuoL (NDH-1
transporta elétrons do NADH, via centros de ferro-enxofre (Fe-S), para quinonas na
cadeia respiratdria). Além disso, é possivel observar expressdo diferencial de genes
envolvidos na biossintese do folato, apenas quando os isolados foram expostos a
ciprofloxacina, sendo esses up-regulated em sua maioria.

De modo geral, a maioria dos genes associados a sideréforos e metabolismo do
ferro e enxofre em S. enterica ndo apresentaram uma expressao diferencial significativa

qguando os isolados foram expostos a ceftazidima ou a ciprofloxacina (Anexo — 01).
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Entretanto, foram observados up-regulated nos isolados de S. enterica expostos a
ciprofloxacina os genes fdnH_2 (unidade de transferéncia de elétrons contendo 4 grupos
de Fe-S, que serve como um canal para os elétrons que séo transferidos a partir da
oxidacdo do formato), fdoH (permite o uso de formato como principal doador de elétrons
durante a respiracdo aerdbica), fdx (proteinas Fe-S que transferem elétrons em uma ampla
variedade de reacGes metabolicas), frdB (responsavel pela catélise da interconversdo de
fumarato e succinato, sendo a fumarato redutase usada no crescimento anaerobico e a
succinato desidrogenase no crescimento aerobico), fur (atua como um elemento de
controle negativo global, empregando Fe?*), iscA_2 (capaz de transferir grupos de Fe-S
para apo-ferredoxina, recruta ferro livre intracelular), iscS (fornece enxofre a varios
membros envolvidos na montagem de Fe-S, para a modificacdo de RNALt ou biossintese
de cofatores), iscU (auxilia na montagem do grupo Fe-S) e yfeX (promove extracdo de
ferro a partir de fonte exdgena de heme), assim como o gene pspE (catalisa a reacdo de
transferéncia de enxofre do tiossulfato para o cianeto, para formar sulfito e tiocianato)
guando os isolados foram expostos a ceftazidima.

Em sua maioria, genes responsaveis pela formacdo do flagelo encontraram-se
down-regulated quando os isolados de S. enterica foram expostos a ceftazidima e,
eventualmente, a ciprofloxacina (Anexo — 01). Entretanto, os genes flgK, flgL, flhC, flhD,
fliD, fliS, fliT, fliV, fliZ (composicdo do flagelo), motA e motB (necessarios para rotacao
do motor flagelar), apresentaram-se up-regulated especialmente ap6s 6 h de exposicao a
ciprofloxacina.

Genes que codificam proteinas associadas a viruléncia, tais como fimbrias, pilli e
sistemas de secre¢do, ndo apresentaram um padrdo de expressao homogéneo (Anexo —
01). Entretanto, alguns genes apresentaram maiores niveis de expressao, especialmente

apos 6 h de exposicao a ciprofloxacina, destacando-se: cheA (envolvido na transmissao
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de sinais sensoriais dos quimiorreceptores para 0s motores flagelares), cheB (parte de um
sistema de transducdo de sinal que modula a quimiotaxia em resposta a varios estimulos),
cheR (metila as proteinas quimiotaticas ligadas & membrana), cheV e cheY (transmisséo
de sinais sensoriais dos quimiorreceptores para os motores flagelares), secB (exportacdo
de proteinas do citoplasma da célula), secE (subunidade essencial do canal de
translocacédo de proteinas SecYEG), tar (medeia a taxia através de uma interacdo com a
proteina periplasmatica de ligacdo a maltose.), e tsr_1 e tsr_2 (transducéo de sinal do lado
de fora para o interior da célula). Os genes secB e secY (subunidade central do canal de
translocacdo de proteinas SecYEG) apresentarem-se down-regulated quando os isolados
de S. enterica foram expostos a ceftazidima em todos os tempos analisados. Da mesma
forma, nédo foi visualizado um padrao de expressao diferencial dos genes envolvidos em
quorum sensing. Contudo, alguns genes apresentaram-se up-regulated 6 h apos a
exposicao a ciprofloxacina (Anexo — 01).

Poucos genes associados com proteinas e transportadores de membrana
apresentaram-se diferencialmente expressos (Anexo — 01). Entretanto, quando os isolados
de S. enterica foram expostos a ceftazidima, alguns genes encontraram-se down-
regulated, tais como: bamA e bamB (parte do complexo de montagem de proteina de
membrana externa (Bam), que esta envolvido na montagem e inser¢do de proteinas de
beta-barril na membrana externa), glpT (componente integral da membrana responsavel
pela captacdo de glicerol-3-fosfato), lamB (transporte de maltodextrinas, também atua
como um receptor para varios bacteriofagos, incluindo lambda), IspA (catalisa
especificamente a remocdo de peptideos sinalizadores), malE (parte do complexo
transportador ABC MalEFGK envolvido na importacdo de maltose), malK (parte do
complexo transportador ABC MalEFGK envolvido na importacdo de maltose e

responsavel pelo acoplamento de energia ao sistema de transporte), ompW (proteina de
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membrana externa) e pta (excrecdo de acetato em troca de ATP) No entanto, niveis
maiores de expressao foram observados nos genes osmW e osmX (parte do complexo
transportador OsmU ABC, que estd envolvido na captacdo de osmoprotetores, como
colina-O-sulfato e glicina-betaina) quando os isolados de S. enterica foram expostos a
ceftazidima. Da mesma forma, alguns genes mostraram-se up-regulated ap0s exposicéo
a ciprofloxacina: alak (exportacdo de L-alanina), copA (ATPase tipo P, exportadora de
cobre), macA 1 (parte do sistema de efluxo MacAB-TolC, responsavel pela resisténcia a
macrolideos), modB (parte do sistema de transporte dependente de proteina de ligacao
para o molibdénio, provavelmente responsavel pela translocacéo do substrato atraves da
membrana), pstS (parte do complexo transportador ABC PstSACB envolvido na
importacdo de fosfato), ygaP (proteina integral de membrana) e yebE (proteina de
membrana interna). Por outro lado, efeito contrario foi observado ap0s a exposicdo a esse
farmaco nos genes lolD_1 (parte do complexo transportador ABC LolCDE envolvido na
translocacdo de lipoproteinas maduras dirigidas a membrana externa), proV e prow
(parte do complexo transportador ProU ABC envolvido na captacdo de glicina betaina e
prolina betaina, provavelmente responsavel pelo acoplamento de energia ao sistema de
transporte).

A maioria dos transcritos envolvidos na biossintese de lipopolissacarideo e
petideoglicano encontraram-se down-regulated, especialmente quando os isolados de S.
enterica foram expostos a ceftazidima (Anexo — 01). Os genes mraY, murC, murD e
murG (envolvidos na formacdo de parede celular) encontraram-se down-regulated em
todos os isolados quando expostos a ceftazidima e a ciprofloxacina. Entretanto, 0s genes
ampD (envolvido na reciclagem de peptideoglicanos da parede celular e na inducéo de
beta-lactamase) e IpxC (biossintese do lipideo A) apresentaram-se up-regulated quando

os isolados foram expostos a ciprofloxacina.
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Os transcritos que atuam nas vias de estresse oxidativo apresentaram-se em sua
maioria up-regulated, especialmente quando os isolados foram expostos a ciprofloxacina
(Anexo —01). Os genes katG (enzima bifuncional com atividade de catalase-peroxidase),
sodB (detoxifica radicais superéxido) e ahpC (catalisa a reducdo de peroxido de
hidrogénio e hidroperdxidos organicos em agua e alcoois), encontraram-se up-regulated
quando os isolados foram expostos a ciprofloxacina, exceto no isolado de S. Enteritidis
(192) 48 h apbs a exposicdo a mesma.

Pode ser observado um aumento dos niveis de expressdo dos genes pertencentes
a modulos TAs, especialmente quando os isolados foram expostos a ciprofloxacina
(Anexo — 01). Dentro deste contexto, destacaram-se: bssS (reprime a formacgdo de
biofilme em meios que contém glicose, parece atuar como um regulador global de varios
genes envolvidos na repressdo catabdlica e resposta ao estresse e na regulacéo da captacédo
e exportacdo de vias de sinalizacdo), bhsA_2 e bhsA_3 (reducdo da permeabilidade da
membrana externa ao cobre, parecem estar envolvidos na regulacao negativa da formacao
de biofilme) e tisB (componente tdxico de um sistema toxina-antitoxina do tipo I, cuja
superexpressdo leva a parada do crescimento e inducgdo da resposta ao estresse, além de
inibir a sintese de ATP).

De modo geral, os genes associados a multiplas vias metabolicas como biossintese
de purinas e pirimidinas e degradacdo de metabdlitos secundarios, encontraram-se down-
regulated, especialmente quando os isolados foram expostos a ceftazidima e up-regulated
frente a ciprofloxacina, especialmente ap6s 6 h (Anexo — 01). Diante disso, 0s seguintes
genes encontraram-se down-regulated em todos os isolados e tempos analisados apds a
exposicao a ceftazidima: accA, accB e accC (componentes do complexo acetil-coenzima
A carboxilase ), ackA (catalisa a formacédo de acetilfosfato a partir de acetato e ATP),

acpP_1 (envolvida na biossintese de acidos graxos), aroB (catalisa a conversao de 7-

120



fosfato de 3-desoxi-D-arabino-heptulosonato em desidroguinato), aroK (catalisa a
fosforilacdo especifica do grupo 3-hidroxila do acido chiquimico usando ATP como um
co-substrato), fabH (catalisa a primeira reacdo de condensacdo que inicia a sintese de
acidos graxos e pode, portanto, desempenhar um papel no controle da taxa total de
producdo de acidos graxos), fabZ (envolvido na biossintese de acidos graxos insaturados),
fdhF_1 (decompde o acido formico em hidrogénio e dioxido de carbono sob condigdes
anaerdbicas na auséncia de receptores de elétrons exdgenos), glmS_2 (catalisa o primeiro
passo no metabolismo da hexosamina, convertendo a frutose-6-P em glucosamina-6-P
usando glutamina como fonte de nitrogénio), gph (participa na dissimilacdo do 2-
fosfoglicolato intracelular formado durante o reparo do DNA), gpsA (metabolismo do
glicerofosfolipidio), hybO (uma das trés hidrogenases sintetizadas em resposta a
diferentes condicdes fisiologicas), ispD (biossintese de terpendide), ispF (biossintese de
isopentenil difosfato e dimetilalil difosfato, dois principais blocos de construcdo de
compostos isoprenodides), malQ (quebra da maltose), nrdA e nrdB (fornecem os
precursores para a sintese de DNA), pal (desempenha um papel na invaginacdo da
membrana externa durante a divisao celular e é importante para manter a integridade da
membrana externa), pfIB (sintetiza formato a partir de piruvato), plsX (utiliza acil-ACP
como doador de acil graxo, mas ndo acil-CoA), prc (pode estar envolvido na protecdo da
bactéria contra estresses térmicos e osmaticos), prs (biossintese do metabdlito central
fosfo-alfa-D-ribosil-1-pirofosfato atraves da transferéncia do grupo pirofosforilo do ATP
para 1-hidroxilo ribose-5-fosfato), sdaB (biossintese de carboidratos), sdaC (envolvido
na importacao de serina para a célula), tktA_2 (catalisa a transferéncia de um grupo cetona
de dois carbonos de um dador de cetose para um aceitador de aldose, através de um
intermediario covalente com o cofactor pirofosfato de tiamina) e treC (hidrolise de

trealose-6-fosfato para glicose e glicose-6-fosfato),. No entanto, frente a este mesmo
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farmaco niveis maiores de expressdo diferencial foram observados nos genes otsA
(essencial para a viabilidade das células a baixas temperaturas e com elevada forca
osmotica) e otsB (remove o fosfato da trealose 6-fosfato para produzir trealose livre). Por
outro lado, em todos os isolados e tempos analisados apos a exposicao a ciprofloxacina,
observou-se niveis menores de expressao diferencial de aspA (catalise da reacdo de L-
aspartato em fumarato + NHz), lexA_1 (reprime varios genes envolvidos na resposta SOS,
incluindo recA), nhaA (expulsa sodio em troca de protons externos), ptrB (cliva as
ligacGes peptidicas no lado C-terminal dos residuos de lisil e argininil) e ubiF (participa
da via de biossintese da ubiquinona).

Alguns genes ndo foram incluidos em vias reconhecidas pelo KEGG nos isolados
de S. enterica, estando a maioria destes down-regulated quando os isolados foram
expostos a ceftazidima, e up-regulated frente a exposicéo a ciprofloxacina, especialmente
apos 6 h (Anexo — 01). Niveis menores de expressdo em todos os isolados e tempos
analisados ap0s a exposicdo a ceftazidima foram encontrados especialmente em: apaG
(funcdo ndo conhecida, mutac6es fornecem um fenotipo de resisténcia a baixo nivel de
CO;, também associado & diminuicdo do efluxo de Mg?*), fabD e fabF (envolvidos na
biossintese de acidos graxos), fkpB (aceleracdo do dobramento de proteinas), focA
(envolvido no transporte bidirecional de formato), glmU (catalisa as duas Gltimas reac6es
sequenciais na via biossintética de novo para UDP-N-acetilglucosamina), grcA
(acetiltransferase tendo formato como substrato), grxC (reducdo de algumas ligacGes
dissulfeto em um sistema acoplado com a glutationa redutase), hscA (chaperona
envolvida na maturacdo de proteinas contendo grupo ferro-enxofre), kbl (catalisa a
clivagem de 2-amino-3-cetobutirato em glicina e acetil-CoA), proQ (pode regular a
atividade de ProP através de um mecanismo pds-transcricional), skp (chaperona

molecular que interage especificamente com as proteinas da membrana externa,
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mantendo assim a solubilidade dos intermediarios de dobramento precoce durante a
passagem pelo periplasma), surA (chaperona envolvida no correto dobramento e
montagem de proteinas da membrana externa, como OmpA, OmpF e LamB), tig (atua
como uma chaperona ao manter as proteinas secretoras e ndo secretoras recem-
sintetizadas em uma conformacdo aberta), ybaB (liga-se ao DNA e altera sua
conformacao, podendo estar envolvido na regulacdo da expressdo génica, organizacao do
nucleoide e protecdo do DNA) e yceD (desempenha um papel na sintese, processamento
e/ou estabilidade do RNAr 23S). Por outro lado, os seguintes genes encontraram-se up-
regulated em todos os isolados e tempos analisados apds a exposicao a ceftazidima: spy
(chaperona periplasmatica independente de ATP, diminui a agregacdo de proteinas e
ajuda a redobrar as proteinas), pspD (faz parte do operon da proteina de choque do fago
- pspABCDE - pode desempenhar um papel significativo em condicGes limitadas de
nutrientes ou energia), osmE e osmB (fornecimento de resisténcia ao estresse osmatico,
podem ser importantes para a sobrevivéncia em fase estacionaria) e dps (durante a fase
estacionaria, liga-se ao cromossomo de forma nédo especifica, formando um co-cristal
dps-DNA altamente ordenado e estavel, dentro do qual o DNA cromossémico é
condensado e protegido de danos). Em todos os isolados e tempos analisados apds a
exposicdo a ciprofloxacina, os seguintes genes foram observados up-regulated: cueO
(provavelmente envolvido na desintoxicacdo periplasmatica do cobre oxidando Cu* a
Cu2* e impedindo sua captacdo no citoplasma), hscB (co-chaperona envolvida na
maturacdo de proteinas contendo grupo ferro-enxofre), hypB, hypC e hypD (envolvidos
na maturacdo de hidrogenases niquel-ferro), uspE (necessario para resisténcia a agentes
prejudiciais ao DNA), e ywlC (necessario para a formagdo de um grupo de treonil-
carbamoil em adenosina na posi¢cdo 37 em RNAts que leem cddons comecando com

adenina). Adicionalmente, o gene pspA (funcdo descrita acima no gene pspD) foi
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encontrado up-regulated em todos os isolados e tempos analisados apds a exposicao a

ambos os farmacos.
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Anexo 01. Funcdo bioldgica de cada gene diferencialmente expresso (q < 0.05), bem como seu nivel de expressdo, nos isolados de Salmonella enterica (S.

Enteritidis — 192 e 4SA— e S. Schwarzengrund — S58) expostos a 100X o valor da CIM para ciprofloxacina (CIP) - ou ceftazidima (CAZ) por 6 e 48 h (T6 e T48).
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rpll 505 ribosomal protein L9
ol 505 ribosomal protein L10
rplK 505 rihasomal protein L11

rplL 505 rihosomal protein L7/L12
el M 505 ribosomal protein L13

rpiN 505 ribasomal protein L1
plo 505 ribosomal protein L15
relP 505 ribosomal protein L16
plg 505 ribasomal protein L17
rplR 508 ribosomal protein L1S
mpls 505 ribasomal protein L19
T 505 ribasomal protein L20
rolu 505 ribosomal protein L21

ralVv 505 ribasomal protein L22
ral W 505 ribosomal protelin L23
rpl X 505 ribosomal protein L24
alY 505 ribosomal protein L25
rom A 505 ribosomal protein L27
rpmB 505 ribosomal protein L28
rem € 505 ribosomal protein L29
rpm D 505 ribosomal protein L30
remE2 505 ribosomal protein L31 type B
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rpmF
mmG
rpml
rpm )
rpo A
rpoB
rpoC
rpol
rpoE
rpoH
rpoN
rpos
rpol
rpsA_l
rosB
rpsC
rpsh
rpsE
rpsF
rps G
rpsH
rps|
rps)
rpsL
rps M
rpsN
ps0
rpsP
rpsQ
rosR
rpss
rpsT
rpsU
rraf
rraB
rsef
rseB
rsg A
rsm A
smB
rsmC
rsmD
rsmF
rsm G
rsmH
rsm |
rsm)
selB
sell
sers
sra
ssp A
sspB
ted A
tgt
thrs
til's
trmD
trmH
trm )
trm L
trmQ
trpS
tru A
truB
tru €
truD
tsa A

505 ribosomal protein L32

505 ribasomal protein L33

505 ribosomal protein L35

505 ribasomal protein L36

DMNA-directed ANA pelymerase subunit alpha
DNA-directed BANA pelymerase subunit beta
DNA-directed RNA polymerase subunit beta’

RNA polymerase sigma factor Rpol

ECF BMA polymerase sigma-E factor

RNA polymerase sigma factor RpoH

RNA polymerase sigma-54 factor

RNA polymerase sigma factor RpoS

DNA-directed RNA polymerase subunit omega
305 ribosomal protein 51

305 ribosemal protein 52

305 ribasomal protein 53

305 ribosomal protein 54

305 ribosemal protein 55

305 ribosomal protein 56

305 ribosomal protein 57

305 ribosomal protein 58

305 rihasomal protein 59

305 ribosomal protein 510

305 ribosomal protein 512

305 ribasomal protein 513

305 ribosomal protein 514

305 ribasamal protein 515

305 rihosomal protein 516

305 ribosomal protein 517

305 ribasomal protein 518

308 rlibosomal protein 519

308 ribosomal protein 520

305 ribosomal proteln 521

Regulator of ribonuclease actlvity A

Regulator of ribonuchease activity B

Anti-sigma-E factor Rsed

Sigma-E factor regulatory protein RseB

Small ribesomal subunit biogenesis GTPase Rsgd
Rinosomal RNA small subunit methyltransferase 4
Ribosomal RNA small subunit methyltransferase B
Ribosomal RNA small subunit methyitransferase C
Ribosomal RNA small subunit methyltransferase D
Ribosomal RNA small subunit methyltransterase F
Ribozsomal RMA small subunit methyltransferase G
Ribosomal RMA small subunit methyltransferase H
Ribosomal RNA small subunit methyltransferase |
Ribosomal RNA small subunit methyltransferase J
Selenocysteine-specific elongation factor

tRMA Z-selenouridine synthase

Serine--tRNA ligase

Stationary-phase-induced ribosome-associated protein
Stringent starvation protein A

Stringent starvation protein B

tRMNA threonylcarbamoyladenosine dehydratase
Ouevine tRNA-ribosyltransferase
Threonine--tRNA llgase

tRMA(lle)lysidine synthase

tRMA (guanine-N{1)-}-methyltransferase

LRMA (] nel18)-2'-0)-methyl i

LRNA (cytidine/undine-2"-0-)-methyltransferase Trml
RNA (cytidine|34)-2"-0)-methyltransferase

tRNA (adenine(37)-N6)-methyltransferase
Tryptophan—tRNA ligase

TRKA pzeudouridine synthase A

tRNA pseudouridine synthase &

tRNA pseudouridine synthase C

tRNA pseudouridine synthase 0

putative peroxiredaxin
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tsa B LRNA th vlcar ! ine biosynthesis protein TsaB

tsalC Threanylcarbamoyl-AMF syrthase

tsaE LRMA th vlcarh fad, ine binsynthesis protein TsaE

tsf Elongation factor Ts

tufA_1  Elongation factor Tu 1

tufA_2  Elongation factor Tu 1

tyr§ Tyrosine-—-tANA ligase

vals valine-—-tRNA ligase

yha K Cys-tRNA{Pro)/Cys-tRNA{Cys] deacylase YbaK

yhe ¥ Endoribonuciease YheY

yea O Ribosomal protein 512 methylthiotransferase accessory factor YeaO

ychF Ribosome-binding ATPase YchF

yda F Putative ribosomal N-acetyltransferase YdaF

yei P Elongation factor P-like protein

¥fic tRNALVal) (adeninel37)-N6)-methyltransferase Q 1.35 0 0

yhbY  RNA-Binding protein Yhby -Laz [

ykg © 505 ri | protein 36 2 a o a o 1]
ocrR_2 HTH-type transcriptional regulator AcrRt ) o a o o
ada Bifunctional transcriptional activator/DNA repair enzyme Ada a o a o 4]
all R HTH-type transcriptional repressar AlIR [i] (1] 0 176 a
alf5_1  HTH-type transcriptional activator AllS a 0 1] o —
alf5_2  HTH-type transcriptional activator AllS 1.27 126 ] 129 4]
argR_1  Arginine repressor Q o 1] 0 0

argR_2  Arginine repressar -l.a1 -1.37 o o o |

asnC Regulatory protein AsnC 1} ] 1.62 o 0

bodR  Transcriptional sctivatary protein BadR a 0 167 [ 0 0 0 0
bae R Transcriptional regulatory protein BaeR a 1] (1] 1.35 138 (1] [u]

basR  Transcripticnal regulatory protein Bask -1.92 -1, 0 179 ]
bas S Sensor protein Bass <19 -1.7% -1.85 1] [i] -L.6b
bdc R HTH-type transeriptional repressor BdeR 198 1.54 1.92 146 [1] 1] o
benM  HTH-type transcriptional regulator Benid 156 1.98 165 1.53 0 N ]
benM_2  HTH-bype transcriptional regulator Beni a -1.37 (] 1] 4] 0 1] (4]
bet1 HTH-type transeriptional regulator Beel 1.64 LEG 151 [ 1.74 .52 il 1]
bgl i Transcriptional activator protein Bgll a 1] ] o 4] [} 4] _
cod C Transcriptional actwvator CadC 1] 0 Q [ V] ) Q o
edaR_1 Carbohydrate diacld regulator 1.27 (1] 133 1.34 o [1] 1] a
edoR_2  Carbohydrate diacid regulator 1] (1] -1.25 o 0 1]

chb R HTH-type transcriptional regulator ChbR Q o o 138 139 0

citB Transcriptional regulatory protein Cith 1] i} (i} o o 1]
cmpR HTH-type transcriptional activator CmpR ] o a [ 0 ] Q 169
comR HTH-type transcriptional repressar Comp 44 156 1.54 i B2 _ 4]
csg D CsgBALC operon transcriptional regulatory protein q 1.89 1.77 ] 1] Q
e A Cold shack protein Cspa 0
csp D Cold shack-like pratein CspD . -1 1] 4] a

espl Cold shock-like protein Csp) -1.89 _ 1] 1] 4]
cweR HTH-type transcriptional regulator Cugk Q o Q 1] Q a
eynR_2  HTH-type transcriptional regulator CynR a 14 (4] 4] 183 0 -1.98
eynR_3 HTH-type transcriptional regulator CynR 0 ] Q 4]
cysl HTH-type transcriptional regulator Cysl o 1] 1] _
dou R Transcriptional regulator DauR 1] 4] 1.85
decR DNA-binding transcriptional activator Deck g o Q 0 0 Q 4]
deoR_1 Deaxyribose operon repressor a (1] a <129 a 1] o
dmiR_1 HTH-type transcriptional regulator DmiR a 0 a 123 148 Q 1]
dmiR_2 HTH-type transcriptional regulator DmiR a [i] 141 168 0 4] —
dmiR_3  HTH-type transcriptional regulator DmiR 143 [i] a ] i] i [i]
dmiR_S HTH-type transcriptional regulator DmiR a o a o 1] 1] _
dmiR_6 HTH-type tranzcriptional regulator DmiR a 0 a 1.42 o 1] 1]
dmiR_7 HTH-type transcriptional regulator DmiR a 1.48 (1] o o

dpi A Transcripticnal regulatory protein Dpia 21,33 1] a 1] 4] -1.85
ecp R HTH-type transcriptional regulator EcpR a 0 (] 1] li] ]
fab R HTH-type transcriptional repressor FabR -1.39 -LB67 (4] o o

frmR Transcripticnal repressor FrmR -1.5 1] Q o 0 a
gabR_2 HTH-type transcriptional regulatory protein GabR 1.51 1.51 (] 1.26 a a
gadX_2 HTH-type transcriptional regulator Gady -1.78 ] (1] o a a
gal5_1  HTH-type transcriptional regulator Gals 1.28 1.59 1.28 142 1.36 [4]
gbpR_1 HTH-type transcriptional regulator GhpR 1.76 1.33 1.44 4] (]
ghpR_2 HTH-type transcriptional regulator GhpR 196 o 1.45 4] a
gov A Glycine cleavage system transcriptional activator -1.82 -172 Q0 o Q 1]
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Reguladores
transcricionais

slyA L

HTH-type transcriptional repressor GlcR
HTH-type transcriptional repressor GleR
HTH-type transcriptional repressor GleR
Glyceral-3-phosphate regulon repressor
Glyceral-3-phosphate regulon repressor
Transcriptional regulatory protein GirR
Transcripticnal regulatory protein GirR
HTH-type transcriptional regulator GieC
HTH-type transcriptional regulator GItC
HTH-type transcriptional regulator GItC
HTH-type transcriptional regulator Gtk
HTH-type transcriptional regulator GItR
High-affinity gluconate transporter
HTH-type transcriptional regulator Gnt#
HTH-type transcriptional regulator Gt
HTH-type transcriptional regulator GntR
Hea operon transcriptional activator HeaR
Hca operon transcriptional activator HoaR
HTH-type transcriptional regulator IscR
Transcriptional regulator KdgR

KDF operon transcriptional regulatory protein KdpE
HTH-type transcriptional regulator LeuO
putative [icABCH operon regulator
Leucine-responsive regulatory profein
Transcripticnal regulator LsrR

HTH-type transcriptional regulstor Lutf
HTH-type transcriptional regulator Malf
HTH-type transcriptional regulator MchR
Met repressor

HTH-type transeriptional regilator MetR
Transcripticnal regulator ModE
Transcriptional repressor Mprd
Transeriptional regulator MraZ

HTH-type transcriptional regulator MurR
N-zcetylglucosamine repressor
N-zcetylglucosamine repressor

putative nitrate reductase molybd: cofactor bly ch
HTH-type transcriptional repressar Nemfl
Transcripticnal actvator protein NhaR

HTH-type transcriptional regulator NimR
Transcripticnal repressor NrdR

HTH-type transcriptional repressor NsrR

Pyruvate dehydrogenase complex repressor
Pyruvate dehydrogenase complex repressar
HTH-type transcriptional regulator PerR

Phosphate regulon transcriptiona! regulatary protein PhoB
Propionate catabolism aperon regulatory protein
Phage shock protein C

Psp operon transcriptional activator

HTH-type transcriptional regulator PuuR

HTH-type transcriptional regulator RodA
RCS-specific HTH-type transcriptianal activatar RelR
RCS-specific HTH-type transcriptianal activator RelR
Transcriptional repressor RenR

Transeriptional regulatory protein ResB
Transcripticnal regulatory protein ResB
Transcriptional regul atory protein RcsB

HTH-type transeriptional activator Rhas

putative HTH-type transcripthonal regulator RhmA
putative HTH-type transcriptional regulator RhmA
Arginine utilization regulatory proteln Rock
HTH-type transcriptional repressor RspR
Transcriptional regulatory protein RstA

HTH-type transcriptional regulator RutR

HTH-type transcriptional regulator SgrR

HTH-type transcriptional regulator Sgrit

HTH-type transcriptional regulator Sgrit
Transcriptional regulator Slya

-1.39
-1.5

-1.65

-1.37

coocooa

MNarW

148
152

14

148 a 1} -1.25
o (1] o a
138 [ o 0
-1.68 142 15 138
o (] 134 o
0 0 o 143
-1.67 125 0 0
-1.56 -1.43 -1.42
0 0 0
0 0 o 0
143 L2 [ 0
0 1.34 13 0
155 0 ] 141
0 0 0 0
-1.49 0 123 0
-137 a o a
0 0 o 0
1.74 137 139 0
0 o o I
0 1.57 155 0
1] a o a
o 133 o 147 a

0 0 0 0 0 0 0 0

1] -1.5 a a 153 o 1] o

138 0 0 0 [ 0 0 o I 0

0 0 o 0 0 1.3 0 0 ] 0

0 a ] 145 a - a a1 o -1.96 0

P —"=] . 0 o o 0

0 o o 0 0 0 0

o (1] i) a a o

0 o 0 0 0 )

0 -1.34 0 0 188

a o -L76 o

0

k=]

a o

136 151 16
16 i} o
o a 142

1] 184 o
L6 a 1}
o a o
148 Q o
o o o
L7 a o
0 Q 163
143 o 131
o 1] o

0 141 178
L4l a o
145 i} o
161 1] 1]
o 1.25 1.29
169 Q0 o
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slyA_2  Transcriptional regulator Slya -1.07 S o IS 163 a 0 a 0 0
sAR_1  Gludtol cperon repressor ] 1.37 1.36 1.67 1.54 [i] [i] 0 o o
sR 2 Glucitol operon repressor 1.9z 141 1.69 il 0 0 0 0 il
srfR_3  Glucitol operon repressor Li] 0 (] o 1.54 1] 0
srfR_4  Gluditol operon repressor ] o Q o 1.45 1.82 1] 166
sutR_1  HTH-type transcriptional regulator Sutht 1.7: ] 0 ; 0
sutR_2  HTH-type transcriptional regulator Suth 1.37 178 1] 157 a 0
tauR HTH-type transcriptional regulator Tauk 1.43 155 a o 1.3 o
tetD Transcriptional regulatory protein tctD 135 1.41 (1] 1] a o
tarR TarCAD aperon transcriptional regulatory protein TarR ] -1.53 a o 4] 0
treR HTH-type transcriptional regulator TreR 17 o 0 o a 0
tyrR Transcriptional regulatory protein TyrA a o a 135 o 154
uhp & Transcriptional regulatory protein UhpA -1.49 a o 1] 1.74
uloR HTH-type transcriptional regulator UlaR 1] 1] o a o
xylR Xylase operon regulatory protein a 1] 1] a o
ybd O_2 putative HTH-type transcriptional regulator YbdQ o 4]

ybd0_3 putative HTH-type transcriptional regulator YbdO 1] 1]

ybd 0_4 putative HTH-type transeriptional regulater YhdO 1.54 1.57 [a] -1
yde0O_1 HTH-type transcriptional regulater YdeQ (1] 1.93 4]

yde O_2 HTH-bype transcriptional regulator Ydel 1.31 i} 161

ydg T Transcription modulator YdgT (1] o 1]

yebC putative transoriptional regulatory protein YebC 0 :

yed W putative transcriptianal regulatory protein Yedw a o a 138

yvehT Transcriptional regulatory protein YehT 1.39 136 a o

ygaV putative HTH-type transcriptional regulator Ygay Q ] 0 o

yhal_1  HTH-type transcriptional regulator Yhal a L53 1.3 o

yhiB_2  Putative HTH-type transcriptional regulator YhjB a L] 1.49 1.41

yidZ HTH-type transcriptional regulator YidZ L] (] o 1]

wiE_2 HTH-type transcriptional regulator Y)IE Li] o a 1]

vajl Transcripticnal regulator Yol a [i] (] o

ywo A1 HTH-type transcriptional repressor Yvod a o 1] o

ywo A_3  HTH-type transcriptional repressor Yvod a ] 1] o

zraR Transcriptional regulatory protein 2raR 2 -1.37 .32

cho Excinucleass cha 149 141 o

dam DNA adenine methylase 0 [t}

dam _2  DNAadenine methylase

din B DMNA polymerase |4

dinB1 DNA palymerase V1

din|_1  DNA damage-inducible protein |

dna A Chremesamal replication initiatar protein Dnad

dnoB Replicative DNA helicase

dnaC DMA replication protein Dnal

dna E DNA palymerase ||| subunit alpha

dna G CNA primase

dnoK_1 Chaperone protein Dnall

dnaB_2 Chaperone protein Dnal

dna N DNA polymerase || subunit beta

dna 0 DMNA palymerase | subunit epsilon

dna T Primoscmal protein 1

dna X DMA polymerase ||| subunit tau

exoX Exadecxyribonucleass 10

fis DNA-binding protein Fis

gyr A DNA gyrase subunit &

gyrg DMNA gyrase subunit B

hns_1 DMA-binding protein H-NS

hol B DNA polymerase |l subunit delta’

halD DMNA polymerase || subunit psi

holE DNA polymerase |1l subunit theta

hup A DMNA-binding protein Hu-alpha

hup B DNA-binding protein HU-beta

ihf A Integration host factor subunit alpha

ihfB Integration host factar subunit beta

mut H DMA mismatch repair protein MutH

mutlL DMA mismatch repair protein MutlL

mut T B-oun-dGTP diphosphatase

nfi Endonuclease ¥

parC DMA topoisomerase 4 subunit &

parE DNA topoisamerase & subunit B
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phrB

Deoxyribodipyrimidine photo-lyase

Replicagdo, pol & DNA palymerase |
Recombinagdo polB DMA polymerase ||
Homdloga € Repara do priB Primoscmal replication protein N
ONA rad & DMNA repair proteln Rads
rdgC_2 Recombination-asscciated proteln RdgC
recA Protein RecA
recB RecBLD enzyme subunit Recl
recC RecBCD enzyme subunit RecC
recD RecBLD enzyme subunit RecD
recE_1  Exodecwyribonuclease 8
recE 2 Exodecxyribonuclease 8
recF_1  DNAreplication and repair protein RecF
recF_2  DNAreplication and repair protein Reck
recG ATP-dependent DNA helicase RecG
rec) Single-stranded-NNA-specific exonuclease Aecl
rec DMA repair protein Rech
recO DMA repair protein RecO
rech Recambination pratein RecR
recX Regulatory protein RecX
rep 1 ATP-dependent DNA helicase Rep
rep 2 ATP-dependent DNA helicase Rep
roh B Ribonuclease HIl
ruvh Halliday junction ATP-dependent DNA helicase Ruvi 1]
ruve Holliday Junction ATP-dependent DNA helicase Ruvl 1] -1.32 0
ruv€  Cressover junction endodecxyribonucleass RuvC [ N 0
shmC DMNA gyrase inhibitar a 1] (1]
seqA  Negative modulator of initiation of replication a8 171
ssh Single-stranded DNA-binding protein <18 -1.91 a
ssh_1 single-stranded DNA-binding protein a o (1]
ssh_2 Single-stranded DNA-binding protein [1] 1] a
fopA 1 DNA topoisomerase 1 Q
topA_2 DMA topolsomerase 1 -1.81 175 172
tus DMNA replication terminus site-binding protein 1.53 1.82 1.97 1.52
uvr A LwrABC system protein & L] 0 Q [ V]
uwrB UvrABL system protein B -1.53% -L48 a o o
uwrD  DNAhelicase Il 1.94 S 145 1.42 158
v Very short patch repair protein a o 1] o 0
xse A Exodeoxyrinonuclease 7 large subunit a i} a o 0
xseB Exodecxyribonuclease 7 small subunit -1.42 o Q o 1]
yabT CRISPR-associated endonuclease Casl 133 o 1] 0
chp A Curved DNA-binding protein il D )
cbpM  Chaperone modulatery protein Chpi 1.58 Q
elpX_2  ATP-dependant Clp protease ATP-binding subunit ClpX 94
cpo B Cell division coordinator CpoB
dam X Cell divizion protein Damx
ded D Cell division protein DedDr
dia A DnaA initiator-associating protein Diak
eng B putative GTP-binding protein EngB
enve Murein hydrolase activator Enve
fisA 1 Cell division pretsin FtsA
ftsa 2 Cell division protein FtsA
ftsB Cell division pretein FisB
ftsE Cell division ATP-binding protein FisE
ftsH ATP-dependent zinc metallaprotease FrsH
ftsH_1  ATP-dependent zinc metalloprotease FrsH
ftsH 2 ATP-dependent zinc metalloprotease FisH
ftsk DMNA transiocase Frsy
ftsL Cell divizion protein FisL
fisQ Cell division proten FlsQ
ftsw putative peptidoghean glycosyltransferase F1sW
fisX Cell divishon pretein Fisk
fisZ Cell division protein Fis2
fon _1 Lan protease
lon 2 Lon protease
Irp Leucine-responsive regulatory protsin
minC Septum site-determining protein MinC
Divkfi ZEiay min D Septum site-determining protein MinD
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minE Cell division topological specificity factor
mrd B Peptidoglycan glyeosyltransferaze MrdB
mreB Rod shape-determining protein Mreg
mre C Cell shape-determining protein Mrel
mre D Rod shape-determining protein Mred
muk B Chremosome partition protein MukB
muk E Chremosome partition protein MukE
muk F Chremosome partition protein Mukf
mur G LDP-N-acetylglucosamine--N-acetylmuramyl- (pentapeptide) pyrophosphoryl-undecaprend
rob 2 Right origin-binding pretein

rsep Regulator of sigma-E protease Rsep
simA Nucleoid occlusion factor Sima

stp A DNA-binding protein StpA

sul A Cell division inhibitor Sula

xerC Tyrosine recombinase XerC
xerD_1 Tyrosine recombinase XerD
xerD_2 Tyrosine recombinase XerD
xerD_3 Tyrosine recombinase ¥erD

yej K Nuclenid-assaciated protein Yejk
zap A Cell division protein ZapA

zapB Cell division protein ZzpB

zapC Cell division protein ZapC

zop D Cell division pretein ZapD

zapE Cell division protein ZapE

zipA Cell division protein ZipA

oceE Pyruvate dehydrogenase E1 companent
oce F Dibwdralipoy by esidus acetyl f
acn A Aconitate hydratase A

acr B Aconitate hydratase B

ars_1  Acetyl-coenzyme A synthetase

acs _2 Acetyl-coenzyme A synthetase

adhE_1  Aldehyde-alcohol dehyd

adhE_2  Aldehyde-aleohal dehyd
adhE_3  Aldehyde-alcohol dehyd
adhE_4  Aldehyde-alcohol dehydrop
adh P Aleohal dehydrogenase, propanal-preferring

ogp 1 Glucose-1-phosphatase

ogp 2  Glucose-1-phosphatase

app X Oxidative phosphorylation; Two-component system
alp A ATP synthase subunit alpha

alpB ATP synthase subunit 2

atpC ATP synthase epsilan chain

otpD ATP synthase subunit beta

otpE ATP synthaze subunit o

atp F ATP synthase subunit b

wip G ATP synthase gamma chain

atp H ATP synthase subunit dalta

wipl ATP synthase protein |

chb F B-phospho-heta-glucosidase

clpA ATP-dependent Clo protease ATP-binding subunit Clpa
clgP ATP-dependent Clp protease proteoiytic subunit

eampoanent of pyruvate dehydrogenase comy

clps ATP-dependent Clp protease adapter protein Clps
elpX_2  ATP-dependent Clp protease ATP-binding subunit Clpx
crr PTS system glucose-specific ENA component

cyd A Cytochrome bd-l ubiquinal oxidase subunic 1
eyd B Cytochrome bd-l ubiquinol oxidase subunit 2
eyo A Cytochrome bol3) ubiguinel oxidase subunit 2
cya B Cytochrome bo(3) ublquinel sxidase subunit 1
eyo C Cytochrome bof3) ubiguincl oxidase subunit 3
cyo D Cytochrome bo(3) ubiquinel oxidase subunit 4

cyoE I h 1% farnesylt

eno Enolase

fbaB Fructose-bisphosphate aldolase class 1
fbop Fructose-1,6-bisphosphatase class 1

frd & Fumarate reductase flavoprotein subunit
frdB Fumarate reductase iron-sulfur subunit
frdc Fumarate reductase subunit C

frdD Fumarate reductase subunit 0
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fum A

Fumarate hydratase class |, zerobic

g
=1 =]

™

fumB_1 Fumarate hydratase class |, anaerobic
fumcC Fumarate hydratase class il
gal M Aldose l-epimerase
Metabolisma gapB_1 Galactarate dehydratase (L-threo-forming)
glp X Fructose-1,6-bisphosphatase 1 class 2
glt A Citrate synthase
gpm A 2. 3-bisphosphoglycerare-dependent phosphoglycerate mutase
fed Isacitrate dehydrogenase [NADP]
Ipd A Dihydrolipoy| dehydrogenase
mdh _1  Malate dehydrogenase
mdh_2  NAD-depend ydrogs
mdh 3 NAD-depend hanal dehydrog
ndh NADH dehydrogenase
ndh C NAD(P}H-guinone oxidoreductase subunit 3
ndhl NAD(PJH-guinane exidoreductase subunit |, chloroplastic
nifl Pyruvate-flavodoxin oxidareductase
nuo B NADH-guinene oxidoreductase subunit B
nuaC NADH-quinane oxidareductase subunit C/D
nuoE NADH-quinene oxidareductase subunit E
nuoF MADH-quincne oxidoreductase subunit F
nuo G NADH-quinene axidareductase subunit G
nue H NADH-guinone oxidoreductase subunit H
nuol_1  NADH-guincne oxidoreductase subunit |
nugl_2  NADH-quinone oxidoreductase subunit |
nug ) NADH-guinene oxidoreductase subunit J
nuo K NADH-quinone oxidareductase subunit K
nuolL NADH-quinene oxidoreductase subunit L
nuo M NADH-gquinone oxidoreductase subunit M
nuo N NADH-quinene oxidareductase subunit N
pek A Phosphoenclpyruvate carboxykinase (ATP)
ek A ATP-dependent b-phosphofructokinase isozyme 1
pfkB ATP-dependent 6-phosphofructokinase isozyme 2
pai Glucose-&-phosphate [somerase
Pak Phosphoglycerate kinase
pgm Phosphoglucomurase
Ppa Inorganic pyrophosphatase
pts G PT5 system glucose-specific ENCB component
pykA Pyruvate kinase ||
pykF Pyruvate kinase |
scdh A Succinate dehydrogenase flavopraotein subunit
sdh B Succinate dehydrogenase iron-sulfur subunit
sdhC Succinate dehydrogenase cytochrome b556 subunit
sdh D Sutcinate dehydrog hy hohbi anchor subunit
sdh E FAD assembly factor SdhE
suchA 2 dehydrog Elc
suc B Citwdralipoylysine-residue succinyltransferase comp of 2-ox
sucC Succinate—CoA ligase [ADP-forming] subunit beta
sueD_1  Succinate—CoA ligase [ADP-forming] subunit alpha
sucD_2  Succnate—Coa ligase [ADP-forming] subunit alpha
tpiA Triosephosphate isomerase
yih ¥ Alpha-D-glucose 1-phosphate phosphatase Yihx
folB Dibydraneopterin aldolase
ahr Aldehyde reductase Ahr
falE GTP eyelahydrolase 1
falk 2-amino-4-hydrony-8- bydr tyldibyd pyrophospt
foiP Dihydropteroate synthase
moaA  GTP 3 B-cyelase ®
moa B Melybd cofactor bis hesis protein B 1.52 142 a 1] 1.72
Binssintese do Folatn  moa C Cyclic pyrancpterin monophosphate synthase 1.5 1.4 (] 1] 1.56
moa E Melybdoprerin synthase catalytic subunit 13 1.38 (1] 1] 151
mobA  Molybd cofactor guanyly 0 1.67 139 158 0
moe A Melybdopterin molybdenumtransferase -1.32 -1.3 ] o a
paba  Aminod h synthase comp 2 a 0 o ] 0
pabB  Aminod horismate synthase comp 1 0 0 0 ] 0
pab C Aminodeaxychorismate lyase Q 1] o o 1.36
rib A GTP cyclohydrolase-2 [1] 0 1.71 1.9 1]
apbC Iren-sulfur cluster carrier protein -1.64 -1.63 Q [ 0
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Siderofores e
Metabolismo do Ferra
e Enxofre

asrB
assT_2
assT_4
assT 5
otsB
betC 2
chuR_3
chuR_4
csd A
cysA_l
cysA2
cysB
eysC
eysE
eysE_2
eysH_1
eysl

eysl 1
cysl_2
cys) 3
cys i
eysl 1
cysl 2
eys M
cysN
cys P
s
cysT
cysW_2
eys
dms A_2
dmsB_2
dmsB_3
dmsB_5
dms C_1
dms C_2
dms C_4
amsC_S
dsb A
dsbB_1
dsh B_2
dsbC
dsbD 1
dshE
dsb|
dsrF
entB
entE
erpA
fdhp
fdnH_2
fdoH
fdx
fep A
fepC
fepD
fepE
fepG
fetB
fhua_1
fhuh_2
fhuB
fhuc
fhub
fhuF
fier
fixX_1

Anaerobic sulfite reductase subunit A
Anaerabic sulfite reductase suburit B
Arylsulfate sulfotransferase AssT
Arylsulfate sulfotransferase AssT
Arylsulfate sulfotransferase AssT
Anaerobic sulfatase-maturating enzyme
Chaline-sulfatase
Anaerobic sulfatase-maturating enzyme
Anaerobic sulfatase-maturating enzyme
Cysteine desulfurase Csdd
sulfatefthicsulfate impart ATP-binding protein CysaA
Sulfatefthicsulfate import ATP-binding protein CysA
HTH-type transcriptional regulator CysB
Adenylyl-sulfate kinase
Serine acetyitransferase
Serine acetyitransferase
Phosphoadenosine phosphosulfate reductase
Sulfite reductase [NADPH] hemoprotein beta-component
Sulfite reductase [NADPH] Hlavoprotein alpha-component
Sulfite reductase [NADPH] flavoprotein alpha-component
Sulfite reductase [NADPH] flavoprotein alpha-component
Cysteine synthase A
HTH-type transcriptional regulator CysL
HTH-type transcriptional regulator CysL
Cysteine synthase B
Sulfate adenylyltransferase subunit 1
Thinsulfate-binding protein
F(2'),5 -bisphosphate nucleatidase CysQ
Sulfate transport system permease protein CysT
Sulfate transport system permease protein Cysw
Sulfate transporter CysZ
Dimethyl sulfexide reductase DmsA
Anaerobic dimethyl sulfoxide reductase chain 8
Anaerobic dimethyl sulfoxide reductase chain 8
Anaerobic dimethyl sulfoxide reductase chain B
Anaerabic dimethyl sulfoxide reductase chain C
Anaerobic dimethyl sulfaxide reductase chain ©
Anasrobic dimethyl sulfoxide reductase chain C
Tat proofreading chaperone DmsD
Thiol.disulfide interchange protein Dsba
Disulfide bond formation protein B
Disulfide bond formation pratein B
Thioldisulfide interchange protein DsbC
Thiol-disulfide interchange protein DshD
Thinl:disulfide interchange protein DshE
Protein-disulfide oxidoreductase Dsbl
Intracellular sulfur oxidation protein DsrF
Entergbactin synthase component 8

tin o tE
Iran-sulfur cluster insertion protein ErpA
Sulfurtransterase FdhD
Formate dehydrogenase, nitrate-inducible, iron-sulfur subunit
Formate dehydrogenase-0 iron-sulfur subunit
2Fe-25% ferredoxin
Ferrienterabactin receptor
Ferric emterabactin transport ATP-binding protein FepC
Ferric enterobactin transport system permease protein FepD
Ferrie epterabact in transpart protein Fepe
Ferric enterobactin transport system permease protein FepG
putative iron export permease protein FetB
Ferrichrome-lron receptor
Ferrichrome-iron receptor
Iren{3+}-hydroxamate import system permease protein Fhull
Iron| 3+ }-hydroxamate import ATP-binding protein FhuC
Irgn{3+}-hydroxamate-binding protein FhuD
Ferric iron reductase protein Fhuf
Ferrous-irpn efflux pump Fief
Ferredoxin-like protein FixX

a 147 1.78
1.79 172 o
131 0 a

[ o 0

a 0 o
128 13 0

0 0 1.27

-1.45 -1.38 o
1.45 0 0

0 0 -1.29

i 0 0
1.32 135 0

0 0 0

0 0 0
1.76 18

1.43 147 1.53
0 0 0
139 132 a
0 0 0
191 a
a o 13
e -192 0
a 0 i}
1.38 0 o}
s 13 2}
153 157 a
q o a
1.64 165 0
1.38 155 i}
a 0 137
14 143 0
138 L5 i}
Q 0 i}
1.46 152 0
1.54 0 0
Q 0 0
15 158 o
0 0 [
-1.57 0

: F 0

A

a

i}

o

a

Q

o

o ]

-1.46 0

a

1.98 a

1] 0 1.35

-19 1]
Q o
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tus B
tus D
yah X_1

flan

flal

Bacterial non-heme ferritin

Bacterial non-heme ferritin

Ferric uptake regulation protein

Thiosulfate sulfurtransferase GlpE

Thinsulfate suifurtransferase GipE

Ferrochelatase

Iren-binding protein Isca

Iran-binding protein Isca

Cysteine desulfurase lscs

Iran-sulfur cluster assembly scaffold protein iscl)
Homaoserine O-succlnylransferase

GTP 3',8-cyclase

Melybdopterin synthase sulfur carrier subunit
Malybdopterin-synthase adenyly

putative adenyk f If Mos
Peptide methionine sulfoxide reductase Msrd
Peptide methionine sulfoxide reductase MsrA/MsrB
Peptide methionine sulfoxide reductase MsrB

Free met R-sulfs reductase

Fe/S biogenesis protein Nfus [i]
Ferric enterobactin receptor 1.32
Photasystem |iron-sulfur center a
Thiosulfate sulfurtransferase PspE J

putative siderophore biosynthesis protein Sbna
Sulfate-binding protein

Type Il seeretion system chaperane Ssea
F-mercaptopyruvate sulfurtransferase
Cysteine desulfurase

(2R}-sulfalactate sulfo-lyase subunit beta
Sulfur carrier protein This adeny yltransferase
ERNA sulfurtransferase

Sulfur carrier protein This

Tetrathionate reductase subunit A
Tetrathionate reductase subunit B
Tetrathlonate reductase subunit ©

Protein Tusé

Sulfurtransferase TusD

putative ferredoxin-like protein Ydhx

putative ferredoxin-like protein Ydh
Disulfide-band cxidoreductase ¥fcG 1] 1.36
Disulfide-hond exidoreductase ¥ficG 0 o
putative deferrechelatase/peroxidase YieX -1.53 -1.66
Putative 2,3-dihydroxypropans-1-suifonate exporter 143 143
Putative 2,3-dihydroxypropans-1-sulfonate exporter Q o
Putative 2,3-dihydroxypropane-1-sutfonate exporter
Putative 2,3-dihydroxypropane-1-sulfonate exporter
Sulfoquinovesidase

Sulfoquinovase isomerase

Sulfofructosephosphate aldolase
3-sulfolactaldehyde reductase

Sulfofructase kinase

Putative alkylfaryl-sulfatase ¥jcS

Putative dimethyl sulfoxide reductase chain YnfE 1.34 143
Putative dimethyl sulfoxide reductase chain YnfE a 131
putative dimethy! sulfoxide reductase chain YnfF 1.43 138
MNADPH-dependent fernc-chelats reductase [i] 1]
Iran-sulfur cluster repair pratein Yife

putative siderophare transport system ATP-hinding protein YusV
Flagella basal body P-ring formation protein FIga
Flagellar basal body rod protein Flgs

Flagellar basal-body rod protein FlgC

Basal-body rod modification protein FigD
Flagellar hook protein FIEE

Flagellar basal-body rod protein FigF

Flagellar basal-body rod protein Fligt

Flagellar L-ring pratein

Flzgellar P-ring protein

Polysulfide reductase chain & -
a
1]
a
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flg1 Peptidoglycan hydrolase Flgl

fig K Flagellar hook-assaciated protein 1
figL Flagellar hook-associated protein 3
figm Negative regulator of flagellin synthes:s
flan Flagefla synthesks protein Figh

fih i Flagellar biosynthesis protein FlhA

fihg Flagellar biosynthetic protein FIRE

fihc Flagellar transcriptional regulator FihC

fihD Flagellar transcriptional regulator FIhD

fikE Flagellar protein FIRE

fia RINA polymerase sigma factor Flia
Flagelo fic Flagellin

fic_2 Flagellin

fiio Flagellar hook-assaciated protein 2

fiiF Flagellar M-ring protein

fig Flzgellar motor switch protein FliG

Jlin Flagellar assembly protein FliiH

fiin Flagellum-specific ATP synthase

fii) Flagellar Flil pratein

flik Flagellar hook-length contral pratein

flim Flagellar motar switch protein FliM

fiin Flagellar motor switch protein Flin

flio Flagellar protein Fli0)

fiip_1 Flagellar biasynthetic protein FiiP
fiip_2  Flagellar biosynthetic protein FliP
flir_3 Flzgellzr biosynthetic protein FiiP

fiis Flagellar protein Flis

it Flagellar protein FIT

fiiv Flagellar biosynthetic protein Fliv
fliz Regulator of sigma 5 factar FliZ
mot A Motility protein &

i Motility protein B

ot B
ail _3 Attachment invasion loous protein
ail _4 Attachment Invasion locus protein
bip A Major structural subunit of bundle-form ing pilus
cdtB Cyralethal distending toxin subunit B
che A Chemotaxis protein Chea
cheB  CI axis gulatar protein-gl oyl
che R C protein ¥l
cheV Chemotaxis protein Chey
che¥ Chemotaxis pratein CheY

csg B Minor curlin subunit v] a 0
sgC Curli assembly protein Csal 0 [t} 0
gk Curli production assembly/transport companent CsgE o a o
g6 Curli production assembly/transport component CsgG 0 a o
elfG putative fimbrial-like protein EIfG 0 Q 0
epsE Type |l secretion system protein B 1.43 1.38 1.25 o 4] L] a 0
es/B_3  Secretory immunoglobulin A-binding protein Esig 1 ] 1.65 156 0 q o L1} 0
foe G KB& fimbrial protein AD a o a 0 a u]
fim Fimbrial subunit type 1 0 0 o TS o I 0
fimA_3  Type-1fimbrial pretein, A chain 13 0 Q 0 Q Q Q 4] o
fimb_4  Type-1fimbrial protein, A chain il o 149 165 R - - il o il
fim€_2 Chaperone protein Fime ] % . Q a o 1] 0 1] 0
gind  Glutamine synthetase [ - 0 o 0 -1.89 173

hiy E Hemelyzin E, thramasemal 0 0 o o o I il i 0 i i
inv A Invasion protein InvA a o a a o a 1] 1] 4] o
invF Invasion protein invF 1.82 18 131 Q o [i] 1] 4] 4] 1.62
IpfB_2  putative fimbrial chaperane Lpfe a o (1] o o a 8] a o a o
IpfD_1  putative minar fimbrial subunit LpfD 1.31 133 a o 4] ] 1] 1] a o
mko B 28.1 kDa virulence protein 1.39 141 1] o a L] 1.97 0 1] 1] il
mka C virulence genes transcriptional activator a o (4] o o a a [1] [u] [1] o
arfA  Cytochrome c-552 0 0 0 o 0 il o a o aeY 0
org A Oxygen-regulated invasion protein Grgh 1.61 o 0 a ¥] 1] 1] Q a o
arg B Oxygen-regulated invasion protein Grgh 1.57 o 0 Li] ] 1] a o
papB Major pilu subunit operon regulatory proteln PapB 1] 1.66 a o V] 1] 1] 4] [4] v]
phoP Wirulence transcriptional regulatory protein Phaf a -1.44 -1.45 [ 135 1.55 o
phaQ virulence sensor histiding kinase Photl -1.32 -1.36 -1.78 -1.58 o
pilT Twitching mobility protein 133 1.45 0 0 0 0 -1.84 [} 171 olEEE 0
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pipB Secreted effector protein Pipd
pip B2 Secreted effectar protein PipE2
prgk Lipoprotein Prgk
prsE_ 2 Type|secretion system membrane fusion protein PrsE
sech Protein translocase subunit Seca
secB Protein-export protein SecB
secE Protein translocase subunit Seck
sech Protein-export membrane protein Sech
sechd Secretion monitar
sec¥ Protein translocase subunit SecY
sefa Fimbrial protein

Viruléncia (Fimbrias, gfmC_1  putative fimbrial chaperone SfmC

Fifll, Invasio e sfmC_2  putative imbrial chaperane SfmC

Sistemas de secregiio] sfmH_2  putative fimbrial-like protein SfmH
sifA Secreted effector protein SifA
sifA_2  Secreted effectar protein SitA
sip A Cell invasion protein sipA
sipB Cell invasion protein SipB
sipC Cell invasion pratein SipC
sipD Cell invasion protein SipD
sirP_1  E3 ubiguitin-protein ligase SirP
sirP_2 E3 uhiguitin-protein ligaze SirP
sirP_3  E3 ubiguitin-protein ligase 5IrP
sop B Inosital phasphate phasphatase SopB
sop D secreted effector protein SopD
sopD2  Secreted effector protein sopD2
spa 0 surface presentation of antigens pratein Span
spic Salmanella pathogenicity Island 2 protein C
sptP Secreted effector protein SptP
spuB Mena{ADP-ribosyl)transferase SpvB
spvC MAPE phosphothreonine |yase
ssa putative secretion systermn apparatus ATP synthase SsaM
ssaV Secretian system apparatus protein Ssav
ssel Secreted effector proteln Ssel
ssel Deubiguitinase Ssel [
s5pH2_1 E3 ublguitin-protein ligase SspH2 o
ssrA E3 ubigultin-protein ligase SspH2 o
steC Secreted effector kinase SteC 7
tod A Sec-independent protein translocase protein Tatd 0 o
tar Methyl-accepting chemotaxis protein Il <193 _ Q 148
tsr_1 Methyl-accepting chemotaxis protein | [i] -1.46 1.59 V]
tsr_2 Methyl-accepting chemataxis protein | -1.54 -1.3
virB Virulence regulon transcriptional activator Virg 1 146 Q [}
vsd E Virulence pratein vsdE a 1] o o
yod I putative fimbrial-like protein Yadk a 4] a o
yod M putative fimbrial-like protein Yadi Q ] ] o
yod N putative fimbrial-like protein Yadn a 0 a o
yod V' putative fimbrial chaperone Yady 155 171 Q o
yadV_3 putativs fimbrial chaperone Yady a 1] a V]
ybg D putative fimbrial-like protein YbgDr 1] o a o
yeb v putative fimbrial-like protein YcbY 1.48 15 Q [}
yeh A putative fimbrial-like protein YehA a 151 1.66 162
yehC  putative fimbrial chaperone YehC a o I 0
veh D putative fimbrial-like protein YehD 1] [1] 1.3 o
yfeP_1  putative fimbrial-like protein Yfcp 16 157 a o
yfeQ 1 putative fimbrial-like protein ¥ficQ 1.48 152 a o
yfe@ 2 putative imbrial-like protein YicQ 1.44 153 (] i}
yfeR_2  putative fimbrial-like protein YR 1.53 LeB6 a o
wfeS_1  putative fimbrial chaperone YicS 148 14 [} o
vfcS 2 putative fimbrial chaperone ¥cS 157 151 0 0
ysel Yop proteins transiocation lipoprotein | 147 1.75_
aroF Phospho-2-dehydro-3-deoxyheptonate aldolase, Tyr-sensitive -1.4 1.46 -1.35 -1.31
aro G Phospho-2-dehydro-3-deoxyheptonate aldolase, Phe-sensitive -1.49 -1.4% a 1]
araH Phospho-2-dehydro-3-deoxyheptonate aldolase, Trp-sensitive a 1.34 131 1.56
P cAMP-activated global transcriptional regulator CRP 1,34 -1.4% (] 1]
biid Signal recognition particle protein -1.79 -1.95
flho Flagellar transcriptional regulator FInD -1.63 -1.58 -1.91 -1.44
fis¥ Signal recognition particle receptor FisY -1.96 SR -1.4 -1.33
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hfq RNA-binding protein Hig S 43 am;

kdpE KDP aperen transeriptional regulatery pratein KdpE a [1]

lepB  Signal peptidase (B E R

livF High-affinity branched-chain aming acid transport ATP-binding protein LivF [i]

livH High-affinity branched-chain amino acid transport system permease proteln LivH a

livk Leucine-specific-binding protein [i]

Juxs S-ribosylhomocysteine lyase 1.Bl_

mpp A Periplasmic murein peptide-binding protein -1.39 -L5

opp A Periplasmic oligopeptide-binding protein 0

opp B Diigopeptide transport system permease protein Oppd ]

appC Dligopeptide transport system permease protelin Oppl -1.8 -L61
Quorum sensing oppD_1 Oligopeptide transport ATP-binding protein OppD -1.B5 -1.94

oppD_2  Oligopeptide transport ATP-binding protein Dppl 1.39 1.49

oppD_3 Oligopeptide transport ATP-hinding protein OppD 1]

oppF_1  Qligopeptide transport ATP-binding protein OppF -13

oppF_3 Oligopeptide transport ATP-hinding protein DppF a

resA_1  Transcriptional regulatory protein Rosa

resA 2 Transcriptional regulztory protein Rosa

rib A GTP cyclohydrolase-2

ribD Riboflavin biosynthesis protein RibD

sdi A Regulatory protein Sdia

sech Protein translocase subunit SecA

secB Protein-export protein SecB

secE Protein translocase subunit SeckE

secG Protein-expart membrane protein SecG

secY Protein translocase subunit Secy

trpE Anthranilate synthase component 1

ydcZ Inner membrane protein YdeZ

yid C Membrane protein insertase YidC

zur Zine uptake regulation protein

oae A_1  p-hydroxybenzoic acld efflux pump subunit Aaed

ooe A_2  p-hydroxybenzoic acid efflux pump subunit Aaed

aoeB_1 phydraxybenzoi acid efflux pump subunit Aaep

aoeB_2 p-hydroxybenzoic acid efflux pump subunit AaeB

acr A Multicrug efflux pump subunit Acrd

acrB_1  Multidrug efflux pump subunit AcrB

aerB_2  Multidrug efflux pump subunit AcrB

acrE Multidrug export protein AcrE

acrF Multidrug export protein AcrF

ala € L-alanine exporter AlaE

alx Inner membrane protein ale

oppA_1 Oligopeptide-binding protein Appa

oraE Arabinose-proten symportar

arg 0 Arginine exparter protein Arg0

bamA  Quter membrane protein assembly factor Bama

bomB  Quter membrang protein assembly factor BamB

bamC Quter membrane protein assembly factor BamC

bamD  Quier membrane protein assembly factor BamD

bamE  Outer membrane protein assembly factor BamE

bepC Quter membrane efflux protein BepC

bic Quter membrane lipoprotein Blc

ecm A Cytochrome ¢ bingenesis ATP-binding export protein CemA

ccm B Heme exporter pratein B

ecm € Heme exporter pratein ©

cop A Copper-exparting P-type ATPase A

corC_1  Magnesium and cobalt efflux protein CorC

corC_2  Magnesium and cobalt efflux protein CorC

corC_4  Wagnesium and cobalt efflux protein CorC

creD Inner membrane protein CreD Li] 1]

dgeT_1 D-galactonate transporter 1.96 [

eam A putative amina-acid metabolite efflux pump a 144

eamB Cysteine/O-acetylserine efflux protein L] -1.36

ecf T Energy-coupling factor transporter transmembrane protein EcfT 1.38 0

emrA Mulridrug export protein Emra

emrB_1 Multidrug export protein Emrg 139 132

emrB_2 Multidrug export protein Emrg -1.65 -1.72

emrD Multidrug resistance protein O [i] 0

emrE Multidrug transporter EmrE 1o
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ents
fepB
fimbD_1
fimb_2
fliv_2

gal P
gin ™M
alpT
gsiC
gsin
gud P
hea T
his
hir €
icshA 1
iesh_2
kefC_1

loc G
famB
lof A
folC
folD_1
lal E
IpIT

IptB_2
IptC
IptF
IptG
IspA
ItxB_1
jtxB_2
yso
macA_1
mac A_2
macA_3
macB
mal E
mal K
maor A_2
mdf A
mdtH_1
mdtH_2
mat )
mdt L
metP
miaC
mitA
mit B
mitF
mntB_1
mod &
mod B
mixi D
nanT
nep|
omp A
ompC_2
omp D
ompN_1
ompN_2
omp R
amp W
ampX
osm

Enterchactin exporter Ents
Ferrienterabactin-binding periplasmic pratein
Quter membrane usher protein FimD

Outer membrane usher pratein FimD
L-cystine-binding protein FliY

Fosmidomycin resistance protein
Galactose-proton symporter

putative gltamine ABC transporter permease protein Glni

Glyceral-3-phosphate transporter

Glutathione transport system permesase protein GsiC
Glutathione transport system permease protein GsiD
putative glucarate transporter

putative 3-phenylpropienic acid ]
Histidine-binding periplasmic protein

Outer membrane usher protein HirE

Outer membrans protein [csA autotransparter
Outer membrane protein lcsA autotransparter

effiuex system protein KefC

Alpha-ketaglutarate permease

Lactese transpart system permease protein Lace
Maltoporin

Outer-membrane lipaprotein carrier protein
Lipoprotein-releasing system transmembrane protein LolC
Lipoprotein-releasing system ATP-binding protein LoD
Lipoprotein-releasing system transmembrane protein Lolg
Lysophospholipid transporter LplT

Major outer membrane lipapratein Lpp
Lipopolysaccharide export system protein Lpta

Lipopolysaccharide export system ATP-binding protein Lptg

Lipopolysaccharide export system protein LpeC
Lipopolysaccharlde export system permease protein LptF
Lipopolysaccharide export system permease protein LptG
Lipoprotein signal peptidase

Leukatoxin export ATP-binding protein Lix8

Leukotaxin export ATP-binding protein LixB

Lysine exporter LysQ

Macrolide export protein MacA

Macrolide export protein Mach

Macrolide export protein MacA

Macrolide export ATP-binding/permease protein Macs
Maltose-binding periplasmic protein

Maltose /maltodextrin import ATP-binding protein Maik
Multiple antibiotic resistance protein Mard

Multidrug transporter Mdfa

Multidrug resistance protein MdrH

Multidrug resistance protein MdtH

Spermidine export protein Mdtl

Multidrug resistance protein MdtL

Methicnine import system permease protein MetP
putative phospholipid-binding protein MiaC
Membrane-bound lytic mursin transglycosylases A
Membrane-bound ytic murein transglycosylase B
Membrane-bound kytic murein transglycosylase F
Manganese transport system membrane protein Mnt8
Melybdate-hinding periplasmic protein

Melybdenum transport system permease protein ModB
Outer membrane protein MxiD

Putative sialic acid transporter

Purine ribonuclecside effiux pump Nepl

Outer membrane protein &

Outer membrane protein C

Quter membrane porin proteln OmpD

Outer membrane protein N

Outer membrane protein N

Transcripticnal regulatory protein OmpR

Duter membrane protein W

Quter membrane protein ¥

Csmoprotectant import ATP-binding protein QsmV

1.55

o
=
-

n
a
-

.39 -191

17 182 o 1.4 154 0

a 0 0 D 0 0
15 [T 1.66 19 0 0
a [ 0 D 0 0

a 139 (1] ] 145 o
17z ] 127 0 0
-141 15 0 D 0 0
a o o o a o

a 0 o 128 0 0

a 0 o o 0 0
-1.35 -1.61 (1] 13 a 162
o 0 o

0 0

4G o

0 0

0 0
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Proteinas e
transportadores de
meambrana

ydcV_1
ydc Z

Osmoprotectant import permease protein OsmW
Osmopretectant-binding protein OsmX

Quter membrane protein Pagh

Outer membrane usher protein PapC

Quter membrana usher pratein Papc

Outer membrane usher protein PapC

Outer membrane usher pratein PapC

Putative 2 hylphasph binding perip protein

Putative 2-amincethylphosphonate import ATP-binding protein PhnT
Spermidine/putrescine import ATP-binding protein PotA

Putrescine transport system permease protein PotH

Glycine betaine/proline betaine transport system ATP-binding protein Prov
Glycine betaine/proline betaine transport system permease protein Prow
Phosphate-binding protein PsiS

Phosphate acetyltransferase

Inner membrane protein RelC

Nickel/cobalt efftux system Rona

a
Q
a
Q
Inner membrane transport protein RhmT 5 0
Threanine efflux protein a o
Right origin-binding protein 1.69 L&R 1.64 152 a o
Inner membrane [ipoprotein SadB -1.64 0_ o a 1]
Outer membrane usher pratein SfmD 1.41 1.52 -1.37 -1.48 o a -1L&7
Quter membrane lipopratein S8 Q 0 Q 0
Methyl vialogen resistance protein Smva 186 171 176 0
putative ATP-dependent trans porter SufC Q 138 a o
Outer membrane protein TolC 1] -L.66 Q o Q o
Putative tartrate transporter 1.67 176 1.3z 155 a 0
Putative tartrate transporter 1] o a o a
Putative tartrate transporter [i] ] 141 165 a
sn-ghyceral-3-phoazphate import ATP-binding protein UgpC a [i] (1] 1] a
Membrane sensor protein UhpC [1] 1] 1.54 1.4% a 1]
ABC transporter ATP-binding protein uup _ =1.34 o -1.85 1.61 -1.79
Xanthosine permease 151 L72 127 133 1.35 o il
Inner membrane protein Yabl a o [i] o 4] [1] 1] 4]
Inner membrane transport permease YadH ] 0 Q [H] 0 1.57 0
Inner membrane transport protein YajR 1] 1] (1] o o 175 _ 167
Inner membrane protein Yoal [T -L.98 128 121 0 152 : -1, 0
Inner membrane protein YhaN a o 1] o 4] a o
Inner membrane protein Yool 1.36 H] 1] o 1.63 0
Inner membrane protein Ybhl ] o 169 155 0 163
Inner membrane protein Yhhi 1.76 168 1.6 166 147 o
Inner membrane protein Yohi 1] a 0 o 0 0
Inner membrane transport permease YbhR 133 142
Inner membrane protein YhiR a o
Inner membrane protein Ybjl 1] ]
Inner membrane protein Yhii Q 161
Inner membrane protein Ybj0 1] ]
putative MF5-type transporter Yeal 158 174
Inner membrane transporter Yea 163 191
Inner membrane protein Yoos o 0
Inner membrane protein YdcO 16
Inner memhbrane ABC transparter permease protein Ydcv -1.76 -1.41
Inner membrane ABC transporter permease protein iy 1.78 1.75
Inner membrane protein YdcZ 1.87 _
Inner membrane transport pratein YdhtC a 146
Inner membrane transport protein YdhP a 13
Inner membrane transport protein YdhP 1.37 133
Inner membrane transport pretein Yding 1.44 191
Inner membrane transport protein Ydin 1.64 1.93
Inner membrane protein YebE _ 1.94
Inner membrane protein Yehs -1.53 -1.34
Inner membrane protein YebZ -1.74 -1.7
putative inner membrane transperter Yed4 _ -1.85
Inner membrane protein Yed| 1.38 143
Inner membrane proteln YedR 151 Le2
Inner membrane protein Yeed [ o

Glycine betaine uptake system permease protein Yeh' 1.88
Glycine betaine-binding protein YehZ
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Rinssinbese de

vejB Inner membrane ABC transporter permesse protein Yej8 a 0 Q 124

yeiE Inner membrane ABC transparter permease protein Ye/E a 0 a o

yei M Inner membrane protein YejM a o a o

yfdC Irner membrane protein Yido [i] LGB 141 1.55

yga P Inner membrane proteln Ygae 152 o a o

ygaZ Inner membrane protein YgaZ a -L36 a o

yghE Inner membrane protein YgbE Q 0 a o

yocs Inner membrane metaballte transport proteln Yacs 1.48 1.43 a o

vafx Inner membrane protein YgiK -1.36 L.B5 /] o

yghB Inner membrane protein YghB ] ] a o

yha H Inner membrane protein YhaH 1] 1] (1] o

yhb E putative inner membrane transperter YhoE -1.72 (1] X
yhe B Inner membrane protein YheB -1.88 0 o i) 159
yhe H putative multidrug resistance ABC transporter ATP-binding/permease protein YheH (1] 131 a 1] o -1.84
yhe | putative multidrug resistance ABC transporter ATP-binding/permease protein Yhel Q o Q o Q o
yhh i Inner membrane transport permease Yhil a o 0 o o -1.84
yhh Inner membrane protein Yhho [i} 1] (1] o 0 0
yhiD Inner membrane protein YhiD 1} 0 Q 0 0 o
yhi E Inner membrane metahalite transpart pratein YhjE a o a o o o
yhiv Inner membrane transport protein Yhiv [i} 1] 1] o 0 0
vic)_1  Inner membrane symporter Yicl Q 0 138 o 4] o
yicl_2 Inner membrane symparter Yicl a o i} 1} o 154
vicdd 3 Inner membrane symporter Yicl a 0 (1] 1] 1] o
yicL putative inner membrane transporter Yicl -l.a2 -1.63 o o i} 144
yid G Inner membrane protein YidG -1.69 -1.74 ] o 0 0
yii D Inner membrane protein YijD -1.42 -1.37 a o 4] o
yicH Inner membrane protein YjcH 153 138 1] ] il ]
yie M Inner membrane transporter Yjel 1] o a o 4] o
vigN Inner membrane protein Yjgh [i] ] a o o o
yi G Inner membrane protein YjiG 1.84 [i] o 163 148 ]
vty Inner membrane protein YjiY a o 141 1.42 o] - "]
ylaC Inner membrane protein Ylal i o 1.52 1.48 0 IR I GE— - |
ynf Inner membrane transport protein Yafh 1.68 L.B4 136 1.55 1.4 . o
yohK_1  Inner membrane protein Yohk a o a 135 4] o
yohK_2  Inner membrane protein Yohk 1] 0 Q ] 1.45 o
yoiD Inner membrane protein Yp o [1] -1.38 a o o o
ygah  Inner membrane protein Ygas [T 151 -1.55 -1.35 0
yge G Inner membrane transport protein Yoel Q 0 1.3 13 0 0
yai kK Inner membrane protein Yok Q o a o 1]

vaf A Inner membrane orotein Yajd “ a o 0

yaj E Inner membrane protein YojE L] o 194 1 dd_

yajiF Inner membrane protein YojF a o 0 o 0

yifF Inner membrane protein Yeff g 0 Q o 0

anuC 2 High-affinity zinc uptake system ATP-binding protein ZnuC 1] 4] 1.49 136 o

ampD  16-anhydro-N-acetyl yFL-alanine amidase AmpD 1.31 14 0 [} 0

empH  D-alanyl-D-alanine- carboxy peptid i AmpH 1] 0 0

eptA Phosphoethanolamine transferase Cpta 33

dac B D-alanyl-D-alanine carbosypeptidase DacB

doe C D-alanyl-D-alanine ¢ peptidase DacC

dacD D-alanyl-D-alanine carbowypeptidase Dach

ddl A D-zlanine--D-zlanine ligase A

ddl B D-alanine--D-alanine ligaze B

ftsi_1  Pepridoglycan DD peptidase Fts!

ftsi_2 ptidoglycan D,D- idase Fis|

hidD ADP-L-glycera-D-manno-heptose-G-epimerase

keds A 2-dehydro-3-deonyphosphooctonate aldolas

kdsB J-deomy octul cytidylyl ferase

Ide A Murein tetrapeptide carbaxy peptidass

lpx A Acyl-[acyl-carrer-protein]--UDP-M- acetyighuc ine O-acyl i

IpxB Liphd-A-disaccharide synthase

Ipx C UDP-3-0-acyl-N-acetylglucosamine deacetylase

IpxD_1  UDP-3-0-[3-hydroxymyristoyl|gh Ine h-acyltr

fpxD_ 2 UDP-3-0-[3-hydraxymyristoyl gl mine N-acyltrans

IpxH une-2,3-diacylglucosamine hydrolase

Jpx K Tetraacyldisaccharide 4'-kinase

Ipx P Lipid A biosynthesis palmi

IpxT Lipid A 1-diphosphate synthase

mepM  Murein DD-endopeptidase Mepht
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Lipopolissacaridece ™R §_1 Murein DD-endopeptidase Mep5/Murein LD-carboxypeptidass
Petideoglicano mra¥ Phaspho-N-acetyimuramayl-pentapeptide- transferase
mrc A Penicillin-binding protein L
mrcB Penicillin-binding protein 18
mrdA_1 F doglycan DL peptidase Mrda
mrd A_2  Peptidoglycan D.D-transpeptidase Mrda
mig A Biosynthetic peptidoglyean transglycosylase
murA  UDP-N-acetylglic 1-carboryviny
mur B UDP-N-acetylenolpyruvoylglucosamine reductase
mur C UDP-N-acetyimuramate—L-alanine ligase
murD UDP-N- ¥ ylalanine -0 ligase
mur E UDP-N-acetylmuramay|-L-alany|-D-glutamate—2, 5-diaminopimelate ligase
mur F LIDP-N- amayl-tripeptide—0-alanyl-0- alanine ligase
murG LIDP-N-acetyigiu M-acetyl vl (p pep pyrophosphoryl-undecaprent
mur ) putative lipid |l flippase Murl
pbpC Penicillin-binding protein 10
rfacC Lipopolysaccharide heptosyltransferase 1
rfoF ADP-heptose—-LPS heptosyltransferase 2
rfa G Lipapalysaccharide core hiosynthesis protein RfaG
fep Lipopolysaccharide core heptose(] kinase RfaP
faQ Lipopolysaccharide core heptosyltransferase Rfad
rfay Lipapolysaccharide core heptose(|l] kinaze Rfay
bV Abequosyltransferass RibY
upp P Undecaprenyl-diphosphatase
yhjiG Putative undecaprenyl-diphosphatase YhjG
G utative L,0-transpeptidase YnhG

katE Catalase HFII
kot G Catalase-peroxidase
oxyR_1 Hydrogen peroxide-inducible genes activator
axyR_3  Hydrogen peroxide-inducible genes activatar
oxyR_4 Hydrogen peroxide-inducible genes activator

B aTR sodA Superoside dismutase [Mn]
sodB Superoxide dismutase [Fe]
sodC Superoxide dismutase [Cu-Zn]
sodC1 Superoxide dismutase [Cu-Zn]
ahpC Alky! hydroperoxide reductase subunit © a 1] 1.68
soxS_1 Regulatory proteln 5ox5 1] | 173 4]
sox$ 2 Regulatory protein Sox5 q o 4] [ 4]
bBhsA_1  Multiple stress resistance protein Bhsa a o 198
bhsA_2  Multiple stress resistance protein Bhsa 1] (1] Q o
bBhsA_3  Multiple stress resistance protein Bhsa a 0 1] o
bsss  Biofilm regulatar Bsss 0 o [ 96
ccd A1 Antitoxin CodA ] o a [
ccdB_ 1 Toxin CcdB 1.58 -1.74 i} o
hha Hemalysin expression-modulating protein Hha 0 1.84 o
hig A Antitoxin High -1.61 -L.66 ] o
hig A-2_1 Antitoxin High-2 0 0 0 ]
fdrp_1  small toxic pelypeptide LdrD 4 1] Q o

Sistemas TA ortT Orphan toxin O T (1] o o

parDl  Antitoxin ParDl Q o ] o
parE4  Towxin ParEd q o a o
tabA_2  Toxin-antitoxin biofiim protein Taba a o o 1]
tabA_3  Toxin-antitowin biofilm protein Taba a o 1.43 o
tobA 4 Tosin-antitosin biofilm protein TabA 1.93 o a o
tisB Small taxic protein TisB 1 o o o
tom B Hha texicity modulator Tome a o a o a
vapB Antitoxin Vap8 -1.43 -1.47 (] i} 4]
yaf N Antitoxin ¥afi o (1] o a
yafQ mRNA interferase YafQ 0 ] 1] 1]
acc A Acetyl- yme A carboxylase carboxyl i subunit alpha o
acc B Blotin carhaxyl carrier protein of acetyl-Coa carhoxylase o
acc € Blotin carboxylase a
ack A Acetate kinase 1.52
aepP_1  Acyl carrier protein o
acu | putative acrylyl-CoA reductase Acul 1.89
adi C Arginine/agmatine anfiporter o
ansB_2 |-asparaginase 2 o
arcA_1l  Asginine deiminase 0
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arch_2
arg E
argl
arn A
arn B
arnC
arnD
arnF
arnT
aroB
aroK
arol
ascD 1
asn A
asp A
aspC
astB
bioH
cod A
codB
cor A
cemF_1
ccmF_2
cds A
clsB
emk
cpd A
cya A
dap A
dev A_2
degQ
deo A
deo B
deo C
deo D
dgaF_1
dgaF_2

dys_1

eutB
eutC
eutD
fab A

fabH
fab)
fab
fadL
fdhF_1
fdoG_1
fdoG_2
fdal
feoB

fuc
golK
gal T

gevH
gevP
gew T
glg B
gims_2
alp A
alpB
glpD
gloF

Aerobic respiration control protein Arch

Acerylamithine deacetylase

Qrnithine carbamoyltransferase subunit |

Bifunctional polyrmysin resistance probein Arnd

UDP-4-amino-4- deow L-arabinose—axoglutarate aminotransferase

Undecapreny! t d-deoxy-4-1; ido-L-arabinose transferase

putative 4-deoxy-4-formamido- L-m abinose-phospt d [ def wlase Arnly
putative 3-amino-2-deaxy-L- hosphoundecaprenal ﬁlppase subunit ArnF
Undecapreny| phosp alpha-4-aming-4-decxy-L-arabinose arabinosyl transferase
3-dehydroquinate synthase

Shikimate kinase 1

Shikimate kinase 2

CDP-6-decxy-L-threo-D-glycero-d-hexulose-3- dehydrase reductase
Aspartate—-ammonia ligase

Aspartate ammaonia-lyase

Aspartate aminotransferase

N-succinylarginine dihydrolase

Pimeloyl-[acyl-carrier protein] methyl ester esterase

Induzible lysine decarhaxylase

putative cadaverine /lysine antiporter

Carbamoyl-phosphate synthase small chain

Cytochrome c-type hiogenesis protein ComF

Cytochrome c-type b{DSeI’!ESIS protein Comf

F idate cy

Cardiolipin synthase B

Cytidylate kinase

3, 5'eyelic adenesine manophesphate phosphodiesterase Cpda
Adenylate tvclase

4-hydi lipicolinate

nnaemhnc 4 dmarhn:\alate transporter DeuA

Periplasmic pH-dependent serine endop Deg
Thymidine phosphorylase

Phosphopentamutase

Deoxyribose-phesphate aldelase

Purine nucleoside phosnhnrylase DeaD-type
2-dehydro-3-deoxy lucanate aldolase

2-dh ",‘ deoxy-phospt onate aidulase
Degxyuridine 5'-triphosphate nu
1-deany-D-wylulose-5-phosphate svnthase
D-erythrose-3-phosphate dehydrogenase

Ethanolamine ammaoniz-lyase heavy chain

Ethanalamine ammania-lyase light chain

Ethanalamine wtilization protein EutD
3-hydrowydecanoyl-|acyl-carrier-protein] dehydratase
F-onoacyl-lacyl-carrier-protein] synthase 1
3-onpacyl-lacyl-carrier-protein| synthase 3
Enoyl-[acyl-carrier-protein] reductase {NADH] Fabl
3-hydronyacyl-[acyl<arrier-protein| dehydratase FabZ
Lang-chain fatty acid transport protein

Formate dehydrogenasa H

Formate dehydrogenase-0 major subunit

Formate dehydrogenase-0 major subunit

Formate dehydrogenase, cytachrome b556|fdo) subunit
Fe[2+} transporter FeoB

NAD(PH-favin reductasze

Lactaldehyde reductase

Galactokinase

Galactose-1-phasphate uridy yltransferase
Galactitol-1-phosphate S-dehydrogenase

Glycine cleavage system H protein

Glyelne dehydrogenase (decarboxylating)
Aminomethyltransferase (glycine cleavage system aminomethyltransferase )
1,4-alpha-glucan branching enzyme Glgh
Glutamine—fructose-6-phosphate aminotransferase [isomerizing]
Elycerol-3-ph ,‘ dehydrog subunit &
ic glycerol-3-ph dehydrogenase subunit B
Aeroble ghyceral- i-uhosphate deh\fdrogenase

Glycerol uptake facilitator protein
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Vias metabalicas
adicionais

gipQ
ghtD_1
gltP
gltX
gmh &

gor
aph
aps A
gshB
gua C
hep
hem B
hemC
hemD
hemE
hsiv
hya A
hybC
hyb D
hyb O
hycl
ifcA
iv 8
itve
ilvG
ispD
ispF
ispG
ispH
lex A_1
lex A 2
IptE
mae B
malP_1
malP_2
malQ
man’¥
menB
mentC
mip A
nag E
nan &
narH
nem A
nha A
nrd A
nrdB
nud B
ots A
ots B

pep B
pepE
pfiB
pho R
pis X

prs
pir8
ptsH

pur A
purc
purl
puulB
PG
pyrH

Glycerophosphaodi pt hodi 3} ipl,
Glutamate synthase [NADPH] small chain
Protangl partate sy

Glutamate--tRNA ligase

Phosphoheptase isomerase

Guanylate kinase

Glutathione reductase

Phosphoglycolate phosphatase
Glycerol-3-phosphate dehydrogenase [NAD(P)+]
Glutathione synthetase

GMF reductase

Hydroxylamine reductase

Delta-aminolevulinic acid debydratase
Porphabilinogen deaminase
Ureperphyrinogen-li| synthase
Uroparphyrinogen decarboxylase
ATP-dependent protease subunit HslV
Hydrogenase-1 small chain

Hydrogenase-2 large chain

Hydrogenase 2 maturation proteass
Hydrogenase-2 small chain

Hydrogenase 3 maturation proteass

f reductase flavoprotein subunit

Lt ine dehydratase ynthetic v
Ketal-acid reductaisomerase (NADP(+])
Acetolactate synthase isozyme 2 large subunit
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase

d-hydroxy-3 hylbut-2-en-1-yl diphosphate synthaze (flavodoxin)
4-hydrexy-3 ylbut-2-enyl diph & reductase

LexA repressor

LexA reprassor

LP&-assembly lipoprotein LptE
NADP-dependent malic enzyme
Maltodextrin phosphorylase
Maltodestrin phosphorylase
4-aipha-glucanotransferase
PTS system pecific EIIC ¢
1a-dihy y-2-naphthoyl-Co sy
o-succinylbenzoate synthase
MitA-interacting pratein
PTS system N-acetylglucosamine-specific E1ICBA component
N-zcetylneuraminate lyase
Respiratory nitrate reductase 1 beta chain
N-ethylmaleimide reductase
Nal+)/H(+) antiparter Nhad
Ribonucleoside-diphosphate reductase 1 subunit alpha
Ribonucleoside-diphesphate reductase 1 subunit beta
Ditvyed pterin F
Trehalose-6-phosphate synthase

£ ot \

Peptidoglycan-associated lipop
Paptidaze B

Peptidasze E

Formate acetyltransferase 1
Phosphate regulon sensor pratein PhoR
Phosphate acyltransferase
Talk-specific protease
Ribose-phosphate pyrophosphokinase
Protease 2

Phasphocarrier protein HPr

Nitrogen regulatory protein
Adenylosuccinate synthetase

Phosphorihosyl imidazole-succinocarh ide synth
Phosphoribosylformylglycinamidi h
Gamma-glutamylputrescine oxidoreductase

CTP synthase

Uridylate kinase
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resC 1 Sensor histidine kinase ResC

rel & GTF pyrophosphakinase

fG dTOP-glucose 4,6-dehydratase 2

rha i L-rhamnose somerase

rib B 3, 4-dihydrowy-2-butanone 4-phosphate synthase
rbF Riboflavin biosynthesis protetn RIbF

ribH 6, 7-dimethyl-B-ribityllumazine synthase

rpe _2 Ribul hosnh 3-2p

sdoB L-serine dehydratase 2

sdaC Serine transporter

serh 0-3-phosphoglycerate dehydrog

serC Phosphoserine aminotransferase

speG  Spermidine N{1j-acetyltransferase

spaT Bifunctional (p)ppGpp synthasefhydrolase SpaT
talB Transaldolzse B

tam B Translocation and assembly madule TamB

tdc B L-threanine dehydratase catabolic TdeB

tdc C Threoning/serine transporter TécC

tdh L-threanine 3-dehydrogenase

tktA_1  Transketolase 1

tktA_2  Transketolase 1

tor & Trimethylamine-N-axide reductase 1

torC Cytochrome c-type protein TorC

tre B PTS system trehalose-specific ENBC companent

tre C Trehal &-pt F hydral

trxB Thigredowin reductase

tex Nuelenside-specific channel-farming protein tsx
ubiF 2-octaprenyl-3-methyl-& + 1,4-k | hydraxy|
wecC UDP-N-acatyl-D-mannosamire dehydrogenase
wecE  dTDP-d-amino-4,6-did lactose

wecF TOP-N-acetylfuc ine:lipid 11 N-acetylfuc inyltransferase
wec G UDP-N-acetyl-D: nuronic acid transf
wzxE Lipbd 11 flippase

ynol 2 Low conductance mechanosensitive channel Ynal
aceC  GDP llckiosyl-diphas phopolyprencl alpha vl
ahpF Alky! hydroperoxide reductase subunit F

apa G Pretein ApaG

appB_1 Cytochrome bd-Il ubiguinol oxidase subunit 2

arlR putative two-compaonent-system connector protein Arif
oscD_2 CDP-6-deoxy-L-threo-D-glycero-4-hesulose-3- dehydrase reductase
cem E Cytochrome c-type biogenesis protein ComE

chip Chitoporin

eltF_1  Citrate lyase alpha chain

citF_2 Citrate lyase alpha chain

clpB Chaperone protein ClpB

cooBC  Coenzyme A biosynthesis bifuncticnal protein CoaBC
col 0 GDP-4-keto-6-deowy-D 3-dehydratase / py ph
comEC  ComE operon protein 3

comM  Competence protein Comid

espC Cold shock-like protein CspC

espE Cold shock-like protein CspE

cue O Blue copper axidase CusD

def Peptide deformylase

dinF DNA damage-inducible protein F

dinG_1 putative ATP-depandent helicase DinG

dinG_2  putative ATP-dependent helicase DinG

dps DMNA protection during starvation proten

dip B Dipeptide and tripeptide permease B

dus putative tRNA-dihydrouridine synthase

eoe Intimin

edo KHG/KOPG aldalase

eps) putative glycosyltransferase Eps!

eut i Ethanalamine utilization protein Eutk

eutl Ethanalamine utilization protein Eutl

eut M Ethanolamine utilization protein EutM

eut N Ethanolamine utilization pratein EutN

fabD Malony| Cof-acyl carrier protein transacylase

fabF 3-oxoacyl-facyl-carrier-protein} synthase 2
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Outros

fabG_1
fabG2
fdhE
fhuE
fep A
fkpB
fid A
fids

foc A
gimu
aly AL
gre A
gras
arxC
espA
gspA2
hfic
hfiK_1
hmuu
hsc A
hscB
hsl R
hsiU
hitp G
hybB
hybE
hycD
hycE

mitG
nfd A
nip|
nrdD
nifB
osm B
asm C
osmE
asm¥_1
asm¥_2
osmY_3
papD
pem

pep A
pepD_2
pep P
pepQ

pps A
paiA
paiB_1
paiB_2
proP_1
proQ

3-oxpacyl-[acyl-carrier-protein| reductase FabG
putative oxidareductase

Protein FdhE

Fhuk receptor

FKBP-type peptidyl-proid cis-trans isomerase Fkpa
FKBP-type 16 kDa peptidyl-prolyl cis-trans lsomerase
Flavadaoxin 1

Flavodaxin 2

Fumarate and nitrate reduction regulatory protein
putative formate transporter 1

Bifunctional pratein GlmU

Serine hydroxymethyltransferase 1

Autonomaus ghveyl radical cofactor

10 kDa chaperonin

Glutaredaxin 3

General stress protein A

General stress pratein A

Medulator of FisH protease HAC

Medulator of FtsH protease HK

Hemin transport system permease protein Hmull
Chaperone protein HscA

Co-chaperone protein Hscl

Heat shock protein 15

ATP-dependent pratease ATPase subunit Hsill
Chaperone protein HipG

putative Mi/Fe-hydrogenase 2 b-type cytochrome subunit
Hydrogenase-2 aperon pratein HybE

Formate hydrogenlyase subunit 4

Formate hydrogenlyase subunit 5

Formate hydragenlyase subunit 7

Hydrogenase-4 component &

Hydrogenaze-4 component &

Hydrogenase-4 component B

Hydrogenase lsoenzymes nickel Incorporation protein HypB
Hydrogenase soenzymes farmation pratein HypC
Hydrogenase lsoenzymes farmatlon pratein HypD
Hydrogenase isoenzymes formation protein HypE
Small heat shock protein (bpA
Poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase
Anti-adapter protein M
2-amino-3-ketobutyrate ¢ yme A ligase
Limonene 1,2-monooxygenase

Glucans biosynthesis protein D

Endolytic murein transglycosylase

N-substituted farmamide deformylase

Lipoprotein Mipl

ic ribanucleoside-triphosphate reductase
Cytochrome c-type protein Nrfg
Osmaticalby-i ible in B

Peraxiredoxin GsmC

Osmoticaliy-inducible putative lipoprotzin OsmE
Osmoprotectant import permease protein OsmY
Osmoticalby-inducible protein Y
Osmoticaly-inducible protein ¥
Chaperone protein PapD
Protein-L-isoaspartate O-metk
A-hydroxythreonine-4-phosphate dehydrogenase 1
Cytosal aminoapeptidase

Cytosol non-specific dipeptidase

¥aa-Pro aminopeptidase

Xaa-Prodipeptidase
Spermidine/putrescine-binding periplasmic protein
Phosphoenclpyruvate synthase

Paraquat-inducible protein &

Paraguat-inducible protein B

Paraquat-inducible protein B

Proline/betaine transporter

RMA chaperone Prod

a
(1]
a
o
a
a
o
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psp A Phage shock protein A
psp B Phage shock protein B
pspD Phage shock protein D

ramA (R}-stereosslective amidase 161
ribZ Riboflavin transporter RibZ 1.67 1.92 133 164
rid A 2-imincbutanoate/2-Iminop d i a -1.27
rsxD Electron transport complex subunit RsxD ] o
rsxE Electron transport complex subunit RsxE a o
X G Electron transport complex subunit RsxG Q o
ric A RMNA 3-terminal phosphate cyclase 133 o
reB_1  RNA-splicing Hgase RecB 1.36 1] 1.47 o
sdeS 2 Sodl dicar transporter Sdcs 1
skp Chaperone protein Skp

sy FKBP-type peptidyl-proi cis-trans [somerase SlyD

smc Chremesome partition protein Smc

smg Protein Smg

spy Periplasmic chaparone Spy

sthi Soluble pyridine nucleotide transhydrogenase

surf Chaperone Surk

tig Trigger factar

ftgsA 1 A-2 transport protein Tosf

whiE_2  Ubiquinone/menaquinone hiosynthesis C-mathyltransferase UbiE

ubiG_2  Ubiqui biosynthesis O-methyl fs a

usp A Universal stress protein A a |

uspE Universal stress protein £ a o 1.45 147
uspG Universal stress protein UP12 ] 0 1]

wec D dTDP-fucosamine acetyltransferase
ybo B Nucleoid-associated protein Ybag
yee D Large ribosomal RNA subunit accumulation proten YeeD

yeiv 5'-3' exoribonuclease -1.33 o (1] 1.2%
yei G L-Ala-D/fL-Glu epimerase a 1] Q 141
yg | Putative arginine/ernithine antiporter o a 1.68 1.84
yeb F Protein YehF a (1] a o
yecD Isochorismatase family protein YecD a o [i] o
yicl Alpha-xylosidase 1] 0 Q [H]
yifK putative transport protein Yifk a -L79 a o
wifc Putative acid-amine |igase YJiC 0 [i] (4] o
yod B Cytachrome b561

ywl € Threonylrarbamoyl-4MP synthase -1.7 1.56 o

148



Capitulo 5

Considerac6es Finais
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5.1 Consideracdes Finais

Neste trabalho, além de ser observada uma heterogeneidade em relacdo aos niveis
de persisters formados por diferentes isolados, cada isolado respondeu em niveis
diferentes aos distintos antibioticos aos quais foi exposto, incluindo até mesmo a auséncia
de formacdo de persisters. Esta variacdo de resposta frente a exposicdo a farmacos
distintos também foi evidenciada pelos distintos padrfes de expressdo diferencial
encontrados na andlise transcritdmica. Dentro da mesma linha, foi constatado que as
condicdes de cultivo, planctonico ou biofilme, podem influenciar nos niveis de persisters,
assim como as persisters mostraram ser capazes de formar coldnias regulares e small
frente a um mesmo estressor e, até mesmo, retomaram o crescimento na presenca de
concentracdes letais do antimicrobiano ao qual se manteve suscetivel. Também foi
possivel observar que tanto células oriundas de colénias regulares como small
apresentaram septo de divisdo e filamentacdo quando observadas microscopicamente.
Esses dados nos sugerem que um mesmo isolado pode dar origem a populacbes de
persisters fenotipicamente distintas que as capacitam a sobreviver a variados desafios.
Também pode ser destacado que a exposicdo prévia a concentragdes subinibitorias de
estressores iguais ou diferentes ao subsequentemente empregado ndo induziu niveis mais
elevados de persisters, o que, além de indicar a ndo selecdo de mutantes altamente
persistentes, aponta para um importante papel da formacéo estocastica de persisters.

A andlise preliminar dos transcritos diferencialmente expressos indicou que o
padréo apresentado por alguns genes, como por exemplo aqueles relacionados ao estresse
oxidativo e a resposta ao estresse, seja adicionalmente investigado empregando gRT-
PCR, talvez delimitando tempos intermediarios de exposi¢do, 0 que poderia incrementar

a elucidagéo dos mecanismos envolvidos na regulagdo das células tolerantes.
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