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RESUMO

As bactérias do género Salmonella spp. estdo entre os principais patdgenos relacionados
a surtos de origem alimentar, causando problemas de satde publica e impactos
econdmicos negativos em todo o mundo. Salmonella enterica destaca-se pela capacidade
de se adaptar a varios ambientes adversos, tal como alimentos com a,, reduzida, proxima
ao limite de crescimento dessa bactéria, considerados ambientes osmoticos estressantes.
A exposigao de S. enterica a esses ambientes pode levar ao comportamento caracterizado
pela diminui¢do da concentragdo celular inicial, seguido de crescimento exponencial até
atingir a fase estacionaria, denominado Fenomeno Fénix (FF). O objetivo geral deste
trabalho é avaliar e modelar a cinética do crescimento, sobrevivéncia ¢ inativagao de
populagdes de S. enterica expostas ao estresse osmotico (a, de 0,940, 0,945, 0,950 e
0,960), proximo ao limite cresce/ndo cresce, que podem levar ao FF, considerando a
influéncia do sorotipo (Typhimurium, Enteritidis, Heidelberg e Minnesota) e do estado
fisiologico do indculo (fase exponencial ou estaciondria cultivado a 25 ou 35 °C). Nessa
avaliagdo, serd estudada ainda a heterogeneidade fisiologica e viabilidade celular da
populacdao de S. Typhimurium, ao longo da exposi¢do a um ambiente osmotico
estressante, que leva ao FF, por meio da técnica de citometria de fluxo (CF) acoplada aos
marcadores fluorescentes laranja de tiazol (thiazole orange [TO]) e iodeto de propidio
(propidium iodide [PI]). Sera também avaliado e modelado o efeito da adaptacdo
osmotica, durante o FF, sobre a resisténcia de sorotipos de S. enterica (Typhimurium,
Enteritidis, Heidelberg e Minnesota) a irradiagio UV-C (6,5 W/m?). Os resultados
mostraram que, em a, de 0,950 e 0,960, todas os sorotipos apresentaram o
comportamento caracteristico do FF. A inoculacdo em meio com a, de 0,940 ¢ 0,945
levou a inativacao de todos os sorotipos estudados. As células provenientes de indculo a
partir da fase exponencial a 25 °C apresentaram maior reducdo populacional inicial e
menor tempo para recuperagdo do crescimento até atingir a fase estacionaria. O modelo
matematico, proposto para descrever o comportamento microbiano durante o FF,
considerou que a curva resultante era a soma de duas subpopulacdes (inativando e
sobrevivendo/crescendo) e apresentou bons ajustes para todas as condi¢des testadas. A
analise de CF com dupla marcagao fluorescente forneceu fortes evidéncias da ocorréncia
de trés subpopulacdes simultineas que levam ao FF, definidas como células
intactas/viaveis, estressadas/injuriadas e danificadas. A resposta da CF mostrou
alteracdes nos percentuais das subpopulacdes ao longo do tempo de exposi¢cdo ao
ambiente de estresse osmotico. Os resultados sugerem que a exposicao prévia das células
bacterianas a ambientes osmoticos que desencadeiam o FF leva ao aumento da resisténcia
a aplicacdo subsequente do tratamento com UV-C. O modelo de inativagdo log-linear
com ombro apresentou melhor ajuste que o modelo de Weibull para descrever as respostas
de inativa¢do celular sob luz UV-C. Células de S. Typhimurium, S. Heidelberg e
S. Minnesota estressadas osmoticamente durante o FF foram mais resistentes a irradiagao
UV-C. Esse fato nao foi observado para S. Enteritidis. Os resultados obtidos neste estudo
mostram repostas complexas de S. enterica a exposicdo a ambientes osmoticos
estressantes. Dessa maneira, o presente estudo contribui para garantia da qualidade e
seguranga dos alimentos, além de levar a melhoria de andlises de riscos no processamento
de alimentos.

Palavras-chave: seguranga de alimentos, patégenos, microbiologia preditiva, citometria
de fluxo, luz UV-C.



ABSTRACT

Bacteria of the genus Salmonella spp. are among the main pathogens related to foodborne
outbreaks, causing public health issues and negative economic impacts worldwide.
Salmonella enterica stands out for its ability to adapt to several adverse environments,
such as foods with reduced a., close to the growth limit of this bacteria, considered as
osmotic stressful environments. The exposure of S. enterica to these environments can
lead to a behavior characterized by a decrease in the initial cell concentration, followed
by exponential growth until reaching the stationary phase, called the Phoenix
Phenomenon (PP). The general objective of this work is to evaluate and model the kinetics
of growth, survival and inactivation of populations of S. enterica exposed to osmotic
stress (aw of 0.940, 0.945, 0.950 and 0.960), close to the grow/no grow limit, which can
lead to the PP, considering the influence of the serotype (Typhimurium, Enteritidis,
Heidelberg and Minnesota) and the physiological state of the inoculum (exponential or
stationary phase cultivated at 25 or 35 °C). In this evaluation, the physiological
heterogeneity and cellular viability of the population of S. Typhimurium will also be
studied during exposure to a stressful osmotic environment, which leads to the PP,
through the flow cytometry (FC) technique coupled with fluorescent stained of thiazole
orange (TO) and propidium iodide (PI). The effect of osmotic adaptation, during PP, on
the resistance of S. enterica serotypes (Typhimurium, Enteritidis, Heidelberg and
Minnesota) to UV-C irradiation (6,5 W/m?) will also be evaluated and modeled. The
results showed that, in a, de 0.950 and 0.960, all serotypes showed the characteristic
behavior of PP. The inoculation in medium with a,= 0.940 and 0.945 led to inactivation
for all serotypes studied. Cells from inoculum from the exponential phase at 25 °C
showed greater initial population reduction and less time for growth recovery until
reaching the stationary phase. The mathematical model, proposed to describe the
microbial behavior during the PP, considered that the resulting curve was the sum of two
subpopulations (inactivating and surviving/growing) and presented good fits for all tested
conditions. The analysis of FC with double fluorescent labeling provided strong evidence
of the occurrence of three simultaneous subpopulations that lead to the PP, defined as
intact/viable, stressed/injured, and damaged cells. The FC response showed changes in
the percentages of subpopulations over time of exposure to the osmotic stress
environment. The results suggest that prior exposure of bacterial cells to osmotic
environments that trigger the PP leads to increased resistance to the subsequent
application of UV-C treatment. The log-linear with shoulder inactivation model showed
a better fit than the Weibull model to describe cell inactivation responses under UV-C
light. S. Typhimurium, S. Heidelberg and S. Minnesota cells osmotically stressed during
PP were more resistant to UV-C irradiation. This fact was not observed for S. Enteritidis.
The results obtained in this study show complex responses of S. enterica to exposure to
stressful osmotic environments. In this way, the present study contributes to ensuring the
quality and safety of food, in addition to improving risk analysis in food processing.

Keywords: food safety, pathogens, predictive microbiology, flow cytometry, UV-C light.
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DIAGRAMA CONCEITUAL

Avaliac¢iao e modelagem do comportamento de sorotipos de Salmonella

enterica sob estresse osmotico: um estudo do Fenomeno Fénix

O que? Por qué?

- S. enterica destaca-se como um dos principais patogenos relacionados a surtos
de doencas causadas por alimentos contaminados, que afetam humanos e animais. As
bactérias pertencentes ao género Salmonella sdo considerados de dificil controle e
continuam tendo impacto significativo na saude publica e custos economicos em todo o
mundo;

- Durante o processamento e armazenamento de alimentos os microrganismos
estdo sujeitos a uma gama de condigdes adversas, que podem ser letais ou subletais, sendo
assim um estresse para a célula microbiana;

- S. enterica possui destacada capacidade de adaptacdo a ambientes estressantes;

- Dentre as condig¢des estressantes, o estresse osmotico, que pode ser obtido pela
diminui¢ao da a,, em niveis préximos aos limites de inativagao e crescimento microbiano,
¢ um dos mais comumente aplicados na conservagao de alimentos;

- Em condicdes de estresse osmotico, S. enterica pode apresentar um
comportamento caracterizado pela diminui¢do inicial da contagem de células, seguido
por crescimento exponencial até atingir a fase estacionaria. Esse comportamento ¢
denominado Fendmeno Fénix;

- O Fendmeno representa um risco a seguranga microbioldgica de alimentos,
pois pode levar a interpretacdes erradas sobre o comportamento microbiano, causando
graves problemas na industria de alimentos;

- E de fundamental importancia estudar a adaptagio de sorotipos de S. enterica
a ambientes osmoticos estressantes e que desencadeiam o Fendmeno Fénix para garantir
a qualidade e seguranca dos alimentos. O aprimoramento de modelos que descrevem o
Fendmeno Fénix pode contribuir para melhoria do desempenho da microbiologia

preditiva de alimentos.



Estado da arte:

- O comportamento de populagdes microbianas submetidas a condi¢des de
estresse osmotico, obtido pela diminui¢cdo da a, por meio da adicdo de sal tem sido
estudado;

- Alguns estudos encontrados na literatura reportam que o comportamento de
diminui¢do, seguida de aumento da contagem microbiana de Salmonella spp.,
denominado Fenomeno Fénix, foi obtido em uma faixa de a,, variando em torno de 0,940
a 0,960;

- Em microbiologia preditiva, sao reportados poucos modelos matematicos que
descrevem o comportamento de recuperagdo de populacdes microbianas em resposta a
ambientes estressantes, proximos dos limites de crescimento, que desencadeiam o
Fendmeno Fénix;

- Na literatura, a maioria dos estudos encontrados sobre o Fendomeno Fénix
utilizam o método de contagem em placa, nos quais os resultados mostram a quantificagao
apenas das células capazes de formar colonias;

- Poucos estudos que utilizam diferentes métodos para investigar e avaliar a
heterogeneidade e viabilidade celular durante o Fendmeno Fénix estdo disponiveis na
literatura. Dentro do nosso conhecimento, apenas um estudo utilizando o método de
microscopia de lapso de tempo (time-lapse microscopy) foi realizado para quantificar as

subpopulagdes existentes durante a ocorréncia do Fendmeno Fénix.

Hipoteses:

- As populagdes bacterianas de S. enferica expostas ao estresse osmotico
decorrente da baixa a, apresentam o Fendmeno Fénix e a cinética de
inativagao/crescimento depende do sorotipo e da condig@o do inoculo;

- Modelos considerando duas subpopulagdes — células sendo inativadas e células
sobrevivendo/crescendo — permitem a utilizagdo de equagdes cinéticas para descrever o
Fendmeno Fénix de diferentes sorotipos de S. enterica;

- O método de citometria de fluxo em conjunto com marcacdes fluorescentes ¢
capaz de medir a viabilidade e heterogeneidade de células de S. enterica submetidas ao
estresse 0smotico;

- A eficiéncia de inativagdo pela tecnologia UV-C ¢ alterada pela adaptagao

osmotica da S. enterica que levam ao Fenomeno Fénix.



Etapas experimentais:

- Determinar os valores de a,, proximos aos limites de crescimentos e inativagao
de S. enterica por meio da adi¢ao de concentracdes apropriadas de cloreto de sodio (NaCl)
ao meio de cultura (BHI);

- Quantificar o crescimento/inativagcdo de S. Typhimurium em meio de cultura
(BHI) com a, de 0,950 e incubado a 25 °C, utilizando in6culos de diferentes fases
(exponencial ou estaciondria e cultivados a 25 ou 35 °C);

- Propor um modelo matematico primario capaz de descrever o comportamento
chamado de Fenomeno Fénix;

- Quantificar o crescimento/inativagdo de S. Typhimurium, S. Enteritidis,
S. Heidelberg e S. Minnesota em caldo BHI com a, de 0,940, 0,945, 0,950 ¢ 0,96 e
incubado a 25 °C utilizando diferentes fases de indculo (exponencial e estacionaria e
temperatura 25 e 35 °C);

- Utilizar o método de citometria de fluxo combinado com dupla marcagao
fluorescente (laranja de tiazol e iodeto de propidio) para avaliar a heterogeneidade da
populagdo de S. Typhimurium exposta a uma condi¢do que leva ao Fendmeno Fénix;

- Tratar com irradiagdo UV-C (6,5 W/m?) sorotipos de S. enterica obtidos a partir
de indculos, que levem a observagdo do Fenomeno Fénix, durante as fases inicial e apds

a recuperacao do crescimento.

Resultados esperados:

- Cinética do crescimento, sobrevivéncia e inativagdo da populagdo dependente
do indculo (fase exponencial ou estacionaria, incubado a 25 ou 35 °C) de S. Typhimurium
exposta a um ambiente osmoticamente estressante (a, = 0,950) e incubado a 25 °C;

- Indices de avaliagio da capacidade do modelo matematico proposto em
descrever o Fendmeno Fénix;

- Cinética do crescimento/inativacdo e modelagem da populacdo de quatro
sorotipos de S. enterica (Typhimurium, Enteritidis, Heidelberg e Minnesota) a partir de
diferentes fases de inoculo expostos a niveis de estresse osmotico (aw = 0,940, 0,945,
0,950 e 0,960);

- Determinacdo da heterogeneidade e viabilidade das subpopulagdes de
S. Typhimurium ao longo da exposi¢do a condi¢do de estresse que leva ao Fendmeno

Fénix, utilizando citometria de fluxo em combinacdo com marcacao fluorescente;



- Modelagem matematica das cinéticas de inativagdo por irradiacdo UV-C de
sorotipos de S. enterica (S. Typhimurium, S. Enteritidis, S. Heidelberg e S. Minnesota),
destacando a alteracdo dos parametros do modelo devido a exposi¢do ao estresse

osmotico ao longo da ocorréncia do Fendmeno Fénix.
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1 INTRODUCAO

O comportamento microbiano ¢ influenciado por fatores extrinsecos, por exemplo, a
temperatura do ambiente, e fatores intrinsecos, como o conteido de nutrientes, pH e a, do
alimento em questdo (SMET et al., 2015). Sabe-se que, durante o processamento de alimentos,
as condi¢des ambientais a que um microrganismo ¢ exposto variam drasticamente. Tais
variacoes podem ser consideradas letais, causando a morte microbiana, ou subletais,
representando um estresse para as cé€lulas microbianas (SPECTOR; KENYON, 2012). A
habilidade dos microrganismos responderem de maneira rapida e adequada as mudancas
ambientais sdo crucias para sua sobrevivéncia (FOSTER; SPECTOR, 1995). Poucos
microrganismos possuem a capacidade de lidar com condigdes estressantes que estdo presentes
em ambientes naturais € em hospedeiros, como os sorotipos de Salmonella enterica
(JAYASENA; JO, 2013).

As bactérias Gram-negativas constituintes da espécie S. enterica sdo um dos principais
agentes de doencas transmitidas por alimentos em todo mundo. Possuem a capacidade de
infectar animais e humanos e sua relevancia como responsavel por surtos de origem alimentar
¢ bem conhecida. Ainda hoje sdo consideradas de dificil controle e representam uma grande
preocupacdo para a industria de alimentos, afetando a satde publica e causando prejuizos
econdmicos. No Brasil, entre o ano de 2012 a 2022, os agentes etiologicos mais identificados
nos surtos de DTHA foram Escherichia coli (29,6%), Staphylococcus aureus (12,9%) e
Salmonella spp. (11,2%) (SINAN/ SVS/MINISTERIO DA SAUDE, 2022).

Na cadeia de processamento de alimentos, a diminui¢do da a, € uma estratégia
comumente aplicada para a conservacao de alimentos, podendo ser obtida pela adi¢ao de solutos
e por técnicas de desidratacdo (SPECTOR; KENYON, 2012; ZHOU et al., 2011). Submeter
microrganismos a ambientes de baixa ay, proximos aos limites de crescimento ou inativacao,
pode ser considerada um tipo de estresse, sendo chamado de estresse osmotico. A exposi¢do a
ambientes osmaticos estressantes ¢ reportada como uma causa relacionada a mudangas na
resisténcia e capacidade de adaptacdo dos microrganismos (KANG et al., 2018; ZHOU et al.,
2011).

E conhecido que, em condi¢des ambientais estressantes especificas, microrganismos
apresentam um comportamento caracterizado pela diminuicdo da concentracdo inicial de
células, seguida por um periodo que a concentragdo se mantém inalterada e entdo, ocorre a
retomada do crescimento exponencial até atingir a fase estaciondria. Esse comportamento ¢

denominado Fenomeno Fénix (FF), relatado pela primeira vez por Collee, Knowlden e Hobbs
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(1961) para Clostridium welchi. Mais tarde, Shoemaker e Pierson (1976), estudaram o FF em
Clostridium perfringens, por meio do método de contagem em placa, sugerindo trés fases: leso,
recuperagdo € crescimento microbiano. As bactérias do género Salmonella apresentam o
comportamento descrito como FF, quando submetidas a condigdo de estresse osmotico
(ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018). Mellefont, Mcmeekin e Ross (2004,
2005), reportaram que a exposicdo a condigdo de estresse osmoético de populagdes
fisiologicamente distintas de S. Typhimurium levou ao FF. Aspridou, Akritidou e
Koutsoumanis (2018) também estudaram o FF de Salmonella enterica Agona submetida a
ambientes osmoticamente estressantes. Os autores afirmam que trés estados simultaneos
ocorrem nas células bacterianas: crescimento, sobrevivéncia e morte. Ainda ndo existe um
consenso em relagdo a heterogeneidade e viabilidade das populagdes bacterinas durante o FF,
sendo que diferentes explicagdes sao propostas na literatura.

A modelagem matematica ¢ uma das principais ferramentas utilizadas para descrever
o comportamento microbiano, tornando-se importante para a avaliagdo de risco microbiolégico
e seguranga de alimentos. O uso de modelos preditivos para descrever o comportamento de
Salmonella spp. (crescimento e inativa¢io) esta amplamente disponivel na literatura (MUNOZ-
CUEVAS; METRIS; BARANYI, 2012; NOVIYANTI et al., 2018). Entretanto, a maioria dos
modelos disponiveis concentra-se exclusivamente em descrever as respostas microbianas frente
as condi¢cdes ambientais favoraveis ou desfavoraveis ao seu crescimento. Poucos estudos
abordam a modelagem matematica para descrever a cinética microbiana em condi¢des
proximas aos limites de crescimento, consideradas estressantes e que podem levar ao FF
(ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018; ZHOU et al., 2011).

Ao longo do comportamento denominado como FF, as populacdes microbianas
resultantes podem ser compostas por células em diferentes estados fisioldgicos (ASPRIDOU;
AKRITIDOU; KOUTSOUMANIS, 2018). O comportamento microbiano geralmente tem sido
avaliado por métodos convencionais, como a quantificacdo por contagem em placa, geralmente
utilizada para andlises microbiologicas em alimentos. Nesse método, apenas bactérias que
podem formar colonias visiveis sdo consideradas viaveis, desconsiderando a possibilidade de
qualquer bactéria em outros estados fisiologicos estarem presentes. Uma abordagem
alternativa, que possui capacidade de determinar a viabilidade e heterogeneidade bacteriana ¢
o método de Citometria de fluxo (CF) (SINGH; BARNARD, 2017).

A CF, em combinacdo com técnicas de fluorescéncia, permite a diferenciagdo de
subpopulagdes de células em varios estados fisiologicos (SIBANDA; BUYS, 2017). A

utiliza¢ao de dupla coloracdo com sondas fluorescentes esta sendo utilizada para este tipo de
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andlise, ¢ baseada na diferenca das caracteristicas fisioldgicas celulares (GUEDES; DE
SOUZA, 2018; SINGH; BARNARD, 2021). Laranja de tiazol (thiazole orange [TO]) ¢ uma
sonda permeavel a todas as células, independente da integridade da membrana, marcando, em
graus variados de intensidade, que se liga aos acidos nucléicos (DNA ou RNA); e o iodeto de
propidio (propidium iodide [PI]) que também ¢ uma sonda de ligagdo a acido nucleico, penetra
apenas em células com membranas danificadas (SINGH; BARNARD, 2021). A utiliza¢ao
dessa técnica proporciona melhor compreensao do estado das células ao longo da exposicao ao
estresse e que constituem a populagdo bacterina total durante a ocorréncia do FF.

Um método ndo-térmico de inativagdo de microrganismos, que vem ganhando
destaque, ¢ a tecnologia de irradiacdo UV-C. Estudos mostram a eficacia dessa tecnologia na
inativagdo de diferentes microrganismos (ESTILO; GABRIEL, 2017; GABRIEL; NAKANO,
2009; MENEZES et al., 2020). Porém, foi reportado que a exposicdo de microrganismos a
condig¢des de estresse, em diferentes niveis, pode induzir mecanismos adaptativos que alteram
a resisténcia celular a aplicacdo subsequente de outras tecnologias utilizadas no processamento
de alimentos, que serviriam para inativa-los (ESTILO; GABRIEL, 2017). Existe uma escassez
de estudos que abordam o efeito de estresses prévios sobre a eficacia dos processos de
inativacao. Nesse sentido, fica claro a relevancia e necessidade de estudos que abordem as
respostas de células bacterianas adaptadas ao estresse, como por exemplo, resultantes do FF, a
aplicacdo da irradiagdao UV - C. Assim, esses estudos podem contribuir para a melhoria dos
processos de inativagdo e garantia da seguranga em toda a cadeia de processamento de

alimentos.
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1.IOBJETIVOS

Nas secoes abaixo estao descritos o objetivo geral e os objetivos especificos desta tese

de doutorado.

1.1.1 Objetivo Geral

O objetivo geral deste trabalho ¢ avaliar e modelar o comportamento de S. enterica
exposta ao estresse osmotico, proximo ao limite cresce/ndo cresce, que podem levar ao

Fendmeno Fénix.

1.1.2 Objetivos Especificos

- Avaliar o efeito do indculo, a partir de duas fases de crescimento (exponencial e estacionaria)
e duas temperaturas de incubacdo (25 e 35 °C), na ocorréncia do Fenomeno Fénix de

S. Typhimurium exposta a um meio osmoticamente estressante (a, = 0,950) e incubada a 25 °C;

- Propor um modelo matemdtico primario capaz de descrever a cinética de crescimento,

sobrevivéncia e inativagdo no Fendomeno Fénix de sorotipos de S. enterica;

- Modelar a cinética do crescimento, sobrevivéncia e inativacdo de sorotipos de S. enterica
(Typhimurium, Enteritidis, Heidelberg e Minnesota) expostos a diferentes niveis de estresse
osmotico (aw=0,940, 0,945, 0,950 e 0,960) e fases do indculo (exponencial e estacionaria e

temperatura 25 e 35 °C);

- Determinar a heterogeneidade fisiologica e viabilidade celular da populagdo de
S. Typhimurium, a partir dos resultados que indiquem as condi¢des de inoculo e a, que levam
ao Fenomeno Fénix, utilizando citometria de fluxo em combinagdo com dupla marcagdo

fluorescente de laranja de tiazol e iodeto de propidio;

- Avaliar e modelar o efeito da adaptagao osmotica (a partir dos resultados que indiquem as
condi¢des de indculo e a, que levam ao FF), ao longo do FF, na cinética de inativacdo por
irradiagdo UV-C (6,5 W/m?) de sorotipos de S. enterica (Typhimurium, Enteritidis, Heidelberg

e Minnesota).
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2 REVISAO BIBLIOGRAFICA

2.1 Salmonella spp.

Salmonella spp. foi primeiramente identificada por Salmon e Smith em 1885 nos
Estados Unidos, isolada de suinos que sofriam de coélera, sendo chamada de Bacillus
choleraesuis, hoje conhecida como Salmonella enterica sorovar Choleraesuis (DOYLE;
BUCHANAN, 2013; SU; CHIU, 2006). Sao bactérias Gram-negativas, em forma de bastonetes,
pertencentes a familia das Enterobacteriaceae, anaerdbias facultativas, oxidase negativa, ndo
formadoras de esporos, com didametro em torno de 0,7 a 1,5 um e comprimento de 2 a 5 pm e
capacidade de metabolizar nutrientes por vias respiratorias e fermentativas (DOYLE;
BUCHANAN, 2013; JAY; LOESSNER; GOLDEN, 2005).

A nomenclatura de Salmonella spp. ¢ complexa e ainda estd em evolugdo, o que torna
dificil o consenso entre os pesquisadores, além de dificultar a precisdo sobre o nimero de
espécies e subespécies que formam o género Sa/monella (AGBAIJE et al., 2011). Entretanto, de
acordo com a classificacdo utilizada com maior frequéncia, o género Sa/monella ¢ composto
por trés espécies, Salmonella enterica, Salmonella bongori e Salmonella subterranea, com base
em diferencgas na analise de sua sequéncia de 16S rRNA. A espécie S. enterica ¢ dividida ainda
em seis subespécies, com base na expressdo gendmica e propriedades bioquimicas,
denominadas por um algarismo romano e um nome: I - Salmonella enterica subsp. enterica, 11
- Salmonella enterica subsp. salamae, 111 - Salmonella enterica subsp. arizonae, IV -
Salmonella enterica subsp. diarizonae, V - Salmonella enterica subsp. houtenae e VI -
Salmonella enterica subsp. indica (DOYLE; BUCHANAN, 2013; JAY; LOESSNER;
GOLDEN, 2005).

Entre as subespécies de Salmonella, S. enterica subsp. enterica e Salmonella enterica
subsp. salamae sao encontradas em humanos e animais de sangue quente. Sendo S. enterica
subsp. enterica responsavel por aproximadamente 99% das infecgdes por Salmonella spp. em
humanos e animais de sangue quente. As outras cinco subespécies de S. enterica e a espécie
S. bongori sdo encontradas principalmente no meio ambiente e em animais de sangue frio, por
esta razao sao raras em humanos (BRENNER et al., 2000).

Os membros do género Sa/monella podem ser divididos em sorotipos/sorovares. Esta
classifica¢do foi proposta pela primeira vez por White em 1926 e, posteriormente expandida
por Kauffmann em 1941, denominado esquema de Kauffmann-White. O esquema ¢ baseado na

identificacao de antigenos somaticos (O), flagelares (H), e capsulares (Vi), este tltimo quando
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presente (JAY; LOESSNER; GOLDEN, 2005). O Instituto Pasteur, localizado em Paris, na
Franca € o responsavel pela atualizagdo da taxonomia do género Salmonella. Ele ¢ composto

por 2.659 sorotipos (Tabela 1) (ISSENHUTH-JEANJEAN et al., 2014).

Tabela 1 Numero de sorotipos presentes em cada espécie e subespécie de Salmonella.

S. enterica Numero
subsp. enterica 1586
subsp. salamae 522

subsp. arizonae 102
subsp. diarizonae 338
subsp. houtenae 76
subsp. indica 13

S. bongori 22
Total 2659

Fonte: Issenhuth-Jeanjean et al. (2014).

A nomenclatura dos sorotipos pertencentes a S. enterica subsp. enterica normalmente
ndo ¢ realizada pelas formulas antigénicas, utiliza-se o nome relacionado ao local geografico
onde o sorotipo foi isolado pela primeira vez. O nome do sorotipo ndo € escrito em italico, com
a primeira letra maitscula. Os demais sorotipos ndo nomeados, descritos apds 1966,
pertencentes as outras subespécies, I, III, IV e VI e a espécie S. bongori sio nomeadas por suas
formulas antigénicas, seguindo o nome da subespécie (ISSENHUTH-JEANJEAN et al., 2014).

Salmonella spp. possui boa capacidade de adaptagcdo em uma ampla faixa de condigdes
ambientais. A temperatura 6tima de crescimento encontra-se entre 35 e 37 °C, com faixa de
crescimento entre 5 e 45 °C (BRANDS, 2005; JAY; LOESSNER; GOLDEN, 2005). Embora
sejam consideradas mesofilas, algumas cepas podem apresentar crescimento a temperatura de
até 54 °C, e outras tém a capacidade de sobreviver em alimentos armazenados na faixa de 2 a
4 °C (DOYLE; BUCHANAN, 2013). O pH 6timo para o crescimento destas bactérias ¢ em
torno da neutralidade (6,5 e 7,5), com capacidade de crescimento em uma faixa de pH de 4 a 9
(DOYLE; BUCHANAN, 2013; JAY; LOESSNER; GOLDEN, 2005; PUI et al., 2011). A
inibi¢ao do crescimento das espécies de Salmonella foi relatada para valores de a,, abaixo de
0,940 (JAY; LOESSNER; GOLDEN, 2005). Entretanto, de acordo com Doyle ¢ Buchanan,
(2013), Salmonella spp. foi capaz de crescer em sopas secas reidratadas, com a,, atingindo

valores de até 0,930, apos 3 dias de incubagdo a 30 °C.
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A inibig¢ao de Salmonella spp. tem sido reportada pela presenca de NaCl variando entre
3 ¢ 4%. De acordo com a literatura, sua tolerancia ao sal pode ser aumentada com o aumento
da temperatura na faixa de 10 a 30 °C. Além disso, ¢ relatado que a anaerobiose pode
potencializar uma maior tolerancia ao sal em Salmonella spp., causando preocupagdes quanto
a seguranca de alimentos embalados em atmosfera modificada e a vacuo, que contém altos
niveis de sal (DOYLE; BUCHANAN, 2013).

As espécies constituintes do género Salmonella sao amplamente distribuidas na
natureza e t€m o trato intestinal do homem e de animais como reservatorios primarios. Essas
bactérias possuem uma grande variedade de hospedeiros (bovinos, suinos, aves, répteis,
roedores, vegetais etc.). Salmonella spp. ¢ eliminada em grande nUmero nas fezes,
contaminando o solo e a dgua. A sobrevida no meio ambiente pode ser muito longa, em
particular na matéria organica, podendo permanecer viavel no material fecal por longos
periodos (anos), particularmente em fezes secas, podendo resistir mais de 28 meses nas fezes
de aves, 30 meses no estrume bovino, 280 dias no solo cultivado e 120 dias na pastagem,
podendo ser ainda encontrada em efluentes de 4gua e esgoto, como resultado de contaminagao
fecal (DOYLE; BUCHANAN, 2013; JAY; LOESSNER; GOLDEN, 2005).

Com relagdo a epidemiologia, bactérias do género Salmonella spp. podem ser
divididas em trés grupos. No primeiro grupo, as que somente infectam seres humanos,
constituido por Salmonella Typhi, Salmonella Paratyphi e Salmonella Paratyphi C, causadoras
das febres tifoide e paratifoide. No segundo, estdo aqueles sorotipos adaptados ao hospedeiro
(alguns dos quais sdo patogénicos a humanos e podem ser contraidos de alimentos), incluem-
se nesse grupo Salmonella Gallinarum e Salmonella Pullorum (aves domésticas), Sa/monella
Dublin (gado), Salmonella Abortus-equi (cavalos), Salmonella Abortus-ovis (ovelha) e S.
Choleraesuis (suina). E, por fim, sorotipos ndo adaptados (sem preferéncia do hospedeiro),
infectam homens e animais, e incluem a maioria dos sorotipos de origem alimentar (JAY;
LOESSNER; GOLDEN, 2005).

Entre os microrganismos patogénicos, causadores de doencas transmitidas por
alimentos, as espécies de Salmonella destacam-se entre as mais importantes. Este grupo de
bactérias estd envolvido em varios casos de surtos de doengas, geralmente resultantes da
ingestdo de alimentos contaminados, como carnes de aves, leite, carne bovina, ovos, carne suina
e frutos do mar (JAKOCIUNE et al., 2014). Em todo o mundo, estima-se que, dos 93,8 milhdes
de casos de gastroenterite relacionados a Sa/monella spp. que ocorrem a cada ano, 80,3 milhdes

foram de origem alimentar (MAJOWICZ et al., 2010).
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2.1.1 Salmonella enterica

A espécie S. enterica ¢ constituida por aproximadamente 2.600 tipos de cepas
sorologicamente distintas e tem recebido muita ateng¢ao por estar envolvida em muitos surtos
de contaminagdo de alimentos (HOHMANN, 2006; LIANOU; KOUTSOUMANIS, 2011;
POPOFF; BOCKEMUHL; GHEESLING, 2003) e, entre as seis subespécies dessa espécie, S.
enterica subsp. enterica tem ganhado maior destaque. Essa subespécie ¢ composta por
aproximadamente 1.531 sorotipos, com pelo menos 100 deles considerados importantes em
termos de saude publica e animal (ISSENHUTH-JEANJEAN et al., 2014). Os sorotipos mais
importantes sdo aqueles que afetam tanto humanos quanto animais e causam as chamadas
doencas transmitidas por alimentos. Alguns sorotipos que constituem essa subespécie se
destacam por serem os principais responsaveis por infecgdes humanas transmitidas por
alimentos (GRIMONT; WEILL, 2007; PULIDO-LANDINEZ, 2019). Por essa razao, muitos
estudos tém focado na avaliagdo da prevaléncia, resisténcia antimicrobiana, viruléncia,
capacidade de infeccdo e formagdo de biofilme de S. enterica subsp. enterica (LAMAS et al.,
2018).

O surgimento de infec¢des humanas transmitidas por alimentos, a disseminagao
mundial juntamente com a resisténcia a multiplos antibioticos e diferentes condi¢des ambientais
de S. enterica, tornaram-se de grande importancia, principalmente no que diz respeito a
ocorréncia de salmonelose (HOHMANN, 2006; LIANOU; KOUTSOUMANIS, 2011). O
controle da salmonelose de origem alimentar ¢ um desafio, destacando a necessidade de
desenvolvimento e avaliacao continuos de abordagens para avangos na seguranca de alimentos
(LTANOU; KOUTSOUMANIS, 2012). Surtos de salmonelose tém sido associados a varios
alimentos e os dois sorotipos, Salmonella enterica Enteritidis e Salmonella enterica
Typhimurium, sdo reportados como os mais comumente associados a infec¢cdes humanas
(MAJOWICZ et al., 2010).

Por serem espécies amplamente distribuidas na natureza e possuirem capacidade de
infectar uma variedade de hospedeiros, que se tornam fontes de disseminacdo do agente,
S. Typhimurium e S. Enteritidis sdo consideradas de dificil controle e eliminagdo (JAY;
LOESSNER; GOLDEN, 2005). Produtos a base de ovo e carne de frango ainda sao os alimentos
mais frequentemente envolvidos em surtos causados por S. Enteritidis e S. Typhimurium
(YADAV etal., 2016).

Quando aves e porcos sao infectados por S. Typhimurium, a detec¢do da bactéria

torna-se um grande problema, pois geralmente os animais nao apresentam sintomas,
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contribuindo para transmissdao do patdégeno a seres humanos (BEST et al., 2007).
S. Typhimurium ¢ considerado um dos sorotipos de maior ocorréncia em todo o mundo. Nos
Estados Unidos, Canada, Australia e Nova Zelandia, entre os anos de 2001 e 2007,
S. Typhimurium foi reportada como o sorotipo mais isolado. Nesse mesmo periodo, na Africa,
Asia e América latina, incluindo o Brasil, foi a segunda mais isolada, ficando atrds de
S. Enteritidis (SPECTOR; KENYON, 2012).

Os casos de contaminagao humana por S. Enteritidis aumentaram na Europa entre 2013
e 2017 e foram normalmente associados ao consumo de carne de aves e ovos contaminados.
No Sul do Brasil, mais especificamente no Estado do Rio Grande do Sul, uma cepa especifica
denominada S. Enteritidis SE86 foi responsavel por mais de 95% das salmoneloses investigadas
durantes os anos de 1999 a 2013 (RITTER et al., 2019).

Salmonella enterica Heidelberg, também pertencente a subespécie enterica, tem
chamado atengdo como um dos principais sorotipos associados ao consumo de produtos
avicolas, podendo contaminar e causar doengas em animais ¢ humanos (DEWI et al., 2021). As
bactérias pertencentes ao sorotipo S. Heidelberg sdo consideradas uma das mais virulentas e
invasivas, causando infec¢des intestinais associadas a sintomas graves da doenca, como
miocardite e bacteremia (BRONOWSKI; WINSTANLEY, 2009). Sao frequentemente
reportados por colonizarem aves sem apresentar sintomas, representando um risco maior de
disseminagdo (BEARSON et al., 2017). O consumo de ovos e carnes de aves ja ¢ muito
conhecido como fator de risco associado a doenga devido aos sorotipos da subespécie enterica,
incluindo S. Heidelberg, porém outros alimentos também tém sido associados, como por
exemplo, macarrdo e feijdo frito (PAPHITIS et al., 2020).

Shah et al. (2017) reportaram o sorotipo S. Heidelberg como o terceiro mais isolado
de produtos avicolas. Demczuk et al. (2003) relataram S. Heidelberg como o sorotipo isolado
mais comum em hemoculturas no Canada. Outros paises também reportaram a ocorréncia desse
sorotipo, como Estados Unidos (DEBLAIS et al., 2018), Colombia (DONADO-GODOQY et al.,
2015) e Brasil (ETTER et al., 2019).

Comparado aos outros sorotipos (S. Typhimurium, S. Enteritidis e S. Heidelberg)
citados acima, poucos estudos especificos envolvendo o sorotipo Salmonella enterica
Minnesota estao disponiveis. A real importancia de S. Minnesota na saude publica ainda tem
sido pouco documentada (BRASAO et al., 2021). De acordo com Edwards e Bruner (1938),
S. Minnesota foi isolada pela primeira vez em 1936, em um peru de uma granja de trés semanas

de idade, no estado de Minnesota nos Estados Unidos. S. Minnesota traz preocupacgdo devido



34

ao aumento no nimero de isolamentos na cadeia de produ¢do de carne de aves (VOSS-RECH
et al., 2015) e pelo fato de pouco se conhecer sobre seu potencial zoonotico.

No Brasil e no mundo, alguns estudos t€ém demonstrado um aumento de isolados de
S. Minnesota na cadeia avicola. Freitas (2011) demonstraram que, de 2009 a 2010, S. Minnesota
foi o segundo sorotipo mais isolado em frangos de corte no Brasil. Apesar da poucas evidéncias
e estudos que suportem a associacdo de S. Minnesota com doengas em aves ou na saude publica,
a presenca de representantes deste sorotipo em alimentos ¢ indesejavel, além de interferir na
relagdo comercial entre os paises, podendo levar até¢ mesmo a interdi¢do do alimento exportado.

Durante o processamento de alimentos, nem todos os microrganismos sdo capazes de
se adaptar e crescer frente aos diferentes tipos de barreiras impostas. Porém, dentre estes
microrganismos, a subespécie S. enterica ¢ bem conhecida por sua boa capacidade de crescer e
sobreviver em muitas condi¢des ambientais, adaptando-se e respondendo de forma apropriada
auma variedade de barreiras encontradas (SPECTOR; KENYON, 2012). Os constituintes dessa
subespécie possuem a capacidade de responder de maneira variada as condi¢cdes ambientais
estressantes, por meio de uma ampla gama de respostas genéticas, bioquimicas e fisioldgicas.
As células bacterianas, pertencentes as populagdes expostas a condigdes estressantes, que
sobrevivem, normalmente sdo capazes de colonizar e invadir a mucosa intestinal do hospedeiro
por meio de alimentos contaminados (GOMEZ-BALTAZAR et al., 2019; SPECTOR;
KENYON, 2012). Como estratégias da S. enterica para a sobrevivéncia ao estresse pode-se
destacar a indugdo a formagao de biofilme (LIANOU; KOUTSOUMANIS, 2012), geragdo de
células filamentosas (MATTICK et al., 2000) e modificacdo da sua composi¢do e fluidez
(ALVAREZ-ORDONEZ et al., 2008).

2.2 RESPOSTA MICROBIANA A CONDICOES DE ESTRESSE

As condicdes ambientais a que um microrganismo € exposto podem variar
drasticamente durante todo o seu ciclo de vida. A capacidade de microrganismos crescerem €
sobreviverem ¢ influenciada por fatores extrinsecos, como a temperatura do ambiente, e fatores
intrinsecos, como por exemplo, o conteido de nutrientes, pH e a, do alimento em questdo
(SMET et al., 2015). Ao longo do seu ciclo de vida, principalmente durante o processamento
de alimentos, microrganismos podem se deparar com mudancas ambientais, sendo estas letais
levando a inibi¢do ou subletais representando um tipo de estresse para a célula microbiana

(SPECTOR; KENYON, 2012). A habilidade dos microrganismos reconhecerem e responderem
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de maneira rdpida e adequada as mudangas ambientais sdo crucias para sua sobrevivéncia
(FOSTER; SPECTOR, 1995).

Patégenos de origem alimentar encontram condig¢des adversas a vida em praticamente
todos os ambientes incluindo os naturais (por exemplo, solo, sistemas hidricos), os industriais
(por exemplo, matadouros, fabricas de processamento de alimentos) e os hospedeiros (animais,
humanos) (WINFIELD; GROISMAN, 2003). Alimentos sdo ambientes complexos, que podem
gerar diferentes condi¢des estressantes, naturalmente ou durante o processamento,
armazenagem e distribuicdo, como por exemplo, disponibilidade limitada de nutrientes, pH
adverso, osmolaridade, oxidagdo, temperaturas extremas, entre outros (ALVAREZ-
ORDONEZ et al., 2015; ULTEE et al., 2019).

A resposta bacteriana a exposicao a diferentes condi¢des ambientais consideradas
estressantes, tais como temperatura, pH, atividade de agua (aw), aplicados individualmente ou
simultaneamente, t€ém se tornado foco de muitos estudos (DUFRENNE et al., 1997,
MELLEFONT; MCMEEKIN; ROSS, 2003; MUNOZ-CUEVAS et al., 2010; SMET et al.,
2015; TIGANITAS et al., 2009). Condi¢des de estresse podem ser impostas pelo processamento
de alimentos, gerando um desafio as células bacterianas, limitando seu crescimento. Estratégias
mais recentes, como a de multiplas barreiras, que utilizam tratamentos mais leves para inibirem
microrganismos, estressando-os ou lesionando-os permanentemente, veem sendo utilizadas,
especialmente no caso de alimentos minimamente processados. Entretanto, quando células
bacterianas conseguem adaptar-se ao estresse, podem ser capazes de resistir a tratamentos
posteriores, ou ainda, resistirem a passagem pelo estdmago e barreiras intestinais quando
confrontadas com barreiras defensivas do hospedeiro (MELO et al., 2017).

Outra preocupagdo, relacionada a exposi¢ao de bactérias a condi¢des de estresse, €
reportada pela dificuldade de detecgdo durante a analise microbiologica das células lesionadas,
pois elas ndo sdo capazes de crescer em meios microbioldgicos convencionais ou, na maioria
das vezes, um ambiente apropriado nao ¢ utilizado. Assim, essa situacdo pode levar a uma
superestimacao da letalidade dos tratamentos ou a falha na deteccdo da presenca de patogenos
durante o controle de qualidade de alimentos ou investigagdes de surtos (ALVAREZ-
ORDONEZ et al., 2015).

As respostas adaptativas ao estresse podem derivar do aparecimento de mutacdes
gendOmicas, que surgem na populacdo microbiana devido ao fendtipo benéfico que a elas €
conferido, quando em ambientes de pressdo seletiva (RANDO; VERSTREPEN, 2007).
Segundo Abee, (1999), em alguns casos, pode ocorrer também uma resposta transitoria ao

estresse, geralmente consistindo em uma mudanga caracteristica no padrdo de expressao génica.
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A regulagdo genética envolve uma série de interruptores controlando a expressdo coordenada
ou a repressao de genes. No final, uma série de respostas fisioldgicas ocorrem com alteragdes
em proteinas, DNA e lipidios. Essas respostas incluem o inicio de sistemas homeostaticos,
sintese induzida de proteinas de estresse que reparam DNA e proteinas danificadas e ativagao
de sistemas enzimaticos com estresse especifico.

A exposicao de bactérias patogénicas a uma condicao estressante pode resultar no
aumento da sua resisténcia a essa condicao de estresse aplicada ou a outros diferentes estresses
ambientais subsequentes. As respostas e estratégias de sobrevivéncia ao estresse de
Salmonella spp. podem ter um impacto profundo na epidemiologia e patogénese dessas

bactérias (SIRSAT et al., 2011; YADAV et al., 2016).

2.2.1 Estresse osmatico

Durante o processamento de alimentos, microrganismos enfrentam diversas mudancas
ambientais, deparando-se com diferentes tipos de estresse. Dentre essas condigdes estressantes,
0 estresse osmotico, que pode ser obtido pela diminui¢do da a. do alimento, ¢ um dos mais
comumente aplicados no processamento de alimentos, seja pela adicao de solutos, como agentes
osmoticos, por técnicas de desidratacdo, ou ainda pela evaporacdo natural da agua dos
alimentos. A adi¢do de solutos, como o cloreto de sddio (NaCl), ¢ uma estratégia comumente
aplicada na industria de alimentos e seu uso pode causar danos as células bacterinas,
interrompendo a manuten¢do do equilibrio osmético entre os ambientes citoplasmatico e
intracelular (TIGANITAS et al., 2009).

A exposicao de células bacterianas de Salmonella a ambientes osmoticos estressantes
resulta na perda de dgua, causando consideravel encolhimento da célula microbiana e, como
consequéncia, o aumento nas concentragcdes de todos os metabdlitos intracelulares. A perda
repentina de agua das células, chamada de plasmolise, pode resultar na inibicdo de uma
variedade de processos fisiologicos, desde a absor¢ao de nutrientes até a replicagdo do DNA
(BURGESS et al., 2016). A adaptacdo de bactérias a ambientes osmoticos estressantes €
descrita por manifestacdes fisioldgicas e genéticas. Quando as bactérias sdo submetidas a tais
condigdes, elas necessitam de respostas rapidas para sobreviver, para equilibrar rapidamente a
pressao de turgéncia, e assim se reajustar aos niveis osmoticos do ambiente (SLEATOR; HILL,
2001; SPECTOR; KENYON, 2012), por meio do aumento na concentracdo de solutos ou
“osmoprotetores” compativeis no citosol e/ou periplasma (SMET et al., 2015; SPECTOR;

KENYON, 2012). Para as constituintes do género Sa/monella os principais “osmoprotetores”
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ou solutos descritos incluem ions de potéssio, glutamato, glutamina, prolina, glicina-betaina, e
colina ou trealose (BURGESS et al., 2016).

A resposta inicial das bactérias ao choque hiperosmético (maior osmolaridade) ¢ um
aumento da captacao de K+ do meio extracelular. Dois principais sistemas de transporte sao
descritos como responsaveis por esta funcdo: o Trk, um sistema constitutivo de baixa afinidade
e o sistema Kdp, rapidamente induzido, que tem uma alta afinidade com K+ (BURGESS et al.,
2016; SPECTOR; KENYON, 2012). Em seguida, ocorre um aumento de glutamato que ¢
catalisado por duas enzimas, glutamato desidrogenase e glutamato sintase (BURGESS et al.,
2016). Os sistemas de transporte pelos quais os solutos compativeis sdo transportados para as
células sdo ProP e ProU. O primeiro sistema possui menor afinidade pela glicina betaina, mas
¢ expresso constitutivamente e s6 sofre inducdo de 2 a 3 vezes durante o crescimento a alta
osmolaridade. O sistema ProU ¢ um sistema de transporte de alta afinidade, induzido sob
condi¢des de estresse osmoético e reprimido pelo acumulo de solutos compativeis, como a
prolina e a glicina-betaina (BURGESS et al.,, 2016; FOSTER; SPECTOR, 1995; KOO;
BOOTH, 1994).

As bactérias da espécie S. enterica sintetizam a trealose e algumas podem converter a
colina fornecida externamente em glicina-betaina. Se nenhum soluto compativel estiver
disponivel para transporte ou se o fornecimento desses compostos ndo for adequado para
equilibrar for¢as osmoticas, os sorotipos de Salmonella sintetizam o dissacarideo trealose como
seu principal “osmoprotetor” (SLEATOR; HILL, 2001; SPECTOR; KENYON, 2012). A
biossintese de trealose envolve as enzimas trealose-6-fosfato fosfatase e trealose-6-fosfato
sintase codificadas pelos genes otsB e otsA, respectivamente (SPECTOR; KENYON, 2012).

A avaliagdo do comportamento de espécies do género Sal/monella submetidas a
ambientes de estresse osmotico tem se tornado foco de estudos, demostrando que a variagao
nos niveis osmoticos do ambiente de crescimento pode influenciar o comportamento bacteriano
(KOUTSOUMANIS, 2008; MELLEFONT; MCMEEKIN; ROSS, 2005; MELO et al., 2017,
ZHOU et al., 2011, 2012). De acordo com Koutsoumanis (2008), que estudou os limites de
crescimento de células individuais de S. Enteritidis expostas a niveis de estresse osmotico, a
medida que a concentragdo de NaCl aumenta e, consequentemente a a,, diminui, 0 nimero de
células da populagdo capaz de crescer diminui gradualmente.

Estudos relatam que a exposicao de cepas de Salmonella a ambientes osmoticos
estressantes pode induzir a maior resisténcia a estresses subsequentes ou a tratamentos de

inibi¢do microbiana. Podolak et al. (2010), mostraram que a redu¢do da a, pode aumentar a
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resisténcia de sorotipos de Salmonella ao calor, e que as células permanecem em um estado de

baixa atividade metabdlica, que é retomada ap6s o retorno a condigdes ambientais favoraveis.

2.2.2 Fenomeno Fénix

Estudos que abordam o comportamento microbiano em condi¢des proximas aos
limites de crescimento, desencadeando ambientes estressantes, apresentam um comportamento
caracterizado pela redugdo inicial da populacdo microbiana, seguido por um periodo que a
populacdo microbiana se mantém inalterada, e entdo ocorre a retomada do crescimento
exponencial até atingir a fase estacionaria. Este comportamento foi denominado como
Fendmeno Fénix (FF). Primeiramente reportado por Collee, Knowlden e Hobbs, (1961), para
Clostridium welchii, e mais tarde, estudado por Shoemaker e Pierson (1976), no comportamento
de Clostridium perfringens.

Mesmo sendo um foco de estudos de extrema importancia para a seguranca de
alimentos, existem poucas pesquisas disponiveis na literatura sobre o FF. Ao longo dos anos,
alguns autores tém reportado o FF para diferentes microrganismos e condigdes ambientais.
Mellefont, Kocharunchitt e Ross (2015) avaliaram o efeito combinado da aplicagdo de
resfriamento e ressecamento superficial na sobrevivéncia de E. coli, a partir da exposi¢ao do
microrganismo a ambientes de baixa temperatura e aw. Nas condi¢des impostas, o FF foi
observado para E. coli.

O comportamento de Salmonella spp. frente a niveis de estresse osmotico tem sido
reportado por levar a ocorréncia do FF (ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018;
MELLEFONT; MCMEEKIN; ROSS, 2004, 2005; ZHOU et al., 2011, 2012). Mellefont,
Mcmeekin e Ross (2005) observaram o FF no comportamento de S. Typhimurium, avaliando
as respostas de populacdes fisiologicamente distintas, a partir de indculos em fase exponencial
e fase estaciondria, expostas a niveis de estresse osmotico (valores de a, variando de 0,950 a
0,993). De acordo com os autores, 0 comportamento ocorreu devido a inativagao inicial de uma
porcao da populacdo, seguida de retomada do crescimento.

O FF foi também reportado no estudo realizado por Zhou et al. (2011). As células
bacterianas de S. Typhimurium foram expostas a condi¢do de estresse osmoético em diferentes
niveis (% NaCl variando de 0,5 a 7,5%), e cultivadas em dois tipos de meio, um meio “minimo”
(sem adicdo de “osmoprotetor”) e outro “rico” (com adi¢do de “osmoprotetor”). As células
bacterianas expostas a um meio “minimo” apresentaram um periodo inicial de declinio, antes

da retomada do crescimento exponencial. Os autores atribuiram esse comportamento
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populacional a adequacgdo das células ao novo ambiente, com baixa a,, ¢ ao trabalho de
adaptacdo que as células t€ém que percorrer em um meio menos propicio ao crescimento.

Aspridou, Akritidou e Koutsoumanis (2018) estudaram o FF de Salmonella Agona
submetida a condi¢do de estresse osmotico (6,75% NaCl), caracterizando-o como um
comportamento “trimodal”. Uma sequéncia de imagens de microscdpio gravadas e visualizadas
a uma velocidade maior do que a real (time-lapse microscopy) foi utilizada para analise. As
respostas de S. Agona exposta a condi¢do de estresse osmotico foram estudadas ao longo do
tempo, em nivel de células individuais. De acordo com os autores, ao longo do FF, trés
subpopulagdes podem ser observadas simultaneamente: células crescendo, sobrevivendo e
morrendo.

De acordo com Booth (2002), uma explicacdo para a diminui¢do inicial da
concentracgdo celular, seguida do crescimento, ¢ que o inoculo € constituido de uma populagdo
heterogénea, devido a expressdo de proteinas nas células. Algumas células podem ter uma

concentragdo maior de uma determinada proteina, o que as ajuda a lidar com o estresse.

2.3 MICROBIOLOGIA PREDITIVA

O uso da microbiologia preditiva como uma ferramenta permite a descri¢ao, por meio
de modelos matematicos, da dinamica (crescimento, sobrevivéncia e inativacao) de populacdes
microbianas submetidas as mudangas fisicas, quimicas e biologicas no ambiente, ao longo do
processamento, transporte, distribuigdo e armazenamento de alimentos. Os modelos propostos
buscam descrever o comportamento microbiano frente a diferentes conjuntos de fatores
intrinsecos e extrinsecos, contribuindo muito para analise de risco microbioldgico e seguranga
de alimentos (HUANG, 2014).

Em microbiologia preditiva, de acordo com Mcdonald e Sun (1999), os modelos
matematicos podem ser classificados em modelos primarios, secundarios e terciarios (pelo nivel
da modelagem), em modelos empiricos ou mecanisticos (pela sua concepcao estrutural) e
modelos cinéticos ou probabilisticos (interesse especifico da modelagem). O uso de modelos
matematicos na microbiologia de alimentos comecou por volta de 1920, para o céalculo do
tempo de destruicao térmica de microrganismos (BIGELOW, 1921; BIGELOW; ESTY, 1920).
Os modelos primarios descrevem as respostas microbianas em relagdo ao tempo, para um nico
conjunto de condigdes constantes. Os modelos secundarios descrevem as respostas de um ou

mais parametros obtidos no modelo primario, em relagcdo a uma ou mais condi¢des ambientais,
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como variagdes de temperatura, por exemplo. Os modelos tercidrios estdo disponiveis na forma

didatica em softwares (WHITING; BUCHANAN, 1993).

2.3.1 Modelos de crescimento e inativacio microbiana

Os modelos cinéticos sdo uma importante ferramenta para a simulagio dos diferentes
fendmenos que ocorrem durante o processamento de alimentos. Modelos matematicos para
descrever o crescimento ¢ a inativagdo de microrganismos em alimentos como uma fung¢ao das
condi¢des intrinsecas (pH, atividade de agua) e extrinsecas (temperatura, pressao, aplicagao de
ultrassom ou radiac¢ao) estdo disponiveis (GEERAERD; VALDRAMIDIS; VAN IMPE, 2005).
Com o objetivo de descrever e predizer o comportamento, o grau de inativa¢cdo microbiana, ou
os efeitos letais e subletais durante toda a cadeia de processamento de alimentos, a aplicacao de
modelos matematicos se torna fundamental para o estabelecimento de melhores condi¢des para
seguranga de alimentos.

Existe uma grande quantidade de modelos matematicos disponiveis na literatura para
descrever o crescimento microbiano. De acordo com Vadasz e Vadasz (2005), 14 modelos
matematicos estavam sendo usados de forma consistente naquela ultima década. Entre os
modelos matematicos de crescimento microbiano em alimentos, o modelo de Baranyi e Roberts
(1994) destaca-se na literatura e tem sido um dos mais utilizados. Ele se destaca pela facilidade
no uso, por ter softwares disponiveis onde as equacdes ja estdo inseridas, ¢ aplicdvel em
condi¢des ambientais dindmicas, possui boa capacidade de ajuste, e os parametros do modelo
sao biologicamente interpretaveis (LEBERT; LEBERT, 2006; VAN IMPE et al., 2005).

Modelos primarios de inativacao microbiana em alimentos sao amplamente utilizados.
As predigdes da cinética de inativagdo podem ser realizadas por meio de modelos que
descrevem o numero de redugdes logaritmicas decimais em fungdo do tempo de tratamento
aplicado. Um dos modelos que ¢ tradicionalmente usado ¢ o modelo de Bigelow, que considera
a inativacdo de microrganismos uma cinética log-linear de primeira ordem. Ele assume que
todas as células de uma populacdo tém a mesma sensibilidade ao fator de inativacdo aplicado
(GEERAERD; VALDRAMIDIS; VAN IMPE, 2005). Porém, comportamentos log-lineares sao
considerados uma exce¢do, e cinéticas de inativagdo nao log-lineares sdo mais comuns
(PELEG, 2000).

Normalmente, diferentes tipos de curvas de inativa¢gdo podem ser observados,
caracterizadas por suas formas, descritas como log-linear, log-linear com ombro, log-linear com

cauda, log-linear com ombro e cauda, bifasico, bifasico com ombro, e nao-linear com
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concavidade para cima ou para baixo (GEERAERD; VALDRAMIDIS; VAN IMPE, 2005).
Entre os modelos de inativa¢do, os modelos de Weibull e log-linear com ombro tém sido
aplicados com sucesso para descrever a inativacao de microrganismos. Ambos os modelos tém
como vantagem a sua simplicidade matematica e grande flexibilidade (MAFART et al., 2001).

A utilizagdo de modelos preditivos para descrever o crescimento e inativacdo de
espécies de Salmonella aumentaram nos ultimos anos (MILKIEVICZ et al., 2020, 2021;
MUNOZ-CUEVAS; METRIS; BARANYI, 2012; NOVIYANTI et al., 2018; PIN et al., 2011).
Entretanto, a maioria dos modelos disponiveis concentra-se em descrever o comportamento
microbiano, frente as condigdes ambientais favoraveis ou desfavoraveis ao seu crescimento
(crescimento ou inativagdo). Poucos estudos abordam modelos capazes de descrever o
comportamento microbiano em condi¢des proximas aos limites de crescimento, considerados
ambientes estressantes, € que possa ter a presenca de uma populagdo intermediaria, o que torna
dificil a quantificagdo e estimativa, como ocorre no FF (ASPRIDOU; AKRITIDOU;
KOUTSOUMANIS, 2018; ZHOU et al., 2011).

2.3.2 Modelos que descrevem o Fenomeno Fénix

A eficiéncia dos modelos matematicos utilizados para descri¢ao do comportamento de
microrganismos expostos a ambientes proximos aos limites de crescimento depende da sua
habilidade em propor parametros coerentes, que auxiliem na compreensdao do comportamento
microbiano. Existem poucos estudos disponiveis que apresentam modelos matematicos capazes
de predizer a recuperacdo das células bacterianas expostas a ambientes estressantes, mais
conhecido como o FF (MELLEFONT; MCMEEKIN; ROSS, 2004; RHODES; KATOR, 1988).
Sabe-se que, além das condi¢des ambientais as quais os microrganismos sao expostos, € do
estado fisiologico das células, que pode ser resultante das condi¢cdes de crescimento do
ambiente de pré-inoculagdo, apds a exposi¢do de microrganismos a condigdes ambientais
desfavoraveis, nem todas as células sdo capazes de crescer, podendo levar a obtengdo de
populagdes bacterianas heterogéneas (ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018).

A predi¢do segura do comportamento bacteriano nesses ambientes estressantes € dificil
de ser alcangada. A compreensao e o desenvolvimento de modelos capazes de descrever esse
comportamento ¢ fundamental para a aplicacdo e a utilizacdo dos modelos preditivos na
seguranga e no controle da qualidade de alimentos, visto que sdo condi¢gdes reais encontradas
pelos microrganismos durante o processamento de alimentos (AGUIRRE; BORNEO; LEON,
2013; BARANYIL; ROBERTS, 1994; ZHOU et al., 2011).
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O efeito da exposi¢do a condicdo de estresse osmotico em populagdes fisiologicamente
distintas de S. Typhimurium foi estudado por Mellefont, Mcmeekin e Ross (2004, 2005). Os
autores utilizaram o tempo de adaptacao relativo (TLR), definido pela razao entre o tempo de
adaptacao e o tempo de duplicagdo, para caracterizar o tempo necessario para o crescimento
das células durante a exposicdo aos ambientes osmotico estressantes. Os experimentos foram
realizados em uma ampla gama de niveis da condicao de estresse osmotico (adicdo de NaCl),
com o objetivo de avaliar seus efeitos no TLR. Os autores concluiram que a exposi¢do a
condicao de baixa aw levou a obtengao de maiores TLRs.

Zhou et al. (2011) avaliaram e modelaram o comportamento de S. Typhimurium
exposta a condi¢do de estresse osmotico, variando a composi¢cdo do meio de crescimento, que
levou ao FF. A fase de adaptagdo foi definida como a adaptacao da subpopulagao sobrevivente
e foi modelada por meio de um parametro que quantifica o trabalho bioquimico que as células
sobreviventes realizam durante esse periodo, definido como o “trabalho a ser feito”. Visto isso,
com a defini¢do da fase de adaptacdo (lag) revisada, o modelo de Baranyi e Roberts (1994) foi
modificado para levar em consideragdo o periodo de declinio inicial. Os autores afirmaram que
a curva da concentragao da populagao total era a soma de uma subpopulagao morrendo e outra

sobrevivente e crescente.

2.4 CITOMETRIA DE FLUXO PARA AVALIACAO DO ESTADO FISIOLOGICO DE
CELULAS BACTERIANAS

A citometria de fluxo (CF) ¢ uma ferramenta de diagnostico bioldgico priméario
(HAMEED; XIE; YING, 2018), definida como o estudo de células isoladas em um fluxo
liquido. E um método individual, quantitativo e qualitativo utilizado para caracterizar particulas
em uma suspensao liquida. Um citometro de fluxo ¢ composto de trés partes principais: fluidica,
optica e eletronica e seus componentes principais sao o laser, uma cdmara de amostras € um
sistema fotodetector carregado com um tubo fotomultiplicador (LONGIN et al., 2017).

A técnica de CF utiliza uma combinacao de dispersdo de luz e emissao de fluorescéncia
para detectar células com varios estados estruturais, fisioldgicos e genéticos. CF ¢ um método
poderoso que pode ser utilizado para analisar multiplos parametros de células individuais dentro
de populagdes heterogéneas (CRONIN; WILKINSON, 2010). As aplicagdes industriais de CF
incluem a deteccdo rapida de patogenos, a estimativa de dano celular apos etapas de
processamento, como aquecimento, secagem por aspersao e liofilizagdo, e monitoramento de

bioprocessos (DIAZ et al., 2010; WILKINSON, 2018).
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Diferentes aplicagdes tém sido dadas ao método de CF como, por exemplo, a avaliagdo
bacteriologica de amostras de dgua e a detec¢dao de bactérias indesejaveis e ndo cultivaveis
(HOEFEL et al., 2003). A técnica de CF fornece um detalhamento sobre o estado fisioldgico
das células microbianas, com o auxilio de sondas especificas fluorescentes, que possibilitam a
enumeragdo rapida em culturas mistas. A CF ¢ utilizada também nas industrias vinicolas para
determinar a concentragdo e¢ o estado fisiologico dos microrganismos fermentadores e
deteriorantes (LONGIN et al., 2017).

M¢étodos convencionais utilizados para a analise de populacdes microbianas sdo
considerados limitados, pois podem determinar erroneamente o niimero de bactérias vidveis,
uma vez que estas técnicas assumem que todas as bactérias presentes estdo vivas ou mortas.
Em determinadas situagdes, as bactérias podem entrar em um estado viavel, mas nao cultivavel
(VBNC), durante o qual elas ndo sdo cultivaveis, mas ainda sdo metabolicamente ativas e
podem causar infeccdo em hospedeiros humanos (GUEDES; DE SOUZA, 2018; SINGH;
BARNARD, 2017).G

Além disso, quando células sdo submetidas a condi¢des adversas, o dano celular
causado pelo estresse pode ser de dificil deteccdo, uma vez que ndo se sabe por qual tipo de
subpopulagdes a populagdo bacteriana total sera constituida. A CF pode ser considerada como
uma abordagem alternativa, que permite a detec¢cdo rapida e confiavel de multiplos estados
fisiologicos em células. Essa técnica tem recebido muita atencao para ser aplicada como método
de medida da viabilidade e das funcdes fisiologicas das bactérias (SINGH; BARNARD, 2017).

O método de CF, em combinag¢ao com técnicas fluorescentes, oferece uma ferramenta
poderosa para analisar uma populacao celular em nivel unicelular, j4 que pode fornecer dados
quantitativos, em tempo real e de alta velocidade para aquisi¢do de dados para amostras
ambientais, alimentares e clinicas. Antolinos et al. (2014) e Chen et al. (2012) observaram que
o uso da CF para medir a “dindmica” da membrana celular forneceu evidéncias consistentes
para monitorar a heterogeneidade fisiologica e a analise de células individuais em uma
populacgdo bacteriana estressada, fornecendo informagdes imediatas sobre o estado fisiologico
das células.

As respostas bacterianas de Shigella e Salmonella, expostas a um ambiente simulado
do estdbmago humano (fluido géastrico acido), foram estudadas usando CF e o método de
contagem em placa, com o objetivo de avaliar a heterogeneidade fisioldgica, a integridade da
membrana e a sobrevivéncia. Quando coradas com iodeto de propidio (PI) e laranja de tiazol

(TO), os resultados obtidos por CF mostraram que as células bacterianas, apds a exposi¢ao ao
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liquido gastrico, transformaram-se distintamente em subpopulagdes fisiologicamente
heterogéneas: células intactas, estressadas e danificadas (SINGH; BARNARD, 2017).
Sibanda e Buys (2017) avaliaram o efeito da exposi¢ao de células de Listeria
monocytogenes aos estresses acido (pH 4,2), osmoético (NaCl 10%) e térmico (55 °C por 30
min), utilizando o método de contagem em placa e CF juntamente com corantes indicadores de
integridade da membrana (PI e TO). Com base na analise de CF juntamente com os corantes
TO e PI, foi possivel concluir que o estresse acido causou o maior nivel de lesao, seguido pelos

estresses térmico e osmotico.

2.5 INATIVACAO DE MICRORGANISMOS POR LUZ ULTRAVIOLETA NO ESPECTRO
C (UV-C)

A luz ultravioleta (UV) possui uma faixa de comprimento de onda de 100 a 400 nm, ¢é
uma radiacdo eletromagnética ndo-ionizante com aplicacdo potencial na descontaminagao
microbiana. Ela ¢ dividida em faixas de comprimentos de onda, como UV-A (315-400 nm),
UV-B (280-318 nm), UV-C (200-280 nm) e UV a vacuo (100-200 nm). A luz UV-C (com 90%
de emissdo a 253,7 nm) € conhecida por ser germicida, inativar virus, bactérias, protozoarios,
leveduras, fungos filamentosos e algas (KEYSER et al., 2008; KOUTCHMA, 2009).

O tratamento por UV-C possui diferentes aplicacdes na industria de alimentos, como
descontaminacdo de superficies, desinfec¢do de 4gua potavel e inativacdo microbiana. A
inativagdo microbiana usando luz UV ¢ alcancada quando os fotons UV atacam o DNA
microbiano e subsequentemente o danificam por meio da dimerizagdo de pirimidina, inibem a
formagdo de novas cadeias de DNA no processo de replicagao celular, resultando na chamada
morte clonogénica (inabilidade de replicacdo) dos microrganismos (KAAVYA et al., 2021).

A aplicagdo do tratamento com luz UV-C apresenta diversas vantagens, como a
auséncia de residuos quimicos, a facil configuracdo, o baixo consumo de energia e a
manuten¢do de caracteristicas sensoriais do alimento. Entretanto, pode apresentar algumas
desvantagens, como a descoloracdo em alguns alimentos e o baixo poder de penetragdo da luz,
pois o efeito germicida ¢ obtido apenas pela aplica¢do direta no alvo, ndo sendo eficaz em
superficies porosas, com sombras ou orificios (MENEZES et al., 2020).

Quando um produto ¢ submetido a luz UV, ¢ importante definir a fluéncia (dose) de
radiacdo recebida. E, para avaliar o comportamento de microrganismos expostos a luz UV-C
sdo utilizados os pardmetros de fluéncia (dose) e irradiancia (intensidade). A fluéncia (J/m?) é

definida como a energia total recebida por unidade de area na superficie de um substrato, sendo
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que ela varia com o tempo (s), ou seja, quanto maior o tempo de exposi¢ao, maior a fluéncia.
A irradiancia (W/m?) é definida como a quantidade de fotons recebidos por unidade de 4rea da
superficie do substrato, sendo que ela varia com a poténcia da lampada de UV-C e a distancia
entre o substrato e a lampada. Sensores chamados de radiometros (térmicos ou fotonicos) sao
utilizados para medir a fluéncia ou irradiancia (KOUTCHMA, 2009).

A utilizacdo de tecnologia baseada em luz UV-C vem sendo proposta como uma
alternativa aos tratamentos térmicos para descontaminacao de alimentos, pois ela causa menor
impacto nas propriedades dos alimentos (POSSAS et al., 2018). A tecnologia baseada em luz
UV-C ¢ considerada relativamente simples, acessivel e eficaz para tornar os produtos acabados
seguros e com prazo de validade estavel. Bons resultados estao sendo obtidos em pesquisas que
avaliam a eficidcia da aplicagdo da luz UV-C na inativacdo de uma ampla gama de
microrganismos relacionados a contaminagdo e deterioragio de alimentos (CONDON-
ABANTO et al., 2016; ESTILO; GABRIEL, 2017; GUILLEN et al., 2020; MENEZES et al.,
2020). A luz UV-C foi avaliada como uma agente efetiva de inativagdo de Salmonella spp.
(ESTILO; GABRIEL, 2017), E. coli (GABRIEL; NAKANO, 2009), Aspergillus fischeri
(MENEZES et al., 2019, 2020) e Paecilomyces niveus (MENEZES et al., 2020).
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CAPITULO 3

3 MODELAGEM DA INATIVACAO, SOBREVIVENCIA E CRESCIMENTO DE
SALMONELLA ENTERICA SOB ESTRESSE OSMOTICO CONSIDERANDO A FASE
DO INOCULO E SOROTIPO.

No capitulo 3, utilizou-se o método de contagem em placa e a modelagem matematica para
avaliar o comportamento de sorotipos de Salmonella enterica em ambientes estressados
osmoticamente (a, = 0,940, 0,945, 0,950 ¢ 0,960), considerando diferentes fases (exponencial

e estaciondria) e temperaturas de cultivo (25 ¢ 35 °C) do inoculo.

Os dados deste capitulo foram publicados na revista Journal of Applied Microbiology em 2022

como Modelling the inactivation, survival and growth of Salmonella enterica under osmotic
stress considering inoculum phase and serotype (10.1111/jam.15515) e estd apresentado a

seguir.
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ABSTRACT

Aims: This study evaluated the behaviour of the Salmonella enterica serotypes in osmotically
stressful BHI broth (0.940 < a,, < 0.960), assessing inoculum from two stages of the bacterial
life cycle (exponential and stationary) and two temperatures (25 °C and 35 °C).

Methods and Results: Four S. enterica serotypes (Typhimurium, Enteritidis, Heidelberg and
Minnesota) were grown in stressful BHI at 25 °C. A mathematical model was proposed for
describing the total microbial count as the sum of two subpopulations, inactivating and
surviving-then-growing. When submitted to @, of 0.950 and 0.960, all strains showed a
decreased count, followed by a period of unchanged count and then exponential growth
(Phoenix Phenomenon). Strains inoculated at a,, = 0.940 and 0.945 showed inactivation kinetics
only. Cells cultivated at 25 °C and inoculated from the exponential phase were the most reactive
to the osmotic stress, showing a higher initial population reduction and shorter adaptation
period. The proposed model described the inactivation data and the Phoenix Phenomenon
accurately.

Conclusions: The results quantified the complex response of S. enterica to the osmotic
environment in detail, depending on the inoculum characteristic and serotype evaluated.
Significance and impact of study: Quantifying these differences is truly relevant to food safety
and improves risk analysis.

KEYWORDS: food safety, limit of growth, microbial survival, Phoenix phenomenon,
predictive microbiology.



48

3.1 INTRODUCTION

Microbial growth and survival are influenced by extrinsic (temperature) and intrinsic
(nutrients content, pH and ay) factors of a growth environment (SMET et al., 2015). In the food
chain, microorganisms face several environmental changes that can be lethal or sublethal.
Reduced a, is a preservation strategy commonly applied to food. It is obtained by adding
osmotic agents (e.g., NaCl) (TIGANITAS et al.,, 2009) or by dehydration techniques
(LAURINDO et al., 2018). However, exposure to such environmental stresses can lead to
changes in the microorganism’s resistance, ability to adapt and growth responses (KANG et al.,
2018; ZHOU et al., 2011). In addition, the physiological state changes the bacterial response to
a stressful environment (MELLEFONT; MCMEEKIN; ROSS, 2004).

The cell count decreases under specific environmental conditions, followed by an
unchanged count with subsequent exponential growth. This behaviour is called Phoenix
Phenomenon, first reported by Collee, Knowlden and Hobbs (1961). Shoemaker and Pierson
(1976) studied the Phoenix Phenomenon of Clostridium perfringens, observing three phases:
injury, recovery, and microbial growth. The genus Salmonella is well-known for handling
stressful conditions (GUILLEN et al., 2020), presenting the Phoenix Phenomenon under
osmotic stress. Mellefont, Mcmeekin and Ross (2005) showed this phenomenon in Salmonella
Typhimurium due to the first inactivation of part of the population, followed by growth.
Aspridou, Akritidou and Koutsoumanis (2018) suggested three simultaneous effects on
Salmonella cells-growth, survival, and death, resulting in the Phoenix Phenomenon.

Predictive models for Salmonella spp. growth and inactivation are widely available in
the literature (MILKIEVICZ et al., 2020, 2021; MUNOZ-CUEVAS; METRIS; BARANYI,
2012; NOVIYANTI et al., 2018; PIN et al., 2011). However, most of them exclusively describe
microbial behaviour in response to favorable or unfavorable environmental conditions. Few
studies propose a model to describe the Sa/monella behaviour under stress conditions, in which
the coexistence of subpopulations characterizes the Phoenix Phenomenon (ASPRIDOU;
AKRITIDOU; KOUTSOUMANIS, 2018; ZHOU et al., 2011, 2012).

Zhou et al. (2011) modified the Baranyi and Roberts (1994) model to describe
S. enterica behaviour under osmotic stress. They assumed that the log-count curve of the total
population was the sum (in log-count) of a dying and a surviving-then-growing subpopulation.
Aspridou et al. (2018) used a trimodal Baranyi and Roberts model to simulate the osmotic stress
effect on Salmonella individual cells, extending it to the populational dynamics. They assumed

scenarios of 10 cells split into growing, surviving and dying subpopulations.
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Differences between Sa/monella serotypes and strains can lead to substantial changes
in stress tolerance (GUILLEN et al., 2020). Since a microbial serotype tolerance cannot be
safely extended to others in the same species (LIANOU; KOUTSOUMANIS, 2011), studies
that quantify the resistance and adaptive responses of Salmonella serotypes are needed, as well
as the understanding of how the cells' history affects these responses.

In this context, the objectives of the present study were (1) to evaluate the effect of the
inoculum from two life cycle phases (exponential growth and stationary phases) and two
incubation temperatures (25 °C and 35 °C) on the Phoenix Phenomenon occurrence of
S. Typhimurium exposed to an osmotically stressful environment (a,= 0.950); (2) to propose a
mathematical model to describe the kinetics of the Phoenix Phenomenon of S. Typhimurium;
(3) to extend the model to four S. enterica serotypes (Typhimurium, Enteritidis, Heidelberg and
Minnesota) exposed to the different osmotic stress conditions (a.= 0.940, 0.945, 0.950 and
0.960) and inoculum from different bacterial life cycle phases (exponential growth and

stationary).

3.2 MATERIAL AND METHODS

3.2.1 Bacterial strains

The present study used four Salmonella enterica strains. It was used two of the most
common serotypes (S. Typhimurium ATCC 14028 and S. Enteritidis ATCC 13046) associated
with many human infections worldwide and widely studied, and two serotypes (S. Heidelberg
and S. Minnesota) obtained from a poultry processing plant (Santa Catarina State, Brazil). All
strains were kept in Eppendorf tubes containing Brain Heart Infusion (BHI, Kasvi, Brazil)

medium supplemented with 30% (v/v) glycerol and stored at -24 °C until needed.

3.2.2 Inoculum preparation

Aliquots of 100 pl from the bacterial stock culture were added in 10 ml of BHI
medium. Then, for reaching the desired phase of the inoculum, four different incubation
procedures were used (based on previous experiments, data not shown): (i) - 14h
(S. Enteritidis), 10 h (S. Typhimurium) and 9 h (S. Minnesota and S. Heidelberg) at 25°C to
exponential growth phase (E25); (ii) - 5 h (S. Typhimurium) at 35 °C to exponential growth
phase (E35); (ii1) - 18 h (S. Typhimurium) at 25 °C to obtain the late stationary phase (S25)
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and (iv) - 18 h (S. Typhimurium) at 35 °C to obtain the late stationary phase (S35)
(ADDITIONAL INFORMATION 3.6. Figure 3.6.1).

3.2.3 Experimental bacterial kinetics

Each inoculum was diluted in BHI to about 10’ CFU/ml. Thus, the cell count kinetics
was carried out by adding 1 ml of the inoculum to 100 ml of prewarmed (25 °C) BHI, reaching
an initial bacterial concentration of around 10° CFU/ml and pH = 7.2. To BHI broth medium,
the appropriate amount of NaCl - around 6.0, 7.0, 9.0 and 9.5% (w/v) - were added to obtain
aw=0.960, 0.950, 0.945 and 0.940, respectively, which was verified by an a,-meter (Aqualab,
model SERIES 3TE, Decagon Devices) (ADDITIONAL INFORMATION 3.6. Table 3.6.1).
The kinetics of S. Typhimurium were evaluated for E25, E35, S25 and S35 inoculum. From the
results, two inoculum conditions were selected for the kinetics measurement of the
S. Typhimurium, S. Enteritidis, S. Heidelberg and S. Minnesota in a,, of 0.940, 0.945, 0.950 and
0.960. All kinetics experiments were performed at 25 °C in duplicate.

The bacterial count was carried out at predetermined time intervals. For that, 1 ml of
the bacterial suspension was removed from each sample and serially diluted in peptone water
solution (0.1% w/v). Aliquots of 100 ul from the appropriate serial decimal dilution were
surface plated on BHI agar. Finally, plates were incubated at 35 °C for 24 h for bacterial
colonies counting. The incubation time of the plates was based on previous studies that showed
that there was no difference in the count after 24 hours. The detection limit was between 10 and

250 colony-forming units (CFU).

3.2.4 Mathematical modelling

Mathematical modelling the total microbial concentration (N, CFU/ml) exposed to
the osmotic-stressful environment was assumed to be the sum of two subpopulations:
inactivating cells (N;, CFU/ml) and surviving-then-growing cells (N;, CFU/ml), as shown in

Equation (3.1).

N, =N;+ N, (3.1)
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The logarithm transformation of N (y; = logN;,y; = log N;, and y, = log N;) was
applied for modelling purposes. Then Equation (3.1) was rewritten to the logarithm form, as

shown in Equation (3.2).

y: = log(10%i + 10%9) (3.2)

In Equation (3.2), y; and y, can be replaced by mathematical equations describing the
time-dependence of the inactivating and surviving-then-growing subpopulations. The y; (log
CFU/ml) along the time t (h) was modelled with the traditional first-order kinetic model
(RANJBARAN et al., 2021), as shown in Equation (3.3), with y;(0) = y; o, in which y; o (log
CFU/ml) is the logarithm of the initial cell concentration of the inactivating subpopulation and

kmax (1/h) is the maximum specific inactivation rate of this subpopulation.

dyi _ kmax
at ~ o G

The y, (log CFU/ml) along the time was modelled with the Baranyi and Roberts
(1994) model, Equations (3.4) and (3.5), with y,(0) =y, and Q(0) = Qy. For these
equations, Y, o (log CFU/ml) is the logarithm of the initial cell concentration of the surviving-
then-growing subpopulation, A (h) is the time needed for the surviving population to start the
growth, pna (1/h) 1s the maximum specific rate of the surviving-then-growing
subpopulation y,,, 4, (log CFU/ml) is the logarithm of the maximum cell concentration of the
surviving-then-growing subpopulation, and Q (dimensionless) is related to the physiological

state of the cells.

dﬁ — Hmax _1 — pYg~Ymax
dt ~ In10 (1+e—Q) (1—e% ) (34

dQ _ Umax
dt  In10 (3-5)

The differential Equations (3.3), (3.4) and (3.5) can be algebraically solved when the
extrinsic and intrinsic factors are considered constant. Thus, the explicit solutions of y; (from

Equation (3.3)) and y, (from Equations (3.4) and (3.5)) can be replaced in Equation (3.2) to
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describe y; (log CFU/ml) along the time (for more details, see SUPPORT MATERIAL) to
describe the Phoenix Phenomenon, as shown in Equation (3.6).

_#max}L
14e In10 (e In10 —1>

YmaxtIn max max
y(0)+Mt (eymax—Y(O)—log(Rohe_l;n 10 ’1<e‘;n 10 t_1>>
ve =log| (1 —Ry)10 10~ 4 10 (3.6)

Hmax t

Equation (3.6) was compared to the model proposed by Zhou et al. (2011) (Equation

[3.7]) for describing the same phenomenon.
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The main differences between Equations (3.6) and (3.7) are (1) the logarithm base of
the models (log instead of In), (2) the ratio parameters (ry and Ry) and (3) the logarithm of the
total initial concentration (y, and y(0)). The ry parameter of Zhou et al. (2011) (Equation (3.7))
is the ratio of the natural logarithm of the initial cell concentration of the surviving-then-
growing subpopulation (y, 4) to the natural logarithm of the total initial cell concentration (y,),
ie. 79 = Yg,0/Vt0 = ln(Ng,O) / ln(Nt,O), whereas the R, parameter of the proposed model
(Equation (3.6)) is the ratio of initial cell concentration of the surviving-then-growing
subpopulation (N 4) to total initial cell concentration (Ny), that is i.e., Ry = Ng /N . The y,
of Zhou et al. (2011), Equation (3.7), is different from y,(0), as can be seen in Equation (3.8),
while the y(0) of the model proposed in the present study, Equation (3.6), is equal to y;(0).
Thus, yo (Zhou et al., 2011) is a model parameter and should be estimated by fitting the model
to the data, while y(0) (current study) is the experimental data of logarithm of the initial

population.

yt(()) — ln(e(l—ro)J/o + e(TOJ/o)) (3.8)
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The time for the inactivating subpopulation to be reduced to zero is usually much lower
than the time for the surviving-then-growth subpopulation to start to grow, a consequence of
the stressful environment. From this hypothesis, at a certain moment (Phoenix time, t,), the
concentration of the inactivating subpopulation tends to zero (i.e., N;, — 0), while the
concentration of the surviving-then-growing subpopulation remains close to its initial value
(Ngp = Ng ). These assumptions applied to Equation (1) lead to Equation (3.9) with Ry =
Ngo/N¢o. Thus, —logR, is a reasonable approximation of the log reduction from the total
initial concentration to the total concentration at the Phoenix time, that is it measures the

potential magnitude of the inactivation before the Phoenix Phenomenon.

logN¢o —logNy s = —logRy (3.9)

Equations (3.6) and (3.7) were fitted to the experimental data (bacterial cell
concentration vs time) with the nonlinear least squares method (trust-region algorithm, curve
fitting toolbox, Matlab R2013a, MathWorks®, Natick, USA), estimating the five model
parameters of Equation (6) (Kmax> 4, Umax> Ro,» and Vma,) and six model parameters of
Equation (7) (Kmaxs> A Hmax> To» Yo, and Ymax), and 95% confidence intervals of model

parameters.

3.2.5 Evaluation of model performance

The evaluation of the models' performance, the goodness-of-fit indexes root-mean-
squared error (RMSE) and adjusted coefficient of determination (R?.j) were obtained from the

output of the Matlab curve fitting toolbox.

3.3 RESULTS

Figure 1 shows the experimental kinetics data for S. Typhimurium growth from the
four different inoculums at 25 °C into the BHI medium with a,, = 0.950 and the fitting of the
proposed mathematical model (Equation (3.6)). All S. Typhimurium inoculum conditions tested
induced the Phoenix Phenomenon. In the first 20 h after inoculation, a reduction was observed
in the bacterial cell concentration from close to 5 log CFU/ml to around 3 to 4 log CFU/ml,

depending on the inoculum phase. In the following, the bacterial concentration remained



y (log CFU/mL)

y (log CFU/mL)

54

constant in the interval between 20 and 50 h of incubation (plateau). After that, an exponential

growth phase was observed until the stationary phase, about 8 log CFU/ml or more, depending

on the life cycle phase of the inoculum.

Figure 1. Experimental data (symbols) of S. typhimurium incubated at 25 °C in BHI broth (a,, = 0.950) from
different inoculum conditions (exponential phase inoculum at 25 °C (E25. [a]); exponential phase inoculum at 35
°C (E35. [b]); stationary phase inoculum at 25 °C (S25. [c]) and stationary phase inoculum at 35°C (S35. [d]).
Continuous lines are the fitting of Equation (3.6) to the data. Symbols with error bars (e.g., @) represent the data
average value and respective standard deviation due to replicates.
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The statistical indexes and estimated parameters of the models (Equations (3.6) and (3.7)) are
shown in Table 2. The RMSE and R?,qj values calculated were relatively low (below 0.298 log
CFU/ml) and high (over 0.967), respectively, indicating that both models had a good
performance to describe the observed data to the studied conditions. However, all estimates of
the y, parameter (Equation (3.7)) were higher than the initial concentrations, y(0), as

suggested by Equation (3.8). These results are shown in Table 2. The cells from stationary phase

240
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inoculums (S25 and S35) were more resistant to the osmotic stress than those from exponential
phase inoculums (E25 and E35), as shown in Figure 1. S25 and S35 showed 1.32 log CFU/ml
and 0.99 log CFU/ml reductions (from — log R, calculation), respectively, during the declining
phase, while E25 and E35 showed 2.25 log CFU/ml and 2.21 log CFU/ml reductions
respectively. R,y parameter (Table 2) is higher for S35 and S25 than for E35 and E25 conditions,
indicating that the initial population from the exponential phase cells was more sensitive to the

osmotic environment than those from the stationary phase.
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Table 2. Model parameters and statistical indexes estimated from the fitting of the primary models to the experimental data of S. Typhimurium.

Parameters Statistical indexes

Inocn.ll.um Model yo or y(0) Honax Ymax A (h) ro or Ry Konax RMSE RZ,.
Conditions (Log CFU/ml) (1/h) (Log CFU/ml) (1/h) (Log CFU/ml) ]
E25  Eq.(7) (fi?()z 1 (igl%%i) (34.9019) (545498) (fd?os675) (;%'.1229) 0.260 0.979
Eq.(6) 5.2 £0.023) w310) @6 000653 (40069 0243 0.982

35 B () ooy 00k 12y @D @008 @023 0298 0967
Eq. (6) 4.74 (369339315) (fi.g111) (3361%5) (fd?(fg 150) (i%'.%)5719) 0.281 0.971

E35  Eq.(7) (56.1566) (io(i.l(? ¥ 9) (fi.6363) (5166.31) (36.306288) (i%é%g) 0.227 0.987
Eq. (6) >-26 (io(i.l(? 13 ) (fiézoo) (5184%5) (fd?(?o631142) (i%.%)gé) 0.222 0.988

$35  Eq.(7) (56.2382) (fd.zoz338) (56910 3) (i;:i) (f(fgzlo) (i%.gzli)) 0.091 0.997
Eq. (6) 4.92 (fd.zoz470) (56910 3) (g:?) (f(i.l(?229) (;(())‘.%)9999) 0.097 0.997

Y, is a parameter related to the logarithm of the total initial cell concentration; y(0) is the logarithm of the total initial cell concentration; pt,,,, is the maximum specific rate of
the surviving-then-growing subpopulation; y,,,4, is the logarithm of the maximum cell concentration of the surviving-then-growing subpopulation; 4 is the time needed for the
surviving population to start the grow; 7; is the ratio of the logarithm of the initial cell concentration of the surviving-then-growing subpopulation (y, 4) to the logarithm of the
total initial cell concentration (y,); R, is the ratio of initial cell concentration of the surviving-then-growing subpopulation (N, 4) to total initial cell concentration (N,); and
Kmax 18 the maximum specific rate of the inactivating subpopulation. Reported values are estimates + 95% confidence interval
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The inoculums incubation temperature led to differences in S. Typhimurium overall
behaviour, and the estimated models' parameters differed. Higher inoculum incubation
temperatures led to higher y,,4.; this parameter value for S35 was more than twice higher than
for S25, while the difference between E35 and E25 was around 18% only. For the lag time (1),
E25 and S35 showed a shorter value (around 60 h) than E35 and S25 (around 90 h).

All §. Typhimurium inoculums tested presented the Phoenix Phenomenon. However,
the most concerning situation was observed for the E25 inoculum. It showed the higher initial
log count reduction (—log R, =2.25 log CFU/ml), looking like it will be fully inactivated,
followed by the shorter lag phase. On the other hand, the S35 inoculum was more resistant to
osmotic stress. Thus, both inoculum conditions (S35 and E25) were used for further growth
studies of the S. enterica serotypes (Typhimurium, Enteritidis, Heidelberg and Minnesota)
exposed to the osmotic environments (a,, = 0.940, 0.945, 0.950 and 0.960) at 25 °C.

Figures 2 and 3 shows the S. Typhimurium, S. Enteritidis, S. Heidelberg and
S. Minnesota kinetic data curve from S35 and E25 inoculums, respectively, with 0.940 and
0.945 and the fitting of the primary model (Equation 3.6) to the data. Model parameters
(Equations 3.6) and statistical indexes are shown in Table 3. Exposure to a,, conditions of 0.940
and 0.945 led to the total inactivation of all serotypes evaluated. Thus, to fit the model for those
aw conditions, the parameters A, y,qx, and V., Were fixed as zero, estimating k,,,,, and R,

parameters.
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Figure 2. Experimental data (symbols) of S. Typhimurium (a), S. Enteritidis (b), S. Heidelberg (c) and S. Minnesota
(d) incubated at 25 °C in BHI broth (a, = 0.940) from the exponential phase inoculum at 35 °C (I), stationary
phase inoculum at 25 °C (II). Continuous lines are the fitting of Equation (3.6) to the data. (x) are values below
the detection limit considered in the study. Symbols with error bars (e.g., @) represent the data average value and
respective standard deviation due to replicates.
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Figure 3. Experimental data (symbols) of S. Typhimurium (a), S. Enteritidis (b), S. Heidelberg (c) and S. Minnesota
(d) incubated at 25 °C in BHI broth (a, = 0.945) from the exponential phase inoculum at 35 °C (I), stationary
phase inoculum at 25 °C (II). Continuous lines are the fitting of Equation (3.6) to the data. (%) are values below

the detection limit considered in the study. Symbols with error bars (e.g., @) represent the data average value and
respective standard deviation due to replicates.
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The model fitted the data well in most cases, confirmed by statistical indexes values
(Table 3). Some datasets in Figure 2 showed variation in the experimental data, as observed by
error bars, mainly for S. Heidelberg and S. Minnesota serotypes when exposed to a, of 0.940
and 0.945 using the S35 inoculum condition. Consequently, less accurate model fitting was
obtained in these cases.

The R, values were higher for the S35 inoculum condition for all strains. It confirms
that stationary phase inoculum is more resistant than exponential phase inoculum, as observed
in the S. Typhimurium data (Table 2). The k,,,, values also agree with that. The higher
intensity of osmotic stress applied (lower a, values) led to the shorter time required for
complete inactivation of the strains in the study. S. Enteritidis showed the fastest inactivation

for both inoculums (E25 and S35) and a. (0.940 and 0.945) conditions studied (Figures 2 and
3).
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Table 3. Model parameters and statistical indexes estimated from the fitting of the primary models to the experimental data of S. Typhimurium, S. Enteritidis, S. Heidelberg and
S. Minnesota incubated at 25 °C in BHI broth (a,=0.940 and 0.945) from the exponential phase inoculum at 25 °C (E25) and stationary phase inoculum at 35 °C (S35)

Serotypes/Inoculum a y(0) Carmers k Stagslltli?g e

i (log CFU/ml) Ro (17h) (log CFU/ml) Reaj
S. Typhimurium E25 0.940 5.10 ( 188((5?7) (;%%9581) 0.205 0.947
S. Typhimurium S35 0.940 4.29 ( igg(l)ggg) (;%%6111) 0.183 0.953
S. Enteritidis E25 0.940 5.09 (200888) (;%%Zé) 0.108 0.996
S. Enteritidis S35 0.940 4.15 ( 188841127) (;:(())1)176) 0.181 0.971
S. Heidelberg E25 0.940 4.50 ( iggg‘? 50) (;%})92’%) 0.104 0.988
S. Heidelberg S35 0.940 4.13 (igzgéltggl) (;:(())%)3588) 0.173 0.888
S. Minnesota E25 0.940 4.67 ( iggg?)(; 6) (;%%)%)77) 0.059 0.996
S. Minnesota S35 0.940 4.50 ( iggggzz) (;%%512) 0.287 0.826
S. Typhimurium E25 0.945 5.31 ( igg?)(l);l) (j_:(())%)z;) 0.225 0.928
S. Typhimurium S35 0.945 4.86 ( 1888387) (;%1)221) 0.252 0.896
S. Enteritidis E25 0.945 5.10 ( 1388832) (;%%)9589) 0.166 0.991
S. Enteritidis S35 0.945 4.28 ( i(())g(l);é 4) (;%1181?;) 0.324 0.922
S. Heidelberg E25 0.945 5.08 0.0002 0.298 0.725 0.647

(£0.00335) (£0.400)
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. 0.0482 -0.174

S. Heidelberg S35 0.945 4.14 (£0.01441) (0619) 0.138 0.939
. 0.0010 -0.104

S. Minnesota E25 0.945 4.64 (£0.00200) (£0.030) 0.427 0.841
. 0.0000 -0.044

S. Minnesota S35 0.945 4.43 (£0.000) (£0.005) 0.255 0.939

¥, is a parameter related to the logarithm of the total initial cell concentration; y(0) is the logarithm of the total initial cell concentration; R, is the ratio of initial cell concentration
of the surviving-then-growing subpopulation (N, ,) to total initial cell concentration (N,); and k is the maximum specific rate of the inactivating subpopulation. Reported

g g g pop 0.9 0 max P g pop P
values are estimates + 95% confidence interval.



64

Figures 4 and 5 show S. enterica strains kinetics data curve for the S35 and E25
inoculums and the fitting of the primary model (Equation 3.6) under osmotic stress conditions
(aw=0.950 and 0.960), leading to the Phoenix Phenomenon. In general, the inoculum E25
presented a higher inactivation rate in the first few hours and a quicker increase in cell
concentration than the inoculum S35. As expected, for most cases, the higher the a, value

(0.960), the higher the bacteria's ability to adapt and return to growth.

Figure 4. Experimental data (symbols) of S. Typhimurium (a), S. Enteritidis (b), S. Heidelberg (c) and S. Minnesota
(d) incubated at 25 °C in BHI broth (a, = 0.950) from the stationary phase inoculum at 35 °C (I), exponential
phase inoculum at 25 °C (II). Continuous lines are the fitting of Equation (3.6) to the data. Symbols with error bars
(e.g., 0) represent the data average value and respective standard deviation due to replicates.
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Figure 5. Experimental data (symbols) of S. typhimurium (a), S. enteritidis (b), S. Heidelberg (c) and S. Minnesota
(d) incubated at 25 °C in BHI broth (a,, = 0.960) from the stationary phase inoculum at 35 °C (I) exponential phase
inoculum at 25 °C (I). Continuous lines are the fitting of Equation (3.6) to the data. Symbols with error bars (e.g.,
@) represent the data average value and respective standard deviation due to replicates.
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The model parameters and statistical indexes estimated by fitting the primary models
(Equation (3.6)) to the experimental data of S. enterica serotypes incubated at 25 °C in BHI (aw
=0.950 and 0.960) are shown in Table 4. The model proposed in this study (Equation (3.6))
described the Phoenix phenomenon and fitted well to the data of all strains. Low RMSE (<0.345
log CFU/ml) and high R%g (>0.952) values demonstrated the goodness-of-fit to the
experimental data.

In most of the conditions studied, p;,,, values were higher for the S35 inoculum
condition. The analysis of the model parameters estimates confirmed that E25 shows a smaller
initial cell decrease (by — log R, calculations), followed by the need for a longer time to reach

the stationary phase. The a, of 0.960 leads to better adaptability for all strains and inoculum

conditions, as expected.
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Table 4. Model parameters and statistical indexes estimated from the fitting of the primary models to the experimental data of S. Typhimurium, S. Enteritidis, S. Heidelberg,
and S. Minnesota incubated at 25 °C in BHI broth (a,, = 0.950 and 0.960) from the exponential phase inoculum at 25 °C (E25) and stationary phase inoculum at 35 °C (S35).

Parameters Statistical indexes

Serotypes/Inoculum ay (log }(’Z(I?I)J /ml) 1(11,,;1,:3‘ };i'(‘)‘g‘ (;11) R, I(cl,,/,ﬁ,)c R(I:{)‘;E Rﬁdj
CFU/ml) CFU/ml)

S. Typhimurium E25  0.950 525 ( B o i93-.7141) ( f;fQ ( ig:ggggz) (;%%8619) 0.245 0.985
S. Typhimurium S35 0.950 4.96 ( S (1)239) ( 1(7):?)?)0) (i;: §) ( ig:ggggg) (;%'.31266) 0.107 0.992
S. Enteritidis E25 0.950 5.25 ( ig:(l);gg) (;70 1.%519) (33(6)) (i?):gg;?@ (;(())16233) 0.275 0.973
S. Enteritidis S35 0.950 4.22 ( ig:(l)ggo) (i66.6870) (i6438..84) (i?):géggZ) (;%})(;31) 0.281 0.968
S. Heidelberg E25 0.950 5.18 ( 18:8?21) ( fi9f4) ( ;7)'5(3 5 ig:ggg(l’z) (;0"152(;) 0.373 0.959
S. Heidelberg S35 0.950 4.60 ( ig: (1);21) ( 50'_3831) ( f533'_70) ( igi(l)ézléém (;%'_113376) 0.233 0.975
S. Minnesota E25 0.950 5.04 (i8j8§i3) (56.1497) (fd?g) (igj?)?)g 1 (;1'_‘;7179) 0.294 0.980
S. Minnesota S35 0.950 >.36 (1828234) (ﬁéo.zn (izoi(l).7) (igz?)éllg;S) (d-:(())..zl‘;‘é) 0.310 0.953
S. Typhimurium E25  0.960 437 ( ig:ggg 5 56%539) ( ) 4{)3'74) ( i8:88§%7) (;%'_301695) 0.187 0.992
S. Typhimurium S35 0.960 5.19 ( 18242‘24613) ( 36.2710) (i;:‘é) ( ig:ggggz) (;11'_15326) 0.285 0.976
S. Enteritidis E25 0.960 4.92 (igz(l)ijz) (56%339) (f 125.96) (igg} 133) (;(())514;) 0.155 0.994
S. Enteritidis S35 0.960 4.36 0.315 6.94 33.0 0.1444 0.238 0.288 0.974

(£0.2828)  (£0.50)  (£26.2)  (+0.48000)  (£0.535)
S. Heidelberg E25 0.960 4.84 0.315 7.60 39.8 0.0411 -0.200 0.321 0.974
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@02078)  (2045) (£17.8) (0.09228) _ (x0,196)
S. Heidelberg S35 0.960 439 ( igﬁgg by 56.1356) ( 3254?9) ( ig:ggzég) (;%"1157%3) 0.185 0.994
S. Minnesota E25 0.960 5.8 ( Jpt by 3576.6;3) (iézz) ( 18:82227) (;?"72%97) 0.252 0.985
S. Minnesota S35 0.960 4.42 (1821;(2)4) (18(;%378) (3:3(7)) (18:32220) (33.,984;) 0.211 0.992

v(0) is the logarithm of the total initial cell concentration; p,,,, is the maximum specific rate of the surviving-then-growing subpopulation; V,,,, is the logarithm of the
maximum cell concentration of the surviving-then-growing subpopulation; A is the time needed for the surviving population to start the growth; R is the ratio of initial cell
concentration of the surviving-then-growing subpopulation (N, 4) to total initial cell concentration (Ny); and Ky, is the maximum specific rate of the inactivating subpopulation.

Reported values are estimates + 95% confidence interval.
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3.4 DISCUSSION

The RMSE and R?,q; values from Equation (3.6) fitting were slightly better than those
obtained from Equation (3.7). The RMSE values obtained in the present study are good in
predictive microbiology since they are close to the order of magnitude of the measurement
uncertainty (Ratkowsky, 2004). The model Equation (3.7) fitting to the experimental data led
to an overestimation of the y, parameter values. The model approach can explain these
overestimations, considering that y, = y; + y,. In the present study, the model was built from
N = N; + Ny (Eq. (3.1)), which allows the consideration that the initial concentration is y(0).

One of the difficulties encountered in establishing mathematical models capable of
describing this type of behaviour (Phoenix Phenomenon) is obtaining the precise experimental
data for model validation. During the Phoenix Phenomenon, the presence of three
subpopulations - inactivating, surviving, and growing - is reasonable, which agrees with
Aspridou et al. (2018). However, for modelling, as the data obtained by plate counting are
macroscopic, surviving, and growing subpopulations are evaluated together. This assumption
allows predicting the total number of cells over time, which has a relevant value in terms of
safety.

There are few reports in the literature describing how the inoculum bacterial life cycle
affects the Salmonella behaviour at low a,,. Mellefont et al. (2004) analyzed the impact of the
osmotic stress on the lag of stationary and exponential phase inoculums cells using the relative
lag time (RLT) (4 divided by the generation time), which is related to p,,,, and 4 parameters
in the present study. These authors believe that stationary phase cells have enhanced the
resistance to osmotic stress and can exploit new growth environments at low a,, more rapidly
than exponential phase cells, resulting in shorter lag phases and high RLT values. In the present
study, the cells from the inoculum in the stationary phase also resisted and adapted better to the
osmotic stress conditions, as reported in the results shown above.

According to Cebrian et al. (2014), Gram-negative cells at the exponential phase have
a significantly lower NaCl maximum non-inhibitory concentration value when compared to
stationary phase cells. The authors reported that a decrease in osmotolerance might be partly
due to the decreased sigma factor RpoS activity in exponential cells. Shiroda et al. (2014)
studied how the RpoS factor impacts S. enterica in LB culture medium supplemented with 6%
of NaCl (LB-NaCl), correlating the cells' lag phase inversely to the RpoS content. When

inoculated into the LB-NaCl medium, cells from a stationary phase with a higher steady-state
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level of RpoS showed a shorter lag phase than cells in an exponential phase, which required
physiological adaptations to combat environmental stress and initiate growth due to more RpoS
stored. It is a reasonable explanation for the current results, in which cells from exponential
phase inoculums were more sensitive. The stationary phase cells may have accumulated higher
levels of RpoS, showing a better ability to adapt to the new stressful environment.

Different responses among Salmonella serotypes (11) and strains (15) were reported
by Guillén et al. (2020) when exposing S. enterica to several environmental stresses (acid,
hydrogen peroxide, NaCl and heat) and nonthermal food preservation technologies. The results
indicated that, despite the observed differences, there were no significant differences in NaCl
resistance among the studied S. Typhimurium strains. Nevertheless, significant differences
were found when comparing the NaCl resistance of S. Typhimurium strains to the other 10
Salmonella serotypes, as observed in the present study.

The bacterial growth in a high salt concentration environment (low a,) can be
explained by the accumulation of compatible solutes, which act as osmolytes, transported from
the extracellular environment, or synthesized by the cell. Thus, the quickness in accumulating
solutes into the cell, either as gene expression or transport mechanisms, is the main factor
determining the velocity to answer the osmotic-stressful environment (Aspridou et al., 2018;
Shiroda et al., 2014).

It was observed that the sensitivity of each serotype to the osmotic environment
depends on the a,, and inoculum condition. Studies of Sa/monella behaviour at the limits of its
growth tolerance are needed due to increasing outbreaks in low-a, foods. In addition,
Salmonella strains can behave differently, so these results are important for the field.

Thus, S. enterica strains (Heidelberg, Minnesota, Typhimurium and Enteritidis)
inoculated in media under relatively low water activity (aw = 0.940, 0.945, 0.950 and 0.960) are
under osmotic stress, showing a reduction in the viable cell count during incubation at 25 °C.
In cases with a,, = 0.950 and 0.960, the count decay was followed by a growth phase until a
maximum population, characterizing the Phoenix Phenomenon. Additionally, it was
demonstrated that S. Typhimurium cells from different inoculums states (25 °C or 35 °C, and
stationary or exponential phase) showed the Phoenix Phenomenon when added to BHI broth
with a,, = 0.950. Among them, cells cultivated at 25 °C and inoculated from the exponential
phase were the most reactive to the osmotic stress, showing a higher population reduction at
the first hours and shorter period of adaptation (lag phase).

The proposed mathematical model described the inactivation and the Phoenix

Phenomenon for all tested conditions while presenting biological-meaning parameters. This
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model quantitatively described Salmonella behaviour of four strains under different stress
intensities due to a higher or lower a,, applied to cells from distinct stages of the bacterial life
cycle. There are dangerous situations since some strains may die more pronounced initially and

later grow faster than others, depending on their physiological state.
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3.5 SUPPORT MATERIAL INCLUDED IN THE ARTICLE

Total microbial concentration (N;) was assumed to be the sum of inactivating cells (N;) and
surviving-then-growing cells (N,), as given by:
Ny =N; + Ny
With logarithm transformation (y = log N) and rearrangement, the resulting equation is:
y: = log(10%i 4+ 10%9),
Modeling the dying subpopulation, with y;(0) = y; ,.

% — kmax
dt In10
The solution of the differential equation, as given by Geeraerd et al. (2005), is:
= ) kmax
yl yl,o l 10

Modeling the surviving-then-growing subpopulation, with y,(0) = y,, and Q(0) = Qo.

dyg _ Mmax ( 1 ) (1 — eY9~Ymax)

dt In10\1+e-@
d_Q _ Umax
dt In10

The solution of the set of the two differential equations, as given by Baranyi and Roberts (1994),

is:

1 Hmax, Bmax,_
A@t) =t+——In (e + e 10" — ¢ TIm10" ")
In10
. fmgsao
_ max -
yg - yg,O +— 1 10 A(t) ln 1 + e}’max‘)’g.o

With further rearrangements, as given by Gospavic et al. (2009), the Baranyi and Roberts model
is given by:

Hmax,
em10t 0 11— ¢~ho

Yg = Ymax + In 3
0

Hmax; _
eYmax~Yg,0 + eIn10 — e—ho

Now, replacing h, by lm‘“‘ A, the model is given by:

Ilmaxt_ﬂmaxl maxl
eln10" In10”" 4+ 1 — ¢ In10

Yg = Ymax + In Hmax, Hmax, _Hmax
eYmax™Ygo 4 ¢In10" In10”" — ¢ In10

After further rearrangements, the model is given by:
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Hmax ,_ _HMmax
1+ elnlo(t A _ e 1r110/1

Yg = Ymax +1In Hmax
eYmax~Yg,0 + eIn10

_ _Hmax ’
(t-2) _ e In 10/’1

Then, replacing Egs. (2) and (3) into Eq. (1), the model for the total population y; is given by:

_Ilmax/l #maxt
14+e In10 (e In10 —1) )

BEmax ( Iimaxt

eYmax=Yg04e " In10 (e In10 —1

Ymax+ln
1 103’&0*—}1%{16( t 41 (
Vi og n + 10

)

Introducing R, as:

N,
RO = _g’O
Nt,O

With replacement of previous equations and rearrangements:
NtoRo = Ny
log(NtJORO) = log Nyo
log(NtJO) + log(Ry) = log Ny
Yeo +10g(Ro) = Yg.,0s (5)

From R, with further replacement of previous equations and rearrangements:

_ N¢o — Nio
° Ny
Nio
Ry=1——
° N
(Ro — 1)Nt,0 = —Njo

(1 =Ro)No = Nayo
log(1 — Ry) +logN; o = logN; o
Yeo +108(1 — Ro) = yi0, (6)
Thus, replacing Egs. (5) and (6) into Eq. (4), and considering that y, = y(0), the model for y,

_ﬂmax)l #maxt
1+e In10 (e In10 —1)
Ymax+In )

_HMmax #maxt
eYmax—Y(0)+10g(Ro) ¢ In 10 (e In10 —1

is given by:

y, = log 10y(0)+10g(1—R0)+—’1(r71”f6‘t +10

With rearrangements, the final model for y, with log-linear and Baranyi and Roberts

models is:



kmax
y: =log| (1— RO)1OJ’(°)+1n_1ot +10

Ymax+In

_Hmax
1+e In1o0

e In10 "—1

A( Iimaxt )

BEmax Hmax
eYmax—Y(0)-10g(Ro) ¢~ In10 l(
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3.6 ADDITIONAL INFORMATION

Table 3. 6.1 shows the percentage of NaCl (%) added to the BHI medium to obtain the average
aw values. Figures 3.6.1, 3.6.2, A3.6.3, and 3.6.4 show the calibration curve with the absorbance
values obtained from inoculation of S. Typhimurium, S. Enteritidis, S. Heidelberg, and

S. Minnesota, respectively, in BHI medium at 25 °C and 35°C.

Table. 3.6.1 - Percentage of NaCl (%) added to the BHI medium to obtain the average aw values. The aw values
were measured in a a,, -meter (Aqualab, modelo SERIE 3TE, Decagon Devices).

NaCl a 4 P Desvio
(% ) wl w2 wmédia pa drio

6 0,962 0,962 0,96 0,000

7 0,950 0,956 0,95 0,003

9 0,946 0,943 0,945 0,002

9,5 0,940 0,942 0,94 0,001

Figure 3.6.1 - Calibration curve with absorbance values obtained from inoculation of S. Typhimurium in BHI
medium at 25 °C (A) and 35 °C (B).
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Figure 3.6.2 - Calibration curve with absorbance values obtained from inoculation of S. Enteritidis in BHI medium

at 25 °C (A) and 35 °C (B).
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Figure 3.6.3 - Calibration curve with absorbance values obtained from inoculation of S. Heidelberg in BHI medium

at 25 °C (A) and 35 °C (B).
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Figure 3.6.4 - Calibration curve with absorbance values obtained from inoculation of S. Minnesota in BHI medium
at 25 °C (A) and 35 °C (B).
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CAPITULO 4

4 DETERMINACAO DA HETEROGENEIDADE FISIOLOGICA E VIABILIDADE DE
SALMONELLA TYPHIMURIUM ESTRESSADA OSMOTICAMENTE DURANTE O
FENOMENO FENIX USANDO CITOMETRIA DE FLUXO

O capitulo 4 avaliou a heterogeneidade fisioldgica e viabilidade de populagdes de Salmonella
enterica Typhimurium estressadas osmoticamente durante o Fenomeno Fénix. As respostas
bacterianas de S. Typhimurium foram avaliadas utilizando o método de contagem de placas e
método de citometria de fluxo (FCM) combinado com corantes fluorescentes laranja de tiazol

(thiazole orange [TO]) e iodeto de propidio (propidium iodide [PI]).

Este capitulo sera submetido a uma revista internacional e estd apresentado a seguir:

Physiological heterogeneity and viability determination of Salmonella Typhimurium

osmotically stressed during the Phenomenon Phoenix using Flow cytometry.
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ABSTRACT

The flow cytometry method (FCM) combined with thiazole orange (TO) and propidium iodide
(PI) fluorescent probes was applied to evaluate the physiological heterogeneity and viability of
the Salmonella enterica Typhimurium population osmotically stressed during the Phenomenon
Phoenix (PP). The concentration of bacterial cells of S. Typhimurium was also assessed by
Plate count method (PCM). FCM with TO and PI was used to separate into heterogeneous
populations and evaluate the viability based on their fluorescence signal. The bacterial
concentration obtained by PCM confirmed the behavior known as PP, characterized by the
decrease in bacterial concentration after incubation, followed by the resumption of exponential
growth and the stationary phase. FCM sorting of double-stained cells with fluorescents probes
provided convincing evidence for three simultaneous subpopulations: intact/viable,
stressed/injured, and damaged. The proportion among the subpopulations resulting from the
FCM changed over time of exposure to the osmotic environment, evidencing the PP. The
highest percentage of stressed/injured cells was observed at the beginning of exposure and
during the decrease in bacterial concentration. The viable/intact subpopulation presented the
highest percentage at the beginning of the exponential phase, following until reaching the
stationary phase. The damaged subpopulation showed an increase at the beginning of the
exponential phase, followed by a decrease at the end of the exponential phase and resumption
of the percentage increase in the stationary phase. Results of the present study provide a
promising and necessary approach for a more in-depth view of the different physiological
responses of microbial subpopulations in response to stressful environments, especially the
occurrence of PP.

Keywords: damaged, injured, viable, food safety, pathogenic bacteria, fluorescence signal.
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4.1 INTRODUCTION

The Gram-negative Salmonella enterica bacteria are one of the main etiologic agents
of foodborne diseases, considered a concern for the food industry, affecting public health and
causing economic losses(MAJOWICZ et al., 2010). The ability of S. enterica strains to adapt
and survive to a wide range of adverse conditions, considered stressful environments, has been
documented. The lowering a, has been used as a protective measure against pathogens and
spoilage microbiota in the food industry, which can be obtained by adding osmotic agents (e.g.,
NaCl) (TIGANITAS et al., 2009) or by dehydration techniques (LAURINDO et al. 2018).
However, in contrast to this approach, studies have reported that exposure to such environments
leads to changes in the microorganisms’ resistance, ability to adapt, and growth responses
(KANG et al., 2018; ZHOU et al., 2011).

In addition to osmotic adaptation, some S. enterica serotypes initially exhibit a
viability decrease, followed by an eventual adaptive response and the resumption of growth
(MELLEFONT; MCMEEKIN; ROSS, 2005; ZHOU et al., 2011). This behavior is called
Phoenix Phenomenon (PP), characterized by an initial reduction in bacterial cell concentration,
followed by a period that the bacterial concentration remain unchanged (plateau) and, after that,
exponential growth occur until it reaches the stationary phase (ASPRIDOU; AKRITIDOU;
KOUTSOUMANIS, 2018, PAGANINI et al., 2022). The ability of the pathogenic bacteria to
resist and adapt at to osmotic environments leading at PP is still a controversial issue
(ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018; MELLEFONT; MCMEEKIN; ROSS,
2005; ZHOU et al., 2011; PAGANINI et al., 2022).

The PP has been generally identified and quantified using typical cultivation methods
as Plate count method (PCM) (MELLEFONT; MCMEEKIN; ROSS, 2005; ZHOU et al., 2011).
In this method, only bacteria that can form visible colonies are considered viable, disregarding
the possibility of any bacteria in other physiological states can be present. The application of
stress to bacterial cells can induce distinct types of microbial cell injury within a total microbial
population (ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018; SINGH; BARNARD,
2021). Thus, measuring heterogeneity and viability is crucial for determining the cells
physiological state during stressful situations and understand the behavior of these pathogens.

Methods that can differentiate cellular responses within a population and unravel the
mechanisms involved in microbial behavior under stressful conditions are necessary. One
approach to investigating the role of cell heterogeneity in the behavior of bacterial populations

at conditions of osmotic stress in terms of bacterial physiological state is using the fluorescent
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probes in combination with flow cytometry method (FCM) (GUEDES; DE SOUZA, 2018;
SINGH; BARNARD, 2021). The FCM when coupled with fluorescent labeling offers a
powerful tool for quantitative analysis of optical characteristics of individual cells passing
through a focused light beam (VEAL et al., 2000). Cell particles that flow through a light beam
in a liquid stream are calculated on a flow cytometer by fluorescence and light scattering signals
(SINGH; BARNARD, 2017).

Fluorescent probe staining is focused on different physiological cellular
characteristics, such thiazole orange (TO), a permeant dye that enters all cells, irrespective of
membrane integrity, to varying degrees of staining intensity , binding to nucleic acids (DNA or
RNA); propidium iodide (PI) which is an impermeant membrane nucleic acid probe that only
penetrates cells with damaged membranes (SINGH; BARNARD, 2021). So, these fluorescent
probes are capable to differentiate between “live and dead” bacterial cells and “injured
microorganisms” (LLOYD; HAYES, 1995).

Thus, the present study determined the physiological heterogeneity and cellular
viability of the population of S. Typhimurium during exposure to an osmotic stress environment
(aw=0.950) incubated at 25 °C, leading to the Phoenix Phenomenon, using FCM in combination

with double fluorescent labeling of thiazole orange and propidium iodide.

4.2 MATERIAL AND METHODS

4.2.1 Bacterial strains and inoculum preparation

S. Typhimurium ATCC 14028 strain was used in this study, which is one of the most
common serotypes of S. enterica associated with many human infections worldwide. The strain
was kept in Eppendorf tubes containing Brain Heart Infusion (BHI, Kasvi, Brazil) growth
medium supplemented with 30% (v/v) glycerol and stored at -24 °C, until needed. The inoculum
was prepared according to Paganini et al. (2022). An aliquot of 100 ul from the bacterial stock
culture was added into 10 ml of BHI growth medium and incubated at 25 °C for 10 h to reach

exponential growth phase.

4.2.2 Osmotic stress exposure - Phoenix Phenomenon observation

For the exposure of S. Typhimurium cells to the stressful osmotic environment, an

aliquot of 3 ml from inoculum (around 10’ CFU/ml) was transferred to 297 ml of pre-warmed
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(25 °C) BHI broth medium, previously added of the appropriate amount of NaCl (about 7.0%
NaCl) to obtain a,, = 0.950 (verified by an a,-meter Aqualab, model SERIES 3TE, Decagon
Devices, USA). The sample with an initial bacterial concentration of around 10° CFU/ml was
incubated at 25 °C for further analysis of the behavior of S. Typhimurium. Predetermined
sampling time intervals (0, 24, 48, 120, 198, and 216 h) denominated ¢0, 124, t48, 120, t192,
and 7216 were established. The sampling intervals were defined based on previous studies
(PAGANINI et al., 2022). In each sampling time, aliquots were collected for FCM and plate
count method (PCM) analysis.

4.2.3 Assessment of cells submitted to Osmotic stress by Flow Cytometry during Phoenix

Phenomenon

4.2.3.1 Preparation of cell suspensions and staining

The S. Typhimurium cells exposed to a stressful osmotic environment during the PP
and the controls were analyzed using the BD™ Cell Viability Kit (349483) according to the
manufacturer's instruction with adjustments. Kit containing two probes was applied: 1) TO (0.42
uM), that stain all cells, to varying degrees of intensity, and i1) PI (4.3 mM), that stain cells with
damaged membranes only (BD™ cell viability kit, BD Biosciences).

S. Typhimurium cell suspensions were centrifuged in sterile microtubes at 5000g for
10 min. The cell pellets were re-suspended in 0.5 ml sterile buffer solution (Physiologic
phosphate-buffered saline containing 0.2% + 0.01% TWEEN® 20) and washed twice with
sterile buffer solution. Each suspension at varying sampling interval was labelled with 1) 5 pl
of TO and incubated at room temperature in the dark for 15 min, and then, ii) staining with 5 pl
of PI and incubated at room temperature in the dark for 5 min.

Untreated overnight cultures (no exposure to stressful osmotic environment) of
S. Typhimurium were performed (untreated live cells). Cells from overnight cultures were
suspended in isopropanol 70% for 20 min at room temperature killing growing cells (untreated
dead cells), confirmed by CFM and PCM. The following bacterial controls were then prepared:
(a) untreated live and dead cells and cells treated (exposure to stressful osmotic environment)
unstained (b) untreated live cells stained with TO (c¢) untreated dead cells stained with PI (d)
TO-+PI stained with untreated live and dead cells (e) treated stained with TO+PI. Stained and
unstained cells served as controls, to ensure that proper gating was set and to allow for

compensation on the flow cytometer (Figure 6).
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Figure 6. Experimental flowchart of analysis by the flow cytometry method
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4.2.3.2 Flow cytometer Analyzes

Flow cytometry analysis was performed using a flow cytometer (FACS Verse - BD
Bioscience) after labelling with fluorescent probes (TO and PI). The gating and labelling
approach was used to confirm cell differences between bacterial subpopulations over osmotic
environment exposed. The fluorescence of TO was collected in the FL1 photomultiplier with a
filter of 527/32 nm. The fluorescence of PI was recorded in the FL3 photomultiplier with a filter
of 700/54 nm. For each sample, all the events in the test tube were measured at a flow rate of
approximately five hundred events per second. Intact cells were computed from FL1 (TO)
region and the damaged cells from FL3 (PI) region. An intermediate subpopulation that is
positive for both the TO+PI probes has been categorized as being in the “injured” or “stressed”
state of cells. Compensation was performed to avoid overlap in the emission spectra of the two
fluorochromes. Fluorescence compensation was set using single-stained controls for each cell
type, and fluorescence spillover was corrected.

For all sample were performed plots of “forward scatter (FSC) versus side scatter
(SSC)” obtaining the total bacterial population without any background particles/noise.
Bacterial populations were computed from the FL1 vs. FL3 region and separated into four
quadrants, representing S. Typhimurium cells with different physiological properties. The

stained bacterial subpopulations were automatically counted from the number of events
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(bacterial cells) included inside the four quadrants with the FlowJo v10 software. The
percentage of cells for each subpopulation was determined as the number of events in each gate
as a proportion of the total events. graphs of the fluorescence intensity of the TO probe were

performed to contribute to the analysis of the results.

4.2.4 Assessment of cells submitted to Osmotic Adaptation by plate counts and pH

during Phoenix Phenomenon

The bacterial count was carried out by plate count method (PCM) at predetermined
time intervals. Suspension was removed from each sample and serially diluted in Peptone water
solution (0.1%). Aliquots of 100 pl from the appropriate serial decimal dilution were surface
plated on BHI agar. Plates were incubated by 24 h at 35 °C for counting. The incubation time
of the plates was based on previous studies that showed that there was no difference in the count
after 24 hours. In this study, the detection limit used was 10 to 250 colonies. All kinetics

experiments were performed at 25 °C in triplicate.

4.3 RESULTS AND DISCUSSION

During the exposure to the stressful osmotic environment, the bacterial cells were
periodically quantified to evaluate their ability to grow on plate count agar, forming colonies
as a representation of culturable cells. The behavior of S. Typhimurium cells quantified by the
PCM is presented in Figure 7. The solid line represents the trend based on the primary model
proposed by Paganini et al. (2022), with y )= 6.27 and Ypq,= 7.30. The bacterial response of
S. Typhimurium showed that the exposure to the stressful osmotic environment resulted in
behavior characterized as PP. Thus, the initial cell concentration of S. Typhimurium decreased
after the incubation in the osmotic environment from 6.27 log CFU/ml to 3.78 log CFU/ml.
After, the bacterial population presented an exponential growth phase until reaching the
stationary phase. This trend of the S. Typhimurium is the typical behavior of the PP, which has
been found by Paganini et al. 2022.
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Figure 7. Experimental data (symbols) of S. Typhimurium incubated at 25 °C in BHI broth (a,, = 0.950) during the
PP obtained by PCM.
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To distinguish the physiological heterogeneity and assay the viability of the
S. Typhimurium population during the PP, the FCM with double fluorescent probe (TO and PI)
staining was performed. The subpopulations of S. Typhimurium were sorted based on their
differential staining characteristics with PI and TO. Previous studies reported an intermediary
subpopulation that is positive for both the TO and PI probes, classified as being injured or
stressed cells (SINGH; BARNARD, 2017). Controls of S. Typhimurium from untreated live
and dead cells were used. Dot plots of TO (FL1) vs. PI (FL3) (Figure 8) of the live (A) and dead
(B) controls were performed. Four gates (Q1, Q2, Q3, and Q4) were defined and the percentage

of the bacterial subpopulations that fall in each gate are presented in Figure 8.
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Figure 8. CFM dot plots representing Controls of S. Typhimurium from live (A) and dead cells (B). The x-axis
indicates the logarithmic fluorescence intensity of PI (FL3). The y-axis indicates the logarithmic fluorescence
intensity of TO (FL1). Four quadrants (sub-populations) are defined as: intact/viable subpopulations (Q1),
stressed/injured subpopulations (Q2), damaged cells subpopulations (Q3), and unstained cells (Q4).
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Q1 quadrant shows cells stained with TO only (named as TO+PI-), indicating
intact/viable cells. Q2 quadrant shows cells stained with both TO and PI (named as TO+PI+),
indicating minimally damaged membrane but intact/viable cells (stressed/injured). Q3 quadrant
shows cells stained with PI only (named as TO-PI+), indicating that the cell membrane was
damaged (named as damaged). Q4 quadrant shows unstained cells (named as TO-PI-),
representing the background noise/debris. Thus, the physiological heterogeneity of the bacterial
cells during the PP were described in terms of intact/viable, stressed/injured, and damaged cells.
According to the used FCM kit (BD™ Cell Viability Kit), TO is a dye capable of staining all
cells regardless of membrane damage. However, although the literature reports that TO enters
all cells, from the results obtained in this study, it was observed that the TO probe tends to not
enter dead cells or enter in small amount.

The composition of the subpopulations during the PP was established from the FCM
data. Figure 9 shows representative fluorescence density dot plots of stained S. Typhimurium
cells for each sampling time (20, 124, t48, t120, t192, and ¢216) during the exposure to a stressful
osmotic environment that led to the PP. In the results obtained by PCM, 0 is the initial time
after the exposure to the stressful osmotic environment; 24 corresponds to the time in which
bacterial count decreases; 48 and ¢/20 are the start and end times of the exponential phase,
respectively; 17192 and 216 time characterize the stationary phase. Different distributions for
bacterial subpopulations were observed over time of exposure to the stressful osmotic

environment. The results showed the emergence of the three subpopulations simultaneously,
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localized in the gates Q1, Q2, and Q3, and described as: intact/viable, stressed/injured, and
damaged.

Figure 9. CFM dot plots representing S. Typhimurium bacterial cells' exposure to an osmotic environment during
PP. The x-axis indicates the logarithmic fluorescence intensity of PI (FL3). The y-axis indicates the logarithmic
fluorescence intensity of TO (FL1). Four quadrants (sub-populations) are defined as: intact/viable subpopulations
(Q1), stressed/injured subpopulations (Q2), damaged cells subpopulations (Q3), and unstained cells (Q4)
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The behavior of the three subpopulations during the PP presented changes over time

of exposure to the stressful osmotic environment. Results obtained from the dot plots (FCM)
showed that, in the initial sampling time (#0 = 6.27 log CFU/ml, Fig. 7), the injured/stressed
subpopulation (Q2) showed a higher percentage (31.3%) than the intact/viable subpopulation
(Q1, 18.8%) and the damaged subpopulation (Q3, 12.6%). This occurrence also was observed
after 24 h of incubation, with 21.2%, 12.5%, and 12.6% for intact/viable (Q2), injured/stressed
(Q1) and damaged subpopulations (Q3), respectively, but it was characterized by the decrease
in the bacterial concentration (£24 = 3.78 CFU/ml, Fig.7).

In the following sampling time, at the start of the exponential phase (48 =
4.32 log CFU/ml, Fig. 7), a predominance (46.7%) of the intact/viable subpopulation (Q1) was
observed, followed by the damaged (Q3, 29.3%) and stressed/injured (Q2, 20.4%)
subpopulations. In the following sampling times (¢/20, t192, and ¢216), during the stationary
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phase (averaged bacterial concentration = 6.59 log CFU/ml, Fig. 7), the intact/viable cells (Q1)
remain the main subpopulation (averaged percentage = 50.0%), and the stressed/injured
subpopulation (Q2) remains unchanged (averaged percentage = 18.0%). However, the damaged
subpopulation (Q3) showed differences in these three sampling times. After 120 h of exposure
(t120), a low percentage of a damaged cells (8.23%) was observed than in the following times
(192 and ¢216) (averaged percentage = 25.0%).

Aspridou et al. (2018) used time-lapse microscopy method to monitor the behavior of
Salmonella enterica Agona individual cells in solid laboratory medium (tryptone soy agar) with
various salt concentrations (0.5%, 3.5%, 4.5% and 5.7% NaCl). The authors reported that, under
severe osmotic stress conditions, three subpopulations were observed simultaneously,
composed of growth, survival, and death cells, leading to a total population behavior known as
PP. This affirmation agreed with the results observed in the present study.

The behavior of S. Typhimurium during the PP obtained by FCM confirmed the
presence of three subpopulations and, furthermore, showed that the heterogeneous profile of
the subpopulations during the PP. The results found by the FCM add more relevant information
than the response obtained by PCM. FCM clearly showed cell subpopulations in each quadrant
during bacterial concentration decrease, growth recovery, and stationary phase. However, in
the initial sampling time (#0) and, mainly, after 24 h of incubation (#24), which is characterized
by a maximum decrease in bacterial concentration, a high percentage of unstained cells (Q4)
was observed.

The bacterial response to osmotic stresses can be described by the intracellular
accumulation of compatible solutes that act as osmolytes, reducing intracellular water loss by
osmosis (WOQOD et al., 2001). Under conditions of injury or sublethal stress, cellular changes
may occur, where morphological and functional components will be damaged or affected, such
as the cell wall, inner membrane, cytoplasmic membrane, numerous enzymes, and nucleic
acids. TO is a permeant probe that can enter all cells, to varying degrees of intensity, irrespective
of membrane integrity, binding to nucleic acids (DNA or RNA), while PI is an impermeant
membrane nucleic acid probe that only penetrates cells with damaged membranes (SINGH;
BARNARD, 2021). Surowsky et al. (2014) suggested that a lack of TO and PI fluorescence
may indicate damage to DNA and RNA while the cell membrane remains intact. It is possible
that the same thing happened in the sampling intervals 70 and 124.

Another form for showing the subpopulations instead of the quadrants (Figure 9) is a
graph of cell percentage over exposure to the stressful osmotic environment in the Q1, Q2, Q3,

and Q4 quadrants, referring to TO+PI-, TO+PI+, TO-PI+, and TO-PI-, respectively (Figure 10).
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The FCM analyses were performed in triplicate (ADDITIONAL INFORMATION 4.5), and
standard deviations are presented. From 70 to 24 sampling times, Q1 showed a decrease
followed by an increase (148, t120, and ¢192), and the stationary phase was characterized again
by a decrease. Q2 showed an increase followed by a decrease. Q3 showed an increase followed
by a period of unchanged percentage, and then a percentage increase.

Figure 10. Percentage of S. Typhimurium cells during the PP based on FCM and TO/PI differential staining. The
stained population in each quadrant are presented. Q1 (TO+PI-), Q2 (TO+PI+), Q3 (TO-PI+) and, Q4 (TO-PI-).

Symbols with error bars (e.g., @) represent the data average value and respective standard deviation due to
triplicates.
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The percent decrease in Q1 and percent increase in Q2 at the end of the stationary
phase can be explained by the fact that, when entering the stationary phase, the number of cells
still increasing while the metabolic activity is often decreasing. Usually, in the late stationary
phase, there are a lot of cells, but the overall metabolic activity is low (BRAISSANT et al.,
2020).

Figure 11 shows the graph of the fluorescence intensity of the TO probe for
S. Typhimurium cells exposed to the stressful osmotic environment over the PP and for
untreated live and dead control cells. The TO’s fluorescence intensity in each sampling time
(20, t24, t48, t120, t192, and ¢216) are showed. From the analysis of these results, it was
considered that, when S. Typhimurium cells died, TO tends to not enter dead cells or enter in
small amount. For the analysis performed, the equipment was set in 10? for the TO probe. Thus,
the permeation with TO occurs only above 102. Dead control in Figure 11 shows that the cells

were not stained because the fluorescence intensity peak is below 102
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Figure 11. Fluorescence spectra of S. Typhimurium cells stained with TO probe during the PP. The sampling
interval (20, 124, t48, t120, t196 and, t216) and live and dead control are showed.
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Comparing each sampling time with the controls (live and dead), the samples #0 and
t24 showed a higher fluorescence intensity localized in an intermediate region, between the area
of higher fluorescence intensity of the live and dead controls (10? and 10%). This result suggests
that the higher population would be composed of stressed/injured cells. At 748, it is possible to
observe two fluorescence peaks, the lowest peak of fluorescence located between 10! and 102
and the highest located near the live cells control 10° and 10*. The time interval 48,
corresponding to the PP stage characterized by start exponential growth, the results suggest the
existence of intact/viable and smaller damaged subpopulations. At the following three sampling
times (¢120, t192, and t216), when S. Typhimurium end exponential growth and reaches the
stationary phase, two peaks were observed; the highest is in the same region as the live cell
controls, and the lower are in the dead region, leading to the conclusion that most bacterial cells
are in the same state as the live control cells.

During the PP, the stressed/injured physiological state appeared to be temporary,

progressively changing to the state of damaged/dead or viable/intact. According to Singh et al.
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(2021), when bacterial cells are in a stressed state, the bacteria can still recover. Bacterial cells
can recover from partial cell damage due to stress and return to the viable/intact state, but if the
membrane is permanently damaged, cells death will occur.

From flow cytometry data, it is possible to suppose that the stressed/injured cell
population may have cellular metabolic activity, but due to the nucleic acid or membrane
damage, these cells are not cultivable on plate count agar. This occurrence can only be
demonstrated after further investigation, which can include an analysis of the unmarked and
stressed/injured subpopulations that make up the total population leading to the PP of
S. Typhimurium. A possible method is the flow cytometry with cell sorting, which can sort
these different populations and recover them for additional investigation. This could be a way
to confirm the state of unlabeled and stressed/injured bacterial populations.

Measurement of cell particles by FCM using fluorescent probes allowed the detection
of viable and intact bacterial cells that may or may not maintain membrane integrity. FCM
provided valuable insights into the heterogeneity of microbial subpopulations that make up the

total population resulting in the PP.

4.4 CONCLUSION

In this study, we investigated the physiological heterogeneity and the viability of
S. Typhimurium exposed to stressful osmotic environments during the PP. The behavior termed
as PP was confirmed by PCM. FCM was an appropriate tool for the determination of bacterial
physiological states of the subpopulations of S. Typhimurium, during PP. According to the
results, there was the emergence of the three subpopulations simultaneously defined as
intact/viable, stressed/injured, and damaged that presented changes over time of exposure to
the osmotic environment. In the initial phase, corresponding to the decrease of bacterial
concentration characteristic of PP, the results showed a high percentage of stressed/injured
cells. After this period, the PP stage in which growth recovery occurs, an increase in
viable/intact subpopulation was observed. Our results proved the high heterogeneity and
complexity in the behavior of microbial populations in stressful and osmotic environments.
These conditions are common in foods and the combination of fluorescents probes with FCM
enabled a good understanding of the physiological status of stressed bacteria cells of

S. Typhimurium during the PP and can contribute to food safety.
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4.5 ADDITIONAL INFORMATION

The Figures 4.5.1 e 4.5.2 presented the CFM dot plots representing S. Typhimurium bacterial
cells' exposure to an osmotic environment during PP. The x-axis indicates the logarithmic
fluorescence intensity of PI (FL3). The y-axis indicates the logarithmic fluorescence intensity
of TO (FL1). Four quadrants (sub-populations) are defined as: intact/viable subpopulations
(Q1), stressed/injured subpopulations (Q2), damaged cells subpopulations (Q3), and unstained
cells (Q4).

Figure. 4.5.1. CFM dot plots representing S. Typhimurium bacterial cells' exposure to an osmotic environment
during PP. The x-axis indicates the logarithmic fluorescence intensity of PI (FL3). The y-axis indicates the
logarithmic fluorescence intensity of TO (FL1). Four quadrants (sub-populations) are defined as: intact/viable
subpopulations (Q1), stressed/injured subpopulations (Q2), damaged cells subpopulations (Q3), and unstained
cells (Q4).
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Figure. 4.5.2 CFM dot plots representing S. Typhimurium bacterial cells' exposure to an osmotic environment
during PP. The x-axis indicates the logarithmic fluorescence intensity of PI (FL3). The y-axis indicates the
logarithmic fluorescence intensity of TO (FL1). Four quadrants (sub-populations) are defined as: intact/viable
subpopulations (Q1), stressed/injured subpopulations (Q2), damaged cells subpopulations (Q3), and unstained

cells (Q4).

a2 5]
107 3
"3
a3
405
b |
|05
16401 0z
10 5

1 2 3 4 5 1] 1 2 3 4 5 1] 1 2 3 4 5
10 10 10 10 10 10 10 10 10 10 10 10 10 10



95

CAPITULO 5

5 EFEITO DA ADAPTACAO OSMOTICA (FENOMENO FENIX) DE SOROTIPOS DE
SALMONELLA ENTERICA, NA RESISTENCIA A LUZ ULTRAVIOLETA (UV-C).

O Capitulo 5 apresenta a avaliagdo e modelagem matematica das cinéticas de inativagdo por
irradiagdo UV-C de sorotipos de S. enterica (Typhimurium, Enteritidis, Heidelberg e
Minnesota), destacando a possibilidade de alteragao dos parametros do modelo devido a

exposicao ao estresse osmotico ao longo da ocorréncia do Fenomeno Fénix.

Este capitulo serd submetido a uma revista internacional e estd apresentado a seguir:

Effect of osmotic adaptation (Phoenix Phenomenon) of Salmonella enterica serotypes, on

ultraviolet (UV-C) ligth resistance.
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ABSTRACT

This study aimed to investigate the effect of osmotic adaptation of Salmonella enterica
serotypes, the so-called Phoenix Phenomenon (PP), on ultraviolet (UV-C) irradiation
resistance. Cells of S. enterica (Typhimurium, Enteritidis, Heidelberg and Minnesota serotypes)
were individually inoculated in a stressful osmotic environment (SOE) in BHI broth added
NacCl (aw = 0.950) at 25 °C, for obtaining the kinetic curves of the PP. The effect of the osmotic
stress adaptation on the UV-C inactivation of S.enterica serotypes was performed from cell
collected in three different times: ¢y (collected after a short exposure to SOE), ¢* (collected after
the PP, long exposure to SOE), and Control (not exposed to SOE, for results comparison). UV-
C inactivation was carried out under constant irradiance of 6.5 W/m? in different pre-determined
fluence. Weibull and log-linear with shoulder models were fitted to the UV-C inactivation
responses. Both models were suitable to describe the inactivation data as a function of UV-C
fluence to all tested conditions, although the log-linear with shoulder model fitted better.
Bacterial cells of S. Typhimurium, S. Heidelberg, and S. Minnesota osmotically stressed after
the PP (¢#*) were most resistant to the application of UV-C irradiation, which presented higher
S; and lower k,,,,values than other samples tested (zp and Control). The exception was
S. Enteritidis, which the Control sample was the most resistant to the application of UV-C
irradiation. The results suggest that previous exposure of the bacterial cells to OSE leads to
increased resistance to subsequent application of UV-C treatment. These findings provide
appropriate information, close to the real conditions found during food processing, contributing
to the improvement of UV-C inactivation processing safety.

KEYWORDS: osmotic stress environment; microbial inactivation; predictive microbiology;
non-thermal processing.
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5.1 INTRODUCTION

Salmonella spp. are some of the most common agents of foodborne illness in the world,
and their relevance as responsible for foodborne outbreaks is well known. Previous studies
reported that Salmonella spp. has skilled in adapting, growing, and surviving in a diverse range
of stressful environments, coping with the stresses present in natural, commercial, and host
environments (LIM; HA, 2021; SPECTOR; KENYON, 2012). Serotypes of S. enterica have
been reported by their ability to adapt rapidly to osmotic environments. Studies show that in
osmotic stress conditions, S. enterica serotypes presented cell count decreases, followed by a
period of unchanged count with further exponential growth, called Phoenix Phenomenon (PP)
(ASPRIDOU; AKRITIDOU; KOUTSOUMANIS, 2018; MELLEFONT; MCMEEKIN; ROSS,
2005; ZHOU et al., 2011; PAGANINI et al., 2022), representing a risk for the food industry.

The UV-C technology is proposed as an alternative to thermal treatments for microbial
decontamination of food, causing less impact on food properties while ensuring its quality.
(POSSAS et al., 2018). This technology is considered relatively simple, affordable, and
effective in rendering finished products safe and shelf-life stable. The exposure of the microbial
cells to UV-C rays leads to physicochemical changes in genetic materials, so inactivation occurs
(ESTILO; GABRIEL, 2017). Several studies have demonstrated that UV-C irradiation
inactivates a wide range of microorganisms related to food contamination and spoilage with
high efficiency in broth and various food products (CONDON-ABANTO et al., 2016; ESTILO;
GABRIEL, 2017; GUILLEN et al., 2020; MENEZES et al., 2020). However, the exposure of
pathogenic bacteria to stressful conditions could result in increased resistance to inactivation
technologies, as UV-C irradiation, i.e., bacterial inactivation may be influenced by conditions
to which the bacteria have been exposed before treatment applied (MELO et al., 2017; SIRSAT
etal., 2011).

During food processing, bacteria are exposed to various stresses at all levels, which
could induce adaptive mechanisms toward the processing technology that was supposed to
inactivate them (ESTILO; GABRIEL, 2017). There is a lack of previous studies about microbial
resistance to inactivation processes of different serotypes that have suffered previous stresses.
Studies are necessary to understand bacterial behavior and assist the design of more efficient
inactivation processes that ensure food safety throughout the food chain, helping to improve
the accuracy of quantitative microbial risk assessments. Mainly searches investigating the effect
of osmotic adaptation, so-called PP, that is characterized by an initial reduction in bacterial cell

concentration, followed by a period that the bacterial concentration remained in a constant
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interval (plateau), and then, exponential growth resumes (PAGANINI et al., 2022), on the
inactivation of §. enterica serotypes by UV-C irradiation. To the best of our knowledge, the
present study is the first to investigate the effect of osmotic adaptation, the so-called PP, on the
inactivation of S. enterica serotypes by UV-C irradiation.

Several predictive models are available and can be used to describe microbial
behavior. Mathematic models that describe the growth, survival, or inactivation kinetics of
microorganisms are tools that can help in the understanding of the influence of a variety of
conditions that should be taken into consideration for process improvement and food safety
(POSSAS et al., 2018). A primary model to describe the PP was proposed, following the
supposition that the total microbial count is the sum of two subpopulations, inactivating and
surviving-then-growing (PAGANINI et al., 2022). In the literature, other authors show the
effectiveness of using inactivation models to describe microbial behavior by applying UV-C
technology. Among the inactivation models, the Weibull and log-linear with shoulder models
have been successfully applied to describe the inactivation of microorganisms by UV-C
irradiation (MENEZES et al., 2020; POSSAS et al., 2018; SORO et al., 2021).

The objective of this study was to evaluate and model the effect of osmotic adaptation,
along the PP, on the kinetics of inactivation by UV-C irradiation (6.5 W/m?) of S. enterica
serotypes (Typhimurium, Enteritidis, Heidelberg and Minnesota).

5.2 MATERIAL AND METHODS

5.2.1 Bacterial strains and inoculum preparation

Four strains of Salmonella enterica were selected. S. Typhimurium ATCC 14028 and
S. Enteritidis ATCC 13046, the most common serotypes of S. enterica associated with many
human infections worldwide and widely studied, and S. Heidelberg and S. Minnesota obtained
from a poultry processing plant (Santa Catarina, Brazil) (PAGANINI et al., 2022). All strains
were kept in Eppendorf tubes containing Brain Heart Infusion (BHI, Kasvi, Brazil) growth
medium supplemented with 30% (v/v) glycerol and stored at -24 °C until needed.

Before each experiment, aliquots of 100 ul from each bacterial stock culture were
added in 10 ml of BHI growth medium. Then, for reaching the desired growth phase (according
to previous studies, performed with plate counts and turbidity measurements), the incubation

procedures were carried out: 14 h (S. Enteritidis), 10 h (S. Typhimurium), and 9 h (S. Minnesota
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and S. Heidelberg) at 25 °C to obtain exponential growth phase inoculum (E25) (Paganini et
al., 2022).

5.2.2 Experimental bacterial kinetics under osmotic condition — Phoenix Phenomenon

From the inoculum at a concentration of approximately 10’ CFU/ml, an aliquot of 1 ml
was transferred to 100 ml of pre-warmed (25 °C) BHI broth medium, reaching an initial
bacterial concentration of around 10° CFU/ml and pH 7.2. BHI broth medium was previously
added of the appropriate amount of NaCl, about 7.0 % NaCl to obtain a,, = 0.950, which was
verified by an a,-meter (Aqualab. model SERIES 3TE. Decagon Devices. USA). The bacterial
count was carried out at predetermined time intervals. Then, 1 ml of the bacterial suspension
was removed from each sample and serially diluted in peptone water solution (0.1%). Aliquots
of 100 p from the appropriate serial decimal dilution were surface plated on BHI agar. Plates
were incubated by 24 h at 35 °C for counting. The incubation time of the plates was based on
previous studies that showed that there was no difference in the count after 24 hours. In this
study, the detection limit used was 10 to 250 colonies. All kinetics experiments were performed

at 25 °C in duplicate.

5.2.3 Sample preparation for UV-C inactivation

Three samples from different times were used to study the UV-C irradiation: Control,
to, and t*. Two samples (7 and ¢*) were exposed to the osmotic stressful conditions (a, = 0.950),
and were collected in pre-determined experimental times (based on previous studies): #
immediately treated after exposure to osmotic stress medium (bacterial concentration around
10° CFU/ml); and * after 120 h for S. Enteritidis, S. Heidelberg, and S. Typhimurium, and after
96 h for S.Minnesota of exposure to osmotic stress medium (bacteria returned to the
exponential growth after the Phoenix Phenomenon, around 10° CFU/ml). From the samples
described in item 5.2.2 for each serotype evaluated, 30 ml of 79 samples were transferred to Petri
dishes; and 3 ml of #* samples were transferred to Petri dishes containing 30 ml of BHI medium.
This procedure was performed to ensure the same transmittance as the other samples evaluated,
insured by spectrophotometer (BIOSPECTRO, Spectrophotometer SP-220). The Control
sample was prepared for further comparison, when 3 ml of the respective inoculum suspensions,

at a concentration of 10’ CFU/ml, was added to 297 ml of BHI broth at 25 °C, achieving a
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bacterial concentration of 10° CFU/ml, from of the control samples 30 ml were transferred to

Petri dishes.
5.2.4 UV-C inactivation Kinetics

For the UV-C inactivation, a UV-C chamber (75x70x45 cm), with five germicidal
lamps, three of 15 W (TUV 15W/G15T8, Philips, Holland) and two of 32 W (Dulux HNS
L23W, OSRAM, Germany) with radiation peak at 254 nm wavelength, was used. The samples
were continuously stirred with a magnetic agitator (IKA, BIG SQUID White) while were
irradiated. The tested UV-C irradiance (intensity) was measured by a UV-VIS radiometer
(DELTA OHM HD 2302.0, Italy) placed at the same position from the UV lamp to the plates.

The microbial inactivation was carried out under constant irradiance of 6.5 W/m?. The
UV lamp was switched on for about 30 min before the UV-C treatments to minimize irradiance
fluctuations. Each fluency F (KJ/m?) was calculated as a function of the time t (0, 2, 4, 6, 8, 10,

and 12 min) and the irradiance I (6.5 W/m?), according to Equation 5.1.

_(e0.t.n)
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During the UV-C inactivation treatments, 1 ml of the bacterial suspension was
removed from each sample per time interval (0, 2, 4, 6, 8, 10, and 12 min), then subjected to
serial dilutions in 0.1% (w/v) sterile buffered peptone water. Aliquots of 100 pl from the
appropriate serial decimal dilution were surface plated on BHI agar. The plates were incubated
at 35 °C for 24 h. Plates with 25 to 250 colonies were used for obtaining the inactivation data.
Duplicates of each treatment were performed, and the results were expressed as mean

(CFU/mL) =+ standard deviations (SD).
5.2.5 Mathematical modeling
5.2.5.1 Inactivation Models - UV-C inactivation
Weibull (MAFART et al, 2001) and log-linear with shoulder (GEERAERD;
HERREMANS; VAN IMPE, 2000) models were fitted to the inactivation data (¢ and ¢*) of

S. enterica serotypes. The experimental data were transformed to logarithmic microbial

survival ratio (log(N/N,)), in which N is the bacterial concentration (CFU/ml) after UV-C
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treatment at a specific fluency F (KJ/m?), and N, (UFC/ml) is the initial bacterial concentration
before the treatment.

Weibull model is shown in Equation 5.2, where & (kJ/m?) is a scale factor called the
time of first decimal reduction and p (dimensionless) is a shape parameter. p <1 and p >1
correspond to concave upwards and concave downwards survival curves, respectively, and p

=1 corresponds to the simple first-order linear model.

N d\P
og()=-(5) 62
Log-linear with shoulder model is shown in Equation 3, where k4, (m?/kJ) is the first

order rate of inactivation, and S, (kJ/m?) is the parameter of shoulder length.

08 () = ~ e e )

Equations (5.2) and (5.3) were fitted to the experimental data with the non-linear least-
squares method (trust-region algorithm, curve fitting toolbox, Matlab R2013a, MathWorks®,
Natick, USA) estimating the model parameters and their 95% confidence intervals. Each model
performance was assessed with the residue analysis and the goodness-of-fit indices root-mean-
squared error (RMSE) and adjusted coefficient of determination (R2, ;)» which were obtained

from the output of the Matlab curve fitting toolbox.
5.3 RESULTS AND DISCUSSION
5.3.1 Experimental bacterial kinetics under osmotic condition — Phoenix Phenomenon

The kinetics experimental cell counts of the four serotypes of S. enterica
(Typhimurium, Enteritidis, Heidelberg, and Minnesota) into the BHI medium with a,, = 0.950,
incubated at 25 °C, are shown in Figure 12. All serotypes tested showed an initial cell count
decrease after the inoculation from close to 5.0 log CFU/ml to 3.0-3.5 log CFU/ml in bacterial
cell concentration. Then, an exponential growth phase was observed until the stationary phase.

This behavior is known as the PP.
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Figure 12. Experimental cell counts (symbols) of S. Typhimurium, S. Enteritidis, S. Heidelberg, and S. Minnesota
serotypes incubated at 25 °C in BHI broth (a,, = 0.950) from the exponential phase inoculum at 25 °C. The circles
represent the experimental point of sample collecting (#) and ¢*) during the Phoenix Phenomenon for UV-C
inactivation.
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Although all serotypes presented the PP, differences in the responses of serotypes
exposed to a stressful osmotic environment were observed. Paganini et al. (2022) showed that
S. Heidelberg and S. Minnesota serotypes had a better ability to adapt to the applied osmotic
stress than S. Typhimurium and S. Enteritidis. A hypothesis to explain the difference in the
resistance of the serotypes studied would be the origin of the strains. S. Typhimurium and S.
Enteritidis were obtained from a culture collection, while S. Heidelberg and S. Minnesota were

obtained from a poultry processing plant.

5.3.2 UV-C inactivation Kinetics

Figure 13 shows the UV-C experimental data of the inactivation of S. Typhimurium,
S. Enteritidis, S. Heidelberg, and S. Minnesota exposed, 7 (initial phase of the PP, after Smin
exposure) and ¢* (start exponential phase, during PP) and not exposed (Control) to previous
osmotic conditions in BHI broth and the fitting of the Weibull and log-linear with shoulder
models. The application of the UV-C irradiation showed good levels of inactivation at the
highest applied Fluence (4.68 kJ/m?) for all tested serotypes. The cells reduction levels
increased with the increasing of UV-C irradiation Fluence. However, differences in resistance
to the UV-C irradiation between the serotypes and the samples evaluated (exposure and no

exposure at previous osmotic stress) were observed.
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Figure 13. Experimental data (symbols) of S. Typhimurium (A), S. Enteritidis (B),
S. Heidelberg (C), and S. Minnesota (D) serotypes inactivation in BHI (log N/NO) exposed to
UV-C irradiance (6.5 W/m2) as a function of the fluency (kJ/m?). Sample o (m) after exposure
to the stressful osmotic environment, ¢* (@) when bacterial cells returned to exponential growth,
and Control (A) not exposed to osmotic stress. The lines represent the fitting of the Weibull

model (I) and log linear shoulder model (II) to the data. Error bars correspond to the duplicate
of each measurement.
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The goodness-of-fit of the Weibull and log-linear with shoulder models are shown in
Table 5 and the residue analysis in Figure 14. Differences in the ability of the models to fit the

inactivation responses of S. enterica serotypes were small. For both evaluated models, the RZ, i

values were always close to one, and the RMSE values were close to zero, which indicates a
good model fit for the data. The Weibull model presented the best fit only to the inactivation
data of S. Enteritidis (Control) and S. Heidelberg (Control and ty). The log-linear with shoulder
model showed the best values of statistical indices for most of the tested samples. From the
residue analysis, the log-linear with shoulder model confirmed better fits to the inactivation
experimental data of S. enterica by UV-C irradiation for most of the tested samples in this study.

Thus, the log-linear with shoulder model was chosen to evaluate the inactivation results

obtained in the study.
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Table 5 - Parameters (= 95% confidence intervals) estimated by the fitting of the Weibull and the Log-linear Shoulder models to the inactivation data of S. Typhimurium,
S. Enteritidis, S. Heidelberg and S. Minnesota osmotic adapted and no adapted (Sample ¢, (after exposure to the stressful osmotic environment), #* (when bacterial cells resumed
exponential growth), and Control (not exposed to osmotic stress)) exposed to UV-C irradiance (6.5 W/m?) as a function of the fluency (kJ/m?) and the statistical indices.

Models Statistics Indexes
Parameters
Serotypes/ Time-point Model RMSE )
Sl kmax 0 p (lOg Radj
CFU/ml)
. . Log 0.526 1.013
S. Typhimurium Linear (1.170) (£0.109) 0.258 0.978
Control 1.088 1.059
Weibull (£0.397) (£0.308) 0.278 0.975
Log 0.333 1.204
0 Linear 2.561)  (£0.248) 0.635 0.908
. 0,769 0.942
Weibull (£0.698) (£0.544) 0.636 0.908
Log 1.417 0.779
*
f Linear (0.688)  (£0.0702) 0.123 0.991
. 1.847 1.345
Weibull (£0.286) (0.277) 0.142 0.988
oo e Log 0.119 0.842
S. Enteritidis Control Linear (£1.745) (£0.126) 0.278 0.963
. 1.148 0.964
Weibull (£0.481) (£0.341) 0.277 0.964
Log 0.456 1.063
0 Linear (+0.635) (+0.060) 0.144 0.994
. 1.069 1.088
Weibull (£0.203) (£0.162) 0.152 0.993
Log 0.153 1.068
*
g Linear (+1.494) (+0.124) 0.307 0.972

Weibull 0.920 0.9824 0.310 0.971




(©0399)  (20.304)
S. Heidelberg Control 8 (32973) ( fd?12177) 0.274 0.961
Weibull ( fffglz) (207 gj}t) 0.230 0.972

0 Lﬁﬂfu (;12'317935) (f(ff(f@ 0.234 0.962

Weibull ( fd?fg) ( 36.7274?9) 0.208 0.970

o Li;loegar (i26.58112 7) (i()d.617 (?2) 0.120 0.986

Weibull ( 2o D ;6§5194) 0.134 0.982

S. Minnesota Control 8 ( fi.zjslg ( f(i?37530) 0.268 0.958
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Figure 14, Residue analysis. Sample ) (m) after exposure to the stressful osmotic environment, ¢* (®) when
bacterial cells resumed exponential growth, and Control (A) not exposed to osmotic stress.
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The t* samples of S. Typhimurium, S. Heidelberg, and S. Minnesota serotypes
presented the highest resistance to the application of UV-C treatment among the samples tested,
requiring a higher Fluence for inactivation than 79 and Control samples. The Control sample of
S. Enteritidis serotype was more resistant than the other studied samples (#) and ¢*), but little
difference was observed. In this study, S. Typhimurium and S. Enteritidis serotypes were most
sensitive to the application of UV-C irradiation than S. Heidelberg and S. Minnesota. The same
tendency was observed for exposure to the osmotic environment during the PP, agreeing with
the results reported by Paganini et al., 2022.

The UV-C resistance may vary with the species and even with the strain (LOPEZ et
al., 2005; SOMMER et al., 2000). Gayan et al. (2012) showed that variation to UV light
susceptibility was observed among the tested S. enterica strains. The 4D (intensity required to
achieve four decimal reductions) values ranged from 18.03 J/ml for S. Typhimurium STCC 878
to 12.75 J/ml for the S. Enteritidis. Gabriel and Nakano (2009) reported that S. Enteritidis was
less resistant than S. Typhimurium in phosphate-buffered saline (PBS) buffer to the UV-C
irradiation treatment.

The parameters obtained by the fitting of the Weibull and log-linear with shoulder
models are shown in Table 5. The ¢* samples of S. Typhimurium, S. Heidelberg, and
S. Minnesota showed higher values of the S; parameter and lower values of the k,,,,, parameter
than 79 and Control samples, except for S. Enteritidis that higher S; and lower k,,,,, values were
estimated for the #) sample. Then, the ¢* samples of S. Typhimurium, S. Heidelberg, and
S. Minnesota showed higher resistance to the application of UV-C irradiation Fluences than #

and Control samples. Thus, previous exposure to osmotic stress during the PP resulted in more
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resistance to the UV-C irradiation treatment to S. Typhimurium, S. Heidelberg, and
S. Minnesota.

According to Bernbom et al. (2011), Listeria monocytogenes exhibited enhanced UV-
C survival in the presence of 5% NacCl in the suspending medium. The authors reported that it
was not known whether the observed enhancement occurred due to physiological changes in
the cells, physical protection in the food matrix, or a combination of both. In the current study,
evidence showed that exposure to osmotic stress led to the highest survivability at UV-C
irradiation for most of the serotypes evaluated.

Estilo and Gabriel (2017) studied the effects of prior exposures to stresses of gradual
acidification (final pH 4.5), abrupt desiccation (aw 0.960), or heat stress at 40 °C for 24 h on the
subsequent UV-C inactivation rates of seven different strains of S. enferica in coconut liquid
endosperm. The authors observed heterologous adaptive mechanisms after S. enterica cells
were exposed to acid, acid + desiccation, heat, and acid + heat, with individual heat stress
exposure, resulting in the significantly most UV-C resistant cells.

Studies about the effectiveness of UV-C irradiation against S. enterica serotypes
previously adapted to osmotic stress are particularly scarce. In this study, the results showed
that most of the osmotic adapted serotypes were highly resistant to the application of UV-C
irradiation when compared to serotypes cultivated under optimal growth conditions. For this
reason, such studies are necessary to improve the accuracy of quantitative microbial risk
assessments and the development of more efficient inactivation processes and action plans

throughout the food chain.

5.4 CONCLUSION

This is the first study to investigate the effect of osmotic adaptation during the PP on
the resistance of pathogens to UV-C irradiation. The results showed that the application of UV-
C irradiation was effective in the inactivation of all S. enterica serotypes studied. However, the
osmotic adapted cells of S. Typhimurium, S. Heidelberg, and S. Minnesota (during PP) were
most resistant to UV-C irradiation than Control samples. In contrast, prior exposure to osmotic
stress caused little influence on the resistance of S. Enteritidis to UV-C irradiation, with the
control sample showing to be the most resistant to the application of UV-C irradiation. The
Weibull and log-linear with shoulder models fitted well to the data, but the log-linear with

shoulder model presented the best fits to the inactivation data. The results of this study indicate
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that the resistance of S. enterica cells adapted at PP should be considered before of the

application of UV-C irradiation in the food sterilization process.
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6 CONCLUSAO GERAL

As células de S. Typhimurium submetidas a um meio osmoticamente estressante
(aw=0,950) e incubadas a 25 °C a partir de diferentes indculos (fase estacionaria ou
exponencial e 25 ou 35 °C) apresentaram o Fendmeno Fénix. As células cultivadas a 25 °C, a
partir do indculo em fase exponencial, mostraram-se mais sensiveis ao estresse osmotico, com
maior redugdo populacional nas primeiras horas de incubacao e menor periodo de adaptagao
(fase lag). O modelo matematico proposto, que considera a curva resultante como a soma de
duas subpopulagdes: inativando e sobrevivendo/crescendo descreveu o Fendmeno Fénix para
todas as condigoes testadas.

Os quatro sorotipos de S. enterica inoculados em meios osmoticamente estressantes
(aw=0,940, 0,945, 0,950 ¢ 0,960) e incubados a 25 °C apresentaram redugdo inicial na
contagem de células viaveis. No entanto, quando incubados em meio de cultura com a,, de 0,950
e 0,960, a diminui¢do da contagem foi seguida por uma fase de crescimento até a atingir a
populagdo maxima, caracterizando o Fendmeno Fénix. Meios de cultura com a, de 0,940 e
0,945 ocorreu completa inativagao, sem a ocorréncia do Fendomeno Fénix.

A heterogeneidade fisiologica e viabilidade das populagdes de S. Typhimurium
adaptadas ao estresse osmotico durante o Fendmeno Fénix foram confirmadas pelas medidas
utilizando citometria de fluxo em combinagdo com marcacao fluorescente. Evidenciou-se a
existéncia de trés subpopulagdes simultaneamente, definidas como intactas/viaveis,
estressadas/injuriadas e danificadas ao longo do cultivo de células com existéncia do Fendmeno
Fénix. Observou-se que as subpopulagdes apresentaram alteragdes ao longo do tempo de
exposicao ao ambiente osmotico. A fase inicial foi caracterizada por um alto percentual de
células estressadas/injuriadas. Na etapa apos recuperagdo, houve crescimento da contagem em
placas e um aumento da subpopulacdo vidvel/intacta que se manteve até a fase estacionaria. Os
resultados comprovaram a alta heterogeneidade e complexidade no comportamento das
populagdes de S. Typhimurium em ambientes sob estresse osmoético ao longo do Fendmeno
Fénix.

A partir do estudo da eficacia da irradiagdo UV-C na inativacdo de sorotipos de
S. enterica (S. Typhimurium, S. Enteritidis, S. Heidelberg e S. Minnesota) ao longo do
crescimento, sobrevivéncia e inativagao (Fenomeno Fénix), observou-se a irradiagao UV-C
como efetiva na inativagao de todos os sorotipos de S. enterica estudados. No entanto, as células
de S. Typhimurium, S. Heidelberg e S. Minnesota ao longo do Fendmeno Fénix foram mais

resistentes a irradiagdo UV-C do que as amostras controle (sem exposicdo ao estresse). A
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exposicao prévia ao estresse osmotico exerceu pouca diferenca na resisténcia de S. Enteritidis
a irradiagdo UV-C quando comparada a amostra controle. Os modelos Weibull e log-linear com
ombro se ajustaram bem aos dados, sendo o modelo log-linear com ombro o que apresentou os
melhores ajustes aos dados de inativacao.

O comportamento de S. enterica, denominado como Fendmeno Fénix, representa um
perigo relevante para a industria de alimentos. Essa situacdo pode levar a uma superestimagao
da inibi¢do aos tratamentos ou a falha na detec¢ao da presenga de patégenos, durante o controle
de qualidade de alimentos ou investigacdes de surtos. Os resultados obtidos nesse estudo trazem
uma melhor elucida¢do e compreensdo do comportamento de S. enterica em condigdes reais,

contribuindo para estabelecimento de melhorias nas condi¢des de processamento de alimentos.



113

6.1 SUGESTAO DE TRABALHOS FUTUROS:

Como trabalhos futuros para complementar os resultados obtidos na presente tese,
sugere-se:

- Estudo de outros tipos de estresse que podem levar ao Fendmeno Fénix de
Salmonella enterica.

- Investigagao das subpopulacdes ndo marcadas e estressadas/injuriadas observadas
durante o Fendmeno Fénix, a partir do método de classificagdo de células ativadas por
fluorescéncia (FACS). Este método separa uma mistura heterogénea de células bioldgicas em
dois ou mais recipientes, uma célula por vez, com base na dispersdo de luz especifica e nas
caracteristicas fluorescentes de cada célula. Desta maneira, seria possivel realizar analises

complementares para a confirmagao de cada subpopulagao.
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