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RESUMO

A qualidade do pescado é de grande importancia, visto que ¢ um alimento de alto valor
nutritivo, entretanto muito suscetivel a deterioracdo e formacgdo de substancias prejudiciais ao
homem. Dentre as substancias produzidas estd a histamina, que € uma amina biogénica
encontrada em alimentos. Quando ingerida em grande quantidade pode causar intoxicacéo
alimentar. No pescado, a histamina pode ser produzida no tecido muscular através da
descarboxilacdo do aminoacido histidina. Essa reacdo é catalisada pela enzima histidina
descarboxilase (Hdc) produzida por bactérias. Mas praticas de producdo, higiene e a
manutencdo inadequada do pescado na cadeia do frio potencializam a presenca de histamina no
pescado. Testes para determinar e quantificar a histamina e as bactérias responsaveis pela
producdo da histamina no pescado é importante para a salde publica e seguranca alimentar.
Entre as técnicas, destaca-se a cromatografia liquida de alta eficiéncia (HPLC), um dos
principais métodos de referéncia para identificacdo e quantificacdo de histamina em alimentos.
A técnica por HPLC com detector de arranjo de diodos (DAD) permitido a determinacéo rapida
e eficiente de histamina em alimentos. A Reagdo em Cadeia da Polimerase quantitativa (QPCR)
em tempo real foi usada para a identificacdo e quantificacdo do gene da enzima histidina
descarboxilase (gene hdc) presente nas bactérias descarboxiladoras de histidina. A qPCR
apresenta inimeras vantagens, principalmente por detectar células vidveis e ndo viaveis, é uma
técnica mais rapida, especifica, sensivel e de boa reprodutibilidade. O sequenciamento de alto
rendimento (HTS) através da amplificagdo do gene 16S rRNA foi um aliado para identificacéo e
caracterizacdo da microbiota presente no tecido muscular dos peixes e relaciona-las com as
bactérias produtoras de histamina em peixes. Portanto, o objetivo deste estudo foi detectar e
quantificar bactérias capazes de descarboxilar a histidina livre e relacionar a quantidade de
histamina e sua microbiota em peixe fresco e congelado. De acordo com os resultados obtidos
por HPLC-DAD, a concentragdo de histamina ficou acima de 200 mg kg™ em todas as amostras
de corvinas frescas e das sardinhas frescas e congeladas. O gene da histidina descarboxilase
(hdc) de bactérias Gram negativas, Morganella morganii e Enterobacter aerogenes foi
quantificado em todas as amostras de peixes. Os microrganismos mais abundantes presentes
nas corvinas frescas foram bactérias pertencentes a familia Moraxellaceae, enquanto
Pseudomonadaceae esteve mais presente nas amostras de inverno. Nas sardinhas frescas os
géneros Macrococcus, Acinetobacter e Pseudomonas foram mais prevalentes, enquanto, nas
sardinhas congeladas aos géneros Phyllobacterium, Pseudomonas e Acinetobacter foram mais
presentes. Os métodos utilizados demonstram ser (teis na avaliagdo da qualidade
microbioldgica e quimica dos peixes comercializados no mercado, frescos e congelados e, no
futuro, poderdo fazer parte do sistema estratégico de rastreabilidade da histamina na cadeia de
producéo de peixes.

Palavras-chave: corvina (Micropogonias furnieri), sardinha-verdadeira (Sardinella
brasiliensis), histidina descarboxilase, histamina, microbioma.



ABSTRACT

The quality of fish is of great importance, as it is a food of high nutritional value, yet very
susceptible to spoilage and formation of substances harmful to man. Among the substances
produced is histamine, which is a biogenic amine found in foods. When ingested in large
quantities it may cause food poisoning. In fish, histamine can be produced in muscle tissue by
decarboxylation of the amino acid histidine. This reaction is catalyzed by the histidine
decarboxylase enzyme (Hdc) produced by bacteria. Poor production practices, hygiene and
improper maintenance of cold chain fish potentiate the presence of histamine in the fish.
Testing to determine and quantify histamine and the bacteria responsible for histamine
production in fish is important for public health and food safety. Among the techniques, we
highlight the high performance liquid chromatography (HPLC), one of the main reference
methods for identification and quantification of histamine in foods. Currently, the diode array
detector (DAD) HPLC technique has been studied for fast and efficient determination of
histamine in foods. Another analysis is the real-time quantitative polymerase chain reaction
(gPCR) being studied for the identification and quantification of the histidine decarboxylase
enzyme gene (hdc gene) for the identification of histidine decarboxylating bacteria. gPCR has
many advantages, mainly because it detects viable and non-viable cells. It is a faster, specific,
sensitive and reproducible technique. High Throughput Sequencing (HTS) by amplifying the
16S rRNA gene can be an ally for identifying the microbiota present in fish muscle tissue and
relating them to histamine-producing bacteria in fish. Therefore, the aim of this study was to
detect and quantify bacteria capable of decarboxylating free histidine and to relate the amount
of histamine and its microbiota in fresh and frozen fish. According to the results obtained by
HPLC-DAD, the histamine concentration was above 200 mg kg-1 in all fresh and frozen
sardines samples. The histidine decarboxylase (hdc) gene from Gram negative bacteria
Morganella morganii and Enterobacter aerogenes was quantified in all fish samples. The most
abundant microorganisms present in fresh Whitemouth croaker were bacteria belonging to the
Moraxellaceae family, while Pseudomonadaceae was more present in winter samples. In fresh
sardines the genera Macrococcus, Acinetobacter and Pseudomonas were more prevalent, while
in frozen sardines the genera Phyllobacterium, Pseudomonas and Acinetobacter were more
present. The methods used prove to be useful in assessing the microbiological and chemical
quality of fresh and frozen commercially marketed fish and may in future be part of the
strategic histamine traceability system in the fish production chain.

Keywords: Whitemouth croaker (Micropogonias furnieri), sardine (Sardinella brasiliensis),
histidine decarboxylase, histamine, microbiome.
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1. INTRODUCAO E OBJETIVOS

As aminas biogénicas (AB) sdo bases orgénicas de baixo peso molecular que sdo
produzidas naturalmente por microrganismos, plantas e animais, por consequéncia do seu
metabolismo. Podem ser formadas de forma exdgena por bactérias, fungos e
leveduras principalmente pela descarboxilacdo de aminoécidos (aa) em alimentos de origem
vegetal, animal e bebidas. Os precursores das AB s&o os aa livres fornecidos por alteracfes
proteoliticas de proteinas e/ou peptideos presente nos alimentos. A formacdo das AB pode ser
influenciada pela composicdo da matéria-prima, pH, presenca de microrganismos, tipo de
processamento e armazenamento dos alimentos (Kovacova-Hanuskova et al., 2015; Gardini et
al., 2016). Estes compostos tém sido relacionados a baixa qualidade higiénica, por estarem
associados a um crescimento consideravel de bactérias deterioradoras em alimentos (Tabanelli,
Montanari e Gardini, 2019).

A histamina é uma das AB mais importante em alimentos, principalmente o pescado. A
intoxicagdo por histamina, frequentemente denominada "intoxicagdo por escombrotoxina” é
causada por ingestdo de espécies de peixes marinhos que contém altos niveis de histamina.
Provocam diversos sintomas, como hipertensdo ou hipotensdo, dores de cabeca, nauseas,
edema, erupc¢do cutanea generalizada, urticaria, problemas respiratorios rinite, edema pulmonar
(Prester, 2011). A intoxicagdo por histamina é comum na Europa e outros continentes. Na
Europa em 2017, foi terceiro agente mais comum identificado em surtos alimentares. Nos
EUA, por exemplo, representa 5% das intoxicacdes alimentares. Portanto, a histamina é uma
toxina bastante relevante para a seguranca alimentar (Tortorella et al., 2014; EFSA e ECDC,
2018).

No pescado, a histamina é produzida no tecido muscular dos peixes através da descarboxilagao
do aa livre histidina, reacdo catalisada pela descarboxilase exdgena microbiana. Esta habilidade
estd presente em diversas espécies de bactérias gram negativas e gram positivas (Ladero et al.,
2010). Os microrganismos descarboxiladores podem ser provenientes da dgua, ou esta presente
na pele, branquias e conteudo intestinal dos peixes ou serem introduzidos durante
processamento e conservacdo do pescado. As bactérias produtoras de histamina (BPH) sdo
capazes de multiplicarem-se rapidamente em condi¢cdes de refrigeracdo inadequadas
promovendo a formagdo da histamina na musculatura dos peixes (Visciano et al., 2014). A
enzima histidina decarboxilase (Hdc) uma vez sintetizada, ela pode continuar catalisando a
reacdo de descarboxilagio mesmo sobre temperaturas de refrigeracdo e, ainda, se mantém

estdvel durante o congelamento do peixe, podendo ser reativada logo apds o seu
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descongelamento. No entanto, a toxina histamina formada no alimento ndo é eliminada por
calor ou congelamento (FDA, 2011).

O objetivo da pesquisa foi identificar, caracterizar e quantificar bactérias descarboxiladoras de
histidina livre e relacionar com a quantidade de histamina e a microbiota presente no tecido
muscular de corvina (Micropogonias furnieri) fresca coletadas em diferentes sazonalidades
(verdo e inverno) e de sardinhas frescas e congeladas comercializadas em um mercado popular

de peixe no municipio de Porto Alegre, Rio Grande doi Sul.
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2. CAPITULO | - REVISAO DE LITERATURA

2.1 Produgéo e consumo de pescado

A producdo mundial de pescado, em 2016, atingiu 171 milhdes de toneladas (t). Desse
total, 90,9 milhdes t foram provenientes da pesca extrativista, dos quais 87,2 milhdes t foram de
aguas marinhas (79,3%) e 12,8 milhGes t de &guas interiores (11,6%). A China é o maior
produtor na pesca marinha, seguida por Indonésia e Estados Unidos. Dos peixes destinados
para consumo humano direto, 31% refere-se a peixe congelado, seguido de peixe vivo, fresco
ou refrigerado (45%). O restante da producéo, diz respeito a produto preparado (12%) e curado
(12%). A percentagem da producdo pesqueira mundial utilizada para consumo humano foi de
1484 milhdes de t, com um consumo aparente per capita de 20,3 kg (FAO, 2018a).

O consumo mundial de peixe foi de 148,8 t de peso vivo, em 2016. A América Latina e
Caribe foram consumidos apenas 19,7 t de peso vivo, com um consumo aparente per capita de
9,80 kg (FAO, 2018a). Em média, o brasileiro consome menos de 10 kg de peixes por ano. Um
consumo abaixo do que € recomendado pela Organizacdo das Nacbes Unidas para a
Alimentacdo e a Agricultura, 12 kg/hab/ano. Entretanto, a média de consumo mundial é
superior a 20 kg/ hab/ano (Dellova et al., 2019).

A producdo de pescado no Brasil, em 2016 foi de 1.286 mil t, deste total a pesca
extrativista obteve um total de 705.000 t, incluindo peixe, mariscos e crustaceos. A pesca
extrativista marinha somou 580 500 t (FAO, 2018b). O Rio Grande do Sul apresenta uma
extensdo de litoral de 622 km, que representa 8,39% do total do litoral brasileiro. No Estado, ha
apenas um porto de pesca industrial expressivo, o do Rio Grande, situado na Laguna dos Patos,
onde sdo desembarcados os produtos da pescaria provenientes de ambiente estuarino, lacunar,
costeiro e alto-mar. As principais espécies desembarcadas, em 2011, no porto de Rio Grande,
provenientes da pesca artesanal marinha estuarina (88,5%) foram a corvina, tainha e o
camardo-rosa. Ja na pesca marinha industrial os principais pescados foram a corvina, castanha e
pescada-olhuda (80%) (SUDEP, 2003; IBAMA e CEPERG, 2012).

2.2 Deterioracao Microbiana do Pescado

O pescado é um alimento mais perecivel entre os produtos de origem animal devido a

sua composicdo bioldgica. Os altos niveis de umidade, aminoacidos livres, outros compostos
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nitrogenados e proteinas de facil digestdo contribuem para a deterioracdo do pescado. Os
tecidos de peixe tém niveis elevados de compostos nitrogenados néo proteicos (aa livre, 6xido
de trimetilamina, creatinina, putrescina, cadaverina), peptideos e proteinas. Essa perecibilidade
do pescado também estd relacionada a fatores intrinsecos (atividade da &gua, pH, teor de
nutrientes) e fatores extrinsecos (temperatura de conservacdo, umidade relativa de
armazenamento e atividade microbiana) (Erkmen e Bozoglu, 2016; Majumdar et al., 2018).
Trés tipos de deterioracdo podem ocorrer no pescado, a autolitica, a microbiana e a
oxidativa. A perda de qualidade inicial é explicada principalmente pela autélise, especialmente
a degradacdo de nucleotideos por enzimas autoliticas. As perdas do nucleotideo intermediario,
monofosfato de inosina (IMP), sdo responsaveis pela perda de aroma do peixe fresco. Estas
alteracOes autoliticas tornam disponivel catabdlitos para o crescimento bacteriano. As proteases
também participam da deterioragdo e estdo relacionadas ao amolecimento da carne e o

rompimento da cavidade celomética dos peixes (HUSS, 1999).

As bactérias proteoliticas produzem proteinases extracelulares que hidrolisam proteinas
de peixe e fornecem peptideos e aminodcidos para outras bactérias deterioradoras. Os
compostos volateis da putrefacdo de proteinas resultardo na formacdo de diferentes tipos de
odor livre, como o peixe (devido a trimetilamina) e odor putrido. O crescimento bacteriano
provoca descoloracdo de branquias e olhos em peixe e perda de textura muscular (suavizada

devido a proteolise) e producdo de muco (Erkmen e Bozoglu, 2016).

A microbiota associada a peixes reflete a microbiota do meio ambiente no momento da
captura, mas é modificada pela capacidade de diferentes microrganismos se multiplicarem na
superficie da pele, branquias e contetdo intestinal. As bactérias isoladas da pele e as branquias
podem ser transitorias (aléctone), uma vez que estdo diretamente em contato com a agua.
Entretanto, a microbiota intestinal pode variar com a complexidade do sistema digestivo do
peixe. E constituida principalmente por bactérias anaerobias obrigatdrias, facultativas e podem
ser classificadas como autoctone ou aloctone (Ringga et al., 2003). A manipulagdo durante a
captura, transporte, processamento também pode influenciar na microbiota desses peixes
(Remenant et al., 2014).

A quantidade e diversidade bacteriana podem variar de acordo com sazonalidade,
devido a variagdo da temperatura da agua e suspensao de solidos. O pescado de aguas mais
frias (< 10-15 °C) geralmente produzem contagens de 10%-10* UFC cm? na pele e superficie das
branquias, enquanto peixes de aguas quentes tém niveis de 103-10° UFC cm?® O contelido
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intestinal varia de 10> UFC g™ em peixes n&o alimentados para 10° UFC g em espécies
alimentadas (Cahill, 1990; Kasuga, 2005; Skrodenyté-ArbaClauskiene, 2007).

A poluicdo ambiental tambem contribui com essa diversidade microbiana nos peixes,
como espécies da familia Enterobacteriaceae. O intestino dos peixes, por exemplo, pode conter
espécies de Alcaligenes, Pseudomonas, Flavobacterium e Vibrio. Ainda pode conter bactérias
patogénicas contaminantes da agua e do solo, como Bacillus, Clostridium, Escherichia e
Serratia (Erkmen e Bozoglu, 2016).

O comité do Codex Alimentarius (2018) listou as principais bactérias autdctones dos
peixes que podem representar um perigo para a saude humana, sdo Aeromonas hydrophila,
Clostridium botulinum, Vibrio parahaemolyticus, V. cholerae, V. vulnificus e Listeria
monocytogenes. Além de outras espécies que podem causar Doencas Transmitidas por
Alimentos (DTA) e que foram isoladas de peixes, Edwardsiella tarda, Plesiomonas
shigelloides e Yersinia enterocolitica.

As bactérias deteriorantes presentes no tecido muscular dos peixes refrigerados
geralmente sdo gram negativas. Principalmente os géneros Acinetobacter, Aeromonas,
Alcaligenes, Alteromonas, Chromobacterium, Cytophaga, Enterobacter, Flavobacterium,
Halobacterium, Moraxella, Morganella, Photobacterium, Pseudomonas, Shewanella e Vibrio.
No entanto, algumas bactérias gram positivas podem estar presentes, Streptococcus,
Staphylococcus, Microbacterium, Corynebacterium, Brochothrix, Bacillus, Arthrobacter,
Lactobacillus e Listeria (Marshall, 2012).

Muitas bactérias Shewanella putrefaciens e Pseudomonas spp. sdo bactérias
deterioradoras especificas de peixe fresco, independentemente de sua origem. Peixes marinhos
de aguas temperadas embalados em atmosfera modificada sdo contaminados principalmente
por Photobacterium phosphoreum, enquanto que, as bactérias gram positivas sdo deterioradoras
provaveis presentes em peixes de dgua doce ou tropicais (Gram e Huss, 1996).

2.3 Doencas Transmitidas por Alimentos (DTAS)

Segundo a Organizagdo Mundial de Saude (OMS), uma das prioridades global é a
inocuidade de alimentos, além de ser uma questdo de saude publica, visto que as DTAs sdo
importante causa de ébitos em todo mundo. As DTASs sdo causadas pela ingestdo de alimentos
e agua e abrangem uma serie de doencas causadas por bactérias, virus, parasitas, contaminantes
quimicos, toxinas e biotoxinas. Para diminuir o nimero de casos, é necessario aplicar normas e

praticas de inocuidade a toda cadeia produtiva dos alimentos (WHO, 2015).
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Reconhecendo a importancia do risco alimentar a saide em todo o mundo, a OMS
aprovou a Estratégia Regional de Seguranca Alimentar do Pacifico Ocidental (2011-2015) na
resolucdo WPR/RC62.R513 (2011) estabelecendo como prioridade a inocuidade dos alimentos
e a prevencgdo e o controle de DTAs (OMS, 2011). A Organizacdo Pan-Americana de Salde
(OPAS) também adotou como prioridade a inocuidade dos alimentos como um dos objetivos
do seu Plano Estratégico 2014-2019 (WHO, 2015). A OPAS tem um sistema de informacéo
regional sobre surtos de DTAs da America Latina e Caribe. Em um relatério elaborado, pela
OPAS em 22 paises (1993 a 2010), constatou que, dos 9.180 surtos em que 0 agente causador
havia sido identificado, 69% foram de origem bacteriana, 9,7% de origem viral, 9,5% foram
causados por toxinas maritimas, 2,5% por contaminantes quimicos, 1,8% por parasitas e 0,5%
por toxinas vegetais (OPAS, 2013).

Durante 2009-2015, o Sistema de Vigilancia de Surtos de DTAs dos Estados Unidos
recebeu relatos de 5.760 surtos que resultaram em 100.939 doencas, 5.699 hospitalizacGes e
145 mortes. Entre 0s 2.953 surtos com uma Unica etiologia confirmada, o Norovirus foi a causa
mais comum de surtos (38%), seguido por Salmonela (30%). Entre 1.281 surtos nos quais 0S
alimentos relatados puderam ser classificados em uma Unica categoria de alimentos, 0s peixes
foram a categoria mais comumente implicada (17%), seguidos por laticinios (11%) e frango
(10%). Nesse periodo foram relatados 215 surtos por biotoxinas marinhas, num total de 739
doentes, 87 hospitalizacdes e 5 mortes. A intoxicacdo por histamina foi a mais relata, com 95
casos confirmados (Dewey-Mattia et al., 2018).

O relatério sobre surto alimentar realizado pela European Food Safety Authority
(EFSA) na Unido Europeia em 2015 mostrou que a maioria dos surtos alimentares foi causada
por agentes bacterianos (33,7% de todos os surtos), em particular Salmonela e Campylobacter
sp. Em seguida, as toxinas bacterianas, parasitoses e outros agentes. Em particular, a
intoxicagdo por histamina foi relatada em menos de 3% dos surtos (EFSA, 2016). Em 2017, a
intoxicacdo por histamina foi o terceiro agente mais comum em surtos na Unido Europeia.
Observando um aumento de 22% comparando com 0 ano anterior (21 casos a mais). Esse
aumento esta relacionado ao aumento significativo do consumo de peixe cru, principalmente na
Franca e Espanha (EFSA, 2018).

De acordo com o ultimo informe da Vigilancia Epidemioldgica do Ministério da Salde,
em 2018, foram registrados 503 surtos de DTA e 6.803 pessoas doentes e um total de 9 6bitos
contra 598 surtos e 9.426 pessoas doentes e 12 obitos no ano de 2017 (Brasil, 2019). Conforme
notificagdes da Vigilancia Epidemiologica entre os anos de 2009 a 2018 a distribuicdo dos

surtos por local de ocorréncia, as residéncias (37,7% - 6.809 casos) sdo os principais locais de
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ocorréncia mais associado aos surtos. A distribuicdo dos alimentos incriminados (2.345 surtos)
confirmados nesse periodo foram os alimentos mistos (25,5%), a agua (21,1%) e o pescado
contribuiu apenas com 2,1% desses surtos. Dentre os agentes etioldgicos identificados como
unicos responsaveis pelos surtos confirmados, a Escherichia coli (23,4%) foi a mais comum,
seguido de Salmonella spp (11,3%) e Staphylococcus aureus (9,4%) (Brasil, 2019).

No Estado do Rio Grande do Sul entre os anos de 2000 a 2014 foram notificados 2.620
surtos, sendo 854 (51,1%) confirmados. Entre os agentes identificados como responséveis pelos
surtos no estado, observaram-se Salmonela spp. (803 casos), Staphylococcus aureus (219

casos) e Bacillus cereus (129 casos) (Rio Grande do Sul, 2015).
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2.4 Aminas Biogénicas (AB)

As AB sdo compostos organicos, basicos, nitrogenados de baixo peso molecular e ndo
volateis. Podem ser produzidas por bactérias, pela descarboxilacdo enzimatica dos aa livres nos
alimentos e bebidas fermentados ou ndo. Atuam seletivamente em aa especificos na remocéo
do grupo alfa-carboxila com a formacédo da correspondente da amina e CO, (Gardini et al.,
2016). A Figura 1 apresenta as principais AB encontradas como contaminantes de alimentos,
seus respectivos aminoacidos precursores, em destaque esta a histamina uma das AB mais

importantes.
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Adaptado de Ancin-Azpilicuet, Gonzalez-Marco e Jiménez-Moreno, 2008.

Figura 1. Principais Aminas biogénicas e seus aminoécidos precursores.

As AB ainda podem ser formadas e degradadas em processos fisiolégicos normais em
humanos, animais e plantas. Funcionam no corpo humano como, neurotransmissores,
participando da transmissdo sinaptica, controle da pressao arterial, regulacdo da temperatura
corporal, volume e pH do estdmago, apetite, crescimento celular e resposta alérgica (Danquah,
Benjakul E Simpson, 2012). Podem ser classificadas de acordo com sua estrutura quimica:
heterociclicas (histamina e triptamina), alifaticas (putrescina, cadaverina, espermina e
espermidina) e aromaticas (tiramina e feniletilamina) bem como pelo nimero de amina:
monoaminas (tiramina e Feniletilamina), diaminas (Histamina, putrescina e cadaverina) e
poliaminas (Espermidina, espermina e agmatina) (Figura 2) (De La Torre e Conte-Junior,
2018).
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Figura 2. Estrutura quimica das Aminas Biogénicas.

A ingestdo elevada de alimentos contaminados com AB podem causar problemas a
salde humana, levando a sintomas como, hipotensdo, hipertensdo, distdrbios gastrointestinais e
enxaqueca. Assim, é crucial reduzir a formacdo e os niveis desses compostos nos alimentos
(Danquah, Benjakul e Simpson, 2012). Pequenas quantidades de AB sd&o metabolizadas
normalmente com a ingestdo de alimentos no intestino humano formando produtos
fisiologicamente menos ativos. As enzimas Monoamina-Oxidase (MAQO) e Diamina-Oxidase
(DAO) desempenham um papel fundamental na degradacdo da AB no corpo humano. Na
intoxicacdo alimentar por AB deve ser considerado, além do nivel toxico da amina no alimento,
também a quantidade do alimento ingerido, a presenca e concentracdo de outras aminas
(cadaverina, putrescina e triptamina), ingestdo de alcool e outros componentes alimentares
também sdo importantes (Onal, 2007).

Para seguranca alimentar a histamina e a tiramina sdo consideradas as mais toxicas das
AB. A putrescina e cadaverina sdo conhecidas por potencializar o efeito toxico da histamina.
Além disso, essas aminas sdo termoestaveis, e por isso, ndo sdo inativadas por tratamentos
térmicos utilizados no processamento e preparacdo dos alimentos. Atualmente, apenas as
estratégias de prevencdo e monitoramento permitem o controle da formacdo de AB nos
alimentos durante a cadeia produtiva (Alvarez e Moreno-Arribas, 2014).

Existem duas razdes para a determinacdo de AB em alimentos. A primeira esta

relacionada ao seu potencial de toxicidade e a segunda é a possibilidade ser usada como
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marcador de qualidade em alimentos. As analises de AB podem ser aplicadas no controle de
matéria prima, produtos intermediarios e finais, monitoramento de processos de fermentacao,
controle de processos, pesquisa e desenvolvimento de qualidade em alimentos (Onal, 2007).
Medidas de controle secundario podem ser adotadas na cadeia produtiva de alimento
para prevenir a formacdo das AB. Algumas técnicas podem ser adotadas visando
principalmente a reducdo ou eliminacdo do crescimento de microrganismos descarboxiladores
de AB ou degradacdo das AB, tais como, controle da temperatura (Fan et al., 2016), pressdes
hidrostéticas, irradiacdo e embalagem em atmosfera controlada (Krizek et al., 2017) ou uso de
aditivos alimentares (Mohan et al., 2019; Hajimohammadi et al., 2019) e microrganismos
degradadores de AB (Alvareza e Moreno-Arribas, 2014; Baumlisberger et al., 2015).

2.5 Histamina nos Alimentos

A histamina (2-[4-imidazolil] etilamina) é uma substancia enddgena que ocorre
naturalmente no corpo humano, tem funcgdes fisioldgicas importantes relacionadas com
respostas imunitarias locais, secre¢do de acido gastrico, reacOes alérgicas e neuromodulacéo.
Participam da regulacdo do sono, administracdo de energia, alimentacéo, consumo, liberacéo de
acido géstrico no estbmago, aprendizado, memoria e desempenha um papel na proliferacdo
celular. A histamina pode também estar presente em certos alimentos que contém histidina
livre, e gerada por determinadas bactérias deterioradoras e fermentadoras de alimentos. Pode
ser proveniente da atividade dos microrganismos residentes no intestino grosso que
descarboxilam histidina presente em alimentos proteicos (Leurs et al., 2012; Kovacova-
Hanuskova et al., 2015).

A histamina esta presente em todos os alimentos que contenham proteinas ou histidina
livre e que estdo sujeitos a condi¢Bes que permitem a atividade microbiana (Landete et al.,
2008). Os alimentos que podem conter niveis elevados de histamina sdo peixes, queijos,
chucrute, produtos carneos fermentados. Ainda pode ser encontrada em bebidas, como, suco,
chd, cerveja, cidra e vinho (Papageorgiou et al., 2018). A formacdo de histamina nos alimentos
vai depender da presenca de aa livres, tipo de microbiota presente no alimento, condic¢des de
favoraveis para crescimento de microrganismos produtores da enzima Hdc (pH, temperatura,
concentracdo de oxigénio e teor de sal) e as condi¢bes de processamento e armazenamento
desse alimento (Gagic et al., 2019). Portanto, é de fundamental importancia monitorar a
gualidade dos alimentos durante toda cadeia produtiva (Ruiz-Capillas e Herrero, 2019).

O envenenamento por histamina € a principal causa de doenca relacionada ao pescado

em todo mundo (Yu et al., 2018). O tipo de tecido muscular do peixe influencia a formacéo e
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acumulo de histamina nos peixes. Neste contexto, o peixe de musculo escuro tem niveis mais
elevados de histamina em seus tecidos do que os peixes de musculo branco. Isto é devido ao
maior contelldo do aa histidina no tecido de peixe de carne escura (Danquah, Benjakul e
Simpson, 2012).

A intoxicacdo por peixes com histamina é uma intoxicacdo que pode ser causada pelo
consumo de diferentes de peixes marinhos. Raramente os peixes de agua doce, crustaceos e
moluscos podem causar essa doenca (Ryder, Iddya e Ababouch, 2014). A intoxicagdo por
histamina pode ocorrer em individuos ap6s a ingestdo do alimento com alto teor de histamina
(> 100 mg kg™) levando h4a um aumento da concentracéo de histamina sanguinea (Kovacova-
Hanuskova et al., 2015). A Tabela 1 mostra os surtos alimentares por histamina ocorrida pela

ingestdo de pescado em diversos paises.

Tabela 1. Surtos de origem alimentar comprovados causados pela ingestdo de histamina.

Pais Ano Tipo de Alimento Histamina (mg kg™) Referéncia
Senegal 2010 Atum 4900 Demoncheaux et al.,
2012
Brasil 2013 Atum 1076,5 - 1534,7 Takemoto et al., 2014
Espanha 2014 Atum embalado a 3716 European Commission
Vacuo (2015)
Italia 2014 Posta de atum 1.946 European Commission
refrigerado (2015)
Espanha 2015 Filé de atum 2692,18 e 4703,60 European Commission
(2016)
Estados 2016 Tilapia cozida 290 Nordt e Pomeranz, 2016
Unidos
China 2016 Siri cozido 47,08 2 1.893 Yuetal., 2018
Korea 2016 Isca de Seriola 293 Kang et al., 2018

A histamina ingerida pode ser inativada por duas enzimas no organismo humano. Uma
das principais enzimas é a diamina oxidase (DAO ou histaminase) que converte a histamina em
Imidazol Acetaldeido e ainda pode ser conjugada com ribose antes da excrecdo urinaria
(Schwelberger, 2004). A outra enzima € a N-metiltransferase (HNMT). O produto da metilacéo
de histamina catalisada por HNMT é a N-metil-histamina (NMH), que é subsequentemente
transformada pela monoamina oxidase (MAO) em acetaldeido de N-metilimidazol (Maintz e
Novak, 2007). Os dois sistemas produzem produtos finais diferentes (Tabela 2), isso
proporciona um meio pelo qual o destino da histamina da dieta pode ser caracterizada de forma
independente da histamina originada dos processos metabdlicos produzida pelo corpo (Joneja e
Fellow, 2004).
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Tabela 2. Fonte de histamina no corpo humano.

Catabolismo da Local do

Fonte de histamina Origem histamina catabolismo

Produto do metabolismo de microrganismos

resente nos alimentos in natura )
P Catabolizado

Pescado, carnes, outros alimentos proteicos o Jejuno, ileo,
. . : . por Diamina S
inadequadamente refrigerados e vegetais. Exdgena . rim, timo,

: Oxidase
Alimentos processados e fermentados placenta.
Leite e derivados, suco, vinho, cerveja e
outras bebidas alcodlicas.
Histamina intrinseca em varios tecidos
dependentes da fungéo corporal e : .

pena ¢ P Catabolizado Estémago,
necessidade. , . «

Enddgena por N- timo, pulméo,

Degranulacdo de mastocitos e outros
granuldcitos por lecitinas, em resposta a
anticorpos e fatores neurogénicos.

metiltransferase  rim, cérebro.

Fonte: Adaptado de Joneja e Fellow, 2004.

O efeito da histamina no organismo humano sé ocorre quando é liberada em grande
quantidade pelo organismo ou quando ocorre uma intoxicacdo alimentar (Karovicova e
Kohajdova, 2005). Os sintomas de intoxicacdo por histamina podem ocorrer dentro de 30 min a
2h do consumo do alimento suspeito, mas, em raros casos, podem persistir por 12h ha alguns
dias (Ruethers et al., 2018). A gravidade dos sintomas pode variar, dependendo da quantidade
de histamina e da sensibilidade de cada individuo (WHO e FAO, 2013). Os sintomas incluem
rubor facial, dor abdominal, diarreia, dor de cabeca, palpitacGes, nduseas, vomitos, urticaria,
boca seca, tontura, e, raramente, respiracdo ruidosa ou perda de consciéncia devido a
hipotensdo. Alguns pacientes com envenenamento Escombroide também nota um sabor
metalico, amargo, ou picante (Feng, Teuber e Gershwin, 2015). Historicamente a intoxicacdo
por histamina ¢ conhecida por "envenenamento por escombrotoxina” pela associacdo ao
consumo de peixes contaminados das familias Scombridae e Scomberesocidae (Niraj e Pandey,
2012).

O diagnostico da intoxicagdo por histamina € geralmente baseado no historico alimentar
do paciente e os sintomas apresentados. O diagnostico pode ser confirmado através da detecgédo
de niveis elevados de histamina no alimento implicado, sobra do alimento ou do produto
semelhante obtido a partir da mesma fonte. Os sintomas também podem ser confundidos com
outras doencas, como alergias alimentares ou outras doengas ndo relacionadas a alimentos,
dificultando seu diagnoéstico (Feng, Teuber e Gershwin, 2015). O anti-histaminico é o

tratamento de escolha para intoxicagdo por histamina. Os antagonistas H1 (difenidramina ou
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clorfeniramina) sdo geralmente selecionados para o tratamento de envenenamento por
histamina, embora os antagonistas H2 (cimetidina) podem também ser eficazes (Karovicova e
Kohajdova, 2005).

O risco de intoxicacdo por histamina pode ser controlado pela aplicacdo de boas
praticas de fabricacdo e higiene basica associada a um sistema apropriado de ponto critico de
controle de risco. Os peixes devem ser mantidos a uma temperatura proxima ao ponto de fusédo
do gelo, logo apds a coleta, para atender aos critérios de frescor e evitar o crescimento de
bactérias deterioradoras e produtoras de histamina. Todas as opera¢fes de processamento e
beneficiamento do peixe devem ser realizadas de forma higiénica a bordo dos navios e nos

entrepostos de pescado para garantir a qualidade do alimento (Visciano et al., 2014).

2.6 Determinac0es de histamina em alimentos

A determinacdo das AB ainda continua sendo um desafio na andlise de alimentos, e isto
sdo devido a vérios fatores. Como a elevada polaridade e o peso molecular baixo das AB
favorecem sua solubilidade em agua. Além disso, a auséncia de propriedades intrinsecas que
podem facilitar sua deteccdo com métodos espectroscopicos ou eletroquimicos, tornando-o
mais dificil sua quantificacdo. Varias técnicas de detecgdo foram usadas para a quantificacdo de
AB em amostras de alimentos (Ruiz-Capillas e Herrero, 2019; Onal, Tekkeli e Onal, 2013). A
quantificacdo é realizada principalmente por técnicas cromatograficas, como cromatografia
liquida de alta eficiéncia (HPLC), cromatografia gasosa e cromatografia de camada delgada,
cromatografia liquida acoplada a espectrometria de massa (HPLC-MS), cromatografia liquida
acoplada detector de arranjo de diodos (HPLC-DAD), cromatografia liquida de ultra eficiéncia,
cromatografia liquida de par idnico, Eletroforese Capilar e Ensaio de Imunoabsorcdo
Enzimatica (ELISA). Os métodos oficiais de analise da AOAC propdem o0 uso de métodos
fluorimétricos (AOAC 977.13) ou outros metodos validados cientificamente equivalentes
(AOAC, 1990; AOAC, 2012; Orddfiez et al., 2016).

O método mais utilizado para deteccdo de AB é a cromatografia liquida de alta
eficiéncia (HPLC). Estes meétodos sdo baseados em reacBes de separacdo, seguidos da
derivatizacdo e deteccdo ultravioleta ou deteccdo fluorescente. As amostras sélidas sao
extraidas com solventes acidos, tais como acido tricloroacético, acido perclorico ou &cido
cloridrico (Erim, 2013). HPLC ¢ relatada como método mais eficiente, sensivel e reprodutivel
em comparacdo com outros métodos analiticos, mas ainda é uma técnica que requer
equipamentos e reagentes caros e exige pessoal capacitado (Marcobal, De Las Rivas e Mufioz,
2006).
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Devido a baixa volatilidade das AB e a falta de agentes cromoforos, adaptacdo de
procedimentos analiticos baseados na formacdo de derivados fluorescentes com diferentes
agentes de derivatizacdo € necesséria para aumentar a sensibilidade da deteccdo ultravioleta ou
deteccdo fluorescente. A técnica de derivatizagdo pré-coluna é usada com maior frequéncia que
a derivatizacdo pds-coluna devido a deteccdo ser mais sensivel. Varios reagentes foram
testados para derivatizar a histamina, como por exemplo, o Cloreto de Dansila, O-ftaldialdeido,
Ester de N-hidroxisuccinimida, —4-cloro-3,5-dinitrobenzotrifluoreto, 1,2-naftoquinona-4-
sulfonato, 6-aminoquinolil-N-hidroxisiccinimida. O cloreto de dansila € o reagente mais
utilizado em analise em amostras de peixes (Tahmouzi et al., 2011; Onal, Tekkeli e Onal,
2013).

O Cloreto de dansila € um composto por uma fragdo aromatica altamente fluorescente
(5-dimetilaminonaftaleno) e um grupo reativo (cloreto de sulfonila). O grupo reativo se liga aos
analitos por meio de uma reacdo de substituicdo nucleofilica para produzir sulfonamidas
(dansilamidas) fluorescentes azuis ou verdes azuladas (Figura 3). Os derivados do cloreto de
dansila formados em condicdes alcalinas sdo estaveis que podem ser facilmente detectados por

um detector ultravioleta, fluorescéncia, DAD, ou MS (Silva, 2005; Zazzu et al., 2019).
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Figura 3. Reacdo de Dansilacdo de aminas biogénicas com Cloreto de Dansila (cloreto de 5-

dimetilaminoonaftaleno-I-sulfonila), adaptado de Silva, 2005.

2.7 Legislacao

A histamina é a principal AB investigada em peixes, sendo a Unica amina com limites
legais estabelecidos para o consumo humano. Em 2018, o comité do Codex Alimentarius
revisou o Codigo de Préatica para Peixes e Produtos da Pesca (CXC 52-2003) restabelecendo o
plano de amostragem para coleta de material para analise de histamina e o nivel maximo de

histamina permitido para as espécies de peixes das familias Scombridae, Clupeidae,
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Engraulidae, Coryphaenidae, Pomatomidae e Scomberesocidae e seus produtos (Codex
Alimentarius, 2018).

A Organizagdo das NagOes Unidas para a Alimentacdo e a Agricultura (FAO) e
Organizacdo Mundial da Saude (OMS) apresentaram uma relacdo de espécies de peixes que
foram associadas a niveis elevados de histidina ou com ocorréncia de intoxicacdo alimentar
(WHO e FAO, 2013). A Tabela 3 mostra as principais familias e espécies associados a alta

producéo de histamina.

Tabela 3. Peixes associados a uma quantidade elevada concentracdo de histidina livre no tecido
muscular.

Familia Espécie Nome vulgar
Thunnus maccoyii; Atum
T. obesus, T. albacares, T. alalunga, T. Albacora
thynnus, Albacora bandolim, albacora
Scombridae Katsuvwonus pelamis; laje, albacora branca e
Acanthocybium solandri e albacora azul, bonito de
Pristis Pectinata barriga listrada,
Cavala e serra
Scombresocidae Strongylura marina Agulha
Clupeidae Sardinella brasiliensis, S. pilchardus Sardinha
Coryphaenidae Coryphaena hippurus Dourado
Pomatomidae Pomatomus saltator Anchova

A norma técnica n° 40/94 do MERCOSUL e o regulamento técnico n® 185 de
Identidade e Qualidade para Peixe Fresco (inteiro e eviscerado) do Ministério da Agricultura,
Pecuaria e Abastecimento (MAPA) fixa a identidade e a qualidade do pescado fresco destinado
ao consumo humano. Nos parametros fisico-quimicos listados deve-se avaliar a histamina no
masculo, nas espécies pertencentes as familias Scombridae, Scombresocidae, Clupeidae,
Coryphaenidae, Pomatomidae, sendo que o teor de histamina deve ser inferior a 100 mg kg™
(MERCOSUL, 1994; MAPA, 1997).

O regulamento técnico de identidade e qualidade de conservas de peixes (n° 45/2011)
do MAPA descreve que o nivel de histamina no produto final ndo deve ser superior a 100 mg
kg™ de histamina. Nenhuma amostra pode apresentar um resultado superior a 200 mg kg™ para
espécies de peixes histaminogénicas (MAPA, 2011).

O regulamento técnico de identidade e qualidade para peixe congelado, aprovado pela
Instrucdo Normativa, n® 21/2017, estabelece que os niveis de histamina maximo néo devam ser

superiores a 100 mg kg™ tomando como base uma amostra composta por 9 unidades amostrais
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e nenhuma unidade amostral pode apresentar resultado superior a 200 mg kg™ para os grupos
de familias de peixes ja citados (MAPA, 2017).

Norma Técnica do MERCOSUL (n° 40/94) se baseia no método da AOAC Official
Methods of Analysis, 1990 para analise de histamina. A legislacdo brasileira pela Instrucdo
Normativa (n° 25/2011) de métodos analiticos oficiais fisico-quimicos para controle de pescado
e seus derivados se baseia na extracdo acida das aminas, derivatizacéo cloreto de dansila em pH
alcalino, seguido de separacdo e quantificacdo por Cromatografia Liquida de Alta Eficiéncia
com Gradiente de Elui¢do com deteccéo ultravioleta (MERCOSUL, 1994; MAPA, 2011).

2.8 Bactérias produtoras da enzima histidina descarboxilase (Hdc)

A maioria da histamina presente nos alimentos é gerada pela descarboxilacdo do aa histidina
através da enzima Hdc presentes nos alimentos (Figura 4). A enzima Hdc pode ser produzida
por bactérias endégenas presentes nos alimentos, ou podem ser introduzidas por contaminacéo
bacteriana cruzada durante a manipulagdo, processamento, limpeza e preparo do alimento
(Benkerroum, 2016).
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Figura 4. Biossintese de Histamina. Adaptado de Caspi et al., 2017.

A concentragdo de histamina nos alimentos depende de vérios fatores, como
caracteristicas da matéria prima (composicao da carne, pH do musculo e atividade da agua),
condigdes de armazenamento, manuseio e uso de aditivos (sal e nitritos), tipo de embalagem.
Estas condicOes afetam direta ou indiretamente as concentragdes do aa histidina, microbiota do
alimento (espécie, crescimento bacteriano, quantidade e metabolismo) e a atividade da enzima
Hdc (Triki et al., 2018). Sabe-se ainda que a sintese da enzima hdc por microrganismos e sua
acao catalisadora tém uma temperatura 6tima a 32,2 °C, mas pode ocorrer a partir de 21,1 °C e

atividade 6tima do pH entre 2 a 6,5 (FDA, 2011). A presenca de quantidades perigosas de
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histamina esta associada a um crescimento relevante (>7,0 log UFC g*) de microrganismos

descarboxiladores (Gardini et al., 2016).

Nos peixes, as bactérias produtoras de histamina podem estar presentes na pele,
branquias, ou no trato gastrointestinal. A transferéncia destas bactérias para a carne do peixe,
onde os aa livres podem estar presentes, leva ao desenvolvimento de histamina. A transferéncia
pode ocorrer a partir do trato gastrointestinal apos a coleta ou despesca dos peixes, atraves de
migracdo, ou através de ruptura do conteudo intestinal durante a evisceracdo. Os
microrganismos também podem ser transferidos a partir da pele ou branquias durante o abate e
processamento do pescado (FAO e WHO, 2013). Suabes superficial das branquias, pele e
cavidade anal foram avaliados quanto a presenca de bactérias formadoras de histamina em
peixes, incluindo as espécies, bonito (Sarda sarda), atum (Thunnus obesus), anchova
(Pomatomus saltatrix), peixe-espada indiano (Alectis indicus), sarda (Scomberomorus cavalla),
dourado (Coryphaena hippurus), carapau (Scomberomorus maculatus), peixe-espada (Xiphias
gladius), cavala (Acanthocybium solandri) e albacora (Thunnus albacares). Foram detectadas
espécies de P. damselae, M. morganii e E. aerogenes nas branquias (45, 10 e 7%), na pele (51,
25 e 11 %) e cavidade anal (51, 8 e 2%) dos peixes respectivamente (Bjornsdottir-Butler et al.,
2015).

As bactérias capazes de descarboxilar o aa histidina em peixes fresco e resfriado
pertencem ao grupo de bactérias gram negativas (GN). A familia Enterobacteriaceae é o grupo
mais importante dessas bactérias. Onde se destacam as espécies Morganella morganii,
Enterobacter aerogenes, Proteus spp, Klebsiella pneumoniae e Hafnia alvei. Estas bactérias
estdo comumente presentes no ambiente da agua salgada e existem naturalmente nas guelras e
no intestino dos peixes vivos (James et al., 2013). A Tabela 4 mostra algumas bactérias gram
negativas produtores de histamina no pescado (Brink et al., 1990; Brime, 2011; FAO, 2016b).
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Tabela 4. Microrganismos capazes de metabolizar histamina no pescado.

Fontes de Grupo 1
Alimento histamina no Bactérias Produtoras de Histamina
intestino (Histidina descarboxilase)

Aeromonas hydrophila, Bacillus cereus, B.
subtilis, Brevibacterium linens, Citrobacter
diversus, C. freundii, Citrobacter sp., Clostridium
perfringens, Enterobacter aerogenes, E. cloacae,
E. liquefaciens, Enterobacter sp, Escherichia
coli, E. intermedia, Hafnia alvei, Klebsiella
. pneumoniae, Klebsiella sp., Lactobacillus brevis,
Alividade da L. buchneri, L. fermentum, Lactobacillus sp.,
Pediococcus cerevisiae, Proteus mirabilis, P.
morgani, P. rettgeri, P. vulgarisi, Proteus sp.,
Providencia alcalifaciens, Pseudomonas
aeruginosa, P. fluorescens, P. reptilivora,

histidina
Pescado descarboxilase
microbiana na
deterioracdo de

alimentos :
Pseudomonas sp., Salmonella arizonae, S.
cholerasuis, S. enteritidis, S. paratyphi, S.
schottmuelleri, S. typhi, S. typhimurium,
Salmonella sp., Serratia marcescens, Serratia sp.,
Shigella boydii, Staphylococcus aureus, S. bovis,
S. faecalis, S. faecalis subsp. Liquefaciens, S.
faecium, Streptococcus sp.
Grupo 2
Fontes de Produtores de histamina isolados do trato
Alimento histamina no digestivo
intestino (Saliva, contetdo estomacal, trato intestinal,
fezes)
Descarboxilagéo
Alimentos ricos microbiana de
em histidina histidina em E. coli, Lactobacillus sp., M. morganii, Proteus
Pescado residuos sp., Pseudomonas reptilivora, Streptococcus sp.

alimentares no
intestino grosso
Adaptado de Joneja e Fellow, 2004; Taylor et al., 1978.

A atividade da enzima histidina descarboxilase foi avaliada em bactérias isoladas de trés
espécies marinhas de peixes frescos da Australia (Mugil cephalus, Pagrus auratus e
Pseudocaranx dentex). A histidina ndo foi descarboxilada por nenhum dos 288 isolados de
bactérias gram positivas (GP) (Staphylococcus, Micrococcus, Bacillus, Streptococcus,
Corynebacterium, Carnobacterium, Exiguobacterium e Vagococcus) confirmando que peixes
marinhos frescos ndo tém o potencial para formar histamina (Al Bulushi et al., 2018).
Entretanto as bactérias gram positivas podem estar presentes em peixes fermentados, como,
Enterococcus sp, Vagococcus sp, Tetragenococcus sp e Bacillus subtilis isolados de anchovas

salgadas enlatadas com 06leo de cozinha (Kobayashi et al., 2016).
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Diversos autores identificaram o gene hdc como o codificador da enzima catalisadora da
reacao de descarboxilacdo da histidina em bactérias (Fernandez et al., 2006; Bjornsdottir-Butler
et al., 2010; Bjornsdottir-Butler et al., 2011; Postollec et al., 2011). Sabe-se ainda, que duas
diferentes familias de enzimas codificadas por este gene podem ser distinguidas: a enzima Hdc
piridoxal-5'-fosfato (PLP) dependente encontrada em bactérias GN e ao passo que a enzima
Hdc de bactérias GP utiliza enzimas heterométrica que contém um grupo piruvoil essencial,
mas ndo PLP (Kung; 2012).

Métodos moleculares vém sendo desenvolvidos e tém mostrado ser mais rapidos,
sensiveis e mais confiaveis para a identificacdo de bactérias produtoras de histamina, através do
gene histidina descarboxilase em alimentos. Varios oligonucleotideos foram descritos para
detectar genes hdc por PCR (Tabela 5). Uma vez que os oligonucleotideos desenhados sdo
baseados em regides de aminoacidos preservados do gene hdc (Marcobal, de Las Rivas,
Mufioz, 2006).

Tabela 5. Oligonucleotideos utilizados em ensaios de PCR para a detec¢do do gene hdc em
bactérias gram negativa em alimentos.
Gene Oligonucleotideos pb Referéncia
CL1+CL2 150 Le Jeune et al.,1995
Le Jeune et al.,1995
Alves et al., 2002
Marcobal et al., 2005a

JVIBHC +JVI7HC 367 De las Rivas et al., 2005
Costantini et al., 2006
hdc Alves et al., 2002
CL1 + JV17HC 458 Le Jeune et al., 1995
hdc-f + hdc-r 709 Takahashi et al., 2003
106 + 107 534 De las Rivas et al., 2005
Landete, Ferrer, Pardo
CL1mod + JV17HC 450 (2005)
HDC3 + HDC4 435 Coton e Coton, 2005
PHDC1 + PHDC2 497 Costantini et al., 2006

* hdc: gene histidina descarboxilase, Pb: nimero de pares de bases. Adaptado: Marcobal, De
Las Rivas, Mufioz, 2006.
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CAPITULO I

ARTIGO | Characterization of microorganisms and quantification of
histamine present in Whitemouth croaker (Micropogonias furnieri) by HTS,
gPCR and HPLC-DAD
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Abstract

Aims: Evaluate the quality of fresh Whitemouth croaker collected in different seasons through
guantification of histamine-forming bacteria, determination histamine content and
characterization of the microorganism communities.

Methods and Results: The histamine content was detected by HPLC-DAD with a
concentration ranging from 258.52 to 604.62 mg kg™. The number of copies of histidine
decarboxylase (hdc gene) of gram-negative bacteria and the bacteria Morganella morganii and
Enterobacter aerogenes were quantified by qPCR. All samples were positive, with copy
numbers of the hdc gene ranging from 4.67 to 12.01 logyo g™*. The microbial community was
determined by sequencing the V4 region of the 16S rRNA gene using the lon Torrent platform.
The bioinformatics data generated by the FROG software show that the phylum Proteobacteria
was the most abundant, being the family Moraxellaceae more prevalent in samples collected in
the summer, whereas the Pseudomonadaceae was more present in the winter.

Conclusions: All fish muscle samples analyzed in this study presented histamine values higher
than those allowed by CODEX Alimentarius. In addition, a wide variety of spoilage

microorganisms capable of expressing the enzyme histidine decarboxylase have been detected.
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Thus, improvements in handling and processing are required to minimize the prevalence of
histamine-producing bacteria in fish.

Significance and Impact of the study: World fish production in 2016 was 171 million tons,
with China followed by Indonesia and the USA as the largest consumers. In Brazil, 1.3 million
tons are consumed per year, with Whitemouth croaker being the main fish landed. Cases
associated with histamine poisoning are quite common. According to the European Food Safety
Authority (EFSA) and European Centre for Disease Prevention and Control (ECDC), 599 HFP
outbreaks were notified in the European Union (EU) during the period 2010-17, in the USA,
between 1998 and 2008 there were 333 outbreaks and 1383 people involved.

Keywords: Food poisoning, Whitemouth croaker, Histamine, NGS, HPLC-DAD, gPCR

Introduction

Whitemouth croaker (Micropogonias furnieri) is one of the most important species in Brazilian
fishing, especially in the South and Southeast of the country, being the second most captured
species, with approximately 44 thousand tons/year. Nutritionally, Whitemouth croaker contains
several essential amino acids in the composition as lysine and methionine, also is an important
source of long-chain polyunsaturated fatty acids (omega-®3), vitamins (A, B, and D), as well as
minerals (calcium, phosphorus, zinc, iron, iodine and selenium). Although, it has a high
nutritional value, this food can easily deteriorate without preventive measures. Such
deterioration can occur within the production chain, from the gathering to consumption (Béné
et al. 2015; Svanevik et al. 2015; Khalili Tilami and Sampels 2018) due presence of
deteriorating microorganisms, resulting in the formation of toxic compounds such as biogenic
amines (Olatunde and Benjakul 2018).

Biogenic amines possess low molecular weight and non-volatile organic nitrogenous bases

(Suzzi and Torriani 2015). These compounds are present in small amounts in foods due to
amino acids decarboxylation through microbial action during transport, processing and storage.

Among the biogenic amines found in foods, histamine has been implicated as the causative

agent of several outbreaks of food poisoning (Angelo et al. 2017; Ruiz-Capillas and Herrero
2019) .

Histamine is the product of the decarboxylation of the histidine amino acid, catalyzed by the
histidine decarboxylase enzyme, which in gram-negative bacteria is a pyridoxal 5'-phosphate
(PLP) cofactor dependent. The presence of this microorganisms may be associated with the

wild fish microbiota or bacterial contamination from the processes of capture, processing,
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distribution and consumption. The most involved bacteria including Morganella morganii,
Enterobacter aerogenes, Photobacterium phosphoreum and Raoultella planticola (Landete et

al. 2007; Ladero et al. 2010). Deteriorating microorganisms such as Clostridium sp., Vibrio sp.,

Acinetobacter sp., Plesiomonas sp., Pseudomonas sp., Aeromonas spp., Citrobacter sp.,

Salmonella sp. may also contribute to the formation of histamine (Huang et al. 2010).

In this context, the objective of this study was to evaluate the quality of fresh and whole
Whitemouth croaker sold in a fish market in the South of Brazil. In this way, for quantification
of the histamine-forming bacteria, determination of the histamine content in their muscles and
molecular characterization the bacterial diversity, gPCR, HPLC-DAD and NGS was applied,
respectively.

Material and Methods

Sample collection

The fish were collected in the Central Public Market of Porto Alegre, Rio Grande do Sul
(Brazil). Twenty-four fresh and whole Whitemouth croaker were collected from a single
supplier. Twelve fish samples (C1-C12) were collected in the summer period (February to
March/2017) and twelve samples (C13-C24) in winter (July/2017). The surface temperature of
the fish was measured at the time of collection, using a digital infrared thermometer (MT-320
Minipa, Sdo Paulo, Brazil). Afterwards, the fish were identified, then packed, and transported
in isothermal boxes with recycled ice. The fish were weighed, gutted and parts of the muscle

were removed as described by (Frank et al. 1981). After the muscle collection, ten grams of the

sample was mixed in sterile distilled water (90 ml), homogenized and the pH was determined
(Bench pH meter Q400AS, Quimis, Sdo Paulo, Brazil).

Determination of Histamine by High Performance Liquid Chromatography (HPLC) with
Diode Array Detector (DAD)

Preparation of the solutions

The standard histamine dihydrochloride (HPLC grade, > 99%, Sigma Aldrich) was prepared in
stock solutions in 0.1 mol I"* hydrochloric acid (PA, Dinamica, Brazil) at 1000 mg ml™ and
refrigerated at -20 °C, in 5.0 ml aliquots. The preparation of the working solutions was carried
out by appropriate dilutions of the stock solution in hydrochloric acid, TCA (P.A., Synth) 0.1
mol I (Gouveia 2009). The dansyl chloride solution (HPLC grade, > 99%, Sigma Aldrich), 10
mg ml™ was prepared by dissolving 100 mg in 10 ml of acetone (HPLC grade, J.T. Baker) and
stored under refrigeration at 4 °C (Shukla et al. 2010).
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Histamine extraction from the matrix

For histamine extraction, 100 g of the samples were triturated in a blender and 5 g was directly
weighed into 50 ml polypropylene centrifuge tubes. 10 ml of 5% TCA was homogenized for
5.0 min in vortex and centrifuged at 3000 x g for 10 min at 4 °C; the supernatant was
transferred to another centrifuge tube (50 ml). The residue was extracted again with an equal
volume of TCA 5% and centrifuged again. Both supernatants were combined, and the final
volume was adjusted to 25 ml TCA 5%. Subsequently, the supernatant was filtered through
qualitative filter paper, n° 1 (Whatman, Maidstone, England) and reserved for derivatization.
Derivatization

The derivatization of amines with dansyl chloride was performed according the method of

(Ben-Gigirey et al. 1998), with some modifications. One milliliter of each extracted sample or

standard solution of histamine were mixed with 200 pl of sodium hydroxide at 2 mol I, and
300 pl of saturated P.A. sodium bicarbonate (Synth) solution. Then, 2.0 ml of a solution of
dansyl chloride (10 mg ml™ in acetone) was added to the mixture and incubated in a 40 °C
water bath for 45 min. Then, the solution was mixed to 100 ul of ammonium hydroxide at 28-
30%, P.A. (Neon) was added in the reaction to remove the residual dansyl chloride and was
incubated for 30 min at room temperature in the dark. After incubation, the final volume was
adjusted with 5.0 ml of HPLC grade acetonitrile, >99.9% (J.T.Baker). Finally, the mixture was
centrifuged at 2500 x g for 5 min and the supernatant was filtered on a 0.22 pum diameter
(Filtrilo, Syringe Filters, 13 mm, 0.22 pm) syringe filter. The filtered supernatant was
maintained at -20 °C.

Analysis of Histamine in muscle samples

The analysis of Histamine was based on the methodology of Hu, Li and Yang (2012), with
some modifications. Identification and quantification of histamine were performed using a
Shimadzu (Kyoto, Japan) HPLC apparatus equipped with two pumps (LC-20A), a degasser
(DGU-20A), an automatic injector (SIL20AHT), a column oven (CTO-20A) and a DAD
detector (SPD-M20A).

The histamine was identified and quantified using a C18 Merck chromatography column (250 x
4.6 mm) with 5 um particle size and a 1.0 ml min™ flow at 30 °C. The mobile phase consisted
of ultrapure water obtained in a MilliQ system, Millipore (solvent A) and HPLC grade
acetonitrile (solvent B). The volume injected was 20 pl. The linear gradient ranged from 60%
to 76% of B in 6 min and in 1 min reached 100% of B, sustained for 2 min. In the next minute,
it returned to 60% of B and was sustained for 3 min, totalizing 13 min of runtime. Spectra were

obtained between 200 and 800 nm and the chromatograms processed at 254 nm.
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Quantification of histamine

Histamine quantification in fish muscle samples was performed using the analytical curve of
the histamine standard. The standard working solution (200 mg ) was prepared with the stock
solution of histamine hydrochloride (1000 mg I™* diluted in 0.1 mol I"* hydrochloric acid. The
analytical curve was prepared with six concentrations (1.0, 2.0, 3.0, 5.0, 7.0, and 9.0 mg 1) of
histamine. The method was validated by analyzing the following performance parameters:
linearity (R? > 0.99), limit of detection (LD) and limit of quantification (LQ), according to
(Guideline 2006), with equations 1 and 2.

LD =33 X %(1)

LQ =10 x 7 (2)
Where:
s = standard error of the analytical curve
b = slope of the analytical curve.
Reference histamine-producing bacterial strains
Reference strains of histamine-producing bacteria, Morganella morganii (ATCC 8019), and
Enterobacter aerogenes (ATCC 13048) were obtained from the Laboratory of Reference
Materials of Institute Oswaldo Cruz (FIOCRUZ), Rio de Janeiro, Brazil. The bacteria were
activated in tryptic soy broth (TSB) and incubated at 37°C/24 h. After this period, they were
cultivated in a tryptone soy agar (TSA) plate and incubated at 37°C/24 h.
Extraction and quantification of bacterial DNA isolated from Whitemouth croaker
muscle
From the muscle samples, ten grams were transferred to an Erlenmeyer (250 ml) containing
autoclaved distilled water (90 ml) and then incubated at 37°C/ 2h in an orbital shaker (Shaker
SL-222, SOLAB, Sé&o Paulo, Brazil). It was collected 1.0 ml of the sample and centrifuged at
3000 x g for 3 min (320R Refrigerated bench centrifuge, Hettich). The supernatant was
discarded, and the process was repeated twice. For DNA extractions was used the Kit
Invitrogen™ PureLink™ Genomic DNA (Thermofisher, USA). All DNA samples were
quantified through the Quibit® 2.0 fluorometer (Invitrogen, California, USA) according to the
manufacturer's protocol.
Oligonucleotides
In order to perform the real-time quantitative Polymerase Chain Reaction (qPCR) assay, an
oligonucleotide set previously described in the literature was used for histidine decarboxylase-
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producing (hdc gene) in gram-negative (GN) bacteria (Bjornsdottir-Butler et al. 2011). Two

more oligonucleotides were designed to detect hdc gene in M. morganii (hdc MM) and E.
aerogenes (hdc EA) using the Genscript (Table S1).

Table S1. Oligonucleotides sequence designed for of the gene histidine decarboxylase (hdc) of
Gram-negative bacteria (GN), E. aerogenes (EA) and M. morganii (MM).

Bacteria O“go(?:“éil; ; tides Sequence (5°- 3°) Ar?ppbl;(;:ton Reference
Gram-negative hdc GN (Forward) = TCHATYARYAACTGYGGTGACTG* 139 Bjornsdottir-
hdc GN (Reverse) CCRTTRGTNACRTAVCCCCA* Bu(t;%rlelt)al'
E. aerogenes hdc EA (Forward) GGATCCACAACCGTTTACCT 106 This work
hdc EA (Reverse) TTTCTTGGCTACCACATTGC
M. morganii hdc MM (Forward) GGGAAGCTATCCGTTCACAT 86 This work
hdc MM (Reverse) ACGGTCAACAGCGTACTGAG

thdc= histidine decarboxylase,

* Oligonucleotides degenerate: H can be Adenine (A) ou Citosine (C) ou Tiamine (T); R can be A or Guanine (G);
Y canbe CorT,

tbp = base pairs.

The oligonucleotides were analyzed in silico through the nucleotide database, Basic Local
Alignment Search Tool (BLAST, NCBI, USA). The oligonucleotide for hdc gene of MM and
EA obtained 100% of identity for the M. morganii accesses in the GenBank (KP728801.1,
KC771251.1, CP004345.1, AB259290.1, J02577.1, and KP728802.1) and for the E. aerogenes
accesses in GenBank (KP728798.1, KP728797.1, FJ469567.1, M62745.1and CP014748.1),
respectively.

Quantitative Polymerase Chain Reaction (qPCR)

For the gqPCR reactions (StepOne™ Real-Time PCR System, 96-well, Thermo Fisher
Scientific) SYBR Green (Applied Biosystems™, USA) was used. Amplification of the DNA
by qPCR was performed in 15 pl reaction volume containing 2 ng/ul™ of the DNAg, 1x PCR
buffer (200 mmol I"* Tris-HCI, pH 8.4, 500 mmol It KCI); 0.75 pl MgCl, [50 mmol I™'], hdc F
and hdc R oligonucleotides [10 umol 1™]; 0.1 ul dNTP [10 mmol I*]; SYBR Green 1x, Taq
DNA Polymerase Platinum® Invitrogen 5 U ul™, concentration of ultrapure water to complete
the volume. The conditions for the gPCR were initial denaturation of 94 °C for 5 min, 35 cycles
at 94 °C for 30 s, 58 °C for 30 s (hdc GN and hdc EA), 55 °C for 30 s (hdc MM) and 72 °C for
30 s and a final extent of 72 °C for 5 min. The melting curve was determined after the last
amplification cycle. Negative control was used in all runs. The quantification of the hdc gene

by gPCR was based on (Biosystems 2013). The standard curve was generated for each

oligonucleotide from serial dilutions (10' to 10° pl™ copies) of the bacterial DNA with a
dilution factor of [1:10]. Each point of the standard curve was performed in triplicate.
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Quantification values, Ct (cycle threshold) points generated in the qPCR of the samples were
related to the Ct of the standard curve. The absolute quantification was obtained by comparing

the Ct values of the samples with the standard curve. By using this equation, Ct was derived,

(1og10): N = 10(==)

Where,

N = number of copies

Ct = threshold cycle

b = corresponds to the point of intersection of the axes of the curve

a = represents the slope of the curve

The result of the analysis was the amount of nucleic acid (number of copies, l0gio) per given

amount of sample (per g of sample, per ug of total DNA).

Statistical Analysis

The study variables were described through median and interquartile intervals. Wilcoxon test
was used to evaluate the differences between the seasonal periods. The linear regression model
was used to evaluate the relationship between histamine and other variables tested (season,
weight, pH, temperature, Ct value and hdc gene number). The significance level considered
was 5% (p value <0.05). Statistical analyzes were conducted in software R version 3.4.2 (Team
2017).

Amplification of the 16S rRNA gene from muscle samples of Whitemouth croaker

collected at different seasons

Six samples of DNA extracted from the muscle of Whitemouth croaker were selected. The V4
region of the 16S rRNA gene was amplified and sequenced, according to (Dobbler et al. 2018)

methodology. We performed the analysis by the PGM™ Ion Torrent (Thermo Fisher Scientific,
Waltham, MA, USA) platform using the primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3))
and 806R (5-GGACTACHVGGGTWTCTAAT-3") according to the protocol described by
(Caporaso et al. 2012).

Data Analysis

Quiality control of the raw data was assessed using FastQC (Andrews 2010) and the individual

reports were grouped with MultiQC (Ewels et al. 2016). The adapters involved in the
sequences were removed with cutadapt v2.3 (Martin 2011) and sequences without the adapters
were removed. Afterwards, the data were imported into the FROGS (Find Rapidly Operational
Taxonomic Units, OTUs, with Galaxy Solution) pipeline (Escudié et al. 2017) to obtain OTUs.
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The sequences were filtered by length (250-300 bp) and then pooled into OTUs with SWARM
(Mahé et al. 2015) with a distance parameter of 3. Chimeras were removed with VSEARCH

(Rognes et al. 2016) and OTUs with low abundance were eliminated (filter applied to the

OTUs with less than 5 sequences). Taxonomic affiliation was performed using the Silva 132

pintail 100 databases (Quast et al. 2013). Alpha diversity and microbial composition were

analyzed using the R Phyloseq package (McMurdie and Holmes 2013). Sequencing data were

deposited in the Sequence Read Archive of the European Nucleotide Archive (ENA,
Cambridgeshire, UK), access number PRJEB33351.

Results
Identification and Quantification of Histamine by HPLC-DAD

Histamine was identified in the samples on the basis of the retention time by
comparison with standard solutions. The histamine was separated in 1.3 min run time and
exhibited good peak resolution, sharpness and symmetry (Figure S1). The proposed analytical
method for determining histamine in the Whitemouth croaker muscle samples was validated

under optimized conditions.
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Figure S1. (A) Chromatography of the histamine standard, 9.0 pl™ (1), and (B) histamine
identified in fresh Whitemouth croaker muscle (C15).

The analytical curve was linear, with correlation coefficients of 0.9957 (Figure S2). The LD
was 0.77 mg kg-1 and LQ was 2.0 mg kg™. This result indicated that the analytical method of

HPLC-DAD with derivatization was very accurate for the determination of histamine.

3000000
2500000
2000000 -
1500000
1000000 -

500000

U T T T T 1
0 2 4 6 8 10
Concentration (mg L1)

y =300250x- 194746
R*=0,9957

Area

Figure S2. Calibration curve of the histamine standard.

Determination of temperature, pH and histamine of Whitemouth croaker
The values of the interquartile median and range of weight, superficial temperature, pH and

histamine concentration in the Whitemouth croaker muscles collected in different seasons are
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shown in Table 1. There was a statistical difference between the weight medians (p = 0.002),
fish superficial temperature (p = 0.004), and muscle pH (p = 0.05) between Whitemouth
croaker. Histamine was detected in all Whitemouth croaker samples, but there was no statistical
difference in histamine concentrations (p = 0,488) in the Whitemouth croaker (Table 1). All
samples obtained high histamine levels, ranging from 417.63 to 604.62 mg kg™ for the
Whitemouth croaker collected during summer and 258.52 to 533.24 mg kg *for the Whitemouth
croaker collected during winter.

Table 1. Values of weight, superficial temperature, pH and histamine of the fresh Whitemouth

croaker muscle collected in different seasons.

Parameters Number of fishes Summer fishes Winter fishes luel
(n = 24)* (n= 12)* (n = 12)%4 p vaiue
Weight (kg) 186 [1,52;2,88]  157[145;166]  288[246;319] 0,002
S“perf'c"i([,z:e)mperat“re 0,90 [-0,07;142]  1,45[090;1,85  0,10[-0,90;040] 0,004
Muscle pH 6,58 [6,45;7,05]  654[6,41;6,89]  6,86[653;7,16] 0,050
Histamine (mg kg) 492 [469; 515] 493 [478; 515] 491 [450; 508] 0,488

*n= number of samples.
 Results expressed in median [1?* Quartile e 3* Quartile].
1 p value < 0.05.

Determination of the efficiency of gPCR and absolute quantification of histamine-
producing bacteria in the fish

To evaluate the sensitivity and efficiency of the gPCR assay, standard curves were determined
through the DNA serial dilutions (10*-10° copies) of M. morganii (hdc GN and hdc MM) and E.
aerogenes (hdc EA). A linear relationship between the amount of DNA of histamine-producing

bacteria in the gPCR reaction was obtained for each oligonucleotide (Table S2).
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Table S2. Efficacy and reliability of the qPCR assay for the different hdc gene.

Slop 1 R*t Efficiency 1 .
hdogene*  Y-Inter o og Ul l0k (=099 (904 110%) Equation
hdcGN  44.2 3.10 0.99 110% Ct=-3.10x + 44.20
hdcMM  32.3 -3.50 0.99 103% Ct = -3.08x + 32.90
hdcEA 329 -3.10 0.99 100% Ct=-3.54x + 32.35

* hdc = histidine decarboxylase, GN = Gram-negative bacteria, MM = M. morganii, EA= E.
aerogenes,

I R? = linear regression coefficient, Ct= cycle threshold,

t Reference value.

The high values of efficiency and of the curve regression coefficient obtained allowed the
direct quantification of the histidine decarboxylase-producing bacteria present in the samples.
In all histamine-producing bacteria positive samples quantified by gPCR, the presence of
histamine was confirmed by HPLC-DAD. The Wilcoxon statistical test shows a significant
difference (p<0.001) between the medians of the Whitemouth croaker samples collected in
different seasons with the different parameters analyzed cycle threshold (Ct) and number of
copies of hdc gene (logio g™) (Table 2).

Table 2. Median, Interquartile interval of Ct corresponding to the standard curve derived from
the gPCR test and the number of copies of the hdc genes present in the Whitemouth croaker

muscle collected in the different seasons.

Number of fishes Summer fishes Winter fishes

Parameters* (n=24)i (n= 12)F (n=12)i p valuet
Ct hdc GN 15,8 [15,1; 21,00 22,6 [18,5;30,2] 15,1[14,2;15,3] <0,001
Ct hdc MM 16,3 [14,0; 18,4] 18,3[18,0;19,1] 14,0[13,7;14,3] 0,001
Ct hdc EA 11,5[11,3; 14,8] 14,9[14)5;15,4] 11,3[11,1;11,4] <0,001
hdc GN (logy g™) 11,2 [10,2;11,6] 10,1[8,29;11,2] 11,6[11,2;11,8] 0,002
hdc MM (logyo g™) 7,351[6,65; 7,69] 6,781[6,30;7,02] 7,72[7,52;7,84] 0,001
hdc EA (logy g™) 7,88[7,60;8,90] 7,61[7,26;7,85] 8,88[8,63;9,11] 0,002

* Ct value = cycle threshold, log;o hdc gene copies number in 1.0 g de muscle, hdc = histidine
decarboxylase, GN = gram-negative bacteria, MM = M. morganii, EA = E. aerogenes,

1 n = number of samples, Results expressed in median [12 Quartile e 32 Quartile],

+p <0,001.

All fresh Whitemouth croaker samples collected in the different seasons (n=24) were positive
for hdc genes, although with a wide range of Ct values, indicating differences in
oligonucleotide concentrations in the samples. The gPCR assays had high hdc gene
quantification capacity. The amount of the number of copies transformed into log;o for GN hdc
gene (7.9 to 12.1 logie g™*) were higher when compared to the quantity of copies of the specific

gene, M. morganii (4.67 to 10.06 logio g™*) and E. aerogenes (6.32 to 8.23 logyo g). There was
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a greater variability in concentrations of histamine-producing Gram- negative bacteria in
summer samples, but there was no statistical difference between seasonality (p = 0.002). There
were also differences between the summer samples when compared to the medians (p = 0.001)
of the hdc MM copy numbers (Table 2 and Figure 1). However, for the hdc EA copy numbers

there was no statistical difference (p = 0.002).

10-

hdc EA (Iog, g-) hdc GN (log, o) hdc MM (log o g-1)

Figure 1. Comparison of the number of copies of the hdc gene (log 10 g) of histamine-
producing Gram-negative bacteria (hdc GN), M. morganii (hdc MM) and E. aerogenes (hdc
EA) in fresh Whitemouth croaker at different seasons. Sample: summer ( ™) and winter ( ¥).
importance of gram-negative bacteria, including M. morganii and E. aerogenes in the
formation of histamine in fish. Despite high concentrations of free histamine in Whitemouth
croaker muscle (258.52 to 604.62 mg kg™), no case of food poisoning by histamine has ever
been reported with this species. In this context, early detection of histamine can be used as a
predictive method to identify a potential fish risk factor during processing, storage and

commercialization.

Relationship of Histamine and seasons with the other variables studied

A regression analysis was performed to determine the relationship between histamine
concentration and season, weight, superficial temperature and pH of the evaluated Whitemouth
croaker. There was a positive correlation between the histamine concentration in the muscles

and the different seasons studied (3 = 40.15, p <2e-16). This correlation explains that histamine
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may have an increase of 40 mg kg™ when fish is contaminated in the summer. As can be
observed, the amount of histamine in the fish collected in the summer showed a lower

variability in histamine concentrations (Figure 2).
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(]
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Figure 2. Comparison between histamine concentration and Whitemouth croaker samples

collected in different seasons.

Another evaluated linear correlation was the histamine concentration and the fish muscle pH.
By relating these variables, the pH would increase on average 61.27 mg kg™ of histamine in the
muscle (p = 0.097). When the season factor was added to these variables, this relation was
increased to 96.02 mg kg™ (p = 0.0102) in samples of fish collected in the summer. In this
work, it was observed that pH influenced the concentration of histamine in the Whitemouth
croaker gathered at different seasons, but the pH factor contributes with a higher initial

concentration of histamine in the summer samples (Figure 3).
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Figure 3. Chart showing the interaction between histamine concentration and pH of muscle

samples collected in different seasons. Sample: summer ( ====) and winter ( ).

The linear regression analysis showed positive correlations when compared to the histamine
concentration of the samples with fish weight (8 = 80.64, p = 0.000109), seasonality (8 =
157.15, p = 0.0000063), muscle pH (B = 80.64, p = 0.000758). In addition, the surface
temperature of the fish had a significant influence when compared with the seasonality (8 =
152.62, p = 0.000133), weight (B = 79.59, p = 0.000246) and pH of the muscle (% = 93.90, p =
0.0010).

Likewise, the linear relationship between histamine and Ct (QPCR) and the amount of copies of
hdc gene in Whitemouth croaker samples was evaluated. There was only statistical difference
for the Ct of the hdc MM gene (p = 0.0617) when related to the histamine concentration (p =
2.92e-08) and summer samples (p = 0.0356). This result shows the contribution of the M.
morganii to the production of histamine in the Whitemouth croaker collected in the summer,
indicating that the presence of this bacterium can greatly reduce fish quality and contribute
directly to histamine production. Also, there was a significant difference between the seasons,
histamine and amount of copies of hdc GN gene (B = 537.52, p = 0.0040) and hdc MM gene (B
= 439.55, p = 3.84e*). When histamine was related to all variables (season, weight, pH,
temperature and hdc copy amount), there was a statistical difference in histamine concentration
in summer samples (p = 0.00799), pH (p = 0.00799), weight (p = 0.00799) and amount of
copies of hdc GN gene (p = 0.0890).
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Bacterial diversity of fresh Whitemouth croaker collected in different seasons

In this study, the 16S rRNA gene was amplified in six fresh Whitemouth croaker samples to
comparatively explore the bacterial communities collected in the different seasons. A total of
132,423 16S rRNA sequences were generated for the six Whitemouth croaker samples
analyzed. These sequences were pooled into 2596 bacterial OTUs, where taxonomic
designation was possible up to the family level. These OTUs were numbered and classified
according to the taxonomy of each studied sample. Overall, sixteen phyla were identified with
abundance > 1.0%.

The relative abundance of the bacterial community at the phylum level was shown in Figure 4.
Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria were the most abundant phyla in
fresh Whitemouth croaker. Proteobacteria was the most predominant phylum, representing
68.60% and 75.00% of the bacterial composition in the samples collected during summer and
winter, respectively. Bacteroidetes was the second most represent phylum, however, there was
a greater abundance between the samples (C7, C8 and C22). As for the phylum Firmicutes,

greater abundance was obtained in samples (C10, C15 and C24).
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Figure 4. Histogram of the percentage of the phylum level in OTUs per sample of Whitemouth
croaker muscle collected in different seasons. Whitemouth croaker collected in summer (C7,
C8 and C10) and winter (C15, C22, and C24). Only OTUs present in at least two samples,

relatively abundant > 1%.

Figure 5 highlights the bacterial diversity at the family level. Almost all the families present in
the samples collected during the winter were present in the samples collected in the summer in
greater or lesser quantity. Except the family Pseudoalteromonadaceae was identified only in a
single sample collected in the summer (C10 - 2.97%). When analyzing at the family taxonomic
level, Moraxellaceae, Pseudomonadaceae, Burkholderiaceae, Enterobacteriaceae,
Shewanellaceae and Aeromonadaceae were the most abundant families in the Proteobacteria
phylum. Moraxellaceae was more prevalent in Whitemouth croaker collected in the summer
(average of 19.34%), while Pseudomonadaceae was more present in winter samples (average of
35.55%). Burkholderiaceae were proportionally present in the different seasons, while the
Enterobacteriaceae family was dominant in the winter period. Histamine-producing bacteria in
fish, including Moraxellaceae, Pseudomonadaceae, Enterobacteriaceae, Shewanellaceae and
Aeromonadaceae, represent more than half the composition of the fish analyzed (51% for

summer and 77% for winter).
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Figure 5. Plots of relative abundance (>1%) composition of OTUs generated by the
amplification of 16S rRNA at the family level within the phylum Proteobacteria. Samples
collected in the summer (C7, C8 and C10) and samples collected in the winter (C15, C22 and
C24).

Discussion

The use of methods for the early and rapid detection of histamine-producing bacteria and the
detection of histamine is important to prevent accumulation of this toxic substance in food. The
use of the molecular approach, as qPCR, for the detection of histamine-forming bacteria in fish
and determination of presence of histamine by HPLC, has been applied concomitantly in
several studies. In particular, real-time quantitative PCR (QPCR) offers the possibility of rapid
detection and quantification of bacteria and detection of toxins with greater specificity,

sensitivity and reliability than traditional methods of culture (Postollec et al. 2011; Rodriguez-

Lazaro et al. 2014). These techniques may represent good predictive methods for identifying a

potential risk factor in fish products during processing, storage and marketing and may be used

to investigate risk control strategies (Barbosa et al. 2018).

50


file:///C:/Users/Alessandra/Downloads/Clean%20-%20unmarked%20changes.docx%23_ENREF_46
file:///C:/Users/Alessandra/Downloads/Clean%20-%20unmarked%20changes.docx%23_ENREF_50
file:///C:/Users/Alessandra/Downloads/Clean%20-%20unmarked%20changes.docx%23_ENREF_50
file:///C:/Users/Alessandra/Downloads/Clean%20-%20unmarked%20changes.docx%23_ENREF_6

The most frequently associated microorganisms with histamine poisoning in fish are gram-

negative bacteria, mainly Enterobacteriaceae (Biji et al. 2016) followed by species as M.

morganii and E. aerogenes which show a high potential to enzyme histidine decarboxylase
expression. The identification of these bacteria is of fundamental importance for food safety in
order to avoid possible deterioration and formation of histamine in the fish (Zou and Hou
2017). Studies have shown that histamine is only detectable in fully decomposed fish or
associated with a relevant growth, 10’ CFU g, of bacteria in the fish muscle (Gardini et al.
2016).

Histamine is one of the most important biogenic amines current in fish and is the only one with
established legal limits for human consumption. In this work, all Whitemouth croaker samples
tested showed concentrations above 200 mg kg™ of histamine, values established as legal
maximum limit by (NATIONS 2018). This legislation has been applied to fish of the

Scombridae, Clupeidae, Engraulidae, Coryphaenidae, Pomatomidae, and Scomberesocidae
families. Several foods were implicated in food poisoning by histamine, for example, it was

identified 239 mg g™ of histamine in Yellowtail fillet (Seriola quinqueradiata) supplied at a

school restaurant in Seoul, Korea (Kang et al. 2018). Another study reported one death after
ingestion of cooked crab with 470.8 mg g™ of histamine (Yu et al. 2018).

The combination of time and temperature is the main determinant for the formation of
histamine in food. Fish that are sold fresh are kept on ice at recommended temperature of 0.0
°C to 2.0 °C and, may remain at an acceptable temperature of up to 4.0 °C (NATIONS 2018).

In addition, the enzyme histidine decarboxylase present in fish can continue to produce

histamine, even with bacterial inactivation caused by cooling (Food and Administration 2011).
Muscle pH has a direct influence on the deteriorating microbiota present and consequently
histamine formation in fish. The formation of lactic acid caused by the consumption of
glycogen in the post-mortem muscle causes acidification, reducing the pH of the muscle. Like
consequence of acid stress, the bacteria produce the decarboxylation of amino acids with

excretion of biogenic amines to try to increase pH (Jacobsen et al. 2010; Trip et al. 2012; Fan

et al. 2016). Optimal pH values for decarboxylating bacteria range from 2.5 to 6.0 (Gale 1946).
The enzyme histidine decarboxylase from E. aerogenes and M. morganii bacteria has better
activity, pH 6.5 (Wendakoon and Sakaguchi 1995).

One of the main histamine-producing families are the Enterobacteriaceae, this group of

bacteria can grow at low temperatures, its abundance decreases during storage in the cold
chain, possibly because their growth rate is lower than in other gram-negative psychrotrophic

decaying bacteria (Bahmani et al. 2011). Mesophilic bacteria considered as proliferative
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histamine producers such as M. morganii, Morganella psychrotolerans, E. aerogenes can
produce dangerous levels of histamine in a short period of time when stored under inadequate

temperature (Podeur et al. 2015).

Due to the complexity of the fish microbiota, culture-dependent detection methods may be
insufficient, therefore, alternative methods are necessary to understand the diversity of the

microorganisms in these foods (Parlapani et al. 2018).

Next generation sequencing (NGS) is the current method that allow to identify the profile of
microbial communities, monitoring population fluctuations and characterization of bacteria in
food matrices. The taxonomic profile of a food microbial community can be obtained through
the amplification of the 16S rRNA gene (Laudadio et al. 2018). Through amplification of the

16S rRNA gene it was possible to identify bacteria in fresh Whitemouth croaker muscles. The
main phyla, Proteobacteria, Bacteriodetes, Firmicutes and Actinobacterium, identified in
Whitemouth croaker samples are commonly found in the autochthonous microbiota of the skin,
gills, gut and intestinal fish contents (Llewellyn et al. 2014).

Among these groups of spoilage microorganisms, Gram-negative bacteria are the main spoilage

and histamine-forming bacteria in fresh fish (Macé et al. 2013). The main families of food

spoilage bacteria found in the fresh Whitemouth croaker muscle samples in this study were
represented mostly by gram negative bacteria, members of the family Moraxellaceae,
Pseudomonadaceae, Flavobacteriaceae, Burkholderiaceae and, Enterobacteriaceae. In smaller
percentage the families Shewanellaceae, Aeromonadaceae, Pasteurellaceae and
Xanthomonadaceae. Enterobacteria may occur in fish products as a result of fecal
contamination, water pollution or contamination during processing (Huss 1995). In this group
the species M. morganii, Klebsiella pneumoniae, Hafnia alvei, Proteus vulgaris, E. aerogenes

and E. cloacae are presented (Hazards 2011). In addition, species belonging to the genus

Clostridium, Vibrio, Acinetobacter, Plesiomonas, Pseudomonas, Aeromonas and

Photobacterium have also been reported as producers of histamine (Visciano et al. 2012;

Wongsariya et al. 2016). Under aerobic storage conditions, various groups of gram negative

bacteria, particularly Pseudomonas sp., Aeromonas sp. and Enterobacteriaceae dominate
deteriorating microorganisms in freshwater and saltwater fish (Kung et al. 2017). However,

species of the Moraxellaceae do not have the enzyme histidine decarboxylase (Ozogul and

Ozogqul 2005).
The acid-lactic bacteria found in this study may be present in the microbiota of fish intestinal

contents (Ringo et al. 2018). The psychrotrophic BAL bacteria, Leuconostoc, Lactobacillus and

Carnobacterium are responsible for the deterioration of fresh meat packed in modified
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atmosphere and vacuum (Pothakos et al. 2015). The species composition and metabolic activity

of such deteriorating communities are determined by the nature of the product, storage

conditions and intraspecific interactions and interspecies (Andreevskaya et al. 2018). This

occurs with species of the family Lactobacillaceae that are in low concentration in fish
commercialized fresh and refrigerated, but they are predominant when they are stored in
modified atmosphere (Levin 2016). In addition, BAL can produce nitrogenous compounds,
such as biogenic amines in different refrigerated, frozen, fermented and smoked foods (Biji et
al. 2016; Ordoiiez et al. 2016; Triki et al. 2018).

Several intrinsic and extrinsic factors may influence the deteriorating microbiota in fish.

Among the intrinsic parameters are mainly natural physical barriers (skin and mucus),
microbiota present in fish (gut, gills and skin), chemical composition, pH and fish muscle water
activity. On the other hand, the extrinsic parameters are related to the location of capture,
processing, storage and sanitary conditions in which these fish were submitted. In addition, the

deterioration will depend on the initial microbiota amount and interaction between the

microorganisms present in the fish (LIewellyn et al. 2014; Marshall 2014; Webster et al. 2018).
The methodologies used in this study (QPCR, HPLC-DAD and NGS) allowed the molecular
characterization of food spoilage bacteria, quantification of histamine-producing bacteria and
presence of histamine in fresh corvine muscle. These techniques together may be used in the
future as a predictive method to identify a potential risk in the formation of histamine in the
entire fish production chain.
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Abstract

Primarily formed by the microbial decarboxylation of the amino acid histidine, histamine is the
leading cause of food poisoning from fish consumption worldwide. In this work, the quality of
fresh and frozen marketed sardines was evaluated for histamine concentration by HPLC-DAD;
the identification and quantification of histamine producing bacteria by gPCR and composition
of the microbiota present in muscle tissue by amplification of the 16S rRNA gene by high
throughput sequencing (HTS). According to the results obtained by HPLC-DAD, the histamine
concentration ranged from 226.14 to 583.87 mg kg™ was detected in all samples. The histidine
decarboxylase (hdc) gene from Gram negative bacteria, Morganella morganii and Enterobacter
aerogenes were quantified in all samples. The most abundant microorganisms present in fresh
sardines belong to the genera Macrococcus, Acinetobacter and Pseudomonas and in frozen
sardines to genera Phyllobacterium, Pseudomonas and Acinetobacter. The methods used show
to be useful in evaluating the microbiological and chemical quality of fresh and frozen
marketed sardine and, in future, could be part of strategic on histamine traceability system in
the fish production chain.

Keywords: Histamine, Histidine decarboxilase, High Throughput Sequencing (HTS),
microbiome, Food poising.

1. Introduction

Foodborne diseases pose a serious threat to human health in developed and underdeveloped
countries. In the United States, an estimated 9.4 million food-borne illnesses occur annually
(Dewey-Mattia et al., 2018). Among these diseases, histamine food poisoning is one of the
most severe illnesses transmitted by fish (Yu et al., 2018). In 2017, 56 food outbreaks
generated by the fish consumption were reported by European Union countries (EFSA and
ECDC, 2018), followed by 12 cases of food poisoning by histamine reported in 2016 in the
United States (CDC, 2018).

Histamine poisoning is related to several fish species of the Scombridae family (tuna and
mackerel), as they have high concentrations of histidine amino acid in muscle tissue. However,
other fish families also can produce high levels of histamine, such as Scombresocidae,
Engraulidae, Coryphaenidae, Pomatomidae and Clupeidae (WHO and FAO, 2012). Belong to
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Clupeidae family, the Sardinella brasiliensis (inhabit the south-eastern coast of Brazil) is
targeted by the fishing industry, due to its great economic value (Dias-Neto and Dias, 2015);
however, this species is known to contain large quantities of histamine (FAO and WHO, 2018;
El Hariri et al., 2018).

Histamine is produced by the decarboxylation of the amino acid histidine by the exogenous
histidine decarboxylase enzyme released by bacteria present in the fish. These microorganisms
may come from water or the endogenous fish microbiota (James et al., 2013). The bacteria of
the Enterobacteriaceae family are mainly responsible for the formation of histamine in fish,
among them, the species Morganella morganii and Enterobacter aerogenes. Other bacterial
species capable of producing histamine include M. psychrotropicus, Photobacterium damselae,
Klebsiella sp., Pseudomonas sp., Proteus sp., Vibrio sp., Bacillus spp., Staphylococcus sp.,
Citrobacter spp. and Clostridium sp. (Johnson and Schantz, 2017, Klanian et al., 2018;
Arulkumar et al., 2019). Bacterial enzymatic decarboxylation depends on several factors, such
as the availability of the amino acid histidine and the presence of histamine producing
microorganisms. In addition factors such as muscle pH, storage temperature, oxygen
availability and the microbiota composition present in the muscle could interfere in the
histamine production.(Landete et al., 2008; Danquah, Benjakul and Simpson, 2012).

Therefore, the identification and quantification of histamine producing bacteria is of
fundamental importance for consumers' food safety. Consequently, the objectives of the present
study were: (i) to characterize the microbial community present in fresh and frozen
commercialized sardines, (ii) to quantify histamine-producing bacteria and (iii) to identify and

quantify histamine present in fish muscle tissue.

2. Material and Methods

2.1 Sample Collection

In this study, 24 whole sardine samples (Sardinella brasiliensis) were purchased at the Central
Public Market of Porto Alegre, Rio Grande do Sul (Brazil) from February to April 2018.
Twelve of them were collected sardines (with viscera and gills) were collected fresh (S1-S12)
and others sardines frozen at -18 °C (S13-S24). The fish were identified and transported in
isothermal boxes with recycled ice. The fish were weighed, gutted and parts of the muscle was
aseptically removed, (1:10 w/v). of the muscle sample was mixed in sterile distilled water (90

mL) and homogenized for pH determination (Q400AS bench pH meter, Quimis, Brazil).
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2.2 Histamine Determination by HPLC-DAD Method

2.2.1 Preparations of solutions

The stock solution of the Histamine dihydrochloride standard (>99%, HPLC, Sigma Aldrich)
was dissolved in 0.1 M Hydrochloric acid at 1000 mg mL™ and stored at -20 °C. Work
solutions were prepared in different concentrations by diluting the stock solution in 0.1 M HCI
(Gouveia, 2009).The 10 mg mL™ solution of dansyl chloride (>99%, HPLC, Sigma Aldrich)
was prepared by dissolving 100 mg in 10 mL acetone (>99%, HPLC, JT Baker) and stored
under refrigeration at 4 °C (Shukla et al., 2010).

2.2.2 Extraction and derivatization of histamine

Histamine extraction in sardine muscle tissue was based on the methodology of Hu et al.
(2012). One hundred grams of muscle tissue was ground in a blender and5.0 g was mixed with
10 mL of Trichloroacetic acid (TCA) 5.0% (P.A., Synth). The mix was vortexed for 5.0 min
and centrifuged at 3000 g for 10 min at 4.0 °C. This step was repeated once again with the
residue. The supernatants were adjusted to 25 mL of 5.0% TCA volume and filtered on n° 1
filter paper (Whatman, England). The filtrate and the standard histamine solution were
derivatized with dansyl chloride according to the methodology of Ben-Gigirey et al. (1998)
with some modifications. Briefly, 1.0 mL of each extracted sample or histamine standard
solution was mixed with 200 puL of 2 M sodium hydroxide solution and 300 pL of saturated
sodium bicarbonate solution (P.A., Synth, Brazil). 2.0 mL of the solution dansyl chloride was
added to the mixture and incubated in a water bath at 40 °C for 45 min. Then 100 pL of
ammonium hydroxide solution (28-30%, P.A., Neon, Brazil) was mixed into the solution to
remove residual dansyl chloride and incubated for 30 min at room temperature in the dark.
After incubation, the final volume was adjusted with 5.0 mL of acetonitrile (HPLC, >99%, J.T.
Baker, USA). Finally, the mixture was centrifuged at 2500 g for 5.0 min and the supernatant
was filtered on a 0.22 pm syringe filter (Filtrilo, Brazil). The filtered supernatant was
refrigerated at -20 ° C until HPLC-DAD analysis.
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2.2.3 HPLC-DAD histamine separation and quantification

Histamine determination was based on the methodology of Hu et al. (2012), with some
modifications. Histamine identification was performed using HPLC Shimadzu (Kyoto, Japan)
equipped with two pumps (LC-20A), a degasser (DGU-20A), an automatic injector
(SIL20AHT), a column oven (CTO-20A) and a DAD detector (SPD-M20A). Histamine was
quantified using the C18 chromatography column (Merck, Germany). The flow rate was 1.0
mL min™ at 30 °C. The mobile phase consisted of ultrapure water (MilliQ System, Millipore)
(solvent A) and acetonitrile (solvent B), Injection volume was of 20 uL. The linear gradient
ranged from 60% to 76% of solvent B within 6 min and within 1 min reached 100% of B
sustained for 2 min. In the next minute, it returned to 60% of B and was maintained for 3 min,
totaling 13 min. The spectra were obtained between 200 and 800 nm and the chromatograms
processed at 254 nm. Histamine quantification in sardine muscle was performed using the
standard histamine curve at the following concentrations 1.0, 2.0, 3.0, 5.0, 7.0 and 9.0 mg L™ of
the histamine solution. To verify the performance of the method, the parameters, linearity,

detection limit and limit of quantification were evaluated according to ICH (2006).

2.3 Determination and Quantification of Histamine Producing Bacteria by
gPCR

2.3.1 Bacterial Reference Strains

The reference bacteria Morganella morganii (ATCC 8019) and Enterobacter aerogenes
(ATCC 13048) were provided by the Oswaldo Cruz Institute Reference Materials Laboratory
(FIOCRUZ, Brazil). They were grown in Soy Tryptone Broth (TSB) and Soy Tryptone Agar
(TSA) and then incubated at 37 °C for 24 h.

2.3.2 DNA extraction and quantification

Ten grams of sardine muscle tissue was mixed with 90 mL of sterile distilled water and
incubated at 37 °C for 2 h at 1000 rpm (Shaker SL-222, SOLAB, Brazil). Subsequently, 3.0 ml
of the supernatant was collected and centrifuged at 3000 g for 3 min (320R, Hettich, Germany).
For the extraction of DNA from the reference bacteria, 2.0 mL of the bacterial culture broth in
TSB after incubation and performed the same processing of muscle tissue. The Invitrogen™
PureLink™ Genomic DNA Kit (Thermofisher, USA) was used to extract DNA from fish and
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bacteria. All DNA samples were quantified using the Quibit® 2.0 fluorometer (Invitrogen,

California, USA) according to the manufacturer's protocol.
2.3.3 hdc gene quantification by gPCR

The oligonucleotides used for the gPCR assay in this study targeted the gram-negative bacteria
hdc gene (hdc GN) was described by Bjornsdottir-Butler et al. (2011). In addition, two more
hdc gene oligonucleotides were designed for M. morganii bacteria, GenBank accession
(J02577.1) and E. aerogenes, GenBank access (M62745.1) using GenScript Biotech Corp.
(New  Jersey, USA). The sequences were: hdc MM  forward (5°-

GGGAAGCTATCCGTTCACAT-3) and hdc MM reverse (5°-
ACGGTCAACAGCGTACTGAG-3’), with an amplicon of 86 bp and hdc EA forward (5°-
GGATCCACAACCGTTTACCT-3’) and hdc EA reverse (5°-

TTTCTTGGCTACCACATTGC-3’), with an amplicon of 106 bp.

qPCR reactions (StepOnePlus™ System, USA) SYBR Green I (Applied Biosystems ™, USA)
was used. DNA amplification by gPCR was carried out in 15 pL reaction volume containing 10
ng DNA, 1x PCR buffer (200 mM Tris-HCI, pH 8.4, 500 mM KCI); 1.5 mM MgCl;, 0.2 uM
hdc primers ; 0.2 pM dNTP ; SYBR Green | 1x, 2U Taq DNA polymerase Platinum®
Invitrogen, ultrapure water to complete volume. The following conditions for qPCR were used:
initial denaturation at 94 °C for 5 min; 35 cycles at 94 °C for 30 s, 55 °C for 30 s (hdc MM), 58
°C for 30 s (hdc GN and hdc EA) and 72 °C for 30 s and a final extension of 72 °C for 5 min.
Melting curve was performed after the last amplification cycle. Negative control was used in all
reactions. Amplification was performed in Step One Plus™ System (USA) based on the
methodology of Applied Biosystems (2003). A standard curve was generated for each
oligonucleotide from serial dilutions (10 to 10° pL™ copies) of bacterial DNA and used to
absolute quantification by Ct value comparation (cycle threshold). The Ct value generated in
gPCR, the correlation coefficient (R?) and the amplification efficiency (E) were obtained by
StepOne v2.3 software (Applied Biosystems, USA). The result of the analysis was the amount
of nucleic acid (copy number, logio) per given amount of sample (per g sample, per ug total
DNA).
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2.4.1 PCR amplification of 16S rRNA gene and HTS sequencing

In order to characterize the bacterial composition of the samples, five samples of fresh sardines
(S1, S2, S4, S7 and S12) and five samples of frozen sardines (S13, S14, S17, S18 and S19)
were selected.

The V4 domain of the bacterial 16S rRNA gene was amplified using oligonucleotides 515F (5°-
GTGCCAGCMGCCGCGGTAA-3") and 806R (5’GACTACHVGGGTWTCTAAT-3"), both
containing an Illumina adapter region as described by Caporaso et al. (2012). Amplification
was performed in a 25 pL mixture consisting of a DNA concentration of 12,50 ng DNA, 1x
PCR buffer, 1.5 mM MgCl,, 0.2 uM of each oligonucleotide (515F and 806R), 10 mM dNTP,
2U Taq High Fidelity Platinum TM DNA Polymerase (Invitrogen™, USA) and 1x reaction
buffer. Amplification was performed in a BioRad MyCycler thermocycler (BioRad, USA)
according to the following program: initial denaturation at 94 ° C for 3 min, followed by 30
cycles of 94 °C at 45 s, 56 °C at 45s, 72 °C at 1.0 min and a final cycle at 72 °C for 5.0 min.
Amplicons were purified using Agencourt AMPure XP beads (Beckman Couter, USA)
following the manufacturer's instructions. Indexes were added to the DNA libraries following
the manufacturer's instructions (lllumina, USA). Sequencing was conducted on a MiSeq ™

system (Illumina, USA) with a MiSeq™ v2, 500 cycle sequencing reagent kit (Illumina, USA).

2.5 Data Analysis

2.5.1 Statistical analysis of histamine, pH and qPCR

For the statistical analysis of the investigated variables in sardine muscle samples (histamine
quantification, pH value and hdc gene quantification) was used the Wilcoxon non-parametric
hypothesis test. The variables were described through the median and interquartile ranges. The
test also was used to evaluate the differences between the conservation status (frozen and fresh)
of sardines. The significance level considered was 5% (p value <0.05). Analyzes were

performed using R software version 3.4.2 (R Core Team, 2019).

2.5.2 Processing of 16S rRNA sequencing analyses
Bioinformatics analysis of 16S rRNA amplicons were performed using QIIME 2 2019.4

(Bolyen et al., 2018). Raw sequence data were quality filtered and denoised, dereplicated and
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chimera filtered using the g2-dada2 plugin with DADAZ2 pipeline Callahan (Callahan et al.,
2016). 1,000,000 reads were used for training the DADAZ error model of each sequencing run.
The 5’ end 10 nucleotide bases were trimmed from forward and reverse read sequences due to
low quality. Reads with a number of expected errors higher than 2 were discarded. Read length
filtering was applied and the reads were trimmed at the first instance of a quality score less than
or equal to 11. The resulting reads with nucleotide overlap between the forward and reverse
reads below 20 and shorter than 240 bp length were discarded. Chimera removal was
performed using the consensus method, in which chimeras are detected in samples individually,
and sequences found chimeric in a sufficient fraction of samples were removed assuming at
least 1.0-fold change of potential parents of a sequence being tested as chimeric.

The amplicon sequence variants (ASVs) obtained by DADA2 pipeline were merged into a
single feature table using the g2-feature-table plugin. The ASV’s were aligned with MAFFT
(via g2-alignment) (Katoh et al., 2002) and used to construct a phylogeny with fasttree2 (via
g2-phylogeny) (Price, Dehal and Arkin, 2010). Taxonomy was assigned to ASV’s using the q2-
feature-classifier (Bokulich et al., 2018) classify-sklearn naive Bayes taxonomy classifier. The
classifier was trained using extracted Greengenes 13 8 reference sequences with 99%
similarity truncated at 250 bp length from 16S rRNA variable region 4 (V4). The resulting
feature table, rooted tree from reconstructed phylogeny, and taxonomy classification were
imported from Qiime2 to R v3.6.1 environment for further data analysis using Microbiome
v1.6.0 (Lahti et al., 2017) and Phyloseq v1.28.0 R packages (McMurdie and Holmes, 2013).
Sequencing data were deposited in the Sequence Read Archive of the National Center of
Biotechnology Information (NCBI, USA), access number PRINA558404.

For Taxonomic analysis, feature table was transformed to compositional data for taxa bar plot
composition visualization of the 10 most abundant genera using plot composition function from
Microbiome R package. A heatmap was plotted using features transformed to logio frequency
by plot heatmap function from Phyloseq R package (McMurdie and Holmes, 2013).

For Community Analysis, Alpha-diversity metrics (Shannon, Simpson Chaol), beta diversity
metrics Weighted UniFrac (Lozupone, 2005), unweighted UniFrac (Lozupone et al., 2007),
Jaccard distance, and Bray-Curtis dissimilarity, were estimated using Microbiome and
Phyloseq packages in R. MDS ordination was applied to beta diversity chosen metrics for
Principle Coordinate Analysis (PCoA) using plot ordination function from Phyloseq. Alpha
diversity significance was estimated with a pairwise comparison using a non-parametric test
Wilcoxon (Wilcoxon, 1945), using function from Microbiome R package. Beta diversity

significance were estimated with a permutacional multivariate analysis of variance (Marti,
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2001) using distance matrices obtained by MDS ordination previously described with
Permutacional Multivariate Analysis of variance test (PERMANOVA), Adonis function of
Vegan R package (Oksanen et al., 2007). Compositional biplot PCoA were estimated using
Aitchison distance with DEICODE Qiime2 plugin (Martino et al., 2019).

In relation to differential abundance analysis, feature table was filtered to remove singletons
using the g2-feature-table plugin. The ASV’s, that was observed less than two samples and less
than 10 abundance frequency, were removed from the feature table. The resulting filtered
features were grouped at family level using g2-taxa plugin . Differential abundance analysis
were performed with ANCOM using g2-composition plugin, with mean difference as fold
difference in feature abundances across groups and centered log-ratio (clr) as transform-
function for volcano plot. ANCOM is calculated pairwise log ratios between all features and
performing a significance test to determine if there is a significant difference in feature ratios
with respect to the variable of interest. “W” is the W-statistic, or number of features that a

single feature is tested to be significantly different against (Mandal et al., 2015).

3. Results

3.1 Determination of Histamine by HPLC-DAD

Figure S1.A and S1.B shows a typical chromatogram of the histamine standard (9.0 mg L-1)
and a frozen sardine sample (S15), respectively, obtained by optimum adequate
chromatographic separation. Peaks of the samples were separated and could be identified by the
retention time of the histamine standard (1.30 min). The chromatogram exhibited good peak
resolution, sharpness and symmetry. The linearity of the standard curve was determined by
injecting six concentrations of the standard histamine solution (1.0 - 9.0 mg L) into HPLC-
DAD. The analytical curve was linear, with correlation coefficients of 0.9954 (Figure S1.C).
The limit of detection was 0.77 mg kg™ and the limit of quantification was 2.0 mg kg™. This
result indicated that the analytical method of HPLC-DAD with dansyl chloride derivatization

was accurate for the determination of histamine in sardine muscle samples.
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Figure S1. HPLC-DAD chromatogram of Histamine (A) and sardine sample, S15 (B).
Analytical curves of the histamine standard (C).

3.2 Histamine levels and pH in sardine muscle samples

Table 1 shows the mean and interquartile interval of fish weight, pH value, and histamine
concentration in sardine muscle in different types of conservation. The weight of whole
sardines ranged from 65.45 to 176.46 g. Fresh sardines had higher weight, with statistically
significant difference (p <0.001). The same occurred with the pH value of fish muscle (p
<0.001), ranging from 6.22 to 7.18 between samples. Fish muscle pH was higher in fresh
sardines samples, this can be explained by the freshness of these fish, since the pH was close to
7.0.

All fresh and frozen sardines samples evaluated were contaminated with histamine. Significant
difference (p <0.05) was observed between histamine concentration in frozen and fresh fish
samples. With higher histamine concentration level in frozen sardines (342.74 - 583.87 mg kg-
1) compared to fresh sardines (226.14 - 579.83 mg kg-1). The high concentration of histamine
in fish could be associated with these fish being sold whole (with guts and gills), contributing
to high level of deteriorating bacteria in muscle and consequently histidine decarboxylase

enzyme formation.
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Table 1. Median, interquartile interval of weight, pH and histamine of sardines by type of
conservation.

Parameters Number of Frozen  sardine Fresh  sardine p value**
sardine (n=24) * (n=12) * (n=12) *

Weight () 133[79.9; 161] 79.2[73.6;91.3] 161[148;172] <0.001

Muscle pH 6.69 [6.38; 6.79] 6.38[6.34;6.42] 6.79[6.74; 6.85] <0.001

Histamine (mg kg) 413 [353;485]  443[392;497]  371[338;413]  0.033

*n= number of samples, results expressed in median [1* Quartile e 32 Quartile], **p value <
0.05.

3.3 Quantification of hdc gene by gPCR

There was a linear correlation between the Ct values of the hdc genes and the genomic DNA
concentrations of the M. morganii and E. aerogenes bacterial samples. The curves showed a
good correlation coefficient (R*> 0.99) and efficiency (100%). (Table 2).

Table 2. Efficacy and reliability of the gPCR assay for the different oligonucleotides of the hdc
gene.

Linear ,
Primer** Bacteria (g;)?gs (_3,53_%'?10) x (> 0399) * (gg;c'l?g%y* Standard curve*
number)
hdc GN M. morganii  10'-10° -3.08 0.990 100.6% Ct=-3.08x + 44.22
hdc MM M. morganii  10*-10° -3.23 0.998 103.8% Ct =-3.23x + 35.33
hdc EA E. aerogenes  10'-10° -3.30 0.990 100.8% Ct=-3.30x + 37.63

**hdc = histidine decarboxylase gene, GN = Gram-negative bacteria, MM = M. morganii, EA= E.
aerogenes,
* Reference value: Life technologies (2016), R*= linear regression coefficient, Ct= cycle threshold.

Primers hdc EA and hdc MM, were specific for identification of M. morganii and E. aerogenes
species, respectively, in sardine samples. Significant difference (p = 0.001) was obtained
between hdc GN and hdc EA in the frozen samples. However, there was no statistical
difference between frozen and fresh samples for the Ct value of the hdc MM gene (p = 0.947).
There was a statistical difference in the number of copies of the hdc for hdc GN bacteria (p =
0.001), hdc MM (p=0.048) and hdc EA (p=0.049) in the frozen samples. All samples were
positive for hdc gene by gPCR produced histamine in fish muscle (Table 3).
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Table 3. Median, Interquartile interval of Ct corresponding to the standard curve derived from
the gPCR test and the number of copies of the hdc genes.

Parameters® N_umber of Frozen sardine Fresh sardine vaﬁ)ue (;S\?arﬁj 'gti

sardine (n=24) * (n=12) * (n=12) * o q
Ctvalue (hdc GN)  29.8[255;32.2] 32.2[31.7;32.4] 25.3[24.7;27.0] 0.001 24
Ctvalue (hdc MM)  17.4[15.0;19.1] 17.1[15.6;18.7] 17.7[14.7,;19.2] 0.947 22
Ctvalue (hdc EA)  15.9[15.3;19.2] 19.5[17.2;22.1] 15.3[15.1;15.6] 0.001 23
hdc GN (logiog')  8.33[7.51;9.09]  7.82[7.35;8.16] 9.09[8.81;9.70] 0.001 24
hdc MM (logiog')  7.18[6.73;8.28]  7.84[7.40;8.34] 6.80 [6.41;7.29] 0.048 22
hdc EA (logiog?)  7.79[7.17,8.32] 6.94[6.38;7.83] 7.98[7.65;8.38] 0.049 23

*Ct = cycle threshold, n= number of samples, results expressed in median [12 Quartile e 3?
Quartile], logip number of hdc gene copies in 1.0 g of muscle.
**p value < 0.05.

3.4 Microbiota analysis of fresh and frozen sardines muscle samples

3.4.1 Alpha and beta diversity

After pre-processing the sequences with the DADAZ2 pipeline, a total of 691738 good quality
sequences were analysed. These sequences were assigned to 307 amplicon sequence variants
(ASVs) based on 99% similarity using the Greengenes database. Alpha diversity indices were
used to compare and characterize microbial diversity in each sample (Figure 1.). No significant
difference was found among the Simpson (p=0.31), Chaol (p=0.69) and Shannon diversity
index (p= 0.84) according to non-parametric Wilcoxon statistical test Shannon index showed
no difference between species richness of fresh and frozen sardines samples, however, the
diversity awing frozen samples is more homogeneous. It was observed in the Simpson Index, a
greater equability in the distribution of species abundance among frozen samples, showing a
greater variability in microbiota when the fish is stored fresh. Violin plot was observed in
frozen sardine samples through the Simpson and Chaol diversity index. Chaol diversity index,
even though there was no statistical difference due to plot distribution, it was observed that
there was greater richness variability in fresh samples. Violin plot was observed in frozen
sardine samples through the Simpson and Chaol diversity index. This shape shows the
distribution (extremely thin at each end and broad in the middle) indicates that the microbiota is

highly concentrated around the median.
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Figura 1. Alpha diversity measurements of microbial communities in the sardines muscle
tissue. Represented by Simpson, Chaol and Shannon diversity index. Boxes span the first to
third quartiles; the horizontal line inside the boxes represents the median. Whiskers extending
vertically from the boxes indicate variability outside the upper and lower quartiles, and the
single circles indicate outliers. No significant difference was found among the three groups

(p>0.05) according to the non-parametric Wilcoxon statistical test.

Beta diversity analysis was performed using the Bray-Curtis similarity index, Jaccard index,
Weighted-Unifrac and Unweighted-Unifrac metrics to determine the distance between samples
based on microbiota profile from muscle using Principal Coordinate Analysis (PCoA) for data
visualization (Figure 2). Significant difference was found among the Bray-Curtis Similarity
Index (p=0.009, R?=0.44484), Jaccard index (p=0.01, R?=0.37891), Weighted-Unifrac
(p=0.009, R°=0.55049) and Unweighted-Unifrac (p=0.023, R?=0.26589) by the non-parametric
permutational multivariate statistical variance test (PERMANOVA, Adonis, statistical test with
999 permutations). The results of the beta diversity analysis indicated that the microbiome
composition was distinct between the frozen and fresh sardines groups.
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Figure 2. Principal Coordinate Analysis (PCoA) of bacterial communities. Based on Bray

Curtis dissimilarity index with Jaccard index, Weighted-Unifrac and Unweighted-Unifrac

regarding conservation type. Color: Blue represents frozen sardines (S1, S2 S4, S7 and S12)
and Red represents fresh sardines (S13, S14, S17, S18 and S19).
To compare the similarity and difference between fresh and frozen sardine samples, a

hierarchical cluster analysis based on Unweighted-Unifrac distance was also performed (Figure

3). It was observed that there is a difference in sardine microbiota according to the type of

conservation of these fish. Excluding samples of fresh (S7) and frozen (S18) sardines that have

a greater distance from their groups but are similar to each other.
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Figure 3. Hierarchical cluster dendrogram of bacterial communities of fresh or frozen sardines
based on Unweighted-Unifrac distance. Samples: frozen sardines (S13, S14, S17, S18 and S19)
and fresh sardines (S1, S2, S4, S7 and S12).

3.4.2 Microbial Community

The relative abundance of species in fresh and frozen sardine muscle samples at the
phylum level is shown in Figure 4. These results show that there was a differentiation between
the phylum level microbiota according to the preservation type of the samples. Proteobacteria
was the predominant phylum in the frozen sardines and represented at least 94.84% of the
bacterial diversity. While in fresh sardines the dominant phylum was Firmicutes with 65.86%,

followed from phylum Proteobacteria (33.90%).
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Figure 4. Relative abundance of the dominant bacterial phyla presents in the muscle tissue of
sardines. Samples: frozen sardines (S13, S14, S17, S18 and S19) and fresh sardines (S1, S2, S4,
S7 and S12).
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Family relative abundance of the main phyla among fish is shown in Figure 5. In the fresh
sardine samples, the predominant families were Staphylococcaceae (50.32%) and
Moraxellaceae (17.41%), Pseudomonadaceae (7.02%), Enterococcaceae (7.44%) and
Aeromonadaceae (5.87%), while frozen sardines were Phyllobacteriaceae (47.82%),

Pseudomonadaceae (18.94%) and Moraxellaceae (17.70%) and Enterobacteriaceae (7.18%).
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A heatmap was constructed to characterize the dynamics of bacterial community patterns
(Figure 6). The hierarchical grouping of the samples based on the relative abundance of 20
families showed that the conservation type influenced the taxonomic group at the family level
in the evaluated samples. The Sphingomonadaceae family was present in frozen samples (S13,
S14, S17 and S19) and a single sample of fresh sardines (S12). Acetobacteraceae and
Lactobacillaceae were found only in frozen samples (S13, S14, S17 and S19).
Enterobacteriaceae and Micrococcaceae were observed in all samples except fresh sardines
(S4) and frozen sardines (S19), respectively. Pseudomonadaceae, Staphylococcaceae,
Flavobacteriaceae, Listeriaceae and Moraxellaceae were present in all fresh and frozen

sardines.
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Figure 6. Heat map showing non-metric multidimensional scaling (NMDS) (hierarchical
grouping of samples and taxon's based on Bray-Curtis distance) of composition of the
microbiota present in frozen (S13, S14, S17, S18 and S19) and fresh (S1, S2, S4, S7 and S12)
sardines. Normalization of the frequency of the family level in logl0. The color scale
represents the stepped abundance of each variable, indicated by the score, with blue indicating
high abundance and dark blue indicating low abundance.

An analysis of microbiome composition (ANCOM) was used to evaluate differences in the
average rate of microbial abundance between fresh and frozen sardines (Figure7). We observed
a significant difference in logarithmic abundance of twelve families detected between groups.
In particular, the families Lactobacillaceae (w = 6), Sphingomonadaceae (w = b5),
Enterobacteriaceae (w = 5), Acetobacteraceae (w = 5) and Comamonadaceae (w = 4) in frozen
sardines samples. While in fresh samples were Enterococcaceae (w = 19), Aeromonadaceae (w
= 16), Micrococcaceae (w = 9), Pseudomonadaceae (w = 9), Planococcaceae (w = 9),
Campylobacteraceae (w = 5), Listeriaceae (w = 4). This group of bacteria represented
Representing 13.84% and 28.59% of the relative abundance of fresh and frozen sardine
samples respectively. These results may infer that the type of fish conservation can select the

group of bacteria present in fish.
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Figure 7. Volcano Plot of ANCOM differential abundance. For analysis, the family-level log-
scale OTUs table was used. The x-axis value represents the mean difference of clr transformed
in the abundance of a given family between the fresh and frozen sardines groups. A positive X-
axis means that the family is differentially abundant in frozen sardines and a negative x-axis
means that the family is differentially abundant in fresh sardines. Statistical analysis w

represents the number of paired comparisons that were considered significantly different.

In figure 8 are described the main genera of bacteria found in the muscle tissue of fresh and
frozen sardines. The genera most present in fresh samples were Macrococcus (49.88%),
Acinetobacter (11.11%), Pseudomonas (6.98%), Psychrobacter (6.14%), Aeromonas (5.82%)
and Vagococcus (5.56%). In frozen sardines, the predominant genera were Phyllobacterium
(47.73%), Pseudomonas (16.76%), Acinetobacter (9.75%) and Psychrobacter (7.91%).
Phyllobacterium represented >83.43% of two frozen sardines samples (S17 and S19), while the
genus Macrococcus (>61.83%) was predominant in three fresh sardines samples (S1, S4 and
S12).
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Figure 8. Taxonomic classification of sardine muscle tissue microbiome at genera level.
Samples: fresh sardines (S1, S2, S4, S7 and S12) and frozen sardines (S13, S14, S17, S18 and
S19).

Gram negative histamine producing bacteria were found to represent 31.12% of fresh sardines
and 34.97% of frozen sardines. The genera Acinetobacter (11.11% and 9.75%), Pseudomonas
(6.98% and 16.76%), Psychrobacter (6.14% and 7.91%) were identified with the highest
relative abundance, respectively. Aeromonas was observed in higher percentage in fresh
sardines (5.82%).

Bacteria considered to be major histamine-producing bacteria in fish tissue with relative
abundance of less than 1% were identified. In particular the M. morganii bacteria present in
fresh sardines (0.02%) and frozen sardines (0.08%) and Photobacterium damselae identified
only in fresh samples (0.08%). Bacteria considered to have low histamine production capacity
in fish, Shewanella, Aeromonas, Janthinobacterium, Proteus, Vibrio, Flavobacterium, Serratia
were also identified.

The decaying microbiota in fish consisted of several psychrotrophic Gram negative bacteria,
mainly Pseudomonas, Macrococcus, Acinetobacter, Psychrobacter and Aeromonas,
representing 79.93% and 36.52% of the fresh and frozen sardines microbiome respectively. The
genera Shewanella, Janthinobacterium, Proteus, Serratia, Flavobacterium and Photobacterium

with relative abundance> 1% were also identified.
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Food-spoiling gram-positive bacteria were found in lower relative abundance (> 1%) in fresh
and frozen sardines. Represented by the genera Arthrobacter, Bacillus, Brochothrix,
Carnobacterium,  Clostridium, Enterococcus, Kurthia, Lactobacillus, Lactococcus,
Leuconostoc, Staphylococcus, Streptococcus and Micrococcus.
Some food spoilage bacteria have been identified at the species level, for example;
Pseudomonas caeni, P. veronii, P. viridiflava, Psychrobacter pulmonis, P. sanguinis, P.
arenosus, P. marincola, P. pacificensis, Macrococcus caseolyticus, A. johnsonii,
Flavobacterium succinicans, Kurthia gibsonii, J. lividum, Carnobacterium viridans and
Lactobacillus delbrueckii.

4. Discussion
Histamine detection and quantification methods are of great importance for food safety and,
consequently, to avoid food poisoning among consumers. The Codex Alimentarius (2018) has
established a maximum histamine level of 200 mg kg™, while the EU Regulation (2019/627)
included histamine control in fish landings, the processing industry and the wholesale and retail
fish market to assess compliance and hygiene and sanitary conditions of establishments (EC,
2019). In this sense, the presence of histamine in fish turns on the warning signal among
consumers.
In this study, we demonstrated that all sardine samples used for analysis were above the legal
limit for histamine levels in fish. One of the predisposing factors for histamine formation is the
inadequate temperature in fish conservation. The temperature variation during fish storage
enables the growth of deteriorating microorganisms, increasing the proteolytic activity in the
muscle and the formation and activity of the histidine decarboxylase enzyme (Ruiz-Capillas
and Herrero, 2019). Moreover, even with the bacterial growth retardation by cooling, histamine
can still be formed at a lower concentration by the action of the enzyme. Under freezing
conditions, the enzyme remains stable and after thawing becomes active (FDA, 2011).
The sardines used in this study were acquired with viscera and gills, which may have
influenced the high histamine concentration observed in this study. The bacterial concentration
in the digestive tract can range from 10%-10° CFU g (Skrodenyté-ArbaClauskiene, 2007),
while in the gills can achieve 10° CFU g™(Austin, 2006). However, the muscle tissue of the fish
is considered sterile, but when these fish are sold whole, self-contamination or cross-
contamination of bacteria may occur at the time of cleaning and evisceration (Gatti Junior et
al., 2014; Bruijn et al., 2018).
Another predisposing factor for histamine formation is the pH of fish muscle tissue. In this

study, muscle pH in fresh sardines had higher values (6.70 to 7.18) when compared to frozen
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sardines (6.22 to 6.69). Control of muscle pH is important for maintaining the sensory and
microbiological quality of fish meat. This variation in muscle pH is influenced by fish species,
muscle tissue type, diet, seasonality, and post-capture stress (Ocafio-Higuera et al., 2009). Most
sardines evaluated in this study had adequate pH for histidine decarboxylase activity, since
your best activity is around pH 6.5 (Wendakoon and Sakaguchi, 1995).

The genus Macrococcus dominated the microbiota of fresh sardines (49.88%). Macrococcus
sp. appears to be part of the initial chilled fish microbiota (Parlapani et al., 2014). Others
studies showed that this genus also dominated the vacuum-packaged common carp fillets
microbiota (Cyprinus carpio) and Sea bream fillets (Sparus aurata) fillets (Parlapani et al.,
2014; Zhang et al., 2017). The M. caseolyticus was identified in all sardine samples, a higher
proportion in fresh sardines (46.6%) and in a smaller proportion in frozen sardines (1.33%).
These results corroborate with other studies that identified M caseolyticus in other foods such
as fermented fish (Zang et al., 2018), semi-dried shrimp (Karani et al., 2015) and frozen catfish
products (Pangasius hypophthalmus) (Thi et al., 2016). In addition, Phyllobacterium was the
predominant genus in frozen sardines (47.97%). They are gram-negative, nitrogen-fixing
organisms easily found in plants and soil (Ledn-Barrios et al., 2018). This genus was isolated in
previously studies from the intestinal microbiota of Atlantic salmon (Salmo salar) and Catfish
(Ictalurus punctatus) (Mclnnis et al., 2015; Raats et al., 2011).

Other predominant genera in sardine muscle tissue were Acinetobacter, with 12.65% in fresh
sardines and 10.28% in frozen sardines. In addition to the genus Pseudomonas, less in fresh
sardines (7.80%) and higher concentration in frozen sardines (18.25%). These bacteria are
widely present in water and soil and can be found in refrigerated fresh foods (Dedk, 2010). In
addition to belonging to the resident gut microbiota and therefore can potentially contaminate
the fish during processing (Egerton et al., 2018). These genera are often reported in fish
processing plants (Mgretrg and Langsrud, 2017). The main deteriorating psychrotrophic
microorganisms in cold fish are the genera Pseudomonas, and Acinetobacter (Odeyemi et al.,
2018). Other spoilage bacteria were found to a lesser extent in fresh and frozen sardines in this
study. Like the bacteria Aeromonas, Brochothrix, Photobacterium, Psychrobacter,
Flavobacterium, Lactic Acid Bacteria (BAL), Staphylococcus, Micrococcus, Listeria,
Vagococcus and Kurthia (Remenant et al., 2015; Bjerke et al., 2019).

Fish decomposing bacteria play a key role in histamine production in fish (Takahashi et al.,
2003). Many of these bacteria are part of the endogenous fish microbiota (FAO and WHO,
2013). However, these bacteria can contaminate post-capture fish and throughout fish

processing, marketing and consumption (Lehane and Olley, 2000). Among the
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Enterobacteriaceae family, the species M. morganii, E. aerogenes and P. angustum are
important producers of the enzyme histidine decarboxylase in fish (Bjornsdottir-Butler et al.,
2016). In addition to the microorganisms described, other bacteria have positive decarboxylase
activity in fish, such as Aeromonas sp, Shewanella sp, Proteus mirabilis, P. vulgaris, Vibrio
vulnificus, Shigella sp, Psychrobacter sp (Houicher et al., 2013; Tembhurne et al., 2013). In the
present study, these bacteria were found in fresh and frozen sardines, corresponding to 26.52%
and 37.57% of sardine microbiota respectively.

The quantification of gPCR-based histamine-producing bacteria has been showing a potential
method for detecting these microorganisms in food (Hattori and Seifert, 2017). However, the
presence of histidine decarboxylase enzyme does not determine the presence or formation of
histamine in fish muscle tissue. Therefore, this technique could be used as a risk indicator for
histamine production in fish (Bover-Cid et al., 2014). gPCR, through the Ct value, allowed to
identify the presence of the hdc gene in sardine muscle tissue. The hdc GN gene (Ct 24 to 36.3)
presented lower copy number, while the hdc MM (Ct 11.5 to 20.6) and hdc EA (Ct 14.3 to
27.5) genes presented higher copy number in sardine muscle tissue samples. This can be
observed by the Ct value that is inversely related to the amount of gPCR reaction amplicons
(Schmittgen and Livak, 2008).

5. Conclusion

With the methodologies employed it was possible to evaluate the microbiological and chemical
quality of fresh and frozen sardines sold in a public market in Porto Alegre. These methods
could be used as part of a histamine traceability system in the fish production chain. HPLC-
DAD has been shown to be a good technique for identifying and quantifying histamine in fish.
gPCR was a fast and reliable method to evaluate the quantification of histamine-producing
gram-negative bacteria in fish. Moreover, with the amplification of the 16S rRNA gene and
sequencing by HTS, it was possible to characterize important spoilage bacteria present in the
sardines analysed.
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CAPITULO IV
DISCUSSAO GERAL

A histamina € uma das aminas biogénicas mais importantes presentes nos peixes e € a
Unica com limites legais estabelecidos para o consumo humano. Neste trabalho, todas as
amostras de corvinas frescas (24 amostras) e sardinhas frescas (12 amostras) e congeladas (12
amostras) testadas apresentaram concentraces acima de 200 mg kg™ de histamina, valores
estabelecidos como limite maximo legal pelo Codex Alimentarius, 2018. Esta legislacdo sé faz
referéncias aos peixes das familias Scombridae, Clupeidae, Engraulidae, Coryphaenidae,
Pomatomidae e Scomberesocidae. Todas as amostras de corvina obtiveram altos niveis de
histamina, variando de 417,63 a 604,62 mg kg™ para o corvina coletada durante o veréo foi de
258,52 a 533,24 mg kg’ para a corvina coletada durante o inverno. Ja nas amostras de
sardinhas frescas variou de 226,14 a 484,00 mg kg™ e as sardinhas congeladas variou de 342,74
a533,28 mg kg™.

As legislagBes vigente no Brasil, como a norma técnica n® 40/1994 do MERCOSUL e o
regulamento técnico de Identidade e Qualidade para Peixe Fresco do Ministério da Agricultura,
Pecuéria e Abastecimento (MAPA), n® 185, fixam o nivel maximo de 100 mg kg™ de histamina
no tecido muscular de peixes Escombroide (MERCOSUL, 1994; MAPA, 1997). A legislacéo
mais recente para peixes congelados, a Instru¢gdo Normativa, n°® 21/2017. Estabelece que os
niveis de histamina méximo ndo devam ser superiores a 100 mg kg™ tomando como base uma
amostra composta por 9 unidades amostrais e nenhuma unidade amostral pode apresentar
resultado superior a 200 mg kg™ para os grupos de familias de peixes ja citados (MAPA, 2017).

Em todas as amostras positivas de bactérias produtoras de histamina quantificadas por
gPCR, a presenca de histamina foi confirmada por HPLC-DAD. Todas as amostras frescas de
corvina e das sardinhas frescas e congeladas foram positivas para 0s genes hdc, embora com
uma ampla gama de valores de Ct, indicando diferencas nas concentracbes de
oligonucleotideos nas amostras. Os ensaios de gPCR tinham alta capacidade de quantificacdo
do gene hdc. A quantidade do nimero de copias transformadas em logio para o gene hdc nas
amostras de corvina para bactérias GN variou de 7,9 a 12,1 logy g foi maior quando
comparada & quantidade de cpias do gene especifico, M. morganii (4,67 a 10,06 log:o g*) e E.
aerogenes (6,32 a 8,23 log'® ™). O gene hdc GN nas sardinhas frescas e congeladas variou de
5,31 a 9,8 logyo g, copias do gene especifico, para M. morganii foi de 5,96 a 9,58 logio g~ e

para E. aerogenes variou de 4,90 a 8,60 log:o g™ valores bem menores do que os observados
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nas corvinas congeladas. Os microrganismos mais frequentemente associados ao
envenenamento por histamina em peixes sdo bactérias gram-negativas, principalmente
Enterobacteriaceae (Biji et al. 2016), principalmente as especies M. morganii e E. aerogenes,
que apresentam alto potencial para a expressdo da enzima histidina descarboxilase e podem
produzir niveis perigosos de histamina em um curto periodo de tempo, quando armazenados em
temperatura inadequada (Podeur et al. 2015). A identificacdo dessas bactérias é de fundamental
importancia para a seguranga alimentar, a fim de evitar possiveis deterioracfes e formacéo de

histamina nos peixes (Zou e Hou 2017).

As altas concentracBes de histamina nesses peixes podem estar relacionadas a
microbiota presente nesses peixes. Além disso, as corvinas e sardinhas utilizadas neste estudo
foram adquiridas com visceras e branquias. Existem diferentes niveis de microrganismos nesses
6rgdos. A concentracio bacteriana no trato digestivo é maior e pode variar de 10* a 10° UFC g*
(Skrodenyté-ArbaClauskiene, 2007). Enquanto nas branquias (10° UFC g™), h4 uma populacio
menor de bactérias (Austin, 2006). No entanto, o tecido muscular do peixe é considerado
estéril, mas quando esses peixes sdo vendidos inteiros, pode ocorrer auto contaminacdo ou
contaminacgdo cruzada de bactérias no momento da limpeza e evisceracdo (Gatti Junior et al.,
2014; Bruijn et al., 2018). Estudos demonstraram que a histamina € detectivel apenas em
peixes em decomposicdo ou associados a um crescimento relevante, 10° UFC g™, de bactérias

no musculo dos peixes (Gardini et al. 2016).

Um dos fatores predisponentes para a formacdo de histamina é a temperatura
inadequada na conservacdo dos peixes. Essa variacdo de temperatura permite o crescimento de
microrganismos em deterioracdo, 0 aumento da atividade proteolitica no masculo e a formacéo
e atividade da enzima histidina descarboxilase (Ruiz-Capillas e Herrero, 2019). Além disso,
mesmo com a inativacdo bacteriana por resfriamento, a histamina ainda pode ser formada em
menor concentracdo pela acdo da enzima. Sob condicdes de congelamento, a enzima

permanece estavel e apds o descongelamento se torna ativa (FDA, 2011).

Outro fator predisponente para a formacdo de histamina é o pH do tecido muscular dos
peixes. Neste estudo, o pH do musculo nas sardinhas frescas apresentou valores mais altos
(6,70 a 7,18) quando comparado as sardinhas congeladas (6,22 a 6,69), proporcionando uma
melhor microbiota. (Fan et al., 2016). O controle do pH muscular é importante para manter a
qualidade sensorial e microbiologica da carne de peixe. Essa variagdo no pH muscular é
influenciada pelas espécies de peixes, tipo de tecido muscular, dieta, sazonalidade e estresse

pos-captura (Ocafo-Higuera et al., 2009). O valor do pH do musculo influencia diretamente a
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atividade da enzima histidina descarboxilase. A enzima histidina descarboxilase das bactérias
E. aerogenes e M. morganii apresenta melhor atividade a pH 6,5 (Wendakoon e Sakaguchi,
1995). A maioria das sardinhas e corvinas avaliadas neste estudo apresentou pH adequado para
a atividade da histidina descarboxilase.

Devido a complexidade da microbiota de peixes, os méetodos de detec¢do dependentes
da cultura podem ser insuficientes, portanto, métodos alternativos sdo necessarios para entender
a diversidade dos microrganismos nesses alimentos (Parlapani et al. 2018). O High Throughput
Sequencing (HTS) é o método atual que permite identificar o perfil das comunidades
microbianas, monitorando as flutuagdes populacionais e caracterizando as bactérias nas
matrizes alimentares. O perfil taxondmico de uma comunidade microbiana de alimentos pode
ser obtido através da amplificacdo do gene 16S rRNA (Laudadio et al. 2018). Através da
amplificacdo do gene 16S rRNA foi possivel identificar bactérias nos masculos corvina frescas
e das sardinhas congeladas e frescas. Os principais filos encontrados nas corvinas foram
Proteobacteria (68,60% coletadas no verdo e 75,00% no inverno), Bacteriodetes, Firmicutes e
Actinobacterium. O filo Proteobacteria foi predominante nas sardinhas congeladas e
representaram pelo menos 94,84% da diversidade bacteriana. Enquanto em sardinha fresca, o
filo dominante foi Firmicutes com 65,86%, seguido pelo filo Proteobacteria (33,90%). Esses
resultados mostram que houve uma diferenciacdo entre a microbiota do nivel do filo de acordo
com o tipo de preservacdo das sardinhas. Estas bactérias sdo comumente encontrados na
microbiota autoctone dos contetdos de pele, branquias, intestinos e intestinos de peixes
(LIewellyn et al. 2014).

As bactérias dominantes nas amostras de corvina foram as familias Moraxellaceae,
Pseudomonadaceae, Burkholderiaceae, Enterobacteriaceae, Shewanellaceae e
Aeromonadaceae foram as familias mais abundantes no filo de Proteobacteria. Moraxellaceae
foi mais prevalente na corvina coletada no verdo (média de 19,34%), enquanto
Pseudomonadaceae esteve mais presente nas amostras de inverno (média de 35,55%).
Burkholderiaceae esteve presente proporcionalmente nas diferentes estacdes do ano, enquanto
a familia Enterobacteriaceae foi dominante no inverno. As bactérias produtoras de histamina
em peixes, incluindo Moraxellaceae, Pseudomonadaceae, Enterobacteriaceae, Shewanellaceae
e Aeromonadaceae, representam mais da metade da composicéo dos peixes analisados (51% no

verdo e 77% no inverno).

O género Macrococcus dominou a microbiota de sardinha fresca (49,87%).

Macrococcus sp. parece fazer parte da microbiota inicial de peixes refrigerados. Essas bactérias

90



dominaram os filetes de microbiota de carpa comum embalados a vacuo (Cyprinus carpio) e
filé de dourada (Sparus aurata) (Parlapani et al., 2014; Zhang et al., 2017). A espécie M.
caseolyticus foi identificada em todas as amostras de sardinha, maior proporcao de 65,05% nas
sardinhas frescas e menor em sardinha congelada (3,1%). Esses resultados corroboram com
outros estudos que identificaram as espécies em outros alimentos, como peixe fermentado
(Zang et al., 2018), camardo semi-seco (Karani et al., 2015) e produtos congelados de peixe-
gato (Pangasius hypophthalmus) (Thi et al. 2016). Phyllobacterium foi o género predominante
nas sardinhas congeladas (47,97%). Estas bactérias sdo organismos Gram negativos e fixadores
de nitrogénio, facilmente encontrados nas plantas e no solo (Leon-Barrios et al., 2018). No
entanto, eles foram isolados na microbiota intestinal do salméo do Atlantico (Salmo salar) e do

peixe-gato (Ictalurus punctatus) (Mclnnis et al., 2015; Raats et al., 2011).

Outros géneros predominantes no tecido muscular da sardinha foram Acinetobacter,
com 12,65% nas sardinhas frescas e 10,28% nas sardinhas congeladas. Além do género
Pseudomonas, nas sardinhas frescas (7,80%) e maior concentragcdo nas sardinhas congeladas
(18,25%). Essas bactérias estdo amplamente presentes na agua e no solo e podem ser
encontradas em alimentos frescos refrigerados (Deék, 2010). Além de pertencer a microbiota
intestinal residente e, portanto, pode potencialmente contaminar o peixe durante o
processamento (Egerton et al., 2018). Esses géneros sdo frequentemente relatados em plantas
de processamento de peixes (Mgretrg e Langsrud, 2017). Os principais microrganismos
psicrotroficos em deterioracdo em peixes frios sdo os géneros Pseudomonas e Acinetobacter
(Odeyemi et al., 2018). Outras bactérias deteriorantes foram encontradas em menor grau nas
sardinhas frescas e congeladas neste estudo. Como as bactérias Aeromonas, Brochothrix,
Photobacterium,  Psychrobacter, Flavobacterium, Bactérias acido-lacticas (BAL),
Staphylococcus, Micrococcus, Listeria, Vagococcus e Kurthia (Remenant et al., 2015; Bjerke et
al., 2019).

Entre esses grupos de microrganismos deteriorantes, as bactérias Gram negativas sao as
principais bactérias deterioradoras e formadoras de histamina em peixes frescos (Mace et al.,
2013). As principais familias de bactérias destruidoras de alimentos encontradas nas amostras
frescas do musculo corvina neste estudo foram representadas principalmente por bactérias
Gram negativas, membros da familia Moraxellaceae, Pseudomonadaceae, Flavobacteriaceae,
Burkholderiaceae e Enterobacteriaceae. Em menor porcentagem, as familias Shewanellaceae,
Aeromonadaceae, Pasteurellaceae e Xanthomonadaceae. As enterobactérias podem ocorrer em

produtos de peixe como resultado de contaminacdo fecal, poluicdo da agua ou contaminacgao
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durante o processamento (Huss, 1995). Nesse grupo, sdo apresentadas as especies M. morganii,
Klebsiella pneumoniae, Hafnia alvei, Proteus vulgaris, E. aerogenes e E. cloacae (Hazards
2011). Além disso, espécies pertencentes ao género Clostridium, Vibrio, Acinetobacter,
Plesiomonas, Pseudomonas, Aeromonas e Photobacterium também foram relatadas como
produtoras de histamina (Visciano et al. 2012; Wongsariya et al. 2016). Sob condicdes de
armazenamento aerdébico, varios grupos de bactérias Gram negativas, particularmente
Pseudomonas sp., Aeromonas sp. e Enterobacteriaceae sdo microrganismos dominantes na
deterioracdo em peixes de agua doce e salgada (Kung et al. 2017). No entanto, espécies de

Moraxellaceae ndo possuem a enzima histidina descarboxilase (Ozogul e Ozogul 2005).

O uso de métodos para a detec¢do precoce e rapida de bactérias produtoras de histamina
e a deteccdo de histamina é importante para evitar o acumulo dessa substancia toxica nos
alimentos. O uso da abordagem molecular, como gPCR, para a deteccdo de bactérias
formadoras de histamina em peixes e determinacdo da presenca de histamina por HPLC, foi
aplicado concomitantemente em varios estudos. Em particular, a PCR quantitativa em tempo
real (qQPCR) oferece a possibilidade de deteccao e quantificacdo rapidas de bactérias e deteccao
de toxinas com maior especificidade, sensibilidade e confiabilidade do que os métodos
tradicionais de cultura (Postollec et al. 2011; Rodriguez-Lazaro et al. 2014). Essas técnicas
podem representar bons métodos preditivos para identificar um potencial fator de risco em
produtos de peixe durante o processamento, armazenamento e comercializacdo e podem ser

usadas para investigar estratégias de controle de risco (Barbosa et al. 2018).
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Considerando nossos resultados obtidos ao longo do desenvolvimento deste trabalho, as
concentracdes de histamina encontradas foram superiores ao nivel preconizado pela legislacao,
ultrapassando o valor maximo de 200 mg kg™, tanto nas amostras de corvina fresca, bem como,

nas sardinhas inteira fresca ou congeladas.

A deteccdo e quantificacdo de bactérias produtoras de histamina usando a amplificacéo
do gene hdc por meio da técnica da qPCR foi especifica para as bactérias Gram negativas, M.
morganii e E. aerogenes. Tais bactérias foram detectadas em todas as amostras de tecido
muscular da corvina e sardinhas frescas ou congeladas. A identificacdo rapida da histamina e
das bactérias produtoras da enzima Hdc é importante para prevenir a deterioracdo dos

alimentos e um potencial perigo para a saude do consumidor.

O manejo apropriado do peixe desde a captura até sua comercializagdo e consumo é
crucial para controlar a formagéo e acumulacio dessa amina biogénica na carne de peixes. E de
fundamental importancia acompanhar a temperatura de conservacdo em toda cadeia produtiva
do pescado, para evitar a formacdo de histamina nos peixes. Um fator importante é que 0s
peixes analisados no estudo foram comercializados inteiros, com visceras e branquias, o que
pode ter contribuido para a contaminacao do tecido muscular com essas bactérias, ja que esses

Orgdos possuem bactérias produtoras da enzima Hdc.

A amplificacdo do gene 16S rRNA, mostrou a presenca de bactérias deterioradoras e
formadoras de histamina nas corvinas e sardinhas frescas ou congeladas. Nas corvinas frescas
foram identificadas uma porcentagem significativa da abundéancia relativa de bactérias Gram
negativas pertencentes a familia Moraxellaceae (19.34% nas amostras de verdo) e
Pseudomonadaceae (35,55% nas amostras de inverno). As bactérias produtoras de histamina
em peixes, incluindo Moraxellaceae, Pseudomonadaceae, Enterobacteriaceae, Shewanellaceae
e Aeromonadaceae, representam mais da metade da composic¢do das corvinas analisados (51%
no verdo e 77% no inverno). Enquanto as sardinhas frescas a maior abundancia relativa foi de
bactérias Gram positiva pertencentes aos géneros Macrococcus nas sardinhas frescas (49,88%)
e as sardinhas congeladas foram compostas pela familia Phyllobacterium (47,73%). Verificou-
se que bactérias produtoras de histamina gram-negativas representavam 31,06% em sardinha
fresca e 34,97% em sardinha congelada. Bactérias com alta capacidade de producgédo de

histamina foram identificadas em peixes, como Morganella (representada por M. morganii) e
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Photobacterium (representada P. damselae). Além de outras bactérias com baixa capacidade de
producdo de histamina, como Proteus, Psychrobacter (P. pulmonis), Shewanella, Aeromonas,

Stenotrophomonas (S. geniculata), Acinetobacter, Pseudomonas, Janthinobacterium.

Novos estudos devem ser desenvolvidos para acompanhar a formacdo de histamina
durante todo processo produtivo do pescado, para podermos ver 0s principais pontos criticos
para possivel formacdo de histamina. A utilizacdo dessas técnicas pode ser padronizada para no
futuro poder ser usadas nos laboratorios e na industria da pesca para prever o risco de formacao

da histamina.
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