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Sinopse 

Este estudo teve como objetivo avaliar experimentalmente o efeito sinérgico de cenário de 

mudanças climáticas extremas previstas pelo IPCC sobre a interação parasito-hospedeiro, 

fisiologia e imunidade de tambaqui. 

Palavras-chave: Colossoma macropomum; estresse oxidativo; mudança climática; 

parasitismo; regulação iônica; resposta imune. 
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RESUMO 

As mudanças climáticas impulsionadas pelas emissões de gases de efeito estufa vêm ocorrendo 

de forma acelerada, afetando a dinâmica ambiental e os seres vivos. Temperatura é o principal 

fator que afeta a vida das espécies ectotérmicas como os peixes, uma vez que influencia as 

interações organísmicas, como os sistemas parasito-hospedeiro. Prevê-se que o aumento da 

temperatura e do CO2 afetem essa interação bem como outros processos fisiológicos críticos em 

peixes além de ameaçar a funcionalidade do sistema imune dos hospedeiros e propiciar o 

surgimento de doenças. No entanto, até o presente momento, estudos que avaliem os impactos de 

mudanças climáticas nos processos descritos acima para as espécies Amazônicas são 

inexistentes, tornando os resultados apresentados nesta tese, inéditos. Dentre estas espécies, o 

tambaqui, Colossoma macropomum, possui grande importância econômica, e é o peixe nativo 

mais produzido na aquicultura continental da América do Sul. Portanto, a presente tese tem como 

objetivo avaliar o efeito do aumento de temperatura e CO2 (Representative Concentration 

Pathway (RCP) 8.5), previstos pelo IPCC (2014) para o ano 2100, sobre a interação parasito-

hospedeiro, parâmetros fisiológicos e imunidade em tambaqui. No capítulo I nossos resultados 

mostraram que sete dias de exposição ao cenário climático extremo causou rápido aumento da 

intensidade do parasitismo por monogeneas e possível inflamação aguda, indicada pela maior 

expressão de genes envolvidos com o sistema inflamatório nos animais mais parasitados e 

expostos ao cenário RCP8.5. Isso sugere que o tambaqui parasitado no cenário controle 

apresenta uma resposta ao dano tecidual, o que não é observado nos animais expostos ao cenário 

extremo. No capítulo II, exemplares de tambaqui exposto ao cenário RCP8.5 durante sete e trinta 

dias e duas intensidades de parasitismo apresentaram um aumento rápido e agressivo da 

intensidade média de parasitismo após sete dias de exposição, seguido de diminuição após trinta 

dias. A combinação da exposição ao cenário de mudanças climáticas extremas e parasitismo 

causaram estresse oxidativo e distúrbio osmorregulatório, possivelmente ligados a processos 

inflamatórios causados pelo alto grau de parasitismo e que podem ter importantes impactos na 

capacidade de sobrevivência ao longo prazo no hospedeiro. Já no capítulo III, exemplares de 

tambaqui submetidos às mesmas condições do capítulo II, mostraram supressão de genes 

relacionados ao controle da inflamação e apoptose, além de aumento nos níveis de mRNA de 

genes pró-inflamatórios e relacionados à piroptose durante sete dias de exposição ao cenário 



 

 

 

RCP8.5, indicando também um estágio de imunodepressão nos animais. Após 30 dias de 

exposição, todos os genes tenderam a retornar para níveis semelhantes no cenário controle, 

possivelmente devido à diminuição da carga parasitária causada pela exposição crônica ao 

cenário extremo. Nossos resultados sugerem que a intensidade do parasitismo aumentada pelo 

cenário de mudanças climáticas é responsável por distúrbios na fisiologia e sistema imunológico 

do hospedeiro e destacam a importância de políticas públicas voltadas para a diminuição dos 

agentes causadores das mudanças climáticas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

ABSTRACT 

Climate change driven by greenhouse gas emissions has been occurring at an accelerated pace, 

affecting environmental dynamics, and living beings. Temperature is the main factor that affects 

the life of ectothermic species such as fish, as it influences organismic interactions, such as host-

parasite systems. The increase in temperature and CO2 is expected to affect this interaction with 

other critical physiological processes in fish, in addition to threatening the functionality of the 

host's immune system and promoting the emergence of diseases. However, to date, studies that 

assess the impacts of climate change on the processes described above in Amazonian species are 

non-existent, making the results presented in this thesis unprecedented. Among these species, the 

tambaqui Colossoma macropomum has great economic importance and is the native fish most 

produced in continental aquaculture in South America. Therefore, this thesis aims to evaluate the 

effect of increased temperature and CO2 (RCP8.5), foreseen by the IPCC (2014) for the year 

2100, on the host-parasite interaction, physiological parameters, and immunity in tambaqui. In 

chapter I, our results showed that after 7 days of exposure to the extreme climate scenario 

(RCP8.5) it caused a rapid increase in the intensity of parasitism by monogeneans and possible 

acute inflammation, indicated by increased expression of inflammatory genes and suppression of 

the anti-inflammatory gene in animals more parasitized and exposed to the RCP8.5 scenario. It 

suggests that the parasitized tambaqui in control scenario presents a response to tissue damage, 

which is not observed in animals exposed to extreme scenario. In chapter II, tambaqui exposed to 

the RCP8.5 scenario for 7 and 30 days and two intensities of parasitism showed a rapid and 

aggressive increase in the mean intensity of parasitism after 7 days of exposure, followed by a 

decrease after 30 days. The combination of exposure to extreme climate change scenario and 

parasitism caused oxidative stress and osmoregulatory disturbance, possibly linked to 

inflammatory processes caused by the high degree of parasitism and that can have important 

impacts on the long-term survival capacity of the host. In chapter III, tambaqui subjected to the 

same conditions as in chapter II, showed suppression of genes related to the control of 

inflammation and apoptosis, in addition to an increase in mRNA levels of pro-inflammatory and 

pyroptosis-related genes during 7 days of exposure to the RCP8.5 scenario, also indicating a 

stage of immunosuppression in animals. After 30 days of exposure, all genes tended to return to 

similar levels in the control scenario, possibly due to the decrease in parasite load caused by 



 

 

 

chronic exposure to the extreme scenario. Our results suggest that the intensity of parasitism 

increased by the climate change scenario is responsible for disturbances in the host's physiology 

and immune system and highlight the importance of public policies aimed at reducing the 

causative agents of climate change. 
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1. INTRODUÇÃO GERAL 

1.1 Mudança Climática Global 

 As ameaças das mudanças climáticas para a sociedade humana e os ecossistemas naturais 

foram destacadas no quarto Relatório de Avaliação do Painel Intergovernamental sobre 

Mudanças Climáticas (IPCC) em 2007. Desde então consenso científico foi alcançado: a 

atividade humana está causando o acúmulo de gases de efeito estufa na atmosfera, aumentando 

as temperaturas e causando mudanças ambientais (IPCC 2014, Brander et al. 2017).  

Durante toda a história de evolução geológica da terra, houve mudanças no clima que 

envolveram alterações na temperatura, mas esses períodos anteriores foram lentos relativamente 

ao que está ocorrendo atualmente. A taxa de aquecimento observado hoje é de fato global e sem 

precedentes (PAGES 2k Consortium 2019). As temperaturas em 98% da superfície da Terra 

eram mais altas no final do século 20 do que em qualquer época dos dois mil anos anteriores, e 

estão aumentando agora mais rapidamente do que antes (Neukom et al. 2019).  

O aquecimento moderno é devido às emissões humanas de gases de efeito estufa, 

principalmente, o dióxido de carbono (CO2), que vêm, principalmente, da queima de 

combustíveis fósseis. Esses gases aumentaram drasticamente desde a revolução industrial e, 

como consequência, os níveis atuais de CO2 de 415 ppm (IPCC 2014, NOAA 2021) podem 

atingir até 1000 ppm em 2100 (Caldeira e Wickett 2003, IPCC 2014). O sexto relatório do IPCC 

também destaca que os níveis do gás metano (CH4), o segundo gás de efeito estufa mais 

importante, depois do CO2, são os mais altos registrados nos últimos 800.000 anos. Apesar de 

permanecer menos tempo na atmosfera do que CO2, o CH4 tem um poder de aquecimento muito 
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maior, sendo uma ameaça ao objetivo de frear as emissões de gases estabelecidos no Acordo de 

Paris (IPCC 2021). 

O aquecimento da Terra ocorre principalmente pela interação da energia solar com os 

gases do efeito estufa como o CO2 e outros gases relevantes que possuem capacidade de reter 

calor. A estrutura molecular desses gases (que possuem três ou mais átomos) possibilita que eles 

prendam o calor na atmosfera e depois o transfiram de volta para a superfície, impedindo a 

dissipação de calor, o que aquece ainda mais a Terra (Haywood et al. 2009, Kweku et al. 2017). 

A temperatura média da superfície da terra pode chegar a 1.6 °C a mais em relação a era pré-

industrial até o ano de 2030, cerca de uma década antes do que o último painel havia previsto há 

três anos (IPCC 2021). Essas previsões climáticas dependem principalmente de como as 

sociedades irão lidar com as futuras emissões de gases do efeito estufa, tornando o aquecimento 

global a principal preocupação ambiental da atualidade. 

O aquecimento do clima tem significativas implicações. Forças antropogênicas têm tido 

uma contribuição substancial para o aquecimento dos oceanos observado desde os anos 1960, 

com a superfície das águas aquecendo globalmente em média 0.7 °C por século de 1900 a 2015 

(Huang et al. 2017). A tendencia da temperatura dos oceanos indica um aumento de 4 °C até o 

fim do século (IPCC 2014). Para os sistemas de água doce, um aumento da temperatura da água 

é esperado ocorrer em muitas áreas como resultado do aumento da temperatura do ar. Além 

disso, as consequências do aumento das emissões de CO2 na atmosfera não estão restritas ao 

aquecimento dos sistemas aquáticos, mas também na redução do pH causado pela dissolução do 

CO2 atmosférico que acidifica a água. 

 Qualquer aumento no nível de CO2 atmosférico muda o equilíbrio dióxido de carbono-

bicarbonato-carbonato na água para a direção ácida. Isso porque a combinação entre dióxido de 
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carbono e água forma ácido carbônico (H2CO3), que se dissocia em bicarbonato (HCO3
-) e 

carbonato (CO3
2-) libera íons de hidrogênio (H+), reduzindo o pH das águas e, assim, 

acidificando-a (Koch et al. 2013). A maioria dos estudos busca entender como essa acidificação 

impactará os ambientes oceânicos; no entanto, para o ambiente de água doce isso é menos 

estudado e ainda menos estudados são os efeitos sinérgicos de múltiplos estressores climáticos 

sobre o ambiente de água doce amazônico, que possui uma diversidade de peixes sem paralelo, 

sendo necessário entender como esses desafios impactarão a vida destes organismos. 

1.2. Efeito de mudanças climáticas sobre os peixes 

O impacto das mudanças climáticas, em particular do aquecimento global, deve ser 

particularmente severo em animais ectotérmicos, como os peixes, ou seja, sua temperatura 

corporal e metabolismo que são regulados pela água circulante, os tornam especialmente 

vulneráveis às flutuações de temperatura induzindo respostas orgânicas em todos os níveis da 

organização biológica (Pörtner 2006, Burraco et al. 2020). 

O aumento da temperatura pode causar distúrbios metabólicos e, posteriormente, estresse 

oxidativo. Antecipa-se que a síntese, a liberação e as ações dos hormônios do estresse sejam 

afetadas (Topal et al. 2021). Além disso, um aumento severo de temperatura pode ser um 

estressor em si. A exposição aguda ou prolongada às altas temperaturas pode alterar a função dos 

eixos de estresse e as respostas a outros estressores, possivelmente comprometendo a capacidade 

de enfrentamento a longo prazo do animal (Alfonso et al. 2021).  

Um aspecto comum gerado pelo estresse é a formação das espécies reativas de oxigênio 

(ERO) responsáveis pelo estresse oxidativo. O estresse oxidativo é um termo utilizado para o 

estado de desequilíbrio entre a geração de oxidantes (radicais livres e ERO) e a disponibilidade 
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de antioxidantes endógenos para eliminar essas EROs, resultando em uma produção excessiva de 

oxidantes (Feidantsis et al. 2020). Como essas EROs podem reagir prontamente com lipídios, 

proteínas e DNA, uma produção excessiva pode ser prejudicial levando ao início de muitas 

patologias e, em último caso, lesão celular e morte. Muitos estudos mostram que EROs possuem 

papel central na patogênese e progressão de muitas doenças infecciosas e distúrbios 

inflamatórios (Reuter et al. 2010, Chatterjee 2016). 

A inflamação é considerada um mecanismo de defesa do hospedeiro que gera uma 

resposta do sistema imune a estímulos físicos ou químicos externos ou infiltração por patógenos, 

e desempenha um papel crucial na remoção de patógenos do hospedeiro envolvendo uma 

geração aumentada de ERO por células inflamatórias e imunológicas (Ko et al. 2017). EROs são 

produzidas como parte da resposta inflamatória que facilitam a eliminação de patógenos 

invasivos de tecidos, mas quando produzidos por períodos prolongados podem promover estresse 

oxidativo e problemas relacionados à inflamação crônica (Reuter et al. 2010). Durante a 

inflamação, células imunes como mastócitos e leucócitos são recrutadas para o local de infecção, 

levando a uma "explosão respiratória" (do inglês respiratory burst) devido a uma maior captação 

de oxigênio e, logo, maior liberação e acúmulo de EROs no local de infecção que estimulam vias 

que levam à ativação da inflamação (Chatterjee 2016).  

A ativação de quinases (enzimas que facilitam a fosforilação) induzidas por EROs leva à 

ativação de fatores de transcrição, tais como Fator Nuclear κB (nf-κb), Transdutor de Sinal e 

Ativador da Transcrição 3 (stat3), Fator Induzível por Hipóxia-1α (hif-1α), Proteína Ativadora-1 

(ap-1), que mediam as respostas ao estresse celular, que por sua vez desencadeiam a secreção de 

citocinas pró-inflamatórias. Alterações ou danos que surgem a partir do estresse oxidativo ou da 

inflamação podem causar alterações celulares que podem levar à morte celular programada como 
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necrose, apoptose e piroptose, ou a autofagia, onde proteínas oxidadas ou defeituosas são 

degradadas  e são importantes mecanismos efetores da resposta imune inata e adaptativa, 

participando da resposta a infecção dos hospedeiros (Simon et al. 2000). Tanto o estresse 

oxidativo quanto a inflamação podem causar danos às células, uma vez que a eliminação de 

patógenos do organismo é o principal objetivo da inflamação, para o qual as EROs produzidas 

por células fagocíticas desempenham um papel fundamental. O excesso de EROs é importante 

para eliminar os patógenos. No entanto, se as EROs não forem controladas por uma série de 

mecanismos antioxidantes, isso levará à lesão inflamatória do tecido (Mittal et al. 2014, 

Chatterjee 2016) e consequente dano ao hospedeiro e sistema imune. 

O sistema imune dos vertebrados compreende células, tecidos e órgãos que servem para 

proteger um organismo hospedeiro de infecções por bactérias, vírus ou parasitas. A imunidade 

inata é a primeira linha de defesa contra patógenos invasores. Esse tipo de imunidade envolve 

barreiras físicas, como pele e muco, componentes celulares e componentes solúveis, incluindo 

citocinas e complemento (Press e Evensen 1999, Poynter e Dixon 2017). A resposta imune 

adaptativa é mais lenta, mas é muito mais eficiente, e inclui componentes humorais, linfócitos B 

e componentes mediados por células, como linfócitos T. Além disso, a imunidade adaptativa é 

muito específica em seus alvos e possui um componente de memória que permite uma resposta 

mais rápida a uma reinfecção (Alvarez-Pellitero 2008). 

Peixes apresentam tanto imunidade inata quanto adaptativa. Durante a resposta imune 

inata os patógenos são detectados por meio de receptores de reconhecimento de patógenos 

(PRRs), que induzem respostas específicas a vários padrões moleculares, associados a patógenos 

(PAMPs) no animal infectado (Tort et al. 2003). Os principais órgãos linfoides em peixes 

teleósteos são os rins, timo, baço e os tecidos linfoides associados à mucosa, incluindo a pele e as 
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brânquias (Zapata et al. 2006). A imunidade fornece proteção geral contra doenças e, 

particularmente, contra doenças infecciosas. 

A temperatura da água pode afetar o sistema imunológico dos peixes. Mudanças agudas e 

crônicas na temperatura também têm impactos diferentes sobre os animais, sendo os episódios de 

curto prazo compensados por processos como a resposta da proteína de choque térmico (HSPs), 

enquanto as variações crônicas de temperatura são menos prováveis de serem resolvidas por tais 

respostas e ainda podem impactar a fisiologia do organismo (Makrinos e Bowden 2016, Filipe et 

al. 2020). No entanto, há poucos dados publicados sobre os impactos dos fatores associados às 

mudanças do clima, como o aumento de temperatura e principalmente CO2 no sistema imune e 

fisiologia dos peixes de modo geral, e mais ainda em peixes neotropicais. 

Os efeitos das mudanças climáticas em peixes neotropicais incluem o aumento do 

metabolismo anaeróbico (Gonçalves et al. 2018), aumento da peroxidação lipídica (Campos et al. 

2019), taxa metabólica e distúrbios de tolerância térmica (Campos et al. 2018), e mudanças na 

distribuição de peixes (Röpke et al. 2017). Além dos efeitos térmicos diretos, como estresse 

fisiológico, o aumento da temperatura e do CO2 na água, também podem causar efeitos indiretos 

sobre os peixes, como o surgimento de doenças infecciosas (Macnab e Barber 2012). 

As evidências de que as mudanças no clima têm relação com as doenças dos peixes ainda 

são limitadas (Lõhmus e Björklund 2015). Entretanto, as relações parasito-hospedeiro são 

afetadas por vários fatores, especialmente por mudanças ambientais. Para peixes, alterações na 

temperatura da água podem levar a um aumento da intensidade e virulência do patógeno, 

diminuição da resistência da imunidade do hospedeiro e aumento da frequência de surtos de 

doenças. No entanto, tem recebido pouca atenção o esclarecimento de como a dependência da 

temperatura dos peixes pode afetar diretamente os parasitas (Morley e Lewis 2014). 
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De modo geral, o aumento da temperatura pode afetar a transmissão parasitária podendo 

levar a (a) um maior fitness parasitário, com aumento direto do metabolismo do parasita, o que  

significa, aumento da alimentação ou replicação do parasita no hospedeiro, ampliando danos e 

resultando na produção de um número maior de estágios de transmissão, bem como uma 

disseminação mais rápida da doença em um único surto (Karvonen et al. 2010, Byers 2021); e 

(b) o aumento da temperatura pode estender a duração das janelas de transmissão, resultando em 

uma disseminação geral da doença na população hospedeira. Ambos os mecanismos, 

isoladamente ou em combinação, resultariam em maior prevalência da doença. Por outro lado, 

algumas doenças também poderiam mostrar efeitos opostos com o aumento da temperatura se 

sua temperatura ideal para crescimento e transmissão fossem mais baixas, por exemplo (Pounds 

et al. 2006, Karvonen et al. 2010). 

Monogeneas (Platelmintos: Monogenea) são os ectoparasitas mais comuns e mais 

diversos de peixes. Eles geralmente vivem nas superfícies externas, como a pele, nadadeiras, 

cabeça, brânquias e olhos, bem como cavidades oral e branquial (Buchmann e Lindenstrøm 

2002, Whittington e Chisholm 2008). O haptor é o principal órgão que estes parasitas usam para 

se fixar aos peixes e é a principal característica morfológica usada para distinguir estes dos 

parasitas Cestodea e Digeneas (Ogawa 2014). Eles têm ciclos de vida monoxênicos e estágios de 

transmissão rápida, se alimentam de muco e células epiteliais, o que resulta em danos ao tecido 

do hospedeiro, como feridas profundas na epiderme e, às vezes, os danos são ainda mais 

profundos e alcançam a membrana basal e até a derme. A presença desses ectoparasitas está 

correlacionada a um aumento da suscetibilidade a infecções secundárias, como bacterioses e a  

distúrbios no sistema imune do hospedeiro (Woo e Gregory 2014).  
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Monogeneas são amplamente difundidos na aquicultura, incluindo sistemas fechados, 

semifechados e abertos, e são responsáveis por perdas econômicas. Portanto, o combate às 

doenças infecciosas, que já é considerado um dos principais desafios atuais da piscicultura, pode 

se tornar uma questão importante nos cenários de mudanças climáticas (Karvonen et al. 2010, 

Macnab e Barber 2012).  

O mesmo impacto das mudanças no clima sobre a diversidade de animais e plantas é 

previsto para a diversidade parasitária. Contudo, parasitas, como os helmintos, são conhecidos 

como moduladores do sistema imune e, portanto, podem ter um efeito sinérgico no que refere 

aos efeitos das mudanças do clima sobre os hospedeiros. A hipótese “velhos amigos” (do inglês 

old friends hypothesis) sugere que a reatividade do sistema imunológico dos vertebrados depende 

da exposição a parasitas, que são importantes para o hospedeiro desenvolver uma resposta imune 

funcional adequada. As interações parasito-hospedeiro são a principal força na evolução do 

sistema imunológico que está desenhado para manter uma imunidade basal ideal, minimizando o 

risco do desenvolvimento de reações potencialmente patológicas (Peuß et al. 2020, Scharsack et 

al. 2020).  

1.3. As mudanças climáticas podem impactar a aquicultura 

 A aquicultura pode ser definida como o cultivo de organismos aquáticos sob condições 

controladas, em que o principal objetivo é produzir um produto comercializável da maneira mais 

eficiente e econômica possível. A aquicultura está entre os setores mais importantes para a 

produção de alimentos, fornecendo proteína animal de alta qualidade e geração de renda e 

emprego (Tacon 2020, Stankus 2021). A aquicultura na América do Sul desempenha um papel 

importante na produção de alimentos e na economia local, além de uma grande presença 

internacional com impacto na economia global (Valladão et al. 2018). 
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 A aquicultura pode contribuir com a compensação dos impactos negativos que as 

mudanças climáticas podem ter sobre a pesca. Entretanto, organismos móveis, como peixes, 

podem ser tolerantes a algumas mudanças ambientais ou podem escapar dessas alterações 

movendo-se de um lugar para outro, mas os peixes da aquicultura criados em gaiolas ou viveiros 

não conseguem se deslocar para evitar essas alterações (Methling et al. 2010, Jesus et al. 2017).  

 Essas mudanças no clima podem ser consideradas estressantes e propiciar o surgimento 

de doenças no ambiente de cultivo (Filipe et al. 2020, Scharsack et al. 2020), uma vez que a 

temperatura é um fator ambiental que afeta a produtividade na piscicultura. Esta, por sua vez, 

pode afetar o crescimento, a reprodução e o comportamento dos peixes na natureza e na 

aquicultura, alterando o fitness individual e populacional (Brander et al. 2017). Sabe-se que o 

aumento de doenças infeciosas na aquicultura está associado a grandes perdas econômicas. Essas 

doenças são controladas pelo tratamento dos peixes com produtos químicos e medicamentos, 

como antibióticos. Este estado aparentemente estável, em que a transmissão efetiva de uma 

doença é controlada por drogas, é altamente delicado e pode facilmente perder o equilíbrio se as 

condições ambientais mudam. Um desses parâmetros é a temperatura da água, que promove a 

ocorrência de doenças na natureza e também nas psiculturas, uma vez que estas obtêm água de 

fontes naturais e a temperatura da água nas instalações acompanha a mudança ambiental pela 

qual a bacia hidrográfica está passando (Karvonen et al. 2010, Bruneaux et al. 2017, Borgwardt 

et al. 2020). Vários estudos abordaram a relação entre a modulação da temperatura e a 

suscetibilidade de peixes a patógenos (Sano et al. 2009, Kayansamruaj et al. 2014, Hwang et al. 

2018). Porém, estudos que abordem os efeitos sinérgicos de mudanças climáticas sobre a 

susceptibilidade a doenças, fisiologia e imunidade de peixes cultivados são, de fato, escassos e 



 

10 
 

esta tese apresenta os primeiros estudos tratando dessa temática, utilizando o tambaqui como 

modelo. 

1.4. Espécie modelo: Tambaqui, Colossoma macropomum 

 Colossoma macropomum, mais conhecido como tambaqui, é o segundo maior peixe de 

escamas de água doce da América do Sul, podendo atingir até um metro de comprimento e 30 kg 

de peso (Goulding e Carvalho 1982). Pertencente à ordem Characiformes e família 

Serrasalmidae (Mirande 2010), o tambaqui ocorre naturalmente nas bacias do Amazonas e 

Orinoco, onde se alimenta de frutos, sementes e zooplâncton na fase jovem, tornando-se 

exclusivamente frugívoro quando adulto (Araujo-Lima e Goulding 1998). Uma das espécies de 

peixes mais importantes da região amazônica, que apesar de sua importância ecológica, é 

bastante explorado na pesca extrativa e na aquicultura, servindo assim como recurso econômico 

para diversas comunidades (Oliveira e Val 2016).  

 É uma espécie de grande importância econômica para vários países sul-americanos. No 

Brasil, sua produção atingiu 102.554 t (IBGE 2020). O tambaqui é reconhecido entre as espécies 

de peixes por suas altas taxas de crescimento, ampla aceitação como fonte de alimento e 

desponta como espécie potencial em programas de melhoramento genético voltados à 

aquicultura e como espécie para estudos diversos de fisiologia, bioquímica e toxicologia (Nunes 

et al. 2017, Gonçalves et al. 2019, Ariede et al. 2020, Val e Oliveira 2021). Frequentemente 

acometido por doenças, esse peixe neotropical é um ótimo modelo para entender as interações 

patógeno-ambiente-hospedeiro, em particular, sob um cenário de mudanças climáticas extremas. 

Devido à sua importância ecológica e econômica, estudos sobre como o tambaqui reagirá frente 

a mudanças do clima e seus múltiplos estressores são escassos, e até agora o que sabemos em 

relação a isso é que mudanças climáticas podem causar distúrbios no metabolismo energético 
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(Prado-Lima e Val 2016), afetar a fisiologia, o crescimento (Oliveira e Val 2016) e causar 

anormalidades esqueléticas (Lopes et al. 2018). Nesse sentido, selecionamos esta espécie de 

peixe como modelo para entender como a fisiologia e o sistema imunológico dos peixes vão 

reagir ao efeito sinérgico do parasitismo por monogenea em conjunto com mudanças climáticas 

extremas previstas para o ano 2100. 

 

2. Objetivos 

2.1. Objetivo geral 

 Avaliar experimentalmente o efeito sinérgico do cenário de mudanças climáticas 

extremas previstas pelo IPCC sobre a interação parasito-hospedeiro, fisiologia e imunidade 

tambaqui. 

2.2. Objetivos específicos 

2.2.1. Capítulo I 

 Investigar como genes alvos do sistema imune (proteína de choque térmico 70 (HSP70), 

interleucina 1β (IL-1β) e interleucina 10 (IL-10)) reagem a dois níveis de parasitismo por 

monogenea durante a exposição ao cenário climático extremo previsto pelo IPCC (2014) para o 

ano de 2100. 

2.2.2. Capítulo II 

 Investigar se diferentes períodos de exposição a cenários de mudanças climáticas (7 e 30 

dias) e dois níveis de parasitismo (baixo e alto) por monogeneas afetam a interação ambiente-

parasita-hospedeiro e as respostas antioxidantes e ionorregulatórias do tambaqui. 



 

12 
 

2.2.3. Capítulo III 

 Entender como o sistema imunológico do tambaqui reage a dois períodos de exposição a 

cenários climáticos (7 e 30 dias) e dois níveis de parasitismo (baixo e alto), por meio da 

expressão de nove genes relacionados à imunidade no baço. 
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• Drastic 2100 climate changes associated 

with parasitism affect C. macropomum 

immune system. 

• Parasitism rate was rapidly increased in 

the extreme climate scenario. 

• Leukocytosis was observed in all para- 

sitized animals exposed to extreme sce- 

nario. 

• IL-1β and HSP70 were up-regulated as a 

result of the rapid increase in parasitism 

rate in the extreme scenario. 

• IL-10 was down-regulated in all parasit- 

ized animals in the extreme scenario. 

 
 

 
 

a r t i c l e i n f o   
 

Article history: 

Received 16 January 2020 

Received in revised form 8 April 2020 

Accepted 9 April 2020 

Available online 13 April 2020 

 
Editor: Fernando A.L. Pacheco 

 

Keywords: 

Global warming 

Fish disease 

Monogenea 

Immune response 

Cytokine 

G R  A P H I C A L    A B S T R  A C T 
 
 

 
 
 

 
a b s t r a c t   

 

Global warming caused by greenhouse gases accumulation, in particular carbon dioxide, is the major current en - 

vironmental challenge, as it will affect all life forms over the next decades. Aquaculture, a fast growing food pro- 

duction sector, is already facing the effects of global warming. The fish immune system is expected to be  

especially affected by increased temperature and carbon dioxide, mainly when associated to infectious diseases 

outbreaks. Here, we experimentally investigated the associated effects of an extreme climate scenario and two 

levels of monogenean parasitism on the hematological and immunological response of an important Amazon 

fish for continental aquaculture: Colossoma macropomum. Individuals of C. macropomum with low and high levels 

of parasitism were exposed to current and extreme climate scenarios (4.5 °C and 900 ppm CO2 above current 

levels). We characterized their hematological profile using classical methods, and their immune-related gills 

gene expression (HSP70, IL-1β and IL-10) using quantitative real-time polymerase chain reaction (qPCR). After 

7 days of exposure, we observed that exposure to extreme climate scenario caused rapid increase of parasitism 

intensity and likely acute inflammation, indicated by the higher expression of HSP70 and IL-1β. The IL-10 gene 

was downregulated in both groups exposed to extreme climate scenario, contrasting with animals exposed to 

current scenario. Thus, in the current scenario, the parasitized tambaqui showed a response to the tissue damage, 

which was not observed in the animals exposed to the extreme scenario. 

© 2020 Elsevier B.V. All rights reserved. 
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1. Introduction 

 
Climate change is expected to affect all human activities and ecosys- 

tems, threatening the survival of animals and plants. As the 
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concentration of greenhouse gases (GHG) increases in the atmosphere, 

global warming intensifies (Rockstrom et al., 2014). The fourth Assess- 

ment Report of the Intergovernmental Panel on Climate  Change (IPCC) 

in 2007 directed special attention to this issue (Bresolin de Souza et al., 

2014; Rockstrom et al., 2014). The effects of climate changes and 

connected temperature increases on neotropical fish include in- crease 

of anaerobic metabolism (Gonçalves et al., 2018), lipid peroxida- tion 

increase (Campos et al., 2019), metabolic rate and thermal tolerance 

disturbances (Campos et al., 2018), and changes in fish distri- bution 

(Röpke et al., 2017). The rise of infectious diseases in fishes is also pointed 

as an expected consequence of environmental rise in tempera- ture and 

CO2 (Macnab and Barber, 2012). 
Evidences that climate change has a connection with fish diseases 

are still limited (Lõhmus and Björklund, 2015). However, host– 

parasite relationships are expected to be affected by multiple factors, es- 

pecially by environmental changes. For fish, alterations in the water 

temperature can lead to an increased pathogen intensity and virulence, 

decreased host immunity resistance, and increased frequency of disease 

outbreaks (Bruneaux et al., 2017; Marcogliese, 2016). Therefore, the 

fight against infectious diseases, which is already considered one of the 

main current challenges for fish farming, might become an impor- tant 

issue under the upcoming climate change scenarios (Karvonen et al., 

2010; Macnab and Barber, 2012). 

Small flatworms (Platyhelminthes, Monogenea) cause disease out- 

breaks and economic losses in aquaculture (Costa et al., 2017). They 

have direct life cycles and rapid transmission stages, and their parasit- 

ism causes host tissue damages and is correlated to an increased suscep- 

tibility to secondary infections such as bacterioses (Woo and Gregory, 

2014). Recent studies have shown that parasitism intensity in fish influ- 

ences host thermal preference (Macnab and Barber, 2012) and impairs 

aerobic metabolism due to proliferative kidney disease (Bruneaux et al., 

2017). Even so, there is no report on the impact of climate change on 

monogenean infestation and on the fish immune system. And yet, pro- 

tective measures against this common fish parasite depend on informa- 

tion related to these issues. 

Tambaqui, Colossoma macropomum, is the main native fish cultured 

in South American freshwaters (Valladão et al., 2016). Often stricken by 

diseases, this neotropical fish is a great model to understand 

environment-pathogen-host interactions, in particular, under an ex- 

treme foreseen climate change scenario. We know that climate change 

may disturb metabolic energy production (Prado-Lima and Val, 2016), 

affecting physiology, growth and causing skeletal abnormalities in 

tambaqui (Lopes et al., 2018). In this sense, we selected this fish species 

as a model to understand how the immune system of fish will react to 

the extreme foreseen climate changes for the year 2100. 

Hematogical parameters and expression of key-immune genes, spe- 

cially interleukins (IL) and heat shock protein (HSP), have been used to 

analyse how the immune system of fish reacts to different types of stim- 

uli, such as infections by parasites (Tu et al., 2019) and thermal stress 

(Cereja et al., 2018). In this study, we investigated how the immune sys- 

tem of fish, i.e., expression of HSP70 (heat shock protein 70), IL-1β (in- 

terleukin 1β), and IL-10 (interleukin 10) genes, react to two levels of 

monogenean infection during exposure to the extreme climate scenario 

as predicted by the Intergovernmental Panel on Climate Change (IPCC, 

2014) for the year 2100. We hypothesized that (i) extreme climate 

scenario increases the parasite rate and (ii) expression of proinflamma- 

tory cytokine genes. 

 
1. Material and methods 

 
1.1. Ethics statement 

 
Tambaqui specimens were obtained from a local commercial fish 

farming. This research was approved by the Ethics and Animal Welfare 

Committee (CEUA) of the Brazilian National Institute for Research of the 

Amazon (INPA), Manaus, AM, Brazil, under protocol 053/2017. 

 
1.2. Fish, parasites and environment 

 
A total of 36 juvenile fish (38.14 ± 4.41 g; 13.3 ± 1.2 cm) naturally 

parasitized were hold in a 350 L tank, with continuous aeration and 

water flow, for 30 days. As a preparation for the experiment, the fish 

were treated with 3 g·L−1 of salt for 15 min during three consecutive 

days according to Schelkle et al. (2011). The choice of salt for this treat- 

ment was due to its low fish harmfulness over more traditional antipar- 

asitic treatments such as formalin and malachite green (Schelkle et al., 

2009). Then, fish were divided in two groups in 150 L tanks: (i) one 

group composed with fish that did not receive additional treatment and 

(ii) another group composed with fish reinfected by sharing an 

aquarium with two marked fish severely parasitized by monogenean, 

for two weeks, making a group of 18 fish in each tank based on the se- 

verity of infection. Thus, two groups of fish defined by their parasite 

load (low and high parasitism), were incubated in each environmental 

room. Prior to the experiment, the gills, skin, and fins were carefully 

scraped with a coverslip and observed under an optical microscope 

and underlying subclinical infection or other parasites were assessed. 

The fish were exposed to two controlled environmental rooms sim- 

ulating the current scenario and the extreme scenario foreseen for the 

year 2100. The current scenario had air temperature, CO2 levels and hu- 

midity computer-controlled in real-time according to a nearby instru- 

mented natural forest. The luminosity was set to 12:12. The 

environmental room simulating the extreme scenario had air tempera- 

ture and CO2 levels increased, respectively, by 4.5 °C and 900 ppm over 

the current scenario. These are in accordance to foreseen climate sce- 

nario described in the fifth assessment IPCC report for the year 2100 

(IPCC, 2014). Humidity and luminosity were as in the current scenario. 

Six 30 L aquaria continuously aerated were set in each environmen- 

tal room, totaling 12 aquaria. Three tambaqui juveniles were transferred 

to each aquaria, three replicates per treatment (low and high levels of 

parasitism), per room. Thus, each individual fish represented an exper- 

imental unit (n = 3) in each aquarium, totalizing nine individuals per 

treatment. All experimental animals were fed once a day with commer- 

cial diet with 36% crude protein during the trial. To avoid ammonia ac- 

cumulation, 40% of the water was replaced every day using 

environmentally stabilized water. Water pH, temperature and dissolved 

O2 and CO2, and air temperature and CO2 were measured daily 

(Table 1). The pH was measured with an ultrabasic UB-10 pH meter 

(Denver Instrument, USA), temperature and dissolved oxygen measure- 

ments with a 5512-FT oximeter (YSI, USA), and the water levels of CO2 

were determined by colorimetric assay according to the method 

 
 

Table 1 

Water temperature, O2, CO2, and pH and air temperature and CO2 in experimental climate 

rooms. The two environmental rooms were computer-controlled in real-time to simulate 

current environmental conditions and the extreme climate scenario (RCP8.5, plus 4.5 

°C and 900 ppm CO2) as proposed by IPCC, 2014 for the year 2100. 

Scenario Water     Air   

 Temperature °C O2 (mg·L−1) CO2 (ppm) pH  Temperature °C CO2 (ppm) 

Current 25.7 ± 1.1 6.23 ± 0.9 9.79 ± 0.6 6.2 ± 0.5  27.6 ± 1.8 488 ± 6.1  

Extreme 29.2 ± 0.9⁎ 5.53 ± 1.0⁎ 15.54 ± 0.4⁎ 5.8 ± 0.7  32.3 ± 1.7⁎ 1315 ± 1.6⁎  

* indicates significant difference from current scenario (Student's t-test, p b 0.05).  
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described by Boyd and Tucker (1992). After seven days of exposure 

all fish were collected and subsequently euthanized by rapidly 

severing their spinal cord with a scalpel for tissue sampling. 

 
1.1. Hematological indicators 

 
Total blood was collected without anticoagulant from the caudal 

vein for red blood cells (RBC) counting, hematocrit (Ht), and 

hemoglo- bin determinations. Ten μL of heparin 5000 IU·mL−1 were 

then added to the samples. For RBC (%), 10 μL of blood were diluted 

in 2 mL of for- malin citrate solution for subsequent counting using a 

Neubauer cham- ber according to Brown et al. (1993). To measure 

hemoglobin concentration (g·dL−1), 10 μL of blood were diluted in 2 

mL of Drabkin working solution in a test tube and had the absorbance 

measured at 540 nm using a spectrophotometer (Molecular Devices 

Spectramax, San Jose, CA, USA). Hematocrit (%) was measured by the 

microhematocrit method. Hematimetric indices mean corpuscular 

vol- ume (MCV, in fL), mean corpuscular hemoglobin (MCH, in pg), 

and mean corpuscular hemoglobin concentration (MCHC, %) were 

calcu- lated according to Brown et al. (1993). Blood smears were 

stained with MayGrünwald Giemsa-Wright (MGGW) and used for 

total and dif- ferential leukocyte counts according to Ranzani-Paiva et 

al. (2013). Glu- cose was determined by enzymatic colorimetric 

quantitative method using Glucose Liquicolor kit (InVitro®, São 

Paulo, SP, Brazil, code #04/ 14), according to manufacturer's 

instructions. Total protein and albumin concentrations (g·dL−1) were 

spectrophotometrically determined using 20 μL and 10 μL of serum, 

respectively (InVitro® kits, São Paulo, SP, Brazil, code #02/12 and 

#12/10 respectively). Globulin was calcu- lated by subtracting 

albumin from protein. 

 
1.2. Parasitological analysis 

 
The branchial arches from one side of each fish were harvested, 

sep- arated and placed individually in plastic vials of 60 mL 

containing for- malin (1:4000). The parasites were scrapped from the 

gills and all plastic vial's content have been counted under a 

stereomicroscope in a petri dish. After counting, the parasites were 

stored in microtubes in 70% alcohol for later identification according 

to Rawson and Rogers (1972). The result was doubled to estimate the 

total amount of parasite per fish. The prevalence and mean intensity of 

parasites were calculated according Bush et al. (1997). The branchial 

arches of the other side were collected for the RNA extraction. 

 
1.3. Total RNA extraction and first-strand (cDNA) synthesis 

 
Total RNA was extracted from the gill tissues (50 mg) using 

TRIzol (Life Technologies, CA, USA), following the manufacturer's 

instructions. Non-denaturing agarose gel electrophoresis (2%) and 

NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, 

MA, USA) were used to ensure integrity and concentration of total 

RNA, respectively. The se- lected samples were treated with DNase I 

kit (Invitrogen, CA, USA) to remove possible residues of genomic DNA 

contamination, according to manufacturer's instructions. The 

complementary DNA (cDNA) synthe- sis was performed using High-

Capacity cDNA Reverse Transcription Kit (Thermo Scientific, 

Waltham, MA, USA) according to manufacturer's protocol. The purity 

and concentration of all cDNA samples were deter- mined using 

NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, 

MA, USA). 

 
1.4. Gene expression analysis by real-time PCR 

 
Gene expression profiles for IL-1β, IL-10 and HSP70 were 

evaluated. Each reaction was performed in triplicate using Fast SYBR® 

Green Mas- ter Mix (Applied Biosystems, Foster City, CA, USA) on a 

Viia™ 7 Dx PCR- System (Applied Biosystem, Foster City, CA, USA). The 

primers for each gene are listed in Table 2. The genes β-actin and 

tubulin served as 

Table 2 

Primers DNA sequence used for real-time PCR in this study. 
 

 

Gene (Sequence 5′ - 3′) Eff (%)       Reference/accession n° 
 

 

β-actin 
F: GCTCCCCCTAGCGTAAATACT      

103.22      Prado-Lima and Val, 2016 
R: TTACAGGGAGGCCAAGAT 

β-Tubulin       
F:   GACGTGGTGCCCAAAGATGT       

100.55      Prado-Lima and Val, 2016 
R: TGGATGGTGCGCTTGGT 

HSP70 
F:   GCAAGGAGAACAAGATCACC      

105.32      MF370934 
R: CACTCCGTTGCACTTGTCC 

IL-1β 
F: GCATGAACCTATCGACCTAC 

101.4 MN342243 
R: GAGGTTCCAGACTCCTTTGT 

IL-10 
F: AGCGTCCAACACACTGAC 

99.90      MN342244 
R: TTCTTCCATGGTCCACTG 

 
 

Eff = Primer Efficiency. 

 
 

 
housekeeping genes. Real-time qPCR reactions were performed using 

1 μL of cDNA, 1 μL of each primer (concentration of β-actin:2 pmol; Tu- 

bulin: 2 pmol, HSP70: 2.5 pmol, IL-1β: 2 pmol and IL-10: 1.8 pmol), 2 μL 

of nuclease-free water (Ambion, Life Technologies) and 5 μL of SYBR 

Green PCR Master Mix (Applied Biosystems) in a final volume of 

10 μL. The qPCR conditions were: 2 min at 50 °C and 95 °C for 10 min; 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min (annealing 

temperature of all primers). Amplification efficiency for each primer 

set was calculated from a serial dilution curve obtained from a pool of 

experimental samples (1000 to 1 ng cDNA concentration; n = 5). Due 

to samples degradation in one group, all groups were standardized to 

n = 5. The data for each sample were expressed relative to the expres- 

sion level of β-actin and tubulin by using 2-ΔΔCt method (Livak and 

Schmittgen, 2001). 

 
1.5. Statistical analysis 

 
Data are expressed as mean ± S.E.M. Mean differences were evalu- 

ated by two-way ANOVA with climate scenarios and parasitism as fac- 

tors and were discriminated using the Tukey's test, with the current 

scenario as reference. The data were log-transformed in order to make 

data distributions less skewed and to reduce heterocedasticity. A signif- 

icant difference was assumed when p b 0.05. SigmaStat version 3.5 was 

used for statistical analysis, and graphs were built using SigmaPlot ver- 

sion 11.0. The interaction plot was made with R studio version 2016 (R 

version 3.5.2). In addition, we carried out a Principal Components Anal- 

ysis (PCA) in MetaboAnalyst 4.0 (R package; according to Chong et al., 

2018), using data from the same samples used for analysis of gene ex- 

pression (n = 5). 

 
2. Results 

 
2.1. Hematological indicators 

 
The blood parameters of fish exposed to environmental room condi- 

tions showed significant changes, as shown in Table 3. MCV, MCH were 

significantly higher (p b 0.010; F = 7.594 and p b 0.001; F = 7.994, re- 

spectively) in highly parasitized fish of both environmental scenarios 

and there was an interaction of factors for MCV (p = 0.039; F = 

4.661), while erythrocytes increased only in fish of the current scenario 

with high parasitism load (p = 0.005; F = 5.035). In both groups, total 

leukocyte and thrombocyte counts were  significantly  increased (p 

b 0.001; F = 19.159 and p = 0.002; F = 11.830, respectively) in the 

animals exposed to the extreme scenario. 

Increased number of monocytes in the highly parasitized animals in 

the current scenario and in all groups of the extreme scenario was ob- 

served (p = 0.033; F = 4.962) as well as interactions of factors (p = 

0.044; F = 4.404). However, the number of lymphocytes significantly 

increased only in the extreme scenario in both groups (p b 0.001; F = 

25.712) and there was no interaction of factors (p = 0.429; F = 
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Table 3 

Hematological indices of parasitized (low and high) Colossoma macropomum exposed to current and extreme climate scenario. Different lowercase letters indicate statistical differences 

(p b 0.05) for a given parameter. 

Parameter Current environmental scenario   Extreme environmental scenario   

 Low parasitized High parasitized  Low parasitized High parasitized 

Hematocrit (%) 

Hemoglobin (g dL−1) 

Erythrocytes (×106 μL−1) 

27.77 ± 1.10 

6.89 ± 0.33 

1.41 ± 0.05a 

26.61 ± 2.12 

7.11 ± 0.37 

1.11 ± 0.06b 

 28.55 ± 0.68 

7.07 ± 0.18 

1.36 ± 0.07a 

28.77 ± 1.43 

7.28 ± 0.57 

1.35 ± 0.03a 

 

MCV (fL) 197.45 ± 5.47a 241.37 ± 6.41b  213.04 ± 10.28a 218.37 ± 12.74b  

MCH (pg) 

MCHC (g dL−1) 

Thrombocytes (×103 μL−1) 

Leukocytes (×103 μL−1) 

Monocytes (×103 μL−1) 

Lymphocytes (×103 μL−1) 

Neutrophils (×103 μL−1) 

PAS-GL (×103 μL−1) 

Glucose (mg dL−1) 

Total protein (g dL−1) 

Albumin (g dL−1) 

Globulin (g dL−1) 

48.97 ± 1.82a 

24.85 ± 0.86 

19.79 ± 3.23a 

25.53 ± 2.36a 

3.09 ± 0.09a 

23.53 ± 1.95a 

2.89 ± 0.07a 

0.06 ± 0.04a 

77.45 ± 6.06a 

3.29 ± 0.07a 

2.13 ± 0.03 

1.16 ± 0.07a 

64.65 ± 2.90b 

27.46 ± 1.48 

14.30 ± 2.43a 

25.46 ± 3.41a 

3.39 ± 0.11b 

20.36 ± 2.83a 

3.03 ± 0.19a 

0.13 ± 0.9a 

112.42 ± 5.28b 

3.00 ± 0.12ab 

2.12 ± 0.02 

0.88 ± 0.12ab 

 52.91 ± 3.10a 

24.87 ± 0.81 

34.3 ± 4.24b 

46.65 ± 3.49b 

3.52 ± 0.10c 

38.3 ± 3.99b 

3.59 ± 0.16b 

0.76 ± 0.26b 

126.54 ± 5.81c 

2.85 ± 0.11b 

2.08 ± 0.05 

0.77 ± 0.11b 

58.90 ± 2.18b 

26.07 ± 1.43 

30.88 ± 6.87b 

40.49 ± 6.22b 

3.40 ± 0.08bc 

40.69 ± 4.81b 

2.91 ± 0.07a 

0.27 ± 0.13c 

139.25 ± 11.15c 

3.18 ± 0.08a 

2.08 ± 0.03 

1.10 ± 0.08a 

 

 
0.643), similar to the situation found for periodic acid-Schiff positive 

granulocytes (PAS-GL) (p = 0.012; F = 7.058; no interaction p = 

0.081; F = 3.246). Neutrophils increased only in the lower parasitized 

group in the extreme scenario (p = 0.046; F = 4.438) presenting inter- 

action of factors (p = 0.006; F = 8.915) (Table 3). 

Blood glucose level significantly increased in animals with high par- 

asitism load under the extreme scenario condition (p b 0.001; F = 

20.861). There was no interaction of factors (p = 0.380; F = 0.823). 

The total protein and globulin were reduced (p = 0.201; F = 1.720 

and p b 0.404; F = 0.718, respectively) in the lower parasitized animals 

at the extreme scenario and there was interaction of factors (p = 0.005; 

F = 9.388 and p = 0.006 F = 9.073, respectively) (Table 3). 

 

1.1. Parasitological analysis 

 
After the parasitological analysis, two levels of infestations were 

considered: low, 1–47 monogeneans per fish, and high, above 47 mono- 

geneans per fish. The monogenean species were identified as 

Notozothecium janauachensis (Domingues and Martins, 2004), 

Anacanthorus spathulatus (Kritsky et al., 1979) and Mymarothecium 

boegeri (Cohen and Kohn, 2005). Parasite abundance was significantly 

increased (p b 0.001; F = 48.213) in both groups at extreme scenario 

(Fig. 1A) with interaction of factors (p = 0.047; F = 4.269) suggesting 

that the interaction depends on the scenario (Fig. 1B). However, the 

low parasitized animals at extreme scenario presented a higher increase 

in the mean intensity of parasitism (approximately 200%), and the prev- 

alence was 100% in both groups at this climate scenario. Mean intensity 

of parasitism presented no significant differences between treatments 

within the extreme scenario after seven days. 

1.2. Expression of target genes 

 
Fig. 2 represents the expression of immune-related genes HSP70, 

IL-1β and IL-10 in the gills of tambaqui with low and high levels of 

parasitism exposed to current  and  extreme  scenarios.  An  increase in 

the expression of  HSP70 in the low infested group exposed to the 

extreme scenario (p = 0.003; F = 12.143) suggests that this sce- nario 

acts in conjunction with parasitism increasing this gene's ex- 

pression. There was no interaction of factors (p b 0.127; F  = 2.606). 

Similar patterns were observed for IL-1β (p b 0.008; F = 10.219; no 

interaction of factors: p = 0.163; F = 2.208). In contrast, the 

expression of IL-10 in highly infested animals in the current sce- nario 

was upregulated (p b 0.001; F = 37.774; no interaction of fac- tors: p = 

0.293; F = 1.201) and IL-1β was inhibited, but in the extreme 

scenario the downregulation of IL-10 occurred precisely when IL-1β 

was upregulated. 

The PCA (Fig. 3) showed that hematological and gene expression 

patterns were different between climate scenarios and also between 

different parasitism intensities. The climate scenario was further re- 

lated by PC1 (38.2%) and parasitism by PC2 (34.3%). The variables 

that were related to the distribution of PC1 were the genes IL-1β 

and  IL-10  (r  = −0.34,  r  = −0.38,  respectively)  and  PC2  (r  = 

−0.88, r = −0.07, respectively), while parasitism and PAS-GL were 

correlated to PC1 (r = 0.55, r = 0.55, respectively). IL-10 and para- 

sitism were influenced by the climate scenario. The cumulative ex- 

plained variance of PC1 and PC2 was 72.5%. Clear scenario- dependent 

clustering was observed when the cases were projected on the factor-

plane (Fig. 3).  Therefore,  these  findings  corroborate the results from 

the ANOVA data. Data  of PCA loadings are  available in Supplementary 

material (SM1). 

 

 

 
 

Fig. 1. Intensity of gill parasitism of Colossoma macropomum exposed to the extreme 

climate scenario as foreseen by IPCC (2014), compared to current scenario. Low and 

high indicate parasitism level (A) and an interaction plot (B). Bar with different letters 

are significantly different (p b 0.05).  
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Fig. 2. Expression of immune-related genes HSP70 (A), IL-1β (B) and IL-10 (C) in the 

gills of C. macropomum (n = 5) exposed to the extreme climate scenario as foreseen by 

IPCC (2014), compared to current scenario. Bar with different letters are 

significantly different (p b 0.05); there is no interaction between factors. Low and 

high indicate parasitism level. 

 

 
1. Discussion 

 
Climate-related environmental changes, including increases in 

water temperature and dissolved CO2, have been linked with the in- 

crease of diseases outbreaks which can affect the immune response 

of the host leading to increases in regularity, severity, virulence and 

dis- ease spreading in fish farming (Bruneaux et al., 2017; Karvonen 

et al., 2010). Our findings indicate that climate changes imperil 

tambaqui 

Fig. 3. Principal components analysis (PCA) considering distribution patterns between 

scenario and parasitism rate. Projection of the cases on the factor plane and 95% 

confidence intervals. Each symbol represents one sample. 

 
 
 

farming because of monogenean load and consequently inflammation, 

as shown by hematological indices and significantly increased 

immune-related gene expression (see Fig. 3). 

We observed that fishes of both groups (low and high parasitism 

level) exposed to extreme scenario (high temperature and CO2) had a 

significant increase in intensity of parasitism. It has been observed that 

increased temperature boosts the degree of parasitism (Karvonen et al., 

2010) and disease severity, resulting in decreased host survival 

(Bruneaux et al., 2017). Possibly, this relationship between parasites 

and climate change, as observed in the present study, is related to pos- 

itive effects of climate change on parasite metabolism, which increases 

the number of transmission stages, leading to higher parasite fitness, 

and ultimately causing larger and faster diseases outbreaks (Karvonen 

et al., 2010). For instance, Cereja et al. (2018) showed that parasitized 

fish were found inhabiting warm-waters compare to non-parasitized 

fishes, suggesting that parasitism alters the host thermal preference to 

increase parasite physiological performance. 
The MCV and MCH increased in in accordance to parasitism levels in 

animals of both scenarios as consequence of a decrease in the number of 

circulating erythrocytes. This decrease in circulating erythrocytes can be 

related to gill damage caused by parasites. Indeed, Val et al. (1992) have 

suggested that a reduction of oxygen uptake and transport to metabo- 

lizing tissues may occur as a consequence of decreased circulating 

erythrocytes. 

Leukocytes are the major components of the innate immune system 

that play a critical role in host defense (Vallejos-Vidal et al., 2016). The 

observed increase of total leukocytes, including lymphocytes, mono- 

cytes, neutrophils and PAS-GL, suggests a leukocytosis that occurs as a 

consequence of increased migration of leukocytes to the inflammation 

sites as a protective response during stress, as pointed out by Jerônimo 

et al. (2013) in monogenean parasitized Piaractus mesopotamicus. 

Lymphocytes were the most abundant leukocytes observed in 

tambaqui, as suggested by the study of Soberon et al. (2014). After the 

lymphocytes came other leukocytes: The monocytes, neutrophil and 

PAS-GL. Lymphocytes are involved in immune reactions, such as immu- 

noglobulin production and modulation of immune host defense 
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(Alvarez-Pellitero, 2008). In fish, lymphocytes are associated with in- 

flammatory responses (Sebastião et al., 2011) and has been shown that 

B cells may have phagocytic activities (Øverland et al., 2010). Thus, 

increased number of these cells in tambaqui exposed to extreme 

climate scenario resulted from a migration of lymphocytes stimulated 

by the inflammation caused by high parasitism, as observed by 

Jerônimo et al. (2014) in monogenean parasitized P. mesopotamicus. 

Monocytes are part of the first line of defense from the innate im- 

mune system against infection (Ellis, 1977), as they are recruited to in- 

flammation and infection sites and are precursors of macrophages that 

act on phagocytosis and tissue repair (Turner et al., 2014). They are 

also the main cells to secrete pro-inflammatory cytokines tumor necro- 

sis factor (TNF-α) and IL-1β (Azuma and Ohura, 2002) which suggests 

the involvement of monocytes with the up-regulation of IL-1β in 

tambaqui in this study. 

Neutrophils in both fish and mammals play a role in the organismal 

defense proliferating in circulation in response to infection, inflamma- 

tion and stress (Øverland et al., 2010). They mainly participate in bacte- 

ria phagocytosis and have also been reported responding to parasitosis 

in fish (Alvarez-Pellitero, 2008). So, in the present study, we suggest 

that the increase of neutrophils was caused primarily by parasitism. Al- 

though the neutrophil increase was only observed in the low-parasitism 

group exposed to the extreme scenario, it is important to note that in 

this group there was an abrupt increase in the intensity of parasitism, 

indicating a state of acute inflammation and stress resulting from 

infection. 
The PAS-GL cells have been suggested to be analogous or equivalent 

to mast cell due to their capacity to produce anti-microbial peptides 

(Alvarez-Pellitero, 2008) and are related to parasitized fish and inflam- 

mation [43]. In the present study, PAS-GL cells increased in animals ex- 

posed to extreme climate scenario mainly in animals of the low- 

parasitism group, likely due to the greater degree of inflammation that 

this group presented. 

The increased levels of glucose are clearly related to the effect of par- 

asitism in association with the stress caused by exposure to the extreme 

climate scenario. Total protein (TP) is an indicator, among others, of in- 

nate immunity (Wiegertjes et al., 1996). In the present study, the levels 

of the TP decreased in the low parasitized group under extreme sce- 

nario, but albumin was not altered, indicating an acute inflammation. 

Low concentration of total proteins can be indicative of illness, nutri- 

tional deficit, and infectious diseases (Wedemeyer and McLeay, 1981) 

and also can be associated to the presence of monogeneans (Del Rio- 

Zaragoza et al., 2011). The alteration observed here was related to de- 

creased globulin, suggesting immunosuppression as a result of an in- 

flammatory process. This reduction facilitates infectious diseases 

caused by opportunistic pathogens (Sahoo and Mukherjee, 2001). Our 

results are in accordance to other studies describing alterations on TP 

and globulin caused by fish parasites (Del Rio-Zaragoza et al., 2011; 

Hirazawa et al., 2016). 
To understand the molecular mechanisms that tambaqui uses to 

deal with infection by monogeneans and future climate scenario, gill ex- 

pression of HSP70, IL-1β and IL-10 genes were investigated. The gills are 

directly exposed to external environment besides being the infection 

site for monogeneans (Zhou et al., 2018). The HSP70 is a molecule with 

a broad spectrum of cellular functions ranging from molecular 

chaperone (Mayer and Bukau, 2005) to immune response (Asea et al., 

2000). The expression of this gene in fish has already been documented, 

notably in tambaqui (Prado-Lima and Val, 2016). In the present study, 

HSP70 in the gills was up-regulated in the low parasitized group from 

the extreme scenario, but no significant changes in the expression were 

detected in the high parasitized group from both scenarios. It has been 

suggested that HSP70 protein could recruit and activate the expression 

of pro-inflammatory cytokines such as IL-1β, thus suggest- ing an 

immunoregulatory role of HSP70 in teleosts (Zhang et  al., 2015) 

similar to what was observed for tambaqui in the present study. Zhang 

et al. (Zhang et al., 2015) examining the effects of recombinant 

grass carp HSP70, described the ability of this species to regulate pro- 

inflammatory cytokine production by inducing the IL-1β mRNA expres- 

sion. Our findings suggest a similar effect. In mammalian cells, HSP70 

acts like a “chaperokine” and has the capacity to stimulate the secretion 

of pro-inflammatory cytokines including IL-1β in human monocytes 

(Asea et al., 2000). 

Furthermore, IL-1β is a pro-inflammatory cytokine involved in early 

immune response in host defense (Netea et al., 2010), participating in 

fish response against monogenean (Zhou et al., 2018). We  observed an 

up-regulation in IL-1β gene expression in the low parasitized group 

from the extreme scenario, causing a local inflammatory response. This 

suggests that an acute inflammation likely occurred in this group, since 

the parasitic load was increased considerably in these animals under 

the extreme scenario, unlike the initially highly parasitized group - 

which is in accordance with the role of IL-1β at the beginning of the 

inflammation process. These results are in agreement with 

Kayansamruaj et al. (2014) that observed an up-regulation of the IL-1 

and an increased virulence and bacterial load of Streptococcus agalactiae 

in Nile tilapia exposed to increased temperature. The IL-1β was also up- 

regulated in gills of Oncorhynchus tshawytscha exposed to 25 °C indicat- 

ing that thermal stress itself activates an inflammatory response 

(Tomalty et al., 2015). Therefore, we suggest that the molecular mecha- 

nism involved with parasitism is dependent on parasitism rate and cli- 

mate scenario in tambaqui. 
We also  analyzed  the  expression  of  IL-10  which  is  an  anti- 

inflammatory/immunosuppressive cytokine with an important role in 

infection by limiting the immune response to pathogens and thereby 

preventing damage to the host (Saraiva and O'Garra, 2010). This condi- 

tion has also been reported in monogenean parasitized fish (Tu et al., 

2019). The role and function of IL-10 cytokines in tambaqui are not 

well established. Transcripts of this gene were up-regulated in animals 

of both groups exposed to the current scenario, which implies that even 

parasitized, the tambaqui can reduce the damage caused by para- 

sitism. However, this did not occur in the extreme scenario, which 

caused a down-regulation of IL-10 gene in both groups. The production 

of cytokines such as IL-10 that prevents inflammatory reactions is very 

important to control tissue damage and to improve disease tolerance 

because it is associated with clearance of damaged and dying cells - 

thus, low production of this cytokine is harmful to the host (Larsen 

et al., 2018; Soares et al., 2017). An opposite situation has been de- 

scribed in rats exposed to elevated CO2, i.e., increased Pseudomonas 

aeruginosa load causes no change of expression of IL-10 (Gates et al., 

2013). In additon, Atlantic cod infected with Brucella pinnipedialis and 

exposed to 15 °C had the expression of IL-10 up-regulated, indicating 

activation of anti-inflammatory mechanisms to minimize potential tis- 

sue damage (Larsen et al., 2018). Goldfish exposed to Gyrodactylus 

kobayashii showed an increase in mRNA IL-10 at late stage of infection 

suggesting an inhibition of pro-inflammatory cytokine IL-1β (Tu et al., 

2019). Our results corroborate the described role of IL-10. This is the 

first study, as far as we know, showing regulation of IL-10 in fish chal- 

lenged simultaneously by climate change (increased temperature and 

CO2) and parasitism. 

In summary, this study reports the effects of the foreseen 2100 

climate scenario (increased temperature and CO2) associated  with two 

levels of  gill  parasitism  by  monogenean  on  the  hematology and 

expression of immune-related genes in tambaqui. The results suggest 

that extreme climate changes cause a rapid increase of para- sitism 

which leads to severe stages of  inflammation,  as  observed both on the 

hematology (i.e. the increase of leukocytes number, glu- cose, total 

protein, albumin, and hematimetric  parameters)  and  in the expression 

of analyzed pro-inflammatory genes decreasing the host immunity, 

which can cause production losses. Further studies are required to 

elucidate the full cascade of immune responses in tambaqui. However, 

the primary responses reported here clearly show that extreme 

climate changes  scenario  could  be  a  challenge for parasitized fish. 
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Global climate change represents a critical threat to the environment since it influences organismic 
interactions, such as the host-parasite systems, mainly in ectotherms including fishes. Rising 
temperature and CO2 are predicted to affect this interaction other and critical physiological processes 
in fish. Herein, we investigated the effects of different periods of exposure to climate change scenarios 
and to two degrees of parasitism by monogeneans in the host-parasite interaction, as well as the 
antioxidant and ionoregulatory responses of tambaqui (Colossoma macropomum), an important 
species in South American fishing and aquaculture. We hypothesized that temperature and CO2 
changes in combination with parasite infection would interfere with the host’s physiological processes 
that are related to oxidative stress and ionoregulation. We experimentally exposed C. macropomum to 
low and high levels of parasitism in the current and extreme climate scenarios (4.5 °C and 900 ppm CO2 
above current levels) for periods of seven and thirty days and we use as analyzed factors; the exposure 
time, the climate scenario and parasitism level in a 2 × 2 × 2 factorial through a three-way ANOVA 
as being fish the experimental unit (n = 8). An analysis of gill enzymatic and gene expression profile 
was performed to assess physiological (SOD, GPx and Na+/K+-ATPase enzymes) and molecular (Nrf2, 
SOD1, HIF-1α and NKA α1a genes) responses. A clear difference in the parasitism levels of individuals 
exposed to the extreme climate scenario was observed with a rapid and aggressive increase that was 
higher after 7 days of exposure though showed a decrease after 30 days. The combination of exposure 
to the extreme climate change scenario and parasitism caused oxidative stress and osmoregulatory 
disturbance, which was observed through the analysis of gene expression (Nrf2, SOD1, HIF-1α and 
NKA α1a) and antioxidant and ionoregulatory enzymes (SOD, GPx and Na+/K+-ATPase) on the host, 
possibly linked to inflammatory processes caused by the high degree of parasitism. In the coming 
years, these conditions may result in losses of performance for this species, and as such will represent 
ecological damage and economical losses, and result in a possible vulnerability in relation to food 
security. 

 
 

Global warming represents one of the greatest threats to ecosystems since it affects biodiversity at all levels1. 
Climate projections forecast an increase in global mean temperatures of around 6 °C by the end of this century. 
This situation will clearly affect the freshwater environment2, particularly the fish due to the negative effects on 
physiology, survival, immunity and greater disease susceptibility3,4. 

Infectious diseases cause significant population declines in wild and captive animals5. Small flatworms, such 
as the Monogenea, are one of the main causes of disease outbreaks and economic losses6. These parasites have 
a direct, single-host life cycle, and are thus able to multiply rapidly in aquaculture environments7. Most 

 
Laboratory of Ecophysiology and Molecular Evolution (LEEM), National Institute for Research of the Amazon (INPA), 
Manaus, Amazonas 69067-375, Brazil. email: jaque.custodio@gmail.com 



 

39 
 

 

www.nature.com/scientificreports/ 

Scientific Reports | (2021) 11:22350 | https://doi.org/10.1038/s41598-021-01830-1 1 

 

 

 

monogeneans live freely on the fish’s skin and feed on mucus, epithelial cells, and gills resulting in damage to the 
host tissue such as deep wounds in the epidermis, basement membrane and into the dermis7,8. 

Diseases in highly commercialized species cause significant economic losses every year, especially in the fish 
farming sector where high densities of stressed animals and poor water quality provides ideal conditions for 
outbreaks of disease, including those caused by monogeneans5,9. For this reason, in recent years, the topics of 
climate change and infectious diseases in aquatic animals have gained special attention, but the evidence regard- 
ing the connection is still scarce10–12. Some studies have shown that in fish climate change aggravates infectious 
diseases caused by bacteria13,14 and parasites15–17. However, information is lacking when it comes to Neotropical 
fish, especially those from the Amazon. 

The oxidative stress appears to play a major role in the pathogenesis and progression of many infectious 
diseases18. In our preliminary study16, we observed that the degree of parasitism by Monogenea in tambaqui 
(Colossoma macropomum), a highly commercialized species in the Amazon region, is differentially affected by 
the climate change scenario; fish kept in the extreme climate scenario show a significant increase in the level of 
parasitism, which is accompanied by an inflammatory response, as well as by overexpression of pro-inflammatory 
cytokines such as IL-1β and negative regulation of anti-inflammatory cytokine such as IL-10. Taken together, the 
data suggest that the activation of inflammatory mechanisms seems to be an adaptive response of the species to 
try to deal with the increase in parasitism imposed by climate change, which evidences a key role of the genes 
that regulate inflammation. 

Inflammation and oxidative stress are inextricably linked. Oxidative stress plays a key role during inflam- 
matory reactions and is considered an important pathophysiological process promoted by reactive oxygen spe- 
cies (ROS) production19,20. Enzymes and genes related to the antioxidant system play a fundamental role as 
the main defensive line in the response to oxidative stress by eliminating the ROS and in the maintenance of 
homeostasis21,22. The antioxidant capacity is partly regulated by a wide variety of transcription factors, including 
NF-E2-related factor 2 (Nrf2), which modulates the transcription of type II detoxifying enzyme genes, such as 
SOD1, which encodes Cu/Zn superoxide dismutase, and is a crucial combatant to augmented oxidative stress 
and prevents the free radical exchange reaction of relatively toxic superoxide by accelerating its oxidation to 
non-toxic hydrogen peroxide23,24. 

ROS and antioxidant mechanisms also play an important role in regulating HIF-1α (hypoxia inducible fac- 
tor)20. HIF is a key regulator that plays a central role in O2 homeostasis, and is able to transcriptionally control 
the expression of more than 1000 genes that are involved by binding to DNA sequences that contain hypoxic 
response elements (HRES)25. HIF-1α can be activated/stabilized in response to increased ROS levels and is also 
induced by the parasite damage to the gills26. It is particularly important when looking at the relationship 
between HIF-1α and genes related to inflammatory mechanisms. Cytokines can activate HIF-1α expression in 
a ROS-dependent manner27. For fish, the role of HIF-1α on inflammation is still unclear and may vary between 
different species, both promoting and inhibiting inflammation28,29. 

Recent studies have reported not only the negative effects of parasitism on the antioxidant system, but also 
its negative effects on fish ionoregulation30–32. These results deserve to be highlighted, mainly when it comes to 
infection by monogeneans, since they promote severe damage to the gills of the hosts, which is the main organ 
related to ionoregulatory processes in fish7,8. Gills are a physical barrier that largely depend on the structural 
integrity of epithelial cells and intercellular tight junctions. The structural integrity of epithelial cells is related to 
antioxidant ability, gas exchange, ion regulation, and acid–base balance, and the damage caused by the parasite 
can compromise all of these functions33,34. 

Na+/K+-ATPase (NKA) is essential to ensure efficient ion transport in osmoregulatory epithelia in order to 
maintain ionic homeostasis. In the osmoregulatory tissues of aquatic organisms, the electrochemical gradient 
generated by the NKA provides a driving energy for many transport systems via channels and transporters 
that are localized in the apical and basolateral membranes33,35. The NKA α-1a subunit is expressed in lamellar 
mitochondrion-rich cells in the gills and has been reported as the gill-specific gene involved in ion absorption 
in freshwater fish36. Some mammalian studies report that inhibition of NKA α-1a production increases oxida- 
tive stress and intracellular ROS formation37. However, there is no data regarding the role of NKA in the face of 
exposure to climate change scenarios and parasites that cause severe branchial tissue damage, one of the most 
responsive organs to ionoregulation. Monogenea may interfere with all of these crucial molecular/physiological 
functions in the host, as mentioned above. 

Tambaqui (Colossoma macropomum) is the main native species farmed in South American continental 
waters38. Similar to several fish species cultivated worldwide, tambaqui are highly affected by monogenean 
infections and thus constitutes a good biological model for evaluating environment-parasite-host interaction. 
We previously demonstrated that climate change will favor the proliferation of monogeneans, especially in less- 
parasitized tambaqui, and promotes the activation of inflammatory mechanisms16. These results motivated us to 
perform this second study. 

Thus, herein, we investigated whether different periods of exposure to climate change scenarios (7 and 
30 days) and two degrees of parasitism (low and high) would affect the environment-parasite-host interac- 
tion and the tambaqui antioxidant and ionoregulatory responses. We hypothesized that (i) an increased rate of 
parasitism caused by the extreme climate scenario would be maintained during the 30 days of exposure and (ii) 
the inflammation caused by the high parasitism would affect the expression of genes and enzymes related to 
antioxidant and ionoregulatory responses. 
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Figure 1. Mean intensity of parasitism in fish exposed to 7 and 30 days of extreme climate scenario (a) and a 
plot indicating the interaction between the parasitism levels and the period of exposure (b). Low (LG) and High 
(HG) indicate parasitism level. Boxes with different letters indicate differences between scenarios and asterisks 
indicate differences between exposure periods (p < 0.05). A black dot in the box indicates the average of each 
group. 

 

Results 
Parasitological analysis. Two degrees of parasitism were considered after the parasitological analysis: low, 1–

32 monogeneans per fish, and high, over 32 monogeneans per fish. The species identified in this study were 
Mymarothecium boegeri39 and Notozothecium janauachensis40. 

The parasitological analysis revealed that the mean intensity of parasitism was significantly increased in both 
groups exposed to the extreme scenario in 7 and 30 days (p < 0.001; F = 175.804) with interaction between the 
scenarios and parasitism (p < 0.001; F = 28.993). However, after 30 days there was a decrease, which can be seen 
in Fig. 1. The low-parasitized animals subjected to the extreme scenario presented a greater increase in the mean 
intensity of parasitism as was observed in our previous study16 and this difference was maintained in 30 days. 

Antioxidant enzymes. An increase of SOD enzyme in activity was observed only in fish in the high para- 

sitism group (HG) in the current scenario when compared with the low parasitism group (LG) after 7 days 
(p = 0.020; F = 5.863). After 30 days, the activity remained constant and showed an increase in the LG (p = 0.006; 
F = 8.536) (Fig. 2a). There was no interaction of factors (p = 0.719; F = 0.131). For GPx (Fig. 2b), after 7 days, there 
was a decrease in activity in the HG in the extreme scenario compared to the current scenario (p = 0.030; F = 
5.065) and the LG in the extreme scenario (p = 0.048; F = 3.258). The same was observed for the HG after 30 
days in the extreme scenario when compared with the LG (p = 0.028, F = 5.849). There was no interaction of 
factors (p = 0.577; F = 0.316). The NKA activity was lower in the LG after 7 days (p = 0.034; F = 3.095), however 
it showed an increase in the group after 30 days (p = 0.005; F = 4.159) and interaction was observed between 
climate scenarios and parasitism (p = 0.014; F = 6.536) (Fig. 2c). 

 

Gene expression analysis. There was no difference in expression in any of the conditions tested for Nrf2 

gene (Fig. 3a). For SOD1 after 7 days, the expression increased in fish from the LG maintained in the extreme 
scenario (p = 0.014; F = 6.590) when compared with the same group maintained in the current one (Fig. 3b). After 
30 days, the increase in the LG remained constant in fish subjected to the extreme scenario (p = 0.053; F = 3.984). 
The greatest influence was caused by the degree of parasitism, followed by the scenario. There was no interaction 
of factors (p = 0.147; F = 2.186). HIF-1α showed an increase in expression also in the LG of the extreme scenario 
after 7 days (p = 0.034; F = 4.934), and a downregulation in the same group after 30 days (p = 0.054; F = 4.023; no 
interaction of factors: p = 0.193; F = 1.772), but the difference was maintained between treatments, displaying 
the same expression pattern as SOD1 (Fig. 3c). A decrease in the expression of NKA α1a in the LG after 7 days 
of exposure to the extreme scenario (Fig. 3d) was observed (p < 0.001; F = 19.057) but, in contrast, in the same 
group, after 30 days, there was an upregulation (p < 0.001; F = 21.036). There was also downregulation of the HG 
group after 30 days of exposure to the extreme scenario concerning the same group in the current scenario and 
interaction was observed among exposure period and scenario (p = 0.029; F = 5.253) and between the scenario 
and parasitism (p = 0.018; F = 6.237). 

The principal components analysis (Fig. 4) demonstrated that gene expression patterns are different between 
climate scenarios and also between different parasitism intensities after 7 days. The extreme climate scenario, 
parasitism, and gene expression (SOD1 and HIF-1α) are further related by PC1 (40.4%) after 7 days. After 30 days, 
we observed that there is a change in the observed patterns. While climate scenario did not show much differ- 
ence, it is still possible to observe that parasitism and SOD correspond to the extreme scenario and are related by 
PC1 (24.7%) and NKA activity to PC2 (18.2%). The cumulative explained variance of PC1 and PC2 was 57.1% 
after 7 days and 42.9% after 30 days. Therefore, these findings corroborate the results from the ANOVA data.  
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Figure 2. Enzymatic activity of SOD (a), GPx (b) and NKA (c). Low (LG) and High (HG) indicate parasitism 
level. Boxes with different letters indicate differences between scenarios and asterisks indicate differences 
between exposure periods (p < 0.05). A black dot in the box indicates the average of each group. 

 

 

 
 

Discussion 
Several environmental stressors, mainly those caused by climatic factors, such as temperature and CO2, affect 
various molecular and physiological processes in fish41–43. Our findings are in agreement with our preliminary 
results16, which indicate that the exposure of tambaqui to the extreme climate scenario for 7 days induced a  
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Figure 3. Gene expression of NRF2 (a), SOD1 (b), HIF-1α (c) and NKA α1a (d) in the gills of Colossoma 
macropomum exposed to the extreme climate scenario as foreseen by IPCC (2014), compared to current 
scenario. Boxes with different letters indicate differences between scenarios and asterisks indicate differences 
between exposure periods (p < 0.05). Low (LG) and High (HG) indicate the degree of parasitism after seven 
and thirty days of exposure to the experimental conditions. A black dot in the box indicates the average of each 
group. 

 

significant increase in the parasitic load of both groups (high and low parasitism level) with emphasis on the 
low group, and the same was observed in the present study. However, after 30 days, we observed a decrease in 
the parasitic load in both groups, but this was even greater when compared to the current scenario (see Fig. 5). 
This can potentially be explained by chronic thermal stress on the parasite, which can be a predominant factor 
that harms its survival by causing damage to its physiological functions, as observed in Poecilia reticulata44, 
when infected by the monogenean Gyrodactylus turnbulli, there was a decrease in parasitic load when exposed 
to a temperature of 32 ºC, which for this fish is considered extreme. Brazenor and Hutson45 also observed that 
in warmer waters (31 ºC) Neobenedenia girellae parasitizing Lates calcarifer had its life cycle reduced and thus, 
led to fewer stages of transmission. Thus, after 30 days of exposure to the extreme climatic scenario, the decrease 
in the parasitic load observed here may be the result of direct effects of climatic factors on the parasite and not 
an adaptive response of the fish. 

We also observed that the tambaqui were susceptible to oxidative damage when exposed to the extreme 
climate scenario plus parasitism. Fish from the LG exhibit a marked increase in SOD1 mRNA levels, especially 
when submitted to the extreme scenario for 7 days, though no effect was observed on Nrf2 expression (Fig. 3a, 
b). Our findings suggest that parasitism and the climate change scenario induce oxidative damage that influences 
the increase in SOD1 mRNA levels. Sun et al.21 demonstrated that thermal stress induced both oxidative damage 
and positive regulation of antioxidant genes in Micropterus salmoides, including SOD1. Oxidative stress resulting 
from exposure of fish to parasites has also been reported30,46,47, but the effects of parasitism on the expression of 
genes related to antioxidant processes are not clear. 

The literature reports increased expression of antioxidant genes through the Nrf2-ARE pathway48; however,  
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in our study SOD1 expression increases, but it is not accompanied by differential transcriptional activation 
of  
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Figure 4. Principal components analysis (PCA) for juvenile tambaqui Colossoma macropomum considering 
distribution patterns between scenario and parasitism rate (Low (LG) and High (HG)) after seven (a) and thirty 
days (b) of exposure. 

 

 

Figure 5. Variations in air temperature (a) and CO2 concentration (b) in the two environmental rooms, as 
proposed by IPCC (2014) for the year 2100 over the 30-day experimental period. 
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Nrf2. Other studies have also failed to observe a clear relationship between the levels of Nrf2 and SOD1 mRNA 
in fish18,49. Mukaigasa et al.49 suggest that SOD may not be a direct target for Nrf2 since, when evaluating the 
expression of the gene in zebrafish with a mutation in Nrf2, they observed an expression similar to that described 
in wild fish. 

Another possible explanation for the maintenance of transcriptional levels of Nrf2, similar to that which 
occurs in non-stressed groups, is the fact that this gene not only executes via oxidative stress prevention, but also 
has an anti-inflammatory function (reviwed by Ma50). In mammals, Nrf2 has been shown to inhibit inflamma- 
tion by blocking NF-κB and consequent inhibition of pro-inflammatory cytokines (reviewed by Hennig et al.51; 
Ma50). In our previous study, we observed that the exposure of parasitized tambaqui to climate change scenarios 
for 7 days resulted in increased expression of IL-1β and HSP70, pro-inflammatory genes, as well as decreased 
expression of IL-10, anti-inflammatory cytokine, suggesting the activation of inflammation16. As inflammatory 
processes are associated with the production of reactive oxygen species (ROS)51, it is expected that positive dif- 
ferential activation of Nrf2 triggers an antioxidant response, and limits the negative effects of ROS, which would 
also limit the formation of the inflammasome by blocking the expression of pro-inflammatory genes. We propose 
that the maintenance of similar transcriptional levels of Nrf2 between the groups is an attempt to favor activation 
of the inflammatory process in detriment of the antioxidant response. 

This suggestion is supported when we evaluate the activity of antioxidant enzymes. The SOD activity increases 
after 7 days in the HG in both scenarios, the same being observed for 30 days. However, there was an increase 
in the LG after 30 days (Fig. 2a) in the extreme scenario, while the GPx activity shows a decrease in highly para- 
sitized fish after 7 and 30 days under the extreme scenario, and remains similar in the other groups (Fig. 2b). The 
influence of temperature and parasitism on antioxidant responses and oxidative status can vary depending on 
the tissue, period of exposure, level of parasitism and temperature increase30,52,53. In the species Seriola lalandi, 
infection by Neobenedenia melleni did not promote an increase in SOD activity53. Similar results were observed 
in the gills of Siganus oramin parasitized by Cryptocaryon irritans54. However, in the species Pangasianodon 
hypophthalamus, when parasitized by Thaparocleidus sp., there was an induction of oxidative stress biomarkers, 
including SOD activity30, which is similar to that observed in our study. Klein et al.52 reported the absence of 
changes in SOD activity and a reduction in branchial GPx activity in Notothenia coriiceps that were exposed to 
temperature increases, and the authors also suggest that fish are unable to positively regulate the activity of 
antioxidant enzymes in gills under thermal stress conditions. 

In the species Pomatoschistus micros, the combination of parasitism and an increase in temperature also did 
not affect SOD activity46. Knowing that both parasitism and increased temperature result in oxidative stress21,46,47, 
the results observed in our study indicate an attempt by the fish to eliminate ROS, which is evidenced by the 
increase in the SOD activity since it is the first line of enzymatic defense against oxidative stress, and whose 
activity results in the dismutation of the superoxide anion in H2O2 and H2O. This was not observed for GPx, 
which is the peroxidase involved in the degradation of H2O2 and other peroxides55. The changes observed in the 
activities of antioxidant enzymes are an indication that parasitism and climate change promoted an increase in 
the production of ROS and oxidative stress in tambaqui, which, in turn, can guarantee greater efficiency in the 
inflammatory process triggered by the combination of parasitism and climate change, as evidenced by Costa 
and Val16. 

In addition, the data also shows a clear lack of integration between levels of transcripts and enzymatic cata- 
lytic activity, mainly after 30 days of exposure. This inverse pattern between mRNA levels and enzyme activity 
for SOD was observed in fish exposed to different environmental stressors56–58. Liu et al.56 demonstrated that for 
zebrafish, the increase in transcripts of antioxidant genes was accompanied by inhibition in the activity of 
the respective enzyme antioxidants. Similar results have been reported for the species Ctenopharyngodon 
idella58. Regoli et al.57 suggested that the mRNA levels of antioxidant enzymes may represent a specific cellular 
response at a given time, but not the outcome of the response to a stressful condition. Contradicting responses 
in mRNA levels and antioxidant enzyme activity may be related to the transcription’s vulnerability to variation 
in cellular conditions imposed by metabolite status, exposure period, type of stress and even variations inherent 
to the species, especially because the transcription is transitory, while enzymatic catalysis is more durable and 
subject to additional regulatory processes56. Therefore, the inconsistency between enzyme activity and levels of 
transcripts shows the complexity of responses to oxidative stress, and these responses may not be associated with 
transcriptional variations, but with post-translational changes57. 

The upregulation of HIF-1α mRNA in the LG of the extreme scenario after 7 and 30 days was possibly due 
to the presence of factors such as ROS and inflammatory cytokines, and this can be supported by the result we 
obtained with the overexpression of SOD1 in the same groups (Figs. 3b, c, 4a). Increases in HIF-1α transcripts 
occurred only in the LG whose level of parasitism increased in the extreme scenario, which is greater than that 
observed in the HG in the same scenario (Fig. 1a), for which the levels of HIF-1α mRNA are also lower (Fig. 3c). 
The transcriptional behavior of HIF-1α observed here is the same as that observed for the pro-inflammatory 
genes (HSP70 and IL-1β), and contrasts with the expression of anti-inflammatory genes (il-10) observed in our 
previous study after 7 days16. This suggests that the positive regulation of HIF-1α in the LG exposed to extreme 
scenario may be the result of the release of pro-inflammatory cytokines due to the parasitic load that increased 
considerably in these fish, contrary to what was initially observed in the HG. According to Zepeda et al.27, even 
if there is no hypoxia, HIF-1α activation can occur through cytokines in ROS-dependent mechanisms. A pattern 
similar to that observed after 7 days occurred after 30 days also in the extreme scenario with the expression of 
HIF-1α, suggesting that the inflammatory response can continue to be active in chronic conditions. In zebrafish, 
Ogryzko et al.29 suggest that the stabilization of HIF-1α promotes an increase in IL-1β transcription and contrib- 
utes to host protection, since it is part of an immediate pro-inflammatory response. However, as described by 
Guan et al.28 for Boleophthalmus pectinirostris, activation of HIF-1α and pro and anti-inflammatory cytokines may 
vary between different species and, in this species, increased HIF-1α expression suppressed IL-1β expression and  
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upregulated IL-10. We propose that the increased degree of parasitism caused by exposure to the extreme climate 
scenario led to oxidative stress as well as increased inflammatory cytokine levels, thus, increasing the expression 
of HIF-1α. For fish, few studies show a clear relationship among HIF-1α, oxidative stress, and infectious diseases. 
Piazzon et al.59 showed that Sparicotyle chrysophrii (Monogenea) parasitizing Sparus aurata induced hypoxia in 
the host, which caused the expression of oxidative stress genes, and is associated with upregulation of HIF-1α. 
Haliotis fulgens, on the other hand, exposed to hypercapnia, hypoxia and a temperature of 32 °C displayed an 
upregulation of HIF-1α as well as antioxidant genes such as SOD60. Our results are in agreement with Wang et al.61 

who observed a relationship between the regulation of HIF-1α and defense against infection by the bacterial 
pathogen Streptococcus agalactiae in tilapia in the perspective of global warming. 

Unlike HIF-1α and SOD1, NKA α1a showed downregulation in the LG when exposed to the extreme scenario 
for 7 days; however, after 30 days, the expression returns to normal levels when compared to the current scenario, 
with the exception of the HG group that remained downregulated (Fig. 3d). As an ion transport pump, NKA is 
not only crucial for maintenance of the ionic homeostasis, but also plays a critical role in cellular function and 
signaling62. Thus, the downregulation observed here could be a consequence of the damage that the parasite 
causes to the branchial tissue and this may have affected the normal functioning of mitochondrion-rich cells that 
then lost their ability to induce NKA α1a expression as a result of disruption and failure in molecular machinery. 
We also speculate that all this downregulation could also be interpreted as a shutdown of the metabolism, as part 
of a hypometabolic response to concentrate the energy on the immune response. For human cells, the downregu- 
lation of NKA α1a is associated with increased oxidative stress37. Consequently, as already mentioned above, we 
observed an increase in SOD1 in the extreme scenario, which is indicative of oxidative stress. Few studies have 
analyzed the expression of the NKA α1a gene in fish and the majority have studied it only in relation to the effect 
of exposure to salinity. However, the results of Tomalty et al.64 differ from our results, since they observed that 
this gene was upregulated in Oncorhynchus tshawytscha under heat stress of 25 °C. NKA α1a mRNA was also 
differentially expressed in blue rockfish (Sebastes mystinus) exposed to high pCO2 and hypoxia, which suggests 
that the fish effectively use compensatory mechanisms to contend with climate change stressors65. This is the 
first study to analyze the expression of the NKA α1a gene in parasitized fish and exposed to synergistic effect of 
the forecasted 2100 climate scenario (increased temperature and CO2) and parasitism. 

As well as the results of gene expression, we found a decreased activity of Na+/K+-ATPase in the branchial 
tissue in the LG after 7 days also in the extreme scenario, but in the same group after 30 days this had increased. 
This reduction in activity of Na+/K+-ATPase after 7 days can be explained in the same way as for gene expression. 
Severe tissue damage caused by the high parasitism rate driven by the climate change scenario led to an inflamma- 
tory stage that impaired the functioning of mitochondrion-rich cells. Kumar et al.66 reported that the Pangasius 
catfish infected by Monogenea reduced NKA activity and they associated this reduction with cellular stress and 
degradation by toxins released by the parasite itself, which impairs the synthesis. Sparus aurata exposed to an 
outbreak of Amyloodiniosis also showed reduced NKA activity, due to anoxia induced by parasitism that led to 
ionoregulatory failure67. The increase that we observed after 30 days in the LG in the extreme scenario may be a 
response to the reduced parasitism rate, which lead to a return to normal activity levels. 

Evidently, acclimation of the fish to a scenario of progressive changes in temperature and CO2 concentrations 
that simulates a real-life scenario may result in adjustments of responses, providing effective acclimatization to 
the transitioning environment, and if these predictions are confirmed, our results support the occurrence of the 
effects observed in animals. 

In summary, this study reports the effects caused by the forecasted 2100 climate scenario (increased tempera- 
ture and CO2) after seven and thirty days of exposure associated with two levels of gill parasitism by monoge- 
neans in tambaqui. The present study suggests that climate changes cause a rapid increase in parasitism during 
seven days, which decreases after thirty days, but remains higher than that of the control group. We also show 
clear evidence of regulation of genes associated with oxidative stress and inflammation, physiological stress, 
and ionoregulatory problems associated with a rapid and aggressive increase in parasitic infection caused by the 
climate change scenario. However, gene expression should not be confused with the proteins that execute the 
processes. 

Material and methods 
Ethics statement. The experimental procedures were approved by the Ethics and Animal Welfare Com- 
mittee (CEUA) of the Brazilian National Institute for Research of the Amazon (INPA), Manaus, AM, Brazil, 
under protocol number 053/2017 and were conducted in accordance with all relevant guidelines and regulations 
applicable. The study also followed the recommendations in the ARRIVE guidelines68. 

Fish acquisition and acclimation.  A total of 64 juvenile tambaqui (weight: 45.25 ± 3.43 g and length: 

14.19 ± 1.15 cm) were obtained from a local fish farm (Fazenda Santo Antônio: 02° 44′ 802″ S; 059° 28′ 836″ 
W, Amazonas, Brazil) and transferred to the Laboratory of Ecophysiology and Molecular Evolution (LEEM) at 
INPA. Fish were acclimated for at least 3 weeks before the experiment in 310 L tanks with continuous aera- tion 
and water flow, the temperature of 26.2 ± 0.8, dissolved oxygen 6.5 ± 0.5 pH 6 ± 0.5 in order to recover from 
transport stress. Fish were fed once a day with a commercial diet (2-4 mm pellets, 36% of crude protein) during 
this period. 

Experimental design. These fish were naturally parasitized and after the acclimation period were treated 

with 3 g L−1 of salt for 15 min during three consecutive days according to Schelkle et al.69 to decrease the animals’ 
parasitic burden and thus establish two degrees of parasitism according to the protocol used by Costa and Val16.  
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Scenario 

Water 

Temperature (°C) O2 (mg L−1) CO2 (ppm) pH 

Current 26.1 ± 1.3 6.28 ± 1.0 9.55 ± 0.9 6.1 ± 0.2 

Extreme 30.3 ± 0.7* 5.45 ± 0.8* 14.83 ± 1.2* 5.6 ± 0.5 

Table 1. Temperature, O2, CO2, and pH of the water in the aquariums in the experimental climate rooms. The 
two environmental rooms were computer-controlled in real-time to simulate current environmental conditions 
and the extreme climate scenario (RCP8.5, plus 4.5 °C and 900 ppm CO2) as proposed by IPCC (2014) for the 
year 2100. *indicates significant difference from current scenario (Student’s t-test, p > 0.05). 

 

 

After defining the two degrees of parasitism (low and high group, which we abbreviate to LG and HG, 
respectively), the animals were transferred to two real-time controlled environmental rooms as described by 
Costa and Val16. Each room simulated the current (current temperature and CO2 levels) and extreme (RCP8.5) 
scenarios according to the Fifth IPCC Assessment Report for the year 21002. The current conditions simulate 
the same conditions occurring in a forested area of the Amazon without human influence, with data acquisition 
by Fieldlogger 512k (Novus Produtos eletrônicos LTDA) every two minutes. The extreme climate room was set 
to 4.5 °C and 900 pmm CO2 above the current conditions (Fig. 5). The artificial light–dark cycle was 12:12, and 
humidity was set as a derived condition. Prior to the experiment, the gills, skin, and fins were carefully scraped 
with a coverslip and observed under an optical microscope, and underlying subclinical infection and/or the 
presence of other parasites were assessed. 

The juveniles were distributed in eight 60 L PVC tanks in four replicates per treatment (low and high levels 
of parasitism) containing four individuals each tank, in both scenarios. The fish were exposed to each climate 
room for seven and thirty days in October 2018 (Amazon dry season). After each exposure period, two fish 
were removed from each tank, with a total of eight fish per scenario and treatment being collected (n = 8). The 
volume of water was adjusted after collecting the fish. The illustration in supplementary information (Fig. S1) 
demonstrates the experimental setup performed in this study. Ammonia accumulation was avoided by partial 
water renewal throughout the experiment. The pH, O2 and CO2 levels and temperature of the water were meas- 
ured daily (Table 1). All animals were fed once a day with a commercial diet with 36% crude protein during the 
experiment. Subsequently, the fish were anaesthetized, weighed, measured and euthanized by rapidly severing 
their spinal cord with a scalpel for tissue sampling. Gill samples were collected using sterile tweezers and scis- 
sors, and one side of each fish was immediately immersed in liquid N2 and stored in an ultra-freezer at − 80 °C 
for biochemical and genetic analysis. 

Parasitological analysis. The branchial arches from one side of each fish were sampled, separated and 

placed individually in plastic vials of 60 mL containing formalin (1:4000). The parasites were scraped from the 
gills and the contents of the plastic vials were counted under a stereomicroscope in a Petri dish. After counting, 
the parasites were stored in microtubes in 70% alcohol for later identification according to Rawson and Rogers70. 
To estimate the total amount of parasites per fish, the result was doubled. The prevalence and mean intensity of 
parasites were calculated according Bush et al.71. 

 

Biochemical analysis. Homogenate preparation. To determine superoxide dismutase (SOD) and glu- 

tathione peroxidase (GPx) activity, gill samples were homogenized in a cold buffer containing (in mM): 200 Tris- 
Base, 1 EDTA, 1 dithiothreitol, 500 sucrose, 150 KCl, pH 7.6) and then centrifuged at 9000g for 30 min at 4 °C. 

 
Antioxidant enzymes. The glutathione peroxidase (GPx) activity was determined based on the oxidation of 
NADPH in the presence of GSH (0.95 mM) and H2O2 at 340 nm, according to the method described by Hopkins 
and Tudhope72 and activity was calculated as nmol of oxidized NADPH min−1 mg protein−1 using the molar 
extinction coefficient of 6.22 mM−1 cm−1. 

Superoxide dismutase (SOD) activity was quantified based on the inhibition of the cytochrome c reduction 
rate by the superoxide radical at 550 nm and 25 °C, according to the method described by Turrens73. Enzyme 
activity is expressed as U SOD mg protein−1, where 1 U of SOD corresponds to the quantity of enzyme that 
promoted the inhibition of 50% of cytochrome c. 

 
Gill Na+/K+-ATPase activity. The activity of this enzyme was determined by NADH oxidation in an enzymatic 
reaction coupled to the hydrolysis of ATP74. The assay is based on the inhibition of NKA activity by ouabain (2 
mM). Gills were homogenized (1:10 w/v) in buffer (pH 7.5) containing (in mM): sucrose 150, imidazole 50, 
EDTA 10 and deoxycholic acid 2.5, and centrifuged at 2,000 × g for 7 min at 4 °C. Supernatants were added to 
a reaction mixture containing (in mM): imidazole 30, NaCl 45, KCl 15, MgCl2 3.0, KCN 0.4, ATP 1.0, NADH 
0.2, fructose-1,6-bisphosphate 0.1, PEP 2.0, with 3 U mL−1 pyruvate kinase and 2 U mL−1 lactate dehydrogenase. 
Samples were run with and without ouabain. Absorbance was read over 10 min at 340 nm in a spectrophotom- 
eter (Spectra max Plus, model 384, Molecular Devices®, USA). Na+/K+-ATPase activity was calculated by the 
differences between total activity and activities with the ouabain inhibitor.  
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Gene (Sequence 5′–3′) Eff (%) References 

β-actin 
F: GCTCCCCCTAGCGTAAATACT 

103.22 
 

RNA-Seq by Prado-Lima and Val42
 

R: TGGACAGGGAGGCCAAGAT 

β-Tubulin 
F: GACGTGGTGCCCAAAGATGT 

100.55 
R: TGGATGGTGCGCTTGGT 

Nrf2 
F: CTCCCAATTCAGGCAGATAC 

95.38 
 

 
 
RNA-Seq by Fé-Gonçalves et al.79

 

R: CACTGCTTGAACATCCAGG 

sod1 
F: CAGGACCACACTATAACCCC 

102.47 
R: CTCCCAGCAGTCACATTACC 

nka α1a 
F: TGCGCCTGAGGATGAGCTTT 

95.4 
R: CAACTGGTGGTTCTGCGCTT 

Hif-1α 
F: ATCAGCTACCTGCGCATG 

97.51 Silva et al.80
 

R: CTCCATCCTCAGAAAGCAC 

Table 2. Primer sequences used for qPCR in this study. Primers for housekeeping genes (β-actin and 
β-Tubulin) and primers for target genes (Nrf2, SOD1, NKA α1a and HIF-1α). Eff = Primer efficiency. 

 

 

Total proteins. The total protein in gill samples was quantified in a spectrophotometer at 595 nm (Spectra max 
Plus, model 384, Molecular Devices®, USA) using bovine serum albumin (BSA) as standard according to the 
colorimetric assay75. 

 

Gene expression analysis. Total RNA was extracted with the TRIzol reagent (Life Technologies, CA, 

USA), following the manufacturer’s instructions, and the obtained samples were treated with an amplification 
grade DNase I kit (Invitrogen, CA, USA). The High-Capacity cDNA Reverse Transcription kit (Thermo Sci- 
entific, Waltham, MA, USA) was used for the complementary DNA synthesis. Quantitative PCR analysis was 
carried out on the Viia™ 7 Dx PCR-System (Applied Biosystem, CA, USA). The qPCR conditions were 2 min at 
50 °C and 95 °C for 10 min; followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min (annealing temperature 
of all primers). The mRNA gene expressions were normalized to the β-actin and β-tubulin using the comparative 
2−∆∆Ct method76. The primers used are listed in Table 2. In all cases, each qPCR run was performed in triplicate 
and repeated with at least two independent samples. 

 

Data analysis. The data are presented as mean ± standard error of mean (SEM; n = 8). Prior to the compara- tive 

statistical tests, all the data were examined for normality (Shapiro–Wilk test) and homogeneity of variance 
(Levene test). Mean differences were evaluated by three-way ANOVA with exposure period, climate scenarios 
and parasitism as factors, and were discriminated using the Tukey post-hoc test and were considered significant 
at p < 0.05. To better fit the parametric assumptions of ANOVA, data were log-transformed. Data were analyzed 
by using the Agricolae package in R Software77 and graphs were built using ggplot2 package78. 
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Abstract 

The production of tambaqui Colossoma macropomum has recently reached a milestone, 

being considered the main native species produced in South American continental waters. 

Despite the importance of this fish, its immunity is poorly understood, and global warming could 

pose severe risks to its health if increasing water temperature leads to an increase in the 

incidence of parasitic diseases. In an experimental context based on the high-emission scenario 

of the 5th Intergovernmental Panel on Climate Change (IPCC) report, we evaluated the 

synergistic effect of exposure to the extreme climate change scenario (RCP8.5) during two 

exposure periods (7 and 30 days) and two levels of parasitism by monogeneans (low and high), 

to understand how the tambaqui immune system will react to this challenge. To achieve this 

goal, we analyzed the expression of nine immunity-related genes (jak3, stat3, il-10, socs1, casp1, 

il-1β, tp53, bcl2, and hif-1α) in the spleen. Our main findings showed downregulation in the 

jak3/stat3 pathway, genes related to the control of inflammation and apoptosis, in addition to 

upregulation of proinflammatory genes and those related to pyroptosis during the first 7 days of 

exposure to the extreme climate scenario, also indicating a stage of immunodepression in these 

animals. After 30 days of exposure, all genes tended to return to similar levels in the current 

scenario, possibly due to the decrease in parasite load caused by chronic exposure to the extreme 

scenario. Our data strongly suggest that the parasitism intensity increased by the climate change 

scenario is responsible for disturbances in the host's immune system. However, more studies are 

needed to clarify this poorly understood cascade of events. 

Keywords: Tambaqui, Climate change, Immunity, Gene expression, Monogenea. 
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1. Introduction 

The tambaqui Colossoma macropomum, a serrasalmid teleost is the most produced native 

fish in South America continental aquaculture (Valladão et al. 2018, Val and de Oliveira 2021). 

Tambaqui has characteristics that stand out, favoring its success in aquaculture, such as easy 

adaptation to different farming systems, omnivory, high commercial value, in addition to its 

unique flavor (Morais and O’Sullivan 2017, Val and de Oliveira 2021). However, as a result of 

an exponential increase in the world population, the demand for animal protein is rising and 

animal farming is using high density protocols, which makes animals more vulnerable to stress 

and several infectious diseases, being an obstacle to the development of tambaqui farming 

(Valladão et al. 2018). 

Infectious diseases are important drivers within ecosystems and fish farming, mostly 

because the infection caused by pathogens causes endemic diseases, impacting host-pathogen 

balance (Marcogliese 2001, Vollset et al. 2021). In this scenario, Monogeneans, highly diverse 

obligate ectoparasites, are a common cause of massive mortalities in fish. A simple direct 

lifecycle allows monogeneans to rapidly multiply in fish farms environments, where they often 

harm their hosts’ immune systems (Ilgová et al. 2021). Due to the attachment and feeding, 

monogeneans induce histopathological changes in the host epithelium, thus creating a gateway 

for secondary infections that pose a major risk, and in heavy infections, the host is unable to 

mount an effective defense against the parasites and thus damage becomes more intense (Feist 

and Longshaw 2008). 

Furthermore, environmental disturbances, such as changing in climate are one of the 

main causes of imbalance in the host-pathogen interaction leading to severe infectious diseases 

and damage to the host's immune system (Miller et al. 2014). According to the 
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Intergovernmental Panel on Climate Change (IPCC 2021), the changes in climate are 

intensifying with at an astonishing speed and with potentially serious consequences for humans, 

animals and the planet. But why can climate change be so threatening for fish farming? As fish 

are poikilotherm animals, their body temperature and metabolism are regulated by the 

surrounding water which when above an upper threshold creates a stressful environment that can 

impact immunity and disease susceptibility and even host survival (Bruneaux et al., 2017; Costa 

and Val, 2020; Filipe et al., 2020). In our previous studies (Costa and Val 2020; Costa et al. 

2021) we demonstrated that the monogenea-tambaqui interaction is impaired by exposure to the 

extreme climate change scenario representative concentration pathways (RCP8.5), causing 

disturbances to the immune system (such as activation of inflammatory mechanisms), ionic 

regulation, and increased oxidative stress in the host's gills. 

Based on the promising results of these works (Costa and Val 2020; da Costa et al. 2021), 

we carried out a third study, this time aiming to understand how the tambaqui immune system 

reacts to two periods (7 and 30 days) of exposure to climatic scenarios and two degrees of 

parasitism (low and high). To achieve this goal, we evaluated the expression of nine immunity-

related genes (jak3, stat3, il-10, socs1, casp1, il-1β, tp53, bcl2, and hif-1α) in the spleen. We 

speculated that a strong inflammatory response would be mounted in the first seven days of 

exposure to the extreme climate scenario in the group with greater parasitic intensity with a 

return to levels similar to the control (i.e. current climate scenario) after thirty days exposure, 

based on what we observed for oxidative stress and ionic regulation. 

2. Materials and methods  

2.1. Ethics statement 
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The experimental procedures were approved by the Ethics and Animal Welfare 

Committee (CEUA) of the Brazilian National Institute for Research of the Amazon (INPA), 

Manaus, AM, Brazil, under protocol number 053/2017 and was conducted in accordance with all 

relevant guidelines and regulations applicable. 

2.2. Experimental design 

 Spleen samples used in this study were collected from the same fish used in the 

experiment described by Costa et al. (2021). All information discussed here is new, 

complementary to the initial work, and had not been previously analyzed by the authors. 

 Sixty-four juvenile tambaqui (average weight: 45.25 ± 3.43 g; average length: 14.19 ± 

1.15 cm; N = 64) were purchased naturally parasitized from (Fazenda Santo Antônio: 02º 44' 

802'' S; 059º 28' 836' 'W, Amazonas, Brazil) and transported to the Laboratory of Ecophysiology 

and Molecular Evolution (LEEM) at INPA, where were randomly distributed in a 310 L tank, 

with forced aeration and continuous water flow, for 30 days. After acclimation, these fish were 

treated with 3 g L-1 of salt for 15 minutes during three consecutive days according to Schelkle et 

al. (2011) to decrease the animals’ parasitic burden and thus establish two degrees of parasitism 

(Low and High) according to the protocol used by Costa and Val (2020). The animals were then 

transferred to two real-time simulated controlled environmental rooms.  

The rooms simulated the current (current temperature and CO2 levels) and extreme 

(RCP8.5) scenarios according to the Fifth IPCC Assessment Report for the year 2100 (IPCC 

2014), as described by Costa and Val (2020). The current conditions simulate the same 

conditions occurring in a forested area of the Amazon without human influence, collected every 

two minutes with Fieldlogger 512k (Novus Produtos eletrônicos LTDA). The extreme climate 
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room was set to 4.5 oC and 900 pmm CO2 above the current conditions (as described in Costa 

and Val, in press). The artificial light-dark cycle was 12L:12D, and humidity was set as a 

derived condition. Prior to the experiment, the gills, skin, and fins were carefully scraped with a 

coverslip, observed under an optical microscope and underlying subclinical infection and/or the 

presence of other parasites were assessed.  

Tambaqui juveniles were transferred to the above climate scenarios two days prior to 

beginning the experiments. Eight 60 L PVC tanks in four replicates per treatment (Low and High 

levels of parasitism) containing four individuals in each tank were maintained in each climate 

room during seven and thirty days. Toxic ammonia accumulation was avoided by partial water 

renewal throughout the experiment. The pH, O2 and CO2 levels and temperature of the water 

were measured daily (data reported in Costa and Val, in press). All animals were fed commercial 

dry food pellets, with a 36% crude protein (Purina, EUA), once a day. After each exposure 

period, two fish were removed from each tank, with a total of eight fish per scenario and 

treatment being collected (n=8). The volume of water was adjusted after collecting the fish. 

Subsequently, fish were anaesthetized, weighed, measured, and euthanized by cervical sectioning 

with a scalpel. Spleen samples were collected using sterile tweezers and scissors and 

immediately immersed in liquid nitrogen and stored in an ultra-freezer at -80 oC until the 

isolation of ribonucleic acid (RNA). The mean intensity of parasitism data is available at (Costa 

et al. 2021) 

Splenic tissue was chosen because it is one of the major peripheral lymphoid organs in 

fish, plays a key role in the immune and inflammatory response, besides being an important 

organ for the removal of invasive pathogens and is also a site for the production of immune 
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substances, such as lymphocytes and immunoglobulin (Fänge and Nilsson 1969, Baldissera et al. 

2018). 

2.3. Quantitative RT-qPCR 

 Total RNA was isolated from the spleen using TRIzol Reagent (Life Technologies, CA, 

USA). The extracted RNA integrity was verified by an electrophoretic run in agarose gel (2%), 

then DNA contamination was removed with use of the DNase I kit (Invitrogen, Life 

Technologies) and reverse transcribed to produce cDNA with the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s 

instructions. Quantitative RT-PCR reactions were performed in triplicate using Fast SYBR® 

Green Master Mix (Applied Biosystems, Foster City, CA, USA) and Viia™7 Dx Real-Time 

PCR System (Applied Biosystem, Foster City, CA, USA). The following steps for the qPCR 

reaction were performed: heating for 2 min at 50 °C, plus 10 min at 95 °C, followed by 40 cycles 

of 15 s at 95 °C and 1 min at 60 °C (annealing temperature of all primers). The data for each 

sample were expressed relative to the expression level of β-actin by using 2-ΔΔCt method (Livak 

and Schmittgen 2001). Other genes were assessed as housekeeping (such as β-tubulin and 

gapdh), but β-actin was chosen because it did not vary between treatments. The primers used for 

quantitative RT-qPCR are as listed in Table 1. 

 

2.4. Statistical analysis 

 The statistical analyses were carried out with R software with Agricolae package (de 

Mendiburu 2019). Mean differences were evaluated by three factors analysis of variance 

(ANOVA) with exposure period, climate scenarios and parasitism as factors, and were 
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discriminated using the Tukey post-hoc test and a significant difference was assumed when p < 

0.05. We represented the similarity profile of each factor within each exposure period using a 

heatmap and were built using the heatmap function in R Software. 

3. Results 

The mRNA expression of immune-related genes is shown in Fig. 1. A heatmap was 

elaborated to help to better visualize the effect of climate scenario and parasitism on tambaqui 

immunity in seven and thirty days (Fig. 2). For the jak3 gene (Fig. 1A), a decrease was observed 

in LG in the extreme scenario after 7 days of exposure (p < 0.001; F = 18.139); after 30 days it 

was increased in this group (p = 0.034; F = 4.747). There was an interaction between scenario, 

parasitism (p = 0.018; F = 5.978) and time, scenario and parasitism (p = 0.011; F = 6.962). 

Decrease in stat3 gene (Fig. 1B) was observed also in LG after 7 days of exposure (p = 0.046; F 

= 4.192), as well as after 30 days it returned to levels similar to the current scenario (p = 0.025; F 

= 5.356). There was an interaction between time and scenario (p = 0.029; F = 5.068). 

For the anti-inflammatory gene il-10 (Fig. 1C), a drastic reduction was observed after 7 

days of exposure to the extreme climate scenario in LG (p < 0.001; F = 16.413); however, after 

30 days these levels were increased but difference was about the same observed for the animals 

in the current scenario (p = 0.017; F = 5.065). There was an interaction of factors (p = 0.036; F = 

4.701). 

The expression of socs1 (Fig. 1D) was influenced by time, scenario and parasitism (p = 

0.006; F = 8.428). An increase in mRNA levels was observed in the LG group after 7 days of 

exposure to the extreme climate scenario (p = 0.030; F = 5.092) and a reduction occurred after 30 

days (p = 0.048; F = 4.879). For the caspase-1 gene (Fig. 1E), after 7 days the expression 
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increased in fish from the LG maintained in the extreme scenario (p = 0.047; F = 4.202) when 

compared with the same group maintained in the current scenario; however, after 30 days, the 

same group returned to levels similar to that of the current scenario (p = 0.040; F = 5.044). There 

was no interaction of factors (p = 0.099; F = 2.858). A similar pattern to that described for 

caspase-1 was observed for the il-1β gene (Fig. 1F) as expected. Its expression increased in the 

same group (p = 0.032; F = 5.547) (Fig. 2A) and after 30 days and a downregulation also 

occurred (p = 0.049; F = 4.686). There was an interaction of factors (p = 0.0317; F = 5.020). 

For the tp53 (Fig. 1G) gene no effects were observed in response to any of the factors 

analysed, the mRNA levels were kept stable throughout the experimental period for all groups. 

For the anti-apoptotic gene bcl2 (Fig. 1H), the expression was changed in the LG showing a 

reduction after 7 days (p = 0.044; F = 4.677) which remained after 30 days. The interaction 

between scenario and the parasitism (p < 0.001; F = 17.262) was observed. The hif-1 gene 

expression also did not change between the groups exposed and not exposed to extreme climate 

scenario or over time, with levels of mRNA kept constant among the different groups (Fig. 1I).  

4. Discussion 

 In our study, we observed that exposure to the extreme climate scenario and parasitism is 

harmful to tambaqui immune system, based on the biomarkers presented here, especially in the 

first seven days (see Fig. 2). These data are in line with what was observed in our preliminary 

studies, where the increase in parasitism induced by exposure to the extreme scenario after seven 

days was harmful to tambaqui (Costa and Val 2020, Costa et al. 2021). Our findings showed a 

downregulation in the jak3 and stat3 genes in the LG after 7 days of exposure to the extreme 

climate scenario. The jak3 gene is a member of the Janus family of tyrosine kinases and is 
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crucial for the activation of the signal transducer and activator of transcription 3 (stat3) in 

response to cytokine stimulation (Lai et al. 2005). In addition, it confers protection against 

apoptosis (Nakayama et al. 2009). Stat3 regulates cell-cycle progression and apoptosis, is 

involved in inflammation and is also known as an oncogene (Bromberg et al. 1999, Xie et al. 

2020).  

The reduction of jak3 downregulates stat3 and induces apoptosis (Lai et al. 2005) and 

inflammation, since stat3-mediates the expression of the anti-inflammatory gene il-10 (Sabat et 

al. 2010). The jak3/stat3 signaling pathway is still poorly understood even in mammals, however 

jak3 knockout mice as well as patients with jak3 mutations develop severe combined 

immunodeficiency (Villarino et al. 2017). On the other hand, different from what was observed 

in our study, in the grass carp (Ctenopharyngodon idella), the stat3 gene was up-regulated 

significantly under the stimulation of LPS (lipopolysaccharide), suggesting that it is an anti-

inflammatory mechanism (Xie et al. 2020). Yuan et al. (2020) supplemented the grass carp with 

choline and observed increased expression of jak3 and stat3 and an associated protection against 

gill apoptosis. Loss of stat3 is associated with enhanced systemic cytokine production and tissue 

damage (Matsukawa et al. 2003). Our findings indicate that the jak3/stat3 signaling pathway in 

tambaqui is affected by the challenge of the exposure to the extreme climate scenario plus 

parasitism for 7 days, which can result in the compromise of an inflammatory response, as well 

as the activation of apoptosis in this fish species. 

This is supported by the expression of il-10. It had transcripts downregulated in LG after 

7 days of exposure, as was stat3, and increased expression after 30 days, but lower than that 

observed for the current scenario groups. Activation of stat3 is essential for the regulation of il-

10 in immune cells and when this expression is promoted, they inhibit the expression of 
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proinflammatory cytokines (Hao et al. 2015). The il-10 is known as one of the most important 

anti-inflammatory cytokines that mediates the immunosuppressive process (Sabat et al. 2010). In 

mammals, there are evidences of the importance of analyzing the il-10/stat3 axis for immune 

tolerance in immune cells (Schmetterer and Pickl 2017), but in fish they are still scarce. 

Downregulation of il-10 shows that exposure to extreme climate scenario will initially promote 

an increase in parasitism, which will affect the il-10/stat3 axis, which can be harmful to the 

tambaqui immune system. There are still few studies focusing on the effects of climate change 

on the immune system of fish. In our earlier study (Costa and Val, 2020), we showed that mRNA 

levels of il-10 in the gills of tambaqui was reduced in response to exposure to the extreme 

climate scenario and parasitism after 7 days. Unlike our results, Larsen et al. (2018) 

experimentally exposed the Atlantic cod infected with the bacteria Brucella pinnipedialis to 15 

°C and observed that the mRNA levels of il-10 were up-regulated as a mechanism to reduce 

tissue damage. Il-10 was also associated with the differentiation of B cells, antibody production 

and resistance to bacterial pathogens in Nile tilapia (Wu et al. 2021). 

Also in the jak/STAT pathway, we highlight the Socs1 gene, a member of the suppressor 

of cytokine signaling family that are negative-feedback inhibitors of cytokine signal transduction 

(Liau et al. 2018, Li et al. 2020). Socs1 is the most potent member of the SOCS family and is the 

primary regulator of several cytokines involved in the immune response, negatively controlling 

the inflammatory response in fish. Several studies on mammals and humans show that the 

socs1/stat3 signaling pathway is also often involved in tumor progression and proliferation 

(Alvarez et al., 2017; Yan et al., 2013; Ye et al., 2016). In our study, the socs1 was upregulated 

in the LG after 7 days of exposure to extreme climate scenario, but that expression was reduced 

after 30 days. These results suggest that there may have been an attempt to control the 
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inflammatory process through socs1, since in our previous study (Costa and Val, 2020), we 

observed that this same group had an overexpression of il-1β and hsp70 in the gills, an indicative 

of inflammation. The involvement of socs1 in the fish immune system to various diseases has 

been investigated, but the effects linked to climate change is poorly understood. Tomalty et al. 

(2015) observed that in Oncorhynchus tshawytscha exposed to acute thermal stress, 25 oC, socs1 

was upregulated, like that observed in our study. However, Saleh et al. (2020) observed an 

increased in the mRNA levels of socs1 in Salmo trutta following exposure to the parasite 

Myxobolus cerebralis as a strategy to inhibit the il-1β-induced inflammatory response and to 

modulate immune defense.  

Here, the il-1β gene expression was also upregulated in spleen in the LG after 7 days of 

exposure to extreme climate scenario, returning to similar levels to the current scenario after 30 

days. As described in our previous study (Costa and Val, 2020) the expression of il-1β gene in 

the gills was similar to that observed in the spleen, suggesting that there is a systemic 

inflammatory response. The role of the il-1β in the host defense against monogenean is well 

described in the literature as having a vital importance in the early immune response in host 

defense (Costa and Val, 2020; Netea et al., 2010; Zhou et al., 2018). Increased levels of il-1β 

mRNA have been observed in Dicentrarchus labrax exposed to high temperatures both in 

muscle and kidney, suggesting that heat stress causes inflammatory response (Islam et al. 2020).  

The il-1β is a pro-inflammatory cytokine mainly proteolytically processed in the 

cytoplasm by the caspase-1, which also had its expression increased, suggesting the participation 

of this pathway in its secretion. The caspase-1 gene is a member of a family of intracellular 

cysteine proteases that play an essential role in inflammation and apoptosis (Gonzalez-Pacheco 

et al. 2017). Activation of caspase-1 for example, initiates the cleavage of the inactive pro-
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inflammatory cytokine pro-il-1β into mature il-1β (Yazdi et al. 2010). In addition to secreting il-

1β, caspase-1 contributes to the host’s defense from invading pathogens through an 

inflammatory lytic cell death program known as pyroptosis, that's characterized by a rapid cell-

membrane rupture and release of pro-inflammatory cytokines (Angosto et al. 2012, Tsuchiya et 

al. 2019). Pathogen infection is a common factor that causes pyroptosis, and pyroptosis is 

thought to be more inflammatory and immunogenic than apoptosis (Tsuchiya et al. 2019). In the 

present study, we observed an increase of mRNA levels of caspase-1 in the LG after 7 days, as 

expected, as we also had an increase in il-1β in the same group. Yina et al. (2019) also described 

the role of caspase-1 in Apostichopus japonicus in the pyroptosis pathway regulating 

inflammatory responses. Long and Sun (2016) also observed the involvement of caspase-1 in 

defense against bacterial infection in Cynoglossus semilaevis. Our findings agree with the 

function described for caspase-1, including the pyroptosis effect, since it is essential for 

pathogen clearance and involves the release of intracellular signals to recruit immune system 

cells to the infection sites, corroborating the results of the expression of the other genes observed 

here. We suggest that the climate scenario and parasitism activate pyroptosis-related pathways. 

As we observe the transcriptional activation of pro-inflammatory responses and cell 

death, via pyroptosis, we evaluated whether parasitism and climate change scenarios can 

promote apoptosis through the intrinsic mitochondrial pathway. Thus, we evaluated the 

expression of tp53 and bcl2 genes. Tumor suppressor gene tp53 is a transcription factor that 

plays an important role in maintaining the integrity of the DNA, inhibits cell division or survival 

in response to various types of cellular stress and inducing cell cycle arrest or apoptosis 

(Berghmans et al. 2005, Donehower et al. 2019). Contrary to our expectations, the exposure to 

extreme climate scenario and parasitism did not change the levels of tp53 transcripts in 
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tambaqui. Studies report up-regulation (Zhang et al., 2019), down-regulation (Felix-Portillo et 

al., 2016) and even no effects (Souza et al., 2020) on tp53 mRNA levels in fish under different 

stressful conditions. The expression of tp53 can also be differentially affected by exposure time 

(Lee et al., 2008; Luzio et al., 2013), as well as the tissue type analyzed, as demonstrated by Qian 

et al. (2020) in Larimichthys crocea exposed to acute cold stress, whose expression varies 

depending on the tissue analyzed. For the conditions evaluated here, the maintenance of tp53 

mRNA levels is consistent with a pro-inflammatory response. In mammals it has been shown 

that tp53 is an inhibitor of inflammation via NF-κB suppression (Komarova et al., 2005), thus an 

increase in the expression of tp53 could compromise the inflammatory response. 

Even though the tp53 transcription remained stable throughout the experiment, the same 

was not observed for the anti-apoptotic bcl2, that was downregulated after 7 days of exposure to 

the extreme climate scenario in the LG, with a gradual return after 30 days. The bcl2 gene (B cell 

lymphoma protein 2) is an important regulator of programmed cell death pathways. Its decline 

suggests the occurrence of mitochondrial pathway-mediated apoptosis (Zhao et al. 2020). The 

involvement of the apoptotic pathway in parasitized fish is still poorly understood, especially, if 

the animals are also subjected to climatic challenges. The downregulation observed here may 

also be in response to decreased jak3 mRNA levels, as this gene also regulates T lymphopoiesis, 

through its ability to selectively repress bax (pro apoptotic gene) expression and induce bcl2 

expression (Wen et al. 2001), suggesting a failure of the normal function of this gene and 

possible apoptotic process. Reduced levels also was observed in zebrafish exposed to 25 oC 

leading to an increase of apoptotic genes (Topal et al. 2021). On the other hand, the 

transcriptome profile of the fat oyster (Ostrea edulis) infected with Bonamia ostreae showed an 

upregulation of bcl2 as defense mechanism against the parasite (Gervais et al. 2018). 
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We also evaluated the expression of the hif-1 gene and like the observed to tp53, the 

expression of the hif-1 has not been changed in any group. The hif-1  gene is involved in 

hypoxia responses, but it has also been reported to regulate many innate immune functions in 

fish responses to water temperature, for example (He et al. 2019, Sun et al. 2020). There are 

evidences that hif-1 induces the transcription of il-1β, contributing to an immediate pro-

inflammatory response in fish (Ogryzko et al., 2019), which probably did not occur in the spleen of 

the tambaqui, since the gene expression was not altered. Although the stat3 (that was 

downregulated) and socs1 (upregulated) genes are involved in hif-1  expression by regulating 

the glycolytic pathway, which is essential for immune cell function (Piñeros Alvarez et al. 2017), 

we did not observe changes in the expression of hif-1  in this study. In contrast, in our previous 

study (Costa and Val, 2020) there was an upregulation of hif-1  in the gills in the LG after 7 

days of exposure and this can be explained due to the gene tissue specificity, where the gills are 

the site of monogenean infection that may have created hypoxic microenvironment, and this 

distinct hif-1 expression patterns might be related to tissue-specific regulation (Geng et al., 

2014; Heinrichs-Caldas et al., 2019; Neves et al., 2016; Li et al., 2017).  

3. Conclusion 

The results obtained in the present work shed light on a poorly understood cascade of 

events involving synergistic exposure to climate change and parasitism in tambaqui. In addition, 

evidence of systemic inflammatory process, immunodepression, apoptosis and pyroptosis at the 

transcriptional level are also involved. Return of mRNA to control levels after 30 days represents 

a response to a reduced parasite infection, which did not necessarily decrease due to the 

inflammatory response mounted after 7 days. The reduction in parasite infection could also be 
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due to the damage that the extreme climate change scenario caused to the parasite, which could 

influence the evolution of the tambaqui immune system if it is also accompanied by a loss of 

parasitic biodiversity, on a long-term scale. In this sense, we suggest studies that evaluate the 

effect of climate change on parasitic biodiversity in fish. 
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Table Legend 

Table 1. Primers used in this study. 

 

Primer Sequence (5' - 3') Eff (%) R2 Reference/acession number 

β-actin 
F: GCTCCCCCTAGCGTAAATACT 

98.29 0.98 
RNA-Seq by Prado-Lima 

and Val (2016) R: TTACAGGGAGGCCAAGAT 

jak3 
F: CCCCAAACAGAAGCAGCAGT 

96.94 0.99 

RNA-Seq by Fé-Gonçalves 

et al. (2020) 

R: TTGAGGTGGCGGATGATGCT 

stat3 
F: CCTGTTTCATTTAGCGGCGG 

96.88 0.99 
R: GCCATGTTGACCCTCTGTGT 

casp1 
F: CAGGTGGTTACGATCAGCCG 

99.27 0.99 
R: TGATCAGCAGAGCCAAACGC 

socs1 
F: GCCAGCATCCGGATTACCT 

95.81 0.99 
R: TGGGCGAGCTGGTGTAGTA 

tp53 
F: GGAGTGGCTGATTCAGAG3 

98.25 0.99 Souza et al. (2019) 
R: TTAAGGAGAGCGGTCATG 

bcl2 
F: GCTGAAAACCGACTCCTTCT 

98.19 0.98 
  

R: ACTATGGACGGCCAGGAACT   

il-1β 
F: GCATGAACCTATCGACCTAC 

101.04 0.98 MN342243 
R: GAGGTTCCAGACTCCTTTGT 

il-10 
F: AGCGTCCAACACACTGAC 

104.42 0.97 MN342244 
R: TTCTTCCATGGTCCACTG 

hif-1α 
F: ATCAGCTACCTGCGCATG 

97.48 0.99 Silva et al. (2019) 
R: CTCCATCCTCAGAAAGCAC 

Eff = Primer Efficiency 
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Figure Legend 

Figure 1. Gene expression analysis of the immunity-related genes in the spleen of tambaqui (jak3 

(A), stat3 (B), il-10 (C), socs1 (D) casp1 (E), il-1β (F), tp53 (G), bcl2 (H), and hif-1α (I)) 

exposed to the extreme climate scenario as foreseen by IPCC (2014), compared to current 

scenario. Bars with different letters indicate differences between scenarios and asterisks indicate 

differences between exposure periods (p <0.05). Low (LG) and High (HG) indicate the degree of 

parasitism after seven and thirty days of exposure to the experimental conditions. β-actin was 

used as housekeeping gene. 

 

Figure 2. Heatmap showing the similarity profile of the nine immunity-related genes within of 

each parasitism level and climate scenario during seven (A) and thirty days (B) in the spleen of 

tambaqui. 

 

 

 

 

 

 



 

87 

  



 

88 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

89 
 
 

Conclusão Geral e Perspectivas 

 O presente estudo lança luz sobre a vulnerabilidade do tambaqui frente aos efeitos 

associados às mudanças no clima previstas para o ano de 2100. Ajustes de ordem fisiológica são 

mecanismos cruciais para que os organismos sejam capazes de enfrentar os mais diversos 

desafios ambientais e, portanto, é essencial avaliar suas respostas fisiológicas em resposta ao 

aumento de temperatura e CO2, para que medidas preventivas sejam desenhadas. 

 Nesta tese estudamos uma variedade de respostas relacionadas a interação parasito-

hospedeiro, fisiologia e imunidade do tambaqui. Nossos resultados contribuem para o 

conhecimento sobre susceptibilidade do tambaqui frente ao aumento de temperatura e CO2 e 

fornece ferramentas que ajudam nas previsões futuras sobre como esses parâmetros podem afetar 

a saúde do tambaqui criado em cativeiro. 

 Os resultados obtidos mostram que a espécie apresenta alta susceptibilidade ao aumento 

do parasitismo por monogeneas e possível infecção secundária e baixa capacidade de enfrentar 

os desafios climáticos previstos para o ano de 2100, baseado nos parâmetros fisiológicos e de 

imunidade observados aqui. No capítulo I foi mostrado que o aumento de temperatura e CO2 

durante sete dias causam rápido aumento do parasitismo levando a estágios graves de 

inflamação, observado tanto na hematologia (aumento do número de leucócitos, glicose, proteína 

total, albumina e parâmetros hematimétricos) quanto na expressão dos genes pró-inflamatórios 

analisados diminuindo a imunidade do hospedeiro, podendo causar perdas de produção.  

 O segundo capítulo relata os efeitos causados pelo cenário climático previsto para 2100 

após sete e trinta dias de exposição associado a dois níveis de parasitismo branquial por 

monogeneas. Os resultados sugerem, como no capítulo anterior, que as mudanças climáticas



 

 
90 

 
 

causam rápido aumento do parasitismo durante sete dias, porém, diminui após trinta dias, mas 

permanece maior do que no grupo controle. Também há evidências claras de prejuízos à 

regulação de genes associados ao estresse oxidativo e inflamação, estresse fisiológico e 

problemas ionorregulatórios associados a um aumento rápido e agressivo da infecção parasitária 

causada pelo cenário de mudanças climáticas.  

 No capítulo III os resultados revelam que a exposição sinérgica às mudanças climáticas e 

parasitismo afetam o sistema imune de tambaqui e, também, são apresentadas evidências de 

processo inflamatório sistêmico, imunodepressão e morte celular programada (apoptose e 

piroptose) no nível transcricional. O cenário de mudanças climáticas pode ter gerado danos ao 

parasito, uma vez que houve queda brusca na intensidade média de parasitismo após 30 dias de 

exposição, o que, em uma escala evolutiva, poderia comprometer a evolução do sistema 

imunológico do tambaqui se também for acompanhada por uma perda da diversidade parasitária.  

 Nesse sentido, sugerimos estudos que avaliem o efeito das mudanças climáticas sobre a 

diversidade parasitária em peixes, além de abordagens tecnologicamente mais sofisticadas como 

sequenciamento de próxima geração como transcriptoma, proteoma e/ou genoma para se obter 

uma resposta global acerca dos efeitos das mudanças do clima no tambaqui. Planejar programas 

e pacotes tecnológicos para melhoramento de resistência a doenças da espécie, mas não 

excluindo a importância de políticas públicas voltadas para a diminuição dos agentes causadores 

das mudanças climáticas, que claramente afetam a produção piscícola. 

 Este estudo ainda deixa em aberto questionamentos científicos como: Quais os fatores 

responsáveis pelo possível dano ao parasito observado após 30 dias de exposição? A exposição 

gradual ao cenário climático extremo é capaz de causar algum grau de aclimatação nos animais? 
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Os status nutricional do animal pode ser afetado por mudanças climáticas e, assim ser 

responsável pela maior susceptibilidade ao parasitismo? Há aumento das infecções secundarias 

causadas pelo alto grau de parasitismo devido a exposição ao cenário de mudanças climáticas? 

Estas são apenas algumas das questões que precisam ser elucidadas. 


