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RESUMO

O tambaqui (Colossoma macropomum) € a principal espécie nativa da aquicultura amaz6nica
e brasileira, destacando-se pelo elevado valor econdmico e pelo potencial de insercdo no
mercado internacional. No entanto, sua producdo ainda se baseia predominantemente em
praticas convencionais, com reducdo da oferta de linhagens puras e limitacdo de tecnologias
especificas, o que evidencia a necessidade de estratégias inovadoras e sustentaveis. Nesse
contexto, a indugdo a triploidia surge como uma alternativa promissora para o controle
reprodutivo, a biosseguranca ambiental e a intensificacdo produtiva. O presente estudo teve
como objetivo estabelecer um protocolo eficiente de inducdo a triploidia em C. macropomum
por meio de choque de presséo hidrostatica, bem como avaliar seus efeitos sobre o crescimento
inicial, a maturacdo gonadal, o bem-estar e a condigdo fisiol6gica dos peixes. Foram conduzidos
dois ensaios experimentais utilizando choque de pressao de 8000 psi. No primeiro ensaio, 0vos
recém-fertilizados foram submetidos ao choque em diferentes tempos pos-fertilizacéo, visando
identificar o periodo mais eficiente para a inducédo da triploidia. No segundo ensaio, diferentes
duracdes de choque foram testadas nos tempos previamente selecionados. Os tratamentos
resultaram em elevadas taxas de triploidizacdo (>93%), com maiores indices de sobrevivéncia
embrionaria e de gastrula final nos choques aplicados entre 65 e 95 segundos pds-fertilizacao.
Avaliacbes mensais de crescimento, realizadas durante os primeiros seis meses de vida,
indicaram desempenho superior dos triploides em relacdo aos diploides, considerando peso
corporal, altura corporal e comprimentos total e padrdo. Analises histologicas das gonadas aos
20 meses de idade demonstraram infertilidade nos peixes triploides, enquanto os diploides
apresentaram desenvolvimento gonadal avancado. A condicéo fisiologica e o estado de satde
foram avaliados por meio de pardmetros hematoldgicos e bioquimicos, evidenciando que os
triploides apresentaram eritrocitos maiores, menor contagem eritrocitaria e valores elevados de
volume corpuscular médio e hemoglobina corpuscular média, sem comprometimento da
concentracdo de hemoglobina corpuscular média ou da homeostase bioquimica plasmatica.
Esses resultados indicam a ocorréncia de ajustes fisiologicos compensatorios associados ao
aumento do contetido genético, assegurando transporte eficiente de oxigénio e manutencao das
fungdes metabolicas. Conclui-se que a triploidia representa uma ferramenta vidvel e sustentavel
para a producdo aquicola do tambaqui, contribuindo para o fortalecimento da aquicultura de

espécies nativas no Brasil.

Palavras-chave: aquicultura; peixe nativo; triploidia; choque de presséo; fisiologia de peixes.



Tambaqui (Colossoma macropomum) is the most important native species in Amazonian and

ABSTRACT

Brazilian aquaculture, standing out for its high economic value and potential for insertion into
international markets. However, its production still relies predominantly on conventional
practices, with a reduction in the availability of pure stocks and a lack of species-specific
technologies, highlighting the need for innovative and sustainable strategies. In this context,
triploidy induction emerges as a promising alternative for reproductive control, environmental
biosafety, and production intensification. The present study aimed to establish an efficient
protocol for triploidy induction in C. macropomum using hydrostatic pressure shock and to
evaluate its effects on early growth, gonadal maturation, welfare, and physiological condition.
Two experimental trials were conducted using a hydrostatic pressure shock of 8000 psi. In the
first trial, newly fertilized eggs were subjected to pressure shock at different post-fertilization
times to identify the most efficient window for triploidy induction. In the second trial, different
shock durations were tested at the previously selected times. All treatments resulted in high
triploidization rates (>93%), with higher embryonic survival and final gastrula survival
observed when shocks were applied between 65 and 95 seconds post-fertilization. Monthly
growth assessments performed during the first six months of life indicated superior performance
of triploid fish compared to diploids in terms of body weight, body height, and total and
standard lengths. Histological analyses of gonads at 20 months of age demonstrated infertility
in triploid fish, whereas diploid individuals exhibited advanced gonadal development.
Physiological condition and health status were assessed through hematological and biochemical
parameters, showing that triploids presented larger erythrocytes, lower erythrocyte counts, and
higher mean corpuscular volume and mean corpuscular hemoglobin values, without impairment
of mean corpuscular hemoglobin concentration or plasma biochemical homeostasis. These
results indicate the occurrence of compensatory physiological adjustments associated with
increased genomic content, ensuring efficient oxygen transport and maintenance of metabolic
functions. In conclusion, triploidy represents a viable and sustainable tool for tambaqui

aquaculture, contributing to the strengthening of native fish farming in Brazil.

Keywords: aquaculture; native fish; triploidy; hydrostatic pressure shock; fish physiology.
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1. INTRODUCAO

A producdo de organismos aquaticos representa a industria de alimentos com maior
potencial para atender ao crescimento continuo da populagdo mundial, contribuindo de forma
significativa para a seguranca alimentar. Nesse contexto, a aquicultura vem se expandindo e
intensificando globalmente, especialmente com a producéo de peixes em cativeiro. Entretanto,
para que a aquicultura seja eficiente e economicamente viavel, diversos fatores devem ser
cuidadosamente avaliados, dentre os quais se destaca a escolha da espécie a ser cultivada. Essa
escolha depende de aspectos regionais (rendimento zootécnico, demanda e escoamento da
producdo), aptiddo ao cultivo, disponibilidade hidrica, disponibilidade de tecnologias, e
tamanho da propriedade. Em sintese, a espécie ideal deve estar adaptada ao clima (local de
producdo), apresentar rusticidade, rapido crescimento, boa conversdo alimentar em cativeiro,
capacidade de reproducdo controlada e aceitacdo pelo mercado consumidor.

O tambaqui (Colossoma macropomum), um caracideo nativo da bacia Amazonica,
apresenta caracteristicas importantes que sustentam seu potencial de cultivo, incluindo rapido
crescimento, adaptacdo fisiologica e anatdmica a ambientes com baixas concentragdes de
oxigénio (Marcos et al., 2016; Sousa et al., 2018), tolerancia a altas densidades (Brand&o et al.,
2004; Gomes et al., 2006; Costa et al., 2016) e um grande mercado, principalmente na regido
Norte do Brasil. Apesar dessas caracteristicas favoraveis, os sistemas de cultivo e o
desenvolvimento tecnoldgico do tambaqui ainda estdo consideravelmente atrasados em relagédo
aos estabelecidos para outras espécies de peixes que dominam a aquicultura brasileira e servem
como referéncia em contextos nacionais e internacionais, como a tilapia-do-Nilo (Oreochromis
niloticus) (IBGE, 2024). Essa disparidade ressalta a necessidade de intensificar os esforcos de
pesquisa voltados para 0 avanco e a inovacdo de tecnologias para espécies nativas como o
tambaqui, com foco em estratégias que confiram vantagens competitivas ao setor.

Considerando as técnicas para aumentar a produtividade, o cultivo de peixes triploides €
amplamente praticado em paises onde a aquicultura ja € uma industria consolidada, como a
Austrélia (salméo Salmo salar) (Benfey et al., 2016) e a Escdcia (truta Oncorhynchus mykiss)
(Berrill et al., 2012). Em outros paises, algumas espécies de peixes também demonstraram
100% de eficiéncia na obtencéo de triploides, entre elas o bagre-do-canal (Ictalurus punctatus)
(EUA) (Perera et al., 2016), o salméo-prateado (Oncorhynchus kisutch) (Croacia -Teskeredzic
et al., 1993; e na Noruega - Christensen et al., 2019), o bagre-europeu (Silurus glanis)

(Republica Tcheca) (Linhart et al., 2001), e as espécies neotropicais jundia (Rhamdia quelen)



(Brasil) (Huergo e Zamboni Filho, 2006; Fukushima et al., 2012) e matrinxa (Brycon
amazonicus) (Brasil) (do Nascimento et al., 2021).

A producdo de peixes triploides é muito vantajosa no processo de aquicultura, gerando
lucros econdmicos, principalmente por se tratarem de individuos estéreis. Para o tambaqui,
houve algumas tentativas de induzir triploidia por meio de choque térmico com inducéao de 17
a 59% (Sato et al., 2020; Silva Janior et al., 2021; Pereira et al., 2022). Esses fatores positivos
da triploidia, somados as caracteristicas econémicas vantajosas do tambaqui, podem agregar
mais valor a produgdo da espécie, permitindo um alto rendimento em um periodo de tempo
mais curto.

Na maioria das espécies, os individuos triploides sdo inférteis, devido a divisdo meidtica
irregular que resulta na formacdo de aneupldides (Tiwary et al., 2004). Na piscicultura, a
producdo de individuos estéreis € vantajosa para peixes de corte, evitando problemas associados
a maturacdo sexual, como reducdo do crescimento, maior suscetibilidade a doencas,
agressividade e queda na qualidade da carne (Arai, 2001; Peruzzi et al., 2004; Taranger et al.,
2010). Além disso, peixes triploides podem apresentar melhores taxas de sobrevivéncia,
conversdo alimentar e resisténcia a doengas (Kerby et al., 2002). Individuos estéreis também
podem servir como receptores para transplante de células germinativas primordiais (PGCs),
permitindo a geracdo de quimeras germinativas por xenogénese (Yamaha et al., 2003, 2007;
Saito et al., 2008; Yasui et al., 2011).

Esses beneficios da triploidia, aliados as vantagens produtivas e demanda do tambaqui,
podem agregar valor a producdo da espécie, permitindo maior rendimento em menor tempo.
Nesse contexto, o presente estudo tem como objetivo desenvolver um protocolo eficiente para
a producdo de tambaquis triploides e avaliar seus efeitos sobre fertilidade, bem-estar e
desempenho na recria, contribuindo para o avancgo cientifico e tecnoldgico da piscicultura

nativa brasileira.



2. REVISAO BIBLIOGRAFICA
2.1. AQUICULTURA NO BRASIL E NO MUNDO

A crescente busca mundial por alimentos saudaveis, somado ao constante aumento
populacional, tem elevado significativamente a demanda por proteina advinda do pescado. Em
1961, o consumo mundial de pescados era de 9,1 kg per capita. De 2004 a 2009, o aumento do
consumo foi de 13% no acumulado (Fao, 2010), tornando o pescado um dos itens alimentares
mais consumidos do mundo. Em 2022, o consumo foi de 20,7 kg per capita por ano e estima-
se que até 2032 o consumo aumente 10% atingindo 21,3 kg per capita (Fao, 2024). A
Organizacdo Mundial da Saude (OMS), recomenda que o consumo de pescado seja de 12
kg/hab./ano. No Brasil, o levantamento preliminar do consumo medio per capita de pescado
era de 14,5 kg/hab./ano (Brasil, 2014), o que ultrapassou o recomendado pela OMS. No entanto,
dados da Peixe Br de 2018 mostraram queda no consumo do brasileiro, baixando para 9,5
kg/hab./ano e em 2023 a queda foi ainda maior, com o consumo de 4,35 kg/hab./ano (Peixe Br,
2024). Vale ressaltar que no Brasil, o consumo do pescado varia de acordo com o Estado. Por
exemplo, no Amazonas, as populagdes ribeirinhas chegam a consumir mais 30 kg de peixe por
ano (Brasil, 2010), enquanto na maioria dos outros Estados do Brasil o consumo fica abaixo do
recomendado.

Nesse contexto, uma das estratégias para alcangar os indices de consumo recomendados
em todo o globo, é aumentar a producdo e, consequentemente, a oferta de pescado. Em 2022, a
producdo aquicola no mundo alcangou um marco historico de 223,2 milhdes de toneladas,
sendo 185,4 milhdes de toneladas de animais aquaticos e 37,8 milhGes de toneladas de algas,
dos quais 89% foi destinado para consumo humano. I1sso demonstra a importancia da producéo
pesqueira no combate a inseguranca alimentar e a ma nutricdo. A América Latina e o Caribe
produziram 17,7 milhdes de toneladas da producdo pesqueira mundial, crescendo para 9%
quando considerado apenas a producao de animais aquaticos (FAO, 2024).

No Brasil, a producdo de pescado tem aumentado ao longo dos ultimos anos. Em 2024, a
producéo atingiu 968.745 toneladas de pescado, com um crescimento de 9,2% em relacdo ao
ano anterior. No entanto, a principal espécie responsavel por este crescimento é a tilapia,
espécie africana, que respondeu por 662.230 toneladas da producdo total de peixes cultivados
naquele ano. Apesar deste crescimento na producdo aquicola nacional, as espécies nativas
tiveram um recuo na producdo. Por conta da menor producdo na regido Amazonica, essas
espécies fecharam 2024 com 258.705 toneladas, queda de 1,81% em relacdo a 2023 (263.479
t) (Peixe Br, 2025).



Apesar do grande potencial do Brasil para a aquicultura, a producao aquicola nacional
ainda esta aquém do esperado, nao conseguindo suprir plenamente a demanda interna. Esse
cenario reflete a escassez de pacotes tecnologicos especificos voltados as espécies nativas de
alto desempenho zootécnico, o que limita o avango produtivo e tecnologico do setor e contribui
para o desequilibrio da balanca comercial do pescado brasileiro.

De acordo com dados da COMEXSTAT/Ministério da Economia, compilados pela
Embrapa Pesca e Aquicultura (2025), as exportagdes de produtos da piscicultura brasileira
alcancaram 13.792 toneladas em 2024, representando um aumento de 58% em volume e 82%
em valor, totalizando US$ 59 milhdes em receitas. Esse desempenho expressa um crescimento
consistente das exportacfes, embora o pais ainda apresente um déficit comercial significativo,
uma vez que as importacgdes atingiram aproximadamente US$1 bilhdo. Assim, o saldo negativo
da balanca comercial da piscicultura foi de cerca de US$ 992 milhGes em 2024, sendo o salméo
a principal espécie importada pelo Brasil, com valor de US$ 909 milhGes, correspondendo a
cerca de 87% das importacdes totais do setor (Embrapa e Peixe BR, 2025). Esses dados
reforcam a necessidade de investimentos em pesquisa, inovagdo e estruturacdo de cadeias
produtivas voltadas as espécies nativas, para que o Brasil possa reduzir sua dependéncia de

importacOes e consolidar-se como um exportador relevante de pescado de cultivo.

A tilapia continua sendo a principal espécie de peixe cultivado exportada pelo Brasil,
consolidando sua lideranga nos mercados internacionais. Em 2024, de acordo com dados da
COMEXSTAT/Ministério da Economia, compilados pela Embrapa Pesca e Aquicultura (2024),
os Estados Unidos foram o principal destino da tilapia brasileira, com um faturamento de
US$12,9 milhdes.

Outras espécies nativas também tiveram participacdo nas exportacdes, embora em
volumes menores. O tambaqui registrou exportacGes de aproximadamente US$ 11 mil,
enquanto para o Peru, as principais espécies exportadas foram o pacu (US$ 525 mil) e o
curimata (US$ 480 mil), representando praticamente toda a exportacdo dessas espécies no

segundo trimestre de 2024.

O Brasil apresenta um padrdo de consumo de proteinas de origem animal que difere do
padrdo mundial. Enquanto no contexto global as carnes suinas e os pescados figuram entre as
proteinas mais produzidas e consumidas, o cenario brasileiro € dominado pelas carnes de frango
e bovina (FAQ, 2024; OECD e FAO, 2024).



Essa discrepancia reflete fatores histdricos e culturais, como a ampla disponibilidade de
areas de pastagem e a forte estrutura produtiva das cadeias avicola e bovina no pais (Baltieri et
al., 2025). Provavelmente, esse cenario ira se alterar nos préximos anos, devido ao aumento do
consumo de carne de peixe por parte da populacédo. Isso porque existe uma crescente demanda

por proteina do pescado por sua alta qualidade.

Portanto, é necessario identificar os principais gargalos que atrasam o crescimento do
setor e principalmente buscar alternativas eficazes que alavanquem a atividade. A industria da
piscicultura tem um mercado promissor no Brasil, porém, seus principais entraves ainda se ddo
devido a falta de estudos basicos sobre a fisiologia das espécies de alto potencial produtivo e o

pouco investimento para aplicacdo de novas tecnologias.

2.2. CARACTERISTICAS GERAIS E TAXONOMIA DO TAMBAQUI

O tambaqui € o segundo maior peixe de escama da bacia Amazénica (Goulding, 1981;
Isaac e Ruffino, 2000), podendo ser encontrado nas bacias dos rios Solimdes/Amazonas e
Orinoco e seus afluentes (Aradjo-Lima e Goulding, 1998). Sua taxonomia (tabela 1) foi descrita
pela primeira vez por Bardo George Von Cuvier em 1998, sendo pertencente a ordem dos

Characiformes, familia Characidae, Género Colossoma e espécie C. macropomum.

Tabela 1. Classificagcdo taxondmica do tambaqui.

Reino Animalia

Filo Chordata

Classe Actinopterygii

Ordem Characiformes

Familia Characidae

Subfamilia Serrasalminae

Género Colossoma

Espécie C. macropomum
Nomes populares Brasil: Tambaqui

Peru: Gamitana

Venezuela: Canhama




Colémbia: Cachama negra

Estados Unidos: Black-pacu

A espécie é caracterizada por ndo apresentar espinho pré-dorsal, apresentar nadadeira
adiposa raiada e aproximadamente 76 escamas na sua linha lateral (Araudjo-Lima e Goulding,
1998) (Figura 1). Na fase juvenil apresenta uma mancha escura arredondada proxima da
nadadeira dorsal, que some na fase adulta. A colorac¢do nos adultos varia de acordo com a cor
da 4gua em que vivem, em aguas pretas ficam mais escuros e em aguas barrentas, mais claros
(Araujo-Lima e Goulding, 1998; Santos et al., 2006; Soares et al., 2008). O dimorfismo sexual
no tambaqui pode ser notado na fase adulta, quando diferencas morfométricas no padréo de
crescimento ficam evidentes, com a fémea maior e mais pesada que o macho, apos atingirem a
fase reprodutiva, tanto na natureza quanto em cultivo (Villacorta-Correa e Saint-Paul, 1999;
Vieira et al., 1999; Almeida et al., 2016).

Figura 1: Exemplar de tambaqui Colossoma macropomum adulto

O tambaqui é uma espécie de habito diurno, reofilico, com desova total, fecundacéo
externa e ndo possui cuidados parentais. Os primeiros sinais de diferenciagdo sexual ocorrem
com 40 mm de comprimento em ambos 0s géneros (Lobo et al., 2020). No entanto, as fémeas
sO iniciam o processo de maturacdo sexual entre 55 e 61 cm, com idade média entre 3,5 e 5
anos (Araljo-Lima e Goulding, 1998) e os machos com o comprimento variando entre 62 e 95
cm (Vieira et al., 1999).

O tambaqui em ambiente natural, realiza migragdes reprodutivas para areas de desova,

sendo influenciado por estimulos ambientais como temperatura, fotoperiodo e variacdes de



nivel de agua. Esses fatores sdo essenciais para a maturacdo gonadal e a liberagdo dos gametas
(Vieira et al., 1999; Borges, 2022). Em sistemas de confinamento, a auséncia desses estimulos
naturais pode comprometer a reproducdo do tambaqui, resultando na regressdo gonadal e
inviabilizando a desova (Carvalho, 2016). Para contornar essa limitacdo, é necessario o uso de
indugdo hormonal. O método tradicionalmente utilizado € a aplicacdo de extrato bruto de
hipdfise de carpa (EBHC), que contém horménios gonadotroficos responsaveis pela inducéo da
maturacdo final e da liberacdo dos gametas. Estudos demonstram que a indu¢do com EBHC
pode resultar em taxas de fertilizacdo superiores a 80% e sobrevivéncia embriondria proxima a
80% (Harvey e Carolsfeld, 1993; Amaral et al., 2020).

Além do EBHC, horménios sintéticos, como gonadorelina, buserelina e o analogo do
hormdnio liberador de gonadotrofina de Salmao (sGnRHa), tém sido testados como alternativas
para a inducdo hormonal no tambaqui. Pesquisas indicam que esses compostos podem ser
eficazes na indugdo da desova, oferecendo vantagens como maior controle sobre as doses e
menor risco de contaminagdo (Souza et al., 2018; Oliveira et al., 2020). E importante ressaltar
que a eficicia dos hormdnios sintéticos pode variar conforme a espécie e as condi¢des
ambientais. Portanto, é fundamental realizar estudos especificos para cada situacdo, visando
otimizar os protocolos de indugdo hormonal e garantir o sucesso reprodutivo em sistemas de
confinamento (Reis, 2016; Borges, 2022).

2.3. TRIPLOIDIA

A triploidia em peixes refere-se a condigdo genética na qual o individuo possui trés
conjuntos completos de cromossomos (3n), em vez dos dois conjuntos normais (2n). Essa
condicdo pode ocorrer naturalmente em algumas espécies de peixes devido a erros na meiose,
mas também pode ser induzida artificialmente durante a reproducdo por métodos fisicos ou
quimicos que impedem a expulsdo do segundo corpusculo polar do oécito (Thorgaard, 1983;
Benfey, 1999). A ocorréncia da triploidia é resultado da retencdo de um conjunto extra de
cromossomos, presentes no segundo corpusculo polar, que em condi¢Bes normais é expelido
durante o processo de fertilizagcdo. Desta forma, origina-se um zigoto com trés conjuntos
cromossémicos (Figura 2). A retencdo do segundo corpusculo polar pode ocorrer de modo
natural e sem a intervencdo humana (Le Comber e Smith, 2004; Tiwary et al., 2004; Piferrer et
al., 2009; Silva et al., 2011) ou através da aplicacdo de choques fisicos ou quimicos em ovos

recém fertilizados. Os choques fisicos podem ser por alteracdo brusca da temperatura da agua



ou alteracdo da pressao hidrostatica (Tiwary et al., 2004; Piferrer et al., 2009), que sdo mais

dificeis de serem executadas, por exigirem equipamentos especificos (Turra et al., 2012).
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Uma outra alternativa para obter um zigoto diploide é através do cruzamento de
individuos tetraploides com individuos diploides. Os animais oriundos deste cruzamento séo
chamados de triploides interploides (Piferrer et al., 2009). Entretanto, o cruzamento de machos
tetraploides com fémeas diploides tem pouca eficiéncia, com baixas taxas de fertilizacdo,
devido a dificuldade dos espermatozoides de penetrarem a micrdpila dos odcitos pela diferenca
de tamanho entres ambos 0s gametas (Cesar et al., 2004; Tebaldi e Amaral Janior, 2009).

Morfologicamente, um peixe triploide pouco ou nada difere de um diploide, a principal
diferenca esta relacionada a reducéo do desenvolvimento gonadal, maior indice de heterozigose
devido incremento de material genético presente nos nucleos, e o tamanho e quantidade de
células (Benfey, 1999).

Em ambiente natural, foram encontradas diversas espécies de peixes com triploidia
natural como Astyanax scabripinnis (Luis Maistro et al., 1994), Trichomycterus davisi (Borin
et al., 2002) e loach (Misgurnus anguillicaudatus) (Zhang e Arai, 1999). Em algumas espécies,
triploides naturais podem ocorrer pela retencdo espontanea do segundo corpusculo polar
(Piferrer et al., 2009), ou pela producéo de gametas ndo reduzidos (Zhang e Arai, 1999; Piferrer
et al., 2009).

Peixes triploides sdo amplamente utilizados na aquicultura devido aos beneficios,
principalmente esterilidade, que ndo somente previne a reproducdo indesejada nos lotes de
corte e a poluicdo genética de estoques de peixes selvagens (Mahmoudi et al., 2025), mas
também direciona energia para o crescimento somatico, em vez da reproducdo, promovendo
maior rendimento e produtividade (Benfey, 2001; Nandeesha et al., 2018).Além disso, peixes
triploides normalmente apresentam melhor desempenho de crescimento, melhores taxas de
conversdo alimentar, rendimento de carcaca, qualidade da carne e melhores taxas de
sobrevivéncia em comparacdo com peixes diploides (Schafhauser-Smith e Benfey, 2001;
Glover et al., 2013; Yilmaz et al., 2017).

Portanto, o principal objetivo da técnica de triploidia é produzir esterilidade gonadal. O
sucesso da esterilidade se justifica pelas vantagens adquiridas como: maior taxa de crescimento
(Feindel et al, 2011) e de sobrevivéncia, melhor conversdo alimentar e maior resisténcia a
doengas quando comparados com seus progenitores diploides (Kerby, 2002). As vantagens da
triploidia em relagdo ao crescimento sdo facilmente percebidas durante o cultivo dos animais
devido ao crescimento continuo no decorrer do cultivo, uma vez que, os triploides ndo deslocam
energia para a producgéo de gametas e compartimentos reprodutivos.

Esse rapido crescimento possibilita que o peixe chegue ao peso comercial mais rapido,

garantindo que a oferta do pescado ocorra ao longo de todo o ano (Arai, 2001; Peruzzi et al.,



2004). Pelo fato do processo de desenvolvimento gonadal nos triploides ser reduzido, espera-
se 0 crescimento mais acelerado e consequentemente um rendimento de carcaca maior, podendo
aumentar consideravelmente a rentabilidade da producdo (Dunham, 2004).

A triploidia pode ainda influenciar diretamente em algumas caracteristicas de carcaca,
como rendimento e composi¢do de &cidos graxos (Buchtova et al., 2004; Manor et al., 2012;
Ribeiro et al., 2012). O pescado em geral sdo fontes ricas de acidos graxos, principalmente de
O0mega 3, sendo altamente recomendado seu consumo como forma de prevenir doencas
cardiacas (Turner et al., 2003).

O método de inducéo da triploidia varia conforme a espécie, sendo os mais utilizados o
choque térmico a frio, o choque de pressao hidrostatica e, em alguns casos, combinacdes de
estimulos fisicos, dependendo do ciclo reprodutivo e da resisténcia do gameta (Cherfas e
Gomelsky, 1994; Linhart et al., 2001; Rehulka et al., 2004).

A triploidia possui um grande potencial para melhorar o desempenho dos organismos
aquaticos, entretanto, existem alguns entraves e particularidades que limitam sua aplicacdo em
todas as espécies cultivadas. Um deles é a fertilidade em algumas espécies, que elimina as
vantagens da esterilidade, que é o melhor direcionamento da energia metabolica para o
crescimento somatico, 0 que contribui para o aumento do desempenho produtivo e para
eficiéncia zootécnica. Além disso, peixes estéreis tém sido utilizados como receptores de
transplantes xenogénicos de células germinativas, principalmente de espécies ameacadas ou de
dificil reprodugdo. Ademais, a poliploidia, dependendo das condi¢des submetidas, pode reduzir
0 desempenho dos animais, e tornar o cultivo de triploides de algumas espécies inviavel
economicamente (Dunham, 2004).

O tamanho e a quantidade de células em organismos triploides é outro fator que pode
causar transtornos e diminuir o desempenho dos animais. As células dos triploides séo até 50%
maiores em relacéo aos diploides, sendo este aumento desproporcional nos trés eixos (altura,
largura e comprimento), e que pode gerar consequéncias como a reducao da relagéo entre area
superficial e volume celular, afetando o desempenho dos processos dependentes desta relacao,
tais como as trocas de nutrientes, metabdlitos, ions, hormdnios, oxigénio entre outros
(Hyndman et al., 2003), além de afetar o equilibrio enzimatico da membrana celular (Sadler et
al., 2000). Devido a esses fatores, para se obter as vantagens com 0s organismos triploides é
necessario que as condic¢des de cultivo sejam ideais para a espécie, a fim de evitar problemas
que afetam as células e suas funcGes (Benfey, 1999; Tiwary et al., 2004; Benfey, 2016; Fazio,
2019; Madaro et al., 2021).



2.3.1. Confirmagdo da triploidia por citometria de fluxo

Apos a inducdo de um organismo a triploidia, é necessario realizar a confirmagdo da
ploidia. Para tanto, vérias técnicas podem ser empregadas, como: citometria de fluxo, esfregaco
sanguineo, caridtipo, marcadores moleculares e analises histoldgicas (Lutz, 2003; Dunham,
2004).

A citometria de fluxo é uma técnica moderna e uma das ferramentas mais confiaveis para
a confirmacdo da triploidia em peixes. Essa técnica baseia-se na quantificagdo relativa do
conteddo de DNA nuclear em células isoladas, geralmente eritrécitos nucleados, comparando-
se individuos presumivelmente triploides com diploides de referéncia (Benfey, 1999; do
Nascimento et al., 2024).

Para tal, a amostra, composta por suspensdes nucleares, € corada com fluorocromos
especificos para DNA (como iodeto de propideo, DAPI ou hoechst 33342), e o contetdo
genético presente nos nucleos celulares isolados sdo quantificados individualmente em um
citdbmetro de fluxo, que mede a intensidade da fluorescéncia emitida. Em individuos triploides,
observa-se um aumento de aproximadamente 1,5 vezes na intensidade média de fluorescéncia
em relagdo aos diploides, refletindo a presenca de trés conjuntos cromossémicos (3n) em vez
de dois (2n) (Benfey, 2016).

Essa metodologia apresenta varias vantagens: € rapida, reprodutivel, requer pequena
quantidade de amostra, e permite a analise de um grande numero de células, fornecendo
evidéncia estatistica robusta. Além disso, pode ser aplicada em diferentes tecidos (sangue,
branquias, figado, rins, etc.), inclusive em amostras de larvas inteiras e juvenis, nos quais o
caridtipo, técnica de citogenética classica, descrita abaixo, seria impraticavel devido ao
tamanho dos animais (Huergo e Zaniboni-Filho, 2006; Linhart et al., 2001). Com isso, a
citometria se torna imprescindivel na deteccdo precoce da ploidia dos animais.

Estudos realizados com espécies como salmao-do-atlantico (Salmo salar), truta-arco-iris
(Oncorhynchus mykiss), jundia (Rhamdia quelen), tambaqui (Colossoma macropomum) e
matrinxa (Brycon amazonicus) demonstram a eficiéncia da citometria de fluxo para confirmar
a triploidia induzida por choques térmicos, de pressdo ou quimicos (Teskeredzic et al., 1993;
do Nascimento et al., 2024) (Tabela 2). Em muitos casos, a técnica € utilizada em conjunto com
analises morfométricas de eritrécitos e cariotipagem, reforcando a confiabilidade dos

resultados. Assim, a citometria de fluxo consolidou-se como método padréo para a verificacdo



da ploidia em programas de pesquisa, melhoramento genético e biosseguranca em aquicultura
(Benfey, 1999; do Nascimento et al., 2024).

Tabela 2. Espécies de peixes em que a triploidia foi confirmada por citometria de fluxo.

Espécie Nome comum Método de Método de confirmacao Referéncia
inducdo
Oncorhynchus Salméo coho Choque térmico e  Citometria de fluxo Teskeredzic et al.,
kisutch pressao 1993
Oncorhynchus Truta-arco-iris  Choque térmico e  Citometria de fluxo Benfey, 1999
mykiss pressdo
Silurus glanis Bagre-europeu  Choque térmico e Citometria de fluxo+ Linhart et al., 2001

Cyprinus carpio
Rhamdia quelen

Carpa comum
Jundia

pressao

Choque térmico
Presséo
hidrostatica

Contagem cromossémica
+ esfregago sanguineo
Citometria de fluxo
Citometria de fluxo e
contagem cromossémica

Tiwary et al., 2004
Huergo e Zaniboni-
Filho, 2006

Salmo salar Salméo-do- Choque de Citometria de fluxo + Benfey, 2016
Atlantico presséo morfometria de eritrdcitos

Brycon amazonicus;  Matrinxa; Choque térmico Citometria de fluxo + do Nascimento et

Astyanax Lambari- esfregaco sanguineo al., 2021 e 2024

altiparanae; tambi(;

Prochilodus Curimbaté

lineatus; Mandi-

Pimelodus amarelo

maculatus

Oreochromis Ttilapia-do- Choque térmico Citometria de fluxo e Menezes et al.,

niloticus Nilo histologia gonadal 2024,

2.3.2. Confirmacdo da triploidia por esfregaco sanguineo

A identificacdo de peixes triploides é realizada principalmente por método citogenético.
Entretanto, a morfometria de eritrdcitos obtida por meio de esfregacos sanguineos representa
uma abordagem confiavel, de baixo custo e ndo letal para triagem (Benfey, 1984; Garcia-
Abiado et al., 1999; Espinosa et al., 2005; Cal et al., 2010; Fukushima et al., 2012). Peixes
triploides geralmente apresentam eritrocitos de maior tamanho em comparacdo aos diploides,
devido ao aumento do conteddo gendmico. Em muitos estudos, o esfregaco sanguineo é
utilizado isoladamente ou em conjunto com técnicas complementares, como a citometria de
fluxo, a contagem cromossdmica (andlise de cari6tipo), para aumentar a precisdo da
confirmacéo da triploidia (Benfey et al., 1984; Fukushima et al., 2012).

A avaliacdo da triploidia por medicao do tamanho das células sanguineas vermelhas tem

sido aplicada em vérias espécies de teledsteos. Por exemplo, Oncorhynchus mykiss (truta arco-



iris) e Salmo salar (salmao-do-Atlantico) foram analisados por morfometria de eritrocitos e
citometria de fluxo apds inducdo de triploidia por choque térmico ou pressdo hidrostatica
(Benfey e Sutterlin, 1984; Johnson e Utter, 1986; Benfey, 1999). No Brasil, espécies nativas e
exoticas também tém sido alvo de estudos: Rhamdia quelen (jundia), Pimelodus maculatus
(mandi-amarelo), Oreochromis niloticus (tilapia-do-Nilo), Brycon amazonicus (matrinxa) e
Colossoma macropomum (tambaqui) tiveram a triploidia confirmada por esfregaco sanguineo,
frequentemente combinada com citometria de fluxo ou analise citogenética (Huergo e Zamboni
Filho, 2006; Fukushima et al., 2012; do Nascimento et al., 2017, 2021).

Esse método tem sido aplicado com sucesso em diversas espécies como ferramenta

auxiliar ou confirmatoria para o diagndstico da triploidia, conforme resumido na tabela 3.

Tabela 3. Espécies de peixes cuja triploidia foi confirmada ou indicada por esfregago sanguineo (morfometria

eritrocitaria).

Espécie Nome Método de confirmacao Método de Referéncia
comum inducdo da
triploidia
Oncorhynchus Truta arco-iris  Esfregaco sanguineo Choque térmicoa  Benfey e
mykiss frio Sutterlin, 1984
Salmo salar Salméo-do- Esfregago sanguineo + Choque de pressdo  Johnson e Utter,
Atléantico citometria de fluxo hidrostatica 1986

Cyprinus carpio

Carpa comum

Esfregago sanguineo

Choque térmico

Cherfas e
Gomelsky, 1994

Salmo salar Salméo-do- Esfregaco sanguineo Choque de pressdo  Benfey, 1999
Atlantico

Silurus glanis Bagre- Esfregaco sanguineo + Choque térmicoe  Linhartetal.,
europeu citometria de fluxo pressao 2001

Rhamdia quelen Jundia Esfregago sanguineo Choque térmico Fukushima et al.,

2012

Oncorhynchus Truta arco-iris  Esfregago sanguineo Choque de pressdo  Berrill et al., 2012

mykiss

Pimelodus Mandi- Esfregaco sanguineo + Choque térmicoa  do Nascimento et

maculatus amarelo citogenética frio al., 2017

Brycon amazonicus  Matrinxa Esfregago sanguineo + Choque térmico do Nascimento et
citometria de fluxo al., 2021 e 2024

Thymallus Grayling Esfregaco sanguineo + Pressdo Rozynski et al.,

thymallus europeu hidrostatica 2025.

2.3.3. Confirmacdo da triploidia por cariotipo

A confirmagéo da triploidia em peixes tem sido amplamente documentada na literatura,

utilizando principalmente métodos citogenéticos e citométricos associados a morfometria de



eritrocitos (Benfey, 1984; Garcia-Abiado et al., 1999; Tiwary et al., 2004; Cal et al., 2010;
Fukushima et al.,, 2012). Esses procedimentos permitem distinguir de forma confiavel
individuos diploides e triploides, uma vez que a presenca de um conjunto cromossdmico
adicional (3n) resulta em alteracGes celulares e nucleares facilmente detectaveis (Benfey, 1999;
Linhart et al., 2001). No jundid (Rhamdia quelen), a inducéo por pressao hidrostatica gerou
individuos triploides confirmados por contagem cromossdmica (Huergo e Zaniboni-Filho,
2006). Resultados semelhantes foram observados em Brycon amazonicus (matrinxd),
submetido a choque térmico e confirmado por cariotipagem (do Nascimento et al., 2021), e no
tambaqui (Colossoma macropomum), no qual tanto choques térmicos quanto de pressao
hidrostatica resultaram em sucesso na induc¢do (Sato et al., 2020).

Outras espécies de interesse aquicola incluem a carpa comum (Cyprinus carpio), o bagre
europeu (Silurus glanis), o salmé&o coho (Oncorhynchus kisutch) e o bagre-do-canal (Ictalurus
punctatus), todas com triploidia confirmada por cari6tipo ap6s indugdo térmica ou por pressdo
(Teskeredzic et al., 1993; Linhart et al., 2001; Rehulka et al., 2004; Perera et al., 2016).

A cariotipagem permanece 0 método classico para confirmacao da triploidia (Tabela 4),
embora analises complementares, como a morfometria de eritrocitos e a citometria de fluxo,

sejam amplamente utilizadas como ferramentas preliminares ou confirmatorias.

Tabela 4. Espécies de peixes em que a triploidia foi confirmada por cariétipo.

Espécie Método de Indugéo Método de Referéncia
Confirmacao
(Cariétipo)
Oncorhynchus kisutch Choque térmico e Caridtipo (2n=60, Teskeredzic et al., 1993
(salméo coho) pressao 3n=90)
Oncorhynchus mykiss Choque térmico e Caridtipo (2n=60, Benfey, 1999; Berrill et
(truta arco-iris) pressao 3n=90) al., 2012
Silurus glanis (bagre Pressédo hidrostatica e Caridtipo (2n=64, Linhart et al., 2001
europeu) choque térmico 3n=96)
Cyprinus carpio (carpa  Choque térmico Cariotipo (2n=100, Rehulka et al., 2004
comum) 3n=150)
Rhamdia quelen Presséo hidrostatica Caridtipo (2n=58, Huergo e Zaniboni-
(jundid) 3n=87) Filho, 2006
Oreochromis niloticus Choque térmico Caridtipo (2n=44, Martins et al., 2008
(tilapia-do-Nilo) 3n=66)
Ictalurus punctatus Transplante celular e Cariotipo (2n=58, Perera et al., 2016
(bagre-do-canal) pressao 3n=87)
Salmo salar (salméo- Choque de pressdo Caridtipo (2n=58, Benfey, 2016
do-atlantico) 3n=87)
Pimelodus maculatus Pressdo hidrostatica Cariotipo (2n=56, do Nascimento et al.,

(mandi-amarelo) 3n=84) 2017




Brycon amazonicus Choque térmico (calor)  Cari6tipo (2n=50, do Nascimento et al.,

(matrinxa) 3n=75) 2021
Colossoma Choque térmico e Cariotipo (2n=54, Sato et al., 2020;
macropomum pressdo hidrostatica 3n=81)

(tambaqui)

2.3.4. Confirmacdo da triploidia por Marcadores moleculares

A confirmacé@o molecular da triploidia em peixes representa um avanco significativo nas
ferramentas de diagndstico genético disponiveis para a aquicultura moderna. Conforme descrito
anteriormente, diferentes métodos morfologicos e citogenéticos, como a contagem
cromossémica, citometria de fluxo e morfometria de eritrocitos, tém sido amplamente
utilizados. No entanto, o uso de marcadores moleculares vem ganhando destaque por sua
precisdo, rapidez e aplicabilidade em grandes amostras.

Entre os principais marcadores empregados destacam-se os microssatélites (SSR), que
permitem detectar o trialelismo (presenca de trés alelos em um mesmo loco), considerado um
forte indicador genético de triploidia. Essa abordagem foi aplicada com sucesso em espécies
como Oncorhynchus mykiss e Salmo salar (Benfey et al., 2010; Fran¢k et al., 2016).

Outros métodos, como AFLP(Polimorfismo de Comprimento de Fragmento
Amplificado), RAPD (Amplificagdo Randdémica de DNA Polimorfico) e SNPs (Polimorfismo
de Nucleotidico Unico), também tém sido utilizados para identificar padrdes gendmicos
compativeis com a triploidia, mostrando variacdes no nimero de coOpias génicas e maior
diversidade alélica (Tiwary et al., 2004; Christensen et al., 2019). Além disso, técnicas
citogendmicas, como a hibridizacao in situ fluorescente (FISH), permitem a visualizagao direta
do namero de cromossomos, oferecendo uma confirmagdo inequivoca da condicéo triploide
(Fujimoto et al., 2017). Assim, os marcadores moleculares se consolidam como ferramentas
essenciais na validacdo genética da triploidia. Essas abordagens moleculares vém sendo
amplamente aplicadas em espécies de importancia aquicola, como truta (Oncorhynchus
mykiss), salmdo (Salmo salar), carpa (Cyprinus carpio), tilapia (Oreochromis niloticus), e
matrinxa (Brycon amazonicus), consolidando seu papel na validacédo genética da triploidia e no
controle da esterilidade reprodutiva em programas de melhoramento genético (Teskeredzic et
al., 1993; do Nascimento et al., 2021). (Tabela 5).



Tabela 5. Marcadores moleculares utilizados na confirmagédo da triploidia em diferentes espécies de peixes.

Espécie Nome Marcador Evidéncia molecular Referéncia
comum molecular utilizado observada
Cyprinus carpio Carpa RAPD e AFLP Perfis genéticos com Tiwary et al.,
comum fragmentos adicionais 2004
indicativos de genoma
triploide
Oncorhynchus Truta arco- Microssatélites Presenca de trés alelos por Benfey et al.,
mykiss iris (SSR) loco (trialelismo) 2010
confirmando triploidia
Rhamdia quelen Jundia Microssatélites e Marcadores revelaram alta Fukushima et
RAPD heterozigosidade e presenca  al., 2012
de trés alelos
Ictalurus Bagre-do- AFLP Perfis moleculares Perera et al.,
punctatus canal consistentes com trés cépias 2016
gendmicas
Pimephales Peixinho- FISH (Fluorescent in  Visualizacdo direta de trés Fujimoto et al.,
promelas gordo situ hybridization) conjuntos cromossémicos 2017
Salmo salar Salméo-do- SNPs e Padrdes de trialelismo e Christensen et
Atlantico microssatélites variacdo alélica compativeis  al., 2019
com trés conjuntos
cromossémicos
Oncorhynchus Salméo coho  SNPs Trés alelos detectados em Christensen et
kisutch loci especificos al., 2019
Brycon Matrinxa Microssatélites Alelos mltiplos por loco do Nascimento
amazonicus (SSR) compativeis com triploidia etal., 2021

induzida por choque térmico

2.3.5. Esterilidade em peixes triploides

A triploidia em peixes, caracterizada pela presenca de trés conjuntos de cromossomos

(3n) e € amplamente estudada na aquicultura como uma estratégia para controle reprodutivo e
para a melhoria do desempenho zootecnico. Sua principal consequéncia é a esterilidade,
resultante da incapacidade dos cromossomos triploides formarem pares homologos durante a
meiose, 0 que inviabiliza a produgdo de gametas funcionais (Felip et al., 2001; Carman et al.,
2023). A verificacdo dessa condicao é frequentemente realizada por meio da analise histolégica
das gbnadas, que permite observar as alteragfes morfofuncionais associadas a triploidia.

Em peixes marinhos, como o robalo-europeu (Dicentrarchus labrax), estudos classicos
demonstraram que machos triploides apresentam espermatogénese severamente comprometida,
com interrup¢do da meiose e auséncia de espermatozoides maduros, enquanto fémeas exibem
ovarios rudimentares contendo apenas oogénias em profase | (Felip etal., 2001). Na trutas arco-

iris (Oncorhynchus mykiss), achados semelhantes foram descritos, nas quais as gonadas



triploides sdo delgadas e pouco desenvolvidas, com ovocitos imaturos e auséncia de gametas
funcionais (Panasiak et al., 2023).

Em espécies de peixes de agua doce, estudos recentes reforcam esses padrbes. Por
exemplo, em tilapias-do-Nilo (Oreochromis niloticus), a analise histolégica mostrou que a
triploidia leva a completa inibicdo da gametogénese, resultando em gbnadas pequenas, com
auséncia de espermatocitos e odcitos maduros (Carman et al., 2023; Menezes et al., 2024).
Outro exemplo semelhante foi observado em lambari-do-rabo-amarelo (Astyanax altiparanae),
espécie neotropical utilizada como modelo laboratorial, na qual gbénadas triploides
apresentaram oog6nias e espermatdcitos primarios, mas sem formacdo de gametas (do
Nascimento et al., 2017).

Nos peixes-gato siameses (Pangasianodon hypophthalmus), a triploidia resultou em
testiculos com predominéncia de espermatécitos e auséncia de espermatozoides, enquanto as
fémeas exibiram ovarios compostos majoritariamente por odcitos pré-vitelogénicos (Ibrahim et
al., 2017).

Peixes de regies temperadas, como trutas-marrons (Salmo trutta) e graylings europeus
(Thymallus thymallus), também apresentam alteragfes gonadais tipicas, com bloqueio na
espermatogénese e na ovogénese (Rozynski et al., 2025). Entretanto, ha registros de esterilidade
parcial ou reversao tardia, visto que alguns individuos triploides de Salmo trutta desenvolveram
gbnadas funcionais e produziram gametas apos trés a cinco anos de idade (Lahnsteiner e
Diinser, 2024).

Em espécies tropicais nativas, como o tambaqui (Colossoma macropomum), a triploidia
pode ser induzida por choques térmicos e identificada por citogenética, mas os efeitos
histologicos ainda sdo pouco documentados, sendo observada apenas a fase inicial da
diferenciacdo gonadal (Sato et al., 2020).

Além de seu valor cientifico, a producdo de peixes triploides estéreis apresenta
importancia pratica para a aquicultura moderna, pois impede a reprodugdo indesejada em
cativeiro e reduz o risco de impacto genético sobre populagdes selvagens, sem comprometer o
desempenho produtivo (Derayat et al., 2013; Przybyt et al., 2022). Assim, a integracao entre
inducdo controlada de triploidia e verificacdo histoldgica constitui uma abordagem essencial
para 0 manejo reprodutivo sustentavel de espécies aquicolas. A tabela 6 apresenta os trabalhos

analisados com foco na histologia gonadal de diversas espécies marinhas e de agua doce.

Tabela 6. Espécies de peixes em que a triploidia afetou o desenvolvimento gonadal.



Espécie (Nome Tipo de Técnica(s) Principais achados Referéncia
cientifico) ploidia / utilizada(s) histoldgicos nos individuos
comparacdo triploides

Dicentrarchus Diploide x Histologia gonadal +  Espermatogénese Felip et al.,
labrax (robalo- Triploide dosagem hormonal severamente 2001.
europeu) comprometida;

Ovaérios rudimentares,

0ogOnias em profase |

blogueadas.
Cyprinus carpio Triploide Histologia gonadal + O desenvolvimento das Basavaraju et
(carpa comum — induzido IGS gbnadas em fémeas (3N) é  al., 2002.
india) menor do que em machos

(3N),

invertendo a situagéo geral

em diploides, onde o0s

valores de 1GS sdo mais

altos em fémeas maduras.
Cyprinus carpio Triploide Histologia gonadal Gonadas estéreis em Yuetal.,
(carpa comum) (GH- machos e fémeas, sem 2011.

transgénica)

gametas maduros;
crescimento acelerado.

Gadus morhua Diploide x Desenvolvimento Machos e fémeas triploides  Derayat et al.,
(bacalhau do Triploide gonadal e apresentaram atraso e 2013.
Atléntico) crescimento subdesenvolvimento

gonadal.
Oncorhynchus Diploide x Histologia de ovérios  Go6nadas finas e imaturas Panasiak et
mykiss (truta arco- Triploide + citogenética em fémeas triploides; al., 2023.
iris) auséncia de odcitos

maduros.
Astyanax Diploide x Histologia gonadal +  Auséncia de gametas do
altiparanae Triploide Estereologia maduros em machos e Nascimento et
(lambari-amarelo) fémeas adultos. al., 2017.
Pangasianodon Diploide x Histologia gonadal +  Fémeas triploides com Ibrahim et al.,
hypophthalmus Triploide GSlI ovarios rudimentares; 2017.
(peixe-gato siamés) machos sem

espermatogénese completa.
Carassius gibelio Diploide x Histologia gonadal +  Gametogénese em machos  Przybyt et al.,
(carpa gibel) Triploide dosagem de e fémeas anormal e niveis 2022.

esteroides hormonais reduzidos em

triploides.
Oreochromis Diploide x Histologia gonadal +  Machos e fémeas triploides  Carman et al.,
niloticus (tilapia-do- ~ Triploide GSlI apresentaram gbnadas 2023.
Nilo) pequenas e imaturas;

auséncia de gametas

funcionais.
Salmo trutta (truta Diploide x Histologia gonadal Triploides machos e fémeas Lahnsteiner e
marrom) Triploide sdo parcialmente férteis; Dunser, 2024.

10-17% produziram
gametas aos 3-5 anos.
Triploides introduzidos em
&guas naturais ou que
escapam podem cruzar com
seus equivalentes diploides.
Isso ndo apenas altera 0s
genotipos das populagGes
locais, mas também
modifica os niveis de
ploidia.




Oreochromis Triploide Histologia gonadal Observada instabilidade Menezes et

niloticus (tilapia-do- cromossbmica e al., 2024.
Nilo) desenvolvimento parcial de

gametas em machos e

fémeas.
Thymallus thymallus  Diploide x Histologia gbnadal +  Fémeas triploides: auséncia  Rozynski et
(grayling europeu) Triploide hematologia de odcitos desenvolvidos; al., 2025.

testiculos sem espermiacao.

2.4. PARAMETROS HEMATOLOGICAS EM PEIXES

As analises hematoldgicas tém sido amplamente utilizadas como ferramentas
fundamentais para a avaliacdo do estado fisiologico e sanitario dos peixes (Tavares-Dias e
Moraes, 2004; Hrubec e Smith, 2010; Ranzani-Paiva et al., 2013; Fazio, 2019). Esses
parametros fornecem informacdes detalhadas sobre a saude, 0 metabolismo e a capacidade
adaptativa dos organismos frente a condi¢des ambientais e de manejo. A composi¢édo do sangue
reflete respostas fisiologicas a fatores como temperatura, oxigénio dissolvido, densidade de
estocagem, alimentacdo e presenca de patdgenos, sendo, portanto, um indicador sensivel de
estresse e bem-estar em peixes cultivados (Tavares-Dias e Moraes, 2004; Fazio, 2019).

De modo geral, as variaveis hematol6gicas mais comumente avaliadas incluem a
concentracdo de hemoglobina (Hb), o hematdcrito (Ht), a contagem de eritrécitos (RBC) e
leucocitos (WBC), além de parametros bioguimicos associados, como glicose, albumina,
globulina, proteinas plasmaticas e colesterol (Hrubec e Smith, 2010). Alterac6es nesses indices
podem indicar distdrbios fisioldgicos, infecciosos ou metabolicos, sendo ferramentas de
diagnostico complementares na aquicultura intensiva.

Diversas espécies de peixes ja tiveram seus perfis hematoldgicos descritos em condicdes
naturais ou experimentais. Entre as espécies neotropicais de interesse aquicola, destacam-se 0
tambaqui (Colossoma macropomum), o pacu (Piaractus mesopotamicus) e o jundia (Rhamdia
quelen), que apresentam valores hematolédgicos de referéncia amplamente utilizados em estudos
fisiolégicos e toxicoldgicos (Tavares-Dias, 2015; Santos et al., 2022). O tambaqui, por
exemplo, apresenta caracteristicas hematologicas compativeis com alta resisténcia a hipoxia,
exibindo aumento no hematdcrito e na concentracdo de hemoglobina quando submetido a
baixos niveis de oxigénio (Ribeiro et al., 2020).

Em espécies exoticas amplamente cultivadas, como a tilapia-do-Nilo (Oreochromis
niloticus), as analises hematoldgicas tém sido aplicadas para monitorar o impacto do estresse

térmico, qualidade da &gua e densidade de estocagem (Akinrotimi et al., 2021). Em salmonideos



(Salmo salar, Oncorhynchus mykiss), parametros como o hematocrito, a glicemia e o
leucograma sé@o amplamente utilizados como indicadores de desempenho fisioldgico e resposta
imune em sistemas de cultivo intensivo (Sandnes et al., 1988; Fazio, 2019).

Além disso, peixes marinhos e estuarinos, como a dourada (Sparus aurata) e o
barramundi (Lates calcarifer), tém sido alvo de estudos hematoldgicos para a compreensao das
respostas fisioldgicas ao transporte, salinidade e manipulacdo, contribuindo para o
aprimoramento das praticas de manejo (Faggio et al., 2014; Abdullah et al., 2020).

Portanto, o estudo dos parametros hematoldgicos em diferentes espécies de peixes é uma
ferramenta que permite a compreensdo das respostas fisiologicas, diagnostico de distarbios e
otimizacdo das condi¢des de cultivo. A padronizacdo e ampliacdo dessas analises em espécies
nativas brasileiras representam um avanco significativo para a consolidacdo da aquicultura

sustentavel no pais.

2.5. PARAMETROS BIOQUIMICOS EM PEIXES

As andlises bioquimicas sanguineas representam uma das ferramentas importantes na
avaliacdo do estado fisiologico, metabolico e sanitario dos peixes (Tavares-Dias e Moraes,
2004; Hrubec e Smith, 2010; Fazio, 2019; Abdullah et al., 2020). Esses pardmetros fornecem
informac0es detalhadas sobre o funcionamento de 6rgéos vitais, como figado, rins e musculos,
além de refletirem as respostas do organismo frente a fatores de estresse ambiental, nutricional
e de manejo (Tavares-Dias, 2015; Fazio, 2019). Assim como os exames hematoldgicos, as
analises bioquimicas tém sido amplamente utilizadas na aquicultura como indicadores de bem-
estar e salde dos peixes cultivados.

Os principais parametros bioguimicos avaliados incluem a glicose plasmatica, utilizada
como marcador de estresse agudo; as proteinas totais, relacionadas a capacidade imunolégica e
estado nutricional; e os lipidios sanguineos, como colesterol e triglicerideos, associados ao
metabolismo energético e a nutricdo (Hrubec e Smith, 2010; Abdullah et al., 2020). Além disso,
as enzimas hepéaticas — principalmente a alanina aminotransferase (ALT) e aspartato
aminotransferase (AST) — sdo amplamente empregadas como indicadores de integridade
hepatica e de alteracdes metabolicas causadas por agentes toxicos ou condi¢cbes ambientais
adversas (Ghiraldelli et al., 2006; Faggio et al., 2014).

Em espécies nativas da América do Sul, como o tambaqui (Colossoma macropomum), o

pacu (Piaractus mesopotamicus) e o pirarucu (Arapaima gigas), estudos bioquimicos tém sido



fundamentais para estabelecer valores de referéncia e compreender as respostas fisiologicas a
variacbes ambientais, como temperatura, oxigénio dissolvido e densidade de estocagem
(Ribeiro et al., 2020; Santos et al., 2021). O tambaqui, por exemplo, apresenta aumento
significativo na glicose e nas enzimas hepaticas (AST e ALT) quando exposto a situagdes de
hipdxia ou manuseio intenso, indicando ativagdo da glicogendlise e do metabolismo anaerdbico
como resposta compensatoria (Santos et al., 2022).

Em peixes de cultivo global, como a tilapia-do-Nilo (Oreochromis niloticus), as analises
bioguimicas tém sido utilizadas para avaliar o efeito de variagdes de temperatura, qualidade da
agua e salinidade sobre o metabolismo energético e osmotico. A elevacao da glicose e a redugéo
das proteinas totais sdo frequentemente associadas a respostas de estresse agudo, enquanto o
aumento de ions plasmaticos (Na*, K" ¢ Cl") pode indicar distarbios osmoéticos (Akinrotimi et
al., 2021).

Em espécies de clima temperado, como o salm&o-do-Atlantico (Salmo salar) e a truta-
arco-iris (Oncorhynchus mykiss), a avaliacdo bioquimica é uma préatica rotineira no
monitoramento sanitario, sendo parametros como glicose, colesterol, triglicerideos e cortisol
amplamente empregados para diagnosticar respostas ao estresse, eficiéncia metabolica e
desempenho produtivo (Sandnes et al., 1988; Fazio, 2019). De forma semelhante, em peixes
marinhos e estuarinos, como a dourada (Sparus aurata) e o barra mundi (Lates calcarifer), o
perfil bioguimico tem sido utilizado para investigar a adaptacdo osmdtica e a resposta
fisioldgica ao confinamento e transporte (Faggio et al., 2014; Abdullah et al., 2020).

A importancia das analises bioquimicas na aquicultura moderna reside na sua capacidade
de fornecer informacdes rapidas e precisas sobre a condicdo fisioldgica dos peixes, permitindo
a deteccdo precoce de disturbios antes que ocorram manifestacdes clinicas ou perdas
zootécnicas. Além disso, esses parametros tém papel central em estudos que envolvem
biotecnologias aplicadas, como inducdo de triploidia, manipulacdo genética e avaliacdo de
contaminantes ambientais, pois auxiliam na verificagdo de possiveis efeitos sub letais sobre o
metabolismo e a funcdo hepética (Santos et al., 2022).

Dessa forma, o conhecimento dos valores bioguimicos de referéncia e de suas variagoes
interespécies constitui um passo essencial para o desenvolvimento sustentavel da aquicultura.
A padronizacdo desses pardmetros em espécies nativas brasileiras, ainda escassamente
estudadas, representa uma contribuicdo significativa para a fisiologia comparada de peixes

tropicais e para 0 aprimoramento das praticas de manejo e bem-estar animal.



3. JUSTIFICATIVA

O tambaqui (Colossoma macropomum) foi a primeira espécie de peixe nativo amazonico
a atrair atencdo significativa de pesquisadores (ec6logos, bidlogos pesqueiros, fisiologistas) e
aquicultores, devido ao seu elevado valor econdémico e ecoldgico (Aradjo-Lima e Goulding,
1998). Atualmente, é a espécie nativa de maior destaque na piscicultura nacional (Peixe Br,
2025). No entanto, a cadeia produtiva ainda se baseia em praticas convencionais de cultivo, o
que evidencia a necessidade de pesquisas aplicadas voltadas ao desenvolvimento de tecnologias
inovadoras adaptadas especificamente para a espécie. Além disso, a producéo de tambaqui puro
vem apresentando declinio anual, resultado da escassez de solugdes tecnoldgicas que permitam
ampliar a produtividade de forma eficiente.

Dessa forma, o desenvolvimento, validacao e aplicagdo de novas tecnologias no cultivo
do tambaqui constituem elementos estratégicos, considerando que seus estoques naturais estdo
ameacados, a producdo atual ndo supre a demanda interna e que a espécie apresenta elevado
potencial de insercdo no mercado internacional.

A presente tese teve como objetivo estabelecer um protocolo eficiente para a obtencao de
tambaqui triploide, avaliando de forma integrada os impactos da triploidia sobre a puberdade e
0 bem-estar animal. Nesse contexto, a caracterizagdo detalhada do desempenho reprodutivo,
fisiolégico e produtivo dos tambaquis triploides (3n) representa um avango cientifico e
tecnologico, fornecendo subsidios para estratégias de manejo e aplicacdo da tecnologia na
consolidacdo da piscicultura nativa brasileira.

A escolha do tema justifica-se pela relevancia econémica e social da espécie e pela
necessidade de solugdes biotecnoldgicas que permitam aumentar a produtividade de forma
sustentavel. O aproveitamento das caracteristicas naturais do tambaqui, aliado a programas de
melhoramento genético e a aplicacdo da triploidia, pode favorecer a intensificacdo da producao,

acelerando a obtencéo de produtos com maior qualidade, competitividade e sustentabilidade.

4. OBJETIVOS

4.1. OBJETIVO GERAL

Produzir tambaqui triploide através do choque de pressao hidrostética e avaliar a

puberdade, o bem estar e parametros biométricos destes peixes.



4.2. OBJETIVOS ESPECIFICOS

>  Desenvolver um protocolo de producdo de tambaqui triploides com um indice

minimo 70% de triploidia.

>  Confirmar a triploidia em tambaqui através de diferentes analises.

>  Caracterizar a incidéncia (ou ndo) da puberdade em tambaquis triploides através da
avaliacdo histoldgica das gbnadas;

> Auvaliar o bem estar do tambaqui triploide.

> Auvaliar os parametros biométricos do tambaqui triploide nos primeiros seis meses

de vida.
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Abstract

We tested different combinations of timing post fertilization and duration using 8000 psi
pressure shock to establish an efficient protocol to induce triploidy in tambaqui, Colossoma
macropomum (Cuvier, 1816). To do so, two trials were carried out: first (T1), newly fertilized
tambaqui eggs were subjected to a pressure of 8000 psi for 120 seconds, starting at different
seconds post-fertilization-spf (T1.1 - 65 spf, T1.2 - 95 spf, T1.3 - 125 spf, T1.4 - 155 spf, T1.5
- 185spf and T1.6 — 312 spf). A group with no pressure treatment was used as control. All
treatments yielded high triploidization rates (> 93%) but T1.1 and T1.2 resulted in higher final
gastrula survival (FGS; >90%) and embryo survival indexes (ES; >87%) than T1.3 to T1.6.
Based on the results of T1, a second trial (T2) was carried out to optimize duration of pressure
shocks using 8000 psi at 65 spf for 60s (T2.1) and for 90s (T2.2), and at 95 spf for 60s (T2.3)
and for 90s (T2.4). A group with no pressure treatment was used as control. T2.1 yielded 56%
of triploids compared to > 94% obtained in T2.2, T2.3 and T2.4. Further, T2.3 and T2.4 yielded
higher FGS and ES indexes compared to control, T2.1 and T2.2. Growth of progenies in earth
ponds diploid (control; n= 2 ponds) and treated fish (combined T2.1, T2.2, T2.3 and T2.4; n=
2 ponds) indicated that triploids have overall a better growth (body weight, body height, total
and standard lengths) than diploids as measured monthly for the first six months of age.
Histological analysis of the gonads of 20 months-old progenies from T2 reared in earthen ponds
indicated that triploids are infertile while their control counterparts were maturing. This study
provides a pressure shock protocol for future large-scale production of sterile triploid C.

macropomum.

Keywords: hydrostatic pressure treatment, triploidization, neotropical fish, infertility.



1. Introduction

The volume of farmed fish production has increased eight-fold over the last three decades
worldwide and the volume of farmed aquatic species has surpassed the volume of aquatic
products from capture fisheries (FAO, 2024). The growth of fish farming aims to meet rising
protein demands; however, this trend may also lead to various environmental concerns. One
significant issue is the genetic mixing of farmed fish—whether hybrids or genetically modified
strains—with wild populations. Such mixing can occur during escape events and natural
spawning in open waters (Gross, 1998; Ottera et al., 2016; Hashimoto et al., 2012). Further,
puberty also results in decreased growth, inferior flesh quality and compromised disease
resistance and welfare which lead to huge economic loss for the fish farmers (Taranger et al.,
2010).

One way to tackle the negative environmental impacts and economic loss is the
production of sterile fish. In fish farming, the production of sterile individuals can be extremely
advantageous, since sexual maturation is generally associated with reduced weight gain and
growth, greater susceptibility to diseases, aggression among them and reduced meat quality
(Arai, 2001; Peruzzi et al., 2004; Taranger et al., 2010; Ottera et al., 2016). While new
molecular methods such as ablation of primordial germ cells (PGC) by depletion of Dead end
(Dnd) are developing, it is in its early stage of R&D (Wong and Zohar, 2015). Triploidization
has been used to develop sterility in aquatic species including fish over the several decades
(Thorgaard and Gall, 1979). Triploid individual possesses an extra set of chromosomes, as a
result of a chemical treatment or physical shock on the newly fertilized egg during the second
phase of meiosis. The shock causes a depolymerization of tubulin fibers of the meiotic spindle
impeding the extrusion of the second polar body (Dunham, 2011; Piferrer, 2018) and making
the zygote possess three sets of chromosomes: two maternal (one from the egg’s pronucleus
and another from the retained polar body) and one paternal (from the spermatozoa’s pronucleus)
(Tebaldi and Amaral Jr., 2009).

Physical shocks are more commonly applied for aquaculture species to produce triploids
through sudden thermal changes (Sato et al., 2020; Yasui et al., 2020; Silva Junior et al., 2021;
Pereira et al., 2022) or changes in hydrostatic pressure surrounding the newly fertilized eggs
(Hyndman et al., 2003; Tiwary et al., 2004; Xu et al., 2008; Piferrer et al., 2009; Peruzzi et al.,
2018; Puvanendran et al., 2019). Another alternative method to obtain a triploid zygote is
crossing a tetraploid individual with a diploid individual resulting in interploid triploids
(Piferrer et al., 2009; Hansen et al., 2025).



In most fishes, the presence of an extra set of chromosomes leads to infertility, as the
meiotic division is disrupted by the failure on the chromosomes pairing before crossing over,
early in meiosis (Benfey, 1999; Tiwary et al., 2004; Piferrer et al., 2009). However, there are
some species in which male triploids can be fertile such as in the Neotropical Astianax
altiparanae (Nascimento et al., 2017), the tench Tinca tinca (Linhart et al., 2006), pond loach
Misgurnus anguillicaudatus (Fujimoto et al., 2008) and brown trout Salmo trutta (Lahnsteiner
and Duinser, 2024). Furthermore, studies indicate that triploid fish have better survival rates,
feed conversion and disease resistance (Kerby et al., 2002; Wang et al., 2024), with no
difference in performance (Pechsiri and Yakupitiyage, 2005; Wagner et al., 2006) or reduced
performance (Aydin et al., 2021; Karayucel et al., 2018; Otterd et al., 2016). However, studies
indicate that welfare issues such as the incidence of deformities can appear and need to be dealt
with (Fraser et al. 2012; Peruzzi et al., 2018).

For pressure shock treatment of fish eggs, a specific machine with a stainless-steel
pressure chamber, hydraulic electric pump, pressure gauge and air bleed valve are used (Peruzzi
and Chatain, 2000). Currently, there are efficient pressure shock protocols to induce triploid for
most commercial fish, such as the brook trout Oncorhynchus gorbuscha (Benfey et al., 1997;
Hyndman et al., 2003), the rainbow trout O. mykiss (Lincoln and Scott, 1984), the coho salmon
O. kisutch (Piferrer et al., 1994), the Atlantic salmon Salmo salar (Glover et al., 2020), the
brown trout Salmo trutta (Preston et al., 2013), the loach Misgurnus anguillicaudatus (Gao et
al., 2007), the channel catfish Ictalurus punctatus (Wolters et al., 1982), the sea bass
Dicentrarchus labrax L. (Peruzzi et al., 2004), the yellow croaker Pseudosciaena crocea (Xu
et al., 2008) and the tilapia Oreochromis aureus (Hussain et al., 1991). For neotropical species,
hydrostatic shock of newly fertilized eggs has yielded 100% triploid in the jundia Rhamdia
quelen, and temperature shock produced 95 -100% triploid in the Astianax altiparanae (do
Nascimento et al., 2017), curimbata Prochilodus lineatus (Yasui et al., 2020) and matrinxa
Brycon amazonicus (do Nascimento et al., 2021). However, the effectiveness of either thermal
or hydrostatic pressure shock highly depends on the time post fertilization when it is applied,
on its intensity and duration (Pandian and Koteeswaran, 1998; Kaldy et al., 2021).

Different methods have been used to verify the ploidy in fish. In general, these analyses
are based on chromosome counts or DNA content, and less frequently based on the cell size
(Abiado et al., 1991; Piferrer et al., 2009). Karyotyping is the most preferred technique, and
more recently the flow cytometry has largely been used to quantify the DNA cell content
(Thorgaard, 1983; Xu et al., 2008; Silva Junior et al., 2021; Pereira et al., 2022). The
measurement of the size of erythrocyte and/or nuclei in stained blood smear is another approach



applied to verify fish ploidy (Benfey and Sutterlin, 1984; Gao et al., 2007; Lu et al., 2009;
Flajshans et al., 2011; Yasui et al., 2020).

The Neotropical fish tambaqui Colossoma macropomum (Cuvier, 1816), an Amazonian
member of the family Serrasalmidae, is the most farmed native fish species in Brazil. Its
cultivation has been steadily intensified over the past decade (Val and Oliveira, 2021), and in
2024 the production of farmed tambaqui exceeded 120 thousand tons (IBGE, 2025).
Consequently, in Brazil, a great research effort has been carried out aiming at developing new
techniques for the farming of tambaqui to improve the production and economic performance
on the effect of different diets at various life stages (de Almeida et al., 2019; dos Santos et al.,
2021), feeding regimes (Chellappa et al., 1995; Guilherme et al., 2022), stocking density (da
Costa et al., 2019; Rodrigues et al., 2024), and environmental conditions (Aride et al., 2004,
Sousa et al., 2017). However, puberty and early maturation have been seen to have negative
effects on growth of tambaqui (Almeida et al., 2016; Silva et al., 2023). Given that triploidy
induction in fish results in sterility, developing a better triploidy induction protocol can add a
great value in the tambaqui industry, allowing greater yield in a shorter period. However, the
attempts to date to induce triploidy in tambaqui using temperature shocks were not efficient,
generating only 8 to 58.8% of triploids (Sato et al., 2020; Silva Janior et al., 2021; Pereira et
al., 2022). Moreover, the same studies demonstrated that heat shock in tambaqui eggs
drastically decreases the fertilization index. Studies comparing the thermal (heat/cold) and
hydrostatic pressure shock on triploidization showed that hydrostatic pressure shock methods
resulted in better production of triploid fish (Malison et al. 2001; Meng et al. 2023).

To date, no efforts have been made to create a triploidization protocol using hydrostatic
pressure. Therefore, the objective of this study was to establish an optimized protocol for
inducing triploidy in Colossoma macropomum (tambaqui) through hydrostatic pressure. This
was achieved by systematically evaluating how the timing of post-fertilization and the duration

of pressure shock affect the efficiency of triploid induction and the resulting sterility.

2. Material and methods

The experiments described here complied with the “Brazilian guidelines for the care and
use of animals for scientific and educational purposes”-DBCA and were registered at the

National System for the Management of Genetic Heritage and Associated Traditional



Knowledge — SISGen (ADBE614) and the Ethics Committee for the Use of Animals - CEUA
of Embrapa Fisheries and Aquaculture (protocol n°11/2019).

2.1. Trial 1: Identification of the best time post-fertilization for pressure-shock
application

2.1.1. Artificial reproduction and experimental design

Trial 1 was conducted at the facilities of Embrapa Fisheries and Aquaculture (Palmas-
TO, Brazil) on December 07 and 08" 2020 using 3.5 years old, earth pond-cultured tambaqui
male and females. Mature females (n=2, 6.26+0.82 kg) and spermiating males (n=2, 5.09+0.07
kg) of C. macropomum were selected and treated with carp pituitary extract (CPE, Danube
Piscicultura, Brazil) following protocol described in Woynéarovich and Van Anrooy (2019).
Females were given a preparatory intraperitoneal dose of 0.5 mg.kg™ of body weight (BW) and
12 hours later a resolving dose of 5.0 mg.kg! BW and males were treated with a single
intraperitoneal dose of 2.5 mg.kg? BW. Care was taken to strip good quality eggs at an
appropriate time. We closely monitored the fish for the first release of eggs in the tanks after
hormonal treatments. When we observed that the females were releasing the eggs at 260 degree-
hours and immediately anaesthetized the fish and stripped the eggs (Oliveira et al., 2023). The
color of the eggs was also checked which was homogeneously light green and was devoid of
any white spots (presumably dead/over-ripped eggs). For semen collection, males had their
urinary tract emptied, urogenital papillae dried, and semen collected using dry sterile 5 mL
syringes. After the collection, lack of spermatozoa activation was confirmed under an optic
microscope to confirm that any urine/feces contamination resulted in sperm activation which
would lead to lower or no fertilization (Maria et al. 2012; Marques et al. 2021). Equal amounts
of semen from two males (2 mL/male) were then pooled and gently mixed prior to fertilization.
Likewise, equal amounts of eggs (200 g/female) of the two females were pooled before
fertilization.

Trial 1 (T1) was designed to test application of 8000 psi for 120s (2 minutes) at six
different times (in seconds) post fertilization (spf). The pressure value (8000 psi), total time of
the pressure applied (120 sec) and the start of the six different times in psf in this trial were
selected after carefully analysing the literature and considering possible species-specific
differences (Pandian and Koteeswaran, 1998; Peruzzi and Chatain, 2000; Piferrer et al., 2009;
de Almeida et al., 2019; Sato et al., 2020; Silva Junior et al., 2021). Each treatment was carried
out in triplicate. Each replicate consisted of 12.5g of pooled eggs fertilized with 250 pL of

pooled semen inside a 50 mL Falcon tube with perforated lids to avoid pressure build up inside



the Falcon tube during pressure treatment. Given the short time (65-312 spf and 120 sec
induction period), fertilization for each treatment was done just before subjecting them to the
pressure treatment and this was done in random order. The treatments were: T1.1 -65 spf, T1.2
-95 spf, T1.3 -125 spf, T1.4 -155 spf, T1.5 -185 spf and T1.6 -312 spf (see figure 1). For each
treatment, triplicates of Falcon tubes containing fertilized eggs were placed together in the
stainless chamber of the hydrostatic pressure shock machine (TRC Hydraulics, Dieppe, New
Brunswick, Canada) which was filled with water from the incubators (29 °C). The tubes with
eggs were placed inside the pressure chamber 10 s prior to the set spf, the lid was closed, and
the pressure was raised to 8000 psi in 4 s. This was considered as 0 s and continued for 120 s.
Soon after pressure treatment, decompression was instantaneously made using a pressure
release valve. Control (CT) replicates were fertilized in Falcon tubes similar as in other six
treatments but were not subjected to any pressure. All fertilized eggs in each of the Falcon tubes

were incubated in individual 200 L incubators (n = 21).

Trial 2 90 sec
T2.4
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T2.3
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T2.2
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Figure 1. Schematic representation of both trials set-up to induce triploidy in tambaqui C.
macropomum. Each line represents one treatment and shows the time post fertilization (sec)
when fertilized eggs were subjected to pressure shock (8000 psi) and the duration of shock

(above each line).

2.1.2. Survival at final gastrula stage and embryo survival (hatching) indices

To estimate the final gastrula survival (FGS) and embryo survival (ES), a random
triplicate samples of 5 mL water sample containing embryos (at final gastrula stage) were taken
from each incubator at 6 hours post fertilization (hpf) for FGS estimation and 11 hpf for ES
estimation and were placed in a Petri dish to form a single layer of embryos. To estimate FGS,



the number of fertilized and unfertilized eggs at 6 hpf were counted under a binocular
microscope and FGS was calculated as FGS = (Number of fertilized eggs / total number of eggs
in the sample) * 100. To estimate the ES, the number of moving embryo inside the egg (viable)
and whitish eggs or with dead embryos (nonviable) were counted at 11 hpf, and the ES was
calculated as ES = (Number of viable eggs / total number of eggs) *100. The stage of viable
embryos at 11 hpf is considered as a good proxy for the number of hatched larvae (Galo et al.
2015). Larval hatching started approximately 12 hours after fertilization at 28°C (336 degree-
hours). The gastrula and embryo survival indexes may be underestimated, as early embryonic
mortality and egg disintegration before gastrulation were not accounted for. The total number
of fertilized eggs immediately after fertilization could not be recorded due to the high number

of treatment groups and replicates. No larval rearing was carried out for Trial 1.

2.1.3. Flow cytometry determination of larval ploidy

After 54 hpf, 20 larvae from each incubator were netted, euthanized in cold water (0°C),
dried on a paper towel, placed in 200 pL microtubes (1/incubator), then dip frozen in liquid
nitrogen. Samples were then stored at -80°C and shipped on dry ice to Embrapa Amazonia
Ocidental (Manaus-AM) where they were kept at -80° C until being processed for flow
cytometry analysis.

Flow cytometry analysis was carried out at FIOCRUZ (Fundagdo Oswaldo Cruz -
FIOCRUZ Amazdnia, Manaus). Because all larval samples from each incubator were placed in
one single microtube, the thawing process impeded a proper separation of the individual larva
and some larvae were lost. After thawing, following number of larvae were intact from six
treatments T1.1= 20, T1.2= 20, T1.3= 20, T1.4= 20, T1.5= 14 and T1.6= 20. Using these larvae
cell lysis was made following protocol from Xavier et al. (2017), where individually thawed
larvae were immediately immersed in lysis solution (9.53 mM MgCl2.7H,0; 47.67 mM KClI,;
15 mM Tris; 74 mM Sucrose, 0.6% Triton X-100, pH 8.0) for 120 min at room temperature.
After cell lysis, the sample was filtered through a 30 pm mesh (Celltrics, Partec Gmbh,
Germany), stained with 50 pL of propidium iodide at 1 mg/mL (Sigma Aldrich, Saint Louis,
MO, EUA) and individually processed in a flow cytometer (FACSCanto™ II, Erebodegem,
Belgium). The equipment was operated using 6 colours within 2 lasers (Blue, 488 nm + red,
633 nm, being 4 colours in the blue laser and 2 colours in the red laser), power forward Scatter
- FSC of 229, side scatter SSC of 330 and fluorescence intensity FL 330, and 50,000 acquired

events were performed.



Ploidy of presumptive triploid fish was confirmed by comparison with diploid control
fish. For the analysis of relative DNA content, we first analysed the control samples (n=12) to
establish a standard amount of DNA present in nuclei suspension of diploid (2n) tambaqui
larvae. The fluorescent cytometry histograms obtained from diploid and triploid fish are

illustrated in figure 2. Relative fluorescence was evaluated using software FlowJo v. 10
(TreeStar Inc, Ashland, OR, USA).
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Figure 2. Flow cytometry histograms (from trial 1) for the nuclei DNA relative content of

tambaqui C. macropomum larvae. a) In diploid fish (from unshocked egg) used as standard, b)

triploid fish (eggs treated with hydrostatic pressure) and ¢) merged data from 2n and 3n fish.



Finally, we estimated the triploid yield (TY), which is a good indicator of the overall
success of the triploidization. It was calculated using embryo survival (ES) of triploid and
control and triploidization rate, as follows: TY = (ES of triploid group/ESI of control group) x
triploidization rate (Teskeredzic¢ et al. 1993).

2.2. Trial 2: optimization of pressure shock duration

2.2.1. Experimental design

Based on triploidization, TY, FGS and ES from Trial 1, a second trial (T2) was designed
to optimize pressure shock duration. The experiment was conducted at a commercial hatchery
located at Brejinho de Nazaré-TO (Fazenda Sao Paulo; 11°1°57.81"S, 48° 35°22.05"W) using
the same pressure shock machine used in Trial 1. On 8th March 2022, 7 kg mature females
(n=2) and 7.5 kg spermiating males (n=3) were selected and spawning/spermiation was induced
using CPE protocol (Woynarovich and Van Anrooy, 2019). Eggs and semen were collected as
previously described. The semen was pooled (2 mL from each male). The trial aimed to test
two durations (60s and 90s) of pressure (8000 psi) application in eggs (12.5 g eggs fertilized
with 250 pL semen) at 65 spf and 95 spf. All four combinations (treatments) were done at 8000
psi in four replicates T2.1 = 60s at 65 spf; T2.2 = 90s at 65 spf; T2.3 = 60s at 95 spf and T2.4
= 90s at 95 spf (see figure 1). The water temperature for the whole trial was 27.5°C. Control
(CT) replicates were fertilized exactly as treatments but not subjected to a pressure shock. After
pressure shock, fertilized eggs were incubated in twenty, 200 L incubators. FGS and ES were

estimated as previously described for Trial 1, at 6 and 11 hpf, respectively.

2.2.2. Rearing conditions, feeding regime and biometrics

From 3 dph, larvae were fed with Artemia nauplii ad libitum every two hours from 8:00
AM to 04:00 PM and then at 09:00 PM. After seven days post-hatching (dph), larvae were
transported in plastic bags saturated with O, from Fazenda S&o Paulo (Brejinho de Nazaré-TO)
to the facilities of Embrapa Fisheries and Aquaculture (Palmas-TO). Replicates were
acclimated into individual 1000 L tanks (total of 20 tanks) at an approximate density of 2 larvae
L maintained in a recirculation aquaculture system (RAS) and kept under constant aeration.
Bottom of the tanks were siphoned daily and water quality was kept at the optimal conditions
(6 mg LY; pH — 7,5) for the species (Hilsdorf, et al., 2022). The average temperature was 29°C,
12 h continuous light per day (12L:12D) and L min.™ water flow were provided.



From 20 dph onwards, fingerlings were also fed ad libitum with powdered commercial
ration (50% crude protein, Aqua line SUPRA, Sao Leopoldo-RS, Brazil) along with Artemia
nauplii, for weaning. Larvae were completely weaned onto a dry diet at 25 dph. When juveniles
were approximately 2 months old (May 10™ of 2022), 30 fish per replicate of each treatment
(n=120/treatment and 480 in total) were transferred to one 600 m?2 earthen pond. Likewise, fish
from control groups were also polled and transferred to another 600 m2 earth pond (n = 480).
The remaining fish were discarded and euthanized with Benzocaine due to the limited number
id earthen ponds available for the grow-out phase. From this moment up to 20 months-old, all
fish were fed with commercial ration (CP 45%, Aqua line SUPRA, S&o Leopoldo-RS, Brazil)
offered daily at 10% of total estimated biomass.

To perform biometric measurements, fifty fish from each group (control and treatment)
were randomly captured from the earthen ponds and transferred to a 1000L anaesthetic tank
(Eugenol at 100 mg. L) and total length (TL in cm), standard length (SL in cm), body height
(BH in cm) and body weight (BW in g) were measured at three, four, five and six months post-
hatch (mph) on 6th June, 15th July, 17th August and 16th September, respectively.

2.2.3. Flow cytometry analysis for triploidization
To avoid sample loses during thawing of very small newly hatched larvae, the sampling

of Trial 2 was done at 15 dph, and 15 larvae from each tank were sampled (60 per treatment),
euthanized in cold water (0° C), and individually placed in 200 pL microtubes for
cryopreservation in liquid nitrogen until flow cytometry analysis. Sample preservation and
transportation were done as in Trail 1. The following number of larvae were analysed from the
treatments: CT2=31, T2.1=37, T2.2=42, T2.3=45 and T2.4= 39 (see figure 2). In Trial 2, the

triploid yield was also estimated as in Trial 1.

2.3. Blood smear and karyotype

At 12 months, 30 fish of each pond (treated and control) received individual transponders
and were sedated with Benzocaine for blood sampling. The blood was collected in heparinized
syringes, for the preparation of blood smears, which were then air-dried and stained with
Giemsa. Pictures of the erythrocytes were taken in an optical microscope at magnification of
100X and the images were used for the measurement of 30 cells per slide. The longest diameter
of each erythrocyte was measured in the software Image G (v. 1.8), and the average (in um)

was estimated.



The karyotype of 6 triploids and 6 control fish was performed as described in Sato et al.,
(2020).

2.4 Histology analysis of the gonads

To evaluate the gonad development of triploid tambaqui at 20 months of age, 10 triploids
(based on the average size of the erythrocytes) and 19 diploid fish were anaesthetised with
0.01% benzocaine (Acros®, New Jersey, USA) and sacrificed by cerebral concussion. The
gonads were dissected and placed in Karnovsky solution for 24 hours, dehydrated, infiltrated
and embedded in glycol methacrylate (Leica®; Heidelberger, Germany). The 5 um thick
sections were stained with blue toluidine (1%), borax (1%), and mounted on slides for further
analysis.

When fish were three years old, four females from the control group and one from the
triploid group were sampled. Fish were weighed and dissected, and the weight of the ovary was

used to estimate the gonadosomatic index (GSI).

2.5 Data and statistical analysis

FGS and ES of both trials were checked for normal distribution by the Shapiro Wilk test,
subjected to one-way ANOVA, followed by Tukey post hoc test for multiple comparisons. The
erythrocyte diameter data passed the Shapiro Wilk normality test and Levene's Test for
homogeneity of variance and were subjected to unpaired T test to compare triploid and diploid
averages. All biometric data passed the Shapiro Wilk normality test and were subjected to
multiple unpaired T test to compare the values of control and triploid groups in each month.
Data are represented as mean £ SEM. GraphPad Prism 9 (GraphPad Software, Inc.) was used

for statistical analysis.

3. Results

3.1. Trial 1: Triploidization, final gastrula survival (FGS) and embryo survival (ES)

(hatching) indices

All six treatments resulted in relatively higher triploidization ranging from 93-100% with
T1.1 and T1.2 had 93 + 11.54 % triploidiation and T1.3, T1.4, T1.5 and T1.6 resulted 100%
(Figure 3a). Control group (86.85 + 4.7 %), T1.1 (94.64 = 2.8 %), T1.2 (89.95+ 3.3 %) and



T1.3 (86.02 + 5.3 %) had significantly higher FGS compared to T1.4 (64.34 = 13.9 %), T1.5
(52.33 £ 6.7 %) and T1.6 (54.50 £ 14.01 %) (Figure 3b; P<0.05). The ES of control group (79
+1%), T1.1 (89 £ 3 %) and T1.2 (87 + 5%) were significantly higher than the ES of T1.3 (58
+ 1 %), T1.4 (49 + 2 %), T1.5 (43 + 4 %) and T1.6 (31 * 1%), while T1.1 and T1.2 had
significantly higher ES than the control group (Figure 3b; P<0.05). The results showed that
treatments T1.1 and T1.2 had higher triploid yield (89.48 % and 86.07 %, respectively) and
were considered as the most effective protocols, while T1.3, T1.4, T1.5 and T1.6 ranged from
60.24% to 30.45 %; Figure 3c). We then considered T1.1 and T1.2 for further development
(Trial 2). Although no quantitative assessment of larval deformities was performed, no visible

abnormalities were observed among hatched larvae in any treatment.
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Figure 3. Triploidy induction (a), final gastrula survival (FGS), embryo survival index (ES)
and triploid yield (c) in tambaqui C. macropomum treated and non-treated with pressure shock
in tiral 1. Data are presented as mean + SD. Treatment groups labelled with the same letter do

not differ significantly (P < 0.05), lower case refers to FI and upper case to ESI.

3.2. Trial 2: Optimization of pressure shock duration
3.2.1. Triploidization, final gastrula survival (FGS) and embryo survival (ES) (hatching)
indices

T2.1 resulted in significantly lower triploidization compared to T2.2, T2.3 and T2.4 at 55
+ 3.4%, 93 + 2.4%, 93 £ 9.2% and 100%, respectively (Figure 4a). No significant differences
in FGS among control group (98.9 £ 0.9 %) and T2.3 (97.4 £ 1.2 %) and T2.4 (97.3 £ 1.9 %),
while T2.1 (93.6 + 2.5 %) and T2.2 (89.7 £ 3.1 %) had significantly lower FGS compared to
control group, T2.3 and T2.4 (Figure 4b; P<0.05). Similarly, control (97.5 £ 0.6 %), T2.3 (96.9
+1.2 %) and T2.4 (96.9 + 1.8 %) had significantly higher ES compared to T2.1 (94.5 £+ 2.4 %)
and T2.2 (91.5 £ 2.6 %) (Figure 4b; P<0.05). The overall triploid yield was 53.3 %, 87.27%,
92.40% and 99.35% for T2.1, T2.2, T2.3 and T2.4, respectively (Figure 4c). Although no
quantitative assessment of larval deformities was performed, no visible abnormalities were

observed among hatched larvae in any treatment.
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Figure 4. Triploidy induction (a), final gastrula survival (FGS), embryo survival index (ES)
and triploid yield (c) in tambaqui C. macropomum treated and non-treated with pressure shock
in trial 2. Data are presented as mean + SD. Treatment groups labelled with same letter do not

differ significantly (P < 0.05), lower case refer to FI and upper case to ESI.

3.2.2. Growth performance of triploid vs diploid fish

No mortality was registered during the growth phase of the study in both ponds. The
control fish were significantly smaller in size compared to the triploid fish from two mph until
the end of the experiment at six mph (Figure 5). Due to their smaller size, fish were not weighed
at two mph. In both groups, the weight steadily increased from 3 mph until the end of the
experiment, and the biomass in the triploid group was significantly higher (P<0.001 in all
parameters analysed). At six mph, the fish from the control group were 342.9 £ 67 ¢, 25.3+ 1.7
cm in total length, 24.1 + 1.7 cm in standard length and 10.9 = 0.8 cm in body height. And the



triploid group was 416.08 £ 79.73 g, 27.4 £ 1.6 cm in total length, 26.2 + 1.5 cm in standard

length and 11.9 £ 0.7 cm in body height (Figure 5).
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Figure 5. Monthly biometrics of tambaqui C. macropomum from 2 to 6 months of age. Black

bars represent the control (unshocked; 2n) group; white bars represent the treated group, mostly

composed by 3n fish. Data are presented as mean + SD (p < 0.001).

3.3. Blood smear and karyotype

The erythrocytes of diploid fish presented an average size of 12.7 £ 0.6 um, while the

erythrocytes of fish induced to triploidy had an average of 15.8 £+ 0.9 um (P<0.001). The

karyotype of triploid fish presented cells in metaphase with more than 70 visible chromosomes.

The erythrocytes of all 6 triploid fish used in the karyotype presented an average nuclear size

above 15um (Figure 6).



Control(2n

Figure 6. Erythrocytes and karyotype of diploid (a and b) and triploid (c and d) tambaqui C.

macropomunm.

3.4 Histology analysis of the gonads

From the 19 control fish, eight were females and six of them had developing ovaries at
primary growth stage, while two had immature ovaries. Ovaries in primary growth had pre-
vitellogenic and atretic oocytes, besides a higher number of primary oocytes arrested in
prophase | of meiosis and surrounded by a single layer of flattened granulosa cells (Figures 7a
and b). This germ cell line was arranged within typical ovarian lamellae. Among the ten triploid
fish, five were females and all displayed immature ovaries without the usual ovarian lamella
morphology. In these triploid females, no germ cells were observed in meiosis or post-meiosis
and there was an apparent increased cellularity in the interstitium. Instead, the germinal
epithelium was either devoid of germ cells or containing only oogonia as germ cell (Figures 7¢

and d, respectively).



Eleven diploid males were evaluated, and they were either in late maturation, with
seminiferous tubules filled with free spermatozoa, or presented resting testis (Figures 7e and f),
with spermatogonia as the main germ cell besides some residual spermatozoa. The resting testis
could also be easily identified by the presence of thick, post spawning or absorbed, somatic
stroma. This indicates that all control males have attained puberty at this age. The five triploid
males were immature with testis containing only early and isolated type A spermatogonia in
the germinal epithelium (Figure 7g). No presence of more advanced spermatogenic cells was
observed in any triploid male.

Female diploid tambaqui at 3-years old showed well developed ovaries compared to the
triploid female. The GSI of the triploid female was 0.01 while the diploid females had a GSI of
7.9 £ 1.01 (Figure 8).
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Figure 7. Gonads of tambaqui C. macropomum. a) 2n immature ovary containing mainly
primary oocytes (PO) and oogonia (circled in black) allocated in lamellae (circled in red); b)
2n primary growth ovary containing primary, previtellogenic (PVO) and atretic (AO) oocytes;
c) 3n ovary without lamella structure, with germinal epithelium (circled in red) devoid of CG
germ cells; d) 3n ovary without lamella structure, containing only oogonia (black arrows) in the
germinal epithelium, which also presented large areas of apoptotic cells (red arrows); €) resting
2n testis containing residual spermatozoa (asterisks) and thick interstitium; f) mature 2n testis
containing free spermatozoa (SZ) and few spermatognial cysts (SG); g) 3n testis presenting
spermatogenic cyst in apoptosis (red arrows), and isolated type A spermatogonia (black arrow).
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Figure 8. Ovary of three year old (a) diploid and (b) triploid tambaqui C. macropomum.




4. Discussion

Results from our experiments showed that applying the hydrostatic pressure to induce
triploidy can be successfully achieved in tambaqui. To our knowledge, no attempts were made
to induce triploidy in tambaqui using a pressure shock. This is a breakthrough for the developing
aquaculture industry in South America for tambaqui. The earlier attempts to produce triploidy
in tambaqui using thermal shock were not successful because of lower triploidization
(maximum 58.8%) and/or reduced fertilization index and embryo survival index (ESI) (Sato et
al., 2020; Silva Junior et al., 2021; Pereira et al., 2022). In our study, we have achieved 100%
triploidization using 8000 psi pressure at 95 seconds post fertilization (spf) for 90 s. Studies
have also shown that time after the post fertilization the shock applied, and the duration of the
shock are very important factors affecting triploidization in fish (Kaldy et al., 2021) while the
magnitude of the hydrostatic pressure of approximately 8000 psi usually gives a satisfactory
triploidy (Zajicek et al., 2011; Fetherman et al., 2015). In both trials in this study, we used a
hydrostatic pressure of 8000 psi while a wide range of different times of spf (65-312 sec in Trial
I) and selected spf (65 and 95 spf) and duration of the shock (60 and 90 sec) were used. In
general, both trials gave higher triploidization but resulted in variable final gastrula survival
FGS and ESI (Figure 3 and 4).

Application of the hydrostatic pressure needs to be applied on the fertilized eggs before
the release of the second polar body to achieve a successful triploidization (Piferrer et al., 2009).
In our experiments, higher rate of triploidization (93-100%) in Trial 1 confirmed that there was
an extended time available between 65-312 sec after fertilization and during this time interval,
the release of the second polar body during meiosis can be withheld. Although resulted in higher
triploidization, the estimated FGS and ES were significantly lower in four of the longer spf
(125, 155, 185 and 312 sec) compared to 65 and 95 spf (Figure 3b). The reduction in FGS and
ESinT1.3-T1.6 intrial 1 indicates that to get an optimal result, the pressure treatment should
start earlier than 125 spf. Similar trends have been reported in turbot where the triploidization
was higher in all treatments, but the ES was variable (Meng et al. 2023) or the TY was variable
in brown trout, Salmo trutta (Preston et al. 2013). It is important to consider that even though
our method, due to the experimental procedures, did not account for early embryonic mortality
or egg disintegration before gastrulation, hence possibly leading to an underestimation of the
actual fertilization and embryo survival indices, it was sufficient to allow reliable comparisons

among the treatments applied.



When comparing different pressure treatments in newly fertilized eggs of different fish
species, there is a range of pressure values (from 6000 to 9500 psi), timing to apply the shock
(up to 40 minutes after fertilization) and length of the shock (up to 5 minutes in Atlantic salmon)
to produce triploid fish (Chourrout, 1984; Hyndman et al., 2003). This indicates that the
intensity of pressure and duration of shock for retention of the second polar body is species
specific and could be related to the sensitivity of eggs and embryonic development time of each
species. Fish with longer embryonic development time would require relatively longer duration
for the release of the second polar body (40 mins as in rainbow trout; Chourrout, 1984) and fish
species with shorter embryonic development time would require shorter duration as shown in
our study for tambaqui. Hence, in the Trial 2 we tested two times after fertilization (65 and 95
spf) and pressure duration (60 and 90 sec). Treating the eggs at 95 spf for either 60 or 90 sec
induced from 93 t0100% of triploidy without affecting the FGS and ES (Figure 4a, 4b).
Although we used only one hydrostatic pressure value (8000 psi), a high triploidization up to
100% has justified the selection of 8000 psi and the time selections in our experiments.

Our study produced higher triploidy induction rates compared to studies in other fish
species; African catfish (Clarias gariepinus; Babaheydari et al., 2016), rainbow trout
(Oncorhynchus mykiss; Chatchaiphan et al., 2016), big-head catfish (Clarias microcephalus;
Lawson and Ishola, 2010), and even with recent studies with tambaqui (Sato et al., 2020; Pereira
et al., 2022; Silva Junior et al., 2021). However, higher triploid induction efficiency of 100%
with high rates of fertilization index and ES have also been reported in some commercial
species such as Atlantic salmon Salmo salar (Graham et al., 1985), trout Oncorhynchus mykiss
(Chourrout, 1984), channel catfish Ictalurus punctatus (Wolters et al., 1981), coho salmon
Oncorhynchus kisutch (Teskeredzic et al., 1993), European catfish Silurus glanis (Linhart et
al., 2001), and the Neotropicals jundia Rhamdia quelen (Huergo and Zaniboni-Filho, 2006;
Silva et al., 2007) and curimbaté Prochilodus lineatus (Yasui et al., 2020).

Triploid tambaqui juveniles in our study were heavier and larger than diploid counterparts
from two to six mph. Due to the limited number of earthen ponds available for the grow-out
phase, it was not possible to maintain separate ponds for all treatment groups, and therefore,
individuals were pooled into a single pond, while the control replicates were kept separately in
equal numbers. This approach likely introduced a small proportion of diploid fish into the
treated pond, as the triploidy rate among replicates ranged from 93% to 100%. Nevertheless,
the zootechnical performance of this group remained consistently superior to that of the control
fish even with this small proportion of diploid individuals, reinforcing the positive effects of

triploidy in the growth of tambaqui. Differences in growth performance between individuals of



different ploidies reared under the same conditions are related to age and species (lhssen et al.,
1990). In Pseudosciaena crocea, the growth difference between diploid and triploid fish was
evident only from 10 mph with triploid individuals were bigger and heavier than diploids,
demonstrating the advantages of triploidy were age-related for this species, probably
concomitant with pubertal timing (Xu et al., 2008). On the contrary, in salmonids the growth is
reduced in triploids, and the greatest advantage of producing such fish is the sterility aiming to
preserve the genetic integrity of wild populations in case of any escape events of farmed fish
(Madaro et al., 2022).

Our analysis comparing the erythrocyte sizes of diploid and triploid fish showed that
triploid fish (confirmed by the observation of more than 70 chromosomes in the metaphase of
such fish) showed larger erythrocytes compared to the diploid fish, as evidenced by the average
size increase from 12.7 um to 15.8 um. and describing some key observations. The nuclear size
of the erythrocytes in triploid fish being larger than 15 pm further supports the genetic
differences, possibly related to the increased number of chromosomes and the additional genetic
material. This finding is in line with observations in other teleosts such as salmonids (Dorafshan
et al., 2008; Saranyan et al., 2017), common carp (Zhu et al., 2021), jundia (Fukushima et al.,
2012) and zebrafish (Small et al., 2024; Benfey et al., 1999), among others. Considering that
erythrocytes are key mediators of physiological adjustments in oxygen transport efficiency,
ongoing research by our group is focused on assessing the hematological condition and health
status of triploid tambaqui to better understand the potential implications of triploidy on the
metabolism and physiology of the fish.

Histological analysis showed that triploidy induction impaired the development of the
gonad germline in both female and male tambaqui and more evident by the presence of
increased cellularity in the interstitium in triploid tambaqui. Typically, sterility is more evident
in triploid females as observed for Atlantic cod (Gadus morhua; Feindel et al., 2011), pufferfish
(Takifugu nifobicas; Hamasaki et al., 2013) and rainbow trout (Oncorhynchus mykiss; Han et
al., 2010). In tambaqui, the gonads of triploid females were immature, with great proliferation
of oogonia by mitosis and no signs of meiotic oocytes. Moreover, triploid ovaries presented a
dense structure of connective tissue with high cellularity, most likely these cells are responsible
for the cleaning of apoptotic oogonia and/or early oocytes (Golpour et al., 2016).

In triploid males only spermatogonium were observed, while all diploid males presented
post-pubertal testis (in final maturation, mature or resting). Similar results were observed in
Heteropneustes fossilis (Tiwary et al., 2000) and in the sea bass Dicentrarchus labrax (Felip et

al., 2001). Moreover, in male sea bass and sea bream Sparus aurata (Haffray et al., 2005),



triploidy severely affects meiosis Il, when secondary spermatocytes differentiate into
spermatids. The sterility opens an opportunity for these males to become recipients for surrogate
experiments (Siqueira-Silva et al., 2018). However, with the recent discovery that triploid
brown trout develops fertility with aging (Lahnsteiner and Dinser, 2024), it is important that
gonad status of older triploid tambaqui is evaluated to confirm if the sterility observed in the
present study is permanent or transitory. Although only one fish was sampled, the sterility status
of triploid female was further confirmed at three years with an undeveloped ovary compared to
the fully developed ovary in 4 control diploid fish.

In conclusion, our results demonstrated that pressure shock at an appropriate time post
fertilization (95 spf) for a duration of 90 sec would result in 100% triploidization and higher
FGS (97%) and ES (97%). Our results also demonstrated that pressure shock treatment of the
newly fertilized tambaqui eggs is a better way to produce triploidy than the previously used
thermal shock methods. Our study presents an efficient and reproducible protocol for the
production of triploid tambaqui, a significant advancement for the tambaqui aquaculture
industry. Triploid tambaqui demonstrated sterility, a critical attribute that can mitigate the risk
of genetic contamination in natural populations and improve farmed stock management. This
sterility also provides an opportunity to optimize energy allocation for somatic growth,
potentially enhancing productivity. The findings underline the practical benefits of triploidy as
a sustainable solution for the tambaqui farming sector, paving the way for further research and

broader application of this technique in aquaculture.
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Abstract

This study aimed to evaluate the physiological condition and health status of triploid
tambaqui (Colossoma macropomum) through hematological and biochemical analyses.
Hematocrit, hemoglobin, and erythrocyte count values, as well as glucoses and plasma protein
(globulin and albumin) concentrations, were assessed in triploid and diploid fish. In addition,
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
and mean corpuscular volume (MCV) values were determined. The fertilization index (FI) and
embryonic survival index (ESI) were elevated in both the control and triploid groups. Triploid
fish presented larger erythrocytes, lower erythrocyte counts, and slightly reduced levels of
hemoglobin and hematocrit. Furthermore, the MCV and MCH were higher in triploid fish,
reflecting a higher hemoglobin content per cell, while the MCHC showed similar values
between diploids and triploids, indicating that this function was not compromised in triploid
fish. Biochemical parameters did not show significant alterations. These findings indicate that
triploid tambaqui appear to represent compensatory physiological adjustments to the increased
DNA content in red blood cells, being able to maintain efficient oxygen transport and overall
respiratory capacity, resulting in the maintenance of normal physiological functions,
comparable to those of diploids. In summary, our results support the sustainable use of triploidy
in tambaqui aquaculture.

Keywords: triploidy, Colossoma macropomum, hematology, aquaculture, erythrocyte



Introduction

With the stagnation of capture fisheries since the 1990s, coupled with population growth,
aquaculture emerged as an alternative to meet the demand for fish protein. Thus, global
production of farmed fish has been steadily increasing and intensifying. However, to achieve
satisfactory results, several factors must be carefully considered and balanced in fish farming,
such as the selection of the species to be farmed, which is particularly critical. Tambaqui
(Colossoma macropomum), a characid native to the Amazon basin, presents key characteristics
that support its cultivation potential, including rapid growth, physiological and anatomical
adaptation to environments with low oxygen concentrations [1-2], tolerance to high densities
[3,4,5], and a large market, mainly in the North region of Brazil. Despite these favorable traits,
tambaqui farming systems and technological development still remain significantly behind
those established for other fish species that dominate Brazilian aquaculture and serve as a
benchmark in both national and international contexts, such as Nile tilapia (Oreochromis
niloticus) [6]. This disparity underscores the need to intensify research efforts aimed at
advancing and innovating technologies for native species such as tambaqui, with a focus on
strategies that confer competitive advantages to the sector.

Considering techniques to increase productivity, the farming of triploid fish is widely
practiced in countries where aquaculture is already a consolidated industry, such as Australia
(salmon Salmo salar) [7] and Scotland (trout Oncorhynchus mykiss) [8]. In other countries,
some fish species have also demonstrated 100% efficiency in obtaining triploids, among them
the channel catfish Ictalurus punctatus (USA) [9], coho salmon Oncorhynchus kisutch (Croatia
and Norway) [10,11], European catfish Silurus glanis (Czech Republic) [12], to the neotropicals
jundia Rhamdia quelen (Brazil) [13,14] and matrinxa Brycon amazonicus (Brazil) [15]. The
production of triploid fish is very advantageous in the farming process, generating economic
profits, mainly because they are sterile individuals. For tambaqui, there were some attempts to
induce triploidy through temperature shock with 17 to 59% induction [16,17,18] and with
hyperbaric pressure with 100% induction [19]. These positive factors of triploidy, added to the
advantageous economic characteristics of tambaqui, can add more value to the production of
the species, allowing a high yield in a shorter period of time.

Hematological examination is one of the commonly used methods to assess the
physiological status and health of fish [20,21]. Hematological and biochemical indices provide
comprehensive information about the oxygen transport capacity of fish, immunological

potential, stress level, disease, intoxication and nutritional status, [22]. As part of the ultimate



goal of developing triploidy technology for tambaqui, the present study aimed to assess the
physiological condition and health status of individuals induced to triploidy through
comprehensive hematological analyses, hence ensuring that the triploidy condition does not

compromise the overall health and welfare of the fish.

2. Material and methods

All procedures of this work comply with the Ethical Principles of Animal
Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA) and
were approved by the Ethics Committee on Animal Use (CEUA) — Embrapa Fisheries and
Aquaculture (protocol n"11/2019). The project has Authorization of Access to Genetic Heritage
registered under the code A5784B5.

2.1 Artificial reproduction and experimental design

The study was conducted at the Embrapa Pesca e Aquicultura (Palmas-TO, Brazil). On
November 8th and 9th, 2023, 3.5-year-old males (n=3, 4.5+0.5 kg) and females (n=2, 8 kg)
tambaqui were selected and treated with carp pituitary extract (CPE, Danube Piscicultura,
Brazil), to induce ovulation, spawning and spermiation. Females received a preparatory
intraperitoneal dose of 0.5 mg.kg™ body weight (BW) and 12 hours later a dose of 5.0 mg.kg™
BW, and males were treated with a single intraperitoneal dose of 2.5 mg.kg* BW. When
females were releasing eggs at 260 degree-hours, they were anesthetized and stripped for the
release of the eggs. The color of the eggs was checked, which was homogeneously light green
and free of any white spots (dead/overripe eggs). At the same time, males had their urinary tract
emptied, the urogenital papillae dried, and semen was collected using sterile 5 mL dry syringes.
After collection, sperm was examined under an optical microscope to confirm whether any
urine/feces contamination resulted in sperm activation, which would lead to reduced or no
fertilization [23]. Equal amounts of semen from three males (2 mL/male) were then pooled and
gently mixed prior to fertilization. Likewise, equal amounts of eggs (200 g/female) from the
two females were pooled prior to fertilization.

The treatment was performed in triplicate and each replicate consisted of 12.5 g of pooled
eggs fertilized with 250 pL of pooled semen inside a 50 mL Falcon tube with perforated caps
to prevent pressure build-up inside the Falcon tube during the pressure treatment. The Falcon

tubes containing fertilized eggs were placed together in the stainless steel chamber of the



hydrostatic pressure shock machine (TRC Hydraulics, Dieppe, New Brunswick, Canada),
which was filled with incubator water (29 °C). Hence, 95 seconds after fertilization (SPF) the
eggs were submitted to a pressure of 8000 psi during 90 seconds [19]. Immediately after the
pressure treatment, decompression was performed instantly using a pressure relief valve.
Control (C) replicates were fertilized in Falcon tubes similar to the treatment, but were not
subjected to any pressure. All fertilized eggs in each of the Falcon tubes were incubated in
individual 200 L incubators (n = 6).

2.2 Fertilization Index (FI) and Embryo Survival (hatching) Index (ESI)

To estimate the fertilization index (FI) and embryo survival index (ESI), a random
triplicate samples of 5 mL water sample containing embryos (at final gastrula stage) were taken
from each incubator at 6 hours post fertilization (hpf) for FI estimation and 11 hpf for ESI
estimation and were placed in a Petri dish to form a single layer of embryos. To estimate Fl,
the number of fertilized and unfertilized eggs were counted under a binocular microscope and
FI was calculated as FI = (Number of fertilized eggs / total number of eggs in the sample) *
100. To estimate the ESI, the number of moving embryo inside the egg (viable) and whitish
eggs or with dead embryos (nonviable) were counted, and the ESI was calculated as ESI =
(Number of viable eggs / total number of eggs) *100. The stage of viable embryos at 11 hpf is
considered as a good proxy for the number of hatched larvae [24]. Larval hatching started

approximately 12 hours after fertilization at 28°C (336 degree-hours).

2.3 Rearing conditions and feeding regime

The larvae were kept in the incubators and from the 5th day post hatching (dph) they were
fed with vitellus of brine shrimp eggs (Vitellus; BernAqua HatcheryFeeds; Belgium) every two
hours. From 15 to 20 dph, the juveniles were co-fed ad libitum with commercial powdered feed
(50% crude protein, Aqua line SUPRA, Sdo Leopoldo-RS, Brazil), for weaning. Subsequently,
a total of 1,956 treated larvae and 2,002 control larvae were transferred to 15,000 L outdoor
vinyl tanks, previously fertilized with rice bran (750 g) and simple superphosphate (500 g).
They were kept in a partial water renewal system under constant aeration. Water quality was
maintained at ideal conditions (Oxigen 6 mg L; pH — 7.5) for the species [25]. The average
temperature was 29°C, and 12 h of light per day (12L:12D). Larvae were completely weaned
onto a dry diet at 20 dph. From that point until 16 months of age, all fish were fed a commercial

diet containing 45% crude protein (Aqua line SUPRA, Séao Leopoldo, Brazil), with feed particle



size adjusted according to the developmental stage, offered daily at 10% of the estimated total

biomass.

2.4 Blood smear

To identify and confirm triploid individuals, the longest diameter of erythrocytes from
12-month-old fish was measured. For this, 70 control fish and 70 treated fish received individual
electronic pit tags (AnimallTag, S&o Paulo, Brazil) and were sedated with 100 mg L tea tree
essential oil - tea tree (Melaleuca alternifolia) (Ferquima, Vargem Grande Paulista- SP, Brazil)
for blood sampling to verify the ploidy status. Whole blood, collected in heparinized syringes,
was immediately used to prepare blood smears, which were air-dried and stained with Giemsa.
Images of erythrocytes were obtained under an optical microscope at 100X magnification, and
the diameter of 30 erythrocytes per sample was measured using Image J software (v. 1.8) to
identify triploid fish [19].

2.5 Sampling

At 16 months of age, 30 control fish and 35 pressure-treated fish were sampled for
biometric and hematological analyses. Biometric data were recorded for body weight (W, gr),
total length (TL, cm), and standard length (SL, cm). Fish were deeply sedated with 100 mg L™
of tea tree (Melaleuca alternifolia) essential oil, and blood was collected from the caudal vein
with a syringe rinsed with 10% EDTA.

2.6 Biochemical parameters

Immediately after collection, the blood samples were centrifuged at 2500 rpm for five
minutes and plasma was collected and frozen at - 80 °C until analysis. The biochemical
variables analyzed were glucose, determined using an enzymatic colorimetric test (InVitro®,
Belo Horizonte, Brazil), total protein, measured using the biuret method, and albumin,
determined using the bromocresol green method (colorimetric determination; InVitro®, Belo
Horizonte, Brazil). Serum globulin was estimated by the subtraction of albumin from total

plasma protein concentration.

2.7 Hematological parameters

Hematocrit and hemoglobin rates were analyzed as described by Goldenfarb et al. (1971)
[26] and Drabkin (1948) [27], respectively. Erythrocytes were counted in a Neubauer chamber



under a 40 X objective of an optical microscope, after blood dilution in citrate formaldehyde
(Collier, 1944) [28]. Then, it was possible to estimate mean corpuscular volume [MCV =
(hematocrit x 10)/erythrocytes], mean corpuscular hemoglobin [MCH = (hemoglobin x
10)/erythrocytes] and mean corpuscular hemoglobin concentration [MCHC = (hemoglobin rate
x hematocrit) x 100], according to Wintrobe (1934)[29].

2.8 Statistical analysis

Fertilization index, embryo survival index, fish length and weight, biochemical (glucose,
total protein, albumin and serum globulin), hematimetric indices (MCV, MCH and MCHC) and
haematological parameters (haematocrit, haemoglobin and erythrocytes number) were checked
for normal distribution and homogeneity of variance using the Shapiro-Wilk and Levene tests,
respectively. The equality of the remaining data was analyzed using the T-test to compare the
treatment mean with that of the control in all analyses (confidence limit of p < 0.05). Data are
represented as mean + standard deviation (SD). Statistical analyses and graphical outputs were
performed wusing RStudio (version 2025.05.0+496; R 4.5.0 for Windows). The
RVAideMemoire, car, and dplyr packages were used for data manipulation and analytical

procedures.

3. Results

3.1 Fertilization Index (FI) and Embryo Survival (hatching; ESI) indices

The fertilization rate were 97% in the control group and 91% in the pressure-treated
group, with a significant difference between the means (t (4) = 3.5496; p = 0.02381). The
embryonic survival rate for both groups was 94%, with no significant difference between the
means (t (4) = 0.3015; p = 0.778) (Figure 1).
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Figure 1. Fertilization index (FI) and embryonic survival index (ESI) in tambaqui (Colossoma

macropomum) with different ploidy: diploid (2n, control) and triploid (3n, pressure-treated).

3.2 Blood smear

The erythrocytes of diploid fish exhibited an average length of 12.1 + 0.9 um, whereas
those of fish induced to triploidy showed a significant (t (123) = -19, p = < 2.2e’%) larger
average size of 15.3 + 0.8 um, consistent with the expected increase in cell dimensions

associated with triploidy (Figure 2).
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Figure 2. Erythrocyte size of tambaqui (Colossoma macropomum) with different ploidy levels.
Triploid individuals showed higher median values and a distribution shifted toward larger cell
diameters compared to diploids, indicating increased erythrocyte size associated with ploidy

level.

3.3 Biometrics

At 16 months of age, the fish were sampled for biometrics (Figure 3). The mean weight
of the control group was 1,268 g + 203.2 and that of the triploid group was 1,042 g + 269.9.
The t-test showed a significant difference between the means of the groups (t (43) =3.192; p =
0.00267). For total length, the mean of the control group was 40.06 cm * 1.98 and that of the
triploid group was 38.00 cm + 2.72. The t-test showed no significant difference between the
means (t (43) = 2.5074; p = 0.01602). For the standard length, the mean for the control was
34.88 cm * 1.98 and for the treated group was 33 cm £ 2.42, with no significant difference
between the means (t (43) = 2.4953; p=0.0165).
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Figure 3. Weight, total length, and standard length of tambaqui (Colossoma macropomum)
with different ploidy levels. Diploid individuals tended to show higher median values for all
morphometric variables, while triploids exhibited greater within-group variability. Points

represent outliers.

3.4 Biochemical parameters

Blood plasma biochemical analyses indicated no statistically significant differences
between triploid tambaqui (n= 35) and diploid controls (n= 30), as reflected by comparable
mean levels of glucose, total protein, albumin and serum globulin (T-test; p > 0.05; figure 4).
The glucose mean was 10.36 = 2.40 mmol/L in the triploid group and 9.64 £ 2.48 mmol/L in
the control group, with no significant difference between the means (t (63) = 1.20, p = 0.23).
For total protein, the mean of the triploid group was 2.53 £ 0.52 g/dL and of the control group
was 2.75 + 0.41 g/dL, with no significant difference between the means (t (63) = 1.88, p=0.06).
The albumin mean values were 0.89 = 0.17 and 0.92 + 0.17g/dL for the triploid and control
groups, respectively (t (63) = 0.83, p = 0.40). The globulin was 1.64 + 0.47 and 1.83 + 0.37
g/dL for the triploid and control groups, respectively (t (63) = 1.78, p = 0,07).
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Figure 4. Biochemical parameters of tambaqui (Colossoma macropomum) with different
ploidy levels. In general, diploid individuals showed slightly higher medians for most

biochemical parameters, except for glucose, while triploid individuals showed greater
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3.5 Hematological parameters

Blood samples were collected from 65 fish, 30 from the control group (2n) and 35 from
the triploid group (3n). The hematocrit mean of triploid fish (35.82 + 3.24%) was similar to the
mean of the control group (37 £ 3.95%) (t (51) = 1.17; p = 0.24). The hemoglobin means were
also similar between triploid (9.18 + 2.69 g dL) and control fish (9.45 + 1.88 g dL?) (t (42) =
0.25; p = 0.79). The average number of erythrocytes per pL was lower in triploid (1.5 + 3.24 *

Glucose {mg dL-")

10°) than control (1.8 + 3.95 * 10°) (t (53) = 2.82; p = 0.006; (Figure 5).
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Figure 5. Hematological parameters of tambaqui (Colossoma macropomum) with different
ploidy levels. Diploid individuals tended to present higher median values for all hematological

parameters, whereas triploids showed wider variability in some measurements. Points represent

outliers.

Regarding the hematimetric indices, the triploid group presented a significantly higher
mean corpuscular volume- MCV (0.00025 = 0.0001) than the control group (0.00021 +
0.00005) (t(36) =-2.42, p = 0.020), a significantly higher mean corpuscular hemoglobin - MCH
(0.000063 £ 0.000025) than the control group (0.000051 + 0.00002) (t(33) = 2.48, p = 0.017),

and a nonsignificant mean corpuscular hemoglobin concentration - MCHC, 25.61 + 8.06 (3n)

3n

and 25.25 £ 5.04 (2n, (t(43)=0.19, p=0.84) (Figure 6).
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Figure 6. Hematimetric indices of tambaqui (Colossoma macropomum) with different ploidy
levels. Comparison of VCM, HCM, and CHCM between diploid (2n) and triploid (3n) fish.
Triploids showed higher values of mean corpuscular volume (VCM) and mean corpuscular
hemoglobin (HCM), whereas mean corpuscular hemoglobin concentration (CHCM) remained
relatively similar between ploidy groups. Points represent outliers.

4. Discussion

Hematology provides simple yet reliable methods for assessing the physiological status
of fish, offering valuable insights into various biological processes. It serves as a good indicator
of fish welfare and health, and, indirectly, of the environmental conditions to which they are
exposed. This study aimed to evaluate the physiological condition and health status of triploid
tambaqui through detailed hematological analyses. These assessments were conducted to
ensure that the triploid condition does not adversely affect the fish’s overall health or welfare,
thereby supporting the sustainable application of triploidy as a biotechnological tool to enhance
tambaqui production.

Measuring erythrocytes through blood smears is a rapid and inexpensive method widely
used to determine ploidy in teleosts [30,31]. However, additional analyses, such as flow
cytometry and cytogenetics, are often required to validate the results and confirm triploidy. In



a previous study, we confirmed the correlation between erythrocyte size, flow cytometry and
karyotype in diploid and triploid tambaqui, demonstrating that erythrocyte diameter
measurement is a validated and reliable method for identifying triploid tambaqui [19]. Hence,
in this study we used the erythrocyte diameter, measured in blood smears, to confirm the triploid
tambaqui.

Our results show that the number of erythrocytes in triploid tambaqui was lower than in
diploids. This reduction results from the increase in erythrocyte size and, consequently, the
decrease in their number, as also reported in other species [32,33]. The extra genetic material
leads to reduced erythrocyte counts in triploid organisms, a homeostatic mechanism that
compensates for the increase in cell volume [30,34,35].

No significant differences in total or standard length were observed between diploid and
triploid tambaqui at 16 months of age, although diploid individuals exhibited significantly
higher mean total weight. This difference may be associated with greater energy expenditure
related to respiratory gas transport and metabolic activity in triploid fish [30,36]. Similar
patterns have been observed in Oncorhynchus mykiss [30], Cyprinus carpio [32], and Clarias
gariepinus [36], where triploid fish showed lower erythrocyte counts and relatively slower
growth, possibly due to reduced oxygen transport efficiency and increased energy expenditure.

No significant differences were observed in hemoglobin (Hb) and hematocrit values,
although mean values were slightly lower in triploid tambaqui, which may reflect subtle
physiological adjustments in oxygen transport efficiency without compromising growth or
overall condition. Red blood cells are directly involved in oxygen and carbon dioxide transport
through their main component, hemoglobin, while hematocrit represents the percentage of
blood volume occupied by these cells [30,37]. Thus, both the number and volume of red blood
cells indicate the blood’s oxygen-carrying capacity [37,38]. The Hb content and hematocrit are
regarded as a key indicator of the secondary stress response.

Regarding hematometric indices, mean corpuscular volume (MCV) and mean
corpuscular hemoglobin (MCH) were higher in triploid fish compared to diploids, reflecting
higher hemoglobin content per cell, possibly due to the greater DNA content in triploid red
blood cells. Mean corpuscular hemoglobin concentration (MCHC), which represents the ratio
of hemoglobin quantity to cell volume, showed similar values between diploids and triploids,
indicating that this function was not compromised in triploid fish. Hence, although triploid
erythrocytes are morphologically larger, the internal hemoglobin concentration remains within
a stable physiological range, suggesting compensatory hematological efficiency between the
groups [37,38].



Biochemical parameters showed no differences in triploid tambaqui compared to the
control group, indicating no effects in plasma glucose levels, total protein, aloumin and serum
globulin caused by triploid condition. This indicates that, in triploid tambaqui, the activation of
stress response mechanisms, such as cortisol and catecholamine release which stimulate
gluconeogenesis and the mobilization of energy reserves [30,36] and the immune response [39],
remained stable between ploidies, and may not be influenced by chromosomal variation.
Altogether, these results point that the physiological homeostasis may have been preserved in

triploid tambaqui.

Conclusion

The results of this study indicate that triploidy in Colossoma macropomum did not cause
significant alterations in hematological or biochemical parameters that could compromise fish
health or physiological performance. Although triploid individuals exhibited larger
erythrocytes, lower cell counts, and slightly reduced hemoglobin and hematocrit values, these
differences appear to represent compensatory physiological adjustments that maintain efficient
oxygen transport and overall respiratory capacity. Similarly, the stability of total protein,
globulin, albumin and glucose concentrations demonstrate that triploid fish can preserve
biochemical homeostasis even under increased metabolic demands or physiological stress.
Overall, these findings confirm that triploid tambaqui maintains physiological functions and
health status comparable to diploid individuals, supporting the view that triploidy is a safe and
sustainable biotechnological approach to enhance the aquaculture production of this species
without compromising animal welfare. Further studies under more physiologically demanding

conditions are warranted to clarify this aspect.
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CONSIDERACOES FINAIS

Para a elaboracdo de um protocolo eficiente de inducdo a triploidia em tambaqui
(Colossoma macropomum) por meio de pressdo hidrostatica, este estudo baseou-se em trés
premissas fundamentais: i) identificar o momento 6timo para a aplicacao do choque de pressao
hidrostatica apds a fertilizacdo dos ovos; ii) determinar a pressdo ideal a ser aplicada nos ovos
recém fertilizados; e iii) definir o tempo de duracédo da pressao de 8.000 psi. A pressdo de 8000
psi foi estabelecida baseada no valor utilizado em outras espécies de peixes de aquicultura,
como o salméo do Atlantico. Para tanto, dois experimentos bem estabelecidos e estruturados
em quatro réplicas foram realizados, até que obtivemos valores satisfatorios ndo somente em
porcentagem de inducdo a triploidia, mas também com valores de taxa de fertilidade e de
sobrevivéncia embrionéria (pré-eclosdo) semelhantes ao grupo controle. O choque de pressao
de 8000 psi, aplicado 95 segundos ap0s a fertilizacdo durante 90 segundos resultam em 100%
de triploidizacdo do tambaqui. Esse protocolo mostra-se mais eficiente e reprodutivel do que
os meétodos de choque térmico empregados anteriormente, configurando uma abordagem

pratica e confiavel para a producdo de tambaquis triploides.

Embora a sobrevivéncia larval ndo tenha sido objeto de estudo desta tese, as analises de
malformagdes foram realizadas e ndo revelaram diferengas entre os tratamentos, sendo a
frequéncia desses eventos muito baixa, semelhante a observada no grupo controle. Entretanto,
uma das principais vantagens obtidas com a triploidia em tambaqui, amplamente demonstrada
nos presentes estudos, foi a esterilidade de machos e fémeas, caracteristica que representa um
importante avanco para 0 manejo do tambaqui por reduzir o risco de contaminacgdo genética de
populacOes naturais e aprimorar 0 manejo de estoques cultivados. A esterilidade possibilita
melhor direcionamento da energia metabolica para o crescimento somatico, contribuindo para
0 aumento do desempenho produtivo e da eficiéncia zootécnica, e assegura 0s estoques
genéticos superiores e/ou geneticamente editados. Além disso, mais recentemente, peixes
estéreis tém sido utilizados como receptores de transplantes xenogénicos de células
germinativas, principalmente de espécies ameacadas ou de dificil reproducdo. Um importante
parametro na producdo de peixes triploides € a confirmacdo assertiva da poliploidia. Em nosso
trabalho utilizamos as principais técnicas hoje aplicadas para tal finalidade: a citometria de
fluxo, que quantifica o contedido genético das células individualizadas, a medi¢éo do tamanho
dos eritrocitos, geralmente maiores que nos individuos diploides, e a cariotipagem, que permite,
de forma conclusiva, visualizar 0 nUmero de cromossomos nesses animais. Essa abordagem

multipla foi fundamental para a confiabilidade dos nossos dados, aléem de validar a medicéo dos



eritrocitos, técnica simples e de baixo custo, como forma de confirmar futuros lotes de tambaqui

triploide.

Dentre as principais caracteristicas importantes em peixes triploides, o rendimento
zootécnico se configura entre os principais, pois em geral sdo peixes com vantagens
econdmicas. Em se considerando o crescimento e ganho de peso do tambaqui triploide, em
nosso primeiro estudo, realizado em tanques escavados até os seis meses de idade, houve
vantagem absoluta, em comprimento corporal e peso total, do tambaqui triploide, em todos os
meses, em comparagdo com o grupo controle. No segundo experimento, entretanto, devido a
falta de instalacGes adequadas, os peixes foram mantidos em tanques circulares suspensos de
vinilona, sob condi¢bes de manejo menos favoraveis. Nessas condi¢6es, ndo foi possivel ajustar
0 arracoamento a biomassa, e a alimentacdo foi realizada até a saciedade aparente, com
interrupgdes nos finais de semana, resultando em falhas significativas no fornecimento de ragéo.
Essa diferenca nas condic¢des de cultivo influenciou diretamente o desempenho zootécnico dos
triploides, que apresentaram crescimento menos satisfatério. Esses resultados sugerem
fortemente que o tambaqui triploide apresenta maior exigéncia nutricional e ambiental em
relacdo aos diploides, necessitando de manejo mais otimizado para expressar plenamente seu
potencial produtivo. Nas condi¢des adequadas dos tanques escavados, contudo, os triploides

demonstraram desempenho excelente, confirmando seu elevado potencial zootécnico.

Do ponto de vista fisioldgico, a triploidia ndo provocou alteracdes adversas significativas
nos parametros hematoldgicos e bioquimicos avaliados, que pudessem comprometer a salude
ou a fisiologia desses peixes. Embora os individuos triploides tenham apresentado eritrocitos
de maior tamanho, menor contagem celular e ligeira reducdo nos valores de hemoglobina e
hematdcrito, tais diferencas parecem refletir ajustes fisiologicos compensatérios, capazes de
manter a eficiéncia do transporte de oxigénio e a estabilidade respiratoria. De forma semelhante,
a manutencdo dos niveis de proteinas plasmaticas (total, globulina e albumina) e glicose
evidencia que os triploides preservam a homeostase biogquimica, mesmo sob possiveis
demandas metabdlicas elevadas. Em sintese, os achados confirmam que o tambaqui triploide
mantém funcbes fisioldgicas e condicdo de salde comparaveis as dos individuos diploides,
reforcando que a triploidia constitui uma ferramenta biotecnoldgica segura, sustentavel e
promissora para o0 aprimoramento da producdo aquicola dessa espécie. Em resumo, os achados
desta tese reforcam o potencial da triploidia como estratégia biotecnoldgica relevante para o
controle reprodutivo e o0 aumento da eficiéncia zootécnica do tambaqui. A triploidia representa

um avanco significativo para a aquicultura do tambaqui, reunindo beneficios de manejo,



biosseguranca e desempenho produtivo. Os individuos triploides apresentaram esterilidade
completa, sem variag@es nos parametros hematoldgicos e fisioldgicos avaliados, evidenciando
que a condicdo triploide ndo resultou em efeitos adversos aparentes. Assim, todas as
caracteristicas observadas apontam para vantagens consistentes, com implicagdes diretas para

0 avango sustentavel da aquicultura nacional.



