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Resumo

Os impactos humanos, como a crise climatica, a poluicdo do mar e a
sobre-pesca, tém esgotado os recursos do ecossistema marinho. Nesse
contexto, os elasmobranquios estdo na linha de frente dos principais problemas
marinhos, pois estdo em declinio, sdo sobre-explorados e vulneraveis a crise
climatica bem como os seus efeitos em cascata. Assim, para monitorar as
pressdes antropicas, técnicas moleculares podem ser utilizadas. Desta forma, o
DNA Barcoding e Metabarcoding sao ferramentas adequadas para entender
aspectos biologicos das espécies importantes para a conservagao. Aqui,
aplicamos a capacidade de resolugao taxondmica dessas duas técnicas para
investigar a diversidade genética de peixes - em especial elasmobranquios — e
seus desafios de conservacdo. Por exemplo, os elasmobranquios que sao
amplamente comercializados sob o nome generalista de “cagdo” no Brasil; a
base da biodiversidade de peixes do Arquipélago de Sdo Pedro e Sédo Paulo;
além das promessas e barreiras de um modelo para monitorar a biodiversidade
de elasmobrénquios a partir de vestigios de DNA. Foi comprovado, por meio de
marcadores moleculares, que néo existe um padrao fixo na comercializagcido da
carne de tubardo com o nome “cacao” no Brasil. Praticamente todas as espécies
de elasmobréanquios podem ser vendidas usando esse nome. Além disso, a
distancia genética entre as sequéncias COI de peixes de Sao Pedro e Sdo Paulo
revelaram que o arquipélago é um reservatorio de biodiversidade. Devido a isso,
sua protegao deve ser aprimorada e monitorada com abordagens cientificas,
como o Metabarcoding. Além disso, foi demonstrado na pratica que o
Metabarcoding de elasmobranquios € uma ferramenta de conservagao util; no
entanto, alguns ajustes sdo necessarios para as estratégias de amostragem e
sequenciamento. Em conclusdo, a atual situagdo ameacadora dos
elasmobranquios poderia ser auxiliada pelo uso de metodologias de DNA
Barcoding e Metabarcoding que ja foram confirmadas serem efetivamente

aplicaveis a essas espeécies.



Abstract

Human impacts such as the climate crisis, pollution of the sea, and
overfishing have been depleting marine ecosystem resources. In such a context,
elasmobranchs are on the frontline of the main marine issues, as they are in
decline, over-exploited, and vulnerable to the climate crisis and its cascading
effects. So, in order to monitor the anthropogenic pressures, molecular
techniques can be used. In this way, the DNA Barcoding and Metabarcoding are
reliable tools to understand aspects of species biology important to conservation.
Here, we applied the capacity of taxonomic resolution of those two techniques to
investigate the genetic diversity of fishes - in special elasmobranchs — and their
conservation challenges. Such as the elasmobranchs that are broadly
commercialized under the generalist common name of “cagao” in Brazil; the
baselines of Saint Peter and Saint Paul Archipelago’s fish biodiversity; besides
the promises and barriers of a model to monitor elasmobranch biodiversity from
DNA traces. It was proven, by using molecular markers, that there is no fixed
pattern when selling shark meat under the “cacdo” name in Brazil. Virtually any
elasmobranch species can be sold using this name. Also, the genetic distance
among fish COl sequences from Saint Peter and Saint Paul revealed that the
archipelago is a reservoir of biodiversity. Due to this, its protection should be
enhanced and be well monitored with science-based approaches such as DNA
Metabarcoding. Moreover, it was demonstrated in practice that elasmobranch
Metabarcoding is a useful conservation tool; however, some adjustments are
necessary to the sampling and sequencing strategies. In conclusion, the current
threatening situation of elasmobranchs could be aided by the use of Barcoding
and Metabarcoding methodologies that already have been confirmed to be
effectively applicable to those species.



Introdugao

Consideragoes gerais sobre peixes e elasmobranquios:

Ha 541 milhdes de anos estabelecia-se o periodo Cambriano, este
caracterizado por promover condicdes que possibilitaram a transigao evolutiva
de formas de vida simples a uma vasta diversidade de vertebrados (Peng et al.,
2020). A "explosao do Cambriano" € a designacédo dada aos eventos em cascata
que aceleraram a diversificagdo da vida no planeta Terra (Morris, 2000). A
histéria evolutiva dos vertebrados inicia-se neste periodo com a emergéncia de
formas primitivas de peixes (Janvier, 1999).

Desde entdo, os peixes evoluiram as mais diversas formas, tamanhos,
cores, e estratégias alimentares e reprodutivas (Dario, 2015). Os peixes sédo o
grupo de vertebrados mais numeroso atualmente e ocupam uma grande
variedade de ecossistemas aquaticos (Nelson et al., 2016) Sendo assim, a
diversidade de peixes em determinada regido é considerada um importante
indicador da qualidade ecossisttmica (Chovanec et al., 2003).
Estima-se que existam 35.934 espécies de peixes descritas (IUCN, 2021).
Dentre estas, o que as diferencia em sua classificagdo biologica é a sua
composicao esquelética, sendo principalmente divididos em Agnatha (Peixes
sem mandibulas); Chondrichthyes (Peixes cartilaginosos); e Osteichthyes
(Peixes 6sseos; Nelson et al., 2016)

Os Chondrichthyes, classe que engloba tubardes, raias (sub-classe dos
elasmobranquios) e quimeras, estdo entre os vertebrados de maior trajetoria
evolutiva, pois sua origem evolutiva data de cerca de 420 milhdes de anos (Dulvy
et al., 2017) Desde entdo, boa parte das espécies de elasmobranquios vém
desenvolvendo estratégias predatorias para ocuparem as camadas superiores
das teias alimentares aquaticas (Camhi et al., 1998). Por serem predadores de
topo, possuem um papel balanceador em ecossistemas aquaticos ao controlar
desequilibrios populacionais de suas presas através da regulagdo em cascata
de teias tréficas (Stevens et al., 2000; Heithaus et al., 2012; Heupel et al., 2014).

Devido a sua importancia evolutiva e papel ecolégico em manter a saude
e estabilidade aquatica, ha uma preocupacao especial em preservar essas
espécies (Myers e Worm, 2003; Baum e Worm, 2009; Heithaus et al., 2012; Dulvy

et al., 2017). Os elasmobranquios resistiram a quatro eventos de extingao



em massa ao longo da escala de tempo geoldgica; entretanto as atuais ameacas
estdo submetendo estas espécies a um risco de extingdo sem precedentes
(Dulvy et al., 2014).

Ainda, ha uma combinacéo de fatores que fazem tubardes e raias serem
especialmente vulneraveis aos impactos do Antropoceno. O primeiro e principal
deles € a sobre-pesca, pois a remogao massiva da vida aquatica como um todo
tem esgotado os recursos alimentares dos elasmobranquios (Ferretti et al.,
2010). A pesca insustentavel esta tornando os elasmobranquios mais sensiveis
as mudancgas em todos os niveis da comunidade marinha (Gilman et al., 2016;
Rosa et al.,, 2017). As pressdes indiretas da pesca também impactam as
populagdes de tubardes e raias por meio da captura acidental (Gallagher et al.,
2014; Molina et al., 2012; Favaro e Céte, 2015). Por fim, estas espécies também
sdo capturadas em grande numero por pescarias direcionadas (Dulvy et al.,
2014). A producgao total de capturas globais de elasmobrénquios que sao
informadas a Organizagdo das Nagdes Unidas para Agricultura e Alimentagéo
(FAOQ) triplicou desde 1950, atingindo recentemente entre 0,7 e 0,8 milhdes de
toneladas (FAO, 2020). Worm e colaboradores (2013), em um estudo global,
estimaram que cerca de 100 milhdes de tubarbes sao pescados anualmente.

A presséo sobre a biodiversidade aquatica foi uma tendéncia ao longo da
historia da humanidade, uma vez que o ponto focal do crescimento populacional
humano foram regides marinhas e estuarinas, tornando-as consequentemente
mais vulneraveis (Lotze et al., 2006; Mora et al., 2011) Assim, a ocupagéo
antropica modificou os ecossistemas aquaticos inviabilizando os recursos
bioldégicos essenciais aos elasmobranquios que anteriormente os habitavam
(Myers e Worm 2003; Perry et al., 2011). Ademais, a poluigdo, o desmatamento,
e o0 impacto de queimadas podem tornar ainda mais inabitaveis estuarios e
oceanos (Castello et al., 2013; He et al., 2014; Castello et al., 2018)

Outro fator que também tem sido ameacgador a tubardes e raias € a atual crise
climatica, ao passo que o clima global esta sendo alterado em seus padrdes
ambientais (Wheeler et al., 2020). Os efeitos em cascata abalam sistemas
aquaticos ao alterar a temperatura e acidez da agua, os niveis dos oceanos, as

correntes maritimas e a frequéncia de tempestades



(Gattuso et al., 2015). Assim, tais mudangas estdo impactando diretamente os
elasmobranquios, ao descaracterizar as suas relagdes troficas, rotas migratérias
e condigdes reprodutivas (Perry et al., 2005; Cheung et al., 2013; Robinson et
al., 2015).

Estratégias de Protecao legal de pesca:

Nos ultimos 50 anos, o consumo de pescado dobrou globalmente (FAO,
2020). Atualmente, contribui com cerca de 17% da ingestdo de proteinas da
populacao global (FAO, 2018). Para sustentar tal demanda, a pressao sobre os
estoques pesqueiros do mundo se intensificou (Anticamara et al., 2011). Este
aumento do esfor¢co de pesca levanta preocupagdes sobre os impactos futuros
da pesca excessiva e as implicagbes ecoldgicas associadas a esses eventos
(Steneck e Pauly, 2019; Costello et al., 2020; Scherrer e Galbraith, 2020).

Para evitar o colapso, a gestdo da pesca deve ser baseada em
informacgdes cientificas a serem usadas para desenvolver as regras sob as quais
as atividades devem operar (Cochrane, 2002). Cada nagdo costeira possui
jurisdi¢cao para pescar no limite de 200 milhas nauticas de seu territério; esta area
€ denominada Zona Econdmica Exclusiva (EEZ). Cabe a cada nagao determinar
as leis e mecanismos regulatorios das pescarias internas (UNCLOS, 1982)

Com o desafio de alcancar uma produtividade satisfatoria e ao mesmo
tempo sustentavel dos recursos pesqueiros, diferentes estratégias de controle e
gestdao podem ser adotados (Hilborn, 2007). Estdo entre as ferramentas de
conservagao que podem ser utilizadas no caso da pesca: limitar o total de
captura admissivel; controlar o esforgo de pesca; restringir o tamanho dos peixes
que podem ser capturados ou retidos; delimitar as artes e estratégias de pesca
permitidos; conceder licengas especificas; determinar periodos em que
determinadas pescarias sédo proibidas; listar espécies em risco de extingao que
nao devem ser pescadas; e restringir areas de pesca (Cochrane, 2002; Schnute
et al., 2007)

Especificamente, no caso de tubardes e raias, as listas elaboradas pela
“Convention on the Conservation of Migratory Species of Wild Animals” (CMS) e
“The Convention on the International Trade in Endangered Species eWild Fauna
eFlora” (CITES) sao utilizadas frequentemente e fornecem ferramentas
importantes para melhorar a protecdo dos peixes que sao reconhecidos como
ameacadas de extingédo no nivel juridico internacional (Techera e Klein, 2011).

Comumente, nacdes criam suas proprias listas de protecdo baseados em
espécies em perigo em suas EEZs (Schnute et al., 2007). Ha outros métodos de

manejo em longo prazo e com base cientifica que devem ser levados em
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consideracao (Fiedler et al., 2017). Uma regulamentagao estrita da pesca como
um todo ja se mostrou uma opgéo a ser considerada (Anderson et al., 2019). A
criagdo de Areas de Protecdo Marinhas exclusivamente destinadas a proteger
os tubardes e raias ja foram demonstrados como uma estratégia promissora
(Chapman et al., 2005; Brunnschweiler, 2010; Bond et al., 2017; MacKeracher et
al., 2019). Também, certificar e promover a pesca sustentavel pode auxiliar na
conservacgao de tubardes (Jacquet ePauly, 2008; Bornatowski et al., 2015). Bem
como, estabelecer periodos temporarios de protegéo (Speed et al., 2010), e o uso
eficaz de dispositivos de reducao de capturas acessorias (Favaro e Cote, 2015).

Ferramentas de DNA Barcoding e Metabarcoding:

Atividades antropicas estdo mudando a dinamica do planeta e elevando
continuamente as taxas de extingdes a partir de eventos como a crise climatica,
a fragmentagao de habitats e a sobre-exploragéo de recursos naturais (Brook et
al., 2008). Devido as alteragbes provocadas, o constante monitoramento da
biodiversidade se faz necessario. O desaparecimento acelerado da diversidade
traz efeitos em cascata nas interagbes ecoldgicas entre espécies,
descaracterizando ecossistemas e, por consequéncia, alterando os padrbes de
biodiversidade (Sage, 2020). Os sinais, ainda invisiveis em escala geoldgica,
tornam-se evidentes através de métricas de avaliacao in situ da biodiversidade.
Sendo assim, a composicao das espécies em diferentes biomas e alteragdes em
seus padroes de distribuicdo podem atuar como um indicador ambiental da
atividade humana (DiBattista et al., 2020).

A dindmica das perdas de espécies se da de forma tdo acelerada que
mesmo parametros biolégicos baseados em captagdo de imagens e sons n&o
estimam a magnitude da calamidade com preciséo. (Raup, 1995; Hoffmann et
al., 2010). Portanto, técnicas moleculares foram desenvolvidas para caracterizar
a diversidade de espécies de forma rapida e confiavel (Krishnamurthy e Francis,
2012; Elbrecht et al., 2019). Desde o inicio da década de 1990, o gene
mitocondrial citocromo ¢ oxidase | (COIl) tem sido usado como ferramenta para
descrever a biodiversidade (Folmer et al., 1994). Hebert et al. (2003)
revolucionaram a técnica ao proporem que a "regido de Folmer" do COI poderia
ser usada para identificar e discriminar espécies como um codigo de barras
molecular (Hebert et al., 2003; Hebert e Gregory, 2005).

Este fragmento genético de 658 pb pode ser facilmente obtido de tecidos
animais e, uma vez sequenciado, fornece mais de 97% de confianca para

diferenciar espécies pela divergéncia em suas sequéncias COIl (Hajibabaei et al.,
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2005; Meusnier et al., 2008). Apoés quase duas décadas, o procedimento é
amplamente aceito para o levantamento da biodiversidade (Hubert e Hanner,
2015; Delrieu-Trottin et al., 2019).

No entanto, para uma descricdo confiavel da espécie, o DNA Barcoding
ndo € suficiente, sendo necessarias abordagens taxondémicas adicionais
(Zamani et al., 2021). De fato, uma das maiores limitacbes da técnica é a
necessidade de ter uma biblioteca de referéncia para a identificacdo das
sequéncias (Christoffer, 2005). O requisito de espécimes de referéncia impde
dificuldades adicionais a implementacdo do método, pois alguns individuos sao
raros ou dificeis de amostrar (Ogwang et al., 2020)

A necessidade de desenvolvimento de solugdes de monitoramento
resultou no advento de técnicas moleculares que agora permitem o estudo de
diferentes taxa através de amostras ambientais - DNA Ambiental (Ruppert et al.,
2019). O concomitante avango de sensiveis protocolos de extragdo de DNA, de
tecnologias de bioinformatica, e de ferramentas de amplificacdo e
sequenciamento genético, permitem o estudo de fragmentos de DNA presentes
emsubstratos como o ar, terra, sedimento e a agua (Creer et al., 2016; Jarman
et al.,, 2018). O material genético expelido por organismos através da urina,
sémen, fezes, pelos, pele, tecidos ou até mesmo de individuos mortos no
ambiente agora esta apto a ser estudado (Thomsen e Willerslev, 2015;
Wangensteen et al., 2018). A caracterizagado genética de multiplos taxa a partir
de amostras ambientais € denominado “DNA Metabarcoding” (Taberlet et al.,
2018); Esta é considerada uma técnica molecular inovadora, pois permite um
rapido e preciso levantamento da biodiversidade, além de ser potencialmente
mais informativa do que abordagens tradicionais. (Taberlet et al., 2012; Creer et
al., 2016.

Um dos modelos taxondmicos que mais tiveram sua capacidade de
diferenciagao explorada através de marcadores moleculares, sobretudo o COl,
foram os elasmobranquios. Considerando a pratica de comercializagao destes
através de nomes genéricos (sem a distingado entre espécies), o DNA Barcoding
ja foi aplicado para fornecer evidéncias forenses das varias espécies envolvidas
no comércio de barbatanas em Marrocos (Alison et al., 2018), Reino Unido
(Hobbs et al., 2019), Canada, China (Steinke et al., 2017), Hong Kong (Clarke et
al., 2006), Emirados Arabes Unidos (Jabado et al., 2015), Australia (Holmes et
al., 2009), Madagascar (Doukakis et al., 2011) e Indonésia (Sembiring et al.,
2015). Os mesmos métodos de identificagdo de base molecular também foram
usados para identificar espécies de carne de tubaréo no Peru (Velez-Zuazo et al.,
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2015), Costa Rica (O’'Bryhim et al., 2017), Taiwan (Liu et al., 2013) , Reino Unido
(Hobbs et al., 2019), Guiana (Kolmann et al., 2017), Emirados Arabes Unidos
(Jabado et al., 2015), Indonésia (Sembiring et al., 2015) e Brasil (Rodrigues-Filho
et al.,, 2009; Ramos, 2017; Staffen et al., 2017; Almerén-Souza et al., 2018;
Bunholi et al., 2018; Feitosa et al., 2018; Calegari et al., 2019; Bernardo et al.,
2020; Merten Cruz et al., 2021).

Por sua vez, a técnica de Metabarcoding em elasmobranquios ja foi
utilizada para desenvolver novos marcadores moleculares (Miya et al., 2015);
examinar os impactos antropicos (Bakker et al., 2017); comparar a eficiéncia de
Metabarcoding a métodos tradicionais (Boussarie et al., 2018 West et al., 2020;
Fraija-Fernandez et al., 2020; Ip et al., 2021); comparar desempenhos relativos
entre conjuntos de primers (Collins et al., 2019); e avaliar a variacédo espacial das
espeécies estudadas (West et al., 2020; Mariani et al., 2021; Marwayana et al.,
2021; Monuki et al., 2021).
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Objetivos

O objetivo central do presente estudo € investigar a aplicacdo de
metodologias moleculares de Barcoding e Metabarcoding para estudo e
conservagao de peixes, sobretudo elasmobréanquios. Abaixo sdo apresentados
os objetivos especificos que abrangem este trabalho.

- Demonstrar, através do DNA Barcoding, a diversidade das espécies de
elasmobranquios que s&o vendidas ao longo da costa do Brasil sob o nome
genérico “cagao’.

- Revelar, dentre as espécies molecularmente identificadas, quais sdo os
elasmobranquios ameacados de extingdo que estdo sendo comercializadas
ocultamente.

- Detectar e catalogar os padrdes de biodiversidade de peixes marinhos em um
conjunto de ilhas remotas (Arquipélago de Sao Pedro e Sdo Paulo).

- Fornecer a primeira biblioteca de sequéncias do gene COI dos peixes marinhos
da regido do Arquipélago de S&o Pedro e S&o Paulo.

- Apontar o primer mais apropriado para futuros trabalhos de Metabarcoding dos
peixes do Arquipélago de S&do Pedro e Sao Paulo.

- Testar os desafios e perspectivas para o uso de Metabarcoding de
elasmobranquios como ferramenta de monitoramento de Areas Marinhas

Protegidas.

- Caracterizar via Metabarcoding a biodiversidade de peixes marinhos, em
especial de elasmobranquios, de Fernando de Noronha.
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1 | INTRODUCTION

In the last 50 years, the consumption of fish has doubled globally
(Food and Agriculture Organization of the United Nations
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Thales R. Ochotorena de Freitas®?

Abstract

1.

Elasmobranchs are apex predators that play a crucial role in marine ecosystems by
regulating the dynamics of food webs, as well as connecting different trophic

levels across habitats.

. The large-scale removal of elasmobranchs impacts the energy transfer in trophic

interactions. The pressure of unsustainable fisheries is considerable, as most
elasmobranchs have reproductive strategies that render them unable to recover
their demographic status after depletion.

In Brazil, elasmobranchs are broadly commercialized under the generalist
common name of ‘cacao’ (namely, shark meat). This allows threatened species
to be commercialized and makes the tracking of different species difficult.

DNA barcoding of the Cytochrome c oxidase subunit 1 (COI) gene was applied to
identify the different species sold as ‘cacao’ along the coastline of Brazil. Fifty-
seven samples from 33 cities in 15 coastal states of Brazil were purchased and
analysed.

Bioinformatic analyses revealed the presence of 17 species that were sold as
‘cacao’. Among them, Prionace glauca (blue shark) was the most abundant. Other
species, listed as Endangered under the IUCN Red List of Threatened Species,
were also uncovered as being in the shark meat trade, such as Sphyrna lewini
(scalloped hammerhead), Isurus paucus (longfin mako shark), and Squatina

guggenheim (angular angel shark).

6. These findings have reinforced the necessity to correctly label the
commercialized species. Public actions towards species-specific management
plans must be applied, as well as monitoring the supervised allied educational
programmes.

KEYWORDS

barcoding, biodiversity, BOLD, Brazil, COI, conservation genetics, elasmobranchs, fisheries,

management, seafood, sharks, threatened species

(FAO), 2020). It now contributes to around 17% of the global
population's protein intake (FAO, 2018). To sustain such a demand,

the pressure on the world's fish stocks has intensified (Anticamara

et al., 2011). This increased fishing effort raises concerns for the
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future impacts of overfishing, the loss of fish habitats, pollution, and
the associated ecological implications of these events (Steneck &
Pauly, 2019; Costello et al., 2020; Scherrer & Galbraith, 2020).

The erroneous identification (mislabelling) of the catches is one of
the factors that contribute to the continuing collapse of fish stocks
(Jacquet & Pauly, 2008). The practice of intentionally mislabelling is
often used to induce consumer acceptance (Logan et al., 2008).
However, it can be related to specific fisheries that violate the
regulations, including those that fail to declare their products properly,
and those that do not follow the specific fishing authorizations (Pardo,
Jiménez & Pérez-Villarreal, 2016).

Intentional mislabelling practices are especially common when
appropriate regulations are absent (Reilly, 2018). Such mislabelling
acts to cover up illegal, unreported, and unregulated fishing, a serious
global issue that amounts to up to 30% of the total catch in some
important fisheries (FAO, 2018). In addition, fishery products are
commercialized without any distinction between the species, or
are not correctly managed (Jacquet & Pauly, 2008). Often, the fishery
management authorities do not have access to the necessary
information to apply adequate conservation plans (Fox et al., 2018).

One of the notable cases of seafood mislabelling is related to
elasmobranchs, a subclass of cartilaginous fish (Chondrichthyes) that
includes sharks and rays (Compagno, 2001). Elasmobranchs are
known for their evolutionary success, since their existence on Earth is
estimated at over 420 million years and they are considered the
earliest extant jawed vertebrates (Dulvy et al., 2017). Owing to their
persistence and presence in marine ecosystems over this long period,
numerous shark species have evolved into top (apex) predators within
the marine food webs (Camhi et al., 1998).

Apex predators play a crucial role in marine environments
(Heithaus, Wirsing & Dill, 2012). They contribute to maintaining the
balance of marine interactions, structuring the dynamics of food webs,
and connecting different trophic levels across habitats (Stevens
et al., 2000; Heupel et al, 2014). In fact, the richness in the
biodiversity of elasmobranchs represents a direct indicator of ocean
health and stability (Friedrich, Jefferson & Glegg, 2014; Navia
et al., 2017). In this context, there is a special need to protect these
species (Myers et al., 2007; Baum & Worm, 2009; Heithaus, Wirsing &
Dill, 2012; Dulvy et al., 2017).

Aside from conservation efforts and their ecological importance,
a combination of factors has led sharks to be especially vulnerable in
the current fishing scenario. Essentially, the massive removal of sea
life as a whole has been depleting the food resources of the sharks
(Ferretti et al., 2010). Unsustainable fisheries are making sharks more
sensitive to changes at all levels of the marine community (Gilman
et al., 2016; Rosa, Rummer & Munday, 2017). The indirect pressures
of the fisheries, such as bycatch, also have an impact on the shark
populations (Gallagher et al., 2014). Currently, shark bycatch is one of
the main threats to shark stocks globally (Molina & Cooke, 2012;
Favaro & Coté, 2015).

Sharks are also captured in very large numbers by directed
fisheries (Dulvy et al., 2014). The total production of global shark
catches that are reported to the FAO has tripled since 1950, recently

reaching between 0.7 and 0.8 million tons (FAO, 2018). Worm
et al. (2013), in a global study, estimated that about 100 million sharks
are landed annually. The exploitation of several shark species
worldwide has increased significantly since the economic expansion
of the Asian markets in the last decades (Eriksson & Clarke, 2015). As
shark fins have a cultural relevance in many Asian cultures, ‘finning’
(the practice that involves removing the fins from live sharks, and
discarding their dying body into the ocean) has become a lucrative
activity (Holmes, Steinke & Ward, 2009). Every year, fins from more
than 38 million sharks are harvested by the shark fin trade (Clarke
et al., 2006b).

Species with a low reproductive potential, such as sharks, are
more susceptible to the unsustainable growth of fisheries (Garcia,
Lucifora & Myers, 2008; Ferretti et al., 2010; Dulvy et al., 2014). Once
exploited, characteristics, such as a long lifespan, late reproductive
maturity, low fecundity, and long incubation periods, pose limits on
the ability of these stocks to recover their demographic status after
depletion (Hoenig & Gruber, 1990; Camhi et al., 1998; Stevens
et al., 2000). Moreover, in distinct commodities, the market for shark
meat, shark fin, and other shark products (cartilage, skin, jaws, livers,
and liver oil) is separated (Dent & Clarke, 2015). Therefore, it is
difficult to accurately project the population trends, the ecological
patterns, and the changes over time (Vannuccini, 1999; Dent &
Clarke, 2015). Whereas the shark fin and other shark product
trades are historically related to Asian countries, shark meat
commercialization is more diverse and is geographically dispersed
with Spain, Italy, Uruguay, Brazil, and Taiwan some of the main
consumers (Dent & Clarke, 2015).

An additional surveillance impediment is that sharks, in general,
are commercialized without a distinction between the species (Clarke
et al., 2006b; Bornatowski, Braga & Vitule, 2013; Lépez de la Lama,
De la Puente & Riveros, 2018). In Brazil, not only sharks, but also
some ray species, are broadly commercialized, without any specific
identification, and under the same generalist common name, ‘cacao’,
which is meaningless in Portuguese (Bornatowski, Braga &
Barreto, 2018). This commercialized word was derived from the
Spanish ‘cazén’, purposefully without a Portuguese definition, with
the specific intention of gaining consumer acceptance (Barreto
et al., 2017) while threatening the conservation of several species
(Carvalho et al., 2015).

Despite the high capture rate in Brazil, the growth of the market
in Brazil has resulted in imports of shark meat increasing eightfold
since 2000 (from 2,621 to 21,067 t), ranking Brazil as the world's
largest importer since 2011 (FAO, 2012; FAO, 2016; FAO, 2018).
Brazil has not provided official fishery statistics since 2011 (Barreto
et al., 2017), and Brazil is currently estimated to have the 11th highest
capture rate of elasmobranchs in the world (FAO, 2020). Between
2000 and 2011 (the date of the last official fishery statistics), Brazil
landed a total of 20,992 t of cartilaginous fish (Dent & Clarke, 2015).
Currently, one-third of Brazil's shark species are listed as being in the
extinction threat categories, according to the last official report of
the Brazil Red Book of Threatened Species (Instituto Chico Mendes
de Conservacao da Biodiversidade, 2018).
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There is no current law in Brazil that regulates the fishery and
commercialization of elasmobranchs. A law had existed in the past,
which was the Ordinance of the Ministry of Environment
no. 445, dated December 17, 2014 (Ministra de Estado do Meio
Ambiente, 2014). This ordinance prohibited the harvesting of
475 species of marine invertebrates and fish (53 elasmobranchs
species), based on the extinction threat category of the Brazil Red List
of Threatened Species. However, it was suspended by an injunction;
so, currently, the fishing industry operates without any legal
protection of threatened species (Escobar, 2015a). The regulation is
further compromised by the impossibility of the consumer and the
authorities to be able to identify the species of fish that are being sold
(Barreto et al., 2017). Beyond the barrier of poor commercial labelling,
handled shark pieces lack the necessary morphological characteristics
for routine taxonomic identification (Ovenden et al., 2015). Therefore,
molecular techniques have been developed to address the need for
species identification and to help protect the threatened species
(Bornatowski, Braga & Vitule, 2013).

The differentiation of species at the molecular level was initially
proposed by Hebert et al. (2003) using the mitochondrial gene
Cytochrome c oxidase subunit 1 (COI) as an effective ‘barcode’
capable of identifying the species, and subsequently was critically
reviewed by Krishna & Francis (2012). DNA barcoding has already
been applied to provide forensic evidence of the various species
involved in the fin trade in Morocco (Alison et al., 2018), the UK
(Hobbs et al., 2019), Canada, China (Steinke et al., 2017), Hong Kong
(Clarke et al., 2006a), United Arab Emirates (Jabado et al., 2015),
Australia (Holmes, Steinke & Ward, 2009), Madagascar (Doukakis
et al, 2011), and Indonesia (Sembiring et al., 2015). The same
molecular-based identification methods were also used to identify
shark meat species in Peru (Velez-Zuazo et al., 2015), Costa Rica
(O'Bryhim, Parsons & Lance, 2017), Taiwan (Liu et al., 2013), the UK
(Hobbs et al, 2019), Guyana (Kolmann et al, 2017),
United Arab Emirates (Jabado et al., 2015), Indonesia (Sembiring
et al, 2015), and in some regions of Brazil (Rodrigues-Filho
et al., 2009; Ramos et al., 2017; Staffen et al., 2017; Almerén-Souza
et al., 2018; Bunholi et al., 2018; Feitosa et al., 2018; Calegari, Reis &
Alho, 2019; Bernardo et al., 2020).

The current study has applied the DNA barcoding method to
identify the shark species that are being commercialized along Brazil's
entire coastline, under the name of ‘cacao’. This investigation aimed
to demonstrate the hidden diversity of the species that are sold along
the coast of Brazil under the generic name ‘cacao’, and whether any

threatened species have entered the market.

2 | METHODS
The collections of the shark meat samples sold as ‘cacao’ were made
under the SisGen/MMA licence number A8E1320.

33 locations were visited between September and December 2017.

In total,

To standardize the sampling procedure, the main fish markets of the

capital cities were targeted. The same researcher (the primary author)

visited all of the localities and bought the samples as a general
consumer (no mention was made of the scientific investigation).

In all of the cities, each fish stall in the market was visited. A
random sample of fresh shark meat labelled ‘cacao’ was purchased
whenever it was available. Other forms of shark meat were not
found, whereas samples labelled as ‘raias’ or ‘arraias’ (rays) were not
considered. After the ‘cacao’ samples were bought, they were stored
in separate Ziploc bags and preserved with ice during transport to
the laboratory. In a clean and sterile environment, fragments of the
fish were cut from the inner parts. The tweezers and scissors that
were used were sterilized with alcohol and flamed to minimize the
chance of cross-contamination. The sample tissues were then
labelled and preserved in 96% ethanol at —20 °C until their
extraction.

For each sample, the DNA was extracted from a small piece of
tissue (around 3 mm) using the cetyltrimethylammonium bromide
protocol (Doyle & Doyle, 1987). The polymerase chain reaction
amplification of the mitochondrial DNA (mtDNA)-COI gene was
carried out using forward (Fish F2) and reverse (Fish R2) primers
(Ward et al., 2005). The thermal cycling condition began with an initial
denaturing at 94 °C for 5 min, followed by 35 repeated cycles of
denaturing (94 °C for 0.5 min), annealing (50 °C for 0.5 min),
extension (72 °C for 1 min), and then concluded with a final extension
at 72 °C for 7 min. The polymerase chain reaction products were then
checked on 1% agarose stained with GelRed (Biotium, Fremont, CA,
USA) and purified with mixtures of Exonuclease |, combined with
shrimp alkaline phosphatase (Amersham Biosciences, Little Chalfont,
UK). The purified products were cycle sequenced by Macrogen Inc.
(Seoul, Korea) and Sanger sequenced on an ABI3730XL DNA
sequencer (Thermo Fischer Scientific, Waltham, MA, USA), with the
forward primer used for amplification. The sequences were assembled
in Geneious Pro version 9. The alignments were performed by using
MUSCLE W (Edgar, 2004) in MEGA 7 software (Kumar, Stecher &
Tamura, 2016), while employing the default settings. The sequences
were deposited in GenBank under accession numbers MW465122-
MW465178.

Species identification was based on the DNA barcodes using the
Identification Engine of Barcode of Life Data System (BOLD), by
selecting ‘Animal Identification (COI)’ and the ‘Species Level Barcode
Records’ (Table 1). A top species match was identified with a
sequence similarity of at least 98%. The species level was also
checked using the resulting Taxon ID Tree of the BOLD COI Species
Database. In order to further validate the species identification, a
neighbour-joining tree was generated in MEGA 7 (default parameters)
when using the DNA barcodes that were obtained in this study,
combined with the sequences that were downloaded from BOLD
(up to 10 close matches) and can be assessed by using the ‘Public
Data Portal’ of the BOLD Systems.

The species identified were classified according to their
vulnerability to extinction on a global scale of the International Union
for Conservation of Nature (IUCN) Red List of Threatened Species
(IUCN, 2020). Their conservation status on the Brazil Red List of
Threatened Species was checked, to indicate which species would be
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Locations, identified species, their similarity to the BOLD Database candidate species, their classification according to IUCN (2020),

and the Brazilian Ministry of the Environment (Instituto Chico Mendes de Conservacao da Biodiversidade, 2018) risk of extinction

Abbreviation
POA1
POA2
FLO1
FLO2
FLO3
BMB1
PBL1
BCB1
PNG1
PNG2
PNG3
CTB1
CTB2
CAN1
CAN2
PER1
PER2
PER3
SNT1
SNT2
SNT3
SAO1
SAO2
SAO3
UBA1
UBA2
UBA3
UBA4
IBL1
IBL2

Location

Porto Alegre (RS)

Porto Alegre (RS)
Floriandpolis (SC)
Florianépolis (SC)
Florianépolis (SC)
Bombinhas (SC)

Porto Belo (SC)
Balneario Camboriu (SC)
Paranagua (PR)
Paranagua (PR)

Pontal do Paranéa (PR)
Curitiba (PR)

Curitiba (PR)

Cananéia (SP)

Cananéia (SP)

Peruibe (SP)

Peruibe (SP)

Peruibe (SP)

Santos (SP)

Santos (SP)

Santos (SP)

Sao Paulo (SP)

Sao Paulo (SP)

Sao Paulo (SP)

Ubatuba (SP)

Ubatuba (SP)

Ubatuba (SP)

Ubatuba (SP)

Ilhabela (SP)

llhabela (SP)

Paraty (RJ)

Paraty (RJ)

Paraty (RJ)

Rio de Janeiro (RJ)

Rio de Janeiro (RJ)
Vitéria (ES)

Porto Seguro (BA)
Ilhéus (BA)

Salvador (BA)

Aracaju (SE)
Aracaju (SE)
Aracaju (SE)
Aracaju (SE)
Aracaju (SE)
Maceié (AL)

Species name

Squalus mitsukurii
Squalus mitsukurii
Prionace glauca
Prionace glauca
Prionace glauca
Sphyrna lewini

Squalus mitsukurii
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Carcharhinus falciformis
Sphyrna zygaena
Rhizoprionodon lalandii
Sphyrna zygaena
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Prionace glauca
Squatina guggenheim
Prionace glauca
Carcharhinus falciformis
Carcharhinus falciformis
Prionace glauca
Prionace glauca
Sphyrna zygaena
Rhizoprionodon porosus
Prionace glauca
Rhizoprionodon porosus
Rhizoprionodon porosus
Prionace glauca
Prionace glauca
Carcharhinus falciformis
Sphyrna lewini
Rhizoprionodon porosus
Galeocerdo cuvier
Carcharhinus porosus
Rhizoprionodon lalandii
Galeocerdo cuvier

Carcharhinus limbatus

Similarity (%)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
99.80
100
100
100
100
100
100
100
100
100
100
100
100
100
100
99.80
99.80
100
100

IUCN status
(IUCN, 2020)

DD
DD
NT
NT
NT
EN

DD
NT
NT
NT
NT
VU
VU
DD
VU
NT
NT
NT
NT
NT
NT
NT
NT
NT
EN

NT
VU
VU
NT
NT
VU
LC

NT
LC

LC

NT
NT
VU
EN

LC

NT
DD
DD
NT
NT

BR status (Instituto Chico Mendes de
Conservacao da Biodiversidade, 2018)

CR

CR
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TABLE 1 (Continued)
Abbreviation Location Species name
MAC2 Macei6 (AL) Rhizoprionodon porosus
REC1 Recife (PB) Prionace glauca
REC2 Recife (PB) Isurus paucus
JPA1 Joao Pessoa (PB) Xiphias gladius
NAT1 Natal (RN) Ginglymostoma cirratum
NAT2 Natal (RN) Carcharhinus falciformis
FOR1 Fortaleza (CE) Ginglymostoma cirratum
FOR2 Fortaleza (CE) Ginglymostoma cirratum
FOR3 Fortaleza (CE) Ginglymostoma cirratum
SLZ1 Sao Luis (MA) Hypanus guttatus
BEL1 Belém (PA) Carcharhinus leucas
BEL2 Belém (PA) Sphyrna tudes

IUCN status BR status (Instituto Chico Mendes de

Similarity (%) (IUCN, 2020) Conservacao da Biodiversidade, 2018)
100 LC —

100 NT -

100 EN —

100 LC -

100 DD VU

100 VU -

100 DD VU

100 DD VU

100 DD VU

100 DD -

100 NT =

99.60 VU CR

Abbreviations: CR, Critically Endangered; DD, Data Deficient; EN, Endangered; LC, Least Concern; NT, Near Threatened; VU, Vulnerable.

banned from commercialization if Ordinance no. 445 were to
(Instituto Chico Mendes de
Biodiversidade, 2018).

Comprehensive analyses of the wide plasticity of ‘cacao’ and the

be enforced Conservagao da

threatened species that are commercialized in Brazil were conducted
with the results of smaller space-scale ‘cacao’ samples from the south
of Brazil (Almerén-Souza et al., 2018), Florianopolis (state of Santa
Catarina; Staffen et al., 2017), Parana state (Bernardo et al., 2020),
Sao Paulo state (Ramos et al., 2017), Brazil's north coast (Rodrigues-
Filho et al., 2009; Feitosa et al., 2018), and even a survey of the public
elementary school meals in a non-disclosed Brazilian town (Calegari,
Reis & Alho, 2019).

3 | RESULTS

The extraction and amplification methods were successful for 57 of
60 samples (Figure 1). Among the 57 samples, the COI Barcode could
be identified on BOLD, with a high percentage of similarity (99.6-
100%; Table 1), revealing 17 species that are found in seven families
of elasmobranchs (Figure 2). Surprisingly, one sample from Joao
Pessoa (JPA1) was identified as Xiphias gladius. The topology of the
neighbour-joining tree corroborated the identification and was based
on the percentage similarity that was obtained with the BOLD results
(Figure 2).

Among the 17 species of Chondricthyes, Prionace glauca was the
most abundant (23 of the samples), followed by Rhizoprionodon
porosus (six samples) and Carcharhinus falciformis (five samples). Four
(7%) of the samples were identified as Endangered species according
to the IUCN Red List (IUCN, 2020), 9 (16%) as Vulnerable, 27 (47%) as
Near Threatened, 6 (11%) as Least Concern, and 11 (19%) as Data
Deficient (Figure 1).

Comprehensive analyses of these results, in conjunction with five
other studies that applied the DNA barcoding method to identify the

elasmobranchs species in the Brazilian markets, reinforced a lack of
pattern of this selling practice. In total, there were 43 different
species sold under the ‘cacao’ name (Ramos et al., 2017; Almerdn-
Souza et al., 2018; Bunholi et al., 2018; Feitosa et al., 2018; Bernardo
et al., 2020). Among 2,163 samples, 26 (1.20%) were classified as
Critically Endangered by the IUCN Red List, 442 (20.44%)
as Endangered, 109 (5.04%) as Vulnerable, 668 (30.88%) as Near
Threatened, 271 (12.53%) as Least Concern, and 647 (29.91%) as
Data Deficient (Figure 3).

4 | DISCUSSION

The forensic investigations into the trade of shark meat samples along
the entire Brazilian coastline revealed a complex series of problems
that are threatening the biodiversity of elasmobranchs. The lack of
information related to shark meat commercialization acts as a
smokescreen for the sale of the species at risk of extinction. The true
status of many shark species is not known by the conservation
authorities, and most consumers have no idea that they are

consuming sharks.

4.1 | Shark commercialization in Brazil

There is no fixed pattern when selling shark meat under the ‘cacao’
name in Brazil. Virtually any elasmobranch species can be sold using
this name. The ambiguity of the ‘cacao’ name is further exemplified in
this study when an Actinopterygii fish (X. gladius) was being sold as
‘cacao’. This investigation found 17 different species being sold as
‘cacao’; taking into account other studies, this resulted in 43 different
species of shark being included under the generic name. Rodrigues-
Filho et al. (2009) identified at least 11 species by phylogenetic
inferences of the 125-16S molecular marker. Almost a decade later,
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FIGURE 1 Data collection
map, with the number of divisions
of each chart equal to the number
of samples at each location. The
graphical representation of the
total number of samples that
were collected, with the size of
the slice proportional to the
quantity of the samples. The
colouring is according to each
IUCN Threatened Classification:
green, Least Concern; yellow,
Near Threatened; orange,
Vulnerable; red: Endangered;
Grey, Data Deficient

(IUCN, 2020)

S

“Least Concern ~ Near Th -

Feitosa et al. (2018) found 17 different fish species in the same
region, by applying the COl DNA barcoding technique. Almerén-
Souza et al. (2018) reported 20 different fish species that were
purchased as ‘cacao’ in the south of Brazil, and Bernardo et al. (2020)
found 16 in Parani State. Ramos et al. (2017) found 13 different
species along Sao Paulo's coastline, and Bunholi et al. (2018) found
three angel shark species in the same state when surveying carcasses
that were declared by fishermen and traders as ‘cacao’. At the same
time, Staffen et al. (2017) identified four different shark species in six
‘cacao’ samples that were purchased in the fish markets of
Florianopolis (state of Santa Catarina). In a survey of public

mData Deficient

elementary school meals in a non-disclosed Brazilian town, Calegari,
Reis & Alho (2019) reported the substitution of all shark samples for
the cheaper striped catfish.

Although this investigation obtained fewer samples than other
studies (Rodrigues-Filho et al., 2009; Ramos et al., 2017; Bunholi
et al., 2018; Feitosa et al., 2018; Bernardo et al., 2020), it is important
to note that it adopted a different sampling strategy to these previous
studies, except for that of Almerdn-Souza et al. (2018), who collected
a similar number of samples. By posing as a general consumer, this
avoided the sellers hiding samples that were obtained from the illegal,
unreported, and unregulated fisheries. This study thus provides a
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FIGURE 2 Neighbour-joining tree of the elasmobranch meat samples and the candidate species from the BOLD Database, separated by
family. The colouring is according to each [IUCN Threatened Classification: green: Least Concern; yellow: Near Threatened; orange: Vulnerable;
red: Endangered; grey: Data Deficient (IUCN, 2020)

reliable picture of shark commercialization in Brazil, although the Ramos et al., 2017; Almerdn-Souza et al., 2018; Bunholi et al., 2018;
approach did not allow for the authors to obtain more than one Feitosa et al., 2018; Bernardo et al., 2020).
sample from each fish stall.
The compilation of the various studies also revealed that some
species are repeatedly traded. For example, Prionace glauca, 4.2 | The extensiveness of the ca(;éo name
C. falciformis, Carcharhinus limbatus, Rhizoprionodon lalandii, R. porosus,
Sphyrna lewini, Sphyrna zygaena, and Squatina guggenheim were all The use of common names to describe various shark species has been
found in a majority of the surveys (Rodrigues-Filho et al., 2009; a tradition around the world (Dent & Clarke, 2015), whereas some
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FIGURE 3  Graphic of the
proportions of the
‘cacao’sampling studies,
according to their vulnerability of
extinction. The total shows a
compilation of the six studies.
The Brazil coastline, as in this
study. The north coast was based
on the study of Feitosa

et al. (2018). Sao Paulo was based
on the study of Ramos

et al. (2017). Sao Paulo angel
sharks was based on the study of
Bunholi et al. (2018). The south
coast was based on the study of
Almerén-Souza et al. (2018).
Parana was based on the study of
Bernardo et al. (2020). The
colouring is according to each
IUCN Threatened Classification:
green: Least Concern; yellow:
Near Threatened; orange:
Vulnerable; red: Endangered;
grey: Data Deficient (IUCN, 2020)
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localities have used the simple word shark (or their respective
translation) to commercialize several species. Some countries use
different names, such as ‘rock’ or ‘rock salmon’ in the UK (Hobbs
et al, 2019), ‘cazén’ in Mexico (Sarmiento-Camacho & Valdez-
Moreno, 2018), ‘tollo’ in Peru (Lopez de la Lama, De la Puente &
Riveros, 2018), ‘bolillo’
Lance, 2017), ‘chiens de mer’ in France, ‘palombo’ in Italy, and ‘flake’

in Costa Rica (O'Bryhim, Parsons &

in Australia (Vannuccini, 1999).

In Brazilian Portuguese, ‘cacao’ is not etymologically similar to
‘tubarao’ (which means shark), nor ‘elasmobranquios’ (elasmobranchs)
or ‘raias’ (rays). The consumer does not associate ‘cacao’ with sharks
or rays. When Brazilian elasmobranch meat consumers were
interviewed, 61% of the respondents who claimed to have eaten
‘cacao’ answered that they had not tried shark meat or rays
(Bornatowski et al., 2015).

The common practice of renaming sharks with more attractive
titles was established to increase the acceptance of commercialization
of these unpopular fishes, previously considered a low-quality
product (Jacquet & Pauly, 2008). In truth, what occurs is a masking of
the risk of contamination, due to the consumption of heavy metals
(such as mercury), which sharks have a tendency to accumulate in
their bodies (Penedo de Pinho et al., 2002). The retail of all shark
species under the same name also undermines the environmental
regulations (Jacquet & Pauly, 2008). The lack of such information can

potentially hide illegal activities, such as fisheries in marine protected
areas (Luiz & Edwards, 2011; Giglio et al., 2018), the practice of shark
finning (Ferrette et al., 2019), and catches exceeding the determined
fishing quotas (Barreto et al., 2016).

43 |
in Brazil

Shark meat markets threaten elasmobranchs

One of the main threats of this selling practice is that one general
name, with the possibility of being any species of fish, does not
differentiate the species according to their vulnerability of extinction,
with the
commercialized throughout Brazil's coastline. The current study
identified 40 samples (70% of all samples), which fell under the IUCN
Red List of Threatened Categories (IUCN, 2020), with nine
Vulnerable, four Endangered, and 27 Near Threatened. Some 82% of

result that various threatened species are being

the samples that were collected by Almerdn-Souza et al. (2018) were
classified as Near Threatened, or a higher category of extinction risk,
56% by Ramos et al. (2017), 59.7% by Bernardo et al. (2020), 48% by
Feitosa et al. (2018), and 100% of the angel shark samples by Bunholi
et al. (2018) (Figure 3).

Despite the high number of species at a risk of extinction being

commercialized in Brazil, the legal framework to protect them is
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considered inefficient (Barreto et al., 2017). In an attempt to conserve
the species of elasmobranchs that are listed in the Brazil Red List of
Threatened Species and to stop their commercialization, the Brazilian
Ministry of the Environment invoked Ordinance 445 in 2014. Despite
that, this ordinance was rescinded due to the strong pressure from
the fishing industry (Barreto et al., 2017). Even during this ordinance,
some species were still being sold while hidden behind the ‘cagao’
name (Almerdén-Souza et al., 2018; Bunholi et al., 2018; Feitosa
et al., 2018). After the suspension of Ordinance 445, five species that
would have been protected were freely purchased in this current
investigation. Four of them were classified as Critically Endangered
(Sphyrna tudes, S. zygaena, S. lewini, and S. guggenheim), and one was
classified as Vulnerable (Ginglymostoma cirratum) (Instituto Chico
Mendes de Conservacao da Biodiversidade, 2018).

Furthermore, as a signatory to various international agreements,
such as the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES), Brazil bears regulatory
responsibilities. Currently, the country is ranked 11th in the list of
producers and first in the list of importers of shark meat worldwide
(FAO, 2020). The export and import of the species that were found in
this study are listed in Appendix Il of CITES (C. falciformis, S. lewini,
S. zygaena, and Isurus paucus). This must be investigated further. The
concern is justified by the fact that Brazil has not properly collected
and informed the international agencies of its fishery statistics since
2007 (Barreto et al., 2017). In a related investigation, some species
that are not found in Brazilian waters were discovered in Brazilian
coastal markets (Bernardo et al., 2020).

An additional conservation threat is that using common names to
describe various fish types is an impediment to the proper
management of the fisheries. The size of the population is considered
the most basic step for conservation planning, to ensure the viability
of the populations (Stanton & Akgakaya, 2013). It is essential that the
fishery management authorities know what species are being caught,
together with their demographic structures, variability, distribution,
connectivity, and dependencies (Gerber & Gonzalez-Suarez, 2010).
Such knowledge gaps mean many species are categorized as Data
Deficient (Bland et al., 2015; IUCN, 2020), and this may hide the fact
that some species may be at risk of extinction. Almost half (46%) of all
of the chondrichthyan species are listed as Data Deficient by the
IUCN (IUCN, 2020). This number (487 species) is one of the highest
rates of Data Deficient of any animal taxon (Hoffmann et al., 2010). It
has been estimated that 66 of the 487 species are likely threatened
(Dulvy et al., 2014). In this current study, it was found that 19% of the
market samples were of species classified as Data Deficient
(IUCN, 2020).

44 | Conservation challenges

Complex circumstances act as barriers to conservation initiatives,
which are required to mitigate shark threats (Lopez de la Lama, De la
Puente & Riveros, 2018). The preconceived general fear and negative

view of sharks is a consequence of their occasional attacks on humans

(often exaggerated by the media). This limits the engagement of
communities in conservation efforts. Consequently, no policy or
governance response is demanded by society (Neff & Yang, 2013;
Friedrich, Jefferson & Glegg, 2014; Garla et al., 2015).

Diverse habitat requirements, along with long life cycles and low
reproduction rate, present a complex and sensitive management
challenge. The persistence of threatened and endangered shark
species will require a commitment to the prioritization of effective
recovery plans (Dulvy et al., 2017). Based on the need for fishery
management improvements, and the total number of species that are
endangered, Brazil was named by Dulvy et al. (2017) as a top priority
country for shark and ray conservation. Despite this, the Brazilian
government has failed to report the official fishery statistics for over a
decade, even though this information had been declared annually
since 1950 (Freire & Pauly, 2015). As a result, the recovery plans and
the targeted measures are already unattainable because without
critical information, such as the location or the species composition of
the catch, the development of effective conservation and fishery
management measures becomes impossible (Escobar, 2015b).

Regardless of the complexity of the threats, Brazil urgently needs
to address the fundamental problems, such as fishery statistical
disinformation, coarse data resolution for rapidly assessing fish, illegal
fin trading, mislabelling, bycatch, and an inefficient legal framework
(Barreto et al., 2017). This collection of issues, the significant number
of species requiring action, and the large geographical areas involved
require a multitude of comprehensive actions to ensure a reasonable

route to sustainable fisheries (Dulvy et al., 2017).

4.5 | Towards sustainable fisheries

South Atlantic shark populations are currently depleted, yet they are
predicted to be capable of recovery, following a reduction of fishing
(Barreto et al., 2016). A healthy ocean has immeasurable intrinsic
values and provides numerous other economic and resource benefits
(Barbier et al, 2011; Ruckelshaus et al., 2013). Brazil is heavily
dependent on marine food sources (FAO, 2020). In terms of
environmental, societal, and economic needs, no alternative option
exists but to aim for the recovery of the shark and fishery populations
in Brazil. The path to sustainable shark fishing is full of obstacles, but
it must start with the restructuring of the fishery information systems
(Barreto et al., 2017). In general, world regions that lack collated
information on stock abundance have inadequate fishery management
measures; consequently, their stocks are in a poor condition (Hilborn
et al,, 2020). In contrast, regions that are experiencing an increased
stock abundance are fully committed to transparency in their data
collection and information systems (Hilborn et al., 2020).

The Brazilian Constitution stipulates a precept to ‘preserve and
restore essential ecological processes and provide an ecological
(Chamber  of
Deputies, 2010). Contrary to this clearly stated aim, a disregard for

management of species and ecosystems’

the environmental legal framework is prevalent in fishery

management, which is frequently influenced by industry-based
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lobbying interests (Ferrette et al., 2019). To counter this, strong and
viable public policies, conservation plans, and fisheries management
should be supported by strict laws’; and most importantly, Ordinance
No. 445 must be re-established.

The validity of the jurisdiction of Ordinance No. 445 is not in
question. Even so, a clear understanding of the reasons that caused
the failure of its implementation is urgently needed. As a region that is
dominated by highly diverse and complex fisheries, the Brazilian
waters face difficulties in the assessment of stocks (Hilborn
et al., 2020), and the resultant findings of this study, although critical,
are not surprising. This problem of commercializing the threatened
shark meat under the ‘cacao’ name has been reported repeatedly for
decades, but the practice has not changed in any way for the better
(Gadig, Motta & Namora, 2002). Whenever the identity of a species is
hidden, the industry, the sellers, and the fishers themselves are unable
to contribute to the statistics. Likewise, public authorities are
unable to inspect them.

As long as it is not practical to implement an inspectional and
technological effort to protect the endangered species, other science-
based and long-term management methods must be taken into
consideration (Fiedler et al., 2017). A strict regulation of the fishing
industry as a whole is an option (Anderson et al., 2019), and the
creation of no-fishing zones that are exclusively designed to protect
the sharks and rays has already been demonstrated as a promising
strategy (Chapman et al, 2005; Brunnschweiler, 2010; Bond
et al, 2017; MacKeracher, Diedrich & Simpfendorfer, 2019).
Certifying and promoting sustainable fisheries may help the
conservation of sharks (Jacquet & Pauly, 2008; Bornatowski
et al, 2015). Other management tools can be used, such as
establishing temporary fishery closures, to better account for the low
reproduction rate of many shark species (Speed et al., 2010), and
effective use of bycatch reduction devices (Favaro & Coété, 2015).

The authors restate the necessity of an enforced system for
genuine and consistent labelling of products by the fishing industry
and the sellers in general, with a primary and particular focus on these
commercialized shark species. EU legislation may be the benchmark
for seafood labelling. These EU regulations require that all tags must
indicate the key elements through comprehensive labelling systems,
such as the common name, the scientific name, the production
method (farmed or wild), the harvest method (gear type or farming
method), the geographic origin (region of the catch or the area of
production), and the location of the last major transformation/
processing procedure (European Parliament and Council of European
Union, 2013).

Without proper identification, food fraud in the fish sector can
hamper consumer choices (Pardo, Jiménez & Pérez-Villarreal, 2016).
Nevertheless, the capacity for consumer choice is crucial, and it is
likely to raise awareness of the importance of conserving multiple
species and then pave the way in reconnecting consumers with the
sharks (Lopez de la Lama, De la Puente & Riveros, 2018). Currently, in
Brazil, public action is lacking, yet informed consumers could play an
important role in shark conservation, and their choice is arguably
an inherent right of purchase (Carvalho et al., 2015). Based on the

global tendency of sustainable consumption, some consumers might
avoid purchasing the threatened species, once they are conscious of

the ecological impact of their choice (Guillen et al., 2019).

5 | CONCLUSION

Sharks have been consumed in Brazil since the pre-colonization
period (Lopes et al., 2016). The country has established itself as a
central player in the consumption, import, and export of shark
products. More importantly, overfishing, undifferentiated
commercialized species, and the lack of proper management and
information have placed Brazilian sharks at a significant risk. When
considering the importance of shark meat to Brazilians, their
consumption does not necessarily need to be banned; on the
contrary, a systematic change in fishery management can rebuild
the overexploited stocks (Barreto et al., 2016; Hilborn et al., 2020).
Public actions towards long-term population persistence should be
implemented. This can only be possible with a substantial knowledge
of the species that are caught, a primary conclusion demonstrated by
this study. In conjunction with this, science-based technologies that
are applied to proper identification, to avoid the consumption of
threatened species, must be enacted. In conclusion, species-specific
management plans must be applied, along with population monitoring,
and educational programmes provided, for educating consumer
awareness. The effectiveness of an improved fish stock status
combined with didactic campaigns, highlighting the species that are at
risk of extinction, should positively impact the understanding of
consumers and counteract the pressures as presented by the fishing

industry.
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Consideragoes Finais

Discussao Geral:

Na presente tese é discutida a aplicabilidade dos métodos DNA Barcoding
e Metabarcoding para a conservagao da biodiversidade.

Abordagens genéticas s&o comumente utilizadas com o intuito de
preservar populacdes naturais, sendo que a identificacdo molecular de espécies
€ uma das aplicacdes mais difundidas na area da “Genética da Conservacgao”
(Frankham et al., 2010). Desta forma, marcadores moleculares sdo empregados
tanto como ferramenta forense, mas também para compreensao de aspectos da
biodiversidade importantes a conservagéo (Arif et al., 2011).

O marcador molecular padréao para resolugcdes taxonémicas ao se tratar
de elasmobranquios é o gene citocromo C oxidase | (Collins et al., 2019). Isso
se da ao fato de a regido ser altamente conservada ao modo que individuos
evolutivamente proximos possuem sequencias similares; ainda, possui
variabilidade a ponto de ser diferenciavel entre espécies (Hebert et al., 2003;
Ward et al., 2005), além de possuir um extenso banco de dados de referéncia
(BOLD; Barcode of Life Database; Ratnasingham e Hebert 2007).

O gene COIl é adotado para investigacdes forenses de tubarbes e raias
desde 2009, quando foi investigado o comércio de barbatanas na Australia
(Holmes et al., 2009). No Brasil, a metodologia ja foi aplicada em diferentes
regides para elucidar as espécies que podem ser comercializadas através do
nome inespecifico de “cagao” (Ramos et al., 2017; Almerdn-Souza et al., 2018;
Bunholi et al., 2018; Feitosa et al., 2018; Bernardo et al., 2020). Os resultados
obtidos nas inspec¢des anteriores foram compilados na presente tese.

Além da aplicabilidade forense, o DNA Barcoding permite a
caracterizagao da biodiversidade, ao identificar espécimes coletadas em
determinadas regides. A estratégia molecular vem, ao longo das recentes
décadas, auxiliando taxonomistas a classificar espécies de forma mais eficaz do
que em métodos morfologicos (Tautz et al., 2002; 2003). Ao se tratar de
conservagao, a metodologia possibilita a identificagdo de novas espécies, e
aponta as mais dominantes e as ameagadas em extingdo presentes nas

localidades estudadas (Frankham et al., 2010).
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Ademais, o sequenciamento das amostras coletadas pode elucidar
meétricas indicativas da diversidade biolégica. Por exemplo, ao catalogar as
sequéncias COIl de uma area, o modelo de Kimura 2 parametros (K2P) diferencia
sequencias atraves de suas transigdes e transversdes (Kimura, 1980). De forma
geral, quanto maior a diversidade do local, maior sera a disténcia genética média
entre as sequéncias computadas. O modelo ja foi estimado para peixes em ilhas
como Australia (Ward et al., 2005); Ilhas Antarticas (Rock et al., 2008); Jap&o
(Zhang e Hanner, 2011); llha Lizard (Steinke et al., 2017); Taiwan (Bingpeng et
al., 2018); e llhas Dongsha (Xu et al., 2019). Os resultados encontrados na
presente tese indicam que os peixes do Arquipélago de Sdo Pedro e S&o Paulo
possuem uma distancia K2P elevada.

Devido ao indicativo de diversidade, a tese aponta como perspectiva de
monitoramento avancgar tecnologicamente do Barcoding para o Metabarcoding,
técnica revolucionaria em que tragos genéticos sdo extraidos a partir de
amostras ambientais (Taberlet et al., 2018). Por se tratar de moléculas de DNA
expelidas por organismos no ambiente, é natural que o material genético esteja
altamente fragmentado (Thomsen e Willerslev, 2015). Sendo assim, € desafiador
obter sequéncias COI (> 650 pares de bases) de fontes ambientais (Meusnier et
al., 2008). As analises de Metabarcoding dependem de regides de DNA mais
curtas (geralmente <300 pb) do que as regides de DNA Barcoding
tradicionalmente definidas (Yu et al., 2012; Clarke et al., 2014; Thomsen e
Willerslev, 2015). A tese explora a alternativa de se valer de uma regiao do gene
COIl de 262 pb altamente conservada para peixes visando estudos com
Metabarcoding.

Outro desafio ao uso de material genético fragmentado é que as técnicas
de extragcao, amplificacdo e sequenciamento devem ter sensibilidade avangada.
Tal performance € atualmente possivel devido aos sequenciadores de nova
geracédo (Zhang et al., 2011; Reuter et al., 2015). Entretanto, o custo para
executar monitoramentos via Metabarcoding é elevado. Apesar disso, a
abordagem provou ser uma ferramenta eficiente para o monitoramento marinho
e avaliagdo da saude do ecossistema (Thomsen et al., 2012; Kelly et al., 2014;
Leray e Knowlton, 2015)

No caso dos elasmobrénquios, além de fornecer informagdes importantes
sobre a diversidade de tubardes e raias ao redor do mundo, estudos de
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Metabarcoding tém ajudado a responder a varias questbes genéticas e
ecologicas. ja foi utilizada para caracterizar a biodiversidade de elasmobréanquios
no Japéo (Miya et al., 2015), Nova Caledbnia e Caribe (Bakker et al., 2017;
Boussarie et al., 2018), Reino Unido (Collins et al., 2019); llhas Cocos (Keeling)
(West et al.,, 2020); Franga e Espanha (Fraija-Fernandez et al., 2020); llha
Reunido (Mariani et al., 2021); Singapura (Ip 11 et al., 2021); Indonésia
(Marwayana et al., 2021) e Estados Unidos (Monuki et al., 2021).

A presente tese verifica em um estudo de caso as possibilidades e
limitagbes de um uso economicamente acessivel da ferramenta. O estudo
apontou que de fato ainda existem barreiras a serem contornadas, sobretudo no
que tange a intensificagdo de estratégias de amostragem e sequenciamento.
Entretanto a técnica se mostrou valida e informativa para estudos com

elasmobranquios mesmo com um numero amostral enxuto.

111



Conclusao:

Neste estudo foram demonstradas trés aplicacdes praticas das técnicas
de Barcoding e Metabarcoding. As ferramentas se mostraram efetivas e valiosas
para serem usadas na conservagao marinha, sobretudo no que tange tubardes
e raias. Os elasmobranquios representam, através da sobre-pesca e dos
impactos das mudancas climaticas, indicadores dos disturbios causados por
humanos. Neste caso, o emprego de marcadores moleculares para identificacéo
de espécies mostrou-se um importante método de monitoramento da
biodiversidade.

No capitulo | € demonstrado que a técnica de DNA Barcoding pode ser
utilizada para elucidar um classico problema no Brasil: o uso de um nome
inespecifico para abarcar uma variedade de espécies. No caso dos tubardes e
raias, a denominagéao utilizada € “cag&o”. Outros estudos ja haviam identificado
molecularmente espécies comercializadas como “cagdo”. O artigo reuniu um
compilado dos dados anteriores e ainda mostrou os resultados de uma busca
investigativa em escala nacional. O sequenciamento do gene COIl para
identificacdo de espécies de tubardes e raias se estabeleceu como modelo de
aplicabilidade. O constante monitoramento das amostras de “cagao”
comercializadas evidenciou-se imprescindivel, uma vez que as espécies
identificadas variam entre estudos. Ainda, amostras de espécies classificadas
dentre as categorias consideradas ameagadas pela IUCN (The International
Union for Conservation of Nature) foram coletadas em todos os estudos
anteriores, e 23% das amostras investigadas nesta amostragem estavam nas
categorias de risco.

A metodologia que obteve sucesso nas amostras de “cac¢ao” foi aplicada
também em amostras coletadas de peixes marinhos em um conjunto de ilhas
remotas (Arquipélago de Sdo Pedro e S&o Paulo). Os resultados obtidos
propiciaram o estudo apresentado no capitulo Il. Neste, foram identificadas 21
espécies de peixes em 11 familias. A pesquisa indicou quatro novos registros
para a regiao (Cheilopogon atrisignis; Cheilopogon nigricans; Remora australis;
e Thryssa chefuensis) e abriu a necessidade de investigacdo e monitoramento
desta descoberta. A partir da caracterizacdo das espécies verificou-se que outra
contribuigdo que o DNA Barcoding poderia proporcionar seria a construgéo de
uma biblioteca de sequéncias COI dos peixes listados da regido. Entdo, 9.183
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sequéncias de 169 espécies e 63 familias de peixes foram catalogados. O estudo
atribuiu ao Arquipélago de S&o Pedro e Sao Paulo a condigéo de reservatério de
biodiversidade. Devido a isso, a protecdo do arquipélago deve ser reforgada e
monitorada com abordagens baseadas na ciéncia, como a metodologia de
Metabarcoding. Nesse caso, o par de primers projetado especificamente para tal
biodiversidade foi apontado neste artigo.

Entao, a aplicabilidade de um modelo metodolégico de Metabarcoding foi
discutida no capitulo Ill. Para tal, os elasmobréanquios de outra ilha oceanica
brasileira (Fernando de Noronha) foram o estudo de caso. O trabalho validou a
ferramenta e detectou trés espécies de elasmobranquios (Hypanus berthalutzae,
Ginglymostoma cirratum e Prionace glauca) e outros 35 vertebrados marinhos.
Entretanto, alguns desafios foram apontados e discutidos e para contorna-los
sao requeridos mais investimentos, o que pode ser uma barreira para cientistas
em situacao de restricdes econdmicas. A diversidade dentre os pesquisadores
que estao aplicando a técnica também foi ponderada, visto que este foi o primeiro
trabalho de Metabarcoding de elasmobranquios liderado por um pais que nao
fosse classificado pelo Banco Mundial como "high-income economy”.

Os desafios atuais dos elasmobranquios sao diversos e discutidos na
presente tese. Apesar disso, técnicas moleculares sao eficazmente aplicaveis
para estas espécies. Os artigos deste trabalho indicam que a vigilancia e
conservagao de elasmobranquios passam pelo uso das ferramentas de
Barcoding e Metabarcoding. A tese teve como principal contribuigao elucidar o

alcance e as limitagbes destas metodologias.
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