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RESUMO

O pacu (Piaractus mesopotamicus) apresenta excelentes caracteristicas zootécnicas como
rapido crescimento, parametro que esta diretamente relacionado com o aumento da
musculatura estriada esquelética. Pesquisas envolvendo a caracterizacdo de genes musculares
tém sido realizadas utilizando-se tecnologias moleculares, em espécies de peixes modelo
como o Zebrafish que possui o genoma sequenciado. No pacu, espécie que ndo possui o
genoma sequenciado, esta falta de informacao genética dificulta a realizagdo de pesquisas
relacionadas com a identificacdo das vias de sinalizagdo que regulam o desenvolvimento, o
crescimento ¢ a manutencdo do fenotipo muscular. Além disso, a falta de informagao
promove uma limitagdo para o desenvolvimento de programas de melhoramento para esta
espécie. Os principais objetivos do presente estudo foram: 1) aumentar os recursos genéticos
disponiveis para a espécie, 2) comparar os transcriptomas dos tipos de musculo, vermelho e
branco explorando as vias de sinalizagdo que controlam os tipos de fibras musculares 3)
investigar a expressdo de deubiquitinas pertencente a familia do sistema de Proteases
ubiquitinas-especificas (USP) no musculo branco em resposta ao jejum e realimentagdo. Com
0 sequenciamento, obteve-se aproximadamente 0.6Tb de leituras a partir de bibliotecas do
musculo esquelético vermelho e branco. Aproximadamente, 665 milhdes de leituras foram
utilizadas para a realizagdo da montagem, resultando em 504.065 contigs com um
comprimento médio de 1,334bp e N50 = 2,772bp; 47% do transcriptoma foi anotado com
éxito, onde pode-se identificar cerca de 15.000 genes considerados unicos e aproximadamente
8000 sequéncias com regido codificante completas. Dentre os genes identificados destacam-se
319 genes de vias metabdlicas e 380 microssatélites. Novecentos e ciquenta e seis e 604
genes foram diferencialmente expressos entre o musculo vermelho e branco, respectivamente.
Identificamos 442 pares de genes paralogos, resultantes da duplicacdo gendmica na base de
origem dos peixes teledsteos. Foi possivel identificar uma expressdo diferencial dos genes
paralogos, entre os tipos de fibras (301 genes no musculo vermelho e 245 genes no musculo
branco). Quarenta e cinco membros da familia USP foram identificados no transcriptoma. Os
niveis de expressdao foram quantificados por qPCR em um experimento de jejum (5 dias)
seguido de 24 horas de realimentagdao. Os niveis de expressdo dos genes das USP,
demostraram um aumento transitério no musculo rapido durante o jejum, semelhante a
expressao das principais E3 ubiquitina-ligases. Através deste trabalho foi possivel gerar o
transcriptoma do musculo vermelho e branco do pacu (Piaractus mesopotamicus) com uma
cobertura 53 vezes, aumentando significativamente os informagdes genéticas disponiveis para
esta espécie que ¢ importante para aquicultura brasileira. Observamos diferencas
significativas na expressdo génica em componentes relacionados ao metabolismo, via
Akt/PI3K/mTOR e miogénese. Com este projeto, identificamos uma grande quantidade de
genes paralogos, onde foi possivel realizar uma andlise detalhada de expressao destes genes.
Nos também realizamos uma descricdo detalhada e abrangente da expressdo genes membros
da familia de USP entre os tipos de fibras musculares e durante alteragdes de estado
nutricional. Os resultados obtidos com este projeto possibilitardo estabelecer uma base sélida
para estudos futuros do musculo esquelético em espécies brasileiras de importancia
econdmica na aquicultura, em diferentes condi¢des experimentais.
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ABSTRACT

Pacu (Piaractus mesopotamicus) has excellent husbandry features like rapid growth. This
parameter is directly related to the increase of skeletal muscle. Researches involving the
characterization of muscle genes have been performed using molecular technologies, in
species of fish such as zebrafish model that has sequenced the genome. In pacu, a species that
does not have the sequenced genome, this lack of genetic information makes it difficult to
conduct research related to the identification of signaling pathways that regulate development,
growth and maintenance of muscle phenotype. Moreover, the lack of information promotes a
limitation for the development of breeding programs for this species. The main objectives of
this study were: 1) to increase the available genetic resources for the species, 2) compare the
transcriptomes of red and white muscle types, exploring the signaling pathways that control
the types of muscle fibers 3) to investigate the expression of deubiquitins belonging to the
family of ubiquitin-specific proteases system (USP) in muscle in response to fasting and
feedback. With the sequencing, it was obtained approximately 0.6Tb readings from red
skeletal muscle and white libraries. Approximately 665 million readings were used to perform
the assembly, resulting in 504 065 contigs with an average length of N50 = 1,334bp and
2,772bp; 47% of the transcriptome was noted successfully, which can be identified about
15,000 genes considered as unique and approximately 8000 sequences coding complete
region. Among the identified genes, we could observe 319 metabolic pathways genes and 380
microsatellite. Nine hundred fifty six and 604 genes were differentially expressed between red
and white muscle, respectively. We identified 442 pairs of paralogs genes resulting from
genomic duplication at the base source of teleost fish. It was possible to identify differential
expression of paralogous genes include the types of fibers (genes 301 and 245 in red muscle
genes in muscle). Forty-five members of the family have been identified in USP
transcriptome. Expression levels were quantified by qPCR in a fasting experiment (5 days)
followed by a 24-hour refeeding. The expression levels of the genes of USP demonstrated a
transient increase in muscle fast during fasting, similar expression of key E3 ubiquitin ligases.
Through this work, it was possible to generate the transcriptome of red and white muscle of
pacu (Piaractus mesopotamicus) with a 53-fold coverage, significantly increasing the genetic
information available for this species which is important for Brazilian aquaculture. We
observed significant differences in gene expression in components related to metabolism, Akt
/ PI3K / mTOR and myogenesis. With this project, we identified a lot of paralogs genes,
which made it possible to conduct a detailed analysis of expression of these genes. We also
conducted a detailed and comprehensive description of the members of the USP gene
expression of family among the types of muscle fibers and during nutritional status changes.
The results obtained from this project will enable lay a solid foundation for future studies on
skeletal muscle in Brazilian species with economic importance in aquaculture, in different
experimental conditions.
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1 INTRODUCAO

1.1 PACU

O pacu (Piaractus mesopotamicus) (Figura 1) é um caracideo neotropical de grande
interesse econdmico na aquicultura brasileira, sendo a segunda espécie nativa mais cultivada
(MPA, 2011). Sua carne ¢é saborosa e apresenta alto teor de gordura o que determina grande
aceitacdo no mercado brasileiro e em outras regides do mundo (MILSTEIN et al., 2000).
Caracteristicas zootécnicas como rusticidade, fecundidade elevada, rapido crescimento,
precocidade e 6tima adaptagdo a alimentacdo artificial, contribuem para sua expansdo na
cadeia produtiva. Dentre as peixes cultivados no Brasil, o pacu, ¢ uma das espécies que
apresenta maior potencial economico (JOMORI et al., 2003), devido especialmente ao seu
rapido crescimento corporal, com o peso variando de 1,0 a 1,5 kg no primeiro ano de criagdo,
posteriormente, podendo atingir até 20 kg (URBINATI; GONCALVEZ, 2006). A taxa de
crescimento ou o desempenho nos peixes ¢ um parametro importante para o sucesso da
aquicultura e estd diretamente relacionada com o crescimento da musculatura estriada
esquelética, a qual corresponde a maior parte da massa corporal, sendo uma importante fonte

de proteinas.

Figura 1: Juvenil de pacu (Piaractus mesopotamicus). Fonte: O Autor.
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1.2 TECIDO MUSCULAR

O tecido muscular estriado esquelético ¢ o tecido mais abundante do corpo dos
vertebrados (BIRESSI; MOLINARO; COSSU, 2007) e, nos peixes, pode contribuir com
aproximadamente 60% do peso total do animal (BONE, 1978). Este tecido possui uma
plasticidade notavel, adaptando-se a uma variedade de estimulos externos e internos. Embora
a plasticidade muscular seja um fendmeno comum nos vertebrados (SCHIAFFINO;
REGGIANI, 1996), nos peixes teleosteos, o tecido muscular ¢ considerado ainda mais
especializado para atender uma maior demanda de produg@o de for¢a necessaria tanto para a
natacdo sustentada como para a realizagdo de movimentos rapidos. A solugdo evolutiva
adotada pelas espécies de peixes para suprir estas necessidades conflitantes de movimentagao,
foi a de dividir o sistema locomotor em diferentes compartimentos, aos quais contém tipos
especificos de fibras musculares (BONE, 1978; SANGER; STOIBER, 2001).

Diferentemente da musculatura dos mamiferos, caracterizada por uma mistura de tipos
de fibras, na musculatura dos peixes os tipos de fibras musculares estdo organizados em trés
camadas ou compartimentos distintos: vermelho/lento (superficial), intermediario e

branco/répido (profundo) (GREEK-WALKER; PULL, 1975) (Figura 2).

Musculo branco

Musculo branco

Misculo vermelho

Masculo vermelho

Figura 2: Separag¢ao anatomica da musculatura esquelética do pacu. (A) Secgdo transversal do
musculo de pacu, incubada com um cocktail de anticorpo primario contra MHCI (BA-F8)
(vermelho) e contra Laminina, seguido por incubacao com anticorpos secundarios conjugados
com fluorescéncia adequados. (B) Seccdo serial transversal do musculo de pacu corando com
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hematoxilina e eosina (H&E). (NLL) Nervo da linha lateral. Barra representa 50 um. Fonte: O
Autor.

A base para a diversificagdo das fibras musculares em rapidas e lentas, em peixes, tem
sido atribuida diferentes linhagens celulares. A formacdo das fibras lentas, ocorre logo no
inicio do desenvolvimento embrionario (DU, 2004). Onde, de modo geral, todos os tecidos
que circundam os somitos do embrido, contribuem com sinais que induzem ou inibem vias
de sinalizagdo envolvidas com o processo de diferenciagdo das células somiticas em células
precursoras miogénicas. Sabe-se que, além da notocorda, também participam deste processo o
tubo neural, a superficie do ectoderma e a placa lateral do embrido. Uma grande variedade de
glicoproteinas sdo secretadas por estas estruturas, que desencadeiam uma cascata de eventos,
de comprometimento e diferenciacdo celular.

Neste sentido, as principais moléculas de sinaliza¢do extracelular que atuam regulando
positivamente este processo sdo as SHh, Noggin e Wnt. Estas proteinas, exercem influéncia
direta na ativagdo e expressdo de Fatores Reguladores Miogénicos (MRFs), como o Myf5 e
MyoD, conhecidos como MRFs primarios. A MyoD e Myf5, fazem parte da familia MyoD
(Myf5, MyoD, Miogenina e MRF4) que atuam como fatores transcricionais de genes musculo
especificos e sdo considerados os principais fatores que regulam o comprometimento das

células somiticas em mioblastos.

Mioblastos Mioblastos
em proliferagao em diferenciagao

NN

< %@@ = @@Q@/@ =

o oo
iz N\
Miétomo % SIS

»
meerplasia

Figura 3: Modelo esqugmatico, demonstrando a miogé€nese embrionaria em vertebrados. Os
principais eveptos de *pitlifera¢dd, diferenciacdo e fusdo dbenmsdblastes, sio baseados no
modelo propostsfior (JOHNSTON, 2006).

PAX3+
PAXT7+

ooniecmlém da regulagdo positiva, existem proteinas como as BMPs, que atuam regulando
Auto-renovagao

negativamente a acdo da MyoD e da Myf5, desta forma, controlando e coergenamado a

T T

miogenese (DU, 2004). No entanto, estudos tem demonstrado, que nem todas as cé¢lulas

presentes no somito ddo origem a um tipo de fibra muscular especifico (BIRESSI;
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MOLINARO; COSSU, 2007). Apenas uma fracao de células progenitoras miogénicas se
diferenciam logo no inicio da formagao do midtomo primario. As células que se desenvolvem
ao redor da notocorda (cé€lulas adaxiais), consideradas como células precursoras lentas, sdo as
primeiras a serem comprometidas em mioblastos e comecam a se diferenciar em resposta a
acdo das SHh, que sdo secretadas pela notocorda (DU et al., 1997); desencadeando uma
cascata de eventos promovendo a especificagdo das células adaxiais em fibras musculares
lentas. Seguindo o desenvolvimento embriondrio, as células adaxiais se alongam, e em
seguida, migram radialmente através do somito, formando uma monocamada de fibras
musculares lentas (BRYSON-RICHARDSON; CURRIE, 2008; DEVOTO et al., 1996). E

neste momento que ocorre a formac¢ao do compartimento/Musculo vermelho (Figura 4).

-

e Qnilha neural p

Células musculares
pioneiras vermelhas

Células musculares

Células nio pioneiras vermelhas

Adaxiai
ANAN ke
Laterais

e Células musculares
Presomitica

brancas

Figura 4: Desenvolvimento embrionario musculo vermelho e branco. Adaptado de (DU et al.,
1997). N = Notocorda

Von Hofsten e colaboradores (2008) demonstraram que, além do SHh, o gene Prdm1 ¢
também um gene importante para a formag¢do e manutencdo do musculo vermelho, atuando
principalmente como um repressor transcricional de genes responsaveis pela formagdo das
fibras musculares brancas.

As fibras musculares que compde o compartimento vermelho, sdo fibras
exclusivamente de contragdo lenta e com metabolismo oxidativo. Elas apresentam um
pequeno didmetro (25-45 um), alta concentracdo de mioglobina, muitas mitocondrias e
lipidios e um excelente suprimento sanguineo. O recrutamento das fibras vermelhas
ocorre durante a realizagdo de movimentos lentos e de sustentacdo, como a migragao

(JOHNSTON, 1977; SANGER; STOIBER, 2001).
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A maior contribuicdo para a massa muscular ocorre através da formacdo do
compartimento branco (~70%) (SANGER; STOIBER, 2001), localizado em uma regio mais
profunda do musculo, sendo formado por fibras musculares brancas maiores (~200 pm de
diametro). Estas fibras apresentam uma velocidade de contragao rapida, metabolismo
glicolitico, baixa concentragdo de mioglobina, poucas mitocondrias e lipidios. Sua utilizagdo
ocorre principalmente durante os movimentos bruscos de natagdo, tais como na captura de
alimento e fuga de predadores (DRIEDZIC; HOCHACHKA, 1976; JOHNSTON, 1980). A
formagdo do compartimento branco ocorre através da diferenciagdao das células laterais pré-
somiticas encontradas nos somitos do embrido (FIGURA 4). Esta diferenciacdo ¢
desencadeada apds a migracdo das células adaxiais e a ativagdo de diversos fatores
transcricionais musculo branco-especifico. Dentre eles, podemos destacar o fator de
transcrigdo Sox6 o qual ¢ importante no processo de diferenciacdo das fibras musculares
brancas, por inibir a expressdo de genes musculo vermelho-especifico, durante a fase fetal
(JACKSON et al., 2015).

Entre os compartimentos vermelho e branco encontra-se o compartimento
intermediario (musculatura intermediaria), com fibras que apresentam propriedades
morfofisiologicas intermedidrias entre as das fibras musculares brancas e vermelhas, como
contragio rapida e metabolismo oxidativo/glicolitico (JOHNSTON, 1977; SANGER;
STOIBER, 2001).

1.3 JEJUM E REALIMENTACAO

Os peixes ocupam nichos ecologicos extremamente diversificados e possuem hébitos
alimentares definitivamente diferenciados. Durante o seu ciclo de vida normal, os peixes
podem sofrer longos periodos de privacao alimentar (FERREIRA; SILVA, 2012; GAHR;
WEBER; REXROAD, 2006; GUDERLEY et al., 2003). Estes periodos normalmente ocorrem
de modo natural, devido as flutuagdes de disponibilidade de alimento no ambiente aquatico
(SOUZA et al., 2003). Periodos como sazonalidade (diminuicdo da disponibilidade de
alimento natural) e reproducdo (diminui¢do do apetite), contribuem dramaticamente na
diminuicdo das taxas de crescimento. Desta forma, cada espécie possui mecanismos
especificos para lidar com periodos de escassez de alimento. Durante o jejum, os peixes
mobilizam suas reservas energéticas para compensar a falta de alimento. Neste sentido, um

dos principais tecidos afetado durante o jejum ¢ o musculo esquelético. Isso ocorre
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principalmente porque boa parte das proteinas armazenadas na musculatura ¢ mobilizada para
a manutencao da homeostase do animal (GAHR; WEBER; REXROAD, 2006).

De modo geral, em condigdes fisioldgicas normais, o musculo esquelético possui um
mecanismo de balanco natural de sintese (anabolismo) e degradagdao de proteinas
(catabolismo). Incialmente, em resposta ao jejum, ocorre uma mobilizacdo de lipidios
hepéticos e glicogénio muscular e hepatico. No entanto, se a falta de alimento for extrema,
ocorre o inicio da degradacao das proteinas miofibrilares (GUDERLEY et al., 2003).

A degradacdo das proteinas musculares ¢ um processo altamente complexo e
dependente da ativagdo de diversos sistemas e enzimas proteoliticas (SALEM et al., 2007;
SEILIEZ et al., 2008; VARSHAVSKY, 1998). Dentre esses sistemas destacam-se o
complexo proteolitico multicatalitico/proteossomal (BOWER; TAYLOR; JOHNSTON, 2009;
MARTIN et al., 2002; MATSAKAS; PATEL, 2009), o sistema lisossomal que inclui as
catepsinas (CLEVELAND et al., 2009), caspases e as calpainas (MACQUEEN et al., 2010;
SALMERON et al., 2013), as aminopeptidases citoplasméticas e proteases alcalinas, bem
como, as elastases e colagenases (enzimas hidroliticas), que atuam na degradacdo da matrix
extracelular do musculo esquelético (DELBARRE-LADRAT et al., 2006).

A via ubiquitina-proteassoma (complexo proteolitico multicatalitico) € considerado o
principal sistema responsavel pela degradacao de proteinas musculares. As ubiquitinas sao os
principais componentes desta via em estudos que visem a compreensdo do processo de
catabolismo em musculo de peixes. Diversos estudos (BOWER; JOHNSTON, 2010;
FUENTES et al., 2012; TACCHI et al., 2010, 2012) tém demonstrado que a ativacdo desta
via, é provavelmente mediada pela regulagdo da transcri¢do de genes E3 ubiquitina-ligases,
Murfl e Mafbx, os quais também participam de processos atroficos. As E3 ubiquitina-ligases
sao consideradas enzimas-chave no processo de degradacgdo proteica ligando-se as proteinas
alvo e promovendo a marcagdo (ubiquitiniza¢do), gerando uma especificidade ao sistema de
degradacgdo proteossomal (TACCHI et al., 2010). Apds o periodo de jejum pode ocorrer a
diminui¢do do didmetro das fibras musculares e consequentemente a diminuicdo da massa
muscular. Além disso, alguns autores sugerem que o jejum pode promover a diminui¢do da
capacidade de diferenciacdo das fibras musculares imaturas (GAHR; WEBER; REXROAD,
2006) em funcdo da diminui¢do da expressao de genes relacionados com crescimento
muscular (GARCIA DE LA SERRANA et al., 2013).

No entanto, para que ocorra um controle maior das proteinas a serem degradadas pelo

sistema proteossomal, ¢ necessario que ocorra a ativacdo de enzimas que controlem o
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processo de ubiquitinizagdo (marcagdo) das proteinas, realizado principalmente pelas E3
ubiquitinas (KOMANDER; CLAGUE; URBE, 2009). Este controle ocorre através da agdo
das deubiquitinas (DUBs), uma super-classe de familias de enzimas (UCH, USP, OTU,
Josephin ¢ JAMM/MPN+) que exercem funcdo contrdria as ubiquitinas, promovendo a
recuperagdo das proteinas marcadas pelas ubiquitinas (KOMANDER; CLAGUE; URBE,
2009; SACCO et al., 2010). A atividade das DUBs pode ocorrer de diferentes formas:
inibi¢do da formacao dos complexos de ubiquitinas; remogao das cadeias de ubiquitinas ou
ainda através da modificacdo das cadeias de ubiquitinas que se formam nas proteinas
(SACCO et al., 2010).

A homesostase do musculo esquelético ainda depende do equilibrio entre a
proliferacdo e diferenciagdo de células especificas do musculo conhecidas como Células
Satélites (CS). As CS sdo células miogénicas mononucleadas quiescentes localizado entre o
sarcolema e membrana basal da fibra muscular (MAURO, 1961). Este grupo de células se
originam a partir de mioblastos comprometidos que ndo se deferenciaram em fibras maduras,
durante o desenvolvimento embrionario, permanecendo assim em estado quiescente atraveés
da acdo continua do Pax7, inibindo a sua diferenciacao em fibras musculares (KUANG et al.,
2007).

Durante o crescimento muscular pds-natal, ocorre a ativagdo e a proliferagdo das CS,
processo que retoma os principais eventos da miogénese embrionaria nas quais as CS sofrem
a acdo de diversos estimulos, dentre eles, a acdo dos fatores regulatorios miogénicos (MyoD e
Miogenina) que promovem a proliferagdo e diferenciagdo. Com a retomada da alimentagao,
ocorre a retomada do anabolismo e a recuperagdo do crescimento muscular. Nos peixes, 0
crescimento muscular pds-natal ocorre por hiperplasia (aumento do ntimero de fibras
muculares) e/ou hipertrofia (aumento do didmetro das fibras musculares, através do
acréscimento de miontucleos) (KOUMANS; AKSTER, 1995; ROWLERSON; VEGGETTI,
2001), processos que envolvem a ativagdo, prolifera¢do e diferenciagcdo das células satélites
(FAUCONNEAU; PABOEUF, 2001) (Figura 4). A manutencdo da populacio de CS ¢
igualmente importante para manuteng¢ao do fenotipo, uma vez que as CS contribuem para a
formag¢ao do musculo adulto. A possivel perda da capacidade da manutencao (auto renovacao)
da populagdo de CS durante o crescimento muscular, tem por consequéncia a diminui¢do da
capacidade de crescimento e regeneracdo do musculo (MOTOHASHI; ASAKURA, 2014).

A auto renovagao das CS pode ocorrer através da divisao assimétrica no qual, para

cada célula satélite “mae”, origina-se um mioblasto e a outra CS. Processo, onde ocorre a



Caracterizagdo do transcriptoma do miisculo estriado esquelético do pacu (Piaractus mesopotamicus) | 19

manutencao parcial da opl 1]9(‘9(\ das células satélites. No _entanto

P aas HHas - SatCHics. N
Mioblastos Mioblastos

ocorrer de forma simétrica, omdecligmeasituacoes destui¢ascipade ocorrer a formagdo de dois

mioblastos, ou ainda a formacdo de duas células idénticas, ou seja, duas CS. (Kuang et al.,

2007)
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Figura 5: Modelo esquematico, demonstrando a miogénese pos-natal em peixes. Os principais
eventos de proliferagdo, diferenciagdo e fusao dos mioblastos, sdo baseados no modelo proposto
por (JOHNSTON, 2006). O modelo do processo de manuten¢do da populagcdo das células
satélites (pax7+) foi baseado nos principais achados descritos por (KUANG et al., 2007).

Sabendo que o processo de jejum e realimentacdo pode ocorrer de forma natural,
diversas estratégias t€m sido utilizadas com o objetivo de maximizar o crescimento animal. A
adocdo de estratégias de alimentagdo com restricdo alimentar seguida de realimentacdo tem
sido uma forma de explorar a capacidade natural de recuperagdo metabdlica e o crescimento
dos peixes, possibilitando economia economia no fornecimento de alimento (SOUZA et al.,

2003).

1.4 DUPLICACAO GENOMICA EM PEIXES TELEOSTEOS

Eventos de duplicacdo gendmica (poliploidia) e mutagdes genéticas sdo considerados
os principais fatores que contribuem para a diversificacdo das espécies (JAILLON et al.,
2004; MEYER; SCHARTL, 1999). O aumento das informagdes genéticas provenientes de
projetos de sequenciamento de genoma, vem fornecendo informagdes em larga escala dos
eventos de duplicagdo completas e parciais de genomas dos mais diversos organismos
(GARCIA DE LA SERRANA; MARECO; JOHNSTON, 2014). Neste sentido, analises

filogenéticas dos genes duplicados, analises comparativas de suas localizagdes
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cromossdmicas e inferéncias evolutivas de caridtipo ancestral, contribuem para confirmar a
hipotese inicialmente proposta por Ohno em 1970 (OHNO, 1970) de que todos os vertebrados
passaram por dois estdgios (2R) de duplicacdo gendmica completa (WGD). Analises
semelhantes, também trouxeram insigths com relacdo a evolugcdo de peixes teledsteos,
demonstrando a existéncia de um terceiro evento de WGD especifico desse grupo
(GLASAUER; NEUHAUSS, 2014; SATO; NISHIDA, 2010). De modo geral, os eventos de
WGD contribuiram para o aumento da complexidade das familias génicas, através da
formacdo de novas copias de um mesmo gene no genoma (GARCIA DE LA SERRANA;
MARECO; JOHNSTON, 2014). As copias pardlogas sofrem a ag¢do da pressdo
seletiva/evolutiva de forma diferente umas das outras. Mutagdes e rearranjos moleculares,
podem promover mudancas significativas em uma das copias destes genes e podendo levar a
perda de sua funcdo (perda da copia) (GARCIA DE LA SERRANA; MARECO;
JOHNSTON, 2014). No entanto, caso as alteragdes ndo sejam suficientes para a perda da
funcionalidade, pode ocorrer a chamada sub-funcionalizagdo do gene, sendo que neste caso a
atividade dos paralogos podem ser semelhante a atividade do gene ancestral. Em geral a
expressdo dos paralogos pode ser condicionada ao tecido (DE SANTIS; JERRY, 2011), ao
tempo (MACQUEEN; ROBB; JOHNSTON, 2007), ou ainda as condi¢des intrinsecas e
extrinsecas em que o individuo se encontra, evitando assim a redundancia da funcao.

Diversos estudos tem demostrado a presenca e a expressdo diferencial de genes
pardlogos em varias vias de regulacdo génica, incluindo vias relacionadas com controle do
metabolismo muscular (ERBAY et al., 2003; MACQUEEN; ROBB; JOHNSTON, 2007;
TAN; JUN DU, 2002). MacQueen e colaboradores (2007) identificaram a expressao
diferencial de paralogos de MyoD, expressos em diferentes periodos e em diferentes regides
do musculo esquelético de salmao durante a miogénese. A similaridade de fungao apresentada
entre as copias de MyoD nestes organimos demonstram um comportamento de sub-
funcionalizacdo condicionada ao tempo.

A compreeencao da fung¢do da maioria dos paralogos ainda permanece desconhecida
uma vez que manutencao e delecao de alguns genes pardlogos ao longo da evolucao pode ser
linhagem-especifica, fazendo com que a comparagdo entre as espécies seja ainda mais
complexa (GARCIA DE LA SERRANA; MARECO; JOHNSTON, 2014). Como exemplo
dessas diferencas, podemos citar o gene da miostatina (MSTN), inicialmente descrito em
mamiferos por McPherron e colaboradores (1997) como um importante regulador negativo do

crescimento e desenvolvimento muscular através da inibi¢ao da proliferacdo dos mioblastos.
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No entanto, em peixes teledsteos € possivel encontrar duas copias de MSTN, descritas como
mstn 1/a e mstn 2/b. Nos peixes a copia de pardlogo que mais se assemelha a funcao descrita
em mamiferos € a isoforma conhecida como mstn 2/b, o qual é expresso exclusivamente no
musculo esquelético € no cérebro. Ja a isoforma mstn 1/a apresenta uma expressao mais
variada em diversos tecidos, demonstrando um padrao de expressao diferente ¢ com fungao

ainda ndo caracterizada na maioria das espécies (MACCATROZZO et al., 2001).
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2 HIPOTESE E OJETIVOS

A hipodtese do nosso trabalho ¢ que a andlise do transcriptoma possibilitara avaliar
genes ¢ vias de sinalizagdo diferencialmente expressas nos musculos vermelho e branco no

pacu.

Os objetivos do estudo foram: 1) aumentar as informagdes de sequéncias genéticas
disponiveis para a espécie, 2) comparar os transcriptomas dos musculos vermelho e branco
para explorar e caracterizar genes envolvidos com a manutencdo dos fenotipos musculares
lento e rapido e 3) investigar a expressdo de genes pertencentes a familia de deubiquitinas,
conhecida como Ubiquitina especificas Protease (USP), no musculo branco em resposta ao

jejum e realimentacao.
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3 MATERIAL E METODOS
3.1 PEIXES E COLETA DAS AMOSTRAS MUSCULARES

A caracterizagdo do transcriptoma de musculo vermelho e branco, foi realizada
utilizando amostras musculares de 5 pacu adultos (Piaractus mesopotamicus) (1,50 + 0,61
kg). Os peixes foram mantidos em tanques de 1000 litros no centro de piscicultura da
Universidade do Oeste Paulista (Unoeste) Presidente Prudente, S3o Paulo, Brasil, sob
fotoperiodo natural (12:12) e temperatura (28 © C £ 1 ° C, intervalo) . O musculo esquelético
branco foi removido a partir da regido epaxial medial dorsal, enquanto que o musculo
esquelético vermelho foi dissecada a partir da linha lateral (Figura 6). As amostras musculares
foram imersas em solugdo RNAlater® para a estabilizagdo do RNA (Ambion, Life
Technologies, EUA) e mantidas a -20°C até o processamento.

Para a etapa do projeto que envolveu o jejum e a realimentacdo, foram utilizados
juvenis de pacu com 15g (n = 80), mantidas em tanques de 500 litros e alimentados com uma
dieta comercial até o inicio do experimento. Os peixes foram entdo mantidos em periodo de
jejum durante 4 dias, seguido por um periodo de realimentacao até a saciedade durante 24 h.
Amostras da regido da musculatura branca, foram removidas a partir da regido epaxial medial
dorsal, no inicio do jejum (-4d), e diariamente durante o perido de privacdo de alimentar (-3d,

-2d, -1d, 0d; n=8) e 6, 12 e 24 horas (n = 8) apds a re-alimentacao.

Figura 6: Local de amostragem da musculatura esquelética do pacu. (A) Musculo branco (B)
Musculo vermelho. Fonte: O autor.
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3.2 PCR QUANTITATIVO EM TEMPO REAL

A anélise dos dados obtidos no qPCR seguiram o modelo minimo de informacao para

publicacdo de experimentos quantitativos por PCR em Tempo Real (BUSTIN et al., 2009).
O desenho dos primers foi realizado utilizando o programa primer3, disponivel em:
http://bioinfo.ut.ee/primer3-0.4.0/. Sempre que possivel, os primers foram desenhados para
amplificar regides de juncdes éxon-éxon. As jungdes éxon-éxon foram previstas e estimadas,
alinhando a sequéncia pacu contra as informagdes gendmicas do Zebrafish (Danio rerio)
disponiveis no Ensembl (CUNNINGHAM et al, 2014) utilizando servigo online de
alinhamento, Spidey (WHEELAN; CHURCH; OSTELL, 2001).

A reacdo de PCR quantitativa (qPCR) foi realizada utilizando o equipamento
Mx3005P qPCR (Agilent, La Jolla, CA, EUA). Cada reagao foi realizada com 7,5 qPCR pl de
SensiFast (Bioline) Master Mix, 6 pl de cDNA (diluicao de 80 vezes e dilui¢do de 40 vezes
para os genes de IGF) e 0,75 ul de cada primer a 500 nm até um volume final de 15 ul. As
reacdes foram realizadas em placas de 96 pocgos (Agilent) com o seguinte protocolo: a
ativacao inicial de 95 © C durante 2 minutos seguido de 40 ciclos de 5s a 95 °C, 20s a 65 °C.

No final de cada reagdo foi adicionado um ciclo de 95 °C, referente a curva de
dissociag¢do, com o objetivo de confirmar a amplificacdo de um tnico produto. Para a anélise
e normalizacdo das reacdes, foram avaliados 6 genes de referéncia: RPL13, RPL19, PPIAA,
EF1A, GAPDH e HPRTI1. Segundo o programa BestKeeper (PFAFFL et al., 2004), o gene
HPRT1 foi o que demonstrou uma maior estabilidade durante as fases do experimento, por
esta razao, foi o gene escolhido para normalizacdo dos dados de expressdo génica. O calculo

da expressdo relativa foi calculada utilizando o método Pfalff (PFAFFL, 2001).
3.3 EXTRACAO DO RNA TOTAL E TRANSCRICAO DO CDNA

A extragdo do RNA dos animais do experimento de jejum e a realimentagdo foi
realizada utilizando o reagente TRIsure (Bioline, Londres, UK), seguindo as instru¢des do
fabricante. A integridade do RNA total foi confirmada por electroforese em gel agarose com
brometo de etidio. A concentragdo, e as razdes 260/280 e 260/230 proporgdes foram
estimadas usando um NanoDrop 1000 espectrofotometro (Thermo Fischer Scientific,
Waltman, MA). Todas as amostras de RNA utilizadas apresentaram razao 260/280 nm e
260/230 acima de 1,9 e 2,2, respectivamente. A transcri¢ao reversa dos mRNAs obtidos do

musculo esquelético sera realizada utilizando o kit Quantitect (QIAGEN, Manchester, Reino
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Unido) seguindo as orientacdes do fabricante. Para a reagdo foram utilizados
aproximadamente 6 pL de Master Mix para a transcri¢do reversa, ao qual foi adicionado
o equivalente a 1 pg de RNA, onde finalmente o volume completado para 20 pL com
agua livre de nucleases. A mistura foi incubada nas seguintes condigdes: 42°C por 30

minutos seguido de 95°C por 3 minutos para a inativacdo da transcriptase reversa.

3.4 CONSTRUCAO DA BIBLIOTECA E SEQUENCIAMENTO

A preparacdo das bibliotecas e o sequenciamento de nova geragdo foram realizadas
mediante uma cooperacao entre a Universidade de St. Andrews e centro de gendmica aplicada
do Hospital Sick Children (SickKids), Toronto, Canada.

O RNA total foi extraido dos musculos vermelho e branco utilizando o reagente
TRIzol, Life Technologies, conforme as instrucdes do fabricante (Life Technologies,
Carlsbad, CA). Apos a extracdo, amostras de cada animal foram purificadas em tampao, para
atingirem de 0,1 a 4 pug de RNA total. As bibliotecas foram entdo purificadas e amplificadas
(200pb £30 pb) por meio de PCR com primers especificos para os adaptadores (Illumina).
Ap0s o término desta etapa, avaliou-se a qualidade das bibliotecas, utilizando o equipamento
Agilent 2100 Bioanalyser (Agilent Technologies) com o auxilio de um chip DNA 1000. As
amostras de boa qualidade apresentaram fragmentos proximos ao tamanho de 260 pb.

O construcdo individual das bibliotecas de mRNA de 5 pacu adultos, dos musculos
vermelho e branco, foram realizadas, utilizando o kit TruSeq RNA Sample Prep®. O preparo
foi conduzido a partir das informagdes disponiveis no protocolo TruSeq RNA Sample Prep®
Guide (Illumina — San Diego, EUA).

O processo de sequenciamento do mRNA foi realizado utilizando o aparelho o Hiseq-
2000 (Illumina — San Diego, EUA), de acordo com as instru¢des do fabricante, utilizando o
protocolo de pair-end reads. Com o kit TruSeq PE Cluster Kit v3-cBot-HS (Illumina — San
Diego, EUA), as amostras foram ligadas a oligos complementares posicionados na superficie
dos lanes (canaletas da lamina) e posteriormente amplificadas, resultando em clusters
(agrupamentos) de fragmentos iguais. A sequéncia dos agrupamentos foi determinada com
uso do kit TruSeq SBS kit v3-HS (Illumina — San Diego, EUA) (200 cycles), conforme
recomendacdes do fabricante. Em cada lane foi depositada seis amostras a partir das quais foi
obtido em média 76 milhdes de reads (leituras) (sequéncia de dados nao tratados provenientes

das maquinas de sequenciamento) por biblioteca.
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O sequenciamento de RNA foi realizado através da plataforma Illumina utilizando a
abordagem sequencing-by-synthesis, onde cada nucleotideo ¢ marcado com uma cor. Neste
procedimento, cada biblioteca recebe a incorporagdo de adaptadores especificos nas duas
extremidades de cada fragmento. Em seguida, o adaptador da extremidade livre do fragmento
se liga ao seu oligonucleotideo complementar formando uma estrutura em ponte, criando
assim os clusters. Na etapa de desnaturacdo, as pontes de hidrogénio da molécula de DNA sao
desfeitas mediante elevacdo de temperatura, e apds uma série de ciclos, foram obtidos clusters
de moléculas idénticas ligadas a superficie de sequenciamento. Com a incorporacdo de
nucleotideos durante cada ciclo e a excitagdo a laser, ¢ gerado um sinal o qual é captado e
interpretado como um dos quatro possiveis nucleotideos. O processo de incorporagdo dos
nucleotideos marcados, excitacdo e leitura € repetido para cada nucleotideo. A leitura é entdo

feita de forma sequencial permitindo a montagem da sequéncia completa de cada fragmento.

3.5 ANALISE DE BIOINFORMATICA

3.5.1 ANALISE DOS DADOS BRUTOS

Os dados brutos gerados pelo sequenciamento, foram processadas pelo departamento
de Informatica do Centro de Gendmica Aplicada hospital Sick Children (SickKids). Os dados
iniciais, passaram por processo de identificacdo e em seguida de remocao dos adaptadores e
reads de baixa qualidade. A identificagdo de reads com baixa qualidade e fragmentos de
sequéncias superexpressas (possiveis adptadores), foi realizada utilizando o programa fastgc
(PATEL; JAIN, 2012). Leituras que apresentavam qualidade inferior a 28, foram descartadas,
utilizando o programa FASTQ Quality Filter e para remog¢do dos possiveis adaptadores foi
utilizado o FASTA/Q Clipper, (ambos os programas fazem parte do pacote de programas
fastx-toolkit, diponivel em: http://hannonlab.cshl.edu/fastx_toolkit ), restando cerca de 86%

dos reads iniciais.

3.52 MONTAGEM DOS TRANSCRITOS E ANALISE DOS GENES
DIFERENCIALMENTE EXPRESSOS

A montagem dos transcritos foi realizada, utilizando o procedimento de novo, no qual

os transcritos sdo montados sem um gendma ou transcriptoma de referéncia. O procedimento
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de montagem foi realizado, utilizando o programa Trinity (HAAS; PAPANICOLAOU;
YASSOUR, 2013). O programa Trinity, combina trés modulos de software independentes:
Inchworm, Chrysalis, e Butterfly. De modo geral, o programa particiona as sequéncias em
fragmentos menores e constrdi diversos graficos individuais (graficos Bruijn), cada um
representando a complexidade de um determinado gene ou local, € em seguida, processa cada
grafico de forma independente. Desta forma, o programa ¢ capaz de diferenciar possiveis
isoformas de um mesmo gene e possiveis genes paralogos. Sendo cada parte do programa,
responsavel por determinar a melhor reconstru¢do dos transcritos. Ao final da execugdo, o
programa gera, um arquivo do tipo fasta, contendo todos os transcritos identificados,
chamados de contigs.

Apds a montagem dos contigs, utilizou-se o algoritimo RSEM (LI; DEWEY, 2011),
para identificar a abundancia do transcritos, através da estimativa do numero de leituras
mapeada por contig. Desta forma, pode-se obter o valor de contagem de reads por contig em
cada biblioteca. Os resultados das leituras mapeadas entre musculo vermelho e branco, foram
utilizados para identificar os transcritos diferencialmente expressos, através do uso do

algoritmo DEseq, disponivel entre os pacotes Bioconductor/R (ANDERS et al., 2013).

3.5.3 ANOTACAO FUNCIONAL

Os contigs foram anotados utilizando o software Blast2GO (GOTZ et al., 2008).
Todas as sequéncias foram confrontadas contra o banco de dados ndo redundante (NR) do
NCBI, utilizando o algoritmo BLASTx com um valor de corte de 10, seguido por anotagéo
funcional, utilizando os parametros padrao de software.

Os contigs também foram mapeados contra vias moleculares e metabolica conhecidas
de vertebrado, utilizando a funcdo de anotagdo automatica do banco de dados KEGG. A
Anotagao das vias foi realizada utilizando o método de SBH da ferramenta KAAS contra o
Homo sapiens, Pan troglodites, Mus musculus, Rattus norvegicus, Sus scrofa, Gallus gallus,

Meleagris gallopavo, Danio rerio e Xenopus laevis.

3.5.4 IDENTIFICACAO DE SEQUENCIAS COM REGIAO CODIFICANTE
COMPLETA

Para a identificagdo das sequéncias com regido completa, utilizou-se as informagdes

do proteoma completo do Danio rerio, como base para um alinhamento utilizando o
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algoritmo tBLASTn. O alinhamento permitiu explorar e avaliar o percentual de cobertura da
regido condificante de cada sequéncia. Sequéncias que apresentaram uma cobertura maior que
90%, foram consideradas como sequéncia de codificagdo completa, ou seja, sequéncias

completas.

3.5.5 Identificacao de sequéncias paralogas

Os Contigs anotados foram alinhados contra o proteoma do Zebrafish, utilizando o
algoritimo BLASTx (valor de corte de e¢*’) presente no software BioEdit (HALL, 1999).
Contigs que apresentaram similaridade com mais de uma sequéncia de Zebrafish, foram
considerados como sequéncias candidatas pardlogas. Em seguida, para confirma¢do das
sequéncias paralogas foi realizado o alinhamento das sequéncias candidatas contra o proteoma
de outras espécies de peixes (Gasterosteus aculeatus, Takifugu rubripes, Oryzias latipes,
Tetraodon nigroviridis) e contra o proteoma humano (Homo sapiens), que porteriormente foi
utilizado como grupo externo para a andlise filogenética. As arvores filogenéticas foram
construidas através de uma analise de maxima verossimilhancga, utilizando o servidor on-line
PhyML combinada com a op¢dao G-Blocks (algoritimo que exclui regides com pouco
confianca de alinhamento) (DEREEPER et al., 2008). Para cada caso, o melhor modelo
evolutivo foi estimado utilizando o programa MEGAS (TAMURA et al., 2011).



Caracterizagdo do transcriptoma do miisculo estriado esquelético do pacu (Piaractus mesopotamicus) | 29

4 CAPITULO 1 - Characterization of the transcriptome of fast and slow

muscle myotomal fibres in the Pacu (Piaractus mesopotamicus) *

* Artigo publicado na Revista BMC Genomics.
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ABSTRACT

Background: The Pacu (Piaractus mesopotamicus) is a member of the Characiform family
native to the Prata Basin (South America) and a target for the aquaculture industry. A
limitation for the development of a selective breeding program for this species is a lack of
available genetic information. The primary objectives of the present study were 1) to increase
the genetic resources available for the species, 2) to exploit the anatomical separation of
myotomal fibres types to compare the transcriptomes of slow and fast muscle phenotypes and
3) to systematically investigate the expression of Ubiquitin Specific Protease (USP) family
members in fast and slow muscle in response to fasting and refeeding.

Results: We generated 0.6Tb of pair-end reads from slow and fast skeletal muscle libraries.
Over 665 million reads were assembled into 504,065 contigs with an average length of
1,334bp and N50=2,772bp. We successfully annotated nearly 47% of the transcriptome and
identified around 15,000 unique genes and over 8000 complete coding sequences. 319 KEGG
metabolic pathways were also annotated and 380 putative microsatellites were identified. 956
and 604 genes were differentially expressed between slow and fast skeletal muscle,
respectively. 442 paralogues pairs arising from the teleost-specific whole genome duplication
were identified, with the majority showing different expression patterns between fibres types
(301 in slow and 245 in fast skeletal muscle). 45 members of the USP family were identified
in the transcriptome. Transcript levels were quantified by qPCR in a separate fasting and
refeeding experiment. USP genes in fast muscle showed a similar transient increase in
expression with fasting as the better characterized E3 ubiquitin ligases.

Conclusion: We have generated a 53-fold coverage transcriptome for fast and slow myotomal

muscle in the pacu (Piaractus mesopotamicus) significantly increasing the genetic resources
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available for this important aquaculture species. We describe significant differences in gene
expression between muscle fibre types for fundamental components of the general
metabolism, the Pi3k/Akt/mTor network and myogenesis, including detailed analysis of
paralogue expression. We also provide a comprehensive description of USP family member

expression between muscle fibre types and with changing nutritional status.

KEYWORDS

Paralogues, Ubiquitin-specific proteases (USP), aquaculture genomics

BACKGROUND

Fish myotomes are composed of anatomically segregated muscle fibre types each with
distinct contractile and metabolic phenotypes [1]. Based on their contractile speed skeletal
muscle fibres are classified as slow, intermediate or fast [2, 3]. Fast twitch (white) muscle
fibres comprise the bulk of the myotome and are recruited for energetic movements associated
with prey capture and escape behaviour [4]. Fast fibres have elevated densities of myofibrils,
reduced myoglobin content and higher a capillary density than slow fibres and utilise
phosphagen breakdown and anaerobic glycolysis to power contraction [5]. Sustained
swimming activity is supported by superficial layers of slow (red) and intermediate (pink)
twitch fibres which are recruited at slow and high cruising speeds respectively [3]. Slow
fibres have extensive lipid and glycogen stores, abundant mitochondria and high capillary
densities reflecting their reliance on aerobic metabolism [5]. Intermediate (pink) muscle fibre
types are found between the slow and fast fibre layers, but express distinct isoforms of myosin
heavy chains [6] and have intermediate contraction speeds and metabolic characteristics [3,
7].

Muscle growth reflects the balance between protein synthesis and degradation. These
two processes are influenced by numerous biotic and abiotic factors including food
availability, growth factors, age, sex, diet composition, swimming activity, oxygen saturation,
light and temperature [8. 9]. The Insulin-like growth factor (Igf) network, composed of Igfs,
binding proteins (Igfbp) and receptors (Igflr and Igf2r), plays a pivotal role in integrating
internal and external inputs to regulate muscle mass [8]. Igfl regulates several signalling
pathways including the Pi3k/Akt/mTor network that controls protein synthesis [8, 9].
Typically, fibre production continues until 45% of the maximum body length of fish, and
subsequent growth is entirely by fibre elongation and hypertrophy [10-12]. Myogenesis
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involves the activation, proliferation and fusion of a resident myoblast population involving
hundreds of structural and regulatory genes [10, 11].

Muscle protein degradation occurs through three major pathways [13, 14] namely:
membrane-bound lysosomal enzymes, calpain proteases [14, 15], and the Ubiquitin
Proteasome (Ub) Pathway (UPP) [16]. UPP represents the most important system for
degradation of unnecessary or damaged proteins. Targeted proteins are linked to ubiquitin,
which acts as a recognition tag for the proteasome. Ubiquitin tagging of proteins requires the
coordinated activity of three classes of enzymes known as El1, E2 and E3. It is the E3
enzymes, also known as E3-ubiquitin ligases, which conjugate ubiquitin to the target protein
[17]. Ubiquitin mediated degradation can be reversed through action of deubiquitinating
enzymes (DUB), a large group of proteases that cleave ubiquitin-protein conjugates removing
the UPP signal, and play an essential role in the regulation of protein degradation [18]. DUBs
are subdivided into four families: ubiquitin C-terminal hydrolases (UCHs), ovarian tumour
proteases (OTUs), JABI/MPN/MOV34 metalloenzymes and ubiquitin-specific proteases
(USPs) [18]. USP is the largest family of DUB and regulates a wide variety of cellular
processes. Although the essential role of USPs in protein degradation is well established, less
is known about the function and regulation of specific family members: for example Usp7 has
been associated with p53 and Akt turnover, Usp8 with receptor tyrosine endocytosis, Usp33
with the Von Hippel-Lindau disease (VHL) pathway and Usp19 is thought to have a role in
muscle development [19]. There have been several studies of the expression of protein
degradation related genes in fish, mostly in response to varying nutrition and focused on E3-
ubiquitin ligases (particularly Fbox32 and Murfl) [20, 21]. In contrast, nothing is known
about the transcriptional regulation of USP family members.

The pacu (Piaractus mesopotamicus) i1s a member of the characiform family
(SuperOder Ostariophysi) native to the Prata Basin (South America) and is a target for finfish
aquaculture in Brazil. One of the main limitations for the development of a selective breeding
program for this species is a lack of genetic information as well as limited knowledge about
its physiology. Next Generation Sequencing (NGS) technologies have dramatically increased
the amount of sequence data for teleosts and helped to overcome the lack of annotated
genomes (so far only 12 fish annotated genomes are publicly available) [22].

The primary objectives of the present study were 1) to increase the genetic resources
available for pacu 2) to exploit the anatomical separation of fibre types to characterise the

expression signatures of fast and slow muscles and 3) to systematically investigate the
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expression of USPs in fast and slow muscle in response to fasting and refeeding. Teleost fish
underwent a teleost-specific genome duplication (TSGD) event around 450 million years ago
(Mya) which was followed by diploidisation and gene loss [23, 24]. It is thought that around
15 to 20% of TSGD paralogues have been retained in the diploid genome of extant species
[23-26]. Several studies have demonstrated that paralogues from the TSGD or the salmonid-
specific whole-genome duplication (WGD), which occurred 88Mya [27], can display different
patterns of expression during myogenesis and muscle growth [27-29]. A secondary objective
was therefore to search for evidence of differential expression between teleost specific

paralogues within and between muscle fibre types.

METHODS

FISH

For the generation of de novo transcriptome fast and slow skeletal muscles were
dissected from 5 adult pacu (Piaractus mesopotamicus) (1.50 + 0.61kg; mean + SD body
mass). Fish were maintained in 1000 litres fibreglass tanks at the Aquaculture Centre of the
University of West Paulista (Unoeste) Presidente Prudente, Sdo Paulo, Brazil, under natural
photoperiod (12L: 12D) and temperature (28°C + 1°C, range). Fast skeletal muscle was
dissected from the dorsal epaxial region at 0.5 fork length (FL) (FL, tip of snout to fork in the
tail) whereas slow skeletal muscle was dissected from the lateral line and any remains of fast
skeletal muscle carefully removed under a dissection microscope to obtain pure slow muscle.
Tissues were preserve in RNAlater (Ambion/Applied Biosystems, Oslo, Norway) and frozen
at -200C until further analysis.

For the fasting-re-feeding experiment, 15g pacu (n=80) were maintained in duplicate
fibreglass 500 litre tanks as described above and fed with a commercial diet until the start the
experiment. Fish were fasted for 4 days followed by a period of satiation feeding for 24h. Fast
skeletal muscle was sampled before fasting (-4d), daily during food deprivation (-3d, -2d, -1d,
0d; n=8) and 6, 12 and 24h (n=8) after re-feeding. Extracted fast skeletal muscle was
preserved in RNAlater at -200C until further analysis. All fish were sacrificed according to
the Ethical Principles In Animal Research adopted by Brazilian College of Animal
Experimentation (COBEA) and was approved by the Ethics Committee on Use of Animals/
Bioscience Institute/Unesp (CEUA=506)
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SAMPLES SEQUENCING AND DE NOVO ASSEMBLY

Total RNA from adult pacu fast and slow skeletal muscle was used to prepare 10
individual Illumina libraries. Libraries preparation and sequencing was performed at the
Centre for Applied Genomics of the Hospital for Sick Children (SickKids), Toronto, Canada.
The resulting libraries were paired end sequenced using in an [llumina HiSeq2000.

Raw paired end reads generated were processed by the Department of Informatics of
the Centre for Applied Genomics of SickKids hospital. After removing low quality reads,
86% of the paired end reads were de novo assembled using Trinity software [51]. RSEM
application was used to identify transcript abundance by estimating the number of reads
mapped per contig. The DEseq algorithm from the Bioconductor/R packages was used to

identify differentially expressed transcripts [52].

FUNCTIONAL ANNOTATION

Contigs were annotated using Blast2GO software [53]. Sequences were blasted against
the NCBI non-redundant (nr) database using BLASTx with an e-value cut-off of 10-3
followed by functional annotation using software default parameters [53]. Contigs were
mapped against the known vertebrate metabolic and molecular pathways using the online
KEGG Automatic Annotation Server (KAAS) [54]. KAAS annotation was performed using
the single-directional Best Hit (SBH) method against Homo sapiens, Pan troglodites, Mus
musculus, Rattus norvegicus, Sus scrofa, Gallus gallus, Meleagris gallopavo, Danio rerio and

Xenopus laevis.

IDENTIFICATION OF COMPLETE CODING SEQUENCE

Annotated contigs were blasted against the Zebrafish complete proteome [22] using
tBLASTn algorithm in BioEdit software [55]. BLAST alignments were explored to evaluate
the percentage of conding sequence cover by the contig compared with its zebrafish
orthologue. Sequences with more than 90% of coverage were considered as complete coding
sequence (CDS). The CDS amino acids sequence was predicted using the Virtual Ribosome

server [56].

MICROSATELLITE IDENTIFICATION
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Sequences successfully annotated covering >90% of the CDS were investigated for

SSR using msatcommander-1.0.2-alpha [57].

RNA EXTRACTION AND CDNA SYNTHESIS

Total RNA was extracted using Iml TRIsure (Bioline, London, UK) following the
manufacturer’s recommendations. Integrity was confirmed by ethidium bromide gel
electrophoresis of 1ug of total RNA. Concentration, 260/280 and 260/230 ratios were
estimated using a NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, Waltman,
MA). All RNA samples used had a 260/280 nm and 260/230 ratios above 1.9 and 2.2
respectively. 1ug of total RNA was reverse transcribed into cDNA for 30 min at 42°C using a
Quantitect (QIAGEN, Manchester, UK) reverse transcription kit following manufacture’s
recommendations including a genomic DNA wipe-out step. To ensure that no genomic DNA
was present in the samples a RT- control without the reverse transcriptase enzyme was

performed simultaneously.

QUANTITATIVE REAL-TIME PCR

The following procedures were compliant with the minimal information requirements
for publication of quantitative PCR guidelines [58]. Primers were designed to have a Tm of
600C using Net primer online server (Premier BioSoft). Where possible primers were
designed to cross exon-exon junctions. Exon-exon junctions were predicted by aligning the
pacu contig against their zebrafish orthologue complete gene sequence retrieved from
Ensembl [22] using Spidey online server [59]. Primers pairs, amplicon size, melting

temperature and efficiency are listed in Supplentary 12.

Supplementary file 12 - gPCR primer sequences

Gene Sequence amplicon efficiency of
Forward (5'-3") Reverse (5'-3") size reaction
Mafbx tetttggtgcteececttgtg taaaaccgaggacggctgg 231 1.90
Fbox25 cgtaggtgaagtagccgeca ggagaagtccagcectgttga 166 1.90
Mufla ccattgatgccttggttgc ccttctcgtectgctctttg 198 1.85
Muflb  ccccctgaaagacaaagaca gctcagecttctggactte 179 1.89
Siahl cacaaatccatcaccacgc gccatcatacttttcctge 150 1.89
Syvnl cgacctacagagcgagaacc cagccttcttaaattgectca 185 1.88

Trip12 cgcagaagcagtcgtgataa tgctgggggagactcactac 222 1.87
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Huwel gagacctaatcctccgecag caccactgctctccacaatc 228 1.87
Ufd2 agtcgtcacagggagatgct ttgggaacctcaggaatcag 206 1.89
Usp2a agcctgcgagactactgt actcctgagcegtectgttg 214 1.89
Usp2b gcaccgacctcaacaacaac acgaaacggggagcatactt 151 1.94
Usp4 gecttettgctggatggact tcaggacagactagcgtgga 194 1.92
UspSa ccttcagcacttccagcaga tgcgatttccaactcegtca 199 1.90
Usp5b cccagaccactttgagattce atttcgcacttggcacactt 222 1.94
Usp8 agagggcacacacttcaggt  gcgagagcagaggagagaga 111 1.89
Usp9 cacaaacctcggaccaaaat gcacagtcaaaaccctaacca 179 1.88
Uspll cactaacctcggcaacacct agaaactgggacgcaaaatg 249 1.90
Uspl2a tcctaatgacagtttccaa ggtgagcaggttetetttgce 239 1.80
Uspl2b  atactgatgacagtccgaaag aggtcagcaggctctctttg 241 1.92
Uspl4 ctctgaggaggtattcgggt cagcaaactgtgggaaggc 168 1.93
Uspl6 ccgtcctcactctccacctg ctgtgctccacgattccata 181 1.89
Uspl9 gcececcacaagaaaccagtaa  gecacctcaaagcagaagage 215 1.89
Usp21 tgtgctggatggagatgaga cttetgtcggaggcaaactc 210 1.81
Usp22 aactcctgectegtgtgtg ttcttceegttgtegtettt 206 1.87
Usp24 aatcagaatcgtcggtggag agtggcaaaagaggtgagga 173 1.90
Usp28 acagtttgtgtcaggtccee ctceteccacgtegattet 155 1.91
Usp30 ctetetgtecattectgetgt gtcgtectetggetetcaac 168 1.88
Usp36 gatgaagactggtgccttgga ccttgggcggagagagtttt 118 1.90
Usp46 agcggttcegttgttcttca cttccacagcatcgccaca 217 1.87
Igflra gcttctcaggetecgttee attcaccgtctaccgeatcg 248 1.87
Igflrb aggctggatgtgctetctt gggtggoctatcaaaacggt 223 1.88
Igfl atttcagcaagccaacaggt cgcacaatacatctcaagtcg 116 1.87
Igf2a cagcaagcagaagacaacga gcagcattcctccactatee 217 1.90
Igf2b gttttgtcggttttggagga gaaggtgctggaacaggaat 199 1.91
Igf3 ggctcacactgaaggacaca cgctctccacacacaaactce 183 1.90
Efla attccactgagcccccttac ttacgctcaaccttccatec 190 1.94
Polr2a atcaacccacgaactccaac cctetgtgetaaggegaaac 205 1.92
Gapdh  acacacgacgacaagaccaa gtcectetegetgaaaactg 267 1.87
Hprtl tgggctaaaggaaggatgag tacaaagcgtgaggtggcta 202 1.89
ppiaa attgtggttcgtgaagtcge ccgctgggcagagtgattat 170 1.87
sdha acctgatgctgaatgcetgtg agtgtgcttcctccagtge 170 1.90
Rpl13 atcaacaggaaagtagccc aggatgagtttggagcggta 122 1.89
Rpl19 gcaaactggtgaaggatggt cttggactccctgtaacgcec 215 1.85

Quantitative PCR (qPCR) was performed using a MX3005P qPCR machine (Agilent,
La Jolla, CA, USA). Each qPCR reaction contained 7.5 ul of SensiFast (Bioline) Master Mix,
6 ul cDNA (80-fold dilution and 40-fold dilution for igf genes) and 0.75 pul of each primer at
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500 nM to a final volume of 15 ul. Duplicate reactions were performed in 96-well plates
(Agilent) with the following protocol: initial activation 95°C for 2min followed by 40 cycles
of 5s at 95°C, 20s at 65°C. The qPCR was followed by a dissociation-melting curve from 60
to 950C to confirm that a single product was amplified. Control reactions included no-
template and RT- were simultaneously amplified.

Ribosomal protein 13 and 19 (rpll3, rpll9), Peptidylprolyl isomerase Aa (ppiaa),
elongation factor 1 alpha, Glyceraldehyde-3-phosphate dehydrogenase (gapdh) and
hypoxanthine phosphoribosyltransferase 1 (hprtl) were tested as reference genes. BestKeeper
[60] analysis showed that hprtl was the most stable reference gene and was used for data

normalisation. Relative expression was calculated using the Pfalff method [61].

TELEOST SPECIFIC PARALOGUES IDENTIFICATION

Contigs were blasted (BLASTx) against the Zebrafish proteome using BioEdit
software with an e-value threshold of e-40 [55].

To confirm that contigs found were truly paralogues amino acids sequences from
potential pacu paralogues were blasted (BLASTp) against the zebrafish (Danio rerio),
stickleback (Gasterosteus aculeatus), takifugu (Takifugu rubripes), medaka (Oryzias latipes),
green pufferfish (Tetraodon nigroviridis), chicken (Gallus gallus), frog (Xenopus laevis) and
human (Homo sapiens) proteomes using Ensembl BLAST server [22]. Best hits amino acids
sequences from each proteome were retrieved. Sequences were aligned using the MAFFT
online server [62]. Phylogenetic trees were constructed using a Maximum Likelihood analysis
using PhyML online server combined with the G-Blocks option to cure unreliable aligned

sections [63]. For each case the best evolutionary model was estimated using MEGAS [64].

STATISTICAL ANALYSIS

Global DGE statistic analysis was performed using DEseq package from R-
Bioconductor [52, 65]. For testing specific hypothesis involving differential mapping of
specific pathways gene expression significance was tested using t-test, or Mann-Whitney U
test when parametric were not fulfilled, followed by a Benjamin-Hochberg correction (False
Discovery Rate, FDR). Differences between time-points in qPCR expression during fasting
re-feeding were tested using Kruskal-Wallis test. Differences were considered significant

when FDR, for differential mapping, or p-value, for qPCR expression, were <0.05. Gene
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expression data was clustered using an unsupervised hierarchical clustering algorithm using

PermutMatrix [66].

RESULTS AND DISCUSSION

DE NOVO ASSEMBLY

Individual barcoded libraries from fast and slow skeletal muscle tissues were
generated from 5 adult pacu (1.5 £ 0.61kg; mean + SD) and sequenced using HiSeq 2000
platform yielding a total of 374,952,267 and 390,706,230 pair-end reads respectively
(~0.6Tb) (raw reads were deposited in the European Nucleotide Archive accession number
PRJEB6656). 665,042,497 trimmed paired-end reads (86% of the total) were successfully
assembled into 504,065 contigs with an average length of 1,334bp and N50=2,772bp (Table
1). The present study significantly improves upon previous teleost transcriptomes [30]. A total
of 237,637 contigs (47%) were successfully annotated, representing over 15,000 unique genes
with an average coverage of 53 and over 8,000 genes with >90% of the coding sequence
(CDS) represented (Table 1; annotation results can be found in supplementary file 1). The
number of genes found represent between 56-65% of all protein-coding genes currently
identified in Danio rerio (Cypriniformes) and Astyanax mexicanus (Characiformes) the only
two other Ostariophysi genomes available [22]. Pacu contigs were also annotated and
classified into 319 different vertebrate signalling and metabolic pathways (supplementary file
2). In some cases, such as for the Pi3k/Akt/mTor network we found that over 90% of the

genes were represented.

Table 1: Pacu de novo transcriptome metrics

Fast skeletal

Parameters Slow skeletal muscle muscle
Reads 704,550,985 765,658,497
Reads assembled 521,568,496 665,042,497
Contig 504,065

Contig mean lenght (bp) 1,334

N50 (bp) 2,772

Contig Annotated 232,637

Unique genes 15,000

Paralogues 406

Differentially expressed genes 3,473 2,458

Annotaded Pathway 314
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N50: The value was computed by sorting all contigs from largest to smallest and by
determining the minimum set of contigs whose sizes total 50% of the entire
transcriptome.

The current transcriptome dramatically increases the genetic resources available for
the future development of genetic-based breeding programmes in pacu. Simple sequence
repeats (SSRs) or microsatellites are widely used for parentage identification and stock
management in family selection programs [31]. Screening for SSRs was focused on those
contigs for which over 90% of the CDS was present to assure that repeated sequences were
correctly identified in the UTR regions. A total of 380 SSRs were identified in the
transcriptome, and the great majority of them (54%) were repeats of a dinucleotide motif
(Table 2; supplementary file 3) increasing the number of potential microsatellites for this
species [26]. We also screened the annotated transcriptome to identify TSGD-paralogues. It
has been estimated that around 15 to 20% of teleost-specific paralogues have been retained in
the diploid genomes of extant species [23-28] with a slightly higher proportion retained in
Ostariphysi genomes [26]. We identified a total of 442 paralogues pairs in the pacu when
compare with zebrafish (884 genes; Figure 1A, supplementary file 4). Although this is a
significant improvement when compared with previous studies [22] the number of paralogues

identified was still lower than what we could expect from a 16,000 gene transcriptome.

Table 2: Microsatellites identification

Motif Count %
AAC 1 0,3
AC 113 36,7
ACAG 1 0,3
ACCT 1 0,3
AG 107 34,7
AGCG 1 0,3
AGGC 1 0,3
AT 28 9,1
ATC 1 0,3
C 52 16,9

CG 2 0,6
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Figure 1: Example of a teleost-specific paralogue phylogenetic and digital expression
analysis in pacu fast and slow skeletal muscle.

(A) Phylogenetic analysis of the adrb2 teleost-specific paralogues. Human ADRB2 was used
as an out-group. (B) adrb2a and adrb2b digital gene expression. Digital gene expression is
represented using a logarithmic scale for slow (full bars) and fast (empty bars) skeletal
muscle. Significant differences for paralogues within (***; FDR<0.001) and between (#;
FDR<0.05) fibre types are indicated. Values represent mean = SE (n=5). Adrb2: beta-2

adrenergic receptor.

Homo sapiens ADRB2

Oreochromis niloticus adrb2 1 of 2

Tetraodon nigroviridis adrb2 1 of 2

Gasterosteus aculeatus adrb2 1 of 2

Danio rerio adrb2a

Piaractus mesopotamicus adrb2a

Oreochromis niloticus adrb2 2 of 2

Tetraodon nigroviridis adrb2 2 of 2

Gasterosteus aculeatus adrb2 2 of 2

Danio rerio adrb2b

Piaractus mesopotamicus adrb2b

—

adrb2a

adrb2b
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DIGITAL GENE EXPRESSION ANALYSIS

Individual fast and slow muscle libraries were mapped to the complete transcriptome.
Mapped reads were normalized by contig length, library size and only those with an average
of more than 10 mapped were used to estimate digital gene expression (DGE). Whereas there
are several transcriptomic studies in teleost [29, 32, 33] to our knowledge this is the first one
to compare global patterns of DGE in muscle different fibre types. Global DGE analysis
revealed 956 and 604 genes differentially expressed between slow and fast skeletal muscle
respectively (supplementary file 5).

Gene ontology (GO) enrichment analysis of the differently expressed genes (Table 3;
supplementary file 6) revealed a significant enrichment in genes involved in oxidative
phosphorylation and lipid metabolism (GO:0005739; 0006629; 0009055; 0005811; 0018925;
Table 3) in slow skeletal muscle and carbohydrate metabolism and kinase activity
(GO:0005975; 0019752; 0016301) in fast skeletal muscle. These results are in agreement with
the main differences described between slow and fast muscle with respect to their
predominant means of energy supply [7]. To further validate GO analysis results, reads
mapped were individually explored in all components related to general metabolism pathways
present in our transcriptome: glycolysis, B-oxidation, Krebs cycle and the electron transport
chain (supplementary file 7). The majority of glycolysis-related enzymes found, such as
glucose-6-phosphate isomerase (gpi), 6-phosphofructokinase (pfkm) or enolase (eno), were
significantly more highly expressed in fast skeletal muscle (FDR<0.05) (Supplementary file
7). As expected slow muscle had a significantly higher DGE in almost all components of the
Krebs cycle, B-oxidation pathway and the electron transport chain (supplementary file 8).
Therefore DGE results captured fundamental physiological and metabolic differences
between tissues. We also studied DGE in relation to the Pi3k/mTor pathway, myogenesis-
related genes and TSGD-paralogues between fibre types. Previous studies have reported that
TSGD-paralogues can display different expression profiles in muscle during myogenesis and
in response to varying nutrition, however those studies were always restricted to fast skeletal
muscle and to a limited number of paralogues [34, 35]. By using DGE we found that 301 and
245 TSGD-paralogues pairs were differentially expressed for slow and fast skeletal muscle
respectively (FDR<0.05; example in Figure 1B; supplementary file 9). Similarly, we found
124 paralogues with significant differences in DGE between muscle types (FDR<0.05; Figure
1B). Various mechanisms have been postulated to explain TSGD paralogue retention during

evolution including mutations leading to differential regulation in expression (sub-
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functionalization) and/or the evolution of some novel function (neofunctionalization) [36].
Whilst we cannot distinguish between these possibilities in the present study it is apparent that
TSGD paralogue retention has significantly contributed to phenotypic patterning of gene

expression between fast and slow muscle fibre types.

Table 3: Gene ontology (GO) enrichment analysis

GO Genes in
Term Name Type FDR category
0003779 actin binding F 2,30E-31 174
0005739 mitochondrion C 1,20E-30 305
0006811 ion transport p 6,20E-28 209
0006091  generation of precursor metabolites p 4,00E-21 125
and energy
0003774 motor activity F 9,10E-21 79
0030154 cell differentiation P 2,70E-14 398
0009653  anatomical structure morphogenesis P 3,50E-14 397
0005198 structural molecule activity F 6,10E-11 126
0007275 multicellular organismal P 9.30E-09 561
development
0005509 calcium 1on binding F 9,30E-09 107
Slow 0005216 ion channel activity F 9,60E-09 63
muscle 65606629 lipid metabolic process P 2,50E-08 153
0009055 electron carrier activity F 8,40E-08 39
0007010 cytoskeleton organization P 4,50E-07 181
0005886 plasma membrane C 8,80E-07 420
0005783 endoplasmic reticulum C 4,80E-06 149
0005615 extracellular space C 2,00E-04 61
0000166 nucleotide binding F 2,50E-04 397
0019725 cellular homeostasis P 3,60E-04 93
0007267 cell-cell signaling P 4,00E-04 105
0005811 lipid particle C 2,10E-03 13
0019825 oxygen binding F 3,20E-03 5
0005975 carbohydrate metabolic process P 3,50E-03 99
0006091  generation of precursor metabolites P 7.50E-81 194
and energy
0005975 carbohydrate metabolic process P 1,00E-71 225
0005783 endoplasmic reticulum C 4,90E-23 174
Fast 1901564 organonitrogen compound P 4,90E-23 115
muscle metabolic process
0019752 carboxylic acid metabolic process P 4,90E-23 115
0005216 ion channel activity F 4,90E-23 80
0005509 calcium ion binding F 7,20E-23 122
0006811 ion transport P 4,90E-15 140
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0016301 kinase activity F 8,60E-15 188
0019725 cellular homeostasis P 3,50E-14 107
0003779 actin binding F 5,50E-12 101
0005829 cytosol C 1,20E-08 263
0005886 plasma membrane C 1,60E-07 331
0005856 cytoskeleton C 7,60E-06 223
0043234 protein complex C 1,20E-04 321
0009056 catabolic process P 3,10E-04 244

C = cellular component, P = biological process and F = molecular function

The Pi3k/Akt/mTor network is involved in several cellular processes: muscle growth,
cell cycle, muscle differentiation and myoblast proliferation [8, 37, 38]. The majority of the
pathway’s components were identified in the transcriptome, including several paralogues
(Figure 2; Supplementary file 10). We found differences in DGE between muscle types for 28
components (FDR<0.05; Figure 2). Only 6 genes were more abundant in fast skeletal muscle
including insulin-like growth factor receptor la (igfrla) and tuberous sclerosis 2 (tsc2)
(Figure 2, empty circles). A total of 22 components of the pathway were found to be more
highly expressed in slow skeletal muscle including insulin-like growth factor 2b (igf2b),
several insulin-like growth factors binding proteins (igfbpla, igfbp2a, igfbpSa and igfbp7),
protein kinase B gamma (akt3), ribosomal protein S6 kinase beta la (rps6kbla), eukaryotic
translation initiation factor 4E-binding protein 1 (eif4ebpl) and mitogen-activated protein
kinases (mapkl4a and mapkl14b) (Figure 2, red circles). Those genes significantly up
regulated in slow skeletal muscle are directly involved in the stimulation of protein synthesis,
suggesting a higher protein synthesis potential in this fibre type [39; 40]. Some of the genes
significantly up regulated in fast skeletal muscle are associated with the regulation of protein
synthesis during fasting. For instance, lkbl is expressed when energy levels are low, mlst8
binds mTor to stabilize the complex when amino acids are not optimal and tsc2 is related with

protein synthesis inhibition [40].
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Figure 2: Digital gene expression of the Pi3k/mTor pathway components in pacu fast and
slow skeletal muscle.

(A) Pi3k/mTor components represented in the transcriptome mapped into a reconstruction of
the same pathway. Red circles (®) and empty circles (©O) indicate components significantly
higher in slow and fast skeletal muscle respectively muscle (FDR<0.05). Green circles (©)
indicate components with no significant differences between fibre types. (B) igf2a and igf2b
digital gene expression. (C) prkabla and prkablb digital gene expression. Digital gene
expression is represented using a logarithmic scale for slow (full bars) and fast (empty bars)
skeletal muscle. Significant differences for paralogues within (***; FDR<0.001) and between
(#; FDR<0.05) fibre types are indicated. Values represent mean + SE (n=5). Igf2: insulin-like
growth factor 2; Prkabl: 5° AMP-activated protein kinase subunit beta 1

DGE was also analysed for the genes associated with myoblast activation,
proliferation, differentiation and migration (Figure. 3A). Stac3 is a multifunctional signal
adaptor protein which shows a strong correlation with myogenin expression both in cell
culture and in vivo and is required for normal myotube formation and sarcomere assembly
[41]. Stac3 localises to T-tubules and also functions in the mediation of voltage-induced Ca2+
release and contractility [42]. The higher expression of stac3, in correlation with myogenin, in
fast than slow muscle (Figure 3E) may therefore reflect the more extensive development of T-
tubules and sarcoplasmic reticulum in this fibre type which are required to achieve shorter
contraction cycles during high speed swimming [43]. In contrast, the other myogenic
regulatory factors (Figure 3B) and members of the myocyte enhancer gene family (except
mef2ca) (Figure 3C) had similar expression patterns in fast and slow muscles. Differences in
expression for myostatin paralogues has been previously reported in other fish species
including rainbow trout (Oncorhynchus mykiss) and tilapia (Oreochromis niloticus) with
mstna expression (also known as mstn2) confined to brain, testes and spleen and mstnb (also

known as mstnl) more expressed in heart and muscle [45].
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Figure 3: Digital gene expression of myogenic related genes in pacu fast and slow skeletal
muscle.

(A) Myogenic related genes represented in the transcriptome mapped into a schematic
reconstruction of the myogenesis process. Red circles (®) and empty circles (©O) indicate
components significantly higher in slow and fast skeletal muscle respectively muscle
(FDR<0.05). Green circles (©) indicate components with no significant differences between
fibre types. (B) Myogenic regulatory factors (MRFs) digital gene expression. (C) Myocyte-
specific enhancer factor 2 genes digital gene expression. (D) Myostatin digital gene
expression. (E) Calpain 3 and cysteine rich domain 3 digital gene expression. Digital gene
expression is represented using a logarithmic scale for slow (full bars) and fast (empty bars)
skeletal muscle. Significant differences for paralogues within (***; FDR<0.001) and between
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(#; FDR<0.05) fibre types are indicated. Values represent mean + SE (n=5). Myod1: myoblast
determination protein 1, myf5: myogenic factor 5; mrf4. myogenic regulatory factor 4; myog:
myogenin; mef2: myocyte specific enhancer factor 2; capn3: calpain-3; stac3: cysteine rich
domain 3; mstn: myostatin.

TRANSCRIPTIONAL REGULATION OF USP AND E3-UBIQUITIN LIGASES

The quality of the present transcriptome allowed us to study the regulation of the
Ubiquitin Specific Proteases (USP) family, a group of DUBs for which very little is known in
skeletal muscle [18]. USPs are a highly diverse family with a common Ubiquitin carboxyl-
terminal hydrolase (UCH 2_3) functional domain. Several USPs members contain a variety of
other functional domains including dual specific phosphatases (DUSP), zinc-finger in
ubiquitin carboxyl-terminal hydrolase (ZF-UBP), ubiquitin associated domains (UBA) or
even an Hsp90 binding motif (MEEVD) (Supplementary file 11). A total of 45 USPs,
representing almost the complete repertoire in identified zebrafish, were found in the pacu
transcriptome. Again, the normalized number of reads mapped was used to estimate their
abundance in fast and slow skeletal muscle (Figure 4). We found that 4 USPs were
significantly more abundant in slow (usp2b, usp10, usp43a usp48) (Figure 4A) and 9 USPs
were more highly expressed in fast skeletal muscle (uspSb, usp9, usp14, usp19, usp21, usp24,
usp28, usp45, usp47) (Figure 4B). The lack of studies concerning USP function in fish makes
it difficult to explain these differences in a physiological context. With the objective of
gaining knowledge about the role of USPs in muscle growth we performed a nutritional
challenge experiment to analyse their expression during the transition from a catabolic to an
anabolic state. To this end pacu juveniles were fasted for 4 days followed by a short period of
satiation feeding (24h) to stimulate protein synthesis and a subset of muscle expressed USP
genes were measured by real-time PCR (GE) (Figure 4). The sub-set was chosen to reflect
their diversity with respect to functional domains present (usp2a, usp2b, usp4, uspSa, uspSb,
usp8, usp9, uspll, uspl2a, uspl2b, uspl4, uspl6, uspl9, usp21, usp28, usp30, usp36 and
usp46). The expression of several Pi3k/Akt pathway components (igfl, igf2a, 1gf2b, igflra,
igflrb and igf3) and E3-ubiquiting ligases (mafbx, murfla, murflb, fbox-25, huwe, ufd2,
trip12, syyna and syah) were also measured to gain a better understanding of the metabolic
context in which USP expression was occurring (Figure 5SA). Transcript abundance from the
transcriptome was highly correlated with that determined by qPCR (R2=0.76; n=21;
P<0.0001; data not show).
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Figure 4: USP digital gene expression in fast and slow skeletal muscle.

Digital gene expression for all USPs is represented using a 2-logarithmic scale for slow (full
bars) and fast (empty bars) skeletal muscle. Significant differences and between fibre types
(FDR<0.05) are indicated (*). Values represent mean + SE (n=5).
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The E3-ubiquitin ligases are an essential part of the proteasome system, directly
involved in protein degradation [45, 46]. All E3-ubiquitin ligases increased their relative
abundance during fasting, for example, fbox-32 a muscle specific E3-ubiquitin ligase
increased 100-fold (Figure 5B) and fbox25 increased 10-fold, in line with results from other
similar studies [21, 47]. The majority of the USPs increased their expression around 2-fold
with fasting and recovered pre-fasting levels 24h after re-feeding (Figure 5A). In contrast,
Uspl2a, showed a transient increase 6h after re-feeding, and usp46 and usp5b did not change
in expression (Figure 5D and E). The overlapping expression profiles of USPs and E3-
ubiquitin ligases suggests that USPs play an important role during muscle atrophy. USPs can
cleave ubiquitin from proteins, effectively removing the proteasome signal [15]. It is possible
that the increase in their abundance in fasted fish is related to fine tuning of the regulation of
protein degradation. For example, many USPs targets are essential to maintain cell
homeostasis including mdm4, p53, h2a, h2b, fbw7, fancd2 or brca2 [17, 48-50], and it is

possible that these proteins may be relatively spared during fasting.
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Figure 5: Relative gene expression in response to fasting and satiation feeding in pacu
juveniles in fast skeletal muscle.

(A) Heat map summary and hierarchical cluster for all genes analysed in fast skeletal muscle
during transition from 4 days of fasting fasting (-4, -3, -2 and -1) to 24h of satiation feeding
(0, 6, 12 and 24 hours). Rows are standardized to have a mean of 0 and standard deviation of
1. Red indicates high and green low expression values. Relative gene expression graphs for
mafbx (full circles) and fbox25 (empty circles) (B) murfla (full circles) and murfib (empty
circles) (C) usp2a (full circles) and usp2b (empty circles) (D) uspi2a (full circles), usp12b
(empty circles) and usp46 (inverted triangles) (E). Values represents mean + SE (n=8). Usp:
ubiquiting specific peptidase; fbox: f-box only protein; mafbx: f-box only protein 32; murfl:
E3-ubiquitin ligase TRIMG63.
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CONCLUSIONS

We have produced an in depth transcriptome for fast and slow myotomal muscle for
the pacu (Piaractus mesopotamicus), an important South American aquaculture species. This
resource allowed us to characterise the expression signatures of the main myotomal muscle
fibre types and identify candidate microsatellite sequences that could be used in breeding
programs. The availability of the transcriptome allowed us to identify and analyse the
expression of teleost-specific paralogues retained in the Ostariophysi lineage. The
transcriptome also enabled a comprehensive study of E3 ubiquitin ligase and USP gene
expression in the context of the transition between the fasting (catabolic state) and satiation
feeding (anabolic state). We identified differences in expression within gene family members

thereby identifying candidates for further investigation.
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SUPPLEMENTARY INFORMATION

Supplementary file 1: Annotated transcriptome

Annotated nucleotide using blast2go from the pacu slow and fast muscle transcriptome.

Supplementary file 2: KEEG Automatic Annotation Sever results
Hierarchical information of the sequences from annotated transcriptome mapped to the

KEGG pathways maps using the automatic annotation tool KAAS [54].

Supplementary file 3: Simple Sequence Repeats Identification.
Simple Sequence Repeats identified in contigs containing over 90% of the CDS using

Msatcommander software [57].

Supplementary file 4: Teleost-specific paralogues sequences and phylogenetic trees.
Supplementary file contains the amino acids sequences for the pacu paralogues and the
corresponding orthologues for zebrafish, stickleback, tilapia, green puffer fish and human,

their MAFFT alignments and individual phylogenetic trees.

Supplementary file 5: Fast and slow skeletal muscle global digital gene expression
analysis.

Global digital gene expression analysis between fast and slow skeletal muscle was performed
using the number of reads mapped normalized by length and library size was investigated
using R-Bioconductor. Normalized counts for individual animals per contig are shown.
Differences between tissues were analysed using the DESEQ package. Significant differences

were considered when FDR<0.05.

Supplementary file 6: Fast and slow skeletal muscle Gene Ontology (GO) analysis.

GO analysis was performed for differently expressed contigs originating from the fast and
slow skeletal muscle comparison. Significantly enriched categories were investigated using
Fisher Exact Test with the whole annotated transcriptome as reference and considered

significant when FDR<0.05.
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Supplementary file 7: Digital gene expression of metabolic pathways in fast and slow
skeletal muscle.

Components from the different metabolic pathways were extracted from KAAS annotation
results. Analysis between fast and slow skeletal muscle was performed using the number of
reads mapped normalized by length and library size. Normalized counts for individual
animals per contig are shown. Differences between tissues were analysed by t-test followed
by a False Discovery Rate correction. Significant differences were considered when

FDR<0.05.
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Supplementary file 8: Schematic representation of fast and slow skeletal muscle main
metabolic pathways.
Metabolic genes represented in the transcriptome mapped into a reconstruction of the main

metabolic pathways. Red circles (®) and empty circles ( Q) indicate components significantly
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higher in slow and fast skeletal muscle respectively muscle (FDR<0.05). Green circles (©)

indicate components with no significant differences between fibre types.

Supplementary file 9: Teleost-specific paralogues digital gene expression.

Teleost-specific paralogues digital gene expression in slow and fast skeletal muscle.
Comparisons were made between paralogue pairs and fibres types. Analysis between fast and
slow skeletal muscle was performed using the number of reads mapped normalized by length
and library size. Normalized counts for individual animals per contig are shown. Differences
between tissues were analysed by t-test followed by a False Discovery Rate correction.

Significant differences were considered when FDR<0.05.

Supplementary file 10: Pi3k/mTor pathway components digital gene expression.

Pi3k/mTor components digital gene expression for slow and fast skeletal muscle. Analysis
between fast and slow skeletal muscle was performed using the number of reads mapped
normalized by length and library size. Normalized counts for individual animals per contig
are shown. Differences between tissues were analysed by t-test followed by a False Discovery

Rate correction. Significant differences were considered when FDR<0.05.

Supplementary file 11: Pacu ubiquitin specific proteases functional domains and digital
gene expression.

Ubiquitin specific proteases (USP) digital gene expression analysis between slow and fast
skeletal muscle. Analysis between fast and slow skeletal muscle was performed using the
number of reads mapped normalized by length and library size. Normalized counts for
individual animals per contig are shown. Differences between tissues were analysed by t-test
followed by a False Discovery Rate correction. Significant differences were considered when
FDR<0.05.Pacu, zebrafish and human protein USP functional domains were determined using
InterProScan webserver. Relative gene expression was analysed for fbox25, huwe, mafbx,
murfla, murflb, syahl, syyna, tripl2, ufd?2, igfl, igf2a, igf2b, igf3, igfira, igfirb, usp2a,
usp2b, usp4, uspSa, usp5b, usp8, usp9, uspll, uspi2b, uspl2b, uspi4, uspl6, uspl9, usp2?1,
usp24, usp28, usp30, usp36 and usp46, Values represents mean = SE (n=8 fish).
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