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Resumo Geral

O piaugu, Megaleporinus macrocephalus, pertencente a familia Anostomidae, apresenta alto
valor econdmico para a aquicultura brasileira. Devido a presenga de um sistema ZZ/ZW de
Cromossomos sexuais, ele representa a Gnica espécie relevante para a aquicultura brasileira que
pode ser manipulada cromossomicamente. Adicionalmente, por apresentarem um notavel
dimorfismo sexual no crescimento, com as fémeas adultas atingindo tamanhos bem maiores
que os machos, um genoma de referéncia de alta qualidade seria um recurso muito util para
correta identificagdo dos mecanismos moleculares envolvidos na determinagéo sexual. Assim,
0 presente trabalho teve como objetivo a construcdo de um genoma de referéncia valioso para
estudos de gendmica funcional no piaucu, além de fornecer insights sobre a evolucdo dos
Cromossomos sexuais e mecanismos de determinagdo do sexo. No presente estudo, usamos
leituras longas PacBio, leituras curtas e dados de Hi-C para montar um genoma de alta
qualidade, pseudo haploide e em nivel cromossémico. O genoma contém 27 cromossomaos,
incluindo o cromossomo sexual, 0 que corresponde ao niumero de cromossomos haploide da
espécie. O cromossomo sexual é composto por 24 Mb da regido pseudo-autossdmica de Z e W
e regides especificas de Z e W (18 Mb e 3 Mb, respectivamente). O novo genoma forneceu
informacdes sobre caracteristicas intrigantes da espécie e foi usado como referéncia em varias
analises relacionadas a evolu¢do do cromossomo sexual e determinacdo do sexo de M.
macrocephalus e em uma espécie proxima, Leporinus friderici. Usamos informacdes de
segregacdo de familias para construir um mapa genético que destacou as diferencas entre 0s
mapas fisico (genoma) e o genético, e evidenciou a supressao da recombinacao no cromossomo
sexual. Sequéncias completas do genoma de machos e fémeas revelaram diferencas sexo-
especificas que permitiram a delimitacdo de diferentes estratos no cromossomo sexual e

reflexdes sobre seu processo evolutivo. Dados de expressdo de machos e fémeas no periodo de
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determinacdo do sexo permitiu a identificacdo dos genes CCDC114 e IGFBP-6 como

candidatos a determinacdo do sexo no piaugul.

Palavras-chave: cromossomo Z, cromossomo W, genoma, Characiformes, Anostomidae
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General Abstract

In the present study, we used PacBio long reads, short reads, and Hi-C data to assemble a high-
quality chromosome-level pseudo-haploid genome for Megaleporinus macrocephalus
containing 27 chromosomes, including the sex chromosome, which corresponds to the
karyotype data of the species. The sex chromosome is composed of 24 Mb of the pseudo-
autosomal region of Z and W, and specific regions of Z and W (18 Mb and 3 Mb, respectively).
The new genome provided insights into intriguing characteristics of the species and was used
as a reference in various analyses related to the sex chromosome evolution and sex
determination of M. macrocephalus and a closely related species, Leporinus friderici. We used
family segregation information to construct a genetic map that highlighted differences between
physical and genetic maps, and evidentiated recombination suppression in the sex
chromosome. Whole-genome sequences of males and females revealed sex-biased differences
that permitted the delimitation of different strata in the sex chromosome and insights into its
evolutionary processes. Transcript expression data of males and females in the period of sex
determination allowed the identification of the coiled-coil domain containing 114 (CCDC114)
and the insulin-like growth factor binding protein (IGFBP-6) as sex determination candidate

genes of piaucu.

Keywords: Z chromosome, W chromosome, chromosome-level genome assembly,

Characiformes, Anostomidae
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1. Introducéo Geral

A demanda global por proteinas derivadas de pescado tem aumentado, principalmente
devido ao crescimento da populacao e preferéncia por alimentos saudaveis (BACHER, 2015).
A aquicultura é uma das fontes de proteinas mais sustentaveis para humanos e, nas ultimas
décadas, foi o setor da pecuaria que mais se expandiu (YUE; WANG, 2016). Devido a
estagnacdo e insustentabilidade da pesca predatéria (FAO, 2018), a aquicultura sera
responsavel por suprir a maior parte do aumento na demanda por pescado, de maneira correta
e sustentavel (BACHER, 2015).

O Brasil apresenta um grande potencial para a producéo de organismos aquaticos; tem uma
das maiores bacias hidrograficas do mundo, contém aproximadamente 12% de toda superficie
de agua doce do planeta e mais de 4 milhdes de hectares de barragens artificiais e reservatorios
(ROCHA et al., 2013). Além disso, o pais apresenta uma extensa zona costeira de 8.700 km,
temperaturas altas na maior parte ano e alta diversidade de espécies com potencial para
melhoramento genético (ROCHA et al., 2013). Aproximadamente 40 espécies nativas sao
utilizadas para aquicultura (GODINHO; KYNARD; MARTINEZ, 2007), entretanto, a maioria
dos cultivos é realizada com espécies exaticas.

Em 2020, a producao do Brasil de peixes cultivados foi de 802.903 toneladas, e desta, 60%
foi referente a producdo de tilapia (PEIXE BR, 2020). Devido a auséncia de pacote tecnologico
para as espécies nativas, seu cultivo ainda ndo é aderido pelos produtores, que preferem
produzir espécies ja melhoradas geneticamente e que dispde de protocolos de manejo,
reproducéo e nutricdo bem definidos (SIDONIO et al., 2012). Este panorama revela a caréncia
por projetos que disponibilizem recursos genéticos para a producdo de espécies nativas do
Brasil.

O sequenciamento do genoma € uma ferramenta essencial para abordar questdes

importantes na aquicultura, que sdo criticas para uma aquicultura sustentavel e lucrativa (YUE;
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WANG, 2016). Em muitas espécies, o sequenciamento do genoma tem sido utilizado para
montagem de genoma de referéncia de qualidade que serve como base para aplicacdo de outras
técnicas como selecdo genbmica, estudos de associacdo gendémica ampla (GWAS) e
identificacéo de loci de carater quantitativo (QTL) com eficiéncia (YOU; SHAN; SHI, 2020).
Devido ao panorama brasileiro de subaproveitamento das espécies nativas, € fundamental que
se iniciem esforcos para produzir recursos gendmicos das nossas espécies. Junto com
desenvolvimento de técnicas de reproducdo mais eficientes, 0 melhoramento genético € um dos
pilares para alavancar o desenvolvimento de pacote tecnoldgico das espécies nativas e assim

alavancar sua producao.

2. Genomas de Peixes

Os peixes da classe Actinopterygii, sdo caracterizados por nadadeiras ‘“raiadas” e
apresentam mais de 23.500 espécies. Eles representam mais de 95% de todas as espécies de
peixes vivas e aproximadamente metade das espécies existentes de vertebrados. Mais de 99,8%
dos actinopterigios pertencem aos teledsteos (VOLFF, 2004).

A incrivel diversidade dos actinopterigeos/teledsteos pode ser atribuida a um evento de
duplicacdo do genoma (TS-WGD) que ocorreu durante a evolucdo inicial da linhagem
(ALBERT; TAGLIACOLLO; DAGOSTA, 2020). Nesta ocasido, centenas de genes
duplicados foram mantidos ao longo de centenas de milhdes de anos de evolucdo (VOLFF,
2004). Os mecanismos evolutivos que atuaram neste cenario, tais como subfuncionalizacéo,
neofuncionalizacdo e selecdo de dosagem dos genes em duplicata, podem estar envolvidos na
origem da variabilidade dos peixes teledsteos (GLASAUER; NEUHAUSS, 2014). Este fato os
torna extremamente atraentes para o estudo de muitas questdes evolutivas relacionadas a

diversos aspectos da biologia.
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O genoma do baiacu (Takifugu rubripes) foi o segundo genoma de vertebrado a ser
sequenciado, logo apds o do humano. Seu sequenciamento, por meio da estratégia de whole-
genome shotgun (WGS), permitiu a primeira comparacdo do genoma completo entre duas
espécies de vertebrados (APARICIO et al., 2002).

Atualmente, os peixes apresentam 678 genomas disponiveis no GenBank Genomas de 678
espécies de Teleostei (17,84% dos eucariotos), e representam o segundo maior grupo de
animais sequenciados, atras apenas dos insetos (1.452 genomas). Dentre esses genomas,
24,19% sdo montagens em nivel cromossémico e 17,26% contém o mitogenoma. O nimero
cromossémico haploide varia de 10, em Neoceratodus forsteri, a 85 em Petromyzon marinus,
sendo mais frequente espécies com 24 cromossomos (9,44%).

Os Cichliformes (representados pelas tilapias, tucunaré), sdo a maior ordem entre 0s
vertebrados e a mais diversificada entre os peixes. Provavelmente por isso, representam quase
metade (46,48%) dos genomas de peixes disponiveis no GenBank, seguidos dos Cypriniformes
(6,48%), grupo que inclui as carpas.

Os Characiformes sdo teledsteos exclusivos de ambientes de agua doce e que tem
representantes distribuidos por toda regido Neotropical. Eles destacam-se tanto pela grande
diversidade de espécies, como também pela grande diversidade morfologica e ecoldgica.
Apesar da riqueza de espécies, sdo escassamente representados, tendo somente poucas espécies
com genomas disponiveis; i.e., piranha Pygocentrus nattereri (SCHARTL et al., 2019),
African pike Hepsetus odoe (DU et al., 2020), peixe-cego Astyanax mexicanus (WARREN et
al., 2021), e tambaqui Colossoma macropomum (HILSDORF et al., 2021).

Os maiores genomas encontrados na base de dados foram de peixes pulmonados; i.e.,
African lungfish (Protopterus annectens), de 40 gigabase (Gb) e Australian lungfish
(Neoceratodus forsteri), de 34 Gb. Estas espécies sdo 0s descendentes dos peixes mais

relacionados evolutivamente com os tetrapodes e, notavelmente, possuem 0s maiores genomas
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ja sequenciados até hoje (WANG et al., 2021) (MEYER et al., 2021). Com excec¢édo destes
genomas, que podem ser considerados discrepantes, o tamanho dos genomas disponiveis na

base de dados varia de 0,03 Gb até 4, 47 Gb.

3. Megaleporinus macrocephalus

Megaleporinus macrocephalus, conhecido popularmente como piaugu, € uma espécie de
peixe de dgua doce da familia Anostomidae. Ela ocorre na Bacia do Rio Parané e esta presente
na América do Sul (no Brasil, Argentina, Bolivia e Paraguai). Apresenta um comprimento de
até 60 cm e tem como caracteristica marcante a presenca de manchas escuras alongadas na
vertical do corpo, que podem variar de uma a quatro. E uma espécie migradora, e pode realizar
grandes deslocamentos no periodo pré-reprodutivo (REYNALTE-TATAJE; ZANIBONI-
FILHO; MUELBERT, 2008).

O piaucu apresenta alto valor econdmico para a aquicultura brasileira. Sua producédo pode
alcancar 3,8 mil toneladas/ano (IBGE, 2014) e, dados mais recentes apontaram o crescimento
de 378% nas exportacBes da espécie no periodo de 2019 a 2020 (PEIXE BR, 2021). E um
animal de facil cultivo, ja que se reproduz artificialmente em cativeiro, é tolerante a0 manejo,
aceita racdo e apresenta filé de qualidade. Também é muito apreciado na pesca esportiva
(REYNALTE-TATAJE; ZANIBONI-FILHO; MUELBERT, 2008).

A espécie tem sistema de determinacdo sexual ZZ/ZW, no qual a fémea é o0 sexo
heterogamético; e apresenta cromossomos sexuais heteromorficos (e. g. citologicamente
distintos)(GALETTI, JR. et al., 1981). Apesar da forma mais conhecida de diferenciacdo sexual
envolver cromossomos sexuais estruturalmente diferenciados (CHARLESWORTH, 2021),
esta morfologia s0 foi detectada em 6% das espécies de peixe de agua doce estudadas

(OLIVEIRA; FORESTI; HILSDORF, 2009). Por isso, além de sua relevancia na aquicultura,
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M. macrocephalus representa um modelo Unico para estudos da evolucdo de cromossomos

sexuais polimarficos em peixes, e em vertebrados.

4. Sequenciamento de Terceira Geracao

O sequenciamento de leituras longas, também chamado de sequenciamento de terceira
geracdo, teve seu surgimento na década passada, e representou uma revolucdo na genémica
(POLLARD et al., 2018). Apesar das limitacGes verificadas no surgimento da tecnologia,
como, 0 baixo rendimento do sequenciamento e alta porcentagem de erro das reads; o
desenvolvimento de sequenciadores e quimicas mais eficientes conseguiram superar estas
limitacbes e aumentar seu custo-beneficio (LOGSDON; VOLLGER; EICHLER, 2020).
Atualmente, o sequenciamento de long-reads tem sido amplamente utilizado, e possibilitado a
montagem de genomas de alta qualidade para espécies modelos e ndo-modelos. As duas
plataformas que dominam este mercado sdo a Pacific Biosciences (PacBio); com a tecnologia
“single molecule real-time” (SMRT) e a Oxford Nanopore Technologies (ONT); com a
tecnologia Nanopore.

A vantagem deste tipo de sequenciamento sobre o sequenciamento de segunda geracéao é
que enquanto plataformas como Illlumina, MGISEQ, BGISEQ, entre outras, produzem reads
de até 600 pares de bases; as long-reads geralmente apresentam comprimento maior que 10 kb
(POLLARD et al., 2018). Com isso, as leituras longas permitem melhorar a qualidade da
montagem do genoma, porgue conseguem melhor resolucdo em regiGes complexas, como as
regides repetitivas; que sdo dificilmente capturadas com as short-reads (POLLARD et al.,

2018).
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Figure 1. PacBio SMRT sequencing. SMRTbell (A). SMRT Cell (B). Zero Mode

Waveguide (ZMW) (C). Adaptado de Logsdon et al. (2020).

No sequenciamento PacBio SMRT, o DNA de alto peso molecular é extraido de amostras
de tecido e fragmentado. Em seguida, o DNA dupla-fita € ligado a adaptadores do tipo hairpin
para formar uma molécula circular, conhecida como SMRTbell (Figura 1A). Uma vez que a
SMRThbell é gerada, ela é ligada por uma DNA polimerase e carregada em uma SMRT Cell
para o sequenciamento. A SMRT Cell é composta por milhdes de cdmaras, conhecidas como
Zero Mode Wave Guides (ZMWSs), que é onde a reacdo de sequenciamento ocorre (Figura 1B).
No sistema Sequel 11, sequenciador mais recente da Pacific Biosciences, cada SMRT Cell
contém cerca de 8 milhdes de ZMWs (LOGSDON; VOLLGER; EICHLER, 2020).

Apos o carregamento do DNA na SMRT Cell, a SMRTbell adentra na ZMW e a polimerase
fica imobilizada em seu fundo para o inicio da reacdo (Figura 1C). ldealmente, somente uma
molécula deve entrar em cada camara, porém, pode ocorrer de mais de uma SMRTbell adentrar
na mesma camara, 0 que ira gerar erros no sequenciamento (EID et al., 2009).

Em seguida, nucleotideos marcados com fluorescéncia (ANTPs) sdo adicionados e a reacdo
se inicia. No momento da incorporacdo do dNTP pela polimerase, um feixe de luz é emitido
pelo fundo da ZMW, que excita o nucleotideo, e este emite fluorescéncia. Uma camera em
cada ZMW detecta a posicéo relativa de cada nucleotideo incorporado e 0 comprimento de
onda emitido. Como as ZMWs emitem um pequeno feixe de luz de 20 — 30 nm, a éarea de

deteccdo do sinal de fluorescéncia é restringida a area de incorporacdo do nucleotideo. Isto
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evita a deteccdo de ruido gerado pelos dNTPs ainda ndo incorporados. A reacdo s6 termina
quando a polimerase perde sua eficiéncia (EID et al., 2009).

O sequenciamento PacBio pode ser feito de dois modos: Continuous Long Read (CLR)
Sequencing ou Circular Consensus Sequencing (CCS), também conhecido como Hi-Fi. O
sequenciamento CLR é usado para gerar as reads mais longas possiveis. Para isso, o input de
DNA para gerar as bibliotecas € maior (>30 kb) e durante a reagcdo, a DNA polimerase da uma
ou poucas passadas pela SMRThbell. Ja no sequenciamento CCS, o tamanho do input de DNA
é menor (10 - 30 kb) e por isso, a polimerase da diversas passadas no template. Cada Hi-Fi
read é gerada pelo consenso das subreads geradas por cada ZMW. As Hi-Fi reads tem
comprimento menor que as CLR reads, porém apresentam alta acuracia (~ 99,9%); comparavel
as leituras de sequenciadores Illumina (LOGSDON; VOLLGER; EICHLER, 2020).

Normalmente, algumas estratégias sdo empregadas para diminuir a taxa de erro das CLR
reads. Alguns programas de montagem de genomas, possuem uma etapa de corre¢do das CLR
reads anterior a montagem. Para isso, as reads mais longas ou com maior cobertura (chamadas
de seed-reads) sdo selecionadas, e em seguida as reads ndo selecionadas sdo alinhadas a estas,
visando gerar um consenso. Apds a montagem, 0s contigs também sdo “polidos” pelas PacBio
reads. Isto é, as reads sdo mapeadas aos contigs e é gerado um consenso. Da mesma forma, 0s
contigs também podem ser polidos por short-reads, que apresentam alta acuracia e

consequentemente, elevam significativamente a qualidade das bases do genoma.

5. Captura de Conformacéo da Cromatina (Hi-C)

A cromatina é o complexo de DNA e proteinas que se encontra dentro do nucleo celular
das células eucaridticas. Ela se apresenta empacotada em estruturas tridimensionais, que
mantém uma relagdo direta entre distancia fisica e gendmica (BELTON et al., 2012). Por

exemplo, dois loci que estdo proximos no cromossomo, também estdo préximos no espago
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fisico tridimensional (BURTON et al., 2009). A técnica de Hi-C, utiliza esta relagdo entre
ligacdo e proximidade para ordenar e orientar os contigs de um genoma em Cromossomos
(LOGSDON; VOLLGER; EICHLER, 2020b).

No Hi-C, a cromatina do nucleo é transpassada com formaldeido, que se liga
covalentemente aos complexos proteina-DNA proximos um do outro. A cromatina
transpassada é digerida com uma enzima de restricdo ou nuclease, e as pontas do DNA de fita
simples sdo preenchidas e reparadas com nucleotideos marcados com biotina (LOGSDON;
VOLLGER; EICHLER, 2020). Este processo cria juncdes entre sequéncias diferentes que estdo
localizadas préximas no espaco nuclear (i. e. jungdes quiméricas), e é chamado de ligagédo por
proximidade. Quanto mais vezes a juncao entre duas determinadas sequéncias for observada,
mais perto elas estdo no espaco gendémico. As sequéncias marcadas com biotina sdo purificadas
e submetidas a sequenciamento paired-end (LOGSDON; VOLLGER; EICHLER, 2020).
Como resultado, as reads Hi-C sdo mapeadas a um genoma e usadas para agrupar contigs em

cromossomos, detectar variantes estruturais e erros na montagem.

6. Objetivo Geral

O objetivo deste trabalho foi produzir recursos gendmicos para Megaleporinus
macrocephalus, por meio construcdo de um genoma de referéncia para espécie, que ira gerar

subsidios para a aquicultura.
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8. Manuscrito |

Unraveling the sex chromosome in Megaleporinus macrocephalus, a neotropical fish
with ZW sex chromosome system

Abstract

Megaleporinus macrocephalus is a Neotropical fish within Characoidei. The species presents
a well-established heteromorphic ZZ/ZW sex-determination system and thus, constitute a good
model for studying the evolution of the W chromosome in fishes. We used PacBio long reads,
BGISEQ short reads, and Hi-C data to assemble a chromosome-level pseudo-haploid genome
for the species. We generated family segregation information to construct a genetic map and
whole-genome sequences along with RNA-seq data of males and females to provide insights
into the sex determination process and chromosomal evolution of M. macrocephalus. The
genome comprises 27 chromosomes, which corresponds to the karyotype data of the species.
The sex chromosome is composed of 24 Mb of the pseudo-autosomal region of Z and W, and
specific regions of Z and W (18 Mb and 3Mb, respectively). We found evidence of
recombination suppression within the W-specific region. The Z and W chromosomes comprise
at least one and two evolutionary strata, respectively. The CCDC114 and IGFBP-6 are
candidate sex determination genes of the species. This is the first report so far of a sex

chromosome assembly of a Neotropical fish species.

Keywords: Neotropical fish, Anostomidae, Characoidei, Characiformes, PacBio, Hi-C
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8.1 Background

Sex chromosomes are present in most vertebrate genomes. Most mammals have male
heterogamy (XY males and XX females), and all birds studied have female heterogamy (ZW
females and ZZ males). Species of reptiles, amphibians and fish with genetic (rather than
environmental) sex determination can have male or female heterogamy (TOMASZKIEWICZ;
MEDVEDEV; MAKOVA, 2017).

These chromosomes constitute the most complex regions of the genome to sequence and
assemble. The main challenges are associated with its haploid nature and high sequence
divergence from heterogametic sex, as well as the accumulation of repetitive sequences (RHIE
et al., 2020a). As a result of these disadvantages, sex chromosomes are often disregarded in
sequencing designs and when included, homogametic sexes (XX females or ZZ males) are
generally preferred. Currently, with the advancement of sequencing technologies and the
development of new software, an exponential increase in available sex chromosome assemblies
has been observed e. g., spotted knifejaw (XIAO et al., 2019), emu (LIU et al., 2021),
threespine stickleback (PEICHEL et al., 2020a), zig-zag eel (XUE et al., 2021a).

The theory of canonical evolution explains that the emergence of a sex chromosome occurs
when an ancestral autosome acquires a new sex-determining locus. Eventually, the appearance
of a sexually antagonistic gene near the locus of sex determination favors a series of inversions
which lead to the suppression of recombination between the X and Y or Z and W chromosomes.
The lack of recombination leads to the accumulation of repetitive DNA, which can lead to an
increase in the size of the Y or W in the short term, but typically results in large-scale deletions,
a reduction in the physical size of the sex-limited chromosome, and highly heteromorphic sex
chromosome (WRIGHT et al., 2016).

The new data on sex chromosomes has significantly contributed to the knowledge of the

evolution of sex chromosomes, and it is already understood that the process is much more
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complex and not unidirectional like the classical canonical theory (KRATOCHVIL;
GAMBLE; ROVATSOS, 2021). As an example, we can mention the emergence of a sex
determination gene “immune” to degenerative processes due to its location in a region of low
recombination of the centromere of the homomorphic sex chromosome (XUE et al., 2021a);
the fusion of a B chromosome with an autosome that possibly gave rise to a giant sex
chromosome in Oreochromini (CONTE et al., 2021) and also the occurrence of a “sex B”
chromosome (IMARAZENE et al., 2021).

Most genes retained in both sex chromosome systems (XX/XY, ZZ/ZW) are convergent,
have regulatory functions, and are widely expressed throughout the body (i.e., in no specific
tissue) (RAMOS; ANTUNES, 2022). Furthermore, theories suggest that they have survived
strong pressures from purifying selection to remain retained on the sex chromosomes as they
are generally gene dosage-sensitive (e.g. embryos carrying one copy of the gene do not express
sufficient gene dosage and are unviable) (BELLOTT et al., 2017).

However, Y, X and Z, called male germline chromosomes, in addition to genes widely
expressed throughout the body, also acquired and amplified during their evolutionary history
families of masculinizing genes, which have a specific expression in the testes and act in
spermatogenesis, and other male characteristics (RAMOS; ANTUNES, 2022). W is an
exclusively female germline and, surprisingly, genes expressed exclusively in the ovaries or
other female tissue and with feminizing action to date have not been found in its repertoire,
unlike expected (BELLOTT et al., 2017).

Teleosts represent more than 95% of all living fish species and approximately half of the
extant vertebrate species (VOLFF, 2004). The incredible diversity of this group can be
attributed to a genome-doubling event (TS-WGD) that occurred during the early evolution of

the lineage (ALBERT; TAGLIACOLLO; DAGOSTA, 2020). This makes the group
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particularly interesting in the study of evolutionary issues related to various aspects of biology,
especially the evolution of sex chromosome systems.

Teleostei Y chromosome assemblies have been frequently reported in the literature, such
as from the zig-zag eel (XUE et al., 2021), spotted knifejaw (LI, M. et al., 2021), stickleback
(PEICHEL et al., 2021), and Atlantic herring (RAFATI et al., 2020). However, there are only
two reports of W chromosome assemblies in fish, e.g., Chinese tongue sole (CHEN et al., 2014)
and mosquitofish (SHAO et al., 2020). In addition, the former was assembled with short reads,
which is not recommended for sex chromosome assemblies (PEICHEL et al., 2020), and the
latter did not present details about the gene repertoire and evolution of W.

The genus Megaleporinus (Characiformes, Anostomidae) was established to separate
Leporinus species that had a ZZ/ZW sexual system as a synapomorphy (RAMIREZ;
BIRINDELLI; GALETTI, 2017). Megaleporinus sex chromosomes are in an intermediate
stage of evolution (CHARLESWORTH, 2019) and emerged at least 12 million years ago after
they diverged from Leporinus (RAMIREZ; BIRINDELLI; GALETTI, 2017).

The piaucu Megaleporinus macrocephalus is a freshwater fish from South America that
has a well-established ZZ/ZW heteromorphic sex chromosome system (GALETTI, JR. et al.,
1981). The W chromosome of M. macrocephalus is a large chromosome with a huge C-positive
heterochromatic block occupying entire long arms, while the Z chromosome is a medium-sized
metacentric with only portions of heterochromatin at the end of the long arms (GALETTI, JR.
etal. ., 1981).

Due to the scarce record of W assemblies in vertebrates and especially in fish, it is necessary
to sequence more W models to answer fundamental questions in evolutionary biology such as
the possible existence of a feminizing sex-determining gene in W and its gene repertoire

(PEICHEL et al., 2020; SMEDS et al., 2015).
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The piaucu is an excellent model for the study of the W chromosome, therefore, this project
proposes to carry out the genome assembly of Megaleporinus macrocephalus as well to

promote insights regarding its sex chromosome evolution.

8.2 Ethics Statement

This study was conducted in strict accordance with the recommendations of the National
Council for Control of Animal Experimentation (CONCEA) (Brazilian Ministry of Science,
Technology, and Innovation) and was approved by the Ethics Committee on Animal Use
(CEUA number 4936/20) of Faculdade de Ciéncias Agrarias e Veterinarias, UNESP, Campus

Jaboticabal, SP, Brazil.
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8.3 Material

8.3.1 Female individual for genome sequencing

Tissue samples for genome sequencing were obtained from an adult ZW female of
Megaleporinus macrocephalus from the broodstock of the Aquaculture Center of Sdo Paulo State
University. Cytogenetic analysis of this animal was performed using the lymphocyte culture
technique described by (BERTOLLO; MOREIRA-FILHO; GALETTI, 1986) with some

adjustments. C-banding was performed according to (SUMNER, 1972).

8.3.2 Biological material for linkage mapping

The breeders used in this study belong to the breeding population kept at the Aquaculture
Center, S&o Paulo State University (UNESP), Jaboticabal city (Sdo Paulo State, Brazil).
Experimental tests were conducted at the Laboratory of Genetics in Aquaculture and Conservation
(LaGeAC, UNESP, Brazil). The population was composed of 299 fish belonging to 4 full-sib
families generated from single mating (1 female x 1 male) (Table 1). The families were produced
during the breeding season of December 2018.

Induced spawning was performed using carp pituitary extract dissolved in saline solution
(0.9% NaCl) and applied in two dosages, with a 12 h interval: the first and second dosage of 0.6
and 5.4 mg/kg for females, and a single dosage of 1.5 mg/kg for males, at the same time of the
females' second dosage (REYNALTE-TATAJE; ZANIBONI-FILHO; MUELBERT, 2008). After
hatching in 20 L conical fiberglass incubators, the larvae were transferred to tanks of 250 L. The
larvae were fed with Artemia nauplii for 20 days. Gradually, the feed was replaced by 50% of
crude protein. In the fingerling stage, 1.2 mm pelleted feeds were used (40% of crude protein) and

provided twice daily (commercial feed Nutripiscis Presence).

45



Each full-sib family was kept separately in individual fiberglass tanks of 1 m3 up to 6 months
old. The fish were kept in a water recirculation system, fitted with mechanical and biological
filters, an external aeration system, and controlled temperature at 30 °C (standard deviation = 0.5
°C) using a thermal controller connected to heaters (2 x 500 watts). Temperature, dissolved
oxygen, and pH were measured with a Multiparameter Water Quality Checker U-50 (Horiba).
After this period, we collected blood samples for genomic analyses and the weight of all animals
were registered with analytical balance (average weight was 6 g). Fish were then euthanized for
sex identification.

Individual sex was verified by a PCR-based protocol using a chromosome W-probe
(UTSUNOMIA et al., 2019) as well as by cytogenetic analysis. Chromosome preparations were
obtained from kidney tissues using the technique described by (FORESTI; TOLEDO; TOLEDO,

1981).

8.3.3 Biological material for Resequencing (pool-sequencing)

We used resequencing (pool-sequencing, Pool-seq) analyses to contrast whole-genome sex
differences in M. macrocephalus. For this, we collected samples of 20 males and 20 females
originating from four commercial fish farms in Brazil. Briefly, fish were anesthetized with 0.1%
benzocaine for blood collection. The sex of each fish was verified by cytogenetic analysis, as
detailed above (8.4.3 8.3.2 Biological material for linkage mapping), and samples were clustered
in separated male and female pools.

We also performed sequencing of males and females of Leporinus friderici, which is closely
related to M. macrocephalus. One of the main characteristics that distinguish these species is the
absence of differentiated sex chromosomes in the former (RAMIREZ; BIRINDELLI; GALETTI,
2017). For Pool-Sex experiments, we collected samples from 28 phenotypic males and 28
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phenotypic females of a wild population of L. friderici. This natural population belongs to the
Sapucai-Mirim River (Sdo Joaquim da Barra, Sdo Paulo State, Brazil, 20°32'40.7"S
47°48'02.1"W), and the animals were captured under authorization N° 33435-1, issued by ICMBIo
(Chico Mendes Institute for the Conservation of Biodiversity, Brazilian Ministry of Environment).
No animals were kept or transported to the laboratory. Fish were anesthetized with 0.1%
benzocaine for the collection of fin clips. Phenotypic sex identification was performed by
macroscopic visualization of the gonads during the breeding season when is possible to distinguish

the fish phenotypic sex.

8.3.4 Biological material for RNA-seq

For RNA-seq experiments, 60 individuals that comprised the offspring of one full-sib family
of M. macrocephalus were used. Fish were produced and maintained as described above (8.4.3
8.3.2 Biological material for linkage mapping). At 150 days after fertilization, when the period of
sex differentiation recently occurred, according to previous experiments in this species
(unpublished data); the two gonads and kidneys of each fish were dissected immediately. Fish
were euthanized by benzocaine anesthetic overdose (2%) for sampling. One gonad was stored in
RNAIater (Thermo Fischer Scientific) for RNA extraction, and the other was fixed for 24 hours in
Karnovsky’s solution (KARNOVSKY, 1985) and then stored in ethanol 70% for phenotypic sex
identification in microscopy. The sex of each fish was verified by cytogenetic analysis, as detailed
above (8.4.3 8.3.2 Biological material for linkage mapping). The phenotypic sex was obtained
through gonadal histology as described by CORNELIO et al., 2017.

After phenotypic and genotypic sex identification, the samples were clustered in two pools:
ZZ males and ZW females. Each pool had three biological replicates that consisted of 10 gonads,
resulting in 6 libraries for RNA-sequencing.
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8.4 Methods

8.4.1 Genome sequencing

To generate long reads, high molecular weight (HMW) DNA was extracted from blood using
Nanobind CBB Big DNA Kit (Circulomics) and a continuous long read (CLR) library was
constructed using SMRTbell Express Template Prep Kit 2.0. The library was sequenced in one
single-molecule real-time (SMRT) cell of PacBio Sequel 1l System (Pacific Biosciences). To
improve the accuracy of the long reads, a short read library was produced with MGIEasy PCR-
Free Library Prep Set (MGI Tech Co., Ltd.) and sequenced on a BGI MGISEQ-2000 150 bp PE.
Finally, to merge the scaffolds into putative chromosomes, we generated a chromatin interaction
(Hi-C) library using Proximo Hi-C Library Prep Kit (Phase Genomics) on liver tissue with in vivo

cross-linking. Sequencing was performed on an Illumina NovaSeq 6000 150 bp PE.

8.4.2 Genome Size Estimate

MGISEQ short reads were used to estimate the haploid genome size, rate of heterozygosity,
and abundance of repetitive elements. First, the reads were trimmed with Trimommatic v0.39
(BOLGER; LOHSE; USADEL, 2014) and bases with an average quality < 20 within a sliding
window of 4 bp and bases with quality < 20 at the beginning and the end of the reads were removed.
Reads with length < 36 were also discarded. After filtering, Jellyfish (MARCAIS; KINGSFORD,
2011) was used to count canonical k-mers (-C flag) of length ranging from 21 to 24. The resulting

k-mer profile was loaded on GenomeScope (VURTURE et al., 2017).

8.4.3 Genome Assembly
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An initial contig assembly was performed with Falcon/Falcon-Unzip (CHIN et al., 2016) with
a minimum read length cutoff of 5,000 bp. Falcon (CHIN et al., 2016) was run with default
parameters, except for computing the overlaps. Raw read overlaps were computed with daligner
parameters -v -k16 -w7 -h64 -e0.70 -s1000 -M27 -H5000 to better reflect the higher error rate in
PacBio Sequel I1. Preassembled read (pread) overlaps were computed with daligner parameters -
v -k20 -w6 -h256 -€0.96 -s1000 -12500 -M27 -H5000. Falcon-Unzip (CHIN et al., 2016) was run
with default parameters and resulted in a set of primary and alternate contigs. False duplications

in the contigs were removed with Purge_Dups (https://github.com/dfguan/purge _dups). Short-read

polishing was made with Polca (ZIMIN; SALZBERG, 2020). To polish primary and alternate
assemblies, we first concatenated them and followed with one round of short-read polishing. To
improve the assembly’s contiguity, we used PacBio long reads > 10 kb to fill in spanned gaps with
SAMBA (ZIMINID; SALZBERGID, 2022). The Juicer/3d-dna pipeline (DUDCHENKO et al.,
2017) was used to orient scaffolds into putative chromosomes. First, we generated a file with the
location of Dpnll enzyme restriction sites in the assembly (generate_site positions.py Juicer
script), and a file with scaffolds sizes. Second, Hi-C reads were aligned to the assembly and filtered
by Juicer (DURAND et al., 2016) to generate a duplicated-free list of paired alignments
(merged_nodups file). At last, 3d-dna (DUDCHENKO et al., 2017) was run with a minimum
scaffold size of 10 kb. The resulted contact map was manually curated in Juicebox Assembly Tools
(JBAT) following a post curation process. At last, we performed an extra round of polishing with

Polca (ZIMIN; SALZBERG, 2020). We also assembled the mitogenome using the MGISEQ reads.

8.4.4 Quality Assessment of Genome

The correctness was evaluated in each assembly step using Merqury (RHIE et al., 2020b). The
tool compared assembly k-mers to those found in the unassembled highly accurate MGISEQ short
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reads to estimate base-level accuracy (consensus quality value, QV) and k-mer completeness. The
QV represents a log-scaled probability of error for the consensus base calls. Contiguity measures
such as contig and scaffold N50 were obtained with the stats.sh script of BBMap

(https://sourceforge.net/projects/bbmap). To access the completeness of the genome, we

performed BUSCO analysis (MANNI et al., 2021a) using the Actinopterygii dataset. The assembly
was verified for contamination by the National Center for Biotechnology Information (NCBI)

submission protocols. All the contaminated scaffolds identified were removed.

8.4.5 Karyotype Validation

To validate the quality of our assembly, we performed a Pearson’s correlation of the estimated
size in base pair (bp), based on the average karyotype size in micrometers (um), and the assembled
size (bp) of each chromosome. For this, we measured both arms of each chromosome pair of the
female karyotype and calculated an average size (um) for each chromosome. The estimated
chromosome size was calculated using the formula: chromosome average size (um) x total

genome size (bp) / total karyotype size (um).

8.4.6 Repeat Annotation
We used RepeatModeler2 (FLYNN et al., 2020), with the LTR option enabled, to produce a

custom de novo library of the repeats present in the genome. Next, Repeat Masker

(https://www.repeatmasker.org/) was used to identify, classify, and mask repetitive elements,

including low-complexity sequences and interspersed repeats. We used a combined library to run
Repeat Masker. First, the RepBase RepeatMasker Edition (version 20181026) was combined with
the Dfam library with addRepBase.pl and configure.pl scripts. Then, only the repeats present in

Teleost were selected with famdb.py. Finally, the custom de novo library, the Teleost repeat
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sequences, and a satellite library of the species (UTSUNOMIA et al., 2019) were concatenated.

Repeats elements were soft masked with RepeatMasker.

8.4.7 Gene Prediction and Annotation

We performed gene prediction with ab initio and homology-based methods using BRAKER
(HOFF et al., 2019) pipeline. First, BRAKER1 (HOFF et al., 2016a) used RNA-seq data (8.4.4
8.3.4 Biological material for RNA-seq) as extrinsic evidence to predict introns. Next, BRAKER2
(BRUNA etal., 2021a) used protein homology information from Orthodb sequences of Vertebrata.
At last, TSEBRA (GABRIEL et al., 2021a) selected the best transcripts from both
BRAKER predictions to increase their accuracies. Then, we performed a sanity check on the
dataset to include only high-quality predictions. To assign functional annotation to the gene
models, we performed searches using the predicted proteins with the Actinopterygii dataset of
UniProtKB (BATEMAN et al., 2021a). Search results were loaded into Blast2GO (GOTZ et al.,
2008), mapped, and annotated. The quality of the annotation was evaluated using BUSCO

(MANNI et al., 2021b).

8.4.8 Comparative Genomics

To identify gene families among M. macrocephalus and other species, we downloaded the
whole genome protein sequences from Ensembl release 105 (HOWE et al., 2021) of cavefish
Astyanax mexicanus (GCA_000372685.2), goldfish Carassius auratus (GCA_003368295.1),
common carp Cyprinus carpio (GCA_000951615.2), zebrafish Danio rerio (GCA_000002035.4),
European seabass Dicentrarchus labrax (GCA_000689215.1), channel catfish Ictalurus punctatus
(GCA _001660625.1), coelacanth Latimeria chalumnae (GCA_000225785.1), rainbow trout

Oncorhynchus  mykiss  (GCA _002163495.1), Nile tilapia  Oreochromis niloticus
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(GCA _001858045.3), Amazon molly Poecilia formosa (GCA_000485575.1), red-bellied piranha
Pygocentrus nattereri  (GCA _001682695.1), Japanese pufferfish Takifugu rubripes
(GCA _901000725.2); and tambaqui Colossoma macropomum (GCF_904425465.1) from RefSeq
(O’LEARY et al., 2016). We extracted the longest transcript variant per gene (primary_transcript.py)
and then the dataset was used as input to Orthofinder v2.5.4 (EMMS; KELLY, 2019) to access the
orthogroups. The single-copy orthologs genes were used to generate a phylogeny. First, the
sequences were aligned with MAFFT v7.490 (KATOH; STANDLEY, 2013) and trimmed with
trimAL v1.4. revl5 (CAPELLA-GUTIERREZ; SILLA-MARTINEZ; GABALDON, 2009), using
the automatedl option. Next, all sequences were concatenated using geneStitcher.py

(https://github.com/ballesterus/Utensils/blob/master/geneStitcher.py) and used to construct a

phylogeny with RAXML v8.2.12 (STAMATAKIS, 2014) using the criteria of Maximum

Likelihood (M.L) and 1,000 bootstrap replicates as statistic support.

8.4.9 Linkage mapping
SNP genotyping

DNA was extracted from blood samples with Wizard Genomic DNA Purification kit
(Promega) and quality was verified in 1% agarose gel electrophoresis. Purity was accessed in
Nanodrop One and concentration (ng/ul) was measured by Qubit fluorometer with Qubit dSDNA
HS Assay kit (Invitrogen, USA). We used a modified version of the protocol described by
(PETERSON et al., 2012) for the construction of ddRADseq (Double digest restriction-site associated
DNA) libraries. Briefly, 75 ng of genomic DNA from each individual was digested (8 U/reaction)
using the combination of two restriction enzymes, Sphl and MIuCl (New England Biolabs), and
ligated to specific adapters (P1 and P2, 0.25 uM) using the enzyme T4 DNA ligase, at 23°C for

one and a half hour and 65°C for 10 minutes to heat kill the enzyme. The P1 adapters have
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additional 5 nucleotides that function as individual tags (barcode). The selection of digested
fragments was performed using E-Gel Power Snap System (Thermo Fisher Scientific) with
fragments of approximately 350 bp. Subsequently, PCR assays were performed to incorporate the
identification of each library. In total, 7 libraries were constructed, with an average of 46
samples/library. PCR was performed under the conditions of the Platinum SuperFi DNA
Polymerase enzyme (Thermo Fischer Scientific). The reactions were purified with the ProNex
Size-Selective Purification System kit (Promega) and the concentration was checked again by
fluorometry in the Qubit 3.0 instrument (Thermo Fisher Scientific). Finally, the libraries were
sequenced in 2 lanes of Illumina Hiseq2500 150 PE, using 15 % PhiX (Novogene).

The overall quality of raw sequencing data was checked using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, the data were analyzed using

Stacks (version 2.41) (CATCHEN et al., 2013) for SNPs calling. Briefly, sequences were
demultiplexed and filtered using process_radtags and individual reads that passed the previous
quality filters were aligned to the chromosome-level reference-genome of M. macrocephalus.
Subsequently, gstacks created loci by incorporating the ddRAD aligned reads. Finally, populations
was used to generate genotype data for the samples. To differentiate putative SNPs from
sequencing errors, we used Plink 1.9 (PURCELL et al., 2007) to filter spurious SNPs with more than
10% genotyping error rate (--geno 0.1), minor allele frequencies less than 0.05 (--min-maf 0.05),
and Hardy-Weinberg imbalance (p < 5E10-5). Regarding the removal of individuals, samples that

had more than 15% (--mind 0.15) of absent genotypes were excluded.

Linkage map

A linkage map was created using Lep-MAP3 (RASTAS, 2017). First, a parenthood test was

performed using the IBD module, and individuals with more than 10% of Mendelian errors were
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removed. The ParentCall2 module was used to impute possible missing genotypes or to correct
erroneous parental genotypes based on progeny data. Filtering2 module was used to remove
markers with significant segregation distortion (dataTolerance = 0.001) and non-informative
markers. Markers were assigned to linkage groups (LG) by SeparateChromosomes2 using the
minimum logarithm of odds (LOD) score. The best LOD was selected iteratively and accounted
for markers distribution in the first 27 linkage groups, which corresponds to the haploid
chromosome number of the species. Next, orphan markers were assigned to existing linkage
groups (LOD score lower than in SeparateChromosomes2) using JoinSingles2 and ordered within
each linkage group using the OrderMarkers2 module. Due to the slight stochastic variation in
marker distances between runs, the OrderMarkers2 module was run 15 times and the order with
the best likelihood value for each LG was selected. The linkage map graphic representation was
constructed using R/LinkageMapView .

The reliability of the SNP loci attribution on the LG and the respective loci ordering within the
LGs was verified through comparative genomic synteny analysis with the reference genome using

Circa (http://omgenomics.com/circa/).

We used the genome scaffolds to generate other chromosome-level genome using the linkage
map as a reference in Chromonomer v1.13(CATCHEN; AMORES; BASSHAM, 2020). This was
done to verify possible differences between the linkage map ordering (genetic mapping) and the
Hi-C ordering (physical mapping). Chromonomer (CATCHEN; AMORES; BASSHAM, 2020)
attempts to find the best set of nonconflicting markers that maximizes the number of scaffolds in
the resulting genome while minimizing ordering discrepancies. It resulted in a FASTA file

(chromonome.fa), the chromosome-level genome oriented according to the genetic map.
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8.4.10 Resequencing (pool-sequencing)

DNA was extracted individually and quantified according to the 8.5.9.2 8.4.9 Linkage mapping
section. Library construction and sequencing were performed at Laboratoire de Physiologie et
Génomique des Poissons (LPGP) of the National Research Institute for Agriculture, Food and
Environment (INRAE), France, using an Illumina NovaSeq platform 150 bp PE.

The Pool-Seq dataset was analyzed with the Pooled Sequencing Analysis for Sex Signal

(PSASS) pipeline (https://doi.org/10.5281/zenodo.2615936). Briefly, reads from the male and

female pools were mapped into the female pseudo-haplotype chromosome-level genome
(GCA _021613375.1) using bwa-mem (LI; DURBIN, 2010) with default parameters. As L.
friderici does not have a published reference genome, we also used the M. macrocephalus female
genome (GCA _021613375.1). Then, the alignment files were sorted, merged and PCR duplicates

were removed with Picard tools (https://github.com/broadinstitute/picard). Reads with mapping

quality < 20 and that not mapped uniquely were also removed with samtools (LI et al., 2009a).
Next, the two sex BAM files were used to generate a pileup file using samtools mpileup (L1 et al.,
2009b) with per-base alignment quality disabled (—B). A sync file was created using popoolation
mpileup2sync (H. Li et al., 2009)parameters: --min-qual 20), which contained the nucleotide
composition of each sex for each position in the reference genome. With this sync file, fixation
index (Fst), SNPs, and coverage between the two sexes in all reference positions were calculated
in a 50 kb sliding window with an output point every 1,000 bp to identify sex-specific SNPs
enriched regions. The plots were constructed with the R packages sgtr

(https://github.com/SexGenomicsToolkit/sgtr) and karyoploteR

(https://bernatgel.github.io/karyoploter tutorial/).

55


https://doi.org/10.5281/zenodo.2615936
https://github.com/broadinstitute/picard
https://github.com/SexGenomicsToolkit/sgtr
https://bernatgel.github.io/karyoploter_tutorial/

8.4.11 RNA-seq

RNA was extracted from each pool with RNeasy Micro Kit (Qiagen). Next, the integrity (RIN
> 7) and concentration (ng/pl) were accessed using Bioanalyzer 2100 (Agilent). At last, library
construction and sequencing were performed by BGI Genomics (Shenzhen, China) using
BGISEQ-500 platform 100 bp PE.

Raw read quality was accessed using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters and poor quality reads

were trimmed in Trimmomatic (BOLGER; LOHSE; USADEL, 2014) (parameters LEADING:20
TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:36). Trimmed reads were pseudo aligned
against mRNA sequences obtained from M. macrocephalus genome (GCA_021613375.1) with
kallisto (BRAY et al., 2016). A matrix with estimated counts of transcripts abundance was
exported with R/tximport v1.10.1 (SONESON et al., 2016). Differential expression analysis was
performed with R/DESeq2 (LOVE; HUBER; ANDERS, 2014) and transcripts with False
Discovery Rate (FDR) adjusted p-values < 0.05 were considered differentially expressed.
Transcripts with Log Fold Change (LFC) > 2 were considered as up-regulated in males and down-
regulated in females and transcripts with LFC < -2 were down-regulated in males and up-regulated

in females (DOMINGUES et al., 2020).

8.4.12 Results

8.4.12.1 Genome Sequencing
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Genome Assembly

We generated 88.8 Gb of PacBio continuous long reads (CLR), 85 Gb of MGISEQ short reads,
and 105 Gb of Hi-C data. Genome coverage based on final assembly size was 69.4x, 66.4x, and
82x, respectively. The unique molecular yield of PacBio reads was 56 Gb and the subread N50
length was 32 kb. Regarding the MGISEQ reads, after the removal of poor-quality sequences, we
kept 82 Gb of clean data. This dataset was used to generate k-mer spectrum plots to estimate the
overall characteristics of the genome. All k-mer plots were similar and showed a profile
correspondent with a low heterozygosity rate (Figure 2). The estimated genome size (21-mer) was
1.04 Gb with heterozygosity of 0.48% and 18% of repeat content.

PacBio long reads were assembled into 2,770 primary contigs (33 contigs > 5 Mb) with N50
of 1.53 Mb. After gap filling, the initial contigs were clustered in 1,227 scaffolds with N50 of 5.0
Mb. The scaffolds were ordered and oriented into 27 chromosomes (Figure 3), which is consistent
with the haploid chromosome number of the species (PORTO-FORESTI et al., 2008); and 73
unplaced scaffolds (< 250 kb). The 27 chromosomes comprised 99.56 % of genome assembly. The
final M. macrocephalus pseudo-haploid genome contains the 27 expected chromosomes, 73
unplaced scaffolds, and the mitogenome. It has contig and scaffold N50 of 5.0 and 45.03 Mb,
respectively, and 1.28 Gb (Table 2. Statistics for genome assembly of Megaleporinus
macrocephalus.).

We used the highly-accurate MGISEQ reads to plot Merqury (RHIE et al., 2020c) evaluation
against the genome k-mers. Figure 2B, shows that (i) the distribution of the k-mers in the assembly
is correspondent to the short read profile (Figure 2A), (ii) there are two peaks demonstrating that
1-copy (heterozygous) and 2-copy (homozygous) k-mers were found once in the assembly, as

expected for a pseudo-haplotype genome (RHIE et al., 2020c), (iii) most of the assembly k-mers
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(in red) are unique, indicating that the assembly has low content of artificial duplications (i.e., k-
mers found twice, in blue) (iv) there are missing k-mers in the assembly (black peak), which is
compatible with haploid genomes, (v) the 1-copy k-mer peak (red) is greater than its missing
sequences (black), this suggests that FALCON-Unzip erroneously included sequences from both
haplotypes into the primary pseudo-haplotype (RHIE et al., 2020c). Also, this possibly led to an
assembled genome size greater the estimated (1.04 Gb). The accuracy of the base calls (QV), which
is calculated using the k-mers found only in the assembly (bar at the beginning of Figure 2B), was
37. 53 (Table 2) and represents a base accuracy > 99.9% (e.g., QV = 30 means 99.9% accuracy).
The completeness score shows that 93.05% of k-mers in the MGISEQ reads are present in the
assembly, which is a good recovery of k-mers for a species with 0.5% heterozygosity.

We identified the chromosome 13 as the sex chromosome of M. macrocephalus. That was
possible through the difference in coverage between the sex chromosome and the autosomes on
the Hi-C contact map (Figure 3). The sex chromosome upper part has less coverage than its end
and the autosomes. Our hypothesis is that this part of the sex chromosome corresponds to the
specific region of the W chromosome. Therefore, the final part of the sex chromosome, that has
normal coverage, would correspond to the pseudo-autosomal region of Z and W.

The Pearson’s correlation between the autosomes assembled size with its actual karyotypic
size (Table 4. Assembled and estimated chromosomes sizes (bp) calculated using karyotype data.)
was 99%, demonstrating the high quality of the assembled M. macrocephalus genome. We also
measured Z and W chromosomes, including the heterochromatic and euchromatic regions (Table
5 and Figure 4). The estimated size of Z and W were approximately 50 and 71 Mb, respectively.
Considering the assembled sex chromosome was ~ 45 Mb, we can verify that some sequences are

missing.
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Repeat Annotation

Using the de novo prediction model, 2,544 new families of repeats were found in the genome.
Along with the homology-based prediction, the repeat content found in M. macrocephalus
accounted for 46.71% of the genome (598 Mb). Among the repeats, transposable elements (TES)
were the most common representing 37.49% of the genome. DNA transposons were the most
abundant TE (11.82%), following 3.02% of long terminal repeats (LTR), 3.42% of long
interspersed nuclear elements (LINE), and 0.33% of short interspersed nuclear elements (SINE)
(Table 6). A great percentage (18.89%) of the interspersed repeats remained unclassified. Satellite
DNA and simple repeats accounted for 4.40% and 4.06% of the genome, respectively (Tables 6
and 7).

Figure 5 shows older TE copies located on the right side of the graph and rather recent ones,
that not diverged much from the consensus TE sequence, on the left side. Most of the interspersed
repeat content found in the M. macrocephalus genome is recent (K-values < 25). Also, it is possible
to observe two bursts of transposition dominated by DNA transposon. Interestingly, we found a
W-specific satellite MmaSat97 (UTSUNOMIA et al., 2019b) on chromosome 13, which
corroborates its status as the sex chromosome of M. macrocephalus. The repeat content found in
the sex chromosome was slightly higher than in the autosomes (4.24%). Total interspersed repeats
and satellites were the classes that presented the major difference, 2.37% and 2.24%, respectively

(Table 7).

Gene Prediction and Annotation

For ab initio gene prediction, BRAKER1 (HOFF et al., 2016b) used 28.26 Gb of RNA-seq

data as extrinsic evidence to predicted 60,482 genes. For homology-based gene prediction,
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BRAKER2 (BRUNA et al., 2021b) generated 57,574 hints and predicted genes. TSEBRA
(GABRIEL et al., 2021b) combined BRAKER runs and selected the best predictions, totalizing
44,054 gene predictions. We performed quality control of the selected predicted genes. Of all the
44,054 predicted genes, 66.94% (29,490) were annotated in the Actinopterygii database of Eggnog
or UniProtKB (BATEMAN et al., 2021b); and 33.06% (13, 525) were not annotated. We kept the
annotated (29,490) and the non-annotated predicted genes with more than 150 aa (1,039) for the
final dataset, summarizing 30,501 protein-coding predicted genes (Table 8). The final dataset had
94.1% complete BUSCOs, 89% complete and single-copy, 5.1% duplicated, 2.2% fragmented,
and 3.7% missing BUSCOs. For the functional annotation, we performed blast searches against
the Actinopterygii database of UniProtKB (BATEMAN et al., 2021b). Of all the predicted genes,

only 3.34% (1,018) were not annotated.

The most representative gene onthology (GO) terms (> 15% of genes, Figure 6) according to
the three-domain were the following: cell, cell part, membrane, membrane part, organelle,
organelle part, protein-containing complex (Cellular Component); binding, catalytic activity
(Molecular Function); cellular process, metabolic process, biological regulation, regulation of
biological process, response to stimulus, developmental process, multicellular organismal process,

signaling, localization, cellular component organization or biogenesis (Biological Process).

Comparative Phylogenomics

Of all the genes (406,287) from the 14 species, 95.1% (386,569) were assigned to 24,971
orthogroups. We found 11,105 orthogroups with all the species present, of which 336 were single-
copy. The single-copy orthologs dataset was used to generate a phylogeny (Figure 7) using the
Maximum Likelihood criteria and 1,000 bootstrap replicates.
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8.4.12.2 Genetic map
In total, 1,307,500,332 raw reads were sequenced by ddRADseq, resulting in approximately

200 Gb of data (approximately 28 Gb per library). After filtering (removal of low-quality
sequences and reads with missing or ambiguous barcodes), an average of 11% of the reads were
removed from each library, i.e., 89% of the reads were retained for analysis. Furthermore, 24
individuals were excluded due to the low number of reads (< 1 M). The average number of reads
per sample was 4.3 M. Raw sequencing data and filtered reads for each library are shown in Table
9.

After mapping the ddRAD reads to the chromosome-level genome, Stacks analysis
(CATCHEN et al., 2011) resulted in 41,033 SNPs from 85,167 loci for 281 individuals. In Plink
(PURCELL et al., 2007), after applying the mind and geno filters, 56 individuals and 8,971 SNPs
were excluded. At last, the maf filter excluded 3,733 SNPs. Thus, 225 individuals and 28,329 SNPs
passed all quality controls (total genotyping rate of 0.96) and were used for the linkage mapping.

After calling possible missing or erroneous parental genotypes in the ParentalCall module, a
total of 9,997 SNPs were joined to linkage groups (LGs). We computed several LOD scores
between markers and selected the best marker distribution according to the karyotype
characteristics of the species. Although the M. macrocephalus haploid chromosome number is 27,
we did not detect a specific LOD resulting in 27 LGs. Thus, LOD 12 was applied because it
resulted in 28 LGs, (considering that LOD 11 or 13 totalized in 26 LGs, Figure 8). The remaining
markers were assigned to the existing LGs using LOD 10, which recovered 1,234 markers. 18,098
markers were discarded because no association with the linkage map was detected. For each LG,

the orders of the markers with the best likelihood were combined to produce the final linkage map.
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A total of 11,231 SNPs were assigned to 28 LGs (Figure 8). We constructed a male, a female, and
a sex-averaged map (average position between male and female map).

The number of SNPs in the LGs varied from 710 (LG1) to 203 (LG28). In the sex-averaged
map, LGs length ranged from 143.08 (LG22) to 43.25 (LG24) cM, with an average of 3320.36 cM
and an average distance between markers of 0.29 cM (SD = 0.12). The highest and lowest marker
densities were found on LG1 and LG22, with an average of 0.18 and 0.61 cM, respectively (Table
11).

Concerning sex-specific differences, the average distance between markers in male and female
maps were 0.31 and 0.29, respectively. Therefore, the male map (3,518.24 cM) was longer than
the female (3,301.97 cM). The male:female genetic length ratio over the entire genome was 1.07.
The ratios varied from 0.54 (LG24) to 1.37 (LG12). The highest density of recombination was
detected at the proximal region of the centromeres (considering that this species has
metacentric/submetacentric chromosomes), although some exceptions occurred in the terminal
region of the LG11 (Figure 9).

In LG24, recombination was distributed differently between the sexes (heterochiasmy). In the
female map, LG24 was almost double the size (87.81 cM) of the same LG in the male map (47.37
cM). The comparative synteny analysis revealed a correspondence of LG24 with the sex
chromosome 13 (Figure 11), particularly in regions < 20 Mb and > 40 Mb. Also, zero
recombination clusters (suppression of recombination) were observed in this LG for both the sexes
(Figure 10), i.e., blocks of markers that vary in the physical distance (bp), but do not vary in the
genetic distance (cM). Besides, in the genomic synteny between LG24 and the sex chromosome
13 (Figure 8 and 9), the same chromosome was also attributed to LG27, probably in the pseudo-

autosomal region (PAR). This indicates that the best LOD value resulted in 28 LGs (n = 27
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chromosomes) because both LG24 and LG27 corresponded to the same chromosome (different
regions of the sex chromosome).

After ordering the genome scaffolds using the linkage map as a reference, Chromonomer
resulted a final chromosome-level genome with 1,575 markers grouped in 352 scaffolds. The
remaining SNP loci were not used for genome anchoring because they were not aligned to the
piaucu scaffolds, represented markers mapping to multiple regions, or represented loci where the
orientation could not be suitably assigned. These results allowed the construction of a
chromosome-level genome that clustered 75% (1,221,855,406 bp) of the initial scaffold data into
27 pseudomolecules (chromosomes) totalizing 977 Mb of length. 320 Mb were not anchored in
pseudomolecules (chromosomes). LG24 anchored a low number of scaffolds, resulting in a
pseudomolecule with poor scaffolding and small size (~ 4 Mb). This can be explained by the region
of sex conflict between the Z and W chromosomes and, consequently, the suppression of
recombination between them.

The dotplot synteny analysis demonstrated a high degree of concordance between the
chromosomes scaffolded with Hi-C data (physical mapping) and the linkage groups of the genetic
map (Figure 12, illustrated by chromosomes 5, 8, and 20). Insertions and deletions were observed
in all chromosomes (e.g., chromosome 2, since 25% of the initial scaffold data was missing).
Beyond that, structural differences between the linkage map and scaffolds were noted in some
chromosomes, revealing relocations (chromosomes 1 and 21) and major inversions (chromosomes

3,18, and 19).

8.4.12.3 Resequencing (pool-sequencing)

We sequenced 20 males and 20 female individuals of M. macrocephalus with an average depth
of ~28-fold. Pool-sequencing raw data are summarized in Table 12.
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Reads of M. macrocephalus male and female pools were mapped to the chromosome-level
female genome to characterize genomic regions enriched for sex-biased signals. i.e., sex coverage
differences or sex-biased SNPs. Whole-genome analysis of SNPs distribution (Figure 13) revealed
a strong sex-linked signal in females on chromosome 13. In addition, high Fst values (Figure 13)
were observed on the same chromosome. This profile illustrates a female heterogametic system
(ZW/ZZ), as previously reported by cytogenetic data (GALETTI, JR. et al., 1981).

The genomic regions with a high density of female-specific SNPs and high Fst values (Figure
13) are sex conflict regions that could contain the M. macrocephalus master sex-determining gene.
Chromosome 13 is the only one with these characteristics, and, therefore, is the sex chromosome
(Figure 13). The Hi-C contact map pattern, the differences between the sexes observed in LG24,
and the repeat annotation of the M. macrocephalus genome corroborate its status.

The assembled sex chromosome of M. macrocephalus is approximately 45 Mb in length and
could be divided into three distinct regions according to the pattern of sex-specific SNPs, Fst and
read coverage. The first region comprises the beginning of the chromosome, from 0 to ~ 3 Mb and
it is characterized by high Fst values (> 0.04). Notably, the major Fst peak (Fst = 0.17) is located
within this region (Figure 14). The plots of depth ratio and absolute depth as well as the
visualization of the read alignments showed high coverage in females (> 200 reads; major peak on
position 2,404,000 bp with 689 read depth), and low coverage in males (depth ratio < 1, Figure
15). The absence of coverage in males was detected in some areas. The patterns observed here
suggest that chromosome W-specific sequences were assembled in this region, which was
corroborated by the recombination suppression in the LG24, particularly up to 3 Mb. Hence, we

denominated this region as putative W-specific.
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The second region comprises ~3 to 20 Mb and the opposite terminal region of the sex
chromosome (~ 44 to 45 Mb Figure 13 and Figure 14 ). This area is characterized by a high density
of females-specific SNPs (W pool reads aligning to the Z reference sequence, and vice-versa,
although in lower amount), with peaks summarizing more than 2,000 SNPs. The depth ratio peaks
were constantly more superior in males (1>) than in females (< 1) (Figure 14). Because of these
characteristics, we denominated this region as chimeric Z and W, where there is some degree of
homology between the sequences of each chromosome. This probably allowed that Z-specific or
W-specific sequences were scaffolded at the same region, comprising a chimeric genomic
sequence (Figure 16); although it is composed mostly by Z-specific sequences, which was
corroborated by the occurrence of higher recombination frequency in males than females in this
region of the LG24 (3 to 20 Mb, and 44 to 45 Mb, as demonstrated by the Figure 10).

The last region comprises from ~20 to 44 Mb and is characterized by a lack of sex-specific
SNPs (Figure 14). In this genomic locus is also seen an almost equal absolute depth between males
and females (depth ratio ~ 1, Figure 15). This points out homology between the male and female
sequences in this zone and that could indicate normal recombination rates as seen in pseudo-
autosomal regions (PAR) of sex chromosomes (LG27). Therefore, we denominated this locus as
PAR.

Concerning the pool-sequencing of L. friderici (Figure 17), the SNPs were equally
distributed throughout the reference genome of M. macrocephalus, without any sex-specific region
on chromosome 13, nor in any other LG. We also observed isolated points of high Fst values along
the genome (highest Fst =0.12).

Although the sex locus was not found in L. friderici, our results indicated a different sex

system in genomic level between the species.
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8.4.12.34 RNA-seq
A total amount of 28.26 Gb of gonadal paired-end RNA-seq data were pseudo-aligned with

30,500 transcripts of M. macrocephalus. Approximately 99.9% (30,460) of RNA-Seq transcripts
were successfully pseudo-aligned, and, after low counts were filtered (< 1), 27,120 transcripts
remained for the differential expression analysis of males and females. Principal component
analysis (PCA) of the differentially expressed transcripts showed that 78% of the variance in the
data was explained by Principal component 1 (PC1). Throughout PC1 the data were clustered in
two groups, males ZZ and females ZW, as expected (Figure 18A). The heatmap of the Euclidean
distances matrix between samples demonstrated the same pattern (Figure 18B).

The analysis resulted in 9,740 differentially expressed transcripts (padj < 0.05); of which
39.83% (3,879) were up-regulated in males; and 27.55% (2,683) up-regulated in females (Figure
18C and Table 14). Most of the transcripts were not significantly expressed (64. 09 %). We found
3.19% (311) of the differentially expressed transcripts of M. macrocephalus on the sex
chromosome. Of these, 170 were up-regulated in males (LFC > 2) and 58 in females (LFC < -2)
(Table 14). In addition, the sex chromosome presented a lower number of differentially expressed
transcripts than the average per chromosome (311 versus 360, Table 14). In general, there were
more up-regulated transcripts in males than in females (> 12.28%;Table 14).

Figure 19 is illustrating the transcript counts of males and females throughout the sex
chromosome. Transcript expression occurred mainly in females at the putative W-specific region.
Regarding the chimeric region, the higher expression rates observed in males in this area could be

explained by a higher concentration of Z-specific sequences, which are duplicated in ZZ. In
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general, a similar expression between the sexes in the pseudo-autosomal region was observed.
Awkwardly, a few peaks had higher expression in females than in males in this area.

To identify sex determination-related genes (SDG), we searched on the sex chromosome of M.
macrocephalus for differentially expressed genes already reported in the sex determination
pathways of fish (Pan et al., 2021;Table 15). We also considered two hypothesis (Figure 20): 1)
SDG is located in a putative Z-specific locus (chimeric region); then the sex determination would
be based on a sex chromosome gene dosage mechanism; 2) SDG is located in a putative W-specific
locus; then the sex determination would be based on the presence/absence of the gene.

Most of the identified genes were up-regulated in males (LFC > 2), except BMP7 and
CCDC114 (Table 15). CCDC114 was the only gene in the W-specific region, the most suitable
location to find the SDG. IGFBP6 was within the chimeric region, a potential SDG-containing

area.

8.4.13 Discussion

8.4.13.1 Genome

This is the first sex chromosome assembly of a neotropical fish species. To date, despite several
fish Y chromosome assemblies have been reported, e.g., stickleback (PEICHEL et al., 2020a), zig-
zag eel (XUE et al., 2021b), spotted knifejaw (M. Li et al., 2021) and Atlantic herring (RAFATI
et al., 2020); there are only a few reports of fish W chromosome assemblies, e.g., half-smooth
tongue sole (CHEN et al., 2014) and mosquitofish (SHAO et al., 2020). Yet, the former was
assembled with short-reads (which is not recommended for sex chromosomes assemblies,

(PEICHEL et al., 2020) and the latter did not present details about the W content and evolution.
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Piaucu sex chromosome assembly provides information about a W heterochromatic chromosome
in an intermediate stage of evolution (CHARLESWORTH, 2019) and represents a step advance
in the understanding of the evolution of sex chromosomes in fish and vertebrates.

The M. macrocephalus genome size was similar to those of other Neotropical fish and had
contiguity metrics comparable to chromosome-level assemblies of the group, such as the Astyanax
mexicanus (GCA_000372685.2) and Pygocentrus nattereri (GCA_015220715.1) reference
genomes (Table 3)

As some parts of the assembled sex chromosome are a mix of Z and W sequences, we estimated
the true size that unique Z and W assemblies should have (Table 5). Moreover, we correlated the
heterochromatic and euchromatic regions of Z and W to the poolsex-determined regions of the
assembled sex chromosome (Table 5) The euchromatin region probably corresponds to the PAR,
which is shared between both Z and W; the W- specific and chimeric regions correspond to the
heterochromatic region of W and most of the chimeric region corresponds to the heterochromatic
region of Z (the majority of the sequences in the chimeric region are Z-specific, despite not being
possible to estimate the exact amount, Figure 15).

Due to the lack of divergence between the sexes in the pseudo-autosomal region (PAR) (almost
equal coverage, no sex-specific SNPs, and no high FST values), we assumed that this region was
entirely assembled. Its estimated size was 20.68 Mb on Z and W, close to the assembled size (24
Mb). PAR possibly occupies 33.70% and 47.42% of W and Z, respectively, which means that
66,3% (47.2 Mb) of W is constituted by W-specific sequences while Z is constituted by 52,58%
(26.6 Mb) of Z-specific sequences (calculated using PAR = 24 Mb). Considering that the whole
assembled sex chromosome size was 45 Mb; there were missing approximately 8.6 Mb of Z

sequences (Z = PAR + chimeric) and 26.2 Mb of W (W = PAR + chimeric + W-specific).
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The repeat content found (46.71% ) in the piaucu genome was intermediate to what has been
reported in other Neotropical fish species, such as C. macropomum (52.49%) (HILSDORF et al.,
2021b) and A. mexicanus (41%) (WARREN et al., 2021b). DNA transposons were the most
abundant type of TE (11.82%), corroborating what has been observed in teleost fish (GAO et al.,
2016). A great percentage (18.89%) of the interspersed repeats remained unclassified. This was
also reported in tambaqui (HILSDORF et al., 2021b) and red-bellied piranha (SCHARTL et al.,
2019b) genomes (39.15% and 28.3% of unclassified sequences, respectively). In the piaucu repeat
landscape, (Figure 5), it is possible to observe two bursts of transposition dominated by DNA
transposon, as reported in other teleost fish e.g., Nile tilapia (CHALOPIN et al., n.d.).

Satellite sequences are remarkably rich throughout the genome of M. macrocephalus ( 13.47%
female and 11.99% male) and even more in the sex chromosomes, especially the W
(UTSUNOMIA et al., 2019). In the assembly, repeat elements had a slightly higher abundance in
the sex chromosome compared to the autosomes. However, satellites accounted for only 4.40
percent of the repeats found in the repeat annotation. Thus, due to the large number of satellites
sequences found in the sex chromosomes of piaucu (UTSUNOMIA et al., 2019) and the presence
of the large blocks of heterochromatin in W/Z; we assume that these satDNAs constitute the
missing sequences of the W and Z chromosome.

The genome annotation resulted in 30,501 protein-coding predicted genes (Table 8), which is
consistent with other related neotropical fish genomes such as tambaqui and red-bellied piranha
(31,149 and 30,575, respectively), but differently of was found in cavefish (248,235; (WARREN
etal., 2021). In the phylogeny analysis performed with single-copy orthologs genes (Figure 7), M.

macrocephalus was placed in a clade with other Characoidei (MELO et al., 2021) species (A.
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mexicanus, P. nattereri, and C. macropomum). The tree topology was consistent with previous

studies (HUGHES et al., 2018; MELO et al., 2021; STEINKE et al., 2006).

8.4.13.2 Genetic map

In this study, we developed the first dense genetic map available so far for piaucu. We obtained
a similar resolution of other linkage maps constructed for related Neotropical fish species that
present analogous karyotype characteristics (haploid chromosome number, morphology, and size)
(Table 10).

Interestingly, we detected an additional linkage group, differently from what was expected (27
linkage groups as the haploid chromosome number). This extra linkage group (LG24) was
associated with the sex chromosome in the synteny analysis. This pattern was previously reported
in the butterfly Melitaea cinxia (RASTAS et al., 2013), which also presents a ZW sex chromosome
system . The additional LG (LG24) was composed of markers that followed a Z chromosomal
inheritance, i.e., female offspring are homozygous of one of the fathers’s alleles. This explains the
strong heterochiasmy in this LG, in which higher recombination was observed in the male map.
Otherwise, although being separated by the LG24 linkage pattern, LG27 is physically merged (in
the genome) to this LG and corresponds to the pseudo-autosomal region of the sex chromosome
i.e., homologous regions between the Z and W chromosomes, as similarly observed in Melitaea
cinxia (RASTAS et al., 2013).

An interesting sex-specific difference was also revealed by the linkage mapping analysis in
piaucu, the male map was longer than the female, with a genetic-length ratio of 1.07. Recently, the
tambaqui C. macropomum was described as having an XY hypothetical sex determination system
(VARELA et al., 2021), despite not presenting heteromorphic sex chromosomes. Interesting, the
tambaqui female linkage map was larger than the male (1.55x) (Ariede et al., in press). Differences
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in map length can result from a variation in the number of recombination events in the two parents
as well as variations in the number and location of the mapped loci. It is common to find a
difference in the recombination ratio between the two sexes in most aquatic species. For instance,
the male/ female recombination ratios are 1:8.26 in Atlantic salmon, 1:3.25 in rainbow trout, 1:1.43
in Japanese flounder and 1:2 in halibut . Despite this being a common phenomenon, the mechanism
responsible for the different recombination rates between the genders is still not well understood
(SONG et al., 2012). This explains the opposite sex-specific differences observed between piaucu
and tambaqui and suggests that the heterogametic sex presents smaller maps due to recombination
suppression (REID et al., 2007). The influence of the sex-determination system in the sex-specific
recombination patterns was also described for other fish lineages. In flatfish, turbot (BOUZA et
al., 2007), Senegalese sole (GUERRERO-COZAR et al., 2020), and Atlantic halibut (REID et al.,
2007) female maps were larger (1.36, 1.32, and 1.07 times); while in the flounder Paralichthys
olivaceus (CASTANO-SANCHEZ et al., 2010) and tongue sole Cynoglossus semilaevis (SONG
et al., 2012), the male maps were slightly larger (1.03 and 1.09 times, respectively).

In addition, our linkage map was successfully used as a reference to anchor the genome
scaffolds into a chromosome scale, evidencing its high quality. The chromosome-scale genome
anchored using the linkage map presented a high correspondence with the chromosome-level
genome (scaffolded with Hi-C physical mapping). These results were similar to those obtained by
other chromosome-level genomes anchored with linkage maps, such as in Astyanax mexicanus
(WARREN et al., 2021a) and Sander lucioperca (DE LOS RIOS-PEREZ et al., 2020).

The inconsistencies revealed by structural differences (relocations and inversions) between the
linkage groups and chromosomes ordered by Hi-C (physical mapping) were also reported in the

Lake Trout (Salvelinus namaycush) (SMITH et al., 2022) and probably will need further
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investigation using other techniques, such as physical mapping of specific DNA into chromosome

spreads with FISH (Fluorescence in situ hybridization).

8.4.13.3Pool-seq

Different rates of recombination suppression are often observed within sex chromosomes. As
in zig zal eel (LIU etal., 2021); stickleback, (PEICHEL et al., 2020) and human, (LAHN & PAGE,
1999). These events are denominated as evolutionary strata and can be first identified by sequence
divergence (evidentiated by high FST values) and a high concentration of sex-specific SNPs
(CHARLESWORTH, 2021). Based on the whole genome sequences of males and females of
piaucu, we could discriminate distinct regions in the sex chromosome assembly that comprehend
different evolutionary strata.

The W chromosome is composed of two evolutionary strata concerning the W-specific region
(high FST, evidence of recombination suppression, lower depth ratio in males) and the chimeric
region (high concentration of female-specific SNPs). The former is in a more advanced stage of
recombination suppression, while the latter is in a younger state due to partial similarity with Z
(CHARLESWORTH, 2021). The younger stratum is located closest to the PAR while the older is
further away. Hence, we can suppose that W/Z differentiation started first in this region
(CHARLESWORTH; CHARLESWORTH; MARAIS, 2005). The comparison of TE density
between the evolutionary strata can corroborate which one suffered recombination suppression
first (PEICHEL et al., 2020b). The true extent of the strata could not be delimited with our data
because of the missing sequences in the W, but according to the size of the heterochromatin blocks
of the cytogenetic data, they should comprehend together ~ 50.2 Mb. The missing satellite

sequences probably constitute the oldest evolutionary stratum of W, due to its degenerative nature.
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The chimeric region is also a different evolutionary stratum within Z. The presence of female-
specific-SNPs and a few peaks of high FST corroborate this hypothesis (CHARLESWORTH,
2021), and indicates a young stratum composed of sequences that still carry some similarities with
W. The presence of heterochromatin in the long arm of the Z chromosome, although in a lower
amount than in the W, suggests that its missing sequences could also comprehend older
evolutionary strata.

The M. macrocephalus sex chromosomes are in an intermediate stage of degeneration
(CHARLESWORTH, 2019) and arose at least 12 MYA, after the divergence of Megaleporinus
and Leporinus, as reported by phylogenetic analysis (RAMIREZ; BIRINDELLI; GALETTI,
2017). Nonetheless, it is necessary to quantify the ages of strata in n°. of generations, which is a
more appropriate scale of theoretical modelling of degeneration (CHARLESWORTH, 2021).
Sequence divergence estimates (Ks values for synonymous sites in coding sequences) should be
used for this purpose (CHARLESWORTH, 2021).

We identified regions with different patterns in the sex chromosome of piaucu and estimated
their sizes: the PAR that spans ~ 24 Mb; at least two evolutionary strata in W, an older stratum of
~ 26.6 Mb and a younger stratum of ~20.6 Mb; and one stratum (young) in Z of ~31.6 Mb. To
delineate the total number of strata and the true extension of them and especially to quantify
degeneration (the extent to which genes within the region have lost their functions), completely

phased sequences of Z and W are necessary (CHARLESWORTH, 2021).

8.4.13.4 RNAseq

To date, more than 20 SDG genes have been identified on different sex chromosomes of
mammals, birds, frogs, and fish (PAN et al., 2021). In mammals and other groups, the sex master
genes are conserved while in fish, a lot of different genes have been already reported (Dmrt1,
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Amhb1, SdY, Hsd17b1, AmhY, Gdf6-Y). Despite the rapid evolution of different sex-determining
genes, only a limited group of factors/signaling pathways keep showing as master genes, such as
transcription factors (Dmrtl-or Sox3- related) and others belonging to the TGF-B signaling
pathway (Amh, Amhr2, Bmprlb, Gsdf, and Gdf6) (PAN et al., 2021).

The sex determination processes have two main vias, it can be due to the presence of a sex-
determining gene in one sex and absence in the other; or through dosage compensation, where
different expressions of the sex-determining gene differentiate the sexes (in this case, half of the
male expression in females).

If sex-determination is due to presence/absence, the SDG would probably be in the W-specific
region/older stratum, which theoretically suffered recombination suppression first
(CHARLESWORTH, 2019). However, we could not find any previously sex-determination-
associated gene in this region. Due to a large amount of W (~26.2 Mb) and Z (~8.6 Mb) missing
sequences, the SDG may be missing from the assembly.

One of the classic genes related to sex determination (PEICHEL et al., 2020b), the Amhr2 anti-
Mullerian hormone gene, was localized in the sex chromosome of piaucu presenting high male up-
regulated expression. However, due to its position inside the PAR (on 38.82 Mb), it was not
elevated as a candidate gene in piaugu.

The coiled-coil domain containing 114 gene (CCDC114) is located on a peak of female
expression within the W-specific region and because of its position in the older stratum, it has been
considered here as a sex-determination candidate gene. The coiled-coil domain containing proteins
are implicated in male gametogenesis, which is evidentiated by their stage-specific expression in
the gametes, their tissue-/cellular-specific localization in the testis, and their altered levels in

infertile men (PRIYANKA; YENUGU, 2021). In zebrafish, genes encoding coiled-coil domain
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proteins (CCDC39, CCDC103, CCDC114, and CCDC151) were down-regulated in mutant fish
without the anti-Mullerian hormone gene (YAN et al., 2019a). The mutant fish failed to produce
mature sperm with fully developed tails, which likely contributed to the observed loss of fertility
as animals aged (YAN et al., 2019b).

The insulin-like growth factor binding protein gene (Igfbp-6) was the only within the chimeric
region, a potential SDG-containing area, despite not being the main region we would look for
(CHARLESWORTH, 2019).

The insulin-like growth factors (IGFs), transforming growth factor-fs (TGFps), and bone
morphogenetic proteins (BMPs) are three growth factor systems on bone formation. Each growth
factor family consists of multiple related growth factor genes. IGFs, TGFfBs, and BMPs are
produced by osteoblasts and other bone cells and affect osteoblast proliferation and differentiation
(LINKHART; MOHAN; BAYLINK, 1996).

The IGF-binding proteins regulate IGF-1 and IGF-I1 action. A tandem duplication followed by
whole genome duplications in the ancestral of teleost fish, led to the retention of duplicated copies
(paralogs) of IGFBP (DE LA SERRANA; MACQUEEN, 2018a), resulting in at least six copies
in the lineage. IGFBP-6 regulates processes where IGF-11 is involved, such as proliferation,
survival, migration, and differentiation. In teleost fish, IGFBP-6 is rather understudied, and there
are no conclusions about its roles and functions (DE LA SERRANA; MACQUEEN, 2018b).

IGFBP-6 of piaucu is supposedly located in the Z-specific region because of its position in the
chimeric region in addition to male up-regulation. In this case, the most likely scenario is that
differential expression of this gene between males and females would determine sex (dosage
compensation). In this scenario, the females (that present one copy of Z) should have half of the

male expression (two copies of Z), which did not occur. However, the pattern of male up-regulation
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in the sex chromosome could indicate incomplete Z chromosome dosage compensation (WRIGHT
et al., 2016). Moreover, our RNAseq data was composed of pools of gonads from different
individuals. Although the data were distributed as expected (female ZW x male ZZ), a degree of
variation within the male expression was observed (Figure 18). This means that males in different
developmental stages could have been mixed, which could be masking the true expression of
IGFBP-6. Males with different levels of gonadal differentiation were also verified during the testis
histology.

RNA-seq experiments are useful to evidentiate a landscape of gene expression in a specific
time-lapse. Thus, our experimental design was not suitable for precisely defining gene expression
in the sex-determination period. Therefore, we also elect IGFBP-6 as a sex-determination
candidate gene of piaugu.

Further extensive research is necessary to corroborate one of these candidates; or identify
others; e. g., in the W- and Z- missing sequences. The first step, along with the assembly of the
whole Z and W-specific regions, would be designing primers to quantify expression levels at

different time points of the sexual determination period of males and females (qQPCR).

8.4.14 Data Availability

This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the
accession JAJQXZ000000000. The version described in this paper is version JAJQXZ010000000.

The assembled genome is available at the NCBI with the accession number GCA 021613375.1.
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8.4.16 Tables

Table 1. Summary of sampling number per family and sex.

Family Males Females Total
1 49 44 93

2 4 20 24

3 49 44 93

4 41 48 89
Total 143 156 299
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Table 2. Statistics for genome assembly of Megaleporinus macrocephalus.

Characteristic Value

No. scaffolds 101

No. contigs 1,353

Main genome scaffold sequence total (bp) 1,282,030,339
Main genome contig sequence total (bp) 1,280,781,659
Scaffold N50 (bp) 45,034,219
Contig N50 (bp) 5,013,076
Max. scaffold length (bp) 73,843,892
Max. contig length (bp) 25,940,738
% main genome in scaffolds > 50 kb 99.9%
BUSCO complete 96.2%
BUSCO complete and single copy 95.1%
BUSCO complete and duplicated 1.1%
BUSCO fragmented 0.6%
BUSCO missing 3.2%
Consensus quality value (QV) 37.53
Merqury completeness 93.05%
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Table 3. Comparison between available genome assemblies of Neotropical fish species

Species Genome Scaffold Contig N50 Haploid
size*(bp) N50 (bp) (bp) chromosome
number (n)
Megaleporinus 1,280,781,66 45,034,219 5,013,076 27

macrocephalus
(GCA _021613375.1)

Colossoma macropomum 1,221,809,066 40,163,545 5,645,235

(GCA_904425465.1)
Pygocentrus nattereri 1,222,050,449 42,283,192 12,898,870 30
(GCA_015220715.1)
Astyanax mexicanus 1,291,596,431 35,377,769 1,767,240 25

(GCA_000372685.2)

* Ungapped length



Table 4. Assembled and estimated chromosomes sizes (bp) calculated using karyotype data.

Chromosome Assembled size (bp) Estimated size (bp)
1 73,843,892 73,524,246
2 57,073,771 58,279,251
3 54,318,282 52,872,252
4 53,925,970 52,480,849
5 53,011,304 51,891,237
6 52,262,800 51,390,179
7 51,642,936 49,819,898
8 49,518,186 49,300,333
9 49,298,696 48,760,706
10 48,705,945 48,068,703
11 48,550,980 48,064,379
12 47,357,970 47,656,718
14 44,903,196 47,083,191
15 44,847,474 47,013,143
16 44,428,828 46,953,300
17 44,393,724 46,065,509
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18 44,386,724 44,600,904
19 43,994,550 43,546,728
20 43,858,395 42,646,484
21 43,700,133 41,890,833
22 41,427,154 41,198,311
23 40,492,453 41,016,705
24 40,120,662 40,253,271
25 40,052,844 40,168,695
26 38,727,815 39,137,695
27 36,538,851 38,981,687
Pearson 0,99
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Table 5. Assembled and estimated chromosomes sizes (bp) of the sex chromosomes calculated

using karyotype data.

Estimated size (bp) Z W

Euchromatic region 20,676,381 20,676,381
Heterochromatic region 29,933,760 50,525,046
Total 50,610,141 71,201,427
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Table 6. Repeat annotation statistics for Megaleporinus macrocephalus genome.

No. of elements Length

% of sequence

(bp)

Retroelements 325,354 86,900,511 6.78
SINEs: 32,263 4,249,898 0.33
Penelope 1,992 200,769 0.02
LINEs: 135,677 43,882,452 3.42
L2/CR1/Rex 109,233 36,159,292 2.82
R1/LOA/Jockey 538 129,887 0.01
R2/R4/NeSL 222 69,099 0.01
RTE/Bov-B 10,276 2,603,408 0.20
L1/CIN4 10,838 3,907,815 0.30
LTR elements: 157,414 38,768,161 3.02
BEL/Pao 2,206 845,394 0.07
Ty1/Copia 421 198,340 0.02
Gypsy/DIRS1 24,957 7,950,002 0.62
Retroviral 10,995 2,687,534 0.21

DNA transposons 817,030 151,501,452 11.82
hobo-Activator 295,340 56,805,942 4.43
Tcl-1S630-Pogo 253,381 56,461,503 4.40
PiggyBac 3,214 595,853 0.05
Tourist/Harbinger 34,271 6,807,497 0.53
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Other 333 20,280 0.00

(Mirage, P-element, Transib)

Rolling-circles 18,420 4248,326 0.33
Unclassified: 1379224 242,219,098 18.89
Total interspersed repeats: 480,621,061 37.49
Small RNA: 2375 321,707 0.03
Satellites: 88059 56,424,759 4.40
Simple repeats: 580511 52,069,796 4.06
Low complexity: 55387 5,150,938 0.40
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Table 7. Comparison between the repeat content in the sex chromosomes and the autosomes of

the Megaleporinus macrocephalus genome.

% Sex chromosome % Autosomes
Repeat content 50.95 46.71
Retroelements 7.86 6.78
DNA transposons 12.07 11.82
Unclassified 19.92 18.89
Total interspersed repeats 39.86 37.49
Small RNA 0.02 0.03
Satellites 6.64 4.40
Simple repeats 3.72 4.06
Low complexity 0.38 0.40
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Table 8. Summary of the annotated features of Megaleporinus macrocephalus genome.

Feature

Megaleporinus macrocephalus

Genes and Pseudogenes
Protein-Coding

Exon

Intron

CDS

MRNA

Start codon

Stop codon

Mean intron per gene

Mean exon per gene

30,501
30,501
248,235
217,739
248,235
30,501
30,487
30, 488
7.14

8.14
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Table 9. Summary of ddRAD sequencing statistics.

Library Total Filtered sequences (%0) Retained Average
sequences Adapter No Low No reads retained reads/
sequence barcode quality rad (%) ind.
cutside (million)
1 198,679,472 1.19 3.67 2.37 1.33 91.44 3.95
2 191,095,010 1.18 4.92 2.43 1.66 89.82 3.73
3 183,389,588 1.15 4.36 2.59 1.86 90.04 3.59
4 188,028,608 1.17 4.38 2.53 1.81 90.12 3.68
5) 165,196,674 1.09 4.53 242 1.70 90.27 3.24
6 207,410,674 1.15 6.49 2.32 1.86 88.18 3.98
7 173,700,306 1.15 6.88 2.76 2.07 87.14 3.29
Total 1,307,500,332 1.15 5.03 2.48 1.75 89.58 25.46
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Table 10. Statistics of a few Neotropical fish species linkage maps.

Species Technique No. of Length Average Reference
SNPs (cM) marker
interval (cM)

Megaleporinus

ddRADseq 11,231  3,320.36 0.29 This study
macrocephalus
Colossoma GBS* 7,734 2,811 0.39 Nunes et al., 2017
macropomum RADseq 14,805 2,752 0.51 Varela et al., 2021
Piaractus Mastrochirico-

RADseq 17,453  2,755.60 0.47

mesopotamicus

Filho et al., 2020

*Genotype-by-sequencing
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Table 11. Summary of the genetic map of piaucu. Chr represents the chromosome which the linkage group had synteny with. Size is

related to the length in bp, after scaffolding with Chromonomer. N is the number of markers. Length in cM, Density in cM/Locus.
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Sex-averaged Male Female
LG Chr  Size n M:F
Length Density  Length Density Length Density

1 6 23,599,497 710 126.42 0.18 135.77 0.19 131.68 0.19 1.03
2 4 45,953,104 688 130.95 0.19 127.07 0.18 107.22 0.16 1.19
3 1 49,978,048 625 133.56 0.21 139.93 0.22 130.11 0.21 1.08
4 15 40,070,618 543 120.91 0.22 139.69 0.26 133.3 0.25 1.05
5 10 43,303,417 476 122.43 0.26 106.81 0.22 100.3 0.21 1.06
6 18 34,104,434 484 112.29 0.23 135.78 0.28 115.72 0.24 1.17
7 2 50,146,178 489 129.75 0.27 156.05 0.32 121.16 0.25 1.29
8 9 44,463,537 503 107.79 0.21 116.85 0.23 115.32 0.23 1.01
9 25 36,288,099 429 135.49 0.32 137.46 0.32 135.06 0.31 1.02
10 23 36,576,158 501 122.64 0.24 152.38 0.3 117.92 0.24 1.29
11 16 32,187,476 444 111.72 0.25 108.1 0.24 80.47 0.18 1.34
12 8 43,378,694 442 127.77 0.29 136.22 0.31 99.65 0.23 1.37
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339

351

296

253

236

250

225

237

239

251

203

121.11

141.52

119.88

139.89

121.22

119.57

119.33

82.15

81.57

143.08

107.64

43.25

132.10

136.79

120.66

108.88

0.26

0.35

0.31

0.38

0.31

0.35

0.34

0.28

0.32

0.61

0.43

0.19

0.56

0.57

0.48

0.54

128.1

142.35

120.71

139.95

124.13

121.55

137.5

94.36

96.9

142.45

111.77

47.37

150.95

135.83

117.89

114.34

0.27

0.35

0.32

0.38

0.32

0.36

0.39

0.32

0.38

0.6

0.45

0.21

0.64

0.57

0.47

0.56

124.15

135.23

119.61

141.94

133.74

121.27

121.55

95.58

92.98

130.32

104.11

87.81

139.78

147.43

113.62

104.98

0.26

0.33

0.31

0.38

0.35

0.36

0.35

0.32

0.37

0.55

0.42

0.39

0.59

0.62

0.45

0.52

1.03

1.05

1.01

0.99

0.93

1.13

0.99

1.04

1.09

1.07

0.54

1.08

0.92

1.04

1.09

106



Total 977,082,963 11,231 332036 0.29 3,518.24  0.31 3,301.97  0.29 1.07
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Table 12. Summary of raw sequencing data produced through pool-sequencing of males and

females of Megaleporinus macrocephalus and Leporinus friderici.

Species Pool Total reads Total data (Gb)
M. macrocephalus Male 236,328,878 35.45

Female 246,536,180 36.98
L. friderici Male 432,269,160 64.84

Female 426,001,092 63.90
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Table 13. Summary of RNA-sequencing statistics.

Pool Replicate Total reads Retained reads (%0) Total data (Gb)
1 46,331,866 97.72 4.53
Male 2 50,141,272 97.93 491
3 41,915,706 100.00 4.44
1 50,886,670 97.58 4.97
Female 2 48,466,868 97.21 4.71
3 48,337,546 97.33 4.70
Total 286,079,928 97.91 28.26
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Table 14. Summary of the differentially expressed, up-regulated (LFC > 2) and down-regulated

(LFC < -2) transcripts in gonads of males and females of Megaleporinus macrocephalus.

D.E Up-regulated Down-regulated
” (padj < 0.05) (LFC >?2) (LFC < -2)
All 9,740 3,879 2,683
Autosomes 9,429 3,701 2,621
Sex chromosome 311 170 58
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Table 15. Differentially expressed sex-determination-related genes on the sex chromosome of Megaleporinus macrocephalus.
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Gene ID Position (Mb) LFC padj Transcript count
Male Female

CCDC114

1.54 -5.50 3.92E-2 2,745 9,149
Coiled-coil domain containing 114
IGFBP6

6.38 5.19 2.21E-20 7,154 195
Insulin-like growth factor binding protein
SOX13

12.57 -0.50 0.49 331 404
SRY (sex-determining region Y)-box 13
SOX12

20.98 3.45 4.46E-03 69 7
SRY (sex-determining region Y)-box 12
FOXP4

23.57 2.72 6.59E-05 142 22
Forkhead box
BMP7

27.72 -1.64 1.37E-02 77 246
Bone morphogenetic protein
AMHR?2 38.82 3.80 4.28E-12 2,372 178
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Anti-Mullerian hormone receptor, type Il
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8.4.17 Figures
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Figure 1. PacBio SMRT sequencing. SMRTbell (A). SMRT Cell (B). Zero Mode

Waveguide (ZMW) (C). Adaptado de Logsdon et al. (2020).

114



5
+
@
h —— observed
—— full model 5
unigue sequence 3x10
I~ —— errors
? == kmer-peaks
@
™
[ 2x10
s B _
s 3 5
2 o 8
w
S 1% 107
3
&
8
+ . 0
€ ‘ ‘ ; 0 30 G0 90 120
o] 20 40 60 80 100 120 - RO

Coverage K-mer multiplicity

Figure 2. K-mer profile of MGISEQ short reads (A). A k-mer analysis of the Megaleporinus

macrocephalus genome bases against its sequenced MGISEQ reads (B).
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Figure 3. Hi-C contact map highlighting the sex chromosome (arrow) of Megaleporinus

macrocephalus.
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Figure 4. Karyotype of a female of Megaleporinus macrocephalus under C-banding.
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Figure 5. Interspersed repeat landscape of Megaleporinus macrocephalus genome. The graph

represents genome coverage (y axis) for each type of TEs (DNA transposons, SINE, LINE,

and LTR retrotransposons), clustered according to Kimura distances (K-value; Kimura, 1980)

to their corresponding consensus sequence (x axis, K-values from 0 to 50).
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Figure 6. Gene Ontology (G.O) Terms of Cellular Component, Molecular Function and

Biological Process domains of Megaleporinus macrocephalus genome.
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Figure 7. Phylogeny of single-copy orthologs genes (n=336) of Megaleporinus macrocephalus

and other fish species using the criteria of Maximum Likelihood.
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Figure 8. The average number of markers in linkage groups (left y axis) and the number of linkage groups

(right y axis) according to LOD score (x axis).
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Figure 9. Male (A) and female (B) linkage maps of Megaleporinus macrocephalus showing 28 linkage groups and
11,231 SNPs. The density of markers is represented by a range of different colours that vary from blue (low density
regions) to red (high density regions).
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Figure 10. Female and male SNP markers of Megaleporinus
macrocephalus distributed throughout LG24 based on the genetic map
(cM) versus physical location in the genome (bp). Darker and lighter circles

mean higher and lower abundance of SNPs.

123



LG19
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Figure 11. Genomic synteny for each pair of alignments between the linkage groups of the

genetic map and the chromosomes of Megaleporinus macrocephalus.
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Figure 12. Dotplot synteny between chromosomes constructed with Hi-C data (x-axis) and
scaffolds of the linkage groups (y-axis). In blue, forward alignments; and in green, reverse

alignments (inversions). The dots represent the end of scaffolds.
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Figure 13. Manhattan plots of FST, female and male-specific SNPs, respectively, accounted
through windows of 50 kb along the 27 chromosomes of Megaleporinus. macrocephalus

genome.
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Figure 14. FST and pool-specific SNPs along the sex chromosome of Megaleporinus

macrocephalus.
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Figure 15. Absolute depth (read coverage/ 50 kb) of males and females pools and depth ratio
(absolute depth males/ absolute depth of females) along the sex chromosome of Megaleporinus
macrocephalus. Depth ratio of = 1 indicates equal read coverage in males and females (dashed
line), while depth ratio > 1 and < 1 mean superior coverage in males ZZ (duplicated

chromosome) and females ZW (single copy of each chromosome), respectively.
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Figure 16. Chimeric region of the sex chromosome of Megaleporinus macrocephalus. In the
areas where the reads are not properly aligned to the genome reference sequence (e.g. Z-reads
aligned to a fragment of the W chromosome or W-reads reads aligned to a fragment of the Z
chromosome), we note a high concentration of SNPs due to the sequence divergence. Grey

bars mean SNPs.
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Figure 17. Manhattan plots of FST, female and male-specific SNPs, respectively, of Leporinus

friderici reads aligned to Megaleporinus macrocephalus genome.
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Figure 18. RNA-Seq samples clustered according to their transcript expression. Principal
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Figure 19. Female ZW and male ZZ transcript counts in the distinct regions of the sex
chromosome: putative W-specific region (W), chimeric region of Z and W (chimeric) and

pseudo-autosomal region (PAR).
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Figure 21. Hypothesis regarding the localization of the sex-determination gene in

Megaleporinus macrocephalus.

133



9. Consideracéoes Finais

O presente trabalho forneceu um genoma de alta qualidade e em nivel cromossémico de
uma especie de peixe neotropical. Devido a escassez deste tipo de recurso nas bases de dados
atuais, ele constitui uma ferramenta importante para estudos genéticos e gendmicos neste
grupo.

Fizemos a montagem do primeiro cromossomo sexual de uma espécie neotropical, que
permitiu concluir alguns aspectos de sua evolugéo e constitui um avango no conhecimento

disponivel sobre a evolugdo de cromossomos sexuais em vertebrados.
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