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Resumo

SANCHES, Natélia Coutinho, M.SC., Universidade Federal de Vicosa, fevereiro de 2014.
Estudo citogenético e molecular de Astyanax scabripinnis (JENYNS, 1842)Deuterodon

pedri EIGENMANN, 1908 (TELEOSTEI, CHARACIDAE) do alto rio Santo Antonio,

Minas Gerais, Brasil. Orientador: Jorge Abdala Dergam dos Santos.

Os Characiformes comp&em uma das maiores ordens de peixes, possuindo mais de 1.600
espécies na América do Sul, subdivididas em cerca de 16 familias. A maioria das familias
dessa ordem possui evidéncias de monofilia, mas ndo h&d consenso sobre a monofilia de
Characidae. Dentre as dezenas de espécies incertae sedis dessa familia, estdo Astyana:
scabripinnise Deuterodon pedri. O género Astyanax € bastante especioso e amplamente
distribuido. Apesar de muitas populacdes ja terem estudos citogenéticos, apenas 18 espécies
possuem cariétipos descritos, e até agora ndo verificou-se a existéncia de cromossomos
sexuais. A scabripinnis é uma espécie amplamente estudada, caracterizada por grandes
divergéncias morfoldgicas e citogenéticas. A maioria dos estudos dessa espécie ocorreu nas
bacias do Parand e do S&o Francisco. Deuterodon possui poucas espécies, e as espécie
presentes no Sul do Brasil tém sido propostas como membros de um clado monofilético.
Poucos trabalhos foram feitos com D. pedri, espécie endémica do rio Santo Anténio, e sua
filogenia -assim como os de muitos Characidae - é bastante controversa. O rio Santo Antbnio
abriga diversas espécies de peixes, incluindo populacdes simpétricas de A. scalripinnis
pedri. As técnicas citogenéticas (coloracdo convencional, Ag-NOR, banda C e FISH)
evidenciaram a existéncia de cromossomos sexuais em A scabripinnis - primeiro caso no
género, e os dados moleculares corroboraram a definicdo dessa populacdo como uma unidade
evolucionaria distinta. Os resultados das técnicas citogenéticas (coloracdo convencional, Ag-
NOR, banda C e FISH) realizadas em D. pedri foram similares aos encontrados em D.
stigmaturus. Os cladogramas gerados a partir dos genes COIl e RAG2 sugerem que D. pedri
esta relacionado com Deuterodon singularis e com outras espécies do mesmo género, assim
como com outros géneros de distribuicdo costeira. Ambos os resultados moleculares podem
ser explicados por processos de variagbes eustaticas do mar, assim como por capturas de

cabeceira entre as drenagens costeiras com drenagens continentais.



Abstract

SANCHES, Natélia Coutinho, M.SC., Universidade Federal de Vicosa, fevereiro de 2014.
Estudo citogenético e molecular de Astyanax scabripinnis (JENYNS, 1842) E Deuterodon
pedri EIGENMANN, 1908 (TELEOSTEI, CHARACIDAE) do alto rio Santo Antonio,

Minas Gerais, Brasil. Orientador: Jorge Abdala Dergam dos Santos.

Characiformes comprise one of the largest Orders of fish , with more than 1,600 species in
South America, divided into about 16 families. Most families of this Order has evidence of
monophyly , but there is no consensus on the monophyly of Characidae. Among the dozens of
incertae sedis species of this family are Astyanax scabripinnis and Deuterodon pedri. The
genus Astyanax is quite specious and widely distributed. Although many populations have
cytogenetic studies, only 18 species have described karyotypes, and so no sex chromosomes
have been detected. A scabripinnis is a widely studied species, characterized by large
morphological and cytogenetic divergences . Most studies of this kind occurred in Parana and
Séo Francisco basins. Deuterodon has few species , and the species present in southern Brazil
have been proposed as members of a monophyletic clade . Few studies were done with D.
pedri, an endemic species of the river Santo Antbnio, and phylogeny, as well as many
Characidae - is quite controversial. The t8anténio River harbours several species of fish,
including sympatric populations of A scabripinnis and D. pedri. Cytogenetic techniques
(conventional staining, Ag-NOR, C-band and FISH) revealed the existence of sex
chromosomes in A scabripinnis - the first case of its kind, and molecular data corroborated
the definition of this population as a distinct evolutionary unit. The results of cytogenetic
techniques (conventional staining, Ag-NOR, C-band and FISH) performed on D. pedri were
similar to those found in D. stigmaturuSladograms generated from thé®ICand RAG2

genes suggests that D. pedrassociated with Deuterodon singularis and other species of the
same genus, as well as other genus of coastal distribution. Both molecular results can be
explained by processes of eustatic variations of the sea as well as by catch bedside between

coastal drainages with continental drainages .
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1. Introducéo geral

A diversidade de comunidades, tanto de plantas quanto de animais, € muito maior em
baixas latitudes quando comparada a comunidades de altas latitudes, o que se reflete também
entre as espeécies de peixes. Este conceito parece valido tanto para peixes tropicais de agus
doce quanto de 4gua marinha (Lowe-Mcconell, 1987).

Quando comparado com os demais grupos de vertebrados, muito pouco ainda se
conhece sobre a sistematica, evolucdo, ecologia, fisiologia e genética dos peixes. Isto pode,
em parte, ser explicado pelo seu habitat, que proporciona uma dificuldade a mais para seu
estudo.

O rio Santo Antdnio é um dos principais afluentes do rio Doce, desaguando nele no
municipio de Naque. A bacia destaca-se pela riqueza de seus recursos naturais representados
pela grande diversidade de sua fauna e flora, pelos seus recursos hidricos e também por seu

grande potencial de geracdo de energia elétrica (citacdo oittinéwww.igam.mg.gov.Hr

Segundo Vieira (2009), a bacia do rio Santo Antdnio abriga assembléias de peixes distintas,
as quais se distribuem de forma diferenciada nos ambientes (corregos, rios, reservatorios). Em
seus estudos, foram encontrados cinco ordens, 19 familias e 71 espécies, sendo trés endémica
do rio Doce, como Deuterodon pedri. Vieira registra a ocorréncia de cinco espécies de
Astyanax Astyanax bimaculatus, Astyanax fasciatus, Astyanax scabripinnis, Astyanax
taeniatus e Astyanax sp..

Deuterodon foi proposto originalmente por Eigenmann (1907), com base em um Unico
exemplar, descrito como Deuterodon iguape, sendo que a principal diferenca entre este
género e Astyanax € a forma como os dentes do dentario decrescem, gradualmente e abrupto,
respectivamente. Em 2002, Lucena & Lucena propuseram monofiletismo para Deyterodon
porém consideram trés espécies como nao relacionadas a Deuterodon, dentre elas, D. pedri.
Pereira (2010), expande Deuterodon para incluir novamente D. pedri e D. parahybae.

O género Astyanax abrange peixes conhecidos popularmente como piabas ou lambaris,
sendo um dos géneros dominantes na América do Sul (Géry, 1977). Os lambaris sdo peixes
ndo-migratorios, com fecundagdo externa e auséncia de cuidado parental (Vazzoller &
Menezes, 1992). Esse género compreende mais de 107 espécies e €, juntamente a
Hyphesobrycon, o maior e mais diverso género dos caraciformes (Eschmeyer, 2007; Lima et
al., 2003.


http://www.igam.mg.gov.br/

A scabripinnisé caracterizada como “complexo de espécies”, exibindo grandes
variedades morfologica e cariotipica (Moreira-Filho & Bertollo, 1991). Sdo peixes pequenos,
gue habitam a cabeceira de afluentes (Caramaschi, 1986). Dessa forma, os canais de grandes
rios atuam como barreiras para populacdes de afluentes distintos, seja pela competicdo com
outras espécies ou por diferentes predadores, restringindo o fluxo génico e reforcando a
condicao alopatrica entre eles (Kavalco & Moreira-Filho, 2003).

Cromossomos B foram detectados em diferentes populacbes de A scabripinnis,
normalmente caracterizados como macro metacéntricos, com tamanho semelhante ao do
primeiro par do cariétipo (Salvador & Moreira-Filho, 1992; Maistro et al., 1992; Néo et al.,
2000). Algumas populacdes apresentam cromossomos B muito pequenos, correspondendo a
microcromossomos (Rocon-Stange & Almeida-Toledo, 1993; Mizough & Martins-Santos,
1997). A bacia do rio Santo Anténio, Minas Gerais, Brasil, abriga assembléias de peixes
distintas, como o registro de cinco espécies de Astyanax, incluindo, A. scabripinnis (Vieira,
2009).

Diversos mecanismos podem definir o sexo de um organismo, como determinacao
sexual haplo-diploide (Hasselmann et. al, 2008), por temperatura (Ospina-Alvarez & Piferrer,
2008) e genética (Idnurm et. al, 2008). A determinacdo sexual genética é mais estavel do que
estimulos ambientais, portanto, € mais provavel de originar cromossomos sexuais.

Os cromossomos sexuais derivaram-se independentemente muitas vezes, em animais e
plantas, de cromossomos autossomais (Bull, 1@38@arlesworth & Charlesworth, 2000),
diferindo no contetdo génico e, muitas vezes, na morfologia. A selecdo sexual antagonista,
gue prové vantagem reprodutiva a um sexo, foi proposta como a causa principal da evolucéo
dos cromossomos sexuais (Rice, 1987).

Peixes apresentam sistemas sexuais simples e multiplos, com heterogametia masculina
ou feminina (Almeida-Toledo & Foresti, 2001). Apesar disso, a maioria das espécies desses
organismos nao apresenta cromossomos sexuais diferenciados (Venere et al., 2004). O
sistema ZZ/ZW, comum em anfibios (Busin et al., 2008), répteis (Modi & Crews, 2005) e
passaros (Kawai et. al, 2007), foi descrito em diversas familias de peixes (Bertollo &
Cavallaro, 1992; Matsuda et al., 1998; Ross et al., 2009; Noleto et al., 2009).

Assim, este trabalho tem como objetivo caracterizar citogenetica e molecularmente
individuos de Deuterodon pedri e de Astyanax scabripinnis da bacia do rio Santo Anténio
coletados na regido do municipio de Ferros, visando obter dados que possam auxiliar na

determinacao objetiva do grau de endemismo de Astyanax scabripinnis e Deuterodon pedri



desta drenagem, além da descricdo do primeiro sistema de cromossomos sexuais encontradc

em Astyanax.
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2. Objetivos

2.1 Objetivo geral

Caracterizar citogenetica e molecularmente individuos de Astyanax scabripinnis
Deuterodon pedri da bacia do rio Santo Antdnio, coletados na regido do municipio de Ferros,
Minas Gerais, visando obter dados que possam auxiliar estudos citotaxonémicos sobre o
género, subsidiando melhor compreensdo da filogenia de Astyanax e suas relacbes com

Deuterodon.

2.2 Objetivos especificos

e Descrever o numero e a morfologia dos cromossomos de espécimes Astyanax
scabripinnise Deuterodon pedri;

e Determinar a localizacéo das regifes organizadoras de nucléolo (NORS) nos
cromossomos das duas espécies;

e Determinar os padrdes de distribuicdo de heterocromatina (Banda C) nos
cromossomos das duas espécies;

e Realizar hibridizacao in situ por fluorescéncia (FISH) nos cariotipos;

e Obter sequéncias moleculares dos genes COIl e RAG2 dos espécimes coletados.



Este artigo foi submetido a revis
Genetica ISSN: 0016-670y no
dia 03 de fevereiro de 2014.




3. Capitulo 1

First record of sex chromosomes in the genus Astyanax Baird and Girard, 1854

(Teleostei, Characidae)
N. Coutinho-SanchésJ. C. Zanuncfoand J. A. Dergam

YL aboratorio de Sistematica Molecular “Beagle”, Departamento de Biologia Animal,
Universidade Federal de Vicosa, Vicosa, Minas Gerais, Brazil

2BIOAGRO, Departamento de Biologia Animal, Universidade Federal de Vicosa, Vicosa,
Minas Gerais, Brazil

Abstract

The fish genus Astyanax represents one of the most successful taxa in the Neotropical
region and is characterized by high levels of karyotypic diversity. The high degree of
morphological and cytogenetic variation observed within and among the Astyanax
scabripinnis populations have been interpreted as evidence of species complex. One
population ofA. scabripinnis from southeastern Brazil revealed a diploid number of 2n=50,
high variability of supernumerary chromosomes and karyotypic formulae characterizing the
males and females. This involves a ZZ/ZW sex chromosome system, the first report for this
genus. The W chromosome presents a nucleolar organizer region, accumulation of repetitive
sequences and a unique pattern of heterochromatin. On reviewing the demographic and
ecological characteristics of this species complex, it is proposed that this sex chromosome
system was fixed because of the small population dynamics in the Santo Antbnio River
headwaters. This features this population as distinct evolutionary unit within this fish complex

and highlights the biological relevance of the fish fauna of Santo Antdnio River.

Keywords: B chromosomes; biodiversity; chromosome evolution; microsatellite; ZZ/ZW

system.



Introduction

Order Characiformes includes one of the three major freshwater fish groups in the
world, exceeding 1,600 species, found in Africa, south-western North America and Central
and South America (Nelson 2006). Most Characiformes families reveal monophyly
(Weitzman 1954; Roberts 1973, 1974; Vari 1979, 1995; Buckup 1993; Toledo-Piza 2000;
Zanata and Vari 2005), although there is no consensus on this condition for Characidae
(Javonillo et al. 2010; Oliveira et al. 2011). The genus Astyanax Baird and Girard 1854
included in this family, is composed of over 100 valid species (Eschmeyer 2013), with some
of them being categorized under the phylogenetically unresolved “C clade” (Javonillo et al
2010; Oliveira et al. 2011). This species range in distribution from the southern United States
to northern Argentina, occurring from coastal streams to high altitudes (Eigenmann 1927).

Astyanax scabripinnis (Jenyns 1842) was described based on the material that Charles
Darwin collected in Rio de Janeiro State, Brazil (Fig. 1). In 1927, Eigenmann considered that
specimen samples of this fish from the coastal Paraiba do Sul and Doce rivers also fitted the
original description, and extended it to include fish having 33-38 scales on the lateral line; 6
scales above and 5 scales below the lateral line; 17-23 anal fin rays; 2.66-3.26 depth; 3.2-
times head length on standard body length and 2.75-3.2 times interorbital distance on head
length. Using Eigenmann’s criteria, some populations from the basins of continental Sdo
Francisco and the Upper Paran& have also been identified as A scabripinnis (Moreira-Filho &
Bertollo, 1991).

Jim and Toledo (1975) were the first to perform cytogenetic studies on Astyanax
species. Since then, 18 species of this genus have been karyotyped (Daniel-Silva and
Almeida-Toledo 2001; Almeida-Toledo et al. 2002; Carvalho et al. 2002; Kavalco and
Moreira-Filho 2003; Fernandes and Martins-Santos 2004; Gross et al. 2004; Kavalco and
Almeida-Toledo 2007; Kavalco et al. 2007; Medrado et al. 2008; Kantek et al. 2008; Torres-
Mariano and Morelli 2008; Kantek et al. 2009 ; Kavalco et al. 2009; Rosa et al. 2009;
Kavalco et al. 2010; Martinez et al. 2012; da Silva et al. 2012), covering about 190
populations or nominal taxa. Cytogenetic studies revealed a high variation in the diploid
number (2n=36-50) (Daniel-Silva and Almeida-Toledo 2001; Vicari et al. 2008b),
supernumerary chromosomes that show variation in size, morphology and composition

(Fernandes and Martins-Santos, 2005) as well as polymorphisms in the heterochromatin and



nucleolar organizer regions (Kantek et al. 2009) for the Astyanax species. However, sex
chromosomes have not been reported for them.

The high degree of morphological and cytogenetic variation observed within and
among the A. scabripinnis populations have been interpreted as evidence of species complex
(Moreira-Filho and Bertollo 1991; Ferro et al. 2003; Mantovani et al. 2004). Population
variations have been attributed to geographic isolation, with this species being associated with
isolated headwater environments. Ecological barriers, such as large rivers may restrict the
gene flow and due to competition with other species, can enhance allopatry (Kavalco &
Moreira-Filho 2003.

Cytogenetic studies on A scabripinnis have mostly been conducted in the basins of the
Upper Parana, Séo Francisco and others distant from the type-locality. Eigenmann included
the Santo Anténio River Basin (SAR), part of the coastal Doce River Basin (Fig.1), within the
A. scabripinnis distribution range. As the SAR supports five endangered fish species and a
sizable portion of the fish diversity of the entire basin (Vieira 2009), it is accepted as one of
the highest priority regions for conservation in the Minas Gerais State, Brazil (Drummond et
al. 2005

The objective of this study was to identify the karyotype of an A scabripinnis
population from the municipality of Ferros in the Santo Antonio River. To attain a more
complete assessment of the taxonomic nature of this population, the cytogenetic data were
complemented with a phylogenetic analysis of a 604 base pair fragment of the mitochondrial
cytochrome oxidase subunit | (COI). The results were compared with the A scabripinnis gene
sequences as well as with those from other Astyanax spp. from other basins, available in the
GenBank.

Fig. 1 Localites where Astyana
scabripinnis populations have been studi
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Materials and Methods

Twenty-nine A. scabripinnis specimens (25 females and four males) were collected in
the Santo Antdnio River in Minas Gerais State, Brazil (19°13'58S, 43°01'20W), and
transported alive to the Laboratory of Molecular Systematics “Beagle” of the Universidade
Federal de Vicosa (UFV), Vicosa, Minas Gerais, Brazil. Voucher specimens were added to
the scientific collection of the Museu de Zoologia Jodo Moojen of UFV (MZUFV 4146 and
MZUFV 4147). Prof. Jorge Abdala Dergam was issued collecting permit SISBIO 14975-
and the study was conducted strictly adhering to the recommendations proposed by the
Federal Council of Biology and approved by the Ethics Committee on Animal Use of the
UFV (permit 059/2013). The animals were anesthetized and sacrificed using clove oil
(Lucena et al. 2013), taking maximum efforts to minimize suffering.

Morphology and morphometric data were obtained according to Eigenmann (1927).
The DNA was extracted from the ethanol-preserved liver, muscle or gill tissues (Boyce et al.
1989). Fragments of cytochrome oxidase subunit | (COI) from four specimens (two males and
two females) were amplified using the FishF1 (5’-TCAACCAACCACAAAGACATTGGCA-

3”) and FishR1 (5’-TAGACTTCTGGG TGG CCAAAGAATCA3’) primers (Ward et al.

2005). PCR reactions were performed using 12.5pL with 8.575uL H20, 1.25uL buffer 10X
(200mM Tris-HCI at pH 8.4, 500mM KCI), 0.3125uL MgCI2 (100mM), 0.05uL dNTPs
(20mM), 0.125uL of each primer (10uM), 0.0625uL (2.5U) Taq polymerase (Phoneutria) and
2ul DNA(100ng.ul-1). Amplification was performed at 95°C (5 minutes), with 36 cycles of
95°C (30 seconds), 52°C (1 minute) and 72°C (1 minute and 30 seconds), with a final
extension at 72°C (7 minutes). The amplified product was purified with saline precipitation
(PEG 8000) (20% polyethyleneglycol, 2.5 M NaCl) and sequenced at Macrogen Corp., South
Korea. The sequences were aligned with the CLUSTAL W (Higgins et al. 1994),
implemented in software MEGA 5.0 (Tamura et al. 2011). GenBank accession numbers for
COl are reported il\ppendix II. The model of molecular evolution that best fit the data was
selected using Akaike information criterion, according to the MrModelTest software 2.3
(Nylander 2004). The Bayesian inference (MB) (Huelsenbeck and Ronquist 2001) analysis
was performed using ten million Markov Chain Monte Carlo (MCMC) and a phylogenetic
tree was sampled every thousand generations. Of the initial trees, 25% were rejected and the
remaining ones were used for consensus topology. A maximum parsimony analysis was
conducted in PAUP 4.0b10 (Swofford 2002) and heuristic searches included 1000 random
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additions of sequences using the algorithm TBR. The phylogenetic signal was estimated using
1000 pseudo replications of bootstrapping (Felsenstein)1985

Mitotic chromosomes were obtained from fish cephalic kidney cells (Bertollo. et al
1978). Nucleolar organizer regions (NORs) were detected by using silver nitrate staining
according to Howell and Black (1980). Heterochromatin was identified by C-banding
(Sumner 1972) incorporating the following modifications: slides were left for one week and
then treated for 5 minutes in 0.2 N HCI, 1 minute and 30 seconds in Ba(OH)2.8H20 5% and
one hour in 2XSSCFISH experiments with the microsatellite probes were performed as
described Kubat et al. (2008), with slight modifications. The labeled oligonucleotides
d(CA)15 and d(GA)15 were used as probes. These sequences were directly labeled with Cy3
at 5 terminal during synthesis by Sigma (St. Louis, MO, USA). The chromosomes were
counterstained with DAPI (1,29/ml), and mounted in antifade solution (Vector, Burlingame,
CA, USA). The chromosomes were identified with an Olympus BX53 epifluorescence
microscope using the cellSens Dimension® software and measured using Image Pro Plus®
and categorized as metacentrics (m), submetacentrics (sm), subtelocentrics (st) and

telocentrics (t) (Levan et al. 1964

Results

The A. scabripinnis specimens showed the following features: 33-38 scales on the
lateral line, 6 scales above the lateral line, 4-5 scales below the lateral line, 21-23 anal fin
rays, 2.9-3.2 depth, 4-4.3 times head length on standard body length and 2.8-3.2 times the
interorbital distance on the head length.

The COI sequences allowed an alignment of 604 bp. The best model of molecular
evolution was GTR+I+G. The cladogram revealed the close relationship between the SAR
population and the populations of A scabripinnis and Astyanax intermedius from the Paraiba
do Sul Basin and Astyanax ribeirae from the Upper Parana Basin (Fig. 2).

Characteristic differences in the karyotypes of the male and female specimens were
detected by Giemsa staining, silver nitrate impregnation and C-banding. The A chromosomes
revealed diploid number 2n=50 with the female karyotypic formulae composed of
6m+13sm+19st+12t (Fig. 3a), and the males showed 6m+14sm+18st+12t (Fig. 3b).

Nine specimens (eight females and one male), revealed the presence of B

chromosomes varying in number from zero to three chromosomes per metaphase, within the
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specimens. Five types of B chromosomes were observed: submetacentigs (B
subtelocentrics (&), telocentrics (B), small subtelocentrics (B and microchromosomes (b)
(Fig. 3g). The only male to have a B chromosome hagya BORs were multiple (Figs. 3c,
d) and varied showing four to 11 markings on the short arms of the sm and st chromosomes.
The C-banding showed low heterochromatin content (Figs. 3e, f). Heterochromatic
blocks were pericentromeric in chromosome pair numbers 1, 2, 3, 5, 8, 12, and the Z
chromosome as well; centromeric blocks were seen on the short arm of chromosome pair
numbers 20, 21, and 23; they were also found along the short arm and interstitial chromosome
number 22; they were centromeric and interstitial on chromosome pair number 10;
centromeric and pericentromeric on the short arm of chromosome pair 14; pericentromeric,
interstitial and telomeric on the large arm of the W chromosome. Finally, the chromosome
pair numbers 7, 11, and 15 showed heteromorphic heterochromatin patterns.
The microsatellites (GA3 and (CA)s (Fig. 4a, b) wergreferentially accumulated in
the telomeric regions of most of the chromosomes, and accumulated in the centromeric and
pericentromeric regions of some chromosomes. The W chromosome showed both sequences

(GA)15 and (CA)s, whereas the Z chromosome accumuleted only the microsaf€lides.
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Fig. 2 Bayesian cladogram based on cytochrome oxidase subunit | of Astyaaipinis from Santo Antdnio
River and Astyanax spp. sequences retrieved from GenBank. Nuatimsses branches are Bayesian posterior

probability and maximum parsimony bootstrap, respectively

Discussion

The SAR A scabripinnispopulation fits with most of Eigenmann’s (1927)
morphological criteria, showing only a slightly higher variation in the scales below the lateral
line, a lower variation in the anal fin ray counts and body depth and a larger variation in head
length/standard body length. Small morphological differences were also recorded for A
scabripinnis from thecontinental Upper Parand and S&o Francisco basins (Moreir&-Filho
Bertollo, 1991). Further, the molecular data indicate that the SAR population is more closely
related to A scabripinnis and A. intermedius from the Paraiba do Sul Basin as well as to A
ribeirae from the Upper Parana Basin than to other Astyanax populations. COI data have been
successfully applied to aid in species identification (Remigio and Herbert 2003; Hebert et al.
2004), including fish (Ward et al. 2005), although cryptic variation and undetected taxonomic
diversity have also been reported (Hebert et al. 2004; Witt et al. 2006; Smith et al. 2007
A scabripinnis from the SAR population revealed a diploid number similar to most
populations of this fish studied (Kavalco and Moreira-Filho 2003; Santos et al. 2012a, b) and
it was assumed to be plesiomorphic for the species complex (Vicari et al. 2008b). However,
the karyotypic formulae found among the Santo Antbnio River populations were very
different from all the others (Appendix |

The consistent finding of a heteromorphic chromosome pair in the females and its
homomorphic analogue in the males indicates the presence of a ZZ/ZW sex chromosome
system in the SAR population. Apparently, sex chromosomes were absent at the base of fish
phylogeny and they originated independently within a few genera and families from a pair of
undifferentiated proto-sex chromosomes (Vicari et al. 2008a). The presence of the
heteromorphic sex chromosome system in some Neotropical fish groups, therefore, represents
a synapomorphic condition in isolated cases and may define the natural taxa, such as
Triportheus spp. (Artoni and Bertollo 2002). In other cases, the sex chromosomes are found
limited to some species within the genus such as Leporinus (Galetti Jr. and Foresti 1986) and
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Fig. 3 Karyotypes after Giemsa staining @, Ag-NOR (c, d) and C-banding (e, f) of male (a, c, €) and female
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Giemsa staining (g) and C-band (h) of the same population. bisatsAg-NOR bearing chromosomes
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Fig. 4 Karyotypes after fluorescent in situ hybridization using (s£9) and (CA)s (b) microsatellite probes

family Parodontidae (Centofante et al. 2002). Four out of the seven cytotypes of Hoplias
malabaricus have independently evolved sex chromosome systems (Bertollo et al. 2000).

In A scabripinnis, the presence of an W chromosome larger in size than the Z is a
pattern also evident in the other Neotropical fish species such as Leporinus spp. (Galetti et al.
1995), Parodon hilarii Reinhardt 1866 (Moreira-Filho et al. 1993) and Semaprochilodus
taeniurus Valenciennes 1817 (Feldberg et al. 1987). Among the Characidae, the ZZ/ZW sex
chromosomes are most frequently seen, although they are found restricted to the Triportheus
spp. (Artoni and Bertollo 2002), Serrapinnus notomelas (Eigenmann 1915) and Serrapinnus
sp. (Santi-Rampazzo et al. 2007). Approximately 75% of the sex chromosomes which have
been reported among the Neotropical ichthyofauna correspond to female heterogamety (Cioffi
et al. 2012
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Chromosomes bearing the sex-determining genes and sexually antagonistic genes
(which include alleles that positively affect one gender, but negatively afffect the other), as
the proto-W chromosomes, tend to accumulate other genes that are beneficial to one sex (Rice
1987). The suppression of the crossing-over of the sex-determining region becomes
advantageous under those conditions (Charlesworth et al. 2005), generally achieved via
pericentric inversions, is a phenomenon which holds these sex-linked genes together
(Kirkpatrick 2010). This seems to be true for the W chromosome of the SAR A scabripinnis
population.

The percentage of specimens carrying B chromosomes in this study was similar to that
of this fish population from the Yukatan, Aguas do Rancho (Mizoguchi and Martins-Santos
1997) and Tatupeba Streams (cytotypes | and Il) (Fernandes and Martins-Santos 2005). More
than 50% of the A. scabripinnis populations in the Fojo River, Carpas Lake, Lavrinha Farm,
Capivari (Ferro et al. 2003and Cascatinha streams (Maistro et al. 2001) revealed the
presence of the supernumerary chromosomes. The highest incidence of the B chromosomes
was 100% in the populations of the Pedras (Salvador and Moreira-Filho 1992) and Tatupeba
streams (cytotype Ill) (Mizoguchi and Martins-Santos 1997). The proportions of the B-
bearing specimens in the Grande Creek varied with altitude along the river sections (Néo et
al. 2000b.

As in the A scabripinnis population from the SAR, several studies (Moreira-Filho et
al. 2004; Fernandes and Martins-Santos 2005) have identified the presence of variable
numbers of B chromosomes within and among the individual fish. However, the presence of
three or four supernumerary chromosomes in the same metaphase has been observed only in
the Jucu River (Rocon-Stange and Almeida-Toledo 1993) and Tatuapeba stream populations
(Fernandes and Martins-Santos 2005). This widely ranging variation may be due to the non-
Mendelian segregation of these chromosomes (Jones 1995). According to Camacho (2005),
high numbers of B chromosomes are harmful to specimens. Thus, the adults of a given
species may exhibit the maximum number of supernumerary chromosomes that they can
safely tolerate (Camacho 2005

The supernumerary chromosomes found in both sexes of the A. scabripinnis
population in the SAR were also observed in the populations from the Grande Creek (Néo et
al. 2000a, b), Pedras (Mestriner et al. 2000), Cascatinha (Maistro et al. 2001), Lavrinha Farm
streams, Fojo River, Capivari, Carpas Lakes (Ferro et al. 2003) and Tatuapeba Stream

(cytotypes Il and lll) (Fernandes and Martins-Santos 2005). However, the A scabripinnis
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populations from the Agua do Rancho River, Yukatan (Mizoguchi and Martins-Santos 1997),
Tatuapeba (cytotype I) (Fernandes and Martins-Santos 2005) and Cascatinha streams (Santos
et al. 2012a) showed B chromosomes exclusively in the females, and they were restricted to
only males in the populations from the Jucu River (Rocon-Stange and Almeida-Toledlo 1993

This wide diversity in the occurrence of the supernumerary chromosomes in A
scabripinnis shows a similarity to that observed for this fish population from the Grande
Creek (Néo et al. 2000a), Fojo River, Capivari, Carpas Lake, Lavrinha Farm (Ferro et al.
2003), Tatuapeba (Fernandes and Martins-Santos 2005) and Cascatinha streams (Santos et al
2012b). The Br and B chromosome types were also identified for the A scabripinnis
populations from the Tatupeba Stream (Fernandes and Martins-Santos 2005), although the
Bst observed in the Santo Antdnio River population is relatively shorter. Micro chromosomes
were also observed in the A scabripinnis population of another coastal river, the Jucu River
(Rocon-Stange and Almeida-Toledo 1993), as well as the Agua do Rancho (Mizoguchi and
Martins-Santos 1997) and the S&o Domingos streams (Alves and Martins-Santos 2002) the
two rivers of the upper Parana Basin.

Although B macrochromosomes yBare not present in the SAR population, this is
the most frequently supernumerary chromosome found in A scabripinnis from different river
basins (Salvador and Moreira-Filho 1992; Maistro et al. 1994; Souza and Moreira-Filho 1995;
Vicente et al. 1996, Porto-Foresti et al. 1997; Néo et al. 2000a, b; Mestriner et al. 2000;
Maistro et al. 2000a; Ferro et al. 2003). Its presence in other Astyanax species suggests an
ancient origin in this species complex (Néo et al. 2000a). TheMds then identified as an
isochromosome from the heterochromatin interstitial marking pattern, as well as by the
repetitive pattern of the DNAAsS51 probe in thg, Bhromosomes, coincident with the
markings on pair 24 (Mestriner et al. 2000). Chromosome microdissection and chromosome
painting studies confirmed this hypothesis (Vicari et al. 2011). Although the evolutionary
origins of B chromosomes are largely unknown, the same origin for Bs has been proposed
with different morphologies (Néo et al. 2000a); however, the supernumerary
microchromosomes may have evolved independently from other chromosomes (Mizoguchi
and Martins-Santos 1997).

The B chromosomes appear to have been derived from the A chromosomes via several
mechanisms, including aneuploidy, chromosome mutations such as Robertsonian
translocations and from specific A chromosome regions (Camacho 2005). The Bs and sex

chromosomes show similar condensatibgrondensation cycle patterns during meiosis and
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in size and morphology (Camacho et al. 2000). They are also exposed to similar chromosome
degeneration and inactivation processes. Both could have a common origin (homology) or a
convagence to a similar “phenotype” (analogy) (Camacho 2005). Supernumerary
chromosomes appear to be derived from the sex chromosomes in some species, as in the fly
Glossina (Amos and Dover 1981), the frog Leiopelma hochstetteri Fitzinger 1861 (Sharbel et
al. 1998) and the grasshopper Eyprepocnemis plorans Charpentier (LOpez-Ledn et al. 1994).
However, contrary to sex chromosomes, the B chromosomes are considered dispensable and
do not recombine with any A chromosome (Beukeboom 1994

The variation in the ANORs markings observed in the SAR population has also been
reported for the other A scabripinnis populations from two (Fernandes and Martins-Santos
2003; Vicari et al. 2011) to 15 (Rocon-Stange and Almeida-Toledo 1993) in the different
populations showing variations within and among the individuals. The highest number of Ag-
NORs in SAR is similar to that reported for one of the Piracuama River populations (Souza
and Moreira-Filho 1995). The A. scabripinnis of the coastal Jucu River Basin are
distinguished by 15 Ag-NORs markings and metaphases carrying up to four B chromosomes
(Rocon-Stange and Almeida-Toledo 1993). The W chromosome in this fish also showed an
Ag-NOR site in its short arm. This could have influenced the differentiation of this
chromosome, as it has been proposed for species of the Neotropical characid Triportheus
(Artoni and Bertollo 2002). Such associations of the Ag-NORs with sex chromosomes were
also reported in the Neotropical species viz., Hoplias malabaricus (Bloch 1794) (Born and
Bertollo 2000), Thoracocharax stellatus (Kner 1878) (Venere et al. 2008) and Characidium
lanei Travassos 1967 (Noleto et al. 2009).

Certain chromosomes of the SAR A. scabripinnis population show evidence of a
homomorphic pattern of heterochromatin similar to that seen in this fish population from the
Curral das Eguas Stream (Moreira-Filho and Bertollo 1991), and Jaguariaiva River Basin
(karyotypes B and C) (Vicari et al. 2008a) populations. Few A scabripinnis populations
(Moreira-Filho and Bertollo 1991; Souza and Moreira-Filho 1995; Mantovani et al. 2000;
Vicari et al. 2008b) showed interstitial heterochromatic blocks. Interstitial heterochromatic
regions, including those observed in the present study, may be explained by paracentric
inversions because the heterochromatic blocks are distributed preferentially in the proximal or
terminal chromosomes (Guerra 1988; Martins 2007), as reported for Astyanax sp.D (Kantek et
al. 2007). The constitutive heterochromatic regions of A scabripinnis in this study coincided

with the NORs markings on the short arm of W chromosome and chromosome pair number 7.
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There were heterochromatic regions also visible on the W chromosome in its pericentromeric,
interstitial and distal longer arm regions.

In the SAR A. scabripinnis population, the Z chromosome showed positive C-banding
in its centromeric region, assumed to be the beginning of the heterochromatinization process
of further development in the W chromosome, as observed in the Neotropical darter
Characidium (Vicari et al. 2008a). The differentiation between the sex chromosomes involves
the heterochromatin segments of either W or Y chromosome in some fishes, including the
Leporinus spp. (Galetti Jr. and Foresti 1986), Semaprochilodus taeniurus (Feldberg et al.
1987), and Poecilia latipinna (Sola et al. 1990). In most cases, an initial
heterochromatinization stage is followed by heterochromatin accretion, in which the W or Y
chromosomes increase in size (Centofante 2001; Martins 2007). The W chromosome in the
SAR population showed large portions of euchromatic regions, which although very small in
some species, may retain homology with the Z chromosome, as well as the sex-determining
genes, as reported for species of Triportheus (Artoni and Bertollo, 2002).

Chromosome pairs containing the heteromorphic heterochromatin seen in the SAR A
scabripinnis population were also observed in other populations of this species from the Claro
and Monjolinho rivers, and Viveiro das Mudas (Moreira-Filho and Bertollo 1991), Yukatan
(Mizoguchi and Martins-Santos 1997), Marrecas and Centenary streams (Mantovani et al.
2000). This heteromorphic pattern could be a result of the chromosomal orientation during
interphase. The telomeric regions may encourage genetic material transfer, due to the
equidistant position of non-homologous chromosomes, allowing the transfer of
heterochromatin (Schweizer and Loidl 1987).

The supernumeraryd and B; of A. scabripinnis population from SAR revealed the
presence of heterochromatin in the short arms and pericentromeric region, whereas the
microchromosome was completely heterochromatic. This fish from the Tatuapeba Stream
showed heterochromatic regions in the short arm and in the pericentromeric and telomeric
regions of the larger arm of the supernumeragy @ernandes and Martins-Santos 2005
which could explain the largersBsize compared with those of the present study. According
to Rejon et al. (1987), loss of the transcriptional activity triggered by the complete or patrtial
supernumerary chromosomal heterochromatinization can reduce any possible damage caused
by the presence of an extra chromosome in the karyotype. Furthermore, the presence of
heterochromatin prevents the pairing of A and B chromosomes, thus permitting further
differentiation of the Bs (Rejon et al. 1987
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The microsatellite (GA) and (CA)s distribution patterns of SAR A scabripinnis
population were preferentially telomeric in the autosonifs. dissimilar accumulation of the
repetitive sequenc€CA);s among sexual chromosomes, thAbsence 0fGA)is in the Z
chromosome, and its presence in the W one indicate a differentiation among homologues
These results are similar those of H. malabaricus (Cioffi et al. 2010), Triportheus auritus
(Cioffi et al. 2012a), Leporinusonirostris and.eporinusobtusidens (Poltronieri et al. 2013),
although inH. malabaricus the X chromosome accumulated few {(§&@ioffi et al. 2010)
Microsatellites are commonly accumulated in typically heterochromatic regions such as
telomeres, centromeres and sex chromosomes (Martins 2007; Cioffi et al. 2012a).
Nevertheless, repetitive sequences may accumulate differently even in closely related fish
species with the same sexual system (Poltronieri et al. 2013).

The presence of sex chromosomes in the SAR A scabripinnis population and its rarity
of occurrence within the genus warrant further considerations. Although genetic, temperature
or behavioural mechanisms may influence sex determination in fishes the presence of sex-
specific chromosomes can be advantageous in unpredictable environments (Wilson and
Makova 2009). The processes of sex chromosome differentiation may be explained by
antagonist sexual selection, where reproductive advantage is given to one sex over the other
(Rice, 1987). A reduction in the recombination of the sex-determining genes and genes
beneficial for sex-specific fitness with other genomic regions is the first step in the evolution
of dimorphic sex chromosomes (Rice 1996; Charlesworth and Charlesworth 2000). This
differentiation process occurs via genic, structural and/or conformational changes (Clark and
Wall 1996). Inversions, deletions and mobile sequence elements are inclined to become fixed
in regions of non-recombining Y and W chromosomes when recombination is suppressed
(Rice 1987; Steinemann and Steinemann 2005). Recently, molecular and morphological
research has classified Astyanax and other small-sized fishes in a phylogenetically unresolved
clade (Mirande 2009; Oliveira et al. 2011). This categorization is apparently derived from
sporadic hybridization occurring among the populations (Aguiar, personal communication), a
process that counters chromosomal differentiation within lineages. However, this does not
appear to be the case in the SAR A scabripinnis population, restricted to the Santo Antdnio
headwaters, which is a demographic and ecological condition that may facilitate the fixation
of chromosomal rearrangements (Sites and Moritz 1987) that could be rapidly eliminated in
large populations (McAllister 2000). In the SAR population, chromosome fixation enabled

the differentiation of a sex chromosome system and an overall divergence of the chromosome
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constitution and formulation from the more common conditions of other populations relating
to the same species complex. The cytologically unique features of the SAR A scabripinnis
show that this population is a distinct evolutionary unit within this fish complex and

highlights the biological relevance of the fish fauna of Santo Anténio.
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4. Capitulo 2

Cytogenetic and molecular characterization of Deuterodon pedri Eigenmann, 1907

(Teleostei: Characidae) suggest the existence of an ancient coastal group
Resumo

O género Deuterodon € considerado incertae sedis,e as relacfes filogenéticas entre suas
espécies ainda ndo sdo definidas. D. pedri € uma espécie endémica do rio Santo Antonio,
Minas Gerais, cujos estudos limitaram-se a comparagc6es morfoldgicas dentro do proprio
género. Os espécimes de D. pedri apresentaram nuamero dipléide 2n=50, com férmula
cariotipica 12m+12sm+20st+6t, pouca heterocromatina, regides organizadoras do nucléolo
em dois pares cromossémicos, 10 regides de hibridizagéo in situ por fluorescéncia @amm sond
18S e duas regides com sonda 5S. A arvore gerada com 0 gene citocromo oxidase subunidade
| mostrou queD. pedrie D. singularis possuem estreitas relacfes filogenéticas, formando o
clado 1, que se agrupa com o clado 2, composto por D. parabybgeape, Astyanax giton,
Astyanax intermedius, Astyanax ribeirae, A scabripinnis e P. heterostomus. Esses dois
clados, juntamente com S. typhlops, formam o clado 3. O cladograma do gene ativador de
recombinacd@ confirmou as relagdes filogenéticas entre D. pedri, D. iguape, P.
heterostomug S. typhlops. Os dados mostram similaridade citogenética entre D. pedri e D.
stigmaturus, e sugerem que Deuterodon forma um grupo polifilético, formado nas bacias
costeiras do Brasil, que teria se diversificado por dispersdo de peixes durante os periodos

glaciais e por captura de cabeceira.
Palavras-chave: bacias costeiras; biodiversidade; polifilia.
Introducao
Os Characiformes compdem uma das maiores ordens de peixes, possuindo mais de
1.600 espécies, subdivididas em cerca de 16 familias (Nelson, 2006). Dentro da Familia

Characidae, um conjunto de géneros, incluindo Deuterodon Eigenmann, 1907, foi
considerado incertae sedis (Lima et al., 2003). Estudos moleculares (Oliveira et al., 2011) e
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morfolégicos (Mirande, 2009) posteriores consideram Deuterodon e outros géneros como um
clado (“clado C”) caracterizado pela auséncia de grupos monofiléticos.

O género Deuterodon foi proposto por Eigenmann (1907) com base na presenca de
duas fileiras de dentes no pré-maxilar, dentes multicuspidados expandidos na porcéo distal e
dentes do dentario decrescendo gradualmente em tamanho posteriormente, a partir da sinfise
(Eigenmann, 1927). Porém, estas caracteristicas ndo sdo exclusivas, jA que Astyanax
obscurus, Astyanax taeniatus, Astyanax giton e Astyanax intermedius apresentam denticdo
semelhante (Melo & Buckup, 2006).

Deuterodon pedri Eigenmman 1908 é popularmente conhecido como lambari e sua
localidade tipo é o rio Santo Antbnio, no estado de Minas Gerais, sendo espécie endémica
desse rio (Lima et al., 2003). Esta espécie foi coletada pela primeira vez durante a expedicéo
Thayer (Eigenmman, 1917). Lucena e Lucena (2013) examinaram dois dos cinco sintotipos
da série de Eigenmann na descricdo de D. pedri e determinaram o lectétipo dessa espécie.
Lucena e Lucena (2002) colocaram D. pedri em condi¢cdo de incertae sedis, fora do grupo
monofilético proposto por eles e que inclui D. iguape (espécie-tipo), Deuterodon longirostris
Deuterodon rosgeDeuterodon stigmaturus, D. langei, Deuterodon suppabsuterodon
singularis.

Estudos realizados com a familia Characidae nao incluiram D. pedri. Mirande (2009),
através de andlises morfoldgicas, prop&grapo Hemigrammus” composto por Deuterodon
iguape, Deuterodon langei, Bario steindachneri, Pristella maxillaris, Hasemania nana,
Paracheirodon axelrodi, Probolodus heterostomus e algumas espécies de Moenkhausia,
Hyphessobrycon, Hemigrammus e Thayeria, sendo o clado Astyanax seu grupo irméo. As
andlises moleculares de Oliveira et al. (2011) mostraram estreita relagdo entre D. iguape com
P. heterostomus e Myxiops aphos, sendo Stygichthys typhlops e Coptobrycon bilineatus seu
grupo irmao, e todos eles inclusos no clado C de Javonillo et al)(2010

O rio Santo Anténio € um dos principais afluentes do rio Doce e possui individuos de
D. pedri em simpatria com cinco espécies de AstyaAatyanax bimaculatus, Astyanax
fasciatus, Astyanax scabripinnis, Astyanax taeniatus e Astyanax sp. (Vieira, 2009). O presente
estudo objetiva caracterizar citogenética e molecularmente a populacdo de D. pedri coletados
do rio Santo Antonio, municipio de Ferros, Minas Gerais, Brasil, comparando

molecularmente com as espécies D. parahybae, D. singularis e D. iguape.
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Material e métodos

Vinte e um espécimes de D. pedri (16 fémeas e cinco machos) foram coletados no rio
Santo Antbnio, no municipio de Ferros, estado de Minas Gerais, Brasil (19°13'58 S, 43°01'20
W), e transportados vivos para o Laboratorio de Sistematica Molecular “Beagle” da
Universidade Federal de Vigosa (UFV), Vicosa, Minas Gerais, Brasil. Os espécimes foram
tombados na colecé&o cientifica do Museu de Zoologia Jodo Moojen da UFV (MZUFV 4171).
A permissao de coleta foi emitida para o prof. Jorge Abdala Dergam (SISBIO 14975-1) e o
estudo conduzido aderindo estritamente as recomendacdes prorpostas pelo Conselho Federal
de Biologia e aprovado pelo Comité de Etica no Uso Animal da UFV (permissdo 059/2013).
Os animais foram anestesiados e sacrificados com o uso de 6leo de cravo (Lucena et al.,
2013).

Cromossomos mitéticos foram obtidos a partir de células do rim ceféalico dos peixes
(Bertollo et al. 1978). As regibes organizadoras do nucléolo (NORs) foram detectadas
utilizando coloracdo com nitrato de prata (Howell & Black, 1980). A heterocromatina foi
identificada por banda C (Sumner, 1972), com as seguintes modificacfes: as laminas foram
envelhecidas durante uma semana a 37 °C e entéo tratadas por 5 minutos em HC| 0.2 N, 1
minuto e 30 second@m Ba(OH).8H20a 5% e uma hora em 2XSSC. A hibridizac¢éo in situ
por fluorescénia (FISH) foi executada segundo Pinkel et al. (1986) , utilizando as sondas de
rDNA 18S (Cioffi et al., 2009) e rDNA 5S(Martins et al., 2006). As sondas foram marcadas
por “Nick translation” com biotina-14-dATP. A deteccéo de sinal e amplificacdo das snda
foram realizadas utilizando avidina-fluoresceina isothiocyanato (FITC) e anti-avidimabiot
conjugadas. Os cromossomos foram identificados com microscépio epifluorescente Olympus
BX53 utilizando o software cellSens Dimension® e as medidas foram feitas no Image Pro
Plus®, classificando os cromossomos como metacéntricos (m), submetacéntricos (sm),
subtelocéntricos (st) e telocéntricos (t) (Levan et al., 1964).

O DNA foi extraido a partir de figado, musculo e branquias preservados em alcool
(Boyce et al. 1989). As analises incluiram tecidos doados (Anexo Ill). Fragmentos de
citocromo oxidase subunidade | (COIl) dos espécimes foram amplificados utilizando os
primers FishF1 (5-TCAACCAACCACAAAGACATTGG CA- 3°) e FishR1 (5’-
TAGACTTCTGGGTGGCCAAAGAATCA- 3’) (Ward et al., 2005). As reacbes de PCR
foram realizados utilizando 12.5 pL, sendo 8.6 pL de H20, 1.25 pL de tampéao 10X (200 mM
de Tris-HCI com pH 8.4, 500 mM KCI), 0.31 puL de Mg@O00 mM), 0.05uL de dNTPs (20
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mM), 0.12 pL de cada primer (10 uM), 0.063 pL (2.5 U) de Tag polymerase (Phoneutria) e 2
pL de DNA(100 ngul-1). A amplificacéo foi realizada a 94 °C (2 minutos), com 35 ciclos de

94 °C (30 segundos), 50 °C (1 minuto) e 72 °C (1 minuto), com extenséo final a 72 °C (10
minutos). Fragmentos de gene ativador de recombinacdo-2 (RAG2) foram amplificados
usando o0s primersRAG2bF (5-GTRGARTAGTAGCGCTCCCA?’) e 176R (5’-
AGAACAAAAGATCATTGCTGGTCGGGS’) (Lovejoy, 1999). As reacdes de PCR foram
realizadas usando 12.5 pL, sendo 9.6 pL de H20, 1.25 pL de tampéo 10X (200 mM de Tris-
HCI com pH 8.4, 500 mM KCI), 0.31 puL de MgQn0o0 mM), 0.1 pL de dNTPs (20 mM),

0.12 pL de cada primer (10 uM), 0.063 pL (2.5 U) de Taq polymerase (Phoneutria) e 1uL de
DNA(100ngul-1). A amplificagéo foi realizada a 95 °C (5 minutos), com 36 ciclos de 95 °C
(30 segundos), 52 °C (1 minuto) e 72 °C (1 minuto e 30 segundos), com extenséo final a 72
°C (7 minutos). O produto amplificado foi purificado usando precipitacdo salina (PEG 8000)
(20% polyethyleneglycol, 2.5 M NaCl) e sequanciado na Macrogen Corp., South Korea. As
sequéncias foram alinhadas com CLUSTAL W (Higgins et al., 1994), implementado no
software MEGA 5.0 (Tamura et al., 2011). O numero de acesso ao GenBank para COIl e
RAG2 estdo no Anexo IV. O modelo de evolucdo molecular que melhor se encaixa aos dados
sera selecionado usando critérios de informacdo Akaike, de acordo com o software
MrModelTest 2.3 (Nylander, 2004). A andlise de inferéncia Bayesiana (MB) (Huelsenbeck
and Ronquist, 2001) foi realizada com dez milhdes de cadeia Markov Monte Carlo (MCMC)
e uma arvore filogenética foi amostrada a cada mil geracfes. Das arvores iniciais, 25 % foram
rejeitadas e as restantes foram utilizadas para topologia consenso. Uma analise de maxima
parciménia foi conduzida no PAUP 4.0b10 (Swofford, 2002) e buscas heuristicas incluiram
1000 adicBes aleatérias de sequéncias usando o algoritimo TBR. O sinal filogenético foi

estimado usando 1000 pseudo replicacdes de bootstrapping (Felsenstein, 1985).

Resultados

Os espécimes de D. pedri apresentaram numero diploide 2n=50, com formula
cariotipica 12m+12sm+20st+6t (figura la). A banda C evidenciou pouca quantidade de
heterocromatina constitutiva, distribuida na regido centromérica dos pares 1, 4, 5, 8, 11, 13,
14, 15, 16, 18, 20, 22, 24 e 25, e na regido intersticial do braco maior dos pares 8, 16 e 20
(figura 1b). A impregnacao por nitrato de prata nas regides organizadoras do nucléolo (Ag-

NORSs) evidenciou marcac¢des no braco menor de dois cromossomos submetacéntricos (figura
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2a) e de dois cromossomos subtelocéntricos. O FISH com sonda 5S marcou os bragos

menores de um par de cromossomos subtelocéntricos; enquanto que a sonda 18S mostrou 1C
marcacdes terminais: no braco maior do par metacéntrico maior, no bragco menor de um par de

cromossomos subtelocéntricos e um par de telocéntricos e no bragco maior e menor de um par
de cromossomos subtelocéntricos (figura 2b).

Foi realizado o alinhamento de 565 pb para COIl e 997 pb para RAG2. O melhor
modelo estimado com MrModeltest foi GTR+I+G e SYM+I+G para COl e RAG2,
respectivamente. A arvore da COI mostrou estreita relacdo filogenética entre De pedri
singularis, conformando o clado 1, enquanto que D. parahybageape apareceram como
membros do grupo irméo, o clado 2, e mais aparentados com Astyanax giton, Astyanax
intermedius, Astyanax ribeirae, A scabripinnis e P. heterostomus. Esses dois clados,
juntamente com S. typhlops, o caracideo de lencol freatico da bacia do rio Sdo Francisco,
compdem o clado 3 (Figura 3). A arvore da RAG2 confirmou as relacfes filogenéticas entre
D. pedri, D. iguape, P. heterostonasS. typhlops (Figura 4).

Discussao

Os resultados cariotipicos indicam uma grande diferenca com o cariétipo de D. pedri
indicado por Portalet al. (1988) os quais o descreveram como 2n = 14m/sm+36st/t. Porém, é
possivel que a espécie em questdo seja D. iguape, ja que o local de coleta, rio Ipiranga, faz
parte da bacia rio Ribeira de Iguape, na qual esta espécie foi descrita. Esta espécie teve sua
distribuicdo ampliada para a regido que abrange desde a ilha do Cardoso até o rio Quilombo,
estado de S&o Paulo (Lucena et al., 2002). Por esses motivos, os dados de Portela et al. (1988
serdo referidos como D. iguape.

O nuamero dipléide 2n=50 é considerado plesiomorfico para Astyanax (Vicari et al., 2008). Os
diferentes numeros dipléides encontrados em algumas populacfes sao atribuidos a fissGes e
fusdes dos cromossomos. D. pedri também apresentou 2n=50, assim como D. stigmaturus
(Mendes et al., 2011), D. iguape (Portela et al., 1988), H. nana (Moreira et al., 2007),
Moenkhausia sanctaefilomenae (Oliveira et al., 1988), P. heterostomus (Oliveira et al., 1988),
Hyphessobrycon pulchripinnis (Oliveira et al., 1988), Hemigrammus rhodostomus (Oliveira

et al., 1988), Moenkhausia intermedia (Portela et al., 1988) e Thayeria bd€hilkeira et

al., 1988).
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Fig. 1 Cariotipos de Deuterodon pedri apos coloragédo convencional por Gieredaafaja C (b).
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Fig. 2 Cari6tipos de Deuterodon pedri apos Ag-NOR (a) e FISH (b) com sondagelB®lfo) e 5S (verde).
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Fig. 3 Cladograma de Bayesiana baseado no gene citocromo oxidase subunidddeutetodon pedri e sequéncias de outras espécies retiradas do GenBank. Nameros
clados.

acima dos ramos séo probabilidade posterior de Bayesiana e bodéstrapxima parcimdémia, respectivamente. Nimeros circulados abaixo dosséamederentes aos

37



Stygichthys_typhlops

Deuterodon_iguape
100/100
o 97/65 |
® JD_5299_Deuterodon_pedri
100/100
@ CT_2463_Deuterodon_pedri

1 Probolodus_heterostomus

Hemigrammus_erythrozonus

Hasemania_nana

Hyphessobrycon_eques

Paracheirodon_axelrodi

Hyphessobrycon_herbertaxelrodi

Moenkhausia_sanctaefilomenae
100/80

Thayeria_boehlkei

Astyanax_aeneus

100/100

@

— ————— Astyanax_bimaculatus

Astyanax_mexicanus

Serrapinnus_notomelas

Fig. 4 Cladograma de Bayesiana baseado no gene ativador de recomidims;8euterodon pedri e sequéncias de outras espécies retiradas do GenBank. Nimros ac

dos ramos sao probabilidade posterior de Bayesiana e bootstrap depaséimdmia, respectivamente. Nimeros circulados abaixo dos ramoeséiatesfaos clados.

38



Embora o primeiro par de cromossomos metacéntricos seja constante e defina o
cariotipo dos caracideos (Kavalco et al., 2009), a forma dos demais cromossomos € altamente
variavel. Diferentemente de D. pedri, D. stigmaturus apresenta formula cariotipica
8m+6sm+2st+34t (Mendes et al., 2011) enquanto que D. iguape apresenta 14m/sm+36st/t
(Portella et al., 1988). Assim, os caridtipos de D. stigmaturus e de D. iguape assemelham-se
mais entre si do que com D. pedri.

A regido de heterocromatina constitutiva geralmente esta associada as regides
centromeéricas e teloméricas dos cromossomos (Martins, 2007). Esse padrdo é compartilhado
por D. pedri, D. stigmaturus (Mendes et al., 2011), Astyanax eigenmanniorum (Mendes et al.,
2011), Astyanax sp. (Medrado et al., 2012), A scabripinnis (Vicari et al., 2008), H. nana
(Moreira et al., 2007) e Hyphessobrycon eques (Martinez et al., 2012). Além disso, blocos
heterocromaticos intersticiais
foram encontrados em D. pedri, M. sanctaefilomenae (Portela-Castro et al., 2001; Hashimoto
et al., 2012)A scabripinnis (Moreira-Filho & Bertollo, 1991; Souza & Moreira-Filho, 1995;
Vicari et al., 2008), Astyanax altiparanae (Daniel-Silva & Almeida-Toledo, 2001), A giton e
A intermedius (Kavalco et al., 2007). Kantek et al. (2007) atribuiram as marcacfes
intersticiais observadas em Astyanax sp.D a inversdes paracéntricas.

A impregnacgdo por nitrato de prata evidenciou multiplas NORs em D. pedri, com
variacdes intra e interindividuais. Essa variagdo € comumente reportada para D. stigmaturus
(Mendes et al., 2011), M. sanctaefilomenae (Hashimoto et al., 2012), A scabripinnis (Vicari
et al., 2008) e A fasciatus (Pazza et al., 2006). Diferentemente de D. pedri, D. stigmaturus
(Mendes et al., 2011) e H. nana (Peres et al., 2008) apresentaram, respectivamente, oito e seis
marcacdes com a sonda 18S em regides terminais dos cromossomos. As espécies de Astyana
possuem grande variedade de nameros de rDNA 18S (Almeida-Toledo et al., 2002; Pazza et
al., 2006; Vicari et al., 2008; Mendes et al., 2011). A marcacao do sitio 18S esta ligada a
regido organizadora de nucléolos. Geralmente, o FISH com sonda 18S apresenta muito mais
regides organizadoras do nucléolo do que a impregnacao por prata, porque na hibridizacdo a
sonda interliga-se ao gene, enquanto a prata precipita apenas em NORs transcripégonalmen
ativas (Sumner, 2003).

Em D. pedri, o rDNA 5S esta presente em um par de cromossomos subtelocéntricos
homologos. O mesmo ocorre em algumas espécies de Astyanax, como A altiparanae
(Fernandes & Martins-Santos, 2006). Entretanto, a regido do gene 5S geralmente ocorre em

dois pares de cromossomos homodlogos: na regido proximal de um par de cromossomos
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metacéntricos, na maioria das espécies de Astyanax (Pazza et al., 2008), e na regido
telomérica de um par de cromossomos telocéntricos (Ferro et al., 2001; Almeida-Toledo et
al., 2002; Kavalco et al., 2004; Pazza et al., 2008; Ferreira-Neto et al., 2012). Apenas em A
giton e A intermedius foram encontrados mais de 10 sitios de 5S (Kavalco et al., 2004).
Assim, este carater ndo parece ser informativo para determinar grupos monofiléticos dentro
dos Characidae.

Os dados da COIl nédo sdo consistentes com analises morfolégicas que separam D.
pedri de algumas espécies de Deuterodon. D. pedri e D. parahybae, espécies antes
consideradas como nao verdadeiramente relacionadas com Deuterodon por ndo apresentaremn
todos os caracteres osteoldgicos que Lucena & Lucena (2002) consideraram sinapomorficos
para 0 género, mostraram grande similaridade com D. iguape e D. singularis, espécies
consideradas como parte da monofilia do género (Lucena & Lucena, 2002). Além disso, 0
cladograma da COI mostra D. pedri filogeneticamente mais aparentado a D. singularis,
enquanto que D. iguape € mais aparentado com D. parahybae, o que contraria a afirmacéo de
Pereira (2010) de que D. pedri e D. parahybae seriam mais aparentados entre si do que entre
as outras espécies do género. Além disso, a arvore da COI mostrou dois grupos de, Astyanax
clado 2 e clado 4, sendo que A intermedius, A giton, A scabripinnis, A ribeirae, D. iguape,

D. pedri eD. singularis agruparam com os mesmos individuos do clado 57 de Oliveira et al
(2011). A arvore da RAG2 reforca a proximidade de D. pedri e D. iguape.

Em termos de morfologia, o clado 3 é formado por individuos com dentices muito
distintas. As quatro espécies de Deuterodon, A. giton, A intermedius e A ribeirae possuem
duas fileiras de dentes no pré-maxilar e dentes do dentario decrescendo gradualmente
(Eigenman, 1921). A scabripinnis e S. typhlops possuem duas fileiras de dentes no pré-
maxilar, porém os dentes do dentario decrescem abruptamente (Eigenman, 1921; Moreira et
al., 2010). P. heterostomus possui dentes bem separados, sendo trés no prémaxilar, formando
apenas uma fileira, e cinco dentes de tamanho similar no dentario (Roberts, 1970), uma
especializacdo divergente derivada de sua dieta lepidofaga. A presenca de espécies com
diferentes denticbes nesse grupo e de A taeniatus no grupo irmao sugere que dentes do
dentario decrescendo gradualmente em tamanho posteriormente, a partir da sinfise
(Eigenmann, 1927) ndo podem ser considerados uma sindpmneonforme observado por
Lucena & Lucena (2002). A arvore de RAG2 reforca o estreito parentesco filogenético entre

D. pedri, D. iguape, P. heterostomus e S. typhlops.
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A existéncia de linhagens diferentes de Astyanax e a estreita relacédo de algumas de
suas espécies com outros géneros sao sustentados por estudos morfolégicos (Mirande, 2009) €
moleculares (Calcagnotto et al., 2005; Ornelas-Garcia et al.; 2808nillo et al., 2010),
sendo o género Astyanax considerado parafilético. Varias espécies de Bramocharax teriam
surgido a partir de Astyanax no México e na Ameérica Central (Ornelas-Garcia et al., 2008).
Da mesma forma, Eigenmman (1927) e Géry (1977) consideram Deuterodon estreitamente
relacionado com algumas espécies de Astyanax, o que é confirmado neste estudo, onde D.
parahybae e D. iguape estdo aparentados com Astgddrakolodus.

Todas as espécies que compdem o clado 3, exceto S. typhlops, tem distribuicdo
costeira. As bacias costeiras do Brasil comecaram a ser formadas durante a divisdo da
Gondwana (e.g. Ribeiro, 2006). Durante os periodos glaciais, a ictiofauna pode se difundir
entre as bacias costeiras devidobaxo nivel do mar, que favorece a confluéncia dos rios
adjacentes; durante os periodos interglaciais, niveis elevados de mar envolvem a parte inferior
de sistemas de drenagem, resultando em especiacao dentro de bacias hidrogréficas isoladas
(Weitzman et al., 1988). Além disso, a similaridade da ictiofauna entre bacias costeiras e
continentais podem ser explicadas por captura de cabeceira (stream)capamado de
padrdo C por Ribeiro (2006), em que eventos tectonicos causam a ligacdo entre bacias
hidrograficas antes isoladas, o que pode ocasionar compartilhamento de espécies (Ribeiro,
2006). A diversidade citogenética e molecular encontrada em Hoplias malabaricus pode ser
explicada por ambas as hipéteses (Pereira et al., 2013). As alteracGes eustaticas marinhas
foram consideradas relevantes para explicar os padrbes de espécies de Mimagoniates
(Weitzman et al., 1988) e de algumas espécies de Oligosarcus (Menezes, 1988). Este
processo também poderia explicar o estreito parentesco entre D pedri e D. singularis. As
principais bacias costeiras do Atlantico possuem grande sistema de ramificacdo de cabeceiras
gue encostam as cabeceiras do leste do Sdo Francisco (Buckup, 2011), o que pode ser a caus.
da similaridade genética entre S. typhlops e as demais espécies do clado 3, e sugere uma
antiga ligacao entre as bacias.

Estudos citogenéticos com as espécies de Deuterodon ainda sao incipientes, mas ja €
possivel notar certas similaridades entre os resultados de banda C, NOR e FISH com a sonda
18S de D. pedri e D. stigmaturus. As relagbes filogenéticas entre as espécies do clado 3
mostram que Deuterodon forma um grupo polifilético, com relacdes estreitas com os géneros

Astyanax, Probolodus e Stygichthys, provavelmente um clado antigo, formado nas bacias
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costeiras do Brasil, que diversificou tanto através da dispersdo de peixes durante os periodos

glaciais, quanto por captura de cabeceira.
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5. Concluséo geral

A presenca de um par heteromdérfico nas fémeas e homomorfico nos machos de A
scabripinnis, confirmado pelas técnicas de banda C, Ag-NOR e FISH com microssatélites,
indica a existéncia de sistema de cromossomos sexuais tipo ZZ/ZW, um fato inédito dentro do
género. Os dados moleculares indicam que esta populacdo esta estreitamente aparentada con
outras populacées com distribuicdo costeira.

O lambari endémico do Santo Antdnio, D. pedri, mostrou-se citogeneticamente similar
a D. stigmaturis nas técnicas de banda C, NOR e FISH com a sonda 18S. A arvore do gene
COl indicou que D. pedré estreitamente aparentado com outra espécie do mesmo género,
Deuterodon singularis, constituindo um clado polifilético com espécies de distribuicdo
predominantemente costeira.

Este trabalho avaliou, com ferramentas citogenéticas e moleculares, a biodiversidade
de peixes caracideos de pequeno porte da bacia do rio Santo Antdnio, enfatizando

caracteristicas unicas desta bacia e sua relevancia para a conservacgao.
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Anexos

Appendix | Cytotypes of Astyanax scabripinnis populations studied in the Neotropiatlilation: collection

site; 2n: diploid number; Bs: presence of B chomosome; NORs: number ofadmom carrying nucleolar

organizer regions

Population 2n Karyotypic formulae Bs NORs  Reference
Acungui River - Ribeira do Iguape 50 8m+18sm+10st+14t 0 2-10 31
Basin, coastal Basin
Agua do Rancho River (MaringadPR) 50 6m+28sm+16t 0-2 1-5 18, 19, 20
— Upper Parana Basin
Amores Stream (PR) - Ivai Basin, 48 8m+24sm+4st+12t 0 8 6
Upper Parana Basin
Apertados Stream (PR) - Upper Para 48 6m+22sm+4st+16t 0 - 4
Basin
Apertados Stream (PR) - Upper Para 72 9m+33sm+6st+24t 0 4 4
Basin
Barbosa Waterfall- Paranapanema 50 6m+16sm+14st+l4a 0 2 27
Basin, Upper Parana Basin
Barreiro Grande Stream (Trés Marias 50 6m+30sm+8st+6t 0 1-4 21
MG) — S&o Francisco Basin
Bicudos Creek (Brotas SP)— Upper 50 8m+20sm+14st+8t 0 - 22
Parana Basin
Cambeba Stream (MG) - Upper Para 50 8m+20sm+6st+16t 0 = &
Basin
Canta Galo Stream (ltirapiraSP)— 48 6m+22sm+8st+12t 0 1-3 30
Upper Parana Basin
Canta Galo Stream (ltirapiraSP)- 50 4Am+26sm+4st+16st 0 1-6 30
Upper Parana Basin
Capdo Bonito River - Paranapanem: 50 6m+16sm+14st+14a 0 2 27
Basin, Upper Parana Basin
Capivari Stream (Campos do Jordao 50 6m+22sm+10st+12t  0-1 1-4 7,8
SP)- Upper Parana Basin
Carpas Lake (Campos do JordasP) 50 6m+22sm+10st+12t  0-1 2-7 7,8
— Upper Parana Basin
Cascatinha Stream (BotucatsP)- 50 8m+22sm+10st+10t  0-1 1-4 11,13
Tieté Basin, Upper Parana Basin
Cascatinha Stream (BotucatisP)- 50 6m+16sm+14st+14t  0-2 3 27, 28
Tieté Basin, Upper Parana Basin
Cascatinha Stream (BotucatisP)- 75 9Mm+39sm+12st+15t 2 3 28
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Tieté Basin, Upper Parana Basin
Casquilho Creek (Campos do Jordao
SP)- Upper Parana Basin

Centenario Stream (MaringaPR)—
Upper Parana Basin
Cintra Stream - Tieté Basin, Upper
Parana Basin
Claro River (Salesépolis SP)- Upper
Parana Basin
Curral das Eguas Stream (S&o Gong:
do Abaeté- MG) — Sao Francisco
Basin
Fojo River (Campos do JordadsP)—
Upper Parana Basin
Funari Stream - Tieté Basin, Upper
Parana Basin
Grande Creek (Campos do Jord&P)
— Paraiba do Sul Basin (1800m altitud
Grande Creek (Campos do Jord&P)
— Paraiba do Sul Basin (1920m altitud
Grande Creek (Campos do Jord&P)
— Paraiba do Sul Basin (700m altitudt
indios River (PR) - Ivai Basin, Upper
Parana Basin
Jaguariaiva River (Cerrado State Parl
Jaguariaiva Basin, Upper Parana Ba:
Jucu River (Vitor Huge- ES)— Jucu
River Basin, Coastal Basin
Lavrinha Farm Stream (Campos do
Jorddo- SP)- Paraiba do Sul Basin,
Coastal Basin
Ligeiro River (Maringa& PR)— Upper
Parana Basin
Macacos River - Paraiba do Sul Basi
Machado Stream (MG) - S&o Francis:
Basin
Marrecas Creek (LondrinaPR)—
Upper Parana Basin
Monjolinho River (S&o Carlos SP)-

Upper Parana Basin

50

50

50

50

46

50

50

50

50

50

48

48

50

50

48

50
50

48

50

6m+22sm+10st+12t

6m+20sm+8st+16t

6m+20sm+14st+10a

6m+24sm+8st+12t

6m+22sm+8st+10t

6m+22sm+10st+12t

4m+18sm+16st+12a

6m+22sm+10st+12t

6m+22sm+10st+12t

6m+22sm+10st+12t

8m+20sm+6st+14t

10m+16sm+10st+12t

6m+8sm+36t

6m+22sm+10st+12t

10m+22sm+2st+14t

8m+20sm+8st+14t
6m+28sm+6st+10t

6m+20sm+12st+10t

6m+24sm+8st+12t

0-2

0-2

0-2

1-4

1-3

1-5

1-2

1-2

2-9

2-4

1-15

1-5

2-8

33

1, 14, 15,

16, 21

27

21

1,16, 21

7,8

27

7,23, 24

7,23,24

7,23, 24

31

25

19, 20

9, 10

1, 14, 15,

16, 21
21
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Pedra Branca Stream (MG)Paraiba
do Sul Basin
Pedras Stream (Campos do Jorddo
SP)- Upper Parana Basin
Pedras Stream (Campos do Jordao
SP)- Upper Parana Basin
Perdizes Creek (Campos do Jordéo
SP)- Upper Parana Basin
Piracuama River (TremembéSP)-
Paraiba do Sul Basin (1800m altitude
Piracuama River (TremembéSP)-
Paraiba do Sul Basin (780m altitude
Santo Anténio River (Cerrado State
Park) - Jaguariaiva Basin, Upper Pare
Basin
Santo Anténio River (Cerrado State
Park) - Jaguariaiva Basin, Upper Pare
Basin
Sao Domingos Stream - Ivai Basin,
Upper Parana Basin
Sarandi Creek (Maririg- PR)- Upper
Parana Basin
Tamandua Creek (ItatingaSP)-
Upper Parana Basin
Tamandua Creek (ltatingaSP)-
Upper Parana Basin
Tamboara Stream - lvai Basin, Uppe
Parana Basin
Tatupeba Stream (PR) - Ivai Basin,
Upper Parana Basin
Tatupeba Stream (PR) - Ivai Basin,
Upper Parana Basin
Tatupeba Stream (PR)Ivai Basin,
Upper Parana Basin
Verde River (Castro - PR) - Tibagi
Basin, Upper Parana Basin
Viveiro de Mudas Stream (Trés Mariz
— MG) - Sé&o Francisco Basin
Yukatan River (Maringa PR)— Upper

Parana Basin

50

50

75

50

50

50

48

50

48

50

48

50

48

46

48

50

50

50

50

6m+24sm+8st+12t

6m+22sm+10st+12t

9m+33sm+15st+18t

6m+22sm+10st+12t

6m+24sm+6st+14t

4m+10sm+6st+30t

10m+16sm+10st+12t

8m+18sm+10st+14t

10m+20sm+8st+10t

6m+26sm+4st+14t

6m+28sm+4st+10t

6m+26sm+4st+14t

10m+24sm+6st+8t

8m+22sm+6st+10t

8m+26sm+6st+8t

6m+22sm+6st+16t

8m+18sm+10st+14t

6m+30sm+8st+6t

6m+30sm+4st+10t

0

0-2

0-2

0-1

2-3

1-3

5-11

2-5

1-4

1-5

1-2

1-4

2-7

1-7

1-3

17, 26, 32,

33

5

33

29

29

31

31

19, 20

12

12

31

1,16, 21

18, 19, 20
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1- Abel et al (2006), 2 - Alves et al. (2002), 3 - Biavati & Maistro (2007),Gristina et al. (2003), 5 - Fauaz
et al (1994), 6 - Fernandes & Martins-Santos (2005), 7 - Ferro 2@]1}, 8 - Few et al. (2003), 9 - Kavalco
& Moreira-Filho (2003), 10 - Kavalco et.gR007), 11 - Maistro et al. (1994), 12 - Maistro et al. (2008 -
Maistro et al. (2001), 14 - Mantovani et al. (2000), 15 - Maamtidet al. (2004), 16 - Mantovaeial. (2005), T
- Mestriner et al. (2000), 18 - Mizoguchi & Martins-Santos (3929 - Mizoguchi & Martins-Santos (1998a) ,
20 - Mizoguchi & Martins-Santos (1998b), 21 - Moreira-Filho & Bertqll®91), 22 - Morelli et al. (1983), 23
Néo et al. (2000a), 24 - Néoadt (2000b), 25 - Rocon-Stange & Almeida-Toledo (1993), 26 -a8laiv&
Moreira-Filho (1992), 27 - Santos et al. (2012a), 28 - Santds @04.2b), 29 - Souza & Moreira-Filho (1995)
30- Souza et al. (1996), 31 - Vicari et al. (2008b), 32 - Vicarl.g2811), 33 - Vicente et al. (1996).

Appendix Il Cytochrome oxidase subunit | gene sequences of Astyanax species dintame&anBank

Species River Basin Genbank access number
Astyanax bimaculatus Paraiba do Sul GU702186.1
Astyanax bimaculatus S& Francisco HM405065.1

Astyanax biotae Upper Parana JN988716.1
Astyanax bockmani Upper Parana JN988728.1
Astyanax intermedius Paraiba do Sul GU702129.1
Astyanax fasciatus Séo Francisco JQ353547.1
Astyanax fasciatus Upper Parana JQ353558.1
Astyanax lacustris Sao Francisco HM404906.1
Astyanax parahybae Paraiba do Sul GU702088.1
Astyanax paranae Upper Parana JQ353605.1
Astyanax ribeirae Upper Parana JQ353623.1
Astyanax rivularis Séo Francisco JQ353631.1
Astyanax scabripinnis Paraiba do Sul GU702120.1
Astyanax schubarti Upper Parana JN988744.1
Astyanax thrierythropterus Upper Parana JN988749.1
Triportheus angulatus Brazil GuU060427.1
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Anexo Il Espécimes com tecidos doados utilizados para extracdo de DNA

Espécies Voucher
Astyanax giton CT 1929
Astyanax intermedius CT 1887

Astyanax taeniatus CT 2341

Doador
J. A. Dergam
J. A. Dergam

J. A. Dergam

Deuterodon iguape MCP 28769 C. A. S. Lucena

Deuterodon singularis ~ MCP 31834 C. A. S. Lucena

Instituicdo Localidade
UFV Bacia do rio Doce
URV Bacia do rio Doce
UFV Bacia do rio Doce
PUCRS Bacia hidrografica da

Baixada Santista

PUCRS Bacia do rio das Madres

Anexo IV Sequéncias do gene citocromo oxidase subunidade | e do gene ativador deesém¥d de

diversos espécimes retiradas do GenBank

Espécie

NuUmero do Gene
GenBank

Localidade

Astyanax abramis
Astyanax aeneus
Astyanax altiparanae
Astyanax belizanus
Astyanax bimaculatus
Astyanax biotae
Astyanax bockmanni
Astyanax fasciatus
Astyanax eigenmanniorum
Astyanax hubbsi
Astyanax lacustris
Astyanax intermedius
Astyanax mexicanus

Astyanax nasutus

JQ353527.1 COl

FJ439396.1 COl

JN988714.1 COl

FJ439401.1 COl

HM405065.1 COl

JN988722.1 COl

JN988727.1 COl

JQ353577.1 COl

JX111680.1 COl

FJ439389.1 COl

HM404906.1 COl

GU702130.1 COl

GU702225.1 COl

FJ439390L COl

Bacia do rio Paraguai
Ameérica Central
Bacia do rio Parana Superior
América Central

Bacia do rio Sdo Francisco

Bacia do rio Parana Superior
Bacia do rio Parana Superior
Argentina
América Central
Bacia do rio S&o Francisco
Bacia do Paraiba do Sul
EUA

América Central
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Astyanax orthodus FJ439407.1 Col Ameérica Central

Astyanax paranae JQ353620.1 Col Bacia do rio Parana Superior

Astyanax petenensis FJ439408.1 Col Ameérica Central

Astyanax rivularis JQ353631.1 CoOl Bacia do rio S&o Francisco

Astyanax schubarti JN988745.1 CoOl Bacia do rio Parana Superior

Deuterodon parahybae GU702111.1 CoOl Bacia do Paraiba do Sul

Henigrammus erythrozonus JF800988.1 COl -

Hyphessobrycon herbertaxelrodi FJ749053.1

Moenkhausia sanctaefilomenae FJ749056.1

Probolodus heterostomus GU702125.1 (e{0]] Bacia do Paraiba do Sul

Stygichthys typhlops HM405019.1 CoOl Bacia do rio Sao Francisco

Astyanax aeneus HQ289511.1 RAG2 -

5

3



Astyanax mexicanus HQ289510.1 RAG2 -

Hasemania nana FJ749104.1 RAG2 -

Hyphessobrycon eques AY804080.1 RAG2 -

Moenkhausia sanctaefilomenae AY804104.1 RAG2 -

Probolodus heterostomus HQ289451.1 RAG2

Stygichthys typhlops HQ289500.1 RAG2 -

5
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