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Evidenceof incipient speciation in Astyanax scabripinnis speciescomplex
(Teleostel: Characidae)

Jonathan P. Castrot, Mauricio O. Moura2, Orlando Moreira-Filho3, Oscar A. Shibatt&’,
Mateus H. Santos!, Viviane Nogaroto', Marcelo R. Vicarit, MaraC. de Almeidat, and
Roberto F. Artonit

Two populations of the Astyanax scabripinnis complex, isolated by a waterfall with over 100 meters depth and inhabiting
different altitudes of the sameriver (1850 ma.s.l. and 662 ma.s.l.) were compared in reproductive data, geometric morphometry,
tooth morphology, anal-fin rays counts, and karyotype, in order to test the hypothesis of speciation between the two populations.
Theresultsin the geometric morphometry analysis showed differences between the popul ations. Discriminant function analysis
(DFA) and canonical variance analysisreveaed sexual dimorphism. Secondary sexual characters, such ashooksintheanal fin
raysof the malesare absent in the lower altitude population. Both popul ations had the same macro karyotype structure, except
for the absence of B chromosomesin thelower altitude population. The fluorescencein situ hybridization showed differences
for both markers (18SrDNA and 5SrDNA), and reproductive data suggests pre-zygotic reproductive isol ation among the two
populations. The data showed the absence of gene flow, indicating that an incipient speciation process has occurred, which
leads the two populations to follow independent evolutionary pathways.

Duas populacfes do complexo Astyanax scabripinnis isoladas por uma queda d"adgua de mais de 100 metros de atura e
localizadas em diferentes altitudes do mesmo rio (662 m e 1850 m a.s.l.) foram comparadas através de dados de reproducéo,
cari6tipo, morfometria geométrica, morfologia dentéria, e nimero de raios da nadadeira anal, de modo atestar a hipétese de
especiacdo entre as duas popul agdes. Os resultados de morfometria geométrica mostraram diferencas entre as populacfes. A
andlise dafuncéo discriminante (DFA) eaandlise de varianciacandnica (CVA) demonstraram a presencade dimorfismo sexual.
Caracteres sexuai s secundarios, como ganchos em raios danadadeiraanal dos machos, estéo ausentes na populagdo de menor
atitude. Ambas as popul agcdes tém amesmamacro estrutura cariotipica, exceto pelaausénciade cromossomos B na popul agéo
de menor altitude. A hibridagéo in situ mostrou diferencas para ambos os marcadores (rDNA 18S e rDNA 5S), e os dados de
reproducdo sugerem isolamento reprodutivo pré-zigotico entre as duas populaces. Os dados mostram auséncia de fluxo
génico, indicando que ocorreu um processo de especiacdo incipiente, o que levaas duas popul agdes seguirem vias evolutivas
independentes.

K ey wor ds: Allopatric popul ations, Cytogenetics, Evol ution, Geometric morphometry, Paraibado Sul River.
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Introduction

Allopatric populations possess intrinsic variability in
morphological, genetic, and ontogenetic characters and this
is the raw material that makes such populations important
modelsfor the study of evolutionary diversification (Badyaev
etal., 2000).

Astyanax Baird & Girard, 1854 belongs to a fish group
that iswidely distributed across Central and South America,
representing one of the dominant taxaamong the freshwater
fishes of the region, with about 140 species distributed in
practically every freshwater environment in the Neotropical
region (Marinho & Lima, 2009; Eschmeyer, 2013). Thisgroup
is of particular interest in evolutionary studies aiming the
elucidation of interrelations between species (Vicari et al.,
20083).

During his expedition to Rio de Janeiro, Charles Darwin
collected aspecies of Astyanax “inasmall ditch”, whichwas
described by Jenyns (1842) as A. scabripinnis. Within the
genus, A. scabripinnisis recognized as a“ species complex”
based on itsmorphological and karyotypic variability (Moreira-
Filho & Bertollo, 1991). According to Bertaco & L ucena(2006),
species of this complex have “body deepest and heaviest in
area proximate to middle of pectoral fins, head heavy, snout
short and abrupt by tapering, body depth smaller than 41% of
SL (13-23%, usually 17-18%, rarely 22 or 23%), presence of
one or two humeral spots, and adark, midlateral, body stripe
extending to thetip of the middle caudal-finrays’. Its popula-
tions are restricted to small streams or headwaters of small
tributaries (Britski, 1972). Some popul ations have been iso-
lated for millions of years in different hydrographic basins
and are separated by hundreds of kilometers. Supernumerary
chromosomes or B chromosomes have been recorded for 21
populations of the A. scabripinniscomplex (Moreira-Filho et
al., 2004).

Two populations of the A. aff. scabripinnis complex, iso-
lated by awaterfall over 100 meters depth, located in the mu-
nicipal region of Pindamonhangaba, Paraiba do Sul River, in
the State of S&o Paulo, Brazil, in particul ar, possess character-
istics that make the study of the evolution of the group inter-
esting and representative. Both possessavery similar karyo-
type structure and are found in the sameriver, onegroup at an
altitude of 1850 m a.s.l., restricted to the headwaters of the
Ribeirdo Grande River, and the other in sympatry with other
speciesat an altitude of 662 ma.s.l.

The two populations were analyzed in the present study,
using various markers and methodol ogies, with the objective
of characterize these populations and test the hypothesis that
their differences are produced by speciation, as well as to
design an evolutionary scenario for their differentiation.

Material and M ethods

SampleChar acterization
Samples of 122 specimens of Astyanax aff. scabripinnis
(Fig. 1) were collected on September 2010 from two popul a-
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tions from the MataAtlantica (Atlantic Forest) biomein the
Ribeirdo Grande River, at municipio de Pindamonhangaba,
S8o Paulo, Brazil. Voucher specimenswere catalogued in the
Museu de Zoologia da Universidade Estadual de Londrina,
Londrina: MZUEL 5655, 59 specimens, 60.7-83.9 mm SL (27
malesand 32 females), 22°48' 24.60" S45°26' 55.80"W, 662 m
asl.; MZUEL 5656, 63 specimens, 46.0-81.0mm SL (28 males
and 35females), 22°43'59.22"'S45°27' 32.81"W, 1850 ma.s.l.
All fisheswere anesthetized using clove 110 oil (Griffithset
al., 2000), and euthanized before the assays, except for the
samples of the reproductive analysis. The species wasiden-
tified according to Melo (2001). All specimens were photo-
graphed for morphometric analysis, and parts of their inter-
nal tissuesremoved for cytogenetic and sexing confirmation
before being sent to the deposit into a museum. Some intact
specimenswere al so deposited for future morphol ogical and
taxonomic analyses. The source of the Ribeirdo Grande River
isfound at an altitude of approximately 1940 ma.s.l., located
in the municipio de Pindamonhangaba, in the State of S&o
Paulo. Soon after its source, at an altitude of approximately
1800 ma.s.l., isthe Santalsabel Dam (Hydroel ectric Power
Plant) and bel ow this point, the river descends steeply, reach-
ing an altitude of 650 m a.s.l. Soon after thistheriver crosses
aplain and itsmouth isfound on the | eft bank of the Paraiba
do Sul River, at an atitude of approximately 400 mas.l.

TheRibeirdo Grandeislocated on the plateau of Campos
do Jordé&o, Serrada M antiqueira, amountai nous region com-
posed of crystalline rocks, southeastern Brazil and belongs
to the basin of the Paraiba do Sul River. The landscape of
southeastern Brazil is the result of Cenozoic tectonic pro-
cessesthat followed the M esozoi c-Cenozoic reactivation and
opening of the basin of the South Atlantic Ocean (M odenesi-
Gauttieri et al., 2002). However, it is possibleto see changes
in the landscape by tectonic activity occurred more recently
during the Quaternary (Hirumaet al., 2001).

Fig. 1. Astyanax aff. scabripinnis. A - MZUEL 5656, 58,6mm
CP,1850masl. B - MZUEL 5655, 83, 5mm CP, 662 masl. Both
from Ribeir&o Grande, Pindamonhangaba, S&o Paulo, Brazil.
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GeometricMor phometry

Photos were taken using a Canon Powershot a495 cam-
era, with resolution of 10 megapixelsand at a standard focal
distance of 30 cm. TpsUtil 1.46 (Rohlf, 2010b) was used to
group and format the datainto a suitablefile format (file ex-
tension*.tps). A total of 17 anatomic landmarkswere sel ected
(Fig. 2), representing the overall form of the body. Landmarks
weredigitized using tpsDig 2.16 (Rohlf, 2010a). To determine
digitizing error, the process were repeated three times and
analyzed using Anova(Hammer et al ., 2001).

Next, Procrustes superimposition was carried out to elimi-
nate variationsin position, scale and orientation (Klingenberg,
2002), using Morpho J1.02j (Klingenberg, 2011). Thismethod
superimposes al the individuas, centralizing and adjusting
each configuration between homological marks, so that the
deformation generated by differencesin relation to the posi-
tion of anatomic points is caused by shape variation. These
deformations are known as partial deformations (Bookstein,
1991).

Thedifferencesin body shape between populations were
determined using canonical variable analysisassociated with
multivariate variance andysis(MANOVA/CVA). Discriminant
function analysis (DFA) was also performed to verify sexual
dimorphism. All analyses were done in Morpho J 1.02j
(Klingenberg, 2011).

Morphological Analysis

Ten specimens of each population were analyzed in
relation to the number of teeth of the maxillary, the number of
cusps on dentary teeth aswell as reduction of the size of the
teeth of the dentary. The numbers of unbranched and
branched rays of anal fin were also counted.

Fig. 2. Anatomical landmarks selected for morphometric
analysis: 1:Snout tip; 2: Posterior region of premaxilla; 3:
Anterior margin of eye; 4: Posterior margin of eye; 5: Dorsa
region of head; 6: Lower curve of opercle; 7: Upper curve of
opercle; 8: Anterior insertion of dorsal fin; 9: Posterior insertion
of dorsal fin; 10: Anterior insertion of adiposefin; 11: Posterior
insertion of adipose fin; 12: Dorsal beginning of caudal fin;
13: Ventral beginning of caudal fin; 14: Posterior insertion of
anal fin; 15: Anterior insertion of anal fin; 16: Insertion of
pectoral fin; 17: Ventral region of head.
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Scanning Electron Microscopy (SEM)

SEM was performed to visualize the presence of hooks
(secondary sexual characteristics) intheanal finsusing whole
specimens. The specimens were euthanized in deep anesthe-
sia(Benzocaine 1%) and immediately conserved in 70% al co-
hol. Without special preparation, the pectoral and pelvic fins
were submitted in natura to SEM analysis, under atmospheric
pressure. Theimages were captured using increases between
300X and 2,000X, lessthan 15 kV tension, with aFel Quanta
250 scanning €l ectron microscope.

Reproduction

After an acclimatization period of 24 hoursin thelaboratory,
reproduction tests were undertaken to check if there is
reproductive isolation between populations. The sex of the
specimenswas easily identified because maleswere expelling
the sperm by simple pressure on the animal belly. A total of 24
tests of coupleswere performed. The specimenswerekept in
individual aquariaat atemperature of 26°C and werefed twice
aday with ornamental fish feed. The coupleswere organized
asfollows: 1) 7 maevs. 7 femaefrom Ribeirdo Grande (662 m
as.l.); 2) 7maesvs. 7 fema esfrom Ribeirdo Grande (1850 m
asl.); 3) 5maes(662mas.l.) vs.5females(1850mas.l.) and
4)5males(1850 ma.s.l.) vs. 5females (662 ma.s.l.), withthe
couplesseparated inindividual aguariainal cases. The choice
of coupleswas performed randomly.

Seminatural induction was performed with an extract of
carp pituitary diluted in 0.9% saline solution, in a
concentration of 0.3 mg/mL, in a single dose for male
specimens, applied by intra peritoneal injection 12 hours
after application in females. In female specimens, the
hormone concentration used was 0.5 mg/mL (stock solution),
applied in two doses: thefirst with the aim of finalizing the
maturation of eggs with 10% of stock solution and the
second inducing spawning with the full hormone solution.
The time required for the reproduction process was about
24 hours. After spawning the parents were euthanized for
cytogenetic and morphometric analysis.

Cytogenetics

The construction of the population idiogram was
based on the standard karyotype described by Néo et al.
(2000), using the Easy Idio 1.0 program (Diniz & Melo,
2006). The locations of 18S rDNA and 5S rDNA in the
idiogram were created in accordance with results obtained
using fluorescence in situ hybridization (FISH) on mitotic
chromosomes. The mitotic chromosomes were obtained
using the technique described by Bertollo et al. (1978)
and allowed the presence of B chromosomes in the
karyotype.

Toidentify 18Sand 5SrDNA in the double FISH, an 18S
labeled probe was used, obtained from the nuclear DNA of
the Prochilodus argenteus Agassiz, 1829 (Characiformes:
Prochilodontidae) fish species (Hatanaka & Galetti, 2004),
usingtheNS15'-GTAGT CATATGCTTGTCTC-3 and NS8
5 -TCCGCAGGTTCACCTACGGA-3 primers(Whiteet al.,
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Fig. 3. Projection of Astyanax aff. scabripinnisindividualsalong thefirst two canonical axes. A: Projection of A. aff. scabripinnis
females; B: Projection of A. aff. scabripinnis males. Shape deformations (dark line) for each CV axesare showedinrelationto
thereference configuration (light line). RA (red): Ribeirdo Grande 662 ma.s.l.; RB (blue): Ribeiréo Grande headwaters 1850 m

a.s.|. Scalefactor of fish drawing: 10.0.

1990) and a 5S probe, obtained using the 5'-
TACGCCCGATCTCGTCCGATC-3 and B 5'-
GCTGGTATGGCCGTAGC-3 primers(Martins& Galetti, 1999).
The 18S probe was|abel ed using the Biotin Nick Translation
(Roche) kit, and the 5S kit waslabeled using Dig Nick Trans-
lation (Roche) according to manufacturer instructions.

Hybridization was performed under highly stringent con-
ditions (2.5 ng/iL probe, 50% formamide, 2X SSC, 10% dextrane
sulfate), according to the general procedures described by
Pinkel et al. (1986). Signal detection was performed with
Streptavidin Alexa Fluor (Invitrogen) and Anti Digoxigenin
Rodamine (Roche). The chromosomes were counterstained
with DAPI (0.2ig/mL) in Vectashield mounting medium (Vec-
tor), and analyzed with an Olympus BX 41 epifluoresence mi-
croscope coupled to the DP 71 (Olympus) image capturing
system.

Results

Morphological analysis

Measurement error analysis indicated that there were no
errorsin theallocation of landmarks (Wilks'slambda: 0.9058;
P=0.9998). Thediscriminant function analysis (DFA) showed
that there was sexual dimorphism (Wilks'slambda= 0.4026;
df1 = 170; f = 1.95, P < 0.0001), which therefore required
separate morphometric analysis of malesand females.

Female analysisindicated aclear separation between the
populations (using the Mahalanobis and Procrustes 10,000
permutation test for distance between the groups, all with P <
0.0001. Individuals from 1850 m a.s.l., corresponding to the
positive first quadrant, revealed a shorter length of the anal
fin base and dilation in the ventral region, near the pectoral
fin (landmarks 15, 16, and 17). Theseindividuals also had a
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thinner, flatter snout. The negative portion of the 1% canoni-
cal axis shows the population from 662 m a.s.l. had greater
length of the anal fin base, corresponding to points 14 and
15. The head region was more robust than in the other popu-
lation (landmarks 1, 2, and 3). It was observed that specimens
from this population had amore fusiform body (Fig. 3a).

The male analysis also indicated separation between
populations, and a pattern of morphological variation similar
to the female (using the Mahalanobis and Procrustes 10,000
permutations for distance test between the groups, al with P
<0.0001 (Fig. 3b).

Astyanax aff. scabripinnis (from 1850 ma.s.l.) usually has
asingletooth inthemaxillary (80%), or at most two. Theteeth
have up to five cusps and dentary teeth decreasing slightly
insizeuntil thefifth and abruptly from the sixth. Anal finwith
iii, 16 (5), 17 (3), or 18 (2) branched rays.

Astyanax aff. scabripinnis (from 662 m a.s.l.) has two
maxillary teeth (90%), or at most three (no specimen had only
one tooth). The tooth has seven cusps and dentary teeth
decrease smoothly even after thefifth. Regarding the anal fin
may occur iii-iv and 15 (1), 16 (3), 17 (2), 18 (2), or 19 (2)
branched rays.

In addition, examination of the anal and pectoral fins of
males showed significant difference between the Ribeiréo
Grande (662 m a.s.l.) and Ribeiréo Grande (1850 m as.l.)
populations. Malesfrom the Ribeirdo Grande (1850 ma.s.l.)
population had hooks that were rugged to the touch, both in
the pectoral fins and the ana fin. In contrast, the males of
Ribeirdo Grande (662 m a.s.l.) did not possessthese structures
(Fig. 4).

The two populations groups separate in the principal
component analysis(Fig. 5), (Tables 1-2).

Reproduction

Reproduction tests found that only breeding between
specimens from the same population produced offsprings.
Specimensof 10 interpopulational crossbreeding experiments

Table 1. Weight of variables, eigenvalue and percentage of
total variance of thefirst two axes of the principal component
analysis. The second axis was subjected to shear procedure.

did not spawn or release sperm, even with hormonal stimuli
andin the same controlled environmental conditionsinwhich
the remaining breedingswere performed.

Cytogenetics

Both populations shared a similar karyotype
macrostructure, proven by their idiograms (Fig. 6a, b), with
the diploid number 2n = 50 chromosomes, comprising two
metacentric pairs, 11 submetacentric pairs, five subtelocentric
pairs and six acrocentric pairs. Only the population from
Ribeirdo Grande (1850 m a.s.l.) possessed chromosome B,
completely heterochromatic equivalent in the morphology
(metacentric) and size to Pair 1 (Fig. 6a). In the population
taken from alower atitude (662 m a.s.l.) the presence of B
chromosomes was not registered, corroborating the findings
of Néoet al. (2000).

The analysis of the FISH pair in the two populations
indicated adifference in the number and location of the sites
of 18SrDNA and 5SrDNA (Fig. 7a, b). Four 18SrDNA sites
were identified, in the distal region of the short arm of one
submetacentric and one submetacentric pair in the Ribeiréo
Grande (1850 mas.l.) population (Fig. 7a), whilesix siteswere
located in the Ribeiréo Grande (662 m a.s.l.) population, in
one acrocentric pair and in two subtel ocentric pairs (Fig. 7d).

Of the 5S rDNA sites, six were located in the Ribeir&o
Grande (1850 ma.s.l.) population, in two acrocentric pairsand
one metacentric pair (Fig. 7b), whilefor the Ribeiréo Grande
(662 m a.s.l.) population, eight sites were located, in
subtel ocentric and acrocentric pairs (Fig. 7€). There was no
localization of 18Sor 5SrDNA on chromosome B unique to
the Ribeir&o Grande (1850 m a.s.|.) population. Additionaly,
one of the chromosomes of Pair 22 of the Ribeir&o Grande
(662 m as.l.) population indicated in situ localization in
synteny of 18SrDNA and 5SrDNA (Fig. 7).

Table 2. Morphometry of two populations of Astyanax aff.
scabripinnis from Ribeirdo Grande River, at municipio de
Pindamonhangaba, S&o Paulo, Brazil, collected above (1850
ma.s.l.) and below awaterfall (662 mas.l.).

A. aff. scabripinnis (1850m) (662m)

Variables CP1 CP2 (H) Morphometric variables Range MeantSD Range MeantSD
Standard length 0.275132 0.032529 Standard length (mm) 46.0-81.7 60.2+12.707 60.7-83.9 68.9+7.174
Head length 0.256103 0.107168 Percents of standart length
Orbital diameter 0.165607 -0.261112 Predorsal distance 48.8-52.7 50.9£1.118 48.1-54.2 50.5+1.622
Interorbital distance 0.277893 0.377409 Dorsal-fin base length 11.7-14.9 13.3£1.134 12.0-16.0 13.8+t1.254
Snout length 0.274965 0.068421 Prepelvic distance 45.2-49.9 47.8+1.376 45.3-50.5 48.4+1.573
Upper jaw length 0.249303 0.197602 Anal-fin base length 20.0-25.2 21.5+1.620 19.4-23.7 21.6+1.652
Predorsal distance 0.276252 0.071457 Cauda peduncle depth 11.3-12.8 11.8+0.482 10.9-12.6 11.7+0.497
Dorsal-fin base length 0.240875 -0.388593 Pectoral-fin length 17.6-22.8 19.3+1.504 19.2-22.4 21.1+1.010
Prepelvic distance 0.284313 -0.007042 Pelvic-fin length 14.7-17.6 15.6+0.968 14.4-16.4 15.5+0.605
Anal-fin base length 0.242559 -0.224935 Anal-anal fin length 16.6-24.2 18.4+2.342 13.6-18.9 16.5+1.447
Cauda peduncle depth 0.290054 0.102983 Dorsal-fin length 21.8-26.3 23.8+1.419 22.7-26.4 24.7+1.269
Pectoral-fin length 0.286626 -0.508846 Head length 25.4-27.9 26.4+0.837 24.0-26.9 25.5+0.991
Pelvic-fin length 0.266888 -0.045308 Percents of head length
Anal-anal fin length 0.177358 0.444845 Orbital diameter 24.6-35.4 31.1+3.360 28.8-38.2 31.7+2.682
Dorsal-fin length 0.270795 -0.228869 Interorbital distance 31.4-38.6 34.6+2.200 31.2-35.5 33.4+1.332
Eigenvaue 0.072 0.002 Snout length 25.3-33.2 28.242.311 26.7-30.0 28.8+1.044
% Total variance 90.004% 2.718% Upper jaw length 42.3-47.3 44.8+1.741 41.8-46.1 43.8+1.392
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Discussion

The results showed that the two populations of A. aff.
scabripinnis studied were morphometrically differentiated,
including in the presence or absence of sexual dimorphism.
Morphometric differences may indicate individual s adapted
to their distinct environments, as aresult of the influence of
selective pressures, which may inturn bereflected in genetic
divergence (Swain & Foote, 1999).

As found by Moreira-Filho & Bertollo (1991), the
morphological and chromosomevariationidentifiedin A. aff.
scabripinnis populations, indicates that this is a species
complex. Small, isolated populations suggest that these
populations may be affected by genetic drift, following
different evolutionary paths (Kavalco & Moreira-Filho, 2003).

Speciation in Astyanax scabripinnis species complex

100 pmu

Fig. 4. Detailsfor theanal fin of male of A. aff. scabripinniswith and without hooks. A: Anal fin of malefrom Ribeir&o Grande
(662 ma.s.l.); B: detail of finwithout hooks; C: Anal fin of malefrom Ribeiréo Grande (1850 ma.s.l.); D: detail of finwith hooks;
E and F: Scanning electron micrography showing hook in detail.

InA. aff. scabripinnisfrom Ribeiréo Grande (1850 mass.l.)
it was observed that the anterior region of the body was
higher than the posterior, while the inverse was true in the
population taken from lower altitude (662 ma.s.l.), wherethe
posterior region of the body was higher. In this population
(662 m a.s.l.), the genera body form was more fusiform,
suggesting a more effective hydrodynamic form against
predators and in the search for food (Sibbing & Nagelkerke,
2001). Supporting this observation, this environment has
greater occurrence and predation of other speciesin sympatry
with A. aff. scabripinnis, ashighlighted by Néo et al. (2000),
that may indicate sel ection effect in favor of the hidrodynamic
shape body of the lower atitude.

The difference in the dentition, both in decreasing the size
of the teeth of the dentary, asthe number of cusps of the teeth,
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Fig. 5. Dispersion of individual scoresinthefirst and second
axes of principal component analysis with shear. Dark
diamonds = A. aff. scabripinnis (1850m); Clear square = A.
aff. scabripinnis (662m).

may a so be dueto selective pressure, sincethey arerelated to
the ability to capture food. Genera of Characidae has been
identified by morphology and dental formula, but the observed
variations are not necessarily related to the phylogeny
(Weitzman & Fink, 1983). Melo (2001) recognized six speciesof
Astyanax for the basin of the Paraiba do Sul River, and A.
intermedius Eigenmann, 1908 was previously considered as
subspecies of A. scabripinnis. According to the author, A.
intermedius has seven cusps on the teeth and the size of the
dentary teeth decreasing abruptly from the fifth tooth. The
population of thelocality 662 ma.s.l. issimilar inthe number of
tooth cusps, but differsby having the teeth decreasing slightly
insize, even after thefifthtooth. Highlight isthefact that Melo
(2001) have not observed the presence of A. scabripinnisin
the basin, but our studies show that the population at 1850 m
as.l. belongs to a species with morphological characteristics
that makeit closeto A. scabripinnis, including the presence of
hooksin the anal fin rays.

The presence of hooks on fins has been reported in various
species of characins, including other Astyanax species
(Andrade et al., 1984; Andrade et al., 2004; Porto-Foresti et
al., 2005), and is considered a temporary secondary sexual
characteristic which appearsonly in males, generally, during
thereproductive period (Ihering & Azevedo, 1936). According
to Malabarba & Weitzman (2003), the presence of hooks on
finsin adult malesisasynapomorphy of the cladethat includes
the Gasteropelecidae, Serrasalmidae, and Characidae, and
Mirande (2010) considers the absence of hooks as being a
plesiomorphic character. In the present study, both
populations were collected during the reproductive period,
in September 2010, but this characteristic was absent in males
from thelow altitude population and present only in the high
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Fig. 6. Idiogram of populations of Ribeiréo Grande 1850 m
as.l.(A)and 662 mas.l. (B), based on karyotypeof Néoet al.
(2000). The interpretation of result obtained in FISH is
illustrated, for 18S and 5S rDNA probes. Chromosome B
observed in the Ribeirdo Grande (1850 m a.s.l.) population
was metacentrically large, and totally heterochromatic. Bar =

10um.
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atitude population. Such conditions may berelated to isola-
tion and consequent an indicative of speciation in these popu-
lations, with thelow altitude group revealing aderived condi-
tion for this character.

Additionally, datacollected during testing of semi-natural



436

Speciation in Astyanax scabripinnis species complex

Fig. 7. Fluorescencein situ hybridization with 18SrDNA (A and D) and 5SrDNA (B and E) probes. Overlapping of images(C
and F). Ribeirdo Grande (1850 ma.s.l.), images (A-C); Ribeirdo Grande (662 ma.s.l.), images (D-F). The arrow pointsindicate

region of hybridization. Bar = 10um.

reproduction suggests pre-zygotic reproductive isolation.
Also, there was no evidence of gene flow between the
populations indicating a case of allopatric speciation.
While possessing aconserved karyotype macrostructure,
the populations studied possessed particular characteristics
that permitted theidentification at cytotaxonomic levels. The
first notable characteristic is the exclusive presence of
chromosome B in the higher altitude population, confirming
the findings of Néo et al. (2000). Specific, more favorable,
environmental conditions allowed greater tolerance for this
extra genomic element in populations of A. scabripinnis at
higher altitudes in the region of Campos do Jord&o, in the

State of S&o Paulo, Brazil, explaining the presence or absence
of this chromosome in different populations of A.
scabripinnis.

Other cytogenetic markers were important in the
comparative study of the populations analyzed. The number
and location of the 18SrDNA sitesin Astyanax is considered
variable and multiple (Néo et al., 2000; Ferro et al., 2001,
Mantovani et al., 2005 and Vicari et al., 2008a), dispersed by
karyotypes mainly through transposition mechanisms
(Fernandes & Martins-Santos, 2006; Vicari et al., 2008b). The
two populationsfrom Ribeir&o Grande analyzed in the present
study corroborated with the condition of multiple 18SrDNA
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sites found in other Astyanax.

Inrelationto 5SrDNA, thistended to be more conserved
in Astyanax, being predominantly located in the proximal
region of an acrocentric pair and ametacentric pair (Ferro et
al., 2001; Almeida-Toledo et al ., 2002; Mantovani et al., 2005;
Vicari et al., 2008a). However, the occurrence of more
chromosome pairs carrying this rDNA has been registered
(Ferroetal., 2001, Vicari et al., 2011). The presence of eight 5S
rDNA sites in Astyanax, as verified in the present study in
the Ribeiréo Grande (662 m a.s.l.) population, indicates the
highly derive condition of this population.

The synteny of 5SrDNA with 18SrDNA, asobserved in
the Ribeirdo Grande (662 m a.s.l.) population, issuggested as
a conserved condition for different fish groups (Jesus &
Moreira-Filho, 2003; Hatanaka & Galetti, 2004; Vicari et al.,
2006). Almeida-Toledo et al. (2002) observed similar detailsto
the present study, with an 5SrDNA site co-localized with 28S
rDNA in two acrocentric pairs, in a population of Astyanax
paranaeof therio Tietéand in apopulation of A. &ff. fasciatus
(Cuvier, 1819) from the M ogi-Guagu River, both in the State of
S&o Paulo, Brazil. The authors inferred that the presence of
moving elements of the transposon typein fish genomeswas
responsible for the different sites observed.

Thediversification of number and chromosomal location
of DNA ribosomal 18S and 5S sites were important
cytotaxonomic markersinthe popul ations analyzed, especially
taking into account the environment in question. These may
assume greater importance in identifying karyotypical
geographic variations.

When all this dataare analyzed together it can beinferred
that the two populations represent distinct species,
accumulating differences during a period of reproductive
isolation, suggesting allopatric incipient speciation.
However, the karyotype similarity of nhumber and type of
chromosomes, the exception of chromosome B and the
differences observed in location of the ribosomal genes 18S
and 5S among these “species’, leads to a hypothesis of
recent speciation.

The distribution of freshwater fishes in coastal basins
was strongly influenced by various geological forces. A
dynamic and continues movement explains the mixture of
ichthyofauna between coastal and continental rivers,
especially the capture of drainages and adjacent upland fauna
(Ribeiro, 2006). Thisis the complex scenario in whichitis
installed and diversified A. scabripinnisin drainages of the
Paraiba do Sul and those streams that flow into the Ribeirdo
Grande basin, located across the watershed (Serra da
Mantiqueira).

Although we cannot determine the evolutionary scenario
that lead to the differentiation between these two popul ations
we can, however, to suggest that they do not belong to the
same species. As a side effect, these results prompt a
taxonomic review to determine the evolutionary unitsin these
speciescomplex. Also, our results highlight the use of multiple
markers as a fundamental framework to uncover diversity
patternsin cryptic species complex.
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