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Cytogenetic and DNA barcoding reveals high divergence within the trahira,

Hoplias malabaricus (Characiformes: Erythrinidae) from the

lower Amazon River

Diego Ferreira Marques', Fabiola Araujo dos Santos'-, Simoni Santos da Silva?,
Iracilda Sampaio? and Luis Reginaldo Ribeiro Rodrigues!

Molecular and cytogenetic data have provided evidence of cryptic speciation in the widespread South American trahira,
Hoplias malabaricus. In the present study, karyotypes and DNA barcode sequences of specimens from seven populations
inhabiting the lower Amazon River were analyzed in order to characterize the levels of genetic divergence within a single
karyomorph. All the specimens presented karyotypes with 2n =40 chromosomes (20m+20sm) that were consistent with the
species’ C karyomorph. The DNA barcodes revealed six haplogroups, with clear divergence between populations from Brazil
and Argentina. The results support the species complex hypothesis and indicate that a single karyomorph of H. malabaricus
may harbor more than one species.

Dados moleculares e citogenéticos tem evidenciado especiagdo criptica na traira sul-americana, Hoplias malabaricus. No
presente estudo, caridtipos e sequéncias de DNA barcode de espécimes de sete populagdes, habitando a regido do baixo rio
Amazonas, foram analisadas a fim de caracterizar o nivel de divergéncia genética dentro de um tinico cariomorfo. Todos os
espécimes possuem 2n =40 cromossomos (20m+20sm) os quais sao inseridos no grupo de trairas do cariomorfo C. DNA barcode
revelou seis haplogrupos, com clara divergéncia entre populagdes do Brasil e da Argentina. Os resultados apoiam a hipotese de
complexo de espécies e indicam que um unico cariomorfo de Hoplias malabaricus pode conter mais de uma espécie.

Key words: Amazon basin, COI, Karyomorph, Species complex, Trahiras.

Introduction

The fishes of the family Erythrinidae are a small group of
Neotropical characiforms distributed in three genera:
Erythrinus Scopoli, 1777, Hoplerythrinus Gill, 1896, and
Hoplias Gill, 1903 (Nelson, 2006). At least fifteen nominal
erythrinid species are currently recognized (Oyakawa, 2003;
Oyakawa & Mattox, 2009).

Hoplias is the most diverse genus, with ten species
arranged in two groups. The Hoplias lacerdae group contains
nine species - H. aimara (Valenciennes, 1847), H. brasiliensis
(Spix & Agassiz, 1829), H. lacerdae Miranda Ribeiro, 1908, H.
intermedius (Giinther, 1864), H. microlepis (Glinther, 1864),
H. patana (Valenciennes, 1847), H. teres (Valenciennes, 1847),

H. curupira Oyakawa & Mattox, 2009, and H. australis
Oyakawa & Mattox, 2009. The monotypic Hoplias
malabaricus group is composed of H. malabaricus (Bloch,
1794), which is believed to encompass a species complex
(Bertollo et al., 2000; Dergam et al., 2002; Santos et al., 2009).

The trahira Hoplias malabaricus is a common species
found in lentic habitats in the most of the river basins of
South America (Nelson, 2006). This species has been studied
intensively using a cytogenetic approach, which revealed a
karyotypic polymorphism among populations from distinct
river basins (Bertollo et al., 2000; Rosa et al., 2009; Santos et
al., 2009; Blanco et al., 2010). Seven karyomorphs
(denominated A-G) have been identified based on diploid
number and chromosome morphology, and are currently
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recognized as distinct independent evolutionary units
(Bertollo et al., 2000). Anew karyomorph from the Araguaia
River was recently reported by Vitorino et al. (2011).

The A, C, E, F, and G karyomorphs have been collected in
the Amazon basin, although the A, C, and F karyomorphs
occur outside this basin in eastern and southern Brazil, the G
and E karyomorphs seem to be restricted to a small number of
Amazonian localities (Bertollo ez al., 2000).

The lack of records of hybrids from areas in which distinct
karyomorphs are sympatric has been considered to be strong
evidence for the existence of a species complex (Scavone et
al., 1994; Lopes et al., 1998; Bertollo et al., 2000; Pazza &
Julio, 2003; Rosa et al., 2009.). This conclusion was further
reinforced by morphological (Rosa et al., 2009; Piorsky, 2010)
and molecular data (Dergam et al., 1998; 2002; Santos et al.,
2009; Piorsky, 2010; Pereira et al.,2013). Thus, the available
chromosomal, morphological and DNA evidence provide
strong support for the existence of a complex of cryptic species
within the typical Hoplias malabaricus morphotype, which
requires careful taxonomic revision.

The accurate delimitation of species is a classic problem of
the biological sciences. Recently, DNA barcoding has become
an increasingly popular approach to the delimitation of species
(Hebert et al., 2003; Blaxter, 2004; Ward et al., 2005, 2009; Kerr
etal.,2007,2009; Steinke et al., 2009; Casiraghi et al., 2010). In
this approach, a partial sequence of the cytochrome ¢ oxidase
subunit I gene (COI) has been standardized as a DNA barcode
for the analysis of animal groups, including cryptic species
complexes (Hebert et al., 2004a, 2004b; Hubert et al., 2008; Lara
etal.,2010; Allcock et al., 2011).

In order to contribute to a better understanding of the
evolutionary history and diversification of the Hoplias
malabaricus species complex, we analyzed DNA barcodes and
karyotypes of specimens representing karyomorph C from the
Amazon basin. To assess the geographical structure we
compared DNA barcodes of specimens from Amazon Basin
and Sao Francisco River basin (Brazil) and Pampa plain region
(Argentina). Our principal objective was to test the hypothesis
that a given karyomorph could represent a single species.

Material and Methods

Sampling and karyotypes

A total of 35 specimens of Hoplias malabaricus were
collected from seven sites located along a 350 km stretch of
the main channel of lower Amazon River in the Brazilian state
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of Para (Table 1, Fig. 1). Specimen collection was authorized
by the Instituto Chico Mendes, Brazil, through special license
number 24384-1. All the specimens were identified as H.
malabaricus based on their external morphology, using the
diagnostic characters provided by Oyakawa & Mattox (2009).
Voucher specimens (UFOPA-1301 - 335) were photographed,
fixed in 10% formalin and stored in 70% ethanol, and deposited
in the fish collection of the Zoology Museum at the
Universidade Federal do Oeste do Para (UFOPA), Brazil.

For comparative purposes with further studies,
morphological measurements of selected specimens are given
in Table 2. Such variables were examined taken point-to-point
along the left side of the specimen and were taken with digital
callipers with a precision of 0.01 mm following Rosa et al. (2009).

Karyotypes were prepared from kidney cells following the
protocol of Bertollo et al. (1978). Cytogenetic parameters such
as the diploid number (2n), karyotypic formula and C-banding
(Sumner, 1972) were used for the identification of karyomorphs.
For the purposes of the present study, each karyomorph that
was defined using these criteria was assumed to represent a
distinct species.

DNA extraction, PCRs and sequencing

Fragments of the heart tissue of each specimen were
collected and fixed in ethanol 95%. Genomic DNA extraction
was carried out using the standard phenol-chlorophorm
protocol (Sambrook et al., 1989).

A 652-bp segment of the 5’ region of the mitochondrial
COI gene (Accession numbers: JX112659-JX112693) was
amplified by Polymerase Chain Reaction (PCR) using the COI-
3 M13-tailed primer cocktail (for details, see Ivanova et al.,
2007). The PCRs were conducted in a final volume of 25 pL,
constituted of: 4 uL of dNTPs (1.25 mM), 2.5 puL of 10X buffer
(200mM Tris-HCI, pH 8.4 and 500mM KCl), 1 pL of MgCl, (50
mM), 1-1.5 pL of genomic DNA solution, 0.2 uL of each primer
(1 uM), 0.2 uL of Taq polymerase (5U/uL) and purified water
to complete the final volume.

The PCR cycle was as follows: initial denaturing at 94°C
for 3 minutes, followed by 35 cycles of denaturing at 94°C for
30 seconds, annealing at 59°C for 1 minute, extension at 72°C
for 2 minutes, and a final extension at 72° C for 7 minutes. The
products were checked on a 1% Agarose gel stained with
GelRed and the positive reactions were purified using Exosap
IT Kit (GE Healthcare) according to the manufacturer’s
instructions. Barcode sequences were obtained using the ABI
Prism Big Dye terminator sequencing kit V.3 (Perkin Elmer)

Table 1. Samples, collect sites and collection numbers of Hoplias malabaricus from Amazon basin.

Localities GPS coordinates n Field numbers
Sapucua lake 1°47°11.6”S - 55°59°34.6"W 5 SAP-1, SAP-3, SAP-4, SAP-5, SAP-17
Obidos 1°54°58.2”S - 55°26°20.5”W 9 OBI-1, OBI-2, OBI-11, OBI-12, OBI-14, OBI-15, OBI-17, OBI-18, OBI-19,
Jua lake 2°26°40.0”S - 54°47°21.1"W 5 JUA-3, JUA-9, JUA-13, JUA-14, JUA-15
Maicé lake 2°27°30.3”S - 54°40°13.2”"W 7 MAI-2, MAI-3, MAI-4, MAI-16, MAI-21, MAI-26, MAI-38
Urumari stream 2°27°28.4”S - 54°41°53.9"W 2 URU-3, URU-7
Almeirim 1°31°3,77S - 52°28°22.7"W 7 ALM-2, ALM-5, ALM-6, ALM-9, ALM-10, ALM-11, ALM-12
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Fig. 1. Map of collection sites of Hoplias malabaricus in the
lower Amazonas River. Localities: 1 - Sapucua lake; 2 - Obidos;
3 - Jualake; 4 - Urumari stream; 5 - Maica lake; 6 - Almeirim. A
map of Brazil (box on left corner) with the Para State shaded in
gray indicates the studied area by a white rectangle.

with the primer M-13. Electrophoresis was conducted in an
ABI 3500 automated DNA analyzer (Applied Biosystems).

Data analysis

For comparative analysis with specimens from distinct
hydrographic basins additional sequences of Hoplias
malabaricus (Accession numbers: HM405122.1; HM906019.1;
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HM906020.1; HM405124.1; HM906018.1; JX111760-JX111763 )
were retrieved from the Genbank repository. Hoplias intermedius
(Accession number: HM40513.1) had been added as outgroup
to phylogenetic analysis. Sequences were aligned using
Clustal W (Thompson et al., 1994) implemented in BioEdit 7.0.5.3
(Hall, 1999), followed by visual inspection for final adjustments.
The quality of the database for phylogenetic analysis was
checked by the saturation plot of transitions and transversions
versus divergence, processed with Dambe v.4.2.13 (Xia & Xie,
2001). Haplotype data were generated with DNAsp v.5.10.01
(Librado & Rozas, 2009).

A preliminary phylogenetic reconstruction of the
mitochondrial haplotypes was based on the Neighbor-Joining
(NJ) method (Saitou & Nei, 1987) using the Kimura 2
Parameters (K2P) substitution model implemented in MEGA
v.5 (Tamura et al., 2011) following the routine analytical
procedure established in previous DNA barcoding studies
(www.boldsystems.org). The initial NJ analysis was
complemented with Maximum Parsimony (MP) and Maximum
Likelihood (ML) methods. Either complementary analysis was
processed with MEGA v.5 and statistical support for the
nodes was provided by a Bootstrap test with 1000 pseudo-
replicates (Felsenstein, 1985). For the ML inference the best
substitution model to explain the variation in the data was
chosen by KAKUSAN v.4 (Tanabe, 2007), based on the Akaike
Information Criteria (AIC).

Genetic distances between and within the identified
haplogroups were calculated with MEGA v.5 using the Kimura-
2-parameter (K2P) model with rate variation among sites and

Table 2. Morphological measurements of Hoplias malabaricus from lower Amazon River. The measurement abbreviations are:
standard length (LS); head length (LH); trunk length (TKL); head depth (HD); snout length (SNL); snout width (SNW); orbital
diameter (OD); interorbital width (IOW); maxilla length (MXL); pectoral fin length (PFL); pelvic fin length (VFL); anal fin
length (AFL); length of the base of the anal fin (LBA); length of the base of the dorsal fin (LBD); pre-pelvic distance (PVD);
pre-dorsal distance (PDD); pre-anal distance (PAD); caudal peduncle depth (CPD); caudal peduncle length (CPL); distance
from the lateral line to base of dorsal fin (DLLD). Measures taken in millimeters.

LS L[H TKL HD SNL SNW OD IOW MXL PFL VFL AFL LBA LBD PVD PDD PAD CPD CPL DLLD
SAP-17 190.0 53.6 1394 31.6 19.7 202 109 226 23.1 340 313 283 150 332 1002 123.0 1413 26.5 275 185
OBI-1 160.0 47.7 1124 252 204 180 94 198 248 276 298 289 143 308 843 748 1193 208 229 174
OBI-2 1069 329 752 164 146 109 65 114 158 177 189 165 80 21.6 51.8 487 826 125 153 11.7
OBI-11 207.1 57.8 1472 359 221 226 104 269 262 369 387 37.0 183 388 1026 953 161.7 274 333 193
OBI-12 175.0 503 1194 264 2029 182 9.7 193 227 302 327 255 140 33.1 90.5 79.0 1320 23.0 28.6 172
OBI-14 180.0 522 129.5 30.1 173 209 94 225 195 282 298 314 17.6 362 953 829 1378 23.1 259 16.6
OBI-15 180.0 49.0 1269 302 196 192 95 21.2 194 283 320 309 17.0 324 91.1 80.7 133.6 232 30.7 172
OBI-17 1879 555 1432 326 214 216 99 225 205 31.7 336 33.1 17.5 374 103.1 888 1513 241 326 202
OBI-18 1689 50.1 1202 28.6 181 193 92 21.8 187 273 322 292 158 339 83.7 748 1294 228 246 174
OBI-19 195.1 54.7 139.0 322 20.6 214 101 241 21.1 335 334 339 184 404 947 83.1 1429 255 303 205
JUA-13  286.8 84.9 2033 453 334 323 127 363 372 328 495 478 229 546 1552 132.0 2324 359 398 293
JUA-14 3159 88.8 2309 489 33.7 353 119 381 375 502 53.8 493 274 61.7 168.7 140.6 252.0 40.7 414 31.5
JUA-15  204.1 59.5 1403 359 251 221 109 238 241 301 393 354 17.8 365 1102 954 1632 259 288 20.5
JUA-3 1709 494 1223 263 19.1 175 85 202 204 304 339 324 157 328 81.5 756 1262 227 233 15.6
JUA-9 2473 755 1739 40.1 279 270 122 309 324 423 478 464 227 487 132.0 121.2 200.0 33.1 373 25.0
MAI-16 2099 65.7 149.2 324 249 228 99 252 298 385 40.7 385 20.0 404 1105 959 1673 263 30.1 204
MAI-21 1789 572 1222 292 21.6 197 85 227 282 324 36.8 342 168 343 987 857 139.6 242 221 199
MAI-26  217.0 63.2 153.8 34.0 243 23.1 103 262 292 344 394 365 204 415 1043 1042 170.0 27.8 32.8 22.6
URU-3 280.0 84.9 191.1 50.7 329 31.8 122 357 39.7 505 53.0 522 272 493 1495 132.8 2184 402 41.7 284
URU-7 2143 67.8 1572 37.0 275 258 99 298 315 409 420 404 184 389 1188 992 173.6 313 36.7 23.8
ALM-9 245.0 719 178.1 374 169 287 112 31.5 253 258 333 346 135 457 121.1 1169 1945 23.1 23.7 28.6
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gamma shape distribution. The gamma shape parameter was
estimated with PAUP v4b10 (Swofford, 1998).

Results

All the specimens analyzed presented 2n = 40
chromosomes and a karyotypic formula with 20 metacentrics
and 20 submetacentrics. The C-banded karyotype revealed
heterochromatic blocks in the centromeres of all the
chromosomes and telomeres in some of the pairs. A
conspicuous and heteromorphic C-band was detected in the
proximal region of chromosome 14 (Fig. 2).

The molecular dataset was based on partial 652-bp
sequences of the mitochondrial COI gene of 44 specimens of
Hoplias malabaricus and one of H. intermedius. No evidence
of substitution saturation was found in the analysis of
transition-transversions versus divergence. The fragment had
150 variable sites, 92 of which were informative for parsimony
analysis. The sequences produced 35 haplotypes, which were
used for phylogenetic analyses (Table 3). Haplotype 1 (Hap 1)
represents the species H. intermedius, which was included
as outgroup. The best evolutionary model fitted to the data
was the HKY 85 gamma model.

The phylogenetic analyses yielded gene trees with three
major clades with strong statistical support. A closer examination
of the tree topologies was concordant to highlight six haplogroups
(Gp) and revealed slight differences in the positions of the groups
3 and 4. Furthermore, haplotype 29 was joined with Gp_4 by NJ
analysis; however, such link has not been corroborated with ML
and MP methods (Fig. 3, Table 3).

DNA barcodes successfully separated Hoplias
malabaricus populations from Brazil (Gp 2-6) and Argentina
(Gpl). In the other hand, Brazilian populations from distinct
hydrographic regions, Sdo Francisco and Amazonas River
Basins, remained close together (Fig. 3). A common pattern

LI L CEE TR TR P TR T
M 1 2 3 4 5 6 7 8 9

SM| 11 12 13 14 15 16 17 18 19

Fig. 2. C-banded karyotype of karyomorph C of Hoplias
malabaricus , from lower Amazonas River. M - metacentric,
SM - submetacentric. Bar = 10um.
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visualized in the Amazonian clades is the contribution of
several sample sites to build each haplogroup node.

Due to Hap_29 not showed clear phylogenetic relationship
with other clades we chosen remove it from the distance
analysis among the haplogroups. The distances varied from
9% in Gp1 x Gp2 to 1.8% in Gp5 x Gp6 (Table 4). The largest
distance within the group was found in Gp4 (2%) and a
comparison between Hoplias malabaricus and the outgroup
H. intermedius revealed 16.4% of genetic divergence. We
observed a mean distance of 8.6% when compared populations
from Brazil (Gp2-6) to Argentina (Gp1).

Discussion

Cytogenetic markers have provided important criteria
for the delimitation of H. malabaricus populations and the
analysis of the evolutionary pathways of karyotypic
diversification in this group (Bertollo et al., 2000; Cioffi et
al.,2009; Jacobina et al., 2011; Vitorino et al., 2011). The
chromosomal morphology and C-banding patterns of the
H. malabaricus specimens analyzed in the present study
were consistent with the C karyomorph lineage. This
identification is supported by the diploid number (2n =
40), the presence of 20 meta- and 20 submetacentrics in
both males and females, and the C-banding pattern of the
heteromorphic pair 14, which may be interpreted as
homologous to pair 11 of the C karyomorph from Bento
Gomes River described by Cioffi et al. (2009) and Cioffi &
Bertollo (2010). The heteromorphism of pair 14 appears to
represent a signature of the nascent XX/XY sex system
indicated by karyomorph C (Cioffi & Bertollo, 2010).
However, the populations from the lower Amazon and Bento
Gomes rivers diverged in their karyotypic formulae. In fact,
a certain degree of intra-karyomorph variation would be
expected, considering that the H. malabaricus complex is
widely distributed in the river basins of South America
and is known to contain high levels of karyotype
polymorphism. Indeed, Blanco et al. (2010) recently
reported extensive karyotypic variation in karyomorph A.

The DNA barcode analysis of Hoplias malabaricus
revealed the presence of six haplogroups with a clear
distinction between Brazilian and Argentinean populations.
Additionally, similar levels of high genetic divergence could
be observed between the Brazilian group Gp2 and the other
populations. Recently, Rosso et al. (2012) argued for the
strong geographic structure revealed by COI sequences of
H. malabaricus from distant hydrographic basins in South
America, and highlighted for the possibility of undiscovered
species in the Pampa Plain region, Argentina. Our results
corroborate the singularity of H. malabaricus from Argentina
and show that deep genetic divergence also occurs in a
smaller geographic scale as observed in populations from
Amazon Basin.

Deep divergence in DNA barcode sequences thus
appears to be a characteristic of Hoplias lineages. Previous
studies have found high levels of divergence in Hoplias
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Table 3. Citochrome Oxidase I (COI) haplotypes of Hoplias malabaricus, except Hap 1 that is Hoplias intermedius. *Haplotype

not included for distance estimation (see text for detail).

Haplogroup Haplotype Frequency Specimen Geographic Unit
) Hap_ 1 1 HMA40513.1 Brazil, Sao Francisco
Basin
Hap_ 2 1 JX111763.1
GP 1 Hap 3 1 JX111762.1 Argentina, Pampa plain
Hap 4 2 JX111761.1; JX111760.1
Hap_15 1 MAI-4
Hap_18 1 MAI-38
Hap_21 1 SAP-17
Gp2 E:g:%g i OBL-11; 83;};’ OBI-135 Brazil, Amazon Basin
Hap 26 1 OBI-17
Hap_27 1 OBI-18
Hap 28 1 OBI-19
Hap_8 2 ALM-2; ALM-6
Hap_ 11 1 ALM-11
Hap_ 13 1 MAI-2
Gp 3 Ezg:% } 83;; Brazil, Amazon Basin
Hap 32 1 JUA-14
Hap_33 1 JUA-15
Hap 34 1 URU-3
Hap_10 2 ALM-9; ALM-10
Hap_12 2 ALM-12; MAI-16
Gp 4 gggiég } ZI:PI:; Brazil, Amazon Basin
Hap 29* 1 JUA-3
Hap 35 1 URU-7
Hap 5 2 HM405122.1; HM906019.1 Brazil. Sdo Francisco
Gp5 Hap 6 2 HM906020.1; HM405124.1 ? Basin
Hap 7 1 HM906018.1 )
Hap_ 9 1 ALM-5
Hap_16 1 MAI-21
Gp 6 Hap_17 1 MAI-26 . .
b Hap_20 3 SAP-1; SAP-4; SAP-5 Brazil, Amazon Basin
Hap_30 1 JUA-9
Hap 31 1 JUA-13

malabaricus karyomorphs A and F from the Sdo Francisco
basin using the mitochondrial ATPase 6 marker. In this
case, molecular divergence was accompanied by marked
chromosomal variation, given that the A karyomorph is 2n
=42 while F is 2n = 40 (Santos et al., 2009). If we assume
that all the specimens collected in the present study (35
specimens) are representative of karyomorph C, then this
cytogenetic categorization should work with a range of
genetic distance as high as the observed to discriminate
distinct karyomorphs (A and F) and possibly distinct
species. Such profound divergence in the DNA barcode
within species indicates cryptic speciation or
phylogeographic structuring. When it occurs between
congener species, it may be explained by a long
evolutionary history of diversification (De Carvalho et al.,
2011).

Originally, Hebert et al. (2003) proposed that a
divergence of 2-3% in the DNA barcode represents the
threshold for the definition of species status in a lot of
taxonomic groups. Several studies with fish groups have

documented a larger range of genetic divergence (8-10%)
between congeneric species (Ward et al., 2005, 2009;
Hubert et al., 2008; Lara et al., 2010; De Carvalho et al.,
2011; Pereira et al., 2011). Similar levels of divergence
were found herein among Hoplias malabaricus
haplogroups, what can be interpreted as indicative of
speciation event.

The effectiveness of DNA barcodes for the assessment
of biodiversity and resolution of taxonomic problems, such
as the identification of species, is currently under debate,
although this approach has proven to be successful for
delimiting species in a number of different animal groups
(Hebert et al., 2004a, b; Clare et al., 2006; Ward et al., 2009).
The results of the present study indicate that species-level
genetic divergence within Hoplias malabaricus may not be
restricted to populations with distinct karyomorphs, but even
among individuals that present the same karyomorph, which
indicates the possibility that different chromosomal races
may also encompass species complexes. If the speciation
process in H. malabaricus taken place without gross
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Fig. 3. Phylogenetic trees of Hoplias malabaricus haplotypes based on COI mitochondrial gene sequences. a) Neighbor-Joining;
b) Maximum likelihood and ¢) Maximum Parsimony. Values in the nodes indicate the statistical support from bootstrap test.

modification in the karyotypes, as seems to be the case with
the karyomorph C, then the cytogenetic categorization that
discriminate seven karyomorphs (A-G) should be carefully
examined when interpreted as indicative of independent
evolutionary units. It is clear that further studies based on
the integrative approaches with genetic (molecular and

Table 4. Mean genetic distances of Hoplias malabaricus
haplogroups estimated by Kimura-2-parameter algorithm
adjusted with Gamma shape parameter = 1.00. Standard
Error (SE).

Within groups Between groups
Mean Mean
Haplogroup  Distance SE Haplogroups Distance  SE
Gp 4 0.020 0.004 GplxGp2 0.090 0.014
Gp 6 0.014 0.003 Gp6xGp2 0.086  0.013
Gp 2 0.010 0.002 GplxGp3 0.086  0.013
Gp 3 0.007 0.002 GplxGp4 0.085  0.013
Gp 1 0.004 0.002 GplxGp6 0.085  0.013
Gps5 0.003 0.002 Gp3xGp2 0.083  0.013
Gp4xGp2 0.082  0.012
Gp5xGp2 0.082  0.013
GplxGps 0.076  0.013
Gp3xGp4 0.036  0.007
Gp6xGp4 0.033  0.006
Gp3xGp6 0.027  0.006
Gp5xGp4 0.025  0.005
Gp5xGp3 0.022  0.005
Gp5xGp6 0.018  0.004

cytogenetic markers) and morphological data will be necessary
for a more definitive understanding of the evolutionary
relationships within the H. malabaricus complex.
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