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Abstract

In the Rio Doce basin of southeastern Brazil, the freshwater fish Hoplias malabaricus (trahira) is a widespread
predatory characin and one of the few resilient native fishes in a highly impacted lake system. In order to test for
genetic differentiation in populations within this basin and for biogeographic relationships among populations of this
species in other basins, a study was conducted using RAPD-PCR analysis of Rio Doce samples (N = 63) and
phylogeographic analyses with mitochondrial DNA (mtDNA) haplotypes, including the Rio Grande and Macacu river
basins. In the Rio Doce basin, the patterns of genetic similarity of RAPD-PCR markers (individual fingerprinting and
Nei’s genetic distance) suggest the existence of two genetically different groups, one composed of the lacustrine
populations Carioca and Dom Helvécio, and the other of riverine and the remaining lacustrine populations. The
differences in the RAPD-PCR patterns may be explained by the existence of sub-basins within this lacustrine
system. A maximum parsimony tree of cytochrome b fragment (383 base pairs) supports the view that trahiras of the
Rio Doce share a complex biogeographic history with those of neighboring basins. The phylogeographic patterns
may be explained by a common history of the watersheds of the Rio Doce, Paraíba do Sul, and Rio Grande basins,
corroborating the hypothesis of a Plio-Pleistocene separation of these drainage systems, forming the Mantiqueira
“divortium aquarium”.
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Introduction

The Rio Doce basin is one of the eastern river basins

of the State of Minas Gerais, Brazil, with its headwaters lo-

cated in the Serra do Espinhaço, within the Serra da

Mantiqueira mountain system, flowing eastward to the At-

lantic Ocean. Also in the western slope of the Serra do

Espinhaço lie the headwaters of the Rio Grande basin,

which flows westward to form the Paraná river, after its en-

counter with the Paranaíba river.

Based on morphologic criteria, Godinho and Vieira

(1998) identified 77 fish species (37 endemic) in the Rio

Doce basin, and 90 species (14 endemic) in the Rio Grande

basin. This fish diversity is currently threatened by habitat

alterations such as mining, pollution, siltation, and the

damming of the main river and its tributaries. Among the

diversity-threatening biological factors, the impact of

non-indigenous species seems to be the most important

one, a situation which applies to the Neotropical region as a

whole (Vari and Malabarba, 1998).

The Rio Doce basin is considered a unique river sys-

tem, due to the occurrence of a complex system of Quater-

nary lakes in its mid-valley (Petri and Fúlfaro, 1983),

formed during the last glaciation maxima, the first one be-

tween 14,000 to 10,000 years ago (ya) and thereafter, be-

tween 7,800 to 3,360 ya (Tundisi and De Meis, 1985).

These lakes have been compared to “islands”, based on

their low levels of similarity in terms of species composi-

tion (Sunaga and Verani, 1985). The age of the lacustrine

system and the probable existence of different levels of iso-

lation (Figure 1) in the basin, due to barriers such as promi-

nent waterfalls and lakes, make this region a unique

scenario for the study of the tempo and mode of evolution-
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ary processes. In this basin, the presence, since 1985, of at

least three non-indigenous fish species, the peacock-bass

(Cichla ocellaris), an Amazonian cichlid (Astronotus

ocellatus), and a piranha species (Pygocentrus piraya), has

heavily impacted some of the lacustrine communities

(Sunaga and Verani, 1991; Godinho and Formagio, 1992).

The absence of juveniles of native fish species in the Dom

Helvécio lake was interpreted as evidence of the endan-

gered status of these native populations (Godinho and

Formagio, 1992), and the presence of non-indigenous

fishes in some lakes was correlated to a 50% reduction in

the former richness of species (Godinho et al., 1994). The

widespread occurrence of H. malabaricus in the basin and

the endangered status of the populations of this species in

the lake system led us to perform RAPD-PCR and

phylogeographic analyses (Avise et al.,1987; Avise, 1994),

as an attempt to understand the role of the lake system in the

evolution of the fish communities in the basin, and the his-

toric relationships of the Rio Doce and some of its neighbor

basins.

Materials and Methods

Fish captures were made in 1993 and 1994, with a to-

tal of 63 specimens being gill netted at night or at dusk, in

two riverine and four lacustrine sites (Figure 1 and Table I).

Lakes Dom Helvécio and Carioca are within the Rio Doce

State Park, only the former being currently open for tour-

ism. 12 specimens were collected in the Rio Grande basin

in 1994. After capture, a thin slice of muscle tissue was dis-

sected in the field from freshly killed specimens and imme-

diately fixed in 2 mL of absolute ethanol or in 1:1 ethanol:

methanol (v:v). DNA extraction followed the CTAB proto-

col described by Dergam (1996).

Amplifications of RAPD-PCR alleles (Williams et

al., 1990) were achieved using the following cycle: 5 min at

95 °C; 1 min at 80 °C; then 45 cycles of 1 min at 92 °C;

1 min at 35 °C; then ramp 37 °C, rising 1 °C every 8 sec, up
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Figure 1 - Map of the collection sites of Hoplias malabaricus. In the Rio Doce basin: AZ, lake Azul; CR, lake Carioca; DH, lake Dom Helvécio; FE, lake

Ferrugem; OR, Municipality of Belo Oriente; PA, lake Palmeiras; TI, lake Timburé; VI, Viçosa. In Rio de Janeiro State, RJ refers to Macacu.

Table I - Sites and sample sizes of Hoplias malabaricus in the Rio Doce

basin.

Sites Habitat Sample size Code

Carioca Lacustrine 9 CR

Dom Helvécio Lacustrine 33 DH

Ferrugem Lacustrine 3 FE

Oriente Riverine 4 OR

Palmeiras Lacustrine 2 PA

Timburé Lacustrine 3 TI

Viçosa Riverine 9 VI



to 72 °C for 2 min, with a final extension of 7 min at 72 °C.

After a pilot test, three primers - A09, A05, and C-13

(Operon Technologies, Inc.) - were selected, based on their

consistency in amplifying a large number of scorable

bands. In order to minimize artifactual variation (Black,

1993; Ellsworth et al., 1993), all samples were run at the

same time, and repeatability tests were carried out with dif-

ferent DNA template concentrations. The amplification re-

actions included negative controls, with water instead of

template DNA. RAPD-PCR amplified samples were

loaded onto 1X TBE 5% glycerol, 5% acrylamide, and 2%

N, N’-methylenebisacrylamide non-denaturing gel in a

38x50cm Sequi Gen II set apparatus (Bio-Rad, Richmond,

California) for 16 h at 25 °C, and 345 volts (13-15 mA), and

developed with silver stain (Hiss et al., 1994). Gels were

air-dried and bands were photographed, scanned and fi-

nally scored directly on the gel. Allele sizes were estimated

from the co-migrating molecular size standard, 1 kb molec-

ular ladder (Bethesda Research Laboratory, Gaithersburg,

MD).

The binary matrices were processed with the

FORTRAN RAPDPLOT program for determining molecu-

lar similarity (Kambhampati et al., 1992; Black, 1993), as

described by Dergam et al. (1998). An unweighted pair

group method with arithmetic averages (UPGMA) was cal-

culated using the PHYLIP 3.5C software package

NEIGHBOR option (Felsenstein, 1993), and a phenogram

was drawn using the DRAWGRAM option of the same

package. For the estimation of Nei’s (1972) genetic dis-

tance among samples, the RAPDDIST program (West &

Black, 1998) was used, and statistical support obtained by

bootstrapping (Efron, 1985) and CONSENSE (PHYLIP

3.5c), for selection of the best tree. In the bootstrap test,

RAPD loci are resampled from the entire data set, and in

these new sets some loci are present, while others are not.

High bootstrap values therefore reflect the degree of molec-

ular similarity among populations and, thereby, the

strength of estimated similarities among them. An Exact

Test was carried out to test for allelic heterogeneity (pres-

ence/absence) among samples, as implemented in the

TFPGA package (http/bioweb.usu.edu/mpmbio/).

For the initial assessment of mtDNA diversity, a 400

bp fragment from 16S ribosomal DNA with a nested primer

GGATCTTTTGGTCAGAAK (Dergam, 1996) was ampli-

fied together with primer 16 Sar (CGCCTGTTTATCAA

AAACAT) (Kocher et al., 1989), corresponding to posi-

tions 3172-2958 of the Carassius auratus genome. Ampli-

fications were performed using total genomic DNA, and

the polymerase chain reaction (PCR) (Saiki et al., 1988)

was done in 50 I of reaction mixture, in PTC-IOO thermal

cyclers (MJ Research, Inc., MA), with the following step

cycles: 5 min at 95 °C, 2 min at 80 °C, 10 cycles of 1 min at

92 °C, 1 min at 49 °C, 2 min at 72 °C, 32 cycles of 1 min at

92 °C, 35 s at 54 °C, 2 min at 72 °C, and a final extension of

7 min at 72 °C. Haplotype diversity was assessed using Sin-

gle Strand Conformation Polymorphism (SSCP) (Orita et

al., 1989a,b), following the staining protocol described by

Hiss et al. (1994). Since the variability of the 16S fragment

sequence was known to be too low for populational analy-

ses (Dergam, 1996), 16S SSCP patterns were used as an in-

direct assessment of haplotype cytb diversity.

Sequencing revealed a 383 bp fragment of cyt b with

primers L14725 (CGAAGCTTGATATGAAAAACCAT

CGTTG) (Pääbo, 1990) and H15149 (AAACTGCAGCCC

TCAGAA TGATATTTGTCCTCA) (Kocher et al., 1989),

corresponding to positions 15296-15672 in the Carassius

auratus genome. Amplification cycles were: 5 min at

95 °C, 2 min at 80 °C, 10 cycles of 3 min at 92 °C, 1 min at

50 °C, 1:30 min at 72 °C, 32 cycles of 1 min at 92 °C, 35 s at

54 °C, 1:30 min at 72 °C, and a final extension of 7 min at

72 °C. The amplified products were sequenced directly by

cycle sequencing (Black and Peisman, 1994), and se-

quences were read manually from autoradiographs with the

SEQAID 113.6 software package (Rhoads and Roufa,

1989); multiple sequences were aligned with CLUSTAL V

(Higgins and Sharp, 1989). For maximum parsimony and

neighbor joining, Hasegawa, Kishino and Yano (1985) dis-

tances were used. Trees were obtained with PAUP 4.0

(Swofford, 2002), with a 2n = 40 chromosome trahira from

the Uruguay river basin as outgroup. Uncorrected percent

sequence divergence (number of substitutions divided by

the total number of bases multiplied by 100) and the num-

ber of transitions (TS) and transversions (TV) were esti-

mated for each pair of sequences. Character analyses

included different weights applied to third and first posi-

tions, and different costs of TS vs. TV.

Results

RAPD variation

Phenetic (overall similarity) analyses, based on

RAPD-PCR fingerprinting, permitted separation of indi-

vidual fishes into two population sets supported by high

bootstrap values (Figure 2). The first group was composed

of riverine (Vl and OR) and some lacustrine populations

(Tl, FE, and PA), while the second group included the re-

maining lacustrine populations (DH and CR). The samples

displayed from 32 to 38 bands, and a positive correlation

was observed between sample size and number of scored

bands (r = 0.76). The riverine populations Vl and OR

shared a single allele, while fish from Tl, FE and PA lacked

diagnostic alleles. The populations DH and CR had two di-

agnostic alleles, and two other alleles were fixed only in

them. When considering each sample as a taxonomic unit,

Nei’s genetic distance yielded clusters which were also

supported by high bootstrap values (Figure 3), depicting the

same pattern as shown in Figure 2. The allele heterogeneity

of populations DH and CR differed significantly from all

other populations (Table II).

Phylogeography of Hoplias malabaricus in southeastern Brazil 381



MtDNA variation

SSCP patterns revealed six putative haplotypes (Fig-

ure 4) in the Rio Doce (Genbank accession numbers: RD25

= AF489098; RD26 = AF489099; RD27 = AF489100;

RD28 = AF489097) and in the Rio Grande (VG32 =

AF489101; VG36 = AF489102). Geographic distribution

of mtDNA haplotypes in the Rio Doce basin was independ-

ent (p = 0.42) (Table III). All different haplotypes detected

by SSCP were sequenced (Figure 4). Table IV shows the

percent sequence divergence and number of transitions/

transversions among these sequences and the outgroup

(Genbank accession numbers: RJ04 = AF489103; UR53 =

AF489104).

The uncorrected sequence divergence was relatively

high in the Rio Doce, with a range of 0.3-7.3% and a mean

of 3.78%, and the mean divergence between Rio Doce and

Rio Macacu sequences was 6.92%. The Rio Grande
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Figure 2 - Phenogram of overall molecular similarity of Hoplias

malabaricus individuals in the Rio Doce basin. Two clusters are evident:

on top, riverine samples (VI and OR) together with lacustrine samples TI,

FE, and PA; the second group is formed by the lacustrine samples DH and

CR. Similarity indices are indicated.

Figure 3 - Nei’s genetic distance of Hoplias malabaricus in the Rio Doce

basin, considering each sample as a taxonomic unit. Bootstrap values indi-

cate degree of internal consistency of data.

Table II - Fisher’s Exact Test (50 repetitions, 1000 permutations) of RAPD allele heterogeneity of seven populations of Hoplias malabaricus in the Rio

Doce basin. Non-significant values of CR and PA may be an artifact of small PA sample size.

Populations VI OR TI PA FE DH CR

Viçosa (VI) -

Oriente (OR) 0.9332 -

Timburé (TI) 0.9750 1.000 -

Palmeiras (PA) 0.9987 1.000 1.000 -

Ferrugem (FE) 0.9997 0.9999 1.000 1.000 -

Dom Helvécio (DH) 0.000 0.000 0.000 0.000 0.000 -

Carioca (CR) 0.000 0.000 0.0075 0.0935 0.0003 0.9987 -



haplotypes showed a 3.1% divergence from each other.

Transitions outnumbered transversions in all pairwise com-

parisons, with a mean TS/TV of 22 within the Rio Doce.

Most of the mutations were in the third position of the

codon (93%), while the remaining were restricted to the

first position; substitutions were conservative (Irwin et al.,

1991). The most generalized sequence in the Rio Doce

(RD26) was likewise similar (1%) to one of the sequences

of the Rio Grande basin (Figure 5). Maximum parsimony

trees with and without weighting of the first position

showed the same topology, as was also the case with Neigh-

bor Joining (not shown).

Discussion

RAPD variation

RAPD-PCR markers have been extensively used in

populational studies (e.g., Kambhampati et al., 1992), and

seem to be efficient for geographic analysis of populations

with varying degrees of geographic isolation (e.g., Dergam

et al., 1998; Thorpe et al., 1994b). Observed differences be-

tween samples may result from selective pressure, historic

(vicariant) events, and non-selective processes such as ran-

dom genetic drift and founder events. However, detection

of natural selection in the wild is not an easy task (e.g.,

Thorpe et al., 1994a) and must be carried out under con-

trolled conditions. Though much still remains to be under-

stood, RAPD-PCR alleles are considered to derive from

repetitive regions of the genome (Haymer, 1994), and are

thus assumed to be neutral markers.

The authors have interpreted the high molecular simi-

larity of samples CR and DH as the result of a common geo-

logic history of the lakes, probably enhanced by the

sedentary nature of H. malabaricus. Multilocus molecular

markers are also sensitive to short periods of genetic isola-

tion and, given the low levels of gene flow, populations
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Table III - Geographic distribution of haplotypes of Hoplias malabaricus in the Rio Doce basin detected by Single Strand Conformation Polymorphism

(SSCP) of a 400 bp fragment of 16S mitochondrial DNA. The largest sample (lake Dom Helvécio) included haplotypes not collected elsewhere.

Carioca Dom Helvécio Ferrugem Palmeiras Belo Oriente Timboré Viçosa Total

RD25 - 1 - - - - - 1

RD26 - 6 - - - - - 6

RD27 7 21 1 1 1 2 7 40

RD28 2 5 2 1 3 1 2 16

Total 9 33 3 4 2 3 9 63

Figure 4 - SSCP profiles of a mtDNA fragment (16S) of Hoplias

malabaricus from the Rio Doce basin. Arrows and numbers indicate se-

quenced haplotypes.

Figure 5 - Maximum parsimony tree of haplotypes of mtDNA sequences

(cytb) of Hoplias malabaricus from the Rio Doce basin (RD25,RD26,

RD27, and RD28), Rio Grande basin (RG32, RG36), and (Rio) Macuco

river (RJ04). The outgroup is from a 2n = 40 H. malabaricus population

from the (Rio) Uruguay river (UR53).

Table IV - Sequence divergence among haplotypes of H. malabaricus in southeastern Brazil. Upper matrix, uncorrected percent divergence. Lower

matrix, Number Transitions/ Number Transversions.

RD 28 RD 25 RD 26 RD 27 RG 32 RG 36 RJ 04 UR 53

RD 28 - 1.8 7.3 1.6 7.6 7 6.8 9.7

RD 25 6/1 - 6 0.3 6.3 5.7 6.5 8.3

RD 26 26/2 22/1 - 5.7 0.3 3.4 8.1 8.3

RD 27 5/1 1/0 21/1 - 6 5.5 6.3 8.1

RG 32 27/2 23/1 1/0 22/1 - 3.1 7.8 8.1

RG 36 25/2 21/1 13/0 20/1 12/0 - 5.2 6.5

RJ 04 24/2 24/1 31/0 23/1 30/0 20/0 - 7.6

UR 53 33/4 29/3 30/2 28/3 29/2 23/2 27/2 -



may accumulate genetic differences in the lapse of rela-

tively few generations (Gravilets and Hastings, 1996). His-

toric records may shed light on the differential accessibility

of the lakes to some exotic and native species. Non-indi-

genous species always appeared first in lake Dom

Helvécio, and only later in lake Carioca. In fact, in 1983,

peacock-bass and piranhas were present only in Lake

Jacaré (Sunaga and Verani, 1985); in lake Dom Helvécio,

both species appeared only in 1985; piranhas did not reach

lake Carioca until 1992 (Godinho et aI., 1994), probably

via its intermittent connection with the Turvo basin (Figure

1). To date, this lake system has received relatively more at-

tention than other aquatic environments in the basin, and

some evidence points toward the existence in this system of

two processes: one of differentiation of H. malabaricus

populations, and another of migratory movements between

lacustrine and riverine populations of other species. Fer-

reira et al. (1989) reported the occurrence of karyotypic

polymorphism in the H. malabaricus population of lake

Carioca, where one specimen (out of 17) bore a karyotype

with a peculiar configuration of some chromosome pairs,

differing from the more widespread karyomorph. In con-

trast, all H. malabaricus specimens from lake Dos Patos

were of the widespread form, which is also present in

Viçosa (Dergam, pers. obs.). Menezes (1987) described a

new species of characin, Oligosarcus solitarius, in the lake

system. The holotype was collected in lake Carioca and is

distinguishable from Oligosarcus argenteus by minor mor-

phological characters. Menezes (1988) suggested that O.

solitarius might have originated by a vicariant process

within the lake system. Vieira (1994) reported that, while

most lake Verde fish seemed to complete their life cycle in

the lake, one curimatid, Cyphocharax gilberti, apparently

completed its reproductive cycle in the river, having usu-

ally been caught by fishermen during these migrations.

MtDNA variation

Avise et al. (1987) coined the term “phylogeography”

for the study of geographic patterns of genealogical lin-

eages, including supra- and infraspecific levels of variation,

based mainly on the variation of mtDNA patterns. Re-

cently, other biochemical and molecular techniques have

also been applied to phylogeographic studies of a large

number of organisms (Avise, 1998). Mitochondrial DNA

characteristics, such as maternal and clonal patterns of in-

heritance and high mutation rate, have favored its extensive

application to a wide range of biological questions, from

studies of high-level systematics to closely related species

and populations (Wilson et al., 1985; Avise, 1994). In the

last decade, mitochondrial sequencing data have been the

preferred approach in phylogeographic studies (Avise,

1994; Avise, 1998). Animal mtDNA is characterized by a

much higher number of transitions than transversions be-

tween closely related species, with a tendency to level off

over increasingly longer times (Brown et al., 1979).

Estimation of time divergence of mtDNA clones ba-

sed on percentage genetic divergence over time (molecular

clock) has been considered as one of the potentially most

important contributions of molecular data to the under-

standing of evolutionary processes (Hillis et al., 1996). It

was first proposed by Zuckerkandl and Pauling (1962,

1965), and it is the object of much debate (for a recent re-

view, see Nei and Kumar, 2000). Actual calibration of this

clock depends on paleontological and/or geological data

(for a review, see Lundberg, 1998). Because of its stochas-

tic nature, molecular clock calibrations are also associated

to wide confidence intervals (Hillis et al., 1996). Studies of

molecular clock in Neotropical taxa are still scant.

Bermingham et al. (1997) calibrated the amount of se-

quence divergence of 19 geminate species of marine fish,

isolated between 2.9 and 3.5 million years ago (mya) by the

formation of the Panama Isthmus, and reported an overall

rate of 1.2% sequence divergence per million years. In a

comprehensive molecular systematics study of

serrasalmine characiform genera based on 12S and 16S mi-

tochondrial RNA sequences, Ortí et al. (1996) reported

pairwise divergences ranging from 2.8-9.8%. Based on a

generalized molecular clock rate of 1-2% sequence diver-

gence per million years, Ortí et al. (1996) estimated the age

of divergence of serrasalmine genera as being 1.4-2.8 mil-

lion. However, the fossil evidence indicates a minimum age

of 13.5 million years for genera such as Colossoma and the

piranha genera Serrasalmus, Pygocentrus or Prystobrycon

(Lundberg, 1998), which, if taken into consideration,

would reduce the molecular rate to a low 0.21-0.26% per

million years (Lundberg, 1998). In callichthyid fishes, a

combination of molecular (again using 12S and 16S ribo-

somal sequences) and paleontological data results in even

lower mutation rates (0.05-0.08% per million years)

(Lundberg, 1998). In H. malabaricus, the existence of two

haplotypes with a 1% sequence divergence, isolated by

vicariant events in the Rio Doce and Rio Grande basins,

raises questions about the mutation rate in this species com-

plex. Considering an estimated age of isolation between

12-2 mya (Saadi, 1991), based on the time elapsed since the

watershed formation, the mutation rate would be 0.083 -

0.5% per million years, suggesting also maximum lineage

splitting ages of 91-5.2 mya within the Rio Doce basin. In

this basin, the molecular variation level of H. malabaricus

also contrasts with the anostomid Leporinus copelandii,

which displays no variation in the same segment of cytb

mtDNA (Dergam, unpubl. data). Dergam (1996) reported a

much lower sequence divergence level of a 16S ribosomal

mt DNA of H. malabaricus, which yielded poorly resolved

trees that were also inconsistent with cytogenetic data (Der-

gam, 1996). The applicability of molecular clock estimates

across molecules and Neotropical taxa obviously demands

further research.

Although it is accepted that the continent of South

America has experienced a process of west-east compres-
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sion since the Early Cretaceous (118 mya) plate tectonic

setting (Lundberg et al., 1998), molecular evidence of more

recent vicariant events for Neotropical fish in southeastern

Brazil is currently lacking. Today, the Rio Doce and the Rio

Grande basins share a common headwater within the Man-

tiqueira highlands, with a system of mini-grabens and

mountain ranges (Saadi, 1991), that may have allowed for

the exchange of fish fauna, notably in the Airuoca catch-

ment before the Plio-Pleistocene tectonic uplift of the di-

vide, and hence it is possible that they were connected in

the past. On the other hand, it has long been recognized that

at least part of the southern basin of the Paraíba do Sul river

shares its history with the upper Tietê basin, one of the

Paraná river tributaries (for a review, see Malabarba, 1998).

Two populations of H. malabaricus from the Paraíba do Sul

basin are 2n = 42 (Dergam, unpubl. data), and molecular

data of coastal populations from the Guaíba river (Rio

Grande do Sul) to the Rio Doce (Minas Gerais) indicate the

existence of a well-supported, mainly coastal clade

(Dergam, 1996). Thus, cytogenetic and molecular data sug-

gest that the coastal clade of H. malabaricus 2n = 42 en-

tered the Paraná basin, where it is sympatric with H.

malabaricus 2n = 39 /40 for males and females respectively

(Scavone et al., 1994) and reproductively isolated

(Dergam, 1996).

The most parsimonious tree indicates that three of the

Rio Doce haplotypes are more related to another coastal ba-

sin (RJ) from Rio de Janeiro State. To date, except for some

studies of geographic distribution patterns of characins

such as Oligosarcus (Menezes, 1987) and some species of

Mimagoniates (Weitzman et al., 1987), relatively few stud-

ies have addressed the evolutionary implications of coastal

distribution of some fish taxa. These authors suggested that

at least part of the observed coastal pattern could be ex-

plained by geologic events occurred since the last Wiscon-

sin glaciation (60,000 to 16,000 years ago), that lowered the

sea level down to 100 m. However, the RJ haplotype shows

an average divergence of 7% from the Rio Doce haplo-

types, suggesting a much older vicariant event for this spe-

cies. The close relationship between the most

plesiomorphic Rio Doce sequence and one of the Rio Gran-

de sequences suggests a shared history between these bas-

ins, corroborating the recent finding of neo-tectonic

displacement of the Mantiqueira highlands (Saadi, 1991). It

is also possible that the Paraíba do Sul basin may hold

haplotypes common to both of the former basins. Langeani

(1989) reported a fish fauna in the upper Tietê river similar

to the one of the Rio Paraíba do Sul, which was hypothe-

sized as an evidence of an Atlantic drainage of both rivers.

Bizerril (1994) concluded that the composition of the

coastal fish fauna is best explained by the contribution of

the Paraná and São Francisco river basins. Molecular and

cytogenetic data of H. malabaricus suggest that coastal

basins are, in fact, more related to each other, and that part

of the continental biodiversity received a contribution from

coastal lineages. While sympatric populations of H.

malabaricus have been reported in the Paraná/Plata basins

(Dergam, 1996; Dergam et al., 1998; Scavone et al., 1994;

Lopes et al., 1998), cytogenetic and molecular data support

the view of a single coastal clade of this species complex.

The Rio Doce basin also harbors a lower number of species

than the Rio Grande and Paraná basins, and may therefore

be more prone to the impact of exotic species (Kennedy et

al., 2002).

Conclusion

The data support the view that, within the Rio Doce

basin, RAPD-PCR markers are sensitive to Quaternary

events, and molecular similarity between the lacustrine

populations DH and CR may indicate that these two lakes

share a similar geological history, which is also supported

by their highly similar species composition (Sunaga and

Verani, 1985). Like other biochemical and molecular mark-

ers, techniques based on RAPD alleles do not necessarily

involve the genomic regions responsible for adaptive traits

which have been traditionally used for granting Evolution-

ary Significant Units (ESU) status to local populations or

species (Allendorf, 1995). However, differences in allele

frequencies among populations may also be applied to

identify potential management units (Moritz et al., 1995).

Based on the data collected, it seems prudent that future

policies for non-indigenous species control in the Rio Doce

basin should take into account both the management of the

water-level of tributaries and the physical isolation of lakes,

to protect the native ichthyofauna. If the observed RAPD-

PCR genetic pattern for the differentiation of H.

malabaricus is also valid for the ichthyofauna of the lake

system as a whole, the loss of local populations of some na-

tive species constitutes an irreversible process which

eroded a portion of the genetic richness of the basin.

Mitochondrial DNA phylogeography shows that the

Rio Doce basin and perhaps other coastal populations of H.

malabaricus have not evolved in isolation, and that pre-

Holocene events are responsible for these complex molecu-

lar and cytogenetic findings. Although it has been acknowl-

edged that the distribution patterns of Neotropical fishes do

not necessarily follow Quaternary dynamics (Weitzman

and Fink, 1983), a combination of RAPD-PCR and mtDNA

markers allows to analyze genetic phenomena encompass-

ing different time frames.
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