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The Amazon river dolphin, genus Inia, is endemic to the major river basins of
northern South America. No previous studies have focused on the genetic structure
of this genus. In this work, 96 DNA samples from specimens of this genus were
collected in the Orinoco basin (four rivers), the Putumayo River, a tributary of the
Colombian Amazon and the Mamoré, and the Tijamuchı́ and Ipurupuru rivers in
the Bolivian Amazon. These samples were used to amplify a fragment of 400 bp of
the mitochondrial DNA (mtDNA) control region. In addition, 38 of these samples were
also used to sequence 600 bp of the mitochondrial cytochrome b gene. The analysis
of the population structure subdivision with an analysis of molecular variance
(AMOVA) revealed important aspects about the genetic structure of Inia groups
from these three geographically separate regions. By comparing the control region
DNA and cytochrome b sequences, distinct types of nonshared haplotypes were
observed. The net genetic divergence of control region sequences was 6.53%
between the Orinoco and Bolivian rivers, 5.32% between the Putumayo and Bolivian
rivers, and 2.50% between the Orinoco and Putumayo rivers. For the cytochrome
b gene, these values were 2.48%, 2.98%, and 0.06%, respectively. The nucleotide
sequences were analyzed phylogenetically using several genetic distance matrices
and applying neighbor-joining, maximum likelihood, and maximum parsimony
procedures. The results support the proposal to subdivide the Inia genus into at
least two evolutionarily significant units: one confined to the Bolivian river basin and
the other widely distributed across the Amazon and Orinoco basins.

The Amazon river dolphin of the genus

Inia (Blainville 1817), also known as

tonina, bufeo, boto, or pink dolphin, is

classified within the order Cetacea, sub-

order Odontoceti, superfamily Inioidea,

and family Iniidae (de Muizon 1988; For-

dyce and Barnes 1994; Fordyce et al. 1994;

Messenger and McGuire 1998; Rice 1998).

Populations of the Amazon river dolphin

are distributed widely in many rivers in

the Amazon and Orinoco basins. The

range of distribution in South America

includes rivers in Bolivia, Brazil, Colom-

bia, Ecuador, Peru, Venezuela, and French

Guyana, covering an area equivalent to 7

million km2 (Best and da Silva 1989a,b).

The distribution of Inia is constrained

by a series of geographical barriers.

Populations from the Amazon and Beni-

Mamoré (Bolivia and Brazil) are separ-

ated by rapids in the upper Madeira

River between Porto Velho and Guajara-

Mirim (da Silva 1994). The unique con-

nection between populations from the

Amazon and Orinoco is facilitated by the

Casiquiari Channel, which reaches the

Negro River, a tributary of the Amazon.

The Casiquiari Channel is considered a

barrier for I. geoffrensis because the

water’s pH is rather low and biomass

productivity is low. Other potential bar-

riers are the rapids of the Negro River

and the rapids of the Orinoco between

Samariapo and Puerto Ayacucho (Figure

1) (Best and da Silva 1989a,b).

The first morphometric study of the

genus Inia at the species level was

carried out by Pilleri and Ghir (1977).

They divided the genus into two different

species: I. boliviensis (D’Orbigny 1834),

which is distributed in the Beni-Mamoré

River, and I. geoffrensis. The latter was

further subdivided into two subspecies:

I. g. geoffrensis (Van Bree and Robineau

1973) in the Amazon basin, and I. g.

humboldtiana (Pilleri and Gihr 1977) in

the Orinoco basin. Despite this, Casinos

and Ocaña (1979) claimed that the clinal

variation in the populations of I. geof-

frensis, based on craniometric studies,
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was not in agreement with the existence

of two species, and in fact supported the

hypothesis of the existence of only one

species with three different subspecies.

Nevertheless, since 1989 the most widely

used and recognized subdivision status

of this genus still includes three sub-

species: I. geoffrensis boliviensis for the

system of Bolivian rivers, I. geoffrensis

geoffrensis for the Amazonian basin riv-

ers, and I. geoffrensis humboldtiana for

the Orinoco basin (Best and da Silva

1989a,b). More recently, da Silva (1994)

again proposed subdividing the genus

into the two aforementioned species,

based on morphometric analyses. This

study (da Silva 1994) augmented the

geographic range and the number of

samples in comparison to previous stud-

ies. However, the most recognized clas-

sification considers only one species

with three subspecies (Rice 1998).

In order to analyze the genetic varia-

tion of these three proposed subspecies

of I. geoffrensis, a fragment of 400 bp of

the mitochondrial DNA (mtDNA) control

region (96 individuals) and 600 bp of the

cytochrome b mitochondrial gene (38

individuals) from Inia specimens were

analyzed. The control region of mtDNA is

a portion that evolves particularly rap-

idly and thus allows fine-scale resolution

of population structure and microevolu-

tionary divisions (Rosel et al. 1995; Wang

et al. 1996). The statistics calculated from

the sequences obtained were the mean

number of pairwise differences, the nu-

cleotide diversity and net genetic diver-

gence within and between the different

populations, the /ST and FST statistics

among population pairs, the Tamura and

Nei (1993) genetic distances among the

same pairs, and an analysis of molecular

variance (AMOVA). The phylogenetic

relationships among these three feasible

taxa were recovered by using genetic

distance matrices and maximum parsi-

mony procedures. A striking and note-

worthy differentiation (for both genes)

was clearly revealed among the Inia sp.

populations from the Orinoco and Ama-

zon rivers compared with the dolphins

from the rivers in the Bolivian Amazon.

These results are therefore in good

agreement with the existence of two

genetically different clades, correspond-

ing to the presence of two different

allopatric species within the genus Inia.

Materials and Methods

Collection of Samples

Skin samples were taken by means of

a biopsy of 1 cm2 from the caudal fin. All

dolphins were captured in fishing nests,

taking special care to ensure the safety of

Figure 1. Map representing the geographical areas studied in the Orinoco Basin and in the Colombian, Brazilian, and Bolivian Amazon. Stars indicate the places where
dolphins were captured and sampled. Dotted lines indicate rapids and other obstacles to the migration of Inia from one basin to another.
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each individual. After the biopsy, the

wound was covered with antibiotic

cream and the animal was released under

safe conditions. The number of individ-

uals and the geographic regions sam-

pled are shown in Table 1 and Figure 1.

In theColombianOrinoco,a totalof17 indi-

viduals were sampled in 11 locations

along the Orinoco, Guaviare, Inirida, and

Arauca rivers. In the Colombian Ama-

zon, several lagoons were explored in

a transect of 443 km from Puerto

Leguizamo to Puerto Encanto in the

Putumayo River. In these areas, a total

of 38 individuals were caught. In the

Bolivian Amazon, several lagoons were

explored in the Mamoré, Ipurupuru, and

Tijamuchı́ rivers. A total of 41 speci-

mens were surveyed in this area. A total

of 96 dolphins were captured for this

study. All these animals were analyzed

for the mtDNA control region. A subset

of these samples (n 5 32), representing

all the different haplotypes found for

the mtDNA control region, were also

analyzed for the mitochondrial cyto-

chrome b gene. In addition, cytochrome

b sequences were obtained from five

Amazon river dolphins from the Jarua

Grande and Anagua lagoons near the

Tefé River in the Brazilian Amazon, and

one additional sequence was obtained

from GenBank (accession number

AF304068). In total, 38 samples were

analyzed for the cytochrome b gene.

Two sequences of the Franciscana

(Pontoporia blainvillei) were used as an

outgroup. The sequence used in the

analysis of the mtDNA control region

was donated by Marila Lazaro (Uruguay),

while the sequence for the cytochrome

b analysis was obtained from GenBank

(AF229170). The Pontoporiidae, today

represented by only this one species,

the Franciscana, have been considered

sister taxa of the Iniidae (Fordyce and

Barnes 1994; Fordyce et al. 1994; Messen-

ger and McGuire 1998).

All skin samples obtained in the field

were stored in a solution of 20% dimethyl

sulfoxide (DMSO), supersaturated with

NaCl, according to Hoelzel (1991), for

periods of 4–8 weeks at room tempera-

ture until processed in the laboratory.

DNA Amplification and Sequencing

Extraction of DNA from skin samples was

performed using the QIAamp tissue kit

(Qiagen Inc.) following the manufac-

turer’s instructions. DNA quality was

visualized by electrophoresis in 0.8%

agarose gels. The control region was

amplified by polymerase chain reaction

(PCR) using specific combinations of

light-strand TRO (59-CCTCCCTAA-

GACTCAAGGAAG-39) and-heavy-strand

DH6 (59AAATACAYACAGGYCCAGC TA 39)

oligonucleotide primers donated by the

Southwest Fisheries Science Center (La

Jolla, CA). Twenty to 100 ng of DNA were

employed in a reaction with 10 mM Tris-

HCL, pH 8.3, 1.5 mM MgCl2, 0.2 mM dNTP,

1 mM of each oligonucleotide primer, and

two units of Taq DNA polymerase in

a total volume of 50 ll. The amplified

fragments were submitted for amplifica-

tion using a thermal cycler (MJ Research

PT-100). Cycling conditions were per-

formed as follows: 2 min at 958C, 30 s at

948C, 1 min at 508C, and 1.5 min at 728C.

Thirty-five cycles were performed, with

a final extension step of 3 min at 728C.

Amplified mtDNA was cleaned using

sephadex columns, and in several cases

polyethylene glycol/NaCl was also

used, both with good results. Cleaned

PCR products were visualized by electro-

phoresis in 1% agarose gels. The

cytochrome b gene was amplified by

using the primers Tglu (59-TGACTT-

GAARAACCAYCGTTG-39) and MHB2

(59-CTGGTTTGATGTGTGYTGGAGT-39)

(Palumbi et al. 1991). A similar cycling

profile as for the control region was used

for this gene, with 528C as the annealing

temperature. All amplified fragments

were sequenced using an ABI PRISM 377

DNA sequencer (Perkin-Elmer).

The sequencing reaction was per-

formed in a final volume of 10 ll contain-
ing 20–100 ng of PCR-amplified product,

1 ll of oligonucleotide primers (3.2 mM),

and 4 ll of dye dideoxy terminator

premix. The cycling profile was as fol-

lows: The reaction was carried out by

means of a thermal cycler (MJ Research

PT-100) at 808C, followed by 25 denatur-

ation cycles at 958C for 10 s, at 528C for

10 s, and a final extension step at 608C for

4 min. Sequenced products were purified

by ethanol precipitation. All DNA frag-

ments were sequenced in both direc-

tions, and in cases of mismatching, the

PCR reaction was repeated and the

product sequenced again. Sequence

alignments and editing were performed

using Sequencer 3.0 (Gene Codes Corp.)

and Clustal X (version 1.62 b) (Thompson

et al. 1997).

The GenBank accession numbers for

the different mitochondrial control re-

gion haplotypes and for the diverse

cytochrome b gene haplotypes found

are as follows:

AF521113, AF521114, AF521115, AF521116,

and AF521117 for the five mito-

chondrial control region haplotypes

for the Orinoco,

AF521118, AF521119, AF521120, AF521121,

AF521122, AF521123, and AF521124 for

the seven mitochondrial control hap-

lotypes for the Bolivian Amazon,

AF521125 and AF521126 for the Colom-

bian Amazon,

AF521105 and AF521106 for the Bolivian

cytochrome b haplotypes,

AF521107, AF521108, AF521109, and

AF521110 for the Orinoco cytochrome

b haplotypes, and

AF521111 and AF521112 for the Colom-

bian Amazon haplotypes.

Table 1. Sample localities of the Inia individuals presented in this study, geographical coordinates and
sample sizes

Locality
Number of
sites sampled Coordinates

Number of
individuals

Colombian Orinoco
Inirida River 3 6881198.280 W–3857926.320 N 4

688194.690 W–481954.460 N 2
6881943.510 W–3819947.700 N 5

Orinoco River 1 67853914.990 W–485945.920 N 2
Guaviare River 1 6785891.460 W–3856928.650 N 2
Arauca River 1 718139 W–68509 N 2

Amazon
Putumayo River 3 748259 W–08329 S 15

738519 W–1889 S 13
738399 W–18159 S 10

Jarua Grande Lake 1 — 4
Anagua Lake 1 — 1
Bolivian Amazon
Ipurupuru River 2 65839 W–148189S 12
Tijamuchı́ River 1 — 1
Mamoré River 5 65839 W–148339 S 28

658009 W–148469 S
Total 19 101
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Sequence Analysis

Mitochondrial genetic structure within

and between populations, and several

population genetic parameters such as

the mean number of pairwise differences,

the nucleotide diversity (p), and the net

number of nucleotide substitutions per

site (DA) among populations, were calcu-

lated using DNAsp (Rozas and Rozas

1995) and Arlequin (Schneider et al.

2000). The haplotypic diversity accord-

ing to Nei’s (1978) and Tajima and Nei’s

(1984) equations was calculated as well.

The /ST incorporates information on the

degree of genetic distance between hap-

lotypes, in this case the gamma distance

with the Tamura and Nei (1993) model

of evolution, where a 5 0.5 as recom-

mended for the control region sequences

(Kumar et al. 1993) as well as the

frequencies of haplotypes in each pop-

ulation. The FST statistic considers only

differences in haplotype frequencies.

From these genetic heterogeneity statis-

tics, gene flow estimates among the three

geographic areas were calculated using

the Arlequin program.

Concordance between geographic and

genetic diversity was analyzed using an

AMOVA, assuming an overall Inia popu-

lation subdivided into three geographical

subpopulations. The AMOVA procedure

is included in the Arlequin program

(Excoffier et al. 1992, Schneider et al.

2000) and was used to calculate both the

/ST and FST statistics. O’Corry-Crowe et

al. (1997) suggested that the AMOVA with

/ST is more appropriate than FST when

the haplotypes are divergent and phylo-

geographical structure is large, as in the

current data. Thus /ST rather than FST
values are presented in this study,

although both were calculated and found

to be in agreement.

The phylogenetic relationships of the

control region and cytochrome b haplo-

types were reconstructed using the

MEGA program (version 1.2) (Kumar et

al. 1993) with Tamura and Nei (1993),

Tajima and Nei (1984), Kimura’s two

parameters (Kimura 1980), and Jukes

and Cantor (1969) genetic distances. All

genetic distances gave identical recon-

structions. However, only the results for

the Tamura and Nei (1993) analysis are

shown here, because its properties are

considered more appropriate for the

mtDNA control region. Several transi-

tion:transversion ratios were also used,

with identical results. Trees were con-

structed using the neighbor-joining (Sai-

tou and Nei 1987) and unweighted pair

group method with arithmetic mean

(UPGMA) algorithm procedures in

MEGA. Maximum parsimony trees were

searched by using the PAUP* program

(version 4.0b) (Swofford 1998), with the

heuristic and the branch and bound pro-

cedures, using simple sequence addition

of sequences and tree bisection-recon-

nection branch swapping with unordered

character state data. The consensus tree

was obtained with the 50% rule. All phy-

logenetic trees obtained were statistical-

ly tested by using a bootstrap with 1,000

repetitions. The maximum likelihood

procedures (among them, the F84 model

of substitution, the Hasegawa et al.

[1985] model of sequence evolution,

and a maximum-likelihood estimate of

the transition to transversion rate) were

also employed and the Kishino–Hasega-

wa maximum likelihood test was per-

formed to determine whether different

trees were significantly different (Kishino

and Hasegawa 1989). Maximum-likelihood

distances were calculated with and with-

out anallowance for invariant sites (I). The

value of I was fixed at 0.666 based on

a maximum-likelihood evaluation of the

minimum evolution tree derived from the

original data. The starting tree was ob-

tained from the neighbor-joining analysis,

and the shape parameter (a) for the

gamma distribution of rate heterogeneity

among sites was empirically derived.

Nevertheless, the most accurate trees

were identical to those obtained with the

Tamura and Nei (1993) genetic distances

with the UPGMA, neighbor-joining, and

maximum parsimony trees. The control

region and the cytochrome b gene sequen-

ces of P. blainvillei were employed as an

outgroup.

Results

A total of 400 bp for the mtDNA control

region for 96 individuals and 600 bp for

the cytochrome b gene for 38 specimens

were sequenced. The number of variable

sites, the number of haplotypes found,

the mean number of pairwise differences

within each geographic region, and the

nucleotide and haplotypic diversity lev-

els are shown in Figure 2 and Table 2.

mtDNA Control Region

A total of 14 different haplotypes were

found among the Inia mtDNA control

region sequences. Five haplotypes were

found exclusively in specimens from the

Orinoco region rivers (n 5 17) (Colom-

bian Orinoco 1, 2, 3, 4, 5) (Figure 2A),

with 27 variable nucleotide positions (25

transitions and 2 transversions). Only

two haplotypes were recorded in speci-

mens from the Putumayo River (n 5 38)

(Colombian Amazon 1, 2) (Figure 2A),

with only six polymorphic nucleotide

positions (all transitions). In the Bolivian

rivers it was possible to discriminate

seven haplotypes (n 5 41) (Bolivian

Amazon, 1, 2, 3, 4, 5, 6, 7) (Figure 2A)

based on five different transitions. The

mean number of pairwise differences in

the Orinoco basin was 7.9846 3.904. This

value was significantly greater than the

values found for the Colombian Amazon

(0.912 6 0.646) or the Bolivian rivers

(0.641 6 0.509). Haplotypic diversity was

greatest in the Bolivian rivers (h 5 0.761

6 0.038) and the Orinoco basin (h 5

0.647 6 0.118), whereas the haplotypic

diversity in the Colombian Amazon was

significantly lower (h 5 0.149 6 0.074)

(Table 2). The nucleotide diversity of the

Orinoco basin was considerably higher

(p 5 1.996%), while the Colombian

Amazon (p 5 0.228%) and the Bolivian

rivers (p 5 0.160%) presented a more

restricted nucleotide diversity (Table 2).

The greatest net genetic divergence (DA)

was found between the Colombian

Orinoco and the Bolivian rivers (DA 5

6.53%) and between the Colombian Am-

azon and the Bolivian rivers (DA 5

5.32%) (Table 3). The net genetic di-

vergence between the Colombian Orino-

co basin and the Colombian Amazon was

much smaller (DA 5 2.50%) (Table 3). The

/ST values agree closely with this last

point. The highest pair values were

between the Colombian Orinoco and the

Bolivian Amazon (/ST 5 0.917) and

between the Colombian Amazon and the

Bolivian Amazon (/ST 5 0.969). This

value between both Colombian popula-

tions (Orinoco and Amazon) was slightly

lower (/ST 5 0.764) (Table 4). Estimates

of female gene flow (Nmf) based on the

/ST were extremely low among the three

regions, especially between the Colom-

bian and Bolivian regions (Table 4).

Cytochrome b Gene

For the cytochrome b mitochondrial

gene, nine different haplotypes were

distinguished. In the Bolivian Amazon,

two different haplotypes (Bolivian Ama-

zon 1, 2) were found, differentiated by

one transition (Figure 2B). In the 12

specimens from the Orinoco basin, four

different haplotypes were found (Colom-

bian Orinoquia 1, 2, 3, 4), differentiated

Banguera-Hinestroza et al • Molecular Identification in Inia sp. 315



by 19 transitions (Figure 2B). Finally, in

the 10 individuals analyzed from the

Colombian Amazon, two haplotypes were

found, differentiated by 13 transition

polymorphic sites (Colombian Amazon

1, 2) (Figure 2B). In addition, several

Brazilian specimens were sequenced (n

5 6). Five represent the most frequent

haplotype discovered in the Colombian

Amazon (CA2) and one (obtained from

GenBank) represented a unique haplo-

type (BA1) (Figure 2B).

The mean number of pairwise differ-

ences among cytochrome b haplotypes

in the Colombian Orinoco was 7.133 6

3.657 (Table 2). This value was signifi-

cantly greater than the values found for

the Colombian Amazon (2.747 6 0.155)

and for the Bolivian Amazon (0.201 6

0.269) (Table 2). Nucleotide diversity

shared the same geographic pattern

(Table 2). The greatest haplotypic di-

versity was that from the Colombian

Orinoco basin (h 5 0.561 6 0.154),

Figure 2. (A) Variable sites in the mitochondrial control region for the genus Inia, defining 14 different haplotypes for the three populations of Inia sp. analyzed. The
points indicate those sequences that are identical to the Colombian Orinoco basin 1 haplotype (line 1). The haplotypes are named according to the geographical region
to which they belong. The nucleotide positions are given in the first file in a vertical mode. (B) Variable sites for the cytochrome b gene for the genus Inia, defining nine
different haplotypes for the three Inia populations analyzed. The points show the sequences identical to the Brazilian Amazon 1 haplotype (line 2, GenBank accession no.
X922534). The nucleotide positions are given in the first file in a vertical mode. N 5 number of individuals.

316 The Journal of Heredity 2002:93(5)



whereas the haplotypic diversity in

the Colombian Amazon is intermediate

(h 5 0.425 6 0.133). In contrast to the

mtDNA control region analysis, the

dolphins from the Bolivian rivers showed

the lowest haplotypic diversity (h 5

0.200 6 0.154) (Table 2).

Net genetic divergence (DA) of cyto-

chrome b among the Inia populations

was greatest between the Colombian

Orinoco and Bolivian Amazon rivers

(DA 5 2.49%) and between the Colombian

Amazon and Bolivian Amazon rivers (DA

5 2.99%) (Table 3). The net genetic

divergence between the Colombian Or-

inoco basin and the Colombian Amazon

was considerably smaller (DA 5 0.59%)

(Table 3). Thus this trend is identical to

that found in the control region, although

the net genetic divergence is only about

half of that determined in the control

region. This suggests that the rate of

evolution of the mtDNA control region is

twofold greater than that of the cyto-

chrome b gene. Population differentiation

of cytochrome b haplotypes was similar

to that found in the control region

haplotypes (Table 4). The differences

between the Bolivian Amazon rivers and

Colombian Orinoco (/ST 5 0.81; P ,

.00001) and between the Bolivian Ama-

zon rivers and Colombian Amazon (/ST 5

0.91; P , .00001) were substantially

greater than between the two Colombian

areas (/ST 5 0.47; P , .0001), although all

values were highly significant (Table 4).

The gene flow estimates confirmed a high

degree of isolation of the three river

dolphin populations (M5 0.28) (Table 4).

Phylogenetic Relationships

of Haplotypes

Mitochondrial control region. The phylo-

genetic reconstructions of Inia sp. con-

trol region haplotypes recovered by the

three different procedures showed iden-

tical topologies. The tree presented here

is based on the Tamura and Nei (1993)

genetic distance and the neighbor-joining

algorithm (Figure 3). The topology of all

obtained trees differentiated two clades

with high bootstrap levels. One of the

clades included all the haplotypes be-

longing to the Bolivian populations. The

other clade included the populations of

the Colombian Amazon and the Orinoco

basin (Figure 3). The maximum parsimo-

ny trees with the branch and bound

procedure and with a transition:transver-

sion ratio of 1 until 20 gave the same

results as the tree shown here. The

consistency index was 0.71, whereas the

retention index was 0.86, with a minimal

length tree of 78 steps.

Cytochrome b gene. The phylogenetic

relationships recovered among the cyto-

chrome b haplotypes using different

distances, maximum likelihood, and

maximum parsimony were substantially

similar to those obtained throughout the

mitochondrial control region analysis.

The Bolivian haplotypes formed a clade

with high bootstrap values separated

from the array established by the Or-

inoco and the Colombian–Brazilian Ama-

zon hap lo types . The max imum

parsimony tree yielded a tree length of

38 steps, with a consistency index of

0.95 and a retention index of 0.95. The

striking relationship between the haplo-

types from the Orinoco basin and the

Colombian–Brazilian Amazon haplotypes

for the cytochrome b gene is remarkable,

and not in agreement with the possibil-

ity of two genetically divergent subspe-

cies of Inia in these two different basins.

If I. g. geoffrensis and I. g. humboldtiana

are really two well-developed subspe-

cies, then their divergence is relatively

recent. Nevertheless, the sample sizes

are too small to draw definite conclu-

sions.

The geographical distribution of both

the control region and cytochrome b hap-

loytpes thus clearly revealed that each of

the three geographical regions under

study has its own distinct haplotypes.

Nevertheless, in the case of the cyto-

chrome b gene, there is a haplotype in

the Brazilian Amazon (Brazilian-Amazon

1, accession no. AF304068) that was

differentiated from only one Colombian

Orinoco basin haplotype by 1 bp. The

phylogenetic reconstruction for cyto-

chrome b indicates that at least two

events of genetic contact between the

Orinoco and Amazon populations oc-

curred. In addition, an autocorrelation

index for DNA analysis (AIDA) spatial

autocorrelation analysis, together with

a variogram and an isolation-by-distance

analysis within each geographic region,

showed a clear significant spatial struc-

ture (results are presented elsewhere).

Discussion

For the first time, data were obtained

about the molecular intra- and interpop-

ulational variation for the mitochondrial

control region and for the cytochrome

b gene of the Amazon river dolphin (Inia

sp.) from different populations through-

out its geographical range. As there were

no previous data for individuals of the

same species among other South Amer-

ican rivers, our data should be compared

with those recorded from other species

of marine cetaceans and a few other

terrestrial mammal species.

Variation of the Mitochondrial Control

Region and Cytochrome b Sequences

in Inia Among the Colombian Amazon

and Orinoco Basin Dolphins

The estimated nucleotide diversity for

the control region (1.99%) and for the

cytochrome b gene (1.16%) for the

population from the Orinoco basin in-

dicates a considerable level of genetic

diversity in this population. These values

were from 9 to 12 times higher for the

control region and from 2.5- to 39-fold

higher for the cytochrome b gene com-

pared to those found in the Bolivian and

Colombian–Brazilian Amazon rivers. The

nucleotide diversity for the control

region reported for the Bolivian and

Colombian Amazon (0.16% and 0.228%,

respectively) and for cytochrome

b (0.03% and 0.46%) proved to be similar

to those values found in other regional

cetacean populations (Baker et al. 1993;

Hoelzel 1991; Pastene et al. 1996; Rosel et

Table 2. Estimations of the mean number of pairwise differences, haplotypic diversity, and percentage of
nucleotide diversity for both the mitochondrial control region and the cytochrome b gene for the three Inia
populations studied

Mean no.
pairwise differences

Haplotypic
diversity

Nucleotide
diversity

Populations
Control
region

Cytochrome
b gene

Control
region

Cytochrome
b gene

Control
region

Cytochrome
b gene

Colombian Orinoco
Basin (n 5 17) 7.984 6 3.904 7.1336 3.657 0.647 6 0.118 0.561 6 0.154 1.996% 1.16%

Amazon (n 5 43) 0.912 6 0.646 2.747 6 0.155 0.149 6 0.074 0.425 6 0.138 0.228% 0.46%
Bolivian Amazon (n 5 41) 0.641 6 0.509 0.201 6 0.269 0.761 6 0.038 0.200 6 0.154 0.160% 0.03%

Total 12.786 6 4.312 11.816 6 4.110 0.931 6 0.072 0.778 6 0.109 5.669% 3.376%

h 5 haplotypic diversity; p 5 percentage of nucleotide diversity.
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al. 1994; Sechi et al. 1998). Therefore, the

most baseline result found in the pop-

ulation from the Orinoco basin, under the

neutrality model of Tajima (1989), is the

elevated nucleotide diversity found in

the Inia sp. populations of this river. This

fact can be interpreted in several ways:

First, several authors claim that the

geographical areas with the highest

genetic diversity are the central range

in the distribution of a given species

(e.g., Dobzhansky 1971). If this were the

case, then the population from the

Orinoco basin could be the original area

of distribution of Inia, which adds cre-

dence to the argument that the introduc-

tion of its ancestry inside South America

could have been via the Atlantic Ocean.

Second, another interpretation is that in

the last 1.5–2 million years, different

maternal lineages from different geo-

graphical origins could have migrated

within the Orinoco river system. Third,

this difference could also be due to the

larger population size in the Orinoco than

in the Colombian or Bolivian Amazon. In

whichever event, this finding has impor-

tant biological conservation implications.

Among other things, it could mean that if

the nuclear gene diversity in the dolphins

of the Orinoco is in agreement with that

found at themitochondrial level, then this

population could have a greater capacity

for adaptation in front of feasible envi-

ronmental changes than the other Ama-

zon river dolphin populations studied.

There are no mtDNA haplotypes

shared between the Orinoco and Amazon

Inia in our sample, but the phylogenetic

relationships of these haplotypes is para-

phyletic with respect to these two re-

gions. The haplotypes of the Bolivian

Inia, however, are reciprocally monophy-

letic with respect to both the Orinoco

and Amazon Inia.

The absence of common haplotypes

among the Inia sp. populations suggests

the occurrence of multiple events of

genetic isolation as a mechanism for

generating the haplotype diversity ob-

served. According to Avise (1989), when

a population has been recently divided

into two new ones, some haplotypes

could be more closely related between

them than with other haplotypes within

its own population. A compelling addi-

tion to this inference is the case of the

haplotype Colombian Orinoco 1 for the

control region, which was genetically

closer to the two Colombian Amazonian

haplotypes than to the Colombian Ori-

noco haplotypes. With the cytochrome

b gene, the haplotype Colombian Orinoco

1 is also genetically more related to the

Colombian–Brazilian Amazon haplotypes

than the remaining Colombian Orinoco

haplotypes. This result could be evidence

that a relatively recent gene flow between

populations from the Amazon and the

Orinoco could have occurred in Colom-

bia. Therefore, the claims of Van Bree and

Robineau (1973), Pilleri and Gihr (1977),

and Casinos and Ocaña (1979) that there

are different subspecies of I. geoffrensis in

the Orinoco basin (I. g. humboldtiana) and

in the Amazon (I. g. geoffrensis), which

were based on morphological variables,

are not fully supported by the molecular

data. Moreover, several authors (Best

and da Silva 1983, 1989a; Meade and

Koehnken 1991) have reported individu-

als of this species in the Negro River and

in the Casiquiari Channel. These regions

have been considered by other authors

to be a potential isolation factor between

the Amazon and Orinoco basins. As

commented earlier, our molecular data

show that low gene flow connected the

Amazon and Orinoco I. geoffrensis pop-

ulations at some point in the past.

Nevertheless, another alternative inter-

pretation is possible. However, the ab-

sence of shared haplotypes suggests this

gene flow is not recent or ongoing.

Therefore the molecular evidence of

relatively recent contact among these

two Inia populations is not strong coun-

terevidence of different I. geoffrensis sub-

species in the Orinoco and Amazon

basins. Indeed, in the case of the D-loop

tree, which has better resolution, the

difference between the Orinoco basin

and the Colombian Amazon is relatively

clear. It also could suggest that some of

the dolphins from the Orinoco basin are

derived from an Amazon lineage. Never-

theless, a recent quantitative morpholog-

ic analysis of the same animals captured

for the molecular genetics analysis (Ruiz-

Garcı́a et al. 2002) showed that there was

no significant difference between males

and females of both the Orinoco and

Amazon basins according to a canonical

population analysis. On the contrary, the

males from the Colombian Amazon and

Orinoco in particular were significantly

different from the animals captured in

the Bolivian rivers; this agrees quite well

with the molecular data reported here.

Therefore, the question about the exis-

tence of two I. geoffrensis subspecies in

the Orinoco and Amazon basins remains

open to additional studies with molecu-

lar nuclear markers and larger sample

sizes from throughout the river basins.

It should be noted that only two

haplotypes for the control region and

three for the cytochrome b gene were

detected in the Colombian Amazon (and

for the Colombian–Brazilian Amazon in

the case of the last gene). For the control

region, one of these, the Colombian

Amazon 2 haplotype, had a frequency of

92%. Clearly the most prominent genetic

mechanism invoked to generate the high

prevalence of this haplotype is a bottle-

neck, gene drift, and/or a founder effect.

Perhaps this geographical area was re-

cently colonized by Inia, and this haplo-

type would be considered as a founder

introduced within this western Amazo-

nian area by female colonizers. However,

alternative scenarios are consistent with

the molecular data. It is possible that Inia

originated in the Amazon and that the

Orinoco River was later colonized by the

Lower Amazon populations, although at

least two events of contact between

these two populations happened, one in

the Colombian Amazon and another in

the Brazilian Amazon. Perhaps the high

gene diversity in the Orinoco is not

because this is the original distribution

area of Inia, but rather because this

population has expanded recently (clado-

genesis), while the Amazon population

remained a relatively constant size or

had bottlenecks more recently.

Genetic Diversity in the Overall Inia

Population and Genetic Divergence

Among Inia Populations

The overall nucleotide diversity found in

Inia (2.8% control region) proved to be

similar to humpbacks worldwide (2.4%),

but was generally higher than values

found in other cetacean species, such

as the case reported by Rosel et al.

Table 3. Net genetic divergence (DA) among the populations of Inia studied

Colombian Orinoco Amazon Bolivian Amazon

Colombian Orinoco 0.59% 2.49%
Amazon 2.50% 2.99%
Bolivian Amazon 6.53% 5.32%

Above the diagonal is the genetic divergence for the cytochrome b gene (600 bp); below the diagonal is the
genetic divergence for the mitochondrial control region (400 bp).
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(1994) for several Delphinus sp. (2.1%),

for Delphinapterus leucas (0.51%; O’Corry-

Crowe et al. 1997), for the Chinese

Tursiops truncatus (1.9%; Wang et al.

1999), for Ziphiidae such as Hyperoodon

and Berardius (,2%; Dalebout et al.

1998), and for certain local Megaptera

novaeangliae populations (0.89% for the

Mexican population and 0.63% for the

Hawaii population; Medrano-González et

al. 1995), and considerably higher than

values for three species of Phocoena

(0.39%; Rosel et al. 1995), for Pacific

Ocean populations of Phocoenoides dalli

(1.42%; Escorza-Treviño and Dizon 2000),

or for the northwest Atlantic Phocoena

phocoena populations (1.1%; Rosel et al.

1999). The mtDNA diversity of Inia sp. is

strongly partitioned between the Colom-

bian and Bolivian populations. The over-

all /ST value for the control region (/ST 5

0.917) and the overall /ST value for the

cytochrome b gene (/ST 5 0.810) are

elevated. These values are substantially

higher than those found for other ceta-

ceans, such as the cases of the D. leucas

in North America (/ST 5 0.409, control

region; Brown Gladden et al. 1997), P. dalli

in the north Pacific (/ST 5 0.119, control

region; Escorza-Treviño and Dizon 2000),

P. phocoena in the northwest Atlantic

Ocean (/ST 5 0.034, control region;

Rosel et al. 1999), or Pontoporia blain-

velli in Rio Grande do Sul and Rio de

Janeiro (/ST 5 0.403, control region;

Secchi et al. 1998), and in the Hector’s

dolphin (Pichler et al. 1998).

More striking are the values of control

region divergence (DA) calculated among

the different Inia sp. populations com-

pared with other species of cetaceans.

The Inia values ranged from 6.53% (Bo-

livian Amazon versus Colombian Orinoco

basin) to 2.50% (Colombian Amazon

versus Colombian Orinoco basin). Need-

less to say, these Inia values were very

high for the existence of a unique Inia

species. The divergence of Bolivia from

the Colombian Amazon and Orinoco

basin (6.63% and 5.32%) was greater than

previously calculated between several

well accepted species of cetaceans (e.g.,

Stenella attenuata and Stenella longirostris

[4%]; Dizon et al. 1991), some Mesoplo-

don, Berardius sp., and Hyperoodon sp.

(4.7%; Dalebout et al. 1998), Tursiops

truncatus and Tursiops aduncus (4.4%;

Wang et al. 1999), and several Delphinus

sp. (1.11%; Rosel et al. 1994). In addition,

we have data for neotropical terrestrial

mammals that agree quite well in the

sense of the high levels of genetic

heterogeneity discovered between the

Bolivian and Colombian Inia sp. popula-

tions. This is the case between two

Cervidae species of the genus Mazama

for the same mitochondrial region (M.

americana and M. gouzaoubira, diver-

gence 2.1%; Ruiz-Garcı́a et al. in press).

The marked divergence of mtDNA be-

tween the Colombian and Bolivian pop-

ulations is consistent with previous

morphological investigations. Da Silva

(1994), analyzing specimens of the three

main river systems, including a large

number of specimens from the Brazilian

Amazon, revealed that the populations

of Inia were clearly separable into two

different species, each well defined by

cranial morphometrics. Our own biomet-

ric study with 12 morphological variables

from the entire body of the captured

animals revealed striking differences

among the Bolivian dolphin set and the

Colombian Amazon and Orinoco animal

sets (Ruiz-Garcı́a et al. 2002), particularly

for the males. These morphological differ-

ences possibly justify species status for I.

geoffrensis and I. boliviensis.Nevertheless,

analyses of nuclear genetic markers are

required until we have enough evidence

that the Bolivian population is a fully

developed, different species from the

Amazon and Orinoco basin populations.

Therefore we propose to subdivide

Inia into two evolutionarily significant

units (ESUs), as defined by Moritz (1994).

According to this definition, ESUs must

be substantially reproductively isolated

from other conspecific population units

and must represent an important com-

ponent in the evolutionary legacy of

a given taxon. The mitochondrial data

examined here seem to satisfy both

conditions for the Bolivian river dolphin

population in relation to the ones from

the Amazon and Orinoco basins.

The Molecular Evolution of Inia

A stretch of 400 km of rapids in the upper

Madeira-Mamoré River almost certainly

forms a barrier to the movement of

Bolivian Inia. As a result, allopatric

separation could be a reasonable expla-

nation that supports the results obtained

in this study. In agreement with Pilleri

et al. (1984), the formation of these two

species could be at the end of the

Pliocene and the beginning of the Pleis-

tocene, since the Beni lands in Bolivia

were once a lake completely isolated

from other water sources during the

Neogene (Grabert 1984). In the Holo-

cene–Pleistocene, this lake was tapped

and the 400 km of the Madeira-Mamoré

rapids were formed. It is possible that

Inia reached this area via the Abuña pass,

which is present today, before the for-

mation of the rapids between Guayara-

Mirim and Porto Velho (Grabert 1967;

Pilleri et al. 1984). Therefore, the iso-

lation of Bolivian Inia could have oc-

curred dur ing the P le i s tocene ,

approximately 5 million years ago, when

the Andes mountains were formed (Gra-

bert 1984). This is supported by the fact

that in this period the current geomor-

phology of the Andes was attained

(Lundberg et al. 1998). This moment

could be decisive for the allopatric iso-

lation of Bolivian Inia with regard to the

Amazon and Orinoco basin populations.

The current controversy with respect

to divergence times within the genus

Inia, and of this genus with other re-

lated taxa, can be resolved partially with

the results presented here. The rate of

control region divergence in cetaceans

has been estimated to be approximately

1%/million years for both Odonotocetes

and Mysticetes (Baker et al. 1993; Hoelzel

and Dover 1991). These estimates are con-

sistent with several more recent studies.

Escorza-Treviño and Dizon (2000),

based on the fact that Barnes (1985)

estimated a separation of 5–8 million

Table 4. Genetic heterogeneity and estimated female migrants per generation among the three Inia
populations studied

Colombian Orinoco Amazon Bolivian Amazon

/ST

Colombian Orinoco — 0.764* 0.917*
Amazon 0.430* — 0.969*
Bolivian Amazon 0.810* 0.910* —

Nmf

Colombian Orinoco — 0.15397 0.04488
Amazon 0.28191 — 0.01568
Bolivian Amazon 0.05864 0.02472 —

Above the diagonal are the results for the mitochondrial control region; below the diagonal are the results for
the cytochrome b gene. /ST 5 genetic heterogenity; Nmf 5 female migrants per generation.

*P , .0001.
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years among Phocoenoides and Phocoe-

na using the fossil record, estimated

a ratio of 0.71–1.14%/million years for

the mitochondrial control region for the

first genus quoted. Similarly, McMillan

and Bermingham (1996) estimated a rate

of evolution of 0.94%/million years for

the control region in that genus. Tikel

(1997) estimated 2%/million years based

on fossil evidence for the dugong and

Garcia-Rodriguez et al. (1998) showed

that the most feasible molecular clock

for the manatee (Trichechus manatus) was

1–2%/million years. Even feline-specific

mtDNA divergence rates vary from 0.97%

to 1.39%/million years (Lopez et al. 1997).

Assuming a 1% divergence rate for the

control region, we obtained an estimate of

Figure 3. (A) Phylogeny of the mtDNA control region using the neighbor-joining algorithm and the Tamura and Nei (1993) genetic distance with a 5 0.5 among the
different Inia haplotypes. The numbers on the tree nodes are the bootstrap percentages based on 1,000 simulations. (B) Phylogeny of the cytochrome b gene using
the neighbor-joining algorithm and the Tamura and Nei (1993) genetic distance with a 5 0.5 among the different Inia haplotypes. The numbers on the tree nodes are the
bootstrap percentages greater than 50% based on 1000 simulations. The scale shows the inferred proportion of nucleotide changes along each branch based on Tamura
and Nei genetic distances.
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5.3–6.5 million years of divergence be-

tween both Iniapopulations for the 400 bp

studied. If the 2% divergence ratio is

employed, the estimate is 2.6–3.2 million

years. For the cytochrome b gene, Irwin et

al. (1991) showed that the divergence per

million years is about 0.5%. Taking this

value, the evolutionary divergence be-

tween Bolivian Inia and Colombian and

Amazonian Inia could be about 5–6million

years. The average value for both mito-

chondrial regions (taking 1% and 0.5% of

divergence, respectively) is about 5.1–6.2

million years. This is quite similar to the 5

million years of separation between Boli-

vian Inia and Colombian and Amazonian

IniaclaimedbyGrabert (1984) anddaSilva

(1994). These temporal estimates are of

the same magnitude as those calculated

for the three mtDNA lineages discovered

in T. manatus by Garcı́a-Rodriguez et al.

(1998) (3.5–7 million years).

The most ancient fossil, which was

recovered from the Iniidae family and

dated at 7–8 million years old, was

proposed to belong to a subfamily differ-

ent from the Iniinae (Cozzuol 1996). In

addition, the most ancient fossil of

Pontoporidae came from the late Mio-

cene (Brachydelphis mazeasi, from Peru,

with an estimate of 11–13 million years

old; Cozzuol 1996; de Muizon 1988). This

family is proposed to be the sister taxon of

the Iniidae. Assuming this, and taking into

account that the nucleotide divergence

with the Tajima and Nei distance between

IniaandPontoporia is 8.8% for cytochrome

b, it is possible to obtain several other

time-divergence estimates. If a ratio

ranging from 0.5% to 1%/million years is

assumed, then the separation time

between Inia and Pontoporia could range

from 8.8 to 17.6 million years, which

agrees with the 11–13 million years estab-

lished for Brachydelphis (deMuizon 1988).

Nevertheless, the rates of mitochondrial

evolution could be different among differ-

ent taxa. Based on the previous consid-

erations, we suggest an urgent need to

review the taxonomy of Inia in order to

confirm the proposal of at least two extant

evolutionarily units, which could reach

species status: I. boliviensis in Bolivia and

a unique I. geoffrensis species in the

Orinoco and Amazon rivers. This will

require some nuclear gene markers and

a more exhaustive geographic mtDNA

sample from the Amazon.

Within the Amazon and Orinoco ba-

sins, future study is also needed to

investigate allele frequency differences

between males and females. In other

cetacean species, comparisons of nucle-

ar and mtDNA diversity suggest different

patterns of gene flow for males and

females. In the North American beluga

whales, for example, the /ST values

(0.047–0.072) for microsatellites were

significantly lower than the /ST value

obtained for the mitochondrial control

region (0.409) (Brown Gladden et al.

1999). Even the geographical break in

microsatellite allele frequency did not

coincide with the break in mtDNA haplo-

type distribution of this species in the

Canadian Arctic islands. Similarly Wang

et al. (1996) found that female porpoises

were more phylopatric than males and

Escorza-Treviño and Dizon (2000)

showed a highly male-biased dispersal

among P. dalli populations. Such studies

will aid in delineating further genetic

units within the extensive range of the

Amazon and Colombian Inia.
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