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Genetic diversity and population history of the migratory
catfishes Pangasianodon hypophthalmus and Pangasius
bocourti in the Cambodian Mekong River
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ABSTRACT: Polymerase chain reaction (PCR) restriction fragment length polymorphism analysis of
mitochondrial DNA was applied to the genetic structure and evolutionary history of the more ancestral
Pangasianodon hypophthalmus (n=82), and the recently speciated catfish Pangasius bocourti
(n=90) from the Cambodian Mekong River. Both pangasiids were characterized by a lack of genetic
population structure that may result from high levels of contemporary gene flow. Genetic diversity was
lower in P hypophthalmus than in P bocourti. However, a different evolutionary history was inferred for
both species based on genealogical and demographic analyses (mismatch analysis, Tajima’s D- and
Fu's Fs-tests). The genetic profile of the more ancestral P hypophthalmus shows indications of a
recent population bottleneck, whereas the recently speciated P. bocourti shows signatures of histor-
ical population expansion. This study stresses the importance of preserving the migration routes in the
Cambodian Mekong basin in order to maintain the genetic diversity and long-term integrity of both
species.
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restriction fragment length polymorphism.

INTRODUCTION

The importance of historical biogeography in
shaping intraspecific genetic structure and the
ability of mitochondrial DNA (mtDNA) to retain a
history of past isolation have been well demon-
strated.' Demographic historical events such as
growth or range expansion following a bottleneck
leave signatures in both genetic diversity and phy-
logenetic structure,®® while vicariance events and
climatic cycles may be linked to deeper phyloge-
netic structure.**'° Just two studies combining
phylogenetic, population genetic and distribu-
tional approaches have provided insight into
intraspecific patterns and processes for South-
East Asian freshwater fishes (catfish Hemibagrus
nemurus' and cyprinid Barbodes gonionotus'").
Fish ecology and production within the Mekong
system is driven by the annual flood cycle, which is
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under the influence of the south-west monsoon
(June-October). Thousands of square kilometers of
floodplain throughout the Mekong system and the
Tonle Sap Lake in Cambodia are inundated to a
surface 4-6 times larger than in the dry season. Its
extremely diverse fish community, with over 1200
species recorded (Cambodia in itself counts over
500 fish species), reflects past climatic and geologic
processes that have brought together the fauna of
several river systems.'? Although human activities,
such as habitat modification, deforestation, deteri-
oration of water quality, water capture for hydro-
power and irrigation, and overfishing, currently
threaten all fisheries of the Mekong basin, no
group is more at risk than both Pangasiid
species.’*!

Pangasianodon hypophthalmus Sauvage 1878
and Pangasius bocourti Sauvage 1880 belong to the
South-East Asian catfish family of the Pangasi-
idae." Pangasianodon hypophthalmus occurs in
large rivers of the Mekong and Chao Phraya basins
and is very common in the Lower Mekong
River.'? Pangasius bocourti is apparently a Mekong
endemic, known from large rivers in the Lower
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Fig.1 Sampling locations of Pangasianodon hypoph-
thalmus and Pangasius bocourti in the Cambodian
Mekong River basin. Tonle Sap River: Siem Reap (SR,
13°13’N, 103°52°E) and Kompong Chnang (CHN,
12°16’N, 104°41’E). Upstream Mekong River: Stung
Treng (ST, 13°32’N, 105°57°E) and Kratie (KT, 12°37'N,
106°01’E). Downstream Mekong River: Prey Veng (PV,
11°08’N, 105°14’E). Bassac River: Bassac (BS, 11°24’N,
105°00’E).

and the Middle Mekong basin.'”” Remarkable in
both species is their migratory behavior. Adult
P hypophthalmus and P bocourti leave the Tonle
Sap Lake and Mekong floodplain to migrate
upstream to the spawning grounds, located down-
stream between the Khone Falls and the town of
Kratie (KT) in Cambodia (Fig. 1) during October-
March.'® After spawning, they migrate downstream
to the feeding grounds in Siem Reap (SR),
Kompong Chnang (CHN), Prey Veng (PV) and
Bassac (BS) (Fig.1). Within the Mekong region,
P hypophthalmus and P bocourti are dominant
food fish, a common basis of local wild-capture
fisheries and flagship catfish species."”

Little information is available on the phyloge-
netic characteristics of the family Pangasiidae.
Two studies based on allozyme and mitochondrial
markers reported a deep phylogenetic structure in
pangasiid catfishes.'®" Pangasianodon hypoph-
thalmus diverged from its closest living relative
(P gigas) approximately 8.0-6.0 Ma BP, while
P bocourti and its sister species P djambal shared a
common ancestor 1.0-0.3 Ma BP'®"

However, despite the commercial importance of
both Mekong catfish species their intraspecific
diversity has never been studied. It is not known
whether both species contain multiple gene pools
that resulted from historical isolation across their
wide natural distribution range. The latter infor-
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mation is important to guide the conservation
management of both catfish species and ascertain
their long-term survival.

The current paper has historical and contempo-
rary components. Firstly, the evolutionary history
of the more anciently diverged P hypophthalmus
and the recently speciated P bocourti were studied
to gain information about historical population
subdivision and demographic history. Secondly,
the population genetic structure and diversity of
both Mekong catfish species were investigated.
The implications of our genetic results, combined
with ecologic and fisheries data, are discussed for
the management of both catfishes in the Mekong
basin.

MATERIALS AND METHODS
Fish sampling

Five locations in the Cambodian Mekong River
were sampled in 2001 to obtain 82 specimens of
Pangasianodon hypophthalmus and 90 specimens
of Pangasius bocourti (Fig. 1).

Fish tissues (tail fin) were collected and stored in
a salt-saturated DMSO solution (20% dimethylsul-
foxide, 250 mM ethylenediaminetetracetic acid
[EDTA] and 5 M NaCl) and kept at room tempera-
ture for transport to the laboratory for DNA analy-
sis. Samples were transferred to pure ethanol and
stored at room temperature upon arrival.

DNA extraction and PCR amplification

Small pieces of fin (50-100 mg) were digested
with proteinase K (10 mg/mlL) in CTAB buffer
(2% cetyltrimethyl-ammonium bromide, 1.4 M
NaCl, 20mM EDTA at pH8.0, and 100 mM
Tris[hydroxymethyl] aminomethane at pH 8.0) and
incubated at 55°C overnight. Total genomic DNA
was isolated with a standard phenol-chloroform
extraction protocol.”” A fragment of 2.1kb, that
contained the cytochrome b gene and the control
region, was amplified with two universal primers:
(i) a forward primer complimentary of ND5/6, 5'-
TGA YAT GAA AAA CCA TGG TTG TAA-3’;*! and (ii)
reverse primer HN20, 5-GTG TTA TGC TTT AGT
TAA GC-3".* The polymerase chain reaction (PCR)
was performed in a volume of 25 uL containing
1 x reaction buffer (16 mM (NH,),SO,, 67 mM Tris-
HC], pH 8.8 at 25°C, and 0.01% Tween-20), 2 mM
MgCl,, 0.5 U of SilverStar Taq polymerase (Euro-
gentec, Seraing, Belgium), 200 uM dNTPs, 0.8 uM
each of forward and reverse primer, and 1 uL (10—
100 ng) of total genomic DNA. The amplification
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procedure was as follows: initial denaturation at
95°C for 3 min followed by a cycle of denaturation
at 95°C for 30 s, annealing at 46°C for 30 s, and final
elongation at 72°C for 2 min 30 s in a thermocycler
(Trioblock, Biometra, Gottingen, Germany). This
cycle was repeated 35 times, after which an addi-
tional elongation step was done at 72°C for 7 min.

Restriction fragment length
polymorphism analysis

The amplified fragments were subsequently
screened for polymorphism using 10 restriction
endonucleases: Haelll, Hinf1, Mbol, Taq1, Alul,
Rsal, Hpall, Tas1, FnuDII and Trull, all recog-
nizing tetranucleotide palindromic sequences.
Restriction digestion was carried out overnight in a
10-uL volume using 5 uL of each PCR amplified
mtDNA product and 10 U of restriction enzyme.
Resulting mtDNA fragments were separated by
electrophoresis on 1.2-2% agarose gels alongside a
100 bp DNA ladder used for fragment sizing.

Data analysis

Variation in mtDNA haplotype frequencies,* hap-
lotype (h, standard genetic diversity) and nucle-
otide (m, average gene diversity over all loci)
diversities,** overall and pairwise Fs; values,” and
minimum spanning (genealogical) networks®
among P bocourti and P hypophthalmus samples
were assessed using ARLEQUIN software.*” Differ-
ences in haplotype and nucleotide diversity of both
catfishes were statistically assessed by performing
a parametric Student’s t-test on dependent vari-
ables using STATISTICA version 6.0 software (Stat-
Soft, Tulsa, OK, USA).

To infer population demographic history of both
catfishes, the frequency distribution of pairwise
differences between mtDNA haplotypes (i.e.
mismatch distribution)?®?° were examined, and
Tajima’s D-test of neutrality®* and Fu’s Fs-test of
neutrality®" were evaluated.

A mismatch analysis was performed using
ARLEQUIN to compare the demographic history of
both species. Populations which have been stable
over time are predicted to have a more balanced
phylogeny shape and a bi- or multimodal mis-
match distribution.” Populations which have gone
through growth or expansion are expected to have
a star-like phylogenetic shape and unimodal mis-
match distribution.”® The fit between observed
and expected distributions was tested using the
sum of squared deviations (SSD) for the estimated
stepwise expansion models.*
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Tajima’s D-statistic values for departure from
neutrality on total numbers of segregating sites
were calculated using ARLEQUIN. Tajima’s D-
statistic is close to zero in populations that have
remained stable in size over time.* Under the
assumption of neutrality, a significant negative
value of D predicts either a population expansion
which has undergone recent increases in size
because rare alleles are more abundant than
expected,®® or a recent past selective sweep.>* A
significant positive value of D predicts a long-past
population subdivision.*® The significance of the
D-statistic was tested by simulating a distribution
(1000 replicates) of D-values under the null
hypothesis of population stability (i.e. neutrality).*
Like Tajima’s D-test,’ Fu’s neutrality test® is based
on the infinite-site model without recombination,
and is also used to infer population history. The
Fs-statistic is very sensitive to population demo-
graphic expansion, which generally leads to large
negative Fs values.» The Fu’s Fs-statistic values
were estimated using ARLEQUIN. The significance
of the Fs-statistic values were tested by simulating a
distribution (1000 replicates) of Fs-values under
the null hypothesis of population stability (i.e.
neutrality).”” Significance levels of multiple tests
were sequential Bonferroni corrected according to
Rice.”’

RESULTS
Genetic diversity and population differentiation

Of the 10 restriction enzymes used, five (Haelll,
Hinf1, Alul, Rsal and Trull) in Pangasianodon
hypophthalmus and seven (Hinf I, Mbo 1, Tag |,
Alul, Rsal, Hp1l and TrulI) in Pangasius bocourti
were polymorphic. Seven mtDNA haplotypes were
detected in P hypophthalmus and 17 haplotypes in
P bocourti (Table1). In P hypophthalmus, the
mean haplotype diversity was 0.499 (range 0.295-
0.674), and the mean nucleotide diversity was
0.022 (range 0.009-0.048). In contrast, for five
P bocourti samples, the mean haplotype diversity
was 0.728 (range 0.576-0.836), and the mean
nucleotide diversity was 0.048 (range 0.036-0.058).
Three unique (singleton) haplotypes were found in
P hypophthalmus and 10 in P bocourti. On aver-
age, haplotype diversity in P hypophthalmus was
nearly significantly lower than that in P bocourti
(t=2.727, P=0.053), while nucleotide diversity was
significantly lower in P hypophthalmus than in
P bocourti (t=4.113, P=0.014).

Overall population differentiation (fixation
index, Fsp) in P hypophthalmus was 0.022 and sta-
tistically insignificant (P=0.139>0.05). Similarly,
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Table1 Genetic diversity and results of population genetic tests in Pangasianodon hypophthalmus and Pangasius
bocourti

Species/HC Haplotype ST KT SR CHN PV BS Total
Pangasianodon hypophthalmus

Phl AAAAAAAAAA 8 5 11 - 15 11 50
Ph2 ABAAAAAAAA 3 9 4 - 6 1 23
Ph3 ACAAAAAAAB - - - - 1 - 1
Ph4 BAAAAAAAAA - - 1 - 1 2
Ph5 AAAABAAAAA - - 1 - - - 1
Phé6 CBAAAAAAAB - - 1 - - 1
Ph7 ACAAAAAAAA - 2 2 - - - 4

h 0.436 0.608 0.674 - 0.481 0.295 0.499
SD 0.133 0.090 0.100 - 0.094 0.156 0.115
T 0.009 0.022 0.048 - 0.019 0.013 0.022
SD 0.008 0.016 0.031 - 0.015 0.012 0.016
Pangasius bocourti

Pbl AAAAAAAAAA 10 8 - 9 7 9 43
Pb2 AAABAAAAAA 4 - - 2 3 1 10
Pb3 AAAABAAAAA - - - 2 3 5 10
Pb4 AABAAAAAAB 2 - - 1 2 1 6
Pb5 AAAABABAAB - - - - 1 - 1
Pb6 AABAAAAAAA - - - 3 1 2 6
Pb7 AABABAAAAB - - - - 1 - 1
Pb8 AADABAAAAA - - - - 1 - 1
Pb9 AAABBAAAAA 1 - - - - - 1
Pb10 AAAABABAAA 1 - - - - - 1
Pbll AABABAAAAA 2 - - 1 - - 3
Pbl2 AACAABAAAA - - - 1 - - 1
Pb13 ABBABAAAAA - - - 1 - - 1
Pbl4 AAAAAABAAB - 1 - - - 1 2
Pbl5 AABBBAAAAA - 1 - - - - 1
Pbl6 AABBBAAAAB - 1 - - - - 1
Pbl17 AABBAAAAAA - 1 - - - - 1

h 0.721 0.576 - 0.784 0.836 0.725 0.728
SD 0.089 0.163 - 0.084 0.065 0.083 0.097
T 0.043 0.052 - 0.051 0.058 0.036 0.048
SD 0.028 0.034 - 0.032 0.036 0.024 0.031

Sampling abbreviations are listed in Figure 1.

HC, haplotype code; h, haplotype diversity; n, nucleotide diversity; SD standard deviation; —, not applicable. Capital letters identify

fragment patterns.

the Fsr value for P bocourti was 0.001 and insignif-
icant (P=0.929>0.05). Further, no pairwise Fsr
value was significant in either catfish after sequen-
tial Bonferroni correction (data not shown).

The minimum spanning (genealogical) networks
pointed to one very common central haplotype
(Phl) in P hypophthalmus and one (Pbl) in
P bocourti (Fig. 2); these haplotypes were observed
at all sampling sites. According to predictions from
coalescence theory, the centrally positioned haplo-
types are most likely ancestral variants.*® The
peripheral mitochondrial variants are connected
to the central haplotype with one to just a few
mutations, although some derived haplotypes
have long branches, particularly in P hypophthal-
mus (Ph3, Ph5 and Ph6; Fig. 2a). Unique haplo-

types were observed in P hypophthalmus at SR
(Ph5 and Ph6) and in P bocourti at PV (Pb5, Pb7
and Pb8), ST (Pb9 and Pb10), CHN (Pbl2, Pb13)
and KT (Pb15, Pb16 and Pb17) (Table 1 and Fig. 2).

Mismatch distribution and neutrality tests

To investigate the hypothesis of population expan-
sion in P hypophthalmus and P bocourti, the
distribution of pairwise differences from the
segregating sites of the mtDNA haplotypes were
computed (Fig. 3). A unimodal mismatch distribu-
tion was observed in both catfishes. The mismatch
distribution, however, differed substantially
between species, as the mean number of differ-
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ences was 1.16 in P hypophthalmus and 2.06 in
P bocourti. In P hypophthalmus the observed mis-
match distribution was significantly different from
the expected distribution under the range
expansion model, leading to reject the expansion
hypothesis. For the mismatch distribution of
P bocourti, the sudden expansion hypothesis could
not be rejected (Table 2).

Neutrality tests by Tajima’s D- and Fu’s Fs-tests
showed that the negative values were significantly
different from zero in P hypophthalmus. In
P bocourti, Tajima’ D-statistic was negative and
significant from zero, while Fu’s Fs-test resulted in a
large negative Fs value that was highly significant
(Table 2).

DISCUSSION
Historical evolution and demographic history

Along a large section, the Mekong flows down-
stream of the Khone Falls in the Lower Mekong
basin through a very young channel. The river has
had major course changes during and following
the Pleistocene due to climatic (sea level change)

(b)

Pb12
O

Pb15 Pbl6
OO

Fig.2 Minimum spanning networks showing muta-
tional state differences among: (a) Pangasianodon
hypophthalmus and (b) Pangasius bocourti mtDNA
haplotypes listed in Table 1 from inferred restriction site
differences for 10 restriction enzymes. Dominant (abun-
dant) haplotypes are indicated by larger circles. Slashes
denote number of observed mutations.
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and geologic (tectonic) processes, and only
recently assumed its present configuration.’” The
Tonle Sap Lake was formed by the most recent
subsidence event of the Cambodian platform just
5720 years ago.'? This geologic history must have
had an important effect on the intraspecific diver-
sity of the aquatic fauna.
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Fig.3 Mismatch histograms of the number of pairwise
differences in haplotype frequency for (a) Pangasian-
odon hypophthalmus and (b) Pangasius bocourti. The
solid line represents the expected mismatch distribution
under the sudden expansion model, and the bars repre-
sent the observed pairwise difference from segregating
sites of fragment of the cytochrome b gene and control
region (2100 bp).

Table2 Results of population genetic tests on Pangasianodon hypophthalmus and Pangasius bocourti

P (SSD sim. Tajima’s D P (D sim. Fu’s F P (Fs sim.
Species SSD > SSD obs.) statistic <Dobs.) statistic < Fs obs.)
P hypophthalmus 0.008 0.027 -1.752 0.016 -13.253 0.000
P bocourti 0.003 0.867 -1.088 0.031 —27.369 0.000

SSD, Sum of Squared Deviation of the mismatch distribution; P, probability; sim., simulated; obs., observed.
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Pangasianodon hypophthalmus and Pangasius
bocourti were characterized by a star-like geneal-
ogy and the central haplotype was observed at
each sampling location (Table 1). However, there
were remarkable differences between both geneal-
ogies (Fig.2). The haplotype network of the
recently speciated P bocourti is typical for high
gene flow species with populations that have not
been sundered by long-term historical biogeo-
graphic barriers,” whereas the rare divergent
haplotypes observed in the more ancestral
P hypophthalmus could be the result of different
historical processes. According to Grant and
Bowen® and Avise,* this genetic profile can be
explained by either: (i) secondary contact between
formerly isolated populations or reticulation of
isolated lineages associated with low effective pop-
ulation size; or (ii) a strong bottleneck in a formerly
large, stable population together with high gene
flow. The first scenario is supported by Dodson
etal.! and McConnell,"* who reported extensive
admixture of intraspecific groups of freshwater
fish. During the Pleistocene the river mouths of the
major Indochinese rivers were interconnected
because of low sea levels, whereas during high sea
levels, genetic groups evolved allopatrically. How-
ever, P hypophthalmus has only been reported
from the Chao Phraya basin and it is unclear
whether the species is present in neighboring
basins. Since there is no evidence that these diver-
gent genetic groups either still exist or have existed
in the other basins, this scenario remains specula-
tive. Further, a past subdivision is expected to
increase the average number of pairwise differ-
ences relative to the total number of mutations,
which would lead to a positive Tajima’s D-
statistic.®® A significant negative value was
observed for the latter statistic but the expansion
model was rejected. Thus, the star-like genealogy
with divergent haplotypes and missing intermedi-
ates in P hypophthalmus is more likely to be the
result of a bottleneck.””" An excess of distant
haplotypes might be the result of a bottleneck
event with geographically structured subpopula-
tions. However, the current data do not allow us to
exclude a simple bottleneck event in which the
contraction leads to a single small population.

The geographic distribution of the observed
mitochondrial genomes for P bocourti did not sug-
gest any historical subdivision in the Cambodian
Mekong basin.  Unlike P hypophthalmus,
P bocourti clearly showed signatures of a past
expansion. Firstly, the genealogical network of
P bocourti had a star-like pattern of closely related
haplotypes, which is consistent with a population
expansion model.” Further, the observed unimodal
mismatch distribution was well explained by a
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sudden expansion model and well supported by
highly significant negative Tajima’s D-*** and
Fu’s Fs-statistics.”® The more recently speciated
P bocourti'®"® may have experienced population
expansion during the Pleistocene (<1.0 Mya). The
growth of P bocourti populations seems to be
reflected in its higher mtDNA genetic diversity.’

If the genetic profile of Pbocourti and
P hypophthalmus is interpreted in a historical con-
text, the pattern of P bocourti may be the result of
successful colonization of the Mekong basin after
its speciation in the late Pleistocene.'*" In
contrast, the bottleneck signature observed in
P hypophthalmus might be the result of dramatic
changes in the configuration of the Mekong
basin."” In the latter case it remains hard to explain
why P bocourti did not suffer from these geologic
changes.

Intraspecific genetic diversity and
population structure

Pangasianodon hypophthalmus and P bocourti
showed contrasting levels of genetic diversity, sup-
porting the idea of a different evolutionary demo-
graphic history. The diversity values were higher
than reported for most freshwater fish species (e.g.
North American and European salmon,*” Euro-
pean catfish,”® African catfish," northern South
American Prochilodontid fishes,” and Bolivian
Amazon catfishes*®) with the exception of, amongst
others, American shad Alosa sapidissima' and
brown trout Salmo trutta® The highest number
of haplotypes for P hypophthalmus (six) and
P bocourti (eight) was found in the Tonle Sap Lake
(SR) and Tonle Sap River (CHN), possibly implying
a communal feeding ground. However, this con-
clusion assumes there are distinct populations in
different areas which mix during feeding migra-
tion; there is no such evidence in our data set.
Overall Fs; values suggested little genetic differen-
tiation in the samples of P hypophthalmus and
almost no differentiation in P bocourti. Further, all
pairwise Fsr values in both species were not statis-
tically different, which suggests extensive migra-
tions in the absence of contemporary natural and
physical barriers among the four major river
branches downstream of the Khone Falls. They
reveal that P hypophthalmus and P bocourti each
may represent a distinct population in the Lower
Mekong River basin. This scenario parallels the evi-
dence based on ecologic surveys along the Mekong
River using indigenous fishers’ knowledge.'® How-
ever, evidence for unique haplotypes was observed
in both catfish species, probably revealing popula-
tion substructure. Such widely distributed popula-
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tions are comparable to several other large river
fish species in the Chinese Yangtze River* and in
major South American rivers.**** The mitochon-
drial data suggests for both species that contempo-
rary migration (gene flow) is sufficiently high to
preserve a very weak or absent population struc-
ture in the Cambodian Mekong River. This out-
come might reflect the unusual life history of both
migrants, whose larvae disperse downstream to
the nursery grounds after spawning. Both catfish
species might have varying degrees of philopatry
because they are spatially and temporally relatively
predictable in their spawning aggregations.'® Thor-
rold et al.™ suggested that even when a substantial
proportion of individuals return to their home
region, exchange might still be sufficient to
observe a panmictic population at the mitochon-
drial DNA level.

Conservation and management implications

Unlike P hypophthalmus, P bocourti showed a
high level of genetic diversity, which might be
attributed to different intensities of fishing
pressure and exploitation. All life stages of
P hypophthalmus are intensively harvested with
legal (hooks and lines, trawls, seines, gill nets, set
nets, and traps), and illegal and unsustain-
able (poisons, explosives, electro-shocking and
barrages) fishing techniques.”’ Only juvenile
P bocourti are commercially collected with multi-
ple hooks and lines in order to meet the demands
of aquaculture,”” while adult fish are rarely
observed and not commercially caught because
they have a biologically complicated life history
(data not shown). Hence, both Mekong catfish spe-
cies should receive special attention to maintain
their genetic diversity for sustainable harvesting
and use. Their migration routes between the
spawning grounds in the north and feeding
grounds in the south must be guaranteed. Dam
projects and the concomitant hydrological manip-
ulations built on the migration corridors are a par-
ticular threat."
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