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Abstract: The striped catfish Pangasianodon hypophthalmus is an important freshwater fish cultured
in many countries where the collection of wild brooders is still widely practiced. Global farming
development of this species makes use of significant natural resources that pose challenges for the
genetic diversity of striped catfish. Hence, this study aims to conduct a systematic genetic diversity
assessment of wild and farmed catfish stocks collected from four major pangasius-farming countries,
using a new genotyping by sequencing platform known as DArT-seq technology. Our population
genomic analyses using 7263 single-nucleotide polymorphisms (SNPs) after high-quality-control
showed that there were two distinct populations of striped catfish in the lower Mekong river: (i) wild
catfish from Thailand and (ii) catfish from Cambodia and Vietnam. The genetic diversity was greatest
(0.363) in the wild stock from Thailand, but it was lower in farmed and wild stocks in other countries
(0.049 to 0.088). The wild stocks were more genetically diverse than the farmed animals (0.103 vs.
0.064). The inbreeding coefficient ranged from 0.004 and 0.109, with the lowest value (—0.499) in the
wild animals from Thailand. Molecular inference methods revealed high degree of historical effective
population size (1043.9-1258.4), but there was considerable decline in the contemporary estimates
in all populations (10.8 to 73.6). Our additional analyses calculating divergent times and migration
patterns showed that the wild catfish from Thailand stand out as separate lineages, while those from
Cambodia and Vietnam are genetically identical. Our results also indicated that the cultured stock
in Bangladesh originated from the lower part of the Mekong river. These findings have significant
practical implications in the context of genetic selection and conservation of striped catfish in the
region. Collectively, they will contribute to the sustainable development of the striped catfish sector
in these countries.

Keywords: striped catfish; next generation sequencing; genetic diversity; lower Mekong basin;
gene flow and effective population size

1. Introduction

The striped catfish Pangasianodon hypophthalmus belongs to Pangasiidae family. Pangasius is
an upstream migratory fish with spawning locations between Cambodia, Laos and Thailand [1].
The spawning season normally occurs at the beginning of the flooding season when female catfish
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deposit sticky eggs on the root systems of tree species Gimenila asiatica [1]. Then, the larvae drift
downstream to the Mekong Delta of Vietnam. Wild-caught fry and fingerling have been a main source
of seed for aquaculture in Cambodia and Vietnam, especially before 1999 [2]. The fish grow on the
floodplain and return upstream to spawn when they reach maturation at the age of about three years.
Although artificially induced spawning has been practiced since 2000 [3], wild-brooding catfish are
still the main source of seed production and was the source for more than 95% fingerlings in Vietnam
in 2017 [4]. Some hatcheries have used catfish raised in commercial ponds for breeding without any
genetic considerations [4]. As a result, there has been a growing concern regarding genetic deterioration
in commercial stocks. It is thus necessary to examine population structure and genetic diversity of
P. hypophthalmus populations, due to its special role and distribution in the lower Mekong basin.

P. hypophthalmus is natively distributed in the Mekong and Chao Phraya rivers in the Lower
Mekong basin [5,6], including four countries: Thailand, Laos, Cambodia and Vietnam. Domestication
of this species started in 1967 in Thailand [7] and in 1979 in Vietnam [3]. However, commercial
production has taken off recently, especially in Vietnam since 1999 [3]. With the significant production
achieved during the last two decades—for instance 1.33 million metric tons produced in 2018, valuing
2.36 billion U.S. dollars in Vietnam alone [8]—the striped catfish has been introduced to other countries
in the region for farming purposes, including China, Bangladesh, Indonesia, Malaysia, India and
Myanmar [9]. The expanding aquaculture of P. hypophthalmus has opened new economic opportunities,
but there are also concerns regarding the quality of striped catfish stocks for sustaining commercial
production for this species [10].

First, there have been controversies regarding genetically distinct populations of striped catfish in
the lower Mekong river. Previous studies using earlier generations of DNA markers reported that there
may be three distinct populations of striped catfish—when microsatellites markers were used [11] or
the population structure was not clearly distinguished with mitochondrial RFLP markers [12]. On the
other hand, Poulsen and colleagues supported a proposition of two P. hypophthalmus populations in
the lower Mekong river, with the largest population from Vietnam and Cambodia (i.e., below Khone
Falls) and another smaller population above Khone Falls [13]. Second, there is no or limited published
information regarding the genetic diversity of striped catfish in the lower Mekong basin countries.
In particular, it is not known if the currently farmed stocks used in hatcheries and catfish producers show
any genetic deterioration relative to their wild counterparts. Recently, Na-Nakorn and Moeikum [7]
reported insignificant genetic differentiation of broodstock between hatchery- and wild-striped catfish
in Thailand (using the population above Khone Falls). Likewise, Ha Phudc Hung, et al. [14] also
found that there was no difference between wild versus hatcheries stocks in Vietnam (population
below Khone Falls). Yet, the relationship between stock of above and below Khone Falls has not
been documented. The third question regards choice and recruitment of striped catfish for genetic
improvement programs. Ongoing breeding programs for disease resistance to Edwardsiella ictaluri in
this species have collected wild stocks from Mekong river within Cambodia and Vietnam [15]. Thus,
knowledge about demographic history and evolution of striped catfish from diverse geographically
areas in the lower Mekong river will provide genetic information regarding variability and fitness of
wild and farmed fish to establish foundation populations for future domestication and selection [16].
For instance, if there is large genetic variability in the striped catfish stock from the upper part of
lower Mekong river, it would be an important genetic resource to strengthen the current breeding
population [15] to ensure long-term genetic viability. Furthermore, with the available information about
population structure, genetic diversity, divergent time and migration pattern, they would contribute to
genetic conservation programs and international trade of this species.

In an attempt to address these questions, we used high-throughput next-generation
genomic sequencing platforms (i.e., genotyping by sequencing, GBS) [17,18] to investigate genetic
diversity of striped catfish. This approach has been widely used in plants and animals [19-22].
An example is SNP-single nucleotide polymorphism which has greater power to examine genetic
evolution—selection [23,24] or to differentiate between wild and farmed Atlantic Salmon [25,26] and also,
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to trace aquaculture products [27] with higher levels of accuracies compared with DNA microsatellite
markers [28-31]. In aquaculture species, studies using GBS approach have been conducted, for examples
in peripheral freshwater fish Polynemus melanochir [32], blue swimming crab Portunus pelagicus [33],
Nile tilapia Oreochromis niloticus [34], Australasian snapper Chrysophrys auratus [35] or Eastern Oyster
Crassostrea virginica [36].

However, large scale genome-wide markers analysis has not been conducted in any pangasius
species, including P. hypophthalmus. Therefore, the principal aim of this study was to conduct a
systematic genetic diversity assessment of both farmed and wild striped catfish stocks collected
from three countries in the lower Mekong river and an introduced stock to Bangladesh. Specifically,
the study had three main objectives: (i) identifying populations of striped catfish in the lower
Mekong river, (ii) understanding genetic diversity of wild and farmed stocks by making a within and
between-population comparison and (iii) recruiting genetic stocks for the future breeding program
for striped catfish. To achieve these aims, we estimated population genetic structure, gene flows and
migration patterns as well as effective population sizes for the seven stocks studied. This information
will contribute to sustainable development of the catfish sector in the region especially in the lower
Mekong river basin where human and environmental impacts strongly influence genetic resources of
freshwater species including P. hypophthalmus.

2. Materials and Methods

2.1. Samples and Tissue Collection

We collected and analyzed 93 catfish samples collected from both farmed and wild locations in
three countries, comprising Vietnam (65), Cambodia (10) and Thailand (9) and farmed fish only from
Bangladesh (9). Except for Bangladesh, all the collected samples were in the mainstream of the lower
part of Mekong river (Figure 1). The number of samples of wild and farmed fish and 24 locations are
also presented in Supplementary Table S1. Vietnam samples have dispersed to seven locations and
there were both wild and farmed fish in each location [37].

2.2. DNA Extraction, Library Preparation and Sequencing

Genomic DNAs from 93 fin samples were separately extracted using a commercial KIT (DNeasy
Blood & Tissues Kit, Germany). The DNA products were then purified using a standard protocol as
described by Kilian, et al. [38] for ligation/digestion reactions and sequencing. The same DNA
sequencing and SNP calling procedures were applied as given in Nguyen et al. [39]. Briefly,
the DArTSeq™ used a reduction-based sequence technology on high throughput platforms, using
restriction enzymes tested for P. hypophthalmus. The sequences were then filtered using customized
python scripts at https://github.com/esteinig/dartqc. This included the linkage disequilibrium pruning
for linkage between loci. SNP sequences were removed from the dataset if the average read depth < 7,
average repeatability < 99%, call rate < 90% and similar sequence clusters < 0.95. Further quality-control
of the SNP data is given below.
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Vietnam
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Figure 1. Sampling localities of samples of striped catfish across Thailand (blue star), Cambodia
(yellow) and sampling clusters in Vietnam (7 locations each green star) along two main river branches
of Mekong river (for details, please see Supplementary Table S1). This map was plotted by ‘maps” and
‘mapdata’ packages in R.

2.3. Data Analysis

2.3.1. SNP Quality-Control and Outlier Detection

The SNP data acquired from DArT company (https://www.diversityarrays.com/) was read by ‘dartR’
package [40] in R environment [41], including 16,896 coded (i.e., numeric) SNPs for 93 individuals.
The downstream data were extracted following seven orderly steps by filtering relevant genetic
parameters as describe in Gruber, Unmack, Berry and Georges [40] and based on loci with: i. at 99%
reproducibility rate, ii. discarding monomorphic loci to retain only polymorphic loci, iii. retaining
loci with call-rate > 95%, iv. removing duplicate SNP sequence to assume no linkage between loci,
v. retaining taxa with call-rate > 90%, vi. removing loci with significant (x = 0.05) departure from
Hardy-Weinberg (HW) with Bonferroni corrected and last, vii. removing loci under selection pressure
(or outlier loci) by OutFLANK method [42] which filtered loci with 5% of lowest and 5% highest Fsr
from the majority distribution of the central loci. The numbers of SNPs of downstream analysis was
7263 polymorphic SNPs with 90 individuals (3 individuals were discarded from a wild and a farm of
Vietnam and a wild Cambodia). No loci (of 7263 SNPs) has significant deviated from HW equilibrium
and no outlier loci was detected. This dataset was utilized for all subsequent analyses. The descriptive
statistical differences between full and downstream data were showed in Supplementary Table S2.
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2.3.2. Basic Genetic Analysis

The downstream data were then translated to ‘fasta” and ‘structure’ formats using ‘dartR’. Then,
PGDSpider [43] was also used to convert the data into other genetic software’s inputs for subsequent
analyses. Fundamental genetic parameters such as observed heterozygote (H,), expected heterozygote
(He) and total genetic diversity (Fst) and inbreeding or fixation index (Fis) within/between stock
variation were estimated by ‘dartR’. Standard deviations were based on estimates over all loci in a
population which extracted under ‘gl.basic.stats” function. Pairwise differences for genetic diversity
(Fst) were computed under 1000 bootstraps at 95% significant level between and within population
variations in ‘dartR’ under ‘gl.fst.pop’ function. Lastly, analysis of molecular variance with the
interaction between wild and farmed catfish with seven populations studied was estimated in Arlequin
v3.5 under 1000 permutations using standard pairwise difference matrix as used in ‘dartR’.

2.3.3. Cluster Analysis

Structure v2.3.4. [44] was used to infer population structure by simulation with 10,000 burn-ins
and 100,000 Markov chain Monte Carlo steps toward each run, testing for one to eight clusters (k =
1-8) and 5 replicates. In addition, structure harvester web-based [45] uptakes result from Structure
software [46] for defining a number of proper clusters (possibly number of populations) and were
plotted by CLUMPAK wed-based software [47]. In addition, we also used PartitionML v1.01 [48] to
assign each individual to k population defined by Structure to double checks the consistency between
two analyses. This software uses maximum likelihood estimation of single sample to the best of
panmictic unit according to genetic mixture model used by Smouse et al. [49].

2.3.4. Phylogenetic and Molecular Relative Times

Phylogenetic analysis was conducted in MEGA-X v10.0.5 [50] by using ‘fasta’ format converted
from ‘dartR’. The ‘fasta’ sequence utilized variant nucleotide sites to generate a single composite
haplotype (7263 nucleotides) for maximum likelihood (ML) phylogenetic analysis. First, we defined
the best ML model. Second, under phylogeny inferring, we fitted the suggested model with 500
replications (bootstraps) via Gamma distributed among sites. Inferring relative times between lineages
used RelTime-ML method in MEGA-X with outgroup as ‘wild Thailand stock’ (as it showed the
greatest genetic distance to the other fish groups). Because of the nature of DArT data (generated
by combining single variant nucleotide of all SNPs), it is impossible to obtain the aligned sequences
in any database to calibrate to the calendar time [51,52], otherwise the relative times between
lineages are scalable. Both resultants trees from Newick format were visualized in FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).

2.3.5. Migration Rate

To estimate relative and significant migration rate, the ‘genpop’ file format exported from
PGDspider [43] was processed by ‘divMigrate’ function in ‘diveRsity” package [53,54] in R environment.
These analyses were obtained under 95% significant level with zero (for relative N;) and 1000
bootstrapping (for significant N,) using N,; method [55].

2.3.6. Effective Population Size

To estimate contemporary effective population size (cN,), we converted ‘structure’ to ‘fstat’ format
using PGDspider [43] and analyzed the data by NeEstimator v.2 [56] using Linkage disequilibrium
(LD) method under random mating assumption. The LD method is one of the most common Ne
estimate methods for a range of studies (reviewed by Marandel, et al. [57]). We also acknowledged
the underestimating of true N, using LD method [58,59] as low representatives of sampling and
overlapping generation existed in striped catfish. In this regard, we estimated the cN, for each
individual population separately. Small sample size (population) was excluded to obtain reliable
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estimates. Historical effective population sizes (hN,) were estimated using Migrate-N software [60]
based on Bayesian inference using the structured coalescent method which assumed migration rate
(S) is 4 x N x m, where m is assumed fixed migration rate across loci. The run for SNP data coded as
one haplotype (one site) is set by a chain of 10,000 steps by 100 increments, following Felsentein-84
model [61]. Ten independent runs were accomplished to obtain the better accuracy and confident
intervals of the estimates.

3. Results

3.1. Within Population Diversity

There were generally high standard deviations of all four parameters estimated in Table 1,
except Fgr values for wild, farmed catfish and of Vietnam stocks. Regarding the farmed catfish,
both the observed and expected heterozygosities were greatest in FTL (H, = 0.076 + 0.161,
He =0.090 + 0.169), followed by those from FBD (H, = 0.071 + 0.141, He = 0.083 + 0.155) and
FCM (H, =0.055 + 0.182, Ho =0.056 + 0.173). FVN had the lowest values (H, = 0.049 + 0.123,
He =0.049 + 0.118). Likewise, the similar tendency was observed for all the wild stocks, the WTL had
highest diversity (H, = 0.497 + 0.459, He = 0.333 + 0.236). The WTL had also highest genetic diversity
(0.363 + 0.198); however, no significant differences in measures of the genetic diversities between
stocks due to high standard errors of the estimates. The lowest Fjs was observed in wild Thailand
stock (Fis = —0.499) while there were little differences in the Fig value among other stocks (0.055-0.088).
The wild catfish had a lower degree of inbreeding compared to the farmed catfish (0.096 vs. 0.108).
The diversity differed slightly between farmed and wild stocks which ranged 0.064-0.103, being lowest
in Vietnam stocks (0.049 + 0.023) and Cambodia stocks (0.055 + 0.036 to 0.060 + 0.031).

Table 1. Observed (H,), expected heterozygosity (He), inbreeding (Fis) and diversity in each stock.

Observed Expected

Catfish Group Heterozygote * Heterozygote * Inbreeding * Diversity **

FBD 0.071 + 0.141 0.083 + 0.155 0.109 + 0.330 0.082 + 0.041
FCM 0.055 + 0.182 0.056 + 0.173 0.068 + 0.512 0.055 + 0.036
FIL 0.076 + 0.161 0.090 + 0.169 0.102 + 0.398 0.088 + 0.046
FVN 0.049 + 0.123 0.049 +0.118 0.004 + 0.178 0.049 + 0.023
WCM 0.056 + 0.138 0.059 + 0.133 0.037 + 0.322 0.060 + 0.031
WTL 0.497 + 0.459 0.333 £ 0.236 —-0.499 £ 0.712 0.363 + 0.198
WVN 0.048 +0.119 0.049 + 0.117 0.018 + 0.196 0.049 +0.023

Farmed catfish 0.056 + 0.114 0.064 + 0.104 0.108 + 0.249 0.064 + 0.030

Wild catfish 0.092 +0.010 0.122 +0.105 0.096 + 0.284 0.103 + 0.049

* Estimates and standard deviations extracted by ‘gl.basic.stats” function in darfR, ** standard errors were based
on both sampling and stochastic processes of standard diversity indices analysis in Arlequin v3.5. Abbreviations
as FBD = farmed Bangladesh, FCM = farmed Cambodia, FTL = farmed Thailand, FVN = farmed Vietnam,
WCM = wild Cambodia, WTL = wild Thailand and WVN = wild Vietnam.

3.2. Genetic Distance

Analysis of molecular variance showed 11.04% variance among individual and populations,
87.43% variation within individuals, only 1.53% between populations (i.e., wild vs. farm fish) (Table 2).

Table 2. Results of analysis of molecular variance.

. Degree of Sum of Variance Percentage of
Source of Variance ..
Freedom Squares Components Variation
Among population (wild vs. farmed fish) 1 743.4 4.61 (Va) 1.53
Among individuals and population 87 29,098.9 33.34 (Vb) 11.04
Within individuals 89 23,759.5 263.99 (Vc) 87.43

Fixation indices included Fis = 0.112, Fst = 0.015 and Fyt = 0.126. Significance test with 1023 permutations are all
significant for Vb and Fig with P = 0.057 + 0.008, for Va and Fst with P = 0.070 + 0.009 and for Vc and Fir with
P =0.032 + 0.007.
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Genetic distance analysis using Josh’s D method showed that WTL was genetically distinct from
other stocks studied, ranging from 0.363 to 0.666 (Table 3). However, the FTL had closer genetic
distance to FBD, FCM and WCM (0.033, 0.072 and 0.125, respectively) than to FVN and WVN (0.220
and 0.217, respectively). On the other hand, the P. hypophthalmus currently cultured in Bangladesh is
closer to the farmed animals in Thailand than those from Cambodia and Vietnam (Fgr = 0.033 vs. 0.039
to 0.148, respectively). We also found the close genetic relatedness among Vietnam and Cambodia
stocks, Fgt range from 0.005 to 0.018. Additionally, the principal component analyses (PCoA) indicated
that the wild catfish in Thailand was clustered as a separate group from other catfish included in this
study and explained 29.4% of molecular variance in this data (Figure 2).

Table 3. Pairwise Fgy genetic distance (below diagonal) and gene flow Nm (above diagonal)
between populations.

Stock FBD FCM FTL FVN WCM WTL WVN
FBD 6.2 7.3 1.4 3.0 0.3 1.4
FCM 0.039 *** 3.2 13.6 24 0.4 16.4
FTL 0.033 *** 0.072 #** 0.9 1.8 0.4 0.9
FVN 0.148 *** 0.018 ** 0.220 *** 14.1 0.1 49.8

WCM 0.076 *** 0.011NS 0.125 *** 0.014 *** 0.3 20.6
WTL 0.468 *** 0.363 *** 0.407 *** 0.666 *** 0.487 *** 0.1

WVN 0.147 *** 0.015 * 0.217 *** 0.005 *** 0.012 *** 0.664 ***

NS - non-significant (P > 0.05), * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Nm values was calculated as [(1/Fsr) - 1]/4
according to Wright [62]. Stock acronyms are given in Table 1.

FBD
* FCM
* FTL
FVN
* WCM
* WTL
WVN

P2 (3.5%)
-
°
)
P1 (29.4%)
L]
9 p3 (2509
-
[ 4
e

Figure 2. Principal component analyses of all catfish stocks. It is showed that the wild catfish in
Thailand had greater genetic distances to the other samples. Abbreviations are given in Table 1.

3.3. Population Structure

The Bayesian genetic-cluster analysis clearly defined two populations of striped catfish in the
lower Mekong river. The wild striped catfish from Thailand were assigned to a separate cluster,
which is consistent with its genetic distance (Table 3), individual assignment (to 3 populations) from
PartitionML and PCoA analysis (Figures 2 and 3). Furthermore, the WTL had significantly greater
number of private alleles (0.502 + 0.006) compared to other catfish groups (0.002 + 0.000 to 0.042 + 0.002)
(Supplementary Table S3). On the other hand, the striped catfish groups from Cambodia and Vietnam
are closely related and had strong ancestry connections. Both farmed catfish from Thailand and
Bangladesh were also grouped in the same cluster alike of those from Cambodia and Vietnam, likely
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due to the introduction of striped catfish from Mekong river for aquaculture in Thailand [7] and
subsequently to Bangladesh [63].

FBD FCM FIL FVN WCM  WFL WVN
K=2 Mean (LnProb) = -165,286.340, Mean (similarity score) = 0.999

FBD FCM FTL FVN WCM  WFL WVN

K=3 Mean (LnProb) =-149,589.140, Mean (similarity score) = 0.961

FBD FCM FTL FVN WCM  WFL WVN

K=4 Mean (LnProb) = -148,184.767, Mean (similarity score) = 0.995

Figure 3. Structure results with K = 2, 3 and 4 according to subfigure a—c. Results were plotted against
CLUMPAK web-based indicated the population structure of striped catfish in this study (Subfigure
a,b). The one big population comprised FCM, FVN, WCM and WVN; the second is the near standalone
WTL (presented in three subfigures) and other populations (FTL & FBD) were admixture to Vietnam
and Cambodia populations. Abbreviations are given in Table 1.

3.4. Migrations between Stocks

First, the historic migration rate between populations were inferred with Migrate-N software
revealed large migration movements among these population (mean 0.57, from 0.40 to 0.70,
Supplementary Table S4). These migrations exhibited both directions between any pair at significant
rates, supporting a unique population in prehistoric times. Second—to understand contemporary
gene flow and genetic links among populations—migration networks were estimated using two
methods: (i) no bootstrapping (Figure 4A) and (ii) with 1000 bootstraps (Figure 4B). These analyses
approached asymmetric estimation of migration rate between populations. The first analysis when
no bootstrapping was used showed there was substantial two-way directions of genetic movement,
e.g., between farmed and wild Vietnam (98-100%). It also indicated the moderate movement between
wild Cambodia and Vietnam stocks (26-34%), while the movements between remained groups (FBD,
FCM, WTL and FTL) were small (less than 12%). Farmed catfish in Bangladesh received 7-14% genetic
share from Vietham and Cambodia stocks, indicating the origin of animal from lower Mekong river.
Additionally, FBD equally received and shared 11% with FTL. However, under significant analysis (i.e.,
1000 bootstrapping), directional genetic movements have prevailed; that is from WVN and FVN to
both FBD and FTL (8-14%). Interestingly, WTL accounted for about 12% of the total genetic shares
from lower populations in Mekong river (Vietnam and Cambodia stocks). Our results when taken
collectively indicated that the striped catfish cultured in Thailand and Bangladesh had a certain genetic
uptake from ancestor catfish in the lower Mekong river, especially from Cambodia and Vietnam.
On the other hand, our additional calculation of the gene flow (N, values) based on Wright [62]
which assumes symmetric migration between groups also displayed corresponding gene flow among
populations compared to that estimated in diveRsity package (Table 3 vs. Figure 4A). There were
high gene flows among Vietnam and Cambodia stocks (13.6-49.8) compared to the lower gene flows
between FBD and Thailand stocks (0.3-7.3).
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Figure 4. Relative and significant migration between catfish stocks revealed under Nm method.
(A) Relative migration network showed high genetic movement between farmed (green) and wild
(violet) Vietnam. One direction of genetic migration from Vietnam to Bangladesh stock indicated the
genetic origin from Lower Mekong river, (B) even under significance migration analysis. On the right
network, WTL and FTL received genetic materials from Lower Mekong River (including WCM, FCM,
WVN and FVN). Our results when taken collectively displayed there was no genetic difference between
wild and farmed Vietnam, and they are in the very early stage of domestication.

3.5. Molecular Relative Time

Relative divergent time between lineages of all catfish stocks is presented in Figure 5. The time
distances of the wild from Thailand were 2.5 to 3.8 times greater than other lineages. There was
however very little time divergence between individuals from Cambodia and Vietnam and they were
assigned as an admixture population. Node times of all population (except wild Thailand) were 0.044
to 0.049 (Figure 5). The closer to zero-time divergence between farmed Bangladesh and Thailand
indicated genetic similarity between these lineages.

Admixtured population
0037 VPJ2_FBD
e TPM3_FBD
0057 VPJ1_FBD
TPJ2_FBD
TPJ6_FBD
UBO6_FTL
UBO8_FTL
LOE5_FTL
TPM1_FBD
3 UBO3_FTL
NAK1_WTL
? EAK:l_WTL

0.071

0.037 0037
0032
0032

-$ 0.121

0.121

@ AKZ_WTL
NAK3_WTL

0 0.025 0.05 0.075 0.1 0.125

Figure 5. Time divergence between lineages. Number in bold is node relative time, normal number is
branch times. Admixture population included all samples from Cambodia and Vietnam, 3 samples
from Bangladesh (4%). Stock acronyms are given in Table 1.

3.6. Effective Population Sizes

Both contemporary (cN,) and historical (hN,) population sizes were estimated separately for
farmed and wild stocks in each country with 7 samples or more in each stock (Table 4). Regardless
of the analyses carried out, the historic effective population sizes were large across the populations
studied, ranging from 1043.9 to 1258.4 (CI = 746.5 to 1518.7). However, the cN, of stocks estimated
were lower than the hN, (approximately 17 to 97 times lower), being lowest in Bangladesh (10.8)
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and greatest in Vietnam stocks (52.2-73.6). However, these estimates had a wide range of confident
interval, according to the jackknife method, the lower limit from 2.9 to 32.1 to infinity in the upper limit,
except for FBD with definite value, from 2.9-511.4. This indicates the lowest and explicit magnitude of
Ne for FBD.

Table 4. Effective population size over catfish stocks for farm vs. wild fish, country and region levels.

Stock N cNe CI hN, Cr*

FBD 9 10.8 29to 5114 1043.9 746.5 to 1341.3
FVN 31 52.2 18.7 to infinite 1239.6 1020.5 to 1458.7
WCM 7 14.9 2.9 to infinite 1210.1 927.7 to 1492.4
WVN 32 73.6 32.1 to infinite 1258.4 998.2 to 1518.7

-: not estimable due to small sample sizes. N: number of individuals used for analysis, cN,: contemporary effective
population size by LD method under random mating assumption at lowest frequency 0.05 and its CI (jackknife 95%
confident interval) and hN,: historical effective population size by Migrate-N inference under Bayesian model with
CI* (95% confident interval obtained by 10 independent runs). Noted that populations with sampling sizes less than
7 was not estimated. Stock acronyms are given in Table 1.

4. Discussion

Our first large scale genomic population analysis has addressed important questions regarding
population structure, genetic diversity, population size and migration pattern of striped catfish.

Our first important finding was that there are two distinct populations in the lower Mekong river:
(i) the wild stock from upper part of lower Mekong river in Thailand and (ii) the other populations
from Cambodia and Vietnam in the Mekong river. The wild population from upper part of the lower
Mekong river (above Khone Fall) in Thailand may have been isolated (i.e., lack of upstream migration).
However, So, Maes and Volckaert [11], reported three distinct populations of striped catfish under
Khone Falls of the Mekong river, with a high level of sympatry among them. Note that the study of So,
Maes and Volckaert [11] used microsatellite markers. Interestingly, our study showed that the currently
farmed stock in Thailand originated from the Mekong river, likely due to the inferior performance
of the native catfish from Chao Phraya [7]. Our GBS data also provided power to indicate that the
catfish cultured in Bangladesh originated from the introduction of stock originated from lower part of
Mekong river despite of some mentions of its source from farmed Thai catfish [7,63].

Second, our results also showed that there was no difference in genetic diversity between wild and
farmed stocks (Table 2). The magnitudes of heterogeneities in this study were much lower than those
reported in studies that used microsatellite markers (e.g., H, = 0.633-0.763; He = 0.593-0.834 in Thai
pangasius population [7]) or Cambodian and Vietnamese catfish populations with H, = 0.720-0.759;
He = 0.729-0.772 [11]. However, within SNP data, the values of H, (0.048-0.497) and H, (0.049-0.333)
in the wild groups used in our study were among interval values reported in blue seawater
swimming crab (H, = 0.166-0.216, He = 0.211-0.246 [33]) or Mekong freshwater fish (H, = 0.274-0.344,
He =0.343-0.345 [32]). Furthermore, the close genetic diversity between wild and farmed stocks in
Cambodia and Vietnam in Table 3 indicated the small changes in farmed stocks in these countries
or the genetic nature of the farmed stocks were not deteriorated. This could be due to the recent
domestication of this species [15,64].

Third, we examined the effective population size of catfish populations in the context of captive
breeding and evolution. Despite the large hN, across populations, the cN, were significantly reduced
by 17-97 folds considering the last 32 generations or approximately 96128 years (Table 4). This pattern
(i.e., reduced N, with domestication) is also observed in several species, such as from 30 to about 17.2
in 10 years duration in cattle [65] or in Australian white shark [66]. However, there was little reduction
in the cN, between the wild and farmed stocks in Vietnam (from 73.6 to 52.2) as reflected by the recent
domestication of this species in captivity for about 4-5 decades. More important, the cN, of farmed
catfish in Vietnam (52.2) is in the order of recommendations (N, > 50) by FAO to maintain inbreeding
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level below 1% per generation in captive breeding programs for terrestrial and aquatic animal
species [67]. However, to retain evolutionary adaptation to environmental changes, a significantly
larger cN, is required, e.g., between 500 to 1000 as suggested by Franklin and Frankham [68]. To date,
there is no comparative cN, estimates for striped catfish to compare with this study. A recent report in
paradise fish species which habitat in Mekong Delta reported that the effective population sizes of this
species across Mekong region was lower than 500 and this may constrain the adaptation capacity of
this fish species to environmental changes [32]. However, due to the low and imbalanced sample sizes
in our study (see Section 2.3.6), the estimates are likely somewhat biased and hence, deserving further
studies to confirm the current results when resources are permitted.

Fourth, our study provided answers to pertinent questions regarding divergence time and
migration rate of catfish populations in the lower Mekong basin. P. hypophthalmus is migratory catfish
to upstream of the Mekong river [69]. Due to geographical constraint, the wild stock from upper Khone
Falls may be isolated and shows significant genetic differences from other lineages. As shown in our
study, the wild Thailand fish exhibited different genetic characteristics from other stocks—especially
the greatest time divergence of its lineages to other stock lineages. Under different methods in our study,
the estimated migration rates altered slightly between populations studied; however, the pattern of the
migration route remained clear, namely, the genetic movement to Bangladesh population from other
genetic sources from Mekong river (i.e., from farmed Thailand under traditional Fgr-based calculation
or from Vietnam populations under divMigrate function or among populations in the Mekong river
(except wild Thailand)). This indicated loose (farmed Thai to others) to high (between Vietnam and
Cambodia) interconnections. However, in the near future, those relations between those stocks could
be potentially affected due to the loss of connectivity with accrediting to geographical constraints.
Some study reported that no or little pangasiid fish migration was observed in the upper stream of
the Mekong river [70,71]. This has attributed to dam constructions in the Mekong stream [72,73]
which possibly affect the migratory pathways of many aquatic species, such as Siamese Mud Carp in
Thailand [74].

Collectively, our findings have two significant practical implications in the context of stock
management and selective breeding. A combined analysis of population structure, genetic diversity,
migration rate suggests that management of the striped catfish stock is country dependent. For Thailand
where the farmed fish had much deviation to the wild, management of these fish should consider
them as different lineages. On the other hand, the similar genetic characteristics between wild and
farmed fish in Vietham and Cambodia pointed out that the captive stock in Vietnam can be used as
an alternative to the wild to produce seeds for commercial production. By this way, it would help to
minimize overexploitation of striped catfish in the wild and hence, contributing to the conservations of
genetic resources for this species.

Regarding genetic improvement for catfish populations, due to the large genetic diversity of the
wild striped catfish in Thailand, this population could be a good candidate to incorporate into existing
breeding programs [15] for P. hypophthalmus. However, phenotypic evaluation of this lineage relative
to other populations for traits of interests (e.g., growth or disease resistance) should be conducted to
avoid possible depressions in performance of the improved stocks. Additionally, the genetic diversity
of the existing striped catfish can be strengthened by including wild stocks from Cambodia or Vietnam
to sustain long-tern selection program for this species.

5. Conclusions

There are two distinct populations of striped catfish in the lower Mekong basin: (i) wild stock
from Thailand and (ii) those from Cambodia and Vietnam. Both farmed and wild stocks from these
countries showed reasonable level of genetic diversity. Recent domestication—selection had little
impact on genetic diversity of the farmed relative to wild stocks although the contemporary effective
population sizes (cN,) of the farmed stocks were declined compared with the historical N,. Estimation
of the divergent time and migration pattern also showed the wild stock from Thailand stands alone as
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a separate population and the others from Cambodia and Vietnam including farmed stock in Thailand
are genetically related. These results provide important information to assist the genetic improvement
and conservation of this species in the Mekong region.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/6/471/s1,
Table S1: Ninety-three samples of striped catfish information based on farm and wild catfish stocks in 4 major
pangasius-farming countries, Table S2: Basic statistics about the sequence data, Table S3: Mean allelic pattern
across seven catfish stocks based on GenAlEx analyses, Table S4: Historic migration between seven catfish stocks.
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