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Abstract

The North African catfish (Clarias gariepinus) is a significant species in aquaculture, which

is crucial for ensuring food and nutrition security. Their high adaptability to diverse environ-

ments has led to an increase in the number of farms that are available for their production.

However, long-term closed breeding adversely affects their reproductive performance, lead-

ing to a decrease in production efficiency. This is possibly caused by inbreeding depression.

To investigate the root cause of this issue, the genetic diversity of captive North African cat-

fish populations was assessed in this study. Microsatellite genotyping and mitochondrial

DNA D-loop sequencing were applied to 136 catfish specimens, collected from three popu-

lations captured for breeding in Thailand. Interestingly, extremely low inbreeding coefficients
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were obtained within each population, and distinct genetic diversity was observed among

the three populations, indicating that their genetic origins are markedly different. This sug-

gests that outbreeding depression by genetic admixture among currently captured popula-

tions of different origins may account for the low productivity of the North African catfish in

Thailand. Genetic improvement of the North African catfish populations is required by intro-

ducing new populations whose origins are clearly known. This strategy should be systemati-

cally integrated into breeding programs to establish an ideal founder stock for selective

breeding.

Introduction

Aquaculture, whose vital role in food and nutritional security is globally recognized, has an

essential implication in rural development, in line with the United Nations Sustainable Devel-

opment Goals. The cultivation of clariid catfish (Clarias spp), primarily the North African cat-

fish (Clarias gariepinus), is practiced in more than 55 countries worldwide [1, 2]. High

adaptability to diverse environments in this species is demonstrated by their wide geographical

distribution, ability to tolerate low water quality, and resistance to various infectious agents

[1]. The North African catfish show faster growth rates than the bighead catfish (Clarias
macrocephalus) and walking catfish (Clarias batrachus), ultimately achieving significantly

larger body sizes [3–7]. For this reason, the North African catfish have been widely farmed

both within and beyond their native ranges, contributing to a global production of 1,249,000

tons in 2020 [2]. Intensive translocations of the North African catfish have occurred, primarily

within Africa and Asia [8–10]. In Southeast Asia, the North African catfish is not favored by

consumers due to its unfavorable color and texture of meat [3, 11]. Consequently, in 1987,

hybrid catfish were developed through artificial crossbreeding of male North African and

female bighead catfish to increase productivity and meat quality [12, 13]. A rapid growth rate

and increased disease resistance were obtained in the F1 hybrid catfish. This, in turn, led to the

widespread cultivation of these hybrids, which constituted over 90% of catfish production in

Thailand by 2004 [3, 14]. However, mass production of F1 hybrids has been restricted by steril-

ity, which is caused by interspecific reproductive isolation [15–17]. Hence, preparation of

parental genetic stocks of both species is necessary for hybrid production on all farms. Criti-

cally, over the past decade, a decline in survival, growth, low conception, and fertility rates has

been observed in North African catfish populations in Thailand. This reduction in the produc-

tive efficiency may be primarily attributable to the low quality of breeding populations of the

North African catfish [11, 14, 18–20]. The long-term breeding using closed stocks of the North

African catfish may have admittedly resulted in a loss of genetic variation in descendant popu-

lations [20]. In Thailand, over three different population stocks of the North African catfish

are believed to have been introduced; however, their origins and breeding process are

unknown because of the absence of breeding record [10, 11, 20]. Genetic variations decrease

in the breeding stocks that passed through many generations in closed populations, resulting

in the reduced growth performance, fertility, and viability in descendant populations caused

by inbreeding depression [19–22].

In small closed populations, inbreeding due to mating between genetically related individu-

als is inevitable even if it is a random mating in either natural populations or artificially bred

population [22]. The increase in homozygosity during inbreeding results in loss of fitness, as it

eliminates heterozygous advantages and reveals deleterious recessive genes. Given the limited
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genetic diversity observed in the North African catfish populations in Thailand [10, 19, 23], it

is hypothesized that a high level of inbreeding has occurred, resulting in inbreeding depression

that causes reduced conception rates and fertility. To effectively manage breeding stocks of the

North African catfish and recover their productivity, it is crucial to investigate the genetic

divergence of the cultured populations. Despite their potential significance as a source for

genetic improvement, the genetic diversity within the breeding populations has been scarcely

explored [10, 19, 23]. Random variations in genetic diversity and alleles are frequently induced

by the introduction of undocumented individuals into the North African catfish farms in Thai-

land, typically through commercial human-mediated transfers [10]. Genetic monitoring of

North African catfish should be conducted every 4–5 years to facilitate sustainable aquaculture

management.

In this study, the genetic divergence and population structure in the farmed North African

catfish populations were assessed using mitochondrial DNA (mtDNA) D-loop sequencing and

microsatellite genotyping. Microsatellite genotyping was previously conducted using a limited

number of loci (fewer than eleven), which could potentially cause bias in estimating genetic

divergence [24]. Furthermore, considering that genetic diversity can evolve over time depend-

ing how stocks are managed. this study sought to verify the existence of genetically distinct

North African catfish populations in Thailand and evaluate the genetic divergence of the popu-

lations. The aim of the current study is to establish a genetic database for North African catfish

populations to support a systematic program, potentially revising previous study findings [10,

19, 23]. This information will be valuable for developing the management of the breeding pop-

ulations of the North African catfish and optimizing their genetic improvement programs.

Materials and methods

Specimen collection and DNA extraction

A total of 136 captive individuals of the North African catfish were collected from three loca-

tions, Sing Buri (SBR: 14˚58’13"N, 100˚18’41"E) (N = 8), Kalasin (KSN: 16˚39’29"N, 103˚

29’10"E) (N = 97), and Nakhon Nayok (NYK: 14˚05’58"N, 101˚09’39"E) (N = 31), which srve

as centers for supplying the breeding stocks to farms across the country. The three farms ana-

lyzed for the genetic diversity of North African catfish were not the same as those used in pre-

vious studies [10, 19, 23]. Permission was granted by the owners and all individuals were

released immediately after collecting samples. Notably, reliable genetic diversity estimates

were demonstrated with small samples [25]. Thus, specimen division by unequal sample sizes

may not significantly affect results in this study. All animal care and experimental procedures

were approved by the Animal Experiment Committee of Kasetsart University (approval no.

ACKU65-SCI-003 and ACKU65-SCI-026), and conducted in accordance with the Regulations

on Animal Experiments at Kasetsart University. Approximately 0.3 × 0.3 cm of the caudal fins

was taken from each individual and stored in 95% ethanol at 4˚C. Genomic DNA was

extracted using the standard salting-out protocol described by Supikamolseni et al. [26]. DNA

quantity and quality were determined using a NanoDrop 2000 Spectrophotometer (Thermo

Fisher Scientific, Wilmington, DE, USA) and 1.0% agarose gel electrophoresis, respectively.

Detailed information of specimen used in this study is presented in S1 Table.

Microsatellite genotyping and data analysis

Fifteen microsatellite primer sets were sourced from Agbebi et al. [27] and Kánainé Sipos et al.

[28] (S2 Table). The 50 end of the forward primer of each primer set was labeled with each of

fluorescent dyes (Carboxyfluorescein: 6-FAM, Hexachloro–fluorescein: HEX, and Tetra-

methylrhodamine: TAMRA) (Macrogen Inc., Seoul, Korea). PCR amplification was singly
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performed using 15 μL of 1× standard reaction buffer (Apsalagen Co., Ltd., Bangkok, Thai-

land), 1.75 mM MgCl2, 0.2 mM dNTPs, 0.5 μM primers, 0.5 U Taq polymerase (Apsalagen

Co., Ltd.), and 50 ng genomic DNA. The PCR protocol was as follows: initial denaturation at

95˚C for 2 min, followed by 45 cycles of 95˚C for 15 s, 55˚C for 20 s, and 72˚C for 40 s, with a

final extension at 72˚C for 5 min. The PCR products were detected using electrophoresis on

1% agarose gel. For microsatellite genotyping, fluorescent DNA fragment length analysis was

performed using an ABI 3730XL automatic sequencer (Applied Biosystems, Foster City, CA,

USA) at the DNA sequencing service of Macrogen Inc. Allelic sizes were determined using

Peak Scanner version 1.0 (Applied Biosystems). The genotypic data generated in this study

were deposited in the Dryad Digital Repository (https://datadryad.org/stash/share/

XjO844ulqFErzDzbcmbCOeDNCzRKBLiO56AVCa-jr28, accessed 02 October 2023).

Genetic diversity was assessed using parameters, including the allelic frequency, number of

alleles (A), effective number of alleles (Na), allelic richness (AR), number of effective alleles

(Nea), Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity

(He), Hardy–Weinberg equilibrium and linkage disequilibrium, fixation index (F), and

Wright’s F-statistic for subpopulations within the total population (FST), which were calculated

using Arlequin version 3.5 [29]. Considering the population size, deviations from Hardy–

Weinberg equilibrium were assessed at each locus. This was examined through the Markov

chain Monte Carlo (MCMC) approximation of Fisher’s exact test, utilizing the "genepop"

package version 1.2.2 in R version 4.2.0 [30, 31]. Welch’s t-test, which does not assume equal

variance between samples, was employed to assess significant differences between Ho andHe.

The "t.test" function in the "stats" package of R version 4.2.0 was used for this analysis [31]. To

examine the equality of variances between theHo andHe values across all captive populations,

Bartlett’s test of homogeneity of variances was initially performed,this test utilized the “bart-

lett.test” function within the “stats” package of R version 4.2.0 [31]. AR was calculated using

FSTAT version 1.2 [32], and MicroChecker version 2.2.3 was used to identify null alleles [33].

Polymorphic information content (PIC) was estimated for each locus using the Excel Micro-

satellite Toolkit. The I and F were calculated for each locus in the population using GenAlEx

version 6.5 [34]. Effective population size (Ne) was inferred as the number of breeding individ-

uals contributing to the next generation using the linkage disequilibrium (LD) method imple-

mented in NeEstimator v2.0 [35].

Relatedness values (r) were calculated for all individual pairs and mean pairwise r values

based on allelic frequencies in the population were calculated using GenAlEx version 6.5 [34].

Then the distributions of the pairwise r values between all pairs were compared. This was

achieved through a bootstrap version of the Kolmogorov–Smirnov test, as outlined by Praest-

gaard et al. [36]. The analysis was performed using the "ks.test" function implemented in the

"stats" package of R version 4.2.0 [31]. The same approach was adopted to compare inbreeding

coefficients (FIS) for individuals and overall FIS at 95% confidence intervals (CIs) were calcu-

lated using the LynchRt estimator [37, 38] implemented in COANCESTRY [39]. The r values

and FIS were examined under the assumption that their averages are not significantly different

from random assortments of unrelated individuals. Pairwise genetic distances among popula-

tions were calculated using the infinite allele model (IAM) based on FST in Arlequin version

3.5 with corrected p values and the stepwise mutation model (SMM) using RST in FSTAT ver-

sion 1.2 [32]. To consider the possible influence of null alleles on the estimation of genetic dif-

ferentiation, the FreeNA program [40] was run, which provided pairwise FST
ENA values with

ENA correction for null alleles. To elucidate group structure, analysis of molecular variance

(AMOVA) was performed using GenAlEx version 6.5 [34]. Unlike FST, this algorithm identi-

fies a hierarchical structure of subgroups and does not require an a priori assumption of

Hardy–Weinberg equilibrium. Nei’s genetic distances between populations were then
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examined using GenAlEx version 6.5 [34, 41]. BOTTLENECK version 1.2.02 [42] was used to

evaluate signatures of recent population bottlenecks to excess heterozygosity and characteristic

shifts in allelic frequency distributions observed in bottlenecked populations. To account for

potential biases due to the limited sample size and number of loci, a two-phased mutation

model (TPM) and a stepwise mutation model (SMM) were incorporated into the Wilcoxon

signed-rank test to assess the significance of excess heterozygosity. Specifically, a 95% single-

step mutation rate and a 5% multistep mutation rate were used in the TPM, with a variance of

12 set for multistep mutations [42]. This test detects relatively short-term bottleneck events.

Hence, to determine whether the long-term bottleneck event was present during the process of

breeding the North African catfish, the M ratio test was performed using Arlequin version 3.5

[29]. TheM ratio, which is calculated as the mean number of alleles divided by the allelic size

range, determines if there has been a decline in population in the past or not. The existence of

bottleneck events in the past is represented by anM ratio lower than 0.68, as indicated by

Garza and Williamson [43].

To assess the overall relationships among individuals within the population, principal coor-

dinate analysis (PCoA) was conducted using GenAlEx version 6.5 [34]. Population structure

with various gene pools was determined using the model-based clustering method in STRUC-

TURE version 2.3.4, which was run in parallel using Structure_threader [44, 45]. The run-

length was set to 100,000 MCMC replicates following a burn-in period of 100,000 generations

using a model with correlated allelic frequencies under a straight admixture model. The num-

ber of clusters (K) varied from 1 to 25 with 15 replicates for each value of K. The most probable

number of clusters was determined by plotting the log likelihood of the information (ln Pr (X|

K)) across the tested range of K values. The optimal K value was selected when ln Pr(X|K)

reached a stable state [44]. The ΔK strategy was employed using a Structure Harvester to com-

plement the analysis [46].

To examine the occurrence of genetic transfer between captive populations of the North

African catfish, we applied two methods for detecting gene flow. Firstly, the recent migration

rates between populations were estimated using BayesAss version 3.0.5 [47], which uses

MCMC sampling within a Bayesian framework. The MCMC analysis was conducted over a

span of 10 million generations, and the first one million generations were discarded for the

burn-in period. Samples were collected after every 100 generations. To ensure effective explo-

ration and convergence, the mixing parameters associated with migration rates (m), allelic fre-

quencies (a), and inbreeding coefficients (f) were optimized according to the guidelines

recommended by Wilson and Rannala [47]. Posterior acceptance rates between 20% and 60%

were targeted for each parameter during the optimization process. The mixing parameters for

the analysis were set asm = 0.20, a = 0.50, and f = 0.30. To investigate the historical gene flow,

the MIGRATE-N version 4.4.3 [48] was used to perform Bayesian analysis for estimating the

migration rate and effective population size of the three populations based on microsatellite

data sets and coalescent theory [49]. Uniform prior distributions were used for the basic

microsatellite model, and 5,000 steps were recorded every 100 generations using the MCMC

procedure. The first 100,000 generations were discarded as burn-ins. Estimates were calculated

for the mutation-scaled immigration rate (M) and mutation-scaled population size (Θ). The

number of individuals entering populations (Nm) was calculated, and the presence of gene

flow in the past was determined using the formula Nmi–>j = Θj*Mi–>j/4, where Nmi–>j repre-

sents the effective number of immigrants from population i to population j per generation or

the gene flow rate. Circos version 0.69–8 was used to visualize genetic connectivity among

populations [50].
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Mitochondrial DNA D-loop sequencing, quality control, and data analysis

MtDNA D-loop fragments were amplified using our designed primer pair CGA_CYTB_D–

loop_F1 (50-TAGTACACATCTGCCGAGAC-30) and CGA_CYTB_D–loop_R1 (50-
ATGCCAAGTGAAAGTGACC-30). PCR amplification was performed using 15 μL of 1 × stan-

dard reaction buffer, 2.0 mM MgCl2, 0.2 mM dNTPs, 0.5 μM primers, 0.5 U Taq polymerase

(Apsalagen Co., Ltd.) and 50 ng genomic DNA. The PCR conditions were as follows: initial

denaturation at 94˚C for 5 min, followed by 35 cycles of 94˚C for 1 min, 62˚C for 1 min, 72˚C

for 1 min, and a final extension at 72˚C for 10 min. The PCR products were purified using the

FavorPrep GEL/PCR Purification Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan).

The nucleotide sequences of the DNA fragments were determined using the DNA sequencing

service of First Base Laboratories Sdn Bhd (Seri Kembangan, Selangor, Malaysia). The

BLASTn program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to search nucleotide

sequences in the National Center for Biotechnology Information (NCBI) database to confirm

the identity of the DNA fragments amplified in the present study. All sequences were depos-

ited in the DNA Data Bank of Japan (DDBJ) (https://www.ddbj.nig.ac.jp/, accessed 03 October

2023) (accession numbers: LC781360–LC781495) (S1 Table).

Multiple alignments of 136 partial mtDNA D-loop sequences from the North African cat-

fish were performed using the default parameters in the Geneious Prime software version

2023.1.2 (Biomatters, Auckland, New Zealand, https://www.geneious.com). All unalignable

and gap-containing sites were carefully removed from the datasets. Haplotype diversity (h),

nucleotide diversity (π), number of haplotypes (H), the estimator theta (S), overall haplotype,

and average number of nucleotide differences (k) were calculated based on the mtDNA D-

loop sequences, as implemented in DnaSP version 6.12.03 [51]. The genetic differentiation

coefficient (GST), FST,ФST values, and Nm were estimated from the sequence and haplotype

data using Arlequin version 3.5 [28]. The FST andФST values were calculated by analyzing

1,000 permutations of haplotypes between populations [29]. The variance in haplotype fre-

quencies is solely accounted for by the FST statistic, while the relationships among haplotypes,

based on molecular genetic distance, are considered byФST [29]. The average number of

nucleotide substitutions per site between populations (Dxy) and net nucleotide substitutions

per site between populations (Da) were estimated using DnaSP version 6.12.03 [51]. A statisti-

cal parsimony network was constructed from the consensus sequences using the Templeton,

Crandall, and Sing (TCS) algorithm implemented in PopART version 1.7 to examine haplo-

type grouping and population dynamics [52]. The mtDNA D-loop sequences of all individuals

were used to construct the haplotype network. Phylogenetic analysis was then performed

using Bayesian inference with MrBayes v3.2.7a [53] using Clarias sp. (accession number

KJ201871), bighead catfish (C.macrocephalus, accession numbers KF583824 and KF583863),

walking catfish (C. batrachus, accession numbers KC747511, KF583870, and JX423834), and

mahseer (Tor tor, accession numbers HQ625378 and HQ625381) as outgroups. In the MCMC

analysis four chains were run simultaneously for one million generations, sampling every 100

generations. Posterior probabilities within the sampled tree population were determined

through Bayesian inference. Coalescent theory served as the framework, with migration rate

and effective population size estimated using mtDNA D-loop sequence data analyzed via

MIGRATE-N v4.4.3 software [54]. A uniform prior distribution represented the underlying

DNA sequence model. In the MCMC procedure, 5,000 recorded steps were used per 100 gen-

erations, with the initial 100,000 generations being discarded as burn-in. Estimates for param-

eters such asM, Θ, and the number of effective migrants per generation (Nm, calculated as

ΘM/2) were yielded by genetic data [54]. The history of changes in population was also deter-

mined using a statistical test of neutrality. Tajima’s D* [55], Fu and Li’s D* and F* [56], and
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Fu’s Fs [57] parameters were calculated using Arlequin version 3.5 [29]. The mismatch distri-

bution approach, in which an observed frequency distribution of pairwise nucleotide differ-

ences among individuals is compared with expected distributions from an expanding

population (small raggedness index) or a stationary population (large raggedness index), was

performed to test for genetic signatures of historical population expansion in the North Afri-

can catfish [58, 59]. Population expansion was estimated using a generalized least-squares

approach, and CIs were computed with 10,000 bootstrap replicates. This was implemented in

DnaSP version 6.12.03 [51]. Bayesian coalescent-based methods were also applied to evaluate

the historical demographic fluctuations, using the extended Bayesian skyline plot (EBSP) anal-

ysis implemented in BEAUTi version 2.5.0 (part of the BEAST version 2.5.0 package) [60, 61],

by applying the HKY model, strict clock model, and coalescent Bayesian skyline model with a

prior Gamma distribution. The prior date was set to 45 million years ago according to the fossil

data of African Clariidae [62]. TRACER (version 1.7.1, http://beast.community/tracer,

accessed 10 October, 2023) was used to assess the burn-in and the effective sample sizes (ESSs)

of the parameters. EBSP can fit different demographic scenarios by allowing for changes in

population size over time.

Results

Genetic diversity of the North African catfish populations based on

microsatellite genotype data

Microsatellite genotyping revealed 121 alleles for 15 loci with an average Na value of 6.111

±0.356 per locus (Table 1). Most allelic frequencies in the populations deviated significantly

from expectations under Hardy–Weinberg equilibrium with the presence of linkage disequi-

librium (S3–S5 Tables). Null alleles were frequently observed for six loci (Cg003, Cg214,

Cg294, Cg316, Cga01, and Cga03); however, the markers were treated in the same way as

other ones. The F values of all populations were positive. The PIC values of all populations ran-

ged from 0.406 to 0.884, and I ranged from 0.796 to 2.371 (S6 Table). The meanHo andHe val-

ues were 0.420±0.032 (mean±standard error (SE) and 0.708±0.015, respectively, whereas the

mean AR value was 5.841±0.145 (Table 1, S6 Table). Welch’s t-test showed significant differ-

ences between Ho and He values in all populations (Table 2). Pairwise comparison ofHo values

did not reveal any statistical differences between populations, while the pairwise He values

were significantly different only between the SBR and KSN populations (Table 3). The values

Table 1. Genetic diversity in three populations of the North African catfish (Clarias gariepinus) estimated using 15 microsatellite loci. Detailed information of 136

individuals analyzed in this study is presented in S1 Table.

Population* N Na AR Nea I Ho He M-ratio PIC F
SBR Mean 7.400 4.267 3.555 3.102 1.231 0.370 0.655 0.258 0.604 0.446

S.E. 0.321 0.267 0.149 0.207 0.065 0.066 0.025 0.047 0.027 0.100

KSN Mean 95.133 7.600 7.565 4.490 1.614 0.445 0.755 0.321 0.718 0.422

S.E. 0.920 0.542 0.498 0.394 0.079 0.053 0.019 0.039 0.023 0.063

NYK Mean 30.467 6.467 6.404 4.122 1.508 0.444 0.715 0.366 0.679 0.390

S.E. 0.274 0.646 0.596 0.494 0.098 0.048 0.029 0.040 0.031 0.055

all population Mean 44.333 6.111 5.841 3.905 1.451 0.420 0.708 0.315 0.667 0.419

S.E. 5.608 0.356 0.145 0.234 0.052 0.032 0.015 0.003 0.002 0.043

N, Sample size; Na, number of alleles; AR, allelic richness; Nea, number of effective alleles; I, Shannon’s information index; Ho, observed heterozygosity; He, expected

heterozygosity; PIC, polymorphic information content; F, fixation index.

*SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t001
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of genetic diversity indices are summarized in Table 1 and S6 Table. The Ne values were infi-

nite for the SBR population, 133.4 for KSN, and 385.9 for NYK (Table 4). The average FIS of

the SBR, KSN, and NYK populations were 0.097±0.034, 0.049±0.010, and 0.048±0.016, respec-

tively (Table 4), with individual FIS values in all populations ranging from −0.134 to 0.338 (S7–

S9 Tables). However, the distributions of individual FIS values were not significantly different

between populations (S1 Fig, S10 Table). A pairwise test to determine the degree of relatedness

(r) between individuals revealed that the average pairwise r values calculated for a total of

5,149 combinations of 136 individuals were −0.101±0.013 for the SBR population, −0.007

±0.001 for KSN, and −0.023±0.003 for NYK. The analysis identified 5,120 pairs with −0.25 <

r< 0.25 and 29 pairs with 0.25> r (Table 4 and S11–S13 Tables). The distribution was highly

skewed to the left, indicating lower pairwise r values than expected ones.

Significant differences (p< 0.05) were found in the FST values between the SBR and KSN

populations after 110 permutations (S14 Table). The AMOVA with 15 microsatellite loci

showed variation were distributed 40% between individuals and 6% between populations (S15

Table). Nei’s genetic distances indicated that KSN was closer to NYK than SBR (S16 Table).

The PCoA indicated that all individuals tended to mix together (Fig 1). Different gene pool

patterns between the populations were observed by the model-based Bayesian algorithms

implemented in STRUCTURE with the increase in K values (Fig 2). The highest posterior

probability was found at K = 3 as a single peak based on the Evanno’s ΔK, while the mean ln P

(K) showed a single peak at K = 17 (S2 Fig). The Wilcoxon signed-rank test was performed to

find out if bottlenecks existed in the three populations, and consequently SMM and TPM val-

ues ranged from 0.555 to 0.906 and from 0.000 to 0.013, respectively, which showed a normal

L-shaped mode shift, indicating that there were no bottlenecks at least in recent years (S17

Table). The M ratios of the SBR, KSN, and NYK populations were 0.258, 0.321, and 0.366,

respectively (Table 1). TheseM ratios were much lower than 0.68 threshold estimated by

Garza and Williamson [43], indicating that rapid population decreases occurred in these pop-

ulation in the historical past. The migration rate determined by BayesAss, which serves as an

Table 2. Observed (Ho) and expected (He) heterozygosity in three populations of the North African catfish (Clarias gariepinus) estimated by the Welch’s t-test

using 15 microsatellite loci.

Population* Ho He df t-test p-value

SBR 0.370±0.066 0.655±0.025 -0.285 -4.038 0.003

KSN 0.445±0.053 0.755±0.019 -0.310 -5.506 0.000

NYK 0.444±0.048 0.715±0.029 -0.271 -4.832 0.000

*SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t002

Table 3. Comparison of observed (Ho) and expected (He) values between three populations of the North African catfish (Clarias gariepinus) based on the genotyp-

ing data of 15 microsatellite loci.

Population 1* Population 2* df SE t-test p-value

Observed heterozygosity (Ho) SBR KSN -0.075 0.085 -0.886 0.387

SBR NYK -0.074 0.082 -0.907 0.379

KSN NYK 0.001 0.072 0.014 0.989

Expected heterozygosity (He) SBR KSN -0.100 0.031 -3.184 0.005

SBR NYK -0.060 0.038 -1.567 0.129

KSN NYK 0.040 0.035 1.154 0.253

* SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t003
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index to estimate recent gene flow, ranged from 0.930 to 0.981 within populations and from

0.006 to 0.035 between populations (Fig 3 and S18 Table). MIGRATE-N analysis using the

datasets of microsatellite genotypes revealed a diverse range ofM values (12.333–121.667); the

highest M value (121.667) was observed from NYK to KSN (S19 Table). The median scaled

mutation rates (Θ) ranged from 0.096 (NYK) to 0.098 (SBR and KSN) (S19 Table). A diverse

range of Nm values from 0.302 to 2.992 was observed among the three populations. The highest

Nm value (2.992) was observed from NYK to KSN, indicating that relatively higher gene flow

occurred between these populations (S20 Table).

Genetic diversity of the North African catfish populations based on

mitochondrial DNA D-loop sequence data

The aligned amplicon length of the mtDNA D-loop sequences was 451 bp. The numbers of

haplotypes in the SBR, KSN, and NYK populations and the entire population were 4, 9, 10,

and 17, respectively. The values of h and π were 0.665±0.026 and 0.053±0.003, respectively for

the entire population (Table 5). The values ranged from −0.020 to 0.032 for FST, 0.007 to 0.057

for GST, 0.005 to 0.031 forFST, 0.049 to 0.061 for Dxy, –0.002 to 0.001 forDa, and 15.372 to infi-

nite for Nm, (Table 6). A haplotype network was constructed with the data of polymorphic

sites and haplotypes (S3 Fig). The two most common haplotypes (CGA4 and CGA13) were

shared among the three populations. The phylogenetic analysis of mtDNA D-loop sequences

Table 4. Inbreeding coefficients, relatedness values and effective population size in three populations of the North African catfish (Clarias gariepinus).

Population* N FIS Relatedness (r) Estimated Ne 95% CIs for Ne

SBR 8 0.097±0.034 -0.101±0.013 Infinite 22.8–Infinite

KSN 97 0.049±0.010 -0.007±0.001 133.4 99.6–192.5

NYK 31 0.048±0.016 -0.023±0.003 385.9 103.9–Infinite

N, sample size; FIS, inbreeding coefficient; Ne, effective population size.

* SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t004

Fig 1. Genetic structures of three populations of the North African catfish revealed by the principal coordinate analysis.

https://doi.org/10.1371/journal.pone.0302584.g001
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Fig 2. Genetic structures of three populations of the North African catfish revealed by the Bayesian structural analysis. Each

vertical bar on the x-axis represents an individual, and the y-axis represents the proportion of membership in each genetic cluster.

All individuals from three populations are superimposed on the plot. Black vertical lines indicate the boundaries. The highest

posterior probability, denoted by *, is determined based on Evanno’s ΔK, and the ln P(K) is represented by **.

https://doi.org/10.1371/journal.pone.0302584.g002

Fig 3. The source–sink migration dynamics revealed by Circos. (A) The current migration directionality estimated

using the BayesAss. (B) The historical migration represented using the MIGRATE-N. The width of the migration

curves indicates the relative magnitude of migration.

https://doi.org/10.1371/journal.pone.0302584.g003
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from the 136 individuals indicated that the individuals from the three populations were closely

related to each other and grouped into the same cluster, which was separated from those of

other species (S4 Fig). The MIGRATE-N analysis revealed that the posterior probability distri-

bution for each parameter was also well defined (S21 Table), thus facilitating the generation of

point estimates and credibility intervals for each parameter.M values ranged from 3.70 to

139.00, with the highest value (139.00) that was observed in the migration from KSN into

NYK. Θ values of 0.098 were observed in all the populations (S21 Table). A diverse range of

Nm values (0.091 to 3.416) was observed, with the highest value (3.416) that was observed in

the migration from KSN into NYK (S22 Table). Population history was assessed using multiple

tests of neutrality based on mtDNA D-loop sequence analysis between populations. The results

revealed non-significant values for Tajima’s D (ranging from −0.583 to 1.583), Fu and Li’s F*
(−0.494 to 1.044), and Fu and Li’s D (−2.595 to 0.872) (Table 7). Mismatch distribution analy-

sis revealed unimodal distribution for the KSN and NYK populations, while SBR showed the

bimodal distribution (S5 Fig). The raggedness index values ranging from 0.214 to 0.542 were

not statistically significant (Table 7). Constant population size was determined using an

mtDNA D-loop sequence-based model (S6 Fig).

Discussion

To overcome the genetic vulnerability of the North African catfish in the aquaculture farms in

Thailand, the initiatives for their genetic improvement began in 2016 by the government and

private sector, often using the stocks introduced from the captive populations in the past three

decades [10]. The present breeding stocks in Thailand are believed to have originated from the

populations that were introduced into Vietnam from Central Africa in 1974 [63]. They were

introduced into Thailand in 1987 and then have contributed to aquaculture production [19].

This aligns with our demographic analysis by microsatellite genotyping, which revealed a his-

torical population reduction in all examined captive populations. Consistently, a non–

Table 5. The genetic diversity of mitochondrial DNA D-loop sequences in three populations of the North African catfish (Clarias gariepinus).

Population* N Number of haplotypes

(H)

Theta (Per Site) from

S
Average number of nucleotide differences

(k)

Overall

haplotype

Nucleotide diversities

(π)

SBR 8 4 0.048 24.786 0.643± 0.184 0.056±0.013

KSN 97 9 0.033 21.360 0.625± 0.028 0.048±0.001

NYK 31 10 0.081 29.714 0.753±0.066 0.067±0.012

all

populations

136 17 0.067 23.172 0.665± 0.026 0.053± 0.003

* SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t005

Table 6. Genetic differentiation of the mitochondrial DNA D-loop sequences between three populations of the North African catfish (Clarias gariepinus).

Population 1* Population 2* GST ФST FST Dxy Da Nm

NYK SBR 0.057 0.031 0.032ns 0.061 0.001 15.372

NYK KSN 0.007 0.012 0.011ns 0.057 0.000 46.637

SBR KSN 0.034 0.005 -0.020ns 0.049 -0.002 Infinite

GST, genetic differentiation coefficient; ФST, correlation of random haplotypes within populations; FST, Wright’s F-statistics for subpopulations within the total

population; Dxy, average number of nucleotide substitutions per site between populations; Da, net nucleotide substitutions per site between populations; Nm, number of

individuals entering populations.

* SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t006
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significant raggedness index was observed and most captive North African catfish populations

showed unimodal distributions, indicating potential population expansion after reduction in

the three populations in the past. Similarly, maternal lineage analyses with mtDNA D-loop

sequences revealed low π and h values in all populations. This suggests that maternal gene flow

from other populations into the breeding populations were well restricted during the process

of introducing captured North African catfish. By contrast, no recent bottlenecks were

detected in the population, as evidenced by the haplotype network analysis and neutrality test

with mtDNA D-loop sequences and demographic data of microsatellite genotypes. This result

may be explained by the constant selection of genes associated with economically valuable

traits as a part of farm managements, which maintains consistent frequencies of advantageous

genes in the farm populations. Alternatively, it can be inferred that few recent introductions of

alien breeds within the stock have occurred.

Influences on genetic factors that may affect the productivity in the North

African catfish population in Thailand: Not inbreeding, but what?

The North African catfish in captive farms are often commercially transferred across the

regions in the country [19]. Nowadays, the North African catfish holds significant aquacultural

importance, particularly as a parental stock for producing hybrids with the bighead catfish in

Thailand [13, 64]. Therefore, large population stocks in SBR, KSN, and NYK are expected to

supplement parental stocks for hybrid production. Previous studies on genetic diversity

among Thai captive North African catfish populations using microsatellite genotyping

revealed a highHe value (ranged from 0.67–0.80) [10, 19]; however, it was less sufficient for

estimating their genetic diversity due to a deficiency in the number of markers (less than 11

loci) [24]. In this study, 15 microsatellite loci were used to examine the genetic diversity of cap-

tive North African catfish populations in Thailand. All the three populations (SBR, KSN, and

NYK) exhibited high He and AR values, indicating a high adaptive potential [65]. The inherit-

able variety of breeding populations is crucial in aquaculture for adapting to changing environ-

ments and ensuring survival, growth, reproduction, and disease resistance [66]. Despite higher

He compared toHo in all the three populations significantly, FIS and r values remained remark-

ably low, which suggests the existence of inbreeding. However, artificial selection to improve

economically important traits is effective when heterozygous genotypes have a higher relative

fitness than homozygous genotypes. Many individuals in the North African catfish population

remain effective at transmitting genetic components within the captive population. This sug-

gests a large Ne value that is expected to exceed the threshold of 45–50 individuals recom-

mended by Tave [67] and Caballero et al. [68], which helps to avoid the long-term inbreeding

depression. It was hypothesized that the influence of inbreeding on the low conception and

fertility rates in North African catfish might be minimal. A potential subpopulation within all

Table 7. Neutrality tests of mitochondrial D-loop sequences in three populations of the North African catfish (Clarias gariepinus).

Population§ Tajima Fu D Fu F Fu’s Fs Raggedness Index

SBR 1.145ns 0.872ns 1.044ns 7.558 0.260ns

KSN 1.583ns -1.825ns -0.494ns 29.987 0.542ns

NYK -0.305ns -0.095ns -0.197ns 13.935 0.214ns

all populations -0.583ns -2.595* -2.019ns 22.608 0.339ns

ns, not significant

*, p< 0.05.
§SBR, Sing Buri; KSN, Kalasin; NYK, Nakhon Nayok.

https://doi.org/10.1371/journal.pone.0302584.t007
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captive populations, suggested by positive F values and Bayesian structural analysis, could be

observed. Genetic partitioning within population, which may also be due to the Wahlund

effect [69], results from the potential mixed origin of the captive populations with founding

individuals from historically distinct groups. These diverse origins of populations can help

mitigate the loss of genetic variations. Despite frequent occurrences of deleterious traits associ-

ated with growth, survival, stress resistance, and reproductive abilities in the long-term breed-

ing populations of the North African catfish, the captive populations display an exceptionally

lower inbreeding value. Well-regulated farm management, disease control, and food quality

are observed in Thai farmer communities [18, 70]. Why and how does the fitness and produc-

tion in the breeding populations of the North African catfish decline in Thailand?

Possible diverse genetic origins of the North African catfish in Thailand

Genetic diversity patterns of the captive populations reveal their past population dynamics and

levels of genetic isolation. Most FST values between the populations indicated a minimal

genetic differentiation except for that between the SBR and KSN populations, which may be

attributed to the small number of individuals of the SBR population (N = 8). This result aligns

with the findings obtained from PCoA, in which no clustering was observed among individu-

als localized from different populations. Such a lack of significant drift or the presence of iso-

lated populations observed in this study may be caused by the extensive historical gene flow

between the three populations, which was facilitated by the migration of captive populations

artificially done for aquaculture. The results of AMOVA emphasized that a significant portion

of the overall genetic variation exists within populations, indicating that gene flow may have

extensively occurred between the three captive populations. Genetic similarity between the

populations, shown by microsatellite genotype data, suggests a historical unidirectional gene

flow from NYK to SBR or from NYK to KSN. The Nm values that exceeded 1.0 strongly suggest

that the gene flow surpasses the genetic drift [71, 72]. Large-scale gene flow and subsequent

genetic admixture between populations reduce the genetic variation between populations. In

the past, the NYK population has served as the central hub for distributing North African cat-

fish, particularly paternal stocks for production by breeding to aquaculture farms across the

country. This suggests that the estimated gene flow corresponds to the prevailing direction of

human-mediated population transfer. Substantial maternal gene flow from KSN to NYK was

observed through the MIGRATE-N analysis of mtDNA D-loop sequences, indicating that the

directional maternal genetic exchange occurred between the two captive populations. How-

ever, it cannot be ruled out that the potential underestimation of historical migration within

the population may have contributed to low migration rates, potentially intensifying the diver-

gence between independently sourced populations. The r value should be interpreted cau-

tiously due to potential high values caused by chance. Bayesian structural analyses suggested a

lack of genetic structuring in the three populations. Distinct gene pools were detected between

the SBR-KSN populations and the NYK population at different K-levels. This suggests that the

SBR-KSN and NYK populations were derived from distinct lineages. Chalermwong et al. [73]

asserted that a species complex was identified within the North African catfish, which was

characterized by substantial intraspecific sequence divergence, although it was classified under

the same species using a species delimitation approach based on DNA barcodes. Moreover,

ZZ/ZW sex determination system, which is likely the ancestral system for the North African

catfish, is the same as the systems reported in Africa and Israel. However, studies on different

populations from Israel, Hungary, and China have suggested the presence of an XX/XY system

or the potential coexistence of both sex chromosome systems, indicating multiple systems of

sex determination in the North African catfish [74–83]. This suggests that comprehensive
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genomic analyses of diverse populations derived from different regions are required to address

the taxonomic issues in the North African catfish. Alternatively, the observed various gene

pools between the North African catfish populations in Thailand may be attributed to the differ-

ence in genetic origins of domesticated strains of the same species. Examinations of fast- and

slow-growing strains of the North African catfish in Nigeria have revealed that the difference in

the growth rate depends on their geographic origins [84, 85]. Likewise, four African catfish pop-

ulations from, Thailand, the Netherlands, Egypt, and Kenya, which are believed to harbor

unique genetic advantages, were introduced to Indonesia for genetic improvement [63, 86].

Cross-mating between different populations can boost reproductive fitness through

increased heterozygosity, which prevents the expression of deleterious recessive alleles. In

Indonesia, the hybridization between the Egyptian and Dutch populations of the North Afri-

can catfish yielded the remarkable results, such as the improvement of growth rate and survival

rate [63]. However, crossbreeding may cause the reduction of fitness due to incompatibilities

between genetically diverse populations. Outbreeding depression describes the phenomenon

whereby outbred offspring exhibit reduced reproductive fitness compared to non-outbred off-

spring. Inter-population hybridization could lead to outbreeding depression, resulting in

reduced fitness in the F1 or F2 generations. This could significantly reduce the survival rate of

the North African catfish, particularly in the regions lacking or poorly enforcing strict regula-

tions on inter-basin fish translocation in Africa [87]. The reduction in survival rate, growth

rate, low conception, fertility rates, and fecundity actually occurs in the North African catfish

populations in Thailand [19, 20]. Principally, outbreeding depression may be caused by vari-

ous mechanisms, including ecological factors. Cross-mating between populations that adapt to

distinctly different environments could produce the offspring that are less well-suited to the

environments, as typically observed in the offspring of F1 generation. Interbreeding between

different populations with high genetic diversity could disrupt the genetic complexity, result-

ing in the reduction of reproductive fitness. These genetic consequences are often observed in

later generations beyond meiotic division that disrupts gene complexes by independent assort-

ment and genetic recombination. The resource of the North African catfish in Thailand likely

originated in the Central African Republic, although the possibility that they derived from

Egypt remains feasible [88]. Intentional crossbreeding between different breeding populations

in hatcheries aims to restore high genetic diversity but may result in the mixing of gene pools

of genetically distinct populations, leading to the reduction of genetic specificity of each popu-

lation in the North African catfish resources. The government-funded fish farming program

from 1990 to 2012 in Thailand achieved a significant increase in the number of catfish hatcher-

ies for the purpose of enhancing food security and increasing income in the community. How-

ever, uncontrolled crossbreeding puts the catfish industry at risk. This issue may arise mainly

from the absence of planned breeding and establishment of rearing conditions (for larvae),

resulting in significantly lower productivity. We hypothesize that the mixed genetic lineage

contributes to the reduction in productivity of the North African catfish in Thailand. Introduc-

tion of new individuals with different genetic origins into the hatchery may significantly alter

the genetic composition of the original populations, potentially leading to outbreeding depres-

sion [89]. This should be taken into account when formulating breeding plans for improving

the genetic resources of the North African catfish by establishing a baseline population with

distinct gene pools and mixing them.

Significance of the North African catfish and their breeding strategies

Genetic divergence in fish populations captured from nature is far superior to domesticated

populations, which avoids potential inbreeding that causes the decrease in genetic variation.
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However, the adaptability of the North African catfish populations may be adversely affected

by outbreeding between genetically distinct populations. Selective breeding alone cannot sub-

stantially improve the productivity by avoiding outbreeding depression. It is probably chal-

lenging to identify the genetic origins of the current North African catfish populations in

Thailand and to accomplish their breeding under well-developed programs laid out based on

the genetic data. North African catfish populations introduced from Africa, which are charac-

terized by high genetic diversity and purity, can be utilized as a high quality of resource to

enhance the hatchery production, increase income of farmers, and improve food availability

per person.

Conclusions

Maintaining a sufficient amount of genetic variation is crucial for breeding populations of eco-

nomically important species such as the North African catfish. Over the past decade, the

reduction in conception rates, fertility, and production has been reported in the captive North

African catfish populations in Thailand. Evaluation of the genetic diversity of the captive pop-

ulations is essential for determining how to manage the genetic stock effectively. This study

revealed a potentially low inbreeding value in the captive populations of the North African cat-

fish in Thailand but also the presence of diverse genetic origins and gene pools. The mixing of

breeding populations may have occurred by introducing different the North African catfish

populations with different origins to Thailand, and intentional crossbreeding was probably

carried out aimed at maintaining their genetic diversity. This process may have mixed the

gene pools of genetically different populations, causing a loss of the genetic distinctness of the

captive North African catfish resources in Thailand. This could increase the risk of outbreed-

ing depression. Therefore, introduction of new populations with known origins into the hatch-

eries is required for ensuring the genetic purity of breeding populations and reducing the risk

of outbreeding depression. The genetically diverse populations with known origins would

serve as an ideal founder stock for selective breeding programs aimed at improving the pro-

ductivity of the North African catfish.
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tion of 49 novel microsatellite markers in the African catfish, Clarias gariepinus (Burchell, 1822). Mol.

Biol. Rep. 2019; 46:6599–6608. https://doi.org/10.1007/s11033-019-05062-5 PMID: 31535323.

29. Excoffier L, Lischer HE. Arlequin suite ver 3.5: a new series of programs to perform population genetics

analyses under Linux and Windows. Mol. Ecol. Resour. 2010; 10:564–567. https://doi.org/10.1111/j.

1755-0998.2010.02847.x PMID: 21565059.

30. Guo SW, Thompson EA. Performing the exact test of Hardy-Weinberg proportion for multiple alleles.

Biometrics. 1992; 48:361–372. https://doi.org/10.2307/2532296 PMID: 1637966.

31. R Core Team. R: a language and environment for statistical computing. R foundation for statistical com-

puting. Vienna, Austria. 2023

32. Goudet J. FSTAT (Version 1.2): a computer program to calculate F-Statisitics. Heredity. 1994; 86:485–

486. https://doi.org/10.1093/oxfordjournals.jhered.a111627

33. Van Oosterhout C, Hutchinson W, Wills D, Shipley P. MICRO-CHECKER: software for identifying and

correcting genotyping errors in microsatellite data. Mol. Ecol. Notes. 2004; 4:535–538. https://doi.org/

10.1111/j.1471-8286.2004.00684.x

34. Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teach-

ing and research–an update. Bioinformatics. 2012; 28:2537–2539. https://doi.org/10.1093/

bioinformatics/bts460 PMID: 22820204. PMCID: PMC3463245.

35. Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR. NeEstimator v2: Re-implementation of

software for the estimation of contemporary effective population size (Ne) from genetic data. Mol. Ecol.

Resour. 2014; 14:209–214. https://doi.org/10.1111/1755-0998.12157 PMID: 23992227

36. Praestgaard JT. Permutation and bootstrap Kolmogorov-Smirnov tests for the equality of two distribu-

tions. Scand. J. Stat. 1995; 22:305–322.

37. Lynch M, Ritland K. Estimation of pairwise relatedness with molecular markers. Genetics. 1999;

152:1753–1766. https://doi.org/10.1093/genetics/152.4.1753 PMID: 10430599. PMCID: PMC1460714.

38. Akobeng AK. Confidence intervals and p-values in clinical decision making. Acta. Paediatr. 2008;

97:1004–1007. https://doi.org/10.1111/j.1651-2227.2008.00836.x PMID: 18462462.

PLOS ONE Outbreeding impact on North African catfish productivity in Thai aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0302584 May 6, 2024 20 / 23

https://doi.org/10.1016/j.aquaculture.2009.01.036
https://doi.org/10.1016/j.fsi.2021.04.012
http://www.ncbi.nlm.nih.gov/pubmed/33872754
https://doi.org/10.1016/S0044-8486(98)00432-3
https://doi.org/10.1016/S0044-8486(98)00432-3
https://doi.org/10.17352/2455-8400.000077
https://doi.org/10.1016/j.aquaculture.2013.12.023
https://doi.org/10.1038/s41598-021-87945-x
https://doi.org/10.1038/s41598-021-87945-x
http://www.ncbi.nlm.nih.gov/pubmed/33883608
https://doi.org/10.1111/j.0908-8857.2008.04094.x
https://doi.org/10.1111/j.0908-8857.2008.04094.x
https://doi.org/10.4238/2015.October.29.18
http://www.ncbi.nlm.nih.gov/pubmed/26535713
https://doi.org/10.5897/AJB12.2465
https://doi.org/10.1007/s11033-019-05062-5
http://www.ncbi.nlm.nih.gov/pubmed/31535323
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
https://doi.org/10.2307/2532296
http://www.ncbi.nlm.nih.gov/pubmed/1637966
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
http://www.ncbi.nlm.nih.gov/pubmed/22820204
https://doi.org/10.1111/1755-0998.12157
http://www.ncbi.nlm.nih.gov/pubmed/23992227
https://doi.org/10.1093/genetics/152.4.1753
http://www.ncbi.nlm.nih.gov/pubmed/10430599
https://doi.org/10.1111/j.1651-2227.2008.00836.x
http://www.ncbi.nlm.nih.gov/pubmed/18462462
https://doi.org/10.1371/journal.pone.0302584


39. Wang J. Coancestry: A program for simulating, estimating and analysing relatedness and inbreeding

coefficients. Mol. Ecol. Resour. 2011; 11:141–145. https://doi.org/10.1111/j.1755-0998.2010.02885.x

PMID: 21429111.

40. Chapuis MP, Estoup A. Microsatellite null alleles and estimation of population differentiation. Mol. Biol.

Evol. 2007; 24:621–631. https://doi.org/10.1093/molbev/msl191 PMID: 17150975.

41. Nei M. Genetic distance between populations. Am. Nat. 1972; 106:283–292. https://doi.org/10.1086/

282771

42. Piry S, Luikart G, Cornuet JM. Computer note. BOTTLENECK: a computer program for detecting recent

reductions in the effective size using allele frequency data. Heredity. 1999; 90:502–503. https://doi.org/

10.1093/jhered/90.4.502

43. Garza JC, Williamson EG. Detecting the reduction in population size using data from microsatellite

DNA. Mol. Ecol. 2001; 10:305–318. https://doi.org/10.1046/j.1365-294x.2001.01190.x PMID:

11298947.

44. Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype

data. Genetics. 2000; 155:945–959. https://doi.org/10.1093/genetics/155.2.945 PMID: 10835412.

PMCID: PMC1461096.

45. Pina-Martins F, Silva D, Fino J, Paulo O. Structure_threader: an improved method for automation paral-

lelization of programs STRUCTURE, FASTSTRUCTURE and MavericK on multi core CPU systems.

Mol. Ecol. Resour. 2017; 17:e268–e274. https://doi.org/10.1111/1755-0998.12702 PMID: 28776963.

46. Earl DA, Vonholdt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-

TURE output and implementing the Evanno method. Conserv. Genet. Resour. 2012; 4: 359–361.

https://doi.org/10.1007/s12686-011-9548-7

47. Wilson GA, Rannala B. Bayesian inference of recent migration rates using multilocus genotypes.

Genetics. 2003; 163:1177–1191. https://doi.org/10.1093/genetics/163.3.1177 PMID: 12663554.

PMCID: PMC1462502.

48. Beerli P. Comparison of Bayesian and maximum-likelihood inference of population genetic parameters.

Bioinformatics. 2006; 22:341–345. https://doi.org/10.1093/bioinformatics/bti803 PMID: 16317072.

49. Beerli P, Felsenstein J. Maximum likelihood estimation of a migration matrix and effective population

sizes in subpopulations by using a coalescent approach. Proceedings of the national academy of Sci-

ences of the United States of America 2001; 98:4563–4568. https://doi.org/10.1073/pnas.081068098

PMID: 11287657. PMCID: PMC31874.

50. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al. Circos: an information aes-

thetic for comparative genomics. Genome Res. 2009; 19:1639–1645. https://doi.org/10.1101/gr.

092759.109 PMID: 19541911. PMCID: PMC2752132.

51. Rozas J, Ferrer-Mata A, Sánchez-DelBarrio J, Guirao-Rico S, Librado P, Ramos-Onsins S, et al.

DnaSP 6: DNA sequence polymorphism analysis of large datasets. Mol. Biol. Evol. 2017; 34:3299–

3302. https://doi.org/10.1093/molbev/msx248 PMID: 29029172.

52. Clement M, Snell Q, Walke P, Posada D. Crandall K, TCS: estimating gene genealogies. Proceedings

16th international parallel and distributed processing symposium; 2002. p. 7. https://doi.org/10.1109/

IPDPS.2002.1016585

53. Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics.

2001; 17:754–755. https://doi.org/10.1093/bioinformatics/17.8.754 PMID: 11524383.

54. Beerli P, Palczewski M. Unified framework to evaluate panmixia and migration direction among multiple

sampling locations. Genetics. 2010; 185:313–326. https://doi.org/10.1534/genetics.109.112532 PMID:

20176979. PMCID: PMC2870966.

55. Tajima F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genet-

ics. 1989; 123:585–595. https://doi.org/10.1093/genetics/123.3.585 PMID: 2513255. PMCID:

PMC1203831.

56. Fu YX, Li WH. Statistical tests of neutrality of mutations. Genetics. 1993; 133:693–709. https://doi.org/

10.1093/genetics/133.3.693 PMID: 8454210. PMCID: PMC1205353.

57. Fu YX. Statistical tests of neutrality of mutations against population growth, hitchhiking and background

selection. Genetics. 1997; 147:915–925. https://doi.org/10.1093/genetics/147.2.915 PMID: 9335623.

PMCID: PMC1208208.

58. Rogers AR, Harpending HC. Population growth makes waves in the distribution of pairwise genetic dif-

ferences. Mol. Biol. Evol. 1992; 9:552–569. https://doi.org/10.1093/oxfordjournals.molbev.a040727

PMID: 1316531.

59. Wakeley J, Hey J. Estimating ancestral population parameters. Genetics. 1997; 145:847–855. https://

doi.org/10.1093/genetics/145.3.847 PMID: 9055093. PMCID: PMC1207868.

PLOS ONE Outbreeding impact on North African catfish productivity in Thai aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0302584 May 6, 2024 21 / 23

https://doi.org/10.1111/j.1755-0998.2010.02885.x
http://www.ncbi.nlm.nih.gov/pubmed/21429111
https://doi.org/10.1093/molbev/msl191
http://www.ncbi.nlm.nih.gov/pubmed/17150975
https://doi.org/10.1086/282771
https://doi.org/10.1086/282771
https://doi.org/10.1093/jhered/90.4.502
https://doi.org/10.1093/jhered/90.4.502
https://doi.org/10.1046/j.1365-294x.2001.01190.x
http://www.ncbi.nlm.nih.gov/pubmed/11298947
https://doi.org/10.1093/genetics/155.2.945
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/10.1111/1755-0998.12702
http://www.ncbi.nlm.nih.gov/pubmed/28776963
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1093/genetics/163.3.1177
http://www.ncbi.nlm.nih.gov/pubmed/12663554
https://doi.org/10.1093/bioinformatics/bti803
http://www.ncbi.nlm.nih.gov/pubmed/16317072
https://doi.org/10.1073/pnas.081068098
http://www.ncbi.nlm.nih.gov/pubmed/11287657
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1101/gr.092759.109
http://www.ncbi.nlm.nih.gov/pubmed/19541911
https://doi.org/10.1093/molbev/msx248
http://www.ncbi.nlm.nih.gov/pubmed/29029172
https://doi.org/10.1109/IPDPS.2002.1016585
https://doi.org/10.1109/IPDPS.2002.1016585
https://doi.org/10.1093/bioinformatics/17.8.754
http://www.ncbi.nlm.nih.gov/pubmed/11524383
https://doi.org/10.1534/genetics.109.112532
http://www.ncbi.nlm.nih.gov/pubmed/20176979
https://doi.org/10.1093/genetics/123.3.585
http://www.ncbi.nlm.nih.gov/pubmed/2513255
https://doi.org/10.1093/genetics/133.3.693
https://doi.org/10.1093/genetics/133.3.693
http://www.ncbi.nlm.nih.gov/pubmed/8454210
https://doi.org/10.1093/genetics/147.2.915
http://www.ncbi.nlm.nih.gov/pubmed/9335623
https://doi.org/10.1093/oxfordjournals.molbev.a040727
http://www.ncbi.nlm.nih.gov/pubmed/1316531
https://doi.org/10.1093/genetics/145.3.847
https://doi.org/10.1093/genetics/145.3.847
http://www.ncbi.nlm.nih.gov/pubmed/9055093
https://doi.org/10.1371/journal.pone.0302584


60. Heled J, Drummond AJ. Bayesian inference of population size history from multiple loci. BMC Evol.

Biol. 2008; 8:289. https://doi.org/10.1186/1471-2148-8-289 PMID: 18947398. PMCID: PMC2636790.

61. Bouckaert R, Vaughan TG, Barido-Sottani J, Duchêne S, Fourment M, Gavryushkina A, et al. BEAST

2.5: an advanced software platform for Bayesian evolutionary analysis. Plos Comput. Biol. 2019; 15:

e1006650. https://doi.org/10.1371/journal.pcbi.1006650 PMID: 30958812. PMCID: PMC6472827.

62. Jansen G, Devaere S, Weekers PHH, Adriaens D. Phylogenetic relationships and divergence time esti-

mate of African anguilliform catfish (Siluriformes: Clariidae) inferred from ribosomal gene and spacer

sequences. Mol. Phylogenet. Evol. 2006; 38:65–78. https://doi.org/10.1016/j.ympev.2005.09.011

PMID: 16290035.

63. Sunarma A, Carman O, Zairin M, Alimuddin A. Interpopulation crossbreeding of farmed and wild African

catfish Clarias gariepinus (Burchell 1822) in Indonesia at the nursing stage. Aquat. Living Resour. 2016;

29:303. https://doi.org/10.1051/alr/2016026

64. Suresh AV. Culture of walking catfish in Thailand. J. Aquacult. Trop. 1991; 2:10–12.

65. Greenbaum G, Templeton AR, Zarmi Y, Bar-David S. Allelic richness following population founding

events–a stochastic modeling framework incorporating gene flow and genetic drift. PloS One. 2014; 9:

e115203. https://doi.org/10.1371/journal.pone.0115203 PMID: 25526062. PMCID: PMC4272294.

66. Nguinkal JA, Zoclanclounon YA, Brunner RM, Goldammer T. Haplotype-resolved telomere-to-telomere

assembly of the African catfish (Clarias gariepinus) provides insights for semi-terrestrial adaptation of

airbreathing catfishes. BioRxiv [Preprint]. 2023. https://doi.org/10.1101/2023.03.23.533919

67. Tave D. Genetics for fish hatchery managers. 1st ed. Springer New York: NY: UK; 1993. pp. 418.

68. Caballero A, Bravo I, Wang J. Inbreeding load and purging: implications for the short-term survival and

the conservation management of small populations. Heredity. 2017; 118:177–185. https://doi.org/10.

1038/hdy.2016.80 PMID: 27624114. PMCID: PMC5234482.

69. Sinnock P. The Wahlund effect for the two-locus model. Am. Nat. 1975; 109:565–570. https://doi.org/

10.1086/283027

70. Na-Nakorn U. Genetic factors in fish production: a case study of the catfish Clarias. Genetics in sustain-

able fisheries management. Fishing News Books: Malden: MA; 1999. pp. 175–187.

71. Keong RB, Siraj SS, Daud SK. Cross species amplification of Ikan Kelah, Tor tambroides by using Mys-

tus nemurus microsatellite markers. Pertanika J. Trop. Agric. Sci. 2008; 31:179–189.

72. Lin T, Yang J, Yu Z, Feng Y, Qin W, Lu B, et al. Genetic diversity and population structure of Mastacem-

belus armatus in the river systems of southern China revealed by microsatellites. SN Appl. Sci. 2023;

5:307. https://doi.org/10.1007/s42452-023-05534-1

73. Chalermwong P, Panthum T, Wattanadilokcahtkun P, Ariyaraphong N, Srikampa P, Singchat W, et al.

Overcoming taxonomic challenges in DNA barcoding for improvement of identification and preservation

of clariid catfish species. Genomics Inform. 2023; 21:e39. https://doi.org/10.5808/gi.23038 PMID:

37813635. PMCID: PMC10584641.

74. Ozouf-Costaz C, Teugels GG, Legendre M. Karyological analysis of three strains of the African catfish,

Clarias gariepinus (Clariidae), used in aquaculture. Aquaculture. 1990; 87:271–277. https://doi.org/10.

1016/0044-8486(90)90064-T

75. Teugels GG, Ozouf-costz C, Legendre M, Parrent M. A karyological analysis of the artificial hybridiza-

tion between Clarias gariepinus (Burchell, 1822) and Heterobranchus longifilis Valenciennes, 1840

(Pisces; Clariidae). J. Fish Biol. 1992; 40:81–86. https://doi.org/10.1111/j.1095-8649.1992.tb02555.x

76. Liu S, Yao Z, Wang Y. Sex hormone induction of sex reversal in the teleost Clarias lazera and evidence

for female homogamety and male heterogamety. J. Exp. Zool. 1996; 276:432–438. https://doi.org/10.

1002/(SICI)1097-010X(19961215)276:6<432::AID-JEZ7>3.0.CO;2-O

77. Eding E, Bouwmans A, Komen J. Evidence for a XX/XY sex determining mechanism in the African cat-

fish Clarias gariepinus. Presentation at the 6th International Symposium on Genetics in Aquaculture;

1997.

78. Galbusera P, Volckaert FA, Ollevier F. Gynogenesis in the African catfish Clarias gariepinus (Burchell,

1822): III. Induction of endomitosis and the presence of residual genetic variation. Aquaculture. 2000;

185:25–42. https://doi.org/10.1016/S0044-8486(99)00339-7

79. Eyo J. Cytogenetic variations in Clarias species (Clariidae: Surulifromis) of the Anambra river using leu-

cocytes culture techniques. Anim. Res. Int. 2008; 2:275–286. https://doi.org/10.4314/ari.v2i1.40852

80. Santi S, Gennotte V, Toguyeni A, Mélard C, Antoine N, Rougeot C. Thermosensitivity of the sex differ-

entiation process in the African catfish, Clarias gariepinus: Determination of the thermosensitive period.

Aquaculture. 2016; 455:73–80. https://doi.org/10.1016/j.aquaculture.2016.01.009

81. Santi S, Rougeot C, Toguyeni A, Gennotte V, Kebe I, Melard C. Temperature preference and sex differ-

entiation in African catfish, Clarias gariepinus. J. Exp. Zool. A. Ecol. Integr. Physiol. 2017; 327:28–37.

https://doi.org/10.1002/jez.2066 PMID: 28247501

PLOS ONE Outbreeding impact on North African catfish productivity in Thai aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0302584 May 6, 2024 22 / 23

https://doi.org/10.1186/1471-2148-8-289
http://www.ncbi.nlm.nih.gov/pubmed/18947398
https://doi.org/10.1371/journal.pcbi.1006650
http://www.ncbi.nlm.nih.gov/pubmed/30958812
https://doi.org/10.1016/j.ympev.2005.09.011
http://www.ncbi.nlm.nih.gov/pubmed/16290035
https://doi.org/10.1051/alr/2016026
https://doi.org/10.1371/journal.pone.0115203
http://www.ncbi.nlm.nih.gov/pubmed/25526062
https://doi.org/10.1101/2023.03.23.533919
https://doi.org/10.1038/hdy.2016.80
https://doi.org/10.1038/hdy.2016.80
http://www.ncbi.nlm.nih.gov/pubmed/27624114
https://doi.org/10.1086/283027
https://doi.org/10.1086/283027
https://doi.org/10.1007/s42452-023-05534-1
https://doi.org/10.5808/gi.23038
http://www.ncbi.nlm.nih.gov/pubmed/37813635
https://doi.org/10.1016/0044-8486%2890%2990064-T
https://doi.org/10.1016/0044-8486%2890%2990064-T
https://doi.org/10.1111/j.1095-8649.1992.tb02555.x
https://doi.org/10.1002/(SICI)1097-010X(19961215)276:6432::AID-JEZ73.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-010X(19961215)276:6432::AID-JEZ73.0.CO;2-O
https://doi.org/10.1016/S0044-8486%2899%2900339-7
https://doi.org/10.4314/ari.v2i1.40852
https://doi.org/10.1016/j.aquaculture.2016.01.009
https://doi.org/10.1002/jez.2066
http://www.ncbi.nlm.nih.gov/pubmed/28247501
https://doi.org/10.1371/journal.pone.0302584


82. Nguyen DHM, Ponjarat J, Laopichienpong N, Panthum T, Singchat W, Ahmad SF, et al. Genome-wide

SNP analysis of hybrid clariid fish reflects the existence of polygenic sex-determination in the lineage.

Front. Genet. 2022; 13:789573. https://doi.org/10.3389/fgene.2022.789573 PMID: 35186027. PMCID:

PMC8851383.
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