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For the last three decades, Nile tilapia Oreochromis niloticus (Linnaeus, 1758) is considered as one of the most
productive and internationally traded food fish. Although economically important, our knowledge on the genetic
structure of natural and farmed populations is scarce, especially in Africa. Sustainable aquaculture however
requires integrating genetic information to elaborate appropriate management practices. The aims of the present
study were: (i) to characterize the genetic structure and diversity of several O. niloticus wild populations collected
in four drainage basins: Mono, Niger, Ouémé and Volta in Benin; (ii) to compare the identified genetic profiles of
these wild populations with domesticated strains bred in two Beninese fish farms and one Belgian aquaculture
research center; (iii) and finally to use the data as a tool to improve management of wild genetic resources and
domesticated farmed strains.

In order to characterize the genetic structure of the thirteen sampled populations of O. niloticus 2.950 SNPs
were used to perform a clustering analysis and investigate the genetic diversities and population differentiations.
Our results showed that, populations of O. niloticus collected in different basin and farms in Benin showed low to
moderate genetic differentiation (Fy from 0.018 to 0.143) with the exception of the Nangbéto population of
Mono basin, which is genetically more differentiated (Fy from 0.091 to 0.278). Compared to wild populations,
there is a greater genetic proximity between the breeding populations of CRIAB and the Pendjari river population
(Fss = 0.0 47), and between the Yohan-Esteve farm populations and the Gbassa population (F from 0.045 to
0.055). In view of the low level of inbreeding and the good growth and reproductive performance of the Togbadji
population in the Mono basin, it would be a potential candidate for the development of a local strain of
O. niloticus for aquaculture in Benin.

1. Introduction

Tilapias are fish of the Cichlidae family, including more than 3.000
species (Kocher 2004). Cichlids are widely distributed through Central
and South America, Africa, Madagascar and southern India (Chakra-
barty, 2004), living in coastal, brackish and freshwater habitats
(Mcandrew and Beveridge, 2000). Some cichlid species like O. niloticus
and O. mossambicus are farmed for food production (Babiker and Ibra-
him, 1979; Arthington, 1986; Lowe-mcconnell, 2010). Over the last
three decades, Nile tilapia O. niloticus farming has significantly grown
worldwide. It is considered as one of the most productive and

internationally traded food fish (Mires, 1982; Frei et al., 2007; El-Sayed
and Kawanna, 2008; Ng and Wang, 2011; Hernandez et al., 2013).
Tilapia is the fourth most farmed aquatic species in the world, after the
grass carp Ctenopharyngodon idella, the silver carp Hypophthalmichthys
molitrix and the common carp Cyprinus carpio, with a production of 4.2
million tons in 2016, namely 8% of the total farmed aquaculture species
(FAO, 2019).

Despite the importance of Nile tilapia as a protein source, our
knowledge on the genetic structure of natural and farmed populations is
scarce, especially in Africa (Agnése et al., 1999). Sustainable aquacul-
ture requires integrating genetic information on the bred livestock to
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elaborate appropriate management practices. Knowledge of the popu-
lation genetic structure of the Nile tilapia is economically important for
several issues relevant for future development of aquaculture strains and
management of fisheries (Hassanien et al., 2005). Identification of wild
population genetic structure would provide biologically meaningful
geographic boundaries for assessing a number of parameters, including
genetic diversity. Investigating the genetic diversity of a species is for
example important to detect specific genetic traits, which might pro-
mote distinct differences in life-history traits such as growth rate,
fecundity, abundance and disease resistance (Stepien, 1995). It is
therefore important to understand the broad genetic population
groupings, especially when investigating domestication and production
potential of wild strains for aquaculture.

In Benin, O. niloticus is the most farmed fish species (Rurangwa et al.,
2014). Although in West Africa, its natural distribution area covers the
Senegal, Nil, Gambia, Volta, Niger, Benue and Chad basins (Daget and
Iltis, 1965; Léveque et al., 1990; Ahouansou-Montcho et al., 2015),
O. niloticus was introduced in southern Benin, in the Ouémé (Laleye
et al., 2004) and in the Mono basins (Ahouansou-Montcho, 2003). The
first transfer into the coastal region occurred in 1979 at the Aquaculture
station of Godomey with fishes originated from the Tropical Forestry
Technical Center (CTFT-Ivory-Cost). In 1992, O. niloticus was introduced
at the Regional Agricultural Center for Rural Development from the
Tropical Forestry Technical Center (CTFT-Burkina-Faso). Following the
floods of lake Toho in 1995 (Ahouansou-Montcho, 2003), some fishes
escaped from the ponds and entered into the lake, resulting in the
introduction of the cultured strain in this tributary lake of the Mono
basin (Ahouansou Montcho, 2003, 2011; Lederoun et al., 2018). The
species colonized all freshwater areas of southern Benin. With the recent
liberalization and development of the aquaculture sector in Benin, other
strains were potentially introduced and their origins are not controlled
(Ghanaian, Nigerian, etc.). Except in a few cases (e.g. Aquaculture
Research and Incubation Center of Benin, CRIAB), the strains farmed in
Benin often have an unknown origin. Some are suspected to come from
small producers with restricted broodstock of unknown and potentially
inbred lines.

To further investigate the genetic diversity of this economically
important species, various genetic markers have been used in the past
for the identification of Nile tilapia stocks, including: allozymes (eg:
Pouyaud and Agnese, 1995; Rognon et al., 1996), mitochondrial DNA
restriction fragment length polymorphisms (mtDNA-RFLPs) (eg: Agnese
et al., 1997; Rognon and Guyomard, 1997), random amplification of
polymorphic DNA (RAPD) (eg: Dinesh et al., 1996; Hassanien et al.,
2004) and microsatellites which latter are versatile genetic markers
frequently used to address species ecology, evolution and conservation
related issues (Wirgin and Waldman, 1994; O’Reilly and Wright, 1995;
Jarne and Lagoda, 1996; O’connell and Wright, 1997). For example, in
1996, Dinesh et al. used random amplified polymorphic DNA (RAPD)
fingerprinting to estimate the genetic variation and species differentia-
tion of three species of tilapia in Singapore (Nile tilapia, Mozambique
tilapia and blue tilapia). This study reported a high genetic similarity
within each tilapia species and a total of 13 RAPD markers differenti-
ating the three species of tilapia were detected. Using the same method,
Hassanien et al. (2004) assessed the genetic diversity of Nile tilapia
collected from the Nile river (Cairo, Assuit and Qena) and two Delta
lakes (Burullus and Manzalla) in Egypt. The molecular phylogenetic tree
supported Manzalla and Burullus populations as being strongly linked,
but genetically distant from the Assuit and Cairo populations, with Qena
population as outgroup. Results on electrophoretic polymorphism at 30
protein loci in 27 wild and farmed populations of two tilapia species,
Tilapia zilii and O. niloticus were also reported by Rognon et al. (1996).
Single and joint segregations were analyzed at 12 polymorphic loci in
full-sib families. A pronounced differentiation was observed between the
Ivory Coast and Nilo-Sudanian T. zilii populations. Within the Nilo-
Sudanian region, the level of variation observed in O. niloticus and
T. zilii was rather low compared to other freshwater species. The same
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pattern of geographical differentiation was found between the West and
East African populations in both species. In contrast to fish-farmed
stocks analyzed in other countries, those from the Ivory Coast and
Niger displayed neither evidence of loss of genetic diversity nor any
trace of introgression with other cultured tilapia species, indicating that
these stocks have been properly managed (Rognon, 1996). In 1997,
Rognon and Guyomard studied the variation of the nad5-6 mtDNA
fragment in six Nile tilapia populations using PCR and RFLP analysis.
The observed variation allowed a strict discrimination between eastern
and western African populations. Agnese et al., (1997) analyzed the
genetic differentiation among 17 wild populations of Nile tilapia
distributed in West African, the Ethiopian and Kenyan rift valley and the
Nile drainage using allozymes and mtDNA-RFLPs. Although these
studies yielded interesting results, they were often based on limited
sampling as well as on markers that were not polymorphic enough to
give consistent results. It was therefore essential to extend these studies
using more sensitive genetic markers.

Recently, new technologies (Next Generation Sequencing (NGS))
allow for the use of genome-wide genetic data, including the identifi-
cation of Single Nucleotide Polymorphisms (SNPs) (Abdelrahman et al.,
2017; Kumar and Kocour, 2017). These are helpful genetic markers that
are currently proven to be successful for population genetic in-
vestigations. A SNP consists of a substitution of a single nucleotide that
occurs at a specific position in the genome (for reviews, see Brumfield
et al., 2003; Morin et al., 2004; Wayne and Morin, 2004). SNPs allow
genome wide scans of selectively neutral or adaptive variation (Luikart
et al., 2003; Wayne and Morin, 2004), with simple mutation models,
powerful analytical methods (Ryman et al., 2006), and application to
non-invasive and historical DNA (Morin and Mccarthy, 2007). The dis-
covery of SNP markers in commercial species was facilitated by the
availability of high quality reference genomes, as it is the case for
O. niloticus (Lee et al., 2010; Guyon et al., 2012; Yanez et al., 2019),
Atlantic salmon (Salmo salar) (Lien et al., 2016) and rainbow trout
(Oncorhynchus mykiss) (Berthelot et al., 2014). This information sup-
ported the development of dense SNP panels, which were already
developed for the Atlantic salmon (Houston et al., 2014; Yanez et al.,
2016), the rainbow trout (Palti et al., 2015) and the channel catfish
(Ictalurus punctatus) (Liu et al., 2014; Zeng et al., 2017). In O. niloticus,
SNP genotyping was used in different approaches. For example, it was
showed that the EPC1 gene may be a candidate gene related to osmo-
regulation in tilapia and could contribute to selection of a salt tolerant
line by using marker-assisted selection technique (Gu et al., 2018). SNP
genotyping was also used to highlight the conserved roles of TGF-f
signaling pathway in fish sex determination (Li et al, 2015) and
allowed, based on the number of independent chromosome segments, to
show that at least 4.2 K SNPs might be required to implement genome-
wide association studies (GWAS) and genomic prediction in the current
Nile tilapia populations (Yoshida et al., 2019). The present study is one
of the few studies (Lind et al., 2019; Yanez et al., 2019) to use SNP ge-
notypes for the identification of a genetic structure within several
O. niloticus wild populations.

The aims of the present study were: (i) to characterize the genetic
structure and diversity of several O. niloticus wild populations collected
in four drainage basins: Mono, Niger, Ouémé and Volta in Benin; (ii) to
compare the identified genetic profiles of these wild populations with
domesticated strains bred in two Beninese fish farms and one Belgian
aquaculture research center (Aquaculture Research and Education
Center-University of Liege); (iii) and finally use the data as a tool to
improve the management of wild genetic resource and domesticated
farmed strains at least in Benin.

2. Material and methods
2.1. Sample collection

Fish were collected in eight sampling stations in Benin and one in
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Togo, located close to the country border with Benin (Fig. 1): Gobé (GO)
and Bétérou (BT) in the Ouémé basin; Nangbéto (NGT), Sohoumé (SH),
Togbadji (TG), Toho (TH) and Djonougoui (DJ) in the Mono basin;
Gbassa (GB) in the Niger basin; and Pendjari (PJ) in the Volta basin. In
addition, domesticated fishes from two Beninese fish farms and one
Belgian research center were sampled: CRIAB (CB) and Yohan-Esteve
where fish farmers reported to rear two populations from distinct ori-
gins (YE1 and YE2), and CEFRA (CFT) (Table 1). The CEFRA strain
originally came from the Stirling University and is of Egyptian origin
and specifically from lake Manzala (Cefra archives). It was included in
this study in order to compare it with the local wild populations of
Benin.

A small piece of the pectoral fin was collected from anesthetized
specimens. Seven to 30 individuals were sampled per station. The fin
samples were stored in 1.5 ml Eppendorf tubes containing 90% ethanol
and stored at 4 °C for further processing.

2.2. DNA isolation

Total genomic DNA (gDNA) was extracted using the DNeasy Blood
and Tissue kit (Qiagen) according to manufacturer’s protocol. The DNA
was then quantified using the Quant-iT PicoGreen dsDNA Assay kit
(Invitrogen). Afterwards, 120 ng of genomic gDNA was loaded on a 2%
agarose gel.

Samples reaching a sufficient concentration (at least 10 ng/pl) and
quality (intact high molecular weight DNA, no sign of fragmentation)
were selected for the GBS (genotyping-by-sequencing) library prepara-
tion. In total, 171 samples were selected and used for the GBS library
preparation (Table 1).

2.3. GBS library

GBS data was generated following Elshire et al. (2011) method with
the following protocol changes: 100 ng of gDNA and 1.44 ng of total
adapters were used for the library preparation; gDNA samples were
restricted with EcoT22i enzyme and the library was amplified with 18
PCR cycles.

2.4. Data analysis

2.4.1. SNP identification

SNPs were identified from raw sequences using Tassel 5 GBS v2
Pipeline (https://bitbucket.org/tasseladmin/tassel-5-source
/wiki/Tassel5GBSv2Pipeline). First, raw reads were demultiplexed
using the axe-demux tool. Demutiplexed reads were then converted to
tag counts using the GBSSeqToTagDB plugin. TagExportToFastq Plugin
was used to pull the tags and export them in fastq format. Bowtie 2
(Langmead and Salzberg, 2012) was then used to align tags to the
O. niloticus reference genome (https://www.ncbi.nlm.nih.gov/assem
bly/GCF_001858045.2). The resulting SAM file was run through SAM-
ToGBSdbPlugin to store the position information for each aligned tag.
DiscoverySNPCaller PluginV2 was then used to identify SNPs from
aligned tags using the GBS DB. Finally, ProductionSNPCaller PluginV2
was used to convert data from fastq and keyfile to genotypes, and to add
these to a genotype file in VCF format.

2.4.2. SNP filtering

The SNP table was filtered using Tassel 5 software (Glaubitz et al.,
2014). First, individuals characterized by a heterozygosity below 1%
were filtered out. Then, SNPs presenting a minor allele frequency under
16% and a heterozygous proportion under 20% were also filtered out
(Yanez et al., 2019).

2.4.3. Clustering analysis
Bayesian clustering of SNP genotypes were performed using Struc-
ture v2.3.4 (Pritchard et al., 2000). Due to large computation time, burn-
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in period was set at 50.000 and the number of MCMC chains at 500.000.
The number of clusters (K) tested for sample grouping ranged from 1 to
10, with five iterations for each K. Individuals were pooled together
independently to their spatial origin. The results and visual output of the
five iterations for each K value were summarized using CLUMPAK
(Kopelman et al., 2015). The optimal number of clusters was assessed
based on the method defined by Evanno et al. (2005). The highest
probability for each sample to belong to each cluster was used to
determine its affiliation for the subsequent analyses.

2.4.4. Genetic diversity and population differentiation

Summary statistics were estimated for both populations (based on
the geographic origin of the specimens) and clusters (based on the
Structure assignment results). Expected (Hg) and observed (Hp) het-
erozygosities, as well as inbreeding coefficients (Fjs) were estimated
using Genetix v4.05 software (Belkhir et al., 2004) with 1.000 permu-
tations for significance. An exact test of population differentiation of
pairwise weighted mean Fsy was performed using Arlequin v3.5
(Excoffier and Lischer, 2010) (10.000 permutations for significance,
with an allowed missing data level of 0.05). Fst heatmaps were recon-
structed with RStudio v3.3.1 (Team, R. Core, 2014) using the heatmap.
plus package v2.18.0 (https://github.com/alexploner/Heatplus).

3. Results
3.1. SNP identification

The SNP identification step resulted in a matrix of 171 individuals
and 29.302 SNP genotypes. After the filtering steps, 2.950 SNPs were
retained and used as input for further analyses.

3.2. Clustering analyses

Using Structure v2.3.4, the best K value was 2 after Evanno’s
correction (Evanno et al., 2005), with indications of a substructure for K
= 4 (Supplemental data).

For K = 2 (Fig. 2a), the first cluster (K1) included all (but one)
specimens from the CEFRA research station (Belgium), while most other
samples were predominantly assigned to the second cluster (K2).
However, several individuals showed an admixed pattern (q < 0.9, N =
91/171), especially in the fish farm YE1 and YE2, in the Niger and Mono
basins.

For K = 4 (Fig. 2b), the most differentiated cluster included the
specimens from CFT, followed by a second cluster only including the
NGT samples. The specimens from PJ and CB have a shared genetic
signature, and were grouped together in one cluster. The last cluster
mostly included specimens collected at the GB site, as well as at the fish
farm Yohan Esteve (YE1 and YE2). The genetic signature of this last
cluster was also observed in other areas (i.e. sites SH, TG and DJ of the
Mono Basin; sites GO and BT from Ouémé basin), mixed with other
cluster assignments.

3.3. Population differentiation and genetic diversity

Considering a genetic structure based on two clusters (K = 2), the
genetic differentiation between K1 (mainly representing fishes from the
CEFRA in Belgium) and K2 was relatively low (Fs; = 0.096) (Fig. 2a.).
Similarly, based on a hypothesized structure with K = 4 (Table 2 and
Fig. 3A.), genetic differentiation between clusters was low, except be-
tween the cluster 1 (K1 in orange), and the other ones (F values be-
tween 0.126 and 0.251). The assessment of the genetic differentiation
between the different collection sites revealed low to moderate F; values
(from 0.018 to 0.143) among sites, at the exception of the Belgian
research facility (CFT, Fy from to 0.135 to 0.278) and the NGT (F; from
0.091 to 0.278) (Table 3 and Fig. 3B.) locality situated in the Mono
basin. Both areas displayed a higher level of differentiation compared to
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Table 1

Sampling locations and number of analyzed specimens.

Aquaculture 535 (2021) 736432

Basin/sampling station Geographic coordinates (WGS84)  Countries  Habitat type Number of collected specimens ~ Number of genotyped specimens
Mono Djonougoui (DJ)  X: 351859 Togo wild 34 13
Y: 726900
Nangbéto (NGT)  X: 326763 Togo wild 34 10
Y: 823660
Sohoume (SH) X: 370050 Benin wild 31 8
Y: 717554
Togbadji (TG) X: 356686 Benin wild 30 9
Y: 744835
Toho (TH) X: 364129 Benin wild 30 4
Y: 730540
Niger Gbassa (GB) X: 412808 Benin wild 32 18
Y: 1229684
Ouémé Bétérou (BT) X: 590828 Benin wild 7 3
Y:-2252089
Gobé (GO) X: 430018 Benin wild 30 16
Y: 886561
Volta Pendjari (PJ) X: 277559 Benin wild 30 14
Y: 1222019
Yohan-Esteve I (YED X: 428524 Benin Farm 30 12
Y: 731114
1I (YELD) X: 428524 Benin Farm 30 15
Y: 731114
CRIAB (CB) NA Benin Farm 34 29
CEFRA/Belgium  (CFT) X: 860639 Belgium Research center 20 20
Y: 7050962
a
Research
Volta Ouéme Niger Mono Fish farms station

Volta

_ Niger

Mono

Fish farms

Research
station

GB D) NGT

SH TG TH

YE2___ YEl CcB CFT

Fig. 2. Structure assignement results (a) following K = 2 (K1 in orange and K2 in blue), (b) following K = 4 (K1 in orange, K2 in red, K3 in green, K4 in violet). The
cluster membership of each specimen is shown by the color composition of the vertical lines, with the length of each color being proportional to the estimated
membership coefficient. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
F,; estimates for the clusters according to Structure under the hypothesis of K =
4. (***) p-value <0.001.

Cluster K1 K2 K3 K4
K1 0 0.180 0.126

K2 sk 0 0.058

K3 o ek 0 ok
K4 0.251 0.087 0.090 0

CFT

(o]

= -
- o~ ] <t -] mE [=]¢] Sl<)
N - BEB5R82REEERE

Fig. 3. Heatmap illustrating pairwise F;, values among (A.) the four identified
clusters, and (B.) sampling locations. High F; values are shown in yellow and
low Fj, values are displayed in red. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

all the other sampling sites.

The inbreeding coefficients (Fj;) and levels of expected (Hg) and
observed (Hp) heterozygosities, are given in Table 4 for the 13
geographic sampling locations, and in Tables 5 and 6 for the identified
clusters following Structure (K = 2 and K = 4). Considering the sampling
locations, some sites showed high F;; indices (from 0.131 to 0.288)
suggesting a higher risk of inbreeding depression (e.g. SH, NGT, CFT, DJ,
TH). A particularly high level of inbreeding was noticed within the NGT
and SH populations (Fj; = 0.206 and 0.288). In contrast, other sites were
characterized by negative or low Fjs values (e.g. BG, BT, CB, PJ, TG).

Considering the genetic clusters (Tables 6 and 7 forK =2 and K = 4
respectively), the F;; values were high for K1 (0.177) and K4 (0.274) in
which inbreeding level and heterozygosity imbalance were more
marked with values close to 1.

4. Discussion

Aquaculture 535 (2021) 736432

Research and Education Center-University of Liege) and to use the data
as a tool to improve management of wild genetic resource and domes-
ticated farmed strains.

The genetic structure of O. niloticus populations collected in Benin
shows that between the Gbassa populations of the Niger Basin and the
Pendjari populations of the Volta Basin, there is a moderate differenti-
ation (Fg = 0.122) which could be explained by the fact that the Black
Volta and the Pendjari Rivers were tributaries of the Niger River in the
past (Léveque, 1997). The low level of inbreeding noted in the Pendjari
population of the Volta basin (F;; = 0.055) and Gbassa population of
Niger basin (F;; = —0.037) was previously highlighted by Van Bers et al.
(2012) and recently confirmed by Lind et al. (2019). This shows the
importance of this populations and the significant size of the Volta and
Niger basins in Benin (about 13,600 and 44,313 kmz, respectively).
There is a moderate genetic differentiation between the populations of
the Volta, Mono, Ouémé and Niger basins, probably due to the short
geographical distance separating these basins from each other. The
location of these different basins in a very open environment where no
barriers exist would favour gene flow between the different basins. This
observation is confirmed with the Nangbéto population in the Mono
basin, which remains the only population to display significant differ-
entiation compared to the other basins (Fsr varied from 0.091 to 0.278).
This would be due to the physical isolation of this population following
the installation of the Nangbéto hydroelectric dam (1987). The

Table 4
Fi, Hg and Hp indice, calculated for the 13 geographic sampling locations.

Sampling N Fis Hp, (standard Hp (standard
location deviation) deviation)

GB 18 -0.037 0.390 + 0.126 0.417 + 0.211
BT 6 0.061 0.327 + 0.181 0.342 + 0.289
CB 31 -0.014 0.394 +0.120 0.406 + 0.191
CFT 20 0.171 0.274 + 0.183 0.237 £ 0.215
DJ 13 0.153 0.380 + 0.129 0.341 + 0.206
GO 16 0.114 0.370 + 0.138 0.342 + 0.201
NGT 13 0.206 0.274 + 0.190 0.233 + 0.223
PJ 15 0.055 0.351 + 0.147 0.346 + 0.217
SH 8 0.288 0.352 + 0.153 0.279 + 0.218
TG 9 —0.049  0.388 +0.132 0.431 + 0.231
TH 4 0.134 0.348 + 0.167 0.362 + 0.288
YE1 12 0.131 0.375 £ 0.134 0.345 + 0.206
YE2 16  0.070 0.364 + 0.144 0.352 + 0.211

Table 5

Fi;, Hgand Hy indices calculated for the two clusters as proposed by the Structure
analysis (K = 2).

. . . Cluster N Fis Hpg, (standard deviation) Hy (standarda deviation)
The present study aims to characterize the genetic structure and
diversity of several O. niloticus wild and farmed populations collected in Kla 30 0177 0.333 £ 0.152 0.280 + 0.186
- - . K2a 151  0.146  0.422 + 0.084 0.362 + 0.140
Benin, and in one Belgian aquaculture research center (Aquaculture
Table 3
F values sorted according to the 13 geographic collecting sites. (*) p-value <0.05, (**) p-value <0.01, (***) p-value <0.001.
GB BT CB CFT DJ GO NGT PJ SH TG TH YE1 YE2
GB 0 . . . ok ok o ok o . B B B
BT 0.087 0 sk . sk . . - . s . - sk
CB 0089 0.079 O F*dk ek dedkk Fedk Kk ek Fdek Kk
CFT 0.159 0.231 0.199 0 i i * o s *
DJ 0.053 0.072 0.056 0.170 0 i * wx o wx * *
GO 0.075 0.038 0.068 0.190 0.072 0 ok ok e el HrH ok
NGT 0.184 0.227 0.122 0.278 0.091 0.185 0 HEx ok o Hkk ik wox
PJ 0.122 0.128 0.047 0.237 0.092 0.100 0.174 0 o i e * o
SH 0.070 0.103 0.070 0.191 0.032 0.085 0.110 0.108 0 el * ok el
TG 0.032 0.086 0.091 0.142 0.031 0.075 0.109 0.127 0.029 0 *x ok wox
TH 0.046 0.064 0.050 0.203 0.018 0.047 0.129 0.094 0.019 0.021 0 Hox wx
YE1 0.045 0.062 0.084 0.148 0.052 0.065 0.198 0.124 0.068 0.036 0.051 0 e
YE2 0.055 0.135 0.143 0.135 0.085 0.124 0.215 0.172 0.079 0.053 0.086 0.053 0
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Table 6
Fi, Hg and Hp indice calculated for the four clusters proposed by the Structure
analysis (K = 4).

Cluster N Fis Hp, (standard deviation) Hp (standard deviation)
K1 19 0.141 0.258 + 0.199 0.231 £+ 0.219
K2 69 0.076 0.406 + 0.105 0.378 + 0.167
K3 73 0.118 0.415 + 0.097 0.370 + 0.150
K4 20 0.274 0.331 + 0.152 0.251 + 0.193

variability of the inbreeding level within the different basins could be
linked to the respective size of these basins, with 13,600 kmz, 50,000
km?, 2416 km? and 44,313 km? respectively for the Volta, Ouémé, Mono
and Niger in Benin (Ahouansou-Montcho, 2011; Chikou, 2006; Leder-
oun et al., 2018; Lokonon, 2019). With a few exceptions (Ouémé and
Togbadji in the Mono basin), there is a low level of inbreeding according
to the significance of the size of the basin and vice versa. In a larger area,
individuals in a population would have a greater chance of mating
randomly and thus limit the risk of inbreeding in the population.

Within the Mono Basin populations, Nangbéto samples, collected on
a dam of the Mono river located upstream of all other stations (Djo-
nougoui, Sohoume, Togbadji, Toho) are particularly distinct (Table 4).
So we would note to varying degrees, gene flows between the different
river basins except with the Nangbéto population, despite the distance
between all sampling points. Indeed, the Nangbéto hydroelectric dam
forms a water reservoir on the upstream part of Mono River, in Togo,
where anthropic activities are highly regulated. The Djonougoui,
Sohoume, Togbadji and Toho stations located downstream of the
Nangbéto station are supplied with water from the Mono River during
the rainy season. Thus, this could favour a flow of genes from the
Nangbéto station upstream to the other stations downstream, but not in
the opposite direction and would explain the strong presence of the
Nangbéto genetic signal in all the other populations of this basin
(Fig. 2b.). Since the building of the dam (1987), the Mono river was
divided into three distinct zones: upstream of the dam, the reservoir
(sampling station) and downstream of the dam. However, the lack of
devices to allow mobility between different parts of the Mono river
(Lederoun et al., 2018) has led to ecological break on the course of the
Mono river between the upstream and the area qualified as low valley of
Mono, where one finds a string of small lakes (among which Sohoume,
Togbadji and Toho and Djonougoui which is a quarry lake) tributaries of
the Mono river during floods. Therefore, the genetic structure of Nile
tilapia populations in Benin suggests two major groups in the Mono
basin, the Nangbéto group and the group of the lower valley of Mono:
Djonougoui, Sohoume, Togbadji and Toho. This genetic separation
could be explained by the ecological rupture induced by the construc-
tion of the dam 30 years ago. The control of fishing activities (control of
fishing periods and equipment) on the Nangbéto reservoir probably
contributed to an isolation of this population compared to other ones,
which seem to be more subject to hybridization. Nevertheless, escaped
O. niloticus specimens from farm were reported in Toho lake (Ahouan-
sou-Montcho, 2003, 2011; Lederoun et al., 2018), which is the largest of
the tributary lakes of the Mono River (Pliya, 1980). All these lakes
communicate with each other during floods, and are isolated from the
Nangbéto reservoir.

Similarly, the Pendjari population of the Volta basin (F,, varying from
0.092 to 0.237) is also genetically isolated, probably due to their specific
situation. This station is located in a protected area in the North of Benin
with highly regulated access where the fishing season and fishing areas
are well defined, and fishing activities are scrupulously supervised. We
also note a high level of inbreeding in all the populations of the Mono
basin except in Togbadji (Fi; = —0.049) contrary to the populations
collected in the northern region of Benin (Gbassa, Pendjari and Bétérou)
(F;s varying from —0.037 to 0.061). It should be noted that the tributary
lakes of the Mono River, Toho, Sohoume and Djonougoui are small lakes
(Pliya, 1980) where it would be less likely to observe a large genetic
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diversity given the surface area and size of these populations.

In our study, sampling was also carried out in the breeding farms of
Yohan-Esteve, CRIAB and in the research centre of the University of
Liége in Belgium. It appears that the specimens from CEFRA (Belgium)
were the most differentiated as compared to all other sampling sites
(Benin and Togo). They probably originate from Lake Manzala in Egypt
and were sampled in the stock of the CEFRA research center in Belgium.
The founding stock was constituted in 1986 from individuals brought
from Stirling University (CEFRA archives). This major genetic differ-
entiation could result from a strong genetic drift, which appears after
breeding selections from a small number of founder individuals. It
should also be noted that among the populations collected on the farms,
the one of CRIAB remains genetically close to Pendjari collected in the
Pendjari River. This farm reared a strain coming from the Volta Basin in
Ghana. It is important to underline the good management of the stock of
this farm which shows a low level of inbreeding (F;; = —0.014). The low
inbreeding levels for the populations of CRIAB, Gbassa and Togbadji,
could also be due to the mixture between populations which presented
different genetic signatures. The populations sampled in the Yohan-
Esteve farm (YE1 and YE2), show a higher genetic proximity with the
Gbassa population of the Niger basin. YE1 also remains genetically close
to the Djonougoui Togbadji and Toho populations of the Mono basin
while YE2 shows a low genetic differentiation compared to the Togbadji
population of the Mono. Unfortunately we have no precise information
on the origin of these two populations. Globally, our study shows that
even if the Togbadji population of Mono presents a low genetic differ-
entiation with the Djonougoui, Toho, Sohoume populations and mod-
erate with Nangbéto, it displays a strong heterozygosity. Moreover, this
population presents both good growth (unpublished data) and repro-
duction (Fagbémi et al., 2019) performances and would deserve
particular attention in the Mono basin within the framework of a pro-
gramme for the implementation of a local strain for the development of
aquaculture in Benin. In the Niger and Ouémé basins, given the level of
heterozygosity of the Gbassa and Bétérou populations, they could also
be included in a programme for the development of local strains.

All these observations raise the thorny issue of the management of
genetic resources, particularly fisheries resources. It should be noted
that all populations where anthropogenic activities were not subject to
regulations and resource management are subject to a large genetic flow
between indigenous populations and other populations with unknown
origins. For example, in the Nangbéto station where the species was
introduced (Paugy and Bénech, 1989), the population slightly differs
from the Djonougoui, Sohoume, Togbadji and Toho populations (F
NGT-TH = 0.129). Escapes of farmed fish into Toho lake after a flood
could be the cause of an introgression of this population from the Mono
basin. In Ouémé basin, the Betérou and Gobé populations geographi-
cally distant from 165 km are poorly differentiated (Fss GO-BT = 0.038).
This low differentiation could be explained by the proximity of stations
located on the same watercourse with Bétérou upstream and by the low
level of fishing activities in these regions. In the South of Benin, where
the other stations are located, there is a development of fishing and fish
farming activities with fish of unknow origin. There is a risk that these
genetically unknown individuals escape in the wild and contribute to
genetic pollution. However, they remain poorly differentiated and
genetically distant form the Nangbéto, Pendjari and Sohoume pop-
ulations. In the Mono basin, the zootechnical data on both growth and
reproduction (unpublished data; (Fagbémi et al., 2019)) confirmed that
the Nangbéto population considerably differs from the other
populations.

5. Conclusion

In conclusion, our study showed that populations of O. niloticus
collected in different basins in Benin showed moderate genetic differ-
entiations at the exception of the Nangbéto population in the Mono
basin, which is more genetically differentiated. For further aquaculture
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development, the results of this study combined with the good results of
growth (unpublished data) and reproduction performance studies
(Fagbémi et al., 2019) in recirculating system show that the Togbadji
population of the Mono basin could be a potential candidate for the
development of a local strain of O. niloticus in Benin.
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