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Abstract

Nile tilapia is a key aquaculture species and a valuable model for climate change research due to its genetic and temperature-de-
pendent sex determinism. Environmental factors, mainly temperature, induce phenotypic sex reversals, resulting in atypical
individuals including XX males. Knowledge of morphological variability and sexual genotype makes it possible to better orient
genetic selection programs for this species. The objective of this study is to perform a cross-analysis of the morphological param-
eters and sexual genotype of male from two natural populations of Nile tilapia in Burkina Faso. The study included 30 males from
Lake Kou and 30 males from Lake Tengrela. Sexual genotyping with four chromosomic amh markers revealed 70% XY males,
26.67% XX males, and 3.33% YY males in the Kou population, while the Tengrela population consisted entirely of 100% XX males.
A total of 25 metric variables, 6 meristic variables, 3 weight-related with significant difference found in 12, 3 and 2 respectively
between XX and XY males within and between the two populations. Principal component analysis (PCA) differentiated XY males
(Kou) from XX males (Tengrela) but not XY and XX males within Kou population. Length-weight relationships indicated that XY
and XX males from the Kou population exhibited positive allometric growth, whereas XX males from Tengrela showed negative
allometric growth. These results are promising for genetic improvement and biodiversity conservation programs for natural Nile
tilapia populations in Burkina Faso. They are also a contribution to the understanding of sex determination in natural popula-
tions of Nile tilapia.
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Introduction

Morphological variability is a widely observed characteristic
in freshwater fish (Manna et al., 2019; Su et al., 2019). This
variability generally results from the adaptation of populations
to environmental constraints, which can lead to genetic diver-
gences between populations (Boussou et al., 2024; Ndiwa et al.,,
2016). Understanding this phenotypic variability is essential for
analyzing and comprehending the genetic structuring of a spe-
cies and guiding selection programs and conservation efforts
for aquaculture relevant genotypes (Adedeji et al., 2024; Bous-
sou et al., 2024; El-Zaeem et al., 2012; Kwikiriza et al., 2023).

The analysis of morphometric and meristic variables in fish
remains the most direct and commonly used method for intra or
inter population discrimination (Adedeji et al., 2024; Kwikiriza et
al,, 2023; Makeche et al., 2020). Morphometric variables, which
are continuous quantitative variables describing fish size and
shape, are strongly influenced by environmental variations (Ben
Labidi et al., 2021; Fagbuaro et al., 2015). Conversely, meristic vari-
ables, which are discrete variables, are determined by both genetic
and environmental factors (Liasko et al., 2012). These variables
have been used to characterize populations of various fish species,
including the bogue (Boops boops) (Ben Labidi et al,, 2021), com-
mon carp (Cyprinus carpio) (Jawad et al., 2022), African catfish
(Clarias gariepinus) (Compaoré et al., 2015; Solomon et al., 2015),
tilapia (Sarotherodon galilaeus) (Fagbuaro et al., 2015), and Nile
tilapia (Oreochromis niloticus) (Adedeji et al., 2024; Boussou et al,,
2024; Kwikiriza et al., 2023; Tibihika et al., 2023).

Nile tilapia is one of the most widely farmed aquaculture spe-
cies in the world. Native to Africa, this species was introduced to
several countries due to its remarkable aquaculture performance
(resistance to various biotic and abiotic stresses, high-quality
flesh, flexible feeding) and its adaptability to diverse ecological
conditions (Tibihika et al., 2020). In West Africa, this species is
widely distributed across river basins, exhibiting significant ge-
netic and phenotypic diversity (Lind et al,, 2019). Burkina Faso is
among the West African countries with a rich diversity of natural
Nile tilapia populations (Lind et al., 2019; Tibihika et al., 2020),
which have been underutilized in aquaculture systems. Despite
this diversity, very few studies have focused on the morphological
characterization of West African Nile tilapia populations.

Beyond general morphological variability, Nile tilapia also
exhibits sex determination mechanisms is a species whose sexual
determination is influenced by interactions between genetic and
environmental interactions (Baroiller & D’Cotta, 2016; Nivelle et

94 | https://www.e-fas.org

Morphological diversity and sex genotypes in wild males Nile tilapia

al., 2019; Sissao et al., 2019). Environmental factors, particularly
temperature, can induce phenotypic sex reversals at early develop-
mental stages, leading to atypical individuals such as XX males and
XY females. This raises questions about whether sexual genotypes
contribute to morphological differences, as seen in other species like
rainbow trout (Oncorhynchus mykiss) (Salinas et al., 2022). Most
morphological characterization studies on Nile tilapia have focused
on discriminating natural populations or farmed strains from East
Africa (Asmamaw & Tessema, 2021; Endebu et al., 2021; Ikpeme
et al,, 2017; Kwikiriza et al,, 2023; Makeche et al., 2020; Ndiwa et
al., 2016; Tibihika et al., 2018, 2020, 2023). While genetic studies
confirm distinctions between West and East African Nile tilapia
(Bezault et al., 2011; Toguyeni et al., 2007), morphological com-
parisons remain scare particularly for populations in Burkina Faso.
Moreover, no study as assessed whether sexual genotype (e.g., XX
males) influences morphology in wild West African populations,
despite evidence of such interactions in other species (Salinas et al.,
2022). This underscores the importance of conducting this study
to analyze for the first time, the morphological variability of natural
Nile tilapia populations in West Africa based on sexual genotype.
This study primarily aims to characterize the morphological vari-
ability of atypical and typical male from two natural populations of
Nile tilapia in Burkina Faso as part of a local strain selection program.

Materials and Methods

Fish collection

Two natural populations of Nile tilapia from Lake Tengrela
and Lake Kou (Bama) in Burkina Faso were used for this study
(Fig. 1). The characteristics of the two lakes are summarized in
Table 1. For each population, 30 males with an average individ-
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Fig. 1. Sampling sites in watershed Volta and Comoe.
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Table 1. Some characteristics of the two sampling sites of Nile tilapia populations in this study

Sampling sites  Hydrographic basins Nature of stretch of water Type of water Climatic zone X co-ordinates Y co-ordinates
Bama Volta Semi-natural Tributary of Mouhoun river South-Sudanese 345042 1258545
Tengrela Comoe Natural Tributary of Comoe river South-Sudanese 300130 1178465

Table 2. Amh sex markers used for genotyping Nile tilapia males from Kou and Tengrela populations (modified to Sissao et al., 2019)

Markers Polymorphism detected Primers sequences 5'- 3’ Amplified fragments (pb)  Specificity for chr X or Y (amh gene)
amhX 4 36 pb insertion in amhX promoter F1- GTTTGCAATAGTTAGGGTGCTGCTG 1,000 X (@amhX)
R1- GGAAATGCAGCCATTCCTGAG
amhAY 5 pb insertion in amhAY Exon 6 F2- AAACCTCCTTCCTTTGTGAATGTC 1,500 Y (amhAY)
R2- CTAGCGGCATCCACACTCCCTCAC
amhAY,;; 233 pb deletion in amhAY Exon 6 F3- CGGTCCCAGTGACCTATGAG 1,000 XandY (@amhX and amhAY)
R3- AAGTACACGTGGTGTATTGTAATTGA 747 Y (amhay)
amhY g5 5608 pb deletion in amhY promoter  F4- GAAAGGGGTGTTTTGGTGCTGGC 8,022 X (@amhX rarely amplified)
R4- ACCCAGGAAGCGTTTCATCTCA 2414 Y @amhy)

ual weight exceeding 50 g were collected with the assistance of
local fishermen. Capture of these wild fish was conducted in
accordance with articles 177, 187 and 202 from the Ministry of
Animal Resources and Fisheries of Burkina Faso. After, capture
the fish were immediately transported to the Molecular Biology
Laboratory of the Aquaculture and Aquatic Biodiversity Re-
search Unit for morphological parameter measurements.

Genomic DNA extraction

Genomic DNA (gDNA) extraction was performed from a thin
portion of caudal fin of each 30 males used for morphometric anal-
ysis in both populations, following the protocol described by Tasli-
ma et al. (2016). Thus, thin portion (0.5 x 0.5 cm) of caudal fin was
digested at 55°C overnight in lysis solution (0.3 M NaCl, 50 mM
Tris Base, 0.2 mM Ethylenediaminetetraacetic acid [EDTA], 0.2
mM Ethylene glycol-O,0'-bis(2-aminoethyl)-N,N,N',N'-tetraacetic
acid [EGTA], 0.356 mM spermidine, 0.256 mM spermine, 4.8%)
containing 30 pg of proteinase K. Treatment with ribonuclease
(RNase) (10 pg) was then carried out for 1 hours at 37 C. Pro-
teins were precipitated by adding 5M NaCl bufter and gDNA was
isolated using 100% isopropanol, washed in 70% ethanol and re-
suspended in 5 mM Tris buffer. The gDNA was quantified on the
nanodrop measurements, diluted to 30 ng/pl and stored at —20°C
before polymerase chain reaction (PCR) reactions.

Sexual genotyping of fish

The presence of X and Y sex chromosomes was determined
using combination of four amh markers (amhX,;;, amhAY
amhAY ,;; and amhY ;) previously validated by Sissao et al.
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(2019) on the Kou strain (Table 2). These four markers are char-
acterized by insertions and deletions in exons 2, 6, 7 and in the
promoter and amh gene (Table 3). For each marker, amplifica-
tion of the corresponding genome region was performed using
PCR in a reaction volume of 25 pl with specific primers.

Amplification of the corresponding region of the markers
amhX,;,, amhAY,, amhAY ,,, was performed using 3 ul of
gDNA (30 ng/pl) with a normal Taq polymerase (MP Bio-
medicals, Irvine, CA, USA) whereas for the amhY .,; marker,
because of the size of amplified fragment (8,022 and 2,414 pb),
amplification was performed with the LongAmp Taq (New En-
gland Biolabs, Ipswich, MA, USA) using 53 ul of gDNA (30 ng/
wl) in a 25 ul PCR reaction. The PCR program for each marker
is shown in Table 4. The amplified products were then separated
on a 1.5% agarose gel and visualized using a gel imager.

Table 3. Weight-related and meristic variables used for mor-
phological variability analysis of Nile tilapia genetic males
from Kou and Tengrela populations

Category Variables Abbreviations
Weighty Body weight BW

Liver weight LW

Gonad weight GW
Meristic Dorsal fin spines count DFSC

Dorsal fin soft ray count DFSRC

Anal fin spines count AFSC

Anal fin soft ray count AFSRC

Scales on the upper lateral line count SULLC

Scales on the lower lateral line count SLLLC
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Morphometric data collection

For the morphological characterization of individuals from the two
Nile tilapia populations in Burkina Faso, a total of 34 variables were
recorded, including 25 metric variables (Fig. 2), 3 weight-related
variables, and 6 meristic variables (Table 4). The selected metric

Fig. 2. Schematic representation of the metric variables
measurements (modified from Konan et al., 2017). 1: total
length; 2: standard length; 3: head height; 4: head length; 5: snout
length; 6: eye diameter; 7: pre-dorsal distance; 8: pre-anal distance;
9: pre-pectoral distance; 10: pre-pelvic distance; 11: Dorsal fin base
length; 12: anal fin base length; 13: dorso-peduncular distance;
14: pelvic-anal distance; 15: Peduncle-anal distance; 16: caudal
peduncle height; 17: pectoral-pelvic distance; 18: pectoral-anal
distance; 19: pectoral-orbit distance; 20: dorso-anal distance; 21:
pectoral-pelvic height; 22: body height; 23: first spine ray height of
anal fin; 24: pelvic-pelvic distance; 25: inter-orbital diameter.

and meristic variables were based on those previously used for the
morphological discrimination of Nile tilapia and their hybrid in
West Africa (Konan et al.,, 2017; Nicolas et al., 2013). The meristic
variables were counted using a magnifying glass. Metric variables

Table 4. Amplification programs for the four amh markers

Morphological diversity and sex genotypes in wild males Nile tilapia

were measured with a digital caliper (Stainless Hardened) with a
precision of 0.01 mm and ponderal variable with a precision bal-
ance (KERN) of 0.0001 g. The measured weight-related variables
were used to calculate two indices: the gonadosomatic index (GSI)
and the hepatosomatic index (HIS) following the formula:
GSI =(Gonad weight)/(Body weight). x 100 and HSI =(Liver
weight)/(Body weight). x 100

Length-weight relationships among different genetic males

The growth relationships between length and weight were
determined using standard Le Cren (1951) formula: P = al’,
where P is the total weight of the fish in grams, and L is the total
length in centimeters. The parameters a and b represent the
proportionality constant and the allometric coefficient, respec-
tively. These two parameters were determined after logarithmic
linearization; a = €*, where x represents the logarithmic constant
of the regression curve, and b represents the slope of this curve.

Statistical analysis

The statistical analyses were performed using R software version
4.3.3. To eliminate the effect of individual size, head morpho-
metric data were standardized as a percentage of head length,
while body measurements were standardized as a percentage of
standard length. The entire dataset was subjected to the Shap-
iro-Wilk normality test. A one-way analysis of variance (ANO-
VA) was used to identify mean differences in morphological
variables between the genetic males of the two populations. The
Newman-Keuls test was used for pairwise mean separation of
normally distributed parameters, while the Duncan rank test was
applied to separate the means of parameters that did not follow a
normal distribution. A principal component analysis (PCA) and
discriminant factor analysis (DFA) were conducted with vari-
ables presented a highly difference (p < 0.01) to identify different
groupings and correlations between the variables and the sexual
genotype of the males. The FactoMineR, MASS and Stats R pack-
ages were respectively used to PCA, DFA and ANOVA.

Markers Denaturation Amplification Final elongation
Number of cycles Denaturation Hybridization Elongation

amhX 54 3minto 94T 36 30secto 94T 45sect062C 2minto 72C 10 minto 72°C

amhAY,; 3minto 94T 10 30secto 94T 45 sec of 68C t0 64T 2minto 72C 10 minto 72C
26 30secto 94T 45secto 64C 2minto 72C

amhAY.,,; 3 minto 94T 38 30secto 94T 45secto 58C 90secto 72T 10 minto 72C

amhY g5 20secto 94T 38 30secto 94T 30secto 60T 30minto65C 10 minto 65°C
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Results

Genotypic sex ratio of males in the Kou and Tengrela Nile
tilapia

A total of 21 XY males, 8 XX males, and 1 YY male were identi-
fied in the Kou population (Table 3). In contrast, all males in the
Tengrela population exhibited an XX sexual genotype based on
these markers (Fig. 3). The only YY male in the Kou population
was considered an outlier for following statistical analyses.

Analysis of variability in metric and meristic parameters

The variability analysis of metric parameters (Table 5) revealed
that 15 metric variables showed significant differences (p < 0.05)
between XY males from the Kou population and XX males from
either the Kou or Tengrela populations. Among these 15 vari-
ables, total length (TL), head height (HH), eye diameter (ED),
pre-pectoral distance (PrPcD), pre-pelvic distance (PrPeD),
dorsal fin base length (DFBL), pelvic-anal distance (PeAD), pec-
toral-pelvic distance (PcPeD), pectoral-anal distance (PcAD),

Nile tilapia males come from Kou and Tengrela population Controls

Kou Tengrela Kou Togo

e _ - -
m— _

amhAY,

MXY-1
MXY-2
MXY-3
MXY-4
MXY-5
MXX-1
MXX-2
MXX-3
MXX-4
MXX-5
MYY-1
MXX-1
MXX-2
MXX-3
MXX-4
MXX-5
Ladder
Ladder

€— ~1000pb
<€— -~800pb

- -
€= ~2500pb
amhY sqs

Fig. 3. Genetic sex assignment using four amh markers of
Nile tilapia males from Kou and Tengrela populations. XX
and XY controls males come from domestic Kou strains Nile
tilapia males previously genotyping by Sissao et al. (2019). YY
males come from Agbodrafo aquaculture research center (Togo).

Table 5. Genotypic sex ratio of Nile tilapia males from Kou
and Tengrela populations

Populations XY males XX males YY males
Kou population 21 8 1

70% 26.67% 3.33%
Tengrela population 0 30 0

0% 100% 0%

https://doi.org/10.47853/FAS.2026.e8
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pelvic-pelvic distance (PePeD), and interorbital diameter (IOD)
displayed highly significant differences (p < 0.01).

Regarding meristic variables, the mean values recorded in
Table 6 did not indicate significant differences between XY and
XX males in the Kou population. However, the number of soft
rays on the dorsal fin (dedicated short-range communications

Table 6. Mean values of metric indices according to sexual geno-
type of Nile tilapia males from Kou and Tengrela populations

Variables Kou Tengrela p-value

XYy XX, XX;

n=21 n=8 n=30
L 159.06+14.28" 16050+ 11.76° 16433+6.94° 00778
TL (9%SL) 123.94+266° 12550+5.18° 121.06+3.70° 0.0003"
HL (9SL) 3803+4.01° 3456+266° 3595+444 00814
HH(@HL)  93.91+862° 10415+11.06° 10272+11.12° 0.0061"
SnL(%HL)  2370+415  2669+577° 2552+360° 01517
ED(%HL)  2090+281° 2193+265" 18214278 00004
PrDD (%SL) 34.85+276" 3539+436" 3394+167 02554
PrAD (%SL) 74994305  7264+3.10° 73.05+£258° 00345
PrPcD (%SL) 37.64+3.19°  3551+227° 3510£223"  0.0042"
PrPeD (%SL) 44.55+324°  4207+495° 3888+193  <0.0001"
DFBL(%SL) 57.36+224"  52.10+13.68° 60.82+562°  0.0036
AFBL(%SL) 17.53+1.76" 1676+221° 1656+127°  0.1081
DPD(%SL)  10.84+1.82° 1034+287 11.68+1.18  0.0806
PeAD (%SL) 31.24+359°  3408+277° 3393+£198 00026~
PAD (%SL)  11.04+190° 1217+332° 1138+121° 03461
CPH(®%SL)  1331+129°  1412+061° 14024083 00343
PcPeD (%SL) 828+2.16"  826+226°  659+080° 00009
PcAD (%SL) 37.19+269° 3943+336° 39.10+188° 00136
PcOD (%SL) 19.85+350°  17.89+305° 18.12£1.02° 00348
DAD (%SL)  55.03+254° 5599+386" 5550+204 06291
PcPeH (%SL) 6.64+1.14"  672+092°  556+066°  0.0001"
BH(%SL)  3478+296° 3448+159° 3345+183 01125
FSR(%SL)  646+087°  689+054° 641112 04565
PePeD (%SL) 9.10+135  896+136°  1080+£096°  <0.0001"
IOD (%HL) ~ 38.09+880° 4120+13.28" 4543+508" 0.0072"

p-value of Analysis of Variance (ANOVA).

““ Mean values in the same line followed by different superscript letters indicate significant
difference at 5% level.

'p<0.05,"p <001, p<0.001.

TL, total length; SL, standard length; HH, head height; HL, head length; SnL, snout length;
ED, eye diameter; PrDD, pre-dorsal distance; PrAD, pre-anal distance; PrPcD, pre-pectoral
distance; PrPeD, pre-pelvic distance; DFBL, dorsal fin base length; AFBL, anal fin base
length; DPD, dorso-peduncular distance; PeAD, pelvic anal distance; PAD, peduncle-anal
distance; CPH, caudal peduncle height; PcPeD, pectoral-pelvic distance; PcAD, pectoral-anal
distance; PcOD, pectoral-orbit distance; DAD, dorso-anal distance; PcPeH, pectoral-pelvic
height; BH, body height; FSR, first spine ray height of anal fin; PePeD, pelvic-pelvic distance;
10D, inter-orbital diameter.
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[DFSRC]) and the number of scales on the upper lateral line
were significantly lower in XY males from the Kou population
compared to XX males from the Tengrela population (p < 0.05).

Gonadosomatic and hepatosomatic indices

Similar to the meristic variables, the mean values of the GSI
(Table 7) did not show significant differences between XY and
XX males in the Kou population. However, the mean values of
both indices were significantly lower (p < 0.001) in XY males
from the Kou population compared to XX males from the Ten-
grela population (Table 8).

Principal component analysis and discriminant factor analysis
The two-dimensional factorial plane formed by Dim 1 and Dim
2 accounted for 51.4% of the total variance in the PCA. This
plane was thus selected for the projection of variables and indi-

Table 7. Mean values of meristic variables according to sexual
genotype of the Kou and Tengrela Nile tilapia populations

Variables Kou Tengrela p-value
XYy XX XX,
n=21 n=8 n=30
DFSC 16.81+040”° 1675+046° 17.03+0.18" 00186
DFSRC 11.52 +0.68° 11.50+0.75° 1200+053° 00149
AFSC 3.00+0.00° 3.00+0.00° 3.00+0.00° 1
AFSRC 8.90 +0.44° 9.25+0.89° 8.97+032° 0.2085
SULLC 21294145 2138+151°  2293+£111°  <0.0001"
SLLLC 15.10£1.73°  1550+£130° 1503+165 07727

p-value of Analysis of Variance (ANOVA).

*® Mean values in the same line followed by different superscript letters indicate significant
difference at 5% level.

'p<0.05,"p <0.001.

DFSC, dorsal fin spines count; DFRSC, dorsal fin soft ray count; AFSC, anal fin spines count;
AFSRC, anal fin soft ray count; SULLC, scales on the upper lateral line count; SLLLC, scales on
the lower lateral line count.

Table 8. Mean values of body weight, gonadosomatic and
hepatosomatic indices according to sexual genotype of the
Kou and Tengrela Nile tilapia populations

Variables Kou Tengrela p-value
XY, XX XX;
n=21 n=8 n=30
Body weight 76.21+2532" 8557 +24.44 8954+1042° 00233
GSI (%) 0.13+0.10° 0.15+0.13° 0.24+008° 00008
HSI (%) 0.96 +0.62° 152+098°  254+057° <0.0001™

p-value of Analysis of Variance (ANOVA).

““Mean values in the same line followed by different superscript letters indicate significant
difference at 5% level.

'p<0.05,'p<0.001.

GSI, gonadosomatic index; HIS, hepatosomatic index.
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viduals (Fig. 4A and 4B). The Dim 1 (32.7% of total inertia) was
primarily influenced by the HSI, PrPeD, PcPeD, pectoral-pelvic
height (PcPeH), TL, and GSI. The Dim 2 (18.7% of total inertia)
was mainly shaped by IOD, PrPcD, ED, PcPeD, and HH.

The projection of individuals on Dim 1 and Dim 2 revealed
two distinct groups along Dimension 1. The first group, con-
sisting of XX males from Tengrela, was relatively homogeneous
and clustered toward the negative coordinates of this axis. These
individuals were positively correlated with HSI, GSI, scales of
the lateral lin (SULLC), IOD, and HH. The second group, com-
prising XY and XX males from the Kou population, was distrib-
uted along the positive coordinates of Axis 1 and showed a high
degree of dispersion. The PCA did not reveal clear discrimina-
tion between XX and XY males from the Kou population, but
some individuals (positioned toward the positive coordinates
of Dim 2) formed a distinct subgroup. These individuals were
positively correlated with ED, PcPeD, and PcPeH.

ED
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Fig. 4. Projection of variables (A) and individuals (B) on the
factorial plan Dim 1 and Dim 2. TL, total length; HH, head
height; ED, eye diameter; PrPcD, pre-pectoral distance; PrPeD,
pre-pelvic distance; PeAD, pelvic anal distance; PcPeD, pectoral-
pelvic distance; PcPeH, pectoral-pelvic height; PePeD, pelvic-pelvic
distance; IOD, inter-orbital diameter; HSI, hepatosomatic index;
GSI, gonadosomatic index.
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The ordination of individuals on the first two canonical axes
of the DFA also confirms the discrimination between males of
the Kou population and those of the Tengrela population (Fig. 5).
The XX Tengrela males are distributed in the positive part of Axis
1 while the XX and XY males of the Kou population are distrib-
uted in the negative part of this axis.

Length-weight relationships

The a and b parameters of the length-weight relationships for XY
and XX males from the Kou and Tengrela populations are summa-
rized in Table 9. These parameters were derived from the regression
curves shown in Fig. 6A-6C. All regressions were highly significant,
with a coefficient of determination (R?) between 0.70 and 0.90. The
allometric coeflicient (b) was greater than 3 for XX and XY males
from the Kou population, indicating positive allometric growth.
The coefficient was less than 3 for XX males from the Tengrela pop-
ulation, suggesting negative allometric growth in these males.

Discussion

Morphological parameters, including metric and meristic vari-
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Fig. 5. Projection of individuals on the canonical axes of dis-
criminant factor analysis.
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ables, have been widely used for intra-and inter-population
discrimination of different teleost species (Adedeji et al., 2024;
Ben Labidi et al., 2021; Boussou et al., 2024; Fagbuaro et al.,

XY males of Kou population

54 y =3.2039x- 4.5628 .
R*=0.9095 °

LN body weight (g)
-
o

4.4 4
4.2 4
4 (4 . . . . . .
2.65 2.7 2.75 2.8 2.85 2.9 2.95 3
a LN total length (cm)
XX males of Kou population
5.2

y =3.3817x-4.9635
R2=10.7886

LN body weight (g)
-
o

4 T T T y T )
2.65 2.7 2.75 2.8 2.85 29 2.95
b LN total lenght (cm)
XX males of Tengrela population
5.2 1
9 y =2.3447x- 2.0733
ol R?*=0.7005
= 4.8 4
o
S 4.6
O °®
E °®
—; 4.4
3
4.2 A *
4 T T T T T "
2.65 2.7 2.75 28 2.85 2.9 2.95
C LN total length (cm)

Fig. 6. Linear regression curve of the length-weight rela-
tionship of XY males from Kou population (A), XX from Kou
population (B), XX from Tengrela population (C). LN, natural
logarithm.

Table 9. Length-weight relationship and allometric growth type of males XY and XX of Nile tilapia from Kou and Tengrela

population
Population Genotype N Length (cm) Weight (g) a b Clof b values Allometric growth type
of males Min Max Min Max
Kou XX 8 145 18.03 60.01 124.74 0.007 3.38 1.63-5.13 Positive allometric
XY 21 14.48 19.09 50.5 144.66 0.01 32 2.70-3.69 Positive allometric
Tengrela XX 30 15.1 183 69 114.64 0.126 234 1.75-2.93 Negative allometric

Cl, confidence interval (2.5% and 97.5%).

https://doi.org/10.47853/FAS.2026.e8

https://www.e—fus.orgl 99



FA S Fisheries and Aquatic Sciences

2015; Jawad et al., 2022; Solomon et al., 2015). In our study, the
univariate analysis (ANOVA) reveals morphological differences
between XY and XX males within the same population (Kou
population) or between the two populations (Kou and Tengrela
populations). The metric variables showing highly significant
(p < 0.01) differences (HH, ED, PrPcD, PrPeD, DFBL, PeAD,
PcPeD, PcPeH, PePeD, 10D, TL) are mainly distributed in
the head and fins. The meristic variables, namely SULLC and
weight indices (GSI and HSI), also revealed highly significant
differences (p < 0.01) between XY and XX males. These mor-
phological differences may arise from sexual genotype effects or
ecological conditions at the study sites.

Indeed, since the genetic males of the Kou population are
subject to the same environmental conditions, the morpholog-
ical differences could be attributed to the sexual genotype of
these males. Morphological differences within populations re-
flect physiological or reproductive adaptations, such as the need
to defend a territory, dig a nest, or attract females (El-Zaeem
et al.,, 2012; Salinas et al., 2022). Sexual inversions affect brain
expression in reversed Nile tilapia individuals (Gennotte et al,,
2017), leading to behavioral modifications, including increased
aggression in farmed conditions (Gennotte et al., 2017). Such
changes in aggressive behavior could likely exist in natural pop-
ulations, resulting in morphological modifications in XX males
particularly to adapt to combat, as Nile tilapia is a territorial
species. Indeed, Fleming et al. (1994) reported that in compet-
itive situations, some Atlantic salmon males develop broader
heads, giving them an advantage in fights. Salinas et al. (2022)
also reported that physiological differences (steroid concentra-
tion) between neo-males and normal males of O. mykiss could
lead to different phenotypic modifications among these males
when exposed to different breeding temperatures. In our study,
XX males of Nile tilapia have a greater HH than XY males with-
in the same population, which could hypothetically confer them
an advantage in fights. However, an ethological study related to
the sexual genotype of genetic males in the natural environment
would be interesting to better understand the level of aggres-
siveness or reproductive behavior of different genetic males.

Moreover, the sexual genotypic difference alone between
males cannot explain the morphological differences between
XY and XX males in this study. Indeed, PCA did not reveal
discrimination between XY and XX males of the Kou popula-
tion. However, discrimination is observed between males of the
two populations. These results could be explained by genetic
differences between the Kou and Tengrela populations of Nile

100 | https://www.e-fas.org

Morphological diversity and sex genotypes in wild males Nile tilapia

tilapia. Indeed, morphological variations are the first indicators
of genetic differences within populations (Ikpeme et al., 2017).
Lake Kou and Lake Tengrela belong to the Volta and Comoe
river basins respectively, and genetic differences between Nile
tilapia populations from these two basins have been reported
(Lind et al., 2019). These genetic differences could translate
into morphological differences between the populations of the
two basins. Adedeji et al. (2024) and Boussou et al. (2024) also
reported that geographical distribution could be the source of
genetic divergences between different populations leading to
morphological divergences in Nile tilapia.

Also, the results of the genotypic sex ratio could also con-
firm this divergence between these two populations. Indeed,
the genotypic sex ratio shows the presence of 26.33% XX males
in the Kou population, which is similar to that obtained by Sis-
sao et al. (2019) in the same lake. On the other hand, in Lake
Tengrela, the sex ratio was 100% XX males with the amh gene
markers. These unexpected results in Lake Tengrela highlight
the complexity of sex determination in wild Nile tilapia popula-
tions as previously reported by Sissao et al. (2019) and Triay et
al. (2020). Indeed, we performed genotyping based on the poly-
morphism of the amh gene while this polymorphism does not
exist in some populations such as the KoKa population of Ethi-
opia (Triay et al., 2020). This could be the case for the Tengrela
population where the absence of polymorphism of the amh
gene on the Y chromosome does not allow the amplification of
amhAY and amhY. Furthermore, environmental factors such as
temperature or xenobiotics (from fields located near the lake)
could also be at the origin of the sexual inversions (Bezault et
al., 2007; Brown et al., 2015; Sissao et al., 2019) that resulted in
these XX males in this population. These two plausible hypoth-
eses that could explain these results would deserve to be refined
in the context of specific work on the sex determinism of Ten-
grela population.

Furthermore, PCA reveals significant heterogeneity among
males in the Kou population. These results could be explained
by a possible mixture of multiple wild Nile tilapia populations
and/or the unintentional introduction of domesticated strains
into Lake Kou. Lake Kou is interconnected with the tributaries
of the Mouhoun River, and these interconnections may have
led to the mixing of different populations in this lake. Previous
studies reported that interconnections between the Nile River,
Lake Victoria, and Lake Kyoga were responsible for the popu-
lation diversity observed in these water bodies (Tibihika et al,,
2023). Additionally, significant introductions of domesticated
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strains have been made near Lake Kou for aquaculture pur-
poses, and a possible contamination of wild genetic material by
these strains could explain this heterogeneity. Indeed, Tibihika
et al. (2020) reported that voluntary or involuntary introduc-
tions (escapes) of domesticated Nile tilapia strains into Lake
Victoria could be one of the causes of population heterogeneity
in this lake. Such mixing between wild and domesticated pop-
ulations has harmful genetic consequences, as it can lead to
genetic introgression (Tibihika et al., 2020) and result in the loss
of alleles adapted to local conditions (Roberts et al., 2010). The
ability of Nile tilapia to form interspecific hybrids may also be
one of the causes of morphological divergences within natural
populations (Tibihika et al., 2023). However, an inventory of the
different tilapia species in Lake Kou and an assessment of their
ability to hybridize with Nile tilapia would be necessary to veri-
fy this hypothesis.

The estimation of the length-weight relationship provides
information on fish growth and the environmental factors that
may influence it (Kwikiriza et al., 2023). When the allometric
coefficient (b) equals three (3), body growth is proportional to
length (isometric growth) (Asmamaw & Tessema, 2021; Couli-
baly, 2008; Kwikiriza et al., 2023; Minoungou et al., 2020). In
our study, XX and XY males of the Kou population exhibit pos-
itive allometric growth (b greater than 3), indicating that these
fish gain weight as they grow in length (Asmamaw & Tessema,
2021; Coulibaly, 2008; Kwikiriza et al., 2023; Minoungou et al,,
2020). Conversely, XX males of the Tengrela population show
negative allometric growth (b less than 3), revealing that these
fish become increasingly slender as they grow in length (Couli-
baly, 2008; Kwikiriza et al., 2023; Minoungou et al., 2020). Our
results therefore reveal allometric growth differences between
the two populations, regardless of sexual genotypes. These
findings support previous studies that reported that the length-
weight relationship provides more insight into ecological con-
ditions and is significantly influenced by environmental vari-
ations or anthropogenic factors (Asmamaw & Tessema, 2021;
Kwikiriza et al., 2023; Minoungou et al., 2020). The negative
allometric growth observed in the Tengrela population could be
explained by a recent deterioration of ecological conditions in
this lake due to overfishing which is a potential factor needing
further investigation. According to local fishermen, overfishing
is increasingly observed in the lake due to the arrival of dis-
placed populations, some of whom have turned to fishing. This
could also justify why these males have the highest reproductive
indices (gonado-somatic and hepato-somatic indices), as under
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difficult conditions (food availability, pollution) Nile tilapia
prioritizes reproduction over growth (Toguyeni et al., 2002).
Similar findings were reported in the Samendeni dam in Burki-
na Faso, where nighttime poaching led to negative allometric
growth in Nile tilapia (Minoungou et al., 2020). Montchowui et
al. (2009) also reported that the allometric coefficient value was
low in ecosystems degraded by overexploitation of fish resourc-
es. These results highlight the need to preserve the Nile tilapia
population in Lake Tengrela, which seems to be less genetically
introverted.

Conclusion

This study aimed to conduct a morphological characteriza-
tion of the genetic males from the natural populations of Lake
Kou and Tengrela using metric, meristic, and weight-related
variables. The results revealed, for the first time, intra- and in-
ter-population morphological differences between XX and XY
males of Nile tilapia in their natural environment. The males
from both populations were found to be morphologically dis-
tinct. The males from the Kou population exhibited significant
morphological heterogeneity, likely due to hybridization with
wild populations or domesticated strains. The Tengrela popula-
tion appeared to be the least genetically affected, but it seems to
be threatened by anthropogenic activities such as overfishing,
pollution or habitat degradation. Without immediate conserva-
tion measures, the unique genetic diversity of these populations,
particularly Tengrelas, risks irreversible decline. Given the high
percentage of XX males observed, further research on major
genes of sexual differentiation or how environmental factors
(temperature, xenobiotics) influence sex determination in Ten-
grelas population is warranted. A study on sex determination
in relation to environmental variations would also be necessary
for this population, given the high percentage of XX males ob-
served in this study. Overall, these findings highlight the genetic
diversity within natural Nile tilapia populations in Burkina Faso
and underscore the importance of establishing selection and
conservation programs for these populations.
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