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Abstract. Having higher adaptability against abiotic stress, which is characterized in rural areas in developing
countries, local farm animal genetic resources (FAGRs) are increasingly precarious for random and unsystematic
crossing with exotic breeds. In this study, 85 microsatellite loci were utilized to assess genetic diversity among
native Algerian rabbits (NARs) sampled from an area of 753 km (from north to south) and 919 km (from east to
west). Those distances covered 25 significant geographical points in seven rural areas (El Taref, Mostaganem,
Sidi Bel Abbès, M’Sila, Dar Chioukh, Faidh El Botma, and Laghouat). A total of 558 alleles were observed in
this study. The highest genetic diversity was registered in the southern direction among NAR populations. The
mean number of alleles per locus (MNa) and the inbreeding coefficient (FIS) were highest in Laghouat (4.482
and 0.232), while they were lowest in El Taref (4.000 and 0.149). In the current study, the number of private
alleles (Pa) ranged from 9 to 23. In addition, the average of observed heterozygosity (0.427) was lower than
the expected value (0.524) due to high levels of inbreeding. The discriminant analysis of principal components
(DAPC), the neighbor-joining tree (NJ), and the analysis of STRUCTURE software confirmed the classification
of populations according to geographical zones into four main groups (east, west, south, and middle). The results
of the current study are useful for breeding improvement and conservation plan research in relation to local
animal genetic resources in Algeria.

1 Introduction

Algeria is the second leading country in Africa in terms of
rabbit meat production, yielding about 8474 t yr−1 of rabbit
meat (FAO, 2021). Moreover, rabbit producers are depen-
dent on exotic rabbit lines commercially for high-production
characterization (Berchiche et al., 2012). Gacem and Lebas
(2000) and Berchiche et al. (2012) observed that the native

Algerian rabbits (NARs) are widely distributed across Alge-
rian rural areas under the backyard and family production
systems. In addition, Zerrouki et al. (2005) reported that the
NAR adapts differently to abiotic stresses. The phenotype
characterizations of NARs are found in several fur colors:
black, brown, gray, agouti, white, and distinguished (white
with black, brown, and gray), with an average weight of
1.970 kg (Abdelli-Larbi et al., 2014; Mogharbi et al., 2021).
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The same rabbit phenotype is found in the north African
countries of Egypt (Emam et al., 2017; Abdel-Kafy et al.,
2018) and Tunisia (Ben Larabi et al., 2014).

Frankham et al. (2002) defined genetic diversity as the to-
tal of the alleles and genotypes that influence the morphol-
ogy, physiology, and behavior of a species. For a very long
time, genetic diversity has allowed thousands of domesti-
cated species to adapt to climate, disease, soil characteris-
tics, sources of food, and topography (Hoban et al., 2022).
Genetic diversity within and between populations supports
ecological functions and provides essential resources and ser-
vices to humanity (Kettenring et al., 2014; Hollingsworth et
al., 2020). Furthermore, diversity studies are very important
in achieving the 2030 sustainable-development goals, with
number 15 being to halt biodiversity loss.

According to Food and Agriculture Organization (FAO;
2019) statistics, about 15 %–17 % of farm animal genetic re-
sources (FAGRs) are classified as being on the brink of ex-
tinction risk. In addition, more than 80 % of livestock breeds
are unknown in the Middle Eastern region (FAO, 2015). Ge-
netic diversity contributes to improving the herds of pastoral-
ists and farmers that adapt livestock populations according
to environmental conditions and changing demands (Sastry,
2023).

Several types of molecular markers were widely used
in rabbit diversity studies, e.g., random amplified polymor-
phic DNA (RAPD) according to Mohamed and Abdelfat-
tah (2018); the polymerase chain reaction–restriction frag-
ment length polymorphism (PCR-RFLP) by Shevchenko
and Kopylov (2015); simple sequence repeat (SSR) mi-
crosatellites (Adeolu et al., 2021); the mitochondrial DNA
(Emam et al., 2020); and single-nucleotide polymorphisms
(SNPs), which were investigated by Ballan et al. (2022). Mi-
crosatellite markers are widely used for the naturally codomi-
nant, highly polymorphous, and Mendelian inherited (Abdul-
Muneer, 2014; Holliday et al., 2018; Karsli et al., 2020; Xia
et al., 2021).

On the other hand, the disadvantages of microsatellites are
the shadow appearance of stutter bands, the null-allele pres-
ence (existing alleles that are not observed using standard
assays), and too many alleles at certain loci that would de-
mand a very high sample size for analysis (Abdul-Muneer,
2014). In addition, microsatellite markers sometimes contain
mutation lengths that could produce identical-length variants
when compromising the population-level studies (Sigsgaard
et al., 2020).

In this regard, limited genetic diversity studies were car-
ried out to investigate the NAR genetic situation. For this pur-
pose, the current study is aimed at investigating the genetic
diversity of NAR populations at 25 different geographic loca-
tions belonging to seven rural regions using 85 microsatellite
markers.

2 Methods

2.1 Rabbit sampling

In this study, an Algerian team conducted the survey over
about 753 km (from the start point in the north to the end
point in the south) and 919 km (from the start point in the
east to the end point in the west). A total of 152 tissue sam-
ples of NARs were collected from 25 points across seven
Algerian rural areas, as shown in Fig. 1, according to FAO
conditions (FAO, 2011). The populations were classified ac-
cording to the following administrative divisions: El Taref
(24 samples), Mostaganem (20 samples), Sidi Bel Abbès (22
samples), M’Sila (22 samples), Dar Chioukh (21 samples),
Faidh El Botma (22 samples), and Laghouat (21 samples), as
shown in Fig. 2. The unrelated animals were sampled from
the weaning rabbits and growing rabbits that were prepared
for market in the different backyards or from slaughtered rab-
bits in each geographic location. Tissue samples were stored
in 90 % ethanol until DNA extraction was performed.

2.2 Laboratory experiment

DNA was extracted from the tissue using DNA EasySpin
kits (SP-TD 250, Citomed, Lisbon, Portugal) via the pro-
tocol recommended by the manufacturer. The DNA extrac-
tion was checked by agarose gel (0.8 %; Nytech 500g, MB
0703). Based on their annealing temperatures, 85 microsatel-
lites were amplified via 15 multiplexes (Table S1 in the Sup-
plement). The multiplex contained 5 µL of master mix (Qia-
gen, 20614), 1 µL of multiplex microsatellite loci (forward-
to-reverse primer ratio: 0.1), 1.5 µL of DNA, and 3 µL of
deuterium-depleted water (dd H2O). The PCR products were
checked with agarose gel (2 %). The PCR products were mi-
grated on a capillary sequencer (ABI Prism 3310 XL, USA)
and scored by GeneMapper 0.4 (Applied Biosystem).

2.3 Data analysis

The analysis of molecular variance (AMOVA) and of the es-
timated number of observed alleles per locus (Na), the mean
number of observed alleles (MNa), the total number of pri-
vate alleles (Pa), and the observed and expected heterozygos-
ity (Ho and He) was carried out by GenAlEX 6.41 (Peakall
and Smouse, 2012). Cervus 3.0.6 software (Kalinowski et al.,
2007) was used to calculate polymorphism information con-
tent (PIC), and the Hardy–Weinberg equilibrium (HWE) was
used to test significance. The fixation index per population
in terms of inbreeding coefficient (FIS) was estimated with
1000 bootstraps using the software GENETIX 4.05 (Belkhir
et al., 2004). The discriminant analysis of principal compo-
nents (DAPC) and the neighbor-joining tree (NJ) were vi-
sualized using the R package adegenet V.3.5.0 (R Develop-
ment Core Team, 2008). The ARES package was used to esti-
mate allelic-richness (Ar) values (Van Loon et al., 2007). The
analysis of STRUCTURE software was carried out based on
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Figure 1. Geographic distribution of sampling strategy. Each population is represented with the same color. The base map of Algeria was
downloaded from the web (https://www.geographyknowledge.com/2018/03/Algeria-Blank-Maps.html, last access: 22 December 2022).

Figure 2. A representative picture of native Algerian rabbits sampled from (a) El Taref, (b) Mostaganem, (c) Sidi Bel Abbès, (d) M’Sila, (e)
Dar Chioukh, (f) Faidh El Botma, and (g) Laghouat (photos were taken by the authors).

independent runs with 500 000 Markov chain Monte Carlo
(MCMC) iterations and a burn-in of 20 000 steps, and this
was performed for 1≤K ≤ 10 (Pritchard et al., 2000). The
statistic 1K was computed (Evanno et al., 2005).

3 Results

3.1 Genetic variability among and within populations

The lowest and highest values in terms of MNa and Pa were
detected in El Taref (4 and 9) and Laghouat (4.482 and 23),
respectively. Ho values ranged from 0.412 (Sidi Bel Abbès)
to 0.448 (Faidh El Botma). However, the He across all the
populations varied between Laghouat at 0.543 and El Taref

at 0.501. In addition, the FIS per population was significantly
(P ≤ 0.05) higher in the Laghouat population (0.232) than in
the El Taref population (0.149). Moreover, the values of Ar
varied between 2.913 in Laghouat and 1.833 in El Taref.

A total of 558 alleles were recorded for 85 loci across
the populations (Table S2), in which about 19 % of ob-
served alleles were recorded as private alleles (106/558).
The records of Na were varied between 16 and 1 (IN-
RACCDDV0205 and RSPO2, respectively). The highest
value of private alleles was recorded in the DRD3 lo-
cus (5), while no Pa was recorded in 24 loci (INRAC-
CDDV0108, INRACCDDV0139, INRACCDDV0016, IN-
RACCDDV0140, INRACCDDV0104, INRACCDDV0228,
SAT13, GPR64, KLH13, CYTC, HPRT, AMOT, GHRH,
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Figure 3. Discriminant analysis of principal components (DAPC)
of seven native Algerian rabbit populations, where the horizontal
axis represents the first linear discriminant and the vertical axis rep-
resents the second linear discriminant.

IGF1, IGF1R, MSTN, HTR1A, RSPO2, HTRB1B, ESR1,
PAX8, ALB, KITLG, and TSHR). Moreover, the values
of PIC ranged from 0.083 (ARH) to 0.936 (TCOF1). Ac-
cording to PIC values (Table S2), the majority of studied
loci (49/85 loci) showed a highly informative expression
(PIC>0.5), while 25 loci showed moderately informative ex-
pression (0.25<PIC<0.5), and 5 loci showed a lowly infor-
mative expression (0.25>PIC). The percent of HWE signif-
icance was 89.9 % with different levels (P<0.05,P<0.01,
and P<0.001) when 10.1 % of the loci did not express sig-
nificance.

3.2 The genetic differentiation among NARs

Figure 3 presents the result of DAPC analysis among NAR
populations. There was convergence among the middle zones
(Dar Chioukh, Faidh El Botma, and M’Sila) with the south-
ern (Laghouat) and the western zones (Mostaganem and Sidi
Bel Abbès), while the eastern zone (El Taref) was expressed
as being far. The same concept is found in the NJ tree (Fig. 4).

The STRUCTURE analysis and values of 1K of NARs
are shown in Fig. 5a and b. The highest values of 1K

were obtained when K = 7 (Fig. 5b). Two populations in the
east and south were expressed in separate clusters (El Taref
and Laghouat, respectively), whereas the middle populations
(M’Sila, Dar Chioukh, and Faidh El Botma) were clustered
together. Also, the Mostaganem and Sidi Bel Abbès popula-
tions in the west were clustered together.

Figure 4. The phylogenetic tree constructed from Nei’s standard
genetic distances of seven native Algerian rabbit populations.

3.3 Analysis of molecular variance for NAR

The results of AMOVA are summarized in Table 2. It is
shown that the measured genetic differentiations of the to-
tal genetic variance among populations and individuals were
3 % and 20 %. However, the variation of within-population
genetic diversity was 76 %.

4 Discussion

As shown in Table 1, the mean values for MNa and Pa in
NAR populations were 4.277 and 15.14, respectively. This
result is consistent with the findings of Bolet et al. (2000)
and Alves et al. (2015) for European domestic rabbits; they
stated mean values for MNa of 3.600 and 3.156, respectively.
In addition, this study result is nearly similar to the values
recorded in north African regions such as Egypt and Tunisia.
In this regard, in Egypt, Emam et al. (2017) found a high
MNa that ranged from 4.316 to 6.000, while recorded val-
ues ranged between 5 and 15 for Pa. On the other hand, in
Tunisia, Ben Larabi et al. (2014) reported low values of MNa
that ranged from 3.000 to 4.370. Moreover, in this study, the
He > Ho and FIS values were recorded as positive. This re-
sult is in agreement with Ben Larabi et al. (2014), Emam
et al. (2017), and Fouzia et al. (2017). This is considered to
be a strong indicator of strong inbreeding, as mentioned by
Schmidt et al. (2021). Furthermore, the value of Ar is a good
reflection of mutation (Ali et al., 2018). In the current study,
the highest diversity values were observed towards the south-
ward direction (Laghouat, Faidh El Botma, and Dar Chioukh
populations). This is maybe due to the high temperatures,
which cause an increase in mutations (Woldvogel and Pfen-
ninger, 2021), and the mutation is the intrinsic reason for in-
creasing the diversity (Teixeira and Huber, 2021). This result
is proven by the findings of Emam et al. (2017), who found
high diversity in local Egyptian rabbits in the south (Emam
et al., 2017). In the same context, Zeroual et al. (2020) re-
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Figure 5. (a) Genetic structure of native Algerian rabbit populations inferred by Bayesian analysis at K = 7 using STRUCTURE software;
(b) 1K calculated from relation of K = 1 to K = 10 between populations. K refers to the number of assumed clusters.

ported that the temperature is significantly hotter in the south
of Algeria than in the north.

Moreover, results in Table S2 showed that 57 % of loci
were highly formative in terms of PIC values. The high per-
centage of formative PIC was also observed in several studies
(Alves et al., 2015; El-Aksher et al., 2016; Lai et al., 2018).
On the other hand, 89 % of the loci were significant in terms
of HWE at three significance levels (P<0.05,P<0.01, and
P<0.001), which is generally characteristic for an inbreed-
ing situation in NARs. In contrast, the values recorded in the
commercial rabbits in Nigeria were not significant (Adeolu
et al., 2021).

The DAPC (Fig. 3) allowed us to classify NAR popu-
lations into four major groups according to geographical
groups (eastern, western, southern, and middle populations).
The geographical integration was found between the middle
populations (M’Sila, Faidh El Botma, and Dar Chioukh). It
is due to the geographical proximity of those areas (less than
150 km). On the other hand, the overlap between the mid-
dle and southern populations could be explained by the dis-
tance between the Laghouat population (in the south) and
the Faidh El Botma population (the last city in the middle
zone), which is less than 110 km. In addition, the distance be-
tween the western points (Mostaganem and Sidi Bel Abbès)
is less than 130 km. In contrast, the eastern population was
expressed as being far separated from the western (919 km),
middle (635 km), and southern (753 km) populations. The
geographical isolation was found for wild rabbits (Fuller et
al., 1997; Carneiro et al., 2013; Alda and Doadrio, 2014). In
addition, the rabbit population classification according to the
geographical zones was reported in wild rabbits (Carneiro
et al., 2013; Alda and Doadrio, 2014; Iannella et al., 2019;
Alves et al., 2022) and local rabbit breeds (Ben Larabi et al.,
2012, 2014; Emam et al., 2016, 2017; Jochová et al., 2017).
The same results were recorded in the NJ tree (Fig. 4).

According to the analysis of STRUCTURE (Fig. 5a and
b), more populations were clustered together in the middle
and west (Fig. 5a). Emam et al. (2016) reported that more
populations clustered together in the Egyptian local breeds,
while other populations were separated in each cluster (in the
east and south), which confirmed the results in Figs. 3 and
4. The most likely values of 1K were obtained for K = 7
(Fig. 5b). The highest value of 1K was equal to population
number, in agreement with Ben Larabi et al. (2014), Emam
et al. (2016, 2017), and Dudu et al. (2020).

The results of AMOVA (Table 2) showed a high value of
genetic variation among individuals (20 %), which is a strong
indicator for permitting flexibility and the survival of a pop-
ulation in the face of changing environmental circumstances
(Pavlova et al., 2017; Ma et al., 2020). On the other hand, the
among-population variation (3 %) is a strong indicator of the
closing inbreeding system and could be the direct result of
the infrequent gene flow that increased the chance of recom-
bination (Bortoluzzi et al., 2018; Núñez-Torres and Almeida-
Secaira, 2022). In contrast, El-Aksher et al. (2016) in Egypt
and Adeolu et al. (2021) in Nigeria found random breeding
systems with lower values among populations (1 %) and in-
dividuals (4 %) in commercial rabbit lines.

5 Conclusions

The current study is the first study dependent on using a large
number of microsatellite loci to understand the genetic di-
versity of native Algerian rabbit populations. According to
the discovered results, high diversity was recorded in the
south. Also, a high degree of geographical distribution (east,
west, middle, and south) was noticed in the results. Gener-
ally, the current study records a high internal-breeding fac-
tor, although the samples were collected randomly. This is a
strong indicator that native Algerian rabbits are in an endan-
gered situation. This study could be used as a guide for rabbit
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Table 1. Genetic diversity parameters in native Algerian rabbit populations.

Populations MNa±SE Pa Ho±SE He±SE Ar±SE FIS

El Taref 4.000± 0.190 9 0.425± 0.022 0.501± 0.023 1.833± 0.142 0.149f

Mostaganem 4.035± 0.158 11 0.433± 0.022 0.521± 0.021 2.003± 0.157 0.166e

Sidi Bel Abbès 4.329± 0.206 17 0.412± 0.023 0.522± 0.022 2.386± 0.214 0.182d

M’Sila 4.259± 0.200 14 0.438± 0.021 0.534± 0.022 2.111± 0.173 0.170e

Dar Chioukh 4.400± 0.185 15 0.389± 0.022 0.513± 0.023 2.542± 0.199 0.197c

Faidh El Botma 4.435± 0.181 17 0.448± 0.024 0.536± 0.023 2.661± 0.222 0.213b

Laghouat 4.482± 0.193 23 0.441± 0.024 0.543± 0.023 2.913± 0.210 0.232a

Mean value 4.277± 0.071 15.14 0.427± 0.008 0.524± 0.008 2.349± 0.188 0.187

Mean number of observed alleles (MNa), standard error (SE), number of private alleles (Pa), mean observed and expected heterozygosity
(Ho and He), allelic richness (Ar), and inbreeding coefficient (FIS). Values followed by different superscripts, (a, b, c, d, e, and f) within
the last column are significantly different (P ≥ 0.05).

Table 2. Summary table for analysis of molecular variance (AMOVA).

Source df’s SS MS Est. var. % var.

Among populations 6 359.959 59.993 0.741 3 %
Among individuals 145 4033.426 27.817 4.848 20 %
Within individuals 152 2754.500 18.122 18.122 76 %

Total 303 7147.885 23.710 100 %

Degrees of freedom (df’s), sum of squares (SS), mean square (MS), estimated variance (Est.
var.), and percentage of variation (% var.).

genetic improvement and conservation strategies in Algeria.
The results of this study could open up areas for cooperation
among north African countries by studying the genetic diver-
sity of native rabbits. In the same context, cooperation could
be included to design maintenance programs (genetic im-
provement and conservation) for native rabbit breeds, which
could facilitate sustainable rural development plans in this
important region. It will meet goal 15 (to halt biodiversity
loss) of the United Nations’ sustainable development agenda
for 2030.
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