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ABSTRACT

Milk is a primary protein source that has always 
played a role in mammalian health. Despite the inten-
sification of research projects on dromedary and the 
knowledge of the genetic diversity at the casein loci, 
the genetic structure of the Tunisian camel popula-
tion still needs exploration. This study sought to de-
termine the genetic diversity of 3 casein gene variants 
in 5 Tunisian camel ecotypes: c.150G>T at CSN1S1 
(αS1-casein), g.2126A>G at CSN2 (β-casein), and 
g.1029T>C at CSN3 (κ-casein). The obtained results 
were compared with data published on Sudanese and 
Nigerian camels to establish the level of differentiation 
within and between populations. A total of 159 blood 
samples were collected from 5 Tunisian camel ecotypes 
and the extracted DNA was genotyped by PCR-RFLP. 
A streamlined genotyping protocol was also developed 
for CSN3. Results indicated that allele T was quite 
rare (0.06) at CSN1S1 for all ecotypes. Minor allele 
frequency was found for G (0.462) in CSN2 except for 
Ardhaoui Medenine ecotype who deviated from the av-
erage CSN2 allele frequency of the total population. Al-
lele C showed minor allele frequency of 0.384 in CSN3. 
Among the Tunisian population, GAT (0.343) was the 
most represented haplotype in all ecotypes except for 
Ardhaoui Medenine, where GGC (0.322) was the most 
frequent one. Significant differences in heterozygosity 
and local inbreeding were observed across the Tuni-
sian, Sudanese, and Nigerian populations, although the 
global fixation index indicated that only 2.2% of the ge-
netic variance is related to ecotype differences. Instead, 
phylogenetic analysis revealed a closer link between the 
Tunisian and Sudanese populations through a clade 
subdivision with 3 main branches among the ecotypes. 

This study represents the first attempt to understand 
casein gene variability in Tunisian camels; with further 
study, milk traits and genetic differentiation among 
populations can be associated with the history of camel 
domestication.
Key words: casein genes, ecotypes, genetic diversity, 
Tunisian camel population

INTRODUCTION

Climate change effects have raised concerns for 
livestock production and productivity globally (FAO, 
2017) as it affects all aspects of an animal’s feed and life 
(Henry et al., 2018). Camels attract particular interest 
with regard to climate change because they are used 
for meat, milk, and fiber production in some of the 
hottest and most hostile environments on Earth (Abri 
and Faye, 2019). Camels produce more milk for longer 
periods during drought than any other domestic animal 
adapted to arid lands (Al-Jassim and Sejian, 2015). 
Intensive dairy farms are being developed in Tunisia 
(Kamoun and Jemmali, 2012), Saudi Arabia (Musaad 
et al., 2013), and the United Arab Emirates (Nagy 
and Juhasz, 2016) because camel milk is an important 
source of protein for people currently living in these 
areas (Konuspayeva et al., 2009).

As in other mammals, whey and caseins are the ma-
jor protein groups in camel milk (Al Kanhal, 2010). 
Casein is the larger of the 2 and has 4 components 
(αS1, β, αS2, and κ), each of which is encoded, respec-
tively, by single-copy gene CSN1S1, CSN2, CSN1S2, 
and CSN3. Casein gene variability has been established 
as the key determinant to qualitative and quantitative 
differences in the production of milk for many species. 
Already well-studied in farm animals, such as cattle 
(Caroli et al., 2009), sheep (Ordás et al., 1997; Giambra 
et al., 2010), goats (Caroli et al., 2006; Cosenza et al., 
2008), and buffalo (Cosenza et al., 2008; Pauciullo et 
al., 2021), a rising interest in camel milk has prompted 
study of the different variants of these genes in camels.
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The first investigation of Camelus dromedarius milk 
casein genes identified the A and B variants of the 
CSN1S1 gene (Kappeler et al., 1998). Later, Sudanese 
and Nigerian camel population studies discovered new 
variants in CSN1S1 (Shuiep et al., 2013; Erhardt et al., 
2016), CSN3 (Pauciullo et al., 2013), and CSN2 (Pauci-
ullo et al., 2014). A recent study that fully described 
the casein gene cluster in dromedary camel revealed 
the assembly of the 4 genes in a DNA fragment of 
about 190 kb (Pauciullo et al., 2019). Deciphering the 
structure and polymorphism in the casein gene in the 
camel species allowed researchers to investigate casein 
gene variability in different camel populations (Oth-
man et al., 2016; Yelubayeva et al., 2018; Redwan et 
al., 2018; Nowier and Ramadan, 2020). Nevertheless, to 
our knowledge, no studies have been conducted in Tu-
nisia where camel population includes roughly 80,000 
productive females per 2017 statistics produced by the 
Office d’Elevage et de Pâturage (OEP, 2017).

Camels are of great socioeconomic importance in Tu-
nisia, especially for people living in the country’s south-
ern region (Jemli et al., 2018). The only reared ecotype 
is Maghrebi that is differentiated by tribal affiliation 
and geographic origin: Abidi, Merzougui, Gueoudi, 
Ghiloufi, and Chambi in Kebili region, and Ardhaoui in 
Medenine, Gabes, and Tataouine regions (Ould Ahmed 
et al., 2010; Chniter et al., 2013). Despite the heteroge-
neity of these ecotypes, no explicit genetic differences 
have been demonstrated (Chniter et al., 2013). This 
study had 2 goals. The first was to genotype the casein 
gene cluster in Tunisian camel ecotypes. The second 
was to compare them with data published for Sudanese 
and Nigerian camels to establish similarities and differ-
ences based on their genetic diversity. In the process, a 
faster protocol for the CSN3 genotyping was developed.

MATERIALS AND METHODS

Ethics Statement

Blood was sampled respecting ethical treatment and 
animal welfare national legislation. Regional public vet-
erinarians at the Commissariat Régional au Développe-
ment Agricole (CRDA) in Kebili, Medenine, Sousse, 
and Tozeur governorates gave permission to handle the 
animals. Verbal consent was also obtained from the 
camel owners who took part in this study.

Animals

A total of 159 whole blood samples were collected 
from unrelated, southern and central region Maghrebi 
Tunisian camels from both sexes (14 males and 145 fe-
males) belonging to different ecotypes: Abidi (n = 12), 

Aradhaoui Medenine (n = 30), G’oudi (n = 12), Mer-
zougui (n = 52), and Sahli (n = 53; Figure 1). Camels 
were between 1 and 22 yr old. The blood samples (5 
mL) were taken from the jugular vein by veterinar-
ians during national vaccination campaigns, collected 
in tubes containing K2-EDTA as the coagulant, and 
stored at −20°C until DNA isolation was performed.

DNA Extraction and Amplification Conditions

Genomic DNA was extracted from leucocytes using 
the standard phenol-chloroform method described by 
Sambrook and Russell (2001), and it was resuspended 
in 100 µL of Tris-EDTA buffer. The DNA concentra-
tion and optical density ratio (260/280) were deter-
mined using NanoDrop ND-1000 Spectrophotometer 
(Thermo-Scientific).

The polymorphic regions of the CSN1S1 and CSN2 
genes were amplified using primers as suggested by 
Shuiep et al. (2013) and Pauciullo et al. (2014), respec-
tively. Conversely, a new set of primers was designed for 
the CSN3 gene by DNASIS Max 3.0 software (Hitachi 
Software) using GenBank sequence HE863813.1 as the 
reference. The complete list of primers used and their 
details is reported in Table 1. The PCR reaction was 
optimized in the Bio-Rad T100 Cycler and conducted 
in a total volume of 15 µL containing 50 ng of genomic 
DNA, 1× PCR buffer (Promega), 2.5 mM of MgCl2, 5 
pmol of each primer, dNTP, each at 200 µM, and 2.5 U 
of Taq DNA Polymerase (Promega). The PCR thermal 
profile for CSN1S1 and CSN2 was performed accord-
ing to Shuiep et al. (2013) and Pauciullo et al. (2014), 
respectively. For CSN3, the targeted fragment at 230 
bp was amplified by PCR under following conditions: 
95°C for 3 min, 40 cycles at 95°C for 30 s, 61°C for 40 
s, 72°C for 20 s, and final elongation at 72°C for 5 min.

Restriction Fragment Length Polymorphism

The PCR amplicons of CSN1S1, CSN2, and CSN3 
genes were digested with SmlI, HphI, and AluI, respec-
tively. Briefly, 10 µL of each PCR product was digested 
with 0.5 µL of the specific restriction enzyme under 
different incubation temperatures (Table 1). Digestion 
products were immediately separated by electrophore-
sis on agarose gel and stained with ethidium bromide. 
The bands were then visualized under UV light and 
their size was determined using specific DNA ladders.

Statistical Analysis

Allele and genotype frequencies were calculated us-
ing Popgene software v. 1.32. To test the distribution 
of the genotypes at Hardy-Weinberg equilibrium, the 
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chi-squared (χ2) test was performed. The same software 
was used to evaluate the effective number of alleles, 
Nei’s genetic diversity, and Shannon information index. 
To analyze between- and within-ecotype diversity, the 

pairwise fixation index (FST) and the global fixation 
index (GST) were figured by FSTAT v. 2.9.3.2 software 
(Goudet, 2022). PAST software v. 3.18 (Hammer et 
al., 2001) was employed to compute the graphical FST 
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Figure 1. Geographic distribution of the identified ecotypes within the Tunisian camel population.
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matrix and the dendrogram by unweighted pair group 
method with arithmetic mean cluster analysis (1,000 
bootstraps). Linkage disequilibrium between loci was 
calculated with HaploView v. 4.2 (Barrett et al., 2005), 
whereas casein haplotype frequencies were estimated 
using PHASE v. 2.1 software (Stephens and Donnelly, 
2003). Significant differences between genotypes, hap-
lotypes and genetic diversity parameters [observed 
heterozygosity (Ho), expected heterozygosity (He), al-
lele richness, FST, number of effective alleles (Ne), and 
Shannon information index] were determined by t-test 
for independent means, one-way ANOVA and Mann-
Whitney pairwise test using SAS software v. 9.00. 
To control for type I error associated with multiple 
comparisons involving single sampling sites, sequential 
Bonferroni adjustment was performed.

RESULTS

The 159 Maghrebi camels were genotyped for SNPs 
c.150G>T, g.2126A>G, and g.1029T>C located on 
genes CSN1S1, CSN2, and CSN3, respectively. The 
first 2 loci showed genotyping patterns that agreed 
with previous studies (Shuiep et al., 2013; Pauciullo 
et al., 2014, 2019). In the CSN3 gene, the new set of 
primers resulted in amplification of a 230 bp-length 
fragment. Three patterns were obtained after digestion 
with AluI. The homozygous samples were characterized 
by 3 fragments for genotype C/C (151, 41, and 38 bp) 
and 2 bands for genotype T/T (189 and 41 bp). The 
heterozygous samples exhibited 4 fragments (189, 151, 
41, and 38 bp). Therefore, the genotype discrimination 
was accomplished by the polymorphic band of 189 bp 
(Figure 2).

Allele and genotype frequencies are reported in Table 
2. In the total population, alleles G and T at CSN1S1 
had frequencies of 0.934 and 0.066, respectively. The 
major allele ranged between 0.913 and 0.958 among 
the different ecotypes. No homozygous T/T genotypes 
were found in the Tunisian population at the CSN1S1. 
Regarding CSN2 and CSN3, 3 genotypes and 2 alleles 
were revealed for both loci. On average, the minor allele 
frequencies were G (0.462) for the CSN2 and C (0.384) 
for the CSN3, the latter varying between 0.167 for the 
Abidi and 0.467 for the Ardhaoui Medenine ecotype. 
The allele frequencies did not deviate from the Hardy-
Weinberg equilibrium for all loci. The distribution of 
casein haplotypes in the Tunisian camel population is 
given in Table 3. Eight haplotypes were observed. No 
significant differences were found among the Tunisian 
ecotypes, even though differences do exist among popu-
lations (P < 0.05; Table 3).

The genetic diversity statistics for the 3 markers in-
vestigated are reported in Table 4, Supplemental Table 
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S1 (https: / / data .mendeley .com/ datasets/ vfyzwjk2p5/ 
1; Pauciullo, 2022), and Figure 3. In all statistical 
analyses (He, Ho, allele richness, FST, Ne, and Shan-
non information index), SNP c.150G>T at CSN1S1 
exhibited lower values (P < 0.05) compared with other 
genetic variants, which made it a poor marker of vari-
ability as compared with others. This was very evident 
(P ≤ 0.002) in the He value of 0.141 versus an average 
value of the other 2 loci of 0.487, but also for the effec-
tive number of alleles (Ne = 1.164 vs. 1.949 on average) 

and the FST value (0.009 vs. 0.036, on average). The 
linkage disequilibrium analysis revealed a low level of 
nonrandom association among the loci (average D′ = 
0.253 and r2 = 0.010), which rendered it suitable for 
downstream analysis (genetic diversity within and be-
tween ecotypes).

The within-ecotype data (Table 4) showed that the 
lowest degree of heterozygosity, taken as a measure of 
genetic variability, was observed in Abidi (0.194). Con-
versely, the highest heterozygosity was detected in La-

Letaief et al.: CASEIN GENE CLUSTER CHARACTERIZATION IN TUNISIAN CAMELS

Figure 2. Genotyping of the CSN3 by PCR-RFLP in the Tunisian camel population. Line 1: 20 bp DNA Ladder (Jena Bioscience); line 2: 
CC samples; line 3: CT samples; line 4: TT samples; line 5: pUC 19 DNA/Mspl (HpaII) Marker (ThermoFisher Scientific).

https://data.mendeley.com/datasets/vfyzwjk2p5/1
https://data.mendeley.com/datasets/vfyzwjk2p5/1
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haoi (0.406) and Shanbali (0.403). These data were also 
confirmed by the local inbreeding (FS) that showed an 
excess of local inbreeding for Abidi (0.358) and excess of 
outbreeding in Lahaoi (−0.040) and Shanbali (−0.054). 
Significant differences between the entire populations 
were evidenced again for Ho (P = 0.021) and FS (P = 
0.003) statistics, whereas no differences were found for 
the other variability parameters (Table 4).

The GST among the ecotypes was 0.022 (Supplemental 
Table S1), whereas the pairwise FST matrix indicated 
that the Abidi and G’oudi populations were the most 
different (Figure 3a; Supplemental Table S1). Based on 
the same matrix, the phylogenetic relationships among 
the entire populations and ecotypes indicated a closer 
link between the Tunisian and Sudanese populations 
(Figure 3b). An interesting clade subdivision with 3 
main branches among the ecotypes was revealed (Fig-
ure 3c).

DISCUSSION

Camel genomics have remained relatively under-
described, but a desire to improve breeding outcomes 
(Singh et al., 2015) for specific economic (Redwan et 
al., 2018; Sani et al., 2021) and adaptability traits 
has ignited research in this area over the past decade. 
Building on the described camel casein gene cluster 
(Pauciullo et al., 2019), genetic diversity was used 
to prove its association with milk yield and composi-
tion (Inostroza et al., 2020). Specifically, we examined 
CSN1S1, CSN2, and CSN3 genes for SNPs polymor-
phisms using DNA extracted from Tunisian Maghrebi 
camels. The obtained results were then compared with 
other camel populations to offer useful information and 
gain better breeding advantages through the selection 
of more favorable genotypes.

During the study, a speedier protocol with eas-
ily interpreted results was created to genotype SNP 
1029C>T on the CSN3 gene by amplifying a smaller 
DNA fragment. Specifically, new primers amplified 230 
bp, whereas those described previously amplified 488 
bp (Pauciullo et al., 2013). This size reduction halved 
amplification time and allowed genotyping based on a 
single discriminant band of 189 bp, as opposed to the 
previous error-prone and difficult-to-discern protocol 
that relied on just 7 base pairs to discriminate between 
C/T and T/T genotypes. Using this new protocol, 
the CSN3 T allele was observed in highest proportion 
(0.616) in the Maghrebi camels, which concurs with 
trends reported in Sudanese (0.62; Pauciullo et al., 
2013), Egyptian (0.68; Othman et al., 2016), and Ka-
zakh camels (0.89; Yelubayeva et al., 2018). The same 
alleles were also identified in Nigerian dromedaries, 
but in the Nigerian population, the C allele was most 
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frequent (0.549; Pauciullo et al., 2019). The 3 possible 
genotypes were found in all of the studies named above, 
except for the Kazakh population, in which no het-
erozygous genotypes were identified (Yelubayeva et al., 
2018). The lack of the heterozygous genotypes in the 
Kazakh camel population could be related to the small 
number of individuals used in the study (18 camels) 
compared with Egyptian (n = 50), Nigerian (n = 69), 
Tunisian (n = 159), and Sudanese (n = 188) popula-
tions.

Instead, in the full Tunisian camel population, the 
highest frequency of the heterozygous genotype (0.522) 
was in CSN2 and the minor allele was G (0.462). One 
ecotype, Ardhaoui Medenine, deviated from the aver-

age CSN2 G allele frequency (0.550 vs. 0.462) of the 
total population, whereas in the Abidi camels, the 2 
alleles (0.50) were perfectly balanced. Although the 
sample size was small and similar in both populations, 
this result was at odds with findings from studies of 
a similarly-sized population (Pauciullo et al., 2014; 
Nowier and Ramadan, 2020). The β-CN protein is both 
abundant and important to camel milk processing. 
Nowier and Ramadan (2020) proposed an association 
study of β-CN and milk chemical composition traits in 
Maghrebi camel breeds because high levels of the pro-
tein and acidity in A/A-genotyped individuals suggest 
an affinity for cheese processing. Our data confirmed 
that allele A is more frequent in the Tunisian popula-
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Table 3. Haplotype frequencies detected for the SNPs c.150G>T, g.2126A>G, and g.1029T>C at the casein 
loci in Tunisian, Sudanese, and Nigerian dromedary camel populations

Ecotype

Haplotype frequency

GAC GAT GGC GGT TAC TAT TGC TGT

Tunisian (n = 159) 0.153b 0.342 0.214a 0.225 0.009 0.034 0.008 0.015
 Abidi 0.062 0.396 0.104 0.396 — 0.042 — —
 Ardhaoui Medenine 0.128 0.286 0.322 0.214 0.010 0.026 0.006 0.007
 G’oudi 0.098 0.501 0.259 0.099 0.006 0.019 0.011 0.005
 Merzougui 0.203 0.282 0.216 0.213 0.011 0.033 0.022 0.020
 Sahli 0.151 0.392 0.161 0.231 0.009 0.033 — 0.024
Sudanese (n = 198) 0.348a 0.263 0.028b 0.269 0.007 0.026 0.004 0.052
 Shanbali 0.415 0.126 0.003 0.354 0.019 0.067 0.000 0.013
 Khali 0.277 0.401 0.039 0.203 0.016 0.037 0.001 0.023
 Arabi 0.254 0.374 0.071 0.241 0.024 0.019 0.004 0.009
 Lahaoi 0.347 0.239 0.039 0.269 0.001 0.001 0.015 0.087
Nigerian (n = 69) 0.187ab 0.226 0.290a 0.223 0.014 0.029 0.006 0.023
Overall frequency 0.230 0.277 0.176 0.239 0.010 0.029 0.006 0.031
a,bDifferent superscripts mean significant differences (P < 0.05).

Table 4. Marker and ecotype statistics for mean values of expected heterozygosity (He), observed heterozygosity 
(Ho), allele richness (AR), fixation index (FST) or local inbreeding coefficient (FS), number of effective alleles 
(Ne), and Shannon’s information index (I)

Variable He Ho AR FST FS Ne I

Locus
 CSN1S1 c.150G>T (n = 826) 0.141 0.152 1.857 0.009 1.164 0.269
 CSN2 g.2126A>G (n = 792) 0.490 0.530 2.000 0.032 1.961 0.683
 CSN3 g.1029T>C (n = 806) 0.484 0.326 2.000 0.041 1.937 0.676
Ecotype
 Tunisian (n = 159) 0.354 0.269a 1.971 0.245A 1.628 0.508
  Abidi 0.303 0.194 2.000 0.358 1.491 0.439
  Ardhaoui Médenine 0.370 0.267 1.930 0.280 1.692 0.526
  G’oudi 0.358 0.250 2.000 0.303 1.617 0.499
  Merzougui 0.388 0.327 1.972 0.158 1.721 0.558
  Sahel 0.352 0.308 1.948 0.124 1.619 0.516
 Sudanese (n = 198) 0.362 0.358b 1.970 0.017B 1.614 0.521
  Shanbali 0.382 0.403 1.984 −0.054 1.619 0.516
  Khali 0.333 0.293 1.964 0.121 1.543 0.499
  Arabi 0.344 0.330 1.951 0.041 1.588 0.502
  Lahaoi 0.390 0.406 1.984 −0.040 1.704 0.567
 Nigerian (n = 69) 0.366 0.357b 1.919 0.024B 1.691 0.527
a,bDifferent superscripts mean significant differences (P < 0.05).
A,BDifferent superscripts mean significant differences (P < 0.005).
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tion, but at an average value of only 0.538. There is 
great opportunity for genetic improvement in all the 
ecotypes.

In the CSN1S1 gene, T allele was quite rare (0.06). 
Its rarity was also reported in the Sudanese (0.094) and 
Nigerian (0.054) populations, with the presence of only 
one homozygous sample in both populations (Pauciullo 
et al., 2019). Our results confirmed this trend in Tu-
nisian dromedaries. All CSN1S1 marker statistics evi-
denced a limited variability of SNP c.150G>T across 
all the Tunisian ecotypes (P < 0.05) relative to the 
other 2 markers (Table 4). Despite the lack of T/T ani-
mals, all populations were in Hardy-Weinberg equilib-
rium. The most represented haplotype in the Tunisian 
dromedaries was GAT (0.342), whereas GAC (0.348) 
and GGC (0.290) were most frequent in Sudanese and 
Nigerian camels, respectively. Furthermore, GAC and 
GGC were significantly different (P < 0.05) among the 
populations, with GAC frequency higher in Sudanese 
(0.348) as compared with Tunisian (0.155) and Nige-
rian (0.187) populations. Conversely, GCC haplotype 
was higher in frequency in the Tunisian (0.211) and 
Nigerian (0.290) camels than in Sudanese dromedaries 
(0.028; P < 0.001). Given the casein cluster structure, 
the haplotype frequency differences among the popula-
tions should be further investigated in their association 
with milk traits, as suggested also by Pauciullo et al. 
(2019). Casein haplotypes have been used to select 
traits with economic benefits based on their correla-
tions with milk yields, protein rates, and fat character-
istics in cattle (Nilsen et al., 2009; Perna et al., 2016), 
sheep (Noce et al., 2016), and goats (Inostroza et al., 
2020). Association studies between casein gene variants 
or haplotypes and camel milk traits could improve the 
camel dairy sector as well.

Although SNPs are less-suitable markers than micro-
satellite or mitochondrial DNA for classical molecular 

genetic diversity studies among populations, several 
factors make them useful: ubiquitous presence, even 
distribution across the entire genome, biallelism, and 
mostly co-dominant inheritance (Zimmerman et al., 
2020). A review by Burger et al. (2019) makes clear that 
dromedary population structure is poorly documented 
at both the global and national scales. An absence of 
available genomic tools (SNP array) for camels led us 
to use investigated SNPs for differentiation analysis of 
Tunisian camels. Caseins have already served as power-
ful molecular modeling tools for evolutionary studies 
(Kawasaki et al., 2011). Their genetic characterization 
in less-investigated species is needed to understand the 
phylogenetic relationships among domesticated mam-
malian species and ecotypes.

If heterozygosity is used as the main measure of ge-
netic diversity, data analysis reveals differences within 
ecotypes. The Abidi population had both the lowest de-
gree of Ho (0.194) and the lowest values for Ne (1.491) 
and Shannon diversity index (0.439), which indicates 
low genetic diversity consistent with excessive local 
inbreeding (FS = 0.358). Unfortunately, the absence of 
information from local breeders on the pedigree of their 
animals made it impossible to establish whether this 
resulted from unintentional selection, a case effect, the 
small sample size, or some combination of these events. 
The highest heterozygosity was observed among Suda-
nese ecotypes (Lahaoi and Shanbali), which in general, 
exhibited more genetic variability.

At the population level, genetic diversity statistics 
indicate significant differences in the values of Ho (P = 
0.021) and FS (P = 0.003), whereas other parameters 
showed no differences (Table 4). The GST of 0.022, ac-
cording to interpretation by Balloux and Lugon-Moulin 
(2002), indicates little genetic differentiation between 
ecotypes (range: 0–0.05). In fact, only 2.2% of the ge-
netic variance can be attributed to ecotype differences, 
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Figure 3. Output of FST statistics among Tunisian, Sudanese, and Nigerian camel populations represented by: (a) pairwise matrix; (b) 
phylogenetic relationships with camels grouped by geographical areas; (c) phylogenetic relationships with camels grouped by ecotype. Numbers 
indicate the percentage bootstrap support (1,000 replicates). The unit for evolutionary distances was computed as standard genetic distance.
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and the remainder must be ascribed to differences 
between individuals. Although this interpretation may 
be correct, it may not reflect all of the actual differ-
entiation in the population. In fact, the effect of poly-
morphism (due to mutations) drastically reduces FST 
expectations, as Wright (1978) has already stressed. 
However, by using only a few SNPs on the casein clus-
ter, our data were able to confirm the observations of 
other studies that evidenced little population differen-
tiation using microsatellites. For instance, in 4 Kenyan 
indigenous camel breeds (Somali, Turkana, Rendille, 
and Gabbra), the global FST (0.009) denoted very little 
differentiation (Mburu et al., 2003). Similarly, the 
between-population component (0.26%) suggests little 
differentiation between camels from southern Africa and 
the Sudan (Nolte et al., 2005). Recent investigations of 
Australian camel populations have also reported low-
structured populations with FST values < 0.027 and 
global FST = 0.016 (Spencer and Woolnough, 2010). 
Conversely, analyses of the Canarian camel population 
versus those originating from Arabia, Kenya, Pakistan, 
and Algeria (Schulz et al., 2010) found moderate levels 
of differentiation (FST statistics ranging from 0.095 to 
0.116) in populations considered separately or grouped 
by geographic origin.

Pairwise average FST values showed that Nigerian 
(0.040), Abidi (0.036), and G’oudi (−0.010) populations 
differed significantly from other populations (Figure 3a; 
Supplemental Table 1). The pronounced differentiation 
observed in the Abidi and G’oudi, relative to other 
ecotypes may stem from a reduction of within-ecotype 
variability due to its small population size. Diversity 
has historically, and for this study, been determined 
based on ethno-geographic ecotype, as opposed to breed 
(Legesse et al., 2018). Therefore, further genetic and 
genomic characterization studies, especially in camels 
for whom intercountry univocal breed features are not 
standardized, could offer clarification.

Pairwise FST also suggested other ecotypes may be 
genetically indistinct, even though some level of dif-
ferentiation clearly exists. To highlight the genetic re-
lationship among global and populations and ecotypes, 
we plotted the pairwise FST matrix. When camels are 
geographically grouped, a separation is clearly visible 
between the Nigerian and 2 other populations (Figure 
3b). The phylogenetic relationships among the ecotypes 
indicates a subdivision in clades with 3 main branches 
(Figure 3b). The Nigerian population and Ardhaoui 
Médenine ecotype seem to belong to an independent 
branch separated by a moderate bootstrap (30%). One 
of the other main branches is represented by Khali 
and Abidi ecotypes (49% bootstrap between them), 
whereas the other is represented by all other ecotypes. 
In general, a certain level of admixture is known to 

exist among Sudanese and Tunisian ecotypes, but it 
did not clearly differentiate. The Tunisian Merzougui 
and Sahli ecotypes are 2 such examples. The first is 
related to the closely-linked Sudanese Shanbali and 
Lahaoi ecotype (bootstrap value 76%), and the Sahli 
is related to Sudanese Arabi (bootstrap value 68%). 
Although these never-investigated ecotypes deserve 
further analyses, the observed minimal differentiation 
is similar to that generally found in other camels world-
wide (Mburu et al., 2003; Nolte et al., 2005; Schulz et 
al., 2010; Spencer and Woolnough, 2010; Abdussamad 
et al., 2015; Almathen et al., 2016; Cherifi et al., 2017; 
Hossam Mahmoud et al., 2020). Although genetic drift 
events cannot be excluded in the analyzed ecotypes, our 
observations confirm what other authors reported (i.e., 
a drastic reduction in genetic diversity due to at least 2 
bottlenecks during the history of camel domestication; 
Wu et al., 2014; Fitak et al., 2016, 2020).

In fact, overall, this study has revealed a low level 
of genetic diversity in casein genes among Tunisian, 
Sudanese, and Nigerian camels that may be explained 
by the close genetic relationship between African camel 
ecotypes and their weak genetic structure, as confirmed 
in other studies. For example, AlAskar et al. (2020) also 
found little genetic diversity across 27 camel types from 
11 countries, with those from Asia exhibiting greater 
genetic variability than their African counterparts. Fur-
thermore, the close genetic relationship between African 
breeds was confirmed by a recent study showing their 
clustering in a separated group of local Saudi camel 
population with very little gene flow occurring between 
the 2 groups (Hossam Mahmoud et al., 2020). Our 
findings also agree with those of Cherifi et al. (2017), 
whose characterization of 331 Algerian and Egyptian 
camels revealed a weak genetic differentiation between 
these 2 populations. The little genetic differentiation 
among modern camel population was also reported by 
Almathen et al. (2016). In fact, a little phylogenetic 
signal, was observed, thus indicating an extensive gene 
flow and consequently a limited genetic differentiation 
among dromedary populations of 4 geographically de-
fined regions out of 5 including Tunisia, Nigeria, and 
Sudan.

CONCLUSIONS

This study may be considered as the first attempt 
to understand the genetic variability of casein genes 
in the Tunisian camel population. The allele frequency 
observed at casein loci offers opportunity for genetic 
improvement in all the ecotypes, for instance increasing 
the CSN2 A allele frequency already proven by inde-
pendent studies to be favorably related to milk com-
position. The significant differences found at haplotype 
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level should be further investigated as casein haplo-
types have been associated with higher protein yield 
and economic benefits in other species. Furthermore, 
the results should inspire researchers to conduct future 
association studies that will enhance SNP genotyping 
technologies and provide powerful resources for animal 
breeding programs. In addition, the results will help 
Tunisian breeders improve their farm efficiencies as 
they work to meet the increasing demand for camel 
milk and the growing number of intensive and semi-
intensive camel dairy farms in regions throughout the 
country.
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