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Abstract. Although Sudan has the second largest camel population in Africa, it has not yet been genetically
differentiated. The present study was undertaken to evaluate, for the first time, the genetic diversity and re-
lationship of two major camel ecotypes representing the eastern (Butana) and western (Darfur) regions of
Sudan using 12 microsatellite markers. A total of 107 samples of study ecotypes were investigated display-
ing high mean values of genetic diversity (mean number of alleles: 11.5 £ 1.45; polymorphism information
content: 0.67 £ 0.04; observed heterozygosity: 0.69 4 0.05; expected heterozygosity: 0.72 4 0.04). The global
inbreeding coefficient (Fj7 = 0.041+0.03, P >0.05) was attributed to substantial and non-significant within-
population inbreeding (Fis = 0.034 £ 0.03) and scarce but highly significant differentiation between ecotypes
(FsT =0.008 £0.00; P <0.0001). Multivariate analysis indicated a historical intermixing between different ge-
nealogical lineages making up the current admixed gene pool of the geographically divergent ecotypes. Con-
sistent with this, STRUCTURE cluster analysis showed these ecotypes to be one mosaic admixed population.
The results showed abundant genetic diversity within Sudanese dromedaries. Our study indicates that the two
Sudanese camel ecotypes (Butana and Darfur) appear as an admixture of two geographical branches and do not

support the contemporary division of Sudanese dromedaries into their respective socio-ethno-geography.

1 Introduction

Sudan ranks first among Arabian countries and second
in Africa with respect to camel population, having more
than four million (FAOSTAT, 2009: http://faostat3.fao.org).
Camels in Sudan are of single-humped type, or dromedary
(Camelus dromedarius). They are mainly owned by the no-
madic tribes and migratory pastoralists. Therefore, camel
production in Sudan is classified principally into nomadic
and sedentary systems (Eisa and Mustafa, 2011). Camel clas-
sification in Sudan is based on morphological characteris-
tics, ethnic pastoral communities and geographical distribu-
tion. Eisa and Mustafa (2011) stated that the packing and

riding of camels in Sudan is spread in a belt configura-
tion. This belt is characterized by erratic rainfall and con-
tains two main regions: the eastern regions, including the Bu-
tana plains and the Red Sea hills, and the western regions in
Darfur and Kordofan. Accordingly, the Sudanese camel eco-
types are classified socio-ethno-geographically into Butana,
Lahaween, Shukriah and Rashaid in the eastern regions of
Sudan, and into Darfur and Kababish in the western regions.

Sudanese camels have not been subjected to selective pres-
sures. However, they have not been adequately differentiated
based on genetic analyses. So far, there have only been few
studies describing the biochemical variation in indigenous
Sudanese camel ecotypes using milk proteins (Shuiep et al.,
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2013), and there has only been one comparative genetic study
using six microsatellite markers between South African and
Sudanese camels (Nolte et al., 2005). Additionally, a study
by Ishag et al. (2010) reported single nucleotide polymor-
phisms in growth hormone genes among six Sudanese camel
breeds.

Microsatellite markers are numerous, polymorphic and
randomly distributed in the genome, as well as co-
dominantly inherited and selectively neutral (Cheng et al.,
1995). These markers have been used to determine genetic
variations within and between camel populations with only
a regional scope. Nolte et al. (2005) found high genetic
diversity within, and a very low differentiation among, 16
South African dromedary populations across 12 microsatel-
lites. Mburu et al. (2003) identified two separate genetic en-
tities present in Kenyan dromedaries using 14 microsatel-
lites. Vijh et al. (2007) indicated, based on 23 microsatel-
lite markers, that there were two distinct genetic clusters in
the Indian dromedaries. Ould Ahmed et al. (2010) investi-
gated eight microsatellites, reporting high genetic variabil-
ity within three Tunisian dromedaries. Karima et al. (2011),
utilizing three microsatellites, detected low genetic differ-
entiation between five Egyptian dromedaries. Xiaohong et
al. (2012) analysed 18 microsatellites, concluding that a ge-
netic structuring among the 10 Bactrian Chinese and Mon-
golian camel populations was in agreement with the geo-
graphic distribution and natural geographic barriers among
populations. Mahmoud et al. (2013), assaying 15 microsatel-
lite markers, deduced a low genetic variance among four
Saudi Arabian dromedaries.

The main objective of this study was to characterize the
genetic structure (diversity and relationships) of the two ma-
jor camel ecotypes (Butana and Darfur) in Sudan using 12
microsatellite markers. A further objective was to support
or reject the current classification of Sudanese dromedaries,
which is based on socio-geographical and tribal considera-
tions.

2 Material and methods

2.1 Camel ecotypes and sampling genomic materials

A total of 107 unrelated Sudanese dromedary animals (Bu-
tana, n =49; Darfur, n =58) were sampled. The EDTA
blood samples were collected from three tribes in each eco-
region representing a corresponding ecotype with a range of
n = 15-19 for each in Butana and n = 18-20 for each in
Darfur. The sampled tribes were distant from each other in
Butana by nearly 80-130 km and in Darfur by nearly 250-
450 km (Fig. 1). According to our questionnaires conducted
with camel owners, the mean tribe size was 62 for migra-
tory and 118 for sedentary animals, with male and female
percentages being 25 and 75 %, respectively.
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Genomic DNA was extracted following the standard pro-
tocol employing proteinase K digestion and phenol chloro-
form extraction as described by Sambrook et al. (1989).

2.2 Microsatellite loci genotyping

A total of 14 microsatellite markers spread across the
camelide genome were used for genotyping, of which 7 are
recommended for dromedaries by the ISAG/FAO working
group (Hoffmann et al., 2004) as illustrated in Table 1.

DNA was amplified in four multiplex reactions using la-
belled forward primers with 700 and 800 infrared fluorescent
dyes (IRDs) (Eurofins-Operon, MWG, Germany). Primers
of CMS121 and CVRLO1 were labelled with 700 IRDs in
one multiplex, and those of CVRL04 and CMS58 with 800
IRDs. Another multiplex included CMS50 and CVRLO7
with 700 IRDs, as well as CVRLO5 with 800 IRDs. An-
other of them contained LCA63 with 700 IRDs and VOLP67
and LCA90 with 800 IRDs. Lastly, 700 IRD-labelled primers
of YWLLO09 and VOLP10 and 800 IRD-labelled primers of
YWLLO8 and LCA18 were a part of one of the four multi-
plexes.

Multiplex PCR was performed in a total reaction volume
of 12 uL for all selected loci in 96 plate tubes containing
50-100ng of genomic DNA. PCR reactions were run in a
Bio-Rad C1000 thermal cycler (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) as follows: initial denaturation at 94 °C
for 4 min, 35 cycles of denaturation at 94 °C for 45, primer
annealing at 52-56 °C for 45s, and extension at 72°C for
2min and final extension for 10 min at 72 °C. The resulting
DNA fragments were denatured on 6 % polyacrylamide gel
and separated on an automatic LI-COR sequencer (LI-COR
Inc., Lincoln, NE, USA). Fragment size was estimated by
plotting produced bands versus the 50-350 bp standard (LI-
COR) because of unavailability of reference samples.

2.3 Statistical analyses

The observed (Na) and expected (effective: Ng) number of
alleles per locus across ecotypes and across markers as well
as the pattern of private alleles within each ecotype were
determined using GENAIEX 6.5 in Excel (Microsoft, Red-
mond, WA, USA) (Peakall and Smouse, 2006). Observed
(direct count) heterozygosity (H,), unbiased expected het-
erozygosity (He) (Saitou and Nei, 1987), and polymorphic
information content (PIC) across ecotypes and across mark-
ers were estimated using POPGENE software version 1.31
(http://www.ualberta.ca/~fyeh/). Analysis of Wright’s fixa-
tion indices (Fis, Fit and Fst) were measured according to
Weir and Cockerham (1984).

Analysis of molecular variance (AMOVA) was conducted
with GENAIEX 6.5. The study ecotypes were clustered us-
ing multivariate analysis carried out through principal com-
ponent analysis (PCA) implemented in PCAGENL1.2.1 (http:
/Iwww.soft82.com/download/windows/pcagen/). This non-
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Table 1. Characteristics of microsatellite marker loci used in the current study.

Locus Sequence Accession no./ Repeat motif No. of  Size range,
reference alleles  bp

CMS121 F: CAAGAGAACTGGTGAG GATTTTC AF329159 (TG)24 8 147-167
R: AGTTGATAAAAATACAGCTGGAAAG

CMS50 F: TTTATAGTCAGAGAGAGTGCTG AF329149 (GT)27 13 149-191
R: TGTAGGGTTCATTGTAACA

CMS58 F: AATATACATCCTCCCAACTGGT AF329142 (AC)18 9 96-124
R: TTATTTCTCTTAACCCCTCTCTAA

CVRLO1* F: GAAGAGGTTGGGGCACTAC AF217601 (GT)27 (GC)6 (GT)9 22 202-246
R: CAGGCAGATATCCATTGAA

CVRLO4 F: CCCTACCTCTGGACTTTG AF217604 (GM19 6 158-176
R: CCTTTTTGGGTATTTTCAG

CVRLO5* F: CCTTGGACCTCCTTGCTCTG AF217605 (GT)25 11 137-175
R: GCCACTGGTCCCTGTCATT

CVRLO7*  F: AATACCCTAGTTGAAGCTCTGTCCT  AF217607 (GT)14 (AT)14 17 259-295
R: GAGTGCCTTTATAAATATGGGTCTG

LCA63* F: TTACCCAGTCCTTCGTGGG AF091123 (GT)8 (GC)4 AC (GT)8 8 205-225
R: GGAACCTCGTGGTTATGGAA

LCA90 F: TATAACCCTGGTCTCGCCAA AF142660 (AC)13 5 237-251
R: CCAAGTAGTATTCCATTATGCG

VOLP10*  F:CTTTCTCCTTTCCTCCCTACT Obreque et al. (1998) (TG)2 TA(TG)7 TA(TG)7 9 211-277
R: CGTCCACTTCCTTCATTTC
R: TGGACCTAAAAGAGTGGAC

YWLLO08* F: ATCAAGTTTGAGGTGCTTTCC AF217608 n/a 15 131-169
R: CCATGGCATTGTGTTGAAGAC

YWLL09* F: AAGTCTAGGAACCGGAATGC Lang et al. (1996) n/a 15 148-164
R: AGTCAATCTACACTCCTTGC

LCA18 F: TCCACCCATTTAGACACAAGC Penedo et al. (1998) (GT)12T (CA)4 9 220-240
R: TAGGAAGCTCCAAGAAGAAAAGAC

VOLP67 F: TTAGAGGGTCTATCCAGTTTC Obreque et al. (1998) (TG)5 (G)4 (TG)9 (TG)7 11 152-182
R: TGGACCTAAAAGAGTGGAC

*Microsatellite markers recommended by the ISAG/FAO working group for dromedaries; n/a: no data available.

parametric method identifies the primary axes of variation
in data to project the two studied ecotypes onto these axes
in a graphically appealing and intuitive manner. Therefore, it
can uncover their underlying genealogical histories and de-
mographic processes (McVean, 2009).

STRUCTURE software (Pritchard et al., 2000) was used to
study the ecotype structure and stratifications using genotype
data. An admixture model was applied with correlated allele
frequencies with 2 < K < 3. There were 20 runs for each K
value used. The number of iterations in each run was 10 000
in Burn-in, followed by 50000 iterations of Markov chain
Monte Carlo length (MCMC). Pair-wise comparisons of the
20 solutions of each K value were run along with 100 permu-
tations using CLUMPP software (Jakobsson and Rosenberg,
2007). The best solution obtained the highest similarity index
(H). Finally, the clustering pattern was graphically displayed
using DISTRUCT software (Rosenberg, 2004).
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3 Results

3.1 Genetic variation among marker loci and within
ecotypes

LCA18 and VOLP67 marker loci failed to be amplified on
the previously mentioned multiplex PCR conditions; there-
fore they were excluded in the present study. The other 12
microsatellites were amplified successfully and used in fur-
ther analyses. The parameters and indices of genetic diversity
among the 12 marker loci and within ecotypes are shown
in Tables 2 and 3. A total of 120 alleles were identified in
the two camel ecotypes, with the mean number of observed
alleles (MNA) being 11.541.45. Of these 120, 34 alleles
(28.3%) were designated as private. Butana had 16 private
alleles, whereas Darfur had 18 private alleles in a similar fre-
quency range of 1-5%. The observed number of alleles per
locus ranged from 5 in CVRLO4, LCA90 and YWLLO09 to
19 in CVRLO1. Within ecotypes, Darfur and Butana showed
almost similar values of MNA and the expected number of
alleles (Ne), with means of 8.58 +0.91 and 4.15 4 0.16, re-
spectively.
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Table 2. Genetic diversity parameters and mean values of microsatellite marker loci.

Locus Indiv. Na PIC Ho He Fis (SE) FsT (SE) Fit (SE) dHWE
CMS121 103 8 0.65 0.62 069  0.109 (0.08) 0.005(0.01)  0.113 (0.09) +
CMS50 106 13 0.86 0.88 086 —0.019 (0.01) 0.008 (0.02) —0.010(0.02)  * (1)
CMS58 103 8 0.56 0.63 061 —0.026 (0.09) 0.010 (0.06)  —0.016 (0.06) +
CVRLO1 107 19 0.82 0.83 082 —0.011(0.04) 0.008 (0.01) —0.003(0.04)  *(2)
CVRLO04 107 5 057 0.61 064  0.037(0.08) 0.000(0.03)  0.037(0.07) *** (2)
CVRLO5 103 11 0.66 0.65 069  0.055(0.03) 0.018(0.01)  0.072(0.03) +
CVRLO7 106 16 0.82 0.59 082  0.272(0.03) 0.021(0.02)  0.288(0.03) *** (2)
LCA63 107 8 0.79 0.78 080  0.033(0.02) 0.010(0.03)  0.043(0.02) *** (2)
LCA90 100 5 0.55 0.71 063 —0.137(0.07) 0.002(0.04) —0.134(0.08)  *(2)
VOLP10 106 9 0.74 0.73 077  0.048(0.09) 0.002(0.02)  0.050(0.09)  * (1)
YWLLO8 107 13 0.79 0.81 081  0.000(0.02) 0.004 (0.01)  0.004 (0.03) +
YWLL09 107 5 0.39 0.47 050  0.047(0.11) 0.002 (0.05)  0.049 (0.13) +
Total mean + SE 1201154145 0.68+011 069+003 0724002 0.034+£0.03" 0.008+0.00"* 0.041+0.03" Hhx

dHWE: number of populations deviating from Hardy-Weinberg equilibrium (HWE); SE: standard error; + not significant at 7 >0.05; significant deviation of the marker from HWE at * P <0.05,

** p<0.01and *** P <0.001.

Table 3. Genetic diversity parameters and mean values within Sudanese camel ecotypes.

Population N Na Ne MNA PIC Hop He Fis dHWE
(Pa)  (SE) (SE) (SE) (SE) (SB)
(SE)
Butana 49 102 408 850 067 067 072 0.07¢  ***(5)
(16) (0.91) (0.04) (0.05) (0.04) (0.05)
Darfur 58 104 4.23 8.67 0.68 0.71 0.72 0.02t 4 (7)
(18) (0.91) (0.04) (0.05) (0.04) (0.05)
Mean/Total 107 415 858 067 069 072 0.034FT e
(0.16) (0.91) (0.04) (0.05) (0.04) (0.05)

dHWE: number of loci deviating from Hardy-Weinberg equilibrium (HWE); SE: standard error; * not significant at P > 0.05;
significant deviation of the marker from HWE at * P <0.05, ** P <0.01 and *** P <0.001, respectively.

Among loci, YWLLO09 displayed the lowest estimates
of polymorphism indices (PIC: 0.39; H,: 0.47; He: 0.50).
CMS50 was the highest polymorphic across ecotypes, with
values of PIC =0.86, H, = 0.88 and H, = 0.86. The mean
values of loci diversity indices were 0.68 +0.11 for poly-
morphism information content (PIC), 0.69+0.03 for H,
and 0.72 + 0.02 for He. Within ecotypes, Darfur and Butana
showed similar genetic diversity as inferred from a H, value
of 0.72. However, Darfur had higher values of PIC (0.68) and
Hy (0.71) than Butana (PIC =0.67; Hy = 0.67).

To describe the level of heterogeneity within and between
ecotypes, F-statistics values were determined and summa-
rized in Tables 2 and 3. A non-significant global inbreed-
ing coefficient (FiT = 0.041 £ 0.03, P >0.05) was attributed
to high and non-significant within-population inbreeding
(Fis = 0.034 £ 0.03) and low but highly significant differen-
tiation between ecotypes (Fst = 0.008 +0.00, P <0.001).

All the analysed markers showed low Fst estimates vary-
ing from 0.000 (CVRLO04) to 0.021 (CVRLO07). CVRLO07 dis-
played the highest heterozygote deficiency and significant
deviation from Hardy—Weinberg equilibrium (HWE) across
ecotypes (Fis: 0.272). The highest heterozygote excess and
significant deviation from HWE across ecotypes was de-
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tected in LCA90 (Fjs: —0.137). The genetic equilibrium and
absence of inbreeding influence across ecotypes was noticed
in YWLLO8 (Fs: 0.000). Within ecotypes, Butana exhib-
ited a high and significant inbreeding coefficient (Fjs: 0.07,
P <0.05), while Darfur showed a non-significant and low in-
breeding coefficient (Fs: 0.02, P >0.05). Both ecotypes de-
viated significantly from genetic equilibrium (P <0.001).

3.2 Genetic differentiation between ecotypes and
cluster analysis

AMOVA revealed that 1% of total genetic variance re-
sulted from genetic differentiation between two geographi-
cally distant ecotypes. The other 99 % was due to the within-
population components of the genetic variance. The pair-
wise fixation index (Fst) value provided by AMOVA be-
tween studied ecotypes through 99 permutations differed sig-
nificantly from zero at P<0.05 (Table 4).

The cluster pattern produced by the multivariate analysis
using PCA is illustrated in Fig. 2, in which Butana and Dar-
fur were projected along a line onto the parallel axes of the
same synthetic space referring to genetic admixture between
two ecotypes. The STRUCTURE cluster pattern is depicted
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Table 4. Partitioning of molecular variance within and between Sudanese camel populations and the level of population substructuring (FsT).

Source d.f.  Sum of Mean Variance  Percentage of

squares  squares ~ components variation
Between population 1 14.02 14.02 0.08 1%
Within population 105 1027.98 9.79 9.79 99 %
Total 106  104.00 9.87 100 %

Fixation index (FsT)

0.008* (P >0.05)

* Significant deviation of pair-wise fixation index (Fst) value through 99 permutations from zero (P <0.05);
d.f.: degree of freedom.

Figure 1. Regions where the study samples were collected.

in Fig. 3. The two geographically divergent Sudanese camel
ecotypes were clustered as one mosaic highly admixed pop-
ulation with no clear separation from K =2 to K = 3. The
best solution was achieved at K = 2, yielding the highest H
value of 98.1 %.

4 Discussion

The main objective of this study was to determine, using mi-
crosatellite markers, the genetic diversity and the relationship
of two major camel ecotypes inhabiting the eastern (Butana)
and western (Darfur) regions of Sudan. Butana and Darfur
are considered the major entities of camel populations in Su-
dan (Eisa and Mustafa, 2011). All 12 analysed loci displayed
a large range of polymorphisms, and so their use should re-
duce the danger of overestimating genetic variability (Wim-
mers et al., 2000). They produced low Fst values, which in
turn are useful for cluster analysis and capable of indicating
genetic variation in terms of observed alleles (Rosenberg et
al., 2001).

The MNA for loci per ecotype was 8.58 +0.91 and the
corresponding mean number of effective alleles (Ne) was

www.arch-anim-breed.net/58/269/2015/

4.15+ 0.16. These results indicate equal distributions of fre-
quent alleles of highly informative loci within ecotypes as
well as enough sampling process for current genetic diver-
sity assessment. The present MNA is greater than that found
across 15 microsatellites within four Saudi Arabian camel
populations (Mahmoud et al., 2012, 2013). This could re-
flect the absence of selective pressures applied to Sudanese
dromedary ecotypes. In addition, Tunisian (Ould Ahmed et
al., 2010) and Egyptian dromedary populations (Karima et
al., 2011) had a lower MNA than the current one due to inves-
tigation of fewer loci in their studies. The Kenyan and South
African dromedaries have not been subjected to intensive se-
lection (Mburu et al., 2003; Nolte et al., 2005); therefore this
may be a possible reason for having a comparable MNA to
ours. Analyses of 23 loci within 4 Indian dromedaries (Vijh
et al., 2007) and 18 loci within 10 Chinese and Mongolian
Bactrians (Xiaohong et al., 2012) yielded MNA values that
were reasonably higher than ours.

Polymorphic information content and He estimates within
current ecotypes were higher compared with Kenyan and
United Arab Emirates (Mburu et al., 2003), Indian (Vijh et
al., 2007), Tunisian (Ould Ahmed et al., 2010), Chinese,
Mongolian (Xiaohong et al., 2012) and Saudi Arabian camels
(Mahmoud et al., 2012, 2013). Nonetheless, study ecotypes
showed lower H, values than Egyptian camel breeds (Karima
etal., 2011). The observed high genetic variation within stud-
ied ecotypes inferred from the high values of MNA, PIC and
H, may reflect their large population sizes and wide genetic
base attributed to various ancestry lineages.

The observed non-significant inbreeding coefficient
(Fis = 0.034 +0.03) across individuals may indicate large
size of Sudanese camel populations. However, this low het-
erozygote deficiency may be due to the presence of null alle-
les (Nei, 1987). It also could be owing to association of some
alleles to functional genetic segments due to unsystematic
selection applied to each ecotype according to tribal tradi-
tions. Within ecotype, there were higher and more signifi-
cant heterozygote deficits in Butana than in Darfur. This is
suggested due to the lower effective population size of Bu-
tana compared to Darfur. This suggestion is inferred from
nomadism being dominant in Butana, which is characterized
by a lower male-to-female ratio than in Darfur (Eisa and
Mustafa, 2011). Moreover, this reflects Butana being sub-
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Darfur Butana
)
I

Figure 2. Principal component analysis (PCA) of the two major
Sudanese camel ecotypes.

K=3
H=974%

K=2
H=981%

Butana (49)

Darfur (58)

Figure 3. STRUCTURE cluster pattern of the two major Sudanese
camel ecotypes, where K is number of clusters, H is the similarity
index, and the numbers in brackets refer to sample size.

jected to substructure or bottleneck because of its different
soil composition, temperature ranges, and amount and du-
ration of rainfall from Darfur (Drosa et al., 2011). Both eco-
types displayed significant deviation from HWE (P <0.001),
indicating gene flow because the migratory system is the
dominant production system in Sudan (Eisa and Mustafa,
2011).

A lack of genetic variation in studied ecotypes was de-
tected by AMOVA (Fst = 0.01). This result could indicate
uncontrolled gene flow, introgression and crossing experi-
enced between ecotypes, and is supported by cluster analy-
ses. Nevertheless, this paucity of genetic differentiation was
highly significant (P <0.001), reflecting unsystematic indi-
vidual selection according to the purpose of rearing for each
ecotype. Moreover, this highly significant ecotype differenti-
ation was consistent with finding private alleles in each eco-
type.

Concordantly, a close phylogenetic relationship was ob-
served between Darfur (west) and Butana (east), as depicted
by the multivariate analysis using PCA (Fig. 2), in which
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Butana and Darfur constituted two parallel axes of the same
synthetic space. This depiction could indicate a historical in-
termixing to a great extent between different genealogical
lineages making up the current admixed gene pool of the
geographically divergent ecotypes. In agreement with this,
McVean (2009) interpreted PCA between two populations
to be admixed when the populations project along a line.
The later speculation is supported by the highly significant
partitioning detected between ecotypes, the presence of a
high number of private alleles in each, and the abundance
of within-ecotype genetic diversity.

In agreement with this, the STRUCTURE algorithm clus-
tered geographically distant ecotypes as one mosaic admixed
population, supporting the history of occurrence of substan-
tial gene flows and hybridization in between. Consistent with
this, Nolte et al. (2005) and Mahmoud et al. (2013) detected
very low genetic distinction among South African and Saudi
Arabian dromedaries, respectively. However, Xiaohong et
al. (2012) found a plausible genetic substructure among Bac-
trian Chinese and Mongolian camel populations according to
natural geographic barriers.

In conclusion, Sudanese Butana and Darfur camel eco-
types exhibited abundant genetic diversity and almost no ge-
netic substructure. Genetic differentiation is not in agree-
ment with socio-ethno-geographical classification of Su-
danese dromedaries. Hence, Butana and Darfur camel eco-
types appear as an admixture of two geographical branches
(east and west).
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