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Abstract:



The domestic camel (dromedary) is the most important livestock species in the Canary Islands and the most important autochthonous European camel population. After six centuries of a successful adaptation process to the particular environment of the Canary Islands, the abandonment of traditional agriculture has led this population to a major bottleneck. Along with a lack of foreign genetic interchanges, this could lead the population to the brink of extinction. Genetic analysis using 13 microsatellites showed the closest genetic proximity to the North African (Tindouf, Algeria) camel population and a certain degree of sub-division, with significant genetic differences among breeders. An important level of genetic differentiation among the different populations analyzed was found with a global FST value of 0.116.
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1. Introduction


The earliest origin of the camel (Camelus dromedarius) in the Canary Islands dates back to the European colonization of the islands, without any evidence of pre-Hispanic existence of this species among the “guanches”, the local indigenous population before the Hispanic colonization. The camel (traditionally the term “dromedary” is not used) arrived on the islands from Africa around 1405, accompanying the first expeditions of the Moors. Diego Garcia is quoted as the first, followed by Juan de Bethencourt, to introduce camels into the islands from the nearby African coast during the fifteenth century [1]. The latter came to Africa in search of slaves, as depicted in contemporary documents, and animals were transferred to the Canary Islands together with slaves. The suitability of the camels to the islands led to their expansion throughout the archipelago, although their presence was highest in the south of Gran Canaria and Tenerife, and throughout the island of Fuerteventura and Lanzarote [2]. Such was the prosperity of the camel in these arid lands that only two centuries after its first introduction, there were thousands of animals in the different islands. Significantly, the Canary Islands were the origin of the first introduction of camels to the Australian continent in 1840 [3].



This species was brought from Arabian countries to Spain in 1020 and to Sicily in 1059, and there were many countries that utilized the camel occasionally, such as the German army in Namibia or North Americans in Mexico. However, the species eventually became extinct in those places, with the exceptions of Australia and the Canaries. There were no successful imports to Australia until 1860 [3], so camels have only existed on that continent for 150 years. However, the camel has remained in the Canaries since 1405 without interruption; it has been used as a domestic animal in the Archipelago for more than six centuries and has adapted to the particular climate of the eastern islands. The camel participated in virtually all agricultural work requiring animal power. It also contributed to other different related activities, such as exploiting the steeper slopes to increase arable land, building retaining walls in terrace terrain or loading and transporting rocks where there was no alternative. The cultivation of grape vines in “La Geria” and the rolling swathes of black lava ash across the island geography are examples of the historic impact of camels on the landscape, which is known worldwide [2].



Nowadays, the camel census in the Canary Islands is very limited, without any precise knowledge about which animals could be considered as belonging to the indigenous population. Veterinarians working with this species estimate that there are around 1,000 in the Canaries, particularly in Lanzarote and the south of Fuerteventura.



After several decades and due to health restrictions, the camel population in the Canary Islands is completely isolated. Its genetic characterization is of major importance for the establishment of a proper management program that takes into account the distribution of genetic variability between possible different populations on the different islands, and the identification of the genetic groups that constitute reservoirs of genetic variability. As in other domestic animal species, microsatellites in camels are highly polymorphic, and enough informative markers exist to carry out diversity studies [4,5,6].



The objectives of this study were two-fold: firstly, to position the camel population in the Canary Islands with respect to other traditional camel populations from different countries in Africa and Asia, and secondly, to analyze the level of genetic subdivision on farms in the Islands.




2. Results and Discussion


2.1. Genetic Variability


Microsatellite polymorphism provided 139 different alleles and an average of 10.7 alleles over 13 loci (Table 1). The average expected heterozygosity over all loci ranged from 0.58 (Kenyan origin) to 0.63 (Arabian origin) (Table 2). Significant inbreeding was recorded in the Kenyan (0.05) and Arabian (0.13) populations, as is apparent from the genetic differences given in Table 3. FIS was also positive when considered across populations (FIS = 0.04 ± 0.01). The genetic level of differentiation measured by the FST statistics ranged from 0.095 to 0.116 when the populations were considered separately, or grouped by geographic origin, respectively.



Table 1. Microsatellite polymorphism: the name, primer sequence, number of alleles and reference for the 13 microsatellite markers used.







	
Name

	
Primer sequences (5'-3')

	
No of alleles

	
Reference






	
VOLP03

	
AGACGGTTGGGAAGGTGGTA

	
15

	
[7]




	
CGACAGCAAGGCACAGGA




	
VOLP08

	
CCATTCACCCCATCTCTC

	
4

	
[7]




	
TCGCCAGTGACCTTATTTAGA




	
VOLP10

	
CTTTCTCCTTTCCTCCCTACT

	
8

	
[7]




	
CGTCCACTTCCTTCATTTC




	
VOLP32

	
GTGATCGGAATGGCTTGAAA

	
2

	
[7]




	
CAGCGAGCACCTGAAAGAA




	
YWLL08

	
ATCAAGTTTGAGGTGCTTTCC

	
21

	
[8]




	
CCATGGCATTGTGTTGAAGAC




	
YWLL38

	
GGCCTAAATCCTACTAGAC

	
8

	
[8]




	
CCTCTCACTCTTGTTCTCCTC




	
YWLL44

	
CTCAACAATGCTAGACCTTGG

	
8

	
[8]




	
GAGAACACAGGCTGGTGAATA




	
CVRL01

	
GAAGAGGTTGGGGCACTAC

	
22

	
[9]




	
CAGGCAGATATCCATTGAA




	
CVRL02

	
TGTCACAAATGGCAAGAT

	
4

	
[9]




	
AGTGTACGTAGCAGCATTATTT




	
CVRL05

	
CCTTGGACCTCCTTGCTCTG

	
13

	
[9]




	
GCCACTGGTCCCTGTCATT




	
CVRL06

	
TTTTAAAAATTCTGACCAGGAGTCTG

	
4

	
[9]




	
CATAATAGCCAAAACATGGAAACAAC




	
CVRL07

	
AATACCCTAGTTGAAGCTCTGTCCT

	
20

	
[9]




	
GAGTGCCTTTATAAATATGGGTCTG




	
LCA66

	
GTGCAGCGTCCAAATAGTCA

	
10

	
[10]




	
CCAGCATCGTCCAGTATTCA










Table 2. Inbreeding rate in terms of FIS, expected and observed heterozygosities, and allelic richness (based on minimum sample size of 28 animals) computed by geographical origin of the populations.







	
Origin

	
FIS

	
Heterozygosity

	
Allelic Richness




	
Expected

	
Observed






	
Canarian

	
0.01

	
0.593

	
0.586

	
6.0




	
Arabian

	
0.13*

	
0.633

	
0.552

	
5.3




	
Kenyan

	
0.05*

	
0.581

	
0.552

	
5.8




	
Pakistani

	
-0.02

	
0.624

	
0.640

	
4.9




	
Tindouf (Algeria)

	
0.01

	
0.588

	
0.585

	
5.4








* P < 0.01.








Table 3. Genetic distance, in terms of FST, for each pair of populations, and average genetic differentiation of each population from the rest.







	

	
Somali

	
Rendille

	
Turkana

	
Gabbra

	
Pakistani

	
Saudi Arabia

	
United Arab Emirates

	
Tindouf (Algeria)

	
Average






	
Canarian

	
0.14

	
0.15

	
0.15

	
0.15

	
0.11

	
0.08

	
0.11

	
0.01

	
0.11




	
Somali

	

	
0.01

	
0.02

	
0.02

	
0.11

	
0.08

	
0.15

	
0.14

	
0.08




	
Rendille

	

	

	
0.00

	
0.00

	
0.13

	
0.10

	
0.17

	
0.16

	
0.09




	
Turkana

	

	

	

	
0.00

	
0.11

	
0.09

	
0.16

	
0.16

	
0.09




	
Gabbra

	

	

	

	

	
0.13

	
0.09

	
0.17

	
0.16

	
0.09




	
Pakistani

	

	

	

	

	

	
0.07

	
0.09

	
0.10

	
0.11




	
Saudi Arabia

	

	

	

	

	

	

	
0.07

	
0.08

	
0.08




	
United Arab Emirates

	

	

	

	

	

	

	

	
0.12

	
0.13




	
Tindouf (Algeria)

	

	

	

	

	

	

	

	

	
0.12














The Canarian camel population showed a higher allelic richness with a low level of sub-population division, which could be explained by the currently practiced random mating system.




2.2. Genetic Distances and Clustering


All pairwise FST values except three were significantly positive (P < 0.01), and ranged from 0.01 (Somali versus Rendille) to 0.17 (Gabbra and Rendille versus UAE) (Table 3). However, the average genetic differentiation between populations was moderate, with a mean FST of 0.10 ± 0.03.





The consensus dendrogram in Figure 1 shows the genetic relationships among the populations when the Neighbor-Joining algorithm implemented in the PHYLIP software [11] is applied. Surprisingly, the bootstrap values (values in the nodes) were high, suggesting that the robustness of the tree is also high.


Figure 1. Consensus Neighbor-Joining tree based on the FST distances. The numbers on the branches indicate bootstrap values (the number of times the partition of the populations into the two sets separated by that branch occurred among the trees, out of 1,000 trees).
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Model-based clustering [12] of the camel microsatellite allele frequencies showed that the likelihood of the model increases with the number of inferred clusters (k) and reaches a plateau around k = 4. The information contained in Table 4 represents average percentages of the genome that are assigned to the different theoretical origins in each model obtained from each animal in each population.



Table 4. Estimated membership fractions of camel populations for each of the k inferred clusters with k from 2 to 4. The membership fractions greater than 10 % sharing the same cluster as the Canarian population are shadowed.







	
Population

	
Number of inferred clusters




	
Two clusters (k=2)

	

	
Three clusters (k = 3)

	

	
Four clusters (k = 4)




	
1

	
2

	

	
1

	
2

	
3

	

	
1

	
2

	
3

	
4






	
Canary Islands

	
0.967

	
0.033

	

	
0.936

	
0.026

	
0.038

	

	
0.912

	
0.027

	
0.024

	
0.037




	
Somali

	
0.057

	
0.943

	

	
0.034

	
0.877

	
0.089

	

	
0.030

	
0.367

	
0.551

	
0.051




	
Rendille

	
0.024

	
0.976

	

	
0.018

	
0.962

	
0.020

	

	
0.017

	
0.586

	
0.381

	
0.015




	
Turkana

	
0.055

	
0.945

	

	
0.021

	
0.876

	
0.104

	

	
0.021

	
0.565

	
0.343

	
0.072




	
Gabbra

	
0.022

	
0.978

	

	
0.016

	
0.959

	
0.025

	

	
0.015

	
0.661

	
0.308

	
0.016




	
Pakistan

	
0.720

	
0.280

	

	
0.018

	
0.079

	
0.903

	

	
0.019

	
0.046

	
0.102

	
0.834




	
Saudi Arabia

	
0.674

	
0.326

	

	
0.133

	
0.124

	
0.742

	

	
0.136

	
0.122

	
0.085

	
0.656




	
United Arab Emirates

	
0.902

	
0.098

	

	
0.028

	
0.021

	
0.951

	

	
0.029

	
0.023

	
0.029

	
0.919




	
Tindouf (Algeria)

	
0.969

	
0.031

	

	
0.923

	
0.024

	
0.053

	

	
0.899

	
0.027

	
0.023

	
0.052












It is possible, therefore, to plot the percentage of each animal that comes from each hypothetical source, in order to graphically display the location of possible common origins that they can share with the populations analyzed (Figure 2).


Figure 2. Stacked vertical line plots of the estimated membership fractions of each individual analyzed for each of the k inferred clusters with k from 2 to 4. Individuals are grouped by population.
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According to the results obtained, the genetic proximity between camel populations from the Canary Islands and from Western Africa (Tindouf population) is clearly visible (Figure 2 and Table 4).



Note that when the number of proposed origins is 2 (k = 2), the Canarian population genome is shared with the Arabian countries (Algeria, UAE and Saudi Arabia) and Pakistan. However, when the cluster is 3 (k = 3), Pakistani populations, along with those from UAE and Saudi Arabia, are separated from the Canary Islands and Western Sahara.



Estimated membership coefficients qk(i) of breed i for cluster k were converted into genetic distances of breeds via [13]. Distances were averaged over five different runs at k = 4 and are represented in a Neighbor-Joining tree (Figure 3) by the algorithm implemented in the MEGA program [14].


Figure 3. Neighbor-Joining tree of genetic distances based on estimated membership coefficients qk(i) of population i for cluster k as in [13].
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Since the introduction of camels to the islands in the early fifteenth century, a genetic exchange with the geographically closest camel populations has occurred. This exchange, significantly declined during the twentieth century until 1985, and it was almost suppressed about 12 years ago as a result of sanitary barriers. Actually, the last major import from Western Sahara was in 1969, and although limited imports may have occurred occasionally, the only other relevant transaction was in 1985 from Mauritania. Therefore, a close genetic relationship between the Canary Island camels and the Western Sahara populations is expected, the latter being not only the origin of today's indigenous Canarian population, but also historically the population with which an exchange of breeding individuals has been continuously performed. Concerning the differences between the results when considering three or four clusters, it should be noted that the only relevant fact is the sub-division in populations of the Kenyan camel origin, but this does not affect the conclusions on the Canarian population.



It is noteworthy that over 90% of the genome from Canarian camel population samples seems to have a single cluster to be assigned, and that the same origin is shared in a large percentage (>89%) by camels from the Maghreb, and in a small but significant percentage (>13%) by the population of Saudi Arabia.



In a previous study [6], neutral genetic differences between the camels of African origin and those originating within the Fuerteventura Island (the Majorero population) were pointed out. It might be of interest to analyze the distribution of the genetic diversity within the Canarian camel population in greater depth and to know the relative position of their different farms to the North African population, which, as is to be expected from what we know of the Canarian camel origin, was the closest population. The global FST value was 0.02 (± 0.003) and seems to indicate a certain degree of genetic differences among farms. This was corroborated by the significant genetic differences (FST > 0) for almost 60% of the pair of farms (27 from the 46 pair of populations) (data not shown), the Majorera population being the most different in terms of FST with an average value of 0.062. On the other hand, six of the farms included in the analysis had a significant level of departure from the North African population, with an average of 4%, while four of them look genetically indistinct from that population. This situation is a direct consequence of the use of reproductive animals coming directly from, or being descendants of, the African continent. The result may be indicative of the genetic drift process beginning nearly a quarter of a century ago and that would have significantly accelerated as a result of complete reproductive, and therefore genetic, isolation for nearly three decades, approximately two generations.



The relative genetic isolation observed, along with the inability to import animals from outside Europe due to health reasons, should be taken into account in the future to establish a conservation program because, given the small population size, it can be a source of excessive increases in inbreeding and, consequently, a loss of genetic diversity.





3. Experimental Section


3.1. Sample Collection


Five hundred and five camels were available to carry out the analysis (Table 5). Of these, 122 samples belonged to 10 different farms in the Canary Islands, including a Majorero population previously described by [6]. Blood was collected and stored in 10 ml Magic Buffer® storage buffer.



Table 5. Origin and number of the animals included in the analysis.







	
Origin

	
Population

	
N






	
Canary Islands

	
Canarian

	
122




	
Arabian countries

	
Tindouf (Algeria)

	
51




	
Saudi Arabian

	
22




	
United Arab Emirates

	
10




	
Kenya

	
Somali

	
144




	
Rendille

	
46




	
Turkana

	
42




	
Gabbra

	
36




	
Pakistan

	
Pakistani

	
32










Samples from Saudi Arabia, United Arab Emirates, Kenya and Pakistan are described in [4] and genotypes were kindly provided by O. Hanotte.






3.2. DNA Extraction, Microsatellite Markers and Genotyping


Twenty micrograms of genomic DNA were extracted from whole blood using the standard proteinase K/SDS-phenol-chloroform method [15].



Details of the primers, number of alleles and references for the 13 microsatellites used as markers are shown in Table 1.



PCR were performed by multiplexing all microsatellites using the Qiagen Multiplex PCR kit (Izasa, Spain) in a MJ Research PTC200 Thermalcycler (Ecogen, Spain). A volume of 1.2 μL (of 1:8 water diluted PCR product) was mixed with an internal lane standard mixture (LIZ 500, Applied Biosystems Spain) and analysed in an ABI 3130 (Applied Biosystems, USA) automated DNA capillary sequencer. Allele sizes were determined with ABI GeneMapper4.0 software.




3.3. StatisticalAnalyses


Unbiased estimates of gene diversity (expected heterozygosity or Hardy-Weinberg [H-W] heterozygosity), observed heterozygosity and the number of alleles per breed (with their associated standard errors) were calculated using the MICROSATELLITE TOOLKIT [16]. The FSTAT program [17] was used for calculating allelic richness standardized for variation in sample size.



Wright’s F statistics (FIT, FIS and FST, [18]) were calculated with the GENETIX 4.0 [19] program. The significance of FIT and FIS was tested by permutation of the alleles 1000 times within the whole set of populations and within each population respectively. Significant deviation of FST from the null hypothesis was tested using random permutations of genotypes among samples.



To analyze the genetic relationships among individuals and among populations, first we used the FST, which under pure drift conditions (excluding mutations and admixture) increases linearly with time. Secondly, different levels of subdivision and estimates of the proportions of the individual genomes that are derived from the respective inferred clusters were obtained by using the model-based clustering STRUCTURE program [12]. The number of inferred clusters (k) varied from 2 to 4, and for each value of k, five independent analyses were carried out under an admixture model. The proportional contribution of each inferred ancestral population to a given individual was graphically displayed with the DISTRUCT software [20].





4. Conclusions


The situation of the Canarian camel population requires urgent actions in the area of genetic management to maintain the remaining genetic variability in the only European traditional camel population.
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