
1 23

Genetica
An International Journal of Genetics and
Evolution
 
ISSN 0016-6707
 
Genetica
DOI 10.1007/s10709-011-9619-4

Genetic diversity of Ovis aries populations
near domestication centers and in the New
World

H. D. Blackburn, Y. Toishibekov,
M. Toishibekov, C. S. Welsh,
S. F. Spiller, M. Brown & S. R. Paiva



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media B.V. (outside the

USA) . This e-offprint is for personal use only

and shall not be self-archived in electronic

repositories. If you wish to self-archive your

work, please use the accepted author’s

version for posting to your own website or

your institution’s repository. You may further

deposit the accepted author’s version on a

funder’s repository at a funder’s request,

provided it is not made publicly available until

12 months after publication.



Genetic diversity of Ovis aries populations near domestication
centers and in the New World

H. D. Blackburn • Y. Toishibekov • M. Toishibekov •

C. S. Welsh • S. F. Spiller • M. Brown •

S. R. Paiva

Received: 21 March 2011 / Accepted: 12 November 2011

� Springer Science+Business Media B.V. (outside the USA) 2011

Abstract Domestic sheep in Kazakhstan may provide an

interesting source of genetic variability due to their prox-

imity to the center of domestication and the Silk Route.

Additionally, those breeds have never been compared to

New World sheep populations. This report compares

genetic diversity among five Kazakhstan (KZ) and 13

United States (US) sheep breeds (N = 442) using 25

microsatellite markers from the FAO panel. The KZ breeds

had observed and expected measures of heterozygosity

greater than 0.60 and an average number of alleles per

locus of 7.8. In contrast, US sheep breeds had observed

heterozygosity ranged from 0.37 to 0.62 and had an aver-

age number of alleles of 5.7. A Bayesian analysis indicated

there were two primary populations (K = 2). Surprisingly,

the US breeds were near evenly split between the two

clusters, while all of the KZ breeds were placed in one of

the two clusters. Pooling breeds within country of sample

origin showed KZ and US populations to have similar

levels of expected heterozygosity and the average number

of alleles per locus. The results of breeds pooled within

country suggest that there was no difference between

countries for these diversity measures using this set of

neutral markers. This finding suggests that populations’

geographically isolated from centers of domestication can

be more diverse than previously thought, and as a result,

conservation strategies can be adjusted accordingly. Fur-

thermore, these results suggest there may be limited need

for countries to alter the protocols for trade and exchange

of animal genetic resources that are in place today, since no

one population has a unique set of private alleles.

Keywords Genetic diversity � Sheep � Conservation of

genetic resources � Kazakhstan

Introduction

A premise of livestock conservation genetics is that breeds

at or close to the center of domestication are more

genetically diverse than geographically distant breeds

(Tapio et al. 2010; Peter et al. 2007; Loftus et al. 1999).

For sheep, it is generally considered that northern Zagros

to southeastern Anatolia was the center of domestication

(Zeder 2008; Rezaei et al. 2010). However, there is some

evidence that China was the origin of a third maternal

lineage (Guo et al. 2005; Sulaiman et al. 2011; Wang et al.

2007). Kazakhstan’s proximity to centers of domestication

and gene flow between those centers, via the Silk Route,

could suggest that sheep from this country could have
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substantial genetic variability. But this hypothesis has not

been previously addressed, and from 1992 to 2009, the

number of sheep in Kazakhstan decreased by 19.7 million

(-58%) due to the dissolution of the former Soviet Union

(FAO 2011), which underscores the need to better quantify

these populations. As a result of this perceived importance

of breeds/populations close to centers of domestication,

there have been suggestions that such populations should

be high on conservation priority lists (Tapio et al. 2010).

In contrast to Kazakhstan, the United States had no

indigenous domestic sheep and a relatively short history of

sheep production. However, throughout the country’s his-

tory, a wide range of sheep breeds that originated from

Europe, Africa, and Western Asia have been brought to the

United States. A recent study confined to US sheep breeds

determined that many of the breeds were genetically distinct,

and there was a range of genetic variability (Blackburn

et al. 2011). By comparing genetic diversity between sheep

breeds from these two countries should provide further

insights into the genetic distinctness of sheep populations

within and between countries and have ramifications upon

the formation of national livestock conservation policy.

The results can also provide a basis for the growing dis-

cussions on access and benefit sharing of farm animal

genetic resources in various forums (e.g., Convention of

Biological Diversity).

Materials and methods

A total of eighteen sheep breeds were evaluated in this

study (Table 1); five breeds (117 head) from Kazakhstan

(Fig. 1) and 13 from the United States with a total of 442

animals. A brief description of Kazakh breeds follows

based upon FAO (1989) and Medeubekov et al. (2008).

The Arkhara-Merino is a composite breed developed by

harvesting semen from slaughtered Arkhar rams (Ovis

ammon, 2n = 56) and inseminating Novocaucasian Merino

ewes (FAO 1989). The F1 rams were mated to Precoce or

Rambouillet ewes and then backcrossed again resulting in

rams that were 12.5% Arkhara-Merino and 87.5% Merino/

Rambouillet type. These rams were then crossed to ewes

from the preceding generation (0.25:0.75) to form the

Arkhara-Merino breed, which would have an expected

composition of 18.75% Arkhar (Ovis ammon) and 81.25%

Merino/Rambouillet. The Degresskaya breed was formed

by crossbreeding Shropshire rams to fat-rumped ewes

(circa 1931–1936, FAO 1989), and it is suggested during

the 1940s that some Precoce (Merino type) was introduced.

The Sary-Arka breed has been considered one of the best

fat-rumped breeds that originated in southeastern Turk-

menistan. Purportedly, since the 1950s, breeders routinely

crossbred Sary-Arka with Dedresskaya. Edil’baevskaya

sheep were developed in the nineteenth century by mating

Table 1 Breeds and sample sizes (N) for US and Kazakhstan sheep analyzed with 25 microsatellites

Population Abbrev. Country Country of origin N Na Nar (20)** PAR (20)** Fis He Ho HWE*

Arkhara-Merino AM KAZ Kazakhstan 25 7.88 6.20 0.17 0.040 0.75 0.72 1

Blackbelly Barbados BB USA Caribbean 18 4.80 4.34 0.10 0.180* 0.65 0.53 0

Chyisskaya CHY KAZ Kazakhstan 17 7.68 6.45 0.20 0.053 0.74 0.70 0

Cotswold COT USA UK 09 3.92 – – 0.061 0.59 0.56 0

Degeresskaya DEG KAZ Kazakhstan 26 7.88 6.00 0.18 0.003 0.71 0.72 0

Dorper DORP USA South Africa 44 7.60 5.30 0.08 0.096* 0.69 0.62 2

Edil’baevskaya EDI KAZ Kazakhstan 27 9.12 6.67 0.26 0.051 0.76 0.72 1

Hampshire HAMP USA UK 29 8.08 5.46 0.13 0.055 0.68 0.64 2

Hog Island HOG USA UK 24 4.04 3.16 0.13 0.070 0.42 0.39 3

Karakul KAR USA Central Asia 19 5.72 4.77 0.14 0.232* 0.63 0.49 2

Leicester Longwool LELW USA UK 29 5.24 4.02 0.11 0.109* 0.55 0.49 6

Lincoln LINC USA UK 22 5.16 4.36 0.04 0.099 0.60 0.55 2

Rambouillet RAMB USA France 47 8.24 5.60 0.09 0.108* 0.71 0.64 4

Romanov ROMA USA Russia 24 5.08 – – 0.057 0.62 0.58 2

Sary-arkinsskaya SA KAZ Kazakhstan 22 7.52 6.05 0.09 0.037 0.74 0.71 0

St. Croix STC USA Caribbean 26 6.08 4.93 0.06 0.097* 0.67 0.60 1

Texel TEX USA the Netherlands 20 6.28 5.18 0.23 0.049 0.66 0.63 0

Tunis TUN USA Tunisia 14 4.96 4.58 0.25 0.140* 0.64 0.55 1

Mean number of alleles per locus (Na); allelic richness obtained with rarefaction method (Nar); privative allelic richness (PAR); inbreeding

coefficient (Fis); expected heterozygosity (He); observed heterozygosity (Ho); and number of loci significantly deviating from Hardy–Weinberg

equilibrium (HWE)

* P \ 0.05 after Bonferroni correction; ** Number of observations in each breed
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Kazakh fat-rumped ewes to coarse-wooled rams from

Astrakhan, Russia. Chuisk sheep were developed from

indigenous fat-rumped, meat, and coarse-wooled breeds in

addition to Stavropol and Precoce admixed at various

points in time.

In Kazakhstan, the animals were randomly selected in

various parts of the country and transported to an institute

farm near Almaty, KZ. At the farm, semen and embryos were

collected and cryopreserved as a conservation measure. For

this study, blood samples were collected on Whatman FTA

paper and transported to the United States for analysis.

The US animals were part of a larger project (Blackburn

et al. 2011), where samples were collected from 222 pro-

ducers in 38 states. Criteria for within-flock animal sam-

pling included the acquisition of tissue samples from both

sexes and no known genetic relationship. In addition,

efforts were made to sample from flocks that had been

relatively independent in their breeding programs. Blood

samples were collected by the animal’s owner or a col-

laborator and shipped to this laboratory for processing.

Upon receipt, blood samples were cryopreserved until

ready for DNA extraction and analysis. The semen utilized

in the study was acquired while developing breed collec-

tions for the gene bank. The blood and semen cryopreser-

vation protocols used are found at the website: http://www.

ars.usda.gov/Main/docs.htm?docid=16979 (Accessed March

2011). DNA was isolated from cryopreserved blood and

semen samples using the BloodPrep
TM

chemistry protocol

and the NucPrep
TM

chemistry protocols (Applied Biosytems

2004), respectively, in conjunction with the ABI Prism
TM

6100 Nucleic Acid PrepStation.

Analysis of microsatellite data

For this analysis, the Food and Agriculture Organization of

the United Nations/International Society for Animal

Genetics (FAO/ISAG) panel of 31 microsatellite markers

were used (FAO 2004) to maintain the option for combining

this data set with other studies using the same complement of

markers. The consensus panel markers located across 22

chromosomes were unlinked (FAO 2004). A commercial

company (GeneSeek) constructed the multiplex system,

amplified the DNA samples by PCR, and made the allele

calls. ‘‘Appendix 1’’ lists the markers (chromosome num-

ber), number of alleles, and, respectively, the percent of

missing data from each microsatellite. Markers OarFCB20

and BM1329 did not amplify well and were deleted from the

analysis. In addition, another four markers (BM1824, ILS-

TS5, OarFCB304, and SRCRSP5) were not used as a result

of more than 50% of the populations evaluated not being

within Hardy–Weinberg Equilibrium.

The GENALEX 6 program (Peakall and Smouse 2006)

was used to compute the average and effective number of

alleles, allele frequency per locus, observed and expected

heterozygousity (Ho and He, respectively), a breed’s private

alleles (Slatkin 1985), and principal coordinate analysis. The

analysis of molecular variance (AMOVA) was performed by

the Arlequin software (Excoffier et al. 2005) using the

codominant allelic distance matrix with 1000 permutations.

Due to unequal sample sizes for breeds and countries, rar-

efaction methods were used (Szpiech et al. 2008) to adjust

allelic richness and private alleles per population. During

these computations, it was apparent that the Cotswold (likely

due to sample size) and Romanov (due to missing data) were

deleted from this portion of the analysis. Inbreeding (Fis)

was calculated using FSTAT (Goudet 2002). The Dtl genetic

distance was used because it simultaneously accounts for the

impact of mutation and genetic drift on gene frequencies

(Tomiuk and Loeschcke 1995). In addition, Dtl has been

shown to be more robust to deviations in the assumptions

concerning mutation and genetic drift (e.g., Tapio et al.

2003). This distance was estimated with the software Molkin

Fig. 1 Geographic locations for

the five Kazakhstan sheep

breeds: 1 Arkhara-Merino, 2
Sary-Arkinsskaya, 3
Edil’baevskaya, 4 Chyisskaya, 5
Degeresskaya
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(Gutiérrez et al. 2005), and a phylogenetic tree was com-

puted with the Neighbor-Net method implemented in

SplitsTree4 package (Huson and Bryant 2006).

STRUCTURE (Pritchard et al. 2000) was run using an

admixture model with correlations between loci and a

burn-in of 100,000 iterations followed by an additional

500,000 iterations. Within each specified cluster (K) rang-

ing from 1 to 18, three replicates were run and the averaged

likelihood at each K was used to calculate DK (Evanno

et al. 2005; McKay et al. 2008), which was used as an ad

hoc indicator of cluster number. The program DISTRUCT

(Rosenberg 2004) was used to plot STRUCTURE results.

Upon completion of the previously mentioned analysis,

breeds were pooled into one population per country and

selected analyses were performed again comparing genetic

differences between the two countries.

Results

Analysis of within-breed genetic diversity showed that all

Kazakh breeds had a relatively large number of alleles per

breed (7.52–9.12) compared to US breeds (3.92–8.08)

(Table 1), but the ranges for both countries are similar to

previously reported values (Peter et al. 2007). Within the

US breeds, Barbados Blackbelly, Cotswold, and Hog Island

(all rare breeds) had fewer alleles per loci present for the

microsatellites evaluated. Using the rarefaction method

(and dropping the Cotswold and Romanov breeds), an

across-breed reduction in allelic richness (Hedrick 2011)

occurred for breeds from both countries. Most notable were

the decreases in allelic richness of the Dorper, Hampshire,

and Rambouillet. The rarefaction approach yielded private

allele estimates that were less than one per breed (Table 1).

Average observed heterozygosity levels for most breeds

tended to range above 0.50, but the Hog Island, Karakul,

and Leciester Longwool were below this level (0.39, 0.49,

and 0.49, respectively). In addition, the Cotswold and Hog

Island had loci that were monomorphic. Most loci within

breed tended to be within HWE (Table 1). Inbreeding (Fis)

was computed, and it was found that among US breeds,

Karakul and Barbados Blackbelly had the highest

inbreeding levels that were of a magnitude that maybe

biologically important for production characteristics.

Among the Kazakhstan breeds, Fis was slight and ranged

from 0.003 to 0.053 (Table 1).

Breeds were pooled within country and then analyzed

across countries for various genetic diversity measures

(Table 2). The countries were similar for expected heter-

ozygosity, average number of alleles per locus, average

number of effective alleles per locus, allelic richness using

rarefaction, and private alleles; Ho was notably different

between the two countries.

Variation among the 18 breeds was measured at 12.8% via

AMOVA procedure (P \ 0.000001). But when breeds were

pooled within country, the AMOVA between the two

countries decreased to 0.7% (P \ 0.01662). Further evalu-

ation was performed by placing the Arkhara-Merino with US

breeds, but this did not change the partitioning of the vari-

ance. Genetic distances (Dtl) among all breeds (Appendix 2)

were calculated using the Tomiuk and Loeschcke (1995)

approach. Among the Chuisk, Edil’baevskaya, Degresskaya,

and Sary-Arkinsskaya breeds genetic distances were less

than 0.12. Among the Kazakh breeds, the Arkhara-Merino

tended to be the most distant population, and it had the

shortest genetic distance to the Rambouillet (0.057). This

result was similar to genetic distance values between the

Arkhara-Merino and other fine-wool breeds found in the

former Soviet Union (Ozerov et al. 2008). The remaining

four Kazakh breeds were not particularly distant from the US

breeds. Rather they tended to be similar in magnitude to the

distances for breeds like the Rambouillet versus Lincoln. The

most extreme genetic distances were associated with the US

minor breeds. These large differences may be a result of the

relatively small number of alleles the minor breeds exhibited

for this neutral set of markers.

Neighbor-Net tree, using Dtl (Fig. 2), placed the four fat-

rumped Kazakh breeds in close proximity to one another, and

it would appear the four breeds (Chuisk—Edil’baevskaya

and Degresskaya—Sary—Arkinsskaya) could be further

partitioned into two groups, confirming the FAO (1989)

report. Intermediate to these four breeds was the US Karakul.

As anticipated, the Arkhara-Merino was placed close to the

Rambouillet. Interestingly, the two US hair breeds where

also placed in the Kazakh half of the net. At the opposite end

of the net were the English longwools, while Texel, Tunis,

Table 2 Genetic diversity measures for pooled Kazakhstan and United States sheep breeds (standard errors)

Country He Ho Na Nae Nar* (85) PAR* (85)

Kazakhstan 0.76 (0.02) 0.72 (0.01) 12 (3.63) 4.71 (0.34) 11.69 (0.71) 2.03 (0.23)

United States 0.75 (0.02) 0.58 (0.01) 12.8 (4.31) 4.83 (0.49) 11.01 (0.75) 1.48 (0.25)

* Number of observations in each breed

Expected heterozygosity (He), observed heterozygosity (Ho), average number of alleles per locus (Na), average number of effective alleles per

locus (Nae), allelic richness obtained with rarefaction method (Nar) and privative alleles (PAR)
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Hampshire, and Hog Island were intermediate and matches

their known history (Porter and Mason 2002).

Three principal coordinate analyses (Fig. 3) explained

over 60% of the genetic variation and generally supported

the Neighbor-Net results. As Fig. 3 demonstrates, there are

groupings that contain multiple breeds; for example, the

English longwools, breeds from Central Asia and Russia,

and the hair breeds. To further evaluate these breed

groupings, an analysis of private allelic richness was per-

formed (Table 3). Across the seven groups, differences in

allelic richness were uniformly small and less than one

allele. This result suggests the differentiation noted in

Fig. 3, which is due to differences in allele frequencies and

that no one group or combination of groups possesses a

high degree of genetic uniqueness.

Using the Bayesian approach (Pritchard et al. 2000) and

the method of Evanno et al. (2005) indicated that the number

of clusters for this set of breeds was two (Appendix 3). In this

analysis, for a breed to be an exclusive member of a cluster, it

needed to have greater than 50% of its composition in one

cluster. The cluster size of two and the combination of breeds

within each cluster were unexpected. In one cluster, all Ka-

zakh and approximately one-half the US breeds, including

the hair breeds (Fig. 4), were found. The second cluster was

dominated by breeds with British origins or foundation. The

low proportion of admixture for the Degresskaya with the

second cluster suggests that the Shropshire (a down breed

similar to the Hampshire), which was used in the Degress-

kaya’s formation, has been reduced in a manner similar to the

situation in the Arkhara-Merino and the Arkhara. A minor

peak was observed when K = 7, which reflected mainly a

multi-breed series of clusters formed with four Kazakh

breeds, fine-wooled, long-wooled, and hair breeds as

observed in Figs. 2 and 3.

Discussion

Kazakhstan holds a unique geographic position in terms of

the flow and use of sheep genetic resources via pastoral

nomadism since approximately 2500 B. C. (Wagner et al.

2011) and proximity to the center of sheep domestication.

Conversely, the United States has a relatively recent col-

lection of genetic resources from a wide range of geographic

regions, and these have been assessed on a within-country

basis and in comparison to Brazilian breeds (Blackburn et al.

2011; Paiva et al. 2010, 2011). But, comparisons between US

breeds and sheep populations close to the center of domes-

tication have not been made until this study.

Among the US breeds, there was a wide range of genetic

diversity measures (heterozygosity, number of alleles per

locus, genetic distance, etc.) as a result of diverse countries of

origin, selection pressure, genetic drift, and population size.

For the rare breeds, the results suggest a general lack of

genetic diversity, while breeds like Rambouillet, Hampshire,

and Dorper do not appear hampered by genetic diversity

issues. The STRUCTURE analysis indicated that all US

breeds shared a proportion of their genotypes with the Ka-

zakh breeds and vice versa. As expected, the Karakul and

Romanov had higher proportions of their cluster assignments

in common with the Kazakh cluster, and they were placed in

close proximity to the coarser-wooled Kazakh breeds in the

principal coordinate analysis (Fig. 3). These results confirm

those of Tapio et al. (2010), who also showed the Romanov

to be grouped with the fat-tailed Kazakh breeds.

Fig. 2 Neighbor-Net tree of United States and Kazakhstan sheep

breeds using Dtl genetic distance (abbreviations as is Table 1)
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Fig. 3 Breed relationships among United States and Kazakhstan

breeds based upon three principal coordinates that explained:

PCA1 = 28.8%, PCA2 = 21.6%, and PCA3 = 15.5% of the varia-

tion, abbreviations as in Table 1
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Among the Kazakh breeds, it was anticipated that a

portion of the Arkhara-Merino would be placed in a unique

cluster (Fig. 4) due to the use of the Arkhara during its

formation (Rezaei et al. 2010). Given the description of

how the breed was formed, the theoretical expectation

would have been approximately 18% Arkhara (FAO 1989).

However, there was no such assignment. To explore this

aspect, additional STRUCTURE analysis was performed

using only the five Kazakh breeds plus the Rambouillet,

Romanov, and Karakul. In this analysis, no unique cluster

within the Arkhara-Merino emerged from the analysis.

Two potential explanations for the lack of an Arkhara

cluster include: during the inter-se mating of the final

composite population, animals with the expected compo-

sition of breed types were culled; or there may have been a

substantial contribution of the Arkhara to the other Kazakh

breeds (Sulaiman et al. 2011). Evaluating sheep breeds in

northwestern China, Sulaiman et al. (2011) used Ovis

ammon sheep in their analysis, which was distinct when

compared to domesticated Ovis aries breeds using a

mitochondrial DNA control region. However, the mito-

chondrial DNA of the Arkhara-Merino was derived from

Merino-type ewes used to construct the F1 population.

Further analysis using markers specific to the Y chromo-

some would add clarity to this issue.

The fat-rumped Kazakh breeds tended to have moderate

genetic distances from US breeds (Appendix 2). This result

was also reflected in the principal coordinate analysis

(Fig. 3), where the five Kazakh breeds were placed among

the various US breeds. At the extremes of Fig. 3 are the

hair, English long-wooled, and Hog Island breeds similar to

Blackburn et al. (2011) suggesting that these rare breeds

are isolated populations that through genetic drift have

become distinct in their microsatellite profile. Peter et al.

(2007) used the same FAO panel on 57 sheep breeds and

had similar values of observed and expected heterozygosity

with the present study, but they observed a lower genetic

distance from European and Middle-Eastern breeds. Gen-

erally, other studies with similar markers and Asian

breed(s) have similar within-breed genetic diversity values

(e.g., Tapio et al. 2010; Lawson-Handley et al. 2007).

Previous analyses have shown how breeds from close to

centers of domestication tend to be more variable (Bruford

et al. 2003; Sulaiman et al. 2011; Tapio et al. 2010). This

study found similar results at the breed level. However, by

pooling breeds within countries and comparing the resulting

diversity measures, this study showed each country had

similar genetic diversity measurements (Table 3). That said,

the observed level of heterozygosity was lower for the US

population. The lower observed heterozygosity was

Table 3 Pairwise values for private alleles (upper diagonal) and standard error (lower diagonal) for major breed groups (excluding Romanov) at

a standardized sample size of 34 and using rarefaction method

KAZ ? KAR Hair Long wool Dorper Hampshire Hog Island Merino type

Kazakh ? Karakul 0.1744 0.1422 0.1656 0.1680 0.0573 0.2710

Hair 0.0499 0.0713 0.0762 0.0291 0.0150 0.0424

Long wool 0.0246 0.0211 0.0833 0.0699 0.0274 0.0983

Dorper 0.0448 0.0233 0.0390 0.0285 0.0082 0.0675

Hampshire 0.0566 0.0092 0.0268 0.0109 0.0398 0.1539

Hog Island 0.0386 0.0128 0.0108 0.0036 0.0178 0.0064

Merino type 0.0741 0.0132 0.0238 0.0204 0.0467 0.0036

Fig. 4 Breed assignment when

cluster size (K) equaled 2 based

on a Bayesian cluster

(STRUCTURE) analysis. Plots

were constructed using the

program DISTRUCT, and the

width of each segment is

relative to breed sample size.

Labels at the top of the figure

are country where animals

within breed were sampled

followed by the country of

origin (US breeds only),

abbreviations as in Table 1
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potentially due to genetic drift and/or bottlenecks established

during breed formation. While we realize the limitation of

neutral markers, these results suggest large portions of genetic

variability found in sampling Kazakh breeds had flowed to the

United States. While this result was unexpected, there are

similar reports where considerable genetic variation in non-

Central Asian sheep breeds has been found (Pereira et al.

2006). In general, these data illustrate the well-known concept

that while genetic variation can be reduced in subpopulations,

genetic variability of the entire population does not change

(Falconer and Mackay 1996). While theory predicts such an

occurrence, we found the results interesting, given the lack of

direct and indirect gene flow between Central Asia and the

United States in a more recent time frame. Furthermore, they

support Groeneveld et al. (2010) assertion that sheep tend to

have little phylogeographic structure. In addition, the results

suggest that breeder development and use of genetic resources

tend to have transient and non-permanent effects. In other

words, breeds/subpopulations are developed, recombined,

and discarded routinely as conditions dictate (Wood and Orel

2001) across time.

The lack of large differences in genetic diversity mea-

sures between the pooled US and Kazakhstan populations

implies that countries may wish to explore utilization of

indigenous and locally adapted genetic resources before

importing new and untested genetic resources from other

countries. Both Young (1992) and Blackburn and Gollin

(2009) suggest this to be a more effective strategy for

developed countries, while FAO (2007) promotes such a

concept on an international basis.

The results derived from this study have implications for

national and international policies. Our findings suggest

limited existence of private alleles when breeds were pooled

at the country level. Furthermore, the STRUCTURE analysis

did not show any clear demarcation between sheep breeds

based upon country of origin (Kazakhstan vs. United States).

These findings suggest there may be limited need for coun-

tries to be concerned with the current trade and exchange

policies for animal genetic resources since no one population

has a unique set of private alleles. Therefore, any new

mechanism to monitor germplasm exchange via the Nagoya

Protocol (Convention on Biological Diversity 2011) should

be minimal at best and the opportunities for altering benefit

sharing strategies appear limited. The reported results also

have potential implications for the utilization of genetic

diversity and its conservation. They suggest that strong

national conservation programs, focused upon the conserva-

tion of their indigenous genetic resources, would be an

effective approach to insure availability of sufficient genetic

variation for future utilization. The suggestion that breeds

from particular geographic regions (e.g., centers of domesti-

cation) have global priority over other breeds (Tapio et al.

2010) in different regions or countries appear unjustified,

given this set of neutral markers. The findings presented do

not nullify the need for further and more detailed exploration

of specific genes or gene complexes that may confer adapt-

ability to environmental vagaries, the likes of which are found

in Kazakhstan and various regions of the United States.

Appendix 1

See Table 4.

Table 4 Genotyped loci, their chromosome, number of alleles per locus and percent missing data per locus

Locus (chromosome #) # alleles % missing data Locus (chromosome #) # alleles % missing data

BM1824 (1) 10 4.8 OarAE129 (5) 10 2.8

BM8125 (17) 9 3.5 OarCP34 (3) 9 18.7

DYMS1 (20) 20 3.7 OarCP38 (10) 10 13.9

HUJ616 (13) 24 5.0 OarFCB128 (2) 14 2.7

ILSTS11 (9) 9 15.5 OarFCB193 (11) 21 2.6

ILSTS28 (3) 14 9.2 OarFCB304 (19) 22 6.4

ILSTS5 (7) 13 15.0 OarFCB226 (2) 15 2.4

INRA063 (14) 19 13.9 OarHH47 (18) 16 4.8

MAF209 (17) 14 3.5 OarJMP29 (24) 18 4.8

MAF214 (16) 11 6.6 OarJMP58 (26) 18 1.7

MAF33 (9) 13 2.3 OarVH72 (25) 9 10.6

MAF65 (15) 11 3.1 SRCRSP1 (CHI13) 10 1.6

MAF70 (4) 20 3.7 SRCRSP5 (18) 7 3.7

MCM527 (5) 13 4.3 SRCRSP9 (12) 13 4.0

MCM140 (6) 15 24.1 – –

Markers not used OarFCB20 (2), BM1329 (6)
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Appendix 3

See Fig. 5.
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