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ABSTRACT: Understanding existing levels of genet-
ic diversity of sheep breeds facilitates in situ and ex situ 
conservation activities. A comprehensive evaluation of 
US sheep breeds has not been previously performed; 
therefore, we evaluated the genetic diversity among 
and within 28 US sheep breeds. Both major and minor 
breeds were included in the analysis and consisted of 
666 animals from 222 producers located in 38 states. 
The level of within-breed genetic diversity was variable 
and not dependent upon status of a breed as a major 
or minor breed. Bayesian cluster analysis indicated the 
breeds were grouped more by physiological differences 
(meat vs. wool production) rather than geographic ori-

gin. Results suggest several actionable items to improve 
in situ and ex situ conservation. The results clearly 
identify breeds in need of increased in situ and ex situ 
management (e.g., Hog Island and Karakul) and allow 
several suggestions for in situ management of flocks. 
Conversely, several of the breeds appear genetically 
similar and therefore require less emphasis on collect-
ing germplasm samples for the gene bank. Commer-
cially important breeds (e.g., Rambouillet and Suffolk) 
were found to have substantial variation, which should 
enable breeders to proceed, unencumbered by genetic 
diversity concerns, with selection strategies that maxi-
mize profit.
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INTRODUCTION

Geographically and functionally diverse breeds 
of sheep were imported into the United States from 

the 16th century to the present (Dohner, 2001). Once 
imported to the United States, populations found a 
niche, disappeared, or were crossed with other breeds 
(Wood and Orel, 2001; Blackburn and Gollin, 2009). 
Traditionally, sheep breeders have divided breeds into 
categories based on wool- and meat-producing charac-
teristics. Wool categories are typically fine, medium, 
or coarse. Meat breeds tend to produce wool of lesser 
quality and quantity, have greater growth rates, and 
usually have superior carcass characteristics compared 
with wool breeds. Although all types are used for meat 
and wool production, within-breed selection emphasis 
for these traits has differed.

Phylogenetic studies have differentiated sheep breeds 
and their origins. For example, the genetic distances 
between domestic (Ovis aries) and wild species of sheep 
suggest 2 to 5 mitochondrial lineages in the domestica-
tion process (Hiendleder et al., 2002; Pedrosa et al., 
2005; Meadows et al., 2007). Microsatellites and SNP 
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have been useful in quantifying the genetic distanc-
es among sheep breeds in various geographic regions 
(Diez-Tascón et al., 2000; Tapio et al., 2005; Baumung 
et al., 2006; Peter et al., 2007; Lawson Handley et al., 
2007; Kijas et al., 2009). Such studies have shown that 
introgression has played an important role in breed for-
mation and utilization in sheep over time (Meadows et 
al., 2005).

Genetic diversity among livestock breeds has con-
tracted and the Interlaken Declaration and Global Plan 
of Action (GPA) for Animal Genetic Resources high-
lighted the need for better livestock population charac-
terization (FAO, 2007a,b). Therefore, the objectives of 
this study were to quantify the levels of genetic diver-
sity in and among US sheep breeds, provide informa-
tion for breed conservation, and fulfill GPA obligations.

MATERIALS AND METHODS

Animal Care and Use Committee approval was not 
obtained for this study because the study did not use 
live animals.

Breeds, Sample Acquisition,  
and DNA Extraction

Twenty-eight sheep breeds were selected for study 
based on their economic importance or rarity. As back-
ground, Table 1 reviews the origin or use, or both, of 
the breeds evaluated in the study. Specific information 
for several breeds is presented for consideration in the 
interpretation of the results. The Black Welsh Moun-
tain breed has had several importations during the last 
decade, and the samples from that breed represent both 
preexisting and recently imported genetics. The Navajo 
Churro and Gulf Coast Native are thought to be de-
scendents from early Spanish Churro importations dur-
ing the 16th century. Several importations of Dorper 
since the early 1990s have occurred. The first importa-
tion was from Australia, but subsequent importations 
occurred directly from South Africa. The Hog Island is 
thought to be representative of colonial sheep brought 
to the United States from England. For a substantial 
period of time the sheep were feral on Hog Island off 
the Virginia coast but were removed in 1974 (Dohner, 
2001). It has been speculated that Santa Cruz Island 
breed, a population from Santa Cruz Island off the 
California coast, might contain some portion of Churro 
breeding from Spain. Several breeds in the study are 
composite breeds formed during the 20th century that 
utilized Rambouillet. For example, the Warhill, which 
has been maintained principally as a single population 
(ranging in size from 5,000 to 20,000 animals), was de-
veloped using Rambouillet and Rambouillet compos-
ite breeds. Populations are contracting, and organiza-
tions like the FAO or the American Livestock Breeds 

Conservancy have developed classification systems for 
designating the degree of rarity or endangerment. For 
this paper we will use the terms major, minor, or rare 
breeds to denote if a breed plays an important role or 
does not contribute in a substantial manner to the eco-
nomic vitality of the US sheep industry.

From 28 breeds, blood or semen samples from 666 
animals were collected from 222 producers in 38 states. 
Criteria for within-flock animal sampling 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 owner of the animal or a col-
laborator and shipped to this laboratory for process-
ing. Upon receipt, blood samples were cryopreserved 
until ready for DNA extraction and analysis. The se-
men utilized in the study was acquired while devel-
oping breed collections for the gene bank. The blood 
and semen cryopreservation protocols used are found 
at the website http://www.ars.usda.gov/Main/docs.
htm?docid=16979 (last accessed June 2009). The DNA 
was isolated from cryopreserved blood and semen sam-
ples using the BloodPrep chemistry protocol and the 
NucPrep chemistry protocols (Applied Biosytems, Fos-
ter City, CA), respectively, in conjunction with the ABI 
Prism 6100 Nucleic Acid PrepStation (Applied Biosys-
tems).

Analysis of Microsatellite Data

For this analysis the Food and Agriculture Organi-
zation of the United Nations/International Society for 
Animal Genetics (FAO/ISAG) panel of 31 microsat-
ellite 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 are located across 21 chromosomes and 
had as a selection criterion that they should be known 
to be unlinked (FAO, 2004). A commercial company 
(GeneSeek, Lincoln, NE) constructed the multiplex sys-
tem, amplified the DNA samples by PCR, and made 
the allele calls. Appendix Table A1 lists the markers 
(chromosome number), number of alleles, and the per-
centage of missing data from each microsatellite. Mark-
ers MCM140, OarFCB20, and BM1329 did not amplify 
well and were deleted from the analysis.

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 heterozygosity, private alleles of a breed, 
principal component analysis, and the analysis of mo-
lecular variance (AMOVA). The AMOVA was per-
formed using the codominant allelic distance matrix 
with 999 permutations. Inbreeding (Fis) was calculated 
using FSTAT (Goudet, 2000). Genetic distance was de-
termined by using the program MICROSAT (Minch 
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et al., 1996), where 1,000 bootstraps were performed 
in computing Nei’s estimate of genetic distance (Nei, 
1972). Nei’s genetic distances were used as input to the 
PHYLIP program version 3.67 (Felsenstein, 2007) after 
1,000 bootstraps to construct a neighbor joining tree 
illustrating the association among the breeds.

The Bayesian clustering program, STRUCTURE 
(Pritchard et al., 2000), was used with an admixture 
model with the correlations between loci option. The 
program was run using a burn-in of 100,000 iterations 
followed by an additional 500,000 iterations, the results 
of which were used in the analysis. Within each speci-
fied cluster (K) ranging from 1 to 28, 3 replicates were 
run and averaged for use in the analysis. The averaged 
likelihood at each K was used to calculate ΔK (Evanno 
et al., 2005; McKay et al., 2008), which may be used as 
an ad hoc indicator of population number. The ΔK in-
dicated several minor peaks in addition to an increased 
region that ranged from 20 to 23 populations, with ΔK 
reaching a maximum when K = 21 (Appendix Figure 
A1). Based on the ΔK, K values of 2, 3, 4, 5, 11, and 21 
were evaluated. Graphical representation of cluster as-
signments was constructed using DISTRUCT (Rosen-
berg, 2004).

RESULTS AND DISCUSSION

Within-Breed Diversity

Alleles per locus ranged from 6 to 24, with an aver-
age of 14.1 alleles per locus; these values are within 
the ranges of previously reported values using the same 
markers (Lawson-Handley et al., 2007; Peter et al., 
2007; Dalvit et al., 2009). Across breeds, the average 
number of alleles (Table 2) was 5.86 with a range of 3.75 
(Black Welsh Mountain) to 8.18 (Rambouillet). Among 
European breeds, Peter et al. (2007) reported an aver-
age number of alleles per breed of 6.42 and a range of 
5.0 to 7.52 alleles. Minor sheep breeds had less than 
the average number of alleles, with the Black Welsh 
Mountain, Cotswold, Southdown, and Hog Island rank-
ing the lowest. In addition, Hog Island, Black Welsh 
Mountain, Cotswold, and Romanov each had one locus 
that was not polymorphic. Among rare breeds, the Gulf 
Coast Native and Navajo Churro ranked high in mean 
number of alleles (Table 2).

Fifty-three private alleles were found among the 
breeds. However, 43 of the private alleles were present 
in frequencies of less than 0.05 (Appendix Table A2). 

Table 1. Breeds, phenotypic descriptors, and number of animals, breeders, and states included in the study in 
addition to the country of origin of the breed 

Breed
Conservation  
priority1

Phenotypic  
descriptors2

Animal  
numbers

Number  
of breeders

Number  
of states

Country of  
origin2

Barbados Blackbelly Recovering Hy, m, prolific 18 7 6 Barbados
Black Welsh Mountain Recovering Sw, m 30 3 3 United Kingdom
Columbia — Mw, m 21 7 5 United States3,4

Cotswold Threatened Lw, m 9 4 4 United Kingdom
Dorper — Hy, cw, m, fr 44 23 12 South Africa
Dorset — Sw, m 27 12 6 United Kingdom
Finnish Landrace — Prolific, w, m 20 3 3 Finland
Gulf Coast Native Critical Cw, mw 30 8 5 United States3

Hampshire — Sw, m 27 20 12 United Kingdom
Hog Island Critical Cw, mw, m 24 6 2 United States4

Jacob Threatened Mw, m 24 9 6 United Kingdom
Karakul Threatened Ft, d 19 4 4 Uzbekistan
Katahdin Recovering Hy, m, prolific 29 13 10 United States
Leicester Longwool Critical Lw, m 29 9 6 United Kingdom
Lincoln Watch Lw, m 19 12 9 United Kingdom
Navajo Churro Threatened Cw 31 16 7 Spain3

Polypay — Prolific, w, m 17 11 9 United States3,4

Romanov — Prolific, cw 24 4 3 Russia
Rambouillet — Fw, m 46 20 8 France
Romney — Lw, m 20 13 9 United Kingdom
Santa Cruz Island Critical Mw 21 1 1 United States3

St. Croix Threatened Hy 26 11 7 United Kingdom
Southdown Recovering M, sw 7 5 5 United Kingdom
Suffolk — M, sw 26 13 7 United Kingdom
Targhee — Mw, m 18 4 4 United States3,4

Texel — M, lw 20 7 7 the Netherlands
Tunis Watch M, ft 14 5 5 Tunisia
Warhill — Mw, m 26 1 1 United States3,4

1American Livestock Breeds Conservancy conservation priority ranking.
2Breed origin and phenotypic descriptors from Mason (1996): m = meat, fw = fine wool, sw = short wool, mw = medium wool, lw = English 

long wool, hy = hair, cw = coarse wool, w = wooled, ft = fat tail, fr = fat rump, d = dairy. 
3Origin of foundation breeds: Spanish.
4Origin of foundation breeds: British.
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Private alleles with high frequencies were found in the 
Tunis (0.62 and 0.15) and Warhill (0.30). The Black 
Welsh Mountain, Cotswold, and Santa Cruz Island had 
no private alleles.

Breed estimates of Fis were computed using FSTAT 
(Goudet, 2000) and ranged from −0.001 to 0.264 (Table 
2). Breeds with the greatest Fis values were Barbados 
Blackbelly, Gulf Coast Native, Tunis, Navajo Churro, 
and Karakul. Near zero Fis were found for Black Welsh 
Mountain, Santa Cruz Island, and Warhill. Both Santa 
Cruz Island and Warhill were relatively large, but iso-
lated, populations (with as many as 80,000 and 20,000 
animals, respectively) until the last decade. When in-
breeding values for Warhill were calculated (Falconer 
and Mackay, 1996) based upon typically used sex ratios 
and generation intervals for the range sheep industry, 
we found general concurrence between the calculations 
and the results reported in this study. New importa-
tions of Black Welsh Mountain from a broad array of 
United Kingdom flocks during the last decade is a likely 
explanation for the low inbreeding level found in this 
report.

Many of the breeds (major and minor) in this study 
had relatively large levels of observed heterozygosity 
(Table 2). The measured heterozygosities in this study 
are in agreement with Muigai et al. (2002) for the St. 

Croix, Barbados Blackbelly, Rambouillet, and Gulf 
Coast Native. Breeds showing the lowest levels of ob-
served heterozygosity included the Black Welsh Moun-
tain, Hog Island, and Karakul.

Averaged across breeds, 25% of the loci were not 
in Hardy-Weinberg equilibrium (HWE), which was 
greater than the 18% reported by Peter et al. (2007). 
The increased percentage of loci not in HWE is due to 8 
breeds with 10 to 14 loci not in HWE (Table 2). Among 
the 8 breeds, the mean number of alleles was above the 
average for all breeds in the study.

Genetic Structure of Breeds

The AMOVA indicated that 13% of the total varia-
tion was present among breeds, and the majority of 
genetic variation was found within breed. Similar parti-
tioning of variance has been reported in several studies 
(Lawson Handley et al., 2007; Peter et al., 2007).

Based in part on the ΔK analysis, evaluation of K at 
2, 3, 4, 5, 11, and 21 is shown to illustrate the progres-
sion of breed structure (Figure 1). The initial parti-
tion (K = 2) separated the long wool breeds (Leicester 
Longwool, Lincoln, Cotswold, Karakul, and Romney) 
from a set of breeds that are dissimilar (Southdown, 

Table 2. Measures of within-breed allelic richness and genetic diversity1 

Breed
Average number  

of alleles Fis Ho He

Loci not in HWE  
(P < 0.05)

Barbados Blackbelly 4.86 0.223*** 0.513 0.636 9
Black Welsh Mountain 3.75 −0.001 0.467 0.456 5
Columbia 5.78 0.092*** 0.597 0.639 6
Cotswold 3.86 0.099* 0.543 0.561 0
Dorper 7.57 0.141*** 0.602 0.690 10
Dorset 7.32 0.105*** 0.639 0.698 10
Finnsheep 6.57 0.133*** 0.634 0.707 7
Gulf Coast Native 7.57 0.174*** 0.606 0.718 12
Hampshire 6.71 0.073*** 0.607 0.641 8
Hog Island 4.11 0.134*** 0.370 0.417 5
Jacob 5.68 0.089*** 0.572 0.613 2
Karakul 5.61 0.264*** 0.473 0.620 12
Katahdin 6.71 0.123*** 0.591 0.659 10
Leicester Longwool 5.14 0.112*** 0.484 0.534 9
Lincoln 4.89 0.139*** 0.521 0.585 6
Navajo Churro 7.71 0.151*** 0.610 0.703 10
Polypay 6.39 0.086*** 0.649 0.686 5
Rambouillet 8.18 0.147*** 0.617 0.714 14
Romanov 5.18 0.069 0.571 0.598 6
Romney 5.89 0.124*** 0.591 0.654 7
Santa Cruz Island 5.25 0.004 0.609 0.596 5
Southdown 4.14 0.100* 0.554 0.568 2
St. Croix 5.93 0.140*** 0.582 0.661 10
Suffolk 6.07 0.139*** 0.578 0.655 8
Targhee 6.32 0.122*** 0.624 0.687 3
Texel 6.21 0.086*** 0.611 0.647 6
Tunis 4.86 0.162*** 0.537 0.611 6
Warhill 6.07 0.002 0.711 0.688 3

1Ho (observed heterozygosity), He (expected heterozygosity), and loci not in HWE computed by GENALEX; inbreeding (Fis) computed by 
FSTAT. HWE = Hardy-Weinberg equilibrium.

***Significant at P < 0.001. *Significant at P < 0.05.
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Katahdin, Barbados Blackbelly, Rambouillet, Hamp-
shire, Suffolk, and Finnsheep). In addition, 16 breeds 
were almost equally split between clusters 1 and 2. Set-
ting K = 3 resulted in partitioning of breeds into long/
coarse wool, medium/fine wool, and those typically 
considered meat-producing (e.g., Hampshire, Suffolk, 
Saint Croix, Barbados Blackbelly) breeds (Figure 1). 
At K = 4 the meat breeds were subdivided so that the 
Caribbean hair breeds were separated, and when K = 
5 the Black Welsh Mountain and a large proportion of 
the Hog Island were placed in the new cluster. Track-
ing the assignments for Santa Cruz Island, Gulf Coast 
Native, Jacob, and Navajo Churro from 3 to 5 clus-
ters indicated substantial proportions of admixture for 
these breeds. Throughout the 19th and 20th centuries, 
Dohner (2001) discusses a variety of situations where 
these breeds were known to be crossbred. In contrast, 
very distinct wool breeds like the Leicester Longwool 
and Rambouillet were consistently placed into their re-
spective clusters with little admixture.

Delta K indicated that K = 11 was a significant par-
tition of the 28 breeds (Figure 1). The initial clusters 
of long/coarse wool and fine/medium wool breeds re-
mained grouped as single clusters. But at this point in 
the analysis the original meat breed cluster (from K = 
3) was decomposed into 4 different clusters.

Delta K analysis indicated that partitioning of the 28 
breeds into 21 clusters (K) encapsulated the US pop-
ulations (Figure 1). This deviated considerably from 
work with cattle which typically show K = 2 due to 
the major genetic differentiation between Bos taurus 
and Bos indicus (McKay et al., 2008). Increasing the 
number of populations (K) to 21 and the greatest ΔK 
resulted in further decomposition of the physiological 
groups to specific breeds (12 of 28 breeds had exclu-
sive clusters vs. 4 of 28 when K = 11). At K = 21, 
the Hampshire-Suffolk, Warhill-Rambouillet, Lincoln-
Cotswold were consolidated, matching commonly held 
perceptions about how these breeds have been managed 
during the last 40 yr. Comparing K = 21 through 23 
generally showed a stabilization of breed assignments. 
Albeit minor, the shifting of population proportions 
between various clusters when K ranged from 21 to 
23 suggested the partitioning of these proportions was 
not particularly strong in relation to the distinctness of 
other breeds.

Among-Breed Diversity

Nei’s genetic distance was computed and used (Fig-
ure 2). Distances ranged from 0.04 (Hampshire to 
Suffolk) to 0.54 (Barbados Blackbelly to Black Welsh 
Mountain). The similarity between the Hampshire and 
Suffolk was anticipated due to their similar function in 
the sheep industry, purported admixture, and a com-
mon ancestral breed. Genetic distances of <0.15 were 
found among the Rambouillet-based breeds (Columbia, 
Targhee, Polypay, and Warhill). The Navajo Churro 

and Dorset also had close association with the Ram-
bouillet grouping. We believe the close association of 
the Dorset was in part due to the role it had in the 
formation of the Polypay, which is 25% Dorset and 43% 
Rambouillet. Of particular interest was the genetic dis-
tance (0.10) between the Gulf Coast Native and Navajo 
Churro. In the United States these 2 breeds are geo-
graphically distinct, but are thought to have descended 
from Spanish breed(s) imported in the 16th century. 
The closeness of these 2 breeds may suggest similar 
founding populations.

An unrooted tree was constructed using Nei’s neigh-
bor joining tree (Felsenstein, 1993) with 1,000 boot-
straps performed (Appendix Figure A2). The joining 
of the nearest neighboring breeds generally matched 
known history of the breeds.

Principal component (PC) analysis was performed 
using the covariance matrix computed from the genetic 
distances (Figure 2). The first 3 PC explained 61.9% 
of the total variation. The first PC (24.7%) separated 
the breeds into 4 main groupings consisting of the Hog 
Island-Black Welsh Mountain, Hampshire-Suffolk-Ro-
manov, Leicester Longwool-Lincoln-Cotswold-Colum-
bia, and all other breeds (Figure 3). The second PC 
(20.4%) separated breeds into 4 groups consisting of 
Leicester Longwool-Lincoln-Cotwold-Karakul-Hog Is-
land, Romanov-Southdown, Barbados Blackbelly-St. 
Croix, and the remaining breeds. The second PC groups 
appeared to be grouped by wool type: hair breeds vs. 
long coarse wool breeds vs. fine and medium wool 
breeds. The third PC (16.8%) grouped breeds through-
out the range of values with Black Welsh Mountain-
Tunis and Hog Island-Southdown at the extremes. The 
PC analysis indicated a relatively close alignment of 
the rare breeds originating from Spain (Gulf Coast Na-
tive-Santa Cruz Island-Navajo Churro) along the axes 
of the first and third PC.

Conservation Approaches

A rationale for performing this study was to better 
define actions for ex situ conservation of sheep breeds. 
In the United States a programmatic decision was 
made to develop germplasm collections for all breeds 
(Blackburn, 2009). To date the repository has collected 
49,912 germplasm and tissue samples from 1,735 ani-
mals, representing 38 sheep breeds (http://www.ars.
usda.gov/Main/docs.htm?docid=16979; last accessed 
December 2010). Although these collections have been 
initiated, they are not complete in terms of quantity of 
germplasm collected and within-breed genetic diversity 
represented.

Based upon number of alleles, heterozygosity, and 
genetic distance measures, it appears that a relatively 
broad range of ovine genetic resources is present in the 
United States. Several rare and major breeds had ge-
netic diversity measures that were robust in terms of 
average number of alleles and observed heterozygosity 
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Figure 1. Breed assignment to color-coded clusters based on a Bayesian analysis (using STRUCTURE) when the number of clusters (K) was 
set to 2, 3, 4, 5, 11, and 21. Plots for each cluster were constructed using the program DISTRUCT; the width of each segment is based on breed 
sample size. BB = Barbados Blackbelly; BWM = Black Welsh Mountain; COL = Columbia; COT = Costwold; DORP = Dorper; DORS = Dorset; 
FINN = Finnsheep; GCN = Gulf Coast Native; HAMP = Hampshire; HOG = Hog Island; JAC = Jacob; KAR = Karakul; KAT = Katahdin; 
LELW = Leicester Longwool; LINC = Lincoln; NAVC = Navajo Churro; POLY = Polypay; RAMB = Rambouillet; ROMA = Romanov; ROMN 
= Romney; SCI = Santa Cruz Island; SDN = Southdown; STC = Saint Croix; SUFF = Suffolk; TARG = Targhee; TEX = Texel; TUN = Tunis; 
WAR = Warhill. Color version available in the online PDF.
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(Dorset, Dorper, Gulf Coast Native, Navajo Churro, 
and Rambouillet). These relatively high levels would 
indicate that several US populations have adequate 
genetic diversity to continue adapting populations to 
meet breeder/industry goals.

The results suggest the Warhill and Targhee should 
be considered genetically similar to Rambouillet; such 
a conclusion could result in a scaling back of collection 
goals for these populations. Across the analyses, there 
is justification for limiting the acquisition of samples 
for both Suffolk and Hampshire. A possible alternative 
would be to treat the 2 breeds as 1 population. How-
ever, concurrence with the respective breed associations 
is desirable before collection development is altered.

Two hair breeds (Barbados Blackbelly and Saint 
Croix) and hair breed composites (Dorper and Katah-
din) were analyzed. It has been hypothesized that the 
Barbados Blackbelly and Saint Croix are of African 
origin. Muigai et al. (2002) reported that Barbados 
Blackbelly and Saint Croix had a closer association 
with Iberian Peninsula wool breeds rather than African 
hair breeds. Our results placed the Barbados Black-
belly and Saint Croix in a group of breeds known to 
have originated from the Iberian Peninsula (Gulf Coast 
Native, Navajo Churro, Rambouillet). Figure 3 illus-
trates considerable genetic distance between the Bar-
bados Blackbelly-Saint Croix and the Dorper, suggest-
ing differences exist between the fat-rumped/fat-tailed 

Figure 3. Breed placement by the primary principal components, where the variation explained by each principal component was as follows: 
principal component 1 = 24.7%, principal component 2 = 20.4%, and principal component 3 = 16.8%. BB = Barbados Blackbelly; BWM = Black 
Welsh Mountain; COL = Columbia; COT= Costwold; DORP = Dorper; DORS = Dorset; FINN = Finnsheep; GCN = Gulf Coast Native; HAMP 
= Hampshire; HOG = Hog Island; JAC = Jacob; KAR = Karakul; KAT = Katahdin; LELW = Leicester Longwool; LINC = Lincoln; NAVC = 
Navajo Churro; POLY = Polypay; RAMB = Rambouillet; ROMA = Romanov; ROMN = Romney; SCI = Santa Cruz Island; SDN = Southdown; 
STC = Saint Croix; SUFF = Suffolk; TARG = Targhee; TEX = Texel; TUN = Tunis; WAR = Warhill. Color version available in the online PDF.
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breeds of eastern and southern Africa and the other 
hair breeds.

The study quantifies the genetic diversity found in 
the various breeds useful for in situ conservation. Re-
sults indicate there are breeds in need of more intensive 
conservation management than others (e.g., Hog Island, 
Tunis, Karakul, Black Welsh Mountain, Cotswold, and 
Southdown). Of these breeds, Fis for Barbados Black-
belly and Karakul are moderately high (>20%), and 
therefore inbreeding depression may be of concern, 
which has been shown in other species (MacNeil et al., 
1989). In addition, breeds with Fis greater than 15% 
warrant close monitoring and potentially assistance in 
developing in situ conservation management strategies.

Because of the perceived importance of the Hog Is-
land as a breed closely resembling breeds from colonial 
populations, efforts to manage current diversity levels 
are needed. Our results indicate that the Hog Island is 
more limited in genetic variation, based on the average 
number of alleles and observed heterozygosity. Positive-
ly, inbreeding level is not high. But if the need arises 
to broaden the genetic base for this breed, the present 
results suggest the Southdown as the most appropriate 
breed to accomplish that goal, based on its proximity 
to the Hog Island (Figure 3; Appendix Figure A2).

Sheep populations in the United States represent a 
wide variety of breed types that were originally devel-
oped to fulfill varying product or production system 
needs (Ryder, 1964; Wood and Orel, 2001). Molecular 
characterization confirmed the differentiation between 
many of the breed types. Therefore, a relatively broad 
range of ovine genetic resources is present based on 
number of alleles, heterozygosity, and genetic distance 
measures. As a result, these populations may have suf-
ficient genetic diversity for breeders to continue adapt-
ing populations to meet breeder and industry goals. 
This study provided insight and the basis for recom-
mendations concerning in situ and ex situ conservation 
of US sheep breeds that will be employed.
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APPENDIX

Figure A1. a) Mean estimated log-likelihood probabilities for 28 clusters obtained from microsatellite markers in 28 US sheep breeds and b) 
ΔK from the mean log-likelihood probabilities from STRUCTURE runs where inferred clusters (K) ranged from 1 to 28.

Table A1. Number of alleles per locus and percentage of missing data per locus1 

Locus  
(chromosome No.) No. alleles % Missing data Locus (chromosome No.) No. alleles % Missing data

BM1824 (1) 10 4.1 OarAE129 (5) 9 2.9
BM8125 (17) 8 3.3 OarCP34 (3) 8 22.0
DYMS1 (20) 21 3.9 OarCP38 (10) 12 12.7
HUJ616 (13) 23 3.3 OarFCB128 (2) 14 2.7
ILSTS11 (9) 9 17.9 OarFCB193 (11) 17 2.1
ILSTS28 (3) 16 9.5 OarFCB304 (19) 22 6.4
ILSTS5 (7) 12 16.8 OarFCB226 (2) 18 1.8
INRA063 (14) 21 13.0 OarHH47 (18) 15 5.0
MAF209 (17) 12 3.8 OarJMP29 (24) 20 5.5
MAF214 (16) 10 5.0 OarJMP58 (26) 20 1.2
MAF33 (9) 14 1.8 OarVH72 (25) 10 9.8
MAF65 (15) 11 2.6 SRCRSP1 (CHI13) 8 1.1
MAF70 (4) 24 3.6 SRCRSP5 (18) 6 3.3
MCM527 (5) 12 4.7 SRCRSP9 (12) 13 4.2

1Markers not used: MCM140 (6), OarFCB20 (2), BM1329 (6).
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Table A2. Number of private alleles and identification of the alleles per loci unique to a breed 

Breed
Private  
alleles Locus Allele Frequency

Animals with  
private alleles,  

n (% of total sample)

Barbados Blackbelly 1 MAF214 240 0.042 1 (5.5)
Black Welsh Mountain 0 — — — 0 (0.0)
Columbia 2 MAF70 185 0.025 2 (9.5)

OarJMP58 181 0.024
Cotswold 0 — — — 0 (0.0)
Dorper 2 OarFCB128 134 0.045 4 (9.0)

136 0.011
Dorset 3 INRA063 198 0.019 6 (11.1)

INRA063 212 0.038
OarJMP29 136 0.056

Finnsheep 3 MAF70 141 0.079 6 (30.0)
OarCP38 154 0.031
OarJMP58 197 0.026

Gulf Coast Native 4 ILSTS28 178 0.019 6 (20.8)
OarCP38 158 0.017
OarFCB226 177 0.018
OarJMP58 189 0.033

Hampshire 0 — — — 0 (0.0)
Hog Island 3 OarFCB204 207 0.087 4 (12.5)

SRCRSP9 133 0.025
SRCRSP9 151 0.025

Jacob 1 SRCRSP9 149 0.022 1 (4.2)
Karakul 1 HUJ616 159 0.026 1 (5.3)
Katahdin 3 BM8125 126 0.017 2 (10.3)

DYMS1 193 0.017
OarFCB226 179 0.017

Leicester Longwool 3 ILSTS11 290 0.034 4 (11.4)
OarHH47 136 0.019
OarJMP58 131 0.034

Lincoln 1 OarAE129 161 0.029 1 (5.3)
Navajo Churro 4 MAF70 187 0.018 4 (12.9)

OarAE129 183 0.016
OarFCB128 120 0.017
OarFCB193 123 0.017

Polypay 1 DYMS1 223 0.063 2 (5.9)
Rambouillet 4 HUJ616 154 0.011 4 (8.7)

ILSTS28 162 0.012
MAF65 134 0.011
MCM527 175 0.011

Romanov 2 OarCP38 130 0.036 5 (8.3)
OarFCB226 149 0.083

Romney 1 INRA063 214 0.063 2 (5.0)
Santa Cruz Island 0       0 (0.0)
South Down 0       0 (0.0)
St. Croix 1 SRCRSP5 164 0.038 1 (3.8)
Suffolk 2 BM1824 198 0.021 2 (7.7)

MCM527 182 0.020
Targhee 0       0 (0.0)
Texel 5 DYMS1 179 0.028 4 (25.0)

ILSTS28 176 0.031
ILSTS5 232 0.038
OarAE129 185 0.028
OarJMP29 150 0.056

Tunis 3 MAF209 151 0.615 10 (21.4)
MAF33 147 0.038
SRCRSP1 143 0.154

Warhill 3 ILSTS28 144 0.022 4 (11.5)
MAF70 145 0.022
OarJMP29 142 0.300
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Figure A2. Nei’s neighbor joining tree (1,000 bootstraps).
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