
Introduction

The horse breeds that have suffered a substantial

decline in population size may have elevated lev-

els of inbreeding, resulting in an inbreeding de-

pression and increased risk of extinction (Hedrick

and Miller 1994). Bi³goraj horses form one of

the smallest populations of primitive horse breeds

existing in Poland. They derive from wild horses

kept in the Zamojski Gardens near the town of

Bi³goraj. These horses closely resemble the primi-

tive horses once living in the area of Poland.

In the 1920s the Bi³goraj population was used as

a basis for restoring the Forest Tarpan. At present

the only conservation stud of Bi³goraj horses is

found in the Janowski Forest Park. The main

breeding purpose of Bi³goraj horses is to preserve

the endemic type of primitive horses, kept in

the open area and subjected to special training sys-

tems (Kaproñ 1999). Because of the small size of

the isolated Bi³goraj population, a decline in their

genetic variation and possible extinction are dis-

cussed.

In this study, genetic variability of these primitive

horses was evaluated in 12 microsatellite loci

(AHT4, AHT5, ASB2, HMS2, HMS3, HMS6,

HMS7, HTG4, HTG6, HTG7, HTG10, VHL20)

and compared to a group of Polish Thoroughbred

and native Ma³opolski horses. Thoroughbred race-

horses are the fastest horses in the world, so they

are widely used to improve many breeds and util-

ity types of horses. They are characterized by

a narrow genetic base, as their foundation stock

numbered only 80 horses, with 21 contributing

80% of the pedigree of modern Thoroughbred

horses (Cunningham 1991). This was additionally

described with the use of 13 microsatellite loci and

Thoroughbred pedigree data by Cunningham et al.

(2001). The breeding history of Thoroughbreds in

Poland started with the import of Thoroughbred

stallions in the mid-19 th century. From the very

beginning, Thoroughbred stallions were broadly
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used in improvement crossings and exerted a great

influence on the utility types of local Silesian

horses and other native horse breeds in Poland.

One of the breeds widely crossed with Thorough-

bred stallions are Ma³opolski horses. Beside

horses of the half-bred type, the majority of

the Ma³opolski population is formed by the prog-

eny of native mares derived from original

Ma³opolski families, still being covered by a great

number of Thoroughbred and Anglo-Arab stal-

lions. As a result, Ma³opolski horses form a large

and very dynamic population, which may reveal

a significantly higher variability than breeds with

a closed studbook, such as Thoroughbreds. Using

potential differences in the level of genetic varia-

tion between Thoroughbred and Ma³opolski

horses, an attempt was made in this study to evalu-

ate the genetic variability of the primitive Bi³goraj

horses.

Material and methods

Blood samples were taken from 45 Bi³goraj (B)

horses freely kept in the Janowski Forest Park,

50 horses registered in the Ma³opolski (M)

studbook, from the Walewice and Janów Podlaski

studs, and 50 Thoroughbred (T) horses from

the Strzegom, Moszna and Stubno studs (Table 1).

The Ma³opolski horses from Walewice and Janów

are Anglo-Arabs deriving from female Ma³o-

polski lines, where mares were crossed with An-

glo-Arab and Thoroughbred stallions. Seven

individuals are the progeny of one Arabian stal-

lion. Variation was studied in loci of 12 micro-

satellite sequences included in a horse DNA

typing kit used for parentage verification: AHT4,

AHT5, ASB2, HMS2, HMS3, HMS6, HMS7,

HTG4, HTG6, HTG7, HTG10 and VHL20 (PE

Applied Biosystems, Foster City, CA). Genomic

DNA prepared from blood (Kawasaki 1990) was

amplified in two PCR multiplex reactions.

All PCR conditions were the same as described in

the protocol of Stock Marks for Horse PCR-typing

Kit (PE Applied Biosystems, Foster City, CA).

PCR products were electrophoresed on 4%

polyacrylamide gel in an automated ABI 377

DNA sequencer. DNA fragment sizes were deter-

mined with GeneScan 2.1 software and the geno-

types of horses were established using Genotyper

2.0 software. Estimation of allele frequency

and the exact test for the presence of the Hardy-

Weinberg (H-W) equilibrium following

the method of Guo and Thompson (1992) were

made using the TFPGA program (Miller 1997).

Expected and observed numbers of genotypes

were compared in three genotype classes: homo-

zygotes for the most common allele, heterozy-

gotes for the most common allele, and all other

genotypes jointly. The possibility of a recent ge-

netic bottleneck, mainly in the Bi³goraj popula-

tion, was evaluated with the Bottleneck program

(Cornuet and Luikart 1996). The assumption was

the degree of differences between observed

and expected heterozygosity under a strict step-

wise mutation model for microsatellite loci.

For statistical evidence of the bottleneck, the Wil-

coxon sign-rank test was used together with evalu-

ation of allele frequency distribution in each

breed. The amount of variation in each population

was measured with the average number of alleles

per locus and observed (Ho), and expected (He)

heterozygosity (Nei 1978) calculated with

the MSA program (Dieringer and Schlötterer

2002). The statistical differences between mean

Ho and He values were estimated with the use of

the F test implemented in Microsoft Excel. Ge-

netic differentiation within and between the stud-

ied horse populations was measured with

the fixation coefficients (Fis and Fst) calculated ac-

cording to Weir and Cockerham (1984) using

the FSTAT program (Gaudet 1995). The Fis esti-

mator was used as an inbreeding coefficient by

evaluating the genetic equilibrium state in

the studied populations. The pairwise Fst coeffi-

cient and two types of genetic distance Nei’s stan-

dard genetic distance D (1978) and (µ)2 Ddm

distance derived by Goldstein et al. (1995) were

used to demonstrate the genetic differences be-
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Table 1. Population structure of Ma³opolski (M),

Bi³goraj (B) and Thoroughbred (T) horses

Population parameter M B* T**

No. of individuals 50 45 50

No. of males 14 22 16

No. of females 36 23 34

No. of fathers 17 7 31

No. of mothers 41 16 42

Maximal size of paternal families 8 14 5

Maximal size of maternal families 9 8 2

Approx. size of breeding stock 1700 unknown 2000

* two horses derived from inbred matings

** 31 horses were unrelated



tween investigated horse groups. Calculations of

distance measures were performed with the MSA

program (Dieringer and Schlötterer 2002).

Results

Electrophoretic separation exhibited 78, 72 and

63 microsatellite alleles in Ma³opolski, Bi³goraj

and Thoroughbred horses, respectively. All alleles

and their frequency in particular breeds are

presented in Table 2. In the microsatellite pool of

studied primitive horses, we distinguished

a number of variants with higher frequencies

(AHT4-I and -M; AHT5-I and -O; ASB2-F, -M

and -P; HMS2-H and -R; HTG7-M; VHL20-O, -P,

-Q and -R), which in Ma³opolski and Thorough-

bred horses had extremely low frequencies (below

0.1) or were not detected. In the same way, a group

of characteristic alleles can be identified in both

modern horse breeds (AHT4-J and -O; HMS3-I;

HMS7-M and -O; HTG10-I; HTG4-K; HTG6-J;

HTG7-N; VHL20-L and -N), with no occurrence

or very low frequency in Bi³goraj horses. The exact

test for the presence of the Hardy-Weinberg

equilibrium showed deviation at locus HTG10 in

Ma³opolski (p < 0.05) and Bi³goraj horses (p < 0.01),

as the number of observed homozygous genotypes

significantly exceeded the expected number

calculated from the Hardy-Weinberg rule (data not

shown). Significant deviation of the Fis values

from 0, indicating heterozygosity deficiency, was

observed for one marker (HTG10) in the Ma³opolski

population and for two markers in Bi³goraj horses
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Table 2. Frequency of alleles in 12 microsatellite loci in Ma³opolski (M), Bi³goraj (B) and Thoroughbred (T) horses

Locus Breed
Allele

A D F G H I J K L M N O P Q R S

AHT4 M 0.13 0.02 0.39 0.28 0.02 0.16

B 0.38 0.15 0.07 0.09 0.19 0.05 0.07

T 0.22 0.23 0.12 0.43

AHT5 M 0.27 0.34 0.01 0.24 0.11 0.03

B 0.2 0.21 0.12 0.1 0.33 0.01 0.02 0.01

T 0.18 0.45 0.23 0.05 0.08 0.01

ASB2 M 0.04 0.01 0.01 0.31 0.06 0.18 0.02 0.02 0.2 0.15

B 0.08 0.1 0.15 0.25 0.19 0.21 0.02

T 0.01 0.01 0.18 0.09 0.08 0.16 0.08 0.19 0.2

HMS2 M 0.07 0.09 0.15 0.53 0.12 0.01 0.02

B 0.47 0.28 0.12 0.14

T 0.04 0.01 0.03 0.23 0.62 0.07

HMS3 M 0.42 0.01 0.22 0.05 0.1 0.13 0.07

B 0.48 0.08 0.14 0.2 0.02 0.08

T 0.44 0.15 0.04 0.09 0.26 0.02

HMS6 M 0.21 0.19 0.16 0.01 0.43

B 0.22 0.39 0.15 0.04 0.06 0.12 0.01 0.01

T 0.06 0.02 0.39 0.01 0.52

HMS7 M 0.12 0.09 0.24 0.16 0.14 0.22 0.01

B 0.18 0.6 0.21 0.01

T 0.14 0.14 0.32 0.24 0.16

HTG4 M 0.42 0.06 0.31 0.11 0.1

B 0.07 0.09 0.66 0.17

T 0.58 0.38 0.04

HTG6 M 0.29 0.02 0.38 0.01 0.29 0.01

B 0.27 0.05 0.08 0.55 0.04 0.01

T 0.34 0.46 0.04 0.13 0.03

HTG7 M 0.05 0.26 0.66 0.03

B 0.27 0.19 0.06 0.4 0.08

T 0.15 0.41 0.44

HTG10 M 0.34 0.16 0.01 0.16 0.11 0.02 0.05 0.16

B 0.09 0.18 0.35 0.14 0.07 0.17

T 0.37 0.13 0.05 0.23 0.12 0.02 0.08

VHL20 M 0.23 0.1 0.35 0.13 0.08 0.02 0.09

B 0.18 0.16 0.11 0.15 0.18 0.22

T 0.21 0.16 0.39 0.2 0.04



(HTG10 and ASB2). Heterozygosity excess,

reflected in the significant negative Fis values, was

observed for HTG4 and AHT5 in the Bi³goraj

population and AHT4 in Ma³opolski horses

(Table 3). The mean estimates of Fis were not

significant in any of the studied horse populations.

Similarly, no significant results were obtained in

the Wilcoxon sign rank test for the presence of

a recent bottleneck in the investigated populations.

This was consistent with the normal L-shaped

distribution of allele frequency in each breed (data

not shown) because of the presence of rare alleles

contributing to the allelic diversity. The average

number of alleles per locus, reflecting allelic

diversity and the gene diversity expressed as

average heterozygosity values, were the highest

for the Ma³opolski population and the lowest for

Thoroughbreds (Table 4). The F test showed no

significant differences between the observed gene

diversity (averaged Ho values) and the expected

equilibrium gene diversity (averaged He values) in

all horse groups.

The mean Fst value describing the differentiation

of the studied populations indicated that about 10%

of the total genetic variation are explained by

differences between breeds, with the remaining 90%

corresponding to differences among individuals

(Table 3). The pairwise Fst coefficients reached

0.029 between Ma³opolski and Thoroughbred,

0.019 between Ma³opolski and Bi³goraj, and 0.160

between Bi³goraj and Thoroughbred horses. Thus,

from 2.9 to 16% of the microsatellite variability is

explained by the subdivision of the population.

Standard Nei’s genetic distance values ranged from

0.069 between Ma³opolski and Thoroughbred

horses to 0.449 between Bi³goraj and Thorough-

breds (Table 5). Goldstein’s distance measure

expressed similar relationships between all

investigated breeds, ranging from 0.455 to 2.397,

respectively, for the same pairwise breed

combinations (Table 5).

Discussion

The internal genetic structure of the investigated

horse breeds revealed a decreased allelic diversity

for 12 microsatellites in relation to horse popula-

tions described in the literature (Vega-Pla et al.

1998; Canon et al. 2000; Z¹bek et al. 2003).

The reason for this situation could be the smaller

sample size of the studied populations in compari-

son to other studies in the case of the investigated

Thoroughbred group (except Z¹bek et al. 2003)

and also the greater contribution of related indi-

viduals, especially in the investigated populations

of Bi³goraj and Ma³opolski horses. Apart from

the limited sample size, some limitation of

the gene pool in the 12 microsatellite loci is natu-

ral for Thoroughbreds because of the limited num-

ber of founder ancestors and the pure-breeding

scheme (Cunningham et al. 2001). In the case of
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Table 3. Within-population inbreeding estimates (Fis)

for Ma³opolski (M), Bi³goraj (B) and Thoroughbred (T)

horses and Fst coefficient of differentiation

Locus
Fis

Fst

M B T

AHT4 –0.147* –0.039 0.038 0.120

AHT5 –0.016 –0.137* 0.015 0.081

ASB2 0.103 0.240* –0.079 0.053

HMS2 0.012 0.077 0.109 0.139

HMS3 0.038 0.036 –0.066 0.107

HMS6 –0.090 0.029 –0.176 0.125

HMS7 –0.011 –0.151 0.081 0.111

HTG4 –0.089 –0.204* 0.005 0.151

HTG6 –0.067 –0.034 0.061 0.103

HTG7 –0.166 –0.093 –0.062 0.103

HTG10 0.175* 0.255*** –0.107 0.060

VHL20 –0.089 –0.005 –0.022 0.063

Mean –0.022 0.009 –0.018 0.100

*P < 0.05, ***P < 0.001, from permutation test in FSTAT program

Table 4. Genetic variation estimates for Ma³opolski

(M), Bi³goraj (B) and Thoroughbred (T) horses: mean

allele number per locus, mean observed (Ho)

and expected (He) heterozygosity

Breed
Mean allele

number
Ho He*

M 6.5 0.747 0.731

B 5.8 0.711 0.720

T 5.45 0.698 0.686

* Unbiased estimate (Nei 1978)

Table 5. Measures of genetic distance between

Ma³opolski (M), Bi³goraj (B) and Thoroughbred (T)

horses

Breed M B T

M – 1.311 Ddm 0.455 Ddm

B 0.356 D – 2.397 Ddm

T 0.069 D 0.449 D –

D = Nei’s (1978) standard genetic distance

Ddm = genetic distance derived by Goldstein (1995)



Bi³goraj horses, the smaller allelic diversity might

result from an increase in closely related matings,

connected with the limited number of individuals

in captive breeding conditions. The mean number

of alleles per microsatellite locus for the Bi³goraj

population is close to that observed in the endan-

gered Asturcon Pony breed described by Canon

et al. (2000), which suffered from a bottleneck in

the past, and to that in Czech Warm Blood horses,

which in the study of Hamanova et al. (2001) num-

bered only 18 individuals.

Large differences in the frequencies and occur-

rence of many microsatellite alleles between

Bi³goraj horses and the two other horse groups re-

flect substantial differences in the gene pool spe-

cific for primitive and modern horse breeds. Other

allele frequencies and coincidence of many alleles

in Ma³opolski and Thoroughbred horses is a result

of the great influence of Thoroughbreds on

the current Ma³opolski population.

Results of the exact test and the mean Fis values

indicate that all investigated populations are

generally in the H–W equilibrium. The mean

estimates of Fis were not significant in all horse

populations, indicating that they are not affected

by reduction of variation. The significant

heterozygosity deficiency for locus HTG10 in

the Ma³opolski population would result from

a greater degree of relatedness in the collected

material. After evaluation of segregation patterns

between related individuals, some genotyping errors

in this locus were excluded as the possible reason for

this deficiency. The observed excess in locus AHT4

in this breed would illustrate a population substruc-

ture, being most probable in the Ma³opolski

population, where a number of foreign breeds

contribute to the matings. In contrast, such

a significant loss of heterozygosity at two marker

loci and heterozygosity excess in the other

two loci in a small isolated population of Bi³goraj

horses may signify that their gene pool could have

undergone rapid unexpected changes, which may

lead in the worst case to inbreeding depression.

The results of the statistical test based on

12 microsatellite loci for the presence of a recent

genetic bottleneck do not indicate that such

an event occurred in this feral horse breed.

However, because of the small number of

individuals involved in reproduction, some

inbreeding must take place. In fact, two cases of

horses derived from inbred matings were detected

in the studied population.

Considering data from the literature, mean

heterozygosity values calculated for the Bi³goraj

population are moderate and equal to the averaged

12 microsatellite heterozygosity detected in popu-

lations of primitive horse breeds, like Hutsul

(Hamanova et al. 2001), Menorquina, Jaca

Navarra (Canon et al. 2000) and Newfoundland

Pony (Beharra et al. 1998). These values are also

close to the mean heterozygosity for breeds im-

proved with Thoroughbred horses, like the investi-

gated Ma³opolski horses or the current population

of Silesians and Oldenburgs (Z¹bek et al. 2003),

and a large population of American Quarter horses

(Bowling et al. 1997). The observed heterozygosity

(Ho) was comparable to the expected heterozygosity

(He) calculated from allelic diversity, which indi-

cates no loss of variation in Bi³goraj horses.

When a population experiences a reduction in effec-

tive size and a decline in variation, rare alleles tend to

be lost from the gene pool and the heterozygosity

calculated from allelic diversity is lower than the ob-

served heterozygosity, while rare alleles contribute

little to the heterozygosity (Cournet and Liukart

1996; Cunningham et al. 2001). This was the case for

endangered populations of Asturcon Pony (Canon

et al. 2000), where the observed heterozygosity (Ho)

was substantially higher than the expected equilib-

rium heterozygosity (He). One possible factor in

the maintenance of genetic variation in the current

Bi³goraj population could be the instinctive avoid-

ance of matings of closely related individuals that

might be expected in such a small population.

However, inbred matings occur in the freely kept

Bi³goraj population and more careful management

of these primitive horses is needful, together with

a continuous population study for planning breed-

ing strategies. The lowest heterozygosity values for

Thoroughbred horses reflected the narrow genetic

base of the current population of this breed and are

close to data for Thoroughbred populations investi-

gated by others (Canon et al. 2000; Cunningham

et al. 2001; Z¹bek et al. 2003) and also to data for

other breeds with closed studbooks, like Lipizzan

horses (Achmann et al. 2004).

Obtained Fst values are moderate, being typical

for differentiation observed between geogra-

phically isolated horse populations and within

breeds (Canon et al. 2000; Bjornstadt et al. 2003;

Aberle et al. 2004). The low pairwise Fst and

distance values between Ma³opolski and

Thoroughbred horses result from the great

contribution of Thoroughbred stallions to

crossbred matings in the Ma³opolski breed.

The greater distances and Fst values between

Bi³goraj and the other two breeds is indicative of

the isolation of Bi³goraj from those two breeds but

Genetic variation of Bi³goraj horses 303



also their distant relationship. Fst between Bi³goraj

and the two other horse breeds are close to

pairwise Fst values between native Spanish pony

breeds and Thoroughbred horses (Canon at al.

2000), whereas they are greater than Fst between

most divergent subpopulations of Lipizzan horses

(Achmann et al. 2004). Also Nei’s standard

distance between Bi³goraj and each of the other

investigated horse breeds are greater than

distances between the most divergent breeds of

German heavy horses (Aberle et al. 2004) and

between Thoroughbreds and Silesian horses with

old Oldenburg pedigrees (Müller-Eckert et al.

1999; Z¹bek et al. 2003). This would mean that

Bi³goraj horses have preserved a great part of their

own gene pool in the captive breeding conditions.

Conclusions

The present study indicated no substantial loss of

genetic variability of the investigated Bi³goraj

population, but the limitation of their gene pool in

microsatellite loci was revealed as a result of in-

breeding events occurring in such a small popula-

tion. Comparative analysis of genetic structure

and genetic distance, determined between all

horse groups, showed great dissimilarity of ge-

netic make-up of Bi³goraj horses in comparison to

other breeds investigated. Since the size of their

population is unknown, introduction of careful

management of these primitive horses is needed to

avoid the potential increase in inbreeding.
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