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ABSTRACT

The study was aimed at investigating the genetic structure of the Bardigiano horse and its relationships 
with the Haflinger, Maremmano and Arabian breeds using 11 microsatellite markers. A total of 94 alleles 
were detected across the breeds, with a mean of 8.5 alleles per locus and a mean observed heterozygos-
ity of 0.69. Compared to the other breeds, the Bardigiano horse showed quite a high genetic variability, 
as indicated by the mean number of alleles (7.0 vs 6.1÷7.6) and by the observed heterozygosity (0.72 
vs 0.66÷0.71). Moreover, the genotype distributions in the Bardigiano groups of different sex and age 
were not significantly different. The overall FST value showed that the genetic differences among breeds 
accounted for 7.8% (P=0.001) of the total variation, and the pairwise FST values were all significant. The 
assignment test allocated between 96.8 and 98.9% of the individuals to the population they were col-
lected from, with a mean probability of assignment of about 97% for all breeds, except for the Arabian, 
where it approached 100%.
The results have highlighted that the Bardigiano breed has a high within and between breed variability, 
which is considerably more than could be expected by looking at its evolution history. This justifies the 
need for the development of additional breeding strategies to preserve the existing genetic variability.

Key words: Horse, Bardigiano, Genetic characterization, Microsatellites.

RIASSUNTO

CARATTeRIZZAZIONe GeNeTICA DeL CAvALLO BARDIGIANO 
MeDIANTe MARCATORI MICROSATeLLITI

E’ stata analizzata la struttura genetica del cavallo Bardigiano mediante 11 marcatori microsatelliti e ne 
è stata valutata la variabilità, anche in relazione alle razze Aveglinese, Maremmana e Araba. L’analisi ha 
evidenziato per la razza Bardigiana una soddisfacente variabilità, come indicato dai valori piuttosto elevati 
sia per numero di alleli (Na=7,0; Ne=3,6), che per grado di eterozigosi (Ho=0,72; He=0,71). Inoltre, 
nell’ambito della razza, non si sono rilevate differenze per questi parametri fra maschi e femmine, situa-
zione che rappresenta un buon presupposto per il mantenimento della variabilità presente. Il confronto dei 
soggetti più giovani (nati dal 2003) con quelli più vecchi (nati entro il 1996) fa intravedere la tendenza, sia 
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pur non significativa, ad una riduzione di variabilità (Ho: 0,68 vs 0,73; He: 0,67 vs 0,69), il che suggerisce 
di porre particolare attenzione alla gestione genetica della razza. I valori di FST per le razze considerate a 
coppie sono risultati tutti significativi, evidenziando che il Bardigiano presenta una elevata originalità ge-
netica, soprattutto rispetto all’Arabo, ma anche nei riguardi sia della razza Maremmana, di cui si riteneva 
fosse una “sotto-razza”, sia dell’Aveglinese, utilizzata come razza incrociante nella prima metà del secolo 
scorso. La notevole differenziazione genetica ha permesso anche la corretta assegnazione di un’alta per-
centuale di individui alla razza di appartenenza (96,8%÷98,9%). La probabilità media di assegnazione è 
stata anch’essa molto elevata, collocandosi intorno al 97%, ad eccezione della razza Araba, per la quale si 
avvicina al 100%. Nel complesso, i risultati hanno messo in evidenza che la razza Bardigiana possiede una 
variabilità genetica entro e tra razze molto più elevata di quanto si potesse ritenere in base alla sua storia 
evolutiva, delineando una situazione favorevole per lo sviluppo di ulteriori programmi di miglioramento.

Parole chiave: Cavallo, Bardigiano, Caratterizzazione genetica, Microsatelliti.

Introduction

The conservation of biodiversity still re-
mains an important concern. Despite world-
wide efforts following the Convention on 
Biological Diversity held in 1992, about one 
third of all livestock breeds are threatened 
by extinction (FAO, 2000). Horses are a com-
ponent of global animal diversity and are 
suffering a progressive reduction of their 
genetic variability, just like other domestic 
species.

The Bardigiano horse (Cavallo Bar-
digiano, 2007) is one of the Italian autoch-
thonous populations of limited size, clas-
sified in the subgroup of South European 
ponies and considered by some Authors as a 
variety of the Maremmana breed. In the ear-
ly 20th century the Bardigiano breed under-
went introgression, mainly from the Haflin-
ger. By the end of the Second World War, the 
population size declined progressively to 
5 stallions and 150 mares. In the 1970s a 
conservation programme was started with 
the establishment of the Studbook in 1977. 
At present the breed numbers about 3,240 
head in Italy and a few dozen in Germany 
and Hungary, where national Associations 
were established in 2003. The selection 
is aimed at obtaining a taller and lighter 
horse, suitable for saddle and light draught. 
Since 1992 a grading-up programme with 
the Arabian horse has been implemented in 

order to improve the saddle purpose and the 
results are under evaluation.

Although the Bardigiano breed is no long-
er in danger of extinction, its limited popu-
lation size suggests the need for adequate 
genetic programmes in order to avoid the 
risk of an excessive reduction of variabil-
ity. The aim of this study is to describe the 
genetic structure of the Bardigiano horse 
and to compare it with breeds linked to its 
history, in order to evaluate its genetic dif-
ferentiation and to provide tools for decision 
making.

Material and methods

The study was carried out on 103 pure-
bred Bardigiano horses (48 females and 55 
males), born in the period 1980-2005. Indi-
viduals from Arabian (155), Haflinger (104) 
and Maremmano (91) breeds were also in-
cluded in the study. The animals of each 
breed had no parents in common.

DNA samples, extracted from blood or 
hair roots, were amplified in a single mul-
tiplex for eleven internationally recogni-
zed microsatellites (AHT4, AHT5, ASB2, 
HMS2, HMS3, HMS6, HMS7, HTG4, HTG7, 
HTG10, VHL20), as described in Blasi et al. 
(1999).

The Hardy-Weinberg equilibrium for 
each locus-breed combination and the link-
age disequilibrium for loci pairs across 
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populations were tested with the FSTAT 
program (Goudet, 1995). Allele frequencies, 
as well as observed and expected heterozy-
gosity were computed using the GENETIX 
package (Belkhir et al., 1998). The observed 
and effective number of alleles per locus 
were estimated with the POPGENE soft-
ware version 1.32 (Yeh et al., 1999). The dif-
ferences between breeds for the number of 
alleles and heterozygosity were evaluated 
using an F-test. The genotype distributions 
in the Bardigiano groups of different sex 
and age were compared using the GENEP-
OP software (Raymond and Rousset, 1995). 
FIS statistics for each breed across loci were 
also computed with the FSTAT program 
(Goudet, 1995), testing the statistical sig-
nificance with permutation tests. The be-
tween-breeds differentiation was estimated 
by the pairwise FST, using the GENETIX 
software (Belkhir et al., 1998). In addition, 
both the Principal Component Analysis, 
with the PCA-GEN software (Goudet, 1995), 
applying 1000 randomization for testing, 

and the Factorial Correspondence Analysis, 
with the GENETIX package (Belkhir et al., 
1998), were performed. The GENECLASS2 
software (Piry et al., 2004) was employed for 
breed assignment, using the Bayesian op-
tion, which has been shown to perform bet-
ter (Cornuet et al., 1999).

Results and discussion

Microsatellite characteristics
Prior to other analyses, two basic assump-

tions were tested in order to verify the suit-
ability of the considered markers for popu-
lation studies: the independent assortment 
of the loci and their selective neutrality. For 
the first assumption, the markers included 
in the study were on different chromosomes, 
and therefore physically independent, ex-
cept for HMS6 and HTG7, both on chro-
mosome 4, and HMS3 and HTG4, both on 
chromosome 9. The test for linkage disequi-
librium gave P values of 0.12 and 0.49 for 
the two pairs respectively, indicating that 

Table 1. Descriptive statistics of the markers used.

Locus Chr Size range Na Ne Ho He

AHT4 24 148-168 10 5.1 0.79 0.80

AHT5 8 130-144 8 5.4 0.76 0.81

ASB2 15 222-256 14 5.5 0.68 0.82

HMS2 10 218-238 9 4.4 0.74 0.77

HMS3 9 152-170 8 4.4 0.70 0.77

HMS6 4 159-171 7 3.8 0.68 0.73

HMS7 1 173-185 7 4.8 0.67 0.79

HTG4 9 129-139 6 3.3 0.64 0.70

HTG7 4 120-130 5 2.1 0.50 0.52

HTG10 21 91-113 11 5.8 0.72 0.83

vHL20 30 89-107 9 7.8 0.75 0.87

Mean 8.5 4.7 0.69 0.77

Chr=chromosomal location; Na=number of observed alleles; Ne=number of effective alleles; Ho=observed hete-
rozygosity; He=expected heterozygosity.
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the concerned loci are not linked. For the se-
lective neutrality assumption, the microsat-
ellite loci in themselves are considered to be 
neutral, but, if linked to selected loci, might 
lead to biased estimates of the population 
structure. Selection can be seen by compar-
ing the observed genotype distributions to 
the expected Hardy-Weinberg equilibrium. 
None of the deviations from the equilibrium, 
estimated for each locus-breed pair by us-
ing FIS statistics, were significant, thereby 
suggesting that the 11 microsatellites were 
neutral markers. Based on these results, all 
the microsatellites were considered suitable 
for further analyses.

A total of 94 alleles were detected across 
breeds, with a mean of 8.5 alleles per locus 
(Table 1). The number of observed alleles at 
individual loci was highly variable, ranging 
from 5 (HTG7) to 14 (ASB2). Similarly, a 
high variability for the number of effective 
alleles and for its deviation from the number 
of observed alleles was found, reflecting dif-
ferences in the allele distribution. The mean 
observed and expected heterozygosities 
were 0.69 (0.50÷0.79) and 0.77 (0.52÷0.87), 
respectively.

Breed structure
All the breeds were polymorphic for the 

analysed markers (allele frequencies avai-
lable from the first Author) and exhibited 
a similar level of within-breed variability 

(Table 2). The only significant difference 
(P=0.036) was found in the observed number 
of alleles between the Haflinger and Marem-
mano. The FIS values showed a significant 
deficiency of heterozygotes in the Arabian. 
This is not surprising, because, compared 
to other breeds, the Arabian horse has been 
subjected to a more intense selection, which 
has led to an increase in the inbreeding le-
vel. On the other hand, the low variability of 
the Arabian horse has already been shown 
in most studies, despite differences in type 
and number of markers used (Aberle et al., 
2004; Glowatzki-Mullis et al., 2005; Marlet-
ta et al., 2006; Vega-Pla et al., 2006).

The genetic structure of the Bardigiano 
breed was further investigated in relation 
to sex and age (Table 3). Females showed 
higher values for all the diversity param-
eters, but the differences were not signifi-
cant, as confirmed by the analysis of the 
genotypic differentiation over loci (P=0.40). 
This result could depend on the fact that the 
number of males in the breed is not exceed-
ingly low, representing about 7.8% of the 
breeding population (Cavallo Bardigiano, 
2007). Considering the impact of males in 
determining the genetic structure of the 
following generations, this situation is a fa-
vourable condition for the maintenance of 
the existing variability. Similarly, the geno-
type distributions in animals of different 
age (born before 1996 and after 2003) did 

Table 2. Within-breed variability.

Breed Na Ne Ho He FIS

Bardigiano 7.00 (1.41) 3.60 (0.90) 0.72 (0.08) 0.71 (0.08) -0.017

Arabian 6.46 (1.81) 3.58 (0.96) 0.67 (0.11) 0.70 (0.11) 0.045*

Haflinger 6.09 (1.51) 3.64 (1.03) 0.69 (0.09) 0.71 (0.09) 0.027

Maremmano 7.64 (1.91) 3.98 (1.04) 0.72 (0.10) 0.73 (0.08) 0.027

Na=number of observed alleles; Ne=number of effective alleles; Ho=observed heterozygosity; He=expected hete-
rozygosity. Standard deviation in brackets.
*: P<0.05.
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not show significant differences (P=0.21), 
but a trend was observed towards a reduc-
tion of variability, despite the short period 
considered. This finding is far from critical, 
but should be taken into consideration in 
future breeding plans, in the light of genea-
logical data results, which indicate a pro-
gressive increase of the inbreeding level in 
the breed (Sabbioni et al., 2005).

Breed differentiation
The analysis of the genetic subdivision 

showed that the genetic differences between 
breeds accounted for about 8% of the total 
variation (FST=0.078; P=0.001). This esti-
mate is identical to those reported by Cañón 
et al. (2000) and Marletta et al. (2006), who 
studied Spanish Celtic breeds and western 
Mediterranean breeds with a set of mark-
ers similar to that used in the present study, 
but lower than the FST values obtained with 
different markers in other studies on Euro-
pean breeds (Aberle et al., 2004; Glowatzki-
Mullis et al., 2005; Vega-Pla et al., 2006).

The pairwise FST values were significant 
for all the comparisons (P<0.01) and indicate 
that the Bardigiano breed has a high ge-
netic originality, not only with respect to the 
Arabian breed (FST=0.1370), but also with 
respect to the Maremmano (FST=0.0748) 
and Haflinger (FST=0.0735) breeds. This re-
sult is rather unexpected, considering the 
relatively short evolution time, the small 
geographic scale and the historical relation-

ships among these breeds. The establish-
ment of the Herdbook, which limited the 
gene flow between the Bardigiano and the 
other breeds, is likely to have contributed to 
the present genetic differentiation.

The Principal Component Analysis (PCA), 
based on FST statistics, graphically illustrates 
the relationships among breeds, by condens-
ing the information from a large number 
of alleles and loci into a few synthetic vari-
ables (Figure 1). The first two dimensions 
accounted for 61% and 23% of the genetic 
variance, respectively. The Bardigiano breed 
was significantly separated from the Arabian 
(P<0.01), which supports the hypothesis of 
their reproductive isolation; it was also dif-
ferentiated from the Haflinger and Marem-
mano breeds, but to a lesser extent, suggest-
ing a possible common origin or past genetic 
admixture. The results of the Factorial Cor-
respondence Analysis (not reported), which 
shows the individuals as a cloud of points in 
a metric space, confirmed the results of the 
PCA and highlighted little overlapping of in-
dividuals belonging to different breeds.

Breed assignment
For each individual the probability of 

assignment to each sampled breed was cal-
culated. Between 96.8 and 98.9% of the in-
dividuals were assigned to the population 
they were collected from, with a mean pro-
bability of assignment of about 97% for all 
breeds, except for Arabian, where it approa-

Table 3. Bardigiano variability according to sex and age.

Factor Groups Na Ne Ho He

Sex
Males 6.4 (1.3) 3.5 (0.9) 0.69 (0.08) 0.70 (0.08)

Females 6.5 (1.5) 3.7 (1.0) 0.75 (0.10) 0.71 (0.09)

Age
Born before 1996 5.6 (1.5) 3.6 (1.2) 0.73 (0.13) 0.69 (0.11)

Born after 2003 5.8 (1.4) 3.3 (1.1) 0.68 (0.11) 0.67 (0.10)

Na=number of observed alleles; Ne=number of effective alleles; Ho=observed heterozygosity; He=expected hete-
rozygosity. Standard deviation in brackets.
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ched 100% (Table 4). Probabilities of correct 
assignment of 62% to 97% were reported for 
different horse breeds tested with different 
sets of markers (Cañón et al., 2000; Bjørn-
stad and Røed, 2001; Achmann et al., 2004). 
The high precision obtained in the present 
study is likely to depend on the number 
of markers used, but even more so, on the 
high level of genetic differentiation among 
breeds. In fact, Bjørnstad and Røed (2002) 
demonstrated that the assignment preci-
sion is highly correlated with FST; also the 
number of loci correlates with the assign-

ment performance, even though it becomes 
a less stringent factor when at least 10 loci 
are scored. The relatively high number of 
individuals sampled per breed might have 
contributed to the precision of assignment, 
but only to a certain extent, because the 
sample size was shown not to be a critical 
factor, as long as moderately large sample 
sizes (≥20 animals per population) are used 
(Bjørnstad and Røed, 2002).

It is interesting to highlight that the two 
Bardigiano individuals incorrectly assigned 
were attributed to the Haflinger and Ma-

Table 4. Breed assignment.

Breed
Individuals correctly 

assigned (%)
Mean probability 

of assignment (%)
Misassignment to

Bardigiano 98.1 97.2 Haflinger / Maremmano

Arabian 96.8 99.7 Maremmano

Haflinger 98.1 97.1 Bardigiano

Maremmano 98.9 97.5 Arabian

BARDIGIANO

MAREMMANO

ARABIAN

HAFLINGER

0

Figure 1.  Principal Component Analysis.
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remmano, while two Haflinger individuals 
were attributed to the Bardigiano, consi-
stent with historical information. Recipro-
cal incorrect assignments were obtained for 
Arabian and Maremmano.

The possibility to determine the breed 
of origin of an individual on the basis of its 
genotype is of practical interest in conser-
vation genetics, where it can be more im-
portant to exclude a given population than 
to designate the most likely one, in order to 
avoid introgression of unwanted genes.

Conclusions

The results have revealed that the Bar-
digiano horse has quite a high genetic va-
riability, as shown by the allele number and 
heterozygosity level. Moreover, the similar 

genotype distributions in males and fema-
les can positively contribute to the main-
tenance of the existing variability. On the 
other hand, the observed trend towards a 
reduction of variability suggests the need 
for a careful genetic management of the 
population in order to avoid the risk of an 
excessive increase in the inbreeding level. 
Unexpectedly, the Bardigiano breed exhibi-
ts a significant genetic differentiation from 
the Haflinger and Maremmano breeds, con-
sidered to be closely related.

The overall results highlight a favourable 
situation to implement further programmes 
of valorisation and genetic improvement of 
the Bardigiano horse, and provide tools for 
adopting adequate breeding strategies ai-
med at preserving its genetic variability.
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