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Abstract

Genetic variation of the endangered Catalonian donkey breed (Equus asinus) has been
analysed at 19 loci including seven protein loci and 12 microsatellite loci isolated from the
domestic horse, in 98 individuals of both sexes. Only four protein markers and three microsatel-
lites were polymorphic. Allele frequencies of the analysed loci showed close agreement with
Hardy}Weinberg proportions, with the exception of the MPZ002 locus (P(0.01). The within-
population inbreeding estimate was not signi"cantly di!erent from zero (as measured by
F
IS
-statistic). The cumulative-exclusion probability for all polymorphic loci was 82.9%, this

value still being very low so that these markers could e$ciently be utilised for veri"cation of
parentage. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Catalonian donkey breed is a population in danger of extinction. It is found in
several Pyrenean and pre-Pyrenean regions of the Catalonian area of Northeast
Spain. At the last census there were only slightly more than 100 animals, a third of
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which were males (Jordana and Folch, 1996). Following the guidelines proposed by
the FAO, this breed was characterised morphologically (Folch and Jordana, 1997),
haematologically (Folch et al., 1997), by clinical biochemical parameters (Jordana
et al., 1998) and demographically (Folch and Jordana, 1998). The purpose of this
paper is to genetically characterise this breed.

Markers used for such characterisation have been conventional biochemical poly-
morphisms (protein markers) and, more recently, DNA hypervariable sequences
known as microsatellites (SSR-simple sequence repeat or STR-short tandem repeat),
with these now being the markers of choice for the study of variation measurements
and genetic structure of populations (Goldstein and Pollock, 1997). There are only
a few such studies of Equus asinus, and these studies indicated a limited number of
polymorphic protein loci in the populations analysed (Niece and Kracht, 1967;
Mengozzi et al., 1982; Bowling and Nickel, 1985; Ketchum and Cothran, 1989; Bell,
1994; Ouragh et al., 1996); no study of microsatellite markers has been done in donkey
populations. Breen et al. (1994) in a study of only eight individuals, veri"ed that a set
of 13 loci, isolated from the domestic horse (Equus caballus), could be ampli"ed (by
PCR-polymerase chain reaction techniques) satisfactorily in donkeys.

The two main objectives of the Catalonian donkey breed Conservation Programme
are: (1) maintenance of maximum genetic diversity, and (2) minimization of any
consanguinity increase per generation. Thus, knowledge of the genetic population
structure is essential. Identi"cation of polymorphic markers will allow us to describe
levels of genetic variability, estimate the degree of inbreeding, and identify the most
heterozygous individuals in the population in order to arrange the best matings (Gill
and Harland, 1992) for retaining the maximum ancestral genetic variability (Alderson,
1992; Boichard et al., 1997). Such markers will also provide reliable tools for parentage
veri"cation, and will provide adequate information for phylogenetically relating this
breed to the other worldwide donkey breeds.

2. Materials and methods

2.1. Animals and genetic loci analysed

Blood samples from 98 individuals of both sexes, which represent approximately
95% of the total census of the breed, were examined for variation at seven protein loci
and 12 microsatellite loci. The 6-phosphogluconate dehydrogenase (PGD) and glu-
cose phosphate isomerase (GPI) red-blood-cell systems were analysed by horizontal
electrophoresis in agarose gel (Gahne and Juneja, 1985). The "ve plasma proteins
were: Albumin (ALB), detected by horizontal electrophoresis in starch gel (Bortolozzi,
1983); Transferrin (TF), Vitamin D-binding protein (GC), Alpha 1-b glycoprotein
(A1B) and Protease inhibitor (PI), typed by horizontal electrophoresis in polyac-
rylamide gels (Juneja and Gahne, 1987; Bell, 1994).

Twelve microsatellite loci isolated from the domestic horse, HMS1, HMS3, HMS5,
HMS6, HMS7, HTG6, HTG8, HTG14, HTG15, MPZ001, MPZ002 and VHL20
(Breen et al., 1994), were also analysed. Ampli"ed PCR products were resolved using
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10% PAGE and ethidium bromide staining. Two size markers were used: markers
V and VIII from Boehringer (Boehringer Mannheim, Mannheim, Germany).

2.2. Statistical analyses

Alleles frequencies and mean heterozygosity values per polymorphic locus were
obtained using BIOSYS-1 (Swo!ord and Selander, 1989). Tests of genotype frequen-
cies for deviations from Hardy}Weinberg equilibrium were carried out using the exact
tests of the GENEPOP computer programme (Raymond and Rousset, 1995). Tests
were carried out separately for both types of genetic markers.

Using the methods of Weir and Cockerham (1984), as implemented in the FSTAT
computer programme (Goudet, 1985), the f-statistic value for each locus was cal-
culated. This statistic is analogous to Wright (1965,1978) F

IS
-statistic; i.e., it measures

the de"cit or the excess of heterozygotes. Signi"cance was determined from permuta-
tion tests with the sequential Bonferroni procedure (Hochberg, 1988) applied over all
loci (alleles were permuted within the population).

Polymorphic information content (PIC) for each microsatellite loci was calculated
according to Botstein et al. (1980), and the probability of exclusion (PE) (Jamieson,
1994) was determined for all systems.

3. Results and discussion

Alleles frequencies, statistics of genetic variability, and PIC and PE values for
biochemical and microsatellite loci are shown in Table 1.

Only four protein markers were polymorphic (TF, PGD, GC and PI). All allelic
variants have been described previously, with a very similar distribution in their allelic
frequencies (Bell, 1994). Of interest is the TFD$ variant, which was shown to be a rare
allele (0.002}0.044) in several donkey populations from the USA, Australia, Italy and
Morocco. In the Catalonian donkeys it had a higher value (0.272), possibly due to
a bottleneck or founder event which this population might have experienced at some
time in its history (Fig. 1). Only three of the microsatellite loci were polymorphic:
HTG6, four alleles detected with sizes ranging from 82 bp to 90 bp; MPZ002, two
alleles 80 to 89 bp; and VHL20, two alleles 86 to 104 bp (Fig. 2). The di!erent variants
found for each one of them (poly-, and monomorphic loci) are also within the ranges
(bp size) described by Breen et al. (1994).

All protein markers showed close agreement with Hardy}Weinberg equilibrium
(HWE). For the microsatellite loci, only MPZ002 showed signi"cant disagreement
with HWE, showing a very signi"cant excess of heterozygotes (P(0.01).

When the population was treated as two subpopulations (males and females) no
statistically signi"cant di!erences in the allelic and genotypic distribution for any loci
were observed (GENEPOP programme, data not shown). All loci showed agreement
with HWE in both males and females, with the exception of the MPZ002 locus in
females (P(0.05). The male subpopulation was in HWE for this locus (P'0.05),
although barely so (P"0.055). These values con"rm the excess of heterozygotes
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Fig. 1. A photograph of the results of one-dimensional gel electrophoresis (PAGE, 12%) of donkey plasma
samples, with Coomassie Brilliant Blue G 250 staining. Tf phenotypes for each sample are written on the
photograph.

observed for the global population, in males as well as females. The fact that MPZ002
genic frequencies are statistically equal for males and females (non- signi"cant di!er-
ences) made us reject the hypothesis of a possible Robertson E!ect (Robertson, 1965)
as an explanation for the signi"cant excess of heterozygotes, perhaps indicating
a locus-speci"c e!ect which suggests selection a!ecting this locus (Barker et al., 1997).
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Fig. 2. Polymorphic microsatellite loci: VHL20, HTG6 and MPZ002, and their phenotypes. Ampli"ed
PCR products were resolved using 10% PAGE and ethidium bromide staining.

Table 2
F
IS

-statistic analysis. Within-population inbreeding estimate ( f ) in the Catalonian donkey breed for both
sets of markers (biochemical polymorphisms and microsatellite loci)

Protein markers Microsatellite loci

Locus F
IS
,f Locus F

IS
,f

TF !0.099 HTG6 0.002
PGD !0.016 MPZ002 !0.304
GC 0.057 VHL20 0.005
PI !0.139
Mean estimate !0.079 (0.050)! Mean estimate !0.086 (0.097)

!Mean estimate from jackknife over loci. Standard deviations in parentheses.

The within-population inbreeding estimates (f,F
IS
) are shown in Table 2. For

each locus, no value was signi"cantly di!erent from zero. The mean estimates also
were not signi"cant. This F

IS
( f ) average, obtained from jackkni"ng over loci, was

equal to !0.079$0.050 for the protein markers. From a bootstrap analysis the true
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value of the F
IS
-statistic, with a 95% con"dence interval, would range from !0.120 to

0.049. For microsatellite loci, the mean estimate was equal to !0.086$0.097 and,
with the same con"dence interval, the range would be !0.304 to 0.005.

These results indicate that there is not a signi"cant degree of inbreeding in this
population. To obtain more reliable inbreeding values, additional loci need to be
analysed. However, these results do allow us to postulate that inbreeding, if it occurs,
is negligible. It is well known that inbreeding a!ects all or most loci in a similar way
with respect to heterozygotes. In the present work no de"cit for any of the seven
polymorphic markers analysed has been detected. So, although the population of
Catalonian donkeys is classi"ed as a breed in danger of extinction with the associated
problems of increased consanguinity, these results indicate that the breeding policy in
the last few decades has successfully avoided mating among closely related individuals
to the maximum extent possible.

Table 1 shows the theoretical exclusion probabilities (PE) for each polymorphic
locus, ranging from between 0.020 for the PGD system to 0.464 for the TF locus, with
the cumulative PE for all loci being 0.829. This 82.9% of PE is too low to be useful as
an e!ective tool in parentage veri"cation. This control is very important for this
endangered breed. The optimal mating being pursued by the Programme of Conser-
vation's technicians is between a stallion and a jenny, which minimizes the inbreeding
coe$cient and maximizes the genetic ancestral variability retention of the hypotheti-
cal o!spring of the pair (Folch and Jordana, 1998).

Acknowledgements

The authors thank the Departament d'Agricultura, Ramaderia i Pesca of the
Generalitat de Catalunya, which "nanced this study; and the AFRAC association for
their helpful co-operation and assistance during sample collection. We also thank
Chuck Simmons for the English revision.

References

Alderson, G.L.H., 1992. A system to maximize the maintenance of genetic variability in small populations.
In: Alderson, L., BodoH , I. (Eds.), Genetic Conservation of Domestic Livestock. CAB International,
Wallingford, pp. 18}29.

Barker, J.S.F., Moore, S.S., Hetzel, D.J.S., Evans, D., Tan, S.G., Byrne, K., 1997. Genetic diversity of Asian
water bu!alo (Bubalus bubalis): microsatellite variation and a comparison with protein-coding loci.
Anim. Genet. 28, 103}115.

Bell, K., 1994. Blood protein polymorphisms in the donkey (Equus asinus). Anim. Genet. 25 (Suppl. 1),
109}113.

Boichard, D., Maignel, L., Verrier, E., 1997. The value of using probabilities of gene origin to measure
genetic variability in a population. Genet. Sel. Evol. 29, 5}23.

Bortolozzi, J., 1983. Polimor"smo da albumina seH rica em bovinos da rac7 a Canchim. Rev. Cie( nc. BiomeH d. 4,
1}6.

Botstein, D., White, R.L., Skolnick, M., Davis, R.W., 1980. Construction of a genetic linkage map in man
using restriction fragment length polymorphisms. Am. J. Hum. Genet. 32, 314}331.

J. Jordana et al. / Biochemical Systematics and Ecology 27 (1999) 791}798 797



Bowling, A., Nickel, L.S., 1985. Inheritance of Equus asinus serum albumin variants in hybrid o!spring.
J. Hered. 76, 73}74.

Breen, M., Downs, P., Irvin, Z., Bell, K., 1994. Intrageneric ampli"cation of horse microsatellite markers
with emphasis on the Przewalski's horse (E. przewalskii). Anim. Genet. 25, 401}405.

Folch, P., Jordana, J., 1997. Characterisation, reference ranges and the in#uence of gender on morphologi-
cal parameters of the endangered Catalonian donkey breed. J. Equine Vet. Sci. 17, 102}111.

Folch, P., Jordana, J., 1998. Demographic characterisation, inbreeding and maintenance of genetic diversity
in the endangered Catalonian donkey breed. Genet. Sel. Evol. 30, 195}201.

Folch, P., Jordana, J., Cuenca, C., 1997. Reference ranges and the in#uence of age and sex on haematologi-
cal values of the endangered Catalonian donkey breed. Vet. J. 154, 163}168.

Gahne, B., Juneja, R.K., 1985. Prediction of the halothane (Hal) genotypes of pigs by deducing Hal, Phi,
Po2, Pgs haplotypes of parents and o!spring: results from a large-scale practice in Swedish breeds.
Anim. Blood Groups. Biochem. Genet. 16, 265}283.

Gill, J.J.B., Harland, M., 1992. Maximal maintenance of genetic variation in small populations. In:
Alderson, L., BodoH , I. (Eds.), Genetic Conservation of Domestic Livestock. CAB International, Wallin-
gford, pp. 3}17.

Goldstein, D.B., Pollock, D.D., 1997. Launching microsatellites: a review of mutation processes and
methods of phylogenetic inference. J. Hered. 88, 335}342.

Goudet, J., 1985. FSTAT (Version 1.2): a computer program to calculate F-statistics. J. Hered. 86, 485}486.
Hochberg, Y., 1988. A sharper Bonferroni procedure for multiple tests of signi"cance. Biometrika 75,

800}802.
Jamieson, A., 1994. The e!ectiveness of using co-dominant polymorphic allelic series for (1) checking

pedigrees and (2) distinguishing full-sib pair members. Anim. Genet. 25 (Suppl. 1), 37}44.
Jordana, J., Folch, P., 1996. The endangered Catalonian donkey breed: the main ancestor of the American

ass or Mammoth. J. Equine Vet. Sci. 16, 436}441.
Jordana, J., Folch, P., Cuenca, C., 1998. Clinical biochemical parameters of the endangered Catalonian

donkey breed: normal values and the in#uence of sex, age and management practices e!ect. Res. Vet. Sci.
64, 7}10.

Juneja, R.K., Gahne, B., 1987. Simultaneous phenotyping of pig plasma a-protease inhibitors (PI1, PO1A,
PO1B, PI2) and four other proteins (PO2, TF, CP, HPX) by a simple method of 2D horizontal
electrophoresis. Anim. Genet. 18, 197}211.

Ketchum, M.S., Cothran, E.G., 1989. Examination of the protease inhibitor system of Equus asinus using
1-D acid PAGE. Anim. Genet. 20 (Suppl. 1), 66.

Mengozzi, G., de Berardinis, T., Guidi, G., de Giovanni, C., 1982. Comparison between "ve Italian donkey
breeds by means of some blood markers (Sardinian, Ragusani, Amiatini, Gubbio and Asinara).
In: Current Status of Equine Blood Typing (Ozieri, 1982) Regione Toscana-Vietata la riproduzione,
pp. 91}98.

Niece, R.L., Kracht, D.W., 1967. Genetics of transferrins in burros (Equus asinus). Genetics 57, 837}841.
Ouragh, L., Ouassat, M., Machmoum, M., 1996. Blood protein polymorphisms in the donkey (Equus asinus)

in Morocco. Anim. Genet. 27 (Suppl. 2), 35.
Raymond, M., Rousset, F., 1995. GENEPOP (Version 1.2): population genetics software for excact test and

ecumenicism. J. Hered. 86, 248}249.
Robertson, A., 1965. The interpretation of genotypic ratios in domestic animal populations. Anim. Prod. 7,

319}324.
Swo!ord, D.L., Selander, R.B., 1989. BIOSYS-1 A computer program for the analysis of allelic variation in

population genetics and biochemical systematics. Release 1.7, Illinois Natural History Survey, Cham-
paign, IL.

Weir, B.S., Cockerham, C.C., 1984. Estimating F-statistics for the analysis of population structure.
Evolution 38, 1358}1370.

Wright, S., 1965. The interpretation of population structure by F-statistics with special regard to systems of
mating. Evolution 19, 395}420.

Wright, S., 1978. Evolution and the Genetics of Populations, vol. 4. Variability within and Among Natural
Populations. University of Chicago Press, Chicago.

798 J. Jordana et al. / Biochemical Systematics and Ecology 27 (1999) 791}798


