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Abstract — Many wild goat taxa (Capra spp.) are endangered and would benefit
from the availability of molecular tools that are useful for population management
and conservation. We developed microsatellite DNA markers useful in all wild goat
species, by using a cross-species amplification approach. Seventy-five microsatellite
primer pairs designed from domestic cattle (Bos taurus), sheep (Ovis aries) and goat
(Capra hircus) were tested on three distantly related Capra species: C. ibex ibexz,
C. [i.] sibirica, and C. pyrenaica. On average, 90% of the domestic ungulate primers
amplified a microsatellite PCR product in the wild goat species. Forty percent of the
total were polymorphic in C. i. dbez, which is expected to have the lowest genetic
diversity among all Capra species. We developed multiplexes of 24 polymorphic fluo-
rescent microsatellite loci that can be amplified in 13 PCR reactions and loaded into
two gel-lanes. These microsatellites will allow studies of conservation and population
ecology in all Capra species, and the multiplexes will reduce the time and cost of the
genetic analyses.

Capra / cross-species amplification / ungulate conservation / fluorescent
multiplexes

Résumé — Développement de multiplexes microsatellites pour les Capra
sauvages a partir d’amorces définies chez les Bovidea domestiques. Plusieurs
espéces sauvages du genre Capra sont considérées comme menacées et requiérent un
outil moléculaire fiable pour les études de gestion des populations et de conservation.
Un ensemble de marqueurs microsatellites utilisable pour ’ensemble des espéces du
genre Capra a été développé en employant I'approche de transfert inter-spécifique
d’amorces microsatellite. Soixante-quinze couples d’amorces microsatellite définies
sur les bovins (Bos taurus), ovins (Owvis aries) et caprins (Capra hircus) domestiques
ont été testés sur trois espéces génétiquement distantes du genre Capra : C. ibex ibez,
C. [i.] sibirica, and C. pyrenaica. Quatre-vingt dix pour-cent de ces amorces ont con-
duit & I'obtention d’un produit d’amplification spécifique. Quarante pour cent de ces
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marqueurs se sont révélés polymorphes chez Capra. i. ibez, espéce estimée la moins
variable de l’ensemble du genre Capra. Un systéme de multiplexes a été développé
afin d’amplifier 24 loci polymorphes au cours de 13 réactions PCR indépendantes, et
de les charger dans deux pistes de séquenceur automatique. Ces microsatellites don-
nent la possibilité d’études de conservation et d’écologie sur ’ensemble des espéces
du genre Capra, et les multiplexes développés permettent une réduction du coiit et
du temps de ces analyses génétiques.

Capra / transfert inter-spécifique d’amorces / conservation des ongulés /
multiplexes fluorescents

1. INTRODUCTION

At the present time, 5-8 wild goat species (Capra spp., taxonomy varies
among authors) have been described and several of them are endangered [22].
Their geographic distribution includes mountainous regions in Europe, Africa
and Asia. Many populations are becoming fragmented and reduced in size,
leading to an increased risk of extinction [1]. Studies in conservation and pop-
ulation biology will require molecular markers with a high degree of variability
and that can be used in all Capra species (i) to measure and monitor levels of
genetic variation, (ii) to assess gene flow and population structure; and (iii) to
conduct forensic investigations. During the last decade, microsatellite markers
have proven to be a useful tool for conservation and population ecology studies
in diverse wild animal species [4,11,18]. Microsatellites are excellent genetic
makers because of their high polymorphism, abundance and broad distribution
in mammalian genomes. Generally, microsatellites are isolated by construct-
ing and screening a genomic DNA library, DNA sequencing and designing of
primers (e.g. [29]). However, this method is relatively laborious and expen-
sive. In addition, finding polymorphic microsatellites in species with reduced
polymorphism can be especially difficult.

Another approach consists in exploiting microsatellites developed from
closely related species. Many studies [7,16,17,20,21,29,30] have demonstrated
that microsatellite flanking sequences are greatly conserved across artiodactyl
species. Thus primers defined for one species often can be used to amplify
microsatellites in other taxa. The great number of PCR primers designed for
domestic cows, sheep or goats could be employed to amplify microsatellites in
wild goat species. This approach presents many advantages. The most notable
is that many microsatellites have already been isolated and are easily available
in publications and on web sites (currently, several thousand bovine, ovine and
caprine microsatellites are known and numerous web sites provide easy access
to primer sequences). This accessibility allows the testing of many markers and
the ability to choose markers with desirable characteristics: (i) the size of the
amplified DNA fragments (in order to load several loci into the same gel well:
multiplex loading), (ii) the chromosome location (to select loci across different
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chromosomes and avoid linked loci, knowing marker locations are very simi-
lar across ungulates [28]), (iil) the ability to amplify in all interested species,
and (iv) the polymorphism level appropriate for the study of interest. This
approach will often be better suited to inter-specific studies than the cloning
approach. It is less expensive, faster and allows the choice of loci depending on
the requirements of the study.

The aims of the present study were to find microsatellite loci developed
in the abundant studies of domestic Bovidae (cattle, sheep and goat) that
could amplify polymorphic microsatellites across wild goat species. Seventy-
five microsatellites from domestic ungulates were tested on three species of
Capra, including the most genetically divergent species, Siberian ibex (Capra
[ibex] sibirica), the severely bottlenecked Alpine ibex (Capra ibex ibex) and the
endangered Spanish ibex (Capra pyrenaica) [10]. We developed multiplexes of
24 microsatellite loci that can be amplified in 13 PCR reactions and loaded
into two gel-lanes.

2. METHODS
2.1. Samples

Tissue or blood samples were collected from captured or hunted individu-
als. We analyzed four samples of Capra [i.] sibirica from distant locations in
Mongolia, four samples of Capra pyrenaica from distant populations in Spain
(including two subspecies; C. p. hispanica and C. p. victoriana), and 36 Capra
ibex ibex from the Gran Paradiso population (Italy). DNA was extracted us-
ing the QIAamp Tissue or Blood Kit (Qiagen) following the manufacturer’s
procedures.

2.2. Loci tested

In order to identify reliable loci, we tested microsatellites known to work
well and be polymorphic in domestic ungulates. We tested seventy-five mi-
crosatellite primer pairs designed in domestic cattle, goat or sheep: BM1818P,
BM2113°P, BM4505°, ETH10P, HAUT27P, HEL1P, ILSTS029P, ILSTS030°,
INRABERN175P, INRAO11P, INRA040°, INRABERN185P, MILSTS076P,
OarFCB193P, OarAE54P, OarFCB48°, SR-CSRP-15P, SR-CSRP-23P,
SR-CSRP-24P, SR-CSRP-25P, SR-CSRP-26°, SR-CSRP-6°, SR-CSRP-7P,
SR-CSRP-8P, SR-CSRP-9?, TGLA122P, TGLA126P, TGLA227°, URBO58P,
BM143™, BM1443™, BM1500™, BM1824™, BM203™, BM2078™, BM6437™,
BP7"2 CSRM60™, CSSM66™, ETH152™, ETH185"*, ETH225™, ETH3™,
HAUT24™, HEL13"*, HEL5"*, HEL9™, ILST005™, ILSTS006"2, ILSTS008™,
ILSTS011™, ILSTS097™, INRA005™, INRA023™, INRA032"*, INRA035"%,
INRA037™, INRA063™, INRABERN172™, MAF209™, MAF65™, MCHII-DR™,
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MM12™, OarFCB20™, SPS115"*, SR-CSRP-1™, SR-CSRP-11™, SR-CSRP-
12™, SR-CSRP-13™, SR-CSRP-3™, SR-CSRP-4™  SR-CSRP-5™, TGLA53™,
URBO056™ (p: polymorphic loci, m: monomorphic loci, na: non-amplified loci).

2.3. PCR conditions

Amplifications were performed in a total reaction volume of 25 uL containing
3 uL of DNA (1-10 ng), 0.1 to 1 uM of each primer (one to three loci were
amplified in the same reaction), 100 uM dNTP, 2.5 mM MgCly, PCR buffer
(10 mM Tris-HCI (pH 8.3), 50 mM KCl), 5 ng of BSA, 1 U of AmpliTaq
Gold™ -Polymerase (Perkin Elmer). PCR amplifications were conducted in
a Perkin Elmer 9700 thermal cycler using the following conditions: an initial
denaturation step at 95 °C for 10 min followed by 10 cycles of 30 s at 95 °C,
30 s at 65 °C, 60 °C or 55 °C with one degree reduction at each cycle and 60 s
at 72 °C, followed by 30 cycles of 30 s at 95 °C, 30 s at 55 °C, 50 °C or 45 °C
and 60 s at 72 °C. For each of the 75 microsatellite primer pairs, the three
annealing temperatures were tested to obtain PCR, products (Tab. I).

2.4. Multiplex PCR and loading

In order to reduce the cost and the time of the genotypic procedure, we
identified groups of 2-3 loci that co-amplify in the same PCR reaction (at
the same temperature) without inhibition or artifacts. We amplified only 2-
3 loci per PCR to ensure error-free genotypes when using a range of sample
types and quality (hairs, feces, skins, blood...). We tested different primer
concentrations to determine the optimum for amplification. PCR products
were electrophoresed using an ABI Prism 377 automated sequencer (Perkin
Elmer) that detects three different color-labeled primers. Considering the size
and the labeled color of PCR product, it is possible to load several loci in the
same sequencer well.

3. RESULTS AND DISCUSSION

Of the 75 microsatellite primer pairs tested, 67 amplified a specific PCR
product and produced a typical microsatellite pattern for all three Capra species.
Eight primer pairs failed to amplify Capra DNA (BP7, ETH185, HEL13, HELS,
ILSTS006, INRA032, INRA035, SPS115). Among the 67 loci, 29 were polymor-
phic in Capra i. ibex (expected to be the least variable Capra species because
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of its history of severe bottlenecks [24]). Indeed, the average heterozygosity
and number of alleles per locus was low (0.44 and 2.7, respectively, for the
polymorphic loci) and comparable to that in other severely bottlenecked mam-
mal species [8,26]. Given this reduced polymorphism, the cloning approach
for developing microsatellites would have been relatively difficult and expen-
sive. Another study of the same Gran Paradiso population found even lower
heterozygosity (mean H = 0.19) [21]. However, we screened more loci, used
some different microsatellites and sampled from more distant locations within
the Gran Paradiso National Park.

The 24 most polymorphic loci were selected to establish multiplexes for
C. i. ibex. The microsatellite loci were amplified in 13 independent PCR re-
actions and were electrophoresed in two lanes (i.e., two groups of 12 loci were
loaded in two sequencer wells) (Tab. I). A potential problem with the cross-
amplification approach is that primer sequences occasionally are not conserved
and some alleles are not amplified. However, all loci were in Hardy-Weinberg
proportions (tested in the 36 C. i. ibex individuals from the Grand Paradiso
population) and there was no tendency toward a deficit (or excess) of heterozy-
gotes. Although some loci are on the same chromosome (Tab. II), no significant
linkage disequilibrium was detected (using the 36 C. i. ibex individuals).

The multiplexes were developed for C. i. ibex but could be used for other
Capra species with few modifications (see allele lengths in Tab. II). All 24 poly-
morphic loci in C. i. ibex were also polymorphic in at least one of the two other
species (Tab. II). In fact, all loci were polymorphic in C. i. sibirica (and some
even had 5-7 alleles) even though we genotyped only four individuals. Obvi-
ously, if we had typed many more individuals we would have found even more
alleles.

These polymorphic microsatellites amplified reliably in two of the most ge-
netically divergent Capra species, so, all wild goat species could probably be
studied with these markers. The availability of polymorphic molecular makers
is essential for wild goat management because several are endangered and most
have a highly fragmented population structure [22]. Furthermore, nearly all
Capra species suffer from poaching, which could be combated using microsatel-
lites and forensic investigations [25]. The loci identified here will be useful for
studies of behavioral and population ecology as well as for the management
and conservation of all Capra species.
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Table I. Groups of loci for multiplex PCR and multiplex loading in Capra i. ibez. The chromosome numbers are for goats (but are
usually the same for cattle: Vaiman et al. 1996). Exponent letters indicate multiplex PCR, exponent numbers indicate loci multiplex

loaded together in one well.

Locus Reference  Primers sequences (5'—3) Origin Chrom. Primer Annealing
(in goats) Conc.  temp. (°C)
(uM)

OarFCB019312 [5] GTTTCTTTTCATCTCAGACTGGGATTCAGAAAGGC Ovine 11 0.2 55
GCTTGGAAATAACCCTCCTGCATCCC

OarFCB48'2 [6] GACTCTAGAGGATCGCAAAGAACCAG Ovine 17 0.4 55
GAGTTAGTACAAGGATGACAAGAGGCAC

SR-CRSP-261P [31] ACAGAGGTGAAGAATAAGGAGAGTG Caprine Unknown 0.1 55
GATAGTTTCAGAAGACCCAGTTGAG

ETH10'P [23] GTTCAGGACTGGCCCTGCTAACA Bovine 5 0.3 55
CCTCCAGCCCACTTTCTCTTCTC

ILSTS0291¢ [14] TGTTTTGATGGAACACAGCC Ovine 3 0.2 55
TGGATTTAGACCAGGGTTGG

BM18181d [3] AGCTGGGAATATAACCAAAGG Bovine 23 0.4 50
AGTGCTTTCAAGGTCCATGC

INRABERN185'd [12] CAATCTTGCTCCCACTATGC Bovine 18 0.2 50
CTCCTAAAACACTCCCACACTA

BM21131e [3] GCTGCCTTCTACCAAATACCC Bovine 2 0.2 50

CTTCCTGAGAGAAGCAACACC
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Table I. Continued.

Locus Reference Primers sequences (5'—3') Origin Chrom. Primer Annealing
(in goats) Conc.  temp. (°C)
(uM)

SR-CRSP-25f [31] AACTATAACGGGAAGGAGTCTGG Caprine Unknown 0.2 45
AGGTTGTAGGAGTCGGACACAG

HEL1f [13] CAACAGCTATTTAACAAGGA Bovine 15 05 45
AGGCTACAGTCCATGGGATT

SR-CRSP-618 [2] CATAGTTCATTCACAATATGGCA Caprine Unknown 0.2 45
GTTTCTTCATGGAGTCACAAAGAGTTGAA

SR-CRSP-918 2] AGAGGATCTGGAAATGGAATC Caprine 12 0.5 45
TGGTGGTTCTGTGAAGATTTG

OarAE0542h [19] TACTAAAGAAACATGAAGCTCCCAC Ovine Unknown 0.1 55
GGAAACATTTATTCTTATTCCTCAGTG

TGLA1222h [9] CCCTCCTCCAGGTAAATCAGC Bovine 21 0.2 55
AATCACATGGCAAATAAGTACATAC

HAUT27% [27] TTTTATGTTCATTTTTTGACTGG Bovine 26 0.5 50
AACTGCTGAAATCTCCATCTTA

ILSTS0302 [14] CTGCAGTTCTGCATATGTGG Ovine 2 0.1 55

GTTTCTTCTTAGACAACAGGGGTTTGG
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Table I. Continued.

Locus Reference Primers sequences (5'—3’) Origin  Chrom. Primer Annealing
(in goats) Conc. temp. (°C)
(1M)

SR-CRSP-82) [2] TGCGGTCTGGTTCTGATTTCAC Caprine Unknown 0.5 55
CCTGCATGAGAAAGTCGATGCTTAG

SR-CRSP-242k [31] AGCAAGAAGTGTCCACTGACAG Caprine Unknown 0.1 55
TCTAGGTCCATCTGTGTTATTGC

SR-CRSP-152k [15] CTTTACTTCTGACATGGTATTTCCC  Caprine Unknown 0.4 55
TGCCACTCAATTTAGCAAGC

TGLA1262! [9] CTAATTTAGAATGAGAGAGGCTTCT Bovine 20 0.2 45
TTGGTCTCTATTCTCTGAATATTCC

BM45052! [3] TTATCTTGGCTTCTGGGTGC Bovine 26 0.4 45
ATCTTCACTTGGGATGCAGG

SR-CRSP-232™ [31] TGAACGGGTAAAGATGTG Caprine Unknown 0.2 45
TGTTTTTAATGGCTGAGTAG

INRA040%2™ [12] TCAGTCTCCAGGAGAGAAAAC Bovine 2 0.4 45
CTCTGCCCTGGGGATGATTG

INRABERN175%™ [28] TGATGAGGATGGATGCTAACT Bovine 25 0.5 45

CTGCAAATAAGAAAACTGAATAAA
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Table II. Unbiased heterozygosity (Hn.b.: Nei 1978), observed heterozygosity (Ho), and allele size-range for each species. Exponent

letters indicate multiplex PCR, exponent numbers indicate loci multiplex loaded together in one well. “-” indicate data not available.

C .i. ibex (n = 36) C. [ i.] sibirica (n =4) C. pyrenaica (n = 4)

Locus H,b Ho Size range Hyb H, Size range Huyp H, Size range
/ No. of alleles / No. of alleles / No. of alleles

OarFCB019312 0.56 0.47 135-145 / 4 0.75 1.00 113-123 / 4 0.82 0.75 119-127 / 4
OarFCB481a 0.43 048 152-158 / 2 0.86 0.75 154-168 / 5 0.00 0.00 152/1
SR-CRSP-261P 0.51 0.42 133-139 / 2 0.54 0.25 133-139 / 2 0.25 0.25 137-139 / 2
ETH101P 0.49 045 211-215/ 3 0.46  0.50 207-209 /3 0.00 0.00 201/1
ILSTS0291¢ 0.26 0.24 173-175 / 2 0.89 0.50 169-183 / 5 0.75 0.25 173-187 / 3
BM18181d 0.26  0.24  262-266 / 2 0.43  0.50 254-256 / 2 0.43  0.50 258-260 / 2
INRABERN1851d 0.69 0.64 268-274 / 4 0.73 0.33 268-292 / 3 0.46 0.25 268-274 / 3
BM21131e 0.66 0.55 142-158 / 5 0.53 0.67 140-142 / 2 0.54 0.25 152-156 / 2
SR-CRSP-251f 052 048 104-120 / 3 0.46  0.50 106-112 /3 0.54 0.75 112-114 /2
HEL1f 0.52  0.55 122-126 /3 0.57 1.00 118-144 /2 0.68  1.00 126-142 /3
SR-CRSP-618 0.03 0.03 157-159 / 2 0.75 0.75 151-155 / 3 0.57 0.50 155-157 / 2
SR-CRSP-91& 0.40 0.36 213-225 / 3 0.43 0.50 219-221 / 2 0.00 0.00 213 /1
OarAE0542h 0.54 0.42 125-129 / 3 0.82 0.75 125-131 / 4 0.46 0.50 121-131 / 3
TGLA1222h 0.48 0.45 137-155 / 4 0.86 1.00 137-155 / 4 0.54 0.75 145-155 / 2
HAUT272! 0.59 0.64 134-140 / 3 0.79 0.75 132-142 / 4 0.43 0.50 132-134 / 2
ILSTS0302 0.24 0.27 165-175 / 3 0.93 0.75 157-175 / 6 0.43 0.00 169-173 / 2
SR-CRSP-82% 0.51  0.55 231-233 /2 0.89 0.75 221-247 /5 0.79  0.75 239-251 /5
SR-CRSP-242k 0.52 0.09 150-170 / 4 0.68 0.50 156-164 / 3 0.64 0.50 156-162 / 4
SR-CRSP-152k 0.42 0.36 184-196 / 3 0.54 0.75 186-190 / 2 0.79 0.75 184-192 / 4
TGLA1262! 0.66 0.61 187-201 / 3 0.61 0.75 287-295 / 3 0.57 0.50 203-209 / 2
BM45052! 0.44 0.42  280-286 / 3 0.82 0.75 258-278 / 4 0.68 0.50 272-280 /3
SR-CRSP-232m 0.36 0.34 089-095 / 2 0.96 1.00 085-099 / 7 0.89 0.75 081-095 / 5
INRA0402™ 0.66 0.34 227-257 / 4 0.25 0.25 229-237 / 2 0.54 0.25 251-261 / 2
INRABERN1752™ . - - 0.89 0.75 138-170 / 5 0.71 0.50 152-158 / 3
?ﬁ;)hete’“yg”‘ty 044 0.40 0.69  0.67 052 0.45
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