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Restriction fragment length polymorphisms (RFLPs) of mitochondrial (mt) DNA  
were used for investigating genetic differentiation in chamois (genus Rupicapra).  
Digestion of the mtDNAs of 58 individuals from 6 populations with a battery of 16  
six-base cutting restriction endonucleases yielded a total of 67 restriction sites. Based 
on the presence and absence of these restriction sites a total of 8 haplotypes could be 
defined. Six of them served for assessing genetic diversity within and among 4 local 
populations oiR. rupicapra rupicapra. Estimates of nucleotide divergence among those 
haplotypes ranged from 0.05% to 0.25%. One chamois from the High Tatra (subspecies 
R. r. tatrica) was examined and showed the standard haplotype found in R. r. ru- 
picapra. MtDNA in chamois from Catalunya, belonging to R. pyrenaica pyrenaica, was 
polymorphic for two haplotypes not found in any population of R. rupicapra. Mean 
nucleotide divergence among haplotypes found in R. rupicapra and R. pyrenaica was 
0.56% (SD = 0.16%). Based on this value, an estimated divergence time of about 
280 000 years suggests that the mtDNA lineages of R. rupicapra and R. pyrenaica 
separated prior to the Riss glacial in the later Pleistocene. 
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Introduction 

Apart from the maintenance of genetic variability within populations, the 
preservation of the integrity of locally well adapted gene pools is one of the major 
issues in conservation genetics (cf Templeton et al. 1986). Sound knowledge of 
systematic relationships in a given taxon, especially within the problematic range 
from geographically separated populations to closely related species, is thus 
essential for restocking operations, for promoting gene flow by translocation of 
animals, and for assessing priorities in the preservation of particular populations. 

The systematics and taxonomy of chamois (genus Rupicapra) has been a 
controversial issue, both with respect to the relationship of chamois to other genera 
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of the Caprinae (cf Hartl et al. 1990) and to the subdivision of the genus into 
species and subspecies (cf Masini and Lovari 1988). Apart from Miller (1912) and 
Camerano (1914), earlier studies tended to consider all chamois one polytypic 
species, Rupicapra rupicapra. The classification of populations into various sub-
species largely corresponded with their recent geographic distribution, restricted 
to mountain ranges on the Iberian peninsula, the Apennine peninsula, Central 
and Southeastern Europe, and Asia Minor. In his re-evaluation of the taxonomy 
of the Rupicaprini, Dolan (1963) recognized nine subspecies: R. r. rupicapra (Alps), 
R. r. pyrenaica (Pyrenees), R. r. parva (Cantabrian mountains), R. r. ornata 
(Apennines), R. r. balcanica (Balkan), R. r. carpathica (Carpathians), R. r. car-
tusiana (Massif de la Chartreuse), R. r. caucasica (Caucasus), and R. r. asiatica 
(Pontus, Taurus, Antitaurus). Apart from the identification of one more subspecies 
(.R. r. tatrica, Tatra mountains), this classification at the subspecies level cor-
responds with the current taxonomic opinion (eg Knaus and Schroder 1983). 
However, based on a wealth of morphological and behavioural criteria summarized 
by Lovari (1987), and Masini and Lovari (1988), R. r. pyrenaica, R. r. parva, and 

Table 1. Genetic distances among (sub)species of the Caprini and the Rupicaprini. nl - sample of 
individuals (number of populations studied in parentheses), nh - sample of loci, D - genetic distance 
according to Nei (1972, 1978). Note that a judgement on the species or subspecies status of the 
respective taxa is quite arbitrary. For example, based on a D-value of about 0.09, Nascetti et al. (1985) 
considered Rupicapra r. rupicapra and R. p. pyrenaica separate species while Stüwe et al. (1992) 
considered Capra i. ibex and C. i. nubiana merely subspecies. Also the D-values between Capra i. ibex 
and C. i. pyrenaica, which are thought to be separate species, and between Rupicapra r. rupicapra  
and R. r. cartusiana, which are at best subspecies, are very similar. Generally, genetic distances 
between 0.0 and 0.1 are considerably influenced by the number of individuals as well as by the 
number and composition of loci investigated. 

(Sub)species nl nh D References 

Capra i. ibexl Capra i. nubiana 149/39 15 0.093 Stüwe et al. (1992) 
1/1 27 0.190 Hartl et al. (1990) 

Capra i. ibexl Capra pyrenaica 3/20 52 0.023 Hartl et al. (1992) 
Local populations of Capra i. ibex 149(8) 15 0.021 Stüwe et al. (1992) 

115(2) 33 0.006 Nascetti et al. (1987) 
Capra aegagrus/Capra i. ibex 2/1 27 0.086 Hartl et al. (1990) 

43/115 33 0.228 Nascetti et al. (1987) 
40/40 38 0.110 Randi et al. (1990) 

/Capra i. nubiana 2/1 27 0.129 Hartl et al. (1990) 
/Capra falconeri 2/2 27 0.124 Hartl et al. (1990) 

Capra falconeri!'Capra i. ibex 2/1 27 0.173 Hartl et al. (1990) 
/Capra i. nubiana 2/1 27 0.173 Hartl et al. (1990) 

Rupicapra r. rupicapra/Rupicapra p. pyrenaica 43/25 25 0.096 Nascetti et al. (1985) 
/Rupicapra p. ornata 43/18 25 0.121 Nascetti et al. (1985) 
/Rupicapra r. cartusiana 32/7 55 0.013 Pemberton et al. (1989) 

Rupicapra p. pyrenaica/Rupicapra p. ornata 25/18 25 0.009 Nascetti et al. (1985) 
Local populations of i?, r. rupicapra 32(4) 55 0.007 Pemberton et al. (1989) 

125(4) 42 0.010 Miller and Hartl (1987) 
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R. r. ornata are now believed to belong to a separate species, R. pyrenaica. 
Electrophoretic differentiation between R. rupicapra and R. pyrenaica was in-
vestigated by Nascetti et al. (1985), and the overall genetic distance of D (Nei 
1972) 0.1 they obtained was interpreted as further evidence for separate species 
status of the latter taxon. However, as shown in Table 1, D-values among presumed 
species or subspecies of the Caprinae vary to an extent that does not allow to draw 
reliable taxonomic conclusions from a single genetic distance value in only one 
genetic system. 

In the present study, restriction analysis of mitochondrial DNA (mtDNA) was 
used for examining genetic differentiation between R. rupicapra and R. pyrenaica 
in relation to genetic divergence among subspecies and local populations of R. ru-
picapra. The data obtained are compared with those of electrophoretic investi-
gations available so far (Nascetti et al. 1985, Miller and Hartl 1986, 1987, Miller 
1987, Pemberton et al. 1989), and are interpreted in the light of paleontological 
evidence on the colonization of Europe by chamois during the Pleistocene (cf Masini 
and Lovari 1988). 

A total of 58 chamois from six populations (Fig. 1) were examined. In each specimen total mtDNA 
was prepared from frozen liver, purified, digested with restriction endonucleases, and screened by 
agarose gel electrophoresis as described in Hartl et al. (1993). The following 16 six-base cutting 
restriction endonucleases were used: Apal, Asnl, BamHI, Bell, Bglll, Clal, Dral, EcoRI, EcoRV, 
Hindll l , PstI, PvuII, SacI, Sful, StuI, and Xbal. Fragment lengths were determined using Lambda 
phage DNA digested with Hindlll as a size standard. 

Material and methods 

Fig. 1. Geographic location of the chamois populations investigated. Cat - Cata lunya, Gra - 
Graubünden, Ach - Achenkirch, VdS - Val di Susa, Sio - Slovenia, HTa - Hfgh Tatra. 
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Table 2. Lengths (in kb, with a tolerance of - 5 % measurement error) of fragments produced by the 
various restriction enzymes used for cutting mtDNA in chamois. The respective restriction types 
produced by each enzyme are marked by letters. 1 cutting site in type B different from that in type 
A, x.x - fragment length could not be exactly determined. 

Enzyme Type Fragments 

Apal A 12.5 3.0 1.3 
Asnl A 2.6 2.2 2.0 

B 2.6 2.5 2.2 2.0 
C 3.5 2.5 2.2 2.0 

BamHI A 5.1 3.5 3.0 2.6 
B 4.0 3.5 3.0 2.6 

Bell A 16.0 
B 7.5 6.2 2.2 

Bglll A 16.0 
Clal A 16.0 

B 16.01 

Dral A 6.9 4.5 1.6 
B 6.9 2.6 1.9 1.6 

EcoRI A 9.4 7.0 
B 9.4 4.0 3.0 
C 7.0 5.4 4.0 

EcoRV A 8.7 7.4 
B 8.6 4.8 3.6 

Hindlll A 13.3 1.9 1.4 
PstI 
PvuII 

SacI 

no cutting site 
8.5 7.8 

16.0 

16.0 

1.9 

1.4 
1.4 

1.4 
1.4 

1.8 1.6 1.0 0.9 0.9 0.6 
1.8 1.6 1.0 0.9 0.9 
1.8 1.6 1.0 0.9 

1.1 

0.8 
0.8 

0.7 
0.7 

Sful A 7.2 2.9 2.9 1.6 1.6 
B 7.2 2.9 2.1 1.6 1.6 0.8 
C x.x 2.9 2.9 x.x 1.6 1.6 

StuI A 3.0 3.0 2.0 1.8 1.8 1.5 1.4 0.7 0.4 
Xbal A 6.6 3.1 2.8 1.6 1.0 0.9 

B 6.6 4.1 2.8 1.6 0.9 
C 8.5 3.1 2.8 1.0 0.9 

Relationships among haplotypes were assessed as follows: Based on restriction sites (inferred from 
fragments given in Table 2) the mean number of base substitutions per nucleotide (p) was calculated 
using formulas 10 and 8 in Nei and Li (1979). The p-values were then used to generate an unrooted 
tree by means of the FITCH option in Felsenstein's PHYLIP-package (Felsenstein 1993). Rela-
tionships among haplotypes were also inferred by constructing a median graph according to Bandelt 
(1992). Genetic relationships among chamois populations that shared at least one haplotype were 
calculated from the respective frequencies of haplotypes using Nei's (1972) D. Based on the resulting 
distance matrix a Fitch-Margoliash tree was constructed (FITCH option in PHYLIP). Genetic diver-
sity within populations was assessed by calculating haplotype diversity (h) and nucleotide diversity 
(71) according to Nei (1987). Genetic diversity among populations was estimated by calculating the 
pairwise net nucleotide diversity using the "NDBoots"-program of Tiedemann (1994). 
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Results 

Digesting mtDNA of chamois with a battery of 16 six-base cutting restriction 
endonucleases yielded a total of 67 restriction sites. The restriction types produced 
by the various restriction enzymes applied are given in Table 2. Based on the 
composition of the respective restriction types a total of 8 haplotypes could be 
defined (Table 3). A matrix of pairwise nucleotide divergence (p) among haplotypes 
is given in Table 4. Relationships among haplotypes are displayed in a Fitch-
-Margoliash tree (Fig. 2) and in a median graph (Fig. 3). The geographic distri-
bution of haplotypes is shown in Table 5. Pairwise genetic distances among 

Table 3. MtDNA haplotypes detected in chamois. Letters refer to 
the restriction types defined in Table 2. 

Haplotypes 

Enzyme 1 2 3 4 5 6 7 8 

Apal A A A A A A A A 
Asnl B B A A A A C C 
BamHI A A A B A A B B 
Bell A A A A A A B B 
Bglll A A A A A A A A 
Clal A A A A A A B B 
Dral A A A A A A B B 
EcoRI A A A B A A C C 
EcoRV A A A A A A B B 
Hindll l A A A A A A A A 
PstI A A A A A A A A 
PvuII A A A A A A B B 
SacI A A A A A A A A 
Sful A B B A A A C A 
StuI A A A A A A A A 
Xbal A B B A A C A A 

Table 4. Matrix of pairwise nucleotide divergence (p, in per cent) 
among mtDNA haplotypes in chamois. 

Haplotypes 

1 2 3 4 5 6 7 8 

1 _ 
2 0.10 -

3 0.15 0.05 -

4 0.15 0.25 0.20 -

5 0.05 0.15 0.10 0.10 -

6 0.10 0.20 0.15 0.15 0.05 -

7 0.55 0.66 0.71 0.59 0.60 0.66 -

8 0.50 0.61 0.66 0.54 0.55 0.61 0.05 
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populations, based on the frequencies of the respective haplotypes, and values of 
pairwise net nucleotide diversity are given in Table 6. Genetic relationships among 
populations are shown in a Fitch-Margoliash tree (Fig. 4). Haplotype diversity and 
nucleotide diversity within populations are shown in Table 7. 

© 

Fig. 2. Fitch-Margoliash tree showing phylogenetic 
relationships among mtDNA haplotypes in chamois. 
The tree is based on estimates of pairwise nucleotide 
divergence (Table 4). The distance (p) between hap-
lotypes 7 and 8 is 0.05%. 

Fig. 3. Median graph showing phylogenetic 
relationships among mtDNA haplotypes in 
chamois. The small bars indicate the re-
spective numbers of restriction site gains or 
losses. 

Table 5. Geographic distribution of mtDNA haplotypes in chamois. 

Haplotypes 
n 

1 2 3 4 5 6 7 8 

Catalunya 10 _ _ _ _ - — 2 8 
Graubünden 16 1 - - 1 3 11 - -

Achenkirch 8 - - - - 8 - - -

Val di Susa 6 4 - - - 2 - - -

Slovenia 17 7 4 1 - 5 - - -

High Tatra 1 - - - - 1 - - -

Total 58 12 4 1 1 19 11 2 8 
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Table 6. Net nucleotide diversity (in per cent) among all populations studied 
(above diagonal), and pairwise genetic distances according to Nei (1972) among 
populations sharing at least one haplotype (below diagonal). Cat - Catalunya,  
Gra - Graubünden, Ach - Achenkirch, VdS - Val di Susa, Sio - Slovenia, HTa  
- High Tatra. 

Cat Gra Ach VdS Sio HTa 

Cat - 1.33 1.23 1.13 1.22 1.23 
Gra - - 0.10 0.17 0.25 0.10 
Ach - 1.346 - 0.08 0.15 0.00 
VdS - 1.643 0.806 - 0.12 0.08 
Slo - 1.611 0.646 0.115 - 0.15 
HTa - 1.346 0.000 0.806 0.646 

Table 7. Haplotype diversity (h) and nucleotide diversity (n, in per 
cent) in the chamois populations studied. Cat - Catalunya, Gra -
Graubünden, Ach - Achenkirch, VdS - Val di Susa, Slo - Slovenia, 
n - sample size. Note that low estimates of h and n are not fully 
explained by small sample sizes. 

Population 
Variable  

Cat Gra Ach VdS Slo 

n 10 16 8 6 17 

h 0.320 0.484 0.0 0.444 0.685 

71 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1 

Gra 

Fig. 4. Fitch-Margoliash tree showing genetic rela-
tionships among populations of R. rupicapra rupica- 
pra. The tree is based on Nei's (1972) D, calculated 
from frequencies of mtDNA haplotypes. The dis-
tance (D) between VdS and Slo is 0.116. Gra -
Graubünden, Ach - Achenkirch, VdS - Val di Susa, 
Slo - Slovenia. 

VdS 

Slo 

Ach 

Discussion 

Especially due to the limited number of subspecies sampled the results of the 
present study are clearly preliminary. Yet several interesting conclusions can be 
drawn from our data. 
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Restriction profiles of mtDNA in chamois yield clear phylogeographic patterns 
that can be utilized for inferring phylogenetic relationships among populations (cf 
Avise et al. 1987). Among medium-sized and larger mammals this is not always 
the case. For example, in a large-scale study on genetic differentiation in the brown 
hare Lepus europaeus, Hartl et al. (1993, 1994) detected a total of seven different 
haplotypes. However, in all populations examined one and the same standard 
haplotype predominated, while the other haplotypes, each differing from the 
s tandard type by but one restriction site gain or loss, respectively, yielded 
population genetic information only through their geographic distribution. 

On the whole, pat terns of mtDNA differentiation in the chamois are in 
accordance with the geographic distribution of the populations studied, both with 
respect to relationships among haplotypes and their respective occurrence. In the 
R. rupicapra rupicapra populations, haplotypes 1 and 5 seem to be the basic types 
from which haplotypes 2, 3, 4 and 6 are derived (Fig. 3). In accordance with this 
interpretation both of them are present in almost all samples. Haplotypes 4 and 
6, separated by several restriction site gains or losses (Fig. 3), are found exclusively 
in Graubünden while 2 and 3, being very similar to one another (Figs 2 and 3), 
are confined to the Slovenian samples. The pattern of differentiation among rare 
haplotypes corresponds to some extent with differences of their frequencies in the 
various populations (Figs 3 and 4, Table 5). This is reflected by estimates of 
nucleotide diversity. They are highest in populations with a high haplotype 
diversity (Table 7), suggesting that populations tend to be polymorphic for related 
haplotypes, respectively. In terms of haplotype frequencies, the populations located 
south of the main crest of the Alps are clearly separated from those in the north 
(Table 5, Figs 1 and 4). The population in Graubünden appears to be genetically 
most isolated from the other chamois colonies investigated. The presence of only 
the standard haplotype (5) in Achenkirch may be due to local genetic depletion. 
Indeed, low mtDNA variation in Achenkirch is paralleled by comparatively low 
estimates of polymorphism and heterozygosity obtained from electrophoretic 
allozyme analyses (Rubin 1992). 

As far as mtDNA differentiation among subspecies is concerned, the single 
specimen from the High Tatra, belonging to the presumed subspecies R. r. tatrica, 
showed the standard haplotype (5) detected in the R. r. rupicapra populations. On 
the one hand this result confirms the basic status of haplotype 5. On the other 
hand, it indicates that the chamois population in the High Tatra shares at least 
one haplotype with the chamois populations from the Alps. Clearly more indi-
viduals from the High Tatra need to be investigated to assess the extent of mtDNA 
differentiation between R. r. tatrica and R. r. rupicapra. However, both at the 
population and the subspecies level chamois appear to be somewhat less dif-
ferentiated than the European red deer, where even local populations were found 
monomorphic for different haplotypes (cf Hartl et al. 1995). 

In the population from Catalunya, belonging to the species R. pyrenaica, only 
two haplotypes (7, 8) were found, which are not present in the populations 
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belonging to R. rupicapra (Table 5) and are different from those detected in the 
latter taxon by a minimum of 10 restriction site gains or losses (Fig. 3). This 
degree of mtDNA differentiation is higher than that detected among presumed 
subspecies in red deer (cf Hartl et al. 1995). Although this result, or any of that 
kind, cannot be considered positive proof for separate species status of R. rupicapra  
and R. pyrenaica for a number of reasons (see eg Cronin 1993, Avise 1994), it does 
not support any objection against this classification. In fact, if nucleotide diver-
gence among haplotypes (p, Table 4) is converted into estimates of divergence time 
(t) among mtDNA lineages (assuming that p = 2% roughly corresponds to t = 
1 million years, Wilson et al. 1985), the time divergence between the haplotypes 
found in R. rupicapra and R. pyrenaica amounts to approximately 280 000 years. 
This estimate roughly matches the schedule of divergence times given by Masini 
and Lovari (1988). Based on paleontological evidence, they hypothesized that the 
chamois or its direct ancestor reached the European region as a late immigrant 
from Asia during the early and middle Pleistocene, and that R. rupicapra and R. 
pyrenaica separated some time prior to the Würm glacial. 

Given the comparatively low extent of electrophoretic differentiation among 
local populations of R. r. rupicapra (Miller and Hartl 1986, 1987, Miller 1987, 
Pemberton et al. 1989), in future studies mtDNA is likely to reveal phylogenetic 
differentiation among chamois populations much more clearly than allozymes. 
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