Heredity 87 (1991) 281-286
© The Genetical Socigty of Great Britain

Received 28 November 1990

Allozyme divergence and phylogenetic
relationships among Capra, Ovis and
Rupicapra (Artyodactyla, Bovidae)
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Genetic divergence and phylogenetic relationships between the chamois (Rupicaprini, Rupicapra
rupicapra rupicapra) and three species of the Caprini ( Capra aegagrus hircus, Capra ibex ibex and
Ovis ammon musimon) have been studied by multilocus protein electrophoresis. Dendrograms
have been constructed both with distance and parsimony methods. Goat, sheep and chamois pair-
wise genetic distances had very similar values. All the topologies showed that Capra, Ovis and
Rupicapra originate from the same internode, suggesting the hypothesis of a common, and almost
contemporaneous, ancestor. The estimated divergence times among the three gencra ranged from
5.28 to 7.08 Myr. These findings suggest the need to reconsider the evolutionary relationships in

the Caprinae.
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introduction

The evolutionary relationships of the subfamily
Caprinae (Artyodactyla, Bovidae; Corbet, 1978) have
been discussed by Geist (1971) within the framework
of his dispersal theory of Ice Age mammal evolution.
Several sources of information {(zoogeography, eco-
ethology, morphology, and karyology} support the
hypothesis that the Rupicaprini are the ancestral group
from which two independent lineages evolved (the
Caprini and the Ovibovini) by dispersal from the
tropical centre of origin into temperate and arctic
regions.

Implications of the model are that the Rupicaprini
are distantly related to Ovis and Capra; and that Ovis
and Capra are closely related sister genera. The time-
scale of these relationships is almost completely
obscure. The fossil records document the ancient
origin of the Rupicaprini. They were widely distributed
during the Miocene/early Pliocene {Thenius & Hofer,
1960), and the Pliocenic fossils witness an intensive
period of rupicaprid speciation. But the fossils are not
particularly abundant, nor well studied, so the ancestral
lingages of the modern genera have not been deter-
mined.

The origin of the Caprini is completely unclear.
Pilgrim (1947) supposed the existence of a separate
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caprid lineage since the lower or middle Miocene.
Shaller (1977) agrees with the outline given by Thenius
& Hofer (1960) supporting the idea of a more recent
origin of the Caprini, and in particular of a Plocenic
splitting of Ovis and Capra. In Geist's (1971} opinion
the divergence between Ovis and Capra could have
been a consequence of the Villafranchian early glacia-
tions. Payne (1968) follows the extreme point of view
of a very recent (Holocene) origin of Ovis, perhaps as a
by-product of early domestication.

Recent electrophoretic research (Randi et al,, 1989;
Hartl er al., 1990) has shown genetic distance values of
similar magnitude among the genera Rupicapra, Ovis,
and Capra. These results, although preliminary
because of the low sample sizes studied, are discordant
with current opinions, and raise interesting questions
on the tempo and mode of the evolution of the
Caprinae.

In this paper we re-address the problem and extend
the previous findings using new biochemical-genetic
data obtained with multilocus protein electrophoresis
of a large sample of loci and specimens. Genetic
distances, dendrograms and phylogenetic trees have
been computed with different methods. The results
concordantly support the hypothesis of a common, and
almost contemporaneous, ancestor of the genera
Rupicapra, Ovis and Capra.
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Materials and methods

Direct side-by-side comparisons of single locus
electrophoretic protein mobility have been performed
on specimens of domestic goat ( Capra aegagrus hircus,
#n=20) obtained from a local abattoir, Alpine ibex
(Capra ibex ibex, n=20), from the Piz Albris colony,
Graubiinden, Switzerland, European mouflon {Ovis
ammon musimon, n=10) and chamois {Rupicapra
rupicapra rupicapra, n= 20} from Valle Belviso, Italian
Alps. A single ox (Bos primigenius taurus) has been
used as an outgroup. Heart and liver tissues were
homogenized in 0.01 M Tris/HCI, pH 7.5 (+0.001 m
@-mercaptoethanol) buffer, centrifuged at 12,000 rpm
for 15 min; the supernatant was collected in Microtitre
plates and stored at —80°C until processed. Vertical
polyacrylamide gel (PAGE, 7.5% acrylamide con-
centration) and cellulose acetate membrane (CAM,
Sartorius) electrophoresis resolved 33 presumptive
loci. The following electrophoretic conditions were
used (multiple loci are numbered starting from the
most anodal),

PAGE: 1. Discontinuous Tris/glycine, pH 8.3 {Davis,
1964): malate dehydrogenase (MDH-1, 1.1.1.37);
superoxide dismutase (SOD-1, SOD-2, 1.15.1.1);
lactate dehydrogenase (LDH-1, LDH-2, 1.1.1.27);
fumarase (FUM, 4.2.1.2); haemoglobin (HB-1, HB-2);
albumin (ALB); non-enzymatic heart proteins (H-PT-
1, —2), post-albumin (P-ALB}); malic enzyme (ME-1,
1.1140); mannose phosphate isomerase (MPI,
53.18);, hexokinase (HK, 2.7.1.1); glucose-6-
phosphate dehydrogenase (G-6-PDH, 1.1.1.49);, a-
glycerolphosphate dehydrogenase (a-GPDH, 1.1.1.8);
creatine kinase {CK-1, CK-2, 2.7.3.2); peroxidase
(POX-1, 1.11.1.7). 2. Discontinuous Tris/glycine, pH
8.5 (Jolley and Allen, 1965} aspartate aminotrans-
ferase {AAT-1, 2.6.1.1);, phosphoglucose isomerase

(PGI, 5.3.1.9); phosphoglucomutase (PGM, 2.7.5.1). 3.
Tris/borate, pH 8.9 (Studier, 1973): a-naphtylacetate
heart and liver esterase (EST-1 through —6,3.1.1.1). 4,
Lithium hydroxide, pH 8.6 (Ferguson, 1980} leucyl-
alanine liver peptidase (PEP-1, PEP-2, 3.4.11.). CAM
(Grunbaum, 1981) 1. Tris/maleate, pH 7.4:
6-phosphogluconate dehydrogenase (6-PGD,
1.1.1.44). 2. Citrate/phosphate, pH 7.0: isocytrate
dehydrogenase (IDH-1, 1.1.1.42). Staining recipes
were adapted from Harris & Hopkinson (1976) and
from Grunbaum {1981).

Alleles were coded by letters, ‘a’ being the most
anodal. Allele frequencies, 12 different measures of
genetic  distances and dendrograms (UPGMA,
WPGMA, Wagner, KITSCH, FITCH) have been
computed using several programs (Table 1). Moreover,
the alleles were coded as characters with two states, 1
(presence) and 0 (absence), according to the indepen-
dent allele model (Buth, 1984), and parsimony phylo-
genetic trees (i.e. HENNIG86, PAUP, JACKPAUP,
BOOT) have been obtained with the programs listed in
Table 1.

Results

Allele frequencies in the four species of the Caprinae
and in the outgroup Bos primigenius taurus are listed in
Table 2. Nei's (1978) standard unbiased and Rogers’
(1972) genetic distance matrix are shown in Table 3.
Although Nei's and Rogers’ genetic distance values are
different in magnitude, due to their different mathe-
matic formulations, they are inter-correlated, thus
giving the same information. Goat, sheep and chamois
pair-wise genetic distances are very similar, ranging
from 0.59 (between Rupicapra r. rupicapra and Capra
i ibex) to 0.68 (between Capra aegagrus hircus and
Ovis ammon musimon).

Table 1 Computer programs and methods used to obtain genetic distances,

dendrograms and phylogenetic trecs

Computer

package Method References

BIOSYS-12 Genetic distances Swofford & Selander, 1989
UPGMA and WPGMA dendrograms Sneath & Sokal, 1973
Wagner trees Farris, 1972

PHYLIP® FITCH and KITSCH trees Felsenstein, 1979
BOQOT - bootstrap consensus tree  Felsenstein, 1985

HENNIG86°  Parsimony trees Farris, 1988

PAUPH Parsimony trees Swofford, 1985

JACKPAUP¢ Jack-knife consensus trees Lanyon, 1985

*Swofford & Selander, 1989; *Felsenstein, 1989; Farris, 1988; *Swofford, 1985 ;

¢Lanyon, 1985.



Table 2 Distribution of the electromorphs and allelic fre-
quencies at 27 loci in four species of the Caprinae and in the
outgroup Bos primigenius taurus. Abbreviations:

C.ah.= Capra aegagrus hircus, Rx.r.= Rupicapra r. rupica-
pra; O.a.m. = Ovis ammon musimon; Cil.= Capra i. ibex;
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Table 3 Nei’s (1978) standard unbiased {below the diagonal}
and Rogers’ (1972) distances (above) among four species of
the Caprinae and the outgroup Bos primigenius taurus. (For
the abbreviations, see Table 2.)

B.p.t.= Bos primigentus taurus.? Cah, Rurr. O.am. Cil B.p.t.
Species Cah. — 0.467 0.492 0.144 0.811
Rrr 0.624 -— 0.463 0.448 0.781
Locus Cah. Rurr O.am. Cii. Bpa O.am. 0.676 0.618 — 0.470 0.802
Ciid 0.139 0.592 0.632 — 0.818
AAT-1 a a a a b Bpt 1.688 1.537 1.657 1.705 —
FUM a a a a b
MPI b a a b c
LDH-1 b b b b a . _
«-GPDH 2 a a a b from the same internode, pointing out a possible
6-PGD b c a b c common ancestor. Due to the small genetic distances
HK b c a(0.600) b o (Nei’'s D=0.139, Rogers’ D=0.144), goat and ibex are
d(0.400) phylogenetically more closely related. Goodness-of-fit
EST-1 a b ¢ a d statistics are very high, indicating low levels of homo-
EST-2 b d c b a plasy in the dataset. Identical topologies have been
EST-3 a ¢ d b e obtained with the programs FITCH and KITCH (not
EST-4 b a b b c shown).
EST-5 a c d b ¢ Two maximum parsimony trees were obtained by
Eé;? : (t:n 2 z 3 HENNIGB6 (Fig. 2A,B). Ovis and Rupicapra can
PEP-2 b . g a . change their respective relationships without modifying
IDH-1 a «0800) d(0.800) a b the length of the tree. Two statistical manipulations of
¢(0.200)  (0.200) the dl'Schte dataset have be@n performed. Boot-
P-ALB a b ¢ a d strapping of characters was carried out by BOOT. The
ALB a b c a d majority rule consensus tree obtained after 50 repli-
HB-1 b b b b a cates is shown in Fig. 2C. The relationship of
HB-2 a a a a b Rupicapra with the other taxa is not stable, since it
H-PT-1 b b b b a recurred only 25 out of 50 runs. Jack-knifing of taxa
H-PT-2 b b b b a was applied by JACKPAUP, and the strict consensus
G-6-PDH  b(0.625) a €(0.700] b d tree is shown in Fig. 2D. As expected from the
¢(0.375) f(0.300) HENNIG86 and BOOT results, the cladistic relation-
ME-1 al0.625) b(0.400) d(0.400} a2 € ships among Rupicapra, Ovis and Capra are not fully
(0375} ¢(0.600) €(0.100) resolved, and the tree indicates a trichotomy.
£{0.500)
LDH-2 b b b b a
SOD-1 b b c b a Discussion
sOD-2 b b c b a

aThe following loci were monomorphic among the species:
MPIL PGI, MDH-1, POX-1, CK-1, CK-2.

UPGMA tree, computed using Nei’s standard
unbiased genetic distance, is shown in Fig. 1A, Identi-
cal UPGMA and WPGMA trees (not shown) were
obtained with all the different genetic distances
computed using BIOSYS-1 {Swofford & Selander,
1989). The Wagner tree with Rogers’ genetic distances,
rooted using Bos as an outgroup, is presented in Fig.
1B. It is identical with those of UPGMA and WPGMA.
A common feature of all the distance trees is the origin
of the lineages leading to Capra, Ovis and Rupicapra

Multilocus enzyme electrophoresis of taxa belonging to
the subfamily Caprinae yielded unexpectedly similar
genetic distance values among the genera Rupicapra,
Capra and Ovis. This is in contrast to the current
opinion of an early origin of the tribe Rupicaprini, and
of a subsequent recent evolution of the tribe Caprini.
Information from non-genetic data are not particu-
larly useful to evaluate these results. The rather poor
fossil records have been used to date the splitting
between Ovis and Capra in a wide range of time,
spanning from the upper Miocene (Pilgrim, 1947) to
the middle Pleistocene (Payne, 1968). Karyotypes have
been quite well studied in this subfamily (Bunch &
Nadler, 1980). The most plausible mechanism of
chromosome evolution in the Bovoidea could be a
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(A) ___ C.a. hircus
c.c. = 987 ‘ C.i. ibex
R.r. rupicapra
0.2. musimon
8.p. taurus
. Nei'a D
1.5 0.0 s o
T (Myr) a)
m',o 1-‘0& l.[H .'un
. \ T (Myr) b)
15.0 5.2 1z o
®
c.c. = 1.000 __oven C.a. bircus
9.1 Fig. 1 (A) UPGMA dendrogram
S oot ihex obtained with Nei’s (1978) standard
unbiased genetic distances. Time scales
0.319 0.216 R.r. rupicepra ‘
according to (a) the lower and (b) the
8.1 0.n. musinon upper divergence time. (B) WAGNER
0.58%  N.p. vaurue tree cpmputed with Rogers (19.72)
* genetic distances and rooted using Bos
[, ODistance fros the root  as OUIETOUD. ¢.c. = cophenetic cotre-
1 1 -
o o 20 30 -t lation.
(a) (B)
c.i. = .94 ; C.i. ibex c.i. = .94 . C.i. ibax
| C.a. hircus j C.a. hircus
0.0, musimon R.r. rupicepra
R.r. rupicapra O.a. ausimon
B.p. taurus B.p. taurus
(C) (D)
e C.i. ibex . C.m. hircus
50
0l C-a. hircus C.i. ibex
25 O.a. ausimon O.a. musimon
R.r. rupicepra R.r. rupicepra
B.p. taurum . B.p. taurus

Fig. 2 Phylogenetic relationships between the Caprini and Rupicapra: (A ) and (B) Maximum parsimony trees (HENNIGS6);
(C) Majority rule consensus tree. Numbers at the internodes give the occurence of the internode over 50 bootstrap replicates
{BOOT); (D) Jack-knife strict consensus tree (JACKPAUP). All trees are rooted with Bos as outgroup. c.i. = consistency index.

pattern of Robertsonian fusions, proceeding from an
ancestral 2n=60 (NF=60) acrocentric karyotype
(Wiirster & Benirschke, 1968} to a derived lower 2
karyotype. This makes it difficult to infer unambiguous
phylogenetic relationships in the Caprinae. In fact, the
Rupicaprini (postulated to be ancestral) have lost the

primitive high chromosome number (i.e. 2n=42 in
Oreamnos, 58 in Rupicapra, 50 in Capricornis crispus,
48 in Capricornis sumatrensis, 56 in Nemorhaedus),
while the genus Capra (postulated to be derived) has
conserved the ancestral 2n=60 karyotype (Bunch &
Nadler, 1980).



The distance matrix and parsimony trees we have
obtained using multilocus enzyme electrophoresis are
consistent with each other, and with the observed data-
set (high indexes of goodness-of-fit). It is well known
that phylogenies could be drawn reliably if the rates of
molecular evolution are constant along the different
lineages of a tree (Farris, 1972). Variance in the rates of
molecular evolution could produce different branching
patterns if the trees are computed with or without the
constraint of a molecular clock (ie. UPGMA,
WPGMA and KITSCH, or WAGNER and FITCH
algorithms, respectively). All the topologies we have
obtained are identical, irrespective of the imposition of
regular rates of protein evolution. A relative-rate test
(Beverley & Wilson, 1984) can be applied to test for
rate constancy. It is easy to see (Fig. 1B) that the ratios
between each pair of lineages (using Bos as an out-
group) are close to 1.0, strongly supporting the
existence of a regular rate of protein evolution and
therefore of a molecular clock.

Goodman er al. (1982) estimated the divergence
time between the Bovinae and the Caprinae (15-20
million years (Myr)) from amino acid sequence and
paleontological data. We could calibrate the rate of
protein evolution using these values to obtain the
actual clock. Nei's standard unbiased average genetic
distance between the Bovinae and the Caprinae, as
estimated by multilocus enzyme electrophoresis, is
D=1.75, so we can compute 1D=15/175=118
Myr, and 1D=20/1.75=8.8 Myr, by taking into
account, respectively, the lower and the upper
proposed divergence time. Time-scales are drafted in
Fig. 1A. The divergence time between Capra aegagrus
and Capra ibex ranges from 1.32 to 1.77 Myr (early
Pleistocene); the divergence among the genera Capra,
Ovis and Rupicapra ranges from 5.28 to 7.08 Myr
(Miocene),

These results are in accordance with an estimated
6-11 per cent mitochondrial DNA nucleotide diver-
gence between sheep and goat {Upholt & Dawid,
1977), and with B-A, B-C and globin genes DNA
sequence data (Li & Gojobori, 1983). Using the
average rate of 2 per cent mitochondrial DNA sequ-
ence divergence/Myr (Wilson et al., 1985), we obtain a
divergence time between sheep and goat ranging from
3.0 to 5.5 Myr. The estimated rate of substitution per
site per year in the globin genes, r=4.6x 107" (Li &
Gojobori, 1983), allows the computation of a diverg-
ence time of 5.0 Myr.

Since three independent sources of molecular data
(protein, mitochondrial DNA, nuclear DNA),
converge to estimate an average divergence time
around 5.0 Myr between sheep and goat, we are confi-
dent that a similar divergence time between Rupicapra
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and the Caprini, estimated by multilocus enzyme
electrophoresis, is correct also.

At least two population genetic factors could com-
plicate the interpretation of electrophoretic results. If
speciation follows a quick and contemporaneocus
segregation of several lineages from an ancestral highly
polymorphic population, then a fast increase in genetic
distances among lineages is expected (Nei, 1976).
During this phase, genetic distance and divergence
time will not be correlated linearly. But this effect is
unlikely to persist after several million years of
independent evolution, and it is very difficult to
imagine an ancestral rupicaprid population with such a
high amount of polymorphism to explain the actual
percent of fixed differences (about 45 per cent; Table
2)among goat, sheep and chamois.

Hybridization and gene flow could reduce the
genetic distance if two taxa come into secondary
contact, The evolution becomes reticulate and deriving
phylogenetic trees from genetic distance data becomes
a problematic task (Thorpe, 1983). In this case,
hybridization and gene flow between chamois and
sheep need to be postulated if we want to reconcile the
estimated genetic values with the current evolutionary
opinions. This event seems to be improbable both from
paleontologic and biogeographic points of view (Geist,
1971; Shaller, 1977).

These results will be better interpreted when more
species belonging to the subfamily Rupricaprini have
been studied. It will be particularly important to eluci-
date the evolutionary relationships among the different
Rupicaprini lineages (the primitive tropical forms, the
North-American lineage, the advanced genus
Rupicapra), in order to resolve their inter-relations
with Ovis and Capra, as well as with the so-called inter-
mediate forms ( Hemitragus, Ammotragus).
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