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Tissue samples from 161 roe deer (Capreolus capreolus L.) from 5 populations in Austria were screened for allelic
variation at 41 presumptive genetic loci by means of horizontal starch gel electrophoresis. The proportion of
polymorphic loci ranged from 14•6 per cent to 195 per cent, the values for expected average heterozygosity from 3•5
per cent to 79 per cent. These values are among the highest ones yet found among deer species. The relationship
between biochemical genetic variation, body size and ecological strategy of adaptation is discussed.

INTRODUCTION

Deer are one of the most extensively studied groups
of large mammals with respect to electrophoretic
variation in blood proteins and isoenzyme systems.
Various multilocus investigations have been car-
ried out within the past decade to evaluate the
amount of genetic diversity within and among
populations of white-tailed deer (Manlove et a!.,
1976; Ramsey et a!., 1979; Baccus et a!., 1983;
Smith et al., 1984, 1986; Sheffield et a!., 1985),
fallow deer (Pemberton and Smith, 1985; Harti et
a!., 1986), wild and semi-domestic reindeer (RØed,
1985a, b; 1986), moose (Ryman et a!., 1977, 1980)
and different subspecies of red deer (Cameron and
Vyse, 1978; Gyllensten et a!., 1983; Baccus et a!.,
1983; Dratch and Gyllensten, 1985; Hart!, 1986).
In contrast the level of genetic variability in roe
deer (Capreolus capreolus L.), one of the most
abundant species in Central Europe, is largely
unknown. Genetic variability in roe deer is of
particular interest for several reasons. Among the
Cervidae it is a relatively primitive, generalist
species (Reimoser, 1986) which, according to Nevo
(1983a, b, 1984), should harbour more genetic
diversity at the molecular level than a specialist
species. A very high adaptability to various habitat
types is reported (Lehmann and Sägesser, 1986)
and roe deer are one of the wildlife species in
Central Europe thriving very well in the cultivated
landscape. Concerning the high variability in
morphological characters and ecological adapta-

tion (see Stubbe and Passarge, 1979; Neuhaus and
Schaich, 1985 for reviews) within the subspecies
C. capreolus capreolus the existence of various
ecotypes or even "locality races" has been
hypothesised (Reimoser, 1986), which might lead
to the expectation of comparatively high genetic
differentiation at the molecular level. Concerning
its ecological strategy of adaptation among deer
C. capreolus can be designated as r- strategist (Har-
rington, 1985; Gossow and Fischer, 1986; Gossow,
personal communication). Within the r-K con-
tinuum r-selected roe deer, compared to K.
selected deer species, show rapid development,
high Tmax (multiple births), early reproduction,
shorter length of life etc; they are "opportunists".

R-selection leads to high productivity in
unstable (short.lived, unpredictable) habitats such
as the weedy cover of new clearings in forests,
where roe deer live preferentially. In contrast K-
strategy with slower development and greater com-
petitive ability leads to increasing efficiency of
utilisation of environmental resources in stable
(longer-lived) habitats like old climax forests. Cor-
relates of r- and K-selection in ecology and
behaviour were published by Pianka (1970), Wil-
son (1975) and Barash (1980). According to a
hypothesis derived by Harrington (1985) r.strateg-
ists should be genetically less variable within popu-
lations than K-strategists. He argues that low
genetic variation would prevent inbreeding
depression, which might occur during dramatic
changes in population sizes (which are more likely
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to occur in r-strategists than in K-strategists) or
when new populations are founded by a small
number of colonising individuals. Harrington's
hypothesis is supported by an initial study on roe
deer carried out by Baccus eta!. (1983), who found
comparatively low genetic variation at 19 serum
protein and enzyme loci in a sample of 25
individuals. To get more insight into the genetic
structure of roe deer populations we investigated
a total of 161 individuals representing 5 popula-
tions at very different geographic sites in Austria.
The results indicate, that at the molecular level roe
deer are one of the most variable species yet studied
among deer showing considerable genetic diversity
within and between local populations. These
findings are discussed with respect to the
hypotheses mentioned above.

MATERIALS AND METHODS

Kidney and liver samples from roe deer were col-
lected by local hunters during the hunting season
of 1986. In total 161 individuals from five popula-

tions inhabiting different regions of Austria were
sampled (fig. 1).

Tissues were frozen soon after death of the
specimens and stored at —20°C until elec-
trophoresis. Preparation of tissue extracts, elec-
trophoretic and staining procedures were perfor-
med according to routine methods (Hart! and
Höger, 1986). Peptidases were stained using L-
leucy!-L-alanine as substrate. Since no family
studies could be carried out, the genetic interpreta-
tion of electrophoretic patterns was based on the
principles outlined by Harris and Hopkinson
(1976) and Harris (1980). The results were also
compared with genetic variation in deer described
by other authors (see introduction for references).

The following 27 enzyme systems were
screened (abbreviation, E.C. number and tissues
used are given in parentheses; L=liver, K=
kidney): sorbitol dehydrogenase (SDH, E.C.
1.1.1.14, L), lactate dehydrogenase (LDH, E.C.
1.1.1.27, K), malate dehydrogenase (MDH, E.C.
1.1.1.37, K), malic enzyme (ME, E.C. 1.1.1.40, K),
isocitrate dehydrogenase (IDH, E.C. 1.1.1.42, K),
6-phosphogluconate dehydrogenase (6-PGD, E.C.

Figure 1 Sampling sites of roe deer in Austria. 1 = Vorarlberg, 2 = Soboth (Styria), 3 = Pyhra (Lower Austria), 4 = St. Anton/J
(Lower Austria), 5 = Melk (Lower Austria).
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1.1.1.44, K), glucose dehydrogenase (GDH, E.C.
1.1.1.47, L), glucose-6-phosphate dehydrogenase
(G-6-PD, E.C. 1.1.1.49, K), xanthine dehy-
drogenase (XDH, E.C. 1.2.3.2, L), glutamate dehy-
drogenase (GLUD, E.C. 1.4.1.3, L), NADH-
diaphorase (DIA, E.C. 1.6.2.2, K), catalase (CAT,
E.C. 1.11.1.6, L), superoxide dismutase (SOD, E.C.
1.15.1.1, K), aspartate aminotransferase (AAT,
E.C. 2.6.1.1, K), hexokinase (HK, E.C. 2.7.1.1, L),
creatine kinase (CK, E.C. 2.7.3.2, L), adenylate
kinase (AK, E.C. 2.7.4.3, L), phosphoglucomutase
(PGM, E.C. 2.7.5.1, K), esterases (ES, E.C.
3.1.1.1), alkaline phosphatase (ALP, E.C. 3.1.3.1,
K), acid phosphatase (ACP, E.C. 3.1.3.2, K), pep-
tidases (PEP, E.C. 3.4.11, K), aminoacylase-1
(ACY-1, E.C. 3.5.1.14, K), adenosine deaminase
(ADA, E.C. 3.5.4.4, L), fumarate hydratase (FH,
E.C. 4.2.1.2, L), mannosephosphate isomerase
(MPI, E.C. 5.3.1.8, K) and glucosephosphate
isomerase (GPI, E.C. 5.3.1.9, K).

At each isoenzyme locus the most common
allele in the roe deer of population 1 (Vorarlberg)
was designated arbitrarily "100", variant alleles in
the same or in other populations according to their
relative mobility.

RESULTS

Screening of 27 isoenzyme systems representing a
total of 41 presumptive structural loci revealed
polymorphism in 9 isoenzymes: LDH-2, ME-2,
DIA-2, AK-i, PGM-1, PGM-2, ACP-i, PEP-2 and
MPI. In all cases heterozygote band patterns were
consistent with the known quaternary structure of
the enzymes concerned.

The following loci were monomorphic for the
same allele among the roe deer populations
studied: Sdh, Ldh-1, Mdh-1, -2, Me-i, Idh-1, -2,
6-Pgd, Gdh, G-6-pd, Xdh, Glud, Dia-i, Cat, Sod-i,
-2, Aat-1, -2, Hk-i, -2, Ck, Ak-2, Pgm-3, Es-d, Alp,
Acp-2, Pep-i, Acy-1, Ada, Fh, Gpi-i, and -2.

When tested for the Hardy-Weinberg equili-
brium, at the polymorphic loci no significant devi-
ation of the observed phenotype distributions from
the expected binomial proportions could be
detected in any of the populations studied (chi-
square test). The allele frequencies, single-locus
heterozygosities, average heterozygosities and the
proportion of loci polymorphic in each of the
populations studied are given in table 1. Averaged
over all populations the proportion of polymorphic

Table 1 Allele frequencies and indices of genetic variation at nine polymorphic loci in roe deer. 1 = Vorarlberg, 2 = Soboth,
3 = Pyrha, 4 = St. Anton, S = Melk, p =allele frequency, H (H0) =expected (observed) heterozygosity, H (H0) = expected
(observed) average hererozygosity calculated over 41 presumptive genetic loci, P proportion of polymorphic loci, n sample
size

1,n=62 2,n=12 3,n=23 4,n=48 5,n=16
Enzyme p H p H p H p H p
locus Allele (H0) (H0) (H0) (H0) (H0)

0-0 0-0 00Ldh-2 100 1-0 0750 0375 10 1-0 1-0 0-0

117 0-0 0-250 (0.333) 0-0 0-0 0-0

Me-2 100 1-0 0-0 1-0 0-0 0870 0-226 0990 0020 0969
123 0-0 0-0 0-130 (0.174) 0-010 (0.021) 0-031 (0-062)

Dia-2 100 0-847 0-259 0-708 0-413 0-978 0-043 0-917 0-152 1-0

118 0153 (0.242) 0-292 (0-417) 0022 (0-043) 0-083 (0-125) 0-0

Ak-I 100 0557 0-493 0-292 0-413 0-370 0-466 0-406 0-482 0-188

250 0-443 (0-403) 0-708 (0.417) 0-630 (0-391) 0-594 (0-437) 0-812 (0.250)

Pgm-1 100 1-0 0-0 1-0 0-0 0-956 0-084 0-906 0-170 0-969

—16 0-0 0-0 0-044 (0.087) 0094 (0-146) 0-031 (0-062)

Pgm-2 100 0-734 0-390 0-500 0-500 0-956 0-085 0-698 0-448 0-937 0-118

113 0-266 (0-306) 0-0 (0-667) 0-022 (0-087) 0-052 (0-479) 0-0 (0-125)
70 0-0 0-500 0-022 0-250 0-063

Acp-1 100 0-863 0-236 0-591 0-483 0-870 0-226 0-792 0-329 0875 0-219

200 0-137 (0-274) 0-409 (0-636) 0-130 (0-174) 0208 (0-333) 0-125 (0-250)

Pep-2 100 0-500 0-500 0-375 0663 0-318 0-434 0-365 0-464 0-437

115 0-500 (0-516) 0-333 (0-583) 0682 (0-545) 0-635 (0-437) 0-563 (0-500)
107 0-0 0-292 0-0 0-0

Mpi 100
120

0-863
0-137

0-236
(0-210)

0-750
0-250

0-375
(0-333)

0-783
0-217

0-340
(0-435)

0-812
0-188

0-305
(0.292)

0-906
0094

0-170
(0-187)

is ci ci i ci is ci is ci
(ci0) (ci0) (ci0) (ci0) (H))

0.0350.146 0.052 0.171 0.079 0.195 0.046 0.195 0.058

(0.048) (0.083) (0.047) (0.055) (0.035)
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loci (P) is 176±204 per cent and expected
average heterozygosity (H) is 54± 163 per cent.

Genetic relationships between populations
were estimated using Nei's (1972) measures of
overall genetic identity (I) and standard genetic
distance (D). Calculated over all populations
mean genetic identity was 09931±00049 and
mean genetic distance was 00069 00050, respec-
tively (detailed values are given in table 2). The
total amount of genetic variation was further ana-
lysed using Nei's (1975) measures of gene diversity.
The average diversity among populations (DST)
was 00050 and accounted for approximately 85
per cent (GST = 0.085) of the total gene diversity
(HT=0059). To show the genetic relationships
between the roe deer populations studied a den-
drogram was constructed using the UPGMA as
described by Nei (1975) based on estimates of
standard genetic distance (fig. 2).

Table 2 Matrix of Nei's (1972) measures of genetic identity
(I) (above the diagonal) and standard genetic distance
(D) (below the diagonal) between the roe deer populations
studied

1 2 3 4 5

1 — 09873 0•9958 09970 09943
2 00128 — 09855 0'9919 0'9866
3 00042 00146 — 09977 09981
4 00030 00082 00023 — 09968
5 00057 OO135 00019 00032 —

1,2 1,0 0,8 0,6 0,4 0,2 0r
L

Figure 2 Genetic relationships between the roe deer popula-
tions studied. The dendrogram was constructed using the
UPGMA as described by Nei (1975) based on Nei's (1972)
standard genetic distance (xlOO).

DISCUSSION

The mean proportion of polymorphic loci and the
mean proportion of heterozygous loci per
individual detected in the present study are con-
siderably higher than the corresponding values for

roe deer obtained by Baccus et al. (1983). Since in
spite of different sample sizes the extent of poly-
morphism between our populations was rather
similar, we think that the lower extent of genetic
variation detected by Baccus et al. (1983) can be
best explained by the restricted number of loci
investigated by these authors. Generally the num-
ber as well as the composition of enzyme systems
and serum proteins studied seem to have an impor-
tant influence on estimates of genetic variation and
genetic divergence (see e.g. Johnson, 1974; Ward,
1977; Sarich, 1977; Gorman and Renzi, 1979;
Lewontin, 1985; Hartl and Csaikl, 1987, for further
discussion of this problem).

While our results support Nevo's (1984) con-
clusion that generalist species are genetically more
variable than specialist species they provide further
evidence against the argument that comparatively
large mammals should be genetically less variable
than small mammals. This argument was mainly
derived from the "environmental grain
hypothesis" proposed by Selander and Kaufman
(1973) and supported by first electrophoretic
studies on large mammals (see e.g. Cameron and
Vyse, 1978; Simonsen, 1982). However, when more
species and enzyme systems were examined, a con-
siderable amount of biochemical variation was
detected also among several species of large mam-
mals (see e.g. Newman et al., 1985; Miller and
Harti, 1986; Hartl and Csaikl, 1987; and the data
given in table 3). Thus, in the light of new data
emerging, the proposed negative correlation
between body size and genetic variation in mam-
mals is invalid or at least very problematic (see
Nevo, 1984; Wooten and Smith, 1985, for statistical
examination of this problem and for further dis-
cussion).

A similar situation can be found with respect
to Harrington's (1985) hypothesis emphasising
genetic—ecological differences between the two
subfamilies of the Cervidae, the Telemetacarpi and
the Plesiometacarpi, which are differentiated mor-
phologically by the degree of regression of the
lateral metacarpals. Harrington (1985) argues that
the Telemetacarpi are r-strategists and the
Plesiometacarpi K-strategists. He writes: ".. . it
could be postulated, that genetic variation in the
r-selected Telemetacarpi is displayed mainly
between populations (subspecies), while that in
the K-selected Plesiometacarpi is displayed within
populations—or is at least less segregated".
According to our results the indices of genetic
variation within populations of roe deer (P and
H in combination, table 1) are among the highest
values yet obtained in Cervidae. Since this is the
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case also in other species of the Telemetacarpi
such as white-tailed deer and red-brocket (table
2), the postulation that r-selected Telemetacarpi
exhibit lower genetic variation within populations
than K-selected Plesiometacarpi is not supported
by biochemical genetic data. However, as far as
genetic diversity between populations is concer-
ned, the relative amount of differentiation (GST)
is somewhat higher in roe deer (GST =8'5 per cent)
and in moose (GsT=94 per cent; Ryman et a!.,
1980) than in red deer (GST= 5 per cent; Gyllen-
sten et al., 1983). Thus, this aspect of Harrington's
hypothesis may be supported by electrophoretic
results, but more comprehensive data, especially
on more species of the Plesiometacarpi are needed.

Concerning the remarkable extent of poly-
morphism among r-strategists (table 3), besides
the possibility of inbreeding depression due to
homozygosity of deleterious genes being more
likely in genetically variable populations, also the
positive correlation between enzyme heterozygos-
ity and fertility (detected, for example, in white-
tailed deer by Johns et a!. 1977) must be con-
sidered. Since high fertility is essential for r-strat-

egists, many polymorphisms may be preserved by
selection in those species and rare alleles may
therefore occur in relatively high frequencies (see
table 1). If a population bottleneck is followed by
rapid population growth (as it is the case in r-
strategists) not too many of the high frequency
polymorphisms will be lost (Nei et a!., 1975), but
there will still arise considerable allele frequency
differences between populations resulting in com-
paratively high GST-values. On the other hand no
fertility problems were described in fallow deer, a
species exhibiting very low levels of biochemical
variation (Pemberton and Smith, 1985; Hartl et aL,
1986). Besides the explanation that most
deleterious genes may have been lost together with
the biochemical genetic variation there could be
also a lower association between enzyme heterozy-
gosity and fertility among K-strategist species.
However, in our opinion only a multifactorial
approach considering in detail the special ecologi-
cal, physiological and behavioural features of each
species as well as its historical aspects can lead to
more comprehensive models on biochemical
differentiation.

Table 3 Genetic variation in deer species. nI sample of individuals, nP = sample of populations, nL =sample of loci, Pt = total
proportion of polymorphic loci (calculated from the data given in the references), P = proportion of polymorphic loci (if more
populations are studied the mean P is given), H = expected average heterozygosity (if more populations are studied the mean
H is given), *=va!ue calculated by Cameron and Vyse (1978).

ni nP nL
Pt
per cent

Pt
per cent

R
per cent Reference

Plesiometacarpi
Fallow deer
(Dama dama)

18—118
88-368

1

9-22
15
30

66
00

66
00

26
00

Hart! et al. (1986)
Pemberton and Smith (1985)

Red deer
(Cervus elaphus)

(Wapiti)
(Wapiti)
(Wapiti)

594
39
27

145
243
49

25—200

22
2

—
6

11
—

1

34
38
19
28

28
19
24

206
132
158
179
179
105
42

77
105
158
119
123
105
42

22
35
47
27
23
15
12

Gyllensten e a!. (1983)
Hart! (1986)
Baccus et a!. (1983)
Dratch and Gyllensten (1985)

Dratch and Gyllensten (1985)
Baccus et a!. (1983)
Cameron and Vyse (1978)

Telemetacarpi

Moose

(Alces alces)
165

60—1384

734

—
3
18

19

23

23

158
43
2!7

158
43
94

17
0.06*

20

Baccus eta!. (1983)

Ryman et a!. (1977)
Ryman eta!. (1980)

Reindeer

(Rangifer tarandus)

20

198

239
—

—
4
3
5

19

34

35

35

53
235
286
257

53
132
!90
160

14
22
39
49

Baccus et a!. (1983)

Røed (1985a)

RØed (1985b)
Røed (1986)

White-tailed deer

(Odocoileus virginianus)
753

1549

326

8
—

4

20

19

57

—
—
316

358
368
16l

74
78
62

Baccus et a!. (1983)
Smith et a!. (1986)

Sheffield eta!. (1985)

Red brocket
(Mazama americana)

52 — 19 579 57.9 70 Smith et a!. (1986)

Roe deer
(Capreolus capreo!us)

24
161

—
5

19
41

105
219

105
176

24
54

Baccus et a!. (1983)
this study
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The genetic variation between the five Austrian
roe deer populations as displayed in fig. 2 provide
some interesting indications on the existence of
geographically different refugial areas of roe deer
during glaciation and on pathways of postglacial
immigration of this species into the alpine region.
The comparatively large genetic distance of popu-
lation 2 (Soboth) to all other populations suggests
that postglacial immigrations took place from
different refugial areas on the two sides of the main
crest of the Alps (see fig. 1). Furthermore, it is
likely that the main crest of the Alps, with its
elevations up to about 4000 m, is an important
barrier to gene flow between southern and northern
populations at present.
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