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ABSTRACT

Impala are an ancient and successful species whose biogeography differs
from cother bovids, A detailed electrophoretic investigation of genetic
variability within and between subpopulations found six polymorphic loci,
 CR-C*, GPI", MPI*, PEP-B", PGM~Z" and PROT-2* in o sample of 464 impala

collected from 10 localities in southern Africa, Average gene diversity
was 0,047, Between-population gene diversiiy was normal for bovid
species, Allele freguency differences and genetic distances revealed low
levels of subdivigion into three broad regions, Wright's Fap (0,035
vevealed a significant yet low ievel of population subdivision. The dig-
" tributions of single-locus heterozygosities and allele frequencies were
significantly different to those predicted during mutation-drift equi-
librivm, indicating that non-equilibyium conditions may prevail and that
the popuilation may be recovering from a recent bottleneck.
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CHAPTER 1
INTRODUCTION

Population zenetic mechanisms are fundanental to evolution, Therefore.
genetic arsuments are important arguments to us2 in any discussion of
evolutionary mechanisms, Population genetic theory, which aims to de-

_ 8¢ribe and account for genetic variability within and among populations,
has been extensively developed this century., However, much of populatimn
genetic theory is based on simplified and untested assumptions, For an
“improved understanding of evolutionary mechanisms, it is important to
test hypotheses designed to clarify details in population penetic models
(Weir 1590; Grant 1993), One of the most effective ways of doing this is
to pose hypotheses based on sspects of theory and to test them with gene
frequency data from natural populations, Population genetic analysis is
also an essential aid to systematics (Hillis and Morditz 1990) and to the
conservation of genetic resources {Soulé and Wileox 1980; Frankel & Soulé
1981; Vrijenhoek et al. 1985).

Climate change and other environmentsl factors are the underlying ceuses
of evolution, In the case of the Bovidae (antelope) in Africa, changes
in environment, such as a proposed spreading of grassland near 2,5 mil-
lion years age, have heen responsible for major spurts of evolution (Vrba
1585a; 1985b), These spurts have caused most bovid tribes to have more
than one member, However, the impala is the-only member of the tribe
Aepycerotinae, extant or extinct (Vrba 1985b)., One of the aims of this
study was to investigate reasons for the lack of divergence within the
impala lineage. Chapter & addresses this question, while investiesting
within- and between-population genetic variability in detail.

Protein electyvophoresis is a desirable method with which to measure ge«
netic variability, since we assume that sgenotype can be directly inferred
from electrophoretic phenotype, Allelic frequencies thus obtained can



provide detailed information on the distribution of variability within
speries, In this study, alielic frequency data are used to make statisti-
cal inferences regarding genetic variability iu impala.

Before an effective electrophoretic study can take place, the variability
in expression of protein loci must be comsidered, The analysis of the

tissue distribution of gene expression and the number of loci eoding for
each protein aye covered in Chaptexr 3. By comparing gene expression in
different species, inferences regarding bhovid evolution can be made, '

The social structure o a species has a strong bearing on two of the
most important population penetic parameters, gene flow and random genet-
ic drift (Slatkin 1987), One important aspect of social structure is
rating behaviouy, For example, male impala disperse more than females
and are thus expected to contribute more to gene flow than are females,
The hypothesis that male impala contribute more to gene flow than do fe-
males is alsp investigated in Chapter 4, The results of this inveatiga-
tion into the effects of sex-biased dispersal show how genetic processes
cannot. always be predicted from life history observatioms,

Since population genetics is a quantitative science, large sample gizes
are yequired to make powerful statistical tests., For this study one of
the largest bovid tissue samples yet assembled was used to test.
hypotheses regarding blogeopraphy, population genetics and sex-bliased
dispersal %a impala. . .

Chapters 3 and 4 are natural divisions of the main body of work. They
were written with the aim of submitting them for publication in peer-
raeviewed journals, s0 they are self-contained, Uiterature reviews and
the backgyound and aims of euch part of the study are therefore in the
intveductions to each chapter,

Materials and methcds were combined to avoid repetition, Chapter 2 de-
scribes the collection of samples, enzyme electrophorvesis and statistical
nethods used for the deseriptions and analyses of variability in Chap=-
ters 3 and 4. General conclusions are presented in Chapter 5.
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CHAPTER 2
MATFRIALS AND METHODS
2,1 Sample Collection

Tissue samples were collected from ten cull localities in South Africa
and Zimbabwe soon after the death of the iwmpala (Table 2.1; Figure

20, Ten tissues from ten impala from four localitiess were collzctad
for the investigation of tissue expression (Teble A1), Heart, iiver,
kidney and skeletal muscle showed the best enzyme expression, so samples
of these four tissues were collected from 464 individuals.

Tmpala in Tembe and Albert Falls came originally from Mkuzi and impala

in Pongola are a wix of local and Mkuzi impala., None of the other pop~
ulations has received translocations of impala, so any exchange has been
due to historical dispersal between reserves.

No animals were killed specifically for this stady; samples were collected
from routine culling operations, The project was approved by the Ethics
committee of the University of the Witwatersrand.



Table 2,1 Saple sizes, localities and collection dates, Humbers in parentheses are the locality wambers indicated i:
the prasentation of some results,
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Figure 2.1 Map showing the distribution of impala (Smithers 1983 above)



2.2 _Electrophoresis

After collection, the tissues Were placed imwmediately on ice for transport
to the laboratory where they were stored at ~70°C. Subsequent freezing
and thawing were kept to a oinimum to preserve enmzyme activity., 1 ex-
tracted soluble proteins in 005M Tris-HCl pH 8.0 with 0,2 mM pyridoxal-5-
phosphate and performed starch gel electrophoresis (12% w/vy StarchArt
Corporation, Smithville, Texas) on all extracts, Red food colouring was
used as a marker dye on all gels, Buffer—tissue combinations which pro-
vided the best band” .z resolution are listed in Tables 3.1 and

3.2, 1 stained gele ior enzvme activity according to Harris & Hop~
kinson ¢1976) and Grant {1288).

A sample of 200 individuals, that consisted of up to 25 individuals from
each locality, was surveyed with 40 enzyme substrates for Mendelian
variability at 54 presumptive loci. This was sufficient to detect raze
alleles in the sample, The remainder of the total sample (an average of
170 more individuals per locus) was then surveyed for wvariability at
polymerphic loci omly, where the fregquency of the most common allele, p,
was p ¢ 0.5 (Table 3.2), |

2.3 Locus and Allele Romenclature

Locus and allele nomenciature followed Shaklee et al, (1989} and Shovs et
al, (1987), Where subcellular origin or orthology of an enzyme with other
mammals was not certain, I numbered the loci, begineing at the cathodal
end of the gel. If subcellular origin was ceytain, ¥ prefixed locus ab-
breviations with an m (mitochondrial) or s (supermatant), If orthology
was well established For multilocus enzymes, a letter indicating the
orthology was used. Where a suffix is used, but only one system is de-
scribed or scored, it implies that there were other bands visible which I
could not interpret., Enzyme or allele product ahbreviations are in plain
type: AAT, 100, Locus abbreviations are italicised and followed by an
asterisk (e.g, AAT), Alleles are denoted by an asterisk followed by the
italicized relative mobility of the cerresponding band on the gel



(e.g. “100)., AAT*I00 denotes the 100 allele of the AAT gene. Phenotypes
are written without ditalics (e.g. LDH-A 107/160) and genotypes inr italics
(e.g, LDH-A™107/°100)., 1 used the relative mobility system for designating
alleles, and used the most common allele at each locus as the elec~
trophoretic standard for that locus, Conditions for defining allelic
mobilities were as in Table 3.2, unless otherwise mentioned.

24 Description and Inteypretation of Banding Patterms

Mendelian variability was inferred from banding patterns according to
the principles of Harris and Hopkinson (1976), Harris (1980), Allendorf et
al. (977, Grant (1988), Nei et al, (1978) and Zoures (1976), because no family
studies were possibl For example, there should be parallel expression
“of true genetic variaoility amongst tissues expresgimg the same locus,
and expression should be smimilar in closely related taxa (Fisher and
whitt 1978; Fisher et al, 1980; Tabachnick and Howard 1982). Genotypic
frequencies in samples with correctly interpreted patterns should fit
Hardy-Weinberg proporxtions if they were taken from a single randomly
mating population. Banding patterns were scoved only if individual
bands were distinct, The presence of an alternate allele was confirmed
if: apparent hetervmeric forms were cbseyrved; a definite alternmate homomer
was observed; and if banding patterns conformed to the patterms expected
for the known subunit siructure of that enzyme {Darnall and Klotz 1972),
Most enzyme systems were yun on different buffers to resalve isoloci orx
cryptic allazymes,

25 Microsatellite Angliysis -

Microsatellite analysis (Weber and May 1989 Litt and Luty 1989) is an ef-
fective way of measuring variebility in nuclear DNA in large numbers of
individuals, Primer sequences were extracted Ffrom GENBANK and suitable
primers were designed from these using the program PRIMER, Seven
primer pairs were synthesized by the department of Biochemistry at the
University of Caps Town. DNA was extracted from impala and cow (posi-
tive control) tissue (Ali and Jameel 1993), A large amount of time was



spent performing PCR on these samples with the microsateilite primers,
and attempting to resclve PCR products on Metaphor agarose (FMC products)
or polyacrylamide sequencing gels, using ethidium bromide or silver
staining to visuvalise bands, However, only swmall gquantities of PCR pro-
duct were obtained from some of the primer pairs, and resolution wss not
sufficient to resolve bands that differed in length by as little as two
base pairs., Therefore, although variability was evident, this technique
was regretfully abandoned.

2,6 Statistical Analyses
2.6.1 Tests for fit to Hardy-Weinberg equilibrium

I performed a contingency-tahle analysis of genotypic counts and used the
log~likelihood ratic test (G-test, Sokal and Rohif 1355) to test for depar=
tures from Hardy-Weinberg proportions., I used Levene's (1949) unbiased
correction for small samples and performed a sequential Bonferroni test
(@ = o / k, where k is the rank of thc probability) to obtain an exper—
imentwise error rate of o = 0,05 (Cooper 1968; Rice 1289; Sokal and Rohlf
1995), I performed the tests with and without pooling of low frequency
alleles,

2.6.2 Tesls for allele-frequency howogeneity

To test for genetic subdivision among subpopulations T used log-
Likelihood ratio G~tests on a nested sample design that was based on ge-
ographical distances between sample localities and physical barriers such
as fences and rivers (Figure 2,2). Referring to Figure 2.2, ‘coun-

tries' are separated by more thawv 570km. 'Regions' are separated by be-
tween 190km and 39%0km, "™ajor Incalities' are separated by between Nkm
and 70km as well as by physical barriers., Pongola is grouped with Natal
becaose it is closer to Natal populations than to Eastern Transvaal pop-
ulations and its larre local population has received some impala from
Mkuzi, 'Minor localities' in Natal are geographically distant from each
other, but are effectively close because of founding events two decades



ago. So I corsidered their level of -subdivision to be intermediate be—
tween that of 'herds' and that of ‘major localities'. Tmpala at the next
level were sampled less than 10km apart, except at Kruger HRational Park
(38km), and were not separated by any barriers., 'Herds' were breeding
groups of females with one or two wmales that were corralled together,
‘Within park samples' were not necessarily herds and were taken on sepa-
rate occasions from distinct sites, Table 2,2 is the model pictn 2d

in Figure 2.2, It excludes a sixth level, 'hexds and within parn
samples!, becavse this level was only used in one test,

Table 2.2 Model of comparisons and their degrees of freedom for nested
contingency tabie analysis of allele-frequency homogeneity. This model is
shown graphically in Fig 2.2,

&
o

T.evel /Comparison

1 Total
5 Between Zimbabwe and South Africa
wWithin RSA
4 Among three regions (Nylsvlei, Lowveld, Natal}
among parke in Lowveld region
Between Natal and Pongola
Among parks in Natal

ey,

N Wk DD
b

M W

I made a two-way contingency table analysis of allelic frequencies at
each level, an: used sequential Bonferroni & yalues (o) acress loci,
Large sampie sizes are needed to detect small differences, especially he-
tween intermediate allele frequencies (Grant 1988), For example, for a 60%
chance (1-B8=0,6) of detectirng a difference of 9,05 between fregquencies of
0,1¢ and 0,05, sample size must be 156, and for a 9% chance (1-§=0,9), it
must be 310 (Sokal and Rohlf 1995). My maximum sample size was 100, so
the power of my tests to detect small allele frequency differences was
not Jlarge. :
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2.6.3 Geographic allele frequency gdistributions

Common allele frequencies at each locality were plotted for easy graphi-
cal comparison of geographic variability (Hubbs and Hubbs 1953).
Localities were arranged in a predetermined gengraphical order approxi-
mating that in Figure 2.2, and not according o the pattern of allele
frequencies. Error bars representing approximate 95% confidence intervals
were calculated as the ailele frequency plus or minus two standard er-
rors, so S5% OJ. = p + AV{pg/2n)] where p is the allele frequency, g = {i
- p) and n is the sample size,

2.6.4 Cluster avnalysis of genetic distances

UBGMA (Sneath and Sokal 1973) and neighbouv~joining (Saitou and Nei 1987)
clustering and multidimensional scaling analysis were performed on genet~
ic distences with programs by W.S. Grant and NTSES-pe {(Exeter Software),
1 estimated genetic distances with Nei's (1975) unbiased gewetic distance
with Hillis' (1984} correction for small sample sizes (Dy™), Rogers genetic
distance (Rogers 1972} with Wright's (1978, pd) modification for small ge-
netic distances (D), and Cavalli~3forza & Edward's chord distance (In)
(Cavalli-Sforza and Edwards 1967; Wright 1978 p92), Cluster analysie based
on Cavalli-Sforza and Bdwards {1967) chord distance gives the greatest
separation between samples, since this distance is wore appropriate than
Nei and Rogers! distances and overcomes some of their limirations,
Neizhbour-joining makes fewer assumptions about the data, merely that
they are additive, and wnot ultrametric, which the UPGMA assumes (Swof-
ford and Olsen 1990), -

265 Gene diversity analysis

Observed heterozyegosity, H, was calculated fyom genotype frequencies, Ex-
pected gene diversities H, and H{unbiased} (Crow and Kimura 1970; Nei
1978) and their variances (Nei amd Roychoudhury 1974) were calculated for
each locality and for the whole population, Estimates of H in small
samples were not compromised by the sample size, because many loci were

12



used (Nei 1978), I also ettimated the variance of gene diversity by
using M from H = M / (I + M), wvhere ¥ = N.v, in which N, is the effec-
tive population size and v is the mutation rate (Kimura and Crow 1964
Fuerst st al. 1877). Variance of single locus heterczygosity from this
estimate of M was calculated according to Wattersom (1974), Stewart (1976),
Li and Nei (1975) and Fueyst et al. (1977). Nested analysis of gene diver-
sity based on 18 variable loci (Nei 1973, 1987 Chakraborty 1980; Chak~
raborty et al, 1982) was performed according to the hierarchy in Figure
2.2, excluding the ‘herds and within—park samples' level, Thir analy-

gis is a measure of diffeventiation between populations and describes the
distripution of heterozygosities within and between subpopulations at all
levels of the hierarchy,

2.6.6 BEstimation of gene flow

I used three methods to estimate gene flow, Firstly, I used equations 1
to 4 of Weir and Cockerham (1984) to estimate the parametexs F, £ and 8,
which are unbiased estimates of the parameters Few, Fiw and Fsor (Wright
1951). Fir is the correlation between two randomiy chosen homologous ai-
leles in an individual relative to alleles at that locus in the whole
population. It is known as the overall inbreeding coefficient as it
takes into account both division into subpopulations and nonrandom
mating within subpopulations, Fis is the correlation between two ran-
domly chosen homologous alleles in an individual relative to alleles at
that locus in the subpopulation. Tt measures the deviation from random
mating within subpopulations, Fgo is the correlation between two ran~
domly chosen howologous alleles in a subpspulation relative to alleles at
that iocus in the entire population. * In other words, Far neasures the
extent of between-population allele~frequency differantiation (due to ran-
dom dvift) as a function of the relatedness of genes within populations.
9 explicitly takes into account different sample sizes and the number of
populations sampled, and therefore depends only on population size and
history, unlike Wright's F statistics (Weir and Cockerham 1984), Every
allele at every locus provides an estimate of the same quantity 4 The
variances of these estimates for each locus are added, and the ratio of



the sums of the ohserved and expectéd variances provides a single
estimate of @ with winimal bias and variance (Weir 199, p389).

Bumerical resamnling methods were used to estimate wvardiances and con-
fidence intervals of the F statistics (Weir 1990 pp383-384). Jackknifing
involves dropping one observation at 2 time till each has been dropped
once, and calculating new estimates of the F statistics in each case,
The variances of the F statistics in the population are then estimated
as the variances of these new sets of sample statistics, Less hiased
sample statistics are also calculated from the jackknifed estimates, 1In
this study, jackknifing was performed over populations and then over
loci. Bootstrapping invelves making estimates by constyructing many new
samples of the same size by random sampling with replacement, Thus a
distribution of estimates is created from which a 95% confidence interval
is constructed. This way, F statistics could be compared to zero and to
each other. 1In this study, bootstrapping was performed over loci, Both
jackknifing and bootstrapping were performed with the Fortran program
DIPLOIDZFOR (Weir 1890 pa0s),

To estimate gene {low from Fpr, the infinite-isliand model was assumed
(Weir 1990 pp391-392), m is the probability each generation that any gene
sanpled from a population migrated from any one of an infinite number
of other populations. If these tislands' have a finite size, N, the gain
of wvariation hy migration and the loss of variation due to drift within
jslands establishs an equilidrium, The equilibrium value of 8 if m» is
small (Wright 1978; Wright 1951; Slatkin and Barton 198%), is

& = (1+4Nm).

NmiFys), which dis the number of migvants entering each population per
generation if mutation and selection are assumed to be unimportant, can
be estimated from this., However, estimates of Nm obtained this way are
only rough indications of the level of geme flow, as the infinite-island
model is not realistic., Impala are distributed widely, but in scattered
concentrations, often separated by harriers such as distance, fences and
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rivers, none of which is impossible for an impala to traverse. The iso-
. lation by distance model (Wright 1943) was considered, However, there are
sufficient barriers to prevent impala llving in a continuvum and I did
not sample a high enough density of populations te use the isolation by
distance nodel, 80 the infinite island model was considered uppropriate
fer this study,

Secondly, a measure of the spread of the gene freruyency distribution is
P1), which is the average frequency of alleles that are found in only
one sample (Slatkin and Barton 1989), Nn(p{(l)} can be estimated from:
1og:a{p(I] * aloge(8m} + b (Slatkin and Barton 1989), So, Nm ®
10exp{(logolp(l)] ~ b)/al, where a and b depend on the sample sizes fyom
each population, and were determined empirically by Skatkin amnd Barton
"(1989) for a set of three sample sizes., If N i85 calculated with the
sample size from this set (N..e} that is closest to the actual sawmple slze
(Nuasw), then a more accurate estimate of Nm which takes into account the
actual sample size, i85 Mlexe = (Nees/NoamhWMraze I Used the average of
sample sizes as Nywse Then Nm{p(l)) = Nmua.. Slatkin and Barton (1989)
found that the number of loci sampiled has a greater effect on the ac-
curacy nf estimates of genme flow than the does the number of samples,
and that the relationship between p(l} and Nm depends only weakly on
mutation and selection av a loc- -,

Although they should produce similar results most of the time, Fux can
be more reliable than p(l). While Fur uses all of the gene-freguency
date, pll) is sensitive to errors from small sample sizes and misreading
gels, which lead to misclassification of, or wissing, low-frequency pri-
vate allgles, Furthermore, Fs. can be reasonably estimated from any
polymorphie locus, whereas tn be estimated accurately, p(l) requires a
large number of loci to be sure of finding any private alleles that may
exist, In this study, large sample sizes and many loci were surveyed for
private alieles and biand interpretations were carefully confirmed, so the
use of p(l) was deemed appropriate,



Unbiased estimates of Nm(Fey), namely, Nm{Fsp)", were made by jackknifing
over loci (Weir 1990 p383-384; Grant and Little 19972), Unbiased estimates
of Nm{p(1)), namely Nm{p(1))*, were made by jackkwifing over private alleles,

The relative contributions to gene flow by either sex were estimated
with No(Fax), NoxFae)™, Ke(pll)} and Nm(pl)* after splitting allele frequen=~
cles by sex at each locality., In this way, all-mal: or ali-female popu-
lations were consideved,

Thirdly, the distyibutions of conditional average allele frequencies p: -
vided a qualitative gauge of relative gene flow in either sex (Slatkin
1881}, If the occupancy number i of an allele is the number of demes in
which it is present, then the counditional average frequency pld) of each
occupancy number is the average frequency of all alleles with that oe-
cupancy number, The Kolmogorov-Smirnov goodness-of-fit test was used to
test the null hypothesis that pineiec a0 PHranuiee Were distributed
identically (Sokal and Rohlf 1935 pp4da-439),

26,7 Tests for fit to neutral expectations

The Xolmogorov-Smirnov goodness-of fit test was used to test the null
hypothesis that the observed distribution of single~locus gene diversities
was identical to that expected under the drifi-mutatiom hypothesis for A
= 0,05 (Fuerst et al, 1977; Sokal and Rohlf 1995 pp434-439, 708-715; Sokal
and Rohlf 1969 pp571-575). I also compared relationships between average
gene diversity and the interlocus variance of gene diversity, and bhetween
Zene diversity and the proportion of polymorpyic loei, to those expected
under the stepwise mutation model, the infinite alleles model and the in-
finite alleles model with varying mutation rate (Fuerst et al. 1977)

The observed allele frequency distribution was tested for gooduess-of-fit
to the distribution expected in an equilibrium population with the same
level of gene diversity, assuming random mating and infinite neutral si-
leles, The null hypothesis was that the sample values came from the

same distribution as the theoretical valwes, The test of this hypothesis
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was as for the distribution of single~locus gene diversities. In species
with low gene diversities, an excess of rare alleles may reflect a rec.. ™
incvease in population size after a major bottleneck (Nei et al. 19753
Maruyama and Fuerst 19845 Wattevson 198%4).

26,8 Correlation of population size with heterozygosity

The correlation of population size with heterozygosity was estimated to

teat the hypothesis that heterozygosity is directly proportional to popu~
lation size in impala populations. Any deviation from this expectation
could wmean tha: impala populations are influenced by factors other than
the iunbreeding and random genetic drift that are expected in restricted
populations,
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CHAPTER 3

GENE RXPRESSION IN IMPALA
31 Introduction

Ag one of the most diverse mammal groups, bovids have the potential to
foster understanding of evolutionary and biogeographic mechanisms,
Molecular and biochemical studies on bovids have bean directed towards
systematics (Corbet and Robinson 1991; CGeorgiadis et al, 1990: Gatesy et al,
1592 Lowenstein 1986), As a result, little is known aboot the genetics of
micro-evolutionary processes within the bovids. Knowledge of the
amounts of within~ and between-population genatic variability can shed
Light nn pasc population events and enhance management decisions. In
this chapter, I report on the distribution of tissue expression of en—
zymes in impala. Bvolution of impala differs from that of other
antelopes, which makes impala particalarly interesting. The impala
lineage, of which impala are the only member, has remained virtually un-
changed since the Pliocene while other antelope have diverged (Vrba 1984).

A study of gene expression is important, as it aids in the choice of
proteins to be used in the population genetic study and identifiies the
tissues that express them best. A gene expression study provides a
bagis for the genetic interpretation of banding variability and can also
detect evolutionary changes in tissue expression, such as gene duplica-
tion, that might have occurred during speciat'ion. Tissue expression pat—
terns, gene duplicatious and the ability to form heteropolymers are
classed as isozyme characters. Allozyme characters, on the other hand,
represent gene variants segregating at a locus {Murphy et al. 1990),

Gene expression in a tissue depends on the requirement for a particular

enzyme in the metabolic pathways in that tissue., Genes encoding metabo-
lic enzymes are therefore expressed at different levels in different tig-
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sues, Paralogous loci, which arise from gene duplication events, may be
expressed in different tissues in diffevent species (e.g. Shaklee et al,
1973 in fishesh In more ancient species, expression is more g:eralised,
while in more recent species, expression ie more tissuve restrictive, This
phenomenon is consistent with either changes 'in gene regulation or with
a response tn natural zelection (Kettler and Whitt 1986),

To deteet as many lovi as possible, one must use the tissues that show
the best expression and activity of the products of those loci, Strong,
consistent expression of an enzyme is required for confident detection of
variability, T sampled tissues representing each embryonic tissue type:
ectodern, mesoderm and endodeym, Diffevential expression is like.y to oo~
cur among these tissues (Bezy and Sites 1987)., At the same time levels
of polymorphism at the loci encoding these proteins were estimated, and
polymorphic loei were identified for statistical waziysis. Although other
molecular methods aye available, protein electrophoresis is a cosi-
effective, well established and refined technique of investigating gemnetic
vayriability (Murphy et al, 1990). To test the hypothesis that impala show
no differences from other species in variability of tissue expression,
heteropolymer assembly and gene number, 1 compared these isozyme charac—
ters with those in other bovids and with members of the Cervidae (deer),
» family closely related to the Bovidae {(antelope)

Methods and Materials - see Chapter 2
3.2 Results and discussion

The tissues whose extracts stained . best for e’ach enzyme were used for
measuring variability., Table 3.2 shows the proteins used in this

study, The products of 39 presumptive loci showed sufficient resolution
and activity for scoring., If p is the frequency of the wost common al-
lele at a locus, the products of six leci were polymorphic (p £ 0.95), 12
loci had rave variants 095 < p < 1) and 2] loci were monomorphic (p =
1.00) (Table 3.2). Mo isoloci or cryptic allozymes were detected,

Staining was unsuccessful for 15 enzymes, namely: AR~l; AW-2; ADA-2 AQ;
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CAT; ¥FBP; GGPDH; GDA; MEP-3; LAP; PEP-C; PGDH-1; PGDH-2; TAT; X0, Table
3.1 shows the relative expression of each protein in each tissue,

Descriptions of vardiability follow in alphabetical order of their ab-
breviations, A heading introduces each enzyme and a subheading pro—
vides other information in this format: Enzyme abbreviations YUCBN (in-
terpational Union of Biochemistry's Nomenclature Committee) number (BE.C.
number) quarternary structure; and alternative name, according to Harris
and Hopkinson (1976) and Shaklee et al, (3589 wiless otherwise mentioned.

For each enzyme, a discussion of pgenetic variability in impals that was
obgerved in this study is foliowed by discussion of genetic variability
in other mammals, Variability in foetal tissue is described in some
cases, Comparison with variability in other species i necessary for the
correct interpretation of variability in impala {Shaklee et al. 1989; Shows
et al, 1987) and for drawing conclusions about impala evolution.
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Table 3.2 Genes and proteins studied in ingals, and allele Trequencies and sanple sizes at non-monoporphic logi, Mumbers in italics are sample sizes {2) for each locus at each locality. Humber of
genes sampled is o, Daffers and tissues were those used for scoring and confirmation, TCBL = tris-itrate-borate-lithivw (Ridgway et ak, (970 gel ¢ 8,1 electrnde plf 8,005 THE = tris-borate-EOTA
tris-ralore aeid (feorgiadis et

al. 199; g8 7.4, L = Liver, 1 = heart, K = kidney, ¥ = skeletsl macle, The following prateins failed to appear as bands on a gel or were net resolved: Ai-1; AB-2; ABA-2; AO; CAY; ¥BP; GHPDA; 604 HE&:&;

{Narkert and Paulhaber 196%; o 8.6}; TC = teis—citrate (Whitt 1970; of 6,9); T2 = tris-citrate-phosphate {Grant 1988; pk 6.70; 6 = tris-glycine (Grant 1988; off 8.5); ™

LAR; PER-C; RCDR-I; PEOI-2; TT; X0,

IWBCN Allole frocquencies and samle sizes
PROTEIN NAME NUMBER_BUFEER TISSUE _ LOCUS _ ALLELE Fovhabr_Nylevie Kisveils Sabl Sands Kruger Park Marioih Park Pongola Tembe Albert Fals Mkuze TOTAL
Polymorphic proteine
79 23 19 7 a4 60
Creatine kinase 2732 TCGLTE H cx-c* tf00 0873 0848 0974 0873  0.986 0.967
*1656 0127 0.162 0028 0027 0016 0.033
o0 23 19 83 39 68
Glucoss-B-phosphate Isomerass  5.3,19 TCBLTG  LH GPI" 100 1000 1000 0.868 0888 0987 0.871
*100 0000 0000 0,132 0012 0013 0.026
o0 23 10 83 a9 70
Mannx ;0-8-phosphate isomerase 5.3.1.8  T8E MK ol *100  0.710 0.761 0.€00  0.687  0.706 0.714
“173 0286 0288 0360  0.307  0.282 0.27a
*76 0.000 0.000 0050  D.006  0.013 0.007
103 0005 0.000 0000 0000  0.00Q 0.000
100 23 21 a3 83 88
Tripeptids aminopeptiiase 3.4.114 TBE KH FEP-B* 700 0975 1.000 0867 0958 0982 0.941
"82 0025 0000 0143 0042 0038 0.539
700 23 19 83 23 70
Phosphoghicomutase 64,22 TRETCBL LK PGM2"  *100 0776 0.608 0563  0.003  0.615 0.7684
159  0.986 0391 0395  0.77 0,308 0.214
95  0.040 0000 0063 0080 0077 0.021
e8 a1 2t 82 39 o5
General (unidentified) protein - TBE,TG,TCBL KM PROT-2*  *f00 0770 0876 0667 0838 0,92 0.685
*77 0230 0024 0333  0.247 0295 0.277
"7 0000 0000 0000  G04Z 0,013 0.028
*120 0.000 0000 0000 0012 0000 0.000
Proteins with rare vavisnts
. 68 23 19 26 24 25
Aspartate aminotransferase 2.8.1.1 TG,TCBL  MH SAAT™ *100 0982 1000 1000 1000  1.000 1.000
“f14 0408 0000 0000 0000 0000 0.000
100 23 19 8 . 389 70
Esteraces 3.1~ TCBL L ESTD*  *100 1,000 1000 1000 1000  1.000 1.000
*f14 0000 0.000 G000 0000  0.000 0.000
00 28 24 63 39 70
3,11 TCRL L EST-5 “500 1.000 0978 1000 1000  1.000 1000
*95 0000 0,022 0000 0000 0000 0.000
7 23 10 22 24 6
Glycorsidehyde-9-phosphate  1.2.1.12 TCHNAR M GAPDH® 100 1000 0878 1000 0984 1000 1000
dehydrogonasa - g0, 0000 0022 0000 0018 0,000 0.000
23 a1 10 25 14 25
Alsriine aminotrankfecase 2.6.1.2 TCAL M AtAT™ *300 1000 3.000 1000 1000 1000 0.980
"]20  0.000 0000 0000 0000 0,000 0.520
23 2 25 24 25
Hexoldnawe 2741 TEE K HK-3* *f00 1000 1,000 D976 1000 1000 1.000
80 0.000 0000 0024 0000 0000 0.000
) 4 23 18 L) 2 7o
Ysocitrate dehydrogenssa 1.1.1.42 TCP,TC K IDHRI® %100 1000 1000 0872 1000 1,000 1.000
{HADP+} g0 0000 0000 0028 0000 0000 0.000
00 23 10 83 53 70

56
0.982
0.018

&af
0,840
0.160

80
0.850
Q.325
0,026
0.000

a3
0.978
0.024

a3
0,542
0.392
0.08¢

&2
0.840
0.280
0073
0,008

27
1,000
0.000

&8s
0.904
0.008

a3
1.000
0,000

5
0,933
087

20
C.B76
0.026

2f
1.000
G.000

8
1.000
5,000
a2

g
1.000
0.000

g
0722
0.278

g
0.611
0.399
0,000
Q.000

9
0.833
.67

g
0.500
0.338
0.187

7
0.671
0.428
0.000
0.000

8
1.060
0.000
9
1.000
0.000
8
1.000
0.000
3
1000
0.000
&
1.000
G.000
g
1.00¢
G000
7
1.000
9.000
a8

10
1.000
06.000

s
0,882
0318
&8
0.500
0.600
0.000
0.000

HH
0.727
0.273

17
0.400
0.691
0,000

1
0.773
0.237
G.000

0.000

0H00

1.000
0,000
g

22
0.8566
0.045

22
0.687
0.4713

23
©.009
¢.391
0.000
0.000

23
0.88%
0.109

22
0435
0478
0.097

. 22

0.882
0.318
0.000
0.000

20
1.000
0.000

238
1.000
0.000

23
1.600
0.000

7
1.000
Q.000

2
100G
0.000

20
1.000
0.000

g4
1.000
0.000

23

2852
0.847
0.063

458
0.926
0.078

447
0.688
0.904
0.000
2.001

482
0.849
0.051%

482
0,864
0301
0.046

451
.73
0.258
0228
0.003

238
0.098
0.002

482
0.888
¢.001

£44
0.9089
0.001

142
0.888
0.014

175
0884
0.008

200
G.998
0.002

74
0.993
0.007
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Table 3.2 Genes acd proteins studied ic inpala, and allele freqnenvies and sample sizes al non-monomorghic loci, Mumbers in italics are sample sizes {n) far each locos at each locality, Husber of
genes sampled 35 2o, Boffers and tissues sere those used for svoviog and confirmation, TOBL = tris-citrate-borate-Fithiom {Ridgway et al, 1970; gel ol 8,7 electvode of 8.6)5 THE = tris-bovate-EOTA
{Markert and Fanlh:ber 1965; of 8.6}; TC = tris-citrate (Vhitt 197¢; B £.9); TP = tris-citrate-phosphate {Crant 1988; sk 6.7); 16 = tris-giycine (Grant 1988y ¢ 6.5); T = tris-alelc acid {Seorgiadis et
al, 19%; ok 1.8}, L = liver, H = heart, X = kiduey, X = sheletal wmuscle, The foltowios proteins failed to appear as bands on a gel or were ast resolved: Al-I; AR-2; ADA-Z; AD; CAT; FBR; GEPDH; 6DA; ¥RE-3;
Lip; DEP-; EGUR-T3 FEOH-1; TAT; 10,

LLLS

. BCN Allolo frequencios and sample sies.
PROTEIN NAME NUMBER BUFFER _ TISSUE _ LOCUS _ ALLELE Fimbabw Nyleviel Kiaserie Sabl Sands Kruger Park Markoth Park Pongola Temba Albert Fails Mkuze JOTAL
Polymorphic proteine i
79 23 19 74 34 60 56 9 10 22 ses
Creatina kinasa 2732 TCBLTG H cK-ce 100 0873 0848 06824 0973  0.885 0967 0882 1000  1.000 0.955 0.947
105 0127 0.162 0026 0027  0.018 0083 0078 0000  0.000 0.045 C.053
109 23 19 83 39 88 8 9 11 23 458
Gucosa-6-phosphate isomerase 6.2.7.8 TCBLTG LM G 700 1006 1000 0868 0988  0.987 0071 0840 0.722 0682 0.587 0.626
*700  0.000 0000 0.132 0012 0013 0029 0,180 D.278 0318 0.413 0,075
100 23 10 83 39 70 80 g & 23 447
Mannose-8-phosphate lsomerase 5.3.1.8  TBE MK MFI" *160 0710 0761 0600 0887 0708 0714 0.850 0.611  0.500 0.603 0.56@
173 0285 0.239 0350 0307  0.za2 0.279 0.325 0.388  0.600 0.387 0.304
*76 0000 0000 0050 0008 0013 0407 0025 0000  0.000 0.000 0.009
703 0005 0.000 0000 000C 0000 0000 0000 0000 0,000 0.000 0.001
100 28 21 83 LD 68 8 9 11 23 462
Tripeptide aminopeptidase 3.4.114 TBE KH FERBY *00  0.875 1.000 0867 0958 0862  0.0841 0978 0833 0727 0.891 0,940
: "82 0035 0.000 0143 0042  0OIB 0059 0024 0,187 0273 0.108 0.051
190 23 19 83 as 70 83 9 i 23 s82
Phosphoglucomutase 54.22 TBETCEL LK PGM-2*  *100 0776 0808 0553  0.698 0815 0764 0542 0500 0409 0.435 0.954
83 0185 0381 0386  0%77 0308 0214 0382 0333 0581 D478 0.301
*95 0040 0.000 0053 D030 0077 0,021 0068 0.167  0.000 0.087 0.045
sa 21 2 83 29 65 82 7 11 22 481
Genacal (unidentified) protein - TBE,TG,TCBL KM PROT-2*  ¥100 0770 0.976 0667  0.608  0.692 0805 0840 0571  0J73 0,882 0.713
7 0230 0024 0333 0247 0,286 0277 0.280 0428  0.227 0.318 0,268
87 0000 0000 000D 0042 0073 0038 0073 0066 0,000 0.000 0.028
*720 000G 0000 0000 0012 0000 0000 0006 0.000  0.000 0.500 0.00%
Froteine with vare vatiants
) 69 28 19 26 24 25 21 9 11 20 299
Acpartats eminotransterase  2.8.1.1 TG,TCEL MM sAAT™ "f0p 0882 1000 1000  1.000  1.000 1000 1000 1000  1.000 1000 0.998
“1f4 €008 0000 0.000  0.000 0,000 0.000 0000 0000  0.000 D.00C 0.002
100 23 19 a3 39 70 8 9 11 23 482
Esterzsor 849 TCBL L ESTD*  *f60 1000 100G 1000 1000 1000 1000 0994 1000 1000 1.000 0.098
"114 0000 0.000 0000 0000 0000 0000 0.006 0000 0,000 C.000 0.00%
1o 29 2 63 39 70 83 9 1 23 444
3.1~ TCRL L EST-5* 700 1000 D878 1000 1000  1.000 1.000 1000 1.000  1.000 1.000 D.98%
"5  0.00 0022 0000 0000 0000 0000 0000 0000  0.000 0.006 0.001
17 23 10 32 24 5 15 38 3 7 142
Giycoraidehyds-3-phosphate  1.2,1,12 TC+NAD M GAPDH® %100 1000 0,878 1000 0884 1000 1000 0833 1.000  1.000 1.000 0,950
dehydrogensss - “£0, 0000 0022 0000 0018 0000 0000 0067 0000 0000 0,000 0.014
23 21 1o 25 14 25 20 9 & 0 175
Alanine aminotranaferase 26.1.2 TOBL M ALATY 700 1.000 7.000 1.000  1.000  1.000 0,980 0.875 1.000  1.000 1.000 0.994
"J20 0000 0000 0000 0000 0000 0020 0026 G000 0000 0.000 0.008
23 2 2 25 24 25 21 9 17 20 200
Hexokinase 2741 TBE K HI-3" 100 1000 1.000 0876 1000 1.000 1000 1.000 1.000 1000 1.000 0,898
80  ©0.000 0.000 0024 0000  0ODO 0000 0000 000G D000 0.000 0.002
N 4 2 18 8 3 70 8 1 3 a 74
Isoctirate detydrogenese 1.1.1.42 TCRTC K IDHP1* %700 1000 1000 0872  1.000 1000 1000 1006 1000  1.000 1000 0.893
{NADP+ .60 0000 0000 0028 0000 0000 0000 0000 0000  0.000 00 0.007

100 23 10 23 38 70 a2 ) 8 23 449



Table 3.2 contiwmet

k{4

UBCN - Miele fraqusncles and sample sires -
PROTEIN NAME NUMBER BUFFER TISSUE  LOCUS  ALLELE Zimbabw_Nylsviol Kiaseris Sabi Sands Kruger Park Mariotiy Park Pongola Tembe Albert Falls Mikuze TOTAL
Lectate dehydrogenasa 1.1.1.27 THE M 1OFRa* w100 1.000 1.000 0.900  0.982 0.087 1.000  1.000 1,000 1,000 1.00C 0.993
: “I50 6000 0.000 0.100 0.018 c.013 C.000 G000 0.000 0.000 0.000 0.007
100 23 10 83 39 70 a2 9 8 23 448
1.1.1.27 TBE M LOH-B" 100 1.000 1000 1000 1.000 1.000 0,993 1.00G 1.000 1,00 1,000 0.099
"85 0,000 0.000 O.000 0.000 6.000 5,007 0.000 0.000 0.000 0.000 0.001
100 23 21 &3 59 58 a3 9 17 23 482
Diaeptidase 34.-- TBE KL FERA® 100  1.000 0978 1,000 1.000 1.000 1000 1,000 1.000 1.000 1.000 0.998
“77 0000 0022 0.000 0.000 ©.000 .000 0.000 0.000 0.000 0.000 0,001
100 23 10 ag 33 7o 823 g 1" 23 453
Phosphoglucorutase 5.4.2,2 THETCBL M PGMT" 100 1.000 0.978¢ 1.000 0.988 1.000 1600 0,894 1.000 1.000 1.000 0.998
: *§5 0000 0022 0.000 0.008 0.000 0.000 0008 0.000 0.060 0000 0.003
120 G000 0000 0,000 0.006 0,000 0.000 0.008 0.000 0.000 0.000 0.001
100 23 21 8% 39 &7 83 E 17 23 481
Nucieoskds phosphorylasa 2.4.21 THE K Np» 100  0.980 0857 0.820 0.054 0,974 0.933 1.000 1.000 1.000 1,000 0.986
"736 0020 0.043 0071 0.086 0.028 0,067 0.000 0.000 0.000 0,000 0.034
Monomaorphic protaine
Aspartata aninotransferase 2.8.1.1 TG,TCBL MK -MAAT? 100
Adsnosine deaminase 2544 TCBLTBE M ADA-11 100
Adsnyiate kinase 2743 TC K AK-1" 100
Alcohof dehydrogenasa 1.1.4.1  TeBL L ADH* 2700
Craatine kinazs 2732 TCBLTG H SK-A? "100
Cytochrome bB raductass 1.8,2.2 TCBLTBETM M cap® 100
Fructose bisphosphste aldolase  4.7.2.1 TCBLTG,TM MH FBALD-$*  *100
Furnarata hydratase 4212 TBE KL £ 100
Goners! (nidontifiad) proteire - TRE,TG KA PROT-3*  *100
Glutamate dehydrogenage 1.4,1.3 TBE K.l GLUDH® "100
Glycerci-3-phosphate 1118 TC KM G3PDH-1*  "{0O
dehiydrogenass 1148 T K.M G3FDH-2* 100
L-idito? dehydrogenass 1.1.1.14 TCBL L TODH" 100
lsccitrate dehydrogenaseiNADP  1.1.1.42 TCRTC K IDHPA *300
Malats dehydrogenase 1.1.1.37 TC+NAD K. MDH-7 * G0
1.1.1.37 TC+NAD XM MDF-2* 162
Malic srzyme{NADP+} 1.1.1.40 TS M MeRg" 100
Proline dipeptidase 3.4.13.9 TBE K PERDI* =100
Pyruvats kinase 2.7.140 TC KM FK-3*% *fon
Superoxids dismutess 1.16.1.1 TBE KLM  S0D-1% 100
1.15.1.1 TBE KLM  S0p-2* 100




3221 Aspartate aminotrapsferase.
AAT; 2.,6,L1; dimer; glutamic oxaloacetic transaminase

Banding patterns were typical of a nuclear and mitochondrial two-locus
system with no interlocus heterodimer (Harris and Hopkinson 19765 Pem-—
berton and Swith 1985; Roed 1985; Shaklee et al, 1989), A clear three-
bhanded phenotype (SAAT 100/114) was observed in an individual from Zim—
babwe, AAT activity declined in intensity after long storage. ‘wo loci
were reported in kidney and liver of British failow deer Dama dama L.
{Pemberton and Smith 1985), muscle of Forwegian semi-domestic reindeer
Rangifer tarandus L. (Roed 1985), kidney of ruve deer Capreclus capreolus
L, (Hartl and Reimoser 1988), liver and muscle of white-tailed deer
Odocoileus virginianus (Sheffield et al, 1985), sprinchok Antidorcas mar-
supialis and blesbok Damaliscus dorcas phillipsi (Bigalke et al, 1993).
Two AAT loci were expressed in liver im 27 bovid species (including im-
pala) and giraffe (Georgiadis et al, 1990).

322 Adenoeine deaminase
ADA; 35.44; monomer

Two anodal bands were cohserved, representing presumptive loci ADA-I" and
ADA-Z*, However, no independent variability appeared in either zowne to
support the ipterpretation of two loci, so this interpretation remains
tentative., Only ADA-]1 was scorable; it was monomorphic, ADA was
reported in roe deer liver {(Hartl and Reimoser 1988), Two ADA loci were
reported in muscle and kidney of four subspecies of red deer Cervios
elaphus L, {(Gyllensten et al, 1983), One ADA locus was reported in
springbok (Bigalke et al. 1993) and blesbok kidney., Harris and Hopkinson
(1976} found one locus in humans,

3.2.3 Alcohol dehydrogenase
ADH; LLL); dimer

ADH activity was easily distinguisbable from LDH (Lactate dehydrogenase)
activity when the latter appeared (LDH can cross-react with ethanol as a



substrate). Only two cathodal bands were observed. One would expect an
interallelic dimer if two alleles were present, but these do not always
form due to incompatibility resulting from divergence between alleles
{(Burnett and Felder 1978}, So the most likely explanation for the secoad
band which appeared in some individuals was that it was a secondary
band due to allozyme degradation. Burnett and Felder (1978) performed ge-
netic crosses with Feromyscus and concluded that ADH” was a single
incus, coding for a dimeric enzyme. 1 interpreted th  acond band to be
a secondary product, and the first band was monomorphic. Grobler and
van der Bank (1994b) conciuded that there were two ADH Joci in impala,
using liver and YBE and TCBL buffers (TBE for ADH~] and TCBL four ADH-2),
They found both to be monomorphic. Sheffield et al. (1585) reported three
ADH loci in white~tailed deer, In muscle these loci were all polymor-
phic, while in liver, ADH-2 was polymorphic. Howevey, genotype {reguen-
cies for ADH-2 deviated significantly from Hardy-Weinberg equilibrium, so
seoring may have been inaccurate, In humans three Ioci code for the o,
f and T subunits of ADH {Harris and Hopkinson 1976),

324 Adenylate kinase
AK; 2.7.4.3; wmonomey

Only onte strong anodal band was detected in impala, with noe variants.
Thus AK-I* was scored as a monomorphic locus. Grobler and var@' der
Bank (19%4b) reported two locd using liver in TC in impala. Both were
monomoyphic, There are two AK loci in humans {Harris and Hopkinson
1976), One locus was reported in blve {(Counockaetes taurinus) and black
(€. gnou) wildebeest (Corbet et al. 1994), Prodycts of two loci were
reported by Sheffield et al. {1985} in white-tailed deer. Products of
YADK-2" were anodal (buffer conditions not desoribed). Gyllensten et al,
{1583) reported two loci in red deer., Pemberton and Smith (1985) reported
two loci in fallow deer. Hartl and Reimoser (1988) reported two loci din
liver of roe deer. Georgiadis et al, (1990) reported one locus in bhovids
{(with 1 allele unique to impala). AK-l and AK-2 were also reported by
Bigalke et al, {1993) in springbok and bleshok,



3.2.5 Alanine aminotransferase
ALAT; 26,12 dimer; glutamic-pyruvate transamipase

ALAT stained vapidly in impala, and had to be scored before the hands
merged, Narrow-banded phenotypes were interpreted to bhe homozyeotes and
broad-banded, wore anodal phenotypes were interpreted to be heterozygotes.
ALAT banding was reported in red deer wmu.cle {Gyllensten et al, 1983)
and ig heart and liver in wildebeest (Corbet et al, 1994), Georgiadis et
al, (19%)) reported banding variability acrosse 27 bovids and Giraffidae; 1
allele was unigque to impala,

.26 Creatine Kkinase
CK; 2.7.3.2: dimer

CK~l1 was dinterpreted as the pcimary gene prodact of £K-4A", orthelogous
to the human ™ allozyme (HBarris and Hoplkinson 1976) and CK~2 as the
primayy geuwe prodvuet of CK~C*, orthologous to the human 'B' allozyme
(Hayris and Hopkinson 1976}, The intexpretation of the two CK bands as
CK~A and CK-C was also supported by Shaklee et al, (1989) and Grant
(1988), CK-1 occasionally showed twe bands, either due to one being a
secondary product or to SOD (superoxide dismutase) decolorising the middie
of the band, The intense UK-C heterodimer band in heterozysotes
migrated slightly faster than the common aliozyme, with fainter'regions
ahead of and behind it representing the homodimers. The howmodimer of
alternate honozygotes migrated faster then the common homodimer.
Variability was first detected with TCBL, but resolution improved with
TG buffer, which was used for confirmation cf scoring, However, as
samples aged, some individuals did not stain intensely enough to scure
CK-C, Alsp, activity was highly variable in fostal samples. Although
variability did exist, it was iwpossible to scove, Foetal allezymes at
both loci showed siwilar electyophoresis patterns to adult enzymes, and
similar levels of activity, 1In fresh samples, a faint band between CK~A
and CK~C sometimes appeared and was assumed to be the interlocus
heterodimer, One CK onomoxrphic locus was reported in impala In muscle
(Grobler and van der Lank 1994b), One locus was also reported in red
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desy moscle (Gyllensten et al. 1983) an® in roe deer liver (Hartl and
Reimosey 1988). CK-A and CK-{ were detected in blue and black wildebesst
by Corhet et al, (1994), CK-l1 and <2 were reported in liver of white-
tailed decr (Sheffield et al, 1985), springbok and bleshok (Bigalke et al,
1993}, The transition to twe loci orcurred early in Chordate line and
most species have CK-A and CK-C only (Buth et al, 1985 Fisher and Whiit
1978), Expressions of the CKX loci vary among tissues between reptiles
and amphibians, and the allozymes expressed by the two loci vary in
their ability to form intra- and interlocus hetevodimers., These are in-
terpreted to be derived states (Buth et al, 1985 Ferris and Whitt 1578).
CK~ABC and D have established orthology in fishes (Shaklee et al, 1988),

327 Cytochyome bs reductase _
CBR; 1.6.2.2; monomer; NADH Diaphorage

Anodally-migrting bands appeared in spleen and liver but these were
presumably secondary products, not CBR-3, Decanse human CBR~3 is slower
nigrating at a high pH and occurs mainly in reproductive tissue (Harris
and Hopkinson 1976). CBR-3 is one of the twp NADH (nicotinamide adenine
dinucleotide, reduced) dependent allozymes and is expressed by another CBR
locus in humans, predominantly in reproductive tissue (Haryis and Hop-
kinson 1976), For impala, muscle was used for scoring and usuvally pro-
duced one band, but sometimes with a slow-migrating, diffuse band, Oc-
casionally an even slower-migrating band appeaved. This presumably
represented CBR-3 and not a variant allele, No altermative homozygotes
were found, and the CBR-1 band did not diminish in intensity as would
be expected in a heternzygzote. Banding variability could also have been
caused by prolonged storage (Cepica and Stratil 1978), Ewmerson and Tate
(1993) veported twe CBR loci in 10 deer taxa, Two CBR loci were reported
in liver of 28 bovid and giraffid species examinied by Georpiadis et al.
(1990), Two loci were reported in roe deer by Hartl and Reimoser (1988).

28



#452
Pongolsa

Figure 3.1 Gel showing typical EST-3 and -4 banding as well as faster-
migrating bands of both EST-3 and -4 from impala #452 from Pongola,
which had been dead several hours before tissuecollection. Buffer =
TCL; substrate = o-Naphthyl acetate; liver,
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3238 Ezterases
EST; 3Ll 'ESA)! monomerie, ESD' dimeric in humans (Harris and Hopkinson
1976)

Figure 3,1 shows typical banding patterns for EST-3 and —4, including
the variant bands due to enzyme degyradation in a long-dead individual
from Pongola, Esterases ryun in YCBL buffer were detected with &~
Naphthyl acetate and 4-methylumbelliferyl acetate, Two bright bands

and three less intense bands appeared with 4-methylumbelliferyl acetate
as a substrate, WNone of the three less intense hands attenuated the
main band, as would be expected for a three-banded heterozygote, o they
were presumed not io be variant alleles, Their presence or sbsence and
intensitv were highly variable among individuale., These bands may
represent the products of human ES4,* and ESP", or may have been due to
secondary products (Peters and Nash 1978+ Peters 1982 Haryis and Hop~-
kinson 1976), I interpreted the main band to be EST-D. The bands ob-
gserved in impala migrated ancdally, and therefore one most likely was
EST-D, 28 ESA, wmigrates cathodally in humans (ot pH 7.2) (Harris and Hop-
kinson 1976}, o-~Naphthyl acetate could have detected in liver the pro-
ducts of the impala orthologues of human ESA,", which is widespread in
tissues, and possibly of ESA,", ES4A:™, ES4;" and ESC* which predominate
in other tissues or developmental stages (Harris and Hopkinson 1976;
Peters and Nash 1978; Peters 1982), Liver showe some activity of nearly
all locus products on both substrates in huwmans (Harris and Hopkinson
1976), so it was used for scoring in impala., o-Naphthyl acetate routinely
produced five main anodal bands, EST=-1 to -5. All showed some activity
in moest vissues, but good activity in liver, «EST~4 also showed strong
activity in kidney, BEST-D and EST-3 migrated at the same rate and
showed the same banding pattern, including variants, so I interpreted
EST~3 to be EST-D. Impala alleles in this study were EST-D"I00 and “114,
and EST-5*I00 and "85, Grobler and van der Bauk (1994h) reported alleles
with similar electrophoretic mobilities for these loci, which they named
EST-I* and EST-2*, One variant phenotype appeaved at EST-3 in an indi-
vidual from Pongola (#452) and the same variant appeared at EST-4, in-
dicating that EST-4 was a secondayy product of ¥ST-3, This individual



was dead several hours before tissue collection, so I assumed that this a
resulted from enzyme degradation (Figure 3.1, A slower variant ap~-
peared in EST-5 in an individual from HNylsvlei. I interpreted this as a
hetevozygote, I concluded that only two bands, EST-3 and EST-5
yepresented presumptive loci and that EST-3 was the same as EST-D,

Roed (1935) designated eight EST loci in reindeer, 5 of which had insuffi-
cient activity to score and one of which was polymorphie. Four presump-
tive loci weve reported in liver or plasma of white-tailed deer (Sheffield
et al, 1985), EST-1 and EST-2 {numbered from cathode to anode) were
reported in fallow deer (Pemberton and Smith 1985). Only BST-P was
reported in roe deer by Hartl and Reimoser (1988). Two esterase loci w.re
reported hy Georgiadis et al. (1990) in 28 bovid and giraffid spedies,
'ES-"A' was unique to impala and 'ES-2*¢' was undque tn impala and one
Reduncini species, One locus, EST-D7, was reported in blue and hlack
wildebeest (Covbet et al., 1994), EST-D* was reported in springbok and
blesbok (Bigalke et al. 1993), Their EST-1 and ~2 appear to rvepresent my
BST=-3 and -5, '

32,9 Fructose-bisphosphate aldolase
FRALD; 4,1.2.13; tetramer; aldolase

Three main bands of FBALD appeared, two ancdal apd one cathodal. Since
bands of GAPDH may also appear with the stain used, and since the pat-
tern of cathodal banding was similar to that of GAPDH, I assumed the
cathodal zone of handing was GAPDH. Thus Y designated the two anodal
bands FRALD-1 and =2, However, TG and TM caused FBALD-1 to wigrate
eathodally. FBALD-1 appeared in esxtracts from muscle, kidney and heart,
FBALD-? appeared in kidney and heart, but was usually fainter and band
intensities more varisble than FBALD-l, FBALD-2 bands were unscorable,
and although FBALD-1 bands were not tight (possibly duve to interlocus
tetramers), there was no lightening, woving and spreading of the bdbands
that would be typical of interallelic heterntetramers, so I scored them
mononmoyphic, Bigalke et al, (1993) found one FBALD locus in springbok
and blesbok. Georgiadis et al. (1990) foumd one locus in 28 bovid and
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giraffid species. Two putative loei were reported in liver and muscle of
white-tailed deer (both monomorphic) {Sheffield et al. 1985) and muscle of
reindeer (insufficient activity) (Hartl awmd Reimoser 1985), Three loci
vere obgerved in humans (Hayris and Hopkinsom 1576), Their products all
migrate zuodaily.

3219 = Fumarate hydratase
FH; 4,212 tetramer; fumarase

Ro variability was evident, go the impala were consideyed to be monomoy-
phic, ¥H was reported in springbok and blesbok (RBigalke et al, 15893),
One FH locus was repurted in roe deer (Hartl and Reimoser 1988), Two
presunptive loci were found in white-tailed desy (Shefftield et al, 1985
There are iwo sets of allozymes iu humans, one mitochondrial and one
cytogoli¢, both probably encoded by the same autosomal locus (Harxis and
Hopkinson 1976),

aan I~Glutamate dehvdyogenase
GLUDE; 1413

NAD (wicotinamide adenine dinucleotide) in the stain caused LDH bands to
appear, so NADP (NAD phosphate) was used as a cofactor, after which only
one clesy GLUDH band appeared, sometimes with a slow-misrating,. diffuse
band, GLUDH was monomorphic in iwpala. OGLUDH was yeported in spring-
bok and blesbok (Bigalke et al. 1993). Products of two presumptive loci
(GDH-1 and -2 were reported in 28 bovid and giraffid species {(Georgladis
et al. 1930}, One locus was reported in xoe deer (Hartl and Reiwmoser 1988)
and red deer {(Gyllensten et al, 1983), 'GDH-I' and 'GDH-2' were reported in
white-tailed deer (Sheffield et al. 1985), In these studies the scoring of
GLUDH as monamoyphic was probably conservative, as variants known to
exist in other species have only been detected by DEAYE column
chromatography (Pryor 1974), '

32



Figure 3.2 GPI banding patterns, Showing GPT 100/100, -100/100 and
-100/-100 from left to vight. Most anodal bands did not always appear.
With other buffers, patterns were coustant but shifted anodally or

cathodally., Buffer = TCL; liver.,
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3252 Glucose-phosphate isomerase
GPT; 5.3.1.9; dimer; phosphoglucose isomerase .

Figure 3.2 shows the banding patterns I observed in impala.

Homozygotes show & main band with two equidistant secondary bands run-
fing more anodally, The interpretation of only one main locus product
was confirmed when I detected both heterozygotes and alternate
homozygotes, each with patterns consistent with a one locus explanation,
The common thyee banded phenotype I observed in impala was the same in
all tissues examined. In TCBL and TG, the common main band was
cathodal, and its two secondary bands anodal, The variant homodiwer and
its secondary allozymes were anodal, The nmain heterndimer band appeared
just cathedally of the origin and alzo had two secondary bands, account-
ing for the seven bands observed in the presumptive heterozygotes (the
second and third band of the common allelic product wigrated at the
same rate as the first and second bands of the alternate allele respec-
tively),

My interpretation of a ome locus dimeric system with one variant allele
is the simplest explanation for these patterms but contrasts with inter-
pretations of this enzyme in some other studies. Banding pattems in
this study wore similar to those for red deer (Cervidae) in Gyllensten et
al, (1983 Pig. 2). Since Bovidae and Cervidae are closely related families
I suggest that the two or thres locus system they and others propose is
incorrect. While Gyllensten et al, (1983) interpreted the second band to
represent the product of a second Iocus, and the thixrd band to be a
secondary product, I interpreted both the second and third bands to be
secondary products., A two locus system was proposed for moose Alces
alces (Ryman et al, 1980), impala (Grobler and van der Bank 1934ibj
monowoyphic), sable Hippotragus niger {(Grobler and van der Bank 1994a;
Srobler and van der Bank 1993), red deer U, elaphus (Gyllensten et al.
1983), springbok and blesbok (Bigalke et al, 1983), white-tailed deer (Shef-
field et al, 1985) and roe deer (Hartl and Reimoser 1988), Thres loci were
yroposed in fallow deer (Pemberton and Smith 1985) and reindeer (Roed
1535), Roed's (1985) estimate of the number of loci is "comservative be-



cause [it] reflects the winimum number of loci dnvolved (ef. Allendorf et
al. 1977, 1 disagree with his interpretation on the basis of my results
and those of others cited here for bovids and cervids,

A one locuy GPI system was proposed in blue and black wildebeest (Corbet
et al, 1994); in 16 deer taxa (Emerson and Tate 1293} and in 28 bovid and
giraffid species (Georgiadis et al. 1990}, Humans also express one GPI
locus with a banding phenotype cousisting of one primary band with two
anndal secondary bands (Harris and Hopkinson 1976), Mice Mus musculus
express one locus, confirmed hy comparing Fy, and backeruss progeny of
inbred strains to determine genetic control and sutosomal variation.
There are multiple alleles at this locus; they agree with GPI bheing a

Gimexr (Delorenzp and Ruddle 1969).

2n Glyceraldchyde-phosphate dehydrogenase
GAPDH; 1,2.1.12; tetramer

GAPDH showed parallel expression in all tissues, The bands appearsd
cathodally near the origin, However, when resolution was good, there was
a rare variant that was comsistently slower than the common band and
which appeared in impala from more than one locality (including Nylavlei,
Mala Mala and Pongola), The region of the variant band in the same
position as the common band was lightened, and the whole band was
elongated, with a dark centre, consistent with the interpretation of a
tetrameric heterozygote. Impala were thus scored wonomorphic, with one
rvare variant allele, Grobler and van der Bank (1994b) reported ome locus
in impala, with no variants, Sheffield et al, (1985) reported two
presumptive loci in white~tailed deer, Gyllenaten et al. (19583) reported
one locus in rxed deer, Corbat et al. (1994) reported two presumptive loci
in blue and black wildebeest,

3234 Glycervl~-3-phosphate dehydvogenase
GIPDE; LL13; dimer; o-glycerophosphate dehydropensse

The TC+VAD and TC buffers were adequate in resolving GIFDH, but TC gave
the best results. The TM and TG buffexs yielded intense bands but gave



inadequate resolution. Activity was present omly in muscle, kidney,
heart and liver, being highest and most consistent among individuals in
kidney under all buffer conditions., All four tisswes shewed & clear 3~
banded ancdal pattern. Muscle and kidney occasionally showed faint, iy-
regulay, more anodal bands, Kidney was used for scoring. The presence
of three equidistant bands supports the hypothesis that they represent
the homodimers and heterodimer of the products of two loci. Mo variants
were detected to confirm this intexpretation,

One monoworphic iocus was previously reported for impala by Grobler and
van der Bank (1994h). Two autosomal loci are expressed in humans (Harris
and Hopkinson 1976). The products of two loci were reported by
Georgiadis et al. (1990) in 28 bovid and giraffid species (sGPD~1 and -2Y%
equivalent to G3PDH~1 and -2), One band was resolved by Pemberton and
Swith (1985) in fallow deer and by Gylleustem et al, (1983) in yed deer,
The products of twn presumptive loci were reported in white-tailed deey
{Sheffield et al, 1985), One 2zone of banding was repoxrted in springbek
and blesbok (Bigalke et al. 1999). o

325 Hexokinase
HK: 2,011 monomer

Three anodal zones of banding appesred in fresh tissuve extracta,
Variant bands were tissue specific, indicating they were not Mendelian
variants coded for by alleles at ome locus, So the three bands appear
to represemt three loci. HK-3 was present im brain, muscle and kidney;
HK=2 appeared in heart, tongue, liver, kidney,»lung and spleen. HK-1 ap-
peared in Kidney and liver, but was too faint to be sure shout aetivity
in other tissues, HK-3 stained most consistently, and therefore I scored
only that one locus with confidence., A rare HK-3 variant band some—
times appeared between the normal positions of HK-2 and -3, i.e. they
appeared to wove to the centre, and this was interpreted to represent a
wariant at one locus,

The products of one monomorphic hexokinase locus were previously
resolved in impala (Grobler and van der Bank 19%4b), Three presumptive



loci were reported in springbok and -bleshok (Bigalke et al, 1993), The
products of one locus were regolved in white-tailled deex (Sheffield et al,
1985), Two loeci were reported in red deer (Gyllensten et al. 1985) and roe
deer (Hartl and Reimoser 1988), Rven though more than one HK locus was
apparently expressed in 28 bovid and giraffid species, only one was
scored (Geovgiadis et al, 1990}, Humans show bending patterns possibly
representing four loct with different tissve specificities (Harris and
Hopkinson 1976). Svze human HK allozymes appear to be moncwmexic (Haryris
and Hopkinson 1970). :

32,3 L-Iditol dehydrogenase
IDDH; LLL)4; tetramer (Op't Hof et al. 196%); soxbitol dehydrogenase

Bands were cathodal with diffuse, slow-migrating bands in TCBL buffer.
There was some non—-Mendelian variability in mobility amengst individu-
als, but the main band did not lighten as would be expected in a five~
banded heterozygote banding pattern. Impala were monomorphic, The pro-
ducts of four alleles encoded by a single locus were reported in 28 bovid
and giraffid species, one allele being unique in impala (Georgiadis et al,
1990), One locus was reported in roe deer (Hartl and Reimoser 1988), fal-
low deer (Pemberton and Smith 1985), red deer (Gyllensten et al. 1983) and
impala (Grobler and vaun der Bank 1994b), A singie rzone of barding was
reported in white-tailed deex (Sheffield et al. 1985), One locus was
reported in a sample of springbok and bleshok (Bigatke et al. 1993)

2y Isocitrate dehydrogenase NADP™
IDHE; 1L14% dimer ' .

With NADP rather than NAD as a cofactor, the stain detects the cytusolic
form and one mictochondrial form in humans (Harris and Hopkinson 1976).
We used MAD az a cofactor, but obtained no banding since NADP is a _
cofactor for nuclear-encoded enzymes only, The two forms I detected with
NADF are both nuclear encoded, even though one may be associated with
nitochondria (Hendersen 19655 Harris and Hopkinson 1976). So I called them
IDHP-1 and -2 instead of mIDHP and sIDHP, respectively, HNo iaterlocus



heterodimer band appearad on the gels, indicating that the two bands iun
impala represent proteins from two loci (Henderson 1968), Activity of
IDHP~1 appears only in muscle, kiduey and heart, while IDHP-2 activity
appears in musecle, kidney, heart, liver, gut, spleen and lung. IDHP-2 had
more intense banding than 4id IPDHP-) in all tissues, and resisted storagze
 degradation for longer periods, IDHP-2 glso did not show as much

" wariability in sctivity levels as did YDHP-L TBE yielded good activity,
but provided poor resolution, I used TCP later, and it provided excellent
resolution, but by that time activity hed decreased, presumably because
of storage (Harris and Hopkinson 1976V, IoHP-2 was monomorphic in ail
buffers tested, but IDHP-]1 showed variability in TC and TCP.

LB Lactate dehydrogenase
LDH; LLL2T tetraney

Patterns of gone expression in impala arve similar to those in humans
for a twe-locus system, LDH~A (cathodal) and LPH-B (anodal), inciuding ex-
pected interiocus heterotetramers, LDH-A is active only in brain, eye
and muscle, but LDH~B showed activity in all tissues tested, with best
regolution in muscle., More precisely, LDH-B,, and ~Byd, allozymes stained
in all tissues, LDH~BsAs in brain, eye and muscle, and LDi-A, mainly in
nuscle, LDH-B,As was uvsually missing, but occasionally appesred faintly
in muscle. LDH~A, and -B, were sometimes thick or even closely douhle-
banded, but this variation was deemed non-genetie, as it Qid not pmdme
the expected interlocus he.erodimeric bands.

Two monomorphic loei (LIH-I* and -2) were reported in :impala (Grobler
and van der Baok 1994h), springhok and blesbok (the same allele in these
latter two species) (Bigalke et al, 1993), white~tailed deer (Sheffield et
al. 1985), red deer (Gyllensten et al, 1983), fallow deer (Pembertom and
Swmith 1985) and blue and black wildebeest (Corbet st al, 1984). One
monomoyphic and ome polymexphic locus (LDH-Z; 2 alleles) were reported in
reindeer (Roed 1985a) and roe deer {LDH-2% 2 alleles) (Hartl and Reimoser
1988). 17Two loci were reported in 28 hovid and giraffid species
(Georgiadis et al. 1990), 'LDH-I' had 5 alleles and 'LDB~2' 7 allcles. At



both Inci, one allele was unigue to impala. One locus was reported in 10
cervid taxa (Ewerson amd Tate 1993), One £ ~cies was pslymorphic (2 al-
1eles), '

3t Malate dehydrogensse

MDH; LL13% dimer

In humans, two autpsomal loci cide for mMDH and sMDH, hut this was not
reported in any species related tc impala, so I designated the two bands
I vesoived MDH~-1 (cathodal) and MDH-2 (anodal), respectively, MDH-1 and -
2 vere mctive in all tissues teated, The addition of HAD to the TC
buffer iwpraved the activity of MOH-1 in some ticsuez and MDH-2 wost
tisgues, MDM-I activity was greatest in muscle and Lkidney and MDH-2 in

" auvscle, kidney, heart and liver, Kidoey and muscle were used for scor—

ing., MDH-1 appeared more prone to storage degradation, «s ite activity
decreased with tiwme in samples from some localities, Both ban's were
monoporphic,

Two loci were reported in xed deer, MDH~I* and MDH-Z* {Gyllensten ot al,
1983), Two loci were reported in blue and black wildebeest (Corket et al,
1994), voe deer (Hartl and Reimoser 1988), fallow deer (Pemberton and Smith
1985), white-tailed deer (Sheftleld et al, 19" springbok and blesbok
(Bigalke et al, 1993) and impala (Grobler and van der Bank 1994b), Three
loei were veported in reindeer (Roed 1985). One lncus was reported in ten
desy taxa (Bmersom and Tate 1993). Two loei were reported in 28 bovid
and giraffid species (Georgiadis et al, 1990).

3120 Malic enzyme
MRP; LLL40; tetramer

Three bands were resolved in impala. One was cathodal (MEP-1) and the
other two anodal (MEP-2 and -3), Since there are twe loci in humauns,
cervids and other bovids, I considered MEP-]1 and -3 to represent the pro-
ducts of two loci, MEP-1 was probably equivalent to human nME and
MEP-3 to sME. MEP-3 ran fust shead of MEP-2, MEP-2 lost activity



quickly with storage and could have been an interlocus heteyotetramer or
the product cf another locus, It was oniy present in wmuscle, heart,
Liver, bxain, lung, gut and spleen. Muscle was used for scoring, MEP-]
shoved no variability and MEP-3 appeayed highly variable, yet several
butfers 4id not resolve bands sufficiently to score them,

j2an Hm-phoaphaée iasmerace
MPI; 5.3.1.8; monower; phosphomannose isomervase

Figuxe 2,3 shows typical MPI banding patterns end the interpretation

of wost phenotypes, MPI zhowed parallei tissue expression of four cleax-
1y defined allozymes at one locus. Oune allele, *10J, occurred in only one
dndividual from Zimbabwe. Grobler and van der Bank (1994b) reported only
two alleles, 100 and *130, for impala, However, we detected four alleles,
*100, ™13, ~75, and *103, in gamples from suvme of the same localities that
they sampied, Genotypic frequeacies in some samples of the present study
were oul of Handy-Weinberg propo:tions but this may have been due to
small frequencies of some genotypes; when alleles were penled, frecuencies
did not depart from Hardy-Weicberg proportions, I confirmed scoring for
all individuals under wvarious conditions,

One locus has also been found in huwans (Harris and Hopkinson 1976}, red
deer (Cyllensten et al. 198)), roe deer (Hartl and Reimoser 1988), blue and
black wildebeeast (Corbet et al, 1994), ten deer taxa (Emersom and Tate
1993), 28 bovid and giraffid species (Guorgiadis et al, 1990) and impala
{Grobler and van der Bank '994h), The products of two presumptive loci
were reported in white-tailed deer (Sheffield et al, 1985), and springbok
aad blesbok (Bigalke st al, 1993),




i - secondary

A band of 113

B~ 113 and

i secondary

# band of 100

i~ 100

- gecondary
band of 76

- 76

origin
¥ .

~ 113
- 100
- 76

origin
¥

Figure 3.3 Typical banding patteyns of 14Pi. Phenotypes in lanes 'abelled
1-7 are given as examples of interpretatiom: 1 and 3 = 100/100; 2 =
100/113; 4 = 100/76; 5 = 113/11% 6 and 7 = 76/N%
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3.2.22 Nucleoside phosphorylase
NE; 2,4.2,1; trimer (Ward et al. 1379); purine nucleoside phosphorylase

Mendelian variability within the main zonme of banding was observed.
Phenotypes with light homotrimer bands and two heavier heterotrimer
bands were intevpreted to represent heterxozygotes. No alternate
homotrimer patterns representing homozygotes were observed to confivm
this but the vayriant pattern was consistent awmong individuals and
vepeatable, One locus has bheen found in humans (Harris and Hopkinson
1976), impala (Grobler and van der Bank 1994b) and white-tailed deey (Shef-
field et al, 1985),

3.2 Cytosolic aminopeptidases |
PEP; 3.4

Many peptidase leci are orthologous among mammals and fish, and sub~
strate specificity is a reliable indicator of ideatity (Frick 1983; Frick
1984; Laurie-Ahlberg 1982), Pep ABC,D,S5 are also products of independent
loci and have distinet adult tissue and substrate specificities (Wyban
1982),

I compared banding patterns produced with four substrates, L-G-G (leucyl-
glyeyl-glyeine), L-T (leucyl-tyrosine), P=P (prolyl-phenylalanine) and G-I
{(glycyl-leucine) by applying each substrate separately to one of four of
the same individual sequences on one gel. I also compared the effects of
differeat buffers on peptidase banding patterns, With L-~T, two anodal
zones of banding appeared and were interpreted as PEP-A and PEP-C (PEP-C
most ancdal) (Harris and Hopkinson 1976), PEP~A showed one rare
Hendelizn variant, PEP-( was highly polymorphic, vet I could not resolve
its vardability enough to score this I¢ is with confidence, L-G-G pro-
duced one band which T interpreted as PEP-B, This showed Mendelian
vaiability typical of a monomey, P-P produced one bhand, PEP-D. G-L
was a substrate for tha same allozymes as L-T, but showed lower ac-
tivity, While relative band mobility varied greatly with different buif-
ors, banding palterns and interpretation remained consistent acyoss buff-
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ers and tissues. Peptidases showed parallel tissue expression of all
variability in impala, and results were yepeatable, Figurve 3.4 shows
banding patterns and interpretation of PEP-B ia three different buffers,
demonstrating the effects of the buffer on resolution,

One mononcrphic PEP locus was reported in red deer (Gyilsmsten ot al.
1983), Hartl and Reimoser (1988} reported two laci in roe deer uvsing L-A.
PEP-A and ~{ are specific for L-A, so these authors' PEP-1 may be PEP-A
and theiyr PEP-? may be PEP-C, if relative wotility is similar to that in
impala., Georgiadis et al. (1992) reported four FEP loci in 28 bovid and
giraffid speeies, 'PEP-4™, 'PEP-E™, 'PEP-C™ snd 'PEP-D™, No subsirates
were listed. WYigalke et al. 11993} reported two monomorphic loci in
springbok and bleshok. Corbet et al, (1934) used G-I, and L-G-L as sub~-
strates. G-L stained PEP-A, and L-G-l stained PEP-B and PEP-X. All
three enzymes were wonomorphic, Grobler and van der Bank (1994b)
reported ‘one allozyme that stained with L-G—G (PEP-1 [B?]}), two that
stained with L~T (PEP~2 and -3 [A and C?]), and one that stained with P~
P (PEP-4[D7]), Their PEP~3C?] had twe variants, 95 and 100,

43



12 3
Figure 3.4 PEP~B. (els showing the same series of individuals stained
with L-G-G. Buffer in a is TCL, b is TM and e is TC. Note how huffer
conditions affect resolution. Variant phenotypes are well resolved in TM
and TG, and secondary banding is minimal in TG Phenotypes in lanes
labelled 1-2 are given as examples of interpretation: 1 = 100/1005 2 =
100/82; 3 = 82/82. "' is prubably a secondary band,
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32,24 Gemeral or uwidenmtified protein
PROT

Figure 3.5 shows typical banding of PROT, including wvariants of PROT-
2. Three main zones consistently appeared, with similer migration to
haemoglobin (which was top faint to scorel, but with variants that were
not typical for multimeric haemoglobin wvariants, So I assumed they were
not haemnglobin, but other soluble proteins. PROT-1 was unscorable, yet
appeared to show no variability, PROT-3 was clear and more intense
than PROT-], and was wonomorphic., PROT-2 stalned learly and was
polymorphic (4 alleles), Interpretation of varisuts of PROT-2 was sup—
poited by three observations. Firstly, the common band in presumptive
heter:ozysotes was attenvated, Secondly, in the presumpiive heterozygotes
two bands were present, which is typical of wmonomeric heterozygotes.
Alternate homozygotes appeared as a single dark band at the same posi-
tlon as the altermate band in the presumnptive hetevrozygotes for all
variants except PROT 12, which was too rare to he present as a
homozygote, Grobler and van der Bank (1994h) reported three presumptive
loci in iwmpala blood, with three alleles of PROT-2 (GP-2): “I100, ™/  and
*86, which appear to be the same as my allales: *i00, ™71 and “87. Roed
(1985) veported five presumptive loci in muscle and liver of reindesr,
Georgiadis et al, (1990) found one locus in 28 bovid and giraffid species.
Biue and black wildebeest showed three loci (PT-l, -2 and -3 (Corbet et
al. 1‘394).
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Fignre 35 Gel showing typical PROT banding and variability. Horizontal
imnes are artefacts of pel slicing., Phenotypes in lanes lahelled 1-5 ave
given as examples of interpretation: 1 = 100/190; 2 = 100/87; 3 = /74 4
= 100/71; 5 = 100/120, Buffer = TBE; kidney.
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3.2.255 Phosphogluconutase
PGM; 2,7.5,1; monomer

I resolved the products of two presumptive loci in impala. Beth zones of
banding were anodal, PGM-1 and -2 activiiy showed narkedly differentl
tissue distvibutions. PGM-1 s1. wed activity in all tissues tested except
eye, gut and mammary gland., It was most active din muscle and liver,
PGM-2 showed activity &1 ' tissues tested and was generally wore ac-
tive than PGM-1, PGM-2 a . vity was strongest in kidney and liver,
which were used for routine scoring. Variability was parallel across
tissues, Three PGM-2? phenotypes were detected, present 23 double-banded
heterozygotes and single-banded alternate homozygotes, PGM~1 showed fewer
variant bands than did PGM-2. Bands were resoived best on TBE., Bands

' representing variants were distinguished from secondary bands by the at-
tenuation of the main bard, by the appearance of a new hand in a dif-
ferent position to the sec .y bands, and by the appearance of their
own secondary bands,

Humans express three avtosomal loci in all tissues (Harris and Hopkinson
1976). Two loci were reported in r~d deer (Gyllensten et al. 1983), blue
and black wildebeest (Corbet et al. 1994), 28 bovid and giraffid species
(Georgiadis et al. 199)), roe deer (Hartl and Reiwoser 1988), white-tailed
deer (Shefiield et al. 1985) and fallow deer (Pemberton and Smith 1983)
One locus was reported in ten deer taxa (Emerson and Tate 1993). Three
loci weve reported in reindeer (Roed 1985), springbok and bleshok (Bigalke
et al, 1993). Grobler and van der Bank (1994b) reported two loci in im~
pala, PGM-1 was scored in muscle and was monomorphic, and PGM~2 was
scored in Kkidney and was polymorphic with two alleles, PGM-2"100 and
PGM-2"34, These alleles appear to corrvespond to PGM-T*100 and PGM-2°89
in the present study.

3.2 Pyruvate kipase
PK; 2.7.1.40; complex tetramer (also Rigaut and Chalumeau 1984)

Fouy complex zones of banding were observed on gels for impala, PK-1
{cathodal) was observed in some individuale in kidney extracts in TC
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buffer., PK-2 was just cathodal and was evident only in muscle. PK-3
(anodal) appeared in brain, muscle, kKidney, heart, liver, spleen, pancreas
and mammery gland. PK-4 (most anodal) appeared in brain, muscle, kidney,
lung, pancreas and mammary gland, Muscle and kidney were used for
routine scoripg in TC and TC+NAD gels, as these tissues showed activity
for most bands, The intensities of some bands between individuals was
not consistent, Only PK-3 showed consistent activity noc banding
variability counsistent with tetrameric subunit structure was apparent,

There are probably three loci in humans, producing enzymes with 4if-
ferent tissve distributions (Harris and Hopkinson 1876). One lecus was
repoxted in springbhok and blesbok (Bizalke et al, 1992), white-tailed deer
(Sheffieid et al, 1985) and red deer (Gyllensten et al. 1983

320 Superoxide dismutase
S0D; L15LY; human sSOD diwmerie, wSOD tetramerie

Two zones of light-voloudred bands appedared on TBE gels scaked in only
PMS (phenazine methosulphate) and MIT {(3~(45~dimethylthiazol~2-yl1)-25-
diphenyltetrazolium bromide) apd were interpreted to reflect the activity
of SOD, The same bands aise appeared on gele stained for ADA and DA
and these gels were used for routine scoring of SOD, SOD appeared in
liver, kidney and muscle with TBE, but I did not test other tissues,
Faint but definite cathodal and anodal bands were resnlved, which ap-
peared to be monomorphic, The cathodal band may be orthologous to hu-
man mSUD (S0D.) and the snodal band to human sSOD (SOD,) {Harris and
Hopkinson 1976).

Two monomorphic loci were previously reported in impala (Grobler and van
der Bank 1994b), in springbok aud hlesbok (Bigalke et al, 1993), fallow deer
{(Pemberton and Smith 1985), roe deer (Hartl and Reimoser 1988) and blue
and black wildebeest (Corbet et al. 1994), Four loci were reported by Roed
(1985) in reindeer, Three loci were found in white-tailed deer (Sheffield
et al. 1985), At least one locus was reported in 28 bovid and giraffid
species (Geoygiadis et al. 1990) and ten deer taxa (3 alls->s) (Emerson and
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Tate 1993). Two loci were reported in red deer (Gyllensten et al, 1983). I
designated the two bands 1 observed as reflecting the products of 50D-I"
and -2, because no other bovid or cervid researcher reviewed has as-
signed a cellulayr or evolutionary origin for either, '

33 Conclusions

Thirty-nine presumed loed were resolved in this study, 1 observed
Mendelian variability at 18 of these loci, and 21 loci were monomoyphic,
This number of variable loci is sufficient for the statistical analyses
oe inter— and intra-population vayiability that arve presented in sub-
sequent chapters, Little work has been done o gemetic variability in
Bovidae, especially antelope, 50 T compaved expression in impala with ex-
pression and interpretation in the few bovids available, and in a close
r-lative taxon, the Cervidae, My interpretation of wvariability at most
loci concurved with that of other workers in other bovids and cervids.
Hrwever, there were some interpritations, particularly of the polymorphic
loci GPI* and MPI*, with which I disagreed and for these 1 offered
alternatives. To ensure the correct interpretation of banding patterns,I
have attempted to substantiate nmy interpretations thoroughly with such
criteria as consistency, agreement of genotype frequencies with Hardy-
Weinberg equilibrium and known subunit structure.

Tissue distribution of gene expression in impala did not differ greatly
from that in other bovids. Perhaps this was becauvse differences in the
tissue distribution of gene expression between cervids and bovids were
not as great as might be expected in different families. It follows that
differences between taxa in the same family would be even smaller, Fur~
thermore, bovids in Africa underwent speciation within tribes during
such short genlogical timespans (Vrba 1985h) that neither fossil (Vrba
1979), ribosomal RNA {(Gatesy et al, 1992; Allard et al. 1952) imwunological
{Lowenstein 1986) nor allozyme {Georgiadis et al, 1990) differences have ac-
cumulated sufficiently between species to allow estimation of clear
phylogenies, Thus bovid taxa are su closely related that few isozyme
differences would be expected amongst then,
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Gene nuwber, ability to form heteropolymers snd the tissue specificity of
gene expression axe only useful for comparisons between species if they
vary at the tavonowic level under investigation, which in this case is
families and above (Murphy et al. 1999), RNevertheless, the similarity of
gene expression patterns awmong bovid species does not refute the
hypothesis that bovids diverged vecently and are thus closely related,

It is possible to deduce evolutionary patterns by tracing presumptive
gene duplication events and trends from generalised to vestrictive tissue
expression, Where two loci (such as the LDH® loci) are preasent in many
species, the probability that gene duplication events occurred indepen-
dently in each species is very small, Only if a locus is evident in one
‘taxon and mot in another, or if interlocus hetexomers cease forming in
one taxon while they still form in the other, can one draw conclusions
abont the time and manner in which that locus has evolved, Detailed -
impala isezyme date were presented in this study. To meke comparisons
with other bovids, appropriate data must be obtained from more species,

It was difficult to comment on evolutionary patterns based on the tissue
specificity of expression in impala, as no surveys of tissue expression
in other bovids were encountered for comparison. Tissuwes used in other
studies were often the only ones available or were chosen because they
had shovm good resuits in other studies, However, it would be
worthwhile to do such surveys in other hovids, as it would provide ad-
ditional data with whick to support bovid phylogenies.

In derived groups, one would expect to find more loci coding for the
same enzymes (paralogbus loci) than in more basal groups. Therefore im-
pala, if primitive or basal as suggested by Georgiadis et al. (1990),
should have fewer loci per enzyme than more derived grovups, such as
wildeheest and sable. The hypothesis that there ave no differences in
the number of Joci per enzyme in different bovid species was not con-
tradicted by isozyme data in impals. GPL, an example of a protein that
did reprezent one presumptive locus in impala in this study and two in



gable, also represented two presumptive loci in dmpala in another study
{Grobler and van der Bank 1994b), So this difference was considered to
be one of interpretation and snot evidence of paralogous loci in a
devived species, These diffevences in interpretation in the same specirs
emphasize the need to support interpretations with supplementary evidence
such as other studies or fit to Hardy-Weinberg proportions,



CHAPTER 4
POPOLATION GRENETICS OF IMPALA
41 Introduction

Antelope lineages are characterized by a diverse array of extinct and
living species. Most of these gpecies were vceated by repeated vicariant
events in the arid a -2~ of eastern and southern Africa din the late
Pliocene and early Plexsf .- a2 ientry 1978; Vrba 1984), Yowever, only one
fossil species from the t.ibz or subfamily Aepycerotinae (Artiodactyla:
Bovidae) is known, and it is morphologically indistinguishable frem
present-day impala, Adepyceros melampur Iwmpala appear in the fossi)
recoxrd towards the end of the Miocene, about five wmillion years agu
(Vrba 1985b), While many fossil lineages appear and others disappear
during the late Pliocene and early Pleistocene, around 25 million years
ago, impala appear to have remained unchanged, In addition, at least
one study has found impala to be the bovid zroup most divergent from
other groups (Georgiadis ei al. 1990). It is unclear why geographic sub-
division failed to initiate speciation in the lineage leading to present-
day impala.

Impala inhabit the abundant, widespread ecotone that forms the border
between zrassland and woodland near surface water (Smithers 1983 Viba
1984), 'They can adapt their feeding habits ' rine climatic cyeles by
grazing or browsing as Pood availability varder. «:ba 1584), Grassland
and woedland have expanded or contracted during periods in climatic
cycles (Tyson 1986) that coincide with bovid lineage turnover (Vrba 1985a).
While environmental change may have driven speciation and extinction
among ecologically specialised species that were pure grazers or pure
krowsers, impala apparently thrived, as feeding preference is thought to
be a major factor in bovid evolution (Vrba 1985a; 1985b). Impalas’
habitat, although it has shyrunk, expanded and moved as the climate has
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changed, has heen more persistent than the homogeneous ‘habitat of
specialist bovids (Vrba 1984 p74)., One possible reason for the svypcess of
impala and the lack of divergence in its lineage is that local adapt-
ability and persistence have led to only a small amount of genetic sub-
division among impala populations and no significant loss of variability
due to population bottlenecks., A related hypothesis is that impala shows
more population subdivision than other species such as springbok,
antidorcas marsupialis, which migrate and wmix (Smithers 1983; Skinner
1993). o

Since bovids are one of tho most divergent nammal taxa and owcupy such
diverse habitats, population genetics of a bovid such as iwmpala could
contribute independent evidence of the nature and timing of environmen-
tal changes (Vrba 1985bh; Gatesy et al, 1992). Genetic analysis of popula-
tions way also reveal eiiects of past population events., For example,
population size restrictions (bottlenecks' may reduce variability (Nei et
al, 1975 pr cause long-term deviations from mutatioa~drift equilibrium
{(Watterson 1984),

Hardy-Weinberg equilibrium of genotype frequencies is the biological
model cn which wmost population genetic hygntheses are ultimately based
(Weir 19%0), To be in Hardy-Weinberg equilihrium, a population is as-
sumed to be infinitely large, undergo random mating, receive no migrants
and experience no mutation or selection, Many statistics kave been de-
veloped around this model, to test whether a lack of eguilibrium, for ex-
ample, is due to a violation of one or more of these assumptions, and to
help point to what could be causing that violation. In this way the
process of microevolution, the infiritesimal changes that take place at
the level of the population, can be dissected. An understanding of ni-
croevolutionary processes and their effects is fundawental te the for-
nulation of adequate hypotheses concerning wacroevolytion, or the
maintenance and change of species.

Tmpala are distributed from wnorthern and eastern South Africa to Kenya
and Uganda and from Mozambigue to Botswana, Their extensive ratural
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range and abundance make fimpala an ideal subject for a population ge—
netic study, since layge samples can be obtained from a wide rauge of
populations with varied sizes and histories. Sampling is facilitated by
the hunting and culling of large numbers of impala on a regular basis.
Though even sample sex vatios would be idea) for a study such as this,
they 4. ended entirely on culling policies, so were skewed in some cases,

Osterhoff et sl (1972 found littie electrophoretic variability in three
proteins in dmpala in the Kruger National Park., Grobler and van der
Bank (1994b) found fairly low levels of heterozygesity (7 = 0,037) in South
African impala on the basis of somewhat small sample sizes and found
88% of genetic diversity withdn populations. By analysing mtDNA
restriction site variation, Georgiadis (pers. comm,) found substantial var-
iation and subdivigion in populations in northerm Tanzania and Botswana,
" congistent with isolation by distance, A small, isolated population of
black-faced impala (Aepycerns melampus petersi) exists in worthern
Nanibia (Smithers 1583). Despite geographic isolation and swall mor—
philogical differences between black-faced and common impala (Smithers
1983}, no clear genetic subdivision has been found between these two
groups of impala (N, Georgiadis, pers, comm). In this chapter I test the
null hypothesis that southern African impala comprise vne randomly

* mating populatiom,

Knowledge of the population zenetics of impala has implications for the
management of impala and other bovid populations (Gyllemsten et al, 1383)
Impala ia & key herbivore in managed nature vesexrves and has the poten-
tial to become an important alteynative to cattle in marginal areas,
Impala are highly mansged in soucthexn Africa (D, Bowe-Rowe, R, Smith,
pers, comm). Although females are preferentially captured and translo-
cated, tunting and cuiling usually favour males (Brooks 1975), 5o togeth—
er, these processes should have a minimal effect on variability unless
they reduce populations drastically, A small proportion of males mate
(Smithers 1983), vesulting in small effective population sizes, and this
may caase inbrreding to become a problem even in fajrly larze pepula-
tions. In this study I estimated the effects of these processes on
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managed populations, I alsp tested the hypothesis that smaller sub-
popilations and these which are heavily culled, particularly those that
ave fenced in nature reserves, are not inbred.

An interesting guestion concerns the population genetics of sex-biased
disperzaly Which sex contributes more to gene flow?, Since male mamwals
generally, sud impala males in particulay, disperse more than females
(Greenwond 1980; Schenkel 1966; Jarman 1974; Murray 1981, 1982a, 1982b; Estes
193); various reserves, pers, Comm,), one expect males to contribute wore
to gene flow and wouid thus expect fewer allele~frequencies differences
among nmales than among females., To properly test {he hypothesis that
males contribute more to gene flow than females, through greater effec-
tive dispersal (Greenwood 1980), one would analyse allele-frequency dis-

" tributions within and between male and female impala, utilizing large
gample sizes €rom many herds or groups in one area where impala can
mave freely, If, as is the vase with impala, very few males mate while
many -females do, and if one sex disperses more than the otheyr, one would
expect allele frequency differentes to be maintained eac) generation, as
non~vandom mating would be occurring. Even with random mating, two
generationg ave required to reach Hardy-Weinberg equilibrium with ind-
tiel allele—fregquency differences between the sexes,

In this study, at any one locality, samples sufficiently large to detect
the small allele~frequency differences required were unavailable, There-
fore, I performed analyses on the entive populstion represented in this
study, The Rastern Transvaal samples and the Ratal samples each
vepresent groups of impals with only wminor barriers to dispersal, The
Eastern Transvaal impala only have distance, vivers or scalable fences
between them. The Natal impala in this study, althongh separated by
fences and much 'hostile' land, have been conmected in the recenmt past by
translocation, S0 gene flow revealed in this part of the study would be
due in part to effective dispersal withinm these areas and in part to
dubitable dispersal among far-flupg areas like Zimbabwe and Nylsvlei, 1
used Wright's F statistics, Slatkin and Barton's (1989) private allele meth-
od and Slatkin's (1981) conditional average allele frequency method to com~
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pare allele frequencies in each sex ard thus compare gene flow arising
from effective dispersal, These first two methods are consistent over a
wide range of asgumptions about selection, mutation and population struc—
ture (Slatkin 1987).

4.2 Resulte
4,21 Hardy-Weinberg equilibrius

In the pooled sanple only genotypic frequencies of CK~C differed sig~
nificantly from Hardy-Weinberg proportions {p = 0,002). In the individual
samples, only genotypic frequencies of GPI at Mkuzi differed significaatly
from Hardy-Weinberg proportions (p = 0,0025). Genetypic freguencies of
MPI st Sabi Sands alsc deviated significantly from exp.cted proportions
(p = 0,0027) when iow frequency alleles were pooled.

Table 41 Results of log-likelihood ratio G-tests from the
negted contingency table analyeia of allele~freguencay
homogeneity.

Level/d.f. CE-C PROT-2 GPI MRY PEP~-B PGM-2

29,12** 31,26""124,70"" 8,12 3G,46"™ 50,88""
15,67°™ 4,37 28,63"" 0,80 4,46 17,.35%*
11,29 24,55%* 71,74"" 4,66 2,19  21,99""
0,64 0,1¢ 10,83 1,15 5,46 6,91
1,50 0,54 12,23"" 9,89 15,57 2,28
0,03 1,63 - 1,27 6,63 2,78 0,35

MWW -
B WY

* p < 0,056 (with sequential Bonferroni adjustment)
= p < 0,01 (with seguential Bonferroni adjustment)

4'.2.2 Ailele-—fmquemy homogensity

The first contingency-table analysis performed included the ‘hexds and
within park' level (Figure 2.3). Allele frequencies between herds at



Klaserie were significantly different at one locus, MPI* (p = 0,005 d.f, =
1§ not shown in Yable 41). However, sample sizes from Rlaserie were
small (o = 10 and ). To remove the effects on the overall analysis of
small sample gizes in hevds and within-park samgples, the analysis was
vepeated without the 'herds smd within-park samples’ level {(see model in
Table 2.2)

In spite of the low power of tests for homogeneity, several significant .
allele frequency differences were detected among localities. In Figure

2,2, asterisks indicate loci that showed significant departures from
homogeneity after sequential Bonferroni adjusiment, There were sig-
nificant differences among individual localities at 5 loci, CK-¢* (p =
0,00606), PROT-Z" (p = 00003), GPI* (p = 146 X 10~32), PEP-B* (p = 0,0004)
and PGH~Z* (p = 7,36 x 107"); between Pongola and Natal at twe loci, GPT™
{(p = 0,0005) and PEP-B* (p = 000008 among 'reglons' at four loci, CRK-C* (p
= 0,0035), PROT-Z* (p = 0000005), GPY" (p = 2,65 x W€} and PEM-2" (p =
0,00007); and between 'countries’ at three loci, CK-C* {p = 0,00008), GPT" (p
= 876 x 107" and PGM-2* (p = 0,00003).

4,23 Geographic allele frequemcy distributions

Relationships between allele freguency and geographic distance ave shown
graphically in Figure 41 The distribution of CR-C alleles indicates

a difference between northern and southernm populations., For example, 95%
confidence intervals do not overlap hetween Zimbabwe (p = 0,873) and nost
other populations besides Rylsvlel, ¢K-C*100 is fixed in Katzl, emphasiz-
ing differences between Natal impala and other impala. The common al-
lele at PROT-2 at Nylsvlet (p = 0,976) is closer to fixation than in ail
othey populatioms, Its 95% confidence interval does not overlap with
that din almost all other subpopulations. This suggests that the popula-
tion at Nylsviei has lost variability, ppssibly due to inbreeding. No
geographic trend is appavent from PROT-2. Differences between Tembe and
Albert Falls and MKuzi reflect sampling of genes for a small founder
populations fxom Mkuzi, The common allele at GPFI is fixed in Northern
populations, alwost fixed in Eastern populations {e.g. Sabi Sands p =
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0,988), and its frequency differs significontly fxom the freguency of the
same allele in Natal (e.g. Mkuzi p = 0587). Klaserie's low frequency and
high vaviance reflects its small sample size, The intermediate frequency
of GPI™I00 at Pongola (p = 0,840} is expected becanse of ity 5 Jgrarhical
position between impala populations in Natal and the Transvail aul the
nix of impala from buch arsas, PEP-B and NP show a similar thdih
less marked pattexrn, NP*I00 is fixed in Notal and Pongola, further em~
phasizing differences between Natal impala and other impala. PGM-2 shows
a complex patteyn of variation, but three rough groups are apparent:
Zimbabwe, Transvaai, and Natal and Pongola. At Mkuzi and Albert Falls,
IO < W89, A slight trend of lortherm versus Natal populations is
obzerved with MPI, and the frequencies of both alleles present at Albert
¥alls are the sane.

£.2.4 Cluster analysis of gemetic distances

Figures 4.2, 4.3 and 44 show clustering results and muiti-

dimensional scaling plots based on each distance measure, Distances were
calculated for a matrix of ten localicies using all non-monomorphic loci,
UPGMA clusters based on Nei's and Ropers' distances both show the same
structure (Figure 42 a and b), whil® clusters based on the chord dis~
tance are slightly differvent, one diffeience being that the largest genet-
ic distance is between Nylsviei and all other populatioms(Figure 4.2

c) Clusters based on Nei's and Rogers' distances chow the largest dis-
tance as that between Watal and other populations, and show Nylsviei
clustered with Transvaal,

Neighbour-foining of each genetic distance natrix produced similar
clustering, except for the inclusion of Klaserie and Pongola in the
Transvaal group with Nei’s distance (Figure 4.3 2). There was also
anbiguity between neighbour-joining and UPGMA abnut the placing of
Klaserie and Pongola, and neighbour-joining was mut as sensitive to the
smail population size in Nylsviei as was UPGMA,

Two-dimensional multidiménsinnal—-acaling analysis produced similar plots

with all distance matrices (Figure 44). Plotted points appeared to
roughly represent the sample populations' geographic arrangement.
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Figure 4) Diagrams showing geographical distributions of frequencies of
the common allele at each polymorphic locus, ¥Frequencies of the two
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at that locus, Vertical bars represent four standard erroys and approXi-"

mate a 957 confidence intorval,
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Figure 44 Multidimensional’scaling plots based on three genetic dis-
tances: (A) Nei's (1978) unbiased genetic distance with Hillis' (1984 cor-

vection (D), (B) Rogers (1972) genetic distance with Wright's (1978) modifi-
" cation (Dg), and (€} Cavalli-Sforza & Edward's (1967) chord distance (D).
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42,5 _ Gene diversity analysis

Yable 42 Various measures of heterozvgositv in impala, and their vari-
ances,

Measure Valnse - Reference

0,046 this st
V’L(Hg) 0’0,0000?48 this :tm
B 0,047045 Rei (1978)
Vi) 0013512  Nei and Roychoudhury (1974)
H, {(unbiased) 0047102  Nei (1978)
V{h (unbiased)) 0,013541 Nei and Roychoudhury (1974)
Mbiased) 0,049368 Kimura and Crow (1964);
V(h(biased)) 0,014348  Watterson (1974); Stewert
Munbiased) D,049431  (1976); Li and Nei (1975)
V(hunbiased)) - 0,014364 and Fuerst et al, (1977)

Population gene diversities and standard errors for impala., From gene
diversity analysia (Chakraborty 1980),

H.
Zimbabwe 0.077% 0,070
Nylsvied 0 -3 0,0163
K¥aserie 00624 0,022¢
Sabi Sands 0.0435 0,019
Kruger Park 0,0406 0,0135
Marloth Park 0,0678 0,0304
Pongola 0,0532 00227
R
a
Mkuzi 0,0577 00246

Average (Hgk 0,0511, 0,0198 N

Table 4.2 shows various measures of average heterozygosity or gene
diversity and their variances, as well as population gene divergities and
their standard ervors. Estimates of H.(biased) and H(unbiased) were sup-
ported by jackknifing over single-locus heterozygosities, Expected
heterozygosity or gene diveysity (H, = 0047) was only slightly larger
than observed hetevozygosity (H, = 0,046), indicating that it was safe to
assume Hardy-Weinberg proportions. Unbiased gene diversity (H.(unbiased)
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Baa Daa

Absolute gene diversities

levels wi_i.)thin 3 within 2 within 1
%*3

in Kiaserie and Marloth Park and lowest im KRylsvlei and Zimbabwe (Table
He

4.2), Klaserie has the largest population among those studied, and

Nylsviei the smallest,

Locus Within Between 4 Batween 3 Betwsen 2 Between Total

= 0,047} was almost the game as biased gene diversity (H.(biased) =
0,0470), indicating that the estimate of heterozygosity was not adversely

atfented by small sample sizes. Population heterozygosities are highest
Table 4.3 Gene diversity analysis (Chakraborty 1980), inciuding absolute

and relstive gene diversities for each locus and averages over loci.

Levels referved to ave those in Figure 22
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The between-population coefficient of
This was hroken down into 0,72 among Hatal

populations (a low value was expected, since Tembe and Albert Falls im-

gene Jdiversity are shown in Table 4.3, The within-population coeffi-

Eastern Transvaal and Natal, and 0,7 among Zimbabwe and all other popu-

lations,

pala were derived from Mkuzi impala), 4,4% among Easiern Transvaal popu=
lations and between Natal and Pongola populations, 3,9% among Nylsvled,

Gane divergity analysis wag performed according to the . ;Sm'or:{ model of
popuiation subdivision described in Table 2.2, Components of relative
cient of gene diversity was 90,2%,

gene diveraity was 9,8%



426 ‘Estimation of gene flow

T used allelic frequencies of 10 alleles at seven polymoyphic loci (inctud-~
ing ¥P) to estimate F statistics, Average sample size from 10 localities
was 46, Jackknifed estimates were as follows {with 95% confidewce inter~
vels derived from bootstrapping) Feo 06353 (00109 to 0,0829), Fir 00355
(~0,0225 to GI154), and Fo 0,000 (-0,0557 to 0,0552) (Tabie 4.4), Zexo is

not included in the 952 confidence interval of Fsp, so0 it follows that
Fuw is sigrnf*_i:ficantly different from zero. From the value of Fex obtaived
hefore jackbrifing (00377, Nm = 675. The estimate of V(Nm) obtained by
Jackknifing #» over loci m;-'-.--' 8,70 and the jackknife-adjusted eatimate of
Nm, Nm", ves 5,88 {Table 4.4). PFex and Foy Were net significantly dif-
ferent from z2e¢xd nor were any F statdistics significantly different from

" egach other, Sp there is wno evidence of a siguificant level pf inbreeding
in impala populations represented im this study,

The population subdivieion revealed by Fre was alss evident in most of
the combinavions of single sex samples analysed (fable 44). However,

no valies of Fpr were gignificantly differmt from each other, so there
i3 no evidence to refute the hypothesis that males, who disperse more
than females, alsp contribute more to gene flow., Nm values provide a
rough estimete of migration rate but they cammot be compared statisti-
cally as their confidence intervals are not known. Their confidence in-
tervals are likely to be large and to overlap, since V(¥m} is very large
in some cases. ' , '



Table 4.4 Fright's Metatisties eabenlated accordtag to Velrand Cocherhan (1934} and estinates of migration (i (i)
for inpls subpopalations, 7%, 7* awd #* aye Jackinite-adjusted estinzter of £, ¥ and # (Beir 1Y), Bmbers 5
prosathedes are 957 confidente liwits found by hootstrapping {Neir 1990). YW} is the jackkuife eatimate of the viriamte
of e A 2 the jackinife-sdlusted estimate of Mo, ** next to a value iadicates that it is aigmificantly different fram
ern {p < 0,050,

) O T T Ty S £ ey S £ AN A R R )
Tox Toralities, - L X X T T, , ] TR
sexes conbinel {0557 Ry (.00
0,055 1156} 0,009
1) ales, ten B OGO 00N BT 000 060 a0%™ 5 AN 50
ecalities - (41010 -0,0401 {0,0148
| 0.087) 8,1515} 0.1243)
Pesales, %001 00 00 00N 0,00 amM S W1 LN
sight {18293 (-0.01% o
loealities 0,064) 0,109) 8.6710)
2) Males, eight BOoNM a0 DN 0009 D82 0MA™ 53 66 5N
foralities, »9 (0.0 (-0,0518 {014
0,0842) XTIt 012
Femles, six 30059 GO0 00N 08 0N 00Nt 649 TLH 11
 lonalitles, 29 (0,081 (40130 (8,003
0,0635) 6,09%) 0.0664)
1) Pive tecalities,
212 for both gexes:
Nales WO40 40N 001 AR 0 8000 16,2 280 6
(0,687 (0,054 {0,009
0.0%26) 6,0%8¢) 0,0404)
Pesales B 0,049 060 0006 002 0009 00K TS 6L 308
.0 (40,0138 (0.0
8,6916) 0,108) 8.65%)

The estimate of Nm from Slatkin and Bartons' (1889) private allele method
was 123, from the mine privste alleles observed (Table 45) Slatkin

and Barton (1989) suggested that errors, such as nisclassifying private
aileles, may decrease the accuracy of the private allele method for
estimating Nm. However, I surveyed up to 25 individuals per leocality for
variation at non-polymorphic loci and surveyed all individuals for vari-
ation at polymorphic loci, Therefore, I should have detected most rare
alleles at the 18 non-monomoyphic loci I used for this anelyais,
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To compare gene flow by sex with this method Y used the same locality
combinations as in Table 4.4, Removing lscalities with amall sample

gizes from the tests produced a different wvalue of Nitpa. in only one
case, when five localities with n < 12 were vemoved fyom the male sawmple,
* Otherwise only one value is shown, Variances of Nm(p()) (Table 4.5) '
were low compared to variances of Nm{Fay) (Table 4.4) and jackknifew
adjustad -alues of AMm(p(l)) were close to the unbiased estimates, Al-
though the statistical sigwificance of these resulis is questionable, they
support a higher contribation to gene flow by females than by males.

Table 45 fstimates of M{p{1}) frow Slatkin eak Bartuns' (1989) private allele wethod, Mo, = A1), K., is
the average sample wize o vhich M is dared, Wiw,,.) is the jackkmifs estimte of the variamce of Mo, M s the
Jackinifeadjusted value of B,,,,

Ml‘ ' W, ﬂ[ 'ri““ ';u *«ut “*‘ll) “‘
aileles
1) combined seret ’ i 12,5 813 1,11
%) males = 211 lecalities ! » L]
= § loealitios, 0212 § i .1 KR 14
for botk sexes }
1} femis § 51 0 8% 150

To estimate gene flow from the distribution of conditional average allele
frequencies (Slatkin 1981), I calculated p(i) with the same combinations of
localities and sexes as those in Table A4, with all alleles at 18
non~wononoyphic loei, However, subpopulations with extremely small
single-sex samples were excluded from these analyses, as were alleies in
a sex class for which there were wissing data at any locality., The
distribution of p(i) (conditional average ailele frequency) for the pooled



sexes, as well as for individual sexes, has & reverse-l, shape (Figure
45), 'This shape is expected for a relatively subdivided population
because low frequency alleles are prezent mainly ‘in the populations in
which they originated, while only the most common allele at eac’h locus
was presenz in all subpopulaticns (Slatkin 1981).

Slatkin (1981) found that differences betweem high and low levels of
migration could be detected if the wminimal sample size was ten or more,
piys for the single-sex cases were hased on a minimal sample size of 12,
For the pooled-zex case for the same five locelities used in the single-
gex cases, pli) was based on a minimal sample size of 39, I plotted dis-
tributions of occupancy numbers ¥ = 1 to i = § (Figure 45), with
localities with large samples (n > 12) of hoth sexes. Distribution pat-
terns were the same as when all ten localities (i = 1-10) wers used, but
with the five localities common to each sex the distributions could be
plotted on the same axes and s0 could be directly cowmpared, The dis-
tribution of p{i) in males was not significantly different from the dis-
tribution of p() in females (Kolmogorov=Smirpev D = 040, m=5, n=5; p>0,05),
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Figare 45 Distributions of conditional average frequency, i is occupancy

number, For the pooled-sex distribution, cccupancy numlger 4 had ne al-

leles, so it was not included and points adjacent to it were interpolated
_ {Slatkin 1981),



4,2,7 Fit to peutral expectations

Figure 46 shows the observed and theovetical distributions of single
locus heterozyeosities. A Xolmogorov-Smirnov goodnesg-of-fit test showed
that the observed distribution is siguificantly different from the
theoretical distribution (P = 0,733, n~15, u=i5; p~0,001), There is an ex-
cess of intermediate and low single locus heterozygosities and a deficit
of other classes,

When plrted against H (H. = 0,047), V(B) (V(h) = 0014) is only just helow
the 95% wignificance intervals for three mcdels of mutation (Figure

&,7; from Fuerst 1977, Figure 1 p458), The rroportion of polymorphic

loci in dimpala (P = 0,054) is close to the theoretical prediction ©,0138)
. for H in this study (Fg. 3 and Fig 8, pi73 Fuerst et al. 1977)

_ The observed distribution of allele frequencies in impala was comparxed to
the distribution expected in a population in drift-mutaiion equilibrium
(Figure 4.8). The diatributions wexe significantly differvent from each
other (Kolmogorov~Smirnnov P = 0,750, m=20, n=20; p<0,001) and there was an
excess of alleles in the lowest freguency class (8,3 expected versus 12
obsexved), The distribution was J-shaped,

428 Correlation of population size with heterozygosity

Impala populations showed a slight inverse correlation between population
size and heterozygosity, based on population gene diversities (Table

4,2) and census sizes (Table 2,1), However, this correlation was

not significant (r = -009562 4,f. = 5; 20.05),"
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Figure 4.6 Observed and theoretical distributions of single locus
heterczygosity, The theoretical distribution i based on ¥ = 0,05 (Fuerst
et al, 1977). Heterozygosity classes .caver the interval ©0,75] in 005 in-
crements., The observed distribution is significantly different from the
theoretical distribution (Kolmogorov-Smirnov B = 0,733, w~15, n=15; p=0,001),
There i3 an excess of intermediate and low single locus heterozygcsities
and a deficit of other classes,
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Pigure 4.7 Relstionship between the observed interlocus variance of
heterozygosity and the average heterozygosity of impala, compared to the

expected relationships, from Fuerst et al, (1977, Fig 1 piS8),

]

theoretical relationship for the infinite slleles model, — — — 3 theoreti-
c¢al relationship for the stepwise mutation model. -—s—e— : theoretical re-
lationship for the infinite allele model with varying mutation rate,

sens : 957 glgnificance intervals of the variancas obtained empirieally

by Fuerst et al. (1977)., Squares = other mammals,
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Firure 438 Observed and theoretical distributions of allele frequencies
(Watterson 1984), The theoretical distribution was beased on 39 loci, # =
0,047 and 800 genes sampled per locus, Allele fréquency classes cover the
© interval (0:1 in 0,05 increments., The sum over classes of observed al-
leles iz 63, and oweyr classes of expected alleles iz 52,8, The cberved
distribution is significantly diffarent from the theoretical distribution
(Kolmogorov-Smircov D = 0,750, m=2), n=20; p<0,001) and there is an excess
of alleles in the lowest frequency class (8,3 expected versus 12 observed),
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4,3 Discusaion
431 Population structure

The lack of £it to Hardy-Weinberg proportions (4.2.1) points to subpopula-
tion differentiation, Although this is only supported by one locus (SK~
{), it is a conservative test with low power, so little chance exists of
type T error, Also, it is unlikeiy that these significant differences are
due to ervors in my interpretation of electrophoretic wvariability, as
genotypic frequencies showed almost no sigwificent departuyes rv.s Hardy=-
Weinberg proportions in samples from subpopulations, At CK-C the
deficiency of heterozygotes is consistent with Wahlund's effect which
arises when iadividuals from genetically different subpopulations are in-
ciuded in a sample. Significant departures from Hardy-Weinberg genotypic
proportions together with deficits of heterozygotes at one locus each at
Miuzi and Sabi Sands suggest that these subpopulations may mnot be ran~
domly meting. Since the Sabi Sands population is large, the deficit of
heterozygotes snggests that some structure due to isolation by distance
or herd subdivision exists, Because Hardy-Weinberg analysis reliez om
many assumptions, I discuss support for these and other conclusions with
the results of other analyses,

G~tests for allele frequency homogeneity reveal siguificant allele fye-
quency differences among samples at the ten localities (4.2.2). ‘These dif-
ferenceg ave partitioned among homogeneous subpopulations of impala in
three areas broadly classified as northern (Zimbabwe and Nylsvled), Low-
veld and Natal, The cluster analysis of genetic distances (4.2.4) indi-
cates a similar structure, and also indicates that Pongola is genetically
intermediate between the Eastern Transvaal and Ratal, whkich probably
refiects the translocations of impala fyvom Mkuzi that have occurred ia
the last 20 vears.

'.t:o compare genetic distances with those from other studies, I calculated

the same distance measures that were used in those studies (42.4), The
average Kei's (1972) biased genetic distance among pairs of impala popula-
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tions is 0,038. 'This is compared to 0,906 among 11 bovid and cervid
species (Baccus et gl. 1883), Average unbiased genetic distance (Nei 1978)
between impala populations studied by Grobler and van dexr Bank (1994h)
was 0,003, Most of their samples were small and cape from small, highly
nanaged populations that were fouvoed by or supplemented with translo-
cated impala, In this study, average unbiased genetic distance (Nei 1978)
is 0,025, which is over eight times larger.

The results of the two methods discussed above indicate that subpopula-
tion differentiation is due in part to isolation by distance (Wright
1943), Multidimensional scaling plots correspond roughly to relative gepge
raphic positions of each subpopulation {4,2.4) and the distributions of
allele frequencien show definite geographic trends (4.2.3).

Avervage heterozygosity in impala is similar to or greater than levels in
other bovids and cervids (Table 46). This sugges:s that impala popu~
lations have remained large for a long time without losing genetic
diversity through such eveuta as bottlenecks in population size, For ex-
anple, Grobler and van der Bank (1994b) found a maximum H of 0,043 in
their smaller sawples of impala populations. H in springbok, Antidorcas
marsupialis, is 0,042 (Bigalke et sl, 1993) and in blue wildebeest is 0,081
Corbet et al, 1994), H in various species of deer ranges up to 0,041, but
is usually lower., H in impala in this study (F = 0,048) is also high
compared to ¥ in mammals generally (H = 0036; Table 4.6),

However, variability at some localities warrants further discussion,
Heterozygosity in the Tembe and Al'_bert Falls ‘samples was as high as that
in the sample from their source population in Mkuzi, despite Tembe and
Albert Falls baving very small populations, Sampling eryxoy is an un-
likely reason for this, as the standard errors of heterozygosity estinates
from all three localities were similax, A more likely explanation is
that their small founding populations sampled most of the genetic diver-
sity presemt in the Mkuzi population and have not yet lost variability
through subsequent drift.



Table 4.6 Comarstive &ata for heterazyposity, proportion of welymovphie laci, muwber of slleles per locas af fize-
tion indices (fr was caleulated with different metheds by different avthors)

_ S tadices
Mﬂ ) '. 4 " ’gg Mlm
sl 9,004 0,08 0,054 LG5 0,98  this stedy
inpala 4,00 Grobier & v d Bang 1995
sprieghel 8,04 8,04 0,10 Ripaike ot 21, 1993
[+ within = 84 ,5:
ildehicst
Mack 6,018 Coxbet ot al, 3%
Pne 4,081 Cardet et at, 159
3, Georgiadis ot 2l, 19%
tapl g,010 Seorpiadis ot af, 19
- Semtlisces Insates
Coke's hartebesst 0,018 Georgladis et al, 19%
dlcelapias Bscelstes ' )
Thamson's parelle - 0,085 Geargiaids ot al, 99
Gezella thonsoni]
roe deer f,08 6,00 A6 IS 015 Leveszind of of, T3
el derr
4,02 ~ Gytlensten et at, I}
S within = T
,004-0,021 Strfhlein ot al, 199
wmose 8,020 0,0%  Rymwetal, 1%
Gy vithix = %%
reindeer 002 0,08 08 Roed 185
wuls
s generat 9,0% Wevs ot al, 1918
0.8% Weaten and Suith 1985
targe grazieg -
4,01 Jacens ¢t 21, 1500
3 verteinites 4,98 el & Selamder 1974

Heterozygosity of impala at Nylsvlei was low, as expected in a small pop-
ulation., Heavy management oy inbreeding in a small effective population
can cause this condition, Heterozygosity in Zimbabwe was low despite a
large sample from the large population at Central Estates, ‘This popula-
tion hes possibly been through a bottleneck or has.been heavily wmanaged,
The remaining samples with high heterozygosity come from reserves where
populations are mainly indizenouns and large, These populations undergo



large fluctvations from culling and natural population dyném:i.cs (pers.
comms,, reserve staff and records), but population sizes have been large.
enough to retain high levels of heterozygosity.

The large within-population coefficient of gene diversity (91,2%) indicates
2 low level of population structure. Implicit in this conclusion is that
no populations campled are small or isolated enough te have diverged
from the others through inbreeding or random genetic dyift,

Overall population subdivision as indicated by Fr., while significant,
was low cowpared to, for example, roe deer {(Capreolus capreslus) from pop-
wlations of different oxigin (orenzini et al. 1993), This corresr-nds to
high levels of gene flow. Nm > 2 is an indication of a lack of styong
differentiation (Wright 1978), With Nm > 1, gene flow dis stxong enough to
pievent differentiation due to random gemetic dyift (Slatkin and BDarton
1989), Fix is not significantly different from zeyo, indicating low levels
of dinbreeding in different localities. On the other hand, distribution of
conditional average frequencies (Slatkin 19581) suggests that the population
is fairly subdivided., Population recoveries, which entail dispersal by
Toth sexes (Murray 1982), could have cauvsed considerable gene flow and
thus helped bring about the low level of population differentiation ob-
served in this study, Population sizes can fluctuate drastically from
yeay to year due to natural and anthropomoyphic causes, mmsegutive an-
nual censuses at Klaserie have varied by a factor of four to five
{Klagerie census; ¥, Leibnitz), In Mkuzi, heavy hunting took place last
century, and this century rinderpest and nagana exlermination campaigns
have decimated the population, Densities dropped from 22 to four im-~
pala/kn® in Mkuzi in the 1960'%, and have since shown an eryatic
recovexry (Goodman 1990).

" When certain lopalities weye removed from the analysis (this was done

with males only), the estimate of Fsx dropped (e.&., Faxr dropped from 0,0412
to 0,0279 vhen Mkuzi was rempved), implying that gene flow among remain-
ing populations is greater than that auwong all localities, This indi-~
rates that these localities, including Nylsviei, Tembe and especially



Mkuzi, could be fairly isolated from the rest of the species (Slatkin
1985), although this effect in the case of Tembe could be due to the
vemoval of a small sample from the analysis (at Yembe, n = 9,

The observed variance of heterozygosity in impala falls just outside the
95% confidence limits of the theoretical variance under stepwise, infinite
alleles and infinite-alleles-with-varialle-mutation-rate models (Fuerst et
al. 1977), The observed variance is not likely to be significantly dif~
ferent from that expected under assumptions of neutrality, because the
95% confidence interval of the observed varianee, though it is unkpown,
is likely to overlap with the 95% confidence interval of the theoretical
variance,

The distribution of egingle-locus heterozygosity in impala was szig-
nificantly different to that expected in the drift-mutation medel. The
distridbution of allelic frequencies in impala was alse not consistent
with the hypothesis that impala populations ave in mutation-drift equi-
librium, There was an excess of rare alleles signifying a recent
bottleneck {(Watterson 1984). Alsp, the allele frequency spectrum was JI=
shaped, which is typical soon after a bottleneck or with & low mutation
rate (Waitersom 1984 As the mutation rate or time since the bottleneck
- incyeage, the distribacion becomes U- them L- shaped.

The mutation rate in impala is unlikely to be unusually low, or fo have
changed. A wore likely explanation for the lack of fit of the two dis-
tributions discussed here is that iwpala numbers have been severely
reduced or populations severely fragmented in. the recent past., Ex-
termination campalgns such as those that took place in Natal this
century (Goodman 1990), heavy culiing regimes and large population flue-
tuations due to climatic variations are among the possible canses of
these reductions, These reductions could have been severe enpugh to
reduce the total number of alleles, which has since exceeded the number
expected for the gene diversity eviden:. in impala, and which is not yet
in equilibrium with the loss of alleles by drift (Watterson 1984). Popu-
lation reductions may not have been severe oy sustained enough to reduce
heterozyeosity.



43,2 | Sex-biased dispersal

While Statkin and Barton's (1989) private zlleles method indicated that fe-
males perform more effective dispersal than males, this copuld not be
tested statistically, Two other methods used to test the hypothesis that
males arve the more effective dispersers tailed to refute that hypothesis.
Firstly, Wright's Fu» for males was not significantly greater than Fy. for
females, Secondly, the digtribution of conditional average allele fre-
quency, which is fairly sensitive for comparing gene flow (Slatk = 1981),
failed to detect a clear difference in the conmtribution to gene {iow by
egither sex. 5o, the hypothesis that males disperse mora effectively than
females was neitber refuted nor supported by these methods, Sowe results
hinted that females may contribute more to gene flows This needs to be
tested with more powerful mnethods,

A more specific nul) hypothesis, that females do not contribute to gene
flow, could be tosted with wmiDNA restriction site or sequence data,
MtDRA is matermally inherited and has a high mutation rate, so it
should reveal the amount of fine population structure caused by the efw
fective gene flow due to females, If females contribute little or nothing
to gene flow, mtDNA variability should show strong subdivisions among
areas and possibly among clans, .

433 Biogeography

The limited genetic subdivision evident in impala and their fairly high
levels of genetic variability could be evidence that impala have not
been affected ovey their whole range nox for sustained periods by long
term climate change (as opposed to short-term, localised climatic varia~
tions), Although the present-day distribution of impala is irregular and
clomped (Bstes 1993), curxrent low levels of population genetic struciuve
are due to high levels of gene flow., Impals are natal dispersers but do
not make long distance migrations (Murray 1982), which may partly explain
curyent levels of subdivieion in terms of disolatiom by distance.

o L g -



I propose that while less adaptable bovids underwent speciation during
climate driven turvover cventsz (Vrba 1985a), impala may have bees ~ub-
divided, but did not underga sufficient genetic drift or differential se-
lection to speciate., Hente, they persisted unchanged except by small
ambunts of gemetic drift, uutil their habitat expanded and they could
mix again, This process repsated periodically over the last five willion
yoars covid have given rise to the present genetic structure., Impala
may thus have xemained evolutionarily unchanged for so long because of
their hizh levels of gene flow, adaptability and abundant, wide distribu-~
tion,

A contemporary analogy and test of this hypothesig is that Africen
bhovid food specislists shonld show greater population subdivision than
do impala. One food specialist for which population genetic dats are
available is the springbok, albeit fvom only two populations, one of
which was wvery small (Bigalke et al. 1993). EDgx, abzodlute between-
ropulation diversity, is independent of the geme diversity within popula-
tions, so it can be used to compare genetic differentiation in different
species (Nei 1973), Gene differentiation relative to the total population is
Gux = Dur | He. This meassure depends on the population used, =0 can~
not be used to compare species, I would expect EPgy to be greater
among impala than among springbok. However, Ilax = 0,0055 in impala
(thie study; Table 43 EDsr = Dy + Dag + Day + Dyz) and IZDgx = 0,006

in springbok, which does not support this hypothesis. Between population
Gux in sable antelope was 7,73%, but Dyy was not furnished by Grobler
and van der Bank (193%4a). Greater samples from more species will aliow
this hypothesis to be tested wmore rigorously., A related hypothesis to be
tested with more populations is that although springbok are specialist
grazers, they may be homogenenus becsuse of the treks that used to take
place, in which large fractions of the entire population sgegregated
(Skinner 1993),

The extensive degree of gemetic subdivision that Georgiadis (pers, comm.)
found in the analysis of impala m{DNA in Bast Africa could be due to
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mtDNA revealing finer population styucture than allezymes do, or it could
be due to differences in the mating system of tropicsl impaia, 1 propose
that mating systems in tropical impala cause less gene flow than
temperate breeding systems, as ne major cycle of breeding and dispeysal
occurs there ag it does in southern Africa (Estes :233). Analysis of alw
lozyme variability in tropicsl impaia will allow direct comparisons to be
made to test this hypothesis,

434  Management

High levels of wvariability, adaptability and the absence of strong popu-
lation subdivision help make impala an idea) antelope for managing as
part of a rederve ecosystem or as a food source, Genetic considerations
are important for game management, For example, chromosomgl mutations
ecould be deleterious in heterozygotes of outbred populations. Some varia-
tion iu size and coloratiom of impala exists in South Africa, For exam~
ple, impals from North West province are relatively large (G, Siddle, pers.
comm,) and impala in Natal are relatively dark (6. Cooper, pers. comm.),
This morphological variation indicates that there could be genetic dif-
ferences that would wmake it inadvisable to translocate impala because of
potential outbreeding depression, Analysis of larger samples from more
subpopulations is needed to detect these differemces, if they exist, Con-
versely, inbreeding and loss of variability can cause & loss of {itness
in small populations, However, rasulta of this study indicate that pres-
ent. levels of dispersal and trausiocation are probably sufficient to pre-
vent significant levels of inbreeding and differemtiation among popula-
tivns, -

Small populations ave more susceptible to inbreeding and randonu genetic .
drift than aye large populations. So swmall populations should have lower
average heterozygosity than lsyge populations, Therefore, a strong yposi-
tive correlation is expected between population size and heterozygogity.
The siightly negative, non-significant eor.elation found dn this study
geems to be due to hisher than expected levels of inbreeding in Zim-
babwe, which has a lavge population, and o higher than expected levels
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of heterozygosity iun Marloth Park and Pongola, which have smsil popula~
tions, Marioth Park impala can cross the Crocodile river :into the larze
population in the Kruger National Park, The population in Pongola has

received translocationa fyom Mkuzi and is thus outbred. Data discussed
above also reveal a loss of variability at Nylsvlei and Central Estates,

Zimbabwe,

An hypothesis foymulated in this study was that seasonal dispersion in
temperate zonea results in greatsxy gene flow than in tropical zones,
vhere breeding takes place for most of the year in territories that are
less wariable than those in temperate 2zouves, This hypothesis could be
tested with direct and indirect estimates of dispersal in areas where
these quite different mating patterns oncuy,  MtDNA xz3triction site
variation among impala in East Africa already indicates a substantial
apount of population subdivision (¥, Georgiadls, vers, comm,). However,
similar techniques should be used to compare variability in the qif-
ferent regions, as allozymes evolve much more sicwly than éoes mtDNA,



CHAFTER 5

GEMERAL CONCLUSIONS

The products of 39 protein-encoding loeci were rvesolved by starch gel
electrophoresis, Six loci, CK-C*, GPI*, MPI*, PEP-B*, PGM-2" and
PROT-Z* weye polymorphic and there were vare alleles at 12 loci.

Interpretation of variability at two loci, GPI™ and MPT" differed from
previous studies. '

o clear pattern of apparent gene duplication events, tissue apecific
gene expression or ability to form heteropolymers was evident, More
bhovid species should therefore be surveyed for electrophoretic
variability in more tissues. :

A slight Wahlund effect among tenoctypes, significant allele frequency
differences among some localities, geographic tremds in allele frequen-
cies, a small proportior of between population gene diversity, small
genetic distances and a significant yet small Far estimate revealed
weak yet defimite population structure, ' .

‘Iwpala in southern Africa can be gmuped into three xvugh subpopula~

tions: kwaZulu/Natal, Mpumalanga and Northern Province/Zimbabwe,

F-J
High levels of gene flow account for the lack of stxong population
structure, Natural dispersal and transiocation are sufficient to
naintain genetic homogenedty in the southerm African impala popula~
tion, '

There is not & deficit of genetic variability in iwmpala in southern
Africa.
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Papulation heterozygosity was not corvelated with population size, in-
- gddeating that the populations stndied have a variety of natural his-
tories.

Genetie wvariability and inbreeding coefficients indicated that most

. populstions studied have not been advexsely affected by reductions in
nunhers, Nylsviei and Zimbabwe showed lower levels of variability
than the other populations. WNylsviei has a small population, ao this
may be cause for concern, ' '

Variability among populations revealed no differences laxge enough to
warrant concern abput outbreeding depresgion or mixing unique types,

Distributions of single locus heterozygosities and allele frequencies
indicated a departure from mutation-drift eqguilibriom, :

The number of rare alleles exceeded expectations. This iz expected
in a population that is recovering from a recent bottleneck,
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