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Summary
Genetic variation at 59 protein coding loci (16 polymorphic) and 25 microsatellite loci was analysed for
11 indigenous south-east Asian goat populations, and the Australian feral population, to determine the
magnitude of genetic differentiation and the genetic relationships among the populations. Signi®cant
deviations from Hardy±Weinberg equilibrium were detected in one or more populations for eight of
the nine protein loci with codominant alleles, and for microsatellites for all except the two Sri Lankan
populations and for all but four loci. For both marker types, average inbreeding coef®cients (FIS) were
exceptionally high. Heterogeneity of deviations from Hardy±Weinberg equilibrium for the micro-
satellites showed no differences for among loci within populations as compared with among
populations within loci. For protein loci, however, the former was higher, indicating selection affecting
allele frequencies at some loci. The variance among protein loci was signi®cantly higher than among
microsatellite loci, further indicating selection at some protein loci. There was signi®cant differen-
tiation among populations for both protein and microsatellite loci, most likely re¯ecting the geography
of south-east Asia, and the presumed spread of goats throughout the region. Phylogenies derived from
pair-wise genetic distance estimates show some similar clustering for the microsatellite and protein
based trees, but bootstrap support was generally low for both. A phylogeny based on the combined set
of 38 protein and microsatellite loci showed better consistency with geography and higher bootstrap
values. The genetic distance phylogeny and the Weitzman diversity tree derived from microsatellite
data showed some identical clusters, and both identi®ed the Ujung Pandang and Australia populations
as contributing most to overall genetic diversity.

Keywords: Biochemical polymorphism, microsatellites, genetic distance, phylogeny,
inbreeding

Introduction

The indigenous goats of south-east Asia are not classi®ed into breeds, and all are similar
phenotypically to the Kambing Katjang of Indonesia and Malaysia (DEVENDRA and
NOZAWA 1976). However, since their spread through the region, local populations may
have been largely isolated, and thus may now be genetically differentiated. The majority of
the goats are kept by small holder farmers, primarily for meat production, and mating is
uncontrolled and indiscriminate (DEVENDRA and NOZAWA 1976). Although generally
secondary to other farm enterprises, goat production may contribute substantially to farm
income, particularly for small holders. Nevertheless, the breeding and improvement of
indigenous goats has received relatively little attention in the region (FOOD AND FERTILIZER

TECHNOLOGY CENTER 1984), with only limited study of crossbreeding with exotic breeds
(PANANDAM et al. 1987; HIROOKA et al. 1997).
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There is a growing world-wide recognition of the need for conservation of livestock
diversity (FAO 1995), and for the characterization of breeds and populations, including
their genetic differentation and relationships. Although there have been some studies of
blood group and protein variation in Asian goats (NOZAWA et al. 1978; KATSUMATA et al.
1982), and of breed relationships using microsatellites (YANG et al. 1999), no systematic
study has considered populations across the region. We present here an analysis of genetic
structure and relationships of 12 geographic populations, using both protein coding and
microsatellite loci.

Materials and methods

Experimental animals

The populations (Fig. 1) and numbers of animals studied for protein variation (600 in total
± 80 males, 520 females) and for microsatellite variation (a subset of 308) were: Sri Lanka ±
Sri Lanka South (52, 26), Sri Lanka North-Central (31, 30); Thailand ± Chiang Mai (50, 31),
Hat Yai (39, 32); Malaysia ± Malaysian Agriculture Research and Development Institute/
University of Malaya (55, 0 ± samples lost before DNA extraction due to freezer
breakdown), Sabah (51, 26), Sarawak (71, 24); Philippines ± Musuan (51, 26); Indonesia ±
Medan (50, 26), Bogor (50, 25), Ujung Pandang (48, 27); Australia (52, 35). The Australian
population derived from some 1000 feral goats collected in western New South Wales in
1978 and 1981, and subsequently maintained as a closed ¯ock. All other populations were
indigenous goats. With the exception of Medan, Hat Yai, Australia and Sri Lanka North-
Central, animals were sampled from two or more subpopulations, generally different
villages in the same area (except Hat Yai and Malaysia ± institutional ¯ocks). In all cases,
owners were questioned in detail to minimize the sampling of closely related individuals.

Fig. 1. Map of South-East Asia, with locations shown for the 12 populations sampled
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Twenty millilitres of whole blood was collected from each animal into vacuum tubes
with heparin as anticoagulant. The blood was centrifuged for 5 min and plasma, white cell
layer (buffy coat) and red cells were suctioned separately into 2 ml vials. These vials were
immediately frozen in liquid nitrogen in the ®eld, and transferred later to a ±80°C freezer
in the laboratory.

DNA extraction

DNA was extracted from frozen white blood cells. To each sample 2.5 volumes of 0.01 M
KCl, 0.15 M NH4Cl, 0.1 mM EDTA was added and the sample kept on ice for 10 min.
The nuclear pellet was spun down at 4000 rpm at 4°C and washed twice with 10 ml of Tris
buffered saline (0.14 M NaCl, 5 mM KCl, 0.25 mM Tris pH 7.4). The pellet was
suspended in 9 ml of TE buffer and then 500 ll of 0.5 M EDTA (pH 8), 40 ll of
Proteinase-K (20 mg/ml) and 500 ll of 10% SDS was added. The resulting nuclear lysate
was incubated at 55°C for 3±4 h or overnight at 37°C. Following incubation 3 ml of 5 M
NaCl and 13 ml of chloroform was added. The sample was mixed slowly on a rotator for
30 min and then the precipatated proteins spun down at 4000 rpm for 30 min at room
temperature. The top aqueous layer was recovered, being careful not to disturb the protein
layer at the chloroform interface. DNA was precipitated by gentle addition of 2.5 volumes
of ethanol. The resulting DNA strands were spooled out and washed twice with ice cold
70% ethanol to remove excess salt. DNA was redissolved in 1±2 ml of TE buffer pH 8.0.

Protein loci

The 59 loci analysed and electrophoretic assay systems are given in Appendix 1. Assay and
staining methods for most are given by TAN et al. (1990, 1991, 1993) and BARKER et al.
(1997a). Electrophoretic assay systems for other loci were: Blvr ± 0.1 M Phosphate pH 7.0
buffer, 100 V for 2 h at 4°C, stain (RICHARDSON et al. 1986); Dpgm ± 0.1 M Tris, 0.1 M
NaH2PO4, pH 7.4 buffer, 200 V for 1 h, stain (HARRIS and HOPKINSON 1976); Gsr ±
0.13 M Tris±EDTA-borate pH 8.9 buffer, 200 V for 2 h, stain (RICHARDSON et al. 1986);
Sordh ± 0.1 M Tris±HCl pH 8.0 buffer, 200 V for 100 min, stain (RICHARDSON et al.
1986). Known standards were included on all gels to ensure consistency of genotype
scoring. When null phenotypes were detected, the assay was repeated to con®rm absence of
activity.

For each locus, 25 animals from each population were assayed initially, and 43 loci were
found monomorphic in all populations (Appendix 1). Null alleles were detected at ®ve loci
(c Amy-1, Ca, Dia1±1, Dia1±2, and Xp), and variants at Amy and Np showed high and low
activity, with high dominant. Mendelian inheritance with codominant alleles has been
demonstrated from family studies for Alb, Hb, Tf and Xp (see TAN et al. 1991), and for Ca,
Dia1±1, Dia1±2, Mdh and Me (unpublished data).

Microsatellite loci

The 25 microsatellite markers used (Appendix 2) were selected from a panel of 51 on the
basis of ampli®cation, and ability to coload based on product size and dye label. Three
(MAF70, OarFCB48 and OarFCB193) are ovine markers, the rest are bovine, and all are
included in the linkage map analysis of VAIMAN et al. (1996). Genotyping was carried out
using an Applied Biosystems 373 DNA sequencer. One of each PCR primer pair was
labelled with proprietry dye TET, 6FAM or HEX (Perkin Elmer/ABI). PCR reactions
were carried out as previously described (MOORE et al. 1994) with some adjustment of
annealing temperature in some cases to produce strong and speci®c PCR product in goats
(Appendix 2). PCR products were coloaded as indicated in Appendix 2 and separated on a
12-cm well to read plates. Data was captured using GeneScan software (Perkin Elmer/
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ABI). Data analysis was carried out using Genotyper 2.0 software (Perkin Elmer/ABI) and
independently checked manually for genotyping errors. Genotypic data was then
assembled into Excel spreadsheets for further analysis. Three loci (INRA005, INRA063,
INRA071) were not assayed in one or more populations because of degraded or
insuf®cient DNA.

Allelic frequency and heterozygosity

For the ®ve protein loci where null homozygotes were detected in one or more
populations, genotype and allele frequencies were estimated using the computer program
GENEPOP Version 3.1d (RAYMOND and ROUSSET 1995) separately for each subpopulation
where null homozygotes were detected, and weighted (by number of animals in each
subpopulation) overall allele frequencies estimated. Allele frequencies at the two loci where
one allele is dominant were computed using the bias correction of LYNCH and MILLIGAN

(1994). Thus for these seven loci, Hardy±Weinberg equilibrium is assumed.
For the nine protein loci where the genotypes of each animal were determined directly

(i.e. excluding loci with null alleles, or dominance) and for the 22 microsatellite loci assayed
in all populations, observed and expected heterozygosity estimates and average inbreeding
coef®cients for each population were obtained using the BIOSYS-1 computer program
(SWOFFORD and SELANDER 1989), but tests for deviations from Hardy±Weinberg
equilibrium were done using the exact tests of GENEPOP. Signi®cance levels for each
test were determined by applying to the probability estimates calculated by GENEPOP
the sequential Bonferroni procedure (HOCHBERG 1988; LESSIOS 1992) over loci within each
population. Heterogeneity of deviations from Hardy±Weinberg equilibrium for the
protein loci was examined among loci within each population and among populations for
each locus by treating the deviations as correlation coef®cients and testing accordingly
(GAFFNEY et al. 1990; SOKAL and ROHLF 1981).

Statistical analyses

For those populations where samples were obtained from two or more subpopulations,
deviations from Hardy±Weinberg equilibrium in the population could be due to genetic
differences between subpopulations, and a consequent Wahlund effect. Thus tests of
Hardy±Weinberg equilibrium and genotypic differentiation between subpopulations were
done using GENEPOP. For those population/locus combinations where genotypic
differentiation was not signi®cant, overall allele frequencies for the population were used in
subsequent analyses. Where genotypic differentiation among subpopulations was signi®-
cant, then (i) if Hardy±Weinberg was not signi®cant for each subpopulation or for the
population, overall allele frequencies for the population were used, or (ii) if Hardy±
Weinberg was not signi®cant for all or most subpopulations, but signi®cant for the
population, overall allele frequencies were used, but the Wahlund effect on genotype
frequencies was computed. Given the observed allele frequencies in each subpopulation,
the expected heterozygote de®cit due to the Wahlund effect can be computed (LI 1976).
Expressing this as a percentage of the observed heterozygote de®cit then measures the
contribution of the Wahlund effect to the observed heterozygote de®cit.

Tests for conformance of the protein-coding loci to neutral expectations were done using
the ARLEQUIN package (SCHNEIDER et al. 2000). Tests for pair-wise linkage (genotypic)
disequilibria among the microsatellite loci, separately for each population and overall, were
done using GENEPOP, and then applying the sequential Bonferroni procedure to
determine signi®cance levels. For the microsatellite loci and for the nine protein loci whose
genotypes were determined directly, F-statistics and their signi®cance were determined
using FSTAT Version 2.7 (GOUDET 1995), with the sequential Bonferroni procedure
applied over loci in deriving signi®cance levels. These parameters of population structure
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are de®ned as the correlations between pairs of genes (i) within individuals (F) (ii) between
individuals in the same population (h), and (iii) within individuals within populations (f),
and are analogous to WRIGHT'S (1951, 1978) FIT, FST and FIS, respectively. F-statistics for
the seven protein loci with null alleles or dominance were computed using the methods of
WEIR and COCKERHAM (1984), as implemented in the computer program DIPLOID (WEIR

1990), adapted for input of the numbers of each genotype at each locus. Hierarchical
F-statistics were computed using the methods of WEIR and COCKERHAM (1984), as
implemented in the computer program GDA (LEWIS and ZAYKIN 1999), with Musuan and
Australia deleted as each had only one population sampled.

Mean gene diversity for each locus and genetic distances among populations (standard
genetic distance of NEI (1978) and the DA distance of NEI et al. (1983) were obtained using
the DISPAN computer program (T. OTA, personal communication). REYNOLDS'
distance (REYNOLDS et al. 1983) and the (dl)2 distance (GOLDSTEIN et al. 1995) were
obtained using the MICROSAT computer program (MINCH et al. 1995). In addition, the
DA microsatellite distances were used to measure diversity, as proposed by WEITZMAN

(1992, 1993), and to evaluate expected losses of diversity due to extinction of individual
populations (THAON D'ARNOLDI et al. 1998).

Isolation by distance was tested using data on the microsatellite loci and on the nine
polymorphic protein loci where the genotypes of each animal were determined directly.
Estimates of h (WEIR and COCKERHAM 1984) for each pair of populations were computed,
and pair-wise h/(1 ± h) values then were regressed on log (geographic distance) between
each pair of populations (ROUSSET 1997), and the signi®cance of the association estimated
using MANTEL'S (1967) permutation test. A signi®cant association indicates genetic
structuring, and limited dispersal.

Results

For the 16 polymorphic protein loci, some populations show markedly different allele
frequencies for some loci, although there are few cases of consistent patterns for different
loci. One apparent pattern is for Australia and the Sri Lankan populations, where HbB and
TfA have very high frequencies, whereas HbA shows highest frequency and TfA is at much
lower frequency in all other populations. Eleven loci were polymorphic in all 12
populations, while one locus (Dia1±1) was polymorphic in only ®ve populations. The total
number of alleles detected at the microsatellite loci ranged from ®ve (ILSTS005) to 18
(TGLA179). Two loci (BL25 and ILSTS005) were each ®xed in one population, while
BM757 was ®xed in six populations. As for the protein loci, some populations show
markedly different microsatellite allele frequencies for some loci. In fact, for 19 of the 25
loci, the overall most frequent allele was not the most frequent in one or more populations,
and in some cases, was not even present in one population. Across the 25 loci, 85 of the 295
alleles detected were unique to one population, with these alleles generally those at the
lower or upper ends of the size distribution, and occurring only once. The Ujung Pandang
population was the most extreme, with 28 alleles of 283 (this population was not assayed
for INRA071) unique to this population, including three alleles of seven for BM757 and
eight of 15 for TGLA272. Tables of allele frequencies for the polymorphic protein and the
microsatellite loci and the primary data ®les (genotypes of all animals) are available at
http://ansc.une.edu.au/ansc/genetics/± link through Barker, J. S. F. Measures of genetic
variation for each population (mean number of alleles per locus and observed and expected
heterozygosity) are given in Table 1. For all populations, average observed heterozygos-
ities are less than the expected. Average gene diversity within populations (NEI 1973) for
the protein loci ranged from 0.117 (Cat) to 0.572 (Xp), with an overall mean of 0.339, and
for the microsatellite loci from 0.259 (INRA003) to 0.702 (MAF070), with an overall mean
of 0.520.
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Signi®cant deviations from Hardy±Weinberg equilibrium were detected in one or more
populations for eight of the nine protein loci where genotypes were enumerated
completely (Table 2). Three loci (Gc, Mdh, Me) showed signi®cant deviations in eight
or more populations. All populations had both positive and negative signi®cant deviations,
while deviations for each locus across populations were consistently positive (observed
heterozygote de®ciency) for Gc, Mdh and Me. For Alb, all populations showed negative
deviations, except for Ujung Pandang (signi®cantly positive). Observed heterozygote
excesses (negative f) were found for Lap-1 in all but two populations. Tests for
heterogeneity of deviations from Hardy±Weinberg equilibrium for the protein loci
(Table 3) show greater heterogeneity among loci (higher v2 values) within each population
than among populations for each locus. For the microsatellite loci, signi®cant deviations
from Hardy±Weinberg equilibrium were detected in all except the two Sri Lankan
populations, and for all but four loci (Table 2). All signi®cant deviations except one
(TGLA325 in Medan) were positive (observed heterozygote de®ciency). For both protein
and microsatellite loci, Wahlund effects account for less than 40% of the observed
heterozygote de®cits for a few locus/population combinations (Table 2), and average
inbreeding coef®cients (FIS) for each population are very high (Table 4). Tests for
heterogeneity of deviations from Hardy±Weinberg equilibrium for the microsatellite loci
had similar total v2 values for heterogeneity among loci and for among populations. For
both protein and microsatellite loci, Ujung Pandang had the highest frequency of
signi®cant deviations. Strong evidence for selection affecting allele frequencies at protein-
coding loci was found for Amy (one population, p < 0.01; eight populations,
0.05 < p < 0.10), Np (seven ± p < 0.05; two ± 0.05 < p < 0.10), and Xp (seven ±
p < 0.05; three ± 0.05 < p < 0.10). Signi®cant effects (p < 0.05) in two ± ®ve populations
were found for Ca, Dia1±2, Lap-1 and Mdh. In all cases, the observed allele frequency
distributions were more even than expected under the neutral model.

Signi®cant linkage disequilibria (p < 0.05) were detected in the overall microsatellite data
for 16 locus pairs (of a possible 300). For individual populations, the numbers of tests
signi®cant after Bonferroni correction were: Ujung Pandang ± 7, Musuan ± 5, Sri Lanka
South ± 2, and Sarawak ± 1. Only one of the signi®cant cases (in both overall and Ujung
Pandang) was for markers on the same chromosome (TGLA272 and TGLA378 ± unlinked
on chromosome 10).

Overall means for the F-statistics are signi®cantly different from zero, while those
estimated for the nine protein loci with codominant alleles and for the microsatellite loci
(Table 5) are not signi®cantly different. For the seven protein loci with null alleles or
dominance, Hardy±Weinberg was assumed in estimating genotype frequencies, so f
estimates are not expected to differ from zero. The signi®cant F-value for Dia1±2, and high
but not signi®cant estimates for Ca and Dia1±1 most likely result from undetected null
heterozygotes in some populations.

To quantify genetic differentiation among populations for microsatellite loci, SLATKIN

(1995) derived the RST statistic under the assumptions of the generalized stepwise mutation
model. As we wish to compare the microsatellite results with those from the protein loci,
and as RST and WEIR and COCKERHAM'S (1984) h statistic are not expected to be greatly
different for short-term differentiation of populations (SLATKIN 1995), we present results in
terms of h. As a check, however, both h and q (an estimator of RST, GOODMAN 1997) were
estimated for the 13 microsatellite loci where the total length of the ¯anking sequence was
known. Over all loci, h and q were similar (0.132 and 0.128, respectively), and for pair-wise
estimates, the regression coef®cient for q on h was 0.960 � 0.163. Analyses of population
differentiation (h in Table 5) show signi®cant differentiation among populations for both
protein and microsatellite loci, but with mean estimates for each class of locus not
signi®cantly different. As pointed out by ESTOUP and ANGERS (1998) and HEDRICK (1999),
the high level of polymorphism for microsatellite loci is expected to increase the power of
exact tests for population differentiation, and to decrease the values of FST, as compared
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with allozyme loci. For these goat populations, there is little or no difference between the
two classes of markers, either for FST or exact tests of population differentiation. All
microsatellite and the nine protein loci with codominant alleles had h-values signi®cantly
greater than zero (GENEPOP exact tests), and only two loci showed no signi®cant
differentiation among populations (Amy and Xp ± t-test using jackknife estimates,
Table 5). Further, all pair-wise comparisons (across all loci) of populations for genotypic
frequencies were highly signi®cant (p < 0.001) for microsatellites, and (with exceptions of
Hat Yai/Musuan, Bogor/Ujung Pandang and Medan/Ujung Pandang ± p < 0.01, Chiang
Mai/Musuan ± p < 0.05) for protein loci.

Population subdivision was analysed among countries (hP) and among populations
within countries (hS). For the nine protein loci where genotypes were enumerated
completely, estimates were 0.086 and 0.131, respectively, and for the 25 microsatellite loci
0.049 and 0.150, with all estimates signi®cantly greater than zero.

The regressions of h/(1 ± h) on log (geographic distance), estimated separately for the
protein and microsatellite loci, but excluding Australia as a nonindigenous population,
were not signi®cant, either for all pairs of populations, or when excluding those < 1500 km

Table 3. Tests for heterogeneity of deviations from Hardy±Weinberg equilibrium for the protein
loci

Heterogeneity among loci for each population Heterogeneity among populations for each locus

Population d.f. v2 Locus d.f. v2

Sri Lanka South 6 71.13*** Alb 10 58.90***
Sri Lanka N-Central 7 347.98*** Cat 8 21.33**
Chiang Mai 6 44.34*** Gc 10 26.11**
Hat Yai 7 38.21*** Hb 10 41.27***
MARDI/UM 7 53.86*** Mdh 10 310.33***
Sabah 5 80.89*** Me 10 60.13***
Sarawak 6 61.41*** Lap-1 10 37.43***
Musuan 7 148.48*** Tf 9 6.77
Medan 7 46.84*** Pt-Tf 8 29.00***
Bogor 7 122.07***
Ujung Pandang 7 43.81***
Australia 7 103.30***

**p < 0.01, ***p < 0.001

Table 4. Average inbreeding coef®cients (f = FIS) estimated for each population from data on nine
protein loci and 22 microsatellite loci

Population Protein loci Microsatellite loci

Sri Lanka South 0.397 0.127
Sri Lanka N-Central 0.252 0.150
Chiang Mai 0.226 0.190
Hat Yai 0.095 0.119
MARDI/UM 0.227 ±
Sabah 0.212 0.257
Sarawak 0.183 0.249
Musuan 0.109 0.206
Medan 0.233 0.090
Bogor 0.201 0.118
Ujung Pandang 0.382 0.333
Australia 0.407 0.277
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Table 5. F-statistics analyses for (1) nine allozyme loci (all genotypes de®ned (2) seven allozyme
loci with null homozygotes or dominance and (3) 25 microsatellite loci. For (1) and (3), signi®cance
from permutation tests in the FSTAT program; for (2), signi®cance from t-test using estimated

standard deviation

Locusa f (FIS) Q (FST) F (FIT)

Protein loci
Alb )0.105 (0.105) 0.045 (0.020)*** )0.056 (0.099)
Cat 0.148 (0.063)* 0.069 (0.031)*** 0.208 (0.074)***
Gc 0.369 (0.063)*** 0.076 (0.049)*** 0.415 (0.044)***
Hb 0.258 (0.073)*** 0.449 (0.100)*** 0.589 (0.074)***
Mdh 0.589 (0.067)*** 0.036 (0.021)*** 0.603 (0.062)***
Me 0.679 (0.045)*** 0.069 (0.036)*** 0.702 (0.047)***
Lap-1 )0.124 (0.083) 0.112 (0.043)*** 0.001 (0.082)
Tf )0.015 (0.042) 0.111 (0.047)*** 0.097 (0.059)*
Pt-Tf 0.323 (0.082)*** 0.035 (0.016)*** 0.347 (0.079)***
Meanb 0.256 (0.120)*** 0.121 (0.047)*** 0.345 (0.105)***

Loci for which exact tests of signi®cance are not possible (dominance or null alleles)
Amy 0.009 (0.005) 0.009 (0.009) 0.017 (0.009)
Ca 0.179 (0.103) 0.149 (0.039)*** 0.304 (0.109)**
c Amy-1 )0.013 (0.013) 0.154 (0.035)*** 0.143 (0.034)***
Dia1±1 0.159 (0.204) 0.225 (0.088)* 0.339 (0.140)*
Dia1±2 0.217 (0.089)* 0.201 (0.074)** 0.377 (0.108)***
Np )0.005 (0.004) 0.024 (0.011)* 0.019 (0.010)
Xp 0.058 (0.039) 0.095 (0.072) 0.149 (0.089)
Meanb 0.085 (0.039)* 0.106 (0.031)*** 0.183 (0.062)**

Microsatellite loci
BL25 0.329 (0.129)*** 0.079 (0.027)*** 0.384 (0.130)***
BM757 0.468 (0.315)** 0.109 (0.066)*** 0.553 (0.356)***
BM3205 0.281 (0.071)*** 0.131 (0.026)*** 0.375 (0.066)***
BMC1009 0.155 (0.058)*** 0.115 (0.039)*** 0.253 (0.066)***
CSSM026 0.172 (0.077)*** 0.178 (0.063)*** 0.319 (0.077)***
ILSTS005 0.278 (0.108)*** 0.085 (0.032)*** 0.340 (0.101)***
INRA003 0.408 (0.126)*** 0.442 (0.271)*** 0.687 (0.229)***
INRA005 0.206 (0.062)*** 0.093 (0.028)*** 0.278 (0.046)***
INRA063 0.249 (0.069)*** 0.208 (0.096)*** 0.401 (0.062)***
INRA071 0.502 (0.109)*** 0.207 (0.031)*** 0.607 (0.096)***
INRA177 0.123 (0.039)** 0.116 (0.031)*** 0.224 (0.044)***
MAF70 0.110 (0.039)** 0.068 (0.020)*** 0.170 (0.040)***
OarFCB48 0.161 (0.058)*** 0.175 (0.051)*** 0.308 (0.070)***
OarFCB193 0.184 (0.066)*** 0.123 (0.059)*** 0.285 (0.086)***
RM004 0.429 (0.104)*** 0.156 (0.109)*** 0.519 (0.111)***
RM006 0.262 (0.079)*** 0.108 (0.033)*** 0.342 (0.071)***
RM044 0.132 (0.058)*** 0.104 (0.023)*** 0.223 (0.060)***
RM188 0.210 (0.051)*** 0.179 (0.040)*** 0.352 (0.058)***
RME23 0.143 (0.034)** 0.189 (0.050)*** 0.305 (0.051)***
TGLA75 0.220 (0.065)*** 0.125 (0.046)*** 0.317 (0.058)***
TGLA179 0.344 (0.058)*** 0.086 (0.024)*** 0.400 (0.052)***
TGLA245 0.490 (0.174)*** 0.130 (0.069)*** 0.548 (0.133)***
TGLA272 0.146 (0.090)** 0.221 (0.088)*** 0.340 (0.136)***
TGLA325 0.182 (0.113)*** 0.143 (0.034)*** 0.298 (0.093)***
TGLA378 0.150 (0.057)*** 0.150 (0.030)*** 0.277 (0.049)***
Meanb 0.230 (0.023)*** 0.143 (0.010)*** 0.340 (0.023)***

aStandard deviations in parentheses ± estimate from jackknife over populations, bStandard deviations in par-
entheses ± estimate from jackknife over loci. *p < 0.05, **p < 0.01, ***p < 0.001
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apart. Up to 1500 km, h/(1 ± h) values were < 0.2, but for greater distances the values
ranged from zero to 0.473 for the protein loci and 0.082±0.278 for the microsatellite loci.

TAKEZAKI and NEI (1996) showed that the DA distance is generally best for inferring the
correct topology for both the in®nite alleles model (protein loci) and for the stepwise
mutation model (microsatellites). Thus DA was used to derive dendrograms of genetic
relationships among the populations, constructed as neighbour-joining trees (SAITOU and
NEI 1987). For the protein loci, most nodes were not very strongly supported, but the
topology of most populations was consistent with what might be expected from their
geography. The microsatellite based tree showed some similar clustering of the popula-
tions, although again very few nodes were strongly supported. Microsatellite based trees
using NEI's standard (D) and REYNOLDS' distances (not shown) were very similar to
each other, and had the same main clusters as the DA tree. In contrast, the (dl)2 tree showed
a markedly different topology. However, nearly 80% of the pair-wise (dl)2 distances were
not signi®cant, or signi®cant only at p < 0.05, whereas more than 96% of the D and
REYNOLDS' distances were signi®cant at p < 0.01 or better. As we have no reason to
suspect that either the protein or microsatellite tree is distorted (e.g. by bottlenecks of some
populations ± see BARKER et al. 1997b), DA distances were computed for the combined set
of 38 loci, and used to construct a neighbour joining tree (Fig. 2). This tree shows better
consistency with geography and higher bootstrap values than either of the microsatellite or
protein-based trees.

The WEITZMAN diversity tree based on the microsatellite DA distances (Fig. 3), and
the marginal losses of diversity for each population (Table 6) show that the losses of
diversity due to extinction of any population would be highest for Ujung Pandang and
Australia, and lowest for Sri Lanka South and Sarawak.

Discussion

As expected, the microsatellite loci showed many more alleles/locus and higher genetic
diversity than the protein loci. Average numbers of alleles/locus were 11.8 (range 5±18) for
microsatellites and 3.0 (range 2±4) for protein loci. Average gene diversities were 0.520
(range 0.259±0.702) for microsatellites and 0.339 (range 0.117±0.572) for protein loci. A
high proportion of the locus-population combinations showed signi®cant departures from

Fig. 2. Dendrogram of relationships among 11 goat populations, using DA genetic distances and the
neighbour-joining method of clustering ± based on 38 loci (16 protein and 22 microsatellite). Numbers

on the nodes are percentage bootstrap values from 1000 replications of resampled loci
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Hardy±Weinberg equilibrium (34.7% for protein and 21.7% for microsatellite loci), with
only one signi®cant case of an observed excess of heterozygotes for each class of marker
(Table 2). Consequently, average observed heterozygosity was less than expected for all

Fig. 3. Diversity dendrogram for 11 goat populations, derived using WEITZMAN'S (1992) method and
the pair-wise DA genetic distances among the populations

Table 6. Marginal losses of Weitzman diversity that would be due to extinction of each population

Population Marginal loss (%)

Ujung Pandang 17.66
Australia 13.56
Chiang Mai 9.43
Hat Yai 9.18
Medan 8.82
Sri Lanka N-Central 8.42
Sabah 8.33
Bogor 8.21
Musuan 8.14
Sarawak 7.69
Sri Lanka South 6.22
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populations, for both protein and microsatellite loci (Table 1), and mean f (FIS) estimates
were extremely high, ranging from 0.095 (Hat Yai) to 0.407 (Australia) for protein loci, and
0.090 (Medan) to 0.333 (Ujung Pandang) for microsatellites (Table 4), with overall means
for both protein loci (0.256) and for microsatellite loci (0.230) signi®cantly different from
zero (Table 5). These high f estimates contrast strongly with most studies of livestock
populations, where f generally is not signi®cantly different from zero, even for rare breeds
(e.g. ZANOTTI CASATI et al. 1988; CIAMPOLINI et al. 1995; BEHARA et al. 1998; CANÄ ON et al.
2000). However, signi®cant heterozygote de®ciencies have been reported in some studies.
LUIKART et al. (1999) found a signi®cant de®cit of heterozygotes at one microsatellite locus
(of 22) in all four goat breeds studied, and at another locus for three of the breeds, with a
global de®cit of heterozygotes across loci. For any single locus, however, the de®cit was
generally slight and not signi®cant. For six of 15 cattle breeds, LOFTUS et al. (1999) found
signi®cant deviations (p < 0.01) from Hardy±Weinberg equilibrium across all 20 micro-
satellite loci, due to heterozygote de®ciency. In both of these studies, the heterozygote
de®ciencies were ascribed to Wahlund effects, due to pooling samples (within breeds) from
different breeding units (i.e. subpopulation structure).

The extreme heterozygote de®ciencies found in these south-east Asian native goat
populations could be due to any one or more of the following: segregation of
nonamplifying (null) alleles, Wahlund effects, scoring bias (heterozygotes scored incor-
rectly as homozygotes), selection against heterozygotes or inbreeding. Distinguishing
among these generally is dif®cult (CHRISTIANSEN et al. 1974). However, protein loci with
null alleles known to be segregating are not included in the above estimates, while null
alleles at other loci could not have been at high enough frequencies to account for the
de®cits. In any case, nulls are most unlikely to be segregating at most other protein and all
microsatellite loci. Similarly, possible Wahlund effects (localities with known subpopu-
lations) do not account for more than 40% of the observed heterozygote de®cits, and then
only for some loci in a few populations. Scoring bias or selection against heterozygotes
may be possible for a few loci, but not for essentially all loci. Overall then, it seems that
there is strong inbreeding within these south-east Asian native goat populations,
presumably resulting in some way from the uncontrolled and indiscriminate mating
(DEVENDRA and NOZAWA 1976), leading to small effective population sizes, breeding
between relatives and consequent genetic drift. This is in direct contrast to the results of
LUIKART et al. (1999) and LOFTUS et al. (1999) noted previously.

Inbreeding levels in the Australian population, which had the highest average f for
protein loci (0.407) and second highest for microsatellites (0.227) are more dif®cult to
reconcile. The animals sampled were derived from a very large feral population which has a
very mixed ancestry ± indigenous goats from South Africa and present day Bangladesh,
imported to the early European settlement in Australia (late 1700s), Angora and Cashmere
imported in the early to mid-1800s (PARSONSON 1998 and, personal communication), and
most likely a number of breeds from England. We have no knowledge of the proportion of
genes in the feral population contributed by each of these ancestral breeds, but it is this
diverse ancestry which is no doubt re¯ected in the Australian population having the
highest expected heterozygosity for microsatellite loci (Table 1). However, the common
factor in the Australian feral and the Asian populations may well be `uncontrolled mating'.
In feral goat populations, and presumably in the uncontrolled Asian populations, breeding
groups most likely comprise a dominant male and some number of females. Many males
may aggregate in the vicinity of oestrus females, but the dominant male generally excludes
subordinate males, and presumably sires most of the offspring (O'BRIEN 1988). With
philopatric females, breeding groups will become genetically differentiated (CHESSER 1991),
leading to Wahlund effects at our level of sampling (i.e. sampling at random from the whole
population). In addition, the breeding groups will be expected to be inbred, with the
unequal sex ratio of breeding animals and variance in sire family size causing the effective
population size to be small and inbreeding to accumulate. If this mating structure is the
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primary factor, then inbreeding should be less in closely managed breeds. Few data are
available, but for four Spanish goat breeds and data on three protein loci (BARBANCHO

et al. 1984), we compute an overall f-value that is not signi®cantly different from zero
(0.007 � 0.011).

GAFFNEY et al. (1990) argued that if heterozygote de®ciencies were the result of non-
random mating, they should be consistent in magnitude, i.e. not show signi®cant
heterogeneity among loci within a population. HOULE (1994) advised caution in making
this argument, because of sampling variation in f-values, variation in true f-values owing to
®nite population size and possible selection obscuring evidence of inbreeding. For the
protein loci here, all populations showed highly signi®cant heterogeneity among loci
(Table 3). Although heterogeneity among populations for each locus was signi®cant for
eight of the nine loci, the magnitude of the v2 values was generally less (Table 3). That is,
deviations from Hardy±Weinberg equilibrium for individual loci tend to be more
consistent across populations than across loci within each population. In contrast,
heterogeneity among loci and among populations were of similar magnitude for the
microsatellite loci. Thus the more consistent deviations across populations for the protein
loci suggest that selection has affected allele and genotype frequencies at some of them.

Detecting selection

The difference between the protein and microsatellite loci in the heterogeneity of
deviations from Hardy±Weinberg, and in the rankings of populations for observed
heterozygosity indicates something other than drift or inbreeding has affected one or other
class of loci. Comparison of geographic variation in allele frequencies for different classes
of polymorphic loci is a powerful method for detecting effects of natural selection
(MCDONALD 1994). As the effects of drift and migration are the same for all alleles at all
neutral polymorphic loci, all such alleles have the same expected FST, and there should be
no signi®cant heterogeneity of FST estimates. BARKER et al. (1997b) used the modi®ed
LEWONTIN and KRAKAUER (1973) test of POGSON et al. (1995) to compare the mean FST and
the variance of FST estimates from the two classes of loci, treating all polymorphisms as
two-allele polymorphisms, by using the frequencies of the overall most common allele and
pooling the others. Thus unweighted FST (as computed by BIOSYS-1) were estimated from
the collapsed two-allele data for each of the microsatellite and protein loci. Mean FST and
variance were 0.1904 and 0.002657 for microsatellites, and 0.1227 and 0.011763 for protein
loci. Applying the modi®ed LEWONTIN-KRAKAUER tests, the means are not signi®cantly
different, but the variances are (v2

(10) � 44.272, p < 0.001). Thus the 16 protein loci are
more heterogeneous than expected from the variation shown by the microsatellite loci,
indicating (assuming the microsatellite loci are neutral) selection affecting some of the
protein loci. A rough test for this selection is to treat the ratio of the FST for each protein
locus to the mean FST for microsatellites as a variance ratio F-test, and to do a two-tailed
test of signi®cance ( d.f. � 10, 10). On this test, six protein loci show a signi®cantly lower
FST estimate (Alb, Amy, Mdh, Np, Pt-Tf and Xp), suggesting some form of selection
affecting genetic variation at these loci. Results of the direct tests con®rmed selection
affecting allele frequencies at Amy, Np and Xp in most populations, and in two to ®ve
populations for Ca, Dia1±2, Lap-1 and Mdh, but not for Alb and Pt-Tf. In all cases of
signi®cant deviation from neutrality expectations, there was an excess of genetic diversity
for the number of alleles observed, consistent with selection favouring heterozygotes.

Population differentiation and history

Signi®cant differentiation among populations is shown by h estimates (Table 5), with
similar mean estimates for protein and microsatellite loci. This differentiation undoubtedly
re¯ects the geography of South-East Asia, with its vast archipelago of islands through
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Indonesia and the Philippines, and the spread of goats throughout the region. DEVENDRA

and NOZAWA (1976) postulate this spread from the centre of domestication in western Asia,
through India, and possibly reaching South-East Asia by 2000 years ago. However, they
quote YAMANE (1943) as suggesting that goats entered Indonesia only `after the Moslem
invasion (fourteenth century).' Our data support this latter suggestion. Using NEI's
standard genetic distances from the microsatellite data, and assuming an average
microsatellite mutation rate of 1.2 ´ 10±3 (WEBER and WONG 1993), the average divergence
time between the two Sri Lankan populations (as representing the Indian subcontinent) and
Medan and Bogor in Indonesia, is 64 generations (say 250 years). For a mutation rate of
5.6 ´ 10±4 (WEBER and WONG 1993 ± dinucleotide repeats), the time is 138 generations
(550 years). Given the traditional communication routes from western Asia and the Indian
subcontinent to South-East Asia, introductions would have continued over time, so the
estimated divergence times above would be conservative of the time of ®rst introduction.
Goats may have entered Indonesia directly from western Asia or through the Indian
subcontinent, but the Musuan/Sabah/Sarawak cluster (Fig. 2) indicates a possible separate
dispersion via China, as suggested previously for the spread of swamp buffalo through
South-East Asia (BARKER et al. 1997b; LAU et al. 1998).

After the initial spread through the region, continued movement of animals between
populations would cause the true relationships to be reticulate rather than strictly
bifurcating, most likely contributing to the low bootstrap support for some of the nodes
(Fig. 2). We note, however, that for pair-wise population comparisons of genotypic
differentiation across all loci, all were highly signi®cant (p < 0.001) for microsatellites, and
all but four for protein loci. Further, the dendrogram of relationships among the south-east
Asian goat populations, based on the combined set of 38 loci (Fig. 2), is consistent with
their geography and the most likely pathways of dispersal through the region. The close
relationship of the Australian feral population to the Sri Lankan populations indicates that
the early goat introductions to Australia from the Indian subcontinent and nearby regions
have made a major contribution to the genetic composition of the Australian population.

Although the microsatellite-based phylogeny and the Weitzman diversity tree (Fig. 3)
showed some identical clusters, it should not be expected that they will give the same
information (THAON D'ARNOLDI et al. 1998). But as branch lengths in the neighbour joining
phylogeny indicate the magnitude of the differences between populations, one might
expect a positive relationship between branch length for a population and expected loss of
diversity on extinction of that population. Both the microsatellite phylogeny and the
Weitzman diversity tree were derived from the DA distances, and for these goat
populations, the regression coef®cient for diversity loss on branch lengths was
0.779 � 0.076 (p < 0.001). Thus the branch lengths in the neighbour joining DA phylogeny
apparently give essentially the same information as the Weitzman analysis on expected loss
of diversity due to extinction of individual populations. This may not be true for other sets
of populations, and of course, the Weitzman analysis allows estimation of expected loss of
diversity if two or more breeds were to become extinct.

In addition to the phylogenetic relationships among the populations, we note the long
branch lengths for Australia and Ujung Pandang in the microsatellite tree (not shown) and
in the combined tree (Fig. 2). These two populations also were identi®ed by the Weitzman
analysis (Fig. 3, Table 6) as those whose extinction would cause the greatest loss of
diversity. They are exceptional in a number of ways ± higher expected heterozygosity and
higher proportion of private alleles than other populations (9.9% of alleles in Ujung
Pandang are unique to that population, and 5.2% for Australia), but also highest inbreeding
coef®cients (FIS ± Table 6). Although there were relatively few cases of signi®cant linkage
disequilibrium overall, these two populations contrast in that Ujung Pandang showed more
than any other population, while Australia had none. Yet the Australian feral population,
because of its recent and diverse breed ancestry, might have been expected to exhibit higher
linkage disequilibrium than other populations. The long branch lengths for these two
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populations and the signi®cant linkage disequilibrium for Ujung Pandang are compatible
with the high inbreeding coef®cients (FIS). With such high inbreeding, however, loss of low
frequency alleles and reduced observed heterozygosity would be expected, yet these
populations have above average to very high expected heterozygosity for both protein and
microsatellite loci.
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Appendix 1. Enzymes or proteins and electrophoretic assay systems

Enzyme (or protein) EC number Source* System** Polymor phic***

Acp Acid phosphatase 3.1.3.2 RBC CAE ±
Ak Adenylate kinase 2.7.4.3 RBC CAE ±
Alb Albumin ± Plasma CAE +
Amy Amylase 3.2.1.1 Plasma CAE +
c Amy-1 Cathodal amylase-1 3.2.1.1 Plasma AGE +
c Amy-2 Cathodal amylase-2 3.2.1.1 Plasma AGE ±
Blvr Biliverdin reductase 1.3.1.24 RBC CAE ±
Ca Carbonic anhydrase 4.2.1.1 RBC CAE +
Cat Catalase 1.11.1.6 RBC PAGE +
Cp Ceruloplasmin ± Plasma PAGE ±
Dia1±1 NADH Diaphorase, zone 2 1.6.2.2 RBC CAE +
Dia1±2 NADH Diaphorase, zone 3 1.6.2.2 RBC CAE +
Dpgm Diphosphoglyceromutase 2.7.5.4 RBC CAE ±
Est-D Esterase D 3.1.1.- RBC CAE ±
a Est-1 a Esterase-1 3.1.1.- Plasma PAGE ±
a Est-3 a Esterase-3 3.1.1.- RBC PAGE ±
b Est-1 b Esterase-1 3.1.1.- RBC PAGE ±
Fdp Fructose-1, 6-diphosphatase 3.1.3.11 RBC CAE ±
Fk Fructokinase 2.7.1.4 RBC CAE ±
Fum Fumarase 4.2.1.2 RBC CAE ±
Gldh Glucose dehydrogenase 1.1.1.118 WBC CAE ±
Glo I Glyoxalase I 4.4.1.5 RBC PAGE ±
Got Glutamate oxaloacetate

transaminase
2.6.1.1 RBC CAE ±

G6pdh Glucose 6-phosphate dehydrogenase 1.1.1.49 RBC CAE ±
Gapdh Glyceraldehyde-3-phosphate 1.2.1.12 RBC CAE ±
Gc Group speci®c component ± Plasma PAGIF +
Gpi Glucose phosphate isomerase 5.3.1.9 RBC CAE ±
Gpt Glutamate pyruvate transaminase 2.6.1.2 RBC CAE ±
Gpx Glutathione peroxidase 1.11.1.9 RBC PAGE ±
Gsr Glutathione reductase 1.6.4.2 RBC CAE ±
Hb Haemoglobin ± RBC CAE +
Hk Hexokinase 2.7.1.1 RBC CAE ±
Idh Isocitrate dehydrogenase 1.1.1.42 RBC CAE ±
Itp Inosine triphosphatase 3.6.1.19 RBC PAGE ±
Lap-1 Leucine aminopeptidase-1 3.4.11.1 Plasma PAGE +
Lap-2 Leucine aminopeptidase-2 3.4.11.1 Plasma PAGE ±
Ldh Lactate dehydrogenase 1.1.1.27 RBC CAE ±
Mdh Malate dehydrogenase 1.1.1.37 RBC CAE +
Me Malic enzyme 1.1.1.40 RBC CAE +
Mpi Mannose phosphate isomerase 5.3.1.8 RBC CAE ±
NADPH Dia-2 NADPH Diaphorase, zone 2 1.6.2.2 RBC CAE ±
Np Purine nucleoside phosphorylase 2.4.2.1 RBC CAE +
Pep A Peptidase A 3.4. RBC CAE ±
Pep B Peptidase B 3.4. RBC CAE ±
Pep C Peptidase C 3.4. RBC CAE ±
Pep D Peptidase D 3.4. RBC PAGE ±
Pep D Peptidase D 3.4. Plasma PAGE ±
6 Pgdh 6-Phosphogluconate dehydrogenase 1.1.1.44 RBC CAE ±
Pgm-2 Phosphoglucomutase-2 5.4.2.2 RBC CAE ±
Pgp Phosphoglycolate phosphatase 3.1.3.18 RBC PAGE ±
Pk Pyruvate kinase 2.7.1.40 RBC CAE ±
Pp Inorganic pyrophosphatase 3.6.1.1 RBC PAGE ±
Sod Superoxide dismutase 1.15.1.1 RBC CAE ±
Sordh Sorbitol dehydrogenase 1.1.1.14 RBC CAE ±
Tf Transferrin ± Plasma CAE +
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Appendix 1. continued

Enzyme (or protein) EC number Source* System** Polymor phic***

Pt-Tf Post-transferrin ± Plasma PAGE +
Tpi Triose phosphate isomerase 5.3.1.1 RBC CAE ±
Umpk Uridine monophosphate kinase 2.7.1.48 RBC CAE ±
Xp X Protein ± RBC STAGE +

*RBC = Red blood cells, WBC = White blood cells. **CAE = cellulose acetate electrophoresis, PAGE =
polyacrylamide electrophoresis, STAGE = starch gel electrophoresis, PAGIF = polyacrylamide gel, isoelectric
focussing. ***+ indicates those loci that are polymorphic in one or more population.

Appendix 2. Microsatellite loci investigated, running conditions, allele size ranges, number of
alleles and expected heterozygosity

Co-load Annealing No. of
Expected heterozygosity

Locus group Temp. Dye Size range alleles Range Mean

BL25 1 60 6FAM 173±190 6 0.000±0.554 0.278
INRA003 1 60 TET 182±193 9 0.043±0.569 0.266
TGLA325 1 55 TET 104±130 13 0.392±0.866 0.622
TGLA245 1 55 6FAM 121±147 8 0.048±0.615 0.292
RM004 1 55 HEX 107±133 10 0.206±0.653 0.463
RME23 2 55 6FAM 139±155 9 0.152±0.763 0.517
INRA071 2 50 TET 182±200 12 0.000±0.801 0.356
TGLA378 2 55 TET 106±128 11 0.529±0.824 0.682
INRA005 2 50 HEX 134±148 8 0.000±0.697 0.461
TGLA179 2 55 HEX 67±95 18 0.410±0.866 0.710
INRA177 3 55 HEX 167±201 18 0.246±0.859 0.693
CSSM026 3 55 6FAM 256±281 12 0.129±0.852 0.564
TGLA272 3 55 6FAM 92±128 15 0.333±0.692 0.515
OarFCB48 3 60 TET 145±174 14 0.193±0.815 0.607
MAF070 4 60 HEX 137±163 13 0.554±0.886 0.721
RM188 4 60 6FAM 115±146 13 0.482±0.824 0.664
INRA063 4 50 TET 156±181 13 0.000±0.833 0.475
BMC1009 4 60 TET 280±299 11 0.351±0.790 0.663
BM3205 5 50 TET 211±233 12 0.431±0.889 0.715
BM757 5 50 HEX 176±192 7 0.000±0.411 0.064
RM006 5 55 6FAM 122±147 13 0.434±0.901 0.706
ILSTS005 5 55 TET 173±186 5 0.048±0.605 0.299
RM044 5 60 HEX 77±115 15 0.345±0.841 0.662
TGLA75 6 55 TET 156±200 13 0.100±0.807 0.508
OarFCB193 6 55 6FAM 114±136 17 0.167±0.813 0.574
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