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ducted the electrophoresis. C. Cook prepared color
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Human Microsatellites
Applicable for Analysis of
Genetic Variation in Apes
and Old World Monkeys

T. Coote and M. W. Bruford

In studies of the genetics and social struc-
ture of primate populations there is a need
to develop highly variable genetic markers
for characterizing mating success and the
nature of population movement or change
through time. Because of their highly poly-
morphic nature, relatively simple amplifi-
cation and typing, and the possibility of
noninvasive sampling, microsatellites have
become the molecular tool of choice in
such studies. However, until recently it was
assumed that many microsatellite loci,
which are primarily situated in noncoding
regions of the genome, evolve too rapidly

406 The Journal of Heredity 1996:87(5)

to be applicable in evolutionarily divergent
species. This has often resulted in the
time-consuming process of cloning and
sequencing microsatellites in new spe-
cies. Here we describe the application of
11 human microsatellite primer pairs to a
large group of primate species. The loci
described are informative in all major
groups of apes and Old World monkeys,
although levels of allelic variability and
heterozygosity differ across species. We
confirm that with the use of appropriate
universally applicable PCR conditions, a
subset of human microsatellites are infor-
mative genetic markers in a wide range of
divergent primate taxa.

Microsatellites, or simple sequences, are
short (typically less than 300 bp) tandem-
ly repeated motifs of 2-5 nucleotides that
occur at large numbers of loci throughout
eukaryotic genomes (Hamada et al. 1984;
Tautz and Renz 1984). Their short length
makes them amenable to amplification by
PCR and subsequent separation on poly-
acrylamide gels, with the resolution of al-
leles differing by as little as a single base
pair (Litt and Luty 1989; Tautz 1989; We-
ber and May 1989). Many microsatellites
have been found to be highly polymorphic
(e.g., Amos et al. 1993), and this variability
is derived through variation in the number
of repeat units in different alleles. The al-
leles are inherited in Mendelian fashion
and mutation rates can be quite high (Bru-
ford and Wayne 1993; Dallas 1992).

These characteristics have led to the re-
cent utilization of microsatellites as genet-
ic markers in a wide variety of applica-
tions. Studies in areas such as kinship
(Morin et al. 1994a,b; Queller et al. 1993),
population genetic structure (Bruford and
Wayne 1993; Di Rienzo et al. 1994; Hughes
and Queller 1993; Roy et al. 1994), conser-
vation genetics (Gotelli et al. 1994; Taylor
et al. 1994), and forensics (Hagelberg et al.
1991; Jeffreys et al. 1991) are now exten-
sively using this class of genetic marker.

Through PCR amplification, microsatel-
lites afford the possibility of genetic anal-
ysis using samples obtained noninvasive-
ly, such as shed hair (Morin et al. 1994a)
and feces (Constable et al. 1995). With
such intrinsic advantages, microsatellite
loci offer considerable potential for an-
swering a range of questions in molecular
ecology and population genetics.

One problem that remains, however, is
the sometimes time-consuming process of
identifying and sequencing species-specif-
ic sequences that flank microsatellite loci,
since sequence divergence accumulated

over evolutionary time may be too large
to enable annealing of primers, even be-
tween quite closely related species. Nev-
ertheless, homologous PCR primer pairs
have been successfully used to identify
microsatellites conserved in sheep and
cattle (Moore et al. 1991), where about
40% of the loci amplified in both species.
Also, pilot whale primers from four micro-
satellite loci produced PCR products in 11
species, representing most of the major
cetacean radiations (Schlotterer et al.
1991). The flanking sequences showed a
high level of conservation, with average
differences of about 3.2% having accumu-
lated over 35-40 million years. Recently,
microsatellite primers derived from reed
buntings (Emberiza schoenlicus) have
been shown to amplify products in a num-
ber of other avian species (Hanotte et al.
1994). A major obstacle to the increased
application of such markers to problems
in population genetics would be removed
if a series of microsatellite markers were
to be developed for application in relative-
ly divergent taxonomic groups. Addition-
ally, if such markers were adopted for ap-
plication in different studies of the same
species, and for studies within larger tax-
onomic groups, data on genetic variation
derived from different studies could be
compared with greater confidence.

In a related study, we have used human
microsatellite primers for parentage anal-
ysis and relatedness estimation in savan-
nah baboons, Papio hamadryas cynoce-
phalus, (Altmann et al. 1996). In the ba-
boon study we identified human microsa-
tellite primer pairs that reliably amplified
polymorphic, highly informative genetic
markers. We then applied these markers in
other primate species using individuals
sampled from all major families of pri-
mate. This article describes the results of
this experiment, and the implications for
future population genetic analysis using
microsatellites in primates and other ma-
jor groups are discussed.

Materials and Methods

Samples

To obtain a full representation of the Pri-
mate order for this experiment, we used
samples of species throughout the prosim-
ians (lemurs, lorises, and tarsiers), ceboid
primates (New World “true” monkeys,
marmosets, and tamarins), and anthro-
poid primates (cercopithecine monkeys
and the great and lesser apes, or homi-
noids). Forty-two individuals from 22 dif-
ferent species, all of different genera, were
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Table 1. List of species used for initial screening
(based on Martin 1990)

Order Scandentia
Tree shrew (Tupaia tana)

Order Primates
Prosimii (Lemurs, lorises, tarsiers)
Stender loris (Loris tardigradus)
Senegal bushbaby (Galago senegalensis)
Brown lemur (Lemur fulvus)
Mouse lemur (Microcebus murinus)

Anthropoidea
Ceboidea (New World monkeys)

Common marmoset (Callithrix jacchus)

Pygmy marmoset (Cebuella pygmaea)

Goeldi’s marmoset (Callimico goeldr)
Douroucouli (night monkey) (Aotus trivirgatus)
Squirrel monkey (Saimiri sciureus)

Brown capuchin (Cebus apella)

Spider monkey (Ateles paniscus)

White-faced saki (Pithecia pithecea)
Cercopithecoidia (Old World monkeys)

De Brazza's monkey (Cercopithecus neglectus)
Langur (Presbytis entellus)

Sulawesi macaque (Macaca nigra)

Savannah baboon (Papio hamadryas cynocephalus)
Guinea baboon (Papio hamadryas hamadryas)
Mandrill (Mandrullus sphinx)

Hominoidea (Greater and lesser apes, humans)
Lar gibbon (Hylobates lar)

Chimpanzee (Pan troglodytes)

Orangutan (Pongo pygmaeus)

Gorilla (Gorilla gorilla)

Human

sampled, as well as one tree shrew (Order:
Scandentia), possibly a primitive primate
(Table 1).

Unless otherwise acknowledged, sam-
ples were selected from the Institute of Zo-
ology blood and tissue bank, and were
from captive-bred individuals. DNA was
extracted from blood, muscle, or liver us-
ing standard phenol/chloroform extrac-
tion procedures (Sambrook et al. 1989),
followed by precipitation in 100% ethanol,
washing in 70% ethanol, and suspension in
1X TE buffer. Genomic DNA extractions
were diluted to 1:10 for PCR reactions.

Microsatellite Primers

We selected 85 microsatellite primer pairs
for potential use in paternity determina-
tion in baboons. The selection process
was carried out mainly using the pub-
lished list of microsatellite loci isolated
during the human genome mapping pro-
ject (Gyapay et al. 1994; Weissenbach et al.
1992) and which are available from Re-
search Genetics Inc. as Human Map-
Pairs®. The loci selected were, wherever
possible, situated on different human
chromosomes to minimize the possibility
of linkage effects, and each possessed a
mean heterozygosity value in humans of
>0.8. In addition, we included several oth-
er human microsatellites, some of which
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Figure 1.
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Primate variability assay using locus D75503, showing amplification in Old World monkeys and apes:

(a) gorilla; (b) orangutan; (c) chimpanzee; (d) Lar gibbon; (¢) mandrill; (f) savannah baboon; (g) Sulawesi ma-
caque; (h) langur; (i) De Brazza’s monkey. There was no amplification in the tree shrew, in prosimians, or in New

World monkeys.

have been previously identified for appli-
cation in chimpanzees (Morin et al. 1994b).
A rapid screening, involving the ampli-
fication of each of the 85 loci in five un-
related baboons showed that 15 of these
primer pairs had potential for use as poly-
morphic markers in the savannah baboon
(P. hamadryas cynocephalus). Primers for
11 loci that produced the strongest, most
unambiguous signals were used for this ex-
periment: DIS207, D2S5141, D45431,
D6S271, D6S311, D7S503, DI115925,
DI135159, D165420, D175791, and D6S287.

Amplification Procedure

The protocol used for amplifying the mi-
crosatellites is described below. A Hybaid
Omnigene thermal cycler was used.

The forward (5") primer of each pair was
end-labeled with 32p-yATP using T4-poly-
nucleotide kinase (New England Biolabs)
and manufacturer’s buffer (70 mM Tris-HCl
(pH 7.6). All PCR reactions were carried
out in a total of 10 pl containing the follow-
ing: genomic DNA diluted 1 in 10, 140 pM
dNTPs, 10% DMSO, 1 mM MgCl,, and 0.45
units Taqg DNA polymerase with NH, buffer
[160 mM (NHp,S0,, 670 mM Tris-HCI (pH
8.8 at 25°C), 0.1% Tween-20], and the vol-
ume made up with dH,0.

PCR amplifications were then carried
out as follows: one 3 min denaturation at
95°C followed by seven cycles of 45 s at
95°C, 1 min at 50°C annealing temperature
and 90 s at 72°C. This was followed by a
further 30 cycles with the annealing tem-
perature adjusted to 54°C and a 10 min fi-
nal extension step at 72°C. This reaction
protocol was derived to be applicable to
all the primers and was used in all the spe-

cies studied. After amplification, 4 pl of
product was loaded onto a 6% denaturing
polyacrylamide gel. For a molecular weight
marker we used the Multi-Pol DNA Se-
quencing System (Clontech Laboratories,
USA) and pooled the A and T reactions of
the polycloning region of single-stranded
M13 mpl8. Gels were exposed to autora-
diographic film for between 5 h and 5
days.

Results

Screening of all Primate Species

The 11 primer pairs selected were those
that were the most informative of 85 hu-
man primer pairs tested during the screen-
ing of five unrelated baboons for an allied
study (Altmann et al. 1996). On initial
screening, strong signals were obtained
for locus D75503 for each species of Old
World monkey and ape, and allelic vari-
ability could be seen within and among
species (Figure 1). However, no obvious
microsatellites were detected in any of the
New World monkeys, prosimians, or in the
tree shrew. A similar pattern, where am-
plification occurred only in Old World
monkeys and apes, was found in a further
five loci tested (D135159, D65311, D15207,
D6S271, and D2S141).

Subsequently, a second experiment was
carried out, using larger samples of apes
and Old World monkey species, but ex-
cluding New World species and prosimi-
ans. Microsatellites were amplified from a
number of individuals from selected spe-
cies to attempt to gain a crude measure of
allelic diversity and heterozygosity. Five
further loci (D4S431, D115925, DI165420,
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- DI3SI59  D7S503 D25141 D15207 D6S311 D6S271 D45431 D11S925  DI7S791  DI6S420  D6S287

o

i1 De Brazza’s monkey 158 143-147 128 137-143 240-242 210 216-220 182 148-158 177 146-148

(8| Diana monkey 156 139-145 128 147-155 238 182-194 234-252 178-184  — 181-215 146

78| White colobus 158 139-153 128 155 238-244 168 306-314  182-190  156-158 175 128

& Langur 136-140 (4) 151-167 (5) 128 (1) 131-153 (2) 234-238(2) 172-178(3) 226 (1) 182-212(3) 146-168(5) 195-201 (4) 136-140(3)
) Sulawesi macaque 138-144 ~ 137-139 128 141-153 242-262 182-184 242 228-230  160-182 - 138-140

550 Savannah baboon 168-172  155-161 128-130  135-139 226-232 168-196 214-220  192-194  172-176 197 148-154

59 Guinea baboon* 170-174 (3) 155-167(6) 128-130(2) 139-149(4) 232-234(2) 186-196(3) 214-218(3) 190-194(2) 160-172(2) 191-199(2) 142-152(3)
&) Mandrill 218 147-153 150 139-147 238-244 168-194 240 190-192  160-168 189 138-154

%8  Orangutan® 216-218 (2) 141-153(5) 140-152(2) 125-127(2) 208(1) 166-194 (1) 238-256 (4) 188-210(3) 162-172(6) 187-197(3) 162(3)

8| Gorilla 160-168 ~ 135-145  162-164  151-175 230-238 184-206 264 174-194  156-164 155-175 154

Ya| Chimpanzee 160-188 (9) 137-145(4) 140-152 (5) 135-167 (11) 210-234 (7) 176-194 (10) 244-268(8) 170 (1) 156-178 (11) 177-197 (6) 160-176 (5)
28 Human 170-198 ~ 149-171(7) 144-158(7) 133-149(8) 232-266 (12) 144-202 (13) 244-256  174-198(8) 162-186 (11) 175-197(8) 158-174

<

« Number of alleles where sample size exceeds three. Langur, n = 4; Guinea baboon, n = 6; orangutan, n = 7; chimpanzee, n = 10; human, n = 12.

DI175791, D65287) that had given positive
results in the baboon population were
also selected.

Despite the small sample sizes available,
the 11 loci were found to be polymorphic
in nearly all of the species studied, though
the level and nature of the polymorphisms
were found to differ among species. As ex-
pected, certain loci were found to be more
informative in some species than in oth-
ers. For example, only two alleles of 128
and 130 bp were typed for D2S141 for all
the Old World monkeys (these were the
only alleles found at this locus in 90 indi-
viduals in our savannah baboon paternity
analysis). However, there were five alleles
in eight orangutan individuals. Allelic di-
versity and range of allele size detected in
all species for the different loci are shown
in Table 2.

Although each locus used for this study
demonstrated a large amount of variabil-
ity, putative alleles were detected in some
species which did not show the character-
istic slippage products normally seen
within the same and other species. In the
highly variable locus DI15925, just one
170 bp allele was found in all 10 chimpan-
zees, whereas 8 different alleles were found
in 12 humans with a heterozygosity of 0.9.
All orangutans were homozygous for one
208 bp allele at locus D6S311, and all in-
dividuals possessed an identical 166 bp al-
lele at locus D65271 and one 162bp allele
at locus D65287. It is possible that major
insertions or deletions in the flanking se-
quences or within the repeat elements of
this apparent lack of polymorphism. How-
ever, in each case the locus was highly
variable in other species. Apart from these
very few exceptions, all the loci used were
highly polymorphic and heterozygous in
our panel of humans and informative ge-
netic markers for the species tested (Fig-
ure 2).

408 The Journal of Heredity 1536:87(5)

Discussion

One of the challenges faced by geneticists
working on primate ecology, behavior, and
population genetics is to identify highly
variable loci that have informative homo-
logues in other primate species. This is
particularly important in the case of mi-
crosatellites as they have largely replaced
multi- and singlelocus minisatellite probes
in population genetic research, especially
where specific genotype information is re-
quired to track genes across generations
and where samples need to be collected
noninvasively. Comparisons of multilocus
DNA fingerprint data across populations
and among species have proved problem-
atic in the past, since it is rarely possible
to prove that homologous VNTR sequenc-
es are being compared within the pat-
terns, and single-locus minisatellites are
often inapplicable, as their characteristics
have been shown to vary, sometimes
greatly, across relatively narrow taxonom-
ic ranges (Gray and Jeffreys 1992; Martin
et al. 1992). This experiment was carried
out with the aim of providing a set of in-
formative PCR-based VNTR markers that
could potentially be applied across many
species. The experiments we carried out
were of two kinds: the first addressed the
question of the applicability of the mark-
ers throughout the entire primate order,
and the second addressed the more de-
tailed characteristics of the markers in the
apes and Old World monkeys.

In the first experiment, all six pairs of
primers tested amplified microsatellites in
all species of apes and Old World mon-
keys. However, in contrast, there was a
complete absence of cross-amplification
between the human primers and the New
World monkeys, prosimians, and the tree
shrew. The fact that these microsatellite
sequences appear to be present in all apes
and Old World monkeys is interesting giv-

en that paleontological evidence places
the common evolutionary origin of the
Hominoidea (apes) and Cercopithecoidea
(0Old World monkeys) at around 30 million
years bp (see Martin 1990), and a striking
feature of these resuits is the high level of
heterozygosity and polymorphism found
within the ape and Old World monkey
samples. We found that polymorphisms
were detected within species even where
only two individuals were represented,
with up to the maximum possible four al-
leles. In addition, the nature of each spe-
cies’ allele size-range was almost always
different from any other, while the alleles
retained the characteristic slippage prod-
ucts usually diagnostic of a variable mi-
crosatellite locus, suggesting a species- or
group-specific allelic distribution at these
microsatellite loci.

In the second experiment, carried out to
examine the characteristics of these mark-
ers in more detail in apes and Old World
monkeys, all 11 loci showed considerable
levels of heterozygosity and allelic diver-
sity throughout the majority of the species
studied. For example, locus D25141 seems
likely to be most informative in ape spe-
cies, becoming less variable in species
more phylogenetically distinct from hu-
mans; D165420 detected only three alleles
in eight Guinea and savannah baboon in-
dividuals and all were homozygotes; only
two alleles were detected at locus DI135159
in seven homozygous orangutan individu-
als; and D115925 is unlikely to be infor-
mative for chimpanzees.

Although many of the populations stud-
ied here were likely to show decreased
levels of polymorphism due to the gener-
ally low genetic variability encountered in
captive primate populations, primarily
due to founder effect, genetic drift, and in-
breeding (e.g., Bruford and Altmann 1993;
Morin and Ryder 1992), high levels of vari-
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Figure 2. (Top) Locus D65311: (a) De Brazza’s monkey; (b) Diana monkey; (c) white colobus; (d) langur; () Sulawesi macaque; (f) savannah baboon; (g) Guinea baboon;
(h) mandrill; (i) orangutan; (j) gorilla; (k) chimpanzee; (1) human (m = molecular weight marker). (Center) Locus D75503: (a) De Brazza’s monkey; (b) Diana monkey; (c)
white colobus; (d) langur; (e) Sulawesi macaque; (f) savannah baboon; (g) Guinea baboon; (h) mandrill; (i) Lar gibbon; (j) orangutan; (k) gorilla; () chimpanzee; (m) human
(m = molecular weight marker). (Bottom) Locus D165420: (a) De Brazza’s monkey; (b) Diana monkey; (c) white colobus; (d) langur; (e) savannah baboon; (f) Guinea baboon;

(g) mandrill; (h) orangutan; (i) gorilla; (j) chimpanzee; (i)

ability were generally found. This makes
the monomorphism found at D115925 in
chimpanzees and at D6S311, D65271, and
D65287 in orangutans somewhat unex-
pected. The possibility that these results
are PCR artifacts cannot be ruled out, but
is unlikely because of the consistent na-
ture of the results at the other loci studied
and the fact that the experiment was re-
peated several times with the same result.

human (m = molecular weight marker).

Previous studies of primates have shown
that the conservation of flanking sequenc-
es has only been able to detect polymor-
phisms in closely related species. Inoue
and Takenaka (1993) found that the prim-
ers designed for Japanese macaques de-
tected size differences in other macaques
as well as three different species of Cer-
copithecoid monkeys. Primers designed
specifically for chimpanzees (Takenaka et

al. 1993) were uninformative and unsuit-
able for individual discrimination among
Japanese macaques because the banding
pattern was monomorphic.

All the primers were selected from the
human genome database for use in savan-
nah baboons, and those that showed in-
formative variation within that species
also hybridized with DNA from all the oth-
er Old World monkey and ape families.
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The possibility remains open that with ap-
propriate PCR conditions, microsatellite
primers designed for certain species may
be informative in more divergent taxa than
previously believed or demonstrated.
With the recent increase in the use of mi-
crosatellite techniques for analyzing pop-
ulation genetic structure and evolution
there is a need for further studies of this
type. Certainly, from the thousands of mi-
crosatellites so far isolated from the hu-
man genome, a significant number will be
applicable for use in a range of other pri-
mates, though these experiments demon-
strate a variability too high for direct com-
parisons between species in phylogenetic
analysis.
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Estimating and Testing
Hypotheses About the
Number of Genes Using
Inbred-Backcross Data

K. M. Eskridge and D. P. Coyne

We describe an approach to estimate and
test hypotheses about the number of
genes that differ between the donor parent
and the recurrent parent when using the
inbred-backcross breeding procedure.
The method 1s used to estimate the num-
ber of genes determining resistance of
common beans (Phaseolus vulgaris L.) to
common bacterial blight incited by Xan-
thomonas campestris pv. phaseoli (Smith)
Dye. beans.

The backcross breeding procedure has
long been used to successfully transfer a
major gene(s) controlling a desired trait
from a donor or nonrecurrent parent to a
superior cultivar or line (recurrent par-
ent). Genes are transferred by repeated
backcrossing to the recurrent parent and
selecting in each generation for the de-
sired trait (Briggs 1935; Briggs and Know-
les 1967). This breeding procedure has
generally been used to transfer major
genes controlling such traits as disease re-
sistance to superior cultivars of self-polli-
nated crops, inbred lines of cross-pollinat-
ed crops, or cultivars of cross-pollinated
crops. Generally, two or more backcrosses
are made to the recurrent parent in order
to reconstitute most of the genotype of
the desired parent along with the desig-
nated genes from the donor parent, fol-
lowed by several generations of selfing to
attain a homozygous line. It is useful to
plant breeders using the inbred-backcross
procedure to know the approximate num-
ber of genes (k) that differ between the
recurrent and nonrecurrent parent con-
trolling a desired quantitative trait. In ad-
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