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Sixteen dinucleotide microsatellite loci were isolated from the genome of
Propithecus verreauxi verreauxi. All loci were polymorphic when genotyped
on a minimum of 16 animals. The number of alleles across these loci
ranges from two to 11. Additionally, seven of these loci were genotyped
across a minimum of 200 animals in order to estimate heterozygosity
and their potential for parentage assignment in this population. Using
these seven loci, the mean heterozygosity in this population is 0.705,
and the combined probability of these seven loci to exclude a random
individual from parentage, when one parent is known, is 0.996. These
data suggest that these loci will be useful for estimating a variety of
population genetic and genealogical parameters in P. v. verreauxi populations. Am. J. Primatol. 55:253–259, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION
Microsatellites, or short tandem repeats (STRs), are codominant, highly polymorphic molecular markers that provide information on intra- and interpopulation structure, genetic relatedness, and gene location via linkage maps. They
consist of a tandemly repeated motif of one to six nucleotides (e.g., ATT[13] or
CA[26], where 26 equals the number of “CA” motifs that are repeated) flanked
by a nonrepetitive sequence of nucleotides. Polymerase chain reaction (PCR)
primers may be designed in the flanking regions, allowing one to amplify the
polymorphic repeat region. To the extent that the flanking sequences and repeat unit are found in neutral portions of the genome and segregate independently, microsatellites will act as single, unlinked, neutral loci that are generally
700 base pairs (bp) or less in size [Scribner & Pearce, 2000]. These properties
make microsatellites ideal genetic markers for socioecological studies of wild
primate populations that require genetic information on population structure
and/or kinship.
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Microsatellites are increasingly characterized and used in population genetic
and behavioral studies of numerous nonhuman primates [e.g., Constable et al.,
2001; Ellsworth & Hoelzer, 1998; Jekielek & Strobeck, 1999; Von Segesser et al.,
1999]. Some of these studies have used cross-specific, or heterologous microsatellite
loci (loci characterized in a primate species that is different from the one under
study), but it has been demonstrated that some cross-specific microsatellite loci
show lowered heterozygosities and may yield inaccurate pedigrees [Smith et al.,
2000; Vigilant & Boesch, 2001]. These phenomena are attributed to mispriming
and/or template quality, and can lead to potentially serious errors in assigning
kin relations and estimating population genetic parameters from cross-specific
microsatellite loci [Beaumont & Bruford, 1999; Constable et al., 2001; Gagneux
et al., 1997; Pemberton et al., 1995; Smith et al., 2000; Taberlet et al., 1999].
Similarly, cross-specific loci will not always amplify in the species under study;
in these cases, it is necessary to isolate species-specific microsatellite loci [e.g.,
Jekielek & Strobeck, 1999].
In this report we provide information on microsatellite loci isolated from a
wild lemur population, the white sifaka (Propithecus verreauxi verreauxi) at Beza
Mahafaly Special Reserve, southwest Madagascar. We were motivated to isolate
these loci after having unsuccessfully tested 20 human and 16 Eulemur-specific
microsatellite loci on the P. v. verreauxi genome. Our goal here is to provide
information on these P. v. verreauxi-specific microsatellite loci and their potential as estimators of genetic diversity and relationships in the Beza Mahafaly
Propithecus population.
METHODS
Except where noted, we followed the protocol of Hammond et al. [1998]. All
tissue samples came from individuals captured and released in the wild [see
Richard et al., 1993]. Approximately 0.3 g of pinna (ear) tissue from 19 white
sifaka were extracted for DNA following the protocol in Strauss [1998]. On average, each extraction yielded about 70 ng/µl. The DNA samples were pooled and
concentrated, digested, and size-selected for a 350–700 bp region.
To screen for microsatellites, a 30 bp oligonucleotide consisting of 15 repeat
units of CA was used. Our enrichment process is different from Hammond et al.
[1998] [see Fischer & Bachmann, 1998]. Three biotin-tags were attached to the
5′ end and the oligo had a 3′ chain-terminator to prevent concatamers during
subsequent PCRs. The addition of a 3′ chain-terminator was a critical component for successful primer design [Koblizkova et al., 1998]. The size-selected DNA
was added to 30 µl of 20× SSC and 25 µl of H2O, and the mixture was denatured
(10 min at 95°C) and then placed on ice for 2 min. Then 5 µg of the biotin-labeled
CA probes were added, and the mixture was put at 65°C for 20 min. To capture
the portions of DNA containing repeat units, we used streptavidin-coated magnetic beads (Promega, Madison, WI). The entire mixture from above was added
to the streptavidin beads (suspended in 0.5× SSC) and put at room temperature
for 15 min. The beads were separated from the supernatant with a magnetic
stand (Promega, Madison, WI) and washed three times with 100 µl of 0.1× SSC,
letting them sit 5 min between each wash. The DNA was eluted from the beads
by washing two times in 25 µl of ddH2O. The resulting 50 µl of eluate was concentrated and cleaned using Qiagen (Valencia, CA) purification columns. We performed the enrichment phase two times.
After the enrichment phase, the DNA was ligated and transformed following
standard procedures, and 212 colonies were screened for an insert via “colony
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PCR.” Forty-six positive clones were identified and sequenced using a Perkin
Elmer 377 automated sequencer (Applied Biosystems, Foster City, CA). Twentyone of the 46 clones contained a CA repeat. From this, 16 primer pairs were
designed using MacVector software. Primer pairs were then tested on the sifaka
template. The forward primer was labeled with a fluorescent dye (6-FAM, HEX,
or TET). A PCR reaction with 1× PCR buffer, 1.5 mM of MgCl2, 80 µM of dNTP,
20 pmol of forward primer, 20 pmol of reverse primer, and ∼100 ng of DNA template was run and analyzed on a 377 automated sequencer using GeneScan analysis (Applied Biosystems, Foster City, CA) following the prescribed protocols.
RESULTS
We designed 16 primer pairs that yielded easily quantifiable genotypes when
visualized on GeneScan software. Initially, we genotyped 16 animals across all
loci. Using information from this initial genotyping, loci that revealed high polymorphism were further genotyped on a minimum of 200 animals. For all loci, the
primer sequences, number of animals genotyped at the locus, number of alleles,
type of repeat unit, and annealing temperature are listed in Table I. The loci range
in size from ∼150–420 bp, and the number of alleles across all loci range from 2 to
11. Ten of the 16 loci have pure CA repeat units, while the other six have interrupted repeat units. All interrupted repeats contained no more than one or two
nucleotides interspersed within the repeat unit. Across all loci, there is a positive
association between number of alleles and number of repeats (Spearman’s Rho =
0.67, P = 0.004). In the text below, we refer to each locus by its number only.
Table II provides population genetic and genealogical data on the seven
loci that were genotyped on a minimum of 200 individuals (loci 1, 4, 6, 8, 14,
15, and 16). This information was generated using the program CERVUS 2.0
[Marshall et al., 1998]. All loci except locus 4 conform to Hardy-Weinberg expectations using the chi-square test and the exact test [Haldane, 1954; Raymond
& Rousset, 1995]. Additionally, two measures that can be used in parentage
analysis are provided in Table II. One exclusionary power, Excl.-A, is the average probability of a locus to exclude a randomly chosen individual from parentage of an offspring given only the offspring’s genotype. Excl.-B is the average
probability of a locus to exclude a randomly chosen individual from parentage
given the offspring’s genotype and the genotype of one known parent. Total
exclusionary power refers to the combined power of all loci to exclude a random
individual from parentage of an offspring [Marshall et al., 1998]. Null allele
frequency provides a measure of the potential for a locus to possess nonamplifying alleles. A large, positive score relative to other loci indicates an excess of homozygotes, but this score does not necessarily imply that null alleles
are present [Summers & Amos, 1997]. The mean expected heterozygosity for
the population is 0.747, and the mean observed heterozygosity is 0.705. The
total exclusionary power of all seven loci when neither parent is known is 0.957,
and it is 0.996 when one parent is known.
DISCUSSION
We feel the primary factors contributing to our success in microsatellite characterization were the initial isolation of high molecular-weight DNA for subsequent digestion, the use of 3′ chain-terminators on the CA biotin-labeled probes
during the enrichment phase, and repeating the enrichment phase two times.
Six of the seven loci conformed to Hardy-Weinberg expectations when screened

Primer
P.V. 1 F
P.V. 1 R
P.V. 2 F
P.V. 2 R
P.V. 3 F
P.V. 3 R
P.V. 4 F
P.V. 4 R
P.V. 5 F
P.V. 5 R
P.V. 6 F
P.V. 6 R
P.V. 7 F
P.V. 7 R
P.V. 8 F
P.V. 8 R
P.V. 9 F
P.V. 9 R
P.V. 10 F
P.V. 10 R
P.V. 11 F
P.V. 11 R
P.V. 12 F
P.V. 12 R
P.V. 13 F
P.V. 13 R
P.V. 14 F
P.V. 14 R
P.V. 15 F
P.V. 15 R
P.V. 16 F
P.V. 16 R

Sequence (5′—> 3′)
GTTTCTTTTTCTTGCAGC
CTTCTCTGGCTTCACATC
GAAGGTAAGTTTTCTGGCAG
AGTGTTTTATCGTATGGATGC
GAAAGAAATGCTAGACCTAGAACGC
GGGATCAGGACTTCAACATACTGC
TCATTAGTGCCACGCAGTATGG
TGGAAGAACACGCTGACGACAG
CCCTTCTTCTCTCTGTGAGTGG
TTGGGTTTGCTGCTGTCCTG
CAAGTGCTAGTCTAAACCTGGGTG
CACAGAAGCCTGATGTAACAACAG
TTCTCCCACTACTGAGCGAG
TCTGGAGGGCTGGAACAAAG
CTCAAAGACATTTTCCTTCAGCC
TTTCTACTCACCCCACAGTCATTAG
TTTCCTCCTCCAGGGAGTCCAAAC
GGACATCTGCACCATTGACCTAAC
ACGACCAACCCTATCTCTTAAAC
TGTCTTAGGATTGCGTGGG
GGAAGGGATTTGGGTACACAGAGAG
CATTCGTGGAGGTCAGTTCCATC
GCCCCTAATAATTTGAGCCAC
ATCAAGCTGCTGTCCAACAAGCCC
CCTGTGTATGAATCGCAAAGGCAAG
GCAGAGAAGAGTAGGTGAAAGGAAG
GGCTCAAGACTGATGCTTCAGGTC
GTTTCCAATAGGACAATCACTGGC
CCTTCATTCCTTTTCATTTCTTGG
TTTTGTATTAGACTAAGCTGCC
TGAGGGTGGTGAGCTTTAGC
GGGCTGGGGAAAAAATATAAC

(n)

Size
(bp)

No. of
Alleles

No. of
repeats (Type)

228

156-174

10

CA-17 (pure)

54°C

16

273-289

4

CA-15 (interrupted)

58°C

16

409-423

9

CA-12 (pure)

54°C

208

296-339

7

CA-15 (interrupted)

57°C

16

266-274

5

CA-16 (pure)

55°C

258

260-278

10

CA-21 (pure)

55°C

16

253-261

4

CA-13 (pure)

55°C

241

211-227

6

CA-16 (interrupted)

53°C

16

222-226

2

CA-12 (pure)

58°C

16

237-241

3

CA-11 (interrupted)

50°C

16

334-338

3

CA-9 (interrupted)

58°C

16

334-353

6

CA-8 (interrupted)

53°C

16

229-235

4

CA-15 (pure)

57°C

241

301-325

11

CA-20 (pure)

60°C

227

247-267

11

CA-16 (pure)

50°C

243

270-293

10

CA-15 (pure)

55°C

Temp.
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TABLE I. Primer Name, Primer Sequences, Number of Animals Genotyped (n), Size in Base Pairs,
Number of Alleles, Repeat Type, and Annealing Temperature for the 16 Microsatellite Loci Used in
This Study.
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TABLE II. Population Genetic and Genealogical Information for the 7 Loci
Genotyped on a Minimum of 200 Animals.
Locus

k

Het(obs)

Het(exp)

Excl.-A

Excl.-B

Null alleles

P.V. 1
P.V. 4*
P.V. 6
P.V. 8
P.V. 14
P.V. 15
P.V. 16

10
7
10
6
11
11
10

0.706
0.659
0.729
0.618
0.722
0.749
0.749

0.753
0.768
0.781
0.628
0.734
0.750
0.814

0.367
0.367
0.401
0.219
0.348
0.365
0.453

0.550
0.546
0.581
0.382
0.532
0.546
0.629

0.0317
0.0715
0.0322
0.0095
0.0072
–0.0005
0.0416

Mean number of alleles per locus:
Mean expected heterozygosity:
Mean observed heterozygosity
Total exclusionary power (no parent known):
Total exclusionary power (one parent known):

9.29
0.747
0.705
0.957
0.996

* deviates from Hardy-Weinberg expectations.
k, number of alleles; Het(obs), observed heterozygosity; Het(exp), expected heterozygosity; Excl.-A, the exclusion probability of the locus when no parents are known; Excl.-B, the exclusion probability of the locus
when one parent is known.

on a minimum of 200 individuals (Table II). This suggests that these six loci will
be useful for estimating a variety of population-genetic parameters (e.g., population substructure) that require neutral markers. Locus 4 deviates from HardyWeinberg expectations. Several factors may account for this: linkage, selection,
pooling samples across families or age-cohorts, and/or the presence of null-alleles
(the null allele frequency was highest in locus 4, Table II).
In addition to providing estimates on genetic variability, microsatellite loci
can provide a powerful means to assess parentage and kin relations among
individuals [Luikart & England, 1999]. The method of assigning individuals to
parents with exclusion equations is a function of the number and frequency of
alleles at a locus (assuming all candidate parents are sampled). While the average exclusion probabilities with or without the genotype of a known parent
are calculated differently [Chakravarti & Li, 1983; Marshall et al., 1998], all
exclusion probabilities are generally maximized when there are numerous alleles at relatively equal frequencies at the locus [Evett & Weir, 1999]. When several unlinked loci are used, the total exclusion probability is the complement of
the product of the single-locus inclusion probabilities; that is, the total exclusion probability is 1 minus the combined probability of the set of loci to include
a random individual [Evett & Weir, 1999; Marshall et al., 1998]. Exclusion equations rely on allele frequencies, not genotype frequencies, to assign parents to
offspring [Evett & Weir, 1999]; for this reason, locus 4 can still contribute some
information to parent–offspring relationships. As Table II shows, the exclusion
probabilities for locus 4 fall within the range of the other loci, although samples
typed at this locus should be checked for the potential for null alleles. The
seven loci we have genotyped above can reliably exclude a random individual
from parentage with a probability of 95%, when the other parent is unknown.
If there is a known parent that is genotyped, the probability of reliably excluding a random individual from parentage is 99%. Overall, the above data suggest that a number of population genetic (e.g., substructure and effective
population size) and genealogical (e.g., reproductive success and kinship) parameters may be estimated from the sifaka population at Beza Mahafaly using
these loci.
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