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ABSTRACT The fungus- growing termite, Macrotermes gilvus (Hagen), an indigenous species from
Southeast Asia distributed from Myanmar to Indonesia and the Philippines, offers great potential as
an ecological model system to elucidate the effects of geography on gene ßow within this region. We
used next generation sequencing (Roche 454 pyrosequencing) to identify microsatellite markers from
the genomic DNA of M. gilvus. A modest sequencing volume generated 34,122 reads, with 1,212 (3.6%)
reads contains microsatellites with di-, tri-, tetra-, penta-, and hexa-nucleotide repeat motifs. Thirtyseven loci were selected for primer development and tested for polymorphism across 22 colonies of
M. gilvus. Eleven loci were found to be polymorphic with 2Ð 4 alleles per locus. Observed and expected
heterozygosities ranged between 0.091Ð 0.727 and 0.090 Ð 0.540, respectively. Cross taxa ampliÞcation
was successful across a panel of four related termite species and four multiplex groups were designed
for future population genetic studies. These markers will open new avenues for the study of phylogeography and population genetics of this fungus-growing termite. This study also has effectively
demonstrated the use of 454 pyrosequencing for the rapid development of informative microsatellite
markers from a termite genome.
KEY WORDS microsatellite, 454 pyrosequencing, next generation sequencing, termite, Macrotermes
gilvus

Macrotermes gilvus (Hagen) is a common fungusgrowing termite that is indigenous to Southeast Asia
(SEA) from Myanmar, Thailand, Vietnam, and Peninsular Malaysia to Indonesia, Borneo, and the Philippines (Snyder 1949, Roonwal 1970, Thapa 1982, Tho
1992). It is regarded as a pest of economic importance
as it damages wooden structures and often is responsible for secondary reinfestation in premises previously infested by other termite species (Roonwal
1970, Lee 2002, Lee et al. 2007). Despite the fact that
it is widely distributed in this region, few studies have
been made on this species. Most of the previous studies on M. gilvus focused on biological and fundamental
ecological aspects such as mound structures, role of
fungal symbionts in lignin degradation, foraging territories, ßight activity, and caste developmental pathway (Inoue et al. 1997; Hyodo et al. 2000; Acda 2004;
Neoh and Lee 2009a,b). Thus, there has been a lack of
information on the molecular ecology and population
biology of this species. The use of genetic and molecular markers will aid and enable more accurate de1 Urban Entomology Laboratory, Vector Control Research Unit,
School of Biological Sciences, 11800 Penang, Malaysia.
2 Department of Entomology and W.M. Keck Center for Behavioral
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termination of its population dynamics and genetic
structure. Large spatial distribution, encompassing
mainland SEA and geographically fragmented island
populations together with its limited natural dispersal
ability, make M. gilvus a good subject to investigate the
effects of vicariance events on the genetic structure,
population biology, and biogeography of terrestrial
fauna in this region.
Microsatellite DNA, widely distributed in the genome of prokaryotes and eukaryotes (Field and Wills
1998, Schlotterer 2000), has been used repeatedly in
studies of genetic diversity, population genetic structure, genomic mapping, and phylogeography (Sunnucks 2000, Zhang and Hewitt 2003). High levels of
polymorphism, reproducibility, and codominance
make microsatellites one of the most powerful molecular markers for Þne scale studies of the population
genetic structure, and thus are likely to be ideal for
studies of genetic structure of M. gilvus.
Next generation sequencing, such as the Roche 454
GS-FLX Titanium pyrosequencing platform, holds a
great promise for the isolation of microsatellite markers from the genome of model and nonmodel species
with no prior reference genome available (Margulies
et al. 2005, Malausa et al. 2011). There are many advantages to using 454 pyrosequencing over traditional
enrichment procedures in isolating microsatellite
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markers because of high throughput, relatively low
cost, quick time, and low labor requirements (Rothberg and Leamon 2008). There is a growing list of
publications describing the isolation of microsatellite
markers from insect genomic DNA through the use of
454 pyrosequencing, including Hemiptera (Perry and
Rowe 2011); Hymenoptera (Santana et al. 2009); Diptera (Rasmussen and Noor 2009, Copeland et al. 2011,
in press; and Coleoptera (Smith et al. 2011). However,
this technique has not been used to isolate microsatellite markers from the Blattodea (including termites). Thus, the objectives of this study were to
isolate and characterize polymorphic microsatellite
loci from M. gilvus, conduct a preliminary assessment
of genetic diversity, and to test the utility of the developed loci across a panel of related termite species
via cross ampliÞcation. Our results provide valuable
new microsatellite markers for a number of higher
subterranean termites in SEA.
Materials and Methods
Sample Preparation and 454 Pyrosequencing. M.
gilvus worker termites were collected from 22 colonies
in suburban environments within the state of Sarawak,
East Malaysia and stored in 95% ethanol. Voucher
specimens have been deposited in Vector Control
Research Unit, Universiti Sains Malaysia (Penang, Malaysia). Total genomic DNA was extracted from the
whole body of one worker termite from each colony
by using CTB Tissue Extraction Kit protocol (Intron,
Seongnam-Si, Gyeonggi-do, Korea) after being pulverized in liquid nitrogen. DNA quality was assessed
by spectrophotometric absorbance (BioSpec-nano,
Shimadzu, Columbia, MD) and electrophoresis on
0.8% agarose gel.
In total, ⬇2 g of gDNA extracted from a single
individual termite was used for 1/16th of a 70-mm by
75-mm Titanium PicoTiter plate of sequencing on a
Roche 454 GS FLX sequencer with titanium chemistry
at the Genome Sequencing and Analysis Core Facility,
Duke University (Durham, NC). Sample preparation
and analytical processing of sequence reads were performed according to manufacturerÕs protocol for the
Titanium series. The techniques we used are described in more detail in Margulies et al. (2005).
Microsatellite Detection and Primer Design. The
program Msatcommander version 0.8.2 (Faircloth
2008) was used to detect reads containing microsatellite repeats. The search criteria were set to a minimum of six repeats of di- to hexa-nucleotides with
perfect repeat motifs. Of the repeats identiÞed, subsets of tri- and tetra-nucleotides with at least eight and
six perfect repeat motifs respectively were selected.
The selection was made on the basis that tri- and
tetra-nucleotides generally are easier to score than
dinucleotide, because of a reduced amount of strand
slippage (Weber et al. 1993), reducing the likelihood
of stutter bands and scoring error.
Primer3 version 0.4.0 (Rozen and Skaletsky 2000),
incorporated within the Msatcommander software,
was used to design a subset of primer pairs that Þt the
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following stringent criteria: 1) ampliÞcation product
size range of 100⫺350 bp, 2) maximum of four bases
homopolymer stretch at ßanking region, 3) optimal
GC content of 50%, 4) annealing temperature of
primer pairs ranging between 57⬚C and 61⬚C, 5)
primer length ranging between 18 and 23bp, and 6)
low levels of primer complementarity Þxed at maximum local alignment score of 5.0 and maximum allowable 3⬘ anchored global alignment score of 3.0.
Testing Markers. Thirty-seven primer pairs were
selected for preliminary tests of polymorphism across
seven individual termites from different localities
(Malaysia, Indonesia, Thailand, the Philippines). The
M13 forward sequencing primer (CACGACGTTGTAAAACGAC) was incorporated into the 5⬘end of
each forward primer by using the methods of Oetting
et al. (1995). Infrared dye-labeled primers (IRDye
800CW/IRDye 700CW) were included in the polymerase chain reaction (PCR), yielding a product detectable on a LI-COR 4300 dual laser DNA Analyzer
(model 4300, LI-COR Bioscience, Lincoln, NE).
Primer pair optimization and sample preparation for
analysis on LI-COR 4300 was carried out by using PCR
conditions and methodologies described by Booth et
al. (2008) with annealing temperature ranging between 57 and 59⬚C. Primer pairs that produced scorable, unambiguous PCR products of the expected size,
and that demonstrated allelic variation were selected
for further testing.
The resulting polymorphic loci were evaluated
across a total of 22 individual termites by using forward
or reverse primers labeled with the ßuorescent dyes
6-FAM, HEX, TAMRA-S, and ROX performed in a
multiplex PCR volume of 12.5 l containing ⬇50 Ð100
ng of genomic DNA; 1 X Master Mix (Type-It Microsatellite PCR kit, Qiagen, Venlo, Netherlands); 0.10
M of forward and reverse primers; and sdH20 added
up to Þnal volume. AmpliÞcation was carried out on a
thermal cycler (model PTC200, MJ Research, Inc.,
Waltham, MA) with initial denaturing at 95⬚C for 5
min, followed by 35 cycles of denaturation step at 95⬚C
for 30 s, annealing ranging between 57 and 59⬚C for
90 s, and extension at 72⬚C for 1 min, followed by a Þnal
extension of 72⬚C for 30 min. PCR amplicons were
electrophoresed on a 3130 Genetic Analyzer (Applied
Biosystems, Inc., Foster City, CA), with allelic size
determined using 500LIZ as an internal size standard
and PeakScanner software version1.0 (Applied Biosystems, Inc., Foster City, CA).
Data Analysis. We used the software Arlequin version 3.5.1.2 (ExcofÞer and Lischer 2010) to determine
departures from HardyÐWeinberg equilibrium, observed and expected heterozygosity (HO and HE),
allelic diversity, gene diversity, number of alleles per
locus, number of polymorphic loci and linkage disequilibrium among all pairs of loci. Evidence for large
allelic drop out, scoring error because of stutter, and
null alleles was determined using Microchecker version 2.2.3 (van Oosterhout et al. 2004).
Cross Taxa Amplification. To test the transferability
of the developed microsatellite loci across the genomes of related taxa, a panel of four higher termite
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Fig. 1. Number of loci with microsatellite repeats (gray
and black), and the number of these loci with suitable ßanking regions for primer design (black) isolated from M. gilvus.

species, M. carbonarius (Hagen), M. barneyi Light, M.
malaccensis (Haviland), and Globitermes sulphureus
(Haviland), were tested for cross ampliÞcation by
using the PCR conditions described in the testing
markers. PCR amplicons then were electrophoresed
on a 2% agarose gel and bands were detected under UV
illumination.
Results and Discussion
454 Pyrosequencing. In total, 34,122 sequence reads
were generated by the 454 pyrosequencing with a
mean length of 357 bp and median length of 392 bp.
The search using Msatcommander yielded 1,212 sequences containing microsatellite repeat motifs with
715 di- (59.0%), 258 tri- (21.3%), 201 tetra- (16.6%), 36
penta- (3.0%), and two hexa-nucleotide repeats
(0.2%), a trend similar to that found in various other
invertebrates for whom microsatellite loci were identiÞed using 454 pyrosequencing (see Gardner et al.
2011). Of the 151 primer pairs suitable for primer
design (tri- and tetra- repeats only with sufÞcient
ßanking region), 37 primer pairs successfully were
developed (20 tri- and 17 tetra-nucleotides) by using
the stringent criteria set in PRIMER 3. The proportion
of loci with perfect repeat motifs and the number of
loci with suitable ßanking region for primer design are
displayed in Fig. 1.
The frequency of Þnding microsatellites within the
M. gilvus genome by using high throughput 454 technology is 3.6% of which 274 sequences (22.6%) contained suitable ßanking sites for primer design. Although the most commonly found repeat motif was
dinucleotide, only 16.5% of the 715 sequences had
suitable ßanking regions for primer design in contrast
to trinucleotide repeats with nearly triple the percentage (42.6% of 258 sequences) with suitable ßanking regions, followed by tetranucleotide motifs (20.4%
of 201 sequences) (Fig. 1). This result is in accordance
with the Þndings of Gardner et al. 2011 and Copeland
et al. 2011, who reported that trinucleotide repeats
have the highest proportion of all microsatellite motifs
suitable for primer design among the invertebrates.
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Genetic Analysis. Of the 37 developed primer pairs,
20 loci produced reliable, unambiguous ampliÞcations
within expected allele size, of which 15 loci showed
allelic variation, whereas Þve loci were monomorphic
when tested across individuals from multiple populations (preliminary test result by using the Li-Cor
4300). When evaluated within a single population
(Sarawak), 11 loci were found to be polymorphic with
2Ð 4 alleles per locus (mean equals 2.9 alleles per locus) (Table 1). Observed heterozygosities ranged
from 0.09 to 0.64 and expected heterozygosities from
0.09 to 0.54. We did not detect any evidence of scoring
error because of stutter or large allelic drop out. There
were no signiÞcant departures from HardyÐWeinberg
equilibrium across all loci (P ⬎ 0.05) after Bonferroni
correction for multiple comparisons (Table 1). We did
not Þnd any signiÞcant linkage disequilibrium between any pairs of loci. There was no evidence of null
alleles for any of the loci tested. For future use in
population genetic studies, we designed four multiplex groups for these 11 polymorphic primer pairs as
follows: G1 (Mg1, Mg2, Mg30); G2 (Mg3, Mg7, Mg5);
G3 (Mg8, Mg11); and G4 (Mg34, Mg37, Mg18).
The single population studied displayed a fairly low
level of genetic diversity (allelic diversity, A ⫽ 2.9
alleles per locus and gene diversity, h [Nei 1973] ⫽
0.30) compared with other studies of insect populations using microsatellite data: h ⫽ 0.58, A ⫽ 6.1 in a
water strider (Perry and Rowe 2011); h ⫽ 0.68, A ⫽ 7.2
in an ambrosia beetle (Smith et al. 2011); h ⫽ 0.60, A ⫽
4.7 in a drywood termite (Booth et al. 2008); h ⫽ 0.36,
A ⫽ 5.5 in the cat ßea (Husseneder et al. 2010); and
h ⫽ 0.65, A ⫽ 6.1 in a lower subterranean termite
(Vargo 2000). It remains unclear why the population
studied here showed such low genetic diversity; however, a genetic bottleneck because of either historical
events or contemporary processes may explain this
result (Freeland 2005). It is worth noting that the
population studied was sampled from the island of
Borneo, which separated from continental Asia
⬇20,000 yr ago after the Sunda shelf (land bridge) was
ßooded with rising sea water at the end of Last Glacial
Maximum. This event created a physical barrier that
likely restricted gene ßow between the island and the
mainland. Testing this hypothesis will require knowledge of the genetic diversity of M. gilvus populations
from mainland Asia. Hence, this preliminary study
warrants further investigation of these microsatellite
loci across different populations in the region.
SEA is one of the most intriguing areas of the earth
from the geological and biological viewpoint. It includes areas with the highest global rate of plate convergence and separation involving subduction of tectonic plates and collisions between island arcs,
between island arcs and continents, and between continental fragments (Hall 1998). These intense geological processes coupled with other more subtle geologically related forces such as links between tectonics
and sea levels, the rise of mountains and global or local
climate, and closure of seaways and oceanic circulation has inßuenced the biogeographic patterns of ßora
and fauna in the region in unique ways (Hall 2001),
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Table 1. Characteristics of 11 polymorphic microsatellite loci in the fungus-growing termite, Macrotermes gilvus, isolated using 454
pyrosequencing
Locus

Repeat
motif

Mg 18

(GAT)8

Mg 34

(AACT)6

Mg 2

(ATC)8

Mg 1

(AAT)9

Mg 30

(AAGT)13

Mg 37

(ACTT)11

Mg 3

(AAT)8

Mg 7

(ATT)8

Mg 5

(AAT)9

Mg 11

(ATT)9

Mg 8

(AAT)11

Primer sequence (5⬘Ð3⬘)

Ta (⬚C)

N

NA

Expected allele
size (bp)

HO

HE

PHWE

F:GGAAGAGGCTGTGGACCTG
R:GTGCGTGCGTGATATTTAAACG
F:TACCCGTAGCCAGAAACGC
R:CCTGGTTCTGGGTGAGGAC
F:GCATCATCAGTGAGAAAGGTTTG
R:TGAGACAGCAGGTTCCTTTG
F:TTCCGCTTACTTCTGCACAC
R:TTGTGACCCCGTAAGTCTGA
F:GCTGCAAAACCAGTTAGCTTC
R:TTGACTCGTTACACAATCCGTA
F:TTTGGCACCTGTTCGTACC
R:AGGACTACTGCCACAGAGC
F:TAGATAGGGGTGGGTGGTCA
R:CCGAAAGGCGACTTATGAAA
F:CGAATATTTGCATCCTGGAA
R:AGCCCGTAGCAGGTCTCTAT
F:AAGCGATCTTGAACGTCTCTC
R:GCACATTTCTTAGCCCTGGT
F:CCTCCCATTGGTATAAAGGCAC
R:GGATAGGGACAGGTGGCG
F:CGTTGCCTCGTTCCACTAAC
R:ACGTCGTAGAACTCAGCGG

58.5

22

4

184

0.363

0.325

1.000

58.5

22

3

328

0.091

0.090

1.000

58.5

22

4

185

0.636

0.538

0.017

58.5

22

4

272

0.318

0.285

1.000

58.5

22

2

227

0.091

0.089

1.000

58.5

22

3

196

0.363

0.540

0.088

58.5

22

3

158

0.091

0.090

1.000

58.5

22

2

226

0.545

0.444

0.360

58.5

22

2

154

0.227

0.206

1.000

57.0

22

2

201

0.227

0.206

1.000

57.0

22

3

193

0.727

0.489

0.017

GenBank
accession no.

Ta, Primer annealing temperature ; N, sample size for genetic analysis; NA, number of alleles; HO, observed heterozygosity, HE, expected
heterozygosity; PHWE, HardyÐWeinberg equilibrium value.
Primer sequence and GenBank accession numbers of the four other monomorphic loci can be obtained from Supplemental Material (Table S1).

making this region one of the most biologically diverse
areas of the world. Thus, the development of sensitive
molecular marker such as microsatellites for M. gilvus
is essentially useful in understanding patterns of speciation and genetic differentiation of fauna in this
region.
The microsatellites developed here should provide
important tools for the study of the molecular ecology
of Asian termites. To date, microsatellites have been
developed for 15 termite species belonging to Þve
families, of which there are only Þve termitids, and
none are from Asia (Yeap et al. 2009, Vargo and Husseneder 2011). There are only three species from Asia
for which microsatellites have been developed, and
they are all rhinotermitids; Coptotermes formosanus
Shiraki (Vargo and Henderson 2000), C. gestroi (Wasmann) (Yeap et al. 2009), and Reticultermes speratus
(Kolbe) (Hayashi et al. 2002). Furthermore, we attempted to use microsatellites developed for the congeneric African species, M. michaelseni (Sjöstedt)
(Kaib et al. 2000), but found these to be monomorphic
in M. gilvus and thus unsuitable for population genetic
analysis of this species.
Species Cross Amplification of Loci. Thus, this study
not only provides valuable informative microsatellite
loci for M. gilvus but also a subset of usable microsatellite loci that cross ampliÞes in other termitids of
Asian origin. Cross ampliÞcation generally was successful on all four of the termite species tested (see
Table 2). Only one of the 11 loci tested showed no
positive PCR ampliÞcation of expected allele size
across all taxa. Six loci displayed successful ampliÞcation with a single product of appropriate size across
the whole panel of termites. Loci that produced multiple bands, with at least one band within the expected

allele sizes require further investigation to determine
if they represent the sequenced microsatellites and
whether are variable in each species.
The developed microsatellite loci also should prove
useful in clarifying the taxonomic status of M. gilvus in
the region. To date, there are eight forms or variants
of M. gilvus have been described from SEA, of which
a few have been designated as subspecies based on
very brief morphological characters and localities
(Snyder 1949). A recent biometric analysis based on
13 morphological characters poorly discriminated the
various forms of M. gilvus into distinctive groups
(G.V.S. et al., unpublished data). The sensitivity of
these microsatellite markers thus should be helpful in
revealing the taxonomic status of this species and to
further understand its phylogeography in SEA.

Table 2. Cross amplification of 11 polymorphic microsatellite
loci in four species related to M. gilvus
Locus M. carbonarius M. malaccensis M. barneyi G. sulphureus
Mg18
Mg 34
Mg 2
Mg 1
Mg 30
Mg 37
Mg 3
Mg 7
Mg 5
Mg 11
Mg 8

⫹
⫺
⫹
⫹
⫹
⫺
⫹
⫹
#
⫹
⫹

⫹
⫺
⫹
⫹
#
#
⫹
⫹
⫹
⫹
⫹

⫹
⫺
⫹
⫹
⫹
⫹
⫹
⫹
#
⫹
⫹

⫹
⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫺
#
⫹

⫹, positive ampliÞcation with a single band within the expected
allele size; #, positive ampliÞcation with multiple bands, with at least
one band within expected allele size; ⫺, no ampliÞcation of the
expected allele size.
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In conclusion, 454 pyrosequencing technology
proved to be a powerful tool for isolating microsatellite markers from the M. gilvus genome, in which a
previous attempt by using a traditional enrichment
procedure failed to produce functional polymorphic
microsatellite loci (G.V.S. et al., unpublished data).
Fifteen polymorphic loci were developed successfully, of which 11 loci were polymorphic within a
single population. We found low levels of genetic
diversity in the studied population, but the reasons for
this are not clear and require further study. We were
successful in obtaining cross species ampliÞcation,
suggesting the loci may be of use in population genetic
studies of related taxa. Our results also provide a valuable database with over 200 sequences containing suitable ßanking regions for development of additional
microsatellite loci which are available upon request
from the authors. The successful isolation of polymorphic loci from M. gilvus opens new avenues for future
studies of the phylogeography and genetic structure of
this species in SEA.

Acknowledgments
We thank Paul Labadie (North Carolina State University),
F. K. Foo, and Wan Nurainie Ismail (Universiti Sains Malaysia) for valuable technical assistances. We also thank Universiti Sains Malaysia (USM Postgraduate Research Scheme
USM-RU-PRGS) and Bayer Environmental Science (Singapore) for funding this project. G. Veera Singham is supported
under a Ph.D. scholarship provided by the USM Fellowship
Scheme.

References Cited
Acda, N. M. 2004. Foraging populations and territories of
the tropical subterranean termite Macrotermes gilvus
(Isoptera: Macrotermitinae). Sociobiology 43: 169Ð177.
Booth, W., V. R. Lewis, R. L. Taylor, C. Schal, and E. L. Vargo.
2008. IdentiÞcation and characterization of 15 polymorphic microsatellite loci in the western drywood termite,
Incisitermes minor (Hagen). Mol. Ecol. Resour. 8: 1102Ð
1104.
Copeland, R. S., A. H. Kirk-Spriggs, S. Muteti, W. Booth, and
B. Weigmann. 2011. Rediscovery of the “terrible hairy
ßy”, Mormotomyia hirsute Austen (Diptera: Mormotomyiidae) in eastern Kenya, with notes on biology, natural
history, and genetic variation of the Ukasi Hill population.
Afr. Invertebr. 52: 363Ð390.
Excoffier, L., and H.E.L. Lischer. 2010. Arlequin suite ver
3.5: a new series of programs to perform population genetics analyses under Linux and Windows. Mol. Ecol.
Resour. 10: 564 Ð567.
Faircloth, B. C. 2008. Msatcommander: detection of microsatellite repeat arrays and automated, locus-speciÞc
primer design. Mol. Ecol. Resour. 8: 92Ð94.
Field, D., and C. Wills. 1998. Abundant microsatellite polymorphism in Saccharomyces cerevisiae, and the different
distributions of microsatellites in eight prokaryotes and S.
cerevisiae, result from strong mutation pressures and a
variety of selective forces. Proc. Natl. Acad. Sci. U.S.A. 95:
1647Ð1652.
Freeland, J. R. 2005. Molecular ecology. Wiley Ltd., Chichester, West Sussex, United Kingdom.

Vol. 41, no. 2

Gardner, M. G., A. J. Fitch, T. Bertozzis, and A. J. Lowe. 2011.
Rise of the machines Ð recommendations for ecologists
when using next generation sequencing for microsatellite
development. Mol. Ecol. Resour. 11: 1093Ð1101.
Hall, R. 1998. The plate tectonics of Cenozoic SE Asia and
the distribution of land and sea, pp. 99 Ð131. In R. Hall and
J. D. Holloway (eds.), Biogeography and geological evolution of SE Asia. Backhuys Publishers, Leiden, The Netherlands.
Hall, R. 2001. Cenozoic reconstructions of SE Asia and the
SW PaciÞc: changing patterns of land and sea, pp. 35Ð56.
In I. Metcalfe, J.M.B. Smith, M. Morwood, and I. D. Davidson (eds.), Faunal and ßoral migrations and evolution
in SE AsiaÐAustralasia. A. A. Balkema, Swets and
Zeitlinger Publishers, Lisse, The Netherlands.
Hayashi, Y., O. Kitade, and J.-I. Kojima. 2002. Microsatellite
loci in the Japanese subterranean termite, Reticulitermes
speratus. Mol. Ecol. Notes 2: 518 Ð520.
Husseneder, C., S. P. Garner, L. D. Foil, and K. R. Macaluso.
2010. Development of microsatellites for genetic analyses and population assignment of the cat ßea (Siphonaptera: Pulicidae). J. Med. Entomol. 47: 1028 Ð1033.
Hyodo, F., T. Inoue, J. I. Azuma, I. Tayasu, and T. Abe. 2000.
Role of the mutualistic fungus in lignin degradation in the
fungus-growing termite Macrotermes gilvus (Isoptera;
Macrotermitinae). Soil Biol. Biochem. 32: 653Ð 658.
Inoue, T., P. Vijarnsorn, and T. Abe. 1997. Mound structure
of the fungus-growing termite Macrotermes gilvus in Thailand. J. Trop. Ecol. 13: 115Ð124.
Kaib, M., M. Hacker, I. Over, C. Hardt, J.J.T. Epplen, R.K.N.
Bagine, and R. Brandl. 2000. Microsatellite loci in Macrotermes michaelseni (Isoptera: Termitidae). Mol. Ecol. 9:
502Ð504.
Lee, C. Y. 2002. Subterranean termite pests and their control in the urban environment in Malaysia. 2002. Sociobiology 40: 3Ð9.
Lee, C. Y., C. Vongkaluang, and M. Lenz. 2007. Challenges
to subterranean termite management of multi-genera faunas in Southeast Asia and Australia. Sociobiology 50: 213Ð
221.
Malausa, T., A. Gilles, E. Meglecz, H. Blanquart, S. Duthoy,
C. Costedoat, V. Dubut, N. Pech, P. Castagnone-sereno, C.
Delye, et al. 2011. High-throughput microsatellite isolation through 454 GS-FLX titanium pyrosequencing of
enriched DNA libraries. Mol. Ecol. Resour. 11: 638 Ð 644.
Margulies, M., M. Egholm, W. E. Altman, S. Attiya, J. S.
Bader, L. A. Bemben, J. Berka, M. S. Braverman, Y. J.
Chen, Z. Chen, et al. 2005. Genome sequencing in microfabricated high-density picolitre reactors. Nature 437:
376 Ð380.
Nei, M. 1973. Analysis of gene diversity in subdivided populations. Proc. Natl. Acad. Sci. U.S.A. 70: 3321Ð3323.
Neoh, K. B., and C. Y. Lee. 2009a. Developmental stages and
castes of two sympatric subterranean termites Macrotermes gilvus (Hagen) and Macrotermes carbonarius
(Hagen) (Blattodea: Termitidae). Ann. Entomol. Soc.
Am. 102: 1091Ð1098.
Neoh, K. B., and C. Y. Lee. 2009b. Flight activity of two
sympatric termite species, Macrotermes gilvus (Hagen)
and M. carbonarius (Hagen) (Blattodea: Termitidae). Environ. Entomol. 38: 1697Ð1706.
Oetting, W. S., H. K. Lee, D. J. Flanders, G. L. Wiesner, T. A.
Sellers, and R. A. King. 1995. Linkage analysis with multiplexed short tandem repeat polymorphisms using infrared ßuorescence and M13 tailed primers. Genomics 30:
450 Ð 458.

April 2012

VEERA SINGHAM ET AL.: DEVELOPMENT OF MICROSATELLITES FOR M. gilvus

Perry, J. C., and L. Rowe. 2011. Rapid microsatellite development for water striders by next-generation sequencing.
J. Hered. 102: 125Ð129.
Rasmussen, D. A., and M.A.F. Noor. 2009. What can you do
with 0.1 genome coverage? A case study based on a
genome survey of the scuttle ßy Megaselia scalaris (Phoridae). BMC Genomics 10: 382Ð390.
Roonwal, M. L. 1970. Termites of the oriental region, pp.
315Ð384. In K. Krishna and F. M. Weesner (eds.), Biology
of termites, vol. 2. Academic, NY.
Rothberg, J. M., and J. Leamon. 2008. The development and
impact of 454 sequencing. Nat. Biotechnol. 26: 1117Ð1124.
Rozen, S., and H. J. Skaletsky. 2000. Primer3 on the WWW
for general users and for biologist programmers, pp. 365Ð
386. In S. Krawetz and S. Misener (eds.), Bioinformatics
methods and protocols: methods in molecular biology.
Humana Press, Totowa, NJ.
Santana, Q. C., M.P.A. Coetzee, E. T. Steenkamp, O. X.
Mlonyeni, G.N.A. Hammond, M. J. Wingfield, and B. D.
Wingfield. 2009. Microsatellite discovery by deep sequencing of enriched genomic libraries. BioTechniques
46: 217Ð223.
Schlotterer, C. 2000. Evolutionary dynamics of microsatellite DNA. Chromosoma 109: 365Ð371.
Smith, S., T. Joss, and A. Stow. 2011. Successful development of microsatellite markers in a challenging species:
the horizontal borer Austroplatypus incompertus (Coleoptera: Curculionidae). Bull. Entomol. Res. 101: 551Ð
555.
Snyder, T. E. 1949. Catalog of the termites (Isoptera) of the
world. Smithson. Mis. Coll. 112: 1Ð 490.
Sunnucks, P. 2000. EfÞcient genetic markers for population
biology. Trends Ecol. Evol. 15: 199 Ð203.
Thapa, R. S. 1982. Termites of Sabah (East Malaysia). Sabah
Forest Dep., Sandakan, Sabah.

431

Tho, Y. P. 1992. Termites of Peninsular Malaysia. Forest
Research Institute Malaysia, Kepong, Malaysia.
van Oosterhout, C., W. F. Hutchinson, D.P.M. Wills, and P.
Shipley. 2004. MICROCHECKER: software for identifying and correcting genotyping errors in microsatellite
data. Mol Ecol Notes 4: 535Ð538.
Vargo, E. L. 2000. Polymorphism at trinucleotide microsatellite loci in subterranean termite Reticultermes flavipes.
Mol. Ecol. 9: 817Ð 829.
Vargo, E. L., and G. Henderson. 2000. IdentiÞcation of polymorphic microsatellite loci in the Formosan subterranean
termite Coptotermes formosanus Shiraki. Mol. Ecol. 9:
1935Ð1938.
Vargo, E. L., and C. Husseneder. 2011. Genetic structure of
termite colonies and populations, pp. 321Ð347. In D. E.
Bignell, Y. Roisin, and N. Lo (eds.), Biology of termites:
a modern synthesis. Springer Science⫹Business Media,
NY.
Weber, J. L., Z. Y. Wang, K. Hansen, M. Stephenson, C.
Kappel, S. Salzman, P. J. Wilkie, B. Keats, N. C. Dracopoli,
B. F. Brandriff, and A. S. Olsen. 1993. Evidence for meiotic recombination interference obtained through construction of a short tandem repeat-polymorphism linkage
map of chromosome -19. Am. J. Hum. Genet. 53: 1079 Ð
1095.
Yeap, B. K., A. S. Othman, and C. Y. Lee. 2009. IdentiÞcation
of polymorphic microsatellite markers for the Asian subterranean termite Coptotermes gestroi (Wasmann) (Blattodea: Rhinotermitidae). (http://tomato.biol.trinity.
edu/manuscripts/9 Ð 6/mer-09 Ð 0192.pdf).
Zhang, D. X., and G. M. Hewitt. 2003. Nuclear DNA analyses in genetic studies of population: practice, problems,
and prospects. Mol. Ecol. 12: 563Ð584.
Received 13 September 2011; accepted 8 November 2011.

