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ABSTRACT We used microsatellite markers to characterize the population structure of Coptotermes
gestroi (Wasmann), an economically important termite species in the tropics. Eighty-five colonies
were sampled from seven countries (Malaysia, Thailand, Singapore, Indonesia, the Philippines,
Taiwan, and the United States [Hawaii]). Ten to 20 workers per colony were genotyped using eight
variable microsatellite loci. STRUCTURE analysis partitioned the 13 spatially separated populations
into four clusters. Individuals in the Peninsular Malaysia and Singapore population groups displayed
admixture clusters. There was low genetic differentiation (Fgr = 0.073) among the Peninsular Malaysia
populations, suggesting moderate gene flow among them. Comparatively, there was moderate genetic
differentiation (Fgr = 0.192) and positive correlation between genetic distance and geographic
distance among all of the 13 putative populations studied, which suggests limited gene flow among
them. There was no significant isolation by distance within the three largest populations (Penang,
Kuala Lumpur, and Singapore), presumably because humans aid the dispersal and fragmentation of
colonies in these cities. However, significant isolation by distance was found in introduced populations
(Taiwan). Population structure analysis demonstrated that C. gestroi populations in Taiwan were likely

introduced from the Philippines.
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The Asian subterranean termite, Coptotermes gestroi
(Wasmann), is a destructive species that has been
introduced from its native region in Indo-Malaya
(Scheffrahn and Su 2000, Takematsu et al. 2006) to
many parts of the world, including the New World
tropics (Brazil and Barbados), southern Mexico, the
Southeastern United States, some islands of the West
Indies, the Marquesas Islands (Pacific Ocean), Mau-
ritius and Reunion Islands (Indian Ocean) (Yeap etal.
2009a), and more recently Taiwan (Tsai and Chen
2003). It causes serious damage to buildings and struc-
tures. In southeast Asia, C. gestroi is the most important
termite species (Yudin 2002; Acda 2004; Kirton 2005;
Yeap et al. 2007, 2009a, 2010, causing approximately
$400 million per year in damage (Lee 2007). In Ma-
laysia, Thailand, and Singapore, C. gestroi accounts for
>85% of the total termite damage in buildings and
structures in urban areas (Sornnuwat et al. 1996, Lee
2002, Kirton and Azmi 2005, Lee et al. 2007).
Successful spread of invasive termite species to new
habitats mainly depends on the number of reproduc-
tives within a colony, its breeding system, modes of
colony founding and dispersal, and unicolonial char-
acteristics (Ross 1993, Chapman and Bourke 2001,
Dronnet et al. 2005, Vargo and Husseneder 2009). A
colony in insect socioecology is often regarded as an
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important unit of selection and an intermingling group
of socially cooperative individuals of a given species
(Thorne et al. 1999). A number of distinct colonies in
a particular area, each with its own nest, reproductive
organization, genetic structure, foraging range and
territory, and mechanisms for identifying colony
members and nonmembers constitutes a population
(Thorne et al. 1999, Vargo and Husseneder 2009).

Variation in the colony and population structure of
subterranean termites has been reported in numerous
studies (Clément 1986, Reilly 1986, Bulmer et al. 2001,
Clément et al. 2001, Vargo 2003, Dronnet et al. 2005,
Vargo and Husseneder 2009), and many studies con-
tinue to focus on various species to understand the
different breeding systems in native and introduced
populations. Because of its cryptic nature, little is
known about the population structure of C. gestroi,
and this makes it difficult to investigate colony and
population structure, the breeding system, and dis-
persal behavior of this species.

Polymorphic genetic markers represent an effective
tool to elucidate the details of colony organization,
population structure, and relationships among intro-
duced and native populations (Ross 2001, Vargo et al.
2003). In this study, we used polymorphic microsat-
ellite markers of C. gestroi (Armany et al. 2009, Yeap
et al. 2009b) to investigate the population genetic
structure of 85 colonies of C. gestroi collected from
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Fig. 1.

various parts of Asia. We determined the relationship
between genetic variation and geographical distribu-
tion. Finally, we discerned the gene flow among the
various populations that we studied. Understanding on
the biology and ecology of C. gestroi are essential to
provide effective management of this species.

Materials and Methods

Sites and Sample Collection. C. gestroi samples were
collected from infested buildings and trees at various
localities in Peninsular Malaysia, East Malaysia, Sin-
gapore, Thailand, Indonesia, the Philippines, Taiwan,
and Hawaii (Fig. 1). Eighty-five colonies were col-
lected from 13 spatially separated populations (Kedah,
Penang Island, Penang mainland, Kuala Lumpur, Jo-
hor, Sabah, Singapore, Thailand, Indonesia, the Phil-
ippines, Tainan, south Taiwan, and Hawaii) (Table 1).
The maximum distance between colonies that were
assigned to the putative populations was 25 km. These
populations were located at least 100 km apart or were
separated by water. Su and Scheffrahn (1988) re-
ported the maximum linear distance of Coptotermes
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formosanus Shiraki foragers to be 115 m. Therefore,
termites were sampled at a minimum distance of 0.7
km between structures and trees to ensure that each
of the collection points represented a different colony.
All termites were preserved in 100% ethanol for sub-
sequent microsatellite analysis. Voucher specimens
from each colony were deposited at the Vector Con-
trol Research Unit, School of Biological Sciences, Uni-
versiti Sains Malaysia, Penang, Malaysia.

Genotype Analysis and Marker Evaluation. Genomic
DNA of individual worker was extracted using the
CTB Tissue Extraction Kit (Intron, Seongnam-Si,
Gyeonggi-do, Korea) after grinding the whole body in
liquid nitrogen. Ten to 20 termites from each colony
were genotyped at 10 microsatellite loci that were
identified previously from C. gestroi (Yeap et al.
2009b) (Table 2). For each primer pair, forward prim-
ers were labeled and primer pairs were multiplexed
into three groups: 1) CG2, CG6, CG19, and CG21; 2)
CG23, CG26, and CG29; and 3) CG31, CG33, and
CG38. Polymerase chain reaction amplifications were
conducted according to methods described in Yeap et
al. (2009b). Amplified fluorescence-labeled products
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Table 1. Populations, locations, number of colonies, and num-
ber of C. gestroi workers that were analyzed

Region Pop N* Locale n”
Malaysia Kedah 1 Alor Setar, Pokok Sena 10
1 Alor Setar, Jalan Langgar 10
1 Alor Setar, Changloon 10
1 Alor Setar, Pulai 10
Penang 1 Minden, USM 20
Island 1 Teluk Kumbar 12
1 Island Glades 10
1 Island Glades, Solok 10
Tembaga4
1 Balik Pulau 20
1 Pulau Betong 18
1 Bayan Lepas 10
1 Bayan Baru, Lintang 10
Mashuri
1 Maybank Union St 16
1 Jalan Taylor 10
1 Jalan Vermont 12
1 2 Derai Pinang 10 15
1 Jelutong, Jalan Perusahan 14
1 34, Jalan Phuah Hin Leong 11
1 LHK IC2 10
1 5 Lorong Macang Bubuk 6 10
1 Lengkok, Kg. Jawa 16
1 Air Itam 15
1 Botanical Garden 20
1 Permatang Damai Laut 10
1 Tanjung Bunga 10
1 Batu Feringgi 10
1 Tanjung Tokong 14
Penang 1 Bukit Mertajam, Taman 10
Mainland Kaiki Bukit
1 Kulim, Taman Penaga 10
Kuala 10 Selangor, Petaling Jaya 100
Lumpur 4 Selangor, Puchong 40
4 Selangor, Subang Jaya 40
2 Selangor, Sunway Jaya 20
1 Selangor, Sunway 15
Damansara
1 Selangor, Bukit Jelutong 10
1 Selangor, Kota Kemunting 10
2 Selangor, Sungai Buloh 20
2 Shah Alam 20
2 Kuala Lumpur, Bangsar 20
Johor 1 Muar 10
1 Johor Bahru 10
Sabah 1 Kota Kinabalu, Taman 10
Fortuna
1 Kota Kinabalu, Taman 10
Somerset
Singapore Singapore 1 John Rd. 10
1 Dunean Rd. 10
1 Upper Changi Rd. 10
1 Ocean Dr. 10
1 22G Lowland Rd. 10
1 Sentosa Island 10
1 106 Yunnan Crescent 10
1 6 Pandan Valey 10
1 Pandan Rd. 10
Thailand Thailand 2 Bangkok 26
Indonesia Indonesia 1 Bogor 16
1 Cibinong 10
Philippines Philippines 3 Laguna 30
Taiwan Tainan 3  Tainan 30
South 2 Pingtung 20
Taiwan 1 Kaohshiung 10
United States Hawaii 1 Oahu 20
Total 85 950

“N, number of colonies; and n, number of C. gestroi workers that
were analyzed.
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were sent to Macrogen Inc. (Seoul, South Korea) for
fragment analysis, which was conducted using an
ABI3730 sequencer and a GeneScan-500 LIZ size stan-
dard (Applied Biosystems, Foster City, CA). Micro-
satellite allele sizes were scored using the Peak Scan-
ner v1.0 (Applied Biosystems, Foster City, CA).

The neutrality and independence of the microsat-
ellite loci were analyzed. Deviation from Hardy-
Weinberg equilibrium (HWE) for each locus and tests
for linkage disequilibrium between all pairs of loci
were conducted with the exact test using the program
GENETIC DATA ANALYSIS version 1.1 (GDA;
Lewis and Zaykin 2000) with 3,200 shufflings. Indi-
viduals within colonies are related and thus genotypes
within colonies were not independent. Therefore,
only a single individual per colony was used for these
tests. As suggested by Vargo et al. (2003), a resampling
procedure with one individual randomly selected
from every colony for a total of 20 replications was
performed.

Population Genetic Structure. Genetic relation-
ships among the population groups were investigated
using STRUCTURE program version 2.2 (Pritchard et
al. 2000). A single individual per colony from all pop-
ulations was included in the analysis to determine a
reasonable number of partitions (K) for the studied
populations to identify distinct genetic populations,
migrants, and admixed individuals. For this clustering
analysis, the admixture model and correlated allele
frequencies among populations were chosen. Twenty
runs for each K from 2 to 15 with a burn-in length and
Markov chain Monte Carlo of 20,000 each were per-
formed. The true K then was determined by compar-
ing posterior probabilities of data under different K
settings.

To assess isolation by distance within each popula-
tion group (only tested on the four largest population
groups: Penang Island, Kuala Lumpur, Singapore, and
Taiwan) and among populations, Fgr values between
pairs of colonies and between pairs of population
groups, respectively, were obtained. These values
were converted to Fgp/(1-Fgr) and correlated to the
logarithm (In) of geographical distance using Pear-
son’s correlation coefficient. The significance of the
correlation coefficients was assessed using a Mantel
test with 10,000 replications (Slatkin 1993, Rousset
1997) as implemented in the program GENEPOP on
the Web version 3.1¢ (http://genepop.curtin.edu.au/;
Raymond and Rousset 1995). Genetic differentiation
among populations was analyzed in a hierarchical
manner with the population level above the colony
level, as implemented in GENETIC DATA ANALYSIS
version 1.1 (GDA; Lewis and Zaykin 2000). The con-
fidence intervals of the Fgr among populations were
determined by bootstrapping over loci.

Results

Basic Genetic Data. Table 2 shows the allele number
and the frequency of the most common allele of the 10
variable microsatellite loci. Allele frequencies were
calculated from the entire genotype of 950 individual
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Number of alleles and frequency of the most common allele at 10 microsatellite loci for the three populations with the highest

number of alleles and for the sum of the 13 putative population groups

Penang Island pop Kuala Lumpur pop

Singapore pop Overall (13 populations)

Locus No. of Freq. off most No. of Freq. of most No. of Freq. of most No. of Freq. of most

alleles common allele alleles common allele alleles common allele alleles common allele
CG2 9 0.46 7 0.47 7 0.67 14 0.22
CG6 16 0.44 21 0.17 9 0.42 31 0.22
CG19 4 0.72 2 0.66 3 0.59 6 0.50
CG21 10 0.40 10 0.21 4 0.43 14 0.45
CG23° 2 0.82 3 0.45 2 0.82 6 0.61
CG26 8 0.25 8 0.23 4 0.69 13 0.25
CG29 15 0.17 19 0.19 9 0.33 24 0.15
CG31 2 0.81 3 0.68 3 0.79 4 0.77
CG33 10 0.33 10 0.27 8 0.3 13 0.25
CG38 5 0.65 2 0.74 2 0.58 8 0.36
Mean 9.6 9.9 5.75 15.4

“ Deviated significantly from Hardy-Weinberg equilibrium.

workers. Two loci, CG23 and CG31, showed signifi-
cant deviations from HWE in >50% of the 480 tests
performed (20 resampled data sets X 13 populations X
2 loci), and these deviations occurred frequently
across nine of the population groups. Thus, these two
loci were excluded from the analysis. Pairs of the
remaining eight loci did not show significant linkage
disequilibrium in any of the resampled datasets. Con-
sequently, the eight microsatellite loci used were con-
sidered to be independently assorting markers and
suitable for population genetic structure analysis.
Overall, there were four to ten alleles per locus, with
amean of 15 alleles per locus for the eight loci retained
for subsequent analyses. Means calculated in Table 2
were based on the eight loci used in the analyses.
Clustering Analysis. Clustering analyses performed
by the STRUCTURE program were used to study the
relationships among populations. Figure 2 shows the
assignment of a single individual from each colony into
the predefined population groups. Output posterior
probabilities (InPr[X/K]) from different batches sug-

1.00
0.80
0.60
0.40
0.20

0.00

gested K = 4 as the most appropriate configuration
according to the method of Evanno et al. (2005).
Because only one colony was sampled in Hawaii,
STRUCTURE could not assign this colony to a pop-
ulation. Colonies within Penang Island, Johor, Kuala
Lumpur, Sabah, Singapore, and Indonesia populations
displayed an admixture of clusters. In contrast, colo-
nies from Thailand, Kedah, and Penang mainland pop-
ulations were closely related, which is consistent with
their geographical location. The Malaysia population
groups and the Singapore population group showed
continuous gene flow among them. Both the Tainan
and south Taiwan populations were clustered to-
gether, whereas the Indonesian population was distant
from all others populations.

Genetic Differentiation Within and Among Popu-
lations. Results from clustering analysis showed that
colonies from Taiwan and south Taiwan were closely
related. Thus, in the assessment of isolation by dis-
tance, they were grouped together as the Taiwan pop-
ulation. Because of the small sample size for most

1

Singapore

Fig. 2. Estimated membership proportions for K = 4. Each individual is plotted in a single vertical line that is separated
into K colored segments representing the proportion of membership (Q) in each of the K clusters. Black lines separate

individuals from two different predefined populations.
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Fig.3. Relationship between pairwise estimates of Fgy/ (one - Fgr) and geographical distance of C. gestroi colonies within
each of the four largest population groups. A: Penang Island, B: Kuala Lumpur, C: Singapore, and D: Taiwan.

populations, isolation by distance was tested only for
the four largest population groups: Penang Island,
Kuala Lumpur, Singapore, and Taiwan. The correla-
tion coefficients were not significant for Penang Island
(r = —0.05, P = 0.46); Kuala Lumpur (r = 0.02, P =
0.34); and Singapore (r = 0.16, P = 0.25) (Fig. 3A-C),
but they were significant in Taiwan (r = 0.49, P = 0.03)
(Fig. 3D).

On a larger scale, there was significant isolation by
distance in the Malaysia populations (Fig. 4A; Mantel
test: n = 6, r = 0.674, P = 0.019) and in populations
across Asia (Fig. 4B; Mantel test: n = 13, = 0.6563, P =
0.020).

Genetic differentiation was lower among the pop-
ulations in Peninsular Malaysia (Fgp = 0.073, 95%
CIs = 0.053-0.092) than when Sabah was added
(Fsr = 0082, 95% ClIs = 0.062-0.101), indicating
higher gene flow among the Peninsular Malaysian
populations than with East Malaysia (Sabah). Moder-
ate gene flow among the 13 putative population groups
(Fgt = 0.166, 95% CIs = 0.126-0.202) may be because
populations that were separated by great distances
(i.e., Malaysia and Hawaii, geographic distance
range ~ 11,140 km).

Discussion

Colonies in Taiwan populations showed significant
isolation by distance, which suggested that there is pop-
ulation viscosity within these populations. This result was
in contrast with findings for C. formosanus in Japan; New
Orleans, LA; and Oahu, HI, which suggested a general
lack of strong population viscosity in introduced popu-
lations (Vargo et al. 2003). Most introduced populations
have low genetic diversity (Vargo et al. 2003, 2006, Huss-
eneder et al. 2006). These two populations also exhibited
low genetic variability, with a maximum of three alleles
per locus. Similar results of reduced genetic variation in
introduced populations compared with native popula-
tions were found in French populations of R. flavipes and
C. formosanus (Vargo 2003, Vargo et al. 2003, Dronnet et
al. 2005, Husseneder et al. 2005). Based on the histogram
generated by STRUCTURE (Fig. 2), the phylogenetic
relationship among C. gestroi in southern Taiwan, the
Philippines, and Hawaii (Yeap et al. 2009a) , geographical
location, and the extensive trade between countries, it is
likely that C. gestroi was introduced into Taiwan from a
single introduction from the Philippines that likely orig-
inated from the same population source.
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Fig. 4. Relationship between pairwise estimates of Fgy/
(one - Fgr) and geographical distance among C. gestroi popu-
lations. The correlation coefficients were significant for A:
among Malaysia populations and B: all 13 populations in the
study.

When we examined the Penang Island, Kuala Lum-
pur, and Singapore populations, there was no signifi-
cant isolation by distance among colonies at the spatial
scale studied in either population. This was further
supported by the high number of alleles in both pop-
ulations, suggesting human aid transportation is high
in the cities.

We found low levels of genetic differentiation
among the Malaysian population groups (Fgr = 0.082)
and among population groups in Peninsular Malaysia
(Fgt = 0.073), but they exhibited a positive correlation
with geographic distance. This indicates that gene
flow in C. gestroi is considerably high at large spatial
scales (ranging from 100 to 600 km) and even more
extensive at smaller spatial scales. Jenkins et al. (1999)
reported weak differentiation in R. flavipes (Kollar)
across the state of Georgia. In contrast, in populations
of C. formosanus from Japan, distances of =100 km
over land or water are sufficient to warrant a certain
degree of genetic differentiation among populations
(Fst=0.12) (Vargo etal. 2003). At larger spatial scales
ranging from 100 km (between Kedah and Penang) to
11,200 km (between Penang and Hawaii), a greater
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degree of genetic differentiation was detected (Fgp =
0.19). Genetic exchange through natural dispersal may
be impossible for populations that are too far apart.
Thus, the most likely route of migrants connecting the
populations is the occasional transportation of in-
fested materials by humans.

The results of this study provide some basic infor-
mation about the genetic structure of C. gestroi. Fur-
ther studies with more complete colony census data,
termite sampling at a finer scale, and more colonies in
the population groups across a wider geographic area
would be required for a better understanding of the
variation of the breeding system and the extent and
direction of gene flow among populations. The diverse
and flexible breeding system may enable C. gestroi to
successfully invade new or marginal habitats, thus
facilitating the expansion of this species worldwide.
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