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Abstract. Termites (Isoptera) comprise a large and important group of eusocial insects, yet, in contrast to the eusocial
Hymenoptera (ants, bees, wasps), the breeding systems of termites remain poorly understood. In this study, I inferred
the breeding system of the subterranean termite Reticulitermes flavipes based on colony and population genetic structure
as determined from microsatellite and mitochondrial DNA markers. Termites were sampled from natural wood debris
from three undisturbed, forested sites in central North Carolina. In each site, two transects separated by 1 km were
sampled at approximately 15-m intervals. A total of 1272 workers collected from 57 collection points were genotyped
at six microsatellite loci, and mitochondrial DNA haplotype was determined for a subset of these individuals using
either restriction fragment length polymorphism or sequence variation in the AT-rich region. Colonies appeared to
be localized: workers from the 57 collection points represented 56 genetically distinct colonies with only a single
colony occupying two collection points located 15 m apart. Genetic analysis of family structure and comparisons of
estimates of F-statistics (FIT, FIC, FCT) and coefficients of relatedness (r) among nestmate workers with results of
computer simulations of potential breeding systems suggested that 77% of all colonies were simple families headed
by outbred monogamous pairs, whereas the remaining colonies were extended (inbred) families headed by low numbers
of neotenics (about two females and one male) who were the direct offspring of the colony founders. There was no
detectable isolation by distance among colonies along transects, suggesting that colony reproduction by budding is
not common and that dispersal of reproductives during mating flights is not limited over this distance. Higher-level
analysis of the microsatellite loci indicated weak but significant differentiation among sites (FST 5 0.06), a distance
of 16–38 km, and between transects within sites (FST 5 0.06), a distance of 1 km. No significant differentiation at
either the transect or site level was detected in the mitochondrial DNA sequence data. These results indicate that the
study populations of R. flavipes have a breeding system characterized by monogamous pairs of outbred reproductives
and relatively low levels of inbreeding because most colonies do not live long enough to produce neotenics, and those
colonies that do generate neotenics contain an effectively small number of them.

Key words. Breeding structure, gene flow, microsatellites, mitochondrial DNA sequence data, social organization.

Received June 9, 2003. Accepted July 7, 2003.

The populations of most species exhibit some level of ge-
netic structure, and these patterns of population subdivision
are central to many key issues in evolutionary biology (Bar-
ton and Clark 1990). Population genetic structure arises
through departures from panmixia, most often due to the
tendency of individuals to mate with others within the same
subpopulation. However, even within subpopulations breed-
ing is often nonrandom, resulting in hierarchically structured
populations. Thus, knowledge of an organism’s breeding sys-
tem and dispersal behavior is critical for understanding ob-
served patterns of population genetic structure and the pro-
cesses responsible for producing these patterns (Sugg et al.
1996). Increasingly, researchers are using data from molec-
ular markers not only to characterize population subdivision,
but to infer attributes of a species’ breeding system and dis-
persal behavior that generate such structure (Avise 1994;
Ross 2001). Of particular interest are studies that combine
different classes of markers with alternate modes of inheri-
tance, such as nuclear and mitochondrial DNA (mtDNA)
markers, which can help discern the maternal and paternal
contributions to gene flow and population structure (e.g.,
Shoemaker and Ross 1996; Ross and Shoemaker 1997; Ross
et al. 1997, 1999; Goodisman and Ross 1998; Latta et al.
1998; Doums et al. 2002; Arnaud-Haond et al. 2003; Ruppell
et al. 2003).

Many organisms form social groups with distinct patterns
of mating and dispersal that can profoundly affect the par-

titioning of genetic variation within and among groups (Sugg
et al. 1996). With their advanced form of social organization
in which breeding is confined to a single or a few individuals
in groups whose members may number in the thousands or
millions, eusocial insects are excellent models for studies of
how social behavior can affect population genetic structure.
Compared to the wealth of population genetic studies on the
eusocial Hymenoptera (Pamilo et al. 1997; Ross 2001), ter-
mites (Isoptera) have received relatively little attention. This
despite the fact that termites provide a useful comparative
context for investigating the relationship between breeding
system and genetic structure in two important ways. First,
termites are phylogenetically far removed from the Hyme-
noptera, providing an independent taxon for understanding
how changes in breeding system and dispersal behavior may
affect genetic structure in social insects. Second, there is
considerable variation in breeding system within and among
termite species (Clément 1981; Reilly 1987; Luykx 1993;
Atkinson and Adams 1997; Husseneder et al. 1998, 1999,
2002; Thompson and Hebert 1998a,b; Jenkins et al. 1999a;
Bulmer et al. 2001; Clément et al. 2001; Husseneder and
Grace 2001; Vargo et al. 2003), allowing for comparative
studies of the causes and consequences of changes in breeding
system properties.

Subterranean termites of the genus Reticulitermes are wide-
spread throughout the temperate and subtropical regions of
the world (Pearce 1997), where they form cryptic colonies
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comprised of diffuse nests and multiple feeding sites con-
nected by underground tunnels. Breeding systems of Reti-
culitermes species can be complex. The predominant mode
of colony founding is believed to be by monogamous pairs
of primary reproductives following a mating flight (Thorne
et al. 1999). Over time, one or both primary reproductives
die, resulting in the development of numerous neotenics (non-
alate-derived reproductives) that inbreed within the colony.
In addition, observations and experimental data suggest that
budding, in which groups of workers split from the main
colony and establish their own independent daughter colony,
may be a common mode of reproduction in Reticulitermes
species (Esenther 1969; Howard and Haverty 1980; Clément
1981; Myles and Nutting 1988; Grace 1996; Thorne 1998),
leading to high population viscosity. Finally, it is possible
that unrelated colonies can fuse, or that unrelated reproduc-
tives are recruited into established nests (Clément 1981; Jen-
kins et al. 1999b; Bulmer et al. 2001; Matsuura and Nishida
2001), either of which, if common, would lower relatedness
within colonies and decrease the genetic contrast among col-
onies (Thorne et al. 1999; Bulmer et al. 2001). Thus, the
breeding structure within Reticulitermes colonies may be in-
fluenced by a variety of factors, including age of colony,
mode of colony founding, and the dynamics of interactions
with neighboring colonies.

There are two published studies of colony and population
genetic structure in the eastern subterranean termite, R. fla-
vipes, and these give contrasting views of this species’ breed-
ing system. Allozyme data from Reilly (1987) suggest that
in a central Tennessee study population there was a high level
of inbreeding (FIT 5 0.62) and extensive mixing of workers
from different colonies or frequent nest budding with inter-
connected nests (Thorne et al. 1999; Bulmer et al. 2001). In
contrast, Bulmer et al. (2001), using allozyme data and a
mtDNA marker, reported lower but still substantial levels of
inbreeding (FIT ø 0.30) in a Massachusetts population con-
sisting of a mixture of simple families (27%), extended fam-
ilies derived from simple families (64%), and genetically
complex groups containing multiple unrelated female repro-
ductives (9%). The reasons for the differences between the
two studies are not clear but could be due to geographic
variation in the breeding system of this species and/or dif-
ferences in the properties of the markers used.

The application of highly variable codominant markers,
such as microsatellites, should provide a more detailed pic-
ture of the breeding system of R. flavipes and other subter-
ranean termites because such markers have greater power for
establishing pedigree relationships within colonies, assigning
groups of workers to specific colonies, and detecting colonies
that may contain multiple unrelated same-sex reproductives.
The objective of the present study was to infer the major
properties of the breeding system of a population of R. fla-
vipes and to characterize the genetic structure at different
spatial scales using two classes of highly variable molecular
genetic markers. Microsatellite markers (Vargo 2000) were
used to determine the kin composition of colonies and to
examine population genetic structure at various spatial scales
using F-statistics. Sequence variation in the adenine-thy-
mine-rich (AT-rich) region of mtDNA was used to investigate
the matrifilial associations within colonies and to assess pop-

ulation structure at higher levels. Finally, both the micro-
satellite and mtDNA markers were used to discern patterns
of isolation by distance on a local scale as a means of in-
vestigating possible limited dispersal by either or both sexes.

MATERIALS AND METHODS

Sample Collection

Specimens of R. flavipes were collected from three wooded
sites in central North Carolina: Lake Wheeler Field Labo-
ratory, a North Carolina State University facility in southern
Wake County; Schenck Forest, also a North Carolina State
University facility in western Wake County; and Duke Forest,
part of Duke University, in Durham County. The Lake Wheel-
er site consisted of about a 30-year-old mostly loblolly pine
(Pinus taeda) stand, whereas the other two sites were more
than 50-year-old stands of mixed upland hardwoods and lob-
lolly pine. The distances between the Lake Wheeler site and
the Schenck Forest and Duke Forest sites were 15.9 km and
37.6 km, respectively. The distance between the Schenck
Forest and Duke Forest sites was 27 km. Samples of workers,
soldiers, and nymphs or reproductives (when the latter were
present) were collected from naturally occurring wood debris
in transect fashion in summer 1999. Once a sample was col-
lected, I continued in a set direction for 15 m and began
searching for termites. The search was conducted in concen-
tric semicircles away from the previous collection point until
termites were found, to maintain a minimum distance of 15
m between collection points. I measured the distance from
the previous collection point to the spot along the transect
where the subsequent collection was made. If the collection
point was located off the transect line, then the perpendicular
deviation from the collection point to the transect was also
measured. Ten collection points were sampled in each tran-
sect. In each site, I sampled two parallel transects located 1
km apart.

Samples were transported alive to the laboratory, where
they were frozen and stored at 2708C. To confirm species
identity, soldiers were examined using the key of Scheffrahn
and Su (1994). Voucher specimens have been deposited in
the North Carolina State University (NCSU) Insect Collec-
tion.

Genotyping

Whole bodies were pulverized in liquid nitrogen, and total
genomic DNA was extracted using either the Wizard Ge-
nomic DNA Purification Kit (Promega, Madison, WI) or the
DNeasy Tissue Kit (Qiagen, Valencia, CA). Microsatellite
genotypes for approximately 20 workers from each collection
point were determined by means of polymerase chain reaction
(PCR) amplification using one of nine pairs of primers and
a fluorescent labeled primer, followed by separation of the
PCR products in polyacrylamide sequencing gels run on a
Li-Cor 4000 or 4200 automated DNA sequencer (Li-Cor Bio-
sciences, Lincoln, NE). Details for primer development and
PCR conditions are given in Vargo (2000). I multiplexed
primer pairs in the following combinations: Rf 1-3 and Rf 5-
10; Rf 6-1, Rf 11-2, and Rf 15-2; Rf 11-1 and Rf 24-2; Rf 3-
1 and Rf 21-1. I collected a primary reproductive pair from
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one collection point at the Schenck Forest site, and these
individuals along with 100 nestmate workers were genotyped
to confirm Mendelian inheritance of alleles at all of the mi-
crosatellite loci. The observed genotype frequencies of the
workers were compared with frequencies expected from the
parental genotypes by means of a x2 test with the Bonferroni
correction applied.

PCR–restriction fragment length polymorphism (RFLP)
was performed on the AT-rich noncoding region. PCR am-
plification was performed using the conserved primers SR-
J-14612 and TM-N-193, which flank the region (Simon et al.
1994; Jenkins et al. 1999a). Reaction volumes were 10 ml,
containing 1.2 ml (about 6 ng) genomic DNA, 103 reaction
buffer, 0.2 mg/ml BSA, 2 mM MgCl2, 200 mM each dNTP,
0.4 units Biolase DNA polymerase (Bioline, Canton, MA),
and 1 pmol each primer. PCR was performed on a PTC-100
thermal cycler (MJ Research, Inc., Littletown, MA) using the
following program: initial denaturation step at 948C (50 sec)
followed by 35 cycles at 948C (50 sec), 558C (2 min), and
728C (2 min), with a final extension step at 728C (5 min).

PCR products varied in size from about 1500 to 2500 bp.
These were double digested according to the manufacturers’
instructions, first with ApoI (New England Biolabs, Beverly,
MA) and then with HaeIII (Promega). The digested products
were run out on 1.5% agarose gels and visualized by ethidium
bromide staining. Twenty workers from each collection point
were genotyped, as well as the primary king and queen col-
lected from Schenck Forest.

A segment of the AT-rich region was sequenced using the
primers TM-N-193 and AT-J-T1, which yields an approxi-
mately 380-bp fragment beginning in tRNA methionine and
includes tRNA glutamine and tRNA isoleucine extending
some 190 bp into the AT-rich region (Jenkins et al. 1999a).
PCR amplification using these primers usually produced two
products, one at about 380 bp and the other at approximately
1800 bp. When the larger product was gel-extracted and
reamplified, it again produced two bands of 380 bp and 1800
bp, indicating a likely duplication of one of the primer sites.
Sequencing of the two products with both primers revealed
different sequences for AT-J-T1 but identical sequence for
TM-N-193, indicating the presence of two sites for the AT-
J-T1 primer designed by Jenkins et al. (1999a). Consequently,
following PCR and gel separation, the smaller band was ex-
cised and then extracted from the gel using the QIAquick
Gel Extraction Kit (Qiagen). The gel purified product was
then PCR amplified using the ABI Prism dRhodamine Ter-
minator Cycle Sequencing Ready Reaction Kit (Applied Bio-
systems, Inc., Foster City, CA). The dye terminators were
removed from the sequencing reaction mixture by passing
the mixture through CENTRI-SEP columns (Princeton Sep-
arations, Inc., Adelphia, NJ) according to the manufacturer’s
instructions. Products were dried using a speed-vacuum and
then submitted to the NCSU Sequencing Facility, where the
samples were run on an ABI 377 automated sequencer.

Genetic Data Analysis

Tests for Hardy-Weinberg equilibrium and linkage
disequilibrium

Deviations from Hardy-Weinberg equilibrium (HWE) and
linkage disequilibrium were analyzed by means of exact tests

using the program Genetic Data Analysis ver. 1.1 (Lewis and
Zaykin 2000; available via http://lewis.eeb.uconn.edu/
lewishome/software.html) with 3200 iterations. Due to the
strong family structure present in colonies (see Results), ge-
notypes within colonies were not independent. Thus, only a
single individual per colony was used for these tests. A re-
sampling procedure was performed in which a single indi-
vidual from each colony was selected at random for a total
of 20 replications. The two transects at each location were
pooled in the analyses.

Colony affiliations

Colony associations for the termites from each collection
site were made based on microsatellite genotypes and mtDNA
haplotypes. Each collection site was compared to all other
collection points in the same transect. I compared the number
of private alleles, that is, alleles unique to one group of work-
ers in pairs of collection points. Collection points with the
same alleles present and a consistent set of genotypes at all
six of the microsatellite loci used in the final analyses (see
Results) and with identical mtDNA haplotypes were consid-
ered to belong to the same colony. Finally, I compared es-
timates of worker relatedness between collection points with
the relatedness coefficient among workers within collection
points using the program Relatedness ver. 5.0.8 (Queller and
Goodnight 1989; available via http://gsoftnet/GSoft.html).
Relatively high coefficients of relatedness between workers
from different collection points meeting the above criteria
were taken as additional evidence for con-coloniality. In prac-
tice, the high variability of the markers and the close family
structure of colonies (see Results) made colony designations
unambiguous, and, with one exception (see Results), pairs of
collection points within a transect contained on average 14
private alleles and did not show high relatedness between
workers, indicating that nearly all collection points repre-
sented distinct colonies.

Classification of colonies

Based on the microsatellite genotypes present and their
frequencies, colonies were classified as either simple families
or extended families. Simple family colonies were those in
which worker genotypes at all loci were consistent with being
the direct offspring of monogamous pairs of reproductives
and the observed frequencies of the genotypes did not differ
significantly from expected frequencies as determined by a
G-test. For each colony, all the locus-specific G-values were
summed to obtain an overall G-value. Extended family col-
onies were those in which there were genotypes inconsistent
with a single pair of reproductives at one or more loci (e.g.,
five or more genotypic classes or three classes of homozy-
gotes) or those in which genotypes were consistent with sim-
ple families but their frequencies deviated significantly from
expected (P , 0.05, G-test). Extended family colonies are
those that are presumably headed by multiple neotenic re-
productives by themselves or together with one or both of
the primary reproductives.
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Colony and population genetic structure

Colony and population genetic structure was investigated
at several levels. To assess kin structure within colonies, I
estimated the average relatedness for workers from the mi-
crosatellite genotype frequencies using the program Relat-
edness ver. 5.0.8 (Queller and Goodnight 1989) with colonies
weighted equally. The 95% confidence intervals (CIs) were
obtained by jackknifing over loci. Within-colony relatedness
was corrected for genetic structure at the level of the transect
using the demes option.

Structure at the level of the colony, the transect and site
was assessed simultaneously by estimating F-statistics using
the method of Weir and Cockerham (1984) as implemented
in Genetic Data Analysis (Lewis and Zaykin 2000). I fol-
lowed the notation of Thorne et al. (1999) and Bulmer et al.
(2001), in which each colony is treated as a population and
genetic variation is partitioned among the individual (I), col-
ony (C), and total (T) components. Using this notation, FIT
is equivalent to the standard inbreeding coefficient FIS. FCT
represents genetic differentiation among colonies and is sim-
ilar to FST. The colony inbreeding coefficient, FIC, has no
analog in solitary organisms and is especially sensitive to the
numbers of reproductives and their mating patterns within
social groups. Specifically, FIC is expected to be strongly
negative in simple family colonies, approach zero with in-
creasing numbers of reproductives, and become positive with
assortative mating among multiple reproductives within col-
onies or with mixing of individuals from different colonies.
In addition, I estimated FST-values among transects within
sites as well as the overall FST among sites. The 95% CIs
were constructed by bootstrapping over loci with 1000 rep-
lications. F-statistics were estimated for all colonies together,
as well as for simple family colonies and extended family
colonies separately. These values were then compared to val-
ues generated by Thorne et al. (1999) and E. Adams (unpubl.
data) in computer simulations of possible breeding systems
of Reticulitermes species. Values whose 95% CIs did not
overlap were considered to be significantly different at the
a 5 0.05 level. Genotypes of the reproductives in each simple
family colony were inferred, except, of course, in the one
colony in which the collected primary pair was genotyped
directly. F-statistics and the average relatedness between the
reproductives in these colonies were estimated from the re-
constructed genotypes.

A neighbor-joining tree was constructed to further inves-
tigate the genetic relationships among transects using several
programs within the package PHYLIP 3.6a3 (Felsenstein
1989; available via http://evolution.genetics.washington.edu/
phylip.html). The allele frequencies obtained from all work-
ers in the sampled transects were used to generate 1000 da-
tasets by bootstrapping over loci using the SEQBOOT pro-
gram. Next, Nei’s (1972) genetic distance was calculated
between all pairs of transects from each of the bootstrap
replicates using GENDIST. The resulting distance matrices
were then used to construct 1000 neighbor-joining trees using
NEIGHBOR. Finally, a strict consensus tree with confidence
levels for each of the nodes was constructed using the pro-
gram CONSENSE.

Genetic structure at the level of the transect and site was

also investigated by estimating F-statistics from mtDNA se-
quence data using the analysis of molecular variance (AMO-
VA) method of Excoffier et al. (1992) as implemented in the
program ARLEQUIN (Raymond and Rousset 1995; available
via http://lgb.unige.ch/arlequin/). These analyses were done
on the Euclidian square distances between pairs of haplotypes
according to the method of Tajima and Nei (1984). The sig-
nificance probabilities for the mtDNA F-statistics were gen-
erated using permutation analysis on 10,000 randomly per-
muted distance matrices. A neighbor-joining tree showing
the genetic relationships of the haplotypes from each site was
constructed from the pairwise Euclidian distances using
MEGA ver. 2.1 (Kumar et al. 2001; available via http://
www.megasoftware.net/) and confidence levels for the nodes
were obtained by bootstrapping 1000 times. Parsimony scores
for the topology of the neighbor-joining tree were generated
using PAUP*4.0b10 (Swofford 1998).

Isolation by distance analysis

Isolation by distance was assessed from the microsatellite
genotypes by estimating the coefficient of relatedness (r) be-
tween workers from one colony and those in another colony
for all pairs of colonies within a transect. The Pearson product
correlation coefficient was then computed for the pairwise
relatedness values and the physical distance for all colony
pairs within a transect. Given the close family structure of
colonies (see Results), the pairwise coefficient of relatedness
was chosen rather than pairwise FST-values to investigate
isolation by distance; the former method should give a more
accurate measure of the genetic relationships among colonies
because it takes into account the allele frequencies in the
entire population (site), whereas the latter uses only the al-
leles present in the two colonies. Isolation by distance was
also investigated using the mtDNA data by correlation anal-
ysis of the Euclidian distances of mtDNA haplotypes and the
physical distance among all colony pairs within a transect.
The significance of the correlation coefficients was assessed
by means of a Mantel test with 1000 replications as imple-
mented in Genepop on the Web ver. 3.1c (Raymond and
Rousset 1995; available via http://wbiomed.curtin.edu.au/
genepop/).

RESULTS

Basic Genetic Data

In total, 1272 individuals were genotyped at nine variable
microsatellite loci. Close inspection of genotypes, especially
from the family analysis described below, revealed a null
allele at locus Rf 3-1 (data not shown). This locus was there-
fore excluded in subsequent analyses. As shown in Table 1,
there were four to 32 alleles per locus within the study pop-
ulation at the eight remaining loci.

Comparison of the observed genotypes to the expected for
the colony in which the primary king and queen were col-
lected confirmed Mendelian inheritance of all loci. All ex-
pected genotypic classes among the progeny of the king and
queen were present among the workers, and the ratios of the
genotypes at each locus did not differ significantly from ex-
pected (G 5 21.8, df 5 20, P . 0.25).
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TABLE 1. Allele numbers and frequency of most common allele
at eight microsatellite loci for the Reticulitermes flavipes study pop-
ulation.

Locus No. alleles
Freq. most

common allele

Rf 1-3
Rf 5-10
Rf 6-1
Rf 11-1
Rf 11-2

12
6

12
6
4

0.36
0.50
0.59
0.32
0.77

Rf 15-2
Rf 21-1
Rf 24-2
Mean

4
25
32
12.6

0.79
0.23
0.19

TABLE 2. Genotypes of Reticulitermes flavipes worker groups (n
5 20 for most loci but may be fewer in some cases) collected from
the four consecutive sampling points in one of the Lake Wheeler
transects. Sampling points 1 and 2 were from the same colony,
whereas the other sampling points contained workers from different
colonies.

Locus/
genotype

Sampling
point 11

Sampling
point 21

Sampling
point 31

Sampling
point 42

Rf 1-3
218/218
218/233
227/227
227/233
230/230
230/236
230/248
236/236
236/248

1

2
3
2

4
1
4
1
5

1
4
1
5

19

Rf 5-10
147/147
147/153
147/159
153/153
153/159
153/162

11
5

11
6

1
7
1
3
4

11
8

Rf 11-1
241/249
243/251
249/249
249/251
251/251

7
2
2

3
6
6

3

11
9

11

Rf 24-2
158/164
158/182
158/200
164/203
182/182
182/185
182/194
182/200
185/194
194/194

2
1

4

5

3
3

4

8

5
7

3
4

12

8

Rf 15-2
232/232
232/235
235/235 11 17

6
8
2

8
11

Rf 6-1
164/167
164/170
167/170
167/176
167/209
170/170
170/173
170/176
170/209
173/176

8

11

11

8

6
3

5

5

11
4

2

3

1 Extended family colony.
2 Simple family colony.

Two loci, Rf 11-2 and Rf 21-1, showed significant devia-
tions from HWE in more than 50% of the 120 tests performed
(20 resampled datasets 3 3 populations 3 2 loci), with de-
viations occurring frequently across all three populations.
Such deviations may be due to selection at the loci or a
scoring problem, such as the presence of null alleles. Al-
though inclusion of these loci in the analyses had little effect
on the results, they were excluded from the analyses pre-
sented here. The remaining six loci showed significant de-
viations from HWE in only 50 of 360 tests (14%; 20 resam-
pled datasets 3 3 populations 3 6 loci), with no consistent
pattern across loci or across populations. Results of the exact
tests for linkage disequilibrium for pairs of the six loci
showed significant linkage disequilibrium for 194 of the 900
locus/population combinations (22%), but again there were
no consistent pattern across loci or populations. Thus, the six
microsatellite loci used in the analyses were considered to
be independently assorting markers conforming to HWE and
suitable for colony and population genetic analysis. The mean
number of alleles for these six loci was 9.0.

The two restriction enzymes cut the amplified mtDNA frag-
ment at no, one, or two sites, yielding between one and three
bands. Altogether, 14 haplotypes could be distinguished, with
the most common haplotype occurring in 24 of the 56 col-
onies (43%). However, there was variation in the size of the
amplified product (1600–2500 bp), thereby confounding the
analysis of haplotypes based on restriction sites. Although
the PCR-RFLP analysis of the AT-rich region proved useful
in investigating haplotype numbers within colonies, sequence
data from a 334-bp fragment containing 52 (15.6%) variable
positions, of which 28 (8.4%) were parsimony informative,
were used for examining population structure. A total 40
sequence haplotypes were found, of which 33 (82.5%) were
unique, with the frequency of the most common haplotype
being 0.20.

Grouping of Collection Points into Colonies

As described below, all workers within a collection point
either belonged to simple families or extended (inbred) fam-
ilies derived from simple families. Consequently, workers
from different collection points could confidently be excluded
as belonging to the same colony based on the incompatibility
of genotypes among the different collection points. Of the
57 collection points, only a single pair of adjacent collection
points separated by 15 m and located in the Lake Wheeler

site had compatible (and nearly identical) genotypes at all
six microsatellite loci, and the genotypes in the two groups
were present in similar frequencies (Table 2). The coefficient
of relatedness (6 SE) between workers in these groups was
high (r 5 0.481 6 0.079) and nearly identical to the values
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TABLE 3. Numbers of simple family and extended family colonies within each transect and site.

Site
Total no.
colonies

No. simple
family

colonies

No. extended
family

colonies

Duke Forest
Transect 1
Transect 2

Subtotal

10
10
20

7 (70.0%)
8 (80.0%)

15 (75.0%)

3 (30.0%)
2 (20.0%)
5 (25.0%)

Lake Wheeler
Transect 1
Transect 2

Subtotal

7
10
17

4 (57.1%)
7 (70.0%)

11 (64.7%)

3 (42.9%)
3 (30.0%)
6 (35.3%)

Schenck Forest
Transect 1
Transect 2

Subtotal

9
10
19

8 (88.9%)
9 (90.0%)

17 (89.5%)

1 (11.1%)
1 (10.0%)
2 (10.5%)

All sites combined 56 43 (76.8%) 13 (23.2%)

of relatedness among nestmate workers within each group (r
5 0.484 6 0.064 and 0.490 6 0.077). In addition, these two
groups had identical mtDNA sequence haplotypes. Thus,
these collection points were considered to be part of the same
colony. In contrast, all other groups of workers from different
collection points had very different genotypes. The average
number of private alleles between groups of workers in pairs
of collection points within a transect was 14.1 (range 5 6–
25; 93 comparisons), for a mean difference of 2.3 alleles per
locus. Considering only the most polymorphic locus, Rf 24-
2, worker groups from all pairs of collection points within a
transect differed on average by 5.3 alleles.

Typical differences in the allele and genotype compositions
of different colonies are shown in Table 2. In this example,
sampling points 1 and 2 were considered to belong to the
same colony, because they had the same alleles present at
every locus and had all the same genotypes except at Rf 1-
3, in which there was one individual in sampling point 2 that
had a unique genotype (230/236). However, this genotype
was compatible with the set of alleles present in sampling
point 1. In contrast, the three separate colonies shown in
Table 2 differed at several loci, especially Rf 24–2 and Rf 6-
1, in which there were several private alleles and no geno-
types shared in common.

Finally, whereas the average relatedness of workers within
collection points was high (r 5 0.503 6 0.024), average
relatedness between all pairs of adjacent collection points
within each of the six transects (excluding the one pair of
adjacent collection points grouped into the same colony) was
not significantly different from zero (r 5 20.019 6 0.116,
range 5 20.382 to 0.315), and there were no pairs of colonies
in which the workers were significantly related. Thus, based
on these analyses, workers from the 57 collection points were
considered to belong to 56 different colonies.

Once collection sites were identified to colony, I then cal-
culated the distance among neighboring colonies that were
sampled. Overall, the average (6 SD) distance between
neighboring colonies was 25.4 6 11.1 m. There was some
variation among sites; the Schenck Forest and Duke Forest
sites were similar (22.6 6 9.4 and 22.0 6 7.0, respectively),
whereas colonies were more dispersed at the Lake Wheeler

site (32.9 6 14.2). There was a significant difference among
sites (F2,46 5 5.21, P , 0.01), with the distances among
neighboring colonies being significantly greater at the Lake
Wheeler site than at the other two sites (P , 0.05, Tukey
test), suggesting that colonies were less abundant at the Lake
Wheeler site.

Classification of Colonies

As suggested by the high level of nestmate relatedness, all
colonies formed close family units. Despite the high vari-
ability of the microsatellite markers, no group of nestmate
workers had more than four alleles at a locus, the maximum
number of alleles possible in colonies comprised of individ-
uals descended from a single pair of founders. This conclu-
sion is supported by the mtDNA data showing only a single
haplotype present in each colony, suggesting that all workers
within a colony are derived from a single pair of founding
alates.

As shown in Table 3, the majority of colonies were simple
families, ranging from about 65% to 90% across sites. The
two transects within each site were very similar in the pro-
portion of simple family colonies. Overall, 43 of the 56 col-
onies (76.8%) were simple families. In nearly all cases, ex-
tended family colonies had more genotypes than could be
produced by a single pair of reproductives, most likely due
to the presence of neotenic reproductives derived from the
founding king and queen.

Inference of Breeding System

The values for the F-statistics and relatedness coefficient
are shown in Table 4, as well as values expected for different
breeding systems as derived by computer simulations by
Thorne et al. (1999), Bulmer et al. (2001), and E. Adams
(unpubl. data). For all colonies combined, nestmate workers
were closely related, with a relatedness coefficient equivalent
to that expected for full-sibs (r 5 0.5). Workers were, on
average, somewhat inbred relative to the total population (FIT
5 0.091). However, compared to simple family colonies,
higher values for all the F-statistics in the extended family
colonies are consistent with greater levels of inbreeding in
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TABLE 5. F-statistics and relatedness coefficients (95% CI) for the reproductives (n 5 84) in simple family colonies of Reticulitermes
flavipes from three study sites. The genotypes of the reproductives were inferred from the genotypes of the worker offspring. The
relatedness coefficient represents the degree of relatedness between reproductives within colonies.

FIT FST (among sites)

FST (between
transects

within sites) FIS r

0.095
(20.029 to 0.221)

0.055
(0.014 to 0.114)

0.060
(0.018 to 0.123)

0.037
(20.071 to 0.129)

0.047
(20.095 to 0.188)

TABLE 6. FST-values (95% CI) between transects within sites and
among sites estimated from worker genotypes.

Level FST

Between transects within sites
All sites combined

Duke Forest

Lake Wheeler

Schenck Forest

0.065
(0.023 to 0.133)
0.004
(20.017 to 0.044)
0.001
(20.018 to 0.015)
0.016
(0.006 to 0.033)

Among sites 0.057
(0.009 to 0.131)

the latter. The values estimated for simple family colonies
are nearly identical to those expected for a population of
colonies headed by monogamous pairs of outbred reproduc-
tives (Table 4, case A). As seen in Table 4, case C2, the most
pronounced effect of increasing the number of neotenics
within colonies is to push FIC, the coefficient of inbreeding
in individuals relative to their colony, from highly negative
values toward zero (see also Thorne et al. 1999; Bulmer et
al. 2001). The empirical values for the extended family col-
onies closely match the average values expected for colonies
headed by two female and one male neotenic (case C2i). In
contrast, all other modeled breeding systems can be ruled out
because in every case the expected FIC was significantly less
negative than the empirically derived value for the extended
family colonies. When both simple family and extended fam-
ily colonies were pooled in the simulations (case C3), the
expected values matched very closely the empirical values
for all colonies combined, suggesting that the study popu-
lation was a 3:1 mixture of simple families headed by outbred
parents and extended families headed by a few sibling neo-
tenics who were the direct progeny of the founding pair.

There was some variation among study sites in the F-sta-
tistics and relatedness coefficient (Table 4). Overall, workers
in Schenck Forest were the least inbred and those in Lake
Wheeler were the most inbred. Within each population, in-
dividuals in simple family colonies were slightly less inbred
than individuals in extended family colonies, as evidenced
by higher FIT-values, although these differences were not
significant for any of the three sites.

Results from the inferred and observed genotypes of the
reproductives in simple family colonies (Table 5) suggest
that the reproductives in these colonies are outbred, sup-
porting the conclusion drawn from the analysis of worker
genotypes. The coefficient of relatedness between the two
reproductives in each colony was low and not significantly

different from zero. The FIT-value for reproductives was near-
ly identical to that for workers as a whole (FIT 5 0.095 and
0.091, respectively) and did not differ significantly from zero.
There was significant genetic differentiation at both the tran-
sect and site levels, with values nearly identical to those
among workers (transect level: FST 5 0.060 and 0.065; site
level: FST 5 0.055 and 0.057, for reproductives and workers,
respectively; Table 6).

Genetic Differentiation within and among Sites

Estimates of genetic differentiation using the microsatellite
data showed slight but significant differentiation both among
sites and between transects within sites in the hierarchical
analysis (Table 6). However, when sites were analyzed sep-
arately, there was significant differentiation (95% CIs not
overlapping zero) only between transects at Schenck Forest.
As shown in Table 7, results of AMOVA (Excoffier et al.
1992) indicated that nearly 80% of the total mtDNA hap-
lotype variation was due to variation within sites, whereas
variation among sites accounted for nearly 20%, with only
2% of the variation occurring between transects within sites,
although these latter two values were not significant.

There was no evidence of isolation by distance in any of
the transects, as would be expected if there was strong pop-
ulation viscosity due to limited dispersal of both male and
female reproductives, either through budding or short-range
mating flights. As seen in Figure 1, there was no significant
correlation between relatedness of workers in pairs of col-
onies and the physical distance between the colonies in any
of the transects (range of r 5 20.30 to 0.37, all P $ 0.28,
Mantel test). Analyses using pairwise values of FST, FST/(1
2 FST), and distance or ln(distance) gave essentially the same
results (data not shown). Consistent with the lack of isolation
by distance with the microsatellite data, the mtDNA sequence
data also showed no significant positive relationship between
pairwise differences in the number of nucleotide substitutions
according to the Tajima and Nei (1984) distance method and
geographic distance between colonies (Fig. 2; range of r 5
20.25 to 0.45, all P $ 0.18, Mantel test).

Because most colonies were simple families headed by
outbred parents, population viscosity due to budding could
be swamped out in the above analysis. Colonies originating
from budding events are likely to be headed by neotenics
that develop within the colony following budding. Thus, if
budding is a common mode of reproduction, the resulting
daughter colonies should be extended families that are closely
related to the nearby parent colony from which they origi-
nated. In contrast to the predicted close relationship among
neighboring colonies that would be expected if extended fam-
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TABLE 7. Hierarchical analysis of variance of mitochondrial DNA sequence data (AT-rich region) using analysis of molecular variance
(Excoffier et al. 1992).

df
Variance

components
Percent of

total variation P F-statistics

Among sites
Among transects within sites
Within transects

2
3

50

Va
Vb
Vc

20.0
1.9

78.1

0.11
0.18

,0.001

FCT 5 0.200
FSC 5 0.024
FST 5 0.219

ily colonies commonly arose through budding, relatedness
between workers in extended family colonies and their near-
est neighbor was not significantly greater than zero (r 5
20.072 6 0.099). Again, the mtDNA sequence data gave a
similar result: of the 13 extended family colonies, only one
colony had the same haplotype as its nearest neighbor, pro-
viding further evidence that budding is not a frequent mode
of colony reproduction in the study population.

A tree showing the genetic relationships among the
mtDNA haplotypes is shown in Figure 3. Most of the Duke
Forest haplotypes formed a distinct clade with little overlap
between the Schenck Forest and Lake Wheeler haplotypes.
However, the Lake Wheeler and Schenck Forest haplotypes
were not obviously differentiated, and in fact shared one
haplotype in common. In general, there was only weak boot-
strap support for most of the nodes, especially the outer
nodes, with the conspicuous exception of two haplotypes,
one each from the Schenck Forest and the Lake Wheeler sites,
which clearly separated from the other 38 haplotypes. These
results, indicating no significant haplotype differentiation
among the three sites, are in agreement with the results of
the AMOVA, in which nearly all the variation was within
transects. The separation of the Duke Forest haplotypes from
the those of the other two sites is consistent with the geo-
graphic distance among the sites, with Duke Forest separated
from the Schenck Forest and Lake Wheeler sites by about
twice the distance (27 km and 37.6 km, respectively) sepa-
rating the Schenck Forest and Lake Wheeler sites (15.9 km).
A tree showing the genetic relationships among the transects
based on the microsatellite data is shown in Figure 4. Again,
the Duke Forest transects show close affinities, forming a
distinct, well-supported clade. The Schenck Forest transects
also show close affinity to each other, whereas the Lake
Wheeler transects are slightly diverged, with transect 1 being
somewhat more allied with the Schenck Forest transects.

DISCUSSION

Colony Breeding Structure

These results show that colonies in the study population
were comprised of close family units that were initiated by
monogamous pairs of unrelated reproductives. The majority
of colonies were simple families headed by the founding king
and queen. The remainder of the colonies had worker ge-
notypes consistent with inbred (extended) families derived
from simple families. The extended family colonies, which
were presumably headed by multiple neotenics, showed signs
of only moderate inbreeding, indicative of colonies with low
numbers of reproductives that are the direct progeny of the
original king and queen (Table 4, case C2i). The close match
between the empirically derived values for the coefficients

of relatedness and inbreeding and those expected from com-
puter simulations suggest that a model of a 3:1 mixture of
simple families and extended families headed by two female
and one male neotenic provides a reasonable approximation
for the breeding system of this population.

Although there was some variation among sites in the pro-
portions of simple family and extended family colonies, rang-
ing from about 65% simple families in the Lake Wheeler site
to nearly 90% in the Schenck Forest site, the values of the
F-statistics and nestmate relatedness for colonies were very
similar across sites, suggesting that the basic breeding struc-
ture for each colony type was fairly uniform throughout the
study area. The observed variation in frequency of colony
type is likely due to differences among sites in colony age
structure. Simple family colonies headed by outbred repro-
ductives, such as those in the study population, are expected
to be younger than extended family colonies because the
production of neotenics within colonies should occur later in
colony life, after one or both of the original primary repro-
ductives dies (Thorne 1998; Thorne et al. 1999). To the extent
that this is true, most of the study colonies were relatively
young. An age structure biased toward young colonies could
arise if most colonies in the study area were of similar age,
having been founded concurrently, perhaps with the sudden
availability of suitable habitat and/or food resources. It seems
unlikely that new, previously unavailable nest sites opened
up more or less simultaneously within all six transects. How-
ever, it should be noted that in September 1996 Hurricane
Fran felled many trees across the region, resulting in large
quantities of decaying wood. Thus, it is possible that this
sudden influx of wood resources might have permitted the
establishment of many new colonies, resulting in an atypical
age distribution when the sites were sampled in 1999. An
alternative explanation for the prevalence of simple family
colonies is that most colonies within the study area do not
live long enough to produce neotenics. Recent results from
an urban habitat in Raleigh, North Carolina, where there was
no large addition of dead wood in 1996, show very similar
proportions of simple family colonies (73%; Vargo 2003)
suggesting that the age structure of the study population may
be typical for this area and was not appreciably altered by
Hurricane Fran. It is interesting to note that the Lake Wheeler
site had the highest frequency of the presumably older ex-
tended family colonies and the lowest density of colonies,
suggesting that establishment of new colonies at this site may
be more difficult than at the other two sites.

Although reports of functional reproductives found in the
field are rare, there is some evidence suggesting that the
proportions of simple family colonies found in the present
study may be typical for R. flavipes in the mid-Atlantic region.
Over a five-year period, Banks and Snyder (1920) found re-
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FIG. 1. Isolation-by-distance analysis for Reticulitermes flavipes
colonies within transects using microsatellite data. The relationship
between pairwise coefficients of relatedness among non-colony-
mates and geographic distance is shown. The correlation coeffi-
cients were not significant for any of the transects (range of r 5
20.30 to 0.37; all P $ 0.28, Mantel test).

FIG. 2. Relationship between the pairwise number of nucleotide
substitutions according to the Tajima and Nei (1984) method and
geographic distance between Reticulitermes flavipes colonies within
transects. The correlation coefficients were not significant for any
of the transects (range of r 5 20.25 to 0.45; all P $ 0.18, Mantel
test).

productives in 16 logs and stumps in northern Virginia, some
400 km north of the present study population. Primary re-
productives were found in 12 (75%) cases, whereas neotenics
were found in four, a 3:1 ratio of simple family to extended
family colonies very similar to that found in the present study.
The numbers of neotenics recovered by Banks and Snyder
(1920) ranged from six to 29 females and zero to 15 males,
which are higher numbers than the present data suggested
occurred in the extended family colonies studied in North
Carolina. Although the strongly negative FIC-value found
here indicates a low effective number of neotenics in ex-
tended family colonies, it is possible that there are many
neotenics present in colonies but their effective number is
low due to unequal production of offspring. Such reproduc-
tive skew is common among social insects (Reeve and Keller
2001) and it is an important component of their breeding
systems (Ross 1993, 2001). However, reproductive skew has

received little attention in studies of termite reproductive
biology, so that its prevalence in the Isoptera is presently
unknown. Future studies combining genetic data with de-
tailed colony excavations and censuses of nest contents are
needed to determine the extent, if any, of reproductive skew
among neotenics in termite colonies.

The breeding system of the present study population differs
to some extent from those of previous studies of R. flavipes
from other areas as inferred from allozyme data. In a recent
study near the northern edge of the range of this species,
Bulmer et al. (2001) found variation in colony genetic struc-
ture between two sites separated by 0.5 km in Massachusetts.
Simple family colonies comprised 37.5% (six of 16) of the
colonies at one site, and the coefficient of relatedness and F-
statistics indicated that these colonies were headed by outbred
reproductives as in the present study. The remainder of the
colonies at this site were inbred, with statistics corresponding
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FIG. 3. A neighbor-joining tree showing the genetic relationships
among mitochondrial DNA haplotypes found in the three Reticu-
litermes flavipes sites based on partial sequence of the AT-rich re-
gion. Numbers on parentheses indicate the frequency of nonunique
haplotypes. Bootstrap values (percentage out of 1000 replicates)
are given for nodes with greater than 50% support. Branch lengths
depict genetic distance between nodes. Tree length was 89, with a
consistency index of 0.685 and a retention index of 0.804.

FIG. 4. Genetic relationships among Reticulitermes flavipes tran-
sects based on microsatellite data. The percentage of bootstraps out
of 1000 replicates is indicated for nodes with greater than 50%
support. Branch lengths are proportional to the genetic distance
between nodes.

to colonies with tens or hundreds of neotenics inbred for
several generations, considerably greater levels of inbreeding
than that found in the present study. At the second site, Bul-
mer et al. (2001) found six colonies, which had more ex-
pansive foraging ranges and were on average highly inbred
(FIT 5 0.34). These colonies had positive FIC-values, from
which the authors concluded that there was some commin-
gling of workers from different colonies. Bulmer et al. (2001)
attributed the differences in colony genetic structure between
the two sites to variation in age structure and/or soil con-
ditions that may influence the tunneling ability of termites
and therefore the likelihood that foragers will encounter
neighboring colonies with which they may merge. In Ten-
nessee, Reilly (1987) found that colonies were, on average,
much more inbred than those in either the present study (FIT
5 0.62 compared to 0.09) or the two sites studied by Bulmer

et al. (2001; FIT 5 0.27 and 0.34), and had higher values for
the coefficient of inbreeding in individuals relative to the
colony (FIC 5 0.26 compared to 20.32 in the present study
and 0.05 and 0.16 in Bulmer et al. 2001), suggestive of ex-
tensive commingling of workers from unrelated nests or fre-
quent nest budding with interconnected daughter nests (Thor-
ne et al. 1999; Bulmer et al. 2001). Unfortunately, Reilly
(1986, 1987) did not provide information on the family struc-
ture of individual colonies, so that the frequencies of simple
family and extended family colonies in the Tennessee study
population are unknown. Thus, it seems that the breeding
system of R. flavipes is labile and can vary considerably with
geographic area as well as locally, perhaps in response to
different ecological conditions.

The higher frequency of simple family colonies and lower
levels of inbreeding found in the present study compared with
the previous studies of R. flavipes conducted in central Ten-
nessee (Reilly 1987) and Massachusetts (Bulmer et al. 2001)
suggest that colonies in the Piedmont of North Carolina are
shorter lived than those at the other sites. Perhaps the colder
climate and/or other ecological factors in central Tennessee
and Massachusetts make colony founding more difficult, se-
lecting for longer-lived colonies that undergo several gen-
erations of inbreeding. Alternatively, there may be stronger
selection against inbred colonies in the Piedmont of North
Carolina.

Variation in Reticulitermes breeding systems has been
found within and among four European species (Clément
1981, 1984, 1986; Clément et al. 2001). Clément (1986) pro-
posed that in moister habitats, where there is abundant wood
resources colonies are ‘‘open,’’ and there is free mixing of
neighboring colonies to form large genetically complex
groups, whereas in drier habitats with more limited food re-
sources, colonies are small and far apart, resulting in infre-
quent encounters between neighboring colonies. Under the
latter conditions, colonies form close family units. To the
extent that the above characterization of breeding system in
European Reticulitermes species is accurate, these species
respond differently to local environmental conditions than
does R. flavipes, because in the present study, colonies oc-
curring in a moist forest habitat with an abundance of de-
caying wood were genetically distinct family groups with
localized foraging areas. Variation in breeding systems has
been reported for other termite species as well. For example,
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Goodisman and Crozier (2002) found differences in the levels
of inbreeding among three populations of the primitive ter-
mite Mastotermes darwiniensis (Mastotermitidae) in Austra-
lia. Thus, geographic and/or local variation in breeding sys-
tems may be widespread in termites.

Isolation by Distance

Colony reproduction by budding is believed to be common
in multiple site-nesting termites, which include many sub-
terranean species (reviewed in Shellman-Reeve 1997; Myles
1999; Thorne et al. 1999). Although there is circumstantial
evidence that budding occurs in at least some populations of
Reticulitermes (Thorne et al. 1999), conclusive evidence dem-
onstrating budding in any population is lacking. Results of
isolation by distance analysis using both the microsatellite
and mtDNA markers in the present study suggest that there
is no appreciable population viscosity on a local scale, as
would be expected if reproduction by budding or very short-
range mating flights occurred frequently in the study popu-
lation. This conclusion is supported by the absence of sig-
nificant relatedness between the extended family colonies and
their nearest neighbors. The apparent lack of budding is con-
sistent with the high proportion of simple family colonies
headed by outbred primary reproductives. The process of
budding would likely produce daughter colonies headed by
neotenics. Therefore, in populations where budding is com-
mon, one would expect a relatively high proportion of ex-
tended family colonies headed by neotenics. It should be
noted that conclusions drawn from the present results are
tentative because the sampling regime used was not of a
sufficiently fine scale to ensure that each colony’s nearest
neighbors were sampled; daughter colonies, if they existed,
could have been missed. However, in a finer-scale study con-
ducted in Massachusetts, Bulmer et al. (2001) also did not
find evidence for frequent colony reproduction by budding
in R. flavipes. In summary, although budding may occur often
in some populations of Reticulitermes, especially populations
with relatively high frequencies of extended family colonies,
results to date from genetic data suggest that budding is not
a common mode of reproduction in all populations and may
not be as prevalent as was previously believed.

Results from other multiple-site nesting termites suggest
budding may be an important mode of reproduction in some
species but not others. Isolation-by-distance analysis on local
scales of up to 1 km suggests frequent reproduction by bud-
ding in the African subterranean termite Schedorhinotermes
lamanianus (Husseneder et al. 1998), but not in the primitive
termite M. darwiniensis (Mastotermitidae) in northern Aus-
tralia (Goodisman and Crozier 2002). Many more fine-scale
genetic studies are needed to determine the frequency of bud-
ding in different species, the extent to which budding varies
within species, and the role of ecological factors in promoting
budding.

Size of Foraging Areas

Reticulitermes species are generally believed to form large,
expansive colonies (Thorne 1998). There is evidence, pri-
marily from mark-release-recapture studies in disturbed, ur-
ban areas that colonies of R. flavipes can occupy large for-

aging areas, extending up to 70 linear meters (Grace et al.
1989; Su et al. 1993). The present results suggest that R.
flavipes colonies in the study area are fairly localized with
foraging ranges that generally do not exceed 30 linear meters.
Of the 56 colonies sampled, only one occupied more than a
single collection point, and the two collection points spanned
by this colony were separated by 15 m. Indeed, ongoing finer-
scale studies of a longitudinal nature in two of the three sites
studied here (DeHeer and Vargo 2004) also show fairly lo-
calized foraging ranges of R. flavipes. Additional evidence
for limited foraging areas in this species comes from a de-
tailed study by Bulmer et al. (2001) conducted in Massa-
chusetts. Of the 22 colonies studied, 20 colonies had foraging
ranges less than 20 linear meters, whereas the remaining two
colonies extended approximately 65 and 76 linear meters. In
sum, although there have been a few reports of expansive
foraging ranges in R. flavipes, the above-mentioned studies
as well as additional studies on this and other Reticulitermes
species suggest that relatively localized colonies may be typ-
ical in this genus (Forschler and Ryder 1996; Tsunoda et al.
1999; Haverty et al. 2000).

Higher-Level Genetic Structure

Analyses of higher-level population structure using the mi-
crosatellite markers indicated weak but significant differen-
tiation at both the level of the transect, a distance of 1 km,
and the level of the site, a distance of 16–38 km. These results
suggest that reproductives normally disperse over fairly large
areas with small barriers to gene flow at these spatial scales.
Although no significant structure was detected with the
mtDNA data, the neighbor-joining tree (Fig. 3) suggested
that the majority of Duke Forest haplotypes were closely
allied and distinct from those at the other sites, whereas the
haplotypes of the geographically closer Schenck Forest and
Lake Wheeler sites were interspersed with each other. The
lack of statistically significant structure in the mtDNA ge-
nome may be due to the smaller sample size used with this
class of markers, which was effectively limited to the number
of colonies. The weak differentiation at the microsatellite loci
and lack of detectable structure in the mtDNA marker suggest
that males and females do not exhibit major differences in
dispersal distances.

The detection of structure among populations using mi-
crosatellites in the present study contrasts with the results of
previous studies of R. flavipes employing allozymes at similar
spatial scales; Reilly (1986, 1987) failed to detect significant
differentiation among sites separated by 0.8 km or 10–100
km apart in Tennessee, and Bulmer et al. (2001) did not detect
significant structure between sites separated by 0.5 km or by
20 km in Massachusetts. The differences between the present
results and those of the previous studies could be due to the
tighter confidence intervals resulting from the larger sample
sizes used in the present study, the greater sensitivity of
highly polymorphic microsatellites to detect differentiation
compared to allozymes (e.g., Estoup et al. 1998; Ross et al.
1999), or differences in dispersal distances and gene flow in
these geographic regions.

Although there was significant structure detected in the
present study, the magnitude of differentiation was weak.
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Thus, taken as a whole, the population genetic studies on R.
flavipes indicate that there is only weak differentiation, at
best, among sites separated by 0.5–100 km. At larger scales,
Reilly (1986) reported significant differentiation at allozyme
loci among sites in the southeastern United States separated
by 100–600 km (FST 5 0.12, 95% CI 5 0.05–0.19), but
Jenkins et al. (1999a) found no obvious relationship between
mtDNA haplotype and geographic region across the state of
Georgia. It therefore seems that there is extensive gene flow
in R. flavipes, even at large spatial scales, and that this could
constrain the degree to which components of the breeding
system may be genetically adapted to local ecological con-
ditions. If so, much of the observed variation in the breeding
system of this species may be due to phenotypic plasticity
in response to local ecological factors and demographic struc-
ture rather than adaptive genetic variation. A major challenge
for future work in this area will be to assess the degree to
which breeding system components in R. flavipes may re-
spond to local selection and to investigate the effect of gene
flow on adaptation to specific habitats. A variety of additional
studies will be key in meeting this challenge, including char-
acterization of the breeding system in populations across a
wide geographic area, identification of specific ecological
factors associated with breeding system variation in different
habitats, and evaluation of the extent and direction of gene
flow among populations.
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population genetics of social insects. Annu. Rev. Ecol. Syst. 28:
1–25.

Pearce, M. J. 1997. Termites: biology and pest management. CAB
International, Wallingford, U.K.

Queller, D. C., and K. F. Goodnight. 1989. Estimating relatedness
using genetic markers. Evolution 43:258–275.

Raymond, M., and F. Rousset. 1995. GENEPOP (Version 1.2):
population genetics software for exact tests and ecumenicism.
J. Hered. 86:248.

Reeve, K. K., and L. Keller. 2001. Tests of reproductive-skew mod-
els in social insects. Annu. Rev. Entomol. 46:347–385.

Reilly, L. M. 1986. Measurements of population structure in the
termite Reticulitermes flavipes (Kollar) (Isoptera: Rhinotermiti-
dae) and comparisons with the eusocial Hymenoptera. Ph.D.
diss. Vanderbilt University, Nashville, TN.

———. 1987. Measurements of inbreeding and average relatedness
in a termite population. Am. Nat. 130:339–349.

Ross, K. G. 1993. The breeding system of the fire ant Solenopsis
invicta: effects on colony genetic structure. Am. Nat. 141:
554–576.

———. 2001. Molecular ecology of social behaviour: analyses of
breeding systems and genetic structure. Mol. Ecol. 10:265–284.

Ross, K. G., and D. D. Shoemaker. 1997. Nuclear and mitochondrial
genetic structure in two social forms of the fire ant Solenopsis
invicta: insights into transitions to an alternate social organi-
zation. Heredity 78:590–602.

Ross, K. G., M. J. B. Krieger, D. D. Shoemaker, E. L. Vargo, and
L. Keller. 1997. Hierarchical analysis of genetic structure in
native fire ant populations: results from three classes of molec-
ular markers. Genetics 147:643–655.

Ross, K. G., D. D. Shoemaker, M. J. B. Krieger, C. J. DeHeer, and
L. Keller. 1999. Assessing genetic structure with multiple classes
of molecular markers: a case study involving the introduced fire
ant Solenopsis invicta. Mol. Biol. Evol. 16:525–543.

Ruppell, O., M. Stratz, B. Baier, and J. Heinze. 2003. Mitochondrial
markers in the ant Leptothorax rugatulus reveal the population
genetic consequences of female philopatry at different hierar-
chical levels. Mol. Ecol. 12:795–801.

Scheffrahn, R. H., and N. Y. Su. 1994. Keys to soldier and winged
adult termites (Isoptera) of Florida. Fla. Entomol. 77:460–474.

Schneider, S., D. Roessli, and L. Excoffier. 2000. Arlequin: a soft-
ware for population genetics data analysis. Ver 2.000. Available
via http://anthro.unige.ch/arlequin.

Shellman-Reeve, J. S. 1997. The spectrum of eusociality in termites.
Pp. 52–93 in J. C. Choe and B. J. Crespi, ed. Social behavior
in insects and arachnids. Cambridge Univ. Press, Cambridge,
U.K.

Shoemaker, D. D., and K. G. Ross. 1996. Effects of social orga-
nization on gene flow in the fire ant Solenopsis invicta. Nature
383:613–616.

Simon, C., F. Frati, A. Beckenbach, B. Crespi, H. Liu, and P. Flook.
1994. Evolution, weighting, and phylogenetic utility of mito-
chondrial gene sequences and a compilation of conserved poly-
merase chain reaction primers. Ann. Entomol. Soc. Am. 87:
651–701.

Su, N.-Y., P. M. Ban, and R. H. Scheffrahn. 1993. Foraging pop-
ulations and territories of the eastern subterranean termite (Is-
optera: Rhinotermitidae) in southeastern Florida. Environ. En-
tomol. 22:1113–1117.

Sugg, D. W., R. K. Chesser, F. S. Dobson, and J. L. Hoogland.
1996. Population genetics meets behavioral ecology. Trends
Ecol. Evol. 11:338–342.

Swofford, D. L. 1998. PAUP* 4.0: phylogenetic analysis using
parsimony (* and other methods). Sinauer, Sunderland, MA.

Tajima, F., and M. Nei. 1984. Estimation of evolutionary distance
between nucleotide-sequences. Mol. Biol. Evol. 1:269–285.

Thompson, G. J., and P. D. N. Hebert. 1998a. Population genetic
structure of the Neotropical termite Nasutitermes nigriceps (Is-
optera: Termitidae). Heredity 80:48–55.

———. 1998b. Probing termite social systems through allozyme
and mtDNA analysis: a case study of Nasutitermes nigriceps and
Nasutitermes costalis (Isoptera, Termitidae). Insectes Soc. 45:
289–299.

Thorne, B. L. 1998. Biology of subterranean termites of the genus
Reticulitermes. Pp. 1–30 in NPCA research report on subterra-
nean termites. National Pest Control Association, Dunn Loring,
VA.

Thorne, B. L., J. F. A. Traniello, E. S. Adams, and M. Bulmer.
1999. Reproductive dynamics and colony structure of subter-
ranean termites of the genus Reticulitermes (Isoptera Rhinoter-
mitidae): a review of the evidence from behavioral, ecological
and genetic studies. Ethol. Ecol. Evol. 11:149–169.

Tsunoda, K., H. Matsuoka, T. Yoshimura, and M. Tokoro. 1999.
Foraging populations and territories of Reticulitermes speratus
(Isoptera: Rhinotermitidae). J. Econ. Entomol. 92:604–609.

Vargo, E. L. 2000. Polymorphism at trinucleotide microsatellite loci
in the subterranean termite Reticulitermes flavipes. Mol. Ecol. 9:
817–820.

———. 2003. Genetic structure of Reticulitermes flavipes and R.
virginicus (Isoptera: Rhinotermitidae) colonies in an urban hab-
itat and tracking of colonies following treatment with hexaflu-
muron bait. Environ. Entomol. 32:1271–1282.

Vargo, E. L., C. Husseneder, and J. K. Grace. 2003. Colony and
population genetic structure of the Formosan subterranean ter-
mite, Coptotermes formosanus, in Japan. Mol. Ecol. 12:
2599–2608.

Weir, B. S., and C. C. Cockerham. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38:1358–1370.

Corresponding Editor: L. Keller


