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Population structure and colony composition
of two Zootermopsis nevadensis subspecies

BT Aldrich' and S Kambhampati

Department of Entomology, Kansas State University, Manhattan, KS, USA

Understanding the origin and maintenance of eusociality in
termites has proved problematic, in part, due to a lack of
knowledge concerning the variability and evolutionary
changes in termite breeding structure. One way to address
this is to compare the population genetics of a broad range of
termite species. However, few studies have investigated the
population genetics of basal termite taxa. We used 12
polymorphic microsatellite loci to characterize and compare
the colony genetic structure of 18 colonies of two basal
termite subspecies, Zootermopsis nevadensis nevadensis
and Zootermopsis nevadensis nuttingi. The average related-
ness (r) among individuals within a colony was high (0.59)
and similar to values reported for other termite species.
Average relatedness between colony founders was lower
(0.21) suggesting the alates outbreed. Genotypes of workers
and soldiers in 4 out of the 18 colonies were consistent with

reproduction by a single pair of primary reproductives and the
remaining colonies were inferred to have been derived from
more than two reproductives. Eleven colonies with three or
more reproductives were consistent with replacement repro-
ductives (neotenics) and the remaining three colonies
included genetic contribution from three or more primary
reproductives. Comparisons between the subspecies re-
vealed significant differences in breeding structure, specifi-
cally in the number and types of reproductives (that is,
primaries or neotenics). Furthermore, we observed a larger
proportion of colonies with greater than three primary
reproductives compared to more derived termite lineages.
Thus, our results suggest that breeding structure can vary
significantly among termite taxa.
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Introduction

Comparative studies on the colony genetic structure of
solitary, primitively eusocial and eusocial taxa have
provided important insights into the diverse social
structure and evolution of eusociality in Hymenoptera
(Crozier and Pamilo, 1996; Pamilo ef al., 1997; Ross, 2001;
Wilson and Hoélldobler, 2005). Similarly, understanding
eusociality in Isoptera may depend on empirical evi-
dence from genetic studies and a better understanding of
the diversity and evolutionary changes in termite
breeding structure. To this end, there is a growing
number of population genetic studies involving termites
(Reilly, 1987; Atkinson and Adams, 1997; Thompson and
Hebert, 1998; Husseneder et al., 1999, 2002; Jenkins et al.,
1999; Bulmer et al., 2001; Goodisman and Crozier, 2002;
Vargo, 2003; Vargo et al., 2003, 2006a,b; DeHeer and
Vargo, 2004; DeHeer et al., 2005; Dronnet et al., 2005;
Hacker et al., 2005; Husseneder et al., 2005; Vargo and
Carlson, 2006). The results of such studies have greatly
increased our understanding of termite colony structure.
Unfortunately, a majority of the termite population
genetics studies involve only a few families and, with
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the exception of Mastotermes darwiniensis, highly derived
termite lineages. Consequently, population genetic stu-
dies of additional, basal taxa are needed to facilitate a
broader comparison and greater understanding of
variability in colony structure among diverse termite
lineages. Studies of this nature have the potential to
reveal evolutionary changes in termite colony structure
and social characteristics and possibly, common patterns
from which general rules underlying termite breeding
structure could be derived (Ross, 2001).

According to phylogenetic evidence (Kambhampati
and Eggleton, 2000), next to Mastotermitidae, Termopsi-
dae is one of the basal termite families whose members
are yet to be studied from a colony genetic structure
standpoint. Termopsidae display one-piece nesting (living
in and consuming their host log) and lack ‘true’
workers (nonreproductive, nonsoldier individuals that
diverge early and irreversibly from the imaginal line)
(Thorne, 1997, Thorne and Traniello, 2003), character
states that are not present in the termite taxa whose
population genetics have been studied to date. Among
termopsids, the best-studied termites are in the genus
Zootermopsis (see Krishna and Weesner, 1969; Thorne
et al., 1993; Abe et al., 2000 for reviews), which are the
only endemic termites in Nearctic temperate forests of
western North America (Eggleton 2000). Because of their
basal position and unique characteristics, studies on the
population genetics of Zootermopsis should provide
valuable information concerning termite colony structure
diversity.
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The genus Zootermopsis consists of Zootermopsis
nevadensis, Zootermopsis angusticollis and Zootermopsis
laticeps (Banks). Z. nevadensis is subdivided into two
subspecies, Zootermopsis nevadensis nevadensis and Zoo-
termopsis nevadensis nuttingi (Haverty and Thorne, 1989).
Comparative studies have shown that breeding structure
can vary among sympatric populations of different
species within the same termite family (Vargo et al.,
2006b). Therefore, to characterize the differences in
colony structure among the basal and derived termite
lineages, it is important to understand the variability in
colony structure among closely related taxa. This
information may prove vital in differentiating between
the intra- and intertaxon variability in colony structure
and allow for more meaningful comparisons among
termites lineages. Because they are the most closely
related of the Zootermopsis taxa, a comparison of the
population genetics of Z. n. nevadensis and Z. n. nuttingi
should provide important information concerning the
variability in colony structure within the genus.

Finally, the two Z. nevadensis subspecies are morpho-
logically indistinguishable but display subspecies-speci-
fic cuticular hydrocarbon profiles (Haverty et al., 1988;
Haverty and Thorne, 1989). No diagnostic genetic
differences have been reported for the two Z. nevadensis
subspecies.

Therefore, our objectives were to (1) identify diagnos-
tic genetic differences between the Z. nevadensis sub-
species, (2) characterize and compare the breeding and
colony genetic structure of the two Z. nevadensis
subspecies and (3) compare the breeding structure of
Z. nevadensis subspecies to other termite species.

Materials and methods
Sampling and identification

Samples of Z. n. nevadensis and Z. n. nuttingi were
collected from tree stumps and fallen logs at 18 sites in

Table 1 Sampling data for Z. nevadensis subspecies in California

northern California during July 2003 (Table 1). The
sampling locations for the two subspecies were chosen
based on distribution data of Thorne et al. (1993). Sites
1-9 were located northwest of McCloud, CA and sites
10-18 southeast of Hat Creek, CA, which correspond to
the known distribution of Z. n. nuttingi and Z. n.
nevadensis, respectively, based on cuticular hydrocarbon
phenotypes (Thorne et al., 1993). Fifty to one hundred
workers and soldiers were collected from a single colony
at each site. Specimens collected and stored in 95%
ethanol were returned to the Department of Entomology,
Kansas State University, for genetic analysis. Live speci-
mens from eight sites (indicated in Table 1) were sent to
Michael Haverty (USDA Forest Service, Berkeley, CA,
USA) for hydrocarbon analysis (Haverty et al., 1988).

Mitochondrial DNA

To determine if the two subspecies displayed genetic
variability at a maternally inherited marker, we used
polymerase chain reaction (PCR) to amplify a portion of
the cytochrome oxidase subunit I (COI) mitochondrial
gene fragment, which has been used as a species-specific
marker (Brunner et al., 2002; Hebert et al., 2003; Stoeckle,
2003). DNA was extracted from the head and thorax of a
single individual chosen at random from each of the 18
colonies using the Wizard DNA isolation kit (Promega
Corp., Madison, WI, USA). The COI fragment was
amplified from each of the selected individuals using
the primers: COIF: 5-GAA CAG AAC TTG GAC AAC
A-3 and COIR: 5'-CTA CTG TGA ATA TGT GGT GTG C-3'.
The primers were designed from COI sequences of
other termite species (Aanen ef al., 2002; Aanen and
Eggleton, 2005). PCR was set up in 31ul volumes
containing 22.5ul H,O, 25ul of 10x Taq buffer
(500mM KCI, 100mM Tris-HCl (pH 9.2), 1% Triton
X-100), 2.5u1 MgCl, (25mm), 0.25u1 dNTPs (80 mm)
(Promega), 0.4 ul of each primer (0.25pug/ul), 0.4pul of
Taq DNA polymerase (Promega) and 2ul of DNA.
Amplification was achieved using a PTC-200 Thermal

Site no. Location Latitude (N) Longitude (W) Altitude (m) Subspecies COI haplotype
1* Klamath National Forest 41.51.29 122.42.14 1878 Z. n. nuttingi I
2% Klamath National Forest 41.51.26 122.42.08 1976 Z. n. nuttingi I
3 Klamath National Forest 41.50.50 122.41.01 2070 Z. n. nuttingi I
4* Edgewood+Calhan 41.25.85 122.38.33 4770 Z. n. nuttingi I
5* Edgewood+Calhan 41.24.73 122.37.94 4509 Z. n. nuttingi I
6* Hwy 3 south of Scott mts. trail 41.15.56 122.40.20 4875 Z. n. nuttingi I
7* Hwy 3 south of Scott mts. trail 41.14.79 122.39.89 4874 Z. n. nuttingi I
8 Dunsmuir 41.09.75 122.17.28 1944 Z. n. nuttingi I
9 Dunsmuir 41.10.32 122.15.78 1944 Z. n. nuttingi I
10* 2 miles south of Hat Creek 40.47.19 121.30.29 4038 Z. n. nevadensis I
11* 10 miles south of Hat Creek 40.44.54 121.28.33 3590 Z. n. nevadensis I
12 3 miles south of Old Station 40.41.73 121.23.28 5170 Z. n. nevadensis I
13 6 miles south of Old Station 40.40.00 121.21.51 5620 Z. n. nevadensis I
14 10 miles south of Old Station 40.38.76 121.18.15 5455 Z. n. nevadensis I
15 Milford 40.07.77 120.20.80 5593 Z. n. nevadensis I
16 Milford 40.07.77 120.20.80 5593 Z. n. nevadensis II
17 Milford 40.07.62 120.20.74 5631 Z. n. nevadensis I
18 Milford 40.07.19 120.20.86 6041 Z. n. nevadensis I
19* Pebble Beach 36.36.05 121.52.54 60 Z. n. nuttingi I
20* Georgetown 38.54.25 120.50.15 2649 Z. n. nevadensis I

Abbreviations: COI, cytochrome oxidase subunit I; Hwy, highway; mts, mountains.

Sites with asterisk indicate colonies identified via cuticular hydrocarbons. COI haplotype indicates the haplotype I or II displayed by the

individual sampled and sequenced from each colony.
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Cycler (M] Research, Waltham, MA, USA) with the
following conditions: an initial denaturation step of 94°C
(3min) followed by 10 cycles of 95°C (30s), 45°C (455)
and 72°C (305s), then 25 cycles of 95°C (305s), 50°C (45s)
and 72°C (30s) followed by 72°C for 20min. The PCR
fragments were gel purified and sequencing reactions
using the dRhodamine Dye Terminator Kit (ABI Inc.,
Foster City, CA, USA) were set up following the
manufacturer’s instructions. The DNA pellet was dried
and sent to the University of Florida’s DNA sequencing
laboratory for sequencing on an ABI 377 sequencer. The
COI gene fragment of two additional individual termites
from Pebble Beach and Georgetown, CA (previously
identified as Z. n. nuttingi and Z. n. nevadensis,
respectively, based on cuticular hydrocarbons by Haverty)
were sequenced to determine if subspecies-specific
sequence variability was maintained over a broader
geographic range. The Pebble Beach and Georgetown,
CA samples were collected ~500 and ~ 150 km from our
Z. n. nuttingi and Z. n. nevadensis colonies, respectively.
Sequences are deposited in Genbank under accession
numbers DQ133197-DQ133206 (Z. n. nuttingi) and
DQ133207-DQ133216 (Z. n. nevadensis).

Microsatellite analysis

DNA was extracted from the head and thorax of 26-54
individuals from each colony. Twelve polymorphic
microsatellite loci were amplified for each individual
using primers and methods reported by Aldrich and
Kambhampati (2004). PCR products were run on 6%
polyacrylamide gels on a Hoeffer SE 600 gel system (GE
Healthcare, Piscataway, NJ, USA), stained with ethidium
bromide and visualized and photographed under UV
light. Alleles were scored based on fragment size.
Running samples with molecular weight markers and
PCR products containing allele fragments from previous
samples ensured accurate identification and scoring of
alleles.

Hardy—Weinberg equilibrium and linkage disequilibrium
Because of the close genetic relationship among colony
members, genotypes of individuals within a colony are
not independent. Therefore, a single individual from
each colony was selected at random and deviations from
Hardy-Weinberg equilibrium (HWE) and linkage dis-
equilibrium (LD) were analyzed by means of exact tests
using GENETIC DATA ANALYSIS v. 1.1 (Lewis and
Zaykin, 2000) with 3200 iterations as described by Vargo
(2003). The two sub-species were analyzed separately
and the procedure was replicated 20 times for each
subspecies.

Colony structure

The reproductives in Zootermopsis colonies can be of one
of two types: primaries, which are alate-derived repro-
ductives, or neotenics, which are workers or soldiers that
have differentiated into functional reproductives. To
assess the family structure (that is, type and number of
reproductives within each colony), genotypes and allele
frequencies within colonies were used to classify colonies
as simple family, extended family or mixed family
colonies as defined by DeHeer and Vargo (2004). Simple
family colonies were those in which four or fewer
genotypic classes were observed and observed frequen-

Breeding structure of Zootermopsis
BT Aldrich and S Kambhampati

cies of genotypes did not differ significantly from
expected Mendelian frequencies as determined by a
G-test (Vargo, 2003). Individuals in simple family
colonies exhibit genotypes that are consistent with being
derived from a single pair of reproductives. Extended
family colonies were those in which five or more
genotypic classes were observed or those in which
genotype frequencies deviated significantly from
expected Mendelian ratios (P <0.05, G-test). Mixed family
colonies were those in which five or more alleles were
observed at a single locus. Individuals in extended and
mixed family colonies exhibit genotypes that suggest
three or more reproductives are responsible for progeny
production. The distinction between extended and mixed
family colonies is in the number of primary reproductives.
Extended family colonies contain neotenics and offspring
that are descendents of a single founding pair of primary
reproductives. Mixed family colonies contain offspring of
three or more primary reproductives but may also include
those of some neotenics.

Subspecies comparisons and population genetic
structure

To quantify and compare the breeding structure of
Z. nevadensis subspecies, we analyzed colonies 1-9 and
10-18 separately because each set of colonies exhibited
fixed genetic differences in mitochondrial COI gene (see
‘Results’) that correspond to the geographic distribution
of the two subspecies (Thorne et al., 1993). Unless
specified, all analyses were carried out using MSANA-
LYZER 3.15 (Dieringer and Schlotterer, 2003). Genetic
variability was assessed by estimating the number of
alleles at each locus, observed heterozygosity and
expected heterozygosity (Nei, 1973) for all loci. To
quantify the higher-level breeding structure, direct
estimates of the proportion of the total genetic variability
at three hierarchical levels, namely, among locations,
among colonies and within colonies, were obtained
using the analysis of molecular variance (AMOVA) in
ARLEQUIN 2.0 (Schneider et al., 2000). ARLEQUIN was
also used to assess the proportion of the total variation
for all samples that is due to variability among the
subspecies. F-statistics were used to estimate population
substructuring within the two subspecies at three
hierarchical levels: among all individuals (Frr), among
colonies (Fct) and within colonies (Fic). Within each
subspecies, F-statistic estimates were calculated sepa-
rately for each colony type (simple, extended and mixed)
and were then compared to different models of termite
breeding structure (Thorne et al., 1999; Bulmer et al., 2001;
DeHeer et al., 2005). T-tests were used to determine if
observed heterozygosity and F-statistic estimates were
significantly different among loci within a subspecies
and between colony types, respectively.

Relatedness within and among colonies and parents

The coefficient of relatedness among workers and
reproductives from the same and different colonies was
estimated using the program RELATEDNESS 5.0.8
(Queller and Goodnight, 1989). To determine how the
number and type of reproductives (that is, primaries and
neotenics) impacted relatedness among colonymates,
relatedness among individuals within each colony was
estimated. Colonies were grouped based on the classifi-
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cations mentioned above and t-tests were used to
estimate if relatedness estimates were significantly
different among the three different colony types. To
estimate whether population substructuring influenced
the relatedness among colonies, we estimated the
coefficient of relatedness between all pairwise combina-
tions of colonies. We then compared the relatedness
among colonies within a location to that among colonies
from different locations. To estimate the relationship
between primary colony founders we reconstructed,
both manually and using the computer program GERUD
2.0 (Jones, 2005), the parental genotypes for each simple
family colony using the genotypes of the offspring. Using
the reconstructed parental genotypes, we estimated the
relatedness between parents of each simple family
colony. All reported relatedness estimates are relative
to the entire population (that is, relatedness above the
baseline relatedness among individuals of a population).

Results

Mitochondrial DNA haplotypes

Cuticular hydrocarbon phenotyping of the eight colonies
identified two different hydrocarbon profiles corre-
sponding to Z. n. nevadensis and Z. n. nuttingi as reported
previously by Haverty et al. (1988). In agreement with the
distributional data (Thorne et al., 1993), all Z. n. nuttingi
colonies were located northwest of McCloud, CA, and all
Z. n. nevadensis colonies southeast of Hat Creek, CA
(Figure 1 and Table 1). The DNA sequence of the 772 bp
COI gene fragment from one individual from each of the
18 colonies revealed the presence of two unique
haplotypes. The first haplotype displayed thymine at
position 127 and adenine at position 699 (haplotype I)
whereas the second haplotype displayed a cytosine and
guanine at the above two respective positions (haplotype
II). Additionally, haplotype I was found in colonies
located northwest of McCloud, CA (that is, Z. n. nuttingi)

whereas haplotype II was found in colonies southeast of
Hat Creek, CA (that is, Z. n. nevadensis) (Table 1).
Furthermore, two individuals sampled from Pebble
Beach and Georgetown, CA (identified as Z. n. nuttingi
and Z. n. nevadensis, respectively, using hydrocarbon
analysis) displayed haplotypes I and II, respectively.
Thus, the COI sequence provides a genetic distinction
between Z. n. nuttingi and Z. n. nevadensis as defined by
hydrocarbon phenotypes.

Basic microsatellite data

In total, 86 different alleles were observed at the 12 loci
ranging from 4 to 11 alleles per locus and an average of
7 alleles per locus (Table 2). The Z. n. nuttingi colonies
contained 67 alleles including 6 private alleles and Z. n.
nevadensis colonies contained 80 alleles including 19
private alleles. For both subspecies, the observed hetero-
zygosities were significantly larger than those expected
under HWE (t;;, =7.35, P<0.01 for Z. n. nuttingi and

Table 2 Number of alleles observed at each locus for Z. nevadensis
sampled in this study

Locus Common alleles Private alleles Total
Zoot1l 3 2 5
Zoot18 3 5 8
Zoot25 6 1 7
Zoot28 8 3 11
Zoot29 4 1 5
Zoot31 4 2 6
Zoot73 8 2 10
Zoot76 5 4 9
Zoot101 5 1 6
Zoot103 3 1 4
Zoot117 10 0 10
Zoot212 2 3 5

Common alleles were observed in both subspecies and private
alleles were those found in only one of the two subspecies.
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Figure 1 Map showing the distribution of Z. n. nuttingi and Z. n. nevadensis colonies included in this study (Z. n. nuttingi, 1-9; Z. n. nevadensis,

10-18).
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Table 3 Locus-specific and mean observed and expected hetero-
zygosity estimates for Z. n. nuttingi and Z. n. nevadensis colonies

Locus Z. n. nuttingi Z. n. nevadensis
Het obs Het exp Het obs Het exp

Zoot29 0.40 0.33 0.53 0.42
Zoot18 0.30 0.25 0.49 0.37
Zoot25 0.56 043 0.70 0.56
Zoot212 0.21 0.19 0.45 0.33
Zoot117 0.59 0.52 0.67 0.59
Zoot11 0.41 0.32 0.44 0.34
Zoot73 0.69 0.58 0.76 0.62
Zoot76 0.63 0.45 0.61 0.46
Zoot101 0.70 0.59 0.65 0.52
Zoot103 0.54 0.45 0.43 0.38
Zoot28 0.55 0.50 0.65 0.48
Zoot31 0.64 0.53 0.52 0.44
Mean 0.52 0.43 0.57 0.46
s.e. 0.02 0.01 0.02 0.01

Abbreviations: Het obs, observed heterozygosity; Het exp, expected
heterozygosity.

t;1=11.81, P<0.01 for Z. n. nevadensis;, Table 3). The
expected heterozygosities were not significantly different
between the two subspecies (t;;=1.31, P=0.22). Ob-
served heterozygosities, ranged from 0.52 to 0.57 for the
two subspecies but not significantly different from each
other (t;;=1.72, P=0.11). Locus-specific heterozygosity
values varied but were not significantly different among
loci or between the subspecies (t-test, P >0.05).

HWE and linkage disequilibrium

The 12 loci used in this study showed signifi-
cant deviation from HWE in 55 of the 240 (23%) tests
for Z. n. nuttingi and 20 of the 240 (8%) tests for Z. n.
nevadensis (20 replicates x 12 loci). Significant LD was
observed in 119 of 1320 (9%) locus combinations for Z. n.
nuttingi and 56 of the 1320 (4%) locus combinations for
Z. n. nevadensis (20 replicates x 66 locus combinations).
No one locus or pairs of loci showed consistent deviation
from HWE or LD in the above tests. Therefore, all 12 loci
were included in the following analyses.

Classification of colonies according to breeding types
Four of the eighteen colonies included in this study were
consistent with being derived from a single pair of
reproductives. Eleven colonies displayed five or more
genotypic classes or genotype frequencies that deviated
significantly from those expected under HWE (G-test,
P <0.05), and were therefore considered extended family
colonies. The remaining three colonies displayed five or
more alleles at a single locus and were considered mixed
family colonies. Of the nine Z. n. nevadensis colonies, four
were simple family colonies, two were extended family
colonies and three were mixed family colonies. All nine
Z. n. nuttingi colonies sampled were inferred to be
extended family colonies.

Breeding structure

Genetic variance was partitioned into variance among
locations, among colonies and within colonies for Z. n.
nuttingi and Z. n. nevadensis (Table 4). In general, variance
estimates at each hierarchical level were similar between

Breeding structure of Zootermopsis
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Table 4 The total genetic variance in allele frequencies of Z. n.
nuttingi and Z. n. nevadensis partitioned into variance among
locations, among colonies and within colonies

Source Z. n. nuttingi Z. n. nevadensis
Variance % of Variance % of
component total component total
Among 0.11 4 0.24 6
locations
Among 0.94 29 0.94 24
colonies
Within colonies 2.19 67 2.79 70
Total 3.24 100 3.97 100

the two subspecies. The largest component of genetic
variability was attributable to variation within colonies
with a mean of 68.5% for both subspecies. Among-colony
variability averaged across the two subspecies was
26.5%. The remaining 5% of the variability was attribu-
table to variability among colonies from different
sampling locations. When analyzed together, about 10%
of the total genetic variability could be attributed to
differences between Z. n. nuttingi and Z. n. nevadensis
colonies.

Within each subspecies and colony type, locus-specific
F-statistic estimates were variable but not significantly
different among loci (data not shown). Overall, F-statistic
estimates were somewhat variable among the three
colony types and between the two subspecies of the
same colony type (Table 5). The departure from random
mating among colonies (Fcr) was not significantly
different between the two subspecies or among the three
colony types (t-test; P>0.05). Fir estimates were some-
what variable between colonies but the estimates were
significantly different only between the Z. n. nuttingi
and Z. n. nevadensis extended family colonies (f»; =2.63,
P =0.02). The colony-level inbreeding coefficient (Fic)
for Z. n. nuttingi extended family colonies was signifi-
cantly different from both simple and extended family
colony Fjc estimates for Z. n. nevadensis (t;;=2.78,
P=0.01; t,»=2.81, P=0.01, respectively). Listed in
Table 5 are F-statistics and relatedness estimates gener-
ated from computer simulations of several different
termite breeding systems (Thorne et al., 1999; Bulmer
et al., 2001; DeHeer et al., 2005). F-statistics and related-
ness estimates for Z. n. nevadensis simple family colonies
were consistent with simulated values for simple family
colonies (Table 5) and differed significantly (based on
95% confidence interval (CI)) in at least one of the four
parameters (Fry, Fcr, Fic and 1) from all other breeding
systems. The mixed family colonies of Z. n. nevadensis
were consistent with pleometrosis involving two queens
and one king (Table 5) and differed from all other
systems examined. The extended family colonies for both
subspecies differed from all simulated breeding systems
in one or more of the parameters.

Relatedness
The average r among workers within Zootermopsis
colonies (r=0.59+0.03 (s.e.)) was significantly greater
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Table 5 Summary of F-statistics and relatedness estimates for Z. n. nuttingi and Z. n. nevadensis colonies

Fir Fer Fic r

Z. n. nuttingi
Extended family colonies (N =9)

Z. n. nevadensis
Simple family colonies (N =4)
Extended family colonies (N =2)
Mixed family colonies (N =3)

Simulated
Simple family colonies
Replacements (n=1, X=1)
Replacements (n=1, X =3)
Replacements (n =10, X=1)
Mixing between related colonies (n1=1, X=3, P=90)
Pleometrosis (colonies headed by two queens and one king)

0.24 (0.17-0.31)

0.32 (0.25-0.40) —0.12 (-0.20 to —0.05) 0.62 (0.56-0.69)

0.15 (-0.01 to 0.28) 0.33 (0.24-0.42) —0.28 (—0.38 to —0.17) 0.60 (0.44-0.77)
0.02 (—0.18 to 0.21) 0.26 (0.13-0.39) —0.33 (—0.52 to —0.14) 0.59 (0.53-0.64)
0.11 (-0.06 to 0.29) 0.25 (0.11-0.39) —0.18 (—0.24 to —0.12) 0.46 (0.29-0.63)

0.00 0.25 —0.33 0.50
0.33 0.42 —0.14 0.62
0.57 0.65 —0.22 0.82
0.33 0.34 —0.01 0.51
0.66 0.64 0.04 0.77
0.00 0.19 —0.23 0.38

N is the number of colonies sampled for each colony type. The 95% confidence interval for each estimate is given in parentheses; Fr is the
reduction in heterozygosity of individuals in the total population; Fcr is the mean reduction in heterozygosity of colonies in the total
population; Fic is the mean reduction in heterozygosity of individuals in a colony; r is the coefficient of relatedness estimate among
individuals within a colony; n is the number of replacement reproductive pairs; X is the number of generations of inbreeding among
replacement reproductives; P is the proportion of mixing between colonies.

than 0.50 (t;7=4.16, P<0.01) expected for full siblings.
The average r for simple family colonies, extended
colonies and mixed colonies was 0.60+0.07, 0.62+0.02
and 0.46+0.08, respectively (Table 5). Relatedness
estimates for simple family colonies were not signifi-
cantly different from extended or mixed family colonies
and extended family colonies were significantly different
from mixed family colonies (t;;=2.63, P=0.02). The
average r between individuals from two different
colonies was 0.01 +0.01. The r between individuals from
two different colonies in the same location and two
colonies from different locations was 0.01+0.03 and
0.02+£0.01, respectively. The average r between parents of
simple family colonies was 0.21 +0.08.

Discussion

Genetic differences between the subspecies
Zootermopsis n. nevadensis and Z. n. nuttingi can be
distinguished from each other using hydrocarbon pro-
files (Haverty and Thorne, 1989). However, no morpho-
logical or genetic differences have been reported to date.
We identified fixed differences in the mitochondrial COI
gene that indicate that the two subspecies are genetically
differentiated lineages.

Higher-level breeding structure of Z. nevadensis

Colonies sampled in this study were collected over a
large geographic area and, if significant population
substructuring were to exist, the pooling of these
colonies may have resulted in an overestimation of the
F-statistics and relatedness estimates. However, there
was little pattern in genetic differentiation above the
colony level with only 5% of the genetic variation among
colonies collected at different locations. To determine
whether the pooling of colonies collected over a large
area had a significant impact on the breeding structure
estimates, we performed a simple test using five colonies
collected within a ~200m area, which were part
of a larger study involving a hybrid zone between the
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two Z. nevadensis subspecies (colonies 14-18; Aldrich,
2005). All five colonies displayed the Z. n. nuttingi
haplotype and were located within 27km of the Z. n.
nuttingi samples included in this study. We calculated
F-statistics and relatedness estimates for these five
colonies independently and pooled with Z. n. nuttingi
colonies 1-9 used in this study. There was a slight
reduction (0.02 and 0.03 decrease, respectively) in F-
statistics and relatedness estimates in the pooled relative
to the independent datasets; however, the pooled and
independent estimates were not significantly different
from each another (P>0.05).

Low levels of population subdivision above the colony
level and low relatedness among colonies within a
location suggest that there is significant gene flow among
colonies at different locations. Aldrich (2005) estimated
weak, but significant evidence for isolation by distance
among Z. nevadensis colonies over a range of 500m-
170km, which suggests that during nuptial flights Z.
nevadensis alates are dispersing, pairing and settling large
(>500m) distances from their parental colonies. This
is consistent with the observed dispersal distance for
Z. angusticollis of >350m (Castle, 1934). Our estimates
are also consistent with those for other termite species
(Reticulitermes, Mastotermes) indicating population differ-
entiation occurs over moderate to large distances (500 m-
100km) (Reilly, 1987; Jenkins et al., 1999; Bulmer et al.,
2001; Goodisman and Crozier, 2002; Vargo, 2003; Vargo
et al., 2003).

Colony classification, relatedness and breeding structure
The number of simple, extended and mixed family
colonies varied between Z. n. nuttingi and Z.
n. nevadensis. One possible explanation for these differ-
ences is variability in the ages of colonies that were
sampled. In general, the proportion of extended and
mixed family colonies relative to simple family colonies
is expected to increase with colony age (Thorne, 1998;
Thorne et al., 1999, 2003). If the average ages of colonies
differed between the two subspecies, differences in the



number of simple, extended and mixed family colonies
are expected. Differences in survivorship and behavior
may also explain the observed differences in breeding
structure. For example, neotenic development may
occur more frequently in Z. n. nuttingi relative to Z. n.
nevadensis. Alternatively, Z. n. nevadensis colonies may
not be surviving long enough to develop into extended
family colonies.

The Z. n. nevadensis simple family colonies display
parental relatedness and colony Fir estimates that are
suggestive of the reproductives in these colonies being
closely related (approaching half-sib values) and indivi-
duals in these colonies being significantly inbred,
respectively. F-statistics and relatedness estimates were
inconsistent with these colonies being derived from a
single pair of replacement reproductives and instead
suggest that these colonies were founded by related
primary reproductives. However, the relatedness data
suggest that alates are not pairing with siblings during
colony formation. Instead, it is apparent that founding
alates can share a significant portion of their genetic
material in common with each other by random chance,
resulting in inbred colonies. Several scenarios have been
proposed to explain how alates avoid pairing with
siblings, including synchronized swarming of alates
(Weesner, 1960; Noirot and Bodot, 1964; Harris and
Sands, 1965), long distance dispersal (Jones et al., 1981,
1988) and use of chemical or other cues to preferentially
pair with nonsiblings (Shellman-Reeve, 2001).

Our finding that Z. n. nuttingi and Z. n. nevadensis
extended family colonies were inconsistent with any one
single simulated breeding system is not unique. Similar
results have been reported in studies of other termite
species and are likely to arise when colonies of a species
consist of multiple breeding systems (DeHeer and Vargo,
2004; DeHeer et al., 2005). F-statistics and relatedness
estimates for Z. n. nuttingi extended family colonies were
most similar to those expected for a breeding system
involving small numbers of replacement reproductives.
Although classified as extended family colonies, breed-
ing structure estimates for Z. n. nevadensis extended
family colonies were most similar to values expected for
simple family colonies. One possibility is that these
colonies only recently developed neotenic reproductives
and genetically were still most similar to simple family
colonies. Alternatively, these colonies were a mix of more
than one breeding system. Overall, our results suggest
that the Z. nevadensis extended family colonies sampled
in this study contain small numbers of replacement
(neotenic) reproductives.

Mixed family colonies have been observed in several
termite species (Broughton, 1995; Atkinson and Adams,
1997; Jenkins et al., 1999; Bulmer et al., 2001; Goodisman
and Crozier, 2002; Hacker et al., 2005); however, relatively
little is known about their development. Fc estimates for
Z. n. nevadensis mixed family colonies were too low to be
explained by accidental mixing of colonies, even related
ones, at the collection sites. Instead, these colonies
display breeding structure estimates consistent with
pleometrosis. In pleometrosis multiple female alates
cooperate during colony foundation and rapid colony
expansion during the initial stages of colony growth
ensues (Atkinson and Adams, 1997; Hacker et al., 2005).
However, multiple factors other than pleometrosis have
been proposed to explain mixed family colonies, includ-
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ing infiltration of mature colonies by other alates, sharing
of foraging tunnels by neighboring colonies or colony
fusion (DeHeer and Vargo, 2004). In Reticulitermes
flavipes, mixed family colonies were the result of colony
fusions (DeHeer and Vargo, 2004). However, Zootermopsis
and Reticulitermes differ markedly in their life histories
and corresponding differences in their breeding systems
may exist.

Comparisons among termites
A key to understanding the evolution of termites is
determining the variability in breeding and colony
structure among different termite lineages. Overall, the
F-statistics and relatedness estimates appear to vary
among Mastotermitidae (Goodisman and Crozier, 2002),
Rhinotermitidae (Vargo, 2003; Vargo et al., 2003; DeHeer
and Vargo, 2004; DeHeer et al., 2005; Vargo et al., 2006b),
Termitidae (Thompson and Hebert, 1998) and Termopsi-
dae (this study). This interspecific variability arises from
differences in relatedness between primary reproduc-
tives, number of neotenic reproductives and proportion
of each colony type (Thorne et al., 1999; Bulmer et al.,
2001). Studies of R. flavipes (Vargo, 2003), Schedorhino-
termes lamanianus (Husseneder et al., 1999), Nasutitermes
nigriceps (Thompson and Hebert, 1998), M. darwiniensis
(Goodisman and Crozier, 2002) and Z. n. nuttingi (Shell-
man-Reeve, 2001, this study) have shown that termite
colonies are typically founded by outbred reproductives.
In contrast, high relatedness estimates (r>0.50) have
been observed between primary reproductives in colo-
nies of Coptotermes formosanus (Vargo et al., 2003).
Information concerning the number of neotenic repro-
ductives in colonies of different termite species is limited;
however, the frequency and number of neotenics appear
to vary both within and among termite families. For
example, C. formosanus (Vargo et al., 2003) shows a lower
proportion of colonies with neotenics (10%) compared
to M. darwiniensis (47%; Goodisman and Crozier, 2002),
S. lamanianus (58%; Husseneder et al., 1999) and
Z. nevadensis (61%; this study). With regard to the number
of neotenics in extended family colonies, most colonies of
Reticulitermes grassei consist of tens or hundreds of
replacement reproductives (DeHeer et al., 2005), whereas
R. flavipes (DeHeer and Vargo, 2004) and Z. nevadensis
colonies typically consist of fewer than 10 neotenics.
The number of mixed family colonies varies within
and among different termite families. Mastotermitidae
(Goodisman and Crozier, 2002) and Termopsidae (this
study) show the highest proportion of colonies derived
from more than two primary reproductives (26 and 17%,
respectively). In Termitidae, mixed family colonies have
been observed in studies of Nasutitermes corniger (Atkin-
son and Adams, 1997) and Macrotermes michaelseni
(Hacker et al., 2005) (14 and 12%, respectively). In
Rhinotermitidae, multiple studies failed to find evidence
for colonies derived from three or more unrelated
reproductives in the wild (Vargo, 2003; Vargo et al.,
2003; DeHeer et al., 2005); however, low numbers
of mixed family colonies have been reported in some
R. flavipes populations (Bulmer et al., 2001 (14%); Jenkins
et al., 1999; DeHeer and Vargo, 2004 (3%); Vargo and
Carlson, 2006 (8%); Vargo et al., 2006b (5.6%)) and some
populations of R. grassei are suggested to consist entirely
of mixed family colonies (Clement ef al., 2001; but see
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DeHeer et al., 2005). It is curious that the two basal
termite species, Mastotermes and Zootermopsis, display a
significant number of mixed family colonies. However,
reports of these colony types in more derived termites
are inconsistent and proportion of mixed family colonies
is lower compared to the basal species. Part of this may
be due to the limited number of studies involving basal
termites compared to the more derived Rhinotermitidae
and Termitidae. However, this may also suggest an
evolutionary change in breeding structure where mixed
family colonies become less frequent in the more derived
lineages.
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