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Size and heterozygosity influence partner
selection 1n the Formosan subterranean termite

Claudia Husseneder and Dawn M. Simms
Department of Entomology, Louisiana State University Agricultural Center, 404 Life Sciences Building,
Baton Rouge, LA 70803, USA

In monogamous species that exhibit extensive biparental investment, such as termites, both sexes are predicted to be selective
when choosing a mate. Size-related traits are expected to be important in partner selection because the fat reserves of the colony
founders sustain the incipient colony. Partner relatedness and heterozygosity determine the degree of inbreeding and genetic
diversity within the colony and may thus also influence partner selection. To test these predictions, we investigated whether
phenotypic and genetic traits influence mate choice and/or competitive advantage during pair formation of Formosan sub-
terranean termites, Coplotermes formosanus (Isoptera: Rhinotermitidae). Pair formation in termites normally occurs within a short
period after swarming when alates form tandem pairs on the ground. Alates were collected from 5 light trap samples in the
French Quarter of New Orleans, LA. From each sample, both tandem pairs and single individuals were collected and their sex,
body weights, and head widths were recorded. Pairwise relatedness and individual levels of heterozygosity were determined by
microsatellite genotyping. Males in tandem pairs with females had a significantly larger head width than males that did not form
tandem pairs. Weights as well as head widths of tandem running partners were positively correlated. For the majority of the
samples, relatedness between tandem partners did not differ from the relatedness to members of the other tandem pairs. Thus,
no kin discrimination occurred during tandem running. However, females engaged in tandem running had a higher degree of
heterozygosity than females that remained single. These findings suggest partner selection and/or competitive advantage based
on size-related phenotypic parameters and genetic diversity. The pairing advantage of heterozygous females might explain
previous findings of sex-biased alate production depending on the degree of inbreeding in colonies of several species of the
genus Coptotermes. Key words: Isoptera, mate choice, microsatellite genotyping, morphometry, relatedness, Rhinotermitidae,
sexual selection. [Behav Ecol 19:764-773 (2008)]

Partner selection weight and size, both assumed to be reasonable predictors
of fecundity and investment capability. Although phenotypic
traits are most often regarded as proximate cues for fecundity,
they can also serve as possible indicators of genetic quality,
such as the degree of inbreeding. For example, inbreeding
depression can lead to stunted growth, which is reflected in
decreased size and weight in social spiders and crickets (Bilde
et al. 2005; Rantala and Roff 2005).

Parental investment is immense in termites because the first
generation of larvae is entirely dependent on the resources
of the founder pair (Shellman-Reeve 1999). For several weeks,
the incipient colony is sustained solely by the fat reserves of
the parents until foragers emerge to provide the young colony
with nutrition. Therefore, it is conceivable that size and/or
weight may play a role in mate selection in termites. Studies
along these lines have been conducted on only 3 termite
species. Shellman-Reeve (1999) found that in the dampwood
termite, Zoolermopsis nevadensis (Termopsidae), males choose
heavy females (with large fat reserves) and females choose
large males. Matsuura and Nishida (2001) reported that males
of Reticulitermes speratus paired with heavier females. Kitade
et al. (2004) showed that paired dealates in Reticulitermes
kanmonensis tended to be larger in head width, pronotal
length, and body weight than solitary colony founders. These
studies did not investigate whether these physical parameters
were correlated to genetic traits.

In monogamous species that exhibit extensive biparental in-
vestment, both sexes are predicted to be selective when
choosing a mate (Trivers 1972). Whereas monogamy and
equal parental investment are common in birds (Wittenberg
and Tilson 1980), this system is rarely found in insects
(Bonduriansky 2001). The exception to this rule are the ter-
mites (order Isoptera), which represent the second largest
animal taxon with monogamous biparental care behind the
birds. The majority of termite reproductives are monogamous
during initial colony foundation; they mate for life and show
extensive biparental investment in raising their offspring
(Rosengaus and Traniello 1991; Shellman-Reeve 1999,
2001). Despite the fact that there are more than 2700 ecolog-
ically and economically important termite species, partner
selection in termites has received little attention. In particular,
the factors influencing partner selection and competitive
advantages are largely unknown. Investigators of mating sys-
tems have noted this conspicuous absence of studies involving
mating behavior and partner selection in termites (e.g.,
Alexander et al. 1997).

Phenotypic traits and partner selection

For most invertebrate species, phenotypic traits play key roles
in mate selection (Bonduriansky 2001). Typical phenotypic
traits considered important in mate choice include body
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tors of the “genetic quality” of a mate. In long-term monoga-
mous associations, such as those of termites, genetic quality
of the mate and his/her offspring is predicted to be more
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valuable than simple offspring numbers (Brown 1997;
Bonduriansky 2001). There are several theories concerning
what genetic quality is and how it can be measured. According
to Fisher (1915), partners should be chosen whose genes will
enhance vigor and quality of offspring. This so-called “good
genes” hypothesis is supported by both theoretical and em-
pirical work (Petrie 1994). Brown (1997) proposed the “good-
genes-as-heterozygosity hypothesis,” that is, the good genes
mates select for may actually be individual heterozygosity,
because heterozygotes sire offspring with increased fitness.
Heterozygotes are considered superior (Brown 1999) because
of the benefits of increased genetic diversity (greater disease
resistance), overdominance (recessive deleterious genes are
not expressed in heterozygotes), and associative overdomi-
nance (direct effects of heterozygote alloenzymes or genes
linked with them). Empirical studies have found correlations
in various organisms between the degree of heterozygosity
and the fitness-related traits, such as growth, viability, physio-
logical performance, and bilateral symmetry (Mitton 1993;
Brown 1999). Thus, the degree of heterozygosity might influ-
ence competitive ability, lifetime reproductive success, and
partner preference (e.g., Hoglund et al. 2002 in black grouse
and Slate et al. 2000 in red deer). Individual heterozygosity
is often interpreted as a genome-wide measure of hetero-
zygosity and is expected to be inversely correlated with the
degree of inbreeding and genetic relatedness of the parents
(Mitton 1993, 1994). Inbred individuals (born to closely re-
lated parents) show reduced fitness, which is known as in-
breeding depression (Blouin SF and Blouin M 1988). The
genetic similarity of parents may influence many fitness com-
ponents: including birth weight, survival, parasite load, and
adult reproduction in some mammal and bird species (Amos
et al. 2001).

Costs of inbreeding in termites

Models of the evolution of termite breeding systems generally
have concluded that costs of inbreeding (mating between close
relatives) are negligible or have only a mildly deleterious influ-
ence (Hamilton 1972; Bartz 1979; Roisin 1999) because for
numerous termite species the colony life cycle includes in-
breeding among neotenic offspring (derived from immature
nymphs) after the death of the original colony founders.
Moreover, high levels of inbreeding (believed to enhance
kin selection) and the occurrence of inbreeding/outbreeding
cycles (suggested to create relatedness asymmetries analogous
to the social haplodiploid hymenoptera, i.e., some bees,
wasps, and ants) were used to explain eusociality in diploid
termites (Hamilton 1972; Bartz 1979; for criticism, see
Husseneder et al. 1999).

However, empirical findings indicate varying costs of in-
breeding among the Isoptera. For Termopsidae, inbreeding
appears to have advantages. For Zootermopsis angusticollis, nest
mate founder pairs suffered less mortality due to pathogens
than non-nest mate pairs (Rosengaus and Traniello 1993;
Calleri et al. 2005). The authors hypothesized that outbreed-
ing depression, caused by the disruption of local adaptations
or coadapted gene complexes, can cause a decrease in fitness;
unrelated non-nest mate partners may introduce each other
to novel pathogens (Rosengaus and Traniello 1993).

In contrast, recent studies found indications of inbreeding
depression in subterranean termites. Husseneder et al. (2005)
reported that workers of inbred colonies of the Formosan
subterranean termite, Coptotermes formosanus, were smaller
than those of their outbred counterparts, which might be
an indication of stunted growth through inbreeding depres-
sion such as has been found in social spiders and crickets

(Bilde et al. 2005; Rantala and Roff 2005). Fei and Henderson
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(2003) found lower long-term fecundity in later stages of col-
onies of C. formosanus raised from sibling pairs, although this
deleterious effect of inbreeding was balanced by a higher ini-
tial survival of inbred colonies. DeHeer and Vargo (2006)
reported a higher proportion of sibling pairs in precopulatory
tandem pairs than in mature colonies of Reticulitermes flavipes.
These data suggest that inbreeding depression may reduce
the number of colonies raised by siblings over time. Given
the evidence for subterranean termites thus far, it would seem
that inbreeding depression may pose a significant factor af-
fecting colony founding and early colony growth in this
group. Therefore, mechanisms would be expected to exist
that limit inbreeding by increasing the likelihood of pairing
of unrelated alates after swarming.

Kin recognition and kin discrimination based on familiarity,
phenotypic matching, or other factors correlated to the ge-
netic makeup of an individual have been frequently postulated
as key mechanisms of partner selection in many species
(Blouin SF and Blouin M 1988; Pusey and Wolf 1996; Pillay
2002). Although the role of kin-biased behavior in colony
mate discrimination and foraging in termites has received
some attention (Adams 1991; Kaib et al. 1996; Husseneder
et al. 1998, 2005), data on the involvement of kin recognition
in mate selection of termites are rare. To our knowledge,
Shellman-Reeve (2001) provided the only direct evidence of
kin-biased mate choice of termites in nature; the author
found that alates of the species Z. nevadensis avoid forming
partnerships with close relatives.

Sensitive molecular markers, such as microsatellites, have
been successfully employed to determine the degrees of relat-
edness, heterozygosity, and inbreeding in many species, includ-
ing termites (e.g., Husseneder and Grace 2001a, 2001b;
Goodisman and Crozier 2003; Husseneder et al. 2003, 2005;
Vargo 2003a, 2003b; Vargo, Husseneder, and Grace 2003;
Vargo, Husseneder, Grace, and Ring 2003; DeHeer and Vargo
2004; Dronnet et al. 2005; Hacker et al. 2005). Thus, micro-
satellite genotyping can be used to detect partner selection
according to genetic factors.

Natural history and colony foundation of the Formosan
subterranean termite

In this study, we focused on pair formation in the Formosan
subterranean termite, C. formosanus Shiraki. A presumed na-
tive of China (Kistner 1985), this termite has become estab-
lished in many countries and, since the end of the Second
World War, has spread to at least 11 states in the United States
(Woodson et al. 2001). Basic data regarding the breeding
system and swarming behavior of this termite are available
to support this study of partner selection (Husseneder et al.
2005, 2006; Vargo et al. 2006). Colonies are founded by a mo-
nogamous pair of reproductives, which stay together lifelong
and produce millions of offspring (Shellman-Reeve 1999;
Vargo, Husseneder, and Grace 2003; Vargo, Husseneder,
Grace, and Ring 2003; Husseneder et al. 2005; Vargo et al.
2006). Later in the colony cycle, the original founder pair is
replaced by multiple kings and queens, which are always the
immature (neotenic) descendants of the single founder pair
(Vargo, Husseneder, and Grace 2003; Vargo, Husseneder,
Grace, and Ring 2003; Husseneder et al. 2005; Vargo et al.
2006). In most cases, the founding pair originates from alates,
that is, the winged adults, which are produced by the colony
during swarming season. In New Orleans, Louisiana, where
the Formosan subterranean termite occurs in high population
densities, alates swarm between late April and June with a peak
in mid-May (King and Spink 1974). During this time, mass
swarms tend to be synchronized among many colonies (Jones
et al. 1988) but can also occur interspersed with localized
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small swarms (Henderson and Delaplane 1994). Colonies can
produce thousands of alates in a single swarm event (Su and
Scheffrahn 1987). Alates swarm shortly after sunset (King and
Spink 1974) and are most visible in urban areas because they
gather in large swarm aggregations surrounding light sources.
After the flight, which lasts about 20-30 min, alates drop to
the ground, shed their wings, and locate partners (Raina et al.
2003; Park et al. 2004).

Partner location, in certain termite species, is facilitated by
“calling behavior,” that is, the dealated female waives her ab-
domen emitting a male-attracting pheromone (Park et al.
2004). However, females of C. formosanus neither show calling
behavior nor produce a male-attracting pheromone (Raina
et al. 2003). Dealated termites form tandem pairs with the
female in the lead. The male strives to maintain constant
contact, touching the posterior region of the female’s abdo-
men frequently with his antennae (Raina et al. 2003). Some
tandems break up after a brief contact, but partner switching
is rarely observed after a tandem has stayed together for 30 s
or longer (similar to the related rhinotermitid R. flavipes,
DeHeer and Vargo 2006). As soon as access to a suitable nest
site is found, the tandem pairs move underground to mate.
If successful, the tandem pair will be founders of a new colony.
New colonies develop for 5-8 years before reaching maturity,
which is marked by the production of alates (Huang and
Chen 1984).

Objective

The objective of this study was to evaluate whether tandem
pairs of C. formosanus form randomly after swarms or if phe-
notypic or genetic characteristics of swarming adults play
a role in the formation of tandem pairs. Weights and head
widths were compared between adults in tandem pairs and
individuals of both sexes that did not engage in tandem run-
ning to establish whether larger size increases the likelihood
of being in a tandem versus being single. The null hypothesis
was that members of tandem pairs and single individuals do
not differ in their weights and head widths. Weights and head
widths were tested for correlation between tandem partners to
establish whether large termites form tandems with a large
partner. The null hypothesis was that size parameters are
not correlated between tandem partners.

Pairwise relatedness values were tested for significant differ-
ences between tandem partners and termites from different
tandem pairs in each of 5 light trap samples. The null hypoth-
esis was that there are no differences in relatedness between
tandem pairs and relatedness to members of other tandem
pairs, that is, no partner choice based on relatedness is detect-
able. The degree of individual heterozygosity was compared for
both sexes engaged in tandem pairs or staying single. The null

Table 1
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hypothesis was that neither males nor females have signifi-
cantly different degrees of heterozygosity, regardless of
whether they are engaged in tandem pairs or if they stayed sin-
gle. Degrees of heterozygosity of tandem partners were corre-
lated to identify the possible influence of heterozygosity on
partner choice.

Mate selection theories predict correlations between the de-
gree of heterozygosity and phenotypic characteristics, which
would allow individuals to use phenotypic traits as proximate
cues to ultimately assess inbreeding of a potential partner. Also,
a negative correlation of heterozygosity with body size and
weight could indicate inbreeding depression. Therefore, we
tested if these phenotypic traits are correlated to the degree
of heterozygosity.

MATERIALS AND METHODS
Alate collection and formation of tandem pairs

During a mass swarming event (3 June 2003), live alates of the
Formosan subterranean termite were collected using light
traps. The traps were buckets with a battery-operated black
light attached to attract the alates. A total of 34 light traps were
dispersed at street corners of the French Quarter, New Orleans,
LA. The number of alates in each trap was determined (range
of 11-4492). Alates from 5 light traps, separated from each
other by 145-1014 m (identification numbers: 5, 16, 17, 24,
and 33, map in Husseneder et al. 2006), were immediately
transported to the laboratory. There, random samples of
alates representing the composition of males and females
from each of the 5 traps were put into 5 separate arenas (size
60 X 60 cm).

In the arenas, alates dropped their wings and began to form
tandem pairs. Tandem pairs were sampled during a period of
30 min, which is approximately the time frame it takes in na-
ture for all tandem pairs of a swarm to form and disappear into
the ground. From each arena containing the catch of 1 of 5
light traps, 20 tandem running pairs (all dealated and running
in tandem for 30 s or longer) were collected in separate vials
and preserved in 100% ethanol. All single termites left in the
arena at the end of the trial period were also preserved in al-
cohol. Because the trial period was only 30 min, minimal mor-
tality was observed. The total number of alates collected for the
analyses (97-151) and the ratios of males and females in these
random samples are presented in Table 1.

Sex ratio

For each sample, the sex of termites in tandem pairs and of the
remaining single termites was determined by examining
the terminal abdominal sterna as described in Higa (1981)

Number of heterosexual (male/female [m/f]) and homosexual tandem pairs (male-male and female—female), male:female ratio (» = number
of alates without the 20 tandem pairs), deviation from equal sex ratio in light trap samples, deviation of sex ratios of single versus tandem-
forming adults, and deviation from random pairing based on the sex ratio in light trap samples

No. of tandem pairs Deviation of sex ratios Deviation
Trap Deviation of singles versus from random
ID no. m/f m/m f/f m/f Ratio (n) from 1:1 tandem pairs pairing
5 18 2 0 1.27 (100) ns ns P=0.01
16 19 1 0 1.04 (57) ns ns P < 0.001
17 8 0 12 0.71 (77) ns P=0.02 ns
24 19 0 1 0.85 (111) ns ns P < 0.001
33 18 0 2 1.73 (82) P=0.02 ns P < 0.001

ns, not significant.
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using a stereomicroscope (LEICA MZ16, Meyers Instruments,
Houston, TX). Sex ratios in each sample were tested for
significant deviation from 1:1 using binomial tests and Fisher’s
exact test (SPSS 11.5 for Windows, SPSS Inc., Chicago, IL).
The number of same sex and opposite sex tandem pairs was
determined in each sample, and deviations from random for-
mation of tandem pairs were tested using chi-square tests.

Phenotypic traits

Weights of individuals were measured using a balance (Mettler-
Toledo, Inc., Columbus, OH) after letting the alcohol evapo-
rate for a few minutes until the weight of the sample was stable.
Head sizes were measured as the distance between the inner
edge of the compound eyes with a micrometer inserted into
the ocular of the stereoscope (X50 magnification); the ocular
micrometer was calibrated using a stage micrometer (1 unit =
0.028 mm).

Weights and head sizes were compared between adults in
tandem pairs and single individuals of both sexes using non-
parametric tests (2-sided Mann-Whitney Utest; SPSS) to es-
tablish whether larger size increases the likelihood of being in
a tandem (vs. being single). Weights and head size were also
correlated between tandem partners to establish whether
larger termites form tandems with a larger partner (Pearson’s
correlation).

Genetic traits

Microsatellite genotyping was used to determine degrees of
pairwise relatedness of both individuals in tandem pairs and
those staying single and to determine each individual’s degree
of heterozygosity. Microsatellite genotyping is a highly sensitive
molecular genetic technique. This method detects genetic var-
iance of simple, repeated tandem sequences, 1-6 bp in length,
dispersed in noncoding regions across the eukaryotic genome.
These markers are highly polymorphic due to the variable
number of tandem sequence repeats. The different alleles
are inherited in simple Mendelian fashion and are likely selec-
tively neutral. Microsatellite markers for C. formosanus were
developed by Vargo and Henderson (2000).

After measurements of physical characteristics were com-
pleted, DNA was extracted using the DNeasy Tissue Kit
(Qiagen Inc., Valencia, CA) from the members of 20 tandem
pairs collected from each of the 5 light trap samples as well as
from 20 males and 20 females that did not engage in tandem
running. Individuals were scored at the same 8 microsatellite
loci previously used to describe the genetic structure of colo-
nies and alate samples of Formosan subterranean termites in
New Orleans (Husseneder et al. 2005, 2006). A detailed de-
scription of the conditions for polymerase chain reaction
and genotype scoring procedures can be found in Vargo
and Henderson (2000).

From the genotypic frequencies at the 8 microsatellite loci,
pairwise relatedness coefficients between individuals were cal-
culated with the software SpaGeDi (Hardy and Vekemans
2002). Pairwise relatedness values were tested for significant
differences between tandem partners and termites from dif-
ferent tandem pairs in each sample (Kruskal-Wallis analysis of
variance [ANOVA], SPSS). Tandem partners and single males
and females were tested for genotypic differences by compar-
ing degrees of relatedness (7), inbreeding (/s), and observed
heterozygosity (Ho) using permutation tests (FSTAT).

The individual degree of inbreeding for tandem partners
and single termites was measured using individual heterozygos-
ity (measured as the proportion of loci for which an individual
was heterozygous, Coltman et al. 1998). In addition, hetero-
zygosity was measured using the microsatellite-specific param-

767

eter d> (Coltman et al. 1999). This parameter uses the
stepwise mutation model of microsatellite alleles and is based
on the measure of population differentiation of Goldstein
et al. (1995). The value of @ is calculated as the squared
difference in repeat units between 2 alleles at each locus av-
eraged over all loci (Coulson et al. 1998, 1999; Hoglund et al.
2002). The degree of heterozygosity was compared for males
and females engaged in tandem pairs and males and females
that remained single using the nonparametric Mann—-Whitney
Utest (SPSS) to establish whether heterozygosity influences
the likelihood of being engaged in tandem running. Also,
degrees of heterozygosity of tandem partners were tested for
correlation to identify the possible influence of the degree of
heterozygosity on competitive advantage or partner choice.
To test for inbreeding depression, degrees of heterozygosity
were tested for correlation with individual body weight and
head width.

RESULTS

The male to female ratio in 4 of the 5 samples did not signif-
icantly deviate from 1:1 (P > 0.20, binomial test, Table 1).
Significant male bias (P = 0.02, binomial test) was found in
only one sample. When alates from all 5 samples were com-
bined, the sex ratio was equal (P > 0.20, binomial test).

In 4 of the 5 samples, the sex ratio in tandem pairs calculated
from the number of male—female tandem pairs, male-male
tandem pairs, and female—female tandem pairs in each sample
did not deviate from the sex ratio of all alates in the respective
sample (P> 0.20 for the samples from traps 5, 16, 24, and 33;
P = 0.02 for the sample from trap 17; Fisher’s exact test;
Table 1). Thus, in the majority of light trap samples, tandem
pairs were a representative sample of the alate population
caught in the trap, that is, both males and females were
equally “ready” to engage in tandem running. The majority
of alates formed tandem pairs with the opposite sex rather
than pairing randomly (P < 0.01; degrees of freedom [df] =
2, chi square ranging from 14.4 to 18.1). Only alates from the
most female-biased sample (trap 17) showed marginal preva-
lence of female—female tandem pairs (P = 0.07, df = 2, chi
square = 5.4; Table 1).

The measurements of head widths and body weights of males
and females, both engaged in tandem running and single, are
presented in Table 2. Females were larger and heavier than
males (P < 0.01, 2-tailed Mann-Whitney U-test). Overall, fe-
male head widths ranged from 1.13 to 1.48 mm (mean = 1.29
mm, standard deviation [SD] = 0.06, n = 212) compared with
male head widths (1.13-1.43 mm, mean = 1.26 mm, SD = 0.06,
n = 188). Female body weights ranged from 4.3 to 10.3 mg
(mean = 6.9 mg, SD =1.2, n = 212), and male weights ranged
from 2.9 to 8.3 mg (mean = 5.3 mg, SD = 1.0, n = 188).

Males collected from heterosexual tandem pairs had larger
heads than males that remained single (P < 0.001, » = 82 in
tandem pairs, n = 100 single, 2-tailed Mann—Whitney U-test).
Testing each light trap sample separately revealed significant
differences in 3 samples (P < 0.001 in traps 5 and 16; P =
0.011 in trap 24, 2-tailed Mann—-Whitney U-test; Table 2). No
difference was found between members of tandem pairs and
single termites for female head sizes and weights and male
weights (P > 0.20, 2-tailed Mann-Whitney U-test).

Females in heterosexual tandems had significantly higher
weights than females in homosexual tandems (6.92 mg,
SD = 0.98, n = 82 vs. 6.40 mg, SD = 0.90, n = 30, P = 0.01)
and marginally larger heads (1.30 mm, SD = 0.07, n = 82 vs.
1.27 mm, SD = 0.05, n = 30, P = 0.09; Mann-Whitney U-test).
Tests did not reveal significant differences between males in
homosexual tandems and males in heterosexual tandems in

weight (5.20 mg, SD = 1.2, n = 6 vs. 5.35 mg, SD = 0.88, n = 82,
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Table 2
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Comparison of average head widths (distance between compound eyes) and weights of males (m) and females (f) collected as singles or from
male-female tandem pairs in 5 light trap samples (ID numbers: 5, 16, 17, 24, and 33)

Head (mm) Weight (mg)

Single Tandem Single Tandem

m f m f m f m f

5 1.21° 1.32 1.29* 1.31 5.6 7.6 5.6 7.4

SD = 0.04 SD = 0.04 SD = 0.06 SD = 0.06 SD = 1.1 SD = 1.1 SD =19 SD = 1.2
16 1.24* 1.29 1.29* 1.31 4.8 6.2 4.6 5.5

SD = 0.06 SD = 0.05 SD = 0.05 SD = 0.05 SD = 1.0 SD = 0.9 SD = 1.9 SD = 1.9
17 1.25 1.32 1.27 1.29 5.6 6.5 5.6 6.5

SD = 0.05 SD = 0.06 SD = 0.07 SD = 0.04 SD = 0.9 SD = 1.1 SD =14 SD = 1.2
24 1.26* 1.28 1.32* 1.29 5.7 7.3 7.2 7.0

SD = 0.06 SD = 0.05 SD = 0.07 SD = 0.06 SD = 1.0 SD = 1.2 SD = 1.0 SD = 1.6
33 1.24 1.30 1.24 1.26 4.7 6.3 4.3 6.1

SD = 0.04 SD = 0.06 SD = 0.07 SD = 0.06 SD = 0.7 SD = 0.7 SD = 0.7 SD = 1.1

* Significant difference between head widths of single males and males collected from male—female tandem pairs (2-tailed Mann-Whitney U-test,

5% significance level).

P> 0.20) and head width (1.3 mm, SD = 0.03, n = 6 vs. 1.28,
SD = 0.07, n = 82, P> 0.20; Mann-Whitney U-test), probably
due to the small sample size.

Head widths of individuals collected from heterosexual tan-
dem pairs were not significantly correlated to their weights in
most of the light trap samples (exceptions were as follows: trap
5, females: r= 0.80, P < 0.01, n = 18; trap 24, males: r= 0.62,
P < 0.01, n = 19). When sample size was increased by com-
bining all individuals collected from heterosexual tandem
pairs across all 5 samples, head widths and weights were sig-
nificantly correlated (males: r = 0.66, P < 0.01; females: r =
0.51, P < 0.01, n = 82).

Average body weights of females in heterosexual tandem
pairs varied across samples (P = 0.02); however, the weights
of males was not significantly different among samples (P =
0.14, n = 82, df = 4, Kruskal-Wallis ANOVA). Average head
widths of males running in tandem with females varied across
samples (P = 0.03); however, head widths of their female tan-
dem partners did not differ among samples (P> 0.20, n = 82,
df = 4, Kruskal-Wallis ANOVA). Analyzing the samples sepa-
rately revealed significant positive correlations between
weights of male and female tandem partners in 2 samples
(trap 5: r = 0.66, P = 0.003, n = 18; trap 24: r = 0.53, P =

o
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-
(4,
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0.019, n» = 19) and between head widths of tandem partners
in 3 samples (trap 5: r= 0.56, P = 0.016, n = 18; trap 16: r =
0.63, P=0.004, n = 19; trap 24: r=0.57, P=0.01, n=19). When
heterosexual tandem pairs were combined across all samples,
positive correlations were found between male and female
weights (r=0.56, P= 0.008, n = 82) and male and female head
widths in tandem pairs (r= 0.37, P < 0.001, n = 82, Figure 1).

To test for kin-biased partner selection, we compared the
pairwise relatedness of tandem partners with the pairwise re-
latedness between all termites that belonged to different tan-
dem pairs in each sample (Table 3). Only in one sample (trap
33) were tandem pairs significantly more related to each other
than to individuals from different tandem pairs (P= 0.03, df =
1, chi square = 4.9, Kruskal-Wallis ANOVA). In the remaining
4 samples, no significant difference in the pairwise degrees of
relatedness was found (traps 5, 16, and 24: P> 0.20, df = 1, chi
square = 0.2-0.8; trap 17: P = 0.10, df = 1, chi square = 3.6;
Kruskal-Wallis ANOVA).

Whereas there was no consistent difference in relatedness
between tandem partners and individuals collected from dif-
ferent tandem pairs, there was significant genotypic differen-
tiation between termites which were not engaged in tandem
running (singles) and members of tandem pairs (900

o
~
-
o

r=0.37
p <0.001

female weight [mg]

3 4 5 6 7 8 9
male weight [mg]

Correlations of head widths (distance between compound eyes) and weights between male and female tandem partners of the 5 light trap

samples.
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Table 3

Average pairwise relatedness between tandem partners and among
termites collected from separate tandem pairs in 5 light trap samples

Sample ID no.
Relatedness 5 16 17 24 33"
Tandem partners —0.08 0.06 —0.09 —0.01 0.12
SD 0.47 0.22 0.31 0.24 0.21
Tandem partners —0.02 —0.03 —0.02 —0.03 —0.03
SD 0.43 0.31 0.27 0.28 0.26

Significant difference between tandem partners and individuals
collected from different tandem pairs (Kruskal-Wallis ANOVA, 5%
significance level).

permutations, 5% level, FSTAT). When females and males were
analyzed separately, no genotypic difference between male
members of tandem pairs and single males was detected; how-
ever, genotypic differences were revealed between females col-
lected from male—female tandem pairs and single females in 3
of the 5 light trap samples (traps 17, 24, and 33; 3800 permu-
tations, 5% level, FSTAT). To characterize the genotypic differ-
entiation further, we compared the degrees of relatedness (7),
inbreeding (fis), and observed heterozygosity (Ho) of female
members of tandem pairs and single females from all 5 sam-
ples. Average relatedness among single females (r = 0.14) was
not significantly different from average relatedness among
females from male—female tandem pairs (r = 0.13, 5000 per-
mutations, FSTAT). However, the degree of inbreeding was
marginally higher, and the observed heterozygosity was mar-
ginally lower in single females (fis = 0.28, Ho = 0.44) than in
female members of tandem pairs (/15 = 0.15, P = 0.09; Ho =
0.53, P = 0.08; 5000 permutations, FSTAT).

In 4 of the 5 samples, the individual heterozygosity (mea-
sured as the proportion of heterozygote loci) of females en-
gaged in heterosexual tandem pairs was higher than the
heterozygosity of single males and females and of males
collected from tandem pairs; in about half the cases, this dif-
ference was significant at the 5% level (Table 4). Only the

Table 4

Mean individual heterozygosity of single and tandem running males
(m) and females (f) in 5 light trap samples

Single Tandem
m f m f
5 0.32* 0.41° 0.34* 0.51°
SD = 0.16 SD = 0.16 SD = 0.20 SD = 0.17
n = 20 n =20 n =18 n=18
16 0.43% 0.46*" 0.34° 0.50"
SD = 0.18 SD = 0.17 SD = 0.17 SD = 0.17
n =20 n =20 n=19 n=19
17 0.49% 0.49*> 0.43* 0.56"
SD = 0.17 SD = 0.19 SD = 0.19 SD = 0.20
n = 20 n =20 n=2=8 n=2~8
24 0.56" 0.51* 0.51* 0.65"
SD = 0.22 SD = 0.17 SD = 0.16 SD = 0.16
n =20 n =20 n=19 n=19
33 0.55* 0.51% 0.57 0.55%
SD = 0.16 SD = 0.20 SD = 0.22 SD = 0.20
n =20 n =20 n=18 n=18

n, number of individuals. Significant differences within light trap
samples (same row) are indicated by different letters (2-tailed
Mann-Whitney Utest, 5% significance level).
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heterozygosity of males collected from tandem pairs differed
significantly among samples (P = 0.01, df = 4, chi square =
13.3, Kruskal-Wallis ANOVA). Because the heterozygosity of
single females and female members of tandem pairs did not
differ significantly among samples (P> 0.20) and the hetero-
zygosity of males collected from tandem pairs only differed
marginally among samples (P = 0.058, df = 4, chi square = 9.1,
Kruskal-Wallis ANOVA), the samples were combined to in-
crease sample size.

Across all samples, the individual heterozygosity of females
engaged in heterosexual tandem pairs was significantly higher
than the heterozygosity of single males (P = 0.001), males
collected from tandem pairs (P = 0.001), and single females
(P = 0.026, 2-tailed Mann-Whitney Utests). No significant
differences were detected between the degrees of heterozygos-
ity of single males versus single females, of single males versus
males from tandem pairs, or of single females versus males
from tandem pairs (P > 0.20, 2-tailed Mann-Whitney [*tests,
Figure 2). The same pattern occurred when the degree of
heterozygosity was measured by the microsatellite-specific pa-
rameter d°, although with only marginal significance values
(P = 0.064 for females collected from tandem pairs vs. both
single males and single females, 2-tailed Mann-Whitney
U-test).

Degrees of heterozygosity of tandem partners were not sig-
nificantly correlated (Pearson’s r = —0.03, P > 0.20 for pro-
portions of heterozygote loci; Pearson’s r = 0.03, P> 0.20 for
d®). Heterozygosity was not significantly correlated to head
width (P > 0.20 for proportions of heterozygote loci and
@) or weight of an individual (P = 0.09 for proportions of
heterozygote loci and P = 0.17 for d%).

DISCUSSION

In most termite species, including C. formosanus, colonies are
founded by one king and one queen (Husseneder et al. 1999,
2005; Shellman-Reeve 1999; Thorne et al. 1999; Vargo,
Husseneder, and Grace 2003; Vargo, Husseneder, Grace,
and Ring 2003; Vargo et al. 2006). This monogamy, which is
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Figure 2

Heterozygosity of males and females engaged in tandem running and
single males and females. Error bars indicate standard errors. Sample
sizes are written above error bars. Different letters below error bars
indicate significant difference (Mann-Whitney U-tests, 5%
significance levels).
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rarely found in insects, lasts for the lifetime of the founder
pair. The founding partners depend on each other for raising
the young (biparental care), and the parental investment
during the first stages of colony development is considerable
(Shellman-Reeve 2001). Because of this peculiar life cycle,
both sexes are predicted to exhibit precopulatory selective-
ness (Shellman-Reeve 2001). Consistent with these theoretical
predictions, we found that size-related traits and heterozygos-
ity play a role in pair formation in the Formosan subterranean
termite.

Males collected from tandem pairs had larger heads than sin-
gle males. This suggests that large males have a competitive ad-
vantage and/or that females choose to form tandems with
large males. In addition, head width of tandem partners and
body weight of tandem partners were correlated, that is, males
with large heads paired with females with large heads and heavy
males paired with heavy females. These phenotypic trait corre-
lations are not merely artifacts of limited sampling of alates
from 1 or 2 colonies per light trap because termites in each
light trap sample originated from an average of 13 colonies
(Husseneder et al. 2006). Because alates did not prefer to
form tandem pairs with nest mates in this study, the correla-
tions are not explained by size variation among colonies. Also,
the correlations were not just an artifact caused by size differ-
ences of both males and females from different light trap
samples because weights of males and head widths of females
were not significantly different across samples.

Pairing advantage and mate choice based on size-related
characters are common in insects. Size and weight are pheno-
typic traits often related to fecundity and health (correlates of
good genes, Bonduriansky 2001). In termites, partner selec-
tion based on size is supported by findings of Shellman-Reeve
(1999), who observed that females of Z. mevadensis choose
males with big heads, whereas males choose females accord-
ing to body mass and lipid mass. The author attributed this to
the advantage of having large fat reserves when starting a new
colony. Matsuura and Nishida (2001) reported that males of
a Japanese subterranean termite, R. speratus, paired with
heavier females; females apparently gain fitness advantage
from pairing with heavier males, because they gain more
weight if they pair with large males. Kitade et al. (2004)
showed that paired dealates in incipient colonies of R. kanmo-
nensis tended to be larger in head width and male pronotal
length than solitary reproductives, which suggests sexual se-
lection for body size (via intrasexual competition or mate
choice) in both sexes. As in our study, body weight was corre-
lated between paired males and females, but no such correla-
tion was found in head width or pronotal length (Kitade et al.
2004). It may be argued that these phenotypic correlations
are due to tandem pair—-forming adults sharing similarity in
ecological habitat, as has been proposed for phenotypic cor-
relations between incipient colony reproductives (Shellman-
Reeve 1994; Kitade et al. 2004). However, tandem partners
from our study likely came from different colonies, and thus
different ecological environments. Hence, pairing advantage
of large individuals rather than individuals from common
environments must explain the phenotypic trait correlations.

Mechanisms that limit inbreeding are expected to exist in
subterranean termites because evidence for inbreeding de-
pression is mounting, such as higher mortality in inbred incip-
ient colonies in R. flavipes (DeHeer and Vargo 2006) and
lower lifetime fecundity in inbred C. formosanus colonies
(Fei and Henderson 2003). From the point of colony founda-
tion, inbreeding can only increase within colonies due to the
inbreeding cycles of generations of neotenic reproductives
(offspring of the colony) that propagate the colony after the
death of the founders. Outbreeding can only be promoted
during swarming and tandem running because there is no
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evidence of adoption of unrelated reproductives in C. formo-
sanus and because colony fusion is a rare event if it occurs at
all (Vargo, Husseneder, and Grace 2003; Vargo, Husseneder,
Grace, and Ring 2003; Husseneder et al. 2005; Vargo et al.
2006). Outbreeding is promoted either by selecting unrelated
partners during tandem running involving nest mate or kin
recognition and discrimination or by dispersal mechanisms
that increase the likelihood of unrelated alates to meet
(Husseneder et al. 2006).

Kin recognition and kin discrimination have been fre-
quently postulated to play a key role in partner selection
(Blouin SF and Blouin M 1988; Pusey and Wolf 1996; Pillay
2002). In most insect species investigated, mate choice is ran-
dom with respect to kinship (Waldman 1988). However, in
termites, it has been shown that alates of a termite species
(Z. nevadensis) avoided mating with close relatives (Shellman-
Reeve 2001).

Mean relatedness between tandem partners of C. formosanus
was not significantly different from the mean relatedness be-
tween termites belonging to different tandem pairs. Thus, kin
recognition and discrimination did not play a key role in the
choice of tandem partners in the Formosan subterranean ter-
mite. Similarly, the distribution of mitochondrial haplotypes
of colony founders in a Japanese subterranean termite
(R. kanmonenis, Kitade et al. 2004) suggested random mating.

In a previous study, other mechanisms were detected that
increased the likelihood of pairing of unrelated alates in
C. formosanus and thus limited inbreeding (Husseneder et al.
2006). Sufficient swarming distance and the synchronization
of mass swarm events (Henderson and Delaplane 1994;
Henderson 1996) ensure mixing of alates from multiple dif-
ferent colonies resulting in high genetic diversity within each
light trap sample (Husseneder et al. 2006). Genotypic differ-
entiation between males and females, which was caused by
sex-biased investment at the colony level rather than sex-
biased dispersal, contributed to reduce the incidence of sibling
pairings (Husseneder et al. 2006).

Pairing between largely unrelated adults (due to dispersal
rather than kin recognition) decreases the degree of inbreed-
ing and thus leads to increased heterozygosity in the offspring.
Heterosis (heterozygote advantage) is documented in many
vertebrate and invertebrate species (Tregenza and Wedell
2000). For example, color pattern of the heterozygous morph
of the African butterfly Danaus chrysippus increased the mat-
ing advantage of males (Smith 1981). Similarly, males of 2
species of sulphur butterflies that were heterozygous at 3
alloenzyme loci had mating advantage (Watt et al. 1986). Early
work on Drosophila spp. revealed that flies heterozygous for
certain inversions showed superior fitness and developmental
homoeostasis compared with their homozygote counterparts
(Dobzhansky and Wallace 1953; Spiess and Langer 1966),
which was correlated to increased courting and mating fre-
quency of heterozygote males (Brncic and Koref-Santibanez
1964). Also, heterozygous brine shrimp had mating advantage
(Mitton 1997).

In our study of the termite C. formosanus, females with
a higher degree of heterozygosity were more likely to be en-
gaged in tandem pairs than females or males with lower de-
grees of heterozygosity. Yet, no correlation was detected
between the degrees of heterozygosity of tandem partners,
indicating that heterozygosity does not influence mutual part-
ner selection. The higher degree of heterozygosity in females
collected from tandem pairs is therefore likely due to compet-
itive advantage of heterozygote females and/or males choos-
ing heterozygote females, but not vice versa. Heterozygosity
was not correlated to size-related phenotypic parameters like
head width and weight of an individual in this study. Thus, size
alone may not be a useful indicator to assess degree of
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Influence of head width and heterozygosity on the likelihood of
forming tandem pairs. Males with large heads and females with high
heterozygosity are more likely to be found in tandem pairs (shaded
vs. white areas). Males with large heads form tandems preferably with
big-headed females (intensity of shading).

heterozygosity. This was surprising because pairing advantage
in females was linked not only to heterozygosity but also to
size. The lack of correlation suggests that size and heterozy-
gosity could act independently. For example, males could pre-
fer heterozygous females, but at the same time, large females
could have a competitive advantage over smaller females
when tandem pairs are formed.

Because it is unlikely that pair-forming adults recognize het-
erozygosity directly and because size is not a reliable predictor
for heterozygosity, the proximate cues determining pairing ad-
vantage remain unknown. We are currently investigating the
effect of inbreeding on fluctuating asymmetry and symbiont
diversity, which might also play a role in mate choice and/
or competitive advantage.

The fact that females with a higher degree of heterozygosity
have an advantage in forming tandem pairs and thus, in all like-
lihood, a mating advantage leads to the following prediction:
colonies producing mainly heterozygous offspring (i.e., colo-
nies headed by unrelated parents) should produce mainly fe-
male alates, whereas colonies headed by inbred, related
parents (neotenics) should produce more males. Evidence
supporting this prediction has been found in several species
within the genus Coptotermes, where sex-biased alate produc-
tion depended on the breeding system of the colony. In
C. formosanus, male alates had significantly higher inbreeding
levels than females. The degrees of inbreeding suggested that
males originated from inbred extended family colonies
headed by neotenics, whereas females were more likely to
be produced by outbred simple family colonies (Husseneder
et al. 2006). Similarly, orphaned colonies headed by neotenics
in Coptotermes lacteus produced almost exclusively males (Lenz
and Runko 1993; Roisin and Lenz 2002). Roisin and Lenz
(2002) suggested similar characteristics in Coptotermes acinaci-
formis.

In summary, a combination of size-related physical traits and
inbreeding related genetic traits influence sexual selection
and/or competitive advantage of males and females in the
Formosan subterranean termite. Males with increased head
width and females with increased heterozygosity are more
likely to be engaged in tandem pairs. Large males (with in-
creased head width and weight) preferably form tandems with
large females (Figure 3).
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