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ORIGINAL ARTICLE
Extreme polyandry aids the establishment of invasive
populations of a social insect

G Ding"?, H Xu!, BP Oldroyd® and RS Gloag®

Although monandry is believed to have facilitated the evolution of eusociality, many highly eusocial insects have since evolved

extreme polyandry. The transition to extreme polyandry was likely driven by the benefits of within-colony genetic variance to task
specialization and/or disease resistance, but the extent to which it confers secondary benefits, once evolved, is unclear. Here we
investigate the consequences of extreme polyandry on the invasive potential of the Asian honey bee, Apis cerana. In honey bees

and other Hymenoptera, small newly founded invasive populations must overcome the genetic constraint of their sex
determination system that requires heterozygosity at a sex-determining locus to produce viable females. We find A. cerana
queens in an invasive population mate with an average of 27 males (range 16-42) that would result in the founding queen/s
carrying 75% of their source population’s sex alleles in stored sperm. This mating frequency is similar to native-range Chinese
A. cerana (mean 29 males, range 19-46). Simulations reveal that extreme polyandry reduces the risk, relative to monandry or
moderate polyandry, that colonies produce a high incidence of inviable brood in populations that have experienced a founder
event, that is, when sex allele diversity is low and/or allele frequencies are unequal. Thus, extreme polyandry aids the
invasiveness of A. cerana in two ways: (1) by increasing the sex locus allelic richness carried to new populations with each
founder, thereby increasing sex locus heterozygosity; and (2) by reducing the population variance in colony fitness following a

founder event.
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INTRODUCTION

Monandry generates high relatedness among siblings, increasing the
indirect fitness benefits to offspring of helping their mothers to reproduce.
As such, monandry is posited to be a critical precondition for the evolution
of reproductive altruism, such as the worker sterility seen in the social
insects (Hughes et al., 2008; Boomsma, 2009; Cornwallis et al., 2010). Yet,
polyandry has evolved independently in at least nine extant clades of social
insects with advanced sociality (Hughes ef al., 2008), including some ants
(Fjerdingstad and Boomsma, 2000; Kronauer et al, 2007; Barth et al,
2014), wasps (Goodisman et al., 2002; Hanna et al., 2014) and bees (Palmer
and Oldroyd, 2000; Tarpy et al, 2004, 2015). Indeed, the average mate
number of queens exceeds 10 in some species, earning the label ‘extreme
polyandry’ (Palmer and Oldroyd, 2000; Tarpy and Page, 2001; Barth ef al,
2014). This shift from ancestral monandry to multiple mating was likely
driven by one or more factors that favour polyandry, but only occurs in
species where workers have lost their reproductive totipotency (ie, they
have lost the ability to mate or produce eggs, Hughes et al, 2008).
Postulated benefits of polyandry include a reduction in variance in brood
viability among colonies (Page, 1980; Page and Marks, 1982; Palmer and
Oldroyd, 2000), a decrease in intracolonial kin conflict over reproduction
(Ratnieks, 1988; Mattila ef al., 2012), insurance against inbreeding and the
effects of reduced effective population sizes caused by colonial life (Barth
et al, 2014) and an increase in the genetic diversity of workers, in turn

improving a colony’s disease resistance (Baer and Schmid-Hempel, 1999;
Seeley and Tarpy, 2007) and the division of labour among its workers
(Jones et al., 2004; Mattila and Seeley, 2007; Oldroyd and Fewell, 2008).
Polyandry may also confer secondary benefits to those lineages in
which it has evolved. Secondary benefits are unlikely to have been
major drivers favouring the transition to polyandry or even extreme
polyandry, but nevertheless have significant consequences for a
species’ ecology or behaviour. Here we consider one such benefit of
polyandry, and of extreme polyandry in particular: an increase in a
species’ potential for ecological invasiveness. Invasiveness is facilitated
by an ability to found new populations from small numbers of
individuals (Berggren, 2001). Yet, many Hymenopteran insects (ants,
bees, wasps) have an inbuilt genetic handicap that hampers their
ability to establish new populations from few founders: their sex
determination mechanism (van Wilgenburg et al, 2006). Sex deter-
mination in Hymenoptera is governed by heterozygosity at one, or
few, genes (Beye et al., 2003; Hasselmann and Beye, 2004; Heimpel
and de Boer, 2008). Diploid individuals heterozygous at the ‘sex locus’,
or loci, develop into females, whereas haploid individuals develop as
males. Diploid individuals with identical sex alleles develop as diploid
males, but these do not survive to adulthood or cannot sire normal
offspring (Cook and Crozier, 1995; Beye et al., 2003). Because of this
system of sex determination, populations need a large number of sex
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alleles at equal frequency to ensure that the risk of sex locus
homozygosity is low (Cook and Crozier, 1995). Insufficient allelic
diversity in small populations of Hymenopteran insects can lead to
their extinction (Zayed and Packer, 2005). Polyandry might therefore
aid invasive potential in two ways. First, a polyandrous queen that
establishes a new population has a greater chance of bringing with her
the diversity of sex alleles required to keep the incidence of diploid
males low and for the nascent population to avoid extinction. Second,
following a founder event, polyandry might reduce the population’s
variance in diploid male production (DMP) among colonies. Assum-
ing that colonies incur a fitness cost from high DMP, this reduction in
variance will in turn increase the proportion of colonies in the
population that survive to reproduce. Polyandry’'s effect on the
variance of brood viability has been examined for large populations
with sex alleles at equilibrium (Page, 1980; Page and Marks, 1982;
Palmer and Oldroyd, 2000), but its relative benefit is less intuitive in
populations where allele number and frequency have been distorted by
founder effects.

Here we investigate the consequences of extreme polyandry for the
invasive potential of the Asian honey bee, Apis cerana. The average
queen mating frequency for this species in its native range has been
previously estimated at 18 (Oldroyd et al, 1998). In the past half
century, A. cerana has proven highly invasive, spreading outside its
native range of Asia and India into Papua New Guinea, the Torres Strait
Islands, the Solomon Islands and, most recently, mainland Australia,
where it arrived in 2007 (Koetz, 2013; Figure 1). Genetic evidence from
the Australian population is consistent with it being derived from just
one (or very few) founding colonies (Gloag et al., 2016). We first
estimate the mating frequency of A. cerana queens in Australia’s invasive
population, and use the observed mating frequencies to calculate the
average proportion of a source population’s sex alleles that would be
expected to be carried to a new location by each founding queen. We
also compare invasive range mating frequencies with those of a native-
range population in China to assess whether invasive queens exhibit
especially high polyandry. Second, we use simulations to estimate the
effect of extreme polyandry by queens on the variance in brood viability
(ie, diploid male production) experienced by colonies following a
founder event, namely when sex allele richness is low and allele
frequency skew is high (Gloag et al, 2016).

MATERIALS AND METHODS

Worker genotyping

We removed mature worker pupae from A. cerana colonies with naturally
mated queens collected in 2014-2015: 9 hived colonies from Guangdong,
China (native range), and 10 wild colonies from Cairns, Australia (invasive
range) (Figure 1; n=284-96 pupae per colony). We extracted DNA from one
hind leg per pupae using a 5% Chelex solution protocol (Walsh et al., 1991).
We amplified DNA in 5 pl reactions (1Xreaction buffer, 2.5 mm MgCl,,
0.16 mv dNTP mixture, 0.32-0.8 pm of fluorescent dye-labelled primers,
Sigma-Aldrich, St Louis, MO, USA, 0.4 units Taq polymerase and 1 pl extracted
DNA) and resolved PCR products using an ABI3130xl genetic analyzer
(Applied Biosystems, Foster City, CA, USA). We genotyped native-range
colonies at 5-6 microsatellite loci known to be highly polymorphic in their
population (A077, Ac146, Ap050, Ap056, Ap055 and Ac194, Solignac et al.,
2003; 7-15 alleles per locus). Because genetic diversity in the invasive
population is very low (Gloag et al, 2016), we genotyped these colonies at
12 loci to compensate for the relatively low polymorphism per locus (Acl, Ac3,
Ac26, Ac27, Ac32, Ac35, Ac30, Al4, A107 and B124, Solignac et al, 2003;
Takahashi ef al., 2009; 2—4 alleles per locus; Ap43 and the complementary sex
determiner, csd, 6-7 alleles per locus, Gloag et al., 2016). All loci genotyped in
this study and the corresponding number of alleles detected per population are
given in Supplementary Table 1.

Heredity

Calculation and analysis of mating frequency

We used COLONY v2.0.6.1 (Jones and Wang, 2010) to assign worker paternity
and estimate the observed mating frequency per queen (k, the number of
subfamilies within each colony) using default parameters (genotyping errors =
0-0.1%, full-likelihood analysis and different random number seed). We first
ran the program inputting both worker genotypes and the deduced queen
genotypes for each colony. After visual inspection of the output of father
genotypes, we combined any fathers with the same genotype and ran analyses
again, inputting the inferred father genotypes into the data set. The output of
this analysis provided a minimum number of full-sib families and thus the
observed mating frequency of each queen. Because males may contribute
unequally to offspring paternity, we also calculated effective mating frequency
(m), following Nielsen et al. (2003):

B (n—1)>*
S 1) =2)+3—n
where 7 is the number of sampled offspring of a queen, k is the observed
mating frequency and p is the proportional contribution to the brood of the ith
male. Effective mating frequency will equal absolute mating frequency if all
males father an equal proportion of brood and the sample size is high.

The nondetection errors for each population, d,, (that is, the probability of
failing to distinguish the offspring from two different fathers because they
shared the same genotype by chance), were estimated based on population
allele frequencies by multiplying the summed squared allele frequencies for
each locus (Boomsma and Ratnieks, 1996) using the formula:

dp=1[> 4
where g; denotes the allele frequency of the ith allele at the jth locus.

We estimated the mean and range number of sex alleles that would be
expected to be carried to a new location by a single founding A. cerana queen.
For this estimation, we assumed a randomly mating source population
containing 20 sex alleles at equal frequency (previous studies have estimated
native-range populations to contain 17-22 alleles, Hasselmann et al, 2008 ;
Gloag et al., 2016). We then ran 1000 sample iterations, where each iteration we
sampled k alleles with replacement and determined the number of unique
alleles present in the sample, with k equal to the average observed mating
frequency from our Australian samples.

Finally, we determined whether observed queen mating frequencies differed
between native Chinese and invasive Australian populations using the t-test.
Observed mating frequencies did not deviate significantly from normality (test
for normality, Shapiro-Wilk test: P=0.597).

Simulations of variance in brood viability in invasive populations
To determine how extreme polyandry influences the variance in DMP under
the conditions typical of an invasive population, we performed Monte Carlo
simulations by sampling from a multinomial distribution with parameters k
(observed mating frequency of queens) and s (number of sex alleles). We
estimated the mean and s.d. of DMP for all k<30, based on 1000 iterations for
each value of k, for each of three scenarios: (1) sex allele number is high (s =20)
and allele frequencies are equal (1/20), as in native-range populations; (2) sex
allele number is low (s=7) and alleles are at skewed frequencies, as occurs in
invasive populations immediately following a founder event (Gloag et al., 2016);
and (3) sex allele number is low (s=7) but allele frequencies are equal, as
occurs in invasive populations that experienced a past founder event but are
now established with sex allele frequency at equilibrium (Gloag et al, 2016).
Allele numbers and frequencies for our simulated invasive populations were
based on observed values from the Australian invasion by A. cerana. Sex alleles
were highly skewed in 2008, the first year following introduction (s=7, sex
alleles of frequencies: A;=0.31, A;=0.17, A3=0.01, A;=0.23, A5=0.26,
Ag=0.01, A;=0.01), but rapidly approached equilibrium frequency (1/7) in
2015, at 8 years post invasion (Gloag et al., 2016).

To visualize how DMP variance influences the absolute DMP under each
scenario, we chose three illustrative levels of polyandry: k=1 (monandry),
k=6 (moderate polyandry) and k=27 (extreme polyandry), and estimated the
proportion of colonies per population containing >25 and >35% diploid
male brood. We consider these DMP frequencies (equivalent to 1 in 4, or 1 in
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Figure 1 The distribution of Apis cerana showing its natural range (yellow), its invasive range (red) and the suspected route (black arrows) of Australia’s invasive
population, first introduced from Java, Indonesia, to Papua New Guinea and from there introduced accidently to Australia in 2007. The two populations
analysed in this study are indicated, together with the number of sex alleles present (s) and number of colonies (n) for estimates of mating frequency.

3, fertilized eggs producing males instead of workers), to represent high and
very high likelihoods respectively, that a colony would have reduced
reproductive output and survival. Exactly how honey bee fitness declines with
decreasing brood viability is poorly understood. Colonies with low levels of
DMP probably suffer only marginal loss of fitness (Cook and Crozier, 1995),
but experimental manipulations in Apis mellifera indicate that worker
population or colony survival declines significantly at >25% DMP (Woyke,
1980; Tarpy and Page, 2002).

RESULTS

Mating frequency of A. cerana queens

In both native and invasive populations mating frequency was high
(China: k=29.0+7.78 (s.d.), m=24.6+8.83, n=9, and Australia:
k=27.4+7.81, m=21.0+8.29, n=10) and nondetection rates were
low (China: dp=0.0006, Australia: 0.0013; Table 1). Given the observed
mating frequency in our invasive population, and assuming a source
population with 20 alleles at equilibrium frequency and random mating,
we estimated that a founding A. cerana queen would arrive in a new
location carrying 15 (range 9-20, s.d. = 1.4) unique sex alleles in stored
sperm, or 75% of that present in the original population.

We found no significant difference in the observed queen mating
frequency between our native and invasive populations (#=0.447,
df.=17, P=0.66). Given the high within-population variance in
mating frequency (China: range 19-46, Australia: range 16-42), our
power to detect a true effect size as small as that observed was low

(post hoc analysis: Cohen’s d=0.205, power =0.06), but it is clear that
mating frequencies are similar in the native Chinese and invasive
Australian populations and any difference is unlikely to be of
biological importance.

Variance in brood viability in invasive populations
The mean incidence of DMP in a population is a function of sex allele
number (s) and relative frequency, independent of queen mating
frequency (Figure 2). Where invasive populations have reduced s, or
heavily skewed sex allele frequencies, they endure a higher mean
incidence of DMP than native-range populations (Figure 2).
Increased queen mating frequency (k) always reduces the variance
around the mean DMP, although the magnitude of this change and
the extent to which it affects the proportion of colonies with very high
DMP varies depending on sex allele number and relative frequencies
(Figure 2). Figure 3 illustrates the relationship between mating
frequency and incidences of high DMP for simulated native-range
and invasive populations of A. cerana. In native-range populations (ie,
many sex alleles in equal frequency), the risk of very high DMP is
always low, and no colonies exceed 35% DMP under either moderate
(k=6) or extreme (k=27) polyandry (Figures 3b and c). In contrast,
in a newly founded invasive population with a small number of alleles
at unequal frequencies, moderate polyandry markedly decreases the
proportion of colonies experiencing very high DMP (10.4% of
colonies have > 35% DMP), relative to monandry (46.7% of colonies),
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Table 1 Estimates of Apis cerana queen mating frequency

Location Colony ID Sample size (n) Observed mating frequency (k) Effective mating frequency (m) 95% Cl around m Nondetection error (dp)
Australia Al 96 35 26.06 2.6 0.0013
A2 96 31 27.98 2.92
A3 96 28 21.67 1.92
A4 96 28 19.76 1.65
A5 96 30 16.06 1.18
A6 96 42 38.33 4.89
A7 96 23 19.58 1.63
A8 96 23 16.77 1.26
A9 96 18 16.17 1.19
AlO 96 16 7.78 0.36
Mean +s.d. 96.0+0.00 27.4+7.81 21.0+8.29 1.96+1.26
China Cl 84 24 17.98 1.64 0.0006
c2 84 27 23.56 2.55
C3 84 19 12.24 0.87
c4 86 35 29.72 3.73
C5 86 24 20.42 2.02
C6 86 31 24.7 2.76
c7 86 32 32.35 4.29
Cc8 86 45 41.55 6.46
C9 86 24 18.65 1.74
Mean +s.d. 85.3+1.00 29.0+7.78 24.6+8.83 2.9+1.70

Included for each population is the average (s.d.) for: worker pupae sample size per colony (n), observed mating frequency (k), effective mating frequency (m), 95% confidence intervals (Cls) of

m and the nondetection error at population level (dj).

whereas extreme polyandry lowers the incidence further still (4.2%,
Figures 3d—f). Similarly, once an invasive population is established and
sex alleles have stabilized at equal frequency, extreme polyandry leads
to lower incidences of high DMP (1.1% of colonies at >25% DMP
and none at > 35% DMP) than either moderate polyandry (22.8% and
0.7% at >25% DMP and >35% DMP, respectively) or monandry
(28.9% colonies at >35% DMP; Figures 3g—i). Clearly, however, the
role of extreme polyandry in reducing the incidence of costly levels of
DMP depends on both the mean DMP and the DMP level at which
fitness is affected. This is because the effect of increasing mate number
is to reduce variance in colonies’ DMP frequency around the mean
(Figures 2 and 3). If the mean DMP is at or above a critical value
determining colony fitness (as in our simulations of Australia’s
invasive A. cerana), then extreme polyandry succeeds in reducing
the incidence of high DMP. If mean DMP is higher than this critical
value then high levels of k provide little relief. In such cases, colony
survivorship may be so low that an incipient population is doomed
regardless of mating frequency.

DISCUSSION

We propose that the extreme polyandry of A. cerana contributes to
their ability to establish invasive populations in at least two ways. First,
multiple-mated queens carry the stored sperm of, on average, 27 males
that is sufficient to carry 75% of the genetic diversity at the sex locus
present in their parent population. These alleles must find their way
into new queens or males if they are to persist in the population, and
many will presumably be lost in the early generations following a
founder event (Leberg, 1992; Greenbaum et al, 2014; Gloag et al.,
2016). Nevertheless, under high levels of polyandry, the probability
that one or few founders will succeed in transferring enough allelic
diversity at the sex locus to establish a thriving population far exceeds
that of species whose queens mate just once or a few times.

Heredity

Second, extreme polyandry reduces the variance in brood viability
experienced by colonies in invasive populations following founder
events. The role of polyandry in reducing such variance has been
described previously (Page, 1980; Page and Marks, 1982; Palmer and
Oldroyd, 2000), but the relative advantage of extreme mating
frequencies, over moderate mating frequencies, in reducing DMP
variance is marginal in native-range populations where allele diversity
is high and allele frequencies are equal (Figures 2a and 3a—c). This has
led to the view that mating more than around six times provides little
fitness benefit in terms of brood viability (Palmer and Oldroyd, 2000;
Figure 2a). However, new populations founded by few individuals, or
populations that have otherwise experienced a dramatic bottleneck, are
likely to have both relatively low allele number and unequal allele
frequencies (Leberg, 1992; Greenbaum ef al., 2014; Gloag et al., 2016).
Under these conditions, extreme polyandry can reduce DMP variance
among colonies, relative to lower mate numbers, to an extent that
seems likely to have biological significance. For example, the propor-
tion of colonies enduring high DMP (25-50% DMP) drops by 20%
under the allele richness and frequency conditions experienced by
Australia’s invasive A. cerana population (both after founding and
when established, Figures 3d—i). Some benefit of extreme polyandry
following founder events will hold for all but the most extreme cases
of allele loss or skew (eg, where mean DMP is so high as to negate the
benefit of reduced variance from the mean).

Small populations are vulnerable to extinction from stochastic
events, so the more colonies that survive to reproduce the more likely
an invasive population will persist (Blackburn et al., 2015). In social
hymenopteran species, DMP slows colony growth and imposes a
fitness cost, both via the wasted resources of laying and partially
rearing inviable or sterile males and the increased risk that colonies
never attain a workforce large enough to produce daughter colonies
(Tarpy and Page, 2001, 2002; Dlugosch and Parker, 2008). It has been
shown that DMP can reduce colony growth in bumble bees
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Figure 2 The relationship between mean and variance in brood viability and
mating frequency under different scenarios of sex allele number and
frequencies in a population. (a) Native-range population with 20 sex alleles
at equal frequency. (b) Early-stage invasive population with 7 sex alleles at
unequal frequency. (c) Late-stage invasive population with 7 sex alleles at
equal frequency. Vertical lines indicate an illustrative ‘moderate’ mating
frequency (k=6) and ‘extreme’ mating frequency (k=27).

(Whitehorn et al, 2009) and increase mortality during colony
founding in ants (Ross and Fletcher, 1986). Tarpy and Page (2002)
found that increasing levels of DMP in A. mellifera are correlated with
decreases in several proxies of colony fitness, including worker
population size, brood area and area of stored food, as well as
dramatically increasing the likelihood of colony mortality over winter.
How these effects translate to tropical honey bees such as invasive A.
cerana is uncertain, but it seems safe to assume that very high DMP
compromises the rate at which colonies produce daughter swarms,
thereby slowing growth of the invasive population and increasing its
vulnerability to stochastic processes. In worst case scenarios (say DMP
of above 25 or 35%) colonies may be incapable of reproducing at all
(Cook and Crozier 1995). Notably, in our previous simulations of
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changes in sex allele frequency in Australia’s invasive A. cerana
population (Gloag et al., 2016), only models that assumed significant
fitness costs of DMP produced good fits to empirical data. Thus, it is
likely that high DMP incurs fitness costs to A. cerana colonies, and
that the reduced variance in DMP afforded by extreme polyandry has
aided A. cerana’s invasive spread to Australia and other Pacific regions.

Given that the benefits of polyandry are most pronounced in
bottlenecked populations, we might imagine that polyandrous social
insects such as honey bees adopt a flexible mating strategy in which
queen’s mate number increases as the risks of inbreeding and DMP
increase. Such flexibility in mating behaviour in response to inbreed-
ing risk has been documented in some vertebrates (Arct et al, 2015;
Nichols et al, 2015). In polyandrous social insect species, there are
often significant differences in mating frequency among populations
(A. mellifera: Franck et al., 2000; Kraus et al, 2004; El-Niweiri and
Moritz, 2011; A. cerana: DeFelice et al., 2015 and the ant Lasius niger:
Corley and Fjerdingstad, 2011). This phenomenon has been postulated
as an adaptive response to reduce inbreeding (Ratnieks, 1990;
Tregenza and Wedell, 2002; Michalczyk et al., 2011). Nonetheless,
there are several instances where small populations of social insects
show no evidence of increased mating frequency (eg, an isolated
population of feral A. mellifera in New York state, Tarpy et al., 2015,
and invasive Vespula pensylvanica in Hawaii, Hanna et al., 2014). We
did not detect interpopulation variation in mating frequency between
the invasive Australian A. cerana (where inbreeding risk is high) and a
native Chinese population (where inbreeding risk is low), consistent
with the view that A. cerana mating frequency is not a labile trait that
can rapidly evolve or adapt to current circumstances (Tarpy et al,
2015). Notably, however, in both populations, variation among
individual queens was high, with some queens having more than
twice the mating frequency as others in the same population. Whether
mate number is ever constrained in A. cerana due to ecological
conditions remains to be determined. For example, interspecific
mating has been detected between A. cerana and A. mellifera in both
China and Australia (Remnant et al., 2014), and incurs a high cost to
both species (Gloag et al., 2017). Such reproductive interference might
constrain attempts by queens to increase mate number.

The consequences of extreme multiple mating on A. cerana’s
invasive potential provide a clear example of how polyandry may
increase population viability and mitigate extinction risk, and hence
illustrates well the general principal that mating systems may influence
the fate of populations (Holman and Kokko, 2013). In this study, we
have focused on the consequences of extreme polyandry for sex locus-
determined brood viability in newly founded populations. The extent
to which polyandry contributes to invasiveness via sex locus effects in
other invasive Hymenoptera remains to be investigated, but at least
some other successful invaders that have founded populations from
single queens are also polyandrous, including Vespa velutina in Europe
and Korea (Arca et al, 2015) and Acromyrmex octospinosus in
Guadeloupe (Mikheyev, 2008). Increased brood viability may not,
however, be the only route via which polyandry effects the survival of
invasive populations. Notably, genome-wide loss of genetic diversity in
populations founded by just one or few colonies will also be less severe
when queens are polyandrous than when they are singly mated (Arca
et al., 2015; Darrouzet et al., 2015). Given that genetic diversity within
honey bee colonies increases both disease resistance and task
partitioning (Oldroyd and Fewell, 2008), polyandry may also have
served A. cerana and other invasive Apis in this respect (eg, Africanized
A. mellifera in the Americas, Tarpy et al., 2010, and Apis florea in East
Africa and the Arabian Peninsula, Moritz et al., 2009). However, high
diversity at loci other than the sex loci is not necessarily beneficial to

385

Heredity



Extreme polyandry aids social insect invasiveness
G Ding et al

386

Monandry (k= 1)

Moderate polyandry (k = 6)

Extreme polyandry (k = 27)

a w I b 1.00 T 1.00 T
0.90 ‘_ 0.90 : 0.90 :
@ 080 0.50 I » 080 |
S | & ‘ s |
g| & 0.70 | g om I 1 5 o |
1= = o |
H 8 oeo | S oeo ' o 080
i el ] g | Rt |
¢ | © os0 S oso © 450 |
= g | < 5
[} = 040 | £ o4 — S 040
i = | £ =
o | ) o
Q. 030 a 030 o 030
[ | o 2
o 020 o D020 o o020
0.10 e | 0.10 — w‘ 0.10
0.00 L e 0.00 —u—z- ] 0.00 L— I
o 5 10 15 20 2% 30 35 40 45 50 1] 5 0 15 20 25 30 35 a0 45 80 o -] 10 15 20 25 30 kS 40 45 50
Frequency of diploid male production Frequency of diploid male production Frequency of diploid male production
d o I e 1w T f oo I
c 0.80 | 0.90 I 0.20 |
8 | I I
7] ® | %) @ 080 |
8| 8 0.80 ! § oe ; 3 ‘
H c c
| 5 om | S o7 i & on |
© = el Q
3 S e : 8 oeo : 8 e ;
“ — [l
B | O os0 I C a0 I O o0 I
> 5 I 5 [ 5 !
= S 040 | =040 £ 040 |
g5 5 ‘ 5
2 o I & o020 I 2 030
o 1 9] I <] I
2 2 <
o o020 I o 020 I o o2 I
| I I
0.10 i 0.10 J | : 0.10 i
0.00 1 0.00 1 0.00 ! 1
] 5 10 15 20 25 30 35 40 45 50 o 5 n 15 20 25 30 35 40 45 50 o 5 10 16 20 25 30 35 a0 43 50
Frequency of diploid male production Frequency of diploid male production Frequency of diploid male production
g 1.00 I h 1.00 T I 1.00 T
0.90 : 0.90 : 0.90 :
o 0.30 | @ 030 | o 080 |
5| 2 I 2 I ] I
| =
£ & om I g o7 | S o7 ]
81 8 o I 2 oeo I S os0 |
E| = I = | - ]
o| © os0 | 0.50 [ S gs0 I
o| § | 5 I = I
Bl = o040 | = 040 | £ a0 |
A g e
o & om I & 030 ! 2 a0 ‘
© o | o I o |
— | a o2 | o oz | o 020 ]
[ [ ]
0.10 | 0.10 | 0.10 |
0.0 1 1 1 L

0 5 0 15 20 25 30 35 40 45 50 o 5 0 18

Frequency of diploid male production

Frequency of diploid male production

W 5 30 35 4D 45 50 0 5 0 15 22 25 30 35 40 45 50

Frequency of diploid male production

Figure 3 Effect of queen mating frequency on the incidence of diploid male production (DMP) for different scenarios of sex allele number and frequencies in
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as occurs in the late stages of an invasive population after a founder event.

invasiveness; for example, low intercolony aggression and supercolony
formation in invasive populations of the Argentine ant (Linepithema
humile) have been associated with a loss of either overall genetic
diversity (Tsutsui et al., 2000) or diversity at relevant ‘recognition loci’
(Giraud et al., 2002). Queen polyandry may also have other significant,
nongenetic, consequences for small invasive populations of social
insects (eg, effects on queen survival during mating, or on effective
population size) that remain to be investigated.

The primary selective forces driving the evolution of polyandry in
some social insect lineages likely pertain to the benefits of within-
colony genetic diversity on colony fitness (Oldroyd and Fewell, 2008).
Our study supports the view that, once evolved, extreme polyandry
can also have important ecological consequences for species by
increasing their ability to found new populations from few individuals.
In the case of A. cerana, extreme polyandry is one of a suite of traits
that has facilitated the species conquest of a new continent, Australia,
from the accidental introduction of just one or a few colonies.
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