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Abstract

Intraspecific variation in social organization is common, yet the underlying causes are
rarely known. An exception is the fire ant Solenopsis invicta in which the existence of
two distinct forms of social colony organization is under the control of the two vari-
ants of a pair of social chromosomes, SB and Sb. Colonies containing exclusively
SB/SB workers accept only one single queen and she must be SB/SB. By contrast,
when colonies contain more than 10% of SB/Sb workers, they accept several queens
but only SB/Sb queens. The variants of the social chromosome are associated with sev-
eral additional important phenotypic differences, including the size, fecundity and dis-
persal strategies of queens, aggressiveness of workers, and sperm count in males.
However, little is known about whether social chromosome variants affect fitness in
other life stages. Here, we perform experiments to determine whether differential
selection occurs during development and in adult workers. We find evidence that the
Sb variant of the social chromosome increases the likelihood of female brood to
develop into queens and that adult SB/Sb workers, the workers that cull SB/SB
queens, are overrepresented in comparison to SB/SB workers. This demonstrates that
supergenes such as the social chromosome can have complex effects on phenotypes at
various stages of development.
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Intraspecific variation in social organization is common,
yet the underlying causes are rarely known. An excep-
tion is the fire ant Solenopsis invicta in which the exis-
tence of two distinct forms of social colony organization
is under the control of a single Mendelian genomic
element (Keller & Ross 1998; Ross & Keller 1998). Colo-
nies of the monogyne form are headed by a single
reproductive queen, whereas colonies of the polygyne
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association between social organization and the geno-
typic composition of colony members at the protein-
coding gene Gp-9. In monogyne colonies, the queen and
all workers are invariably homozygous for the Gp-9°
allele (Ross 1997). By contrast, polygyne colonies con-
tain only queens with a Gp-9®” genotype and a mixture
of Gp-9%% and Gp-9%” workers (Ross 1997). The virtual
absence of Gp-9"’ queens and workers in polygyne colo-
nies is due to Gp-9° behaving as a lethal recessive allele
in females, inducing their death soon after they eclose
from the pupae (Ross 1997; Keller & Ross 1999; Hallar
et al. 2007). Experimental studies also revealed that the
complete absence of Gp-9°F queens in polygyne colonies
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is due to the Gp-9’ allele being linked to a selfish
genetic element inducing Gp-9*” workers to selectively
eliminate Gp-9°" queens when they initiate reproduc-
tion (Keller & Ross 1998). Thus, when colonies contain
more than approximately 10% Gp-9%° workers, they
accept several queens, but only Gp-9*” queens (Ross &
Keller 2002; Gotzek & Ross 2008). By contrast, when
colonies contain only Gp-9%% workers, they only accept
a single Gp-9”% queen (Ross & Keller 1998).

In addition to social organization, the Gp-9 genotype
is also associated with several important phenotypic
differences. For instance, young (prereproductive)
Gp-9°P queens (from both monogyne and polygyne col-
onies) store large fat reserves after eclosion from the
pupae and undertake long-distance mating flights prior
to founding colonies independently, whereas Gp—9Bb
queens typically store few reserves and undertake only
localized mating flights before attempting to infiltrate
existing colonies to begin reproducing (Keller & Ross
1993a,b, 1999; DeHeer et al. 1999; Goodisman et al.
2000a; DeHeer 2002). Haploid males of alternate Gp-9
genotype also exhibit phenotypic differences with Gp-9
males having significantly less sperm than Gp-9° males
(Lawson et al. 2012).

While there is considerable information on the differ-
ent processes of selection acting on adult queens and
workers with alternate Gp-9 genotypes (Keller & Ross
1993b, 1998; DeHeer et al. 1999; Goodisman et al. 1999,
2007; DeHeer 2002; Krieger 2005), little is known about
possible differences in fitness in other life stages. Field
surveys of workers and brood from polygyne colonies
suggest that the relative frequencies of the Gp-9® and
Gp-9" alleles differ from those expected under Mende-
lian, [Table S1 (Supporting information) summarizes
results from Ross (1997); Goodisman et al. (2000b) and
Fritz (2006)], but field surveys may include sources of
bias that are difficult to account for.

Given the numerous effects associated with Gp-9
genotype in adults, it is conceivable that there is differ-
ential selection on immature individuals with alternate
Gp-9 genotypes. This is particularly true because Gp-9
was recently found to be in linkage disequilibrium with
more than 600 other genes. Indeed, the two variants of
the social chromosome (i.e. the social b chromosome
which contains the Gp-9” allele and the social B chromo-
some which contains the Gp-9” allele) do not recombine
with one another over a large genomic region [13.8 Mb,
55% of the chromosome; (Wang et al. 2013)]. Further-
more, numerous SNPs are fixed between the two social
chromosome variants (Wang et al. 2013), and there is an
overrepresentation of genes differently expressed
between individuals of alternative genotype that reside
in the nonrecombining region (Wang et al. 2008;
Nipitwattanaphon et al. 2013; Wang et al. 2013). It is

therefore likely that individuals with alternate Gp-9
genotypes have multiple phenotypic differences that
may affect the process of development.

Detailed studies of selection acting on fire ants with
alternate Gp-9 genotypes is of special interest given the
increasing evidence that supergenes (i.e. tight clusters
of two or more loci each affecting a different develop-
mental or behavioural characteristic) play an important
role in maintaining the cosegregation of adaptive varia-
tion within species (reviewed in Schwander et al. 2014).
Recent studies have led to the discovery of a large pan-
oply of phenotypes being regulated by supergenes in
plants, insects, birds, fishes and mammals (reviewed in
Schwander et al. 2014). In some of the best studied
cases, such as in the white-throated sparrow, the super-
gene is known to affect phenotypic traits as diverse as
plumage colour, song and courtship behaviour (Thomas
et al. 2008). However, in the case of the white-throated
sparrow, as well as the other cases of supergenes, there
is generally very little data on how variants of the
supergenes affect fitness and almost no information
on how patterns of selection vary throughout
development.

To test whether differential selection on Gp-9°% and
Gp-9%" S. invicta females occurs during development,
we isolated Gp-9' queens mated with a Gp-9° male
and transferred their eggs into queenless colonies con-
taining either monogyne or polygyne workers. After
several weeks of development, we collected queen and
worker pupae to test for deviation from the expected
value of 50% Gp-9%% and 50% Gp-9"" individuals.
Because many aspects of social life are affected by the
presence or absence of a queen in fire ants and other
ants (e.g. Keller 1995; Ross & Keller 1995), we also fol-
lowed the development of brood in colonies containing
a queen. Finally, to test whether potential effects on
development affected Gp-9 genotype distribution among
adult workers, we collected and measured the size of
ants inside and outside the nest, and genotyped them
in proportion to their size and occurrence in each
location.

Materials and methods

Collection and rearing of study colonies

Queenright polygyne and monogyne colonies of S. in-
victa were collected near Athens, Georgia (USA), in
March 2008. Colonies were transferred to the laboratory
and maintained under standard conditions (Jouvenaz
et al. 1977). All colonies were fed on a daily basis with
a high-protein diet (tuna/vegetable/peanut butter mix)
supplemented by crickets, mealworms or cockroaches.
The monogyne status of colonies was inferred upon
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collection by the presence of a single highly physogas-
tric, wingless queen per colony. The polygyne status of
the colony was inferred from the presence of multiple
wingless queens. Social form of all used colonies was
always later confirmed by Gp-9 genotyping at least 50
young winged queens per colony. All polygyne colonies
were found to include young Gp-9®" queens, while no
such queens were found in any monogyne colony
(Nipitwattanaphon et al. 2013).

Gp-9 specific rearing of female brood

To determine whether Gp-9 genotypes were skewed
among female pupae, we first selected Gp-9%" queens
[the type of queen most common in polygyne colonies,
(Ross 1997)] mated with a Gp-9° male. For this, we
collected five queens from each of 10 polygyne donor
colonies and placed them with workers in small units for
80 days (mean; range of 42-100 days). To ensure that
only experimental queens sired pupae, an isolation per-
iod of 35 days is essential because development from
egg to adult takes approximately 35 days in standard
28 °C conditions (Porter 1988). We then collected 10
worker pupae from each unit, genotyped them at Gp-9
and selected the queens that exclusively produced BB
and Bb brood (i.e. Gp-9" queens mated to Gp-9° males).

We first transferred eggs from 10 such queens (one
per donor colony) into 10 monogyne and 10 polygyne
recipient queenless colonies each containing approxi-
mately 5000 workers originating from either a monogyne
colony or a polygyne colony. All recipient colonies origi-
nated from laboratory colonies that were not used in
other experiments, and each of them was held queenless
for 42 days prior to the experiments to ensure that they
contained only adult workers. To obtain eggs, each of
the donor queens was isolated twice for 48 h with 5-10
workers from her colony. One batch of eggs was intro-
duced into a recipient monogyne colony and the other
batch of eggs into a recipient polygyne colony. This egg
introduction was balanced with regards to the sequence
of egg introduction into recipient colonies of the two
alternate social forms. Twenty-eight days after egg intro-
duction, all worker and queen pupae were collected
from the recipient colonies for genotyping at Gp-9.

To study whether the presence/absence of queens
affects the differential survival of Gp-9°% and Gp-9*
brood, we then selected two Gp-9%” queens each mated
with one Gp-9® male from each of 10 polygyne colonies
and introduced one of them into a recipient monogyne
colony kept queenless for 40 days and the other into a
recipient polygyne colony kept queenless for 40 days
(the queens introduced were a subset of those used to
produce the eggs in the previous experiment; queens
were introduced with some brood from their colony to
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increase the probability of acceptance by the workers).
All recipient colonies were created from source colonies
that were not otherwise used for this study. Queen
introductions followed the protocol described in Ross &
Keller (2002) with minor modifications. In brief, recipi-
ent workers were chilled at 4 °C before introducing the
new queen and her brood. Human breath was blown
onto the queen and nearby workers, and water mist
was sprayed onto the workers when they showed
aggression towards the queen. All worker pupae were
sampled 42 days after queen introduction. Because only
a few queen pupae were present in the colonies at this
time, we continued to sample queen pupae over a
period of three weeks to obtain sufficient numbers of
individuals for the analyses.

Queen pupae were reared in three of the 10 queenless
polygyne recipient colonies, three of the 10 queenless
monogyne recipient colonies, five of the 10 queenright
polygyne recipient colonies and none of the 10 queen-
right monogyne recipient colonies. The high proportion
of colonies that produced no queens probably reflects
the fact that there is strong sex ratio specialization in fire
ants, with many colonies producing no sexuals or only
male or only female sexuals (Aron et al. 1995; Vargo
1996). This strong variation among colonies apparently
stems from differences in the primary sex ratio laid by
queens and colony variation in the likelihood of the
workers to raise new queens and males (Aron et al.
1995; Passera et al. 2001; Tschinkel 2006). However, the
proportion of colonies that raised new queens was not
significantly different among the four types of colonies
(monogyne queenless, monogyne queenright, polygyne
queenless and polygyne queenright; Fisher’s exact test:
n =40, P = 0.08), suggesting that the complete absence
of queen pupae in queenright monogyne colonies may
just be a sampling effect. We sampled all 336 queen
pupae that were reared from both queenless and queen-
right recipient colonies and determined their Gp-9 geno-
type. Among all the worker pupae that were reared, we
sampled and genotyped a subsample of 561 pupae that
were collected on a single day. This represents only a
small fraction of all the pupae that were produced in the
colonies. These worker pupae were collected from all 10
polygyne and all 10 monogyne queenless recipient colo-
nies, but for time constraints, we only sampled and
genotyped worker pupae in four of the 10 polygyne and
four of the 10 monogyne queenright recipient colonies.

Gp-9 genotype frequencies and association with worker
size and location

To determine whether the Gp-9 genotypes among adults
deviated from the expected 50% and to account for a
potential sampling bias due to an effect of Gp-9 on
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worker location and/or worker size, we created six col-
onies each headed by a single Gp-9*" queen mated with
a Gp-9” male (each queen originating from a different
donor colony). Six months later [expected lifespan is
approximately 51 days for minor workers and 121 days
for major workers of S. invicta (Tschinkel 2006)], we
genotyped 16 adult workers and eight larvae per colony
at six microsatellite loci (see Microsatellite genotyping)
to confirm that all workers were the progeny of the
queen and that all queens were singly mated.

We distinguished between workers from inside the
nest (i.e. with the queen and brood inside two 10 cm-
diameter plaster-bottom petri dishes) and workers from
outside the nest (i.e. anywhere else in the 25 cm
wide x 40 cm long rearing box) by removing the nest
and placing it into an empty rearing box prior to collec-
tion. This procedure was used because small distur-
bances (e.g. researchers attempting to collect some ants)
rapidly trigger excitement and an alarm-like status
inducing workers to change location (Bradshaw &
Howse 1984). Ants from inside and from outside the
nest were killed by exposure to ethyl acetate to facilitate
the subsequent sieving of workers into three size classes
using geological sieves (Rentsch, Haan, Germany): small
ants (<1 mm grid diameter), medium ants (<2 mm grid
diameter) and large ants (>2 mm grid diameter). We
tested different sieves to split ants into three relatively
homogenous intraclass body sizes before selecting the 1
and 2 mm grid sizes. For all six colonies, we weighed
all ants from each of the six groups of workers (small,
medium and large workers from inside the nest and
small, medium large workers from outside the nest) to
the nearest mg, counted and weighed in triplicate
approximately 100 ants per group (mean: 105, range:
50-165) and used the mean of the three ratios and the
weight of the whole group to estimate the total number
of individuals in each group. Subsequently, we sampled
and determined the Gp-9 genotype of a total of 1152
workers (192 workers from each colony). Of those indi-
viduals, we only obtained a reliable genotype for 744
individuals because the exposure to euthanization with
ethyl acetate led to extremely low DNA extraction
yields (Dillon et al. 1996).

Genotyping at Gp-9

Genomic DNA was extracted from whole pupae using
the BioSprint 96 workstation and the BioSprint 96 DNA
Blood Kit (Qiagen, Hilden, Germany). To genotype indi-
vidual pupae at the Gp-9 locus, we used a nested poly-
merase chain reaction (PCR) using GP9CLF2 (TCTCGA
TTGGTGAAGTATCAAGT) and GPICLR2 (CATGTCA
ATACAAAAGAAAGCTG) as external primers and
GPICLF1 (GATACCGAACTACACAAAAATGGTTGO)

and GP9CLR1 (TTAGAATCGGCGAGCACAGCTT) as
internal primers, and subsequently performed restric-
tion fragment length analysis with the enzymes BSM1
and BVE1 (Fermentas GmbH, Germany; C. Lucas & M.
Nicolas, unpublished method). Using this method, we
had difficulties obtaining genotypes for adult workers
because euthanization with ethyl acetate led to extre-
mely low DNA extraction yields (Dillon et al. 1996). For
adult workers, we therefore used more sensitive proto-
cols for both DNA extraction and genotyping at Gp-9.
To extract DNA from whole ant bodies, each ant was
washed in distilled water, snap frozen and homoge-
nized using a micropestle in a 1.5 mL microtube. We
then added 50 pL Tris (10 mm, pH 8.6) and centrifuged
each homogenate at 12 054 g for 150 s. Finally, we
added 2.5 pL ANTPs (25 mMm) to the supernatant and
the samples were incubated for 15 min at 95 °C. Add-
ing dNTPs may protect the DNA from degradation as
the latter bind to phenolic components such as DNAse
and RNAse. We genotyped adults based on alternative
hybridization of Gp-9® and Gp-9'-specific fluorescent
probes (Shoemaker & Ascunce 2010) in an Applied Bio-
systems 7900HT Fast Real-Time PCR System. Specifi-
cally, we wused the Gp-9_139 probeset which is
diagnostic for Gp-9 alleles in North America (Shoe-
maker & Ascunce 2010). Fluorescence intensities plotted
in an allelic discrimination plot using Applied Biosys-
tems sps version 2.4 allowed rapid reliable determina-
tion of genotypes, including from samples with low
quantities of DNA that had yielded no result using the
previous method based on enzymatic-digestion.

Microsatellite genotyping

To study Gp-9 genotype distribution among adult work-
ers, we used six colonies each including only a single
queen. We used six microsatellite markers to confirm
that the workers in the colony were full sisters. We
extracted genomic DNA from worker larvae and adults
using the BioSprint 96 DNA Blood kit (Qiagen) and
subsequently determined genotypes at six polymorphic
microsatellite loci. For this, we used the following pri-
mer sets: Sol-42; Sol-49; Sol-55; Sol-11; Sol-20 (Krieger &
Keller 1997); and Sdag C536 (Ascunce et al. 2009). Each
forward primer was labelled with a fluorescent marker
(HEX, FAM or ATTO-550), and the six loci were ampli-
fied in two separate multiplex polymerase chain reac-
tions (PCR) generally following the PCR preparation
protocol of Shoemaker et al. (2006) but replacing Sol-6
and Sol-18 with Sdag C536 and using the cycling profile
of Krieger & Keller (1997). PCR products were
sequenced on an Applied Biosystems asr prism 3100
Genetic Analyser and analysed with the GENEMAPPER
software.
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Statistical analysis

The distributions of Gp-9 genotypes of worker pupae
were analysed using a generalized linear mixed model
(GLMMs) with a binomial error structure (logit link
function). The full model used social form of recipient
colonies (monogyne vs. polygyne) and queen presence
(queenright vs. queenless) as fixed effects and source
colony (colony of the queen that served as egg donor)
as a random effect. Nonsignificant interaction terms
are not shown because model selection was performed
by backwards elimination of nonsignificant terms
(Crawley 1993). Significant terms were analysed post
hoc using Fisher's LSD procedure for pairwise com-
parisons. To analyse the distribution of Gp-9 genotypes
among adult workers, we ran a second binomial
model, which used worker size (small, medium and
large) and sampling location (inside vs. outside nest)
as fixed effects and colony as a random effect. In a
third binomial model, we examined the distribution of
workers between size classes (small, medium and
large) and sampling location (inside vs. outside the
nest), in an analysis where colony was included as a
random effect. A total of 13 binomial tests were per-
formed to test whether the percentages of Gp-9°" and
Gp-9%" individuals differed significantly from 50% for
(i) all reared worker pupae, (ii) worker pupae reared
by queenless monogyne workers, (iii) worker pupae
reared by queenright monogyne workers, (iv) worker
pupae reared by queenless polygyne workers, (v)
worker pupae reared by queenright polygyne workers,
(vi) all reared queen pupae, (vii) queen pupae reared
by queenless polygyne workers, (viii) queen pupae
reared by queenright polygyne workers (ix) queen
pupae reared by queenless monogyne workers (none
were reared by queenright monogyne workers), (x) all
sampled adult workers, (xi) small adult workers, (xii)
medium adult workers and (xiii) large adult workers.
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Binomial tests were performed in R version 2.5.2 (R
Development Core Team 2012), and linear models
were run in BM spss for Mac OSX version 19. The line-
arity assumption is met for all three models, and over-
dispersion was accounted for by including an
additional random factor at the level of individual
observation (Bolker et al. 2009). All errors given repre-
sent one standard error.

Results

Gp-9°® queen pupae but not Gp-9°% worker pupae are
underrepresented

Under Mendelian segregation, a Gp-9" queen mated to
a Gp-9® male should produce 50% Gp-9°" and 50%
Gp-9%" offspring. There was a significant deviation from
these expected values for queen pupae with only
23.0 + 11.0% having the Gp-9°F genotype (binomial test:
n =336, Gp-98s = 81, P <0.001). The deviation from
50% was significant in each of the three treatments
(queenless polygyne workers, queenless monogyne
workers and queenright polygyne workers; binominal
tests: P < 0.001 for each test, see Table 1, Fig. 1).

By contrast, there was no significant deviation from
the expected distribution of 50% Gp-9®% and 50% Gp-9*"
worker pupae. This was the case for all treatments con-
sidered together (binomial test: n = 561, Gp—9BB = 278,
P = 0.43) and for each of the four individual treatments
(queenless polgygyne workers, queenless monogyne
workers and queenright monogyne workers and queen-
right polygyne workers: binomial tests: P > 0.25 for all
tests, see Table 1, Fig. 2). Furthermore, the proportion
of Gp-9F among worker pupae was affected neither by
social form of workers in the recipient colonies
(GLMMs: F = 1.086, d.f. = 1,25, P = 0.30, Fig. 2) nor by
queen presence/absence (GLMMs: F = 0.531, d.f. = 1,25,
P =0.47, Fig. 2).

Table 1 Binomial tests on the frequencies of Gp-9BB female pupae tested against the expected frequency of 0.5 under Mendelian seg-
regation. Shown are the proportions of Gp-9BB pupae reared by workers of the monogyne and polygyne social form under queen-
right and queenless conditions and the total proportions of Gp-9BB pupae genotyped in this study

Social form of Queen Total Total Expected frequency Observed frequency

Caste rearing workers  presence Colonies genotyped Gp-9BB of Gp-9BB of Gp-9BB P
Worker Monogyne Present 4 41 19 0.5 0.46 0.38
Worker Polygyne Present 4 65 30 0.5 0.46 0.31
Worker Monogyne Absent 10 227 108 0.5 0.47 0.25
Worker Polygyne Absent 10 228 121 0.5 0.53 0.84
Queen Polygyne Present 5 211 54 0.5 0.26 <0.001
Queen Monogyne Absent 3 53 15 0.5 0.28 0.001
Queen Polygyne Absent 3 72 12 0.5 0.17 <0.001
Total workers 561 278 0.5 0.5 043
Total queens 336 81 0.5 0.24 <0.001
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Fig. 1 The proportion of Gp-9°%"" queen pupae reared by
unrelated workers of the polygyne social form and monogyne
social form under queenless and queenright conditions. Box
plot showing median (line), 25-75% quartiles (boxes) and
1.5 x interquartile ranges (whiskers). The number in each box
represents the number of tested colonies with numbers of
genotyped queen pupae given in parentheses. The dashed line
indicates the 50% Gp-9°F queen pupae expected under Mende-
lian segregation.

Gp-9°® workers are underrepresented among medium
and large workers

Because there were equal proportions of Gp-9°% and
Gp-9°” worker pupae, we expected to also find an equal
proportion of both genotypes among adult workers.
However, this was not the case. There was a significant
underrepresentation of Gp-9°% workers in comparison
to Gp—QBb workers (43.8 & 2.5% BB overall; binomial
test: n =744, Gp—9BB = 326; P < 0.001). Moreover, the
proportion of Gp-9°% workers decreased as worker size
increased (GLMMs: F =4.279, d.f =231, P=0.02,
Fig. 3). We found 50% Gp-9°" individuals among small
workers (binomial test: n = 134, Gp—QBB =68, P = 0.60),
46% among medium workers (binomial test: n = 365,
Gp-9%% =168, P =0.07) and only 36% among large
workers (binomial test: n = 245, Gp-9°% = 90, P < 0.001).
As there was a higher probability of successfully
genotyping larger workers than smaller workers (see
Methods) and because there was a lower proportion of
Gp-9%% individuals among large workers, this could
potentially bias our estimate of the overall worker geno-
type frequencies. We therefore conducted resampling
analyses of our data by controlling for the sampling
proportions of small (0.20), medium (0.53) and large
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Fig. 2 The proportion of Gp-9%%%" worker pupae reared by
unrelated workers of the polygyne social form and monogyne
social form, under queenless (white boxes) and queenright con-
ditions (grey boxes). Box plot showing median (line), 25-75%
quartiles (boxes) and 1.5 x interquartile ranges (whiskers). The
number in each box represents the number of tested colonies
with numbers of genotyped worker pupae given in parenthe-
ses. The dashed line indicates the 50% Gp-9°F worker pupae
expected under Mendelian segregation.

(0.27) workers (Fig. 4). In each of ten such re-analyses,
we found a significant underrepresentation of Gp-9°*
workers in comparison to Gp-9"" workers (44.4 + 0.3%,
all P <0.004) Thus, the overall underrepresentation of
the Gp-9%% genotype among adult workers was not due
to a sample bias in the process of genotyping.

More workers were found inside the nest than out-
side the nest (60% of adult workers were collected
inside the nest and 40% outside the nest, GLMMs:
F=12.784 d.f. = 1,30, P = 0.001), but there was no sig-
nificant difference in worker size distribution between
the two sampling locations (GLMMs: size-location inter-
action effect F =1.897 d.f. =230, P =0.17). Similarly,
the proportion of Gp-9°" workers did not vary signifi-
cantly according to the location (inside vs. outside the
nest; GLMMs: F = 1.585, d.f. = 1,31, P = 0.22).

Discussion

We found that Gp-9®" queens mated to single Gp-9*
males rear equal proportions of Gp-9°® and Gp-9%
worker pupae. This suggests that Gp-9° and Gp-9
segregate in a Mendelian manner and that there is
no intrinsic difference in viability between Gp-9°" and
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Fig. 3 The proportion of Gp-9°%/# for small, medium and large
workers, sampled over six polygyne colonies reared under lab-
oratory conditions. Box plot showing median, (line) 25-75%
quartiles (boxes) and 1.5 x interquartile ranges (whiskers). The
number in each box represents the number of workers that
were genotyped.
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Fig. 4 The proportion of small, medium and large workers in
six polygyne colonies reared under laboratory conditions.
Shades of grey represent worker size; light grey: small work-
ers, medium grey: medium workers and dark grey: large work-
ers. The combined weight of all ants in each category was
used to estimate the respective total numbers of ants per col-
ony (small numbers) and their overall proportions.

Gp-9%" workers until the pupal stage. However, for
queen pupae, there was a dramatic underrepresentation

of Gp-9%% individuals in comparison with Gp-9*
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individuals. The design of this study allows one to rule
out the hypothesis that Gp-9°% queens develop more
slowly than queens of the alternate genotype and our
result being an artefact of sampling (i.e. if only the first
pupae to develop were sampled while most of the Gp-
9% pupae were still in the larval stage). The collection
in the queenless colonies was performed on day 28, at
the peak of production of queen pupae and we there-
fore did not collect the first pupae produced. Moreover,
in the queenright colonies, sampling occurred over
3 weeks and thus over several generations of pupae
(the pupal stage is about 89 days under our laboratory
conditions).

There are three possible explanations for the dramatic
underrepresentation of the Gp-9°% genotype among
queen pupae. The first is that workers actively eliminate
Gp-9°F females when these develop into queens. This
process would mirror the ability of Gp-9*” workers to
detect and selectively execute Gp-9°% queens when they
reach sexual maturity (Keller & Ross 1998). However,
the finding of similar underrepresentation of Gp-9°%
queen pupae in colonies that contained only Gp-9%%
monogyne workers indicates that underrepresentation
of Gp-9°F queen pupae cannot be due to their selective
killing by Gp-9% workers. Hence, a selective elimination
of Gp-9%% queen pupae could only occur if Gp-9%% work-
ers would also discriminate against queens of their own
genotype. It is not easy to see what selective force may
have led to such a scenario.

The second possible explanation is higher intrinsic
mortality of queen-destined Gp-9°® females compared to
queen-destined Gp-9"" females. This scenario would be
surprising given the evolutionary history of the genomic
region containing Gp-9. Gp-9°% females have two Gp-9°
social chromosomes (SB), while Gp—9Bb females have one
SB and one Gp-9” social chromosome (Sb). While the SB
chromosomes can recombine in SB/SB females, a large
part (more than 60%) of the Sb chromosome is thought
to never recombine because it cannot recombine with
the SB chromosome (Wang et al. 2013) and because
Sb/Sb individuals are not viable (Hallar ef al. 2007). The
large nonrecombining part of Sb is expected to degener-
ate similarly to a Y chromosome (Wang et al. 2013). Con-
sistent with this view, Sb contains many more
transposable elements and other repetitive elements
compared to SB (Wang et al. 2013). Moreover, the nonvi-
ability of Sb/Sb females is consistent with the presence
of one or several deleterious recessive elements in the
nonrecombining region of Sb (Hallar et al. 2007). Thus, if
anything, one would predict lower viability of Gp-9Bb
queen pupae rather than lower viability of Gp-9°% queen
pupae. Moreover, the idea of differential viability of
queen pupae would be somewhat surprising given that
no such effect was found for worker pupae.
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Finally, the third and most plausible explanation is
that one or several genes in linkage disequilibrium with
the Gp-9" allele increase the likelihood of female brood
to develop into queens. Genetic effects on caste determi-
nation have been recently reported in various ant
species (Schwander et al. 2010). The presence of allelic
variants affecting caste determination in the Sb chromo-
some would be consistent with this haplotype being a
selfish genomic region acting in a manner analogous to
segregation distortion alleles which have a higher than
50% chance to be in the gametes (Sandler & Novitski
1957). This should lead to a corresponding drop in the
portion of Gp-9 individuals among worker pupae.
However, because most females develop into workers
rather than queens, a threefold to fourfold greater likeli-
hood of Gp-9%” females to develop into queens
compared to Gp-9°% females (a value consistent with
the queen pupae genotype data) would only lead to rel-
atively small and thus undetectable genotype bias in
workers. In our experiments, only 211 females devel-
oped into queens while there were many thousands
workers produced during the 3 weeks of sampling.

Ultimately and from the point of view of a selfish
genomic element spreading through the population, the
social chromosome variant SB/Sb promotes queen
development rather than worker development and
thereby helps the spread of Gp-9” in the next genera-
tions. This is because some queens with Gp-9°% geno-
type evade the aggression of Gp-9" workers and
disperse to found monogyne colonies (DeHeer et al.
1999). This bias in caste determination, hence, has sig-
nificant implications for the population dynamics of the
two social chromosome variants in fire ants populations
containing both monogyne and polygyne nests.

Our experiments also revealed that Gp-9°" individu-
als were underrepresented among adult workers. While
there was an equal representation of Gp-9%% and Gp-9*"
individuals among small workers, Gp-9%% individuals
were underrepresented among medium-sized and large
workers, confirming field-based data showing lower fre-
quencies of Gp-9°% workers than expected from the
genotypes of their parents (Ross 1997; Goodisman et al.
2000b; Fritz 2006). The finding of a greater proportion
of Gp-9" individuals among larger workers than smal-
ler workers could be explained if Gp-9% females were
more likely to develop into larger workers than Gp-9°*
individuals. This would mirror the finding of Gp-9*
females having a higher probability than Gp-9°F females
to develop into queens possibly because female Gp-9°
larvae can secure more food than Gp-9”* larvae. In most
ants, the larval development pathway is influenced by
the type and amount of food ingested. For example, lar-
vae that develop into larger castes were shown to feed
on resources with higher nitrogen content, most likely

insect prey, compared to larvae that develop into smal-
ler castes (Smith et al. 2008). But while altered larval
nutrition could impact the size and caste determination
of Gp-9" larvae, the exact mechanism underlying our
findings remains to be identified.

If workers with a Gp-9%" genotype were more likely
to develop into large workers, this should lead to this
genotype being underrepresented among small work-
ers, which was not the case. Given that large workers
represented only 27% of the workers and that they have
about twice the lifespan of small workers (Calabi & Por-
ter 1989), it is possible that the developmental bias is
relatively weak and not sufficient for the percentage of
Gp-9" individuals among small workers to deviate sig-
nificantly from 50%. Alternatively, and most likely, the
overrepresentation of the Gp-9%” genotype among work-
ers, and large workers in particular, may reflect
increased mortality of large workers with the Gp-9%%
genotype. This may occur if large workers would have
an odour profile similar to that of queens, inducing
Gp-9°” workers to eliminate large Gp-9°% workers in the
same way as they selectively eliminate Gp-9% queens
(Keller & Ross 1998). However, the lack of supporting
data renders this statement currently speculative.
Finally, it may also be possible that the observed geno-
typic frequencies could be explained if Gp-9"" workers
have lower longevity than Gp-9®” workers and if there
also is a bias for Gp-9°" workers to preferentially
develop into larger workers. In this scenario, the lack of
deviation from 50% frequency for small workers would
be a product of both effects.

The finding of an underrepresentation of medium-
sized and large Gp-9°® workers is interesting with
regards to the observation that workers with this geno-
type are underrepresented in the field compared to the
values expected on the basis of the genotypes of the
reproductive individuals. The observed underrepresen-
tation of such workers in the field varied among field
studies (6% Ross 1997; 15-25% Goodisman et al. 2000b;
5-18% Fritz 2006); such underrepresenation was lower
in our laboratory study (0-11%, see also Table S1, Sup-
porting information). Three lines of reasoning may
explain the differences between studies. The first is that
stress leading to extrinsic life expectancy differences
between workers with different Gp-9 genotypes may be
greater in the field than in the laboratory. Consistent
with this view, Goodisman et al. (2007) found an effect
of sampling date on the frequency of Gp-9°% and Gp-9*"
individuals in the field, hence suggesting the rate of
mortality among alternate genotypes may vary accord-
ing to temperature or other extrinsic factors. Alterna-
tively, there could be sampling biases in the field with
larger workers being more likely to be sampled than
smaller workers (see Goodisman et al. 2007 for a similar
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argumentation). Such a bias would lead to the propor-
tion of Gp-9%" workers being overestimated in previous
field studies. Finally, there could also be variation in
the spatial distribution of Gp-9%% and Gp-9" workers. A
recent study indeed found a greater proportion of
Gp-9PP than Gp-9%" workers in the foraging arena com-
pared to the nest (C. Lucas, M. Nicolas & L. Keller,
unpublished). In the present study, there was no signifi-
cant difference between genotypic distributions inside
and outside the nest, possibly because the nest was not
clearly separated from the foraging arena. In the Lucas
et al. study, which was specifically designed to test for
an effect of location on genotypic frequencies, the forag-
ing arena was separated from the nest by a 1-metre-
long tube. Thus, spatial segregation may also contribute
to the greater discrepancy between expected and
observed proportion of Gp-9®" workers in field studies
(where worker location was not controlled for) com-
pared to our study where a possible effect of worker
location was controlled for while sampling.

In conclusion, our study revealed that the nonrecom-
bining region of the two fire ant social chromosome
variants affects development of female larvae, leading
to a strong bias towards SB/Sb queen pupae in compar-
ison with SB/SB queen pupae, while here was no geno-
typic bias among worker pupae suggesting that the
presence of the Sb chromosome may bias female devel-
opment towards queen differentiation. This has signifi-
cant fitness implications for the two variants of social
chromosomes. A previous study (DeHeer ef al. 1999)
showed that only relatively few SB/SB queens depart
on mating flights from polygyne colonies. This together
with the selective elimination by SB/Sb workers of
SB/SB queens when they initiate reproduction acts as
potent mechanism to favour the Sb variant at the popu-
lation level. Our study also revealed an underrepresen-
tation of SB/SB workers among medium-sized and
large workers, which together with sources of sampling
bias may account for similar findings reported from the
field. Overall, our study thus shows that the alternate
social chromosomes have widespread phenotypic
effects not only in adults but also in immature S. invicta
females.

These findings are interesting in relation to the
increasing number of discoveries of supergenes which
affects traits as diverse as ecotypes in monkeyflowers
(Lowry & Willis 2010), self-incompatibility in angio-
sperms (Takayama & Isogai 2005), female morphs in
cichlid fish (Roberts et al. 2009), wing pattern mimicry
morphs in butterflies (Joron et al. 2011), plumage poly-
morphism in birds (Huynh et al. 2010) and shell colour
polymorphism in snails (Cook 1998). The evolution of
such supergenes likely involves selection for reduced
recombination between loci that epistatically lead to
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higher overall fitness (Turner 1967). When this occurs,
mildly deleterious mutations and neighbouring genes
with unrelated effects can become part of a supergene
as a result of hitchhiking (Smith & Haigh 1974) or
supergene expansion (Charlesworth & Charlesworth
1975). Furthermore, mildly deleterious mutations can
accumulate within established supergenes due to Muel-
ler’s ratchet (Mueller 1964). Because each gene within
the supergene region can pleotropically affect multiple
phenotypic traits (Stearns 2010), supergenes can be
expected to have overall complex phenotypic effects
including some that are deleterious. At the most
extreme level, homozygosity of some supergene vari-
ants can be lethal [e.g. many Y chromosomes (Bachtrog
2013), t-haplotypes in mice (Lyon 2003), Sb in fire ants
(Ross 1997; Keller & Ross 1999; Hallar et al. 2007; Wang
et al. 2013)]. However, only few studies have empiri-
cally demonstrated that supergenes have complex
effects on phenotypes at various stages of development.
Our study is thus valuable because it demonstrates that
the social chromosomes in S. invicta do not only influ-
ence the phenotypes of adult queens and males (Goo-
disman et al. 1999; Lawson etal. 2012) and the
behaviours of queens and workers (Keller & Ross 1998;
DeHeer et al. 1999; DeHeer 2002; Krieger 2005; Goodis-
man ef al. 2007) but also the processes of caste determi-
nation and the survival of SB/SB and SB/Sb workers.
A challenge will be to determine which of the >600
genes present in the social chromosomes are responsible
for this large suite of phenotypic effects and determine
how these phenotypic differences have accumulated
during the course of evolution.
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