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ABSTRACT
Little is known about the genetic foundations of colony social organization. One rare example in which

a single major gene is implicated in the expression of alternative social organizations involves the presumed
odorant-binding protein gene Gp-9 in fire ants. Specific amino acid substitutions in this gene invariably
are associated with the expression of monogyny (single queen per colony) or polygyny (multiple queens
per colony) in fire ant species of the Solenopsis richteri clade. These substitutions are hypothesized to alter
the abilities of workers to recognize queens and thereby regulate their numbers in a colony. We examined
whether these same substitutions underlie the monogyny/polygyny social polymorphism in the distantly
related fire ant S. geminata. We found that Gp-9 coding region sequences are identical in the polygyne
and monogyne forms of this species, disproving our hypothesis that one or a few specific amino acid
replacements in the protein are necessary to induce transitions in social organization in fire ants. On the
other hand, polygyne S. geminata differs genetically from the monogyne form in ways not mirrored in the
two forms of S. invicta, a well-studied member of the S. richteri clade, supporting the conclusion that polygyny
did not evolve via analogous routes in the two lineages. Specifically, polygyne S. geminata has lower genetic
diversity and different gene frequencies than the monogyne form, suggesting that the polygyne form
originated via a founder event from a local monogyne population. These comparative data suggest an
alternative route to polygyny in S. geminata in which loss of allelic variation at genes encoding recognition
cues has led to a breakdown in discrimination abilities and the consequent acceptance of multiple queens
in colonies.

Amajor goal in evolutionary biology is to understand few major transitions in the history of life (Maynard
the genetic architecture underlying complex ad- Smith and Szathmáry 1995).

aptations (Orr and Coyne 1992; Orr 1998; Glazier One rare example in which a candidate gene of major
et al. 2002). Nowhere is this interest in the architecture effect on a key social trait has been identified involves the
of adaptation stronger than in the study of animal social gene Gp-9 in fire ants. Many fire ant species display
behavior (Robinson et al. 1997; Robinson 1999; Young two fundamentally different types of social organization
et al. 1999; Ross and Keller 2002; Ben-Shahar et al. 2002). distinguished by, among other features, the number of
A number of studies that demonstrate heritable influences egg-laying queens in a colony (Ross and Keller 1995).
on key traits associated with complex social behavior now Colonies of the monogyne type are headed by a single
exist (e.g., Page and Robinson 1994; O’Donnell 1996; egg-laying queen, whereas those of the polygyne type
Hunt et al. 1998; Osborne and Oldroyd 1999; Fraser contain multiple queens. In Solenopsis invicta, the best-
et al. 2000; Plateaux-Quénu et al. 2000; Buschinger studied fire ant species, the form of social organization
and Schreiber 2002; Hughes et al. 2003; reviewed in displayed by a colony depends on the Gp-9 genotypic
Robinson et al. 1997; Ross and Keller 2002). However, composition of the worker force (Ross 1997; Ross and
progress in identifying the numbers and effects of spe- Keller 1998). Two major classes of coding region vari-
cific genes influencing these traits has been slow. Con- ants exist at Gp-9, designated the B-like and b-like classes
tinued progress in these efforts is critical for understand- (Krieger and Ross 2002). Colonies of the monogyne
ing how specific gene products function to shape social form of S. invicta contain workers bearing only B-like
behavior, as well as for constructing improved evolution- alleles, whereas colonies of the polygyne form contain
ary models of the origins of eusociality, one of relatively substantial proportions of workers bearing b-like alleles.

Krieger and Ross (2002) determined that the product
of Gp-9 is a member of a family of proteins that mediate
perception of chemical cues from conspecifics in in-Sequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under accession nos. AF427905 and sects, known as odorant-binding proteins (Pelosi and
AY254475–AY254489. Maida 1995; Hekmat-Scafe et al. 2002). Fire ant work-
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(Keller and Ross 1998; Ross and Keller 2002), so it allele coding the characteristic b-like isoleucine residue
at position 95, position 139, or both positions.has been hypothesized that workers with Gp-9 alleles

In this article we characterize the Gp-9 sequences ofof the different classes may differ in their abilities to
polygyne S. geminata from northern Florida. We alsorecognize queens, leading to different tolerance thresh-
describe in detail the population genetic structure ofolds for queen number in monogyne and polygyne colo-
both social forms of this species in this area, and wenies. Apart from Gp-9, the two forms of S. invicta strongly
compare these results with those from S. invicta in orderresemble one another genetically where they occur in
to comprehensively evaluate the likelihood that polyg-sympatry, typically harboring the same alleles and levels
yny evolved via analogous routes in both lineages. Weof variation at numerous marker genes. This similarity
find that the polygyne S. geminata that we studied possessbetween the forms over many genes, interpreted as the
the same Gp-9 allele reported previously for the mono-signature of substantial interform gene flow (Shoemaker
gyne form, indicating that the molecular mechanismsand Ross 1996; Ross et al. 1997, 1999; Ross 2001), pro-
underlying regulation of social organization in fire antsvides strong ancillary evidence that Gp-9 (and, perhaps,
are not universal. On the other hand, the polygyne studygenes with which it is in strong disequilibrium) plays a
population appears to have experienced a recent popu-direct role in determining colony social organization in
lation bottleneck that resulted in a loss of genetic diver-S. invicta.
sity and the emergence of reproductive isolation fromKrieger and Ross (2002) also sequenced Gp-9 from
the monogyne form. These features, which are unchar-polygyne fire ants of three other species closely related
acteristic of polygyny in S. invicta, support the conclu-to S. invicta (all are members of the S. richteri clade; see
sion that the origin of polygyny in the genus SolenopsisFigure 1). In every case, these specimens possessed b-like
has followed at least two different evolutionary routes,alleles, suggesting that particular substitutions at Gp-9
with alternative genetic foundations for regulation ofinduce the expression of polygyny in fire ants. Specifi-
colony queen number characteristic of each.cally, all b-like alleles share three amino acids that are

absent from all B-like alleles over the 134 residues of
the mature protein (see Figure 2), implying that one MATERIALS AND METHODS
or more of these amino acids may be crucial to the func-

Sample collection and processing: Samples of S. geminatational role of GP-9 protein in queen discrimination. The
were collected from 37 nests in Gainesville, Florida and thefour species of the S. richteri clade studied by Krieger immediately surrounding area (Alachua County) in the spring

and Ross (2002) are the only members of a larger group of 2002. Samples of 8 additional nests of this species were
of South American fire ant species, known as the S. saevis- collected in Leon County, Florida, some 200 km distant from

the other nests, during the same period. Many adult workerssima species group (Trager 1991; Pitts 2002), that are
were collected from each nest. In addition, worker broodreported to exhibit polygyny as an alternative form of
and wingless (presumably egg-laying) queens were collected

social organization. Outside of this group, polygyny in opportunistically from 22 and 7 of the nests, respectively.
the genus is well documented only for S. geminata Collected ants either were frozen in the field on dry ice or

were returned alive to the laboratory for further processing.(Adams et al. 1976; Mackay et al. 1990), a member of a
All samples were stored in a laboratory freezer at �80� pendingprimarily North American clade of fire ants (Figure 1).
genetic analysis. Collected ants were identified as S. geminataWe wished to determine whether the conserved b-like by J. P. Pitts on the basis of the morphological characteristics of

residues invariably associated with polygyny in the S. voucher specimens from several nests (Trager 1991). Species
richteri clade are associated with polygyny in S. geminata identity was further confirmed by use of diagnostic allozyme

markers on samples from every nest (see below).as well. Because polygyny in S. geminata apparently
The mating status of a subset of the wingless queens col-evolved independently from polygyny in the S. richteri

lected from polygyne nests was determined by one of two
clade, comparative sequence analysis of Gp-9 in this methods. Nine queens from three nests were dissected and
species provides a test of the hypothesis that one or few the spermatheca (sperm storage organ) of each was examined;

mated queens possessed opaque, whitish spermathecae whereasspecific amino acid replacements in the protein product
unmated queens possessed translucent spermathecae (e.g.,are necessary determinants of colony social organization
Goodisman and Ross 1999). Fourteen queens from four addi-in Solenopsis and, perhaps, in other groups of ants. tional nests were isolated in laboratory rearing units with work-

The Gp-9 sequence of a monogyne S. geminata speci- ers and brood from their parent colony (e.g., Ross 1997) and
men was determined previously by Krieger and Ross brood production patterns were tracked over the ensuing

6-week period; mated queens produced worker brood by the(2002). As expected, this sequence features the charac-
end of this period whereas unmated queens produced malesteristic B-like residues methionine and valine at posi-
or no brood.

tions 95 and 139, respectively (Figure 2). However, the Total DNA was extracted from individual worker ants from
sequence includes the b-like glycine residue at position each nest with the Puregene kit (Gentra Systems, Research

Triangle Park, NC) by following the manufacturer’s instruc-42, suggesting that the amino acid at this position may
tions for solid tissue samples.not be essential to the function of GP-9 protein in de-

Allozyme electrophoresis: Genotypes of S. geminata workerstermining social organization. This information allows were determined at eight allozyme loci. Electrophoresis was
us to further refine our working hypothesis to predict conducted in 14% horizontal starch gels using extracts of soluble

proteins derived from individual larval (Hexa), pupal (Acoh-5that polygyny in S. geminata is associated with a Gp-9
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Figure 1.—Phylogeny of Gp-9 al-
leles in fire ants (from Krieger and
Ross 2002). The 2200 bp of se-
quence determined for each allele
includes the coding regions, in-
trons, and 3� flanking region. Each
allele is labeled with the name of
the species in which it was found
(several alleles of each class were
discovered in the multiple samples
of S. invicta sequenced). Branches
for the native South American fire
ant species placed in the S. saevis-
sima species group are black; the
socially polymorphic members of
this group comprise the S. richteri
clade. Branches for the primarily
North American clade of fire ants
that includes S. geminata are stip-
pled. The two classes of Gp-9 alleles
found in the S. richteri clade are
identified by shaded boxes. The
phylogeny is rooted using the se-
quence from the non-fire-ant spe-
cies S. globularia littoralis as an out-
group.

and Est-6), or adult (Est-2, G3pdh-1, Gpi, Fbp-2, and Odh) work- sample of known repeat length for each of the loci on each
gel to ensure accurate size assessments. The samples were runers (for methods, see Shoemaker et al. 1992). Among the loci

polymorphic in S. geminata, Gpi and Odh were developed by on an ABI 370 DNA sequencer (Applied Biosystems), and
the genotypes were scored using GENESCAN 3.1.2 softwareRoss et al. (1987), whereas Acoh-5, Est-6, Fbp-2, and Hexa were

developed in the course of this study. Mendelian inheritance (Applied Biosystems). Between 4 and 10 (mean is 8.5) workers
from each nest were genotyped at each microsatellite locus.of the allelic enzymes distinguishable by electrophoresis was

demonstrated by Ross et al. (1988) and by virtue of the geno- mtDNA sequencing: A 784-bp portion of the COI gene from
the mtDNA genome of S. geminata workers was sequenced.type distributions observed in monogyne colonies in this study.

The loci Est-2 and G3pdh-1 were scored because alleles fixed The PCR reaction mixes, sequences of external PCR and se-
quencing primers, and thermal cycling conditions are de-in S. geminata are not found in the only other fire ant species

that also occur in the study area, S. invicta and S. xyloni (Ross scribed in Shoemaker et al. (2000). mtDNA amplicons were
purified for sequencing using Agencourt magnetic beads, andet al. 1987; our unpublished data). Thus, these loci were used

to check our S. geminata samples for evidence of introgression the purified products were used directly in standard fluores-
cent cycle-sequencing PCR reactions (ABI Prism Big Dye ter-from these other species. Between 8 and 60 (mean is 22)

workers from each nest were genotyped at each allozyme locus. minator chemistry, Applied Biosystems). Because monogyne
colonies comprise simple family groups of single matrilinesMicrosatellite analysis: Genotypes of S. geminata workers

were determined at three microsatellite loci (Sol-11, Sol-42, (Ross et al. 1988), the mtDNA of only a single worker per
monogyne nest was sequenced. Polygyne colonies compriseand Sol-49). These loci constitute a subset of the polymorphic

dinucleotide-repeat loci developed for S. invicta by Krieger multiple matrilines, so the mtDNA of four workers per nest
was sequenced.and Keller (1997). Genotypes were determined by means of

multiplex PCR reactions performed with fluorescently labeled Gp-9 sequence analyses: We sequenced the entire coding re-
gions of the Gp-9 gene from two wingless (presumably egg-primers (Applied Biosystems, Foster City, CA), followed by

laser detection of the denatured PCR products separated in laying), mated S. geminata queens collected from separate con-
firmed polygyne nests. Wingless queens were selected as sourcepolyacrylamide gels. Primers used to amplify the loci were

those described by Krieger and Keller (1997), with one material because such females invariably bear b-like alleles in
the polygyne form of S. invicta (Ross and Keller 1998) and,primer of each pair distinctively labeled at the 5� end [Sol-

11.rev (6FAM), Sol-42.for (NED), and Sol-49.rev (HEX)] so that presumably, other S. richteri-clade species (Krieger and Ross
2002). The initial template DNA for PCR amplification of Gp-9the products of all three loci could be detected simultaneously

on single gels. The three loci were amplified together in 20- was single-stranded cDNA synthesized from oligo(dT18)-primed
RNA. Total RNA was isolated (RNeasy Mini kit, QIAGEN) and�l reaction mixtures containing 1.6� PCR buffer (2.4 mm

MgCl2), 1� Q-Solution (QIAGEN, Valencia, CA), 300 �m reverse transcribed with avian myeloblastosis reverse tran-
scriptase (Roche Molecular Biochemicals, Indianapolis) fordNTPs, 0.25 �m Sol-11 primers, 0.38 �m Sol-42 primers, 0.25

�m Sol-49 primers, 1.5 units of Taq polymerase, and 2 �l of 30 min at 42�. PCR reactions were set up in 20-�l reaction
mixtures containing 1� PCR buffer (1.5 mm MgCl2), 500 �mhydrated template DNA, using the cycling profile of Krieger

and Keller (1997). Following PCR, 2.0 �l of product from dNTPs, 0.5 �m each of primers Gp-9/-33.for (5�-CATTCAAAG
TACAGTAGAATAACTGCC-3�) and Gp-9_490.rev (5�-GTATGeach multiplex reaction was combined with 2.0 �l deionized

formamide, 0.5 �l GeneScan-400 (ROX) size standard (Ap- CCAGCTGTTTTTAATTGC-3�), located in the 5� and 3� flank-
ing sequences of Gp-9, respectively, 1.5 units of proofreadingplied Biosystems), and 0.5 �l loading dye in a 0.5-ml tube.

The mixture was denatured for 3 min at 95�, and then 1.3 �l DNA polymerase (TaqPlus Precision, Stratagene, La Jolla,
CA), and 1 �l of template DNA. Amplification was performedwas loaded in a polyacrylamide gel (4.8% acryl-bisacrylamide,

6 m urea). In addition to the size standard, we included a using the following cycling profile: 30 cycles of 92� (20 sec),
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Figure 2.—Consensus of amino acid sequences (variable sites only) for Gp-9 alleles in the socially polymorphic S. richteri-clade
species and in monogyne S. geminata (from Krieger and Ross 2002). Residues identical to those in the first allele listed are
indicated by periods. Alleles of the b-like class invariably are associated with polygyny in the S. richteri clade. Positions of the
three amino acid residues that distinguish all b-like from all B-like alleles in this clade are shaded. No synonymous substitutions
occur among sequences at the sites depicted.

58� (30 sec), and 72� (1 min), and a final elongation step at stage-2 primers was paired with the appropriate general primer
72� (10 min). The resulting PCR product was gel purified from the stage-1 PCR to amplify templates with b-like se-
(QIAquick gel extraction kit, QIAGEN) and cloned into a quences at either codon 95 or 139; thus, the presence of the
pCR 4-TOPO vector (Invitrogen, San Diego), which was used predicted 380-bp amplicon signified the presence of a b-like
to transfect competent Escherichia coli cells (TOP10F, In- sequence at either codon (depending on the particular assay)
vitrogen). Eight clones representing the PCR amplicon of each in the source individual. Reactions in the stage-2 PCR for b-like
queen were sequenced using ABI Prism Big Dye terminator codon 139 were set up in 20-�l reaction mixtures containing 1�
chemistry. This number of clones was sequenced to detect PCR buffer, 100 �m dNTPs, 0.08 �m each of primers Gp-9.for
alternate alleles if the focal individuals were heterozygous (the and all_b.rev (5�-AGCACAGCTTCAGCTGCTAAGAT-3�), 1
binomial probability of not finding two sequences in such unit of Taq DNA polymerase, and 2 �l of diluted product
individuals is �0.005). from the stage-1 PCR. The cycling profile was identical to that

To efficiently screen S. geminata workers for the presence for the stage-1 PCR, but with an annealing temperature of
of b-like nucleotide substitutions at Gp-9, we designed two 69.3�. Reactions in the stage-2 PCR for b-like codon 95 were
different two-stage PCR assays that distinguish b-like from B-like set up in 20-�l reaction mixtures containing 1� PCR buffer,
sequences in all fire ant species studied to date. One assay 100 �m dNTPs, 0.04 �m each of primers all_b.for (5�-GGAGCT
detects the b-like substitution at codon 95, whereas the other GATTATGATGAAGAGAAAATA-3�) and Gp-9.rev, 1 unit of
detects the b-like substitution at codon 139 (Figure 2). We platinum Taq DNA polymerase (Invitrogen), and 2 �l of
screened for these two substitutions separately because either diluted product from the stage-1 PCR. The following cycl-
or both may underlie the functional differences in the allelic ing profile was used for this reaction: initial denaturation at
GP-9 proteins. In the first stage of both assays, a segment of 94� (2 min) and 16 cycles of 94� (30 sec), 65� (30 sec), and
Gp-9 was amplified using primers that bind to invariant sites 72� (35 sec). Preliminary experiments using template DNA
in all fire ant species just upstream and downstream of codons from fire ants of eight species whose Gp-9 was sequenced by
95 and 139, respectively. PCR reactions were set up in 20-�l Krieger and Ross (2002) confirmed that ants with b-like al-
reaction mixtures containing 1.6� PCR buffer (2.4 mm leles consistently yielded an intense 380-bp gel band in the
MgCl2), 1� Q-solution, 100 �m dNTPs, 0.5 �m each of primers specific assay for each codon, whereas ants lacking alleles of
Gp-9.for (5�-GGAGCTGATTATGATGAAGAGAAAAT-3�) and this class did not. Several such individuals bearing or lacking
Gp-9.rev (5�-AGCACAGCTTCAGCTGCTAAGA-3�), 1 unit of b-like alleles were included in each assay as positive or negativeTaq DNA polymerase, and 2 �l of template DNA. The following controls, respectively.cycling profile was used: initial denaturation at 92� (2 min);

Three S. geminata workers from each polygyne nest (n �35 cycles of 92� (45 sec), 57� (45 sec), and 72� (1 min); and
51), as well as two from each monogyne nest (n � 54), werea final step at 72� (5 min). After confirming successful amplifi-
surveyed for b-like sequences at each of the two crucial codonscation of the predicted 380-bp product via electrophoresis of
using these PCR assays.an aliquot in an ethidium bromide-stained agarose gel, a 1:200

Phylogenetic analysis of mtDNA sequences: A minimumdilution of this product was used as the template for two
spanning tree (Rohlf 1973) representing the relationshipsseparate second-stage PCRs. The stage-1 PCR product was used
of the S. geminata sequence haplotypes was constructed usingas the template for the stage-2 PCRs (rather than genomic
the program ARLEQUIN 2.000 (Schneider et al. 2000). TheDNA) because this enhanced the sensitivity of and reduced
distance matrix used in this procedure was composed of thevariation in the assays.
square of the nucleotide differences between haplotypes. Se-In the two separate stage-2 PCRs, primers fully complemen-
quences obtained from the congeners S. aurea and S. xyloni,tary to b-like but not B-like sequences at either codon 95 or
which are also members of the primarily North American fire139 were employed to achieve selective amplification of the
ant clade (Trager 1991), were included as outgroups.same gene segment amplified in the first stage. The selective

Assay for Wolbachia: S. geminata workers were screenedstage-2 primers are identical to those used initially, but include
for the presence of the bacterial endosymbiont Wolbachia byadditional 3� nucleotides matching the diagnostic nucleotides

of codons 95 and 139 in all b-like alleles. Each of these selective means of a diagnostic PCR assay, using the primers Wsp81F
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and Wsp691R [for methods, see Zhou et al. (1998) and Shoe- A number of procedures were conducted to assess the proba-
bility that the polygyne study population was derived frommaker et al. (2000)]. These primers amplify a 575- to 625-

bp portion of a gene encoding the major surface protein of the monogyne form after having experienced a reduction in
effective population size (a population bottleneck). AllelicWolbachia (Braig et al. 1998; Zhou et al. 1998). Primers for

a nuclear EF-1� gene were included in the PCRs to provide richness (A, mean number of alleles per nuclear locus) was
estimated for each form. For the monogyne form this wasan internal positive control for successful amplification. All

samples for which the mtDNA was sequenced were screened done by means of repeated random subsampling (Leberg
2002) to correct for the difference in number of nests of eachfor Wolbachia.

Determination of colony social organization: The study of form sampled; 50 subsamples of the genotypes in 17 randomly
Ross et al. (1988) revealed that monogyne S. geminata colonies selected monogyne nests were drawn, and the mean value of
have a simple family structure in which all workers are the daugh- A over the 50 subsamples was calculated. Numbers of alleles
ters of a single queen mated to a single (haploid) male. Thus, at the nine nuclear loci were compared between the social
we determined that a given nest was monogyne after inspecting forms by means of paired t-tests, with the counts transformed
the arrays of worker genotypes at all nine polymorphic nuclear as (x 	 1)1/2 (Snedecor and Cochran 1980). Expected heter-
loci and confirming that the genotype identities and proportions ozygosity (gene diversity) was calculated for each nuclear locus
were consistent with simple family structure. Nests with more (hexp) and for the loci combined (Hexp) from the allele fre-
complex genotype arrays were considered to be polygyne. Polyg- quency estimates for the two forms using Equations 8.4 and
yny was further confirmed in several such nests by recovering 8.6, respectively, of Nei (1987). Estimates of Hexp were com-
multiple wingless, mated queens in the field. pared between the forms using paired t-tests on the hexp values;

Colony and population genetic data analyses: Allele frequen- values of zero were first converted to 1/(4n), where n is the
cies at the nine nuclear loci were estimated for the monogyne number of nests sampled, and all values were then angular-
and polygyne forms separately, as well as for the metapopula- transformed for the tests (Snedecor and Cochran 1980;
tion as a whole, using the program RELATEDNESS 5.0 Archie 1985). Haplotype diversity (h) was calculated from
(Queller and Goodnight 1989); nests were weighted equally the mtDNA sequence data for each social form using Equation
for these calculations. Relatedness of nestmate workers in each 8.4 of Nei (1987). For comparative purposes, many of these
form was estimated from genotype distributions using the same statistics were calculated for the two social forms of S.
same program. For the monogyne form, the reference popula- invicta, using data collected from two separate native popula-
tion for relatedness estimation was defined as all monogyne tions in Argentina [the Corrientes and Formosa populations
nests, with allele frequency differentiation between the Ala- studied by Ross et al. (1997)]. Genetic data for S. invicta were
chua County and Leon County nests taken into account (by obtained from 15 nuclear loci (8 allozyme and 7 microsatellite
employing the “deme” option in RELATEDNESS 5.0). For loci) and from restriction fragment length polymorphism vari-
the polygyne form, the reference population initially was de- ants of the mtDNA control region.
fined as the entire metapopulation, and, because of differ- Two statistics developed to detect past bottlenecks and/or
ences in levels of variation between the two classes of nuclear the population expansions expected to follow such events
markers, relatedness was estimated using just the microsatel- were estimated from the S. geminata microsatellite allele size
lites as well as all loci combined. Polygyne nestmate relatedness and frequency data, and their values were compared between
also was estimated while excluding monogyne nests from the the social forms. The M ratio of Garza and Williamson
reference population. Finally, relatedness between polygyne (2001) is the ratio of the allele number to the range in allele
workers collected from different nests was estimated using the sizes at a locus estimated from population samples. Reductions
metapopulation as the reference population. For all relat- in effective population size increase the relative force of drift,
edness calculations, nests were weighted equally and standard leading to an expected disproportionate decrease in allele
errors and their derivative 95% confidence limits were ob- numbers compared to the size ranges they encompass, withtained by jackknifing over nests or loci. a commensurate decrease in the estimate of M. The imbalanceGenotype proportions in the two forms were tested for con- index (
-statistic) of Kimmel et al. (1998) is the ratio of theformity to Hardy-Weinberg expectations (HWE) using exact variance in allele sizes to the expected heterozygosity basedtests implemented in the program GENEPOP 3.3 (Raymond

on allele frequencies at a locus estimated from populationand Rousset 1995a). To avoid the use of nonindependent
samples. Under a general asymmetric stepwise mutationgenotypes, a single genotype per nest was drawn at random
model for an equilibrium population, the two measures of(with replacement) for each of 100 tests conducted (e.g., Ross
microsatellite variability used in this ratio are expected to beet al. 1997). Fisher’s method of combining test results (Manly
equal (
 � 1). Bottlenecks followed by population growth1985) was used to evaluate the overall significance of depar-
cause transient inflations in the allele size variance relative totures from HWE across all nine loci in each test. Values of FIS the heterozygosity, leading to the expectation that estimateswere estimated for each locus in each test using the method
of 
 exceed one and are greater than values estimated forof Weir and Cockerham (1984).
nonbottlenecked reference populations.Genetic differentiation between the monogyne and poly-

Computer simulations of a founder event: We wished togyne forms was evaluated by conducting exact tests imple-
learn whether a population bottleneck and subsequent expan-mented in GENEPOP 3.3 (see Raymond and Rousset 1995b).
sion, as would have occurred if the polygyne study populationFor the nuclear loci, a single genotype per nest was drawn at
was derived via a founder event from the local monogyne form,random (with replacement) for each of 25 tests conducted,
could reasonably explain the specific patterns of variationand Fisher’s method of combining results was used to assess
observed in the polygyne form at all three classes of markers.the significance of differentiation across all loci in each test.
Specifically, we asked whether such an event could give riseFor the mtDNA, a single test was conducted using only one
to the different levels of polymorphism between the socialof the four identical haplotypes scored from each polygyne
forms of S. geminata, as well as among the three classes ofnest (to avoid inflating sample sizes). Values of FST for marker
markers within the polygyne form. Computer simulations weregenes of each class (allozymes, microsatellites, and mtDNA)
carried out to model the effects of such an event on allele/also were estimated for each of the subsampled data sets, using
haplotype counts (see appendix a). The models simulatedthe method of Weir and Cockerham (1984) implemented
the founding of an ancestral polygyne population by matedin GENEPOP 3.3. Sequence differences among microsatellite

alleles or mtDNA haplotypes were ignored in these estimates. queens originating from the local monogyne source popula-
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teristic of monogyne colonies (e.g., Ross et al. 1988).
Only the three microsatellite loci were useful for this
analysis, because the six allozyme loci are essentially
monomorphic in the polygyne form (see below). Using
the most polymorphic microsatellite locus (Sol-42) as
an example, workers from each of these presumed po-
lygyne nests typically possessed four to six different ge-
notypes, whereas a maximum of only two genotypes can
occur at any given locus in a simple family with male
haploidy. Multiple wingless (presumably egg-laying)
queens were collected from 7 of the polygyne nests, and

Figure 3.—Relationships of mtDNA sequence haplotypes most of these queens (19/23) were mated judging from
from S. geminata depicted as a minimum spanning tree. Areas

the appearance of their spermathecae or their broodof the circles are proportional to the frequency of occurrence
production patterns in the laboratory. This constitutesof each S. geminata haplotype in the sample of 44 nests. Ticks

on the branches correspond to presumed single-nucleotide independent evidence of functional polygyny in this
substitutions. H1 is the haplotype that occurs uniquely in the subset of nests. All 17 polygyne nests occurred in a
polygyne form of S. geminata. Sequences of S. aurea and S. restricted (�2000 m2) patch on a roadside in the city
xyloni are included as outgroups.

of Gainesville (Alachua County). Each of the remaining
27 nests sampled possessed worker genotype arrays at
the allozyme and microsatellite loci indicative of monog-tion, using the observed allele frequencies to specify the geno-

types of founder queens and their mates. Subsequent genera- yny (e.g., Ross et al. 1988); these include 3 nests found
tions of descendant queens mated either with males produced at the periphery of the polygyne patch in Gainesville,
in the newly founded population or with males immigrating 16 nests sampled at varying distances from this patchfrom the neighboring monogyne population. The models as-

in Alachua County, and the 8 nests from Leon County.sumed Hardy-Weinberg genotype proportions at the nuclear
Wingless queens were not found in any of these mo-markers and random mating with respect to genotype/haplo-

type. We varied several model parameters, including numbers nogyne nests.
of founder queens, population growth rates, extent of gene Colony and population genetic structure: As expected
flow from the monogyne form, and the presence of mutation given the genotype arrays observed, average worker nest-at the microsatellites. The numbers of alleles/haplotypes at

mate relatedness in the 27 monogyne nests is statisticallyeach marker were tracked through time as the simulated popu-
indistinguishable from the value of 0.75 expected forlations grew and were compared with the actual counts ob-

tained from the polygyne study population. daughters in simple families (Figure 4). Surprisingly,
nestmate relatedness in the 17 polygyne nests averages
even higher than this (0.88), despite the evidence for

RESULTS
multiple egg-laying queens in each nest. However, this
value is inflated by two factors. First, the allozyme loci areGeneral results: Each of the six polymorphic allozyme

loci scored in S. geminata was found to have two electro- virtually monomorphic in the polygyne form (below),
contributing to elevation of the relatedness estimatesphoretically distinguishable alleles. The three microsa-

tellite loci possessed from 7 to 17 alleles, with single based on all loci. When only the three microsatellite loci
were employed, the estimate of nestmate relatedness indinucleotide differences separating almost all of the

most similar alleles at each locus. Fifteen unique se- this form falls significantly below the simple-family value
of 0.75 (Figure 4). Second, substantial microsatellitequence haplotypes were detected at the COI gene of the

mtDNA (GenBank accession nos. AY254475–AY254489), allele frequency differences exist between the forms
(below), contributing to an elevation of relatedness esti-which encompass a total of 19 synonymous point substi-

tutions over the 784 bp of sequence. Average pairwise mates over the expected pedigree values when the entire
metapopulation is used as the reference populationsequence divergence among the 15 haplotypes is modest

at 0.576% (SD � 0.076%). Considerable AT bias exists (e.g., Pamilo 1989). When monogyne nests were ex-
cluded from the reference population, polygyne workerin the base composition of these sequences (average of

63.44% AT), consistent with previous studies of this nestmate relatedness dropped further to �0.2 (Figure
4). Average relatedness between workers from differentmtDNA gene in other fire ants (Shoemaker et al. 2003).

The relationships of the haplotypes are depicted as a polygyne nests, estimated by necessity using the metapo-
pulation as the reference population, again is substan-minimum spanning tree in Figure 3. Frequencies of all

alleles and haplotypes detected in the two forms of S. tial, exceeding 0.75 when all nine loci are used and 0.5
when just the microsatellites are employed (Figure 4). Ingeminata are reported in appendix b.

Colony social organization: Seventeen nests of the 44 aggregate, the relatedness data indicate that the entire
polygyne study population may represent an extendedstudied were determined to constitute polygyne colo-

nies on the basis of complex worker genotype arrays family derived from relatively few ancestors, with each
nest likely inhabited by a mixture of close and moreobserved at the nuclear markers; such complex arrays

are inconsistent with the simple family structure charac- distantly related kin.



1859Alternative Routes to Polygyny in Fire Ants

tion between the social forms confirmed that they are
highly genetically divergent. At the nuclear loci, all 25
tests conducted indicated highly significant between-
form differentiation across all loci (all P � 0.0001), with
the same results found individually for each of the seven
most polymorphic loci. Not surprisingly, the single test
conducted on the mtDNA haplotype frequencies simi-
larly revealed highly significant between-form differenti-
ation (P � 0.0001). Results of these tests were similar
when the monogyne sample was composed of all monog-
yne nests or just the Alachua County nests (which can
reasonably be considered to be sympatric with the polyg-
yne population).

Estimates of FST between the social forms, averaged
over the 25 samples of single individuals per nest, were

Figure 4.—Estimates of worker relatedness within and be- 0.27 for the allozymes and 0.17 for the microsatellites,tween nests of S. geminata. Squares indicate estimates derived
with an estimate of 0.23 over all nine nuclear loci (Ala-from all nine nuclear loci studied, whereas circles indicate
chua County nests only). For the mtDNA haplotypes,estimates derived from the three microsatellite loci only. For

the polygyne form, open shapes indicate estimates obtained FST was estimated at 0.51 (Alachua County nests only).
by defining the entire metapopulation as the reference popu- Thus, about one-quarter of the total nuclear gene diver-
lation, whereas the shaded circle indicates the within-nest sity and one-half of the mtDNA diversity reside betweenrelatedness estimate obtained by excluding monogyne nests

rather than within the social forms where they occur infrom the reference population. Vertical bars indicate 95%
effective sympatry.confidence intervals around the point estimates.

Genetic diversity in the two social forms: A compari-
son of the numbers of variants found at each class of
marker gene in each form of S. geminata is shown inAnalyses of genotype proportions in the monogyne

form revealed that the genotypes at the nine nuclear the top panel of Figure 5. A total of 44 nuclear alleles
were detected in the monogyne form (40 in the Alachualoci departed significantly from HWE in 7 of the 100

tests conducted, a slight excess over the 5% of significant County samples), whereas 33 alleles were found in the
polygyne form. Fourteen mtDNA haplotypes were de-tests expected by chance. The single-locus FIS values

associated with these 7 significant tests typically were tected in the monogyne form (12 in the Alachua County
samples), whereas only a single haplotype was foundnegative, indicating that the departures were due to

an excess of heterozygotes at some loci. These results in the polygyne form. The differences in numbers of
nuclear alleles between the forms are reflected in thesuggest a general conformity of the genotypes observed

in the monogyne form to HWE and rule out widespread higher estimates of allelic richness (A) for the monog-
yne than for the polygyne form (Table 1, top). Nonelocal inbreeding as a feature of the mating biology.

Similar analyses in the polygyne form were limited to of the 50 values of A obtained by subsampling the mo-
nogyne form was as low as the value obtained for thethe three microsatellite loci, for which variation was

sufficient to conduct such tests. The combined signifi- polygyne form, regardless of whether only the allozymes,
only the microsatellites, or all nuclear markers werecance of departure from HWE at these loci reached the

P � 0.05 level in just 4 of the 100 tests conducted, an considered. Paired t-tests over the nine nuclear loci for-
mally confirmed that the monogyne form has higheroutcome expected by chance. Thus, there also is no

evidence for extensive consanguineous mating in the allelic richness than the polygyne form (t � 3.04, P �
0.016), even when just the Alachua County samples werepolygyne population of S. geminata that we studied.

Clear differences exist between the monogyne and considered (t � 3.00, P � 0.017).
Estimates of expected heterozygosity at the nuclearpolygyne forms in their allele and haplotype frequencies

(see appendix b). This is most obvious for the allozyme loci (Hexp), which reflect the frequencies as well as num-
bers of alleles, also are higher in the monogyne formloci and the mtDNA. A single allele is fixed or virtually

fixed in the polygyne form at each of the six allozyme than in the polygyne form (Table 1, top). Paired t-tests
over the individual-locus heterozygosities again con-loci, yet at four of these loci (Acoh-5, Est-6, Gpi, and Odh)

these same alleles occur at only moderate frequencies firmed that this difference is significant (t � 4.98, P �
0.001 for the Alachua County samples). Haplotype diver-in the monogyne form. A single mtDNA haplotype is

fixed in the polygyne form, yet this haplotype was not sity (h), which is zero in the polygyne form, is very high
in the monogyne form (Table 1), reflecting the largeamong the 14 haplotypes found in the monogyne form.

Allele frequency disparities also are apparent between number of haplotypes discovered in our limited number
of samples.the forms at the microsatellite loci, in the frequencies

of Sol-11153, Sol-42161, and Sol-49158, for instance. Exact The relatively low genetic variation in the polygyne
form of S. geminata suggests that this population maytests of the allele and haplotype frequency differentia-
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Figure 5.—Numbers of alleles/haplotypes
found in the monogyne (M) and polygyne (P)
forms of S. geminata and S. invicta. For S. geminata,
black bars represent data for all monogyne nests
sampled, whereas gray bars represent data for mo-
nogyne nests from Alachua County only. Samples
of S. invicta come from two geographic popula-
tions in the native range [Corrientes and Formosa
Provinces, Argentina; see Ross et al. (1997)]. Sam-
ple sizes (numbers of nests sampled) are: all mo-
nogyne S. geminata, 27; Alachua County monog-
yne S. geminata, 19; polygyne S. geminata, 17;
Corrientes monogyne S. invicta, 37; Corrientes
polygyne S. invicta, 44; Formosa monogyne S. in-
victa, 35; and Formosa polygyne S. invicta, 35.

have suffered a reduction in effective population size nata population was derived from the local monogyne
population could reasonably explain the different levels(bottleneck), perhaps associated with its derivation via

a founder event from the local monogyne population of variation observed between the forms, as well as the
different levels observed among the three classes ofor similar ancestral population. The results of two tests

designed to detect the genetic signatures of such an markers within the polygyne form. A relatively narrow
window of model parameter values led to allele/haplo-event in the microsatellite data are presented in Table

2. Values of the M ratio generally are lower in polygyne type counts in such simulated populations that were
compatible with actual counts in the polygyne studythan in monogyne S. geminata, reflecting the dispropor-

tionate reduction in allele numbers relative to allele population for all of the markers (see appendix a). The
highest probabilities of the simulated and observed datasize ranges in the polygyne form expected following a

bottleneck (Garza and Williamson 2001). Although being compatible were reached when the modeled pop-
ulation was founded by a small number of mated queensvalues of the imbalance index (
-statistic) typically are

slightly �1 in the monogyne form, suggesting a possible (7–15), had a low growth rate (�20%), and experienced
a small amount of gene flow from the monogyne sourcemild bottleneck and period of subsequent growth in the

history of this form that inflated the allele size variance population (2–5%). Incorporating mutation at the mi-
crosatellites improved the probability of the simulationrelative to the heterozygosity (Kimmel et al. 1998), esti-

mates of this statistic for the polygyne form are consider- results being compatible with the observed data but did
not substantially widen the range of parameter valuesably higher, consistent with the occurrence of a more

recent or more pronounced bottleneck and subsequent leading to such results. The most significant conclusion
from these simulations is that the particular patternsexpansion in the polygyne study population.

Computer simulations of a founder event: Computer of genetic variation we observed in the polygyne study
population can be explained by assuming that it is de-simulations were undertaken to determine whether a

founder event in which the ancestral polygyne S. gemi- scended from a founder population derived from the
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TABLE 1

Estimates of genetic diversity statistics for S. geminata and S. invicta

Monogyne form

Statistic All nests Alachua County Polygyne form

S. geminata
Allelic richness (A)

Allozymes 2.00a 2.00 1.33
Microsatellites 9.83a 9.33 8.33
All nuclear loci 4.61a 4.44 3.67

Expected heterozygosity (Hexp)
Allozymes 0.365 0.313 0.006
Microsatellites 0.800 0.797 0.524
All nuclear loci 0.510 0.475 0.179

Haplotype diversity (h) 0.914 0.916 0

Corrientes population Formosa population

Statistic Monogyne form Polygyne form Monogyne form Polygyne form

S. invicta
Allelic richness (A)

Allozymes 3.13 3.63 3.38 3.88
Microsatellites 12.00 12.14 12.29 12.14
All nuclear loci 7.27 7.60 7.53 7.73

Expected heterozygosity (Hexp)
Allozymes 0.279 0.273 0.362 0.327
Microsatellites 0.791 0.766 0.763 0.715
All nuclear loci 0.518 0.503 0.549 0.508

Haplotype diversity (h) 0.462 0.559 0.860 0.863

Sample sizes are reported in the legend to Figure 5. The two populations of native S. invicta are located in
Corrientes and Formosa Provinces, Argentina (see Ross et al. 1997).

a Corrected for sample size bias by method of repeated random subsampling (Leberg 2002).

neighboring monogyne form. The simulation results fur- resulted in the lack of amplification of the major surface
protein gene in all S. geminata samples. Thus, there isther suggest that such a founder event is likely to have

occurred within the past 50 generations (�100 years). no evidence that the study populations of either form
harbor this common bacterial endosymbiont of otherExamination for hybridization and infection by Wol-

bachia: We examined whether interspecific hybridiza- fire ant species (e.g., Shoemaker et al. 2000, 2003).
Gp-9 sequence of polygyne S. geminata: All eight Gp-9tion or infection with Wolbachia may be associated with

polygyny in S. geminata at our study site. No alleles diag- coding region sequences from each of two polygyne S.
geminata queens were identical to the sequence ob-nostic for the sympatric fire ant species S. invicta or S. xyloni

were observed in the samples of S. geminata obtained for tained from a monogyne queen of this species from
Florida in a previous study (Krieger and Ross 2002;this study. Rather, all 882 workers surveyed at the two

diagnostic allozyme loci possessed only the null allele GenBank accession no. AF427905). This Gp-9 allele en-
codes a protein with amino acids typical of the B-likeat Est-2 and the 105 allele at G3pdh-1, alleles characteris-

tic of S. geminata but not known to occur in the other rather than the b-like alleles of the S. richteri clade at
the key positions 95 and 139 (Figure 2). Results of ourspecies (Ross et al. 1987; our unpublished data). Thus,

there is no evidence of introgression from other fire PCR assays for detecting b-like sequences at these two
codons confirm that only alleles encoding B-like resi-ant species into the S. geminata study populations of

either form, in contrast to the widespread hybridization dues are likely to exist in S. geminata from Florida: none
of the 51 polygyne or 54 monogyne workers assayedthat occurs between related fire ant species in some

areas of the United States (Shoemaker et al. 1996; yielded the 380-bp amplicons indicative of b-like se-
quences at position 95 or position 139. Thus, there isHelms Cahan and Vinson 2003).

Application of a diagnostic PCR assay for Wolbachia no evidence that parallel amino acid replacements in the
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TABLE 2 endosymbiont Wolbachia, both of which are common
in some fire ants, might be associated with the expres-Estimates of statistics to detect bottlenecks in S. geminata
sion of polygyny in S. geminata.using data from three microsatellite loci

Gp-9 sequences in the polygyne S. geminata population
we studied were found to be identical to the coding regionMonogyne form
sequence previously determined for the monogyneAlachua Polygyne
form of this species (Krieger and Ross 2002). Further-Statistic All nests County form
more, application of our specific PCR assays on numer-

M a
ous polygyne specimens suggests that no sequences with

Sol-11 1.000 1.125 0.857 b-like codons at positions 95 or 139 are likely to be presentSol-42 1.067 0.933 0.933
at our study site. Thus, the predicted amino acid replace-Sol-49 1.250 1.250 0.833
ments characteristic of all b-like alleles are not presentAll locib 1.106 1.103 0.875
in polygyne S. geminata, refuting our working hypothesis


c that one or both of these substitutions are necessary for
Sol-11 2.149 2.785 5.198 the expression of polygyny in fire ants. Moreover, be-
Sol-42 0.958 1.008 19.750 cause no nucleotide substitutions of any kind distinguish
Sol-49 1.948 1.599 8.394 the Gp-9 coding region sequences of polygyne and mo-All locid 4.050 4.421 28.289

nogyne S. geminata, variation in this gene apparently
a M ratio of Garza and Williamson (2001). does not obligately correspond with variation in colony
b Estimated as the mean across loci. social organization in this species, as it does in the S.c Imbalance index of Kimmel et al. (1998). richteri clade. From this we conclude that sequence poly-d Estimated using the formula of Kimmel et al. (1998, p. 1927).

morphism at Gp-9 does not always underlie social poly-
morphism involving colony queen number in the genus
Solenopsis.GP-9 protein have occurred between S. geminata and the

S. richteri-clade species in association with the origin of Gp-9 notwithstanding, we found marked genetic dif-
ferences between the polygyne and monogyne forms ofpolygyny. Indeed, there apparently is no association what-

soever between colony social organization and Gp-9 geno- S. geminata, and these differences are not paralleled in
the two social forms of S. invicta. These findings are takentype in S. geminata, given that the sequenced individuals

representing both social forms were all homozygotes to support the necessary conclusion from the Gp-9 se-
quence data that polygyny has not evolved in analogousfor the identical allele.
fashion in S. geminata and the S. richteri clade. The social
forms of S. geminata are strongly differentiated at both

DISCUSSION
their nuclear and mitochondrial genomes, a pattern not
found in S. invicta. Whereas �2% of the total nuclearThe objective of this study was to compare sequences

of the Gp-9 gene from the polygyne social form of the diversity in native S. invicta from the Corrientes and
Formosa populations in Argentina resides between thefire ant S. geminata with the sequence found in the

monogyne form of this species, as well as with sequences social forms (Ross et al. 1997; Ross 2001), almost one-
quarter of the nuclear diversity in S. geminata occurs atfrom fire ant species in the S. richteri clade displaying a

similar polymorphism in colony social organization. We this level. Differentiation between the forms of S. invicta
is somewhat more pronounced at the mtDNA than athypothesized that if polygyny in S. geminata originated

in the same manner as in S. invicta, a well-studied member the nuclear genome, ranging from 4 to 32% of the total
haplotype variation (Ross et al. 1997; Shoemaker et al.of the S. richteri clade, then the Gp-9 variant associated

with polygyny in S. geminata would code for partic- 2003), but this still is considerably less than the mtDNA
differentiation found between the forms of S. geminataular amino acid residues characteristic of the polygyny-

inducing b-like alleles in the S. richteri-clade species. Spe- (51%). These and other results are consistent with the
idea that substantial nuclear gene flow occurs betweencifically, we reasoned that polygyne S. geminata would

bear a Gp-9 sequence coding for isoleucine at position 95 the social forms of S. invicta where they occur in sym-
patry (Shoemaker and Ross 1996; Ross et al. 1997,or 139 (or both); these residues are unique to all b-like

alleles, and thus one or both are hypothesized to be 1999; Ross 2001), while gene flow between the forms
of S. geminata appears from our data to be minimal.responsible for the altered queen-recognition capabili-

ties of workers in polygyne nests (Krieger and Ross We speculate that the events inducing a shift in social
organization in the ancestral polygyne S. geminata popu-2002; see Figure 2). To establish if polygyny likely arose

in an analogous fashion in S. geminata and S. invicta, an lation also caused a change in the breeding biology of
this form that has resulted in its more or less completeassumption implicit in the comparative analysis of Gp-9

sequences, we also characterized the colony and popula- reproductive isolation from the monogyne form. Evi-
dently, this change did not involve the adoption of local-tion genetic structure of both social forms of S. geminata

for comparison with S. invicta. Finally, we examined ized inbreeding, once thought to be an important factor
in the evolution of polygyny in ants and other socialwhether interspecific hybridization or infection with the
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Hymenoptera (Hamilton 1972), because both forms crimination is all but absent, leading to the development
of geographically extensive “supercolonies” in whichof S. geminata display genotype distributions in general

agreement with Hardy-Weinberg expectations. individual ants mix freely among physically distinct nests
(Holway et al. 1998; Tsutsui and Case 2001; GiraudThe two forms of S. geminata differ further in that

genetic diversity is significantly reduced in the polygyne et al. 2002). Diminished nestmate recognition and ensu-
ing supercolony organization in the introduced rangesform relative to the monogyne form, with this reduction

apparently due to a substantial bottleneck in the history coincide with losses of microsatellite allele diversity
stemming from colonization of these areas (Tsutsui etof the polygyne population. Numbers of nuclear alleles

and mtDNA haplotypes are significantly lower in the al. 2000; Giraud et al. 2002). These observations have
led to the suggestion that losses of alleles encodingpolygyne than in the monogyne form of S. geminata, as

are the expected heterozygosity and haplotype diversity. individual chemical recognition cues, caused by the
founder events and/or by subsequent frequency-depen-Again, these differences are not characteristic of S. in-

victa : numbers of alleles (allelic richness) and numbers dent selection (Tsutsui et al. 2000, 2003; Giraud et al.
2002), have compromised the nestmate discriminationof haplotypes are virtually identical between the sympat-

ric forms in each of two native populations (Figure 5, abilities of Argentine ant workers in their introduced
ranges, thereby inducing the transition to supercoloni-bottom; Table 1, bottom), and the expected heterozy-

gosity and haplotype diversity in the paired forms are ality. In the case of S. geminata, loss of genetically based
chemical recognition cues in the ancestral polygynesimilar as well (Table 1, bottom; heterozygosity does not

differ significantly between sympatric S. invicta forms: population may similarly have eroded the ability of work-
ers to distinguish nestmates from non-nestmates as wellpaired t-tests, both P � 0.05).

These comparative data lead us to speculate that the as to recognize individual queens, leading to a break-
down of colony boundaries (high between-nest relat-polygyne form of S. geminata originated from a small,

isolated founder population derived from the nearby edness) and a contingent runaway process of acceptance
of multiple related and unrelated egg-laying queens inmonogyne population, with the inception of polygyny

driven by a loss of genetic variation rather than by spe- each nest (see also Crozier and Pamilo 1996, p. 144;
van der Hammen et al. 2002). Weakly developed nest-cific amino acid replacements at Gp-9, the crucial evolu-

tionary event presumed to have driven the origin of mate discrimination and permeable colony boundaries
are common correlates of polygyny in ants (Bourkepolygyny in the S. richteri-clade species. Monogyny gener-

ally is assumed to be ancestral to polygyny in ants and and Franks 1995).
Reduced genetic variation in the polygyne form of S.other social Hymenoptera (e.g., Ross and Carpenter

1991; Bourke and Franks 1995), and Gp-9 sequence geminata is the only factor we could identify that corre-
sponds with this alternative social organization and thatdata specifically support this evolutionary polarity in the

transition of social organization in the S. richteri clade therefore constitutes a plausible causal agent in the
social transition from monogyny. Gp-9 sequences appar-(Krieger and Ross 2002). Additional evidence for the

derivation of the polygyne S. geminata population from ently are identical between the forms, indicating that
changes in the recognition capabilities of workers associ-the monogyne form is that, in general, the polygyne

population possesses a subset of the nuclear alleles ated with amino acid replacements in GP-9 protein did
not elicit the switch to polygyny. Inbreeding cannot befound in the neighboring monogyne populations (ap-

pendix b). Moreover, the sole polygyne mtDNA haplo- considered a contributory factor to the divergence be-
tween the forms, nor apparently can habitat specializa-type is embedded in the clade composed of all monog-

yne haplotypes (Figure 3), suggesting that it previously tion, given that colonies of both forms were collected
alongside one another at one site in Alachua County.occurred in monogyne populations or that it still occurs

there but was not sampled. Finally, results of our simula- Wolbachia infections, which potentially could explain
both the loss of mtDNA variation in the polygyne formtion models indicate that the particular patterns of varia-

tion observed in the polygyne form at all three classes of [via selective sweeps and hitchhiking (Turelli et al.
1992)] and reproductive isolation between the formsmarkers we employed can be explained by assuming that

this population originated via a founder event from the [via reproductive incompatibility between populations
harboring alternate strains (Werren 1998)], were notneighboring monogyne form within the past 100 years.

A loss of genetic variation has been invoked previously detected in either form and so also cannot be implicated
in the social transition. Finally, there is no evidence ofto explain another radical shift in colony social organiza-

tion in an ant, and the proximate genetic mechanisms introgression from related fire ant species into the S.
geminata populations of either form that we studied.hypothesized to be involved may pertain also to the

inception of polygyny in S. geminata. The Argentine ant, This is in contrast to the widespread introgression of S.
xyloni genes into S. geminata in central Texas (Hung andLinepithema humile, exhibits well-developed nestmate dis-

crimination that functions to maintain distinct colony Vinson 1977; Trager 1991), where such hybridization
appears to be inextricably linked to the adoption ofboundaries in its native South American range. In areas

where it has been introduced, such as the western polygyne social organization (Helms Cahan and Vinson
2003).United States and southern Europe, such nestmate dis-
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graminicola (Hymenoptera, Formicidae). Insectes Soc. 49: 344–We conclude from this study that polygyny evolved
353.

via a different route in S. geminata than in fire ant species Crozier, R. H., and P. Pamilo, 1996 Evolution of Social Insect Colonies :
Sex Allocation and Kin Selection. Oxford University Press, Oxford.in the S. richteri clade, although both evolutionary sce-

Crozier, R. H., B. Kaufmann, M. E. Carew and Y. C. Crozier, 1999narios invoke changes in the molecular components of
Mutability of microsatellites developed for the ant Camponotus

the chemoreception systems functioning in individual consobrinus. Mol. Ecol. 8: 271–276.
Fraser, V. S., B. Kaufmann, B. P. Oldroyd and R. H. Crozier, 2000recognition of conspecifics. On the one hand, evolution
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Behav. Ecol. Sociobiol. 47: 188–194.

sumed odorant-binding protein gene Gp-9, characteris- Galindo, K., and D. P. Smith, 2001 A large family of divergent
Drosophila odorant-binding proteins expressed in gustatory andtic of the S. richteri-clade species, seems to involve a
olfactory sensilla. Genetics 159: 1059–1072.change in the pheromone-signal transduction compo-

Garza, C., and E. G. Williamson, 2001 Detection of reduction in
nent, with polygyne workers that bear the derived b-like population size using data from microsatellite loci. Mol. Ecol.

10: 305–318.alleles thought to exhibit altered recognition capabili-
Giraud, T., J. S. Pedersen and L. Keller, 2002 Evolution of super-ties compared to other workers. On the other hand,

colonies: the Argentine ants of southern Europe. Proc. Natl.
evolution of polygyny via loss of alleles at loci encoding Acad. Sci. USA 99: 6075–6079.

Glazier, A. M., J. H. Nadeau and T. J. Aitman, 2002 Finding genesrecognition cues seems to involve a reduction in the
that underlie complex traits. Science 298: 2345–2349.diversity of chemical labels necessary for the proper

Goodisman, M. A. D., and K. G. Ross, 1999 Queen recruitment in
functioning of a discrimination system that serves in a multiple-queen population of the fire ant Solenopsis invicta.

Behav. Ecol. 10: 428–435.both maintaining colony integrity and regulating queen
Hamilton, W. D., 1972 Altruism and related phenomena, mainlynumber. Additional polygyne populations of S. geminata

in social insects. Annu. Rev. Ecol. Syst. 3: 193–232.
occurring elsewhere in its vast range should be studied Hekmat-Scafe, D. S., C. R. Scafe, A. J. McKinney and M. A. Tanouye,

2002 Genome-wide analysis of the odorant-binding proteinto determine whether Gp-9 sequence variation ever cor-
gene family in Drosophila melanogaster. Genome Res. 12: 1357–responds with polygyny in the manner we initially hy-
1369.
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the red fire ant. Nature 394: 573–575.
to polygyny and, in so doing, may shed light on the Kimmel, M., R. Chakraborty, J. P. King, M. Bamshad, W. S. Watkins
evolution of other complex social adaptations. et al., 1998 Signatures of population expansion in microsatellite

repeat data. Genetics 148: 1921–1930.
We thank Sanford Porter and Walter Tschinkel for invaluable assis- Krieger, M. J. B., and L. Keller, 1997 Polymorphism at dinucleo-

tance in the field and Dietrich Gotzek for comments on the manu- tide microsatellite loci in fire ant Solenopsis invicta populations.
script. This work was funded by Kenneth Ross and by grants from Mol. Ecol. 6: 997–999.
the laboratory of Laurent Keller; the National Science Foundation; the Krieger, M. J. B., and K. G. Ross, 2002 Identification of a major

gene regulating complex social behavior. Science 295: 328–332.U.S. Department of Agriculture; the Georgia Agricultural Experiment
Leberg, P. L., 2002 Estimating allelic richness: effects of sample sizeStations, University of Georgia; and the College of Agriculture and

and bottlenecks. Mol. Ecol. 11: 2445–2449.Life Sciences at the University of Wisconsin.
Mackay, W. P., S. Porter, D. Gonzalez, A. Rodriguez, H. Armendedo

et al., 1990 A comparison of monogyne and polygyne popula-
tions of the tropical fire ant, Solenopsis geminata (Hymenoptera:
Formicidae), in Mexico. J. Kans. Entomol. Soc. 63: 611–615.LITERATURE CITED Manly, B. F. J., 1985 The Statistics of Natural Selection on Animal
Populations. Chapman & Hall, New York.Adams, C. T., W. A. Banks and J. K. Plumley, 1976 Polygyny in the
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Plateaux-Quénu, C., L. Plateaux and L. Packer, 2000 Popula- Tsutsui, N. D., and T. J. Case, 2001 Population genetics and colony
structure of the Argentine ant (Linepithema humile) in its nativetion-typical behaviours are retained when eusocial and non-euso-

cial forms of Evylaeus albipes (F.) (Hymenoptera: Halictidae) are and introduced ranges. Evolution 55: 976–985.
Tsutsui, N. D., A. V. Suarez, D. A. Holway and T. J. Case, 2000reared simultaneously in the laboratory. Insectes Soc. 47: 263–

270. Reduced genetic variation and the success of an invasive species.
Proc. Natl. Acad. Sci. USA 97: 5948–5953.Queller, D. C., and K. F. Goodnight, 1989 Estimating relatedness

using genetic markers. Evolution 43: 258–275. Tsutsui, N. D., A. V. Suarez and R. K. Grosberg, 2003 Genetic
diversity, asymmetrical aggression, and recognition in a wide-Raymond, M., and F. Rousset, 1995a GENEPOP (version 1.2): pop-

ulation genetics software for exact tests and ecumenicism. J. spread invasive species. Proc. Natl. Acad. Sci. USA 100: 1078–
1083.Hered. 86: 248–249.

Raymond, M., and F. Rousset, 1995b An exact test for population Turelli, M., A. A. Hoffmann and S. W. McKechnie, 1992 Dynamics
of cytoplasmic incompatibility and mtDNA variation in naturaldifferentiation. Evolution 49: 1280–1283.

Robinson, G. E., 1999 Integrative animal behaviour and sociogeno- Drosophila simulans populations. Genetics 132: 713–723.
van der Hammen, T., J. S. Pedersen and J. J. Boomsma, 2002 Con-mics. Trends Ecol. Evol. 14: 202–205.

Robinson, G. E., S. E. Fahrbach and M. L. Winston, 1997 Insect vergent development of low-relatedness supercolonies in Myrmica
ants. Heredity 89: 83–89.societies and the molecular biology of social behavior. BioEssays

19: 1099–1108. Weir, B. S., and C. C. Cockerham, 1984 Estimating F-statistics for
the analysis of population structure. Evolution 38: 1358–1370.Rohlf, F. J., 1973 Algorithm 76: hierarchical clustering using the

minimum spanning tree. Comput. J. 16: 93–95. Werren, J. H., 1998 Wolbachia and speciation, pp. 245–260 in Endless
Forms: Species and Speciation, edited by D. J. Howard and S. H.Ross, K. G., 1997 Multilocus evolution in fire ants: effects of selec-

tion, gene flow, and recombination. Genetics 145: 961–974. Berlocher. Oxford University Press, New York.
Young, L. J., R. Nilson, K. G. Waymire, G. R. MacGregor and T. R.Ross, K. G., 2001 How to measure dispersal: the genetic approach.

The example of fire ants, pp. 29–42 in Dispersal, edited by J. Insel, 1999 Increased affiliative response to vasopressin in mice
expressing the V1a receptor from a monogamous vole. NatureClobert, E. Danchin, A. A. Dhondt and J. D. Nichols. Oxford

University Press, Oxford. 400: 766–768.
Zhang, D.-X., and G. M. Hewitt, 2003 Nuclear DNA analyses inRoss, K. G., and J. M. Carpenter, 1991 Phylogenetic analysis and

the evolution of queen number in eusocial Hymenoptera. J. Evol. genetic studies of populations: practice, problems and prospects.
Mol. Ecol. 12: 563–584.Biol. 4: 117–130.

Ross, K. G., and L. Keller, 1995 Ecology and evolution of social Zhou, W., F. Rousset and S. O’Neill, 1998 Phylogeny and PCR-
based classification of Wolbachia strains using wsp gene sequences.organization: insights from fire ants and other highly eusocial

insects. Annu. Rev. Ecol. Syst. 26: 631–656. Proc. R. Soc. Lond. Ser. B 265: 509–515.
Ross, K. G., and L. Keller, 1998 Genetic control of social organiza-

Communicating editor: M. Feldmantion in an ant. Proc. Natl. Acad. Sci. USA 95: 14232–14237.
Ross, K. G., and L. Keller, 2002 Experimental conversion of colony

social organization by manipulation of worker genotype composi-
tion in fire ants (Solenopsis invicta). Behav. Ecol. Sociobiol. 51: APPENDIX A: COMPUTER SIMULATIONS OF A
287–295. FOUNDER EVENT PRODUCING THE ANCESTRALRoss, K. G., E. L. Vargo and D. J. C. Fletcher, 1987 Comparative

POLYGYNE S. GEMINATA POPULATIONbiochemical genetics of three fire ant species in North America,
with special reference to the two social forms of Solenopsis invicta Methods: Computer simulations were carried out to(Hymenoptera: Formicidae). Evolution 41: 979–990.

model the effects on allele/haplotype counts of a founderRoss, K. G., E. L. Vargo and D. J. C. Fletcher, 1988 Colony genetic
structure and queen mating frequency in fire ants of the subgenus event in which the ancestral polygyne population was
Solenopsis (Hymenoptera: Formicidae). Biol. J. Linn. Soc. 34: 105– derived from the local monogyne form. The models117.

simulated the founding of an ancestral polygyne popula-Ross, K. G., M. J. B. Krieger, D. D. Shoemaker, E. L. Vargo and
L. Keller, 1997 Hierarchical analysis of genetic structure in tion by mated queens from the local monogyne source
native fire ant populations: results from three classes of molecular population, using the observed allele frequencies to spec-markers. Genetics 147: 643–655.

ify genotypes of the founder queens and their mates. Sub-Ross, K. G., D. D. Shoemaker, M. J. B. Krieger, C. J. DeHeer and
L. Keller, 1999 Assessing genetic structure with multiple classes sequent generations of descendant queens mated with
of molecular markers: a case study involving the introduced fire males produced in the newly founded population or withant Solenopsis invicta. Mol. Biol. Evol. 16: 525–543.

males immigrating from the local monogyne population.Schneider, S., D. Roessli and L. Excoffier, 2000 ARLEQUIN ver-
sion 2.000. A Software for Population Genetics Data Analysis (http:// The models assumed Hardy-Weinberg genotype propor-
anthro.unige.ch/arlequin). tions at the nuclear markers (as observed in our genetic

Shoemaker, D. D., and K. G. Ross, 1996 Effects of social organiza-
data) and random mating with respect to genotype/haplo-tion on gene flow in the fire ant Solenopsis invicta. Nature 383:

613–616. type. We varied several model parameters in the different
Shoemaker, D. D., J. T. Costa and K. G. Ross, 1992 Estimates simulation runs, including numbers of founder queens,

of heterozygosity in two social insects using a large number of
population growth rates, extent of gene flow from theelectrophoretic markers. Heredity 69: 573–582.

Shoemaker, D. D., K. G. Ross and M. L. Arnold, 1996 Genetic monogyne form, and the presence of mutation at the
structure and evolution of a fire ant hybrid zone. Evolution 50: microsatellites. Allele/haplotype counts were tracked
1958–1976.

through time as the simulated populations grew.Shoemaker, D. D., K. G. Ross, L. Keller, E. L. Vargo and J. H.
Werren, 2000 Wolbachia infections in native and introduced Simulations were started by randomly picking N mated



1866 K. G. Ross, M. J. B. Krieger and D. D. Shoemaker

queens (N � 1–30) from the monogyne source popula-
tion as founders. In each generation, the number of
breeding queens was allowed to increase by a set rate
until the population reached the carrying capacity of
150 queens. Six different growth rates were used: 5%
(Nt � Nt�1 	 0.05 · Nt�1), 10% (Nt � Nt�1 	 0.1 · Nt�1),
20% (Nt � Nt�1 	 0.2 · Nt�1), 50% (Nt � Nt�1 	 0.5 ·
Nt�1), 100% (Nt � 2 · Nt�1), and exponential (Nt �
Nt�1

2). Once a population reached the carrying capacity,
the simulations were continued for 50 additional gener-
ations while holding population size constant. Some
models incorporated male-mediated gene flow from the
monogyne source population, which was set at 2.5, 5,
or 20% (the proportions of breeding queens mating
with immigrant monogyne males in each generation).
Our mtDNA data suggest that queens do not mediate
gene flow from the monogyne form to the polygyne
form (see text), so this potential source of added genetic
variation was not considered. Finally, some models in- Figure A1.—Conditions under which allele/haplotype

counts in simulated bottlenecked monogyne S. geminata popu-cluded mutation of the microsatellite alleles. We set the
lations were compatible with actual counts in the polygynemutation rate at � � 10�4 (Crozier et al. 1999; Zhang
study population at all marker genes. Each point shows theand Hewitt 2003) and assumed an infinite allele model
parameter values that yielded compatible counts for one or

of mutation for simplicity. We conducted 200 simulation more simulation runs for each generation in which these
runs for each unique combination of parameter values. compatible counts occurred (the founder event occurred at

generation zero). In this particular example, gene flow fromThe numbers of alleles/haplotypes at each marker
the monogyne source population was held constant at 2.5%gene were counted in each generation of the bottle-
and no mutation of microsatellite alleles was incorporated.necked population in each simulation run and com-

pared with the actual counts obtained from the polygyne
study population. Simulation results were considered

the monogyne form (2.5–5%) resulted in compatiblecompatible with the observed data when the following
allele counts when mutation of the microsatellites wascounts were obtained concurrently: a single mtDNA
not considered. Even with mutation, the absence of genehaplotype; one allele at the allozyme loci Acon-5, Fdp-2,
flow or high gene flow (20%) rarely produced compati-Gam, and Gpi ; at least one allele at the allozyme loci
ble simulation results. Finally, only the three slowestEst-6 and Odh; and at least 6, 14, and 5 alleles at the
population growth rates (5, 10, and 20%) producedmicrosatellite loci Sol-11, Sol-42, and Sol-49, respectively.
allele/haplotype counts fully compatible with the ob-Results: One goal in simulating a founder event un-
served counts across all markers.derlying the origin of the polygyne study population

In general, increased population growth rates narrowedwas to account for the negligible diversity at the allo-
the range of generations for which compatible simula-zymes and mtDNA in combination with the consider-
tion results were obtained (Figure A1). Similarly, in-able diversity at the microsatellites that we observed in
creased growth rates reduced the ranges of gene flowthis population. In general, simulated allele/haplotype
rates and numbers of founders yielding compatible re-counts at the allozymes and mtDNA were compatible
sults. For instance, at 20% growth, only simulations withwith the observed data in the early generations following
a single parameter setting for gene flow (2.5%) andthe bottleneck, whereas simulated allele counts at the
founder number (7) produced compatible results, andmicrosatellites tended to be compatible with observa-
these were obtained for only two generations (9 and 10).tion in later generations. Thus, simulation results that
In contrast, at 5% growth, compatible results were ob-accurately portrayed the overall patterns of polymor-
tained with two gene flow rates (2.5 and 5%) and withphism observed in the polygyne population were ob-
variable founder numbers (7–15 founders in runs withtained for only a relatively narrow window of generations
2.5% gene flow), and results compatible with observationand range of parameter values (e.g., Figure A1).
occurred for up to 45 generations.The most important factors affecting the outcomes of

Incorporating mutation at the microsatellite loci hadthe simulations were the number of founder queens, ex-
little effect on the ranges of parameter values thattent of gene flow, and population growth rate. Only simu-
yielded simulation data compatible with the observedlations with intermediate numbers of founders (7–15)
data. The only conspicuous exception was that, at 10%yielded results compatible with the observed data for
population growth, gene flow from the monogyne formall three classes of markers (Figure A1). Similarly, only

simulations with intermediate levels of gene flow from was not required when mutation was invoked [however,
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compatible data were produced for only a few early genera- vation for only relatively few generations following the
bottleneck, with such results typically appearing by genera-tions (2–6) under these conditions]. Even though micro-
tion 10 and disappearing by generation 50 (Figure A1).satellite mutation had negligible effects on the ranges
Assuming that the polygyne study population did indeedof compatible parameter values, it did significantly in-
originate via a founder event from the local monogynecrease the probabilities of obtaining compatible results.
form, it would appear from our simulations that this eventOver all simulations with at least some compatible out-
occurred at some point within the past century.comes, the frequency of obtaining such results when

assuming microsatellite mutation significantly exceeded
the frequency without this assumption (paired t-test: t � APPENDIX B
11.84, d.f. � 14, P � 0.0001). Nonetheless, microsatellite

(Continued)mutation need not be invoked for the patterns of ge-
netic variation observed in the polygyne study popula- Monogyne form
tion to be explained as the result of a founder event.

Gene and allele Alachua PolygyneSimulation results generally were compatible with obser-
(haplotype) All nests County form

APPENDIX B Sol-42
155 0 0 0.024Allele and haplotype frequencies in the two
157 0.028 0.039 0.006social forms of S. geminata
159 0.028 0.039 0
161 0.028 0.026 0.518

Monogyne form 163 0.037 0 0.038
165 0.046 0.053 0.015Gene and allele Alachua Polygyne
167 0.130 0.118 0.083(haplotype) All nests County form
169 0.083 0.105 0.086

Allozymes 171 0.093 0.066 0.026
Acoh-5 173 0.130 0.132 0.047

100 0.688 0.712 0 175 0.111 0.132 0.056
95.7 0.312 0.288 1.0 177 0.028 0 0.012

179 0.093 0.079 0
Est-6 181 0.074 0.092 0.003

167 0.406 0.438 0.015 183 0.046 0.053 0.006
100 0.594 0.563 0.985 185 0.028 0.039 0.081

187 0.019 0.026 0Fbp-2
116 0.925 0.946 1.0 Sol-49
100 0.075 0.054 0 152 0 0 0.003

156 0.074 0.079 0Gpi
158 0.546 0.513 0.915100 0.741 0.671 1.0
160 0.241 0.263 0.05665 0.259 0.329 0
162 0.111 0.132 0.018
164 0.028 0.013 0.009Hexa

100 0.867 0.964 1.0
COI (mtDNA)91.7 0.133 0.036 0

H1 0 0 1.0
H2 0.037 0.053 0Odh
H3 0.148 0.211 0164 0.630 0.737 0.998
H4 0.074 0.105 0100 0.370 0.263 0.002
H5 0.037 0.053 0
H6 0.037 0.053 0Microsatellites

Sol-11 H7 0.111 0.105 0
H8 0.037 0.053 0143 0 0 0.032

145 0.028 0 0.078 H9 0.074 0.105 0
H10 0.185 0.105 0147 0.019 0 0

151 0.157 0.171 0.074 H11 0.037 0.053 0
H12 0.037 0.053 0153 0.167 0.079 0.532

155 0.315 0.382 0.138 H13 0.037 0.053 0
H14 0.111 0 0157 0.157 0.184 0.145

159 0.037 0.026 0 H15 0.037 0 0
161 0.009 0.013 0

Sample sizes (numbers of nests sampled) are: all monogyne163 0.065 0.092 0
nests, 27; Alachua County monogyne nests, 19; polygyne nests,165 0.037 0.039 0
17. Allele designations for the allozymes indicate relative band167 0.009 0.013 0
mobilities for homozygotes, whereas designations for the mi-
crosatellites indicate the lengths of the amplification products.(continued)




