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ABSTRACT

This research presented here represents a modest contribution to the regulation of
social organization in the red imported fire &uenopsisinvicta Buren, and close
relatives. Colony queen number is associated with a certain allele at k& quiotein-
coding locugyeneral protein-9 (Gp-9). Multiple queen colonies (polygyny) always
contain theb allele. Single queen colonies (monogyny) always and only contab the
allele. The research presented here seeks to begin to bridge the gap betwadarmolec
pattern and process in our understanding of the association b&w&eand polygyny
in fire ants. | have sought to show how a relatively small number afaliele carrying
workers are sufficient to elicit polygyne behavior and that queen etfeatst influence
the acceptance of supernumerary queens. This represents an importanp finsd ste
understanding the ties between individual genotypes and colony level expression of

social organization.



| have also attempted to show that single nucleotide substitutionsGp-the
locus are not sufficiently associated with polygyne behavior, but that sevelnal su
changes must occur for the expression of the polygyne phenotype. This raisesngtere
guestions about the validity of the presumed causal role tflike alleles atGp-9 in
inducing polygyne behavior in South American fire ants.

Finally, I discuss the state of our current understandiigped and its role in
regulating social behavior, resulting in a simple, testable model, and soggédsti
future avenues of research. WhetGer9 remains the prime candidate gene for
controlling social organization in fire ants remains to be seen. But even if it doés not

will deserve continued attention by students of social behavior.
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CHAPTER 1

INTRODUCTION

Social organisms, especially the complex and highly integrated insectescieti
have always held a certain fascination for man (Costa 2002). As a result, thegpé&ave b
intensely studied and have become important model systems for our understanding of
ecology, evolution, and behavior (Wilson 1975; Oster and Wilson 1978; Grafen 1984,
Hamilton 1996). By their very nature they constitute profound evolutionary transitions in
the history of life (Wilson 1975; Maynard Smith and Szathmary 1995; Keller 1999). The
taxonomic distribution of social behavior is immense, not only indicating that social
systems have repeatedly arisen independently, but also that signiflaptiva
advantages apply to group living (Wilson 1971, 1975; Costa 2006). Perhaps the best
known examples involve the evolution of complex insect societies (Wilson 1971; Costa
2006), especially in the Hymenoptera (Michener 1974; Holldobler and Wilson 1990;
Ross and Matthews 1991; Bourke and Franks 1995; Crozier and Pamilo 1996).

A major goal in evolutionary biology is to elucidate the genetic architecture of
complex adaptations (Orr and Coyne 1992; Orr 1998, 2005), i.e., to describe the number
of genes involved in regulating a particular trait, how these genes intettacne
another and the environment, and how they produce the phenotype. This holds true for
social behavior as well, with the added level of how expression of certain genes

influences relevant social phenotypes in other individuals and how this integrates to the



colony level (Grafen, 1984; Crozier and Pamilo 1996; Robinson et al. 1997; Robinson
1999; Linksvayer and Wade 2005; Robinson et al. 2005). Only with such information
can researchers hope to adequately model the evolution of important social adaptations
(e.g., Robinson 1999; Linksvayer and Wade 2005; Vasemagi and Primmer 2005).
However, the sole focus on the mechanistic and structural basis of complex traits
ignores another fundamental component of evolutionary biology, namely the
documentation of variation and its evolutionary history. Genetic variation is theehw fu
of evolution and any serious evolutionary study must sooner or later address this issue.
Hence, one of the main goals in evolutionary biology is to document genetic variation
and to understand its maintenance (Gillespie 1991; Hedrick 2000).
This tension between pattern (i.e., population genetic variation and molecular
evolution) and process (i.e., genetic architecture and molecular function) is irtberent
the study of molecular adaptation, and bridging this divide can greatly enyictualy
into the genetics of adaptation (Golding and Dean 1998). And exactly this is the
professed goal of “sociogenomics” (Robinson 1999), integrating molecular eayiati
biochemistry, physiology, individual phenotypes, and integrative social behavior into a
complex whole to fully understand the emergent social phenotype of a colony.
Increasingly, genetic components to specific behaviors have been documented in
social insects (reviewed in Ross and Keller 2002), but have mainly focused on the
Hymenoptera (e.g., ants, bees, and wasps, with the exception of tent cat¢Goksas
and Ross 2003]). But perhaps not surprisingly, few complex group-level traits have been
shown to have an apparently simple genetic architecture featuring one or fewfene

major effect (reviewed in Ross and Keller 2002), possibly explaining the dearth of



knowledge on the level of genetic variation in these genes, or to link this variation to
biochemical and physiological difference which affect the social phenotype.

Of the sparse examples of few genes of major effect, the best chaealteriz
system involves a single gemgneral protein-4Gp-9) thought to regulate colony queen
number in fire ants. The system has been most clearly elucide&eteimopsis invicta
Buren, the red imported fire ant, in which it also was first described (Ross 1997¢. Som
colonies in this and closely related species are headed by a single repeoguegn
(monogyny), whereas others have multiple reproductive queens (polygyny). This
phenotypic dimorphism in social organization is mirrored by a genetic biallelic
polymorphism at th&p-9locus. All members of monogyne colonies always and only
carry theB allele. In contrast, colonies containing multiple queens (polygyny) always
contain theb allele, alongside thB allele (Shoemaker and Ross 1996; Ross 1997,
Krieger and Ross 2002, 2005). Coupled with the absence of any other gene linked to
multiple queen societies, this observation led to the hypothesis thaalleée is
necessary and sufficient to elicit polygyne behavior (Ross 1997; Ross and1RélBer
2002; Krieger and Ross 2002, 2005). While it is conceivablexp#& simply marks a
tightly linked gene or genes that actually determine social organizationoaroia for
non-genetic factors such as prior worker social experience, queen fecunditye and t
social origin of queens in the expression of this colony-level trait has beeumatisd
(Ross and Keller 1998). Associated with variation in queen number are a whole suit of

important reproductive and life history traits (Bourke and Franks 1995; Tschinkel 2005).



While the association between thallele and polygyny has been carefully studied,
to date two critical areas have received little attention. First, it isomapletely clear
how theb allele induces polygyny, even at the highest, most integrated (i.e., colony)
level. In a recent study Ross and Keller (2002) concluded that a minimum percentage of
workers were required to carry thallele for the colony to express the polygyne
phenotype, but they could not exclude the role of queens in eliciting supernumerary
gueen acceptance. Second, a clear and explicit model of how a single gene of major
effect could regulate queen number has been lacking, hindering the formulation of
testable hypotheses abdip-9 at the physiological, behavioral, and colony level. Third,
and perhaps most importantly, a detailed catalogue of the existing geretton has
been missing. Such information is absolutely crucial to undeniably link allelic
differences to social organization or to dispel its involvement altogetheebagate it to
(an incomplete) marker status. Also, should the association be upheld, hypotheses can be
proposed about functional differences between the allelic gene products, which open the
door to mechanistic studies of protein function and its role in the physiology, matabolis
and behavior, linked pattern and process, as envisioned by Golding and Dean (1999) and

Robinson (1999).

Goals of this Thesis
The work presented here endeavors to address several shortcomings of our
understanding of hoWp-9is associated with polygyny and how it potentially regulates
its expression. As such, it seeks to tentatively, perhaps prematurely, gapdke divi

between pattern and process, illuminating the need for further research intaiogmbi



the observed patterns with functional and mechanistic studies of the genesa¢tteets
molecular level and how this integrates up to the colony level.

First, | show that allelic variation &p-9, or a closely linked gene, in the worker
force is necessary and sufficient to elicit polygyne behavi8t invictacolonies.
Second, | attempt to demonstrate that sequence-specific varia@adas consistent
with its role in regulating social organization in fire ants. Finally, | r@wer current
understanding of the system, propose an improved model of how GP-9 could conceivably
affect acceptance of supernumerary queens in fire ant colonies, and sutygest f

avenues of research.
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CHAPTER 2

GENETIC REGULATION OF COLONY SOCIAL ORGANIZATION IN FIREANTS:

AN INTEGRATIVE OVERVIEW!
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Abstract—Expression of colony social organization in fire ants appears to be under the
control of a single Mendelian factor of large effect. Variation in sociainzgaon

(colony queen number) Bolenopsis invictand its close relatives is completely
associated with allelic variation at the nuclear g8ped but not with variation at other
unlinked genes, and workers regulate queen identity and number on the &gsi8 of
genotypic compatibility. Non-genetic factors such as prior social experiof queens

and workers, reproductive status of queens, and local environmental conditions have
negligible effects on social organization, illustrating the nearly comptetrance of
Gp-9under diverse conditions. As predicted, social organization can be manipulated
experimentally by altering worké&p-9 genotype frequencies. Tkp-9allele lineage
associated with polygyny in South American fire ants has been retained acrtyske mul
speciation events, which may signal the historical action of balancingicel&rct

maintain social polymorphism in these species. Moreover, positive selection is
implicated in driving the molecular evolution @p-9in association with the origin of
polygyny. The identity of the product Gip-9as an odorant binding protein suggests
plausible scenarios for its direct involvement in the regulation of social orgjanizéa a
role in chemical communication. While these and other lines of evidence shdsptbat
represents a legitimate candidate gene of major effect, studies aimestrainiag the
biochemical pathways in which GP-9 functions, the phenotypic effects of molecular
variation atGp-9and other pathway genes, and the potential involvement of other genes
in linkage disequilibrium witlGp-9are needed to fully elucidate the genetic architecture
underlying expression of social organization in fire ants. Detailed infarmigvealing

the links between molecular variation, individual phenotype, and colony-level behaviors,
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combined with refined behavioral models incorporating details of the chemical
communication involved in regulation of queen number, will yield a novel integrated

view of the evolutionary changes underlying a key social adaptation.
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INTRODUCTION
A major goal in evolutionary biology is to understand the genetic architecture of

complex adaptations in wild populations (Orr and Coyne 1992; Orr 1998, 2005). Only
with information on the numbers and types of genes influencing expression of key
phenotypes, the spectra of mutational effects at these genes, the pattpistasiteand
degree of pleiotropy the genes exhibit, and the norms of reaction of the phenotypes ca
comprehensive models of the evolution of significant adaptations be developed (e.g.,
Robinson 1999; Baker et al. 2001; Linksvayer and Wade 2005; Nachman 2005; Phillips
2005; Storz 2005; Vasemaéagi and Primmer 2005; Greenberg and Wu 2006). In the study
of social behavior, in particular, intense interest has centered on the gectetecaures
underlying important social adaptations (de Bono and Bargmann 1998; Krieger and Ross
2002; Lim et al. 2005; Robinson et al. 2005; Linksvayer and Wade 2005; Nedelcu and
Michod 2006). This interest stems in large part from curiosity about the numbers and
types of genetic steps that convert a solitary animal into a group-living one gnd tha
subsequently, can radically transform the structure of social groups. Suchaitdori
substantially enriched when accompanied by descriptions of the causal biod¢lagmhica
physiological links between molecular variation, individual phenotype, and social
behavior, an integrative view Robinson (1999) has termed “sociogenomics.”

Increasingly, genetic components to specific behaviors have been documented in
social insects. For example, individual reproductive roles in honey bees (Moritz and
Hillesheim 1985; Page and Robinson 1994; Montague and Oldroyd 1998), worker task
performance in ants, wasps, honey bees, and caterpillars (Snyder 1992; Hunt et al. 1995;

O’Donnell 1996; Fewell and Bertram 2002; Costa and Ross 2003), and components of

12



the dance language of honey bees (Johnson et al. 2002) have been shown to have a
heritable basis. At the level of the social group, genetic effects on colonl socia
organization have been documented in ants and sweat bees (Cahan et al. 1998; Plateaux-
Quénu et al. 2000; Julian et al. 2002; Schwander et al. 2006). Perhaps not surprisingly,
few complex group-level traits have been shown to have an apparently simple genetic
architecture featuring one or few factors of major effect (Moritz 1988t dt al. 1995;

Ross and Keller 1998; Johnson et al. 2002). Of these, the best characterized system
involves the genetic regulation of colony queen number in fire ants.

The fire antSolenopsis invictaxists in two distinct social forms that differ in the
number of reproductive queens per colony. Monogyne colonies are always headed by a
single reproductive (wingless, egg-laying) queen, whereas polygyne cotamain
multiple such queens (sometimes hundreds). The two social forms differ not only in
colony queen number but in many other life history and reproductive traits (Rbss a
Keller 1995; Tschinkel 2006). For instance, colony founding in the monogyne form
occurs when young virgin queens undertake nuptial flights, during which they mate and
disperse widely, then attempt to start a colony without the help of workers
(independently) and without foraging (claustrally). In preparation, young ngonaog
gueens accumulate extensive fat reserves during a two-week maturatonpéneir
natal nest (Keller and Ross 1993a, 1999; DeHeer 2002). Young polygyne queens, in
contrast, often make only very limited nuptial flights or forgo them altogether ated m
within their nest (Porter 1991; Ross et al. 1996a; DeHeer et al. 1999; Goodisman et al.
2000a). Queens of this form rarely try to found nests independently, instead opting to

enter existing polygyne nests in attempts to gain admission as new rep@slucti
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(Glancey and Lofgren 1988; Porter 1991; Goodisman and Ross 1999). Associated with
these alternative reproductive strategies, most young polygyne queein® dar less fat
reserves than their monogyne counterparts (Keller and Ross 1993a; DeHeer 2002).

The contrasting dispersal and reproductive strategies in the two socialéadrts
different colony and population structures. Mature monogyne colonies, with tigle si
reproductive queens, are simple families that are highly territorthhggressive towards
non-nestmate conspecifics (Ross and Fletcher 1985; Ross et al. 1997; Vander Meer and
Alonso 2002), leading to a highly overdispersed distribution of nests (Tschinkel 2006).
Polygyne colonies contain multiple queens and families, and both nestmate retatednes
and aggression between non-nestmates is reduced compared to the monogyne form (Ross
and Fletcher 1985; Ross et al. 1997; Vander Meer and Alonso 2002). Consequently,
polygyne ants move between nests, including newly budded and parent nests (Vargo and
Porter 1989), nests frequently are clustered, and individual ants as well asenests a
present at far higher densities than in the monogyne form (Porter 1992). Thus, a
seemingly simple difference between the forms, colony queen number, affectdipopula
attributes such as colonizing potential, as well as higher order ecolagrdaites such
as energy flow through food webs (Tschinkel 2006). Although some differences exist
between polygyne populations in the native South American range and in the USA,
where the species has been introduced, the fundamental dichotomy in colony and
population structure associated with the two social forms is univerSaimwvicta(Ross
et al. 1996a; Porter et al. 1997; Ross et al. 1997).

The existence of a strong heritable component to the expression of colony queen

number, featuring a single Mendelian factor of large effect, has bekdogamented in
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S. invictaand its close relatives over the past two decades. In this paper, we review the
evidence for this genetic architecture, discuss the influence of non-gkxcsics on

social organization, and describe a candidate gene implicated in regagthis

complex social trait. We then discuss the remaining important gaps in our knosfedge
this system, emphasizing the most promising avenues for future researcthaséll

gaps. We conclude by presenting a new behavioral model for the regulation of colony
gueen number in fire ants that is consistent with available data. Future esfingiour
model pending the advent of information linking molecular variation, individual
phenotype, and colony-level behaviors promises to provide new insights into the
molecular, physiological, and behavioral changes underlying the evolution of a kay soc

adaptation.

WHAT HAS BEEN LEARNED ABOUTGP-9
A single Mendelian factor regulates social organizatio®innvicta
Variation in colony queen number in invas®einvictain the USA appears to be
determined by allelic variation at a single Mendelian factor. This haseséanlished by
virtue of the fact that variation in social organization is completely asedaiath allelic
variation at a single nuclear, protein-coding gene. This gene, desigeat@l protein-
9 (Gp-9, encodes electrophoretically distinct protein products that have been shown by
family studies to be inherited as allelic variants (Ross 1997). The nature of the
association of social organization wip-9variation is remarkably simple (Ross 1997;

Ross and Keller 1998; Shoemaker et al. 2006). Without exceptidmatiede of the
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gene Gp-9b) is represented at relatively high frequency among the inhabitants of
polygyne colonies, whereas this allele is never found among the inhabitants of m@nogy
colonies. Colonies of the monogyne form instead contain only individuals bearing the
alternatepB allele Gp-QB), which occurs as well in the polygyne form along withtihe
allele. An important related difference@p-9 composition between the forms concerns
the genotypes of reproductive queens. While all monogyne colonies are headed by a
single homozygouBB queen, virtually all reproductive queens in polygyne colonies are
Bb heterozygotes. (Reasons for the near exclusive occurrence of these heterazggotes
discussed below.) Thus, there is no overlap in the genotypes of reproductive queens of
the two social forms. Importantly, DNA sequence data have confirmed the radieire
of theB andb variants ofGp-9initially characterized by protein electrophoresis (Krieger
and Ross 2002).

Allelic variation at a second nuclear gepkpsphoglucomutase{Bgm-3, also has
been shown to be associated with social organizati@nimvicta(Ross 1986; Keller and
Ross 1993b; Ross et al. 1996b), although the association is not complete agapi€.for
Indeed, variation @gm-3does not remain significantly associated with traits diagnostic
for the two forms, such as queen weight and acceptability to workers, oncketite eff
Gp-9genotype are taken into account (Keller and Ross 1999). The cause of the
association oPgm-3variation with social organization when the gene is considered
alone presumably is its tight linkage and strong gametic disequilibriumGeH9 and/or
other genes linked tGp-9that affect social behavior (Ross 1997, Keller and Ross 1999).

Nonetheless, the association betwBgm-3allele frequencies and social form adds

16



further weight to the conclusion that colony social organization is regulategibygle
Mendelian factor of large effect.

Other nuclear genes surveyedsninvictado not exhibit meaningful differentiation
associated with social organization. Indeed, allele frequencies at ty wérie
polymorphic loci typically are highly similar between the two social fohsre they
occur in sympatry in the invasive (USA) and native (Argentina) ranges (Fdle
consistent with extensive interform gene flow (Ross and Shoemaker 1993; Shoemake
and Ross 1996; Goodisman et al. 2000b). Evident conclusions to be drawn from these
data are: i) most of the nuclear genome is shared between the two socsdbyorimue
of their recent ancestry and ongoing gene flow, ii) elements of the genarkedy
Gp-9andPgm-3are not shared as extensively between the forms, presumably because of
incompatibilities they induce between the forms in their social and breeding (Rb#s
and Shoemaker 1993; Shoemaker and Ross 1996; Ross and Keller 1998), and iii) these
elements do not cover a large portion of the nuclear genome. This last conclusien als
consistent with the existence of a single Mendelian factor with a majot effesocial
organization.

The defining feature of social organization, the number and identity of the
reproductive queens heading a colony, is under the collective control of workers, which
tolerate and nurture queens judged to be acceptable as new reproductives and execute
those deemed not to be so (Fletcher and Blum 1983a; Keller and Ross 1993b; Keller and
Ross 1998). A corollary of the observation that colGpy9 composition is completely
predictive of social organization is that workers of each social form dis@ienagainst

gueens of inappropriate genotype when these queens attempt to become supernumerary
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or replacement reproductives. Indeed, a series of laboratory experimentohérmed
that i) colonies with workers bearing thallele (typical polygyne colonies) accept
multiple queens also bearing this allele but do not tol&Btgueens, and ii) colonies
with only BB workers (typical monogyne colonies) accept siigfaeplacement queens
but not queens bearing thalllele (Keller and Ross 1998; Ross and Keller 1998; Keller
and Ross 1999). These results are important in explaining the characteristipgenoty
compositions of colonies in the wild.

Rarely,Gp-9 genotype composition is not fully consistent with other evidence
regarding the form of social organization of a colony. In a study of 1060 colonies
sampled widely across the USA range, Shoemaker et al. (2006) found that 0.4% of
colonies lacked thk allele despite evidence from other markers that they comprised
multiple families, whereas 2.3% of colonies contained only one detectablamaatril
despite the presence of some females bearing @liele. The former most likely were
monogyne colonies in which queen turnover had recently occurred (DeHeer and
Tschinkel 1998), while the latter most likely were polygyne colonies with very low
effective queen numbers. Significantly, every polyggnevictacolony confirmed as
such on the basis of recovery of multiple reproductive queens has been shown to contain
individuals bearing thb allele (Ross 1997; Ross et al. 1999; Ross and Keller 1998, 2002;

Fritz et al. 2006).

Non-genetic factors have little influence on social organizatids. imvicta

Although population genetic data frds invictaclearly implicate a single genetic

factor in the expression of social organization, non-genetic factors conceivaklystll
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play some role. Therefore, the influence of such factors as prior worker esquésience
and queen reproductive phenotype in overriding the effects of c@pf/composition

on social organization were tested in controlled laboratory trials (Ross dad 3398).
Effectively, such trials assess the penetrancgm®in controlling the essential features
of social organization across environments (for colony-level traits sudtias s
organization, penetrance can be defined as the proportion of colonies of a given genotype
composition that display the expected colony phenotype). The trials employesdan the
and related studies tested the willingness of temporarily queenless caolbvaeging
history and genetic composition to accept multiple introduced queens bearinglitie,

a hallmark of polygyny (alternatively, they tested the willingness of ceaio accept a
singleBB queen, a hallmark of monogyny).

Ross and Keller (1998) speculated that workers that were reared and spent thei
entire adult lives in a colony with a single reproductive queen might be inclinethamre
tolerant of only a single replacement queen. However, trials using a \@frgetgh
effectively monogyne test colonies revealed that only the presence or abktele
allele in the worker force influences queen acceptance. That is, effectivebgyme
colonies with workers bearing alldbeexpressed the polygyne social phenotype by
accepting multipld3b queens but rejectingB queens, whereas colonies lacking this
allele expressed the monogyne social phenotype by acceptingBBgleeens but
rejectingBb queens.

The social environment in which introducggleens were reared also was shown to
have no effect on worker acceptance of queens (Keller and Ross 1998; Ross and Keller

1998). Polygyne or effectively monogyne test colonies with workers bearitptiede
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accepted multipl®b queens but rejectd®B queens, regardless of whether the latter
originated from polygyne or monogyne colonies. Conversely, effectively montggine
colonies lacking allelé accepted singlBB queens originating from colonies of either

social form. The social environment in which the reproductive queens heading each test
colony were reared similarly was found to be unimportant. Altogether, thegésr

indicate that the prior social experience of both workers and queens playslitile the
expression of social organization.

The reproductive status of sexually mature queens (whether they aneovirgated,
non—egg-layers or egg-layers) also seems not to play a role in their acdggtabili
workers in polygyne test colonies. Moreover, the degree of physogastry (tgrohdi
egg-laying queens plays no role orige-9 genotype is accounted for. This was tested by
experimentally restricting the diets of monogB®queens and supplementing the diets
of single polygyndb queens, thus reversing the normal phenotype/genotype associations
found in the wild by producing low-fecundiBB queens and high-fecundiBb queens
(Ross and Keller 1998). Such queens were accepted or rejected by polygyne colonies
solely on the basis of theBp-9genotypes (alBb queens were accepted while BiB
gueens were accepted; see also Ross [1988] for evidence that multiple highly
physogastrib queens are tolerated in polygyne colonies). This finding is perhaps
surprising because fecundity is an important trait affecting acceptabireplacement
reproductive queens in the monogyne form (Fletcher and Blum 1983a), in whigB the
genotype constitutes a unifoi@p-9background. Evidently, queen-derived cues
associated witlisp-9 genotype (presumably chemical) occupy a high position in the

hierarchy of cues used by workers to regulate colony queen composi8omincta
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One non-genetic factor that interacts wih-9 genotype to play a role in the
acceptability of pre-reproductive queens is their age (degree of sexuakyhékigiler
and Ross 1998, 1999). Virgin queens possessingBlgenotype increasingly become
targets of worker aggression in polygyne colonies as they mature sdrilaliyng
emergence from the pupa. (This aggression towards queens latkaligla is
perpetrated mainly by workers that possess it, suggesting tHaalleée is a selfish
genetic element that causes its bearers to act in ways that biasstaigsion [Keller and
Ross 1998; Mescher 2001]). The time period during which aggression escalates, between
a few days and two weeks of age, coincides with a period of profound physiological
change of queens in anticipation of the onset of reproduction (e.g., Goodisman and Ross
1999; Brent and Vargo 2003; Tian et al. 2004). Apparently, some chemical cue produced
in association with reproductive development is used by workers to identify queens of
differentGp-9 genotype (Keller and Ross 1999).

Chemical cues that make reproductive queens individually recognizable to workers
are well known from monogyr®. invicta Once imprinted on the chemical signature of
a single queen, monogyne workers generally will not accept any replatcgneen
unless they have been held queenless for at least one to several days (B38&her
Such imprinting on single queens, which apparently also occurs to some extent with
polygyne workers (Ross and Keller 1998), can override the effe@p-8fgenotype in
gueen introduction experiments conducted within 24 h of dequeerhiegce, the need
to use temporarily dequeened colonies in the trials described above. Converselys colonie
of either form that have been held queenless for prolonged periods become iglyreasin

tolerant of any conspecific reproductive queens encountered. For this reason,
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experiments conducted with colonies held queenless for a week or longer (Vander Meer
and Alonso 2002) probably reveal little useful information regarding the norreadfrol
Gp-9in regulating colony queen number.

Evidence that the local physical environment exerts no influence on social
organization comes from the fact that the two social forn& afvictaare broadly
distributed in both the native and introduced ranges and that they often occur in close
proximity within single microhabitats (Porter et al. 1991, 1992; Ross et al. 1997;
Shoemaker et al. 2006). This lack of social plasticity in response to local conditions
contrasts with the apparent situation in some ants in which the form of social aiganiza
is associated with, and presumably induced by, the type of habitat occupied (Elmes and
Keller 1993; Herbers 1993; Bourke and Franks 1995).

The combined results from the studies summarized above show conclusively that the
interaction of queen and work&p-9 genotypes is the single dominant factor involved in
regulation of colony queen identity and number in invaSivivictain the USA.

Normal queenright colonies containing workers withlilalele tolerate multiple
reproductive queens also bearing the allele, whereas colonies containing only
homozygoud$3B workers tolerate only a single queen, which also must be&Bhe
genotype. These experimental results illustrating the nearly completegrae of5p-9
under diverse conditions are fully consistent with the allele and genotype distréuti

observed in the two forms in the wild.
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WorkerGp-9 genotype composition predicts colony social organization

The preceding data led to the development of a specific phenomenological
hypothesis of the relation between cold@y-9 genotypic composition and social
organization: the presence in a colony of workers be#riiige alleles induces
expression of the polygyne social phenotype, whereas the absence of such workers
induces the monogyne phenotype. The resulting simple prediction that colony social
organization can be altered by experimentally manipulating worker genoggpesiicies
has been tested in two studies on invaSivavicta In the first, queens of each social
form were cross-fostered into previously dequeened colonies of the altemmat@ibss
and Keller 2002). Over a period of months, the adult worker genotype compositions
gradually changed to those characteristic of the alternate form; that is, ynenog
colonies that adopted a polygyne queen acquired increasing frequencies o worker
bearing alleld, whereas, polygyne colonies that adopted a monogyne queen gradually
lost workers with thé allele. As predicted, all experimental colonies switched their
social phenotype over the time course of the study (as assessed by introdutiplg mul
Bb reproductive queens), and these changeovers consistently occurred dtddimfes-
10% workers bearing tHeallele. An alternative, non-genetic, explanation for the
results, that workers became increasingly habituated to their adopted quednssand t
more tolerant of introduced queens of the s&@pel genotype (and intolerant of queens
of the alternate genotype) is inconsistent with the results described abowegsadack
of such queen influences. Moreover, it does not explain why the changeovers typically
did not occur for several months, only when the frequencies of workers withballele

passed the 5-10% threshold.
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In order to entirely eliminate a role for any such queen effects in inducira soc
changeovers, a second study fostered polygyne worker brood containimglltgde into
monogyne test colonies that retained their original queens (Gotzek and Ross 2006). As
controls, monogyne test colonies received brood lacking dllet®led from many other
monogyne colonies (this was done to match the genetic variation present in thd fostere
polygyne brood). All treatment colonies switched their social phenotype (befsived
polygyne colonies) at several weeks after brood introduction, when emergandédr
added brood led to 12-42% of all adult workers bearindptéele. No control colonies
switched. Remarkably, treatment colonies generally reverted back to theymenog
phenotype once their frequencies of adult workers with dlalgain dropped below 15%
due to replacement of the adult foreign workers by offspring of the resident queen.

Both of these studies support the phenomenological hypothesis and, equally
significantly, they suggest that only a relatively low proportion of workersl §26) need
possess the allele in order that polygyne behavior be expressed by a colony.
Proportions of such workers always greatly exceed this threshold in polygyne satonie
the wild (46-80% [Ross and Keller 2002; Fritz et al. 2006]), as expected since all
polygyne reproductive queens possess dilelslonetheless, a major unresolved issue
surrounding this finding is how a relatively small fraction of workers can bring about
major change in this emergent, group-level behavior (Ross and Keller 2002, see also

below).
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A single Mendelian factor marked by Gp-9 regulates social organization in the close
relatives ofS. invicta

The strong association of colo@®p-9 genotype composition with social organization
is not limited to invasivé&. invicta In the native range, polygyne colonies of this species
invariably posseds-like alleles (variants similar in their amino acid sequence to the
allele from the invasive range), whereas monogyne colonies lack them, instead
possessing onlg-like alleles (variants similar to thgallele from the invasive range)
(Krieger and Ross 2002, 2005; Mescher et al. 2003). Moreover, this same association has
been found in the four closest relativessofnvictain their native South American ranges
(S. macdonaghB. megergates$. quinquecuspigndS. richter), where polygyny again
is associated with the presencédike alleles in a colony and monogyny is associated
with the presence of onB-like alleles (Krieger and Ross 2002, 2005). The association
of b-like alleles with polygyny in these other fire ant species has beeaypaurty well
documented in nativ8. richteri(Hallar et al. 2006). Significantlys. invictaand these
other species are the only members of a large group of fire ants centSamadh
America in whichb-like alleles have been discovered, and they are also the only
members of this group known to display both monogyny and polygyny. Thus, there is a
strong phylogenetic correlation between the occurrence of social polyisrarphd the
presence of a maj@p-9allele polymorphism in South American fire ants.

Phylogenetic analyses Gip-9 nucleotide sequences from 21 New W@llenopsis
species have revealed that tikke alleles from the five socially polymorphic South
American fire ants form an exclusive, relatively recently derivadec(Krieger and Ross

2002, 2005). Hence, the association of this class of alleles with polygyny apphesntly
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evolved only once in the genus, and its retention in the different species repaesents
trans-species polymorphism. As has been inferred for other such polymorphisms
(Vekemans and Slatkin 1994; Klein et al. 1998; Bos and Waldman 2006), persistence of
theb-like allele lineage across multiple speciation events may signal thei¢dastction

of balancing selection. Such selection presumably reflects the distinct dgmicgr
advantages of each form of social organization within each socially polymepdttes

(see Ross and Keller 1995; Tschinkel 2006).

We note thaGp-9polymorphism is not linked to polygyny in &blenopsispecies.
The monogyne and polygyne formsSfgeminataa quite distant fire ant relative 8f
invicta (Pitts et al. 2005), possess identiGa-9alleles where they co-occur in northern
Florida, USA (Ross et al. 2003). There, the polygyne form displays greatlyededuc
genetic variation compared to the monogyne form, suggesting that it underwesntta rec
bottleneck and that loss of allelic variation at genes encoding recognition aydmue
contributed to the emergence of polygyny by eroding worker discriminatiobitips.
Importantly, such loss of genetic diversity can be ruled out as a factor promoting
polygyny inS.invicta (Ross et al. 2003). Making matters even more complicat8d in
geminataa polymorphism in the signal sequence distinguiSie9alleles of polygyne
ants from Chiapas, Mexico from all other sequences of this or anySileropsis
species, suggesting yet another possible route to polygyny in fire aigggKand Ross
2005). A common element in the various postulated genetic causes of polygyny in fire
ants is changes in worker discrimination abilities that function in the regulaftcolony

queen number (see below).
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Gp-9encodes an odorant-binding protein

CompleteGp-9sequences have been obtained foB8lEnopsispecies, with several
sequences available for each of the more common fire ant species (ldnddgeoss
2002, 2005) and many dozen sequences available for Gatimeicta(Gotzek et al.

2007). The exon/intron structure and respective lengths of the five exGps9dre

conserved acrossolenopsisand there is no evidence of significant historical or recent
intragenic recombination; thus, variation in the coding region seems to have evolved
solely or primarily by means of point substitutions (Krieger and Ross 2005). The 1700

bp gene of the “true” fire ants encodes a protein of 153 amino acids that, when cleaved of
its 19-residue signal peptide, yields a mature protein with an estimatedutaoleass of

14.7 kD (Krieger and Ross 2002).

BLAST searches using amino acid sequences initially revealeGphafrom S.
invictamost closely resembles tortricid moth genes of the insect odorant binding protein
(OBP) family (Krieger and Ross 2002). With the advent of new sequences from this
family, Gp-9now is judged to be most similar to different OBP ge@&P56efrom the
mosquito andBP3from the honey bee (October 2006). GP-9 shares several important
structural features with other insect OBPs, including its size, presenciyoibh
sequence, and presence of six cystein residues arranged in a highly abacguadtern
(Vogt 2003, 2005). Most importantly with respect to its classification, GP-9 groups
phylogenetically with other insect OBPs (Box 1). Because initial pieyletic analyses
failed to resolve the placement of GP-9 with respect to other OBPs (Vogt 2003, 2005),
we added as outgroups to the original data set ten chemosensory proteins (G9Rp), a

believed to be closely related to OBPs (Vogt et al. 1999; Nagnan-Le Meitidur a
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Jacquin-Joly 2003). Although the overall topologies of the resulting trees for all 169
sequences vary considerably depending on the alignment and tree-building methods used,
Gp-9sequences froi8olenopsislways form a monophyletic group placed within the
OBP family (Figure 2). Indee@p-9falls within a major clade including many of the
OBPs regarded as the “gold standard” proteins of this family (based on thezdboali
to chemosensilla and ability to bind ligands; Vogt 2003). Phylogenetic analyaes
reduced data set also strongly support the conclusio®f8tis an OBP gene (Figure
2.2).

OBPs that have been biochemically characterized are small, wateesolubl
extracellular carrier proteins that usually bind small hydrophobic liga@dginally
described from the antennae of Lepidoptera, proteins of this family subsequerly w
shown to be present in the lumen of the antennal olfactory sensilla and to be capable of
binding and transporting pheromones or food odorants (Picimbon 2003; Leal 2003; Vogt
2003, 2005; Xu 2005); these “gold standard” OBPs thus appear to be crucial molecular
components of insect chemoreception that function in transporting hydrophobic
chemostimulants to receptors on the dendrites of sensory neurons. More recently, some
OBP genes have been shown to be expressed in non-chemosensory organs (Vogt 2003,
2005), suggesting that the products in these cases function in transport roles other than
those serving peripheral chemoreception. The sites of expressim®dnd identity of
the ligand(s) to which its product binds are unknown, although the protein is abundant in
the hemolymph of adult females (D. Gotzek and K. Ross, unpubl.). Gpe@may fall
in the ranks of those OBP genes encoding products that do not function in the traditional

manner assumed for the “gold standard” OBPs.
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GP-9is functionally important

Several lines of evidence suggest Bat9 encodes a functionally important product.
First, OBP homologs dBp-9often play significant roles in the sensory lives of insects,
enabling them to locate mates or appropriate food sources (Vogt 2003). Furteek the
specificity and time course of expression suggestGipa® has an important function,
which may relate to chemical communication involved in regulating social orgjaniza
In S. invicta the gene is not expressed in the larval or pupal stages of either sex, and it is
expressed in adult males only at relatively low levels (Ross 1997; Liu and Z6@ay
In adult workers and queens, the protein is undetectable in newly emerged individuals,
increases in abundance to high levels by approximately 7-10 days of age, then remains
abundant throughout adult life (Ross 1997; Liu and Zhang 2004). Mature workers
exhibit relative mRNA levels four-fold higher than non-reproductive queens (Liu and
Zhang 2004). These GP-9 expression patterns parallel the patterns of expressooal of
behaviors involved in regulating queen number; males are not involved in such activities
and mature adult workers increasingly discriminate among young adult queens of
differentGp-9 genotype as these queens mature.

A further clue thaGp-9is functionally important comes from the fact that several
individual traits are associated wiBp-9 genotype irf. invicta The best studied involve
physiological and behavioral phenotypes of non-reproductive and young reproductive
gueens. Among samples from the introduced (USA) rdBpe genotype is strongly
associated with the weight of young queens, an effect caused by differectiagation
of fat during adult maturation (Keller and Ross 1993a,b, 1995, 1999; Ross and Keller

1998; DeHeer et al. 1999; DeHeer 2002). MaBBajueens are the heaviest individuals
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with the greatest fat reserves (regardless of social form of origbrgueens are of
intermediate weight, anob queens are of lowest weight (data from the native range
suggest similar inhibitory effects on queen weight for all alleles diHie class

[Mescher 2001]). Extensive reserves are needed to carry a young moridBygaden
through independent, claustral colony founding (Markin et al. 1972; DeHeer et al. 1999;
DeHeer 2002), whereas they are not needdattigaring queens, which typically seek
adoption by an established colony before initiating reproduction.

Gp-9genotype also is associated with the dispersal and oviposition behaviors of
young queens. HomozygoB8 queens of both forms disperse widely during mating
flights, Bb queens disperse more locally (as expected if these queens seek out established
polygyne nests to join), arlib queens rarely undertake mating flights at all (DeHeer et
al. 1999). Under laboratory conditions mimicking those following dispeB&adueens
have earlier onset of oogenesis and higher fecundity than queens beabiadjehe
(Keller and Ross 1993b; Ross and Keller 1998&Heer 2002). Rapid onset of
reproduction is a trait suited to queens that found colonies independ&Btiy€ens),
because successfully founding a colony in this way depends on the rapid production of
many workers (Markin et al. 1973). On the other hand, it is not imperative for young
gueens joining established colonies (nisgueens) to begin rapid egg production soon
after mating.

These genotypic differences among queens early in their reproductive lives
apparently carry over to egg-layers in mature colonies. Mono®B)e(leens are
capable of producing more eggs per unit body weight than poly@me@eens (Vander

Meer et al. 1992), suggesting some inherent limitation on the metabolic efficieBb

30



queens related to egg production (Tschinkel 2006). Altogether, these results show that
queenGp-9 genotype is associated with a suite of phenotypic characteristics contyibuti
to the different reproductive syndromes of the two social forms.

Somewhat surprisingly, adult body weight in workers and males also has been shown
to be associated wilBp-9genotype. Similar to queens, individuals of these castes
bearing the allele tend to be lighter than individuals lacking it (Goodisman et al. 1999).
Presence of thie allele in polygyne workers thus partly explains the relatively smalle
size of workers of this form (Greenberg et al. 1985; Goodisman et al. 1999).

An unusual phenotypic effect &p-9 genotype suggesting functional importance of
the gene is the reduced viability ®f invictaworkers and queens bearing genotiygpe
Adult workers with the genotype are under-represented or even absent in population
samples, antdb queens rarely survive to become egg-layers (Ross 1997; DeHeer et al.
1999; DeHeer 2002; Fritz et al. 2006; Hallar et al. 2006). The recessive deleterious
effects of theb allele ofS. invictaapparently are not characteristic of othdike alleles
found in this species and 8 richteri(Hallar et al. 2006). Significantly, theallele
features a radical, charge-altering amino acid substitution not found in anypt9e
alleles, including otheu-like alleles. While it is conceivable that this mutation arose in
association with a mutant allele at another gene producing the deletefemiisasfd that
the two mutations have since remained in complete disequilibrium, an equally reasonable
conclusion is that the radical substitution influences the normal function of GP-9.
Supporting evidence for this view is the inference that the altered residue ateur
position involved either in ligand bindinghloading or in the formation of a biologically

active dimer (Krieger 2005; Hallar et al. 2006 ). In either case, a chargghofa
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substitution at this position might be expected to confer deleterious effetishoallele
by altering the normal functioning of its product.

Perhaps the most important evidence for the functional importarige-6comes
from tests of historical selection acting directly on this gene (Kriage Ross 2002,
2005). These tests reveal a significant excess of nonsynonymous (amino acidggplac
substitutions relative to synonymous (silent) substitutions in the stem lioédgeb-like
allele clade of the socially polymorphic South American fire ants. Thedatioin is that
positive selection has driven the molecular evolutio& e (selection at linked genes
cannot produce such patterns), and that such selection acted specifically in tkieofonte
the joint emergence diklike alleles and polygyne social organization in this group. Such
selection can be hypothesized to have operated via the ligand-binding propertie8,of GP-
as one of the two amino acids uniquely shared by-igtke alleles is predicted to be a

binding-pocket residue (Krieger and Ross 2005).

WHAT MUST BE LEARNED ABOUTGP-9
Gp-9 Candidate gene or marker?
Although much is known abo@p-9and its association with social traitsSn
invicta, a great deal more remains to be learned about the potential direct involvement of
the gene in regulation of social organization. Given the overwhelming evidence that
social organization acts like a trait under simple genetic control (singiddfan factor
of large effect), the issue can be distilled to the question of whe{i8ris a legitimate

candidate gene or simply a marker for one or more other genes that produce theobserve
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effects on social behavior and with whiGip-9is in complete gametic disequilibrium.
Although decisive functional and manipulative genetic studies have yet to be uedgrtak

there is circumstantial support for each viewpoint.

Direct Involvement o6p-9in the Regulation of Social Organization

GP-9 is an insect odorant binding protein (OBP). This family includes several
proteins that have been implicated as molecular components in signal transducatign duri
detection of chemostimulants (reviewed in Leal 2003; Plettner 2003; Vogt 2003, 2005).
Consistent with a role in olfaction or gustation, many OBP genes are seghsedely in
the antennae or other structures bearing chemosensilla (i.e., mouthparts nggps, wi
Given the evolutionary and structural affinities of GP-9 with the “gold standard’sOBP
implicated in chemoreception, a possible role for the protein in fire ants ipdran$
pheromones employed in the regulation of colony queen number, an idea made plausible
because the core feature of such regulation is discrimination among queengédrg wor
based on specific chemical signals emanating from the queens (Keller antigR8s
Ross and Keller 1998). One hypothetical scenario is that GP-9 functions in the manner
traditionally conceived for insect OBPs (as a tranporter of odorants fromleufores
to receptors on sensory neurons in chemosensilla), and thatikeeandb-like protein
forms differ in their binding properties. Such biochemical differences have been
postulated to confer different recognition capabilities on workers of diffeegrtgpes,
with different colony phenotypes of collective worker tolerance toward quessigieg

from the different worker genotype compositions in each form (Krieger arsl 2002).
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Unfortunately, tests to confirm one basic premise of this scenari@this expressed
in appropriate chemosensilla of females, have not yet been conducted.

A related scenario acknowledges the likely role of GP-9 as a pheromone transporter
protein, but in a manner different from that traditionally conceived for OBPsle e
has mounted for considerable heterogeneity in expression patterns and, by implication,
specific functions of insect OBPs (Vogt 2005). Several are expressed not in
chemosensory organs but in such sites as the hemolymph (Graham et al. 2001; Paskewitz
and Shi 2005), male accessory gland (Paesen and Happ 1995), and other tissues devoid of
known chemosensory structures (Galindo and Smith 2001; Hekmat-Scafe et al. 2002). In
S. invictaas well, GP-9 is present in the hemolymph of adult females (D. Gotzek and K.
Ross, unpubl.), while it is not expressed in the antennae of males (Guntur et al. 2004)
(antennae of females have not yet been examined). OBPs also are not presgoit as
proteins in the antennae of other ant females (Ishida et al. 2002; Ozaki et al. 2005).
These data suggest the possibility that GP-9, and perhaps other hemolymph GBPs, ma
be involved not in pheromone detection but in some other molecular component of
chemical communication (Calvello et al. 2003). Indeed, Pelosi et al. (2005) speculate
that GP-9 might act to transport a pheromone or its precursor from the site of jgroduct
to relevant organs of activation or release. (Anatomical separation of ghefsite
pheromone production and release has been described in fire ant queens [Vargo and
Hulsey 2000].) Flexibility and interchangeability of roles in chemical camaoation
analogous to that suspected for OBPs has been proposed as well for the related CSP

family in insects (Calvello et al. 2003; Pelosi et al. 2005).
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A more speculative scenario posits GP-9 as a hemolymph carrier proténg ser
some primary function other than chemical communication, perhaps as a transporter of
small hydrophobic endocrine factors (Pelosi et al. 2005). Again, CSPs may provide
analogous examples if they are confirmed to function not only as transporters of
chemostimulants but also as general lipid carriers involved in more wide-ranging
functions, including regulation of development (e.g., Vogt et al. 1999; Nagnan-Le
Meillour and Jacquin-Joly 2003; Wanner et al. 2005). One possibility is that GP-9 has
some regulatory metabolic function, similar to lipocalin transport proteins $fk&er et
al. 2000), and may influence individual signal production or perception via indirect
physiological routes. Regardless of the specific transport function of GRr8 ants, its
direct involvement in regulation of colony social structure is suggested byctiiada
the protein is highly up-regulated in the individuals that participate in the proce¢asg ma
gueens and workers (Ross 1997; Liu and Zhang 2004).

Another line of evidence th&p-9may be directly involved is the invariant
association ob-like alleles with polygyny in all members of the socially polymorphic
clade of South American fire ants (Krieger and Ross 2002, 2005; Hallar et al. 2006). The
persistence of this association is difficult to explai@p-9 does not directly affect social
organization, because the inexorable pressure of recombination over evolutionary time
should lead to the decay of gametic disequilibrium between variat®p-8tand the
actual genes involved, even if they are tightly linke® B9 (Hedrick et al. 1978;

Langley et al. 2000; Remington et al. 2001), yielding a concomitant decay in the
association betwedmnlike alleles and polygyny. Considering the 600 Mb genome size

(Li and Heinz 2000) and assuming the presence of 10,000-20,000 genes, a gene occurs on
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average every 30-60 kb 8 invicta Using conservative estimates of the extent of
crossing over between linked human genes (Sabeti et al. 2006), and assuming a minimum
age of 500,000 years for thdike allele clade, anywhere from five to several dozen
crossing over events are expected to have occurred be@pe@and adjacent genes
since the origin of the clade. This example is consistent with empirical findargs
outbreeding species with large effective population sizes (like fire antg)aimeetic
disequilibrium often drops to insignificant levels even over distances as small as 1 kb
(Vasemaéagi and Primmer 2005). Thus, in the presence of typical recombinatsotheate
apparently ancient, obligate association betwekke alleles and polygyny is only likely
to have been preserveddp-9directly influences social organization. Of course, some
mechanism that completely suppresses recombination be@ye8mand other linked
genes of direct effect over evolutionary time could exist, as discussed below.
Perhaps the most compelling evidence G@at9is directly involved in the
expression of social organization is the inference that selection has acteal drdik the
molecular divergence diFlike alleles from the ancestrtlike alleles and to maintain
these derived alleles in all socially polymorphic South American fire @ciesp The
evident elevated rate of non-synonymous substitutions in the stem lineagé-tikéhe
allele clade implicates positive selection as having acted spegifcabp-9to propel
the adaptive molecular evolution of thdike lineage in the context of the origin of
polygyny (Krieger and Ross 2002, 2005). Moreover, the maintenancelsfikieeclade
as a trans-species polymorphism through multiple speciation events impbiaktesing
selection in protecting these alleles from loss through drift (VekemarSSlatkth 1994;

Klein et al. 1998).
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Involvement of Other Genes in the Regulation of Social Organization

Several arguments also can be made to support the vie@gkaplays no direct
part in control of social organization or, at best, is but one of many genes involved in this
role. First, the mere idea that a single gene could have a large effect orfaceatett,
highly complex social phenotype is anathema to many biologists, as appears to be
reflected in Wilson’s (1975) view that “... social behavior comprises the set of
phenotypes farthest removed from DNA.” However, an apparent precedent of such a
major effect of variation at a single gene on complex social behavior has pedaden
voles (e.g., Lim et al. 2004, 2005; Nair and Young 2006; but see Fink et al. 2006).

The complex nature of social organization in fire ants is evident from several
perspectives. The terms monogyny and polygyny simply refer to the occurfesnugl®
or multiple reproductive queens in a colony. However, queen number is a group attribute
that emerges from the collective actions of hundreds of genetically non-iderdrgairsv
Moreover, the terms monogyny and polygyny actually connote suites of diagraisdic tr
in addition to colony queen number, including differences in individual size, differences
in dispersal and reproductive strategies, and differences in the structoteroés and
populations (Ross and Keller 1995; Tschinkel 2006). Remark@phg genotype has
been shown to be associated with many of these diagnostic traits, the shedy diter
which would seem to argue against variation at any single gene beintyentire
responsible. On the other hand, individual phenotypes of highly social organisms depend
on interactions with colony-mates, so that what appear to be independent tyaitffena
be linked by virtue of common communication mechanisms. In the c&e 9fthe

product is an OBP that may function in chemical communication. If the variantngroteli
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function upstream in behavioral interactions requiring reciprocal production and
perception of chemical signals, then downstream consequences of altered betwaNbr

be manifested in diverse physiological and behavioral traits. As a hypatledanple,

if queens with altered chemosensory abilities due to @gi® genotype do not

appropriately recognize and respond to workers attempting to feed them, this could lead
to their loss of nourishment, failure to sequester fat during maturation, and inability t
sustain flight sufficient for long-range dispersal.

One observation that would clearly seem to implicate involvement of other genes is
the association betwe&p-9 genotype and weight in adult workers and males
(Goodisman et al. 1999). This association very likely results from genotypéiespeci
differences in larval developmental programs rather than differentiaradation of fat
or other materials during adult maturation (Porter and Tschinkel 1985; Tschinkel 1993),
yet Gp-9appears not to be expressed until the adult stage in any caste (Ross 1997; Liu
and Zhang 2004). It is difficult to imagine any scenario for the involvemeap<fin
the expression of these traits consistent with a complete absence of its prdaiweta.

This fact alone suggests that there are other, as yet unknown, genes in complete gameti
disequilibrium withGp-9that influence expression of at least some traits comprising the
contrasting social syndromes. Indeed, theoretical expectations atefogenes to be
recruited into the genomic segment containing both the gene(s) determinindosactia
(marked byGp-9 and factors suppressing recombination (Hey 1998; Mescher 2001),
such that inheritance of this entire region becomes Mendelian. In thisGpe@is

embedded in an epistatic network of genes that are resistant to being broken up and tha

regulate various aspects of the social syndrome (i.e., a coadapted gene complex or
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supergene; Clarke and Sheppard 1960; Palopoli and Wu 1996; Munté et al. 2005).
Again, such resistance to recombination presumably is achieved by some chraimosom
feature such as an inversion or other mechanism of crossing-over suppression
(Mathiopoulos and Lanzaro 1995; Kelly 2000; Schimenti 2000). The existence of such a
non-recombining unit is at least minimally supported by the absence of evidence fo
historical recombination within a 2200 bp region includBy9 (Krieger and Ross

2005).

Future research oGp-9as a candidate gene

Given the lack of specific evidence for involvement of genes otheiGpain
regulating social organization, combined with at least minimally compgedédence for
a direct role of5p-9, we advocate studies directed at this gene and the physiological and
behavioral pathways in which it functions as the most promising avenues of future
investigation. Such an approach is, of course, subject to change pending congrete dat
disproving direct involvement @&p-9and must, in any case, be augmented by
aggressive exploration for other candidate genes.

The prime obstacle to understanding the involveme@m®in social regulation is
the lack of knowledge of its functional role in individual ants and the colony as a whole.
Thus, an important research priority is to describe the normal workings of theprotei
product at the biochemical, physiological, and behavioral levels, from discovery of
details of the protein structure, to identification of its ligand(s), to detatron of the
effects of sequence variation on binding properties, to determination of phenotypically

downstream effects on individual physiology and social interactions. Excessive
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extrapolation from other OBPs seems risky, because in many respegtapgpBars not
to be typical of the “gold standard” OBPs about which most is known (Vogt 2005).
Although nucleotide and amino acid sequences have been determitgd9or
alleles from manyolenopsispecies (Krieger and Ross 2002, 2005; Gotzek et al. 2007),
the secondary, tertiary, and quaternary protein structures have not been solved.
Inferential information has come from structure prediction modeling basether
insect OBPs with solved structures (Krieger 2005; Krieger and Ross 2005), archpproa
that may be robust at a general level given the conservation of basic atrigzitures
among even highly divergent OBPs (Leal 2003; Picimbon 2003; Vogt 2003, 2005). As
an example, the diagnostic'iféresidue of alb-like alleles maps to the binding pocket in
the predicted GP-9 structure; thus, this substitution may have changed nidebigding
properties, which may in turn have led to the individual phenotypic differences &sgocia
with possession of lalike allele (Krieger and Ross 2005). As another example, the
charge-changing amino acid replacement characterizirlgahele ofS. invicta
(Lys151Glu) maps to a position in the C-terminus that, by inference, may p&yia
ligand binding and/or unloading or may participate in dimer formation (Krieger 2005).
Thus, plausible mechanistic explanations of how this radical substitution disrupts GP-
function and causes the recessive deleterious effects ofdlede were formulated and
tested following structure prediction analysis (Hallar et al. 2006). As usethis
approach may be, analysis of the solved structures of GP-9 variants could be abyditional
informative, for instance by directly linking structural to binding propedfateb-like
andB-like protein forms. Such analyses may also reveal whether GP-9 forms

biologically active dimers (a matter of controversy with regard to othecti@d&Ps;
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Sandler et al. 2000; Leal 2000; Honson et al. 2003) and, if so, if all types of homodimers
and heterodimers are equally likely to form and are equally active.

Of equal importance for understanding GP-9 function will be information on its
natural ligand(s) and binding properties. Based on information from other insest DBP
is likely that GP-9 binds small, hydrophobic molecules (but see Riviére et al. 2003).
High specificity for a single ligand apparently is not characterdt@BPs implicated in
chemoreception, so discrimination among chemostimulants may be facilitédted at
molecular level by differential binding of related ligands (Picimbon 2003; Riétal.
2003; Vogt 2005). By analogy, it is possible that GP-9 transports an array of related
compounds in varying contexts and so may serve multiple functions, perhaps explaining
the diverse phenotypic effects in the different genotypes. A most relesaathsre is
whether GP-9 normally binds compounds that act as pheromones or pheromone
precursors in fire ants.

Expression studies revealing detailed caste-, tissue-, and age-spgudsseon
patterns also will be required to help unravel GP-9 function. Liu and Zhang (2004)
described general patterns of expression in the different life stages %] wéth
seem to reflect relative protein abundances (Ross 1997), but complete information is
needed on the adult tissues in which expression occurs and the changes in expression as
individuals age or change reproductive status (queens). GP-9 protein routinely is
extracted from whole-thorax or head homogenates of adult females and it is abaundant i
thoracic hemolymph (D. Gotzek and K. Ross, unpubl.), suggesting that it may circulate

throughout the hemocoel. This simple information alone is of value in suggesting that
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Gp-9does not encode an OBP that functions exclusively in signal transduction in
chemosensilla.

Ultimately, experiments involving genetic transformation by means bhigaes
such as precise allele substitution may be needed to definitively estatdishah
connection betwee@p-9variation and expression of social organization in fire ants
(Glazier et al. 2002; Philips 2005; Wright and Gaut 2005; Greenberg and Wu 2006; also
Lim et al. 2004). Such experiments allowing replacement of one natural alletether
while holding the genetic background constant may pose no special difficuitesdbe
those associated with any non-model organism (which are still substantialafgses of
form-diagnostic individual traits. On the other hand, they will be especiallieobing
when applied to colony queen number, because this group-level social traitrreptiese
collective outcome of decisions made by many individual workers. An obvious
experiment would be the transgenic equivalent of the studies of Ross and Keller (2002)
and Gotzek and Ross (2006), in which workers of a monogyne colony ﬁ?epf@ba
transgene substituted for one of tHlleles; however, such genetic transformation will
need to be achieved for a sufficiently large number of workers to make up 10% or more
of the population of each test colony. Colonies with fewer than several thousand workers
may not behave “normally” in the context of such experiments.

Even were transformation experiments successful in implicating a raBpfoin
control of social organization, a much broader integrative approach is required to fully
establish the mechanistic, causal connections between molecular alleliomaand
social organization (see Feder and Watt 1992; Watt and Dean 2000; Glazier et al. 2002;

Vasemagi and Primmer 2005). Moreover, such a broad approach can yield a wealth of
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complementary results that, by themselves, can compellingly ebtaatisality in non-
model organisms (Glazier et al. 2002; Vasemagi and Primmer 2005). The broad
objective of this approach as applied to GP-9 will be to discern the position and role of
the protein in specific metabolic or signaling pathways, and to learn how saiiatihe
protein affects the behavior of the pathway(s) and, therefore, individual and ¢telehy-
phenotypes. By necessity, this approach focuses on determination of pathway
architecture, including identification of other genes contributing products to thegat
A promising point of entry to characterizing this architecture is througroari@y gene
expression analyses, because clusters of genes that are coordinatsgezkprittGp-9
may participate in the same pathway (Qu and Xu 2006; Whitehead and Crawford 2006).
In fact, some coordinately expressed genes serving related pathwagrfsmotiy reside
in close genomic proximity t&p-9 (Hurst et al. 2004; Ranz and Machado 2006), a
possibility that raises the important issue of what genes are tightly liok&ol-#.

Given that social organization in fire ants comprises expression of akgrab®mes
of traits involving worker behavior, queen reproductive physiology, and colony breeding
strategies (Ross and Keller 1995), and thabtakele behaves in some respects as a
selfish genetic element with detrimental individual-level effectsl@Kand Ross 1998),
there are theoretical reasons to expect@m® may be one component in a complex of
tightly linked, coadapted genes that do not undergo recombination (Mescher 2001).
Thus, an important goal of future research should be to identify genes in the genomic
region surroundin@p-9andto learn whether they constitute a large non-recombining
complex (supergene). A top-down approach of constructing a high resolution linkage

map to delimit the boundaries of the chromosomal region in tight linkage3pH

43



should be combined with a bottom-up approach of obtaining sequence data for the region
surroundingGp-9 Such sequence data will permit identification and annotation of
additional candidate genes tightly linked@p-9that may be part of a supergene, and
may also contribute toward resolution of the architecture of pathways in whiéh GP
functions. An important subsequent step will be to determine the extent of gametic
disequilibrium among allelic variants of these linked genes in n&tivevicta if a
supergene exists, it is expected not only that recombination is low or absent anong it
members (includingp-9 but that particular combinations of alleles have been preserved
over evolutionary time by selection (Mescher 2001). Long haplotypes inclindibg t
like alleles ofGp-9 and specific variants of neighboring genes are expected invariably to
be associated with polygyny.

A final important research objective will be to identify and characterize GiB&
genes irS. invicta These genes typically occur as members of multigene families within
insect species (Vogt 2005), so it is likely that paralogsm® occur in the fire ant
genome. Presumably, some of these function in the manner traditionally conceived for
insect OBPs, as molecular components of signal transduction in chemosensilla, while
others may play supplementary roles in the expression of social behavior, pedraps ev
forming part of a supergene includig-9.

With extensive information available on the functiorGg-9 and the genes with
which it interacts, it should be possible to develop explicit models of the causal links
between molecular variation, individual phenotype, and colony social organization.
Although conceptually and technically daunting, this enterprise fulfills treeaiar of

the field of sociogenomics, to understand the molecular genetic basesrataléetraits
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that provide the raw material for social evolution (Robinson 1999; Amdam et al. 2004;
Robinson et al. 2005; Nedelcu and Michod 2006). In the spirit of advancing progress on
this front, we present a new behavioral model for the regulation of colony queen number
in fire ants that is consistent with currently available evidence. Althouglssuena that
variation atGp-9is the major causative factor in the expression of colony social
organization, our general results rely only on the fact that a single Mendelian fa

playing this role is marked with complete fidelity Gp-9.

A PROXIMATE MODEL FOR REGULATION OF COLONY QUEEN
NUMBER IN FIRE ANTS

Several models have been proposed to explain features of the behavioral regulation
of colony queen number 8. invicta(Fletcher and Blum 1983a; Keller and Ross 1999;
Crozier 2002; Keller and Parker 2002; Ross and Keller 2002; Krieger 2005). A common
element of many of these is the assumption of an optimal level of “queen reproductive
pheromone” that must be maintained in a colony. Fletcher and Blum (1983a)
hypothesized that the ability to produce such a pheromone varies among egg-laying
gueens in association with their fecundity (degree of physogastry), anchtiat si
monogyne queens, which are highly physogastric, produce enough pheromone to reach
the optimal colony level and prevent workers from adopting supernumerary queens.
Single polygyne queens, being far less physogastric, individually produce iresuffici
amounts of pheromone to reach the colony optimum, leading Fletcher and Blum (1983a)
to speculate that polygyne workers accept additional queens until their combined

pheromone production reaches this optimum. Models developed since the discovery of
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Gp-9assume that production of this hypothetical pheromone is linked more closely to a
queen’sGp-9 genotype than her fecundity, wiltb queens producing less pheromone
thanBB queens (Crozier 2002; Keller and Parker 2002; Krieger 2005). Polygyne
workers thus require multiplebearing reproductive queens to reach a colony’s optimal
pheromone level while monogyne workers require only a sBBlgueen.

Several of these models also allow for an entirely different mechanismuiditieg
of queen number that features differences in worker response to or perception of the
queen pheromone rather than differences in queen pheromone production. Thus, Keller
and Parker (2002) suggested tBhat(polygyne) workers may have a higher optimum for
colony queen pheromone thBB (monogyne) workers (also suggested by Fletcher and
Blum [1983a] without regard tGp-9 genotype), while Crozier (2002) and Krieger
(2005) suggested that individuaib workers may suffer some impairment in their
perception of the queen pheromone. However, these proposals fail to explain BBy the
workers in a polygyne colony fail to function as normal “monogyne” workers gackat
supernumerar3b queens, even when they constitute as much as 90-95% of the colony’s
worker force (Ross and Keller 2002; Gotzek and Ross 2006). A general model of queen
regulation must explain why polygyne workers of all genotypes are complici
tolerating multipleBb reproductive queens.

The model presented below expands on these previous behavioral models by positing
two different sets of individual phenotypic traits in workers and queens that are
influenced by theilGp-9 genotypes and that elicit worker behaviors that in aggregate
determine colony queen number (see also Keller and Ross 1998). The two trait sets

constitute distinct components of the model that are presented as separdtedagot
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Which queens are accepted — the smelly worker hypothesis
We postulate that workers and queens carryingléele produce a novel chemical
label (odor) distinct from that produced by individuals lacking the allele (se&alker
and Ross 1999; Ross and Keller 2002). Workers encountebrgring individuals
form a specific exclusionary template (memory) that they use asranedewhen
making decisions about whether to tolerate or attack incipient or actual reproductive
gueens attempting to gain acceptance as egg-layers. Workers in coloniedeating

individuals accept onlig-bearing reproductive queens because the queens’ labels are
compatible with the workerg* templates; conversely, workers in colonies with diy

individuals accept onlBB queens, whose labels are compatible with these wollixers’

templates. This hypothesis is an improvement over others in the sense that gfsligces

explains howb-bearing queens can be tolerated when as few as 5-10% of workers in a

colony bear the allele (presumably, worker contacts are sufficieatjyent that all

nestmates contact even raéarbearing workers within a brief period). We note that the

hypothesis does not address the issue of whether any specific queen is adtletlyo

the resident queen pool, only whether a queen is compatible with a colony’s worker force

and thus eligible for acceptance (the second hypothesis deals with queen addition). We

note further that the hypothesized discrimination system likely differs foobmay

interact with, another system ordinarily used in queen (nestmate) discranimat

monogyne colonies (see below; also Vander Meer and Morel 1998; Tschinkel 2006).
There are a number of plausible mechanisms by which an individi%genotype

could affect production of the hypothesized odor label. For instance, if GP-9 functions to

transport one component of a “pheromone blend” from its site of production to relevant
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organs of activation or release, and btalele product is non-functional in this role (i.e.,
b is a null allele; Krieger 2005), thé&B individuals would produce a label dominated by
the component carried by GP-9 drblearing individuals would produce a label with far
less of it. In this view, the label differs qualitatively in its composition antbag
genotypes. Alternatively, if GP-9 has some general regulatory metalnuditcon, it may
influence individual label production indirectly by influencing flux through relevant
biosynthetic pathways. Here, the compositional blend oG{®label is similar among
all individuals,but the label differs quantitatively among the genotypes.

There is reason to believe that this hypothesized label is cuticular in ordjthat
behavioral interactions are not required for its perception. Adding freshly killétBb
workers to monogyne colonies can induce conversion to polygyny (D. Gotzek and K.
Ross, unpubl.). Also, significant aggression can be elicited in polygyne workers by
rubbing nestmate workers against the cuticlBBfjueens, whereas a similar reaction is
not observed iBb queens are used (Keller and Ross 1998). Evidently, the label is not
ordinarily shared among colony members, because virgin poly#Bmgieens would not
be expected to meet escalating aggression as they mature in their natalfebloere.

Two different types ob-like allele are associated with polygyny in nat&envicta
(Krieger and Ross 2002, 2005). Designatel asdb, these alleles rarely co-occur
within single polygyne colonies (Hallar et al. 2006). It is possible that tiuzyce
production of labels that are sufficiently distinct as to be incompatible in tdrmarker
acceptance of queens; that is, workers in polygyne colonies with onelslikbealleles
form templates not sufficiently inclusive to induce tolerance of queens with thebethe

like allele. Nonetheless, the twedike alleles appear to induce production of similar
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gueen-caste signals postulated to affect the number of queens tolerated in aseaony (

below).

How many queens are accepted — the wimpy queen hypothesis

We further postulate th&. invictafemales produce different amounts or blends of a
pheromone that signals their actual or potential reproductive status to wodecats(s
Fletcher and Blum 1981, 1983a,b; Willer and Fletcher 1986; Keller and Ross 1999;
Vargo 1999). Production of this hypothetical “queen-caste signal” is predicted/to va
guantitatively or qualitatively with caste, age of pre-reproductive queens, and
reproductive potential of mature queens, with the latter trait associate@pvi
genotype (Figure 2.3). Young pre-reproductive queens yet to attain sexuatynasuri
well as workers of any age, have low or no potential fertility and are hyjmtds
create pheromone profiles that signal this to workers. Mature pre-repredgeéens
ready to initiate oogenesis, as well as egg-laying queens, vary ingttiéttyfpotential
depending on thelBp-9 genotype, as signified by differences in accumulation of fat
reserves during maturation, time to onset of oogenesis, initial fecundity,etadatic
efficiency of egg production (Keller and Ross 1993b, 1999; Ross and Keller 1998;
Mescher 2001; DeHeer 2002; Tschinkel 2006). This genotype-associated variation in
reproductive potential is hypothesized to be communicated as well to workers via the
gueen-caste signal.

Specifically, we propose that possession bfliie allele pleiotropically “down-
regulates” expression of these fertility components as well as the gustersigaal.

Whereas pre-reproductiBB queens in polygyne colonies begin producing a strong
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gueen-caste signal once they approach sexual maturity, queens with a#eky

produce this type or level of pheromone, even after having mated and commenced laying
eggs (Figure 2.3). Once polygyB8 queens begin producing a signal by which workers
recognize them as potential reproductive females, they are attadeadbgin

accordance with our first hypothesis, they lack the approgspt@ odor label. Queens
bearingb-like alleles are not perceived as being fully fertile by workirsy(are

pheromonal wimps), even after they become egg-layers, so workers alwegte tihlem

as if they were immature pre-reproductives, leading to polygyny. In essmiggyne

colonies can be viewed as being pheromonally permanently queenless. The exact
number of supernumerary egg-laying queens tolerated by a polygyne colony probably
depends on a number of non-genetic factors such as worker/queen ratios or frequencies of

attempted infiltrations by newly mated queens.

Additional considerations for the model

It is likely that theGp-9label proposed in the first hypothesis is superimposed on
another system that also functions in queen (nestmate) discrimination in the d@pstant
9 background of the monogyne form®finvicta Workers in monogyne colonies clearly
imprint on their mother queen (presumably via chemical labels) and will kill any
substitute reproductive queen presented to them, regardless@b{ayenotype.
However, this discrimination can be extinguished by removing the mother queen from
her colony for a period of 2-4 days, at which point a single substitute queen bearing

genotypeBB becomes acceptable (Fletcher 1986; also DeHeer and Tschinkel 1998; Ross
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and Keller 1998). Such imprinting apparently also can occur to some extent with
polygyne workers held with single queens (Ross and Keller 1998).

Our model does not directly explain why numerBissalates are tolerated in
gueenright monogyne colonies even after they attain sexual maturity. Or@eossi
reason is that workers with altern&p-9 genotypes differ in their signal thresholds at
which they perceive a maturing queen as a future reproductiveBltlorkers having a
lower threshold thaBB workers. In this view, the hatched band in Figure 2.3 depicting
the collective worker threshold in a polygyne colony is a composite of a lowerdrand f
Bb workers and higher band fBB workers (the band in a monogyne colony would be
narrowed and elevated). Queen-caste signdisbefring queens remain below the
threshold of botlBB andBb workers in polygyne colonies, while mati8B queens’
signals cross the collective thresholdB&fworkers, inducing their execution by such
workers (consistent with the findings of Keller and Ross 1998). MondgBveorkers,
with their higher thresholds, fail to perceive nestnigBealates as potential
reproductives, thus explaining the absence of aggression toward them. An a#ernati
possibility is that thé&B reproductive queens in monogyne colonies suppress the
production of queen-caste signal in maturing alates, whilBltfgpieens in polygyne
colonies are incapable of doing so. In this view, the purple ribbon in Figure 2.3 is
depressed in a monogyne colony, so thatB&rueens cross the collective worker
recognition threshold.

Finally, our model can with little accommodation explain why a small minofity
matureBB queens in polygyne colonies actually survive to take part in mating flights

(DeHeer et al. 1999; Goodisman et al. 2000a; DeHeer 2002). These individuals are
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hypothesized to be relatively delayed in developing the tyBBajueen-caste signal;
thus, they attain sexual maturity without crossing the collective workeshibickof
recognition of reproductives and so escape aggression before departing the nest on
mating flights (see Figure 2.3). Fletcher and Blum (1983b) describe appaiamlhy
uncoupling of the queen-caste signal and reproductive development in overwintered
virgin queens of monogyrte. invicta

Several questions must be answered to test and extend our model. Can odor cues
extracted fronb-bearing workers cause social conversion when presented to monogyne
colonies? How do workers form exclusionary templates on the basis of brief and
infrequent contacts with-bearing nestmates? Do definable predictors of “potential
reproductive status,” such as the numbers of ovarioles comprising the ovaries, diffe
between polygyne queens of differ&y-9 genotypes? Are previously identified
compounds from the queen poison sac thought to be components of “queen recognition

pheromones” (Rocca et al. 1983a, b) ligands of GP-9?

CONCLUSIONS
Despite considerable recent progress in our understanding of the genetic regulation of
colony social organization in fire ants, much work remains. It is cleaexipagssion of
social organization i%. invictais regulated by a single Mendelian factor and that this
genetic architecture has been conserved over evolutionary time in the SoutbaAmer
fire ants. Selection appears to have been involved both in driving the molecular

evolution and in preserving the variation of one candidate gene comprising this factor,
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Gp-9 This gene is likely to be functionally important and, given the identity of its
product as an odorant binding protein, plausible scenarios for its direct involvement in the
regulation of social organization can be envisaged. However, our current lack of
knowledge of the functional role of the protein in individual ants, combined with our
ignorance of the precise behavioral interactions by which colony queen nsmber i
regulated, has hindered progress toward a fuller understanding of the impoft&mpe8. o
Future studies aimed at identifying the biochemical pathways in which ieepgeduct
functions, at discerning the involvement of other pathway genes or genes i linkag
disequilibrium withGp-9, and at revealing details of the chemical communication
involved in queen acceptance or rejection by workers will go far toward painting a
complete picture of the genetic architecture underlying regulation of coloen que
number in fire ants. In so doing, such work will illuminate the major molecular,
individual, and colony-level changes that transpired during the evolution of a key social

adaptation.
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Box 1
Current consensus is that protein families be recognized on the basis of the evolutionary
relationships of the molecules (e.g., Vogt 2003, 2005; Higgs and Attwood 2005) rather
than other features such as their structures or presumed functions (e.80Q3x&005).
Thus, classifications of proteins serve as guides to the common evolutionary arid
divergence of the genes encoding them. Although similarity of function can be
postulated from common membership in a family (and, indeed, is important for gene
annotation and candidate gene discovery; Bork et al. 1998; Higgs and Attwood 2005),
assignment of function necessarily remains provisional pending specifitcgene

biochemical, and physiological experiments.
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FIGURE LEGENDS

Figure 2.1—ALLELE FREQUENCY DIFFERENTIATION BETWEEN SYMPATRIC KINOGYNE
AND POLYGYNE S.INVICTAPOPULATIONS FROM THE INTRODUCED AND NATIVE RANGESS
ASSESSED BY ESTIMATES OF 5T

Estimates are shown f@p-9and the linked genegm-3 as well as for other nuclear
genes of various classes (microsatellites and allozymes were shimealepopulations;
two classes of anonymous nuclear loci were surveyed as well in two introduced
populations).N indicates the number of nests (monogyne, polygyne) from which genetic
data were obtained for each population (one genotype per nest was usedr§gr the
estimates). Data from Ross et al. (1996b, 1997, 1999, 2006), Ross (1997), Shoemaker et

al. (2006), and K. Ross and C. DeHeer (unpubl.).

Figure 2.2—PHYLOGENETIC POSITION OFSOLENOPSISGP-9SEQUENCES RELATIVE TO
ODORANT BINDING PROTEIN(OBP)AND CHEMOSENSORY PROTEINCSP)SEQUENCES FROM
OTHER INSECTS

The large phylogeny contains exemplar GP-9 sequences frdbolemopsispecies
as well as 159 OBP and CSP sequentis. small phylogeny contains a GE’eﬁaquence
from S. invictaas well as eight exemplar OBP and three exemplar CSP sequences.
Amino acid sequences were aligned using various algorithms (ClustalX an@ M
the complete data, T-Coffee and DIALIGN on the data subset) then subjected to
phylogenetic analysis using neighbor joining, maximum parsimony, and Bayesi
inference. The depicted phylogenies resulted from Bayesian infereiticehe larger

one based on a MUSCLE alignment and the smaller one on a T-Coffee alignment.
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Posterior probability support values greater than 50% are shown for the smaller

phylogeny. The “gold standard” OBPs have been implicated in chemoreception.

Figure 2.3—REGULATION OF QUEEN NUMBER IN A POLYGYNES.INVICTACOLONY BY
MEANS OF QUEENCASTE SIGNALS PRODUCED BY INDIVIDUAL ADULT FEMALES

Variation in queen-caste signal among individuals is represented by the widéh of
colored ribbons. Orange hatching indicates individual workers’ threshold levelsalf sig
at which a female is recognized as a potential or actual reproductivei¢vaaaong
workers is represented by the width of the hatching). Increasing denshipaif colors

signifies the increased expressior3d-9 as adult females mature.
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Figure 2.1
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Figure 2.2
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Figure 2.3
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CHAPTER 3

EXPERIMENTAL CONVERSION OF COLONY SOCIAL ORGANIZATIONN FIRE
ANTS (SOLENOPSIS INVICTAWORKER GENOTYPE MANIPULATION IN THE

ABSENCE OF QUEEN EFFECTS

! Dietrich Gotzek and Kenneth G. Ross, submittedotarnal of Insect Behavipd0/15/06
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Abstract.—€olony social organization in the fire éwlenopsis invictappears to be

under strong genetic control. In the invasive USA range, polygyny (multiiglens per
colony) is marked by the presence of @mgb allele in most of a colony’s workers,
whereas monogyny (single queen per colony) is associated with the exclusiveromeur
of ther-9B allele. Ross and Keller (2002) experimentally manipulated social

organization by cross-fostering queens into colonies of the alternate foremyther
changing adult worke&p-9 genotype frequencies over time. Although these authors
showed that social behavior switched predictably when the frequebelyeairing adult
workers crossed a threshold of 5-10%, the possibility that queen effects deaused t
conversions could not be entirely excluded. We addressed this problem by fostering
polygyne brood into queenright monogyne colonies. All such treatment colonies
switched social organization to become polygyne, coincident with their proportibns of
bearing workers exceeding 12%. Our results support the conclusion that paty@/ny
invictais induced by a minimum frequency of colony workers carryindptaiéele, and
further confirm that its expression is independent of queen genotype or history; worke

genotypes at genes not linked@p-9, and colony genetic diversity.
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INTRODUCTION
A fundamental question in biology is how simple units are organized and
integrated to ultimately emerge as a complex and unified whole. Such tramsitive
proved to be defining moments in the history of life (Maynard Smith and Szathmary
1995). One such major transition has been the evolution of complex insect societies.
Students of social insects recognize that the issue of how emergent coldny-leve
phenotypes evolve and are expressed requires sufficiently complex behavioral mode
that capture salient features of the underlying genetic architectapartant components
of such models are the number of genes involved in regulating particular satsattie
relative impact of these genes, their interactions with one another (epjstasis
environmentally dependent phenotypic effects (reaction norm), and their cootritauti
the expression of relevant social phenotypes in other individuals (indirect gefifestis)
(Grafen 1984, Crozier and Pamilo 1996; Robinson et al. 1997; Wolf et al. 1998;
Robinson 1999; Linksvayer and Wade 2005).
Several studies have documented genetic contributions to individual traits of social
relevance, including behaviors, in social insects. For example, casteidatemmin
some ants and stingless bees (Kerr 1974; Winter and Buschinger 1986; Fersch et al.
2000; Fraser et al. 2000; Volny and Gordon 2002; Julian,&(fl2; Helms Cahan et al.
2002, 2004; Helms Cahan and Keller 2003) as well as individual reproductive roles in
honey bees (Moritz and Hillesheim 1985; Page and Robinson 1994; Moritz et al. 1996;
Montague and Oldroyd 1998) are under strong genetic control, and worker task
performance in ants, wasps, honey bees, and caterpillars (Trump et al. 1967; Snyde

1992; Hunt et al. 1995, 1998; O’Donnell 1996; Robinson et al. 1997; Giray et al. 2000;
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Fewell and Bertram 2002; Costa and Ross 2003) as well as the honey bee dance language
(Rinderer and Beaman 1995; Johnson et al. 2002) have some heritable basis. At the
colony level, genetic effects on social organization have been documented imdants a
sweat bees (Cahan et al. 1998; Ross and Keller 1998; Plateaux-Quénu et al. 2000; Julia
et al. 2002; Helms Cahan and Keller 2003; Helms Cahan et al. 2004). Perhaps not
surprisingly, relatively few studies have shown a simple genetic archigamderlying
complex colony-level traits (Moritz 1988; Hunt et al. 1995, 1999; Johnson et al. 2002).
Of these, the best characterized system involves a single gene oéffegbthought to
regulate colony queen number in fire ants. The system has been most deatbted
in Solenopsis invictahe red imported fire ant, in which it also was first described. Some
colonies in this and related species are headed by a single reproductive queen
(monogyny), whereas others have multiple reproductive queens (polygyny). In the
invasive range 0%. invictain the USA, an allele dimorphism at the nuclear protein-
coding gené&sp-9(general protein-Pis associated with this social dimorphism (Ross
1997; Ross and Keller 1998, 2002). Female ants of the monogyne form invariably are
homozygous for th8 allele ofGp-9 This is in contrast to the polygyne form, in which
most females (and, indeed, all egg-laying queens) bear the altéraléde; those
polygyne workers not bearing thellele are homozygotes for tBeallele, which
segregates along with alldan this form.

Because thé allele is only and always present in polygyne colonies, it is believed to
be an indispensable component in the expression of this form of social organiz&ion in
invicta. Significantly, variation at no other nuclear genes has been found to be associated

with polygyny (Ross et al. 1997; Keller and Ross 1999; Ross et al. 1999; Shoemaker et
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al. 2006). While it is conceivable th@p-9 simply marks a tightly linked gene or genes
that actually determine social organization, a major role for non-geaetar$ such as
prior worker social experience, queen fecundity, and the social origin of queens in the
expression of this colony-level trait has been discounted (Ross and Keller 1998). Bas
on these results, and the fact that it is the adult workers in fire ant sosiletiescept or
reject supernumerary queens (Fletcher and Blum 1983; Keller and Ross 1993, 1998; Ross
and Keller 2002), it has been hypothesized that the presencebodltbke at some

minimal frequency in the worker caste induces the polygyne colony phenotype dRd
Keller 2002). These latter authors conducted an experiment to test this hypbthesi
cross-fostering queens between colonies of the different social forms. dist¢uie
colonies converted to the alternate social form over time as the original wakers
replaced by the offspring of the new queens and frequencies obazhrlying workers
steadily increased or decreased. Surprisingly, these social transitiorssetlys

occurred at a relatively low threshold frequency of such workers (5-10%), vieich t
authors interpreted as evidence that only a low proportibrbefring workers is

required to elicit polygyne behavior by a colony.

Several potential shortcomings in the experimental design of Ross and Keller (2002)
are remedied in the present study in order to test the robustness of these pravisus res
First, the earlier study did not control for possible queen effects, such as worker
habituation to queens that might have induced the worker force as a whole to adopt the
social behavior characteristic of the fostered queens’ colony of origin. Ré$eHer
(2002) concluded that such effects were unlikely, given that social conversion did not

occur until 70-130 days following queen adoption and because no such queen effects had
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been detected in a previous set of similar experiments (Ross and Keller 1998).
Nonetheless, more subtle queen effects may have influenced the time coursal of soci
conversion to give unrealistic estimates of the threshold frequendddseairing workers

in the Ross and Keller (2002) study. Thus, we avoided potential involvement of queen
effects altogether in the present study by fostering brood rather than feésaen
colonies. Also, the earlier study yielded only relatively coarse estsnah the threshold
frequencies ob-bearing workers required for social transition. Those estimates are
improved upon here by assaying social organization more frequently andnbgtiesyi
frequencies ob-bearing workers from larger samples using a PCR-based rather than a
protein-electrophoretic method. The former method is expected to be less biasse beca
workers of all sizes can be scored (see Goodisman et al. [1999] for discussiosiliépos
biases introduced by electrophoretic scorin@Gpf9in workers). Our new results

confirm the hypothesis that polygyny$ invictais induced by the presence in a colony
of workersbearing theb allele at even relatively low frequencies and refute a role for

effects of queen genotype or history in experimental colony social conversion.

MATERIALS AND METHODS
Collection and Rearing of Colonies
Twenty queen-right monogyne coloniesSfinvictawere collected in Oglethorpe
and Clarke Counties, Georgia to serve as treatment and control colonies. Fifteen
polygyneS. invictacolonies were collected from Clarke County to serve as donors of

brood and test queens for the experiment. Social organization of the monogyne colonies
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was confirmed by genotyping 50 workers per colong @9 using horizontal starch gel
electrophoresis (DeHeer et al. 1999); all 1000 workers so genotyped were okedeioni

be BB homozygotes. Social organization of the polygyne colonies was confirmed by
virtue of their possession of multiple reproductive (wingless, egg-layireprg large
samples of which were subsequently confirmed to containRimheterozygotes &p-9

(see below). All colonies were returned to the laboratory following callecseparated

from the soil, and reared under standard laboratory conditions (Jouvenaz et al. 1977; Ross
1988; Ross and Keller 2002). Sexual brood and winged adults were removed by sieving
the colonies during initial establishment in the laboratory and periodicalbetiter as

brood became sexualized. Colonies and queenless test fragments were fed daily by
alternating a high-protein diet (tuhdog food peanut butter mix) with a high-

carbohydrate diet (assorted vegetabiganulated sugar mix). These diets were

supplemented with frozen crickets and/or meal worms provided on a daily basis.

Addition of Brood

Fifteen monogyne colonies were randomly assigned to the treatment growp, whil
the remaining five colonies were assigned to the control group. We took advantage of the
fire ant habit of accepting alien conspecific brood (Tschinkel 1992; Stamps and Vinson
1991) to introduce such brood into the 20 queenright colonies. Treatment group colonies
received only polygyne brood, whereas control colonies received only monogyne brood.
Brood was introduced twice into each colony, at the start of the experiment and two
weeks later. On each occasion, each recipient colony received a mixture of brood fr

several (5-11) donor colonies of the relevant social form. Mixing of fostered br@od wa
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done for two reasons. First, it decreased genetic differentiation amolbigptitecohorts
fostered into each colony both within the treatment and control groups and across the two
groups; thus, the genetic background of the introduced brood was largely homogenized
between the treatment and control colonies at all genes except those lited.to

Second, brood was mixed in order to match the genetic diversity in the monogyne brood
introduced into the control colonies with the high genetic diversity in brood from even a
single polygyne donor colony (e.g., Ross and Fletcher 1985). Brood collected from
donor colonies was sieved repeatedly prior to mixing to exclude all sexual brood and as
many adult workers as possible. The sieved brood of each recipient colongnghsdy

and mixed donor brood weighing 50-100% of the original weight was then added. This
typically amounted to 10-25 g of added brood, which corresponds roughly to 10,000-
30,000 individuals (see Porter and Tschinkel 1985).

Successful acceptance by the recipient colonies of adult workers dedwethf
introduced foreign brood was monitored in the following ways. For the five control
colonies and five randomly chosen treatment colonies, genotypic profiles dodyena
loci Est-4 G3pdh-1 andPgm-1(Ross 1993) were generated by genotyping ten adult
workers per colony before brood addition; because monogyne colonies constitute simple
families (Ross and Fletcher 1985), the limited range of variation occurrihopwedch at
these loci was uncovered with this protocol. Three weeks after final broodadditi
the time of the second bioassay), another 20 adult workers from each of these colonies
were genotyped at the same loci. The proportions of these individuals with multilocus
genotypes inconsistent with the original colony profile are minimum essmétbe

proportion of foreign workers in the colony at that time, because foreign workers whos
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genotypes matched those in the original colony were indistinguishable froesithent
queen’s offspring. The genetic relatedness of colony-mates sampled Inef@rtea
brood addition was estimated from the allozyme data as a measure of coletiy gen
diversity using the program RELATEDNESS 5.0 (Queller and Goodnight 1989).

For all 15 treatment colonies, acceptance of the foreign brood and emerged adults
was further confirmed by estimating the frequencies of adult workers bélagingllele
atGp-9three weeks after the second (final) brood addition. Again, this provides a
minimum estimate of the proportion of foreign workers in the colony, because on average
about a third of the introduced polygyne brood are expected to bear thBBame
genotype possessed by the original workers in the monogyne treatment c@anijes

Ross and Keller 2002).

Bioassay of Social Organization and Estimation of Frequencies
of b-bearing Workers
Bioassays followed the general protocol of Ross and Keller (2002). For each, a
large test colony fragment containing brood but no queen was prepared and held in
isolation from the parent colony for 48 h; fragments were held queenlesssfpetiud
because queenright monogyne colonies will not accept any foreign queesi ) &Fl
1986; Vander Meer and Alonso 2002). Next, four polygyne reproductive queens were
introduced into the foraging arena of the queenless fragment. All surviving queens and
any identifiable heads or thoraces of executed queens were removed 24 h gfieethe
introductions. These were genotyped electrophoreticaBpa®to confirm that all

introduced queens possessduadlele. Survival of multiple introduced polygyne (
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allele-carrying) queens for 24 h indicates expression of the polygyne colomytybe,
whereas execution of all such queens signals expression of the monogyne phenotype
(Ross and Keller 1998, 2002). Queenless fragments were re-combined with their parent
colony immediately after completion of each assay.

The first bioassay was conducted just before initial brood addition to confirm that
the monogyne test colonies behaved as expected. The second assay was conaducted thre
weeks after the final addition of foreign brood. This approximates the developmental
period from newly laid egg to eclosion of the adult minor worké&.imvictaunder our
rearing conditions (O’'Neal and Markin 1975), so that most of the introduced brood
probably had developed to mature (several day old) adult workers by the time of the
second assay. Colonies subsequently were bioassayed at approximatelykwo wee
intervals. Treatment colonies were terminated when they displayed a réversa
monogyne social behavior that was stable for at least three consecutieecdsgathe
absence of such reversal, eight months after the final brood addition. Most adult workers
probably live no more than four months under our rearing conditions (Calabi and Porter
1989), so few workers derived from foreign brood were expected to inhabit the latter
colonies by the end of the experiment.

Estimation of the frequency of adult workers bearingothélele was done at the
time of the first two bioassays for each treatment colony. The procedsisug@ended
after a colony converted to polygyny, but was re-instituted once it revetkdda
monogyny (or, in the few cases in which such reversal did not occur, at the |sst assa
For each sample, nests were disturbed by lifting their tops and a random sample of

several hundred workers from the nests and foraging arena was collectedNAloé D
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75 of the collected individuals was extracted using a simple method (Turelli and
Hoffmann 1995) and used as the template atlele-specific PCR reactions (Mescher et
al. 2003). The microsatellite loc&®Il-42(Krieger and Keller 1997) was multiplexed in
the PCRs as a control for successful amplification. Amplification productsrumieut

in 1.5% agarose gels stained with ethidium bromide and were visualized under UV
illumination. Presence of theallele was indicated by amplification of a 219 bp
fragment (Mescher et al. 2003). Any ambiguous amplifications (i.e., those in which the
microsatellite locus did not amplify) were redone; after a secondddhersample was
substituted by another. A jackknife resampling procedure was used to edhimat
frequency ob-bearing workers from each sample, with the 95% confidence intervals
obtained by assuming thalistribution (Weir 1996). For samples following brood
addition in which only\BB workers were collected, 95% confidence intervals were
obtained after assuming that the next individual assayed (thevpBild have possessed

alleleb.

RESULTS
Acceptance of Foreign Brood and Emerged Adult Workers
Foreign brood was readily accepted and reared to adulthood by all treatment and
control colonies. A minimum of 10-45% of the adult workers in each control colony and
5-10% of the workers in five randomly chosen treatment colonies are estimated to have
been derived from foreign brood (monogyne and polygyne, respectively) three weeks

after final brood addition, based on their possession of multilocus allozyme genotyp
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inconsistent with the original colony profiles. Based on presence bfalele ofGp-9,

a minimum of 12-42% of adult workers in each treatment colony are estimated to have
been derived from foreign polygyne brood at this juncture. Average colony-mate
relatedness estimated from three allozyme loci fell from 0.69 (95% jacldanfedence

interval 0.59-0.78) before brood addition to 0.38 (0.22-0.55) in the treatment colonies and
0.29 (0.18-0.39) in the control colonies at the three week juncture, suggesting comparable
within-colony genetic diversity in the two classes of test colonies dintieeof the

second bioassay.

Conversion of Colony Social Organization

All colonies rejected all polygynd-{carrying) queens introduced in the first
bioassay, done immediately prior to the addition of foreign brood, and thus displayed the
social behavior expected of monogyne colonies. The outcome of the second assay,
conducted three weeks after final brood addition, was markedly different. Ath&etat
colonies accepted all four introduced queens, thus invariably displaying polygyale so
behavior. Associated with this change in social organization, frequencies of adult
workers bearing the allele in each colony rose from 0% to no less than 12% by the time
of this second assay (Figure 3.1). In complete contrast to the treatment colonies, none
the control colonies accepted any introduced queens in the second assay or any of the
subsequent 18 assays conducted on each during the course of the experiment. Thus, the

controls behaved as typical monogyne colonies throughout the course of the experiment.
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One of the 15 treatment colonies (M-04) was excluded from further analysisbeca
it declined dramatically in size after the second assay and the queen eyeiaiallOf
the remaining 14 colonies, nine reverted back to monogyne behavior by the end of the
study period (see Figure 3.1), an event that occurred between 12 and 24 weeks after the
second assay as frequencies-tiearing workers inevitably declined. One of these nine
colonies (M-15) transiently displayed ambiguous social behavior during this period of
reversal; after ten weeks of polygyne behavior, it accepted only a Bingleeen in four
consecutive assays (for 8 weeks) before finally rejecting all intradyeeens and thus
displaying genuine monogyne behavior for the ensuing four assays.

The proportion ob-carrying individuals in the 15 treatment colonies at the time that
they first displayed polygyne behavior (second bioassay) ranged from 12% to 42%
(Figure 3.1). Among the nine colonies that reverted back to monogyny, this proportion
dropped to between 0% and 14.7% (mean=3.4%) at the sample point when reversal was
first detected. Five treatment colonies never reverted back to monogyne bekavior
the course of the experiment. Four of these still had detectable lebetailing
workers at the end of the experiment (estimated at 1%-11.8%), but we were anable t
recover any such workers in colony M-14 (even in an expanded sample of 100
individuals). The proportion df-bearing workers in the five permanently polygyne
treatment colonies averaged 4.5% at the end of the experiment.

In Figure 3.2, each estimate of the proportiob-bearing workers in the treatment
colonies is grouped according to the type of social behavior displayed by the dolony a
the time the sample was taken. The distributions are quite discrete for the twaform

behavior, with an apparent discontinuity occurring at around 3-8%6rying workers.
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Conspicuous exceptions are the single monogyne-behaving colony with a freqosecy c
to 15% and the two polygyne-behaving colonies with frequencies below 4%. These
results generally correspond with the finding of Ross and Keller (2002) that colotiies
cross-fostered queens underwent social transitions when their frequereiesgfing

workers crossed a threshold of 5-10%.

DISCUSSION

The results of this study support the hypothesis that colony social orgaimizesi.
invictais determined by the presence or absence of adult workers bearinglitfie at
the geneésp-9. Specifically, polygyny is expressed when such workers are present in a
colony at a minimal frequency of several percent, whereas monogynaltypsc
expressed when such workers make up fewer than several percent of the woeker for
are absent altogether. To test this hypothesis, we introduced brood pooled fra@h natur
polygyne colonies, which contain a high frequencig-cairrying individuals, into
monogyne colonies, which lack them. Shortly thereafter, adult workers bearialietle
appeared at moderate frequencies and these treatment colonies concurreibdswit
social organization from monogyny to polygyny. Control colonies, all of whiobdfad
undergo such social conversion, received a mixture of brood from monogyne colonies.
This protocol served to homogenize brood from the different donor types with respect to
their levels of genetic diversity as well as their genetic backgratigdnes not linked to
Gp-9 By retaining each colony’s original queen, we avoided any potential infudénc

direct queen effects on expression of social organization in the experiment.
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Our results are important for several reasons. First, they strongly stiggesicial
organization irS. invictais under worker control rather than queen control, and that
worker genotype composition @p-9 (or linked genes) is the dominant factor
determining collective worker social behavior. The relative unimportance ehque
control (and concomitant importance of workis-9 genotypes) was indicated also in
experiments by Ross and Keller (1998). Our results further show that genekedtd
Gp-9are not involved in regulation of social organization, a conclusion supported as well
by the overall similarity of sympatric populations of the two forms at numerausahe
genetic markers (Ross et al. 1987, 1997, 1999, 2006; Shoemaker et al. 2006). Finally,
our demonstration that differences in levels of genetic diversity betvodemes of the
two forms are irrelevant to the expression of social organization stands in ttnthes
view that polygyny may be induced by high genetic diversity and the corresplgnding
high odor cue diversity it engenders (see Hdlldobler and Wilson 1971; Morel et al. 1990;
Obin et al. 1993; Ross et al. 1996).

One benefit of our experimental design is that we were able to test theoéfiec
carrying workers on expression of social organization twice for each celonge as
these workers increased in frequency shortly after brood addition and aga#s ldtey
dropped in frequency due to their replacement by the resident queen’s offspring (all of
which possessed genotyBB). At our first bioassay after brood addition, each treatment
colony had switched from monogyne to polygyne social behavior, coincident with the
appearance of adustcarrying workers at estimated frequencies of 12% to 42%. This
result is fully consistent with the findings of Ross and Keller (2002) based on a

fundamentally different experimental design (fostering queens rather thaoh lbetween
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colonies), where conversion from monogyny to polygyny occurred as the frequency of
adultb-bearing workers in a colony crossed a threshold of 5-10%. We note that polygyne
colonies in the wild invariably have far greater frequencies of such workarg tmthe

fact that all reproductive queens of this social form carrpthkele (Ross 1997; Ross

and Keller 1998, 2002; Fritz et al. 2006). Thus, in one elementary sense our combined
laboratory experiments provide a robust proximate explanation of why naturally
occurring colonies witl-carrying queens invariably display the polygyne social
phenotype.

The second test of the effectl®bearing workers on expression of social
organization, as their frequencies returned to low levels due to worker turnover, glso wa
largely consistent with the findings of Ross and Keller (2002). Nine of the 14 relevant
treatment colonies reverted back to monogyny within several months aftenthair i
conversion to polygyny; all nine exhibited frequencieb-bkaring workers at or near the
5-10% threshold at the time of their reversal (colony M-08 had the highestrioyopfe
such workers14.7%, with a lower jackknife confidence limit of 8%). Among the five
colonies that did not revert to monogyny, four still lhadearing workers present at
sample frequencies of 1% to 12%, which could correspond to actual frequencies in the
colonies ranging as high as 3% to 18% (based on the upper 95% confidence limits). We
found nob-carrying workers in a sample of 100 from the fifth such colony (M-14),
suggesting that such workers were exceedingly rare or absent in this ehagyaving
colony. This lone example represents a seeming contradiction to the viewpttesseon

of polygyny requires the presence of adult workers bearing diele at the gen&p-9.
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On the other hand, there are potential sources of error or natural variation that may
reconcile the case of colony M-14 late in the experiment with the greatityajoother
test colonies in this study and that of Ross and Keller (2002). Although our increased
sample sizes, use of a PCR-based technique to score v&i&alleles, and increased
frequency of bioassays represent methodological improvements over the prawgus s
estimation errors attributable to finite sample sizes and the two-weekaistbetween
each sample may still explain discrepancies in any single anomalonatestPerhaps
more importantly, variation in any of a number of potential colony attribatgs €olony
size, adult worker/brood ratio, queen vigor) may in some cases mitigate or evetieoverri
the effect of workeGp-9 genotype composition in determining colony social
organization; that is, the penetranceésg-9 may not be complete under all circumstances
in experimental laboratory colonies. As an extreme example, colonies obeactain
be induced to accept queens they would normally reject based on the joint queen/worker
Gp-9genotypes if they are held queenless for extended periods (Fletcher 1986; Ross and
Keller 2002; Vander Meer and Alonso 2002). Given the complex, emergent nature of a
colony-level phenotype such as social organization, it is remarkable that our combined
experimental results are so congruent in pointing to a paramount role of iéqHer
composition in its expression.

One potentially confounding attribute not considered in this study or that of Ross
and Keller (2002) is colony size. Under some conceivable proximate models of worker
regulation of queen number, the frequench-bkearing workers required to elicit
polygyny is not expected to scale linearly with colony population. For instéulce, i

cues introduced bly-bearing workers that induce a switch in colony social phenotype are
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pheromonal rather than behavioral in nature, these cues may be more persistégt or eas
disseminated in smaller than larger colonies. If not readily degraded;dhlelypersist
in the presence of recently deceakezhrrying workers at levels effective in small but
not large colonies. If colony M-14 and other apparent outliers were unusuallyaaall |
in the experiment due to stress from continued manipulation and worker attrition, very
low frequencies odb-bearing workers may still have been sufficient to maintain the
prevailing polygyne social phenotype.

This point raises the more general issue of how a small fraction of workers can
influence a colony-level phenotype that, at its core, constitutes collealvarice of
multiple reproductive queens bearing the s&pedallele as these minority workers
(e.g., Keller and Ross 1998). Although there are several examples of such bdgavioral
dominant colony phenotypes in social insects, some of which can be readily explained by
the cumulative actions of just a few individuals (e.g., hygienic behavior of hongy bee
[Trump et al. 1967] and sex ratio manipulation in ants [Aron et al. 1995; Passera et al.
2001]), development of proximate explanations of regulation of queen number in fire ants
is hampered by an almost complete lack of knowledge of the individual behaviors
involved (but see Keller and Ross 1998). Ross and Keller (2002) proposed two potential
classes of mechanisms by which relatively fetaearing workers could influence a large
worker force to tolerate multiplebearing queens. The first is behavioral manipulation,
which could occur, for instance, bybearing workers releasing an appeasement
pheromone to forestall aggressive responses toward queenb-bebying workers
transporting queens into the nest and physically protecting them from attack until

aggression dissipates. The second is habituation of the entire colony to a unique odor
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(pheromone) associated witkcarrying adults (workers and queens). Of the two, we
favor this second alternative for several reasons. First, the likelihood oflarsnmaity
of workers finding and somehow protecting a queen seeking acceptance into a colony
from other workers seems remote. On the other hand, an odor cue can perhaps more
easily explain the dominant behavioral effect of rare individuals in a colsrmseussed
above. FinallyGp-9encodes a transport protein belonging to the odorant binding
protein (OBP) gene family (Krieger and Ross 2002), so if directly involved inataftr
queen number it conceivably could exert its effects via a role in odor transport,
emanation, or detection (see Vogt [2005] for discussion of the possible roles of OBPs in
insect chemoreception).

Ideally, our experimental protocol would have included bioassays of the treatment
colonies immediately after initial brood addition in order to completely rule gutcdea
of the brood in inducing social conversion. For instance, maternal effects edediat
through surface hydrocarbons placed on eggs by queens could be hypothesized to play
such a role (e.g., Endler et al. 2006). However, the difficulty of completely reghalli
adult workers from the large volumes of added brood would have compromised such an
early assay. Moreover, the experimental results of Ross and Keller é3{i#9r to
contradict any role for brood in influencing social organization, given the coabklider
delay between cross-fostering of queens and conversion in colony social pheaotygpe f
in that study. Similar long delays between the final addition of polygyne brood and
reversion of treatment colonies from polygyny to monogyny in the presentatalgre

inconsistent with the brood playing such a role.
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In conclusion, this study confirms a strong genetic component to social orgamizat
in S. invictathat is mediated by colony worker genotype frequenci€pel (or closely
linked genes). We have shown that polygyne social behavior is induced by thegresenc
of b-carrying adult workers, even at quite low frequencies, whereas monogyne behavior
is expressed in the absence of such workers. Direct queen effects waratelinais
possible causative factors in our experimental design, as were effectesfrge linked
to Gp-9and overall colony genetic diversity. The processes involved in worker
regulation of colony queen numberSninvicta which constitutes the core element of
social organization, are presently poorly understood. Detailed understanding of queen
acceptance and rejection behaviors, coupled with improved knowledge of the
biochemical and physiological roles®p-9 (and linked candidate genes), are required to
explicitly model the proximate and evolutionary mechanisms underlying thenggem
simple yet evolutionarily important transition from one social form to the athiaei

ants.
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FIGURE LEGENDS

Figure 3.1-—SOCIAL BEHAVIOR EXPRESSED BY TREATMENT COLONIES DURIG BIOASSAYS
AND PROPORTIONS OB AND B-BEARING WORKERS AT CONVERSIONS IN SOCIAL FORM

The first assay was conducted prior to addition of foreign brood, when all
colonies contained onlBB workers. The second assay was conducted approximately
three weeks after the final addition of foreign brood. All subsequent assays were
conducted approximately every two weeks. WofBpr9 frequencies were determined
only at the first two assays and at the subsequent assay at which a colaey iever
social behavior (or at the end of the experiment, see text). The type of sociabbeha
expressed is indicated also for each assay at v@pefifrequencies were not
determined, with theX” indicating the number of consecutive assays yielding the
identical form of behaviorM: monogyne behavior expressed (no supernumerary queens
accepted)P: polygyne behavior expressed (multiple supernumerary queens accepted),
ambiguous social behavior expressed (a single queen accepted) by colonydd-15 (s
text). Colony M-04 declined after the second assay and so was dropped from the

experiment. White bars represent 95% jackknife confidence intervals.

Figure 3.2.—PROPORTIONS OF ADULTB-BEARING WORKERS IN TREATMENT COLONIES
EXPRESSING MONOGYNE OR POLYGYNE SOCIAL BEHAVIOR

The threshold proportion ®Fbearing workers hypothesized by Ross and Keller
(2002) to be required for conversion between monogyny and polygyny is highlighted

with stippling.
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Figure 3.1

Proportions of adult workers

1

0.8 1

0.6 1

0.4+

0.2

Px5 [?|?x3 M

MX3

02-M-01

0.8

0.6

0.4 1

0.2 1

| [ 1|
o~ o

PX5 M

MXx3

02-M-02

0.8

0.6

0.4 1

0.2 1

Px9 M

MX2

02-M-03

0.8

0.6

0.4 4

0.2 4

02-M-04

0.8

0.6

0.4 1

0.2

PX9 M

MXx2

02-M-05

0.8

0.6

0.4

0.2

PX5 M

MXx2

02-M-06

0.8 1

0.6 1

0.4 1

0.2

PX16

| 102-M-07

0.8 1

0.6 1

0.4 1

0.2 1+

PX6 M

MXx3

02-M-08

e L L T T L T T T T LT T T T T T T T

9

Bioassay humber

106

BB
Il b-bearing
1
M [P PX P
0.8 1+ [— —
064+ | 102-M-09
0.4+ H
0.2+ H
R — 2
1
M B Px11 M| Mx3
0.8 +— [—
064+ 02-M-10
041+
0.2+ +H—
0 1|
1 2 14
1
M P Px8 M| Mx3
0.8 +— —
064+ — 02-M-12
04 4+ —
0244 —
0 N
1 2 1
1
M P PXx6 M| Mx2
0.8 +— [—
064+ — 02-M-13
0.4+
02 1] <H
R — 9
1
M P PXx16 P
0.8 1+ — —
0644 | 102-M-14
0.4+ H
02 1] 1— |
°T 2 1
1
M |P PX P
0.8 1+ — —
064+ -{02-M-16
0.4+ H
0.2+ H
L H M
1 2 1
1
M P PX P
08+ =
0644 1 | 102-M-17
0411 — H
o2 | 1— |
0

1 2

1

Bioassay humber



Figure 3.2

0.45

@ ego (® 00 00 OO O
® 209

o w o o o w o
S ™ M S - O )
o o o o o o o o o

S oy lom bBulreaq-q uolyiodo id

polygyne

monogyne

107



CHAPTER 4

MOLECULAR VARIATION AT A CANDIDATE GENE REGULATING COMPLEX

SOCIAL BEHAVIOR IN THE FIRE ANTSOLENOPSIS INVICTA

! Dietrich Gotzek, DeWayne D. Shoemaker, and Ken@etRoss, to be submitted Molecular Biology
and Evolution
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Abstract—The fire antSolenopsis invictdisplays a profound social polymorphism
involving differences in colony queen number. Colonies are headed either by a single
reproductive gueen (monogyne form) or by multiple queens (polygyne form). This
variation in colony social organization is associated with variation at tleeGye8, with
monogyne colonies harboring orylike allelic variants and polygyne colonies always
containingb-like variants as well. We describe naturally occurring variatiéapa®in S.
invicta based on the generation of 130 new sequences from samples collected over much
of its native range. While there is little overall genetic variation batweost of the
observed haplotypes, a surprising amount of the variation is found in the coding regions
of the gene, with such substitutions usually causing amino acid replacements. We
obtained formal evidence that positive selection acted on the basal lineagels-lifehe
allele clade, suggesting the occurrence of episodes of diversifying@elecGp-9
coincident with the evolution of polygyny. While our extensive data set revealed
considerable paraphyly and polyphyly&finvictasequences with respect to those of
several congeners, monophyly of tiéke allele clade was recovered. An expanded
analysis of colonies containing alleles of this clade confirmed the invéin& between

their presence and the expression of polygyny. Finally, our discovery of lsavigrse
haplotypes bearing various combination®dike andb-like codons allowed us to
provisionally identify the Met95lle amino acid replacement as completetiigtive of

polygyne behavior and potentially causally involved in its expression.
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INTRODUCTION

A main goal of evolutionary biology is to document genetic variation and to
reconcile observed patterns with population history and demography, fithess
consequences, and selection regimes at genes of interest (Gillespie é88dk 2000).
Study of the adaptive maintenance of molecular variation historicallyohawéd one of
two approaches, elucidation of the mechanistic and functional components of nmolecula
adaptations at the biochemical level or description of the historical footprirgteofien
acting on sequence variants (Golding and Dean 1998). An important objective in modern
studies of molecular adaption is to bridge the two approaches by means of cosipeshe
research integrating functional biochemical and phenotypic data with informuett
patterns of variation that implicate past selection (Wheat et al. 2006; seecalsg@nd
Dean 1998; Nachman 2005; Phillips 2005; Vaseméagi and Primmer 2005).

The fire antSolenopsis invictdisplays an important colony-level social
polymorphism that is associated with variation at a single gemeral protein-9Gp-9
(Ross 1997). Colonies with a single reproductive queen (monogyne colonies) always
feature the exclusive presence of Bhallele ofGp-9in all colony members. In contrast,
colonies with multiple reproductive queens (polygyne colonies) always haviearatd
class of alleles, designatbdike alleles, represented along with Ballele among
colony members (Ross 1997; Ross and Keller 1998; Krieger and Ross 2002, 2005).
Remarkably, all reproductive queens in colonies of this latter type invariablatleast
oneb-like allele. These patterns, coupled with similar genetic compositionsrafggne
and polygyne populations at numerous other nuclear genes, have led to the hypothesis

that the presence bflike alleles in a colony’s workers is both necessary and sufficient to
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elicit polygyne social behavior (Ross 1997; Ross and Keller 1998; Ross and Keller 2002,
Krieger and Ross 2002; Gotzek and Ross 2007). Because variation in queen number
represents a dramatic social polymorphism that is associated with a sypootaim
reproductive, demographic, and life history differences (Bourke and Franks 1995; Ross
and Keller 1995; Tschinkel 2006), variationGyi-9is hypothesized to underlie the
expression of major alternative adaptive syndromés invicta

Our understanding of the association of variatioB@9 with expression of colony
social organization has been advanced by the production of sequence dta)\icta
in its native (South American) and introduced (USA) ranges, as well as forousner
otherSolenopsispecies (Krieger and Ross 2002, 2005). These studies revealed several
important patterns. First, the monophylédtitike alleles are restricted to a clade of six
South American fire ant species (includi@ginvictg that display the monogyne-
polygyne polymorphism (this group of species is informally termed the ocial
polymorphic clade [Pitts et al. 2005]; other South American fire ants appednilit e
only monogyne behavior). Second, in all of the socially polymorphic species, polygyne
colonies always containtlike alleles, presumably because all reproductive queens of this
form bear at least one copy of such an allele (Hallar et al. 2006). Thitdatletes, a
small clade ob-like alleles that apparently has arisen recently.imvicta feature a
radical, charge-changing substitution (Glu151Lys) that may underlie thsenced
deleterious effects in homozygous condition (Hallar et al. 2006). Finalli;ltke
alleles of the socially polymorphic species bear diagnostic amino aaddessat codon
positions 42, 95, and 139 that distinguish them from all dHpe® alleles (collectively

known asB-like alleles). This latter finding prompted speculation that the substitdatons
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one or more of these positions may alter the function of GP-9 protein with respsct to it
proposed role in modulating social behavior (Krieger and Ross 2002, 2005).

GP-9 protein is a member of the insect odorant-binding protein family (Krieger and
Ross 2002). Several well studied proteins in this family have been implicated as
important molecular components of chemoreception in insects, presumably effeeting t
transduction of pheromones or food chemostimulants to neuronal signals by tranporting
these ligands through the chemosensillar lymph to neuronal receptors (Vogt 2005).
Regulation of colony queen number in fire ants involves reciprocal chengoallsig
and perception between workers and queens, with workers ultimately making decisions
about which queens, and how many, are tolerated as reproductives in a colony based on
gueen pheromonal signatures (Keller and Ross 1998; Ross and Keller 1998). The role of
some odorant-binding proteins in chemoreception, the invariant association of one class
of Gp-9alleles with polygyny, and the restriction of this class of alleles tedbially
polymorphic clade of South American fire ants have been viewed as evidenGe-that
may directly influence colony social organization rather than merely bemayleer for
another gene or genes of major effect on this trait (reviewed in Gotzekoas®2807).

Further complexities in our understanding3g-9 and social evolution have arisen
as additional sequence data have continued to be generated. For instance, it is now
apparent that variation at this gene is not invariably associated witlssiqoref colony
social organization within the gen8slenopsisgiven that the fire ar§. geminataa
distant North American relative &. invicta does not exhibit allelic variation associated
with colony social form (Ross et al. 2003). Also, discovery @pe0 allele with ab-like

amino acid residue at position 95 Iidlike residues at positions 42 and 139 in the
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undescribed. species "X” indicates that the two classes of alleles in the socially
polymorphic species are not as uniformly divergent (internally homogeneous) as
previously believed (Krieger and Ross 2005). Unfortunately, the social organization of
the source colony for this sequence could not be determined, precluding a csuofl te
the importance of residue 95 in the induction of polygyny. These recent results suggest
that progress in our understanding3g-9in fire ants has been hampered to some extent
by the limited numbers of samples available for sequencing; indeed, even intthe bes
studied species. invicta only a handful of individuals from a single site in the native
range (Formosa, Argentina) have been sequenced.

To help remedy this shortcoming, the present study documents sequence variation at
Gp-9using extensive samples of nomialinvictacollected over a large portion of its
vast native range. Our specific objectives were to fully characteezeolecular
evolution ofGp-9in S. invicta to test for effects of selection on the gene, to confirm the
association between polygyny and the presence of variants enbddiegamino acid
residues, and to test for phylogeographic patterns in the distribution of the observed
variation. We also were particularly interested in finding new variants ergcadique
combinations oB-like andb-like residues at positions 42, 95, and 139, with the hope that
their discovery might shed light on the role of each substitution in mediating the
expression of social organization. In combination with the other analyses, intormati
from such variant colonies is expected to aid progress in connecting the genetic and

phenotypic variation underlying regulation of fire ant social behavior.
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MATERIALS AND METHODS
Samples for Gp-9 Sequencing

We obtained samples from several fire ant species of varying phylogenetic
relationship td5. invicta(Pitts et al. 2005) in order to root t@p-9allele phylogeny, to
assess the level of variation$n invictasequences, and to evaluate the monophy8y. of
invictasequences with respect to those of its closest relatives. These samplésdcconsis
of a single individual per colony of the following species (numbers of individuals in
parenthesesg. altipunctatg1), S. amblychilgl), S. aurea1), S. daguerre(2), S.
electra(l), S. interrupta(4), S. macdonagh#), S. megergate), S. pusillignis(3), S.
quinquecuspig6), S richteri (8), S. saevissimé), S. xyloni(1), and the undescrib&d
species “X” (2).

Samples of nomin&. invictawere obtained from 44 sites distributed over much of
the native range (Figure 4.1) as well as 4 sites (Florida, Georgia, Tekémniza in the
introduced range in the USA (see Krieger and Ross 2002). Sites in the native eamge w
chosen not only to maximize geographic coverage but also to include all of the
genetically differentiated populations detected in earlier studies ohautiear and
MtDNA variation (Ross and Shoemaker 2005; Shoemaker et al. 2006; Ross et al. 2007).
Multiple colonies (2-13) were sampled at many of the sites (see Fig 4.1), pat single
specimen (sequence) was used from any single colony. Samples wertedallgtng
several trips to Argentina and Brazil made between 1988 and 2004. Live specimens were
collected directly from colonies then placed immediately on liquid nitrogenaiosgport
back to the laboratory, where they were held in a -80°C freezer. The social organizat

of many of the sampled colonies was determined previously by a combinatiorhofiset
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including discovery of multiple reproductive queens, determination of the number of
offspring matrilines using allozyme markers, and detectidnlide Gp-9alleles (Ross et

al. 1997; Mescher et al. 2003; Ross and Shoemaker 2005).

Laboratory Methods

Laboratory methods followed the protocols of Krieger and Ross (2002, 2005), with
some modifications. DNA was extracted using the Puregene DNA IsolatigGéhtra
Systems, Minneapolis, MN). Polymerase chain reaction (PCR) reactioase&tarp in
10 ul volumes using 1.1x high fidelity PCR-ready reaction mix (Bio-X-Act Showt, Mi
Bioline, Randolph, MA) and 0.2M primers, with a hotstart thermal cycling regime
starting at 95°C and followed by 35 cycles at 94°C (20 s), 62°C (30 s), and 68°C (1 min
40 s), with a final elongation step at 68°C (10 min). Primer sequences were those used by
Krieger and Ross (2002) (Gp-9/-33 forward: 5'-
CATTCAAAGTACAGTAGAATAACTGCC-3', Gp-9_2218 reverse: 5'-
CAGGAGTTTGAGTTTGTCACTGC-3'). The approximately 2200-bp amplification
products included the full length 1700-Gp-9 gene (containing five exons and four
introns) as well as a 500-bp segment of thigaBking region. These products were gel
purified (QIAquick Gel Extraction Kit, Qiagen, Valencia, CA) and cloned intopCR
vectors (Invitrogen, Carlsbad, CA), which were then used to transfect competent
TOP10FE. colicells (Invitrogen). Blue-white screening was used to identify positive
clones, which were picked and subjected directly to a hotstart PCR amplificatign us
M13 or theGp-9 primers (same conditions as in the previous PCR but using Tag-Pro

Complete, Denville Scientific Inc., Meutchen, NJ). The resulting PCR prodsct w
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checked for correct length by running it out on an ethidium bromide-stained agakose
then it was purified using PEG 8000 (Promega, Madison, WI).

In order to ensure a sufficiently large samplé-tike alleles, clones derived from
suspected polygyne colonies were screened for such alleles using demphéle-
specific PCR (Imyanitov et al. 2002). Reaction mixes containedudl3imers, 0.33
uM complementary primer, 1x Tag-Pro Complete, anduQ.6f the clone PCR product;
PCR was conducted using a cycling regime of 94°C (2 min), 35 cycles at 94°C (45 s),
64°C (45 s), and 72°C (1 min), with a final elongation step at 72°C (5 min). The primers
used in this allele-specific PCR recognize the single nucleotide subsstationdons 95
and 139 considered to be diagnostic obdlke alleles (Krieger and Ross 2002; Ross et
al. 2003).

Methods for conducting DNA sequencing reactions using internal primers als
followed the protocols of Krieger and Ross (2002, 2005). Reactions were performed
using the ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, Calif.), with the products run out in an ABI PRISM 3740xI
DNA Sequencer (Applied Biosystems). In light of the considerable overlap of the
internal sequencing reads, sequences were not determined in the reversaslirect
Critical base calls in phylogenetically important sequences werguesced to minimize

the impact of sequencing errors.

Determination of Colony Social Organization
Colonies of unknown social organization yielding sequences that encoded one or

more of the residues considered diagnostic fdo-tike alleles (GIy?, 1le®, 1le**) were
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subjected to microsatellite analyses to learn whether these coloneesmaeogyne or
polygyne. Genotypes at three 108i0(-42 Sol-49 andSol-55 were scored for ten

workers from each colony (methods in Krieger and Keller 1997; Shoemaker et al. 2006).
PCR products were visualized using an ABI PRISM 3740xI DNA Sequencer (Applied
Biosystems). Queens of nati®einvictanormally mate only once (Ross et al. 1993,

1997), so the presence of more than three alleles at a locus among a colony’s workers
indicates the presence of multiple offspring matrilines. The presencetgflenul

offspring matrilines signifies polygyny, whereas the presenceiafjesnatriline

signifies monogyny.

Genetic Analyses

All sequences were readily aligned by hand. The alignment was testediemeayi
of recombination using a variety of methods (following the recommendationsaddos
and Crandall 2001, Wiuf et al. 2001, and Posada 2002). The DSS and PDM (McGuire et
al. 1997; McGuire and Wright 2000) methods were implemented using the program
TOPALI (Milne et al. 2004).

Differentiation among@sp-9 haplotypes in their nucleotide composition was tested
using homogeneitx2 analysis (implemented in the program PAUP*; Swofford 2004)
and visual inspection (implemented in the program SeqVis; Ho et al. 2006). Nonrandom
codon usage was tested using the program DNASP 4.10.9 (Rozas et al. 2003), with
Yates’ correction for the observed G+C content employed.

Several measures of sequence variation were estimated &ptbaplotypes of

nominalS. invicta The total uncorrected number of nucleotide substitutidnand

117



proportion of nucleotide substitutions) (vere calculated separately for the coding and
non-coding regions of all unique haplotypes using the program MEGA 3.1 (Kumar et al.
2004). To measure the levels of observed nucleotide and amino acid variation in the
coding region ofs. invictasequences, we estimated two additional diversity indices, the
codon diversity and amino acid diversity (Krieger and Ross 2005). These two indices
were compared across all variable codon positions in the mature GP-9 protein in order to
determine the extent to which codon variation translates into amino acid repihasem

All of these analyses were performed separately fobdiie alleles,B-like alleles, and

all alleles combined.

Phylogenetic Analyses

Only non-identicalGp-9 sequences were used in the phylogenetic analyses. Among-
haplotype heterogeneity in nucleotide composition, the presence of which could cause
errors in phylogeny estimation (Lockhart et al. 1994, Tarrio et al. 2001, Jetralin e
2004), was not statistically significant for our data set (see Reswhsassessed the
potential impact of among-species compositional differences by camstrpeeliminary
phylogenies with the Neighbor-Joining method (Saitou and Nei 1987) using either the
minimum evolution (ME) criterion with LogDet (Lockhart et al. 1994) or the marim
likelihood (ML) distances between haplotypes (with all parameters astirfram the
data). The resulting two trees were compared using the SH test (Sharentthir
Hasegawa 1999).

Due to the prohibitive computational time required for even a single heurigtoh sea

under the maximum parsimony (MP) criterion, we employed the parsimonytratche
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method (Nixon 1999); this approach was implemented by means of the program
PAUPRat (Sikes and Lewis 2001) using 500 repetitions and randomly perturbing 25% of
the characters for each re-weighting. The analysis was repeateddsiid ensure that

tree space had been adequately searched, then repeated another ten lemes whi
considering gaps as character states.

Because the MP and ME phylogenies did not differ significantly accotdiag SH
test, we estimated the best fitting modeGgl-9 nucleotide evolution using the better
resolved ME tree with the program Modeltest 3.7 (Posada and Crandall 1998). We
selected the most appropriate models for the complete data set and varitioagaftit
(non-coding regions; coding regionst 2" and & codon positions) using the Aikake
information criterion (AIC, Aikake 1974) and Bayesian information criterion (BIC,
Schwarz 1978) (Posada and Buckley 2004).

Finally, we conducted four independent Markov chain Monte Carlo (MCMC) tree
searches under the Bayesian posterior probability optimality critd3eyegian
inference; BI) using the program MrBayes 3.1 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003). Multiple analyses were run to ensure adequate
exploration of the optimal tree space (Larget 2005; Ronquist et al. 2005). Five parallel
chains, four of which were heated incrementally (temperature=0.1), wdszlstam
random trees for each analysis, with initial parameter values based woltiteoaary
model selected by Modeltest. The chains were run for two million generations, wit
sampling every 100 generations. Stationarity of the chains was ascertsunty/\ny
plotting sample log-likelihoods through the course of each run, as well as by ex@amini

the convergence diagnostics (the potential scale reduction factor for aligb@ram
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approached 1.0 at stationarity) (Ronquist et al. 2005). Pre-stationarity MCMiesam

were discarded as burn-in (usually, around the first 700 samples), and the model
parameters and tree topology were estimated using the remaining santf@dsg-T
likelihoods, substitution models, and tree topologies were compared among independent
runs using an SH test. After ensuring that all runs had converged on the same area in
tree/parameter space, the samples from the four different runs wesmedrfor final

analysis.

Selection Analyses

Two general types of analyses were employed to test for positive aelentsp-9,
random-effects and counting analyses (Kosakovsky Pond and Frost 2005a). Fixed-
effects analyses were not employed because they are too computatioaaBiweator
the number of sequences in our data set. Also, they require a priori designaties of sit
evolving under different selective regimes (Kosakovsky Pond and Frost 2005alséeca
we intended to use our data set for a largely independent test of the findingsgyef Krie
and Ross (2002, 2005), we wished to avoid biasing the results by focusing on specific
sites previously identified as being under selection.

We employed two different random-effects methods, which fit a distribution of
substitution rates across sites and then infer the rate at which each site @visen
and Yang 1998). Because of computational limitations, the Bayesian method
(Huelsenbeck and Dyer 2004) was conducted on a greatly reduced data set (25rexempla
sequences representing all major clades in the Bl phylogeny) usinggram

MrBayes. Coding and non-coding sites were separated into unlinked partitions for the
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analysis. Selection on the coding partition was estimated according to the M3 codon
model (Yang et al. 2000), which is less restrictive than the commonly usedriNaeld

Yang (1998) model (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003).
MCMC chains were run for one million generations, with sampling every 100
generations. Otherwise, model specifications followed those used in the Byphyl
estimation.

The second random-effects method used was a maximum likelihood branch-site-
specific model (Yang and Nielsen 2002, Zhang et al. 2005). We removed all hon-coding
sites from the data set, then used the Bl phylogeny as a guide to prune additional
sequences that were sisters to sequences with identical coding regions@doicc
unresolved clades of identical coding sequences (a single exemplar weaeddetdihis
resulted in a reduced data set of 92 sequences. The CODEML program in the PAML
3.15 package (Yang 1997) was used to run the branch-site-specific model A, test 2
(Zhang et al. 2005), which infers selection on codons along specified branches. We used
the pruned BI phylogeny (with branch lengths estimated under the M3 modet) to tes
selection on the stem lineages of bothldHi&ke allele clade and theallele clade, as well
as on the internal branches of each of these clades. We adopted the Bayed empirica
Bayes (Yang et al. 2005) approach in place of the naive empirical Bayesaep
(Nielsen and Yang 1998) to identify sites under selection (Scheffler and Seoighe 2005;
Yang 2005). The analysis incorporated the F3x4MG model of codon substitution (Muse
and Gaut 1994), where the substitution rate is proportional to the frequency of the targe

nucleotide rather than the the target codon, because it yielded better liketboesl s
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than the F3x4NY model (Nielsen and Yang 1998). We ran each analysis three times,
each with different initial values for the model parametesndk.

We employed three different counting methods based on the Suzuki-Gojobori
approach (Suzuki and Gojobori 1999). These methods estimate the number of
nonsynonymous and synonymous substitutions at each codon position, then test for
significant differences between the number of nonsynonymous changes per
nonsynonymous siteéllN) and number of synonymous changes per synonymousiSjte (

a hallmark of selection. The reduced data set created for the branch-sfie-spetom-
effects method was used also for the counting methods. The first counting method was
the Single Likelihood Ancestor Counting (SLAC) analysis implemented in tgggmn
Datamonkey (Kosakovsky Pond and Frost 2005b). This analysis used the pruned Bl
phylogeny and HKY model of nucleotide substitution. The gldbéiSratio was

estimated along with 95% confidence intervals, and ambiguous charactenesaved
according to the most likely solution given by the model. We used a nameag| of

0.25 to identify statistically significant bouts of selection because the SLAlbthe

tends to be conservative (Kosakovsky Pond and Frost 2005a).

The second counting method we used follows more closely the Suzuki and Gojobori
(1999) approach. This analysis was conducted in association with the branch-site-
specific random-effects analysis using the program CODEML (Yang 1997).

As a third counting method for detecting selection, we used the Zhang et al. (1997)
method adapted from the approach of Messier and Stewart (1997). This approach uses
reconstructed ancestral sequences to test the null hypothesis of neutrabe\@h#dS

along each branch of the inferred phylogeny by means of Fisher'stesisct To

122



maximize the statistical power of this test, we pooled non-coding sitesauditngeregion
synonymous sites (e.g., Rooney and Zhang 1999) after determining that the was
significant difference in substitution rates between these partitiorse(la®xact test,
P=0.115). Ancestral sequences were reconstructed using the baseml program in PAML
with dN anddSfor each branch estimated using the “free-ratio” model (Nielsen and Yang

1998). We did not test for negative selection using this method.

Phylogeographic Analyses

Evidence for geographical restriction of rela@p-9 haplotypes in nativ8. invicta
was examined by conducting a series of Analysis of Molecular Var{&MeVA)
analyses (Excoffier et al. 1992) using the program ARLEQUIN (Schneidgr 2000).
This procedure partitions total genetic variation among the different sampéa@s
clusters of sites in order to reveal hierarchical patterns of spatiakdifi@ion. OnlyB-
like alleles were included in order to avoid any effect of spatial restriof polygyny on
the results (e.g., Mescher et al. 2003). Genetic distances beBpeZhaplotypes were
estimated as the squares of pairwise sequence differences. In annaliiaisa all 40
sites containing at least oBdike haplotype were clustered arbitrarily into ten regional
groups (these groups occupied 100-300 km diameter areas). In a second analysis, only
the 14 sites for which three or more sequences were available were used. kethis ca
goups of sites were clustered on the basis of patterns of regional diffevantiat
previously detected at 14 presumed neutral nuclear loci (these groups yypecalbied
100-600 km diameter areas; Ross et al. 2007). Parallel AMOVA analyses using the

neutral nuclear data from the same 14 sites were conducted to provide a direct
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comparison with th&p-9results from the second analysis. All alleles at each neutral
locus were assumed to be equally related to one another (i.e., an infinie @léalel of
mutation was assumed). Statistical significance of genetic diffatientamong sites or
clusters of sites was determined by permuting haplotypes across individuals (20,000
replicates) foiGp-9or bootstrapping over loci (10,000 replicates) for the neutral markers.
Isolation-by-distance analyses were conducted foBthevictasequences to learn
whether differentiation between sites in tHep-9 haplotype composition increases in
parallel with their geographic separation. Only the 40 sites from which one eBmor
like alleles were sampled were considered. The program GENEPOPdR&pamd
Rousset 1995) was used to examine the relationship of Nei's net number of nucleotide
differenceqDa; Nei and Li 1979) with the natural logarithm of geographic distances
between sites (see Slatkin 1993; Rousset 1997). Significance of isolation-ngelista
relationships was determined by means of Mantel tests based on 10,000 data

permutations coupled with estimation of Spearman rank correlation coefficients.

RESULTS
Variation atGp-9
The complete data set consisted of 185 full-length sequences (149 newly generated)
of which 136 were from the focal speci&s,invicta For the entire data set, a consistent
A+T bias in base composition was found, which is more substantial in the non-coding
regions (0.816) than in the coding regions (0.574). No evidence of nonrandom codon

usage was found over the entire set of sequences (x¢ad04 using Yates correction;
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effective number of codons=57.07 out of a maximum of 61; codon bias index=0.348).
Also, there is no evidence for intragenic recombination having occurred (DDS and LRT:
all potential recombination events below"g%ercentile significance level [DDS: 84%;

LRT: 46%]). This latter result parallels the lack of evidence for recormbmatGp-9
reported by Krieger and Ross (2005) for a smaller data set from a more dten$e
Solenopsispecies.

A total of 164 uniqué&p-9 haplotypes were identified, of which 121 were recovered
from S. invictaspecimens. This is a large increase over the six haplotypes previously
described from the relatively fef. invictasampled throughotke introduced USA
range and from a single locality in Argentina (Krieger and Ross 2002, 2005). The grea
majority of Gp-9sequences in the complete fire ant data set (91%) were represented as
singletons. Among the 13 haplotypes recovered from more than one specimen, three are
shared betwee8. invictaand ants identified as belonging to the closely related spfecies
quinquecuspi®r S. megergatesee Figure 4.4).

Most nucleotide sites (1976 of the 2321 in the aligned sequences, 85%) are invariant
across allGp-9 haplotypes from the vario®olenopsispecies. Among the variable
sites, most (66%) occur in the non-coding regions. However, because these regions
encompass 80% of the total sequence length, proportionately more variable sites occ
the coding regions (25%) than in the non-coding regions (12%) across the study species.
Of the 345 total variable sites, 134 are parsimony-informative.

Considering onl\Gp-9in S. invicta the great majority of unique haplotypes are very
similar to one another at the nucleotide sequence level; indeed, most haplotiipes wi

theB-like andb-like allele classes differ by fewer than a dozen point substitutionsré~ig
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4.2). The two most divergeBtlike alleles differ at only 36 of their nucleotides (1.5%),
while the two most divergettlike alleles differ at half that number. Considering both
classes combined, an additional peak at 15-20 substitutions attributable todéere
betweerB-like andb-like alleles becomes apparent (Figure. 4.2).

Summary diversity statistics f@p-9in S. invictaare presented in Table 1. The
mean number of nucleotide substitutions between pairs of haplot)pexies from
about three for the coding regionsBrike alleles to almost seven in the non-coding
regions when all alleles are combined. In parallel with the observed pattesites
variation across sequences from all of the study species, the mean proportions of
nucleotide substitutiong) betweers. invictacoding-region sequences consistently
exceed those between non-coding sequences. Foilikeealleles and for all alleles
combined, an approximately 3-fold excess of coding-region substitutions exists. Coding-
regionp estimates for thB-like andb-like classes considered separately are only about
half the estimate for all alleles combined.

Within the coding regions, over 40% of codons and 35% of amino acids are variable
across alb. invictaalleles (Table 1). Somewhat lower diversity for justBHi&ke alleles
is indicated by these metrics, while substantially lower variable propsrére evident
for theb-like alleles. The similar values for the two metrics within eacheadliglss
suggest that the great majority of coding-region nucleotide substitutionsikhlexly
amino acid replacements; indeed, around 80% of all variable codon positions are also
variable at the amino acid level in all three allele sets. The prevalenoa®fnonymous
substitutions in the coding regions@p-9from S. invictais reflected also in the

similarities of the codon diversity and amino acid diversity estimated|fthree sets of
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alleles (Table 1). Considering all alleles together, about 90% of codon posiiobis e
identical codon and amino acid diversities, indicating that every observed nigleoti
substitution at these locations caused an amino acid replacement.

The numbers of different amino acids occurring at each codon position are depicted
for theB-like andb-like allele classes froi8. invictain Figure 4.3. No consistent
“hotspots” of residue variation are apparent across both allele types. Only seve
positions harbor three or more residues within an allele class; two of thegsi®p®9
and 117) are implicated by the formal selection analyses as being undeesetéction
(see below).

An important finding of our survey is the existencé&irnnvictaof considerable
additional amino acid variation across the three codon positions regarded as bearing
residues diagnostic of thelike andb-like allele classes in the socially polymorphic
clade. Previously, all alleles of thdike class have been found to encode*&lIie®,
and 11é* residues, whereas virtually all alleles of Bxike class have been found to
encode Séf, Met”, and Val* residues (Krieger and Ross 2002, 2005). Four sequences
from nativeS. invictaencode amino acids at these three positions that do not conform to
the previous patterns of association within each allele class, in that the feame
combination ob-like residues at one or two positions d@itlke residues at the
remaining position(s) (see Table 2). These sequences are discussedaélotavith
respect to the form of social organization of the source colonies.

Aside from nucleotide and amino acid substitutions, a single previously unknown
structural change iGp-9also was detected. A sequence fronsSaimvictacolony in

Santiago del Estero, Argentina, carries a unique point mutation in exon 5 that
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transformed the stop codon (TAA) into a glutamine-encoding (CAA) codon, thereby

extending the C-terminal tail of the resulting protein by 22 amino acids.

Association of polygyny withtlike Gp-9Variants inS. invicta

All 29 nativeS. invictacolonies from which alleles were recovered that encode all
three diagnostib-like residues (G, lle®, 11e**%) were shown by microsatellite analysis
to contain multiple offspring matrilines. Thus, we confirm the results of previous
surveys, based on far fewer sequences or on allele-specific PCR &s#&yer @nd Ross
2002; Mescher et al. 2003), that possession of such alleles by a colony’s workers
invariably is linked to the expression of polygyne social organization.

Four additionals. invictacolonies yielded noveébp-9variants that encode some
combination ob-like andB-like residues at these three positions (Table 2). The social
organization of three of these colonies was inferred by microsatellite snalye
monogyny, whereas the fourth colony was inferred to be polygyne. Only codon 95 was
completely predictive of the social organization of these colonies. Thus, we ésigeth
that only this residue is obligately associated with colony social fothrei socially

polymorphic South American fire ants.

Phylogenetic Relationships Gip-9Alleles
Analyses of the complete data set revealed no evidence of compositional
heterogeneity among species that might influence the phylogenatises {?=21.464,
df=522,P=1.00; SH test comparing ME trees based on logDet and ML distdxces:
InL=7.543,P=0.397). All phylogenetic hypotheses recovered in this study by the

differing methods are compatible with one another. However, the SH test etk
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poorly resolved MP tree as significantly worse than the Bl tkdal(=149.233,

P=0.015), whereas the ME and Bl trees did not differ significadtiyn(=36.944,

P=0.376). The poor overall node resolution obtained with the MP analysis is consistent
with the relatively few parsimony-informative sites across the 164 uniquerssgue

The relatively high standard deviations of split frequencies in the Bl asdly8€)85)

also suggest limited information content of our data set, which results in an inadbility

the search algorithms to resolve some parts of the phylogeny with conf(éemce

Ronquist et al. 2005).

The phylogenetic hypothesis produced by Bl is shown as Figure 4.4. Three major
Gp-9allele clades of unresolved relationship to one another are apparent. Clade |
contains sequences from the North American fire &ngnblychilaS. aureaands.
xyloni, as well as from three oth8plenopsispecies also considered to be distant
relatives ofS. invicta(Pitts et al. 2005). Clade Il contains sequences from an assortment
of South American fire ant species more or less closely relatdnwicta as well as
two S. invictasequences. Clade Il contains two relatively well supported lineages. One
includes thre&. invictasequences as well as sequences from two quite distant South
American fire ant relatives @&. invicta(S. altipunctataandS. saevissin)a The second,
large lineage (Clade llla) contains oip-9alleles of the socially polymorphic South
American fire ants§. invictaand its close relatives richteri, S. megergates.
quinquecuspisS. macdonaghandS.species “X”). The relationships of the maf&p-9
lineages depicted in Figure 4.4 reflect closely the relationships infeyriéddger and
Ross (2005) from a much smaller data set. Importantly, the previously detected

paraphyly and polyphyly db. invictaGp-9alleles with respect to those of the other
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socially polymorphic species (Krieger and Ross 2002, 2005) are extended to even more
distantly related fire ant species in our analysis.

Within the lineage comprising exclusively alleles from the socially potyimc
species (Clade llla), a clade composed almost entirely of sequenitesS. frichteri
forms a sister lineage to the remaining sequences. This evidence fof golsdgm ofS.
richteri alleles within the group of alleles of all socially polymorphic speciamag
consistent with earlier conclusions based on far smaller data setsefkaretjRoss 2002,
2005).

Significantly, theb-like allele clade is recovered once again in our study, confirming
a monophyletic origin oGGp-9variants associated with polygyny in the South American
fire ants. As perhaps expected given our expanded sampling effort, support for such a
clade is lower than in previous studies and, moreover, varies depending on how the clade
is defined. If defined only by possession of th&*fleesidue (the firsb-like substitution
to appear in the lineage), the clade is supported by a posterior probability valué <0.5.
defined by possession of all three residues previously considered diagnostidoftik¢he
allele class, the posterior probability value increases to 0.5 or great®a(tfieresidue
from sampled colony SC665 apparently represents a reversal). Given the evidence tha
only residue 11& can be considered to be invariably associated with polygyny (Table 2),
theb-like clade could be defined relatively more narrowly by possession of the awdon f
this residue (this would exclude from the group the allele from colony LP719 encoding
lle** but not 11€°).

Finally, our data verify that thealleles ofS. invictaform a relatively recently

derived monophyletic group within tlelike clade. This confirms earlier evidence that
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the radical, charge-changing Glu1l51Lys substitution characterizing thelses accurred
only once, presumably in an ances8alnvictapopulation from northeastern Argentina

or southeastern Brazil (where the alleles currently predominatEjgee 4.1).

Selection orGp-9

All of the selection analyses we undertook yielded evidence of selection of some
form at various codon positions @p-9and on various branches of the allele phylogeny.
Among the site-specific methods, the SLAC counting method identified threa/@lysi
selected codon positions, while the Suzuki-Gojobori counting method identified only a
single, separate position (Table 3). The former method also detected negattiersel
on position 32, while both methods detected such selection on position 99. The Bayesian
random-effects method detected ten positively selected positions with very high
confidence (posterior probability>95%) and another four with less confidencer{post
probability 90-95%) (Table 3). The observed tendency of the counting methods to
produce more conservative results than the random-effects method has been reported
previously (Kosakovsky Pond and Frost 2005a).

Considering branch-specific selection, the counting method of Zhang et al. (1997)
revealed evidence of positive selection along three branches®pt@@hylogeny, two
of which are within thd-like allele clade. The stem lineage of a broadly deflmbkie
clade including the allele from colony LP719 was not identified as exparieselection
(dN/dS=1/0), whereas the two successive descendant branches at the bases of more
narrowly definedb-like clades were inferred to be under positive selectididS=3/0

[P=0.004] anddN/dS=2/0 [P=0.026], respectively). The third branch under positive
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selection represents a relatively basal, well supported lineage withde Gla consisting
of one haplotype each fro8 invictaandS. macdonaghisee Figure 4.4dNdS=4/1
[P=0.003)).

When we applied the branch-site-specific random-effects method leliteeclade
(broadly defined), it yielded significantly lower log-likelihoods for the nyjppdthesis of
no selection than for the hypothesis of positive selection both on the stem lineage and
over the internal branches of the clade. DespitedhglSdoes not differ significantly
from one on the stend/dS=1.05,P=0.75) but considerably exceeds one over the
interior branchesdN'dS=17.5,P<0.00001). The branch-site-specific Bayes empirical
Bayes approach identified with confidence two positions under positive selection on
these interior branches (39 and 117), both of which also were identified by two of the
site-specific methods applied over the whole tree (Table 3).

When we applied the branch-site-specific analysis to just the clddallefes (those
b-like alleles bearing a charge-changing amino acid substitution at pdsilonno
significant signature of selection was detected on its stem lineage noirdarits|

branches, despit\/dS=2.57 and ~200, respectively.

Phylogeography oGp-9Variants inS. invicta
Our sequence data confirm the occurrendeldfe alleles at all five sampling sites
in the south-central portion of the native range previously reported to contain such allele
following allele-specific PCR analyses (Mescher et al. 2003). In addi®djscovered
alleles of this class at several other sites well outside of their prewiaumsivn area of

occurrence (Corumba, Coxim, La Paz, and Suncho Corral; see Figure 4.1). Thése resul
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suggest that while polygyny may be concentrated in northern Argentina and sieutheas
Brazil, it is likely to occur at some frequency through much of the native rare of
invicta.

The initial AMOVA analysis oB-like alleles revealed that no detectable variation
occurs among the ten arbitrarily clustered groups of 40 sites once the 30% of tot
variation found to reside among sites within groups is taken into account (sigeefich
among-site differentiatior?<0.001). Similar results were obtained in a second analysis
of 14 sites with at least three sequences that were clustered accordingrtos jut
regional differentiation at several neutral genes; no variation occunsggiine regional
groups, but 21% of the total variation occurs among sites within greeps001 for
among-site differentiation). As a comparison with the results of this s€yoi®d
analysis, 14% of the total variation at 14 neutral nuclear genes occurs amongptte reg
groups, while 10% resides among sites within groBg®.001 for differentiation at both
levels). ThusGp-9in the monogyne form of nativ&. invictaappears to exhibit
somewhat stronger differentiation at very local scales than neutralnsafitbe nuclear
genome but much weaker differentiation at broader geographic scales congringds
of kilometers. This lack of higher-level structure @&p-9is evident as well from the fact
that closely relate®-like alleles frequently occur in widely separated local populations
(data not shown).

No significant pattern of isolation-by-distance was detected using Dgks&lues for
the B-like alleles at 40 sites (one-tail€0.087). Thus, differentiation iGp-9
composition does not increase in parallel with geographic separation ptsiisstent

with the absence of detectable structure at a regional scale. This fagdimgcontrasts
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with the strong isolation-by-distance patterns detected using neutramharkatives.

invicta populations (Ross et al. 2007).

DISCUSSION

The objective of this study was to survey naturally occurring molecularioarett
Gp-9 a candidate gene of major effect on the expression of fire ant colonly socia
organization, irSolenopsis invictaPatterns of observed sequence variation at this gene
were examined with the following specific goals: i) to identify the majechanistic
factors generating variation at the gene, ii) to reconstruct the evoluti@tatipnships of
variant haplotypes fror8. invictaand related fire ant species, iii) to examine the
historical role of selection in shaping the variation, iv) to learn whether aghesi
candidate amino acid residue in GP-9 protein is completely predictive of social
organization, and v) to examine the geographic distribution of the observed variation.
The motivation of the work was to help bridge the gap between functional biochemical
information and molecular population genetic data in order to construct a cogent
evolutionary narrative of the genetic underpinnings of a major social adaptation (see
Gotzek and Ross 2007).

Our survey of samples collected over much of the native rangein¥icta
succeeded in uncovering quite exten$Be9 haplotype variation, with over 120
different sequences recovered. This represents a large increase oveh#pdosypes
previously documented from this species (Krieger and Ross 2002, 2005). Intragenic

recombination was found to play little or no role in generating the observed sequence
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variation atGp-9, a conclusion reached also by Krieger and Ross (2005) for sequences
obtained from a wide diversity &olenopsispecies.

The exon/intron structure of all observ@g@-9variants ofS. invictaand our other
study species is identical to that reported previously (see Figure 4e8eKand Ross
2002, 2005), with one remarkable exception. A sigglmvictasequence from north-
central Argentina contained a nonsynonymous nucleotide substitution in codon 154 that
transformed it from a stop codon to a glutamine-encoding codon, thereby extending the
C-terminal tail of the GP-9 protein by 22 amino acids. Two of these supernumerary
residues are basic t€ H'") while none is acidic, so that the mutant protein is likely to
have a charge change mirroring or exceeding that of the proteins encodedlistathtéy
relatedb alleles ofS. invicta(which have a K* replacement). The charge change in the
C-terminus of thd-encoded proteins is associated with recessive deleterious (lethal)
effects not found in othdrlike alleles (Hallar et al. 2007); these may stem from changes
in the ligand binding/unloading properties or in the ability of the protein to form
biologically active dimers, judging from the fact that the C-termini of oddyanaing
proteins seem to be involved in these functions (Krieger 2005). Demonstration of similar
deleterious effects of the elongated mutant protein could pave the way for functional
experiments intended to clarify some of the basic biochemical featu@#3-8fprotein.

Only relatively modest nucleotide sequence variation was observed amoaggythe |
number ofGp-9haplotypes recovered frof invicta Most pairs of haplotypes within
theB-like or b-like allele classes differ by fewer than a dozen point substitutions across
the 2300 bp sequence alignment, and the most divergent haplotypes in the entire data set

differ at just 38 (1.6%) of their sites. This variation appears to be distributed unevenly
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between the coding and non-coding regions of the gene, with the mean proportion of
nucleotide substitutiong) elevated as much as 3-fold in the coding regions. A similar
trend is reflected across all of the species examined, where one-fourtrcotithg-
region nucleotide sites are variable but only half that proportion of non-coding sites are
variable. Moreover, about 90% of the coding-region nucleotide variat®ninvicta
results in amino acid replacements.

The resulting picture dBp-9sequence evolution fB. invictais that relatively few
point mutations have accumulated across the gene during its history in the lineage, but a
high proportion of these mutations occurred in the coding regions. Most such nucleotide
substitutions led to amino acid replacements, so that over one-third of codon positions
now have variable residues acrossalinvictahaplotypes (e.g., Figure 4.3). This pattern
is consistent with a general lack of negative selection acting to constiiaio aod
replacements over much of the length of the protein, as inferred also for other insec
odorant-binding proteins from their low amino acid sequence identities (the yprimar
structure of these proteins evidently can be highly variable as long as iy strticture
is maintained; Nagnan-Le Meillour and Jacquin-Joly 2003, Vogt 2005). This pattern
might also be construed as consistent with the historical action of positivejfgingrs
selection orGp-9.

More direct evidence of some role for positive selectio®psDin fire ants comes
from the formal selection analyses we conducted. Several different codbarnsosere
identified by various site-specific methods as having significantly eddvates of
nonsynonymous over synonymous substitutions across the species, and two consistently

identified positions (39 and 117) were implicated as well by a branch-siteispecif
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method applied to thie-like clade. Position 117 also was identified by Krieger and Ross
(2005) as subject to positive selection based on a more diverseSsd¢dpsi€sp-9
sequences. Neither of these two consistently identified positions appears tbde
binding cavity or C-terminal tail of GP-9 protein based on earlier structadecgion
analyses (Krieger and Ross 2005). Thus, we cannot speculate about what plgsiologi
or other traits, if any, may have been affected by the amino acid replacatese
locations.

Perhaps more compelling evidence for positive selectidamf comes from the
branch-specific and branch-site-specific methods. These analysesemthsrevealed
elevated rates of amino acid replacement throughotuo-tike clade of alleles associated
with polygyny in the socially polymorphic species. In the early evolution ottade,
five nonsynonymous substitutions are inferred to have occurred on a background of zero
synonymous substitutions, whereas the inferred ratio of the two types of sidrstitut
over the entire history of the clade exceeds 17. Similar results were diftamethe
earlier selection analyses of Krieger and Ross (2002, 2005). Thus, our study adds to the
evidence that selection has played some positive creative role in the nrodecllgion
of Gp-9in fire ants, presumably in concert with the origin and elaboration of polygyne
social behavior.

Two of the site-specific methods also yielded evidence for a singlegoolséing
under negative selection, codon 99. This position is predicted to occur in the binding
cavity of GP-9 (Krieger and Ross 2005), and so may represent a rare examplanyher
variation in the encoded residue negatively impacts the binding capability and, hence,

biochemical function of the protein.
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Among the coding-region diversity uncovered in our survey was substantial variation
across the three codon positions earlier believed to be diagnostic bé&heeandb-
like alleles (42, 95, 139) and, thus, considered wholly predictive of colony social
organization (Krieger and Ross 2002). Rather than encoding distinctive suiteswésesi
at these three positions, the four newly detected variants encode various tombifa
B-like andb-like residues. These variants are important for several reasons. Based on
our determination of the social organization of the four source colonies, we tegtativel
conclude that only the residue at position 95 is predictive of social behavior. By
extension, studies aimed at resolving the rol&f in mediating the expression of
social behavior now should focus on the the biochemical, physiological and behavioral
consequences of the polymorphism at this single site. The discovery of these new
variants also has implications for how tiréke allele clade is defined; we propose that
membership in the clade now be restricted to include only descendants of the mariant i
which the 1I€° residue first arose (this would exclude the sequence from colony LP719 in
our study). Finally, the existence of the novel sequences from colonies Pi21 and 040
indicates that thb-like Gly*? residue has arisen independently on at least two occasions,
given that the novel sequences fall far outsidebthiee clade. An analogous finding
concerns residue fl& which apparently has arisen not only at the base df-tixe clade
but also in a rather divergent lineageSirspecies “X” (recovered from a colony of
unknown social organization; Krieger and Ross 2005).

Our proposal that the Met95lle amino acid replacement is completely dsdomith
polygyne behavior in the socially polymorphic species, and potentially causailyed

in its expression, contradicts the conclusion of Krieger (2005) and Krieger and Ross
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(2005) that Val139lle was the crucial replacement. This previous conclusion \eds bas
primarily on the inference from protein structure modeling that residue 139 faarhof
the ligand-binding cavity. However, residue 95 also is predicted to lie in the binding
cavity based on the same analysis. No study to date has identified position 139 as being
under selection, whereas the Bayesian random-effects test implementedstndgi
implicated positive selection on position 95. (Position 42 also was identified by this
method as subject to such selection. Given the lack of associatiorbelikbesly*

residue with polygyny in the socially polymorphic species, as well as tlwerence of
codons for this residue in sequences from fire ants outside of the socially polyanorphi
clade, this residue may influence some aspect of protein function unrelatedl&ioag

of colony queen number.)

A previous survey oGp-9 polymorphism inS. invictabased on allele-specific PCR
indicated that thé-like allele clade (and, by extension, polygyny) is restricted to the
south-central portion of this species’ range (Mescher et al. 2003). Our far xtensiee
sampling has extended the known area over which these alleles occur considerably
northward. Nonetheless, in view of the fact that the ranges of the otherysociall
polymorphic species harborifglike alleles are restricted to eastern Argentina, Uruguay,
and southeastern Brazil (Pitts et al. 2007), an origin fob{ie alleles of the South
American fire ants in this area seems probable.

We found no indication of significant higher-level (regional) structure in the
geographic distribution d3-like variants oiGp-9in S. invicta although local populations
are highly differentiated from one another. This pattern stands in contrast takihg st

regional differentiation observed for numerous other, presumably neutral, raclear

139



One possibility for the difference is that, by chance, the distributi@ped variation

does not closely track that of the remaining nuclear genome because of the ptigbabilis
nature of the time to reciprocal monophyly of allele lineages (e.g., Rosenbejg 2003
Another possibility is that sporadic interspecific hybridization in diffeegats followed

by introgression of heterospecifép-9alleles has broken down any geographic pattern
that may have developed due to restricted inter-regional gene flow. Sewesaifl
evidence support the plausibility of this latter scenario. FirsBdiiee alleles ofS.

invicta are extensively paraphyletic or polyphyletic with respect to the siiélseveral
other fire ants, including some species regarded as quite distant reRtitest al.

2005). Second, th®. invictasequences that are polyphyletic with respect to these distant
relatives often were obtained from colonies located within or close to the rarge of t
other species (e.g., the closely relé®ednvictaandS. saevissimalleles in Clade Il and

the closely relate®. invicta S. saevissimandS. altipunctataalleles in the sister lineage
of Clade IllA; see Figure 4.4). Finally, parallel patterns of minimalbresi

differentiation coupled with interspecific sequence paraphyly and polyphyéy/teen
observed for the mtDNA d&. invicta(Shoemaker et al. 2006, Ross et al. 2007), with the
latter features almost certainly the result of introgression.

This scenario posits th&p-9 (and the mtDNA) flows more freely between fire ant
species (and, perhaps, among |I&ahvictapopulations) than the bulk of the nuclear
genome, perhaps because of a lack of selection against these introgressiog genet
elements (or, in the case of the mtDNA, because of selection for introgressoaned
with the presence of the common fire ant endosymaribachia Ahrens and

Shoemaker 2005). One important implication of this scenario, if true, is that polygyny
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may not have arisen in the common ancestor of the socially polymorphic fire ahts, wit
theb-like lineage persisting through multiple speciation events, as impliedibge<r
and Ross (2002, 2005). Rather, this allele class and the alternate form of social behavior
with which it is associated conceivably arose more recently then spread specres of
the socially polymorphic clade through hybridization.

This study has yielded information of use in bridging functional and population
genetic approaches to understanding the genetic basis of an importdrttaiocit is
now time to move away from purely associative studies linking variatiGip-&tto
variation in social organization f. invictaand to take the next steps toward
understanding the functional consequencesmB variation. Only through an
integrative approach investigating the biochemical pathways in which the geluetpr
functions, the phenotypic effects of molecular variatioB@9 and other pathway genes,
and the potential involvement of other genes in linkage disequilibriumGpit can
substantial progress toward understanding the evolution of this key social adaptation be

maintained.
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TABLE LEGENDS

Table 4.1.-BIVERSITY STATISTICS FORGP-9 IN S.INVICTA

The uncorrected mean number of nucleotide substitutions between unique
haplotypesd) and uncorrected mean proportion of nucleotide substitutions between
unique haplotypey are presented separately for the coding and non-coding regions of

the gene.

TABLE4.2—AMINO ACID VARIATION AT THREE GP-9 CODON POSITIONS

These codon positions are previously considered to contain residues diagnostic of
the polygyny-associatdutlike alleles (thesé-like residues are underlined) in four
specimens 08. invicta Designation of the social organization of the colony of origin of

each specimen is based on micosatellite analyses

Table 4.3—IDENTIFICATION OF SITESPECIFIC POSITIVE SELECTION OKEP-9 BY DIFFERENT
METHODS.
Dashes indicate an absence for evidence of positive selection using agarticul

method.
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Table 4.1.

d P
coding non-coding coding non-coding prop. variable prop. variable codon amino acid
regions  regions regions regions codons amino acids diversity diversity
B-like alleles  3.05 6.20 0.0067 0.0036 0.3766 0.3052 0.0271 0.0211
b-like alleles 3.32 3.62 0.0072 0.0021 0.1242 0.0980 0.0253 0.0221
all Gp-9alleles 5.41 6.66 0.0118 0.0039 0.4351 0.3571 0.0362 0.0308
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TABLE4.2

Codon position

Colony social
Specimen organization 42 95 139
Pi21 monogyne _Gly Met Val
040 monogyne _Gly Met Val
LP719 monogyne Ser Met __lle
SC665 polygyne _Gly lle Val
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Table 4.3

Method
Site-specific Branch-site-specific
SLAC Suzuki-Gojobori Bayesian Bayes empirical Bayes
Codon counting counting random-effects random-effects
position  (dN-dS P) (dN-dS P) (dN/dS post. prob.  (dN/dS post. prob.

3 — 19.00, 0.001 — —

6 1.75,0.22 — — —

39 2.49,0.13 — 79, 1.00 17.5, 0.957
42 — — 79, 0.986 —

45 — — 79, 0.953 —

48 — — 79, 0.973 —

61 — — 79, 0.935 —

75 — — 79, 0.995 —

78 — — 79, 0.998 —

95 — — 79, 0.993 —
117 2.50, 0.13 — 79, 1.00 17.5, 0.995
119 — — 79, 0.900 —
120 — — 79, 0.973 —
134 — — 79, 0.998 —
145 — — 79, 0.907 —
152 — — 79, 0.908 —

4 A nominala-level of 0.25 is used to indicate statistical significance of selection in

the SLAC analysis (Kosakovsky Pond and Frost 2005a).

P Only branches of thi-like clade were examined for positive selection using this

method.
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FIGURE LEGENDS
Figure 4.1-—LOCATIONS OF SAMPLING SITES FOFS.INVICTAIN ITS NATIVE RANGE.
The number of colonies sampled at a site (=number of sequences obtained) is
indicated in parentheses in the key to the localities if this number is diemterne.
Sites at whiclb-like alleles were found are highlighted with black squares; those at
whichb alleles were found are underlined as well. The native range is shown in gray

shading.

Figure 4.2—DISTRIBUTIONS OF NUMBERS OF NUCLEOTIDE SUBSTITUTIONSETWEEN PAIRS

OF UNIQUEGP-9 HAPLOTYPES FROMS.INVICTA

Figure 4.3—NUMBERS OF DIFFERENT AMINO ACIDS OCCURRING AT EACH@DON POSITION
OF GP-9 IN THE B-LIKE AND B-LIKE ALLELE CLASSES INS.INVICTA

Exon boundaries are indicated by dotted lines, and signal peptide codons are
highlighted with gray shading. Positions of the three amino acid residues previously

considered to be diagnostic Bike andb-like alleles are indicated by arrows.

Figure 4.4—SUMMARY PHYLOGENETIC HYPOTHESIS OFGP-9 HAPLOTYPE RELATIONSHIPS
BASED ON FOUR INDEPENDENT™CMC RUNS USINGBAYESIAN INFERENCE(BI).

Haplotypes of species other th@ninvictaare indicated by specific abbreviations;
S. invictahaplotypes are indicated by circles. Posterior clade probabilities >80% ar

indicated as percentages below the branches.
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Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4,4
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CHAPTER 5

CONCLUSIONS

The research presented here seeks to begin to bridge the gap between molecular
pattern and process in our understanding of the association b&we®and polygyny
in the socially polymorphic South American fire ants. | have sought to show how a
relatively small number of theallele carrying workers are sufficient to elicit polygyne
behavior and that queen effects do not influence the acceptance of supernumerasy que
This complements and supports previous research and taken together these findings
represent an important first step into understanding the ties between individual genotyp
and colony level expression of social organization.

| have also attempted to show that single nucleotide substitutionsGptbe
locus are not sufficiently associated with polygyne behavior, but that several suc
changes must occur for the expression of the polygyne phenotype. This raisesngtere
guestions about the validity of the presumed causal role tflike alleles atGp-9in
inducing polygyne behavior in South American fire ants.

Finally, | discuss the state of our current understandirigpe® and its role in
regulating social behavior, resulting in a simple, testable model, and soggédsti
future avenues of research. WhetG@r9remains the prime candidate gene for
controlling social organization in fire ants remains to be seen. But even if it doés not

will deserve continued attention by students of social behavior.
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