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Abstract

The reproductive ground plan hypothesis (RGPH) proposes that the physiological pathways regulating reproduction were
co-opted to regulate worker division of labor. Support for this hypothesis in honeybees is provided by studies
demonstrating that the reproductive potential of workers, assessed by the levels of vitellogenin (Vg), is linked to task
performance. Interestingly, contrary to honeybees that have a single Vg ortholog and potentially fertile nurses, the genome
of the harvester ant Pogonomyrmex barbatus harbors two Vg genes (Pb_Vg1 and Pb_Vg2) and nurses produce infertile
trophic eggs. P. barbatus, thus, provides a unique model to investigate whether Vg duplication in ants was followed by
subfunctionalization to acquire reproductive and non-reproductive functions and whether Vg reproductive function was co-
opted to regulate behavior in sterile workers. To investigate these questions, we compared the expression patterns of P.
barbatus Vg genes and analyzed the phylogenetic relationships and molecular evolution of Vg genes in ants. qRT-PCRs
revealed that Pb_Vg1 is more highly expressed in queens compared to workers and in nurses compared to foragers. By
contrast, the level of expression of Pb_Vg2 was higher in foragers than in nurses and queens. Phylogenetic analyses show
that a first duplication of the ancestral Vg gene occurred after the divergence between the poneroid and formicoid clades
and subsequent duplications occurred in the lineages leading to Solenopsis invicta, Linepithema humile and Acromyrmex
echinatior. The initial duplication resulted in two Vg gene subfamilies preferentially expressed in queens and nurses
(subfamily A) or in foraging workers (subfamily B). Finally, molecular evolution analyses show that the subfamily A
experienced positive selection, while the subfamily B showed overall relaxation of purifying selection. Our results suggest
that in P. barbatus the Vg gene underwent subfunctionalization after duplication to acquire caste- and behavior- specific
expression associated with reproductive and non-reproductive functions, supporting the validity of the RGPH in ants.
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Introduction

Division of labor is the cornerstone of insect societies and

implies the coexistence of individuals that differ in morphology,

reproduction and behavior [1,2]. There are usually two levels of

division of labor among individuals in social insect colonies. The

first relates to a reproductive division of labor, whereby repro-

duction is monopolized by one or several queens while sterile

workers perform all the tasks related to colony maintenance. The

second relates to a division of labor among the worker force,

whereby workers perform different tasks in an age-dependent

sequence: young workers usually perform tasks inside the colony

(e.g. brood care) while old workers forage outside the nest [3,4].

The colony organization of advanced eusocial insects evolved

independently in ants, bees, and wasps [5,6]. While the ecological

constraints favoring social evolution are well studied [7], it remains

largely unknown whether the genetic mechanisms regulating

behavior are conserved among species [8–12].

The ovarian ground plan hypothesis (OGPH) is a theoretical

framework that seeks to explain the evolution of reproductive

division of labor in social insects [13,14]. The OGPH proposes

that the physiological pathways regulating the reproductive and

behavioral cycles of solitary ancestors have been co-opted and

selected to evolve into the queen and worker castes of existing

eusocial insects. This hypothesis is based on the observations that

the ovarian cycle of alternate development and depletion phases of

solitary wasps is associated with reproductive and non-reproduc-

tive behavioral traits that resemble the queen and worker castes of

eusocial insects: females with developed ovaries lay eggs while

females with undeveloped ovaries forage for food and defend the
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nest [13]. The same was likely true in the solitary ancestors of ants

and bees. The reproductive ground plan hypothesis (RGPH)

extends this concept to explain the evolution of worker division of

labor in honeybees [15–17]. Indeed, honeybee worker subcastes

have two distinctive phases of ovarian activity, with nurses having

large ovaries and high titers of the yolk protein vitellogenin (Vg),

and foragers small ovaries and low titers of Vg [15,18,19]. The

RGPH suggests that the mechanisms controlling ovarian activity

influence the behavioral development and the mechanisms of food

collection in worker honeybees. Support for this hypothesis is

provided from studies demonstrating that workers with larger

ovaries and higher titers of Vg are more likely to forage at younger

ages and show a pollen foraging bias compared to workers with

smaller ovaries and lower titers of Vg, which are more likely

to forage at older ages and show a nectar foraging bias [15,16].

These variations in reproductive traits have a genetically inherited

component as strains with different ovarian activity and foraging

bias have been selected from wild type populations [15,20].

Although it has been established that the pleiotropic mecha-

nisms connecting reproduction and division of labor have a genetic

component, three lines of evidence suggest that the two processes

are linked by an additional nutritional factor. First, in honeybees,

reproductive queens and potentially reproductive nurses (with

large and medium-sized ovaries, respectively) [18,21,22] consume

diets with higher protein content [23] compared to sterile foragers

with smaller and presumably non-functional ovaries [18]. Second,

pollen consumption in nurses [23] is associated with higher Vg

protein levels [19], compared to foragers that only consume honey

[23]. Finally, there is a causal relationship between nutrition,

Vg levels and behavior as pollen consumption is required to

induce Vg expression [24,25] and experimental reduction of Vg

expression results in precocious foraging [26,27].

To determine whether the co-option of reproductive pathways

plays a major role in social evolution would require to investigate

the link between reproductive physiology and behavior in other

social insects, preferentially in those, such as ants, that evolved

sociality independently from bees [5,6,28]. Ants have two

additional characteristics that make them a particularly interesting

model to study the predictions of the RPGH. First, in contrast to

the honeybee genome that contains a single Vg gene, ant genomes

can harbor multiple Vg genes. Indeed, the genome of the fire ant

Solenopsis invicta harbors four Vg genes, two of them preferentially

expressed in queens (Si_Vg2 and Si_Vg3) and the two others in

foraging workers (Si_Vg1 and Si_Vg4) [29]. Vg duplication and

subsequent subfunctionalization to acquire caste-specific expres-

sion provides a unique opportunity to test whether the genes

associated with reproduction were co-opted to regulate worker

behavior. Second, also in contrast with bees and wasps, where

workers are facultatively sterile, workers are fully sterile in a

significant number of ant species, including P. barbatus and S.

invicta [30–32], which allows one to test the hypothesis that Vg

reproductive function was co-opted to regulate behavior in species

with fully sterile workers.

The first aim of this study was to determine the number of

Vg genes in P. barbatus and other ants and investigate their

phylogenetic relationships. This analysis is expected to determine

whether the occurrence of multiple Vg genes is a phenomenon

specific to S. invicta [29] or shared with other ant species as well as

provide information on the origin and evolution of Vg genes in

ants. Our second objective was to test whether Vg genes in P.

barbatus display caste-specific expression profiles similar to that

observed in S. invicta, which will address the question whether Vg

gene duplication and subfunctionalization to acquire caste-specific

functions is a common feature in ant species. Finally, the third

objective of this study was to investigate whether the expression

of Vg genes in P. barbatus is associated with task performance

as predicted by the RGPH. We carried out these objectives by

annotating Vg genes, building a phylogenetic tree, measuring

mRNA levels of P. barbatus Vg genes in queens, nurses and foragers

and performing molecular evolution analyses.

Results

We identified two adjacent copies of Vg genes (Pb_Vg1 and

Pb_Vg2) in the genome of Pogonomyrmex barbatus [33] with predicted

lengths of 1742 and 1654 amino acids, respectively (Table 1). The

two genes are separated by a putative mariner-like transposon, a

DNA transposable element that has been involved in duplication

events [34]. The two Vg genes have an identical number of exons

(Figure 1A) and share the three structural domains typical of

vitellogenins: the lipoprotein N-terminal domain (LPD-N), the

domain of unknown function 143 (DUF1943) and the von

Willebrand factor type D domain (VWD) [35,36] (Figure 1B).

However, the coding sequence of Pb_Vg2 is truncated compared to

Pb_Vg1 because of an earlier stop codon in the last exon of Pb_Vg2.

To determine whether the presence of multiple Vg genes is a

general feature of ants, we searched for Vg genes in the five

additional recently published ant genomes. These are divided

up into four different subfamilies: Myrmicinae (Atta cephalotes

and Acromyrmex echinatior) [37,38], Formicinae (Camponotus floridanus)

[39] Dolichoderinae (Linepithema humile) [40] and Ponerinae

(Harpegnathos saltator) [39]. We found that numbers of Vg genes

vary between one and five per species (Table 1), and that when a

genome contains multiple Vg genes, they are always adjacent. To

determine the evolutionary history of these genes, we subsequently

constructed a phylogenetic tree using known hymenopteran Vg

sequences.

The phylogenetic analysis (Figure 2) revealed that the first

duplication of the ancestral Vg gene in ants resulted in two gene

subfamilies with different predicted amino acid length (Table 1).

The phylogenetic analysis also showed that additional duplications

occurred in the lineages leading to Acromyrmex echinatior, Solenopsis

Author Summary

One of the main features of social insects is the division of
labor, whereby queens monopolize reproduction while
sterile workers perform all of the tasks related to colony
maintenance. The workers usually do so in an age-
dependent sequence: young workers tend to nurse the
brood inside the nest and older workers are more likely to
forage for food. Previous studies revealed that vitellogenin,
a yolk protein typically involved in the regulation of
reproduction in solitary insects, has been co-opted to
regulate division of labor in the honeybee. In this study,
we investigate such a role of vitellogenin in another group
of social insects: the ants. We first use phylogenetic analyses
to reveal the existence of multiple vitellogenin genes in
most of the sequenced ant genomes. Then we compare the
expression of the two vitellogenin genes (Pb_Vg1 and
Pb_Vg2) among queens, nurses and foragers in the seed-
harvester ant Pogonomyrmex barbatus. Our results suggest
that, after the initial duplication in ants, the vitellogenin
genes acquired caste and behavioral specific expression
associated with reproductive and non-reproductive nu-
tritionally related functions. This study also shows that
ants and bees, despite having evolved sociality inde-
pendently, have conserved similar mechanisms to regu-
late division of labor.

Vitellogenin Genes in Ants
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invicta and Linepithema humile. Interestingly, the two Pogonomyrmex

barbatus genes (Pb_Vg1 and Pb_Vg2) respectively cluster with the S.

invicta genes preferentially expressed in queens (Si_Vg2 and Si_Vg3)

and foraging workers (Si_Vg1 and Si_Vg4) [29].

To test the prediction that P. barbatus Vg genes display caste-

specific expression profiles similar to their closest S. invicta

orthologs, we performed quantitative RT-PCR analysis of Vg

genes in P. barbatus queens and workers in five independent

colonies (Figure S1). On average, Pb_Vg1 was 4.7 times more

highly expressed in queens than in nurses (pMCMC ,0.0001) and

908 times more highly expressed in queens than in foragers

(pMCMC ,0.0001). The expression of Pb_Vg2 did not differ

between queens and nurses (pMCMC = 0.98), but it was on

average 5.7 times more highly expressed in foragers than in

queens (pMCMC = 0.0028) (Figure 3).

Furthermore, we tested whether the expression of Vg genes in

P. barbatus is associated to task performance as predicted by the

RGPH. We found that Pb_Vg1 was significantly more highly

expressed in nurses than in foragers in 5 out of 5 colonies

(Wilcoxon tests; col1: W = 56, p = 0.001; col2: W = 70, p = 0.0001;

col3: W = 56, p = 0.0003; col4: W = 49, p = 0.0006; col5: W = 48,

p = 0.0007), while Pb_Vg2 was significantly more highly expressed

in foragers than in nurses in 4 out of 5 colonies (Wilcoxon tests;

col1: W = 28, p = 0.06; col2: W = 16, p = 0.005; col3: W = 0,

Table 1. Predicted protein length of Vg genes in ants.

Species Gene Length Subfamily Expression Bias GI number

Atta cephalotes Ac_Vg1 1747 A ? ACEP11141-PA

Atta cephalotes Ac_Vg2 ? B ? ACEP22565-PA

Acromyrmex echinatior Ae_Vg1 1738 A ? AECH16709-PA

Acromyrmex echinatior Ae_Vg2 1655 B ? AECH16711-PA

Acromyrmex echinatior Ae_Vg3 1650 B ? AECH16710-PA

Camponotus floridanus Cf_Vg 1845 A ? CFLO22478-PA

Harpegnathos saltator Hs_Vg 1754 A ? HSAL13088-PA

Linepithema humile Lh_Vg1 1738 A ? LH17501-PA

Linepithema humile Lh_Vg2 1758 A ? LH17497-PA

Linepithema humile Lh_Vg3 1749 A ? None

Linepithema humile Lh_Vg4 1792 A ? LH17495-PA

Linepithema humile Lh_Vg5 1673 B ? LH25675-PA

Pogonomyrmex barbatus Pb_Vg1 1742 A Q.N.F PB16966-PA

Pogonomyrmex barbatus Pb_Vg2 1654 B F.Q = N PB16966-PA

Solenopsis invicta Si_Vg1 1641 B F.Q SINV15084-PA

Solenopsis invicta Si_Vg2 1808 A Q.F SINV14922-PA

Solenopsis invicta Si_Vg3 1761 A Q.F SINV14925-PA

Solenopsis invicta Si_Vg4 1650 B F.Q None

Vg paralogs are divided in two subfamilies with different phylogenetic origin and protein length. Subfamilies A and B, range from 1641 to 1673 and from 1738 to 1845
amino acids, respectively. Known expression bias and gene identification numbers of the automatic gene predictions from which our gene models were derived are
specified. Ac_Vg2 genomic sequence is uncompleted.
doi:10.1371/journal.pgen.1003730.t001

Figure 1. Genomic map of vitellogenin genes in Pogonomyrmex barbatus. A. Exon-intron organization of Pb_Vg1 and Pb_Vg2 genes. Blue
boxes represent exons and joining lines introns. Green and red lines indicate start and stop codons respectively. Exon number (I–VII) and size (31–
1596 bp) are indicated at the bottom and top of the figure. Exon VII in Pb_Vg2 (282 bp) is truncated with respect to Pb_Vg1 (591 bp). B. Localization
of predicted protein structural domains: LPD-N (vitellogenin), DUF1943 and VDW.
doi:10.1371/journal.pgen.1003730.g001
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p = 0.0003; col4: W = 5, p = 0.02; col5: W = 0, p = 0.0007). On

average, Pb_Vg1 was 190 times more highly expressed in nurses

than in foragers (pMCMC,0.0001) and Pb_Vg2 6.5 times more

highly expressed in foragers than in nurses (pMCMC ,0.0001)

(Figure 3). Pb_Vg1 is the predominant transcript in workers as it is

expressed in strikingly high levels in nurses compared to Pb_Vg2 in

foragers (Figure 3); a pattern similar to that observed for the single

Vg gene in honeybees.

Finally, we performed molecular evolution analyses to deter-

mine the relative contributions of selection for novel biochemical

functions (i.e. positive selection), selection for the maintenance of

existing biochemical functions (i.e. purifying selection) and neutral

evolution in the evolution of ant Vg genes. In particular, we

estimated selective pressures on two basal branches of Vg

respectively leading to primitive ants and modern (Formicoid)

ants, and on the two branches that followed the duplication of Vg

in the ancestor of modern ants (Figure 2). Analyses of the branch

common to the ancestor of all ants (Formicidae) and the branch

common to all modern ants yielded identical results: 60.5% of

codon sites evolved under purifying selection (dN/dS = 0.24),

39.5% neutrally (dN/dS = 1), and none had evidence for positive

selection. The two branches that followed the duplication of Vg

are interesting because one branch includes all Vg genes known to

be more highly expressed in queens than in workers (hereafter

referred to as subfamily A, which includes Pb_Vg1, Si_Vg2 and

Si_Vg3), while the other branch includes all Vg genes more highly

expressed in foraging workers than in queens (hereafter referred to

as subfamily B, which includes Pb_Vg2, Si_Vg1 and Si_Vg4)

(Figure 2 and Table 1). The branch leading to subfamily B shows

overall relaxation of purifying selection and no significantly

positively selected sites. However, the branch leading to subfamily

A shows strong evidence for positive selection (p = 0.008), with a

total of 7.1% of sites under positive selection. The three sites with

the highest posterior probabilities of being under positive selection

in this branch (S44, E382 and N456; pBEB.95%) are part of the

main vitellogenin N-terminal lipoprotein domain (LPD-N) that is

likely implicated in the uptake of vitellogenin to the ovary [41],

providing further support that these changes affect the biochemical

properties of the protein.

Discussion

This study reveals that the genome of P. barbatus harbors two Vg

paralogs and that Vg underwent one or several rounds of

duplication in other species, demonstrating that the existence of

multiple Vg genes is a common phenomenon in ants. The

phylogenetic analysis clarifies how Vg genes evolve in ants. First, it

shows that the first duplication of the ancestral Vg gene occurred

Figure 2. Maximum likelihood tree of ant vitellogenins. Vg sequences from species belonging to representative Hymenopteran groups are
also included. Values at the nodes represent bootstrap support from 10,000 replicates. A and B represent different subfamilies of the formicoid clade.
doi:10.1371/journal.pgen.1003730.g002
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after the divergence between the poneroid and formicoid clades.

The poneroid clade includes primitive ants of the subfamily

Ponerinae while the formicoid clade includes the three main

subfamilies of modern ants: Myrmicinae, Dolichoderinae and

Formicinae [28,42]. Because the divergence between primitive

and modern ants apparently coincided with the duplication of Vg

genes, it is tempting to speculate that this molecular event could

have contributed to the evolution of modern ants. Second, the

initial pair of Vg paralogs did not experience further duplication

or losses in the lineages leading to Pogonomyrmex barbatus and

Atta cephalotes but the ancestor of Pb_Vg2 appears to be lost

in Camponotus floridanus. Third, several rounds of duplications

occurred independently in the lineages leading to Solenopsis invicta,

Linepithema humile and Acromyrmex echinatior, giving rise to multiple

Figure 3. Relative mRNA levels of Pb_Vg1 and Pb_Vg2 in queens, nurses and foragers. Values were pooled from five independent colonies
(Figure S1). The y axes indicate the relative gene expression, corresponding to the Pb_Vg1 and Pb_Vg2 mRNA levels relative to the ribosomal protein
RP49 (control) gene mRNA level (mean 6 se). The upper panel (A) compares the expression levels of each Vg gene among queens, nurses and
foragers. The lower panel (B) compares the expression of both Vg genes separately in queens, nurses and foragers.
doi:10.1371/journal.pgen.1003730.g003
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Vg genes in each of these species. Intriguingly, the S. invicta Vg

genes more highly expressed in queens than in workers (Si_Vg2

and Si_Vg3) cluster with Pb_Vg1 on one branch of the tree, while

the genes preferentially expressed in foraging workers (Si_Vg1 and

Si_Vg4) cluster with Pb_Vg2 on the other branch of the tree,

suggesting that Vg genes in P. barbatus might share a caste-specific

expression pattern similar to their closest S. invicta orthologs.

This prediction was confirmed by our analyses showing that

Pb_Vg1 is preferentially expressed in queens and Pb_Vg2 in forager.

This suggests that Vg gene duplication and subfunctionalization

to acquire caste-specific expression related to reproductive and

non-reproductive functions may be a general feature of ant

species with multiple Vg genes. Expression and functional analyses

in additional species will need to be performed to determine the

extent to which this is the case.

Three lines of evidence suggest that the first round of

duplication of Vg genes facilitated the evolution of queen-worker

specialization. First, the duplication occurred in the common

ancestor of formicoids (modern ants). A key feature of these ants is

a marked morphological, physiological and behavioral differenti-

ation between queens and workers. This contrasts with non-

modern ants that exhibit few or no differences between castes.

Second, the gene expression differences we identified suggest that

the two subfamilies of Vg paralogs evolved different functions,

with genes from subfamily A predominantly playing roles in

queens and subfamily B predominantly playing roles in workers.

Finally, our molecular evolution analyses suggest that these two

subfamilies are evolving differently since the duplication. Positive

selection on the paralogs in subfamily A may stem from a

process of neofunctionalization associated with the evolution of a

dramatically higher reproductive output of queens in modern

ant species. Furthermore, relaxation of purifying selection on

the subfamily B is consistent with the loss of the reproductive

constraints and evolution of new functions of Vg (i.e. subfunctio-

nalization) in workers. These results are thus consistent with the

proposal that gene duplication followed by caste-specific expres-

sion can circumvent the constraints of antagonistic pleiotropy,

thus facilitating the evolution of new caste-specific functions in

ants [43,44]. Subfunctionalization of duplicated genes has been

described in other contexts. For example, the duplication of a

single copy gene in a basal vertebrate gave rise to oxytocin and

vasopressin neurotransmitter genes. These two genes have distinct

physiological and behavioral roles in vertebrates while the single

homologous gene in invertebrates has both vasopressin-like and

oxytocin-like functions [45]. Similarly, duplication of estrogen

receptor ER-b occurred in the lineage leading to teleost fish. These

two copies are expressed in alternate parts of the brain suggesting

that subfunctionalization occurred and affects behavior [46].

Interestingly, there is apparently a single copy of Vg in Apis

mellifera and other bees. A comparative analysis of the evolution of

Vg and seven other genes in A. mellifera and several closely related

species showed evidence of positive selection for Vg [47]. In

particular replacement polymorphisms were significantly enriched

in parts of the protein involved in binding lipid, suggesting a link

between the structure of the gene, its function, and its effects on

fitness [47]. These data have been interpreted as social pleiotropy

leading to only limited constraints on adaptive protein evolution

[47,48]. This raises the question of why multiple duplications

occurred in ants but not in bees. A possible reason lies in the much

greater phenotypic differences between queens and workers in ants

compared to bees. In many modern ants, queens and workers

greatly differ in size and other morphological, physiological and

behavioral traits [1,2]. For example ant workers have lost the

ability to fly and in some species they are completely sterile. This

higher differentiation in ants than bees may lead to greater

selection for different roles of Vg in queens and workers, and thus

greater potential benefits for Vg duplication and subfunctionaliza-

tion in ants. Interestingly, the association between the strength of

female caste differentiation and the presence of multiple Vg genes

seems to hold in social wasps and termites. Although no genome

has been sequenced so far in these two groups of social insects,

the available data suggest that the social wasps Vespula vulgaris and

Polistes metricus (low differentiation between castes) only have a

single Vg gene [49,50] while the termite Reticulitermes flavipes (high

differentiation between castes) have two Vg genes [51].

The pattern of expression of Pb_Vg1 (high in queens, medium in

nurses and low in foragers) is similar to that observed for Vg in the

honeybee [25,52], suggesting an association between ovarian

activity and the expression of this gene. In contrast to honeybee

nurses which can produce fertile eggs in queenless conditions

and sometimes even in the queen presence, workers are sterile in

most Pogonomyrmex species [32]. However, Pogonomyrmex workers

can produce trophic eggs which are thought to be the main

method of nutrient redistribution because trophallaxis – mouth-to-

mouth food transfer - has not been observed in this genus [32].

Interestingly, a recent study in Pogonomyrmex californicus showed

that nurses had significantly increased ovarian activity compared

to foragers [53], suggesting that trophic eggs are specifically

produced by nurses. This pattern of nutrient sharing differs from

the honeybee, where the proteins and lipids provided to the larvae,

queen and foragers come from the hypopharyngeal and mandib-

ular gland secretions of the nurses [53–56]. These results, together

with our finding that Pb_Vg1 is predominantly expressed in nurses,

suggest that the primary role of this protein as a source of amino

acids and lipids for the developing embryo has been co-opted to a

novel nutritionally related role associated with the production of

trophic eggs. In honeybees Vg expression and ovarian activity

are linked with the genetic pathways associated with the regulation

of behavior [15,16]. It remains to be tested if such relation is

conserved in sterile ants with functional ovaries that produce

trophic eggs.

Our results revealed that the level of expression of Pb_Vg2 was

much lower than that of Pb_Vg1 in queens. By contrast Pb_Vg2 was

expressed at higher level than Pb_Vg1 in sterile foragers suggesting

that the function of this gene is not related to ovarian activity but

likely has a different function in foragers. Our molecular evolution

analysis showing overall relaxation of purifying selection and no

positively selected sites on the paralogs in subfamily B suggests

a new role of these proteins neither associated to its existing

biochemical function nor novel functions derived of positively

selected domains. Instead, the release of functional constrains on

the LPD-N structural domain, implicated in lipid transport and Vg

receptor binding [41], suggests that these proteins are not

imported to the ovary and after having lost their lipid-binding

capabilities, they may be primarily used as source of amino acids

in foragers. In honeybees, earlier findings that Vg protein was

present not only in fertile queens but also in functionally sterile

workers [19,57] and drones [58] led to the proposal that this

yolk protein could have both reproductive and non-reproductive

functions [59]. Our results indicate that similar functional division

of Vg took place in P. barbatus and other modern ant species via

gene duplication and subfunctionalization.

The preferential expression of Pb_Vg1 in nurses and of Pb_Vg2

in foragers follow a general gene expression pattern observed in

honeybees, in which egg-laying workers show up-regulation of

genes associated with reproduction while non-reproductive work-

ers overexpress genes involved in foraging-related functions [60].

This is consistent with the RGPH prediction that reproductive

Vitellogenin Genes in Ants
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pathways were co-opted to regulate worker behavior and supports

the evolutionary theory prediction that potentially reproductive

individuals are selected to carry out low-risk tasks, in order to

not compromise their reproductive future [61,62]. In ants, this

ancestral mechanism regulating division of labor has been

conserved, even in species with workers having lost their

reproductive potential.

Conclusion
The results of this study suggest that Vg has been co-opted to

regulate worker behavior in the ant P. barbatus as in the honeybee.

Support for RGPH in groups of insects that evolved sociality

independently, demonstrates that the co-option of reproductive

pathways to regulate behavior is a major director in the evolution

of sociality in insects. On the other hand, the expression of one Vg

paralogs in sterile workers reveals that Vg adaptation to regulate

worker behavior is not necessarily linked to reproduction but

maybe linked exclusively to nutritional functions. Our result

suggests that, after the initial duplication in ants, Vg genes under-

went neo- or subfunctionalization to acquire caste- and behavior-

al-specific functions. Overall, our results suggest that even though

ants and bees evolved sociality independently, they have conserved

similar mechanisms to regulate division of labor.

Materials and Methods

Gene prediction and annotation
To determine gene models, we first ran TBLASTN using known

hymenopteran Vg sequences against ant genome sequences

downloaded from the fourmidable database [63]. Subsequently,

ruby/bioruby scripts [64] were used to extract relevant subsets of

each genome. Gene predictions were generated on each subset

using MAKER2 [65] s65mand subsequently manually refined

using Apollo [66]. Conflicts gene predictions were resolved by

using EST data when available, splice prediction algorithms

(http://www.fruitfly.org/seq_tools/splice.html) and manual veri-

fication of splicing consensus sequences.)

Phylogenetic analyses
Inaccurate sequence alignment or phylogeny leads to mislead-

ing or incorrect results in molecular evolution analyses. We used

an approach centered on the use of phylogenetically aware codon-

level aligner PRANK, which is likely to minimize the risks

of introducing errors [67,68]. This required several steps. We

preliminarily aligned the 26 Vg protein sequences with MAFFT

linsi [69] and removed ambiguous sections of the alignment using

trimAl (option -gappyout) [70]. A first tree was built with RAxML

(model GTRGAMMAI) [71] and rooted with ‘‘nw_root’’ (Newick

Utilities package [72]). This tree was used as a guide tree in

PRANK [73] to obtain a high-quality codon-level alignment of the

26 Vg coding sequences. Ambiguous sections of the alignment

were removed using trimAl (option -gappyout) and a final tree was

built with RAxML (GTRGAMMAI model); 10,000 bootstraps

were generated to assess its confidence. Selective pressures (dN/

dS) on different parts of the phylogenetic tree were estimated using

the branch-site codon-substitution model from CodeML (PAML

4.6) [74]. Such dN/dS ratios are obtained by computing the

number of non-synonymous changes (dN) over synonymous

changes (dS) (see Table 2 for more details). Vg site coordinates

(S44, E382, N456) are given as in Apis mellifera Vg (Uniprot

identifier VIT_APIME).

Sample collection
Pogonomyrmex barbatus founding queens were collected during

nuptial flights on July 15th, 2008 in Bowie, Arizona, USA

(N32u189540//W109u299030). Colonies were then kept in labora-

tory conditions (30uC, 60% humidity and 12 h/12 h light:dark

cycle) in 1561365 cm plastic boxes with water tubes, and were

fed once a week with grass seeds and a mixture of eggs, honey and

smashed mealworms. Thirty months later, five of these colonies

were used to collect samples on December 16th, 2010. Task

performance in workers is age related, thus nurses tend to be

younger than foragers [2]. Young ants interacting with the brood

in the nest tube were considered as nurses. To collect foragers,

each colony was connected with a cardboard-made bridge to a

foraging area composed of a plastic box containing grass seeds.

Any ant handling a food item in the foraging area was considered

as forager. Ant samples were flash-frozen in liquid nitrogen and

kept at 280uC for further RNA extraction.

Gene expression analysis
Whole body worker samples were used to measure the

expression of Pb_Vg1 and Pb_Vg2 genes. RNA extractions were

performed using a modified protocol including the use of Trizol

(Invitrogen) for the initial homogenization step, RNeasy extraction

kit and DNAse I (Qiagen) treatment to remove genomic DNA

traces. For each individual worker, cDNAs were synthesized using

500 ng of total RNA, random hexamers and Applied Biosystems

reagents. Levels of mRNA were quantified by quantitative real-

time polymerase chain reaction (qRT-PCR) using ABI Prism

7900 sequence detector and SYBR green. All qPCR assays

were performed in triplicates and subject to the heat-dissociation

protocol following the final cycle of the qPCR in order to check for

amplification specificity. qRT-PCR values of each gene were

normalized by using an internal control gene (RP49). Paralog-

specific primers (Table S1) were designed using sequence

Table 2. Results of test of positive selection.

Branch lnL0 lnL1
2*(lnL1-lnL0) [p-
value, df = 1] v0 p0 (%) v1 p1 (%) v2 p2a + p2b(%) Sites BEB.95%

Formicidae 262600.98 262600.98 0.00 [1.000] 0.24 60.5 1.00 39.5 1.00 0 None

Formicoid 262600.98 262600.98 0.00 [1.000] 0.24 60.5 1.00 39.5 1.00 0 None

Subfamily A 262597.90 262594.35 7.12 [0.008**] 0.24 56.5 1.00 36.4 15.15 7.1 S44 (87), E382 (761), N456 (963)

Subfamily B 262600.29 262598.65 3.29 [0.070] 0.24 59.5 1.00 38.9 17.80 1.5 None

Selective pressures are divided into three classes: v0 (dN/dS,1, negative selection), v1 (dN/dS = 1, neutral evolution) and v2 (dN/dS $1, positive selection). p0, p1 and
p2a+p2b are their respective proportion. lnL0 and lnL1 are the likelihood values of the null (v2 = 1) and alternative (v2$1) models, respectively. The likelihood ratio test
[2*(lnL1-lnL0)] allows discriminating between neutral evolution and positive selection. A p-value,0.01 presents a significant test (marked as **). Sites under positive
selection with BEB score .95% are shown.
doi:10.1371/journal.pgen.1003730.t002
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alignment [75] and primer analysis [76] programs. Primer

sequences overlapped coding regions split by introns, allowing

the specific amplification of cDNA levels over eventual genomic

DNA contaminations. Transcript quantification calculations were

performed by using the DDCT method [77].

Statistical analysis
All data were analyzed using R (http://www.r-project.org/) and

the R packages lme4 [78] and language R [79]. The effect of

caste on gene expression relative values was analyzed using linear

mixed effects models. To avoid pseudoreplication, the colony

was included as a random effect. We checked for normality and

homogeneity by visual inspections of plots of residuals against

fitted values. To assess the validity of the mixed effects analyses, we

performed likelihood ratio tests to confirm that the models with

fixed effects differed significantly from the null models with only

the random effects. Throughout the paper, we present MCMC

(Markov-chain Monte Carlo) estimated p-values that are consid-

ered significant below the 0.05 threshold (all significant results

remained significant after Bonferroni correction).

Supporting Information

Figure S1 Relative mRNA levels of Pb_Vg1 and Pb_Vg2 in

queens, nurses, and foragers. Experiments were performed in five

independent colonies of Pogonomyrmex barbatus. The y axes indicate

the relative gene expression, corresponding to the Pb_Vg1 (panel

A) and Pb_Vg2 (panel B) mRNA levels relative to the ribosomal

protein RP49 (control) gene mRNA level (mean 6 se).

(TIF)

Table S1 Paralog-specific primers used for qRT-PCR (59-39

order).

(DOCX)

Acknowledgments

We thank Hannes Richter for technical support in performing the qRT-

PCR, Gene Robinson, Alicia Santiago, Carlos Blanco and Susana Fredin

for their useful comments on the manuscript. Computation was performed

at the Vital-IT High Performance Computing Center of the Swiss Institute

of Bioinformatics (http://www.vital-it.ch) and the EPSRC funded MidPlus

cluster at Queen Mary, University of London (http://informatics.sbcs.

qmul.ac.uk).

Author Contributions

Conceived and designed the experiments: MC RL LK. Performed the

experiments: MC RL YW ORG RAS. Analyzed the data: MC RL YW

RAS. Contributed reagents/materials/analysis tools: LK. Wrote the paper:

MC RL YW LK RAS.

References

1. Wilson EO (1971) The insects societies. Cambridge: Harvard University Press.

2. Hölldobler B, Wilson EO (1990) The Ants. Cambridge, Mass: Harvard

University Press.

3. Robinson GE (1992) Regulation of division of labor in insect societies. Annu Rev
Entomol 37: 637–665.

4. Gordon D, Chu J, Lillie A, Tissot M, Pinter N (2005) Variation in the transition

from inside to outside work in the red harvester ant Pogonomyrmex barbatus.
Insectes Sociaux 52: 212–217.

5. Andersson M (1984) The Evolution of Eusociality. Annu Rev Ecol Syst 15: 165–

189.

6. Cardinal S, Danforth BN (2011) The antiquity and evolutionary history of social

behavior in bees. PLoS One 6: e21086.

7. Bourke AFG, Franks NR (1995) Social Evolution in Ants. Princeton, NJ.:
Princeton University Press.

8. Ingram K, Kleeman L, Peteru S (2011) Differential regulation of the foraging

gene associated with task behaviors in harvester ants BMC Ecol 11: 19.

9. Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE (2002) Influence of
gene action across different time scales on behavior. Science 296: 741–744.

10. Lucas C, Sokolowski MB (2009) Molecular basis for changes in behavioral state

in ant social behaviors. Proc Natl Acad Sci U S A 106: 6351–6356.

11. Ingram K, Krummey S, LeRoux M (2009) Expression patterns of a circadian

clock gene are associated with age-related polyethism in harvester ants,
Pogonomyrmex occidentalis. BMC Ecol 9: 7.

12. Wang J, Wurm Y, Nipitwattanaphon M, Riba-Grognuz O, Huang YC, et al.

(2013) A Y-like social chromosome causes alternative colony organization in fire
ants. Nature 493: 664–668.

13. West-Eberhard MJ (1987) Flexible strategy and social evolution. In: Ito Y,

Brown, J. L., Kikkawa, J., editor. Animal Societies: Theories and Facts. Tokyo:
Japan Sci. Soc. Press. pp. 35–51

14. West-Eberhard M (1996) Wasp societies as microcosms for the study of

development and evolution. In: West-Eberhard STaMJ, editor. Natural History

and Evolution of Paper - Wasps. New York, USA: Oxford Unviersity Press.

15. Amdam GV, Norberg K, Fondrk MK, Page RE Jr (2004) Reproductive ground
plan may mediate colony-level selection effects on individual foraging behavior

in honey bees. Proc Natl Acad Sci U S A 101: 11350–11355.

16. Amdam GV, Csondes A, Fondrk MK, Page RE Jr (2006) Complex social
behaviour derived from maternal reproductive traits. Nature 439: 76–78.

17. Siegel A (2011) Ovarian Regulation of Honey Bee (Apis mellifera) Foraging

Division of Labor [Doctoral Dissertation]: Arisona State University. 122 p.

18. Lin H, Winston ML, Haunerland NH, Slessor KN (1999) Influence of age

and population size on ovarian development, and of trophallaxis on ovarian
development and vitellogenin titers of queenless worker honey bee (Hymenop-

tera: Apidae). Can Entomol 13: 695–706.

19. Engels W (1974) Occurrence and significance of vitellogenin in female castes of
social Hymenoptera. Am Zool 14: 1229–1237.

20. Page R, Fondrk MK (1995) The effects of colony level selection on the social

organization of honey bee (Apis mellifera L.) colonies-colony level components of

pollen hoarding. Behav Ecol Sociobiol 36: 135–144.

21. Snodgrass RE (1956) Anatomy of the Honey Bee. Ithaca, NY: Cornell Univ

Press.

22. Jackson JT, Tarpy DR, Fahrbach SE (2011) Histological estimates of ovariole

number in honey bee queens, Apis mellifera, reveal lack of correlation with other

queen quality measures. J Insect Sci 11: 82.

23. Haydak MH (1970) Honey bee nutrition Annu Rev Entomol 15: 143–156.

24. Cremonez T, De Jong D, Bitondi MM (1998) Quantification of Hemolymph

Proteins as a Fast Method for Testing Protein Diets for Honey Bees

(Hymenoptera: Apidae). J Econ Entomol 91: 1284–1289.

25. Corona M, Velarde RA, Remolina S, Moran-Lauter A, Wang Y, et al. (2007)

Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee

longevity. Proc Natl Acad Sci U S A 104: 7128–7133.

26. Nelson CM, Ihle KE, Fondrk MK, Page RE, Amdam GV (2007) The gene

vitellogenin has multiple coordinating effects on social organization. PLoS Biol

5: e62.

27. Marco Antonio DS, Guidugli-Lazzarini KR, do Nascimento AM, Simões ZL,

Hartfelder K. (2008) RNAi-mediated silencing of vitellogenin gene function

turns honeybee (Apis mellifera) workers into extremely precocious foragers.

Naturwissenschaften 95: 953–961.

28. Moreau CS, Bell CD, Vila R, Archibald SB, Pierce NE (2006) Phylogeny of the

ants: diversification in the age of angiosperms. Science 312: 101–104.

29. Wurm Y, Wang J, Riba-Grognuz O, Corona M, Nygaard S, et al. (2010) The

genome of the fire ant Solenopsis invicta. Proc Natl Acad Sci U S A 108: 5679–

5684.

30. Khila A, Abouheif E (2010) Evaluating the role of reproductive constraints in ant

social evolution. Philos Trans R Soc Lond B Biol Sci 365: 617–630.

31. Bourke AFG (1988) Worker Reproduction in the Higher Eusocial Hymenoptera.

The Quarterly Review of Biology 63: 291–311.

32. Smith C, Schoenick C, Anderson KE, Gadau J, Suarez AV (2007) Potential and

realized reproduction by different worker castes in queen-less and queen-right

colonies of Pogonomyrmex badius. Insect Soc 54: 260–267.

33. Smith C, Smith CD, Robertson HM, Helmkampf M, Zimin A, et al. (2011)

Draft genome of the red harvester ant Pogonomyrmex barbatus. Proc Natl Acad

Sci U S A 108: 5667–5672.

34. Hancock J (2005) Gene factories, microfunctionalization and the evolution of

gene families. Trends Genet 21: 591–595.

35. Babin P, Bogerd J, Kooiman FP, Van Marrewijk WJ, Van der Horst DJ (1999)

Apolipophorin II/I, apolipoprotein B, vitellogenin, and microsomal triglyceride

transfer protein genes are derived from a common ancestor. J Mol Evol 49: 150–

160.

36. Khalil S, Donohue KV, Thompson DM, Jeffers LA, Ananthapadmanaban U,

et al. (2011) Full-length sequence, regulation and developmental studies of a

second vitellogenin gene from the American dog tick, Dermacentor variabilis.

J Insect Physiol 57: 400–408.

37. Suen G, Teiling C, Li L, Holt C, Abouheif E, et al. (2011) The genome sequence

of the leaf-cutter ant Atta cephalotes reveals insights into its obligate symbiotic

lifestyle. PLoS Genet 7: e1002007.

Vitellogenin Genes in Ants

PLOS Genetics | www.plosgenetics.org 8 August 2013 | Volume 9 | Issue 8 | e1003730



38. Nygaard S, Zhang G, Schiøtt M, Li C, Wurm Y, et al. (2011) The genome of the

leaf-cutting ant Acromyrmex echinatior suggests key adaptations to advanced social
life and fungus farming. Genome Res 21: 1339–1348.

39. Bonasio R, Zhang G, Ye C, Mutti NS, Fang X, et al. (2010) Genomic

comparison of the ants Camponotus floridanus and Harpegnathos saltator. Science
329: 1068–1071.

40. Smith C, Zimin A, Holt C, Abouheif E, Benton R, et al. (2011) Draft genome of
the globally widespread and invasive Argentine ant (Linepithema humile). Proc Natl

Acad Sci U S A 108: 5673–5678.

41. Li A, Sadasivam M, Ding JL (2003) Receptor-ligand interaction between
vitellogenin receptor (VtgR) and vitellogenin (Vtg), implications on low density

lipoprotein receptor and apolipoprotein B/E. The first three ligand-binding
repeats of VtgR interact with the amino-terminal region of Vtg. J Biol Chem

278: 2799–2806.
42. Wilson EO, Hölldobler B (2005) The rise of the ants: a phylogenetic and

ecological explanation. Proc Natl Acad Sci U S A 102: 7411–7414.

43. West-Eberhard M (1996) Wasp societies as microcosms for the study of
development and evolution. In: Turillazzi S W-EM, editor. Natural History and

Evolution of Paper-Wasps. Oxford: Oxford University Press. pp. 290–317.
44. Gadagkar R (1997) The evolution of caste polymorphism in social insects:

Genetic release followed by diversifying evolution. J Genet 76: 167–179.

45. Acher R (1980) Molecular evolution of biologically active polypeptides.
Proc R Soc Lond B Biol Sci 210: 21–43.

46. Hawkins M, Godwin J, Crews D, Thomas P (2005) The distributions of the
duplicate oestrogen receptors ER-beta a and ER-beta b in the forebrain of the

Atlantic croaker (Micropogonias undulatus): evidence for subfunctionalization after
gene duplication. Proc Biol Sci 272: 633–641.

47. Kent C, Issa A, Bunting AC, Zayed A. (2011) Adaptive evolution of a key gene

affecting queen and worker traits in the honey bee, Apis mellifera. Mol Ecol 20:
5226–5235.

48. Havukainen H, Halskau Ø, Amdam GV (2011) Social pleiotropy and the
molecular evolution of honey bee vitellogenin. Mol Ecol 20: 5111–5113.

49. Blank S, Seismann H, McIntyre M, Ollert M, Wolf S, et al. (2013) Vitellogenins

Are New High Molecular Weight Components and Allergens (Api m 12 and Ves
v 6) of Apis mellifera and Vespula vulgaris Venom. PLoS One 8: e62009.

50. Toth A, Varala K, Newman TC, Miguez FE, Hutchison SK, et al. (2007) Wasp
gene expression supports an evolutionary link between maternal behavior and

eusociality. Science 318: 441–444.
51. Scharf M, Wu-Scharf D, Zhou X, Pittendrigh BR, Bennett GW (2005) Gene

expression profiles among immature and adult reproductive castes of the termite

Reticulitermes flavipes. Insect Mol Biol 14: 31–44.
52. Piulachs M, Guidugli KR, Barchuk AR, Cruz J, Simões ZL, et al. (2003) The

vitellogenin of the honey bee, Apis mellifera: structural analysis of the cDNA and
expression studies. Insect Biochem Mol Biol 33: 459–465.

53. Dolezal A, Johnson J, Hölldobler B, Amdam GV (2013) Division of labor is

associated with age-independent changes in ovarian activity in Pogonomyrmex

californicus harvester ants. J Insect Physiol 59: 519–524.

54. Camazine S, Crailsheim K, Hrassnigg N, Robinson GE, Leonhard B, et al.
(1998) Protein trophallaxis and the regulation of pollen foraging by honey bees

(Apis mellifera L.). Apidologie 29: 113–126.
55. Crailsheim K (1998) Trophallactic interactions in the adult honeybee (Apis

mellifera L.). Apidologie 29: 97–112.

56. Fujita T, Kozuka-Hata H, Ao-Kondo H, Kunieda T, Oyama M, Kubo T (2013)
Proteomic analysis of the royal jelly and characterization of the functions of its

derivation glands in the honeybee. J Proteome Res 12: 404–411.

57. Rutz W, Luscher M (1974) The occurrence of vitellogenin in workers and

queens of Apis mellifera and the possibility of its transmission to the queen. J Insect
Physiol 20: 897–909.

58. Trenczek T, Engels W (1986) Occurrence of vitellogenin in drone honey bees

(Apis mellifera). Int J Invert Reprod and Dev 10: 307–311.
59. Amdam GV, Omholt SW (2002) The regulatory anatomy of honeybee lifespan.

J Theor Biol 216: 209–228.
60. Cardoen D, Wenseleers T, Ernst UR, Danneels EL, Laget D, et al. (2011)

Genome-wide analysis of alternative reproductive phenotypes in honeybee

workers. Mol Ecol 20: 4070–4084.
61. Franks N, Scovell E (1983) Dominance and reproductive success among slave-

making worker ants. Nature 304: 724–725.
62. Bourke A (1988) Worker reproduction in the higher Eusocial hymenoptera.

Quarterly Review of Biology 63: 291–311.
63. Wurm Y, Uva P, Ricci F, Wang J, Jemielity S, et al. (2009) Fourmidable: a

database for ant genomics. BMC Genomics 10: 5.

64. Goto N, Prins P, Nakao M, Bonnal R, Aerts J, et al. (2010) BioRuby:
bioinformatics software for the Ruby programming language. Bioinformatics 26:

2617–2619.
65. Holt C, Yandell M (2011) Maker2: an annotation pipeline and genome-

database management tool for second-generation genome projects. BMC

Bioinformatics 12: 491.
66. Lewis S, Searle SM, Harris N, Gibson M, Lyer V, et al. (2002) Apollo: a

sequence annotation editor. Genome Biol 3: RESEARCH0082.
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