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Abstract Some phytophagous insects gain defense from natural enemies by associating

with otherwise potentially harmful top predators. Many lycaenid butterfly caterpillars

are involved in such interactions with ants: larvae provide carbohydrate rewards from

the dorsal nectary organ (DNO) to associated ants in return for protection from natural

enemies. The stability of these interactions involves signals that identify the lycaenid

caterpillar as a mutualist. However, larvae of some lycaenid species, such as Lycaena
xanthoides, are found in close association with ants but do not possess the reward pro-

ducing DNO. Evaluating the relationship in a phylogenetic framework, we show that the

association between L. xanthoides and ants likely evolved from a non-ant-associated

ancestor. Behavioral trials also show that L. xanthoides larvae are capable of influencing

ant behavior to increase ant tending when faced with a simulated predator attack, without

providing DNO-derived rewards to ant associates. These results demonstrate that the DNO

is not necessary to maintain associations between lycaenid larvae and ants. Third-party
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interactions may affect the evolution of mutualisms and consideration of underlying

evolutionary history is necessary to understand contemporary species associations.

Keywords Mutualism � Myrmecophily � Myrmecoxeny � Character evolution � Lycaena

Introduction

Insects have evolved an array of intrinsic physical, behavioral, and chemical defenses to

reduce mortality from predators and parasitoids (Pasteels et al. 1983; Gross 1993). Other

insect species have adopted an intuitively risky strategy of living in close contact with a top

predator, shifting the burden of defense to their partner species (Nault et al. 1976; Pierce

and Mead 1981; Weeks 2003). To maintain this indirect defense mutualism, vulnerable

partners are equipped with a diverse set of adaptations to keep from becoming prey to their

defenders (Kitching and Luke 1985; Stadler and Dixon 2008). As incentive to their pro-

tective partners, phytophagous insects often provide nutritional rewards in return for

defense from natural enemies (Pierce and Mead 1981; Stadler and Dixon 2005).

Ants are commonly recruited defenders for phytophagous insects, including aphids,

cynipid wasps, and lycaenid butterfly caterpillars (Gross 1993). A majority of lycaenid

species are involved in mutualistic interactions with ants (Osborn and Jaffé 1997; Pierce

et al. 2002): ants respond to signals emitted by larvae, and are provided with a nutritional

reward (Pierce and Mead 1981; Fiedler and Maschwitz 1989; Agarwal and Fordyce 2000;

Saarinen 2006). These rewards are hypothesized to maintain a ‘‘standing guard’’ of ants,

which actively protect larvae from natural enemies (Pierce and Mead 1981). Nutritional

rewards can mediate the amount of protection larvae receive from ants (Leimar and Axén

1993; Agarwal and Fordyce 2000), and larvae lacking such rewarding systems should not

have the means to recruit protectors (Atsatt 1981). In some cases, commensal lycaenid

larvae may gain access to enemy free (ant-patrolled) space without providing nutritional

rewards (Osborn and Jaffé 1997); however, in these systems, the larvae do not actively

recruit ants, but simply reduce ant aggression. Nutritional rewards thus appear necessary in

order to maintain the mutualism between larvae and ants.

Primary in lycaenid-ant mutualisms are the rewards provided by the dorsal nectary

organ (DNO; Newcomer 1912; Fiedler and Maschwitz 1989; Leimar and Axén 1993;

Pierce et al. 2002). This exocrine gland is used by lycaenid larvae to provide ants with

nutritive rewards, including carbohydrates and/or amino acids (Maschwitz et al. 1975;

Daniels 2004). Ant attendance is directly related to amount of DNO secretions provided by

larvae (Fiedler and Maschwitz 1989; Leimar and Axén 1993; Agarwal and Fordyce 2000)

and these rewards have quantitative benefits to ants (Cushman et al. 1994; Fiedler and

Saam 1995). DNO-possessing larvae under simulated attacks produce signals which

advertise their profitability to ants; these signals alter ant behavior, and ants gain DNO-

derived nutritive rewards in return for protection from natural enemies (Leimar and Axén

1993; Agarwal and Fordyce 2000). Although non-rewarding parasitic entomophagic

lycaenid larvae are known to manipulate the behavior of their ant hosts (Akino et al. 1999)

and Jalmenus evagoras Donovan pupae (which lack the DNO) are attractive to ants (Pierce

1983), there is no quantitative evidence of phytophagous DNO-lacking lycaenid larvae

influencing ant behavior to gain active ant protection from natural enemies.

In this study, we investigate a system in which larvae lack the reward-producing dorsal

nectary organ but are associated with ants. Four species of Lycaena (Lepidoptera: Lyca-

enidae) in the subgenus Gaeides (L. xanthoides Boisduval, L. editha Mead, L. dione
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Scudder, L. rubidus Behr) are all known to associate with ants in the field (Ballmer and

Pratt 1991; Allen et al. 2005), but lack the rewarding DNO (Ballmer and Pratt 1988).

Lycaena xanthoides larvae are known to associate with two ant species, Formica fran-
coeuri Bolton and Liometopum occidentale Emery and face strong pressure from natural

enemies (Ballmer and Pratt 1991; Oliver et al. 2007). Our first goal was to investigate the

evolution of the association between DNO-lacking larvae and ants to determine how this

association evolved. By inferring the phylogeny of the genus Lycaena, and reconstructing

ancestral states of ant-association, we can distinguish between two hypotheses: (1)

L. xanthoides and related Gaeides species evolved from a rewarding ant-associated

ancestor and subsequently lost the ability to reward tending ants, or (2) the ancestor was

not associated with ants, but evolved a mechanism to alter ant behavior without the DNO.

The former case would reflect evolution of a ‘‘cheating’’ strategy, where one member of

the mutualism ceases to reciprocate while still reaping benefits from its one-time partner.

The latter case represents evolution of an association which may or may not rely on stable

interactions between the protector species and other rewarding prey species.

Our second goal was to determine if L. xanthoides larvae could influence ant behavior to

gain protection from natural enemies. Increased ant attendance and/or ant activity would

provide more protection from enemies than a commensal interaction, in which ants do not

actively respond to signals emitted by the larvae. It is necessary to understand the type of

relationship in order to assess the importance of the DNO in lycaenid-ant interactions.

Materials and methods

Natural history

Lycaena xanthoides occupies mesic habitats in low to middle elevations of California,

northern Baja, Mexico, and southern Oregon. Larvae feed on 4–5 species of Rumex
(Polygonaceae) (Scott 1986; Ballmer and Pratt 1988) and are usually associated with ants

(Ballmer and Pratt 1991; Oliver et al. 2007). Formica francoeuri occupies the mountains of

northern Baja, Mexico, and the Transverse and southern Coast ranges of California

(Francoeur 1973). Formica francoeuri is known to tend larvae of at least six species of

lycaenids in California: Lycaena xanthoides, L. heteronea Boisduval, Plebejus acmon
Westwood & Hewitson, P. lupini Boisduval, Glaucopsyche piasus Boisduval, and

Plebulina emigdionis Grinnell (Ballmer and Pratt 1991). Neither L. xanthoides nor

L. heteronea (subfamily Lycaeninae) larvae possess a DNO; the larvae of the latter four

species (all in the subfamily Polyommatinae) all possess a DNO (Ballmer and Pratt 1988).

Evolution of association

To investigate the evolutionary history of L. xanthoides’ association with ants, we

reconstructed a molecular phylogeny of the genus Lycaena. Our taxon sampling of the

genus Lycaena included 21 of approximately 53 species (Hodges et al. 1983; Bozano and

Weidenhoffer 2001), including representitives of all seven North American subgenera

(Hodges et al. 1983) and five of the six Palearctic species groups of Bozano and

Weidenhoffer (2001). We included all four species in the subgenus Gaeides, to which

L. xanthoides belongs. We sequenced three genes: 633–2,021 base pairs of the mito-

chondrial genes cytochrome oxidase subunits I and II (COI and COII, respectively) and

560–1,195 base pairs of the nuclear gene elongation factor-1 alpha (EF1a). Using the
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primers Ron, Nancy, Tonya, Hobbes (COI), Pierre, Eva (COII), ef44f, and efrcM4r (EF1a)

(Caterino and Sperling 1999; Monteiro and Pierce 2001), all genes were sequenced in both

directions on an Applied Biosystems 3730XL DNA Analyzer by the Genomic Analysis

and Technology Core (University of Arizona, Tucson, AZ). Consensus sequences were

generated and aligned with the aid of phred/phrap (Green 1999; Green and Ewing 2002)

and the Chromaseq package of Mesquite (Maddison and Maddison 2007a, b). In addition

to specimens sequenced for this study, we also included representatives of six other sub-

families of Lycaenidae, as well as three outgroup species (Table S1; Wahlberg et al. 2005).

In all subsequent analyses, COI and COII data were analyzed as single locus, because they

are tightly linked on the mitochondrial genome.

To analyze the evolution of ant-association, we performed ancestral character state

reconstructions based on (1) independent estimates of gene genealogies for the two loci

sequenced and (2) a species-level phylogeny based on the gene genealogies. To estimate

the gene genealogies, we performed independent MCMC Bayesian analyses in MrBayes

(Ronquist and Huelsenbeck 2003) on the COI/COII and EF1a data. Each gene was par-

titioned by codon position, and a fourth partition in the COI/COII alignment was assigned

to the region coding tRNA-Leucine. All partitions were allowed a unique GTR ? G model

of evolution. For each locus, we sampled trees every 1,000 generations from two inde-

pendent MCMC runs of four chains each. Convergence was reached when the average

standard deviation of the split frequencies was less than 0.02 (Ronquist and Huelsenbeck

2003). The burnin phases lasted 10 and 30 million generations for the COI/COII and EF1a
data, respectively; each analysis was run for an additional 10 million generations following

the burnin phase, and only trees sampled in the the final 10 million generations were used

for the Bayesian consensus phylogeny and species tree inference (see below). In addition to

Bayesian posterior probabilities, we also assessed node support using randomized accel-

erated maximum likelihood (RAxML, Stamatakis 2006). For each locus, we performed

1,000 bootstrap pseudoreplicates, using a GTR ? G model of evolution.

To reconstruct the species-level phylogeny, we used the AUGIST method of Oliver

(2008), which uses gene genealogies to reconstruct a species phylogeny based on a cri-

terion of deep coalescences (Maddison 1997; Maddison and Knowles 2006). From the gene

genealogy distributions created in gene tree inference analyses, we randomly sampled one

gene tree for each locus, and used those two genealogies to infer a species tree. Using

Mesquite’s Tree Search function (Maddison and Maddison 2007b), we searched for the

species tree that minimized the number of deep coalescences of the two contained gene

trees. For each search, we employed the subtree pruning-regrafting (SPR) branch swapping

algorithm, saving a maximum of ten most optimal trees per search and rooting the trees

with Lycorea halia Hübner. We repeated this search procedure 200 times, sampling two

new gene genealogies for each search. We then generated a consensus species tree using

Mesquite’s majority rule consensus tree function. The frequency at which a clade occurred

in the species tree searches is used as a measure of clade support.

To determine whether L. xanthoides’ association with ants evolved from an ant-associated

or non-ant-associated ancestor, we reconstructed the history of ant association on each of the

Bayesian posterior distributions of gene trees and on the distribution of species trees. We

coded taxa as being myrmecophilous (ant-associated) or myrmecoxenous (non-ant-associ-

ated), based on published records (Table S1). Here we use Pierce et al. (2002) broad defi-

nition of myrmecoxeny as non-ant-associated, as opposed to the definition originally offered

by Kitching and Luke (1985), which defines taxa as myrmecoxenous if they lack the DNO.

Those taxa lacking records regarding ant-association were coded as missing data. For

ancestral reconstructions of ant-association on the gene trees, we used the ‘‘Trace Over
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Trees’’ function in Mesquite, which reconstructs ancestral history on multiple phylogenies,

to incorporate phylogenetic uncertainty in ancestral reconstructions of character states

(Maddison and Maddison 2007b). We reconstructed ancestral states on 10,000 randomly-

sampled Bayesian post-burnin gene trees using an asymmetrical likelihood model of evo-

lution. Similarly, we estimated ancestral states on 2,000 species trees inferred from Bayesian

gene trees using maximum parsimony. These reconstructions were then summarized on the

respective consensus tree, where the frequency of each state is reported for each ancestral

node. The subgenus Gaeides was reconstructed as monophyletic with strong support in gene

trees and the estimated species tree (see ‘‘Results’’), corroborating previous work based on

mitochondrial data from a smaller set of taxa (Oliver and Shapiro 2007). For the purposes of

ancestral reconstruction, we thus consider myrmecophily of Gaeides species to be homol-

ogous and focused on nodes within the Lycaeninae clade that are ancestral to Gaeides.

To explicitly test the hypothesis that ant-association in Gaeides species arose from a

non-ant-associated ancestor, we compared two models of evolution. The first model

corresponded to a loss-only process of ant-association within the Lycaeninae, where the

most recent common ancestor of all Lycaeninae was ant-associated, and ant-association

could be lost, but not regained. The second model allowed both gains and losses of

ant-association to occur within Lycaeninae. We compared the two models on each of the

two posterior distributions of gene trees separately using maximum likelihood estimates of

character evolution and on each of the bootstrap samples of RAxML gene trees using

maximum parsimony. We also compared the two models on the distribution of species

trees based on Bayesian gene tree distributions, using maximum parsimony estimates of

ancestral character states. In all analyses, the hypothesis that Gaeides’ ant-association

arose from a non-ant-associated ancestor is supported if the gain/loss model provides a

better fit to the observed character data and phylogenetic estimates than a loss-only model.

Laboratory test for influence on ant behavior

Fourth (final) instar L. xanthoides larvae and F. francoeuri ants were collected in the field

from two populations and brought into the laboratory. We collected 5 larvae from Pine

Creek (San Diego County, California, 32.8548�N, 116.5228�W) and 4 larvae from Lake

Hemet (Riverside County, California, 33.6702�N, 116.6993�W). Each larva was housed

singly with host plant material (Rumex salicifolius Weinm.) from respective collection site

until trials. For trials, a single larva was placed in a container with 9 (Pine Creek) or 14

(Lake Hemet) ants from the same location the larva was collected. We were not testing for

population-level differences in ant attendance, so the small difference in the number of ants

(9 vs. 14), should not significantly affect our analyses. After a two minute acclimation

period, the larva was randomly given one of two treatments: a pinch with forceps on the

dorsal thorax (‘attack’) or no pinch (‘control’) (Leimar and Axén 1993). In the control

treatment, forceps were introduced into the container, above the larva, but no pinch was

applied. In the attack treatments, the larval cuticle remained intact, thus avoiding the

potential of haemolymph exuding from a wound. The interaction between the larva and

ants was video recorded for 5 min. After this trial, the larva was removed from ant

container and placed in a container with Rumex salicifolius for 4 h before receiving the

alternate treatment; ants were alone in the container for at least 20 min following the end

of the last trial before another trial began.

To determine if ants responded differently to the different treatments, we recorded the

total ant-seconds for each trial. Ant-seconds reflect the amount the larva was tended by each

ant. For example, if a larva was tended for 10 s by one ant, and 15 s by another ant, the total
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for that trial would be 25 ant-seconds. Note that if multiple ants tended a larva at a single

time, each of those ants’ tending times was included. We tested for within-larvae differences

between treatments using a paired t test to determine if tending rates were different between

control and attack treatments. Additionally, we measured the total time each larva was

moving during the trial to control for a potential effect of movement on our measurement of

ant attendance. Greater movement by the larva may have afforded greater opportunity to

come into contact with ants, producing an artificial positive relationship between a simulated

predation event and our measure of ant tending. We performed another repeated-measures

linear regression by including the total time each larva was moving as a covariate, to

determine if an effect of treatment was significant even when controlling for a potential

relationship between larval movement and our measure of ant tending. All analyses were

carried out using the R software package (R Development Core Team 2007).

Results

Evolution of association

Phylogenetic reconstructions of gene trees revealed little resolution among the subfamilies

of Lycaenidae (Fig. S1), although our results did not conflict with previous estimates of

Lycaenid relationships (Eliot 1973; Pierce et al. 2002). The subfamily Lycaeninae was

reconstructed as monophyletic with high posterior probability for both loci and relation-

ships among Lycaena species were similar to those of prior studies (Pratt and Wright 2002;

van Dorp 2004). The consensus inferred species tree, based on 2,000 trees recovered in the

tree-searching procedure, similarly reflects the monophyly of subfamily Lycaeninae, as

well as uncertainty in early lycaenid divergences (Fig. S2). The subgenus Gaeides was

reconstructed as monophyletic with strong support in gene trees and the estimated species

tree, corroborating previous work based on mitochondrial data from a smaller set of taxa

(Oliver and Shapiro 2007).

Ancestral state reconstructions indicate the association observed in L. xanthoides and

other members of the subgenus Gaeides likely evolved from a myrmecoxenous (non-ant-

associated) ancestor. Figure 1 shows estimates of evolution of ant-association within the

Lycaeninae. For both gene trees, the nodes within Lycaeninae that are ancestral to the

subgenus Gaeides are reconstructed as myrmecoxenous with high likelihood (Fig. 1a, b).

Ancestral state estimates of ant-association on the species tree distributions corroborate the

evolution of ant-association in Gaeides from a non-ant-associated ancestor (Fig. 1c).

Explicit tests of the evolution of myrmecophily in Gaeides also fail to support a model

in which Gaeides’ association with ants did not evolve from a non-ant-associated ancestor.

Loss-only models provided a significantly worse fit to the data than models allowing a

Gaeides-specific gain of ant-association (COI/COII DlnL mean = 24.42, mini-

mum = 22.71; EF1a DlnL mean = 29.71, minimum = 24.70). There were no trees in

either of the posterior distributions of gene trees in which a loss-only model provided a

better fit to observed data. In the bootstrap samples from maximum likelihood estimations

of the two gene trees, loss-only models always provided a worse fit than gain/loss models

(COI/COII mean difference in steps between loss-only and gain/loss models = 3.48; EF1a
mean difference in steps = 3.65). Similarly, in the sample of 2,000 species trees, loss-only

models produced a worse fit than gain/loss models; loss-only models required, on average,

3.6 more steps than gain/loss models. In the sample of 2,000 trees, no trees fit a loss-only

model as well or better than a gain/loss model. In both gene tree and species tree
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approaches, the analyses incorporated uncertainty in phylogenetic estimates, yet loss-only

models were never supported.

Laboratory test for influence on ant behavior

In all trials, ants contacted larvae with forelimbs and antennae, and often antennated the

posterior end of the larva. No ant aggression towards larvae was observed in any trial,

although F. francoeuri workers will attack other non-rewarding lycaenid larvae in a labo-

ratory setting (Ballmer and Pratt 1991). For eight of nine larvae tested, we found higher rates

of ant-tending in attack treatments than control treatments (Fig. 2). On average, individual

larvae were tended more when subjected to a simulated attack than in control treatments

(t8 = 3.92, P = 0.004). When controlling for a possible effect of larval movement on ant

tending, the ant tending responses remained significantly higher in simulated attack treat-

ments than in control treatments (F1,7 = 7.552, P = 0.0286). These results demonstrate the

ability of L. xanthoides larvae to influence ant behavior without the DNO-derived rewards.

Discussion

Evolution of association

Both gene tree and species tree reconstructions of the evolution of ant association support

the hypothesis that L. xanthoides and fellow Gaeides species’ association with ants arose

Fig. 1 History of ant association of L. xanthoides’ ancestors reconstructed on (a) COI and COII gene tree,
(b) EF1a gene tree, and (c) species tree. Only Lycaeninae clade of each phylogenetic estimate is shown. In
(a) and (b), pie-charts on nodes indicate average relative likelihood of each ancestral state (myrmecox-
enous = white; myrmecophilous = black) reconstructed over 10,000 gene trees; labels above branches
represent Bayesian posterior probabilities and labels below branches indicate maximum likelihood bootstrap
support. In (c), pie-charts indicate proportion of 2,000 species trees in which character state was
reconstructed for a particular state; branch labels indicate clade frequency in species tree searches based on
Bayesian gene trees (above branches) or maximum likelihood gene trees (below branches). Grey indicates
proportion of reconstructions in which optimal ancestral state is equivocal between myrmecophily and
myrmecoxeny. Asterisks (*) indicate branch support C0.99 in Bayesian and species tree analyses or branch
support C90 in maximum likelihood bootstrap analyses
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from a non-ant-associated ancestor (Fig. 1). In gene tree reconstructions, ancestors of

Gaeides were reconstructed with relatively high likelihood as being myrmecoxenous.

Although some reconstructions of the evolution of ant-association on the estimated species

tree were equivocal, potentially due to uncertainty in inferred relationships among mem-

bers of Lycaeninae (Fig. S2), there is little support for a myrmecophilous ancestor to

Lycaeninae species included in this study. Models of loss-only evolution of myrmecophily

in Lycaeninae are not supported, further corroborating the hypothesis that the association

of Gaeides’ species with ants has arisen from a myrmecoxenous ancestor. It is important to

note that although support for the various ancestral nodes in phylogenetic estimates varied,

model evaluation analyses incorporating phylogenetic uncertainty always supported the

hypothesis that ant-association was gained in the ancestral lineage giving rise to Gaeides
species. This origin of ant-association is not surprising given the lability of ant-association

in some groups of lycaenids (Megens et al. 2005) and the current understanding of lycaenid

phylogenetic relationships, which suggests that ant-association has been gained and lost

multiple times within the family (Pierce et al. 2002).

Laboratory test for influence on ant behavior

This interaction between L. xanthoides larvae and F. francoeuri may represent a case of

aggressive chemical mimicry (Wickler 1968; Dettner and Liepert 1994). In aggressive

mimicry, a deceiver gains access to resources by mimicking a rewarding model (Wickler

1968; Vane-Wright 1976; Ruxton et al. 2004). In this case, L. xanthoides larvae may mimic

the signals produced by other, rewarding lycaenid larvae that F. francoeuri tends in nature.

This interaction may be possible due to F. francoeuri’s generalist strategy of tending. In

addition to natural associations with at least six species of California lycaenid caterpillars,

F. francoeuri workers will tend lycaenid species they have never encountered, including at

least one species from Asia in laboratory trials (Ballmer and Pratt 1991). The mechanism

of signaling employed by L. xanthoides also warrants further investigation, especially

because Lycaena species lack tentacular organs, which may be used by DNO-possessing

lycaenid larvae to advertise the DNO-derived nutritive reward (Fiedler et al. 1996).

Fig. 2 Ant-tending responses to
attack and control treatments.
Lines connect observations in
each treatment for individual
larvae
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The phenomenon of chemical mimicry may be more common among DNO-lacking

larvae than previously thought, and other potential examples involving lycaenid larvae

lacking the rewarding DNO and their ant protectors include Lycaena dispar Haworth

(Lycaeninae) and Myrmica laevinodis Nylander (Myrmicinae) (Hinton 1951), Curetis
regula Evans (Curetinae) and Anoplolepis longipes Jerdon (Formicinae) (DeVries 1984),

and Aloeides dentatis Swierstra (Theclinae) and Lepisiota (Acantholepis) capensis Mayr

(Formicinae) (Henning 1983). This hypothesis of chemical mimicry suggests that the

dorsal nectary organ is not proximally required for lycaenid larvae to gain protection by

ants, but ultimately necessary (in other co-occurring lycaenid species) for a stable mimetic

relationship to persist. In order to confirm this is mimicry of other lycaenid species, it will

be necessary to compare the responses of F. francoeuri to other, rewarding species of

lycaenid larvmae, in experiments analogous to those presented in this study. Furthermore,

the signals (chemical, acoustic, or visual) used by L. xanthoides and those used by

rewarding lycaenid larvae, also require identification to test alternatives to the chemical

mimicry hypothesis. Additional explanations for ant-attendance of DNO-lacking species

include the possibilities (1) that ants are responding to (presumably injured) larvae as

potential prey and (2) that larvae are exploiting a separate pre-existing sensory-bias in ant

species, unrelated to signals produced by rewarding lycaenid larvae.

Alternatively, L. xanthoides may be providing rewards from other structures, such as the

pore cupola organs (PCOs) or dendritic setae (Ballmer and Pratt 1988, 1991; Pierce et al.
2002). Pore cupola organs are epidermal glands present in almost all species of Lycaenidae

and are hypothesized to secrete substances to reduce ant aggression (Pierce et al. 2002).

Two studies have demonstrated that extracts of the larval dorsal surface epidermis (where

PCOs are concentrated) are more attractive to ants than are extracts of the ventral surface

in DNO-possessing lycaenid species (Jalmenus evagoras: Pierce 1983; Glaucopsyche
lygdamus: Fiedler et al. 1992). Additionally, extracts of fifth instar J. evagoras epidermis

contained at least 15 amino acids and in fluorescence stains, o-phthaldehyde (which binds

to primary amines, including amino acids) localized to pore cupolas and dorsal setae

(Pierce 1983). The functions of dendritic setae are currently unknown, but their presence is

correlated with ant associations in lycaenids (Ballmer and Pratt 1988). However, without

additional evidence of nutritive rewards from these structures, it is uncertain if they would

provide enough incentive to maintain a stable mutualism with attendant ants. In most

lycaenid species, the DNO is primarily responsible recruitment and retention of ant

attendants (Fiedler and Maschwitz 1989; Leimar and Axén 1993; Agarwal and Fordyce

2000) and the secretions provide a significant nutritive benefit to attendant ants (Cushman

et al. 1994; Fiedler and Saam 1995). Therefore, we find it unlikely that Gaeides species are

emitting honest signals when faced with attack, given the absence of any known rewarding

structure.

It is important to note other DNO-lacking lycaenids that influence ant behavior. Para-

sitic inquilines of ants, such as Maculinea rebeli Hirschke, gain access to both food

resources and enemy-free space via chemical mimicry of their host ant species (Akino

et al. 1999). Although the difference in life history is important (L. xanthoides and other

Gaeides species remain phytophagous throughout their immature development, while late-

instar M. rebeli are primarily entomophagous), M. rebeli use chemical signals to manip-

ulate ant behavior without providing rewards from a dorsal nectary organ. Additionally, the

pupae of J. evagoras are attractive to ants despite the absence of the DNO in this devel-

opmental stage, likely due to amino acids secreted (Pierce 1983) and acoustic signals

produced by pupae (Travassos and Pierce 2000). Thus in the pupal stage, J. evagoras may

still be providing an honest signal to ants in the form of amino acid rewards. These two
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cases, chemical mimicry by parasitic inquilines and signaling by potentially rewarding

pupae, demonstrate the ability of lycaenid species to influence ant behavior even in the

absence of the DNO. However, significant differences in life history traits between

M. rebeli and L. xanthoides (parasitic entomophagy versus phytophagy) and J. evagoras
and L. xanthoides (amino acid secreting, once DNO-possessing pupae versus DNO-lacking

larvae), indicate qualitatively different interactions between larvae and ants in these cases.

Conclusion

We conclude that L. xanthoides larvae influence ant behavior when attacked and this

association arose from a non-ant-associated ancestor. This association may represent an

example of aggressive mimicry by lycaenid larvae: by emitting signals mimicking those of

rewarding, DNO-possessing species of lycaenid larvae, Gaeides species may gain indirect

defense from attendant ants without providing a nutritive reward. Additional analyses of

other morphological structures are necessary to rule out the possibility of alternative

reward sources. The mutualism between reward-producing lycaenid larvae and ants may be

susceptible to parasitism by other ant species (Fraser et al. 2001), and may also be taken

advantage of by non-rewarding lycaenid species.

There may be more than one way to gain indirect defenses from predators and parasites.

The well-documented mutualism between reward producing prey and protecting predator

provides an opportunity that other prey species may exploit. Such exploitation likely

requires specialized adaptations to maintain a stable relationship, and, as evidenced in this

study, may arise in relatively unrelated lineages (Bronstein 2001). Although additional

morphological and behavioral analyses would improve our understanding of this system,

this study highlights the importance of quantitative analyses of species interactions and

considerations of other potential players in the evolution of mutualisms (Bronstein 2001;

Stanton 2003).
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