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Mutualisms often involve reciprocal adaptations of both partners. Acacia ant-plants defended by symbiotic Pseudomyrmex ant

mutualists secrete sucrose-free extrafloral nectar, which is unattractive to generalists. We aimed to investigate whether this

extrafloral nectar can also exclude exploiters, that is nondefending ant species. Mutualist workers discriminated against sucrose

whereas exploiters and generalists with no affinity toward Acacia myrmecophytes preferred sucrose, because mutualist workers

lacked the sucrose-cleaving enzyme invertase, which is present in workers of the other two groups. Sucrose uptake induced

invertase activity in workers of parasites and generalists, but not mutualists, and in larvae of all species: the mutualists loose

invertase during their ontogeny. This reduced metabolic capacity ties the mutualists to their plant hosts, but it does not completely

prevent the mutualism from exploitation. We therefore investigated whether the exploiters studied here are cheaters (i.e., have

evolved from former mutualists) or parasites (exploiters with no mutualistic ancestor). A molecular phylogeny demonstrates that

the exploiter species did not evolve from former mutualists, and no evidence for cheaters was found. We conclude that being

specialized to their partner can prevent mutualists from becoming cheaters, whereas other mechanisms are required to stabilize a

mutualism against the exploitation by parasites.
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Mutualisms are interspecific interactions in which one partner

provides a “service” to be “rewarded” by the other, and which

maximize the net fitness of all partners (Bronstein 1994). Mutu-

alisms can be exploited, however, by species that take advantage

of the resources that are provided by one partner without re-

ciprocating (Bronstein 2001; Yu 2001; Sachs and Simms 2006).

Such exploiters do not pay the cost of providing services and thus

should be fitter than mutualists (Doebeli and Knowlton 1998;

Hoeksema and Bruna 2000; Doebeli et al. 2004; Sachs et al.

2004; Doebeli and Hauert 2005; Sachs and Simms 2006). Be-

cause the presence of exploiters that are competitively superior

to the mutualists should destabilize a mutualism, explaining the

maintenance of mutualisms remains “one of the greatest problems

for evolutionary biology” (Kiers et al. 2003).

Several mechanisms have been proposed for the stabilization

of mutualisms against exploitation. For example, “host sanctions”

mean that hosts cease the provisioning of rewards when they do

not receive the respective service, whereas “partner choice” mech-

anisms allow the preferential selection of suitable partners based

on certain traits that are used as “keys” for partner identification
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(Bull and Rice 1991; Sachs et al. 2004; Sachs and Simms 2006).

We argue that different mechanisms are required to stabilize a

mutualism against different types of exploiters and therefore ex-

plicitly use the term “cheater” for exploiters that have evolved

from former mutualists that ceased the service (Segraves et al.

2005), whereas exploiters that invaded the system without hav-

ing an evolutionary history as a mutualist are termed “parasites”

(Bronstein 2001). If this differentiation based on the phylogenetic

history is made, it becomes obvious that, in contrast to theoretical

expectations, little empirical evidence exists for the occurrence of

cheaters in nature (Sachs and Simms 2006), although cheaters in-

deed can evolve under laboratory conditions (Rainey and Rainey

2003). Moreover, cheaters can retain the traits on which partner

choice mechanisms are based from their evolutionary past, and

cheating is thus more likely prevented by host sanctions, which

control the quantity or quality of services provided.

In the present study we apply behavioral, physiological, and

phylogenetic methods to characterize a mechanism that purport-

edly stabilizes an ant–plant mutualism. Over 100 genera of an-

giosperms and 40 genera of ants are involved in mutualisms in

which plants provide nesting space and/or food rewards to ants that

render a protection service (Davidson and McKey 1993). These in-

teractions represent excellent models for the study of mutualisms

and of their exploitation (Bronstein 1998), because even inter-

actions among closely related species can differ in their degree

of specificity and in their net fitness outcomes (Fiala 1996; Heil

and McKey 2003). On the plant side, so-called myrmecophytes

(obligate ant-plants) provide nesting space and food to symbiotic,

plant-defending ant inhabitants, whereas myrmecophilic species

produce food rewards only if necessary to attract ants as an in-

direct defense against herbivores. For ants, both facultative and

obligate mutualists have been described. Other ant species act as

exploiters: they inhabit obligate myrmecophytes without defend-

ing them.

We investigated Mesoamerican Acacia myrmecophytes and

their Pseudomyrmex ant inhabitants, which represent all the fol-

lowing types of associations: generalist ants with no known asso-

ciation with Acacia plants, obligate mutualists and obligate and

facultative exploiters of Acacia myrmecophytes (Janzen 1966,

1974; Heil et al. 2004a,b). Earlier studies demonstrated that Aca-

cia myrmecophytes provide an intriguing example of how gener-

alists can be prevented from exploiting a mutualism. Extrafloral

nectar (EFN) secreted by these Acacia species possesses invertase

activity. This enzyme cleaves sucrose into glucose and fructose,

thereby leaving the EFN virtually free of sucrose (Heil et al.

2005b). Sucrose is common in plant nectars and phloem sap

(Baker and Baker 1973; Smith et al. 1990; Lanza 1991) and

highly attractive to a wide range of ant species (Galetto and

Bernardello 1992; Koptur 1994; Stapel et al. 1997; Boevé and

Wackers 2003; Blüthgen and Fiedler 2004). As a consequence,

EFN of Acacia myrmecophytes is unattractive to generalist ants

that might compete with the plant’s obligate ant mutualists. The

latter, correspondingly, almost completely lack invertase activity

in their digestive tracts (Heil et al. 2005b). Consequently, myrme-

cophytes appear to preferentially reward mutualists in comparison

to nonmutualists by secreting a chemically specialized EFN.

However, the existence of exploiters of this mutualism

(Janzen 1975; Raine et al. 2004; Clement et al. 2008) demonstrates

that the described filter does not confer absolute protection against

nonreciprocating ants. In the present study we investigated the de-

velopmental level at which the mutualist ants’ metabolic capacity

becomes reduced, making these ants physiologically dependent

on the specific EFN that is secreted by their Acacia hosts. We

also studied the phylogenetic relations among mutualist and ex-

ploiter species in the genus Pseudomyrmex. Such phylogenies are

the only means to distinguish between cheaters and parasites and

thus allow answering the intensively discussed question whether

mutualists that cease their service are a common threat for mu-

tualism (Axelrod and Hamilton 1981; Bronstein 2001; Sachs and

Simms 2006).

We conducted cafeteria-style feeding experiments using

three functional groups of ants, a mutualist (Pseudomyrmex fer-

rugineus), an exploiter (P. gracilis), and a generalist (P. sp. PSW-

06), to investigate whether their type of association with Acacia

can predict the ants’ feeding preferences. Second, we quantified

invertase activity in workers and larvae of mutualists, exploiters,

and generalists to check whether their feeding preferences have

a physiological basis. A putative substrate-induction was consid-

ered, because workers of obligate Acacia inhabitants naturally

feed on sucrose-free EFN only, and the larval stage was also in-

cluded, because larvae of the specialized Pseudomyrmex species

feed on sucrose-containing food bodies (Heil et al. 2004a). Fi-

nally, we established a molecular phylogeny of Pseudomyrmex

to understand the evolutionary history of species that inhabit

Acacia myrmecophytes as mutualists or as exploiters. Thereby,

we wanted to understand (1) at which level (behavior, physiol-

ogy, or phylogeny) the putative filter against exploitation of the

Acacia—Pseudomyrmex mutualism functions and (2) why certain

ant species can still exploit the resources provided by the Acacia

myrmecophytes.

Materials and Methods
SPECIES

The New World ant genus Pseudomyrmex comprises ca. 200

species. Most of these are generalists that nest in dead twigs, but

about 40 species are specialized inhabitants of myrmecophytes

(Ward and Downie 2005). Prominent examples among the plant-

ants are those inhabiting swollen-thorn acacias: these include 10

species of obligate mutualists in the P. ferrugineus group and four

8 4 0 EVOLUTION APRIL 2009



ADAPTATIONS OF MUTUALISTIC PLANT-ANTS

distantly related Acacia-ant species that appear to be specialized

exploiters of Acacia (Ward 1993).

For the “cafeteria-style” experiment that allowed ants to

freely choose among different types of food solutions we selected

P. sp. PSW-06 as a generalist with no known interaction with Aca-

cia myrmecophytes, P. gracilis as an exploiter, and P. ferrugineus

as an obligate Acacia-mutualist. Invertase activity was quanti-

fied in seven Pseudomyrmex species: P. ferrugineus, P. mixtecus,

and P. peperi belong to the ferrugineus group (Ward 1989, 1993)

and are obligate Acacia-mutualists. Pseudomyrmex gracilis and

P. nigropilosus are exploiters (Janzen 1975; Clement et al. 2008),

although their interaction with Acacia myrmecophytes appears to

be obligate in case of P. nigropilosus yet facultative for P. gra-

cilis. Generalist ant species included were P. salvini and the un-

described species P. sp. PSW-06. Pseudomyrmex salvini belongs

to the elongatulus group, PSW-06 is in the pallidus group (P. S.

Ward, unpubl. data). Both species have no known affinity toward

Acacia plants.

A total of 30 Pseudomyrmex specimens were selected for

DNA sequencing. We sampled seven of the 10 species in the

P. ferrugineus group, one of the specialized parasites (P. nigropi-

losus), and 10 other species of Pseudomyrmex, including popula-

tions of a generalist species (P. gracilis) that occasionally exploits

swollen-thorn acacias. Tetraponera rufonigra (the sister taxon to

Pseudomyrmex) and Apis mellifera (an apid) were used as out-

group species.

CAFETERIA EXPERIMENTS

Cafeteria experiments were conducted during the dry season in

May 2008 in the vicinity of Puerto Escondido, Oaxaca, México

(Pacific coast; ∼15◦55′N and 097◦09′W). We prepared “artificial

nectars” with a concentration of 10% w/v consisting of glucose,

fructose, or sucrose, a sugar mix (all three sugars at the ratio 1:1:1)

and water. The solutions were pipetted onto branches of plants in

a random order. The number of ants feeding on the respective

sugar drops was recorded over the next 45 min in 5-min inter-

vals (10 iterations per cafeteria experiment) and summed up for

each cafeteria. For each species, five cafeterias were used, each

representing a different ant colony. All P. sp. PSW-06 colonies

were found foraging on Prosopis juliflora, a myrmecophilic

Fabaceae growing at the same study site, whereas all colonies of

P. gracilis and P. ferrugineus used here inhabited Acacia hindsii

myrmecophytes.

For statistical analysis we applied a univariate general lin-

ear model (GLM) with “ant number” attracted to a particular

droplet as dependent variable, “solution” (glucose, fructose, su-

crose, sugar mix, and water) as fixed factor, and “cafeteria” as

random factor to each species after arcsine transformation (Sokal

and Rohlf 1995) to ensure that the data were normally distributed

and the variances were homogeneously distributed. To test for

significant differences between ant attendances to the respective

solutions, an LSD post hoc test was applied to the dataset. Data

were analyzed using SPSS 15.0 (SPSS for Windows, SPSS Inc.,

Chicago, IL).

SAMPLING FOR INVERTASE QUANTIFICATION

Field studies on invertase activity were conducted in México from

September to November 2005 and from August to October 2006.

Study sites were located in the south of México with the main

study site being in the vicinity of Puerto Escondido, Oaxaca.

Additional samples were collected near Matias Romero, Oaxaca

(Isthmus of Tehuantepec; ∼17◦06′N and 94◦55′W) and San An-

dres Tuxtla, Veracruz (Atlantic coast; ∼18◦35′N and 095◦04′W).

Mutualists and exploiters were collected by cutting off swollen

Acacia thorns, whereas generalists were baited by pipetting aque-

ous sucrose solution (10% w/v) onto branches of the background

vegetation: the ants took up the offered liquid, returned to their

nest site and thus nests could be localized. Ants of each mutualist

or exploiter colony were divided into three subsamples, one of

which was not fed (“starved”), whereas the two others were fed

for five days with a solution (10% w/v) of glucose or sucrose ad

libitum prior to quantification of invertase activity. The general-

ists could not be included in the study of starved ants, because

sugar solution had been taken up by an unknown proportion of

the workers during collection. Thorns were kept intact to protect

larvae, which were fed by the respective workers with the offered

sugar solution. Starved ants were dissected on the day after col-

lection. Ten different colonies of each species from different sites

were included in the study with exception of P. sp. PSW-06, of

which four colonies were used.

Data on invertase activity from the experiment with starved

ants (workers or larvae) were subjected to analysis of variance

(ANOVA). In the feeding experiment, Wilcoxon signed-rank

tests for two dependent variables were applied using glucose-

fed samples and sucrose-fed samples obtained from one colony

as matched pairs. In addition, a univariate GLM was applied to the

entire dataset. “Invertase activity” was set as variable, “species,”

“treatment” (unfed, fed with glucose, or fed with sucrose), and

“ontogenetic stage” (workers or larvae) were set as fixed factors,

whereas “colony” was a random factor.

PREPARATION OF ANTS

Ants were dissected in “Insect Ringer” solution (10.4 g NaCl,

0.32 g KCl, 0.48 g CaCl2, and 0.32 g NaHCO3 in 1 l water).

The sting and poison glands were removed from the gaster and

discarded. Head and gaster were opened with tweezers and all

inner parts were collected, the exoskeleton and mesonotum were

discarded as well. All glands that might contain digestive en-

zymes and the entire digestive tract were included in the analysis.

The content of one to eight ants from one sample were pooled,
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transferred into 300 μl 50 mmol/L sodium phosphate buffer (pH

6.0) with 25 μl of proteinase inhibitor (one Complete Mini Tablet,

Roche Diagnostics, Mannheim, Germany in 1.5 mL water), and

homogenized with sand. One complete larva was used for each

extract, transferred to sodium phosphate buffer with proteinase

inhibitor, and homogenized with sand. The extracts were filtered

with micromembranes (“Rotilabo Spritzenfilter,” 13 mm, 0.2 μl

Nylon, Carl Roth, Karlsruhe, Germany), before incubation at 4◦C

for 1 h.

QUANTIFICATION OF INVERTASE ACTIVITY

Invertase activity was quantified spectrophotometrically based on

the kinetics of glucose release from sucrose. We used the Glucose

(HK) kit (Sigma-Aldrich, Steinheim, Germany) as described pre-

viously (Heil et al. 2005a). In short, 10 μl of extract and 100 μl of

Glucose (HK) reagent (prepared according to the manufacturer’s

protocol) were introduced into cuvettes (70 μl micro disposable

cuvettes, Plastibrand, Brand, Wertheim, Germany) and immedi-

ately placed into a photometer (Genesys 20 Spectrophotometer,

ThermoSpectronic, Cambridge, UK). Ten microliters of sodium

phosphate buffer and 100 μl of HK reaction solution were used

as blank. Absorption at 340 nm was quantified every 5 min until a

steady state was reached (30–45 min). In cases of very high initial

absorptions (>0.3) or high increases in absorption, the samples

were further diluted with HK reaction solution and sodium phos-

phate buffer. After the steady state was reached, 20 μl of sucrose

with water as solvent (25% w/v) were added to each sample and

absorption was quantified for 1.5–2 h to calculate invertase activ-

ity as the amount of newly produced glucose (Heil et al. 2005a).

Table 1. Primers used in the present study. Positions correspond to those in the following GenBank sequences: Apis, Apis mellifera

mitochondrial genome (L06178) (Crozier and Crozier 1993); D. mel., Drosophila melanogaster (M21017); Myr., Myrmica rubra (AF332515);

Phe., Pheidole morrisi (AY101369.1).

Primer Sequence (5′ to 3′) Position Source

28S-3318F CCCCCTGAATTTAAGCATAT D. mel 3318–3337 (Schmitz and Moritz 1994)
28S-3706R GGTTTACCCCTGAACGGTT D. mel. 3706–3686 (Ward and Downie 2005)
28S-3665F AGAGAGAGTTCAAGAGTACGTG D. mel. 3665–3686 (Belshaw and Quicke 1997)
28S-4068R TTGGTCCGTGTTTCAAGACGGG D. mel. 4068–4047 (Belshaw and Quicke 1997)
Wg578F TGCACNGTGAARACYTGCTGGATGCG Phe. 578–603 (Ward and Downie 2005)
Wg1032R ACYTCGCAGCACCARTGGAA Phe. 1032–1013 (Abouheif and Wray 2002)
LR143F GACAAAGTKCCACCRGARATGCT Apis 143–165 (Ward and Downie 2005)
LR639ER YTTACCGRTTCCATCCRAACA Apis ∼639–624 (Ward and Downie 2005)
AA1182F CCGGCGATATGAGTACGAAATTC Myr. 1182–1204 (Ward and Downie 2005)
AA1824R TAGAAYTGTGCCGCCGCTGCCAT Myr. 1824–1802 (Ward and Downie 2005)
COI-LCO1490 GGTCAACAAATCATAAAGATATTGG Apis 1810–1834 (Folmer et al. 1994)
COI-HCO2198 TAAACTTCAGGGTGACCAAAAAATC Apis 2518–2493 (Folmer et al. 1994)
COI-Ben3R GCWACWACRTAATAKGTATCATG Apis 2911–2889 (Brady et al. 2000)
COI-Ben4R GCAATWACATARTARGTGTCATG Apis 2911–2889 (Brady et al. 2000)
COI-Jerry CAACATTTATTTTGATTTTTTGG Apis 2481–2503 (Simon et al. 1994)
COI-Pat TTCAATGCACTTATTCTGCCATATTA Apis 3382–3357 (Simon et al. 1994)

If samples had to be diluted, a proportional amount of sucrose

was added.

MOLECULAR METHODS

Total genomic DNA was extracted from single entire individuals

stored in ethanol (100%), using the DNeasy Tissue Kit (Qiagen,

Hilden, Germany) following protocol B for insects. The final

elution of DNA was performed with sterile water instead of the

AE buffer. Our study includes sequences from both the mito-

chondrial and the nuclear genome. A fragment covering most

of the mitochondrial cytochrome oxidase one gene (COI) was

sequenced of the mitochondrion. Of the nuclear genome, both

protein-coding genes and a ribosomal gene were included: a frag-

ment of the large subunit (28S) ribosomal DNA gene, fragments

of the protein-encoding genes abdominal-A (abd-A), wingless

(wg), and long-wavelength rhodopsin (LW Rh). Primers used for

amplification are shown in Table 1.

Polymerase chain reaction (PCR) was carried out in 25 μl

reaction volume consisting of 2.5 μl 10× PCR buffer (Roche,

Branchburg, NJ), 3 μl dNTPs (Epicentre, Odlendorf, Germany),

2.5 μl 10× Bovine Serum Albumin (BSA) (New England Bio-

Labs, Ipswich, MA), 1 μl Taq Polymerase (New England Bio-

Labs), 1 μl of each primer (10 μM), 9 μl dH2O, and 5 μl of

undiluted DNA-isolate. Thermal cycling parameters were: ini-

tial denaturation for 5 min at 95◦C followed by 34 cycles of

95◦C for 1 min, 47◦C (mtCOI) or 54◦C (nu genes) for 1 min,

72◦C for 2 min, and a final elongation for 10 min at 72◦C,

holding temperature was set at 4◦C. Amplification products were

viewed on 1% agarose gels stained with ethidium bromide and
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subsequently purified using GELase enzyme (Epicentre, Olden-

dorf, Germany).

Fragments were sequenced using the Big Dye Terminator

reaction kit (ABI PRISM, Applied Biosystems, Foster City, CA).

Sequencing and PCR amplification were performed using the

same sets of primers. Cycle sequencing was conducted with the

following program: initial denaturation for 1 min at 96◦C followed

by 32 cycles of 96◦C for 15 s, 50◦C for 10 s, 60◦C for 4 min.

Sequence products were precipitated with 10 μl sterile dH2O,

2 μl of 3 m NaOAc, and 50 μl of 95% ethanol before they

were loaded on an ABI 3730 (Applied Biosystems) automatic

sequencer. Sixty-four of 159 sequences were generated in the

Ward laboratory, according to the procedures given in Ward and

Downie (2005).

SEQUENCE ALIGNMENT

ABI traces were assembled with SeqMan 4.03 (DNAStar,

Madison) and manually adjusted. Only unambiguous sequences

without double peaks were included in the study. The identity

of sequences was verified using BLAST search (Altschul et al.

1997). Sequences were aligned using Clustal W (Thompson et al.

1994) as implemented in BioEdit 7.0.0 (Hall 1999). Alignment pa-

rameters were default. Gaps and length variants are not expected

in coding mitochondrial genes as COI and sequences with gaps

in the corresponding alignment were considered to be a putative

pseudogene and excluded from the analysis. The protein-encoding

nuclear genes showed little variation in length with the exception

of LW Rh, which possessed an intron. The intron was removed

from the dataset before analysis. The alignment of the 28S se-

quences was more difficult due to some hypervariable regions

toward the end of the alignment, which we excluded before data

analysis. In the combined dataset only specimens were included,

of which all five gene portions could be generated with the excep-

tion of Pseudomyrmex perboscii of which abd-A is lacking and

coded with “N” in the alignment.

PHYLOGENETIC ANALYSES

For phylogenetic analyses, we used both a Bayesian approach

and a maximum-likelihood (ML) analysis. Bayesian methods al-

low efficient analysis of complex nucleotide substitution models

in a parametric statistical framework (Larget and Simon 1999;

Huelsenbeck et al. 2001) and include estimation of uncertainty

(Huelsenbeck et al. 2000). Posterior probabilities and bootstrap

support values generated from ML analysis and maximum par-

simony analyses have been demonstrated to differ (Suzuki et al.

2002; Wilcox et al. 2002; Alfaro et al. 2003; Simmons et al.

2004). Bayesian support values resulting from likelihood analy-

ses appear to be overestimates in certain cases, especially when

short branches are involved. In contrast, bootstrap values are com-

monly underestimates and can be viewed as helpful lower bounds

of support values. Here, we adopt a conservative perspective and

consider only those clades as well supported that have a poste-

rior probability of at least 0.95 and bootstrap support equal to or

above 70%. Congruence between the datasets was assessed by

comparing bootstrap support of clades above 70% for each locus

(Lutzoni et al. 2004).

BAYESIAN ANALYSES

The Bayesian (B/MCMC) analyses were performed using

MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001). Posterior prob-

abilities were approximated by sampling the trees using a Markov

chain Monte Carlo (MCMC) method. For all analyses the se-

quences were tested for the most appropriate model of DNA sub-

stitution analyses by the program Modeltest version 3.7 (Posada

and Crandall 1998) using LRT. Different models were determined

as the most appropriate ML model of evolution for our datasets:

GTR + I + � (mtCOI, 28S), HKY (wg), HKY + � (LW Rh),

and GTR + � (abd-A). In the combined analysis, the dataset was

partitioned into 13 parts (first, second, third codon positions of

COI, 28S rDNA, first, second, third codon positions of abd-A,

first, second, third codon positions of LW Rh, first, second, third

codon positions of wg). For each of the 13 partitions, MrBayes

estimated the proportion of invariant sites, the gamma distribu-

tion shape parameter, base frequencies, and the substitution rates

(GTR model) or transition/transversion ratio (HKY model). Each

partition was allowed to have its own model parameters as pro-

posed by Nylander et al. (2004). No molecular clock was assumed.

A run with 4,000,000 generations starting with a random tree and

employing 12 simultaneous chains was executed. Every 100th tree

was saved into a file. The first 300,000 generations (i.e., the first

3000 trees) were deleted as the “burn in” of the chain. We plotted

the log-likelihood scores of sample points against generation time

using TRACER 1.0 (http://evolve.zoo.ox.ac.uk/software.html?id)

to ensure that stationarity was reached after the first 300,000 gen-

erations by checking whether the log-likelihood values of the

sample points reached a stable equilibrium value (Huelsenbeck

and Ronquist 2001). Of the remaining 74,000 trees (37,000 from

each of the parallel runs) a majority rule consensus tree with av-

erage branch length was calculated using the “sumt” option of

MrBayes. Posterior probabilities were obtained for each clade.

Phylogenetic trees were drawn using TREEVIEW (Page 1996).

MAXIMUM-LIKELIHOOD ANALYSES

The ML analyses were performed with GARLI version 0.951

(Zwickl 2006) employing the models as determined by Model-

test. For the combined analysis, the model GTR + I + � was

determined to fit the data best because running partitions is not

possible using GARLI. Bootstrap support was based on 2000

replications in the combined analysis and 1000 in each single

gene analysis.
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ALTERNATIVE HYPOTHESIS TESTING

To test whether our data are sufficient to reject a monophyly of

Pseudomyrmex species with parasitic or mutualistic relationships

to acacias, we employed alternative hypothesis testing. For the

hypothesis testing two different methods were used with the com-

bined five-gene dataset: First, the Shimodaira–Hasegawa (SH) test

(Shimodaira and Hasegawa 1999) and second an expected likeli-

hood weight (ELW) test following Strimmer & Rambaut (2002).

The tests were performed using Tree-PUZZLE 5.2 (Schmidt et al.

2002) on a sample of 200 unique trees, the best trees agreeing

with the null hypotheses and the unconstrained ML tree. These

trees were inferred in Tree-PUZZLE employing the GTR + I +
� nucleotide substitution model.

ANCESTRAL CHARACTER MAPPING

Mutualistic vs. nonmutualistic and invertase activity ancestral

states within the Acacia ants were reconstructed based on the

combined dataset phylogeny. Three character states representing

all possible associations among Acacia ants (0 = generalists, 1 =
parasites, and 2 = mutualists) and two character states represent-

ing the possible invertase activity states (0 = no invertase activity,

1 = invertase activity) were considered potential ancestral states.

Ancestral states were reconstructed with ML as the optimality

criterion (Pagel 1994) on 1000 trees sampled with B/MCMC

(as described earlier) using the Trace Character Over Trees op-

tion in Mesquite 0.995 (Maddison and Maddison 2007). Using

a likelihood ratio test, the asymmetric two-parameter model was

selected for this analysis. Only ancestral states reconstructed with

Table 2. Effects of sugar solution on numbers of feeding ants in cafeteria experiments. Results of a general linear model (GLM) for

analysis of variance after a univariate design are reported for ant number as variable. “Solution” was set as fixed factor, “cafeteria” as

random factor.

Source SS df F P

P. sp. PSW-06 Intercept Hypothesis 9721.960 1 16.900 0.015
Error 2301.040 4

Solution Hypothesis 1451.840 4 11.995 <0.001
Error 484.160 16

Cafeteria Hypothesis 2301.040 4 19.011 <0.001
Error 484.160 16

P. gracilis Intercept Hypothesis 5867.560 1 35.505 0.004
Error 661.040 4

Solution Hypothesis 1830.640 4 20.020 <0.001
Error 365.760 16

Cafeteria Hypothesis 661.040 4 7.229 0.002
Error 365.760 16

P. ferrugineus Intercept Hypothesis 18279.040 1 19.733 0.011
Error 3705.360 4

Solution Hypothesis 4231.760 4 13.436 <0.001
Error 1259.840 16

Cafeteria Hypothesis 3705.360 4 11.765 <0.001
Error 1259.840 16

raw-likelihood scores greater than 2.0 (i.e., the default setting T =
2.0 in Mesquite), corresponding to a conservative approximation

of proportional-likelihood values > 0.95 in our analysis, were

considered to be significant following Edwards (1972).

Results
CAFETERIA EXPERIMENTS

For all three ant species tested, worker attendance to artificial

sugar solutions was significantly affected by the type of sugar

offered. The generalist P. sp. PSW-06 favored sucrose and sig-

nificantly preferred sucrose and the sugar mix over the monosac-

charides glucose and fructose (according to GLM, see Table 2).

Water was favored over the monosaccharides (see Fig. 1). The

exploiter, P. gracilis, preferred sucrose significantly over all other

sugar solutions and significantly discriminated against water (see

Fig. 1 and Table 2). Pseudomyrmex ferrugineus, a mutualist, sig-

nificantly preferred glucose over sucrose, whereas water was sig-

nificantly avoided. Fructose and the sugar mix were the second

favorite solution, whereas sucrose was only preferred over water

(see Fig. 1 and Table 2).

INVERTASE ACTIVITY IN WORKERS AND LARVAE

Invertase activity in workers was highly significantly affected by

ant species (ANOVA: F invertase activity (4,45) = 12.106, P < 0.001).

The exploiters, P. gracilis and P. nigropilosus (starved, i.e., di-

rectly collected in the field), showed high invertase activities of

89 ± 19 and 107 ± 20 ng (mean ± SE) of glucose released per
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Figure 1. Ant attendance to sugar solutions. Ant attendance is

expressed as a percentage of all feeding ants that were attracted

to one particular solution; bars represent means ± SE. We applied

a univariate general linear model (GLM) with type of solution as

fixed factor and number of cafeteria as random factor to each

species. The type of solution was a significant source of variance

to each species (P < 0.001 for each species according to GLM), and

solutions labeled with different letters are significantly different

(P < 0.05, LSD post hoc analysis). N = 5 colonies per species.

microgram ant fresh weight and min (Fig. 2), which was signif-

icantly higher than the activity in the mutualists P. ferrugineus,

P. mixtecus, and P. peperi (P < 0.05 according to Least Signifi-

cant Difference (LSD) test, see Fig. 2). Activity in the mutualists

only ranged from 15 ± 2 to 18 ± 7 ng of glucose released per

microgram per minute (Fig. 2). In contrast, unfed larvae of all

species showed high invertase activities, which were up to four

times higher than in workers. The difference between workers

and larvae was significant for all species (P < 0.05 according to

Wilcoxon signed-rank tests conducted separately for all individual

species, N = 10 for each species).

The factor “species” significantly affected larval invertase

activity (ANOVA: F invertase activity (4,45) = 2.962, P = 0.03). Larval

invertase activity of the exploiters averaged to 281 ± 57 ng and

407 ± 74 ng of glucose released per microgram per minute. It

tended to be slightly lower in two of the mutualists (P. ferrug-

ineus and P. mixtecus: 224 ± 22 ng of glucose per microgram

per minute), whereas larval invertase activity of the mutualist

P. peperi was high (377 ± 42 ng of glucose released per mi-

crogram per minute). Significant differences in larval invertase

activity were found between P. ferrugineus and P. mixtecus com-

pared to P. nigropilosus and P. peperi, with P. gracilis showing

intermediate activity according to the LSD post hoc test (P <

0.05, see Fig. 2).

SUBSTRATE INDUCTION OF INVERTASE

Enzymatic activity in workers of the generalist species P. salvini

and of the two exploiters P. gracilis and P. nigropilosus increased

significantly in response to feeding on sucrose as compared to

glucose-containing diet (for all three species: P < 0.05 with

N = 10; Wilcoxon signed-rank test). In generalist workers, feed-

ing on sucrose increased invertase activity on average by the

factor 2.5, whereas the exploiters showed on average a three-

fold increase. In contrast to generalists and exploiters, workers of

the mutualists showed no induction in response to sucrose diet

(P > 0.05 according to Wilcoxon signed-rank test for all three

species).

Investigating the larvae revealed a different picture, as feed-

ing on sucrose induced invertase activity in larvae of all species

tested (for all species except P. sp. PSW-06: P < 0.05 according

Wilcoxon signed-rank test with N = 10; Fig. 3. Pseudomyrmex sp.

PSW-06 could not be tested due to N = 4). However, the relative

increase in enzymatic activity was lowest for mutualists (average

increase factor 1.7), followed by generalists (2.0) and exploiters

(3.1).

We additionally applied a univariate GLM to the entire

dataset to test for the effects of “species,” “treatment,” “onto-

genetic stage” (all fixed factors) and “colony” (random factor)

on invertase activity. The effects of “species,” “treatment,” and

“ontogenetic stage” were highly significant (P < 0.001), whereas

the effect of “colony” was not (P = 0.469; see Table 3).

MOLECULAR PHYLOGENY

For this study a total of 159 (126 new) sequences were used in-

cluding 32 mtCOI, 32 28S rDNA, 31 abd-A, 32 LW Rh, and 32 wg
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Figure 2. Invertase activity in ants directly collected in the field (“starved” ants). Bars represent means ± SE. “Species” was a significant

source of variance (P < 0.001, univariate ANOVA), and species labeled with different letters are significantly different (P < 0.05, LSD post

hoc analysis). N = 10 colonies per species.

sequences (Supporting Table S1). A matrix with 3329 unambigu-

ously aligned nucleotide position characters was produced for

analysis containing 1014 positions in the mtCOI, 851 in the 28S

rDNA, 600 in the abd-A, 456 in the LW Rh, and 408 in the wg

datasets. Unalignable portions of 28S and an intron in LW Rh

had previously been excluded from the analysis. We attempted to

exclude nuclear pseudogenes from the COI dataset by removing

sequences with gaps in the alignment. However, numts (pseu-

dogenes) in pseudomyrmecines are often of the same length as

the true mtDNA fragment (P. S. Ward, unpubl. data). A more

important criterion is whether, for the same individual extract,

one observes mismatched bases in overlapping fragments ampli-

fied with different primer pairs. Thus, we sequenced two mtCOI

fragments of each specimen. One was amplified using the primer

COI-LCO1490/Ben, whereas the overlapping fragment was am-

plified using the primer Jerry/Pat. In the cases of disagreeing

sequences the specimen was then excluded from the alignment.

In some cases, the primer pair Jerry/Pat did not yield a PCR

product and two shorter fragments using the primer pairs COI-

LCO1490/COI-HCO2198 as well as Jerry/Ben were amplified.

The ends of all sequences were trimmed to a segment covering

the region amplified by COI-LCO1490/Ben. The combined align-

ment is available in TreeBASE (http.//www.treebase.org/treebase;

accession no. SN4188). ML analysis of the combined dataset

yielded a tree that did not contradict the Bayesian tree

topology. The mean log likelihood of the Bayesian tree

sampling was −14567.985. Detailed information on nucleotide

composition of data partitions is given in Supporting Table S2.

The base composition of the COI locus in the study species was

highly AT biased (0.756), as is expected for mitochondrial DNA in

general and particularly for hymenopterans (Chenuil and McKey

1996; Whitfield and Cameron 1998; Brady et al. 2000). AT bias

at third codon positions was more pronounced (0.821) than at first

(0.650) or second (0.634) positions. Because the topologies of the

ML and B/MCMC analyses did not show any strongly supported

conflicts, only the 50% majority-rule consensus tree of Bayesian
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Figure 3. Invertase activity in ants after feeding on glucose or on sucrose solution (10%) for five days. Bars represent means ± SE.

Asterisks (∗) indicate that values of invertase activity differ significantly (P < 0.05 according to Wilcoxon signed-rank test) between

sucrose-fed ants and glucose-fed ants. n.s. = not significant. N = 10 colonies per species except P. sp. PSW-06 where N = 4.

tree sampling is shown. Those nodes that received strong support

(i.e., posterior probability (pp) ≥0.95 in B/MCMC analysis and

ML bootstrap ≥ 75%) in both the ML and Bayesian analyses are

in bold (Fig. 4).

In the majority-rule consensus tree of the combined dataset

shown in Figure 4, two main clades within the genus Pseu-

domyrmex can be recognized. One is formed by species of the

gracilis group, whereas the other comprises all other species. The

gracilis group is strongly supported as monophyletic in both anal-

Table 3. Effects of “Species,” “Treatment,” “Ontogenetic stage,” “Colony” on invertase activity in ants. Results obtained using the

general linear model (GLM) for analysis of variance after a univariate design with invertase activity as variable. “Species,” “Treatment,”

“Ontogenetic stage” were set as fixed factors, “Colony” as random factor.

Source SS df F P

Intercept Hypothesis 14488739.435 1 529.234 <0.001
Error 383113.172 15.713

Species Hypothesis 4452165.306 6 742027.551 <0.001
Error 8444084.282 337

Treatment Hypothesis 2460340.828 2 49.096 <0.001
Error 8444084.282 337

Ontogenetic stage Hypothesis 5862376.715 1 233.965 <0.001
Error 8444084.282 337

Colony Hypothesis 217547.854 9 0.965 0.469
Error 8444084.282 337

yses (BM 100, pp 1.0), and within the clade the three specimens

of P. nigropilosus are well separated from P. gracilis.

Within the second major clade, P. salvini, P. haytianus, P. sp.

PSW-01, and P. sp. PSW-06 take a basal position to one clade

that comprises all species of the ferrugineus group as well as the

undescribed species P. sp. PSW-54. Thus the obligate Acacia-

ants in the ferrugineus group do not form a monophyletic group.

The undescribed species P. sp. PSW-54, which is a generalist

inhabitant of dead twigs (P. S. Ward, unpubl. data), is sister to
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Figure 4. Phylogeny of Pseudomyrmex ants as inferred from a

five gene partition analysis (3224bp). This is a 50% majority rule

consensus tree based on 74,000 trees from a B/MCMC tree sam-

pling procedure. Branches with posterior probabilities equal or

above 0.95 and ML bootstrap support values above 74% are indi-

cated in bold.

P. nigrocinctus. Pseudomyrmex ferrugineus, P. flavicornis, and

P. mixtecus form one well-supported group (BM 99, pp 1.0) that

is a sister to P. peperi.

ALTERNATIVE HYPOTHESIS TESTING

Alternative topologies with the P. ferrugineus group forming a

monophyletic group are rejected with the current dataset (P <

0.001 in both tests).

ANCESTRAL CHARACTER MAPPING

Among the 30 Pseudomyrmex specimens (19 species) included in

this study, 11 were mutualists (seven species), six (two species)

were parasites of the mutualism with Acacia, and for 13 specimens

(10 species) no interaction with this plant genus has been reported

so far. For P. gracilis, specimens from two generalist colonies

and three exploiting colonies were included. Ancestral character

mapping of ant–plant associations on the phylogeny (Fig. 5) leads

to the conclusion that the ancestors to pseudomyrmecines were

generalists, and that mutualism has arisen once or twice within the

ferrugineus group. Whether the ancestor to the ferrugineus group,

including P. sp. PSW-54, was generalist or mutualistic cannot

be determined with the current dataset. Both scenarios appear

possible (Fig. 5). However, the ancestral state to the P. gracilis

group was generalist, and exploitation has arisen twice within

the species group: once for P. nigropilosus and once within the

species P. gracilis. Most importantly, our data clearly show that

parasitism of acacias by P. gracilis and P. nigropilosus has evolved

independently of the mutualistic interaction. Invertase activity

could only be quantified in seven of these ant species and the data

suggest that inducible invertase activity in workers is the ancestral

state (Fig. 5).

Discussion
The aim of our study was to understand the behavioral, physiolog-

ical, and phylogenetic basis of a filter purportedly stabilizing the

mutualism of Acacia myrmecophytes with their defending Pseu-

domyrmex ant inhabitants: the secretion of sucrose-free EFN and

the corresponding lack of the sucrose-cleaving enzyme, invertase,

in the mutualist workers (Heil et al. 2005b). As several exploiting

ant species have been described for this system, we also aimed

at understanding the evolutionary origin of these exploiters. In

this context, our goal was to determine whether the exploiters in

the system are “cheaters” (i.e., have evolved from mutualists) or

“parasites” (evolved from generalists).

A comparison of obligate Acacia-mutualists with exploiters

and generalist species revealed that the digestive capacities (Figs.

2 and 3) of the various ant species predicted their feeding pref-

erences (Fig. 1). Workers of all three mutualist species lacked

invertase activity, which could not even be induced when they

were feeding on a sucrose-containing diet (Fig. 3). These ant

workers therefore appear dependent on the sucrose-free EFN that

is provided by their plant hosts. To investigate the degree of the

ants’ dependency, long-term experiments would have to be con-

ducted in which the ants are only fed with sucrose. Sucrose-free

EFN, on the other hand, was less attractive to generalist and

parasitic ant species, which all possess substrate-inducible in-

vertases. Secretion of EFN without sucrose by obligate Acacia

ant-plants apparently reduces the competition of their special-

ized Pseudomyrmex inhabitants with generalist ants. These find-

ings indicate that sucrose-free EFN functions as a partner choice

mechanism allowing the plant to attract the desired ant partner.

However, this filter does not entirely exclude exploiters, be-

cause at least three exploiting ant species have been described for

Acacia myrmecophytes (Janzen 1975; Raine et al. 2004; Clement

et al. 2008), two of which (P. gracilis and P. nigropilosus) even

belong to the same genus as the mutualistic ants. What is the

8 4 8 EVOLUTION APRIL 2009



ADAPTATIONS OF MUTUALISTIC PLANT-ANTS

Figure 5. Associations of ants with myrmecophytic Acacia-plants (mutualistic, generalist, and parasitic; left) and invertase activity in

workers of Pseudomyrmex ants (invertase activity, no invertase activity, and not determined; right) traced on the phylogeny of selected

Pseudomyrmex ants, as inferred from a five gene fragments analysis.

evolutionary history of these species, and why does sucrose-free

EFN not exclude them from exploitation?

PHYLOGENETIC RELATIONSHIPS

The two exploiters investigated here clustered within the gra-

cilis group, which was well separated from the ferrugineus group

(Fig. 4)—a pattern that confirms earlier findings (Ward and

Downie 2005; Fig. 4). Pseudomyrmex gracilis and P. nigropi-

losus are not closely related to the symbiotic ferrugineus group,

they consequently must have evolved their association to myrme-

cophytic Acacia plants independently of the mutualists. Surpris-

ingly, the mutualistic Acacia-ants (ferrugineus group) formed a

paraphyletic group, because the generalist P. sp. PSW-54 clus-

tered within the same clade (Fig. 4). The male genitalia of this

species resemble those of the species of the ferrugineus group (P.

S. Ward, unpubl. data). This evidence supports our molecular data

(Fig. 4), showing that this species is closely related to the ferrug-

ineus group. Alternative topologies can therefore be rejected.

Ancestral character mapping revealed that P. gracilis and

P. nigropilosus are most likely derived from a generalist ancestor

(Fig. 5). Another exploiter of Acacia myrmecophytes, Campono-

tus planatus (Raine et al. 2004) even belongs to a genus that has no

known mutualism with Acacia. All exploiters of Mesoamerican

Acacia myrmecophytes that have been described so far are, thus,

parasites rather than cheaters. On the other hand, a species with

no current obligate association with Acacia myrmecophytes (P.

sp. PSW-54) appears to have evolved from a mutualistic ancestor.

Both findings confirm recent observations by Sachs and Simms

(2006), who found that mutualists rarely evolve into cheaters,

although they reported several cases in which species with no

association to the respective host had a mutualistic ancestor.

BEHAVIORAL AND PHYSIOLOGICAL BASIS OF THE

FILTER

Cafeteria experiments revealed that the ants distinguished among

different sugar solutions and that this behavior has a physiological

basis (Figs. 1–3). The digestive capacities of workers and larvae

were determined by the food sources that are naturally used by the

respective ontogenetic stage. First, invertase activity was found in

larvae of all species investigated, most probably because larvae of

mutualistic Pseudomyrmex species feed on food bodies (Janzen

1966), and these do contain sucrose (Heil et al. 2004a). Second,

workers and larvae of parasites feed also on host-independent

food sources (Clement et al. 2008), including sucrose-containing
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plant saps. Thus, all groups of ants turned out to have digestive

capacities that are highly adjusted to their respective food source.

The two parasites studied here differ in their life history, as

P. nigropilosus represents an obligate—although not defending—

inhabitant of Acacia myrmecophytes (Janzen 1975), whereas

P. gracilis only facultatively exploits Acacia plants. Although

all colonies used for our study were living on A. hindsii, both par-

asite species possessed inducible invertase activity (Fig. 3) and

discriminated against glucose and fructose (Fig. 1)—the main

carbohydrates in the EFN of A. hindsii (Heil et al. 2005b). The

physiology and behavior of the parasites in this respect resembled

generalists rather than mutualists. A lack of invertase activity

was found only in the P. ferrugineus group, and ancient char-

acter mapping made a loss of invertase activity from workers

within this clade likely (Fig. 5). Workers that lack invertase char-

acterize this specific taxonomic group rather than obligate Acacia

ants and represent, thus, a phylogenetic rather than an ecological

phenomenon.

COEVOLUTIONARY STABILIZATION

Due to the mutualist workers’ lack of capacity to digest sucrose,

these species would not be able to live on solely sucrose-based

diets. Former mutualists that stop providing the protective service

would still rely on the host-derived food resources only. Ceasing

the protective service harms the plant, because the Acacia plants

require ant-mediated protection from being overgrown by com-

peting plants and lianas and also from herbivores (Janzen 1966;

Raine et al. 2002; Clement et al. 2008). As lack of protection from

these threats and the resulting increase in, for example, dead shoot

tips (see Clement et al. 2008) reduce the amount of host-derived

food rewards, cheaters would be strongly counter selected. Thus,

the gain of invertase activity in the nectar of myrmecophytic Aca-

cia species and the corresponding loss of the enzyme in the spe-

cific Pseudomyrmex workers reinforce the cooperation between

the two actors and apparently prevent the evolution of cheaters.

Remarkably, this adaptation exclusively applies to workers. Be-

cause larvae are not able to move off the host plant, a factor that

evolved for the exclusion of nondesired species is only required

to act against workers, yet not against larvae. However, more data

are needed to test this key aspect of the stabilization hypothesis

that we present here. Future experiments would need to include

removal of ants in field studies and quantifying plant survival and

fitness compared to plants inhabited by ants.

In contrast, the digestive physiology and behavior of both par-

asites resembled generalists. The “filter,” which apparently serves

to discourage generalist ants might thus also reduce the attractive-

ness of myrmecophyte EFN to more specialized exploiters. Why

do parasites still exist in the system? First, the parasites make

use of host-independent food resources and reproduce at smaller

colony sizes than the mutualists (see also Clement et al. 2008).

They are, therefore, much less dependent on the state of their

Acacia host plant than are the mutualists. Second, hollow struc-

tures that can be used as nesting space are a generally limiting

resource for many tropical ant species (Fonseca 1993; Heil and

McKey 2003; Philpott and Foster 2005), and some specific fil-

ters excluding nonmutualists from entering these thorns (Brouat

et al. 2001) would therefore be required to completely protect a

myrmecophyte from exploitation.

A COEVOLUTIONARY SCENARIO

How might the adaptive specialization of ants and plants have

taken place in evolutionary terms? As soon as a specialized mu-

tualism has been established, it should be in the host’s interest

to exclude less-desirable partners from the interaction (Davidson

and McKey 1993). Traces of invertase have also been detected in

EFNs of nonmyrmecophytes (Heil et al. 2005b). Thus, the high

invertase activity of Acacia myrmecophytes EFNs represents a

quantitative rather than a qualitative change. After establishing

the mutualism, Acacia myrmecophytes did not have the necessity

to attract ants from the vicinity any longer and most probably it

was only then that the invertase activity increased in their EFN,

because there was no selection pressure on maintaining a highly

attractive EFN. In general, highly specialized symbionts, such

as endosymbionts, have reduced their metabolic capacities after

establishing a symbiosis (Zientz et al. 2004). In correspondence,

the mutualistic Acacia ants most probably have lost their inver-

tase activity after the plants had increased theirs. Two different

hypotheses can be formulated to understand the evolution of this

trait in mutualist ants. The neutral mutation hypothesis (Kimura

1968; Wilkens 1988) suggests that loss of invertase activity is

caused by random mutations in digestive genes, which gradu-

ally accumulate in the absence of selective pressure. In contrast,

the adaptation hypothesis (Sket 1985; Ayala 2007) suggests that

natural selection causes the loss of invertase activity due to ad-

vantages in losing this digestive capacity. The same hypotheses

aim at explaining the loss of eyes in cave fish (Jeffrey et al.

2003).

CONCLUSIONS

Mutualistic Pseudomyrmex plant-ants were much more special-

ized on the host-derived food sources than the congeneric parasitic

species. The filter as described here apparently did prevent the suc-

cessful establishment of cheaters in the Acacia—Pseudomyrmex

system, as no exploiters with an evolutionary past as mutualists

have ever been described for this system. Mutualisms are often

regarded as being destabilized by cheaters (Trivers 1971; Axelrod

and Hamilton 1981; Herre et al. 1999). However, parasite species

that have no mutualistic ancestor appear to be the much more com-

mon problem. Distinguishing cheaters from parasites is important,

because the latter can simply be seen as one further strategy by
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which organisms obtain a useful resource (Bronstein 2001) and

because mechanisms for the stabilization of mutualisms against

the evolution of cheaters are different from those that exclude par-

asites. In the system investigated here, the secretion of sucrose-

free EFN by the hosts and the corresponding lack of invertase in

mutualist workers could successfully prevent the establishment of

cheaters. Further studies will have to investigate, however, how

the mutualism is protected from the more common threat: the

exploitation by parasites.

ACKNOWLEDGMENTS
We thank D. J. Ballhorn, S. Eilmus (Essen), C. Kost (Auckland), and
three anonymous referees for valuable comments on earlier versions of
this manuscript and K. Feldheim, S. Pauls, I. Schmitt, and N. Wirtz
(all Chicago) for advice concerning the molecular work. M. Verhaagh
(Karlsruhe) helped with species determination, L. Clement (Jena) pro-
vided additional ant samples and J. C. Silva Bueno (Guadalajara) assisted
with the field work. This work was financially supported by the DFG
(grant He 3169/4-2) and a start up fund by the University of Duisburg-
Essen to MH. SK acknowledges the receipt of a Field Museum internship
grant. Most of the molecular part of this work was conducted in the
Pritzker Laboratory of Molecular Systematics and Evolution at the Field
Museum of Natural History in Chicago. Molecular phylogenetic research
on ants by PSW was supported by the US National Science Foundation,
mostly recently through grants DEB-0344731 and EF-0431330.

LITERATURE CITED
Abouheif, E., and G. A. Wray. 2002. Evolution of the gene network underlying

wing polyphenism in ants. Science 297:249–252.
Alfaro, M. E., S. Zoller, and F. Lutzoni. 2003. Bayes or bootstrap? A simulation

study comparing the performance of Bayesian Markov chains Monte
Carlo sampling and bootstrapping in assessing phylogenetic confidence.
Mol. Biol. Evol. 20:255–266.

Altschul, S. F., T. L. Madden, and A. A. Schäffer. 1997. Gapped BLAST
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Clement, L. W., S. C. W. Köppen, W. A. Brand, and M. Heil. 2008. Strategies of
a parasite of the ant-Acacia mutualism. Behav. Ecol. Sociobiol. 62:963–
962.

Crozier, R. H., and Y. C. Crozier. 1993. The mitochondrial genome of hon-
eybee Apis mellifera: complete sequence and genome organization. Ge-
netics 133:97–117.

Davidson, D. W., and D. McKey. 1993. The evolutionary ecology of symbiotic
ant-plant relationships. J. Hymenoptera Res. 2:13–83.

Doebeli, M., and C. Hauert. 2005. Models of cooperation based on the Pris-
oner’s Dilemma and the Snowdrift game. Ecol. Lett. 8:748–766.

Doebeli, M., and N. Knowlton. 1998. The evolution of interspecific mutu-
alisms. Proc. Natl. Acad. Sci. USA 95:8676–8680.

Doebeli, M., C. Hauert, and T. Killingback. 2004. The evolutionary origin of
cooperators and defectors. Science 306:859–862.

Edwards, A. W. F. 1972. Likelihood. Cambridge Univ. Press, Cambridge.
Fiala, B. 1996. Ants benefit from pioneer trees: the genus Macaranga as an

example of ant-plant associations in Dipterocarp forest ecosystems. Pp.
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Supplementary Table 1. Species and specimens included in the phylogenetic study, with Voucher Specimen, and GenBank Accession Nos. BL = 

Bolivia; CS = Costa Rica; DR = Dominican Republic; EC = Ecuador; GT = Guatemala; LT = San Andres Tuxtla; MR = Matias Romero; MX = 

Mexico; PM = Panama; PTO= Puerto Escondido; VZ = Venezuela; ZP = Zipolite. A. = Acacia ; P. = Pseudomyrmex. LWC = Lars W. Clement. I.a. 

= Invertase activities. n.det. = not determined.  

 

     

association with 

myrmecophytes 

Invertase 

activity in 

workers 

GenBank accession numbers 

Specimen Location; year Collection host plant mtCOI wg LW Rh abd-A 28S 

         
  

P. ferrugineus 1 ZP, MX; 2005 Heil (Kautz#02-1) A. cornigera mutualistic no FJ436816 FJ436847 FJ436871 FJ436895 FJ436918 

P. ferrugineus 2 PTO, MX; 2005 Heil (Kautz#05-1) A. collinsii mutualistic no FJ436817 FJ436848 FJ436872 FJ436896 FJ436919 

P. ferrugineus 3 MR, MX; 2004 LWC (Kautz#49-1) A. chiapensis mutualistic no FJ436818 FJ436849 FJ436873 FJ436897 FJ436920 

P. flavicornis CS; 2000 Ward#14180  mutualistic n.det. FJ436819 AY703661 AY703795 AY703728 AY703594 

P. godmani BL; 1993 Ward#12235  generalist n.det. FJ436820 AY703662 AY703796 AY703729 AY703595 

P. gracilis 1 MR, MX; 2005 Heil (Kautz#11-1) A. chiapensis parasitic yes FJ436821 FJ436850 FJ436874 FJ436898 FJ436921 

P. gracilis 2 MR, MX; 2006 Kautz#205-1 A. chiapensis parasitic yes FJ436822 FJ436851 FJ436875 FJ436899 FJ436922 

P. gracilis 3 MR, MX; 2004 LWC (Kautz#53-1) A. chiapensis parasitic yes FJ436823 FJ436852 FJ436876 FJ436900 FJ436923 

P. gracilis 4 LT, MX; 2005 Kautz#131-1  generalist yes FJ436824 FJ436853 FJ436877 FJ436901 FJ436924 

P. gracilis 5 CS; 2000 Ward#14184  generalist n.det. FJ436825 AY703663 AY703797 AY703730 AY703596 

P. haytianus DR; 1992 Ward#11772  generalist n.det. FJ436826 AY703664 AY703798 AY703731 AY703597 

P. major MX; 2000 MacKay#19185  generalist n.det. FJ436827 FJ436854 FJ436878 FJ436902 FJ436925 

P. mixtecus 1 PTO, MX; 2005 Heil (Kautz#04-1) A. collinsii mutualistic no FJ436828 FJ436855 FJ436879 FJ436903 FJ436926 



P. mixtecus 2 PTO, MX; 2004 LWC (Kautz#44-1) A. collinsii mutualistic no FJ436829 FJ436856 FJ436880 FJ436904 FJ436927 

P. nigrocinctus CS; 2000 Ward#14179  mutualistic n.det. FJ436830 AY703668 AY703802 AY703735 AY703601 

P. nigropilosus 1 PTO, MX; 2005 Kautz#142-1 A. hindsii parasitic yes FJ436831 FJ436857 FJ436881 FJ436905 FJ436928 

P. nigropilosus 2 MR, MX; 2004 LWC (Kautz#32-1) A. chiapensis parasitic yes FJ436832 FJ436858 FJ436882 FJ436906 FJ436929 

P. nigropilosus 3 CS; 1989 Longino#2554  parasitic yes FJ436833 AY703669 AY703803 AY703736 AY703602 

P. peperi 1 ZP, MX; 2005 Heil (Kautz#07-1) A. cornigera mutualistic no FJ436834 FJ436859 FJ436883 FJ436907 FJ436930 

P. peperi 2 PTO, MX; 2005 Heil (Kautz#01-1) A. hindsii mutualistic no FJ436835 FJ436860 FJ436884 FJ436908 FJ436931 

P. peperi 3 GT; 2004 MacKay#20784  mutualistic n.det. FJ436836 FJ436861 FJ436885 FJ436909 FJ436932 

P. perboscii BL; 1992 P. Bettella (3.iii.1992)  generalist n.det. FJ436837 FJ436862 FJ436886 — FJ436933 

P. salvini 1 LT, MX; 2005 Kautz#115-1  generalist yes FJ436838 FJ436863 FJ436887 FJ436910 FJ436934 

P. salvini 2 LT, MX; 2005 Kautz#118-1  generalist yes FJ436839 FJ436864 FJ436888 FJ436911 FJ436935 

P. satanicus PM; 2004 A. Dejean (19.v.2004)  mutualistic n.det. FJ436840 FJ436865 FJ436889 FJ436912 FJ436936 

P. spinicola CS; 2000 Ward#14181  mutualistic n.det. FJ436841 FJ436866 FJ436890 FJ436913 FJ436937 

P. sp. PSW-01 VZ; 1987 Ward#9027  generalist n.det. FJ436842 FJ436867 FJ436891 FJ436914 FJ436938 

P. sp. PSW-06 PTO, MX; 2005 Kautz#151-1  generalist yes FJ436843 FJ436868 FJ436892 FJ436915 FJ436939 

P. sp. PSW-37 EC; 1991 Ward#11387  generalist n.det. FJ436844 FJ436869 FJ436893 FJ436916 FJ436940 

P. sp. PSW-54 GT; 2003 Ward#15038  generalist n.det. FJ436845 FJ436870 FJ436894 FJ436917 FJ436941 

Tetraponera rufonigra India, 1999 Ward#13844  generalist n.det. FJ436846 AY703649 AY703783 AY703716 AY703582 

Apis mellifera    — — L06178 AY703618 AY703752 AY703685 AY703551 

 



Supplementary Table 2. Parameters of Bayesian tree sampling of data partitions.  

 

 Partition 1 Partition 2 Partition 3 Partition 4 Partition 5 Partition 6 Partition 7 Partition 8 Partition 9 
Partition 

10 

Partition 

11 

Partition 

12 

Partition 

13 

Gene 

partition 

mtCOI 

1
st
 posititon 

mtCOI 

2
nd

 position 

mtCOI 

3
rd
 position 

wg 

1
st
 position 

wg 

2
nd

 position 

wg 

3
rd
 position 

LW Rh 

1
st
 position 

LW Rh 

2
nd

 position 

LW Rh 

3
rd
 position 

abdA 

1
st
 position 

abdA 

2
nd

 position 

abdA 

3
rd
 position 

28S 

Amean/all 0.364 0.176 0.410 0.315 0.355 0.190 0.331 0.166 0.198 0.195 0.216 0.192 0.201 

Cmean/all 0.156 0.241 0.165 0.212 0.148 0.358 0.203 0.236 0.284 0.232 0.499 0.308 0.293 

Gmean/all 0.192 0.152 0.035 0.337 0.315 0.279 0.216 0.214 0..252 0.361 0.148 0.262 0.314 

Tmean/all 0.288 0.431 0.390 0.135 0.182 0.173 0.250 0.384 0.266 0.211 0.137 0.238 0.192 

r(AC) mean/all 0.033 0.095 0.036 N/A N/A N/A N/A N/A N/A 0.023 0.004 0.110 0.143 

r(AG) mean/all 0.107 0.328 0.544 N/A N/A N/A N/A N/A N/A 0.047 0.325 0.464 0.163 

r(AT) mean/all 0.071 0.067 0.058 N/A N/A N/A N/A N/A N/A 0.027 0.257 0.037 0.096 

r(CG) mean/all 0.020 0.215 0.023 N/A N/A N/A N/A N/A N/A 0.009 0.005 0.075 0.014 

r(CT) mean/all 0.690 0.279 0.310 N/A N/A N/A N/A N/A N/A 0.857 0,006 0.269 0.503 

r(GT) mean/all 0.080 0.015 0.030 N/A N/A N/A N/A N/A N/A 0.037 0.402 0.044 0.081 

 mean/all 0.829 0.302 1.160 N/A N/A N/A 0.233 0.097 76.802 0.059 0.030 96.646 0.497 

P(invar) 

mean/all 
0.610 0.674 0.896 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.350 

 

 




