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Leaf-cutting ants combine large-scale herbivory with fungus farm-
ing to sustain advanced societies. Their stratified colonies are ma-
jor evolutionary achievements and serious agricultural pests, but
the crucial adaptations that allowed this mutualism to become the
prime herbivorous component of neotropical ecosystems has
remained elusive. Here we show how coevolutionary adaptation
of a specific enzyme in the fungal symbiont has helped leaf-cutting
ants overcome plant defensive phenolic compounds. We identify
nine putative laccase-coding genes in the fungal genome of Leu-
cocoprinus gongylophorus cultivated by the leaf-cutting ant Acro-
myrmex echinatior. One of these laccases (LgLcc1) is highly ex-
pressed in the specialized hyphal tips (gongylidia) that the ants
preferentially eat, and we confirm that these ingested laccase mol-
ecules pass through the ant guts and remain active when defe-
cated on the leaf pulp that the ants add to their gardens. This
accurate deposition ensures that laccase activity is highest where
new leaf material enters the fungus garden, but where fungal
mycelium is too sparse to produce extracellular enzymes in suffi-
cient quantities to detoxify phenolic compounds. Phylogenetic
analysis of LgLcc1 ortholog sequences from symbiotic and free-
living fungi revealed significant positive selection in the ancestral
lineage that gave rise to the gongylidia-producing symbionts of
leaf-cutting ants and their non–leaf-cutting ant sister group. Our
results are consistent with fungal preadaptation and subsequent
modification of a particular laccase enzyme for the detoxification
of secondary plant compounds during the transition to active her-
bivory in the ancestor of leaf-cutting ants between 8 and 12 Mya.

gene cooption | polyphenols

Large-scale grazing offers rich ecological niches, provided
herbivores can overcome the constraints associated with low

protein content of plant food. This challenge is particularly acute
because plants often respond to herbivory by evolving secondary
compounds that reduce protein availability even further (1).
Many plant eaters have therefore become specialists, which has
allowed them to evolve counteradaptations against specific plant
defenses (2). Rather few herbivores have in fact evolved large
enough body sizes and population densities to leave substantial
ecological footprints as generalist grazers or browsers (2). In
vertebrates, the most conspicuous examples are the ungulates
and their marsupial analogs, many of whom rely on complex
communities of bacterial gut symbionts for making this lifestyle
productive (3). Some insects can also be serious defoliators, but
normally only as ephemeral plagues (e.g., migratory locusts and
cyclical outbreaks of winter moths) (4). The only known insects
that cause consistent year-round reductions in live plant biomass
comparable to those imposed by ungulates are the Central and
South American leaf-cutting ants (5).
Phenolic compounds such as tannins and flavonoids are

among the most general and widespread plant defenses against
large-scale defoliation (1). They are primarily present in the waxy
leaf cuticle and cell vacuoles and, provided sufficient plant
resources are available, particularly abundant in the fast-growing
plant parts that many large grazers and browsers prefer (6).

Phenolic compounds damage the gastrointestinal mucosa and
epithelium of mammals and increase metabolic decomposition
costs by precipitating digestive enzymes. Mammalian herbivores
often neutralize phenolic compounds by increasing gastrointes-
tinal mucus production, by enlisting the degradation services of
gut microorganisms, and/or by secreting phenol-binding proteins
in the saliva (7). Insect larvae almost invariably experience re-
duced growth rates when exposed to phenolic compounds de-
spite compensating adaptations (8), but this does not seem to
apply to leaf-cutting ants as long as they obtain their forage
from a sufficient diversity of plants (9, 10). Leaf-cutting ants owe
their status as prime New World pests to what has been de-
scribed as an “unholy alliance” with a fungus-garden symbiont
(Leucocoprinus gongylophorus) that does most of the leaf de-
composition (11).
Leaf-cutting ants originated only between 8 and 12 Mya and

represent a major evolutionary transition that coincided with an
increase in mature colony size (approximately 500–100,000
workers in the genus Acromyrmex and several million in the ge-
nus Atta), increased worker size dimorphism, genetically more
variable colonies because of queen multiple mating, and higher
investment in prophylactic metapleural gland secretions (12–14).
This transition was the culmination of tens of millions of years of
obligate fungus farming in the attine clade that radiated into 15
currently recognized genera with more than 230 described spe-
cies, of which 45 are leaf-cutting ants (14). Species in the other
genera have significantly smaller mature colony sizes (approxi-
mately 50–3,000), monomorphic workers, singly mated queens,
and they primarily collect dry leaf litter, caterpillar frass, fallen
fruits, and shed flowers (14). Recent research has thus shed
considerable light on the evolution of the attine ants, but the
fungal adaptations that facilitated the various farming transitions
and ultimately the adoption of active herbivory are still poorly
understood.
Ungulate stomachs have frequent peristaltic contractions to

mix fodder with digestive enzymes, but the gardens of leaf-cut-
ting ants are static. This implies that fungal decomposition
enzymes are produced in the central part of fungus gardens
where fungal/plant biomass ratios are optimal (Fig. 1A), whereas
detoxification is primarily needed at first hyphal encounter with
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phenolic compounds in the top section of gardens where the ants
deposit new substrate in the form of finely fragmented leaf pulp
(15). This spatial mismatch of supply and demand has induced
consistent selection for carbohydrate-active enzymes that the
ants ingest but not digest, so they can be passed on via the fecal
fluid that is deposited as droplets with the leaf pulp in the top of
gardens (16) (Fig. 1A). This remarkable practice has been known
since the 1970s (17), but its molecular mechanisms are only just
beginning to be unraveled. A recent study (18) showed that all six
pectinolytic enzymes whose protein sequences can be obtained
from fecal fluid of Acromyrmex leaf-cutting ants are of fungal
origin and that five of them are up-regulated in the special fungal
structures (gongylidia: inflated hyphal tips) that fungus gardens
produce as food for the farming ants (Fig. 1B).
The transport of pectinolytic enzymes to the top of fungus

gardens significantly enhances the hyphae’s access to proteins and
sugars inside the plant cells of the leaf-pulp substrate (18, 19),
analogous to saliva enzymes facilitating food degradation in the
gastrointestinal tract of mammalian herbivores. This intricate
form of enzyme transport suggests there has been consistent se-
lection for substrate-processing efficiency ever since leaf-cutting
herbivory arose ca. 10 mya (14), because sister groups of attine
fungi are saprophytic and thus unlikely to have evolved specialized
enzymatic machinery to target live plant tissue, a feature that is
characteristic of phytopathogenic fungi (18). However, that leaves
unanswered the more fundamental question of how the leaf-cut-
ting ant–fungus symbiosis resolved the challenge of increased
leaf-phenol exposure that followed in the wake of herbivory.
Phytophagous fungi interacting with plant-feeding Hemiptera

have been shown to neutralize phenolic plant defenses with
polyphenol oxidases (20), and leaf-cutting ant cultivars are known
to produce phenol-oxidizing enzymes (21, 22) of the laccase
subgroup of polyphenoloxidases (benzendiol oxygen oxidoreduc-
tase; synonyms: urishiol oxidase, p-diphenol oxidase, EC 1.10.3.2)
(23). It was also shown experimentally that high concentrations of
phenolic compounds discourage leaf cutting by Atta foragers and
inhibit the growth of their L. gongylophorus gardens (21, 22),

making it a reasonable conjecture that rapid and efficient phenol
detoxification has been an important enabling factor for leaf-
cutting ants to become dominant terrestrial herbivores in Central
and South America. To assess how leaf-cutting ants overcome
phenolic plant defenses, we therefore set out to clarify the mo-
lecular structure and function of the laccase enzymes expressed
by L. gongylophorus. This included measuring laccase activity in
laboratory fungus gardens of leaf-cutting ants that were fed with
phenol-containing bramble leaves (Rubus spp.), screening 700
Mb of genomic sequence fragments of L. gongylophorus for laccase
genes, and obtaining the fecal droplet proteome of Acromyrmex
echinatior workers with MALDI tandem mass spectrometry. We
also measured specific gene expression and fecal transport of
laccase enzymes in fungus gardens and estimated the likelihood
of positive selection on a single relevant laccase gene in the fungi
cultivated by leaf-cutting ants and two phylogenetically more
basal attine genera, after verifying laccase activity of the gene by
heterologous expression in yeast.

Results and Discussion
We measured fungus garden laccase activity in representative
species of fungus-growing ants and found greatly enhanced lac-
case activity in leaf-cutting ant gardens (Fig. 2A), consistent with
their diet of mainly fresh leaves requiring more phenol de-
toxification. Further measurements revealed that laccase activity
was highest in the top section where new leaf material is posi-
tioned (Fig. 2B and SI Appendix, Fig S2), as expected when
laccase activity is most important upon first encounter with fresh
plant tissue. After a previous study had indicated that a laccase
enzyme of fungal origin was active in the ant fecal fluid (23), we
verified this by measuring laccase activity in fecal droplets of
large workers of A. echinatior kept with and without a fungus
garden. This showed that only workers that were allowed to eat
fungus garden material had laccase activity in their fecal droplets
(Fig. 2C).
To identify the specific laccase enzymes, we analyzed the fecal

droplet proteome of A. echinatior with MALDI tandem mass
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Fig. 1. Diagram illustrating the dynamics of fungal enzyme transfer and substrate processing in leaf-cutting ant fungus gardens, which grow at the top or
periphery and are cropped and discarded by the ants at the bottom (19). (A) Ants deposit chewed-up fresh leaf fragments combined with fecal fluid at the top
of their garden (green shade). Fecal fluid vectoring of fungal enzymes resolves the problem that low fungal biomass in the top sections of gardens would
delay substrate decomposition. (B) Fungal gongylidia (Inset Left) concentrate fungal enzymes to be eaten by the ants, but are most abundant in the central
layer of the garden where fungal growth is most vigorous [mean number of gongylidia clusters (staphylae)/cm2 ± SE from four A. echinatior colonies]. Leaf-
pulp decomposition rate is therefore enhanced when the farming ants transfer fungal enzymes from the middle to the top of a garden by deposition of fecal
droplets that vector these gongylidia-produced enzymes.
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spectrometry (SI Appendix), which provided partial amino acid
sequences. We also identified all putative laccase-coding
sequences in the fungal symbiont’s genome by analyzing an un-
assembled set of 454-generated sequences of genomic DNA
extracted from the L. gongylophorus symbiont of another A.
echinatior colony (SI Appendix). This revealed nine putative
laccase-coding genes that were verified by cDNA sequencing and
translated to the corresponding amino acid sequences (SI Ap-
pendix, Tables S4 and S5). Alignments of these nine laccase-
coding genes with the fecal droplet proteome data showed that
a single laccase enzyme (LgLcc1) had a sequence 96% identical
to the fecal droplet protein fragments (Fig. 3A), and was mark-
edly different from the remaining eight laccase genes in amino
acid sequence and phylogenetic placement in the gene tree (SI
Appendix, Fig. S3–S5). The observed discrepancy between

peptide mass spectra and cDNA sequences (2 of 51 amino acids,
Fig. 3A) is most likely due to biological variation between the
respective samples used for the fecal droplet proteome and
cDNA analysis. Heterologous expression in yeast further verified
that LgLcc1 has laccase activity and is functionally active
(Fig. 3B).
Phenolic compounds are not only present in live plant tissue,

but to a lesser extent also in the shed leaves and leaf litter (24)
collected by most other fungus-growing ants, suggesting that
polyphenol-oxidase activity was an inherent property of ant
fungus farming before active leaf cutting arose. Ant-cultivated
leucocoprinaceous fungi are closely related to saprophytic basi-
diomycetes that mostly decompose leaf litter (25), and laccase
enzymes are known from the gardens of leaf-litter collecting
fungus-growing termites (26), indicating the inherent need for
phenol degradation when using leaf litter as fungal substrate.
The genomes of saprophytic fungi normally contain multiple
laccase-coding genes (27, 28), so that the actual number of lac-
cases that we found in L. gongylophorusmay merely represent the
enzyme spectrum of the last common ancestor of the gongylidia-
bearing cultivars (14, 29). However, our measurements of gene
expression of the nine laccase genes from A. echinatior fungus
gardens showed that only the LgLcc1 coding gene was signifi-
cantly up-regulated in the fungal gongylidia relative to un-
differentiated fungal mycelium (Fig. 3C). This single laccase
gene (LgLcc1) thus appears to have been selected to enable
ingestion and nondigestive passage through the gut of the ants so
the enzyme that it codes for can be transported to the top out-
ermost edges of fungus gardens via fecal droplets (Fig. 1 A and
B). Similar to the previously identified pectinase enzymes (18),
this ant-vectoring mechanism for LgLcc1 underlines that the ants
eat substantial amounts of gongylidia. How crucial this feeding is
for ant performance remains to be established, but it seems
clearly adaptive for the symbiosis. It ensures that this fungal
laccase is most abundant and active at the locations where fresh
phenol-containing plant material is added to the fungus garden,
but where the low biomass of incipient hyphal growth without
gongylidia cannot deliver adequate quantities of laccase enzyme
(Figs. 1 and 2B). An additional advantage of LgLcc1 ingestion
may be that it helps neutralize phenolic compounds in plant sap
that foraging workers may drink when cutting leaves (30).
The increased expression of a single laccase gene suggests that

LgLcc1 evolved a novel function by direct cooption (31) of an
ancestral laccase-coding gene, which prompted us to investigate
whether LgLcc1 has undergone structural changes during its
putative coevolution with the leaf-cutting ants. We therefore
analyzed the LgLcc1 sequence for molecular signatures of pos-
itive selection and identified the homologous sequences of
LgLcc1 in the closely related gongylidia-producing fungal culti-
var of the (non–leaf-cutting) higher attine ant Trachymyrmex
cornetzi (TcLcc1), and in the fungal cultivar of the lower attine
ant Cyphomyrmex longiscapus (ClLcc1). The set of orthologous
laccase sequences that we obtained was analyzed for positive
selection acting on specific enzyme residues during ant-cultivar
evolution using likelihood models that allow dN/dS (ω) to vary
across codons for each lineage in the alignment (SI Appendix).
This revealed character changes with clear signatures of positive
selection (2ΔlnL = 7.44, P = 0.025, Fig. 3E and SI Appendix,
Tables S6 and S7) that mapped onto the branch subtending
LgLcc1 in Acromyrmex cultivars and TcLcc1 in Trachymyrmex
cultivars, a result that remained robust no matter what phylo-
genetic outgroups we used (SI Appendix, Table S9).
The fact that positive selection was determined on the branch

subtending the clade LgLcc1 in Acromyrmex cultivars and
TcLcc1 in Trachymyrmex cultivars suggests that the laccase en-
zyme was already modified in conjunction with the evolution of
gongylidia ca. 20 Mya (29). This event coincided with the sym-
biosis becoming obligate for both parties and the fungal cultivar
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losing its gene flow with free-living relatives (14, 29). Based on
the foraging behaviors of extant fungus-growing ants (32), sub-
strate use by ancestral higher-attine ants was likely a combina-
tion of plant debris, insect frass, flower parts, and possibly soft
fresh leaves. Selection for structural modifications of the ances-
tral Lcc1 laccase may thus initially have been variable in intensity
and direction, consistent with the relatively weak signals of di-
rectional selection that we find for the branch leading to TcLcc1
(SI Appendix, Tables S7 and S9). However, as positive selection
on the branch leading to LgLcc1 + TcLcc1 was consistently
significant (SI Appendix, Table S9), it seems reasonable to infer
that early structural changes in TcLcc1 may have served as
preadaptations for more substantial modifications when active
leaf cutting evolved 8–10 My later.
Gene expression analysis of T. cornetzi fungus gardens showed

that TcLcc1 was significantly up-regulated in the gongylidia (Fig.
3C), but that the number of laccase (Lcc1) gene transcripts
remained an order of magnitude lower than in gongylidia of the
A. echinatior cultivar L. gongylophorus (Fig. 3D). Fig. 3D gives
a ratio of 2–3 for LgLcc1 overexpression after normalizing rel-
ative to the total amount of RNA, whereas Fig. 3C suggests an
up-regulation ratio of about 16 when normalizing relative to the
expression of housekeeping genes, which we believe is a more
reliable comparison. C. longiscapus cultivates a more distantly
related garden symbiont without gongylidia (29) so that differ-
ential tissue-specific gene expression could not be measured for
this symbiont. Highly elevated gene transcription is energetically
costly and thus normally constrained by natural selection (33).
These results are therefore consistent with adaptive benefits of
elevated Lcc1 gene expression in leaf-cutting ant fungus gardens.
Codons on the positively selected branch shared between

LgLcc1 in Acromyrmex cultivars and TcLcc1 in Trachymyrmex
cultivars were predicted using Bayes-empirical-Bayes analysis,
producing four structural amino acid substitutions with a poste-
rior probability >90% (SI Appendix, Table S8). However, none of
these amino acid substitutions were located in active-site loop
regions (SI Appendix, Fig. S7) that are known to alter reaction
specificity in other enzymes when they are artificially modified
(34). The positively selected codons in the LgLcc1 and TcLcc1
genes therefore do not appear to be associated with fungus
garden laccase activity per se, because the Trachymyrmex fungus
gardens did not have increased laccase activity (Fig. 2A). We
hypothesize that the positively selected codons may instead be
associated with the ability of this laccase enzyme to avoid di-
gestion in the ant guts, as the up-regulation of Lcc1 in the
gongylidia indicates similar functionality in gardens of both
Trachymyrmex and Acromyrmex. The combination of likely
adaptations in LgLcc1 and TcLcc1 may have constrained gene
duplication, which is otherwise often observed for genes that
provide adaptive benefits (35) and may thus have selected for
further modifications in transcription regulation that would ex-
plain the up-regulations that we observed.
Studies so far have emphasized that the attine transition to

active herbivory gave access to an abundant novel resource base
(11, 14, 15) and allowed the leaf-cutting ants to reach colony sizes
two to three orders of magnitude larger than their Trachymyrmex
sister clade that also cultivate fungi with gongylidia, but on
a substrate of mostly shed flowers and wilted leaves and with
slower garden growth rates (14, 29). Our present study shows that
coevolutionary selection for laccase enzyme activity in the fungal
cultivar may have greatly facilitated the transition to active her-
bivory by alleviating a crucial digestion challenge, analogous to
the fitness advantages that herding human populations obtained
from the disappearance of lactose intolerance (36).

Materials and Methods
Detailedmaterials andmethods with references are described in SI Appendix.
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(mean ± SE) (normalized relative to housekeeping genes) between gongy-
lidia and mycelium, measured for nine laccase-coding genes from A. echinatior
fungus gardens (green) and the LgLcc1 homolog TcLcc1 from Trachymyrmex
cornetzi fungus gardens (blue), a sympatric non–leaf-cutting ant sister group
representative. Values above 1 show an up-regulation of laccase gene ex-
pression in gongylidia, whereas values below 1 show a down-regulation of
laccase gene expression in gongylidia relative to undifferentiated mycelium
(based on 10,000 random permutations in reallocation tests of four A.
echinatior and three T. cornetzi fungus gardens, respectively). (D) Absolute
gene expression (mean number of transcripts + SE per nanogram of total
RNA) of TcLcc1 and LgLcc1 in gongylidia and undifferentiated mycelium
from three T. cornetzi and four A. echinatior fungus gardens, respectively.
(E) Unrooted maximum likelihood phylogeny of ant-cultivated fungal lac-
case sequences showing positive selection on the branch leading to the clade
of gongylidia-producing fungi (L. gongylophorus and Leucocoprinus sp. “T.
cornetzi”). Branch-site tests identified the branch (highlighted in bold)
containing codon positions that are significantly positively selected (2ΔlnL =
7.44, P = 0.025). The orthologous laccase from the free-living fungi Cyathus
bulleri (ABW75771) and Lac2 from Coprinus comatus (JQ228449) are in-
cluded as outgroups to the fungus-growing ant cultivars. dN/dS ratios (ω)
and branch lengths (substitutions per codon) are given above and below
each branch, respectively. The nonsignificant ω = 4.204 for the branch
leading to ClLcc1 is due to very few synonymous substitutions (see SI Ap-
pendix for details).
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Biological Material. Fungus-growing ant colonies from 12 species (Acro-
myrmex echinatior, Ac. octospinosus, Atta colombica, At. cephalotes,
Sericomyrmex amabilis, Trachymyrmex cornetzi, Trachymyrmex sp. 3,
Cyphomyrmex longiscapus, C. muelleri, C. costatus, Mycocepurus smithii,
Myrmicocrypta ednaella, Apterostigma collare, and A. dentigerum) were
collected in Parque Nacional Soberanía, Panama (the Gamboa area and
forest along Pipeline Road) during 2005–2008. Colonies were trans-
ported to the University of Copenhagen, Denmark, and maintained as
laboratory colonies.

Measurement of Laccase Activity. Proteins were extracted in duplicate by
homogenizing 50 mg laboratory fungus garden material in 0.1 M citric acid–
sodium citrate buffer (pH = 5.5). Laccase activity was measured by recording
the change in absorbance at 530 nm per minute during the linear phase using
syringaldazine as enzymatic substrate. Fecal droplets of A. echinatior me-
dium-sized workers were obtained by gently squeezing the thorax and ab-
domen with forceps until an approximately 0.1–0.2 μL drop was expelled and
4.8 μL ddH2O was immediately added to prevent evaporation. Laccase activity
was measured in each of five fecal droplets, from five workers each of three
colonies, kept with and without a fungus garden, respectively.

Peptide Sequencing. To analyze the fecal droplet proteome, fecal droplets
from 50 A. echinatior workers were combined and separated on a 1D SDS/
PAGE gel. Individual bands were excised from the gel, loaded directly onto
a matrix-assisted laser desorption ionization (MALDI) target plate, and
peptide mass spectra obtained with tandem mass spectrometry (SI Appen-
dix, Fig. S8). The MS/MS spectra were analyzed manually with the AminoCalc
program (Protana A/S) to find the distance between fragment ions and
obtain the amino acid sequences (SI Appendix).

Gene Identification and Expression Analysis. Genes encoding laccase enzymes
in the fungal symbiont were identified by searching an unassembled set of
700 Mb sequence data (estimated 7× coverage), which represents a draft
heterokaryotic genome of L. gongylophorus obtained from another

A. echinatior colony collected in Gamboa (Ae322). This sequence set was
generated by shotgun sequencing of gDNA extracted from axenic fungal
isolates using Roche 454 pyrosequencing (SI Appendix). The sequence set
was variable, indicating that the fungal genome was polyploid, which in
combination with the lack of paired-end sequencing data precluded any
further assembly. However, it recovered up to 97% of a set of approximately
35 protein sequences in fecal droplets that we have independently obtained
(partly published in ref. 18), indicating that a very high proportion of coding
sequences had been recovered. We therefore proceeded with searching for
putative laccase-coding genes with an iterative psi-tBLASTn search strategy
based on conserved laccase signature regions (SI Appendix). The specific
expressions of the identified putative laccase-coding genes were measured
with real-time qPCR of cDNA generated from RNA extracted from gongylidia
and undifferentiated mycelium, respectively, collected directly from labora-
tory colonies.

Positive Selection Analysis. Maximum likelihood estimates of the dN/dS ratio
(ω) for each site (codon) along a protein were used to detect signatures of
positive natural selection among cultivar laccase sequences using the pro-
gram codeml implemented in PAML 4.4. Each lineage (branch) was tested
independently for positive selection (ω > 1) on particular lineages and sites
by applying a neutral model that allows ω to vary between 0–1 and a se-
lection model that also incorporates sites with ω > 1. Statistical significance
was determined with a likelihood ratio test of these two models for each
lineage and adjusted for multiple testing with Bonferroni correction.
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