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The evolution of ant agriculture, as practised by the fungus-farming ‘attine’ ants,
is thought to have arisen in the wet rainforests of South America about
55—-65 Ma. Most subsequent attine agricultural evolution, including the domes-
tication event that produced the ancestor of higher attine cultivars, is likewise
hypothesized to have occurred in South American rainforests. The ‘out-of-the-
rainforest’ hypothesis, while generally accepted, has never been tested in a
phylogenetic context. It also presents a problem for explaining how fungal dom-
estication might have occurred, given that isolation from free-living populations
is required. Here, we use phylogenomic data from ultra-conserved element
(UCE) loci to reconstruct the evolutionary history of fungus-farming ants,
reduce topological uncertainty, and identify the closest non-fungus-growing
ant relative. Using the phylogeny we infer the history of attine agricultural
systems, habitat preference and biogeography. Our results show that the out-
of-the-rainforest hypothesis is correct with regard to the origin of attine ant
agriculture; however, contrary to expectation, we find that the transition from
lower to higher agriculture is very likely to have occurred in a seasonally dry
habitat, inhospitable to the growth of free-living populations of attine fungal
cultivars. We suggest that dry habitats favoured the isolation of attine cultivars
over the evolutionary time spans necessary for domestication to occur.

1. Introduction

During the past 10000 years, humans have domesticated over 260 plant, 470
animal and 100 mushroom-forming fungal species [1-3]. Humans have modified
these domesticates through diverse conscious or unconscious programmes of arti-
ficial selection that required, at least temporarily, reduced gene flow between
populations of domesticates and those of their free-living progenitors [4]. Barriers
to gene flow have included the isolation of domesticates in discrete garden plots
and livestock pens accompanied by programmes of selective breeding, in some
cases via asexual propagation, self-fertilization, and the propagation of repro-
ductively isolated polyploid and translocation races. In a subset of cases,
barriers to gene flow have also included the separation of domesticates from
their free-living conspecifics by allopatry (i.e. by the transport, whether deliberate
or incidental, of the domesticates to localities at the peripheries of or completely
outside of their ancestral ranges) [5-9]. With the advent of genomics, historical
patterns of domestication by humans are the focus of reinvigorated research
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[10-13]. Here, we examine phylogenetic patterns of non-
human domestication of fungi by ants that may provide
insights into the dynamics underlying similar processes of
domestication in other animal groups such as termites, bark
beetles and even bees [14-18].

Fungus-farming ‘attine’ ants (Formicidae: Myrmicinae:
Attini: Attina) are a monophyletic subtribe of approximately
250 described New World species that cultivate fungi for food
[19]. Although the ants are obligate symbionts, their fungal
cultivars (Agaricaceae: Leucocoprineae and Pterulaceae:
Pterula) vary in symbiotic commitment in a pattern that is
highly correlated with ant and fungal phylogenies [20-23].
The multiple species of fungi associated with the most primi-
tive fungus-farming ants are, so far as is known, facultative
symbionts (i.e. capable of a free-living existence outside of
the symbiosis). Because these ‘lower” attine fungi have been
shown to be freely interbreeding members of larger, conspe-
cific, free-living populations, they are usually regarded as
non-domesticated [19,24,25]. In contrast, the clade of fungal
cultivar species associated with so-called ‘higher’ attine
ants, including the well-known leaf-cutting ant genera Atta
and Acromyrmex, have become polyploid, obligate symbionts,
and are no longer capable of living apart from their ant hosts.
Higher attine fungi represent the best-confirmed case of dom-
estication in attine ant agriculture and they have become the
subjects of intensive study including proteomic and genomic
investigation [26—29].

Ant agriculture is hypothesized to have arisen in the wet
forests of tropical South America approximately 55-65 million
years ago [16,23,27,30-33]. Most subsequent attine agricultural
evolution, including the domestication event that produced the
ancestor of the higher attine cultivars, is likewise hypothesized
to have occurred in South American rainforests because ant-
cultivated fungi are thought to be native to such habitats and
incapable of surviving elsewhere as free-living organisms
[30,34-37]. This ‘out-of-the-rainforest” hypothesis is consistent
with the observation that of all South American habitats
(including deserts and seasonally dry habitats), wet Neotropi-
cal forests are home to the highest diversity and abundance of
species in the fungal tribe Leucocoprineae, from which the
ancestral attine cultivars arose [20,24,38—41]. The hypothesis
is also consistent with the fact that all known free-living close
relatives of attine fungal cultivars, including conspecifics of
ant-cultivated fungi, have been collected in the wet forests of
Panama and Brazil [24]. The out-of-the-rainforest hypothesis
presents a problem, however, for explaining the domestication
event that resulted in the origin of higher attine fungi and
for ant—fungus coevolution, more generally. If domestication
requires reproductive isolation of the domesticate from its
free-living progenitor, and if, in wet forests, an ant-cultivated
fungal species is genetically connected to a larger population
of a free-living fungal species, how could domestication
have occurred?

Here, we describe the results of a phylogenomic analysis
of the fungus-farming ants, in which we used hundreds of
ultra-conserved element (UCE) loci to resolve outstanding
ambiguities in attine ant phylogeny. This robust phylogeny
permits the identification of major evolutionary transitions
on specific lineages, including the transition from lower to
higher agriculture, with greatly reduced phylogenetic uncer-
tainty. This phylogeny also allows the reconstruction of the
ancestral habitats and areas in which these transitions is
likely to have occurred. We find that the out-of-the-rainforest

hypothesis is supported with regard to the origin of attine n

ant agriculture; however, contrary to expectation, we find
that the transition from lower to higher agriculture is very
likely to have occurred in a seasonally dry habitat (cerrado or
savannah), inhospitable, at least during the dry season, to the
growth of free-living populations of attine fungal cultivars.
We suggest that inhospitable habitats favoured the isolation
of attine cultivars over the evolutionary time spans necessary
for domestication to occur. We also identify the sister group
of attine ants with high confidence, providing a new target
for investigations into the biological traits that promoted
fungus farming.

2. Material and methods

(a) Taxon sampling

We chose a total of 119 taxa for inclusion in our study, represent-
ing a broad range of fungus-farming and non-fungus-farming
ant species (electronic supplementary material, table S1). Within
the fungus-farming ants, we included 78 species, covering all
16 genera and including the morphologically enigmatic taxa
Moycetosoritis asper, M. explicatus and Paramycetophylax bruchi. For
Cyphomyrmex and Trachymyrmex, two genera that are known to
be non-monophyletic, we sampled broadly across all clades ident-
ified in a previous study [23]. Outside of the fungus-farming ants,
we included 41 outgroup species, 29 from within the tribe Attini
and 12 from outside of this group. We chose genus-level
outgroups from within the Attini to match the extensive sampl-
ing of Ward et al. [42], missing only the genera Diaphoromyrma,
Mesostruma and Talaridris.

(b) Library preparation, UCE enrichment and

sequencing

We employed the UCE approach to phylogenomics [43,44], com-
bining target enrichment of ultra-conserved elements (UCEs)
with multiplexed, next-generation sequencing. For UCE enrich-
ment, we used an RNA bait library for Hymenoptera that targets
1510 UCE loci [44]. The laboratory protocol we used closely fol-
lows the methods reported in [44], and we provide a detailed
description of the protocol in electronic supplementary material,
appendix A2.

(c) Bioinformatics and matrix preparation

The sequencing centres demultiplexed and converted raw Illumina
data from BCL to FASTQ format. Starting with the FASTQ files, we
performed all initial bioinformatics steps using the PHYLUCE v. 1.4
software package [45] and associated programs (see electronic
supplementary material, table S2 for all sequencing and
assembly statistics). We cleaned and trimmed raw reads using
ILLUMIPROCESSOR [46] and assembled contigs de novo using TRINITY
v. 12013-02-25 [47]. After assembly, we used several PHYLUCE
scripts to identify and extract UCE contigs, remove potential
paralogs, and add in data from two genome-enabled taxa (Atta
cephalotes and Acromyrmex echinatior; see electronic supplementary
material, table S3). We aligned the UCE loci using MAFFT v.
7.130b [48] and trimmed the alignments with Gsrocks v. 0.91b
[49,50] using reduced stringency settings. We filtered the master
set of alignments for varying levels of taxon occupancy (percen-
tage taxa required to be present in a given locus) and selected
the 75% filtered alignment set as the main set for phylogenetic
analysis (“Attine-118T-F75’; see electronic supplementary material,
table S4 for all matrix statistics). The Attine-118T-F75 alignment
set includes 950 loci and 652774 bp of sequence data, of which
305858 sites are informative. See electronic supplementary
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material, appendix A2 for additional detail on matrix preparation
and taxon occupancy filtering.

(d) Phylogenetic analyses

Using the Attine-118T-F75 alignment set, we investigated the
effects of inference method and data partitioning on results (see
electronic supplementary material, appendix A2 for additional
detail). Note that we excluded one taxon from this focal alignment
set (Paramycetophylax bruchi) because it received few captured
UCE loci (electronic supplementary material, table S2). We did,
however, include this taxon in a separate, 119-taxon analysis,
described below.

For phylogeny estimation, we compared maximum likelihood
(ML), Bayesian inference (BI) and species tree (ST) approaches.
For concatenated ML analyses, we compared four partitioning
schemes using RAXML v. 8 [51]: unpartitioned, partitioned by
locus, partitioned by PARTITIONFINDER v. 2.0 using the rcluster algor-
ithm (PF; data pre-partitioned by locus) [52,53], and partitioned by
PF v. 2.0 using the kmeans algorithm [54]. For each analysis, we
executed a rapid bootstrap plus best tree search (‘-f a” option),
and we used the GTR + I'model of sequence evolution (for both
best tree and bootstrap searches). To address the concern that boot-
strap scores can be misleading with phylogenomic data [55], we
also performed a jackknifing analysis, in which we randomly
sampled subsets of loci multiple times (100 replicates of 100 UCE
loci). For Bl analyses we used ExaBaves v. 1.4.1 [56], and performed
unpartitioned and partitioned searches on the concatenated
matrix. For the partitioned searches we used the same kmeans-
partitioning scheme that we used with RAXML. We selected
kmeans because the tree resulting from the kmeans-partitioned
ML analysis had the highest likelihood score and reasonable
branch length estimates (electronic supplementary material,
table S5). For the partitioned BI searches, we performed two ana-
lyses, one with parsimony starting trees and one with random
starting trees. We assessed run performance by examining log
files with TrRacer v. 1.6.0 [57]. We performed ST analyses using
the program ASTRAL v. 4.8.0 [58,59]. First, we generated gene
trees using RAXML and then we used only the 500 gene trees
with the highest mean bootstrap scores (calculated in R v. 3.2.2
[60] using a script modified from [61]) as input into ASTRAL.
We included this step to reduce noise introduced by including
uninformative loci (see [62]), and we conducted the ASTRAL
analysis with 200 multi-locus bootstrap replicates [63].

To explore our data for other potential biases, we generated
two additional matrices. First, we used the program BaCoCa
[64] to identify any loci exhibiting significant deviations from
base composition heterogeneity (x” test, p < 0.05). After remov-
ing biased loci (36 total), we concatenated the remaining 914
loci for analysis (‘Attine-118T-F75-975"). Second, to control for
either base composition heterogeneity or saturation, we con-
verted the concatenated Attine-118T-F75 matrix to RY-coding
(“Attine-118T-F75-RY’). We analysed both of the above matrices
unpartitioned with RAXML.

To place Paramycetophylax bruchi (excluded due to poor UCE
capture) in the attine tree we performed one additional analysis
with this taxon included. We generated a new set of alignments
filtered at 75% taxon occupancy (‘Attine-119T-F75’), concate-
nated the loci, and then performed an unpartitioned analysis
with RAXML.

(e) Divergence dating

We generated a time tree for the evolution of fungus-farming ants
using BEAST v. 1.8.2 [65]. To calibrate the analysis, we used nine
fossil calibrations, and one secondary calibration (electronic sup-
plementary material, table S6). To decrease computation time we
(i) used a constraint tree and turned off tree search operators, and
(ii) used subsets of UCE loci rather than the entire matrix. For five

separate matrices (each with 20 randomly selected UCE loci), we
performed two independent BEAST runs, each progressing for 50
million generations. We assessed burn-in, convergence among
runs, and run performance by examining log files with TRACER v.
1.6. We generated chronograms for each of the five matrices separ-
ately and for all runs combined. For additional detail, see electronic
supplementary material, appendix A2.

(f) Historical biogeography

We inferred the biogeographic history of the fungus-farming ants
using the R package BioGeoBEARS (BGB) [66,67]. For the tree,
we used the BEAST time tree pruned to include only the fungus-
farming ants and their sister group. We coded taxa for the following
areas: (A) Nearctic; (B) Middle America (including the Caribbean);
(C) South America; (D) Afrotropics; and (E) Australasia. Using
BGB, we compared six different biogeographic models: DEC [68],
DEC +J, DIVALIKE [69], DIVALIKE + ], BAYAREA [70] and
BAYAREALIKE + J. For each model we performed a time-stratified
analysis using the time periods 0-5 Ma, 5-35 Ma and 35-65 Ma,
which correspond to post-closure of the Isthmus of Panama [71],
pre-closure of the Isthmus of Panama and pre-glaciation of
Antarctica [72], respectively. For additional detail, see electronic
supplementary material, appendix A2.

(g) Ancestral state reconstruction

We performed trait reconstruction analyses to examine the evol-
ution of attine ant (i) agriculture and (ii) habitat preference. In
both cases, we used the same pruned BEAST tree that we used
for biogeography. For agriculture, we coded taxa as practising (0)
no agriculture, (1) lower agriculture, (2) coral-fungus agriculture,
(3) yeast agriculture, (4) higher agriculture or (5) leaf-cutter agricul-
ture (agricultural systems reviewed in [23]). We then used the ‘ace’
function from the R package APE [73] to test three different recon-
struction models: equal rates (ER), symmetrical rates (SYM) and all
rates different (ARD). For habitat preference, we coded taxa as
occurring in: (A) continuously wet habitat (rainforest), which
should be hospitable all year long to free-living populations of
attine ant fungal cultivars; (B) seasonally dry habitat (e.g. cerrado,
savannah, desert, dry scrub), which would be inhospitable, at least
for part of the year, to free-living cultivars; or (AB) both wet and dry
habitats. We inferred ancestral habitat preference using BGB,
because it more realistically treats habitat AB as a combination of
habitats rather than as a distinct, third character state. We per-
formed six analyses comparing the same models used for
biogeographic inference.

(h) Diversification rates

We investigated diversification dynamics in the fungus-farming
ants using two approaches. We tested for significant shifts in diver-
sification rates across the entire tree using the R package TreePar [74],
which is an ML-based program that allows for non-constant diversi-
fication rates and incomplete taxon sampling. We also tested for rate
shifts among lineages using the Bayesian program BAMM v. 2.5
[75-78] (see also [79,80]) and the accompanying R package BAMM-
tools [81]. A useful feature of BAMM is that it allows for
non-random, incomplete taxon sampling via the input of a sampling
probability file, which we incorporated into our analysis (electro-
nic supplementary material, table S7). For additional detail, see
electronic supplementary material, appendix A2.

3. Results

(a) Phylogeny of the fungus-farming ants
All phylogenetic analyses (ML, Bl and ST) recovered the fungus-
farming ants as a highly supported clade, with the dacetines
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(referred to here as the subtribe Dacetina and including the
genera Acanthognathus, Colobostruma, Daceton, Epopostruma,
Lenomyrmex, Mesostruma, Microdaceton) as the sister group
(figure 1; electronic supplementary material, figures S1-S11
and table S8), confirming a previous result [42]. Support for
the monophyly of Dacetina was high (more than 90%) in all ana-
lyses except for the ST analysis (6%). Within the fungus-farming
ant clade, there was no topological variability among analyses
and nearly all nodes received maximum support. Most relation-
ships are congruent with previous molecular studies [23,32,82],
but we recovered a number of novel results within the neoattines.
Most importantly, we confidently resolved the positions of
major Cyphomyrmex lineages and several enigmatic species of
Mycetosoritis for the first time (both genera are non-monophy-
letic). Relationships among remaining genera within the more
inclusive tribe Attini were less well resolved. The tribe and sev-
eral groups of genera within the tribe were recovered with high
support, but most relationships among genus groups were
poorly supported. We did not recover the sister group to the
Dacetina + Attina clade with high confidence, although most
ML analyses suggested that the Blepharidatta group (Blepharidatta,
Wasmannia, Allomerus) was sister to Dacetina + Attina.

(b) Divergence dating of major transitions in ant
agriculture

We recovered roughly identical divergence dates from the five
different data subsets that we analysed and from the combined
averaging of all results (electronic supplementary material,
table S9). Additionally, our ancestral reconstructions of ant
agriculture returned essentially identical results across the
three different models that we tested, with the ER model
being statistically favoured (electronic supplementary material,
table S10 and figures S12—S14). Our date and trait inferences
are largely congruent with previous studies [23,32], except
that we recovered slightly older dates for the origin of higher
fungus farmers.

The Attini sensu lato evolved 66 Ma (56—76 Ma HPD) at the
K-Pgboundary followed by what was a rapid radiation of all of
the major genus groups and subtribes. The fungus-farming ants
originated as lower fungus farmers at the end of the Palaeocene
sometime between 61 Ma (52-70 Ma) and 57 Ma (48—66 Ma),
and the two major clades within fungus-farming ants, the
‘palaeoattines’” and ‘neoattines’, evolved as lower fungus-farm-
ers more or less simultaneously at 49 Ma (39-58 Ma) and 50 Ma
(42-59 Ma), respectively. The transition from lower agriculture
to pterulaceous (coral-mushroom) agriculture (Apterostigma
pilosum group) occurred sometime between 21 Ma (17-26 Ma)
and 16 Ma (11-20 Ma). Within the neoattines, the transition
from lower agriculture to yeast agriculture (Cyphomyrmex
rimosus group) occurred between 33 Ma (27-39 Ma) and
14 Ma (9—19 Ma). The evolution of higher agriculture occurred
between 31 Ma (26—37 Ma) and 27 Ma (22-33 Ma) and the leaf-
cutting ants (although not necessarily leaf-cutting agriculture
[22,27,83]) evolved most recently during the Miocene between
19 Ma (15-24 Ma) and 18 Ma (14-22 Ma).

(c) The biogeographic context of fungus-farming

evolution
BioGeoBEARS model comparison favoured the DEC + ] model
as the best-fitting model for the biogeographic data (figure 1; elec-
tronic supplementary material, figures S17, S18 and table S10),

and most models inferred similar scenarios of ancestral range
evolution (electronic supplementary material, figures S15-526).
The fungus-farming ants originated in South America and
have maintained a strong presence in the region, as evidenced
by the fact that most clades also have South American origins
(59 out of 80 nodes). The ancestors of both yeast-farming attines
and coral-fungus-farming attines evolved in South America.
Several species and clades, however, dispersed from South
America into Middle America and less often into the Nearctic.
One major clade inferred to have had an origin in Middle
America is the Cyphomyrmex wheeleri group, which includes
one species that occurs far into North America (C. wheeleri).
Notably, the other major clade to originate in Middle America
is nested inside of the higher fungus farmers and includes the
leaf-cutter ants. This clade is composed of the Trachymyrmex
intermedius group, the T. septentrionalis group, which is an exclu-
sively Nearctic lineage, and the leaf-cutting ant genera Atta and
Acromyrmex. The leaf-cutter ants also originated within Middle
America with later dispersal into both South America (multiple
times) and the Nearctic (at least twice).

For habitat preference, BGB model comparison favoured
the BAYAREALIKE + ] model, which produced results nearly
identical to the next-most-favoured model, DEC + ] (figure 1;
electronic supplementary material, figures S27-S38 and
table S10). The ancestral fungus-farming ants evolved in continu-
ously wet rainforest habitat; however, the two major clades of
fungus farmers, the palaeoattines and neoattines, show very
different trends, with the palaeoattines diversifying predomi-
nately in wet habitat, and the neoattines shifting into and
diversifying predominately in dry habitat. Within the neoattines,
there were two radiations that occurred predominately in wet
habitat, one in the Cyphomyrmex rimosus plus C. wheeleri groups
and one in the Trachymyrmex intermedius group. In addition to
the general trend of neoattines diversifying in dry habitat,
we found that both higher agriculture and leaf-cutter agricul-
ture originated in dry habitat, contradicting the prevailing view
that most evolution and domestication in the fungus-farming
ant—fungus mutualism occurred in South American rainforest.

(d) Diversification dynamics of fungus-farming ants

The tree-wide diversification rate analysis using TreePar
found one significant rate shift across the fungus-farming
tree at 6.5Ma (p < 0.01, electronic supplementary material,
table S11), with the net diversification rate showing a slight
decrease. The among-lineages diversification rate analysis
using BAMM found evidence for three rate increases (figure 1;
electronic supplementary material, figures S39-543), with the
three-shift model receiving the highest posterior probability
when compared with competing models (electronic supple-
mentary material, table S12). The rate shifts occurred along
the branches leading to Myrmicocrypta, Apterostigma (minus
A. megacephala), and the neoattines minus several depauperate
lineages (Cyatta, Kalathomyrmex, Mycetarotes). Counter to our
expectations, none of these shifts directly corresponded with
major shifts in ant agriculture; however, the neoattine shift is
loosely correlated with climate change (see discussion below).

4. Discussion

Our model-based results (figure 1) support the long-held (but
previously untested) hypothesis that fungus farming origi-
nated in the rainforests of South America [30,34-37,84,85].
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Figure 1. (Overfeaf.) Evolution and biogeography of the fungus-farming ants and their agricultural systems. The tree topology (left and right sides) matches the best [}

tree topology recovered from all partitioned RAXML analyses of the Attine-118T-F75 matrix (950 UCE loci, 652 774 bp). We estimated divergence dates using
BEAST and 10 node calibrations (electronic supplementary material, table S6). Left side: numbered nodes received less than 95% support in at least one of six analyses
(raxml-rcluster/raxml-kmeans/raxml-jacknife/exabayes-kmeans/raxml-ry-coding/astral ) and the colour of the node corresponds to the frequency with which that node
was recovered across 10 analyses (electronic supplementary material, table S8; black = 10/10, purple = 8-9/10, green = 5-7/10, sky blue = << 5/10). The
asterisk (*) signifies 100% clade support and the dash (-) signifies that the clade was not recovered in the best tree. We mapped the five distinct attine ant agricultural
systems (lower agriculture, coral-fungus agriculture, yeast agriculture, higher agriculture and leaf-cutter agriculture) onto the tree using ML-based trait reconstructions.
Right side: coloured squares indicate current or ancestral geographical ranges, with the ancestral ranges inferred using the program BioGeoBEARS (DEC + J model). We
used the following ranges: (A, blue) Nearctic, (B, green) Middle America, (C, yellow) South America, (D, purple) Afrotropics and (E, orange) Australasia. Coloured
branches indicate current and ancestral habitat preference (blue, wet habitat; red, dry habitat; turquoise, wet and dry habitats), with ancestral preference inferred
using BioGeoBEARS (BAYAREALIKE + J model). Both sides: The bars at the bottom of each chronogram provide stem- and crown-group ages for each agricultural
system. Dotted lines correspond to the 95% HPD of the BEAST divergence date estimates. The wavy, light grey line depicts average global temperature (adapted from
[72]). For reference, major global events are highlighted on the geological timeline (EECO, Early Eocene Climatic Optimum; TEE, Terminal Eocene Event; MMCO, Mid-
Miocene Climatic Optimum). The three vertical black bars on nodes mark rate shifts identified by BAMM (all rate increases).

However, in stark contrast to the consensus view that most
subsequent evolution also occurred in South American rain-
forests (although see [86]), we found that the ancestors of
most major attine lineages, including the ancestors of higher
fungus farmers and leaf-cutter ants, probably evolved in dry
or seasonally dry habitat (cerrado, savannah, desert etc.).
This result is significant because it suggests a possible mechan-
ism for the origin of the symbiotically obligate, highly derived,
higher attine fungi. As in human-mediated domestication, the
domestication of fungi by ants almost certainly required, at
least temporarily, the genetic isolation of fungal cultivars
from their free-living, wild-type conspecifics. Based on the
results of our habitat-preference analyses, we hypothesize
that the dispersal of fungus-farming ants into dry or seasonally
dry habitats may have been the key factor driving fungal
isolation and subsequent coevolution. Reduced fungal out-
crossing by ant dispersal into dry habitat is supported by the
observations that leucocoprineaceous fungi, the group that
includes most attine ant cultivar species, are most abundant
and diverse in rainforests [40,41], and that all free-living con-
specifics of attine cultivars have been collected only in the
rainforests of Brazil and Panama [20,24]. Unable to escape
the humid confines of their host nests [87,88], selection
would eventually have driven higher attine fungi to become
obligate ant nest specialists.

In addition to shifts into dry habitat, our results suggest
fungus-farming ants expanded their range into Middle America
and the Nearctic (figure 1) multiple times, with the earliest dis-
persal out of South America occurring around 27-22 Ma—well
before the traditional estimate for the closure of the Isthmus of
Panama (approx. 3 Ma) [71] (but see also [89-91]). Intriguingly,
the sister group to the leaf-cutter ants is a lineage of completely
Nearctic species in the Trachymyrmex septentrionalis group and
the ancestor of the leaf-cutting ants probably originated in
Middle America. If a shift into dry, inhospitable habitats pro-
vided the conditions for strict ant-fungus coevolution, it might
also be the case that dispersal out of South America and into
peripheral areas played a part as well. Movement into Middle
America, and especially into the Nearctic, would have further
isolated fungal cultivars from their parent populations and
free-living progenitors. In the case of higher fungus farmers,
geographical shifts would have the effect of isolating the ants
from access to alternative species of higher attine fungi under
cultivation by other higher attine species in the ancestral range.

Our results present a more detailed picture of the overall bio-
geographic history of fungus-farming ants. The tribe Attini, to

which the fungus farmers belong, originated at about the same
time as the K-Pg mass extinction event. Our phylogeny
suggests that there was probably a burst of diversification at
this time as evidenced by the short internodes subtending
major clades and the fact that we could not confidently resolve
relationships among most genus groups, even with genome-
scale data. The fungus-farming ants originated shortly after
the K-Pg extinction event between 61 Ma and 57 Ma, possibly
during the post-extinction-event recovery period [92] and
shortly before the early Eocene climatic optimum. It is during
this time that the ants began their symbiosis with leucocopri-
neaceous fungi and lost their ability to synthesize arginine
[27,33], committing them to agrarian life. Transitions from
lower to other agricultural systems (five systems total; see
figure 1) occurred after the terminal Eocene event (TEE) at
approximately 35Ma. This event involved a major drop in
global temperature, which brought glaciers to Antarctica and
began the expansion of drier habitats throughout the New
World [93,94]. Although dry habitats such as grasslands have
been present since the early Eocene [94], several studies have
noted significant expansions of C4 grasses starting around
30 Ma [95-97], remarkably close in time to the origin of higher
agriculture. It is also notable that we inferred a diversification
rate increase in the lineage that includes all neoattines, minus a
grade of several depauperate groups (Cyatta, Kalathomyrmex,
Moycetarotes and Mycetosoritis hartmanni), at about the same
time as the TEE. Given that most genus-level lineages and all
derived agricultural systems originated after the TEE, it is plaus-
ible that this global cooling event spurred both attine ant lineage
diversification and ant-fungus coevolution.

A critical, long-standing problem for understanding
the evolution of ant agriculture has been identifying the non-
fungus-growing sister lineage of the fungus-farming ants.
The identity of the sister group is important because it could
provide critical information about the behavioural, physiologi-
cal or ecological precursors to fungus farming. Twelve different
lineages have been variously proposed and, of these, morpho-
logical studies have supported the cryptic leaf-litter ant
Blepharidatta brasiliensis as the sister group [98-100]. More
recent molecular studies, however, have provided low to mod-
erate support for a sister-group relationship between the
fungus-farming ants and the subtribe Dacetina [23,32,42].
Using phylogenomic data and fundamentally different analyti-
cal paradigms, we found nearly unequivocal support for a
sister-group relationship between the fungus-farming ants
and the subtribe Dacetina.
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The dacetines form a group of largely specialized predatory
ants that occur in the Neotropical (Acanthognathus, Daceton,
Lenomyrmex), Afrotropical (Microdaceton) and Australasian
(Colobostruma, Epopostrma and Mesostruma) regions. Most
of the genera have elongate, trap-jaw mandibles. Biological
information for the dacetines is surprisingly limited, with
the best-studied genera being Acanthognathus and Daceton
[101-108]. Importantly, these ants have no known associations
with fungi. The Dacetina and Attina do, however, share a few
morphological and behavioural traits [104,109]. Most notably,
both sister clades are highly specialized, the Dacetina special-
ized predators and the Attina specialized agriculturalists.
Although these are behavioural extremes, it is possible they
share a common historical origin. Given that both of these
lineages evolved from generalized hunter—gatherers during
the 'nuclear winter” that followed the K—Pg extinction event
(figure 1) [92,110], it is possible that a reduction of generalized
resources drove them to specialize, one on live prey and the
other on fungi. As noted by Janzen [110], the best survivors of
the K-Pg nuclear winter were probably those whose food did
not directly depend on immediate photosynthesis. Specializ-
ation on fungi by the Attina may have been driven both by a
reduction in generalized prey as well as by a proliferation of
fungi [111].

5. Conclusion

The importance of animal and plant domestication to the rise of
modern human civilization is well understood. Through a var-
iety of mechanisms, including selective breeding and genetic
isolation, humans increased food yield and nutritional value,
fuelling the growth of civilizations. Similarly, in fungus-
farming ants, the evolution of agriculture and subsequently of
high-yield domesticated crops resulted in the rise of the
ecologically dominant leaf-cutting ants, which form ‘superor-
ganism’ colonies composed of millions of individuals. Unlike
human agriculture, however, an explanation for how ants

unconsciously domesticated their fungal cultivars has been
highly uncertain. Our results provide the first evidence that
fungal domestication occurred in dry habitats, suggesting an
explanation for how fungal cultivars may have evolved into
domesticated mutualists obligately dependent on theirant hosts.

Data accessibility. For all newly sequenced samples, raw sequence reads
and TRINITY contig assemblies representing UCE loci are available from
the NCBI Sequence Read Archive and GenBank, respectively, under
BioProject accession PRINA379607. Additional data, including align-
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xml files, trait and biogeography data files, and tables are available
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Authors” contributions. M.G.B., T.R.S. and S.G.B. conceived of the study.
M.G.B. carried out the molecular lab work and performed the ana-
lyses. M.G.B. and T.R.S. drafted the manuscript. AJ., J.S.-C. and
M.W.L. helped carry out the molecular lab work and revise the
manuscript. B.C.F. and S.G.B. helped with data analysis and manu-
script revision. All authors gave final approval for publication.

Competing interests. We declare that we have no competing interests.

Funding. M.G.B. was funded by a Peter Buck postdoctoral fellowship at
the Smithsonian Institution and NSF grant no. DEB-1354996 (Project
ADMAC). AJ. and ].S.-C. were funded by Peter Buck predoctoral fel-
lowships at the Smithsonian Institution. T.R.S., ].5.-C. and A.J. were
supported by NSF grant nos. DEB-0949689 and DEB-1456964. S.G.B.
was supported by NSF grant no. DEB-1555905. T.R.S. was supported
by the National Museum of Natural History (NMNH) Small Grants
Program and the Smithsonian Institution Scholarly Studies Program.

Acknowledgements. We are grateful to the following individuals for pro-
vision of ant specimens: Alan Anderson, Carlos Roberto Brandao,
Jacques Delabie, David Donoso, Rodrigo Feitosa, Brian Fisher, John
Longino, Caué Lopes, Jonas Maravalhas, Claudia Medina, Ulrich
Mueller, Eugenia Okonski, Christian Rabeling, Heraldo Vasconcelos
and Philip Ward. We thank Christian Rabeling for providing us with
unpublished estimates of Mycocepurus species diversity. We thank
Eugenia Okonski for laboratory assistance. For sequencing assistance
we thank Joe DeYoung at UCLA and Peter Schweitzer at Cornell. Lab
work was conducted at the Smithsonian NMNH Laboratory of
Analytical Biology (LAB), and phylogenetic analyses were performed
using computing resources at the Smithsonian Institution and the
CIPRES Science Gateway [113]. We thank two anonymous reviewers
for helpful suggestions about the manuscript.

20, 1-86. (doi:10.1007/510963-006-9006-8)

Nat. Genet. 44, 808—811. (doi:10.1038/ng.2309)

References
Duarte CM, Marba N, Holmer M. 2007 Rapid 7. Fuller D. 2007 Contrasting patterns in crop 12. Wright SI, Bi IV, Schroeder SG, Yamasaki M,
domestication of marine species. Science 316, domestication and domestication rates: recent Doebley JF, McMullen MD, Gaut BS. 2005
382-383. (doi:10.1126/science.1138042) archaeobotanical insights from the Old World. Ann. The effects of artificial selection on the maize
Diamond J. 2002 Evolution, consequences and Bot. 100, 903 —924. (doi:10.1093/a0b/mcm048) genome. Science 308, 1310—1314. (doi:10.1126/
future of plant and animal domestication. Nature 8. Haaland R. 1995 Sedentism, cultivation, and plant science.1107891)
418, 700—707. (doi:10.1038/nature01019) domestication in the Holocene Middle Nile Region.  13. Caicedo AL et al. 2007 Genome-wide patterns of
Chang ST, Miles PG. 2004 Mushrooms: cultivation, J. Field Archaeol. 22, 157—174. (doi:10.1179/ nucleotide polymorphism in domesticated rice.
nutritional value, medicinal effect, and 009346995791547868) PLoS Genet. 3, 1745—1756. (doi:10.1371/journal.
environmental impact, 2nd edn. New York, NY: 9. Haaland R. 1999 The puzzle of the late emergence pgen.0030163)
CRC Press. of domesticated sorghum in the Nile Valley. In The ~ 14. Menezes C et al. 2015 A Brazilian social bee must
Dempewolf H, Hodgins KA, Rummell SE, Ellstrand prehistory of food: appetites for change cultivate fungus to survive. Curr. Biol. 25, 1-5.
NG, Rieseberg LH. 2012 Reproductive isolation (eds C Gosden, J Hather), pp. 397—418. London, (doi:10.1016/j.cub.2015.09.028)
during domestication. Plant Cell 24, 2710-2717. UK: Routledge. 15. Aanen DK, Eggleton P, Rouland-Lefevre C,
(doi:10.1105/tpc.112.100115) 10. Gepts P. 2014 The contribution of genetic and Guldberg-Froslev T, Rosendahl S, Boomsma JJ. 2002
Zohary D, Hopf M. 1994 Domestication of plants in genomic approaches to plant domestication studies. The evolution of fungus-growing termites and their
the Old World, 2nd edn. Oxford, UK: Oxford Curr. Opin. Plant Biol. 18, 51-59. (doi:10.1016/j. mutualistic fungal symbionts. Proc. Natl Acad. Sci.
University Press. pbi.2014.02.001) USA 99, 14 88714 892. (doi:10.1073/pnas.
Fuller D. 2006 Agricultural origins and frontiers in 1. Hufford MB et al. 2012 Comparative population 222313099)
South Asia: a working synthesis. J. World Prehist. genomics of maize domestication and improvement. ~ 16.  Mueller UG, Gerardo NM, Aanen DK, Six DL, Schultz

TR. 2005 The evolution of agriculture in insects.

S600£1L07 :¥8T g 20S Y 20id  biobuiysigndAianosjeforqds H


http://dx.doi.org/10.5061/dryad.d7pr6
http://dx.doi.org/10.5061/dryad.d7pr6
http://dx.doi.org/10.1126/science.1138042
http://dx.doi.org/10.1038/nature01019
http://dx.doi.org/10.1105/tpc.112.100115
http://dx.doi.org/10.1007/s10963-006-9006-8
http://dx.doi.org/10.1093/aob/mcm048
http://dx.doi.org/10.1179/009346995791547868
http://dx.doi.org/10.1179/009346995791547868
http://dx.doi.org/10.1016/j.pbi.2014.02.001
http://dx.doi.org/10.1016/j.pbi.2014.02.001
http://dx.doi.org/10.1038/ng.2309
http://dx.doi.org/10.1126/science.1107891
http://dx.doi.org/10.1126/science.1107891
http://dx.doi.org/10.1371/journal.pgen.0030163
http://dx.doi.org/10.1371/journal.pgen.0030163
http://dx.doi.org/10.1016/j.cub.2015.09.028
http://dx.doi.org/10.1073/pnas.222313099
http://dx.doi.org/10.1073/pnas.222313099
http://rspb.royalsocietypublishing.org/

20.

21.

22.

2.

24,

25.

26.

2].

28.

29.

30.

Downloaded from http://rspb.royalsocietypublishing.org/ on May 15, 2017

Annu. Rev. Ecol. Evol. Syst. 36, 563—595. (doi:10.
1146/annurev.ecolsys.36.102003.152626)

Farrell BD, Sequeira AS, 0'Meara BC, Normark BB,
Chung JH, Jordal BH. 2001 The evolution of
agriculture in beetles (Curculionidae: Scolytinae and
Platypodinae). Evolution 55, 2011-2027. (doi:10.
1111/1.0014-3820.2001.tb01318.x)

Schultz TR, Mueller UG, Currie CR, Rehner SA. 2001
Reciprocal illumination: a comparison of agriculture
in humans and fungus-growing ants. In Insect-
fungal associations: ecology and evolution

(eds F Vega, M Blackwell), pp. 149—190. New York,
NY: Oxford University Press.

Mehdiabadi NJ, Schultz TR. 2010 Natural history and
phylogeny of the fungus-farming ants
(Hymenoptera: Formicidae: Myrmicinae: Attini).
Myrmecol. News 13, 37-55.

Mueller UG, Rehner SA, Schultz TR. 1998 The
evolution of agriculture in ants. Science 281,
2034-2038. (doi:10.1126/science.281.5385.2034)
Mehdiabadi NJ, Mueller UG, Brady SG, Himler AG,
Schultz TR. 2012 Symbiont fidelity and the origin of
species in fungus-growing ants. Nat. Commun. 3,
1-7. (doi:10.1038/ncomms1844)

Mikheyev AS, Mueller UG, Boomsma JJ. 2007
Population genetic signatures of diffuse co-
evolution between leaf-cutting ants and their
cultivar fungi. Mol. Ecol. 16, 209—-216. (doi:10.
1111/j.1365-294X.2006.03134.x)

Schultz TR, Brady SG. 2008 Major evolutionary
transitions in ant agriculture. Proc. Natl Acad. Sci.
USA 105, 5435—5440. (doi:10.1073/pnas.
0711024105)

Vo TL, Mueller UG, Mikheyev AS. 2009 Free-living
fungal symbionts (Lepiotaceae) of fungus-growing
ants (Attini: Formicidae). Mycologia 101, 206—210.
(doi:10.3852/07-055)

Green AM, Mueller UG, Adams RMM. 2002
Extensive exchange of fungal cultivars between
sympatric species of fungus-growing ants. Mol. Ecol.
11, 191-195. (doi:10.1046/j.1365-294X.2002.
01433.x)

Nygaard S et al. 2011 The genome of the leaf-
cutting ant Acromyrmex echinatior suggests key
adaptations to advanced social life and fungus
farming. Genome Res. 21, 1339—1348. (doi:10.
1101/gr.121392.111.10)

Nygaard S et al. 2016 Reciprocal genomic evolution
in the ant-fungus agricultural symbiosis. Nat.
Commun. 7, 1-9. (doi:10.1038/ncomms12233)
Kooij PW, Aanen DK, Schigtt M, Boomsma JJ. 2015
Evolutionarily advanced ant farmers rear polyploid
fungal crops. J. Evol. Biol. 28, 1911—1924. (doi:10.
1111/jeb.12718)

De Fine Licht HH, Schigtt M, Mueller UG, Boomsma
JJ. 2010 Evolutionary transitions in enzyme activity
of ant fungus gardens. Evolution 64, 2055—2069.
(doi:10.1111/}.1558-5646.2010.00948.x)

Weber NA. 1958 Evolution in fungus-growing ants.
In Proceedings of the Tenth International Congress of
Entomology, Montreal, August 17-25, 1956

(ed. EC Becker), pp. 459—473. Montreal, Québec:
Mortimer.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

4.

43.

45.

46.

47.

Holldobler B, Wilson EQ. 1990 The ants. Cambridge,
MA: Belknap Press.

Schultz TR, Sosa-Calvo J, Brady SG, Lopes (T,
Mueller UG, Bacci M, Vasconcelos HL. 2015 The
most relictual fungus-farming ant species cultivates
the most recently evolved and highly domesticated
fungal symbiont species. Am. Nat. 185, 693—703.
(doi:10.1086/680501)

JeSovnik A, Gonzalez VL, Schultz TR. 2016
Phylogenomics and divergence dating of fungus-
farming ants (Hymenoptera: Formicidae) of the
genera Sericomyrmex and Apterostigma. PLoS ONE
11, 1-18. (doi:10.1371/journal.pone.0151059)
Mueller UG, Schultz TR, Currie CR, Adams RMM,
Malloch D. 2001 The origin of the attine ant-fungus
mutualism. Q. Rev. Biol. 2, 169—197. (d0i:10.1086/
393867)

Weber NA. 1972 Gardening ants, the attines.
Philadelphia, PA: American Philosophical Society.
Wheeler WM. 1923 Social life among the insects.
New York, NY: Harcourt, Brace and Co.
Mayhé-Nunes AJ, Jaffé K. 1998 On the
biogeography of Attini (Hymenoptera: Formicidae).
Ecotropicos 11, 45-54.

Chapela IH, Rehner SA, Schultz TR, Mueller UG.
1994 Evolutionary history of the symbiosis between
fungus-growing ants and their fungi. Science 266,
1691—-1694. (doi:10.1126/science.266.5191.1691)
Johnson J, Vilgalys R. 1998 Phylogenetic systematics
of Lepiota sensu lato based on nuclear large subunit
rDNA evidence. Mycologia 90, 971-979. (doi:10.
2307/3761269)

Vellinga EC. 2004 Ecology and distribution of
lepiotaceous fungi (Agaricaceae): a review. Nov.
Hedwigia 78, 273—299. (d0i:10.1127/0029-5035/
2004/0078-0273)

Guzmdn G, Guzman-Dévalos L. 1992 A checklist of
lepiotaceous fungi. Champaign, IL: Koeltz Scientific
Books.

Ward PS, Brady SG, Fisher BL, Schultz TR. 2015
The evolution of myrmicine ants: phylogeny and
biogeography of a hyperdiverse ant clade
(Hymenoptera: Formicidae). Syst. Entomol. 40,
61-81. (doiz10.1111/syen.12090)

Faircloth BC, McCormack JE, Crawford NG, Harvey
MG, Brumfield RT, Glenn TC. 2012 Ultraconserved
elements anchor thousands of genetic markers
spanning multiple evolutionary timescales. Syst.
Biol. 61, 717—-726. (d0i:10.1093/syshio/sys004)
Faircloth BC, Branstetter MG, White ND, Brady SG.
2015 Target enrichment of ultraconserved elements
from arthropods provides a genomic perspective on
relationships among Hymenoptera. Mol. Ecol. Resour.
15, 489—-501. (doi:10.1111/1755-0998.12328)
Faircloth BC. 2016 PHYLUCE is a software package
for the analysis of conserved genomic loci.
Bioinformatics 32, 786—788. (doi:10.1093/
bioinformatics/btv646)

Faircloth BC. 2013 lllumiprocessor: a trimmomatic
wrapper for parallel adapter and quality trimming.
(doi:10.6079/J9ILL)

Grabherr MG et al. 2011 Full-length transcriptome
assembly from RNA-Seq data without a reference

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

genome. Nat. Biotechnol. 29, 644—652. (doi:10.
1038/nbt.1883)

Katoh K, Misawa K, Kuma K, Miyata T. 2002 MAFFT:
a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059—3066. (doi:10.1093/nar/
gkf436)

(astresana J. 2000 Selection of conserved blocks
from multiple alignments for their use in
phylogenetic analysis. Mol. Biol. Evol. 17, 540—552.
(doi:10.1093/oxfordjournals.molbev.a026334)
Talavera G, Castresana J. 2007 Improvement of
phylogenies after removing divergent and
ambiguously aligned blocks from protein sequence
alignments. Syst. Biol. 56, 564—577. (doi:10.1080/
10635150701472164)

Stamatakis A. 2014 RAXML version 8: a tool for
phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30, 1312—-1313.
(doi:10.1093/bioinformatics/btu033)

Lanfear R, Calcott B, Ho SYW, Guindon S. 2012
PartitionFinder: combined selection of partitioning
schemes and substitution models for phylogenetic
analyses. Mol. Biol. Evol. 29, 1695—1701. (doi:10.
1093/molbev/mss020)

Frandsen PB, Calcott B, Mayer C, Lanfear R. 2015
Automatic selection of partitioning schemes for
phylogenetic analyses using iterative k-means
clustering of site rates. BMC Evol. Biol. 15, 13.
(doi:10.1186/512862-015-0283-7)

Lanfear R, Frandsen PB, Wright AM, Senfeld T,
(alcott B. 2016 PartitionFinder 2: new methods for
selecting partitioned models of evolution for
molecular and morphological phylogenetic analyses.
Mol. Biol. Evol. 34, 772—773. (doi:10.1093/molbev/
msw260)

Salichos L, Rokas A. 2013 Inferring ancient
divergences requires genes with strong phylogenetic
signals. Nature 497, 327-331. (doi:10.1038/
nature12130)

Aberer AJ, Kobert K, Stamatakis A. 2014 ExaBayes:
massively parallel Bayesian tree inference for the
whole-genome era. Mol. Biol. Evol. 31, 2553 —2556.
(doi:10.1093/molbev/msu236)

Rambaut A, Suchard MA, Xie D, Drummond AJ. 2014
Tracer v1.6. See http:/beast.bio.ed.ac.uk/Tracer.
Mirarab S, Reaz R, Bayzid MS, Zimmermann T,
Swenson MS, Warnow T. 2014 ASTRAL: genome-
scale coalescent-based species tree estimation.
Bioinformatics 30, 541—548. (doi:10.1093/
bioinformatics/btu462)

Mirarab S, Warnow T. 2015 ASTRAL-Il: Coalescent-
based species tree estimation with many hundreds
of taxa and thousands of genes. Bioinformatics 31,
44-i52. (doi:10.1093/bioinformatics/btv234)

R Core Team. 2015 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Borowiec ML, Lee EK, Chiu JC, Plachetzki DC. 2015
Extracting phylogenetic signal and accounting for bias
in whole-genome data sets supports the Ctenophora
as sister to remaining Metazoa. BMC Genomics 16,
987. (doi:10.1186/512864-015-2146-4)

$600£L0T ‘¥8T g 20s Y oid  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.1146/annurev.ecolsys.36.102003.152626
http://dx.doi.org/10.1146/annurev.ecolsys.36.102003.152626
http://dx.doi.org/10.1111/j.0014-3820.2001.tb01318.x
http://dx.doi.org/10.1111/j.0014-3820.2001.tb01318.x
http://dx.doi.org/10.1126/science.281.5385.2034
http://dx.doi.org/10.1038/ncomms1844
http://dx.doi.org/10.1111/j.1365-294X.2006.03134.x
http://dx.doi.org/10.1111/j.1365-294X.2006.03134.x
http://dx.doi.org/10.1073/pnas.0711024105
http://dx.doi.org/10.1073/pnas.0711024105
http://dx.doi.org/10.3852/07-055
http://dx.doi.org/10.1046/j.1365-294X.2002.01433.x
http://dx.doi.org/10.1046/j.1365-294X.2002.01433.x
http://dx.doi.org/10.1101/gr.121392.111.10
http://dx.doi.org/10.1101/gr.121392.111.10
http://dx.doi.org/10.1038/ncomms12233
http://dx.doi.org/10.1111/jeb.12718
http://dx.doi.org/10.1111/jeb.12718
http://dx.doi.org/10.1111/j.1558-5646.2010.00948.x
http://dx.doi.org/10.1086/680501
http://dx.doi.org/10.1371/journal.pone.0151059
http://dx.doi.org/10.1086/393867
http://dx.doi.org/10.1086/393867
http://dx.doi.org/10.1126/science.266.5191.1691
http://dx.doi.org/10.2307/3761269
http://dx.doi.org/10.2307/3761269
http://dx.doi.org/10.1127/0029-5035/2004/0078-0273
http://dx.doi.org/10.1127/0029-5035/2004/0078-0273
http://dx.doi.org/10.1111/syen.12090
http://dx.doi.org/10.1093/sysbio/sys004
http://dx.doi.org/10.1111/1755-0998.12328
http://dx.doi.org/10.1093/bioinformatics/btv646
http://dx.doi.org/10.1093/bioinformatics/btv646
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026334
http://dx.doi.org/10.1080/10635150701472164
http://dx.doi.org/10.1080/10635150701472164
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1186/s12862-015-0283-7
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.1038/nature12130
http://dx.doi.org/10.1038/nature12130
http://dx.doi.org/10.1093/molbev/msu236
http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
http://dx.doi.org/541&ndash;i548
http://dx.doi.org/541&ndash;i548
http://dx.doi.org/541&ndash;i548
http://dx.doi.org/10.1093/bioinformatics/btu462
http://dx.doi.org/10.1093/bioinformatics/btu462
http://dx.doi.org/44&ndash;i52
http://dx.doi.org/44&ndash;i52
http://dx.doi.org/44&ndash;i52
http://dx.doi.org/10.1093/bioinformatics/btv234
http://dx.doi.org/10.1186/s12864-015-2146-4
http://rspb.royalsocietypublishing.org/

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

Downloaded from http://rspb.royalsocietypublishing.org/ on May 15, 2017

Meiklejohn KA, Faircloth BC, Glenn TC, Kimball RT,
Braun EL. 2016 Analysis of a rapid evolutionary
radiation using ultraconserved elements (UCEs):
evidence for a bias in some multispecies coalescent
methods. Syst. Biol. 65, 612—627. (doi:10.1093/
syshio/syw014)

Seo TK. 2008 Calculating bootstrap probabilities of
phylogeny using multilocus sequence data. Mol.
Biol. Evol. 25, 960—971. (doi:10.1093/molbev/
msn043)

Kiick P, Struck TH. 2014 BaCoCa—a heuristic
software tool for the parallel assessment of
sequence biases in hundreds of gene and taxon
partitions. Mol. Phylogenet. Evol. 70, 94—98.
(doi:10.1016/j.ympev.2013.09.011)

Drummond AJ, Suchard MA, Xie D, Rambaut A.
2012 Bayesian phylogenetics with BEAUti and the
BEAST 1.7. Mol. Biol. Evol. 29, 1969—1973. (doi:10.
1093/molbev/mss075)

Matzke NJ. 2013 BioGeoBEARS: biogeography with
Bayesian (and likelihood) evolutionary analysis in R
scripts. Berkeley, CA: University of California.
Matzke NJ. 2014 Model selection in historical
biogeography reveals that founder-event speciation
is a crucial process in island clades. Syst. Biol. 63,
951-970. (doi:10.1093/syshio/syu056)

Ree RH, Smith SA. 2008 Maximum likelihood
inference of geographic range evolution by
dispersal, local extinction, and cladogenesis. Syst.
Biol. 57, 4—14. (doi:10.1080/10635150701883881)
Sanmartin |, Enghoff H, Ronquist F. 2001 Patterns of
animal dispersal, vicariance and diversification in
the Holarctic. Biol. J. Linn. Soc. 73, 345-390.
(doi:10.1006/hijl.2001.0542)

Landis MJ, Matzke NJ, Moore BR, Huelsenbeck JP.
2013 Bayesian analysis of biogeography when the
number of areas is large. Syst. Biol. 62, 789—804.
(doi:10.1093/syshio/syt040)

0'Dea A et al. 2016 Formation of the Isthmus of
Panama. Sci. Adv. 2, 1-12. (doi:10.1126/sciadv.
1600883)

Zachos J, Pagani M, Sloan L, Thomas E, Billups K.
2001 Trends, rhythms, and aberrations in global
climate 65 Ma to present. Science 292, 686—693.
(doi:10.1126/science.1059412)

Paradis E, Claude J, Strimmer K. 2004 APE: analyses
of phylogenetics and evolution in R language.
Bioinformatics 20, 289—290. (doi:10.1093/
bioinformatics/btg412)

Stadler T. 2011 Mammalian phylogeny reveals
recent diversification rate shifts. Proc. Nat/ Acad. Sdi.
USA 108, 6187—6192. (doi:10.1073/pnas.
1016876108)

Rabosky DL. 2014 Automatic detection of key
innovations, rate shifts, and diversity-dependence
on phylogenetic trees. PLoS ONE 9, €89543. (doi:10.
1371/journal.pone.0089543)

Rabosky DL, Santini F, Eastman J, Smith SA,
Sidlauskas B, Chang J, Alfaro ME. 2013 Rates of
speciation and morphological evolution are
correlated across the largest vertebrate

radiation. Nat. Commun. 4, 1958. (doi:10.1038/
ncomms2958)

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

Rabosky DL, Donnellan SC, Grundler M, Lovette 1).
2014 Analysis and visualization of complex
macroevolutionary dynamics: an example from
Australian scincid lizards. Syst. Biol. 63, 610—627.
(doiz10.1093/sysbio/syu025)

Shi JJ, Rabosky DL. 2015 Speciation dynamics
during the global radiation of extant bats. Evolution
69, 1528—1545. (doi:10.1111/ev0.12681)

Moore BR, Hohna S, May MR, Rannala B, Huelsenbeck
JP. 2016 Critically evaluating the theory and
performance of Bayesian analysis of
macroevolutionary mixtures. Proc. Nat/ Acad. Sci. USA
113, 9569—9574. (doi:10.1073/pnas.1518659113)
Rabosky DL, Mitchell JS, Chang J. 2017 Is BAMM
flawed? Theoretical and practical concerns in the
analysis of multi-rate diversification models. Syst.
Biol. syx037. (doi:10.1093/syshio/syx037)

Rabosky DL, Grundler M, Anderson C, Title P, Shi JJ,
Brown JW, Huang H, Larson JG. 2014 BAMMtools:
an R package for the analysis of evolutionary
dynamics on phylogenetic trees. Methods Ecol. Evol.
5, 701-707. (doi:10.1111/2041-210X.12199)
Sosa-Calvo J, Schultz TR, Brandao CRF, Klingenberg
(, Feitosa RM, Rabeling C, Bacci M, Lopes (T,
Vasconcelos HL. 2013 (yatta abscondita: taxonomy,
evolution, and natural history of a new fungus-
farming ant genus from Brazil. PLoS ONE 8, 1-20.
(doi:10.1371/journal.pone.0080498)

Mikheyev AS, Mueller UG, Abbot P. 2010
Comparative dating of attine ant and lepiotaceous
cultivar phylogenies reveals coevolutionary
synchrony and discord. Am. Nat. 175, E126—E133.
(doi:10.1086/652472)

Weber NA. 1982 Fungus ants. In Social insects,
vol. 4 (ed. HR Herman), pp. 255-363. New York,
NY: Academic Press.

Kusnezov N. 1963 Zoogeografia de las hormigas en
sudamerica. Acta Zooldgica Lilloana 19, 25-186.
Fowler HG. 1988 Taxa of the Neotropical grass-
cutting ants, Acromyrmex (Moellerius) (Hyenoptera:
Formicidae: Attini). Cientifica 16, 281—295.
Bollazzi M, Roces F. 2010 Control of nest water
losses through building behavior in leaf-cutting ants
(Acromyrmex heyeri). Insectes Soc. 57, 267—273.
(doi:10.1007/500040-010-0081-6)

Bollazzi M, Roces F. 2010 The thermoregulatory
function of thatched nests in the South American
grass-cutting ant, Acromyrmex heyeri. J. Insect Sci.
10, 137. (doi:10.1673/031.010.137071)

Winston ME, Kronauer DJC, Moreau CS. 2016 Early
and dynamic colonization of Central America drives
speciation in Neotropical army ants. Mol. Ecol. 26,
859-870. (doi:10.1111/mec.13846)

Bacon (D, Silvestro D, Jaramillo C, Smith BT,
(hakrabarty P, Antonelli A. 2015 Biological evidence
supports an early and complex emergence of the
Isthmus of Panama. Proc. Natl Acad. Sci. USA 112,
6110-6115. (doi:10.1073/pnas.1423853112)
Montes C et al. 2015 Middle Miocene closure of the
Central American Seaway. Science 348, 226—229.
(doi:10.1126/science.aaa2815)

Donovan MP, Iglesias A, Wilf P, Labandeira CC,
(lneo NR. 2016 Rapid recovery of Patagonian

93.

94.

95.

9.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

plant—insect associations after the end-Cretaceous n

extinction. Nat. Ecol. Evol. 1, 12. (doi:10.1038/
541559-016-0012)

Prothero DR. 1994 The Late Eocene-Oligocene
extinctions. Annu. Rev. Earth Planet. Sci. 22, 145—
165. (doi:10.1146/annurev.ea.22.050194.001045)
Graham A. 2011 A natural history of the New World:
the ecology and evolution of plants in the Americas.
Chicago, IL: University of Chicago Press.

Edwards EJ, Smith SA. 2010 Phylogenetic analyses
reveal the shady history of (4 grasses. Proc. Natl
Acad. Sdi. USA 107, 2532—2537. (doi:10.1073/pnas.
0909672107)

Christin P-A, Besnard G, Samaritani E, Duvall MR,
Hodkinson TR, Savolainen V, Salamin N. 2008
Oligocene CO, decline promoted C4 photosynthesis
in grasses. Curr. Biol. 18, 37—43. (d0i:10.1016/j.
cub.2007.11.058)

Vicentini A, Barber JC, Aliscioni SS, Giussani LM,
Kellogg EA. 2008 The age of the grasses and
clusters of origins of C, photosynthesis. Glob.
Change Biol. 14, 2963—2977. (doi:10.1111/}.1365-
2486.2008.01688.x)

Schultz TR, Meier R. 1995 A phylogenetic analysis of
the fungus-growing ants (Hymenoptera: Formicidae:
Attini) based on morphological characters of the
larvae. Syst. Entomol. 20, 337-370. (doi:10.1111/j.
1365-3113.1995.tb00100.x)

Rabeling C, Verhaagh M, Mueller UG. 2006
Behavioral ecology and natural history of
Blepharidatta brasiliensis (Formicidae,
Blepharidattini). Insectes Soc. 53, 300—306. (doi:10.
1007/500040-006-0872-y)

Diniz JLM, Roberto C, Brandao F, Yamamoto Cl.
1998 Biology of Blepharidatta ants, the sister group
of the attini: a possible origin of fungus-ant
symbiosis. Naturwissenschaften 85, 270—274.
(doi:10.1007/5001140050497)

Brown WLJ, Kempf WW. 1969 A revision of the
Neotropical Dacetine ant genus Acanthognathus
(Hymenoptera: Formicidae). Psyche 76, 87—109.
(doi:10.1155/1969/19387)

Brown WLJ, Wilson EO. 1959 The evolution of the
dacetine ants. Q. Rev. Biol. 34, 278—294. (doi:10.
1086/516403)

Galvis JP, Fernandez F. 2009 Ants of Colombia

X. Acanthognathus with the description of a new
species (Hymenoptera: Formicidae). Rev. Colomb.
Entomol. 35, 245-249.

Blum MS, Portocarrero CA. 1966 Chemical releasers
of social behavior. X. An attine trail substance in the
venom of a non-trail laying myrmicine, Daceton
armigerum (Latreille). Psyche 73, 150—155. (doi:10.
1155/1966/16367)

Dejean A, Delabie JHC, Corbara B, Azémar F, Groc S,
Orivel J, Leponce M. 2012 The ecology and feeding
habits of the arboreal trap-jawed ant Daceton
armigerum. PLoS ONE 7, e0037683. (doi:10.1371/
journal.pone.0037683)

Wilson EQ. 1962 Behavior of Daceton armigerum
(Latreille), with a dassification of self-grooming
movements in ants. Bull. Museum Comp. Zool. 127,
403-421.

$600£L0T ‘¥8T g 20s Y oid  biobuiysigndAianosiedorqdss


http://dx.doi.org/10.1093/sysbio/syw014
http://dx.doi.org/10.1093/sysbio/syw014
http://dx.doi.org/10.1093/molbev/msn043
http://dx.doi.org/10.1093/molbev/msn043
http://dx.doi.org/10.1016/j.ympev.2013.09.011
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1093/sysbio/syu056
http://dx.doi.org/10.1080/10635150701883881
http://dx.doi.org/10.1006/bijl.2001.0542
http://dx.doi.org/10.1093/sysbio/syt040
http://dx.doi.org/10.1126/sciadv.1600883
http://dx.doi.org/10.1126/sciadv.1600883
http://dx.doi.org/10.1126/science.1059412
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1073/pnas.1016876108
http://dx.doi.org/10.1073/pnas.1016876108
http://dx.doi.org/10.1371/journal.pone.0089543
http://dx.doi.org/10.1371/journal.pone.0089543
http://dx.doi.org/10.1038/ncomms2958
http://dx.doi.org/10.1038/ncomms2958
http://dx.doi.org/10.1093/sysbio/syu025
http://dx.doi.org/10.1111/evo.12681
http://dx.doi.org/10.1073/pnas.1518659113
http://dx.doi.org/10.1093/sysbio/syx037
http://dx.doi.org/10.1111/2041-210X.12199
http://dx.doi.org/10.1371/journal.pone.0080498
http://dx.doi.org/10.1086/652472
http://dx.doi.org/10.1007/s00040-010-0081-6
http://dx.doi.org/10.1673/031.010.13701
http://dx.doi.org/10.1111/mec.13846
http://dx.doi.org/10.1073/pnas.1423853112
http://dx.doi.org/10.1126/science.aaa2815
http://dx.doi.org/10.1038/s41559-016-0012
http://dx.doi.org/10.1038/s41559-016-0012
http://dx.doi.org/10.1146/annurev.ea.22.050194.001045
http://dx.doi.org/10.1073/pnas.0909672107
http://dx.doi.org/10.1073/pnas.0909672107
http://dx.doi.org/10.1016/j.cub.2007.11.058
http://dx.doi.org/10.1016/j.cub.2007.11.058
http://dx.doi.org/10.1111/j.1365-2486.2008.01688.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01688.x
http://dx.doi.org/10.1111/j.1365-3113.1995.tb00100.x
http://dx.doi.org/10.1111/j.1365-3113.1995.tb00100.x
http://dx.doi.org/10.1007/s00040-006-0872-y
http://dx.doi.org/10.1007/s00040-006-0872-y
http://dx.doi.org/10.1007/s001140050497
http://dx.doi.org/10.1155/1969/19387
http://dx.doi.org/10.1086/516403
http://dx.doi.org/10.1086/516403
http://dx.doi.org/10.1155/1966/16367
http://dx.doi.org/10.1155/1966/16367
http://dx.doi.org/10.1371/journal.pone.0037683
http://dx.doi.org/10.1371/journal.pone.0037683
http://rspb.royalsocietypublishing.org/

107.

108.

Downloaded from http://rspb.royalsocietypublishing.org/ on May 15, 2017

Azorsa F, Sosa-calvo J. 2008 Description of a
remarkable new species of ant in the genus
Daceton Perty (Formicidae: Dacetini) from South
America. Zootaxa 38, 27-38.

Dietz BH, Brandao CRF. 1993 Comportamento de
caqa e diet de Acanghogenathus fudis Brown &
Kempf, com comentdrios sobre a evolugdo

da predacao em Dacetini (Hymenoptera,
Formicidae, Myrmicinae). Rev. Bras. Entomol. 37,
683-692.

109.

110.

m.

Weber NA. 1941 The biology of the fungus-growing
ants. Part VII. The Barro Colorado Island, Canal
Zone, species. Rev. Entomol. (Rio Janeiro) 12,
93-130.

Janzen DH. 1995 Who survived the Cretaceous?
Science 268, 785. (doi:10.1126/science.268.5212.
785-a)

Vajda V, Mcloughlin S. 2004 Fungal proliferation at
the Cretaceous-Tertiary boundary. Science 303,
1489. (doi:10.1126/science.1093807)

112. Branstetter MG, JeSovnik A, Sosa-Calvo J, Lloyd MW, m

113.

Faircloth BC, Brady SG, Schultz TR. 2017 Data from:
Dry habitats were crucibles of domestication in the
evolution of agriculture in ants. Data Dryad
Repository. (doi:10.5061/dryad.d7pr6)

Miller MA, Pfeiffer W, Schwartz T. 2010 Creating the
CIPRES Science Gateway for inference of large
phylogenetic trees. In Proceedings of the Gateway
Computing Environments Workshop (GCE). See http://
phylo.org/sub_sections/portal/sc2010_paper.pdf.

S600£1L07 :¥8T g 20S Y 20id  biobuiysigndAianosjeforqds


http://dx.doi.org/10.1126/science.268.5212.785-a
http://dx.doi.org/10.1126/science.268.5212.785-a
http://dx.doi.org/10.1126/science.1093807
http://dx.doi.org/10.5061/dryad.d7pr6
http://phylo.org/sub_sections/portal/sc2010_paper.pdf
http://phylo.org/sub_sections/portal/sc2010_paper.pdf
http://rspb.royalsocietypublishing.org/

	Dry habitats were crucibles of domestication in the evolution of agriculture in ants
	Introduction
	Material and methods
	Taxon sampling
	Library preparation, UCE enrichment and sequencing
	Bioinformatics and matrix preparation
	Phylogenetic analyses
	Divergence dating
	Historical biogeography
	Ancestral state reconstruction
	Diversification rates

	Results
	Phylogeny of the fungus-farming ants
	Divergence dating of major transitions in ant agriculture
	The biogeographic context of fungus-farming evolution
	Diversification dynamics of fungus-farming ants

	Discussion
	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


