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Fungus-farming ants cultivate multiple lineages of fungi for food, but, because fungal cultivar
relationships are largely unresolved, the history of fungus-ant coevolution remains poorly known. We
designed probes targeting >2000 gene regions to generate a dated evolutionary tree for 475 fungi
and combined it with a similarly generated tree for 276 ants. We found that fungus-ant agriculture
originated ~66 million years ago when the end-of-Cretaceous asteroid impact temporarily interrupted
photosynthesis, causing global mass extinctions but favoring the proliferation of fungi. Subsequently,
~27 million years ago, one ancestral fungal cultivar population became domesticated, i.e., obligately
mutualistic, when seasonally dry habitats expanded in South America, likely isolating the cultivar
population from its free-living, wet forest–dwelling conspecifics. By revealing these and other major
transitions in fungus-ant coevolution, our results clarify the historical processes that shaped a model
system for nonhuman agriculture.

A
griculture is a particular form of mutu-
alistic symbiosis that has arisen in more
than 20 animal lineages, including hu-
mans, ants, termites, and ambrosia beetles
(1–7). In fungus-farming ants, agriculture

is thought to have originated once (8, 9), leading
to their diversification into 247 extant New
World, largely Neotropical species (10). All
are obligate fungus farmers, but they do not
cultivate a single fungal species. Rather, ant
agriculture comprises four (11, 12) systems in
which four phylogenetically related groups
of ants cultivate four groups of fungi in the
order Agaricales (Fig. 1) (8, 9). These systems
include (i) lower agriculture, thought to be
the ancestral system, in which a paraphyletic
group of 85 ant species cultivates fungi in
the family Agaricaceae, tribe Leucocoprineae
(Fig. 1, Lower Fungal Cultivars, Clades 1 and 2);
(ii) yeast agriculture, in which a clade of 19
ant species (Cyphomyrmex rimosus group
spp.) cultivates a clade of agaricaceous fungi
that grow in a yeast-like phase otherwise un-
known in the order Agaricales (Fig. 1, Yeast

Cultivars); (iii) coral fungus agriculture, in
which a clade of 30 ant species (Apterostigma
pilosum group spp.) cultivates coral fungi in
the family Pterulaceae (Fig. 1, Coral Fungus
Cultivars); and (iv) higher agriculture, thought
to be the most evolutionarily derived system,
in which a clade of 113 ant species cultivates
a clade of agaricaceous fungi that are multi-
nucleate or polyploid (13) and consistently
produce food bodies known as “gongylidia”
(Fig. 1, Higher Fungal Cultivars) (10, 14–16).
Within higher agriculture, an ancestral ant pop-
ulation acquired the ability to harvest fresh
vegetation as a fungus-garden nutritional sub-
strate and gave rise to the leaf-cutter ants,
52 species that have become the primary her-
bivores of the Neotropics, with colonies attaining
the highest levels of organizational complex-
ity found in nonhuman animals (7, 17, 18).
Becausemost leaf-cutter ants cultivate a single
higher-cultivar species, Leucoagaricus gongylo-
phorus, leaf-cutter agriculture is sometimes
regarded as a fifth agricultural system (Fig. 1,
L. gongylophorus). Rare collections of appar-

ently non–ant-associated Neotropical mush-
rooms that have subsequently proven to be
genetically conspecific with or closely related to
ant-cultivated fungi have been interpreted to
indicate that lower and yeast cultivars are
facultative symbionts (Fig. 2, mushroom icons).
By contrast, all collections of coral and higher-
cultivar mushrooms have consistently oc-
curred in association with ant nests, strongly
suggesting that they are obligate symbionts
[10, 19, 20, 21 (section S3)].
Compared to the evolutionary history of

fungus-farming ants, the evolutionary history
of their fungal cultivars, including their rela-
tionships to noncultivated fungal species, re-
mains largely obscure. Relationships among
the fungal cultivar groups are poorly resolved
owing to the few reliable phylogenetic markers
presently available as well as to inadequate
sampling of closely related, non–ant-cultivated
fungi. As a result, existing studies disagree
about the congruence of ant and cultivar phy-
logenies, the origins of the four agricultural
systems, and the timing of key evolutionary
events in ant agriculture (10, 13, 22–25). In this
study, we used DNA sequence data from 625
conserved fungal loci to reconstruct a fossil-
calibrated chronogram of 475 fungi, including
288 ant cultivars, and we used DNA sequence
data from 1934 conserved ant loci to recon-
struct a fossil-calibrated chronogramof 276 ants,
including 208 fungus-farming ants. We com-
bined the fungal and ant chronograms to clarify
the coevolutionary history of ant agriculture.
The fungal chronogram (Fig. 1) indicates that

all 288 ant-cultivated fungi belong to two fami-
lies in the order Agaricales, the Pterulaceae and
the Agaricaceae, and that, in the latter family,
the ant-cultivated fungi are confined to the tribe
Leucocoprineae. Within the Leucocoprineae,
two closely related but separate clades of fungi,
previously recognized and referred to as “Clade
1” and “Clade 2” (lower cultivars only) (20), are
cultivated by the paraphyletic lower fungus-
farming ants (Fig. 2). Likewise, within the
Pterulaceae (coral fungi), two closely related
but separate clades of fungi, Myrmecopterula
nudihortorumandMyrmecopterulavelohortorum,
are cultivated by a subset of ants (the pilosum
group) in the genus Apterostigma (19) (Fig. 2,
Coral Fungus–Farming Ants).

The origin of ant agriculture

The ant chronogram indicates that the ances-
tral fungus-farming ant population arose
~66.65 ± 13.28 million years ago (Ma) at
the end of the Cretaceous (Fig. 2, most recent
commonancestor (MRCA), Fungus-FarmingAnts)
[(21), section S2.2] andmaximum likelihood–based
ancestral-state reconstruction of fungal asso-
ciations on the ant phylogeny indicates that it
cultivated fungi in the Leucocoprineae (Fig. 2,
Clades 1 and2LowerCultivars) [(21), sectionS3].
Ancestral-state reconstruction on the fungal
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chronogram indicates that the trait “cultiva-
tion by ants” arose separately in Clades 1 and 2,
andancestral-state reconstructionunder “relaxed”
coding further indicates that branches 2.1 in
Clade 2 and 1.3 in Clade 1 are the earliest on
which this trait could have originated (Fig. 2,
red branches) [(21), section S3]. Under this
“earliest possible” reconstruction, ant and
fungal node-age posterior probability distribu-
tions strongly overlap (Fig. 3) [(21), section S2.4],
consistent with a near-simultaneous origin of
agriculture in the ants and in both Clade 1 and
2 fungi. Of the possible branches of origin in
Clades 2 (branches 2.1 to 2.3) and 1 (branches
1.3 to 1.7) (Fig. 2) [(21), section S3], the highest
rates of positive selection in ultraconserved ele-
ment (UCE) protein-coding regions also occurred
on branches 2.1 and 1.3 (Fig. 2 and tables S2.4.02
and S4.3) [(21), section S4]. This is consistentwith
a hypothesis of directed evolutionary change
favoring ant-cultivation traits because the
gene functions of many of the positively
selected UCE loci match those of genes iden-
tified in prior studies of the fungus-ant mu-
tualism [(21), section S4; (26–28)]. It remains

possible that, rather than on branches 2.1 and
1.3, cultivation by ants arose later in Clade 2 or
Clade 1 on branches 2.2 and 1.4, respectively
(Figs. 2 and 3), although the rates of positive
selection on those branches are much lower,
and their age distributions overlap much less
with those of fungus-farming ants (Fig. 3, figs.
S2.4.04 and S2.4.07, and table S2.4.02). Alter-
natively, “strict” ancestral-state reconstruction
indicates four origins of cultivation by ants
that do not temporally overlap with the origin
of the ants (Fig. 2, red asterisks, and figs. S2.4.02
and S3.17) [(21), section S3].
These results suggest that ant agriculture arose

coincidently, or nearly so, with the Cretaceous-
Paleogene (K-Pg) boundary (Figs. 2 and3)—when
abolide collidedwith Earth, caused firestorms
for days to weeks, and shut down photo-
synthesis for several or more months—during
which fungi proliferated and global mass
extinctions occurred (29–31). The types of
animals most likely to survive such conditions
were small, semisubterranean detritivores or
their predators, including, among the former,
invertebrates specialized on locating and con-

suming decaying organic matter or scattered
dormant seeds and insects (32, 33). Under
such conditions, preadapted (see “Proto-agricul-
ture” below) fungus-farming ants and leucoco-
prineaceous fungi would have constituted a
formidable mutualism in which the ants
located organic materials and the fungi di-
gested them, sharing the nutrition with the
ants. This would have allowed both partners
to persist and coevolve through a period of
mass extinctions and, ultimately, to radiate
into an entirely restructured Neotropical rain
forest ecosystem~59 to 59.5Ma (34) (Fig. 2, PO).
Corroborating this scenario, the ancestor of
the ant subtribe Dacetina, the sister group
that arose simultaneously with the fungus-
farming ants (9) (Fig. 2) [(21), section S2.2], was
likely a specialized predator of Collembola (35),
another detritivorous food source that was also
likely abundant during the post–K-Pg period.

Proto-agriculture

In an evolutionarily convergent pattern, culti-
vation by ants arose twice within the Leuco-
coprineae at the origin of ant agriculture and,
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Fig. 1. Chronogram resulting from Bayesian divergence-dating analyses of
phylogenomic data for 288 ant-cultivated and 187 non–ant-cultivated fungi.
Orders and important families and genera are labeled. Red branches indicate ancestral-
state reconstruction of the trait “cultivation by ants” under, in the Leucocoprineae,
the relaxed ancestral-state reconstruction, earliest-possible origin scenario dicussed in
the text. All fungal cultivars arise in two families in the order Agaricales, the
Pterulaceae and the Agaricaceae, and, in the latter, in the tribe Leucocoprineae. In the
Leucocoprineae, cultivation by ants arose in two separate cultivar clades (Clade 1 and

Clade 2) coincident with the origin of fungus-farming ants and the K-Pg mass-
extinction event. From within the Clade 1 cultivars, two highly specialized cultivar
groups (the Yeast Cultivars and the Higher Cultivars) subsequently arose following
the TEE. More recently, two separate cultivar clades originated in the Pterulaceae.
(A) Mycetophylax asper worker on Clade 2 fungus garden; (B) C. cf. rimosus
worker on yeast garden; (C) Atta cephalotes queen and workers on L. gongylophorus
fungus garden; (D) Apterostigma collare worker on M. velohortorum coral fungus
garden. [Photo credits: (A) Don Parsons; (B and D) Alex Wild; (C) Karolyn Darrow]
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more recently, twice within the Pterulaceae
~21 Ma (Fig. 2). The alternative hypothesis
that cultivation by ants had single origins in
the Leucocoprineae and the Pterulaceae (Fig. 2;
MRCA, Clades 1 and 2; and MRCA, Myrme-
copterula) is strongly contradicted by ancestral-
state reconstruction owing to the separation of
ant-cultivated clades in both groups by inter-
polated, non–ant-cultivated fungi (Fig. 2, black
branches) [(21), section S3]. Natural history data
suggest a common explanation for these con-
vergent dual origins: non–ant-cultivated ances-
tors inMyrmecopterula and in theLeucocoprineae
were likely involved inproto-agricultural symbiotic
associations with ants and were thus preadapted
for cultivation (14, 36–38). Basidiomes of non–
ant-cultivated Myrmecopterula species have
been found emerging from inactive and active
fungus-farming ant nests, including those of

Leucocoprineae cultivators, where they are
thought to obtain nourishment from fungus
gardens (19). The origin of theMyrmecopterula
MRCA around 48.16 ± 18.75 Ma (crown node
age) (Fig. 2) [(21), section S2] is consistent with
this ecological relationship and suggests that
proto-agricultural coral fungi may have been
associating with leucocoprineaceous cultivars as
parasites or commensals since shortly after the
origin of ant agriculture. As inMyrmecopterula,
some extant, non–ant-cultivated Leucocoprineae
species thrive in nutrient-rich, disturbed habi-
tats, including abandoned ant and termite nests
(39). Facultative fungivory and unidentified
fungi growing innests have been reported in the
non–fungus-farming ant genera Blepharidatta
and Wasmannia, close relatives of fungus-
farming ants (40–42). In this work, we corrobo-
rate those prior observations by identifying one

such fungus, collected as hyphae in the debris
wall of a nest ofWasmannia auropunctata in
Brazil, as belonging to leucocoprineaceous cul-
tivar Clade 2 (Fig. 2, Clade 2 Lower Cultivars,
subclade F, associatedwith “Wasmannia et al.,”
right). Prior to the origin of ant agriculture,
the ancestors of fungal cultivars were likely
transported by ants to refuse piles and de-
bris walls in or near their nests, as in the case of
W. auropunctata, and the fungi likely evolved
to encourage such transport,most likely through
food rewards, leading to increased fungivory
in the ants (12, 14, 38). Such proto-agricultural
symbioses are evolutionarily convergent with
the origins of many human domesticates, in-
cluding chenopods, cucurbits, and tomatoes,
that, prior to cultivation, thrived as “camp
followers” in human-disturbed habitats, such
as clearings, kitchenmiddens, and refusedumps,

Fig. 2. Fungus and ant chrono-
grams resulting from Bayesian
divergence-dating analyses of
phylogenomic data. Chronograms
(fungus, left; ant, right) are
excerpted from larger chronograms
(Fig. 1) [(21), section S2.2] and
presented at the same chronologi-
cal scale to visualize fungus-ant
coevolution. Fungi named in red
were collected from ant gardens,
and fungi named in black were
collected as free-living mushrooms.
Mushroom icons indicate fungal
species known from both ant
gardens and free-living mushrooms
[(21), section S3]. Black circles
and the vertical black bar to the
right of subclades P and J indicate
fungal species with distributions
not known to overlap with those of
fungus-farming ants. Solid lines
connecting fungi and ants (center)
indicate pairs collected from the
same 137 nests, and dashed lines
indicate fungus-ant associations
known from prior observations. Red
branches indicate ancestral-state
reconstruction of the trait “cultiva-
tion, by ants” under the relaxed
ancestral-state reconstruction,
earliest-possible origin scenario
discussed in the text; red asterisks
indicate branches of origin inferred
under strict ancestral-state
reconstruction. Fungal subclade
labels A to Q reference prior
naming conventions (22, 60);
numbered branches are referenced
in the text. PO, post–K-Pg peak
of origin of neotropical plant spe-
cies (34); EECO, Early Eocene
Climatic Optimum; MMCO, Mid-
Miocene Climatic Optimum.
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FUN1242_Cyphomyrmex_salvini_Panama

ns01_Cyphomyrmex_minutus_Puerto_Rico

FUN1110_Apterostigma_jubatum_Brazil_MT

FUN763_Mycetomoellerius_urichii_fuscus_Brazil_MS

FUN1049_Mycetagroicus_inflatus_Brazil_PA

FUN839_Mycetomoellerius_holmgreni_Brazil_PA

FUN663_Paratrachymyrmex_intermedius_Fr_Guiana

FUN638_Sericomyrmex_mayri_Colombia

FUN279_Sericomyrmex_amabilis_Panama

FUN859_Apterostigma_collare_Costa_Rica

KM164561_Leucoagaricus_barssii_England

FUN727_Mycetomoellerius_urichii_fuscus_Brazil_MS

FUN718_Cyphomyrmex_longiscapus_nsp2_Panama

FUN1111_Cyphomyrmex_rimosus_group_Brazil_MT

FUN745_Mycetomoellerius_cf_cirratus_Brazil_MG

KM159492_Micropsalliota_geesterani_England

FUN1351_Leucoagaricus_sp_Ecuador

c24_Apterostigma_sp_Brazil_ES

FUN281_Sericomyrmex_mayri_Guyana

FUN905_Mycocepurus_obsoletus_Brazil_AM

FUN677_Cyphomyrmex_longiscapus_nsp3_Panama

FUN868_Cyphomyrmex_muelleri_Panama

FUN423_Cyphomyrmex_muelleri_Panama

FUN1149_Cyphomyrmex_wheeleri_USA

FUN291_Sericomyrmex_bondari_Brazil_PA

FUN856_Apterostigma_pilosum_grp_Costa_Rica

FUN812_Mycetomoellerius_opulentus_Brazil_AM

FUN1163_Cyphomyrmex_costatus_sp2_Panama

FUN1220_Leucocoprinus_cf_zamurensis_Panama

FUN680_Cyphomyrmex_longiscapus_nsp1_Panama

FUN857_Apterostigma_sp_Costa_Rica

FUN1128_Acromyrmex_rugosus_Brazil_MT

FUN1133_Cyphomyrmex_rimosus_grp_Brazil_MT

FUN1247_Apterostigma_auriculatum_Panama

FUN1119_Mycetophylax_cf_faunulus_Brazil_MT

FUN1214_Leucocoprinus_sp_Panama

FUN668_Paratrachymyrmex_diversus_Guyana

FUN714_Cyphomyrmex_cf_longiscapus_Panama

FUN708_Cyphomyrmex_longiscapus_nsp3_Costa_Rica

FUN1162_Cyphomyrmex_costatus_sp2_Panama

FUN1674_Mycocepurus_smithii_Puerto_Rico

FUN1348_Leucocoprinus_sp_Ecuador

FUN1346_Leucoagaricus_sp_Ecuador

FUN1125_Mycetophylax_faunulus_Brazil_MT

FUN719_Cyphomyrmex_costatus_nsp2_Panama

FUN816_Mycetophylax_cf_faunulus_Ecuador

FUN306_Sericomyrmex_bondari_Peru

FUN1366_Leucocoprinus_cf_cepistipes_Ecuador

FUN1153_Mycetophylax_cf_faunulus_Suriname

FUN742_Mycetomoellerius_kempfi_Brazil_MG

FUN643_Apterostigma_pilosum_grp_Colombia

FUN436_Cyphomyrmex_longiscapus_nsp2_Panama

FUN697_Cyphomyrmex_longiscapus_nsp1_Panama

FUN1388_Leucoagaricus_nsp_USA_CA

FUN717_Cyphomyrmex_longiscapus_nsp3_Panama

FUN637_Apterostigma_cf_tropicoxa_Colombia

FUN1378_Leucocoprinus_cepistipes_USA_MD

FUN874_Cyphomyrmex_muelleri_Panama

KM158575_Leucocoprinus_cretaceus_India

FUN1146_Myrmicocrypta_sp_Peru

FUN837_Paratrachymyrmex_cf_cornetzi_Brazil_PA

FUN786_Mycetomoellerius_opulentus_Brazil_AM

FUN794_Paratrachymyrmex_sp_Brazil_AM

c54_Apterostigma_sp_Brazil_AM

FUN1150_Mycetophylax_simplex_Brazil_SC

FUN013_Atta_sp_Peru

FUN1103_Paratrachymyrmex_nsp_Brazil_MT

bzl44_Pterula_sp

FUN1042_Mycetarotes_parallelus_Brazil_SP

FUN853_Apterostigma_collare_Costa_Rica

FUN644_Atta_sp_Colombia

FUN1358_Leucocoprinus_sp_Ecuador

FUN1122_Mycetophylax_cf_olitor_Brazil_MT

FUN305_Sericomyrmex_amabilis_Mexico

km195746_Pterula_multifida

FUN792_Mycetomoellerius_opulentus_Brazil_AM

FUN845_Mycetomoellerius_ruthae_Brazil_PA

KM161603_Leucoagaricus_roseilividus_England

rlc273_Pterula_cf_loretensis

FUN818_Mycetophylax_faunulus_Ecuador

FUN646_Atta_sp_Colombia

FUN645_Apterostigma_pilosum_grp_Colombia

FUN1120_Apterostigma_robustum_Brazil_MT

FUN1248_Cyphomyrmex_muelleri_Panama

FUN1675_Mycocepurus_smithii_Puerto_Rico

FUN1127_Apterostigma_peruvianum_Brazil_MT

leugo1_1_Leucoagaricus_gongylophorus_Ac12

FUN589_Cyphomyrmex_muelleri_Panama

FUN804_Mycetomoellerius_opulentus_Brazil_AM

FUN1114_Apterostigma_pilosum_grp_Brazil_MT

ptegra1_Pterula_gracilis_CBS309_79_v1_0

FUN1244_Mycocepurus_curvispinosus_Panama

FUN418_Cyphomyrmex_cf_longiscapus_Panama

FUN1384_Leucoagaricus_adelphicus_USA_CA

FUN1355_Leucocoprinus_sp_Ecuador

FUN721_Cyphomyrmex_longiscapus_nsp3_Panama

FUN743_Mycetagroicus_cerradensis_Brazil_MG

FUN744_Mycetomoellerius_dichrous_Brazil_MG

FUN628_Acromyrmex_hystrix_Suriname

FUN1238_Mycocepurus_smithii_Panama

FUN1156_Mycetophylax_sp_Colombia

FUN723_Cyphomyrmex_sp_Ecuador

KM158597_Leucocoprinus_cf_rubrotinctus_India

FUN806_Paratrachymyrmex_diversus_Brazil_AM

FUN1081_Cyphomyrmex_sp_Brazil_MT

FUN991_Kalathomyrmex_emeryi_Brazil_PA

FUN648_Atta_sp_Colombia

FUN919_Paratrachymyrmex_cf_bugnioni_Brazil_PA

FUN678_Cyphomyrmex_muelleri_Panama

FUN1165_Cyphomyrmex_wheeleri_USA_CA

FUN664_Myrmicocrypta_sp_Guyana

FUN844_Mycetomoellerius_relictus_Brazil_PA

FUN1677_Mycocepurus_smithii_Puerto_Rico

FUN617_Cyphomyrmex_rimosus_grp_Puerto_Rico

FUN1350_Leucocoprinus_sp_Ecuador

FUN1098_Apterostigma_peruvianum_Brazil_MT

FUN1117_Mycetophylax_faunulus_Brazil_MT

km190546_Apterostigma_dentigerum_Panama

FUN813_Paratrachymyrmex_diversus_Brazil_AM

FUN651_Apterostigma_robustum_Colombia

FUN1000_Myrmicocrypta_cf_squamosa_Brazil_DF

FUN1158_Mycetophylax_cf_faunulus_Colombia

FUN401_Mycetarotes_sp_Brazil_SC

FUN555_Cyphomyrmex_longiscapus_nsp2_Panama

FUN1254_Myrmicocrypta_cf_buenzlii_Guyana

FUN1124_Apterostigma_pilosum_grp_Brazil_MT

FUN1673_Mycocepurus_smithii_Puerto_Rico

FUN881_Mycetophylax_morschii_Brazil_SC

FUN979_Apterostigma_robustum_Brazil_PA

FUN809_Mycetomoellerius_opulentus_Brazil_AM

FUN985_Acromyrmex_subterraneus_Brazil_PA

FUN258_Sericomyrmex_bondari_Brazil_PA

FUN781_Mycetomoellerius_atlanticus_Brazil_SP

FUN1107_Apterostigma_pilosum_grp_Brazil_MT

FUN1368_Leucocoprinus_sp_Ecuador

FUN891_Cyphomyrmex_cf_longiscapus_Panama

FUN687_Cyphomyrmex_longiscapus_nsp1_Panama

FUN632_Apterostigma_megacephala_Brazil_PA

FUN1126_Apterostigma_jubatum_Brazil_MT

FUN285_Sericomyrmex_parvulus_Peru

c02_Myrmecopterula_moniliformis

FUN1370_Leucocoprinus_sp_Ecuador

FUN933_Cyphomyrmex_rimosus_USA_FL

FUN560_Cyphomyrmex_cf_longiscapus_Panama

FUN984_Amoimyrmex_striatus_Brazil_SC

FUN1380_Lepiota_fuliginescens_USA_CA

FUN762_Paratrachymyrmex_cf_irmgardae_Brazil_TO

FUN1155_Mycetophylax_cf_faunulus_Suriname

FUN1235_Cyphomyrmex_minutus_Trinidad

FUN298_Sericomyrmex_amabilis_Ecuador

FUN284_Sericomyrmex_saramama_Peru

FUN1240_Myrmicocrypta_sp_2_Panama

FUN1068_Sericomyrmex_mayri_Brazil_PA

FUN726_Mycetomoellerius_nsp_Brazil_MG

FUN1237_Apterostigma_auriculatum_Panama***

FUN803_Paratrachymyrmex_diversus_Brazil_AM

FUN778_Mycetomoellerius_sp_Brazil_SP

FUN633_Myrmicocrypta_sp_Colombia

FUN1234_Cyphomyrmex_minutus_Trinidad

FUN1164_Mycetophylax_cf_faunulus_Peru

FUN1046_Mycetarotes_parallelus_Brazil_SP

KM164491_Leucoagaricus_badhamii_England

FUN1067_Sericomyrmex_bondari_Brazil_Para

FUN969_Apterostigma_pilosum_grp_Brazil_SC

FUN1113_Apterostigma_peruvianum_Brazil_MT

FUN1239_Myrmicocrypta_ednaella_Panama

FUN1258_Amoimyrmex_striatus_Uruguay

FUN1245_Cyphomyrmex_costatus_Panama

FUN642_Atta_sp_Colombia

FUN634_Paratrachymyrmex_cf_cornetzi_Colombia

FUN1160_Mycetophylax_sp_Brazil_SC

FUN1102_Mycetomoellerius_cf_farinosus_Brazil_MT

FUN1116_Mycetophylax_cf_faunulus_Brazil_MT

FUN738_Mycetomoellerius_holmgreni_Brazil_GO

FUN1363_Leucocoprinus_cf_cepistipes_Ecuador

FUN1152_Mycetophylax_simplex_Brazil_SC

KM30262_Leucoagaricus_hortensis_England

FUN019_Apterostigma_megacephala_Brazil_PA

FUN1051_Mycetophylax_cf_auritus_Brazil_SC

FUN1016_Trachymyrmex_septentrionalis_USA_VA

FUN1142_Mycetophylax_cf_faunulus_Guyana

FUN1157_Mycetophylax_cf_faunulus_Colombia

FUN932_Cyphomyrmex_longiscapus_nsp2_Panama

FUN1118_Acromyrmex_cf_subterraneus_Brazil_MT

FUN683_Cyphomyrmex_longiscapus_nsp2_Panama

FUN746_Mycetomoellerius_holmgreni_Brazil_SP

FUN1123_Myrmicocrypta_cf_occipitalis_Brazil_MT

FUN1387_Leucoagaricus_erythrophaeus_USA_CA

FUN968_Mycetomoellerius_pruinosus_Brazil_DF

FUN1143_Mycetophylax_bigibbosus_Brazil_AM

FUN490_Sericomyrmex_saussurei_Peru

FUN715_Cyphomyrmex_muelleri_Panama

FUN1101_Apterostigma_jubatum_Brazil_MT

FUN1253_Myrmicocrypta_infuscata_Guyana

FUN757_Mycetomoellerius_urichii_fuscus_Brazil_BA

FUN753_Acromyrmex_cf_balzani_Brazil_MS

FUN297_Sericomyrmex_saussurei_Brazil_RO

FUN1361_Leucocoprinus_sp_Ecuador

FUN736_Mycetomoellerius_holmgreni_Brazil_MG

FUN266_1_Mycetophylax_asper_Brazil_SC

FUN747_Mycetomoellerius_kempfi_Brazil_MG

FUN849_Apterostigma_collare_Costa_Rica

FUN299_Sericomyrmex_mayri_Peru

FUN841_Mycetomoellerius_nsp_Brazil_RS

FUN570_Apterostigma_sp_Brazil_SC

FUN388_Cyphomyrmex_sp_Brazil_MG

KM125844_Leucoagaricus_croceovelutinus_Wales

FUN830_Mycetomoellerius_opulentus_Brazil_AM

FUN300_Sericomyrmex_amabilis_Ecuador

FUN1154_Mycetophylax_sp_Suriname

FUN1159_Mycetophylax_nsp_Brazil_TO

FUN1166_Cyphomyrmex_wheeleri_USA_TX
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Sericomyrmex_bondari_1667_Brazil_PA[291]

Paratrachymyrmex_diversus_8139_Brazil_AM[NO]

Acromyrmex_versicolor_1474_USA[NO]

Sericomyrmex_bondari_1620_Peru[306]

Apterostigma_robustum_8083_Brazil_PA[979]

Cyphomyrmex_rimosus_Brazil_MT_8111[1081]

Acromyrmex_subterraneus_3709_Brazil_RO[741]

Apterostigma_jubatum_8190_Brazil_MT[1126]

Apterostigma_pilosum_grp_1833_Brazil_DF[973]

Mycetophylax_faunulus_8187_Brazil_MT[1117]

Mycetomoellerius_sp_C_DNAex624_Brazil_PA[844]

Cyatta_abscondita_1499_Brasil_DF[NO]

Mycetomoellerius_holmgreni_8118_Brazil_MT[736]

Acromyrmex_hystrix_8182_Suriname[628]

Apterostigma_robustum_8484_Colombia[651]

Mycetomoellerius_dichrous_8126_Brazil_MG[732]

Apterostigma_pilosum_grp_1857_Suriname

Mycocepurus_smithii_9800_Brazil_PA[NO]

Apterostigma_pilosum_grp_7350_Mexico

Cyphomyrmex_rimosus_grp_8192_Brazil_MT[1134]

Sericomyrmex_mayri_1530_Colombia[638]

Cyphomyrmex_longiscapus_nsp2_2090_Panama[436]

Mycetophylax_bigibbosus_1819_Brazil_AM[1143]

Mycetomoellerius_urichii_fuscus_8161_Brazil_MT[737]

Mycetomoellerius_sp_I_8145_Brazil_AM[808]

Apterostigma_pilosum_grp_2083_Costa_Rica[856]

Sericomyrmex_parvulus_1552_Brazil_MG[NO]

Amoimyrmex_silvestrii_3851_Paraguay[NO]

Mycetophylax_auritus_8183_Brazil_SC[1051]

Cyphomyrmex_cf_minutus_7453_Nicaragua[NO]

Sericomyrmex_amabilis_1676_Panama[279]

Apterostigma_jubatum_8097_Brazil_MT[1101]

Cyphomyrmex_costatus_8171_Panama[1257]

Paratrachymyrmex_diversus_AP_DNAex611_Brazil_AM[806]

Mycetomoellerius_ruthae_DNAex608_Brazil_AM[788]

Mycetophylax_sp_1955_Brazil_MG[1148]

Cyphomyrmex_muelleri_NACYPHO129_Panama[817]

Apterostigma_peruvianum_8196_Brazil_MT[1127]

Myrmicocrypta_sp_1452_Brazil_DF[412]

Sericomyrmex_mayri_1669_Brazil_PA[254]

Mycetophylax_faunulus_1828_Brazil_AM[1144]

Acromyrmex_hystrix_3704_Ecuador[NO]

Mycetarotes_parallelus_1454_Brazil_SP[1063]

Cyphomyrmex_costatus_8172_Panama_[1245]

Apterostigma_robustum_8195_Brazil_MT[1131]

Acromyrmex_rugosus_BR_8101_Brazil_MT[1121]

Mycetomoellerius_urichii_fuscus_8155_Brazil_MS[727]

Trachymyrmex_smithi_1503_USA

Acromyrmex_landolti_balzani_3688_Brazil_MG[733]

Mycetophylax_clorindae_a434_Brazil_RS[NO]

Acromyrmex_balzani_1487_Guyana[NO]

Mycocepurus_obsoletus_7308_Brazil_SP_[X]

Apterostigma_urichii_8109_Brazil_MT[1139]

Paratrachymyrmex_diversus_8132_Brazil_AM[NO]

Kalathomyrmex_emeryi_5362_Brazil_DF[NO]

Atta_cephalotes_9911_Colombia[NO]

Paratrachymyrmex_sp_8152_Brazil_AM[794]

Trachymyrmex_pomonae_5383_Mexico

Cyphomyrmex_longiscapus_nsp2_2088_Panama[555]

Mycetomoellerius_atlanticus_8119_Brazil_SP[781]

Mycetomoellerius_urichii_fuscus_8112_Brazil_BA[757]

Trachymyrmex_saussurei_5387_Guatemala

Apterostigma_pilosum_grp_8481_Colombia[645]

Apterostigma_peruvianum_8093_Brazil_MT[1113]

Atta_colombica_9918_Panama[NO]

Cyphomyrmex_muelleri_2084_Panama_[589]

Mycocepurus_goeldii_M278_Brazil_RS[NO]

Mycetophylax_faunulus_NACYPHO120_Ecuador[722]

Paratrachymyrmex_diversus_8131_Brazil_AM[789]

Apterostigma_pilosum_grp_1841_Brazil_SC[969]

Mycetomoellerius_urichii_fuscus_8163_Brazil_SP[778]

Sericomyrmex_amabilis_1637_Ecuador[300]

Cyphomyrmex_longiscapus_nsp2_2072_Panama[373]

Mycetomoellerius_opulentus_8149_Brazil_AM[830]

Paratrachymyrmex_diversus_8137_Brazil_AM[785]

Paratrachymyrmex_diversus_8130_Brazil_AM[795]

Mycetophylax_morschi_1981_Brazil_SC[1147]

Kalathomyrmex_emeryi_5359_Brazil_AM[NO]

Paratrachymyrmex_diversus_8135_Brazil_AM[NO]

Sericomyrmex_saussurei_1524_Peru[490]

Apterostigma_cf_tropicoxa_8485_Colombia[639]

Mycetomoellerius_sp_M_8147_Brazil_AM[NO-775]

Sericomyrmex_bondari_1668_Brazil_PA[258]

Mycetagroicus_triangularis_5365_Brazil_DF[NO]

Acromyrmex_octospinosus_1475_Panama[1026]

Apterostigma_jubatum_8483_Brazil_AM[655]

Apterostigma_dentigerum_2080_Costa_Rica[854]

Mycetarotes_acutus_5350_Peru[NO]

Apterostigma_collare_2079_Costa_Rica[853]

Paratrachymyrmex_diversus_8127_Brazil_AM[813]

Mycetophylax_faunulus_BR_8102_Brazil_MT[1125]

Paratrachymyrmex_diversus_8140_Brazil_AM[NO]

Myrmicocrypta_elizabethae_1594_Guyana[NO]

Apterostigma_bruchi_1805_Brazil_SC[630]

Paratrachymyrmex_diversus_8134_Brazil_AM[NO]

Mycetomoellerius_sp_M_8148_Brazil_AM[NO]

Mycocepurus_nsp_1_M250_Brazil_AM[NO]

Mycetagroicus_cerradensis_5364_Brazil_MG[NO]

Xerolitor_explicatus_PA_3767_Paraguay

Sericomyrmex_amabilis_1656_Mexico_[305]

Apterostigma_pilosum_grp_8108_Brazil_MT[1124]

Atta_cf_sexdens_8168_Brazil_MS[728]

Cyphomyrmex_longiscapus_nsp1_NACYPHO192_Panama_[697]

Atta_mexicana_10732_Mexico[NO]

Mycetosoritis_hartmanni_8473_USA_TX[NO]

Mycetophylax_asper_1351_Brazil_SC[NO]

Cyphomyrmex_muelleri_NACYPHO134_Panama_[678]

Mycetophylax_faunulus_BR_8098_Brazil_MT[1115]

Cyphomyrmex_cf_major_BR_8096_Brazil_MT[1135]

Mycetophylax_faunulus_BR_8095_Brazil_MT[1116]

Mycetomoellerius_opulentus_8121_Brazil_AM[809]

Paratrachymyrmex_diversus_8164_Brazil_AM[814]

Acromyrmex_heyeri_1477_Argentina[NO]

Apterostigma_collare_2077_Costa_Rica[849]

Amoimyrmex_striatus_8180_Brazil_SC[983]

Apterostigma_sp_7372_Brazil_SC
Apterostigma_auriculatum_grp_7355_Colombia

Mycetarotes_parallelus_5355_Argentina_MS[NO]

Cyphomyrmex_longiscapus_nsp3_NACYPHO182_Panama_[677]

Myrmicocrypta_cf_ednaella_8179_Panama[1243]

Mycetomoellerius_urichii_fuscus_8157_Brazil_MS[NO]

Paratrachymyrmex_carib_8166_Brazil_AM[NO790]

Sericomyrmex_bondari_1684_Brazil_PA[NO]

Cyphomyrmex_longiscapus_nsp3_NACYPHO184_Panama_[721]

Mycetophylax_faunulus_1852_Suriname[1153]

Sericomyrmex_bondari_1551_Brazil_AM[289]

Mycetophylax_olitor_8107_Brazil_MT[1122]

Acromyrmex_nobilis_3610_Colombia[NO]

Mycetomoellerius_cf_farinosus_8099_Brazil_MT[1102]

Acromyrmex_octospinosus_3705_Brazil_PA[NO]

Sericomyrmex_maravalhas_1662_Brazil_MG[NO]

Apterostigma_ierense_8186_Colombia[649]

Cyphomyrmex_longiscapus_nsp2_2074_Panama[613]

Paratrachymyrmex_diversus_8136_Brazil_AM[774]

Mycocepurus_goeldii_7319_Brazil_AM_[903]

Kalathomyrmex_emeryi_1453_Brazil_PA[991]

Cyphomyrmex_longiscapus_nsp3_NACYPHO180_Panama_[717]

Cyphomyrmex_cf_rimosus_8347_Brazil: PA[NO]

Cyphomyrmex_muelleri_2069_Panama_[349]

Mycetomoellerius_holmgreni_8117_Brazil_GO[738]

Mycetomoellerius_cf_cirratus_8116_Brazil_MG[745]

Cyphomyrmex_cf_minutus_8174_Trinidad[1234]

Apterostigma_pilosum_grp_2081_Costa_Rica[855]

Apterostigma_robustum_8188_Brazil_MT[1120]

Atta_texana_10741_USA_TX[NO]

Acromyrmex_crassispinus_3834_Brazil_SC[NO]

Sericomyrmex_amabilis_1559_Venezuela[NO]

Cyphomyrmex_muelleri_2075_Panama_[340]

Mycetomoellerius_opulentus_8123_Brazil_AM[786]

Mycetophylax_faunulus_8185_Colombia[650]

Myrmicocrypta_tuberculata_1489_Ecuador[NO]

Cyphomyrmex_longiscapus_nsp2_NACYPHO131_Panama_[703]

Cyphomyrmex_cf_minutus_8175_Trinidad[1221]

Cyphomyrmex_wheeleri_7441_USA_AZ[NO]

Sericomyrmex_opacus_1659_Brazil_RO[NO]

Acromyrmex_echinatior_3719_Panama[NO]

Sericomyrmex_mayri_1672_Brazil_PA[NO]

Mycetomoellerius_opulentus_DNAex612_Brazil_AM[804]

Sericomyrmex_saussurei_1557_Brazil_RO[297]

Paratrachymyrmex_diversus_8142_Brazil_AM[811]

Atta_laevigata_3842_Brazil_DF[NO]

Apterostigma_pariense_1832_Colombia_[636]

Paratrachymyrmex_diversus_8133_Brazil_AM[820]

Sericomyrmex_saramama_1526_Peru[284]

Apterostigma_cf_madidiense_8191_Brazil_MT[1132]

Apterostigma_jubatum_8094_Brazil_MT[1110]

Mycetomoellerius_opulentus_8124_Brazil_AM[826]

Cyphomyrmex_rimosus_grp_8189_Brazil_MT[1133]

Acromyrmex_versicolor_3831_USA_TX[NO]

Mycetophylax_sp2_1457_Brazil_MG[1013]

Apterostigma_cf_tropicoxa_8081_Colombia[637]

Sericomyrmex_mayri_1682_Guyana[281]

Apterostigma_pilosum_grp_8482_Colombia[643]

Mycetophylax_faunulus_1064_Guyana[NO]

Mycetophylax_nsp_2309_Bolivia[NO]

Sericomyrmex_parvulus_1629_Peru[285]

Acromyrmex_subterraneus_8176_Brazil_PA[985]

Mycetosoritis_hartmanni_8468_USA_TX[NO]

Apterostigma_megacephala_1853_Brazil_PA

Sericomyrmex_parvulus_1467_Peru[278]

Mycetagroicus_nsp_7385_Colombia[NO]

Cyphomyrmex_muelleri_2085_Panama_[328]

Mycetomoellerius_kempfi_8114_Brazil_RS[NO]

Apterostigma_steigeri_BR_8016_Brazil_DF

Cyphomyrmex_rimosus_grp_Mexico_1994[1994]

Apterostigma_ierense_8184_Brazil_PA

Cyphomyrmex_longiscapus_nsp2_NACYPHO173_Panama[683]

Mycetophylax_conformis_1484_Trinidad[NO]

Acromyrmex_landolti_balzani_3689_Brazil_MS[752]

Myrmicocrypta_cf_occipitalis_8103_Brazil_MT[1123]

Cyphomyrmex_longiscapus_nsp2_2073_Panama[932]

Mycetomoellerius_opulentus_8122_Brazil_AM[792]

Apterostigma_jubatum_1824_Guyana

Sericomyrmex_mayri_8178_Colombia[638]

Paratrachymyrmex_sp_8181_Suriname[629]

Paratrachymyrmex_cf_cornetzi_8486_Colombia[634]

Mycetomoellerius_urichii_fuscus_8162_Brazil_MS[734]

Acromyrmex_coronatus_3677_Guyana[NO]

Cyphomyrmex_longiscapus_nsp3_NACYPHO186_Panama_[695]

Mycetagroicus_inflatus_1465_Brazil_PA[NO]

Apterostigma_peruvianum_8193_Brazil_MT[1098]

Acromyrmex_lundii_1476_Argentina[NO]

Cyphomyrmex_longiscapus_nsp1_NACYPHO198_Panama_[693]

Cyphomyrmex_salvini_8173_Panama[1242]

Acromyrmex_rugosus_BR_8104_Brazil_MT[1128]

Mycetomoellerius_kempfi_8115_Brazil_MG[742]

Sericomyrmex_mayri_1619_Peru[299]

Mycetophylax_faunulus_8194_Brazil_MT[1119]
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into which they were similarly transported by
humans (1, 37, 43–45).

Domestication

“Domestication” has been variously defined (46)
but has perhaps been definedmost stringently
as requiring genetic modification of the do-
mesticate that benefits the farmer, but that
would reduce the fitness of the domesticate in
its original niche (1). By this definition, the
higher fungal cultivars (Fig. 2, Higher Cultivars),
which are multinucleate or polyploid and un-
able to live apart from their ant farmers (13),
are clearly domesticated and, as such, may rep-
resent the most notable evolutionary transi-
tion in ant agriculture (12). Our results indicate
that the ancestor of the higher cultivars evolved
from a Clade 1 lower cultivar (Fig. 2, subclade Q)
[(21), sections S2.4 and S3] and that its origin
was accompanied by the highest rate of positive
selection of any branch that we measured (fig.
S4.3 and table S2.4.02) [(21), section S4]. Com-
bineddata fromthe fungusandant chronograms
indicate that higher ant agriculture originated
~27 Ma (Fig. 2) [(21), section S2.4] following
the Terminal Eocene Event (TEE, also known
as the Eocene-Oligocene Transition, ~34 Ma;
Fig. 2, vertical gray lines), a period of abrupt
global cooling and decreased atmospheric car-
bon dioxide that in South America precipitated
the expansion of seasonally dry habitats, partic-
ularly woody savannahs and grasslands, result-
ing in the fragmentationof previously continuous
wet tropical forests (47–51). A post-TEE origin
of higher agriculture is consistent with the
hypothesis that, as some species of wet forest–
dwelling, fungus-farming ants adapted to dry
or seasonally dry habitats and transported
their forest-adapted fungal cultivars into those
habitats, cultivar species became isolated from
their extended, free-living ancestral populations
(9). As in many examples from human agricul-
ture in which cultivars were carried beyond
their ancestral ranges (52–56), transport into
seasonally dry habitats by ants would have
facilitated the process of fungal cultivar do-
mestication and the observed dependence of
extant higher cultivars on their ant farmers
for propagation and survival. Like the higher
cultivars, the yeast cultivars also arose from
a Clade 1 lower cultivar and also have a post-
TEE origin (~32 Ma) (Fig. 2) [(21), section S2.4],
so it is plausible that they are likewise the
products of prolonged ant-fungus coevolution
in a seasonally dry habitat, especially in light
of the recent discovery that the sister species of
the yeast-farming ants is Paramycetophylax
bruchi, known only from xeric habitats in
Argentina (57).

Conclusions

We have mapped major transitions in fungus-
ant coevolution to corresponding synchronous
branches of the fungal and ant chronograms.

In the fungi, significant levels of positive se-
lection occurred in protein-coding regions
of UCE loci on those branches, but, although
the functions of many of these loci have been
previously implicated in fungus-ant coevolution
(26–28), they involve basic cellular processes
with poorly understood implications for the
evolution of ant agriculture [(21), section
S4]. Reconstructing the reciprocal fungus-
ant genomic coevolution that presumably coin-
cided with the origins of proto-agriculture and
agriculture—as well as with those of yeast
agriculture, coral fungus agriculture, and higher
agriculture—will require the comparative study
of genes directly involved in the ant-fungus
mutualism, including, in the fungi, laccases,
hemicellulases, chitinases, lignin-modifying
enzymes, and other plant-degrading enzymes
and, in the ants, genes associated with chemo-
reception, behavior, and energy metabolism,
among others (26–28, 58, 59). Our results will
serve to guide those future efforts because they
identify the branches of origin on the fungal
and ant chronograms and, thus, the extant fun-

gal and ant speciesmost critical for comparative
genomic study.
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