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The evolutionary history of the symbiosis between fungus-growing ants (Attini) and their
fungi was elucidated by comparing phylogenies of both symbionts. The fungal phylogeny
based on cladistic analyses of nuclear 285 ribosomal DNA indicates that, in contrast with
the monophyly of the ants, the attine fungi are polyphyletic. Most cultivated fungi belong
to the basidiomycete family Lepiotaceae; however, one ant genus, Apterostigma, has
acquired a distantly related basidiomycete lineage. Phylogenetic patterns suggest that
some primitive attines may have repeatedly acquired lepiotaceous symbionts. In contrast,
the most derived attines have clonally propagated the same fungal lineage for at least 23

million years.

Mutualisric symbioses between distantly
related organisms have generated major in-
novations in the evolution of organic com-
plexity, including the endocytotic or-
ganelles of the eukaryotic cell, the plant
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and fungal symbionts in mycorrhizae, and
the ubiquitous nitrogen-fixing bactreria
present in plants, animals, fungi, and pro-
tists (1}. The reconstruction of the evolu-
tionary history of such symbioses requires
explicit phylogenies for both symbionts, a
necessity that has limited the number of
such studics to date (2). Here we report the
results of a phylogenetic analysis of the
attine ant—fungus symbiosis, an ancienr and
successful association that has culminated
in the leaf-cutting ants, the dominant her-
hivores of the Neotropics (3).

All of the approximately 200 species of
ants in the tribe Attini cultivate fungus
gardens on which they are obligately depen-
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dent for nourishment (3). The monophyly
of the tribe (4) and its exclusively New
World and primarily Neotropical distribu-
tion (5) argue for a single origin of the
fungus-growing behavior about 50 million
years ugo (6). In spite of a century of re-
search (5, 7, 8), progress toward under-
standing the origin and subsequent evolu-
tion of the ant-fungus symbiosis has been
hindered by a lack of informed phylogenetic
hypotheses, including the identitics of the
nearest nonsymbiotic relatives of both ants
and fungi.

The phylogeny of the fungi has re-
mained unresolved because of the infre-
quent producrion of raxonomically infor-
mative fruiting bodies (7-9). When fruiting
bodies have been obtained, they have been
assigned rto the subdivision Basidiomyco-
tina, order Agaricales, and variously classi-
fied in the families Cortinareaceae {7),
Agaricaceae (10}, or Lepiotaceae (9, 11)
(see 9, 12, 13 for reviews). However, some
investigators have maintained that attine
ants form associations with a wide variety of
fungal symbionts, including members of the
subdivisions Ascomycotina and Deutero-
mycotina (14).

Thus, it is unclear whether the Attini
cultivate a monophyletic group of fungi
that has evolved in close association with
the ant lineages in a strict coevolutionary
sense, or whether the ant fungi represent an
array of possibly distantly related specics (5,
15). The former hypothesis is supported by
the fact that foundress queens of at least
some attine species carry a small pellet of
fungus from the natal nest with which to
start a new garden (5, 16), leading to the
expectation of clonally propagated fungal
lineages that closely parallel the lineages of
their ant hosts. However, this behavior has
been reported for only three genera (Tra-
chymymmex, Acromyrmex, and Atta) within
the derived higher attines (5) and in the
transitional genus Cyphomyrmex (Fig. 1)
(17), but it has not been confirmed in any
of the more primitive species that are most
likely to retain less modified forms of the
ancestral fungus-growing behavior.

A comprehensive collection of living at-
tine ant (4) and fungal cultures {13, 18),
which includes a representarive sampling of
the primitive attine genera, has provided
new information on the evolutionary his-
tory of the ant-fungus symbiosis. Cultural,
hiochemical, and micromorphological char-
acters of the fungal mycelium indicate that
the attine fungi are basidiomycetes (13) and
that they are subdivided into threc major
groups {G1, G2, and G3) thar are congru-
ent with a phylogeny of the ants based on
larval morphology (Fig. 1} (4, 13). Only the
G1 group, which includes the fungi of the
enormously successful leaf-curring species
in the genera Atta and Acromyrmex, possess-
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es gongylidia, the nutritious swollen hyphal
tips thar are harvested by the ants for food
(3, 5, 13). Likewise, only the G2 group,
cultivated by the species of the morpholog-
ically derived genus Aprerostigma, possesses
abundant clamp connections at hyphal scp-
ta (a basidiomycete character secondarily
lost in many groups, including many Lepi-
oraceae) and extremely clongate aerial hy-
phae, which in some species serve to form a
protective tent-like veil around the nest (5,
13). The G3 group is a comparatively het-
erogeneous assemblage that lacks these syn-

apomoarphies and, rhus, may be paraphy-
letic (13).

The G3 group fungi, cultivated by the
most primirive artine ants, arc genetically
heterogeneaus, as indicated by patterns of
pairwise tejection between these strains in
vegetative compatibility (VC) studies (13,
18), in some cases even betwcen isolates
from different nests of the same ant species.
In contrast, the widespread acceptance re-
actions between the fungi within the G1
group, and berween the fungi within the G2
group, indicate strong genetic similarity

Ant

Fungal
phylogeny

phylogeny

73
52
98 Macrolepiota rachodes
- Chlorophyllum molybdites

Lepiotaceae L 4

100 — Agaricus arvensis

89 1 . R
Agaricaceae Agaricus bisporus
58 — Bolbitius vitellinus
Coprinaceae L Panacolina foenisecii
79] 66 84 — Cortinarius stuntzii
[] Continariaceae  — Hebeloma crustuliniforme
100]
64
Tricholomataceae | 99 |— Crinipellis campanella
Marasmius delectans
— 100 — Phylloporus rhodoxanthus
Boletaceae  — Boletus retipes
pe
Lactarius corrugis

Russulaceas Russula mairei

Fig. 1. A comparison of the attine fungal phylogeny obtained from 285 nuclear ribosomal DNA (20) and
the attine ant phylogeny obtained from larval morphological characters {4). All unshaded names refer to
fres-living fungal species; shaded names refer both to ant species and their fungal symbionts. Tha
monophyletic group consisting of the ant genera Serficomyrmex, Trachymyrmex, Acromyrmex, and Atta
is tradlitionally calted the higher attines and the remaining genera the lower {primitive) attines (5). The fungal
tree is the strict consensus of 22 equally parsimonious trees and is identical to the 50% majority-rule
bootstrap consensus tree, except for the presence of the group containing Leucoagaricus naucinus,
Leucocoprinus luteus, and the lepiotaceous attine fungi exclusive of that cultivated by Myrrnicocrypta
squamosa. Bootstrap propottions for branches are provided as a crude indicator of character support
but shouid not be interpreted as confidence levels (32). The phylogeny of the ants is congruent with the
three fungal symbiont morphogroups G1, G2, and G3 (73). Both the G1 fungi, cultivated by the derived
higher attines, and the G2 fungi, cultivated by ants of the primitive genus Apterostigma, are monophyletic.
The G2 fungal group represents a shift by one lineage of ants to a distantly related fungal symbiont; in
contrast, all other attine fungi belong to the Lepiotaceae (Basidiomycotina). Within the G3 group, some
fungi are more closely related to those in the G1 group, whereas others are more closely related to two
free-living lepictaceous species (Leucoagaricus naucinus and Leucocoprinus luteus, indicated by the
white box) than they are to other attine fungi. Thus, the G3 fungal group is paraphyletic.
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within each of these groups. These observa-
tions have led to the hypothests (18) that
the G3 group fungi are generically diverse
because some of them have been repearedly
acquired by the ants from free-living forms,
whereas the fungi within the G1 and G2
groups are genetically similar because they
are the products of clonal reproduction,
consistent with bchavioral evidence that
G1 group fungi are clonally propagated by
their ant hosts {5, 19). This “acquisirion-
clenality” hypothesis predicts that (i) the
two clonally reproduced lineages Gl and
G2 are monophyletic entities and (ii) some
(33 fungi are more closely relared ro free-
living fungi than to other attine fungi.

To (i) derermine the taxonomic position
of the attine fungi, (ii} detail the phyloge-
netic relationships among attine fungi vis-
a-vis the existing phylogeny of the ants (4),
and (iii) test the two predictions of the
acquisition-clonaliry hyporhesis, we carried
out a phylogenetic analysis of a 964—base
pair region of the nuclear large subunit
(28S) ribosomal DNA (20). Sequences
were obtained for 21 attine fungi isolated
from the nests of 19 attine ant species (21),
as well as for 10 free-living basidiomycetes
in the order Agaricales (22). The phyloge-
netic tree generated by parsimony analysis
(Fig. 1) (23) is the strict consensus of 22
equally parsimonious trees of length 556,
with a consistency index of 0.502 and a
retention index of 0.742 (24). Additional

Fig. 2. The resolved fungal
phylogeny as it appears in
one of the 22 equally parsi-
monious  trees  obtained
from the unweighted parsi-
mony analyses (£5). Narmes
of attine fungal symbionts
appear in boxes; free-living
fungi are unboxed. Numbers
correspond  to branch
lengths. This tree is identical
to the 64% majority-rule
consensus tree of the 22
equally parsimonious trees
(33). In all of the 22 trees, the
free-living species invariably
arise at a level of either four
or five nodes within the at-

analyses that used a variety of phylogenetic
methods also produced trees with the topo-
logical featurcs emphasized here (25).

Most attine fungi are members of a mono-
phyletic group in the Lepiotaceae (Fig. 1),
which corroborates the conclusions of some
previous investigators (9, 1) and contra-
dicts others (7, 14). However, the fungi cul-
tivated by Apterostigma species atise in a
position on the Agaricales tree well removed
from the leptotaceous attine fungi. The
shortest tree in which the Apterostigma fungi
are constrained to group with the other at-
tine fungi is considerably longer (27 steps)
than the most parsimonious trees. Further-
more, a test of the a priori hypothesis that
the attine fungi (including the Apterostigma
fungi but not the two free-living lepiotaceous
species; see Fig. 1) are monophyletic was
rejected by both the T-PTD (P < 0.09) (26)
and maximum likelihood (27) methods.
These results support a polyphyletic origin of
the atrine fungi and a nonlepiotaceous origin
of the fungi cultivated by Apterostigma.

As predicted by the acquisition-clonality
hyporthesis (18), the G1 and G2 groups arc
monophyletic (Fig. 1). In contrast, the con-
sensus tree (Fig. 1) indicates that the G3
group is paraphyletic because some G3 fun-
gi are more closely related o the excluded
G1 group, and some G3 fungal isolates are
more closely related to two free-living lepi-
otaceous fungi, Leucoagaricus naucinus and
Leucocaprinus luteus, than they are to other
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(53 fungi. In each of the 22 most parsimo-
nious trees, these two free-living species are
invariably nested at least four nodes within
the attine fungal clade {(Fig. 2). These re-
sults are consistent with the second predic-
tion of the acquisition-clonality hypothesis
that some attine fungi in the G3 group are
more closely rclated to free-living fungi
than they are to other attine fungi and
therefore must have been secondarily ac-
quired by the ants. However, the alterna-
tive hypothesis, that these (wo free-living
fungi are the sister group to the lepiotaceous
attine clade, requires a tree only one step
longer than the most parsimonious tree.

Comparison of the ant and fungal phy-
logenies reveals topological incongruence,
indicating the absence of strictly parallel
evolution, particularly between the primitive
atrine ants and their fungi {28). For example,
within each of the genera Mycetarotes and
Cyphomyrmex, closely related ants cultivate
distantly relatcd G3 fungt (Fig. 1). Likewise,
Mycocepurus smithi, one of the most primi-
tive attine ants, cultivates a fungus that is
most closely related to these cultivated by
the transirional specics Cyphomyrmex rimo-
sus and Cyphomyrmex minutus. These incon-
gruences may be explained either by (i) in-
accuracies in the phylogenetic reconstrue-
rions, (ii) lineage sorting (29}, {iii) horizon-
tal transfer of fungal clones across ant species
(15), or (iv) secondary acquisition of fungi
from a pool of free-living forms (30). The
latter hypothesis is supported by vegerative
compatibility patterns (I18) and the nested
position of the two free-living lepiotaceous
specics within the G3 group (Fig, 2).

From the rime of its origin around 50
million years ago (6}, the ant-fungus symbi-
osis has resulted in the evolution of complex
behavioral (5) and physiological (31) modi-
fications in the ants and in corresponding
morphological and biochemical modifica-
tions in at least some of the fungal symbionts
(5, 13, 31). It is now clear that the origin of
the fungus-growing behavior was an ex-
tremely rare event, having occurred only
once in the evolutionary history of the ants.
Switching from the original host lineage was
also rare: the first ant-fungus association
probably involved a species in the Lepiota-
ceae, and only onc switch to a fungal sym-
hiont outside of this family has subsequently
occurred, in the case of Apterostigma. On the
other hand, switching by ants between fungi
within the lepiotaceous lineage may have
occurred frequently over evolutionary rime,
at least in the nonclonal G3-cultivating ant
specics. Precise identification of the fungal
species within this group, as well as study of
the biology of the most primirive artine ants
and their closest non—fungus-gtowing rela-
tives, is the most promising route to a com-
plete understanding of the origin and evolu-
tion of the attine ant-fungus symbiosis.
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