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SUMMARY

The fungiculture of ants belonging to the Attini tribe (Formici-
dae: Myrmicinae) is categorized into five systems with distinctive
characteristics. The most advanced system is that of "leaf-cutting
higher Attini," followed by "non-leaf-cutting higher Attini." Both cul-
tivate clades of the species Leucoagaricus gongylophorus (Moller)
(Basidiomycota: Agaricales: Agaricaceae). Subsequent systems,
known as "minor fungiculture,” "yeast fungiculture,” and "coral-type
Sfungus fungiculture," are less advanced. In all cases, except for
coral fungi, leucocoprinaceous fungi closely related to L. gongylo-
phorus and free-living fungi are cultivated. However, these systems
vary in the level of specialization between fungi and their symbi-
otic ants. Cultivars of higher Attini are obligate symbionts, mean-
ing the cultivated fungus will scarcely survive outside of mutualism,

while fungi cultivated in lower fungicultures are facultative symbi-
onts. Cultivars in the coral-type fungus fungiculture system belong
to three species of the genus Myrmecopterula (Agaricales: Pteru-
laceae), which are entirely different from leucocoprinaceous fungi.
The characteristics of each fungiculture system vary based on the
phylogeny of ants and their cultivars. Understanding the diversity of
fungi cultivated by Attini ants and the complexity of their fungicul-
ture systems will elucidate one of the most successful coevolution-
ary processes between ants and fungi in evolutionary history. This
review was aimed to discuss the current knowledge on the fungicul-
ture developed by Attini ants, as well as the level of specialization
between cultivated fungi and their relationship with the chronologi-
cal coevolution of Attini.

Introduction

hile humans discovered
they could cultivate their

Attini tribe were already engaged in a
complex and systematic fungiculture. It is
estimated that ant fungiculture first emer-
ged in the southern Neotropics around 50

2008). The Attini tribe constitutes a mo-
nophyletic and endemic group in
America, comprising approximately 245
described species across 20 genera within

own food approximately
ten thousand years ago,
ants belonging to the

million years ago (mya), coinciding with
the favorable climatic changes of the
early Eocene period (Schultz and Brady,

the Attini tribe (Hymenoptera:
Formicidae: Myrmicinae: Attini)
(Cardenas et al., 2020; Schultz, 2021).
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Ants engaged in fungus
cultivation can be grouped based on their
appearance in evolutionary history. The

first ants involved in this behavior
emerged approximately 50 to 30 mya and
are referred to as  "Paleoattinis."

Subsequently, around 45 to 30 mya, the
"Neoattinis" diverged (Nygaard et al,
2016; Schultz, 2021). Another grouping
criterion is based on the fungi they culti-
vate as symbionts. The majority cultivate
leucocoprinaceous  fungi  (Agaricales:
Agaricaceae), with only one genus culti-
vating coral fungi (Agaricales:
Pterulaceae). However, even among ants
cultivating leucocoprinaceous fungi, there
exists substantial genetic diversity and
significant variations within their fungicul-
ture systems (Chapela et al., 1994;
Solomon et al., 2011). The third way to
categorize fungus-farming ants is based
on their fungus cultivation systems, which
are closely linked to their coevolutionary
processes. Therefore, understanding the
evolution of ants and their fungi requires
a holistic (ecophysiological) approach that
considers the intricate coevolutionary pro-
cesses of ants and fungi as integral com-
ponents of more complex systems
(Schultz and Brady, 2008; Sosa-Calvo et
al., 2018; Schultz, 2021).

In general, cultivated fun-
gi are classified into fungal groups G1, G2,
and G3 (Figure 1) (Chapela et al., 1994;
Solomon et al., 2011; Nygaard et al., 2016).
According to the work of Chapela et al.
(1994), G1 comprises exclusively cultivars
of the species Leucocoprinus gongylophorus
(Basidiomycota: Agaricales: Agaricaceae),
cultivated in the "higher fungiculture" de-
tailed in section 1.2; G2 includes a mono-
phyletic group of "coral fungi" belonging
to the family Pterulaceae, described in
section 1.4; G3 corresponds to the fungal
group closely related to G1, but it exclu-
sively contains cultivars from the most
primitive attines, along with free-living
fungi and yeast-like Agaricaceae (sections
1.1 and 1.3) (Solomon et al., 2011;
Nygaard et al., 2016).

This work presents a de-
tailed exploration of the diversity and
complexity of fungus-farming systems em-
ployed by fungus-growing ants belonging
to the Attini tribe. The objective is to de-
lineate a chronological history of the co-
evolutionary process that began with an
incipient fungus-farming and evolved into
an advanced, highly specialized cultivation
system. To gain a deeper understanding of
the coevolutionary process in the mutual-
ism between fungus-growing ants (Attini
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tribe) and their cultivated fungi, this work
is divided into two sections. The first sec-
tion provides a detailed and chronological
description of the evolution of fun-
gus-farming developed by ants. The sec-
ond part focuses on analyzing the primary
metabolic capabilities of cultivated fungi
that led to the specialization in a specific
single crop by a widely distributed group
of ants in the American continent. This
analysis is grounded in the premise that
"mutualistic microorganisms act as a meta-
bolic extension of fungus-growing ants"
(Abril, 2011; Khadempour et al., 2020).

Methodology

The first section consist-
ed of a descriptive (non-systematic) re-
view, utilizing the Scopus, Pubmed, and
Web of Science databases to gather infor-
mation. For this part, the sole selection
criterion we deemed important was to use
primary and secondary sources that had
undergone peer review for publication
(original articles, reviews, or book chap-
ters). However, for the second part, we
conducted a systematic search using the
following keywords: "((Myrmecopterula)
OR (Pterulaceae)) OR ((Leucocoprinus
gongylophorus) OR (Leucoagaricus

Leafcutter
ants

Acromyrmex

Trachymyrmex

12-8
Millions of years
Leucoagaricus gongylopherus (Clade Ay Clade B)

20-10
Millions of years

(Agaricales: Pterulaceae)
Myrmecopterula velohortorum
Myrmecopterula nudihortorum
Myrmecopterula moniliformis

Figure 1. Phylogenetic relationship schematic of fungal cultivars in attines and all ant-developed fungiculture systems (circles). Ant genera enclosed
in yellow boxes represent paleoattinis, while genera enclosed in blue boxes represent neoattinis. The approximate time of appearance of different
fungiculture systems in history is indicated in the center. Fungal groups (G1, G2, and G3) are presented according to Chapela et al.'s (1994) classifi-
cation to outline their relationship with fungiculture systems. Source: elaborated by the authors.
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gongylophorus)) AND (Enzymatic)" in the
Web of Science, Pubmed, and Google
Scholar databases. The selection of studies
for the systematic review in this section
of the work was conducted using the
PRISMA method (O’Dea et al., 2021).
From this process, we identified 58 docu-
ments, of which 18 duplicates were re-
moved. Seven were excluded after review-
ing the title, and eight were discarded af-
ter reading the abstract. Of the remaining
33, we selected nine after a thorough
reading of the complete document.

Coevolutionary History

Lower fungiculture (an incipient
fungiculture)

It was the first fungicul-
ture, developed by 76 species belonging
to nine genera of attines; it appeared ap-
proximately 75-55 mya, although recent
studies narrow this interval to 60-55 mya
(Nygaard et al., 2016). It is termed "low-
er" because it maintains the most primi-
tive characteristics among all types of
fungus production systems within the
Agaricaceae family (formerly Lepiotaceae)
(Basidiomycota:  Agaricales). However,
they are considered facultative symbionts
as they have been found outside of mutu-
alistic symbiosis (Mueller et al., 1996).
This trait indicates micosymbionts that
have not reached an advanced level of
"domestication" similar to other fungicul-
ture systems, whose mutualistic fungi are
obligate symbionts (Mueller et al., 2001;
Schultz and Brady, 2008; Nygaard et al.,
2016; Kellner et al., 2018; Mueller et al.,
2018; Schultz, 2021; Dejean et al., 2023).

In 1998, Mueller et al.
compared 57 cultivars from lower fungi-
culture systems with 36 free-living agari-
cae, demonstrating that cultivars from this
system belong to two polyphyletic clades
(Clade 1 and Clade 2) within the
Agaricaceae family. These clades, in turn,
are divided into subclades; within Clade
1, there are two paraphyletic subclades
(1A and 1B), while Clade 2 consists of
two other paraphyletic subclades (2C and
2D). The phylogenetically closest free-liv-
ing fungi to these clades are Lepiota
flammeotincta (Agaricales: Agaricaceae),
closely related to Clade 1, and
Leucocoprinus cf. zamurensis (Agaricales:
Agaricaceae), closely related to Clade 2
(Kellner et al., 2013; 2018).

Higher Attini fungiculture (highly
specialized advanced fungiculture)

Around 35-30 mya, fun-

gus-farming ants successfully domesticat-
ed their cultivar by developing an
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advanced fungiculture. This cultivation
was so sophisticated that their mutualistic
fungi could no longer survive outside of
symbiosis, thereby becoming obligate
symbionts. This system is termed "higher
fungiculture" and is employed by approxi-

mately 110 species from the genera
Mycetagroicus, Mpycetomoellerius,
Paratrachymyrmex, Sericomyrmex,

Trachymyrmex, and Xerolitor (Solomon et
al., 2011; 2019; Jiménez-Gomez et al.,
2021; Schultz, 2021).

The exclusive species
cultivated in this system is Leucoagaricus
gongylophorus (Moller) (Basidiomycota:
Agaricales: Agaricaceae). However, multi-
ple analyses of genetic diversity have re-
vealed two clades (Clade A and Clade B).
Among these, non-leaf-cutting superior at-
tines cultivate Clade B, while leaf-cutting
attines (described later) exclusively culti-
vate Clade A, with some exceptions such
as Atta laevigata and A. vollenweideri,
which also cultivate Clade B of L. gongy-
lophorus (JeSovnik et al., 2017; Mueller
et al., 2018; Solomon et al., 2019;
Schultz, 2021; Dejean et al., 2023).

These ants maintain a
partially advanced fungiculture system,
utilizing plant material found in the or-
ganic layer covering the soil, which may
already be in various states of decomposi-
tion. Additionally, they could use insect
and other arthropod excrement to con-
struct the substrate for their fungal gar-
dens, where L. gongylophorus is inoculat-
ed from an asexual propagule (mycelium).
This mycelium is transmitted from parent
colonies to their descendants through
asexual propagules that have been occur-
ring for millions of years. Thus, it rep-
resents a natural cloning process that has
persisted to the present day (Mueller et
al., 2001; Bizarria et al., 2021).

Within the ants that de-
velop superior fungiculture, there is a
small subgroup of four genera of
"leaf-cutting ants" consisting of approxi-
mately 40 species. This is the latest sys-
tem to emerge, estimated to have ap-
peared around 12-8 million years ago.
They are distinct from other superior at-
tines because their fungiculture system
has reached the maximum level of com-
plexity and systematization, comparable
to agriculture recently developed by hu-
mans (just 10,000 years ago) (Schultz,
2021; Solomon et al., 2019; Bizarria et
al., 2021).

Leaf-cutting ants have
garnered significant scientific interest due
to their specialization in cultivating L.
gongylophoris. This cultivation process
commences with a meticulous selection of
fresh plant material, primarily young grass
or tree leaves, flowers, and seeds, hence

their designation as leaf-cutting ants.
Subsequently, they engage in the prepa-
ration of the substrate forming the fun-
gal garden. During this process, the ants
triturate and moisten the plant material
using a mixture of saliva, salivary en-
zymes (mainly cellulases and ligninas-
es), and organic acids from their meta-
pleural gland (Abril, 2011; Fernandez,
2015; Khadempour et al., 2021; Conlon
et al., 2022).

Once the fungal garden
substrate is prepared, the ants inoculate
the asexual propagule and safeguard it
throughout the colony's lifespan, approxi-
mately 15 years. This cultivar is consid-
ered an obligate symbiont because it does
not develop sexual structures. The ants
harvest nutrient-rich primordial structures
called “gonglydia”, preventing the forma-
tion of reproductive structures. However,
if left unharvested, gonglydia can indeed
give rise to a fruiting body. Though few
reports exist, these cultivars can develop
sporomes (Figure 2) (Moller, 1893;
Muchovej et al., 1991; Fisher et al., 1994;
Mehdiabadi and Schultz, 2009; Abril,
2011; Fernandez et al., 2015; Espinoza et
al., 2017; Cardenas et al., 2020; Cristiano
et al., 2020; Bizarria et al., 2021; Dejean
et al., 2023).

Yeast Fungiculture

Appearing approximately
25 to 5 million years ago, this system is
developed by 18 species from the
Rimosus  group  within the  genus
Cyphomyrmex. The cultivars are leucoco-
prinaceous, closely related to L. gongylo-
phorus cultivated by the higher attinis.
However, they belong to a different fun-
gal group, designated G3, where cultivars
are more closely associated with free-liv-
ing fungi (Figure 1) (Chapela et al., 1994,
Vo et al., 2009; Schultz, 2021).

In contrast to all other
fungiculture systems, this system culti-
vates yeast, not filamentous fungi. For
this reason, it was believed to be the first
fungiculture system to appear in the evo-
lutionary history of attines (Muller et al.,
2001; Mehdiabadi and Schultz, 2009; Vo
et al., 2009; Mehdiabadi et al., 2012;
Schultz, 2021).

However, due to its rela-
tionship with free-living counterparts, the
hypothesis is suggested that its cultivars
were facultative pleomorphic symbionts,
meaning they have the ability to develop
filamentously but can switch to yeast-like
forms when conditions are adverse (Vo et
al., 2009; Schultz, 2021).

Weber (1972) successful-
ly reverted the yeast-like development of
the Cyphomyrmex cultivar to filamentous
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Figure 2. Scanning Electron Microscopy of a fungal garden from Atta mexicana Smith, illustrating
vegetative material surrounded by Leucoagaricus gongylophorus mycelium (a and b), and bunch
of developed gonglidya (c). Fruiting body of Leucocoprinus birnbaumii, a closely related wild
species to L. gongylophorus (d). Photo Credit: Teresa N. Maldonado. Source: elaborated by the
authors.

growth when provided with optimal labo-
ratory conditions. This could provide in-
sights into how the cultivation by attines
transitioned from a free-living saprophyte,
capable of surviving in conditions similar
to those in primitive fungiculture systems,
to becoming an obligate symbiont requir-
ing controlled conditions, as seen in
leaf-cutting ant systems (Schultz, 2021).
Further in-depth studies are needed to ex-
plore the symbiotic fungus's capacity to
enter the yeast-like phase as a mechanism
of resistance under suboptimal develop-
ment conditions.

Results from Mueller et
al. (1996) could support the facultative
pleomorphism hypothesis. Through
Amplified Fragment Length
Polymorphism (AFLP) analysis, they dis-
covered that the diversity of leucocopri-
naceous fungi obtained from 13 nests of
Cyphomyrmex minutus represented vari-
ous clones dispersed by the ants them-
selves through vegetative propagules
(asexual). Additionally, they observed
compatibility with free-living fungi, sup-
porting the idea that leucocoprinaceae
from G3 could have been free-living fun-
gi adopted by these attinis (Chapela et
al., 1994; Schultz, 2021).

Recently, Hanisch et al.
(2022) reported that Paramycetophylax
maintains the phylogenetically closest po-
sition to Cyphomyrmex within the rimosus
group. This genus Paramycetophylax does
not cultivate yeast-like leucocoprinaceae
but rather the obligate symbiont of Clade
A (G1) (Mehdiabadi et al., 2012). These

JIVERCIENCIA OCTOBER 2025 « VOL. 50 N° 10

data will enable future research to gain a
better understanding of the transition of
attines to yeast cultivation.

On the other hand, dis-
tinct yeasts from Clade G3 have also been
reported (Figure 1). Nair and Hervey
(1979) reported a yeast from the genus
Lepiota sp. cultivated in the fungal garden
of Cyphomyrmex costatus. Later, Wang et
al.  (1999) identified the  yeast
Tyridiomyces formicarum as the cultivated
symbiont by Cyphomyrmex minutus. In
both cases, the yeasts served additional
functions beyond being food; they also
synthesized secondary metabolites with
antimicrobial ~potential. For instance,
Lepiota sp. produced lepioclorin, an anti-
bacterial compound inhibiting
Staphylococcus aureus, while T. formi-
carum synthesized the antifungal diceto-
piperazine, which inhibited the develop-
ment of yeasts Saccharomyces cerevisiae
and C. albicans. In both cases, it is likely
that the cultivars suppressed the develop-
ment of microorganisms representing
competition for nutrients or potentially
pathogenic to the fungal garden (Bizarria
et al., 2022).

Coral-Type Fungus Fungiculture

A monophyletic group of
34 species from the genus Apterostigma
within the "pilosum" group engages in
"Coral-Type Fungus Fungiculture" culti-
vating the genus currently known as
Myrmecopterula (formerly Pterula)
(Agaricales: Pterulaceae) (Schultz, 2007;

Leal-Dutra et al., 2020; Schultz, 2021;
Hanisch, 2022).

The three species within
the genus Myrmecopterula correspond to
two paraphyletic groups within the
Pterulaceae family (Dentinger et al., 2009;
Leal-Dutra et al., 2020). These clades are
referred to as G2 and G4, following the
classification proposed by Schultz (2007).
Clade G2 corresponds to the cultivar that
develops gardens covered by a fungal veil
(M. velohortorum), while Clade G4 does
not produce a fungal veil, resulting in na-
ked gardens (M. nudihortorum) (Dentinger
et al., 2009). The third species,
Myrmecopterula moniliformis, was con-
sidered the closest free-living coral fungus
to Clade G4, as it had not been reported
as an attine cultivar. However, Leal-Dutra
et al. (2020) discovered Myrmecopterula
moniliformis in nests of Apterostigma sp.
This species is a facultative symbiont that
can produce free-living fruiting bodies
without the need for a fungal garden, as
the conditions required for its survival are
not as specific as in superior fungiculture
(Leal-Dutra et al., 2020).

The three species can be
distinguished based on the morphology of
their sporocarps: M. moniliformis exhibits
structures of sterile basidiomes resembling
strings of beads attached to fertile branch-
ing coraloid structures (Dentinger et al.,
2009). However, for a more precise iden-
tification, it should be noted that fungi of
the genus Myrmecopterula have a coral-
loid or filiform (thread-like) fruiting body
(basidiome), which appears in a single
color or, in some cases, only the stipe is
light brown; the fruiting body is densely
branched, always with a non-geotropic de-
velopment. Additionally, it presents a cot-
tony subiculum associated with attine ants
(Leal-Dutra et al., 2020).

On the other hand, with-
in the genus Apterostigma, there is an ex-
ception: the species A. megacephala is the
only one in this genus that does not culti-
vate coral fungi but rather Leucoagaricus
gongylophorus, the same fungus as in su-
perior fungiculture (Schultz et al., 2015;
Solomon et al., 2019).

Physiological Capacity of the Cultivated
Mutualistic Fungus

To better understand the
characteristics that favored ants in select-
ing a specific species for more advanced
fungiculture systems, we must compre-
hend the metabolic functions developed
by the cultivated fungi. Studies focused
on other insect-driven fungiculture sys-
tems agree that cultivated fungi perform
metabolic functions that insects cannot ex-
ecute on their own. These functions
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involve the processing or assimilation of
nutrient sources inaccessible to insects, or
the biosynthesis of amino acids or micro-
bial metabolites that enhance nutrition or
the insect's response to infections by op-
portunistic microorganisms (Paludo et al.,
2018; Cheng et al., 2019).

For example, in some
species of stingless bees, fungi such as
Monascus spp. and Zygosacharomyces
spp. are cultivated. These species play the
primary role of providing food for the lar-
vae, but it has also been confirmed that
they produce key metabolites for meta-
morphosis and the survival of the emerg-
ing adults (Menezes et al., 2015; Paludo
et al., 2018). In another fungiculture sys-
tem, certain arboreal ants cultivate fungi
of the order Chaetotyriales, serving two
known functions to date: a) they serve as
the main raw material for the construction
of galleries along the stems of myrmeco-
phytic plants (plants hosting ants); in this
case, the fungus exhibits high resistance
to mechanical and environmental damage,
and its ability to rapidly produce biomass
makes it a valuable material for colony
establishment; b) Chaetotyriales also rep-
resent a food source for the larvae of their
mutualistic ants. Several studies reveal
that, within the colonies, ants cultivate
fungal patches where they place the larvae
to feed on the young mycelium. It is
noteworthy that, in this case, the fungi de-
grade waste material from the colonies,
such as corpses of other insects and ex-
crement, resembling a form of "fertiliza-
tion" that promotes the development of
the fungal patch for consumption by the
larvae (Nepel er al., 2014; Leroy et al.,
2017; Ruiz-Gonzalez et al., 2019).

However, the two fungi-
culture systems described above are not as
specialized or systematized as the fungi-
culture of Attini ants. Additionally, sting-
less bees and arboreal ants are not obli-
gate mycophages, and their diet is more
diverse than the exclusive mycophagy de-
veloped by the Attini.

Based on interactions
between microorganisms and other in-
sects, two crucial physiological aspects
can be suggested that led ants to the se-
lection and specialization of their mutual-
istic fungi: a) the ability to metabolize
organic compounds that ants could not
assimilate on their own, and b) a high ca-
pacity for fungal biomass production to
feed the ants.

In the Attini-cultivated
fungus system, the ant performs a
pre-treatment of vegetative material using
fungal-derived enzymes (mainly proteases,
pectinases, and ligninases), which pass
through its digestive system without mod-
ification (Martin and Martin, 1970; Li et
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al., 2021). Additionally, ants also produce
their own ligninolytic enzymes, but they
do so during the mastication of raw mate-
rial for substrate construction.

In more specialized fun-
giculture, the fungus L. gongylophorus
stands out for its extensive capacity to
produce enzymes that hydrolyze multiple
sources of energy (organic carbon sourc-
es) found in the structure of a wide vari-
ety of plant tissues from different species
foraged by the ants.

Multiple studies have in-
vestigated the enzymatic capacity of vari-
ous strains of L. gongylophorus, employ-
ing in vitro assays under laboratory condi-
tions or utilizing methodologies associated
with omics sciences, primarily proteomics,
metaproteomics, and metagenomics
(Aylward et al., 2012; Khadempour et al.,
2016; 2021). Based on the studies ana-
lyzed for the systematic review in this
section, was identified that the enzymes
most frequently reported are pectinases

(15.9%), followed by  glucosidases
(10.23%), cellulases (7.95%), laccases
(7.95%), proteases (6.82%), xylanases

(5.68%), and amylases (5.68%) (Figure
3); collectively, these seven enzymes con-
stitute over 60% of the reported enzymes,
indicating their potential significance in
the metabolic functions of L. gongylopho-
rus strains cultivated in the most ad-
vanced fungiculture.

Given that the raw mate-
rial for fungal gardens originates from a
wide diversity of plant species, and con-
sidering that plant biomass comprises var-
ious tissues, the cultivated fungus must be

Enzymes
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capable of hydrolyzing the majority of or-
ganic compounds in its  substrate.
Therefore, its broad enzymatic range
serves as a decisive factor, acting as a
metabolic extension for ants nutrition
(Abril, 2011).

However, in addition to
the ability to hydrolyze different organic
compounds, the cultivated fungus must
also efficiently assimilate the hydrolyzed
compounds to develop biomass in large
quantities, sufficient to feed the colony
(Gomes de Siqueira et al., 1998). For ex-
ample, Gomes de Siqueira et al. (1998)
and Renhede et al. (2004) agree that pec-
tins are compounds requiring higher enzy-
matic activity to be hydrolyzed by the
symbiotic fungus, but their assimilation
rate is very low. Consequently, their deg-
radation involves higher energy expendi-
ture and does not favor the accelerated
increase in biomass. This aligns with our
results, as pectin was the most reported
enzyme in the analyzed studies, suggest-
ing that it is indeed highly produced by
the fungus. However, its high production
does not guarantee greater assimilation by
the fungus. Similar considerations apply
to cellulose, which, despite being the most
abundant carbon source in plant biomass,
has a complex structure and represents a
challenging material to hydrolyze. Its uti-
lization rate is very low, making it one of
the less important carbon sources for the
cultivated fungus (Gomes de Siqueira et
al., 1998).

The evidence suggests
that starch and xylan are the most import-
ant compounds in the nutrition of the

-
o
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Enzymes

Xylanase (5.68 %)

Amylase (5.68 %)

Pectinase (15.91 %)

Cellulase (7.95 %)

Glucosidase (10.23 %)

Xylosidase (3.41 %)

Maltase (2.27 %)

Cellobiase (1.14 %)

9 Arabinase (1.14 %)

10 Carboxymethyleellulase (2.27 %)

11 Laccase (7.95 %)

12 Protease (6.82 %)

13 Peptidases (1.14 %)

14 Peroxide-producing Oxidoreductases (1.14 %)

15 Lipase (1.14 %)

16 Hemicellulase (1.14 %)

17 Glycosidase (1.14 %)

18 Chitinase (3.41 %)

19 Mannanase (1.14 %)

20 Chloroperoxida

21 Glycoamylase (2.2

22 Glycodextranase (2.27 %)
%)

24 Polygalacturonase (2.27 %)

23 Cutinase (2.

25 Rhamnogalacturonan lyase (2.27 %)
26 p-galactosidase (2.27 %)

27 Rhamnosidase (2.27 %)

28 Pullulanase (2.27 %)

Figure 3. Key enzymes involved in the biodegradation of organic matter in the fungal garden by
symbiotic fungus Leucoagaricus gongylophorus cultivated by Atta spp. and Acromyrmex spp.

Source: elaborated by the authors.
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cultivated fungus. Starch constitutes the
main energy reserve compound used by
plants, while xylan is a structural polysac-
charide that provides rigidity to the cell
wall of plant cells and is part of the
hemicelluloses. Both compounds are
abundant in all plant tissues and are easily
hydrolyzed by the symbiotic fungus. Their
ability to assimilate them is rapid, making
them labile sources of carbon. This results
in readily available energy for the fungus
to produce biomass more rapidly (Gomes
de Siqueira et al., 1998; Abril, 2011).
Gomes de Siqueira et
al. (1998) and Silva et al. (2006) ob-
served that L. gongylophorus invests less

energy in enzymatic activity and
achieves higher biomass production
when its carbon sources come from

monosaccharides glucose and xylose,
compared to polysaccharides such as
starch and xylan. This makes sense be-
cause monosaccharides are much simpler
molecules than the structural polysaccha-
rides found in plant biomass.

The above suggests that
the fungus can assimilate simple glucose
molecules; however, its ability to degrade
complex glucose polymers will depend on
the nature of each compound. For exam-
ple, complex molecules like starch and
amylopectins are primarily composed of
glucose and are relatively easily assimi-
lated by the fungus. This is not the case
with cellulose, despite being essentially
composed only of glucose polymers. This
is because the glucose polymers in starch
and amylopectins are based on a (1—4)
glucosidic bonds, while cellulose has B
(1—4) bonds. Silva et al. (2006) con-
firmed that one of the main enzymes
used by ants to convert starch into simple
glucose  molecules is a-amylase.
Therefore, it is likely that much of the
enzymatic capacity of L. gongylophorus
is based on the hydrolysis of o bonds,
but not as much on B bonds. Future work
should delve further into the hydrolysis
capacity of complex compounds based on
the types of glucosidic bonds, as this
would explain why L. gongylophorus is
inefficient in utilizing cellulose, despite it
being the most abundant source in plant
tissues, even when cellulases represent
the third most abundant group of en-
zymes based on our results.

It is likely that fungi
cultivated on fresh organic matter (in
more advanced fungiculture) require great-
er enzymatic capacity because the fungus
needs to obtain nutrients from a wider va-
riety of plant sources, compared to fungi
cultivated on substrates that are already at
different stages of decomposition (less
specialized fungiculture), in which the
main processes of organic matter
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biodegradation are carried out by sapro-
phytic bacteria and fungi, not by the culti-
vated fungus (Moreira-Soto et al., 2017;
Khadempour et al., 2020). Recently, stud-
ies using metagenomic and proteomic ap-
proaches have revealed the presence of
hundreds of microbial genes responsible
for degrading a wide variety of biomole-
cules that the symbiotic fungus cannot
metabolize. Therefore, it is likely that the
answer lies in the fungal garden microbi-
ome and not solely in the cultivated fun-
gus (Khadempour et al., 2021; Schiett and
Boomsma, 2021).

Our study was limited to
discussing the metabolic capacities of L.
gongylophorus cultivated in the most ad-
vanced fungiculture (by leaf-cutting ants);
however, future work should include the
enzymatic capacity of fungi cultivated in
lower-tier systems. Currently, most infor-
mation has been focused on fungi culti-
vated by various species of Atta and
Acromyrmex, as they are the species with
the widest distribution, and the size of
their colonies is larger compared to the
rest of the ants in the Attini tribe. While
the physiology and metabolic capacity of
the cultivation may be crucial factors in
the selection of the cultivated fungus,
metabolic capacity does not appear to be
a limiting factor in such a diverse mi-
cro-ecosystem as the fungal garden
(Moreira-Soto et al., 2017).

Recently, it has been dis-
covered that the lipid composition varies
across the fungal garden, and, more sur-
prisingly, the lipid profiles found in the
cultivated fungus gongylidia differ from
the lipid profiles of the surrounding sub-
strate. This raises new questions about
how the structural fatty acids of plant ma-
terial are modified so that the fungus can
assimilate and translocate them to its stor-
age structures (gongylidia) (Khadempour
et al., 2021).

Evidence suggests that
the fungus cultivated in higher fungicul-
ture has enhanced its performance in re-
sponse to the wide variety of plant sub-
strates used by ants, producing a broad
range of enzymes in response to the di-
versity of foraged plants (Khadempour et
al., 2016; Shik et al., 2020). This could
be explained as follows: in the more spe-
cialized fungiculture developed by leafcut-
ter ants, the specialized fungus L. gongy-
lophorus has become an obligate mutual-
ist. It has been selected through a coevo-
lutionary process based on the enzymatic
and metabolic capacity of the cultivation,
capable of obtaining nutrients from differ-
ent plant tissues from a wide variety of
foraged plants (Lange and Grell, 2014;
Shik et al., 2020). On the other hand, cul-
tivars from less specialized fungicultures

have less varied substrates (such as leaf
litter or waste and vertebrate corpses and
exoskeletons). These substrates, being in
different stages of decomposition, already
have a higher concentration of molecules
previously hydrolyzed by the saprophytic
microbial communities in the soil (not
necessarily from a pre-constructed fungal
garden) (Moreira-Soto et al., 2017).

The Metabolic Capacity and Taxonomy
of Fungi May Depend on the
Cultivation Conditions

The study of the rela-
tionship between enzymatic activity and
the raw material available for nest con-
struction can also be crucial in the selec-
tion of the fungal species. For example,
yeasts are fungi that have been proven to
produce secondary metabolites with anti-
fungal capacity. Therefore, the cultivation
of yeast-like clades, in simple substrates
susceptible to infestation by opportunistic
saprophytic microorganisms, may provide
a greater advantage if yeasts synthesize
antimicrobial secondary metabolites, as is
the case with other symbiotic yeasts of in-
sects (Smedsgaard and Nielsen, 2005;
Aguilar-Colorado and Rivera-Chéavez et
al. 2023).

Moreover, the vast diver-
sity of non-obligate mutualistic clades of
leucocoprinaceous fungi or coral-type fun-
gi may depend on the same cultivation
system. In a less specific system, their
characteristics may not reach the same
level of specialization as in the leafcutter
ant fungiculture. Therefore, the process of
selecting fungi could be part of a virtuous
circle, in which the more advanced sys-
tem requires more specialized fungi (L.
gongylophorus), and in turn, the more
specialized fungi have the ability to de-
grade a greater variety of organic com-
pounds compared to less specialized fun-
gi. The latter utilize simpler molecules,
previously biodegraded by other sapro-
phytic microorganisms in less complex
and more susceptible cultivation condi-
tions influenced by the soil microbiome
(Abril, 2011;  Aguilar-Colorado  and
Rivera-Chavez et al., 2023; Costa-Santos
et al., 2023).

Conclusions and Future Perspectives
of Study

Lower attine species em-
ploying less developed fungiculture, such
as Cyphomyrmex or Apterostigma, estab-
lish their fungal gardens on substrates
composed of decomposing plant remains,
wood fragments, and arthropod excrement,
suggesting that their cultivars are faculta-
tive symbionts related to free-living
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saprophytic fungi. However, it appears
likely that as the fungiculture system be-
comes more specialized, the cultivar be-
comes more dependent, as observed in
leaf-cutting ants.

Future studies should ex-
plore the epigenetics and transcriptome of
yeast-like cultivars to understand the mo-
lecular processes involved in their yeast-
like and filamentous development. This
investigation could provide a better under-
standing of the "domestication" processes
of this fungus during its coevolution with
attines. Additionally, analyzing the genetic
diversity among different attine cultivars
with distinct fungiculture systems would
be essential.

On the other hand, to
gain a deeper understanding of the coevo-
lutionary process in the mutualism of fun-
gus-growing ants (tribe Attini) and their
cultivated fungi, was identified that the
metabolic capacity of the fungus is cru-
cial. This is because its ability to hydro-
lyze complex carbon compounds and as-
similate them to produce fungal biomass
are factors that may have promoted spe-
cialization among the more advanced ants
and the exclusive fungus. Evidence sug-
gests that in a fungiculture system where
ants use more diverse sources of plant
material, the symbiotic fungus must have
a wide range of metabolic capabilities, in-
cluding seven key enzymes: pectinases,
glucosidases, cellulases, laccases, proteas-
es, xylanases, and amylases. However, the
ability of fungus to assimilate hydrolyzed
products and its efficiency in biomass
production are also important. Our work
was limited to analyzing the metabolic
characteristics of the cultivated fungus in
the most advanced fungiculture system.
Still, it is recommended that future studies
include the metabolic (enzymatic) charac-
teristics of fungi cultivated in more incipi-
ent and less specialized fungiculture sys-
tems to gain a deeper understanding of
the similarities and differences in enzy-
matic activities between each cultivation.
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RESUMEN

La fungicultura de las hormigas pertenecientes a la tribu At-
tini (Formicidae: Myrmicinae) se clasifica en cinco sistemas con
caracteristicas distintivas. El sistema mads avanzado es el de las
"Attini superiores cortadoras de hojas", seguido de las "Attini
superiores no cortadoras de hojas". Ambos cultivan clados de
la especie Leucoagaricus gongylophorus (Mdller) (Basidiomyco-
ta: Agaricales: Agaricaceae). Los sistemas posteriores, conoci-
dos como "fungicultura menor"”, "fungicultura de levaduras" y
"fungicultura de hongos tipo coral”, estan menos avanzados. En
todos los casos, salvo en el de los hongos coralinos, se culti-
van hongos leucocoprindceos estrechamente relacionados con
L. gongylophorus y hongos de vida libre. Sin embargo, estos
sistemas varian en el nivel de especializacion entre los hongos
y sus hormigas simbioticas. Los cultivares de Attini superiores
son simbiontes obligados, lo que significa que el hongo cultivado

apenas sobrevivira fuera del mutualismo, mientras que los hon-
gos cultivados en fungicultivos inferiores son simbiontes facul-
tativos. Los hongos cultivados en el sistema de fungicultura de
tipo coral pertenecen a tres especies del género Myrmecopterula
(Agaricales: Pterulaceae), que son totalmente diferentes de los
hongos leucocoprindceos. Las caracteristicas de cada sistema de
Sfungicultura varian en funcion de la filogenia de las hormigas y
sus cultivares. Entender la diversidad de hongos cultivados por
las hormigas Attini y la complejidad de sus sistemas fungicultu-
rales permitira dilucidar uno de los procesos coevolutivos mas
exitosos entre hormigas y hongos en la historia evolutiva. El ob-
Jetivo de esta revision fue discutir el conocimiento actual sobre
la fungicultura desarrollada por las hormigas Attini, asi como
el nivel de especializacion entre los hongos cultivados y su rela-
cion con la coevolucion cronologica de Attini.
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RESUMO

A fungicultura das formigas pertencentes a tribo Attini (For-
micidae: Myrmicinae) é categorizada em cinco sistemas com
caracteristicas distintas. O sistema mais avan¢ado é o da "At-
tini superior cortadora de folhas", seguido pela "Attini supe-
rior ndo cortadora de folhas". Ambos cultivam clados da es-
pécie Leucoagaricus gongylophorus (Mdller) (Basidiomycota:
Agaricales: Agaricaceae). Os sistemas subsequentes, conheci-
dos como "fungicultura menor", "fungicultura de levedura" e
"fungicultura de fungos do tipo coral”, sdo menos avangados.
Em todos os casos, com exce¢do dos fungos de coral, sdo cul-
tivados fungos leucocoprindceos intimamente relacionados
ao L. gongylophorus e fungos de vida livre. Entretanto, esses
sistemas variam no nivel de especializa¢do entre os fungos e
suas formigas simbioticas. Os cultivares de Attini superiores sdo
simbiontes obrigatorios, o que significa que o fungo cultivado di-

ficilmente sobreviverd fora do mutualismo, enquanto os fungos
cultivados em fungiculturas inferiores sdao simbiontes facultativos.
Os cultivares no sistema de fungicultura de fungos do tipo coral
pertencem a trés espécies do género Myrmecopterula (Agarica-
les: Pterulaceae), que sdo totalmente diferentes dos fungos
leucocoprindceos. As caracteristicas de cada sistema de fungi-
cultura variam de acordo com a filogenia das formigas e seus
cultivares. A compreensdo da diversidade de fungos cultivados
pelas formigas Attini e a complexidade de seus sistemas de
fungicultura elucidardo um dos processos coevolutivos mais
bem-sucedidos entre formigas e fungos na historia evolutiva.
O objetivo desta revisdo foi discutir o conhecimento atual
sobre a fungicultura desenvolvida pelas formigas Attini, bem
como o nivel de especializa¢do entre os fungos cultivados e
sua relagdo com a coevolugdo cronologica das Attini.
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