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Leaf-cutting ants interact with several fungi in addition to the fungal symbiont they culti-
vate for food. Here, we assessed alien fungal communities in colonies of Atta cephalotes.
Fungus garden fragments were sampled from colonies in the Atlantic Rainforest and in
a cabruca agrosystem in the state of Bahia (Brazil) in two distinct periods to evaluate
whether differences in nest habitat influence the diversity of fungi in the ant colonies.
We recovered a total of 403 alien fungi isolates from 628 garden fragments. The prevalent
taxa found in these samples were Escovopsis sp. (26 %), Escovopsioides nivea (24 %), and Tri-
choderma spirale (10.9 %). Fungal diversity was similar between the colonies sampled in both
areas suggesting that ants focus on reducing loads of alien fungi in the fungus gardens in-
stead of avoiding specific fungi. However, fungal taxa composition differed between colo-
nies sampled in the two areas and between the sampling periods. These differences are
likely explained by the availability of plant substrates available for foraging over habitats

Escovopsis and periods. Ordination analysis further supported that sampling period was the main at-
Fungus garden tribute for community structuring but also revealed that additional factors may explain the
Interaction structuring of fungal communities in colonies of A. cephalotes.

Symbiosis © 2015 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction fungal partner to obtain nutrients. The majority of ants in

Fungus farming by insects arose independently in ant, ter-
mite, and beetle lineages. Such insects usually nourish their

the tribe Attini evolved complex fungicultural systems in
which mutualistic fungi are cultivated as the main food
source for the colony (Weber 1972; Schultz & Brady 2008;
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Ward et al. 2015). A subset of species in the tribe Attini, leaf-
cutting ants of the genera Atta and Acromyrmex forage mainly
on leaves and flower parts, which serve as substrates for the
cultivation of a basidiomycetous fungus, Leucoagaricus gongy-
lophorus. This fungus is the domesticated mutualistic partner
grown for food by leafcutter ants (Schultz & Brady 2008).

Fungus gardens of leaf-cutting ants are continuously
threatened by invading fungi carried on and inside the plant
substrate foraged by ant workers (Fisher et al. 1996;
Rodrigues et al. 2008; Van Bael et al. 2009). In addition, such
alien fungi are also transported on the integument of workers
and reproductive alates (Guedes et al. 2012; Arcuri et al. 2014).
Although several behavioural and chemical strategies
employed by ants decrease the microbial loads in the fungus
gardens, several fungi endure such strategies and remain in
the garden matrix (Fernandéz-Marin et al. 2009). These fungi
may ultimately compete with the resident fungal cultivar, as
shown in dual culture assays (Silva et al. 2006; Folgarait et al.
2011).

Among such detrimental microorganisms, fungi in the
genus Escovopsis are a paramount example of parasites
that inhibit the growth of L. gongylophorus (Currie et al.
1999). Considered a mycoparasite of the ant cultivar
(Reynolds & Currie 2004), ant colonies infected with this par-
asite experience an impact on their fitness, ultimately lead-
ing the colony to death (Currie 2001; Wallace et al. 2014). In
addition to Escovopsis, several genera of alien fungi are re-
peatedly found in attine ant colonies and were reported to
occur as antagonists of the ant cultivar (Silva et al. 2006;
Van Bael et al. 2009).

Although several reports have demonstrated the occur-
rence and prevalence of alien fungi, few studies have eval-
uated the factors that influence such fungal communities
in fungus-growing attine ant colonies. Previous work indi-
cated that diversity and composition of alien fungi in attine
ant colonies varied over a yearlong survey with no apparent
patterns (Rodrigues et al. 2011). That study suggested sev-
eral attributing factors might have accounted for such var-
iations, including the type of substrate foraged by ants and
the area where the ants were nesting. However, no other
study examined whether such factors are the major attri-
butes that drive alien fungal community structure in attine
ant colonies.

To understand the putative factors that explain the struc-
ture of fungal communities in leaf-cutting ant colonies, we
assessed whether differences in nesting areas influence the
fungal communities present in colonies of Atta cephalotes,
a species that preferentially occurs in natural areas but also
in cabruca agroforest systems in the state of Bahia, Brazil
(Delabie 1990). The latter are considered modified agricultural
systems because they are used to cultivate cocoa (Theobroma
cacao L.) in a semi preserved habitat. Here, we tested variation
in the richness, composition, and structure of fungal commu-
nities according to the study area. In fact, A. cephalotes is com-
mon in primary forests; thus, the plant substrate availability
may be a major factor in changes in fungal communities in
the fungus gardens. We expected to find that fungal diversity
in colonies from cabruca agroforests was lower than in the
forests, due to the reduced availability of substrates in the
former.

Material and methods
Sampling

Fungus gardens of Atta cephalotes were sampled at The Private
Reserve of Natural Heritage (RPPN) Serra Bonita, located in the
municipalities of Camacan and Pau-Brasil in southern Bahia
State, Brazil. This reserve comprises several areas within a dis-
tinct altitudinal gradient (between 200 and 990 m). Disturbed
areas are abundant in the lower sections of the reserve, in-
cluding the Cabruca systems and pasture. On the other
hand, higher lands or slope lands were not favourable for rear-
ing cattle, so those areas remained intact (hereafter called
‘Forest’).

Fungus gardens were sampled from six colonies found in
the forest and six colonies found in the cabruca. A total of 12
fungus gardens were sampled (Table S1) in two distinct pe-
riods: (i) from June 30 to August 4, 2012 (winter) and (ii) from
February 18 to March 14, 2013 (summer). Once nests were lo-
cated, excavation followed the method described in
Rodrigues et al. (2014) to avoid having loose soil fall on the
top of the fungus garden. Fungus gardens with tending
workers and brood (and with alates in some cases) were col-
lected with a sterile spoon, kept in plastic containers and
transported to the laboratory for fungal isolation. We ob-
served two sections in all sampled fungus gardens: the top
(where new leaf substrate is added) and the bottom part
(exhausted substrate). A composite sample made from both
sections was plated in the culture media, mostly within 1 or
2 d after collection, but some samples were plated within
3—4 d after collection (see Table S1 for more details).

Isolation and identification

Fungus garden fragments of approximately 3 mm?, free of
tending workers or brood, were inoculated onto plates con-
taining the following culture media: Potato Dextrose Agar
(PDA, Acumedia, a nutrient-rich medium), Malt Agar 2 %
(MA2 %, Acumedia, a nutrient-balanced medium) and Syn-
thetic Nutrient Agar (SNA, a nutrient-poor medium), all sup-
plemented with 150 upg mL™* of chloramphenicol
(Sigma—Aldrich, St. Louis, MO, USA). Five garden pieces were
inoculated in each of the five plates for each media. Thus,
from the 12 gardens sampled, a total of 900 fragments were
evaluated in the present study. Plates were incubated at
25 °C, for 14 d in the dark and monitored daily for fungal
growth. Fungi were transferred to MA2 % plates and checked
for any signs of contamination. For sporulating fungi, we car-
ried out monosporic cultures to obtain axenic isolates.

We used a combination of classical and molecular tools to
identify the filamentous fungi. First, isolates were screened
based on the morphological characteristics of the colony and
the microscopic reproductive structures. The resulting mor-
phospecies were further examined and representative iso-
lates were cryopreserved in glycerol 10 % at —80 °C and
deposited at UNESP-Microbial Resources Center, Rio Claro,
SP, Brazil.

Second, we sequenced the internal transcribed spacer (ITS)
for representative isolates of each morphoespecies.



1172

B. M. dosS. Reis et al.

Specifically, for morphospecies that have large number of
strains, we sequenced 3—4 strains per morphospecies. For
morphospecies that had a single strain, we sequenced the
one strain. Genomic DNA extraction followed a combined pro-
tocol from Moller et al. (1992) and Gerardo et al. (2004) using
fresh mycelia. We amplified the ITS region using the primer
pair ITS4/ITS5 (White et al. 1990). For Escovopsis sp., isolates
we amplified a fragment comprising the exon 6 of the gene
coding for the elongation factor 1-alpha (tef1) with the primer
pair EF6-20F/EF6-1000R (Taerum et al. 2007). For PCR, the 25 uL
reaction volumes consisted of: 1.25 mM of each dNTP, 5.0 pL of
buffer 5x, 2.0 pL of MgCl, 1.5 pL of each primer and 0.2 pL of
Taq polymerase. PCR conditions followed Meirelles et al.
(2015) and amplicons were cleaned using Wizard® SV Gel
and PCR Clean-Up System (Promega). Sequences were bidirec-
tionally sequenced using BigDye® Terminator v.3.1 Cycle Se-
quencing kit (Life Technologies) in an ABI 3330 sequencer
(Life Technologies).

Sequences were assembled in contigs in BioEdit v.7.0.5.3
(Hall 1999) and compared with MegaBlast algorithm with ho-
mologous sequences in NCBI-GenBank (www.ncbi.nlm.nih.-
gov). We also performed searches in the CBS database
(www.cbs.knaw.nl). Sequences belonging to the genus Tricho-
derma were compared with those deposited in the Interna-
tional Subcommission on Trichoderma and Hypocrea
Taxonomy (ISTH) database (Druzhinina et al. 2005). Sequences
generated in the present study were deposited at the NCBI-
GenBank under accessions: KR812209—KR812275.

Sequences that showed 97 % or more similarity with refer-
ence strain sequences deposited in the databases were con-
sidered conspecific (Unterseher & Schnittler 2010) if the
result of morphological analyses also agreed with the identifi-
cation. For sequences that showed less than 97 % similarity,
they were classified to genus or order or were regarded as un-
identified fungi.

Analysis of fungal communities

To explore differences in the abundance of fungi (number of
isolates), we compared the proportion of garden fragments
with fungi across the two habitats and the three culture me-
dia. To test for differences in the proportion of fungi recovered
from fungus garden fragments across habitats and culture
media, we used the Chi-square test (P < 0.05) in Rv. 3.0.1 (R De-
velopment Core Team 2013). Rarefaction plots were generated
to compare species richness (number of species) among habi-
tats and sampling periods. In addition, the Chao 1 estimator
was also used to estimate species richness across habitats
and sampling periods (Magurran 2004). Fungal diversity
(which considers both abundance and species richness) was
evaluated by the inverse Simpson (1/D) and Shannon indices.
Significant differences amongindices were assessed using the
Kruskal-Wallis test in R. All diversity indices and rarefaction
curves were generated in EstimateS v. 9.1.0 (Colwell 2013).
To determine similarities in composition of fungi between
colonies from the two habitats we calculated Jaccard, Soren-
sen, and Bray—Curtis indices of shared taxa (Magurran 2004).
The total number of shared taxa and the exclusive species
found in each habitat were represented in a Venn diagram
in R. Thus, to analyse the contribution of each species to

differences (dissimilarity) of fungal communities, we carried
out similarity percentage analysis — SIMPER (Clarke &
Warwick 2001). Finally, to verify the possible factors that
shape the fungal communities among the samples from the
12 colonies, we carried out an ordination analysis using non-
metric multidimensional scaling (NMDS) in Past v. 2.17c
(Hammer et al. 2001).

Results
Abundance of alien fungi in colonies of Atta cephalotes

From the 900 fungus garden fragments, we recovered filamen-
tous fungi from 628 (69.7 %). The remaining fragments
(n = 272) showed growth of bacteria, which further prevented
the development of the fungal cultivar or any other alien
fungi. For this reason, we excluded such fragments from our
analyses. Considering only the garden fragments with fungi,
a total of 225 fragments (35.8 %, Table S2) showed growth of
Leucoagaricus gongylophorus, and 403 fragments (64.1 %,
Table 1) were positive for filamentous fungi other than the
ant cultivar. The proportion of garden fragments with fungi
did not differ between habitats (Fig 1A, H = 0.71, d.f. = 1,
P = 0.39) or by culture media (Fig 1B, H=0.63,d.f. =2,P =0.72).

Based on morphological markers, we grouped the 403 fun-
gal isolates into 71 morphospecies. Then, representative
strains (n = 198) within these morphospecies were selected
for sequencing. After ITS barcode sequencing (or tefl sequenc-
ing for Escovopsis sp.), the morphospecies represent 34 genera,
66 species, and five unidentified fungi (Tables 1 and S3). Esco-
vopsioides nivea, Escovopsis sp., Trichoderma spirale, and Paecilo-
myces variotti were the prevalent fungi in colonies sampled
in the forest, representing 33 %, 20 %, 13.3 %, and 8.6 % of
the isolates, respectively (Table 1). Similarly, colonies sampled
in the cabruca agrosystem showed the same taxa as the prev-
alent fungi, representing 32 %, 14 %, 8.3 %, and 7.3 %, respec-
tively (Table 1). The remaining fungi accounted for less than
3 % of the abundance and were considered rare species in
these communities (Table 1).

Except for P. variotti, the prevalent taxa Escovopsis sp., E.
nivea, and T. spirale were consistently present over the two
sampling periods. In addition, such taxa occurred in 66 %,
66 %, and 58.3 %, respectively, of the colonies sampled in
this study.

Diversity and structure of fungal communities in colonies of
Atta cephalotes

Fungus gardens of A. cephalotes harbour a rich community of
alien fungi in addition to the ant cultivar. No significant differ-
ences were observed in fungal species richness between the
colonies sampled from forest and cabruca or between the
sampling periods (Fig S1). Rarefaction curves did not reach
an asymptote, indicating that further sampling would reveal
additional taxa in this substrate (Fig S1).

Fungus gardens of A. cephalotes in the cabruca agroforest
system showed a higher estimated richness of fungal taxa
when compared to the forest area (Fig 2A). According to the
Shannon and Simpson indices, no significant differences
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Table 1 — Filamentous fungi from fungus garden of Atta cephalotes sampled in the forest and cabruca agrosystems during
two sampling periods (winter and summer).

Fungal taxa Forest Forest % Cabruca Cabruca % No. of %P
(winter) (summer) (winter) (summer) isolates
“Zygomycota”
Cunninghamella sp. 0° 0 0 0 1 0.5 1 0.25
Ascomycota
Acremonium sp. 0 0 0 1 0 0.5 1 0.25
Aspergillus flavus 1 0 0.5 0 0 0 1 0.25
Calonectria gracilis 0 0 0 0 1 0.5 1 0.25
Chaetomium sp. 0 0 0 1 0 0.5 1 0.25
Cladosporium tenuissimum 0 0 0 0 1 0.5 1 0.25
Clonostachys rogersoniana 0 1 0.5 0 0 0 1 0.25
Cochliobolus sativus 0 0 0 1 0 0.5 1 0.25
Corynespora sp. 0 0 0 0 1 0.5 1 0.25
Diaporthe helianthi 1 0 0.5 0 0 0 1 0.25
Diaporthe heveae 1 0 0.5 0 0 0 1 0.25
Diaporthe oxe 0 1 0.5 0 0 0 1 0.25
Diaporthe phaseolorum 1 0 0.5 0 1 0.5 2 0.50
Diaporthe schini 0 3 1.4 1 0 0.5 4 0.99
Diaporthe terebinthifolli 0 1 0.5 0 1 0.5 2 0.55
Diaporthe sp. 1 0 1 0.5 0 0 0 1 0.25
Diaporthe sp. 2 0 1 0.5 0 1 0.5 2 0.50
Diaporthe sp. 3 1 0 0.5 0 0 0 1 0.25
Diaporthe sp. 4 0 1 0.5 0 0 0 1 0.25
Diaporthe sp. 5 1 0 0.5 0 0 0 1 0.25
Diaporthe sp. 6 3 0 1.4 3 0 1.6 6 1.49
Escovopsis sp. 21 21 20.0 34 29 326 105 26.05
Escovopsioides nivea 36 34 33.3 27 0 14.0 97 24.07
Fusarium equiseti 0 0 0 1 0 0.5 1 0.25
Fusarium oxysporum sp. complex® 0 0 0 1 2 1.6 3 0.74
Fusarium solani sp. complex 0 0 0 0 2 1.0 2 0.50
Fusarium sp. 1 0 0 0 0 3 1.6 3 0.74
Fusarium sp. 2 0 0 0 0 1 0.5 1 0.25
Fusarium sp. 3 0 1 0.5 0 0 0 1 0.25
Guignardia mangiferae 0 0 0 0 1 0.5 1 0.25
Guignardia sp. 3 0 1.4 0 0 0 3 0.74
Humicola sp. 3 0 1.4 0 0 0 3 0.74
Mariannaea elegans 0 0 0 1 0 0.5 1 0.25
Mycosphaerella sp. 2 1 1.4 0 0 0 3 0.74
Neonectria sp. 0 0 0 0 1 0.5 1 0.25
Paecilomyces variotti 18 0 8.6 14 0 7.3 32 7.94
Paecilomyces sp. 1 0 0 0 0 1 0.5 1 0.25
Paecilomyces sp. 2 0 0 0 0 1 0.5 1 0.25
Penicillium sp. 1 0 1 0.5 0 0 0 1 0.25
Penicillium sp. 2 0 0 0 0 1 0.5 1 0.25
Penicillium sp. 3 0 0 0 1 0 0.5 1 0.25
Penicillium sp. 4 0 1 0.5 0 0 0 1 0.25
Penicillium simplicissimum 0 2 1.0 0 2 1.0 4 0.99
Pestalotiopsis microspora 0 1 0.5 0 1 0.5 2 0.50
Phomopsis asparagi 0 0 0 0 1 0.5 1 0.25
Phomopsis sp. 4 1 2.4 0 4 2.1 9 2.23
Pochonia sp. 0 1 0.5 1 0 0.5 2 0.50
Talaromyces verruculosus 0 0 0 5 1 3.1 6 1.49
Trichoderma citrinoviride 0 0 0 0 1 0.5 1 0.25
Trichoderma hamatum 0 0 0 0 1 0.5 1 0.25
Trichoderma harzianum sp. complex 0 6 2.9 0 0 0 6 1.49
Trichoderma parareeseii 0 0 0 0 1 0.5 1 0.25
Trichoderma spirale 8 20 133 10 6 8.3 44 10.92
Trichoderma sp. 1 0 0 0 0 1 0.5 1 0.25
Trichoderma sp. 2 1 0 0.5 1 0 0.5 2 0.50
Viridiospora sp. 0 0 0 1 0 0,5 1 0.25
Unidentified Ascomycota 1 2 0 1.0 0 0 0 2 0.50
Unidentified Ascomycota 2 0 0 0 1 0 0.5 1 0.25
Unidentified Ascomycota 3 0 0 0 3 0 1.6 3 0.74

(continued on next page)
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Table 1 — (continued)

Fungal taxa Forest Forest % Cabruca Cabruca %" No. of %
(winter) (summer) (winter) (summer) isolates
Basidiomycota
Agaricus sp. 1 0 0 0 1 0 0.5 1 0.25
Agaricus sp. 2 0 0 0 0 1 0.5 1 0.25
Coriolopsis rigida 0 1 0.5 0 0 0 1 0.25
Longula sp. 0 0 0 0 1 0.5 1 0.25
Marasmius cladophyllus 1 0 0.5 0 0 0 1 0.25
Phanerochaete sordida 0 0 0 1 1 1.0 2 0.50
Phanerochaete sp. 0 0 0 0 4 2.1 4 0.99
Phlebia sp. 0 1 0.5 1 3 2.1 5 1.24
Phlebiopsis sp. 0 0 0 0 1 0.5 1 0.25
Schizophyllum sp. 0 0 0 1 1 1.0 2 0.50
Unidentified Basidiomycota 1 0 0 0 1 0 0.5 1 0.25
Unidentified Basidiomycota 2 0 1 0.5 0 0 0 1 0.25
Total 108 102 113 80 403

a Abundance of fungal isolates (in %) in the forest and cabruca areas, respectively.

b Abundance of fungi considering both areas.
c Fungal isolates obtained from the fungus gardens in each area.

d Species complexes are groups of species that share similar morphology but are phylogenetically unrelated (cryptic species).

were observed in fungal diversity between the sampling pe-
riods (Kruskal-Wallis, P > 0.05, Fig 2B).

Overall, the composition of the fungal taxa markedly dif-
fered between gardens from the forest and cabruca because
few shared fungal species were observed (mean and standard
deviation: Jaccard: 0.05 + 0.02; Sorensen = 0.08 4+ 0.02 and
Bray—Curtis = 0.06 + 0.02). However, no differences were ob-
served for the sampling periods. The areas shared 17 fungal
taxa, which is a low figure when compared to the number of
unique fungal taxa found in each area (Fig 3). Surprisingly,
the 17 taxa found in both areas comprise 324 isolates, which
is more than the number of isolates of unique taxa obtained
from gardens in the forest (n = 26 isolates) and in cabruca
(n =53isolates). Thus, this result shows that a few shared spe-
cies are, in fact, the most abundant ones (Fig 3).

Ordination analysis showed structuring of fungal commu-
nities in A. cephalotes colonies. Fungal communities clustered
according to the sampling period (coordinate 1), with two ex-
ceptions: colonies FO4 and CA7 (Fig 4). In addition, our analy-
ses indicated that colonies FO5, CA7, and CA10 clustered

1.0

Proportion of fragments >
02 04 06 038

P S—

I I
Forest Cabruca

Sample area

together (Fig 4). These colonies showed the highest abundance
of Escovopsis sp., Escovopsioides nivea, and Trichoderma spirale
isolates in relation to other fungal species. Additionally, simi-
larity percentage analysis (SIMPER) indicated that Escovopsis
sp., E. nivea, and T. spirale are the prevalent alien fungi in gar-
dens of A. cephalotes. Together, these taxa contributed to 50 %
of the total dissimilarity of fungal communities in the colonies
from the forest and cabruca areas (Table 2).

Discussion

On the basis of culture-dependent methods, we compared the
diversity, composition, and structure of fungal communities
in Atta cephalotes colonies in two contrasting habitats. Our re-
sults indicated a high abundance of fungi in the garden frag-
ments of A. cephalotes because 64 % of the sampled
fragments were positive for these microorganisms. The pro-
portion of fungi was also high in both study areas (Fig 1A).
These results support previous findings regarding the

1.0

Proportion of fragments o
02 04 06 038

—

I I I
PDA SNA MA2%

Culture media

Fig 1 — Proportion of fungus gardens fragments of Atta cephalotes positive for filamentous fungi other than the ant cultivar.
(A) Comparison by sampling area (Forest, n = 223; Cabruca, n = 182 fragments evaluated) with no significant differences
observed; (B) Comparison by culture media. No significant differences were observed in either analysis (P > 0.05). PDA:
potato-dextrose agar; SNA: synthetic nutrient agar; MA 2 %: malt agar 2 %.
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Fig 2 — Diversity and taxa richness of fungal communities found in fungus gardens of the leaf-cutting ant, Atta cephalotes.
(A) Comparison between forest and cabruca sampling areas; and (B) sampling periods (winter and summer). Average and
standard errors for samples from six gardens for each area and period are indicated above the box plots. Similar letters
indicate no significant differences (Kruskal-Wallis, P > 0.05).

prevalence of alien fungi in attine colonies (Fisher et al. 1996;
Currie et al. 1999; Rodrigues et al. 2008). These studies used
similar methods to evaluate fungal prevalence in attine ant
colonies but used one type of culture medium (PDA). Interest-
ingly, when additional culture media were used, similar pro-
portions of fungi were recovered from the fungus gardens
(Fig 1B). On the other hand, we observed that each medium
differed in taxa composition recovery, with some taxa being
isolated preferentially in one medium (data not shown). Mul-
tiple lines of evidence suggest that diverse filamentous fungi
are continuously present in leaf-cutting ant gardens, even
though the ant workers exhibit several mechanisms to avoid
the contact of such fungi with the ant cultivar.

Contrary to our predictions, the fungal diversity in colonies
of A. cephalotes was similar in both areas and in both sampling
periods. This result might be explained by the constant sur-
veillance of ants because worker ants need to protect their
gardens against alien fungi (Currie & Stuart 2001; Currie
2001; Van Bael et al. 2009). Thus, independent from sampling
area or period, using chemical and behavioural defences,

ants try to reduce the loads of fungi that are incorporated in
the garden matrix (Coblentz & Van Bael 2013) avoiding puta-
tive antagonism with the ant fungal cultivar (Silva et al.
2006; Folgarait et al. 2011). Another factor that may explain
similarities in fungal diversity is the high abundance of the
genera Escovopsis, Escovopsioides, and Trichoderma. These are
fast-growing fungi that might have prevented the growth of
other slow-growing fungi when the garden fragments were in-
oculated on the artificial media.

Despite the similarities in diversity, A. cephalotes colonies
showed unique fungal communities between the two areas
and between the sampling periods (Figs 3 and 4). These differ-
ences suggest that ants (or other vectors such as mites) bring
different filamentous fungi from the soil and the foraged plant
substrate to their nests. Fisher et al. (1996) demonstrated that
the diversity and community composition of fungi in the gar-
dens of A. cephalotes maintained in the laboratory varied
according to the plant substrate offered to the colonies. There-
fore, it is possible that the differences in composition in the
present study are related to the provision of different plant
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Cabruca

Forest

18
(26)

Fig 3 — Venn diagram indicating the number of shared
fungal taxa between fungus gardens of Atta cephalotes
sampled in the forest and cabruca areas. The size of each
circle corresponds to the number of fungal taxa found ex-
clusively in one area. Figures in parentheses indicate the
number of isolates recovered from the fungus gardens from
each area.

substrates present in the sampling areas, as well as differ-
ences in endophytic and epiphytic fungal communities in
these substrates. This is supported by the differences in plant
species composition between areas (Amorim et al. 2005, 2009;
Rocha & Amorim 2012).

Thus, our results show that A. cephalotes colonies differ in
the composition of fungal communities but not in the diver-
sity of taxa, corroborating the idea that ants focus on control-
ling the loads of alien fungi in the garden instead of avoiding
specific fungi that are pathogenic to the ant gardens. However,
the survival or permanence of these alien fungi in the fungus
gardens probably is due to their potential to compete with
other microorganisms, their metabolic capability to use the
plant material collected by the ants and, their antagonism
with the ant cultivar (Silva et al. 2006; Van Bael et al. 2009).

Our analysis of community structure also revealed that the
sampling period is a strong factor involved in the structuring
of filamentous fungal communities in colonies of A. cephalotes
(Fig 4). A variety of factors may explain this result: (i) the dif-
ferences in the frequency of the foraging behaviour of the
ants between the sampling periods (winter and summer); (ii)
the variations in the type of plant substrate added in the fun-
gus gardens; or (iii) the presence and abundance of Escovopsis
sp., Escovopsioides nivea and Trichoderma spirale, fast-growing
fungi that might have influenced the recovery of additional
fungi.

Regarding the occurrence of the prevalent fungi, Escovopsis
sp. and E. nivea were found in 66.6 % of the colonies evaluated.
Escovopsis parasites have been reported from colonies of sev-
eral genera of attine ants with frequency ranging from 11 %
to 75 %, especially in Central America (Currie et al. 1999;
Currie 2001; Gerardo et al. 2006). On the other hand, Escovopsis
is either rare or absent in Atta texana colonies in the United
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Fig 4 — Nonmetric multidimensional scaling (NMDS) analy-
sis showing structuring of the fungal communities in the
gardens of Atta cephalotes. Fungal communities are repre-
sented by (i) the nest origin, which includes either the forest
(FO1—-FO6) or cabruca agrosystems (CA7—CA12) and (ii) the
sampling periods, which include winter and summer.
Communities separated by sampling period (coordinate 1).
Data points circled in black denote colonies with high
abundance of Escovopsis sp., E. nivea, and T. spirale isolates.
The stress value of this analysis is 0.12.

States (Rodrigues et al. 2011). According to Rodrigues et al.
(2005), the parasite was found in 15 % of the Atta sexdens rubro-
pilosa gardens sampled in the state of Sao Paulo. Conversely,
the present study showed that Escovopsis sp. is abundant in
A. cephalotes gardens in Brazil, which makes the epidemiolog-
ical scenario of this parasite quite puzzling, considering that
all studies used the same detection method. However, the
study by Augustin and colleagues (2013) reported the occur-
rence of Escovopsioides in 72 % of Acromyrmex spp. colonies

Table 2 — Contribution of the fungal taxa to the overall
dissimilarities between fungal communities found in the

fungus gardens of Atta cephalotes samples in the forest
and the cabruca agroecosystems. Individual contribution
(IC), cumulative contribution (CC).

Species IC (%) CC (%)
Escovopsis sp. 21.93 21.93
Escouvopsioides nivea 20.75 42.68
Trichoderma spirale 7.83 50.52
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found in a particular area in Vigosa, Brazil. The fact that this
fungus also occurs in high incidence in a different leaf-
cutting ant (A. cephalotes) may reflect a yet unknown role in
fungus-growing attine ant gardens. However, so far, no study
has explored the beneficial or pathogenic potential of Escovop-
sioides, which offers new opportunities for research.

Trichoderma spirale occurred in seven of the 12 sampled
nests (58.3 %). This result is consistent with observations
from other studies reporting Trichoderma as a prevalent fungus
in the colonies of leaf-cutting ants, such as Atta laevigata
(Barbosa 2004) and A. sexdens rubropilosa (Rodrigues et al.
2005, 2008). In a recent study, where fungi diversity in the
soil adjacent to the fungus chambers of A. sexdens rubropilosa
and Atta bisphaerica were assessed, Rodrigues et al. (2014)
found T. spirale to be the predominant species. Moreover, Tri-
choderma was found on the integument of winged females Atta
capiguara and A. laevigata (Pagnocca et al. 2008). Fungi of the
genus Trichoderma are considered possible candidates for the
biological control of leaf-cutting ants due to their antagonistic
properties with respect to the ant fungal cultivar (Ortiz &
Orduz 2000; Silva et al. 2006; Pagnocca et al. 2012).

The fungal genera Diaporthe, Fusarium, Pestalotiopsis, and
Phomopsis each accounted for less than 3 % of the abundance
and may be considered endophytes (Van Bael et al. 2009;
Bittleston et al. 2011; Rodrigues et al. 2011; Santos et al. 2011,
Gomes et al. 2013). Recent studies showed that the ants prefer
leaves with low loads of endophytic fungi because the insects
take more time cleaning the plant material with the higher
abundances of fungi (Bittleston et al. 2011). According to
Coblentz & Van Bael (2013), preference for leaves with a low
abundance of endophytic fungi is advantageous due to vari-
ous factors: (i) showing preference allows the ants to avoid
competition between the endophytic fungi and the mutualist
fungus (either a direct effect or indirectly by production of sec-
ondary compounds) and (ii) the endophytes may have a toxic
effect on the ants.

The fact that the filamentous fungi from colonies of A.
cephalotes are cosmopolitan suggests that they are acciden-
tally transported to nests (Poulsen & Currie 2006). In this
case, many of the fungi isolated in this study may not play
a specific role in the ant colony. Compared to the specialized
parasitic fungus Escovopsis, these filamentous fungi are con-
sidered nonspecific antagonists of the mutualistic fungus
(Rodrigues et al. 2008; Pagnocca et al. 2012). Thus, our data pro-
vide further evidence that these fungi are transients, but they
have the potential to become antagonistic, especially when
gardens are stressed (Rodrigues et al. 2005).

In agreement with the results from previous studies on
other leaf-cutting ant species, our data show that A. cephalotes
colonies are in continuous contact with various filamentous
fungi derived from plants and soil. Rodrigues and colleagues
(2011) and Pereira et al. (unpublished work) indicated that the
plant material added to the fungus garden is one factor that in-
fluences fungal communities in leaf-cutting ant colonies. Al-
though fungal richness and diversity did not differ between
the two studied areas as we have predicted, we found that fun-
gal community composition varies according to location and
sampling period. The forest and the cabruca areas present dis-
tinct differences in plant species composition that may offer
differential resource opportunities for the ants to forage

(Amorim et al. 2009), which may have contributed to the ob-
served results. Although communities have been differenti-
ated in terms of composition, the observed structure is also
explained by the presence of the genus Escovopsis and other
fungi found in high abundance; thus, the location and sam-
pling period are not the only factors thatinfluence the diversity
and composition of these communities.
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