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Abstract. Currently, it is still controversial if the degradation of cellulose in the fungal gardens of leaf-
cutting ants is small or large, and whether the resulting products would serve as an important source of
energy. In the present study, the cellulose degradation was evaluated in the gardens of the leaf-cutting ant
Atta capiguara, by means of quantification of the cellulose in the leaves, before the entrance in the
colonies and soon after the discarding of these in the garbage. It was found a 74.9% reduction of cellulose
in this material. The gardens of leaf-cutting ants and the digestive tract of ruminant animals can be
considered analogous systems, because, in both, symbiotic microorganisms degrade cellulose from fresh
plant material, to serves as an important source of energy. However, the permanence of the plant material
in the fungal gardens is much higher in relation to the rumen, raising the energy demand of the symbiotic
microorganisms, which probably leads them to consume most of the energy. On the other hand,
considering the fact that the ants do not survive without their cultivated fungus, it is evidenced that,
although predominantly indirect, cellulose is very important to leaf-cutting ants.
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1. Introduction

Leaf-cutting ants (Hymenoptera: Formicidae) exert important herbivory of the
neotropical region. They forage fresh parts of plants taking them inside of the nests
where they fragment them into smaller pieces, and use them to grow their mutualistic
fungus Leucocoprinus gongylophorus (Moller) Heim (Basidiomycota: Agaricaceae)
(Bass & Cherrett, 1995; Nygaard et al., 2016; Mueller et al., 2017). Ants obtain most of
their nutritional needs through the microbial degradation of biopolymers, particularly
carbohydrates and proteins, present in forage plants (Bass & Cherrett, 1995; De
Siqueira et al., 1988; Silva et al., 2003; Aylward et al., 2013).

It is a consensus that the degradation of the simplest compounds, such as starch,
starts rapidly in the upper portions of the garden, where the ants add the leaves.
However, there is controversy whether, in the basal portion, a large (Martin and Weber,
1969; Nagamoto et al., 2011, Moreira-Soto et al., 2017) or small (De Siqueira et al.,
1988; Moller et al., 2011; Somera et al., 2015) cellulose degradation occurs.
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Firstly, based on in vitro results (culture medium) and a preliminary in vivo
digestibility study, it was proposed that the fungus would be capable of degrading large
amounts of biopolymers from plants, including cellulose, which would be an important
energy source (Martin & Weber, 1969). Later, De Siqueira et al. (1988) showed that this
fungus, grown in vitro, presents a low cellulase degradation and assimilation when
compared to other enzymes such as xylanases, pectinases or amylases.

In addition to the cultivated fungus, there is growing evidence that bacteria and
yeasts also have degradation capability of cellulose and other biopolymers of the cell
wall, although it is not yet known to what extent this may be important for ants (Bacci
et al., 1995; Suen et al., 2010; Aylward et al., 2012a, 2012b; Mendes et al., 2012,
Somera et al., 2015; Kooij et al., 2016; Moreira-Soto et al., 2017).

Moller et al. (2011) found a high cellulose level in the fungus garden debris and
did not find evidence that cellulose is utilized as a significant substrate, although
hypothesized that cellulases may have a more significant role under sub-optimal
foraging conditions. Additionally, Somera et al. (2015) observed low cellulase activity
in gardens. Moreover, ultrastructural studies of leaf fragments showed significant
degradation of cellulose in the gardens of ants, leaving only the most lignified leaf
structures (Nagamoto et al., 2011; Moreira-Soto et al., 2017).

To shed light on this controversy, cellulose degradation was evaluated in vivo,
quantifying the cellulose in the leaves, before entering the colonies and immediately
after discarding them in the garbage chambers. Field colonies of the grass cutter ant Atta
capiguara Gongalves 1944, were used.

2.  Materials and methods

Five adult A. capiguara colonies were found in Paspalum notatum pastures
located in the city of Botucatu (22°53°09”’S and 48°26°42°°W), Sao Paulo, Brazil.
These colonies foraged exclusively on Paspalum notatum Fliigge (Bahia grass) leaves, a
South American native grass.

Whole leaf fragments that were carried by the workers, as well as fragments
recently discarded into the garbage chamber, were collected, identified, and stored
separately in a freezer. These underground garbage chambers were accessed by digging
with hand tools. Prior to processing, those fragments were dried in a lab oven at 50 °C
until constant weight was achieved. The fragments were then ground in a mill and sifted
through a fine mesh sieve. Samples (1 g) from each treatment were submitted to a
chemical composition analysis for cellulose percentage quantification, according to the
Van Soest method, 1967, described by Silva (1991).

In order to correct the effect of biomass loss due to assimilation and respiration
(Martin & Weber, 1969; Oliveira et al., 2012; Reis et al., 2017), the conversion factor
of 2.10 obtained for Atta capiguara by Garcia et al. (2003) was used. Statistical analysis
(paired t-test) was performed comparing the fresh material with the garbage samples
after the application of the conversion factor. The conversion factor, traditionally used
in leaf-cutting ants, is the ratio of forage material incorporated into the garden and the
disposal of this material in the trash, and its value usually varies around 2.0 for grass
cutting ants (Jonkman, 1977; Fowler et al., 1990).
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3. Results and Discussion

The cellulose determinations on the P. notatum leaf fragments, before and after
being used by the symbiotic fungus, resulted in concentrations of 30.4% (0.304 g per
sample) and 16.0% (0.160 g) respectively. Such difference in concentration is not a
good measure of how much cellulose has been degraded since it does not take into
account the reduction of plant mass through processes such as microbial respiration and
assimilation by the animal symbiont. Thus, it is necessary to apply a correction method
to correctly evaluate the degradation of a given polymer (Gray, 1947; Martin & Weber,
1969; Barry & Manley, 1984; Reis et al., 2017; Oliveira et al., 2012). In the present
work, we corrected through the conversion factor (Garcia et al., 2003), resulting in
mean reduction from 0.3040 to 0.0762 g (Fig. 1) (74.9% cellulose degradation). The
difference between treatments is statistically significant (paired t-test; p value =
0.0000000333, df = 4).
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Fig. 1. Cellulose amount per Paspalum notatum sample (+SD), before and after the permanence
in ant’s garden

The explanation for the significant presence of cellulose in the discarded material
(16.0%) is that the thick lignin layer in the cells with secondary wall performs as a
physical barrier (Suen et al., 2010; Nagamoto et al., 2011; Nygaard et al., 2016),
protecting them from the degradation promoted by the carbohydrate-active enzymes
present in the fungus garden (Suen et al., 2010; Khadempour et al., 2016). It is noted
that even after passage into the digestive tract of herbivorous animals, such as sheep and
horses, well known to be capable of using cellulose, a substantial amount of such
polymer is also found (Gray, 1947; Barry & Manley, 1984; Oliveira et al., 2012).

This result is not inconsistent with that of Martin and Weber (1969), where the
garbage material was compared with the partially degraded material (incorporated in the
garden), and thus an underestimated value of 45% was obtained. Also underestimated
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are 30% of Suen et al. (2010), because in this case, it is uncorrected degradation. Thus,
these quantitative evidences support the works of Nagamoto et al. (2011) and Moreira
Soto et al. (2017), which, based on ultra-structural evidence, concluded that there is
great degradation of cellulose in the gardens of leaf-cutting ants.

This high rate of degradation that was found is similar to the ruminant animals
(Barry & Manley, 1984) (for more details, see Tab. 1). In contrast, in humans
(omnivorous), the reduction is lower (Southgate & Durnin, 1970); this fact, together
with the much lower fiber intake (McGill & Devareddy, 2015), results that less than
10% of human energy needs come from this source (McNeil, 1984). On the other hand,
ruminants derive about 70% of their energy requirements from plant fiber through
microbial degradation (Flint & Bayer, 2008). Leaf-cutting ants, as well as ruminants,
primarily use fresh fiber-rich plants, and, in partnership with their symbiotic
microorganisms, degrade cellulose in large amounts. Therefore, in these terms, they can
be considered systems that have become analogous through evolutionary convergence.
On the other hand, the permanence of plant material in fungus gardens is much greater
than in the digestive tract of herbivorous or omnivorous animals (Table 1).

Table 1. Comparison of cellulose degradation, fibers consumption, permanence,
and energy contribution, in different systems

cellulose degradation fibers input time of permanence Energy (%) from
rate fibers
Sheep (ruminant) | high (63-78%) © high (252-293 g/day)® | short (few days) @ Rggh (up to 70%)
Man lower (15.4-55.1%) @ | low (16.1 g/day) @ short (few days)© | low (<10%) ©
(omnivorous)
Atta capiguara high (74.9%) © high (grass leaves) © long (2-3 months) @ | see discussion
garden

(a) Barry and Manley (1984); (b) Flint and Bayer (2008); (c) Southgate and Durnin (1970); (d)
McGill and Devareddy (2015); (e) McNeil (1984); (f) present work; (g) Fisher et al. (1996), and
Sousa-Souto et al. (2007).

The gongylidia (inflated hyphal tips) are the exclusive food of the young forms of
leaf-cutting ants, and are richer in protein compared to hyphae (Quinlan & Cherrett,
1979; Bass & Cherrett, 1995). The literature reports that the degradation of cellulose is
concentrated mainly in the basal portion of the gardens of leaf-cutting ants, where fewer
gongylidia occur. These facts have been used as indirect evidence that cellulose
degradation is not of great importance to ants (Grell et al., 2013; Somera et al., 2015;
Kooij et al., 2016).

However, the consumption of gongylidia is not the only way for worker ants to
obtain nutrients. For instance, Somera et al. (2015) demonstrated that the fungus,
secretes polyols in the gardens, and the ants ingest them, probably via grooming. In
addition, hyphae, although less rich in protein, are also consumed by them (Quinlan &
Cherrett, 1979; Bass & Cherrett, 1995) and thus may also be important as an energy
source for adult ants. Grell et al. (2013) hypothesized that the energy from cellulose
serves for the hyphae respiration in the basal portion of the garden, preventing its
disintegration. Then, cellulose, indirectly, can be useful to the workers, obtaining some
energy through the consumption of these structures (hyphae in the basal portion) in
periods of scarcity.
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The ability of fungi to degrade lignin was lost along co-evolution with the ants
(Nygaard et al., 2016), but recent studies have consolidated that L. gongylophorus is
fully capable of degrading the other polymers of the cell wall and the middle lamella
(Aylward et al., 2013; Grell et al., 2013; Lange & Grell, 2014; Khadempour et al.,
2016; Nygaard et al., 2016). Cellulolytic capacity has probably been preserved because
it is adaptive, so it is unlikely that this fungus will not substantially degrade cellulose, or
that the metabolites of this cellulose have no significant utility. In addition to probably
degrading most of the cellulose under normal conditions (present study), L.
gongylophorus cellulases may have an even more increased role under sub-optimal
foraging conditions, as for example in dry seasons, when fresh leaf material, richer in
starch and poorer in cellulose, is less available (Moller et al., 2011; Grell et al., 2013).

Even though bacteria are found mostly in the older portion of the garden (Moreira
Soto et al., 2017), which correlates them with the fact that cellulose degradation also
concentrates on this site (Grell et al., 2013; Somera et al., 2015; Moreira Soto et al.,
2017), they seem to contribute less effectively to the degradation (Aylward et al., 2013;
Khadempour et al., 2016). On the other hand, Aylward et al. (2012a) have shown that
these bacteria are likely to participate in amino acid biosynthesis, B-complex vitamins
and other nutrients which potentially increase the growth or efficiency of the biomass
processing of the mutualistic fungus.

Taking into account the results obtained, considering the time of permanence of
the plant material in the fungus garden of the ants, and the current literature, it is
concluded that there is a great degradation of the cellulose in the fungus gardens of the
leaf-cutting ants, serving primarily as a source of energy for the metabolism of
symbiotic microorganisms, particularly the mutualistic fungus. Thus, taking the current
knowledge into consideration, and that the ants depend on their cultivated fungus,
cellulose has great importance, albeit indirectly, for the survival of leaf-cutting ants.
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