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Abstract Fungus gardens of the basidiomycete Leucoco-
prinus gongylophorus sustain large colonies of leaf-cutting
ants by degrading the plant material collected by the ants.
Recent studies have shown that enzyme activity in these
gardens is primarily targeted toward starch, proteins and the
pectin matrix associated with cell walls, rather than toward
structural cell wall components such as cellulose and hemi-
celluloses. Substrate constituents are also known to be sequen-
tially degraded in different sections of the fungus garden.
To test the plasticity in the extracellular expression of fun-
gus-garden enzymes, we measured the changes in enzyme
activity after a controlled shift in fungal substrate offered
to six laboratory colonies of Atta cephalotes. An ant diet
consisting exclusively of grains of parboiled rice rapidly
increased the activity of endo-proteinases and some of the
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pectinases attacking the backbone structure of pectin mol-
ecules, relative to a pure diet of bramble leaves, and this
happened predominantly in the most recently established
top sections of fungus gardens. However, fungus-garden
amylase activity did not significantly increase despite the
substantial increase in starch availability from the rice diet,
relative to the leaf diet controls. Enzyme activity in the
older, bottom sections of fungus gardens decreased, indi-
cating a faster processing of the rice substrate compared
to the leaf diet. These results suggest that leaf-cutting ant
fungus gardens can rapidly adjust enzyme activity to pro-
vide a better match with substrate availability and that
excess starch that is not protected by cell walls may be
digested by the ants rather than by the fungus-garden
symbiont.

Keywords AZCL assay - Leucocoprinus gongylophorus -
Enzyme activity - Mutualism - Plant degradation

Introduction

Leaf-cutting ants maintain characteristic fungus gardens
inside their nest that they supply with fragments of leaves,
fruit and other fresh plant material. The mutualism is
obligatory for both the symbiotic fungus and the ants
(Mueller et al., 2005), as the fungus is dependent on the ants
for substrate provisioning and control of competing and
pathogenic microbes (Currie et al., 1999; Hart et al., 2002;
Valmir Santos et al., 2004), whereas the ants are dependent
on the fungus as their main food component (Weber, 1966;
Littledyke and Cherrett, 1976; Quinlan and Cherrett, 1979).

The most highly advanced and complex agricultural
systems are found in the leaf-cutting ant genera Atfa and
Acromyrmex (Weber, 1966; Mueller et al., 2001; Mueller

@ Springer


http://dx.doi.org/10.1007/s00040-010-0127-9

146

P. W. Koojj et al.

etal., 2005), which evolved 8—12 million years ago (Schultz
and Brady, 2008) and are characterized by mainly collecting
fresh plant material (De Fine Licht and Boomsma, 2010).
Atta and Acromyrmex workers carry freshly cut leaves to the
nest where they process this material into substrate for their
crop symbiont Leucocoprinus gongylophorus, by chewing it
into minute pieces that are mixed with “saliva”. These leaf
pieces are deposited on the outer edges of the top section of
the garden, after which fragments of mycelium are added,
together with fecal fluid that contains fungal enzymes that
have survived gut passage, to assist with initial substrate
degradation (Boyd and Martin, 1975; Quinlan and Cherrett,
1977; Bass and Cherrett, 1994; Erthal et al., 2009). While
the fungus garden degrades this plant material, it eventually
produces inflated hyphal tips (gongylidia) that are prefer-
entially eaten by the ants before the old mycelium is
removed from the bottom sections of the garden (Bass and
Cherrett, 1995; Schigtt et al., 2008).

The consecutive breakdown of plant material implies that
specific sections can be recognized as representing different
stages of plant degradation: a top section that is often rel-
atively darker in color because of an excess of (usually
green) leaf substrate and still sparse growth of new ant-
inoculated tufts of mycelium; a middle section with denser
mycelial growth where most of the gongylidia are produced
and most of the ant brood is kept (Weber, 1972); a bottom
section with very dense mycelial growth where most of
the plant material has been degraded and the exhausted
mycelium is discarded by the ants (Weber, 1966). These
consecutive sections can be easily recognized in laboratory
colonies kept in cylindrical containers to emulate the shape
of natural gardens (see below) and also in natural colonies
upon excavation (De Fine Licht and Boomsma, 2010),
although the relative size of the different sections is
assumed to be somewhat dependent on seasonal shifts in
foraging activity.

Recent studies have shown that enzyme activity differs
between the sections in a leaf-cutting ant fungus garden
(Schigtt et al., 2008) and that pectinases are particularly
active in the early stages of degradation, presumably to
dissociate the pectin matrix between the harder cell wall
fibers to allow the proteinases and amylases to degrade the
inner contents of the plant cells (De Fine Licht et al., 2010).
The cross-linking glycans (hemicelluloses) that connect
cellulose microfibrils are usually not degraded until the
material is located in the middle and lower parts of the
fungus garden, whereas the cellulose microfibrils are not
disassociated and unlikely to be degraded until they are
deposited in the refuse pile and exposed to a specific bac-
terial community (Gomes de Siqueira et al., 1998; D’Ettorre
et al., 2002; Schigtt et al., 2008; Erthal et al., 2009; De Fine
Licht et al., 2010; Scott et al., 2010). The ants themselves
are able to break down and digest starch, chitin, proteins and
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simple sugars (D’Ettorre et al., 2002; Erthal et al., 2004;
Richard et al., 2005; Erthal et al., 2007) and thus largely
express complementary enzyme profiles to the fungus gar-
den (D’Ettorre et al., 2002; Richard et al., 2005; Erthal et al.,
2009).

In the present study, we measured the dynamics of
enzyme activity across the three different sections of fungus
gardens of the laboratory colonies of Atta cephalotes, fol-
lowing a controlled shift in ant diet, to test the hypothesis
that fungus gardens have evolved some degree of plasticity
in enzyme production in response to a diverse range of
natural substrates, not only of fresh plant material, but also
of dry plant material, insect feces, seeds, flowers and fruit
(Price et al., 2003; De Fine Licht and Boomsma, 2010).
Specifically, we asked: (1) whether enzyme activity in the
fungus garden responds in a predictable way to changes in
fungal substrate that increases starch and protein availabil-
ity; (2) how fast fungus gardens can make such adjustments
to new forage; and (3) whether the activity of other enzymes
is decreased when substrate nutrients are biased relative to
normal forage.

Materials and methods
Ant colonies and feeding regimes

Six queenright colonies of Atta cephalotes (Attini: Myr-
micinae: Formicidae) were used in the experiments. All
colonies were maintained in climate rooms with standard
conditions of ca. 25°C and ca. 70% relative humidity and
a standard laboratory diet of bramble leaves, rice grains
and apple. At the onset of the experiment, three colonies
(1: ACe-X-BB, 2: ACe-2008-22, 3: ACe-19-BB) were
chosen randomly and henceforth provided with a diet of only
bramble leaves, whereas three other colonies (4: ACe-10-BB,
5: ACe-21-BB, 6: ACe-16-BB) were provided with a diet of
only parboiled rice. All six colonies were measured for
enzyme activity (see below) just before the diet was chan-
ged (fy) and then measured every third day for a total
30 days (Fig. 1), i.e., on the same days that fresh food was
provided. The bramble leaf diet resembles the natural diet
and is the standard one used to maintain laboratory colonies
at the University of Copenhagen, so it served as control
treatment in the experiment. The rice diet has a higher
amount of starch and proteins and a lower amount of cel-
lulose compared to bramble leaves (Table 1). Bramble
leaves have a complex structure and contain many compo-
nents, which can be degraded by the fungal symbiont, even
though they also contain defensive anti-herbivory com-
pounds such as tannins (Selvendran, 1984; Chapin III and
Shaver, 1988), although these do not appear to affect colony
growth under laboratory conditions. The huskless rice
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Fig. 1 The experimental setup used in this study. Fungus-garden
samples were taken at f, prior to the experimental treatment, after
colonies had been fed with a mixed laboratory diet of bramble leaves,
rice grains and pieces of apple (a). At ¢, three colonies were randomly
assigned to a diet of only bramble leaves and three other colonies to a
diet of only parboiled rice (a, b). Every third day until day 30, fungal

~—

samples were collected from each colony with two samples collected
from the top-, middle- and bottom sections of gardens and from the
debris pile, respectively, and immediately measured for enzyme
activity on AZCL assay plates (c) following standard methods (see text
for details) (Photo: Pepijn Kooij)

Table 1 Main carbon sources in the experimental diets and their expected degradation enzymes

Diet Main constituents

Assumed degrading enzymes measured in this study

Rice grains™ °
Bramble leaves™ ¢

Starch, hemicelluloses, proteins; no distinct cell walls

Cellulose and hemicelluloses associated with
cell walls; starch and proteins inside the cells

a-Amylase, endo-proteinases, endo-xylanases, fi-glucanase

Cellulases, xyloglucanase, a-amylase, endo-proteinases,
endo-xylanases, ff-glucanase

The lack of distinct cell walls and the relative higher amounts of starch and proteins in rice were expected to induce a higher enzyme activity of

fungal amylases and proteinases in the fungus garden

2 Champagne et al. (2004), *Selvendran (1984), °“Chapin III and Shaver (1988)

grains, on the other hand, provide energy-rich and easily
degradable “packages” that can be cut into pieces by the
ants. These grains do not have defensive chemical com-
pounds, but potentially have nutritional deficiencies that
would preclude long-term sustainable maintenance of attine
fungus gardens (Champagne et al., 2004).

Enzyme extraction

From each of the six colonies, two replicate fungus-garden
samples were taken every third day from the surface of each
of the three sections (top, middle and bottom) and from the
debris pile. This yielded eight samples per colony consisting
of two replicate samples per section that were evaluated
separately. Enzymes were extracted using previously pub-
lished methods (R¢gnhede et al., 2004; De Fine Licht et al.,
2010). Fungus-garden material (120 mg) was crushed with

a pestle in a 1.5-ml Eppendorf tube containing 500 pl of
0.05 M TRIS-HCI buffer (pH 7.0). Immediately after col-
lection, samples were vortexed and then centrifuged for
15 min (15,000g at 4°C) and the supernatant, now con-
taining the enzymes, was subsequently removed and kept on
ice until further analysis (<30 min).

Enzyme assays and screening

The extracts were tested for enzyme activity on 12 different
Azurine-crosslinked (AZCL) substrates: amylose, casein,
collagen, debranched arabinan, rhamnogalacturonan, galac-
tomannan, galactan, HE-cellulose, barley f-glucan, xylo-
glucan, xylan and arabinoxylan that were chosen because
these substrates yielded positive enzyme activities in an
earlier study (De Fine Licht et al., 2010). Enzyme activities
were measured following standard conditions as described
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earlier (Schigtt et al., 2008; De Fine Licht et al., 2010).
Briefly, assay plates were prepared for each substrate using
an agarose medium (1% agarose, 23 mM phosphoric acid,
23 mM acetic acid, 23 mM boric acid) and the pH adjusted
for each substrate according to the manufacturer’s descrip-
tion (Megazyme, Bray, Ireland). Test plates were made from
0.1 g/l AZCL substrate, which was poured in 6-cm Petri
dishes. After the medium had solidified, round wells (area of
ca. 0.1 cm?) were made in each plate with a cut-off pipette
tip. For the samples from the top, middle and bottom sec-
tions, 12 pl of the supernatant was applied in each well in
duplicate. For the samples of the debris pile, 6 pl of the
supernatant was applied in the wells in duplicate. After 22 h
of incubation at 25°C, the plates were photographed and the
area of the blue halo surrounding each well [which is a
quantitative measure for the amount of enzyme activity
(Hasper et al., 2004; Schigtt et al., 2008; Pedersen et al.,
2009; De Fine Licht et al., 2010)] was measured using the
software program ImagelJ ver. 1.41 for Macintosh (Fig. 1).
The average halo area of the two duplicate samples collected
from each garden section and colony was calculated and used
in further analysis as a single data point.

Statistical analysis

The differences over time in enzyme activity between the
two diets were examined using an ANOVA for repeated
measures (RMD) in JMP ver. 7.0.2 for Macintosh. Factors
included in the model as predictors of enzyme activity were:
(1) diet, either rice or bramble leaves; (2) time, days since
the onset of the experiment, and (3) the interaction of diet
with time. Because of insufficient degrees of freedom, the
assumption of sphericity could not be tested explicitly, so
that approximate Huynh—Feldt estimates of epsilon (Winer
etal. 1991) were used to correct for possible biases. The data
were also analyzed using a split-plot design (R? between
0.55-0.90), which gave similar results as the repeated mea-
sures ANOVA (data not shown).

Results

The complete results of the AZCL measurements are given
in the Supplementary Online Material. In the top sections of
fungus gardens where the initial degradation takes place,
endo-protease (casein: Fg3, = 2.3945, p = 0.0388; colla-
gen: Fgq40 = 4.9202, p = 0.0001) and pectinase activity
(rhamnogalacturonan: Fy 34 = 2.4500, p = 0.0297) rapidly
increased in the colonies provided with the rice diet, relative
to the leaf-diet controls, and remained high throughout the
experiment, although this was not significant for endo-
protease measured with casein. Also o-amylase activity
changed significantly with time during the experiment
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(F1040 = 2.3162, p = 0.0294), but the excess activity of
this enzyme in the top section was less pronounced and not
significant (Fg40 = 0.0642, p = 0.8125) compared with
the leaf diet. Apart from a gradual increase in endo-xylanase
activity (arabinoxylan: F;3o = 3.1114, p = 0.0119), all
remaining enzyme activities measured in the top section of
the fungus garden did not change throughout the experiment
(see Supplementary Online Material).

Except for three pectinases (debranched arabinan,
galactan and rhamnogalaturonan) and two endo-proteinases
(casein and collagen), all other enzymes gradually decreased
in mean activity toward the bottom section of the fungus
gardens, although these decreases were not significant as they
were always associated with substantial increases in variance
(see Supplementary Online Material). To increase the gener-
ality and power of tests, we focused on specific mean enzyme
activities at day 30 relative to day 0, and we combined the 12
enzymes into five functional groups: proteinases, amylase,
cellulases, xylanases and pectinases (Fig. 2). This produced a
clear difference in enzyme activity between the three different
fungus-garden sections and the debris pile. All functional
groups showed increased activity in the top—middle sections
and decreased activity in the bottom-debris pile sections fol-
lowing the shift in diet from rice to bramble leaves (Fig. 2),
but the rate at which this happened and the extent of difference
varied across the functional groups. Proteinases and amylase
had a higher activity in the top section and reduced enzyme
activity directly afterward. The activity of cellulases was only
slightly increased, but lasted through the middle section,
similar to xylanases. Pectinases, however, had an increased
activity throughout all three sections of the fungus gardens
(Fig. 2).

Discussion

Efficient enzymatic degradation of plant material is cru-
cially important for nourishment in leaf-cutting ant
colonies. The choice of substrate by fungus-growing ants of
different genera was recently shown to have affected
enzyme activity of fungus gardens over an evolutionary
timescale (De Fine Licht et al., 2010). The present study
supplements these insights by evaluating the degree of
plasticity in enzyme expression in response to short-term
changes in forage in a single species, A. cephalotes. We
used an unusual and artificial diet of only rice to confront the
ant symbiont with the equivalent of “easy fast food” enri-
ched in protein and carbohydrates and found that such diet
shift does indeed change the enzyme profiles expressed by
fungus gardens in a section-specific way that appears to
reflect the rate of decomposition. Leaf-cutting ants collect a
wide spectrum of food items that require many extracellular
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Fig. 2 Mean enzyme activities (£SE) at day 30 (#30) relative to the
onset of the experiment (#y) per functional enzyme group and fungus-
garden section, based on 1-4 AZCL substrates per group of enzymes
(see Supplementary Online Material). In all five enzyme groups the
rice-induced activity increased in the top sections and decreased in the
bottom section and debris pile, relative to the bramble leaf diet. The

fungus-garden enzymes to optimize substrate utilization
(De Fine Licht and Boomsma, 2010). The parboiled rice-only
diet that we provided had two major resource enrichments,
starch and protein (Table 1), which produced interestingly
different degrees of change.

The main component of rice is starch (Champagne et al.,
2004), but despite the elevated influx of starch associated
with the rice-based diet, the z-amylase activity of fungus
gardens did not appear to increase substantially in the top
sections of the fungus garden (see Supplementary Online
Material). This may be because the level of a-amylase
activity in natural fungus gardens of Acromyrmex and Atta
leafcutter ants is already elevated relative to the gardens of
their Trachymyrmex and Sericomyrmex ant sister clades,
possibly as a general adaptation to the active leaf-cutting
habit (De Fine Licht et al., 2010). Although a more sub-
stantial sample size might have shown that these smaller
differences were real (e.g., the patterns between proteinases
and amylase in Fig. 2 are similar, but only a single amylase

T T T
Middle Bottom Debris

pictures toward the bottom right are representative examples of the
macroscopically visible differences in color and texture between
fungus gardens provided with only bramble leaves (leff) and only rice
diet (right) after 15 days, i.e., halfway through the experiment (photos:
Pepijn Kooij)

substrate was used so that the latter enzyme activities had no
error bars), the ants might have also already ingested and
digested most of the starch using the o-amylases from their
labial glands (D’Ettorre et al., 2002; Erthal et al., 2004;
Erthal et al., 2007). This would be consistent with the notion
that adult leafcutter ants also directly ingest plant sap and
fruit juice (Littledyke and Cherrett, 1976) and would imply
that the ants can extend this habit to any source of starch that
is not contained in hard cell walls that their fungal symbiont
needs to breach first. If excess starch would be processed in
this way, the increased concentration of glucose might then
affect the production of fungal amylase by some ant-
induced feedback mechanism (Silva et al., 2006a, b). Such
conditional inhibition scenarios have previously been pro-
posed for cellulases and xylanases produced in fungus
gardens (Silva et al., 2006a; Schigtt et al., 2008), because
filamentous fungi generally ensure that decomposition
enzymes are produced only when the end product of the
catalytic reaction is in limited supply.
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It is much less clear to what extent adult leaf-cutting ants
produce substantial amounts of proteinases themselves
(Erthal et al., 2004, 2007), as the production of protein
degrading enzymes might compromise the efficiency of
fungal enzyme transfer via the fecal droplets to newly
established top sections of gardens (Poulsen and Boomsma,
2005; Schigtt et al., 2008). If constraints of this kind exist, it
would possibly explain our finding that fungal enzyme
reactions to the enhanced protein content of rice, relative to
bramble leaves, were consistently positive. Provisioning
with fungal enzymes via fecal droplets may thus be the ants’
way of assisting the fungus garden in rapidly acquiring an
optimal enzyme activity profile for the amount of substrate
present. The rapid changes we observed in protease and
rhamnogalacturonase activity in the top section (see Sup-
plementary Online Material) may thus have been facilitated
by increased fecal droplet production by the ants, because
fecal droplets are known to contain several proteases and
pectinases (Rgnhede et al., 2004).

The overall patterns in Fig. 2 indicate that a diet shift to
rice grains reduced enzyme activity in the bottom of fungus
gardens for essentially all functional groups of degradation
enzymes. With ad libitum provisioning, as carried out in these
experiments, this might imply that the ants would tend to
discard old fungus-garden material earlier relative to the
controls in which they used bramble leaves as fungal sub-
strate. After 30 days of using only rice as substrate, the fungus
gardens in our experiment had indeed shrunk substantially
(P. W. Kooij, pers. obs.), but we only realized this after the
experiments had been completed and so measurements
were not available. However, we cannot exclude that the
rice-only diet imposed other nutrient deficiencies that may
have reduced fungal growth or functioning after some time.

Rapid fungal enzyme activity responses to increased
resource availability in the top section of fungus gardens are
likely to be adaptive, because the L. gongylophorus fungus-
garden symbiont competes with other microbes that might
otherwise gain unwelcome growth advantages (Scott et al.,
2010). This was underlined in our laboratory experiments
by rice diets, increasing the likelihood of mite infestations in
the provisioning boxes of our colonies. Although our results
illustrate that rice only is a highly artificial diet, it is also
clear that the ants are eager to exploit rice grains when they
are provided in addition to bramble leaves and pieces of
apple, as this combination has been a highly appropriate
standard diet for our laboratory colonies for many years.
This raises the question why the collection of grass seeds,
which would have at least some of the same protein and
starch contents as rice grains, is not more common in fun-
gus-growing ants.

It is known that diverse types of seeds and seed husks are
collected by almost all genera of fungus-growing ants under
natural conditions (Leal and Oliveira, 2000), but seeds
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appear to make up a vanishingly small proportion of the total
plant material collected (Price et al., 2003; De Fine Licht
and Boomsma, 2010). Even in grass-cutting attine species
where the ants might be expected to encounter grass seeds
more easily, seed collection has hardly been observed (W.
O. H. Hughes, pers. obs.). This is remarkable, as other ant
genera such as Pogonomyrmex, Messor and Pheidole have
specialized in seed harvesting (Johnson, 2001). This sug-
gests that grass seeds, as exemplified by rice grains in our
study, are unlikely to be a long-term sustainable substrate
for the clades of fungi that are domesticated by attine ants,
possibly because they lack a full complement of nutrients to
sustain garden growth (Champagne et al., 2004). As the C/N
ratio of rice is very high, it is tempting to hypothesize that
grass seeds are deficient in nitrogen to act as good fungal
substrates, even in ant fungus gardens that have recently
been shown to derive a significant part of their proteins from
nitrogen-fixing bacteria (Pinto-Tomas et al., 2009).
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