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Growth and Conidiation Response of Escovopsis weberi (Ascomycota:
Hypocreales) Against the Fungal Cultivar of Acromyrmex lundii
(Hymenoptera: Formicidae)

P. J. FOLGARAIT,"* J. A. MARFETAN 2 AND M. J. CAFARO?

Environ. Entomol. 40(2): 342-349 (2011); DOI 10.1603/EN10111

ABSTRACT Leaf-cutter ants (Acromyrmex and Atta spp.) exhibit ancient and complex interactions
with the symbiotic fungus Leucoagaricus (Basidiomycetes: Agaricales) from which they feed, and with
the virulent and specific fungus Escovopsis weberi ].J. Muchovej & Della Lucia (Ascomycetes:
Hypocreales) that attacks the ants’ fungal gardens. This system offers a unique opportunity to study
possible avenues for replacing polluting pesticides with a biological control agent against the ants. We
isolated both Leucoagaricus sp. and E. weberi from the gardens of Acromyrmex lundii Guérin-Méneville
colonies and confronted them with each other by growing Leucoagaricus on petri dishes and placing
inoculated pieces of agar inoculated with E. weberi at the edges. Here we present growth curves of
Leucoagaricus sp. and E. weberi in the absence of each other, as a baseline to which we compare the
effect of the fungi on each other. As expected, we found a negative effect of E. weberi on the ant cultivar
from different colonies of A. lundii. E. weberi increased its growth rate, as well as the levels of
conidiation, in the presence of the ant cultivar. We determined that a soluble and diffusible compound,
released by the cultivar, triggered, was responsible for, or did both for the increased levels of
conidiation in E. weberi, and that this response was reversible. We discuss why our results are
encouraging from a biological control perspective.
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cutter ants

Leaf-cutter ants (Acromyrmex and Atta spp.) are
among the most interesting social insects because of
their complex organization, their sophisticated level of
agriculture, as well as their fascinating interactions
with other organisms (Holldobler and Wilson 1990).
They are extremely important from an ecological per-
spective, with their multiple and amplified effects on
other organisms per se and in their roles as ecosystem
engineers (Folgarait 1998). From an applied perspec-
tive, their effects on the plants are profound as well,
as these ants are considered to be the main herbivores
of the Neotropics (Cherrett 1986).

Leaf-cutter ants have ancient symbiotic relation-
ships with fungi in the genus Leucoagaricus (Basidio-
mycetes: Agaricales), which the ants cultivate within
their nests for food, as well as with specific pathogenic
fungi in the genus Escovopsis (Ascomycetes: Hypoc-
reales) that target the cultivar (Currie et al. 1999, 2003,
Reynolds and Currie 2004). In addition, these ants
maintain relationships with Actinobacteria that pro-
duce chemical compounds (Haeder et al. 2009, Oh et
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al. 2009) against the pathogen (Currie et al. 1999,
Cafaro and Currie 2005, Poulsen et al. 2010, Cafaro et
al. 2010). Among this constant net of interactions there
is a myriad of other bacteria (Pinto-Tomis et al. 2009,
Suen et al. 2010); yeasts (Little and Currie 2008, Pag-
nocca et al. 2008); and filamentous fungi (Rodrigues et
al. 2005) with predominantly unknown roles in the
association.

The leaf-cutter ant symbiosis offers a unique op-
portunity to exploit specific natural enemies as po-
tential agents for biological control of these ants.
Among them, the pathogen Escovopsis is specific and
virulent and can result in the abandonment of nests or
their destruction (Currie 2001). Among the two spe-
cies of Atta and six species of Acromyrmex designated
as pests in Argentina (Elizalde 2009), Acromyrmex
lundii Guérin-Méneville is one of the most damaging
and has a broad geographical distribution (Farji
Brener and Ruggiero 1994, Elizalde and Folgarait
2010). To develop a biological control strategy against
A. lundii, using the pathogen Escovopsis to destroy its
fungal food source, it is necessary to better understand
the interaction between the cultivar and the selected
pathogen. If Escovopsis is to be used as a biological
control agent, understanding factors affecting growth
rate and conidiation levels of the pathogen is war-
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ranted because ideal conditions for their use commer-
cially can be analyzed and refined.

Fungi typically show a growth phase called tropho-
phase and a second phase, idiophase, where most of
the secondary compounds are produced (Aziz and
Smyk 2002). However, these two phases can overlap
causing the induction of chemical compounds at dif-
ferent times. Most of the literature dealing with in-
duction of secondary metabolites relates to mycotoxin
production in food contaminants, gene regulation, or
stress conditions that trigger secondary metabolism
(Aziz and Smyk 2002, Schmidt-Heydt et al. 2008).
Factors, such as carbon sources, NH, " availability, or
presence of particular metabolic precursors, seem to
be involved in inducing chemical compounds in fungi
(Demain 1986). In many cases, production of second-
ary metabolites and induction of conidiation can result
from fungal-fungal interactions (White and Boddy
1992, Savoie et al. 1998, Whipps 2001, Tsujiyama and
Minami 2005). Understanding how fungi, as biological
control agents, respond to other microorganisms, in-
cluding the target to be controlled (i.e., in this case
fungus cultivar of the ants), is a prerequisite for any
strategy to be used.

We tested the effect of one strain of E. weberi
isolated from A. lundii against cultivars obtained from
different colonies. We challenged Leucoagaricus iso-
lates with E. weberi (or grown alone as controls) to
observe the effects of the Leucoagaricus and E. weberi
isolates on each other. We measured the growth and
conidiation levels of E. weberi in the presence and
absence of Leucoagaricus. Our prediction was that E.
weberi would be an efficient pathogen against all the
cultivar isolates tested based on results obtained pre-
viously by others (Gerardo et al. 2004, Gerardo and
Caldera 2007, Taerum et al. 2007, Poulsen et al. 2010.
We also expected that E. weberi, as an efficient patho-
gen, would be able to respond accordingly by maxi-
mizing its growth and conidiation when detecting the
presence of its host, Leucoagaricus sp. Furthermore,
we measured if E. weberi growth and conidiation re-
sponses were induced by the presence of a soluble
chemical produced by the cultivar.

Materials and Methods

Sample Collection. We collected three colonies of
A. lundii (01,02, and 04) from Mercedes (29°11'05" S,
58°05'26" W), Corrientes province in Argentina. The
landscape was natural grasslands used for cattle ranch-
ing. We collected fungus gardens after excavating the
nest as delicately as possible. We used sterilized
spoons to transfer garden material into a sterilized
container with as many ants as we were able to collect
and allowed the colony to stabilize. In the laboratory,
we isolated Leucoagaricus sp. from the garden of three
colonies by taking a piece of the cultivar and growing
it on potato dextrose agar (PDA). Isolations for E.
weberi were done on PDA after procedures from Cur-
rie et al. (1999), but isolates only were obtained from
one colony (04).
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Growth Curves and Challenges. We placed small
pieces of each isolated Leucoagaricus sp. in petri dishes
with PDA (N 1o, = 6, N 105 = 13, N 1, = 14). We
allowed them to grow until reaching an area equiva-
lent to 6.5 cm? before starting the experiments. We
built challenges by adding a piece of agar of 0.28 cm>
with conidiated E. weberi at the edge of the petri dish.
We did not quantify the amount of conidia, but we
made sure that the surface of each piece was similarly
covered by brown (mature) conidia. We made con-
trols for each of the Leucoagaricus sp. isolates (N = 6)
as well as for E. weberi (N = 6) by allowing growth
alone in the middle of the petri dish. We took pho-
tographs of each petri dish every 12 h for 6 d, and
subsequently analyzed the area of mycelium covered
by each fungus with the software Image] 1.4 (Wayne
Rasband, National Institutes of Health, Bethesda,
MD). We also recorded whether E. weberi response
included conidiation or not. When conidia were pres-
ent, we determined the degree of conidiation (defined
as the percentage of the petri dish, irrespectively of its
density, that was covered with conidia). We termi-
nated the experiment at the day when E. weberi, chal-
lenged and control, completely covered the petri dish.

With the information of the initial and final area of
Leucoagaricus sp. we calculated the following index:

final area (challenge) — initial area (challenge)

final area (control) — initial area (control)

If the index was not significantly different from a ¢
distribution with a mean lower than 1, we concluded that
there were no effects of E. weberi on the cultivar. How-
ever, our expectation was to find a value significantly
lower than one if E. weberi negatively affected Leucoaga-
ricus sp.

We statistically analyzed growth curves with repeated
measures analysis of variance (ANOVA) as each petri
dish was followed from the beginning to the end of the
experiment. We transformed the data to In to fulfill the
parametric tests assumptions. In addition, for E. weberi
we compared (for each Leucoagaricus sp. challenge) the
final area with that of the control by using nonparametric
Mann-Whitney tests. We also compared the percentage
of conidiation per petri dish using a nonparametric
Kruskal-Wallis test using a posteriori contrasts adjusted by
Bonferroni correction to keep an alpha level of 0.05. Fi-
nally, we measured the proportion of plates with conidi-
ation by a two sample proportion test (Siegel 1976).

Induction of Conidiation by a Soluble Chemical.
From petri dishes where Leucoagaricus isolate 102 cov-
ered >75% of the petri dish, and after growth for at least
45 d, we took 1 cm?® mycelium free pieces of agar close
to the fungal cultivar. We placed the agar piece in the
middle of another petri dish with PDA where we added
a 1-cm? piece of agar with E. weberi without conidia
(experimental group) at the edge. As a positive control
we used a 1 cm? piece of agar with Leucoagaricus sp.
mycelium plus the E. weberi without conidia, whereas we
made a negative control only with a 1 cm? piece of agar
with E. weberi without conidia growing alone on PDA.
We performed 12 challenges per treatment.
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Fig. 1.

Because the experimental group induced conidiation
of E. weberi, we repeated the experiment mentioned
above, but instead used conidiated E. weberi. We did this
altered experiment not only to corroborate the existence
of a chemical compound that could be detected by the
pathogen, but also to determine if the induction effect
was transitory or prolonged. If transitory we did not
expect a difference in conidiation between both induc-
tion experiments for each treatment. We compared, by
pairs of treatments, the proportion of cultures that
conidiated using the proportion test, whereas we used
the Kruskal-Wallis test with a priori contrasts consider-
ing adjusted alpha levels (Siegel 1976) to compare the
levels of conidiation. We used the STATISTIX for Win-
dows program (Analytic Software, Tallahassee, FL) to
performed statistical analyses.

Results

Growth Curves and Challenges. The indices cal-
culated for each challenged Leucoagaricus isolate

Top section. Growth curves (means and standard deviations of area) of each of the Leucoagaricus isolates
challenged with E. weberi on PDA, plus cultivar controls. Bottom section. Morphology of Leucoagaricus isolates 1.01, 102, and
L04 on PDA. (Online figure in color.)

showed a significantly smaller value than one (in each
case t >18.59; P < 0.00001), demonstrating the neg-
ative effect of E. weberi on the cultivar, with all the
means were close to zero (mean and standard error for
L.01: 0.3390 = 0.0338, for L02: 6.87E-03 *+ 0.0456, and
for 1.04: 0.0638 = 0.0473). There were also significant
differencesin the area (final area—initial area) of each
of the challenged cultivars versus its own control
(each P < 0.001).

There was no evidence for differences in growth
area among the three Leucoagaricus isolates chal-
lenged with E. weberi (F, = 2.089; P < 0.0757), but
there was a significant effect of time (F,; = 8.239; P <
0.0001) as well as in the interaction (Fy, = 2.183; P <
0.0018), and the contrasts showed that Leucoagaricus
isolate 102 differed significantly from the other two
(each P < 0.0001), but 101 and L.04 were similar to
each other (P > 0.0001) (Fig. 1).

There was no evidence for differences in growth
area among the three Leucoagaricus isolates grown
alone as controls (F, = 0.101; P < 0.9043), and a
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Fig.2. E.weberi growth curves (means and standard deviations of area). Esc-1.01, Esc-L.02, Esc-1.04: Same E. weberi strain
challenged with each of the three cultivar isolates 101, L02, and L04, respectively. Esc-Ctrol: E. weberi control growing alone.

significant effect of time was found (F5 = 393.037; P <
0.0001) as well as the interaction (F;, = 2.19; P <
0.0273), although the contrasts were nonsignificant
after the correction by Bonferroni (P > 0.0167) (Fig.
1). The cultivar isolate L02 was slower-growing than
the other two cultivar isolates in the challenges with
Escovopsis, faster-growing than the other two cultivar
isolates in the controls, and exhibited slightly different
morphology after 35 d of growth (Fig. 1).

The growth area of E. weberi was not significant
between challenges with the different Leucoagaricus
isolates (F, = 1.67; P < 0.2048), but there was a
significant effect of time (Fz = 1563.14; P < 0.0001),
although the interaction was not significant (F,, =
0.681; P < 0.7684) (Fig2). Five days after starting the
challenge, all the cultures of E. weberi conidiated and
by the ninth day 92% of the petri dish area was covered
by conidia (Fig. 3). Each of the E. weberi challenged
reached its stationary phase significantly faster (each
case Py g, = 0.005L, P o, = 0.0034, P, ,, = 0.0034) and
with a final greater area than the control (each case
P < 0.001) (Fig. 2).

Challenged E. weberi did not differ statistically
among each other in the percentage of petri dish
covered by mature conidia (P > 0.016). However,
each challenged E. weberi exhibited a significantly
greater percentage of area covered with mature
conidia in comparison to the control (each P <
0.0076). By the fourth day, none of the controls had
mature spores, and by the end of the experiment, on
the fourteenth day after inoculation, all the controls
had <10% of the area covered with mature conidia
(Fig. 3).

Induction of Conidiation. When the proportion of
petri dishes with mature conidia of Escovopsis was
compared across treatments, there were significant

differences between the two controls (z = 2.46, P <
0.014). No differences were found between the pos-
itive control (E. weberi without conidia exposed to
mycelium of Leucoagaricus 1.02 culture) and the ex-
perimental group (E. weberi without conidia exposed
to mycelium-free agar piece from Leucoagaricus 102
culture) (z = 1.69, P > 0.0917), or between the neg-
ative control (E. weberi without conidia growing
alone) and the experimental group (z = —0.043, P >
0.6650) (Fig. 4). There were significant differences
among the three treatments in the percentage of ma-
ture spores covering the plates (KW = 10.36; P <
0.0056), and the adjusted contrasts (P < 0.016) ex-
hibited the same pattern as above: no differences be-
tween each control and the experimental group but
significant differences between the two controls.

When the induction test was repeated with the
conidiated E. weberi instead, the differences in the
proportion of petri dishes with conidiation were ap-
parent between the two controls (z = —3.03, P <
0.0024), but there was no differences between the
positive control and the experimental group (z = 1.64,
P>0.1003), nor between the negative control and the
experimental group (z = 1.22, P > 0.2207) (Fig. 4).
There were significant differences among the three
treatments in the percentage of mature conidia cov-
ering the plates (KW = 18.52; P < 0.0001), although
the adjusted contrasts (P < 0.016) exhibited the same
pattern as above: no differences between each control
and the experimental group, but significant differ-
ences between the two controls.

Conidiation levels tended to be greater in the sec-
ond induction experiment in comparison to the first
one for each of the three treatments; however, neither
the proportion of cultures with conidiation, nor the
comparison of the percentage of petri dish covered
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Fig. 3. Conidiation of E. weberi challenged with each of the three Leucoagaricus isolates. Results shown as proportion
of petri dishes with conidia (bars) and average percentage of the area of each petri dish covered with conidia (lines).

with conidia, exhibited significant differences (all P >
0.05), except between the positive controls that
showed significantly greater percentages of each petri
dish covered by conidia in the second experiment
(U = 26.5, P < 0.009).

Discussion

Our results show that E. weberi was able to nega-
tively affect isolates of Leucoagaricus sp. obtained from
different colonies of A. lundii. Despite the fact that our
Leucoagaricus isolates did not decrease their original
growth area after exposure to the pathogen, we ob-
served how cultivar hyphae suffered cellular break-
down as evidenced by cytoplasm vacuolization and
loss of opacity. This evidence suggests that E. weberi
was negatively affecting the ant cultivar. This is im-
portant because we found that one of the cultivar
isolates (1.02) presented a slightly different morphol-
ogy and growth rate (Fig. 1) than the others. Although
there is evidence of horizontal transfers (Chapela et
al. 1994, Mueller et al. 1998, Mikheyev et al. 2010),
Leucoagaricus sp. is transferred across generations
through virgin queens that carry cultivar fragments
from their original nest to found new colonies (Au-
tuori 1941, Mueller et al. 2001 ). This mode of vertical
dissemination of Leucoagaricus species has favored the
selection of clones across the leaf-cutter ants.

E. weberi growth rate increased significantly in pres-
ence of the cultivar. In fact, we showed that the id-
iophase of E. weberi was accelerated in the presence
of Leucoagaricus sp. (Fig. 2). Gerardo et al. (2006)
found that Escovopsis isolated from Apterostigma ants
(lower Attini) presented specific chemotaxis toward
cultivarisolates. In their experiments, they established
that Escovopsis is attracted to the cultivar, but infec-

tion depended on the cultivar defenses and the ge-
notype of the Escovopsis- cultivar interaction. Folga-
rait et al. (2008) showed that E. weberi was able to
change growth strategies, from vegetative growth to
dispersing conidia, in the presence of an antagonist
Actinobacterium (Streptomyces sp.), which was not in
direct contact with the fungus. Therefore, E. weberi
seems to be able to detect the presence of other
microorganisms from a distance (Reynolds and Currie
2004) and to respond accordingly by changing growth
strategies. This characteristic is desirable from a bio-
logical control perspective because such organisms
are able to reach the target without the need of direct
contact with it; it is enough to sense a chemical com-
pound from a distance. It remains to be tested if sens-
ing from a distance works in a soil made nest.

Our induction experiments support the idea that E.
weberi can detect a soluble and agar-diffusible com-
pound produced by Leucoagaricus sp. in A. lundii, as
has been shown for other attines (Gerardo et al. 2006).
We have shown that after being in contact with the
cultivar, E. weberi produced more conidia than when
we maintained it alone. Also, we could possibly explain
an increase in conidiation in the presence of the cul-
tivar by Escovopsis using cultivar resources (i.e., nu-
trients derived from hyphae destruction, Reynolds
and Currie 2004). Many fungi produce secondary me-
tabolites that are used for their own defense or attack
(Demain 1986), and some of these have been coopted
by other organisms to their own advantage (Sonnen-
bichler et al. 1994), mediate fungal-fungal interac-
tions, or both (White and Boddy 1992, Savoie et al.
1998, Tsujiyama and Minami 2005). We believe this
could be the case in the studied system. The piece of
agar without Leucoagaricus sp., but with some diffus-
ible compound produced by it did not differ from the
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negative and positive controls, but both controls sta-
tistically differed from each other. This information
suggests that a chemical is being detected with a re-
sponse that may be concentration dependent.
Another explanation for the lack of differences in
conidiation by Escovopsis between the first and second
experiment could be that the induction is transitory.
Several subcultures of E. weberi alone stopped pro-
ducing conidia, suggesting that the higher cost in the
absence of a target may be responsible, although it
could also be related to lower nutrient availability. In
addition, we showed that the presence of the cultivar
produced an accumulated effect over time in conidi-
ation levels, as the positive control of the second ex-
periment was significantly greater than that of the first
one. This is a very exciting characteristic of the patho-
gen because once Escovopsis finds the cultivar (Reyn-
olds and Currie 2004 ), a positive feedback mechanism
of conidia production appears, which potentially
could enhance its efficiency as a biocontrol agent.

The variability observed in E. weberi conidia pro-
duction could be related to several causes linked to the
concentration of a compound produced by the culti-
var. It is highly probable that different hyphae of the
cultivar have different ages and are at different phys-
iological stages that correspond to the production of
secondary metabolites. We found slightly different
morphologies and growth rates for different cultivar
isolates, and they could have different physiological
characteristics and production of chemical com-
pounds. From another point of view, fungi commonly
show complex signaling pathways involved in conidi-
ation (Hicks et al. 1997, Shimizu and Keller 2000).
Sometimes physical contact between hyphae is
needed to produce or amplify a physiological response
(Sonnenbichler et al. 1994). In this study, we only
looked at one possible inducer and enhancer of conidi-
ation in E. weberi. However, conidiation response may
involve other factors (i.e., light, Na™ concentration,
pH, intermediate metabolites; Mandels and Reese
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1960, Mani and Swamy 1983) besides the interaction
with the ant cultivar. Hence, an attenuated induction
could be expected in vitro, which could explain why
each of the controls did not differ from the experi-
mental group.

Besides the mechanism of recognition involved,
which deserves further study, our results are encour-
aging from a biological control perspective because of
three reasons: 1) a single strain of E. weberi is able to
kill cultivars from different colonies of the same ant
species, corroborating previous findings (Gerardo et
al. 2004, Taerum et al. 2007, Poulsen et al. 2010); 2) E.
weberi growth rate can be accelerated and levels of
conidiation enhanced by the presence of Leucoagari-
cus sp. (i.e., target species); 3) in the absence of its
target, E. weberi in the laboratory stops producing
conidia, which should limit its dispersion in the field
and the possible elimination of other target cultivars
from sympatric, nonpest, leaf-cutter ants.
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