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ABSTRACT

The aim of the study was to test the effects of various concentrations of zinc sulfate (ZnSQ,) on the radial growth of
Trichoderma harzianum and Leucoagaricus gongylophorus in Petri dishes. In addition, we investigated the acceptance
of baits containing live propagules of the encapsulated T. harzianum fungus and baits containing ZnSQO, by foraging
leafcutter worker ants, A. sexdens, as well as their effects on the colonies of these ants. For the in vitro test, the design
was completely randomized using ten replicates of a 2 x 7 factorial scheme: two species of fungi (T. harzianum and
L. gongylophorus) and seven concentrations of ZnSO4. For bait acceptance tests, four treatments were used: baits
without the mycelium and ZnSOs (T1, control), baits containing encapsulated T. harzianum mycelium (T2), baits
containing ZnSO. (T3), and baits containing zinc sulfate and the encapsulated T. harzianum (T4). Each treatment was
tested in duplicates using eight colonies. In the in vitro test, a ZnSO4 concentration of 0.25 g/L was sufficient to
completely inhibit the development of L. gongylophorus without affecting the development of T. harzianum. In the
bait acceptance test, the workers accepted ~55% of the bait combination of ZnSO, and T. harzianum. This suggests
the potential of treatment T4 in controlling leafcutter ants. Moreover, treatment T4 is environmentally friendly.

Keywords: antagonistic fungus, biological control, heavy metals, leafcutter ant, resistance.

Iscas encapsuladas contendo sulfato de zinco e Trichoderma harzianum reduzem o jardim de
fungo em col6nias de Atta sexdens

RESUMO

O objetivo deste trabalho foi testar os efeitos de diferentes concentracdes de sulfato de zinco (ZnSO4) no crescimento
radial de Trichoderma harzianum e Leucoagaricus gongylophorus em placas de Petri. Além disso, investigou-se a
aceitacdo de iscas contendo propagulos vivos do fungo T. harzianum encapsulado e iscas contendo ZnSQO, pelas
operarias forrageadoras da formiga-cortadeira A. sexdens, bem como seus efeitos nas col6nias dessas formigas. Para
o teste in vitro, o delineamento foi inteiramente casualizado, com dez repeticGes de esquema fatorial 2 x 7, com duas
espécies de fungos (T. harzianum e L. gongylophorus) e sete concentragdes de ZnSO,. Para os testes de aceitacdo da
isca foram utilizados quatro tratamentos: iscas sem micélio e sem ZnSO4 (T1, controle), iscas contendo micélio
encapsulado T. harzianum (T2), iscas contendo ZnSO, (T3) e iscas contendo sulfato de zinco e T. harzianum
encapsulado (T4). Cada tratamento foi testado em duplicatas, usando um total de oito colénias. No teste in vitro, uma
concentragdo de ZnSO. de 0,25 g/ L foi suficiente para inibir completamente o desenvolvimento de L. gongylophorus
sem afetar o desenvolvimento de T. harzianum. No teste de aceitacdo da isca, as operéarias transportaram ~ 55% da
combinacédo de isca de ZnSQO4 e T. harzianum. O tratamento T4 é mais provavel de ser significativo nas préximas
experiéncias no campo. Sulfato de zinco e os fungos antagonistas do fungo mutualista das cortadeiras pode ser uma
alternativa viavel e ambientalmente segura no controle de formigas.

Palavras-chave: fungo antagonista, controle bioldgico, metais pesados, formiga-cortadeira, resisténcia.
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1. Introduction

Leafcutter ants of the genus Atta (Hymenoptera:
Formicidae) are a problematic pest in Brazilian forests.
Ants may attack plants at any stage of development. The
cutting of leaves, shoots, thin branches, and flowers
causes damage to the plants. The plant materials are
carried into an underground nest and used as a substrate
for the development of the symbiotic fungus L.
gongylophorus that is cultivated by the ants (Della Lucia,
2011). Leucoagaricus gongylophorus degrades the foliar
polysaccharides (i.e., pectin, starch, and cellulose) and
converts them into glycogen for easy nutrient
assimilation; the glycogen is stored in reserve structures
called gongylidia, which are used as a source of food by
the ants (Aylward et al., 2012). All fungus-growing ants
belong to the tribe Attini, a clade that recently included
genera of ants with certain other nutritional habits (Ward
et al., 2015). In the symbiotic ant-fungus relationship,
both the species are favored: the fungus is used in the diet
of the ants, which in turn, provide substrates for fungus
development, protection against their parasites and
competitors, and ensures their propagation (Fine Licht et
al., 2014; Lange and Grell, 2014).

Ants of the genus Atta have complex biological and
behavioral characteristics that make their control
difficult, such as architecture, size, and location of the
nests, the queen protection system, and their defense
strategies (Della Lucia et al., 2014; Montoya-Lerma et
al., 2012). There is market pressure to reduce the use of
the leading chemical pesticides used today to control
leafcutter ants in forest stands. For example, the Forest
Stewardship Council (FSC), an international certification
system, has prohibited usage of several active
ingredients, including deltamethrin, fenitrothion,
fipronil, and sulfluramid (FSC, 2017) for controlling
ants. Consequently, forestry companies in Brazil and
elsewhere face challenges in adhering to the criteria
required by the certification systems to use chemical
pesticides due to the absence of alternatives for an
integrated management of many pests (Zanuncio et al.,
2016). It is necessary to seek alternative methods in the
following years, such as using entomopathogenic fungi
or antagonists of their mutual symbiotic fungus, to reduce
the number of synthetic pesticides used to an acceptable
minimum. With the purpose of microbial control of
leafcutter ants, several fungi have been tested, both
entomopathogenic and antagonistic to the fungus garden
of the leafcutters (Folgarait et al., 2011). Among the
fungi with potential for antagonistic effects, the ones
belonging to the genus Trichoderma have been
investigated for their effects on the development of
leafcutter colonies (Menezes et al., 2010). These fungi
produce compounds with broad antimicrobial activity
that prevent the colonization of the substrate by other
microorganisms. Once in contact, Trichoderma attacks

other fungi, curling around its hyphae due to appressoria
formation (Mukherjee et al., 2012). Through antibiotics
and the production of different cell wall degradation
enzymes, the fungus penetrates the hyphae and
consequently dissolves and absorbs its walls and cellular
contents (Mukherjee et al., 2013).

A strategy to better preserve the fungi used in
biological control is to incorporate the fungi into baits,
subsequently encapsulating them. In this preparation, the
antagonistic microorganism is protected within the capsule
where a nutritional source for its maintenance is provided.
In the antagonistic Trichoderma spp., its proliferation is
abundant, mainly when used as young mycelium with
wheat bran as a food source (Cumagun, 2014).

Some chemical elements, such as cadmium, mercury,
lead, and zinc, may negatively affect leafcutter ants'
immune system. Besides that, zinc compounds can
inhibit fungal growth and their ability to produce
mycotoxins (Savi et al.,, 2013). Depending on the
concentration, this metal can limit growth of filamentous
fungi and be toxic to some microorganisms, such as
bacteria and microalgae (He et al., 2011)

The objective of this work was to evaluate the effect
of various concentrations of zinc sulfate on the radial
growth of T. harzianum and L. gongylophorus in vitro.
Subsequently, the degree of bait acceptance with the live
propagule of the encapsulated fungus T. harzianum and
zinc sulfate baits by the foraging worker ants and the
effects of zinc sulfate on the development of colonies and
worker mortality of A. sexdens were evaluated.

2. Materials and Methods
2.1. Leafcutter Ant Colonies Maintenance

The Atta sexdens colonies were started from fertilized
females collected during their flight, which occurred on
November 7 of 2013 at the Gurupi Campus, (Geographical
coordinates: -11.743576, -49.048799). They were kept in
an air-conditioned room at 25 °C and 80% RH, with a
photoperiod of 12 h of light in the Laboratory of Applied
Functional Ecology of the Federal University of Tocantins.
Experiments were conducted between July and December,
2015.

2.2. Fungi Isolation and Culture Conditions

The fungus T. harzianum strain ESALQ - 1306 was
obtained from the commercial product Trichodermil,
liquid formulation, containing at least 2.0 x 10° viable
conidia/L. of the biocontrol agent. The fungus was
inoculated in Petri dishes containing PDA culture
medium (Potato, Dextrose, Agar, pH = 6.2), which were
incubated at 25 + 1 °C, relative humidity 70 + 10%, and
with a photoperiod of 12 h. Successive streaking were
performed until the pure isolate was obtained. The
symbiotic fungus L. gongylophorus was isolated from
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one of the laboratory colonies of A. sexdens. Parts of the
top of the fungus garden, which had whitish hyphae, were
inoculated on PDA medium (pH = 5.4) containing
chloramphenicol antibiotic (250 mg/mL). After 24 h, the
hyphae were streaked under a stereomicroscope. Petri
dishes were kept in an air-conditioned room with a
temperature of 25 £ 1 °C, relative humidity 70 + 10%,
and with a photoperiod of 12 h.

For the production of T. harzianum mycelium used in
the baits with encapsulated granules as a source of live
fungus propagule, discs of the agar culture with the
fungus were streaked in Erlenmeyer flasks of 1.000 mL
capacity containing 400 mL of the Potato Dextrose (PD)
liquid medium (pH = 6.2). The fungus remained in the
container for ten days under rotary shaking at 120 rpm,
incubated in the dark at 28 °C. The mass of mycelium
was collected and washed three times in sterile distilled
water, with the excess of water removed by pressing on
filter paper. Subsequently, the mass of mycelium was
crushed in an electric blender.

2.3. Effects of zinc sulfate on T. harzianum and
Leucoagaricus gongylophorus

In order to evaluate the effects of the zinc sulfate on
the in vitro radial growth of the antagonistic fungus and
the symbiotic fungus, a completely randomized
experimental design was used, with ten replications, in a
factorial scheme with two species of fungi (T. harzianum
and L. gongylophorus) x 7 concentrations of zinc sulfate
(0;0.15; 0.25; 0.5; 1.5; 2.5 and 5.0 g/L), considering each
dish as an experimental unit. The soils of Cerrado usually
have a deficiency of zinc for the cultivation of
Eucalyptus. Thus, if these baits were used to control
leafcutter ants in Cerrado soils, the zinc values would be
diluted in the soil volume and would probably be well
below the critical values, with minimal risks of toxicity
to the plants. Initially, discs (0.5 cm) containing
mycelium of the fungus were cut with a nozzle and then
transferred to Petri dishes with the PDA culture medium
(pH =6.2) of 1.5 cm from the edge of the dish. The dishes
were previously treated with 200 pL of one of the
concentrations of zinc sulfate and spread with a Drigalski
handle. All dishes were maintained in an incubation
chamber at 25 £ 1 °C, relative humidity 70 = 10%, and
with a photoperiod of 12 h. Diameter of the colonies of
the mutualistic fungus was daily measured until the
eighteenth day, whereas that of the antagonist fungus
until the tenth day.

In order to evaluate the inhibition of the fungi T.
harzianum and L. gongylophorus, diameter (in mm)
measurements were performed of the fungi cultures with
the Petri dishes upside down. The diameters of the
cultures of the antagonistic fungus were measured from
the first to the tenth day, using a caliper (Insize Series
1205). As for the symbiotic fungus, the diameter was

measured from the first to the eighteenth day using a
binocular loupe with a millimeter ruler, since the
symbiotic fungus had slow growth (Leica SBAPO).

From these measurements, the mean initial diameter
(ID) and the mean final diameter (FD) of the fungus were
calculated to measure the effect of each of the zinc sulfate
concentrations on the fungus. Based on these values, the
mean growth efficiency of the antagonistic and symbiotic
fungus (E) was estimated according to the formula: E =
FD/ID. The relative efficiency (RE) of the growth of L.
gongylophorus and T. harzianum cultures in the presence
of various concentrations of zinc sulfate was expressed
about the mean of the control by the formula: RE = E/GE;
where GE is the growth efficiency of the antagonistic
fungus and the symbiotic fungus in the absence of zinc
(Nascimento et al., 2017). The growth and inhibition of
fungi were estimated based on relative efficiency.

2.4. Encapsulation of T. harzianum

The adapted methodology was used to produce the
capsulated granules (Lewis and Papavizas, 1985). For the
encapsulation, 5.6 g of sodium alginate and 5.6 g of
orange-flavored concentrated juice powder, to increase
the attractiveness of the baits, were dissolved in 190 mL
of sterile distilled water using a magnetic stirrer.
Following this, a suspension containing 10 g of wheat
bran and 3.1 g of the antagonistic mycelium in 182 mL
of sterile distilled water was prepared; 190 mL of the
sodium alginate solution and orange concentrate was
added to this suspension. This mixture was dripped with
a Pasteur pipette into a 0.25 M CaCl, solution under
rotary shaking. The granules formed were held for 10
minutes in this solution, were washed in distilled water
to remove the excess of CaCl,, and were oven-dried for
two days at 26°C. Simultaneously, the same process was
carried out with the zinc sulfate baits with the minimum
concentration  necessary to  suppress the L.
gongylophorus fungus and not significantly inhibit the
mycelial growth of the fungus T. harzianum, since one of
the treatments consisted of applying the baits together.
The concentration of zinc sulfate in pellets was 0.25 g/L
since this concentration obtained the best result. Thereby,
a suspension containing 10 g of wheat bran was prepared
with 182 mL of sterile distilled water; 190 mL of the
solution of sodium alginate, orange juice, and zinc sulfate
were added to this suspension.

2.5. Encapsulated Bait Acceptance Tests

Eight colonies of approximately 500 mL of fungal
sponge were used, with two colonies for each treatment.
The treatments consisted of encapsulated baits without
the mycelium and zinc sulfate (T1, control); encapsulated
baits with T. harzianum mycelium (T2); encapsulated
baits with zinc sulfate (T3); and encapsulated baits
containing zinc sulfate and T. harzianum (T4).
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The baits were offered in Petri dishes (90 mm
diameter) daily for 15 days. During the first 14 days,
amount of bait offered daily was 2 grams for all the
treatment groups except for T4: one gram containing zinc
sulfate in one dish and one gram of bait based on T.
harzianum in the other. On the last day of treatment (day
15), the baits were offered ad libitum (saturation). On this
day, there was no weighing of the non-transported baits
and no measurement of the first bait pellet's transport
time. The non-transported and unincorporated baits were
weighed in an analytical balance, and the symbiotic
fungus volume was measured at the end of the treatment
(15 days). All colonies had the same volume of fungus at
the start of experiments, considering that the colonies'
containers were full. The observation of the acceptance
of the baits (collection and transport to the colony) lasted
30 minutes. At the end of this time, the remaining baits
were collected and weighed to verify the value of the
mass transported.

The granules were packed in plastic containers in an
incubated chamber at a temperature of 26 °C and in
complete darkness to evaluate T. harzianum bait
viability. Four granules were removed each month and
placed in sterile Petri dishes in PDA medium. For the
analysis of variation in volume of the symbiotic fungus,
the colony's plastic container (height 9 cm, 500 mL of
volume) was graduated in three intervals of three
centimeters each. The variation of the fungal volume was
subsequently estimated by visual analysis. During the
process of transport and incorporation of the baits, the
final destination of the baits taken by the workers was
observed to verify their time inside the nest if these
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encapsulates were carried subsequently to different
places in the garbage, or the fungal garden. The residues
produced by the colonies were dried for approximately 4
hours at 40 °C and weighed. The dead workers were also
counted at the end of the 15 days of the experiment.

2.6. Statistical Analysis

Statistical differences between the growth of the
antagonistic fungus and the symbiotic fungus against zinc
sulfate concentrations were evaluated using the Kruskal
Wallis non-parametric ANOVA (a = 5%), followed by the
Bonferroni test for multiple comparisons using the Action
Stat software (www.portalaction.com.br).

Statistical analysis of the average time of acceptance,
number of baits carried during the time that they were
offered to the workers (30 min), volume variation in the
colonies, volume of waste produced, and the number of
dead workers were descriptive because only a limited
number of colonies were tested for each treatment.

3. Results and Discussion

There was a significant difference in the relative
efficiency of the growth of L. gongylophorus (Kruskal-
Wallis test: H (6, N = 70) = 44.35, p < 0.001) (Figure 1) and
that of T. harzianum (Kruskal-Wallis test: H (6, N = 70) =
23.03, p < 0.001) (Figure 2) in varying concentrations of
zinc sulfate. A lower concentration of zinc sulfate (0.15
g/L) did not interfere in the radial growth of L.
gongylophorus. However, other concentrations of zinc
sulfate (0.25; 0.5; 1.5; 2.5 and 5.0 g/L) suppressed the
symbiotic fungus' growth.
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Figure 1. Relative growth efficiency of Leucoagaricus gongylophorus in varying concentrations of zinc sulfate (ZnSQOa4) g/L compared
to control group. Same letter indicates no significant difference based on the Bonferroni test (o = 0.05). The symbol x represents the
means, boxes represent the upper and lower quartiles, bars represent the maximum and minimum values, and the point represents the

outlier value.
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Figure 2. Relative growth efficiency of Trichoderma harzianum in varying concentrations of zinc sulfate (ZnSOa) g/L compared to
control group. Same letter indicates no significant difference based on the Bonferroni test (0. = 0.05). The symbol x represents the
means, boxes represent the upper and lower quartiles, bars represent the maximum and minimum values, and the point represents the
outlier value.

In the bait acceptance test, the average time for the At the end of 15 days, the colonies that received the

first pellet's acceptance was 4.2 £ 2.73 min, with the
workers transporting approximately 40% of the total
amount of the granules available for consumption
throughout the experiment (Table 1). The colonies treated
with zinc sulfate + T. harzianum (T4) were those that
carried the most substantial amount of baits; however, the
first pellet's transport time was higher than that of the
control baits. The baits containing the encapsulated T.
harzianum fungus were very attractive (T2) because they
were initially most quickly transported to the colonies'
interior. This was observed when the two treatments were
applied together (T4). These granules had an average
diameter of 2 millimeters and a mass of + 0.02 grams.

baits containing the antagonistic T. harzianum continued
with the same coloration, unlike the colonies that
received baits containing zinc sulfate in their formulation
(T3), in which fungal sponges presented firmer and
“rubbery” consistency and yellowish color. These same
characteristics were observed when the zinc sulfate was
applied in combination with T. harzianum (T4).

Control colonies (T1) showed no change in fungus
volume, hence their containers retained 100% of the
volume. However, all other treatments caused a reduction
in fungal sponge volume, with greater reductions in the
colonies that received both ZnSO, and T. harzianum
(T4), ~ 35% (Table 2).

Table 1. Average number + standard deviation (SD) and percentage of baits transported in each treatment (n = 2 colonies) and mean
time (MT) in minutes for the transport of the first bait pellet. The duration of the test for each colony was 15 days: (T1, control):
encapsulated baits without the mycelium and zinc sulfate; (T2) encapsulated baits with T. harzianum mycelium; (T3) encapsulated
baits with zinc sulfate and (T4) encapsulated baits containing zinc sulfate and T. harzianum.

Treatment Total (g) £ SD Total (%) MT (min)
T1 153+1.14 27.3 3.3+£3.07
T2 25.0+0.91 44.6 2.3+1.98
T3 20.1+1.38 35.9 59+5.83
T4 32.1+1.02 57.3 5.4 +3.66

Table 2. Average + standard deviation (SD) of the number of dead workers, dry weight of the colonies' waste, and variation of the
fungus garden volume in each treatment, with two colonies per treatment at the end of 15 days of evaluation. (T1, control): encapsulated
baits without the mycelium and zinc sulfate; (T2) encapsulated baits with T. harzianum mycelium; (T3) encapsulated baits with zinc
sulfate and (T4) encapsulated baits containing zinc sulfate and T. harzianum.

Treatment Dead Workers Waste (g) % Variation of the Fungus Garden VVolume
T1 35.00£5.91 5.88 +2.42 0
T2 85.00£9.21 10.05 +3.17 -30.50 +3.50
T3 92.00 £9.60 11.67+3.41 -19.50 £ 3.50
T4 120.00 + 10.95 15.00 + 3.87 -35.00£5.70
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Combined treatment with baits containing ZnSO,4 and
T. harzianum also resulted in higher mortality of workers
and higher production of waste from the colony, which
indicates the death of the symbiotic fungus L.
gongylophorus (Table 2).

The symbiotic fungus L. gongylophorus cultivated by
leafcutter ants grew slowly in the laboratory, interrupted
in its radial growth, not reaching the edges of the dishes
even after weeks of incubation (Souza et al., 2011). When
maintained in an environment with different conditions,
such as exposure to heavy metals, this fungus can, similar
to other species, reduce its metabolism and cell growth,
because the cells reduce the energy spent for growth
(Gadd and Raven, 2010). Such modifications may be
related to alterations in the structure of the cytoplasmic
membrane; this produces progressive alterations of form
and loss of metabolic activity, resulting in the reduction
and inhibition of growth (Anahid et al., 2011). Therefore,
considering the different effects of zinc sulfate on the two
species of fungi studied, our study indicates that these
baits are promising; however, field testing is required
where conditions are very different from the laboratory.
The size of the colonies needs to be taken into account to
determine the efficiency of the baits.

Zinc is a fundamental element for fungus metabolism,
helping and maintaining the integrity of ribosomes and
biological membranes, and is also required for their
growth. Nevertheless, high concentrations of this metal
may be inhibitory or toxic to the cell and its growth,
besides reducing respiration and spore germination (Savi
et al., 2013). In our study, lower doses of Zn had no
inhibitory effect on T. harzianum. Conversely, another
study has observed decrease in the radial growth of
different fungal species of Trichoderma, Rhizopus, and
Fusarium genera in the presence of zinc and other metals
(Datta, 2015). Zinc compounds, particularly ZnSO,4 and
Zn(ClO4)2, showed antifungal effects, exhibiting anti-
mycotoxin activity and causing changes in the cellular
structure of fungi such as Gibberella zeae (Schwein.)
Petch (1936), Penicillium citrinum Thom. (1910), and
Aspergillus flavus Link. 1809) (Savi et al., 2013).

Mass and time are factors directly related to the
granules' acceptance because in addition to attracting the
ants, the baits must possess physical characteristics that
make them easy to be picked up and carried. The
abundant offer of baits on the last day of application
(saturation) allowed us to verify that there was
abandonment or rejection of the baits carried into the
colony. This leads us to believe that attractiveness is
higher when these baits are offered in smaller quantities.
Therefore, a dosage acceptable by the ants and at the
same time which affects the colony must be verified.

The genus Trichoderma is extensively studied
worldwide as a biological control; however, there are
limitations to using it for leafcutter ant control, including

the absence of appropriate formulations for these social
insects. Encapsulation baits could ensure the microbial
agent's viability and efficiency to their application in the
field. The formulations of encapsulated granules
containing live propagules of the fungus T. harzianum
and zinc sulfate were accepted by ants, carried to the
colonies' interior, and incorporated into the fungus
garden of the leafcutter ant A. sexdens. Baits containing
wheat bran as a food source were attractive and viable at
a controlled temperature of 26 °C for at least four months.

4. Conclusions

The baits did not promote the death of ant colonies;
however, they reduce the volume of the symbiotic fungus
L. gongylophorus of laboratory colonies.
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