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Leaf-cutting ants are controlled with toxic baits. For the method’s greater efficiency, the baits must be
distributed and processed by workers during fungus cultivation. To test hypotheses whether the mode of
action of the active ingredients, which blocks the sodium channels and interrupts the production of ATP
in the mitochondria, interferes with fragment distribution in nests; the dispersion of pellets fragments
during fungus cultivation by workers was assessed, spatially referencing the fragment onto the fungus
garden. Pellets fragments were randomly distributed, but the amount pellets fragments was influenced

Keywords: R . .

Atta sexdensbehavior by the way that the .actlve mgre.dl.ent acts in the colhony. . . . N
Indoxacarb © 2019 Sociedade Brasileira de Entomologia. Published by Elsevier Editora Ltda. This is an open
Mode of action access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Sulfluramid

Introduction mitochondria and becoming lethal to the insect. Ant workers show

Leaf-cutting ants - Atta Fabricius, 1805 and Acromyrmex Mayr,
1865 (Hymenoptera: Formicidae) — grow their symbiont fungus,
Leucocoprinus gongylophorus Heim, 1957, with several economi-
cally relevant plant species, thus being considered as pests for
agriculture, forests and livestock (Fowler et al., 1989; Montoya-
Lerma et al., 2012; Mueller et al., 2018). Currently, the most
efficient leaf-cutting ant control method is formicide baits for
being technically, economically and operationally viable. These
baits contain an attractive substrate and an insecticide (Britto et al.,
2016).

Sulfluramid is the most used active ingredient due to its char-
acteristics, namely: mode of action (Nagamoto et al., 2007, 2004;
Schnellmann and Manning, 1990); non-repellency (Forti et al.,
1998; Nagamoto et al., 2004); even dispersion onto colonies (Forti
et al.,, 2007; Pretto et al.,, 1995; Pretto and Forti, 1993); stabil-
ity when exposed to the environment (Cameron, 1990); and low
toxicity to humans and other organisms (Britto et al., 2016). Sulflu-
ramid, present in ant workers body, is broken and transformed
into DESFA (perfluorooctanesulfonamide) and acts in the oxida-
tive phosphorylation process, interrupting ATP production in the
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typical symptoms of intoxication by sulfluramid, i.e., slow move-
ment and decreased aggressiveness due to their low energy levels,
which drop until their metabolism is interrupted, causing their
death (Britto et al., 2016; Schnellmann and Manning, 1990).

The mode of action of the active ingredient is any bait used
in the control of leaf-cutting ants is important for its success in
pest management programs. Ideally, the characteristics of an effec-
tive bait includes that the behavior of the foragers is not altered
with the action of the insecticide and every bait offered is loaded
into the nest before the workers die, increasing the distribution of
the bait in the colony (Delabie et al., 2000); and consequently will
have greater contamination of workers and control effectiveness.
Therefore, without perceiving the presence of the active ingredi-
ent, fungus cultivation behaviors are not compromised; and thus,
this molecule is efficient in controlling leaf-cutting ants (Della Lucia
et al, 2014).

Formicide baits and vegetal substrate are equally processed by
workers, and perform behaviors for fungus cultivation (Diniz and
Bueno, 2009). In this way, the substrate is carried to the fungus
garden, and workers groom it for its asepsis and moistening. Later,
they chop the substrate and chew its edges; afterwards, these frag-
ments are inserted into the fungus, and hyphae are inoculated on
them (Andrade et al., 2002; Camargo et al., 2017; Garrett et al.,
2016; Silva et al., 2015). Such behaviors are performed by garden
and generalist workers, since these castes account for the great-
est proportion of individuals in the colony (Andrade et al., 2002;
Camargo et al., 2017, 2007; Lopes et al., 2004; Wilson, 1980). For
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this reason, the substrate incorporation process is important in
dispersing the active ingredient, as there is greater participation of
these castes (Silva et al., 2015). Thus, the importance of an insecti-
cide that allows the workers to perform all the behaviors involved
in fungal cultivation, its spread, and low detectability, should be
favored (Forti et al., 2007).

Slow-acting insecticides work for long periods of time in the
colony, for this reason, sulfluramid is efficient as it kills work-
ers slowly (Nagamoto, 2003). Due to its action, during processing,
which lasts up to 18 h after baits are provided, workers do not
perceive the presence of the insecticide, and 70% become contami-
nated (Forti et al., 2007; Pretto et al., 1995; Pretto and Forti, 1993).
After the third or fourth day, workers stop foraging, there is a disar-
rangement in the colony, while a high worker mortality, as well as
great fungus growth without possibility of recovering the mutualist
fungus, are observed; the death of all individuals occurs between 16
and 22 days (Pretto and Forti, 1993). Thus, the way that this active
ingredient acts in the colonies, sulfluramid-based formicide baits
are efficient in controlling leaf-cutting ants (Britto et al., 2016; Cruz
et al., 1996; Forti et al., 2003; Zanuncio et al., 1999, 1996), because
every bait provided to the colony is processed and incorporated
into the fungus.

In insect-pest control, an alternative is to use insecticides that
block sodium channels, such as indoxacarb, which is highly effi-
cient in controlling Lepidoptera-pests (Wing et al., 2000, 1998).
Indoxacarb, once absorbed or ingested by the insect, interrupts
feeding, which may occur within 2-8 hours (Dias, 2006), causing
mortality in 48 h (Barr, 2003). Indoxacarb is a neurotoxic sub-
stance that, when present in the insect, after bioactivation, results
in the formation of metabolite IN-JT333 (N-decarbomethoxyllated,
DCJW), which blocks sodium channels; that is, it compromises
the nervous function, interrupts feeding, paralyzes and kills the
insect (Dias, 2006). For example, in Solenopsis invicta, this insecti-
cide causes rapid foraging suppression, within 48 h, and occurring
before colony elimination (Barr, 2003); however, indoxacarb has a
potential use in leaf-cutting ant control (Stefanelli, 2019).

Every vegetal substrate carried by leaf-cutting ants is distributed
into fungus chambers, at different depths, and the same happens
with formicide baits (Forti and Silveira Neto, 1989; Moreira and
Forti, 1999; Pretto and Forti, 2000). Thus, the distribution of the
substrate transported by them relates to bait efficiency (Moreira
et al.,, 2003; Moreira and Forti, 1999). It is known that baits are
distributed into fungus chambers (Forti and Silveira Neto, 1989;
Moreira et al.,, 2003; Moreira and Forti, 1999; Pretto and Forti,
2000), with a great participation of workers in processing, and, con-
sequently, contaminating them (Camargo et al., 2017; Forti et al.,
2019, 2007); nevertheless, it is not known how dispersion on the
fungal cultivar occurs.

In light of the foregoing, we can raise the hypothesis that the
mode of action of active ingredients in formicide baits directly
affects workers during symbiont fungus cultivation and, conse-
quently, the distribution of formicide bait fragments and worker
contamination in the nest. Thus, we ask, “How do workers disperse
toxic bait fragments onto the fungus garden?”. To answer this ques-
tion, the dispersion of pellets fragments during symbiont fungus
cultivation by workers was assessed, spatially referencing the frag-
ments and, later, applying a geostatistical analysis to access their
spatial distribution.

Material and methods

Study species

Nine colonies of Atta sexdens used in this study were collected
in March 2017, in Botucatu (22° 50’ 48" S; 48° 26’ 06” W), SP, and

taken to the Laboratory of Social Insects-Pest [Laboratério de Insetos
Sociais-Praga] (LISP) belonging to the Vegetal Protection Depart-
ment, located at the College of Agronomical Sciences of the State
University of Sdo Paulo (FCA/UNESP), in Botucatu.

The colonies were stored in transparent plastic cylindrical con-
tainers (750 ml) with a plaster layer at the bottom (1 cm) to keep the
fungus garden moist. Two holes were made on the opposite sides of
these containers and, with pieces of a transparent hose, two con-
tainers with capacity for 250 ml were connected, one for vegetal
substrate provision and one for residue deposition (waste). Aca-
lypha sp. plant species was provided as vegetal substrate for fungal
culture maintenance. The colonies were exposed to a temperature
of 24+ 2 °C and relative humidity of 70%.

Citric pulp pellets preparation

Pellets were manually prepared from citric pulp. Oranges were
peeled and cut into small pieces, which were then dried in oven
at 50°C for 72 h; after drying, the pulp was crushed and stored in
freezer until pellets preparation (Verza et al., 2006).

As tracer, a powdered liposoluble fluorescent yellow dye was
used (BioQuip®, Rancho Dominguez, CA). The treatments employed
were: control (no active ingredient), 0.3% sulfluramid (Britto et al.,
2016) and 0.15% indoxacarb. Pellets preparation used citric pulp
(65%), carboxymethylcellulose (CMC) (10%), corn oil solution with
5% fluorescent dye (25%), insecticide and distilled water to form
a pasty mixture. The mixtures were put inside disposable plastic
syringes (3 ml) to form fillets, which were then arranged on alu-
minum trays and oven dried at 50°C for 21 h; after drying, they
were stored in freezer until use in the experiment (Sousa et al.,
2017).

Substrate dispersion onto the fungus

The experiment was run with three treatments and three
repeats, totaling nine colonies; each colony had 600 ml of fungus
on average. The colonies were not provided with substrate for 24 h
before the experiment started. Pellets (0.51 g) with an average size
of 0.5 cmin length were provided for each colony (Forti etal.,2012).
Twenty-four hours after pellets provision, the colonies were stored
in freezer for 24 h for assessment of the dispersion of pellets frag-
ments processed and incorporated into the fungus. The fungus was
assessed with the aid of an ultraviolet lamp, in a dark room, tak-
ing into consideration the location of incorporated fragments with
fluorescent pigments in relation to axes X, Y and Z (the distance
between the points was measured in centimeters (cm)); after mea-
suring the distance of the fragment in relation to the axes, it was
removed with entomological forceps.

Geostatistical analysis

The most commonly used method for geostatistical analysis is a
variogram, which is a graph showing the spatial dependence of an
organism where sampling variances of sampling pairs are plotted in
relation to the distance between sampling points. These variances
can be defined in terms of y as a function of the separating distance
between points (h):

1 W 2
y(h)= jﬁfﬁﬁj{:PQV‘ZX+J
i=1

where: Z, is the sampling value (1 = fungus presence and 0 =
fungus absence) observed locally; x;, Zx,,, is the sampling value
observed locally; x;,;, and N (h) is the total number of sampling
pairs for each of the separating distances (Isaaks and Srivastava,
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Fig. 1. Variograms columns: control, sulfluramid and indoxacarb.

1989). RGeostats package (Renard et al., 2017) was used together
with R 3.4.0 integrated development environment for statistical
and graphic calculations (Team, 2017).

Statistical analyses

Data on average number of fragments incorporated by workers
in each treatment were compared by the ANOVA and the Tukey
multiple comparisons test with 5% significance.

Results

The models derived from our study are presented below in Fig-
ure 1 and 3-D graphs:

https://www.youtube.com/watch?v=LzqBVScQITI

https://[www.youtube.com/watch?v=N3Psu1WvAKw
https://[www.youtube.com/watch?v=c7VPQVEIVXk

In Fig. 1, the circles size is proportional to the number of point
pairs used to calculate the variances. Because the first point repre-
sents only 0.042% of point pairs on average, it appears represented
in the graph but was not considered important for model adjust-
ment.

Variances for horizontal distances are greater than nearly null
variances for vertical distances in control and sulfluramid treat-
ments. In the treatment with indoxacarb, the variances of both
distances are nearly null. The variation magnitude of the horizontal
distances indicates a density of baits in the horizontal layers of the
fungus and the variation magnitude of the vertical distances indi-
cates density of baits along the depth profile of the fungus. Higher
magnitudes indicates lower bait densities and vice versa.

The semivariogram morphology presents three important and
interactive structures: the nugget effect (y-intercepts), thresh-
old (x-axis point where sampling variance does not increase

or becomes random) and spatial dependence range (distance to
threshold).

These random distribution variograms are linear and have little
or no inclination, and the nugget effect is equal to the threshold.
The main differences between these variograms are the low coeffi-
cient of determination and the high variation found in the random
variogram. The determination coefficients ranged from —0.14 to
—0.08. The graphs’ presentation scale does not allow for viewing
this phenomenon that characterizes randomness and is present in
the three treatments.

As for mean number of pellets fragments incorporated into
the fungus garden by workers, it varied between treatments
(F2,4=26.158, pval < 0.05) (Fig. 2). The multiple comparison test
showed significant statistical differences in mean number of
fragments incorporated by workers between control (A) and indox-
acarb (C) treatments (g3 =4.34, D.F.=2, p< 0.05). A significant
statistical difference was observed in mean number of fragments
incorporated by workers between treatments with sulfluramid (B)
and indoxacarb (C) (q3 6 =4.34, D.F.=2, p< 0.05). However, no sig-
nificant statistical differences were observed in mean number of
fragments incorporated by workers between control (A) and sulflu-
ramid (B) treatments (q3 g =4.34, D.F.=2, p> 0.05) (Fig. 2).

Discussion

In the present study, pellets fragment distribution occurred ran-
domly, that is, it was subject to unpredictable variations resulting
from uncontrollable factors related by chance (Underwood, 1997).
The distribution is prone to randomness because workers place pel-
lets fragments on the fungus growth region, since fungus grows
randomly (Fig. 1). Nevertheless, amount of fragments was influ-
enced by the way that the active ingredient acts in the colony
(Fig. 2). Thus, results confirm the hypothesis that the mode of
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Fig. 2. Pellet fragment distribution onto the fungus garden, with and without active ingredients. A2, B2, C2: fragment distribution with ultraviolet light. A1 and A2: pellets
without active ingredient. B1 and B2: pellets with sulfluramid. C1 and C2: pellets with with different action modes. A1, B1, C1: fragment distribution without ultraviolet light

indoxacarb. Treatment followed the same letter is not significantly different.

action of active ingredients in formicide baits directly affects work-
ers during fungus cultivation and, consequently, pellets fragments
distribution.

The baits are processed by workers that perform a series
of behaviors (Diniz and Bueno, 2009). The substrate is carried
to the fungus garden, where they lick it until it is moist and

simultaneously groom this material; they chop the substrate and
chew its edges; these fragments are then incorporated into the fun-
gus and inoculated (Andrade et al., 2002; Camargo et al., 2017;
Garrett et al., 2016; Silva et al., 2015). The active ingredient dis-
perses during fungus cultivation, contaminating workers (Forti
et al,, 2019; Silva et al,, 2015). The mode of action of insecticides
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can affect bait fragment distribution, because workers are contami-
nated with insecticide, and thus, affecting behaviors during fungus
cultivation (Fig. 2). In sulfluramid and control treatments, distri-
bution was similar; the same did not occur in the treatment with
indoxacarb (Fig. 2).

In sulfluramid treatment the pellets were all processed and
distributed onto the fungus without the workers perceiving the
presence of the active ingredient. Insecticide with action such as
sulfluramid, means a greater substrate distribution onto the fungus,
allowing for workers to perform all behaviors involved in fungus
cultivation until they start to die. However, using an active ingredi-
ent such as indoxacarb, prevents workers from completing pellets
processing (Fig. 2). This occurs due to the action of the insecticide,
which results in worker mortality in a short period of time (Dias,
2006).

Because distribution is affected by the insecticide’s mode of
action, those with action such as sulfluramid are more efficient in
controlling leaf-cutting ants, as they act for longer periods in the
colony, while faster ones act on the first days (Nagamoto, 2003).
This active ingredient interrupts ATP production in the mitochon-
dria, reducing the organism’s energy production and becoming
lethal to insects (Schnellmann and Manning, 1990). Workers show
typical symptoms of intoxication by sulfluramid, i.e., slow move-
ment and decreased aggressiveness due to their organisms’ low
energy levels, which drop until their metabolism is interrupted,
causing their death (Britto et al., 2016; Schnellmann and Manning,
1990). Therefore, because of the action of sulfluramid, this active
ingredient allows for workers to carry the baits, leaving them
exposed to the insecticide during fungus cultivation and dis-
tributing the fragments (Fig. 2); that is, without perceiving the
presence of the active ingredient, fungus cultivation behaviors are
not compromised. This confirms the efficiency of this insecticide in
controlling leaf-cutting ants (Britto et al., 2016; Cruz et al., 1996;
Forti et al., 2003; Zanuncio et al., 1999, 1996).

Indoxacarb is a neurotoxic substance, which blocks sodium
channels; that is, it compromises the nervous function, interrupts
feeding, paralyzes, which may occur within 2-8 h, causing death
(Dias, 2006). However, due toits action, this active ingredient inter-
feres with pellets fragments distribution in the colony, because the
workers die during processing (Fig. 2).

With the hypothesis on how bait fragment dispersion occurs and
whether it is related to the mode of action of the active ingredient,
it is concluded that acting insecticides such as sulfluramid, allows
for fragment distribution onto and incorporation into the fungus.
Thus, the fragment distribution is essential to the contamination of
a higher number of workers.
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