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Abstract

The subfamily Lamiinae, with global distribution, includes the genus Atrypanius (Coleoptera: Cerambycidae). The
objective was to register, for the first time, Atrypanius lignarius (Cerambycidae: Lamiinae) as a pest in a commercial
plantation of Paulownia fortunei var. mikado. Plants of Paulownia fortunei var. mikado with larvae in galleries,
excavated in their stems and causing considerable injuries, were examined. These larvae were maintained, in the
laboratory, and the adults emerged identified as A. lignarius. Injuries caused by this pest included yellowing and
premature leaf drop. Atrypanius lignarius was identified as a pest of adult P. fortunei var. mikado plants in Santa
Catarina state, Brazil. The demand for wood from this plant increases the importance of strategies to mitigate
injuries caused by A. lignarius.
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Resumo

A subfamilia Lamiinae, com distribui¢do global, inclui o género Atrypanius (Coleoptera: Cerambycidae). O objetivo
foi registrar, pela primeira vez, Atrypanius lignarius (Cerambycidae: Lamiinae) como praga em plantagdo comercial
de Paulownia fortunei var. mikado. Plantas de Paulownia fortunei var. mikado, com larvas em galerias escavadas em
seus caules, causando injdrias consideraveis, foram examinadas. Essas larvas foram mantidas, em laboratério, e os
adultos emergidos identificados como A. lignarius. Injirias causadas por essa praga incluiram amarelecimento e
queda prematura das folhas. Atrypanius lignarius foi identificado como praga, no estado de Santa Catarina, Brasil,
danificando plantas adultas de P. fortunei var. mikado. A demanda por madeira, dessa planta, aumenta a importancia
de estratégias para mitigar injirias por A. lignarius.

Palavras-chave: Mata Atlantica, Atrypanius lignarius, Kiri japonés.

1. Introduction

The family Cerambycidae, one of the most diverse of
Coleoptera, with more than 38,000 species in the world
(Tavakilian and Chevillotte, 2023) includes 4,371 species
and 1,056 genera in Brazil (Monné et al., 2024). A total of
847 species in 114 genera have been described for the tribe
Acanthocinini Blanchard, 1845 in South America (Roguet,
2024), a group with a cosmopolitan distribution of the
subfamily Lamiinae (Roguet, 2024). Thirty-five species
of the genus Atrypanius Bates, 1864 (Acanthocinini) were

described in the American continent, predominantly in
the Neotropical region, 20 in Brazil (Roguet, 2024).
Species of the genus Atrypanius, reported on different
host plants (Monné, 2001), include Atrypanius albocinctus
Melzer, 1930 and Atrypanius jauffreti (Santos-Silva, 2021)
on Ficus spp. (Moraceae) (Duffy, 1960, Santos-Silva,
2021); Atrypanius ambiguus Melzer, 1930 on Centrolobium
tomentosum Guillarmod ex Bentham (Fabaceae) (Silva et al.
1968); Atrypanius conspersus (Germar, 1823) on Acacia sp.
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(Mimosaceae), Bagassa guianensis Aublet, Brosimum utile
(Kunth) Pittier and Ficus leiophylla C.C. Berg (Moraceae)
(Tavakilian et al., 1997; Di lorio, 2004); Atrypanius
corticalis (Bates, 1864) on Gustavia superba (Kunt) O. Berg
(Lecythidaceae) (Lanuza-Garay and Barrios, 2015); Atrypanius
cretiger (White, 1855), Atrypanius implexus (Erichson, 1847),
Atrypanius infimus (Bates, 1885), Atrypanius leucopygus
(Bates, 1872) and Atrypanius lineatocollis (Bates, 1863) on
B. utile (Moraceae) (@degaard, 2004); Atrypanius haldemani
(LeConte, 1852) on Anacardium excelsum (Bert. y Balb.
ex Kunth) Skeels (Anacardiaceae), Bursera simaruba (L.)
Sargent (Burseraceae), Celtis sp. (Cannabaceae), Jatropha
standleyi Steyermark (Euphorbiaceae), Inga cocleensis Pittier
(Fabaceae), G. superba (Lecythidaceae), B. utile, Ficus aurea
Nuttall (Moraceae) and Forestiera segregata (Jacquin) Krug
& Urban (Oleaceae) (Turnbow Junior and Hovore, 1979;
@degaard, 2004; Lanuza-Garay and Barrios, 2015); Atrypanius
irrorelus Bates, 1885 on Vigna unguiculata (L.) Walpers
(Fabaceae), B. utile (Moraceae) and Manilkara zapota (L.)
van Roten (Sapotaceae) (Janzen, 1980; @degaard, 2004);
Atrypanius polyspilus (White, 1855) on B. utile and Castilla
tunu Hemsley (Moraceae) (@degaard, 2004); Atrypanius
pulchellus (Bates, 1863) on Himatanthus bracteatus (A.P.
de Candolle) Woodson, Parahancornia fasciculata (Poiret) R.
Benoist ex Pichon (Apocynaceae), Hevea guianensis Aublet
(Euphorbiaceae) and Brosimum guianense (Aublet) Huber
(Moraceae) (Tavakilian et al., 1997; Monné, 2001); Atrypanius
remissus (Erichson, 1847) on Artocarpus altilis (Parkinson)
Fosberg (Moraceae) (Tavakilian et al., 1997); Atrypanius
spretus (Bates, 1864) on Theobroma cacao L. (Malvaceae)
(Bondar, 1939) and Atrypanius venustus (Bates, 1863) on
Inga sp. (Fabaceae) (Tavakilian et al., 1997).

Atrypanius lignarius (Bates, 1864) has been reported
throughout the Atlantic Forest in eight states (Bahia,
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Figure 1. Gallery with larva (A) on the trunk of Paulownia fortunei var. mikado and pupa (B) and adults (C, D) of Atrypanius lignarius
(Coleoptera: Cerambycidae).
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Espirito Santo, Minas Gerais, Parand, Rio de Janeiro, Rio
Grande do Sul, Santa Catarina and Sdo Paulo) of Brazil,
besides Paraguay and Argentina (Monné, 2024). Host
plants of this insect include some of economic importance
such as Holocalyx glaziovii Tauberte x Glaziou, Inga sp.
(Fabaceae), Persea americana P. Miller (Lauraceae), Pinus
elliottii Engelmann (Pinaceae) and T. cacao (Malvaceae)
(Bondar, 1925; Andrade, 1928; Silva, 1936; Bosq, 1943;
Di lorio and Fuentes, 1998, Di lorio, 2006).

The objective of this work was to record, for the first time,
the occurrence of Atrypanius lignarius damaging Paulownia
fortunei (Seem.) Hemsl. var. mikado (Scrophulariaceae) in
a commercial plantation.

2. Material and Methods

Adult plants of P. fortunei var. mikado were observed
with injury in their stem by a borer in November 2023 in
acommercial plantation established in October 2019 in an
eight-hectare area with a spacing of 3x4 meters between
plants (totalizing 833 plants per area) in the municipality
of Riqueza, Santa Catarina state, Brazil (27° 00 29.30 sec;
53° 12 15.00 sec, elevation 390 meters).

Stems of 10 plants of P. fortunei with injury were sectioned
longitudinally into logs of 0.80 m (three per plant), and larvae
and pupae of a borer were observed inside them. These logs
were taken to the Forest Protection Laboratory of Santa
Catarina State University and placed in netted cages. Adult
beetles were collected shortly after emergence, mounted with
entomological pins, identified by Dr. José Osvaldo Silva Janior
(Figure 1), and deposited in the Pe. Jesus Santiago Moure
Entomological Collection (DZUP) at the Federal University
of Parand in Curitiba, Parana state, Brazil.
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3. Results

Adults of a beetle that emerged from the logs of P. fortunei
var. mikado were identified as Atrypanius lignarius (Coleoptera:
Cerambycidae). In total, 52 adult insects emerged.

Injury by A. lignarius larvae, between the bark and the wood
in the trunk, was observed in 3% of P. fortunei var. mikado
plants (25 plants), mainly in those near a forest fragment.

The diameter of the A. lignarius galleries was up to
2 cmin all logs taken from the main stems of fortunei var.
mikado. Small circular or oval holes in these galleries, with
occasional interruptions, contained sawdust. Emergence
holes of adult insects were observed on the external
surface in the wider areas of the internal galleries in P.
fortunei var. mikado logs placed in cages in the laboratory

Atrypanius lignarius adults bored into the phloem for
oviposition, causing drying and death of P. fortunei var.
mikado plants besides yellowing and falling leaves. Small
emergence holes of adults, resin spots, and dark injuries
on one side of the tree, usually the southern one, were
the most evident signs of A. lignarius injury in P. fortunei
var. mikado plants in the field (Figure 2).

Atrypanius lignarius in Paulownia fortunei var. mikado

Necrosis and darkening were observed in the trunks
of P. fortunei var. mikado, containing several emergence
holes caused by A. lignarius (Figure 2).

4. Discussion

The identification of A. lignarius adults emerged from
logs of P. fortunei var. mikado agrees with reports of this
insect been xylophagous, but its larvae also developed
in pods and seeds of Inga sp. (Bosq, 1943; Costa Lima,
1955; Biezanko and Bosq, 1956), an unusual behavior
for Cerambycidae (Marinoni et al., 2002). Individuals of
A. lignarius were more abundant during the spring and
summer in Parana state, Brazil (Marinoni and Ganho, 2003).

The injury by A. lignarius larvae, between the bark
and the wood in the trunk of 3% of P. fortunei var. mikado
plants, mainly in those near a forest fragment confirms
Cerambycidae species being more frequently in native
environments of the Cerrado and Atlantic Forest biomes,
important Brazilian hotspots with high biodiversity of host
plants for these insects (Sousa and Nascimento, 2022).

Figure 2. Sap exudation (A, B) and galleries (C, D) of Atrypanius lignarius (Coleoptera: Cerambycidae) on the main stem of Paulownia

fortunei var. mikado.
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The gallery diameters of A. lignarius reach up to 2 cm
in trunks of P. fortunei var. mikado, displaying small
circular or oval holes and occasional interruptions with
sawdust and external openings. These characteristics
resemble records of Oncideres saga and Oncideres dejeani
(Coleoptera: Cerambycidae) in trunks of Parapiptadenia
rigida (Fabaceae) (Link et al. 1994).

Atrypanius lignarius adults bore into the phloem for
oviposition, which causes wilting and death of P. fortunei
var. mikado. On the south side of trees, where solar radiation
is lower, small adult emergence holes, resin points, and
dark lesions are observed, which are the most evident signs
of damage caused by A. lignarius in P. fortunei var. mikado
plants in the field. This lower solar exposure may extend
the development period of A. lignarius. Furthermore, the
greater number of insect emergence holes may be related
to wind direction.

Necrosis and darkening in trunks of P. fortunei var.
mikado caused by A. lignarius foster fungal proliferation,
contributing to the damage.

The identification of A. lignarius, damaging P. fortunei var.
mikado plants, is the first pest insect on this plant in Brazil,
perhaps due to the small area cultivated with this species,
but it will probably increase with the demand for its wood
for products such as cellulose, plastics, and composites
(Sobhani et al., 2011), as well as biopolymers (Rodriguez-
Seoane et al., 2020). Paulownia wood can also be used as a
central layer between laminates (Nelis et al. 2019) and light
weight particle boards (Nelis and Mai, 2019). Additionally,
the wood of this plant can undergo thermal modification
or be enhanced through high-pressure treatment, pyrolysis
to produce gas for energy (Chen et al., 2017), besides in
the production of bioethanol (Dominguez et al., 2021) and
bio-hydrogen (Zhang et al., 2022). Leaves and flowers of
this plant can be used for medicinal purposes (He et al.,
2016) and as animal feeding (Miladinova-Georgieva et al.,
2018a). Paulownia spp. accumulated metals such as
cadmium, copper, and zinc with high biomass production
in phytoremediation of heavy metal-contaminated soils
(Miladinova-Georgieva et al., 2018b), but with variations
among hybrids of this plant for lead and zinc absorption
(Tzvetkova et al., 2015).

This is the first report of injuries by Atrypanius lignarius
in commercial plantations of Paulownia fortunei var. mikado
in the Atlantic Forest biome of Southern Brazil, highlighting
the need to develop management strategies to mitigate
injury caused by this pest on these plants.
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Contamination and mortality

of leaf-cutting ant workers

by the quinone inside inhibitor
fungicide after social interactions

Tamires Scudillio?, Roberto da Silva Camargo'*?, Tarcisio Marcos Macedo Mota Filho?,
Carlos Alberto Oliveira de Matos?, José Cola Zanuncio?, Julian Alberto Sabattini* &
Luiz Carlos Forti?

Leaf-cutting ants of the genera Atta and Acromyrmex (Hymenoptera: Formicidae) are the most
important pests in forest and agricultural plantations and livestock. Toxic baits are the main method
to manage these insects. The objective was to determine whether the behavior of allogrooming,
touch, and self-grooming among Atta sexdens rubropilosa Forel, 1908 (Hymenoptera: Formicidae)
workers disperse the fungicide quinone inside inhibitor and whether this product is toxic to them.
This fungicide was applied, topically, in groups of workers and the social interactions between them
and their mortality with and without the fungicide were evaluated. The interactions and the quinone
inside inhibitor fungicide contamination increased with the number of leaf-cutting ant workers per
group. Excessive touches, with subsequent allogrooming, and self-grooming among the ant workers
dispersed the quinone inside the inhibitor fungicide causing 100% mortality and indicating its toxicity
to this insect. The hypothesis that social interactions contaminated ant colony mates and the toxicity
of the fungicide quinone inside inhibitor to workers of the leaf-cutting ant A. sexdens rubropilosa was
proven.

Leaf-cutting ants of the genera Atta Fabricius, 1805 and Acromyrmex Mayr, 1865 (Hymenoptera: Formicidae) are
the main pests in forest, agricultural and pasture areas in Brazil and other countries in the Neotropical region'.
Leaf-cutting ants are managed with toxic baits containing the actives fipronil or sulfluramid, with high efficien-
cies and economic and operational feasibility>*. These baits are formulated with a mixture of active ingredients
dissolved in soybean oil and incorporated in citrus pulp as an attractive substrate>.

The dispersion of insecticides by leaf-cutting ants in their colonies must be by trophallaxy*®. Trophalaxy is
the distribution of food resources, ingested during foraging, among colony members by oral or anal regurgita-
tion and common in social insects such as ants, bees, termites and wasps®. This behavior is important to the
exchange pheromones, symbionts, and information between individuals in the colony and the transmission of
toxic substances and pathogens’. Smaller workers of the leaf-cutting ant Acromyrmex subterraneus subterraneus
Forel 1911 (Hymenoptera: Formicidae) fed nestmates of similar size or larger, probably by trophallaxy®. Workers
of the subterranean termite Coptotermes formosanus Shiraki, 1909 (Battodea: Rhinotermitidae) dispersed the
insecticides cypermethrin, chlordane and chlorpyrifos by trophallaxy®. About 50% of the workers in a colony
of the leaf-cutting ant Atta sexdens Forel 1908 (Hymenoptera: Formicidae) directly contaminated themselves
during the processing of ant baits to cultivate its symbiotic fungus!®.

Trophalaxy is a widely discussed and variable behavior among leaf-cutting ant species®. The fluid absorption
rates by Camponotus rufipes Fabricius, 1775 (Formicidae) and Pachycondyla villosa Fabricius 1804 (Ponerinae)
workers, which feed on aphid nectar and honeydew, are higher than those of the leaf-cutting ant Atta sexdens
rubropilosa Forel 1908 (Hymenoptera: Formicidae: Myrmicinae) and of the predators of the Rhytidoponera

!Laboratodrio de Insetos Sociais-Praga, Departamento de Protecdo Vegetal, Faculdade de Ciéncias Agrondmicas,
Universidade Estadual de Sao Paulo (UNESP), Botucatu, Sao Paulo 18603-970, Brazil. 2Instituto de Ciéncias E
Engenharia, Universidade Estadual de So Paulo (UNESP), Itapeva, Sdo Paulo 18409-010, Brazil. 3Departamento
de Entomologia BIOAGRO, Universidade Federal de Vicosa, Vi¢osa, Minas Gerais 36570-900, Brazil. “Department
of Ecology, School of Agriculture Science, National University of Entre Rios, National Council for Scientific and
Technical Research, Route No. 11 Km 10.5, 3100 Oro Verde, Argentina. “’email: camargobotucatu@yahoo.com.br
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complex'!. The crop of ants, which collect fluids (nectar) during foraging, such as the genus Camponotus, is more
developed and adapted to this foraging strategy''.

Low rates of fluid absorption by leaf-cutting ants affect other foraging strategies. Atta sexdens Forel 1908
(Hymenoptera: Formicidae: Myrmicinae) workers ingested liquids during cutting and processing leaves col-
lected to cultivate their symbiotic fungus and rarely visited nectar sources'?. Furthermore, leaf-cutting ants ingest
liquids during gongylid harvesting in the fungus garden, but their crops are not adapted to store large volumes
of liquid". The rate of fluid intake by C. rufipes workers was 6.7 ul/min, higher than that of A. sexdens, at most,
0.6 wl/min'!. This indicates that trophallaxy may be infrequent or absent in leaf-cutting ants'*.

Oral trophallaxy may not disperse insecticides in colonies of leaf-cutting ants and these insects should be
intoxicated by direct contact during processing and incorporation of toxic baits into the fungus garden. This
can also occur through indirect contact with the active ingredient, during social interactions between workers
in the colony". These interactions include hygienic behaviors such as allogrooming, self-grooming and touch-
ing, besides contact between contaminated workers or not dispersing the insecticide among colony members
141617 This social interaction can be the route of contamination with other substances, such as fungicides? An
experiment was carried out to test this hypothesis with a fungicide (toxic to insects). The quinone inside inhibitor
fungicide was applied topically on Atta sexdens rubropilosa Forel, 1908 (Hymenoptera: Formicidae) workers and
the social interactions between them, with this fungicide or not, and the mortality of these insect were evaluated.

Material and methods

Colonies studied. Sixty colonies of A. sexdens rubropilosa with approximately six months old were collected
in March 2020 in the municipality of Botucatu, Sao Paulo state, Brazil, maintained at the Laboratory of Social
Insect Pests of UNESP in Botucatu and used in the experiment. Each colony was kept in a container (length:
15 cm, width: 15 cm and height: 15 cm) with a fungus garden and received Acalypha spp. (leaves and stems) at
a temperature of 24+ 2 °C, relative humidity of 80% and a photoperiod of 12 h of light. The handling of plant
(Acalypha spp. leaves and stems) were carried out in accordance with relevant guidelines and regulations.

Experiment 1. The hypothesis that interactions between leaf-cutting ants disperse insecticides in their colo-
nies was tested. One pl of quinone inside inhibitor fungicide was applied topically at a concentration of 0.1%
(mass/mass) in the pronotum of each A. sexdens rubropilosa worker. These workers were placed in 250 ml plastic
containers with 1.0 cm of plaster at the bottom and a camera above the container with the ants for 24 h, in a
completely randomized experimental design with the treatments: group 1:1-1 worker + 1 worker with quinone
inside inhibitor fungicide (0.1%); group 2:1-1 worker + 1 worker with quinone inside inhibitor fungicide (1%);
group 3:1-1 worker + 1 worker without quinone inside inhibitor fungicide; group 4:1-4 workers + 1 worker with
quinone inside inhibitor fungicide (0.1%); group 5:1-4 workers + 1 worker with quinone inside inhibitor fungi-
cide (1%); group 5:1-4 workers + 1 worker without quinone inside inhibitor fungicide; group 9: 1-9 workers + 1
workers with quinone inside inhibitors fungicide (0.1%); group 9:1-9 workers+ 1 worker with quinone inside
inhibitor fungicide (1%); group 9:1-9 workers+1 worker without quinone inside inhibitor fungicide; group
19:1-19 workers + 1 worker with quinone inside inhibitor fungicide (0.1%); group 19:1-19 workers + 1 worker
with quinone inside inhibitor fungicide (1%); group 19:1-19 workers + 1 worker without quinone inside inhibi-
tor fungicide.

The A. sexdens rubropilosa workers were removed from their colonies and separated by size, based on head
width, from 1.2 to 2.2 mm. The pronotum of these workers, which would be contaminated, was marked with
a small dot of ink made using a white colored pen (Edding®) with excellent adhesion, fast drying and good
visibility's. After marking, these workers remained for two hours in 350 ml plastic containers with the edges
smeared with Fluon (fluoroethylene resin) to prevent them from escaping. Then, topically, 1.0 pl of the fungicide
was applied on each worker’s pronotum using a Hamilton microsyringe (5.0 ul) and placed in their respective
groups. Self-cleaning, mutual-cleaning and touching frequencies were recorded during 24 h of video recording.

Experiment 2. The mortality per group of contaminated A. sexdens workers was evaluated in an experiment
similar to the first. A control treatment, consisting of vegetable oil at a concentration of 1.0%, and two others
with the fungicide at 0.1% and 1.0% (mass/mass) were evaluated. After marking and contaminating the worker,
each group was placed in a transparent plastic container with a diameter of 7.5 cm and 5.5 cm height, with
hermetic lids and, at its base, a 1.0 cm of plaster to maintain moisture. The contaminated worker and its group
of uncontaminated ants were kept for 24 h without food. After this period, they received approximately 3.0 g of
the symbiont fungus and about 20 minimal workers with a head width of approximately 0.8 to 1.0 mm, as they
efficiently cultivate the fungus®®. Ant mortality was evaluated in the 1st, 2nd, 3rd, 5th, 7th, 9th, 11th, 14th, 17th
and 21st days after their contamination®.

Data analysis. A regression model, considering the frequency of each behavior with different fungicide
concentrations and A. sexdens rubropilosa worker proportions, was applied using the Generalized Linear Model
(GLM) with negative binomial variance and logarithmic linkage function according to overdispersion data®’. A
residual deviation (36,887.41,989 and 39,656 with 30 degrees of freedom) were non-significant (P-value=0.18,
0.07 and 0.11) indicating a lack of evidence against this model for the frequency of allogrooming, self-cleaning
and touching behaviors. Multiple comparison tests, between group means and fungicide concentrations, were
performed using the log odds ratio. The p value was adjusted using Tukey’s method to compare a family with
four and three estimates, respectively?.

Multiple comparisons of survival curves were performed using the Log-Rank tes
Rate? to adjust their P-value correction.

t>> and the False Discovery
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The MASS, multicomp, emmeans, survival, survminer, ggplot2 and RColorBrewer packages of the R statistical
and graphics programming environment version 4.1.2 used the R Core Software®.

Results
Experiment 1. The frequency of allogrooming behavior was higher in the 01:04, 01:09 and 01:19 groups
than in the 01:01 and similar between the concentrations of quinone inside inhibitor fungicide and the control
(Table 1).

The frequency of self-grooming behavior, 01:01, 01:04, 01:09 and 01:19 groups, did not differ between the
concentrations of quinone inside inhibitor fungicide and the control (Table 1). The frequency of self-grooming
behavior increased, reaching a higher value in the 01:04, 01:09 and 01:19 groups than in the 01:01 (Table 1,
Fig. 1), but it did not differ between the concentrations of 0.1%, 1% of quinone inside inhibitors fungicide and
the control (Table 1).

Touching Selfgrooming Allogrooming

C Est Zv Pv Est Zr Pv Est Zr Pv

Int 2.20017 12.29 <2716 3.45013 26.34 <2¢716 1.09%2 5.11 3.09¢°77
0.1% —0.32%1% | —2.23 |0.0257 |0.09%'2 0.78 0.435 -0.20%" | -1.36 |0.172
1.0% -0.32%4 | 221 [0.0269 |-0.17%2 |-141 |0.156 0.06%13 0.49 0.621
04 1.380-0 6.83 8.0612 | 0.77%14 5.18 2214 | 1.06°% 4.56 4.96°°%
09 25101 12.88 <2716 1.17014 7.97 1.58°15 | 1.30°% 5.77 7.65¢%
19 34701 17.98 <2¢16 1.55014 10.62 <2¢716 1.56%22 7.08 1.38¢°12

Table 1. Coefficients (C), intercept (Int.) and estimated values (Est.) (mean + standard error-SE), z.value (Zv)
and Pr>z (Pv) of the generalized linear model of the touching, self-grooming and allogrooming frequencies
between Atta sexdens rubropilosa (Hymenoptera: Formicidae) workers contaminated with quinone inside
inhibitor fungicide at 0.1% (0.1%) and 1.0% (1.0%) with the proportions of 04, 09 and 19. Superscripted values
are the standard error of the mean for groups.
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Figure 1. Frequency boxplot of behavioral acts of Atta sexdens rubropilosa (Hymenoptera: Formicidae)
workers in the control (T1), quinone inside inhibitors fungicide 0.1% (T2) and quinone inside inhibitors
fungicide 1.0% (T3) treatments. Mean values followed by the same letter per behavior do not differ.
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The frequency of touching behavior was higher in the 01:04, 01:09 and 01:19 groups than in the 01:01 (Table 1,
Fig. 1). This frequency was higher with the concentrations of quinone inside inhibitors fungicide at 0.1% and
1% than in the control (Fig. 1). Touching behavior increased with the number of workers of the leaf-cutting ant
A. sexdens rubropilosa per group (Table 2), but it did not differ between the concentrations of quinone inside
inhibitor fungicide 0.1% and 1% and the control (Fig. 2).

Experiment 2.  The survival curves of A. sexdens rubropilosa workers, with the concentrations of the fun-
gicide quinone inside inhibitor at 0.1% p <2e-16 and 1.0% p <2e-16) and the control differed from each other
(p=0.019) with the death of 100% of the workers with the two concentrations of this fungicide (Fig. 3).

Touch Selfgrooming Allogrooming

Gr Ra Zr pv Ra Zr pv Ra Zr Pv
04vs01 3,98080% 6,83 <.0001 2,17 5,18 <.0001 2,89067 4,56 <.0001
09vs01 12,39%4 12,88 <.0001 3,24%47 7,97 <.0001 3,698 577 <.0001
09vs04 3,120 6,94 <.0001 1,502 2,85 0,0223 1,28%% 1,51 0.4259
19vs01 32,3802 17,98 <.0001 4,74 10,62 <.0001 4,78105 7,08 <.0001
19vs04 8,15! 12,99 <.0001 2,180 5,59 <.0001 1,65%% 3,27 0.0058
19vs09 2,61%40 6,27 <.0001 1,46%20 2,75 0,0299 1,29%18 1,79 0.2742

Table 2. Multiple comparison tests for groups (Gr.) 4:1 (04 vs. 01), 09:01 (09 vs. 01), 09:04 (09. vs. 04), 19:01
(19.vs. 01 ), 19:04 (19. vs. 04) and 19:09 (19. vs. 09) of Atta sexdens rubropilosa (Hymenoptera: Formicidae)
workers and the values of ratio (Ra.) (Mean + standard error), z.ratio (Zr), p.value (pv) on touch, selfgrooming,
and allogrooming behaviors. *Superscripted values are the standard error of the mean (Ra).
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Figure 2. Frequency of behavioral acts of Atta sexdens rubropilosa (Hymenoptera: Formicidae) workers in the
control (T1), quinone inside inhibitors fungicide 0.1% (T2) and quinone inside inhibitors fungicide 1.0% (T3)
treatments. Values followed by the same letter per behavior do not differ.
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Figure 3. Survival probability curves for Atta sexdens rubropilosa (Hymenoptera: Formicidae) workers in
groups with the quinone inside inhibitors fungicide 0.1% and 1.0% and in the control.

Discussion

The hypothesis was confirmed that social interactions between A. sexdens rubropilosa workers increase the dis-
persion of the fungicide quinone inside inhibitor and contaminates others through allogrooming, self-cleaning,
and touch behaviors. These results corroborate the higher mortality of ant workers due to the dispersion of
fat-soluble substances, including insecticides, in social interactions'>?*. This mode of action should be similar
to that of the sulfluramid insecticide, widely used to manage leaf-cutting ants in Brazil?, but that of the latter
compound is slower and only by contact®.

The higher frequency of allogrooming, self-grooming and touching behaviors among A. sexdens rubropilosa
workers, after contamination with quinone inside inhibitor fungicide at 0.1% and 1.0%, proves its dispersion by
this ant. This dispersion type has been reported for insecticides on different social and semi-social insects such
as the Argentine ant, Linepithema humile (Mayr) (Hymenoptera: Formicidae)?’-?’ and black carpenter ants,
Camponotus pennsylvanicus De Geer, 1773 (Hymenoptera, Formicidae) transferring the insecticide fipronil®®
and the German cockroach Blattella germanica (L.) (Blattodea: Blattellidae) the indoxacarb® to nestmates.
This occurs mainly when those contaminated at the application place transfer the compound to others in the
population® by tarsal or antennal contact in groups or, randomly, by touch between an alive and a dead worker
7. The frequency of touching behavior by A. sexdens with workers exposed to the concentrations of quinone
inside inhibitor fungicide at 0.1% and 1% was higher than in the control”

The higher frequency of allogrooming in the 01:04, 01:09 and 01:19 groups than in the 01:01 group. This
behavior increases the dispersion of this fungicide due to excessive touching among workers. This is similar to
that reported for social interactions among those of A. sexdens with allogrooming, self-cleaning, and touching
behaviors between contaminated and non-contaminated individuals dispersing the insecticides fipronil and
sulfluramid to colony mates'. Social interactions disperse insecticidal substances and fungicides among A.
sexdens rubropilosa workers.

The higher frequency of self-grooming behavior in the groups 01:04, 01:09 and 01:19 is important to remove
potentially pathogenic organisms on the surface of the bodies of social insects and from their colony mates'’.
Self-grooming effectively removed parasites such as Metarhizium from the ant cuticle*’~*. The higher frequency
of self-grooming behavior in the 01:04, 01:09 and 01:19 groups than in the 01:01 shows an increase in social
interactions with the group size and, consequently, the dispersion of insecticidal substances among the colony
nests'®?%3, Active ingredients, used to manage leaf-cutting ants, act by ingestion and contact and, therefore,
hygiene behaviors increase contact with the insecticide and, consequently, ant contamination®. On the other hand,
the similar frequency of self-cleaning, between the concentrations of quinone inside inhibitors fungicide and
the control, demonstrates that the A. sexdens rubropilosa workers did not detect this fungicide. This is desirable,
as ants, during self-grooming and collective cleaning, ingest particles and substances collected during cleaning,
including insecticides, which are absorbed by the post-pharyngeal gland and, consequently, intoxicating all or
most of the colony companions®. The similarity between the self-grooming behavior with the concentrations of
0.1% and 1% of quinone inside inhibitor fungicide and in the control. Also, this demonstrates that this fungicide
not modified the ant workers’ self-cleaning behavior, increasing the insecticide dispersion and contamination”

The touch behavior as the number of ant workers per group increased, but without differences between the
concentrations of quinone inside inhibitor fungicide at 0.1%, 1% and the control, demonstrates that the fungicide
did not modify this behavior of the ant workers A. rubropilosa sexdens. The non-detection of insecticides or
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fungicides is important to circulate the active ingredient, contaminating and killing as many workers as possible
and, consequently, causing the collapse of the leaf-cutting ant colony”.

The death of 100% of A. sexdens rubropilosa workers in 21 days with the two concentrations of the quinone
inside inhibitor fungicide is unprecedented for a fungicide, probably toxic by contact and ingestion, acting like
the insecticide fipronil'® with two modes of action increasing the contamination and death of workers after its
dispersion by social interactions.

The interactions between A. sexdens rubropilosa workers dispersed the fungicide quinone inside inhibitor
among them. The mode and mechanism of action of this fungicide on leaf-cutting ant workers is still unknown.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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INTRODUCTION

Adult nests of leaf-cutting ants of the genus Atta
(Hymenoptera: Formicidae) produce sexual castes con-
sisting of males and females (Silva et al., 2015). These
castes leave the nest in large numbers during rainy
and warmer periods for the nuptial flight (Staab &
Kleineidam, 2014; Sales et al., 2020), after which the fe-
males land on the ground to start a new nest (Moser
et al., 2004). Habitat selection by queens is poorly stud-
ied, but they prefer to found their nests in clearings
formed by fallen trees (Vasconcelos, 1990). More than
95% of queens die during nest foundation due to envi-
ronmental factors, microbial pathogens, and predation

(Marti et al., 2015).
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Abstract

The habitat choice of nest sites by founding queens of leaf-cutting ants varies with abi-
otic factors such as temperature, soil density, and soil humidity. In this study, we tested
the hypothesis that soil density and moisture affect excavation effort (i.e., excavation
period, excavated soil amount, initial nest depth, initial chamber volume, and mortality)
in queens of the leaf-cutting ant Atta sexdens (L.) (Hymenoptera: Formicidae). Queens
were placed in experimental areas in three natural soils in Brazil with varying density
and moisture content. The excavated soil was collected, dried, and weighed, and dig-
ging period, nest depth, chamber volume, and queen mortality were evaluated after
nest establishment. In artificially shaded habitats (less dense and more humid soil), the
establishment of queens was greater, the period of nest foundation was shorter, and
excavated soil amount, nest depth, and volume of the initial chamber were greater
than in forest and pasture habitats (denser and drier soils). Also, queen mortality was
lower in less dense, more humid soil. This indicates a trade-off between maximizing
the depth of the nest, to increase protection against inadequate environmental condi-
tions, and minimizing energy expenditure during excavation, affecting their survival.

KEYWORDS
Atta sexdens, Attini, excavation effort, Formicidae, habitat choice, Hymenoptera, mortality, Myrmicinae,
nest sites, queens, soil density, soil humidity

Leaf-cutting ant queens dig the soil to the ideal depth
to build their first chamber. When it is finished, they lock
themselves in, initiating the founding queen's cloister
phase (Frohle & Roces, 2012; Camargo et al., 2015). In this
stage, queens exclusively use their body reserves, for their
own nutrition as well as for fungus cultivation (Camargo
et al.,, 2017; Sales et al., 2020). The depth of the Atta nests
depends on the transition from vertical to horizontal exca-
vation when building the chamber (Fréhle & Roces, 2012).
Queens of Atta vollenweideri Forel dig more quickly at 27 °C
in soft, sandy soils than at 21 °C in harder clay (Fréhle &
Roces, 2012; Vieira et al., 2015). Nest depth is influenced
by both space and time; ant queens dig their tunnels ei-
ther to a certain depth or for a predetermined amount
of time (Frohle & Roces, 2012). For instance, Atta sexdens
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(L) dig shorter tunnels in the field than in the laboratory
(Ribeiro, 1995), but use a similar time period.

The excavation behavior of Atta spp. is mostly studied
in the laboratory, with various densities and soil moistures
(Stein & Xavier, 1984; Frohle & Roces, 2012; Pielstrom &
Roces, 2014); few field studies have been performed. Our
hypothesis is that soil density and moisture affect the ex-
cavation effort (i.e., excavation time period, excavated soil
amount, initial nest depth, initial chamber volume, and
mortality) of queens of the leaf-cutting ant A. sexdens. In
evolutionary terms, soil density and moisture could af-
fect the depth of the nest to avoid extreme environmen-
tal conditions and minimize energy expenditure during
excavation. As body reserves are used during the claus-
tral phase, energy savings during excavation could posi-
tively influence offspring production and queen needs
(Camargo et al., 2011). In this scenario, natural selection
may have acted against excavation in dense and dry soils
due to the reduction of available energy reserves that
could compromise the foundation's success. Testing this
would involve a comparison of the fitness consequences
for queens of digging in soils with varying densities and
moisture contents. In the current study, we evaluated the
excavation effort of A. sexdens queens in three soils under
field conditions.

MATERIALS AND METHODS

Collection of Atta sexdens females after the
nuptial flight

Queens of A. sexdens were collected at the Experimental
Farm Lageado in Botucatu, Brazil, (22°50'37.3"S,
48°25'38.3"W) in sunny days after heavy rains in late
October to early November 2019, after the nuptial flight. In
total, 300 queens that had removed their wings (i.e., ferti-
lized) were kept in pots with 1 cm of moistened plaster at
the bottom.

Experimental areas

Ant queens were placed in three experimental areas at the
Experimental Farm Lageado, on three soils with varying
densities and moisture contents (for all treatments: n = 100
queensin 25 m2, 50 x50 cm each):

1. Pasture: environment with exclusive coverage of
Paspalum notatum Fliggé (Poaceae) with 1.73gcm™
soil density (DS) and 5.5% soil humidity (US).

2. Artificially shaded: plowed environment without plants
but with a 50% shade screen (50x50cm, placed Tm
above the ground) (Shoplonas, Sdo José do Rio Preto,
Brazil), with 1.SOgcm_3 DS and 7.5% US.

3. Forest: environment with wild plants of various sizes
with 1.74gcm™ DS and 4.0% US.

In the center of each 50x50cm square, as A. sexdens
queen was covered by a transparent plastic bottle (20cm
diameter, 12cm high), delimiting the area to be excavated
(Figure S1). Soil density and moisture were measured in each
experimental area (both: n = 100) as described below. After
the foundation period, the soil excavated by the queens was
collected, dried (at 105 °C for 48 h), and weighed, and exca-
vation time and queen mortality were recorded (Figure S2).
After the complete foundation of the nest, characterized by
the closing of the vertical tunnel, each nest was excavated
and its depth was measured with a caliper.

The estimated volume of each fungus chamber was
calculated based on a cylinder, using a correction factor
because the chambers are rounded: V = nr’(ch +r0.67), in
which r' is the chamber base radius and ‘ch’ the cylinder
height, measured by subtracting the base radius from the
maximum height (h) of the chamber:ch=h-r.

Sample collection for soil moisture and
density analysis

Soil density was determined according to the volumetric
cylinder method. Samples were collected using a metal
cylinder (10cm diameter, 15cm high), dried in an oven at
105 °C for 48 h to weight constant, and weighed. Soil den-
sity (DS, in kg dm=, equivalent to g cm™3) was calculated
as follows: DS = m/v, where ‘m’ is mass of dry soil sample
(9), and V' is cylinder volume (cm) (Texeira et al., 2017). To
assess soil moisture, 300 fresh soil samples were collected
and weighed. Then, the samples were dried in an oven as
described above and weighed again. Water loss was calcu-
lated and converted into percentages.

Statistical analysis

Data on excavation period, excavated soil amount, and
mortality of A. sexdens queens in the three soil types were
tested for normality using the Shapiro-Wilk test and com-
pared using the heterogeneity G-test (Sokal & Rohlf, 1981)
or by Kruskal-Wallis and the Mann-Whitney U-tests. Nest
depth values in the three soils were submitted to one-way
ANOVA followed by Tukey's multiple comparisons test.
Fungus chamber volume data were submitted to the non-
parametric two-way Scheirer-Ray-Hare test, using soil type
and queen mortality (dead/alive) as factors, followed by
Dunn's test of multiple comparisons.

Soils were compared in pairs (forest x pasture, forest
x artificially shaded, and pasture x artificially shaded). As
multiple paired comparison tests conducted in sequence
increase the probability of a type | error (i.e., rejection of
an actually true null hypothesis), P-value adjustment is re-
quired. P-values were adjusted through the false discov-
ery rate method, which controls the expected proportion
of false discoveries among the rejected hypotheses. This
is one of the most powerful methods for this purpose
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(Benjamini & Hochberg, 1995). Statistical analyses were
processed with R v.4.0.4 (R Core Team, 2021).

RESULTS

Nests of A. sexdens in artificially shaded habitat were ex-
cavated faster than in pasture (U = 1463.50, P<0.001) and
forest (U = 1673.50, P<0.001) environments. The period
for the queens to establish their nests in the artificial
shade, pasture, and forest was 778.80+398.2 min (n = 97),
1719.30+638.7min (n = 87), and 1672.70+661.4min
(n = 91), respectively (Figure 1). The amount of excavated
soil in the forest, pasture, and artificial shade was, re-
spectively, 27.17+9.7g (n = 91), 29.24+9.5g (n = 87), and
31.28+11.4g (n = 97). This volume, in the artificial shaded
with lower density and more humid soil, was greater than
in the forest (U = 3493.00, P<0.05), the value of the latter
being similar to that of the area with pasture (U = 3889.00,
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FIGURE 1 Median (+ SE) period of nest excavation by Atta sexdens
founding queens in a forest (n = 91), pasture (n = 87), and artificially
shaded (n = 97) habitat. Medians marked with a different letter are
significantly different (Mann-Whitney U test: P<0.05)
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P>0.05) (Figure 2A). Nests were deepest in the artificially
shaded habitat, followed by the pasture and forest habi-
tats (one-way ANOVA: F2,1so = 52.79, P<0.05) (Figure 2B).
Mortality of A. sexdens queens was lower in the artificially
shaded (3%) than in the pasture (13%) habitat; mortality in
the forest habitat was intermediate (9%) (heterogeneity
G-test: G=7.37,d.f. =2, P<0.05) (Table S1).

Overall, initial nest chamber volume was higher in the
artificially shaded habitat (median = 24.88 cm?) than in the
pasture (8.51 cm?) and forest (7.30cm?) habitats (Scheirer-
Ray-Hare test: H = 28.84, d.f. =2, P<0.05). Nest chamber vol-
ume was higherin samples where the queen was alive at the
end of the experiment (29.40 cm?), than where the queen
had died (10.37cm?) (Scheirer-Ray-Hare test: H = 17.84, d f.
=1, P<0.05). There was no significant interaction between
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FIGURE 2 (A) Amount of excavated soil (g) and (B) depth (cm)

of nests of Atta sexdens founding queens in a forest (n = 91), pasture

(n =87), and artificially shaded (n = 97) habitat. The boxplots show the
median value and the first and third quartile (upper and lower box).
The whiskers show 1.5x the interquartile range. Dots represent outliers
and X represents the mean. Means marked with different letters are
significantly different [(A) Mann-Whitney U test and (B) Tukey test:
P<0.05]
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soil type and queen mortality (Scheirer-Ray-Hare test:
H =3.60, d.f. =2, P>0.05).

DISCUSSION

The shortest recorded excavation period by A. sexdens
queens in the current field study (778.80 £ 398.2 min), in an
artificially shaded habitat with relatively low soil density
and high soil humidity, was longer than the 36-660 min
recorded for this leaf-cutting ant in dense soils in the labo-
ratory (Ribeiro, 1995; Camargo et al., 2011; Silva et al., 2015).
The even longer nest foundation periods in forest and pas-
ture habitats (up to 1719.30+638.7 min), with denser and
drier soils, in the field study are probably due to a greater
required effort, as was reported for A. sexdens queens
digging in dense, moist soils in the laboratory (Camargo
et al., 2011; Silva et al., 2015).

Queens excavated a greater amount of soil in the
artificially shaded (less dense and more humid) than in
the forest habitat (denser and drier), which could also
be explained by excavation effort. They remove small
soil particles with their jaws in repeated bites to form
the first chamber (Romer & Roces, 2015), and trans-
port them outside their nest (Ribeiro, 1995; Camargo
et al., 2011; Frohle & Roces, 2012; Silva et al., 2015).
Therefore, the harder and drier the soil, the greater the
excavation effort and, consequently, the longer the pe-
riod required to dig the soil. Additionally, in the forest
area, queens are exposed to more physical barriers (e.g.,
tree roots) than in the shaded and pasture areas, which
makes nest excavation more difficult, as reported for A.
vollenweideri digging in dry and hardened soil (Fréhle &
Roces, 2012).

The amount of soil excavated by A. sexdens queens
in the current field study was lower than that of A. vol-
lenweideri in the laboratory (Fréhle & Roces, 2012). This
may be related to the density of the soil supplied to A.
vollenweideri (dry and hardened soils or alfisols), as well
as to variations in the excavation capacity between mor-
phologically and physiologically distinct queens of leaf-
cutting ants.

The greater initial depth of A. sexdens nests in the ar-
tificially shaded soil (less dense and more humid) than in
the forest and pasture environments (denser and drier)
confirms the relationship between microclimate (i.e.,
temperature, soil density, and soil humidity) and nest
foundation efficacy. Also, this indicates an evolution-
ary trade-off between minimizing energy expenditure
during excavation, which could significantly affect queen
survival (Camargo et al., 2011), and maximizing the depth
of the nest, increasing protection against inadequate
environmental conditions (Camargo et al., 2011; Silva
et al., 2015). Indeed, the excavation of a shallow cham-
ber requires less energy, but the queens are potentially
exposed to environmental stress, such as temperature

changes and desiccation (Camargo et al., 2011, 2013). On
the other hand, queens who establish their nest deeper
may be microclimatically more stable, but require a
greater effort and more time to excavate, which pro-
longs their exposure to predators during the excavation
(Camargo & Forti, 2013). Shallower chambers can be a
consequence of a denser and drier soil, as was seen in the
pasture and forest environment in our study, compared
to the artificially shaded area. These soil factors may have
interfered with a greater expenditure of energy in the ex-
cavation, affecting nest depth.

There is high variation in nest depth between Atta spe-
cies, i.e., Atta colombica (Guérin-Méneville) (7.5-12 cm), Atta
cephalotes (L.) (6.5-13 cm), Atta texana (Buckley) (15-25cm),
A. sexdens var. rubropilosa (10-30 cm), Atta bisphaerica Forel
(10-15cm), Atta capiguara Goncalves (11-34cm), and Atta
insularis Guérin-Méneville (9-15cm) (Weber, 1937; Bruner
& Valdés Barry, 1949; Moser, 1967, Moser et al., 2004;
Camargo & Forti, 2013; Cardoso et al., 2014). This variabil-
ity may be related to the habitats occupied by these ants
(Forti et al., 2020), with various soil types and densities
(Stein & Xavier, 1984). The greater survival of A. sexdens
queens in artificially shaded soil (less dense and more
humid) than in pasture and forest areas (denser and drier)
may be due to excessive cuticular abrasion caused by the
longer excavation period, in addition to water losses, as de-
scribed for seed-harvesting ants (Johnson, 2000; Johnson
& Gibbs, 2004), and excessive oxidative damage, associ-
ated with increased digging effort (Sohal & Buchan, 1987;
Magwere et al., 2006). Excavation of the nest at greater
depths increases the required effort, reducing queen sur-
vival at the initial stage of the colony (Camargo et al., 2011).
In addition, >95% of queens die during nuptial flight and
nest digging, mainly due to predation by armadillos, birds,
frogs, insects — such as Canthon spp. (scarabaeid beetles)
and other ants (Solenopsis, Paratrechina, and Nonamyrmex
spp.) -, and lizards (Erthal & Tonhasca, 2001), and due to
infections with entomopathogenic fungi (Rodrigues
et al., 2010; Marti et al., 2015; Dionisi et al., 2021).

For queens of the leaf-cutting ant A. sexdens, the nest ex-
cavation period was longer and the amount of excavated
soil, initial chamber volume, initial nest depth, and survival
was lower in soils with high density and low humidity than
in soils with lower density and higher humidity. Thus, the
queens adjusted their nest digging behavior to soil density
and moisture. These parameters can affect the queens due
to a trade-off between maximizing the depth of the nest
(to increase protection against inadequate environmental
conditions) and minimizing energy expenditure during
excavation (affecting their survival).
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The ideal habitat for leaf-cutting
ant queens to build their nests

Katia K. A. Sousa?, Roberto S. Camargo'*, Nadia Caldato?, Adriano P. Farias?,
Marcus V. C. Calca?, Alexandre Dal Pai?, Carlos A. O. Matos?, José C. Zanuncio®,
Isabel C. L. Santos® & Luiz C. Forti®

Queens of Atta sexdens Forel (Hymenoptera: Formicidae) face biotic and abiotic environmental
factors in the environment while establishing their nests. Biotic factors such as predation, microbial
pathogens, successful symbiotic fungus regurgitation, excavation effort and abiotic factors such as
radiant sunlight, temperature, density, and soil moisture exert selection pressures on ant queens.
Biotic factors such as temperature and solar irradiation affect the survival of the initial colony
differently, in different environments in the field. Queens of the leaf-cutting ant A. sexdens, were
installed in sunny and shaded conditions to test this hypothesis. Two hundred A. sexdens queens were
collected and individualized in two experimental areas (sunny and shaded), each in an experimental
area (25 m?) in the center of a square (50 x 50 cm). Temperature, irradiance, nest depth, rainfall

and queen mortality were evaluated. Atta sexdens colony development was better in the shaded
environment, and the depth and volume of the initial chamber, fungus garden biomass and number of
eggs, larvae, pupae and workers were greater. The queen masses were similar in both environments
but mortality was higher in the sunny environment. The worse parameter values for A. sexdens nests
in the sunny environment are due to the greater solar irradiance, increasing the variation range

of the internal temperature of the initial chamber of the nest. On the other hand, the more stable
internal temperature of this chamber in the shaded environment, is due to the lower incidence of solar
irradiance, which is also more advantageous for queen survival and the formation and development
of A. sexdens colonies. Shaded environments are a better micro habitat for nesting A. sexdens than
sunny ones.

The vulnerability of Atta sexdens Forel (Hymenoptera: Formicidae) queens is high during the claustral phase
when they maximize nest excavation and protect themselves against environmental variables with minimal
energy expenditure to increase their survival'. This phase starts after the “nuptial flight” when the queen exca-
vates the first chamber of the nest, on average 10-30 cm deep, connected to the ground surface by a tunnel built
and subsequently closed, which will be reopened when the first ant workers emerge'. The claustral queen loses
about 40% of her weight by not eating and using her body reserves to cultivate the symbiotic fungus. In addi-
tion, it cares for and feeds its offspring with its body reserves, until the first adult workers start foraging, usually
3-4 months after the nuptial flight®*.

The survival of the initial leaf-cutting ant colony varies according to biotic and abiotic environmental factors
in the habitat where the queen establishes the nest. Atta sexdens queens prefer to found their nests in clearings?,
possibly because they are easier and safer areas for landing without passing through the plant canopy®. In addi-
tion, the success of symbiotic fungus regurgitation, the minimization of excavation effort, and the more favorable
soil temperature, density, and moisture may explain the greater queen success in these locations*®-°.

Environmental and soil temperatures vary with solar irradiation and affect leaf-cutting ant nesting, as reported
for Atta species in forests (shaded places) and pastures (sunny places)'®%. The initial depth of the chamber
exerts the greatest selection pressure (selective forces), varying between ant species, with deeper chambers for
A. bisphaerica than for A. sexdens rubropilosa®®. The nesting process, habits, and foraging strategies differed
between A. bisphaerica and A. sexdens, with the former normally establishing their nests in full sun in areas with
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Figure 1. Temperature and irradiance over the first 4 months of Atta sexdens (Hymenoptera: Formicidae)
nests in sunny and shaded environments. Willmott similarity index between irradiance and inside and outside
temperatures (a) and between outside and inside temperatures (b) in sunny and shaded environments.

(N =sample size).

predominantly grass forages and the latter in shaded areas where it cuts dicot leaves'*. Furthermore, differences
in nest depth among these species may be related to soil temperature, which is lower in shaded areas’. Fungal
chambers in exposed nests in pastures are deeper than those in shaded areas within forests with soil temperature
negatively correlated with depth’. Soil humidity and temperature act simultaneously due to the thermo prefer-
ence of ant workers building shallow nests in cold soils and deeper nests in warm ones’. Humidity also varies
with soil depth, affecting nest-digging behavior by leaf-cutting ants”"°.

Solar irradiation and, consequently, temperature, affected the depth of the initial chamber and the survival
of leaf-cutting ant colonies. The survival of the founding A. sexdens queen and the development of the initial
colony of this leaf-cutting ant, during the claustral phase, differ between sunny and shaded environments. As
a consequence, survival of the founding A. sexdens queen and the development of their initial colony will be
better in shaded environments. The objective was to evaluate the numbers of eggs, larvae, pupae, and adults,
queen mass and fungus garden biomass and the dimensions (width, length, height, and depth) of the A. sexdens
nests in soils in sunny and shaded environments. As a consequence, queen mortality during the claustral phase
was also obtained.

Results

The Willmott index indicates that over the first 4 months, the similarity (proximity) of the outdoor temperature
data (month 1=0.85, month 2=0.88, month 3=0.93, month 4 =0.87) between sunny and shady environments
was greater than that of the internal temperature data (month 1=0.64, month 2=0.61, month 3=0.58, month
4=0.61). The lowest similarity was found with the radiation values (month 1=0.32, month 2=0.25, month
3=0.24, month 4=0.06) (Fig. 1a). The similarity between outdoor and indoor temperature data was greater in
the shaded (month 1=0.78, month 2=0.83, month 3=0.85, month 4 =0.89) than in the sunny (month 1=0.44,
month 2=0.44, month 3=0.47, month 4=0.43) environment (Fig. 1b).

The highest and lowest mean external and internal temperatures of leaf-cutting A. sexdens ant nests in sunny
environments over the first 4 months were 24.6, 22.9 °C and 26.2, 24.8 °C respectively and the highest and low-
est values of solar irradiance were 21.3 and 17.5 MJ /m? respectively. In the shaded environment, the highest
and lowest average external and internal temperatures were 23.5, 22.0 °C and 24.4, 23.3 °C, and the highest and
lowest values of solar irradiance were 21.3 and 17.5 MJ/m? respectively (Table 1).

The ANOVA results indicate no significant effect of the collection date variable or the interaction between
the collection dates and the environments. The depth, width, length, height and volume of the initial chamber
were greater in A. sexdens nests founded in shaded than in sunny environments (Table 2).

The ant queen mass was greater and the fungus garden biomass lower in the first than in the fourth month,
658.5 mg and 64.5 mg and 229.45 mg 1354.9 mg, respectively (Table S1).

The number of A. sexdens eggs was lower in the first (25.0) than in the third (115.5) month in the field
(Table S1). The number of larvae was similar throughout the 4 months. The number of pupae and small and
medium workers was smaller in the first than in the second, third or fourth months (Table S1).

Fungal biomass, queen mass (Fig. 2a) and number of eggs, larvae, pupae and small and medium workers
(Fig. 2b) were lower in the sunny than in the shaded environment. The queen body mass was similar between
environments (Fig. 2¢).

The mortality of A. sexdens nests, during the claustral foundation, was higher in the sunny (91%) than in the
shaded (58%) (X?=22.79, p <0.05) environments (Fig. 2d).
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Sunny

Internal temperature (°C) 253110 1262+10 | 26.0+% |24.8+10
External temperature (°C) 233+58 | 24.6+47 |23.9+40 | 229441
Solar irradiation (MJ/m?) | 21.3+70 | 19.0480 | 175471 |17.8+%8
Shaded
Internal temperature (°C) 23518 1244417 | 243+18 | 233121
External temperature (°C) 22,1436 (235431 | 231428 | 220420
Solar irradiation (M]/m?) 63438 | 75420 | 32422 23+1°

Table 1. Average temperature and irradiance during the first (I), second (II), third (IIT) and fourth (IV)
months of Atta sexdens (Hymenoptera: Formicidae) nests in sunny and shaded environments. Superscripted
values represent standard deviation.

Depth* Width* Length* Height* Volume**
Sunny 9.21+0.39b 2.43+0.14b 3.34+0.18b 2.62+0.15b 8.51+0.12b
Shaded 13.18+0.38a 3.41+0.14* 4.52+0.16a 3.66+0.14a 24.88+0.15a

Table 2. Depth, width, length, height and volume of the initial chamber of Atta sexdens (Hymenoptera:
Formicidae) nests in sunny and shaded environments. Multiple comparison test results. *Averages followed by
the same letter, per column, do not differ by Tukey’s test (a=0.05). **Medians followed by the same letter, per
column, do not differ by Dunn’s test (a=0.05).

Discussion

The Willmott similarity indices, over the first 4 months, for outside and inside temperatures, in sunny and shaded
environments, with values close to 1, confirm that A. sexdens colonies were exposed to significantly different tem-
peratures. The lowest values of this index for irradiance, differing between the sunny and shaded environments
for internal temperature (in the initial chamber), indicates variation in this parameter between environments.
Irradiance values close to 0 between environments represent differences between sunny and shaded areas, but
the temperature of the initial chamber did not vary. The selection pressure from irradiance and, consequently,
temperature, defines the ideal depth of the initial chamber for the founding queens'® to keep this parameter at
values adequate for the fungus garden and the offspring® in the field. The similar temperature, in the nests in
the shaded environment, agrees with that reported for this leaf-cutting ant, of 24°C?, but this varies between
species of these insects, being 25-28 °C for A. sexdens'”, 27.5 °C for A. vollenweideri'® and 27 °C for A. heyeri®.
This adaptation of an ideal depth to construct the initial chamber allows A. sexdens to adapt to different habitats
in full sun and shade. The nesting process, habits and foraging strategies differ between A. bisphaerica and A.
sexdens, with the former normally establishing their nests in full sun in areas with predominantly grass forages
and the latter in shaded areas where it cuts dicot leaves'!. Furthermore, differences in nest depth between these
species may be related to soil temperature, which is lower in shaded areas”. For this reason, fungal chambers in
exposed nests in pastures are deeper than in shaded areas in forests, as soil temperature is negatively correlated
with depth’. Soil humidity and temperature act simultaneously due to the thermo preference of workers, resulting
in the construction of shallower nests in cold soils and deeper nests in warmer ones’. Soil moisture also varies
according to depth, affecting the nest-digging behavior of leaf-cutting ants”>.

The temperature in the shaded environment was higher than that reported for A. sexdens rubropilosa, from
24.82+3.14 to 24.11 £ 1.30 °C at a depth of 5-25 cm underground, for optimal offspring development and, con-
sequently, reduction in the lipid content of queens at high temperatures, without affecting their survival®. This
is because the depth of the initial chamber excavated by the queen is adequate for colony success®®.

The different habitats occupied by the ant A. sexdens?!, from dense forests to cerrado and caatinga may
explain the greater depth and volume of the initial chamber of the nests in shaded than in sunny environments.
However, the depth of the initial nests varies between Atta species with 7.5-12 c¢m, 6.5-13 cm, 15-25 cm,
10-30 cm, 10-15 c¢m, 11-34 cm, and 9-15 cm for A. colombica, A. cephalotes, A. texana, A. sexdens rubropilosa,
A bisphaerica, A capiguara, and A. insulares, respectively>!>22-24 The initial chamber volume is within the
expected range for A. sexdens"' in both environments, with a chamber volume of 24.88 cm” in a shaded area
with eucalyptus plantation®®. Different excavation efforts with the removal of small soil particles by the founding
queen using her jaws in repeated biting motions®, subsequently discarded outside the nest®'®?* may explain the
greater volume of the initial chamber in the shaded area. The greater solar irradiation in sunny areas increases
the temperature, with the higher soil temperature generating greater excavation effort and oxidative damage*”*%,
in addition to water loss, as described for seed-collecting ants?**. Further, humid soils are easier to dig, which
explains the greater volume of the initial chamber in the shaded area as found for the excavation behavior by
Atta spp. in soils with different densities and moistures!>1631,
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Figure 2. Development of Atta sexdens (Hymenoptera: Formicidae) nests in a sunny and shaded environments
over 4 months (a, b) and 4-month average of biology (c) and mortality (d).

The higher mass of A. sexdens queens in the first month of the claustral phase than in the fourth, in both
sunny and shaded environments, stems from a reduction in their body mass, due to the metabolism of the lipid
content during the first 6 months following the flight, but with recovery in the subsequent months'. The mass
loss is due to the use of body reserves by the queens to prepare and maintain the colony in the claustral phase,
as stored lipids are important in the evolutionary history of the Attini tribe, from semi-claustral to claustral
foundation®?. The queen, with a claustral foundation, does not feed, remaining enclosed in the nest and rearing
her initial offspring by metabolizing her own body reserves®, as reported for this ant species'. The selection
pressure on the evolution of claustral foundation tends to minimize risk during foraging® with a more viable
adaptation being the storing of reserves in the body, as observed in our study. The greater biomass of the fungus
garden in the fourth month is due to growth, but its values were lower than those reported for 4-month-old A.
sexdens nests, from 2000 to 3000 mg'.
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The lower number of A. sexdens eggs in the first than in the third month is similar to that observed in labo-
ratory colonies of this ant®. The irregularity in the egg production by the queen is due to hormone fluctuations
regulated by the endocrine system, and is correlated with the activity cycle of the corpora allata during the 3 or
4 months of colony life*. This gland synthesizes the juvenile hormone, which acts in the oviposition of found-
ing queens, as verified for females that underwent alatectomy**. This hormone acts in the fat body, initiating
the synthesis of vitellogenin (glycolipophosphoproteins, with lipids and carbohydrates in its composition) to
be deposited in the oocyte®. Thus, the production of offspring depends on body reserves (fatty body lipids and
muscle mass protein), as the queen does not feed during the foundation period (claustral foundation). The lower
production of small and medium workers in the first month than in the second, third or fourth months, agrees
with that reported in A. sexdens nests'. The similar number of larvae over the 4 months is due to the duration
of the larval period of A. sexdens, of around 25 days®, with new immature individuals produced monthly with
overlapping generations, common in social insects. This overlap begins with larvae in the first month of nests
and pupae, usually in the second month of ant nests in the laboratory?®.

The lower values of fungus biomass and number of eggs, larvae, pupae and small and medium workers of
A. sexdens in nests in the sunny environment may be due to a higher incidence of solar irradiance increasing
the variation in the internal temperature of the initial chamber. This agrees with reports that a lower incidence
of solar irradiance improved the stability of the internal temperature of the initial chamber, favoring A. sexdens
with narrow thermal tolerance range as it is a thermally protected underground species'!. However, frequent
heat peaks, with habitat-specific physiological consequences for subterranean ectothermic animals, are common
in sunny areas''. The queen’s body mass, similar between environments, indicates a similar reduction of this
parameter between them and their tolerance to temperature variations in this type of foundation. A reduction
in the mass of A. sexdens queens is expected from the nuptial flight to the end of the claustral phase. The energy
expenditure of A. sexdens queens, in carbohydrates and body lipids for the nuptial flight and nest excavation,
was estimated at 0.58 J*° and during the claustral phase, they metabolize body lipids and proteins to survive and
form the initial colony®**’.

The higher mortality of A. sexdens nests in the sunny environment, during the claustral foundation, is due to
a higher incidence of solar irradiance, increasing the variation in the internal temperature of the initial chamber
and, consequently, the excavation effort and oxidative damage to the founding queens®”?, in addition to water
losses as reported for seed-collecting ants?**’. This mortality may also be related to entomopathogens, unsuc-
cessful symbiotic fungus regurgitation, excavation effort, density and soil moisture**%,

Atta sexdens founder queens were exposed to sunny and shaded environments with greater solar irradiance
and, consequently, a greater variation range in the internal temperature of the initial chamber in the first envi-
ronment. The shaded environment, with lower incidence of solar irradiance and greater stability of the internal
temperature of the initial chamber, was more favorable for colony development, as confirmed by the biological
parameters and greater survival of A. sexdens queens.

Atta sexdens female collection methods- after the nuptial flight. Atta sexdens queens were col-
lected at the Experimental Farm Lageado in Botucatu, Brazil in 2019 (22°50'37.3"S 48°25'38.3"W) on sunny days
after heavy rains from late October to early November. Two hundred queens were collected using tweezers. They
were stored separately in 250 ml pots with 1 cm wet plaster for 60 min prior to use. We had permission to collect
Atta sexdens queen specimens.

Experimental areas. The A. sexdens queens were individualized in two experimental areas: sunny—an
open area exposed to Global Horizontal Irradiation with exclusive coverage of Paspalum notatum Fliigge grass
(N'=100) and shaded - an area exposed to Diffuse Horizontal Irradiation (50% shade screen—1.50 x 50 MT), in
a plowed environment (N =100). The soil is a superficial horizon of oxisols.

The founding A. sexdens queens were individualized in the center of a square of land (50 x 50 cm) covered
with a transparent bottle measuring 20 cm in diameter by 12 cm in height, delimiting the space to be drilled in
the soil by the ant queens per experimental area of 25 m? (Fig. S1).

Development of early nests during the claustral phase. Atta sexdens queens were evaluated over
4 months following nest foundation, to monitor its development. A total of 25% of the successfully established
nests were excavated per month by removing the colony with a gardening shovel. The number of eggs, larvae,
pupae and adults was counted and the mass of the queen and the biomass of the fungus garden determined. The
depth, width, length, and height of each nest were measured with the aid of a caliper. The estimated volume of
each fungus chamber was based on a cylinder. A correction factor was used to calculate the volume of the cham-
ber because they are rounded: V=nr? (ch +10.67), in which T’ is the chamber base radius and ‘ch’ the cylinder
height, measured by subtracting the maximum height of the chamber from its radius, ch=h - r*. Queen mortal-
ity was evaluated during the excavation of their nests.

Temperature and radiation measurement. The temperatures of the external and internal environ-
ments (15 cm deep), in each area, were measured for 4 months, with Data loggers (Testo), after the foundation
of the nest by the leaf-cutting ant. Global Horizontal Irradiation (GHI) was measured using an Eppley PSP Pyra-
nometer and Diffuse Horizontal Irradiation by a Kipp & Zonen CM3 Pyranometer (Table 3). Solar measure-
ments were obtained over a five-minute time scale (mean of 60 readings with scanning time every five seconds)
in W/m? by a CR3000*' model data logger and stored in an ASCII file.

The measurements were submitted to a quality control procedure to verify if their values were in accordance
with pre-defined solar irradiance thresholds. This procedure consists of a series of checks on physically possible
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Particulars Solar irradiance

Abbreviation GHI DHI
Instrument type Pyranometer Pyranometer
Maker Eppley Kipp & Zonen
Model PSP CM3

Spectral range (nm) 295-2800 305-2800

Table 3. Instruments used to measure solar irradiance in nests of Atta sexdens (Hymenoptera: Formicidae) in
sunny and shaded environments. Fonte: Campbell Scientific*>**.

Physically possible

values (accepted)*
Solar irradiance | Minimum | Maximum
GHI 0 W/m? 1.20 IE
DHI 0W/m? I

Table 4. Physically possible minimum and maximum values for each measurement of solar irradiance.

limits per component measured (Table 4). These checks were carried out according to the process created by the
International Commission on Illumination (CIE) discarding erroneous measures to avoid compromising the
processes of numerical integration or data processing.

Measures accepted as possible were those above 0 W/m? and lower than the maximum stipulated limit, per
component, according to the extraterrestrial solar irradiance (Iz) (Eq. 1). This represents the maximum value
reaching the top of the atmosphere, without attenuation by atmospheric elements (clouds, particles, among
others). Values measured at the earth’s surface are lower than those at the top of the atmosphere. However, the
phenomenon of multireflection when scattered clouds near the apparent location of the sun reflect part of the
solar irradiance onto the sensor, increase the value measured even higher than the extraterrestrial irradiance
over short periods*. For this reason, the global irradiance value can be up to 20% higher than that of the extra-
terrestrial one.

The 1361 of Eq. (1), to calculate the extraterrestrial irradiance, represents the solar constant in W/m?*, R the
relation of the average dimensionless distance between the Earth and the Sun (Eq. 2) and Z the zenithal angle
of the Sun (Eq. 3) in degrees*’.

Ig = 1361(1/R) cos (Z) (1)

R =1—0.0009467 sen(F) — 0.01671 cos (F) — 0.0001489(2F)
— 0.00002917 sen(3F) — 0.0003438 cos (4F) @
Z = sen (3) sen(¢) + cos (8) cos () cos (w) (3)

E in Eq. (4), is the angular fraction of the date of interest in degrees, §, at 5, the solar declination in degrees,
@, at 6, the geographic latitude of the location in degrees (22.85) and w, at 6, the clockwise angle in degrees.

F = 360° D/365 (4)

8 = 0.3964 + 3.631 sen(F) — 22.97 cos(F) + 0.03838 sen(2F) — 0.3885 cos (2F)
+ 0.07659 sen (3F) — 0.1587 cos(3F) — 0.01021 cos(4F) %)
® = (12 — Hd)15 (6)

The d, in the previous expression, represents the day of the year, from 1 to 365 and the Hd, the hour and the
tenth of an hour in degrees of the moment of interest.

The values were numerically integrated, after applying the measurement quality control procedure, obtain-
ing a solar irradiation value for the day in MJ/m? representing the total energy received daily, on a horizontal
surface of 1 m*

Statistical analysis. The null hypothesis that the mortality proportions (probabilities of success) of the
founding queens of both groups are the same was submitted to the test of equal proportions.

The null hypothesis that a data sample came from a normally distributed population was submitted to the
Shapiro-Wilk test.

Scientific Reports |

(2022) 12:4830 | https://doi.org/10.1038/s41598-022-08918-2 nature portfolio



www.nature.com/scientificreports/

Data structure fitting the ANOVA (completely randomized factorial scheme) assumptions were submitted

to this analysis and to Tukey’s test for multiple comparisons of means. The Scheirer Ray Hare test is a nonpara-
metric test used for a two-way completely randomized factorial design®. This procedure is an extension of the
Kruskal-Wallis rank test allowing for calculation of the interaction effects and linear contrasts and were used
for data structure that did not fit the ANOVA assumptions. Dunn’s test® of multiple median comparisons was
performed with a correction (the false discovery rate method) to control the experiment-wise error rate.

The Willmott’s Index of Similarity (d) is a standardized measure of the degree of similarity between two data

series ranging from 0.0 to 1.0 with the value 1.0 indicating a perfect match (two identical data sets), and 0 no
agreement at all’’. As an example, in the sunny environment, the indoor and outdoor temperature data were
identical, which results in 1.0. The more identical, close, and concordant two data sets are, the closer to 1.0 they
will be. The calculation of the index is presented with A and B representing two data sets whose agreement is
to be evaluated.

A=A B
B=B —B

Ly (A —B)
i (1Al = 1B

The R companion package, ggplot2®?, FSA%, tidyverse®*, and hydroGOF?* used is a free software environment

for statistical computing and graphics R version 4.0.4%°.
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Simple Summary: The used active ingredient sulfluramid for toxic baits for the control of leaf-cutting
ants has been included in Annex B of the Stockholm Convention on Persistent Organic Pollutants.
The use of entomopathogenic fungi to control these insects has shown promising results, Trichoderma
harzianum showed high pathogenicity against A. sexdens rubropilosa larvae and pupae, leading to
a faster mortality and a decrease in survival rates. Beauveria bassiana was responsible for causing
faster worker mortality and lower survival rates. An individual contaminated with B. bassiana or
T. harzianum in a group decreases its survival rate, supporting the hypothesis that entomopathogenic
fungi are efficient in controlling leaf-cutting ants when contaminated workers are allocated to groups
of healthy workers.

Abstract: In 2009, sulfluramid, the main ingredient in toxic baits for leaf-cutting ant control, was
included in Annex B of the Stockholm Convention on Persistent Organic Pollutants. This resulted in
interest in the use of entomopathogenic fungi such as Beauveria bassiana and Trichoderma harzianum for
leaf-cutting ant control. The efficiency of these fungi in controlling these insects and the way that ants
react individually or in group to the biological risks posed by these fungi is poorly understood. For
this reason, we assessed the effects of B. bassiana and T. harzianum on Atta sexdens rubropilosa larvae,
pupae and workers. Moreover, we investigated whether the number of contaminated individuals
within a group has an influence in controlling the spread of fungi among workers. We found that
the fungus T. harzianum showed high pathogenicity against A. sexdens rubropilosa larvae and pupae,
leading to faster mortality and a survival rates. On the other hand, the fungus B. bassiana was
responsible for causing faster worker mortality and lower survival rates. In addition, we observed
that an increase in individuals contaminated with B. bassiana or T. harzianum in the group decreases
its survival rate. The results support the hypothesis that entomopathogenic fungi are efficient in
controlling leaf-cutting ants when contaminated workers are allocated to groups of healthy workers.

Keywords: Beauveria bassiana; Formicidae; leaf-cutting ants; sulfluramid; Trichoderma harzianum

1. Introduction

Leaf-cutting ants of the genus Atta Fabricius 1805 and Acromyrmex Mayr 1865 (Hy-
menoptera: Formicidae) are eusocial insects exclusively found in Neotropical [1]. Growing
the fungus Leucocoprinus gongylophorus (Heim, 1957), they feed on several species of plants
of economic interest. They are known to be the main pests forest farming, agriculture and
livestock [2,3].

Leaf-cutting ants are controlled with chemicals, especially those using toxic baits [3].
Those are the most low-cost and practical method available on the market [4]. In addition,
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they dispense with specialized manpower and equipment and facilitate the treatment
of difficult to access nests [5]. They consist of a mixture of active ingredients that act
by ingestion that are dissolved in soybean oil and incorporated into dehydrated citrus
pulp pressed into pellets [6]. Sulfluramid 0.3% (w/w) is the only one that is efficient in
controlling all species of leaf-cutting ants [3].

The production and the degradation of sulfluramid (EC/LIST n. 223-980-3; CAS n.
4151-50-2) through biological and abiotic mechanisms produces perfluorooctane sulfonate
(PFOS), a highly persistent environmental contaminant [7,8]. PFOS has been associated
with weight loss, reductions in serum cholesterol and in thyroid hormones, besides hepa-
totoxic and carcinogenic effects in humans and in some animals raised under laboratory
conditions [9,10]. In 2009, sulfluramid was included in Annex B of the Stockholm Conven-
tion on Persistent Organic Pollutants, with its permission for use restricted to the control of
leaf-cutting ants in Brazil until a new compound is found to replace it [11].

Biological control with the fungus Beauveria bassiana infecting workers in their colonies
or with Trichoderma harzianum as an antagonist to symbiotic fungus has proven to be an
efficient alternative to control leaf-cutting ants [12]. However, in the field, fungal action is
limited by varied and efficient defense mechanisms on the part of ants [13]. Self-grooming,
allogrooming (mutual grooming), nest cleaning and association with Pseudonocardia bacte-
ria are all defense mechanisms that act by forming an immunological barrier of a social
nature and inhibiting the action of parasites [14]. The metapleural gland of ants produces
substances (indoleacetic acid (24-45%), palmitic acid (10-25%), 4-oxooctanoic acid (9-24%)
and acetic acid (3-9%) valeric acid, hexanoic acid, heptanoic acid, octanoic acid, nonanoic
acid, decanoic acid, palmitoleic acid, 2-nonanone, 2-nonanol, furfuryl alcohol, and in-
dole) with antifungal and antibiotic action [15,16]. Allogrooming is effective in removing
parasites such as Metarhizium anisopliae from their cuticles [17].

Moreover, the density of contaminated ants in a group of healthy ants influences the
spread of pathogens within the colony, with the pathogen transmission rate being inversely
proportional to the density of the healthy population [17]. Colonies of social insects have
developed collective immune defenses against parasites. These “social immunity systems”
result from the cooperation of individual group members to combat an increased risk of
disease transmission resulting from sociality and living in groups [18].

Knowing the individual and group resistance mechanisms of leaf-cutting ants is essen-
tial when the intention is to implement safe and efficient methods for microbial control [19].
The present study assessed the pathogenicity of B. bassiana and T. harzianum on Atta sex-
dens rubropilosa immatures and workers under laboratory conditions. Additionally, we
described the mortality rates of workers and immatures and their influence on controlling
the spread of spores from entomopathogenic fungi among workers.

2. Materials and Methods
2.1. Studied Colonies

Colonies of Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae), approxi-
mately four months old, were collected in March 2020 in the municipality of Botucatu, Sao
Paulo, Brazil. Subsequently, they were subjected to a temperature of 24 + 2 °C, relative
humidity of 80% and photoperiod of 12 h of light in the Laboratory of Social Insects-Pests
(Laboratorio de Insetos Sociais-Praga) (LISP) of the Sao Paulo State University’s School of
Agronomic Sciences, until the bioassays started.

The colonies were individually housed in 1.5 1 acrylic plastic containers (GEP
Comercial™) whose bottoms were covered with a 1.0 cm plaster layer to keep the fungus
garden moist. The fungus garden container was connected to two equidistant 250 mL
plastic containers: one for foraging of the plants supplied and the other for waste disposal.
Leaves of the Acalypha spp. plant were provided every two days in the foraging container
to maintain the growth of the symbiotic fungus.
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2.2. Bioassay 1: Pathogenicity of Fungi against Immature and Adult Leaf-Cutting Ants

The pathogenicity of B. bassiana and T. harzianum was assessed in A. sexdens rubropi-
losa immatures and adults (workers with head length from 1.2 to 2.2 mm). To do so, a
completely randomized design was used, with treatments consisting of three develop-
ment stages (larva, pupa and adult) and four concentrations of two commercial products
owned by the company Koppert Biological Systems® City Piracicaba, Brazil: Boveril WP
PL63®, composed of 5% of Beauveria bassiana (Bals.) Vuill.,, strain PL63 (minimum of
1.0 x 108 viable conidia g’l), and Trichodermil SC 1306®, composed of 4.8% of Trichoderma
harzianum Rifai, strain ESALQ-1306 (minimum of 2.0 x 10° viable conidia mL™1).

The individuals were collected from the laboratory colonies flexible aluminum en-
tomological forceps (Log Nature™). Afterwards, they were dipped for two seconds
in suspensions of distilled water and 1% Tween 80® with the following concentrations:
1.0 x 103 (Bov3), 1.0 x 10* (Bov4), 1.0 x 10° (Bov5) and 1.0 x 10° (Bov6) conidia mL ™!,
for B. bassiana, and 2.0 x 10* (Tri4), 2.0 x 10° (Tri5), 2.0 x 10° (Tri6) and 2.0 x 107 (Tri7)
conidia mL~! for T. harzianum. There were two negative controls: (i) groups immersed in
1% Tween 80% aqueous solution (Control 1) and (ii) groups immersed in distilled water
(Control 2) (adapted methodology) [20,21]. The 1% Tween 80® promotes a homogeneous
suspension allowing uniform application of conidia in immature and adults. For each
treatment, there were four repetitions (sterile Petri dishes), each containing groups of five
individuals. We used concentrations according to experimental protocol developed by
Loureiro and Monteiro [20,21].

Subsequently, the groups were placed in sterile Petri dishes containing filter paper
moistened with distilled water at the bottom and kept in a BOD incubator (Eletrolab™),
being subjected to a temperature of 27 + 1 °C, relative humidity of 70 £ 10% and a 12-h
photoperiode to maintain the optimal conditions for the development of the fungi and the
insects (larvae, pupae and workers). During the bioassay, the workers were not provided
with any food [20,21]. The assessments were carried out daily for five days, and the
mortality of the individuals in each treatment was recorded. We observed the change of
color in immatures and fungus colonizing the dead workers (Figure 1).

2.3. Bioassay 2: Response of the Group of Workers to the Contamination of Colony Mates

Based on the experiment, the group of the spread occurring on a colony scale, treat-
ments Bov6 and Tri7 were used, because they provided the shortest Lethal time of 50% of
mortality (LTsp). For each treatment being studied, the workers were divided into groups,
and each group was composed of five repetitions, arranged as follows:

(1) Group 1:19—1 contaminated worker + 19 healthy workers = 20 workers

(2) Group 2:18—2 contaminated workers + 18 healthy workers = 20 workers
(3) Group 4:16—4 contaminated workers + 16 healthy workers = 20 workers
(4) Group 8:12—8 contaminated workers + 12 healthy workers = 20 workers
(5) Group 16:4—16 contaminated workers + 4 healthy workers = 20 workers
(6) Group 18:2—18 contaminated workers + 2 healthy workers = 20 workers
(7)  Group 19:1—19 contaminated workers + 1 healthy worker = 20 workers

The groups were transferred to acrylic pots measuring 7.5 cm in diameter and 5.5 cm
in height, with hermetic lids, containing a 1.0 cm plaster layer at the bottom and a small
amount (3.0 g) of the symbiotic fungus that belonged to the colony from which the workers
were removed. Subsequently, individuals were marked with a white-colored pen (Edding®,
Ahrensburg, Germany) and later contaminated by dipping into spore suspension for
10 s. This pen was used due to its excellent adhesion, quick drying and good visibility.
This technique has been widely used for leaf-cutting ants, the dried ink did not impede
the movement of the ants at all [22]. The marking was done in order to distinguish
contaminated individuals from healthy ones. The assessments were conducted daily
for five days, and the mortality of contaminated and non-contaminated individuals was
recorded according to Figure 1.
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Figure 1. Stages of Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae) exposed with the different ento-
mopathogens under laboratory conditions: (A) healthy pupae; (B) pupae exposed with Beauveria bassiana; (C) pupae exposed

with Trichoderma harzianum; (D) healthy larvae; (E) larvae exposed with Beauveria bassiana; (F) larvae exposed with Tricho-
derma harzianum; (G) healthy worker; (H) worker exposed with Beauveria bassiana; (I) worker exposed Trichoderma harzianum.

2.4. Data Analysis

The lethal time (LT5p) to cause 50.0% of mortality in A. sexdens rubropilosa immatures
and adults was obtained by the PROBIT analysis (Finney, 1971), using SAS [23].

The Kaplan-Meier estimator (also known as the product-limit estimator) was used
to calculate the survival function [24]. This estimator is an adaptation of this empirical
survival function:

Number of individuals that survived until time t

5(t) = Number total of individual in the study

This function implies the absence of censorships, and presence of incomplete or partial
information [25]. S(t) is a staircase function with steps that inform the time at which
the individual’s death occurred. The size of the steps is 1/n (n = sample size), which is
multiplied by the number of ties in case they occur.

The Log-rank, or Mantel Haenszel, test was employed to test the hypothesis of non-
existence of differences in the survival functions between treatments. The p values were
adjusted by Benjamini and Hochberg’s method [26], which controls the false discovery rate
(the expected proportion of false discoveries among rejected hypotheses).

The ggplot2, survival and survminer packages of the R software, version 4.0.0, were
used for statistical computing and graphing [27].
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3. Results
3.1. Bioassay 1: Pathogenicity of Fungi against Immature and Adult Leaf-Cutting Ants

Based on the lethal times (LT5p), the entomopathogenic activity of the fungi B. bassiana
and T. harzianum was observed for A. sexdens rubropilosa workers, and larvae and pupae
(Table 1 and Figure 1). Overall—for both development stages are inversely proportional to
the concentrations of conidia in the solutions. For the larva and pupa stages, T. harzianum
expressed greater pathogenicity for workers with the LT5y varying from 25.251 (Tri4) to
7.385 (Tri7) hours (Table 1), and from 28.602 (Tri4) to 11.503 (Tri7) hours for larvae and
pupae, respectively. On the other hand, B. bassiana expressed greater pathogenicity for
workers, with the LT5( varying between 125.746 (Bov3) and 9.949 (Bov6) hours. Broadly
speaking, the adult stage was less susceptible to the action of the fungi being studied.

Table 1. Lethal times (LT5g) in hours for the entomopathogenic activity of the fungi Beauveria Bassiana and Trichoderma
harzianum against Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae) larvae, pupae and adults (workers) (n = 20).

Larvae Pupae Adults
Treatments LTsp 95% CI X2 p-Value LTsp 95% CI X2 p-Value LTsp 95% CI X2 p-Value
Bov3 26.184 ;;;ZI 0679 0878 45581 Sroor 54560 0141 125746 jrao U0 005 0997
Bov4 279 LOOT 1483 0686 G78BA e 30891 0386 125576 0 0082 09%
Bov5 a1 O 95t 083 a7 DRT ssazs 0120 117410 0% 0016 0999
Bové 270 LD 0200 0977 3edl UST 40577 0255 9949 CO0PT 0739 0864
Trid 25051 DS 13m 0724 28602 oo 3043 0385 129563 o O0b 2980 0395
Tri5 2088 07T 113 0769 18630 o000 089%  082% 113733 00000 1575 0665
Tri6 0040 000 0299 0960 16450 0O 0452 0929 99260 D200 5329 0149
Tri7 7385 Do 2751 0432 11503 00020 0723 0868 12431 0000 0585 0899

CI = Confidence interval at 95% probability.

The survival curves of A. sexdens rubropilosa larvae at different concentrations of
B. bassiana and T. harzianum conidia showed no significant between them, but were signifi-
cantly different from the curves of the negative controls, Control 1 and Control 2 (Table 2
and Figure 2).

For pupae, overall, there was a tendency to survival differences between the different
concentrations of T. harzianum and B. bassiana (Table 2 and Figure 2), with the differences
between the concentrations with T. harzianum being lower.

In workers, survival at the Bové concentration inferior to that at the other concentra-
tions of B. bassiana and T. harzianum (Table 2 and Figure 2). Survival at the Tri6 concentration
does not differ only from survival at Tri4 and Tri5. Survival at the Tri7 concentration, in its
turn, differs from all other concentrations.
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Table 2. p value of the survival analysis for Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae) larvae, pupae and adults (workers).
Treat Stage Control 1 Control 2 Bov3 Bov4 Bov5 Bové6 Tri4 Tri5 Tri6
Larvae 0.690 - - - - - - - -
Control 2 Pupae 0.670 - - - - - - - _
Adults 0.764 - - - - - - - -
Larvae 416 x 10~* 6.41 x 104 - - - - - - -
Bov3 Pupae 4.90 x 10~° 3.32 x 104 - - - - - - -
Adults 0.180 0.089 - - - - - - -
Larvae 9.55 x 104 1.02 x 1073 0.690 - - - - - -
Bov4 Pupae 7.85 x 1074 1.48 x 1073 0.330 - - - - - -
Adults 0.262 0.136 0.820 - - - - - -
Larvae 3.61 x 104 3.61 x 10~* 0.448 0.690 - - - - -
Bov5 Pupae 3.37 x 10~° 2.98 X 10~° 0.735 0.486 - - - - -
Adults 0.048 0.019 0.500 0.363 - - - - -
Larvae 3.61 X 10~* 416 x 10~* 0.448 0.690 0.982 - - - -
Bov6 Pupae 3.32 X 107° 1.38 x 1075 0.087 0.468 0.154 - - - -
Adults 7.5 x 10713 7.5 x 1013 7.5 x 10713 7.5 x 1013 7.5 x 1013 - - - -
Larvae 3.61 X 1074 5.81 x 104 0.991 0.690 0.448 0.448 - - -
Tri4 Pupae 1.99 X 1073 7.39 X 10~* 0.042 0.254 0.078 0.631 - - -
Adults 0.044 0.019 0.421 0.322 0.820 2.8 x 10712 - - -
Larvae 3.61 X 10~4 3.61 x 104 0.321 0.381 0.690 0.690 0.374 - -
Tri5 Pupae 6.49 x 10~* 317 x 10~4 0.003 0.019 0.006 0.064 0.120 - -
Adults 0.026 0.010 0.302 0.217 0.640 7.5 x 10713 0.835 - -
Larvae 3.61 x 10~4 3.61 x 10~* 0.302 0.448 0.690 0.690 0.310 0.919 -
Tri6 Pupae 3.17 X 1074 3.17 x 10~* 0.001 0.002 0.001 0.005 0.028 0.414 -
Adults 0.001 9.1 x 10~5 0.010 0.006 0.037 2.2 x 10711 0.107 0.136 -
Larvae 3.61 X 10~* 416 x 10~* 0.084 0.130 0.416 0.366 0.119 0.690 0.603
Tri7 Pupae 3.17 x 10~* 3.17 x 1074 9.56 x 10~° 0.001 0.001 0.002 0.012 0.211 0.631
Adults 3.7 x 1013 3.7 x 10713 3.7 X 10713 3.7 X 10713 3.7 x 10713 0.349 2.1 x 10712 3.7 x 1013 3.7 x 10~ 11

* p-values significant in bold (p < 0.05).
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Figure 2. Survival curve of Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae) larvae, pupae and workers
immersed in suspensions of Beauveria bassiana and Trichoderma harzianum.

3.2. Bioassay 2: Response of the Group of Workers to the Contamination of Colony Mates

Concerning the groups contaminated with B. bassiana, the survival of the 19:1 group dif-
fered significantly from that of the 1:19, 2:18 and 4:16 groups (Table 3 and Figures 1 and 3).
Comparing the survival of the T. harzianum groups, the 18:2 group differed from the 1:19,
2:18 and 4:16 groups. As for the 19:1 group, it differed from the 1:19, 2:18, 4:16, 8:12 and
16:4 groups. Thus, it can be inferred that the increase in individuals contaminated with B.
bassiana or T. harzianum in the group results in lower survival rates for the whole.
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Table 3. p value of the survival analysis for groups of Atta sexdens rubropilosa Forel 1908 (Hymenoptera:
Formicidae) workers contaminated with Beauveria bassiana (Bov6) and Trichoderma harzianum (Tri7).

Group Treat 1:19 2:18 4:16 8:12 16:4 18:2
Bov6 0.820 - - - - -
2:18 Tri7 0.977 - - - ; -
. Bové 0.727 0.820 ; ; ; ;
416 Tri7 0.865 0.865 - . - -
. Bové 0517 0.661 0.766 ; - ;
812 Tri7 0.165 0.165 0.216 ; ; ;
. Bové 0.439 0.517 0.661 0.820 ; ;
16:4 Tri7 0.093 0.093 0.137 0.810 - ;
. Bové 0.074 0.111 0.182 0.364 0.439 ;
18:2 Tri7 0.010 0.010 0.017 0.236 0.433 -

. Bové 0.016 0.018 0.029 0.062 0.074 0.506

19:1 Tri7 0.0001 0.0001 0.0002 0.018 0.048 0.181

* p-values significant in bold (p < 0.05).
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Figure 3. Survival curve of groups of Atta sexdens rubropilosa Forel 1908 (Hymenoptera: Formicidae) workers immersed in

suspensions of Beauveria bassiana (Bov6) and Trichoderma harzianum (Tri7).
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4. Discussion
4.1. Bioassay 1: Pathogenicity of Fungi against Immature and Adult Leaf-Cutting Ants

Our present study, conducted under laboratory conditions, showed that the treatments
containing B. bassiana and T. harzianum conidia were efficient in controlling A. sexdens
rubropilosa, as they caused the death of larvae, pupae and workers. It was interesting that
all dead insects showed mycosis in their tegument, as present in Figure 1. B. bassiana has
a biological cycle of approximately 168 h [28], and T. harzianum, of 120 h nder laboratory
condition [29]. The death of the development stages is probably associated with toxic
secondary metabolites for the insects synthesized by these fungi after the latter penetrates
into the exoskeleton of the former [30].

Beauveria species are known to produce secondary metabolites with insecticidal prop-
erties, such as beauvericin [31], bassianolide [32] and bassiacridin [33]. For instance,
bassianolide was toxic to Bombyx mori L. (Lepidoptera: Bombycidae) when incorporated
into their diet or injected into the larvae [32]. Beauvericin showed insecticidal activity
against Calliphora erythrocephala (Diptera: Calliphoridae), Aedes aegypti (Diptera: Culici-
dae) and Spodoptera frugiperda (Lepidoptera: Noctuidae) [34,35]. Trichoderma harzianum,
despite not being an entomopathogenic fungus, also has a toxic effect on insects, which
is attributed to secondary metabolites synthesized after penetration into the exoskeleton.
Studies report that metabolites not yet identified, produced by T. harzianum, are toxic to
Periplaneta americana [36]. In addition, extracts from Trichoderma spp isolates produced
secondary metabolites that presented toxicity against A. sexdens rubropilosa, via ingestion,
contact or exposure to volatile metabolites [37].

The LT5 for larvae, pupae and workers obtained in this study were shorter (Table 1)
than those found by Loureiro and Monteiro [21] for isolates JAB 06 and AM 9 of B. bassiana,
in A. sexdens sexdens soldiers, with an LT5 of 2.60 and 2.72 days, observed for the doses of
1.0 x 10° conidia mL ! and 1.0 x 10® conidia mL~!, respectively. Our LTs results were
also inferior compared to those reported by Loureiro and Monteiro [20], for A. sexdens
sexdens workers, with isolates JAB 06 and AM 9 of B. bassiana providing an LT5 of 2.80
(1.0 x 10° conidia mL~!) and 2.16 (1.0 x 10° conidia mL~') days, respectively. When
it comes to the fungus T. harzianaum, the results showed inferior for larvae, pupae and
workers compared to the results obtained by Mussi-Dias et al. [37], according to whom the
isolate of Trichoderma spp. caused 50% of mortality for workers after 2, 1.5 and 4 days when
ingested, sprayed on workers, or by exposure to volatiles, respectively.

The survival rates of A. sexdens rubropilosa larvae, pupae and workers contaminated
with B. bassiana and T. harzianum (Table 2, Figure 1) were inferior to those of Atta bisphaerica
workers contaminated with 1 pL of B. bassiana suspension at concentrations (conidia mL~1)
of 10° (20 days), 10° (20 days), 107 (9 days), 10® (6 days) and 10” (6 days) [19]. The survival
results for both stages were also inferior to those found by Dornelas et al. [38], according
to whom, on the tenth assessment day, all A. sexdens workers contaminated with 1 puL
(1.0 x 107 conidia mL~1) of Metarhizium anisopliae suspension.

The variation in the LT5q and survival rates of the development stages of A. sexdens
rubrobilosa contaminated with the different fungi may be associated with the capacity
of infection and penetration of the fungi, the susceptibility of the host, and the number
of toxic metabolites produced by these fungi. Moreover, the genetic variability present
in entomopathogenic fungi [39] may be one of the factors responsible for differences in
virulence between isolates and species, as reported by Diehl-Fleig et al. [40]

Our results evidence that the fungi B. bassiana and T. harzianum are promising for the
prospection of biological-control products. Overall, for both fungi, the lethal times (LT5)
and estimated survival obtained in this study were superior for workers than for larvae
and pupae (Tables 1 and 2, Figures 1 and 2). Entomopathogenic fungi, as mentioned earlier,
infect their host via penetration. Penetration can occur anywhere in the cuticle, although
preferred sites have been observed in several insects [41]. However, development stages
that present a more rigid cuticle, that is, a more sclerotized one, can hinder the action of
these fungi [42]. This fact could explain the LT5y and survival rates of the workers, because
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their cuticle is totally sclerotized and provides protection against desiccation, parasitism
and predation [43]. In the specific case of fungus-growing workers, when pathogens come
into contact with the surface of their cuticle, these ants perform allogrooming [44], in
addition to producing antifungal substances in their metapleural gland that inhibit the
action of pathogens [15]. These defense mechanisms are not present in the larva and pupa
stages.

4.2. Bioassay 2: Response of the Group of Workers to the Contamination of Colony Mates

In general, the number of workers contaminated with B. bassiana or T. harzianum
influenced the survival of the whole groups, with greater survival being found in groups
with a larger number of healthy workers (Table 3 and Figure 3). Similar results were found
by Hughes et al. [17] who reported that one single worker contaminated with the fungus
Metarhizium anisopliae, when in contact with a group of healthy workers, presented a greater
survival in relation to the contaminated workers that stayed isolated. This greater survival
is related to numerous defense mechanisms on the part of ants.

Among these mechanisms, the following are worth highlighting: hygienic behaviors
referred to as grooming (self-grooming and allogrooming) and weeding to remove the
spores of entomopathogenic fungal and prevent garden infection [15]; management of
waste produced to prevent the spread of potentially harmful microbes from the waste to the
garden [45]; and a mutualistic association with filamentous bacteria (Pseudonocardia) housed
in the cuticle of ants that produce antibiotics that inhibit entomopathogenic fungi [46].

Noteworthy as well, is the presence of the infrabuccal cavity, a filtration structure within
the oral cavity of ants [47] in which potentially dangerous spores and scrap that workers
accumulate while grooming themselves or weeding the fungus garden are stored [48], and
which, once filled, compresses and expels the material from this cavity in the form of an
infrabuccal pellet to waste piles away from their nest in order to prevent microorganisms
from re-infecting the garden [49]; and the production of numerous substances by the
metapleural gland that are capable of acting as a colony defense agent [50].

However, we can observe that in groups in which the number of contaminated workers
is equal to or greater than four, the benefit of being in a group does not present advantages
in controlling the spread of pathogens and, consequently, means lower survival rates for
the group, as observed for the groups that had workers contaminated with T. harzianum
(Table 3 and Figure 2). This is probably caused because the ants are contaminated with a
large amount of fungal conidia and cannot efficiently control the spread of spores. In this
context, allogrooming does not work anymore with increased infected individuals, this it
was observed by Camargo et al. [51].

This information becomes essential for the control of fungus-growing ants by means
of entomopathogenic fungi. Several investigations have attempted to adapt the use of
entomopathogenic fungi to control leaf-cutting ants through granulated baits with attractive
substrate [52-54]. Some are efficient in laboratory conditions but, in field conditions, they
stumble upon the social immunity of ants. Because when baits with fungal spores are used,
few workers have direct contact with the spores [55]. The other workers are contaminated
through interactions between individuals, as proved by Camargo et al. [51], who used
a tracer dye whose dissemination was attributed to contact between workers. However,
when it comes to entomopathogenic fungi, this dissemination does not occur because ants
recognize entomopathogenic agents and use individual and group defense mechanisms
that inhibit fungal action [15]. Our results show that, for greater efficiency in biological
control with entomopathogenic fungi, there must be a large number of contaminated
workers and maximum contact between fungus and host.

5. Conclusions

Atta sexdens rubropilosa immatures and adults are susceptible to the entomopathogenic
action of the fungi B. bassiana and T. harzianum. Life in a group influenced the survival
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of workers, with shorter survival being observed in groups with a greater number of
contaminated individuals.
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Abstract

Leaf-cutting ants forage fresh plants in the field to cultivate the symbiotic fungus in
their nests. The trophallaxis rates in leaf-cutting ants may be related to liquid forag-
ing behavior and exchanging liquid food with other ants inside the nest. The liquid
foraging and liquid food exchange in laboratory colonies of the leaf-cutting ant Atta
sexdens (L.) (Hymenoptera: Formicidae, Attini) were studied to test whether liquid food
is transferred to inside-nest workers by foragers. The foragers commonly ingested lig-
uid when provided with a liquid source and performed different behaviors, such as
self- and allogrooming, but without food exchange (oral trophallaxis) to the workers
inside the nest. The liquid foraging was not related to food exchange with workers
inside the nest. We suggest that liquid foraging meets the individual worker needs
without liquid exchange among ants inside their colonies.
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INTRODUCTION

Many ant species visit sources of liquid food, such as extra-
floral nectaries (Paul & Roces, 2003). These species are spe-
cialized in collecting fluids and ingesting large amounts
of liquid food, whereas others, such as leaf-cutting ants
(Hymenoptera: Formicidae, Attini), rarely feed on nectar
sources (Paul & Roces, 2003, Richard & Errard, 2009). Atta
cephalotes (L.) ingest water during the dry season, or in
laboratory, especially when the air is drier than it would be
in nature (Weber, 1972). Unladen foragers are associated
with transport, consumption, and assimilation of liquids
as carbohydrate-rich plant nectar (Wirth et al., 2003). Ant
workers ingest liquid substances while foraging leaves and
also preparing them as substrate to incorporate into the
fungus garden (Rytter & Shik, 2016). The liquid diet dynam-
ics before foraging supports the hypothesis of the lunch-
box as an energy source for the foraging activities.

Atta sexdens, behavior, foraging, trophallaxis, Hymenoptera, Formicidae, leaf-cutting ants, symbiotic
fungus, grooming, liquid food, food exchange, extrafloral nectaries

Liquid intake is associated with trophallaxis behavior,
that is, the exchange of liquids ingested and stored in the
crop and regurgitated among colony members. This is
typical for—and plays an important role in the social or-
ganization of—many species of social insects (Holldobler
& Wilson, 1990). The trophallaxis associated with the stor-
age of liquid food collected during foraging and the well-
developed crop to transport liquid food determine the
feeding on liquids and food regurgitation (Eisner, 1957).
Species such as Camponotus rufipes (Fabricius) with a well-
developed crop ingest liquid at 6.7 pl per min, a rate higher
than that of Atta sexdens (L.) workers, which does not ex-
ceed 0.6 pl per min (Paul & Roces, 2003).

The crop of Camponotus spp. is well developed, it stores
ingested liquids and, after foraging, the workers regurgitate
and transfer it to their nestmates via trophallaxis inside ant
nests (Paul & Roces, 2003). The percentage of leaf-workers
of the leaf-cutting ant Acromyrmex subterraneus (Forel) with
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TO EXCHANGE OR NOT TO EXCHANGE LIQUID FOOD

fluid food reached 38% (Moreira et al., 2006), but it may vary
with diet and leaf-cutting ant species. The trophallaxis rates
with liquid, semi-solid, and solid diets for this species were
23, 13, and 3%, higher than that of Atta sexdens rupropilosa
(Forel): 13, 3, and 0%, respectively (Moreira et al., 2015).

The objective of the current investigation was to study
liquid foraging and trophallaxis among workers of A. sex-
dens. The aspects of liquid foraging investigated were: (1)
liquid intake by workers during foraging, and (2) oral tro-
phallaxis among workers. Water potential of the fungus
under normal and dry environment was also studied.

MATERIAL AND METHODS
Studied colonies

Five A. sexdens colonies were maintained at a temperature of
24 + 2 °C and relative humidity of 70% in the Laboratory of
Social Insect Pests of the Vegetal Protection Department at the
College of Agronomic Sciences of Sao Paulo State University
(LISP at FCA/UNESP). These colonies were put in a transpar-
ent cylindrical container with 5 | capacity layered with 1 cm of
plaster at the bottom to keep the fungus garden moist. Two
holes were drilled on the opposite sides of the containers and
both were connected with pieces of a transparent hose, one
to supply plant substrate and the other for residues (waste)
removal. The plant substrate supplied to maintain the fungus
culture was Acalypha spec. leaves (Euphorbiaceae).

Dry substrate (dehydrated orange and maize flour) was
provided for 65 days before the experiment to assess liquid
intake by the ant workers and the water potential of the
fungus in the dehydrated colonies which favor trophallaxis
among leaf-cutting ants (Da Silva et al., 2009). Water poten-
tial was measured to check if the colony fungus was dehy-
drated and that of another one under normal conditions
was measured as the negative control.

Water energy status in the fungus garden

The water energy status, measured as water potential ac-
tivity (Aw) within a system, indicates the amount of water
available for a microorganism, such as fungus, to develop.
This was measured to categorize the fungus in 'dehydrated’
and in a 'normal’ leaf-cutting ant colony. The water poten-
tial activity is the ratio between the water vapor pressure
of a certain substrate and that of pure water at the same
temperature and pressure (Pardo et al., 2004). The water
potential activity may interfere with water availability to
ants and, consequently, with their survival, as A. cephalotes
workers ingest water during the dry seasons, or in labora-
tory, when the air is drier than it would be in nature (Weber,
1972). Thus, the adequate water potential of the fungus
helps workers to reduce their liquid deficiency.

The water potential activity of the fungus garden in the
colonies was measured through a WP4-T water potential

1oL

meter (Decagon Devices, Pullman, WA, USA). A sample
of approximately 10-15 ml of fungus was compacted to
around 4-7 ml (7 ml is the limit set by the manufacturer),
put inside a circular sampling capsule (4 cm wide, 1 ¢cm
high) and placed in a sample drawer. After up to 5 min,
the WP4-T beeped and displayed the final reading for
water potential activity. The device was calibrated with a
molal 0.5 KCI standard solution with a known potential of
—2.22 MPa, equivalent to 0.984 Aw at 25 °C.

Behavioral studies

Observed frequency of liquid intake by
ant foragers

Forty-five ant foragers were captured from the foraging
arena with tweezers, their initial body weight (Wi) and
head width were determined, and they were marked on
their thorax with an Edding permanent pen and put back
inside the arena to evaluate their loads. These workers were
named ‘untransferable tracer’. Once in the arena, they were
allowed to ingest a solution (7 ul of a sucrose solution at
15%, and rhodamine at 0.7%) until they walked away from
the drop. These workers were named ‘transferable tracer
dye’. At that point, the workers were captured and their
final body weight (Wf) was determined. Liquid load (mg)
was calculated by the difference between Wf and Wi. The
licking and sucking were characterized in video through
the frequency at which the worker protracted and re-
tracted the glossa at each time interval. The intake system
was recorded for 3 h and the exact intake time was sam-
pled for each worker using a camera-recording and image-
capturing system with the software iuVCR (Camargo et al.,
2013; Camargo & Forti, 2015).

Expected frequency of liquid intake by foragers

The expected rate of liquid intake by ant foragers was
based on the size of the ant, measured by the head width
of each studied worker according to the formula: intake
rate =-0.150 + 0.197 * head width (Paul & Roces, 2003).

Liquid foraging for oral trophallaxis among
ant workers

The hypothesis that the collected liquids are transferred via
trophallaxis was tested on A. sexdens foragers taken from
their colony 24 h before the experiment started. The ex-
perimental design consisted of four groups (treatments)
with five replications each:

o Group 1:4 (worker ratio): 1 worker with transferable tracer
dye + 4 workers without transferable tracer dye + 6 gar-
deners + 1 larva + 1 pupa;
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e Group 1:9: 1 worker with transferable tracer dye + 9
workers without transferable tracer dye + 13 garden-
ers + 4 larvae + 2 pupae.

o Group 1:14: 1 worker with transferable tracer dye + 14
workers without transferable tracer dye + 21 garden-
ers + 7 larvae + 3 pupae;

e Group 1:19: 1 worker with transferable tracer dye + 19
workers without transferable tracer dye + 28 garden-
ers + 9 larvae + 4 pupae.

The groups were formed with medium-size ant work-
ers, based on their head width, from 1.2-2.2 mm (Wilson,
1980; Andrade et al., 2002; Camargo et al., 2017) and on
the percentage of ant casts of the colony (Weber, 1972).
The interactions increase with the number of members
of the colony, thus becoming more similar to the com-
plexity of a full-grown ant colony in a natural situation
(Camargo et al., 2017).

Five workers with tracer (marked on the thorax with a
white Edding pen) from each group were put in contact
with 2 pl of the sucrose solution at 15%, and rhodamine
water-soluble dye at 0.7% (four treatments with five rep-
lications each) during 1 h. After this period, they were
washed with distilled water and dried with paper towel
to remove the dye from their external morphological
structures. This prevents other workers in the group from
being marked during grooming behaviors, based on the
hypothesis of whether trophallaxis would occur or not.
For this reason, a water-soluble dye was used because it
can be removed from the external structures with water
and without need of solvents that may be toxic to the
workers. These workers were put into contact with the
group to observe the social interactions between ants
with or without tracers. The workers were transferred to
a Petri dish (Lopes et al., 2005) (group 1:4: 60 X 15 mm;
group 1:9: 90 X 20 mm; group 1:14: 90 X 20 mm; group
1:19: 140 x 15 mm) layered with 0.5 cm of plaster at the
bottom and containing a small quantity of the symbiotic
fungus and the offspring of the colony from which the
workers were taken.

All behavioral acts performed by the workers with the
tracer and of others in the group were registered during 8 h
with 15-min intervals, totaling 32 observations per replica-
tion (details in Supporting Information). The observation
system adopted was scanning (Martin & Bateson, 1986)
with the group of individuals observed and their behavior
recorded at regular intervals. After the observations, the
workers were frozen and dissected to observe their tracer-
dyed internal morphology structures.

Statistical analysis

A linear model of the ingestion rate as a function of ant size
(i.e., the width of the ant’s head) was adjusted using regres-
sion analysis. The null hypothesis of the estimated param-
eters fitting the model: intake rate = -0.150 + 0.197 * head

width (Paul & Roces, 2003), was tested with the calculation
of the t statistic:¢ - E‘S‘;Hu. Periods and the frequency of licking
and sucking acts were compared using the Mann-Whitney
non-parametric test with 5% significance threshold.

The variables studied were (a) behavioral variables (such
as care of larvae, care of pupae, self-grooming, allogroom-
ing, contact with the fungus, worker with tracer being
groomed, worker with tracer grooming other workers) and
(b) the frequency of workers with dyed infrabuccal pocket
and crop. The behavioral analysis was conducted by mul-
tiple comparison using ANOVA models. Each individual
null hypothesis was specified by a linear combination of
parameters of the elementary model, and null hypotheses
were tested simultaneously (Bretz et al., 2010).

A logistic regression model for the frequency of dyed
and non-dyed workers was tested using the generalized
linear model (GLM) with binomial variance and a logit
link function. Logistic regression analysis of the fre-
quency of dyed individuals as a function of the propor-
tion of those that received the dye was analyzed using
the GLM with Poisson variance and a logit link function.
The same approach was used for logistic regression
analysis of the frequency of non-dyed individuals as a
function of the proportion of individuals that received
the dye (Cordeiro & Demétrio, 2008). Statistical analyses
were processed with the software R for Windows (R Core
Team, 2020).

RESULTS
Liquid intake by ant foragers

The intake rate was lower than that observed in other stud-
ies with the same species (Paul & Roces, 2003). The regres-
sion model was intake rate = -0.120 + 0.167 * head width
(Table 1). The similarity of the estimated parameters in rela-
tion to the Paul & Roces (2003) model was rejected for the
intercept (t = 15.39, d.f. = 43, P<0.0001) and for the slope
(t=2.63, d.f. =43, P = 0.012). The slope estimate is greater
than that proposed by the model.

The ant forager protracted its glossa toward the drop
and started sucking, ingesting the solution supplied. After
ingesting the solution, it retracted the glossa and went
back to its nest. Foragers licked while protracting and re-
tracting the glossa several times in a short time period
(Figure 1) (https://www.youtube.com/watch?v=U78Lt
9N7ju0) (https://www.youtube.com/watch?v=3nUwH
goolml). The average frequency of glossa protraction and

TABLE 1 Model estimated by variance regression analysis of liquid
intake rate of Atta sexdens workers
Coefficients Estimate SE t Pr(>[t])
Intercept —0.11963 0.01752 -6.828 2.28e-8
Slope 0.16600 0.01180 14.069 <2e-16
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FIGURE 1
(C, D) detailed sucking from frontal and side perspectives

retraction during the licking act was higher than that during
sucking (mean = SD = 15.25 * 13.87 vs. 3.75 = 3.99; n = 20;
Mann-Whitney U = 26, d.f. = 19, P<0.0001). Licking lasted
shorter than sucking (11.90 + 12.96 vs. 32.30 + 46.33 s;
Mann-Whitney U =95, d.f. = 19, P<0.05).

Liquid foraging for trophallaxis
among workers

Eight behavioral acts were observed in this experimental
setup:

1. allogrooming
BErfeV4VDbTA);

2. fungus garden touching (https://www.youtube.com/
watch?v=0DxcY_IrHVKk);

3. caring for larvae (https://www.youtube.com/watch
2v=FjbM4RVTVGM);

4. caring for pupae (https://www.youtube.com/watch?v=
ad6a2opii-E);

5. grooming of worker with tracer by others (https:/www.
youtube.com/watch?v=ETTue8jK9eY);

6. worker with transferable tracer dye grooming workers
(no video available);

7. worker with tracer groomed workers (https://www.youtu
be.com/watch?v=5U7q54zKkvU); and

8. self-grooming  (https://www.youtube.com/watch?v=
NEZpr1Uuy8E).

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

Liquid foraging in leaf-cutting ant workers: (A) group of workers sucking solution; (B) single forager sucking solution with rhodamine;

The rate of liquid foraging by trophallaxis among work-
ers tended to increase with the size of unmarked worker
groups (Figure 2). Behavior 1: increase in groups 1:4, 1:14,
and 1:19. Behaviors 2 and 4: greater increase in groups 1:9,
1:14, and 1:19. Behavior 5 and 8: no increase between the
four groups. Behavior 3: increase in the groups 1:4, 1.9,
and 1:14. Behavior 6: increase in the groups 1:9, 1:14, and
1:19. Behavior 7: increase in groups 1:4, 1:9, and 1:19. The
behavioral acts were similar between the groups (Table 2).
However, frequency of trophallaxis in all groups was zero.

The proportion of workers with tracer differed from
the proportion of workers without tracer in the groups
19 (Z = 2,664, P (>[Z|) = 0.0077), 1114 (Z = —4.597,
P (>|Z]) = 4.30e-6), and 1:19 (Z = —4.648, P (>|Z|) = 3.35e-6)
(Table 3). The proportion of workers with dyed infrabuc-
cal pocket differed from that of workers with non-dyed
infrabuccal pocket in the treatment 1:14 (Z = 2.044,
P (>|Z|) = 0.041) (Table 3). This effect indicates that workers
with dye exchanged substances by allogrooming with oth-
ers, but this was observed only in one group (Table 3).

A very low quantity of untraced ants was found with dye
in the infrabuccal pocket or in the crop. These ants were
unfed with the dyed sugar solution. Five workers of the
group 1:4 had the infrabuccal pocket (IBP) dyed (9.1%), and
90.9% not, one had the crop dyed (1.8%). Group 1:9 had five
workers with dyed IBP (4.4%) and two (1.7%) had a dyed crop.
Group 1:14 had five workers with dyed IBP (2.8%) and three
(1.7%) had a dyed crop. Group 1:19 had six workers with dyed
IBP (2.5%) and three (1.3%) with a dyed crop (Figure 3). The
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FIGURE 2 Mean frequency (n) of eight behavioral acts performed by Atta sexdens workers in four experimental settings. Behaviors (see also the
Results section for links to illustrating videos): (1) allogrooming, (2) fungus garden touching, (3) caring for larvae, (4) caring for pupae, (5) grooming
of worker with transference of tracer dye to others, (6) worker with transferable tracer dye grooming workers, (7) self-grooming, (8) trophallaxis.
Experimental settings: (1:4) 1 worker with transferable tracer dye + 4 workers without transferable tracer dye + 6 gardeners + 1 larva + 1 pupa; (1:9) 1
worker with transferable tracer dye + 9 workers without transferable tracer dye + 13 gardeners + 4 larvae + 2 pupae; (1:14) 1 worker with transferable
tracer dye + 14 workers without transferable tracer dye + 21 gardeners + 7 larvae + 3 pupae; (1:19) 1 worker with transferable tracer dye + 19 workers
without transferable tracer dye + 28 gardeners + 9 larvae + 4 pupae. Means within a behavioral act capped with the same letter do not differ

significantly (GLM: P>0.05)

TABLE 2 Logistic regression model for the frequency of Atta
sexdens workers with dyed vs. non-dyed glands

Coefficients Estimate SE 4 Pr (>|Z))
(Intercept) —19.1441 1740.5481 -0.011 0.99

1:9 -0.8380 0.3145 —2.664 0.0077
114 -1.5766 0.3430 -4.597 4.30e-6
1:19 -1.6889 0.3633  —4.648 3.35e-6

TABLE 3 Logistic regression model for the frequency of Atta
sexdens workers with tracer being groomed and workers with tracer
grooming other workers

Coefficients Estimate SE z Pr (>|Z))
(Intercept) —3.307e-16 0.5345 0.000 1.0

1:9 1.792 0.9322 1.922 0.055
1114 2.398 1173 2.044 0.041
1:19 -0.2877 0.6929 -0.415 0.68

proportion of workers with dyed infrabuccal pocket differed
from the proportion with non-dyed infrabuccal pocket.

DISCUSSION

The rejection of the similarity of intake rates is probably
because the fungus garden in the colony was drier than

that of a normal one as confirmed by the difference in
water potential. The water activity (Aw) of the dehydrated
colony was —4.65 MPa, which is equivalent to 0.967 Aw,
drastically reducing the mycelia growth of basidiomycete
fungi (Griffin, 1981), compared with —1.11 MPa (0.992 Aw),
the water potential of the normal colony, suitable for the
growth of most fungi (Griffin, 1981). The expected and ob-
served intake rates were greater than that proposed by the
model by Paul & Roces (2003) (Table S1). The liquid intake
rate of A. sexdens, with an average of 0.6 ul per min (Paul &
Roces, 2003), is similar to that found in literature (Moreira
et al., 2015). The intake rate is related to feeding technique,
solution viscosity, and food habit as found for the decreas-
ing rates as the sucrose concentration increased (>30%)
(Paul & Roces, 2003). Ants that rarely feed on liquids do not
depend on high fluid intake rates to maintain their forag-
ing, even though leaf-cutting ants, such as A. sexdens, in-
gest small amounts of sap while cutting leaves. Cutting
activity takes longer than ingesting plant sap and thus the
ants do not need to ingest it quickly (Paul & Roces, 2003).

The symbiotic fungus partially provides the ant nutri-
tional needs, especially proteins, but these insects ingest
nutrients such as carbohydrates and glucose outside their
nest and store them in their gaster (Shik et al., 2018). The
diversity of enzymes to assimilate nutrients during food
digestion is high in ants (Erthal et al., 2004). The sap intake
during foraging of plant material indicates that the liquid
ingested by workers is to meet their nutritional/energy
needs, rather than to share with nest mates.

The number of workers partaking in liquid foraging (irre-
spective if it was for trophallaxis) increased with increasing
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FIGURE 3

group size. No trophallaxis in any of the treatment groups
was observed. These results are similar to those reported
for A. sexdens workers during the assessment of the behav-
ioral repertoire of A. subterraneus brunneus (Camargo et al.,
2007; Moreira et al., 2007a) but it differs from trophallaxis
recorded for A. subterraneus subterraneus and A. sexdens
rubropilosa (Moreira et al., 2015, 2010, 2007b). Such dif-
ferences are common in studies involving trophallaxis in
leaf-cutting ants, probably due to the absence or low fre-
quency of this behavior in some species of this group. The
trophallaxis was low (13%) for liquid diet and 3% for semi-
solid diet, even in different experimental conditions of this
research, similar to groups of A. subterraneus subterraneus
and A. sexdens rubropilosa observed for 1 h (Moreira et al.,
2015).

The different effects for the proportion of workers with
tracer compared to those without in the group, but with
similar behavioral acts between groups, are due to dye dis-
persion through social interactions such as self-grooming,
allogrooming, and contact between tracer and no-tracer
individuals as observed with A. sexdens (Mota Filho et al.
2021). The behaviors contact with the fungus, caring for
larvae, caring for pupae and self-grooming were the most
frequent in all ant groups with high interaction among
workers as the group size increased. Similar results were
obtained for A. sexdens (Camargo et al., 2017; Mota Filho
et al., 2021), when the number of social interactions be-
tween workers in bigger groups was greater than in smaller
groups. The frequency of offspring care (larvae and pupae)
in colonies of leaf-cutting ants was higher as observed for
Acromyrmex rugosus (Smith), Acromyrmex balzani Emery,
and Acromyrmex crassispinus Forel (Lopes et al 2005). These

=)

T

Infrabuccal pocket (IBP) and crop in Atta sexdens worker. Drawing by Aline de Amorim Costa da Silva

behaviors were not individually quantified, but licking and
touching with the antennas were more common, whereas
larvae care and licking were the most frequent ones for
the leaf-cutting ant A. rugosus, A. balzani, and A. crassi-
spinus (Lopes et al., 2005) and accounted for 10.6% of all
behaviors and for 37.4% of the offspring care acts for A. sex-
dens (Schneider, 2003). Ant workers stimulate excretion by
touching, with their antennas, the head and abdomen of
the larvae and consuming liquids expelled from their buc-
cal and anal cavities (Wilson, 1976). Labial gland secretions
regurgitated by ant larvae supplement the digestive needs
of their workers (Holldobler & Wilson, 1990).

The different proportion of workers with or without
dyed infrabuccal pocket in group 1:14 indicates that the
first workers exchanged substances, probably through the
allo- and self-grooming and touching between workers,
but not by trophallaxis (Camargo et al., 2017; Mota Filho
etal., 2021). A very low portion of ants with dye in the infra-
buccal pocket or the crop is because of the hydrosoluble
dye. If ants did not feed on the dyed sugar solution, they
would not have the dye in the infrabuccal pocket or the
crop, but they might obtain it by trophallaxis. On the other
hand, the lowest proportion of ants with dye is as a result
of hygiene behaviors providing greater direct contact with
the dye because ants groom themselves and each other
using their mouthpieces and anterior legs, collecting dye
particles and substances during self- and allogrooming
(Camargo et al., 2017; Mota Filho et al., 2021). The significant
effects for the proportion of workers with dyed infrabuccal
pocket in relation to workers with non-dyed infrabuccal
pocket indicate a lack of passage of tracer solution through
the workers’ gut.
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Leaf-cutting ants are likely to carry more liquid in the
ventricle and, during foraging, absorb the liquid and trans-
fer residues to the rectum. This organ is full when the ants
leave the nest to forage, with their rectum fuller than the
ventricle. This indicates low transport potential to share
food with nest mates, as digestion is unidirectional after
the material passes through the proventricle (Rytter &
Shik, 2016). The fungus provides energy for ant workers to
forage, and the liquid stored by them meets their energy
needs during the activity (Rytter & Shik, 2016). This suggests
that trophallaxis may be rarer among ant workers (Rytter &
Shik, 2016), or perhaps it does not occur in leaf-cutting ants
(Andrade etal., 2002), and that the liquid ingested is to meet
their nutritional needs (Rytter & Shik, 2016; Shik et al., 2018).

CONCLUSION

Liquid intake by A. sexdens workers does not lead to
trophallaxis inside the nest, but it rather covers the individ-
ual forager needs. This result has practical implications on
chemical control of leaf-cutting ants and on contamination
routes of workers with toxic baits in agricultural systems.
The lack of trophallaxis precludes the contamination of
additional workers inside the nest with active ingredients
after ingestion. The study behaviors inside ant colonies of
species of economic interest, such as leaf-cutting ants, are
important.

ACKNOWLEDGMENTS

This study was partly funded by Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior — Brazil
(CAPES) - Finance Code 001, and Luiz Carlos Forti
was the recipient of a grant from Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPQ)
(301-938/2017-2). We thank Aline de Amorim Costa da Silva
for the leaf-cutting ant drawing in Figure 3, and Flavio
Roces for corrections made in the manuscript.

AUTHOR CONTRIBUTIONS

Gabriela Christal Catalani: Conceptualization (equal); Data
curation (equal); Formal analysis (equal); Funding acquisi-
tion (equal); Investigation (equal); Methodology (equal);
Resources (equal); Validation (equal); Writing—original
draft (equal); Writing—review & editing (equal). Roberto
Da Camargo: Conceptualization (lead); Data curation
(equal); Formal analysis (supporting); Investigation (lead);
Methodology (lead); Resources (equal); Supervision (equal);
Validation (equal); Visualization (equal); Writing—original
draft (equal); Writing—review & editing (equal). Tarcisio
Marcos Macedo Mota Filho: Writing—original draft (equal);
Writing—review & editing (equal). Kétia Kaelly Andrade
Sousa: Writing—original draft (equal); Writing—review &
editing (equal). Carlos Alberto Matos: Formal analysis (lead);
Writing—original draft (equal); Writing—review & editing
(equal). Nadia Caldato: Writing—original draft (support-
ing); Writing—review & editing (supporting). Nilson Satoru

Nagamoto: Methodology (equal). José Cola Zanuncio:
Writing—original draft (equal); Writing—review & editing
(equal). Luiz Carlos Forti: Conceptualization (equal); Formal
analysis (equal); Funding acquisition (equal); Investigation
(equal); Methodology (equal); Project administration
(equal); Resources (equal); Supervision (equal); Validation
(equal); Visualization (equal); Writing—original draft (equal);
Writing—review & editing (equal).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able on request from the corresponding author.

ORCID

Gabriela Christal Catalani (® https://orcid.
org/0000-0003-2623-9362

Roberto da Silva Camargo © https://orcid.

org/0000-0001-6723-5355
Carlos Alberto Oliveira Matos
org/0000-0003-1595-6737

https://orcid.

REFERENCES

Andrade APP, Forti LC, Moreira AA, Boaretto MAC, Ramos VM & De Matos
CAO (2002) Behavior of Atta sexdens rubropilosa (Hymenoptera:
Formicidae) workers during the preparation of the leaf substrate
for symbiont fungus culture. Sociobiology 40: 293-306.

Bretz F, Hothorn T & Westfall P (2010) Multiple Comparisons Using R.
Chapman and Hall/CRC, Boca Raton, FL, USA.

Camargo RS, Lopes JFS & Forti LC (2013) O jardim de fungo atua como
um molde para a constru¢ao das camaras em formigas cortadeiras?
Ciéncia Rural 43: 565-570.

Camargo RS & Forti LC (2015) What is the stimulus for the excavation of
fungus chamber in leaf-cutting ants? Acta Ethologica 18: 31-35.
Camargo RS, Forti LC, Lopes JFS, Andrade APP & Ottati ALT (2007) Age polye-
thism in the leaf-cutting ant Acromyrmex subterraneus brunneus Forel,

1911 (Hym., Formicidae). Journal of Applied Entomology 131: 139-145.

Camargo RS, Puccini C, Forti LC & Matos CAO (2017) Allogrooming, self-
grooming, and touching behavior: contamination routes of leaf-
cutting ant workers using a fat-soluble tracer dye. Insects 8: 59.

Cordeiro GM & Demétrio CGB (2008) Modelos Lineares Generalizados
e Extensdes. https://www?2.esalq.usp.br/departamentos/Ice/arqui
vos/aulas/2011/LCE5806/livro.pdf

Da Silva AC, Navas CA & Ribeiro PL (2009) Trophallaxis in dehydrated
leaf cutting colonies of Atta sexdens rubropilosa (Hymenoptera:
Formicidae). Sociobiology 54: 109-114.

Eisner T (1957) A comparative morphological study of the proventric-
ulus of ants (Hymenoptera: Formicidae). Bulletin of the Museum of
Comparative Zoology at Harvard College 116: 437-490.

Erthal M, Silva CP & Samuels RI (2004) Digestive enzymes of leaf-cutting
ants, Acromyrmex subterraneus (Hymenoptera: Formicidae: Attini):
distribution in the gut of adult workers and partial characterization.
Journal of Insect Physiology 50: 881-891.

Griffin DM (1981) Water and microbial stress. Advances in Microbial Ecology
(ed. by M Alexander), pp. 91-136. Plenum Press, London, UK.

Holldobler B & Wilson EO (1990) The Ants. Springer, Berlin, Germany.

Lopes JFS, Hughes WOH, Camargo RS & Forti LC (2005) Larval isolation
and brood care in Acromyrmex leaf-cutting ants. Insectes Sociaux 52:
333-338.

Martin P & Bateson P (1986) Measuring Behaviour: An Introductory Guide.
Cambridge University Press, New York, NY, USA.

Moreira DDO, Bailez AMV, Erthal M, Bailez O, Carrera MP & Samuels RI
(2010) Resource allocation among worker castes of the leaf-cutting
ants Acromyrmex subterraneus subterraneus through trophallaxis.
Journal of Insect Physiology 56: 1665-1670.

85U80| 7 SUoWILLI0D) BT8O 3(qed!(dde 8L Aq peusenoh are 9ol YO ‘88N 4O Sa|nJ 10} AReiq1T 8UIIUO AB]IA UO (SUORIPUOD-PUe-SLULBYW0D" A3 1M AReJq1[Bu1JU0//:SHY) SUORIPUOD PUe SW L 8y} 88S " [£202/T0/6T] U0 ArigiTauluo A8 lIM ‘VISITNYd TYNAVY.LS3 3AVAISYIAINN Ad EETETBSS/TTTT 0T/I0P/WO00"AB] 1M AReIq1jeu U0/ SdNY WO papeo|umoq '€ ‘2202 ‘85L0LST



TO EXCHANGE OR NOT TO EXCHANGE LIQUID FOOD

267

Moreira DDO, Dattilo W, Morais V, Erthal M, Silva CP & Samuels Rl (2015)
Diet type modifies ingestion rates and trophallactic exchanges in
leafcutting ants. Entomologia Experimentalis et Applicata 154: 45-52.

Moreira DDO, Erthal M, Carrera MP, Silva CP & Samuels Rl (2006) Oral tro-
phallaxis in adult leaf-cutting ants Acromyrmex subterraneus subter-
raneus (Hymenoptera, Formicidae). Insectes Sociaux 53: 345-348.

Moreira DDO, Viana-Bailez AM, Erthal MJ, Bailez O & Samuels RI (2007a)
Trofalaxia oral em sete espécies de Attini. Biolégico 69: 403-404.

Moreira DDO, Viana-Bailez AM, Ferreira FF, Erthar MJ, Carrera F &
Samuels Rl (2007b) Trofalaxia oral entre operarias de Acromyrmex
subterraneus subterraneus, Forel 1893 (Formicidae: Attini) em mini-
formigueiros. Bioldgico 69: 300-402.

Mota Filho TMM, da Silva Camargo R, Zanuncio JC, Stefanelli LEP, de
Matos CAO & Forti LC (2021) Contamination routes and mortality of
the leaf-cutting ant Atta sexdens (Hymenoptera: Formicidae) by the
insecticides fipronil and sulfluramid through social interactions.
Pest Management Science 77: 4411-4417.

Pardo E, Marin S, Solsona A, Sanchis V & Ramos AJ (2004) Modeling of
germination and growth of ochratoxigenic isolates of Aspergillus
ochraceus as affected by water activity and temperature on a
barley-based medium. Food Microbiology 21: 267-274.

Paul J & Roces F (2003) Fluid intake rates in ants correlate with their feed-
ing habits. Journal of Insect Physiology 49: 347-357.

R Core Team (2020) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Richard FJ & Errard C (2009) Hygienic behavior, liquid-foraging, and tro-
phallaxis in the leaf-cutting ants, Acromyrmex subterraneus and
Acromyrmex octospinosus. Journal of Insect Science 9: 63.

Rytter W & Shik JZ (2016) Liquid foraging behaviour in leafcutting ants:
the lunchbox hypothesis. Animal Behaviour 117: 179-186.

Schneider MO (2003) Comportamento de Cuidado da Prole da Satva-Liméo
Atta sexdens rubropilosa Forel, 1908 (Hymenoptera, Formicidae).
Master Thesis, Universidade Estadual Paulista, SP, Brazil.

1oL

Shik JZ, Rytter W, Arnan X & Michelsen A (2018) Disentangling nutritional
pathways linking leafcutter ants and their co-evolved fungal sym-
bionts using stable isotopes. Ecology 99: 1999-2009.

Weber NA (1972) The fungus-culturing behavior of ants. American
Zoologist 12: 577-587.

Wilson EO (1980) Caste and division of labor in leaf-cutter ants
(Hymenoptera: Formicidae: Atta). Behavioral Ecology and
Sociobiology 7: 157-165.

Wilson EO (1976) The Insect Societies, 4th edn. Harvard University Press,
Cambridge, MA, USA.

Wirth R, Herz H, Ryel RJ, Beyschlag W & Hélldobler B (2003) Herbivory
of Leaf-Cutting Ants: A Case Study on Atta colombica in the Tropical
Rainforest of Panama. Springer, Berlin, Germany.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Catalani, GC, Camargo RDS,
Mota Filho TMM, Andrade Sousa KK, Matos CAO,
Caldato N, Nagamoto NS, Zanuncio JC & Forti LC
(2022) To exchange or not to exchange liquid food: is
that the question for foraging leaf-cutting ant
workers? Entomologia Experimentalis et Applicata 170:
260-267. https://doi.org/10.1111/eea.13133

85U80| 7 SUoWILLI0D) BT8O 3(qed!(dde 8L Aq peusenoh are 9ol YO ‘88N 4O Sa|nJ 10} AReiq1T 8UIIUO AB]IA UO (SUORIPUOD-PUe-SLULBYW0D" A3 1M AReJq1[Bu1JU0//:SHY) SUORIPUOD PUe SW L 8y} 88S " [£202/T0/6T] U0 ArigiTauluo A8 lIM ‘VISITNYd TYNAVY.LS3 3AVAISYIAINN Ad EETETBSS/TTTT 0T/I0P/WO00"AB] 1M AReIq1jeu U0/ SdNY WO papeo|umoq '€ ‘2202 ‘85L0LST



International Journal of Tropical Insect Science (2022) 42:2897-2908
https://doi.org/10.1007/s42690-022-00815-5

ORIGINAL RESEARCH ARTICLE

n

Check for
updates

Taxonomic revision of the leaf-cutting ant Acromyrmex subterraneus

(Forel, 1893)

Luiz Carlos Forti' - Ana Paula Protti Andrade’ - Roberto da Silva Camargo' - Tarcisio Marcos Macedo Mota Filho'
Tamires Tainara Scudillio’ - José Cola Zanuncio? - Katia Kaelly Andrade Sousa' - Nadia Caldato’

Received: 26 January 2022 / Accepted: 29 April 2022 / Published online: 25 May 2022

© African Association of Insect Scientists 2022

Abstract

Leaf-cutting ants (genera Acromyrmex, Amoimyrmex and Atta) are the most important generalist herbivores in the Neotropi-
cal Region. The subspecies of Acromyrmex subterraneus are morphologically similar but differing from the other species
of this genus. Acromyrmex subterraneus complex may be three non-described leaf-cutting ant species. The taxonomic revi-
sion of Acromyrmex subterraneus (Hymenoptera: Formicidae) and of three of its subspecies, A. s. brunneus Forel 1911, A.
s. molestans Santschi (1925) and A. s. subterraneus Forel 1893 was made based on its workers and male morphology and
genome sequencing with mt-COI and mt-COII. Acromyrmex molestans stat. n., Acromymex brunneus stat. n. and Acromyrmex
subterraneus stat. n. are here raised to species. The results of this study contribute to the taxonomic knowledge and reaffirm

the complex evolutionary history of leaf-cutting ants.

Keywords A. s. brunneus - A. s. molestans - A. s. subterraneus

Introduction

Thirty-tree species and 29 subspecies are worldwide rec-
ognized for the ant genus Acromyrmex (AntWeb 2021).
Three of the five Acromyrmex subterraneus (Hymenoptera:
Formicidae) subspecies occur in Brazil. The polymorphism
and variation between individuals make the taxonomy of the
Acromyrmex species among the most difficult in the Formi-
cidae family. The head and thorax spines are important diag-
nostic characters, but their proportions vary between indi-
viduals of different and, even, of the same colony (Gongalves
1961, 1967a, 1982; Fowler et al. 1986; Fowler 1988; Della-
Lucia et al. 1993; Diehl-Fleig 1995; Rabeling et al. 2015). A
new genus of leaf-cutting ant, Amoimyrmex Cristiano et al.
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(2020) has been proposed based on molecular phylogenetic
and morphological data, to include the species Amoimyrmex
striatus (Roger 1863) and Amoimyrmex silvestrii (Emery
1905) and elevating Ac. silvestrii bruchi to the species level
as Amoimyrmex bruchi (Forel 1912) (Cristiano et al. 2020).

Two identification keys have been made to determining
Acromyrmex species in Brazil (Gongalves 1961, 1967a, b,
1982; Fowler et al. 1986; Fowler 1988; Della-Lucia et al.
1993; Diehl-Fleig 1995). The first is based in species from
Argentine (Santschi 1925) and the second in those of the
Amazonian biome. A revision of this genus was based on
species occurring in the Sdo Paulo State, Brazil with illus-
trations (Andrade 1991). A pair of inferior pronotal spines
strongly bent forward and the head with dark forehead are
the main characteristics of A. s. molestans subspecies and
the inferior pronotal spine of the A. s. subterraneus and A.
s. brunneus subspecies is faced forward (Gongalves 1961).

Difficulties to separate A. subterraneus subspecies by
morphological characters and the observation of more than
one subspecies in the same area refute the characteristics
of allopatric populations (Fowler and Ketelhut 1993). A
survey of Acromyrmex subterraneus complex in the Sdo
Paulo State registered three of its subspecies in the same
area (Andrade 1991) with the need of further research on
A. subterraneus subspecies taxonomy. The objective was
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to develop a taxonomic study on A. subterraneus based on
its worker morphology and the male genitalia. A genomic
analysis employing the 2mtDNA genes was also used to sup-
port the morphological study.

Materials and methods
Collection of the subspecies studied

Colonies of Acromyrmex subterraneus subspecies were col-
lected in the municipalities of Eldorado, Jacarei and Piraci-
caba, Sdo Paulo State and in Vigosa, Minas Gerais, all in
Brazil. These colonies were maintained in the Laboratory
of Social Insect-Pests of the Universidade Estadual Paulista
(UNESP)] in Botucatu, Sdo Paulo State, Brazil.

Subspecies identification through worker
morphology

The subspecies were identified based on studies of general
morphology of their workers and male genitalia. Speci-
mens from the largest workers of the nests were collected
and identified under stereomicroscope with an identification
key (Gongalves 1961) and comparisons with reference keys
(Andrade 1991; Mayhé-Nunes 1991). The male genitalia
morphology was analyzed on permanent slides with photos
of this structure of ants collected in the nests of Eldorado,
Jacarei and Piracicaba (A. s. brunneus), Sdo Paulo State
and Vigosa, Minas Gerais State (A. s. molestans and A. s.
subterraneus).

Study of male genitalia

The slides were prepared using a generic preparation method
(Galati 1995). The ant specimens were placed in Dietrich
Solution (96% alcohol 30 mL; formalin 10 mL; glacial ace-
tic acid 10 mL; distilled water 60 mL) for 24 h and washed
in 70% alcohol. After placement and washing, they were
processed according to the following sequence: (a) clear-
ing with 10% KOH at 40 °C in an oven for 10 h; (b) quick
washing in distilled water; (c) immersion for one to two min-
utes in 2% acetic acid; (d) dehydration in phenol for 12 h;
(f) immersion in xylol for 5 min; (g) mounting in Canada
balsam. The specimens were dissected during mounting
and their genitalia removed. A small holder was placed to
avoid crushing the material. The slides were put in an oven
at 40 °C for five days.

Scientific drawings of the male genitalia were made using
a camera lucida and this structure was compared between the
three subspecies and also with their descriptions (Zolessi
and Abenante 1973, 1975; Zolessi and Gonzalez 1974,
1978).

@ Springer

Genome sequencing

This study was conducted in the Center for Studies on
Social Insects of the Sdo Paulo State University in Rio
Claro, S3o Paulo, Brazil. Genes cytochrome oxidase I
(CO-I) and cytochrome oxidase II (COII) were sequenced
for the subspecies. The PCR from the total DNA extracted
was used with primers designed in the Center for Studies
on Social Insects (Centro de Estudos de Insetos Sociais-
CEIS), Sao Paulo State University (Universidade Estadual
Paulista) (UNESP). The amplified material served as a
template for the sequencing reaction.

Genomic DNA isolation

Samples of the mandible or prothorax muscles of the three
A. subterraneus subspecies workers were subjected to three
DNA extraction procedures. The material in the first extrac-
tion was transferred to 1.5 mL Eppendorf tubes, immediately
frozen in liquid nitrogen and ground using a plastic pestle.
The ground material was dissolved in TE buffer (Tris—acetate-
EDTA), pH=8.0 and sequential extractions made with phe-
nol (2 X), phenol: chloroform: isoamyl alcohol 25: 24: 1 (3 X)
and finally with chloroform: isoamyl alcohol 24: 1 (2X). The
DNA was precipitated in a solution of 3 M sodium acetate at
-20 °C for 1 h, centrifuged, washed with 70% ethanol, and
suspended in TE. The other 2 DNA extractions were based
on the GenomicPrep (27-5237-01) or Nucleon Hard Tis-
sue (8509) commercial kits (both by Amerham, Phamarcia
Biotech) according to the manufacturer’s instructions. The
samples were ground in 50 pl of frozen cell lysis solution and
the total DNA extracted (Amersham 27-5237-01 Extraction
Kit’s protocol). Subsequently, they were incubated at 65 °C
for 15 to 60 min. A 5SpL of Proteinase K solution (20 mg per
mL) was added to the sample, with incubation at 55 °C for
3 to 12 h. The protein precipitation was made using a sam-
ple cooled and with 180 pL of protein precipitation solution
added to the lysed cell for maximum yield. Centrifugation was
done at 15,000 % g for 4 min, and the supernatant containing
the DNA placed carefully inside a clean 1.5 mL tube con-
taining 600pL of 100% isopropanol. The sample was gently
inverted 50 X and centrifuged again at 15,000 X g for 4 min.
The pooled DNA was washed with 600pL of 70% ethanol and
left drying at room temperature for 1 h. A total of 100uL of
DNA hybridization solution was added to the DNA pellet with
incubation for 12 h in the refrigerator, periodically inverting
the tube to help in the dispersion of the DNA. The sample was
stored at -20 °C.

The DNA was quantified in a spectrophotometer (Phar-
macia) at 260 nm in 1% agarose gel at 5 V per cm in TBE
buffer (0.1 M Tris—HCI, 0.1 M boric acid, and 0.02 mM
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EDTA pH 8.3) after stained with ethidium bromide (10 mg
per mL) (Sambrook et al. 1989).

PCR and sequencing of genes Cytochrome Oxidase |
(COI) and Cytochrome Oxidase Il (COII)

The region of the mitochondrial genome of ants compris-
ing part of gene COI, a spacer region, the gene for Leucine
tRNA (Trna-Leu), and part of the gene COII (Simon et al.
1994), was expanded with AntF primers (TATATTCAT
TTGAAATTCTTTCTTTCAA) and Ant Rprimers (TGT
GTGCAT GATAATCACATGTTT), designed at the Center
for Studies on Social Insects (Centro de Estudos de Insetos
Sociais), Sao Paulo State University (Universidade Estadual
Paulista), Rio Claro, Sao Paulo. Each reaction contained
0.1 pg of genomic DNA, 1 pmol of each primer, 1 portion
of Ready to Go PCR reagent (Pharmacia 27-9555-01) and
included denaturation (94 °C, 3 min) followed by 30 cycles
of PCR (94 °C 10's, 37 °C 1 min, 72 °C 3 min).

Sequencing of genes Cytochrome Oxidase I (CO-I)
and Cytochrome Oxidase Il (COII)

The PCR products were purified using the Wizard PCR
Preps Kit (Promega A7170) and sequenced. The sequencing
reaction contained 100 ng of purified DNA, 1 pmol of prim-
ers (the same used in the amplification), 4 pL of Big Dye
(PE Applied Biosystems 4,303,153) and conducted with ini-
tial denaturation (90 s at 96 °C), followed by 25 PCR cycles
(12 sat 96 °C, 6 s at 50 °C, 4 min at 60 °C). After reaction,
the sequenced products were purified as recommended by
the manufacturer (PE Applied Biosystems), separated in
polyacrylamide gel and sequenced on an ABI 377 device
(PE Applied Biosystems).

Phylogenetic relationship between the subspecies

Generated sequences were compared to those deposited in
GenBank (ncbi.nlm.nih.gov) through the BLASTN applica-
tion and their counterparts aligned by Claustal W applica-
tions (Thompson et al. 1994) refined manually. Ambiguous
regions as to the alignment were excluded from the phylo-
genetic analyses made by maximum parsimony using the
PAUP* 4.0b4a application (Sambrook et al. 1989).

Results

Subspecies identification through worker
morphology

The ant colonies from Eldorado, Jacarei and Piracicaba, Sdo
Paulo State, were identified as belonging to the A. s. brun-
neus subspecies. Thirty-six nests were collected in Vicosa,

Minas Gerais State, being 17 of A. s. subterraneus subspe-
cies and 19 of A. s. molestans subspecies.

The largest workers of the A. 5. brunneus subspe-
cies differed only from those of A. 5. subterraneus by
their black or dark brown color, light brown or yellow-
ish (Fig. 1). However, the larger workers with a peculiar
characteristic; usually a darker frons, and the inferior
pronotal spines are strongly bent forward facilitates the
differentiation of the A. subterraneus molestans subspe-
cies (Fig. 1).

The A. 5. molestans may be a different species and a taxo-
nomic status problem also exists between the A. s. brunneus
and A. s. subterraneus subspecies.

Male genitalia morphology

Male genitalia are composed of a basal ring as a single plate
in the proximal region of the structure. The gonocoxite (par-
amellar blades) below open up in the proximal region and
gonostyles are found in the distal region. Internally, there
are penis valves or blades. Volsellas, on each side of the
penis valves are gonocoxite expansions (Fig. 2) with differ-
ent composition between the subspecies.

Variations in some genitalia structures of A. s. brunneus
males collected in Eldorado, Sao Paulo includes a wider
gonocoxite and a narrower and more curved gonostyle com-
pared to individuals of other locations (Fig. 2). However,
the volsellas characteristics were the same even with these
differences. The morphology and color of the A. s. brunneus
workers from the three locations were identical.

The gonocoxite and gonostyle of the subspecies A. s. sub-
terraneus and A. s. brunneus did not vary but their volsellas
differed in most cases (Figs. 2 and 3).

Genome sequencing

Sequencing was performed in a region of the mitochondrial
genome containing part of the gene COI, a spacer region,
gene Leucine tRNA, and part of gene COII, for the three A.
subterraneus subspecies. Fourteen other representatives of
the Attini Tribe were included for comparison in the parsi-
mony analysis (Fig. 4).

Six other sequences obtained from the National Center
for Biotechnology Information (NCBI) were included in
the analyses in addition to the genes nucleotide sequences
and the mitochondrial spacer regions for the 17 species of
Attini. The alignment generated an array with 600 charac-
ters with 227 of them corresponding to the spacer region
(IGS) with ambiguous alignment and therefore they were
excluded from the analysis. A total of 174 characters from
the remaining 373 being was considered informative for
the parsimony analysis and their results are presented in a
dendrogram (Fig. 4).
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Fig. 1 (a) Acromyrmex subterraneus brunneus: al. Head; a2. Side; a3. Side 2x; (b) Acromyrmex subterraneus subterraneus: bl. Head; b2. Side;
b3. Side 2x; (¢) Acromyrmex subterraneus molestans: cl. Head; ¢2. Side; ¢3. Side 2xs

Discussion
Subspecies identification through worker morphology

The identification keys for the two subspecies A. s. subterra-
neus and A. s. brunneus of the genus Acromyrmex (Gongalves
1961; Andrade 1991; Mayhé-Nunes 1991) were based in a
very questionable character, the color of the largest worker.
Difficulties in distinguishing the three subspecies by mor-
phological characters have been published (Goncalves 1961;
Pacheco and Berti Filho 1987; Fowler and Ketelhut 1993).
The A. s. brunneus characters match those used in a taxo-
nomic key (Gongalves 1961) developed in Piracicaba, Sdo
Paulo and to the subspecies reported in another work in the
same region (Andrade 1991). The individuals of the five nests
were identified as the subspecies A. s. brunneus and other
subspecies was found in this region and in Atlantic Forest
area in Eldorado, Sdo Paulo, Brazil (Andrade 1991). The larg-
est ant workers from nests collected in Vicosa, Minas Gerais
were predominantly light brown or brown, but individuals
from some colonies were black or dark brown. Specimens

@ Springer

with very different color tegument were observed from nests
in this region (Gongalves 1961) what difficults distinguishing
A. 5. brunneus from A. s. subterraneus subspecies.

The spine arrangement, similar between the subspe-
cies, especially the inferior pronotal spine, is an important
character in keys (Gongalves 1961; Andrade 1991; Mayhé-
Nunes 1991). This was straight and faced forward in all
A. s. subterraneus and A. s. brunneus subspecies work-
ers. Thus, the color character of the subspecies from the
municipality of Vicosa identified it as A. s. subterraneus
and some other individuals collected as of A. s. molestans
(Gongalves 1961) based on the pair of the inferior pronotal
spines strongly bent forward and the head with “a dark
frons”. Thus, two coexisting subspecies were found in the
same location, which refutes the characteristics of allopat-
ric populations (Andrade 1991; Fowler and Ketelhut 1993).

Male genitalia morphology

Terminologies describing the structures of the male geni-
talia (Table 1) came from different studies (Zolessi and
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Fig.2 Ventral view of the male
genitalia of Acromyrmex subter-
raneus brunneus. Genitalia of a
male from nest J1 (Jacarei, Sao
Paulo) (a); nest P3 (Piracicaba,
Sao Paulo) (b); nest ES (Eldo-
rado, Sao Paulo) (c¢); Volsella
(100 %) highlighting the bristles
in the digitus (d). Abbrevia-
tions: Basal ring (BR), gono-
coxite (Gnc), gonostyle (Gnt),
penis valves (PV), volsella (Vo)
and digitus (Dig)

Abenante 1973, 1975; Zolessi and Gonzalez 1974, 1978)
and morphological differences between the genitalia of A.
s. subterraneus and A. s. brunneus males were not found
(Fowler and Ketelhut 1993).

Differences in the morphology of the A. s. molestans
male genitalia from that of the other two subspecies is
important to separate them. The the volsella is an impor-
tant structure to differentiate ant species because it is the
coupling structure between the male and the female geni-
talia during copulation and it is used to distinguish A. sub-
terraneus subspecies (Zolessi and Gonzalez 1974, 1978).
The volsella and the sub genital plate are also important
male morphological characters to differentiate Acromyr-
mex species (Zolessi and Abenante 1973; Zolessi and
Gonzélez 1974, 1978). The sagittal morphology differenti-
ated Atta species (Gongalves 1942, 1944; Borgmeier 1950,
1959) and the gonostyle shape the Acromyrmex landolti
subspecies (Fowler 1988).

Genome sequencing

Each gene of Atta, Acromyrmex and Trachymyrmex was
monophyletic and those of A. s. brunneus and A. s. subterra-
neus species derivative as to genus. The sequences obtained
for these subspecies indicated 95% identity in 457 analyzed
nucleotides and most of the 19 substitutions observed in
the IGS region. These results are very similar to those of
the same gene region in Atta sexdens rubropilosa and Atta
sexdens sexdens with identity values from 97 to 100%. This
fact suggests that A. s. brunneus and A. s. subterraneus are
indeed subspecies or even distinct populations within the
same specific unit. The identity of A. 5. molestans subspecies
was 72% similar to the other two A. subterraneus subspe-
cies, what indicates that the first is a different species. The
parsimony analysis also indicates this species as the oldest
radiation of the genus replacing the Acromyrmex coronatus
(Wetterer 1999) (Fig. 4). This author made this proposal
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Fig.3 (a) Ventral view of the
genitalia of Acromyrmex subter-

raneus subterraneus males (nest
V12, Vigosa, Minas Gerais);

(b) Volsella (10x) highlight-
ing the absence of bristles in
the digitus; (c¢) Ventral view of
the genitalia of A. subterraneus
molestans males; (d) Volsella
(10x) highlighting the absence
of bristles in the digitus. Abbre-
viations: Basal ring (BR), gono-
coxite (Gnx), gonostyle (Gnt),
penis valves (PV), volsella (Vo),
digitus (Dig)

through a parsimony analysis of morphological data based
on the size distribution of workers of various species of the
Attini tribe.

Comparisons of male genitalia and parsimony analysis
provided sufficient evidence to differentiate and to raise A. s.
molestans to the species category as Acromyrmex molestans.
Despite doubts on the external morphology of its workers,
the parsimony analysis reinforced the differences found in
the genitalia morphology between A. s. brunneus and A.
s. subterraneus males showing that these two taxa can be
separated species.

@ Springer

| 0.1 mim |

The use of mitochondrial genome sequencing contain-
ing regions of the gene cytochrome oxidase is important to
elucidate phylogenetic problems of insect groups, includ-
ing Coleoptera (Dobler and Miiller 2000), Diptera (Smith-
Caldas et al. 2001) and Dermaptera (Wirth et al. 1999). A
review in the molecular systematic of insects reported stud-
ies related to the use of gene cytochrome oxidase I (COI)
and cytochrome oxidase II (COII) (Caterino et al. 2000).
The phylogeny of fungi-cultivating ants of the Attini tribe
was based on their mtDNA sequences and morphological
characters of their larvae (Williams et al. 1990; Wetterer
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Fig.4 Phylogenetic rela-
tionship resulting from the
parsimony analysis of 174
informative characters of COI,
IGS, Leu-tRNA and COII

of 23 representatives of the
Attini tribe with Tapinoma sp.
as an outgroup. Steps =765,
C1=0.4247, RI=0.6076. The
numbers ahead of the clades are
bootstrap values, which were
omitted when lower than 50%.
The numbers ahead of the taxa
indicate the sequenced species
laboratory code or the NCBI
access number
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et al. 1998; Chiotis et al. 2000; Schultz 2000). However,
this technique has not been used to elucidate taxonomic
problems at species and subspecies levels for the Atta and
Acromyrmex genus.

The differentiation of Atta species was also based on the
PCR-RAPD (Polymerase Chain Reaction—Random Ampli-
fication of Polymorphic DNA) (Williams et al. 1990). This
technique allows amplifying numerous DNA fragments

Topinama sp EF127056

delimited by a 10-base primer of arbitrary sequence that
hybridize into complementary sequences randomly dis-
tributed in the DNA. The variations produced by mutations
at hybridization sites or by insertion or deletion of bases
between sites detected have been used to identify species
and subspecies of bacteria, fungi, insects, mites, nematodes,
and plants (Cenis and Beitia 1994). In addition, it is possible
to calculate the genetic distance (similarity) between two or
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Table 1 The structures basal ring (BR), gonocoxite (Gnc), gonostyle (Gnt), penis valves (PV) and volsella (Vo) composing the male genitalia (MG) of the Acromyrmex subterraneus (Hymenop-

tera: Formicidae) subspecies

Acromyrmex subterraneus brunneus Acromyrmex subterraneus molestans

MG Acromyrmex subterraneus subterraneus

Wide

Wide

BR Wide

Wide and rounded in the proximal region

Wide in the proximal region

Gnc Wide in the proximal region

Gnt

In the distal region, they are curved and more internally dug

In the distal region, they are curved and internally concave

In the distal region, they are curved and internally concave

than the others

PV Phallus is laminar, rather sclerotized and internally with two Phallus is laminar, rather sclerotized and internally with two Phallus is laminar, rather sclerotized and internally with two

series of small and thick bristles series of small and thick bristles

series of small and thick bristles

Narrower than the others. Curvature is rather prominent, with

Internal portion covered by bristles, and, in its curvature, two The digitus is wide and rather prominent, with bristles. Its

Vo

a small protuberance, but without bristles on it. The digitus
is longer and narrower than the others and without bristles

curvature is smooth with a tuft of bristles on the largest

end and the internal portion

small protuberances covered by bristles too. The digitus is

very prominent and without bristles

more individuals allowing the construction of a dendrogram
by means of cluster analysis techniques without using molec-
ular data representing the genotype of individuals (Nei 1987).

Molecular techniques to identify markers capable of char-
acterizing Atta species and subspecies have been developed
(Carvalho 2000). The analysis of the genetic diversity of Atta
species allowed to group them almost entirely within a sub-
genera (Borgmeier 1950) with the separation of Atta sexdens
in three distinct nuclei—Atta sexdens sexdens, Atta sexdens
piriventris, and Atta sexdens rupropilosa (Carvalho 2000)-
supporting the classification of another study (Gongalves
1963) but contrary the one, which synonymies these three
subspecies (Bolton 1995). The Acromyrmex molestans stat.
n., Acromymex brunneus stat. n., and Acromyrmex subter-
raneus stat. n. are here raised to species.

[lustrated key for the identification of major Acromyrmex
workers in Sao Paulo State, Brazil.

1. Supraocular spine (Supra Sp.) present and prolonged
mandible (Md.) (Fig. 5a) ... 2

1’ Supra Sp. absent and short mandible; no prominent
eyes, both lateral pronotal spines (L.Pn.Sp.) and
medium lateral pronotal spines (M.L.Pn.Sp.) are
tuberciform (Fig 5b) ... Acromyrmex balzani

2. Integument with dense pubescence (Fig. 5¢) ... Acromyr-

mex disciger

2’ Integument with microscopic reticulation and shiny
(Fig. 5d) Acromyrmex ambiguous

2” Opaque integument ... 3

3. Anterior mesonotal spines (A.Mn.sp.) much longer and
robust than the lateral pronotal spines and slightly front-
ward directed (Fig. Se) ... Acromyrmex asperses

3’ A.Mn.sp. pointy, erect and upward directed, slightly
sideward directed and much longer than the others
(Fig. 5%) ... Acromyrmex diasi

3” A.Mn.sp. less robust than the others ... 4
4. L.Pn.sp. much longer than the A.Mn.Sp. and frontward
and sideward directed (Fig. 5g) ... Acromyrmex coronatus

4> L.Pn.sp. not remarkably prolonged ... 5

5. Tubercles over the garter dorsum (T.G.) randomly dis-
tributed; inferior pronotal spines (I.Pn.sp.) backwards
directed (Fig. 5h) ... 6

5’ T.G. distributed in 4 longitudinal series and some-
times inconspicuous (Fig. 5i) ... 7
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Fig.5 Illustrated key for the
identification of major Acromyr-
mex workers of Sdo Paulo State,
Brazil
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Fig.5 (continued)
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6. Big enlarged head, with very rounded occipital lobes
(Occ.L.), edge of vertex (A.V.) absent or vestigial
(Fig. 5j) ... Acromyrmex laticeps nigrosetosus

6’ Less enlarged head, less rounded Occ.L., well-defined
A.V.; AMn.Sp. thicker and longer than the L.Pn.sp.,
those sometimes backwards directed (Fig. 5k) ...
Acromyrmex crassispinus

7. Base of A.Mn.p. much more robust than L.Pn.sp.1, both
pairs of spine are the same size, convex eyes (Fig. 51) ...
Acromyrmex rugosus rugosus

7’ Base of A.Mn.sp. much more robust than L.Pn.sp.,
which are shorter or reduced in tubercles, convex
eyes (Fig. 5m) ... Acromyrmex rugosus rochai

7’ A.Mn.sp. with the same thickness as the L.Pn.
sp., which are shorter or with the same size as
the A.Mn.p. ... 8

8. Small or tuberciform Supra sp.; small eyes (Fig. 5n) ...
Acromyrmex niger

8" Well-developed Supra sp.; big and convex eyes
(Fig. 50) ... 9

9. IL.Pn.sp. straight and frontward directed; head with the
same color as the body; light-brown workers (Fig. 5p)
... Acromyrmex subterraneus stat. n.

9’ I1.Pn.sp. frontward bent; head usually with darkened
front; light-brown workers (Fig. 5q) ... Acromyrmex
molestans stat. n.

9" 1.Pn.sp. straight and frontward directed; black
or blackened workers (Fig. 51) ... Acromyrmex
brunneus stat. n
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Abstract

Sitophilus zeamais (Coleoptera: Curculionidae) is a common pest in stored corn grains [Zea mays (Poaceae)]. Synthetic
insecticides are effective to control S. zeamais; however, they can develop resistant insects and are toxic to humans and
animals. Compounds with insecticidal potential from plants are alternatives for pest control. This study identified the
chemical composition of Cymbopogon flexuosus (Poaceae) essential oil, its insecticidal and repellency activity against S.
zeamais. The major chemical constituent found in the essential oil of C. flexuosus was citral (88%). The data showed that
the essential oil of C. flexuosus and citral showed better insecticidal and repellent activity than the commercial insecticide
Actellic used as positive control. The 100% mortality of S. zeamais was obtained at doses of 50 and 44 uL of essential oil
and citral, respectively. The highest repellent activity was obtained with 40 and 50 pL of essential oil and 35.2 and 44 pL of
citral, respectively, and the lowest with commercial insecticide Actellic. The lethal dose (LD5,) was 18.10 and 18.95 uL for
essential oil and citral, respectively. The lethal time was lower at doses of 44 and 50 pL essential oil and citral, respectively,
and higher with the commercial insecticide. The insecticidal and repellent action of the essential C. flexuosus and its major
compound confirms the potential of producing new biopesticide for the control of S. zeamais in Integrated Pest Management
(IPM) programs in stored grains.

Keywords Contact toxicity - Insecticidal activity - Maize weevil - Monoterpene - Stored grains

Introduction

Sitophilus zeamais (Coleoptera: Curculionidae) is a common
pest to corn in the field and in grain storage units (Tavares
et al. 2013; de Aratjo et al. 2017). Losses by S. zeamais can
reach 85% in stored corn, besides reducing the nutritional
and commercial values and germinative potential of seeds
and grains and facilitating the pathogens damage, such as
Aspergillus flavus (Eurotiales: Trichocomaceae) (Beti et al.
1995; de Aragjo et al. 2017).

< Tarcisio Marcos Macedo Mota Filho
tarcisio972010@hotmail.com

Departamento de Protegdo de Plantas, Faculdade de Ciéncias
Agrondmicas, Universidade Estadual Paulista (UNESP),
Botucatu, Sdao Paulo, Brasil

Departamento de Ciéncias Agrarias, Instituto Federal

do Norte de Minas Gerais (IFNMG) — Campus Janudria,
Janudria, Minas Gerais, Brasil

Departamento de Entomologia/BIOAGRO, Universidade
Federal de Vicosa (UFV), Vigcosa, Minas Gerais, Brasil

Escuela de Tecnologia Quimica, Universidad Tecnoldgica de
Pereira (UTP), Pereira - RIS, Pereira, Colombia

Departamento de Quimica, Universidade Federal de Minas
Gerais (UFMG), Belo Horizonte, Minas Gerais, Brasil

The control of S. zeamais is in most cases carried out
through the use of synthetic insecticides (Santos et al.
2015). Phosphine is the most common insecticide used in
this control, but its successive and indiscriminate use can
select resistant insects (Holloway et al. 2016; Barros et al.
2022). In addition, use synthetic insecticides cause environ-
ment contamination and intoxications to natural enemies and
human (Regnault-Roger et al. 2012). These reasons have led
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to searching new insecticidal compounds of botanical origin
with lower negative impact in the environment (de Menezes
et al. 2020; Chaudhari et al. 2021).

Among the botanical products with application poten-
tial are essential oils, a term that brings together different
secondary metabolites, usually of the class of terpenoids,
with lipophilic and volatile characteristics (Ootani et al.
2013; Barros et al. 2022). The importance of essential oils is
increasing because they cause repellency; reduce oviposition
and feeding, blocking metabolism, interfering with develop-
ment and cause death of insects (Rattan 2010; Chaudhari
et al. 2021). In addition, their toxicity and environmental
impacts are lower (Regnault-Roger et al. 2012; Yang et al.
2020).

Cymbopogon species, of the Poaceae family, are widely
known for the production of essential oils with insecticidal
properties (Caballero-Gallardo et al. 2012; Oliveira et al.
2018). Cymbopogon flexuosus is cultivated to produce essen-
tial oil in the tropical and subtropical regions of India, Indo-
nesia, Madagascar and countries in Africa and South Amer-
ica (Ganjewala and Luthra 2010). The insecticidal activity
of this plant has been reported against defoliating insects
in the corn crop (Oliveira et al. 2018) and oil seed pests
(Hernandez-Lambraiio et al. 2014) and its repellency and
insecticidal effect to stored grain pests (Caballero-Gallardo
et al. 2012; Barbosa et al. 2021), however, their use in the
management of S. zeamais in stored grains corn is hitherto
unexplored.

The objective of this study was to characterize chemically
the C. flexuosus essential oil and its insecticidal and repel-
lency action against S. zeamais.

Material and methods

The experiment was carried out in laboratory under con-
trolled conditions (temperature at 25 + 2 °C, relative humid-
ity at 70 +10% and a photoperiod of 12:12 h) at the Agri-
cultural Entomology Laboratory of the Federal Institute of
Northern Minas Gerais (IFNMG)—Campus Januéria, in
Januaria, Minas Gerais State, Brazil.

Essential oil extraction and acquisition of citral

Cymbopogon flexuosus leaves were collected from three-
year-old plants grown in the Medicinal Plants Garden
at [IFNMG—Campus Januaria, in Januaria, Minas Ger-
ais State, Brazil. The plant material collected was sub-
jected to the hydrodistillation for 90 min with Clevenger
apparatus to extract its essential oil, which was removed
from the distillation tube with the aid of one micropi-
pette. This oil was placed in 10 mL amber flasks with a
screw cap (flacon) and stored in a freezer at -10 °C until
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chromatographic analyzes and bioassays (Oliveira et al.
2018; de Menezes et al. 2020). Citral (id: C83007), a gera-
nial and neral mixture, was purchased from Sigma-Aldrich
Brazil Ltda.

Chemical analysis of the Cymbopogon flexuosus
essential oil

The C. flexuosus essential oil was chemically analysed
using a gas chromatograph (HP 5890) with flame ioni-
zation detector (FID). The hydrogen was the carrier gas
used at a flow rate of 2 mL. min~! in a capillary column
(Equity-5; 30 m long X 250 pym internal diameter X 0.25 pm
film thickness) (Supelco Analytical). The aliquot was
injected in a volume of 1.0 puL into the equipment at a
temperature of 60 to 300 °C (3 °C min~"). The initial oven
temperature was 60 °C for 1 min, followed by an increase
of 3 °C. min~! per step up to 300 °C with the injector and
detector temperatures adjusted to 270 and 300 °C, respec-
tively. The samples were diluted in chloroform (1% w/v).
Gas chromatography analyzes with mass spectrom-
eter (GC-MS) were performed in a Shimadzu GC-MS
equipment (QP5050A) with capillary column (DB-5;
length 30 m X 0.25 mm internal diameter with 0.25 pm
film thickness) with helium used as carrier gas at a flow
rate of 2 mL min~' under the same conditions as GC-FID
analysis. The components of the C. flexuosus essential oil
were identified by linear retention indices with values of
the corresponding standards (C10-C18, alkanes) in gas
chromatography by the Kovéts method. The spectrometric
data were manipulated using AMDIS (Automated System
for Identification and Deconvolution of Automated Mass
Spectra). The essential oil constituents were identified by
comparing the fragmentation profile of the sample in the
mass spectrum to that of the NIST database (Nist mass
spectral research program for the NIST/EPA/NIH Mass
Spectral Library, version 2002, updated to 2006).

Insects rearing

Sitophilus zeamais fed and reproduced in Zea mays L.
(Poaceae) (hybrid corn) seeds with 13% moisture with-
out application of post-harvest phytosanitary products,
packed in 500 mL glass containers and closed with a per-
forated plastic lid and lined internally with thin fabric like
“voil” to allow gas exchange. The insects were confined
for 15 days to lay eggs, which were removed and the con-
tainers stored until adults of the first generation emerged.
This procedure was carried out for successive generations
to guarantee the number of S. zeamais adults sufficient to
carry out the bioassays.
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Contact toxicity on filter paper

The contact effect was evaluated on filter paper discs (Whatman
n° 1) (9 cm in diameter, surface 63.6 cm ™), treated with differ-
ent dosages of the C. flexuosus essential oil or citral. The filter
papers were placed in glass Petri dishes (9 cm in diameter).
Subsequently, doses of 10, 20, 30, 40 and 50 pL of essential
oil or 8.8, 17.6, 26.4, 35.2 and 44 uL of citral were individually
diluted in 1 ml of acetone and applied to the filter paper discs.
The experimental design was in completely randomized blocks
with 12 treatments and ten replications (glass Petri dishes).”.
The negative control was 1 ml of acetone (Control 1), and
the positive control was the synthetic insecticide pirimiphos-
methyl (Actellic 500 EC) diluted in acetone at a concentra-
tion of 16 mL L~! (Control 2) and then applied to the filter
paper disc (Agrofit 2022). Thirty non-sexed S. zeamais adults
(15 days old) were used per plate in the laboratory at 25+ 1 °C
and 70-75% RH. The evaluation of insect mortality was carried

Fig. 2 Insecticidal activity of
the Cymbopogon flexuosus

essential oil (EO) and citral to ek |
Sitophilus zeamais. Bars repre-

sent mean % mortality (= SE) of

ten replications per treatment Lo |

P artal ity (%)

out at 1, 6, 12 and 24 h, after the beginning of the experiment.
The insects were considered dead, when they did not present
movements during three minutes of observation.

Repellency bioassay

The experimental design was in completely randomized blocks
with 11 treatments and five replications (arenas). The repel-
lency activity of the C. flexuosus essential oil was evaluated
in arenas constructed with five circular plastic containers
(10.1 cm in diameter X 6.1 cm in height) (Fig. 1) (Tavares et al.
2013). The central pot of each arena (diameter of 8.0 mm)
was symmetrically interconnected to the other pots with plastic
hoses (30.0 cm). Two diagonally opposite pots were marked
as treatment pots and the other two as control pots (see Fig. 2).

Hybrid corn grains without residues of synthetic chemi-
cals were mixed with the aid of a glass rod for two minutes
with 10, 20, 30, 40 and 50 pL of the C. flexuosus essential
oil or 8.8, 17.6, 26.4, 35.2 e 44 pL of citral per 20 g of
grains and pot per replication. In addition, the synthetic
insecticide pirimiphos-methyl (Actellic 500 EC) at a con-
centration of 16 mL L~! diluted in acetone was used as a
positive control (Control 2) (Agrofit 2022). Control grains
were not treated. The treated and control grains were dis-
tributed in their respective pots within the arena. Thirty
non-sexed adults without food for 24 h were released into
the central pot. The total number of individuals per pot
was counted after 24, 48 and 72 h from beginning of the
experiment. The data were analyzed using the Preference
Index (PI): PI=%TPI—%tpi+ (%PTI + %pti), where:
%PTI is the percentage of insects in the treatment pot and
%pti is the percentage of insects in the control pot. A com-
pound was considered repellent with an PI between -1.00
and—~0.10; neutral, between—0.10 and 0.10 and attractive
between 0.10 and 1.00 (Fouad et al. 2012).
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Statistical analysis

The data were submitted to Analysis of Variance (ANOVA),
using software R (Team 2018), and, when significant, to
Tukey test (P <0.05). The lethal dose (LDs) and lethal time
(LTs,) with their respective 95% confidence intervals (95%
CI) were obtained using PROBIT (Finney 1971) with the
SAS OnDemand for Academics program.

Results

Chemical analysis of the Cymbopogon flexuosus
essential oil

The yield of C. flexuosus essential oil was 0.512% with a
yellow color and strong aroma. Thirteen compounds iden-
tified in the C. flexuosus essential oil totaled 96.6% of is
chemical composition. The citral monoterpene, a mixture
of g-citral (30.3%) and a-citral (57.7%) was the major com-
pounds with 88% of the total chemical composition of this
essential oil. The monoterpene f-linalool (1.8%), the nerolic
acid (2.1%) and the 5-isopropenyl-2-methyl-7-oxabicyclo
[4,1,0] heptan-2-ol (1,1) added 5% of the composition of
this essential oil, while the others identified were 3.6%
(Table 1).

Contact toxicity on filter paper

The essential oil from the leaves of C. flexuosus and its major
compound, citral, showed high insecticidal activity against

Table 1 Retention time (RT) and abundance (Abund.) of the identified
constituents of the Cymbopogon flexuosus (Poales: Poaceae) essential
oil

Constituents RT RI  Abund. %
1 p-Mircene 5.322 988 0.5
2 p-Linalool 9.300 1095 1.8
3 a-Cyclocitral 11.068 1116 0.4
4 2-Isoprenyl-5-methylhex-4-enal 11.420 1100 0.3
5 cis-Verbene 11.906 1144 0.7
6 Carano, 4,5-epoxy-trans 12.664 1179 0.9
7 Decanal 13.603 1207 0.4
8 p-Citral 15.103 1250 30.3
9 Di — hydroumbelulone 15375 1244 0.2
10  o-Citral 16.460 1277 57.7
11 5-Isopropenyl-2-methyl-7-oxabicyclo 19.088 1169 1.1

[4,1,0] heptan-2-ol
12 Neric acid 20.598 1365 2.1
13 a-Curcumene 27.815 1483 0.2
Total - 96.6

@ Springer

Table2 Lethal time (LTsy) (hours) of the Cymbopogon flexuosus
essential oil (EO) and citral to Sitophilus zeamais (n=100)

Treatment LT;, 95%CI X2 P-value
Control 2 62.02 40.71-158.12 1.56 0.55
10 L EO 53.24 33.90-132.96 1.69 0.42
8.8 uL Citral 45.09 28.74-122.64 1.75 0.35
20 uL EO 22.99 18.41-31.90 1.86 0.39
17.6 pL Citral 23.02 18.25-30.58 2.22 0.42
30 uL EO 14.27 11.95-17.57 3.18 0.20
26.4 pL Citral 15.55 13.25-18.95 2.96 0.31
40 pL EO 6.68 0.26-17.29 2.37 0.26
35.2 pL Citral 6.01 0.30-15.02 1.99 0.20
50 uL EO 4.75 0.08-7.59 3.77 0.15
44 pL Citral 4.08 0.05-6.89 2.99 0.11

CI =confidence interval at 95% probability; X?=Chi-square

adults of S. zeamais at different doses (Fig. 1). There was a
significant increase in S. zeamais mortality with increasing
doses of essential oil and major compound. The 100% mor-
tality of S. zeamais was obtained at doses of 50 and 44 pL of
essential oil and citral, respectively, and these differed signifi-
cantly from the other treatments. In addition, doses of essen-
tial oil and citral above 20 and 17.6 pL, respectively, provided
higher mortality rates when compared to the commercial
insecticide Actellic (Control 2). The commercial insecticide
Actellic (Control 2) at a dose of 10 essential oil and 8.8 cit-
ral, provided mortality percentages of 21%, 26 and 29%, and
these did not differ from each other. The lowest LT, were
obtained with 50 (4.75 h) and 44 pL (4.08 h) of essential oil
and citral, respectively, and tended to increase with decreas-
ing doses (Table 2). The highest LT, was obtained in control
2 (62.02 h). The LDs, of essential oil and citral were close
with, 18.10 and 18.95 pL, respectively (Table 3).

Repellency bioassay

The commercial insecticide Actellic (control 2) and doses of
essential oil and citral repelled adults of S. zeamais, at 24,
48 and 72 h after exposure (Table 2). However, the highest
repellent activity was obtained with 40 and 50 pL of essen-
tial oil and 35.2 and 44 uL of citral, respectively, and these
did not differ from each other at different exposure times.

Table 3 Lethal dose (LDs,) (pL) of the Cymbopogon flexuosus essen-
tial oil (EO) and citral to Sitophilus zeamais (n=100)

Treatment LD, 95%CI X2 P-value
EO 18.10 5.21-28.08 1.21 0.54
Citral 18.95 5.88-29.41 1.46 0.61

CI =confidence interval at 95% probability; X?=Chi-square
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Table 4 Preference Index (mean +standard deviation) for the Cym-
bopogon flexuosus essential oil (EO) and citral to Sitophilus zeamais

Treatment Hours
24 48 72

Control 2 -0.55+0.10 Aa -0.49+0.05 Aa -0.57+0.15 Aa
10 L EO -0.89+0.13 Ab -0.84+0.15 Ab -0.88+0.35 Ab
8.8 pL Citral -0.88+0.17 Ab -0.85+0.01 Ab 0.87+0.03 Ab
20 uL EO -0.86+0.11 Ab -0.87+0.12 Ab -0.84+0.06 Ab
17.6 pL Citral  -0.84+0.09 Ab -0.84+0.19 Ab -0.85+0.11 Ab
30 uL EO -0.87+0.10 Ab -0.82+0.15 Ab -0.88+0.08 Ab
26.4 puL Citral  -0.90+0.15 Ab -0.84+0.18 Ab -0.86+0.05 Ab
40 uL EO -0.92+0.13 Ac  -0.95+0.06 Ac -0.93+0.01 Ac
352 uL Citral  -0.92+0.19 Ac  -0.94+0.14 Ac  -0.92+0.08 Ac
50 uL EO -0.98+0.03 Ac -0.96+0.03 Ac -0.93+0.04 Ac
44 pL Citral -0.97+0.07 Ac  -0.98+0.11 Ac -0.95+0.09 Ac

“Means followed by the same uppercase, per line, or the lowercase,
per column, letter do not differ by Tukey test (p < 0.05)

The lowest repellent activity occurred in control 2 and dif-
fered from the other treatments (see Table 4).

Discussion

The yield (0.512%) of the C. flexuosus essential oil was higher
than that obtained for this plant (0.4%) in the Department
of Santander, Colombia (Vera et al. 2014), similar to that in
Greater Noida, Uttar Pradesh, India (0.5%) (Singh et al. 2016)
and lower than the maximum obtained (1.14%) in Pantnagar,
Uttarakhand, India (Upadhyay et al. 2019), with such differ-
ences attributed to production regions and genetic, physi-
ological and climatic factors, soil type, extraction technique
and seasonality (Cansian et al. 2008; Santos et al. 2009). For
example, the yield of C. citratus essential oil in July 2005 was
higher when extracted from plants collected in the morning
(1.0996%) and late (0.9496%) than at early (0.6576%) after-
noon (Santos et al. 2009). In addition, variations in the yield
of C. flexuosus essential oil are related to different harvesting
regimes (Padalia et al. 2020). For example, in the first harvest-
ing, the yield of the C. flexuosus essential oil was higher when
performed after four and six months (0.75%) after planting
than with two and three months (0.70%) (Padalia et al. 2020).

The concentration of citral in the C. flexuosus essential oil
(88%) obtained in Januaria, Minas Gerais, Brazil was higher
than the 77.25% for this species in Lavras, Minas Gerais,
Brazil (Oliveira et al. 2018). The greater high amount of
citral obtained in our study is due to the differences in aver-
age annual temperature between Januaria (25.6 °C) and
Lavras (20.7 °C) (Morais 2009; Clima Tempo 2021). The
content and composition of essential oils is higher when
plants are found in environments with high average annual

temperatures (Morais 2009). The citral is the major compo-
nent of essential oils of Cymbopogon species with more than
80% of its total chemical composition (Khanuja et al. 2005).

Variations in the quantity and quality of the other com-
ponents of the C. flexuosus essential oil can be attributed
related to different factors inlcuding temperature, harvest-
ing period, age and plant development, drying temperature,
method of extracting the essential oil, type of soil, altitude
and climate (Inan et al. 2011; Nenaah 2014). The increase
in the temperature from 40 to 60 °C and later to 80 °C
decreased the content of 1.8 cineol and citronellal and at
80 °C increased those of menthol and neomenthol up to 60
°C from Mentha piperita (Lamiaceae) essential oil (Blanco
et al. 2002).

The 100% mortality of S. zeamais adults after 24 h of
exposure to the C. flexuosus essential oil and citral at a doses
of 50 and 44 pL, respectively, confirms this essential oil and
its major compound as an alternative to manage S. zeamais
(Fazolin et al. 2007; Moses et al. 2019; Yang et al. 2020).
The lethal doses and the lethal time of the C. flexuosus
essential oil and its major compound required to kill 50%
of S. zeamais populations differed from that reported for
Eucalyptus dunnii, E. saligna, E. benthamii, E. globulus, E.
viminalis (Myrtaceae) and Curcuma longa (Zingiberaceae)
essential oils (Mossi et al. 2010; Tavares et al. 2013), but
indicated the efficacy and potential of C. flexuosus essential
oil and its major compound to manage S. zeamais.

The action of the C. flexuosus essential oil is related
to interference in the neuromodulator octopamine because
the citral monoterpene acts with a similar neurophysiologi-
cal effect on the neuromodulator, octopamine, as reported
for Periplaneta americana (Blattodea: Blattidae) and Bla-
berus discoidalis (Blattodea: Blaberidae) (Price and Berry
2006). The functions of octopamine are similar to that of
norepinephrine acting as neurohormone, neuromodulator
and excitatory neurotransmitter, regulating locomotion,
flight movements, behavior and metabolism of insects
(Roeder 1999; Chaudhari et al. 2021). Inhibition of octo-
pamine causes neuroexcitation followed by hyperactivity,
abdomen contraction, tremor and paralysis due to energy
loses, and/or neuroinhibition resulting in inability to move
and evolving into death (Enan 2001; Plata-Rueda et al.
2018). These characteristic symptoms of neuromodula-
tor interference were observed starting from the essential
oil or citral application with S. zeamais having hyperac-
tivity, inability to move, contraction of the abdomen and
death. The mechanism of toxic action of the C. flexuous
essential oil on insect pests has not been elucidated, but is
generally attributed to their monoterpene content, mainly
citral (Nenaah 2014; Pajaro-Castro et al. 2017). These
monoterpenes are volatile and with lipophilic compounds
that penetrate into insect cells and acting in physiologi-
cal functions (Rattan 2010; Lopéz and Pascual-Villalobos
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2015; Pajaro-Castro et al. 2017). For example: citral pro-
voked strong electroantenographic (EAG) responses in the
antenna of the red palm weevil, Rhynchophorus ferrug-
ineus (Coleoptera: Curculionidae) (Guarino et al. 2013). In
addition, this compound affected the reproductive cycle of
Callosobruchus maculatus (Coleoptera: Chrysomelidae),
significantly decreasing the percentages of oviposition
and emergence (Alves et al. 2019). The fast action of this
compound against some pests also indicates a neurotoxic
action, inhibiting or altering the activity of acetylcholinest-
erase (Mukherjee et al. 2007), interfering with the neuro-
modulator octopamine (Enan 2001) and blocking y-amino
butyric acid (Chaudhari et al. 2021).

The symptoms in S. zeamais exposed to C. flexuosus essen-
tial oil or citral was similar to those of S. granarius (Coleop-
tera: Curculionidae) after exposure to the terpenes euge-
nol, caryophyllene oxide, a-humulene, a-phellandrene and
a-pinene form the Cinnamomum zeylanicum (Lauraceae) and
Syzygium aromaticum (Mirtaceae) essential oils (Plata-Rueda
et al. 2018). A change in the locomotor behavior was verified,
increasing legs and abdomen contractions and leading to mor-
tality after 48 h of exposure (Plata-Rueda et al. 2018). In addi-
tion, the change in the octopamine receptor during treatment
testing the fumigant toxicity mode of the Hyptis suaveolens
(Lamiaceae) essential oil against C. maculatus, Rhyzopertha
dominica (Coleoptera: Bostrychidae), S. oryzae (Coleoptera:
Curculionidae) and Tribolium castaneum (Coleoptera: Tene-
brionidae) was the possible reason for the insecticidal activity
of this essential oil (Tripathi and Upadhyay 2009).

The immature of S. zeamais develop inside the grains,
making it difficult to control this pest with synthetic insecti-
cides (Tavares et al. 2013). Natural products with repellent
activity to S. zeamais reduces fertility and decrease or elimi-
nate oviposition and, consequently, reduced the number of
harmful insects to corn (Tavares et al. 2013).

The PI values indicates that all doses of the C. flexuou-
sus essential oil and its major compound tested repelled S.
zeamais adults. The high repellent activity of C. flexuous
essential oil to S. zeamais can be attributed to its major com-
ponent, the citral (Elgizawy et al. 2019; Plata Rueda et al.
2020a, b), due to its ability to penetrate the insect's body or
its respiratory system. This promotes the avoidance behav-
ior of treated areas as observed for Ulomoides dermestoides
(Coleoptera: Tenebrionidae) in areas contaminated with the
citral monoterpene (Plata Rueda et al. 2020a).

The repellency described in this study corroborates results
for the C. flexuousus essential oil to T. castaneum (Caballero-
Gallardo et al. 2012) and Aedes aegypti (Diptera: Culicidae)
(Castillo et al. 2017). The repellent activity of plant vola-
tile compounds of the genus Cymbopogon, as C. citratus,
C. martini, and C. nardus, to S. zeamais in stored grains has
been reported (Hernandez-Lambrano et al. 2015). Although,
several species of plants of the Cymbopogon genus have

@ Springer

repellent potential to S. zeamais, there is no information on
the repellent effect of C. flexuosus to S. zeamais.

Conclusion

The major compound found in the essential of C. flexuosus
was citral. Furthermore, the insecticidal and repellent action
of the essential oil and its major compound for S. zeamais
suggests great potential for use as a biopesticide in the man-
agement of S. zeamais.
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Contamination routes and mortality of the
leaf-cutting ant Atta sexdens (Hymenoptera:
Formicidae) by the insecticides fipronil and
sulfluramid through social interactions

Tarcisio M M Mota Filho,® © Roberto S Camargo,® © José C Zanuncio,®
Luis E P Stefanelli,® Carlos A O de Matos® and Luiz C Forti®

Abstract

BACKGROUND: Leaf-cutting ants (LCAs) of the genera Atta and Acromyrmex (Hymenoptera: Formicidae) are important pests of
forest plantations, agriculture and livestock. Toxic baits containing the active ingredients fipronil or sulfluramid are the main
method used to control LCAs. Insecticide dispersion among members of an LCA colony during control with toxic bait is not well
understood. The objective of the study was to determine whether self-grooming, allogrooming or touching behavior among
Atta sexdens (Hymenoptera: Formicidae) workers disperses the insecticides fipronil and sulfluramid among members of the col-
ony. The insecticides were topically applied on groups of A. sexdens workers and social interactions between ants with and with-
out insecticide, and group mortality were evaluated.

RESULTS: Behavioral analysis showed an increase in interaction among LCA workers as the numbers of individuals increased,
with touches between workers being the most frequent behavior. The frequency of observed behaviors was higher in groups
treated with sulfluramid compared with fipronil. The mortality of groups treated with fipronil was almost twice as high com-
pared with ants treated with sulfluramid. The insecticides are probably dispersed by excessive touching among workers and
subsequent self-grooming and allogrooming.

CONCLUSION: These behaviors were responsible for the rapid dispersion of insecticides among members of the colony. Corrob-
oration of the hypothesis that social interactions contaminate nestmates is a model for future studies on contamination of ant
workers with active insecticide ingredients.

© 2021 Society of Chemical Industry.
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through oral or anal regurgitation.'*'® In addition, trophallaxis
plays an important role in the exchange of symbiont organisms,

1 INTRODUCTION

Leaf-cutting ants (LCAs) of the genera Atta Fabricius, 1805 and

Acromyrmex Mayr, 1865 (Hymenoptera: Formicidae) are impor-
tant pests in forest, agricultural areas and pasture in Brazil and
other countries of the Neotropical region.'? LCAs are controlled
using toxic baits containing the active ingredients fipronil or sul-
fluramid; these baits have high efficiency and economic and oper-
ational viability.3~® The toxic baits consist of a mixture of an active
ingredient dissolved in soybean oil and incorporated into an
attractive substrate (dehydrated citrus pulp).®

Toxic baits are commonly used to control LCAs, but dispersion
of the insecticide they contain among the members of an LCA col-
ony is poorly understood.” Approximately 50% of the workers in a
colony are directly contaminated during processing of ant toxic
baits in the fungus garden? but the way in which insecticides
are dispersed inside the colony is not precisely known.

Contaminated ants may disperse the insecticide by trophal-
laxis.>~'2 This process is widely found in social insects such as ants,
bees, termites and wasps, and is defined as the distribution of lig-
uid food ingested during foraging among members of a colony

pheromones, information between individuals in the colony,
and the transmission of toxic substances and pathogens.'*'®
Smaller workers of the LCA Acromyrmex subterraneus subterraneus
provide liquid food to workers the same size and larger than
themselves through trophallaxis.'”” Trophallaxis is known to
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disperse the insecticides chlorpyrifos, cypermethrin and chlor-
dane among groups of workers of the subterranean termite Cop-
totermes formosanus.'®

Trophallaxis is widely discussed for LCAS and is a controversial
topic among myrmecologists. Trophallaxis rates are highly vari-
able between ant species and reflect their phylogenetic position
and food habits."® Workers of ant species that feed on nectar
and honeydew from aphids, Camponotus rufipes (Formicidae)
and Pachycondyla villosa (Ponerinae), collect fluid at high intake
rates, whereas the LCA Atta sexdens rubropilosa (Hymenoptera:
Formicidae: Myrmicinae) and ant predators of the Rhytidoponera
complex do this at lower rates.?

Low rates of fluid intake by LCAs reflect other foraging strate-
gies. Atta sexdens rubropilosa workers collect leaves to cultivate
their fungi and ingest liquids spilled during leaf cutting and pro-
cessing, rarely visiting nectar sources.>'** LCAs ingest liquids dur-
ing leaf chewing and gongylidia harvest in the fungus garden, but
are not adapted to store large volumes of liquid.?® The liquid
intake rate for C. rufipes workers is 6.7 pl min™', much higher than
that for A. sexdens workers, which is less than 0.6 pl min~'2°
Therefore, trophallaxis may be uncommon or absent in LCAs.

Trophallaxis is not the most common insecticide-dispersing behav-
ior within an LCA colony. Intoxication in these ants occurs through
direct contact with toxic baits during processing and incorporation
into the fungus garden, by self-grooming and allogrooming, and
by contact between contaminated and non-contaminated workers,
thus contaminating other colony members.>*”*>~” Oral trophallaxis
in LCAs is very inconsistent and is an unreliable method of exchang-
ing substances between nestmates.

How are workers contaminated? First, it postulated that direct
contact with toxic bait occurs during fungus garden cultivation.
Another hypothesis suggests indirect contact with the active
ingredient, by contact with contaminated individuals during
self-grooming, allogrooming, or touch. To test these hypotheses,
an experiment was carried out using groups of Atta sexdens
(Hymenoptera: Formicidae) workers. The insecticides fipronil
and sulfluramid, commonly used to control LCAs, were applied

e
)

topically to workers and the social interactions between workers
with and without insecticide and mortality within the groups were
studied.

2 MATERIAL AND METHODS

2.1 Colonies studied

Sixty colonies of A. sexdens, approximately 6 months old, collected
in March 2020 in Botucatu, Sdo Paulo, Brazil were used in an
experimental series at the Laboratory of Social Insect Pests, Sao
Paulo State University. Each colony was kept in a container
(length: 15 cm, width: 15 cm and height: 15 cm) with a fungus
garden and fed Acalypha spp. (leaves and stems). Colonies were
maintained at 24 + 2°C, 80% relative humidity (RH) and a
12:12 h light/dark photoperiod.

2.2 Experiment 1
This experiment tested the hypothesis that ant interactions dis-
perse the insecticides within the colony. This hypothesis was
tested using 1.0 pl of the insecticides fipronil and sulfluramid
applied topically at a concentration of 0.1% (w/w) to the worker
pronotum; social interactions between contaminated and non-
contaminated workers were evaluated. Workers were placed in
250-ml plastic containers with 1.0 cm of plaster on the bottom
and a camera above the device for a period of 24 h. The
experimental design consisted of eight treatments with three rep-
lications, as follows:
Group 1: 1-1 worker + 1 worker with sulfluramid insecticide (0.1%);
Group 4: 1-4 workers + 1 worker with sulfluramid insecticide (0.1%);
Group 9: 1-9 workers + 1 worker with sulfluramid insecticide (0.1%);
Group 19: 1-19 workers + 1 worker with sulfluramid insecti-
cide (0.1%).
Group 1: 1-1 worker + 1 worker with fipronil insecticide (0.1%);
Group 4: 1-4 workers + 1 worker with fipronil insecticide (0.1%);
Group 9: 1-9 workers + 1 worker with fipronil insecticide (0.1%);
Group 19: 1-19 workers + 1 worker with fipronil insecti-
cide (0.1%).

!.-'

FIGURE 1. Behavioral acts performed by Atta sexdens (Hymenoptera: Formicidae) workers: (A) touching; (B) self-grooming; (C) allogrooming; (D) touching

2; (E) self-grooming 2; and (F) allogrooming 2.
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TABLE 1. Behavioral frequencies (average + SEM) of groups within
behavioral categories found in workers of Atta sexdens
(Hymenoptera: Formicidae)

Sulfluramid

Groups Self-grooming Self-grooming 2 Touching
1:1 1233 + 1.63a 7.33 +£0.88a 8.33 + 1.64a
4:1 88.00 + 6.83b 280.33 + 13.65b  168.67 + 7.24b
9:1 85.00 + 7.05b 44833 +£17.21b  245.00 = 6.25b
19:1 87.33 + 8.56b 79733 +£20.25c  444.67 +12.08c
Touching 2 Allogrooming Allogrooming 2
1:1 0.00 + 0.00a 8.67 + 2.61a 0.00 + 0.00a
4:1 278.33 + 16.03b 7767 +2.33b 56.33 +1.21b
9:1 720.67 + 35.21c 59.00 + 1.51b 81.00 + 6.55b
19:1 2728.00 + 125.23d 58.00 + 3.24b 147.67 + 7.85¢
Fipronil

Self-grooming Self-grooming 2 Touching
1:1 13.00 £ 1.73a 1833 + 1.21a 1867 £ 1.21a
4:1 47.00 + 4.72b 151.33 +13.87b 89.67 +7.21b
9:1 4500+ b 266.67 +22.11c  145.00 + 12.09¢
19:1 65.00 + 6.08b 660.67 +32.12b  372.67 +20.31d
Touching 2 Allogrooming Allogrooming 2
1:1 0.00 + 0.00a 5.67 + 1.66a 2.67 + 0.87a
4:1 152.33 + 15.34b 41.33 + 4.48b 2867 +3.17b
9:1 434.67 + 37.61c 3433 +£291b 47.67 +4.09c
19:1 2322.00 + 139.91d 46.00 + 2.08b 131.00 + 10.58d
Averages within a column that are followed by the same letter do not
differ (P = 0.05).

Workers were removed from the colonies using forceps and
selected according to their size based on a head length of 1.2—
2.2 mm (medium sized workers). The pronotum of workers to be
contaminated was marked with a small dot of ink made using a
white coloring pen (Edding®) due to the ink's properties of excel-
lent adhesion, quick drying and good visibility.”® Marked workers
were kept for 2 h in 350-ml plastic containers the edges of which
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were greased with Fluon (fluoroethylene resin) to prevent ants
from escaping. A total of 1.0 pl of insecticide was applied topically
to the worker pronotum, according to each group, using a Hamil-
ton™ micro-syringe (5.0 pl) and ants were released into their
respective groups. The frequencies of self-grooming, allogroom-
ing and touching were recorded after 24 h of video-recording.

2.3 Experiment 2

This experiment was carried out to study the mortality of contam-
inated and non-contaminated workers. A control treatment con-
sisting of a solution of vegetable oil and two insecticide
concentrations, 0.1% and 1.0% (w/w), were used. Each worker that
had been marked and contaminated was placed with its group in
a transparent plastic container (7.5 cm in diameter and 5.5 cm
in height), which was hermetically closed with lids containing
1.0 cm of plaster at the bottom to maintain the moisture. The con-
taminated worker and its group of uncontaminated individuals
was left without food for 24 h. After this time, ants received
approximately 3.0 g of fungus garden and about 20 gardener
workers (head length < 0.8 mm) were added because the
medium workers do not efficiently take care of the fungus gar-
den.?® Mortality was assessed in at 1,2,3,5,7,9, 11, 14, 17 and
21 days, following the protocol®® established by the Ministry of
Agriculture, Husbandry and Supply/Pest Control Department
(Ministério da Agricultura, Pecudria e Abastecimento/Secretaria
de Defesa Agropecuéria — MAPA/SDA).3'

2.4 Data analysis
The frequency of behaviors for different groups of individuals was
modeled using a generalized linear model (GLM) with gamma var-
iance and an inverse link function. A logistic regression model of
the frequency of live and dead workers with different insecticide
formulations and the proportions of individuals receiving the for-
mulations (fipronil, sulfluramid and control) was tested using a
Bayesian GLM with binomial variance and linkage function logit.
Multiple comparison tests between the estimated marginal
means of the response variables (behavioral frequency and mor-
tality) within the levels of the predictor variables (behavioral acts,

TABLE 2. Frequency of behavioral acts (average + SEM) within groups of workers of Atta sexdens (Hymenoptera: Formicidae)

Sulfluramid

Behavior 1:1 4:1 9:1 19:1
Self-grooming 1233 £ 1.63a 88.00 + 6.83b 85.00 + 7.05b 87.33 + 8.56b
Self-grooming 2 7.33 +0.88a 280.33 + 13.65b 44833 +17.21d 797.33 + 20.25e
Touching 833 + 1.64a 168.67 + 7.24c 245.00 + 6.25¢ 44467 + 12.08d
Touching 2 0.00 + 0.00a 278.33 + 16.03d 720.67 + 35.21e 2728.00 + 125.23f
Allogrooming 8.67 + 2.61a 7767 +2.33b 59.00 + 1.51a 58.00 + 3.24a
Allogrooming 2 0.00 + 0.00a 5633 + 1.21a 81.00 + 6.55b 147.67 + 7.85¢
Fipronil

Behavior 1:1 4:1 9:1 19:1
Self-grooming 13.00 + 1.73d 47.00 + 4.72a 45.00 + 5.85a 65.00 + 6.08a
Self-grooming 2 1833 + 1.21d 151.33 +£ 13.87c 266.67 + 22.11c 660.67 + 32.12d
Touching 18.67 + 1.21d 89.67 +7.21b 145.00 + 12.09b 372.67 + 20.31c
Touching 2 0.00 + 0.00a 15233 £ 15.34¢ 434.67 + 37.61c 2322.00 + 139.91e
Allogrooming 5.67 + 1.66¢ 4133 +4.48a 3433 +291a 46.00 + 2.08a
Allogrooming 2 2,67 +0.87b 28.67 +3.17a 47.67 + 4.09 131.00 + 10.58b
Averages within a column that are followed by the same letter do not differ (P = 0.05).
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Table 3. Logistic regression model of the frequency of alive and
dead workers of Atta sexdens (Hymenoptera: Formicidae) with differ-
ent insecticide formulations and the group of individuals

Coefficient Estimate SE z-value Pr(>|z|)
(Intercept) —-4.4150 1.4486 —-3.048 0.0023*
Fipronil 0.1% 14.0017 2.8414 4928 832e77*
Fipronil 1.0% 14.0017 2.8414 4928 832e77*
Sulfluramid 0.1% 7.2315 1.3261 5.453 494 78
Sulfluramid 1.0% 8.0662 1.3335 6.049 1.46 7%
4:1 0.8167 1.1603 0.704 0.4815
9:1 —-2.5081 0.9585 —-2617 0.0089*
19:1 —2.9840 0.9475 -3.149 0.0016*

*Significant effect (a = 0.05).

proportions and formulations) were performed using an odds
ratio log. A P-value adjustment was made using Tukey's method
to compare a family with n (number of levels of a factor)
estimates.

Worker mortality was corrected using Abbott's formula®® to sub-
tract the effect of natural mortality, and unify the results between
tests. The survival function was calculated using the Kaplan-Meier
estimator (also known as the product limit estimator).3* This esti-
mator is an adaptation of the empirical survival function:

S(,) = number of individuals who survived until time t/total num-
ber of individuals

This function implies in the absence of censorship with an
incomplete or partial information. It is a staircase-like function
with steps at the times when the individual died. The size step
(n = sample size) is multiplied by the number of ties in case they
occur (S()1/n).

The hypothesis of no difference between survival functions and
treatments was tested using the log-rank or Mantel Haenszel test.
P-values were adjusted using the method of Benjamin and Hoch-
berg®® which controls the false discovery rate (the expected propor-
tion of false discoveries among the rejected hypotheses), which is
one of the most powerful P-value methods of adjustment.

Statistical computing and plots were calculated using the packages
ggplot2, survival, survminer, aod, arm and emmeans from R v. 40.0.*’

3 RESULTS

3.1 Experiment 1

Touching (touch between worker with insecticide and others;
https://youtu.be/cEzq1bgbbAs), self-grooming (self-grooming
of contaminated worker; https://youtu.be/2TZt9k3j14M),

TABLE 5. Multiple comparison between marginal average mortality
estimates (mean + SE) (mortality) and the asymptotic lower (ALL) and
upper (AUL) limits for workers of Atta sexdens (Hymenoptera: Formici-
dae) as a function of different groups of workers

Group Mortality GL ALL AUL

19:1 0.779 + 0.13561 Inf 0.430 0.943a
9:1 0.850 + 0.10309 Inf 0.537 0.965a
1:1 0.986 + 0.01625 Inf 0.876 0.999b
4:1 0.994 + 0.00699 Inf 0.946 0.999b

GL, Degree of freedom; Inf, inform. Values within a column that are fol-
lowed by the same letter do not differ (P = 0.05).

allogrooming (allogrooming of the worker with the insecticide
by other workers; https://youtu.be/29F0SIvIXNA), touching
2 (touch between workers without insecticide; https://youtu.
be/U4QZtC8zFok), self-grooming 2 (self-grooming of workers
without insecticide; https://youtu.be/YqCXZ8CZP5s) and allo-
grooming 2 (allogrooming between workers without insecticide;
https://youtu.be/d-kGLk24_oU) were the behavioral acts
observed (Figure 1 and Table 1).

Each behavior in group 19:1 contaminated with the insecticides
fipronil and sulfluramid differed from the behaviors in groups 9:1,
4:1 and 1:1 (Table 1). The behaviors ‘touching 2’ and ‘self-
grooming 2’ were most frequent and differed among groups
19:1, 9:1 and 4:1 (Table 2); the exception was group 1:1 contami-
nated with sulfluramid and fipronil. Behaviors did not differ
between the groups treated with sulfluramid (Table 2).

3.2 Experiment 2

The deviance residual value of 74.083 in 42 df is non-significant
(P=0.41) and indicates an absence of evidence against the Bayes-
ian GLM with binomial variance and logit link function.

The effect of both insecticides on ant mortality did not vary with
dose. The effect of fipronil concentration on mortality is almost
double that of sulfluramid concentration (Table 3). Mean mortality
at different insecticide concentrations varied only between the
insecticide and control and between the two concentrations of
sulfluramid (Table 4). Multiple comparison between average pro-
portional mortality shows that groups 1:4 and 1:1 differ from
groups 1:19 and 1:9 (Table 5).

Survival curves for group 1:1 contaminated with fipronil at 1.0%
and 0.1% and groups 1:1 and 1:4 contaminated with sulfluramid
1.0% and 0.1% did not differ among themselves (Table 6 and
Figure 2). However, the survival curves differed between the
insecticides in groups 1:9 and 1:19.

TABLE 4. Multiple comparison between marginal average mortality (mean =+ SE) (mortality) and the asymptotic lower (ALL) and upper (AUL) limits
for workers of Atta sexdens (Hymenoptera: Formicidae) as a function of different insecticides

Insecticide Mortality GL ALL AUL
Control 0.003744 + 0.0044689 Inf 0.0003589 0.03785a
Sulfluramid 0.1% 0.838566 + 0.0543862 Inf 0.7026987 0.91946b
Sulfluramid 1.0% 0.922889 + 0.0298652 Inf 0.8402033 0.96459bc
Fipronil 0.1% 0.999779 + 0.0005691 Inf 0.9666153 1.00000bc
Fipronil 1.0% 0.999779 + 0.0005691 Inf 0.9666153 1.00000bc

GL, Degree of freedom; Inf, inform. Values within a column that are followed by the same letter do not differ (P = 0.05).
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TABLE 6. P-value of multiple comparisons of survival curves for worker groups of Atta sexdens (Hymenoptera: Formicidae) contaminated with the
insecticides fipronil and sulfluramid
Group Treatment Fipronil 0.1% Fipronil 1.0% Sulfluramid 0.1% Sulfluramid 1.0%
1:1 Fipronil 1.0% 1.0000 — — —
Sulfluramid 0.1% 0.0046 0.0046 — —
Sulfluramid 1.0% 0.0046 0.0046 0.2178 —
Control 0.0016 0.0016 0.0004 0.0004
4:1 Fipronil 1.0% 0.002 — — —
Sulfluramid 0.1% 46e”° 47e° — —
Sulfluramid 1.0% 29e78 23e78 0.771 —
Control 56e'° 11e° 34e71° 34710
9:1 Fipronil 1.0% 0.0002 — — —
Sulfluramid 0.1% 20e7'° 20e7'° — —
Sulfluramid 1.0% 20e7'° 20e7'° 0.0126 —
Control 20e7° 20e7® 11”7 14e 13
19:1 Fipronil 1.0% 51e® — — —
Sulfluramid 0.1% 20e7'° 20e7'° — —
Sulfluramid 1.0% 20e7'° 20e7'° 0.0001 —
Control 20e70 20e71® 20e7'6 20e7'6
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FIGURE 2. Survival curves for worker groups of Atta sexdens (Hymenoptera: Formicidae) in the control group and groups treated with the insecticides

fipronil and sulfluramid at 0.1% and 1.0%.

4 DISCUSSION

Touch between workers and self-grooming and allogrooming behav-
iors confirm the hypothesis that social interaction between workers dis-
perses insecticides and contaminates workers. The greater number of
interactions observed in group 19:1 in relation to the other groups is
due to the greater number of workers in this group. Similar results were
obtained by Camargoetal,” where the number of interactions between
workers in the 19:1 group was greater than in the other groups.

More frequent touching behavior among workers, followed by
allogrooming and self-grooming can disperse insecticides.3® In
our case, dispersion occurs when workers treated with insecticide
at the point of application transfer it to other members of the
population,*® through tarsal or antennal contact as worker group-
ing.3® This type of insecticide dispersion has been reported for
social and semi-social insects such as the Argentine ant, Line-
pithema humile (Mayr) (Hymenoptera: Formicidae), the carpenter
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ant, Camponotus pennsylvanicus and the German cockroach, Blat-
tella germanica (L.), which transferred the insecticides fipronil and
indoxacarb to their nestmates.3®*

The remarkable hygiene and self-grooming and allogrooming
behaviors between nestmates seen in many insect species'®
removes pathogenic organisms from the surface of their bodies.'®
For example, allogrooming and self-grooming removed effi-
ciently the pathogenic fungus Metarhizium from the insect cuti-
cle.*™* However, these hygiene behaviors are not efficient in
controlling the dispersion of chemical compounds (insecticides),
on the contrary, they disperse insecticide among nestmates.”254
7:26446 This occurs because the active ingredients used to control
LCAs act through ingestion and contact and, as a result, hygiene
behaviors provide greater direct contact with the insecticide
and, consequently, greater contamination.® In addition, ants
groom themselves and each other using their mouthpieces and
anterior legs, collecting insecticide particles and substances dur-
ing self-grooming and allogrooming. During these behaviors,
insecticides are ingested and absorbed by the post-pharyngeal
gland, consequently intoxicating workers and their
nestmates.>74748

Insecticide dispersion probably occurred due to excessive touch
among workers, together with subsequent allogrooming and self-
grooming. Insecticide dispersion through social interactions such
as self-grooming, allogrooming, and the contact between con-
taminated and uncontaminated individuals has not yet been
studied and proven for LCAs. Social interactions disperse insecti-
cidal substances among LCAs.

The 100% ant mortality seen with the insecticide fipronil at all
concentrations for all groups within 2 days confirms the activity
of this insecticide through contact and ingestion.** This
activity triggers the highest contamination rate among workers
with faster dispersion of the insecticide by social interactions.

Rapid symptoms with a knockdown effect by fipronil cause
hyperactivity, an inability to move and subsequent death within
a short period in intoxicated insects. Fipronil belongs to the chem-
ical group phenyl pyrazole and acts on the central nervous system
blocking the transmission of signals from nerve cells inhibiting
the neurotransmitter gamma-aminobutyric acid.**>°

The slower mortality seen in ant groups treated with sulfluramid
(0.1% and 1.0%) and the increase in the number of individuals per
group with 100% mortality at the end of 21 days in groups 1:1 and
1:4 at both concentrations are due to a delayed action mechanism
in this insecticide and the fact that sulfluramid acts only through
ingestion.>®>" Inside the ant worker body sulfluramid breaks
down into the main compound DESFA (perfluorooctane sulfon-
amide), which acts in oxidative phosphorylation (aerobic respira-
tion), gradually interrupting ATP production in the
mitochondria;*? this is different from fipronil which acts in the ner-
vous system. Sulfluramid and DESFA act in the mitochondria,
increasing the fourth breathing stage on succinate.>® Slow move-
ments and a large decrease in aggression due to a reduction in
energy are the main symptoms of sulfluramid poisoning in LCA
workers. Energy tends to decrease until metabolism is inter-
rupted, causing ant worker death.?

Social interactions increased insecticide dispersion among
workers of the LCA A. sexdens. However, the mode of action and
contact or ingestion influence the dispersion rate of the studied
insecticides. Thus, the hypothesis that indirect contact increases
contamination of nestmates is demonstrated as a model for fur-
ther studies on the contamination of workers with insecticide
active ingredients.

5 CONCLUSION

Self-grooming, allogrooming and social interactions, in addition
to contact among workers, increased contamination and mortal-
ity of LCAs by the insecticides fipronil and sulfluramid.
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Abstract

Toxic baits, containing the active ingredients sulfluramid or fipronil, are the main methods to control leaf-cutting ants of the
genera Atta Fabricius, 1805, and Acromyrmex Mayr, 1865 (Hymenoptera: Formicidae). However, the insecticide dispersion
among members of the colony during the control needs further studies. We studied whether the behaviors of allogrooming,
self-grooming, and contact among individuals spread the insecticides among those of the colony. The insecticides sulflura-
mid and fipronil (0.1% and 1.0% (w/w)) were applied topically in groups of workers of Atta sexdens (Linnaeus, 1758), and
the social interactions among them with or without insecticide were studied. In addition, toxic baits (sulfluramid or fipronil)
were provided to colonies and their behavioral acts were observed. At the end of the experiment, colony mortality, number
and mass of dead workers, and mass of wet waste were compared between ant nests receiving baits and ants with topical
application. In the topical application, behavioral analysis showed higher interaction between ants in the colonies and touch
and allogrooming behaviors as the most frequent in those that received the concentrations of sulfluramid. In the baits, the
behavior of licking the pellet and allogrooming was more frequent. Colony mortality was faster for those that received topi-
cal application, especially with the insecticide fipronil (0.1%). However, the number and mass of dead workers was similar
between topical application and toxic baits. In the toxic baits, the licking behavior of the bait pellets and subsequent allo-
grooming probably dispersed the insecticides. In the topical application, the route of the insecticide occurred by excessive
touches among workers, with subsequent allogrooming. Thus, allogrooming, self-grooming, and touching among workers
increased the dispersion of insecticides among members of the ant colonies.

Keywords Arta - Contamination routes - Dispersion insecticides - Social interactions - Trophallaxis

Introduction

Leaf-cutting ants of the genera Arta Fabricius, 1805, and
Acromyrmex Mayr, 1865 (Hymenoptera: Formicide), occur
exclusively in the Neotropical region as the main pests in
Edited by Heraldo Vasconcelos forest plantations, agriculture, and livestock (Vinha et al.
2020). Chemical control with toxic baits, containing the
active ingredients sulfluramid or fipronil, is the main method
to control these insects (Della Lucia et al. 2014; Zanetti
Depto de Produg@o Vegetal, Faculdade de Ciéncias et al. 2014). The contamination of workers occurs through
Agronomicas, Univ Estadual Paulista - FCA/UNESP, direct contact with the active ingredient contained in toxic
Botucatu, Sao Paulo, Brazil . . s .
, . ' . baits during fungus garden cultivation (Britto et al. 2016;
Dle};tsl d{cliEmoml\(/}l_Og‘a/C?IOA%Ro’_lUmV Federal de Vigosa Camargo et al. 2017a). During this process, the insecticides
i > vigosa, Aias Lierals, Brazt contaminate 50% of the workers (Forti et al. 2019) but the

3 Lab de Fitossanidade (FitLab), Instituto Federal de Mato way this happens with the other members of a COlony is not
Grosso - IFMT, Caceres, Mato Grosso, Brazil well-known
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The dispersion of insecticides in baits to other members
of the colony might occur by trophallaxis (Rust et al. 2004;
Moreira et al. 2006, 2010; Buczkowski 2019). Trophallaxis
is a behavior associated with fluid ingestion and exchanging,
stored during the worker foraging and regurgitated among
members of the colony. This behavior plays an important
role in exchanging nutrients, symbionts, pheromones, and
information among individuals of the colony (Holldobler
and Wilson 1990; Moreira et al. 2015; Meurville and LeB-
oeuf 2021). There is no reduction in this social behavior
even among individuals contaminated with toxic substances
(Souza et al. 2008).

Workers of Atta sexdens Linnaeus, 1758 (Myrmicinae),
perform trophallaxis with low frequency than other ants
that feed on nectar such as Camponotus rufipes Fabricius,
1775 (Formicinae), and Neoponera villosa Fabricius, 1804
(Ponerinae) (Paul and Roces 2003). These last species col-
lect fluids (nectar) during foraging and store them in a well-
developed crop adapted to this strategy (Eisner 1957; Paul
and Roces 2003). Leaf-cutting ants ingest liquids during
cutting leaves and gongylida harvesting in the fungus gar-
den, but their crop is not adapted to storing large volumes
of liquid (Caetano 1990). The fluid intake rate of C. rufipes
workers of 6.7 pl/min is much higher than that of A. sexdens,
which does not exceed 0.6 pl/min (Paul and Roces 2003).
The hyphae of the fungus Leucocoprinus gongylophorus
Heim, 1957, that grow in the fungus chambers inside ant
nests are the main food source for leaf-cutting ants (Schultz
et al. 2005) and they rarely feed on liquid substances (Lit-
tledyke and Cherrett 1976; Garrett et al. 2016).

The contamination of ant workers with insecticides inside
the colony is not mainly by trophallaxis. The intoxication
through direct contact with toxic baits during their pro-
cessing and incorporation into the fungus garden and the
hygienic behaviors such as self-grooming and allogroom-
ing and contact among contaminated and non-contaminated
workers are the most important dispersing mechanism of
insecticides to other members of the colony (Andrade et al.
2002; Camargo et al. 2017a; Forti et al. 2020). Interactions
among A. sexdens workers, such as self-grooming, allog-
rooming, and contact among contaminated and uncontami-
nated ants, were the main routes dispersing a fat-soluble
substance to approximately half of the nestmates (Camargo
et al. 2017a; Catalani et al. 2020). However, the dispersion
of insecticides in toxic baits through these behavioral acts
has not been tested.

Given the above, the following question arises: how is
the insecticide dispersed in leaf-cutting ant colonies? Our
hypothesis is that the contact of workers contaminated with
the insecticide during self-grooming, allogrooming, and
touching provides dispersion of the insecticide within the
colony. To test this hypothesis, A. sexdens workers were
topically contaminated with two concentrations of the

@ Springer

insecticides sulfluramid and fipronil (0.1% and 1% (w/w)),
and whether the social interactions between contaminated
and uncontaminated workers disperse insecticides and cause
colony suppression was studied.

Material and methods
Colonies studied

The colonies of A. sexdens used were approximately
6 months old with 350.0 cm?® of fungus garden and collected
in March 2020 in Botucatu, Sao Paulo, Brazil. These colo-
nies were kept in the Laboratory of Social Insect Pests of
the Universidade Estadual Paulista Jilio de Mesquita Filho
(UNESP) in Botucatu at 24 +2 °C, RH of 80%, and a pho-
toperiod of 12 h of light. Each colony was kept inside a con-
tainer (length: 15 cm, width: 15 cm, and height: 15 cm) with
a fungus garden, and they received Acalypha spp. (leaves
and stems).

Experimental setup

The hypothesis is that social interactions, allogrooming, and
self-grooming, besides touching among workers, disperse
the insecticides inside colonies of the leaf-cutting ant A.
sexdens and lead to their suppression. Workers were con-
taminated with two concentrations (0.1% and 1.0% (w/w))
of the insecticides fipronil and sulfluramid, and commercial
toxic baits containing these compounds were provided in
foraging chamber, and social interactions between individu-
als of the colonies were minutely studied.

The number of contaminated individuals was based on
the amount of active ingredient contained in 0.3 g of toxic
bait (Supplementary Material 1). This is equivalent to 3 and
30 medium-size workers (head width from 1.2 to 2.2 mm)
topically contaminated with 1.0 pl of fipronil solution dis-
solved in vegetable oil at the concentrations of 0.1% and 1%
(w/w), respectively, or 60 and 600 workers contaminated
with 1.0 pl of sulfluramid solution dissolved in vegetable oil
at concentrations of 0.1% and 1% (w/w), respectively. The
control treatments consisted of the same number of indi-
viduals exposed to the insecticides fipronil and sulfluramid;
however, they were contaminated with only 1 pl of vegeta-
ble oil. In addition, bait consisting of citrus pulp (96%) and
soybean oil (4%) was also used as a control treatment (Forti
et al. 2019, 2020).

Atta sexdens workers were removed from their colonies
and separated by size category, based on head width. The
pronotum of the workers were marked with a small dot of
ink made with a pen (Edding®) with excellent adhesion,
quick drying, and good visibility (Camargo et al. 2007).
The workers remained for 2 h in plastic cups with the edges
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greased with Fluon (fluoroethylene resin), a product that
prevents ants from escaping, and according to treatments,
1.0 pl of insecticide was applied topically on the workers’
pronotum with a Hamilton™ (5.0 pl) micro syringe, which
were then released into their respective colonies.

Experiment

The treatments were toxic baits—fipronil (0.01% w/w) and
sulfluramid (0.2% w/w)—topical application of fipronil
1.0%, fipronil 0.1%, sulfluramid 1.0%, and sulfluramid 0.1%
and the controls in A. sexdens colonies. Subsequently, the
waste and leaf remain were removed from the waste and
foraging chambers and the colonies did not receive the plant
substrate for 24 h. After that period, each colony received
0.3 g of toxic bait or contaminated individuals in the forag-
ing chamber. The fungus garden container was closed with a
transparent glass lid; after that, the behaviors of the workers
inside the colonies were observed.

The observations lasted for 6 h at regular intervals of
30 min, and followed by scanning observation (Martin and
Bateson 1986) to observe a group of workers, and the behav-
ior of each ant was recorded. The behavioral act frequency of
each ant worker was quantified. The behavioral acts observed
for topical application were (i) touching—touches among
the contaminated worker with others; (ii) self-grooming—
self-grooming of the contaminated worker; (iii) allogroom-
ing—mutual grooming of contaminated worker by other
workers; (iv) touching 2—touches among workers without
insecticide; (v) self-grooming 2—self-grooming of workers
without insecticide; (vi) allogrooming 2—mutual grooming
among workers without insecticide (Supplementary Material
2, 3). The behavioral acts observed for bait application were
(i) transporting the pellets to the fungus garden; (ii) holding
the pellet; (iii) licking the pellet; (iv) fragmenting the pellet;
(v) incorporating the pellet; (vi) self-grooming; and (vii)
allogrooming (Supplementary Material 4).

Twenty-four hours after the first day of evaluation, the
plant substrate was supplied in the foraging chamber to
maintain the growth of the symbiotic fungus. The ant mor-
tality was observed daily, and at the end of the experiment
(death of the colonies), the number of dead workers, the total
mass of dead workers, and the mass of wet waste from the
garbage chamber were evaluated.

Statistical analysis

The four treatments related to topical application were com-
pared with their controls using the Wilcoxon rank sum test
with continuity correction (Mann—Whitney U test). Poste-
riorly, these same data related to topical application were
submitted to the Kruskal-Wallis test. A multiple comparison
was performed between the different treatments for the most

frequent behavioral acts performed by the workers and also
those of the number of dead workers, the weight of dead
workers, and the weight of wet waste were performed with
the paired Wilcoxon rank sum test with the adjustment of
the P value through the false discovery rate method (Ben-
jamini and Hochberg 1995) (a=0.05). The data of the bait
treatments were subjected to the Kruskal-Wallis test and
multiple comparison of medians with pairwise Wilcoxon
rank sum test with continuity correction.

The survival function was calculated using the
Kaplan—Meier estimator (also known as the product limit)
(Kaplan and Meier 1985) which is an adaptation of the
empirical survival function:

S() —number of individuals that survived until time #/
total number of individuals.

This function implies in the absence of censorship and
presence of incomplete or partial information (Colosimo and
Giolo 2006) as a staircase-like function with steps in the
time when the individual death occurred. The size of the
steps (n=sample size) was multiplied by the number of ties
in case they occur.

The hypothesis that there were no differences between
treatments in survival functions was tested with the log-rank
or Mantel-Haenszel tests. The P values were adjusted (Ben-
jamini and Hochberg 1995) to control the false discovery
rate (the expected proportion of false discoveries among the
rejected hypotheses) and which is one of the most powerful
methods to adjust the P values.

The survival package from the R version 4.0.0 environ-
ment was used for statistical computing and graphing (R
Core Team 2020).

Results

Touching behavior, followed by allogrooming and self-
grooming, was the most frequent behavior with both con-
centrations of the insecticides (fipronil and sulfluramid)
and in the control (Fig. 1 and Supplementary Material 5, 6).
Behaviors carried out by workers of A. sexdens contami-
nated with different concentrations of the insecticides sulflu-
ramid and fipronil did not differ from their respective control
(Fig. 1 and Supplementary Material 5). The ant behaviors,
in general, differed between the insecticide concentrations,
being more frequent in colonies that received the application
of 0.1% and 1.0% of sulfluramid (Fig. 1 and Supplemen-
tary Material 6). The behavioral acts performed during the
preparation of the pellets to be incorporated into the fungus
garden were similar between the toxic baits and the control
(Fig. 2 and Supplementary Material 7). The survival of A.
sexdens colonies in the treatments fipronil 0.1% (p=0.001),
fipronil 1% (p=0.001), sulfluramid 0.1% (p =0.006), and
sulfluramid 1% (p=0.010) and toxic bait containing fipronil
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Fig. 1 Frequency of behaviors
of Atta sexdens (Hymenoptera:
Formicidae) with topical appli-
cation of two concentrations of
the insecticides fipronil (Fip.)
and sulfluramid (Sulf.) and the
respective control. There are no
differences between the medians
of the treatments and their
respective controls. Medians
followed by different letters
differ by the pairwise Wilcoxon
rank sum test with the adjust-
ment of the P values (a¢=0.05).
Behaviors: (1) self-grooming;
(2) allogrooming; (3) touch-
ing; (4) self-grooming 2; (5)
allogrooming 2; (6) touching 2;
and (7) total
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Fig.2 Behaviors of Atta
sexdens (Hymenoptera: Formi-
cidae) during the preparation of
toxic baits with the insecticides
fipronil and sulfluramid and that
in the control to be incorporated
into the fungus garden. Medians
followed by different letters
differ by the pairwise Wilcoxon
rank sum test with the adjust-
ment of the P values (¢ =0.05).
Behaviors: (1) transporting the
pellet; (2) holding the pellet; (3)
licking the pellet; (4) fragment-
ing the pellet; (5) incorporating
the pellet; (6) self-grooming; (7)
allogrooming; and (8) total
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(p=0.001) or sulfluramid (p =0.001) was lower than that of
its respective control. The survival (2 days) of the colonies
that received workers contaminated with 0.1% fipronil was
shorter than those that received workers contaminated with
the other concentrations and formulation of the insecticides
fipronil and sulfluramid (Fig. 3 and Supplementary Material
8, 9). On the other hand, the longest survival time (7 days)
was in colonies that received baits containing the insecticide
sulfluramid and differed from all other treatments. The sur-
vival curves of the ant nests with the two concentrations of
sulfluramid (0.1% and 1.0%) did not differ and those with
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this insecticide also did not differ from the concentration
of fipronil 1.0% (Fig. 3 and Supplementary Material 8, 9).
The survival (3 days) of colonies that received bait contain-
ing fipronil is statistically identical to those that received
workers topically contaminated with 1% fipronil (Fig. 3 and
Supplementary Material 8, 9).

The number and mass of dead workers were similar
between the two concentrations and formulations of the
fipronil and the sulfluramid insecticides (Table 1). In addi-
tion, the ants did not produce wet residues (waste) in the
colonies that received contaminated workers with the two



Allogrooming, Self-grooming, and Touching Behavior as a Mechanism to Disperse Insecticides. .. 77

Martality
122
2 376
E
-
g &R
=
E
2 2
=
b=
= |
"
C.CC
] 1 o | E] s E T
Dy
Fizizam 5 ==l laaradiE; P 20 D e Siimm U Il
Iy 108 (7)== Spihans L2

Fig.3 Survival curves of Atta sexdens (Hymenoptera: Formicidae)
colonies as a function of different concentrations (topical application
(T) and toxic baits (B)) with insecticides fipronil or sulfluramid

concentrations of the insecticides (Table 1). The production
of wet residues (waste) was higher in the control and similar
in the colonies that received the toxic baits. In the five con-
trol treatments, there were no dead individuals and the pro-
duction of wet residues (residues) was similar (p =0.3581).

Discussion
Topical application

The social interactions, allogrooming, self-grooming, and
touching among workers dispersed the insecticides inside
the colonies of the leaf-cutting ant A. sexdens, leading to
their suppression. The higher social interaction in the col-
onies that received the concentrations of 0.1% and 1.0%
sulfluramid increased the numbers of contaminated work-
ers, 60 and 600, respectively. The social interactions of A.
sexdens as a dispersal mechanism of insecticides is similar

Table 1 Number of dead workers (number of dead), mass of dead
workers (mass of dead), and mass of waste in Atta sexdens (Hyme-
noptera: Formicidae) colonies that received the two concentrations

to that reported for insect species with social, semi-social,
and even solitary habits (Rust and Saran 2006; Buczkowski
et al. 2008; Akhtar and Isman 2013). For example, the black
carpenter ant, Camponotus pennsylvanicus DeGeer (Hyme-
noptera: Formicidae), through social interactions dispersed
the insecticide fipronil to nestmates (Buczkowski 2019);
the German cockroach Blattella germanica Linnaeus, 1767
(Dictyoptera: Blattellidae), dispersed the insecticide indox-
acarb to their nestmates (Buczkowski et al. 2008); and the
larvae of Heortia vitessoides Moore (Lepidoptera: Cram-
bidae) dispersed the insecticide avermectin for groupmates
(Liang et al. 2019). However, dispersion of insecticides
through social interactions by leaf-cutting ants needs fur-
ther studies with only one addressing this type of dispersion
among A. sexdens workers. The self-grooming, allogroom-
ing, and touching behavior among contaminated and non-
contaminated workers dispersed a lipid-soluble substance
to approximately half of their nestmates (Camargo et al.
2017a).

The ant workers that acquired the insecticide at its appli-
cation point transfer it to other members of the population
(Soeprono and Rust 2004; Buczkowski and Wossler 2019).
Subsequently, the insecticide collected during random
touches was ingested and absorbed by the post-pharyngeal
gland during self-grooming and allogrooming behaviors.
This occurs when ants clean themselves and others using
their mouthpieces, antennae, and legs, consequently poison-
ing the entire colony (Vander Meer et al. 1985; Britto et al.
2016; Camargo et al. 2017a).

The social interactions of leaf-cutting ants, including
behavioral studies on other social insects typically focused
on the positive effect of cleaning behaviors (allogrooming
and self-grooming) on individuals exposed to pathogens
(Soroker et al. 1995; Hughes et al. 2002; Theis et al. 2015),
does not protect them from insecticides. The allogrooming
and self-grooming are effective to removing parasites as
Metarhizium from ant cuticle (Hughes et al. 2002) which
makes these insects practically immune to this and other

(toxic baits (B) and topical application (T)) with the fipronil and sul-
fluramid insecticides. Medians followed by different letters per col-
umn differ by the Kruskall-Wallis test (¢ =0.05)

Treatment Number of dead Mass of dead (g) Mass of waste (g)
Fipronil (B) 885.5 3618 1611a
Sulfluramid (B) 901.5 3675 0.977a

Fipronil 0.1% (T) 875.5 3581 -

Fipronil 1.0% (T) 876.5 3633 -

Sulfluramid 0.1% (T) 843.0 3578 -

Sulfluramid 1.0% (T) 903.0 3759 -

Control - - 6.348b

p-value 0.871 0.982 0.018
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microorganisms through exposure and contact (Walker and
Hughes 2009). However, these hygienic behaviors are not
efficient to controlling insecticide dispersion and, on the
contrary, they increase its dispersion among the nestmates
(Bueno et al 2001; Theis et al. 2015; Camargo et al. 2017a).
The dispersion of insecticides probably occurred due to the
high frequency of touching among workers followed by self-
grooming and allogrooming.

Bait application

The behavior of licking pellets of both toxic baits corrobo-
rates results with behavioral acts performed by Acromyr-
mex subterraneus Forel, 1893, and Atta sexdens rubropilosa
Forel, 1908, respectively, during incorporation of bait pellets
in their fungus (Silva et al. 2015; Forti et al. 2019). Licking
behavior by leaf-cutting ants is due to the secretions pro-
duced in their mandibular glands with antibiotic and anti-
fungal properties and incorporated to the fungus garden,
and it promotes the asepsis of the substrate and benefiting
the symbiont fungus growth (Fernandez-Marin et al. 2006;
Britto et al. 2016; Garrett et al. 2016). Besides, the licking
behavior hydrates the pellets, facilitating their processing for
later incorporation into the fungus garden (Silva et al. 2015),
but this behavior is an important contamination route of leaf-
cutting ant workers. It does not decrease when a harmful
substrate is provided; on the contrary, its frequency increases
to improve substrate asepsis (Sousa et al. 2017), favoring the
contamination of the symbiotic fungus (Silva et al. 2015;
Garrett et al. 2016; Camargo et al. 2017b).

The behavior transport, fragmentation, incorporation, and
holding of the pellet were the lesser frequent ones during
the bait preparation. The transporting behavior of substrate
demands the most energy expenditure by leaf-cutting ants
(Garrett et al. 2016) and it is their first direct contact with
the active ingredient in the toxic baits. In addition, depend-
ing on the distance from the pellet collection site to the nest,
this behavior is that with the longest contact period between
the ant worker and the insecticide. Holding stabilizes the
pellets, reducing movement and tension for cutting or other
processing behaviors and the energy expenditure (Garrett
et al. 2016). The pellet fragmentation behavior reduces this
substrate into tiny parts (Garrett et al. 2016) making it easier
for smaller ant workers to perform other processing behav-
iors (Bos et al. 2011). Thus, there is a possibility that these
behaviors provide direct contact among workers and the
insecticide in toxic baits.

The allogrooming and self-grooming as the second and
third most frequent behavior, respectively, indicate that
direct contact with toxic baits does not cause contamination
of all members of a colony (Forti et al. 2019). Allogrooming
performed by workers and associated with the recognition
of nestmates is triggered when a substance is recognized in
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the nestmate tegument (Soroker et al. 1995; Hughes et al.
2002). This also occurs with self-grooming, because ants
increase this behavior in response to the exposure to harm-
ful substances (Bos et al. 2011; Theis et al. 2015; Camargo
et al. 2017b).

The insecticide dispersion among the workers prob-
ably occurred due to high allogrooming and self-grooming
intensity as found for A. sexdens and A. sexdens rubropi-
losa (Bueno et al. 2001; Barbieri et al. 2009; Camargo et al.
2017b; Forti et al. 2019). Thus, these behaviors are related
to insecticide dispersion among nestmates, when applied in
toxic baits.

Topical application vs. bait comparison

The 100% mortality of the colonies with toxic baits and topi-
cal application and the shortest survival period (2 days) with
the 0.1% concentration of fipronil were probably due to this
insecticide action. The fipronil is of the chemical group phe-
nyl pyrazole, acting in the central nervous system, blocking
the transmission of signals from nerve cells and inhibiting
the neurotransmitter GABA (gamma-aminobutyric acid),
leading to knockdown effect (Tomlin 2000). Besides, the
fipronil is toxic at low amounts and easily transferable (Gan-
dra et al. 2016; Buczkowski and Wossler 2019) by contact
and ingestion among ants (Tomlin 2000). Probably, social
interactions increase the contamination rate with faster dis-
persion of the insecticide between ant workers.

The delayed mortality of A. sexdens colonies at 5 and
7 days with the concentrations of sulfluramid (0.1% and
1.0%) confirms the delayed action of this insecticide, of the
chemical group of fluoroaliphatic sulfones (Schnellmann and
Manning 1990). This delay is due to its mechanism of action,
when this molecule is broken in the insect body, becoming
a main component called DESFA (perfluorooctanesulfona-
mide). This molecule acts in the oxidative phosphorylation
process (aerobic respiration), interrupting the production of
adenosine triphosphate (ATP) in the mitochondria (Schnell-
mann and Manning 1990; Laranjeiro and Zanuncio 1995).
The movement and aggression behaviors of ant workers
with sulfluramid intoxication symptoms are due to their low
energy levels, which gradually decrease and leading to death
(Schnellmann and Manning 1990; Britto et al. 2016). Thus,
the effect of the insecticide on colony suppression is delayed
even with a large number of ants contaminated.

The similar numbers and weight of dead workers between
the fipronil and sulfluramid concentrations in the baits,
despite the differences in the colony survival and mechanism
action of the insecticides, confirm the efficiency of these
insecticides to controlling leaf-cutting ant colonies (Naga-
moto et al. 2004; Gandra et al. 2016). The higher quantity
of wet waste produced in the colonies with the application
of toxic baits and the null production in those with workers
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contaminated topically are due to the fact that workers inter-
acted, through touching, allogrooming, and self-grooming
behaviors and, consequently, became contaminated, when
they detect contaminated ones, leading to the breakdown of
the colony as a whole.

Social interactions, allogrooming, and self-grooming,
besides touching behavior among workers, are responsi-
ble for the fast dispersal of insecticides between nestmates
as observed in our experiment. We thus corroborate the
hypothesis that social interactions promote the contamina-
tion of nestmates, serving as a model for further studies on
the contamination of workers with the active ingredients of
insecticides.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13744-021-00927-6.
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Mostrade cm Cidncias COORDEMACAD DO MESTRADD EM CIENCIAS BIOLOGICAS
Hiuh}giﬂg COMPORTAMERNTO E BIOLOGE1IA AMIMAL

3 CAVENG LNIYERSITTART - WARTET 08 - JUIZ BL VORA . F
Compartamento & CEF; 36036-350 - e-mall: mesrodn.cninperimicuiin GLalehr
Ditdogia Animal FOME: {32) 3239-332F - FAN: (32} F220-F213
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Certificado

Centificamos gque ROBERTO DA SILVA CAMARGO, portador de RG n®
289674239-0 — SEP/SP, nascido aos 20 de marco de 1979, natural de
Araras/SP, nacionalidade brasilsira, concluiu o estagio Pés-Doutorada, junts
ac Programa de Pos-Graduacdo em Biologia & Comportamento Animal da
Universidade Federal de Juiz de Fora, sob @ orientaggo da Docente
Supervisora, Prof®. Dr®. Juliane Floriano Lopes Santos, desenvolvendo o
projeto “COMPORTAMENTCO E ENERGETICA DA ESCAVACAD DAS
OPERARIAS DE FORMIGA CORTADEIRA, Afts sexdens rubropilosa”™,
realizado no periodo de 01 de novembro de 2011 a 31 de novembro de
2012, conforme o relatdrio aprovado pelas instancias académicas da
referida Unidade.

Juiz de Fora, 3 de dezembro de 2012.
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Coordenador do PRGEE CES
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< CERTIFICADO e
s &Y
,ra. O Pro-Reitor de Pesquisa e Pos-Graduagdo da Universidade do Oeste _ _. /
" | Paulista, no uso de suas atribuighes, certifica que o(a) Doutor(a) ROBERTO DA SILVA o
GW | CAMARGO, RG. n® 29. 674 mmm.m mmm__mﬂ conciuiu: o mﬂmmﬁ_ de Pds-Doutorado no Mﬂ
K > | Programa de Pos- mqma:mnmn mﬂﬂ hﬁ_uh_zﬁg_,ﬁ. Em:m_an naﬁ eata universidade, em A
A.pl . conformidade com © _uEmE_,_._m Emnﬁﬁm_ de Pos- Dotitorado — nzﬂmﬁ_p_umm no periodo de Lx
Qhu.  D4/2018 a 03/2019, podendo assim gozar dos direitos & Em:dmm:ﬁmm legais gque a outorga . ﬂ...m.-
E do presente certificado |he confere. 4
Q.m..h Presidente Prucdente, 28 de junho de 2019. | Mﬁ
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Julivs-Maxzimitians-
UNIVERSITAT Sohiviors stoless and Soclchiology \g‘&\
WURZBURG  Uniesyororsry s tens \Eﬁ\

Prof. Dr. Flavio Roces

Telefon +49-031-318 4311
Tolefax +45-0031-318 4200

racEsfH amemtrum wnl-wuazbung.de
ity iz . blozantry mami-wuerziung.de

Widrzburg, Germany, August 2010

CERTIFICATE

To whom [t may concem,

herewith | certificate that Dr. Roberto da Silva Camargo spent 8 weeks in June-
July 2010 as a postdoctoral researcher In our Institute at the University of Wilrzburg,
Germany, developing investigations on vibrational communication in leaf-cutting
ants under my supervision,

Sincerely Yours,

 Theodor- Boveri- Institut
fiir Eiowizzenschaften (Biosentrom}
der TIndrarsitdt
Lahrotuil Dur Zoologle O
A Hdolemrd
D-97074 Wiirshurg, Geomany

(Prof. Dr. Flavio Roces)



Roberto da Silva Camargo

Certificamos para os devidos fins, que se fizeram necessarios que o (a) académico (a) Roberto da
Silva Camargo, CPF n° 290.522.258-18, RG n° 29674239-9, foi BOLSISTA DE TREINAMENTO TECNICO, junto
a Fundagdo de Estudos e Pesquisas Agricolas e Florestais, atuando no Projeto 334 — Empresas Atta-kill
IndUstria e Comercio de Defensivos Agricolas Ltda, UNIBRAS Agro Quimica Ltda, Dinagro Agropecudria
Ltda., intitulado " Busca de novos ingredientes ativos para iscas toxicas para controle de formigas
cortadeiras.”, sob a orienta¢do do Prof. Dr. Luiz Carlos Forti, no periodo de 01/05/2021 a 30/11/2024.

o

Prof.2 Dr.2 Renata Cristina B. Fonseca
Diretora Presidente | FEPAF

Botucatu, 24 de Julho de 2024.

-FCA unesp™

wW.fepaf.org.br




