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Low Virulence of the Fungi Escovopsis and Escovopsioides to a Leaf-Cutting Ant-Fungus Symbiosis
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Eusocial insects interact with a diversity of parasites that can threaten their survival and reproduction. The amount of harm these parasites cause to their hosts (i.e., their virulence) can be influenced by numerous factors, such as the ecological context in which the parasite and its host are inserted. Leaf-cutting ants (genera Atta, Acromyrmex and Amoimyrmex, Attini: Formicidae) are an example of a eusocial insect whose colonies are constantly threatened by parasites. The fungi Escovopsis and Escovopsioides (Ascomycota: Hypocreales) are considered a highly virulent parasite and an antagonist, respectively, to the leaf-cutting ants’ fungal cultivar, Leucoagaricus gongylophorus (Basidiomycota: Agaricales). Since Escovopsis and Escovopsioides are common inhabitants of healthy colonies that can live for years, we expect them to have low levels of virulence. However, this virulence could vary depending on ecological context. We therefore tested two hypotheses: (i) Escovopsis and Escovopsioides are of low virulence to colonies; (ii) virulence increases as colony complexity decreases. For this, we used three levels of complexity: queenright colonies (fungus garden with queen and workers), queenless colonies (fungus garden and workers, without queen) and fungus gardens (without any ants). Each was inoculated with extremely high concentrations of conidia of Escovopsis moelleri, Escovopsioides nivea, the mycoparasitic fungus Trichoderma longibrachiatum or a blank control. We found that these fungi were of low virulence to queenright colonies. The survival of queenless colonies was decreased by E. moelleri and fungus gardens were suppressed by all treatments. Moreover, E. nivea and T. longibrachiatum seemed to be less aggressive than E. moelleri, observed both in vivo and in vitro. The results highlight the importance of each element (queen, workers and fungus garden) in the leaf-cutting ant-fungus symbiosis. Most importantly, we showed that Escovopsis may not be virulent to healthy colonies, despite commonly being described as such, with the reported virulence of Escovopsis being due to poor colony conditions in the field or in laboratory experiments.
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INTRODUCTION

Parasites can play an important role in many aspects of their hosts’ life, threatening their survival and reproduction. The harm that parasites cause to their hosts, referred to as virulence (Frank, 1996), can be influenced by numerous factors, involving traits related to the parasite and to its host, in addition to the environmental conditions in which both are to be found. Theory about virulence evolution predicts that there is a relationship between parasites’ virulence and their mode of transmission to new hosts (Ewald, 1987; Alizon et al., 2009). It has been suggested that vertically transmitted parasites tend to be less virulent in relation to horizontally transmitted parasites, because their fitness depends on their host’s reproductive success (Clayton and Tompkins, 1994). This has been demonstrated in some empirical studies (Bull et al., 1991; Clayton and Tompkins, 1994; Tompkins et al., 1996; Agnew and Koella, 1997; Stewart et al., 2005; Pagán et al., 2014) although it cannot be taken as a general rule, especially as many parasites can present both modes of transmission (Ebert, 2013; Cressler et al., 2015). Host lifespan can also be an important factor in understanding the evolution of a parasite (Watson, 2013). It is predicted that hosts with a shorter lifespan reduce the future opportunities of parasite transmission, thus parasites should grow faster within the host and be transmitted earlier, which is reflected in a higher virulence (Nidelet et al., 2009). In addition, the virulence of some parasites may depend plastically on the immediate context in which they are inserted; they may for example increase their virulence when their hosts are stressed (Brown et al., 2000, 2003; Jokela et al., 2005; Manley et al., 2017).

As with all living organisms, eusocial insects such as ants, termites and some bees and wasps may be exposed to a diversity of parasites. These parasites include viruses, bacteria and fungi, among others (Schmid-Hempel, 1998) and the manner in which sociality could affect their evolution has been a topic of some discussion. Some authors argue that long-lived colonies of insect societies represent a buffered and homeostatic environment, which tends to lead to a reduction in parasite virulence (e.g., Hughes et al., 2008). Additionally, highly genetically diverse colonies of some eusocial insects, that have polyandrous queens (i.e., multiple mating queen with several males), have been associated with a lower incidence of disease and better resistance to parasite infection (Hughes and Boomsma, 2004; Tarpy and Seeley, 2006; Seeley and Tarpy, 2007). Furthermore, the level of a parasite’s virulence can increase in some stressful stages of a eusocial insects’ life history, such as the colony-founding period (Brown et al., 2003).

Among eusocial insects, the leaf-cutting ants (genera Atta, Acromyrmex and Amoimyrmex, Attini: Formicidae) are well-known to interact with a diversity of microorganisms that are present in their colonies, including parasites and mutualists (Pagnocca et al., 2012). These ants cultivate the fungus Leucoagaricus gongylophorus (Basidiomycota: Leucocoprineae, Agaricaceae), using it as food, while providing nutrients, protection and dispersion in return. The fungal cultivar of leaf-cutting ants is farmed in subterraneous chambers that shelter the “fungus garden.” This structure is composed of the fungal cultivar mycelium and fragments of leaves and flowers that serve as a substrate to the fungus’ growth. It is important to note that fungus gardens also harbor a range of bacteria, yeasts and filamentous fungi (Carreiro et al., 1997; Currie et al., 1999a; Rodrigues et al., 2005b, 2008; Suen et al., 2010).

Fungi of the genera Escovopsioides and Escovopsis (Ascomycota: Hypocreales) are examples of microorganisms that are commonly found in the fungus gardens (Augustin et al., 2013; Reis et al., 2015). The genus Escovopsioides includes only one species described to date, Escovopsioides nivea (Augustin et al., 2013) and its role in colonies of leaf-cutting ants is as yet poorly understood. A study performed by Varanda-Haifig et al. (2017) demonstrated that this fungus is an antagonist of L. gongylophorus capable of inhibiting the growth of the fungal cultivar in culture medium. Negative effects of E. nivea, such as degradation of infected parts leading to removal by ants, have also been demonstrated in small fungus garden fragments; this is in addition to inhibition of growth of L. gongylophorus in dual-culture bioassays with E. nivea (Osti and Rodrigues, 2018). The genus Escovopsis is phylogenetically related to Escovopsioides (Augustin et al., 2013) and is considered a specialized parasite of the fungal cultivar of leaf-cutting ants (Currie et al., 1999a). Some early studies suggested that this parasite is highly virulent to its host, capable of causing the death of infected colonies and reducing the fungus garden biomass as well as the production of new ant individuals (Currie et al., 1999a; Currie, 2001). Based on the results of these studies, it has become disseminated in the literature that this fungus actually represents a highly virulent parasite (Currie et al., 1999a, 2003a,b; Currie, 2001; Currie and Stuart, 2001; Stearns and Hoekstra, 2005; Hölldobler and Wilson, 2009; Farji-Brener et al., 2016; Verza et al., 2017). However, it is important to consider some points related to this. Firstly, Escovopsis is often found in the fungus garden of healthy colonies that remain foraging and growing (Currie et al., 1999a; Gerardo et al., 2004; Rodrigues et al., 2005a; Augustin, 2011). Secondly, one of the pioneering studies that investigated the impact of Escovopsis on the ant-fungus symbiosis was conducted using newly founded colonies of 10–12 weeks (Currie, 2001). Thus, it is possible these colonies were still fragile and, in this condition, could suffer a heightened negative impact because of this parasite. Thirdly, some studies considering the mode of Escovopsis transmission between colonies of leaf-cutting ants have implied that the parasite may to be horizontally transmitted (Currie et al., 1999a; Moreira et al., 2015; Augustin et al., 2017) which has been taken spuriously as evidence of high virulence (as vertical transmission selects for lower virulence – see above) (Currie et al., 1999a). Nevertheless, the results that indicated horizontal transmission of Escovopsis do not exclude the possibility of vertical transmission, which could support a low virulence consistent with theory of virulence evolution. Fourth, horizontal transmission does not automatically indicate high virulence as in the case of the common cold of humans for example. Finally, another important issue is that, like other parasites, the level of virulence presented by Escovopsis may also vary depending on the ecological context in which it is inserted, for example, when the host is weakened or experiencing stressful conditions.

It is also important to consider that colonies of leaf-cutting ants function as superorganisms. Besides the fungus gardens, the reproductive and non-reproductive castes are involved in different functions, such as reproduction, defence and foraging. These individuals act similarly to the germ and somatic cells in the body of multicellular organisms (Cremer and Sixt, 2009). Thus, all elements that comprise the colonies act as a cooperative unit (Detrain and Deneubourg, 2006) and its components cannot survive and reproduce without one another (Cremer et al., 2017). In this sense, studies that investigate the impact of Escovopsis and Escovopsioides to the fungal cultivar of leaf-cutting ants must be conducted considering the role of the ants in the symbiosis as well as the other elements that comprise the colonies. Nevertheless, some studies that evaluated the impact of Escovopsis have been performed using in vitro assays (Folgarait et al., 2011a, b; Marfetán et al., 2015; Silva et al., 2006; Varanda-Haifig et al., 2017), colonies without queens (referred to as queenless colonies) or the fungus gardens without ants (Wallace et al., 2014). These studies are very important to understand the antagonism of Escovopsis and Escovopsioides with L. gongylophorus and how this may affect leaf-cutting ant colonies. However, since the virulence of parasites can be influenced by several factors, such as transmission mode of parasite and host lifespan, it may be that the use of only parts of the superorganism to conduct experiments also influences the level of virulence presented by these antagonistic fungi. In this context, our objective was to test two hypotheses: first, Escovopsis and Escovopsioides are of low virulence to whole colonies of leaf-cutting ants; second, the virulence of these fungi varies according to the level of complexity that a colony presents.

Here, we considered that a parasite with low virulence can cause some negative impact to its host, yet not enough to compromise its survival. On the other hand, a highly virulent parasite is able to cause its host’s death. In addition, we also considered that a higher level of colony complexity involves the interaction between the queen and workers as well as the fungus gardens (which include the fungal cultivar and the other microorganisms that are also present). When we disregard one or more components of this symbiosis, the level of complexity of this interaction decreases. The fungal cultivar L. gongylophorus cultivated in culture medium (in vitro) was considered the simplest level of the interaction since it excludes all the other elements that compromise a colony. Therefore, we considered that colonies, queenless colonies, fungus gardens and only L. gongylophorus in vitro represent decreasing levels of complexity. Our expectation was that Escovopsis and Escovopsioides would not represent a threat to a higher level of complexity, however, the virulence of these fungi would increase as the complexity levels of the colonies decrease.



MATERIALS AND METHODS


Experimental Approach

We conducted two experiments to investigate the impact of Escovopsis and Escovopsioides on the leaf-cutting ant-fungus symbiosis. In the first experiment (Experiment I), we evaluated the impact of these fungi, in vivo, on leaf-cutting ant colonies and in three different levels of complexity: (i) queenright colonies (fungus garden + queen + workers; Figure 1A), (ii) queenless colonies (fungus garden + workers, without queen; Figure 1B) and (iii) fungus gardens (fungus gardens without any ants; Figure 1C). For this, we exposed the different levels of colonies to the following treatments: (a) conidial suspensions of Escovopsis moelleri, (b) Escovopsioides nivea, (c) Trichoderma longibrachiatum, and (d) blank control (0.01% Tween 80® + NaCl 0.85% solution). In the second experiment (Experiment II), we evaluated the interaction of E moelleri, E. nivea, and T. longibrachiatum with the fungal cultivar in vitro through a paired culture bioassay (Figure 1D). The purpose of this experiment was to exclude most of the elements that comprise a colony, resulting in the simplest level of complexity, composed of only the fungal cultivar, L. gongylophorus. Thus, from these two experiments, we tested the first hypothesis, that Escovopsis and Escovopsioides are of low virulence for leaf-cutting ants colonies and the second, that this virulence increases as colony complexity decreases.
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FIGURE 1. Schematic representation of experiments I and II showing the complexity levels of leaf-cutting ant-fungus symbiosis: (A) queenright colony; (B) queenless colony; (C) fungus garden; (D) fungal cultivar (in vitro). Note that a queenright colony is composed of the fungus garden, the queen and specialized workers with different functions. Therefore, we considered in our study that a queenright colony encompasses all these elements. On the other hand, a queenless colony does not contain an essential component of the queenright colony, the queen. As we disregard one or more organisms involved in the association between leaf-cutting ants and its fungal cultivar, the complexity levels of this interaction decrease. This can also be observed in fungus gardens without ants as well as the cultivation of the fungal cultivar in vitro, which we considered the simplest level of this interaction. From these considerations, we evaluated the impact of the fungi Escovopsis and Escovopsioides on Acromyrmex subterraneus subterraneus colonies and their fungal cultivar in different complexity levels.




Organisms

Twelve colonies of Acromyrmex subterraneus subterraneus (∼1-year-old) were collected in three areas on the Campus of Universidade Federal de Viçosa (UFV), Viçosa, Minas Gerais, Southeastern Brazil: Dendrologia (20° 46’21”S 42° 52’25”W), Recanto das Cigarras (20° 45’26”S 42°51’45”W) and Horto Botânico (20° 45’25”S 42°52’23”W). The first two areas are fragments of secondary Atlantic forest while Horto Botânico is a living plant collection comprising native and exotic plant specimens. The fungus garden of each colony was transferred to a plastic pot (500 ml) and then placed in a plastic tray (43 × 29 × 7 cm). In the base of the pots, we made a 2 cm diameter exit hole to allow the passage of workers for the foraging arena in the tray. The inner sides of each tray were covered with neutral talcum powder (magnesium silicate) to prevent the ants from escaping. We offered fresh leaves of Acalypha wilkesiana (Euphorbiaceae) daily as forage for the ants. The colonies were maintained under controlled temperature (25 ± 2°C) and humidity conditions (75 ± 3% RH). In order to check if Escovopsis and Escovopsioides were naturally present in the collected colonies, we sampled fragments from fungus gardens and plated these on growth media. The presence of these fungi was recorded and is presented in the Supplementary Material. Escovopsis was found in five of the twelve colonies while Escovopsioides was found in just one, and the colonies were considered suitable for conducting the experiment since they were foraging normally.

In both experiments, the same fungal isolates were used: Escovopsis moelleri (VIMI-10.0001; CBS 135748), Escovopsioides nivea (VIMI-17.0142; MZ097362, MZ097363, and MZ097364)) and Trichoderma longibrachiatum (VIMI-17.0135; MZ097365). In the paired culture bioassay (in vitro) we also used a Leucoagaricus gongylophorus isolate (VIMI-17.0137). Trichoderma longibrachiatum was used in the assays for comparison with E. moelleri and E. nivea. This allowed us to evaluate if the possible effects observed in our experiments is due to E. moelleri and E. nivea or can be caused by the presence of any other fungi. The genus Trichoderma constitutes a group close to Escovopsis and Escovopsioides, belonging also to the family Hypocreaceae, and can be found in leaf-cutting ant colonies (Rocha et al., 2014, 2017; Montoya et al., 2016).

Escovopsis moelleri was obtained from the fungus collection of the Laboratory of Insect-Microorganism-Interactions, Universidade Federal de Viçosa (LIIM-UFV). This isolate was collected from the fungus garden of Acromyrmex subterraneus molestans (Augustin et al., 2013) and stored on silica gel at 5°C. Leucoagaricus gongylophorus, E. nivea, and T. longibrachiatum (all isolated from this study by D.M.F.M.) were collected from A. subterraneus subterraneus fungus gardens, the last one from the fungus garden of a dead colony kept in the laboratory.

Leucoagaricus gongylophorus, E. nivea and Escovopsis moelleri were cultivated on MEA (20 g malt extract and 15 g agar l–1), while T. longibrachiatum was cultivated on PDA 20% (7.8 g PDA, KASVI® plus 12 g agar l–1). Subsequently, these fungi were incubated at 25°C for 7 days. After this period, they were re-isolated (ca. 2 times) until we obtained a pure culture. The isolate of L. gongylophorus was identified through its morphological characteristics, such as the production of gongylidia. Escovopsioides nivea and T. longibrachiatum were identified by their morphological characteristics and at the molecular level. For morphological identifications, we made microscope slides. Preparation of microscope slides was carried out from plates containing fungi grown on plates with culture medium. Plates were initially observed under a stereoscopic dissecting microscope, so using a sterile needle we could pick up regions with conidiophores and parts of the Leucoagaricus colony to observe the presence of gongylidia. A drop of lactoglycerol or lacto-fuchsin was placed on slides and then we placed the fungal material. With the help of two needles, we disentangled the material, if necessary. We placed the cover slip on top of this. The structures were observed with a Nikon (Eclipse E200) light microscope. The molecular characterization was conducted by sequencing the genomic region translation elongation factor (tef). The obtained sequences were compared with other sequences available at GenBank through Basic Local Alignment Search https://blast.ncbi.nlm.nih.gov/Blast.cgi). Further details of the molecular identifications are available in the Supplementary Material. The isolates were stored in 10% glycerol at −80°C and included in the Laboratory of Insect-Microorganism-Interactions mycological collection.



Experiment I (in vivo) – Impact of Fungi at Different Levels of Complexity on Colonies of Leaf-Cutting Ants

The aim of this experiment was to evaluate the impact caused by Escovopsis and Escovopsioides in colonies of leaf-cutting ants divided into different levels of colony complexity. For this, we exposed queenright colonies, queenless colonies and fungus gardens to Escovopsis and Escovopsioides, individually.


Experimental Setup

To prepare the conidial suspensions, we first grew the isolates of E. moelleri and E. nivea on plates containing MEA, while T. longibrachiatum was grown on PDA 20%. These fungi were incubated at 25°C for 15 days. After this period, fragments of fungus were removed from the plates and individually inserted into a Falcon tube containing sterile distilled 0.01% of Tween 80® + NaCl 0.85% solution. The suspensions were stirred for 3 min and then filtered using sterile gauze. This procedure allowed the separation of the conidia from hyphal fragments, resulting in suspensions containing only conidia. We prepared the suspensions according to the maximum conidial concentrations we could obtain for each fungus. The concentrations of the suspensions were determined using a Neubauer chamber. Escovopsis moelleri and T. longibrachiatum suspensions contained 1 × 108 conidia ml–1 while E. nivea suspension contained 1 × 106 ml–1. These were the greatest concentrations we could obtain for each fungus. All suspensions were kept at 5°C overnight.

In order to verify the effects of the three different levels of colony complexity, we performed the following procedure: each initial colony was divided into three fragments (Figure 2A), one fragment consisted of a queenright colony and the two remaining fragments consisted of queenless colonies, totalling 12 queenright colonies and 24 queenless colonies (Figure 2B). Each fragment was placed in 250 ml plastic pots (Figure 2B). The fragments were maintained in the separate pots in the same tray for 30 days; by this time the fungus garden fragment reached the top of the 250 ml pot. To obtain the treatment that consisted only of fungus garden, we carefully removed the ants (eggs, larvae, pupae and adults) from 12 queenless colonies using forceps 1 day before the start of the experiment (Figure 2C). For this, the fungus gardens were fragmented to get access to all their regions so we could remove all the ants. We observed in preliminary tests that fungus gardens decreased in weight and suffered changes in their physical structure when the ants were removed, presumably due to the manipulation during the procedure. In order to apply the same conditions to all fragments, the fungus gardens of the 12 queenright colonies and 12 queenless colonies were fragmented similarly, without damaging the queens or the workers. This step was important also to observe if queenright colonies were indeed queenright and queenless colonies were queenless. We opted not to use insecticides to remove the ants from fungus gardens as some insecticides may have inhibitory effects on fungal growth (Cowley and Lichtenstein, 1970; Olmert and Kenneth, 1974; Ali et al., 2012), which could interfere in our experiment. Thus, we considered mechanical removal the most adequate procedure. Subsequently, each pot that contained each complexity level was placed individually in a tray (343 × 200 × 66 mm). The inner sides of the trays were covered with neutral talcum powder to prevent the ants from escaping. Thus, we had in total 12 queenright colonies (fungus garden + queen + workers), 12 queenlees colonies (fungus garden + workers) and 12 pots containing only fungus garden (Figure 2D). To keep the humidity of queenright colonies, queenless colonies, and fungus gardens, we placed a piece of cotton wool moistened with water under the pots. To assemble and conduct the experiment many steps were required and are listed in Supplementary Table 1.
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FIGURE 2. Schematic representation of experimental set-up. Twelve colonies of the leaf-cutting ant Acromyrmex subterraneus subterraneus were necessary to assemble the experiment. (A) Each of these 12 initial colonies was separated in three fragments. (B) One fragment consisted of a queenright colony (fungus garden + workers + queen), and the two other fragments consisted of a queenless colony (fungus garden + workers, without queen), resulting in the total of 12 queenright colonies and 24 queenless colonies. Each queenright colony with their respective queenless colonies were placed in 250 ml individual pots and maintained together in the same tray for 30 days to allow the growth of the fungus gardens. (C) After this period, in order to obtain the fungus gardens without any ants, we removed—using tweezers—the workers from 12 queenless colonies. (D) Thus, we obtained our three colonies complexity levels: queenright colony (n = 12), queenless colony (n = 12), and fungus garden (n = 12). (E) We exposed each of these colonies complexity levels to one of the three fungal treatments or control: conidial suspension of Escovopsis moelleri (1 ×108 conidia ml– 1), Escovopsioides nivea (1 ×106 conidia ml– 1), Trichoderma longibrachiatum (1 ×108 conidia ml– 1), or control (0.01% Tween 80® + NaCl 0.85% solution). The inoculation of suspensions was done through a sterile spray bottle. We sprayed 4 ml of conidial suspensions or the control on the surface of fungus gardens. The queenright colonies, queenless colonies and fungus gardens that originated from the same initial colony were exposed to the same treatment. There were three replicate (sub-)colonies per treatment (combination of a fungus treatment + a colony complexity level).


We inoculated 4 ml of conidial suspensions of E. moelleri (1 × 108 conidia ml–1), E. nivea (1 × 106 conidia ml–1) and T. longibrachiatum (1 × 108 conidia ml–1) individually, on each pot (Figure 2E). For the control blank, we inoculated 4 ml of 0.01% Tween 80® + NaCl 0.85% solution (Figure 2E). The queenright colonies, queenless colonies and fungus gardens that originated from the same initial colony were exposed to the same treatment. Each combination of fungus treatment with a colony complexity level was replicated three times. The inoculation of conidial suspensions was done using a sterile spray bottle (Figure 2E). We sprayed the suspensions on the surface of fungus gardens until all 4 ml were dispensed (Figure 2E). The trays that contained each treatment were placed randomly in three shelves. Each shelf contained one repetition of each treatment. During the experiment, laboratory conditions were 25 ± 2°C, 75 ± 3% RH and 12 h photoperiod.



Data Collection

The experiment was conducted blind. The colonies were identified by numbers during the evaluation and we only checked the identities of the treatments at the end of evaluations. Additionally, we allocated the colonies to treatments by drawing lots.

The survival of queenright colonies, queenless colonies and fungus gardens was checked every day. These records were made for 118 days after fungal inoculation. We considered fungus gardens without ants to be dead when they were completely covered by other fungi. The queenright colonies and queenless colonies were considered dead when they did not contain any live ants, their fungus gardens presented a dry texture—almost crumbling—or if they were overgrown by other fungi. We kept the colonies for 7 months after the end of the experiment to see if they remained alive.

To evaluate if there was variation in the weight according to each complexity level or if all of them succumbed to fungal treatment after inoculation, the weights of queenright colonies, queenless colonies and fungus gardens from each treatment were measured. We weighed the queenright colonies and queenless colonies 2 days before the experiment start while the fungus gardens were weighed 1 day before. We repeated this procedure 48 h after inoculations of conidial suspensions and then every 72 h for 20 days. The initial weight of each queenright colony presented some variation and this was also observed between the queenless colonies and among the fungus gardens. These variations are natural since each colony presents particular characteristics and thus it is difficult to find colonies with equal weights.

Middens from each queenright colony and from queenless colonies were weighed to evaluate if ants produced different quantities of midden depending on complexity level and fungal treatment. We weighed the midden produced 24 h after fungal inoculation and then every 72 h for 20 days.

The weights of leaves cut by workers were determined to evaluate if ants altered the amount of food supplied to the fungal cultivar due to the possible detrimental effects of the fungal treatments and the absence of queen (in the case of queenless colonies). For this purpose, we offered, daily, 3 g of fresh Acalypha wilkesiana leaves and after 24 h, we weighed the leaves that were not cut (leaves remaining in the trays) for 20 days. To calculate the real quantity of leaves that were cut, we considered the percentage of water loss of these leaves. Thus, we daily maintained on each shelf that had the treatments, one tray containing only fresh A. wilkesiana leaves (3 g) that were also weighed in order to evaluate the water loss. Therefore, we calculated the weight of leaves that were cut according to the formula adapted from Antunes and Della Lucia (1999) and Gandra (2014) (below). In the equation Cr refers to the weight of cut leaves, QFi represents the quantity of leaves that we offered, QFf the quantity of leaves that were not cut by ants, and %PA percentage weight of water loss.
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We sampled the fungus gardens from each queenright colony, queenless colony and fungus garden without ants to verify the presence of Escovopsis, Escovopsioides or Trichoderma. We also sampled the middens produced by queenright colonies and queenless colonies to observe if the ants were removing these fungi from their fungus gardens (Supplementary Material). This sampling was always carried out after weighing the midden.



Data Analysis

We compared colony survivals related to three complexity levels (queenright and queenless colonies and fungus garden) and to fungal treatment (E. moelleri, E. nivea, T. longibrachiatum, or blank control), using survival analyses with a Weibull hazard distribution (Crawley, 2013). We adjusted a full model with treatment and complexity levels, and an interaction term between these variables. The full model was simplified by deletion of non-significant effects. The colony of origin was included as a frailty factor (Rondeau et al., 2012) in the survival function. The frailty factor is an extension of survival models, which allows adding random factors to this type of model. In this case, the colony of origin was included as a random factor to account for the possibility of pseudoreplication. Analysis was performed in R software (R Core Team, 2020) with survival package v. 2.38 (Therneau and Thomas Lumley, 2015).

We adjusted linear mixed models (LMM) with normal distributions and random intercepts to evaluate the significance of explanatory factors: the colony complexity levels, fungal treatments and time. The distribution was evaluated based on the residuals of the model and we opted for the normal adjustment. The response variable consisted of: (i) weight of queenright colonies, queenless colonies, fungus gardens and weight of all these complexity levels together submitted to fungal treatment; (ii) midden weight produced by queenright colonies and queenless colonies and weight of all of them related to fungal treatment and (iii) weight of leaves cut by ants from queenright colonies and queenless colonies and their weight associated with fungal treatment. Response variables were analyzed in separate models. For each response variable we adjusted a full model with treatment and complexity levels, and interactions between treatment and time, as well as complexity levels and time of evaluation. The identity of each original colony and pot was considered as a random factor in analyses. The full model was simplified by deletion of non-significant effects. The models were compared using Chi-squared test (χ2) (P < 0.05). We performed all analyses in R Software (R Core Team, 2020).




Experiment II (in vitro) – Interaction of Fungi With the Fungal Cultivar of Leaf-Cutting Ants

The aim of this experiment was to evaluate the interaction between L. gongylophorus with Escovopsis, Escovopsioides and Trichoderma in vitro, that we considered the simplest level of complexity. Our idea was to verify whether virulence can be different when analyzed from experiments using only the fungi in vitro. We evaluated the growth of L. gongylophorus through a paired culture assay (co-culture) in Petri dishes with Escovopsis, Escovopsioides, Trichoderma, and blank control.


Experimental Setup

The isolates of E. moelleri, E. nivea, and T. longibrachiatum were previously grown in Petri dishes (9 cm in diameter) containing MEA and incubated at 25°C for 10 days. The isolate of L. gongylophorus was previously grown on MEA for 15 days, because it has slower growth. After this period, 8 mm diameter disks of L. gongylophorus were cut and plated 5 mm from the border of Petri dishes (90 × 15 mm) containing 20 ml of MEA. The plates were incubated at 25°C for 15 days, the period required for the growth of this fungus, as described above. After this, mycelium disks of E. moelleri, E. nivea, and T. longibrachiatum of 8 mm diameter were placed individually in plates containing the disk of L. gongylophorus. These fungi were inoculated on the opposite side of the fungal cultivar, also at 5 mm from the plate edge. For the control treatment, we used an 8 mm diameter disk of plain MEA instead of the fungal cultivar. Thus, we obtained the four following combinations: (i) L. gongylophorus × E. moelleri (n = 10), (ii) L. gongylophorus × E. nivea (n = 10), (iii) L. gongylophorus × T. longibrachiatum (n = 10), (iv) L. gongylophorus × control (n = 10). During the experiment, the plates were maintained incubated at 25°C and distributed on five shelves of an incubator. Each shelf contained two blocks with one repetition of each treatment per block. The growth of fungi was evaluated every 12 h, for 10 days. However, we conducted the analysis using the data of day 5, when the first fungal isolate reached the fungal cultivar on the opposite side of the plate. We photographed and scanned the plates using a digital camera (Nikon D 2000) and a multifunction printer (HP LaserJet Pro CM1415fnw). From the images, we measured the growth of fungal cultivar L. gongylophorus using ImageJ 1.49v software.



Data Analysis

To compare the growth of the Leucoagaricus gongylophorus isolate in the presence of Escovopsis moelleri, Escovopsioides nivea, Trichoderma longibrachiatum fungi, and control (agar), we adjusted linear mixed models (LMM) with normal distributions and random intercepts. For this, we considered presence of fungi (E. moelleri, E. nivea, and T. longibrachiatum and control) and time as explanatory factors, and colony radius (cm) of L. gongylophorus as a response factor. The identity of each plate was considered as a random factor in both analyses. We then tested the interaction between the explanatory factors. Also, we compared L. gongylophorus growth, performing multiple comparisons with multcomp package v. 1.4–13 (Hothorn et al., 2016), to verify the potential differences of L. gongylophorus growth in the presence of E. moelleri, E. nivea, T. longibrachiatum and control before inoculation of fungi and control (after 15 days of L. gongylophorus inoculation) and at the end of the experiment (after 108 h). We performed all analyses in R Software (R Core Team, 2020).





RESULTS


Experiment I (in vivo) – Survival of Colonies Divided in Complexity Levels and Exposed to Different Fungal Treatments

All queenright colonies remained alive during the 118 days evaluated. Seven months after the end of the experiment, the queenright colonies were still alive and at this juncture were discarded. At the other extreme, all fungus gardens (without queen and workers) died 11 days after the inoculation of fungal treatments, including the blank control, independent of the fungus that was inoculated. Therefore, between-treatment variation in survival was only observed in the queenless colonies (Figure 3A).
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FIGURE 3. (A) Survival of Acromyrmex subterraneus subterraneus leaf-cutting ant queenright colonies (blue line), queenless colonies (black line) and fungus gardens (red line) exposed to fungal treatments: conidial suspension of the fungi Escovopsis moelleri; Escovopsioides nivea; Trichoderma longibrachiatum; blank control (0.01% Tween 80® solution + saline solution - NaCl 0.85%). Each treatment was replicated three times (combination of a fungus treatment + a colony complexity level). Survival was checked every day from the day of inoculation with fungal treatments (Day 0) until 118 days post-inoculation. The fungus gardens were considered dead when they were completely covered by other fungi and presented a dry texture. We considered the queenright colonies and queenless colonies dead when they did not contain any live ants. (B) Survival of Acromyrmex subterraneus subterraneus leaf-cutting queenless colonies exposed to Escovopsis moelleri; Escovopsioides nivea; Trichoderma longibrachiatum or blank control (0.01% Tween 80® solution + saline solution – NaCl 0.85%). From the analyses comparing survival between the three complexity levels, we observed that only queenless colonies suffered variation in mortality over time (A). For this reason, we compared within this level the effect of each fungal treatment individually (B). There was no difference between queenless colonies inoculated with E. nivea, T. longibrachiatum and blank control (χ2[1] = 1.868, P = 0.393). However, queenless colonies inoculated with E. moelleri treatment died faster (χ2[1] = 9.582, P = 0.002). A survival analysis with a Weibull distribution was conducted and the models compared using χ2 test (P < 0.05).


The survival times of queenless colonies did not differ between the blank control (115.66 ± 1.85 days; mean ± S.E.), E. nivea (86.33 ± 19.5 days; mean ± S.E.), and T. longibrachiatum (74.66 ± 19.6 days; mean ± S.E.) (χ2[1] = 1.868, P = 0.393; Figure 3B). However, queenless colonies submitted to E. moelleri died more quickly (36 ± 8.3 days; mean ± S.E.) than queenless colonies infected with E. nivea and T. longibrachiatum (χ2[1] = 9.582, P = 0.002; Figure 3B).


Colony Weights

There was an interaction between complexity level and time (χ2[11] = 290.8; P < 0.001) as well as between fungal treatment and time (χ2[21] = 164.5; P < 0.001) when considering colony weights. Both complexity level and time were influenced and modified over time according to interaction analyses. These results probably are due to the first 11 days of evaluation (8 evaluations in total) in which different treatments had similar values (mainly in relation to fungal treatments), with greater divergence subsequently occurring between treatments.

We observed that all queenright colonies lost weight the day after the inoculation of conidial suspensions, independent of the fungal treatment to which they were exposed, and then recovered weight over subsequent days (Figure 4A). Queenless colonies showed a similar behavior after fungal inoculation, but the weight continued to drop over time until the end of the experiment (Figure 4A). In contrast, we observed on the first day of evaluation that fungus gardens suffered a small increase in their weight. This is likely to have been due to some change in how hydrated the mycelia were. Over time, the entire fungus garden was consumed and the weight starts to decrease. All fungus gardens died on the eighth day of evaluation (Figure 4A).
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FIGURE 4. (A) Weights of Acromyrmex subterraneus subterraneus leaf-cutting ant colonies in the three complexity levels: queenright colonies (closed circle), queenless colonies and (open circle) and fungus gardens (open triangle) exposed to fungal treatments Escovopsis moelleri; Escovopsioides nivea; Trichoderma longibrachiatum) and to blank control (0.01% Tween 80® solution + saline solution - NaCl 0.85%). The weight of queenright colonies and queenless colonies was measured 2 days before inoculation (day -2) while fungus gardens were weighed 1 day before inoculation (day -1). Day 0 represents the day on which we carry out the inoculation of fungal treatments at each colony complexity level. Weighing was repeated 48 h after inoculation of conidial suspensions for all treatments (day 2), and then every 72 h until day 20. The fungus gardens were evaluated until day 11, when all of them were considered dead. There was an interaction between the complexity level of colonies and the days (χ2[11] = 290.8; P < 0.001), indicating that the difference observed between different complexity levels changes over time. (B) Weights of Acromyrmex subterraneus subterraneus leaf-cutting ant colonies of three complexity levels exposed to Escovopsis moelleri (red triangle); Escovopsioides nivea (blue circle); Trichoderma longibrachiatum (black diamond) or blank control (0.01% Tween 80® solution + saline solution - NaCl 0.85%) (gray square). Conidial suspensions and blank control were inoculated on day 0 and the queenright colonies and queenless colonies were evaluated until day 20 after inoculation. Weighing was repeated 48 h after inoculation of conidial suspensions for all treatments, and then every 72 h. There was an interaction between the complexity level of colonies and time (χ2[21] = 164.5; P < 0.001), indicating that the difference observed between fungal treatments undergoes changes over time. Significance was evaluated using χ2 test (P < 0.05).


In relation to fungal treatments, all the complexity levels submitted to Escovopsis suffered a weight reduction over time (Figure 4B). This result was not observed in any other treatment. Queenright colonies, queenless colonies and fungus gardens inoculated with the blank control, E. nivea and T. longibrachiatum suffered a similar initial reduction in weight to those inoculated with Escovopsis, but by evaluation day 8 after fungal inoculation, they began to recover.



Midden Weights

There was no interaction between complexity level and time (χ2[6] = 5.251; P = 0.512; Figure 5A). However, there was an interaction between fungal treatment and time (χ2[18] = 102.84; P < 0.001; Figure 5B).
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FIGURE 5. (A) Weights of midden produced by Acromyrmex subterraneus subterraneus leaf-cutting ant queenright colonies (closed circle) and queenless colonies (open circle) exposed to three fungal treatments and to blank control. To conduct the analysis, we adjusted linear mixed models (LMM) considering each sample as a repeated measure. The weight of midden was measured 24 h after inoculation of conidial suspensions for all treatments (day 1) and then, this procedure was repeated every 72 h. The differences between treatments were evaluated by comparing the complete and simplified models. There was no difference in midden production between queenright colonies and queenless colonies (χ2[1] = 0.773, P = 0.379). (B) Weights of midden produced by Acromyrmex subterraneus subterraneus leaf-cutting exposed to one of three treatments or to blank control: conidial suspension of the fungi Escovopsis moelleri (red triangle); Escovopsioides nivea (blue circle); Trichoderma longibrachiatum (black diamond); blank control (0.01% Tween 80® solution + saline solution - NaCl 0.85%) (gray square). Conidial suspensions and blank control were inoculated on day 0 and the weight of midden produced by the queenright colonies and queenless colonies was evaluated until day 19 after inoculation. The weight of midden was measured 24 h after inoculation of conidial suspensions for all treatments (day 1) and then, this procedure was repeated every 72 h. To conduct the analysis, we adjusted linear mixed models (LMM) considering each sample as a repeated measure. There was an interaction between fungal treatments and days (χ2[18] = 102.84; P < 0.001), indicating that the fungal treatments affected midden production in different manners over time. Significance was evaluated using χ2 tests (P < 0.05).


The weights of middens produced by ants in queenright and queenless colonies inoculated with fungal treatments and blank control did not differ from each other over time (χ2[1] = 0.773, P = 0.379; Figure 5A). On the first day of evaluation (24 h after inoculation), both produced a large amount of midden which decreased and remained stable until the end of the experiment.

Midden production was high on the first day after inoculation of E. moelleri and was higher in this treatment than in the blank control, E. nivea, and T. longibrachiatum (Figure 5B). Over time, midden production was similar, independent of the fungus applied, except on the second day of evaluation, on which queenright and queenless colonies of the control group presented less midden production than the fungal treatments (Figure 5B).



Weights of Leaves Cut by Ants

There was an interaction between the two complexity levels (queenright and queenless) and the days of evaluation (χ2[19] = 30.161; P = 0.049). We also found an interaction between fungal treatment and time (χ2[57] = 77.863; P = 0.034).

In the first 2 days after exposure to fungal treatments, there was a similarity in the weights of leaves cut by queenright and queenless colonies. From the third day, queenright colonies started to cut a larger amount of leaves than queenless colonies (Figure 6A). Probably because of this variation over time, we observed an interaction between the complexity levels and time.
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FIGURE 6. (A) Weights of leaves cut by Acromyrmex subterraneus subterraneus leaf-cutting ant queenright colonies (closed circle) and queenless colonies (open circle) exposed to three fungal treatments and blank control. The weight of cut leaves was measured every day after inoculation of conidial suspensions for all treatments (day 1) until day 20 after inoculation. To conduct the analysis, we adjusted linear mixed models (LMM) considering each sample as a repeated measure. There was interaction between complexity levels and days (χ2[19] = 30.161; P = 0.049), indicating that the different complexity levels affect the cut of leaves of distinct way over time. (B) Weights of leaves cut by Acromyrmex subterraneus subterraneus leaf-cutting ant exposed to one of three treatments or to blank control: conidial suspension of the fungi Escovopsis moelleri (red triangle); Escovopsioides nivea (blue circle); Trichoderma longibrachiatum (black square); blank control (0.01% Tween 80® solution + saline solution - NaCl 0.85%) (gray square). Conidial suspensions and blank control were inoculated on day 0 and the weight of cut leaves by ants of the queenright colonies and queenless colonies was evaluated until day 20 after inoculation. The weight of cut leaves was measured daily after inoculation of conidial suspensions for all treatments. To conduct the analysis, we adjusted linear mixed models (LMM) considering each sample as a repeated measure. There was an interaction between complexity levels and time (χ2[57] = 77.863; P = 0.034), indicating that the fungal treatments cause different effects in the cut of leaves over time. The significance was evaluated using χ2 tests (P < 0.05).


In relation to fungal treatments, in general, all the complexity levels inoculated with Escovopsis cut less leaves than those inoculated with other fungi or blank control over the 20 days (Figure 6B). There was a fluctuation within each treatment, but this did not change the main pattern.




Experiment II (in vitro) – Interaction of Fungi With the Fungal Cultivar of Leaf-Cutting Ants Paired Culture Bioassay

The growth of L. gongylophorus in vitro varied with the presence of E. moelleri, E. nivea, T. longibrachiatum and control over time (χ2[3] = 13.81, P = 0.003, Figure 7). Before the inoculation of other fungi on the plates (time 0), there was no difference in growth of L. gongylophorus among plates of the control and E. moelleri (z = −0.43, P = 0.66), E. nivea (z = 1.53, P = 0.12) and T. longibrachiatum (z = −0.006, P = 0.99; Figure 7). After 108 h, the colony radius of L. gongylophorus in the presence of T. longibrachiatum (0.86 ± 0.01 cm; mean ± S.E.) and E. moelleri (0.94 ± 0.03 cm) was smaller than the colony radius observed in control (1.01 ± 0.03 cm) (T. longibrachiatum: z = 4.43, P < 0.001; E. moelleri: z = 2.03, P = 0.04). However, there was no difference between the growth of L. gongylophorus in the presence of control and E. nivea (0.98 ± 0.02 cm) (z = 1.0, P = 0.31).
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FIGURE 7. Growth of Leucoagaricus gongylophorus (L) in paired culture bioassays with Escovopsis moelleri (E), Escovopsioides nivea (O), Trichoderma longibrachiatum (T) fungi, or control (C). We adjusted linear mixed models (LMM) with normal distributions and random intercepts. There was a significant effect of fungal treatment and time. The in vitro growth of L. gongylophorus was different in the presence of E. moelleri, E. nivea, T. longibrachiatum, and control over time (χ2[3] = 13.81, P = 0.003). There was no difference between the growth of L. gongylophorus in the presence of control and E. nivea (0.98 ± 0.02 cm) (z = 1.0, P = 0.31) after 108 h. Nevertheless, in the presence of T. longibrachiatum (0.86 ± 0.01 cm) (mean ± S.E.) and E. moelleri (0.94 ± 0.03 cm), the colony radius of L. gongylophorus was smaller than the colony radius observed in controls (1.01 ± 0.03 cm) (T. longibrachiatum: z = 4.43, P < 0.001; E. moelleri: z = 2.03, P = 0.04).





DISCUSSION

Our objective was to investigate whether the parasitic fungus Escovopsis moelleri and the antagonist Escovopsioides nivea represent threats to the health of leaf-cutting ants’ colonies. We also tested whether the virulence level of these fungi varied according to levels of colony complexity. The in vivo experiment showed that although the queenright colonies exposed to E. moelleri suffered a reduction in their weight, this was not enough to compromise their survival. This indicates that Escovopsis may not always present a high virulence to colonies as has been previously suggested (Currie et al., 1999a; Currie, 2001). Augustin (2011) also found that Escovopsis microspora and E. nivea, in high conidia concentrations, did not cause the death of Atta sexdens rubropilosa colonies, adding weight to the generality of our conclusion. We hypothesized that workers may control the growth of these fungi inside the colonies through their defence mechanisms. Some of these mechanisms are already well-known, such as the production of antimicrobial compounds by the metapleural glands (Bot et al., 2002; Poulsen et al., 2002; Fernández-Marín et al., 2006, 2009; Yek et al., 2012), hygienic behaviors such as grooming and weeding (Currie and Stuart, 2001) and a symbiotic association with a filamentous bacterium (actinobacteria) that secretes antimicrobial substances (Currie et al., 1999b). In ants of the genus Acromyrmex, an association with the actinomycete bacterium Pseudonocardia has been demonstrated, in which cultures of Pseudonocardia are maintained on the ant cuticle and produce antifungal metabolites. These are used by the ants to help defend the fungus garden from Escovopsis (Poulsen et al., 2010) and other fungi (Dângelo et al., 2016; Goldstein and Klassen, 2020). In relation to the queenless colonies, most suffered a decrease in their weight leading to their subsequent death, independent of the fungal treatment or control. Some studies have shown that the queen is not only important for reproduction but can also influence colony cohesion (Vienne et al., 1998; Della Lucia et al., 2003). According to Sousa-Souto and Souza (2006), the absence of the queen in a colony of leaf-cutting ants Atta sexdens rubropilosa increased the workers’ mortality and decreased the refuse disposal, that could indicate a disruption in colony’s internal tasks. In addition, the workers in the absence of the queen are able to carry out the basic activities of the colony, but with a lower level of organization (Hölldobler and Wilson, 1990). While debate on the role of the queen (vs. workers) as the putative controlling force in social insect colonies has focused mostly on chemical communication and reproduction (e.g., Keller and Nonacs, 1993; Olejarz et al., 2017; Villalta et al., 2018), it could well be that further investigation of other functions such as hygiene bears fruit in future studies. In the present case, the important distinction would be between (a) the absence of the queen as an organizing presence on the workers and (b) the reduced necessity for workers to engage in tasks related to reproduction so different time budgets (although one might expect this to increase hygiene).

Considering this and based on our results, it seems that the absence of the queen naturally causes a negative impact on queenless colonies. As demonstrated here, E. moelleri promoted a great decrease in the weight of colonies. In this manner, since the queenless colonies seem to be already debilitated, probably rendering them limited resources, it is possible that a better strategy of E. moelleri would be to increase the exploitation of its host resource, reflected in an increase in virulence. This strategy may allow an early parasite reproduction and transmission to new hosts in a natural setting.

Similar to queenless colonies, the fungus gardens without ants also diminished in weight. However, they died more rapidly, at only 11 days after the inoculation of fungi treatments. It is important to note that we did not observe any fungal sporulation in queenright colonies and queenless colonies. In contrast, Escovopsis, Escovopsioides, Trichoderma, and other fungi were observed growing in fungus gardens without ants. These results indicate that the ants are very important to the protection of a colony against parasites as the fungal cultivar seems not to defend itself alone. Thus, the absence of ants probably rendered the fungus gardens more susceptible to infection. Our results clearly demonstrated that ant-free fungus gardens represent a completely unrealistic situation. In addition, these results are in line with other studies that showed the growth of alien fungi and signals of infection in fungus gardens not tended by workers (Currie et al., 1999a; Augustin, 2011; Wallace et al., 2014; Kellner et al., 2017).

The protection of the fungal cultivar by leaf-cutting ants can be performed through hygienic behaviors as fungus grooming and weeding (Currie and Stuart, 2001). Fungus grooming is characterized by the removal of parasite spores from the fungus gardens while weeding is the removal of infected garden pieces or of vegetal material contaminated (Currie and Stuart, 2001). The infected material is discarded in the midden, located in specific underground chambers or outside the colony (Hölldobler and Wilson, 2009; Lacerda et al., 2011). The removal of contaminants from the fungus gardens is very important to control infections and consequently the maintenance of colony health. In our study, we found that queenright and queenless colonies responded similarly to the presence of alien fungi on their fungus gardens in terms of midden production. In both of these colonies’ complexity levels, the amount of midden produced by workers was high on the first day post-inoculation of E. moelleri and T. longibrachiatum. We hypothesize that workers tried to remove both fungi from their fungus gardens to control its growth soon after the inoculation of the fungi. Possibly, this initial effort does not completely remove the inoculated fungi, but it can guarantee a control of these fungi so that the colony resumes other activities without any major damage. On the other hand, both queenright and queenless colonies exposed to control and E. nivea maintained the production of midden unaltered throughout the evaluation of the experiment. This may indicate that workers do not put much effort into removing E. nivea from their fungus gardens, probably because this fungus represents an even smaller threat than E. moelleri or T. longibrachiatum. Alternatively, they may be unable to detect it.

On the day after the inoculation of fungal treatments in the queenright colonies, workers cut smaller amounts of leaves than in the following days. We suspect that the workers initially invested time and effort removing the parasites from their queenright colonies rather than cutting leaves to be incorporated into the fungus gardens. This result seems to be supported by the results of midden production, because on this same day the amount of midden produced by colonies (mainly those inoculated with E. moelleri and T. longibrachiatum) was high, as discussed above. After this period, the queenright colonies exposed to fungi increased the amount of cut leaves. It is possible that workers increase the cutting of vegetal material to incorporate them in the fungus gardens, promoting the fungal cultivar grow. Similar results were found by Augustin (2011) when colonies of Atta sexdens rubropilosa were exposed to E. microspora and it was observed that workers increased the incorporation of leaf fragments in the fungus gardens 50 h after fungal inoculation. According to this author, this could act as a mechanism that circumvents the possible negative effects caused by this fungus on the colonies and we believe this same hypothesis can be applied to our results. In contrast, the amount of cut leaves, in queenright and queenless colonies treated with E. nivea, were similar to T. longibrachiatum and control with some variation over time. This can indicate once again that fungus does not pose a risk to the health of colonies and the ants do not alter the foraging activity to overcome its presence in their fungus gardens.

The results of the in vitro bioassay have shown that growth of L. gongylophorus is slowed in the presence of E. moelleri and T. longibrachiatum in paired cultures. We observed that E. moelleri may easily overgrow the fungal cultivar, probably because there are no workers to control it in the culture medium. This overgrowth on the fungal cultivar by Escovopsis in vitro has also been shown in previous studies (Folgarait et al., 2011a; Varanda-Haifig et al., 2017). The absence of other microorganisms in this interaction, which could compete for the same nutritional resources, may have facilitated its growth as well. In fact, this was observed in our assay after approximately 7 days post-inoculation of E. moelleri in the culture medium with the fungal cultivar, in contrast to what we observed in queenright colonies.

The antagonist fungus E. nivea did not have any effect on L. gongylophorus. Also, we observed that E. nivea only overgrew the fungal cultivar after approximately 10 days post-inoculation in the culture medium with L. gongylophorus. This result, associated with the data obtained from the in vivo experiment, may suggest that this fungus has a low virulence strategy toward the fungal cultivar of leaf-cutting ants. According to Varanda-Haifig et al. (2017) and Osti and Rodrigues (2018), E. nivea isolates were capable of inhibiting the growth of L. gongylophorus in the culture medium, however, their isolates seem to be less aggressive compared to Escovopsis sp. (unidentified isolates) similar to what we observed here.

Our study aimed to investigate the virulence of fungi commonly found in colonies of leaf-cutting ants. From this study, we showed how the virulence of these microorganisms can be influenced by the complexity of interactions that composed a colony. Our results showed that, in general, the fungi E. moelleri, E. nivea, and T. longibrachiatum were not capable of causing the death of queenright colonies of leaf-cutting ants. However, most of the queenless colonies and fungus gardens died, which suggests that the queen and workers are very important to the maintenance of colony health and stability. These results highlight the importance of considering the whole superorganism in studies that investigate the virulence of parasites in colonies of eusocial insects. It is important to point out that Escovopsis has been suggested as a potential biological control agent of leaf-cutting ants (Folgarait et al., 2011a, b; Wallace et al., 2014). In this manner, we emphasize the importance of conducting experiments to test this possibility using queenright colonies, since in vitro experiments may not represent a realistic approach. In fact, a colony of leaf-cutting ants is not only composed of the fungal cultivar or the queen and workers but is a complex of interactions involving all these organisms and this must be considered.

In addition, we observed that E. nivea and T. longibrachiatum seem to be less aggressive than E. moelleri, and this was observed both in vivo and in vitro. Our study is one of the first to investigate the impact of Escovopsioides on colonies of leaf-cutting ants. This may open new avenues for future research that seek to understand the role of this fungus in the leaf-cutting ants-fungus symbiosis.

To conclude, we propose that Escovopsis is far from being the highly virulent parasite it has been cast as in the literature and that this is also true of its sister genus Escovopsioides. This would make evolutionary sense if one considers the comparatively long-lived nature of its (superorganism) hosts. Remembering Frank’s (1996) simple definition of virulence (1996) as the harm done by a parasite to its host, there has to date been no study indicating high virulence of either fungi in a healthy and whole colony. Where Escovopsis may be virulent, we propose that this is a change in strategy when its host is weakened, which would seem not be true for Escovopsioides. A plastic change in virulence strategy such as this could be seen as opportunism.

It is worth including some provisos to our interpretation of our results: (1) although this study is closer to a real field situation than previous studies, it is still a laboratory study with comparatively young colonies while assays of prevalence in the field (cited above) have also focused on younger colonies–we would expect younger colonies to be more vulnerable to parasites; (2) we applied the antagonistic fungi as conidia after holding them overnight at 5°C–this could have affected the abilities of the fungi to establish and infect the colonies, although they were applied at extremely high doses; (3) we used two antagonist species here [although a third was used in Augustin (2011)] so the generality of our conclusions requires testing with more representatives of Escovopsis and Escovopsioides. It would be interesting to develop new studies that expand on our approach and investigate other factors related to the virulence of these and other fungal species. This could help us to understand the diversity of strategies and virulence these fungi can present, especially as some studies have shown that different strains can vary in their virulence level (Silva et al., 2006; Wallace et al., 2014; Marfetán et al., 2015).



DATA AVAILABILITY STATEMENT

Raw data and code are available in the Supplementary Material.



AUTHOR CONTRIBUTIONS

DM, MC, CM, and SE conceived and designed the research. DM, MC, CM, and GM performed the experiments. TK analyzed the data. DM wrote the original draft. DM, MC, CM, TK, and SE reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001. CM was supported by CNPQ/CAPES (Conselho Nacional de Desenvolvimento Científico e Tecnológico - PVE Project no. 88881.068090/2014-01). SE was financed by a CNPq research fellowship no. 309845/2016-5.



ACKNOWLEDGMENTS

We thank FAPEMIG (Fundação de Amparo a Pesquisa do Estado de Minas Gerais) and FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo – FAPESP Project no. 2019/03746-0) for providing financial support. Field sampling was authorized by the Instituto Chico Mendes de Conservação da Biodiversidade (ICMBio) through Sistema de Autorização e Informação em Biodiversidade (SISBIO; authorization number 23920−1). We thank Manoel Ferreira for assistance in the field work, Marcos Mattos for the development of experimental set up figures and Verônica Fialho for laboratory support. Also, we would like to thank the team of the Laboratory of Insect-Microorganism Interactions for the rich discussions about the study, especially Talitta Simões and Harry Evans. We are very grateful to Drs. André Rodrigues, Maria Augusta Lima Siqueira, and Vinícius Barros for their helpful comments and suggestions for improvement of earlier versions of the manuscript. We are also grateful to four referees, for their helpful comments. Part of this manuscript content has previously appeared online, in the masters thesis of DM (Mendonça, 2018) and doctoral thesis of MC (Caixeta, 2020).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.673445/full#supplementary-material



REFERENCES

Agnew, P., and Koella, J. C. (1997). Virulence, parasite mode of transmission, and host fluctuating asymmetry.Proc. R. Soc. B 264, 9–15. doi: 10.1098/rspb.1997.0002

Ali, S., Huang, Z., Zou, S., Bashir, M. H., Wang, Z., and Ren, S. (2012). The effect of insecticides on growth, germination and cuticle-degrading enzyme production by Isaria fumosorosea. Biocontrol Sci. Technol. 22, 1047–1058. doi: 10.1080/09583157.2012.708394

Alizon, S., Hurford, A., Mideo, N., and van Baalen, M. (2009). Virulence evolution and the trade-off hypothesis: history, current state of affairs and the future. J. Evol. Biol. 22, 245–259. doi: 10.1111/j.1420-9101.2008.01658

Antunes, E. C., and Della Lucia, T. M. C. (1999). Consumo foliar em Eucalyptus urophylla por Acromyrmex laticeps nigrosetosus Forel (Hymenoptera-Formicidae). Ciência e Agrotecnol. 23, 208–211.

Augustin, J. O. (2011). Novas Espécies de Escovopsis, sua Dispersão e Virulência na Simbiose Formigas Attini–Leucoagaricus gongylophorus. Ph D thesis. Viçosa, MG: Universidade Federal de Viçosa.

Augustin, J. O., Groenewald, J. Z., Nascimento, R. J., Mizubuti, E. S. G., Barreto, R. W., Elliot, S. L., et al. (2013). Yet more “weeds” in the garden: fungal novelties from nests of leaf-cutting ants. PLoS One 8:e82265. doi: 10.1371/journal.pone.0082265

Augustin, J. O., Simões, T. G., Dijksterhuis, J., Elliot, S. L., and Evans, H. C. (2017). Putting the waste out: a proposed mechanism for transmission of the mycoparasite Escovopsis between leafcutter ant colonies. R. Soc. Open Sci. 4:161013. doi: 10.1098/rsos.161013

Bot, A. N. M., Ortius-Lechner, D., Finster, K., Maile, R., and Boomsma, J. J. (2002). Variable sensitivity of fungi and bacteria to compounds produced by the metapleural glands of leaf-cutting ants. Insectes Soc. 49, 363–370. doi: 10.1007/PL00012660

Brown, M. J. F., Loosli, R., and Schmid-Hempel, P. (2000). Condition-dependent expression of virulence in a trypanosome infecting bumblebees. Oikos 91, 421–427. doi: 10.1034/j.1600-0706.2000.910302.x

Brown, M. J. F., Schmid-Hempel, R., and Schmid-Hempel, P. (2003). Strong context-dependent virulence in a host–parasite system: reconciling genetic evidence with theory. J. Anim. Ecol. 72, 994–1002. doi: 10.1046/j.1365-2656.2003.00770.x

Bull, J. J., Molineux, I. J., and Rice, W. R. (1991). Selection of benevolence in a host-parasite system. Evolution 45, 875–882. doi: 10.2307/2409695

Caixeta, M. C. S. (2020). Escovopsis (Ascomycota: Hypocreales), a Parasite of Attini Ant Fungus Gardens: New Species, Virulence and a Critical Review. Ph.D thesis. Viçosa, MG: Universidade Federal de Viçosa.

Carreiro, S. C., Pagnocca, F. C., Bueno, O. C., Bacci, M. Jr., Hebling, M. J. A., and Silva, O. A. (1997). Yeasts associated with nests of the leaf-cutting ant Atta sexdens rubropilosa. Antonie van Leeuwenhoek 71, 243–248. doi: 10.1023/A:1000182108648

Clayton, D. H., and Tompkins, D. M. (1994). Ectoparasite virulence is linked to mode of transmission. Proc. R. Soc. B 256, 211–217. doi: 10.1098/rspb.1994.0072

Cowley, B. G. T., and Lichtenstein, E. P. (1970). Growth inhibition of soil fungi by insecticides and annulment of inhibition by yeast extract or nitrogenous nutrients. J. Gen. Appl. Microbiol. 62, 27–34. doi: 10.1099/00221287-62-1-27

Crawley, M. J. (2013). The R Book, 2 Edn. Chichester: John Wiley & Sons, 826.

Cremer, S., Pull, C. D., and Fürst, M. A. (2017). Social immunity: emergence and evolution of colony-level disease protection. Annu. Rev. Entomol. 63, 105–123. doi: 10.1146/annurev-ento-020117-043110

Cremer, S., and Sixt, M. (2009). Analogies in the evolution of individual and social immunity. Philos. Trans. R. Soc. B 364, 129–142. doi: 10.1098/rstb.2008.0166

Cressler, C. E., Mcleod, D. V., Rozins, R., Hoogen, J. V. D., and Day, T. (2015). The adaptive evolution of virulence: a review of theoretical predictions and empirical tests. Parasitology 143, 915–930. doi: 10.1017/S003118201500092X

Currie, C. R. (2001). Prevalence and impact of a virulent parasite on a tripartite mutualism. Oecologia 128, 99–106. doi: 10.1007/s004420100630

Currie, C. R., Bot, A. N. M., and Boomsma, J. J. (2003a). Experimental evidence of a tripartite mutualism: bacteria protect ant fungus gardens from specialized parasites. Oikos 101, 91–102. doi: 10.1034/j.1600-0706.2003.12036.x

Currie, C. R., Mueller, U. G., and Malloch, D. (1999a). The agricultural pathology of ant fungus gardens. Proc. Natl. Acad. Sci. U.S.A. 96, 7998–8002. doi: 10.1073/pnas.96.14.7998

Currie, C. R., Scott, J. A., Summerbell, R. C., and Malloch, D. (1999b). Fungus-growing ants use antibiotic producing bacteria to control garden parasites. Nature 398, 701–704. doi: 10.1038/nature01563

Currie, C. R., and Stuart, A. E. (2001). Weeding and grooming of pathogens in agriculture by ants. Proc. R. Soc. B 268, 1033–1039. doi: 10.1098/rspb.2001.1605

Currie, C. R., Wong, B., Stuart, A. E., Schultz, T. R., Rehner, S. A., Mueller, U. G., et al. (2003b). Ancient tripartite coevolution in the attine ant-microbe symbiosis. Science 299, 386–388. doi: 10.1126/science.1078155

Dângelo, R. A. C., de Souza, D. J., Mendes, T. D., Couceiro, J. D. C., and Lucia, T. M. C. D. (2016). Actinomycetes inhibit filamentous fungi from the cuticle of Acromyrmex leafcutter ants. J. Basic Microbiol. 56, 229–237. doi: 10.1002/jobm201500593

Della Lucia, T. M. C., Peternelli, E. F. O., Lacerda, F. G., and Peternelli, L. A. (2003). Colony behavior of Atta sexdens rubropilosa (Hymenoptera: Formicidae) in the absence of the queen under laboratory conditions. Behav. Processes 64, 49–55. doi: 10.1016/S0376-6357(03)00078-0

Detrain, C., and Deneubourg, J. L. (2006). Self-organized structures in a superorganism: do ants “behave” like molecules? Phys. Life Rev. 3, 162–187. doi: 10.1016/j.plrev.2006.07.001

Ebert, D. (2013). The epidemiology and evolution of symbionts with mixed-mode transmission. Annu. Rev. Ecol. Evol. Syst. 44, 623–643. doi: 10.1146/annurev-ecolsys-032513-100555

Ewald, P. W. (1987). Transmission modes and evolution of the parasitism-mutualism continuum. Ann. N. Y. Acad. Sci. 503, 295-306. doi: 10.1111/j.1749-6632.1987.tb40616.x

Farji-Brener, A. G., Elizalde, L., Fernández-Marín, H., and Amador-Vargas, S. (2016). Social life and sanitary risks: evolutionary and current ecological conditions determine waste management in leaf-cutting ants. Proc. R. Soc. B 283:20160625. doi: 10.1098/rspb.2016.0625

Fernández-Marín, H., Zimmerman, J. K., Nash, D. R., Boomsma, J. J., and Wcislo, W. T. (2009). Reduced biological control and enhanced chemical pest management in the evolution of fungus farming in ants. Proc. R. Soc. B 276, 2263–2269. doi: 10.1098/rspb.2009.0184

Fernández-Marín, H., Zimmerman, J. K., Rehner, S. A., and Wcislo, W. T. (2006). Active use of the metapleural glands by ants in controlling fungal infection. Proc. R. Soc. B 273, 1689–1695. doi: 10.1098/rspb.2006.3492

Folgarait, P., Gorosito, N., Poulsen, M., and Currie, C. R. (2011a). Preliminary in vitro insights into the use of natural fungal pathogens of leaf-cutting ants as biocontrol agents. Curr. Microbiol. 63, 250–258. doi: 10.1007/s00284-011-9944-y

Folgarait, P. J., Marfetán, J. A., and Cafaro, M. J. (2011b). Growth and conidiation response of Escovopsis weberi (Ascomycota: Hypocreales) against the fungal cultivar of Acromyrmex lundii (Hymenoptera: Formicidae). Environ. Entomol. 40, 342–349. doi: 10.1603/EN10111

Frank, S. A. (1996). Models of parasite virulence. Q. Rev. Biol. 71, 37–78. doi: 10.1086/419267

Gandra, L. C. (2014). Mecanismo de Supressão de Colônias da Formiga cortadeira Acromyrmex Subterraneus Subterraneus por fipronil. Ph.D thesis. Viçosa, MG: Universidade Federal de Viçosa.

Gerardo, N. M., Mueller, U. G., Price, S. L., and Currie, C. R. (2004). Exploiting a mutualism: parasite specialization on cultivars within the fungus-growing ant symbiosis. Proc. R. Soc. B 271, 1791–1798.

Goldstein, S. L., and Klassen, J. L. (2020). Pseudonocardia symbionts of fungus-growing ants and the evolution of defensive secondary metabolism. Front. Microbiol. 11:621041. doi: 10.3389/fmicb.2020.621041

Hölldobler, B., and Wilson, E. O. (1990). The Ants. Cambridge, MA: Harvard University Press.

Hölldobler, B., and Wilson, E. O. (2009). The Superorganism: the Beauty, Elegance and Strangeness of Insect Societies. New York, NY: WW Norton & Company.

Hothorn, T., Bretz, F., Westfall, P., Heiberger, R. M., Schuetzenmeister, A., Scheibe, S., et al. (2016). Package ‘multcomp’. Simultaneous Inference in General Parametric Models. Vienna: Statistical Computing.

Hughes, D. P., Pierce, N. E., and Boomsma, J. J. (2008). Social insect symbionts: evolution in homeostatic fortresses. Trends Ecol. Evol. 23, 672–677. doi: 10.1016/j.tree.2008.07.011

Hughes, W. O. H., and Boomsma, J. J. (2004). Genetic diversity and disease resistance in leaf-cutting ant societies. Evolution 58, 1251–1260. doi: 10.1554/03-546

Jokela, J., Taskinen, J., Mutikainen, P., and Kopp, K. (2005). Virulence of parasites in hosts under environmental stress: experiments with anoxia and starvation. Oikos 108, 156–164. doi: 10.1111/j.0030-1299.2005.13185.x

Keller, L., and Nonacs, P. (1993). The role of queen pheromones in social insects: queen control or queen signal? Anim. Behav. 45, 787–794. doi: 10.1006/anbe.1993.1092

Kellner, K., Kardish, M. R., Sea, J. N., Linksvayer, T. A., and Mueller, U. G. (2017). Symbiont-mediated host-parasite dynamics in a fungus-gardening ant. Microb. Ecol. 76, 530–543. doi: 10.1007/s00248-017-1124-6

Lacerda, F. G., Della Lucia, T. M. C., and Souza, D. J. (2011). “Biologia comportamental das operárias do lixo das colônias de formigas-cortadeiras,” in Formigas-cortadeiras: da Bioecologia ao Manejo, ed. T. M. C. Della Lucia (Viçosa, MG: Editora UFV), 226–235.

Manley, R., Boots, M., and Wilfert, L. (2017). Condition-dependent virulence of slow bee paralysis virus in Bombus terrestris: are the impacts of honeybee viruses in wild pollinators underestimated? Oecologia 184, 305–315. doi: 10.1007/s00442-017-3851-2

Marfetán, J. A., Romero, A. I., and Folgarait, P. J. (2015). Pathogenic interaction between Escovopsis weberi and Leucoagaricus sp.: mechanisms involved and virulence levels. Fungal Ecol. 17, 52–61. doi: 10.1016/j.funeco.2015.04.002

Mendonça, D. M. F. (2018). Virulence of the fungi Escovopsis and Escovopsioides to the Leafcutter Ant-Fungus Symbiosis. Ph.D thesis. Viçosa, MG: Universidade Federal de Viçosa.

Montoya, Q. V., Meirelles, L. A., Chaverri, P., and Rodrigues, A. (2016). Unraveling Trichoderma species in the attine ant environment: description of three new taxa. Antonie van Leeuwenhoek 109, 633–651. doi: 10.1007/s10482-016-0666-9

Moreira, S. M., Rodrigues, A., Forti, L. C., and Nagamoto, N. S. (2015). Absence of the parasite Escovopsis in fungus garden pellets carried by gynes of Atta sexdens. Sociobiology 62, 34–38. doi: 10.13102/sociobiology.v62i1.34-38

Nidelet, T., Koella, J. C., and Kaltz, O. (2009). Effects of shortened host life span on the evolution of parasite life history and virulence in a microbial host-parasite system. BMC Evol. Biol. 9:65. doi: 10.1186/1471-2148-9-65

Olejarz, J., Veller, C., and Nowak, M. A. (2017). The evolution of queen control over worker reproduction in the social Hymenoptera. Ecol. Evol. 7, 8427–8441. doi: 10.1002/ece3.3324

Olmert, I., and Kenneth, R. G. (1974). Sensitivity of the entomopathogenic fungi, Beauveria bassiana, Verticillium lecanii, and Verticillium sp. to fungicides and insecticides. Environ. Entomol. 3, 33–38. doi: 10.1093/ee/3.1.33

Osti, J. F., and Rodrigues, A. (2018). Escovopsioides as a fungal antagonist of the fungus cultivated by leafcutter ants. BMC Microbiol. 18:130. doi: 10.1186/s12866-018-1265-x

Pagán, I., Montes, N., Milgroom, M. G., and García-Arenal, F. (2014). Vertical transmission selects for reduced virulence in a plant virus and for increased resistance in the host. PLoS Pathog. 10:e1004293. doi: 10.1371/journal.ppat.1004293

Pagnocca, F. C., Masiulionis, V. E., and Rodrigues, A. (2012). Specialized fungal parasites and opportunistic fungi in gardens of attine ants. Psyche J. Entomol. 2012:905109. doi: 10.1155/2012/905109

Poulsen, M., Bot, A. N., Nielsen, M. G., and Boomsma, J. J. (2002). Experimental evidence for the costs and hygienic significance of the antibiotic metapleural gland secretion in leaf-cutting ants. Behav. Ecol. Sociobiol. 52, 151–157. doi: 10.1007/s00265-002-0489-8

Poulsen, M., Cafaro, M. J., Erhardt, D. P., Little, A. E. F., Gerardo, N. M., Tebbets, B., et al. (2010). Variation in Pseudonocardia antibiotic defence helps govern parasite-induced morbidity in Acromyrmex leaf-cutting ants. Environ. Microbiol. Rep. 2, 534–540. doi: 10.1111/j.1758-2229.2009.00098.x

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

Reis, B. M. S., Silva, A., Alvarez, M. R., Oliveira, T. B., and Rodrigues, A. (2015). Fungal communities in gardens of the leafcutter ant Atta cephalotes in forest and cabruca agrosystems of southern Bahia State (Brazil). Fungal Biol. 119, 1170–1178. doi: 10.1016/j.funbio.2015.09.001

Rocha, S. L., Evans, H. C., Jorge, V. L., Cardoso, L. A. O., Pereira, F. S. T., Rocha, F. B., et al. (2017). Recognition of endophytic Trichoderma species by leafcutting ants and their potential in a Trojan-horse management strategy. R. Soc. Open Sci. 4:160628. doi: 10.1098/rsos.160628

Rocha, S. L., Jorge, V. L., Della Lucia, T. M. C., Barreto, R. W., Evans, H. C., and Elliot, S. L. (2014). Quality control by leaf-cutting ants: evidence from communities of endophytic fungi in foraged and rejected vegetation. Arthr. Plant Int. 8, 485–493. doi: 10.1007/s11829-014-9329-9

Rodrigues, A., Bacci, M. Jr., Mueller, U. G., Ortiz, A., and Pagnocca, F. C. (2008). Microfungal “weeds” in the leafcutter ant symbiosis. Microb. Ecol. 56, 604–614. doi: 10.1007/s00248-008-9380-0

Rodrigues, A., Pagnocca, F. C., Bacci, M., Hebling, M. J. A., Bueno, O. C., and Pfenning, L. H. (2005a). Variability of non-mutualistic filamentous fungi associated with Atta sexdens rubropilosa nests. Folia Microbiol. 50, 421–425. doi: 10.1007/BF02931424

Rodrigues, A., Pagnocca, F. C., Bueno, O. C., Pfenning, L. H., and Bacci, M. (2005b). Assessment of microfungi in fungus gardens free of the leaf-cutting ant Atta sexdens rubropilosa (Hymenoptera: Formicidae). Sociobiology 46, 329–334.

Rondeau, V., Mazroui, Y., and Gonzalez, J. R. (2012). frailtypack: an R package for the analysis of correlated survival data with frailty models using penalized likelihood estimation or parametrical estimation. J. Stat. Softw. 47, 1–28. doi: 10.18637/jss.v047.i04

Schmid-Hempel, P. (1998). Parasites in Social Insects. Princeton, NJ: Princeton University Press.

Seeley, T. D., and Tarpy, D. R. (2007). Queen promiscuity lowers disease within honeybee colonies. Proc. R. Soc. B 274, 67–72. doi: 10.1098/rspb.2006.3702

Silva, A., Rodrigues, A., Bacci, M. Jr., Pagnocca, F. C., and Bueno, O. C. (2006). Susceptibility of ant-cultivated fungus Leucoagaricus gongylophorus (Agaricales: Basidiomycota) towards microfungi. Mycopathologia 132, 115–119.

Sousa-Souto, L., and Souza, D. J. (2006). Queen influence on workers behavior of the leaf-cutting ant Atta sexdens rubropilosa Forel, 1908. Braz. J. Biol. 66, 503–508. doi: 10.1590/S1519-69842006000300016

Stearns, S. C., and Hoekstra, R. F. (2005). Evolution: an Introduction. New York, NY: Oxford University Press.

Stewart, A. D., Logsdon, J. M. Jr., and Kelley, S. E. (2005). An empirical study of the evolution of virulence under both horizontal and vertical transmission. Evolution 59, 730–739. doi: 10.1554/03-330

Suen, G., Scott, J. J., Aylward, F. O., Adams, S. M., Tringe, S. G., Pinto-Tomás, A. A., et al. (2010). An insect herbivore microbiome with high plant biomass-degrading capacity. PLoS Genet. 6:e1001129. doi: 10.1371/journal.pgen.1001129

Therneau, T. M., and Thomas Lumley, T. (2015). Package ‘survival’. R Top. Doc. 128, 28–33.

Tarpy, D. R., and Seeley, T. D. (2006). Lower disease infections in honeybee (Apis mellifera) colonies headed by polyandrous vs monandrous queens. Sci. Nat. 93, 195–199. doi: 10.1007/s00114-006-0091-4

Tompkins, D. M., Jones, T., and Clayton, D. H. (1996). Effect of vertically transmitted ectoparasites on the reproductive success of swifts (Apus apus). Funct. Ecol. 10, 733–740. doi: 10.2307/2390508

Varanda-Haifig, S. S., Albarici, T. R., Nunes, P. H., Haifig, I., Vieira, P. C., and Rodrigues, A. (2017). Nature of the interactions between hypocrealean fungi and the mutualistic fungus of leaf-cutter ants. Antonie van Leeuwenhoek 110, 593–605. doi: 10.1007/s10482-016-0826-y

Verza, S. S., Diniz, E. A., Chiarelli, M. F., Mussury, R. M., and Bueno, O. C. (2017). Waste of leaf-cutting ants: disposal, nest structure, and abiotic soil factors around internal waste chambers. Acta Ethol. 20, 119–126. doi: 10.1007/s10211-017-0255-6

Vienne, C., Errard, C., and Lenoir, A. (1998). Influence of the queen on worker behaviour and queen recognition behaviour in ants. Ethology 104, 431–446. doi: 10.1111/j.1439-0310.1998.tb00081.x

Villalta, I., Abril, S., and Cerdá, X. (2018). Queen control or queen signal in ants: what remains of the controversy 25 years after Keller and Nonacs’ seminal paper? J. Chem. Ecol. 44, 805–817. doi: 10.1007/s10886-018-0974-9

Wallace, D. E. E., Asensio, J. G. V., and Tomás, A. A. P. (2014). Correlation between virulence and genetic structure of Escovopsis strains from leaf-cutting ant colonies in Costa Rica. Microbiology 160, 1727–1736. doi: 10.1099/mic.0.073593-0

Watson, M. J. (2013). What drives population-level effects of parasites? Meta-analysis meets life-history. Int. J. Parasitol. Parasites Wildl. 2, 190–196. doi: 10.1016/j.ijppaw.2013.05.001

Yek, S. H., Nash, D. R., Jensen, A. B., and Boomsma, J. J. (2012). Regulation and specificity of antifungal metapleural gland secretion in leaf-cutting ants. Proc. R. Soc. B 279, 4215–4222. doi: 10.1098/rspb.2012.145


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Mendonça, Caixeta, Martins, Moreira, Kloss and Elliot. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-673445-g006.jpg
Weight of cut leaves (g)

Weight of cut leaves (g)

2.5

20

1.5

1.0

0.5

0.0

3.0

25

1.5 2.0

1.0

0.5

0.0

® Queenright colonies
O Queenless colonies

=

—p——

9

10 11 12 13 14 15 16 17 18 19 20
Time (days)

——

® Control

e Escovopsioides
+ Trichoderma
A Escovopsis

9

| | |
10 11 12 13 14 15 16 17 18 19 20

Time (days)





OPS/images/fmicb-12-673445-g005.jpg
Midden weight (g)

Midden weight (g)

2.5

2.0

1.8

1.0

0.5

0.0

o e

® Queenright colonies
O Queenless colonies

o>

Day

13

Controle
Escovopsioides
Trichoderma
Escovopsis

> ¢ o 1






OPS/images/fmicb-12-673445-g007.jpg
Colony radius (cm)

0.7

1.1

1.0

0.9

0.8

0.6

0.5

Oh

12h

24h

36h

I I
48h  60h

Time

I
72h

I
84h

I
96h

I
108h





OPS/images/fmicb-12-673445-g002.jpg
1
12 Queenless
colonies

12 colonies Treatment inoculation

12 Fungus J — ‘
gardens Control

Removal of ants
C





OPS/images/fmicb-12-673445-e000.jpg
Cr = QFi — QFf — %PA





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Low Virulence of the Fungi Escovopsis and Escovopsioides to a Leaf-Cutting Ant-Fungus Symbiosis



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Approach



		Organisms



		Experiment I (in vivo) – Impact of Fungi at Different Levels of Complexity on Colonies of Leaf-Cutting Ants



		Experimental Setup



		Data Collection



		Data Analysis







		Experiment II (in vitro) – Interaction of Fungi With the Fungal Cultivar of Leaf-Cutting Ants



		Experimental Setup



		Data Analysis











		RESULTS



		Experiment I (in vivo) – Survival of Colonies Divided in Complexity Levels and Exposed to Different Fungal Treatments



		Colony Weights



		Midden Weights



		Weights of Leaves Cut by Ants







		Experiment II (in vitro) – Interaction of Fungi With the Fungal Cultivar of Leaf-Cutting Ants Paired Culture Bioassay







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-673445-g001.jpg
Experiment I: in vivo

Experiment ll: in vitro

S S =2

A - Queenright colony

B - Queenless colony

D - in vitro

High level of
complexity

Low level of
complexity





OPS/images/fmicb-12-673445-g004.jpg
Colony weight ()

Colony weight ()

50

40

30

20

10

50

40

30

20

10

< e

—  ofre

< o e

e Queenright colonies
© Queenless colonies
v Fungus garden

*

20

Control
Escovopsioides
Trichoderma
Escovopsis

> ¢ o 1

20





OPS/images/fmicb-12-673445-g003.jpg
Proportional survival

Proportional survival

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

—— Fungus garden
— —— Queenright colonies
—— Queenless colonies

0 20 40 60 80 100 120
Time to death (Days)
Control
— —— Escovopsioides

—=  EShovopsis

— Trichoderma
| | | | | | |
0 20 40 60 80 100 120

Time to death (Days)





OPS/images/cover.jpg
, frontiers
in Microbiology










OPS/images/logo.jpg
, frontiers
in Microbiology





