

[image: image1]
How Do Leaf-Cutting Ants Recognize Antagonistic Microbes in Their Fungal Crops?












	 
	MINI REVIEW
published: 05 May 2020
doi: 10.3389/fevo.2020.00095





[image: image]

How Do Leaf-Cutting Ants Recognize Antagonistic Microbes in Their Fungal Crops?

Aryel C. Goes1, Mariana O. Barcoto1, Pepijn W. Kooij1,2, Odair C. Bueno1 and Andre Rodrigues1*

1Center for the Study of Social Insects, São Paulo State University (UNESP), Campus Rio Claro, Rio Claro, Brazil

2Comparative Plant and Fungal Biology, Royal Botanic Gardens, Kew, London, United Kingdom

Edited by:
Marko Rohlfs, University of Bremen, Germany

Reviewed by:
Nick Bos, University of Helsinki, Finland
Sandra Breum Andersen, New York University, United States

*Correspondence: Andre Rodrigues, andrer@rc.unesp.br

Specialty section: This article was submitted to Social Evolution, a section of the journal Frontiers in Ecology and Evolution

Received: 29 November 2019
Accepted: 24 March 2020
Published: 05 May 2020

Citation: Goes AC, Barcoto MO, Kooij PW, Bueno OC and Rodrigues A (2020) How Do Leaf-Cutting Ants Recognize Antagonistic Microbes in Their Fungal Crops? Front. Ecol. Evol. 8:95. doi: 10.3389/fevo.2020.00095

Leaf-cutting ants employ diverse behavioral strategies for promoting the growth of fungal cultivars in a structure known as fungus garden. As a nutritionally rich resource for the ants, the fungal crop is threatened by microbial antagonists and pathogens. Strategies for protecting the garden against harmful microbes have been described in detail, although the process of microbial threat recognition is not fully understood. Here, we review the literature on leaf-cutting ants’ social immunity traits, in search of possibilities by which workers recognize harmful microbes in their system. Based on current data, we suggest mechanisms regarding (1) chemical recognition, where discrimination could be related to chemical cues from the antagonistic microbe or semiochemicals released by the fungus garden during harmful interactions, or (2) through associative learning when workers would connect the microbe cues with a damage in the fungus garden, developing a “colony-level memory” toward this threat. We also discuss evidence supporting ant–fungus communication as key for maintaining the health of the fungus garden, as well as experimental setups for future evaluation of threat detection and recognition by leaf-cutting ants.
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INTRODUCTION

Social behavior evolved in several lineages of insects, ranging from diverse to complex levels of organization (Toth and Rehan, 2017). Across this continuum, some social insects achieved a major transition point of no return, where queen and workers are a lifetime morphological differentiated caste in a superorganismal level of hierarchy (Wheeler, 1911; Boomsma and Gawne, 2018). Social evolution is influenced by several environmental factors, including interactions between insect societies and microbes (Boomsma et al., 2005; Biedermann and Rohlfs, 2017; Toth and Rehan, 2017). By living in dense aggregations of genetically similar individuals, social insects have increased risks of infectious diseases spreading in their colonies (Schmid-Hempel, 1998, 2017; Naug and Camazine, 2002; Cremer et al., 2007, 2018; Rosengaus et al., 2011; Boomsma et al., 2014; Loreto et al., 2014; Stroeymeyt et al., 2014; Meunier, 2015; Cremer, 2019). Selective forces between social insects and pathogenic organisms have modulated defensive strategies, adaptations in physiological traits, behavior, and social organization (Pie et al., 2004; Fernández-Marín et al., 2006; Cremer et al., 2007, 2018; Ugelvig and Cremer, 2007; Yanagawa and Shimizu, 2007; Stow and Beattie, 2008; Walker and Hughes, 2009; Wilson-Rich et al., 2009; Yanagawa et al., 2011, 2012; Konrad et al., 2012, 2018; Kamhi and Traniello, 2013; Stroeymeyt et al., 2014; Liu et al., 2015, 2019; Quevillon et al., 2015; Malagocka et al., 2019), such as communication (Rosengaus et al., 1999) and caste specialization (Hughes et al., 2003; Brown et al., 2006; Griffiths and Hughes, 2010; Abramowski et al., 2011). Because these defensive adaptations involve the cooperation of the individuals for a colony-level response, they are collectively described as social immunity (Cremer et al., 2007). In this context, group members collaborate to avoid, control, or eliminate pathogens, thus acting as parts of an immune system (Cremer and Sixt, 2009; Cremer, 2019).

Social traits are also strongly influenced by interactions between social insects and beneficial microbes, either for defensive or nutritional symbiosis (Biedermann and Rohlfs, 2017). Fungal cultivation by social insects is a remarkable example of an insect–microbe association impacting social behavior (Mueller et al., 2005). The fungus-growing lifestyle independently evolved in the ants of the subtribe Attina (Hymenoptera: Formicidae: Myrmicinae; Mueller et al., 2001), termites in the subfamily Macrotermitinae (Isoptera: Termitidae; Aanen et al., 2002), and the subsocial beetles in the subfamilies Scolytinae and Platypodinae (Coleoptera: Curculionidae; Farrell et al., 2001; Hulcr and Stelinski, 2017). Because of their dependence on the fungal crop for nutritional resources, fungus-growing insects present a series of adaptations for fungal cultivation, maintenance, propagation, and protection (Mueller et al., 2005). Defending the fungal cultivar through chemical and behavioral responses is fundamental to the evolutionary success of the insect–fungal symbiosis, as the crop is a nutritionally valuable resource susceptible to microbial competitors and pathogens (Bass and Cherret, 1996; Currie et al., 1999a; Mueller et al., 2005; Morelos-Juárez et al., 2010; Visser et al., 2011; Um et al., 2013; Beemelmaans et al., 2017; Biedermann and Rohlfs, 2017). Thus, traits of social immunity in fungus-growing systems could have evolved targeting both insect hosts and the fungal crops.

The complex microbial environment of leaf-cutting ants, the most derived clade in the subtribe Attina, provides an interesting perspective for investigating how the responses to both harmful and beneficial microbes could have influenced ants’ social immunity (Biedermann and Rohlfs, 2017). Leaf-cutting ants have an obligate association with the basidiomycete species Leucoagaricus gongylophorus (Leucocoprini: Agaricales: Agaricaceae), on which all larvae and most of the adult ants feed (Mueller et al., 2005; Schultz and Brady, 2008; De Fine Licht et al., 2013). The maintenance of fungus gardens involves continuous substrate incorporation, which depends on specific behaviors for foraging and processing fresh leaves and flowers (Quinlan and Cherrett, 1977; Hölldobler and Wilson, 1990; Diniz and Bueno, 2010). However, foraging activities bring into the fungus garden several microorganisms along with the plant biomass (Fisher et al., 1996; Rodrigues et al., 2008; Van Bael et al., 2009). Also, mated queens may bring microorganisms during colony foundation on their integuments and in the piece of fungus gardens they carry (Poulsen et al., 2005; Pagnocca et al., 2012; Andersen et al., 2013, 2015; Meirelles et al., 2016). Regardless how they are introduced, once inside the colony, microbes may engage in distinct interactions with the fungal crop, as antagonists (Currie et al., 1999a; Rodrigues et al., 2008) or as mutualists (Poulsen et al., 2005). Ant workers can detect intruders and employ diverse physiological and behavioral strategies to protect the fungal crop (Currie and Stuart, 2001; Poulsen et al., 2002; Fernández-Marín et al., 2006; Abramowski et al., 2011; Gerstner et al., 2011; Rocha et al., 2014, 2017; Tranter et al., 2015; Nilssøn-Moller et al., 2018). It is reasonable to consider that ants may recognize and discriminate beneficial microorganisms from those detrimental to the fungus garden. However, the mechanisms by which leaf-cutting ants carry out these processes are poorly understood.

Here we review the literature for investigating the influence of the leaf-cutting ants’ microbial environment on their hygienic behavior. We first present the microbial environment where leaf-cutting ants live and the social immunity traits that evolved to protect the fungal culture and the ants from pathogens in general. Then, we propose two mechanisms by which ants could recognize distinct microbes and apply such defenses: (1) by responding to chemicals or semiochemicals released by microbes and the fungus crop indicating the presence of harmful interactions and (2) by associative learning and memorization derived from recurrent infection events. Through these scenarios, we aim to discuss the potential contribution of the fungal crop to the leaf-cutting ant’s social immunity.



THE MICROBIAL ENVIRONMENT OF LEAF-CUTTING ANTS

All ant lineages in the subtribe Attina cultivate fungus for food, although both the fungal symbiont and the strategies for cultivation vary throughout these fungus-growing systems (Mueller et al., 1998, 2017; Schultz and Brady, 2008; Diniz and Bueno, 2010; Henrik et al., 2014). Attine ants in the genera Atta and Acromyrmex practice higher leaf-cutting fungiculture cultivating L. gongylophorus, a truly domesticated fungal symbiont that seems unable to support a free-living existence (Schultz and Brady, 2008; De Fine Licht et al., 2013; Nygaard et al., 2016; Mueller et al., 2017). The fungal crop is vertically transmitted when the foundress ant queen leaves her original colony carrying a mycelium pellet inside the infrabuccal pocket, which forms the initial crop inoculum (Mueller et al., 2001). The fungal symbiont evolved several adaptations to the symbiotic lifestyle, including swollen hyphal tips (i.e., gongylidia) that provide carbohydrates, amino acids, and enzymes to the ants (Quinlan and Cherrett, 1979; Schultz and Brady, 2008; Mikheyev et al., 2010; De Fine Licht et al., 2013). Leaf-cutting ants nourish the crop using fresh leaves as substrate, ultimately creating a structure known as the fungus garden (Figure 1), which is kept within underground chambers for most attine ant species (Hölldobler and Wilson, 1990; Mueller et al., 2001). The lignocellulolytic capacity of the fungus garden has been fundamental for supporting the mutualism (De Fine Licht et al., 2013; Khadempour et al., 2016; Vigueras et al., 2017), allowing the enzymatic conversion of massive amounts of fresh leaves into nutrients available to the queen, larvae, and most of the ant workers (Hölldobler and Wilson, 1990; Costa et al., 2008; De Fine Licht et al., 2013).
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FIGURE 1. Proposed mechanism for detecting harmful interactions with microbes. (A) In a generalized process of recognition, (1) the chemical signature of the detected organism (that could include the garden, nestmates, non-nestmates, larvae, and microbes) is (2) perceived by workers’ antennal sensilla. (3) In the antennal lobes, the detected label is processed by comparison to the template of colony odor, a neural pattern that workers have stored (as memory) in the mushroom bodies. Depending on the label-template differences, (4) hygienic behaviors may or may not be triggered. (B) (1) A healthy garden chemical signature is (2) perceived by the antennal sensilla and (3) processed as similar to the memorized template, (4) not triggering hygienic behaviors. (C) (1) Harmful interactions may result in a particular chemical signature, (2) which is perceived by the antennal sensilla and (3) processed in the antennal lobe as different from the template, (4) triggering specific hygienic behavior for removing the pathogen and/or the infected area. Pencil drawings by Mariana O. Barcoto: ant head was adapted from a photograph by Casey Richart (http://bit.ly/2OZ6Oyf); ant brain was adapted from Mizunami et al. (2010); composition of ant head and brain was inspired on Bos and d’Ettorre (2012); and the two ants on the fungus garden were adapted from a photograph by Don Parsons (http://bit.ly/3bKgAOi).


Fungus gardens are nutritionally rich environments (Martin et al., 1969; Huang et al., 2014), harboring a wide diversity of microorganisms including bacteria, yeasts, and filamentous fungi (Currie, 2001a; Rodrigues et al., 2005, 2008, 2011; Sen et al., 2009; Scott et al., 2010; Suen et al., 2010; Aylward et al., 2013). These microbes may access the fungus garden in different ways, such as via the foraged plant material and from the belowground surroundings. Endophytic fungi (fungi for which part of their life cycle takes place within plant tissue) were thought to interact with the fungus gardens as neutral transients (Poulsen and Currie, 2006). However, some authors suggest that these fungi are potential antagonists (nutritional competitors or pathogens) of the fungal crops (Van Bael et al., 2009, 2012; Mighell and Van Bael, 2016). Besides the presence of endophytes, soil-borne fungi in the genera Fusarium, Syncephalastrum, Trichoderma, and Cunninghamella were isolated from fungus gardens of Atta sexdens and Acromyrmex species (Rodrigues et al., 2005, 2008). Bacteria and yeasts also contribute to the complex and diverse microbiota of the fungus gardens (Craven et al., 1970; Carreiro et al., 1997, 2004; Rodrigues et al., 2009; Scott et al., 2010; Kellner et al., 2015).

Although the functional capacity is undefined for most of the microorganisms found in the ant fungus-growing system, some microbes are considered symbionts (Currie et al., 1999a; Pinto-Tomás et al., 2009; Sen et al., 2009; Suen et al., 2010; Aylward et al., 2013). For instance, fungi in the genus Escovopsis (Ascomycota: Hypocreales) are considered specialized antagonists of the fungus garden (Currie et al., 1999a) and are reported to negatively impact colony health (Currie, 2001b). Tripartite coevolution between the ants, the cultivated fungi and Escovopsis species are supported by patterns of phylogenetic congruence (Currie et al., 2003; Gerardo et al., 2006b). Thus, harmful potential of Escovopsis possibly has regulated the leaf-cutting ants’ defenses on an evolutionary scale. Indeed, ant workers employ physiological and behavioral strategies when the garden is infected by Escovopsis conidia (Currie and Stuart, 2001; Abramowski et al., 2011; Nilssøn-Moller et al., 2018).

Actinobacteria in the genus Pseudonocardia and in other genera play a role in the attine ants’ defensive strategies (Currie et al., 1999b; Mueller et al., 2008; Poulsen et al., 2010; Li et al., 2018). Antimicrobial compounds produced by Actinobacteria protect workers and the fungus garden from infection and dispersal of pathogenic microbes, including Escovopsis (Currie et al., 1999b, 2003; Oh et al., 2009; Sen et al., 2009; Mattoso et al., 2012). For several attine ant species, these bacteria are maintained in cuticular structures (e.g., tubercles, tubercles within crypts) on the ant’s exoskeleton, nourished by glandular secretions (Currie et al., 2006). Cuticular structures that house Actinobacteria and where these bacteria are located on the ant integument vary per ant genus (Li et al., 2018). Evidence supports the association between Actinobacteria and attine ants evolved close to the origin of fungus-farming by ants, even though this mutualistic symbiosis has been lost multiple times over the evolutionary time (Currie et al., 2006; Li et al., 2018). While Acromyrmex species host abundant Pseudonocardia layers on their integuments, these bacteria are found in low frequency (or even absent) on the integument of Atta species (Currie et al., 2006; Marsh et al., 2013; Li et al., 2018). This could suggest that Atta species have replaced the use of Actinobacteria defenses by alternative mechanisms, including the application of glandular chemical compounds and intricate behavioral strategies to physically remove pathogens (Currie and Stuart, 2001; Fernández-Marín et al., 2009; Yek et al., 2012). However, the coevolution of Pseudonocardia with the ants and Escovopsis is debated, and our knowledge is still limited on how the diversity of these bacteria is distributed on individual ants as well as within colonies (Mueller et al., 2008, 2010; Andersen et al., 2013).



DEFENSIVE STRATEGIES IN LEAF-CUTTING ANT SOCIETIES

Managing disease outbreaks is a central aspect of the ant–fungal symbiosis (Currie and Stuart, 2001; Hart et al., 2002). Besides the antimicrobial compounds produced by Actinobacteria (Currie et al., 1999b; Oh et al., 2009; Sen et al., 2009), the fungal crop potentially controls pathogen growth. The fungal cultivar of Apterostigma auriculatus was reported to inhibit the in vitro growth of Escovopsis (Gerardo et al., 2006a), and the fungal cultivar of Atta colombica was able to inhibit the growth of several endophytic fungi, including Glomerella cingulata (Van Bael et al., 2009). This inhibition could involve compounds with antimicrobial properties, as observed for the cultivar of Cyphomyrmex ants, which produces lepiochlorin (Hervey and Nair, 1979) and diketopiperazines (Wang et al., 1999). An additional defensive barrier could be constituted by cultivar-secreted laccases (De Fine Licht et al., 2013), detoxifying secondary metabolites produced by antimicrobial-producing antagonists (Divya and Sadasivan, 2016).

Beyond antimicrobial barriers from the fungus garden and associated symbionts, multiple hygienic behaviors represent a key part of attine ants’ social immunity for avoiding the spread of diseases in the colony (Currie and Stuart, 2001; Fernández-Marín et al., 2013). Ant workers monitor the foraged substrate, the fungus garden, brood, and nestmates for disease traits, employing diverse strategies to deal with infections (Currie and Stuart, 2001; Poulsen et al., 2002; Fernández-Marín et al., 2006, 2013; Little et al., 2006; Rocha et al., 2014). Some of these strategies are hygienic behaviors commonly performed by insects, such as grooming contaminated body areas. Ants employ grooming by rubbing one or more legs at different parts of their bodies, thus targeting themselves (self-grooming). Besides, social insects can groom each other (allogrooming) removing contaminants from body areas difficult to access by self-grooming (Schmid-Hempel, 1998; Morelos-Juárez et al., 2010; Fernández-Marín et al., 2013; Zhukovskaya et al., 2013) or from the immature castes. The grooming behavior, common to nestmates inside the colony, may be more frequent for those ants returning from foraging (Richard and Errard, 2009; Morelos-Juárez et al., 2010). For instance, Acromyrmex subterraneus foragers spend more time on self-grooming than non-foragers, presumably due to their recurrent contact with microbial contaminants (Richard and Errard, 2009). Spatial avoidance of both contaminated environments and sick nestmates may also reduce the risk of infection (Stroeymeyt et al., 2014; Quevillon et al., 2015; Tranter et al., 2015). Microbial infections are additionally controlled through antimicrobial secretions from workers’ metapleural glands (Fernández-Marín et al., 2006, 2015), a complex glandular structure exclusive to ants (Yek and Mueller, 2011). Workers use characteristic movements of their forelegs in the metapleural gland opening, transferring gland secretions to contaminated areas (Fernández-Marín et al., 2006, 2013).

Prophylactic behavior during the selection and preparation of plant substrate is equally important to prevent (or decrease) infection risks (Quinlan and Cherrett, 1977; Mangone and Currie, 2007; Van Bael et al., 2012; Rocha et al., 2017). Insects tend to avoid foraging sites and food that is contaminated by parasites or pathogens (de Roode and Lefèvre, 2012), as reported for leaf-cutting ants (Acromyrmex echinatior, Tranter et al., 2015; A. sexdens, Rocha et al., 2017) and for fungus-growing termites (Macrotermes natalensis, Bodawatta et al., 2019). Thus, choosing and preparing plant substrates for the fungus garden may be fundamental to avoid the introduction of alien microbes. This is also true for endophytes, because leaf-cutting ants spend more time processing leaves with high endophyte loads than those with a low abundance. The presence of endophytes may also influence ants’ foraging preferences, as they tend to collect leaf material containing a low abundance of endophytes (Cobletz and Bael, 2013). For instance, workers avoid plant substrates enriched with Trichoderma species (Rocha et al., 2014, 2017), a recurrent endophytic fungus and potential antagonist of the fungal cultivar (Ortiz and Orduz, 2000; Silva et al., 2006). Besides the surveillance of what is entering the colony, it is also important to control what is being thrown away. Waste management by leaf-cutting ants is an important task to prevent the access of already removed microbes and reinfection with contaminated material (Bot et al., 2001a). Old or infected pieces of fungus garden, dead brood, corpses, and even dried or unsuitable leaves are carried away to underground dumps (Autuori, 1947; Hart and Ratnieks, 2001) or disposed above the soil far away from the colony in some leaf-cutting ant species (Weber, 1972). Waste workers do not access garden chambers, preventing the introduction of microbes of the refuse material in the fungus garden (Bot et al., 2001a).

Considering the central role of the fungal crop for fungus-growing insects, it is reasonable to consider that individual and group-level mechanisms may have evolved to avoid disease outbreaks in the fungus garden, comprising an important trait of their social immunity. Leaf-cutting ants combine diverse chemical and behavioral mechanisms to protect the fungus gardens from infective pathogens. Chemical defenses involve ants applying secretions of their metapleural and labial glands, known for exhibiting fungistatic, fungicidal, and bacteriostatic activity, to prevent the growth of entomopathogenic microbes (Graystock and Hughes, 2011). Gland secretions are also applied to the fungus garden surface, inhibiting the development of recurrent antagonistic microbes (Ortius-Lechner et al., 2000; Bot et al., 2002; Poulsen et al., 2002; Fernández-Marín et al., 2003, 2006, 2015). When facing contaminations on the fungus garden, leaf-cutting workers may use behaviors such as grooming the garden by “licking” possibly contaminated areas (Currie and Stuart, 2001). They can also transplant a healthy piece of fungus garden to an infected area (known as fungus-planting behavior; Fernández-Marín et al., 2013). Depending on the extent of the contaminated area, ants may employ weeding, a multiple-step behavior performed as an effort to restrain an established garden infection (Currie and Stuart, 2001; Barcoto et al., 2017; Nilssøn-Moller et al., 2018). During weeding, minima workers chew the edges of contaminated garden fragments, holding and pulling until the fragment is detached, ultimately being carried to the waste chamber (Currie and Stuart, 2001). It is worth to note that the majority of these behaviors are observed in experimental fungal infections, especially against fungal contaminants that normally are found in this environment, including Escovopsis (Currie and Stuart, 2001; Fernández-Marín et al., 2006; Barcoto et al., 2017; Nilssøn-Moller et al., 2018; Bonadies et al., 2019).

Fine-tuned mechanisms for detecting and recognizing microbial threats to the fungus garden may be an important part of social immunity, modulating defensive strategies that allow an early avoidance and reduce the cost of infection (Cremer et al., 2007; Meunier, 2015; Tranter et al., 2015). As discriminating mutualistic microbes from antagonistic ones might be a recurrent task in a fungicultural system, an efficient recognition process may be required for the ants to decide which mechanism of their social immunity is the most suitable for a specific situation (Cremer et al., 2007). In leaf-cutting ants, workers present specific responses toward harmful microbes, preferentially removing from the colony those that could cause damage (Currie and Stuart, 2001; Mighell and Van Bael, 2016). Although ant workers are reported to detect infections threatening the colony (Currie and Stuart, 2001; Abramowski et al., 2011; Gerstner et al., 2011; Mighell and Van Bael, 2016; Rocha et al., 2014, 2017; Tranter et al., 2015), the specific mechanism behind the recognition of distinct microbes remains unclear. In this context, we pose the following questions: (1) How are the processes of detection and recognition of microbial threats triggered and executed? (2) Does the fungus garden influence these processes? In the following sections, we discuss possible scenarios that could explain how ants recognize and discriminate microbes that are harmful to the fungus garden.



DISCRIMINATING BETWEEN MICROBES


Through the Chemical Profiles of the Fungus Garden and Alien Microbes

Each fungus-growing ant colony has a particular odor (Jaffé and Villegas, 1985; Hernández et al., 2006; Richard et al., 2007a; Nehring et al., 2011). As the chemical blends from the garden have a higher diversity of compounds than the chemical blends of workers and brood, the fungal crop possibly influences the colony odor (Bot et al., 2001b; Richard et al., 2007a, b). Ants probably recognize these chemical cues and discriminate between their resident fungal cultivar and that of sympatric colonies (Bot et al., 2001b; Viana et al., 2001; Poulsen and Boomsma, 2005). Fungal crops of closely related ant species (e.g., Ac. octospinosus and Ac. echinatior) produce a similar set of compounds but in different concentrations, suggesting that the ants’ process of recognition may be fine-tuned to qualitative and quantitative differences in the fungal chemical profile (Bot et al., 2001b; Viana et al., 2001; Richard et al., 2007a; Valadares et al., 2015). Also, the discrimination of volatile organic compounds (VOCs) seems to be used by insects to recognize and select their mutualistic fungus strain (Bot et al., 2001b; Viana et al., 2001; Mueller et al., 2004; Richard et al., 2007a), as demonstrated for some Macrotermitidae species that collect fungal spores from the environment every new generation (Biedermann and Kaltenpoth, 2014). The termites’ fine-tuned ability to localize and recognize their mutualistic fungus is probably guided by specific odors (Biedermann and Kaltenpoth, 2014). Nevertheless, fungus-growing termites can distinguish scent profiles from their mutualistic and that from invasive fungus, rejecting the weedy fungus after recognition (Katariya et al., 2017).

Considering the diverse VOCs produced by microbes (Schulz and Dickschat, 2007; Feofilova et al., 2012; Morath et al., 2012; Davis et al., 2013; Schulz-Bohm et al., 2017) that could act as signaling molecules for insects (Rohlfs et al., 2005; Davis et al., 2013), we inquire whether leaf-cutting ants may distinguish between alien microbes and their mutualistic fungus by recognizing VOCs or chemical cues. The ants could detect volatile compounds or surface chemicals of invasive microbes, discriminating a chemical signature that does not match that of their colony, then triggering hygienic responses (Figure 1). Therefore, what has been reported as “specific removal” or “specific hygienic responses” (Currie and Stuart, 2001; Tranter et al., 2015; Mighell and Van Bael, 2016) could be related not only to the threat level of an alien microbe in the fungus garden but also to their distinct chemical profile. Future assays offering only “scents” from different microorganisms to leaf-cutting ant colonies could unveil if detection only depends on VOCs, or whether the presence of physical structures (e.g., spores, mycelia, or bacteria cells) is also required. Hence, the quantification of avoidance or repellence for each bait could clarify the potential of recognition. Also, electroantennogram assays are plausible to compare responses from workers’ antennae (receptor and action potentials) regarding the presence of different microbe species, seeking for species-specific odor detection. In cases where the microbe has coevolved with the leaf-cutting ants’ fungiculture, like the genus Escovopsis (Currie et al., 2003; Gerardo et al., 2006b), research on the detection based on chemical profiles must be taken with caution. The recognition process of such microorganisms could be a result of genetically determined neurophysiological mechanisms that trigger a cascade of physiological reactions in ant workers, resulting in immediate actions to remove it. Therefore, comparative studies toward different strains of Escovopsis species and microbes that did not coevolve within the system will help to understand patterns in overall gene expression (transcriptome) during the ants’ responses.



Through Fungus Garden Semiochemicals

Leaf-cutting ant workers are capable of recognizing changes in the physiological conditions of the fungal cultivar (Ridley et al., 1996; North et al., 1999; Herz et al., 2008). When incorporating a substrate unsuitable for the cultivar (e.g., toxic leaves and baits containing fungicide), workers avoid foraging for this substrate for several weeks, even if it is not harmful to the ants themselves (Ridley et al., 1996; North et al., 1997, 1999; Herz et al., 2008; Thiele et al., 2014). Because workers cease to forage for the harmful substrate after recognizing the damage in the fungus garden, the avoidance comprises a phenomenon known as delayed rejection (Herz et al., 2008; Saverschek et al., 2010; Saverschek and Roces, 2011; Arenas and Roces, 2016a, b, 2017). The delayed avoidance of particular plant substrates suggests that the response is influenced by the fungus garden (Ridley et al., 1996; Herz et al., 2008). Such modulation can be explained by chemical compounds produced during harmful interactions, which may be recognized by ant workers, thus acting as semiochemicals (chemicals that convey a message from one organism to another; Knapp et al., 1990; Ridley et al., 1996; North et al., 1999; Green and Kooij, 2018).

We speculate that a similar mechanism could be involved in the ants’ recognition of harmful microbes, triggering a generalist response by the colony. Negative interactions between the fungal cultivar and antagonistic microbes could be communicated to ant workers via detectable modifications on the chemical profile of the fungus garden, acting as semiochemicals (Green and Kooij, 2018). During cultivar–pathogen interactions, defensive metabolites or incompatibility compounds produced by the cultivar (Poulsen and Boomsma, 2005; Gerardo et al., 2006a), derived products of hyphae breakdown (North et al., 1999), and even responses to metabolites released by the pathogen (Dhodary et al., 2018; Heine et al., 2018) could shift the fungus-garden chemical profile. These alterations would be processed in the antennal lobes by comparing the detected blend to the colony template memorized by the ant. By differing from the colony template, the chemical from fungus gardens’ infected portions would trigger hygienic behaviors (Figure 1). As above, discrimination of microbes would happen when semiochemicals are released from negative interactions. Mechanisms by which the fungal crop signalizes harmful interactions, as well as the compounds involved in this process, remain unclear (Green and Kooij, 2018). Analyzing metabolites produced by both “infected” and “uninfected” cultivars may reveal context-dependent molecules, which can be tested for having a direct influence on the ant’s behavior (e.g., a semiochemical role). A whole branch of research could be derived from investigating the evolution of ant–fungus communication and its influence on social immunity.



Through Associative Learning

Leaf-cutting ant workers learn to differentiate between suitable and unsuitable leaf substrates mainly through the olfactory system, associating the fungal crop response to the chemical profile of the foraged substrate (Herz et al., 2008; Saverschek et al., 2010). Chemical information characterizing the unsuitable substrate is stored in the ants’ brain as “olfactory memory,” coding a long-term memory that will be retrieved once the same detrimental plant is collected (Herz et al., 2008; Saverschek et al., 2010; Saverschek and Roces, 2011; Falibene et al., 2015). Learning from olfactory experience and formation of associative memories involve structural remodeling of brain centers for sensory integration and association, such as the mushroom bodies (Galizia and Rössler, 2010; Falibene et al., 2015). When leaf-cutting ants learn how to differentiate between substrates according to the suitability to the fungal crop, the development of long-term associative memories is correlated to transient modifications in the density of synaptic complexes in the mushroom bodies (Falibene et al., 2015). Similarly, chemical signals from the infected garden could be detected by olfactory neuron sensors in the ants’ antennal sensilla, present throughout the ants’ antennae, and ultimately reaching the olfactory glomeruli in the antennal lobe, where the information is processed (Kleineidam et al., 2005; Galizia and Szyszka, 2008; Galizia and Rössler, 2010; Carey and Carlson, 2011). Developing long-term memories associating with the odor of an infection as a threat for the garden health could involve transferring olfactory information from the antennal lobe to the mushroom bodies, where it would promote a reorganization of associative networks (Galizia and Rössler, 2010; Falibene et al., 2015). Thus, we suggest that olfactory associative learning, which comprises the cognitive ability to connect different stimuli and predict relationships between them (Giurfa, 2007; Leadbeater and Chittka, 2007; Dickinson, 2012), could be related to the recognition of harmful microbes.

We postulate that ant workers would learn and memorize the chemical profile of harmful microorganisms, associating it with the response of the fungal crop (Figure 2, step A4). Groups of tending workers that associate chemical cues with detrimental interactions would compose a “colony temporary memory.” Hence, in subsequent contacts with a known pathogen, this mechanism would provide a faster response in grooming contaminated plant debris and foraging workers to prevent pathogens from entering the colony (Figure 2, step B1). If the microbe reaches the fungus garden, additional workers could be recruited to the infected area either by chemically interacting via antennation or by releasing alarm pheromones (Gerstner et al., 2011) from “memory workers” (Figure 2, step B2). Alternatively, in cases in which microbes never had caused negative outcomes before, the ants perhaps are only able to detect its chemical cues. Thus, strategies for preventing the infection would be more generalized (e.g., applying antimicrobials secreted from metapleural glands and microbe removal through fungus grooming).
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FIGURE 2. Associative learning and the “colony temporary memory.” (A) First contact: (1) a forager worker carries inside the colony a microbe on a leaf and/or on its integument. When workers have not experienced previous contact with this microbe, it may not be recognized by workers. Generalized hygienic behaviors may be employed for removing the microbe. If these mechanisms fail, (2) the microbe reaches the fungus garden and potentially harms the fungal cultivar (3). The “damaged area” of the fungus garden would signalize alterations to the tending workers. Recruited workers would interact and experience this feedback, linking it to specific chemical cues (volatile organic compounds - VOCs) of the harmful microbe through associative learning (4). By memorizing the pathogen’s cues, these workers are capable to recognize this microbe in future encounters, associating its presence with damage to the fungus garden. (B) Secondary contacts: (1) in future contacts, workers would be able to recognize and remove the microbe from plant debris or even from themselves, preventing it from reaching the fungus garden. (2) In cases where the same harmful microbe reaches the fungal crop, workers who learned from previous contacts would recruit other nestmates (naive workers) for cleaning and removal, increasing the number of experienced ants to recognize this microbe as an antagonist. Therefore, over time and exposure to different antagonist species, the colony would acquire their own “immune memory.” This colony-memory would be temporary, lasting during the lifespan of these workers, therefore putatively reprocessed during the lifetime of the colony. Illustration by Beatriz Garcia Gonçalves.


For further investigation of this hypothesis, studies involving the structural alterations of the mushroom bodies (Falibene et al., 2015), in experimental setups where the fungus garden is threatened by pathogens, could answer questions on neurological activities and expressions during defensive responses in an individual-level perspective. Also, genomic and transcriptomic tools on active workers defending the fungus garden, or assays where the ants are exposed only to the pathogen, could fill a gap in our knowledge about physiological and genetic traits involved in their social immunity. For a colony-level perspective, responses could be verified through repeated inoculation of antagonistic microbes in the fungus garden, seeking evidence for learning processes, colony-memory to recognize the same pathogen or even “immunization” (Traniello et al., 2002; Ugelvig and Cremer, 2007; Walker and Hughes, 2009; Konrad et al., 2012).




CONCLUSION

Ant–fungal communication and ants’ ability to detect and recognize pathogens have played a key role in the success of the fungus-growing ants’ symbiosis. Future research should address the ant–garden communication and defensive strategies across the attine ant lineages, investigating the evolutionary history of these mechanisms. Also, it remains unclear whether the defensive responses target specific pathogens genera or species and whether the hygienic behaviors and frequency of responses would vary accordingly. In an attempt to address such gaps, here we discussed the possible role of associative learning (to experience which microbes could be harmful to the fungus garden) and how chemicals could lead to microbe-specific recognition. The proposed mechanisms can be considered frameworks to build experiments to understand how ants defend fungus gardens against harmful microbes. However, we cannot predict how costly or beneficial each of these mechanisms would be at both the individual and society levels. Nevertheless, addressing possibilities regarding learning due to recurrent infection to increase the survival and fitness of the colony will open new areas in social immunity knowledge. As pointed out in this review, we have only just begun to understand how social immunity evolved in leaf-cutting ants, and there is still a long way to go before we can form a full picture of the process from encountering a microbe to applying defenses.
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