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Abstract 
 
Microbial symbionts play key roles in shaping the diversity of life, from disease causing 

pathogens to beneficial microbes. The fungus-growing ant (Attini, Apterostigma 

dentigerum) is ideal for exploring these dynamics, as it maintains multiple symbionts, 

including fungal cultivars, cultivar attacking pathogens, and mutualistic bacteria whose 

antibiotic secretions combat infection. Decades of Attine-symbiont research has 

characterized these interactions as examples of diffuse coevolution. By contrast, 

coevolutionary theory on a geographic scale posits that these diffuse associations may 

still contain tightly coevolved interactions in a mosaic pattern over space. Moreover, 

these mosaics are shaped by the population genetic structure of interacting species. In this 

dissertation, I characterize the Apterostigma dentigerum-symbiont dynamic from a 

geographic mosaic prospective. The history of attine-symbiont evolutionary ecology is 

reviewed in chapter 1. In chapter 2, I describe cultivar-pathogen population structure and 

suggest that this labile association may facilitate specific adaptation by the mutualistic 

bacteria, Pseudonocardia. In chapter 3, I describe the population genetic structure of 

Pseudonocardia and demonstrate that its fine scale phylogeograpic structure may 

facilitate local adaptation with a common pathogen (Escovopsis) morphotype. Chapter 4 

uses bioassay inhibition experiments in combination with population genomic approaches 

to demonstrate that the Pseudonocardia-Escovopsis interaction is consistent with a 

geographic mosaic of coevolution, with a locally adapted population residing on Barro 

Colorado Island in Panama. Chapter 5 provides a putative framework and future 

directions for understanding the role biosynthetic gene clusters play in Pseudonocardia-
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pathogen coevolution. These studies provide insights into the maintenance of antibiotic 

potency over evolutionary time, and microbial niche evolution. 
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1.1 Abstract and Keywords	

Fungus-growing ants (Attini: Formicidae) engage in an obligate mutualism with fungi 

they cultivate for food. Although many biologists have been fascinated with fungus- 

growing ants since the resurgence of interest in natural history in the modern era, the 

early stages of research focused mainly on the foraging behavior of the leaf-cutters (the 

most derived attine lineage). Indeed, the discovery that the ants actually use leaf 

fragments to manure a fungus did not come until the 1800s. More recently, three 

additional microbial symbionts have been described, including specialized microfungal 

parasites of the ant’s fungus garden, antibiotic-producing actinobacteria that help protect 

the fungus garden from the parasite, and a black yeast that parasitizes the ant- 

actinobacteria mutualism. The fungus growing ant symbiosis serves as a particularly 

useful model system for studying insect-microbe symbioses, because to date it contains 

four well-characterized microbial symbionts, including mutualists and parasites that 

encompass micro-fungi, macro-fungi, yeasts, and bacteria. Here, we discuss approaches 

for studying insect-microbe symbioses, using the attine ant-microbial symbiosis as our 

framework. We draw attention to particular challenges in the field of symbiosis, 

including the establishment of symbiotic associations and symbiont function. Finally, we 

discuss future directions in insect microbe research, with particular focus on applying 

recent advances in DNA sequencing technologies.  

 

 

Attini, Escovopsis, Leucoagaricus, Pseudonocardia, symbiosis 
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1.2 Introduction	

The history of life on earth has been primarily microbial. Since the origin of life 

~3.8 billion years ago, microbes have evolved into the most abundant and 

phylogenetically diverse life forms on the planet. Microbes have also played key roles in 

biogeochemical processes, which helped make the biosphere more hospitable to other life 

forms. They continue to drive mineralization and nutrient cycling (Borneman et al. 1996, 

Pace 1997, Dawson and Pace 2002, Baldauf 2003). In addition to shaping life on earth, 

the importance of microbes is exemplified by their crucial role as symbionts with plants 

and animals. Parasitic symbionts cause virulent diseases and are a significant factor 

driving biological diversification (Price et al. 1986, Ewald 1994, Jaenike and Perlman 

2002). At the opposite end of the spectrum, mutualisms, once regarded as rare and of 

limited importance, are now recognized as having strongly influenced the evolution of 

diverse life forms (Margulis 1970, Boucher 1988, Hibbett et al. 2000, Lutzoni et al. 2001, 

Sanders 2002, Moran 2006). The most striking example of this is perhaps the symbiotic 

origin of eukaryote organelles (Mereschkowsky 1905, Margulis 1981, Tomitani et al. 

1999, Moreira et al. 2000).  

As is the case with other major groups of eukaryotes, symbiotic microbes have a 

major impact on the biology of insects. At one end of the symbiotic continuum, 

entomopathogenic microbes, the most intensively studied group of insect symbionts, are 

a significant source of mortality in insects and have been explored for their potential 

application as biocontrol agents (Pedigo and Rice 2006, Douglas 2007, Thomas 2008). At 

the other end of the continuum, the pervasiveness of beneficial insect symbioses is also 

becoming increasingly clear (Currie et al. 2006, Moran 2006, Janson et al. 2008), and the 
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fitness increase insects receive from the associations include nutrition and protection 

from predators, parasitoids, and pathogens (Currie et al. 1999b, Bourtzis and Miller 2003, 

Vega and Blackwell 2005, Bourtzis and Miller 2006, Moran 2006, Haine 2008). 

Considering the diversity of insects and microbes on the planet, with their mutual 

abundance and co-occurrence in virtually every terrestrial and fresh water habitat and 

their shared ancient evolutionary histories, it is likely that the biology of every insect 

species on the planet is influenced by microbial symbionts. There is already considerable 

support for this suggestion. For example, it is well established that entomopathogenic 

fungi infect diverse insects (Hajek and St. Leger 1994, Clarkson and Charnley 1996, 

Shah and Pell 2003, Vega and Blackwell 2005), and recent estimates suggest that the 

endosymbiont Wolbachia infects ~66% of insect species (Hilgenboecker et al. 2008). 

Furthermore, microbes are important in aiding digestion in many insects, especially those 

that feed on plant biomass (Ohkuma 2003, Hongoh et al. 2005, Warnecke et al. 2007), 

although this is mostly recognized in termites and cockroaches (Cruden and Markovetz 

1987, Dillon and Dillon 2004, Geib et al. 2008). We believe that an emerging frontier in 

insect biology research in the coming decade will be the identification of insect symbiotic 

associations and further characterization of how these interactions shape insect biology.  

In this review, we use our experience working with the fungus-growing ant- 

microbe symbiosis to discuss approaches and challenges in studying insect-microbe 

symbioses. The context of this discussion is a review of the progress made, as well as 

future directions of research on fungus-growing ant-microbe symbiosis. Specifically, we 

highlight key considerations in the field, including establishing the presence of symbiotic 
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associations, determining coevolutionary patterns, and the application of new DNA 

sequencing technologies to the study of insect symbioses. 

1.3 The Early Era of Fungus-growing Ant Research 

For centuries, humans have been fascinated by fungus-growing ants (Attini: 

Formicidae), especially the leaf-cutters. The conspicuous trails of leaf-cutter ants carrying 

small leaf fragments are mentioned by the ancient Mayans in their creation myth, The 

Popul Vuh. Early western colonists of the New World noted them in reports sent back to 

Europe (Weber 1972). Early research on fungus-growing ants focused on the 

macroorganisms, i.e., the ants. For example, Fabricius (1804) and others focused on 

classifying the ants, and Linnaeus (1758), the “Father of Taxonomy,” even described 

several attine species in his classic book Systema Naturae. The foraging behavior of 

leafcutters also received a lot of early scientific study (e.g., Bates 1863), a trend driven by 

the status of these ants as agricultural pests in the Neotropics and the salient nature of 

their microbial symbionts. Interestingly, despite receiving significant attention from early 

biologists, the ant-fungus symbiosis was not established until more than a century after 

Linnaeus first described several species. In 1874, Belt discovered that leaf fragments 

transported by the ants are not directly consumed, but instead are used as manure to grow 

a mutualistic fungus. Möller (1893) followed up on Belt’s discovery by conducting the 

first mycological studies on the mutualism and describing the first signs of coevolution 

between the ants and their cultivated fungi. Specifically, he discovered that the fungi 

cultivated by leaf-cutters produce specialized swellings at the hyphal tips, later termed 

gongylidia, which are consumed by the ants. Based on the discoveries of Möller (1893) 

and his own observations, Wheeler (1910) suggested that fungus-growing ants exhibit an 
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evolution toward more complex agriculture. This idea was based on the observation that 

some fungus-growing ant genera have more worker castes and substantially larger colony 

sizes when compared to seemingly more basal lineages. In addition, the social structure 

of ant colonies follow a pattern of increasing complexity, with monomorphic worker size 

in basal genera, and strong worker size polymorphism in the more phylogenetically 

derived genera, especially Acromyrmex and Atta.  

In the latter half of the 20th century, the focus of attine research moved further 

from being mostly myrmicocentric to include studies on the interactions between the ants 

and their mutualistic fungus. This included several decades of studies by Weber 

describing in great detail the natural history of ant-fungus interactions (reviewed in 

Weber 1966, 1972). Weber and others focused their research on the ants’ active 

promotion and optimization of the conditions for fungus growth, including studies on 

foraging ecology and plant preference (Cherrett 1968, 1972; Rockwood 1975; Littledyke 

and Cherrett 1978; Bowers and Porter 1981), substrate preparation (Quinlan and Cherrett 

1977), and pruning of the fungal cultivar to maintain high productivity (Bass and Cherrett 

1994). Subsequent studies showed that worker polymorphism is a reflection of within- 

colony division of labor and task specialization (Wilson 1980a, b; Hölldobler and Wilson 

1990; Wetterer 1999), with the smallest workers (minors) primarily being involved in 

fungus garden maintenance and brood care (Weber 1972, Wilson 1980a, Bass and 

Cherrett 1994). In contrast, young major workers are generally involved in garden 

tending, whereas older majors perform foraging and waste management tasks outside the 

colony (Weber 1972, Wilson 1980a).  
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An early discovery in the ant-fungus association was that the fungus is vertically 

transmitted between host ant generations (Ihering 1898, Autuori 1956). A colony- 

founding queen collects a pellet of fungus from her natal nest before leaving for her 

mating flight, and this pellet is stored in a pouch in the oral cavity (the infrabuccal 

pocket). After mating, she selects and excavates a suitable nest site and uses the fungus 

from her infrabuccal pocket as the inoculum for a new garden (Ihering 1898, Autuori 

1956, Mueller et al. 2001, Fernández-Marín et al. 2004). This finding led to the 

expectation that the cultivar symbionts of fungus growing ants represent an ancient, 

clonally propagated lineage of fungi that tightly evolve in parallel with their ant hosts, a 

finding that has shaped a number of later studies in host-symbiont specificity, 

codiversification, and coevolution (see below).  

For most of the 20th century, progress toward a deeper understanding of the ant- 

fungus mutualism was slowed by a dearth of mycology-trained investigators and a lack of 

methods for studying the cultivated fungi. As we describe below, an increase in 

microbiologically trained investigators studying the attine system, and newly developed 

molecular methods, have led to the identification of additional microbial symbionts in the 

symbiosis, and the ability to tackle more sophisticated questions of host-symbiont 

population dynamics and coevolution. This movement toward a deeper understanding of 

the bipartite mutualism parallels research in other model systems of insect symbiosis 

(Aanen et al. 2002, Klepzig and Six 2004, Six and Klepzig 2004) and capitalizes on the 

advances made in the areas of molecular ecology and phylogenetics in the 1990s. 
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1.4 Contemporary Fungus-growing Ant Symbiosis Research 

1.4.1 Symbiont Community Complexity 

Beginning in the 1990s, our paradigm of the fungus-growing ant system began 

shifting away from a bipartite mutualism toward that of a multipartite symbiosis 

characterized by a continuum of symbionts, ranging from mutualists to antagonists. 

Historically, fungus-growing ants were assumed to maintain their fungus gardens in 

monocultures free of parasites (e.g., Möller 1893). This view persisted until Currie et al. 

(1999a) established that the ants’ fungus gardens host specialized microfungal parasites 

in the genus Escovopsis (Ascomycota: anamorphic Hypocreales). Escovopsis is a 

mycotrophic parasite that directly targets and exploits the ants’ cultivar (Reynolds and 

Currie 2004) through chemical attraction to the cultivar (chemotaxis) (Gerardo et al. 

2006b). On contact with the cultivar, Escovopsis secretes compounds that degrade the 

host cells and subsequently absorbs the released nutrients (Reynolds and Currie 2004, 

Gerardo et al. 2006b). All evidence thus far indicates that Escovopsis is only found in 

association with ant colonies, is horizontally transmitted, and has the potential to be 

virulent (Currie et al. 1999a, 2001b). Although only two species of this pathogen have 

been formally described (E. weberi [Muchovej and Della Lucia 1990] and E. 

aspergilloides [Seifert et al. 1995]), it is clear that additional species parasitize attine ant 

fungal gardens (Currie et al. 2003a, Gerardo et al. 2006a; C.R.C., unpublished results).  

Escovopsis illustrates a challenge associated with establishing that a particular 

microbe has a symbiotic association with a host. The symbiotic relationship between 

attine ants and the fungus they cultivate is quite obvious as the cultivar can be seen with 

the naked eye. In contrast, Escovopsis is much less conspicuous and often requires 
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several rounds of culture isolations or molecular probing of the fungus garden to detect it. 

For example, Currie et al. (1999a) sampled microfungi from the fungus gardens of attine 

ants through microbiological isolation by placing small garden pieces on petri plates 

containing microbiological media. The result was the isolation of a large number of 

Escovopsis cultures, second only to the fungal mutualist. Using this approach, they found 

a high prevalence of Escovopsis in the gardens of fungus-growing ants, thus providing 

the first solid evidence of the presence of an additional symbiont within the attine anti- 

microbe association.  

Fungus-growing ants, like all insects, do not occur in isolation. Instead, they 

occupy niches full of microbes, and thus at any particular time are likely in contact with a 

multitude of microbes, of which only a subset can be considered symbionts. By 

definition, symbiosis is “the living together of unlike named organisms” (de Bary 1879), 

and it is generally accepted in the symbiosis community that transient microbes are not 

symbionts. Thus, although the isolation of microbes can be an important method for 

establishing an insect-microbe symbiosis, it is important to note that mere isolation of a 

bacterium or fungus from a host does not establish it as a symbiont. For example, 

numerous other fungi have been detected in the ants’ fungus gardens using isolation 

(Currie et al. 1999b, Rodrigues et al. 2008) or molecular methods (Abril and Bucher 

2007). However, it is likely that most of these are spores are inactive fungal mycelium 

present inside plant leaves in the soil or brought into the garden by workers. Thus, an 

additional challenge is to distinguish symbionts from the plethora of transient microbes 

that are obtained through culturing, as shown by Escovopsis being isolated several times 

before it was established as a symbiont (Möller 1893, Seifert et al. 1995, Fisher et al. 



	 10	
1996). For a summary of methodological approaches useful for identifying “resident” 

microbial symbionts from “tourists” see Ciche and Goffredi (2007).  

Once a microbe is established as a symbiont, it is important to characterize its 

ecological role. The role of Escovopsis was determined by using Koch’s postulates 

(Currie et al. 1999a), a rigorous test for determining if a microbe is a pathogen. For a 

microbe to be a pathogen Koch’s postulates require that the microorganism of interest be 

found in diseased organisms but not in healthy ones. The microorganism must then be 

isolated in pure culture and confirmed to cause disease when introduced to a healthy 

organism. Last, the microorganism must be re-isolated from the inoculated, diseased 

experimental host (Agrios 1988). These postulates provide an invaluable tool for 

establishing the pathology of symbionts; however, establishing the ecological function of 

less obvious microbial interactions, such as commensalisms, may require more subtle 

observations of host response (see Ciche and Goffredi 2007).  
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Figure 1. The fungus-growing ant symbiosis is a model system for studying the 
ecology and evolution of symbiotic interactions. The symbiosis currently contains five 
identified and characterized symbionts: Attine ants, the fungi that they cultivate for food, 
cultivar-attacking microfungi in the genus Escovopsis, antibiotic-producing bacteria in 
the genus Pseudonocardia, and a black yeast parasitizing the ant-Pseudonocardia 
mutualism. The diversity of interactions in this model system provides a wealth of 
opportunity for scientific inquiry, particularly beyond bipartite interactions. 
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Coinciding with the establishment of Escovopsis as a parasite of the ant-fungus 

mutualism, an additional symbiont was discovered. What was previously dubbed a “waxy 

bloom” growing on the cuticle of the ants (Weber 1972) was found to be actinobacteria in 

the genus Pseudonocardia (Currie et al. 1999b, Cafaro and Currie 2005). These bacteria 

secrete secondary metabolites with antifungal properties that inhibit the growth of 

Escovopsis (Currie et al. 1999b, 2003a). The chemical structure of the antifungal 

responsible for the inhibition of Escovopsis from a Pseudonocardia symbiont of 

Apterostigma dentigerum (Wheeler 1910) has recently been characterized (Oh et al 

2009). The bacteria, which are housed in specialized cuticular modifications on the ants’ 

body, likely receive nutrients through integumental pores connected to specialized 

bicellular glands within the ants (Currie et al. 2006). The discovery of the mutualistic 

association of Pseudonocardia with fungus-growing ants highlights another important 

aspect of insect symbiosis: the use of microbes by hosts as a form of evolutionary 

innovation. Through these symbiotic associations, insects can gain access to the 

specialized physiological capabilities of microbes. In the ant-Pseudonocardia case, the 

ants gain access to secondary metabolites with antimicrobial properties. Insect use of 

symbiotic bacteria to derive antibiotics is now known to occur beyond the fungus-

growing ant symbiosis (Kaltenpoth et al. 2005, Scott et al. 2008).  

In addition to using Pseudonocardia-derived antifungal compounds, ant workers 

play an important role in maintaining fungus garden hygiene. In the presence of alien 

fungal spores, the leaf-cutter Atta colombica (Guerin-Meneville) engages in two 

behaviors: (1) grooming of fungal spores from the garden and (2) removal of infected 

garden substrate (Currie and Stuart 2001). These two behaviors, coined “fungus 
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grooming” and “fungus weeding,” respectively, are effective at eliminating the 

aggressive general pathogen Trichoderma (Currie and Stuart 2001). Interestingly, the 

fungus-growing ant Trachymyrmex cf. zeteki (Weber) combines the use of behaviors and 

symbionts to control Escovopsis (Little et al. 2006). The spores of the parasite are 

removed through fungus grooming and are subsequently stored in the infrabuccal pocket, 

where Pseudonocardia is also present. When the contents of the infrabuccal pocket are 

later regurgitated, the Escovopsis spores are no longer viable (Little et al. 2006). In 

addition, fungus-growing ants have paired metapleural glands, which produce 

antimicrobial compounds, and these secretions help protect ants from generalist insect 

pathogenic fungi (do Nascimento et al. 1996; Poulsen et al. 2003, 2006). By passing their 

forelegs across the surface of the gland, and subsequently passing them through their 

mouthparts (termed metapleural gland grooming), workers actively apply metapleural 

gland-derived compounds (Fernández-Marín et al. 2006). Metapleural gland grooming 

occurs during garden maintenance and is up-regulated during parasite infection, leading 

to the speculation that this behavior allows application of compounds directly to the 

fungus garden (Fernández-Marín et al. 2006). Although it remains to be fully established 

whether this behavior plays a role in defending the mutualistic fungus, these findings 

show how behavioral observations, chemical analyses, and infection experiments are 

important and powerful tools for research in insect symbiosis.  

Further advances in microbiological and molecular techniques have resulted in the 

recent identification of another microbial symbiont in the fungus-growing ant system 

(Fig. 1). As Escovopsis parasitism shows, mutualisms are prone to exploitation by 

parasites (Bronstein 2001). It is therefore not surprising that, just as the attine ant-fungus 
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mutualism is parasitized, so is the ant-bacteria mutualism. A black yeast (Ascomycota; 

Phialophora) grows on the same locations on the ant cuticle as the ant-associated 

Pseudonocardia (Little and Currie 2007). This black yeast parasitizes the fungus-growing 

ant system by acquiring nutrients from the bacteria and thereby indirectly reduces the 

ability of Pseudonocardia to suppress Escovopsis growth (Little and Currie 2008). The 

finding of a relatively inconspicuous fourth symbiont associated with attine ants shows 

some of the potential challenges researchers face in insect symbiosis. The presence of the 

black yeast was discovered only through the use of specialized culturing techniques and 

polymerase chain reaction (PCR), and its antagonistic role was only established through 

combined infection experiments with the garden parasite (Little and Currie 2007). In 

addition, because the black yeast significantly alters the dynamics of the other four 

symbionts, this finding illustrates the importance of discovering additional associates 

within symbiotic communities. 

 

1.4.2 Host-symbiont Phylogenetics and Coevolution 

A more complete understanding of the ant-fungus mutualism has been greatly 

hindered by the lack of information regarding the evolutionary history and taxonomic 

placement of the fungal cultivars. Traditionally, fungal taxonomy and systematics were 

based solely on the morphology of fruiting structures. However, the fungi cultivated by 

attine ants rarely, if ever, produce these structures, either in association with the ants or in 

pure culture (Möller 1893, Hervey et al. 1977, Muchovej et al. 1991). The development 

of molecular phylogenetic techniques in the late 20th century facilitated the 

reconstruction of the evolutionary history of the ants’ cultivar and reliably established 
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their taxonomic placement (Chapela et al. 1994, Mueller et al. 1998). This has greatly 

advanced our understanding of the ant-fungus mutualism by providing new insights into 

the origin of the mutualism (see Mueller et al. 2001) and the phylogenetic diversity of the 

cultivated fungi. Importantly, it has also allowed for a more rigorous examination of ant- 

fungus coevolution.  

The ants and their mutualistic fungi exhibit broad-scale phylogenetic congruence 

(Chapela et al. 1994, Mueller et al. 1998, Bot et al. 2001, Richard et al. 2007, Schultz and 

Brady 2008). This can be divided into five agricultural systems, each involving distinct 

lineages of ants and fungi (Schultz and Brady 2008). First, in “lower attine agriculture,” 

the most basal form of ant fungiculture, ants associate with a paraphyletic group of 

parasol mushrooms in the tribe Leucocoprinae (Mueller et al. 1998). In the second 

agricultural system, “coral fungus agriculture,” a group of lower attines in the genus 

Apterostigma secondarily switched to cultivating fungi in the family Pterulaceae 

(Agaricales) (Munkacsi et al. 2004). Cyphomyrmex ants in the rimosus group cultivate 

their Lepiotaceous fungi in a yeast form, termed “yeast agriculture” (Mueller et al. 1998). 

Finally, “higher attine agriculture,” which includes “leaf-cutter ant agriculture,” is a 

system where the cultivated fungus apparently no longer exists outside the ant mutualism 

(Chapela et al. 1994, Mueller et al. 2001). Higher attine agriculture is the most recent 

transition in ant fungiculture and marks the origin of the two leaf-cutting ant genera, Atta 

and Acromyrmex, the only lineage with the ability to use fresh leaf material for cultivar 

substrate (Schultz and Brady 2008).  
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Figure 2. The history of research in the fungus-growing ant system and anticipated 
future directions. As with many biological study systems, research efforts have been 
shaped largely by the tools available for scientific inquiry. Past research was focused on 
the ant host, using mostly observational approaches, whereas more contemporary 
research has used molecular genetic tools to address more in-depth questions in ecology 
and evolution. We predict that future directions will seek to make use of the recent 
genomics revolution. 
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The application of molecular phylogenetics has also facilitated the reconstruction 

of the evolutionary history of the garden parasite. Escovopsis parasitism had a single and 

early evolutionary origin in the symbiosis (Currie et al. 2003b). Despite being 

horizontally transmitted between colonies (Currie et al. 1999a), phylogenetic evidence 

indicates that the parasite is divided into four major lineages, each of which is associated 

with a corresponding group of fungus-growing ants and their mutualistic fungi (Currie et 

al. 2003b). These groups correspond broadly to the major agricultural systems identified 

above (Currie et al. 2003b), although Escovopsis has not been found infecting yeast 

agriculture. Thus, at deeper levels, the phylogenies of the ants, cultivars, and Escovopsis 

are highly congruent, suggesting that the ant-microbe symbiosis is the product of 

tripartite coevolution (Currie et al. 2003b). One exception to this pattern is a switch in 

Escovopsis host use across one ant agricultural system, the coral fungus group (Gerardo 

et al. 2006a), which is not surprising considering that this corresponds to the ants’ switch 

from cultivating fungi in the family Lepiotaceae to fungi in the Pterulaceae. At finer 

phylogenetic levels, where interactions on ecological time scales become increasingly 

important, related strains of Escovopsis are known to switch between closely related ant 

species, so that cophylogenetic patterns are disrupted within each of the agricultural 

systems (see below).  

Broad-scale patterns of codiversification between fungus-growing ants and 

Pseudonocardia are expected from the default vertical transmission of Pseudonocardia 

between host ant generations (Currie et al. 1999b), and as predicted, signatures of 

codiversification have been found at deeper evolutionary time scales. A combined 16S 

rDNA and elongation factor-Tu phylogeny of Pseudonocardia indicates ant- 
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Pseudonocardia codiversification and broad-scale matching in the evolutionary history of 

Pseudonocardia with those of the ants, cultivar, and Escovopsis (Cafaro et al. 2011.). 

This pattern is, as with the fungal cultivar and Escovopsis, disrupted by horizontal 

transmission of bacterial strains between ant species and genera at finer phylogenetic 

time scales (Poulsen et al. 2005). Further support for coevolution between the ants and 

Pseudonocardia is derived from the discovery that attine ants have elaborate 

morphological and physiological modifications to maintain the bacteria on the ants’ 

cuticle (Currie et al. 2006). This has been documented in representative ant species and 

genera spanning most of the evolutionary history of fungus-growing ants, and it seems 

that these structures have undergone significant modifications over the course of the 

evolutionary history of the association (Currie et al. 2006). These findings are disputed 

by Mueller et al. (2008), who maintain that there is no pattern of codiversification, hence 

coevolution, between the ant and Pseudonocardia. However, this is based on inferences 

from 16S rDNA sequencing alone (Mueller et al. 2008), which provides only a coarse 

level of resolution that would typically not be appropriate for revealing patterns of 

codiversification at evolutionary time scales (Cohan 2006, Staley 2006; see Cafaro et al. 

2011).  

Phylogenetic information for the black yeast is, as of yet, limited (Little and 

Currie 2007). As mentioned above, this symbiont has only been isolated from 

Apterostigma. However, its presence has been detected in other lineages using PCR 

amplification (Little and Currie 2007), suggesting an early origin of the black yeast 

within the symbiosis and the potential for coevolution with the other four symbionts. 

Sequencing of more informative genes is needed to determine whether this is the case. 
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Selecting the appropriate molecular marker for a given study is largely an issue of scale. 

As questions move into more recent ecological time scales and into the realm of 

population biology, it becomes increasingly important to use more variable markers, such 

as DNA microsatellites and other types of fragment length-based genotyping. 

 

1.4.3 Population Aspects of Symbiosis 

	 Understanding population level dynamics of symbiotic interactions is essential to 

understanding long-term coevolutionary trajectories. In particular, the mode of symbiont 

transmission plays an important role in shaping coevolutionary dynamics. For example, 

hosts and symbionts that are closely tied to one another across generations through 

vertical transmission, from parent to offspring, are better equipped to withstand stochastic 

evolutionary forces and are more likely to retain their associations over large 

evolutionary time scales. In contrast, horizontally transmitted associations are predicted 

to be more diffuse, barring sustained selection pressures holding them together. 

Furthermore, parasite transmission mode is a critical factor driving the evolution of 

virulence (Ewald 1994). Thus, an important first step in understanding the population 

level dynamics of symbiotic interactions is the characterization of symbiont life histories. 

This can be accomplished through direct observation. However, identifying deviations 

from life history strategies is of equal importance and is often more difficult. For 

example, Wolbachia are endosymbiotic bacteria that reside in the reproductive organs of 

insects and are transmitted vertically into the cytoplasm of unfertilized eggs. Although 

this transmission method seems quite strict, molecular genetic studies have shown that 

horizontal transmission of Wolbachia is rampant (O’Neill et al. 1992; Werren et al. 1995; 
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Schilthuizen and Stouthamer 1997; Heath et al. 1999; Vavre et al. 1999; Huigens et al. 

2000, 2004; Noda et al. 2001).  

In the fungus-growing ant system, vertical transmission of fungal cultivars is 

similarly punctuated by horizontal transfer events. In the lower attines, amplified 

fragment length polymorphism (AFLP) genotyping has shown that two closely related 

species in the genus Cyphomyrmex share cultivar genotypes, indicating that fungal 

cultivars are regularly exchanged between them (Green et al. 2002). A study by Adams et 

al. (2000) has proposed a potential mechanism for how such horizontal transfer events 

might occur. In the laboratory, when Cyphomyrmex ants have their fungal gardens 

artificially removed (mimicking natural garden loss), they obtain a new fungus garden 

either by fusing with, or stealing fungus from, another colony. Another potential 

mechanism of cultivar switching in lower attines is through parabiosis, the merging of 

con- or allospecific ant colonies (Sanhudo et al. 2008). Similar examples of cultivar 

switching are seen in the higher attines. Multiple leaf-cutter species from the two most 

derived attine genera (Atta and Acromyrmex) share genetically similar cultivar types 

based on AFLP (Bot et al. 2001, Richard et al. 2007) and microsatellite markers 

(Mikheyev et al. 2007). However, considering the ultimate importance of horizontal host 

switching versus strict vertical transmission on long-term coevolutionary stability, we 

should point out several problems inherent to the empirical nature of several of these 

molecular bases studies. First, in the absence of lineage sorting, resolving gene trees with 

species trees becomes difficult if not impossible. Similarly, if symbiont genotypes have 

not undergone sorting events, their associations with hosts (or host genotypes) may seem 

diffuse despite high specificity (Page and Charleston 1998). This problem becomes 
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exaggerated when phylogenies are wide and have relatively short branch lengths 

(Maddison et al. 1997), as is often the case with studies at the interface of population 

genetics and phylogenetics.  

The dynamics of cultivar host switching are further complicated by the potential 

for recombination among cultivar strains. A recent study found indirect evidence of 

recombination among leaf-cutter cultivars, suggesting that all leaf-cutter cultivars 

comprise a single biological species (Mikheyev et al. 2006). As of yet rates of sexual 

versus clonal reproduction have not been recorded, although the evolutionary 

implications are important (Halkett et al. 2005), particularly in microbes (Whitaker and 

Banfield 2006). If sexual reproduction is frequent, this will disrupt the physical linkage 

between genes directly involved in symbiosis and other genes in the genome. This 

emphasizes the critical task of identifying genes directly involved in symbiotic 

interactions, because these are the genes that will show the strongest patterns of 

specificity and coevolution with hosts.  

Despite the presence of cultivar diversity within populations and lateral transfers 

of cultivar strains between colonies, individual ant colonies seem to associate with a 

single fungus strain (Poulsen and Boomsma 2005). Genetic monocultures are maintained 

through both ant-mediated exclusion of nonnative fungal strains entering colonies (Bot et 

al. 2001, Viana et al. 2001, Mueller 2002), and by the resident fungus through the 

expression of incompatibility mechanisms (Poulsen and Boomsma 2005). In leafcutters, 

these incompatibility mechanisms do not seem to operate during the first few days of 

colony formation, likely because queens do not feed on the fungus during this early stage 

of garden founding (Poulsen et al. in prep.). Thus, this is a stage in the colony life cycle 
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where horizontal transfer events are most likely to occur. Maintaining a single fungal 

strain within a colony at any given point in time prevents potential competition between 

genetically different cultivars, which is both in the interest of the ants and the cultivar as 

the presence of multiple cultivar genotypes is predicted to reduce productivity (Frank 

1996, 2003). At the same time, single strain rearing reduces potential conflict in the 

association, because rearing multiple fungal strains means that genetically different fungi 

share ant host resources and transmission (with gynes) to future generations (Frank 1996, 

2003; Poulsen and Boomsma 2005).  

In contrast to vertical transmission of the fungal cultivar, Escovopsis is not found 

in newly established ant nests, indicating that the parasite is acquired horizontally from 

other ant colonies (Currie et al. 1999a). Although the transmission mechanism of 

Escovopsis is unclear, it has been suggested that other arthropods (inquilines) associated 

with the fungus gardens might transmit Escovopsis (Currie 2001a). Candidates for such 

transmission include parasitoid wasps that infect attine larvae, which are regularly present 

in fungus gardens and refuse dumps of attine ants (Fernández-Marín et al. 2006). Thus, it 

is perhaps not surprising that, similar to ant-cultivar specificity, Escovopsis host 

switching is a regular occurrence among leaf-cutter ant species (Taerum et al. 2007). 

Contrasting these relatively diffuse associations against patterns of phylogenetic 

congruence at deeper time scales (Currie et al. 2003b) begs the question of how host- 

symbiont specificity is maintained at one scale but not another. Gerardo et al. (2006b) 

identified a potential mechanism for maintaining broad-scale specificity between the 

cultivar and Escovopsis. Using three genetically distinct cultivar types associated with 

three species of Apterostigma, they showed that Escovopsis strains are attracted to native 
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cultivar types through chemotaxis. However, when Escovopsis strains were artificially 

switched to non-native cultivars, parasite growth was strongly inhibited, possibly 

selecting against parasite host switching across ant agriculture systems (Gerardo et al. 

2006b). Interestingly, although this study provides a mechanism for maintaining cultivar- 

Escovopsis associations among species within the genus Apterostigma, this type of host- 

genotype tracking is not in place within species (Gerardo and Caldera 2007).  

Transmission patterns of the bacterial mutualist Pseudonocardia seem similar to 

those of the fungal cultivar. In species with visible cover of Pseudonocardia on the 

cuticle, foundress queens depart from parent nests with an inoculum of the symbiotic 

bacteria growing on the cuticle, thus transmitting the bacteria vertically (Currie et al. 

1999b). Furthermore, similar to the presence of horizontal host switching among leaf-

cutter ant species (Mikheyev et al. 2006), Poulsen et al. (2005) showed that two species 

within the leafcutter ant genus Acromyrmex also share similar Pseudonocardia 

genotypes. Cafaro et al. (in prep.) pointed out that switches across agriculture systems 

may be more common in Pseudonocardia than in the fungal cultivar or Escovopsis and 

also documented examples of acquisitions of free-living Pseudonocardia. Although more 

detailed studies are needed to fully understand the mechanisms controlling host 

specificity in Pseudonocardia, our current view is that horizontal transfer of 

Pseudonocardia is a phenomenon that is likely to occur more frequently than cultivar 

exchanges at ecological time scales, thus becoming a question of population biology. 

Despite a seemingly greater degree of horizontal transfer in Pseudonocardia, individual 

ant colonies of Acromyrmex, the only ant genus in which this question has been 

addressed, seem to associate with only a single Pseudonocardia strain (Poulsen et al. 
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2005). This ability may be governed by the behavior of the ants, because they can 

distinguish among Pseudonocardia strains (Zhang et al. 2007), a behavior that is likely 

useful in reducing within-colony conflict between different strains (Poulsen et al. 2007).  

A rich history of theoretical and empirical work in population genetics has provided a 

solid framework for understanding how factors such as genetic diversity, population 

structure, mutation, and recombination shape evolutionary trajectories. For symbiotic 

interactions, these concepts have been applied most readily to the coevolutionary 

dynamics of adaptation in host-parasite systems (Lively 1999). Within this framework, 

Gerardo and Caldera (2007) examined the population genetic structure and interactions of 

fungal cultivars and Escovopsis parasites associated with Apterostigma dentigerum across 

Central America using AFLP genotyping. Parasite populations were less structured than 

hosts (indicative of higher gene flow), but host population genetic structure was also 

relatively low. Moreover, the parasites did not seem locally adapted to particular 

locations or host genotypes; rather, they were successful at infecting almost all cultivars. 

These empirical findings are in contrast to traditional views of host-parasite dynamics, 

where a host (usually a macroorganism) houses a horizontally transmitted parasite that 

generally harbors more evolutionary potential in the form of a larger population size, 

shorter generation time, and higher mutation rate. The predicted outcome of this 

interaction is that the parasites become locally adapted to their hosts (Hamilton et al. 

1990). These differences are perhaps not surprising for several reasons. While Escovopsis 

harbors the evolutionary “advantage” of horizontal transmission, contrasting the 

asexually propagated cultivar host, the parasite is actually evolving in response to the 

effective populations of the ants and the bacterial mutualist, both of which are arguably 
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capable of imposing equally if not stronger selection pressures. These dynamics are 

further complicated because the presence of the black yeast can potentially relax these 

selection pressures. Moving forward, one of the challenges in the system is that few 

theoretical and empirical population genetic studies have focused on more than two 

symbionts in any system (but see Stanton 2003, Strauss and Irwin 2004), leaving little 

insight from other multi-partite symbiotic systems.  

Contemporary attine research is characterized by the movement toward greater 

focus on microbiology of the system, including the identification of additional symbionts 

and symbiont interactions, as well as exploring patterns of coevolution. Furthermore, the 

last 5 years has seen a shift toward new types of questions being addressed, including 

those spanning different spatial and temporal scales and fields of study (Fig. 2). As these 

new questions become increasingly complex, more challenges will arise, and there is a 

need for increasingly sophisticated tools. New approaches, driven by technological 

advances such as genomics, will be able to help address some of these new questions. 

Additionally, just as contemporary research has broadened in perspective (e.g., from 

phylogenetics to population genetics), future studies will continue this trend as we start to 

explore interactions at the genetic and chemical levels. 

1.5 Postgenomics and the Attine Ant Symbiosis: Future Directions  

The genomics revolution, made possible through the rapid advances in DNA 

sequencing technology of the last 10 years, has dramatically altered the way biological 

research is conducted. The field of insect-microbe symbiosis is no exception. High- 

throughput molecular techniques make it possible to identify new symbionts and study 

symbiotic interactions at a much faster pace. We believe greater integration of genomic 
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approaches will make the next decade of insect-microbe symbiosis research especially 

fruitful, providing deeper insight into symbiosis at a number of different levels, including 

the genetic, molecular, and chemical scales. Below, we discuss how some of these 

advances are moving the field of insect-symbiosis forward. We will discuss how these 

techniques can be used to further our understanding of the fungus-growing ant symbiosis, 

partly by highlighting recent work in other insect-symbiotic systems. 

 

1.5.1 Metagenomics: Identifying Microbial Symbionts.  

Over the last 15 years, our understanding of the ant-fungus symbiosis has 

expanded to include Pseudonocardia, Escovopsis, and the black yeast parasite. As 

discussed above, one of the challenges and emerging frontiers in insect biology is in 

identifying microbial symbionts. Traditionally, the majority of the known microbial 

symbionts have been identified because they can be cultured or are readily observed in 

the system. However, it is likely that there are a number of yet undiscovered symbionts 

that play significant roles in these systems. Metagenomics is a relatively new technique 

capable of identifying the microbial diversity in a system by either sequencing well- 

studied genetic identifiers, such as 16S or 18S rDNA, or by sequencing more specific 

genes in the system. In 16S/18S metagenomics, the microbial diversity of a sample is 

estimated by applying high-throughput sequencing approaches such as 454 sequencing 

(Margulies et al. 2005). A single 454 sequencing run, which takes an afternoon, generates 

hundreds of thousands of sequences, orders of magnitude more compared with traditional 

sequencing approaches, such as Sanger. Coupled with the development of specialized 

databases, such as the Ribosomal Database Project (Cole et al. 2007) and Green genes 
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(DeSantis et al. 2006), it is also possible to rapidly attach putative microbial identity to a 

given sequence. As a result, a much larger view of a system’s microbial diversity can be 

rapidly assessed, potentially providing insight into new symbionts.  

The main challenge in using 16S/18S metagenomics data is to determine which 

microbes are symbionts and which are not. The application of functional metagenomics 

can help predict the function of the microbial community by sequencing all DNA isolated 

from a system. In this way, a snapshot of many of the genes that exists within a sample 

can be obtained, regardless of their origin. This data can be used to infer the types of 

physiological pathways supported by the whole community and thereby provide insight 

into the biology of the insect and its associated microbes. Furthermore, putative 

symbiotic interactions can be predicted without knowledge of the specific symbiont. For 

example, the presence of multiple copies of a specific amino acid biosynthesis pathway 

could point to a nutritional deficiency in the diet of the insect and the presence of 

potential microbial symbionts that fulfill that need. This approach has already been used 

to successfully describe the genomic environment of one insect-microbe system: the 

wood-feeding termite, Nasutitermes ephratae, hind-gut system (Warnecke et al. 2007). In 

this study, DNA isolated from the wood-feeding termite hind-gut was sequenced to 

determine the types and origins of enzymes that allow the termites to digest wood. A 

large number of cellulose-degrading genes were found, and their putative origins were 

pinpointed, many of which are from different species of the termite-associated 

Treponema symbionts (Spirochaetes: Treponamataceae). In addition to these genes, parts 

of the bacterial community in the termite’s hind-gut were characterized based on the 16S 

rDNA genes sequenced. A similar approach is promising for the fungus-growing ant-
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microbe system, because the ants likewise process a massive amount of plant biomass. 

For example, both 16S/18S and functional metagenomics can be used to identify the 

microbial community and its role in the fungus garden. Because it appears that the 

cultivated fungus does not participate in cellulose degradation (Abril and Bucher 2002, 

2004), it is likely that other microbial symbionts are responsible for this process. They 

can be identified using metagenomics.  

Perhaps the most exciting application of functional metagenomics is in 

reconstructing the whole genome of insect symbionts to pinpoint and establish the 

association to specific microbes. This approach has been used in very specialized 

environments, where there are likely only a few predicted symbionts, thereby facilitating 

the assignment of functional metagenomic data to a particular genome (Piel 2002). 

Although this approach is still in its infancy, a recent report used stable isotope-labeled 

methane to tag DNA and successfully constructed the genome of a novel methylotroph 

from functional metagenomic data of a diverse microbial community in Lake Washington 

(Kalyuzhnaya et al. 2008). This approach might be particularly useful for whole genome 

reconstruction of insect symbionts, especially if the host provides the symbiont with 

nutrients. As this genome-first approach continues to develop, it will be possible to 

characterize microbial symbionts of insects in a purely genetic context, including those 

that cannot be cultured or directly observed. 

 

1.5.2 Genomics of Symbiosis: Interaction at the Genetic Level.  

As new symbionts are identified, it is important to gain an understanding of how 

they interact at a genetic level. This is greatly facilitated with the advent of genome 
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sequencing, because researchers have unprecedented access to all of the genes that define 

an organism’s biology. Having access to the genomes of microbes associated with 

fungus-growing ants would be immensely valuable, as it would allow us to tease apart the 

genetic changes in both the ants and the microbes associated with the establishment of 

fungus farming, the genetic mechanisms of coadaptation during the long history of 

coevolution between the ant and the cultivar, and the genetic basis of host-symbiont 

recognition. These types of studies, conducted in other insect-microbe symbioses, have 

advanced our understanding of the genetic mechanisms of symbiosis. For example, the 

only complete insect-microbe genome pair is that of Drosophila and its endosymbiont 

Wolbachia, and it was recently reported that Wolbachia can integrate its entire genome 

into the chromosome of its Drosophila host (Hotopp et al. 2007). This type of cross 

kingdom horizontal genome transfer has changed the way we view symbiosis and 

genome evolution.  

Because of the prohibitive cost of sequencing their large and highly variable 

genome sizes, to date only a handful of completed insect genomes are available. In 

fungus-growing ants, the genomes of Atta cephalotes (L.) and A. colombica are ~300 Mb 

in length, whereas the genome of Apterostigma dentigerum is more than double the size 

at ~640 Mb (Tsutsui et al. 2008). With the decreasing cost in sequencing, we expect 

many insect genomes to be sequenced in the near future (for a review, see Robinson et al. 

2006). Sequencing the genome of the fungal symbionts is much less resource-intensive, 

though as of yet genome sequencing for these fungi has not been undertaken. 

Nevertheless, a genome sequencing project is underway for the first symbiont from the 

ant-microbe system, the actinobacterium Pseudonocardia. With the genome of this 
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symbiont, it will be possible to conduct comparative genome analyses between 

Pseudonocardia and other sequenced actinobacteria not associated with fungus-growing 

ants. This should provide important insights into those genomic regions directly involved 

in symbiosis. Moreover, the availability of a sequenced genome will help facilitate the 

description of genetic variation across the genome. This would be powerful because it 

would allow for the identification of genomic regions that have recently undergone 

selective sweeps (i.e., regions that have lost substantial genetic variation). Frequent bouts 

of selective sweeps are predicted to occur at regions directly involved in host-pathogen 

coadaptation, so identifying these regions might help pinpoint loci involved in antibiotic 

production and hence Escovopsis suppression.  

Furthermore, we can also identify those genes that provide benefits to the ants that 

are not readily apparent. Although Pseudonocardia is known to produce antibiotics that 

inhibit Escovopsis, for which the genetic cluster can be readily identified from its genome 

(see below), there may be other genes that contribute to the ant-actinobacteria mutualism. 

This type of analysis has been used to study other bacterial symbionts, specifically for the 

large number of endosymbionts that have been sequenced (Dale and Moran 2006). We 

now know that the close association of endosymbiotic bacteria with their insect host often 

results in severe genome reduction, with retention of mainly genes that confer a benefit to 

the host (Ochman and Moran 2001, Wernegreen 2002). For example, many of these 

endosymbionts specialize in biosynthetic pathways for the production of amino acids that 

are either scarce or missing from the diet of their insect host (Shigenobu et al. 2000, 

Nakabachi et al. 2006, McCutcheon and Moran 2007). Pseudonocardia will likely be the 

first insect exosymbiont sequenced, with a predicted genome size between 6 and 7 Mb. 
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Far greater than the average 2 Mb of insect-endosymbiotic genomes, it may encode 

genetic clusters that are needed for the exosymbiotic lifestyle and possibly genes that 

confer benefits to the ants in addition to antibiotic production.  

Many of these initial genome-level studies have focused on using comparative 

genomics to identify the genes involved in establishing and propagating symbiotic 

interactions. However, we are now realizing that the expression of genes during 

symbiotic interactions is likely a major driving force behind their evolution. As a result, 

many insect-microbe symbiosis studies are beginning to use microarrays, a technology 

that can measure changes in the level of gene expression (Lucchini et al. 2001, Southern 

2001, Ehrenreich 2006). For the ant-microbe system, this approach may be more feasible 

than sequencing the whole genome of an ant, because a microarray can be constructed 

using the ant’s expressed sequence tags. Sequencing of these tags requires substantially 

less resources than whole genome sequencing, and a microarray for the fire ant, based on 

~12,000 expressed sequence tags, in fact already exists (Wang et al. 2007). Coupled with 

the genome of Pseudonocardia, a dual-microarray can be constructed to investigate the 

changes in gene expression that occur in both partners under different conditions, such as 

infection with Escovopsis. This approach has been used to evaluate changes in gene 

expression that occur in both partners of the Drosophila–Wolbachia symbiosis during 

Wolbachia colonization (Xi et al. 2008) and also in the pea aphid-Buchnera system 

during stress response to heat shock (Wilson et al. 2006). Because of the feasibility of 

constructing dual-microarray systems, this may be an attractive technique for many 

insect-microbe systems. 
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1.5.3 Symbiosis at the Molecular Level.  

Having access to the genome sequences of insect-microbe symbionts can also 

increase our understanding of symbiotic interactions at the molecular level. This is 

primarily because of our ability to develop genetic systems for these symbionts and study 

the molecular changes that occur as a result of genetic changes in the genome. For many 

insects, the development of RNAi to remove the expression of genes has greatly 

facilitated our ability to test the involvement of specific genes and proteins in symbiotic 

interactions (Fire 1999, Hannon 2002). Similarly, the development of genetic systems for 

microbial symbionts by completely disrupting transcription of specific genes can be 

useful for studying the symbionts role. This approach presents an exciting prospect for 

the fungus-growing ant-microbe system, because many of the symbiotic interactions in 

this system exist at multiple scales. For example, the ants engage in behavioral activities 

that promote symbiosis, such as the grooming and weeding behavior of Escovopsis from 

their fungal gardens. By knocking out the expression of specific genes identified to be 

involved in pathways such as pathogen recognition using RNAi studies, we can begin to 

understand the genetic and molecular basis of such behaviors.  

Many of these types of analyses are already well developed for bacterial systems, 

and the development of a genetic system for Pseudonocardia would allow for the study 

of a number of key aspects of the ant-Pseudonocardia symbiosis. For example, the 

production of secondary metabolites by Pseudonocardia, such as the already identified 

compound (Oh et al. in prep.), can be correlated to genetic cluster(s), and a knockout can 

be used to definitively establish that a particular antibiotic is responsible for Escovopsis 

inhibition. Furthermore, knockout strains of Pseudonocardia could be tested by 
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inoculating these strains into their original colonies to determine the set of genes that are 

important for successful maintenance of the symbiosis. Such knockout type experiments 

could be applied to all other members in the system, thereby teasing apart genes and 

molecules that result in the establishment, maintenance, and evolution of symbiosis. 

1.6 Conclusion 

Given the extraordinary amount of biodiversity held within microbes and the 

insects (Wilson 1992), itis somewhat surprising that few insect-microbe symbioses have 

been described. This is perhaps a reflection of the relatively small number of 

entomologists and/or microbiologists focused on these cross-kingdom associations, as 

well as the challenges associated with identifying and working on microbial symbionts. It 

is likely that insect-microbe symbioses are ubiquitous, and a future challenge for the field 

is describing the multitude of associations that exist. Here we have reviewed the past and 

present research in the fungus-growing ant model system in hopes to provide insights for 

describing other insect-microbe symbioses. The fungus-growing ant system is a 

particularly useful model system, because it contains relatively well-described symbionts 

ranging from mutualists to antagonists crossing multiple kingdoms. Our experience in 

microbial ecology and evolution, we hope also provides useful insight into tackling 

complex concepts such as population and coevolutionary dynamics, as well as host- 

symbiont specificity, within multipartite interactions. We have also discussed future 

directions in insect symbioses, pointing out that the field stands to benefit greatly from 

recently thriving areas, such as genomics. Given the abundance of microbial symbionts, 

as both pathogens and producers of antibiotics, insight from insect-microbe symbioses 

may also have important implications for the health of all organisms, including humans. 
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2.1 Abstract 

The distribution of genetic and phenotypic variation in both host and parasites over 

their geographic range shapes coevolutionary dynamics. Specifically, concordant host 

and parasite distribution facilitates localized adaptation and further specialization of 

parasite genotypes on particular host genotypes. We here compare genetic population 

structure of the cultivated fungi of the fungus-growing ant Apterostigma dentigerum and 

of the cultivar-attacking fungus, Escovopsis, to determine whether these microbial 

associations have evolved or are likely to evolve genotype-genotype specialization. 

Analyses based on amplified fragment length polymorphism (AFLP) genotyping of host 

cultivars and pathogenic Escovopsis from 77 A. dentigerum colonies reveal that 

populations of hosts and pathogens are not similarly diverged and that host and pathogen 

genetic distances are uncorrelated, indicating that genetically similar parasites are not 

infecting genetically similar hosts. Microbial bioassays between pathogens and cultivars 

of different genotypes and from different populations show little pairwise specificity; 

most Escovopsis strains tested can successfully infect all cultivar strains with which they 

are paired. These molecular and experimental data suggest that Escovopsis genotypes are 

not tightly tracking cultivar genotypes within the A. dentigerum system. The diffuse 

nature of this host–pathogen association has implications for evolutionary and ecological 

disease dynamics of the fungus-growing ant–microbe symbiosis. 
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2.2 Introduction 

Parasites specialize on hosts at numerous ecological scales. At the broad level, 

most parasites attack only particular taxonomic host groups (e.g. birds, annual plants, 

bacteria); at the finest level, some pathogen genotypes are specialized at attacking only a 

narrow range of host genotypes (Carius et al, 2001; Schulenburg and Ewbank, 2004). 

Specialization is a consequence of reciprocal adaptation by sympatric hosts and parasites. 

As predicted by the Red Queen hypothesis, this can lead to increased ability of parasites 

to infect and utilize local hosts, i.e. local adaptation (Parker, 1985; Lively, 1989; Gandon 

et al, 1996; Kaltz and Shykoff, 1998; Lively and Dybdahl, 2000; Dybdahl and Storfer, 

2003). 

Whether specialization arises is contingent on a variety of complex ecological and 

evolutionary factors. In particular, gene flow across host and parasite metapopulations is 

expected to play an important role in the evolution of localized adaptation within 

populations (Price, 1980; Kaltz and Shykoff, 1998; Lively, 1999; Thompson, 1999; 

Gandon and Michalakis, 2002; Thompson and Cunningham, 2002; Criscione et al., 2005). 

In general, host and parasite migration among populations can provide novel genetic 

variation that natural selection can subsequently act on, creating the potential for local 

adaptation, but it can also counteract adaptation by introducing locally maladapted alleles 

(Slatkin, 1985). More specifically, theory predicts that it is the relative gene flow of hosts 

and parasites that is important in defining local adaptive processes. First, when both hosts 

and their parasite have low gene flow, and particularly when their patterns of gene flow 

are similar, local parasite adaptation is likely to arise (Price, 1980; Kirkpatrick and 

Barton, 1997; Gandon, 1998). When parasites migrate more freely than their hosts (that is, 
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parasite populations are less genetically structured than host populations), parasites are 

also expected to be locally adapted to hosts (Kaltz and Shykoff, 1998), but when hosts 

experience higher gene flow than parasites, however, parasites may be better suited to 

attack allopatric hosts over sympatric ones, thus appearing locally maladapted (Gandon et 

al., 1996).  

Therefore, given that gene flow plays a critical role in coevolutionary dynamics, to 

understand the evolution of host–parasite interactions, it is important to have information 

on the relative population structure of the two players within a system. To date, only a 

handful of studies have characterized the population genetic structure of natural host and 

parasite metapopulations across their geographic range (Mulvey et al., 1991; Dybdahl 

and Lively, 1996; Davies et al., 1999; Delmotte et al., 1999; Martinez et al., 1999; Jobet 

et al., 2000; Sire et al., 2001; Jerome and Ford, 2002; Johannesen and Seitz, 2003), a very 

small fraction of which involve microbial pathogens (Delmotte et al., 1999). Results of 

these studies have been varied. Jobet et al (2000), for example, found similar genetic 

differentiation between populations of the urban cockroach (Blatella germanica) and its 

nematode parasite (Blatticola blattae). Many other studies, however, have found 

asymmetrical patterns of genetic structuring in hosts and parasites. Delmotte et al (1999), 

for instance, found that populations of the fungal pathogen Microbotryum violaceum 

were much more strongly differentiated than were populations of its host plant, Silene 

latifolia, while Dybdahl and Lively (1996) found that populations of trematode parasites 

(Microphallus sp.) were much less differentiated than those of their host snails 

(Potamopyrgus antipodarum).  
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The fungus-growing ant–microbe symbiosis provides a unique opportunity to study 

microbial host– pathogen population structure, parasite specificity and disease dynamics. 

In this insect agricultural system, more than 200 ant species in the Tribe Attini are known 

to cultivate fungus as their primary food source. When new colonies are formed, 

founding queens take a piece of fungus from their mother’s colony to start new colonies. 

Each colony cultivates a single fungal strain (Poulsen and Boomsma, 2005; Gerardo, 

personal observation; Scott et al., manuscript in preparation), either in the family 

Lepiotaceae or Pterulaceae (Basidiomycota, Agaricales) (Chapela et al., 1994; Munkacsi 

et al., 2004). These cultivars are attacked by Escovopsis, a genus of microfungi 

(Ascomycota, Hypocreales) thus far only found in association with fungus-growing ant 

colonies (Currie et al., 1999; Reynolds and Currie, 2004). Though only two species of 

Escovopsis, E. weberi and E. aspergilliodes, are currently formally described (Seifert et 

al., 1995), morphological and genetic diversity of Escovopsis strains suggests that the 

genus is comprised of many species (Gerardo et al., 2006a). Analyses at the broad, 

interspecific level indicate that the diverse Escovopsis types, as defined by morphology 

and genetics, are specialized: particular Escovopsis clades only attack specific clades of 

fungal cultivars (Currie et al., 2003; Gerardo et al., 2004, 2006a). This specificity is not 

maintained by transmission along with the host cultivar, as infection patterns suggest that 

Escovopsis spp. are horizontally transmitted via a yet unknown mechanism (Currie et al., 

1999; Currie, 2001; Gerardo et al., 2004).  

The outcome of cultivar–Escovopsis encounters, as well as other host–parasite 

interactions, is ultimately predicated upon adaptations on part of the host to resist parasite 

establishment and adaptations on part of the parasite to overcome host defenses and 
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establish infection (Combes, 2004). In many systems, adaptive mechanisms on the part of 

the host and parasite are difficult to elucidate. In the fungus-growing ant–microbe 

symbiosis, however, recent studies of the microbes associated with the ant genus 

Apterostigma suggest mechanisms by which host cultivars can prevent some infections 

and mechanisms by which pathogenic Escovopsis can efficiently infect some hosts. 

Experimental bioassays interacting Escovopsis with cultivars raised by a range ant 

species indicate that these pathogens are attracted to chemical signals produced by their 

host cultivars and by closely-related fungi (Gerardo et al., 2006b). This attraction to 

cultivar signals may increase the efficiency by which Escovopsis establishes infection. 

Conversely, the same Escovopsis strains are not attracted to, but are inhibited by, 

distantly-related cultivars raised by other fungus-growing ants. These phenotypes, 

Escovopsis host-seeking and cultivar resistance, may limit this parasite to successfully 

infecting only the cultivars raised by a subset of fungus-growing ant species (Gerardo et 

al., 2006b). It is unknown whether these adaptive mechanisms could function to maintain 

tight intraspecific specificity of Escovopsis strains on strains of its natural host.  

To date, we know little about intraspecific host–pathogen population dynamics in 

the fungus-growing ant symbiosis, as the few fine-scale genetic analyses of fungus-

growing ant-associated microbes have focused only on the host cultivars in a single 

geographical region (in and around the Panama Canal zone) (Bot et al., 2001; Green et al., 

2002; Poulsen et al., 2005; Mikheyev et al., 2007), rather than on both host and parasites 

across populations. Here, we use amplified fragment length polymorphism (AFLP) 

genotyping to characterize the population genetic structure of cultivars and Escovopsis 

pathogens isolated in tandem from the colonies of Apterostigma dentigerum over a large 
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geographic scale spanning Central and South America. We use these population genetic 

data to compare patterns of host and parasite genetic structure. We also examine the 

distribution of host and parasite genotypes to look for signatures of fine-scale parasite 

specialization. These molecular analyses are coupled with experimental bioassays pairing 

genetically diverse parasite and cultivar strains in an attempt to identify signatures of 

local adaptation and mechanisms controlling parasite infectivity. By assessing both 

patterns of host and parasite distribution over large geographic scales and specificity of 

host–parasites interactions at finer scales, we gain insight into the evolutionary and 

ecological dynamics of the Apterostigma ant–microbe symbiosis. 

2.3 Materials and Methods 

2.3.1 Study System and Collecting.  

Colonies of A. dentigerum are common along stream banks and under logs 

throughout much of Central and South America (Gerardo pers. obs.). Unlike subterranean 

ant colonies, A. dentigerum colonies can be easily detected and identified because of a 

conspicuous white veil of fungus that protects their internal fungal garden (Villesen et al., 

2004; Fig. 1a), facilitating collection of both garden material and ants from many 

colonies across populations. All A. dentigerum ants raise cultivars in the family 

Pterulaceae (Basidiomycota, Agaricales).  

 Based on DNA sequence analysis of Apterostigma cultivars, all A. dentigerum 

appear to grow genetically similar cultivar strains of the G2 clade (Villesen et al, 2004). 

Within the context of a larger set of Apterostigma cultivar sequences, A. dentigerum 

cultivars are monophyletic at two genes (25S rDNA and COI) but not at ITS internal 
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transcription spacer, a hypervariable marker. Although species boundaries have not been 

subscribed to fungal cultivars, the G2, G3, and G4 groupings are considered well 

supported monophyletic clades, and genetic differences within these clades are referred to 

as “cultivar strains” or “cultivar types” (Villesen et al, 2004). These host cultivars are 

attacked frequently by three genetically and morphologically distinct parasite types: 

brown-spored, yellow-spored and white-spored Escovopsis (Gerardo et al, 2006a). All 

three Escovopsis types form monophyletic clades with little sequence divergence and are 

specific to attacking Apterostigma spp. cultivars (Gerardo et al, 2006a). Based on the 

morphological and sequence similarity within each clade, we refer to each Escovopsis 

type as a “species”.  
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Figure 1. Sampling of Apterostigma dentigerum colonies. (a) A. dentigerum colonies 
are easily located in the field because of the conspicuous, white fungal veil (see arrow) 
that protects their garden. After collection for this study, gardens were sampled to obtain 
pure isolates of the ant’s cultivated fungi (b) and the parasitic fungus Escovopsis (c). (d) 
Collecting sites and sample sizes. Cultivar and Escovopsis were collected from 77 
colonies throughout Costa Rica, Panama, Ecuador and Argentina (the latter two are not 
shown). Stars mark the country capitals. 
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Garden material from 472 A. dentigerum colonies was collected in 2001–2003 in 

Central and South America at thirteen localities (Fig. 1). At least ten garden pieces 

(~8mm3) from each colony were grown on potato dextrose agar (PDA; Difco, Detroit, MI) 

with bacteria-inhibiting antibiotics (50mg/L each of penicillin and streptomycin), and 

pieces identified as either cultivar or as Escovopsis were subsequently subcultured to 

obtain axenic (pure) cultures before storage at -80OC.  

From 77 of the 472 colonies collected, axenic cultures of both cultivar (Fig. 1b) 

and brown-morphotype Escovopsis (Fig. 1c) were isolated and stored successfully. Only 

samples from these colonies were included here, because use of host–parasite pairs 

isolated in tandem (i.e. cultivar and Escovopsis from the same colony) assured that both 

hosts and pathogens were sampled similarly across space and time. Sample sizes for each 

population are listed in Fig. 1. Escovopsis isolates of the yellow-spored and white-spored 

morphotypes were not included in the study, because Ef-1 alpha sequences indicate that 

they are genetically distinct species from the brown-morphotype Escovopsis, and, 

furthermore, these pathogens are less common than the brown-morphotype, limiting 

sample size (Gerardo et al., 2006a). 

2.3.2 AFLP Genotyping.  

To examine the distribution of host and pathogen genotypes both across 

populations and relative to one another, we used amplified fragment length 

polymorphisms, AFLPs, to profile cultivars and Escovopsis isolated from the same 77 

colonies. Preceding amplification, DNA from a single cultivar and a single Escovopsis 

isolate from each colony was extracted according a CTAB protocol modified from 
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Bender et al (1983). Cultivar and parasite isolates from two randomly selected colonies 

were extracted twice and genotyped separately to detect the amount of noise (unreliable 

marker differences) generated during the amplification and scoring process. These 

duplicates were not included in graphical or statistical analyses. For all samples, reactions 

followed the AFLP protocol for small plant genomes (www.appliedbiosystems.com; 

protocol 4303146) with the following modifications found to increase reliability of AFLP 

reactions: 1) prior to pre-selective amplification, 120µl of TE0.1 was added to the 

restriction-ligation product instead of the recommended 189µl; 2) the pre-selective 

product was not diluted for selective amplification; 3) for both preselective and selective 

amplifications, 25 thermocycler cycles were used instead of the recommended 20 cycles; 

4) Three microliters of each selective product was mixed with 0.4µl of GeneScan 500 

Rox and 6.6µl of Hi-Di Formamide prior to generation of AFLP markers on an ABI 

Prism 3100 Genetic Analyzer. For selective amplifications, six combinations of AFLP-

primer extensions were chosen because they generated high levels of polymorphic 

markers that could be scored reliably: AC/CAA, AC/CTG, AC/CTC, TG/CAG, TG/CTC 

and TC/CAG. Markers were scored blindly in Genotyper 2.5 by simultaneously 

comparing all fragments of a given length across all 77 Escovopsis isolates and, in a 

separate analysis, across all 77 cultivar isolates. Only markers that could be scored as 

unambiguously present/absent across all pathogen or host samples were used in analyses. 

At all stages, all cultivar and Escovopsis samples were run at the same time in 96-well 

plates and using the same reagents to minimize experimental artifacts. 
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2.3.3 Host and Parasite Population Structures.  

For analysis of population structure, we performed parallel analyses of the 

cultivar (host) and Escovopsis (parasite) datasets and then compared results between the 

two. We conducted two Analyses of Molecular Variance (AMOVA) in Arlequin 

(Schneider et al, 2000) to partition genetic variation both among host and among parasite 

isolates within and between localities. The AMOVA module in Arlequin generates Φ 

statistics, equivalent to Weir and Cockerham’s (1984) θ, which is a molecular analog to 

Fisher’s Fst (Excoffier, 2001). Population pairwise Φst values were also generated to 

determine the proportion of differences between hosts, and separately between parasites, 

associated with each locality. Levels of significance were determined through 100 000 

random permutation replicates. Additional analogs of overall Fst (ΘB and Gst
B, an estimate 

of Nei’s Gst, (Nei, 1977) for di-allelic loci) were calculated using Bayesian methods 

implemented in the program Hickory v1.0.4 (Holsinger et al, 2002). We ran all possible 

models available in Hickory, with default parameters recommended by the authors 

(Holsinger et al, 2002), but there were no substantial differences, so we report values 

obtained using the full model. For all population analyses, we excluded three localities at 

which only a single sample was collected (LSE, ARG, ELL), because no within-locality 

variation could be determined.  

For hosts, and separately for parasites, we conducted Mantel tests in ZT (Bonnet 

and Van de Peer, 2002) to determine correspondence between each pairwise Φst (genetic 

distance) matrix and a pairwise geographical distance matrix. A significant, positive 

correlation would indicate effects of isolation by distance. All Mantel tests mentioned 

hereafter were also conducted using ZT and were performed with 10 000 permutations. 
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Pairwise, linear geographical distances between localities were calculated using the 

program Range (Luetgert). We also plotted the relationship between pairwise Φst and 

geographical distance for all pairs of host populations and all pairs of parasite populations.  

 To determine whether host and parasite populations exhibited a similar spatial 

pattern of divergence, we used ARLEQUIN to construct two matrices: 1) the Nei’s 

corrected average pairwise cultivar population differences; and 2) the Nei’s corrected 

average pairwise Escovopsis population differences (Nei and Li, 1979). We then used a 

Mantel test to assess correspondence between the matrix of cultivar pairwise Φst values 

and parasite pairwise Φst values. A significant correlation would indicate that parasite 

populations show similar relative divergence to the host populations that they are 

attacking. We also visually compared cultivar population structure against parasite 

population structure using Structure v2.1 (Pritchard et al, 2000). Structure uses multilocus 

genotypic data to evaluate models of different numbers of clusters (K), with each 

individual probabilistically assigned to a reconstructed genetic cluster based on its 

multilocus genotype and the allele frequencies estimated for each cluster. Each genotype 

was treated as effectively haploid, where each locus contained one of two alleles 

determined by the presence or absence of a band. We applied a model of no-admixture 

and allele frequencies were assumed to be correlated within populations. Simulations 

were run from K = 1 to K = 9 with each K iterated 5 times, and we did not include any 

priors regarding sample location. To select the appropriate K, we calculated a ΔK statistic 

according to Evanno et al (2005). Structure was also used to calculate Fk values, 

interpreted as Fst analogs between each population and a single hypothetical common 

ancestral population (Pritchard et al, 2000; Falush et al, 2003). Fk values were obtained 



	 60	
by running the no-admixture model with K = 10, utilizing locality as the population 

origin. All Structure simulations began with a burn-in of 100 000 and a runtime of 300 

000. 

2.3.4 Association of host and parasite genotypes.  

Correlation between host and parasite population pairwise differences would 

indicate that more genetically similar populations of hosts and more genetically similar 

populations of parasites are associated, but this would not reveal parasite specialization at 

finer levels (i.e. whether each parasite genotype within a population is attacking a narrow 

range of host genotypes within a population). To determine whether genetically similar 

parasites are attacking genetically similar hosts, we first visualized the relationships 

between the 77 cultivar isolates using mean character distances (i.e. the sum of marker 

differences between two samples / total no. of markers), generated in PAUP* (Swofford, 

2002), to construct a non-metric multidimensional scaling (NMDS) plot using NCSS (ver. 

2000, Hintze 2001). NMDS is an ordination technique that detects nonhierarchical 

structure by reducing the multidimensional relationship between entities to a smaller 

number of dimensions. A similar plot was created for the pathogen isolates. Mean 

character distances were used for these and all subsequent analyses, because though  Nei-

Li restriction distances (Nei and Li, 1979) are often selected for AFLP data analysis, 

many Escovopsis pair distances were undefined using this method. The Nei-Li and mean 

character distances for the cultivars were highly correlated (Mantel test, r = 0.78, p < 

0.0001), and the results of no analysis were changed if the cultivar Nei-Li distances were 

used in place of the mean character differences. To visually verify the clustering 

produced through NMDS, we also used PAUP* to construct UPGMA dendrograms.    
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In addition to visual inspection, we conducted two separate statistical analyses. 

First, we used a Mantel test to assess correlation between the host and parasite mean 

character difference matrices. Significance would indicate that more genetically similar 

parasite isolates (those with smaller mean character differences) attack more genetically 

similar host isolates, both between and within populations. Second, in both the NMDS 

plot and the UPGMA dendrogram, cultivar isolates fell into the same six visually distinct 

clusters. To verify the genetic distinctiveness of these clusters, we assigned each cultivar 

isolate to a cluster (cluster 1–6) and then used AMOVA to determine the proportion of 

the genetic variation among cultivar isolates. Pairwise comparisons among clusters were 

also conducted. Then, to determine whether the host-cluster with which an Escovopsis 

isolate is associated could explain genetic variation among parasite isolates, we assigned 

each Escovopsis isolate to the cluster in which its host belonged and used these groups as 

a basis for AMOVA. A significant overall Φst would indicate the proportion of 

Escovopsis variation attributable to their association with genotypically distinct host 

clusters. We also conducted pairwise comparisons to determine which parasite groups, as 

defined based on host genotype cluster, were genetically differentiable. Significant 

pairwise differences would indicate cases in which genotypically differentiable parasite 

groups are attacking genotypically differentiable hosts. 

2.3.5 Experimental Test for Specificity 

We conducted microbial bioassays, following procedures in Gerardo et al 

(2006b), to see if there is variation in the outcome of interactions between a set of 

genetically and geographically diverse A. dentigerum-associated Escovopsis strains and a 

set of equally diverse A. dentigerum-associated cultivar strains. For each bioassay, we 
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placed a single isolate of cultivar near the edge of a 9 cm Petri dish with PDA + 

antibiotics. After one week, we inoculated the center of each plate with a single 

Escovopsis isolate. Each of nine cultivar isolates was interacted with each of the same 

nine Escovopsis isolates for a total of 81 bioassays. Experimental strains were chosen to 

maximize geographic and genetic diversity. Bioassays were monitored for up to two 

months. Interactions were scored for presence/absence of inhibition by the cultivar on 

Escovopsis growth and presence/absence of attraction by Escovopsis to the cultivar (Fig. 

5). 

To determine whether the variation that we observed in interactions between 

Escovopsis and cultivar isolates was associated with either genetic differences or 

geographic distances, we conducted a series of Mantel tests looking for the correlation 

between various distance matrices. Correlations with geographic distances would be 

consistent with local adaptation, while correlations with genetic distance would indicate 

specialization on particular genotypes. Four interaction distance matrices were 

constructed. The first matrix consisted of the inhibition distances between each pair of the 

nine cultivar strains, where each inhibition distance ranged from 0 to 1 and increased 0.11 

for each case in which the two cultivar strains had a different inhibition result with the 

same Escovopsis strain (i.e., one cultivar inhibited the Escovopsis strain while the other 

did not). A second matrix consisted of Escovopsis inhibition distances; each inhibition 

distance ranged from 0 to 1 and increased 0.11 for each case in which the two Escovopsis 

strains had a different inhibition result with the same cultivar strain (i.e. one Escovopsis 

strain was inhibited while the other was not). The third and fourth matrices were 
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comprised of cultivar and Escovopsis attraction distances, which were determined 

similarly to the inhibition distances.   

With the AFLP data, we constructed two genetic distances matrices using 

PAUP*: a mean character difference distance matrix for the nine experimental cultivar 

strains and a mean character difference distance matrix for the nine experimental 

Escovopsis strains. We also constructed two geographic distance matrices: a matrix of 

distances between collection sites of the cultivar strains and a matrix of distances 

between collection sites of the Escovopsis strains. We then used ZT to conduct Mantel 

tests to examine the correlation between matrices of: 1) cultivar inhibition distances and 

cultivar genetic distances, 2) cultivar inhibition distances and cultivar geographic 

distances, 3) cultivar attraction distances and cultivar genetic distances, 4) cultivar 

attraction distances and cultivar geographic distances, 5) Escovopsis inhibition distances 

and Escovopsis genetic distances, 6) Escovopsis inhibition distances and Escovopsis 

geographic distances, 7) Escovopsis attraction distances and Escovopsis genetic 

distances, and 8) Escovopsis attraction distances and Escovopsis geographic distances To 

account for multiple tests, we applied a Bonferroni correction on all mantel tests. 
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Table 1. AMOVA Φst values and pairwise comparisons for host and parasite 
localities. 
 

AMOVA results 
Population differences 

Cultivar (host) (a) Escovopsis (parasite) (b) 
variance d.f. % total variance d.f.  % total 

Between populations 7.3 9 11.1 4.8 9 7.4 
Within populations 58.9 64 88.9 60.5 64 92.6 
 overall Φst = 0.11, p < 0.01 overall Φst = 0.07, p < 0.01 
between-population pairwise Φst values 
Cultivar (below diagonal) & Escovopsis (above diagonal) 
 ELC LSC HIT FOR COC FTS BCI PLR GAM DAR 
ELC  0.01 0.06 0.04 0.05 0.06 0.28 0.13 0.06 0.06 
LSC 0.13  0.03 0 0 0.01 0.2 0.05 0.01 0.01 
HIT 0.32 0.02  0.01 0.04 0.05 0.31 0.11 0.06 0.23 
FOR 0.26 0.002 0  0 0 0.24 0 0 0.30 
COC 0.11 0.09 0.24 0.16  0.06 0.12 0.04 0.14 0.01 
FTS 0.06 0 0.12 0.10 0  0.02 0 0 0.02 
BCI 0.10 0.17 0.27 0.15 0.07 0.13  0.03 0.11 0.30 
PLR 0.09 0.08 0.15 0.14 0 0 0  0.01 0 
GAM 0.12 0.21 0.32 0.29 0 0.06 0 0  0.01 
DAR 0.02 0.17 0.36 0.15 0.03 0.10 0.02 0.15 0.08  

 
Overall Φst values indicate the proportion of variation attributable to host (a) and parasite 
(b) genotype differences between populations. Pairwise comparisons are between 
populations, with pairwise Φst values for cultivar below and for parasite above the 
diagonal. All p-values were derived by permuting genotypes among samples (100 000 
permutations). Signficant pairwise Φst values (p < 0.05) are in bold.  
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Figure 2. Isolation by distance. Plot of pairwise Φst / (1 – Φst) against pairwise 
geographical distance between each of 10 populations of hosts (open circles) and 
parasites (filled circles). The relationship between genetic and spatial distances was 
assessed using Mantel tests and is significant for both cultivars (r = 0.34, p = 0.04) and 
Escovopsis (r = 0.38, p = 0.03). 
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Figure 3. Host and parasite population differentiation. (a) Genetic clusters for 
cultivars (K = 6) and (b) for Escovopsis (K = 3), determined using Bayesian methods in 
Structure and a ΔK statistic of Evanno et al. 2005. Each vertical line represents a single 
individual and each color corresponds to the genetic cluster to which an individual is 
probabilistically assigned. (c) FK values (an Fst analog between each population and a 
hypothetical common ancestor of all populations) for cultivars (white) and Escovopsis 
(black). Populations are arranged in order from northern Costa Rica to eastern Panama. 
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2.4 Results 

2.4.1 AFLP Diversity. 

For the host cultivars, a total of 804 AFLP markers were identified using the six 

primer systems; all are polymorphic and 208 (26%) are autapomorphic. For pathogenic 

Escovopsis, a total of 933 AFLP markers were identified; all are polymorphic and 334 

(36%) are autapomorphic. Both cultivars and Escovopsis samples are diverse; mean 

character differences between cultivar isolates range from 0.02 to 0.29 (mean = 0.16, s.d. 

= 0.05), and mean character differences between Escovopsis isolates range from 0.04 to 

0.22 (mean = 0.14, s.d. = 0.04). Of the four duplicated samples, the mean character 

difference between duplicates is low, ranging from 0.02 to 0.07 (mean = 0.04, s.d. = 

0.02), and the difference between cultivar duplicates and between parasite duplicates is 

similar. 

 
2.4.2 Host and Parasite Population Structures. 

While both cultivar and Escovopsis populations exhibit little genetic structure 

along geographically determined boundaries, cultivar populations are relatively more 

structured than those of their parasite. Eleven percent of the variation among cultivar 

isolates is attributable to between population differences (AMOVA overall Φst  = 0.11, 

Table 1a; ΘB = 0.11, 95% C.I. 0.10 - 0.12), while six to seven percent of the variation 

among Escovopsis isolates is attributable to population differences (AMOVA overall Φst  

= 0.07, Table 1a; ΘB = 0.06, 95% C.I. 0.10 - 0.12). Estimates of Gst B are very similar for 

cultivar (Gst B = 0.10, 95% C.I. 0.09 - 0.11) and Escovopsis (Gst B = 0.05, 95% C.I. 0.04 - 

0.06).   
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Cultivar and Escovopsis population structures are not significantly correlated to 

one another. A Mantel test of the correspondence between cultivar pairwise Φst values 

and pairwise geographic distances confirms the effect of geographic isolation by distance 

(r = 0.34, p = 0.04). Escovopsis exhibits similar correlation between population genetic 

and geographic distances (r = 0.38, p = 0.03). This positive relationship between 

population genetic and geographic distances is represented in Fig. 2. There is not 

significant correspondence between cultivar population pairwise Φst values and 

Escovopsis population pairwise Φst values (r = 0.22. p = 0.139). This absence of 

corresponding population structure between host and parasite can be visualized by 

comparing the genetic clusters of each symbiont (Fig. 3a & 3b). Consistent with the 

pattern of Escovopsis being slightly less structured than its host, as determined by the Fst 

analogs above, the genetic structure of Escovopsis conforms best to a model of K = 3 

genetic clusters, while the cultivar host is best explained by K = 6. Though discrepancy in 

the values of K between the cultivar and Escovopsis does not necessarily translate to 

incongruent population genetic structure, as it is possible for finer scale cultivar genetic 

structure to be nested within the three clusters of Escovopsis, we did not observe such a 

clustering pattern. For the cultivar, FK values (Fig. 3c) are greatest in the Costa Rican 

population HCE (FK  = 0.12), followed by FTS in Panama (FK  = 0.10), while the most 

divergent Escovopsis population occurs in BCI (FK  = 0.10), the only region with a 

substantial FK for the pathogen. This implies that the most divergent host populations 

sampled do not correspond to the most divergent parasite population sampled, but it is 

important to note that these values, in general, are relatively low. 
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Figure 4. Clustering of all host and parasite isolates. (a) NMDS solution for all 
cultivar isolates. Dashed lines demarcate six main host genotype clusters. Pairwise Φst 
comparisons indicate that all clusters are genetically differentiable (Table 2). (b) NMDS 
solution for all Escovopsis isolates. Isolates are coded by the cluster (1 - 6) of their 
associated host.  
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Table 2. AMOVA Φst values and pairwise comparisons for host genotype clusters 
and their associated parasites. 
 

AMOVA results 
Host Clusters 

Cultivar (host) (a) Escovopsis (parasite) (b) 
variance d.f. % total variance d.f.  % total 

Between host clusters 40.4 5 54.1 1.64 5 2.53 
Within host clusters 34.3 71 45.9 63.13 71 97.47 
 overall Φst = 0.54, p < 0.001 overall Φst = 0.025, p = 0.048 
between-host cluster pairwise Φst values 
Cultivar (below diagonal) & Escovopsis (above diagonal) 
 cluster1 cluster 2 cluster 3 cluster 4 cluster 5 cluster 6 
cluster1  0.04 0.08 0 0 0 
cluster2 0.66  0.02 0 0.01 0.06 
cluster3 0.54 0.46  0 0.03 0.08 
cluster4 0.77 0.71 0.42  0 0 
cluster5 0.61 0.59 0.50 0.52  0 
cluster6 0.60 0.49 0.43 0.61 0.49  

 

Overall Φst values indicate the proportion of cultivar genotypic variation that is captured 
by a posteriori assignment of each host to a genotype cluster (a) and the proportion of 
Escovopsis genotypic variation that is captured by assignment of parasites to their 
respective host clusters (b). Pairwise comparisons below the diagonal are between each 
cultivar cluster, and pairwise comparisons above the diagonal are between groups of 
Escovopsis isolates assigned to their hosts’ clusters. All p-values were calculated by 
permuting genotypes among samples (100 000 permutations). Significant pairwise Φst 
values (p < 0.05) are in bold.  
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2.4.3 Association of Host and Parasite Genotypes. 

Cultivars exhibit substantial genetic structure, as seen through the clustering of 

isolates in both the NMDS plot (Fig. 4a) and UPGMA dendrogram (not shown) of all 

cultivar samples. Both clustering algorithms group cultivar isolates into six main clusters, 

and all isolates fall into the same cluster in both analyses. As can be seen in the Structure 

analysis (Fig. 3b), these clusters do not correspond to geographically isolated populations. 

For the NMDS plot, dimension one captures 29% of the cultivar variation and dimension 

two captures an additional 22%. Upon a posteriori assignment of each of the cultivars to 

one of the six genotypic clusters, the resulting clusters account for 54% of the variation 

among isolates (Table 2a, AMOVA, overall Φst = 0.54), substantially more than when the 

cultivars are assigned to populations (Table 1a, AMOVA, overall Φst = 0.11). All six 

genotype clusters are significantly genetically distinct from one another (Table 2, 

pairwise differences). As can be seen in the Structure analysis (Figure 3b), these clusters 

do not correspond to geographically isolated populations. 

Escovopsis exhibits less genetic structure, with little clustering in the NMDS plot 

(Fig. 4b) or UPGMA dendrogram (not shown). For the NMDS plot, dimension one 

captures 37% of the isolate variation, and dimension two captures an additional 15%. 

Lesser parasite clustering in Fig. 4 as compared to host clustering suggests that there may 

be little concordance between host genetic similarity and parasite genetic similarity, and 

absence of tight parasite tracking of hosts genotypes is confirmed by a lack of significant 

correspondence between mean host differences and their respective mean parasite 

differences (r = 0.04, p = 0.065).  
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When Escovopsis isolates were assigned to groups based on the genotypic cluster 

with which their host cultivar was associated, this clustering explains a small, though 

significant portion of the variation among parasite isolates (Table 2b, overall Φst = 0.025). 

Pairwise comparisons between groups of Escovopsis isolates that attack the different host 

genotype clusters indicate only one significant difference: parasites attacking cultivars in 

cluster one are only slightly, though significantly, genotypically distinct from parasites 

attacking cultivars in cluster three (Table 2, pairwise differences). 

2.4.4 Experimental Test for Specificity. 

In the vast majority of bioassays, the Escovopsis isolate was attracted to the 

cultivar isolate, and the cultivar isolate was not able to inhibit the Escovopsis isolate (Fig. 

5). Of the eight mantel tests looking for a correlation between an interaction distance 

matrix and either a genetic or geographic distance matrix, only one test had a p-value less 

than 0.1; there is a negative correlation between cultivar attraction distance and cultivar 

geographic distance (simple mantel test: r = - 0.3, p = 0.04), likely driven by the fact that 

one cultivar isolate from PLR inhibited an Escovopsis isolate not inhibited by the other 

two PLR cultivar strains.  This weak correlation is not significant when a Bonferroni 

correction is applied. 
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Figure 5. Microbial Bioassays. Each cell represents the outcome of the interaction 
between one cultivar and one Escovopsis isolate. Gray indicates inhibition (i.), a dot 
indicates attraction and subsequent infection (ii.), and gray with a dot indicates attraction 
followed by inhibition (iii.). The collection locality of each fungal strain is indicated in 
parentheses under its sample name.  
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2.5 Discussion 

The distribution of parasite genotypes relative to their hosts, when analyzed over 

large geographic scales, gives insight into both local and global disease dynamics. Here, 

at a broad geographic scale, we see that host and parasite populations are not similarly 

differentiated. First, there is no correspondence between host and pathogen population 

pairwise Φst values, suggesting that hosts and pathogen populations are not diverging in 

tandem. Second, the most divergent host populations (indicated by Fk) are not the same 

as the most divergent pathogen populations (Fig. 3c). At a finer scale, we see no evidence 

of specialized pairings of host and parasite genotypes. Genetic analyses of neutral 

markers indicate that there is no correspondence between a matrix of host mean character 

differences and a matrix of pathogen mean character differences, and, whereas cluster 

analyses suggest several genetically distinct host clusters, there is no corresponding 

divergence in pathogen isolates (Figs 3 & 4). Supporting this lack of genotype-genotype 

specificity, experimental bioassays indicate that genetically distinct Escovopsis isolates 

are able to successfully infect a range of genetically diverse cultivar isolates in microbial 

bioassays (Fig. 5), and there is no correspondence between genetic similarity of hosts 

and/or of parasites and infection success.  

Many life-history traits of hosts and pathogens critically shape disease processes 

and likely lead to the patterns we see in the cultivar-Escovopsis system. Specifically, 

different modes of transmission increase the likelihood that parasite and host genotypes 

do not stay coupled across space and time (Huyse et al. 2005). Previous epidemiological 

studies have suggested that, while cultivars are vertically transmitted by the ants from a 

mother’s colony to new colonies, Escovopsis is independently horizontally transmitted 
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(Currie et al, 1999). It has been hypothesized that Escovopsis could be vectored between 

colonies by microarthropods, or acquired by foraging ants either from the environment or 

via ant-ant contact. (Currie, 2001; Gerardo et al, 2004). These mechanisms of disease 

spread likely have different barriers to gene flow than vertical transmission of the cultivar 

by the ants. Our results corroborate the existence of different barriers to gene flow for the 

host and for the parasite. Specifically, based on FK values (Fig. 3c), the most divergent 

host population (HCE), in Costa Rica’s Talamanca mountains, is not the most divergent 

parasite population (BCI), an island in the Panama Canal (Fig. 1). While water would 

provide a barrier to Escovopsis migration to BCI by any of the above-mentioned 

horizontal transmission mechanisms, it would not prevent dispersal of the host cultivar by 

winged, migrating ants, which could easily fly the short distance from BCI to the 

mainland. On the other hand, cultivar-dispersing ants may have difficulty migrating to 

and from HCE, because of their sensitivity to cooler temperatures in such higher-

elevation regions. If different barriers to gene flow exist, then parasite genotypes would 

be less able to tightly track host genotypes. 

Even without coupled dispersal, tight congruence of host-parasite population 

structures can be maintained by parasite-specificity, such that parasites are only able to 

establish in a population if the appropriate host genotype is there. For example, the global 

population structure of Mycobaterium tuberculosis, which causes tuberculosis in humans, 

is defined by six lineages each associated with different human populations. In urban 

areas where different human populations have recently become sympatric, the M. 

tuberculosis strains historically associated with these human populations are present. This 

matching of human and pathogen distributions is shaped in part by tandem host-pathogen 
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dispersal but also by coevolutionary adaptation. In a diverse urban host population, M. 

tuberculosis strains are much more likely to be infective in humans from populations 

with which they coevolved than with humans from other lineages (Gagneux et al, 2006). 

It is likely that specific host and parasite traits, namely host immune-related phenotypes 

and parasite virulence genes, maintain this specificity. We hypothesized that specific 

cultivar and Escovopsis traits would also maintain tight specificity of Escovopsis strains 

on cultivar strains. Host cultivars are known to be able to produce antibiotics that inhibit 

the growth of some Escovopsis spp., and Escovopsis spp. are known to efficiently 

recognize and establish infection on some hosts species (Gerardo et al, 2006b). Results 

here suggest that these mechanisms are not facilitating genotype-genotype specificity or 

local adaptation at a population-level, as a range of genetically and geographically 

diverse Escovopis strains were able to successfully infect a range of genetically and 

geographically diverse cultivar strains. Thus, these previously identified adaptive 

mechanisms (Gerardo et al, 2006b) may prevent a given Escovopsis from switching 

between host species but do not necessarily prevent Escovopsis from switching between 

different host strains.  

The patterns of host and parasite association that we see here, driven by relatively 

independent host-parasite dispersal and a lack of genotype-genotype specificity, have 

implications for the coevolutionary dynamics of the cultivar-Escovopsis association. 

First, focusing on the likelihood of Escovopsis to become adapted to local cultivar strains, 

theory suggests higher gene flow between parasite populations than between cultivar 

populations, particularly when coupled with substantial genetic structuring across host 

populations, will facilitate local adaptation of parasites on hosts (Gandon et al, 1996; 
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Gandon and Michalakis, 2002). Though Escovopsis does exhibit slightly lower genetic 

structuring than cultivars, this discrepancy is likely not sufficient to support local 

adaptation, as the host cultivars exhibit little genetic population structure. As a 

comparison, in systems where population genetic analyses detected more extensive 

parasite than host migration and experimental work confirmed that parasites perform 

better on local than on novel host genotypes, the relative difference between parasite and 

host migration rates was much greater than is seen in this study. For example, Dybdahl 

and Lively (1996) found much higher levels of gene flow in trematode parasites relative 

to their snail hosts, and it has been experimentally demonstrated that these parasites are 

locally adapted to common host genotypes (Lively, 1989; Lively and Dybdahl, 2000). 

Similarly, Mutikainen and Koskela (2002) found higher parasite gene flow in parasitic 

plants than their perennial hosts, and these parasites had been previously reported to be 

locally adapted to their hosts (Koskela et al, 2000) In these cases, host populations were 

respectively 10 and 3 times more differentiated than their parasites, whereas here, with 

cultivar and Escovopsis, overall Φst values of host and parasite populations are less than 

twofold different. Moreover, results of Mantel tests between genetic and geographic 

distance indicate that the effects of isolation by distance in cultivars and Escovopsis are 

similar (Fig. 3), and suggest that though there may be less parasite population 

differentiation at distances greater than 150km (i.e. when the natural log of geographic 

distance is greater than 5, Fig. 3). At smaller distances, there is equal mixing between 

host populations as between parasite populations. Therefore, extensive local adaptation 

may be less likely in the cultivar-Escovopsis system than in other host-parasite 

associations where the difference between parasite and host genetic structure is greater. 
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Overall, it seems that local adaptation and strain-specific specialization is not likely 

to arise in the A. dentigerum cultivar-Escovopsis system. This is in contrast to the 

specificity that we see at broader scales, where Escovopsis strains are constrained to 

attacking particular host species or groups of closely related species. This pattern of fine-

scale lability underlying broad-scale specificity is consistent with other coevolutionary 

interactions. For example, a recent study of the host-range of tropical plant pathogens 

found fungal pathogens were likely to be able to infect a range of closely-related hosts, 

but were less likely to infect plants distantly related to their host. In other words, the 

likelihood of infection establishment decreased with increasing phylogenetic distance 

between the source host plant and the target plant species, with the steepest decline 

occurring in the most closely-related plant pairs (Gilbert and Webb, 2007). Another 

example is the mutualistic association of sepiolid squid and their bioluminescent bacteria 

of the genus Vibrio. In this mutualism, phylogenetic congruence and co-adaptation have 

been observed at a broad scale (Nishiguchi et al, 1998), but finer scale genetic analyses 

show incongruent and low levels of genetic structuring across a geographic scale (Jones 

et al, 2006). The question remains as to how species-specificity arises given the lability of 

associations at finer scales. Resolving this question will require studies coupling 

multiple-scale specificity (among strains, species, etc.) with studies of the genetics 

underlying host-parasite adaptations. 
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3.1 Abstract 

Fungus-growing ants (Attini) are part of a complex symbiosis with Basidiomycetous 

fungi that they cultivate for food, Ascomycetous fungal pathogens (Escovopsis) that 

parasitize cultivars, and Actinobacteria that produce antibiotic compounds that suppress 

pathogen growth. Previous studies characterizing the association between attines and 

their bacterial symbionts have employed broad phylogenetic approaches, with 

conclusions ranging from a diffuse coevolved mutualism to no specificity being reported. 

However, the geographic mosaic theory of coevolution, proposes that coevolved 

interactions likely occur at a level above local populations, but within species. Moreover, 

the scale of population subdivision is likely to have impacts on coevolutionary dynamics. 

Here, we describe the population structure of bacteria associated with the attine 

Apterostigma dentigerum across Central America using multi-locus sequence typing 

(MLST) of six housekeeping genes. The majority (90%) of bacteria isolated grouped into 

a single clade within the genus Pseudonocardia. In contrast to studies suggesting that 

Pseudonocardia dispersal is high and therefore unconstrained by ant associations, we 

found highly structured (FST=0.39) and dispersal-limited (i.e. significant isolation by 

distance r=0.517, P=0.05) populations over even a relatively small scale (e.g. within the 

Panama Canal Zone). Estimates of recombination versus mutation were 

uncharacteristically low compared to free-living Actinobacteria (e.g r/q=0.028 in La 

Selva, Costa Rica), suggesting recombination is constrained by association with ant hosts. 

Further, Pseudonocardia population structure was correlated with that of Escovopsis 

(r=0.67, P=0.02), supporting the bacteria’s role in disease suppression. Overall, the 

population dynamics of symbiotic Pseudonocardia are more consistent with a specialized 
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mutualistic association than recently proposed models of low specificity and frequent 

horizontal acquisition. 

3.2 Introduction 

Discerning how individuals within a species are structured over geographic space is 

essential to understanding how populations evolve. For example, allopatric speciation 

(divergence due to geographic isolation) is typically regarded as the most common 

mechanism of speciation (Mayr 1963; Lande 1980; Coyne and Orr 2004), and migration 

can either facilitate or hinder local adaptation (Lenormand 2002; Kawecki and Ebert 

2004). Further, the scale of population subdivision plays an important role in shaping 

coevolutionary dynamics (Lively 1999; Thompson and Cunningham 2002; Thompson 

2005, 2009). Within host-symbiont systems, symbiont populations can be structured by 

hosts (resulting in congruent population structure), although such congruence is more 

likely when specificity is maintained either through vertical transmission or adaptive 

mechanisms that determine symbiont selection (Wirth et al. 2005; Vollmer et al. 2010; 

Zanatta and Wilson 2011). In contrast, horizontal transmission and diffuse associations 

can decouple host-symbiont populations and constrain opportunities for pairwise 

coevolution.  

The attine (Attini, Formicidae) ant-microbe system represents a complex 

community of well-characterized symbionts, providing an opportunity to study the 

impact of multi-partite symbiont associations on population structure. In addition to the 

ants, this symbiosis also includes mutualistic Basidiomycetous fungi, parasitic 

Ascomycetous fungi, and antibiotic-producing Actinobacteria (reviewed in Caldera et al. 

2009). Attine ants are a monophyletic tribe of approximately 230 ant species, all of which 
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cultivate fungi as their primary food source. The association between attine ants and their 

fungal cultivars is a textbook example of both obligate mutualism and agriculture. Like 

many agricultural crops, attine cultivars are susceptible to pathogens, the most common 

being Escovopsis (Ascomycota, Hypocreales) microfungi that persist as chronic 

infections within the fungal gardens (Currie et al. 1999 a, Currie et al. 2003 a). If 

Escovopsis infection is not maintained at a low level, the pathogen can rapidly consume 

the cultivar, thus destroying the entire ant colony (Currie et al. 1999 a, Currie et al. 2001). 

To combat Escovopsis infection, most attine species rely on antibiotic compounds 

produced by symbiotic Pseudonocardia (Actinobacteria, Actinomycetales) that grow on 

specialized regions of the ant cuticle and suppress Escovopsis growth (Currie et al. 1999 

b, Currie et al. 2003 a, Currie et al. 2006, Oh et al. 2009, Cafaro et al. 2011). 

Our current understanding of how symbiotic associations might shape population 

structure within the attine system begins with the ant-cultivar association. Before 

departing on nuptial flights, virgin queens carry in their mouth an inoculum of a fungal 

cultivar from the mother colony, which they use to start the fungal garden after mating 

(Hölldobler and Wilson 1990). This vertical transmission of cultivar clones from mother 

to daughter is believed to have contributed to the broad patterns of phylogenetic 

congruence between attine ants and their cultivars over evolutionary time (Chapela et al. 

1994, Mikheyev et al. 2010). Despite the coupling of cultivar transmission with the 

reproductive lifecycle of attine queens, horizontal exchange among closely related ant 

species through cultivar sharing and/or stealing appears rampant (Adams et al. 2000, 

Green et al. 2002, Mikheyev et al. 2006, Mikheyev et al. 2007, Poulsen et al. 2009), and 

some basal attine species may be capable of utilizing free-living fungi (Mueller et al. 



	 89	
1998, Vo et al. 2009). Horizontal acquisition of cultivars occurs early during colony 

founding (Poulsen et al. 2009) and mature colonies appear to propagate only one cultivar 

clone despite maintaining multiple garden chambers (Mueller et al. 2010 a). To date, the 

geographic population genetic structure of an ant and its cultivar has been described in 

only one attine, Trachymyrmex septentrionalis (Mikheyev et al. 2008). Although both 

ants and cultivars exhibited significant isolation by distance (IBD) across the eastern 

United States (r=0.23, P=0.034 and r=0.38, P=0.003 respectively), there was no 

correlation between the ant’s genetic and the fungal community similarity matrix, 

suggesting that cultivar population structure is not shaped by transmission with its ant 

host.  

Whereas opportunities for both vertical and horizontal transmission exist for 

cultivars, Escovopsis pathogens are horizontally acquired, likely from invertebrates that 

associate with attine ant colonies, and are absent in the early stages of colony founding 

(Currie et al. 1999 a). Although Escovopsis is acquired horizontally, broad phylogenetic 

congruence exists between fungal cultivars and Escovopsis, suggesting that additional 

mechanisms maintain pathogen specificity over evolutionary time scales (Currie et al. 

2003 b). The adaptive mechanisms governing cultivar-Escovopsis specificity are best 

understood in the basal attine genus Apterostigma. Among Apterostigma species, 

phylotype-specific patterns of Escovopsis attraction to cultivars through chemotaxis, and 

cultivar resistance to Escovopsis reflect patterns of phylogenetic congruence (Gerardo et 

al. 2006 a and b). A population-level study of Escovopsis-cultivar dynamics in the ant 

species Apterostigma dentigerum across Central America, however, found that cultivar 

resistance is ineffective against the most common pathogen phylotype (brown 
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Escovopsis) of A. dentigerum, regardless of genotype or location (Gerardo and Caldera 

2007). Moreover, while both cultivars and brown Escovopsis showed significant IBD 

(r=0.34, P=0.04 and r=0.38, P=0.03 respectively), their population genetic structure was 

not congruent, indicating a lack of pairwise specificity at the population level. It remains 

possible that the seemingly labile association between A. dentigerum cultivars and brown 

Escovopsis persists because the role of specialization against Escovopsis is maintained by 

Pseudonocardia.  

Less is known about the transmission and population dynamics of attine-

associated Pseudonocardia than cultivars or Escovopsis. Like cultivars, a clear 

mechanism for vertical transmission of Pseudonocardia exists, but the frequency of 

horizontal acquisition or recombination among strains remains ambiguous. Virgin queens 

harbor a visible inoculum of Pseudonocardia on specialized cuticular structures prior to 

departing on mating flights (Currie et al. 2006); therefore, it is not necessary to acquire 

novel strains during colony founding. Doing so would also require the new bacteria to out 

compete the original strain. Studies of Acromyrmex-associated Pseudonocardia have 

recovered only one genotype per colony (Poulsen et al. 2005), demonstrated sophisticated 

strain-level recognition by the ants (Zhang et al. 2007), and shown that acquisition from 

non-maternal colonies results in less abundant bacterial cover (Armitage et al. 2011). 

This evidence together suggests that the ants transmit and maintain the same clone 

present during colony founding. Phylogenetic studies have shown a degree of congruence 

between attines and Pseudonocardia indicative of vertical transmission, but 

incongruences also suggested that horizontal switches are perhaps more frequent than 

cultivar switching over evolutionary time (Cafaro and Currie 2005, Cafaro et al. 2011). 
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Opportunity for horizontal acquisition could exist through contact with males during 

mating; however, Pseudonocardia are often absent or in low abundance on males, and 

males are not present during colony founding, so they are not likely to be the primary 

vector. Contact with the soil, foraging material, and other foraging fungus-growing ants 

may also provide opportunities for horizontal acquisition. Recently, a new model of 

attine-Pseudonocardia association (termed the acquisition model) has emerged, which 

argues that the ant-Pseudonocardia symbiosis is substantially less specialized than 

previously thought (Kost et al. 2007, Haeder et al. 2009; Sen et al. 2009), and may not be 

a mutualistic association, but rather encompasses a range of associations including 

parasitism (Mueller et al. 2008; Mueller et al. 2010 b). More specifically, the acquisition 

model emphasizes limited vertical transmission of Pseudonocardia across many ant 

generations and low potential (or absence) of Pseudonocardia-Escovopsis coevolution 

and specificity.  

Studies both in support of and in conflict with the acquisition model have drawn 

heavily on phylogenetic and/or across-species approaches among many ant species 

(Cafaro and Currie 2005, Currie et al. 2006, Mueller et al. 2008, Mueller et al. 2010 b, 

Sen et al. 2009, Cafaro et al. 2011). The geographic mosaic concept of coevolution, 

however, posits that coevolved interactions likely occur at a scale above local 

populations, but below species (i.e. at the geographic population scale; Thompson 1994). 

Consequently, studies at this scale are likely to yield important insights into attine-

microbe coevolution. To date, the geographic population structure of attine-associated 

Pseudonocardia has only been described in Trachymyrmex serptentrionalis (Mikheyev et 

al. 2008). Across the eastern United States, Pseudonocardia had little population 
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structure at the EF-Tu locus and genetic distances were not correlated with the ant host, 

which did show substantial geographic structure. This led the authors to conclude that the 

bacteria’s dispersal capacity is high and not constrained by association with the ants, 

although bacterial population structure might be shaped by environmental factors and/or 

interactions with Escovopsis. Currently, most genetic based studies of symbiotic 

Pseudonocardia (Cafaro and Currie 2005; Poulsen et al. 2005, Zhang et al. 2007, 

Mikheyev et al. 2008; Mueller et al. 2008; Sen et al. 2009; Mueller et al. 2010 b), 

including the only description of Pseudonocardia population structure, have been limited 

by the use of a single, well conserved, housekeeping gene. Studies of microbial 

geographic distributions and niche evolution, however, strongly caution against 

interpretations drawn from a single locus, as evidence for finer geographic population 

structure tends to emerge as additional loci and molecular markers are added (Cho and 

Tiedje 2000, Whitaker et al. 2003; Hedlund and Staley 2004). Therefore, it remains 

possible that multi-locus analysis of ant-associated Pseudonocardia may expose a finer 

degree of geographic structure yet unseen.  

Here, we describe the population genetic structure of A. dentigerum-associated 

Pseudonocardia in Panama and Costa Rica using loci from six different housekeeping 

genes (multi locus sequence typing MLST). We use both phylogenetic and population 

genetic analyses to answer the following questions: 1) Are populations geographically 

structured within Central America? 2) Do populations conform to isolation by distance, 

and at what scale?  3) Are Pseudonocardia populations recombining, and to what extent? 

4) Is Pseudonocardia population structure correlated with the population structure of the 
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brown Escovopsis phylotype and/or cultivars? Finally, we discuss our findings in the 

context of differing models of attine-Pseudonocardia association. 

3.3 Materials and Methods 

3.3.1 Collection of Apterostigma dentigerum 

We collected colonies of A. dentigerum from La Selva Biological Station, Costa Rica, 

during October 2006 and July 2007, and from seven locations in Panama during June 

2008 (fig. 1a & b). Within Panama, sampling was greatest around the Panama Canal 

Zone, including the following locations: Gamboa Forest (GAM), Pipeline Road (PLR), 

and Barro Colorado Island (BCI). Collections on BCI were divided roughly into the 

northern and southern regions of the island, and collections along PLR were divided into 

colonies collected along the banks of rivers intersecting the northern part of the road 

(rivers Agua Salud, Guacharo, Pelon, and Macho) and the southern part (rivers Limbo, 

Seda, Frijoles, and Frijolito). We collected additional ant colonies on the peninsulas 

surrounding BCI and in Bocas del Toro province (BT), near the Costa Rican border. 

 

3.3.2 Symbiont Isolation 

To obtain pure cultures of symbiotic Actinobacteria, we followed the methods of Poulsen 

et al. (2005) for Acromyrmex ants, but with the following modifications specific to 

Apterostigma dentigerum. Before scraping bacteria off the ant cuticle, we first removed 

the head and forelegs from workers, to expose the mesosternal lobe where the bacteria 

are localized in A. dentigerum (Currie et al. 2006). Depending on the number of workers 

in a given nest, we scraped the mesosternal lobes of one to four ants. An additional 16 
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bacterial isolates collected during 2001-2003 by researchers from the University of Texas 

at Austin and the University of Kansas were included. These additional isolates were 

stored in 2 ml tubes at -80°C and contained either frozen cells or extracted DNA. 
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Figure 1. Collection locations (A & B) and phylogenetic construction (C) of 
symbiotic Pseudonocardia. The phylogeny was based on a six-locus concatenated 
alignment and utilized Bayesian methods. The scale bar corresponds to 0.005 
substitutions per site.  Maximum likelihood methods yielded trees with similar 
topologies. Bayesian posterior probabilities are reported below branches – bootstrap 
support values from maximum likelihood are above. Highlighted isolates are 
recombinant.  
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3.3.3 DNA Extraction and Sequencing  

DNA was extracted from pure cultures following Poulsen et al. (2005). To amplify the 

16S rDNA gene, we used the polymerase chain reaction (PCR) primer sets 243F and 

1378R (Heuer et al. 1997). MacVector 10.6 was used to design PCR primers for an 

additional five loci comprised of partial sequences from the following housekeeping 

genes: atpD, dnaA, EF-Tu, gyrB, rpoB (table 2). DNA sequences for these five additional 

genes were extracted from a Pseudonocardia draft genome that was isolated from A. 

dentigerum (Currie unpublished data). Amplifications were conducted using standard 

PCR methods and positive amplifications were sequenced at the University of 

Wisconsin-Madison Biotechnology Center (biotech.wisc.edu) using Sanger sequencing 

technology. DNA sequence chromatograms were edited using Sequencher 4.6 (Gene 

Codes Corporation, An Arbor, MI, USA). Because the 16S rDNA PCR primers are 

specific to Actinobacteria (Heuer et al. 1997), whereas primers for the additional five loci 

are potentially specific to a Pseudonocardia strain associated with A. dentigerum, isolates 

were first sequenced at the16S locus. Samples that were named Pseudonocardia species 

by BLAST searches (blast.ncbi.nlm.nih.gov) were subsequently genotyped for the 

remaining five housekeeping genes. Of the isolates named Pseudonocardia in BLAST 

searches (>98% sequence identity) 71 isolates were sequenced for all six loci (table 1). 

MLST sequences have been deposited in Genbank under the following accession 

numbers (HQ540730-HQ541155). 
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Table 1. Location and number of Pseudonocardia symbionts isolated from the 
mesosternal lobes of Apterostigma dentigerum and successfully PCR-amplified at six 
loci.  
 

 

*Distance from N. BCI 

 

  

Country Location Abbr. Dist.(km)* N
Costa Rica La Selva Biological Station LS 482 12

Panama Bocas del Toro province BT 273 2
Panama Gigante Peninsula GIP 6.3 1
Panama Frijoles Peninsula FRP 6.8 1
Panama Buena Visa Peninsula BVP 4.7 2
Panama N. Barro Colorado Island NBCI 0 6
Panama S. Barro Colorado Island SBCI 3.5 14
Panama Gamboa Forest GAM 17.9 11
Panama N. Pipeline Road NPLR 7 7
Panama S. Pipeline Road SPLR 21.9 15

Total: 71
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Table 2. Housekeeping genes used in multi-locus genotyping, including PCR primer 
pairs, dN/dS ratios, and Tajima’s D.  
 

 

 
  

Target Forward primer Reverse primer Product size (bp) dN/dS Tajima's D
16S rRNA 

(Heuer et al. 1997) GGATGAGCCCGCGGCCTA CGGTGTGTACAAGGCCCGGGAACG 1175
atpD AGGAGATGATCCAGCGTGTC GTTCTTCTCCAGGTCGTCCA 890 0.031 -0.483
dnaA GTCGACGACATCCAGTTCCT CTCGTTGCGGATCTTCTTGT 645 0.000 1.038
EF-Tu CACGACAAGTACCCGAACCT AGTTGTTGAAGAACGGGGTG 880 0.196 0.090
gyrB AGCTACACGCTGGAGACGA GGTGATGATCGACTGGACCT 999 0.192 0.480
rpoB AACAAGAAGCTCGGTCTGGA CATGACGGTGATGTAGTCGG 1038 0.127 0.275



	 99	
3.3.4 Phylogenetic Analysis 

Nucleotide sequences were aligned using CLUSTAL X 2.0.11 (Larkin et al. 2007) and 

models of nucleotide substitution were determined using jMODELTEST (Posada 2008; 

Guindon and Gascuel 2003). We constructed phylogenetic trees independently for each 

of six genes, and also using a concatenation of all genes. Single-locus phylogenetic 

relationships were determined using the maximum-likelihood (ML) criterion, and the 

concatenated alignment utilized both ML and Bayesian methods implemented in the 

programs GARLI 0.951(Zwickl 2006; 

www.bio.utexas.edu/faculty/antisense/garli/Garli.html) and MrBayes 3 (Ronquist and 

Huelsenbeck 2003). To ensure that parameter space was thoroughly explored, MrBayes 

was run four separate times. Each run utilized four heated chains and each chain featured 

four million generations with sampling every 100th generation, following a burn-in 

period of 100,000 generations. GARLI was run 10 times, using default parameters. 100 

bootstrap replicates were generated with the generation threshold for topology 

termination (genthreshfortopoterm) parameter set to 5,000, as recommended by the 

GARLI manual. Finally, to confirm that phylogenetic inferences were not impacted by 

recombination among isolates, we constructed additional phylograms in ClonalFrame 

(Didelot and Falush 2007), which removes recombination, and we visualized multiple 

phylograms using SplitsTree (Huson and Bryant 2006). 

3.3.5 Population Genetic Analyses 

To test whether the housekeeping genes are under selection, we compared synonymous 

and nonsynonymous substitutions by calculating overall dN/dS ratios, and Tajima’s D for 

each translated locus using MEGA (Kumar et al. 2008). Significance was assessed with a 
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Z test utilizing 500 bootstraps and the Nei-Gojobori method. To test for significant 

population structure among geographically defined regions, we calculated the overall 

fixation index, FST (Weir and Cockerham 1984) using ARLEQUIN 3.11 (Excoffier et al. 

2005). Genetic distances among populations were calculated using FST and Nei’s net DA 

(Nei et al. 1983). Genetic diversity within populations was assessed using p (mean 

number of nucleotide differences; Tajima 1993). P-values represent the proportion of 

permutations leading to a value larger or equal to the observed one.  

Our tests for isolation by distance (IBD), involved exploring correlation between 

matrices of genetic distance (FST /(1- FST) and ln(geographic distance), and were 

conducted using a Mantel test with a Pearson’s product moment correlation coefficient 

(Slatkin 1993). Geographic distances were determined using Mapsource® 6. Due to low 

sampling, the following locations were excluded from IBD and FST analyses: BT, BVP, 

and FRP. 

Finally, to examine whether Pseudonocardia population genetic structure is 

geographically congruent with A. dentigerum fungal symbionts, we obtained pairwise 

FST  (an analog of FST, Excoffier 2001) values for cultivars and brown Escovopsis among 

the following populations (with corresponding sample sizes): BCI=10, GAM=7, 

PLR=12, and LS=9. Fungal isolates were genotyped by N. Gerardo using AFLP 

(amplified fragment length polymorphism) genotyping in a prior study of cultivar-

Escovopsis interactions in A. dentigerum (Gerardo and Caldera 2007). Isolation of fungal 

symbionts was conducted prior to this study so fungal and bacterial isolates derive from 

different individual ant colonies, although they are from the same geographic locations 
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and host ant species. Correlation between the pairwise matrices of Pseudonocardia FST 

values and FST in fungal symbionts was also assessed with a Mantel test. 

3.3.6 Tests for Recombination 

To assess whether Pseudonocardia populations are clonal or recombining, we began with 

the a priori assumption that populations are clonal and subsequently tested for evidence 

of recombination events. Recombination was initially examined by looking for 

phylogenetic incongruence among six loci, in addition to tests for recombination using 

two methods implemented in the Recombination Detection Program (RDP) 3.44 software 

package (Heath et al. 2006): RDP (Martin and Rybicki 2000) and GENECONV 

(Padidam et al. 1999). Estimates of the population recombination parameter r=2Ner and 

the population mutation rate Waterson’s q=2Neµ were determined using the coalescent 

method LDhat (McVean et al. 2002). LDhat simulations utilized 1,000,000 Marcov chain 

Monte Carlo (MCMC) iterations following a burn-in of 100,000. As recommended by the 

RDP documentation, we conducted an initial estimate of r and used the output as the 

starting r for subsequent simulations. Employing a range of block penalties (5-50) had 

little impact on r and q estimates. r and q were calculated within geographic regions and 

incorporating all isolates. 

3.4 Results 

3.4.1 Phylogenetic Inferences 

A concatenated phylogeny across six loci revealed multiple, well-supported clades of A. 

dentigerum-associated Pseudonocardia that corresponded to geographic locations (fig. 

1). ClonalFrame analyses confirmed that topologies resulting from phylogenetic 
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reconstructions were not impacted by recombination (fig. S1 and S2). Bayesian and ML 

approaches yielded virtually identical topologies. Isolates grouped with into two major 

clades (Clades 1 & 2). Clade 1 consisted of two sub-clades, the first of which contained 

five isolates from LS, Costa Rica and the only two isolates from BT, Panama, near the 

border of Costa Rica. Clade 1 also contained a sub-clade comprised of the only two 

isolates from BVP in the Panama Canal Zone. With the exception of the two isolates 

from BVP, most isolates collected in the Panama Canal Zone were contained in Clade 2. 

While approximately half of the Costa Rican isolates (LS) were also found in Clade 2, the 

majority of these isolates formed a single group. One isolate (LS 8), fell between Clade 1 

and Clade 2 because of a recombination event among isolates from the two clades (see 

below). Within the Panama Canal Zone, the majority of isolates from SBCI, NBCI, and 

GAM formed distinct clades. In contrast, isolates collected along PLR formed multiple 

sub-clades throughout Clade 1, and thus appeared less geographically distinct, although 

many of the sub-clades did correspond to the northern or southern regions of PLR. All six 

locus-specific phylogenies recovered Clade 1 and Clade 2 (fig. 2), but individually lacked 

variation to capture many of the geographically distinct sub-clades of the concatenation. 

The BVP clade was recovered by four loci and a PLR specific clade was recovered in 

five loci. 
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Figure 2. Phylogenetic analysis (maximum likelihood) of partial sequences from 
each of six house-keeping genes. The scale bar corresponds to 0.01 substitutions per 
site, and values at nodes report % bootstrap support. Topologies were largely congruent 
with the exception of three isolates showing incongruence across Clade1 and Clade 2, 
suggesting they are recombinant. Note that 29 isolates, none of which showed 
incongruence, were removed for visual purposes. LS8 shows incongruence within gyrB, 
and isolates NPLR5 and SBCI13 show incongruence in dnaA. These isolates were also 
identified as recombinant using RDP and GENECONV (see methods); however, the 
overall recombination to mutation rate was marginal (r/q=0.09).  
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3.4.2 Population Genetic Structure 

All translated housekeeping genes showed dN/dS ratios below 1 (average 0.109, table 2), 

and thus are not under positive selection. Consistent with conserved housekeeping genes, 

Z-tests were highly significant for purifying selection (dN>dS). Tajima’s D values were 

relatively low, ranging from -0.48 to 1.04, further showing that positive selection is not 

occurring on these loci. Because of the high divergence between Clade 1 and Clade 2, it 

is possible that these groups may reflect species level differences, so population genetic 

analyses were restricted to Clade 2. The overall FST=0.390 (P<0.0001) revealed 

significant structure among the populations LS, BCI, GAM, PLR (P<0.0001). A second 

FST further dividing BCI and PLR into northern and southern sampling sites returned a 

similar level of structure (FST=0.391, P<0.0001) across all populations; however, 

pairwise FST between northern and southern BCI revealed significant structure (Table 3, 

NBCI-SBCI FST=0.367, P<0.05). In contrast, PLR was not structured between north-

south sampling sites (Table 3, NPLR-SPLR FST=0.0297, P>0.05). Population specific 

genetic diversity (p) and pairwise Nei’s genetic distances DA are also presented in table 3. 

Mantel tests showed significant isolation by distance (IBD) across Costa Rica and 

Panama (r=0.4711, P=0.03); however, because LS is the only-well sampled population 

outside of the Panama Canal Zone, the sampling scheme does not thoroughly address 

IBD across the two countries. Thus, we conducted a subsequent test for IBD at a smaller 

scale (i.e. within the Panama Canal Zone), which also showed a significant correlation 

between genetic and geographic distances among populations (r=0.517, P=0.05). Fig. 3 

presents the relationship between genetic divergence (FST) and geographic distance (km) 

in the Panama Canal Zone.  
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Table 3. Pairwise population genetic distances.  
 

 

Note: Pairwise FST is presented below the diagonal, DA is above the diagonal, and mean 
pairwise genetic differences (p) are in the diagonal. Bold denotes pairwise distances with 
P<0.05 and * denotes 0.05<P<0.1 
  

NBCI SBCI GAM NPLR SPLR CR
NBCI 0.000 0.846 7.036 6.881 3.417 6.667
SBCI 0.367 1.692 6.931 6.617 3.562 6.897
GAM 0.698 0.713 4.109 2.502 1.281* 6.612
NPLR 0.329 0.472 0.221 21.095 0.456 3.833
SPLR 0.204* 0.344 0.132 0.030 15.611 4.083
LS 0.947 0.831 0.686 0.232 0.269 0.667
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Figure 3. Isolation by distance in symbiotic Pseudonocardia in the Panama Canal 
Zone. Correlation between genetic and geographic distance was assessed using a Mantel 
test.  
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Figure 4. Association between the population genetic structure of symbiotic, 
antibiotic-producing Pseudonocardia associated with Apterostigma dentigerum in 
Central America (LS-CR, BCI-PA, PLR-PA, GAM-PA) and two fungal symbionts 
(Escovopsis-pathogen, cultivar-mutualist). Population structure was congruent between 
Pseudonocardia and the Escovopsis pathogens they inhibit (A). No significant 
association was detected between Pseudonocardia and the cultivars that serve as the ants 
food source. Significance was assessed using a Mantel test. Escovopsis and cultivar FST 
values were taken from Gerardo and Caldera (2007).  
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Pseudonocardia population genetic structure was congruent with the genetic structure of 

brown Escovopsis (fig. 4a; r = 0.669, P = 0.02). In contrast, there was no significant 

association between fungal cultivars and Pseudonocardia (fig. 4b r = 0.546, P = 0.17). 

 

3.4.3 Recombination 

The topologies of the phylogenies constructed for each of the six loci were largely 

congruent, suggesting that recombination is relatively infrequent among Pseudonocardia 

isolates (fig. 2). Three isolates out of 71 (LS8, NPLR5, SBCI13), however, showed 

incongruence between Clade 1 and Clade 2. LS8 grouped with Clade 2 across five loci 

but fell within Clade 1 for the gyrB locus. Similarly, NPLR5 and SBCI13 clustered with 

Cade 2 across five loci but associated with Clade 1 within the dnaA phylogeny, indicating 

that some recombination events have taken place. The same three recombination events 

were identified using the RDP and GENECONV methods (P-values < 1x10-22). 

The population recombination rate (r=2Ner) across all isolates was estimated as 5.069 

(95% upper and lower bounds: 3.953-6.273), with a per site estimate of 9.886x10-4 

(7.712x10-4 –1.224x10-3). The mutation rate, Watterson’s q=2Neµ was 56.45, with a per-

site rate of 1.1x10-2. Region specific estimates of r and q are presented in table 3. We do 

not report estimates for BCI because the 95% confidence intervals spanned five orders of 

magnitude. 
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Table 4. Population scaled recombination rates, mutation rates, and r/u ratios.  
 

 

 

  

Region ρ 95% bounds Θ ρ/Θ
all isolates 5.069 3.953-6.273 56.45 0.0898

LS 2.096 2.018-2.295 74.435 0.028
GAM 2.079 0.213-4.921 9.273 0.224
PLR 8.369 3.971-16.918 22.48 0.372
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3.5 Discussion 

In contrast to previous studies suggesting that Pseudonocardia dispersal is far greater 

than its ant host (Mikheyev et al. 2008, Mueller et al. 2008, Mueller et al. 2010) we found 

highly structured and dispersal-limited populations across Central America and within the 

Panama Canal Zone. Estimates of recombination versus mutation were 

uncharacteristically low compared to free-living Actinobacteria (Pérez-Losada et al. 

2006, Deletoile et al. 2010, Doroghazi and Buckley 2010), suggesting recombination is 

constrained by association with its ant host. Further, Pseudonocardia population structure 

was correlated with Escovopsis, but not cultivars across Central America, supporting the 

bacteria’s role in disease suppression. These findings may reflect the geographic mosaic 

coevolutionary concept that coevolved dynamics occur at a geographic scale above local 

populations, but below the species level (Thompson 1994). 

 

3.5.1 Geographic Structure 

Despite the extraordinary dispersal capacity of many bacterial species, A. dentigerum-

associated Pseudonocardia populations are both highly structured and dispersal-limited 

over even a relatively small geographic space. Multi-locus phylogenetic constructions 

(fig. 1) revealed several clades that correspond to specific locations (e.g. Gamboa forest 

and Barro Colorado Island in the Panama Canal Zone), and the overall FST=0.39 showed 

substantial structure. In addition, we found a significant correlation between genetic 

distance and geographic distance over even the relatively small geographic scale of the 

Panama Canal Zone (r=0.517, P=0.05). 
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Given the substantial amount of structure in Pseudonocardia, it seems likely that host 

associations play a role in shaping the bacteria’s populations. A previous description of 

Pseudonocardia geographic structure in the attine Trachymyrmex septentrionalis ruled 

out vertical transmission with ant hosts as a likely force structuring populations, but 

hypothesized that interactions with Escovopsis might (Mikheyev et al. 2008). A single 

locus (EF-Tu) analysis revealed little geographic structure and slight IBD in 

Pseudonocardia across the eastern United States (whereas the ants showed a clear east-

west divide), leading the authors to conclude that the bacteria are likely capable of 

existence outside the symbiosis, or are better dispersers than the ants. That finding was 

later cited in support of the recruitment hypothesis (Mueller et al. 2008) as evidence that 

bacterial symbionts are not closely tied to their ant hosts.  

While it does appear that Escovopsis interactions do shape Pseudonocardia 

genetic structure (fig. 4, and below), our findings suggest that the lack of geographic 

structure in T. septentrionalis was due to low variation in the EF-Tu locus and not of 

greater dispersal by the bacteria. Our EF-Tu locus alone also recovered little 

phylogeographic structure (as did each individual locus, fig. 2); however, the 

concatenation of all six loci revealed substantial geographic structure and significant IBD 

(r=0.471, P=0.03). Thus, it is likely that additional loci will reveal structure yet unseen in 

T.septentrionalis-associated Pseudonocardia. Consequently, the assumption that 

Pseudonocardia dispersal is not tied to ant hosts should be revisited – future work should 

incorporate the population structure of A. dentigerum to address this further. We now 

know that the scale of Pseudonocardia population subdivision is finer than Escovopsis 

and cultivars, and thus perhaps more closely mirrors that of A. dentigerum, whose 
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dispersal capacity is likely under 500 m per year, based on flight distances of the much 

larger and more powerful leaf-cutter species Acromyrmex octospinosus (Mikheyev 2008). 

 

3.5.2 Pseudonocardia and Fungal Symbionts 

It appears that interactions with Escovopsis play a role in shaping Pseudonocardia 

population structure – there was a significant correlation between the population 

structures of Pseudonocardia and brown Escovopsis (r = 0.669, P = 0.02; fig. 4). While 

congruence between Pseudonocardia and cultivars was similarly correlated (r = 0.546, P 

= 0.17) the correlation lacked significance, so it remains possible that the lack of 

difference is the result of a type II error. A previous study of cultivar-Escovopsis (brown) 

population dynamics in A. dentigerum found no congruence between the population 

structures of the two fungal symbionts, and bioassay experiments demonstrated that the 

secondary metabolites of fungal cultivars are not effective in combating brown 

Escovopsis, regardless of genotype, or geographic location (Gerardo and Caldera 2007). 

This finding was interesting given that cultivar secondary metabolites are known to 

inhibit other Escovopsis phylotypes that associate with different, sympatric Apterostigma 

species (Gerardo et al. 2006). Together, these findings illustrate two important points 

about attine-microbe interactions: I) The “indirect” association between Pseudonocardia 

and Escovopsis is more specialized than the “direct” cultivar-Escovopsis interaction at the 

population level, and II) this pairwise specialization arose within the seemingly diffuse 

associations attines have with multiple cultivar and Escovopsis phylotypes (Gerardo et al. 

2006 b, Mikheyev et al. 2007, Taerum et al. 2007). Although this seems counter intuitive, 

the emergence of specialized interactions within seemingly diffuse associations is 
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consistent with coevolutionary theory (Thompson 1994), and we can imagine how these 

dynamics occur in nature. Attine colonies encounter several Escovopsis phylotypes. The 

cultivar is capable of suppressing many of these phylotypes; however, in the case of A. 

dentigerum cultivars, they do not suppress brown Escovopsis (Gerardo et al. 2006). 

Under this scenario, there would be strong selection for colonies whose Actinobacteria 

inhibit the brown phylotype. This selection for Escovopsis resistance could then be a 

force structuring bacterial populations (e.g. Buckling and Rainey 2002). Indeed, the 

correlated population structure between the fungal pathogens and bacterial symbionts 

implies that such dynamics are occurring between Pseudonocardia and Escovopsis. To 

better understand these interactions, future work should include bioassay experiments to 

detect co-adaptation by Pseudonocardia to Escovopsis, perhaps through local adaptation 

experiments across the geographically structured populations recovered here. 

 

3.5.3 Recombination 

Recombination rates in bacterial populations can range from highly clonal to reaching 

linkage equilibrium (Spratt et al. 1999 and 2001). If Pseudonocardia dispersal is 

restricted by vertical transmission with ant hosts, one predicts restricted opportunities for 

recombination with other strains. This restriction would be consistent with mutualism 

evolutionary theory, which predicts that hosts are selected to prevent mixing of 

genetically different symbionts when competition among symbionts negatively impacts 

the mutualism (Hoekstra 1987, Frank 1996, Herre et al. 1999, Poulsen and Boomsma 

2005). Indeed, such antagonistic interactions between Pseudonocardia lineages have 

been demonstrated in leaf-cutter ants (Poulsen et al. 2007), and would likely have similar 
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impacts in Apterostigma colonies. Vertical transmission also aligns host-symbiont 

interests because both partners benefit from successful host transmission, in addition to 

ensuring that offspring initially acquire a single symbiont genotype (Ewald 1987, Bull 

and Rice 1991, Frank 1996 and 2003, Herre et al. 1999). Consistent with these 

predictions, A. dentigerum associated Pseudonocardia showed restricted recombination. 

Only three recombination events were detected among 71 isolates and across six loci (fig. 

2 and RDP/GENCOVE results). The low ratio of estimated recombination r=5.065 to 

mutation q=56.43 (r/q=0.0898) across all isolates also indicates mutation occurs more 

frequently than recombination. Within regions, LS provided the most robust estimates of 

recombination (due to higher sequence variation at that site) and returned an even lower 

r/q ratio (0.028). These r/q estimates are also very low in comparison to other bacterial 

species. Among 19 non-Actinobacteria species for which we could obtain estimates of 

r/q, only one species had lower recombination r/q (Pérez-Losada et al. 2006; de Bakker 

et al. 2008, Yan et al. 2008, Deletoile et al. 2010, Doroghazi and Buckley 2010). 

Unfortunately, recent surveys of recombination rates in bacteria have included little or no 

Actinobacteria, so direct comparisons within this phylum are limited (Vos and Didelot 

2009, Pérez-Losada et al. 2006). Nonetheless, among Actinobacteria species in the 

genera Bifidobacterium and Streptomyces, r/q values were either one, but in most cases 

two, orders of magnitude higher than Pseudonocardia (Deletoile et al. 2010, Doroghazi 

and Buckley 2010). Overall, Pseudonocardia recombination is substantially restricted 

compared with other bacterial species.  

At this time, we can only conjecture that this restriction is due to association with 

ant host because we do not have estimates of recombination in free-living 
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Pseudonocardia. We can, however, draw useful comparisons with free-living 

Streptomyces Actinobacteria because r/q calculations utilized the same six loci as our 

study (Doroghazi and Buckley 2010). Moreover, this genus has been suggested as an 

additional associate of attines under the acquisition model (Kost et al. 2007, Haeder et al. 

2009). The acquisition model posits that Streptomyces bacteria could be acquired 

regularly from the environment (as would other groups, such as Pseudonocardia), and 

thus recombination rates in ant-associated isolates would mirror that of free-living 

populations. Interestingly, the spectrum of recombination Streptomyces and A. 

dentigerum-associated Pseudonocardia are on opposite ends – free-living Streptomyces 

recombination reaches linkage equilibrium. To explain this difference under the 

acquisition model, free-living Pseudonocardia populations are predicted to have a 

similarly low r/q ratio. Alternatively, it is also possible that Streptomyces-attine 

associations are transient, whereas Pseudonocardia associations are specialized. We 

could not describe the population genetic structure of A. dentigerum associated 

Streptomyces here because we only obtained one isolate, further suggesting that attine-

Streptomyces associations are only transient.  

Finally, the rarity of recombination could be driven by a lack of genotype 

diversity within individual ant nests, thus masking the detection of recombination. The 

dominance of particular Pseudonocardia genotypes recovered here in Apterostigma, and 

a previous study in Acromyrmex leaf-cutter ants that found only one genotype per ant nest 

lends credence to this idea (Poulsen et al. 2005). However, if the low rates of 

recombination were indeed caused by low detection due to low sequence diversity, that 
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bottleneck in diversity would arise due to restricted transmission imposed by association 

with hosts and would remain inconsistent with acquisition model. 

 

3.5.4 Reexamining Horizontal Aquistion: Methodical Considerations 

Support for the acquisition model stems, in large part, from the observation that ant-

associated 16S rDNA Pseudonocardia genotypes are often identical to cosmopolitan 

isolates, implying they are horizontally acquired from the environment and not limited to 

dispersal by their ant hosts. For example, Mueller et al. (2008) and Mueller et al. (2010) 

showed that ant-associated genotypes have close affinities with free-living 

Pseudonocardia, including isolates from the soil, plants, geographically distant locations, 

and disparate environments, such as marine sediment near china, industrial sludge from 

France, Panamanian attine ants, and Argentinean attine ants. Given the lack of sequence 

variation in 16S recovered here (fig. 2), and what is known about the level of variation in 

16S (i.e. that it should not be used for identifications below the genus level Cohan, 2006, 

Staley 2006), it is not surprising that ant-associated genotypes cluster with environmental 

isolates. These affinities, however, may not reflect exchange with the environment, as 

additional genomic analyses could reveal higher specificity, just as our multi-locus 

analysis revealed geographic structure not detectable with a single locus. A recent two-

locus (16S and EF-Tu) phylogenetic study of attine associated Pseudonocardia (Cafaro et 

al. 2011) has revealed higher specificity to attine lineages than the single locus studies in 

support of the recruitment hypothesis (Mueller et al. 2008 & 2010). Overall, these 

differences illustrate the importance of genome wide analyses for both phylogenetic and 

population genetic analyses.  
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Just as single versus multi-locus analyses have lead to different conclusions about 

attine-Psuedoncoardia specificity, so have different microbial isolation techniques. 

Studies detecting diverse Actinobacteria genera (e.g. Streptomyces) in addition to 

Pseudonocardia have argued that the presence of these additional bacteria negates 

specificity in the ant-Pseudonocardia association (Kost et al. 2007, Mueller et al. 2008). 

90% of Actinobacteria isolated from the mesosternal lobes of A. dentigerum were 

Pseudonocardia and we take this strong bias as evidence that attines maintain a 

specialized association with this lineage. Attines house their bacterial symbionts on 

specialized, genus-specific, locations on the cuticle, and these sites often contain crypts 

and glands that facilitate bacterial growth (Currie et al. 2006). Actinobacteria are highly 

concentrated at these cuticular sites such that they are visible to the naked eye, and these 

high concentrations likely facilitate accumulation of antibiotic compounds.  Here, we 

isolated from the mesosternal lobe because it is the site of visibly high concentrations of 

Actinobacteria in Apterostigma. Studies that did not recover a similar bias towards 

Pseudonocardia, however, utilized less targeted approaches. For example, the original 

study proposing the acquisition model isolated Actinobacteria bacteria by smearing the 

entire ventral side of Acromyrmex ants across soy agar plates (Kost et al. 2007), although 

the specialized crypt and gland cells are concentrated on the propleural plate in 

Acromyrmex species (Currie et al. 2006). A subsequent phylogenetic study in support of 

the acquisition model did not isolate Actinobacteria from the ant’s cuticle, but instead 

used the infrabuccal pellets and fungus gardens of Atta texana (Mueller et al. 2008). 

Because of the different isolation techniques among studies, one should consider whether 
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isolates obtained from areas other than the specialized cuticular locations represent 

transient associations.  

An additional argument against the specificity of the Attine-Pseudonocardia 

association includes the potential for ‘lab specific biases’ in the isolation of particular 

Pseudonocardia lineages, which have created false phylogenetic clusters that imply 

specificity (Mueller et al. 2008; Mueller et al. 2010). In consideration of these potential 

biases, we incorporated Pseudonocardia isolates that were: 1) cultured by different 

individuals, 2) cultured at different locations, and 3) PCR amplified and sequenced at 

different facilities. None of these factors determined the phylogenetic or population 

genetic placement of isolates, thus lab specific biases have not impacted this study. 

 

3.6 Conclusions 

Since the discovery of attine-associated bacteria over a decade ago, several studies have 

examined the coevolutionary dynamics between symbiotic Pseudonocardia and their ant 

host, and over the past five years support for a model of association lacking pairwise 

specificity has grown. Thus far, these conclusions have been drawn with little to no 

information about the population level dynamics of Pseudonocardia. Our multi-locus 

population genetic analysis of A. dentigerum associated Pseudonocardia shows that the 

geographic scale of population subdivision is smaller than fungal symbionts and 

overturns previous ideas that Pseudonocardia dispersal is greater than its ant host. 

Uncharacteristically low recombination rates suggest that horizontal interactions are 

restricted by a symbiotic lifestyle, which is consistent with coevolutionary theory for 

mutualistic associations. Finally, correlated population structure with the Escovopsis 
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phylotype found most commonly in Apterostigma dentigerum gardens suggests that 

Pseudonocardia population structure is shaped, in part, by its role in disease suppression. 

Our findings support the geographic mosaic of coevolution concept that coevolved 

dynamics operate within species, but across local populations. Our findings have helped 

identify local populations and define the geographic scale at which attine-micobe 

dynamics occur. Future studies of attine-microbe coevolution should seek to operate at 

this scale. 
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3.8 Supplemental Figures 

 
Figure S1. 75% ClonalFrame phylogram of symbiotic Pseudonocardia. Because 
ClonalFrame removes recombination, congruence between the ClonalFrame topology 
and the Bayesian phylogenetic reconstruction confirms that the phylogenetic 
reconstruction is accurate.  
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Figure S2. SplitsTree network of Clonal Frame output (1000 phylograms). Branches 
linking clades were drawn at a 25% threshold.  
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4.1 Abstract 

Fungus-farming ants use antibiotic-producing bacterial symbionts (genus 

Pseudonocardia) to control specialized ascomycetous pathogens (genus Escovopsis) of 

their basidiomycetous cultivars. The ant-Pseudonocardia association is ancient, 

suggesting that these ants have been using symbiont-derived antibiotics for millions of 

years. Here, we use bioassay experiments, population genetic analyses, and whole 

genome sequencing to examine whether symbiont interactions are characterized by a 

coevolutionary framework. On average Pseudonocardia inhibition of rare pathogen 

morphotypes was significantly lower (p<0.001) than common morphotypes across 

Central America, suggesting pathogen rare-morph advantage. In Petri plate bioassay 

experiments, Pseudonocardia strains from Barro Colorado Island (BCI) in the canal-zone 

of Panama had higher zones of inhibition (ZIO) to a common Escovopsis morphotype 

from BCI (ZOI=2.65cm) in comparison to mainland parasite populations on pipeline road 

(PLR, ZOI=1.93, p-value<0.001) and Gamboa forest (ZOI=2.19, p-value-0.007 GAM). 

Pseudonocardia-GAM Escovopsis inhibition (ZOI=2.75) was higher only in comparison 

to GAM Pseudonocardia-PLR Escovopsis (ZOI=2.23, p-value=0.003) and there was no 

significant difference in PLR Pseudonocardia inhibition regardless of parasite 

population. BCI population structure showed elevated Fk in comparison to all other 

populations. Genome sequencing identified the chemical biosynthetic potential from 30 

families of secondary metabolite, biosynthetic gene clusters (BGCs), six of which were 

unique to BCI. We found no significant correlation between BGC inhibition and parasite 

location. We detected significantly elevated Fst in a bactriocin BGC on BCI, suggesting a 

selective sweep. Our results indicate that Pseudonocardia-Escovopsis dynamics conform 
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to a theoretical framework called the geographic mosaic of coevolution with a “hot spot” 

of local adaptation on BCI. Further, this study implies that the long-term maintenance of 

antibiotic potency against parasites relies on evolutionary genetic changes within specific 

BGCs and not simply the acquisition of novel genetic elements. 

4.2 Introduction 

Coevolution shapes the diversity of life, as the multitude of species on Earth engage in 

complex webs of antagonistic and mutualistic interactions that undergo reciprocal 

selection. Most studies of coevolutionary dynamics have focused on interactions at the 

extremes of this spectrum. Within-population studies described pairwise interactions 

between a single population of one species and a single population of another species 

(e.g., Thompson 1994, Carius et al. 2001; Brodie et al. 2005). Coevolutionary studies at a 

deeper resolution have explored patterns of phylogenetic congruence among interacting 

species (e.g., Hafner & Ladner 1988; Chapela 1994; Moran et al. 1994; Currie et al. 

2003). In contrast, the geographic mosaic theory of coevolution (GMC) posits that what 

we perceive at the phylogenetic scale is the sum of local coevolutionary processes that 

vary over geographic space (Thompson 2005). An important utility of the GMC is that it 

provides a framework that incorporates both components of population biology and 

species level interactions. Central to the GMC is the assumption that populations are the 

basic units of coevolutionary dynamics, and the genetic differentiation of host and 

symbiont populations over space has impacts on the emergence of geographic selection 

mosaics (Thompson & Cunningham 2002). 

The attine ant fungus-farming ant symbiosis provides a unique opportunity to test 

components of the GMC in a multi-partite system where our understanding of the 
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underlying population genetic structure of multiple microbial symbionts continues to take 

shape. Ants of the monophyletic tribe Attini cultivate basidiomycetous fungi in an 

agricultural system that is analogous to human farming (Mueller et al. 1998). Like nearly 

all human crops, these fungal cultivars have low genetic diversity (Mueller et at. 2010a) 

and face higher incidence of infection (Currie et al. 1999a). Specialized ascomycetous 

pathogens in the genus Escovopsis form persistent and chronic infection throughout most 

of the lifecycle of a given ant colony (Currie et al. 1999a; Currie 2001). Escovopsis is 

capable of rapidly overwhelming and consuming the entire fungal garden if infection is 

not maintained at a low level. Thus, the Escovopsis parasite imposes a persistent and 

strong selection pressure. To combat Escovopsis infection, the ant hosts perform 

generalized defense behaviors, such as garden weeding, to physically remove infected 

portions of the cultivar and/or Escovopsis spores (Currie and Stuart 2001). These 

behaviors mediate pathogen infection, but are not sufficient for maintaining healthy 

fungus gardens. As such, the ants also chemically defend against Escovopsis through a 

symbiotic association with antibiotic-producing Actinobacteria (Currie et al. 1999b; 

Currie et al. 2003; Oh et al. 2009; Poulsen et al. 2010). Although fungal cultivars are the 

primary target of Escovopsis, an indirect and perhaps equally strong, selection pressure is 

also imposed on the (secondary) ant hosts, who cannot survive without the cultivar, and 

the (tertiary) bacterial symbionts, which reside within specialized structures on the ant 

exoskeleton (Currie et al. 2006). Interactions are summarized in table 1. 
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Table 1. Summary of microbial symbiont interactions associated with the fungus-

farming ant Apterostigma dentigerum.  

 
Mutualists Parasite Target Parasite Interaction 

Fungal Cultivar Primary Labile 

Ant Host Secondary General 

Pseudonocardia Tertiary Specific 

 

  



	 134	
Symbionts of the phylogenetically basal attine ant genus Apterostigma are particularly 

poised for examining coevolutionary dynamics, as much is known about interactions at 

both the phylogenetic and population levels. Pair-wise inhibition assay experiments 

challenging different fungal cultivars with different Escovopsis strains across this genus 

found that fungal cultivars appear relatively poor at inhibiting Escovopsis morphotypes 

from their native host species but are able to inhibit non-native strains that occur 

sympatrically in other Apterostigma species (Gerardo et al. 2006a). These interspecific 

interactions provide a mechanism by which specificity and congruence among symbionts 

is maintained at a phylogenetic scale. A subsequent study of Apterostigma dentigerum-

associated cultivars and a single Escovopsis morphotype (henceforth referred to as 

‘brown’) also examined these interactions, but conducted parasite-cultivar switches 

among geographic locations to elucidate coevolutionary dynamics at the population level 

(Gerardo and Caldera 2007). There was a lack of congruence in the symbiont population 

genetic structures. Bioassay interactions only yielded on example of inhibition among 36 

(i.e., neither genotype nor geography had any bearing on this interaction at the population 

level). The labile association between A. dentigerum cultivars and brown Escovopsis is 

not likely to foster coevolution. 

If cultivars, the primary target of Escovopsis, are seemingly ill-equipped to combat 

their most common pathogen, are the symbiotic, antibiotic-producing, Actinobacteria 

(Pseudonocardia) instead capable of local adaptation to populations of brown 

Escovopsis? Our finding of congruent Pseudonocardia-Escovopsis population genetic 

structure (Caldera & Currie 2012) may indeed facilitate local adaptation (Lively et al. 

1999; Lively & Dybdahl 2000), but see (Mikheyev 2007, Mueller et al. 2008, Mueller et 
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al. 2010b). Here, we use bioassay experiments to examine whether the population level 

A. dentigerum - associated Pseudonocardia-Escovopsis interaction conforms to a GMC. 

First, we establish whether Pseudonocardia - Escovopsis interactions are fixed across the 

canal-zone of Panama (compared to cultivar - Escovopsis interactions), and whether the 

scale of symbiont selection is occurring within ant colonies. Second, we test for parasite 

rare morph advantage in Pseudonocardia inhibition against Escovopsis morphotypes. 

Third, we describe the broad geographic differences in Pseudonocardia antibiotic 

inhibition across Central America while also testing for coevolutionary hot spots of local 

adaptation predicted by the GMC. Finally, to begin understanding the specific secondary 

metabolite and genetic mechanisms conferring antibiotic inhibition, we sequenced the 

genome of a subset (30) of Pseudonocardia symbionts and discuss the role biosynthetic 

gene clusters play in Pseudonocardia-Escovopsis coevolution. 

 

4.3 Materials and Methods 

4.3.1 Symbiont collection and isolation 

We sampled Pseudonocardia and Escovopsis symbionts associated with the fungus–

growing ant Apterostigma dentigerum throughout Central America, including La Selva 

Biological Station in Costa Rica (LS), and populations in the canal–zone of Panama: 

Barro Colorado Island (BCI), Pipeline Road (PLR), Gamboa Forest (GAM), Frijoles 

Peninsula (FRP), and Buena Vista Peninsula (BVP), from 2006 through 2010. Ant 

colonies were collected aseptically in the field, using flame sterilized forceps and spoons 

to reduce the risk of lateral transfer of symbionts between nests. John T. Longino’s Key 

to Costa Rican Apterostigma was used to identify A. dentigerum species. Pseudonocardia 
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isolations were conducted by first removing the ants head and forelegs to expose the 

mesosternal lobes where the bacteria are concentrated. We then used fine, sterilized 

probes to scrape small tufts of bacteria onto chitin media. For details on Pseudonocardia 

isolation from A. dentigerum see Caldera & Currie (2012). To isolate parasites, we plated 

pieces of fungal cultivar onto PDA media and sub–cultured Escovopsis spores as they 

emerged, following Gerardo and Caldera 2007. Escovopsis were sampled from the same 

geographic range as Pseudonocardia in the Panama canal–zone but with additional 

Escovopsis sampling of Apterostigma sp. from the Los Amigos Station in Peru (PU). In 

total, we accumulated 50 Pseudonocardia strains and 55 Escovopsis strains. BCI, PLR, 

and GAM were used for within-population versus across-population tests for local 

adaptation, as they were the most thoroughly sampled. 

 

4.3.2 Bioassay Analysis  

To quantify Escovopsis inhibition by Pseudonocardia we performed bioassay 

experiments pairing each of the two symbionts and measured the zone of inhibition 

(ZOI). The in vitro ZOI corresponds to fungus garden loss in higher attines, and thus 

provides a valuable proxy for the impact of Escovopsis in vivo (Poulson et al. 2010). Petri 

plate bioassay experiments and statistical comparisons for local adaptation followed 

Cafaro et al. 2011, as summarized here: Pseudonocardia was point inoculated in the 

center of a YMEA plate and allowed to grow for three weeks, after which Escovopsis was 

inoculated at the edge of the plate. Plates were inspected bi–weekly and when a clear 

zone of inhibition had formed in a given pairing (typically within two to three weeks after 

fungus inoculation), the minimum zone of inhibition (ZOI) was measured. We used two–
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tailed t–tests in pairwise comparisons of within–population, and cross population 

Escovopsis–Pseudonocardia pairings. P–values were adjusted using Bonferroni 

correction to reduce type I error in multiple comparisons. F–tests were performed to 

establish whether individual t–tests should be performed with equal or unequal variances. 

To examine whether colony–level symbiont selection is occurring, in 2008 we performed 

a bioassay utilizing eight ant colonies from the canal–zone of Panama for which we 

isolated both Pseudonocardia and Escovopsis Here we compared within-colony and 

between-colony inhibition. In 2009, we performed a bioassay pairing Pseudonocardia 

from across Costa Rica and Panama against three Escovopsis test strains representing 

each of three Escovopsis morphotypes (brown, yellow and fuzzy brown). These 

Escovopsis morphotypes represent distinct phylogenetic clades and are taken to represent 

species (Gerardo et al. 2006 BMC). Here we make the first reference to the “fuzzy 

brown” morphotype, although it has been noted by attine researchers since the late 1990s. 

Finally, in 2010 we performed a bioassay pairing all Pseudonocardia and Escovopsis 

morphotypes available in actively growing cultures. 

 

4.3.3 Population Genomics 

To describe the population genetic structure of Pseudonocardia we used the Bayesian 

program STRUCTURE (Pritchard et al. 2000; Falush et al. 2003), which assigns genetic 

populations (K) to strains without prior information about sampling location. 

Pseudonocardia strains were previously genotyped at six housekeeping genes (Caldera & 

Currie 2012). We treated each polymorphic site (355 total) as an individual locus and 

simulations were run with both no–admixture and admixture/linkage models. The 
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admixture model assumes that each individual derives ancestry from only one population 

and is most appropriate for discrete populations. For the no–admixture model, we 

assumed a constant λ and correlated allele frequencies, which improves clustering for 

closely related populations. The linkage model allows for individuals to have mixed 

ancestry (i.e. admixture), but also accounts for linkage among loci. This is important 

because STRUCTURE utilizes linkage disequilibrium to define population structure. 

Following Falush et al. (2003) the linkage model assumed correlated allele frequencies, 

estimated λ and treated polymorphic sites within genes as linked, with linkage being 

proportional to genetic distance in base pairs. The appropriate K was selected by 

observing the K that generated the highest likelihood score, and by calculating the ΔK 

(Evanno et al. 2005). All simulations were run for K =1 to K =20 with 20,000 iterations 

following a burn–in period of 10,000. Each run was repeated five times to assess 

consistency and facilitate ΔK calculations. 

 To begin understanding the genetic mechanisms of antibiotic resistance to 

Escovopsis, we sequenced a subset (30) of the Pseudonocardia strains used in bioassay 

experiments and characterized the presence of conserved biosynthetic gene clusters. 

Sequencing of Pseudonocardia strains was performed by Duke University or Washington 

University in St. Louis. Pacific Biosciences (EC080625–04, Duke) assemblies utilize 

HGAP 1.4 (Chin et al., 2013); whereas, Illumina (Wash. U.) genomes were assembled 

using Velvet (Zerbino and Birney, 2008). Prodigal v2.60 (Hyatt et al., 2010) was used for 

protein prediction; whereas, RFAM (Nawrocki et al., 2015) hidden markov models and 

Infernal 1.1.1 (Nawrocki and Eddy, 2013) were used for ribosomal RNA prediction. 

Annotation of protein coding genes was through TIGRFam v15 (Haft et al., 2013), 
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PFAM v29, KEGG, and actNOG (Powell et al., 2012) hidden markov models and 

HMMer 3.1 (Eddy, 2011). In each genome, secondary metabolite clusters were identified 

by antiSMASHv3 (Blin et al., 2013) with manual curation of cluster boundaries and 

grouped into families by 80% nucleotide identity via nucmer alignment and 50% 

coverage for each segment of a cluster that matched another. For additional detiail on the 

above methods see McDonald et al. 2016 (dissertation). To assess extent to which the 

presence/absence of specific secondary metabolite clusters contributes local adaptation 

we calculated Pearson correlation of BCG with ZOI by location.  

For whole genome analysis, all Illumina genome assemblies were aligned to the 

PacBio EC080625–04 assembly using nucmer (Kurtz et al. 2004). Reference SNP 

positions covered by a contig for every genome were used for fineSTRUCTURE analysis 

to avoid missing data for any SNP positions. Multiple runs with varying values of c and 

estimated population size had little effect on overall strain clustering, except for very high 

values of c merging neighboring clusters together. 

 

4.4 Results 

In our eight by eight bioassay experiment pairing strains of Pseudonocardia and brown 

Escovopsis across the canal-zone of Panama, we found that all bacterial strains exhibited 

the ability to inhibit strains of the garden pathogen and that there is variation in the 

degree of inhibition (fig. 1b). This contrasts with pairings of the fungal cultivar and 

brown Escovopsis, where in 35 of 36 combinations no sign of pathogen inhibition was 

observed (fig. 1a). In the Pseudonocardia-Escovopsis pairings, there was no significant 

difference (p-value = 0.8533) in zone of inhibition distance (or variance p-value = 0.393)  
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Figure 1. Trait mismatches in Pseudonocardia-Escovopsis inhibition across Panama. 
(a). A lack of differentiation between within-colony (i.e. along the diagonal of panel a) 
and among-colony interactions refutes colony-level symbiont selection. In contrast, 
cultivars have little antibiotic inhibition towards brown Escovopsis (b. adapted from 
Gerardo and Caldera, 2007). Darker shades indicate a greater zone of inhibition (ZOI) 
against Escovopsis in Petri plate bioassays. The horizontal line separates Pseudonocardia 
interactions (b. above) and cultivar interactions (d. below). 
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between within-colony parings (mean 0.882, SE 0.209) and among-colony parings (mean 

0.847, SE 0.074). 

A test strain bioassay pairing each of three Escovopsis morphotypes (brown, 

yellow, and fuzzy brown) against Pseudonocardia from across Panama and Costa Rica 

revealed  

significant hierarchical inhibition in paired t-tests: brown was inhibited more than yellow, 

and yellow was inhibited more than fuzzy brown (fig. 2). The average ZOI against yellow 

and fuzzy brown was significantly lower than brown across all comparisons (fig. 3a). 

These inhibition averages correlated with the relative abundances of Escovopsis 

morphotypes in Central America (fig. 3b). 

Mean inhibition by Panamanian Pseudonocardia was highest against Escovopsis 

from BCI (ZOI=1.50) and GAM (ZOI=1.55), significantly lower against PLR 

(ZOI=0.980, P-value<0.001) and lower still against LS (0.317696176, p-value<0.001; 

fig. 4). Within-population versus among-population comparisons showed that the 

Pseudonocardia population on BCI is locally adapted - BCIXBCI ZOI (2.65cm) is 

greater than cross population comparisons (BCIXPLR ZOI=1.93, p-value<0.001, 

BCIXGAM ZOI=2.19, p-value-0.007). PLR Pseudonocardia inhibition was similar 

regardless of parasite population (PLRXPLR ZOI= 1.539, PLRXBCI ZOI=1.532, 

PLRXGAM ZOI=1.435). GAM Pseudonocardia was locally adapted only in comparison 

to PLR (GAMXGAM ZOI=2.750, GAMXBCI ZOI=2.59, GAMXPLR ZOI=2.23, p-

value=0.003; fig. 5, table 2). 
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Figure 2. Pseudonocardia hierarchical inhibition of three parasite morphotypes 
Central America. Brown, yellow and fuzzy brown morphotypes represent phylogenetic 
species. Brown Escovopsis inhibition was greater than yellow, which was greater than 
fuzzy brown in paired t-tests. ZOI corresponds to the length of a zone of inhibition in 
Petri-plate bioassay experiments. 
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Figure 3. Rare Escovopsis pathogen morphotypes experience less inhibition by 
Pseudonocardia. (a) The strength of inhibition corresponds to parasite morphotype 
abundance in nature, suggesting that parasites experience rare morph advantage (b).  
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Table 2. Summary of microbial symbiont interactions associated with the fungus-

farming ant Apterostigma dentigerum 

 
Comparison F-test p-value T-test p-value 

BCI-BCI X BCI-PLR 0.0001359 8.668e-10 

BCI-BCI X BCI-GAM 0.000244 0.0006994 

PLR-PLR X PLR-BCI 0.3242 0.9571 

PLR-PLR X PLR-GAM 0.6099 0.4747 

GAM-GAM X GAM-PLR 0.02777 0.00298 

GAM-GAM X GAM-BCI 0.5045 0.3731 
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Figure 4. A mosaic of Escovopsis inhibition. Panamanian Pseudonocardia inhibition of 
Escovopsis from Panama and La Selva biological station in Costa Rica. * indicates mean 
zone of inhibition was significantly different from all other pairings.   
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Supplementary figure 1 presents the results of STRUCTURE simulations. K=2 

yielded the highest ΔK values (Evanno et al. 2005) for both the linkage (fig. 4a) and no- 

admixture (not shown) models. Output for both of these models was virtually identical 

with the exception of admixture in five isolates. These two populations corresponded to 

the two major clades observed by phylogenetic analysis. As stated in the STRUCTURE 

documentation, selecting the appropriate K can be difficult when populations conform to 

isolation by distance (see Caldera & Currie 2012). The highest likelihood scores for the  

linkage model were observed for K=6 (fig. 4b). For the no-admixture model, Ks larger 

than six yielded higher likelihood scores; however, the output appeared misleading. For 

both the linkage and no-admixture models, Ks larger than six did not find additional 

structure or assign individuals to different populations, but rather only added minimal 

probability of association to multiple populations for a few isolates. Thus, we also present 

K=6 for the no-admixture model (sup. fig. 1c). Similar population clusters were identified 

for both models; however, the linkage model captured a greater distinction between LS, 

Costa Rica and the Panamanian isolates, and identified a genetic cluster within NPLR 

that appears admixed with SPLR and GAM. The linkage model identified the sole isolate 

from GIP as being highly admixed. Finally, for comparison with local adaptation 

bioassay tests, BCI, PLR and GAM population structure is presented in figure 5e. The 

subset of fineSTRUCTURE genomic analysis similarly recovered six genetic populations 

(above), although fineSTRUCTURE was able to separate out a northern region of BCI in 

contrast to the 6-locus analysis. 

Genomic sequencing identified 30 families of secondary metabolite BGCs 

families. Seven BGCs occurred within a single population; BCI had six unique BGCs and  
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Figure 5. Reciprocal cross tests for local adaptation on (a) BCI, (b) PLR and (c) 
GAM, with significant local adaptation on BCI. * indicates mean zone of inhibition 
was significantly different from the other two pairings in the cross. Population 
STRUCTURE analysis demonstrates that Escovopsis and Pseudonocardia are genetically 
distinct populations on BCI, having elevated Fk (d) and greater than 75% or their isolates 
assigned to one genetic cluster (e).  
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Figure 6. Characterization of biosynthetic gene cluster families in symbiotic 
Pseudonocardia spanning Panama and Costa Rica. Each node resents a contiguous set 
of genes that are part of a secondary metabolite biosynthesis cluster. Edges represent 
>80% nucleotide sequence identity and >50% coverage between gene cluster sets. Nodes 
are colored by their population identification based on fineSTRUCTURE analysis.  
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Figure 7. Pearson correlations between the presence/absence of a biosynthetic gene 
cluster and the observed Escovopsis zone of inhibition by Pseudonocardia. Groupings 
based on either BGC (a) or Escovopsis source (b) do not reach significance. 
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GAM had one (fig. 6). A siderophore and a type 2 polyketide were recovered exclusively 

on BCI. An aminoglycoside was biased towards BCI – seven of the eight occurrences 

occurred on the island population. GAM and PLR specific BGCs include a lassopeptide 

found only in isolates from GAM and the southern part of PLR. A nonribosomal peptide 

was found only in northern PLR. Finally, there was no significant pearson correlation 

between BGC presence/absence and inhibition by location (fig. 7). Tests for selective 

sweeps identified at least two BCGs with significant Fst in BCI-mainland comparisons. A 

bacteriocin appears to have signifiacnt Fst in the following three enzymatic regions (an 

Acetyl-CoA Carboxylase, a SufE [Cysteine Desufuration] and a Sulfurtransferase; fig. 

8a). Figure 8b shows an NRPS BGC had an Fst peak in a cyclization domain. 

 

4.5 Discussion 

Pseudonocardia are important mutualist to fungus-farming ants; helping protect their 

fungal cultivars from the garden pathogen Escovopsis. Attine ant use of antibiotic-

producing bacteria appears ancient, based on worker ants having glands and exoskeletal 

structures for maintaining the symbiont and the congruent population structure and co-

diversification patterns (Currie et al. 2006; Caldera & Currie 2012; Cafaro et al. 2010). 

Variation in the antimicrobial inhibitory activity across clades of Pseudonocardia 

suggests possible selection across evolutionary time (Poulson et al. 2010). Here, our 

population-level study of Apterostigma dentigerum–associated symbionts provides 

evidence that Pseudonocardia are under selection to adapt to their community of 

pathogen species, and are evolving in a manner consistent with the geographic mosaic 

theory of coevolution at a population scale. 
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A fundamental concept of the GMC is that coevolved interactions are variable and rarely 

fix within species. Our initial eight by eight bioassay experiment (fig. 1b) is consistent 

with this postulation; we observed variation in the interactions across strains of both 

Pseudonocardia and Escovopsis. This contrast previous work on the fungal cultivar that 

identified no variation (fig. 1a), and virtually no indication that the fungi are able to 

defend themselves from the pathogen Escovopsis. These results set up a GMC framework 

as it helps rule out within-colony recruitment of Pseudonocardia. If ants were frequently 

recruiting free-living Pseudonocardia with antibiotics effective against pathogens, one  
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Figure 8. Potential selective sweeps in biosythetic gene clusters. a) Significant Fst 
within three enzymatic bacteriocin regions in a population of Psudonocardia symbionts 
on Barro Colorado Island, Panama. b) Fst in an NRPS cluster cyclezation region. 
Comparisons reflects BCI versus all other Central Amerian Pseudonocardia. 
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would expect elevated parasite inhibition within colonies versus between colonies. In 

fact, within-colony versus between-colony average inhibition and variance were nearly 

identical. Ruling out colony level symbiont selection suggests that the cross-population 

level is the appropriate scale for examining Pseudonocardia-Escovopsis evolution. 

Indeed, our larger cross-population assay revealed a geographic mosaic of 

Pseudonocardia antibiotic inhibition across genetically distinct populations in Central 

America (fig. 4). Moreover, low inhibition by Costa Rican Pseudonocardia to 

Panamanian Escovopsis suggests a degree of geographic specialization between the two 

countries. Taken together, these results provide evidence of predicted empirical patterns 

of the GMC, including spatial variation in traits mediating interactions among species, 

trait mismatching among interacting species, and few species-level coevolved traits. 

These patterns support a GMC between Pseudonocardia and Escovopsis in Apterostigma 

dentigerum. However, they do not alone provide unequivocal support for the theory, as a 

thorough demonstration of a GMC requires evidence of selection mosaics and 

particularly the identification of hot and cold spots of adaptation (Gomulkiewicz et al. 

2007). The GMC predicts that populations undergoing reciprocal adaptation (i.e. 

coevolutionary hot spots) are often nested within cold spots lacking adaptation, in part 

due to incongruences in population structure (Gibert et al. 2013). Our finding of local 

adaptation on BCI, but partial adaptation in GAM, and no signature of local adaptation on 

PLR, thus provides a critical piece of evidence that Pseudonocardia – Escovopsis 

dynamics conform to a GMC (Gomulkiewicz et al. 2007). Local adaptation on BCI is 

also consistent with predictions that congruent population structure facilitates reciprocal 

adaptation. Pseudonocardia and Escovopsis represent distinct genetic populations on 
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BCI, as they both had an elevated Fk (fig 5d). For comparison, a seminal study of local 

adaptation across three lake populations of snails and their trematode parasites found 

local adaptation in all three populations (Lively 1998). Because lakes serve as barriers to 

gene flow, they helped create the distinct genetic structure that facilitates local 

adaptation. Anthropogenic disturbances can also erect genetic barriers that facilitate local 

adaptation (Singer and Thomas 1996). The flooding of the Panama Canal, which created 

BCI approximately one hundred years ago, may have facilitated local adaptation by 

creating a barrier to both ant dispersal and Escovopsis transmission. Similarly, GAM has 

an “island nature” that may be facilitating partial local adaptation. GAM forest is nested 

within the town of Gamboa, and is thus surrounded by paved streets and homes in 

addition to being surrounded by water on three sides. These subtler anthropogenic 

barriers may be sufficient to restrict ant dispersal, resulting in the relatively distinct GAM 

Pseudonocardia clade, but not Escovopsis, which contains multiple genetic populations 

within GAM (fig. 5e). 

In our attempt to identify signatures of Pseudonocardia adaptation to Escovopsis, 

we sought to identify parasite rare morph advantage, a form of negative frequency 

dependent selection common in host–parasite systems whereby rare parasite have an 

advantage because hosts have not yet evolved resistance (Takahshi & Kawata 2013). Our 

test strain bioassay demonstrated that Pseudonocardia have different inhibition to various 

Escovopsis morphotypes at this scale, and our large bioassay confirmed that rare parasites 

experience significantly less inhibition by Pseudonocardia. It is worth noting that we 

previously isolated two Streptomyces strains from A. dentigerum (Caldera & Currie 

2012), and while these isolates had high inhibition to Escovopsis, they did not have 
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hierarchical inhibition of pathogen morphotypes, suggesting that the occasional 

observations of attine-associated Streptomycete associations may be transient and not 

coevolved (c.f., Barke et al. 2010). 

Genomic analysis revealed extraordinary chemical biosynthetic potential in Central 

American Pseudonocardia. The presence of several unique BGCs on BCI appears to 

contribute to elevated inhibition on the island population, and a lack of certain BGCs may 

contribute to lower inhibition in the Costa Rica LS population. Correlations with bioassay 

inhibition demonstrated that a particular BGC may be associated with either high or low 

inhibition (fig. 7a); however, given that no pairing reaches significance by location 

suggests that the presence/absence of BGCs is not driving local adaptation. At least two 

cross-population BGCs appear to have undergone selective sweeps on BCI. A bactriocin 

on BCI showed significantly high Fst compared to the mainland populations (fig. 8a). 

Bactriocins are generally thought to be niche-defending compounds, so while unlikely to 

be the source of Escovopsis inhibition, this could be involved with host-Pseudonocardia 

specificity either directly or indirectly via the killing of potential invader actinobacterial 

strains. An NRPS BGC may also have undergone a selective sweep on BCI – that Fst 

peak occurs within a cyclizing domain that could potentially increase secondary 

metabolite production by freeing up a rate limiting step. These results suggest that 

adaptation at the local level is occurring within genes and not just through the acquisition 

of novel BGCs. 

4.6 Conclusions 

Taken together, these signatures of local adaptation to common parasites and rare 

pathogen advantage provide evidence of indirect adaptation to a pathogen by its tertiary 
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target (table 1). The mosaic pattern in symbiont inhibition across geographically 

structured populations and the nesting of a locally adapted population surrounded by 

populations lacking adaptation is consistent with a coevolving geographic mosaic. These 

results also provide evidence of population–level adaptation by Pseudonocardia in 

response to selective pressure imposed as a consequence of its symbiosis with fungus-

farming ant hosts. 
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Supplementary figure 1. Assignment of Pseudonocardia isolates to genetic clusters 
(K) determined using Bayesian simulations in STRUCTURE. Each vertical line 
corresponds to the proportion of an individual’s genome that corresponds to a particular 
cluster, indicated by color differences. Panel A presents results of the linkage/admixture 
model (K=2), as determined by calculating ΔK (Evanno et al. 2005). Admixed isolates in 
A correspond to recombinant sequences identified through tests for recombination and 
phylogenetic incongruence (Caldera & Currie 2012). B and C show K=6 for the 
linkage/admixture and no-admixture models, respectively, where the no-admixture model 
assumes that each isolate derives from a single population and the linkage/admixture 
model allows individuals to have admixed ancestry. 
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5 Chapter 5: Summary and Future Directions 

In this dissertation, I sought to characterize the evolutionary ecology of symbiotic, 

antibiotic-producing Pseudonocardia associated with the fungus-growing ant 

Apterostigma dentigerum. Understanding Pseudonocardia’s place in the attine-symbiont 

system first required a thorough review of symbiont dynamics from a broad phylogenetic 

scale to a population level (chapter 1) as well as a basic understanding of the population-

level cultivar-parasite dynamics that it mediates (chapter 2). Moreover, because 

coevolutionary dynamics are shaped by population structure, a description of 

Pseudonocardia phylogeography and recombination was also necessary (chapter 3). In 

chapter 4 I demonstrated that the Pseudonocardia – parasite dynamic conforms to a 

theoretical framework called the geographic mosaic of coevolution, and began building 

an understanding of the secondary metabolite and molecular genetic mechanisms 

conferring adaptation. Future work should continue to explore evolutionary genetic 

change and transmission of secondary metabolites, and the evolutionary dynamics of one 

particular Pseudonocardia strain may provide important insights.  

Bioassay inhibition patterns identified a Pseudonocardia isolate with 

phylogeograpic placement that provides an anecdotal example of an “exception that 

proves the rule.” Isolate EC08061908 was collected on BCI but it nests within a PLR 

clade with high support (fig. 1). Thus, it appears that this strain recently migrated from 

PLR. Interestingly, this isolate is an outlier within our dataset as having high inhibition, 

in part because it shows high inhibition to both BCI and PLR (i.e. the strain is not locally 

adapted). For contrast, EC08061804, which groups robustly within the BCI clade, shows 

high inhibition to BCI,  
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Figure 1. Zones of inhibition in  Central American Escovopsis-Pseudonocardia 

challenges. Large zones are shown in dark green and no inhibition shown in dark purple. 

Pseudonocardia (y axis) are color coded by fineSTRUCTURE groupings from whole 

genome sequencing, and Escovopsis (x-axis) are color coded by morphotype. 
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but lower inhibition to PLR (i.e. the strain is locally adapted). Perhaps during its 

migration from PLR to BCI, EC08061908 maintained some inhibitory element from 

PLR, while also acquiring a new element from BCI. The presence of two variants of a 

particular BCG in also appears to support this (fig 1). Subsequent work should continue 

to understand examine the differences in BGC variants and seek to link genetic changes 

to inhibition profiles. EC08061908 also provides an opportunity to explore transmission 

of secondary metabolites. Because this BCI strain appears to be a recent migrant from 

PLR, it would be interesting know whether the ant is also a recent migrant. A population 

genetic study of the ants could utilize exclusion and assignment tests like those used in 

appendix 6.1 to answer this question. 

Further insights into Pseudonocardia antibiotic production may also be gained by 

understanding unique secondary metabolites. While isolating Pseudonocardia, I 

identified two secondary metabolite structures that are easily visible in the media, which I 

call, “red crystals” and “brown crystals.” The red crystalline structures are associated 

with high inhibition on BCI, where they are found in only one region, which seems to 

swamp out local adaptation signatures. Brown crystals are also associated with high 

inhibition, but they express more variably within strains that are found across 

populations. A more complete understanding of Pseudonocardia secondary metabolite 

evolution might view the acquisition of unique secondary metabolites as occasional, but 

valuable inputs of evolutionary utility that are then modified by selection as they spread 

over geographic space.  

This dissertation explored a geographic mosaic dynamic within the canal-zone of 

Panama, but the potential to detect a geographic mosaic at a larger scale is also possible. 
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In 2009 I isolated South American Apterostigma-associated Escovopsis from the Los 

Amigos station along the Madre De Dios in the Amazon of Peru. I collected multiple G2, 

G3, and G4 cultivating Apterostigma species. Compared to our observations of 

Escovopsis morphotypes in Central America (where brown=common, yellow=less 

common, and fuzzy brown & light brown=rare) fuzzy brown frequencies were common 

and we didn’t collect any brown or light brown. Unfortunately, I was unable to isolate 

actinobacteria (in part because I didn’t have regular access to electricity or a light 

powered microscope needed for the appropriate dissection and scraping for isolation. 

Future work should explore whether these bacteria are genetically distinct from Central 

American bacterial symbionts and whether Peruvian actinobacteria symbionts are better 

at inhibiting fuzzy brown Escovopsis. Understanding these dynamics might inform a 

broader geographic mosaic driven by shifts in Escovopsis morphotypes from Central 

America through South America.  
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6 Appendix 

 

Putative Native Source of the Invasive Fire Ant Solenopsis invicta in the USA. 

 

Supplementary Figure 16 in The Genome Sequence of the Leaf-Cutter Ant Atta 

cephalotes Reveals Insights into Its Obligate Symbiotic Lifestyle 
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6.1 Putative Native Source of the Invasive Fire Ant Solenopsis invicta in the USA 
 
 
Previously published in Biological Invasions. 2008, 10(08): 1457-1479. 

 

Eric J. Caldera, Kenneth G. Ross, Christopher J. DeHeer, and D. DeWayne Shoemaker 

 

Author contributions: EJC & DDS performed population genetic analysis and wrote the 

paper. KGR CJD & DDS conducted the field work and genotyping.  
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6.1.1 Abstract 

The ecological and evolutionary dynamics of newly introduced invasive species can best 

be understood by identifying the source population(s) from which they originated, as 

many species vary behaviorally, morphologically, and genetically across their native 

landscapes. We attempt to identify the source(s) of the red imported fire ant (Solenopsis 

invicta) in the southern USA utilizing data from three classes of genetic markers 

(allozymes, microsatellites, and mitochondrial DNA sequences) and employing Bayesian 

clustering simulations, assignment and exclusion tests, and phylogenetic and population 

genetic analyses. We conclude that the Mesopotamia flood plain near Formosa, 

Argentina represents the most probable source region for introduced S. invicta among the 

10 localities sampled across the native South American range. This result confirms 

previous suspicions that the source population resides in northern Argentina, while 

adding further doubts to earlier claims that the Pantanal region of Brazil is the source 

area. Several lines of evidence suggest that S. invicta in the southern USA is derived from 

a single location rather than being the product of multiple invasions from widely 

separated source localities. Although finer-scale sampling of northern Argentina and 

Paraguay combined with the use of additional genetic markers will be necessary to 

provide a highly precise source population assignment, our current results are of 

immediate use in directing future sampling and focusing ongoing biological control 

efforts.  

 



	 169	
6.1.2 Introduction 

Invasive species can pose major threats to agricultural and natural environments 

as well as to the public health (Sax et al. 2005; Wilcove et al. 1998). Considering just 

insects in agricultural systems, the negative impact of invasives is evident from the fact 

that a vast number of major pest species in such settings in the USA are of exotic origin 

(Carruthers 2003). Although the basis for the success of different exotic pests varies, one 

common contributing element appears to be ecological release from the natural 

assemblages of competitors, parasites, and predators that occur in their native 

environments and normally act to suppress their populations (Mitchell and Power 2003; 

Torchin et al. 2003). Thus, a reasonable approach to managing populations of undesirable 

exotics is to identify the natural enemies attacking them in their native ranges and to 

deliberately introduce one or more of these biological control agents into the introduced 

range.  

While biological control has proved successful in suppressing pest populations in 

a number of cases, one potential difficulty is a failure to recognize biologically important 

variation among native pest populations that correlates with variation in natural enemy 

assemblages (Goolsby et al. 2006; Sakai et al. 2001; Waage and Mills 1992). As an 

example, if strong genetic differentiation exists among native populations of an 

introduced species, then it is likely either that the species composition of the natural 

enemy assemblage varies locally over the native range of the exotic or that widespread 

individual enemy species are locally adapted to it. In such cases, the efficacy and success 

of natural enemies in controlling their host will likely depend on an interaction between 

natural enemy and host genotypes (Dybdahl and Storfer 2003; Foitzik et al. 2003; 
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Goolsby et al. 2006; Kaltz and Shykoff 1998; Kraaijeveld and Godfray 1999; Lively and 

Dybdahl 2000; Lively et al. 2004; Thrall et al. 2002). If so, efforts to pinpoint the source 

population of an invasive pest are of paramount importance in identifying appropriate 

agents of its biological control (Waage and Mills 1992).  

In addition to directing efforts toward appropriate locations for identifying 

potential control agents, determination of the geographical source of an invasive pest may 

facilitate reconstruction of the invasion history, help reveal important regional genetic 

variation relevant to its natural history, and shed light on important post-invasion changes 

in its biology that may affect its pest attributes (Downie 2002; Giraud et al. 2002; 

Gwiazdowski et al. 2006; Lee 2002; Provan et al. 2005; Ross et al. 1996; Tsutsui et al. 

2003). While identification of the source population of an invasive species can be 

challenging, the development of new molecular tools and statistical methods for 

analyzing the resulting data have greatly improved the prospects for meaningful results, 

as illustrated by several recent studies (Gwiazdowski et al. 2006; Harter et al. 2004; 

Havill et al. 2006; May et al. 2006; Miura et al. 2006).  

The red imported fire ant, Solenopsis invicta, is an invasive pest of significant 

economic, agricultural, and medical importance in the USA and elsewhere (Jouvenaz 

1990; Lofgren 1986a; Orr 1996; Patterson 1994). This insect was inadvertently 

introduced into the USA from South America some 75 years ago. Since that time, it has 

spread throughout the southern part of the country (Callcott and Collins 1996; Lofgren 

1986b) and, more recently, to several western states, the Carribean, Australia, and 

Taiwan (Buckley 1999; Chen et al. 2006; Davis et al. 2001; Huang et al. 2004; MacKay 

and Fagerlund 1997; McCubbin and Weiner 2002). Solenopsis invicta is of economic 
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importance in these areas of introduction because: (1) it is an aggressive stinging insect 

causing mass envenomation incidents and hypersensitivity reactions in humans, (2) it 

occurs primarily in human- modified habitats, (3) it constructs large mounds that are 

unsightly and capable of damaging farm machinery, (4) it feeds on several important 

cultivated plants and tends homopterans that are also plant pests, and (5) it may 

negatively affect populations of native ants and other ground-dwelling animals (Allen et 

al. 1998; Carroll and Hoffman 2000; Gotelli and Arnett 2000; Lofgren 1986a; Lofgren et 

al. 1975; Morrison 2002; Porter and Savignano 1990; Tschinkel 2006; Vinson 1994; 

Wojcik et al. 2001). These pest traits of S. invicta presumably are exacerbated by the 

relative lack of natural enemies in invasive populations that normally act to suppress fire 

ant populations, with the effect that population densities in the USA are orders of 

magnitude greater than in South America (Morrison 2000; Porter et al. 1992, 1997b).  

Concerns about the negative economic and ecological impacts of S. invicta have 

led to the development of many different control methods that target individual colonies 

(e.g., contact insecticides) or are intended to suppress the colonies inhabiting larger areas 

(e.g., baits containing poisons, growth regulators, or reproductive inhibitors) (Kemp et al. 

2000; Williams 1994; Williams and Porter 1994). Because these methods generally have 

failed to halt the continued spread and enormous population buildups following new 

introductions, alternative approaches to population management, including those based 

on biological control by natural enemies from the native range, are being developed 

(Jouvenaz 1990; Lofgren 1986a; Morrison et al. 2000; Orr 1996; Patterson 1994; Porter 

1998, 2000; Porter and Briano 2000; Porter et al. 2004; Williams and deShazo 2004). 

Clearly, however, sustained success in such novel management approaches requires 
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detailed knowledge of the biology of this ant in its native habitat, including such crucial 

ecological information as the identity of key competitors and natural enemies and the 

nature of their interactions with S. invicta. Given that this species occupies a vast native 

range characterized by profound regional genetic differentiation (Ross et al. 1997, 2007; 

Ross and Shoemaker 2005), the most scientifically and practically relevant information of 

this type will come from the native population(s) that served as the source of the USA 

colonists.  

The current study uses genetic data generated from three classes of genetic 

markers to attempt to identify the native source of S. invicta introduced into the USA. 

Such attempts would have been difficult previously, given the somewhat problematic a-

taxonomy of South American fire ants, the lack of a sufficient number of informative 

molecular markers, and the limited availability of samples from the native range. 

However, substantial progress in resolving these shortcomings has been made recently 

(Pitts et al. 2005; Ross et al. 2007; Ross and Shoemaker 2005). An attempt to identify the 

origin of S. invicta is particularly appropriate at this juncture in light of recent studies 

detailing the nature and extent of geographic population genetic differentiation within the 

native range (Ross et al. 2007; Ross and Shoemaker 2005). While this recent work 

provides necessary baseline data for source identification, the observed strong regional 

differentiation also suggests that natural enemies of S. invicta may be locally adapted to 

their host and that S. invicta may differ regionally in some important aspects of its natural 

history. Thus, identification of the source of the USA colonists is important not only for 

focusing biological control collections but also to anchor studies of the natural history of 

S. invicta in its native range, an increasingly important endeavor given the emergence of 
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the species as a prominent model for ecological and evolutionary studies (Gotzek and 

Ross 2007; Tschinkel 2006). 

6.1.3 Materials and Methods 

All of the samples used here were subjected to extensive population genetic 

analyses in several earlier studies (Ross et al. 2007; Ross and Shoemaker 2005; 

Shoemaker et al. 2006a; Shoemaker et al. 2006b). These previous studies described 

patterns of genetic variation within native and introduced populations of S. invicta, 

important baseline data for attempting to identify the native source of the USA colonists. 

Below we summarize briefly the sampling and genetic methods employed in generating 

these data; additional details can be found in Shoemaker et al. (2006b) and Ross et al. 

(2007). 

Samples 
 

Two social forms of S. invicta occur in both the native and introduced ranges. The 

monogyne (M) social form is characterized by the presence of one reproductive queen per 

colony, while the polygyne (P) form is characterized by multiple such queens per colony. 

The two forms differ not only in colony queen number but in many other important 

features of their reproductive and dispersal biology that are expected to have important 

effects on the distribution of genetic variation at various spatial scales (Ross and Keller, 

1995, Tschinkel, 2006). Samples of introduced S. invicta were collected from 258 

colonies at two exemplar localities in the southern USA (Fig.1), with both social forms 

well sampled at each locality. The Mississippi locality was chosen as an exemplar 

because of its close proximity to the port of Mobile, Alabama, the suspected initial point 

of entry of S. invicta into the USA (Lofgren 1986a), and because Shoemaker et al. 
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(2006b) demonstrated that the patterns of diversity within this population appear to 

closely resemble those of a hypothetical original colonizing population. We included ants 

from west Louisiana because they appear to be somewhat divergent from other ants 

sampled throughout the southern USA (Shoemaker et al. 2006b), possibly as the result of 

a secondary introduction. All sampled colonies at each locality were located within 40 

km of one another. 

Samples of native S. invicta were collected from 567 colonies at ten localities in 

Brazil and Argentina that span a large portion of the native range (Fig. 2; see also Ahrens 

et al. 2005; Mescher et al. 2003; Ross et al. 2007). All sampled colonies at a locality were 

located within 20 km of one another, while distances between pairs of localities ranged 

from 90 to 1967 km. Samples of each social form were collected in sufficient numbers 

from the Corrientes and Formosa localities to warrant separate analyses. Following Ross 

et al. (2007), two distinct populations were distinguished within the Arrorio dos Ratos 

locality, designated as Arroio X and Y.  Three of the Brazilian localities, Pedra Preta, São 

Gabriel do Oeste, and Campo Grande, lie at the eastern edge of the Pantanal, a large 

flood plain hypothesized by earlier authors to be the source area for the USA colonists 

(Allen and Buren 1974; Buren 1972; Buren et al. 1974). 

All sampled colonies were identified as S. invicta by J. P. Pitts using species-

informative morphological characters (Pitts 2002; Trager 1991). The social form of each 

colony was identified using the methods described in Shoemaker et al. (2006b). 

Geographic coordinates for the sampling localities and numbers of samples from each are 

summarized in Appendix I. 
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Figure 1. Sampling localities for S. invicta within the introduced range in the USA. 
Pie charts represent the proportions of individuals (colonies) within each geographic 
locality that were placed in each of two genetic clusters inferred by the program 
STRUCTURE 
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Genetic Markers 
 

We genotyped one female alate (winged virgin queen) or dealate (wingless 

reproductive queen) per colony at 12-14 nuclear loci. Nuclear markers included seven 

allozyme loci (Aat-2, Acoh-1, Acoh-5, Est-2, G3pdh-1, Gpi, Pgm-1) and seven 

microsatellite loci (Sol-6, Sol-11, Sol-18, Sol-20, Sol-42, Sol-49, Sol-55). Methods for 

allozyme electrophoresis and staining are found in Shoemaker et al. (1992) and Ross et 

al. (1997). Because the allozyme loci Est-2 and Gpi are monomorphic in S. invicta in the 

USA (Shoemaker et al. 1996), they were not scored in the Mississippi and west Louisiana 

ants. Primers and procedures for microsatellite amplification and visualization are 

described in Ross et al. (2007). 

We sequenced a 920-bp fragment of the mitochondrial DNA (mtDNA) genome 

for 644 of the individuals described above using the primers COI-RLR (Simon et al. 

1994) and DDS-COII-4 (Ross and Shoemaker 1997; see Appendix II for sample sizes for 

each population); All sequences for ants from the USA were newly generated for this 

study (GenBank accession numbers EU352605–EU352610). Primer sequences, PCR 

reaction conditions, and sequencing methods were identical to those described in Ahrens 

et al. (2005). All sequences were aligned by eye using sequence data deposited in 

GenBank (accession number AY2490093), and each was assigned a specific haplotype 

identification code according to Shoemaker et al. (2006a). For STRUCTURE analyses 

incorporating mtDNA data from the native range (see below), haplotypes were binned 

into one of seven well supported clades described in Ross et al. (2007) and Shoemaker et 

al. (2006a). All unique mtDNA sequences have been deposited in GenBank (see Table 1 

of Shoemaker et al. 2006a for GenBank accession numbers). 
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Figure 2. Sampling localities for S. invicta within the native range of the species 
(area shaded gray). Pie charts represent the proportions of individuals (colonies) within 
each geographic locality that were placed in one of ten genetic clusters inferred by the 
program STRUCTURE (designated clusters SA1–SA10). The Pantanal and Mesopotamia 
floodplain regions are depicted with red and green stippling, respectively, while relevant 
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portions of waterways in the Amazon and La Plata River Basins are depicted with purple 
and blue lines, respectively. The Parana´ River is indicated by the letter ‘‘P’’ 
Assignment Tests 
 

We used Bayesian assignment tests implemented in the program GENECLASS2 

(Piry et al. 2004) as one approach to determine the likely source(s) of invasive S. invicta. 

Bayesian assignment tests were selected over distance-based tests because the former 

appear to perform better (Cornuet et al. 1999), and assignment tests utilizing the Rannala 

and Mountain (1997) methods were selected over approaches employing a uniform prior 

because the former produce less ambiguous results (Baudouin et al. 2004). Initially, 

assignment tests for the introduced ants were conducted at both the individual and 

population levels using the native sampling localities (geographic populations) as 

reference populations. 

Because power in assigning individuals or groups to a reference population can be 

gained by grouping individuals on the basis of genetic similarity rather than geographic 

proximity (Baudouin et al. 2004), we also performed the above analyses after grouping 

ants into distinctive genetic clusters rather than collection localities. To accomplish this, 

we used the Bayesian program STRUCTURE (Pritchard et al. 2000) to sort individuals 

from the native or introduced ranges into K genetic clusters. We did not include the 

mtDNA data for these analyses because GENECLASS2 is not equipped to handle data 

derived from both haploid and diploid markers. All simulations performed in 

STRUCTURE featured 300,000 runs following a burn-in period consisting of 100,000 

runs. We used the admixture model assuming correlated allele frequencies and did not 

include collection site or social form as priors. Analyses were performed separately for 

ants from the USA (K=1 to 4) and from South America (K=1 to 19). For both analyses, 
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ten separate runs were performed for each value of K. We ensured accurate estimates of 

the simulation values by checking that model parameters equilibrated before the end of 

the burn-in phase and that posterior probabilities were consistent across all ten runs for 

each data and parameter set. After determining the appropriate value of K for each dataset 

using the ΔK method of Evanno et al. (2005), each individual was placed in the cluster in 

which it had predominant membership (determined from the run with the highest 

posterior probability for a particular cluster). The resulting new clusters of native ants 

then were used as reference populations for assignment tests performed on the introduced 

ants in GENECLASS2. Again, these assignment tests utilizing the STRUCTURE-defined 

genetic clusters were conducted at both the individual and population levels. 

In a somewhat different approach, we used STRUCTURE to determine whether 

S. invicta from Mississippi and west Louisiana grouped predominantly with any distinct 

genetic cluster comprising ants from the native range. We ran these simulations using the 

entire set of individuals from both ranges (K=1 to 17). Runs were performed with the 

parameters described above, using only the nuclear DNA data as well as the combined 

nuclear and mtDNA data. 

Once a native source was tentatively identified, we ran STRUCTURE simulations 

again on a more restricted dataset comprising only this native population and a single 

geographic population from the USA (Mississippi or west Louisiana). These analyses 

were repeated with the introduced ants distinguished by membership in the genetic 

clusters determined from STRUCTURE rather than by locality. 

Exclusion Tests 
 



	 180	
One potential drawback of Bayesian assignment methods is that they assume the 

actual source population is represented among the reference populations, with the result 

that individuals of unknown origin will always be assigned with high probability to one 

or another reference population. In contrast, exclusion tests allow the possibility of 

excluding all reference populations as potential sources. GENECLASS2 offers three 

different Monte Carlo sampling algorithms for performing exclusion analyses (Cornuet et 

al. 1999; Paetkau et al. 2004; Rannala and Mountain 1997). We judged the algorithm of 

Cornuet et al. (1999) to be the most appropriate for our dataset, given that it assumes that 

source and introduced populations diverged in the absence of migration. All exclusion 

analyses were conducted with 100,000 simulated individuals and an alpha level of 0.01. 

Phylogenetic Analyses of mtDNA Sequences 
 

To make full use of the information available from the mtDNA, we performed 

phylogenetic analyses on 92 sequences representing all unique haplotypes from the native 

and introduced ranges. MtDNA sequences from two other fire ant species, Solenopsis 

geminata and S. electra (GenBank accession numbers AY254476 and AY249092, 

respectively), were used as outgroups for these analyses. We used neighbor-joining (NJ) 

and Bayesian methods implemented in the programs PAUP 4.08b (Swofford 1999) and 

MrBayes 3 (Ronquist and Huelsenbeck 2003), respectively, to reconstruct the mtDNA 

trees. The program MODELTEST (Posada and Crandall 1998) was used to determine the 

appropriate model of sequence evolution and proportion of invariant sites. The NJ tree 

was constructed using TrN + I + Γ distances (determined by MODELTEST to have the 

lowest likelihood ratio; I=0.6970 and Γ=1.8861), with the additional constraint that ties 

were broken randomly. All branches of zero length were collapsed during searches. 
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Bootstrap support values for each node within the tree were calculated by performing 

10,000 data resamplings. All MCMC searches in the Bayesian analyses employed a 

uniform prior based on output from MODELTEST, and no priors regarding tree topology 

were assumed. To ensure that parameter space was thoroughly explored, four separate 

runs with four heated chains each were performed; each chain featured four million 

generations (with sampling every 100th generation) following a burn-in period of 100,000 

generations. Posterior probabilities were calculated using the trees visited by the Markov 

chains after burn-in samples were discarded. 

Additional Analyses 
 

We constructed a consensus genetic distance tree depicting the relationships of 

geographic populations at their nuclear genomes. The programs SEQBOOT, GENDIST, 

and NEIGHBOR within the PHYLIP package (Felsenstein 2004) were used to create 

replicate data sets, calculate Nei’s chord distance (Nei et al. 1983), and construct 

neighbor-joining (NJ) trees, respectively. Node stability was assessed by performing 

1000 bootstrap resamplings. The final consensus tree was produced in the CONSENSE 

program of PHYLIP by employing the majority rule criterion. 

We used the program ARLEQUIN 2.000 (Schneider et al. 2000) to estimate FST 

values for all nuclear loci and ΦST values for the mtDNA between all pairs of native and 

introduced geographic populations, as well as to estimate allele and haplotype 

frequencies within geographic populations. 

Finally, we employed STRUCTURE to generate FK values for each geographic 

population in both the native and introduced ranges based on the nuclear data; this 

statistic can be interpreted as equivalent to FST between a sampled population and a 
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hypothetical population assumed to be ancestral to all the study populations (Falush et al. 

2003; Pritchard et al. 2000). We incorporated geographic location and social form as 

priors for these simulations. 

The majority of data format conversions necessary for the different software 

programs used in this study were conducted with the program CONVERT (Glaubitz 

2004). Graphical displays of STRUCTURE output were created using the program 

DISTRUCT (Rosenberg 2004). 

6.1.4 Results 

General descriptions of the types and distributions of nuclear genetic and mtDNA 

variation in native and introduced S. invicta populations are provided elsewhere (Ross et 

al. 2007; Shoemaker et al. 2006a; Shoemaker et al. 2006b). Allele and haplotype 

frequencies for the populations included in this study are provided in Appendix II 

(electronic versions available upon request). 

Assignment Tests 
 

We first used GENECLASS2 to assign geographic populations from the USA to 

native geographic populations on the basis of the nuclear marker data. At the population 

level, both the Mississippi and the west Louisiana populations were assigned to the native 

Formosa, Argentina population with probabilities greater than 0.999. Population-level 

assignment probabilities to the remaining native localities were all below 0.0001.  

We repeated the above analyses after grouping individuals from the native and 

introduced ranges into genetic clusters. STRUCTURE simulations revealed that ants 

from the introduced populations comprise two distinct genetic clusters (K=2) based on 

calculation of ΔK (Evanno et al. 2005). These clusters correspond roughly to the two 
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sampling localities (Fig. 1); over 87% of individuals with predominant genetic 

membership in the first cluster were from west Louisiana, while a similar proportion of 

individuals with predominant membership in the second cluster were from Mississippi. 

Thus, we subsequently refer to these two clusters as the “west Louisiana cluster” and the 

“Mississippi cluster.”  Very similar results were obtained when the two social forms at 

each locality were considered separately. For the South American ants, STRUCTURE 

simulations yielded ΔK values strongly supporting the existence of ten distinct genetic 

clusters (K=10). We subsequently refer to these as clusters SA1 through SA10 (Fig. 2; 

see also Ross et al. 2007). As in the introduced range, cluster representation was very 

similar for the two social forms within Corrientes and Formosa. 

After placing each individual in the cluster in which it had predominant 

membership, population-level assignment tests for the introduced ants were repeated in 

GENECLASS2. Both the Mississippi and west Louisiana clusters of introduced S. invicta 

were assigned to native cluster SA9 with probabilities greater than 0.999. This cluster is 

composed almost entirely of individuals from the Formosa population (one individual 

from the neighboring Corrientes, Argentina population was also placed in this cluster). 

Thus, GENECLASS2 population analyses of the nuclear data based on both geographic 

locality and genetic clustering implicate Formosa, Argentina as the source of invasive S. 

invicta in the USA, congruence that is not surprising given that the native genetic clusters 

are strongly geographically structured (Ross et al. 2007). Notably, while the introduced 

ants are differentiated into two clusters corresponding roughly to the two sampling 

localities, their assignment to a single locality and cluster in the native range suggests that 

all S. invicta in the USA may be derived from colonists that originated in the same area. 
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For the individual-level GENECLASS2 analyses using nuclear genetic clusters as 

references, 231 (90%) of the individuals from Mississippi and west Louisiana were 

assigned with high probability (>0.99) to native cluster SA9, the cluster associated almost 

exclusively with Formosa. The remaining 27 individual assignments were deemed 

ambiguous because of probabilities <0.99. Nonetheless, the highest assignment 

probabilities for 21 of these were to cluster SA9. Moreover, among the remaining six 

ambiguous cases, five assignments were to SA10, a cluster found only in Formosa. The 

final ambiguous individual was assigned to SA5, a cluster commonly represented in the 

neighboring Corrientes population as well as the southern Brazil populations of Arroio Y 

and Rinco dos Cabrais (Fig. 2). 

Results of individual-level assignment tests using GENECLASS2 with 

geographic reference populations were qualitatively similar to the above results using 

genetic clusters, but a much larger proportion of assignments were deemed ambiguous. 

Ants from Mississippi and west Louisiana invariably were assigned to the Formosa 

population, but only 52 (20%) of these assignments were made with probabilities >0.99. 

This underscores the importance of learning about the boundaries of natural genetic units 

within the native (and introduced) range in order to extract the most useful information 

for evaluating potential native sources. 

STRUCTURE simulations run using all ants sampled from both ranges yielded 

evidence for just K=2 clusters, regardless of whether only the nuclear data or both the 

nuclear and mtDNA data were considered. (This low estimate of K compared to that for 

just the native ants reflects a bias of the Evanno et al. (2005) method toward detection of 

the highest level of genetic structure.)  Remarkably, native ants from almost all localities 
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have membership predominantly in just one of the two clusters, while the introduced ants 

have membership predominantly in the other (Fig. 3). The conspicuous exception to this 

partitioning of the native and introduced gene pools is the native Formosa population. 

Ants here appear highly admixed, with average membership coefficients split nearly 

equally between the two clusters (0.58 and 0.44 with the nuclear markers only; 0.59 and 

0.41 with the mtDNA included as well). Thus, this analysis also reveals a stronger 

genetic link of S. invicta in the USA. to the Formosa ants than to any other sampled 

native population. 

Given the multiple lines of evidence of strong genetic affinity between ants from 

the USA and Formosa, we ran additional STRUCTURE simulations using all 14 nuclear 

markers for ants from just these areas. Each of the analyses conducted separately on ants 

from Mississippi and west Louisiana yielded evidence for two clusters (K=2), with the 

Formosa ants and introduced ants having membership predominantly in separate clusters 

(Fig. 4). Thus, despite the relative genetic similarity between the Formosa and USA ants 

when all samples are considered simultaneously, significant genetic differentiation 

between the putative source and introduced populations is nonetheless detectable. 

Essentially the same results were obtained when STRUCTURE-defined clusters were 

substituted for geographically defined populations in the introduced range or when the 

mtDNA data were incorporated (data not shown). 

  



	 186	

 

Figure 3. Individual membership coefficients for introduced (USA) and native S. 
invicta determined from STRUCTURE simulations. The top panel shows results for 
14 nuclear markers and the mtDNA combined, whereas the bottom panel shows results 
for the nuclear markers only. Within each population demarcated by a rectangle, 
individuals are represented by vertical lines divided into parts proportional to their 
proposed ancestry in each STRUCTURE-defined genetic cluster. MS, Mississippi; wLA, 
west Louisiana; PEL, Pontes E Lacerda; PeP, Pedra Preta; SGO, Sa˜o Gabriel do Oeste; 
CaG, Campo Grande; CeA, Ceu Azul; AdR X, Arroio dos Ratos X; Y, Arroio dos Ratos 
Y; RdC, Rinco dos Cabrais; Ros, Rosario; Cor, Corrientes; For, Formosa. M, monogyne 
social form; P, polygyne social form 

 

 

 

Figure 4. Individual membership coefficients for introduced (Mississippi and west 
Louisiana, USA) and native (Formosa, Argentina) S. invicta determined from 
STRUCTURE simulations using 14 nuclear markers (analyses conducted separately 
for each introduced population). Individuals are represented by vertical lines divided 
into parts proportional to their proposed ancestry in each STRUCTURE-defined genetic 
cluster 
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Exclusion Tests 
 

Exclusion tests potentially allow the rejection of all native populations as sources 

of the USA ants if the actual source was not sampled. Nonetheless, the exclusion tests we 

performed strongly support our findings from the assignment tests and STRUCTURE 

simulations that the likely source population for S. invicta in the USA occurs near 

Formosa, Argentina. In the individual-level analyses, only 38 (15%) of the ants from 

Mississippi and west Louisiana could be excluded as originating from the 

characteristically Formosan cluster SA9 (at P<0.01; Fig. 5). Among these individuals, all 

but one were excluded from every other potential source cluster as well. Only three other 

clusters were not excluded entirely as sources for some introduced ants (Fig. 5). These 

are SA10, a cluster confined to Formosa, SA8, a cluster best represented at the 

neighboring Corrientes locality, and SA5, a cluster well represented at Corrientes and two 

southern Brazilian localities (Fig. 2). 

It is noteworthy that genetic clusters composed solely or largely of ants from 

Brazilian localities (SA1, SA2, SA3, SA4, and SA6) were rejected as potential sources 

for any individual from the USA (Fig. 5). Identical results were obtained when we used 

geographic populations as the native references; all Brazilian localities invariably were 

rejected as potential sources. 

Phylogenetic Analyses of mtDNA Sequences 
 

The NJ and Bayesian phylogenetic analyses of the mtDNA sequences produced 

identical trees comprising seven well-supported clades, each of which has a distinctive 

geographic distribution (Fig. 6; see also Shoemaker et al. 2006a). The six haplotypes 

found in ants from Mississippi and west Louisiana fall within three clades distributed 
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chiefly in central and north-central Argentina (designated clades 2, 3, and 4; see 

Shoemaker et al. 2006a). Four of the six introduced haplotypes are identical to variants 

from Formosa. A fifth (H5) is identical to a haplotype occurring in Corrientes and a third 

Argentine locality, Rosario. The sole mtDNA sequence unique to the introduced ants 

(USA4) differs from a recovered Formosa haplotype by a single point substitution. 

Additional Results 
 

The NJ tree depicting the nuclear genetic relationships of the sampled populations 

is presented in Figure 7, along with estimates of FK, a measure of the nuclear genetic 

divergence of each sampled population from a hypothetical population ancestral to all of 

them. The introduced populations are most closely allied genetically to the Formosa ants 

among the native populations studied. Values of FK equal to or exceeding 0.2 are 

confined to the Brazilian and introduced populations, whereas values less than 0.1 

characterize only Corrientes and Formosa. This result reflects the conclusions of Ross et 

al. (2007) that the more peripheral Brazilian populations are relatively recently derived 

from ancestral S. invicta populations that resided in northern Argentina.  More 

importantly with respect to the present study, it also implies that the introduced 

populations are among the most divergent relative to this hypothetical ancestral form. 

Such a pattern is expected given the pronounced changes in the extent and type of genetic 

variation predicted for bottlenecked populations (Chakraborty and Nei 1977), changes 

that have been demonstrated in S. invicta in the USA for allozyme and sex-determination 

loci (Ross et al. 1993). 
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Figure 5. Results of exclusion tests for individual S. invicta from the introduced 
(USA) range based on 14 nuclear markers. The histogram shows the proportions of 
individuals from both Mississippi and west Louisiana excluded as originating from each 
STRUCTURE-defined genetic cluster in the native range  
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Inspection of the nuclear and mtDNA variants in our samples from Formosa and 

the USA confirms that the variation in the introduced ants generally represents a very 

restricted subset of the variation found in Formosa, and that most variants in the USA can 

also be found in Formosa (Fig. 8). Specifically, 43% of the Formosa nuclear alleles and 

22% of the Formosa mtDNA haplotypes were detected in the introduced ants, while only 

four of the 59 total variants from the introduced range (6.8%) were not detected in 

Formosa (two microsatellite alleles and two mtDNA haplotypes). Importantly, an atypical 

interrupted-repeat microsatellite allele recovered from both USA localities (Sol-55152) 

was found only in Formosa among the native populations. Because mutations giving rise 

to such variants occur relatively infrequently (e.g., Jarne and Lagoda 1996), their 

common occurrence in Formosa and the introduced range is most likely due to a 

relatively recent genealogical connection between ants in the two areas. 

Estimates of FST (nuclear markers) and ΦST (mtDNA sequences) between paired native 

and introduced populations are presented in Figure 9. The lowest FST values invariably 

involve the Formosa ants. Estimates of ΦST yield similar patterns, with one exception; the 

Mississippi polygyne form is more similar overall in its mtDNA composition to ants from 

the Argentine populations of Corrientes and Rosario than to ants from Formosa. This 

result reflects the fact that one common haplotype in the Mississippi polygyne ants 

occurs only in Corrientes and Rosario in the native range (see Fig. 6). 
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Figure 6. Tree depicting phylogenetic relationships of unique S. invicta mtDNA 
sequence haplotypes obtained from both NJ and Bayesian analyses. Codes at 
terminals indicate geographic localities where each haplotype was found (see Fig. 3 
legend). Terminals labeled with white lettering indicate haplotypes found in the USA; 
haplotype H5 is denoted by a black triangle and haplotype USA4 is denoted by a black 
circle. Seven major haplotype clades are indicated along with their regional affiliations 
(see Ross et al. 2007; Shoemaker et al. 2006a). Numbers on branches represent NJ 
bootstrap support values followed by Bayesian posterior probability values (only values 
greater than 70% are shown); asterisks indicate additional nodes with bootstrap and 
posterior probability values greater than 70%  
 
6.1.5 Discussion 

The primary objective of this study was to use genetic data generated from three 

classes of genetic markers (allozymes, microsatellites, and mtDNA sequences) to attempt 

to identify the native source population(s) from which the fire ant Solenopsis invicta in 

the USA originated. To accomplish this goal, we performed assignment and exclusion 

tests, as well as population genetic and phylogenetic analyses, utilizing ants collected 

from diverse native and introduced populations. One result important in paving the way 

for source identification is that, consistent with earlier genetic studies, significant genetic 

differentiation was detected among sampled populations within both the native and 

introduced ranges (Ross et al. 2007; Shoemaker et al. 2006b). The especially marked 

differentiation among native populations is noteworthy because it constitutes a nearly 

ideal circumstance for identifying the native source of invasive S. invicta by allowing 

information contained in the unique regional genetic makeups to be exploited. Moreover, 

such pronounced structure highlights the practical and scientific importance of 

identifying the source population(s), as it implies that the natural enemies of this pest ant 

are likely to be locally adapted to their genetically distinct hosts from different areas (see 

also below).  



	 193	

 

 

Figure 7. Neighbor-joining (NJ) consensus tree depicting nuclear genetic 
relationships of native (black lettering) and introduced (white lettering) populations 
of S. invicta based on Nei’s chord distance. Numbers at nodes are percentages of 
bootstrap replicates (out of 1,000) in which population clusters distal to that node were 
recovered (only values greater than 70% are shown). Numbers in parentheses correspond 
to population FK values generated by STRUCTURE simulations using the nuclear data. 
M, monogyne social form; P, polygyne social form  
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Recognition of the significant differentiation between the two introduced populations, 

earlier taken to signify possible multiple invasions of S. invicta from the native range, is 

important in that separate analyses involving each population are thus warranted. 

A major result consistently obtained by our analyses is that the likely source 

population for all invasive S. invicta in the USA occurs at or near Formosa, Argentina. 

Furthermore, while some of our analyses did not provide unequivocal evidence 

implicating this specific source, virtually every analysis ruled out all sampled Brazilian 

populations as a potential source. These findings are consistent with speculation that 

northeastern Argentina is more likely to contain the native source population(s) (Mescher 

et al. 2003; Ross and Trager 1990) than is the earlier suggested Pantanal Region of 

southwestern Brazil (Allen and Buren 1974; Buren 1972; Buren et al. 1974). While 

further work will be needed to conclusively pinpoint the source of the USA colonists, our 

data clearly are of value in geographically focusing such efforts. 

Early collections of S. invicta in the USA provide a rather detailed picture of the 

history of the spread of this ant in the USA, but the question of how the original colonists 

arrived remains unanswered (Tschinkel 2006). One early hypothesis that the ant was 

introduced from Brazil (Allen and Buren 1974; Buren 1972; Buren et al. 1974) 

envisioned a scenario in which colonies from the Pantanal either drifted naturally on 

floodwaters or were carried by commerce to rivers in one of two major drainage systems, 

the Amazon River Basin to the north or the La Plata River Basin to the south (see Fig. 2). 

Ultimately, commercial ships would have carried the ants from ports on either of these 

waterways to the port of Mobile, Alabama, where they first appeared in the USA.  

Another scenario proposed by Buren (1972) envisioned natural or anthropogenic 
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movement of colonies southward down the Paraná River (in the La Plata Basin), with 

eventual transport to the USA from ports near Buenos Aires. Any scenario invoking 

waterways in the La Plata Basin remains feasible in light of the results of the present 

study. However, our data further suggest that colonies likely were transported to such a 

waterway from the flood plains of the Mesopotamia region of northeastern Argentina 

rather than the flood plains of the Brazilian Pantanal. Mesopotamia is subject to recurrent 

flooding (as is the Pantanal), an important characteristic posited for the source region by 

Buren (1972). 

Our results are highly relevant to programs intended to control invasive 

populations of S. invicta using natural enemies. Strong genetic differentiation among 

native populations of S. invicta suggests that its various natural enemies, such as parasitic 

phorid flies, are likely to be locally adapted to their geographically unique ant hosts. The 

success of such enemies in attacking S. invicta thus may depend on genotype matching 

between the enemies and the ants (Kaltz and Shykoff 1998; Laine 2005; Lively and 

Dybdahl 2000; Lively et al. 2004; Thrall et al. 2002), and the search for sustainable 

biological control agents is likely to be more effective if they are collected from the 

specific local variants of S. invicta that were introduced into the USA. Several lines of 

evidence suggest the possibility of such genotype matching. First, current success in 

rearing and propagating South American phorid flies on fire ants in the USA is highly 

variable across trials (Morrison and Porter 2005; Porter and Alonso 1999; Porter et al. 

1995; Porter et al. 1997a). Second, two biotypes of the phorid fly Pseudacteon curvatus 

have been shown to differ markedly in their host preferences, with each strongly 

preferring to attack the fire ant host species on which it was collected (Vazquez et al. 
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2004). Moreover, the P. curvatus biotype most successful in parasitizing S. invicta in the 

USA comes from Formosa, Argentina (Vazquez et al. 2004), the area inferred from our 

analyses to be the most probable source of these introduced ants. While climate matching 

between the native and introduced ranges for parasites such as phorids undoubtedly is 

also an important consideration for choosing potential control agents (Folgarait et al. 

2005), this evidence argues that genetic matching of hosts and parasites may be equally 

or more important. Unfortunately, several studies of the impact of the phorid P. tricuspis 

on introduced S. invicta have utilized flies collected from Brazil (e.g., Mehdiabadi and 

Gilbert 2002; Mehdiabadi et al. 2004; Pereira and Porter 2006), making it more difficult 

to judge the potential effectiveness of this species in the biological control of fire ants. 

Our results are of special significance because S. invicta recently has been 

inadvertently introduced into a number of regions around the world, including the 

Carribean, Australia, China, and Taiwan (Buckley 1999; Chen et al. 2006; Davis et al. 

2001; Huang et al. 2004; MacKay and Fagerlund 1997; McCubbin and Weiner 2002). 

The extensive dataset we have generated provides necessary baseline information for 

researchers studying S. invicta in any area to readily make initial diagnoses concerning 

the regional source of the invaders, and then to implement subsequent fine-scale 

sampling or collection of natural enemies in the implicated region. We expect that such 

efforts will become increasingly necessary as S. invicta continues to be spread globally 

through commerce. 
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Figure 8. Genetic variation in native Formosa and introduced USA populations of S. 
invicta. Variants detected in Formosa are shown as pie slices, with the nuclear loci and 
alleles ordered as in Appendix II (the allozyme locus Gpi is excluded because it is 
monomorphic for the same allele in Formosa and the USA). Variants detected in the 
introduced range are shown outside the pie perimeter, with stars indicating the two 
microsatellite alleles and two mtDNA haplotypes found in the USA but not Formosa  
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A recent detailed study of the population genetic structure of introduced S. invicta in the 

USA (Shoemaker et al. 2006b) concluded that at least two introductions may have 

occurred, one near the presumed original site of entry (Mobile, Alabama) more than 70 

years ago, and a second near Port Arthur, Texas at a more recent point. It might be 

expected that any such secondary introduction involved ants from a different location in 

the native range than served as the primary source of introduction, yet our data 

consistently implicate Formosa, Argentina as the native population most closely allied 

genetically to ants derived from both introductions (as represented in the Mississippi and 

west Louisiana samples). In addition to the various statistical analyses based on the 

overall information content of diverse nuclear and mtDNA markers pointing to this 

conclusion, the unique possession of an atypical interrupted-repeat microsatellite allele in 

both the Formosa and USA populations constitutes strong corroborating evidence. 

Furthermore, some added support comes from recent sequence analyses of the candidate 

social behavior gene Gp-9 in introduced and native S. invicta (Gotzek et al. 2007; Krieger 

and Ross 2002); only one allele from the USA was found as well in South America, in 

ants from Formosa and a second Argentine locality between Formosa and Rosario. 

Although these various results implicate Formosa as the source region of S. invicta in the 

USA, inspection of our mtDNA haplotype phylogeny suggests the possibility of a more 

nuanced picture. Most haplotypes from the USA belong to clades 3 and 4, and they either 

are found exclusively in Formosa or are nearly identical to haplotypes found only there 

(Fig. 6). However, a single haplotype in clade 2 (H5) found in both introduced 

populations was not recovered from Formosa ants, but does occur in ants collected from 

the nearby locality of Corrientes and the more southerly Argentine locality of Rosario.  
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Figure 9. Estimates of FST (nuclear markers) and UST (mtDNA sequences) between 
paired native and introduced populations of S. invicta. Values for comparisons 
between the introduced ants and the native Formosa, Argentina populations are shown in 
black. Numbers in the UST graph for the Mississippi P population indicate comparisons 
to the Corrientes M (1), Rosario (2), and Corrientes P (3) populations. M, monogyne 
social form; P, polygyne social form  
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Indeed, all of the clade 2 haplotypes are known only from these latter two localities. 

While it is possible that clade 2 haplotypes such as H5 occur in Formosa but simply were 

missed due to sampling error, a perhaps more likely possibility is that the actual source 

locality lies in an unsampled part of the Mesopotamia region close to both Corrientes and 

Formosa. The absence of two microsatellite alleles in Formosa that are found in the USA 

may also support this scenario, although these alleles were not detected anywhere in 

Argentina (see Appendix II). Despite this uncertainty, one consistent result across our 

analyses is that all of the sampled Brazilian populations can be excluded as potential 

source populations. More extensive collections from northeastern Argentina and 

Paraguay, combined with the use of additional genetic markers currently under 

development, must now be employed to refine our hypotheses concerning the origin of 

invasive S. invicta in the USA. 
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6.1.7 Appendix Tables 

Appendix I. Locations of sampled populations of S. invicta. Codes are population 
abbreviations used in figures and Appendix II. N represents the number of individuals 
(one per nest) sampled from each population. 
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Appendix II. Nuclear allele and mtDNA haplotype frequencies within 17 sampled 
sites in the USA and South America 
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6.2.1 Hexamerins 

In insects like Apis mellifera, Nasonia vitripennis, and Drosophila melanogaster, 

hexamerins are synthesized during the larval stage and serve as amino acid sources 

during development into adults [1]. A total of 4 hexamerins are found across insects, 

including hex 70a, hex 70b, hex 70c, and hex 110. Using the Apis mellifera gene models 

for these 4 genes, we searched for their presence in Atta cephalotes. We found that most 

are present, with the exception of hex 70c. We then investigated the presence/absence of 

these 4 genes across sequenced hymenopteran genomes, including the two ants 

Camponotus floridanus and Harpegnathos saltator [2]. All 4 hexamerins are found in 

each of these genomes with varying copy and gene synteny (Fig. 3 from the main text). In 

Apis mellifera, these hexamerins appear to be expressed at different times, as hex 70a and 

hex 110 are expressed highly during the larval, pupal and adult stage of workers, while 
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hex 70b and hex 70c are expressed only during the larval stage [1]. To accurately place 

the hex genes in Atta, we conducted a phylogenetic analysis as shown in Fig.1. We 

obtained the set of hex genes from 4 other hymenopteran genes and created a 

phylogenetic tree that includes other known hex genes from across insect lineages, as 

previously reported by Martins et al. [1]. Protein sequences were aligned using default 

parameters in MUSCLE [3], and Baysean phylogenetic construction utilized MrBayes 

v3.1.2 [4]. The Blosum model with a gamma distribution of substitution rates was used. 

Simulations featured 4 Metropolis-coupled MCMC chains with 300,000 generations, and 

a burin of 100,000. Analysis of this tree indicates that hex genes of the same class cluster 

together according to taxonomic order. Specifically, all of the hex 70a, hex 70b, hex 70c, 

and hex 110 in hymenoptera group together with the majority of the ants hex genes 

clustering together. 
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Figure 1. Phylogenetic analysis of the hexamerin genes across different insect 
orders. Values at nodes represent Bayesian posterior probabilities. 
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