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The fungus-growing ants have long provided a spectacular example of co-evolutionary
integration between distantly related taxa. Their ecological success has been thought to
depend largely on the evolutionary alignment of reproductive interests between ants and
fungi, following vertical transmission and the ancient suppression of fungal sexuality. In
my dissertation I explored the role of lateral cultivar switching on the evolution of the
fungus-gardening ant mutualism. First, I provided the first evidence for sexual
reproduction in the attine cultivars, together with evidence of extensive independent
long-distance horizontal transmission of fungal genes. In fact, fungi have greater gene
flow relative to their host ants, crossing the Gulf of Mexico between Latin America and
Cuba, over which the ants cannot readily disperse. Second, for the special case of leaf-
cutting ants, I show that the cultivar population was largely unstructured with respect to
host ant species, and leaf-cutting ants interact largely with a single species of fungus.
Finally, I examined the effect of post-glacial expansion on the population structure of the

northern fungus-gardening ant Trachymyrmex septentrionalis and compared it with

vii



that of its two microbial mutualists: a community of lepiotaceous fungal cultivars and
associated antibiotic-producing Pseudonocardia bacteria. This comparison allowed me
to examine the effect of historical biogeographic forces, such as climate-driven range
shifts, on the population structure of the ants and their microbial symbionts. While
neither the cultivar nor the Pseudonocardia genetic structure was correlated with that of
the ants, they were significantly, though weakly, correlated with each other. These results
suggest that biogeographic forces may act differently on macro- and microscopic
organisms, even in the extreme case where some microbial mutualists may be vertically
transmitted from generation to generation and share the same joint ecological niche.
Thus, binding forces that appear to enforce host fidelity are relatively weak and pairwise
associations between cultivar lineages and ant species have little opportunity for
evolutionary persistence. Taken together, my studies suggest that mechanisms other
than long-term pairwise interactions between ants and fungi (so-called partner fidelity

feedback) govern the evolution of the mutualism over evolutionary time.
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CHAPTER 1

The fungus-gardening ant symbiosis as a

model system for the study of coevolution

1.1 MODELS FOR COEVOLUTION OF MUTUALISTS

Coevolutionary analysis has traditionally focused on intimate long-term association
between interacting taxa as the key mechanism dictating evolutionary change, predicting
patterns of synchronously codiversified associations between interacting clades (Becerra
2003; Brooks & McLennan 1991; Feinsinger et al. 1983). Specifically, correspondences
between phylogenies of interacting taxa have been widely interpreted as evidence for
ecological processes such as specialization, reciprocal adaptation and co-evolution (De
Vienne et al. 2007). By contrast, ecological observations of existing communities reveal
that most organisms are involved in a web of interactions with other organisms. Direct
interactions, such as predation or mutualism, can combine to produce complex
interaction networks, such that seemingly isolated events can have far-reaching
consequences across entire communities (Polis & Winemiller 1996; Wootton (2002). The
topology of these interaction networks determines both their resilience to ecological
change and should affect the evolutionary potential of constituent species (Bascompte &
Jordano 2007; Bascompte et al. 2006; Guimaraes et al. 2007; Rezende et al. 2007).
However, how community interaction networks actually change across evolutionary

timescales remains largely unknown, thus limiting our understanding of how stable



communities are assembled and, ultimately, how they can be conserved (Montoya et al.

2006).

One of the best studied mutualistic association, the nutritional mutualism between ants
and fungi have been resolved in the past decade through a series of phylogenetic and
population-genetic analyses (Chapela et al. 1994; Hinkle et al. 1994; Mikheyev et al.
2006; Mikheyev et al. 2007; Mikheyev et al. 2008; Mueller et al. 1998; Munkacsi et al.
2004; Schultz & Brady 2008; Schultz & Meier 1995; Silva-Pinhati et al. 2004; Wetterer
et al. 1998b). Ant-fungus interactions are compartmentalized into subwebs (Figure 1.1),
characterized by ant-specific cultivar types and correspondingly unique fungal
morphologies. Attine ants have a range of behaviors and morphological adaptations that
are finely tuned for the maintenance of their fungus gardens (Currie et al. 2006; Currie &
Stuart 2001). As subwebs tend to involve distinct fungal types, fungal morphology-
specific ant adaptations, such as 'weeding' of contaminates, likely serve as barriers to
cultivar exchange between subwebs. There exist few ant-cultivar associations that bridge
subwebs. By contrast, ant species readily share cultivars within each subweb; the most
dramatic example of this phenomenon occurring in the leaf-cutting ants, where two
genera of ants interact with a single fungal species (Mikheyev et al. 2006; Mikheyev et
al. 2007). Lower-attine ants sample from two large pools of already ‘domesticated’
cultivars, but also novel fungi from their environment (Mueller et al. 1998; Vo et al. in
press), whereas higher-attine fungi appear to exist obligately within the symbiosis. Thus,
a range a specificities exists within the symbiosis, from the loosely interacting subwebs of
the lower attines that are connected to free-living fungal populations, to the more

specialized obligate subwebs of higher attine ants (Figure 1.1).
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Traditionally, coevolution within the symbiosis was believed to be driven by long-term
associations between ant and fungal lineages (Chapela et al. 1994; Mueller 2002). In
particular, ants were considered masters of their gardens, propagating anciently asexual
fungal cultures. However, the extent to which these pairwise interactions persist over
evolutionary time has not been tested. Also, although fungal fruiting was indeed rarely
observed, its actual contribution to fungal population structure remained unknown. The
goal of this dissertation was to understand the population biology of the cultivar fungi
and to examine whether coevolution between ants and fungi indeed happens in a one-to-
one fashion, or whether widespread sharing gives rise to diffuse network-like dynamics

between the symbionts.



1.3 FIGURE

Subwebs Fungi Ants

Coral

Yeast

Leaf-
cutters

Figure 1.1. Mutualist phylogenies and network structure in the attine ant-
cultivar symbiosis. Over the 50-million-year history of the symbiosis, there have been
repeated domestications of cultivars (grey) from a pool of free-living fungi (black),
followed by lateral spread within defined ant clades. The network of interactions is
compartmentalized into several largely independent subwebs. The lower attine subweb
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consists of at least two independently acquired cultivar clades ("Clade 1" and "Clade 2")
(Mueller et al. 1998). Although some ants appear to specialize on one or the other of the
two lower attine clades, others ants use fungi across both of them (Mehdiabadi et al.
2006; Mueller et al. 1998). The lower-attine cultivars maintain a connection to free-
living relatives and have no known modifications adapting them to ant cultivation
(Mueller et al. 1998; Vo et al. in press). (photo: Cyphomyrmex wheeleri in its garden).
Cultivars in the yeast subweb are grown in single-celled (yeast) form by the ants, unlike
the rest of the cultivars, which grow as filamentous fungi by the ants. Despite this
derived single-celled growth form, these yeast-cultivars are nonetheless capable of a
free-living filamentous existence (Mueller et al. 1998) (photo: Cyphomyrmex rimosus
attending balls of yeast garden). Cultivars in the higher attine subweb appear to lack a
free-living existence. Grape-like clusters ("gongylidia") produced by higher attine fungi
act as the primary food source of the ant larvae (Quinlan & Cherrett 1979). The leaf-
cutting ants form a monophyletic group in the higher attines and primarily associate
with a single species of cultivar fungus (Mikheyev et al. 2006). The leaf-cutting ants and
their cultivar form a subweb within the larger higher attine subweb. (photo: a minor
worker of Atta cephalotes harvesting gongylidia). In addition to the major lepiotaceous
fungi associated with the fungus-gardening ants, distantly related coral fungi have also
been domesticated by a lineage of phylogenetically primitive fungus-gardening ants in
the genus Apterostigma (Munkacsi et al. 2004). Although rare, connection between
subwebs do exist and more will certainly be uncovered with increased sampling. The
stem nodes of subwebs dated in this study are indicated by white circles. Nodes of
interest within the subwebs, such as the clades of lower attine fungi and origin of the

leaf-cutter fungus, are shown by black circles.
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CHAPTER 2

History, genetics and pathology of a leaf-cutting ant

introduction: a case study of the Guadeloupe invasion.

Abstract: As dominant herbivores and notorious pests in their native Neotropics,
introduced leaf-cutting ants have the potential for ecological and economic harm.
Although a large-scale invasion of leaf-cutting ants has not occurred, an isolated
introduction in the Caribbean islands of Guadeloupe provides useful insight into the
progress of such an invasion. Since being first detected in 1954, Acromyrmex
octospinosus has colonized virtually all available land area, defying an aggressive control
campaign and damaging agriculture. I attempted to reconstruct the origins and spread of
the invasion, as well as screen for the presence of garden pathogens, which could be used
for biological control. Mitochondrial sequencing of the A. octospinosus complex
throughout the Caribbean showed that the probable source of the invasion lies on
Trinidad and Tobago or northeast South America. Using historical records and field
surveys, the invasion’s rate of spread was estimated at 0.51 km/year. Microsatellite
genotyping further confirmed the limited dispersal abilities of A. octospinosus, showing
the presence of isolation by distance (even in a relatively small geographic area) and
suggested ubiquitous local inbreeding. Although the invasion likely resulted from the
introduction of a single colony, microsatellites showed a high level of genetic variation in
the introduced population, likely as a consequence of multiple mating by the queen. A

survey showed that the specialized fungus garden pathogen Escovopsis exists on the



islands, suggesting that the successful spread of the ants was not due to escape from this
parasite. Given that chemical control has failed in the past and that biological control
using specialized garden pathogens seems improbable, only vigorous quarantine and

inspection programs may prevent wide-scale leaf-cutting ant invasions in the future.

2.1 INTRODUCTION

Ants are present in large numbers in many ecosystems and drive numerous
ecological processes (Holldobler & Wilson 1990). Consequently, introduced ant species,
especially a few high-impact ant invaders, may cause fundamental changes in their new
habitat to the detriment of native organisms. For example, by competitively excluding
native seed-dispersing ants, invasive Argentine ants have caused major shifts in plant
compositions in the South African shurblands (Christian 2001). Likewise, by eliminating
the native ants, which serve as food for horned lizards, Argentine ants have likely led to
declines in lizard populations in California (Suarez & Case 2002). Unfortunately, little is
known about these high-impact invaders before they become established and initiate
major ecological changes. Although efforts to elucidate criteria by which potentially
invasive ants could be determined are underway (e.g., McGlynn (1999b) and Suarez et

al. (2005)), no high risk taxa have yet been identified prior to major invasions.

Leaf-cutting ant genera Acromyrmex and Atta are dominant Neotropical herbivores.
Atta nests may contain millions of workers and consume hundreds of kilograms of leaves
per year (see a review by Wirth et al (2003)). Their ability to consume a diverse array

plants results from an ancient obligate mutualistic interaction with a fungus cultivar



(Weber 1972; Wheeler 1907). Because of their voraciousness and impressive dietary
breadth, the leaf-cutters are major agricultural pests of the New World (Cherrett 1968).
Holldobler and Wilson (1990) wrote: “If any leafcutter ants, especially Atta, were to be
established in sub-Saharan Africa or some other part of the Old World tropics, the result
might be an ecological catastrophe. The terrestrial ecosystems of these continents are
unprepared for these highly organized insects.” Although not commonly considered
invasive, leaf-cutters can travel with commercial and military cargo and at least two
Acromyrmex species have been intercepted by US Customs (Suarez et al. 2005).
Although the Old World was spared a leaf-cutter invasion, a population of the leaf-cutter
ant Acromyrmex octospinosus became established in the Caribbean, on Guadeloupe.
These islands, previously free of native leaf-cutter ants (Cherrett 1968), provide a unique
opportunity to study the dynamics of a leaf-cutter invasion in advance of a possible
ecological catastrophe. This invasion may also provide useful insights into basic leaf-

cutting ant biology.

A. octospinosus (locally known as la fourmi-manioc, or the manioc ant) occupied a 600-
hectare area in the vicinity of the Morne-a-I'’eau community on the island of Grande
Terre at the time of its discovery in 1954 (Blanche 1954). Two years later the local
government began an eradication campaign, which focused largely on control through a
variety of pesticides, although the use of psychotropic drugs to “impair the vigilance” of
Acromyrmex was also considered (Kermarrec & Mauleon 1990). Attempts to prevent the
westward spread of the ants to the rest of Guadeloupe failed and they also colonized the

nearby island of Basse Terre. Subsequently, large-scale efforts to combat the spread of



Acromyrmex were abandoned, leaving the ants to freely spread throughout the rest of

the islands (Figure 2.1).

I attempted to answer a number of general questions aimed at understanding (a) how a
leaf-cutter ant invasion originates, (b) how it progresses, and (c) whether biological
control may be feasible using the specialized fungus garden pathogen Escovopsis (Currie
& Stuart 2001; Currie et al. 2003b). To determine the origin the introduced ants, I
conducted a biogeographic study of the A. octospinosus complex throughout the
Caribbean. The rate of spread of Acromyrmex in a novel habitat was estimated from field
surveys and historical accounts of the invasion’s extent at various points in time.
Dispersal patterns were further investigated using a microsatellite analysis of population
genetic structure and diversity. Finally, in order to ascertain whether the success of the
Acromyrmex invasion may have been aided by escape from virulent fungal pathogens,
which may eventually be used for biological control, I surveyed the leaf-cutter colonies
for Escovopsis, as well as for Pseudonocardia actinomycete bacteria used to combat the

parasitic fungi (Currie et al. 2003b; Currie et al. 1999b).

2.2 MATERIALS AND METHODS

Collection. Several dozen nest workers of all sizes were sampled from 60 colonies
throughout the Guadeloupe islands of Basse Terre and Grande Terre in December of
2003 (Figure 2.1B). Ants and fungi were preserved in 95% ethanol and stored at -80 °C

when brought to the lab several weeks later.



Origin of the invasion. I used the primers COI and COII, anchored in cytochrome
oxidase sub-units I and II, respectively (see Sumner 2004b, for primer sequences and
PCR conditions) for reconstructing ant phylogenetic relationships. The amplified region
also included an intergenic spacer, which was too variable for unambiguous alignment
across the species complex and was excluded from the analysis. A neighbor-joining tree
was calculated by CLUSTAL with support provided by 1000 bootstrap replicates. The

sequences have been deposited in GenBank (accession numbers EF485021-EF485028).

Rate of spread. From the point of initial detection, the invasion expanded relatively
unhindered from central Grande Terre to the north, west, and east (Figure 2.1). Using
maps of the A. octospinosus distribution from Malato et al. (1977) and Therrien (1986), 1
conducted a regression analysis of the ants’ spread in each of these three directions as a
function of time. A lack-of-fit F-test was confirmed that expansion of the invasion fronts
was linear with respect to time. Minitab (v. 11) was used for regression analyses. All

regression estimates are presented + 95% confidence interval.

Gene flow. One individual from each colony was selected haphazardly for DNA
extraction, which was accomplished using a guanidinium isothiocyanate-based
extraction protocol (Mikheyev et al. 2006). DNA was amplified using three pairs of
primers re-designed from loci originally isolated by Ortius-Lechner et al. (2002) from a
Panamanian population of A. octospinosus (the original primers did not amplify DNA
from the Guadeloupe population). 10 ul PCR reactions contained 1 pul of genomic DNA, 1
x reaction buffer, 1 mM dNTPs, 0.01 uM M13-tailed primer, 0.15 uM other primer (Table

2.1), 0.18 uM of fluorescently labeled M13 tail, 5 mM MgCl. and 0.1 U Taq polymerase.
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PCR reaction conditions involved an initial denaturing step of 94 °C for 2 min, followed
by 30 cycles of 94 °C for 10 s, 60 °C for 20 s, and 72 °C for 10 s. The reaction was
incubated at 72 °C for a 1 h final extension step. The length of the amplified
microsatellite fragments was read on an ABI PRISM® 3100 genetic analyzer. Four
samples did not amplify at one or more loci and were excluded from the analysis. Allelic
diversity, Hardi-Weinberg equilibrium and isolation by distance computations were
carried out in GenAlEx (v. 6) (Peakall & Smouse 2006). Arlequin (v. 3) was used for the

Fst calculations (Excoffier et al. 2005).

Fungus garden pathology. Escovopsis screening was conducted by placing 1-2 cm? ant-
free samples of the fungus garden into a sterile 1.5 ml tubes. Garden contaminants were
allowed to colonize the fungus over the course of two weeks at room temperature. I
searched for ants covered with a characteristic white bloom during colony excavation in
order to screen for the presence of mutualistic Pseudonocardia bacteria (Currie et al.

2003a; Currie et al. 2006).

2.3 RESULTS

Origins of the invasion. Phylogenetic analyses demonstrated that A. octospinosus from
Guadeloupe belong to a clade distinct from most Central American and Cuban A.
octospinosus, while being most closely related to ants from Trinidad and Tobago (Figure
2.3). The affinity of Guadeloupe ants with Trinidad and Tobago is further supported by
near-identity of the highly variable mitochondrial spacer region, which was excluded

from phylogenetic analysis.
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Rate of spread. A linear regression model provided a significant fit to the spread
estimates, explaining 82% of the variance (regression F,,0=46.6, P=4.6x105; Lack-of-fit
F.s=2.7, P=0.13). The average rate of spread for A. octospinosus was 0.51+0.20 km/year
and an initial introduction was extrapolated to 1950+1.8. According to the linear model,
given this rate of spread, the ants would not have colonized the extreme south of Basse
Terre, which lay some 30 km south of the invasion front in the mid-1980s, at the time of
my surveys. Indeed, I was unable to find ants south of Capesterre-Belle-Eau during my
survey. Additional evidence came from interviews with local residents who claimed that
no fourmi-manioc were present in the extreme south of Basse Terre. According to
temperature and precipitation data published by Therrien (1986), these habitats should
be well within the range of environments tolerated by A. octospinosus on Guadeloupe,

making it likely that the ants still have not reached the extreme south of Guadeloupe.

According to the microsatellite analysis, although there was no significant population
structure between the two islands (Fs= 0.022, P=0.10), there was evidence of evidence
of weak isolation by distance (Ry = 0.06, P = 0.029), probably as a result of the ants’
poor dispersal abilities. In addition, populations on both islands exhibited substantial
heterozygote deficiency at all microsatellite loci, suggesting common local inbreeding
(Table 2.2).

Fungus garden pathology. A variety of fungi colonized the cultivars when the ants were
removed, including the specialized garden pathogen Escovopsis, which was observed in 7
out of the 60 garden samples (~12%). The identity of Escovopsis was further confirmed

using spore morphology and through sequencing a section of the EF1-a gene (N. Gerardo
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and S. Taerum, unpublished data). Although no forager bore visible amounts of
Pseudonocardia symbionts, workers inside the garden were often covered with an easily

visible film of these bacteria (Figure 2.2) (Currie et al. 2006).

2.4 DISCUSSION

Origins of the invasion. Without exhaustively sampling the Caribbean using
microsatellite markers, the exact origin of A. octospinosus will remain unknown.
However, an introduction from Central America or Cuba can be ruled out. Panamanian
A. octospinosus may even be a different species (Sumner et al. 2004). Without providing
any further justification for their claim, Malato et al. (1977) suggested that the ants were
introduced via unregulated commerce from an unspecified English-speaking country in
the Caribbean. Phylogenetic data support this hypothesis, since the ants are closely
related to those on Trinidad and Tobago, although northeastern South America is also a

possibility (Figure 2.3).

It is most likely that the ants were introduced either as newly-mated queen(s) or an
incipient colony associated with potted vegetation, since mature nests are too large and
too aggressive to be transported inadvertently. Recent work has shown that probably
only one cultivar genotype was introduced on Guadeloupe (Mikheyev et al. 2006). As
genetically identical cultivars genotypes are rare on the mainland (Mikheyev et al. 2007),
a single-queen introduction seems most likely. Often invaders suffer considerable loss of
genetic diversity, relative to source populations, which, paradoxically, may provide a

competitive edge to some ants, such as the Argentine ants, by allowing the formation of
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wide-ranging super-colonies (Holway et al. 1998; Tsutsui et al. 2000). However, for
other ants, like the imported red fire ant, secondary introductions may have been
important for successful establishment (Ross & Fletcher 1985; Shoemaker et al. 2006).
Ant queens acquire all the sperm they will use during a single mating flight and the rates
of polyandry vary between species (Holldobler & Wilson 1990). In contrast to the singly-
mating Argentine and fire ants (Krieger & Keller 2000; Ross et al. 1988), every
Acromyrmex queen has the potential to bring greater genetic diversity through mating
with numerous males (Murakami et al. 2000). Consequently, the levels of diversity on

Guadeloupe, are comparable to those seen on the mainland (Ortius-Lechner et al. 2002).

Rate of spread. Historical accounts of Acromyrmex spread on Guadeloupe provided a
unique insight into the dispersal rate of these ants, which spread at the surprisingly low
rate of 0.51+0.20 km/year. The slow and even expansion of the invasion suggests mating
flights as a dominant dispersal mechanism, unlike the usual jump dispersal and colony
fission associated with other invasive ants (Suarez et al. 2001). The factors that limited
within-Guadeloupe spread of A. octospinosus by humans are likely the same that limit
international transport — that the ants cannot nest opportunistically, requiring large
excavated cavities for their fungus garden (Wetterer et al. 1998a), and are substantially
larger and more visible than most invasive ants (McGlynn 1999a). Low dispersal ability
can also be inferred from molecular data, which show isolation by distance (even over a
few tens of kilometers on Guadeloupe) and reduced heterozygosity, which suggests

inbreeding (Table 2.2).
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Fungus garden pathology. Considerable evidence exists indicating that invading species
gain an ecological advantage by escaping their natural enemies (Keane & Crawley 2002,
Mitchell & Power 2003). A. octospinosus provides a test of this hypothesis, since garden
pathogens of attine cultivars are relatively well-known (Currie et al. 1999a). However,
the success of A. octospinosus on Guadeloupe is unlikely due to escape from garden
pathogens, as evidenced by both presence of Escovopsis and abundance of metabolically
costly actinomycetes on the bodies of garden workers, suggesting an ongoing need to
protect the garden from pathogens (Poulsen et al. 2003) (Figure 2.2). The presence of
Escovopsis in the attine gardens is notable, since dispersing virgin queens appear not to
carry the pathogen along with the parental cultivar they take on their mating flight, but
instead acquire it only after the onset of foraging (Currie et al. 1999a). Thus, Escovopsis
must either be sufficiently common in the environment to have been introduced
independently, or, less likely, A. octospinosus was introduced as a foraging colony, rather

than a newly-mated queen.

Implications for further invasions. Although A. octospinosus damaged agriculture in
Guadeloupe (Blanche 1954), whether they affect natural ecosystems is unknown. The
South of Basse Terre, where the ants still appear to be absent, may be a location where
the progressive ecological effects of a leaf cutting ant invasion can be still observed.
While most modern-day invasive ants are cryptic and easily transported hidden within
goods, A. octospinosus appears transport-limited, making introductions a rare event
(McGlynn 1999b). On the other hand, even a single queen may carry sufficient genetic
diversity to initiate a successful invasion. On Guadeloupe, history has shown that

chemical control against such an invasion would be ineffective once it has become fully
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established (Febvay et al. 1988; Gomel et al. 1989). Given the presence of Escovopsis on
Guadeloupe, biological control using specialized garden pathogens does not appear
promising. However, the limited dispersal ability of A. octospinosus may allow the
elimination of an incipient population. Such an effort should be rapid and thorough,
possibly involving the destruction of all available plant food sources in the vicinity of the
introduced A. octospinosus population. However, undoubtedly the best defense involves
an awareness of the invasive potential of leaf-cutting ants and in addition to an
investment into thorough agricultural inspection and quarantine services (Suarez et al.
2005). Although a large number of countries already have such services, their track
record is not perfect (e.g., major invasives, such as the red imported fire ant Solenopsis
invicta, established despite the activity of the US Customs service). The situation can no
doubt be improved by comprehensive studies of the relationship between different
inspection and quarantine practices and their relative success at keeping out invaders,

and, if necessary, changes in quarantine law.
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2.5 TABLES AND FIGURES

Locus Primer sequence (5’ 2> 3’)

TCTGTTAGTCATAAGTATGTCACTGTCG
Echg4225 AACCGATATGTGTCGATATGTATTTGTTAG

GAATGAATTAAATAACGCTAGTGAAAGTAG
Ech3385 GTGATTATCCACTGATTCAGATTTAAAGAG

GATCATTTATCCTCAATTCAATAGTTTG

Ech3197 GTTTATGGAACCAGTAGACCCTAATGAAG

Table 2.1. Primers used in the microsatellite survey, based on loci originally

developed by Ortius-Lechner et al. (2002). Note that the first primer in each pair

was synthesized with a fluorescently labeled M13 tail for microsatellite analyses.
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Locus Alleles H,-H. P

Echgq225 6 -0.38 4Xx1073
Ech3385 3 -0.036 0.10
Ech3i97 7 -0.31 4%1072°

Table 2.2. Alleleic diversity on Guadeloupe. The table shows the name of the
microsatellite locus according to Ortius-Lechner et al. (2002), the number of alleles, the

difference between expected and observed heterozygocity values and their x2 probability.
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Figure 2.1. History of the invasion of Guadeloupe by Acromyrmex. After their
initial discovery at the community of Morne-a-I’eau on Grande Terre, the ants slowly

colonized the both major islands.
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Figure 2.2. Acromyrmex workers with and without actinomycete symbionts.
Both workers came from the same colony; the one the left is a forager and has no visible
actinomycetes, while the one on the right is a garden worker, and has a white

actinomycete bloom.

20



Acromyrmex rugosus
AY265968

Panama
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Figure 2.3. Phylogeny of the Acromyrmex octospinosus species complex
based on cytochrome oxidase subunits I and II. While distinct from populations
inhabiting Central America, the Guadeloupe population shows a marked affinity with
populations from Trinidad and Tobago and eastern South America. These genetic
affinities were further supported by nearly identical intergenic spacer sequences.

Genbank accession numbers accompany reference sequences.
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CHAPTER 3

The discovery of cryptic sex and many-to-one co-evolution

in the cultivars of leaf-cutter ants

Abstract: The fungus-growing ants have long provided a spectacular example of co-
evolutionary integration between distantly related taxa. Their ecological success is
thought to depend largely on the evolutionary alignment of reproductive interests
between ants and fungi following vertical transmission and the ancient suppression of
fungal sexuality. Here we provide the first evidence for recombination in attine cultivars,
based on conservation of meiosis-specific genes, the existence of recombination between
nuclear loci and direct observations of recombination in an isolated invasive population
of the leaf-cutting ant Acromyrmex octospinosus. In addition, we document extensive
long-distance horizontal transmission of fungal genes between leaf-cutter taxa resident
on mainland Central and South America and those endemic to Cuba, suggesting both
lack of specificity in ant/cultivar co-evolutionary interactions and independent dispersal
by the cultivar. The leaf-cutters and their fungal symbionts exhibit unique co-
evolutionary dynamics, in which ant species that diverged millions of years ago cultivate
a single sexual and geographically-widespread symbiont species. Moreover, strict fungal
clonality and vertical transmission evidently are not critical components of leaf-cutter
success, despite widely-held perceptions of obligate clonality and pair-wise co-

evolutionary specificity.
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3.1 INTRODUCTION

Attine ants evolved agriculture based on the cultivation of fungi some 50-60 million
years ago. By allowing the exploitation of food sources unavailable to most other ants,
agriculture allowed the fungus-gardeners to become a taxonomically diverse group, with
various sub-groups differing widely in the extent of specialization and nutritional
dependency (Mueller et al. 2001; Wheeler 1907). The most derived group, the “higher
attines”, includes the leaf cutters, nearly fifty species in the genera Atta and
Acromyrmex (Schultz & Meier 1995), and are perhaps the most ecologically dominant
organisms in the New World tropics outside of humans (Holldobler & Wilson 1990;
Wheeler 1907). Typically, following mating and dispersal from their natal nest, young
queens cultivate mycelia brought from parental gardens, a behavior believed to stabilize
the mutualism by restricting horizontal cultivar exchange (Bot et al. 2001). However,
horizontal host switches are known to occur in some congeneric taxa (Green et al. 2002;
Mueller et al. 1998). For example, in the primitive fungus-gardening ants (the “lower
attines”), horizontal transfers occur directly between the cultivar lineages, or via free-
living fungal populations acting as bridges (Green et al. 2002). The higher attines, by
contrast, possess no known free-living relatives, and the presumption has long been that
these cultivars are propagated by strictly clonal inheritance (Chapela et al. 1994; Mueller
et al. 1998). Although infrequent observations of fruiting body formation in gardens of
higher attines (Mueller (2002) suggest either the possibility of a cryptic sexual stage, or
else its vestigial expression, there has been no direct test of the long-standing asexuality
hypothesis. Consequently, nearly all of the growing body of work on this complex

mutualism has been predicated on the assumption of clonality.
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Assuming clonal reproduction as our null hypothesis, we tested for asexuality and
admixture in the leaf cutter cultivars by seeking genetic signatures of clonality. First, we
characterized protein evolution along fragments of the eukaryote recA homologs DMC1
and RAD51. Both mediate homologous DNA pairing and strand exchange, and are
necessary for completion of the meiotic cell cycle (Bishop et al. 1992; Shinohara et al.
1992; West-Eberhard 2003). RAD51, the fundamental eukaryotic recombinase, is
required for both mitotic and meiotic DNA metabolism, whereas DMC1 is solely
expressed during meiosis. (Mikosch et al. 2001; Nara et al. 1999). One prediction of
long-term asexuality is that disuse of the meiotic machinery, typically under strong
purifying selection in eukaryotes, would be associated with relaxed functional
constraints on coding nucleotides that alter amino acid sequences (Normark et al. 2003).
Long-term loss of sex would thus result in either elevated rates of protein evolution in
genes underlying meiosis, or perhaps degradation and elimination from genomes not
requiring meiotic cell function (Paoletti et al. 2005; Ramesh et al. 2005). Next, we
tested for evidence of interlocus recombination between RAD51, DMC1, and elongation
factor 1-alpha (EF1-). Clonality predicts negligible levels of phylogenetic incongruence
across genomes, because fully linked genetic markers used to infer taxonomic
relationships share an identical evolutionary history (Smith & Smith 1998).
Recombination acts to break down linkage and can cause conflicting genealogical

relationships between loci.

In order to establish whether long-term congruence exists between ant and cultivar
genealogies, we examined the population genetics of cultivars on two island populations,
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in which the biogeographic histories of the ant hosts are established. First, we used an
invasive population of the leaf-cutter Acromyrmex octospinosus, which colonized the
French Caribbean islands of Guadeloupe approximately 50 years ago (Malato et al.
1977), to detect ancestral cultivar genotype(s) and follow their subsequent evolution.
Next, we derived the phylogenetic relationship for cultivars from leaf-cutter taxa on Cuba
and on the mainland, from Central and South America (Panama and Brazil). Cuban leaf-
cutter ant fauna consists of two endemic species of Atta (Fontenla Rizo 1993) and an
endemic (Mikheyev, pers. observations) Acromyrmex species, which is unusual for
Caribbean islands, where they are largely absent (Cherrett 1968). Thus, differences in
rates of endemism and genetic affinity with mainland populations between the ants and
cultivars provide an insight into differential dispersal abilities and long-term

genealogical incongruence between the two symbiont taxa.

3.2 MATERIALS AND METHODS

Amplification of ITS, DMC1, RAD51, EF1-o and BIP. Except for ITS4 and ITS5
primers (White et al. (1990)), commonly used for fungal ribosomal ITS amplification,
primer sequences were developed from conserved regions of gene homologs in GenBank
(Table 3.1). DNA was extracted according to Kweskin (2003) or by incubating a single
cluster of fungal gongylydia (structures used to feed ant larvae) in 100 ul 5% aqueous

Chelex resin for 1.5h at 60 °C and then at 99 °C for 10 minutes.

One pl of the extract was used as template in 10 ul reaction volumes. The PCR

contained 1 x reaction buffer, 1 mM dNTPs, 0.5 uM primers, 5 mM MgCl, with 0.1 U of
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Bioline Taq polymerase. Average reaction conditions involved an initial denaturing step
of 94 °C for 2 min, followed by 30 cycles of 94 °C for 10 s, 60 °C for 20 s, and 72 °C for
30 s. PCR products were approximately 500 base pairs long, except for the DMC1-FB/RF
primer combination, which produced fragments slightly over one kb in size. The
annealing temperature was varied slightly to correspond with primer Tm. Two pl of the
products were run on 1.5% agarose gels and visualized by staining with ethidium
bromide. Reactions that yielded strong bands were cleaned by polyethylene glycol
precipitation (a 1:1 PCR product/20% PEG mixture was incubated for 15 min at 37 °C
for, followed by a 10 min centrifugation at 4,000 rpm and two washes with 80%
ethanol). Purified products were cycle-sequenced using the ABI BigDye Terminator Kit
(v. 3.1) and sequenced on an ABI PRISM® 3100 genetic analyzer according to the
manufacturer’s instructions. To insure the accuracy of sequence information, both the

forward and reverse sequences were generated.

Population genetics of the Guadeloupe invasion. As above, fungal DNA was
extrected by boiling gongylydia in Chelex resin. And DNA was extracted by crushing legs
of workers in 50 pl of extraction buffer (50g guanidinium isothiocyanate, 50 ml PCR-
grade water, 5.3 ml 1 M Tris-HCI (pH 7.6), 5.3 ml 0.2 M EDTA, 10.6 ml of 20% sodium
lauryl sarcosinate and 1 ml 2-mercaptoethanol) and incubating for 1h at 70 °C with
occasional vortexing. The extractions were briefly centrifuged and the supernatant was
collected. The extraction was chilled for 2 or more hours at -20 °C, following addition of
50 ul isopropanol. Afterwards the extraction was centrifuged at 4,000 rpm for 20 min
and the supernatant was discarded. The pellet was washed with 150 pl cold ethanol,

dried and re-dissolved in 50 ul PCR-grade water.
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The intergenic spacer between cytochrome oxidase subunits I and II was amplified using
primers (COI and COII) and conditions previously published by Sumner et al. (Sumner

et al. 2004). PCR products were purified and sequenced as above.

Cultivars were genotyped using M13-tailed primers Bo150B, Ao460, C606 and Bo358
(Scott et al, in prep). PCR reagent concentrations were as above, except that forward
reverse primer were added up to 0.01 and 0.15 uM, respectively. Additionally, 0.18 uM of
fluorescently labeled M13 tail was included in the reaction. PCR reaction conditions
involved an initial denaturing step of 94 °C for 2 min, followed by 20 cycles of 94 °C for
10 s, 60 °C for 20 s, and 72 °C for 10 s. Subsequently, 15 more cycles were performed
with the annealing temperature at 53 °C. The length of the amplified microsatellite loci

was read using an ABI PRISM® 3100 genetic analyzer.

Statistical analyses. Positive selection analysis. HyPhy (Kosakovsky Pond et al. 2005)
was used to test for relaxed selection on DMC1 and RAD51 and to calculate dN/dS values
and 95% confidence intervals. First, an appropriate codon model was selected
independently for both genes (HKY85 was the best model for both). Subsequently, we
tested whether DMC1 and RAD51 evolved under a different under a different selection
regime in the putatively asexual clade of higher attine cultivars. The analysis was carried
out using a complete model of site-to-site rate variation with four rate classes, a

polarity/charge/hydrophobicity-based amino acid model.
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Recombination between genes. Recombination analyses were carried out on a
concatenated alignment of DMC1, RAD51 and EF1-a sequences (1504 bp) for eight Atta
and Acromyrmex cultivars. The PAUP’s homopart test (Swofford 1993) used 18
parsimony-informative characters out of 37 total variable characters. The presence of
recombination was tested independently using TOPALi (Milne & Abbott 2004), with
defailt settings and a 500 bp window sliding at 10 bp per step. The significance threshold

was calculated using 100 bootstrap replicates.

3.3 RESULTS

Conservation of meiosis-specific genes. We found that both DMC1 and RAD51 were
strongly conserved at the amino acid level, and essentially identical to free-living
lepiotaceous fungi. Ratios of nonsynonymous to synonymous nucleotide changes
indicated no evidence of relaxed functional constraints (AN/dS = 0.033+0.012 for
DMC1; dAN/dS = 0.015+0.006 for RAD51) and no evidence for accelerated rate of
evolution in the higher attine clade (P = 0.87 for DMC1; P = 0.75 for RAD51). In
particular, no changes localized to functional regions unambiguously crucial to activity
(e.g., Walker motifs; Figure 3.1). In contrast to the conserved coding gene regions,
introns in the sequenced fragments of DMC1 (6 introns) and RAD51 (2 introns) diverged
to the point of unalignability, indicating that strong purifying selection must be acting on

homologous exons in the various taxa we surveyed.
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Interlocus recombination between nuclear genes. The phylogenetic signals in the
DMC1, Rads1 and EF1-a partitions showed significant lack of homogeneity (P = 0.026),
according to a parsimony-based analysis (Swofford 1993). An independent sliding-
window analysis (Milne & Abbott 2004) of a three-gene alignment also showed the
presence of recombination, and automatically partitioned the data into incongruent
sections corresponding to boundaries in the three genes (Figure 3.2). While we cannot
exclude the possibility of other processes generating conflicting gene-tree topologies
(incomplete lineage-sorting or hybridization, for example (Maddison 1997)), these
alternatives to recombination are equally at odds with the hypothesis of long-term

vertical transmission and clonal reproduction.

Genealogical congruence between ants and their cultivars on island populations.
Assuming clonality and co-evolutionary matching between ants and fungi, the A.
octospinosus cultivars on Guadalupe should have experienced demographic sorting of
post-invasion genetic diversity roughly similar to its ant host, with the ancestral cultivar
propagule modified solely by mutation. For the ants, a highly variable 223-bp fragment
of non-coding mtDNA (Sumner et al. 2004) revealed just one A. octospinosus haplotype
from 59 colonies. Consistent with the invasion history (Malato et al. 1977), the
population was founded by a single introduction of either a lone female or perhaps a
group sisters. However, for the cultivar, a quarter of the colonies on Guadeloupe
appeared to have acquired recombinant strains. In accord with a small founding
population, 77% (33/43 gardens) of the nests harbored an identical genotype
heterozygous at four microsatellite loci. However, we detected seven other low frequency
genotypes homozygous at one or more loci, arranged into a loop-like haplotype network
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(Figure 3.3). Simple mutational mechanisms and genotyping errors, such as the failure
to amplify one allele at a heterozygous locus, can alter genotype distributions or their
estimation, but such errors are not expected simultaneously across multiple,
independently-assayed loci, and neither are likely to produce loop-like haplotype
networks. Moreover, no new alleles were observed in the low-frequency cultivars,
indicating mutation has not played significant role in determining genotype frequencies.
Rather, in the course of 50 years since the introduction of A. octospinosus to

Guadeloupe, the cultivar appears to have undergone recombination.

Whereas the ants have experienced an extensive period of evolutionary isolation on
Cuba, the cultivars exhibit no evidence of endemism. In fact, they are nearly identical to
their mainland counterparts in all four intron-rich nuclear genes (DMC1, Rad51, EF1-«
and BIP) and in the rDNA internal transcribed spacer (ITS; Figure 3.2). Although it is
conceivable that, like Guadeloupe, Cuba recently received one of the mainland fungal
strains that replaced (rather than recombined with) the indigenous cultivar, the
complete obliteration of the multi-locus signature of an indigenous strain seems
unlikely. The pattern suggests a panmictic symbiont population structure, involving
recurrent long-range dispersal and gene flow between Cuban and mainland populations
of leaf-cutter cultivars. Panmixia between island and mainland populations is not
predicted by clonal and strictly vertical propagation, and contradicts the assumption of

long-term co-evolutionary fidelity between different leaf-cutter ant and fungal lineages.
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3.4 DISCUSSION

Although the attine cultivars are clearly not clonal, these data do not directly reveal the
mechanisms of dispersal and recombination in the cultivars. In addition to sexual
fruiting and meiosis, most fungal groups express a variety of irregular reproductive
modes. Various “parasexual” processes involving anastomosis, heterokaryosis, mitotic
recombination and sporolation are common in filamentous fungi (Pagnocca et al. 2001;
Pontecorvo 1956). To date, outside of laboratory settings, parasexuality has not been
described from natural populations of basidiomycete fungi (Abomo-Ndongo et al. 2002;
Anderson & Kohn 1998; Carvalho et al. 1995; Johannesson & Stenlid 2004; Polak et al.
1997; Selosse 2001; Taylor et al. 1999; Xu et al. 1996). Vegetative incompatibility
probably limits opportunities for hyphal fusion, and thus reduces the natural frequency
of parasexual mechanisms that depend upon anastomosis (Anderson & Kohn 1998).
While the rareness of parasexuality in basidiomycetes, the conservation of the
meiotically-expressed DMC1, and the occasional observations of sexual fruiting bodies
(basidiocarps) in the fungus gardens (Mueller (2002) implies that meiotic sporolation is
a principle cause of recombinant cultivars, it may well be that both meiotic and mitotic
processes contribute to admixture in attine cultivars. We envision a scenario similar to
the following: (a) meiosis occurs during spore production in the basidiocarp in attine
cultivars, (b) the spores then travel to ant-tended gardens and undergo heterokaryosis
via mitotic recombination. Consistent with the existence of nuclear admixture in the
attine symbiosis, like other mitotic recombinants leaf-cutter cultivars occasionally
exhibit polyploidy (Kweskin 2003 ; Mikheyev et al. 2007). Alternatively, recombination

may conceivably occur via a free-living population of higher attine cultivars, as with the

31



lower attines, but such a population has not yet been detected, despite intensive surveys
(Mueller et al. 1998). Whether sexual or parasexual mechanisms are at work, the
population genetic and evolutionary consequences are indistinguishable: recombination
shuffles genetic variation in attine cultivars and results in non-clonal, reticulate

propagation.

Collectively, these data reveal that a single biological species of fungus, previously named
Leucoagaricus gongylophorus (Moller 1893; Pagnocca et al. 2001), co-evolves with two
different genera of leaf-cutting ants. In addition to crossing generic boundaries in host
ant species, recombination within L. gongylophorus homogenizes genetic variation over
great geographic distances, acting over relatively short periods of time. This conclusion is
consistent with previous findings that Brazilian Acromyrmex and Atta cultivars show
little or no differentiation in ribosomal ITS regions over thousands of kilometers (Silva-
Pinhati et al. 2004). Thus, the evolutionary dynamics between ants and the cultivar
fungus may be qualitatively different than currently believed. Rather than a one-to-one
correspondence between ant and cultivar lineages, a many-to-one relationship exists, in
which a single general-purpose fungal mutualist acts as a nexus for indirect interactions

between divergent ant lineages.

Initially, long-term clonal propagation was proposed as a central mechanism promoting
ant-fungus coevolution (Chapela et al. 1994). Atta and Acromyrmex, for example,
exhibit behaviors such as vertical transmission and garden monocultures thought to
function in the alignment of reproductive interests (Mueller (2002). This interpretation

was revised, at least in the lower fungus-gardening ants, whose cultivars were discovered
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to exist as free-living forms (Mueller et al. 1998). Subsequently, the presumed long-term
asexuality of the higher attine cultivars, predicted to reduce fungal fitness by
accumulation of deleterious mutations, has been invoked to explain a number of
phenomena occurring at the transition between lower and higher attines, such as greater
virulence of the specialized garden parasite Escovopsis (Currie et al. 1999a; Currie &
Stuart 2001) and the evolution of multiple mating by queens of the leaf-cutting ants
(Villesen et al. 1999; Villesen et al. 2002). Our data, which strongly support the existence
of recombination in the cultivars, require a re-evaluation of these hypotheses, and
implicit support of their alternatives. As well, recombinant attine cultivars require
reassessment of the contrasts typically drawn between attines and other insect farmers
(Aanen et al. 2002; Mueller et al. 2005). The termites and beetles farm sexual fungal
crops, which presumably express pathogen resistance. The ants rely on antibiotics from
mutualistic actinomycete bacteria that rapidly co-evolve with garden pathogens, a
mechanism hypothesized to compensate for fungal asexuality in the evolutionary arms
race with parasites (Mueller (2002). The discovery of on-going sexual reproduction
suggests that ant cultivars require no novel explanations for the maintenance of immune
function (although such explanations are not prohibited). However, because clonal
propagation was a major point of difference between attines and other insect farmers
(Mueller 2002; Mueller et al. 2005), the bridging of this gap suggests an opportunity for

the development of a more unitary understanding of insect agriculture.

More importantly, the discovery of horizontal exchange and sexual reproduction in
attine cultivars mirrors an on-going and fundamental change in our understanding of co-

evolution. Unlike parasitic interactions, one-to-one specificity in mutualistic
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interactions is evidently not common, as once thought, even in exemplary systems where
specificity was the once rule (Machado et al. 2005). Such specificity rarely occurs in any
but the most integrated interactions, such as those between aphids and their primary
endosymbionts or various mycorrhizal associations (Clark et al. 2000). Rather,
molecular studies of virtually all other well-characterized mutualisms, from lichens
(DePriest 2004) to plant-pollinator mutualisms (Stanton 2003; Strauss & Irwin 2004),
reveal evolutionary diffuseness. Why co-evolution either requires or promotes a certain
evolutionary promiscuity in biological interactions remains poorly understood (Bell et al.
2005), but it seems possible that insect agriculture, as well as other multi-guild
mutualistic interactions, could operate under an emerging principle of diffuse co-

evolution between participants.
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3.5 TABLE AND FIGURES

Primer name | Sequence (5' 3")

BIP3-F GAT GTY AGC AAG AAC CTY CG

BIP3-R TTG TCC TTG GTG AGS GRA CG

EF1a -F GTT GCT GTC AAC AAG ATG GAC ACT AC
EF1a-R GCC TTG ATG ATA CCA GTC TCG ACA CG
RAD51-F GGC AAATGT TTG TAT ATA GAT ACT G
RADs51-R CAC CGATAG GTTTCT TCT CATTACC
DMC1-FB GGT ATG TCG GAA GCC AAA G

DMC1-RF TCG GCC CAA CCT CCT TCG TC

DMCi-F AAG CTG CACACAAAATCTTGGTTA G
DMC1-R GTC AAT GTC AAG AGA TCG GAT ACA C

Table 3.1. Primer sequences used for amplifying fungus-gardener cultivar

genes.
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DMC1 Rad51

Homo AFGEFRTGKTQLSHTL MVESRYALLIVDSATA
Pleurotus Y. .M. B8 .. A..M .S.. . FCHSEN. C..
Coprinus YR O B . . A..M .S...FC...... c..
Cyphomyrmex .Y......... MA..M .S5...FCIo . G,
Leucocoprinus .Y ... ...... MA..M VS...FC e, Cis

‘{ —— Myrmicocrypta .Y . .. ...... MA..M .S. . .FCHEua.. Cc

—— Cyphomyrmex .Y......... MA. .M .S...FCloo. c

Trachymyrmex .Y......... MA. .M LS. . . FCHEE.. c

- Acromyrmex . Y......... MA..M .5...FC .. C

- Atta .Y..H. - B . MA..M .S5...FCUUIH. C

Figure 3.1. Conservation of ATP-binding Walker motifs in DMC1 and RAD51
at the amino acid level. Synonymous substitutions are indicated by plus signs below

the alignment. Free-living taxa are indicated by bold highlighting of branches on the

phylogeny.
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Figure 3.2. Evidence for recombination in the alignment of DMC1, RAD51
and EF1-a. (A) PDM local divergence plot using a 500 base pair sliding window. (B)
Bayesian trees for partitions automatically generated from local divergence scores.
Unless otherwise specified, all samples were collected in Panama. Bars below below each

tree are scaled to 0.01 substitutions/site.

37



Figure 3.3. Distribution of collections and relationships among cultivar
genotypes on the islands of Guadeloupe. The grey inset contains a parsimony
network connecting the observed genotypes. Pie charts and network vertices are scaled

according to relative cultivar frequencies.
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CHAPTER 4

Population genetic signatures of diffuse co-evolution

between leaf-cutting ants and their cultivar fungi.

Abstract: Switching of symbiotic partners pervades most mutualisms, despite
mechanisms that appear to enforce partner fidelity. To investigate the interplay of forces
binding and dissolving mutualistic pairings, we investigated partner fidelity at the
population level in the attine ant-fungal cultivar mutualism. The ants and their cultivars
exhibit both broad-scale co-evolution, as well as cultivar switching, with short-term
symbiont fidelity maintained by vertical transmission of maternal garden inoculates via
dispersing queens and by the elimination of alien cultivar strains. Using microsatellite
markers, we genotyped cultivar fungi associated with five co-occuring Panamanian attine
ant species, representing the two most derived genera, leaf-cutters Atta and
Acromyrmex. Despite the presence of mechanisms apparently ensuring the co-
transmission of symbiont genotypes, different species and genera of ants sometimes
shared identical fungus garden genotypes, indicating widespread cultivar exchange. The
cultivar population was largely unstructured with respect to host ant species, with only
ten percent of the structure in genetic variance being attributable to partitioning among
ant species and genera. Furthermore, despite significant genetic and ecological
dissimilarity between Atta and Acromyrmex, generic difference accounted for little, if
any, variance in cultivar population structure, suggesting that cultivar exchange dwarfs

selective forces that may act to create co-adaptive ant-cultivar combinations. Thus,
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binding forces that appear to enforce host fidelity are relatively weak and pairwise
associations between cultivar lineages and ant species have little opportunity for
evolutionary persistence. This implicates that mechanisms other than partner fidelity
feedback play important roles in stabilizing the leafcutter ant-fungus mutualism over

evolutionary time.

4.1 INTRODUCTION

Different species engaged in a mutualistic interaction jointly occupy an ecological niche
that allows for higher fitness than could be obtained by either symbiont acting alone. The
persistence of an obligate mutualism through evolutionary time results from a positive
balance between forces that hold the interaction together and other forces that promote
selfish behaviors by the symbionts (Frank 1994, 1996). Traditionally, the interplay
between selfish and cooperative forces has been viewed from a perspective of repeated
interactions between a pair of mutualistic species (Hoeksema & Bruna 2000; Stanton
2003). However, recent data reveal that virtually all mutualisms involve more than two
interacting species with at least occasional, and sometimes ubiquitous, horizontal
transfer of symbionts, even when mechanisms ensure general vertical symbiont transfer
(Herre et al. 1999). In a typical example, fig wasps were previously believed to form strict
species pairs with their host figs, vertical co-transmission of symbiont genotypes being
insured by the capture and death of the female wasp upon entering the fig in order to lay
eggs. However, recent work revealed the existence of cryptic wasp species that may even
produce mixed broods consisting of several wasp species within a single fig (Machado et

al. 2005; Molbo et al. 2003). Similarly, although the most widespread moth pollinating
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yucca was initially thought to be a single species, it is now recognized as a species
complex with relatively narrow host niches (Pellmyr & Leebens-Mack 1999).
Furthermore, the evolution of ‘cheater’ moths, which over-exploit the yucca seed
resources, seems to be linked with host shifts (Pellmyr et al. 1996). However, patterns of
species sharing, as observed through phylogenetic relationships, could be likewise due to
continuous switching between several co-evolving partners, or to periods of long-term
pairwise symbiont association, followed by an occasional symbiont switch. Thus, the rate
at which symbiont switching happens, and thus, to a large extent, the nature of selection
acting to maintain symbioses remains unclear. Only a detailed analysis of the genetic
associations within a population of several interacting mutualist species can reveal the

relative strength of forces acting to bind vs. dissolve pairings of symbiotic partners.

The symbiosis between fungus-gardening (attine) ants and their fungal cultivars is a
well-studied obligate mutualism, dating back an estimated 60 million years (Mueller et
al. 2001). Since the origin of this agricultural system, broad-scale coevolutionary
interactions has involved both vertical symbiont transmission and horizontal sharing of
lineages (Chapela et al. 1994; Mueller et al. 1998). Association of ant and fungal lineages
through time appears to be insured both by the ant queens, which take bits of maternal
fungus gardens on mating flights and then use them to start their own gardens (Mueller
2002; Weber 1972), and by the cultivar, which exhibits an aggression response to foreign
strains, maintaining a garden monoculture (Bot et al. 2001; Poulsen et al. 2005. At the
same time, population-level data indicate sharing of cultivar lineages (Bot et al. 2001;
Green et al. (2002)), either through garden theft (Adams et al. 2000), through cultivar

sexual reproduction and recombination (Mikheyev et al. 2006), or in the case of the
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more primitive attine ants, through a free-living fungal intermediate (Green et al. 2002;
Mueller et al. 1998, Vo et al, in press). Although earlier studies demonstrated the
existence of at least occasional exchange of cultivar strains between different host ant
species, we know little about the frequency of such exchanges or whether cultivar

switching dominates specialization at the population level.

The most derived members of this agricultural symbiosis, the leaf-cutting ants in the
sister genera Atta and Acromyrmex, along with other higher attines in the genera
Trachymyrmex and Sericomyrmex (Schultz & Meier 1995; Wetterer et al. 1998b)
cultivate specialized co-adapted fungi that apparently lack free-living relatives (Mueller
et al. 1998, Vo et al., in press). Although the two leaf-cutter genera consume similar
types of vegetation (Weber 1972), they differ substantially in foraging ecology and
nesting behavior (Holldobler & Wilson 1990; Wetterer 1995). Mature Atta colonies have
millions of workers and are housed in enormous subterranean nests that live for decades
and occupy a defended territory, while destroying smaller nests of other leaf-cutting ants
(; Borgmeier, 1922 #391; Fowler 1992; Holldobler & Wilson 1990). By contrast,
Acromyrmex constructs much smaller, sometimes arboreal, nests that have colony sizes
ranging from thousands to hundreds of thousands of workers (Pereira-da-Silva et al.
1981; Wetterer 1993; Wetterer, 1995). Fowler (1983) noted that there is a negative
correlation in the local abundance of the two genera, suggesting the existence of
competition between them. Yet, cultivar sharing has been documented between
congeneric species and, likely, even between ant genera (Bot et al. 2001; Mikheyev et al.

2006; Silva-Pinhati et al. 2004). Recent evidence further suggests that most, if not all, of
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the fungi cultivated by leaf-cutting ants belong to a single biological species (Mikheyev et

al. 2006; Silva-Pinhati et al. 2004; also see Stradling & Powell 1986).

Given the transmission of parental gardens by virgin queens, it seems plausible that
some level of association between the ant and fungal lineages exists; certainly co-
evolution at the deeper phylogenetic levels occurs (Chapela et al. 1994). Vertical
transmission has been proposed as a dominant mechanism for the ants to control the
movement and mixing of their cultivars (Bot et al. 2001), as well as an important force in
aligning the reproductive interests of the ants and the cultivar (Mueller 2002).
Alternatively, vertical transmission may enable a solitary queen to start a colony without
wasting resources on finding a new garden during the critical colony founding stage.
Later, the colony may well substitute its cultivar, either through the loss of the original
garden or through acquisition of strains better suited to local environmental conditions
(e.g., better at processing locally available food sources). At least in the lab, Atta queens
who lose their pellet or incipient garden can raise a brood of workers and potentially
acquire a new garden (Fernandez-Marin & Wcislo 2005). Finally, sporulation and sexual
reproduction by the cultivar may further facilitate genetic exchange between species
(Mikheyev et al. 2006). Consequently, the ant-cultivar symbiosis could operate under
two opposing co-evolutionary models — characterized either by long-term pairwise
interaction between an ant species and its cultivar (as traditionally assumed), or by

frequent garden exchanges between species.

Prolonged pairwise co-evolution predicts the existence of an association that

substantially partitions cultivar genetic variance among the different ant species. By
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contrast, frequent exchanges should result in relatively unstructured cultivar
populations. The unique relationship between the single cultivar species and multiple
sympatric species of ants allows for an explicit test of these predictions using powerful
population genetic tools. To this end, we used microsatellite markers to survey the
genetic structure of cultivars associated with all five species from both leaf-cutting
genera (Atta and Acromyrmex) endemic to the Panama Canal Zone. Furthermore,
taking advantage of the nested relationships between ant taxa (multiple ant species in
two monophyletic genera), we evaluated the extent to which the genetic structure of the

cultivar species tracks that of the ants.

4.2 MATERIALS AND METHODS

Samples and collecting. All material used in the study was collected in the Panama Canal
Zone, home to three Atta species (cephalotes, columbica and sexdens) and two closely
related species of Acromyrmex (echinatior and octospinosus) (Sumner et al. 2004). The
distributions of all five species overlap in the Panama Canal Zone. Between 2000 and
2004, queenright Ac. echinatior and Ac. octospinosus colonies were collected around
Gamboa (except one octospinosus colony that was collected on Ancon Hill) and were
subsequently kept with their original fungus gardens in the laboratory at the University
of Copenhagen. Thus, re-sampling of the same Acromyrmex colony in the field was
impossible. Having lower population densities, Atta were sampled over a slightly larger
range, from Pipeline road to Gamboa. However, all of the samples spanned an area with
a diameter of only ~25 km, with the vast majority having been collected within 5 km of

Gamboa. Except for ten live At. columbica colonies, which were also collected whole and
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kept at the University of Copenhagen, most Atta samples were collected in 2001 and
(2002)and stored in 95% ethanol. The final analysis involved 62 total gardens — 16 from
each of the two Acromyrmex species and 30 Atta gardens (10 cephalotes, 15 columbica

and 5 sexdens).

Molecular methods. DNA was extracted by incubating a single cluster of fungal
gongylydia (structures used to feed ant larvae) in 150 pl of 5% aqueous Chelex resin for
1.5h at 60 °C and then at 99 °C for 10 minutes. Cultivars were genotyped using M13-
tailed primers at 9 microsatellite loci: A0659B, A0815, Bo150, Bo312, B0358, Bo430,
Bo447, C0625, Do115 (Scott et al, in prep). One pl of the extract was used as template
and the reaction was carried out in a total volume of 10 pl. The PCR contained 1 x
reaction buffer, 1 mM dNTPs, 0.01 uM M13-tailed primers, 0.15 uM other primer, 0.18
uM of fluorescently labeled M13 tail, 5 mM MgCl. and 0.1 U Taq polymerase. PCR
reaction conditions involved an initial denaturing step of 94 °C for 2 min, followed by 20
cycles of 94 °C for 10 s, 60 °C for 20 s, and 72 °C for 10 s. Subsequently, 15 more cycles
were performed with the annealing temperature at 53 °C in order to assure better
annealing of the fluorescently labeled tail. Finally, the reaction was incubated at 72 °C
for 1 h. The length of the amplified microsatellite fragments was read using an ABI

PRISM® 377 genetic analyzer.

Statistical analyses. Some of the leaf-cutter cultivars posessed more than two
microsatellite alleles (Kweskin 2003), likely a consequence of some polyploidy or
genomic duplication. Although the cohabitation of multiple fungal strains in the same

garden is also a possible explanation, it is unlikely, since extracts were made of localized
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garden fragments less than one mm in diameter and since ants generally remove alien
cultivar strains (Bot et al. 2001; Poulsen et al. 2005. In any case, the microsatellites
resulted in a potentially not fully co-dominant data set, since the actual number of the
alleles contributing to any one marker-peak could not be exactly determined. Thus,
analogous to AFLP analysis, we conservatively scored only for the presence or absence of
bands of a particular length for each microsatellite primer pair, generating a total of 64
polymorphic dominant markers. The overall data set contained only 3.4% missing data,
permitting pairwise distance measures between cultivar genotypes to be carried out in
good faith. Linear binary distance computed from the resulting data matrix was analyzed
using non-metric multi-dimensional scaling (NMDS). Additionally, population genetic
structure within the cultivars was analyzed using Structure 2.1 (Falush 2003). The
analysis was carried out under a no admixture ancestry model (appropriate for dominant
data) and correlated allele frequencies, with a burn in of 100,000 generations and a
sampling interval of 500,000 additional generations. All other parameters were left as
defaults. The most likely number of populations was estimated by increasing the
proposed number of populations until the model likelihood peaked. To ensure
repeatability of the analysis, each trial was repeated three or more times. Finally, an
AMOVA analysis examining genetic differentiation between genera, and between species
within genera, was carried out in GenAlEx (Peakall & Smouse 2006) using 9999
replicates to generate the null distribution. The probability of encountering genotypes
identical at all loci was calculated by bootstrapping the alleles in the original data set and
comparing allele profiles of any two randomly chosen individuals within each bootstrap

pseudo-replicate. This analysis was carried out in Matlab using 10° pseudo-replicates.
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4.3 RESULTS

General patterns and NMDS analysis. Although leaf-cutter cultivars do exhibit relatively
little diversity at highly-variable ITS loci even across great geographic distances (Silva-
Pinhati et al., 2004), microsatellite markers showed considerable variability at the
population level (Table 4.1). Assuming unlinked markers, the probability of any two
genotypes being identical by chance across all 64 dominant loci was only 0.0017. Out of
the 62 fungus gardens, 56 had distinct multi-locus genotypes. Only two genotypes were
detected more than once. One of the shared genotypes occurred in two gardens, each
associated with different Acromyrmex species. The other shared genotype was found in
four gardens, twice with Ac. echinatior, once with Ac. octospinosus and once with At.
sexdens. Two NMDS components were able to adequately describe the data (stress1 =

0.11), although little ant host-related structure could be observed (Figure 4.2).

Bayesian analysis of population differentiation. The most likely model in the Structure
analysis sub-divided cultivars into six populations. The structure result generally
mirrored findings from the NMDS analysis, showing much unstructured variance, with
perhaps some slight effect of ant host (Figure 4.3). Some members of most Structure-
defined populations were shared between the two genera; sharing of the others cannot be

ruled out due to the relatively small number of gardens sampled per species.

Nested analysis of molecular genetic variance. An AMOVA allowed an explicit
evaluation of the extent to which different levels of ant phylogeny (genera and species

nested within them) contributed to the structuring of fungal molecular variance. In fact,

47



confirming conclusions of exploratory NMDS and Bayesian data analysis methods,
fungal molecular variance was largely unstructured with respect to ant phylogeny —
garden to garden variation within ant species accounted for 90% of the total genetic
variance (¢pt = 0.098, P < 0.001). Differences between species accounted for 8% (@ =
0.077, P < 0.001). Genus-level differences accounted for only 2% of the total variance
and had only marginal significance (¢ = 0.022, P = 0.053) (Table 4.2). Thus, deeper
levels of ant phylogeny contribute little, if anything, to the structure of cultivar genetic

variance.

4.4 DISCUSSION

Our results are consistent with those of earlier studies of leaf-cutting ant cultivars, which
found low genetic variability and evidence of genetic exchange between different leaf-
cutting ant genera across large geographic scales (Mikheyev et al. 2006; Silva-Pinhati et
al. 2004). Our analyses also show that such garden exchange likely happens
continuously at the population level, as has previously been shown for congeneric species
of both lower attines and leaf-cutting ants (Bot et al. 2001; Green et al. 2002). In total,
these studies suggested ubiquitous cultivar sharing throughout the attine ant-fungus
symbiosis, although the limits to such exchanges between different host ant lineages
remain to a large degree unknown. It does appear that higher attines, such as
Trachymyrmex, cultivate lower attine cultivars in nature on rare occasion (Mueller et al.
1998), while, at least in the lab, cultivars may be reciprocally exchanged between leaf-
cutters and Trachymyrmex (Stradling & Powell 1986; Sdnchez-Pefia 2005; Seal &

Tschinkel 2007). The existence of widespread exchange parallels that in the fungus-
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gardening termites, where horizontal transmission through fungal fruiting fruiting
normally is the default (Aanen et al. 2002; de Fine Licht et al. 2006). Thus, it seems that,
in both the ants and the termites, coevolution occurs between suites of symbiotic species,

rather than between species pairs.

The presence of the same genotype across different species and genera of ants indicates
that fungus gardens routinely undergo replacement with strains acquired horizontally, as
clones, from other species. We observed two repeatedly sampled genotypes that were
shared between two or three species, indicating at least three horizontal interspecific
transfers of clonal garden material. Thus, at least 5% (3/62) of colonies appeared to
cultivate garden clones whose genotypes have originated in other species. Relatively
limited sampling at the species level, which reduced the likelihood that a shared cultivar
strain would also be collected in another species, likely made us underestimate the
horizontal exchange of cultivars. Whatever the actual number of genotypes shared
among species, these results argue against complex pairwise genetic integration between
cultivar strains and particular ant species, because an identical genotype of the cultivar

can service both leaf-cutter genera.

Despite apparent co-transmission of mutualist genotypes during colony reproduction
(Weber 1972) and exclusion of alien garden lineages (Bot et al. 2001; Poulsen et al.
2005, cultivar switching dominates the symbiosis. Thus, associations between ant
genotypes, be it at the level of species or genus, do not persist through evolutionary time.
Yet, some significant differentiation of the cultivar population nonetheless exists at the

species level. Several mechanisms, both adaptive and non-adaptive, may create such
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structure in the cultivar population. Adaptive forces may associate particular ant-cultivar
lineage combinations, either through differential fitness between host-symbiont pairings
or through symbiont choice, whereby ants select fungi offering higher fitness (Mueller et
al. 2004). Non-adaptive explanations include shared genealogy, fine-scale habitat
partitioning between ant species (making intraspecific encounters and garden exchanges
less frequent), and likely many others. The phylogenetic nesting of the five leaf-cutter
species within two genera permits some discrimination between these two classes of
explanations. If co-adaptation between ants and fungi occurs, substantial amounts of
cultivar genetic variance should be partitioned with respect to ant genus, given the
different evolutionary histories and ecological niches of Acromyrmex and Atta (Fowler
1983; Holldobler & Wilson 1990; Wetterer 1995). Our data do not support this
prediction, exhibiting marginally non-significant amounts of inter-generic structure; far
less than even intraspecific genetic structure. Alternatively, selection could act on fungi
with respect to host habitat preference. At. cephalotes and Ac. octospinosus both prefer
relatively undisturbed forest habitats, whereas At. sexdens and Ac. echinatior often
occur at relatively more disturbed, drier sites and At. columbica being an intermediate
between these two extremes. However, our data do not support that expectation either,
since both Acromyrmex-associated fungi being more similar to those cultivated by At.
sexdens, as evidenced by clustering in the NMDS analysis in Figure 4.2, the ¢, values in
Table 4.2 and by the observation that Acromyrmex and At. sexdens may share identical

cultivar genotypes.

The diffuse nature of the ant-fungus interaction may require adjustments in the

conceptual model of coevolution used to explain many features of the attine symbiosis,
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which is based on pairwise species interactions (Frank 1994). Our present results show
that while avoidance of host exchange plays an important role in the mutualism (Bot et
al. 2001; Mueller 2002; Poulsen et al. 2005), it does not ensure interaction specificity in
the longer term. At that level, leaf-cutting ant-fungus interactions are characterized by
(a) a widespread cultivar undergoing frequent exchange by a group of phylogenetically
diverse ant hosts, and (b) independent dispersal by the cultivar, possibly much farther

than its ant hosts (Mikheyev et al. 2006).

Prospects for co-adaptation. Frequent host switching may diminish the extent to which
fungi are able to adapt to their ant hosts. The fate of a mutation arising in the fungus
garden, and changing the fitness consequences of the cultivar’s interaction with its
current ant host, is less predictable than in a pairwise species interaction model. When a
fungus becomes transferred to a different host, the fitness value of such a mutation
depends both on the frequencies of other ant species to which a fungus may be
transferred and the way this mutation affects pairwise interactions with these other
hosts. For example, a mutation enhancing fungal fitness in one ant species may be
detrimental in others, thus making its spread through the general leafcutter community
unlikely. Furthermore, even if a mutation affects one ant host, with zero effect on the
others, the fitness consequences of any mutation affecting a particular ant host, even
while having no effect on the others, may still become attenuated due to the selection-

drift balance if host shifts occur commonly enough.

Alternatively, reshuffling of the cultivar genome through recombination (Mikheyev et al.

2006) may create favorable gene-host combinations. In this case, a single gene mutation
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in a fungus garden, although still vulnerable to selection-drift balance, may be
maintained indefinitely in association with a particular ant host, though the non-specific
remainder of the fungal genome continues to be freely exchanged among ant species.
This scenario is likewise consistent with our data, based on presumably neutral
microsatellite loci, which would not be expected to show any species-specific
associations. However, this scenario appears unlikely, since genetically identical clones

were observed shared between different species and genera of ants.

Although coevolution characterizes the attine ant-fungus symbiosis at the deepest
phylogenetic levels (Chapela et al. 1994; Hinkle et al. 1994), its origins and maintenance
appear mysterious in the face of frequent host switches observed at the global and
population levels. However, in many other non-obligate mutualists, regionally co-
adapted pairings may still exist if selection acts across a geographic mosaic of mutualist
populations (Bell et al. 2005). Thus, a closer look at differences across populations of the
same species may provide a key to elucidating the forces binding ant and cultivar
lineages. Such investigations will be made easier by the realization that relatively
frequent fungal cultivar switching occurs across genera of leaf-cutting ants, creating

intriguing new possibilities for exploring such co-evolutionary trajectories.
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Ant host

Locus name

A0659B | Ao815 | Bo150 | Bo312 | Bo358 | Bo430 | Bo447 | Co625 | Do11s

Atta

cephalotes 4 4 8 2 6 7 2 5 4
Atta

columbica 5 2 5 8 5 6 2 5 2
Atta

sexdens 3 2 3 5 3 3 2 4 1
Acromyrmex

echinatior 3 3 4 8 4 6 2 6 2
Acromyrmex

octospinosus 3 3 4 8 4 4 1 5 2

Table 4.1. Number of alleles in each of the 9 microsatellite loci used in the

study.
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Other higher attines

Acromyrmex

echinatior

oclospinosus

sexdens

columbica

cephalotes

Figure 4.1. Phylogenetic relationship between leaf-cutting ants in this study
and their cultivars (Borgmeier 1959; Schultz & Meier 1995; Chapela 1994;
Schultz & Brady 2008). Two genera of leaf-cutting ants diffusely co-evolve with a
widespread cultivar fungus (dark grey box). Most leaf-cutting ants cultivate one cultivar
species, distinct from others associated with sister higher attine genera Trachymyrmex
and Sericomyrmex (slashed light grey box). However, the association may be even more
diffuse than presented here, since leaf-cutters can cultivate Trachymyrmex fungus and

vice versa in the lab (Stradling & Powell 1986; Sanchez-Pefia 2005; Seal & Tschinkel

2007)
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Figure 4.2. Plot of the first two components of the non-metric
multidimensional scaling analysis of leaf-cutting ant cultivar genotypes.
Cultivars associated with Atta and Acromyrmex genera are represented by grey and
black symbols, respectively. Cultivar genotypes detected across species are indicated by
crossed squares and annotations describing host ant species, as well as the numbers of

gardens where the cultivar was collected in each species.
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columbica sexdens echinatior

Atta Acromyrmex

cephalotes

octospinosus

Figure 4.3. Genetic structure of cultivar populations with respect to ant
host. Six estimated cultivar populations, represented by six shades of grey on a white

background, are distributed among five leaf-cutter species
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CHAPTER 5

Phylogeography of post-Pleistocene population expansion

in a fungus-gardening ant and its microbial mutualists

Abstract: Although historical biogeographic forces, such as climate-driven range shifts,
greatly influence the present day population genetic structure of animals and plants, the
extent to which they affect microbial communities remains largely unknown. We
examined the effect of post-glacial expansion on the population structure of the northern
fungus-gardening ant Trachymyrmex septentrionalis and compared it with that of its
two microbial mutualists: a community of lepiotaceous fungal cultivars and associated
antibiotic-producing Pseudonocardia bacteria. The ant population genetic structure
showed signs of population expansion and subdivision into eastern and western
phylogroups that likely originated in the Pleistocene — a pattern shared by many other
North American taxa found in the same region. Although dispersal limitation was
present in all three symbionts, as suggested by genetic isolation increasing with distance,
the host’s east-west subdivision of population genetic structure was absent from the
microbial mutualist populations. While neither the cultivar nor the Pseudonocardia
genetic structure was correlated with that of the ants, they were significantly correlated
with each other. These results show that biogeographic forces may act differently on
macro- and microscopic organisms, even in the extreme case where microbial mutualists

are vertically transmitted from generation to generation and share the same joint
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ecological niche. It may be that historical climate change played a larger role in
determining the population structure of the ant hosts, whereas present-day
environmental forces, such as pathogen pressure, determine the structure of associated

microbial populations.

5.1 INTRODUCTION

The study of animal and plant distribution patterns has occupied center stage in biology
for centuries. Biogeographic regularities, which were extensively catalogued by
naturalists, eventually formed the framework for major conceptual advances, such as the
theory of evolution by natural selection, which was intuited by Darwin and Wallace from
the patterns they observed in insular faunas (Darwin 1859; Wallace 1876). However,
biogeographic observations have been limited to the realm of macroscopic organisms
until relatively recently. In contrast to the extensive literature on animal and plant
biogeography, much less is known about the nature of ecological and evolutionary forces
shaping the geographic structure of microbial populations. The large effective
populations size of many microbes together with the ability of some to form
environmentally resistant spores, has lead to the commonly cited and controversial belief

that “everything is everywhere, but the environment selects” (Baas Becking 1934).

Recent evidence suggests geographic isolation does indeed structure microbial

communities (Papke & Ward 2004; Whitaker et al. 2003). At the same time, some of the
prevalent phylogeographic patterns, such as latitudinal species gradients, appear absent
in microbial communities, although they are common in many macroscopic taxa (Fierer

& Jackson 2006). On the other hand, bacteria do appear to exhibit species-area
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correlations similar to those of macroscopic animals (Bell et al. 2005; Green & Ostling
2003; Horner-Devine et al. 2004). Nonetheless, based on our limited understanding of
processes driving bacterial community assembly, dynamics generating species-area
curves of bacterial communities most likely differ from those operating on insular
faunas, where stochastic events may play a larger role (Fenchel & Finlay 2005;
Woodcock et al. 2006). Consequently, the extent to which the well-studied axioms of

macroscopic animal phylogeography apply at the ‘micro’ scale remains unclear.

Extrapolation of well-known biogeographic processes to the microscopic scale is difficult
because microbes have ecologies vastly different from those of macroscopic taxa.
Extreme variations in bacterial abundance and community composition between
microhabitats within any given locale further complicates comparisons between sites.
However, the study of obligate mutualistic relationships between macroscopic animals
and microbes, which occupy a joint ecological niche, allows us to circumvent the above
problems, since the patterns of host distribution should influence microbial presence
and community structure (e.g., Fisher et al. (2001) and Linz et al. (2007)). Furthermore,
the microbial mutualists should respond similarly to ecological forces important in
phylogeographic structuring of host populations, such as range shifts and allopatric
isolation, particularly in the case of vertically transmitted mutualists. Thus, the
phylogeographic structure of the macroscopic host can serve as a hypothesis for the

distribution of their microbial mutualists.

We used the well-studied fungus-gardening ant symbiosis (a 50 million year old obligate

nutritional mutualism between ants and fungi) to explore phylogeographic concordance
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between the macroscopic ant host and its microbial symbionts. The attine ants and their
cultivar fungi show phylogenetic congruence at the basal levels, but cultivar sharing
dominates at the population level (Chapela et al. 1994; Green et al. (2002); Hinkle et al.
1994; Mikheyev et al. 2007; Mueller et al. 2001). The most phylogenetically derived
attine clades cultivate specialized fungi that have been found only in their nests (Mueller
et al. 1998; Vo et al. in press). Pseudonocardia bacteria, which are housed in co-evolved
crypts in the ants’ cuticle, are thought to protect the garden from the specialized
pathogen Escovopsis (Currie et al. 1999a; Currie et al. 2003a; Currie et al. 2003b ;Currie
et al. 2006; Gerardo et al. 2006). Ant queens take both the Pseudonocardia and the
fungal cultivar from their native gardens, assuring at least some vertical co-transmission
(Currie et al. 1999a; Weber 1972). Despite this link, the association between the ants and
their mutualists is inherently labile, and both inter- and intraspecific host switching has
been documented for both cultivars and Pseudonocardia (Cafaro & Currie 2005; Green

et al. 2002; Mikheyev et al. 2006; Mikheyev et al. 2007; Poulsen et al. 2005.

The northern fungus-gardening ant Trachymyrmex septentrionalis, which ranges
through the Eastern United States, provides a particularly interesting case study. First, T.
septentrionalis is largely allopatric with congenerics, except at the extreme edges of its
range: in central Texas, where it co-occurs with T. turrifex, and in the south of Florida,
where it may overlap with the extremely rare 7. jamaicensis (Deyrup et al. 1988;
Rabeling et al. 2007; Wheeler 1907). Although distributions of other fungus-gardener
ants in the genera Atta, Cyphomyrmex and Mycetosoritis partially overlap with that of
T. septentrionalis (Wheeler 1907), they all cultivate genetically distinct fungi (Chapela et

al. 1994; Mueller et al. 1998). Thus, there should be no host-cultivar switching between
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T. septentrionalis and other sympatric attines through most of its range. Second, T.
septentrionalis has undergone a relatively recent population expansion after the retreat
of Pleistocene glaciers that covered the north of its present range (Marshall et al. 2002).
In general, we would expect its population structure to be similar to those of other
temperate North American species, which often show signs of population differentiation
in glacial refugia, followed by rapid population expansion during the inter-glacial periods
(Pielou 1991). Thus, we predict that (a) T. septentrionalis populations would show signs
of glacial retreat and post-glacial expansion and (b) if phylogeographic processes (i.e.,
post-glacial range extension) act in the same manner on the microbes and on the ant

hosts, the microbial mutualists should have congruent population structure.

5.2 MATERIALS AND METHODS

Sites and collection. Ant nests were collected in 2001-06 at the 16 sites listed in 5.1.
Ants and fungi were preserved in 95% ethanol and stored at -80°C until DNA extraction.

Only a single worker ant was analyzed per colony.

DNA extraction, amplification and sequencing. Protocols for PCR purification
and sequencing conditions, as well as the procedure for fungal DNA extraction using the
Chelex method can be found in Mikheyev et al. (2007). Ant and bacterial DNA was
extracted simultaneously using DNeasy tissue kits according to the manufacturer's
instructions (Qiagen). The elongation factor 1-a (EF1a) of the cultivar was amplified
using primers by Mikheyev et al. (2006). The phylogenetic clusters identified using EF1a

were confirmed by sequencing the ribosomal internal transcribed spacers 1 and 2 (ITS)
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for a random subset of the cultivars in each of these groups using primers and reaction
conditions by (White et al. 1990). The cytochrome oxidase 1 (COI) mitochondrial gene of
the ants was amplified using the primer pair Ben and Jerry (Simon et al. 1994; Villesen
et al. 2004). In addition, we amplified the ITS region of ant rDNA, using primers and
conditions developed by Ji et al. (2003). The Pseudonocardia Elongation Factor-Tu (EF-
tu) gene was amplified using a nested PCR procedure. The first reaction used the specific
primer pair 1F and 920R from Poulsen et al. (2005). The second amplification, intended
to improve sensitivity and specificity, was carried out using a 1:10 dilution of the first
reaction as a template, and used a custom primer pair (ActinoNF 5'-GAC AAG GCG CCG
GAA GAG-3' and ActinoNR 5'-CGT CCT CAC GCT GAT AAC-3"). One ul of the extract (or
in the case of nested PCR, the diluted product from the previous reaction) was used as
template in 10 pl reaction volumes. The PCR contained 1 x reaction buffer, 1 mM dNTPs,

0.5 uM primers, 5 mM MgCl,, with 0.1 U of Bioline Taq polymerase. Reaction conditions

involved an initial denaturing step of 94°C for 2 min, followed by 35 cycles of 94°C for 10
sec, 60°C for 20 sec, and 72°C for 30 sec. PCR purification and sequencing protocols
were as published earlier by Mikheyev et al. (2006). We deposited our sequences in

Genbank under accession numbers EU561361-EU561600.

In the ants, but not in the fungi, ITS often contained varying numbers of one and two-
nucleotide repeats, making direct sequencing difficult and producing no readable
sequence in some individuals at all. Although ITS and COI partitioned the ant genetic
variance into the same phylogroups (see below), ITS data contained numerous

nucleotide scoring ambiguities and was not used in the quantitative analysis.
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Phylogeography of T. septentrionalis. A post-Pleistocene population expansion
should result in a unimodal distribution of haplotype mismatches (Harpending et al.
1998). We calculated the haplotype mismatch distributions for a spatial expansion model
implemented in Arlequin (v3.1) (Excoffier et al. 2005) and used Harpending’s (1994)
and SSD raggedness index to determine the goodness of fit of observed mismatch

distributions to those predicted by the demographic expansion model.

Reconstruction of the cultivar and Pseudonocardia phylogenies. For
phylogenetic analysis of the cultivar, DNA substitution models for each gene were
estimated using Modeltest (Posada & Crandall 1998). Phylogenies for cultivars and
Pseudonocardia were constructed in a manner similar to the those of the ants, using
GTR+G for both fungal genes and F81+I+G model for the bacterial gene. Phylogenies
were computed using MrBayes (v. 3.1) (Ronquist & Huelsenbeck 2003). In the case of
the cultivars, the analysis was run with separate partitions for the EF1a and ITS genes,
each partition with its own independently estimated set of parameters. The calculation
was continued until the average standard deviation of split frequencies between the two
runs dropped below 0.01. Afterwards, the first 75% of the generations were discarded as
burn-in and a majority-rule consensus tree was computed to estimate posterior
probabilities for each node. The MCMC simulation was performed several time to assure
convergence to the same solution space. To confirm that genetic exchange through
recombination does not occur between cultivar types, we conducted a partition
homogeneity test on the same samples used to create the phylogeny, but with identical
sequences removed, using PAUP's branch-and-bound search algorithm and 1000

pseudoreplicates (keeping 1 tree per pseudoreplicate) (Farris et al. 1995; Swofford 1993).
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Comparative phylogeography. To separate long-term trends from short-term
associations caused by kinship, comparisons between ant and fungal phylogeographic
structure were carried out at the population level. Fst distances between T.
septentrionalis populations were estimated in Arlequin using the Tajima-Nei nucleotide
substitution model with a 0.009 Gamma rate heterogeneity value (Excoffier et al. 2005).
The nucleotide substitution model and Gamma parameter were selected using a
Modeltest block (Posada & Crandall 1998), which was reduced to include only models
supported by Arlequin, which does not implement many of the models evaluated by
Modeltest. Fungal community distances were measured using Jaccard’s and Morisita’s
indexes. Both measures of community composition were highly correlated and gave
qualitatively identical answers; only the results of computations using Jaccard’s index
are presented. Cultivar diversity was measured using Shannon’s index. The much lower
numbers of Pseudonocardia symbionts amplified prevented the computation of reliable
population-level statistics. Instead, Mantel tests were performed directly on genetic
distance matrixes. Because it is not clear how genetic distance between cultivar types
should affect Pseudonocardia population structure, cultivars types were treated as
discrete entities. Consequently, the cultivar distance matrix was coded as ones and zeros
(membership in the same cultivar type represented by ones, zero otherwise). Genetic
distance matrixes were computed in PAUP (v. 4.0 beta 10) (Swofford 1993) using
nucleotide substitution models selected by Modeltest separately for each data set. Mantel
tests of similarity matrixes were carried out using 10° permutations of the raw values in
zt (Bonnet & Van de Peer 2002). In addition to Mantel tests, we tested the extent to

which Pseudonocardia genetic variation was partitioned among cultivar types and ant
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phylogroups using an AMOVA, carried out in Arlequin.

5.3 RESULTS

T. septentrionalis phylogeography. Previously, Wheeler (1911) recognized two sub-
species of T. septentrionalis based on morphological and demographic differences
occurring between northern and southern populations, although a recent comprehensive
revision of the U.S. Trachymyrmex by Rabeling et al. (2007), based on both
morphological and molecular characters, did not support this distinction. Thus,
geographic morphological variation noticed by Wheeler probably results from adaptive
climate-driven intraspecific differences, such as those noted by Beshers (1994), and we
treated T. septentrionalis as a single species. However, ant populations clustered into
two phylogroups, approximately divided by the Mississippi river valley and having only a
single mitochondrial haplotype in common (a typically western type found in one
individual from North Florida) (Table 5.1, Figure 5.1). In both phylogroups, haplotype
mismatch frequencies were consistent with a sudden population expansion (SSD and

raggedness indexes p > 0.20 in both phylogroups).

Ant-cultivar interactions. T. septentrionalis cultivates several genetically distinct
types of fungi (Figure 5.2). A partition homogeneity test using 181 parsimony-
informative characters did not detect recombination of ITS and EF1a between cultivar
types (p = 0.35), indicating that there is no gene flow between these types and suggesting
that they are either genetically distinct clones or species. The relative frequencies of

these types was unequal, approximately 39, 49 , 10 and 1 percent, for types A, B, C and D,
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respectively (x2 = 44.5, d.f. = 3, p = 1.2*1079). Based on our samples, the genetic diversity
of the Trachymyrmex cultivars appears much greater than that of the leaf-cutting ant

cultivars, and is comparable to the diversity present in the entire lower fungus-gardening
ant symbiosis. Genetically divergent fungi often occur in each other's immediate vicinity,

sometimes less than a meter apart.

The diversity of T. septentrionalis-associated cultivars markedly decreased northward
and eastward (r = -0.78, p = 0.001 and r = -0.63, p = 0.011, respectively) from a center of
diversity around Texas (Figure 5.2). As a result of this spatial structuring, the fungal

community composition exhibited significant isolation by distance (rxy =0.23,p =

0.034). Likewise, the genetic relatedness between T. septentrionalis populations was

geographically structured, largely due to the existence of two large phylogroups (er =

0.38, p = 0.003; 5.2). However, there was no correlation between the ants’ genetic and
the fungal community similarity matrixes, even after the effects of geographic distance

were factored out (rxyz = 0.0043, p = 0.49).

Ant-cultivar-Pseudonocardia relationships. Despite low genetic variability (5.3),
like the other two symbionts, Pseudonocardia showed slight, though significant,

isolation by distance (N = 45, Iy = 0.10,p = 0.041). There was no evidence for

association between ant and Pseudonocardia lineages, as evidenced by the lack of a

correlation of their genetic distance matrixes (N = 45, I'yyz = -0.08, p = 0.95). Likewise,

the effect of ant phylogroup on Pseudonocardia genetic structure was not significant (p

= 0.34) and explained only 0.5% of the molecular variance in Pseudonocardia

67



population structure. By contrast, there was a significant positive association between

Pseudonocardia genotypes and fungal cultivar type (N = 43, I'gyz = 0-092, P = 0.029;

cultivar type explained 19% of the molecular variance in Pseudonocardia population

structure (p=0.003)).

5.4 DISCUSSION

The eastern and western phylogroups of T. septentrionalis were genetically
differentiated at both nuclear and mitochondrial loci. Although the eastern and western
populations share few mitochondrial haplotypes, suggesting a long-term differentiation,
they are not separated by present-day geographical barriers. Given that T.
septentrionalis species itself originated recently, approximately within the past million
years (Schultz, Brady, 2008) it seems overwhelmingly likely that the two phylogroups
arose at some point in the Pleistocene. The pattern of T. septentrionalis population
subdivision parallels that of ‘highland’ fishes, amphibians, reptiles and mammals in
central North America (Blair, 1958; Blair, 1965; Brant, Orti, 2003; Burbrink ez a/., 2000;
Mayden, 1988; Near et al., 2001; Robinson, 1986; Walker et al., 1998; Wiley, Mayden,
1985) (Figure 5.2). The congruence of phylogeographic patterns across such different
taxa suggests shared historical biogeographic influences that are most commonly
interpreted as genetic diversification in allopatric Pleistocene refugia, followed by

expansion and secondary contact between diverged populations (Avise 2000).

The phylogeographic structure evident in 7. septentrionalis was completely absent from

the population genetic structure of the associated microbes. Since there was evidence of
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population viscosity in both the fungal cultivars and the Pseudonocardia, the lack of
congruence was not due to limitless dispersal by the microbes. However, previous work
on leaf-cutting ant cultivars has shown that they are better dispersers than the ants,
probably because of their ability to form easily dispersed spores (Mikheyev et al. 2006).
A similar occasional de-coupling from vertical transmission appears to exist in the 7.
septentrionalis symbiosis. Thus, it is possible that the fungal communities were not fully
isolated and had appreciable migration between Pleistocene refugia, while the relatively
more viscous ant populations underwent genetic differentiation. Much less is known
about the ecology of Pseudonocardia, but it seems likely that they are either capable of
existence outside the symbiosis, or are better dispersers than the ants, which disperse
much less than 500 meters/year during an annual mating flight, based on flight
distances of the much larger and more powerful Acromyrmex octospinosus (Mikheyev,

2007).

The long-term existence of multiple species or clones occupying the same niche, in this
case supposedly obligate fungal lineages associated with a single ant host, presents a
puzzle. Extensive surveys of free-living lepiotaceous cultivars have thus far failed to find
any free-living relative (Mueller et al. 1998; Vellinga 2004; Vo et al., in prep). If a free-
living existence is impossible for the cultivars, in the absence of other forces stochastic
extinction or competition, this should lead to the fixation of a single cultivar species in
the T. septentrionalis symbiosis. Conceivably, coexistence may be driven by migration of
cultivars a the large diverse population farther south in Latin America, where they form
complex associations with several ant species. This hypothesis is difficult to test,

although it is supported by the observation that cultivar diversity decreases northward,

69



away from the presumed center of diversity (Figure 5.1). Alternatively, diversity may be
maintained by frequency-dependent selection. For example, low-frequency cultivars may
be less likely to encounter specialized pathogens, such as locally adapted strains of

Escovopsis (Currie et al. 1999a).

Although showing no correlation with ant population structure, Pseudonocardia
populations were structured with respect to the cultivar types. These results are
consistent with our knowledge of Pseudonocardia biology, since they play a role in
controlling the garden pathogen Escovopsis (Currie et al. 1999a) that itself tracks
cultivar genotypes (Currie et al. 2003b; Gerardo et al. 2006. Like cultivars, they are
exchanged between sympatric species of ants (Poulsen et al. 2005). While ant-
Pseudonocardia genotype pairings may be vertically propagated by dispersing ant
queens (Currie et al. 1999b; Weber 1972), these associations appear ephemeral. The
existence of cultivar-specific population differentiation in the Pseudonocardia predicts
that (a) pathogen strains differ between cultivar species and (b) different
Pseudonocardia strains differ in their efficacy against pathogens. Thus, it appears likely
that cultivar diversity is maintained by frequency-dependent selection as a result of

Escovopsis (or some other) disease pressure.

Although attine cultivars were initially believed to be ancient asexual clones (Chapela et
al. 1994, more recent work has documented the existence of a connection to free-living
cultivars in lower attines, and the presence of recombination in leaf-cutting ants
(Mueller et al. 1998; Mikheyev et al. 2006; Vo et al., in press). Although no data direct

on recombination exists on Trachymyrmex-associated fungi, basidiocarp production
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was observed in lab colonies (Mueller 2002) and there is evidence that purifying
selection acts on meiosis-specific genes (Mikheyev et al. 2006). So, it seems reasonable
to believe that the genetically distinct types found associated with T. septentrionalis
represent different reproductively isolated species, although additional sampling may

reveal evidence of genetic exchange.

Recognizing the possible existence of several fungal species allows us to make direct
comparisons with other well-studied attine systems. For example, earlier it has been
suggested that apparent intraspecific cultivar diversity may actually be a case of cryptic
ant speciation, with each species specializing on its own cultivar (Mueller et al. 1998).
Our data show that this is not a general rule and that multiple cultivars can be involved
with the same ant species (although see Schultz et al. (2002) for a possible exception).
The many-to-one association of the T. septentrionalis-fungus symbiosis contrasts with
that of the leaf-cutting ants, which cultivate largely one fungal species (Mikheyev et al.
2006). If the cultivars have no free-living state, there must be intense competition
between the T. septentrionalis cultivar types for their ant hosts. Given that 7.
septentrionalis fitness remains the same even when experimentally raised on distantly
related (Figure 5.1) leaf-cutter cultivar (Seal & Tschinkel 2007), it would seem unlikely
that the different Trachymyrmex cultivars would have substantially different effects on
ant fitness. Thus, in the presence of cultivar exchange, a single ‘super cultivar’ may
potentially replace all others if it can markedly increase ant fitness or be preferred by the
ants through symbionts choice (Mueller 2002). This may have been the case at some
point in leaf-cutting ant evolution, because their sole cultivar has low genetic variation,

consistent with a sudden expansion of a single species (Silva-Pinhati et al. 2004).
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Conclusion. The discordance between the population genetic structure of the ant host
and its microbial mutualists illustrates the different ecological forces acting on macro-
and microscopic organisms. The Pleistocene climatic changes, which have shaped
present-day population genetic structure of the ants, have had little effect on the current
structure of their microbial mutualists. This could be due either to the ability of microbes
to travel between Pleistocene refugia, which prevented differentiation, or to the more
rapid equilibration of their population genetic structure following the retreat of the
glaciers. In either case, although microbial populations are not free of geographic
structure, the connectivity between their populations is far greater than that that of the
ants, as has been noted earlier for leaf-cutting ant fungal cultivars (Mikheyev et al.
2006). Our data illustrate how fundamental differences between macro- and microscopic
organisms, such as differences in dispersal rates, result in markedly different
phylogeographic patterns. Historical, rather than present-day coevolutionary forces,
appear to have a greater effect on macroscopic organisms than even on their immediate
microbial associates. Thus, perhaps in contrast to macroscopic taxa, knowledge of
microbial biogeography may benefit more from the study ecological interactions than

from accumulation of geographic patterns.
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5.5 TABLES AND FIGURES

State Locality Name Ants Fungi Pseudonocardia Lat Long

AL Prattville 5 5 3 32.44 86.47
AR Devil's Den 5 5 5 35.79 94.25
FL Tallahassee 5 5 3 30.44 84.48
GA Waycross 5 4 3 31.16 82.20
IL Sand Ridge 5 5 0 40.43 89.91
IL Dixon Springs 5 5 3 37.38 88.66
LA Reeves 5 4 3 30.52 03.05
MS Starkville 5 5 1 33.51 88.74
NC Hoffman 5 5 4 35.02 79.62
NC Buxton 4 4 2 35.24 75.53
NJ Lebanon 5 2 3 39.88 74.56
NY Centereach” 5 10 3 40.86 173.08
TX Angelina 8 8 7 30.87 94.18
TX Smithville 5 3 30.08 97.17
VA Pamplin City 2 2 37.29 78.69
Total: 74 74 45

5.1. Collection localities and the number of successfully PCR-amplified
specimens. Only one ant was sampled per colony. Samples from the Western
phylogroup of T. septentrionalis are in highlighted in grey; all other samples are from

the Eastern phylogroup.

Population was sampled twice, in 2001 and in 2006, 5 colonies each time, to confirm the

stability of cultivar community composition through time.
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Figure 5.1. Phylogeographic structure of ants and their cultivars. (1) Non-
metric multidimensional scaling analysis (NMDS) of the ant populations. The first and
second components are plotted on the x- and y-axis, respectively. (2) Cultivar
community structure. At every sampling site cultivar community structure is represented
by a pie chart depicting relative proportions of the four cultivar types (area proportional
to sample size, ranging from 1 to 10). Lines connect cultivar communities structure to the

NMDS plot of ant genetic structure for all samples with more than 5 collections.
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Figure 5.2. Bayesian phylogeny of the cultivar fungi based on a combined

analysis of ITS and EF1a. Outgroups are labeled according host ant species and

collection code specified in the Genbank title field (codes of free-living relatives begin

with the letters “PA”). Nodes labeled with * and ** have >90 and 100 percent posterior

probability respectively. The tree includes 9, 18, 2 and 1 representatives of types A, B, C

and D, respectively. The scale bar corresponds to 0.1 substitutions per site.
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Figure 5.3. Phylogeny of Pseudonocardia symbionts with outgroups are
from Poulsen et al. (2005). Pseudonocardia population structure was uncorrelated
with that of the ants. Although there was no clear phylogenetic mapping of
Psedonocardia phylogeny on cultivar type, there was nonetheless a slight, significant
association between the two, suggesting differential association due to environmental
factors, rather than by vertical co-transmission with the ants. The scale bar corresponds

to 0.02 substitutions per site.
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