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Dissertation Abstract

Microbial mediation of herbivory in leaf-cutter ant fungus gardens

By Lily Khadempour

Under the supervision of Professor Cameron R. Currie

at the University of Wisconsin-Madison

Most metazoans lack the physiological capacity to use plants as their sole source of energy
and nutrients. To compensate for this, metazoans associate with microbial symbionts, which
aid their hosts with the breakdown of recalcitrant biomass, remediation of plant defense
compounds, and nutrient supplementation. Leaf-cutter ants, dominant herbivores in the
Neotropics, are a paradigmatic example of this microbial mediation of herbivory. The ants
cut foliar biomass from their surroundings and provide it as a growth substrate to their
tungal cultivar Leucoagaricus gongylophorus. The cultivar breaks down the plant biomass and
provides specialized hyphal swellings called gongylidia, which the ants consume as their
primary source of energy. In this dissertation, I explore the relationships between the
different types of substrates ants incorporate into their fungus gardens and how both the
fungal cultivar and the bacterial community facilitate the ants’ breadth in substrate use. I
approach these investigations through an ecological and evolutionary lens using
contemporary ‘omics’ tools. In chapter 1, I present the context in which this dissertation

work was completed. I describe trends in the microbial mediation of herbivory and review
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the current state of understanding of how this relates to leaf-cutter ants. In chapter 2, I use
metaproteomics to compare the proteins that the cultivar secretes when provided with
different plant substrates. I show that the fungus responds in a flexible, substrate-specific
manner to the material that the ants incorporate into their gardens. In chapter 3, I focus on
the bacterial community in the fungus gardens of ants and how they may facilitate the ants’
transition from using dicots to grasses. Using metagenomics, I show a shift in the bacterial
community between these two types of substrate specialization and an associated shift in the
functional capacity of the bacteria. In chapter 4, I continue investigating the ants’
evolutionary transition to a novel substrate by examining the genomes of the fungal cultivars
from the colonies of ants with grass and dicot substrate specializations. In this chapter I
present preliminary results that further support the fungus’ capacity for biomass degradation
and present future directions into the evolution of this fungus, in terms of its transition to
symbiosis, its transition to novel substrates, and its polykaryotic life history. In sum, the
work presented in this dissertation expands our knowledge into the microbial mediation of

herbivory in the leaf-cutter ant system.
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Chapter 1: Introduction to dissertation

1.1 Microbial mediation of herbivory

Consumption of plant biomass by herbivorous metazoans is a critical component of
terrestrial ecosystem functioning. Through feeding on plant biomass, herbivores serve as
primary consumers and initiate passage of nutrients from producers through the food chain.
Herbivores are also the most abundant animals on earth and are very diverse. They span at
least ten phyla of animals, from simple single-celled organisms, through roundworms,
mollusks, arthropods to vertebrates, and mammals. The plants that they consume are also
diverse, with a multitude of different physiologies and morphologies designed to help avoid
or reduce herbivory (Ricklefs & Miller 2000). These anti-herbivory adaptations have, in turn,
caused many herbivores to specialize to consume particular plants or plant parts (Schultz
1988). It has become increasingly clear that herbivorous animals rely on microbes to help
overcome plant defenses and to utilize this resource for their primary nutrients; herbivores’
success is dictated by microbial symbiotic communities (Hume & Warner 1980; Barbosa ez 4.
1991). Understanding the mechanisms of herbivory, including their interactions with
symbiotic microbes, is essential to understanding carbon cycling and ecological dynamics.

Plant biomass represents the largest reservoir of stored organic energy in terrestrial
ecosystems, however, much of it remains inaccessible to animals occurring in the form of
recalcitrant cellulose, hemicellulose and lignin. Generally, cell walls contain crystalline
cellulose packed tightly together with hydrogen bonds and a uniform structure; cellulose
sheaths are separated by hemicellulose, which is less crystalline and more variable in its
structure; finally, lignin, an amorphous compound, keeps these components together,

serving as a sort of glue (Himmel ez 2/ 2007). All three of these compounds require a suite of



unique enzymes in order to be penetrated and subsequently broken down to serve as an
energy source. Cellulose alone, requires endoglucanases and exoglucanases to cleave the rigid
strands into cellobiose, which is then cleaved by B-glucosidases into glucose monomers
(Lynd et al. 2002). Metazoans are typically unable to deconstruct recalcitrant plant polymers;
herbivores use symbiotic microbes to aid them in these processes. Examples include, but are
not limited to, bacteria in cow rumen (Hess ¢# a/. 2011), bacteria and protists in termite guts
(Kudo 2009), and fungal and bacterial symbionts of Sirex spp. wood wasps (Talbot 1977;
Adams ez al. 2011).

While plants are high in energy, they tend to be low in certain nutrients, especially
nitrogen, which can be a limiting factor for animals that consume plant biomass, including
herbivores and detritivores. To compensate for this, some animals have developed
symbioses with bacteria that can fix atmospheric nitrogen. Many examples of herbivore
systems where bacterial mutualists provide fixed nitrogen to their hosts have been explored,
including in bark beetles (Morales-Jiménez ez a/. 2009), ruminants (Granhall & Ciszuk 1971),
and other systems (Harris 1993; Russell ¢7 a/. 2009). The most deeply studied example of
symbionts fixing nitrogen for their animal host is that of bacteria in the hind gut of termites
(Benemann 1973; Potrikus & Breznak 1977; Noda ¢7 al. 1999; Warnecke ez al. 2007). The
diversity of microbial physiology creates other opportunities for aiding animals in nutrient
acquisition. Examples include amino acid synthesis (Hansen & Moran 2011) and vitamin
synthesis (LeBlanc ez a/. 2013). In general, microbes provide services to their hosts that allow
them to consume substrates that do not contain sufficient nutrients for survival.

Defense compounds, and other secondary metabolites from plants, can be toxic to
both the herbivore and the microorganisms that it associates with. Herbivores have

developed many strategies in the arms race against plant defense compounds, including



behaviors, such as direct interference and avoidance and physiological strategies such as
sequestration and metabolizing of plant defense compounds (Alba ez 2/ 2011). Symbiotic
microbes also appear to help herbivores through plant toxin mediation. For example, the
mountain pine beetle uses bacteria and fungi to detoxify terpenes in the trees that it attacks
(Wang ef al. 2010; Adams e al. 2013; Boone e al. 2013). The microbes in these systems often
provide metabolizing capabilities that animals alone lack (Dowd 1991).

While in some cases herbivores associate with a single microbial symbiont, many
associate with communities of microbes, with different functions performed by various
community members (Allison & Martiny 2008). By changing the relative abundance of
various community members, the microbial community, as a whole, can respond to changes
in substrate inputs, and allow for greater host flexibility. Some work has been done to
examine changes in microbial community composition in symbiotic systems. Domingo et al.
found that diet influenced the microbial community structure and biochemical activity in
cricket hindguts (Santo Domingo ez a/. 1998). Zhou, et al. found that altering the diet of
cows changed the microbial community composition in the rumen and affected methane
production (2010). In both of these examples, it appears that changing the community
composition is tied to biochemical processes that would affect the animal host. In addition
to experimentation, it is also possible to gain insights into the function of a microbial
community in a system, by comparing it to others. For example, Aylward ef a/. (2013), using
comparative metagenomics, showed that host phylogeny, in addition to host substrate, are
important for determining microbial community composition.

One symbiotic strategy that several insect groups employ is that of fungal agriculture.
Fungus-growing termites, ants, and Ambrosia beetles, all grow fungal crops that they actively

tend (Francke-Grosmann 1967; Aanen & Boomsma 2005; Schultz ez a/. 2005). In all three of



these cases, the fungus deconstructs plant biomass to various degrees, and the insects
consume the fungus as their primary food source. Other insects are associated with fungi
and their fitness is increased when the fungus is present, but they are not obligately reliant
on it. Examples of insects that participate in this “pseudo fungal agriculture” include bark
beetles (Harrington 2005) and bees (Brysch-Herzberg 2004). In both obligate and facultative
fungal agriculture, the fungal crop is not grown in isolation. Bacteria are ubiquitous and
insect fungus gardens contain a broad-scale characteristic bacterial community (Aylward ez a/.

2014).

1.2 Leaf-cutter ants

In this thesis, the microbial mediation of herbivory is studied in the context of the
leaf-cutter ant system. Leaf-cutter ants are dominant herbivores in the Neotropics. Their
dominance as herbivores can be viewed through many lenses: their diversity and abundance,
their wide distribution, the diversity of substrates they consume, and through the impacts
they have on the ecosystems in which they reside.

There are two genera of leaf-cutter ants, A#a and Acromyrmex, containing 15 and 24
described species, respectively (Cherrett ez a/. 1989). They range from the Southern United
States to Uruguay (Cherrett & Peregrine 1976) and can be found in a broad diversity of
ecosystems: tropical rainforests, dry forests, grasslands, disturbed habitats, intact habitats,
wetlands and urban spaces. Some species of leaf-cutter ants have tremendously large ranges.
Atta cephalotes can be found as far north as Mexico and as far south as Bolivia. Az sexdens
also has a wide range, from Colombia to Uruguay. It is thought that these species have such
wide ranges, which are constantly expanding, because of their affinity for disturbed habitats.
As humans encroach further into natural ecosystems, these cosmopolitan ants move with

them (Cherrett & Peregrine 1976). In contrast to this, some species of leaf-cutters are



endemic to narrower niches and ranges. A#ta insularis is restricted to the island of Cuba
(Cherrett & Peregrine 1976) and Ata robusta is restricted to a thin strip of coastal restingas in
Brazil (Teixeira ez al. 2003). This latter species is especially sensitive to human activity and the
encroachment of Az sexdens colonies (Fowler 1995). Other species are restricted based on
the substrates they consume. Grass-cutter ants (A#a vollemweidiri, Atta capiguara and Atta
bisphaerica) are restricted to grasslands (Fowler ez a/. 19806).

Only a selection of species of leaf-cutter ants have been studied in detail in regards to
the substrates that they incorporate into their gardens, but this work has demonstrated that
leaf-cutter ants are generalist herbivores. The classic case study of a single colony of A#a
colombica ants in Panama through one year is a prime example of the breadth of plant species
leaf-cutter ant colonies can consume. Over the year, from just one of several foraging trails,
the colony consumed leaves and flowers from 85 plants, belonging to 52 different species
(Wirth ef al. 1997; Wirth 2003). This diversity of plants is exceptional when compared to
other insect herbivores. Bernays and Graham consider an insect a generalist herbivore if it
consumes more than just three families of plants, and according to their estimates, less than
10% of insects fall into this category (1988). While there is interspecific variation in this
regard for different species of leaf-cutters, the generalist nature of herbivory in this group is
a definitive characteristic. Not only do leaf-cutter ants consume a large diversity of plants,
they also consume massive quantities. A mature Az colombica colony is capable of
consuming 370 kg of plant material in one year. Leaf-cutter ants have been estimated to
consume up to 17% of all the foliar biomass in some systems (Costa e a/. 2008).

With their abundance, wide range, and voracious rates of plant consumption, leaf-
cutter ants act as ecosystem engineers (Meyer ef al. 2010; Corréa ef al. 2016). They affect

canopy covet, soil mineral levels, and rates of carbon cycling, promoting the growth of



certain plants (Farji-Brener 2005; Sternberg e# al. 2007; Sousa-Souto ez al. 2012). They also
tend to benefit exotic species and slow the regeneration of disturbed habitats (Farji Brener &
Ghermandi 2008). They have the capacity to decimate both small-scale gardens (Belt 1874)
and industrial agricultural plots (Fowler ez a/. 1986; Ferreira-Filho ef al. 2015). Grass-cutter
ants are estimated to cost ranchers 10-30% of their cattle production as they compete with
them for forage (Fowler ¢f a/. 1986). While their overall effect on ecosystems is highly
context-dependent (Farji Brener & Tadey 2010), it is undeniable that leaf-cutter ants affect
biogeochemical cycles, their local ecology, and human agriculture.

Mediating the relationship between leaf-cutter ants and the plants that they utilize is
an obligately mutualistic fungus, Lexncoagaricus gongylophorus. The ants cultivate this fungus,
feeding it fresh plant material, and in exchange, the fungus provides the ants with a usable
source of energy and nutrients in specialized hyphal swellings called gongylidia (Holldobler
& Wilson 2010). This fungal cultivar is vertically transmitted. When virgin queens depart
from their mother’s nest they take a wad of fungus garden with them, which they carry in
their infrabuccal pocket. After mating, the queens lose their wings and dig a hole to establish
their own colony. At first the queen will tend to her fungus garden by feeding it mostly fecal
liquid, and she survives by consuming unfertilized eggs. Once the fungus garden has
sufficiently stabilized, she will lay fertilized eggs that will result in workers, which will take
over the duty of garden tending (Wirth 2003).

Garden workers engage in many activities to tend their crop (Wilson 1980). All
surfaces, including fresh leaf material are licked, presumably to remove pathogens (Quinlan
& Cherrett 1977; Bass & Cherrett 1994). Workers also spend time processing leaves before
incorporation into fungus gardens to remove trichomes (Kitayama ez o/ 2010), waxes

(Quinlan & Cherrett 1977) and plant endophytes (Van Bael ez 2/ 2009). Next, most species



of leaf-cutter ants mulch the leaf material into smaller pieces (grass-cutter ants are an
exception to this, leaving their grass pieces more intact) (Fowler e¢# a/. 1986). They then place
a tuft of fungal hyphae from further down in the fungus garden on their newly incorporated
piece to inoculate their cultivar on the new substrate (Bass & Cherrett 1994). They also
defecate on the new material. This is because their feces contain biomass-degrading enzymes
that originate in the gongylidia. The deposition of the enzyme-rich feces serves as a pre-
treatment step in biomass degradation (De Fine Licht ez 2/ 2013; Aylward ef al. 2015). The
ants are also important for keeping their gardens free from disease by “weeding” and
“grooming” it (Currie & Stuart 2001). They remove pathogenic spores and diseased garden
fragments, depositing both in the refuse dumps, which are either maintained in subterranean
chambers below their fungus chambers, or externally in mounds away from their colony

(Farji-Brener & Medina 2000).

1.3 Microbial mediation of herbivory in leaf-cutter ant fungus gardens

In the leaf-cutter ant system, the ants are responsible for the initial mechanical
breakdown of plant material. Their complex and efficient foraging strategies ensure a steady
supply of leaf material for their gardens (Werner 1973; Shepherd 1982; Roces 1993; Wirth ez
al. 1997; de Andrade ez al. 2002; Roschard & Roces 2003). It is through the enzymatic
capabilities of the fungus that the ants gain access to the energy and nutrients locked behind
the recalcitrant polymers in the plants. Through previous work and the work in this thesis,
we have learned that the fungus produces substrate-specific enzymes necessary for
recalcitrant biomass degradation, especially of hemicellulose and cellulose (Nagamoto ez 4.
2011; Kooij et al. 2011; Suen ef al. 2011; Grell e al. 2013; Aylward ez a/. 2013; Khadempour ez
al. 2016). While the fungus also produces laccases and has some potential to break down

lignin, it does not seem to use it as an energy source, since the overall proportion of lignin



increases slightly as plant material passes through the fungus garden and other components
are consumed (Suen ¢f /. 2011). Furthermore, the fungus has lost one key lignin degradation
domain that its closest saprophytic relatives possess (Nygaard ez a/. 2016).

Atta and Acromyrmex are the most derived genera in a tribe of fungus-growing ants,
the Attini (Wetterer 1998). The tribe’s phylogeny is congruent with that of their cultivar
fungi. The most basal of fungus-growing ants are associated with fungi that are only
facultative mutualists, rather than the obligate mutualists of the “higher attines”. These basal
fungi do not have specialized gongylidia (or similar) structures for the ants to consume
(Schultz & Brady 2008). The more derived ants and their cultivars show some evidence for
reciprocal genome evolution (Nygaard ez 2/ 2016). While this co-evolutionary relationship
has been demonstrated on the scale of the tribe, little has been explored in regards to the
evolutionary relationships within one genus of ant. There are two recent studies that provide
some evidence that particular species of ants grow separate lineages of fungi. One such study
is restricted to Acromyrmex ants (Pereira ez al. 2015), and the other was more broad (Mueller e#
al. 2017), but both suggest that there is a separation based on the ecology of the ants,
specifically whether the ants cut grasses or dicotyledons.

It has become clear that the fungal cultivar in this system is responsible for accessing
the energy from a diverse array of plant material. However, in order for the system to be able
to consume plants, it must also contend with the low nutritive quality of plant material and
with plant defense compounds. One study suggests that laccases produced by the fungus are
responsible for degrading plant defense compounds (De Fine Licht ez /. 2013), but beyond
that, the fungus does not have the physiological capacity to completely mediate the
relationship between the ants and the plants. It is thought that a bacterial community in the

fungus gardens also plays an important role in the system.



Previous work by Aylward ez al. (2012), Suen ez al. (2010; 2011) and De Oliveira
Barcoto ez al. (2017) demonstrate that a bacterial community is consistently present in the
fungus gardens. This community is dominated by Proteobacteria, particularly Pazntoea,
Burkholderia, Enterobacter, Klebsiella, and Pseudomonas. On a broad scale, this community is
conserved between different species of fungus-growing ants, and on an even broader scale, it
is conserved between other fungus-growing insects (Aylward ez a/. 2014; De Oliveira Barcoto
2017). Along with the fungal cultivar, these bacteria are vertically transmitted. They have
been found in the pellet that new queens carry in their infrabuccal pocket (Moreira-Soto e 4.
2017). Besides the fact that these bacteria are consistently present, we know little about their
roles in the garden. One study demonstrated that Pantoea and Klebsiella fix nitrogen in the
system, which the ants incorporate into their bodies (Pinto-Tomas ¢f a/. 2009). Further work
with metagenomics and metaproteomics suggests that bacteria are important for biomass
degradation and vitamin production (Suen ¢f a/. 2010; Aylward e a/. 2012), but without an
experiment or comparative work, these studies have only been able to suggest the potential

for these functions.

1.4 Introduction to thesis chapters

The aim of this thesis, overall, is to further explore the role of both the fungus and
bacteria in the fungus gardens of leaf-cutter ants in mediating the relationship between ants
and the plants that they consume.

In chapter 2, I conduct an experiment where sub-colonies of leaf-cutter ants are fed
different substrates. Through metaproteomic analysis, I show that the fungal cultivar
responds in a substrate-specific manner to different types of plant material that are
incorporated into the fungus gardens. The fungus produces enzymes for the deconstruction

of recalcitrant biomass, but only when a simpler carbon source is not available. This flexible,
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substrate-specific response to plant substrates can help explain how the leaf-cutter ant
system can function as an extreme generalist herbivore.

Chapter 3 focuses on the bacterial community in leaf-cutter ant fungus gardens.
Here, I compared the bacterial community, both in terms of the relative abundance of
particular groups and in terms of the functional potential, between grass- and dicot-cutter
ant fungus gardens. While on the phylum level these fungus gardens are similar to other
previously described bacterial communities associated with other fungus growing ants and
insects, we can see that there is a clear difference on the genus and functional gene level
between the two ant life histories. This difference is particularly pronounced in regards to
nutrient supplementation genes, such as nitrogen fixation, amino acid metabolism and iron
acquisition. All of these genes are more abundant in the grass-cutter ant fungus gardens,
where the inputs are lower in these essential nutrients.

In Chapter 4, I compare the fungal genomes from grass- and dicot-cutter ants. This
work is preliminary since only the first of eight fungal genomes have been sequenced for this
project. Nevertheless, we see that Lencoagaricus gongylophorus contains a reduced number of
genes compared to closely related fungi, with an expanded genome with large repeat regions.
There is evidence for multiple different nuclei in each cell. Finally, in contrast to previous
reports the there is no clear congruence between they phylogenies of .A#a ants and the fungi

they cultivate.
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Chapter 2: The fungal cultivar of leaf-cutter ants produces specific
enzymes in response to different plant substrates
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2.1 Abstract

Herbivores use symbiotic microbes to help derive energy and nutrients from plant
material. Leaf-cutter ants are a paradigmatic example, cultivating their mutualistic fungus
Lencoagaricus gongylophorus on plant biomass that workers forage from a diverse collection of
plant species. Here, we investigate the metabolic flexibility of the ants’ fungal cultivar for
utilizing different plant biomass. Using feeding experiments and a novel approach in
metaproteomics, we examine the enzymatic response of L. gongylophorus to leaves, flowers,
oats, or a mixture of all three. Across all treatments, our analysis identified and quantified
1,766 different fungal proteins, including 161 putative biomass-degrading enzymes. We
found significant differences in the protein profiles in the fungus gardens of sub-colonies fed
different plant substrates. When provided with leaves or flowers, which contain the majority
of their energy as recalcitrant plant polymers, the fungus gardens produced more proteins
predicted to break down cellulose: endoglucanase, exoglucanase, and B-glucosidase. Further,
the complete metaproteomes for the leaves and flowers treatments were very similar, while
the mixed substrate treatment closely resembled the treatment with oats alone. This indicates
that when provided a mixture of plant substrates, fungus gardens preferentially break down
the simpler, more digestible substrates. This flexible, substrate-specific enzymatic response
of the fungal cultivar allows leaf-cutter ants to derive energy from a wide range of substrates,

which likely contributes to their ability to be dominant generalist herbivores.
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2.2 Introduction

Herbivores are the most abundant and diverse animals on earth (Ricklefs & Miller
2000). Their success is shaped, at least in part, by different animal lineages evolving to
specialize on different plant species and plant parts, each of which provide different barriers
for herbivores to access stored carbon and other nutrients (Hansen & Moran 2013).
Arguably, the most important strategy herbivores use to contend with these barriers to
consumption is establishing symbiotic associations with microbes that broaden their
physiological capacity (Dowd 1991).

The microbial mediation of herbivory has been studied at length in substrate-
specialized herbivore systems. Microbial symbionts, which include bacteria, fungi and other
microorganisms, mediate herbivory in three main ways: helping their hosts overcome
recalcitrant plant material, supplementing nutrient-poor diets, and reducing the impact of
plant defense compounds (Hansen & Moran 2013). For example, termites break down the
highly recalcitrant biomass in wood through their association with both eukaryotic and
bacterial symbionts (Tartar ez a/. 2009). The plant sap feeding aphids house intracellular
Buchnera aphidicola that compensate for the absence of essential amino acids in their diet
(Hansen & Moran 2011). Finally, when attacking trees the mountain pine beetle vectors
fungi and bacteria, which break down terpenes that would otherwise be toxic to the
developing larvae that specialize on tree phloem as a food source (Wang ez a/. 2012; Boone ez
al. 2013).

Unlike most herbivores, leaf-cutter ants are polyphagous, meaning that they occupy a
generalist herbivore niche. These dominant herbivores belong to two genera, Acromyrmex and
Atta, and forage on 2-17% of all the foliar biomass in some ecosystems in the Neotropics

(Herz et al. 2007; Costa e al. 2008). Their success as herbivores can be attributed to their
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obligate mutualism with a fungus, Lexcoagaricus gongylophorus, which they cultivate for food:
they provide the fungus with leaf material and, in turn, the fungus provides specialized
hyphal swellings called gongylidia, which the ants feed on (Holldobler & Wilson 1990;
Mayhé-Nunes & Jaffe 1998; Holldobler & Wilson 2008). The types of plant material that a
colony consumes depends on the ant species, the location, and the season in which the
colony is observed (De Vasconcelos 1990; Wirth 2003). In general, they tend toward young
leaves with soft cuticles, less-toxic plant defense compounds, fewer trichomes, fewer
endophytes and higher nutritional value (Howard 1987; 1988; Van Bael ¢f @/ 2011). Within
these constraints, leaf-cutter ants incorporate many different types of plants into their fungus
gardens and have been observed foraging at least 20 different species of plants over three
days (Wirth ef /. 1997). Ants also incorporate a variety of plant parts into their gardens such
as leaves, flowers, seeds, and fruit parts in the wild, and oats and parboiled rice in laboratory
settings (Wirth ez 2/ 1997; Koojj e al. 2011).

Leaf-cutter ants tend to their mutualistic fungus in gardens, which can be viewed as
an ‘external gut’. These gardens contain both the fungus itself and a low diversity community
of bacteria. Through enzymatic, metagenomic and metaproteomic analyses, the microbial
communities in the fungus gardens of leaf-cutter ants Az sexdens and Atta cephalotes have
been explored. Many fungal amylases (Silva ez 2/ 2006a), pectinases (Silva e a/. 2006Db),
carbohydrate-active enzymes (CAZy), fungal oxidative lignin enzymes (FOLYy), and secreted
proteases have been identified (Aylward ez a/. 2012; 2013a), demonstrating that the fungus in
this system is primarily responsible for the breakdown of plant biomass. The bacterial
community in the fungus gardens was identified using isolation, metagenomics and 16S

sequencing (Suen ez a/. 2010; Aylward ez 2/ 2012). While the bacterial community has the
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genetic capacity for biomass degradation (Suen e a/. 2010), there is not yet evidence that this
is actually occurring in the gardens.

In this study, we explore microbial mediation in a generalist herbivore by combining
feeding experiments with metaproteomic analyses. Specifically, we fed sub-colonies of leaf-
cutter ants leaves, flowers, oats or a mixture of all three. Using a novel multidimensional
platform, coupling liquid chromatography, ion mobility spectrometry and mass
spectrometry (LC-IMS-MS), we determined the metaproteomic response of fungus gardens
on the different diets. Our working hypothesis is that the fungal cultivar L. gongylophorus
responds to different plant substrates integrated into the garden by worker ants by

producing specific proteins that have the capacity to break down the substrate provided.

2.3 Methods

2.3.1 Experimental design

Atta cephalotes fungus gardens were excised from colonies excavated in the secondary
tropical moist forest surrounding the Smithsonian Tropical Research Institute (STRI)
Gamboa research station in Panama between Dec. 27, 2012 and Jan 10, 2013. Five mature
colonies were excavated. Since lab-reared sub-colonies without queens are unstable, five
fungus chambers were excised from each colony to ensure that we would have sufficient
numbers of replicates for proteomics. These fungus chambers were split into four sub-
colonies each and were contained within a plastic container (10x10x8 cm) that was kept in a
larger plastic container (14x19x9 cm). Care was taken to minimize disturbance to the fungus
gardens and to ensure that a relatively even number of workers were distributed to each sub-

colony.
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Each sub-colony was randomly assigned to one of four feeding treatments, and
received different plant biomass to use as substrate for cultivating their fungal mutualist. The
four feeding treatments were Lagerstroemia speciosa L. leaves, Hibiscus rosa-sinensis flowers,
Quaker instant oatmeal, or a mixture of all three (Figure 2.1). The substrates that were
selected were all readily available and were readily incorporated into the gardens by the ants,
but they varied in terms of their energy availability. Leaves are the most recalcitrant substrate
of the three. The flowers are similar to leaves in terms of cell wall structures but are more
easily digestible (Amaglo ¢# /. 2010). The oats are highly processed and have the most
accessible energy in the form of sugars and starches (Cuddeford 1995; Welch 1995). The
flowers and leaves were collected daily from plants in the immediate vicinity in Gamboa.
The sub-colonies were fed ad /ibitum, typically every one or two days, depending on how
quickly the ants would incorporate new substrate. The colonies were maintained at ambient
temperature and humidity. After 15 days, the entire fungus garden from each sub-colony was
frozen in PBS buffer at -20°C in a 50 mL conical tube, in preparation for further processing.
One of the five colonies was excluded from metaproteomic analysis because it did not have
surviving sub-colonies from all treatments but it was included it in the survivorship analysis.
From the surviving sub-colonies we selected 16 samples for metaproteomics (four
treatments and four colony replicates each). The sub-colonies that were selected for
metaproteomics were all active and still incorporating new material into their gardens at the

end of the 15 days of the experiment.

2.3.2 Mass spectrometry instrumentation
Analysis of the trypsin-digested peptide mixtures (Supplemental Methods) from the
gardens was performed on both a Thermo Fisher Scientific LTQ Orbitrap mass spectrometer (M)

(San Jose, CA, USA) operated in tandem MS (MS/MS) mode and an in-house built ion-
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mobility MS (IMS-MS) instrument that couples a 1-m ion mobility drift cell (Baker e a/.
2007; 2010) with an Agilent 6224 time-of-flight (TOF) MS that was upgraded to have a 1.5
m flight tube for resolution around 25,000. The same fully automated in-house built 2-
column HPLC system (Livesay e7 a/. 2008) equipped with in-house packed capillary columns
was used for both instruments with mobile phase A consisting of 0.1% formic acid in water
and B comprised of 0.1% formic acid in acetonitrile. A 100 min LC separation was
performed on the Velos MS (using 60-cm long columns having an o.d. of 360 pum, i.d. of 75
um, and 3 um C,; packing material) while only a 60 min gradient with shorter columns (30-
cm long columns with the same dimensions and packing) that was used with the IMS-MS
since the additional IMS separation helps address detector suppression and also faster LC
analyses. Both gradients were linear with mobile phase B increasing from 0 to 60% until the
final 2 min of the run when B was purged at 95%. 5 uL of each sample was injected for
both analyses and the HPLC was operated under a constant flow rate of 0.4 pL./min for the
100 min gradient and 1 plL/min for the 60 min gradient. The Velos MS data was collected
from 400-2000 m/z at a resolution of 60,000 (automatic gain control (AGC) target: 1x10°)
followed by data dependent ion trap MS/MS spectra (AGC target: 1x10%) of the twelve most
abundant ions using a collision energy setting of 35%. A dynamic exclusion time of 60 s was
used to discriminate against previously analyzed ions. IMS-TOF MS data was collected from

100-3200 m/z.

2.3.3 Metaproteomic data processing and statistical analysis

Identification and quantification of the detected peptide peaks were performed using
the accurate mass and time (AMT) tag approach (Zimmer ez a/. 2006; Burnum ez a/. 2012).
Peptide database generation utilized Velos tandem MS/MS data (Kim ¢ a/. 2008; Pichowski

et al. 2013) from pooled fractionated samples (Supplemental Methods). Due to the greater



24

sensitivity and dynamic range of measurements (Burnum ez o/ 2012) relative quantitation of
the peptide peaks utilized the LC-IMS-MS data. Multiple in-house developed (Monroe ef al.
2007, Jaitly ez al. 2009) informatics tools were used to process the LC-IMS-MS data and
correlate the resulting LC-IMS-MS features to the AMT tag database containing L.C elution
times, IMS drift times, and accurate mass information for each assigned peptide. Our in-
house ion mobility mass spectrometry platform has previously provided novel insight into
complex biological systems (Burnum ez a/. 2012; Baker ez al. 2014; Cha ez al. 2015; Baker ef al.
2015; Kyle ez al. 2010).

Data filtering was performed to remove peptides with inadequate data for statistics
and samples that are extreme outliers (Webb-Robertson e# a/ 2010; Matzke ez a/. 2011). This
resulted in 6,676 peptides and 1,766 proteins across the sixteen samples (four feeding
treatments and four biological replicates for each treatment). Normalization approaches were
evaluated using a statistical procedure for the analyses of peptide abundance normalization
strategies (SPANS) and normalization factors were generated as the mean of the datasets
that were observed consistently across technical replicates (Webb-Robertson e a.

2011). Peptide statistics were performed by comparing all treatment groups to one another
using Analysis of Variance (ANOVA) with a post-hoc Tukey test to define peptide
signatures. A BP-Quant quantification (Webb-Robertson e7 a/. 2014) approach was used to
estimate abundance at the protein level. Proteins were also evaluated with a Tukey test and
deemed significant at a p-value<0.05. Only fungal proteins identified by = 2 peptides are
discussed (see Supplemental Table 2.1 for the full list of all detected proteins). Non-metric
multidimensional scaling (NMDS) was conducted on these data with Bray-Curtis
dissimilarity, using the vegan package in the R statistical programming environment

(Oksanen ez al. 2013; R Core Team 2013). To determine if the fungus gardens from different
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treatments had significantly different protein profiles, function adonis was used to run a

Permutational Multivariate Analysis of Variance Using Distance Matrices PERMANOVA).

2.4 Results

2.4.1 Fungal proteonics

With our metaproteomic analysis of the fungus gardens, we identified and quantified
1,766 different fungal proteins, including 161 putative biomass-degrading enzymes
(Supplemental Table 2.1). NMDS analysis of the global proteome profiles across treatments
and replicates revealed grouping according to treatment (Figure 2.2A). These differences
according to treatment were significant (PERMANOVA p<0.001). Fungus garden
proteomic profiles in both the leaves and flowers treatments showed low variability within-
group and between-group, while the oats and mixed treatments had greater within-group
variability and overlapped with each other. These groupings are evident when individual
proteins are compared between treatments. To analyze the differential abundance of
individual proteins, we conducted pair-wise comparisons of each protein in the four
treatments. Numerous proteins with significantly different abundances were identified
between the treatments (Supplemental Table 2.1). When individual protein differences are
observed globally using heat maps, we can again see grouping according to treatment
(Figures 2.3 and 2.4): the oats sub-colonies were most similar to the mixed sub-colonies,
while the leaves sub-colonies were similar to the flowers. The significant changes for each
protein paitwise comparison were identified by at least 2 peptides with: oats/mixed having
52 significantly changing proteins, leaves/flowers - 31, leaves/oats - 2806, flowers/oats - 259,

leaves/mixed - 135, and flowers/mixed - 125 (Supplemental Table 2.1).



26

All biomass-degrading enzymes observed to be significantly different (p<<0.05)
between treatments are listed in Table 2.1, where individual proteins are compared between
the mixed and other treatments. We compared to the mixed treatment since it most closely
resembles the ants’ natural tendency to incorporate a mixture of substrates into their fungus
gardens. In general, the leaves and flowers treatments had similar results with much higher
abundances of CAZys, proteases and enzymes necessary for the breakdown of cellulose:
endoglucanases (GH5 and GHG), exoglucanase (GHO), and B-glucosidases (GH3 and
GH31), compared with the other two treatments. However, the oats treatment was very

similar to the mixed treatment with a lower abundance of these proteins and proteases

(Table 2.1, Figure 2.4).

2.4.2 Bacterial proteomics

We detected only 44 unique bacterial peptides and from these data we determined,
through similar pairwise comparisons between treatments, that there were three bacterial
proteins that differed significantly between treatments. Each of these proteins was identified
with only a single peptide. These proteins were identified based on genomes of bacterial
symbionts of leaf-cutter ants (Enterobacter strain FGI 35, Serratia strain FGI 94 (Aylward ef al.
2013c¢), Enterobacteriaceae strain FGI 57 (Aylward ef al. 2013b), Pseudomonas strain FGI 182,
Klebsiella variicola strain AT-22 and Pantoea strain AT-9b (Aylward e al. 2014)). Malate
dehydrogenase, which mapped equally to Cronobacter, Pantoea, Serratia, Enterobacter, and
Klebsiella genomes, was more abundant in the leaf treatment. Periplasmic trehalase, which
mapped to the Enterobacter genome, was more abundant in the flower treatments. ATP
synthase subunit B, which mapped to all six bacterial genomes, was the least abundant in the
leaf treatments. Overall, the global bacterial protein profiles did not differ between

treatments (Supplemental Table 2.1, Figure 2.2B).
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2.4.3 Sub-colony Survivorship

The fungus garden of some sub-colonies did not remain healthy throughout the
experimental period, but instead dried out, were discarded by workers, or were overgrown by
a pathogen. This was especially common for sub-colonies created from the gardens excised
from the last two parent colonies. A sub-colony was considered failed when all the ants were
dead or when the fungus garden was overtaken by a pathogen. Overall, sub-colonies fed

exclusively on oats had significantly lower survivorship than the other colonies (Figure 2.5).

2.5 Discussion

The breakdown of plant biomass by L. gongylophorus is central to the success of leaf-
cutter ant colonies and the function of this ant-fungus mutualism. Nevertheless, our
understanding of the process of digesting leaves and other plant substrates within the fungus
garden is limited. Specifically, the ability of L. gongylophorus to digest cellulose and other
recalcitrant material has been debated. Some have argued that it does not effectively break
down cellulose and instead relies on other plant components such as pectin for energy (De
Siqueira ez al. 1998; Silva et al. 2006b; Moller ef al. 2011). In contrast to this, sugar
composition analysis and microscopy shows a significant decrease in cellulose within fungus
gardens and genomics and metaproteomics show a significant capacity of L. gongylophorus to
degrade it (Suen ez 2/ 2010; Nagamoto e al. 2011; Aylward ez al. 2012; Grell ez al. 2013;
Aylward ez al. 2013a). Our results here provide further support for the role of the fungus in
recalcitrant biomass degradation. Specifically, our metaproteomic analysis detected 100
CAZys produced by L. gongylophorus, including 53 glycoside hydrolases (GH), 6 carbohydrate
esterases (CE), 8 carbohydrate binding molecules (CBM), 4 polysaccharide lyases (PL), and

30 auxiliary activities enzymes (AA) (Figure 2.4, Supplementary Table 2.1). This suite of



28

enzymes includes all the components necessary for the breakdown of cellulose
(endoglucanases GH5, GH12 and GHG, exoglucanase GH6 and B-glucosidase GH31).

Although our combination of proteomics and feeding experiments provide further
evidence for the ability of L. gongylophorus to deconstruct cellulose, our findings indicate that
this enzymatic response is context-dependent. Specifically, we found metabolic flexibility in
the ants’ fungal cultivar to preferentially digest various substrates; instead of consuming
recalcitrant materials, the fungus digests the more readily accessible carbon sources when
available. This is most clearly observed when comparing the mixed and oat treatment
metaproteomes. In the mixed treatment the fungus does not produce an abundance of
biomass-degrading enzymes, despite the presence of recalcitrant biomass. It instead has a
metaproteome that is more similar to that of the oat treatment, suggesting that when given a
mixture of substrates, the fungus derives its energy from the oats. The flexible, substrate-
specific response of the fungus is important in a system where the ants cut a large diversity
of substrates, which vary between seasons and environments. For example, in the dry season
substrates that are rich in easily accessible nutrients may be more limited, such that the
fungal cultivar needs to respond to and to derive energy from more recalcitrant sources. In
contrast, in the wet season when substrates such as fruits and young leaves are more readily
available, the fungal cultivar would benefit from reducing the energy expended on digesting
recalcitrant material when easily accessible sugars are available.

Evidence supporting the substrate-specific response in the leaf-cutter ant fungus
garden has been previously reported elsewhere. Kooij ¢f /. (2011) manipulated the substrate
for A. cephalotes fungus gardens and using Azurine-Crosslinked (AZCL) assays measured
changes in specific enzymes of interest, observing an overall shift in enzyme activity between

substrates. AZCL is a high throughput method used to detect enzyme activity, while
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metaproteomics provides accurate detection and quantification of the specific proteins
present. Thus, our approach represents a more thorough enzymatic response of the fungus
garden, as follows. First, AZCL is conducted with a limited suite of substrates and only
shows activity of enzymes to those substrates. This excludes any non-enzymatic proteins and
any enzymes that did not have the appropriate substrate to respond to. Second, AZCL does
not allow us to characterize specific proteins, whereas metaproteomics does..

Other systems where microbes are responsible for biomass breakdown also show
substrate-specificity through fluctuations in the community structure of multiple microbes
(Thoetkiattikul ez 2/ 2013; Miyata ef al. 2014). Here, a single vertically transmitted cultivar,
with little variability between isolates (Silva-Pinhati ez o/ 2004) is responsible for the flexible,
substrate-specific response of the system. The leaf-cutter ant system, which is optimized for
the extraction of energy from plant material then fine-tunes the enzymatic response of the
fungal cultivar. Previous work has shown that the lignocellulases and laccases from
gongylidia are transferred by the ants from the middle of the garden and defecated on the
top, serving as a pretreatment step for beginning rapid biomass degradation and
detoxification (Cherrett ez a/. 1989; Moller ef al. 2011; De Fine Licht ef al. 2013; Aylward ez al.
2015).

Recent work has identified the presence of an apparent consistent bacterial
community in the fungus garden (Pinto-Tomas ez a/. 2009; Suen ez al. 2010; Aylward ef al.
2012). Although certain functional roles of the bacteria have been elucidated, such as
nitrogen fixation (Pinto-Tomas ez a/. 2009) and the apparent capacity to provide vitamins
(Aylward ez al. 2012), our insights regarding the bacteria remain limited. Here, we did not
observe a notable change in bacterial proteins, other than the three which are all part of

central carbon metabolism and unlikely to play a direct role in substrate breakdown or
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detoxification (Bergmeyer & Gawehn 1974; Boos ez al. 1987). Only 1% of the unique
peptides that were detected in these analyses were identified as bacterial. This is likely due to
a considerable difference in the amount of fungal and bacterial biomass in the fungus
gardens. It could also indicate that bacteria play a more limited role in the fungus gardens.
Interestingly, despite our finding that L. gongylophorus preferentially uses the simplest
energy source (i.e., oats) when provided with a mixture of substrates, sub-colony
survivorship dramatically decreased when this was the only substrate provided. This
correlation between decreased health and feeding exclusively on a simple, energy rich diet
has been observed in other animals. Cows that are fed a grain-rich diet gain weight quickly
but suffer frequently from ruminal acidosis, which negatively impacts both production and
animal welfare (Krause & Oetzel 2006). Ruminal acidosis results from different rates of
fermentation in the standard grassy diet and has effects on the microbial community
composition in the rumen (Steele ef a/. 2011; Hook ef a/. 2011). Humans also show a
correlation between diet, the gut microbiome, and health (De Filippo ¢ a/. 2010; Martinez e#
al. 2013). While this experiment suggests that the fungus gardens of oat-fed sub-colonies are
apparently less stable, colony health was not the focus of our study. However, we
hypothesize that an exclusive diet of oats lacks required micronutrients that the ants, fungus
of bacteria obtain from fresh plant material. While there have been thorough investigations
into plant characteristics that are deterrents to leaf-cutter ant foraging and how this limits the
diversity of plants they consume, no work has been done investigating whether a more
diverse diet leads to higher fitness for leaf-cutter ants. Testing this hypothesis in future
studies would help us to determine what minimum requirements exist for leaf-cutter ant

forage and whether this is achieved more effectively with a diverse diet.
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The mutualism between leaf-cutter ants and their fungal cultivar has been described
as an “unholy alliance” (Cherrett ef a/. 1989), where the tasks of mechanical and enzymatic
breakdown of plant material are partitioned to the ants and fungal cultivar, respectively.
Through this alliance, leaf-cutter ants are capable of utilizing a wide diversity of plant
material, unlike most other herbivores. Polyphagy in this system necessitates metabolic
flexibility on the part of the fungus, and is a key factor in making leaf-cutter ants dominant
herbivores. In this study, we dissect this unholy alliance at a previously unattainable depth,
demonstrating that the cultivar does indeed have a flexible, specific response to different
plant substrates. Our study provides an important step in building toward understanding the

microbial mediation of a generalist herbivore system.
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Table 2.1 Fungal biomass-degrading enzymes that differ significantly from the mixed treatment
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LAG Protein Family  Annotation Leaves Flowers Oats
CAZy
1450 CES8 Pectin methylesterase -
925 CBM57, CE15 Found attached to glycosidases -
1065 GH31 a-glucosidase, and others -
2832 GHo Endoglucanase, exoglucanase, cellobiohydrolase
1778 CBM32 Binding to galactose, lactose, polygalacturonic acid, 4 )
LacNAc
4224 GH10 Xylan targeting +
3545 GH5 Endo-B-1,4-glucanase / cellulase and many others +
3581 CE5 Acetyl xylan esterase, cutinase + +
3843 GH10 Xylan targeting + +
830 GH105 Unsaturated rhamnogalacturonyl hydrolase; d-4,5- + +
unsaturated B-glucuronyl hydrolase
420 GH18 Lysozyme, chitinase, many others + +
5098 GH3 B-glucosidase, and others + +
811 GH3 B-glucosidase, and others + +
1724 GH31 a-glucosidase, and others + +
1811 GH92 Mannose targeting - -
11012 AA5 Glyoxal oxidase -
3543 AA5 Glyoxal oxidase -
1590 AA3 Glucose oxidase - -
3638 AA3 Alcohol oxidase 1 + +
2639 AA1 Laccase-1 + +
3464 AA1 Laccase-4 + +
5297 AA1 Laccase-2 +
2404 AA1 Laccase-1 +
5522 AA1 Laccase-2 +
3730 AA2 Chloroperoxidase +
5105 AA2 Chloroperoxidase - -
3594 AA3 Dihydrolipoyl dehydrogenase, mitochondrial +
Proteases
3716 M36 Endopeptidase -
971 C44 Self-processing precursor of -
Amidophosphoribosyltransferase
2519 M67A Isopeptidases that releases ubiquitin from +
ubiquitinated proteins
3036 C01B Endopeptidases or exopeptidases +
3725 M28E Aminopeptidase -
439 AO0TA Pepsin A + +
100 MO3A Thimet oligopeptidase + +
748 M13 Metalloendopeptidase + +
1996 M41 ATP-dependent metalloendopeptidase + +
15046 M67A Isopeptidases that release ubiquitin from - -
ubiquitinated proteins
3735 SO08A Subtilisin Catlsberg + +
2389 SO08A Subtilisin Catlsberg +
3512 SO08A Subtilisin Catlsberg + -
5096 SO08A Subtilisin Catlsberg + -
2939 S10 Carboxypeptidase Y + +
4473 S10 Carboxypeptidase Y -
2743 S10 Carboxypeptidase Y - - -
924 S26B Signalase 21 kDa component + + +
2527 S53 Sedolisin + +

A significant increase in abundance compared to the mixed treatment is indicated by + and a significant decrease is indicated by -.
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Figure 2.1 Leaf cutter ants carrying various substrates (A) a leaf, (B) a flower and (C) an oat. Ants tending to their fungus
garden with newly incorporated leaf material (D) (photographs by Don Parsons).
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Figure 2.2 NMDS plot of (A) fungal and (B) bacterial whole-community metaproteomics. While the fungal results were
significantly different between treatment groups, the bacterial metaproteomes were not possible to differentiate statistically.
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Figure 2.3 A heat map of the complete
metaproteome. Columns represent each treatment
and rows represent each protein. A clear division is
visible between the two left columns (leaves and
flowers) and the two right columns (oats and
mixed).
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Figure 2.4 Heat map of higher or lower abundance of biomass degrading enzymes. A clear division can be
seen between leaves and flowers on the left and oats and mixed on the right. GH — glycoside hydrolases, CE
— carbohydrate esterases, CBM — carbohydrate binding molecules, PL — polysaccharide lyases, AA — auxiliary
activities. Proteins in red text were significantly different between at least two treatments.
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Figure 2.5 Sub-colony sutvival by treatment. Sub-colonies that were fed oats survived significantly (¥) less than the other
sub-colonies, over the course of the experiment (ANOVA p<0.05).
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3.1 Abstract

Leaf-cutter ants are dominant herbivores in the Neotropics. While most leaf-cutter ant
species cut dicots to incorporate into their fungus gardens, some species specialize on
grasses. Here we examine the bacterial community associated with the fungus gardens of
grass- and dicot-cutter ants to elucidate the potential role of bacteria in leaf-cutter ant
substrate specialization. We sequenced the metagenomes of 12 Az fungus gardens, across
four species of ants, with a total of 5.316 Gbp of sequence data. We show that community
composition was significantly different between dicot- and grass-cutter ants, with grass-
cutter ant fungus gardens having significantly lower diversity and a significantly higher
abundance of Pantoea, the most abundant genus overall. Reflecting this difference in
community composition, the bacterial functional profiles between the fungus gardens are
significantly different. Specifically, grass-cutter ant fungus garden metagenomes are
particularly enriched for genes responsible for amino acid, siderophore, and terpenoid
biosynthesis while dicot-cutter ant fungus gardens metagenomes are enriched in genes
involved in membrane transport. Our results suggest that bacteria in leaf-cutter ant fungus
gardens aid in nutrient supplementation, a function especially relevant for the fungus gardens

of ants that forage grass, a plant source relatively lower in nutrient value.
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3.2 Introduction

Understanding the role of microbial symbionts in aiding nutrient acquisition is
fundamental to understanding the biology of herbivores. Most herbivores host microbial
symbionts that serve as an interface between them and the plants that they consume. These
microbes can compensate for the hosts’ lack of physiological capacity to obtain energy and
nutrients from plants (Hansen & Moran 2013). Herbivore microbial symbionts, often
residing in the guts of animals, have been implicated in aiding plant biomass breakdown
(Talbot 1977; Kudo 2009; Hess ef al. 2011; Adams e al. 2011), plant defense compound
remediation (Wang ez a/. 2010; Adams ez al. 2013; Boone ez al. 2013), and nutrient
supplementation (Warnecke ez a/. 2007; Hansen & Moran 2011; LeBlanc ez a/. 2013).
Microbial communities differ between hosts that specialize on different substrates (Muegge
et al. 2011) and changes in these communities and their functional capacity are integral to
their hosts’ transition to utilizing novel substrates (Delsuc e a/. 2013; Kohl e al. 2014; Li et al.
2014; Hammer & Bowers 2015; Kohl ez a/. 20106).

Leaf-cutter ants represent a paradigmatic example of the microbial mediation of
herbivory. They are dominant herbivores in the Neotropics, consuming an estimated 17% of
foliar biomass in the systems in which they live (Costa ¢7 a/. 2008). These ants have a
significant impact on their surrounding ecosystems, due to the volume of plant biomass they
consume and soil that they excavate in building their underground colonies (Fowler ef a/.
1986; Moutinho ez al. 2003; Gutiérrez & Jones 2006; Herz ez al. 2007; Costa e al. 2008). Like
other metazoans, leaf-cutter ants lack the capacity to break down recalcitrant plant material.
Instead, they gain access to the nutrients in plant biomass by farming a fungus, Lexcoagaricus
gongylophorus, which serves as an external gut that enzymatically breaks down recalcitrant

biomass in the leaf material that the ants forage (Nagamoto ez 2/ 2011; Koojj et al. 2011,



46

Suen et al. 2011a; Grell ez al. 2013; Aylward et al. 2013; Khadempour ez al. 20106). Lencoagaricus
gongylophorus produces gongylidia, specialized hyphal swellings that contain an abundance of

sugars and lipids, that the ants consume and feed to larvae (Bass & Cherrett 1995; North ez

al. 1997).

Recent work has revealed that a community of bacteria reside within leaf-cutter ant
fungus gardens (Suen ez 2/ 2010; Aylward ef al. 2012; Moreira-Soto et al. 2017). These
communities were dominated by Gammaproteobacteria, and consistently contained strains
of Pseudomonas, Enterobacter and either Rabnella or Pantoea and were consistent with
communities of bacteria associated with other fungus-farming insects (Aylward ef a/. 2014).
Some garden bacteria are vertically transmitted, as they are present in the fungus pellets that
queens use to establish new fungus gardens (Moreira-Soto ¢f a/. 2017). The community
consistency and their vertical transmission, suggest that the bacterial communities are
important to the fitness of their hosts. One study, by Pinto-Tomas ¢z a/. (2009) showed that
Pantoea and Klebsiella bacteria fix nitrogen that supplements the ant diet, which is important
for a strict herbivorous system. Nevertheless, the functional role of most garden bacteria
remains unknown.

While most leaf-cutter ants use dicots, at least three species of 47 are specialized on
cutting grass, and another three species cut both grasses and dicots (Fowler ez a/. 1986). All
previous studies on the microbial community in leaf-cutter ant fungus gardens have been
focused on dicot-cutting ants, likely because dicot-cutters are more common and grass-cutter
ants are notoriously difficult to maintain in the lab (Nagamoto ez a/. 2009). In this study, we
compare the bacterial communities of fungus gardens from ants that cut grass and dicots.
Given that grasses and dicots differ in terms of the cell wall composition (Ding & Himmel

2008; Popper & Tuohy 2010), plant defense compounds (Wetterer 1994; Mariaca et al. 1997)



47

and nutrient availability (Mattson 1980; Winkler & Herbst 2004), we hypothesize that the
bacterial community in these fungus gardens will differ in terms of community composition
and functional capacity, in response to the different composition of the substrates the ants
incorporate into their gardens. To address this, we collected fungus gardens from grass- and
dicot-cutter ants and obtained their metagenomes using Illumina sequencing. We analyzed
the bacterial community in terms of its taxonomic composition and its functional capacity.
We also conducted analyses on the fungus gardens to determine their plant composition,

their nutritional composition and their plant defense compound contents.

3.3 Methods

3.3.1 Collection of fungus garden

Fungus gardens were collected on the campuses of the University of Sao Paulo
(USP) in Ribeirdao Preto, SP, Brazil and the State University of Sao Paulo (UNESP) in
Botucatu, SP, Brazil. Collection dates and GPS coordinates ate listed in Table 3.1. We
collected fungus gardens from four species of Az leaf-cutter ants: A. bisphaerica and A.
capiguara, which both specialize on grass, A. /aevigata, which cuts both grasses and dicots, and
A. sexcdens, a dicot-cutter ant (Fowler ¢z al. 1986).

To collect the fungus gardens, we identified the ant species by worker morphology
then followed the entrance tunnel by digging until we found a fungus garden. Care was taken
to enter fungus garden chambers from the side, to avoid damaging the garden with digging
tools and to avoid contamination with surrounding soil. Fungus gardens were transported to
the laboratory and were aseptically transferred into 50 mL conical tubes. The majority of
worker ants were removed from the fungus garden material before being transferred to the

tubes. In order to further reduce the chance of soil contamination, only intact fungus garden
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from the central region of the fungal mass was included in the tubes. Once filled, the tubes
were frozen in liquid nitrogen and stored at -80°C. At least six 50 mL conical tubes were
filled from each colony. For each colony, four tubes were used for metagenomics, one tube

was used for gas chromatography, and one tube was used for iron content measurements.

3.3.2 DNA extraction

To target the bacteria in the fungus gardens, DNA was extracted by first using a
differential centrifugation method (Aylward e a/. 2012). PBS buffer with 1% tween 80 was
added to the tubes and they were shaken for 30 min on a vortex. They were then kept at 4°C
for 30 min so that large particles would settle. The liquid portion was decanted and passed
through a 40 um filter. The remaining leaf material from the fungus gardens was
photographed after the differential centrifugation, to demonstrate the difference in leaf
material consistency (Figure 3.1). The filtrate was centrifuged for 30 min at 4°C, after which
a bacterial cell pellet was formed and the liquid was removed. This process was repeated
with the original fungus garden tube. For each fungus garden, cell pellets from four tubes
were combined and the DNA was extracted using the Qiagen Plant DNA Extraction Maxi

Kit (Qiagen, Hilden, Germany).

3.3.3 DNA sequencing and assembly

All metagenomic sequencing was conducted at the Joint Genome Institute in Walnut
Creek, CA. Since some of the DNA concentrations were too low for standard library prep, a
low-input prep was completed for all of the samples. Sequencing was performed on an
Illumina HiSeq-2500 platform (2 x 151 bp). BBDuk adapter trimming (Bushnell 2017) was
used to remove known Illumina adapters. The reads were then processed using BBDuk

filtering and trimming. Read ends were trimmed where quality values were less than 12.
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Read pairs containing more than three ambiguous bases, or with quality scores (before
trimming) averaging less than three over the read, or length under 51 bp after trimming, as
well as reads matching Illumina artifact, spike-ins or phiX were discarded. Trimmed,
screened, paired-end Illumina reads were assembled using the megahit assembler using with
the "--k-list 23,43,63,83,103,123" option. Functional annotation and taxonomic classification

were performed using the Integrated Microbial Genomes pipeline.

3.3.4 Plant genus richness

To determine the richness of plant substrate integrated in the fungus gardens of the
ants, we used JGI’s Integrated Microbial Genomes and Microbiomes (IMG) database “find
gene” function to retrieve all genes annotated as MazK from the dataset. MazK is a widely
used chloroplast plant DNA barcode (Hollingsworth e a/. 2011). Retrieved MazK sequences
for each metagenome were identified using BLAST. To ensure consistent and reliable
certainty with the identified plants, we identified all sequences to the genus level. Because
most of the plant biomass was removed from samples before DNA extraction only

presence/absence of genera wete considered, not abundance.

3.3.5 Bacterial taxonomic analysis

Abundance of bacterial groups (phyla and genera) were determined based on the
IMG Phylogenetic Distribution tool, which is part of JGI’s standard operating procedure
(Huntemann ez a/. 2016). Briefly, IMG uses USEARCH (Edgar 2010) to compare
metagenome gene sequences to all identified genomes in their database. One top USEARCH
hit per gene is used to assign phylogenetic lineage. To determine relative abundance of
bacterial taxonomic groups within each sample, we used the PhyloDist raw data from IMG

and first removed all gene sequences that were identified as Eukaryote or Virus. We then
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matched the PhyloDist data to the gene counts for each gene and normalized them to the
total number of genes from Bacteria and Archaea. We used the relative abundances of each
phylum and genus to run an non-metric multidimensional analysis (NMDS) using a Bray-
Curtis dissimilarity index with the vegan package in the R statistical programming
environment (Oksanen e a/. 2013; R Core Team 2013). Also using the vegan package, we
used ANOSIM and PERMANOVA to determine if groups (grass-cutters vs. dicot-cutters)
were significantly different, and we used the Shannon diversity index to compare the
diversity of each sample by bacterial genus. To test whether specific genera have significantly
different relative abundances between grass- and dicot-cutter ant fungus gardens, we used
DESeq2 in the R statistical programming environment (Love ¢f a/. 2014). Since DESeq2
requires inputs to be integers, we used number of gene copies per million genes in the

metagenomes as our input (Alneberg ez al. 2014).

3.3.6 Bacterial functional analysis

In order to make functional comparisons of the bacteria in grass- and dicot-cutter
fungus gardens, we used the Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotations of the metagenomes through IMG’s KEGG Orthology (KO) pipeline, which is
part of JGI’s standard operating procedure (Huntemann ez 2/ 2016). Briefly, genes were
associated with KO terms (Kanehisa ez a/. 2014) based on USEARCH 6.0.294 results (Edgar
2010) and were filtered for minimum identity matches and gene sequence coverage. For an
overall comparison of functional differences between the fungus gardens, we used the same
ordination and statistical methods as for bacterial genus abundance. As with genus group
differences, we used DESeq2 to determine what genes are significantly enriched between
grass- and dicot-cutter ant fungus gardens, with number of gene copies per million genes in

the metagenomes as our input (Alneberg ez al. 2014).
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3.3.7 Iron content

Separate 50 mL tubes of fungus garden material, from the same colonies as above,
were used for determination of iron content. All ants were removed from fungus garden
then the remaining material was analyzed at the UW Soil and Forage Lab in Marshfield, WI,
using standard methods. Briefly, total iron content was determined by first digesting the
fungus garden material in nitric acid/peroxide then analyzing by inductively coupled plasma

optical emission spectroscopy (ICP-OES) (Fassel & Kniseley 1974).

3.4 Results

3.4.1 Metagenomic statistics

A summary of metagenome statistics is presented in (Table 3.2). A total of 5.316
Gbp of assembled sequence data was produced in this study, with an average of 443 Mbp
per metagenome. The smallest metagenome was from the grass-cutter colony .A. capiguara 1
at 148.7 Mbp, and the largest metagenome was from the dicot-cutter colony A. sexdens 2 at
812.9 Mbp. Maximum scaffold lengths ranged from 61.96 Kbp to 701.42 Kbp, with an
average maximum scaffold length of 266.6 Kbp. Between 91.63% and 99.31% of reads were

aligned.

3.4.2 Bacterial taxonomic analysis

Proteobacteria (70-99%) were the most abundant bacterial phylum detected in the
fungus gardens of A#a spp., followed by Actinobacteria (0.13-24%) and Firmicutes (0.096-
2.4%) (Figure A2.1). Between fungus gardens, genus-level comparisons showed greater
variability than phylum-level comparisons (Figure 3.2, Figure 3.3). Overall, Pantoea was the
most abundant genus in all the fungus gardens (average 37%), followed by Psexdomonas

(average 17%). The abundance of these two genera was especially pronounced in the grass-
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cutter ant fungus gardens, where Pantoea and Pseudomonas averaged 45% and 28%,
respectively. The high relative abundance of these two genera contributed to a lower overall
diversity in the grass-cutter ant gardens (Shannon diversity index of 1.20-2.44) (Figure 3.3).
While Pantoea and Pseudomonas were still abundant in fungus gardens of the dicot-cutter ants,
A. laevigata and A. sexdens, it accounted for a lower proportion (28% and 6.5%, respectively)
of the bacteria in these more diverse gardens (Shannon diversity index of 2.80-4.67). Other
dominant bacterial genera included Enterobacter, Burkholderia, Erwinia, Emticicia, Serratia and
Klebsiella. DESeq2 analysis revealed that six bacterial genera (Enfoplasma, Flavobacterinm,
Mesoplasma, Pantoea, Psendomonas, and Spiroplasma) were significantly different in relative
abundance between the fungus gardens. They were all more abundant in the grass-cutter ant

fungus gardens.

3.4.3 Bacterial functional analysis

Overall, we found significant differences in the predicted bacterial community
functional profiles between grass- and dicot-cutter ant fungus gardens (Figure 3.4). All
individual bacterial genes that were significantly different between grass- and dicot-cutter ant
fungus gardens are listed in Table A2.1. In total, 514 predicted bacterial genes were
significantly enriched in one group or another, with 313 and 201 genes significantly enriched
in grass- and dicot-cutter ant gardens, respectively (Table A2.2, Figures A2.4-A2.6). Grass-
cutter ant fungus gardens were enriched for amino acid biosynthesis genes for phenylalanine,
tryptophan, tyrosine, histidine, arginine, lysine, cysteine, methionine, glycine, serine and
threonine. They were also significantly enriched in terpenoid and siderophore biosynthesis
genes (Figure 3.5) and had a significantly higher abundance of a gene in the nitrogen fixation
pathway, nitrogenase molybdenum-iron protein beta chain (Table A2.2). Dicot-cutter ant

fungus gardens were particularly enriched in membrane transport genes (Figure 3.5).
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3.4.4 Plant taxonomy and consistency

The incorporated plant material was markedly different in consistency between the
tungus gardens. At bisphaerica and A. capignara gardens both contained material that was
clearly grass, which was not mulched (Figure 3.1). In contrast, the leaf material in the fungus
gardens of A. laevigata and A. sexdens was mulched to the point of being unrecognizable as
plant material (Figure 3.1). We detected 68 plant species based on the MazK gene query in
the metagenomes, from 40 genera and 15 families (Table 3.3). The fungus gardens of dicot-
cutter ants had a significantly higher richness of plant genera than those of grass-cutter ants
(ANOVA F=9.14, p=0.0128). As expected, the grass-cutter ant fungus gardens all contained
grass (Paspalum, Poaceae). The dicot-cutter ant fungus gardens contained more genera and
families of plants, which were mostly dicots, but three of these fungus gardens also
contained some grass (Table 3.3).
3.4.5 Iron content

The iron content of the fungus gardens is displayed in Figure 3.6. The grass-cutter
ant fungus gardens have lower amounts of iron than the dicot-cutter ant fungus, but this

difference is not significant due to the high variability between A. sexdens gardens.

3.5 Discussion

Understanding how microbial symbiont communities change in relation to host
substrate specialization can help inform on animal diet specialization and evolutionary
transitions to utilizing novel substrates. A#z ants provide a relatively unique opportunity to
examine a group of closely related herbivores that have transitioned from specialization on
dicots to grasses. Dicots and grasses differ in terms of their cell wall composition, nutrient
content and plant defense compounds. Here, using metagenomic sequencing, we examine

this transition in the bacterial community in the fungus gardens of ants that are specialized
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on these different substrates. The results of this study demonstrate that the bacterial
community differs depending on type of substrate and likely facilitates the ants’ ability to
specialize on grasses, which represents a lower quality of substrate on which to grow their
fungal crop.

If bacteria in fungus gardens are responsible for the breakdown of recalcitrant plant
biomass, which is found in plant cell walls, we expect that the bacterial communities in the
two ant groups examined here would be differentially enriched in the genes necessary for
plant biomass breakdown. Grasses have a unique cell wall structure, containing
(1—3),(1—>4)-B-D-glucan chains and silica, neither of which ate present in dicots (Popper &
Tuohy 2010). In other systems specialized on grass biomass breakdown, the microbes
responsible for this produce specialized enzymes (King ez 2/ 2011) and have genomes that
are adapted for this function (Wolfe ¢f a/. 2012). Since we do not observe any changes in
abundance of these genes between these two systems, it is unlikely that the bacteria here are
contributing to plant biomass breakdown. Indeed, recent work has implicate the fungal
cultivar as the primary degrader of plant biomass in leaf-cutter ant fungus gardens
(Nagamoto ez al. 2011; Grell ez al. 2013; Aylward et al. 2013; Khadempour ez a/. 20106).

Leaf-cutter ants, in general, cut an exceptionally broad diversity of plants (Mayhé-
Nunes & Jaffe 1998; Solomon 2007) and thus, have the potential to encounter a myriad of
plant defense compounds that are toxic to themselves and their fungal cultivar. The ants are
not enriched in genes families for plant defense compound detoxification (Rane ez 2/ 2016),
so they must reduce the intake of these chemicals in other ways. Plant defense compound
avoldance occurs in several steps. First, ants avoid cutting plants that contain plant defense
compounds that are particularly toxic or abundant (Hubbell ¢7 a/. 1984; Howard 1988; Wirth

et al. 1997). Second, many plant defense compounds that the ants encounter are volatile
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chemicals (Howard 1988; Howard ez a/. 1988), and in the time that the ants cut and carry the
leaf material back to their colonies, some of the volatiles will have had time to dissipate.
Finally, ants often leave leaf material in caches before they incorporate them into their
fungus gardens (Hart & Ratnieks 2000; Roschard & Roces 2003), providing further
opportunity for the defense compounds to evaporate. Nevertheless, some amount of
volatiles can make their way into the gardens. In this study, using gas chromatography, we
were able to detect eucalyptus-related compounds (eucalyptol, a-pinene, B-pinene, p-cymene
and y-terpinene) in the fungus garden of one ant colony (A. /aevigata 1) that was observed
cutting considerable amounts of eucalyptus (Supplemental methods and Supplemental
Figure 3.2).

In order to mitigate the deleterious effects of plant defense compounds, we expect
the fungal cultivar L. gongylophorus would produce enzymes to degrade them. Indeed, work by
De Fine Licht ez a/l. (2013) suggests that laccases from the fungal cultivar help detoxify plant
defense compounds. Nevertheless, bacteria in the garden may also play a role in mediating
plant defense compounds. The bacterial community contains the genes necessary for plant
defense compound remediation, including many cytochrome P450s, gluthione S-transferases,
and other genes involved in xenobiotic degradation, and aromatic compound degradation,
but they are not consistently enriched in the dicot-cutter ant fungus gardens (Supplemental
Table 3.1). We expected that since dicot-cutter ants incorporate a higher diversity of plants
into their gardens (Table 3.3), that the diversity of bacteria would also be higher in these
gardens, and that the bacteria would have a higher capacity for the degradation of these
defense compounds. While we did observe a greater diversity of bacteria in the dicot-cutter
ant fungus gardens (Figure 3.3) we did not see a significant enrichment of plant defense

compound degradation genes in these gardens (Figure 3.5, Table A2.1). However, we still
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cannot exclude the possibility that bacteria are taking part in this process. Since each dicot-
cutter ant colony cuts a unique set of plants (Table 3.3), they potentially encounter a unique
set of plant defense compounds. If the bacterial community were to respond in a substrate-
specific manner to different plant defense compounds, our analysis in this study would not
reveal that. To elucidate the role of bacteria in plant defense compound remediation, closely
controlled experiments with particular defense compounds of interest applied to bacterial
cultures and to fungus gardens would be necessary.

Pinto-Tomas e al. (2009) establishes that Pantoea and Klebsiella bacteria in Central
American leaf-cutter ant fungus gardens are supplementing the ant diet through nitrogen
fixation. Plant material, in general, is low in nitrogen, and many herbivores supplement their
diets through bacterial nitrogen fixation (Douglas 2009; Hansen & Moran 2013). Grasses are
especially low in nitrogen (Mattson 1980; Winkler & Herbst 2004), so we would hypothesize
that grass-cutter ant fungus gardens would be enriched in nitrogen-fixing bacteria with a
corresponding enrichment of nitrogen-fixing genes. Here we show that Panfoea are more
abundant in the grass-cutter ant fungus gardens, and that a nitrogenase molybdenum-iron
protein beta chain gene is significantly more abundant in grass-cutter ant fungus gardens
(Table A2.1). Other genes that are related to nutrient acquisition are also significantly more
abundant in the grass-cutter ant fungus gardens (Figure 3.5), such as genes in amino acid
metabolism pathways. While it has been shown that nitrogen fixed by bacteria is
incorporated into the bodies of ants (Pinto-Tomas e a/. 2009), animals cannot simply absorb
nitrogen as ammonium ofr nitrate, they require it to either be in the form of amino acids or
other organic nitrogen-containing compounds (White 1993). The enrichment of arginine

biosynthesis genes is of particular interest since the genome of A#4 is deficient in genes in
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this pathway (Suen e# o/ 2011b), and no evidence has been found that the fungus provides
arginine (Aylward ez a/. 2013; Khadempour ez a/. 20106).

Other categories of genes enriched in the grass-cutter ant fungus garden bacteria are
those involved in metabolism of terpenoids and secondary metabolites, especially their
biosynthesis. Grass-cutter ant fungus gardens are significantly enriched in 67 of these genes.
This list includes seven siderophores, which are responsible for iron acquisition (Crosa 1989;
Winkelmann 2002). Siderophores are costly to produce so the enrichment of these genes
suggests that iron acquisition is important in this system. The grass-cutter and fungus
gardens examined in this study contained lower amounts of iron than the dicot-cutter ant
fungus gardens (Figure 3.6). Terpenoids are the most abundant secondary metabolites found
in plants, and serve diverse roles (Langenheim 1994; Gershenzon & Dudareva 2007). The
majority of research into the connection between plant terpenoids and animal-microbe
symbioses are in regards to the detoxification of terpenes that would be deleterious to the
animal host (Wang ¢f a/. 2012; Cheng ez al. 2013; Adams ez al. 2013; Boone ¢f al. 2013; Raffa
2013). However, not all terpenes are toxic to all organisms (Raffa 2013), and in at least one
instance they have been shown to supplement a herbivore’s diet after some modification by
a gut bacterium (Berasategui ef /. 2017). Dicots contain higher quantities of terpenoids
(Wetterer 1994; Mariaca ef al. 1997). One possibility is that the bacteria in these fungus
gardens are producing terpenes as a nutritional additive, especially in the grass-cutter ant
fungus gardens where there are lower terpene inputs and these genes are enriched (Figure
3.5, Figure A2.2).

Grass-cutter ants can be categorized as facultative specialists (Shipley ez 2/ 2009), as
they have the capacity to use grass, a difficult substrate, as their primary fungus garden input

but they are also capable of consuming a wider range of substrates. The ants themselves are
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adapted to cutting grass with shorter, wider mandibles than their dicot-cutter counterparts
(Fowler et al. 19806; Silva et al. 2016). They also process leaves differently — they do not mulch
the material, likely because the silica contained in grasses would dull their mandibles (Massey
& Hartley 2009; Silva ef a/. 2016). The ants’ adaptation to grass-cutting, combined with the
community response of the bacteria in the gardens, allow grass-cutter ants to use grass as a
substrate more efficiently than dicot-cutter ants can. This has allowed grass-cutter ants to
exploit a novel niche, presumably reducing the amount of interspecific competition they
experience. It should be noted, however, that grass-cutter ants, if given the opportunity to
use palatable dicots, actually prefer those over grasses (Nagamoto ¢ a/. 2009), probably due
to their lower recalcitrance and higher nutrient content. This indicates that grass-cutter ants’
fundamental niche is broader than their realized one. Not only do grass-cutters cut dicots,
when they are available to them, but in this study, we detected grasses in the fungus gardens
of some dicot-cutters as well (Table 3.3) and both A. laevigata and A. sexdens workers were
observed cutting grass (personal observation). Even though there is some grass in these
fungus gardens, the majority of species that these ants cut are dicots. As well, A. Jzevigata and
A. sexdens both process their leaves in the manner consistent with other dicot-cutter ants
(Fowler ez al. 1980)).

Grass-cutter ants forage on a substrate that is lower in nutritional quality than their
dicot-cutter counterparts. The grasses they cut are lower in nitrogen and iron. Optimal
foraging theory predicts that when the quality of forage is lower, the ants should be cutting a
greater diversity of plants (Rockwood & Hubbell 1987). Instead, grass-cutter ants cut a
significantly lower diversity of plants than their dicot-cutter counterparts. Grass-cutter ants
to do not have access to the diversity of plants necessary to compensate for their low forage

quality. Instead, the bacteria in their fungus gardens can provide the necessary nutrition that
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a diverse diet provides in dicot-cutter ant fungus gardens, allowing grass-cutter ant species to
exploit this novel niche. Not only does our work here provide further evidence of the
importance of bacteria in the leaf-cutter ant system, it provides further support that

microbial symbionts are important players in novel substrate utilization by animals.
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Table 3.1 Summary of collection details for leaf-cutter ant colonies used in this study

Leaf-cutter ant Substrate IMG genome

colony niche number Collection date Latitude Longitude

A. bisphaerica 1 Grass 3300013023 1-Feb-15 $22°50'47.7" W48°26'.9"
A. bisphaerica 2 Grass 3300013025 3-Feb-15 $22°50'48.4" W48°26'1.4"
A. bisphaerica 3 Grass 3300013022 3-Feb-15 $22°50'48.4" W48°26'2.3"
A. capignara 1 Grass 3300012994 2-Feb-15 S$22°54'32.1" W48°18'28.7"
A. capignara 2 Grass 3300012996 3-Feb-15 §$22°50'47.2" W48°26'1.3"
A. capignara 3 Grass 3300012997 3-Feb-15 $22°50'47.6" W48°26'1.2"
A. laevigata 1 Dicot* 3300013000 20-Jan-15 $21°9'55.5" W47°50'51.3"
A. laevigata 2 Dicot* 3300012995 17-Jan-15 S$21°10'3" W47°50'47"
A. laevigata 3 Dicot* 3300012998 19-Jan-15 $21°9'56.8" W47°50'52.7"
A. sexcdens 1 Dicot 3300012999 30-Jan-15 521°9'50" W47°51'26.9"
A. sexdens 2 Dicot 3300013002 30-Jan-15 $21°9'53.4" W47°51'10.5"
A. sexdens 3 Dicot 3300013001 31-Jan-15 S21°10'2" W47°51'5"
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*While A. /aevigata has been desctibed as a grass/dicot-cutter ant (Fowler e a/. 1986), due to its leaf-processing
behavior and fungus garden plant composition observed in this study, we consider it a dicot-cutter.

Table 3.2 Metagenome sequencing statistics for leaf-cutter ant fungus gardens

Scaffold Main Main Max
sequence  genome genome scaffold Scaffolds Protein
Leaf-cutter ant  Scaffold total scaffold scaffold length > 50 coding
colony total (Mbp) N/L50 N/L90 (Kbp) Kbp Aligned reads genes
A bisphaerical 628724 390.8 12§386/ 46%8/ 249.52 (2’3% " 1(693;31523/2)2 ggggf,f)
A bisphaerica2 939707 6309 142220/ 68%27/ 253.54 (nggo " 1;"986‘.‘2302/05)2 (9919063’8/9)
A. bisphaerica3 285649 186.0 2%47021/ 24‘%2/ 18750 ’330 " 15921?231)6 (353?1 ";ff/z)
A apignaral 205334 1487 1?232/ e I 7383 o ;3970 " 1(99990219%6 (%;2983/6)
A cqpigrara® 345332 2612 O fég/ 303};0/ 18027 ggo " 2?9‘27; 1202/3;0 gg%gg/f)
A apignara3 573737 3595 83799508/ > Ogisw 13551 ;930 " 2(09;0;332)6 ((;zﬁgfj/f)
A laovigatal 853367 517.5 17?228/ 6428‘:’8/ 27498, ?; " 1(79?2;334 (2;1 43‘2’/?)
A laevigata? 295365 189.2 32989907 / 26%8/ 2244, K : » 15‘996652%4 (322922/7)
A laevigata3 601593 5463 7‘;33&‘/ 39?3(9)2/ 2w ; go " 2?99653 2;5)0 (gzoﬁ/g)
A sexdens 1 674600 708.4 ‘fﬁg/ 41?4953 I 70143 (2'26070 " 1 (596713332)2 (2324292)
A sexdens? 857038 812.9 Gggié/ 54?222/ 61.96 (0’11170 " ! 59%82250)8 1(90983 17)/1)9
A sexdens3 1006806 564.7 22(1:1*33/ 77;‘7”/ 3655 fi " 15‘9619(??;30 1(90922075?




Table 3.3 Plant genera detected in each fungus garden sample using MazK gene

Species
MatK

Sample Family Genus match %
Fabaceae Chamaccrista 99.3
A. bisphaerica 1 Poaceae Paspalum 99.6
Polygalaceae Polygala 99.3
A. bisphaerica 2. Poaceae Paspalum 99.4
Fabaceae Chamaccrista 99.3
. . Fabaceae Zornia 100
b L 8 Poaceae Paspalum 99.5
Polygalaceae Polygala 99.0
A. capignara 1 Poaceae Paspalum 99.7
A. capignara 2 Poaceae Paspalum 99.6
. Fabaceae Chamacecrista 99.3
A. capignara 3 Poaceae Paspalum 99.6
Fabaceae Prerogyne 99.4
. Myrtaceae Eucalyptus 99.9
b (gtn s Poaceae Paspalum 99.5
Poaceae Urochloa 100
Asteraceae Rensonia 99.6
A. laevigata 2 Fabaceae Centrolobium 98.2
Fabaceae Schizolobinm 100
Anacardiaceae Pachycormus 98.6
Asteraceae Kingianthus 95.4
Asteraceae Podanthus 99.5
A. laevigata 3 Fabaceae Desmodinm 99.8
Fabaceae Lencaena 100
Myrtaceae Eucalyptus 99.8
Poaceae Paspalum 99.9
Anacardiaceae Loxopterygium 98.4
Asteraceae Cymophora 98.5
Bignoniaceae Tabebuia 98.1
Fabaceae Abndira 98.6
Fabaceae Batesia 98.8
Fabaceae Bussea 100
Fabaceae Libidibia 99.8
A. sexcdens 1 Fabaceae Prerogyne 100
Fabaceae Tipuana 99.9
Malvaceae Pachira 100
Myrtaceae Eucalyptus 99.6
Myrtaceae Eugenia 99.8
Poaceae Scutachne 98.4
Rubiaceae Genipa 99.2
Solanaceae Lycianthes 100
Bignoniaceae Tabebuia 98.3
Combretaceae Lumnitzera 93.4
Fabaceae Centrolobium 98.2
A. sexcdens 2 Fabaceae Prerogyne 99.3
Fabaceae Tipuana 100
Lecythidaceae Careya 94.0
Santalaceae Phoradendron 99.6
Asteraceae Echinacea 99.3
Asteraceae Eclipta 100
Asteraceae Perymeniopsis 99.8
Asteraceae Synedrella 100
Commelinaceae Commelina 100
Commelinaceae Murdannia 92.0
A. sexcdens 3 Fabaceae Desmodinm 99.8
Fabaceae Lencaena 100
Malvaceae Sida 99.7
Myrtaceae Eucahptus 98.6
Phyllanthaceae Phyllanthus 100
Rubiaceae Genipa 100
Solanaceae Acnistus 99.4
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Grass-cutters Dicot-cutters

Figure 3.1 Grass- and dicot-cutter ants differ in the niches that they occupy, and the way that
they cut and process leaf material. Field sites in (A) Botucatu, SP and (B) Ribeirdo Preto, SP,
Brazil. Fungus gardens of (C) grass- and (D) dicot-cutter ants. C. Visual inspection of leaf
material from leaf-cutter ant fungus gardens demonstrates the degree of mulching that the
different ants complete, with grass-cutters leaving the leaf material more intact (E —_A.
bisphaerica and ¥ — _A. capignara), while dicot-cutters mulch to the point of unrecognizable
leaf fragments (G — A. laevigata and H — A. sexcdens).
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Figure 3.2 NMDS plot of the relative abundance of bacterial genera in fungus gardens of
grass- and dicot-cutter ants. Grass- and dicot-cutter fungus garden bacterial communities are
significantly different.
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Genera in fungus gardens
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W Pseudomonas
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Figure 3.3 Genus-level bacterial community analysis of leaf-cutter ant fungus gardens from
grass- and dicot-cutter ants, demonstrating that dicot-cutter ant fungus gardens have a higher
diversity of bacteria. A. Pie charts showing proportions of different bacterial genera in the
fungus gardens. B. Shannon diversity index of bacterial genera. C. Bacterial genus richness
(for genera that consist of more than 1% of the total normalize gene count).
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Figure 3.4 NMDS plot of KO functional genes from grass- and dicot-cutter ant fungus
gardens. The KO profiles are significantly different between the fungus gardens of ants
cutting the different substrates.
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Figure 3.3 Particular groups
of genes are enriched in
either the grass- or dicot-
cutter ant fungus gardens.
Grass-cutter ant fungus
gardens are enriched for
genes involved in metabolism
of terpenoids and secondary
metabolites, as well as genes
involved in amino acid
metabolism. In contrast,
dicot-cutter ant fungus
gardens are enriched for
genes involved in membrane
transport. Bars extending to
the left (blue) represent genes
that are significantly more
abundant in dicot-cutter ant
fungus gardens and bars
extending to the right (red)
represent genes that are
significantly more abundant
in grass-cutter ant fungus
gardens.
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Figure 3.6 Iron content of fungus gardens from this study as measured by inductively
coupled plasma optical emission spectroscopy. The iron content in the grass-cutter ant
fungus gardens was lower than in the dicot-cutter ant fungus gardens. This difference is not
statistically significant, however, since the A. sexdens fungus garden iron content is highly
variable.
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4.1 Abstract

This work here is a preliminary investigation into the evolutionary transition from the
deconstruction of dicots, an ancestral state in .4z leaf-cutter ants, to the deconstruction of
grasses, a derived state. Specifically, I compare genomes of the fungal cultivars from ants
that cut each of dicots and grasses. I compare the phylogeny of these fungi as well as their
genetic potential for biomass degradation. Contrary to expectations, multiple unique
sequences of EF1-a are present from individual fungus gardens, indicating either the
presence of multiple strains of cultivar in each garden, or fungal cultivar strains containing
multiple EF1-0 gene sequences, likely in their multiple nuclei. In comparing the fungal
cultivar genomes of A#a cephalotes (a dicot-cutter ant) to that of A. bisphaerica (a grass-cutter
ant), I show that the dicot-cutter fungus has fewer genes encoding for biomass degrading
enzymes likely due to this genome being more fragmented. The methods used in this
chapter, as well as the preliminary data obtained, will help inform the analysis that will be

completed once all genomes for this study are available.
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4.2 Introduction

The relationship between leaf-cutter ants and their fungal cultivar has been studied
for over a century (Belt 1874) and this conspicuous and fascinating example of non-human
agriculture is a paradigmatic model of insect microbial symbiosis. Leaf-cutter ants belong to
a tribe of fungus-growing ants called the Attini (Wetterer 1998). The relationship between
attines and their fungal cultivars it thought to have originated approximately 60 mya (Schultz
et al. 2015). Attine ants are separated into two groups, the “higher” and “lower” attines. The
groupings are, in part, based on the types of fungi that they cultivate. Higher attine fungi are
obligate mutualists, and have co-evolved with their ant hosts, with specialized structures that
the ants consume as their main food source (Schultz & Brady 2008). The leaf-cutter ant
genera (Atta and Acromyrmex) are the most derived lineage of the Attini, and both appear to
be associated with one species of fungus, Lexcoagaricus gongylophorus (Mueller ef al. 2017).

There are 15 described species of A7, which clade according to their biogeography
and how they spread through South America and into Central America and the Southern
United States (Bacci e a/. 2009). When the substrates that these ants cut is superimposed on
this previously-produced phylogeny, it also becomes apparent that there is a monophyletic
group of A#ta ants that have transitioned to cutting grass instead of dicots (Figure 4.1). It has
been shown that grass-cutter ants are morphologically and behaviorally distinct from the
other dicot-specialized A#a, likely for specialization on grasses. They have shorter and
stronger mandibles than their dicot-cutting counterparts and they cut and process the leaves
differently (Fowler ez a/. 19806) (Figure 4.1). These adaptations are thought to help the ant
overcome the tougher cuticle of grasses as well as to make cutting the grass blades more

efficient (Fowler ez a/. 1980).
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Grasses differ from dicots in their cell wall structure, lignin content and sugar
composition. Together these biochemical and structural differences represent a substantially
different substrate for enzymatic hydrolysis (Ding & Himmel 2008). Thus, efficient
deconstruction of grasses by the grass-cutter ant fungal cultivar is expected to require unique
mechanisms that differ from those optimized for dicots. For example, cereal pathogens
Rhizoctonia cerealis, Fusarinm culmornm and Pseudocercosporella herpotrichoides all secrete similar cell
wall degrading enzymes when grown on wheat. They secrete abundant amounts of
arabanase, xylanase and laminarinase and low amounts of pectin enzymes, compared to
dicot-pathogenic fungi (Cooper ef al. 1988).

The work described in this chapter is the beginning of a study into the fungal
mediation of an evolutionary transition in herbivory, from a dicot to grass diet. I am
sequencing the genomes of two strains of L. gongylophorus from each of four species of ants:
A. bisphaerica and A. capignara, described as strict grass-cutters, A. Jaevigata, a transitional
species, and A. sexdens rubripilosa, described as a strict dicot-cutter (Fowler e a/. 1986). Here 1
present preliminary data since on the first of these eight genomes. I explore the phylogeny of

the cultivar as well an overview of the genome and its biomass degrading potential.

4.3 Methods

4.3.1 Atta phylogeny annotation

The phylogeny of Ata was adapted from Bacci ez /. (2009). Through searching the
natural history literature on leaf-cutter ants, I determined if particular species of A#a are
specialized to cut dicots, grasses, or both (Cherrett & Peregrine 1976; Fowler ez a/. 1980;
Robinson & Fowler 2009). I mapped the substrate specialization onto the phylogeny (Figure

4.1). Grass-cutters are denoted with red, dicot-cutters with blue, ants that cut both with
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purple and ants for which information could not be found are denoted with black (Figure

4.1).

4.3.2 Fungus collection and isolation

Fungal cultures were isolated from A#a fungus gardens in the state of Sao Paulo in
Brazil between November 2014 and December 2015 (Table 4.1). Fungus gardens from four
species of Arta leat-cutter ants were collected: .A. bisphaerica and A. capignara, which both
specialize on grass, A. Jaevigata, which cuts both grasses and dicots, and A. sexdens, a dicot-
cutter ant.

Ant species were identified using worker morphology and by monitoring the
substrates that the workers cut. Fungus gardens were then dug, taking care to enter
chambers from the side, to avoid damaging the garden with digging tools and to avoid
contamination with surrounding soil. Fungus gardens were transported to the laboratory
where, under aseptic conditions, a small piece of mycelium was removed from fungus
gardens and placed on potato dextrose agar (PDA) medium. Cultures were monitored and

subcultured over the next month to ensure that pure cultures of fungal cultivar were isolated.

4.3.3 DNA and RINA extraction

To improve the quality of DNA and RNA extracted, and to avoid contamination by
agar, fungal isolates were grown on 1% Oxoid malt extract agar plates overlaid with
cellophane (gel dry grade, BioRad). Mycelium was scraped off the cellophane with a blunt
scalpel and then frozen in aluminum foil at -80°C.

For DNA extraction, a modified version of the method by Méller e7 al. (1992) was
used. Briefly, mycelium was crushed into a fine powder with liquid nitrogen and mortar and

pestle then placed in tris-EDTA-SDS (TES) buffer with proteinase K. Impurities and RNA
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were removed with CTAB and RNase A, respectively. This was followed by several rounds
of purification with phenol and chloroform and further proteinase K and RNase A
treatment. DNA was precipitated in a 10:1 mixture of isopropanol and ammonium acetate,
cleaned twice with 70% ethanol, and suspended in tris-EDTA (TE) buffer. RNA was

extracted using the phenol/chloroform extraction protocol from Book ez al. (2014).

4.3.4 Genome and transcriptome sequencing and annotation

The L. gongylophorus AB2 genome was sequenced at the Joint Genome Institute (JGI)
with Pacific Biosciences (PacBio) sequencing technology, assembled with Falcon (Gordon ez
al. 2016), and annotated using the JGI Annotation pipeline
(https://genome.jgi.doe.gov/programs/ fungi/Fungal Genome AnnotationSOP.pdf).
Genome statistics of this genome and two closely related fungi that were previously
sequenced at the JGI are presented in Table 4.2. Before gene prediction, assembly scaffolds
were masked using RepeatMasker (Smit ez 2/ 2012) and a genome-specific library of repeats
was composed of the standard RepBase library (Jurka ez 2/ 2005). Most frequent (>150times)
repeats were recognized by RepeatScout (Price ¢f /. 2005), and manually curated libraries of
transposons (Figure 4.2). The Vista track provides access to the results of the comparative
analysis of L. gongylophorus AB2 1.0, M. fuliginosa MF-1S2 v1.0, and L. gongylophorus AC
assemblies by The Berkeley Genome Pipeline (Couronne ez a/. 2003; Brudno ez a/. 2003). This
approach combines local and global sequence alignment techniques to find conserved
regions between two related genomes. Gateway at LBNL provides access to VISTA browser

and all data related to this alignment (Figure 4.2).
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4.3.5 Phylogeny construction

A phylogeny of EF1-a gene sequences was produced from previously sequenced
amplicons obtained from (Mueller ez 2/ 2017), from a blast search of EF1-a sequences
against attine ant fungus gardens on the JGI Integrated Microbial Genomes and
Microbiomes (IMG) dataset, and from BLAST searches against sequenced cultivar genomes
(L. gongylophorus from A. cepabalotes and A. bisphaerica) as well as closely related Lycoperdon
perlatum fungal genome. EF1-a sequences were aligned using MUSCLE (Edgar 2004) in the
program MEGA7 (Kumar ez a/. 2016). Alignments were trimmed manually to ensure
consistent length between sequences. The phylogeny was created using maximum likelihood

based on the Tamura-Nei model (Tamura & Nei 1993).

4.3.6 CAZy analysis

CAZy annotations were completed using the methods from Book et al. (2010).
Briefly, I utilized a locally created CAZy database (www.cazy.org) then used BLASTP to
compare all protein-coding sequences from the three fungal strains L. gongylophorus AB2, L.
gongylophorus AC and M. fuliginosa to the CAZy and pfam databases
(ftp:/ /ftp.ncbi.nih.gov/pub/mmdb/cdd/little_endian/Pfam_LE.tar.gz). These two
annotations were compared and if a protein was annotated with both databases, it was

included in the final CAZy annotation.

4.4. Results and Discussion

4.4.1 Genome statistics
At the time of writing, of the eight fungal genomes submitted for sequencing, the L.
gongylophorus AB2 genome is the only one that is complete. Its host ant is .A. bisphaerica, a

grass-cutter ant species (Table 4.1). The remaining genomes are expected to be complete in
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the spring of 2018. The AB2 genome assembly and annotation is of high quality. When
compared to the previous L. gongylophorus tungal genome from an A. cephalotes colony, which
was sequenced using 454 technology, the quality difference is apparent (Table 4.2). Genome
coverage of the L. gongylophorns AB2 genome is at 222x, higher than that of the L.
gongylophorus AC and M. fuliginosa genomes at 15x and 165x, respectively. This PacBio genome
has the largest scaffolds of the three genomes and the highest proportion of scaffolds larger
than 2 Kbp in length.

One important difference between the PacBio-sequenced L. gongylophorus AB2
genome and the other two comparison genomes is that it contains large swathes of repeat
regions (Figure 4.2). These regions likely exist in the other two fungi as well, however,
neither Illumina nor 454 technology are capable of successfully sequencing these regions.
These repeat sequences may be useful in understanding the genome evolution of these fungi,
and once the remaining genomes in this study have been sequenced, comparisons using

these thiOﬁS can occutr.

4.4.2 Cultivar Phylogeny

The phylogeny of EF1-0 genes from attine fungal cultivars is presented in Figure 4.3.
There are two main clades of higher attine cultivars, with a sister group containing both free-
living Ieucocoprinus fungi, and lower attine cultivar strains. Clade A consists of several
Trachymyrmex cultivar strains, distributed throughout the clade, as well as cultivar strains from
A. laevigata, A. sexcdens, A. vollemweideri, and Acromyrmex sp. Clade B contains a Trachymzymex
arizonensis cultivar strain, but it is primarily dominated by leaf-cutter ant cultivar strains, from
A. sexdens, A. bisphaerica, A. capignara, A. cephalotes, and Acromyrmex sp. Atta sexdens is the only
species of A#ta that has a cultivar with EF1-0 sequences that fall into both clades. In fact,

these sequences originate from the same fungus garden metagenome. There are other



81

instances of multiple, variable EF1-a sequences from the same metagenome, but those fall
into the same major clade. This phylogeny is incongruent with that of A#z ants (Figure 4.3).
Grass-cutters do not occur in a monophyletic clade, with clade A including fungi from the
grass-cutters A. vollenweiderii and A. laevigata, and clade B including those from the grass-
cutters A. bisphaerica and A. capignara.

In some regards, this phylogeny is similar to that which is presented in the study by
Mueller ez al. (2017), where they present two cultivar clades. However, the results here
dispute their conclusion that one clade contains all grass-cutter ant cultivars and that the
other contains all dicot-cutter cultivars. It is important to note that in their work, they only
consider A. laevigata and A. vollenweiderii as grass-cutter species, ignoring both A. capignara and
A. bisphaerica, which cultivate strains that contradict their conclusions.

One reason EF1-a is widely used as phylogenetic marker for fungi is that it is a
conserved single copy gene (Stielow e7 a/. 2015). There are three possible explanations for the
observation of multiple, variable copies of this gene in the metagenomes used in this
phylogeny. First, it is possible that there has been a duplication of EF1-a in the genomes of
these fungi, as has occurred with bees (Danforth & Ji 1998). The second possibility is that
there are multiple strains of cultivar in some fungus gardens, but there is no other evidence
for this. The final, and most likely possibility is that the multiple nuclei in each cultivar strain
contain different EF1-a sequences. This is the most likely explanation since Kooij ez a/.
(2015) demonstrated that higher attine cultivar contain polykaryotic/heterokaryotic cells,
with 7-17 nuclei per cell.

Once the remaining fungal genomes in this project have been sequenced, we will
measure the variability in EF1-o and other traditionally single copy genes across the genomes

using the original raw reads. While some mycorrhizal fungi are also polykaryotic, it has been
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argued that they are homokaryotic (Tisserant ez a/. 2013). The multiple EF1-a sequences
from the same cultivar fungus further support the conclusion of Kooij ez a/. (2015) that these
fungi are heterokaryotic. The exploration of the polykaryotic nature of higher attine cultivars
and whether there is a selective advantage to this phenomenon will be a valuable addition to
our knowledge about fungal evolution. In addition to analyzing cultivar gene sequences in
both genomes and metagenomes, I will also use microscopy to visualize the number of
nuclei in each of these strains and will perform shotgun amplicon sequencing of single copy

genes from these fungi to further measure any variability that exists.

4.4.3 CAZy comparison

To examine substrate specialization in the fungal genomes, I examined their
biomass-degrading enzyme genes, through CAZy annotations (Figure 4.4). The L.
gongylophorus AB2, M. fuliginosa, and L. gongylophorus genomes contained 7484, 7956 and 167
CAZy genes, respectively. This discrepancy in numbers of CAZy genes cannot be attributed
to an evolutionary transition between the fungal strains, however, and is more likely an
artifact of the highly fragmented nature of the L. gongylophorns AC genome (Table 4.2).
Despite the differences in the total number of CAZy genes, the relative proportions of the
groups are similar between the genomes. The largest group, the glycoside hydrolases
comprise 44-53% of the total CAZy genes. This is followed by the auxiliary activities group
at 16-25%, the glycosyltransferases at 9-14%, the carbohydrate-binding molecules at 7-13%,
the carbohydrate esterases at 5-7%, and the polysaccharide lyases at 3-5%.

If particular strains of fungi are adapted to one substrate or another, we would
expect there to be a difference in the presence/absence and abundance of particular types of
CAZy genes. Substrate specialization has been demonstrated in other fungi, in both cases in

the transition to grass-deconstruction (Cooper ez a/. 1988; Wolfe ez al. 2012). Comparison of
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CAZy annotations in the genomes of L. gongylophorus AB2, L. gongylophorns AC, and M.
Jfuliginosa, present differences in the presence/absence of particular genes, but this is likely
due to sequencing and annotation quality rather than biology. To demonstrate fungal

substrate specialization through genomics, genomes of comparable quality are necessary.

4.4.4 Genome evolution and further work

While it appears that attine fungal cultivars have expanded genomes due to
polykaryoty, the numbers of genes they encode are reduced compared to the most closely
related free-living fungi that have had their genomes sequenced (Table 4.1). Previous work
demonstrated a reduction in biomass degradation genes as fungi transitioned from free-living
saprophytes to mycorrhizal mutualists (Kohler e7 /. 2015). In this case, the transition from
free-living to mutualist is not associated with a loss of ability to break down plant biomass.
Consequently, I do not expect that the cultivar will have a reduction in plant biomass
degrading genes, but that there would be some specialization. Indeed, the CAZy profiles of
L. gongylophorus AB2 and M. fuliginosa are similar. With the sequencing of additional strains I
will be able to further investigate where the gene loss has occurred through the L.
gongylophorus genome, and what differences exist between grass- and dicot-cutter ant fungal
cultivars, if any. Further, I will be able to investigate the transition to grass-deconstruction in
independent lineages of fungi, in comparing grass pathogen specialists (King ¢# @/ 2011) and
grass saprophyte specialists (Wolfe ez a/. 2012), to see if there is genome convergence in fungi

that consume grass.
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Table 4.1 Leucoagaricus gongylophoras isolate collection and sequencing information

Isolate GPS coordinates Date collected Sequencing technology Ant species
AB1 -22.84652, -48.43411 11/21/2015 Tllumina A. bisphaerica
AB2* -22.84693, -48.43404 11/21/2015 PacBio A. bisphaerica
AC1 -22.84642, -48.43427 11/21/2015 Tllumina A. capignara
AC2 -22.9091, -48.30769 11/28/2015 Tllumina A. capignara
AL1 -21.1675, -47.84638 12/05/2015 Tllumina A. laevigata
AL2 -22.84607, -48.43339 11/21/2015 PacBio A. laevigata
AS1 -21.16337, -47.8615 11/27/2014 Tllumina A. sexcdens
AS2 -21.16400, -47.8571 11/29/2014 PacBio A. sexdens

* As of writing, AB2 is the only isolate from this project that has been sequenced, assembled, and annotated.
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Table 4.2 Genome assembly statistics for three fungal genomes, L. gongylophorus isolated from
A. bisphaerica and A. capignara fungus gardens, as well as a closely-related free-living fungus

M. fuliginosa.
Genome Assembly L. gongylophorus AB2 L. gongylophorus AC M. fuliginosa
Sequencing technology PacBio 454 Illumina
Assembly date 2017 2012 2013
Genome Assembly size (Mbp) 72 101.58 46.4
Sequencing read coverage depth 222.02x 15.0x 165.4x
# of contigs 1765 92785 4852
# of scaffolds 1765 92785 3478
% of scaffolds >= 2Kbp 94.8% 13.0% 62.8%
Scaffold N50* 150 13933 199
Scaffold 150 (Mbp) 0.14 0 0.05
# of gaps 0 0 1374
% of scaffold length in gaps 0.00% 0.00% 1.60%
Three largest Scaffolds (Mbp) 0.86, 0.71, 0.70 0.10, 0.06, 0.03 0.63, 0.54, 0.45
# of gene models 8915 5420 15801

*JGI defines N50 as the number of scaffolds that constitute 50% of the assembly
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A. mexicana
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Acromyrmex octospinosis

Acromyrmex octospinosis
Figure 4.1 Maximum likelithood phylogeny of A7 species based on mtDNA and nDNA,
adapted from Bacci ¢f a/. (2009). Colors of names of species indicate the type of substrate
they forage. Black - unknown, red - dicots, blue - grasses, and purple - dicot/grasses. (A) A.
capiguara, a grass-cutter has short, massive mandibles. (B) It orients downward and cuts in
one direction. (C) Substrate preparation is simpler in grass-cutters — they do not form a pulp
(D) A. sexdens, a dicot-cutter, has longer mandibles. (E) It pivots on its metathoracic legs and
uses its mandibles like scissors. (F) Dicot-cutters pulp their leaves before incorporating them
into the fungus garden. Figures modified from Fowler et al. 1986. Photographs from
antweb.org: (A) April Nobile and (D) Shannon Hartman. (B) Dong Lin and (E) BBC.
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Figure 4.2 Nucleotide conservation between genomes of L. gongylophorus AB2, L. gongylophorus
AC and M. fuliginosa, from the JGI's Mycobank genome browse tool. The top line is a
graphical representation of the entire L. gongylophorns AB2 genome and its GC content, with
the next two lines representing how other genomes are conserved in relation to it. This
figure also depicts the Repeat Scout Library and RNA coverage based on GMAP. It is
notable that the L. gongylophorus AB2 genome, sequenced with PacBio technology, shows
non-coding repeat regions while the other two genomes displayed here do not.
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Figure 4.3 Maximum likelihood phylogeny constructed from the EF1-a gene. Bootstrap values above

50% are displayed on branches. Tree leaves with NCBI accession numbers starting with GQ or FJ were
previously sequenced amplicons from (Mueller ef a/. 2017) and (Poulsen ¢ al. 2009), respectively. NCBI
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accession numbers starting with Ga are extracted from attine fungus garden metagenomes stored on JGI’s
Integrated Microbial Genomes and Microbiomes online database. Sequences represented with fungal
species names are EF1-a sequences from fungal genomes stored in the JGI Mycobank. A single asterisk

(*) denotes different EF1-a sequences from the same metagenome that appear in the same large clade,

and double asterisks (**) denote different EF1-a sequences from the same metagenome that appear in a
different large clade.
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Chapter 5: Summary and future directions

In this dissertation I explored the microbial mediation of herbivory in leaf-cutter ant
fungus gardens. I built upon a field that has been studied in depth for many years but using
novel methods with which I could answer new questions.

In chapter 1 I introduced the topic of the microbial mediation of herbivory and how
it pertains to what we know about leaf-cutter ants. In chapter 2 I was able to begin
answering how leaf-cutter ants are able to incorporate such a wide diversity of plants into
their gardens, namely because their fungal cultivar responds in a flexible, substrate-specific
manner. In chapter 3 I looked more closely at the bacterial community in the fungus gardens
and provided further evidence for the mutualistic role of the bacteria, in this case, in helping
the ants to transition to using grasses, a nutrient-poor substrate. In chapter 4 I present
preliminary data comparing genomes of fungal cultivars from ants that are adapted to cutting
grasses and dicots. In the appendix I present two more projects that I have contributed to
that add to our knowledge about the functioning of leaf-cutter ant fungus gardens. Appendix
2 shows that fungal gongylidia contain an enrichment of biomass-degrading enzymes, which
are deposited on fresh plant material through the ants’ fecal droplets and serve as a
pretreatment for biomass degradation in the gardens. In appendix 3 I show changes in the
abundance of various lipids from leaf material through the fungus garden and into the
gongylidia, where the ants can use them for energy and nutrients.

Of course, this thesis is only a step toward a greater understanding of how fungus
and bacteria in leaf-cutter ant fungus gardens help the ants to use plants as a food source.
We have not yet been able to obtain a thorough real-time picture of what the bacterial
activity 7z situ since our attempts at targeting bacteria with metatranscriptomics and

metaproteomics have not been successful. A more targeted approach, likely using Q-PCR,
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combined with culture assays, would reveal how bacteria respond to various types of plant
biomass, with different recalcitrance, different nutritive quality and different plant defense
compounds. Using these methods we will be able to better understand the role of bacteria in
the fungus gardens.

One clear future direction we will take is in the examination of the genomes of
fungal cultivars. Already with the work presented in chapter 4, we can see that with the
added genomes, we will be able to explore the unusual phenomenon of polykaryoty in these
fungi. We will also be able to compare this group to other fungi that have transitioned from
free-living to mutualist, and compare this group to others that have transitioned from
degrading one type of substrate to another. All three of these will not only help us to better
understand the biology of leaf-cutter ants and their fungal cultivar, but they will also expand

our knowledge of fungal evolution and genomics more generally.
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Appendix 1: Supplemental Materials for Chapter 2

Al1.1 Methods

AT1.1.1 Preparation of protein samples for mass spectrometry analyses

Frozen fungus was weighed to 1 g and placed into an ice-cold mortar and pestle and ground
for 5 min with hydrated polyvinylpolypyrrolidone (PVPP). The ground sample was then
placed in 10 mL of ice-cold phenol extraction buffer (0.7 M sucrose; 0.1 M KCI; 0.5 MTtis-
HCl, pH 7.5 and 50 mM EDTA (2% (vol/vol), B-mercaptoethanol, 1mM PMSF added
directly before use)) and phenol extracted as described previously[1]. Briefly, 10 mL of
phenol saturated with Tris-HCL, pH 7.5 was added to the sample and shaken at 4°C for 30
min and centrifuged at 5,000g for 30 min at 4°C. The upper phenolic phase was collected
and again extracted using an equal volume of ice-cold phenol extraction buffer, repeated
twice. The protein was then precipitated from the collected phenol phase with 5 volumes of
cold 0.1 M ammonium acetate in methanol. The protein flakes were collected by centrifuging
at 5,000g for 30 min at 4°C followed by two 100% methanol washes and allowed to dry. The
protein pellet was then resuspended in 8 M urea, 100 mM NH,HCO; pH 8 and assayed with
Bicinchoninic acid (BCA) (Thermo Scientific, Rockford, IL) to determine the protein
concentration. Proteins were reduced with 10 mM dithiothreitol (DTT) for 30 min at 60°C,
with constant shaking at 800 rpm. Denatured and reduced samples were diluted 10-fold
with 50 mM ammonium bicarbonate pH 7.8, and CaCl, was added to a final concentration
of 1 mM prior to enzymatic digestion. Sequencing-grade modified trypsin was activated by
incubating for 10 min at 37°C. Activated trypsin was then added to the samples at 1:50
(w/w) trypsin-to-protein ratio, and samples were digested at 37°C for 3 h with constant

shaking at 800 rpm; reactions were quenched by rapid freezing in liquid nitrogen. Digested
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samples were desalted using a 4-probe positive pressure Gilson GX-274 ASPEC™ system
(Gilson Inc., Middleton, WI) with Discovery C18 100 mg/1 mL solid phase extraction tubes
(Supelco, St.Louis, MO), using the following protocol: 3 mL of methanol was added for
conditioning followed by 2 mL of 0.1% TFA in H,O. The samples were then loaded onto
each column followed by 4 mL of 95:5: H,O:ACN, 0.1% TFA. Samples were eluted with
ImL 80:20 ACN:H,0, 0.1% TFA. The samples were concentrated down to ~30 uL using a
Speed Vac and a final BCA was performed to determine the peptide concentration. The

samples were then individually vialed for mass spectrometry analysis.

AT1.1.2 High pH RP C-18 Fractionation for accurate mass and time (AMT) tag database creation

To provide comprehensive coverage of the proteome, aliquots of individual sample
protein digests were pooled and subjected to high pH reversed-phase liquid chromatography
fractionation. All samples were equally pooled into one tube to a final mass of 300 pg and
diluted to a volume of 900 uL with 10 mM ammonium formate buffer (pH 10.0), and
resolved on a XBridge C18, 250x4.6 mm, 5 pM with 4.6x20 mm guard column (Waters,
Milford, MA). Separations were performed at 0.5 mL/min using an Agilent 1100 series
HPLC system (Agilent Technologies, Santa Clara, CA) with mobile phases (A) 10 mM
Ammonium Formate, pH 10.0 and (B) 10 mM Ammonium Formate, pH 10.0/acetonitrile
(10:90). The gradient was adjusted from 100% A to 95% A over the first 10 min, 95% A to
65% A over minutes 10 to 70, 65% A to 30% A over minutes 70 to 85, maintained at 30% A
over minutes 85 to 95, re-equilibrated with 100% A over minutes 95 to 105, and held at
100% A until minute 120. Fractions were collected every 1.25 minutes (96 fractions over the
entire gradient). The plate was partially dried in a speed vac and then every 24th fraction was

combined for a total of 24 samples (each with n=4 fractions pooled) each with 50%
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acetonitrile rinsing. The fractions were then completely dried down and 25 puL of 25 mM
ammonium bicarbonate was added to each fraction for storage at -20°C until mass

spectrometry analysis.

A1.2 Supplemental References

1. Isaacson, T., et al., Sample extraction techniques for enhanced proteomic analysis of plant tissues.

Nat Protoc, 2006. 1(2): p. 769-74.



Appendix 2: Supplemental Materials for Chapter 3

A2.1 Supplemental Figures
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Figure A2.1 The bacterial communities do not differ significantly at the phylum level. A.
NMDS plot of phylum-level differences in the bacterial communities in fungus gardens of
grass- and dicot-cutter ants. B. Bar plots showing the relative abundance of different
bacterial phyla, dominated by Proteobacteria.
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Figure A2.2 GC-MS total ion chromatogram of terpenes extracted from At laevigata (1)
fungus garden material. IStd = internal standard (#-xylene), 1 = a-thujene, 2 = a-pinene, 3 =
B-pinene, 4 = a-phellandrene, 5 = p-cymeme, 6 = limonene, 7 = eucalyptol (1,8-cineole), 8 =
Y-terpinene, 9 = alloaromadendrene, 10 = unknown sesquiterpene, 11 = caryophyllene
oxide. Terpenes were identified by both their mass spectra and retention indices calculated
with an #-alkane series. No other samples presented identifiable peaks.
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Figure A2.3 Pangenome of Pantoea composite genomes. The outermost band is a count of all
kilobases represented in at least two out of seven Pantoea genomes, represented in the next
severn rings. The red circle is from a grass-cutter ant fungus garden (A. capigura 2) the two
blue genomes are from dicot-cutter ant fungus gardens (A. /aevigata 2 and A. sexdens 1) and
the next four grey genomes are from isolates of Pantoea (Accession numbers:
SAMNO08357569, SAMNO08357571, SAMNO08357570, and SAMNO00203991). The inner ring
represents genes that are significantly different between grass- and dicot-cutter ant fungus
gardens, and are found in the Pantoea pangenome, but are not exclusive to it. Red and blue
lines in the inner ring represent genes that are significantly more abundant in the grass- and
dicot-cutter ant fungus gardens, respectively. Their lengths are proportional to their log2 fold
abundance.
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Figure A2.4
KEGG pathways
involved in the
degradation of
aromatic
compounds. Blue
arrows indicate
genes that are
present in dicot-
cutter ant fungus
gardens, red
arrows indicate
genes that are
present in grass-
cutter ant fungus
gardens and
purple arrows
indicate genes

that are present in
both.
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ABC TRANSPORTERS
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Figure A2.6 KEGG pathways involved in ABC transporters. Blue boxes indicate genes that are
present in dicot-cutter ant fungus gardens, red boxes indicate genes that are present in grass-cutter
ant fungus gardens and purple boxes indicate genes that are present in both.

A2.2 Supplemental methods

A2.2.1 Composite genomes

Composite genomes were created using the MaxBin program with default settings (Wu ez a/,
2014). Their quality, contamination and completeness were assessed using CheckM (Parks ez al.,
2015). Only composite genomes with less than 10% contamination and more than 90%
completeness were included in further analysis. CheckM reports the taxonomy level of each
composite genome based on the most recent common ancestor of the annotation of the core genes
identified, thus not all of them were identified to an informative level. To further elucidate the
taxonomy of each composite genome, they were annotated separately using Prokka (Seemann, 2014).
If a 168 sequence was recovered from a composite genome, then that sequence was blasted in NCBI.
The only group that we had clear taxonomic identification, and which was present in both grass- and
dicot-cutter ant fungus gardens, was Pantoea. Pangenomic analysis was carried out including three
composite Pantoea genomes and four published Pantoea genomes using GET_HOMOLOGUES
(Contreras-Moreira and Vinuesa, 2013). 2450 genes were shared at least by two out of those seven
genomes. Circle plots showing the presence and absence of those 2450 genes in each genome were
created using the circlize package (Gu ez al, 2014) in R (R Core Team, 2013). Genes that were found
to be significantly different between grass- and dicot-cutter ant fungus gardens were marked on the

Pantoea pangenome suggesting the fold change.
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A2.2.2 KEGG orthology pathways

To map out the completeness of various KEGG pathways, first presence/absence was
determined for each KEGG gene. A gene was considered present in either grass or dicot-cutter ant
fungus gardens if it was present in at least 4 of the 6 metagenomes in that category. Presence and
absence in grass-cutter ant fungus gardens, dicot-cutter ant fungus gardens or both were plotted on
KO pathways through the Kegg Orothology Database website
(http:/ /www.genome.jp/kegg/ko.html). The pathways are represented in Supplemental Figures 3.4-

3.0.

A2.2.3 Gas chromatography

Fungus samples were collected from each of the twelve leaf-cutter ant colonies, then dried
for 24 hours at 105°C. Samples were then crushed by mortar and pestle with liquid nitrogen. 100 mg
of crushed material from each sample was weighed out and placed into 2.0 mL self-standing
graduated microcentrifuge tubes.

To extract the compounds from the samples, 750 pl of methanol was added to each of the
100 mg of frozen powdered material. Each sample was briefly vortex mixed, sonicated in a chilled
water bath for ten minutes, vortex mixed again, then centrifuged at 20,000 rpm for ten minutes. For
the analysis of the volatile compounds, 1 pL of methanol extract from each the samples was placed
individually into a coupled Trace 1310 gas chromatograph and Thermo ISQ mass spectrometer with
electron ionization at 70 ¢V (GC-MS) machine with the injector temperature set to 260°C.
Compounds were identified using both of their mass spectra compared to the NIST 2014 MS library,
and using their linear retention indices calculated from separate injections of a hydrocarbon series

(CS_CZ()) :
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Appendix 3: Enrichment and Broad Representation of Plant Biomass-
degrading Enzymes in the Specialized Hyphal Swellings of Le#xcoagaricus
gongylophorus, the Fungal Symbiont of Leaf-Cutter Ants

This chapter has previously been published in its entirety in PLoS ONE, 10(8): €0134752. The
Supplemental Table and Dataset can be found at https://doi.org/10.1371/journal.pone.0134752.

Authors: Frank O. Aylward"”", Lily Khadempour"?, Daniel M. Tremmel'?, Bradon R. McDonald'?,
Carrie D Nicora’, Si Wu™, Ronald J. Moore’, Daniel J. Orton’, Matthew E Monroe’, Paul D
Pichowski’, Samuel O Purvine’, Richard D. Smith’, Mary S Lipton’, Kristin E. Burnum-Johnson’,

. 1 2*
Cameron R. Currie”

Affiliations:

' Department of Bacteriology, University of Wisconson-Madison, Madison, WI USA
? Great Lakes Bioenergy Research Center, University of Wisconsin, Madison, W1 USA
? Biological Sciences Division, Pacific Northwest National Laboratory, Richland WA, USA



108

A3.1 Abstract

Leaf-cutter ants are prolific and conspicuous constituents of Neotropical ecosystems that
derive energy from specialized fungus gardens they cultivate using prodigious amounts of foliar
biomass. The basidiomycetous cultivar of the ants, Lexcoagaricus gongylophorus, produces specialized
hyphal swellings called gongylidia that serve as the primary food source of ant colonies. Gongylidia
also contain plant biomass-degrading enzymes that become concentrated in ant digestive tracts and
are deposited within fecal droplets onto fresh foliar material as ants incorporate it into the fungus
garden. Although the enzymes concentrated by L. gongylophorus within gongylidia are thought to be
critical to the initial degradation of plant biomass, only a few enzymes present in these hyphal
swellings have been identified. Here we use proteomic methods to identify proteins present in the
gongylidia of three A#ta cephalotes colonies. Our results demonstrate that a diverse but consistent set
of enzymes is present in gongylidia, including numerous plant biomass-degrading enzymes likely
involved in the degradation of polysaccharides, plant toxins, and proteins. Overall, gongylidia
contained over three-quarters of all biomass-degrading enzymes identified in the L. gongylophorus
genome, demonstrating that the majority of the enzymes produced by this fungus for biomass
breakdown are ingested by the ants. We also identify a set of 23 of these enzymes enriched in
gongylidia compared to whole fungus garden samples, suggesting that certain enzymes may be
particularly important in the initial degradation of foliar material. Our work sheds light on the
complex interplay between leaf-cutter ants and their fungal symbiont that allows for the host insects

to occupy an herbivorous niche by indirectly deriving energy from plant biomass.
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A3.2 Introduction

Leaf-cutter ants of the genus A#a are prevalent consumers of foliar biomass in the New
Wortld tropics that play an important role in nutrient cycling and ecosystem engineering in many
Neotropical habitats [1-3]. Rather than directly consuming the foliar material they collect, leaf-cutter
ants use their forage to cultivate symbiotic gardens that they then consume for food [1,4]. Although
the gardens cultivated by leaf-cutter ants contain a variety of microbes [5-10], the primary cultivar of
these insects is the basidiomycetous fungus Lexcoagaricus gongylophorus, which plays a major role in
degrading the plant forage of the ants [1,11-15]. In addition to its biodegradative role, this fungus
also produces the primary sustenance for leaf-cutter ants in the form of nutrient-rich hyphal
swellings called gongylidia [1,16], thereby converting recalcitrant plant polymers into nutrients readily
available to its host ants.

A central aspect of this insect-microbe symbiosis is the degradation of plant biomass, and a
number of behaviors have evolved in these insects presumably to help them both exclude unwanted
microbial pests from their gardens and enhance the biomass degrading capacity of L. gongylophorus
[17-20]. Two examples of these behaviors, termed weeding and grooming, allow the ants to
efficiently remove both patches of dead or contaminated fungus garden and selectively filter out
spores of foreign fungi, respectively [17]. Moreover, entire fungus gardens are structured into
different strata such that fresh foliar material is integrated only in top layers before being degraded in
a step-wise process as it moved into lower layers [21,22]. When fresh foliar material is integrated into
the top strata, the ants first macerate it into smaller pieces and deposit fecal droplets on top before
inoculating fresh cultures of L. gonylophorus from older strata [1].

Previous work has shown that the fecal droplets of leaf-cutter ants contain plant biomass-

degrading enzymes, which we define here to include Carbohydrate Active Enzymes (CAZymes),
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Fungal Oxidative Lignin-degrading Enzymes (FOLymes), and proteases [23—25]. It has been
postulated in previous studies that the deposition of these droplets onto fresh foliar material serves
as a form of “pretreatment” [26,27] that initiates the degradation process before L. gongylophorus is
inoculated. Many of the plant biomass-degrading enzymes in ant fecal droplets have been shown to
be derived from L. gongylophorus [28,29], and gene expression analyses have shown that some of these
enzymes appear to be highly expressed in gongylidia [30,31], suggesting that the enzymes
concentrated by L. gongylophorus in gongylidia are still active after passing through the digestive tract
of the ants. Furthermore, analysis of the Az cephalotes genome has shown a reduction in the total
number of encoded proteases compared to other insects [32], suggesting that the loss of these
proteases may have been an adaptation allowing L. gongylophorus enzymes to pass through their
digestive systems and become concentrated intact in fecal droplets.

Although the enzymes concentrated by L. gongylophorus in gongylidia have been shown to
have broad hydrolytic activity against a variety of plant polymers [23-25,31,33] and are likely of great
import to plant biomass degradation in this insect-fungal symbiosis, the full complement of enzymes
present in gongylidia is unknown. Here we used proteomic methods to identify proteins present in
the gongylidia of three laboratory-reared At cephalotes colonies. Our results provide insight into the
full spectrum of enzymes used by leaf-cutter ants to pretreat foliar biomass and help clarify the
extent of the co-evolutionary adaptations of leaf-cutter ants and their symbiotic fungus that underpin

this ecologically-important symbiosis.
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A3.3 Materials and Methods

A3.3.1 Sample collection

Samples of gongylidia were collected from three laboratory-reared colonies of A#a cephalotes
fed a diet of maple (Acer) and oak (Quercus) leaves three times weekly. Fungus garden material was
taken from the middle strata of fungus gardens and gongylidia were collected using a sterile forceps
and dissecting microscope set at 40X magnification. For each sample approximately 50 mg of
gongylidia were placed into 50 uL of sterile water in a 1.5 uLL microcentrifuge tube before the mixture

was frozen at -80 °C prior to protein extraction and proteomic characterization.

A3.3.2 Preparation of gongylidia samples

To lyse cells, frozen gongylidia were placed in an ice cold mortar and pestle and ground
under liquid nitrogen for several minutes before being transferred into centrifuge tubes with 0.1 mm
zirconia beads and bead beat on a Bullet Blender (Next Advance, Averill Park, NY) for 3 minutes on
speed 8. Samples were centrifuged and a methanol/chloroform extraction was performed to separate
the protein, metabolites and lipids. Ice cold (-20 °C) cholotform:methanol mix (prepared 2:1 (v/v))
was added to the sample in a 5:1 ratio over sample volume and vigorously vortexed. The samples
were then placed on ice for 5 minutes and then vortexed for 10 seconds followed by centrifugation at
10,000 x g for 10 minutes at 4 °C. The upper water soluble metabolite phase was collected into a
glass vial, the lower lipid soluble phase was collected into a separate fresh glass vial, and both samples
were dried in a SpeedVac before being stored at -80 °C until analysis. The remaining protein
interlayer was placed in a fume hood to dry.

The protein pellets were resuspended in 100 mM NH,HCO; and assayed with Bicinchoninic

acid (BCA) (Thermo Scientific, Rockford, IL) to determine the protein concentration. 2,2,2-
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Trifluoroethanol (TFE) (Sigma, St. Louis, MO) was added for a final concentration of 50% TFE.
The samples were sonicated in an ice-water bath for 1 minute and incubated at 60 °C for 2 hours
with gentle shaking at 300 rpm. The samples were reduced with 2 mM Dithiothreitol (DTT) (Sigma,
St. Louis, MO) with incubation at 37°C for 1 hour with gentle shaking at 300 rpm. Samples were
then diluted 5-fold with 50 mM NH,HCO;, 1 mM CaCl2 for preparation for digestion. Sequencing-
grade modified porcine trypsin (Promega, Madison, WI) was added to the sample at a 1:50 (w/w)
trypsin-to-protein ratio for 3 hours at 37 “C. The samples were concentrated in a SpeedVac
(ThermoSavant, Holbrook, NY) to a volume of ~30 pl, acidified with trifluoroacetic acid to pH 4
and then centrifuged at 10,000 x g. The supernatant was cleaned with a strong cation exchange solid
phase extraction procedure (SCX-SPE) on an OMIX tip (Agilent technologies, Santa Clara, CA)
according to the manufacturer’s instructions. The remaining pellet was re-digested, by
resolubilization in 2M thiourea, 7 M urea and 1% CHAPS detergent and incubated at 60 °C for 2
hours, reduced with 10mM Dithiothreitol (DTT) with incubation at 37 °C for 1 hour, diluted 10-fold
with 50 mM NH,HCO;, ImM CaClI2. The sample was then re-digested with trypsin for 3 hours at 37
°C and cleaned with a strong cation exchange-solid phase extraction procedure (SCX-SPE). The
supernatant and pellet samples were combined and concentrated down to ~30 uL using a SpeedVac
and a final BCA assay was performed to determine the peptide concentration. The samples were then

vialed for mass spectrometric analysis.

A3.3.3 Proteomic Analyses

Due to difficulties in collecting large quantities of gongylidia, on-line multidimensional fractions
techniques were utilized in this study to increase measurement coverage given the small sample sizes
available. Three biological replicates (5 pg injections) of each sample were analyzed utilizing an on-

line 2-D liquid chromatography (LC) separation consisting of one strong cation exchange (SCX)



113

column and two reversed phase C18 columns and two solid phase extraction (SPE) columns for
desalting. A total of 15 fractions were collected in this method, and while each fraction was
collected, the previously collected fraction was analyzed by the analytical reversed phase separation
with detection at the mass spectrometer. This system continuously acquired data for reversed phase
separations through all 15 fractions. The 2D-LC system was custom built using two Agilent 1200
nanoflow pumps and one 1200 capillary pump (Agilent Technologies, Santa Clara, CA), various
Valco valves (Valco Instruments Co., Houston, TX), and a PAL autosampler (Leap Technologies,
Carrboro, NC). Full automation was made possible by custom software that allowed for parallel
event coordination and therefore near 100% MS duty cycle through use of two trapping columns and
two analytical columns. All columns were manufactured in-house by slurry packing media into fused
silica (Polymicro Technologies Inc., Phoenix, AZ) using a 1-cm sol-gel frit for media retention (19).
A detailed schematic of this setup with setting configurations and reagent details is provided in
Figure A3.1.

Mass spectrometry analyses were performed using a Velos Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA) outfitted with a custom electrospray ionization (ESI) interface.
Electrospray emitters were custom made by chemically etching 150 um o.d. x 20 um i.d. fused silica
[35]. The heated capillary temperature and spray voltage were 275 °C and 2.2 kV, respectively. Data
were acquired for 100 minutes after a 10 minute delay from when the gradient started. Orbitrap
spectra (AGC 1x10°) were collected from 400-2000 m/z at a resolution of 100 k followed by data
dependent ion trap CID MS/MS (collision energy 35%, isolation width 2.0, AGC 1x10% of the ten
most abundant ions. A dynamic exclusion time of 60 sec was used to discriminate against previously

analyzed ions using a -0.6 to 1.6 Da mass window.
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The peptide tandem mass spectra resulting from these procedures were mapped onto the L.
gongylophorus genome [12] using MS-GF+ [36]. The resulting data were filtered by MS-GF < 1x10"
and mass error < +/- 2.5 ppm which resulted in a spectral level FDR of 1.69% based on a decoy
search (Dataset S1). For each of the samples, peptide spectral counts were summed across the 15

fractions.

A3.3.4 Enzgyme annotations and statistical analyses

Carbohydrate Active Enzymes (CAZymes, [37]), Fungal Oxidative Lignin-degrading enzymes
(FOLymes, [38]), and protease annotations (following the MEROPs classification system [39]) for
the L. gongylophorus genome were predicted and annotated to the protein family level, as previously
described [12]. Additionally, proteins of interest in the gongylidia samples to which a large number of
spectra could be mapped were annotated using homology searches against the Swissprot database
[40] (downloaded 5/12/2014) using LAST version 393 [41] (minimum 70% length coverage
required, top hits retained). Analysis of the L. gongylophorus proteins was performed using the gene
predictions previously generated using GeneMark-ES [12,42].

Spectral counts for the L. gongylophorus proteins were compared to those previously reported
from proteomic characterization of Aa cephalotes whole fungus gardens [12]. Only those spectra
previously identified as mapping to L. gongylophorus proteins were used in this comparison. Fisher’s
Exact Test (P < 0.005) was used to determine if the proportion of mass spectra mapping to plant
biomass-degrading enzymes or their families was enriched in gongylidia compared to whole fungus
gardens (top, middle, and bottom strata combined). Individual plant biomass-degrading enzymes
were considered enriched if they were identified as statistically significant in at least two out of three
gongylidia samples as compared to averaged whole fungus garden spectral counts. For ordination

analyses raw spectral counts mapping to proteins identified in the gongylidia and fungus garden
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samples were normalized using the arcsine square-root transform. Non-metric multidimensional
scaling (NMDS) was conducted on these transformed normalized counts using the vegan package in

the R statistical programming environment [43,44].

A3.4 Results and Discussion

The specialized manner in which leaf-cutter ants cultivate fungi for food has been of great
interest to scientists for decades [4], and a central goal of many studies has been to characterize the
process through which plant biomass is degraded in fungus gardens and converted into usable
nutrients for the host ants [7,12,21,22,45,46]. Many earlier studies of leaf-cutter ants of the genus
Atta as well as other related fungus-growing ant genera revealed the presence of proteases, glycoside
hydrolases, and laccases in the fecal droplets of the ants [23—-206,28,33], and many of these studies
noted the probable fungal origin of these enzymes. More recently, studies of the leaf-cutter ant
Acromyrmex echinatior have identified pectinases in the fecal droplets and gongylidia [45], and
transcripts encoding for laccases, glycoside hydrolases, and proteases have been identified in the
gongylidia of this species [30,31]. Moreover, a great deal of other research has investigated plant
biomass degradation in leaf-cutter ants more generally without specific emphasis on gongylidia or
fecal droplets [5,7,12,21,27,47-49]. Given the important role of gongylidia in supplying key
biodegradative enzymes to the ants for subsequent deposition onto plant material, we sought to build
on these previous studies by thoroughly identifying the CAZymes, FOLymes, and proteases present
in the gongylidia of the leaf-cutter ant Az cephalotes using novel proteomic methods.

We identified a total of 636 L. gongylophorus proteins using 27,313 total spectral identifications
(17,660 unique spectral identifications after quality-filtering [50]) in the three gongylidia samples
tested (275-498 proteins identified per sample) (Table A3.1 and Dataset S1). Of these proteins, 124

(19.5%) were predicted plant biomass-degrading enzymes including 50 Carbohydrate Active
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Enzymes (CAZymes) likely involved in polysaccharide degradation, 31 Fungal Oxidative Lignin-
Degrading Enzymes (FOLymes) likely involved in aromatic compound degradation, and 43 proteases
likely involved in protein degradation. Of the 636 proteins identified, 185 (29%) were found in all
three samples, while 338 (53%) were found in at least two samples (Figure A3.2). Many of the plant
biomass-degrading enzymes identified were also shared between samples, with 21 CAZymes (42%),
17 FOLymes (55%), and 21 proteases (49%) identified in all three samples (Figure A3. 2).

Spectra mapping to CAZymes, FOLymes, and proteases were over-represented in the
gongylidia samples (Table A3.2) compared to spectra mapping to the same enzyme sets in earlier
proteomic experiments performed on whole fungus garden material [12] (Fisher’s Exact Test, p <
0.005). Moreover, nonmetric multidimensional scaling (NMDS) analyses of overall protein profiles of
the gongylidia and whole fungus garden samples confirmed distinct clustering between these two
sample groups (Figure A3.3). Together, these results indicate that the overall protein content of
gongylidia is distinct from that of whole fungus gardens, and that plant biomass-degrading enzymes
in particular are enriched in these hyphal swellings. The enrichment of plant biomass-degrading
enzymes in gongylidia relative to whole fungus gardens, the large portion of shared proteins in the
gongylidia samples (Figure A3.2), and the overall similarity of gongylidia protein profiles relative to
those of whole fungus garden samples (Figure A3.3) supports the hypothesis that a consistent and
specialized set of enzymes is produced in these hyphal swellings.

Comparisons of the spectral abundance of individual proteins between gongylidia and whole
fungus gardens revealed that 98 proteins were enriched at least one gongylidia sample, and 25 of
these enriched in all three samples (Fisher’s Exact Test, p < 0.005). The enzymes enriched in all three
gongylidia samples include 6 CAZymes, 1 FOLyme, and 3 proteases, and another 12 CAZymes, 5

FOLymes, and 9 proteases were enriched in either one or two gongylidia samples (Figure A3.4). The
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6 CAZymes enriched in all three gongylidia samples belong to enzyme families known to catalyze the
degradation of pectin (family CES8) and glucosides such as starch (GH2, GH3, GH31). The three
proteases enriched in all three gongylidia samples are metalloproteases (LAG_100, LAG_1037, and
15306), consistent with the identification of these enzymes in fecal droplets of A#ta texana [23,28]. An
LO1 laccase enriched in two gongylidia samples (LAG_2404) has previously been implicated in the
detoxification of plant defense compounds potentially harmful to L. gongylophorus or the host ants
[31]. The aryl-alcohol oxidase (LAG_4156) enriched in all three samples may play a role similar or
auxiliary role to laccases, although in other basidiomycetous fungi enzymes of this class have been
implicated in hydrogen peroxide generation and lignocellulose degradation [44,45], and so it may
serve to target structural polymers in foliar biomass rather than plant defense compounds.

Our finding of a broad array of plant biomass-degrading enzymes in the gongylidia of L.
gongylophorus has important methodological implications for assaying the presence and activity of
enzymes in leaf-cutter ant fungus gardens. Although a number of recent studies have relied on
transcriptomics or mRINA quantification as measures of enzyme occurrence in fungus gardens
[30,31,48], the enrichment of CAZymes, FOLymes, and proteases in gongylidia and the likely
presence of a broad array of these enzymes in the fecal droplets deposited by the ants on fresh foliar
biomass [24,28,29,51] indicates that transcription and protein presence are decoupled in this
environment through the specialized gardening behavior of the leaf-cutter ants. This is likely
common in fungus gardens since enzymes can be stored in gongylidia and transported away from
where they are produced to sites where they are active. The measurement of mRNA alone is thus
likely to provide incomplete and even misleading assessments of the presence of enzymes or their
activities in specific locations within fungus gardens. We propose that for the inference of

biodegradative processes it is more appropriate to use other techniques that rely on the direct
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measurement of proteins or their activities, such as the proteomic techniques used here and in other
studies [12,45] or the direct measurements of enzymatic activity that have previously been used in
fungus gardens [24,47,46].

In this work, our finding that plant biomass-degrading enzymes in general and 24 in
particular were enriched in gongylidia supports the hypothesis that these enzymes play an important
biodegradative role in leaf-cutter ant fungus gardens. Although only 10 CAZymes, FOLymes, and
proteases were enriched in all three gongylidia samples, 36 plant biomass-degrading enzymes were
enriched in gongylidia were enriched in at least one sample and 124 of these enzymes were identified
in total. Recent analysis of the L. gongylophorus genome identified 145 putative plant biomass-
degrading enzymes, and our finding of 119 of these enzymes (82% of the total, excluding the five
glycoside hydrolases not reported previously) provides the surprising result that the majority of the
biodegradative enzymes produced by the fungal cultivar are ingested by the ants in some quantity.
These results strongly implicate the ingestion of plant biomass-degrading enzymes and subsequent
deposition on fresh foliar material within fecal droplets as a critical aspect of the degradation of plant
biomass in fungus gardens. The initial pretreatment of biomass with a diverse set of enzymes prior to
inoculation may release free sugars or more labile substrates critical for the initial establishment and
sustained growth of L. gongylophorus in fungus gardens. The apparent lack of cellulases and
hemicellulases in gongylidia, indicates that these enzymes are not part of the pretreatment step,
possibly because cellulose is used later in the degradation process. These results may partly explain
why L. gongylophorus has been shown to grow slowly or not at all on numerous plant polymers in pure
culture despite its apparent rapid growth in fungus gardens, where presumably the specialized
gardening behaviors of the ants enhance biomass breakdown [1,11,14,52]. Together with these earlier

results, our finding of widespread plant biomass-degrading enzymes in gongylidia therefore
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underscores the importance of the specialized gardening behaviors of leaf-cutter ants to biomass
degradation as well as the extent to which leaf-cutter ants have co-evolved with their symbiotic

fungus to efficiently derive energy from foliar material.
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Table A3.1. Summary of spectral counts and proteins identified.

Gongylidia Total Mapped Total Proteins CAZymes FOLymes Proteases
Sample Spectra Identified Identified Identified Identified
Sample 1 2,531 388 32 24 29
Sample 2 9,007 275 30 19 27
Sample 3 15,775 498 37 28 38

Total 27,313 636 49 31 43




Experimental Conditions

Column Type | Ion Exchange Trapping Reversed Phase
Dimensions 150 pm ID X 15 cm 150 pm ID X 5cm | 75 pm ID X 40 cm
ﬁ;tkelr‘ilfl 5 um PolySULFOETHYLATM 5 um Jupiter C18 | 3 pm Jupiter C18

Mobile Phase

A: 0.1 mM NaH2PO4
B: 3.0 mM NaH,PO,

A: 0.1% Formic Acid in H,0
B: 0.1% Formic Acid in Acetonitrile

Flow Rate 1.5 YL/min Capillary Pump 0.4 PL/min (Nano Pump)
Gradients Semi-Continuous Gradient Linear Gradient
Fraction %B  Fraction %B Time (min) %B

1 0.0-0.0 9 8.0-9.0 0 0
2 0.0-1.5 10 9.0-10.0 2 10
3 1.5-3.0 11 10.0-11.0 12 20
4 3.0-4.0 12 11.0-14.0 85 35
5 4.0-5.0 13 14.0-17.0 95 95
6 5.0-6.0 14 17.0-20.0 100 95
7 6.0-7.0 15 20.0-70.0 103 0
8 7.0-8.0

Spectrometer

Mass

PAL
l Auto
Sampler
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Figure A3.1. Schematic of the 2D Liquid Chromatography Mass Spectrometry (2D-LC-MS) setup
used in this study. SCX: Strong cation exchange.
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All Proteins

Figure A3.2. Venn diagram showing shared total proteins, CAZymes, FOLymes, and proteases
identified in the three gongylidia samples (labeled S1-83) analyzed in this study.
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Figure A3.3. Non-metric multidimensional scaling (NMDS) ordination plot of fungus garden and
gongylidia samples. Gongylidia samples are represented by blue circles, while orange squares
represent fungus garden samples.
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LAG_2600 CE4 Carbohydrate esterase family 4
LAG_1450 CE8 Carbohydrate esterase family 8
LAG_4831 GH12 Glycoside hydrolase family 12
LAG_3679 GH15 Glycoside hydrolase family
LAG_733 GH17 Glycoside hydrolase family
LAG_3258 GH2 Glycoside hydrolase family
LAG_1551 GH27 Glycoside hydrolase family
LAG_2062 GH3 Glycoside hydrolase family
LAG_2564 GH3 Glycoside hydrolase family
LAG_12790 GH3 Glycoside hydrolase family
LAG_2960 GH31 Glycoside hydrolase family
LAG_3272 GH43 Glycoside hydrolase family
LAG_15251 GH51 Glycoside hydrolase family
LAG_4277 GH53 Glycoside hydrolase family
LAG_2627 Putative glucan 1,3-beta-glucosidase
LAG_3369 PL4 Polysaccharide lyase family 4
LAG_48016 Putative beta-glucosidase L
LAG_2798 Putative D-xylulose reductase A
LAG_2404 LO1 Laccase

LAG_2281 LDA Putative auxiliary oxidase
LAG_3503 LDA1 Aryl-alcohol oxidase
LAG_4156 LDA1 Aryl-alcohol oxidase

CAZymes

LAG_2012 LDA7 1,4-benzoquinone reductase
LAG_3638 LDA8 Alcohol oxidase
LAG 439 AO1A Aspartyl protease
LAG_1037 MO1 Metalloprotease
LAG_100 MO3A Metalloprotease
LAG_1536 M24B Metalloprotease
LAG_21041 M35 Metalloprotease
LAG_4981 M35 Metalloprotease
LAG_5096 SO8A Serine protease
LAG_4473 S10 Serine protease
LAG_2527 S53 Serine protease
LAG_2367 TO1A Threonine protease
LAG_835 TO1A Threonine protease
LAG_2775 TO1A Threonine protease

Proteases FOLymes

Percent of spectra in sample EEnriched (p < 0.005)
0 T | [CINot Enriched

Figure A3.4. Heatmap are presented that show the relative percent of total spectra that could be
mapped to specific CAZymes, FOLymes, and proteases (left) and those enzymes that were found to
be enriched in at least one gongylidia sample (right; Fisher’s Exact Test, p < 0.005). Only enzymes
identified as enriched in at least one gongylidia samples compared to all fungus garden samples
combined are shown.
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Appendix 4: From plant to ant: lipids in the leaf-cutter ant fungus garden

Jennifer Kyle#, Lily Khadempour#, Bobbie-Jo M. Webb-Robertson, Carrie D. Nicora, Matt
Monroe, Dick Smith, Mary Lipton, Cameron Currie, Erin Baker*, Kristin Burnum-Johnson*

#Hco-first author

*co-corresponding

This appendix chapter is a work in progress and as such, it is not yet a cohesive unit.
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A4.1 Introduction

The system of leaf-cutter ants and their microbial symbionts are pradigmatic in the field of
insect microbial symbiosis. The ants, native to the Neotropics, cut foliar biomass from their
environment and provide it as a growth substrate to a fungus, Lexcoagaricus gongylophorus that they
cultivate and consume (Holldobler & Wilson 2010). The ants masticate the fresh plant material and
deposit it on the top of the fungus garden, transfer a tuft of fungal mycelium from an older part of
the garden, defacate (the feces contain fungus-derived plant biomass-degrading enzymes) and allow
the fungus to grow (De Fine Licht ez a/ 2013; Aylward e al. 2015). As the plant material is digested
by the fungus, the material moves downward through the stratified layers of the garden toward the
bottom. Once the material has been depleted of nutrients, it is removed from the bottom and
deposited in a refuse dump, away from the fungus garden chamber (Farji-Brener & Medina 2000).
Mostly in the middle region of the garden, the fungus produces gongylidia, which are hyphal
swellings that worker ants consume and feed to larvae in the colony. While foragers also drink plant
sap as they cut fresh leaf material, the gongylidia serves as the colony’s main source of nutrition (Bass
& Cherrett 1995; North ef al. 1997).

Our previous work focused on elucidating the relationship between the ants and their fungal
cultivar, mainly on the means by which the fungus is able to break down plant biomass (Aylward ez
al. 2013; Khadempour ¢f al. 2016). One method that we used to study this was metaproteomics of the
different layers of the garden and the gongylidia (Aylward ez a/. 2012; 2015). In examining the
metaproteomic data, it became clear that there was an enrichment for lipid-associated proteins in the
gongylidia (Supplemental figure 1). This result combined with previous work that demonstrated an
enrichment of lipids and sugars in the gongylidia (Quinlan & Cherrett 1979), were the basis of this

study. Our aim here is to examine the lipid content of leaf material and to track its progress through
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the fungus garden and into the gongylidia, thereby learning more about how the fungus is capable of
supporting the growth of an ant colony.

We used reverse phase LC-MS/MS analysis technology, which allowed us to keep total lipids
intact. We examined the lipid contents of leaf material and the layers of the fungus garden as leaf
material is broken down. We also directly compared the lipid contents of gongylidia with the middle

layer of the fungus garden from which the gongylidia were harvested.

A4.2 Methods

A4.2.1 Material collection

Lab-maintained leaf-cutter ant colonies were provided exclusively maple leaves for the two
weeks before sample collection. We collected leaf material as well as fungus garden from the top,
middle, and bottom of leaf-cutter ant fungus gardens. These layers are differentiated based on color,
texture and location in the garden.

Gongylidia are difficult to collect because of their small size and their sparseness in the
garden. To collect gongylidia, we first collected fungus garden in deep petri dishes and removed the
majority of workers. With fewer workers in the fungus garden, the gongylidia proliferate. After
several days, the gongylidia were picked off by needlepoint under a dissecting microscope and they
were placed in a tube with water.

The leaf material used in this experiment was collected in the summer and kept frozen at -
20°C in a vacuum sealed bag so that the ant colonies can be fed during the winter when fresh leaves

are not available.
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A4.2.2 Total lipid extraction

The collected material was lyophilized for untargeted lipidomics analysis. Lipids were
extracted using a modified Folch extraction (1957). To break up the biological material,
approximately 25 mg of sample was bead beaded using a 3mm tungsten carbide bead in 750 ul of
methanol for 2 min at a frequency of 30. The sample was then removed and transferred into a 20
mL clean EPS glass vial lined with a Teflon lined cap. Another 750 pl of methanol was added for a
final volume of 1.5 ml methanol. 3 ml of chloroform and 200 ul of water were added to each

sample. The samples were vortexed for 30 sec, sonicated for 30 min, vortexed again for 30 s, and
then 0.925 ul of water was added to induce a phase separation. The samples were incubated at 4°C

overnight and then the lower lipid layer was removed, dried down, and stored at -20°C at a

concentration of 2 ug/ul in 2:1 chloroform/methanol until LC-MS/MS analysis.

A4.2.3 Reverse phase LC-MS/MS analysis

For the following, we used a modified method from Dautel ¢f a/. (2017). A Waters
NanoAquity UPLC system interfaced with a Velos-ETD Orbitrap mass spectrometer (Thermo
Scientific, San Jose, CA) was used for LC-ESI-MS/MS analyses. The total lipid extracts (TLE) were
reconstituted in methanol for a final abundance of 0.4 ng TLE/ul. 7 pl of the TLE were injected
onto Waters column (HSS T3 1.0 mm x 150 mm x 1.8 um particle size). Lipids were separated over
a 90 min gradient elution (mobile phase A: ACN/H,O (40:60) containing 10 mM ammonium acetate;
mobile phase B: ACN/IPA (10:90) containing 10 mM ammonium acetate) at a flow rate of 30
ul/min. Samples were analyzed in both positive and negative ionization using HCD (higher-energy
collision dissociation) and CID (collision-induced dissociation) to obtain high coverage of the

lipidome.
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A4.2.4 Lipid targeted database and alignment

We used LIQUID software (Kyle e# al. 2017) for lipid targeted database alignment. This is
achieved by aligning all datasets (grouped by sample type and ionization mode) and matching
unidentified features to their identified counterparts using MZmine2 (Pluskal ¢f /. 2010). Aligned

features are manually verified and peak apex intensity values are exported for statistical analysis.

A4.2.5 LC-IMS

The LC/IMS-MS analyses were petformed in both positive and negative ion mode and
collected from 100-3200 m/z at a MS resolution of 40,000. The LC/IMS-MS data were analyzed
using in-house PNNL software for deisotoping and feature finding the multidimensional LC, IMS
and MS data (Crowell ez 2/ 2013). Features were then compared to the AMT tag database generated

from LC/MS/MS for identification and quantitation (Zimmer ez al. 2000).

A4.2.6 Statistical Analysis

Statistics were performed on the aligned lipid peak apex intensity values from each of the
gardens and their respective sections from the bottom, middle and top of the gardens. Initial analysis
evaluated if the samples from with a garden, irrespective of garden, are more highly correlated than
across gardens. Data was compared using the Pearson correlation values for all samples to one
another within gardens to the Pearson correlation values for all samples against samples in a different
garden with a simple two-sample t-test. There is no obvious correlation structure by garden in
Figure 1 and the t-test confirms this with p-values of 0.933 and 0.894, respectively, for the negative
and positive d,atasets.

Obutlier identification was conducted using the algorithm RMD-PAV (Matzke e a/. 2011)

none of which were found. As the data had very few missing values no lipid identifications were
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removed. A standard Analysis of Variance (ANOVA) was used to evaluate each lipid for a statistical
difference between the top, middle and bottom with a Tukey’s post-hoc test to compare the
individual levels to one another. For the negative set 43 of the 80 lipids were significant by ANOVA
at a p-value of 0.05 and 104 of the 222 were significant at the same level for the positive set. Lastly, a
Principal Component Analysis (PCA) scores plot was conducted using sequential projection pursuit

to perform PCA without imputing missing values (Webb-Robertson et al. 2013).

A4.3 Results

The lipidome for the fungus gardens of leaf-cutter ants comprised of 188 intact lipids
represented across 3 lipid categories (sphingolipids, glycerophospholipids, and glycerolipids) and 18
subclasses. Glycerophospholipids and glycerolipids were comprised of near equal of lipid species (89
glycerophospholipids and 91 glycerolipids) and presented 96% of the identified lipids. Sphingolipids
were a minor component of the samples with a total of 8 identifications (or 4% of total
identifications), 5 being ceramides and 3 hexosyl-ceramides (HexCer). Triacylglycerides (TGs)
contained the greatest number of identified lipids (63 lipids or 33.5% of total) followed by
diacylglycerophosphoethaolamine (PE) (26 identifications or 13.8% of total) and
diacylglycerophosphoglycerol (PG) (19 lipids or 10.1% of total).

The leaves were dominated by PG as well as galactolipids (DGDG and SQDG). Minor
amounts of PC, PE, and PIs were also identified however they were relatively less abundant when
compared to the garden as were TGs. HexCer were the only sphingolipids identified in the leaves.
Including leaf lipids in our analysis enabled us to track leaf lipids throughout the garden. For
example, out of our 21 characterized PGs the 7 were below limits of confidence in the garden sample

but in high abundance in the leaf sample.
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Of the 188 lipids identified in the garden, 104 were found to be statistically significant almost
exclusively between the top compared to the middle and bottom of the gardens. Comparing those
lipids found to be statistically significant verse those that were not PE, PG, DG, and TG, significant
lipids were more unsaturated (i.e., contained more double bonds in the fatty acid chains) with PG
and TG also having longer fatty acid chains. SQDGs differed in that the significant lipids were less
saturated (lower average number of double bonds). Examining the individual fatty acid composition
of the intact lipids, 16:0, 18:2, and 18:3 dominated the fatty acids profile and composed the most
abundant lipid per phospholipid and glycerolipid subclasses. Phospholipids were found to contain
more odd chained fatty acids (approximately 12%) verse glycerolipids (approximately 6%) with C17
more common in the statistically significant phospholipids verses C15 in the glycolipids.

A majority of the lipids undergoing the greatest amount of log2 fold change per subclass
from the top to the bottom strata of the six fungal gardens contained 18:3. For PCs, PEs, and PlIs,
the greatest decrease was seen with an 18:3 in both sn-1 and sn-2 fatty acid positions. This may also
be true for DGs, however, that particular lipid was found to be co-eluting with DG(18:2/18:4). Both
LPC(18:3) and LPE(18:3) were also undergoing the greatest decrease in their subclasses. Lipids
containing a 16:0/18:3 underwent a considerable fold change with those attached to SQDG
undergoing the greatest decrease and the second most for PCs, PEs, and Pls.

Strong trends in the degree of fold change were noted with chain length and degree of
unsaturation for TGs (Fig. X). Almost no change in TGs with total fatty acids carbon lengths from
C42-48 were detected. For those with C49 and C51, C52 and C54 as the number of total double
bonds increased, the log2 fold change from top to bottom became more extensive. In other words,

lipids with more polyunsaturated lipids (PUFA) decreased to a much larger extent from the top to
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bottom verses the middle to bottom. Based on these results we hypothesized that 18:2 could be

enriched in the Gongylidia.

Supplemental Figure A4.1 Heatmaps representing the relative log2 intensity change for
lipids in the leaf food source and the top, middle, and bottom strata of six leaf-cutter ant
fungus gardens. Lipids significantly increased in the top are denoted with green font; lipids
significantly increasing in the bottom are denoted with orange font (p-values <0.05 were deemed
significant); lipids not changing across the top to the bottom of the garden are denoted with grey
font; _A and _B denote structural isomers. Diacylglycerophosphocholines (PC),
monoacylglycerophosphocholines (LPC), sulfoquinovosyldiacylglycerol (SQDG),
Monogalactosyldiacylglycerol (MGDG), Cardiolipin (CL), phosphatidic acid (PA), Hexosyl-Ceramide
(HexCer), Ceramide (Cer), diacylglycerophosphoglycerol (PG), diacylglycerophosphoserine (PS),
diacylglycerophosphoethanolamines (PE), monoacylglycerophosphoethanolamines (LPE),
diacylglycerophosphoinositols (PI). Lipid abbreviations show the total number of acyl chain carbons:
total number of double bonds.

Supplemental Figure A4.2 Heatmaps representing the relative log2 intensity change for
lipids in the leaf food source and the Gongylidia and surrounding fungus garden of six leaf-
cutter ant fungus gardens. Lipids significantly enriched in the Gongylidia compared to the
surrounding fungus garden are denoted with purple font; lipids significantly enriched in the fungus
garden are denoted with yellow font (p-values <0.05 were deemed significant); lipids not changing
across the top to the bottom of the garden are denoted with grey font; _A and _B denote structural
isomers. Diacylglycerophosphocholines (PC), monoacylglycerophosphocholines (LPC),
sulfoquinovosyldiacylglycerol (SQDG), Monogalactosyldiacylglycerol (MGDG), Cardiolipin (CL),
phosphatidic acid (PA), Hexosyl-Ceramide (HexCer), Ceramide (Cer), diacylglycerophosphoglycerol
(PG), diacylglycerophosphoserine (PS), diacylglycerophosphoethanolamines (PE),
monoacylglycerophosphoethanolamines (LPE), diacylglycerophosphoinositols (PI). Lipid
abbreviations show the total number of acyl chain carbons: total number of double bonds.
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Fungus Garden

MGDG(16:2/18:2)
MGDG(16:2/18:3)
MGDG(18:3/18:3)

SQDG(16:0/16:0)
SQDG(16:2/16:3)
SQDG(16:0/18:1)
SQDG(16:0/18:2)
SQDG(16:0/18:3)_A
SQDG(16:0/18:3)_B
SQDG(18:0/18:3)
SQDG(18:1/18:3)
SQDG(18:2/18:3)_A
SQDG(18:2/18:3)_B
SQDG(18:3/18:3)_A
SQDG(18:3/18:3)_B

LPC(14:0)
LPC(16:0)

LPC(17:2)

LPC(18:1)_ A
LPC(18:2)_A
LPC(18:3)_A
LPC(18:3)_B
PC(16:0/18:1)
PC(16:0/18:2)
PC(16:0/18:3)
PC(18:0/18:3)
PC(18:1/18:2)
PC(18:2/18:3)
PC(18:3/18:3)

LPG(16:0)_A
LPG(16:0)_B
LPG(18:2)_A
LPG(18:2)_B
PG(14:0/16:0)
PG(15:0/16:0)
PG(16:0/16:0)_B
PG(16:0/16:1)_B
PG(16:0/17:0)
PG(16:0/17:1)
PG(16:1/17:1)
PG(15:0/18:3)
PG(16:0/18:0)
PG(16:0/18:1)
PG(16:0/18:2)
PG(16:1/18:1)
PG(16:0/18:3)
PG(16:1/18:2)
PG(16:1/18:3)_B
PG(17:0/18:2)
PG(18:2/18:3)

DG(16:0/16:0)
DG(16:0/18:0)
DG(16:0/18:1)
DG(16:1/18:3)
DG(18:0/18:0)
DG(18:1/18:1)
DG(18:1/18:2)
DG(18:2/18:3)

Cer(d14:1/18:0)
Cer(d18:0/16:0)
Cer(d14:1/20:0)
Cer(d18:1/17:0)
Cer(d14:1/22:0)

HexCer(d18:1/16:0)
HexCer(d18:2/16:1)
HexCer(d18:2/22:1)

! l.lq CL(18:2/18:2/18:2/18:2)
CL(18:3/18:3/18:3/18:1)

PI(16:0/16:0)
PI(15:0/18:2)
PI(16:0/18:1)
PI(16:0/18:2)
PI(16:0/18:3)_A
PI(16:0/18:3)_B
PI(17:0/18:2)
PI(18:0/18:2)
PI(18:1/18:3)
PI(18:2/18:3)
PI(18:3/18:3)

LPE(14:0)
LPE(16:0)
LPE(18:0)
LPE(18:1)
LPE(18:2)
LPE(18:3)
PE(12:0/12:0)
PE(14:0/18:2)
PE(15:0/18:2)
PE(15:0/18:3)
PE(16:0/16:1)
PE(16:0/18:1)
PE(16:0/18:2)
PE(16:0/18:3)
PE(16:1/18:2)
PE(16:1/18:3)
PE(17:0/18:2)
PE(17:0/18:3)
PE(17:1/18:2)
PE(17:2/18:2)
PE(18:0/18:2)
PE(18:1/18:2)
PE(18:2/18:2)
PE(18:2/18:3)
PE(18:2/19:1)
PE(18:3/18:3)
PE(0-18:0/18:2)

PS(16:0/18:2)_A
PS(16:0/18:2)_B
PS(18:2/18:2)
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