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Metagenomics Reveals Diet-Specific Specialization of Bacterial Communities in Fungus Gardens of Grass- and Dicot-Cutter Ants
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Leaf-cutter ants in the genus Atta are dominant herbivores in the Neotropics. While most species of Atta 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 examine how changes in substrate input affect the bacterial community. We sequenced the metagenomes of 12 Atta fungus gardens, across four species of ants, with a total of 5.316 Gbp of sequence data. We show significant differences in the fungus garden bacterial community composition between dicot- and grass-cutter ants, with grass-cutter ants having lower diversity. 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. Differences between community composition and functional capacity of the bacteria in the two types of fungus gardens reflect differences in the substrates that the ants incorporated. These results show that different substrate inputs matter for fungus garden bacteria and shed light on the potential role of bacteria in mediating the ants’ transition to the use of a novel substrate.
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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 and Moran, 2013). Herbivore microbial symbionts, often residing in the guts of animals, have been implicated in aiding plant biomass breakdown (Talbot, 1977; Kudo, 2009; Adams et al., 2011; Hess et al., 2011), plant defense compound remediation (Wang et al., 2012; Adams et al., 2013; Boone et al., 2013), and nutrient supplementation (Warnecke et al., 2007; Hansen and Moran, 2011; LeBlanc et al., 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 et al., 2013; Kohl et al., 2014; Hammer and Bowers, 2015; Li et al., 2015; Kohl and Yahn, 2016).

Leaf-cutter ants represent a paradigmatic example of the microbial mediation of herbivory. They are dominant herbivores in the Neotropics, consuming up to an estimated 17% of foliar biomass in the systems in which they live (Herz et al., 2007; Costa et al., 2008). These ants have 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 et al., 1986; Moutinho et al., 2003; Gutiérrez and Jones, 2006; Herz et al., 2007; Costa et al., 2008). Leaf-cutter ants lack the capacity to break down recalcitrant plant material. Instead, they farm a fungus, Leucoagaricus gongylophorus, which enzymatically breaks down recalcitrant biomass in the leaf material that the ants forage (Kooij et al., 2011; Nagamoto et al., 2011; Suen et al., 2011a; Aylward et al., 2013; Grell et al., 2013; Khadempour et al., 2016). Leucoagaricus gongylophorus produces gongylidia, specialized hyphal swellings that contain an abundance of sugars and lipids, that the ants consume and feed to larvae (Bass and Cherrett, 1995; North et al., 1997). In the leaf-cutter ant system, the fungus garden serves as the ants’ external gut (Aylward et al., 2012b; Khadempour et al., 2016).

Previous studies revealed that a community of bacteria reside within leaf-cutter ant fungus gardens (Scott et al., 2010; Suen et al., 2010; Aylward et al., 2012a; Meirelles et al., 2016; Moreira-Soto et al., 2017). These communities are dominated by Gammaproteobacteria, and consistently contain strains of Pseudomonas, Enterobacter and either Rahnella or Pantoea, and are highly similar to communities of bacteria associated with other fungus-farming insects (Suen et al., 2010; Aylward et al., 2012a, 2014). Some garden bacteria are vertically transmitted, maternally through the fungus pellets that alate queens use to establish new fungus gardens (Moreira-Soto et al., 2017). The consistency and vertical transmission of the bacterial communities, suggest that they are important to the fitness of their hosts. One study, by Pinto-Tomás et al. (2009) showed that Pantoea and Klebsiella bacteria that are found in leaf-cutter ant fungus gardens fix nitrogen that supplements the ant diet, which is important for a strict herbivorous system. In addition to this, bacteria may also serve to fix nitrogen in leaf-cutter ant guts (Sapountzis et al., 2015). Nevertheless, the functional role of most garden bacteria remains unknown.

While most leaf-cutter ants use dicots, three species of Atta are specialized on cutting grass, and another three species cut both grasses and dicots (Fowler et al., 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 et al., 2009). In this study, we compare the bacterial communities of fungus gardens from ants that cut grass and dicots (Figure 1). Given that grasses and dicots differ in terms of the cell wall composition, plant defense compounds (Wetterer, 1994; Mariaca et al., 1997) and nutrient availability (Mattson, 1980; Winkler and 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 bacterial community 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.
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FIGURE 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) Ribeirão Preto, SP, Brazil. Fungus gardens of (C) grass- and (D) dicot-cutter ants. Visual inspection of leaf material from leaf-cutter ant fungus gardens demonstrates the degree of trituration that the different ants complete, with grass-cutters leaving the leaf material more intact (E – A. bisphaerica and F – A. capiguara), while dicot-cutters triturate to the point of producing unrecognizable leaf fragments (G – A. laevigata and H – A. sexdens).




MATERIALS AND METHODS


Collection of Fungus Garden

Fungus gardens were collected on the campuses of the University of São Paulo (USP) in Ribeirão Preto, SP, Brazil and the São Paulo State University (UNESP) in Botucatu, SP, Brazil (Table 1). We collected fungus gardens from four species of Atta leaf-cutter ants: A. bisphaerica and A. capiguara, which are both described as grass-cutters, A. laevigata, which is described as a grass and dicot-cutter, and A. sexdens, which is described as a dicot-cutter (Fowler et al., 1986).


TABLE 1. Summary of collection details for leaf-cutter ant colonies used in this study.
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For each species we collected from three independent colonies. 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 expose fungus garden chambers from the side, to avoid damaging the garden with digging tools and avoid contamination with surrounding soil. Fungus gardens were transported to the laboratory and aseptically transferred into 50 mL conical tubes. When we sampled multiple chambers from one colony, they were always adjacent to each other and were superficially similar in appearance, texture and odor. 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 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 four 50 mL conical tubes were filled from each colony. For each colony, two tubes were combined and used for metagenomics, one tube was used for iron content measurements, and one tube was used for gas chromatography (Supplementary Material). The decision to only sample from the central region of the fungus garden was taken for a few reasons. As mentioned above, it was important to reduce the chance of contamination from soil bacteria. Furthermore, earlier work by Aylward et al. (2012a) demonstrated that the bacterial community is conserved through layers of the fungus garden. The middle layer was also of most importance to us since it is where most of the gongylidia are present, where developing ants obtain the majority of their nutrition, and where we expect the greatest impact on ant fitness. As such, and due to the tremendous resources necessary to complete community metagenomic sequencing, we focused on this area.



DNA Extraction

To target the bacteria in the fungus gardens, DNA was extracted by first using a differential centrifugation method (Aylward et al., 2012a). PBS buffer with 1% Tween 80 was added to the tubes and they were vortexed for 30 min. 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 μm filter. The filtrate was centrifuged for 30 min at 4°C at 4300 rpm (Beckman Coulter X-14R centrifuge with an SX4750 swinging bucket), after which a bacterial cell pellet was formed and the liquid was removed. This process was repeated with the original fungus garden tube to wash off any remaining bacterial cells from the leaf material. DNA was extracted from the cell pellet using the Qiagen Plant DNA Extraction Maxi Kit (Qiagen, Hilden, Germany). The remaining leaf material from the fungus gardens was photographed after the differential centrifugation, to demonstrate the difference in leaf material consistency (Figure 1).



DNA Sequencing and Assembly

All metagenomic sequencing was conducted at the Joint Genome Institute (JGI) in Walnut Creek, CA. Since some DNA concentrations were too low for standard library prep, a low-input prep was completed for all of the samples. For each sample, 10 ng of DNA was sheared to 300 bp using the Covaris LE220 (Covaris) and size selected using SPRI beads (Beckman Coulter). The fragments were treated with end-repair, A-tailing, and ligation of Illumina compatible adapters (IDT, Inc.) using the KAPA-Illumina library creation kit (KAPA Biosystems) and 10 cycles of PCR were used to enrich for the final library. The prepared libraries were quantified using KAPA Biosystems next-generation sequencing library qPCR kit and run on a Roche LightCycler 480 real-time PCR instrument. The quantified libraries were then prepared for sequencing on the Illumina HiSeq sequencing platform utilizing a TruSeq Rapid paired-end cluster kit, v4. Sequencing of the flowcell was performed on the Illumina HiSeq2500 sequencer using HiSeq TruSeq SBS sequencing kits, following a 2 × 150 indexed run recipe. BBDuk adapter trimming (Bushnell, 2017) was used to remove known Illumina adapters. The reads were then processed using BBDuk filtering and trimming, where quality values were less than 12. We discarded read pairs that fit certain criteria: those containing more than three ambiguous bases, or 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. 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 (IMG) pipeline (Chen et al., 2018).



Plant Genus Richness

To determine the richness of plant substrate integrated in the fungus gardens of the ants, we used JGI’s IMG database “find gene” function to retrieve all genes annotated as MatK from the dataset. MatK is a widely used chloroplast plant DNA barcode (Hollingsworth et al., 2011). Retrieved MatK sequences for each metagenome were identified using BLASTn (Altschul et al., 1990). The best match for each sequence was identified first to the species level (where all matches were at least 98%) but 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 were considered, not abundance.



Bacterial Taxonomic Analysis

Relative abundance of bacterial taxa (classes and genera) were determined using MATAM (Pericard et al., 2018). Reads originated from 16s genes were identified and assembled into contigs, and we set the coverage threshold to be 500×. We also used MATAM for taxonomic assignment using the “perform taxonomic assignment” option. This calls an RDP Classifier (Wang et al., 2007), which is a naive Bayesian classifier with the default training model “16srrna.” MATAM also reports the coverage of each contig to be used for the calculation of relative abundance; here we only kept those with coverage above 1 as a quality control, excluded contigs that could not be identified, and collapsed taxa that represented less than 1% of the community into one category. We used the relative abundances of each phylum and genus to run a non-metric multidimensional analysis (NMDS) using a Bray-Curtis dissimilarity index with the vegan package in the R statistical programming environment (Oksanen et al., 2013; R Core Team, 2013). Relative abundance was calculated as the proportion of each bacterial genus or class compared to the total quantity of bacteria in the sample (McKnight et al., 2018). Also using the vegan package, we used ANOSIM and PERMANOVA to determine if groups (grass-cutters vs. dicot-cutters) or species (A. sexdens, A. laevigata, A. capiguara, and A. bisphaerica) were significantly different. We also used ANOSIM and PERMANOVA to compare bacterial communities based on species within substrate groups. Finally, using the vegan package we calculated the Shannon diversity index to compare the diversity of each sample on the basis of the bacterial genera present. We tested whether dicot-cutter ant fungus gardens have a more diverse bacterial community by comparing the Shannon diversity of the genera, and also comparing genus richness, both using two-sample t-tests in the R statistical programming environment. 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 et al., 2014).



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 et al., 2016). Briefly, genes were associated with KO terms (Kanehisa et al., 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 relative abundance. As with genus group differences, we used DESeq2 to determine what genes are significantly enriched between grass- and dicot-cutter ant fungus gardens. Since DESeq2 requires inputs to be integers, we used number of gene copies per million genes in the metagenomes as our input (Alneberg et al., 2014).



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 gardens then the remaining fungus garden material (triturated plants covered in fungus) was analyzed at the UW Soil and Forage Lab in Marshfield, WI, using standard methods. Approximately 0.5 g of dried and ground fungus garden material was weighed out into a folin digestion tube. The material was then digested in 5 mL of concentrated nitric acid (67–70%), and heated to 120°C for 4 h. Next, 1 mL of hydrogen peroxide (30%) was added, and the samples were heated for a further 20 min before being diluted and analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Fassel and Kniseley, 1974).




RESULTS


Metagenomic Statistics

A summary of metagenome statistics is presented in Table 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 to 701.42 Kbp, with an average maximum scaffold length of 266.6 Kbp. Between 91.63 and 99.31% of reads were aligned.


TABLE 2. Metagenome sequencing statistics for leaf-cutter ant fungus gardens.
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Bacterial Taxonomic Analysis

Overall, while there is some overlap in the NMDS plot, Atta spp. fungus garden bacterial communities differed from each other, depending on if the ants were grass- or dicot-cutters (ANOSIM R = 0.369, p = 0.005, PERMANOVA p = 0.001) (Figure 2). The same analysis based on species (both across all samples and within substrate-specialized groups) did not show a significant difference. All fungus garden bacterial communities were dominated by Proteobacteria. Grass-cutter ant fungus gardens were comprised mostly of Gammaproteobacteria (94%), and while their proportion was still high, it was lower in dicot-cutter ant fungus gardens (54%). Alphaproteobacteria were also a dominant class in dicot-cutter ant fungus gardens where they were 34% of the average bacterial community. The most relatively abundant genus in all the fungus gardens was Pantoea, at 67 and 16% of the grass- and dicot-cutter ant fungus gardens, respectively. Other abundant genera were Pseudomonas at 18 and 16% of the grass- and dicot-cutter ant fungus gardens, respectively, and Gluconobacter, which was 19% of the bacterial community in dicot-cutter ant fungus gardens, but was not found at all in grass-cutter ant fungus gardens. Burkholderia and Enterobacter were found in both fungus gardens at an average proportion of 2% of the bacterial community (Figure 3A). Both grass- and dicot-cutter ant fungus gardens contained bacterial genera that were unique to the their respective groups, but there were more of these substrate-specific bacteria in the dicot-cutter ant fungus gardens, and this contributed to the higher overall diversity of bacteria in them (Shannon diversity index of 1.46) compared to the grass-cutter ant fungus gardens (Shannon diversity index of 0.71) (t = -2.3332, df = 10, p = 0.0209) (Figure 3B). This is also reflected in the mean genus richness, which were 7.7 and 4.3 genera in the dicot- and grass-cutter ant fungus gardens, respectively (t = -2.3063, df = 10, p = 0.02189) (Figure 3C). Despite these patterns, DESeq2 analysis did not find significant differences between particular high-abundant genera between the two types of fungus gardens, likely due to low power in the analysis.
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FIGURE 2. NMDS plot of the relative abundance of bacterial genera in fungus gardens of grass- and dicot-cutter ants.
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FIGURE 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. All data are based on 16S sequences extracted from the metagenomes using MATAM, and are relative abundances. (A) Pie charts showing proportions of different bacterial genera in the fungus gardens. (B) Shannon diversity index of bacterial genera (t = -2.3332, df = 10, p = 0.0209). (C) Bacterial genus richness (t = -2.3063, df = 10, p = 0.02189). (B,C) Only include genera that consist of more than 1% of the total relative abundance.




Bacterial Functional Analysis

Overall, we found significant differences in the predicted bacterial community functional profiles between grass- and dicot-cutter ant fungus gardens (ANOSIM R = 0.422, p = 0.006, PERMANOVA p = 0.001) (Figure 4). All individual bacterial genes that were significantly different between grass- and dicot-cutter ant fungus gardens are listed in Supplementary Table 1. In total, 514 predicted bacterial genes were significantly enriched, with 313 and 201 genes significantly enriched in grass- and dicot-cutter ant gardens, respectively (Supplementary Table 2 and Supplementary Figures 4–6). 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 5) and had a significantly higher relative abundance of a gene in the nitrogen fixation pathway, nitrogenase molybdenum-iron protein beta chain (Supplementary Table 2). Dicot-cutter ant fungus gardens were particularly enriched in membrane transport genes (Figure 5).
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FIGURE 4. NMDS plot of KO functional genes from grass- and dicot-cutter ant fungus gardens.
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FIGURE 5. Particular groups of genes are enriched in either the grass- or dicot-cutter ant fungus gardens. 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.




Plant Taxonomy and Consistency

The incorporated plant material was markedly different in consistency between the fungus gardens. Atta bisphaerica and A. capiguara gardens both contained material that was clearly grass, which was not triturated (Figure 1). In contrast, the leaf material in the fungus gardens of A. laevigata and A. sexdens was triturated to the point of being unrecognizable as plant material (Figure 1). We detected 68 plant species based on the MatK gene query in the metagenomes, from 40 genera and 15 families. 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). Although A. laevigata has been described in the literature as a grass and dicot-cutter, here we consider it a dicot-cutter for several reasons: the fungus garden consistency and amount of leaf trituration were like those of other dicot-cutter ants (Figure 1), the MatK data show that grass was not found in the fungus gardens of A. laevigata colony 2 (Table 3), and finally, the colonies used in the study were observed to be cutting mostly dicots even though all A. laevigata colonies were found in areas where both grasses and dicots were available (personal observation, Figure 1). As a result, we would expect that the bacterial community would be exposed to conditions most similar to other dicot-cutter ant fungus gardens.


TABLE 3. Plant genera detected in each fungus garden sample using MatK gene.
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Iron Content

The iron content of the fungus gardens is displayed in Figure 6. This represents the iron in the fungus garden, originated from plants. 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.
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FIGURE 6. Iron content of fungus gardens from this study as measured by inductively coupled plasma optical emission spectroscopy.





DISCUSSION

We can better understand animal diet specialization and transitions to novel substrates by understanding how microbial symbiont communities change in relation to transitions in host substrate use. Atta ants provide a relatively unique opportunity to examine a group of closely related herbivores that have transitioned from specialization on dicots to grasses. These plants differ in terms of their cell wall composition, nutrient density and defense compounds. Here, using metagenomic sequencing, we examine this transition in the bacterial community in the fungus gardens of ants that are specialized on these different substrates. The results of this study demonstrate that bacterial communities differ in composition and functional capacity, depending on the type of substrate ants incorporate into their gardens. These differences suggest that the bacteria might play a role in mediating the relationship between leaf-cutter ant colonies and the plants they consume.

While the grass- and dicot-cutter ant fungus gardens differed significantly, it is interesting to note that there is some overlap between the A. laevigata fungus garden bacterial community with that of the grass-cutters A. bisphaerica and A. capiguara (Figure 2). This may be a reflection of A. laevigata as a transitional species in terms of substrate choice. These ants do incorporate some grass into their fungus gardens (Table 3) so it should not be surprising that there is more overlap between the bacterial communities in these fungus gardens and the grass-cutter ant fungus gardens. Even so, we maintain that, both in terms of the metagenomes and fungus garden characteristics, A. laevigata is best categorized as a dicot-cutter ant species.

If bacteria in fungus gardens are responsible for the breakdown of recalcitrant plant biomass, which is found in plant cell walls, we would expect bacterial communities in the two ant groups examined would be differentially enriched in genes necessary for plant biomass breakdown. Grass cell walls contain (1→3),(1→4)-β-D-glucan chains and silica, neither of which are present in dicots (Popper and Tuohy, 2010). In other systems specialized on grass biomass breakdown, the microbes responsible for this produce specialized enzymes (King et al., 2011) and have genomes that are adapted for this function (Wolfe et al., 2012). In this system, between the bacterial communities in grass- and dicot-cutter ant fungus gardens, we do not identify a significant difference in the relative abundance of genes responsible for plant biomass degradation, namely glycoside hydrolases, carbohydrate esterases, carbohydrate binding molecules, polysaccharide lyases, and glycosyl transferases (Supplementary Table 1). Thus, we conclude that garden bacteria do not respond to changes in cell wall structure between grasses and dicots. Instead, we expect that the genome or gene expression in the fungus from these two systems would show differences, especially since the fungus is the primary degrader of plant biomass in leaf-cutter ant fungus gardens (Nagamoto et al., 2011; Aylward et al., 2013; Grell et al., 2013; Khadempour et al., 2016).

Leaf-cutter ants, in general, cut an exceptionally broad diversity of plants (Mayhé-Nunes and 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. Leaf-cutter ant genomes are not enriched in gene families for plant defense compound detoxification (Rane et al., 2016), so they must reduce the intake of these chemicals in other ways, many of which involve ant behavior, such as foraging preferences and leaf processing (Hubbell et al., 1984; Howard, 1988; Wirth et al., 1997; Hart and Ratnieks, 2000; Roschard and Roces, 2003). Nevertheless, some quantity of volatiles can make their way into the gardens (Supplementary Methods and Supplementary Figure 2).

In order to mitigate deleterious effects of plant defense compounds, we expect that L. gongylophorus would produce enzymes to degrade them. Indeed, work by De Fine Licht et al. (2013) implicates an important role for fungal cultivar-derived laccases in detoxifying these compounds. However, bacteria in the garden may also mediate effects of plant defense compounds, especially those that are toxic to the fungus, or that the fungus does not have the capacity to detoxify. Some evidence that bacteria found in dicot-cutter ant fungus gardens are better equipped to contend with toxic plant compounds is the higher abundance of membrane transport genes, especially ABC transporters in dicot-cutter ant fungus gardens (Figure 5), as these are known to be important in responding to toxins (Putman et al., 2000; Glavinas et al., 2004). 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 (Supplementary Table 1), and aromatic compound degradation (Supplementary Figures 4, 5), but they are not consistently enriched in the dicot-cutter ant fungus gardens. Since dicot-cutter ants incorporate a higher diversity of plants into their gardens (Table 3), we expect 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 defense compounds. While we did observe a greater diversity of bacteria in the dicot-cutter ant fungus gardens (Figure 3), we did not see a significant enrichment of plant defense compound degradation genes in these gardens (Figure 5 and Supplementary Table 1). However, we still cannot exclude the possibility that bacteria are taking part in this process. Since each dicot-cutter ant colony cuts a unique and diverse set of plants (Table 3), they potentially encounter unique and diverse plant chemistries, including 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. In addition, we sampled only the middle section of the fungus gardens, for reasons described in the section “Materials and Methods.” It is possible that we would see an enrichment for plant defense compound detoxification genes in the top of the fungus garden, where fresh plant material is deposited. 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, and have been pursued as a follow-up to this study (Francoeur et al., 2020).

Pinto-Tomás et al. (2009) established that Pantoea and Klebsiella bacteria in Central American leaf-cutter ant fungus gardens supplement the ant diet through nitrogen fixation. Many herbivores supplement their diets through bacterial nitrogen fixation because the plants they consume do not supply enough (Douglas, 2009; Hansen and Moran, 2013). Grasses are especially low in nitrogen (Mattson, 1980; Winkler and Herbst, 2004), so we predict 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 a nitrogenase molybdenum-iron protein beta chain gene is significantly more abundant in grass-cutter ant fungus gardens (Supplementary Table 1). Other genes that are related to nutrient acquisition are also significantly more abundant in these gardens (Figure 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-Tomás et al., 2009), animals cannot simply absorb nitrogen as ammonium or 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 Atta is deficient in genes in this pathway (Suen et al., 2011b). While a transcriptome study of L. gongylophorus demonstrated that the cultivar has the genes necessary for arginine biosynthesis (Licht et al., 2014), the bacteria could supplement this process.

Other categories of genes enriched in the grass-cutter ant fungus garden bacteria are those involved in metabolism of terpenoids and other 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 enrichment of these genes suggests that iron acquisition is important in this system. The grass-cutter ant fungus gardens examined in this study contained lower amounts of iron than the dicot-cutter ant fungus gardens (Figure 6). Since iron is an important cofactor in cells, and typically has low concentration in soils, it is a limiting resource for plants, and the organisms that feed on them (Briat et al., 2006). The movement of iron in the leaf-cutter ant fungus gardens provides an interesting and unexplored avenue for future studies.

Terpenoids are the most abundant secondary metabolites found in plants, and serve diverse roles (Langenheim, 1994; Gershenzon and Dudareva, 2007). The majority of research into the connection between plant terpenoids and animal-microbe symbioses are in regard to the detoxification of terpenes that would be deleterious to the animal host (Wang et al., 2012; Adams et al., 2013; Boone et al., 2013; Cheng et 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 et al., 2017). Dicots contain higher quantities of terpenoids (Wetterer, 1994; Mariaca et 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 5 and Supplementary Figure 2).

Overall, this study demonstrates that the bacterial community differs in both community composition and functional capacity between grass- and dicot-cutter ant fungus gardens. We argue that the difference in functional capacity of bacteria in the different gardens can be used by the fungus and, downstream of that, the ants in this system. As an extension of this, the bacteria may allow grass-cutter ants to utilize a lower quality substrate than their dicot-cutter counterparts. Of course, this is all based on metagenomic work, and has its limitations. First, the steps of transcription and translation lie between the number of gene copies and ultimate function. However, previous efforts to examine the bacterial community in situ, both through metaproteomics and metatranscriptomics, have not been fruitful, since the fungal biomass, transcripts, and proteins swamp out the bacterial portion (Khadempour et al., 2016; Moreira-Soto et al., 2017). Therefore, to date, this work provides the most comprehensive analysis of the bacterial community in leaf-cutter ant fungus gardens. Follow-up studies will focus on bacteria both in culture and in fungus gardens using more targeted approaches to either confirm or contradict the results of this study, which suggest that the bacteria in leaf-cutter ant fungus gardens may play a role in mediating the relationship between ants and the types of plants that they incorporate into their gardens.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the online repositories. The names of the repository/repositories and accession number(s) can be found below: https://img.jgi.doe.gov/, 3300013023, 3300013025, 3300013022, 3300012994, 3300012996, 3300012997, 3300013000, 3300012995, 3300012998, 3300012999, 3300013002, and 3300013001.



AUTHOR CONTRIBUTIONS

LK and CC conceived of the project. LK, HF, and CC-S performed computational and statistical analysis. LK designed sampling methodology. LK, MD, and KK-R performed lab work. LK and NN performed field work. MP and CC provided resources and facilities. LK, HF, KK-R, and CC wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded in part by the U.S. Department of Energy Great Lakes Bioenergy Research Center (DOE Office of Science BER DE-FC02-07ER64494), the National Institute of Food and Agriculture, United States Department of Agriculture, under ID No. 1003779, the National Institutes of Health (NIH Grant U19TW009872), and the São Paulo Research Foundation (FAPESP Grant 2013/50954-0). Collection at the UNESP campus in Botucatu was completed under the ICMBio permit 31534-1. Collection at the USP campus in Riberão Preto was completed under the SISBIO permit 46555-5 and CNPq permit 010936/2014-9. The work conducted by the DOE Joint Genome Institute, a DOE Office of Science User Facility, was supported by the Office of Science of the DOE under Contract No. DE-AC02-05CH11231.



ACKNOWLEDGMENTS

We would like to thank Andre Rodrigues of UNESP for his help with collections and permits.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.570770/full#supplementary-material



REFERENCES

Adams, A. S., Aylward, F. O., Adams, S. M., Erbilgin, N., Aukema, B. H., Currie, C. R., et al. (2013). Mountain pine beetles colonizing historical and naive host trees are associated with a bacterial community highly enriched in genes contributing to terpene metabolism. Appl. Environ. Microbiol. 79, 3468–3475. doi: 10.1128/aem.00068-13

Adams, A. S., Jordan, M. S., Adams, S. M., Suen, G., Goodwin, L. A., Davenport, K. W., et al. (2011). Cellulose-degrading bacteria associated with the invasive woodwasp Sirex noctilio. ISME J. 5, 1323–1331. doi: 10.1038/ismej.2011.14

Alneberg, J., Bengtsson-Palme, J., de Bruijn, I., Hugerth, L., Huss, M., and Svensson, T. (2014). Normalization of Count Data from the Metagenomic Data Sets. Available online at: http://2014-5-metagenomics-workshop.readthedocs.io/en/latest/annotation/normalization.html (accessed January 5, 2017).

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 214, 403–410.

Aylward, F. O., Burnum, K. E., Scott, J. J., Suen, G., Tringe, S. G., Adams, S. M., et al. (2012a). Metagenomic and metaproteomic insights into bacterial communities in leaf-cutter ant fungus gardens. ISME J. 6, 1688–1701. doi: 10.1038/ismej.2012.10

Aylward, F. O., Currie, C., and Suen, G. (2012b). The evolutionary innovation of nutritional symbioses in leaf-cutter ants. Insects 3, 41–61. doi: 10.3390/insects3010041

Aylward, F. O., Burnum-Johnson, K. E., Tringe, S. G., Teiling, C., Tremmel, D. M., Moeller, J. A., et al. (2013). Leucoagaricus gongylophorus produces diverse enzymes for the degradation of recalcitrant plant polymers in leaf-cutter ant fungus gardens. Appl. Environ. Microbiol. 79, 3770–3778. doi: 10.1128/aem.03833-12

Aylward, F. O., Suen, G., Biedermann, P. H. W., Adams, A. S., Scott, J. J., Malfatti, S. A., et al. (2014). Convergent bacterial microbiotas in the fungal agricultural systems of insects. mBio 5:e02077-14. doi: 10.1128/mbio.02077-14

Bass, M., and Cherrett, J. M. (1995). Fungal hyphae as a source of nutrients for the leaf-cutting ant Atta sexdens. Physiol. Entomol. 20, 1–6. doi: 10.1111/j.1365-3032.1995.tb00793.x

Berasategui, A., Salem, H., Paetz, C., Santoro, M., Gershenzon, J., Kaltenpoth, M., et al. (2017). Gut microbiota of the pine weevil degrades conifer diterpenes and increases insect fitness. Mol. Ecol. 26, 4099–4110. doi: 10.1111/mec.14186

Boone, C. K., Keefover-Ring, K., Mapes, A. C., Adams, A. S., Bohlmann, J., and Raffa, K. F. (2013). Bacteria associated with a tree-killing insect reduce concentrations of plant defense compounds. J. Chem. Ecol. 39, 1003–1006. doi: 10.1007/s10886-013-0313-0

Briat, J.-F., Cellier, F., and Gaymard, F. (2006). “Ferritins and iron accumulation in plant tissues,” in Iron Nutrition in Plants and Rhizospheric Microorganisms, eds L. L. Barton and J. Abadia (Netherlands: Springer), 341–357. doi: 10.1007/1-4020-4743-6_17

Bushnell, B. (2017). BBMap. Available online at: sourceforge.net/projects/bbmap/ (accessed February 15, 2017).

Chen, I.-M. A., Chu, K., Palaniappan, K., Pillay, M., Ratner, A., Huang, J., et al. (2018). IMG/M v.5.0: an integrated data management and comparative analysis system for microbial genomes and microbiomes. Nucleic Acids Res. 47, D666–D677. doi: 10.1093/nar/gky901

Cheng, X.-Y., Tian, X.-L., Wang, Y.-S., Lin, R.-M., Mao, Z.-C., Chen, N., et al. (2013). Metagenomic analysis of the pinewood nematode microbiome reveals a symbiotic relationship critical for xenobiotics degradation. Nature 3, 237–210. doi: 10.1038/srep01869

Costa, A. N., Vasconcelos, H. L., Vieira-Neto, E. H. M., and Bruna, E. M. (2008). Do herbivores exert top-down effects in Neotropical savannas? Estimates of biomass consumption by leaf-cutter ants. J. Veg. Sci. 19, 849–854. doi: 10.3170/2008-8-18461

Crosa, J. H. (1989). Genetics and molecular biology of siderophore-mediated iron transport in bacteria. Microbiol. Rev. 53, 517–530. doi: 10.1128/mmbr.53.4.517-530.1989

De Fine Licht, H. H., Schiøtt, M., Rogowska-Wrzesinska, A., Nygaard, S., Roepstorff, P., and Boomsma, J. J. (2013). Laccase detoxification mediates the nutritional alliance between leaf-cutting ants and fungus-garden symbionts. PNAS 110, 583–587. doi: 10.1073/pnas.1212709110

Delsuc, F., Metcalf, J. L., Parfrey, L. W., Song, S. J., Gonzalez, A., and Knight, R. (2013). Convergence of gut microbiomes in myrmecophagous mammals. Mol. Ecol. 23, 1301–1317. doi: 10.1111/mec.12501

Douglas, A. E. (2009). The microbial dimension in insect nutritional ecology. Funct. Ecol. 23, 38–47. doi: 10.1111/j.1365-2435.2008.01442.x

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Fassel, V. A., and Kniseley, R. N. (1974). Inductively coupled plasma-optical emission spectroscopy. Anal. Chem. 46, 1110A–1112A.

Fowler, H., Forti, L., Pereira-da-Silva, V., and Saes, N. (1986). “Economics of grass-cutting ants,” in Fire Ants and Leaf-Cutting Ants, eds C. S. Lofgren and R. K. V. Meer (Boulder, CO: Westview Press), 18–35. doi: 10.1201/9780429038266-3

Francoeur, C. B., Khadempour, L., Moreira-Soto, R. D., Gotting, K., Book, A. J., Pinto-Tomás, A. A., et al. (2020). Bacteria contribute to plant secondary compound degradation in a generalist herbivore system. mBio 11:e02146-20. doi: 10.1128/mBio.02146-20

Gershenzon, J., and Dudareva, N. (2007). The function of terpene natural products in the natural world. Nat. Chem. Biol. 3, 408–414. doi: 10.1038/nchembio.2007.5

Glavinas, H., Krajcsi, P., Cserepes, J., and Sarkadi, B. (2004). The role of ABC transporters in drug resistance, metabolism and toxicity. Curr. Drug Deliv. 1, 27–42. doi: 10.2174/1567201043480036

Grell, M. N., Linde, T., Nygaard, S., Nielsen, K. L., Boomsma, J. J., and Lange, L. (2013). The fungal symbiont of Acromyrmex leaf-cutting ants expresses the full spectrum of genes to degrade cellulose and other plant cell wall polysaccharides. BMC Genomics 14:928. doi: 10.1186/1471-2164-14-928

Gutiérrez, J. L., and Jones, C. G. (2006). Physical ecosystem engineers as agents of biogeochemical heterogeneity. BioScience 56, 227–236. doi: 10.1641/0006-3568(2006)056[0227:peeaao]2.0.co;2

Hammer, T. J., and Bowers, M. D. (2015). Gut microbes may facilitate insect herbivory of chemically defended plants. Oecologia 179, 1–14. doi: 10.1007/s00442-015-3327-1

Hansen, A. K., and Moran, N. A. (2011). Aphid genome expression reveals host-symbiont cooperation in the production of amino acids. PNAS 108, 2849–2854. doi: 10.1073/pnas.1013465108

Hansen, A. K., and Moran, N. A. (2013). The impact of microbial symbionts on host plant utilization by herbivorous insects. Mol. Ecol. 23, 1473–1496. doi: 10.1111/mec.12421

Hart, A. G., and Ratnieks, F. L. W. (2000). Leaf caching in Atta leafcutting ants: discrete cache formation through positive feedback. Anim. Behav. 59, 587–591. doi: 10.1006/anbe.1999.1332

Herz, H., Beyschlag, W., and Hölldobler, B. (2007). Herbivory rate of leaf-cutting ants in a tropical moist forest in Panama at the population and ecosystem scales. Biotropica 39, 482–488. doi: 10.1111/j.1744-7429.2007.00284.x

Hess, M., Sczyrba, A., Egan, R., Kim, T.-W., Chokhawala, H., Schroth, G., et al. (2011). Metagenomic discovery of biomass-degrading genes and genomes from cow rumen. Science 331, 463–467. doi: 10.1126/science.1200387

Hollingsworth, P. M., Graham, S. W., and Little, D. P. (2011). Choosing and Using a Plant DNA Barcode. PLoS One 6:e19254. doi: 10.1371/journal.pone.0019254

Howard, J. J. (1988). Leafcutting and diet selection: relative influence of leaf chemistry and physical features. Ecology 69, 250–260. doi: 10.2307/1943180

Hubbell, S. P., Howard, J. J., and Wiemer, D. F. (1984). Chemical leaf repellency to an attine ant: seasonal distribution among potential host plant species. Ecology 65, 1067–1076. doi: 10.2307/1938314

Huntemann, M., Ivanova, N. N., Mavromatis, K., Tripp, H. J., Paez-Espino, D., Tennessen, K., et al. (2016). The standard operating procedure of the DOE-JGI metagenome annotation pipeline (MAP v.4). Stand. Genomic Sci. 11:17. doi: 10.1186/s40793-016-0138-x

Kanehisa, M., Goto, S., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2014). Data, information, knowledge and principle: back to metabolism in KEGG. Nucleic Acids Res. 42, D199–D205. doi: 10.1093/nar/gkt1076

Khadempour, L., Burnum, K. E., Baker, E. S., Nicora, C. D., and Webb-Robertson, B.-J. M. III (2016). The fungal cultivar of leaf-cutter ants produces specific enzymes in response to different plant substrates. Mol. Ecol. 25, 5795–5805. doi: 10.1111/mec.13872

King, B. C., Waxman, K. D., Nenni, N. V., Walker, L. P., Bergstrom, G. C., and Gibson, D. M. (2011). Arsenal of plant cell wall degrading enzymes reflects host preference among plant pathogenic fungi. Biotechnol. Biofuels 4, 4–18. doi: 10.1186/1754-6834-4-4

Kohl, K. D., Weiss, R. B., Cox, J., Dale, C., and Dearing, M. D. (2014). Gut microbes of mammalian herbivores facilitate intake of plant toxins. Ecol. Lett. 17, 1238–1246. doi: 10.1111/ele.12329

Kohl, K. D., and Yahn, J. (2016). Effects of environmental temperature on the gut microbial communities of tadpoles. Environ. Microbiol. 18, 1561–1565. doi: 10.1111/1462-2920.13255

Kooij, P. W., Schiøtt, M., Boomsma, J. J., and Licht, H. H. D. F. (2011). Rapid shifts in Atta cephalotes fungus-garden enzyme activity after a change in fungal substrate (Attini, Formicidae). Insectes Sociaux 58, 145–151. doi: 10.1007/s00040-010-0127-9

Kudo, T. (2009). Termite-microbe symbiotic system and its efficient degradation of lignocellulose. Biosci. Biotechnol. Biochem. 73, 2561–2567. doi: 10.1271/bbb.90304

Langenheim, J. H. (1994). Higher plant terpenoids: A phytocentric overview of their ecological roles. J. Chem. Ecol. 20, 1223–1280. doi: 10.1007/bf02059809

LeBlanc, J. G., Milani, C., Giori, G. S., de, Sesma, F., van Sinderen, D., et al. (2013). Bacteria as vitamin suppliers to their host: a gut microbiota perspective. Curr. Opin. Biotechnol. 24, 160–168. doi: 10.1016/j.copbio.2012.08.005

Li, Z., Wright, A.-D. G., Liu, H., Bao, K., Zhang, T., Wang, K., et al. (2015). Bacterial community composition and fermentation patterns in the rumen of sika deer (Cervus nippon) fed three different diets. Microb. Ecol. 69, 307–318. doi: 10.1007/s00248-014-0497-z

Licht, H. H. D. F., Boomsma, J. J., and Tunlid, A. (2014). Symbiotic adaptations in the fungal cultivar of leaf-cutting ants. Nat. Commun. 5:5675. doi: 10.1038/ncomms6675

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 31–21. doi: 10.1186/s13059-014-0550-8

Mariaca, R. G., Berger, T. F. H., Gauch, R., Imhof, M. I., Jeangros, B., and Bosset, J. O. (1997). Occurrence of volatile mono- and sesquiterpenoids in highland and lowland plant species as possible precursors for flavor compounds in milk and dairy products. J. Agric. Food Chem. 45, 4423–4434. doi: 10.1021/jf970216t

Mattson, W. J. (1980). Herbivory in relation to plant nitrogen content. Annu. Rev. Ecol. Syst. 11, 119–161. doi: 10.1146/annurev.es.11.110180.001003

Mayhé-Nunes, A., and Jaffe, K. (1998). On the biogeography of Attini (Hymenoptera: Formicidae). Ecotropicos 11, 45–54.

McKnight, D. T., Huerlimann, R., Bower, D. S., Schwarzkopf, L., Alford, R. A., and Zenger, K. R. (2018). Methods for normalizing microbiome data: An ecological perspective. Methods Ecol. Evol. 10, 389–400. doi: 10.1111/2041-210x.13115

Meirelles, L. A., McFrederick, Q. S., Rodrigues, A., Mantovani, J. D., Rodovalho, C., de, M., et al. (2016). Bacterial microbiomes from vertically transmitted fungal inocula of the leaf-cutting antAtta texana: Microbiomes of the leaf-cutting antAtta texana. Environ. Microbiol. Rep. 8, 630–640. doi: 10.1111/1758-2229.12415

Moreira-Soto, R. D., Sanchez, E., Currie, C. R., and Pinto-Tomás, A. A. (2017). Ultrastructural and microbial analyses of cellulose degradation in leaf-cutter ant colonies. J. Gen. Microbiol. 163, 1578–1589. doi: 10.1099/mic.0.000546

Moutinho, P., Nepstad, D. C., and Davidson, E. A. (2003). Influence of leaf-cutting ant nests on secondary forest growth and soil properties in Amazonia. Ecology 84, 1265–1276. doi: 10.1890/0012-9658(2003)084[1265:iolano]2.0.co;2

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., Gonzalez, A., Fontana, L., et al. (2011). Diet drives convergence in gut microbiome functions across mammalian phylogeny and within humans. Science 332, 970–974. doi: 10.1126/science.1198719

Nagamoto, N. S., Carlos, A. A., Moreira, S. M., Verza, S. S., Hirose, G. L., and Forti, L. C. (2009). Differentiation in selection of dicots and grasses by the leaf-cutter ants Atta capiguara, Atta laevigata and Atta sexdens rubropilosa. Sociobiology 54, 127–138.

Nagamoto, N. S., Garcia, M. G., Forti, L. C., Verza, S. S., Noronha, N. C., and Rodella, R. A. (2011). Microscopic evidence supports the hypothesis of high cellulose degradation capacity by the symbiotic fungus of leaf-cutting ants. J. Biol. Res. Thessaloniki 16, 308–312.

North, R. D., Jackson, C. W., and Howse, P. E. (1997). Evolutionary aspects of ant-fungus interactions in leaf-cutting ants. Trends Ecol. Evol. 12, 386–389. doi: 10.1016/s0169-5347(97)87381-8

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., et al. (2013). vegan: Community Ecology Package. Available online at: http://CRAN.R-project.org/package=vegan (accessed January 5, 2017).

Pericard, P., Dufresne, Y., Couderc, L., Blanquart, S., and Touzet, H. (2018). MATAM: reconstruction of phylogenetic marker genes from short sequencing reads in metagenomes. Bioinformatics 34, 585–591. doi: 10.1093/bioinformatics/btx644

Pinto-Tomás, A. A., Anderson, M. A., Suen, G., Stevenson, D. M., Chu, F. S. T., Cleland, W. W., et al. (2009). Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science 326, 1120–1123. doi: 10.1126/science.1173036

Popper, Z. A., and Tuohy, M. G. (2010). Beyond the Green: Understanding the Evolutionary Puzzle of Plant and Algal Cell Walls. Plant Physiol. 153, 373–383. doi: 10.1104/pp.110.158055

Putman, M., van Veen, H. W., and Konings, W. N. (2000). Molecular properties of bacterial multidrug transporters. Microbiol. Mol. Biol. R. 64, 672–693. doi: 10.1128/mmbr.64.4.672-693.2000

R Core Team (2013). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Raffa, K. F. (2013). Terpenes tell different tales at different scales: glimpses into the chemical ecology of conifer - bark beetle - microbial interactions. J. Chem. Ecol. 40, 1–20. doi: 10.1007/s10886-013-0368-y

Rane, R. V., Walsh, T. K., Pearce, S. L., Jermiin, L. S., Gordon, K. H., Richards, S., et al. (2016). Are feeding preferences and insecticide resistance associated with the size of detoxifying enzyme families in insect herbivores? Curr. Opin. Insect Sci. 13, 70–76. doi: 10.1016/j.cois.2015.12.001

Roschard, J., and Roces, F. (2003). Cutters, carriers and transport chains: Distance-dependent foraging strategies in the grass-cutting ant Atta vollenweideri. Insectes Sociaux 50, 237–244. doi: 10.1007/s00040-003-0663-7

Sapountzis, P., Zhukova, M., Hansen, L. H., Sørensen, S. J., Schiøtt, M., and Boomsma, J. J. (2015). Acromyrmex leaf-cutting ants have simple gut microbiota with nitrogen-fixing potential. Appl. Environ. Microb. 81, 5527–5537. doi: 10.1128/aem.00961-15

Scott, J. J., Budsberg, K. J., Suen, G., Wixon, D. L., Balser, T. C., and Currie, C. R. (2010). Microbial community structure of leaf-cutter ant fungus gardens and refuse dumps. PLoS One 5:e9922. doi: 10.1371/journal.pone.0009922

Solomon, S. E. (2007). Biogeography and Evolution of Widespread Leafcutting Ants, Atta spp. (Formicidae, Attini). Austin, TX: University Of Texas.

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

Suen, G., Scott, J. J., Aylward, F. O., and Currie, C. R. (2011a). “The microbiome of leaf-cutter ant fungus gardens,” in Handbook of Molecular Microbial Ecology, Volume III: Metagenomics in Different Habitats, ed. F. J. de Bruijn (Hoboken, NJ: John Wiley & Sons, Inc), 367–379. doi: 10.1002/9781118010549.ch36

Suen, G., Teiling, C., Li, L., Holt, C., Abouheif, E., Bornberg-Bauer, E., et al. (2011b). The genome sequence of the leaf-cutter ant Atta cephalotes reveals insights into its obligate symbiotic lifestyle. PLoS Genet. 7:e1002007. doi: 10.1371/journal.pgen.1002007

Talbot, P. H. B. (1977). The sirex-amylostereum-pinus association. Annu. Rev. Phytopathol. 15, 41–54. doi: 10.1146/annurev.py.15.090177.000353

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/aem.00062-07

Wang, Y., Lim, L., DiGuistini, S., Robertson, G., Bohlmann, J., and Breuil, C. (2012). A specialized ABC efflux transporter GcABC-G1 confers monoterpene resistance to Grosmannia clavigera, a bark beetle-associated fungal pathogen of pine trees. New Phytologist 197, 886–898. doi: 10.1111/nph.12063

Warnecke, F., Luginbühl, P., Ivanova, N., Ghassemian, M., Richardson, T. H., Stege, J. T., et al. (2007). Metagenomic and functional analysis of hindgut microbiota of a wood-feeding higher termite. Nature 450, 560–565. doi: 10.1038/nature06269

Wetterer, J. K. (1994). “Nourishment and evolution in fungus-growing ants and their fungi,” in Nourishment and Evolution in Insect Societies, eds J. H. Hunt and C. A. Nalepa (Boulder, CO: Westview Press), 309–328.

White, T. C. R. (1993). The Inadequate Environment. Cham: Springer-Verlag.

Winkelmann, G. (2002). Microbial siderophore-mediated transport. Biochem. Soc. Trans. 30, 691–696. doi: 10.1042/bst0300691

Winkler, J. B., and Herbst, M. (2004). Do plants of a semi-natural grassland community benefit from long-term CO2 enrichment? Basic Appl. Ecol. 5, 131–143. doi: 10.1078/1439-1791-00219

Wirth, R., Beyschlag, W., Ryel, R. J., and Holldobler, B. (1997). Annual foraging of the leaf-cutting ant Atta colombica in a semideciduous rain forest in Panama. J. Trop. Ecol. 13, 1–41.

Wolfe, B. E., Kuo, M., and Pringle, A. (2012). Amanita thiersii is a saprotrophic fungus expanding its range in the United States. Mycologia 104, 22–33. doi: 10.3852/11-056


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

The reviewer, PK declared a shared affiliation with one of the authors, NN, to the handling editor at the time of review.

Copyright © 2020 Khadempour, Fan, Keefover-Ring, Carlos-Shanley, Nagamoto, Dam, Pupo and Currie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-11-570770-g003.jpg
Bacterial Shannon

Bacterial genus
relative abundance

Diversity Index

Bacterial genus richness

10

II

@
=
-

Genera in fungus garden
Gammaproteobacteria
Pantoea
[ Enterobacter
| Erwinia
[ Pseudomonas
Acinetobacter
[l Citrobacter
Escherichia/Shigella
Klebsiella
l Tatumella
[l Rosenbergiella
- unclassified Enterobacteriaceae
Alphaproteobacteria
. unclassified Acetobacteraceae
W Tanticharoenia
[ Asaia
B Gluconobacter
B Komagataeibacter
|| Neoasaia
B Burkholderia
B unclassified Rhizobiales
Others
- unclassified Proteobacteria
. unclassified Entomoplasmataceae
Bl Mesoplasma
| Weissella
[l Nocardioides
less_than_1%





OPS/images/fmicb-11-570770-g004.jpg
NMDS2

0.4

0.2

0.0

ANOSIM R =0.422 p = 0.006
PERMANOVA p = 0.001

NMDS stress = 0.08

A A. bisphaerica
B A. capiguara
® A. laevigata
¢ A. sexdens

}Grass-cutters

} Dicot-cutters

-0.5

0.0

NMDS1

0.5





OPS/images/fmicb-11-570770-g001.jpg
Grass-cutters Dicot-cutters






OPS/images/fmicb-11-570770-g002.jpg
NMDS2

0.5 -

0.0 -

ANOSIM R =0.369 p = 0.005

PERMANOVA p = 0.001
NMDS stress = 0.137

L 4

A A. bisphaerica

B A. capiguara
® A. laevigata
¢ A. sexdens

}Grass-cutters

} Dicot-cutters

NMDS1






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Metagenomics Reveals Diet-Specific Specialization of Bacterial Communities in Fungus Gardens of Grass- and Dicot-Cutter Ants



		INTRODUCTION



		MATERIALS AND METHODS



		Collection of Fungus Garden



		DNA Extraction



		DNA Sequencing and Assembly



		Plant Genus Richness



		Bacterial Taxonomic Analysis



		Bacterial Functional Analysis



		Iron Content







		RESULTS



		Metagenomic Statistics



		Bacterial Taxonomic Analysis



		Bacterial Functional Analysis



		Plant Taxonomy and Consistency



		Iron Content







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-570770-g005.jpg
: : . I K02768 tcmO
Biosynthesis of type Il polyketide o K02770 elmD
. . : — K18893 cepH, sgcC3, mdpC3, kedY3
Biosynthesis of vanc_:omycm group — o dpgD
Nonribosomal peptide structures I K17316 bacC
[ K17240 mxcG
] K17238 pchF
I K17237
Biosynthesis of siderophore group — K1 7229 Sﬁﬂé
I K17215 mbtC
o K17214 mbtE
: [ K17213 mbtB
Type | polyketide structures ] K16299 amphL, nysL, pimD
[ ] K15576 riftM, asm45
] K15577 rifN, asm22
| K15578 rifH
Biosynthesis of ansamycins [ K15554 rifL, asm44
(/)] [ K15553 ri
-9- - K15555 rifk, asm24, asm43
e K15496 rifA
(o) ] K12368 BS, TPS11
Q0 I K11960 HVS
E I K11961 TPS21
O I K11962 CYP71D55
. . : - | K11963 TPS6_11
= Sesquiterpenoid and triterpenoid — K11959 TPS1
2 _— K12371 MXPSS1
© | K12370 EAS
= [ K12369 GERD
c [ K12372 LUP4
8 ] K11605 IPT
i i ; e K11606 UGT76C1_2
o g=gininlpeYIiE SIS e K11604 CYP735A
I K11607 CISZOG
'g I K10552 ZDS, crtQ
= I K11073 K10212, crtO
| K11075 AOG
N £y : E— K11074 CCS1
S Carotenoid biosynthesis — K11076 crtX
o} K11072 crtQ
= K10559 crtISO, crtH
8_ K10562 VDE, NPQ1
- K10561 ZEP, ABA1
O I K10545 CYP90D2, D2
: Brassinosteroid biosynthesis I K10544 CYP90A1, CPD
o [ K10543 CYP90B1, DWF4
_ Ry ) I K10539 CPS4
= Diterpenoid biosynthesis ] K10538 MAS
) ] K10537 E4.2.3.8
S [ K10117 FOHSDR
o [ K10109 GPS
© = K10017 hexPS, COQ1
0 — K10015 gCpE, ispG
Q e K10118 FLDH
= Terpenoid backbone biosynthesis [ K09970 dxr
F— K10014 ispB
] K10009 dxs
o K10016 ispH, IytB
[ K09972 FDPS
[ K10010 ispF
I K09815 evabD, eryBVII, aveBV, megDIV, stakE
Polyketide sugar unit biosynthesis ] K09816 wbiB
] K09817 tll
] K06160 tyll, CYP113B
Biosynthesis of 12-, 14- and  — §06858 g
o - — 05846 ery
16-membered macrolites — e eryF. CYP107A
I K05845
I K05816 atuk
Geraniol degradation I K05813 atuH
I K05814 atuF
[ K05815 atuC
K09523 hlyD, cyaD
K11315 a
Bacterial secretion system K03062 impK, ompA, vasF, dotU
K10389 vgrG
K00463 secE
I K07326 PTS-Gfr-EIID, gfrD
] K12096 PTS-EIIB, sorB -Sor
Phosphotransferase system I K12266 PTS-HPR.PTSO, ptsO, npr
K11294 PTS-EIIC, sorA -Sor
K12264 PTS-EIL.PTSI, ptsl
I K02841 yejB
I K03814 ecfA2
] K02843 yejE
[ K19302 iatP
K05286 aguk
K01230 aglG, ggtD
K10661 hisQ
K14026 togB
K10590 ABCA4
K10592 ABCA7
K12757 oleC4
K11090 dasB
K05291 chiG
K05292 gtsA, gicE
K09518 aapJ, bztA
ABC transporters K03850 rbsA
K02739 proV
K09540 modA
KO07151 araH
K09580 artQ
K03107 ABC.FEV.S
K01191 alsA
K03361 thiQ
K02735 livF
K00729 ABC.NGC.S
K08496 IptB
K02734 livG
K10967 potl
K02737 livM
K14005 ABCIZ2ICPSE R
K18134 attA1
I K02068 ABC.MS.P
: - I K02069 ABC.MS.P1
Saccharide, polyol, and lipid transporters — K02029 ABG X2 A
- K02030 ABC.X2.P
Metalic cation, iron-siderophore and vitamin B12 K01992 T
¥ I K06148 ABC-2.P
ABC-2 type and other transporters e ABG.CD P
Phenylalanine tyrosine and tryptophan metabolism ] K01667 quIA
: I K18383 YUCCA
Tryptophan metabolism — K02614 ASMT
I K05603 E4.1.99.2
I K01745 FAHD1
Tyrosine metabolism [ K07008 nagL
[ K01712 DBH
K18911 hpal, hpcH
] K12256 egtC
] K12254 hutH, HAL
Histidine metabolism I K12252 hdc, HDC
& I K01479 CARNMT1
7)) I K12255 hutF
— I K00673 E4.1.1.19
o ] K09471 spuC
% — K05526 aruH
e I K06447 arul
@ s . : — K10536 L3HYPDH
= Arginine and proline metabolism _ K01484 PUUA
© . K01585 puuD
et K00819 adiA
= K01474 astD
© K01473 astE
o K01470 puo
c I K03894 SETD2, SET2
= I K00471 MLL5
i i ]
< Lysine degradation — ﬁggggg oAk
I K11419 kdd
K11423 AGPHD1
Cysteine and methionine metabolism - K05396 DEP1
I K00302 GATM
I K00613 doeA
Glycine, serine and S KO00305 ectA
threonine metabolism —_— 00099 CH
[ K00304 dsdA
[ K00303 kbl, GCAT
K00294 SOXA
Kegg annotation category -3 - o 1 2 4 KO ID number Gene name

o
«Q
N
—h
o
o
O
=
Q
-]
«Q
®





OPS/images/fmicb-11-570770-g006.jpg
Fungus garden iron concentration (mg/kg)

7500

5000

2500

o

——

A. bisphaerica A. capiguara A. laevigata A. sexdens

L i —————————
Grass-cutters Dicot-cutters





OPS/images/cover.jpg
, frontiers
in Microbiology








OPS/images/fmicb-11-570770-t002.jpg
Leaf-cutter Scaffold Scaffold Main genome  Main genome Max scaffold Scaffolds > 50 Aligned reads Protein
ant colony total sequence scaffold scaffold length (Kbp) Kbp coding genes
total (Mbp) N/L50 N/L90
A. bisphaerica 1 628724 390.8 122506/740 467228/298 249.52 93 (2.07%) 163185122 607 042
(98.76%) (99.39%)
A. bisphaerica 2 939707 630.9 148370/926 680177/292 253.54 69 (0.88%) 148406252 910 609
(96.49%) (99.61%)
A. bisphaerica 3 285649 186.0 29401/972 244722/247 187.50 49 (1.90%) 167169016 358 547
(98.76%) (98.19%)
A. capiguara 1 205334 148.7 16608/1403 178745/247 273.83 37 (2.49%) 199009346 272 096
(99.31%) (98.99%)
A. capiguara 2 345332 261.2 35330/1420 303130/247 180.27 34 (1.06%) 204772230 456 916
(98.31%) (98.70%)
A. capiguara 3 573737 359.5 83958/790 508567/247 135.51 13 (0.29%) 203079026 644 865
(98.77%) (98.79%)
A. laevigata 1 853367 5175 178678/686 645038/301 274.98 87 (1.53%) 178461364 871 330
(96.65%) (99.42%)
A. laevigata 2 295365 189.2 32897/990 266928/247 252.44 92 (4.23%) 189659024 332 737
(96.85%) (96.95%)
A. laevigata 3 601593 546.3 74824/1744 398992/340 241.71 17 (0.30%) 209535750 722 718
(96.06%) (99.01%)
A. sexdens 1 674609 708.4 48220/3118 412923/341 701.43 167 (2.40%) 156148622 822 403
(97.92%) (99.46%)
A. sexdens 2 857038 812.9 65552/2346 548662/328 61.96 17 (0.11%) 150809208 1088719
(95.32%) (99.51%)
A. sexdens 3 1006806 564.7 221493/614 772141/277 386.55 68 (1.17%) 186976430 1029784

(91.63%) (99.20%)
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Leaf-cutter ant colony Substrate niche IMG genome number Collection date Latitude Longitude

A. bisphaerica 1 Grass 3300013023 1-Feb-15 522°50'47.7" W48°26'0.9”
A. bisphaerica 2 Grass 3300013025 3-Feb-15 522°50'48.4" W48°26'1.4"
A. bisphaerica 3 Grass 3300013022 3-Feb-15 $522°50'48.4" W48°26'2.3"
A. capiguara 1 Grass 3300012994 2-Feb-15 SOP5432 M W48°18'28.7"
A. capiguara 2 Grass 3300012996 3-Feb-15 522°50'47.2" W48°26'1.3"
A. capiguara 3 Grass 3300012997 3-Feb-15 $522°50/47.6" W48°26'1.2"
A. laevigata 1 Dicot* 3300013000 20-Jan-15 521°9'55.5" W47°50'51.3"
A. laevigata 2 Dicot* 3300012995 17-dan-15 S21%10'3" W47°50'47"

A. laevigata 3 Dicot* 3300012998 19-Jan-15 $521°9'56.8" WA47°50'52.7"
A. sexdens 1 Dicot 3300012999 30-Jan-15 521°9'50" W47°51'26.9”
A. sexdens 2 Dicot 3300013002 30-Jan-15 521°9'53.4" W47°51'10.5"
A. sexdens 3 Dicot 3300013001 31-Jan-15 $21°10'2" W47°51'5"”

*While A. laevigata has been described as a grass/dicot-cutter ant (Fowler et al., 1986), due to its leaf-processing behavior and fungus garden plant composition observed
in this study, we consider it a dicot-cutter.





