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DNA extractions – domatium and leaf samples

We prepared domatium and leaf samples for DNA extraction by placing each sample in a sterile 1.5mL
microcentrifuge tube, removing excess preservative with a pipette, and rinsing the sample with molecular
grade water. For fresh leaf samples and the old leaflet samples from CN domatia, we counted out 40 leaves
for the extraction. For the fibrous particle samples from TP domatia and the carton lamellae from CM
domatia, we measured out 80 to 100mg wet weight. We used the whole sample wherever less material was
available.

We homogenized each sample in an MPBio Lysing Matrix A tube (including ceramic sphere; MP Biomed-
icals LLC, Santa Ana CA) using an MPBio FastPrep-24 benchtop homogenizer. Each tube contained the
sample plus 1000µL of Qiagen Buffer AP1 with 4µL Qiagen Proteinase K (20mg/mL; Qiagen Inc, Valen-
cia CA) added. Other researchers have found Proteinase K to be important for successful extraction from
samples preserved in ammonium sulfate [3]. We homogenized samples for 40 sec at speed setting 6.0, re-
moved the samples to ice for 5 min, then homogenized for a further 40 sec at the same speed.

We incubated the homogenized samples for 10 min at 60´650C, inverting the tubes 2-3 times during incu-
bation. We further incubated the tubes overnight at 550C in a shaking incubator.

We continued the extraction protocol the next day, following the Qiagen DNeasy Plant Mini Kit protocol
with the following modifications. We added 325µL Buffer AP2 to the lysate, since the lysate volume was
larger than that in the original protocol. After precipitation, we split the lysate for each sample into two
portions and passed each portion through a separate QIAshredder column. After adding Buffer AP3/E,
we passed the combined flow-through from both QIAshredder columns through a single DNEasy Mini spin
column. We washed the adsorbed DNA with a single 500µL volume of Buffer AW, and eluted with two
100µL volumes of Buffer AE.

DNA extracts were quantified with a NanoDrop and a Qubit fluorometer, precipited in ethanol and resus-
pended in Buffer AE at 20ng/µL, or at a lower concentration if required in order to have a minimum 20µL
once resuspended.

DNA extractions – alate samples

Prior to DNA extraction, we surface sterilized alates to minimize any contribution from fungi present on
the outside, by rinsing for 1 min in 100% ethanol, followed by 1 min in 10% bleach, and a final 1 min in
100% ethanol. Flame sterilized tools were used to handle the alates at all times.

We extracted DNA from all 32 alates following a standard phenol-chloroform extraction protocol. Us-
ing forceps and a scalpel blade, alate heads were removed and placed in individual 2mL Sarstedt tubes
with five 0.5mm glass beads. We homogenized these samples in a Mini-Beadbeater-8 (BioSpec Products,
Bartlesville OK) at full speed for 1 min. We then added 400µL CTab buffer, and incubated samples over-
night at 60´650C.

Following incubation, we added 400µL of 25:24:1 phenol:chloroform:isoamyl alcohol and repeatedly in-
verted the tubes for 1 min to mix. We then centrifuged samples for 15 min at 13000 rpm. We removed
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300µL supernatant to a new tube and added 300µL of 24:1 chloroform:isoamyl alcohol before again mix-
ing for 1 min and centrifuging for 15 min at 13000 rpm. We transferred 200µL supernatant to a new tube,
and added 500µL of 100% ethanol, 75µL sodium acetate, and 3µL glycogen to precipitate DNA.

After precipitating overnight at 200C, we centrifuged samples for 15 min at 13000 rpm and removed su-
pernatant. We then washed the pellet in 500µL of 70% ethanol and centrifuged the samples again for
10 min at 13000 rpm. We removed the ethanol with a pipette, air dried the pellets and resuspended DNA
in 100µL of molecular grade water. Extracts were quantified with a NanoDrop and a Qubit fluorometer.
Extracts were stored at ´200C until PCR amplification and sequencing.

PCR amplifications – alate samples

Since the alate samples were small and likely varied in the amount of fungal material that they contained
– particularly if some were not carrying an infrabuccal pellet – we used PCR amplifications to assess the
presence of fungal material in each alate sample. PCR products were visualized using agarose gel elec-
trophoresis and scored for either successful or unsuccessful amplification. Each reaction consisted of 2.5µL
Omega BioTek 10X buffer, 1.0µL MgCl2 at 25mM, 0.25µL dNTPs at 25mM, 1.2µL each primer at 10µM,
1U Omega BioTek Taq polymerase, 1µL DNA template and molecular grade H2O to 25µL. Reaction con-
ditions were 2 min at 940C, followed by 34 cycles of 35 sec at 950C / 55 sec at 550C / 45 sec at 720C, and
a final 7 min at 720C. We used the primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3'; see [9]) and ITS4
(5'-TCCTCCGCTTATTGATATGC-3'; see [24]) to capture the broad fungal community while excluding non-
fungal taxa.

Multiplexed amplicon pyrosequencing – all samples

Amplification and pyrosequencing were performed by Research and Testing Laboratory (RTL), Lubbock,
TX. We sent 75 domatium and leaf samples for sequencing, plus the 16 CN alates and 5 TP alates that we
successfully PCR amplified and that passed NanoDrop/Qubit quality checks.

Samples were first amplified using forward and reverse fusion primers. The forward primer was made up
of the Roche A linker (454 Life Sciences, Branford CT), an 8bp multiplex identifier and the ITS1F fun-
gal primer (5'-CTTGGTCATTTAGAGGAAGTAA-3'; see [9]). The reverse primer consisted of a biotin molecule,
the Roche B linker, and the ITS4 primer (5'-TCCTCCGCTTATTGATATGC-3'; see [24]). PCRs comprised 1µL
of each primer at 5µM, 1µL of extract, Qiagen HotStarTaq Master Mix plus water to a total volume of
25µL. RTL performed reactions on ABI Veriti Thermo Cyclers (Applied Biosytems, Carlsbad CA) with
the following conditions: 5 min at 950C, followed by 35 cycles of 30 sec at 940C / 40 sec at 540C / 60 sec
at 720C, and a final 10 min at 720C. PCR products were then pooled equimolar.

Pooled PCR products were cleaned with Diffinity RapidTips (Diffinity Genomics, West Henrietta NY),
and size selected using Agencourt AMPure XP beads (BeckmanCoulter, Indianapolis IN) following Roche
454 protocols. RTL then hybridized 150ng of DNA to Dynabeads M-270 (Life Technologies, Grand Island
NY) to create single stranded DNA, again following Roche 454 protocols. Single stranded DNA was di-
luted and used in emulsion PCR reactions, which were subsequently enriched. Sequencing was performed
on a Roche GS FLX 454 pyrosequencer with Titanium chemistry following standard manufacturer proto-
cols.

Bioinformatics – all samples

RTL provided demultiplexed sff files generated using the Roche sffinfo tool. The demultiplexing operation
filters out sequences whose terminal regions (i.e. primer, linker or barcode sequences) fail to match the
known set of valid sequences, and thus functioned as a basic quality filter.

2



We processed the prefiltered sequence data ourselves using a combination of software tools. We denoised
sequences with Ampliconnoise [19] as implemented in the QIIME 1.6 bioinformatics pipeline [6]. We then
isolated the ITS1 region from our reads using an open-source software utility provided by Nilsson et al.,
as OTU clustering may be distorted by the inclusion of conserved flanking regions [16]. Because our uni-
directional sequencing started from the end of 18S, virtually all sequences contained ITS1; any remaining
sequence (i.e. 18S, 5.8S or ITS2) was discarded from our analysis. Previous studies suggest that ITS1 and
ITS2 yield similar results for this kind of analysis [4], so we do not consider biases arising from our choice
of sequencing direction likely to be highly misleading.

We picked OTUs based on the ITS1 fragments using uclust [8] in QIIME with a similarity threshold of
95%. We used the full dataset for the clustering – i.e. the 75 domatium and leaf samples, plus the 12 CN
alate and 3 TP alate samples that yielded more than a minimum 300 sequences.

For comparison, we also tried several variants on this workflow, including open reference OTU picking in
QIIME and ESPRIT complete-linkage based hierarchical clustering [23] instead of uclust, different sim-
ilarity thresholds, and clustering with full-length sequences rather than just ITS1. Results were broadly
similar to those presented here.

We assigned putative taxonomic descriptions to a representative sequence from each OTU using blast via
QIIME’s assign_taxonomy.py script. In short, we downloaded nucleotide (db=nuccore) sequences from
NCBI with the query

"fungi[Organism] NOT (environmental sample[filter] OR metagenomes[orgn])"

to help exclude unidentified environmental sequences, and built a blast database from those sequences. We
then used our own Python script to parse the NCBI taxonomy database and return a QIIME-compatible
taxonomy mapping file for our blast database. Our Python code is freely available and may be applied to
any fasta file using NCBI GI numbers as identifiers (i.e. including any sequence set downloaded from the
NCBI using gquery or e-direct).

Data analysis – domatium and leaf samples

We performed statistical analyses of the domatium and leaf OTU data using a combination of QIIME,
the statistics package R [20] and the R packages vegan [17], biom [14], RcolorBrewer [15], spatstat [2] ,
randomForest [11], plyr [25], bipartite [7] and shape [21], plus our own custom scripts.

We used a rarefaction curve approach to assess differences in taxon richness and diversity between groups
of samples. We resampled our domatium and leaf sample OTU table 1000 times at predefined per-sample
depths. For each sample and for each sampling depth, we calculated the mean number of observed species
across the 1000 resamplings. We then used these averages to find group means and standard errors at each
sampling depth, so that our standard errors primarily reflect between-sample variation.

To formally test for differences in diversity evident in the rarefaction curves, we used simple parametric
statistical tests after rarefying each sample to 1000 sequences, since sampling depth may affect observed
taxonomic richness and beta diversity comparisons [10]. Although some authors argue that rarefying is
statistically inefficient [13], we were relatively unconcerned about type II errors in this dataset, as effect
sizes appeared reasonably large. Rarefying to 1000 sequences allowed us to retain all domatium and leaf
samples in the analysis, since the minimum of sequences per sample was 1119 sequences. As the rarefac-
tion curves do not cross, our choice of rarefaction depth is unlikely to have much influence over our quali-
tative assessment of alpha diversity, which is our main interest here.

We used distance-based ordination to assess variation in fungal community composition within and among
our sample types and sampling locations. Although phylogenetic distances such as UniFrac are commonly
used in work on bacterial communities and may be more informative [12], the ITS region is not easily
aligned among highly diverged taxa such as those in our samples [18]. Moreover, no multiple alignment is
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available as a basis for alignment akin to the Silva or Greengenes datasets for bacterial 16S. We therefore
chose to use Sørensen [22] and Bray-Curtis [5] distances for our ordinations. Using a single rarefaction to
1000 sequences, we visualized distances using non-metric multidimensional scaling (NMDS) plots in three
dimensions. We then used adonis [1] to test the significance of the separation between sample types and
locations in the full multidimensional space implied by the distance matrices.

We used bipartite graphs to help visualize associations between particular fungal OTUs and the three ant
species. Since part of our interest in these fungal communities is to identify fungal taxa that may have
ecological relevance, we focused on relatively abundant taxa by applying several filters to our OTU table.
Although we cannot rule out apparently rare OTUs playing an important role, this would require, for ex-
ample, sequencing biases to have reduced the apparent abundance of a common fungus, or for a rare fun-
gus to have unusually large effects. We therefore chose to focus on the more abundant taxa. We included
only OTUs with ą 100 total sequences, and that were present in ě 2 samples from the same ant species.
These OTUs together comprised more than 90% of the rarefied dataset. Instances where an OTU con-
tributed ď 10 sequences to a sample were omitted from the graph for clarity (but an OTU may still be
shown on the graph where it contributed ą 10 sequences to other samples).

Data analysis – alate samples

To examine the alate samples, we combined OTU data from leaf, domatium and alate samples, and then
rarefied to 300 sequences across the full dataset. The lower rarefaction threshold allowed us to include
additional alate samples (5 alate samples had less than the 1000 sequence cutoff we used for the leaf and
domatium samples), while still ensuring that the rarefied dataset was adequately representative.

We assessed alpha diversity of the alate samples using rarefaction curves and permutational statistical
tests as described above for the domatium and leaf samples.

To gauge the possibility that alates might contribute to the domatium communities by vectoring fungi, we
initially attempted to use distance-based ordination methods to assess the similarity of the alate samples
to the domatium and leaf samples. However, distance ordination methods produced unhelpful represen-
tations of the alate data, with the low diversity alate samples giving rise to large intra- and intergroup
distances. We therefore conducted an additional analysis by pooling the CN alate samples and determin-
ing the proportion of sequences in each ant-occupied Kenyan domatium that was found among the pooled
alates; we performed an equivalent analysis for the pooled TP alate samples. This pooling approach al-
lowed for the possibility that individual alates only take or contribute a fraction of the fungal community,
and also helps overcome the limitations of applying our extraction and amplification methods to the tiny
alate samples. Our opportunistic sampling did not allow such pooling at a finer scale (e.g. within a tree or
within an ant colony).
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