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Parasites dominate hyperdiverse soil protist
communities in Neotropical rainforests

Frédéric Mahé', Colomban de Vargas?3, David Bass**, Lucas Czech®, Alexandros Stamatakis®’,
Enrique Lara8, David Singer®, Jordan Mayor®, John Bunge'®, Sarah Sernaker", Tobias Siemensmeyer’,
Isabelle Trautmann’, Sarah Romac?3, Cédric Berney?3, Alexey Kozlové, Edward A. D. Mitchell®'?,
Christophe V. W. Seppey?, Elianne Egge®, Guillaume Lentendu’, Rainer Wirth'*, Gabriel Trueba'

and Micah Dunthorn™

High animal and plant richness in tropical rainforest communities has long intrigued naturalists. It is unknown if similar hyper-
diversity patterns are reflected at the microbial scale with unicellular eukaryotes (protists). Here we show, using environmental
metabarcoding of soil samples and a phylogeny-aware cleaning step, that protist communities in Neotropical rainforests are
hyperdiverse and dominated by the parasitic Apicomplexa, which infect arthropods and other animals. These host-specific
parasites potentially contribute to the high animal diversity in the forests by reducing population growth in a density-depen-
dent manner. By contrast, too few operational taxonomic units (OTUs) of Oomycota were found to broadly drive high tropical
tree diversity in a host-specific manner under the Janzen-Connell model. Extremely high OTU diversity and high heterogeneity
between samples within the same forests suggest that protists, not arthropods, are the most diverse eukaryotes in tropical
rainforests. Our data show that protists play a large role in tropical terrestrial ecosystems long viewed as being dominated

by macroorganisms.

and Bonpland', we have known that animal and plant commu-

nities in tropical rainforests are exceedingly species rich. For
example, one hectare can contain more than 400 tree species® and
one tree can harbour more than 40 ant species®. This hyperdiversity
of trees has been partially explained by the Janzen-Connell model**,
which hypothesizes that host-specific predators and parasites
reduce plant population growth in a density-dependent manner®”.
Sampling up in the tree canopies and below on the ground has fur-
ther led to the view that arthropods are the most diverse eukaryotes
in tropical rainforests®’.

The focus on eukaryotic macroorganisms in these studies is
primarily because they are familiar and readily observable to us.
We do not know whether the less familiar and less readily observ-
able protists—microbial eukaryotes that are not animals, plants or
fungi'—inhabiting these same ecosystems exhibit similar diver-
sity patterns. To evaluate if macroorganismic diversity patterns
are reflected at the microbial scale with protists, we conducted
an environmental DNA metabarcoding study by sampling soils
in 279 locations in a variety of lowland Neotropical forest types

E ; ince the works of early naturalists such as von Humboldt

in La Selva Biological Station, Costa Rica, Barro Colorado Island,
Panama and Tiputini Biodiversity Station, Ecuador. This meta-
barcoding approach has the power to uncover known and new taxa
on a massive scale''. By amplifying DNA extracted from the soils
with broadly targeted primers for the V4 region of 18S rRNA and
sequencing it using the Illumina MiSeq platform, we were able to
detect most eukaryotic lineages, and assess the diversity and relative
dominance of free-living and parasitic lineages.

Results

Sequencing of the Neotropical rainforest soil samples resulted in
132.3 million cleaned V4 reads (Supplementary Table 1). Of the
50.1 million reads assigned to the protists, 75.3% had a maximum
similarity of <80% to references in the Protist Ribosomal Reference
database (PR*)" (Fig. 1 and Supplementary Fig. 1). By contrast, our
re-analysis of 367.8 million reads from the hypervariable V9 region
of the 18S rRNA from the open oceans'’ produced only 3.1% reads
<80% similar to the PR? database, and most of our new V4 and V9
reads from European near-shore marine environments were likewise
highly similar to the PR* database (Fig. 1 and Supplementary Fig. 1).
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Figure 1| Similarity of protists to the taxonomic reference database. In contrast to marine data, most of the reads and OTUs from the Neotropical
rainforest soils were <80% similar to references in the PR? database. Only 8.1% of soil reads had a similarity >95%, whereas 68.1% of the marine reads

from the Tara Oceans study of the world's open oceans had a similarity >95%.

Reads <80% similar to known references are often considered spu-
rious and removed in environmental protist sequencing studies'.
Three-quarters of our rainforest soil protist data would be discarded
if we applied this conservative cleaning step. Furthermore, PR* and
similar databasesarebiased towards marineand temperatereferences.
To solve these problems, reads were dereplicated into 10.6 million
amplicons (strictly identical reads to which an abundance value
can be attached), and subsequently placed using the Evolutionary
Placement Algorithm (EPA)™, as implemented in RAXxML', onto
a phylogenetic tree inferred from 512 full-length references from
all major eukaryotic clades (Fig. 2 and Supplementary Fig. 2). We
conservatively retained operational taxonomic units (OTUs) con-
structed with Swarm'® (Supplementary Fig. 3) whose most abundant
amplicon fell only within known clades with a high likelihood-
weight score. This novel phylogeny-aware cleaning step effectively
discarded highly divergent amplicons", resulting in the removal of
only 6.8% of the cleaned reads and 7.7% of the OT'Us.

The retained protist reads from the Neotropical rainforest soils
clustered into 26,860 OTUs. As in a recent sampling of the sun-
lit surface layer of the world’s open oceans", more protist OTUs
were detected than animals (4,374, of which 39% were assigned
to the Arthropoda), plants (3,089) and fungi (17,849) combined
(Supplementary Table 1). The OTUs found in the samples may
not all correspond to soil-dwelling species: some of these hyper-
diverse protists and other eukaryotes could be a shadow of the
tree-canopy communities from cells that have rained down from
above. Taxonomic assignment of the protists showed that 84.4% of
the reads and 50.6% of the OTUs were affiliated to the Apicomplexa
(Fig. 3 and Supplementary Fig. 4). Apicomplexa are widespread
parasites of animals'®". As an independent line of evidence for their
dominance in the Neotropical rainforest soils, ten samples from both

2

Costa Rica and Panama were amplified with primers designed to
specifically target the closely related Ciliophora (both the Ciliophora
and the Apicomplexa are in the Alveolata®) and sequenced using
a Roche/454 pyrosequencer. From these ciliate-specific amplifica-
tions, 47.8% of the 297,892 reads and 28.1% of the 1,082 OTUs were
assigned to the Apicomplexa (Supplementary Fig. 5). In contrast
to the results presented here, read- and OTU-abundances of the
Apicomplexa were observed to be substantially lower in marine and
other terrestrial environments (Supplementary Fig. 4).

Using EPA we placed the Apicomplexa OTUs into a more focused
phylogeny inferred from 190 full-length references from all major
Alveolata clades. While the OTUs were generally distributed across
the whole tree (Supplementary Fig. 6), 80.2% of them were grouped
with the gregarines. Gregarines predominantly infect arthropods
and other invertebrates's. About 23.8% of these gregarine OTUs
were placed within the lineage formed by the millipede parasite
Stenophora, and the insect parasites Amoebogregarina, Gregarina,
Leidyana and Protomagalhaensia. An additional 13.5% of the OTUs
were placed with two environmental gregarine sequences collected
from brackish sediment*. Many other OTUs were grouped within
gregarine lineages thought to be primarily parasites of marine
annelids and polychaetes. Non-gregarine Apicomplexa OTUs were
largely grouped with the blood parasites Plasmodium (some of
which cause malaria) and close relatives, including those that can
cycle through arthropods and vertebrates such as birds.

The second to fifth most diverse protist taxa were the predomi-
nantly predatory Cercozoa, Ciliophora, Conosa and Lobosa (Fig. 3),
accounting for a combined total of 5,572,490 reads and 10,338
OTUs. Fewer photo- or mixo-trophic Chlorophyta, Dinophyta,
Haptophyta, and Rhodophyta were also found, accounting for a
combined total of 699,187 reads and 1,096 OTUs. Haptophyta, for
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Figure 2 | Phylogenetic placement of Neotropical soil protist reads on a taxonomically unconstrained global eukaryotic tree. Reads were dereplicated
into strictly identical amplicons. Inferred relationships between these major taxa may differ from those obtained with phylogenomic data. Alveolata
includes Apicomplexa and Ciliophora; Holozoa includes animals; Holomycota includes fungi. Branches and nodes outside of known clades are shaded grey.
In our conservative approach only OTUs that placed within known clades with high likelihood-weight scores were retained.

example, are mostly marine? but a phylogenetic inference of these
OTUs showed that most of them had close relationships with fresh-
water species (Supplementary Fig. 7). Although algae are thought
to affect the net uptake of carbon in some terrestrial ecosystems®,
the contribution of these soil-inhabiting algae to the carbon cycle in
Neotropical rainforests is unknown. Only 131 OTUs were assigned
to the Oomycota. Oomycota are efficient parasites with flagellated
stages that disperse through soils. Using the best BLAST hits to
GenBank references, we inferred close relationships between many
of these Oomycota OTUs and taxa that infect either animals or
plants (Supplementary Fig. 8).

Non-metric multidimensional scaling (Supplementary Fig. 9)
and Bray-Curtis dendrograms (Supplementary Fig. 10) showed
that the protist community composition was slightly more similar
among the samples from Costa Rica and Panama than those from
Ecuador, reflecting similar diversity patterns seen in animals and
plants in Central and South American forests*. Within each for-
est, we estimated fewer than 1,732 unobserved OTUs exclusively
from the samples taken (Supplementary Table 2), suggesting that
our sequencing depth detected a high fraction of the total diversity
within each of the samples. However, within-forest OTU rarefaction
curves, based on the sample accumulation, estimated logarithmic
increases without plateaus (Supplementary Fig. 11), and the Jaccard
similarity index estimated high OTU heterogeneity between sam-
ples even within the same forest (Supplementary Fig. 12). This high
heterogeneity between samples indicates that our sampling effort

unveiled only a fraction of the protist hyperdiversity in the three
Neotropical rainforests.

Discussion

The broad sampling and deep sequencing of soils from three
Neotropical rainforests revealed numerous protist taxa. Much of this
unravelled diversity was detected by our phylogeny-aware cleaning
step that retained OTUs with low similarity to existing 18S rRNA
references (Figs 1 and 2). Using EPA phylogenetic placements, rather
than relying solely on pairwise sequence similarities, is a powerful
approach to metabarcoding studies aimed at discovering novel taxa
in environments where little is known and few references are avail-
able—such as tropical soils. Even if almost all the tips are missing in
the tree—that is, there are no references closely related to the envi-
ronmental data— a tree that comprises at least the major eukaryotic
lineages allows phylogenetic placements to retain most of the novel
diversity that would have otherwise been discarded. While the place-
ments can be evaluated at the amplicon or OTU levels, placing only
the OTU representatives produced by Swarm drastically reduces
computation time without significant information loss.

Even with the phylogeny-aware cleaning step, our molecular
approach probably underestimated diversity across all micro-
bial eukaryotic and macroorganismic taxa. For example, while
the broadly targeted V4 primers used here amplify a wide variety
of eukaryotic lineages'***-*, other primers could have amplified
additional taxa®*? (Supplementary Table 1). The resolution power
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Figure 3 | Taxonomic identity and relative abundances of soil protist reads and OTUs in three Neotropical rainforests. Each taxon shown represents at
least 0.1% of the total data. Across the three forests, 76.6-93.0% of the reads and 43.1-61.5% of the OTUs were assigned to the Apicomplexa.

of metabarcoding also has its limits. The Swarm clustering method,
which relies on iterative local clustering thresholds, often results in
fine-grained OTUs that can reveal additional diversity compared
with traditional clustering methods that rely on global clustering
thresholds'®** (Supplementary Fig. 3). Species with identical bar-
code sequences (that is, no variation between taxa) can neverthe-
less be indistinguishable by any clustering method, which may mask
potentially different ecological roles and functions.

The parasitic Apicomplexa dominated the Neotropical soil pro-
tist communities by accounting for the majority of both reads and
OTUs (Fig. 3). This pattern of dominating parasites contrasts with
the prevailing view that soil protist communities are dominated by
predators of bacteria®, although a considerable presence of pro-
tist predators of fungi and animals, as well as protist parasites, has
been observed elsewhere®®*!. These dominating protist parasites
also potentially contribute to the high animal diversity in the rain-
forests by the same mechanisms that other parasites contribute to

high tree diversity as hypothesized in the Janzen-Connell model**.
Apicomplexa infect animals (for example, refs ***) and are usually
host-specific, although host switching is known'®!*#2%3, They there-
fore potentially limit population growth of species that become
locally abundant. In this tentative model we expect Apicomplexa to
dominate both the below- and aboveground protist communities in
tropical forests worldwide, most animal populations in these forests
will have apicomplexan parasites, and animals that become locally
dominant will have escaped from their apicomplexan enemies or
at least evolved to be able to cope with this burden. This relation-
ship between animals and the Apicomplexa could also be reciprocal,
with each group contributing to the diversity of the other. This top-
down force by parasitic protists on tropical animal diversity may
complement the bottom-up response that was proposed for plants
on herbivorous insects®.

In contrast to the Apicomplexa parasites, few parasitic Oomycota
were detected in the Neotropical soil protist communities
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(Supplementary Fig. 8). Along with fungi and insects, the Oomycota
have long been thought to be one of the drivers of the Janzen-
Connell model. However, the degree of host-specificity is unknown
for most Oomycota species*, and a fungicide study in Belize docu-
mented a non-significant effect by these protists®. If the Oomycota
broadly drive the Janzen-Connell model, then we can expect their
diversity to be very high, mirroring tree diversity. However, we did
not find enough Oomycota OTUs for them to be host-specific plant
parasites under this model; although, as mentioned above, OTUs
can mask functional diversity.

Just as there is high species richness in Neotropical rainforests
at the macroorganismic scale, the high OTU numbers of both free-
living and parasitic protists (Supplementary Table 1) and the high
heterogeneity between samples (Supplementary Fig. 12) show that
such hyperdiversity also exists at the microbial eukaryotic scale,
where its degree is even greater. Given the low similarity of protist
compositions between samples, and the six-to-one ratio for protist
to animal OTUs, a concerted and comparable count will probably
show that protists are more diverse than arthropods in tropical
rainforests. This would certainly be the case if, as we suggest, every
arthropod species has at least one apicomplexan parasite, and the
Apicomplexa are only one component of the total protist hyper-
diversity (with fungi being the second most diverse group). If protists
are the most diverse eukaryotes in tropical rainforests, it would not
be due to inordinate speciation in just a few clades since the mid-
Phanerozoic (for example, the beetles*), it would be because of the
diversification of rich and functionally complex protist lineages,
beginning in the early Proterozoic*, that built up the multifaceted
and interactive unseen foundation of these now familiar macro-
scopic terrestrial ecosystems.

Methods

Neotropical soil samples. A total of 279 soil samples were taken from the
following locations: La Selva Biological Station, Costa Rica in October 2012 and
June 2013; Barro Colorado Island, Panama in October 2012 and June 2013;

and Tiputini Biodiversity Station, Ecuador in October 2013 (see Supplementary
Code 1 for sample coordinates). The aim was to collect soils from around each
field station (excluding areas where humans were not permitted and areas of
secondary growth) without targeting any specific sub-environments (samples
were collected from a variety of soil types, including swamp mud, sandy soils and
hill-top dry soils). Fieldwork and government-issued sampling permits were made
possible by the Organization for Tropical Studies and the Ministerio del Ambiente
y Energfa and Sistema Nacional de Areas de Conservacion in Costa Rica, the
Smithsonian Tropical Research Institute in Panama, and David Romo Vallejo

at the Universidad San Francisco de Quito in Ecuador.

At the site of collection, the loose-leaf layer and stones were removed.

A 5ml sample of the top-most layer of surface soil (with visible plant roots and
visible animals removed) was immediately placed into 8 ml of LifeGuard Soil
Preservation Solution (Mo Bio). DNA was isolated using the PowerSoil DNA
Elution Accessory Kit (Mo Bio). Like other large-scale sequencing studies'"*,
only DNA was used in this study, not RNA, which can also be retained in
sediments, even ancient ones™*'. See Supplementary Fig. 13 to see that RNA

can be found in cysts, and for a comparison of DNA and RNA abundances; in
addition, the low similarity of OTUs among samples within each forest, even
those that were collected near each other (Supplementary Fig. 12), point to the
soils not having the taxa, that would be expected if most of the DNA was from a
large seed bank of dead or inactive species that collected overtime. The samples
were mostly taken at least 100 m apart. DNA from every two consecutive samples
was combined in equal concentration to reduce costs; many of these samples failed
to amplify and only those that worked are shown here. The combined samples
were amplified with a high fidelity polymerase for the V4 region of 18S rRNA
following ref. ** with universal eukaryotic V4 primers (TAReuk454FWD1 and
TAReukREV3)". This primer pair has not shown a preference for amplifying
Apicomplexa, and the V4 primers were able to amplify all Oomycota in GenBank
in an in silico analysis.

After PCR cleanup, a second PCR with primers containing sample-specific
tags and the Illumina MiSeq sequencing adapters was performed following the
manufacturer’s instructions. Amplicons were gel size-selected for appropriate
length, and library quality was assessed using a Bioanalyzer 2100 (Agilent)
and Qubit 2.0 (Life Technologies). Illumina MiSeq sequencing was performed at
GATC Biotech AG (Konstanz, Germany), using v3 chemistry and the software
MCS v2.3.0.3 and RTA v1.18.42 (Illumina). PhiX DNA (20%) was spiked into the
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MiSeq flowcell to increase base diversity. Twenty amplified products (each from a
combined two samples) were loaded onto one MiSeq flowcell.
Ten samples from La Selva, Costa Rica, and ten samples from Barro Colorado
Island, Panama, were also amplified with primers designed to specifically
target the closely related Ciliophora™. After PCR cleanup, a second, nested
PCR was performed with the above V4 primers, and then sequenced using
a Roche/454 GS FLX+ Titanium system and v2.6 of the associated software.
The 20 amplified products were loaded onto one-quarter of a plate.

Marine samples. Reads from the open oceans came from the Tara Oceans
consortium!!. Starting with the Tara Oceans raw reads (Sequence Read Archive
accession numbers: PRJEB6610 and PRJEB7315) allowed us to treat the sequencing
data with the same bioinformatic pipeline. Our pipeline’s goal was to improve
the sensitivity of OTU detection by applying most quality- and frequency-based
filtering steps after clustering instead of applying them before. Removal of
low-abundance OTUs was performed on the combined data and not at the sample
level. We also replaced the paired-read merger FLASH (Fast Length Adjustment
of SHort reads)*™ with the newer tool PEAR (Paired-End reAd merger)*, which is
advertised as yielding higher-quality results. After a careful investigation,
it turned out that the large increase in OTU number we observed compared with
de Vargas et al."' was mainly due to our use of PEAR rather than FLASH.
Samples from European near-shore marine sites (see Supplementary Code 1
for coordinates of each sample) came from the BioMarKs consortium?¢.
We re-sequenced the samples here to obtain deeper sequencing. Total nucleic
acids from sediment samples were extracted using a RNA Power Soil Total
Isolation Kit combined with a DNA Elution Accessory Kit (Mo Bio) according
to the manufacturer’s instructions. To remove contaminating DNA in the RNA
extracts, the samples were treated twice with DNase for 25 min at 37°C with 2U
of Turbo DNA-free Kit (Ambion) following the manufacturer’s instructions.
RNA was reverse-transcribed into first-strand cDNA using Invitrogen’s
Superscript IIT (Thermo Fisher Scientific) following the manufacturer’s
instructions. The V4 region was amplified with the above primers, and the
V9 region was amplified with general eukaryotic primers (1389F and 1510R)*".
Amplified products were sequenced on an Illumina Genome Analyser ITx
sequencer at CEA Genoscope (Evry, France).

Read cleaning and clustering. Fastq files were assembled via PEAR v0.9.8 using
default parameters and converted to fasta format. Following ref. *2, assembled
paired-end reads were filtered using Cutadapt® v1.9 and retained if they had both
primers and no ambiguously named nucleotides (Ns). Reads were dereplicated into
strictly identical amplicons with VSEARCH® v1.6.0, then clustered using Swarm'®
v2.1.5, with the parameter d=1 and the fastidious option on. The most abundant
amplicon in each OTU was searched for chimeric sequences with VSEARCH, and
their OTUs were removed even if they occurred in multiple samples.

Taxonomic assignment. Taxonomic assignment used VSEARCH’s global pairwise
alignments with the PR* database'” v203 (based on GenBank release v203).

Using Cutadapt, the PR* database was extracted for just the specific regions that
were amplified and sequenced to allow for comparisons using a global pairwise
alignment. Amplicons were assigned to their best hit, or co-best hits, in the
reference database as reported by VSEARCH. The different steps of that taxonomic
assignment strategy are grouped in a pipeline called Stampa®. Low-abundance
OTUs were removed from the combined dataset only if they included

<2 reads, were found in only one sample and were <99% similar to an

accession in PR%

Stampa plots. To globally assess the results of Stampa, our taxonomic assignment
pipeline, we produced ‘Stampa plots™. Stampa plots are simple distribution plots
showing the number of reads per similarity value, where the similarity value is the
best match between environmental and reference sequences. Stampa plots are a
visual assessment of the taxonomic coverage of our reference database sequences:
if most environmental reads or OTUs have high similarity values with references,
then the coverage is good. Low similarity values indicate a lack of coverage, which
can be a sign of amplification-sequencing artefacts (chimeras for instance), the
presence of known taxa without reference sequences, the presence of new taxa,

or if the coverage deficit is very large, a previously unexplored environment

(such as Neotropical rainforest soils).

Phylogenetic placement pipeline. To put the 50,118,536 soil protist reads

into a phylogenetic context, they were dereplicated into 10,567,804 strictly
identical amplicons and placed onto a comprehensive eukaryotic reference tree.
The corresponding multiple sequence alignment used to build this tree contained
512 full-length sequences from all major eukaryotic clades (see Supplementary
Data 1 and 2 for GenBank accession numbers, sequences and clade assignments),
based on the taxon sampling as summarized in a range of pan-eukaryotic
phylogenomic studies reviewed in refs %, with a bias towards lineages

known to occur in soils from environmental sequencing studies; for example,
refs 3373, To reduce phylogenetic artefacts, only high quality, full- or

near-full length 18S rRNA reads were selected, and reads that have previously
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been observed to form long branches were omitted. It is acknowledged that
single gene trees are unable to resolve the backbone of the eukaryote phylogeny;
however, this was not the intended purpose of this taxon selection or the
phylogenetic analyses. The intent was to produce a comprehensive eukaryote
sample tree on which to place the V4 reads generated by this study. Phylogenetic
placements of query OTU representatives that were taxonomically assigned

to the Apicomplexa were conducted using a full-length reference multiple
sequence alignment and corresponding phylogeny comprising 190 taxa from all
major Alveolate clades (see Supplementary Data 3 and 4 for GenBank accession
numbers, sequences and clade assignments). The taxon sampling was collated
from a range of publications relating to eukaryotic diversity in general and
Alveolata diversity and phylogeny in particular; for example, refs 263,

It is also acknowledged that single gene trees are unable to resolve the backbone
of the Alveolate phylogeny.

For a full explanation of the phylogenetic placement, see Supplementary
Methods. In brief, we used RAXML" v8.1.15 to infer reference trees from the
reference alignments, then used PaPaRa” v2.4 to align the query sequences
to those reference alignments, and finally used the EPA' as implemented in
RAxML to place the queries onto the trees. Placement results were visualized
as ‘heat trees” using Genesis™ v0.2.0. The trees were inferred with and without
taxonomic constraints, although the results were similar. We also assessed the
quality of the phylogenetic placement positions to determine how confident the
algorithm is when placing a query sequence on the branches of the reference
tree by analysing the distribution of the likelihood weights for the placements,
and by analysing the locality of placement distributions for each amplicon
over the tree (Supplementary Fig. 14).

Phylogenetic placement of Haptophyta. For the 28 Haptophyta OTUs,

we first downloaded 106 GenBank accessions following a previously described
taxon-sampling method**”>7, and aligned them in MAFFT” v7. OTU
representatives were then added to this alignment using the MAFFT ‘add-in’
function, and the tree was inferred with RAxML, using the substitution model
GTR-G-I, the new rapid hill-climbing algorithm and 100 bootstrap runs.

Oomycete analyses. To tentatively assign functional roles of the Oomycota
OTUs, we first compared each individual OTU with related sequences in
GenBank using BLAST” for a taxonomic affiliation. In cases of identical
BLAST hits, we proceeded to a quick phylogenetic neighbour joining analysis to
determine as closely as possible its affiliation. Functional affiliation of the
OTUs was then determined mostly based on Lara et al.”.

Statistical analyses. We analysed frequency count data derived from OTU
clustering to estimate the total (observed + unobserved) OTU richness in the
population from which the observed samples were drawn. These data consisted
of the number of OTUs with one representative in the sample (the ‘singletons’),
and then the number with two representatives, the number with three, and so
on. We used two sets of statistical procedures. The first was implemented in the
software package, Breakaway’” v2.0. This method estimates a family of statistical
models, known as Kemp-type distributions, from the frequency count data, by
fitting ratios of successive frequency counts via nonlinear regression; an optimal
selected model is returned, along with error and goodness-of-fit assessments.

In the case of the combined (global) OTU data the lowest-order model was
selected, which is equivalent to fitting a weighted linear regression to the ratios
of successive frequency counts. The second was implemented in the software
package CatchAll”®. This method fits a family of mixed-Poisson models to the
frequency data, as well as calculating a suite of nonparametric procedures.

It returns an optimal selected model with errors and goodness-of-fit assessments,
and comparisons of parametric and nonparametric analyses. CatchAll selected a
mixture of three exponential-mixed Poisson models. In all cases, the results were
virtually identical, showing almost no diversity extant in the population beyond
that observed in the sample. The R package vegan’ was used to analyse frequency
count data derived from OTU clustering. Different functions of Vegan were
called to randomly subsample our samples (rrarefy function) and to estimate and
compare species compositions, using Bray-Curtis distance and NMDS ordination
(monoMDS function). Figures were made with R* and ggplot2®'.

Detecting RNA in cysts. To assess if viable and sequenceable RNA can be detected
in protist cysts, we designed fluorescent in situ hybridization (FISH) probes specific
to the kinetoplastids with 18S rRNA probes coupled to the Cy3 fluorochrome

and designed to hybridize to ribosomes: KIN516, a wide-spectrum kinetoplastid
probe (ACCAGACTTGTCCTCC); and Bodo1757, a probe designed on the V8
region and specific to the clade Bodo (CGAGCAAGTGAAACACTCGCC). Probes
were checked for specificity using pure cultures of the Neobodo designis strain
AND31 (AY965872) and the Bodo saltans strain SCCAP BS364. Cultures were
fixed with three volumes of 4% paraformaldehyde for 2 h. Fixed cell suspensions
were collected on a 0.2 pm nitrocellulose ISOPORE filter (Millipore) and rinsed
with demineralized water. Hybridizations were performed at 45 °C for 90 min

in a buffer containing 0.9 M NaCl, 20 mM Tris HCI, and 0.01% SDS, pH 7.2.
Probes were used at a concentration of 50 ngul~". The optimal amount of

formamide in the hybridization buffer to reduce non-specific binding of the probe
was set by performing hybridizations with increasing formamide concentrations
for the different strains investigated. In general, hybridization with 35% formamide
did not result in any unspecific binding of the probes to non-target organisms.

For non-specific staining of all cells, DAPI (4',6-diamidino-2-phenylindole)

was added at a concentration of 1 pgml™' to the hybridization buffer. After
hybridization, filters were washed for 15min at 48 °C in a buffer containing 20 mM
Tris-HCI (pH 7.2), 10mM EDTA, 0.01% SDS and 80 mM NaCl, subsequently
rinsed with distilled water and air dried. Prior to microscopic observation,

filters were mounted with Citifluor solution. Probes were applied to soil

taken from a garden compost in a garden in Switzerland. Soil was mixed

and sieved through a 2mm grid to remove large debris. The soil was then

spread as a 1 cm layer on a 16 cm X 23 cm plastic tray, and wetted with

autoclaved demineralized water (without flooding). Two layers of lens-cleaning
tissues were spread on the surface, and four microscope cover slips measuring
24mm X 50 mm each (Menzel Glaser) were laid on the wet tissues. The tray

was left in the dark at 18 °C for one week. Protists attached to the coverslips

were removed by rinsing with Neff’s Amoeba Saline buffer and collected in a

10 ml tube. The cells were directly fixed with paraformaldehyde on a nitrocellulose
filter (0.2 pm) and hybridized using the specifically designed probes along with
DAPI as described above.

Measuring DNA and RNA. The DNA and RNA abundances of the 18S rRNA
locus were measured in the following ciliates: Colpoda magna, from the American
Type Culture Collection number 50128; Dileptus sp., from Carolina Biological
Supply Company; Halteria grandinella, collected on October 2013 at a pond at
the University of Kaiserslautern; Paramecium tetraurelia strain D4-2, provided
by Martin Simon, Saarland University; and Tetrahymena thermophila wildtype B,
provided by Josef Loidl, University of Vienna. Clonal populations were cultured
with wheat grass powder medium inoculated with the bacterium Klebsiella minuta.
Standard curves were made with cells from each species and were amplified for the
3" end of 18S rRNA with the primers 1391-F (ref. *) and Euk-B (ref. **). PCR
products were cleaned via a MinElute PCR Purification Kit from Qiagen and
ligated to a pGEM"-T vector (Promega) and cloned. Plasmids were isolated with
the FastPlasmid Mini Kit (5 Prime), and checked with an amplification using
vector primers and Sanger sequencing. Plasmids underwent six tenfold dilutions
(in series) to provide quantitative PCR (qPCR) standards ranging from 10~' to
10~°ngul~". For qPCR of RNA, total RNA was extracted 12 separate times from
single cells, first washed three times in Volvic water, then lysed using the Ambion
Single Cell Lysis Kit (Thermo Fisher Scientific) with an integrated DNase step.
cDNA was generated using the QuantiTect Reverse Transcription Kit (Qiagen)
with another integrated DNase step. For QPCR of DNA, measurements were
taken directly from 12 separate single cells. Amplifications were performed in

a final volume of 20 pl, containing 10 pl of iQ SYBR Green Supermix (Bio-Rad),

1 pl of template DNA (cDNA or a single cell), 10 pg of each primer and 7 pl of
RNase-free water. Cycling conditions were: 95°C for 2 min; and 40 cycles

of 95°C for 155, 57°C for 255, and 72 °C for 40's. Melt curve data were collected
after cycle 2 between 57 and 95 °C with the temperature increasing at a rate

of 0.5°C per 10s. gPCR reactions were performed using an iQ Single Color
Real-Time PCR Detection System (Bio-Rad), with a negative control and six
tenfold serial dilutions in triplicates. The amplification efficiency E was
estimated using the equation E=(107"%) — 1 with the calculated slope of

the standard curves. We obtained efficiencies of between 90.1 and 105.5%

and a coefficient of determination R* of between 0.987 and 1.000. Copy

numbers were calculated as follows: number of copies = (amount X 6.022 X

10%) /(length x 10°Xx 660), where amount is the mass of DNA or cDNA (in ng),
length is the length of the linear fragment plus the plasmid, 660 is the average
molecular weight (in daltons) of one base pair for double stranded DNA and
6.022 % 10* is Avogadro’s constant™.

Code availability. All codes used in this study can be found in Supplementary
Code 1 and 2 (HTML format).

Data availability. The data analysed in this study are available at GenBanK’s
Sequence Read Archive under BioProject number PRJNA317860.
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