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Abstract:  

Although animals and plants in tropical rainforests are known to be hyperdiverse within and 

between communities, it is unknown if similar patterns are reflected at the microbial scale with 

unicellular eukaryotes or protists. Using environmental DNA sequencing of soils sampled in 

rainforests from Costa Rica, Panama, and Ecuador, we found that the Apicomplexa dominated 

the protist communities; these parasites potentially promote animal diversity in the forests by 

reducing population growth rates in a density-dependent manner similar to the Janzen-Connell 

hypothesis for tropical trees. Extremely high OTU diversity and high OTU turnover between 

samples within the same forests suggest that protists, not arthropods, are the most diverse 

eukaryotes in tropical rainforests, and that rainforest soil protists are at least as diverse, and 

potentially more diverse, than those in the marine plankton. 
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Main Text:  

Since the works of early naturalists such as von Humboldt and Bonpland (1), we have known 

that animals and plants in tropical rainforests have high species richness, and can exhibit high 

species turnover across relatively short distances. Subsequent work has strengthened this view, 

and further revealed that parasites contribute to high tropical tree diversity (2) and that 

arthropods are the most diverse eukaryotes in these forests (3). The focus on macro-organisms in 

these studies is primarily because they are familiar and readily observable to us. We do not know 

if the less familiar and less readily observable protists—microbial eukaryotes excluding animals, 

plants, and fungi (4)—inhabiting these same ecosystems exhibit similar diversity patterns.  

To evaluate if macro-organismic 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 in: La Selva Biological Station, 

Costa Rica; Barro Colorado Island, Panama; and Tiputini Biodiversity Station, Ecuador (Table 

S1) (5). This metabarcoding approach had the power to uncover known and new taxa on a 

massive scale that can be subsequently linked to novel morphologies (6, 7). By amplifying DNA 

extracted from the soils with general primers targeting the V4 region of 18S rRNA and 

sequencing it with Illumina MiSeq (Fig. S1), we were able to unveil most eukaryotic groups and 

assess the diversity and the relative dominance of free-living and parasitic lineages. Sequence 

reads were clustered into operational taxonomic units (OTUs) with Swarm (8) (Fig. S2). To 

provide a comparative context for the rainforest soils, we applied the the same bioinformatics 

pipeline to re-analyze the Tara-Oceans consortium’s V9 rRNA metabarcoding data from the 

world oceans (6), re-sequenced 40 European near-shore planktonic and benthic samples from the 
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BioMarKs consortium (9) with V4 and V9 primers (Table S2), and newly sequenced 29 soil 

samples from temperate forests in Switzerland with V9 primers (Table S3). 

Sequencing of the rainforest soils resulted in ~132.3 million cleaned reads. 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 (PR2) database (10) (Fig. 1, Fig. S3). By contrast, in our re-

analysis of ~367.8 million cleaned protist reads from the world’s open oceans only 3.1% were 

<80% similar to the PR2 database (Fig. 1). Most of the protist reads from the near-shore sites and 

Swiss soils and most of the fungi in the rainforest soils were likewise highly similar to the PR2 

database (Fig. S4).  

Reads <80% similar to known references are usually considered spurious and removed in 

environmental protist sequencing studies (11). Three quarters of our rainforest soil protist data 

would be discarded if we applied this conservative cleaning step; however, PR2 and similar 

databases are biased towards marine and temperate terrestrial reference sequences. We therefore 

deployed a phylogeny-aware cleaning step that dereplicated the reads into ~10.6 million 

amplicons (= strictly identical reads to which an abundance value can be attached) and placed 

them into a phylogenetic context using the Evolutionary Placement Algorithm (EPA) (12) with a 

tree inferred from 512 full-length reference sequences from all major eukaryotic clades (Table 

S4). This approach found only 0.012% of the amplicons (representing 0.0056% of the reads) 

placed outside of any known clade, and 5.4% of the amplicons (representing 5.7% of the reads) 

placed both outside and inside known clades (Fig. 2, Fig. S5). Some amplicons may have been 

grouped incorrectly because they are short and highly divergent (13). We thus retained OTUs 

whose centroid (= the most abundant amplicon in the OTU) placed only within known clades 
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with a high likelihood score, resulting in the removal of only 6.8% of the reads and 7.7% of the 

OTUs. 

The remaining protist reads from the rainforest soils clustered into 26,860 OTUs. As in 

the marine plankton (6), more protist OTUs were detected than animals, plants, and fungi 

combined (Table S5), and unlike the marine plankton, most of these OTUs had a low similarity 

to the PR2 database (Fig. 1, Fig. S6). Taxonomic assignment of the protist OTUs showed that 

84.4% of the reads (between 76.6% and 93.0% per forest) and 50.6% of the OTUs (between 

43.1% and 61.5% per forest) were affiliated to the Apicomplexa (Fig. 3, Fig. S7). Apicomplexa 

are widespread and are parasites of animals (14, 15), although a few free-living species are 

known (16). The observed read- and OTU-abundances of the Apicomplexa in the marine and 

Swiss soil protist data were all ≤2.6% (Fig. S8-S9). A high abundance of Apicomplexa was also 

found in rainforest samples amplified with primers designed to target the closely related 

Ciliophora (Fig. S10). 

We used EPA to place Apicomplexa OTU centroids into a more focused phylogeny 

inferred from 190 full-length reference sequences from all major Alveolate clades (Table S6). 

While the OTUs were generally distributed across the whole phylogeny (Fig. S11), 80.2% 

grouped with the gregarines, which predominantly infect invertebrates (14). About 23.8% of 

these gregarine OTUs 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 clustered with two environmental gregarine sequences collected 

from brackish sediment. Many other OTUs placed within gregarine lineages thought to be 

primarily parasites of marine annelids and polychaetes. Non-gregarine Apicomplexa OTUs 

largely grouped with the blood parasites Plasmodium (which cause malaria) and close relatives, 
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some of which cycle through arthropods and vertebrates. It is unknown if this immense diversity 

of Apicomplexa is derived from animals in the soils alone. Some of this diversity could be a 

shadow of the tree-canopy communities that have rained down from above, and some may be 

unknown free-living forms. Some may have evolved to exploit the nutrient-rich environment of 

the numerous fungi found in the same samples (Fig. S12); while chitinases are unknown in the 

Apicomplexa, mycophagy has evolved in the closely related Cercozoa (17) and Ciliophora (18).  

These dominating apicomplexan parasites potentially have a significant influence on the 

diversity of animals in the three rainforests. In the Janzen-Connell model (19, 20), host-specific 

parasites are hypothesized to contribute to high tropical tree diversity by reducing population 

growth rates in a density-dependent manner (2). The Apicomplexa, which are usually host-

specific although switching is known (14, 15, 21, 22), may likewise contribute to high tropical 

animal diversity via infections (e.g., 23, 24) that limit population growth rates of species that 

become locally abundant. In our model, we expect Apicomplexa to dominate both the below- 

and above-ground protist communities in tropical forests worldwide, and we expect most animal 

populations in those forests to have apicomplexan parasites. As with tropical trees (25), the 

nature of this density-dependent effect on the animals may vary by the mode of apicomplexan 

transmission.  

The second through fifth most abundant protist microbes were the predominantly 

heterotrophic Cercozoa, Ciliophora, Conosa and Lobosa (Fig. 3, Fig. S7). Photo- or mixo-trophic 

Chlorophyta, Dinophyta, Haptophyta, and Rhodophyta were also uncovered; Haptophyta are 

mostly marine, but phylogenetic placement of these OTUs showed many were closely related to 

freshwater species (Fig. S13). Algae increase the net uptake of carbon in some terrestrial 

ecosystems (26), but the contribution of these algae to the carbon cycle in Neotropical rainforests 
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is unknown. Although we observed taxonomically diverse heterotrophic and phototrophic 

microbial eukaryotic groups, almost 70% of the reads were derived from 50 hyperdominant 

OTUs that were mostly the apicomplexan parasites (Fig. S14, Table S7); on the other hand, with 

macro-organisms, resistance to parasites was a predicted feature for the 227 hyperdominant tree 

species found in the Amazon basin (27). 

Using Breakaway (28), we estimated 26,863 (S.E. 1) observed plus unobserved protist 

OTUs using the combined soil samples, suggesting that the sequencing depth enabled detection 

of a rich diversity that strongly represents the total diversity within each sample. Bray-Curtis 

dendrograms (Fig. S15) and non-metric multidimensional scaling (Fig. S16) showed that the 

OTU composition was slightly more similar among the samples from Costa Rica and Panama 

than those from Ecuador. However, the Jaccard similarity index (Fig. 4, Fig. S17) estimated high 

OTU turnover between samples even within the same forest (lower OTU turnover was found for 

the fungi in the same forests (Fig. S18) and for the marine and Swiss soil protists (Fig. S19-

S20)). Within-forest OTU rarefaction curves (Fig S21) based on the sample accumulation further 

estimated logarithmic increases without plateaus. Overall, this indicates that our sampling effort 

has unveiled only a fraction of the full extent of protist hyperdiversity in the three studied 

rainforests.  

These observations and analyses offer a number of unique insights. First, just as there is 

high richness and high species turnover in rainforests at the macro-organismic scale, there are 

similar patterns of hyperdiversity with protists at the microbial scale. Given the low similarity of 

protist community compositions between samples and the 6-fold ratio of protist to animal OTUs, 

a concerted and comparable count will likely show that protists, and not arthropods as 

traditionally thought (3), are the most diverse eukaryotes in Neotropical rainforests. Second, 
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scratching the soil surface in just three Neotropical rainforests revealed a comparable amount of 

protist diversity as sampled in the sunlit surface layer of the world’s open oceans. While the 

Tara-Oceans consortium (6) had a 7.3-fold higher sequencing depth from 29% more size-

fractionated circumglobal samples, our re-analysis of their data found only 11.3 times more 

protist OTUs than found in the rainforest soils. Third, a diversity survey combining terrestrial 

and marine protists may reveal that these microbes are the most diverse eukaryotes on Earth. If 

they are it would not be due to inordinate speciation in just a few clades since the mid-

Phanerozoic, e.g., the beetles (29), but because of the accumulation of rich and functionally 

complex protist lineages beginning in the early Proterozoic (30), which built up the multifaceted 

invisible foundation of our now familiar macroscopic ecosystems. 
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Figure Captions. 

Fig. 1: Similarity of protists to the taxonomic reference database PR2 (10). Only 8.1% of the 

protist V4 reads from the three Neotropical forest soils had a similarity ≥95% with PR2 reference 

sequences. By contrast, 68.1% of the protist V9 reads from the Tara-Oceans open oceans had a 

similarity ≥95% with PR2 reference sequences; plotting this marine diversity shows that the 

approximately 112 million reads with 100% similarity to PR2 references correspond to only 857 

OTUs. 
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Fig. 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. Alveolate includes Apicomplexa and Ciliophora; Holozoa includes animals; 

Holomycota includes fungi. Branches outside of known clades are shaded in gray. 
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Fig. 3: Taxonomic identity and relative abundances of soil protist reads and OTUs in three 

Neotropical rainforests. Taxa shown each represent >0.1% of the data. Taxonomy is at the 3rd 

level of the PR2 database.  
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Fig. 4: Jaccard similarity index among Neotropical rainforest soil samples. Each square is a 

pairwise sample comparison. The lower the value, the higher the OTU turnover between 

samples. Sample names are in Figure S17. 
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