

[image: image1]
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Opisthokonta represents a major lineage of eukaryotes and includes fungi and metazoans, as well as other less known unicellular groups. The latter are paraphyletic assemblages that branch in between the former two groups, and thus are important for understanding the origin and early diversification of opisthokonts. The full range of their diversity, however, has not yet been explored from diverse ecological habitats. Freshwater environments are crucial sources for new diversity; they are considered even more heterogeneous than marine ecosystems. This heterogeneity implies more ecological niches where local eukaryotic communities are located. However, knowledge of the unicellular opisthokont diversity is scarce from freshwater environments. Here, we performed an 18S rDNA metabarcoding study in the Middle Paraná River, Argentina, to characterize the molecular diversity of microbial eukaryotes, in particular unicellular members of Opisthokonta. We identified a potential novel clade branching as a sister-group to Fungi. We also detected in our data that more than 60% operational taxonomic units classified as unicellular holozoans (animals and relatives) represent new taxa at the species level. Of the remaining, the majority was assigned to the newly described holozoan species, Syssomonas multiformis. Together, our results show that a large hidden diversity of unicellular members of opisthokonts still remain to be uncovered. We also found that the geographical and ecological distribution of several taxa considered exclusive to marine environments is wider than previously thought.
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INTRODUCTION

Understanding eukaryotic diversity is an essential need for humankind. It does not only provide more knowledge about evolutionary processes, but it also helps to fully describe complex ecological networks, which can lead to better conservation policies and new sources of food and medicines (Pawlowski et al., 2016). From all eukaryotes, historically, animals, fungi, and plants have stood up, hence they account for the vast majority of described species (Pawlowski et al., 2012; del Campo et al., 2014). Nevertheless, molecular surveys of biodiversity have redrawn a completely different paradigm, in which unicellular eukaryotes represent the majority of the total eukaryotic richness, while remaining mostly undescribed (Pawlowski et al., 2012; del Campo et al., 2014). Many studies have overcome this limitation using molecular data to define new clades (López-García et al., 2001; Massana et al., 2004, 2014; Šlapeta et al., 2005; Guillou et al., 2008; Marande et al., 2009; Jones et al., 2011; del Campo and Ruiz-Trillo, 2013). However, the complete view of the molecular eukaryotic diversity remains unsolved.

This lack of knowledge of eukaryotic diversity also occurs in Opisthokonta, the superclade that comprises Metazoa, Fungi and several unicellular lineages (Ruiz-Trillo et al., 2008; Paps and Ruiz-Trillo, 2010; Torruella et al., 2012). These unicellular opisthokonts are understudied compared to their multicellular relatives, even though they are essential for better understanding key evolutionary transitions, including those that took place at the origins of both animals and fungi (Ruiz-Trillo et al., 2007; Richter and King, 2013; Brunet and King, 2017; Richards et al., 2017; Sebé-Pedrós et al., 2017).

Opisthokonts are divided into two major clades: Holozoa and Holomycota. Holozoa contains animals and their unicellular relatives, namely Choanoflagellata, Filasterea and Teretosporea (or Ichthyosporea and Plurimorfea, depending on the authors) (Lang et al., 2002; Torruella et al., 2012, 2015; Hehenberger et al., 2017). Holomycota contains fungi and their closest unicellular lineages (Brown et al., 2009; Liu et al., 2009; Lara et al., 2010; López-Escardó et al., 2018). Previous studies on unicellular opisthokonts had already found new molecular lineages within or even between clades, such as marine opisthokonts (MAOP), marine fonticulids (MAFO), marine choanoflagellates (MACHO) or Clade L (Weber et al., 2012; del Campo and Ruiz-Trillo, 2013; del Campo et al., 2015). The majority of these environmental lineages of opisthokonts were described in marine environments. However, a few new species have been recently described in fresh waters; these include the genera Syssomonas and Pigoraptor (Hehenberger et al., 2017) within Holozoa and Parvularia as an early-branching Holomycota (López-Escardó et al., 2018). Therefore, there is need for exploring the diversity of unicellular opisthokonts, particularly from freshwater environments where a wide range of ecological niches exist (Logares et al., 2009a; Simon et al., 2015). This heterogeneous nature can be a potential reservoir of a diverse array of new eukaryotic lineages (Šlapeta et al., 2005; Downing, 2010).

Among freshwater habitats, lakes are the most studied environments (Charvet et al., 2012; Eiler et al., 2013; Lepère et al., 2016; Boenigk et al., 2018). For example, mountain lakes have been shown to harbor an extensive diversity within large eukaryotic lineages and a high proportion of unclassified sequences (Triadó-Margarit and Casamayor, 2012; Kammerlander et al., 2015; Filker et al., 2016; Boenigk et al., 2018). This is remarkable given the extreme oligotrophic condition of some of these lakes. There has also been research on ponds, brooks and other seasonal currents (Šlapeta et al., 2005; Simon et al., 2014, 2015). Some of these studies found novel eukaryotic clades, and showed the presence of some putatively marine-exclusive lineages in those freshwater environments. However, fewer molecular biodiversity surveys have been conducted in rivers (Berney et al., 2004; Thomas et al., 2012; Debroas et al., 2017).

In the present study, we performed a metabarcoding survey in the Middle Paraná River, Argentina. The Paraná River is the second largest river in South America, after the Amazon. It springs in southern Brazil and flows into the Atlantic Ocean, going through a great variety of ecosystems, from deserts to humid forests. It covers 2.6 million km2, making the Paraná River basin the sixth biggest river basin around the world (Iriondo and Paira, 2007). Its large volume flow allows the formation of heterogeneous wetlands and channels and drags tons of fine sediments toward the ocean (Iriondo and Paira, 2007). We chose the Middle Paraná for several reasons. First, it is less studied than the Upper Paraná River (Train and Rodrigues, 1997; Agostinho et al., 2004a,b; Lansac-Tôha et al., 2009; Roberto et al., 2009). Second, the Bermejo River, one of the main tributaries to the Middle Paraná in its origin, supplies 50–70% of the dissolved solids (Devercelli, 2006), which can be a decisive factor for determining the composition of the protist community. These sediments, together with the vegetation, create different natural barriers, in which some locations of the river are not permanently flooded, favoring a high heterogeneity between closely located sites. Finally, previous studies about protist diversity in this river focused largely on morphological analyses (Zalocar de Domitrovic et al., 2007). To our knowledge, there is no molecular diversity study done along the Paraná River.

We performed a metabarcoding survey in the Middle Paraná River with one main objective: to find potential molecular novelties within the Opisthokonta clade. We sequenced the V4 and V8-9 regions of the 18S rRNA gene in samples from five different places of the Middle Paraná River. We carried out phylogenetic analyses to look for molecular novelties both within Holozoa and Holomycota. We found that the majority of new diversity within the Holomycota identified in our study represent members of “early-branching” groups such as Chytridiomycota and Cryptomycota. We also identified two potential new clades (tentatively named as FRESHOL1 and FRESHOL1-related) that diverge as sister-groups to the classical “true” Fungi. Regarding unicellular Holozoa, more than 60% OTUs of Paraná diversity matches with uncultured sequences, showing that the hidden diversity is still very high, especially within choanoflagellates. We also identified OTUs closely related to the newly described species Syssomonas multiformis (Hehenberger et al., 2017), which strikingly, appears to be the most abundant holozoan taxon in our dataset. Finally, we detected in our freshwater samples the presence of groups that were previously known only from marine samples; these include members of Acanthoecid choanoflagellates. Our results add to a growing body of evidence suggesting that the microbial portion of Opisthokonta is still vastly under-sampled and that our current ecological understanding of these organisms is limited.

RESULTS

Sampling, Sequencing, and Clustering

Fresh water samples were collected from five different locations in the Middle Paraná River, nearby San Nicolás de los Arroyos, Argentina (Figure 1). We fractionated each water sample by size: picoplanktonic (2–8 μm) and nanoplanktonic (8–15 μm) portions because the majority of unicellular opisthokonts have these dimensions. We performed DNA extraction and amplified the V4 and V8-9 regions of the 18S rRNA gene. Sequencing was carried out on the Illumina MiSeq platform (see details in Materials and Methods). We retrieved 3,328,000 reads that were subsequently clustered at 97% threshold following the UPARSE workflow (Edgar, 2013). A total of 8,061 OTUs (4,195 of V4 region; 3,866 of V8-9 region) were obtained. We assigned them taxonomically using our curated PR2 database (see Materials and Methods).
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FIGURE 1. Localization of the sampling sites in the Middle Paraná River, Argentina. The five sampling sites are located near San Nicolás de los Arroyos, in the north of Buenos Aires Province, Argentina. Out of five sites, 4 were located in the Paraná River (Paraná River, Paso del Tonelero, Marsh and Canal), while Ramallo Stream is a small tributary of it. Specific cartographic data for each site can be found in Supplementary Table.



Diversity Patterns of Freshwater Eukaryotes

We first analyzed the overall perspective on the eukaryotic diversity present in the data. We used the Bray-Curtis dissimilarity matrix, which was plotted in a dendrogram (see Materials and Methods). Our data appeared to cluster by size fraction, rather than sampling site (Supplementary Figures 1A, 2A). The only exception is Ramallo Stream, whose two size fractions clustered together far from the rest of the sampling sites. This topology of the cluster is the same in both V4 and V8-9 regions. Moreover, the distribution of unique eukaryotic OTUs in each sampling site showed that the composition of eukaryotes at Ramallo Stream differed the most from the other sites. In fact, 41.81% of eukaryotic OTUsV4 and 28.40% of OTUsV8−9 are exclusive to Ramallo Stream (Supplementary Figure 3A). Despite these differences among sampling sites, the rarefaction curves of the whole eukaryotic diversity in both regions of the 18S rRNA gene reached saturation (Supplementary Figure 3B). This implies that most of the unicellular eukaryotic diversity in the sampling locations was recovered.

We later performed a general analysis to detect patterns of eukaryotic diversity. We recovered reads from all major eukaryotic groups (Adl et al., 2012; Figure 2). Regarding richness (number of OTUs), Holomycota is the richest eukaryotic group (22.8% in V4 region, 21% in V8-9 region), followed by Cercozoa (15.1%, 12.7%) and Ciliophora (10.1%, 9.1%, respectively). However, in terms of abundance (number of reads), Bacillariophyta (Stramenopiles) is the most abundant group (33.85% in V4 region, 30.3% in V8-9 region), together with Ciliophora (15.9% and 18.9%, respectively) (Figure 2).
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FIGURE 2. Eukaryotic diversity in Paraná River represented by V4 and V8-9 regions of 18S rRNA gene. Eukaryotic classification follows Adl et al. (2012). External barplots show the richness (number of OTUs) in red and the abundance (number of reads) in green for each eukaryotic group. Inner histograms show the distribution of percentages of blast identity against our reference database adapted from PR2 (see Materials and Methods) in every group.



A more specific analysis of the eukaryotic diversity across sampling sites or size fraction showed that these abundant groups are not equally distributed in our samples. For example, Holomycota accounts for [image: image] = 22.94% and [image: image] = 21.81% of the total eukaryotic abundance in Ramallo Stream while in the rest of samples its abundance remains below 6.5% and 2.5% in V4 and V8-9 regions, respectively (Supplementary Figures 1B, 2B). Bacillariophyta is mostly found in the 8–15 μm fraction in all samples ([image: image] = 47.98% and [image: image] = 46%), while Cryptista is mostly found in the 2-8 μm fraction ([image: image] = 16.74% and [image: image] = 21.51%) (Supplementary Figures 1B, 2B). Another exception is the Dinophyta, whose abundance in Marsh 8-15 μm is much higher than in the rest of the samples (32.13% in V4 and 33.03% in V8-9, compared to 2.35% and 1.79%) (Supplementary Figures 1B, 2B). In contrast, the rest of the eukaryotic groups have a more homogeneous distribution across the samples.

We then questioned whether there were differences in the level of potential novel diversity among different eukaryotic lineages by looking at the blast identities against the PR2-Opistho database (see Materials and Methods). Our analyses showed that Amoebozoa stands out in terms of potential novelty; with around half of its diversity having less than 90% of blast identity against our reference database ([image: image] = 46.55% and [image: image] = 57.96%) (Figure 2 and Supplementary Table). It is worth mentioning the case of the Archamoebae, with 85.71% of OTUsV8−9 below 90% of blast identity. Alveolata also holds a high amount of diversity that could be considered unknown. If the well-known ciliates (within the Ciliophora group) are not considered, then 45.81% and 51% of the Alveolata diversity is below 90% blast similarity in V4 and V8-9 region, respectively. The groups Rhodophyta ([image: image] = 55.17% and [image: image] = 47.06%) and Glaucophyta ([image: image] = 100% and [image: image] = 16.67%) also have a high amount of potential novel diversity (Figure 2 and Supplementary Table). Finally, Opisthokonta contains a moderate proportion of unknown diversity ([image: image] = 32.72% and [image: image] = 19.89%) (Figure 2). This group also shows a steep slope of the accumulation curve, indicating the large amount of diversity still to be discovered (Supplementary Figure 3C). This steep slope, together with the low blast identity values and the curated dataset available, offered us the possibility to further explore the putative unknown diversity retrieved within Opisthokonta.

Novel Opisthokonta Diversity

Diversity and Novelty of Holomycota

Holomycota (syn. Nucletmycea) is the group that contains Fungi and their unicellular relatives, namely Nucleariidae and Opisthosporidia (Brown et al., 2009; Liu et al., 2009; Karpov et al., 2014a). In our dataset, Holomycota is the richest eukaryotic clade (Figure 2). In particular, we obtained 956 and 813 OTUs of Holomycota in the V4 and the V8-9 region, which represents 22.8 and 21% of the total eukaryotes, respectively. The distribution of this diversity is considerably uniform across the sampling sites (Supplementary Figure 4). However, there is a singular difference between V4 and V8-9 regions. While Chytridiomycota and Cryptomycota are the most abundant groups in the V4 region, Dikarya (the group that comprises Ascomycota and Basidiomycota) is the most abundant one in the V8-9 region.

A good proportion of the total Holomycota richness (specifically, 43.93% in V4 and 23.7% in V8-9) has less than 90% of blast identity against PR2-Opistho database and, therefore, could be potential novel diversity (Figure 2 and Supplementary Table). Additionally, the majority of the Holomycota richness (63.08% of the taxonomical assignments in V4 and 51.78% in V8-9) does not match with actual described species, but with environmental sequences (Supplementary Table). Given these numbers, we went further to explore the putative new Holomycota diversity.

To look for Holomycota novelties, we performed a phylogenetic placement of all the OTUs into a curated Holomycota reference tree (see Materials and Methods) (Figure 3A, Supplementary Figures 5, 6, and Supplementary Datasheets 1, 2). In both regions, we did not recover many OTUs among the classical “true” Fungi, such as Dikarya, Glomeromycota or Zygomycota (Karpov et al., 2014a; Spatafora et al., 2016). Instead, we recovered a large number of Opisthosporidia, which is also the group with a high number of OTUs placed in both terminal and internal nodes: the latter probably indicating the presence of novel groups (see details of the phylogenetic placement approach in Materials and Methods).
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FIGURE 3. Diversity and novelty of Holomycota OTUs of the V4 region. (A) Mapping of all Holomycota OTUsV4 into our reference tree. The darker the branch, the higher amount of OTUsV4 it contains, as it is depicted in the reference bar. Taxonomic assignment is shown by color code indicated in the panel below. Early-diverging fungal groups, such as Cryptomycota and Chytridiomycota hold the majority of the Paraná Holomycota diversity. An asterisk indicates an assemblage of putatively novel OTUsV4, whose phylogeny is shown in (B). (B) Maximum-likelihood tree showing the phylogenetic placement of novel OTUsV4 found in our Paraná dataset in relation to Holomycota and other opisthokont lineages including the environmental clade identified from Lake Pavin (Monchy et al., 2011). We term this group FRESHOL1 (for freshwater Holomycota). We also named the closest group as FRESHOL1-related. The tree was obtained using IQ-tree software under GTR evolutionary model with nodal supports (SH-aLRT and UFBoot support) obtained through 1,000 bootstrap replicates (Nguyen et al., 2015). Black dots are depicted when SH-aLRT > 80% and UFBoot > 95%. Full alignment and tree can be found in Supplementary Datasheet 3.



In this respect, an interesting branch is the one indicated by an asterisk in Figure 3A, which branches in a very early position in the phylogeny of Holomycota. This branch, despite being quite deep, contains the highest amount of OTUsV4 placed within Holomycota. With the objective to determine the phylogenetic position of these sequences, we retained the OTUsV4 that were placed in this branch by two different software packages for phylogenetic placement (see Materials and Methods). We also searched for related full-length 18S sequences in GenBank that could help to improve the phylogenetic signal (Supplementary Datasheet 3). The final tree is shown in Figure 3B. The 4 OTUsV4 retrieved (OTU IDs 4292, 833, 1401 and 2739) plus the long GenBank 18S sequences from Lake Pavin (Monchy et al., 2011) are positioned as the sister-group of the clade formed by Opisthosporidia + Fungi with good statistical support (97.7% and 99% for both ML IQ-tree 1,000 bootstrap replicates: SH-aLRT and UFBoot, respectively) (full tree and alignments can be found in Supplementary Datasheet 3). The group formed by OTU 4292, OTU 833 and the Lake Pavin clade is well supported (SH-aLRT = 92, UFBoot = 94); thus, we name it as FRESHOL1 (for freshwater Holomycota). The specific phylogenetic position of the group formed by OTUs 1401 and 2739 varies depending on the maximum-likelihood software used, but they are always positioned early-branching to the clade that includes Fungi and Opisthosporidia. We, then, tentatively propose FRESHOL1-related to this group.

Diversity and Novelty of Holozoa

Holozoa is the group that contains Metazoa and their closest unicellular relatives, namely Choanoflagellata, Filasterea, Ichthyosporea, and Plurimorfea, the latter with an uncertain phylogenetic position in relation to Ichthyosporea (Paps and Ruiz-Trillo, 2010; Torruella et al., 2015; Hehenberger et al., 2017). Holozoa also contains some exclusively environmental clades, mainly within choanoflagellates and ichthyosporeans (del Campo and Ruiz-Trillo, 2013). We detected 180 unicellular Holozoa OTUs in both V4 and V8-9 regions. The majority of these OTUs were assigned to Choanoflagellata ([image: image] = 64.45%, both V4 and V8-9 regions), followed by Ichthyosporea ([image: image] = 22.81%) and other holozoan lineages (namely, MAOP1 and Syssomonas multiformis; [image: image] = 6.6%). We did not identify any Filasterea reads in our samples, neither in V4 nor in V8-9 region. Finally, around 6% of all unicellular holozoans could not be assigned to any defined clade, so they were classified as Holozoa-unclassified (Figure 4A and Supplementary Table).
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FIGURE 4. (A) Distribution and relative abundance of the unicellular Holozoa as a whole, across sampling sites and by size fraction. Note that Syssomonas multiformis, Sphaeroeca-Codosiga environmental clade and the environmental group freshwater choanoflagellates (FRESCHO) account for most of the detected diversity. Numbers on top of each histogram shows the relative proportion of the unicellular Holozoa with respect to all eukaryotes. ENV stands for environmental, those sequences in our dataset that expand the diversity of a specific clade or species. (B) Distribution of reads across sampling sites (left) and size fraction (right) depending on the 18S region considered. Even though the diversity patters are similar, the V8-9 region detects more abundance in each sampling site, especially in the 2–8 μm fraction.



Only 33.79% of the Holozoa OTUs that could be properly assigned in both regions were associated to a defined genus or species level. To the contrary, the majority of them (59.14% in V4 region; 62.07% in V8-9) were associated with environmental uncultured sequences (Figures 5, 6). This implies that most of the unicellular Holozoa diversity found in Paraná River is still undescribed.
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FIGURE 5. Maximum-likelihood consensus tree of all GenBank sequences showing the diversity and novelty of unicellular Holozoa in V4 region. The tree was constructed using RAxML v.8.2.8 under GTRCAT evolutionary model with a nodal support obtained through 1,000 bootstrap replicates (Stamatakis, 2014). Three nodal supports are shown: ML bootstrap/SH-aLRT/UFBoot. Nodal support is depicted as black dots when all three supports are above 90%, as a numerical value when ML bootstrap is below 90% and absent if at least two of the supports were below 90%. Barplots show the number of OTUs (red) and the number of reads (green) associated with their closest GenBank full-length representatives, either environmental (gray) or morphologically described (black) (see Materials and Methods). The more abundant groups are S. multiformis, the recently described species from a lake in Vietnam (Hehenberger et al., 2017) and several environmental clades, such as FRESCHO3 or FRESHIP1. Alignments and phylogenetic trees can be found in Supplementary Datasheet 5.
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FIGURE 6. Maximum-likelihood (ML) consensus tree of all GenBank reference sequences showing the diversity and novelty of unicellular Holozoa in V8-9 region. The tree was constructed using RAxML v.8.2.8 under GTRCAT evolutionary model with a nodal support obtained through 100 bootstrap replicates (Stamatakis, 2014). Three nodal supports are shown: ML bootstrap/SH-aLRT/UFBoot. Nodal support is depicted as black dots when all three supports are above 90%, as a numerical value when ML bootstrap is below 90% and absent if at least two of the supports were below 90%. Barplots show the number of OTUs (in red) and the number of reads (green) associated with their closest GenBank full-length representatives, either environmental (gray) or morphologically described (black) (see Materials and Methods). The more abundant groups are S. multiformis, the recently described species from a Vietnamese lake (Hehenberger et al., 2017), the environmental clade FRESCHO1 and several uncultured choanoflagellate sequences closely related to Salpingoeca macrocollata. Alignments and phylogenetic trees can be found in Supplementary Datasheet 5.



We then investigated the putative novelty within Holozoa. In this case, and given the smaller number of OTUs compared to Holomycota, we performed a deeper and phylogenetically-based analysis to classify this diversity (see Materials and Methods for more details). We first grouped our OTUs into smaller clades based on the same BLAST hit. For each group, we constructed a tree with the reference Holozoa sequences, our OTUs and GenBank full sequences with high identity to our OTUs. Then, we built a tree with only the references and the GenBank full sequences. Finally, we performed a phylogenetic placement of the OTUs into those trees to check the phylogenetic position obtained previously. With this procedure, we succeed in classifying more accurately the holozoan OTUs because it was based on a phylogenetic method rather than only on the blast-taxonomical classification.

In our study, the majority of the Choanoflagellata diversity falls into uncultured GenBank sequences (Figures 5, 6). However, we also recovered a few described species. Specifically, in both V4 and V8-9 regions we detected the recently described Salpingoeca kvevrii, S. macrocollata and Codosiga hollandica. Among environmental choanoflagellates, 19.35% of unicellular Holozoa V4 richness and 14.94% of V8-9 richness are FRESCHO groups (freshwater choanoflagellates) (del Campo and Ruiz-Trillo, 2013; Figures 4A, 5, 6), being FRESCHO3 the richest and most abundant group in our dataset. We could also assign 10 OTUs of both regions with a total of 303 reads to Acanthoecida, a traditionally marine group of choanoflagellates (Carr et al., 2008; Leadbeater, 2008; Figures 4A, 5, 6).

In contrast, our Paraná diversity of ichthyosporeans mainly falls in described cultured species (Figures 5, 6). Both regions of 18S rRNA gene recover freshwater species, such as Amoebodium parasiticum or Anurofeca richardsi, even though they are parasites (Mendoza et al., 2002; Glockling et al., 2013). We also detected environmental ichthyosporeans. For instance, the environmental clade formed around A. parasiticum and Ichthyophonus irregularis species accounts for up to 18.39% of the total Holozoa richness in the V8-9 region (named as Amoebidium-Ichthyophonus ENV in Figure 4A). The environmental clade FRESHIP (freshwater ichthyosporeans) (del Campo and Ruiz-Trillo, 2013) was also identified from our samples. In fact, it is the richest and most abundant ichthyosporean group in the V4 region (12.9% of the total Holozoa abundance) (Figure 4A).

Surprisingly, the most abundant OTUs of all unicellular holozoans in our dataset is associated to the recently described Syssomonas multiformis, putatively the sister-group to Corallochytrium limacisporum (Hehenberger et al., 2017; Figures 5, 6). These OTUs account for 37.36% of the total unicellular Holozoa abundance in the V4 region and 45% in the V8-9 region (Figure 4A). It is significantly more abundant in Ramallo Stream and Marsh sampling sites, and completely absent in Paso del Tonelero (Figure 4A).

DISCUSSION

V4 and V8-9 Regions of the 18S rRNA Gene Recover Different Eukaryotic Diversity

We decided to sequence both V4 and V8-9 regions of the 18S rRNA gene. Both V4 and V9 are considered suitable regions for biodiversity studies given their great variability and the combination of high and low entropy in these sections, which allows forgood primer binding (Behnke et al., 2011; Hadziavdic et al., 2014; Tanabe et al., 2016). They also have been widely used in molecular diversity studies, so the research community knows the advantages and limitations of both regions (Amaral-Zettler et al., 2009; Stoeck et al., 2010; Massana et al., 2015). In fact, we overcame one of the main limitations of the V9 region, which is its short length (Amaral-Zettler et al., 2009; Pawlowski et al., 2011), by sequencing the V8 region as well. This strategy had already been proven to be reliable as demonstrated by Taib et al. (2013). In addition, a combination of V4 and V8-9 regions compensate the existing primer bias (Amaral-Zettler et al., 2009; Pawlowski et al., 2011), leading to a more realistic picture of the eukaryotic diversity.

The diversity and distribution patterns are similar between both regions. However, there are some examples of a biased recovery of the eukaryotic diversity (Figures 2, 4–6 and Supplementary Figure 4). We found out that only the V4 region could detect some eukaryotic groups such as Picobiliphyta, Dictyostelea and Malawimonadidae (Supplementary Table). V4 region also included unaffiliated OTUs: 9 OTUsV4 did not match to any group, and were therefore labeled as Eukaryota-unclassified. In contrast, all OTUsV8−9 were properly assigned to an extant eukaryotic group. Moreover, the V8-9 region seems to detect less novelty for each lineage than V4 (on average, 8.29% less). We also found a different proportion of groups depending on each 18S rRNA gene region. This can be seen in the distribution of Holomycota diversity across sampling sites (Supplementary Figure 4). V4 shows that Chytridiomycota and Cryptomycota are the most abundant groups in each sample, while V8-9 detects Dikarya as the most abundant group. The environmental group of freshwater ichthyosporeans (FRESHIP) is another example (del Campo and Ruiz-Trillo, 2013). FRESHIP is definitely better represented in V4 (12.9% of the total Holozoa richness, 4.67% of the abundance) than in V8-9 samples (1.15% and 0.4%, respectively) (Figure 4A and Supplementary Table).

The lower level of novelty in the V8-9 region compared to the V4 may at least be explained by the higher variability of the V4 region (Stoeck et al., 2010). However, even though in our PR2-Opistho database the number of sequences that contain the V8-9 region was only 11.17% of the total, BLAST identities were higher for OTUsV8−9. The differences in the proportion of richness and abundance between both regions in some eukaryotic groups are likely to be due to primer bias effect. In addition to that, indels or variation among sequences can also change the properties of primers favoring the amplification of some groups above others, explaining the unequal recovery of diversity and novelty in eukaryotes (Pawlowski et al., 2011; Giner et al., 2016).

Eukaryotic Diversity in Paraná River is Similar to Other Freshwater Environments

According to the rarefaction curves, our sampling effort was enough to recover most of the unicellular eukaryotic diversity (Supplementary Figure 3B). The sampling was limited, however, to a two-month period (Supplementary Table), so we may have missed seasonal changes in community composition and structure throughout the year. Our study shows, however, that in general eukaryotic diversity is similar across sampling sites, with the exception of some groups such as Holomycota or Dinophyta. It also shows that Ramallo Stream sampling site differs the most from the other sites in its eukaryotic composition (Supplementary Figures 1A, 2A) and contains the largest propotion of unique OTUs (Supplementary Figure 3A). One explanation could be that Ramallo Stream, unlike the other sampling sites, is a tributary of the Paraná River and the sample was taken almost 2 km away from the river's mouth (Figure 1). Thus, Ramallo Stream does not belong to the same hydrological system as the rest of sites.

The richest and most abundant groups in our Paraná samples are Stramenopiles, Alveolates and Rhizarians, together with Holomycota (Figure 2). This is in agreement with previous freshwater studies (Taib et al., 2013; Simon et al., 2014, 2015). The main reason of this large number might not be the abundance of the organisms themselves but the greater amount of rRNA gene copies in their genomes (Medinger et al., 2010; Torres-Machorro et al., 2010; Pawlowski et al., 2011). Another important eukaryotic group in fresh waters are the small unicellular algae cryptophytes, which belong to Cryptista clade. Cryptista appear to be moderately abundant in our samples, reaching up to 25% of the total eukaryotic abundance in the 2–8 μm size fraction in almost all samples (Figure 2, Supplementary Figures 1B, 2B). The abundance of this group is, however, not as large as in other surveys (Šlapeta et al., 2005; Taib et al., 2013; Simon et al., 2014). This pattern might be explained by the fluctuations of its abundance over time, variations in flow rate of the river or the presence of oxygenated waters (Šlapeta et al., 2005; Devercelli, 2006; Simon et al., 2015).

Regarding the molecular novelty in eukaryotes, Amoebozoa is the group with more putative novel diversity (Figure 2). This is also in agreement with previous studies that found a large undetected diversity within this lineage, and highlights the importance of unraveling it to understand its evolution (Romeralo et al., 2011; Fiz-Palacios et al., 2013; Tekle et al., 2016; Kang et al., 2017).

Large Amount of Novel Diversity of Early-Diverging Holomycota

During the past decade, an increasingly large number of undescribed taxa within or related to Fungi have been detected, leading to the “dark matter fungi” concept (Hibbett et al., 2011; Jones et al., 2011; Kagami et al., 2014; Grossart et al., 2016; Yahr et al., 2016). This dark matter comprises a huge fungal diversity, widespread across different ecosystems, which have never been cultured, taxonomically classified or morphologically studied. Among the genetic markers to study Fungi, the internal transcribed spacer (ITS) has been proposed as the best one because of its high resolution for species identification (Schoch et al., 2012). However, we decided to work with 18S rDNA because the aim of our study was not to define fungal diversity at species level, but to search for more distinctly related lineages in a broader scope.

In our Paraná samples, a significant proportion of all Holomycota have less than 90% blast identity against our PR2-Opistho database ([image: image] = 43.93% and [image: image] = 23.7%) (Supplementary Table). Most of this putative novel diversity is placed within either Chytridiomycota or Cryptomycota (Figure 3A and Supplementary Figures 5, 6). Nonetheless, we found 4 OTUsV4 that branch close to but clearly outside the Opisthosporidia and Fungi clade and do not correspond to any known group (Figure 3B). Although this result should be taken with caution, it certainly suggests the existence of novel species that do not belong to any of the currently known and defined Holomycota lineages. Little can be said about these OTUs besides that they appear only in two sampling sites, Ramallo Stream and Marsh, and that the OTU_833 seems to correspond to a bigger organism as it was only found in the 8–15 μm fraction. On the other hand, the other OTUs were found in the smaller fraction. It has been hypothesized that the presence of novel early-branching groups in different size fractions could be related to a multi-stage life cycle (in which there would be two different types of cells: a small one, spores or cysts, and a big one, in form of a multi-cellular sporangia) or to symbiotic interactions (Richards et al., 2015). We cannot claim whether these hypotheses explain our observations. What we can assert is that we have found a new group of 18S rDNA sequences at the base of Holomycota, which we named FRESHOL1 and FRESHOL1-related. Their position between nucleariids and Opisthosporidia suggests they are unrelated to any previously described early-branching holomycotan lineage. Further studies using single-cell genomics or isolating the organisms would be necessary to formally describe these new taxa and to more precisely place them in phylogenies. Thus, our study highlights the importance of metabarcoding analyses. Using short fragments of the 18S rRNA gene is an important first step toward detecting novel eukaryotic diversity, paving the way for further isolation and description of new taxa (del Campo and Massana, 2011; Gómez et al., 2011; Cavalier-Smith and Scoble, 2013; Shiratori et al., 2017; López-Escardó et al., 2018).

New Geographical Distribution and Evolutionary Novel Diversity Within Unicellular Holozoa

The uncovered diversity of unicellular holozoans has been increasing in recent years, proving that the closest unicellular relatives of animals are more abundant than previously thought, their genomes are more complex and their ecological traits are wider and different, even within the same lineage (del Campo and Ruiz-Trillo, 2013; Torruella et al., 2015; Grau-Bové et al., 2017; Sebé-Pedrós et al., 2017). Even though our Paraná samples recovered a moderate amount of putative novelty (21.51% in V4 region; 16.1% in V8-9 region), these samples expand the geographic distribution of some holozoan species and also expand the diversity within some small groups, specially the environmental ones.

First, within choanoflagellates, we detected OTUs related to C. hollandica (11 OTUs with 230 reads in both 18S regions) (Figures 5, 6). C. hollandica is a recently described species isolated from a freshwater pond in Madeira Island, Portugal (Carr et al., 2017) and was also detected from 18S rDNA survey work in freshwater systems conducted in the Netherlands (Valster et al., 2010). The presence of C. hollandica OTUs in Paraná River shows that this species has a wider distribution across different freshwater habitats around the globe. The Codosiga clade, together with Sphaeroeca OTUs, dominates the unicellular Holozoa community in Paso del Tonelero and Paraná River sampling sites ([image: image] = 55.22%, [image: image] = 32.18%) (shown as Sphaeroeca-Codosiga ENV in Figure 4A). Among the environmental choanoflagellates, FRESCHO3 is the most abundant group in the V4 data, representing 15% of the total unicellular Holozoa richness and abundance (Figure 4A, Supplementary Table). This result agrees with a previous survey based on GenBank data, where FRESCHO3 was defined as an exclusively freshwater clade holding the largest proportion of environmental choanoflagellate sequences (del Campo and Ruiz-Trillo, 2013).

Second, we found that the most abundant OTUs in our samples were related to the newly described species Syssomonas multiformis (Figures 4A, 5, 6). This flagellate was isolated from a freshwater lake in Vietnam and it was shown to be sister to Corallochytrium limacisporum (Hehenberger et al., 2017). Even though S. multiformis OTUs were present in all our sampling sites, they were more abundant in Marsh (Figure 4A). Marsh sampling site is the only spot of this marshland that never gets dried, remaining as a pond even when the water level of the Paraná River remains low during the dry season (S. R. Najle, personal observation). Perhaps S. multiformis fitness is higher in still waters, rather than in running waters.

Finally, we did not recover any Filasterea in our dataset (Figures 5, 6, Supplementary Table). This result is similar to other metabarcoding studies, which failed to retrieve any filasterean in marine or fresh-water samples (del Campo and Ruiz-Trillo, 2013; del Campo et al., 2015). This failure is puzzling because, after aligning the primers against known filastereans in our PR2-Opistho database, we checked that primer mismatch should not be the reason. Even though half of the filasterean species were isolated in fresh waters (Stibbs et al., 1979; Hehenberger et al., 2017), the most likely explanation is that they were in very low abundance, not found due to seasonal fluctuations, or simply not present in this environment.

Detection of Marine Groups in Paraná Freshwater Samples

In the microbial world, transitions from marine to fresh waters are thought to be rare mainly due to the sharp change in salinity and the harsh competition against better adapted freshwater organisms (Logares et al., 2009b). However, there is an increasing number of studies that show that some “marine” lineages are also present in freshwater ecosystems, although in lower abundances (Alverson et al., 2007; Bråte et al., 2010; Simon et al., 2013, 2014; Debroas et al., 2017).

In this context, MAST (for marine Stramenopila), a group of mostly uncultured bacterivorous flagellates, is a good example. They were initially thought to be exclusively marine, although some clades have also been detected in a wide range of ecosystems, including fresh waters (Massana et al., 2004, 2014; Simon et al., 2014, 2015). In our Paraná dataset, we detected several MAST groups and thus, confirmed its wider spatial distribution. MAST-12 was the second largest group of all MAST in the V4 region (35.94%) and the most abundant in the V8-9 region (71.04%) (Supplementary Table). The majority of these OTUs belong to MAST-12C, a versatile group found in freshwaters, marine habitats or even soils (Massana et al., 2014). However, we also detected 4 OTUs from MAST-12A in both regions, which so far had only been recovered from the Artic and Atlantic oceans (Massana et al., 2014). However, 58.56% of the total MAST abundance in the V4 region and 24.83% in the V8-9 region had a blast identity lower than 97%, so these OTUs could not be assigned properly to any specific MAST subgroups (we thus classified these as MAST-Unk, for unkown; see Supplementary Table). Thus, our data has uncovered a high proportion of MAST diversity with the potential to be novel. However, our MAST clades only represent 0.34 and 0.51% of the total eukaryotic diversity in V4 and V8-9 region, respectively (Supplementary Table). This proportion is minor compared to the >10% typically found in marine ecosystems (Massana and Pedrós-Alió, 2008). In any case, the MAST richness found in our samples is comparable to that found in other freshwater studies (Simon et al., 2014, 2015).

On the contrary, we did not recover any MALV (marine Alveolata), a group of uncultured parasites that accounts for a significant proportion (16.1%) of the microeukaryotic global diversity in the oceans (Guillou et al., 2008; Massana and Pedrós-Alió, 2008; de Vargas et al., 2015). So far, MALV has not been detected in freshwater environments or in continental habitats. Thus, it seems that MALV, as opposed to MAST, is truly an exclusively marine group (Guillou et al., 2008; Logares et al., 2009b).

Within Holozoa, we also detected traditional marine species in our Paraná freshwater samples. For example, considering both 18S rDNA regions, we detected a total of 18 OTUs with 379 reads of both Salpingoeca kvevrii and S. macrocollata, which are newly described choanoflagellate species isolated from a saltmarsh (Carr et al., 2017). Thus, this is the first record of them in a freshwater sub-tropical environment. We could also assign 10 OTUs with a total of 303 reads, in both 18S rDNA regions, to Acanthoecida, a traditionally considered marine group of choanoflagellates (Carr et al., 2008; Leadbeater, 2008; Figures 4A, 5, 6). These acanthoecids were identified mainly from Paraná River sampling site and the 8–15 μm size fraction (Figure 4A). There are only two described freshwater acanthoecid species so far: Acanthocorbis mongolica (Paul, 2012) and Stephanoeca arndtii (Nitsche, 2014), although the taxonomic identification of only the latter has been confirmed by 18S rDNA sequencing. In any case, our OTUs matched with environmental sequences that originated mainly from marine samples. Only the GenBank sequence JN090872 had been detected in a Greek freshwater lake as well (Oikonomou et al., 2012). Our finding of several freshwater OTUs within acanthoecids demonstrates that there is also an unknown freshwater diversity of this choanoflagellate group, although the OTUs are not as abundant as in marine environments (del Campo et al., 2015).

Our observations provide more evidence that, although rare, transitions from marine to freshwater ecosystems are present in different eukaryotic lineages, as it has already been seen for dinoflagellates, haptophytes or stramenopiles (Logares et al., 2009b). These findings demonstrate a more complex picture of the eukaryotic diversity, in which several lineages have adapted to completely different habitats, while some present strong biogeographic patterns.

MATERIALS AND METHODS

Characteristics of the Sampling Sites

The five sampling sites were located in the North of Buenos Aires Province, Argentina (Figure 1; Supplementary Table). The hydrochemistry characterization of the area has been previously reported (Depetris, 1976; Devercelli, 2006; Roberto et al., 2009). One of the main characteristics of this river is the fluctuation of the water volume (Roberto et al., 2009). For example, pH and conductivity have an indirect correlation to the water discharge over time (Devercelli, 2006). According to this author, Middle Paraná has a pH of 7.55, a conductivity of 100 μS cm−1 and an oxygen concentration near saturation. The salinity of the river has different origins, such as sedimentary rocks, saline soils, groundwater seepage and precipitations (Depetris, 1976). It was measured as 276 mg L−1, which is notably low compared to the salinity of marine waters, generally established as 35,000 mg L−1 (Culkin and Smith, 1980; Millero et al., 2008). Regarding vegetation, the water surface of the Middle Paraná River tends to be occupied by macrophytes, such as water hyacinths (Eichornia crassipes, E. azurea) and water lettuce (Pistia stratiotes) (Figure 1; Paira and Drago, 2007).

Sampling

Samples were collected during October and November, 2012. Half to one liter of surface water (20 cm depth) was pre-filtered through a 15 μm nylon mesh strainer to remove debris. A water sample of up to 250 ml was first filtered onto an 8 μm polycarbonate membrane filter by gravity (Millipore) and consequently filtered onto a 2 μm filter under gentle vacuum using a Millipore Sterifil Aseptic system (Millipore). Each filter was folded and placed in a 2 ml cryovial, and stored at −80°C until DNA extraction.

DNA Extraction and Next-Generation Sequencing

A DNeasy Blood & Tissue kit (Qiagen, Valencia, CA) was used for DNA extraction. Purification was done following the manufacturer instructions. PCR amplification of either the V4 or V8-9 regions of 18S rDNA were performed as previously described (Kim et al., 2016). Both V4 and V8-9 regions of the 18S rRNA gene were sequenced because of their extensive use for eukaryotic diversity (Nickrent and Sargent, 1991; Amaral-Zettler et al., 2009; de Vargas et al., 2015; Massana et al., 2015) and to compensate the existing primer bias of each region. Amplicon libraries were prepared as in Kim et al. (2016) (further details about library preparation can be found in Supplementary Table). Sequencing was performed on Illumina MiSeq platform (2 × 300 bp) at the Cornell University Sequencing Core (New York; USA). Raw reads generated in this study are available at ENA with the following accession identifications: PRJEB23471 (V4 region) and PRJEB23493 (V8-9 region).

Clustering and Taxonomical Annotation

The clustering process was carried out following the UPARSE workflow included in USEARCH v8.1.1861 (Edgar, 2013). Firstly, raw reads were checked for sequencing errors using BayesHammer (Nikolenko et al., 2013). Then, sequences from forward and reverse primers were assembled using PEAR (Zhang et al., 2014). After quality filtering, there were a total amount of 1,420,587 assembled reads corresponding to the V4 region of the 18S rRNA gene and 2,286,416 reads corresponding to the V8-9 region. These clean reads were then clustered into Operational Taxonomic Units (OTUs) using UPARSE with a 97% similarity threshold, resulting in a total of 4,598 OTUs for V4 and 4,176 OTUs for V8-9 region. Even though there is no clear consensus on the optimal threshold to use in clustering algorithms (Nebel et al., 2011; Brown et al., 2015), we decided to use 97% because it has been widely used (Stoeck et al., 2010; Kammerlander et al., 2015; Massana et al., 2015; Giner et al., 2016; Kim et al., 2016). We are aware that this threshold might group species or even genus into the same OTU. However, in this way, it reduces the amount of singletons or artifactual OTUs and the consequent overestimation of rare diversity (Kunin et al., 2010; Behnke et al., 2011). To achieve our objective on finding unknown diversity, we opted to forgo fine taxonomical resolution.

These OTUs were filtered against chimeras using both PR2 (Guillou et al., 2013) and SILVA119 databases (Quast et al., 2013). We then obtained a total of 4,316 OTUs for V4 and 4,051 for V8-9. The taxonomic assignment of the OTUs was done through a BLASTn (Camacho et al., 2009) against our modified version of PR2 database (hereinafter PR2-Opistho) using as thresholds 75% BLAST identity and 0.0001 e-value. PR2-Opistho contains exactly the same sequences from PR2 database for all eukaryotes except for Opisthokonta. Given that the main purpose of this study is to find molecular novelties within opisthokonts, we added our well-curated and most-updated sequences of this clade (based mostly in del Campo and Ruiz-Trillo, 2013). Finally, we refined the OTU table removing those OTUs from animals (Metazoa) and land plants (Embryophyta). As these groups are multicellular, they could interfere with our estimations of diversity and richness of microbial eukaryotes. Consequently, our final dataset contained a total of 4,195 OTUs for V4 region and 3,866 for V8-9 region. The final OTU tables for both 18S regions can be found in the Supplementary Table.

Data Analysis

General patterns of eukaryotic diversity (richness and abundance) were calculated selecting the first two taxonomical ranks of all eukaryotic groups (Adl et al., 2012). In order to know how much putative novelty existed in eukaryotes, we used the blast identity score as proxy. For that purpose, we computed the proportion of every eukaryotic group in relation to each category of blast identity using an in-home script. To know the distribution of eukaryotic diversity in all samples, we computed Bray-Curtis dissimilarity matrix using the “vegan” package of R Studio v.1.0.136 (https://CRAN.R-project.org/package=vegan). We also performed Venn diagrams to show the distribution of unique and shared OTUs among sampling sites. Venn diagrams were computed using “VennDiagram” package in R Studio v.1.0.136 (https://CRAN.R-project.org/package=VennDiagram). Rarefaction and accumulation curves of each eukaryotic group were calculated to estimate if our sampling effort was enough to recover the eukaryotic community in this part of the Paraná River. Rarefaction curves were computed using the “vegan” package in R Studio v.1.0.136 (https://CRAN.R-project.org/package=vegan) while accumulation curves were calculated with EstimateS v.9.1.0 and plotted with R Studio v.1.0.136 (Colwell and Elsensohn, 2014; https://www.rstudio.com).

To address the novelty within Opisthokonta, we used a phylogenetic placement approach, which is suitable for comparing short amplicons (like our OTUs) with full-length sequences (in our case, 18S reference sequences from GenBank) (Matsen et al., 2010; Berger et al., 2011). Basically, the approach consists of placing each OTU, individually and independently, into a fixed reference tree using a maximum-likelihood model. In this approach, an OTU may have different locations within different branches of the tree, each of them with their corresponding likelihood ratio. The more internally an OTU is located, the more different it is compared to the known sequences at the tips of the reference tree.

We divided the dataset into Holozoa and Holomycota. With regards Holomycota, we built a reference tree including the main lineages of Fungi, Opisthosporidia and unicellular clades of Holomycota, together with environmental sequences (Karpov et al., 2014b; Richards et al., 2015) (Supplementary Datasheet 1). We then performed a phylogenetic placement of all Holomycota OTUs into this curated reference tree using pplacer package (Matsen et al., 2010). The –keep-factor option was set to 0.1 to avoid noisy signal due to low likelihood placements. Genesis package v 0.12.1 (Czech and Stamatakis, 2016) was used to calculate the amount of OTUs placed in each branch. These alignments and phylogenetic placements of Holomycota in jplace format of both V4 and V8-9 regions can be found in Supplementary Datasheet 2.

To check the putative new clade at the base of Opisthosporidia and Fungi, we only kept those OTUs that were placed in this branch by using two softwares for phylogenetic placement: pplacer and RAxML-EPA (Berger et al., 2011). We also searched for related 18S long sequences in GenBank in order to get better phylogenetic signal and avoid possible artifacts. In this search, we detected full 18S sequences from a metabarcoding study in Lake Pavin, France (Monchy et al., 2011). The final tree was built using the Lake Pavin sequences plus our putative novel OTUs using IQ-tree software (Nguyen et al., 2015) under a GTR model of evolution with 1,000 bootstrap replicates for SH-aLRT (Guindon et al., 2010) and 1000 ultrafast bootstrap replicates (Minh et al., 2013). The alignments and phylogeny can be found in Supplementary Datasheet 3.

With regards to Holozoa, we proceeded in a different way than with Holomycota. As the number of OTUs were smaller and thus, easier to manage, we could perform a more accurate phylogenetic method to classify this diversity. First, we built a reference dataset with well-curated sequences from Choanoflagellata, Filasterea, Ichthyosporea, Plurimorfea, and several environmental clades (del Campo and Ruiz-Trillo, 2013; del Campo et al., 2015; Carr et al., 2017) (Supplementary Datasheet 4). From our Paraná dataset, we trusted the taxonomical assignment of the OTUs with a blast identity higher than 95%. If not, we considered that these OTUs could be putative novelties or prone to be incorrectly assigned, so they were chosen for further phylogenetic classification. Then, we grouped our OTUs into 69 groups based on the same BLAST hit retrieved. We constructed 69 phylogenetic trees, each of them with different small groups of these OTUs plus the first blast hit of these OTUs against GenBank. These GenBank representatives may help to correctly place the Holozoa diversity since they are usually longer 18S sequences. As most of our OTUs formed a monophyletic group with these representatives, we only kept the GenBank representatives in addition to the original reference tree. In this way, we finally created a reference tree with long GenBank sequences, which represented the unicellular diversity of holozoans found in Paraná River. All trees were built by using RAxML v8.2.8 (Stamatakis, 2014), considering a GTRCAT substitution model and 100 best trees and a nodal support obtained through 100 bootstrap replicates. Using the same dataset, we also constructed ML trees using IQ-tree (Nguyen et al., 2015) to have SH-aLRT and UFBoot through 1,000 replicates. Alignments, RAxML and IQ-tree trees of both V4 and V8-9 regions are included in the Supplementary Datasheet 5. It is worth mentioning that the reference tree of V4 and V8-9 region were different because of the different GenBank representatives included and the differences in the phylogenetic estimates inferred by each 18S rRNA gene region. We finally carried out a phylogenetic placement of the OTUs with less than 95% blast identity to confirm their phylogenetic position. For that purpose, we used both pplacer software and RAxML-EPA algorithm. Although both are useful to place short environmental sequences into a reference tree, there are subtle differences between them, which might affect the final phylogeny. For this reason, we compared their placement outputs using Genesis package v0.12.1 (Czech and Stamatakis, 2016). We only kept for downstream analysis those OTUs whose first placement (the one with highest likelihood weight ratio) was identical. The final taxonomical assignment of the OTUs was done associating each OTU to a representative in the reference tree. Holozoan OTUs that could not be properly assigned to a specific group were classified as Holozoa-unclassified.
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