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ABSTRACT

Although they are widespread, diverse and involved in biogeochemical cycles, microbial eukaryotes attract less attention
than their prokaryotic counterparts in environmental microbiology. In this study, we used publicly available 18S barcoding
data to define biases that may limit such analyses and to gain an overview of the planktonic microbial eukaryotic diversity
in freshwater ecosystems. The richness of the microbial eukaryotes was estimated to 100 798 operational taxonomic units
(OTUs) delineating 1267 clusters or phylogenetic units (PUs, i.e. monophyletic groups of OTUs that are phylogenetically
close). By summing the richness found in aquatic environments, we can predict the microbial eukaryotic richness to be
around 200 000–250 000 species. The molecular diversity of protists in freshwater environments is generally higher than
that of the morphospecies and cultivated species catalogued in public databases. Amoebozoa, Viridiplantae, Ichthyosporea,
and Cryptophyta are the most phylogenetically diverse taxa, and characterisation of these groups is still needed. A network
analysis showed that Fungi, Stramenopiles and Viridiplantae play central role in lake ecosystems. Finally, this work
provides guidance for compiling metabarcoding data and identifies missing data that should be obtained to increase our
knowledge on microbial eukaryote diversity.
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INTRODUCTION

Althoughmicroorganisms have been investigated since the 17th
century, it is astounding how little we know about their diver-
sity. Over the last few decades, estimations of the microbial

richness on Earth have varied widely. For example, Mora et al.
(2011) predicted the presence of about 611 000 fungal taxa, 36 400
protists and 9680 bacteria on Earth (including oceans), based
on a predictable pattern of diversity at the highest taxonomic
level, whereas another study suggested that Fungi could be
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Table 1. Geographical location, number of ecosystems and main bibliographic sources (all data used are extensively described in the supple-
mentary material table 1).

Ecosystems Geographical area Number Bibliographic sources

Lakes Massif Central (France) 11 Lepère et al. (2013); Taib et al. (2013); Debroas et al. (2015)
Alps 6 Lepère et al. (2013); Mangot et al. (2013); Taib et al. (2013); Debroas et al. (2015)
Himalaya 2 Kammerlander et al. (2015)
Arctic 2 Charvet et al. (2012, Charvet, Vincent and Lovejoy 2014)
Chevreuse Valley (France) 4 Simon et al. (2014); Simon et al. (2015)

Rivers Beaujolais vineyard (France) 1 Artigas et al. (2014)
Massif Central (France) 2 Bricheux et al. (2013)
Chevreuse Valley (France) 1 Simon et al. (2014); Simon et al. (2015)

represented by as much as 5.1 million species (Blackwell 2011).
However, global microbial richness is likely underestimated,
since, for instance, recent studies have revealed freshwater
systems are overlooked and harbour high microbial diversity
(Schloss et al. 2016). New taxa are discovered not only be-
cause new environments are explored but also because of the
rapid development of sequencing technologies. Owing to high-
throughput sequencing (HTS), microbial richness is being de-
ciphered at an unprecedented depth. As an example, whereas
around 200 phylotypes were assessed by clone library tech-
niques, HTS detected more than 1000 phylotypes in the same
community (Pedrós-Alió 2012). This is partly due to the large
‘rare biosphere’ (Sogin et al. 2006) that cannot be recovered by
clone libraries.

Microbial eukaryotes attract less attention than their
prokaryotic counterparts in all areas of research in environmen-
tal microbiology, even though they are widespread, diverse and
involved in biogeochemical cycles (Sherr and Sherr 1988; Caron
et al. 2008; Grattepanche et al. 2014). This is particularly true
for their diversity, which has been less explored in freshwa-
ters (Bråte et al. 2010; Medinger et al. 2010; Nolte et al. 2010;
Monchy et al. 2011; Charvet et al. 2012; Lepère et al. 2013; Man-
got et al. 2013; Taib et al. 2013; Charvet, Vincent and Lovejoy
2014; Simon et al. 2014; Stoeck et al. 2014; Vick-Majors, Priscu
and Amaral-Zettler 2014; Debroas, Hugoni and Domaizon 2015)
than in oceans. However, even in oceans, microbial eukary-
otic diversity has been underestimated by at least one order of
magnitude, as recently disclosed by the Tara Ocean survey that
detected up to 150 000 operational taxonomic units (OTUs) (De
Vargas et al. 2015), when only 11 200 morphospecies had been
catalogued. Several additional studies revealed important rich-
ness of groups such as Diplonemidae, Fungi, Cryptomycota,
Aphelida and Perkinsozoa, both in marine and freshwater en-
vironments (Lefranc et al. 2005; Chen et al. 2008; Lefèvre et al.
2008; Lepère, Domaizon and Debroas 2008; Lepère et al. 2010;
Jones et al. 2011; Massana 2011; Monchy et al. 2011; Simon
et al. 2015). These groups, whose members can be phagotrophs,
saprotrophs, parasites or symbionts, often exhibit higher rela-
tive abundances than previously observed.

Specifically, a recent investigation of microbial eukaryotic di-
versity in freshwater by HTS technologies (18S rRNA sequenc-
ing) revealed complex community composition, with putative
roles ascribed to uncultivable taxa and biogeographical patterns
that were unresolved (Lepère et al. 2013; Debroas, Hugoni and
Domaizon 2015). Some taxa (e.g. Ichthyosporea), rarely detected
by traditional molecular methods and never observed in plank-
ton by microscopy, have been detected in an eutrophic ecosys-
tem thanks to molecular inventories (Lepère et al. 2013). Sim-
ilarly, typical marine lineages (e.g. Isochrydales) were recently
detected in several freshwater ponds (Simon et al. 2014). In

addition, some rare taxa are active and consist of lineages
distantly related to reference taxa (e.g. Fungi and Alveolata)
(Debroas, Hugoni and Domaizon 2015). Together, these data
indicated that the ecology and diversity of freshwater microbial
eukaryotes are certainly not well understood and are largely un-
derestimated.

To gain an overview and global understanding of the diversity
and ecology of these microorganisms, available microbial HTS
data must be compiled and synthesised. Such analyses have
been performed to study the diversity of marine microbial eu-
karyotes (Massana and Pedrós-Alió 2008) or, more specifically,
the Opisthokonts (del Campo et al. 2015). In this study, we aimed
to (i) define potential biases (e.g. due to the primer sets selected)
in metabarcoding data that can limit a meta-analysis, (ii) pro-
vide an overview of the planktonicmicrobial eukaryotic commu-
nity structure in freshwater ecosystems, using different metrics
(diversity indices and network analysis) and (iii) define missing
data in this research area.

MATERIALS AND METHODS
Data

In this work, we collected (on 1 January 2016) a set of pub-
licly available data that were related to HTS (pyrosequencing
and Illumina with MiSeq technology) of the V4 region of the
gene encoding for 18S rRNA (Table 1 and Table S1, Support-
ing Information). These sequences were obtained from freshwa-
ter ecosystems (25 lakes and ponds, and four rivers), sampled
at various depths and dates (long term or periodically), and/or
obtained from various size fractions. In this analysis, we in-
troduced external references such as V4 amplicons sequenced
from a few non-freshwater ecosystems (marine ecosystems
and environments characterised by salinity gradients) to com-
pare environments and define spurious OTUs (i.e. singletons,
see below)

Cleaning procedures and clustering

All of the pyrosequencing data were examined against the
following quality criteria: (i) no Ns in the nucleotide se-
quence, (ii) quality score ≥ 23 according to the PANGEA pro-
cess (Giongo et al. 2010), (iii) a minimum sequence length of
200 bp and (iv) no sequencing errors in the forward primer.
The MiSEQ data were assembled with the USEARCH tool (Edgar
2013) and examined in relation to the previous criteria as
well as for the absence of errors in the reverse primer. Puta-
tive chimeras and homopolymers were detected by UCHIME
(Edgar et al. 2011) and the script homopolymer count.pl (http://
alrlab.research.pdx.edu/aquificales/pyrosequencing.html).

http://alrlab.research.pdx.edu/aquificales/pyrosequencing.html
http://alrlab.research.pdx.edu/aquificales/pyrosequencing.html
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The clean freshwater reads were clustered at various sim-
ilarity thresholds (0.87–0.99) with USEARCH 7.0 (option: clus-
ter fast) (Edgar 2013) to identify representative OTUs. Clean data
for the external references (e.g. sequences frommicroorganisms
inmarine environments) and selected sequences from the SILVA
database named RefEUKs (see below for a detailed description)
were mapped on the representative OTUs to define them. This
procedure allowed us to remove the singletons. A singleton in
freshwater environments was therefore defined as a read se-
quenced only once, regardless of the environment, and that was
absent in the SILVA database.

Taxonomic affiliations

The representative OTUs were affiliated by similarity and
phylogeny with reference sequences named RefEUKs (https://
github.com/panammeb/). These eukaryote references were ex-
tracted from the SSURef SILVA database (Pruesse et al. 2007) ac-
cording to the following criteria: length > 1200 bp, alignment
quality score > 75% and a pintail value > 50. In addition, the
taxonomy of this reference database was modified to include
typical freshwater lineages (e.g. Alveolata 1, Chrysophyceae 2,
Cryptophyta 4, etc.) defined in previous studies (e.g. Debroas,
Hugoni and Domaizon 2015). After a comparison of the OTUs
with the RefEUKs by a similarity approach (USEARCH tool), trees
of OTUs with their closest reference sequences were built in
FastTree (Price, Dehal and Arkin 2010) (see the detailed pipeline
in Fig. S1, Supporting Information). Taxonomic assignment was
conducted according to two methods: nearest neighbour (NN)
and last common ancestor (LCA) affiliations. Phylogenetic trees
were used to define phylogenetic units (PUs). PUs are units of
OTUs that are assigned to the same NN reference and that clus-
ter as a monophyletic branch in the tree. The cutoff for PU de-
lineation was dependent on the closest relative in the database
and was not linked to a taxonomic rank or any threshold (Fig.
S1 and Debroas, Hugoni and Domaizon 2015). This process was
implemented in the pipeline PANAM (Phylogenetic Analysis
of Next-generation AMplicons https://github.com/panammeb/)
and is described in more detail in Taib et al. (2013) and in
Fig. S1.

Comparing representative OTUs with reference
sequences from a public database

To compare freshwater OTUs to reference 18S rDNA sequences
from the public database, we used two criteria: similarity and
phylogenetic metrics. In the first approach, OTUs were com-
pared to the SSURef SILVA database (NR 117) and were restricted
to the total or cultivated eukaryotes using BLAST. In the sec-
ond, different phylogenetic indices (Swenson 2009) were com-
puted from the trees generated in the pipeline described above
(Fig. S1). Mean nearest neighbour distance (MNND) is defined as
themean phylogenetic distance from each OTU to its closest rel-
ative in the PU. This index was computed by taking into account
the read abundances (MNND ab) or only the presence/absence
(MNND pa) of the taxa. The ‘X depth/deeper’ is defined as the
average distance to the deepest node in the tree (Pommier et al.
2009) (Fig. S1). These various indices were computed using R
softwarewith the packages ‘picante’ (Kembel et al. 2010), ‘Geiger’
and ‘ape’ (Paradis, Claude and Strimmer 2004), and were imple-
mented in PANAM.

In silico analyses of alpha and beta diversity according
to the primers used

The RefEUKs in the database were used to define OTUs
by clustering in USEARCH with a threshold of 95%. The
presence/absence of different primers set (withoutmismatches)
was determined for each OTU. The final result was a ‘pres-
ence/absence’ table with the OTUs as rows, and the primers
sets as columns examined by a correspondence analysis (COA),
a multivariate method to calculate and visualise the degree of
’correspondence’ between the rows and columns of a table (Leg-
endre and Legendre 1998).

Statistics and network

Different estimators were used to infer the taxa richness of the
planktonic eukaryotes: non-parametric estimators (Chao1, ACE,
jackknife) and indices based on the rank-abundance curves (log-
normal and Poisson-gamma models). These estimators were
computed with Vegan (Dixon 2003) and ‘species’ packages im-
plemented in R. The function jackknife, implemented in the
package ‘species’, computes the order of this estimator auto-
matically. A network was built with CoNET (Faust et al. 2012), a
plugin in Cytoscape software. A similarity matrix was built with
different metrics (Spearman correlation, Bray-Curtis, Kullback-
Leibler distances and amutual information score) fromPUs from
at least 15 lakes. This initial network, with multiple edges be-
tween nodes, was redefined by randomisation. A permutation
matrix, representing a null distribution, was obtained by resam-
pling PUs as described in Faust et al. (2012). In the permuta-
tion step, edge-specific P-values were computed; however, for
the final network, P-values of an edge were merged into one P-
value following Brown’s method (Brown 1975). In the final step,
the Benjamini–Hochbergmultiple testing correctionwas applied
(P < 0.05).

RESULTS
Which data can be used to compile metabarcoding
data?

Species richness measures were strongly impacted by cluster-
ing thresholds and the presence of singletons. When compar-
ing the impact of the clustering threshold on the richness esti-
mated from the complete sequence and V4 region of the same
sequence, a difference was found only in the richness estima-
tion when the thresholds were >95% (Fig. S2, Supporting Infor-
mation).

Using this cut-off, we defined 370 488 OTUs over the 6777 514
clean reads from freshwater ecosystems. By comparing these
OTUs to the sequences selected from non-freshwater environ-
ments (1189 420 reads) and from the public database (52 103
sequences), 108 896 OTUs were defined (261 592 singletons re-
moved). Only a few singletons were retained: 370 singletons
were retrieved from the comparisonwith the external references
and 71 from the comparison with the SILVA database defining
433 OTUs (8 OTUs were common to both databases).

The taxonomic assignment showed that 8378 OTUs were
classified as non-eukaryota or metazoa, and the remaining
100 518 OTUs were assigned as microbial eukaryotes. Phyloge-
netic affiliation delineated 1254 PUs among microbial eukary-
otes. In this last step, some OTUs remained unclassified because
of a low congruence between the affiliation methods (similar-
ity, NN and LCA). After these different steps, some freshwater

https://github.com/panammeb/
https://github.com/panammeb/
https://github.com/panammeb/
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Figure 1. Rarefaction curves for lakes, rivers and freshwater ecosystems (rivers + lakes) computed from OTUs (top) and PUs (bottom).

ecosystems had only a few remaining reads (<300) (Table S2,
Supporting Information) and were removed from further anal-
ysis such as the calculation of the beta-diversity.

The set of primers used may induce a bias in the amplifica-
tion of the targeted 18S rDNA region. To test and evaluate in silico
the putative bias in beta-diversity estimation resulting from the
use of primers targeting the V4 region, a COA was performed
on the OTU table (OTU × primer set) generated from the public
sequence dataset. This analysis shows that the selected primer
set affected the beta-diversity (Fig. S3A, Supporting Information)
and richness estimations. For example, the richness was low-
est with the primer set 565F-1134R (Simon et al. 2014) and high-
est with 515F-951R (e.g. Debroas, Hugoni and Domaizon 2015)
(P < 0.01). In the same way, the OTU matrix (OTU × freshwa-
ter environments) subjected to COA discriminated between en-
vironments based on the primer set used (Fig. S3B) and therefore
according to the laboratory performing the study. However, the
analysis of the PU matrix (PU × freshwater environments) al-
lowed discrimination of OTUs based on environment, indepen-
dent from of the set of primers used (Fig. S3C). Finally, the PU as-
signments seemed independent from the primer pair used, and

therefore represents the most relevant taxonomic unit, espe-
cially for ecosystem comparisons (beta-diversity); the OTU level
can be used to gain an overview of the global richness (alpha-
diversity).

Microbial eukaryote richness estimation

The rarefaction curves built from OTUs showed that a plateau is
reached with freshwater environments analysed together (lakes
+ rivers) and for lakes only (Fig. 1), but not for rivers, which are
likely undersampled. The same conclusion can be drawn based
on PU richness.

The estimated OTU richness in the freshwater ecosystems
investigated (rivers, lakes and freshwater) varied from 100 325
(Chao1) to 111 507 (log normal), depending on the estimators
(Table 2 and Table S3, Supporting Information). The PU rich-
ness in these environments was estimated to range from 1255
(Chao1) to 1315 (log normal). However, the log normal-based
law did not fit the data (rank-abundance of OTUs and PUs),
particularly with the rarest OTUs (results not shown). The rar-
efaction curves for the major taxonomic groups displayed in
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Table 2. Observed (obs) and estimated (jackknife estimator) richness in freshwater ecosystems for the main taxonomic groups.

OTU obs Estimated PU obs Estimated

Ecosystems
Freshwater 100518 100798 ± 30.9 1254 1267 ± 5.1
Lakes 85109 95015 ± 140.8 1211 1240 ± 7.6
Rivers 34172 42439 ± 128.6 663 726 ± 11.2

Taxonomic groups in freshwater ecosystems
Alveolata 25965 26162 ± 19.8 162 162 ± 0
Stramenopiles 11012 11075 ± 11.2 319 319 ± 0
Rhizaria 4181 4201 ± 6.3 59 59 ± 0
Viridiplantae 27680 27745 ± 11.4 171 173 ± 2
Fungi 25713 25794 ± 12.7 416 424 ± 4
Choanoflagellida 990 993 ± 2.4 13 NA
Amoebozoa 229 230 ± 1.4 17 17 ± 0
Ichthyosporea 447 447 ± 0 5 NA
Cryptophyta 1878 1885 ± 3.7 47 48 ± 1.4
Haptophyta 1519 1555 ± 8.5 17 18 ± 1.4

Table 1 were saturated in OTUs and PUs (Fig. S4, Supporting In-
formation). The major groups in freshwater environments were
Viridiplantae, Alveolata and Fungi, with an estimated richness
that was >25 000 OTUs. With the richness estimation based
on PUs, Stramenopiles were more diverse than Viridiplantae
and Alveolata.

Community composition of the major taxonomic
groups

Alveolata and Viridiplantae were dominated by Ciliophora and
Chlorophyta, respectively (Fig. 2); Stramenopiles by Chryso-
phyceae andDiatoms; Cryptomonas by Cryptomononadales and
Cryptophyta; and Fungi by Dikarya and Chytrids. Cercozoa was
the only taxonomic group in the Rhizaria. Numerous reads were
affiliated with freshwater clades (these clades are displayed af-
ter ‘Environmental samples’) that were previously delineated
as Alveolata 1, LKM11 (Cryptomycota), CM1 (Cryptomycota) and
Cryptophyta 4.

At this low taxonomic resolution, all of the groups de-
tected in the rivers were also retrieved in lakes, whereas nu-
merous groups such as the Haptophyta (e.g. Chrysochromulina)
and Nowakowskiella environmental clades (Fungi), detected in
lakes, seemed to be absent in rivers. However, since the richness
is likely undersampled in rivers, we cannot exclude the possibil-
ity that these groups also occur in rivers, even though they have
not been detected yet (Table S4, Supporting Information). At a
finer taxonomic resolution, 630 PUs were found in both lakes
and rivers, whereas 531 were restricted to lakes and 43 to the
rivers.

Some taxa (4532 OTUs) were not restricted to freshwa-
ter ecosystems and were also detected in marine environ-
ments displaying different salinities. The main phyla shared
by both of these environments were Alveolata (1765 OTUs),
followed by Fungi (789), Stramenopiles (742) and Viridiplan-
tae (713). More precisely, certain ecosystems, such as LacA
and LacWH (more than 35% of OTUs and 62% of reads, re-
spectively) and FAS3 (30.8% of OTUs and 57.8% of reads),
presented numerous OTUs, which are also found in marine
environments. The NMDS (Fig. S5, Supporting Information)
analysis computed with Bray-Curtis distances could discrimi-
nate between these ecosystems and others, and grouped the
four ponds and one brook together. These ecosystems shared

between 21% and 24% of their OTUs with non-freshwater
environments.

Beta-diversity of the lacustrine microbial eukaryotes

Owing to the paucity of data on rivers, we focus only on lakes in
this section. The number of PUs (Fig. 3) and OTUs (Fig. S6, Sup-
porting Information) shared by different lakes decreased expo-
nentially with an increase in the number of ecosystems consid-
ered. For example, 49 465 OTUs were found in one lake, whereas
only 3 OTUs were detected in 18 ecosystems. The PU metric
showed a similar pattern, with a decrease in the PUs shared
between systems when the number of ecosystems increased.
However, three PUs were observed in all the 25 studied lakes,
whereas no OTU was shared by more than 18 lakes. There was
a strong link between the most ubiquitous taxa and their abun-
dances (i.e. number of reads), with the most widely distributed
taxa being the most abundant (Fig. 3). Finally, the frequently ob-
served taxawere also the least abundant, and thereforewere the
rarest in lakes. Ubiquitous PUs, detected also in rivers, were rep-
resented by two Chrysophceae and one typical freshwater Cili-
ate belonging to the clade Alveolata 1.

Our analyses revealed, therefore, that few PUs (or OTUs) were
present in large numbers in these environments. We can thus
hypothesise that the lesser known microbial eukaryotes are
those present in a restricted number of ecosystems, because
their probabilities of being sampled are lower than those that
are ubiquitous. Indeed, the plot of phylogenetic indices (MNND
and X depth/deeper) as a function of the number of locations
showed a significant decrease, whereas the BLAST identity of
OTUs increased (Fig. 4). Thus, the mean BLAST identity varied
between 94.2% (1 location) and 98.2% (25 locations). The BLAST
identity computed from a database restricted to cultivated or-
ganisms will always be lower than ones calculated from the to-
tal database. The MNND computed from abundance (ab) or inci-
dence matrix (pa) decreased with the number of locations, vary-
ing from 0.24 (present in one lake) to 0.05 and 0.07 (pa: incidence
matrix) for the PUs present in all lakes. A similar pattern was
also observed with the X depth/deeper metric. The comparisons
between indices for the rarest PUs (present in most of the five
lakes) indicated that Amoebozoa, Viridiplantae, Ichthyosporea
and Cryptophyta were present with the highest phylogenetic
values (Fig. S7, Supporting Information) and represent the most
intriguing microbial eukaryotes in freshwater ecosystems.
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Figure 2. A general overview of microbial eukaryotic community composition in freshwater ecosystems. Taxa displayed after ‘environmental samples’ (e.g. Chryso-
phyceae 1) correspond to freshwater lineages.
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Figure 3. Community composition (A) and mean abundances of reads (B) inferred from PUs as a function of the occupation range (i.e. number of lakes occupied).

Lacustrine network of microbial eukaryotes

A network was built with the 158 PUs (i.e. nodes) that were de-
tected in at least 15 lakes, based on the relationship between
the mean abundance of reads per PU and number of locations
(Fig. 3B). The number of nodes with a given degree follows a
power law (gamma = 1.16), showing the non-random organisa-
tion of this network. It consists of one major cluster with 124
nodes and an average number of neighbours equal to 4.2 (two
nodes pair connected with one edge are not shown) (Fig. 5). The
clustering coefficient of this network is equal to 0.25 and the di-
ameter to 9.

The highestmean edges, computed from the correlations be-
tween PUs, were obtained for Fungi (4.7), Stramenopiles (4.6) and
Viridiplantae (4.2) (Table S5, Supporting Information). The close-
ness and centrality of a node were the highest for Fungi and
Viridiplantae. This number reflects the amount of control that
these taxa exert over interactions with of other nodes in the
network. Haptophyceae were characterised by the lowest num-
ber of neighbours (2.0), showing only a few connections with

other microbial eukaryotes. The majority of interaction types in
the network were co-occurrences (green colour). However, some
nodes were characterised by mutual exclusion from other taxa
(red lines), such as PU-73 (Dikarya), PU-75 (Alveolata unclassi-
fied), PU-1061 (Chrysophyceae) and PU-54 (Alveolata 1) (Fig. 4).
Overall, the mutual exclusion principle was mainly associated
with Alveolata and an average negative degree equal to 1.24 (Ta-
ble S5).

DISCUSSION
Which methodological aspects matter most
in comparisons of metabarcoding data?

With the avalanche of metabarcoding data, a meta-analysis or
secondary analysis can be a powerful tool (ArchMiller et al. 2015)
to decipher the structure and ecology of microbial communi-
ties. HTS technologies allow the retrieval of only a small por-
tion of the gene coding for the SSU rRNA, and the targeted zone
varies according to the study (V3, V4 or V9). The portion of the
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Figure 4. Mean OTU BLAST identity (A), X depth/deeper (B) and MNND pa (C) as a function of the occupation range (i.e. number of lakes occupied).



Debroas et al. 9

Figure 5. Network of PUs in lacustrine ecosystems. The PUs chosen in this analysis were found in at least 15 lakes, allowing us to examine core interactions in these
ecosystems.

variable zone targeted influences the assessment of richness, di-
versity and microbial community composition, including both
prokaryotes and eukaryotes (Schloss 2010). In freshwaters, the
main phylogenetic markers used are the V4 (Table 1) and V9 re-
gions (Korajkic et al. 2015) of the 18S rRNA and, more rarely, the
V3 zone (Nolte et al. 2010). For easier and more accurate taxo-
nomic identification, we chose to focus on the V4 sequences, be-
cause this is a larger dataset and also because this variable zone
is present in almost all Sanger sequences deposited in GenBank.
In addition, pairwise distances from the V4 region more closely
matched the near full-length of the 18S rDNA than the V9 region
(Dunthorn et al. 2012).

The denoising process and/or clustering threshold also have
an impact on the measured richness. In this study, the pyrose-
quencing data were checked for homopolymer errors that were
higher for the fragment of the V4 region compared to that of
the V9 region (Behnke et al. 2010). We chose a clustering thresh-
old of 95% for two main reasons. First, our study shows that the
richness inferred from the V4 region was congruent with that
of the full-length 18S rDNA gene at a cut-off inferior or equal to
95% (Fig. S2). Second, this conservative threshold also allowed
us to take into account potential sequencing errors that escaped
the quality filters, as evidenced by an internal standard (Mangot

et al. 2013) or when analysing a mock eukaryote communities
(Behnke et al. 2010). However, this thresholdmay aggregate some
organisms that can have different ecologies. The singletons that
are typically discarded in the sequence dataset also caused a
problem because they likely represent spurious OTUs, but they
can also represent rare species. To avoid removing putative true
OTUs, the singletons were confirmed by checking whether they
were present in the HTS dataset from non-freshwater ecosys-
tems and from the public sequence database. Once the ‘true’
singletons were removed, the richness was divided by a factor
of 2 at a threshold of 95% (Fig. S2). Notably, another important
bias was the effect of ‘universal’ primers that target the same
V4 region of the 18S rDNA. Our in silico analysis showed that the
alpha - and beta-diversity were strongly dependent on which of
the five different primer sets was used (Fig. S3A). It is therefore
difficult to disentangle the bias due to the primers used from
the effects of biogeography or environmental parameters on dis-
criminating between environments (Fig. S2A). By analysing the
sequence dataset at the PU level, we eliminated the biases re-
lated to classical OTU clustering that can affect the characterisa-
tion of beta-diversity (Fig. S2C). Indeed, richness estimated from
OTUs can be biased because they are defined based on sequence
identities that can vary according to taxa (Behnke et al. 2010). In
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addition, PUs allow the elimination of a potential bias intro-
duced by polymorphisms generated by multiple copies of the
SSU rRNA genes in microbial cells. Therefore, a PU can include
different species but also the same species that presents a high
degree of intragenomic variation. Thus, we used both metrics,
namely OTUs and PUs, to gain an overview of eukaryotic di-
versity, and only used PUs to compare ecosystems (i.e. beta-
diversity). We suggest that the use of PUs (i.e. monophyletic
groups of OTUs that are phylogenetically close) can complement
OTUs-based analyses (sequence divergence) in comparative HTS
studies.

First estimation of microbial eukaryotic richness

Weestimated the richness at 100 798 OTUs and 1267 PUs, andwe
can consider that 13 PUs and 476 OTUs were veiled in this study
(the difference between observed and estimated in Table 2). To
reach 95% of the OTU and PU extrapolated richness, ∼4 million
and ∼2 million reads are needed, respectively. These two met-
rics confirm that the richness of the protists inhabiting fresh-
water systems was likely captured by this analysis even though
some taxa are not detected by V4 primers such as freshwater
foraminiferans and Reticulamoeba. The use of diverse primer
sets can cause several biases, as discussed, but this represents
also a valuable approach to obtain a precise understanding of
community diversity, especially when this approach is coupled
with a multi-site investigation. Finally, biases resulting from the
sets of PCR primers (Jeon et al. 2008) can also beminimised using
a multiple-primer approach as outlined by Stoeck et al. (2006).

To our knowledge, the total richness of the planktonicmicro-
bial eukaryotic community has been determined only on rare
occasions. De Vargas et al. (2015) showed an extrapolated rich-
ness of about 150 000 OTUs in marine systems, mainly based
on the pico- and nano-size fractions (i.e. protists). According to
our study, the truncated Preston log-normal measure displayed
a weak fit with the OTU distribution because the rarest OTUs
contributed greatly to the alpha- and beta-diversities (Lynch and
Neufeld 2015). Our estimations of the microbial eukaryote rich-
ness in aquatic ecosystems using the metabarcoding approach
suggest that the work of Mora et al. (2011) probably underesti-
mated the true species number. Richness certainly depends on
the number of ecosystems sampled, because few OTUs or PUs
were detected in all lakes. This observation can be explained ei-
ther by restricted dispersal capacity (Richards et al. 2005; Lepère
et al. 2013; Forster et al. 2015) or the role played by environmen-
tal factors in shapingmicrobial community composition (Simon
et al. 2015). Examining the role of geographical barriers versus
abiotic parameters would require an experimental design that
was perfectly controlled (distance between ecosystems × envi-
ronmental factors) (Martiny et al. 2006), as well as an exhaus-
tive sampling of the different habitats and a temporal survey to
take into account seasonal variations in community composi-
tion. Finally, we found, as expected, that very few species were
shared between freshwater and marine environments, because
one of the main boundaries that microbes face in their disper-
sion is salinity (Logares et al. 2009). However, MAST, discovered
in ocean (Massana et al. 2002) and thought to be restricted to
marine environments, was also detected in these freshwater
ecosystems (Fig. 2, Table S4). It is possible that these microor-
ganisms are dead cells as a result of a requirement for very
different conditions to those found in marine environments.
However, although their activity in lacustrine plankton has still
to be proved, their strong temporal dynamics suggest their

adaptation to freshwater environments (Massana et al. 2014; Si-
mon et al. 2015).

The microbial eukaryote richness in aquatic environment
could be around 200 000–250 000 species by taking account our
data and those obtained by De Vargas et al. (2015). However, this
estimation is based on different phylogeneticmarkers (V4 vs V9)
and different bioinformatic pipelines (i.e. clustering methods).
Nevertheless, this estimation is close to the lowest number of
protist species estimated by Adl et al. (2007): 1.4 × 105 to 1.6 ×
106. However, in this study, Adl et al. (2007) arbitrarily estimated
the number of predicted species for several groups to be twice
the number of described species. For instance, the richness of
Haptophytes (< 400) was certainly underestimated when com-
pared to molecular species estimation, as we found 1555 OTUs
in freshwater ecosystems and De Vargas et al. (2015) detected
713 OTUs of these algae in oceans.

Are there new species to be found in freshwater
ecosystems?

The phylogenetic indices determined in our study highlight the
fact that some PUs detected in a small set of locations (i.e.
rarest taxa) are less known (high MNND and X depth/deeper,
low BLAST identity), shedding light on putative novel species.
The link between rarity and sequence similarity in public
databases is seldom investigated (Debroas, Hugoni and Do-
maizon 2015), although this unreferenced diversity likely rep-
resents unknown lineages that may have unique metabolic
pathways and physiological properties. A group of archaeal
OTUs with low identities (Hugoni et al. 2013) was shown to
correspond to rare archaea in coastal surface waters. In the
present work, the unknown lineages were found within the
Viridiplantae (Chlorophyta) and Cryptophyta, and to a lesser ex-
tent within Amoebozoa and Ichthyosporea. To explore these lin-
eages, an alternative approach could be to use specific primers
designed to target the V4 region associated with universal
primers in order to obtain the full SSU sequence (Lynch, Bartram
and Neufeld 2012).

Finally, novel taxa present in freshwater ecosystems are
summarised in Fig. 6, with the number of freshwater OTUs gen-
erally higher than (i) the morphospecies catalogued among the
taxa that can be detected in freshwater systems, with 53 818
(Pawlowski et al. 2012), and (ii) OTUs (V4 clustered at 95% similar-
ity) from the cultivated species. However, the richness of diatom
morphospecies (included in Stramenopiles in Fig. 6) fits their es-
timates of molecular richness in lakes and rivers. Diatoms have
been extensively studied because of their large size and charac-
teristic ornamentation, which make them easy to identify mor-
phologically, but also because of their important ecological roles
and value as bioindicators of water quality. With this exception,
the large disagreement between morphological and molecular-
based affiliations can be explained by the lack of morphological
features to distinguish small cells, the occurrence of different
morphotypes in the life cycle of one species and the presence of
cryptic species adapted to fine-scale environmental patchiness
(Grattepanche et al. 2014). Santoferrara et al. (2014) found a 10-
fold to 100-fold difference in the diversity between ciliate mor-
phospecies and corresponding phylogenetic species based on
pyrosequencing data. For example, Strombidium oculatum, an eas-
ily recognisable grass-green ciliate is composed of at least 11 dif-
ferent phylogenetic clades. These results also highlight the ab-
sence of reference barcodes for morpho- and/or cryptic species.
The development of single-cell genomic technologies (genome
amplification of sorted cells) alongwith the amplification amore
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Figure 6. Richness computed from morphospecies (Pawlowski et al. 2012), freshwater OTUs (Sobs in table 2), and cultivated species (region V4 from the Silva database
clustered at 95%).

variable phylogenetic marker (i.e. ITS) or group-specific could be
used for this purpose

The lacustrine core taxa viewed through network
inference

Microorganisms interact in many ways, for example, by com-
peting for resources or through predation and parasitism, but
they can also cooperate by transferring metabolites or through
quorum sensing (e.g. Stocker and Seymour 2012). Over the last
few years, co-occurrence networks have been applied to micro-
bial communities to understand their putative interactions and
topological features of the networks. These studies have been
very useful to deciphering trophic networks, mainly in marine
systems. In addition, these networks appear to be composed
of highly interconnected nodes (i.e. species) (Berry and Wid-
der 2014). If these networks were built to reveal microbial in-
teractions in a wide range of ecosystems such as soil (Barberán
et al. 2012), the human gut (Coyte, Schluter and Foster 2015)
and oceans (Lima-Mendez et al. 2015), this was never the case
for freshwater microbial eukaryotes. The PUs that include rare
and abundant taxa allowed us to examine putative interactions
in these ecosystems. The average clustering coefficient of this
network was quite similar to that found in marine ecosystems
(0.229) (Lima-Mendez et al. 2015) and some soils (Deng et al. 2012).
This low coefficient (with a range between 0 and 1) means that,
on average, the nodes are strongly connected.

Based on their average number of neighbours, Fungi, Stra-
menopiles and Viridiplantae seem to play central roles in the
planktonic eukaryote network and may contribute to ecosys-
tem stability. Fungi was the third most diverse group when ex-
amining OTUs (after Alveolata and Viridiplantae) in freshwa-
ter and the most diverse and abundant when considering PUs.
Molecular analyses of environmental DNA samples have indeed
revealed unexpected diversity in Fungi from aquatic environ-
ments, including a wide range of habitats such as hydrothermal
vent ecosystems (Calvez et al. 2009), coastal regions (Gutierrez
et al. 2011), anoxic regions (Jebaraj et al. 2010), lakes (Monchy
et al. 2011) and rivers (Duarte et al. 2015). The majority of the
sequences found in our dataset were affiliated to undescribed
Fungi, i.e. the dark matter fungi (Grossart et al. 2015). These

fungi are particularly common in the early diverging fungal
branches of the tree of life, presumably occurring at zoosporic
stages, and the vast majority remaining uncultured. They are
represented by Chytridyomycota (Kagami, Miki and Takimoto
2014) and Cryptomycota (Jones et al. 2011) in freshwater. For a
long time, fungi were thought to have negligible ecological func-
tions in aquatic systems, and it is only recently that the need
to consider aquatic fungi in modelling of plankton food webs
has arisen (Niquil et al. 2011). These fungi can be saprotrophic
and/or parasitic. However, there is still very little knowledge
about their ecological functions, such as their role in food web
dynamics and biogeochemical cycling of organic matter, nutri-
ents and energy. The central role of Stramenopiles in the net-
work can be explained by the great diversity of ecophysiolog-
ical properties characterising this taxonomic group; some are
strictly autotrophs (e.g. Diatoms), whereas other aremixotrophs
(e.g. some Chrysophyceae), heterotrophs (e.g. Bicosoecida) or
parasites (some oomycetes). Only the lineages MAST 1, 2 and
12 were part of the network, and the number of neighbours var-
ied between 1 (MAST-12) and 6 (MAST-2). The latter is quite sur-
prising, as they may have colonised the freshwater ecosystems
only recently (Massana et al. 2014). Their presence in at least
15 lakes and their many neighbours suggest that these lineages
may play a significant role in ecosystem functioning, although
this will need to be confirmed. One of the three main taxonomic
groups in the network is Viridiplantae, represented mainly by
the Chlorophyceae. Chlorophyceae are a diverse assemblage of
mostly freshwater green algae. They are ecologically significant
as primary producers and participate to the global carbon cycle.
In this network, Alveolates were characterised by their strong
negative interactions with each other. However, the ecological
interpretation of such interactions in a network is not straight-
forward. For instance, a negative correlation between two OTUs
can mean parasitism, predation or competitive exclusion is oc-
curring. Among the putative parasites Apicomplexa and Perkin-
sozoa (Mangot, Debroas and Domaizon 2011), only one edge is
negative (between Perkinsozoa and Dinophyceae). The majority
of the negative edges involved a Ciliophora classified as Alveo-
late 1 (100% negative edges), a typically freshwater clade and an
unclassified Alveolate (77% negative edges). These microorgan-
isms are connected to various taxa (e.g. Fungi, Stramenopiles
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and Cryptophyta), and their interactions can be interpreted as
predation (passive filtration) rather than parasitism (specific in-
teractions with few hosts). Indeed, ciliates exert a major link be-
tween pico- and nanoplankton and higher trophic levels (Sherr
and Sherr 1988). Their role as phagotrophs has been illuminated
by numerous studies, with feeding pressure on bacteria, auto-
and heterotrophic pico- and nanoplankton (e.g. Pfister, Auer and
Arndt 2002; Gaedke and Wickham 2004).

CONCLUSION

As for Bacteria and Archaea (Schloss et al. 2016), the majority of
studies have focused their sequencing effort on the same en-
vironments. For freshwater microbial eukaryotes, most of the
lakes studied have been located in Northern Europe. Exploring
ecosystems in a small geographical area restricts the environ-
mental diversity studies. In addition, a limited sequencing effort
directed at particular microbial eukaryotes compared to their
prokaryotic counterparts likely means the rarest species have
been undersampled. Since this rare biospheremay be composed
of novel taxa, there is a great need to explore its composition to
resolve microbial eukaryote diversity. In addition, rivers are an
undersampled ecosystem, although they are inhabited by par-
ticular species adapted, for example, to life in biofilms. Thus,
investigating themolecular diversity of freshwatermicrobial eu-
karyotes, using ametabarcoding and/or a single-cell genome se-
quencing approach (del Campo et al. 2014), should be a priority
in microbial ecology, so that a ‘Genomic Encyclopaedia of Mi-
crobes’, which so far has been restricted to the two other do-
mains of life, can be assembled (Wu et al. 2009).
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