Environmental Microbiology (2021) 00(00), 00–00

doi:10.1111/1462-2920.15838

Freshwater protists: unveiling the unexplored in a large
ﬂoodplain system

Sebastian Metz ,1,2* Paula Huber ,3,4
Victoria Accattatis ,3 Adriana Lopes dos Santos ,5
Estelle Bigeard ,6 Fernando Unrein ,2
Aurélie Chambouvet ,1 Fabrice Not ,6
Enrique Lara 7 and Melina Devercelli 3*
1
Univ Brest, CNRS, IRD, Ifremer, LEMAR, Plouzané,
F-29280, France.
2
gico de Chascomús (INTECH),
Instituto Tecnolo
UNSAM-CONICET, Chascomús, Buenos Aires,
Argentina.
3
Departamento de Hidrobiologia, Universidade Federal
~ Carlos (UFSCar), Rodovia Washington Luiz, Sao
~
de Sao
~
Carlos, Sao Paulo, 13565-905, Brazil.
4
Instituto Nacional de Limnología (INALI), Consejo
Nacional de Investigaciones Cientíﬁcas y Técnicas,
Universidad Nacional del Litoral, Ciudad Universitaria,
Santa Fe, Argentina.
5
Asian School of the Environment, Nanyang
Technological University, Singapore, Singapore.
6
Sorbonne Université, CNRS, Laboratoire Adaptation et
Diversité en Milieu Marin UMR7144, Station Biologique
de Roscoff, Roscoff, 29680, France.
7
nico de Madrid, CSIC, Madrid, 28014,
Real Jardín Bota
Spain.
Summary
Protists play a fundamental role in all ecosystems,
but we are still far from estimating the total diversity
of many lineages, in particular in highly diverse environments, such as freshwater. Here, we survey the
 River using
protist diversity of the Parana
metabarcoding, and we applied an approach that
includes sequence similarity and phylogeny to evaluate the degree of genetic novelty of the protists’ communities against the sequences described in the
reference database PR2. We observed that 28% of
the amplicon sequence variants were classiﬁed as
novel according to their similarity with sequences
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from the reference database; most of them were
related to heterotrophic groups traditionally overlooked in freshwater systems. This lack of knowledge
extended to those groups within the green algae
(Archaeplastida) that are well documented such as
Mamiellophyceae, and also to the less studied
Pedinophyceae, for which we found sequences representing novel deep-branching clusters. Among the
groups with potential novel protists, Bicosoecida
(Stramenopiles) were the best represented, followed
by Codosiga (Opisthokonta), and the Perkinsea
(Alveolata). This illustrates the lack of knowledge on
freshwater planktonic protists and also the need for
isolation and/or cultivation of new organisms to better understand their role in ecosystem functioning.
Introduction
Most of the eukaryotic diversity is found among singlecelled organisms. Protists represent most major lineages
of the tree of life with astonishing high numbers of species. They have developed different trophic strategies
ranging from autotrophs to mixotrophs and obligate heterotrophs. Autotrophs contribute to a large fraction of primary production in aquatic systems (Field et al., 1998;
Falkowski et al., 2003), whereas heterotrophs and
mixotrophs contribute in regulating the structure of bacterial, fungi, and other small eukaryotes populations
(Strom, 2008; Geisen et al., 2018; Gao et al., 2019; Bock
et al., 2020). Protists are crucial for the global carbon
cycle, respiration, and drive all major, global scale biogeochemical processes (Worden et al., 2015; Keeling
and del Campo, 2017). Furthermore, they are involved in
complex ecological interactions as mutualists or parasites
of plants, animals and other protists (Bjorbækmo
et al., 2020). Despite their central role in ecosystem functioning, we still have a limited understanding of the diversity of many protist lineages. Thus, increasing our
understanding of small protists represents a principal
challenge in microbial ecology.
Environmental molecular surveys have revealed a
large diversity among microeukaryotes, as well the existence of several phylogenetically consistent groups that
had never been isolated before (e.g. Moon-van der Staay
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set al., 2001; Corlett, 2017; Debroas et al., 2017; Pedro

Alio et al., 2018). Some of these groups form new deeply
branching clades, which are likely to represent evolutionary intermediates between the established supergroups
(Burki et al., 2020). The seminal work of Massana
et al. (2004) disclosed a wealth of deep branching heterotrophic Stramenopiles in marine environments, whose ecosystem functions were later characterized (Seeleuthner
et al., 2018). Another early work based almost exclusively
on sequence analysis revealed a group of organisms
basal to all fungi (Lara et al., 2010) that shed light on the
origins of fungi and microsporidia (Torruella et al., 2018).
Picozoa represents a novel lineage of heterotrophic
picoeukaryotes, that surprisingly is positioned next to the
Archaeplastida supergroup (Not et al., 2007; Seenivasan
pez-García, 2014). Even within
et al., 2013; Moreira and Lo
well-known groups such as the Trebouxiophyceae (containing Chlorella and most lichen photosymbionts), a survey of the diversity showed unknown deep-branching
clades in the marine plankton (Metz et al., 2019b). These
new clades eventually found their way into curated repositories PR2 (Guillou et al., 2013), facilitating the annotation
of environmental sequences from further studies. It
becomes then feasible to investigate directly the environments with the greatest potential for new organisms discovery (del Campo et al., 2018).
Environmental DNA-based surveys still bring evidence
for the existence of undiscovered diversity in protists.
Recent works reveal the existence of novel deepbranching groups (Lara et al., 2017; Arroyo et al., 2018;
Annenkova et al., 2020). It becomes then interesting to
quantify the amount of novel diversity brought by environmental molecular surveys, especially when previously
underexplored environments are prospected.
Several approaches are used to illustrate the level of
genetic novelty present in a given environment. Most
often, the sequences [operational taxonomic units
(OTUs) or amplicon sequence variants (ASVs)] are
aligned with their closest matches in public databases,
and percentages of similarity are computed (Massana
et al., 2011; del Campo and Massana, 2011). Another
approach consists in placing the ASVs into reference
phylogenetic trees, thus allowing the computation of phylogenetic distances (e.g. Matsen et al., 2010; Dunthorn
et al., 2014; Mahé et al., 2017; Metz et al., 2019b). Gene
similarity network analysis combines the similarity
between the query ASVs and with reference sequences
(Lynch et al., 2012; Filker et al., 2015; Filker et al., 2016;
Arroyo et al., 2020). Arroyo et al. (2020) use different network metrics to compare the divergence between both
sequences, providing a direct overview of the groups of
ASVs that probably represent novel taxonomic groups.
Most of these approaches are based on the quality of the

taxonomic annotation of the public databases, which
include the sum of all published knowledge on molecular
diversity of eukaryotes. Still, they do not allow distinguishing between sequences from known organisms
(either cultured or isolated from the environment and
taxonomically identiﬁed) and other environmental
sequences. This information is crucial, because functional characterization of environmental sequences can
only be achieved based on their similarity with identiﬁed
organisms. Nowadays, the PR2 database (Guillou
et al., 2013) is one of the most commonly used for
eukaryotes taxonomic annotations, because it integrates
valuable information from different sources, such as
GenBank and EukRef (del Campo et al., 2018), and is
manually curated by experts, providing a highly accurate
source for reference sequences selection of culture or
environmental taxonomic groups.
Here, we propose an approach to quantify the amount
of novel genetic diversity that compares each sequence
with (i) cultured/isolated organisms and (ii) environmental
sequences from other studies, using the PR2 database
as a reference. We applied this approach to quantify the
novelty found in the communities of planktonic microeukaryotes living in the understudied middle course of
 ﬂuvial system.
the Parana
 River is one of the world’s mega rivers that
The Parana
runs along almost 3900 km, crossing from tropical to
warm-temperate climate zones (Roberto et al., 2009). At
its middle stretch, the main channel is fringed by a large
ﬂoodplain that hosts a network of lotic and lentic environments interconnected by hydrological ﬂuctuations
(Supporting Information Fig. S1). Few studies on molecular protist diversity have been undertaken in Neotropical
ﬂoodplain rivers (Lentendu et al., 2018; Machado
et al., 2019) and only one study was carried out in the
 River, speciﬁcally in the middle stretch focussed
Parana
on Opisthokonta, the supergroup formed by animals,
fungi and the ancestors of the multicellular organisms
(Arroyo et al., 2018).
In this work, we performed a metabarcoding survey
with the goal of unveiling the diversity and genetic novelty
 ﬂuvial system and extending
of the protists at the Parana
our current knowledge of freshwater environments. We
used Illumina technology for sequencing of the V4 region
of the 18S rRNA gene, sequences similarity analysis,
and phylogeny. Because of the complexity of the systems, with lotic and lentic environments interconnected
by hydrological ﬂuctuations, we hypothesize that it harbours a great diversity of protists, and we expect ﬁnding
high level of genetic novelty. This applies particularly to
heterotrophic protists, consumers and parasites that were
traditionally overlooked in these environments. Because
neotropical ﬂoodplains have scarcely been studied with
metabarcoding approaches, we predict that a large
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amount of diversity will also be far related from environmental sequences derived from other approaches.

Results
High-throughput sequences processing and community
composition
In total, we obtained 1 573 449 reads grouped in 5666
amplicon sequence variants (ASVs). After excluding
ASVs afﬁliated to Metazoa, Streptophyta, chimeras and
those with less than 10 reads distributed in less than
three samples, the ﬁnal table comprised 3166 ASVs and
1 227 460 reads distributed in 10 samples from lentic and
 River ﬂoodplain syslotic environments from the Parana
tem (Supporting Information Fig. S1).
The ASVs were afﬁliated to nine supergroups
according to the deﬁnition of Adl et al. (2019) with variable diversity and abundance (Fig. 1 and Table S1). The
richest supergroups were Stramenopiles (28.04% of the
contribution to total ASVs), Alveolata (22.36% ASVs),
and Cryptista (15.19% ASVs, represented mostly by the
class Cryptophyceae). Within Stramenopiles, the most
diverse groups were Bicosoecida (10.92% ASVs) and
Chrysophyceae (8.46% of ASVs). Among Alveolata, the
most represented taxonomic groups were Perkinsea and
the ciliate class Spirotrichea (5.24% and 4.89% ASVs,
respectively). Archaeplastida (16.96% ASVs) and
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Opisthokonta (12.79% ASVs) contributed less but had a
signiﬁcant number of ASVs. The remaining were related
to Rhizaria (2.96% ASVs), Haptista (0.82% ASVs),
Amoebozoa (0.6% ASVs), and Apusomonadida
(0.25% ASVs).
The hydrological period studied corresponded to
drought (years 2013 and 2014), ﬂood (year 2015), and
extreme ﬂood (year 2016) (Supporting Information
Table S2). The Non-metric multidimensional scaling
(NMDS) showed a separation between samples from different years, grouping together the samples from 2016
indicating a high similarity among protist community
structure from extreme ﬂood hydrological phase
(Supporting Information Fig. S2). The alpha diversity
analysis showed a mean Shannon index (H) equal to
4.33  0.52, with a max of 5.03 corresponding to extreme
ﬂood period (year 2016) and a min of 3.49 during drought
period (year 2014). The mean beta diversity using Bray–
Curtis distance was 0.78  0.17 (Supporting Information
Table S4), indicating a high heterogeneity among protist
communities at each environment and hydrological
period. The lowest distance (0.26) was shown among
protist diversity from extreme ﬂood period.
The ecological function of the ASVs was manually
assigned to consumer, parasitic, phototrophic or saprobic
following Singer et al. (2021). The consumers represented 53% of the total ASVs, followed by phototrophic
(36% of the ASVs), parasitic and saprobic, which

 ﬂuvial system. Relative richness (number of ASVs) of each taxonomic
Fig. 1. Taxonomic composition of freshwater protists from the Parana
group were classiﬁed among the nine recognized supergroups identiﬁed by colour. The * corresponds to those groups of ASVs whose taxonomic
afﬁliation could not be reached at class level. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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represented 9% and 1% of the ASVs, respectively.
The rest (1%) could not be assigned to any of these
categories (Supporting Information Table S3).

Novel diversity analysis
The genetic similarity between the ASVs and the PR2
version 4.12 (Guillou et al., 2013), which contains environmental and culture/isolated derived sequences, varied
notably among supergroups (Fig. 2). Cryptista, Alveolata,
and Archaeplastida presented a unimodal distribution,
with a peak close to 100% of similarity. Alveolata presented a longer tail as more ASVs with low similarity in
comparison with the other two supergroups.

Fig. 2. Distribution of the similarity between the ASVs from each of
 ﬂuvial system with the
the principal supergroups found in the Parana
whole PR2 database (both cultures and environmental sequences).
[Color ﬁgure can be viewed at wileyonlinelibrary.com]

Stramenopiles and Rhizaria had a bimodal distribution,
with peaks at 90% and 99% of similarity, respectively.
Opisthokonta peaked at 79% of similarity, as we obtained
a high number of ASVs with poor matches in the PR2
database.
To compare the degree of novelty between the supergroups, after assigning each ASV to the closest culture/
isolated match (CIM) and the closest environmental
match (CEM), we classiﬁed the ASVs according to their
position in the biplot analysis, showing distinct novelty
patterns (Fig. 3). ASVs were assigned to quadrant I when
both of their genetic similarity with CIM and CEM were
above the average of the CIM and CEM of the complete
database (i.e. taking into account the similarity from all
the ASVs with the database), quadrant II when only CIM
was above the average, quadrant III when ASVs were
below average in both CIM and CEM, and quadrant IV
when only CEM was below the average. Quadrant III displays, therefore, the ASVs related to potential novel protists (i.e. ASVs without closest reference sequences in
the PR2 database). In the global comparison, the average
of the CIM and CEM was 91.2% and 94.2%, respectively
(Fig. 3). Among the most represented supergroups,
Opisthokonta showed a highest percentage of ASVs in
the quadrant III (77% of ASVs, n = 312), following by
Stramenopiles (36% of ASVs, n = 171) and Alveolata
(29% of the ASVs, n = 209). Cryptista and
Archaeplastida showed 5% and 0.5% of the ASVs in the
quadrant III, respectively (Fig. 3).
Following the global analysis of novelty, we calculated
the average of the CIM and CEM values for each supergroup (i.e. only taking into account the CIM and CEM
assigned to each supergroup, Fig. 4). With these new
values, the percentage of novel ASVs in quadrant III

 ﬂuvial system.
Fig. 3. Novel diversity analysis for each of the most abundant and richest supergroups of freshwater protists in the Parana
A. Similarity analysis. The nodes represent the ASVs and the colours represent the afﬁliation. The ASVs with more than 95% of similarity are connected by edges (grey lines). The dashed red line is the average of the similarities of the ASVs with the CIMs and CEMs.
B. The bar plot represents the number of ASVs to each quadrant of the biplot per taxonomic group. ASVs from quadrant I and II were classiﬁed
as ‘non-novel ASVs’, quadrant III as ‘novel ASVs’, and quadrant IV as ‘environmental ASV’. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]
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Fig. 4. Similarity analysis for the main supergroups. The nodes represent the ASVs and the colours represent the afﬁliation. The ASVs with more
than 95% of similarity are connected by edges (grey lines). The dashed red line is the average of the similarities of the ASVs with the CIMs and
CEMs for the speciﬁc supergroup analysed. The dashed grey line is the average of the similarities of the ASVs with the CIMs and CEMs in the
entire database. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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related to Opisthokonta decreased considerably, to
46.4% (188 ASVs), and the number of novel ASVs for
Cryptista and Archaeplastida increased to 15.7%
(76 ASVs) and 28.1% (152 ASVs), respectively. Among
Opisthokonta, the novel ASVs were afﬁliated mostly to
Choanoﬂagellata (160 ASVs). Most of the Stramenopiles’
novel ASVs were classiﬁed as Bicosoecida (266 ASVs of
320 ASVs) and Chrysophyceae (28 ASVs). Perkinsea
(105 ASVs of 209 ASVs) and Ciliophora (56 ASVs) were
the most novel groups among Alveolata. For
Archaeplastida, the novel ASVs were afﬁliated to
Chlorophyceae (97 ASVs), Mamiellophyceae (26 ASVs),
and Pedinophyceae (21 ASVs).
Despite that the similarity cut-off threshold for specieslevel distinction in protists is a matter of debate, previous
results showed that 98% of similarity is a reasonable
value for most of them (Caron et al., 2009). Here, we
were more conservatives and ASVs with 95% of similarity
between them were grouped in different clusters to capture closely related taxa (Fig. 4). Bicosoecida presented
188 clusters of ASVs and Chrysophyceae presented
73 clusters. Among Alveolata, the biggest cluster corresponded to Spirotrichea (77 ASVs), whereas Perkinsea
and Oligohymenophorea showed 47 and 48 clusters,
respectively. The Archaeplastida supergroup showed
highly related ASVs, with only 52 clusters. Similar results
were observed in Cryptista, with which only 35 clusters
were obtained. On the other hand, Opisthokonta presented 167 clusters, and the most diverse was related to
Choanoﬂagellata (formed by 57 different ASVs), which
also presented a low similarity with the CIM and
CEM (Fig. 4).
Phylogenetic afﬁliation of novel ASVs
The phylogenetic analysis of the clusters of novel ASVs
related to Choanoﬂagellata, Perkinsea, and Bicosoecida
was performed by phylogenetic placement of the ASVs
sequences in a reference tree (Fig. 5). To classify the
Choanoﬂagellata novel ASVs (160 ASVs), we used the
reference sequences from Arroyo et al. (2018)
(Supplementary dataset 4). The model selected by IQTree (Nguyen et al., 2015; Kalyaanamoorthy et al., 2017;
Minh et al., 2020) for the phylogeny reconstruction was
TN + F + R6. Most of the ASVs were placed in two big
clusters related to Craspedida, more speciﬁcally closely
related to Codosiga hollandica (KT757430) and
Codosiga sp. M5 (JF706239) reference sequences. One
of these clusters is formed by 16 different groups of
ASVs with 95% of similarity and the other one by
4 (Fig. 5A and Fig. S3). These results highlight a high
genetic variability in the group with a high potential to discover new species and extend the actual known diversity
of genus Codosiga.

For Bicosoecida, the 269 novel ASVs sequences were
placed in a reference tree inferred by 141 sequences.
The best model for this phylogenetic reconstruction was
TNe + R4. The reference sequences were selected from
the bibliography to get a good representation of the different clades (del Campo and Massana, 2011; Schoenle
et al., 2020). The ASVs were distributed along all the
subgroups of this taxonomic group (Fig. 5B and Fig. S4).
The phylogeny reveals that most of the ASVs were
Pseudodendromonadales. Furthermore, the phylogenetic
placement revealed groups of ASVs that branched at the
base of common marine clades, such as Cacitellaceae
(ASV_352 and ASV_563), Symbiomonadaceae (ASVs
from the cluster 47, 106, 52 and ASV_817), and
Cafeteriaceae (ASVs from the cluster 140, 42 and
ASV_584) (Fig. 5B and Fig. S4). The long branch at the
base of these clades and the low similarity of the ASVs
with known organisms suggest that these sequences can
be considered as unknown, deep branching clades of
Bicosoecida.
Regarding Perkinsea, the reference tree was constructed with 171 sequences from manually selected
(Chambouvet et al., 2014; Jobard et al., 2020; Itoïz et al.,
unpublished ). The model for the phylogenetic reconstruction was GTR + F + R5. In total, 153 ASVs were
phylogenetically placed, and the analysis revealed that
these sequences were distributed mostly in the NAG01
clade and the environmental clade PERK_ENV02
(Fig. 5C and Fig. S5). Furthermore, one novel ASVs were
placed in the Parviluciferaceae group, which is composed
mostly of marine dinoﬂagellates parasites. The great
genetic diversity observed represents a potential for
novel organisms’ isolation and taxonomic clariﬁcation of
this mostly unknown (and ecologically uncharacterized)
group.
We built two phylogenetic trees to classify the novel
ASVs related to Mamiellophyceae and Pedinophyceae
(Supporting Information Figs. S6 and S7). For
Mamiellophyceae, we selected 52 sequences from the
bibliography (Lara et al., 2017; Marin and
Melkonian, 2010). The model used to infer the phylogeny
was TN + F + I + G4. The phylogenetic placement of
the 53 novel ASVs revealed that many of the sequences,
which presented between 93% and 95% of identity with
their CCM and CEM (Supporting Information Fig. S6) are
sister to Monomastigales (cluster 7). Similar results were
observed with the sequences related to Pedinophyceae.
For this group, the phylogenetic tree was inferred with
53 sequences selected from the bibliography
(Marin, 2012) and with the model TN + F + R4. The clusters 24 and 6, which presented between 92% and 95% of
identity with their CIM and CEM, were placed as a sister
group related to Pedinomonadales (Supporting Information Fig. S7).
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Fig. 5. Phylogeny representation of the protist groups presenting the most novel phylogenetic information in samples
 ﬂuvial system. The red branches indicate the
from the Parana
phylogenetic placement of the ASVs and the yellow dots are
bootstrap values >80%. The outside circle is the annotation of
the group afﬁliation. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

Discussion
Altogether, we found that 28% of the total ASVs potentially correspond to novel organisms (i.e. ASVs classiﬁed

as a novel). Novelty can be characterized both in terms
of genetic distances and phylogenetic position of the
newly obtained ASVs (del Campo and Massana, 2011;
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Lynch et al., 2012). Furthermore, as we must differentiate
between both novelty relative to identiﬁed (barcoded)
organisms (sensu Pawlowski et al., 2012) and in relation
to sequences obtained in other environmental surveys,
we followed the method proposed by del Campo and
Massana (2011). The approach here applied combines
all these components of novelty by allowing a rapid
screening of each taxonomic group for accurate identiﬁcation and phylogenetic characterization of the novel
groups and new environments by comparing with public
and well-documented databases.
Our study reveals a great diversity of novel protists
expanding the knowledge from biodiversity in planktonic
freshwater communities. So far, few works were focused
on the novelty of protist diversity from freshwater. They
-Margarit and
are related to high mountain lakes (Triado

Casamayor, 2012; Filker et al., 2016; Ortiz-Alvarez
et al., 2018), hypersaline waters (Filker et al., 2017) and
ancient lakes (Fermani et al., 2021), where the novelty
can be expected to be subject to a high degree of ende River, the constant
mism. Conversely, in the Parana
exchange among environments due to the permanent
hydrological ﬂuctuations in a spatially heterogeneous
ﬂoodplain system may enable a high protist diversity.
Among freshwater environments, ﬂoodplain rivers are
considered hotspots of biodiversity (Neiff, 1996; Gopal
and Junk, 2000; Amoros and Bornette, 2002). Indeed,
the total pool of species found there is derived from the
communities inhabiting the variety of habitats arrayed
across the main channel and the ﬂoodplain (Fournier
et al., 2020). Three supergroups hosted a major part of taxonomic
novelty,
Stramenopiles,
Alveolata,
and
Opisthokonta. These supergroups are known to represent
an important fraction of the microeukaryotes diversity in
freshwater environments (Debroas et al., 2017), and our
results contribute to broadening that knowledge with the
high level of novelty found. In particular, a high diversity of
Chrysophyceae, Bacillariophyceae, Dinophyceae, and spirotrichean ciliates are coherent with previous published study

in other freshwater systems (Ortiz-Alvarez
et al., 2018;
 ﬂoodplain
Singer et al., 2021). Remarkably, the Parana
communities stood out as compared with other freshwater
systems due to the high sequence novelty in Bicosoecida
(Stramenopiles), Mamiellophyceae and Pedinophyceae
(Archaeplastida), Choanoﬂagellata (Opisthokonta) and Perkinsea (Alveolata), corresponding to deep branching,
uncharacterized lineages, highlighting therefore existence of
knowledge gaps awaiting to be ﬁlled.
The novelty of the ASVs was also explored by their
phylogenetic placement showing that many of them are
related to environmental clades with long branches,
highlighting the presence of novel phylogenetic clades or
species. This allows the remarkable ﬁnding that recovers

the novel ASVs grouped together in the cluster
7 (Supporting Information Fig. S6), related to
Mamiellophyceae
(Archaeplastida).
While
the
Mamiellales has been mostly studied in marine waters,
with many cultures available (Tragin et al., 2016), only a
few species have been isolated from freshwater (Marin
and Melkonian, 2010) although many environmental
sequences have been detected (Taib et al., 2013; Lara
et al., 2017). Here, the ASVs from cluster 7 form a deep
clade sister to the whole freshwater group Monomastigales; it is therefore likely that these ASVs represent a clade of order rank that has never been detected
before. Within green algae, a wealth of novel clusters
was also observed within class Pedinophyceae. At the
moment only two orders (Marsupiomonadales and Pedinomonadales) and four genera (Pedinomonas,
Chlorochytridion, Resultor, and Marsupiomonas) have
been described (Marin, 2012). Recently, a new phylotype
related to Marsupiomonas has been retrieved by environmental sequencing (Milyutina et al., 2019). Contributing
to this ﬁnding, the clusters 24 and 6 were related in our
study to Pedinomonas. These clusters presented a low
identity (between 93% and 95%) with publicly available
sequences: clusters 24 and 6 formed a deep sister clade
to the whole genus. Although the position of clusters
14 (that presented between 90% and 92% of identity with
CIM-CEM) within Pedinomonadales is not clear, their
genetic similarity with known species suggest that they
probably derived from unidentiﬁed genera.
Freshwater planktonic systems are thought to be characterized by a higher beta diversity than soil and marine
plankton (Singer et al., 2021), meaning that they are most
dissimilar with each other. For this reason, exploring
understudied environments has great chances of reveal ﬂuing uncharted diversity. As was expected, the Parana
vial system is, per se, highly heterogeneous and
contributes in hosting a high microorganism diversity
(Devercelli et al., 2016; Huber et al., 2020). Indeed, our
results reveal a great dissimilarity between samples
(mean Bray–Curtis distance >0.78  0.17), and a clear
separation between samples from the different hydrological periods (Supporting Information Fig. S2). Furthermore, the NMDS revealed the highest similarity in
protists community composition during the extreme ﬂood
(year 2016) related to the higher connectivity among
environments. These samples also present the highest
alpha diversity. Similar results were observed in bacterial
communities from the same system (Huber et al., 2020)
and can be explained because the interacting components encompassing this freshwater system (land and
water; main channel and ﬂoodplain; lentic and lotic water
bodies) are mediated by the hydrological dynamic in
extreme ﬂoods that allows to recruit organisms from
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different habitats (Devercelli et al., 2014), even from
uncharted ones. This complexity brings up a diverse
microeukaryote assemblage that may be related to the
multiple functional processes that take place in the
environment.
Here, we show that non-pigmented organisms represent a large proportion of the diversity of the plankton:
indeed, the richness (number of ASVs) of pigmented
organisms (46%) was lower to that of non-pigmented
organisms (51%). The functional analysis of the ASVs
showed similar results, where 51% were related to consumers and only 36% were related to phototrophic organisms. The high amount of land-derived organic matter
processed in ﬂoodplain rivers may contribute to support
the outstanding heterotrophic diversity found. Interestingly, the groups that presented the highest novelty were
afﬁliated to non-pigmented organisms, which demonstrates the need for a change of our current vision of
freshwater planktonic microbial communities.
In addition, the high diversity of parasitic protists (10%
of the total ASVs) may be related to the diversity of
micro- and macroorganisms host inhabiting Neotropical
environments (Mahé et al., 2017). An example is the high
diversity of Perkinsea observed, many of them being
classiﬁed as novel ASVs. This group is exclusively composed so far of parasites infecting a broad range of
hosts, from vertebrates, invertebrates and micro-algae
(Bråte et al., 2010; Mangot et al., 2011; Jobard
et al., 2020). While the ecological importance of the
marine counterparts has been well stated (Norén et al.,
1999; Burreson et al., 1994; Freeman et al., 2017 ; Itoïz
et al., unpublished), such as for Perkinsidae,
Parviluciferidae and Xcellidae, the role of freshwater Perkinsea remains unknown. Previous studies suggest that
they are potential microalgae parasites; however, these
results need to be validated with cultures (Mangot
et al., 2011; Mangot et al., 2013; Jobard et al., 2020). So
far, only one freshwater group, the Severe Perkinsea
infection (SPI) agent, was well characterized as a principal parasite responsible for recurrent massive mass mortality of tadpoles and amphibian decline both in
temperate (North America and the United Kingdom) and
tropical altitudes (Panama, Isidoro-Ayza et al., 2017;
Smilansky et al., 2021). Since these organisms represent
a signiﬁcant number of ASVs in freshwater environments,
it is urgent to unveil their diversity and ecological function

(Ortiz-Alvarez
et al., 2018; Salmaso et al., 2020; Jobard
et al., 2020).
Heterotrophic microeukaryotes were represented by the
ﬂagellates Bicosoecida and Choanoﬂagellata with several
well-deﬁned new clades (Supporting Information Figs. S3
and S4). In particular, most ASVs afﬁliated to Bicosoecida
were classiﬁed within the Pseudodendromonadida, a
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group formed mainly by freshwater and soil organisms
(Cavalier-Smith and Scoble, 2013). Filker et al. (2016) also
observed a high richness and potential novel diversity in
hypersaline waters. This group of small bacterivorous ﬂagellates is common in both marine and freshwater systems (del Campo and Massana, 2011; Massana
et al., 2021). Although Pseudodendromonadida was considered to be of little ecologically relevance in the past
(Massana et al., 2007), recent studies provide evidence
for a wide distribution of these organisms in marine systems where they grow rapidly in the presence of high bacterial density (Massana et al., 2021). In our dataset, this
group represented more than 28% of the total ASVs,
suggesting that they may play an important role in freshwater ecosystems. Although Choanoﬂagellata are common in freshwater systems (Singer et al., 2021), their
immense diversity found was unexpected and especially
of organisms related to genus Codonosiga. This group
 ﬂoodhas been reported from nearby sites in the Parana
plain by Arroyo et al. (2018) (as FRESHCH03). Morphological studies in the upper course of the river also found
that choanoﬂagellates and bicosoecids were the most frequent heterotrophic ﬂagellates (Lansac-Toha et al., 2016).
 ﬂuvial system might be a
We suggest that the Parana
hotspot for the diversity of these organisms, in line with
the high levels of diversity found in Neotropical ﬂoodplains;
however, further molecular exploration coupled with observational data will be needed to conﬁrm this hypothesis.
Another widely represented heterotrophic group were
the ciliates, arguably one of the best documented groups
of protists with 27 000–40 000 species described
(Lynn, 2008; Gao et al., 2016; Weisse, 2017; Clamp and
Lynn, 2017; Wang et al., 2017) and a well-established
and extensive molecular database (Lara and AcostaMercado, 2012; Boscaro et al., 2018). Still, here we
report a large number of ASVs that presented low similarity with any sequences (environmental or cultured/isolated) from the database that could potentially represent
an extensive unexplored diversity.
In this work, we applied an approach to characterize
the genetic novelty present in an unexplored environ ﬂuvial system. While different
ment, here the Parana
methods have been developed individually, the innovative aspect of this method is the combination of
approaches. Indeed, our approach permitted not only
characterizing the most novel taxonomic groups but also
the existence of clades that are probably still totally
unknown. Like in the ocean and in many freshwater sys River has
tems, the pigmented plankton of the Parana
been studied since the 70s (García de Emiliani, 1979,
1981; Devercelli et al., 2014). Here, we observed that
most of this novel diversity is related to freshwater heterotrophic organisms, encompassing different lifestyles,
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from potential heterotrophic predators to parasites and
mixotrophs, which are underestimated and poorly surveyed in freshwater research, but which still await to be
discovered, isolated, and cultured (if possible).

Experimental procedures
Sampling sites and procedure
In total, 10 samples from the main channel, secondary
channels and ﬂoodplain lakes were obtained during
periods of ﬂood and drought in order to encompass the
habitat types and the hydrological variability characteristic
 ﬂuvial system. The environmental characof the Parana
terization of the sampling sites is presented in the
Supporting Information Table S2 and detailed in the study
by Mayora et al. (2020). Surface water samples for DNA
extraction were collected in sterilized bottles and preﬁltered through a 50 μm pore mesh to remove invertebrates. The water was ﬁltered through 0.22 μm pore-size
ﬁlters of mixed cellulose esters (Millipore) until they were
clogged with biomass (between 100 and 140 ml) and
stored at 80 C until processing.

DNA extraction, PCR and sequencing
Genomic DNA was extracted using a CTAB-based protocol (Zenoff et al., 2006). Brieﬂy, ﬁlters are incubated at
60 C for 30 min with CTAB lysis buffer, followed by two
puriﬁcation steps with 0.7 ml of chloroform-isoamylic
alcohol (24:1) and centrifugation at 14 000 rpm for
10 min. Subsequently, the DNA was precipitated in cold
isopropanol and centrifuged again for 30 min. Finally, the
pellet was washed with cold ethanol (80%) and the DNA
re-suspended into 40 μl of TE buffer.
The V4 region of the 18S rRNA gene was ampliﬁed
using a nested PCR protocol, with ﬁrstly the primers 63f
and 1818r (Lepère et al., 2011). Followed by a PCR
ampliﬁcation using the TAReuk454FWD1 (Stoeck
et al., 2010) and V4 18S Next.Rev primers (Piredda
et al., 2017) for the second round. The PCR conditions
and the MiSeq Illumina sequencing were carried out following the protocol previously applied in the study by
Metz et al. (2019a). Sequences have been deposited at
the European Nucleotide Archive (ENA) under the
BioProject number (PRJEB24677).

Sequence processing, taxonomic assignation and
diversity analysis
For the sequence processing, ﬁrst we used cutadapt 1.18
(Martin, 2011) to remove the primers. Then, raw
sequences were processed with DADA2 V1.10.0
(Callahan et al., 2016) with the following parameters for

quality ﬁltering: maxEE = (2,2), truncL = (250,220) and
truncQ = 2. These parameters were selected according to
the quality of the samples. The taxonomic assignment of
the ASVs was performed using the Stampa pipeline
(Mahé et al., 2017), using the PR2 V4.12 (updated in
August 2020) as a reference database (Guillou
et al., 2013). Those ASVs with less than 10 reads distributed in less than three samples were excluded in order to
reduce the possible chimeras and sequencing errors. Furthermore, ASVs assigned to Metazoa and Streptophyta
were removed.
The taxonomic composition in terms of number of
ASVs (richness) was explored using a treemap plot, performed in R 3.5 (www.r-project.org) and with the package
treemapify v 2.5.5 (Wilkins, 2021). The functional annotation of the ASVs was performed following Singer
et al. (2021). The functional annotation of Dinoﬂagellates,
Cryptophyceae and Chitridyomicotes was manually
checked using BLAST (Altschul et al., 1997) and
assigned according to their similarity to sequences from
NCBI database and their phylogenetic position. The
alpha diversity (Shannon index) and beta diversity (Bray–
Curtis distance) were calculated using the vegan v2.5-7
(Oksanen et al., 2008), with the function diversity and
vegandist, respectively. The NMDS was calculated with
the metaMDS function from the same R package. For
these analyses, the ASV table was rarefacted to the minimum sample size (13 930 reads) with the function rrarefy
and for the NMDS the table was then transformed with
the Hellinger method using the deconstand function.
Analysis of novel diversity
The distribution of the ASVs similarity with PR2 obtained
by Stampa during the taxonomic assignment was
analysed to deﬁne the supergroups that present a high
potential for novel organisms detection using a similar
approach proposed by del Campo and Massana (2011)
and Lynch et al. (2012) described below. The density plot
(Fig. 2) was performed using package ggplot2
(Wickham, 2016).
First, all sequences from PR2 were divided into two reference databases according to their annotation as cultured/isolated or environmental sequences. Using
Stampa, we investigate the similarity of each ASV with
the CIM and CEM. Then, the similarity among each pair
of ASV was calculated by global pairwise alignment as
implemented in VSEARCH v2.15.1 (Rognes et al., 2016)
using the function --allpairs_global and min identity of
85% (--id), in order to reduce the number of comparisons.
ASVs nodes with similarity ≥95% were connected by
edges to deﬁne clusters of similar ASVs. The scripts for
this analysis were programmed with R and are available
in GitHub (https://github.com/sebametz/Novelty-SF).

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology

Novelty of protists in a large ﬂoodplain system 11
In order to evaluate the degree of novelty, the ASVs
were classiﬁed according to their similarity with CIM and
CEM, which can be interpreted as a degree of knowledge
in culture and environmental sequences from public databases, respectively (del Campo and Massana, 2011). We
classiﬁed the ASVs as ‘Novel ASV’ if the similarity was
smaller than the mean of the supergroup (CIM or CEM
for the taxonomic group, quadrant III of the biplot in
Fig. 3), ‘Environmental ASV’ when it presented < mean
(CIM) and > mean (CEM) (quadrant IV of the biplot),
‘non-novel ASV’ (quadrants I and II). Because the mean
of the CIM and CEM is associated with each particular
supergroup, we deﬁned a global mean (i.e mean of CIM
and CEM from the total database) to compare the grade
of novelty among supergroups.

Phylogenetic placement of novel ASVs
Phylogenetic analyses were performed for those taxonomic groups where a considerable number of novel
ASVs were observed. Brieﬂy, we ﬁrst performed a reference tree with sequences retrieved from NCBI. The
sequences were aligned using MAFFT version 7.453
(Katoh and Standley, 2013) with the E-INS-i algorithm
and trimmed with TrimAl (Capella-Gutiérrez et al., 2009)
with parameter -gt 0.6; and the phylogeny was
reconstructed using IQ-Tree2 (Nguyen et al., 2015; Minh
et al., 2020) with parameters --altr 1000, for SH-aLRT test
(Guindon et al., 2010), and --m MF, for automatic model
detection
with
ModelFinder
(Kalyaanamoorthy
et al., 2017). The tree was annotated according to the
bibliography and the bootstrap values. Following the references tree obtaining we classiﬁed the ASVs using a
placement pipeline, where the sequences were aligned
to the reference alignment using MAFFT with
--addfragment and --keeplength parameters and placed
in the phylogenetic tree using EPA-ng v0.3.8 (Barbera
et al., 2019). The results were converted from a .jplace
ﬁle to a .nexwik ﬁle using GAPPA (Czech et al., 2020)
with the examine graft function. The ﬁnal phylogenetic
tree was visualized and annotated using Itol (https://itol.
embl.de/, Letunic and Bork, 2019) and edited with
Inkscape (ww.w.inkscape.org). The alignments and the
phylogenetic trees are available in GitHub (https://github.
com/sebametz/Novelty-SF).
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 ﬂuvial system in South
Fig. S1. a) Location of the Parana
America showing the studied area, and b) the sampled
environments.
Fig. S2. Ordination plot (non-metric multidimensional scaling) of ASVs protists communities from the different years,
corresponding to different hydrological periods. In yellow
samples from 2014, related to a drought period. In green
samples from 2015, related to ﬂood period and in blue samples from 2016, related to extreme drought period.
Fig. S3. Opisthokonta phylogenetic tree and novel ASVs
related to Choanoﬂagellata placement. Bootstrap values
>80% are shown by yellow dots. Red branches correspond
to the placement of the ASVs from the sequence similarity
analysis (Fig. 4). The NCBI accession number of the reference sequences are annotated in the tree leaf. The squares
correspond to the annotation of the group afﬁliation.
Fig. S4. Bicosoecida phylogenetic tree and novel ASVs classiﬁcation. Bootstrap values >80% are shown by yellow dots.
Red branches correspond to the placement of the ASVs
from the sequence similarity analysis (Fig. 4). The NCBI
accession number of the reference sequences are annotated
in the tree leaf. The squares correspond to the annotation of
the group afﬁliation.

Fig. S5. Perkinsea phylogenetic tree and novel ASVs classiﬁcation. Bootstrap values >80% are shown by yellow dots.
Red branches correspond to the placement of the ASVs
from the sequence similarity analysis (Fig. 4). The NCBI
accession number of the reference sequences are annotated
in the tree leaf. The squares correspond to the annotation of
the group afﬁliation.
Fig. S6. Mamiellophyceae phylogenetic tree and novel ASVs
classiﬁcation. Bootstrap values >80% are shown by yellow
dots. Red branches correspond to the placement of the
ASVs from the sequence similarity analysis (Fig. 4). The
NCBI accession number of the reference sequences are
annotated in the tree leaf. The squares correspond to the
annotation of the group afﬁliation.
Fig. S7. ‘Core’ Archaeplastida phylogenetic tree for
Pedinophyceae novel ASVs classiﬁcation. Bootstrap values
>80% are shown by yellow dots. Red branches correspond
to the placement of the ASVs from the sequence similarity
analysis (Fig. 4). The NCBI accession number of the reference sequences are annotated in the tree leaf. The squares
correspond to the annotation of the group afﬁliation.
Table S1 Contribution of each taxonomic group to total
freshwater protists richness studied with 18S rDNA sequenc ﬂuvial system. The classes correspond to
ing in the Parana
those deﬁned by the PR2 database. The * correspond to
ASVs with unknown class classiﬁcation.
Table S2. Freshwater environments studied within the
 ﬂuvial system and environmental characteristics.
Parana
The river’s hydrological condition (drought, ﬂood, and
extreme ﬂood) and habitat type of each environment are
indicated; lakes and ponds are considered isolated or connected if they were or not hydrologically connected to a lotic
water body. Cond: conductivity, DO: dissolved oxygen, TN:
total nitrogen, TP: total phosphorus, Chl-a: chlorophyll-a.
Table S3. ASVs classiﬁcation according to if the related
classiﬁcation corresponds to a pigmented or non-pigmented
 ﬂuvial system.
protists at the Parana
 ﬂuvial system:
Table S4. Protist diversity at the Parana
Alpha diversity of each sample computed with Shannon
index, and Beta diversity among samples calculated with
Bray-Curtis distance. In red are highlighted distances
between samples lower than 0.5.
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