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Summary

Trebouxiophyceae are a ubiquitous class of Chlo-
rophyta encountered in aquatic and terrestrial environ-
ments. Most taxa are photosynthetic, andmany acts as
photobionts in symbiotic relationships, while others
are free-living. Trebouxiophyceae have also been
widely investigated for their use for biotechnological
applications. In this work, we aimed at obtaining a com-
prehensive image of their diversity by compiling the
information of 435 freshwater, soil andmarine environ-
mental DNA samples surveyed with Illumina sequenc-
ing technology in order to search for the most relevant
environments for bioprospecting. Freshwater and soil
were most diverse and shared more than half of all
operational taxonomic units (OTUs), however, their
communities were significantly distinct. Oceans
hosted the highest genetic novelty, and did not share
any OTUs with the other environments; also, marine
samples host more diversity in warm waters. Symbi-
otic genera usually found in lichens such as Trebouxia,
Myrmecia and Symbiochloris were also abundantly
detected in the ocean, suggesting either free-living life-
styles or unknown symbiotic relationships withmarine

planktonic organisms. Altogether, our study opens the
way to new prospection for trebouxiophycean strains,
especially in understudied environments like the
ocean.

Introduction

Trebouxiophyceae are a ubiquitous class of photosyn-
thetic unicellular Chlorophyta (=‘green algae’) encountered
in many environments, including extreme ones such as
hot (Büdel et al., 2009; Flechtner et al., 2013; Fu�cíková
et al., 2014) and cold (Cavacini, 2001; Fermani et al.,
2007; Hoda�c et al., 2016) deserts, or hyper acidic waters
(Juárez et al., 2011). They are also common in mesophilic
environments like soil and continental waters, some of
them can also be found in the sea (Heesch et al., 2012;
Tragin and Vaulot, 2018). But Trebouxiophyceae are
mostly known for their symbiotic relationships with other
organisms (Pröschold et al., 2011), where they act as
photobionts, providing the by-products of their photosyn-
thesis to the host. Most lichenizing fungi are indeed asso-
ciated with Trebouxiophyceae (Thüs et al., 2011). Other
mutualistic symbioses are also known, including diverse
amoeboid protists (Gomaa et al., 2014; Lara and Gomaa,
2017), Metazoa (Aboal and Werner, 2011) and even vas-
cular plants (Trémouillaux-Guiller and Huss, 2007). Some
species lost secondarily their photosynthetic ability to evo-
lve as heterotrophic free-living organisms or parasites of
diverse organisms (de Koning and Keeling, 2006; Pombert
and Keeling, 2010), including humans (Lass-Flörl and
Mayr, 2007). The variety of symbiotic associations includ-
ing Trebouxiophyceae has motivated research for over
100 years (Pröschold et al., 2011).

Trebouxiophyceae have also attracted the interest of
applied research. Indeed, green algae strains are gener-
ally simple to cultivate and allow the retrieval of a high
biomass, which designated them for sustainable biogas
production (Huss et al., 1999; Safi et al., 2014). Other
strains also produce secondary metabolites of medical
interest, for instance anticancer drugs (Safi et al., 2014).
These individual examples reflect the economic and bio-
technological importance of Trebouxiophyceae and
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justifies the research effort in the prospection for new
strains with potentially promising properties. In 2012, the
online reference site for algae (http://www.algaebase.org)
documented 546 described Trebouxiophyceae species
(Guiry and Guiry, 2018). This number has been raised
3 years later (October 2018) to 857 (Guiry and Guiry,
2018), certainly fostered by the generalization of genetic
barcoding to discriminate between morphologically simi-
lar strains.
This prospection is, however, not straightforward. Indeed,

identifying strains based on their morphology is often impos-
sible, and while certain Trebouxiophyceae present conspic-
uous morphologies (Lewis and McCourt, 2004), the bulk of
their diversity cannot be readily distinguished from each
other (i.e. ‘green balls’, most of all formerly classified into a
highly paraphyletic genus ‘Chlorella’) despite being geneti-
cally and physiologically very heterogeneous. The lack of
flagellar apparatus reduces evenmore the number of possi-
ble morphological discrimination criteria to apply, which
resulted in an underestimation of their diversity (Krienitz
et al., 2015). The advent of molecular methods permitted
establishing a taxonomic framework, resulting in splitting the
vast genus Chlorella into many monophyletic genera, pro-
viding a framework for the classification of strains of evolu-
tionary, ecological or biotechnological interest (e.g. Bock
et al., 2011; Krienitz et al., 2015; Neofotis et al., 2016).
Environmental DNA approaches based on high through-

put sequencing of amplicons of a chosen marker gene are
nowadays the silver bullet technique for prospecting micro-
bial diversity. This type of approach can be applied to detect
peaks in diversity and evaluate the genetic divergence of the
environmental sequences as compared to reference data-
bases (‘genetic novelty’; Mahé et al., 2017). It provides there-
fore the needed information on where to look for undescribed
organisms. In the case of the Trebouxiophyceae, given the
size of the reference database and the fact that many depos-
ited strains have been barcoded, it can be safely assumed
that most novel sequences correspond to potentially
undescribed organisms.
Here, we applied an environmental DNA approach based

on the V9 variable region of the gene coding for the SSU
rRNA to a wide sampling design including samples taken
from freshwater (FW) and soil (SO) samples, plus all
sequences obtained in the course of the TARA Oceans
expedition (deVargas et al., 2015), for a total of 435 samples
spanning a vast range of climates, and environmental
parameters. Trebouxiophyceae-related operational taxo-
nomic units (OTUs) were placed in a reference phylogenetic
tree based on both cultured organisms and environmental
sequences and assigned to the existing genera using evolu-
tionary placement algorithm (EPA) (Zhang et al., 2013). Our
aim was to obtain an overview of the distribution of
trebouxiophycean diversity, infer which environments would
host the largest unknown diversity, and also the most

genetically diverse clades. Also, we aimed at detecting the
presence of symbiotic clades in environments where they
have not been reported, suggesting unreported biotic asso-
ciations. Because of the importance of the salinity barrier
(Logares et al., 2009), and also due to the stress associated
with desiccation, we hypothesize that freshwater, soil and
marine communities will differ in their composition. We also
expect findingmore genetic novelty inmarine environments,
as knowledge on oceanic Trebouxiophyceae is nowadays
still very limited. In line with better-known soil and freshwater
systems, we expect that marine environments should also
host symbiotic associations; this would be suggested by the
frequent presence of known symbiotic genera such asSym-
biochloris for instance.

Results

Phylogenetic tree construction and annotation

In total, we extracted 2018 sequences from the public data-
bases SILVA and NCBI that belonged unambiguously to
Trebouxiophyceae (Table S1). Amongst them, we used
1814 high quality (no errors or ambiguous nucleotides), long
(i.e. >1000 nt) and non-redundant sequences to build the ref-
erence phylogenetic tree. Most of the main Trebouxio-
phyceae clades were supported with high bootstrap values
(>70%) and annotated at the genus level. Those that have
bootstrap values lower than 70%were annotated at the order
level according to the bibliography (Leliaert et al., 2012;
Lemieux et al., 2014). Three formerly uncharacterized deep
clades were retrieved and annotated as TREB01-TREB03
(Fig. 1). These clades were composed exclusively by envi-
ronmental sequences that had been already published
previously.

The reference phylogenetic tree was used to classify
961 OTUs from our environmental DNA survey. We identi-
fied 11 new, deep branching, clades. Amongst them, nine
could be potentially assigned to new genera as compared
with the average genetic distances that separate trebouxio-
phycean lineages in the phylogenetic tree (Fig. 1), and the
two remaining others branched that are at the deepest nodes
could be assigned to a suprageneric status. Three lineages
were marine and the remaining eight were shared between
SOandFW.

General diversity patterns

The final data set included 63 samples from FW, 33 from
SO and 107 samples from MA (Fig. 2, Table S2 for FW and
SO, Supplementary Material from de Vargas et al., 2015 for
MA). The distribution of Trebouxiophyceae across samples
and environments were not homogeneous. Their contribu-
tion to the totality of sequences per sample was, in average,
1% in FW samples, but ranged between 0.01% and 24%;
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0.44% inSOsamples, with aminimumandmaximum contri-
bution between 0.006% and 2.95%; and 0.16% in MA sam-
ples ranging between 0.01% and 3%. Within these

samples, a total of 200,747 sequences were affiliated to
Trebouxiophyceae. FW contributed with 80.73% of the total
sequences, SO and MA with 15.79% and 3.48%

Fig. 1. Reference tree with sequences annotations. Colours of the clade names illustrate the environments types (SO, FW and MA) where the
corresponding organisms have been found before this study. Inner circle: reference tree; colours indicate environment types from where the refer-
ence sequences (isolates and environmental clones) were found. The asterisks correspond to clades that contain symbiotic organisms. Branches
in purple correspond to novel deep branching lineages discovered in this study. Outer circle: lines correspond to OTUs found in this study. Col-
ours indicate the environment type from which they originate. Numbers I, II and III correspond to regions of the tree that have been illustrated in
detail, notably illustrating the OTUs from symbiotic groups that have been found in MA (genera Trebouxia, Myrmecia, Pseudochlorella and
Symbiochloris).
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respectively. All sequences clustered into 961 OTUs
(Tables S3 and S4). From these, 298 were found in FW,
227 in SO and 90 in MA, while 346 OTUs were found in both
FWandSO.MAdid not share any singleOTUwith any other
environments. The non-metric multidimensional scaling
(NMDS) analysis showed a clear separation between SO
and FW (Fig. 3). Further, irrigated and mostly wet soils were
placed in an intermediate position between FW and SO
experimenting drought (Fig. 3). Two wet/irrigated soils
respectively from a bog in Pto.Williams in extreme Southern
Chile (SO_10) and an agricultural soil from the Danish
Island Bornholm (SO_90) fell between soils experimenting
drought. A careful inspection of their composition showed
that an overrepresentation of common OTUs from dry soil,
Leptosira (OTU_89645) and Neocystis (OTU_89623) over-
represented in SO_10; and Chloroidium (OTU_89851) in
SO_90 (Table S4).
FW was dominated by Chlorellales (48.7% of

sequences), Choricystis (31% of sequences),
TREB03HTS (14.3% of sequences) and Nanochloris-like
sequences (1.8% of sequences) (Table S5). Most of
these groups were highly diverse. Chlorellales contrib-
uted with 208 OTUs, Choricystis with 138 and
Nannochloris-like with 77 OTUs. The most widespread
clade was TREB03HTS, a previously undetected clade
present in 58% of all FW samples, and represented by
four OTUs in total. The most widespread OTU belonged
to symbiotic genus Coccomyxa (OTU_89751) and was
present in 77.7% of all samples, though its average con-
tribution was low (0.4% of total FW Trebouxiophyceae
sequences). The most abundant OTU was the
Chlorellales affiliated OTU_14045 that contributed with
42% of the total FW Trebouxiophyceae sequences and
was present in 66.7% of all FW samples (Table S5).

SO was dominated by Chlorellales (18% of all SO
sequences; 90 OTUs), genus Apatococcus (12% of
sequences; 27 OTUs) and genus Chloroidium (11% of
sequences; 33 OTUs). Interestingly, the most widespread
OTU inSOwasOTU_89751 (genusCoccomyxa), the same
as in FW, and was present in 87.9% of total SO samples,
also in low abundance (6.4% of all SO sequences).

MA was dominated by genera Chloroidium (37.4%,
4 OTUs) and Apatoccocus (8.3%, 2 OTUs) respectively.
The most frequent OTUs belonged to Heterochlorella

Fig. 2. Map including all sites in the study.
Numbers of Trebouxiophyceae OTUs
sequences found on each sample are
indicated by the diameter of the circles.
Colours indicate the environment types
from where the sample has been taken.
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(43.9% of the samples), newly detected environmental
clade TREB10HTS (40.2% of the samples), Coccomyxa
and Chloroidium (30.8% and 24.3% of the samples respec-
tively). Marine Trebouxiophyceae peaked in diversity in the
Mediterranean and were distributed almost evenly between
surface waters (53%) and deep chlorophyll maximum
(47%). Most of the OTUs from FW and MA (638 OTUs of
734) derive from the pico sized fraction, in the samples
where planktonwas sequentially filtered (0.8–5 μm).

Some OTUs were observed exclusively in cold environ-
ments in several distant locations, suggesting adaptations
to cold temperatures (Fig. 2, Table S4). For instance,
OTU_109033 (genus Coccomyxa) was well represented in
Antarctic samples and was also present in other cold
environments such as Argentinean Patagonia and Alaska,
both in SO and FW. Other clades containing OTUs
possibly exclusive to cold environments were TREB06HTS
and TREB07HTS. On the other hand, OTUs affiliated
with TREB04HTS (OTU_89644 and OTU_89739) and
TREB08HTS (OTU_117567) were found exclusively but
consistently in all samples from Lanzarote (Canary Islands),
i.e. under desertic climate. Some clades containing many
(or mostly) symbiotic forms usually found in lichens were
also found in MA samples. These clades correspond to
genera Apatococcus, Heterochlorella, Myrmecia, Sym-
biochloris, Trebouxia, family Radioccocaceae and the order
Prasiolales.

Genetic novelty

About 80% of all OTUs shared more than 95% identity with
published sequences in the PR2 eukaryotic ribosomal data-
base (Guillou et al., 2013). However, present knowledge on
Trebouxiophyceae genetic diversity was not evenly

distributed. Only 20% of MA OTUs had more than 95% of
identity with PR2 reference sequences. In contrast, this per-
centage rose above 89% in FWandSO (Fig. 4, Table S3).

Discussion

A reference phylogenetic tree to classify
Trebouxiophyceae environmental molecular diversity

Our reference phylogenetic tree is a compilation of all knowl-
edge on Trebouxiophyceae diversity available on public
databases; indeed, all genera described to date have at least
one representative species barcoded for the 18S SSU rRNA
gene (Leliaert et al., 2012; Lemieux et al., 2014). Leliaert
et al. (2012) predicted the existence of seven major groups
amongst Trebouxiophyceae. Even if the limitation of the
SSU rRNA gene for phylogenetic Trebouxiophyceae studies
has been previously reported (Neustupa et al., 2013;
Fu�cíková et al., 2014), our analysis retrieved the seven
predicted groups as well-supported clades most often with
high bootstrap values (>70%). Moreover, our study reveal
three uncharacterized clades from soil, evidencing the exis-
tence of an unsuspected deep diversity (i.e. arguably at the
genus level or above). Our reference phylogenetic tree can
be therefore considered as a useful tool to approach new
ecological and evolutionary questions (Pan et al., 2017) and
classify the unknown sequences (Mahé et al., 2017) like it
has already been done for other groups of eukaryotic micro-
organisms (del Campo et al., 2018).

Environmental Trebouxiophyceae diversity and
promising environments for new strain prospection

Despite our large sampling effort our rarefaction curves
reached saturation only in MA (Fig. S1). This indicates that
we did not cover all diversity in FW and SO, and that envi-
ronmental prospection may still reveal more undetected lin-
eages. Still, the number of OTUs estimated for the whole
study (961) was higher than the number of species esti-
mated for class Trebouxiophyceae (857 species; Guiry and
Guiry, 2018), knowing that the V9 region of the 18S rRNA
gene from many published sequences are partial and not
are resolutive enough to discriminate some organisms at
the species level (Tragin et al., 2018).

Altogether, our findings show that Trebouxiophyceae
diversity is highest in FW habitats followed by the SO habitat.
This contrasts with MA, where only a limited number of OTUs
have been detected despite a higher number of samples sur-
veyed. The ocean is, however, of high interest for prospecting
new forms, as genetic novelty in marine systems was
highest, suggesting a high potential for new strains with novel
properties. Indeed, only 20% of all sequences shared 95% or
more similarity with sequences deposited in PR2. In MA sam-
ples, subtropical and tropical oceans (Mediterranean, Red
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Fig. 4. An illustration of genetics novelty of OTUs in all three environ-
ment types, showing the percentage of identity for each OTU as
aligned with all PR2 entries.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology

Global distribution of Trebouxiophyceae 5



Sea, central Indian Ocean) seemed to host a larger diversity
than colder regions (Fig. 2) suggesting a latitudinal gradient
of diversity as observed in marine bacteria (Fuhrman et al.,
2008). Warm oceans are therefore most relevant environ-
ments for prospection for new Trebouxiophyceae strains. Fil-
tering seems to be an adequate strategy to enrich
environments in Trebouxiophyceae. Indeed, most (40.5%)
sequences from MA and (98.7%) from FW, data sets have
been retrieved from ‘pico’ fraction (0.8–5 μm) suggesting
that a large part of the Trebouxiophyceae diversity is com-
posed of tiny-sized organisms. This assumption is confirmed
by several works based on flow cytometry that found
Trebouxiophyceae to dominate picoeukaryotic diversity in
certain freshwater assemblages (Pálffy et al., 2014; Metz
et al., 2019).
The marked difference between MA and FW/SO floras

confirms our hypothesis, and follows well-known patterns
as the salinity barrier represent a major physiological
divide for prokaryotic and eukaryotic microorganisms
alike (Logares et al., 2009). The transition across the
salinity barrier has been apparently achieved in the free-
living genus Microthamnion where our analysis revealed
a large, deep branching clade sister to all other species
exclusively composed of marine sequences (Fig. 1). Fur-
ther investigations directed towards the isolation of these
organisms may lead to the splitting of Microthamnion,
given the respective position of MA and FW sequences
and reveal organisms with emerging properties. Other
supposedly exclusive soil clades have been found in the
sea, such as the exclusively free-living Xylochloris,
Dichtyochloropsis, and family Radiococcaceae (Fig. 1).
Genus Picochlorum (included within Nannochloris – Like;
Table S1) well-known for its tolerance towards large vari-
ations in salinity has been isolated accordingly from
marine and brackish environments alike (Foflonker et al.,
2018). However, in our study, these organisms appeared
only in MA samples, possibly; even if they tolerate fresh-
water, it is still unclear if they can form viable populations
under low salinity conditions.
SO and FW are more similar to each other in their tax-

onomic composition, yet our NMDS analysis (Fig. 3) illus-
trates a trend for a separation between SO and FW. SO
can be differentiated further in two main categories, ‘wet’
soils (agricultural soils that are irrigated, moist forest soils
and peat), that are generally situated between FW and
the second main category, ‘dry’ soils that experiment
drought (most natural soils) as can be interpreted in
Fig. 3. The differences between these communities
shows that drought is also an important driver for
Trebouxiophyceae diversity. Moreover, this suggests that
intermediate environments like wet soils may have been
used as an evolutionary stepping-stone towards transi-
tion between FW and dry soil. This evolutionary scenario
has been proposed as a possible way for colonizing

emerged lands by the ancestors of modern plants
(de Vries and Archibald, 2018).

Typical ‘dry’ SO genera were the free-living Leptosira and
Neocystis, and also the lichen symbionts Symbiochloris
and Coccomyxa, while FW genera were Choricystis and
Chlorellales (Fig. 3). There are, however, single OTUs that
seem to transcend these barriers like OTU_13937
(uncharacterized clade TREB03HTS) and OTU_14045
(Chlorellales), both abundant in FW and SO, including ‘dry’
soils (Table S4). In contrast to MA samples, 89% of all FW
and SO sequences have 95% or more similarity with
sequences published in PR2 (Fig. 4), which illustrates a bet-
ter knowledge of the trebouxiophycean flora of these envi-
ronments. Still, the most common and abundant OTUs in
FW and SO environments correspond to undescribed
organisms (OTU_14045, OTU_13937), which illustrates the
fact that both SO and FW host also great potential for
discovery.

In total, we found eight deep-branching, genus level cla-
des. Two of these clades, namely TREB05HTS and
TREB06HTS, were composed with OTUs that were exclu-
sively found in cold environments such as Antarctica, Tierra
del Fuego, Patagonia and, in the Northern Hemisphere,
Northern Finland/Lappland (Table S4). In contrast to what
has been found inMA, cold environments did not host signif-
icantly lower diversity than warmer environments in SO and
FW, and the richest FW samples were alpine Lake Brévent
(287 OTUs), a high altitude lake (2100 m) covered with ice
8 months per year, and Lake Baikal (198 OTUs); the richest
soil sample was originated from subantarctic Puerto Wil-
liams (147 OTUs). A systematic prospection of cold environ-
ments may reveal new psychrophilic strains with potentially
genomic adaptations to cold environments, like the polar
Trebouxiophyceae Coccomyxa subellipsoidea (Blanc
et al., 2012).

Desert environments, characterized by low humidity
and extreme UV radiation levels may host also organ-
isms of potential interest for biotechnology. Two OTUs
were observed only in samples retrieved from these envi-
ronments, OTU_89739 (affiliated to uncharacterized
clade TREB04HTS) and OTU_89758 (Botryoccocus
sp.); interestingly, this genus includes several strains that
are well-known for their biotechnological application in
the industry of biofuel production (Metzger et al., 1991;
Metzger et al., 1990; Metzger and Largeau, 1999; Ban-
erjee et al., 2002; Raja et al., 2008). A wider prospection
of these regions would be most wanted to characterize
their diversity and estimate their potential for novel diver-
sity discovery.

Novel possible symbiotic associations

Several trebouxiophyceaen genera are well-known to have
the tendency of building symbiotic relationships with
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lichenizing fungi. These associations are generally found in
subaerial environments like rocks, trunks and soil, but not in
permanently wet environments (Hawksworth, 2000). There-
fore, finding these organisms in aquatic environments, and
especially the ocean, suggests symbiotic associations that
have not been reported previously. Recently, the ability to
live as a symbiont was proposed as a mechanism to adapt
to saline environments (Hinojosa-Vidal et al., 2018).
Although many marine protists are known to host symbiotic
photosynthetic eukaryotes, there are little mentions of
Trebouxiophyceae involved in such relationships. A proba-
ble case is the association between a ‘Chlorella’ (to be con-
sidered as a Trebouxiophyceae sensu lato) and a
foraminiferan (Lee et al., 1982), or between Elliptochloris
marina and the sea anemone Anthopleura (Letsch et al.,
2009). However, it is not unlikely that other similar associa-
tions remained overlooked given of the lack of characteristic
morphological features of most Trebouxiophyceae.

Genera Myrmecia, Symbiochloris and Trebouxia are
species-rich genera that include a majority of lichen photo-
symbionts (Honegger and Brunner, 1981; Rambold et al.,
1998; Škaloud et al., 2016). Other genera, such as
Apatococcus,Coccomyxa,ElliptochlorisandPseudochlorella
comprise a variety of lichen symbionts and free-living forms. In
this study, we detected 33 OTUs belonging to these clades
present in marine systems. Some can be considered as abun-
dant, representing over 1% of the whole community in certain
MA samples (Table S4). We consider unlikely that these
sequences correspond to organisms of edaphic origin brought
in the sea as we systematically removed rare sequences.
Moreover, the marine sampling was performed far away from
the coast (de Vargas et al., 2015). Some of these organisms
may possibly be free-living forms from these groups or, per-
haps, free-living stages of symbiotic organisms. In support for
this hypothesis, two OTUs (OTU_59ee09bd8eccf066d00d
755548d60655 and OTU_a0cbafb71d700506213b5e4b3c3
870dc) were classified within Elliptochloris; a future expansion
of the trebouxiophyceaen genetic databasewill help determine
how far these organisms are related to Elliptochloris marina or
if they constitute a new symbiotic lineage. Althogether, these
findings open the way for an accurate assessment of
Trebouxiophycean symbiotic associations in marine systems,
their rangeof possible hosts and the relevanceof theseassoci-
ations at ecosystem level.

Concluding remarks

Environmental DNA surveys based on large sampling
designs are excellent strategies to investigate diversity
hotspots, especially for groups with homogeneous mor-
phologies such as Trebouxiophyceae. Here, we identified
the environments where the bulk of global diversity is to
be found (freshwater, soil), but also where the potential
for novel discovery is the highest (marine plankton), and

where potentially unknown symbiotic associations take
place. This sets a starting point for organism centered
research, based on cultures, with potential implications
ranging from evolutionary studies focused on symbiosis
to the retrieval of new strains with relevant biotechnologi-
cal properties.

Experimental procedures

Curated database and the reference phylogenetic tree
reconstruction

The reference phylogenetic treewas built with a similar pipe-
line as proposed by del Campo et al. (2018). Briefly,
sequences related to Trebouxiophyceae were extracted
from SILVA v132 database (Quast et al., 2012). They were
aligned with MAFFT v7.123 (Katoh and Standley, 2013).
Introns and intergenic regions were excluded using
Geneious v9.0.5 (Biomatters, Auckland, New Zealand).
Sequences were clustered at 99% of identity with
USEARCH v10.0.24 (Edgar, 2010). The centroids for each
cluster were aligned with MAFFT and a phylogenetic tree
inference with RaxML v8.2.8 (Stamatakis, 2014) using
GTR + GAMMA model and 100 bootstraps, after the non-
informative regions of the alignment excluded by trimAL
v1.4.rev22 (Capella-Gutierrez et al., 2009) was performed.
The phylogenetic tree was manually curated and these
steps were iteratively repeated until obtaining a consistent
database with sequences that represent most of the clades
(Leliaert et al., 2012).

Sequences belonging to Trebouxiophyceae but not
assigned as such inGenBank (like unassigned environmen-
tal clones) were searched into the NCBI database
(September 2017). The search was performed with BLAST
v 2.6.0 (Altschul et al., 1997). For each sequence, 100 hits
with more than 97% sequence identity, e-value less than
1E-6 and bit-score higher than 1000 were retrieved. This
step was repeated until no new sequences were obtained.
Sequences with 18S mark region length shorter than
500 nucleotides were excluded using the filtration step pro-
posed by Logares (2017). New sequences were manually
revised using webBLASTwith standard parameters in order
to exclude non-Trebouxiophyceae sequences.

To build a reference phylogenetic tree, 1814 sequences
with more than 1000 nucleotides and not redundant were
used to made an initial alignment with MAFFT using the E-
INS-I algorithm (Katoh and Standley, 2013), which we auto-
matically trimmed poorly aligned regions with trimAL
(Capella-Gutierrez et al., 2009). Sequences selected from
each clade were aligned with MAFFT (Katoh and Standley,
2013) using E-INS-I algorithm and 1000 replicates, the align-
ment was edited and a phylogenetic tree was performed
usingRaxML (Stamatakis, 2014) withGTR+GAMMAmodel
and 1000 bootstraps. This tree was used as a reference to
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placement environmental sequences from high throughput
sequencing into the different Trebouxiophycean clades or
genera.

Phylogenetic tree annotation

The names of clades from the reference tree were assigned
according to the bibliography (Leliaert et al., 2012; Fu�cíková
et al., 2014; Hoda�c et al., 2016). We defined new environ-
mental clades (designed as TREBXX) when environmental
sequenced clustered together in a robust clade supported by
a bootstrap value of at least 70%. We annotated original
environment type (FW, MA or SO) and lifestyle (photo-
symbionts/parasites) based on information retrieved from
Genbank and on the bibliography. Organisms found in
brackish environments were classified as marine as the
salinity barrier is considered as the greatest divide in micro-
bial diversity (Logares et al., 2009). This information was
deposited in Table S1. OTUs were added to the
Trebouxiophyceae reference alignment using PaPaRa v2.5
(Berger and Stamatakis, 2011) and placed in the reference
phylogenetic treewith EPA implemented in RaxML v 8.2 and
– epa-accumulated-threshold = 0.999 command (Zhang
et al., 2013; Mahé et al., 2017). The best placements for
each OTU were selected using Gappa (https://github.com/
lczech/gappa) and corroborated using BLASTNweb service
tool (Altschul et al., 1997). New clades obtained in this study
were annotated as TREBXXHTS. The phylogenetic tree fig-
ure was performed using Itool (Letunic and Bork, 2007) and
edited with inkscape 0.48.4 (https://inkscape.org).

Sampling, DNA extraction, amplification and sequencing

SO samples (0.5 g) were stored in a buffer appropriate for
environmental nucleic acids preservation (Life Guard,
Qiagen) prior to DNA extraction (see Seppey et al., 2017).
FW samples consisted in plankton that were pre-filtered at
different size fractions, with an initial pre-filtration through
50 μmmesh (Table S2). The filters were placed in cryovials
with 1.8 ml of lysis buffer (40 mM EDTA, 50 mM Tris–HCl,
0.75 M sucrose) and stored at −80�C until DNA extraction
(see Schiaffino et al., 2016). Nucleic acids extraction was
conducted using the kit PowerSoil® DNA Isolation Kit
(Qiagen). PCR amplification of the v9 region of the gene
coding for the SSU rRNA gene was performed using the
primers 1389F 50- TTGTACACACCGCCC -30 and 1510R
50- CCTTCYGCAGGTTCACCTAC (Amaral-Zettler et al.,
2009), and the same protocols as in de Vargas et al. (2015).
For MA, the different size and depth fraction as described in
deVargas et al. (2015) were analysed individually.

Bioinformatic analysis

Our initial data set was constituted of 435 samples distrib-
uted in different three different environments: 36 Soil (SO),

65 Freshwater (FW) and 334 Marine (MA). For details
about the geographical distribution and the reference of
each sample see Table S2 for SO and FW, and supple-
mentary material from de Vargas et al. (2015) for MA; all
these correspond to open ocean samples. The data
set and the sequences of de Vargas et al. (2015) are avail-
able in http://taraoceans.sb-roscoff.fr/EukDiv/. In order to
compare the three environments, we processed the FW
and the SO samples bioinformatically (i.e. assembling,
curation, parsing) with the same pipeline developed by de
Vargas et al. (2015) and already applied in (Singer et al.,
2016). Likewise, Tara Ocean and our own samples were
clustered with Swarm v2.2.2 (Mahé et al., 2014) with the
recommended parameters. The swarm seeds (OTUs)
were assigned using PR2 v 4.10.0 (Guillou et al., 2013)
and sequences affiliated with Trebouxiophyceae were
extracted. New sequences were deposited in NCBI under
the numbersMK988625-MK989495.

Generation of the community matrix (OTU table)

In order to estimate abundance for each OTU, we first drew
a high-throughput environmental sequences (HTES) table,
defined as a contribution of all dereplicated sequences
to each sample. Finally, for each OTU we searched all
HTES that compose them. Because we wanted to consider
only samples that contained a significant population of
Trebouxiophyceae, samples with less than 10 sequences in
total were excluded. Indeed, the ecological relevance of rare
sequences in Illumina-based environmental diversity survey
can be subject to controversy (Schiaffino et al., 2016). All
obtained OTUs with their respective affiliations are detailed
in Table S3.

The rarefaction curve was performed by each sample,
each environment (Freshwater, Soil and Marine) and for all
OTUs together using the VEGAN version 2.5–3 package
(Oksanen et al., 2008) andR (http://cran.r-project.org).

Ordination and global distribution of Trebouxiophyceae
and genetic novelty

To highlight the heterogeneity between the environments,
we performed a non-metric multidimensional scaling
(NMDS). We used only the samples from SO and FW and
exclude those from MA as they did not share any OTU with
the others environments. Moreover, SO samples were
divided into irrigated and mostly wet soils (like forest soil
and peat) and others soils experimenting drought, to be
displayed differentially in the figure. We normalized our
data set with a Hellinger transformation (Legendre and
Gallagher, 2001) and used a Bray-Curtis distance to
compute the NMDS using VEGAN 2.5-3 package (Oksanen
et al., 2008) package from R 3.5 (http://cran.r-project.org).
Different biotic variables, calculated as a contribution for
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each clade to each sample were fit in the NMDS with the
function envfit from VEGAN 2.5-3, only variables with signifi-
cant p-value (p-value<0.01) were shown in Fig. 3.

To assess the global distribution of Trebouxiophyceae,
we calculated the specific richness of each samples, here
defined as the total number of OTUs. We plotted the three
environment independently on a world map, to see in which
environment the samples were more diverse. We used
GGMAP version 2.6.1 and GGPLOT version 3.1.0 package from
R to compute the analysis. To determine the representation
of the OTUs in references databases and in each environ-
ment, OTUs were separated according to their distribution,
forming four classifications (Freshwater, Soil, Freshwater
and Soil, and Marine). For each OTU we extracted the per-
centage of identity assigned in the classification step
explained before using PR2 (Guillou et al., 2013) reference
database and plotted in boxplot graphs using a GGPLOT ver-
sion 3.1.0 fromR (http://cran.r-project.org).
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