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a b s t r a c t

High-throughput sequencing (HTS) of soil environmental DNA (eDNA) allows assessing the full diversity
of soil micro-eukaryotes. The resulting operational taxonomic units (OTUs) can be assigned to potential
taxonomic and functional identities using increasingly complete reference databases. HTS of soil eDNA is
revealing a high diversity and abundance of potential eukaryovorous protists, thus challenging the
paradigm of the predominantly bacterivorous function of soil phagotrophic protists (i.e. microbial loop).

Using Illumina sequencing of soil eDNA and targeting the V9 region of the SSU rRNA gene, we
investigated the taxonomic and functional diversities, distribution and co-occurrence patterns of soil
micro-eukaryotes in three land-use categories: forests, meadows and croplands located in Switzerland.
Each OTU was assigned to a broad functional category (phototrophs, phagotrophs, osmotrophs, or
parasites).

Total OTU richness was similar in the three land-use categories, but community composition differed
significantly between forests and other land-uses. The proportion of fungal sequences (especially Basi-
diomycota) was highest, and phototroph (i.e. soil microalgae) sequences least abundant in forests. Seven
OTUs representing phagotrophic protists, together accounting for >25% of all phagotroph sequences,
were significantly correlated to the total number of phototroph sequences, thus suggesting algivory. At
least three of these OTUs corresponded to known algal predators.

These results suggest that beyond plants, soil microalgae represent a functionally significant but rarely
considered input of carbon in soils that should be taken into account when modelling soil nutrient
cycling.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Our perception of the diversity and functional roles of protists is
rapidly changing due mainly to the application of high-throughput
sequencing (HTS) of environmental DNA (eDNA). HTS has revealed
the extent of the huge unknown protist diversity in the photic zone
of the world's oceans and shown that a large fraction of this di-
versity corresponded to mutualistic and parasitic symbionts (de
Vargas et al., 2015). Likewise, studies performed on terrestrial
W. Seppey).
habitats are revealing similarly high diversity of protists with a
dominance of saprotrophs and parasites (Dupont et al., 2016;
Geisen et al., 2014, 2015a). These studies also revealed that many
protists feed on eukaryotes, thus questioning the long-held view
that soil phagotrophs fed mainly on bacteria (i.e. soil microbial
loop) (Dumack et al., 2016a,b; Geisen et al., 2015b, 2016; Geisen,
2016).

Soil microbial eukaryotes, including protists and fungi, are
involved in numerous biotic interactions and recognised as key
actors of biogeochemical cycling (Verni and Gualtieri, 1997; van der
Wal et al., 2013), and are thus considered a key element in soil
fertility. However, the first (and still often the only) recognised

mailto:christophe.seppey@unine.ch
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2017.05.002&domain=pdf
www.sciencedirect.com/science/journal/00380717
http://www.elsevier.com/locate/soilbio
http://dx.doi.org/10.1016/j.soilbio.2017.05.002
http://dx.doi.org/10.1016/j.soilbio.2017.05.002
http://dx.doi.org/10.1016/j.soilbio.2017.05.002


Fig. 1. Location of the 44 sampling sites in Switzerland. Squares, circles and triangles
indicate forests, meadows, and croplands, respectively.

C.V.W. Seppey et al. / Soil Biology & Biochemistry 112 (2017) 68e76 69
functional role of soil protists was grazers of bacteria leading to the
”soil microbial loop” paradigm, according to which phagotrophic
grazing on soil bacteria releases labile compounds such as ammo-
nium that stimulate plant growth (Bonkowski and Clarholm, 2012;
Clarholm, 1985). Although feeding on bacteria is unquestionably
widespread in phagotrophic microbial eukaryotes, there is
increasing evidence that eukaryovory (i.e. the act of feeding
partially or exclusively on other eukaryotes) is also common
(Dumack et al., 2016a,b; Geisen et al., 2016). This implies that soil
nutrient cycles are likely more complex than generally assumed.

Recent studies focusing on soil invertebrates have also ques-
tioned the origin of the carbon source feeding the soil communities,
suggesting that very few soil invertebrates depend on litter
(Pollierer et al., 2009) and suggesting that soil algae represent a
functionally relevant source of soil carbon (Schmidt et al., 2016).
The latter experimental study showed that autotrophic microbes
contributed up to 17% of the body carbon of collembolan and 3% of
earthworms over one week. However it is yet unclear to what
extent this input is direct or if algae are first ingested by microbial
grazers such as soil phagotrophs.

Several soil protists are known to be highly specialized preda-
tors of eukaryotes. For example, grossglockneriid ciliates feed
exclusively on fungi (Petz et al., 1985). Parasitoids are also frequent
in soils, including the widespread but still poorly studied Rozella
group (also known as “Rozellida”; Lara et al., 2010 or Cryptomycota
Jones et al., 2011) which prey on chytrids, oomycetes and green
algae and also include endo-nuclear parasites of Amoebozoa that
ultimately cause cell death and lysis (Corsaro et al., 2014). In those
cases, nutrient release by protists does not rely on bacterivory,
implying pathways for nutrient cycling alternative to the microbial
loop. It is unclear how quantitatively relevant this pathway is but
one way to assess this is to study the diversity and abundance of
taxa involved in these trophic relationships using the now available
data from massive sequencing of soil environmental DNA.

The true diversity of soil protists has long been poorly known,
mainly due tomethodological limitations for their isolation, culture
and subsequent identification (Ekelund and Ronn, 1994; Foissner,
1999). Metabarcoding (environmental DNA amplicon based identi-
fication) of high-throughput sequencing data is now the golden
standard for environmental screening of microbial diversity
(Pawlowski et al., 2016). HTS data may also inform on the func-
tioning of ecosystems based on the genetic identification of the or-
ganisms and knowledge on their lifestyles (de Vargas et al., 2015;
Lara et al., 2015; Massana et al., 2014). The next step is to infer the
biotic relationships between these organisms, which can be hy-
pothesized when OTUs co-occur systematically across many sam-
ples, as can now be assessed by HTS. In practice, the nature of these
relationships (i.e. trophic, but also symbiosis, competition, etc.) is
not known, and co-occurrence data can thus be difficult to interpret
in biological terms. Examples of known relationships taken from the
literature can however illustrate well-supported co-occurrence and
clarify the true nature of these relationships between organisms.
Examples are manifold: predation of ciliates on fungi (Petz et al.,
1985), of cercozoa on chlorophytes (Dumack et al., 2016a; Hess
et al., 2012; Hess and Melkonian, 2013) but also symbioses, like
between trebouxiophytes and testate amoebae (Gomaa et al., 2013).
Putative relationships inferred frommetabarcoding studies can also
be explored by conducting new observations and experiments.

Phototrophic protists (i.e. eukaryotic algae) in soils include
mostly exclusive free-living phototrophs (e.g. Bacillariophyta,
Chrysophyceae, Xanthophyceae) and photosymbionts as in lichens
(e.g. Trebouxiophyceae). Soil eukaryotic algae constitute an
important part of the so-called cryptogamic crusts, which represent
a significant carbon input in arid ecosystems (Elbert et al., 2012;
Freeman et al., 2009; Frey et al., 2013). They are however also
widespread in more humid soils but their functional role there is
less well known and, consequently, has not been considered in the
classical model of the soil microbial loop (Berard et al., 2005).

In order to assess the patterns of micro-eukaryotic taxonomic
and functional diversities and address questions such as the
possible role of soil algae as a carbon source it is useful to compare
contrasted terrestrial ecosystems. Here we describe and compare
the overall diversity and community structure of soil micro-
eukaryotes in forest, meadow and cropland soils from 44 sites in
Switzerland based on Illumina sequencing of the V9 region of SSU
rRNA gene. Based on these data, we explored more specifically the
abundance patterns of phototrophs and the co-occurrence patterns
with their potential phagotroph predators. This trophic link was
also explored by direct microscopic observations.

2. Material and method

2.1. Sampling

We collected 44 soil samples in permanent plots of the Swiss
Biodiversity Monitoring programwhich aims to assess biodiversity
all over Switzerland (BDM http://www.biodiversitymonitoring.ch/
en/home.html). The sites included three land-uses which cover
most of the Swiss territory (16 forests, 16 meadows and 12 crop-
lands) (Fig. 1, Table S1) and spanned a diversity of soil types that
couldbe arguably considered as representativeof the entire country.
Likewise, samples were collected in a range of altitudes covering
most of the Swiss territory (excepted alpine sites). We expect
therefore to cover a significant part of themicroeukaryotic diversity
present in Swiss soils. In this purpose, each sample was character-
ized using the typology of Swiss natural habitats (Delarze et al.,
2015) (Table S1). Forests included both coniferous (e.g. Picea abies),
or broadleaved trees (e.g. Fagus sylvatica). Most meadows were
amended and used to produce fodder. Croplands were used for
maize, cereals or tobacco cultivation. Meadows and croplands were
designed as openhabitats asmuchmore light reach their soil surface
than in forests. Sampling was performed over one month between
September 27th, 2012 and October 31st, 2012. At each site, three
topsoil cores (5 cm diameter x 5 cm depth) were taken along a circle
of 1 m radius in the same land-use and pooled. Soil samples were
kept cool (in an icebox) and DNAwas extracted within 2e3 days.

2.2. DNA extraction, amplification and sequencing

DNA was extracted using the MoBio PowerSoil extraction kit
(Carlsbad, CA, USA) according to themanufacturer instructions. The
SSU rRNA V9 region was amplified using the broad spectrum
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eukaryotic primers 1380F/1510R (CCCTGCCHTTTGTACACAC/
CCTTCYGCAGGTTCACCTAC) (Amaral-Zettler et al., 2009). We used
the smaller V9 region in this study instead of V4 because (1) we
expected to have less taxonomical biases by using a fragment
whose length is almost constant in all eukaryotes (as opposed to,
for instance, the V4 region; de Vargas et al., 2015) and (2) because
the fragment is shorter, the probability of generating artefactual
diversity (i.e. chimeras) is lower (Valentini et al., 2009). PCR re-
actions were run in triplicates with a PTC-200 Peltier Thermo
Cycler (BioConcept, Allswill, Switzerland) with 1 ng of environ-
mental DNA, 6 mL of 10 x PCR buffer, 0.6 mL of each primer, 0.6 mL of
each dNTP 400 mM (Promega, Dübendorf, Switzerland) and 0.2 mL
of 0.05 U/mL GoTaq (Promega, Dübendorf, Switzerland). The volume
was adjusted to 30 mL with ultra-pure water. Amplification was
conducted with the following conditions: denaturation at 94 �C for
3min, 30 cycles at 94 �C for 30 s, 57 �C for 60 s and 72 �C for 90 s and
final extension at 72 �C for 10 min (Amaral-Zettler et al., 2009). PCR
products were purified using QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany) and pooled together at the same concentration
prior to sequencing. A DNA library was prepared using the New
England Biolabs's kit NEBNext DNA Sample Prep Master Mix Set 1.
Illumina HiSeq sequencing was done by Fasteris (Geneva,
Switzerland) using an Illumina HiSeq 2000 technology to obtain
paired-end reads (2 � 100bp).

2.3. Bioinformatic analyses

The PR2 database (Guillou et al., 2013) was used as the reference
database for a first taxonomic assignation of reads and OTUs; only
sequences containing complete forward and reverse primers
described above were retained. SSU sequences from bacteria and
archaea were also added to the PR2 database from the Silva data-
base (Pruesse et al., 2007) in order to identify and remove eventual
prokaryotic sequences from the analysis. Prokaryotic SSU se-
quences were truncated from the general primer 1389F (TTGTA-
CACACCGCCC) (Amaral-Zettler et al., 2009) to the end of the SSU
rRNA sequence and kept as ortholog of the eukaryotic V9 fragment.
The truncated prokaryotic sequences were then de-replicated
before being added to the PR2 database.

Reads were merged using the program Flash (v. 1.2.9) (Magoc
and Salzberg, 2011) and demultiplexed into samples using the
program Sabre (https://github.com/najoshi/sabre). Only sequences
containing complete forward and reverse primers described above
were kept. Good quality sequences were selected according to the
method used in de Vargas et al. (2015). Chimeric sequences were
then discarded using the software Usearch (v. 7.0.1090) (Edgar et al.,
2011) by comparing reads against the PR2 (Guillou et al., 2013) and
Silva (Pruesse et al., 2007) databases and against reads within the
sample. In order to remove artefactual sequences, we kept only
those that were found at least three times in two samples (de
Vargas et al., 2015).

OTUs were clustered using the software Swarm (v. 1.2.5) (Mah�e
et al., 2014) with the default set-up. OTUs were then taxonomically
assigned by aligning the dominant sequence of every OTU against
the PR2 database using Ggsearch (Fasta package v. 36.3.6 Pearson,
2000). The OTUs were considered as undetermined eukaryotes if
their percentage identity with sequences of PR2 was lower than 80%
as in de Vargas et al. (2015). We also removed sequences belonging
to prokaryote, Metazoa or Embryophyceae. In order to homogenize
the number of reads present in all samples for further numerical
analyses, we randomly selected 500000 for each sample.

2.4. Assignation to functional groups and numerical analyses

We selected 41 taxa with well-characterized trophic function
(i.e. 5 osmotrophs, 5 parasites, 6 phototrophs, 25 phagotrophs) in
the list of divisions, classes and orders of the PR2 assignation for the
diversity analyses (Table S1).

As a first comparison of community composition, we calculated
the Shannon index and performed a non-metric multidimensional
scaling (NMDS) analysis on OTU abundances. We assessed the
difference in diversity among land-use types with a non-
parametric multiple comparisons Nemenyi test (Hollander and
Wolfe, 1999) (posthoc.kruskal.nemenyi.test function, package
PMCMR v. 4.1 Pohlert, 2014), and also calculated NMDSs for each
pairs of land-use and tested the community difference by a per-
mutation test (envfit function vegan package v. 2.0e10, Oksanen
et al., 2013). P-values were multiplied by three to take into ac-
count multiple tests adjustment (Holm, 1979).

We then assessed in which environment sequences belonging
to phototroph organisms were most abundant using a Nemenyi
test. To retrieve putative algae consumers, we measured the cor-
relation between each of the 100 most dominant phagotroph
OTUs and the total abundance of phototrophs, taking also into
account land-use as second environmental variable in linear
models (LMs). To normalize the distribution of both phagotroph
OTUs and total phototroph abundance we log transformed their
sequences abundances (decostand function, vegan package v.
2.0e10, Oksanen et al., 2013). The two environmental variables
(i.e. total phototroph abundance, land-use) were tested indepen-
dently in the LMs as none of the model tested showed significant
interaction. We finally adjusted the p-values of the two environ-
mental variables for the 100 models according to Holm (1979). We
also verified if each of the LM respected conditions of residuals
normality and homoscedasticity by performing a Shapiro test on
model residuals and non-constant variance test (function shapir-
o.test and ncvTest, packages car v. 2.0e20; Fox and Weisberg, 2011,
and stats v. 3.1e0; R Core Team, 2014 respectively). OTUs
respecting the LM conditions and showing a significant correlation
with phototroph abundance, were selected as putative alga con-
sumers and their taxonomy was verified on GenBank by using
Blast with the default parameters.

2.5. Isolation of protists and microscopic observation on algivorous
behaviour

To illustrate the trophic interactions among selected protists
and test if identified co-occurrences indeed could be interpreted in
terms of trophic relationships, we documented by microscopical
observations organisms from the same genus/species as the OTUs
whose abundances were positively and significantly correlated
with those of algae. Rhogostoma sp. was isolated from leaf surfaces
(Cologne, Germany), Leptophrys vorax was isolated from a fresh-
water puddle (Cologne, Germany), and Trinema sp. appeared as a
contamination in such protist cultures. All protists were
morphologically determined. The illustrated organisms were
identified morphologically based on unmistakable criteria, which
were corroborated by taxonomic literature (Howe et al., 2011;
Hess et al., 2012; Lara et al., 2007) but were not sequenced in
the frame of this study.

The pictures of Leptophrys vorax were obtained from an indi-
vidual directly taken from a natural sample. Other organisms were
cultured in Waris-H medium (McFadden and Melkonian, 1986) at
room temperature on a window bench and enriched with Chara-
cium sp. and an undetermined coccoid green alga. The cultures
were checked for potential algal ingestion after three days of in-
cubation, using an inverted microscope (Nikon Eclipse TS-100,
Japan) at 100x and 400� magnification. Pictures were taken with
a Nikon digital sight DS-U2 camera (program: NIS-Elements v
4.13.04) and a Nikon Eclipse 90i (DIC, up to 600� magnification).

https://github.com/najoshi/sabre
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3. Results

3.1. Data quality and overall diversity

The full dataset contained 1503650116 raw reads, of which 93.9%
passed the quality check, 87.5% were found at least three times in
two samples, 87.4% were not considered as chimeras, and 77.4%
were not considered as Metazoa, Embryophyceae or prokaryotes.
Therefore, a total of 1108930592 reads were left for further analyses.
In the dataset adjusted to 500000 sequences by sample, we
retrieved a total of 180586 OTUs, of which 87% could be taxonom-
ically assigned unambiguously according to the assignation
threshold; altogether, representing 97% of the reads and 75% of the
OTUs (Fig. S1, Fig. S2). Themost abundant supergroup of eukaryotes
in all samples were Opisthokonta (Fungi), followed by Rhizaria
(Cercozoa) and Stramenopiles.

The most noticeable difference in relative abundance of taxa
could be observed between open and forest habitat, and was
mostly due to a divergence in the abundance of Basidiomycota
(Fig. S1). In contrast, richness did not differ deeply between land-
use types, and varied between 2371 and 3516 OTUs. Richness was
dominated by both Fungi and Rhizaria, more or less in equal pro-
portions, followed by Stramenopiles (Fig. S2).

Shannon diversity and micro-eukaryotic community composi-
tion differed significantly between forest and open habitats
(meadows and croplands) (Nemenyi test, and permutation test on
NMDS after correction, P < 0.001) while diversity and communities
did not differ significantly between meadows and croplands
(P > 0.05; Fig. 2 and Fig. S3).

3.2. Diversity and abundance patterns

Fungi (the large majority of the osmotrophic taxa) represent
more than 50% of the overall abundance and 43%, 51% and 67% of all
reads in croplands, meadows and forests respectively (Fig. S1). The
dominance of Fungi in forest samples was mostly due to the
presence of a single Basidiomycota OTU (X3), which accounted for
38% of the totality of all reads in forests. Although taxonomic res-
olution of the SSU rRNA is too low to differentiate between fungal
species, the OTU X3 could be assigned (100%match) to awide array
of Agaricomycotina, (e.g. Leucopaxillus, Ampulloclitocybe). In addi-
tion to Basidiomycota, the two next dominant groups of fungi were
the Ascomycota and the Mucoromycota.
Fig. 2. (A) Shannon diversity of micro-eukaryotic OTUs in Swiss forests, meadows, and cro
nificant different diversity distribution according to a Nemenyi test (P < 0.05); (B) non-m
samples from Switzerland. The three land-uses are denoted by squares (forests), circles (m
Potential parasites reached 3.9% of the overall abundance rep-
resenting 2.7%, 4.4% and 4.8% of the reads of croplands, meadows
and forests respectively. Among these numbers, Oomycota repre-
sented the large majority of parasites abundance regardless of the
land-use (75%, 61%, 57% in croplands, meadows and forests respec-
tively). The fivemost abundant Oomycota OTUs were assignedwith
confidence (�94% of identity) to genera Aphanomyces (X99),
Pythium (X53, X8), Pythiopsis (X31) and Saprolegnia (X30). Oomycota
were followed in abundance byMesomycetozoa, Gregarinasina and
Phytomyxea, whose relative abundance varied depending on the
land-use (8%e21%, 4%e17% and 5%e11% respectively).

Sequences belonging to OTUs assigned to phototrophic organ-
isms accounted for 1.9% (420475 sequences) of all sequences. This
proportion was highest in open habitats, representing 3.5%, 1.8%
and 0.9% of the sequences found in croplands, meadows and for-
ests, respectively (Fig. 3). As for overall community patterns, this
difference was statistically significant between forests and the
other two land-uses (Nemenyi test after correction, P < 0.01; Fig. 3).
The diversity of phototrophic micro-eukaryotes was largely domi-
nated by Chlorophyceae, followed by diatoms (¼Bacillariophyta),
and Trebouxiophyceae or Xanthophyceae; the rest being shared by
other typical subaerial algae like Ulvophyceae and other Arch-
aeplastida (Fig. 3).

OTU assigned to phagotrophic organisms accounted for 32%
(7040308 sequences) of all sequences. Seven of the 100 most
dominant phagotroph OTUs showed a positive correlation to total
phototroph sequence abundance, and respected the conditions of
residuals normality and homoscedasticity (Fig. 4 Fig. S4 and
Table S4). These OTUs belong to Cercozoa (X2, X117, X64, X54),
Ciliophora (X321) and Stramenopiles (X12, X343) and together
account for 27% of the phagotroph sequence abundance and 8% of
the total abundance of all sequences of the dataset (Table S3). Apart
from one OTU assigned to Labyrinthulea (X343), all other OTU se-
quences obtained a good match (�97%) with sequences from the
GenBank database (Table S3). In addition to these seven OTUs we
observed that X34 (Glissomonadida, group of Viridiraptor) was
correlated to the abundance of eukaryotic algae and among the ten
most abundant phagotrophic OTUs despite the fact that the linear
model did not respect the conditions of homoscedasticity (Fig. 4,
Tables S3 and S4, and Fig. S4). In addition to these eight OTUs, seven
other OTUs were also correlated to total phototroph sequence
abundance but were rare and without a homoscedastic distribution
(Table S4).
plands - letters above the boxplots represent groups of environments expressing sig-
etric multidimentional scaling (NMDS) based on Bray-Curtis dissimilarities of 44 soil
eadows) and triangles (croplands).



Fig. 3. Top: Relative abundance of phagotroph taxon sequences in Swiss forests, meadows, and croplands. The radius of the pie-chart represents the percentage of phototroph
sequences in each land-use type. Taxa representing less than 1% of the land-use are represented in the “other Streptophyta” or “other Archaeplastida” sections. Bottom right:
Abundance of phototroph sequences according to the land-use. Letters on the top part of the boxplots represent the groups of land-use formed according to the Nemenyi test
(P < 0.05) on the phototroph sequences abundances.
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3.3. Microscopic observations

We screened environmental samples to find organisms corre-
sponding to the taxonomic assignation of OTUs significantly
correlated to the sequence abundance of phototrophic protist taxa
and found three (i.e. X2, X64, and X117) out of the seven identified
by our analyses. All three organisms were observed with most
likely ingested algal material, either in the natural samples (Lep-
tophrys vorax, potentially linked with X64), or when incubated with
algal cells (Rhogostoma sp., Trinema sp., potentially linked with X2
and X117) (Fig. 5). Rhogostoma spp. are characterized by the pres-
ence of a hyaline theca with a cleft-like apertural opening (not
shown) and filopodia. Similar to Rhogostoma spp., Trinema spp.
exhibit filopodia, but in contrast bear large circular scales and a
subterminal, ovoid or round aperture. The filose genus Leptophrys
vorax is characterized by being naked, sometimes with slightly
orange cytoplasm, the ingestion of diverse groups of algae and the
transformation between the isodiametric and expanded morpho-
type. Since all these features were observed in our isolates, we
determined them as such.

4. Discussion

Metabarcoding studies are revealing not only a huge unknown
diversity but also unsuspected trophic interactions in every studied
environment (de Vargas et al., 2015). The predation of phototrophs
by heterotrophic protists suggested by our data implies a carbon
input to the soil ecosystem that was not taken into account by the
traditional microbial loop model and is in line with a recent study
focusing on soil invertebrates (Schmidt et al., 2016).

4.1. Overall diversity and community patterns

The diversity patterns of individual micro-eukaryotic groups
across the three land-use types is coherent with the contrast
among these habitats. Fungi dominate micro-eukaryotic commu-
nities in forest soils (Behnke et al., 2011; Geisen et al., 2015c; Glaser
et al., 2015; Lesaulnier et al., 2008). In our data, this dominance was
explained by the presence of the OTU X3, which is assigned to Fungi
that build ectomycorrhiza (e.g. Leucopaxillus, Ampulloclitocybe)
(Cairney and Chambers, 1999) and thus most likely establishes
symbiotic relationships with trees. Alternatively, some Fungi rep-
resented also by OTU X3 (e.g. Auriculariaceae, Panaeolus) (Boddy
et al., 2007) are known as wood decomposers, which would
explain their high abundances in forests.

The next most represented groups (Stramenopiles, Rhizaria)
comprise also organisms that can be encountered often in soils,
such as Oomycota, Cercomonadida and Chrysophytes (Lesaulnier
et al., 2008). Fungi, despite of being by far, the most abundant
microbial eukaryotes in soils, had a richness which was comparable
to Rhizaria (Fig. S2). This is most probably due to the highly rami-
fied hyphae, and high biomass, in comparison to the mostly small
and unicellular Rhizaria.

The distribution of parasites follows the different land-use
characteristics. The deceasing abundance of Arthropod parasites
(Mesomycetozoa and Gregarines) from forests to meadows to is in
line with the corresponding decline in plant biomass, habitat
complexity and diversity of ecological niches for their hosts.
Additionally, pesticide use is highest in cropland and further re-
duces insect diversity and biomass (Lachat et al., 2011). Croplands
are associated with an increase in Oomycota abundance, where
OTUs assigned with acknowledged crop diseases (X99: 100%
identity with Aphanomyces euteiches; X53: 100% identity with a
crop pathogen group of Pythium sp.).

4.2. Phagotroph vs phototroph

The abundance of eight OTUs representing phagotrophs was
strongly and significantly correlated to the total abundance of
phototroph OTUs (Fig. 4). Six of these could be assigned with
confidence to known genera, their sequences having over 97%
identity with cultured organisms (Table S3). Amongst these taxa,
four (Rhogostoma, Platyreta, Trinema and Pseudochilodonopsis) are
relatively large sized protists (>20 mm) - and thus potential
predators of micro-eukaryotes, including phototrophs. We illus-
trate three of these species in the act of predating algae (Fig. 5).
Rhogostoma spp. (Rhogostomidae, Thecofilosea) (X2) are closely
related to recently characterized eukaryvores that have been
shown to avoid feeding on bacteria (Dumack et al., 2016a, b).
Although some strains of Rhogostoma spp. can live exclusively on a



Fig. 5. Light microscopy (differential interference contrast e Nomarski) images of three selected organisms, closely related to the found OTUs correlating to the phototroph
sequence abundances (Rhogostoma sp. (a), Trinema sp.(b), Leptophrys vorax (c)). The scale bar represent 10 mm.

Fig. 4. Biplots showing the regression between the abundance of total phagotroph and eight OTUs and phototroph abundance. The code and taxonomic assignation of each OTU is
shown on the top of each biplot. The asterisk indicates the OTU which belongs to the ten most dominant phagotroph OTUs and was significantly correlated to total phototroph
abundance despite having an heteroscedastic distribution. The distribution of all other illustrated OTUs is homoscedastic.
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bacterial diet (Howe et al., 2009), we could show that at least
certain species of genus Rhogostoma do feed on algae. OTU X64 is a
member of the exclusively eukaryvorous Leptophryidae (Vam-
pyrellida). Members of this family have been reported to be algal
predators to a large extent (see Fig. 5, represented by the closely
related Leptophrys vorax) (Bass et al., 2009; Gong et al., 2015; Hess
et al., 2012).

Co-occurrence patterns and observational data provide two
lines of evidence that suggest that X64 actually feeds on algae. The
same conclusions can be drawn for Trinema spp. (Euglyphida)
(X117) where larger members of the genus feed to a large extent on
micro-algae (Cyanobacteria and/or pigmented Eukaryotes)
(Meisterfeld, 2000; Santiba~nez et al., 2011). Our observations
confirmed the ingestion of algal material (Fig. 5). Pseudochilodo-
nopsis (X321) are considered as exclusive algivores specialized on
diatoms (Hamels et al., 2004). Labyrinthulomycetes branching
within the Amphifilidae (X343) are a diverse group (Pan et al.,
2016) including bacterivores such as Sorodiplophrys stercoraria
and Amphifila marina (Anderson and Cavalier-Smith, 2012; Tice
et al., 2016). The taxonomic as well as functional diversity of this
group is however only marginally documented, and the existence
of algivorous forms is thus possible.

The group of Spumella-like Chrysophyte (X12) is composed of
small phagotrophic flagellates having lost their photosynthetic
abilities secondarily. However, it has been shown that transitions
between phagotrophic and phototrophic strategies occurred often
in the evolutionary history of Chrysophytes. It is possible therefore
that the Spumella-like Chrysophyte X12 is actually mixotrophic
like many Chrysophyceae (Boenigk et al., 2005), and therefore
shares higher light requirements with other phototrophs. Alter-
natively, it is possible that the Spumella-like Chrysophyte X12
feeds preferentially on bacteria that are associated to phototrophs
and their exudates. Bacterial communities associated to algae are
highly influenced by the host in aquatic systems (Sapp et al.,
2007). A similar explanation could possibly be given for Allapsa
(X54), a genus of small Cercozoan flagellates formerly collectively
classified under the name “Heteromita globosa” (Howe et al.,
2009).

To the contrary, OTU X34 is assigned to the Viridiraptoridae, a
family of highly specialized Cercozoans feeding as yet known
exclusively on phototrophic organisms (Hess andMelkonian, 2013).
The linear model obtained for this OTU did not respect the condi-
tions of homoscedasticity because of its high abundance in two
samples. Such high sequence abundance may correspond to local
blooms of these small flagellates, which are reported as frequent
(Hess and Melkonian, 2013).

Altogether, phagotroph sequences belonging to an OTU co-
occurring with phototrophs reached 26.9% of all phagotrophs
(28.1% if X34 is considered). Thus, if only those organisms that
we observed eating algae are actually playing that role, then
19.8% of all phagotrophs could actually feed (to various degrees)
on phototrophs. Based on this, we estimate the total proportion
of algal-feeders to account for between one fifth and one third of
all phagotrophic sequences, an amount which is far from being
negligible. It is noteworthy that, out of the 100 best represented
phagotrophic OTUs, only seven were robustly correlated to
phototroph abundance. This low number suggests that the cor-
relations observed are probably highly specific, as demonstrated
for X34 (Viridiraptoridae; Hess and Melkonian, 2013). Although it
is known that organisms such as Trinema can feed opportunis-
tically on various eukaryotes such as fungal conidia (Santiba~nez
et al., 2011), the food regime of all members of this very
diverse genus (Lara et al., 2016) has not been surveyed and it is
still possible that some members are specialized in eating algae,
at least to a certain extent. At this point, only experimental
evidence can demonstrate if the selected OTUs represent or-
ganisms that are exclusive algal predators or not.

Whatever percentage of environmental sequences from
phagotrophic organisms interacting with phototrophs is taken as
a reference, the corresponding number of phototroph sequences
is by far lower. As rRNA gene sequence numbers can be considered
to providing reasonably accurate estimations of the relative
biomass of the organisms in DNA environmental surveys (Giner
et al., 2016), this suggests that the standing biomass of soil
microalgae is lower than that of their predators. By analogy to
aquatic ecosystems, this can be explained by the faster turnover of
phototrophs. Indeed, most potential algal predators are large
protists and can therefore be expected to have relatively longer
generation times.

Trophic relationships inferred from correlative analysis of
metabarcoding data need to be further explored, possibly with
new statistical tools and datasets including other climatic zones
and soil types. Nevertheless, we argue that what is now most
needed is to characterise the many unknown OTUs, and con-
ducting good observations and experimentation on these organ-
isms to provide useful natural history background needed for
sound interpretation of HTS data. As suggested by our study, we
believe that future studies providing exact identities of the huge
amount of unknown OTUs and revealing their life styles and
ecology will provide sound interpretation of the ever-increasing
massive sequencing data.
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