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Résumé

Les micro-eucaryotes exhibent une immense diversité quphe plusieurs fonctions essentielles dans les écosgstem
colonisés. Ces micro-organismes sont impliqués dans &sihlveaux trophique microbiens, interagissent entre eux
ainsi qu'avec d'autre groupes d'organismes tel les prooty ou les macro-organismes, et in uencent les cycles
d'éléments comme ceux du carbone ou de l'azote. Les dieesitécologie des micro-eucaryotes sont étudiées a
partir de la morphologie de ces organismes et de plus en plas des méthodes moléculaire devenant plus abordable
gue jamais. Le séquencgage haut débit de fragments d’ADN donhmuine information taxonomique prise directement
de I'environnement est maintenant le standard pour étalbdis communautés microbiennes et pratiquement saturer
la diversité microbienne. Cette theése pro te des avancéassdcette technique pour étudier I'écologie des micro-
eucaryotes des sols, organismes qui représentent la bakeplepart des écosysteémes terrestre et sont impliqué dans
de critique questions écologique comme les changementatiime ou l'approvisionnement alimentaire. Les cing
chapitres suivent des communautés contraintes par di éraiveaux de stress ou perturbation et distribuées autant
sur de petite surfaces que sur le globe. Des analyses éqakgiassique et innovante sont utilisées dans ce travail
pour couvrir des questions a propos de bioindication, famt$, niveaux trophique, distribution spatiale et diveési

de ce groupe de micro-organismes peu connu a l'immensedit@er

Mots clefs: Micro-eucaryotes . Sols . ADN environnementale . Séqueadaaut débit lllumina . Metabarcoding .
Petite sous unité du géne de I'ARN ribosomique

Summary

Micro-eukaryotes exhibit a huge diversity which ful Is maessential functions in the colonized ecosystems. These
micro-organisms are involved in every level of microbiaphic networks. They interact with each other and with
other biota like prokaryotes or macro-organisms, and innee element cycles like the carbon or nitrogen cycle. The
diversity and ecology of micro-eukaryotes are studied dase morphological analyses and more and more with
molecular methods which are increasingly a ordable. Hitineughput sequencing of taxonomically informative DNA
fragments taken directly from the environment is now the deh standard to assess microbial communities and
virtually saturate the microbial diversity. This thesiskas advantage of the advances in this technique to study
the ecology of micro-eukaryotes in soils, which represémat basis of most terrestrial ecosystems and are involved in
critical ecological issues like climate changes or foodpbupThe ve chapters follow communities constrained by
di erent levels of stress or perturbation and distributetbfn very limited areas to global ecosystems. Classical and
innovative ecological analyses are used in this work to capeestions about the bioindication, functions, trophic
networks, spacial distributions and diversity of these byjgliverse and largely unknown micro-organisms.

Keywords: Micro-eukaryotes . Soils . Environmental DNA . lllumina hithroughput sequencing . Metabarcoding
. SSU rRNA gene
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Introduction

Christophe V.W. Seppéy

LLaboratory of Soil Biodiversity, University of Neuchat®ue Emile-Argand 11, 2000 Neuchatel, Switzerland
Corresponding author: christophe.seppey@unine.ch

1 Micro-eukaryotic communities Mulot et al., 2017).

Fungi form the second main group of micro-
eukaryotes. Indeed, although many Basidiomycota and
Ascomycota produce macroscopic carpophores, many

Micro-eukaryotes, include any eukaryotic organism smaPecies are only found in a microscopic form like yeasts
enough to be invisible to the naked eye and are found {§-9- Saccaromyces(Masinova et al., 2017; Hittinger,
all super-groups of eukaryotes (Pawlowski et al., 2012;_913). In addition, mo§t of thelr biomass - at least in soils
These micro-organisms encompass mostly protists, a polyiS formed from undi erentiated cells (hyphae) reach-
phyletic group containing all eukaryotes except Metald conglde_rable cumulative length but only a few micro-
zoa (animals), Embryophyceae (higher plants) and Fungzeters in dlgmeter (Gobat gt al., 2010d). _In many _30|Is,
(Whittaker, 1969) (Figure 1). This group includes thefheY play an important role in the eukaryotic microbiome
phagotrophic protozoa (e.g. Ciliata), phototrophic eu-2S they constitute the main part of the micro-eukaryotic
karyotic algae (e.g. Chlorophyceae), and osmotrophic e§iomass (Ekelund et al., 2001). This osmotrophic tax-
karyotes living as free organisms (e.g. Labyrinthulea) @nomic group is well known to form mutual and para-
involved in mutualistic (e.g. Trebouxiophyceae) or paraSitic Symbiosis with higher plants (Cairney and Chambers,
sitic symbiosis (e.g. Apicomplexa). Contrarily to its mact999) as well as with other organisms like Metazoa (e.g.
robial counterpart, micro-eukaryotic diversity is mostlyEntomophthoromycota (Boomsma et al., 2014)) or even
unknown (Pawlowski et al., 2012). This is due to theif Undi (¢.g. Cryptomycota (Lara and Belbahri, 2011)).
small size that 1) makes it di cult to nd the organism In addition to the rst two groups, some Metazoa
in a sample - and even harder if the sample containslie rotifers, tardigrades or nematodes are also included
high proportion of particles as in soils - and 2) makes i micro-eukaryotes. However, these micro-Metazoa will
more dicult to nd distinctive morphological features not be taken into account in this thesis as many of them
as this often requires using scanning electron or transan reach a size up to a millimetre and are constituted of
mission electron microscopy (Ekelund and Ronn, 199di erentiated cells.

What is a micro-eukaryote?
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Figure 1: Schematic tree of eukaryotes modi ed from (Pawlowski, 2014). Micro-eukaryotes constitute almost the entire tree apart from
the Metazoa (animals) and macro-Streptophyta (higher plants) (in red). Apart from Fungi (in green) all micro-eukaryot es are protists.

What functions do they ful I? 2016) or Metazoa (Geisen et al., 2015b; Gilbert et al.,
2000). Phagotrophic protists, as a functional group, can
Phagotrophs thus be considered as predators of virtually the entire mi-

crobial world. This predation pressure shapes the prey
In every biome on Earth, micro-eukaryotes play fundasommunities promoting certain characteristics like toxic
mental roles that can roughly be divided in ve cateity, motility or size (Jurgens and Matz, 2002). Neverthe-
gories. The rst, and maybe most acknowledged ondess, certain predators adapt to these defences (Swanson,
is the role of microbial predators which was conceptua013; Xinyao et al., 2006; Wu et al., 2004) leading to a
ized in the microbial loop (Azam et al., 1983; Clarholmmicrobial arms race (Brodie Jr et al., 1991) and consti-
1985). According to this theory, phagotrophic protiststuting a powerful motor of evolution.
act as "natural fertilizer producers" as they make nu-
trients available for other organisms (e.g. plants and
algae). These nutrients would otherwise stay sequeBhototrophs
trated in bacterial biomass (Bonkowski, 2004). In ad-
dition to prokaryotes, other carbon sources are usethe second function micro-eukaryotes can full in the
by phagotrophs like micro-eukaryotic algae (Davidsorgnvironment is as primary producers. In aquatic ecosys-
1996), Fungi (Ekelund, 1998; Geisen, 2016; Geisen et dbms, they are an important source of carbon for higher
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trophic levels and are the dominant contributors to overconnel model) (Mahé et al., 2017; Freckleton and Lewis,
all photosynthesis (Vaulot et al., 2008; Jardillier et al.2006; Connell, 1972; Janzen, 1970). In addition,

2010; Falkowski, 2002). In terrestrial ecosystems, whelige micro-eukaryotic predators, parasites apply a selec-
the surface is mainly covered by higher plants, the etion pressure on their host and vice versa, which can
karyotic micro-algae contribution is more discrete butause a Red Queen coevolution (Raberg et al., 2014;
can constitute a signi cant carbon input in arid regionsRabajante et al., 2016). The ecological models in which
(Pushkareva et al., 2016; Belnap, 2003). Through theiparasitic micro-eukaryotes are involved can also be more
symbiosis with lichens, eukaryotic algae also play - to @mplex when the symbiont can switch from a parasitic

certain extent - the role of higher plants by stabilisingtrategy to a mutualistic one depending on the health

the soil and improving the water in Itration (Chen et al., of the host (Sachs et al., 2011; Fellous and Salvaudon,
2000; Upreti et al., 2015; Eldridge and Greene, 19942009).

They can also constitute a signi cant part of the car-

bon ingested by certain soil organisms like springtails,

earthworms (Schmidt et al., 2016) or phagotrophic proSaprotrophs

tists (Hess and Melkonian, 2013; Seppey et al., 2017). ] . ] o
Saprotrophic micro-eukaryotes are mainly found within

Fungi and some groups of protists (e.g. slime moulds,
Mixotrophs certain Oomycota, Labyrinthulomycota) (Beakes et al.,

2012; Tsui et al., 2009; Mendoza et al., 2002). Their role
Comparatively to macro-organisms, many mMmicrom terrestrial ecosystems is mainly to recycle dead organic
eukaryotes are not constrained in strict phagotrophy omatter into new biomass (Adl and Gupta, 2006). As a
phototrophy, and can bene t from the two trophic strate- result, these organisms constitute the main part of the

gies. The ideal mixotroph (constitutive mixotroph) is aniving biomass in soil (Gobat et al., 2010d).
organism capable of transmitting the plastid vertically to

the next generation and able to regulate the organelle

via nuclear genes (Mitra et al., 2016). In addition to\\W/here can we nd them?

constitutive mixotrophs, more and more phototrophic

eukaryotes are observed ingesting preys under light or nicro-eukaryotes are everywhere; from marine to fresh-
trient limitation (Stoecker, 1998). Phagotrophs can alsovater ecosystems and from liquid to solid substrates.
conserve the chloroplasts from their preys and contributehrough evolution, a variety of adaptations were selected
to primary production (Johnson, 2011a,b). This strategyaccording to the various possible environments, which led
may be the norm rather than the exception, at least ino the diversity of morphology and physiology we can ob-
aquatic ecosystems (Flynn et al., 2013). In addition, thiserve today (Katz, 2012). These adaptations allow micro-
strategy increases the growth rate of the population irukaryotes to colonize from more suitable to harsher and
comparison to a strictly phototrophic or phagotrophicperturbed environments. The best example of adaptation
mode (Burkholder et al., 2008). The possibility to switchto changing environments is the capacity of many pro-
from a primary production mode, where carbon is easists to encyst - sometime for years - waiting for more
ily available but nutrients and light are mandatory, tosuitable conditions (Foissner, 1987). This is particuarl
a heterotrophic mode, based on preys like prokaryot@sie in soils where the conditions of humidity and nutri-
but not requiring anything else, allows this functionaknts can vary through periods of dryness or proximity of
group to adapt to the availability of nutrients, carbona root exudate for example (Adl and Gupta, 2006). It
and light. This adaptability can rstly be seen at theis even hypothesized that the soil micro-eukaryotic diver-
community level when primarily autotrophic mixotrophicsity would be mainly constituted by encysted organisms
species (e.g. cryptophytes) dominate in eutrophic corfFoissner, 1987; Clarholm, 2005). This capacity to en-
ditions while primarily heterotrophic mixotrophic spesiecyst and wait for optimal conditions partly explains the
(e.0. chrysophytes) dominate in oligotrophic environincomplete picture of the eukaryotic morphological diver-
ments (Saad et al., 2016; Lara et al., 2015). The adapsity because of our incapacity to establish the conditions
tation can also be seen at the species level as it waseded to reactivate these organisms in the laboratory
shown forDinobryon socialevhere the bacteria ingestion(Ekelund and Ronn, 1994; Foissner, 1999b).

rate increases at a certain temperature or as nutrient The various types of symbiosis also help micro-

concentrations decrease (Princiotta et al., 2016). eukaryotes to colonize almost all Earth environments.

Lichen, often composed of Fungi and a eukaryotic alga
(e.g. Trebouxiophyceae, Chlorophyceae), benet of their
respective adaptation to gather nutrients from bedrock

Many groups of micro-eukaryotes are known as parasit88d carbon from the air (Chen et al., 2000; Upreti et al.,
of various hosts like plants (e.gPhytophthorasp.), an- 2015).

imals (e.g. Apicomplexa) or even micro-eukaryotes (e.g. These adaptations more or less t into the various en-
Rozellasp.). As all parasites, these micro-eukaryotes carironmental conditions which in uences the spatial distri
be more or less host speci c and may in uence the hogiutions of micro-eukaryotes. This phenomenon, added to
population in a density-dependent way, that could inhistorical spatial distributions and environmental bang,
crease the diversity of the host population (i.e. Janzerhelps to explain the present geographic patterns (Foissner

Parasites



2006; Bass et al., 2007; Smith et al., 2008; Lara et al(Hamsher et al., 2013).
2016).

Molecular methods

I)
How to study them?® Methods based on DNA sequences allow overcom-

ing a part of the issues linked to morphologi-
cal identications like organism size or -cultivabil-
micrdy (Moreira and Lopez-Garcia, 2002; Pawlowski et al.,

eukaryotes have been cultivated and observed throu |912). Taanommally informative DNA fragments (.D NA.‘
arcodes) like the ribosomal RNA gene were primarily

the microscope (optical and electronic) to characteriz . S :
their diversit. The combination of these two tools iSused to improve the classi cations of the cultivated and

essential for the tens to hundreds of micro-eukaryotigescrib(ad species thrqugh phylogenetic reconstructi_on
new species descriptions taxonomists achieve every vy Sdﬁ;hle_gel, 1994)‘ For this reason, more and more e ort is
(Appeltans et al., 2012). In addition to morphologicalnow given to increase and cure databases of these DNA

identi cations, these classical tools give precious infoParCOdeS (Pawlowski et al., 2012; Guillou et al., 2013).

mation about the ecology of the cultivated organismsAS for morphological data, methods emerged to obtain

like feeding behaviour (Berge et al., 2008; Dumack et alt.,f,1e cellular DNA sequences dlreptly from the environ-
ent to overcome the culturing bias and reach the un-

2016b; Jassey et al., 2012; Xinyao et al., 2006; Singm : . - . . .
1946; Verni and Gualtieri, 1997) or tolerance to er“/i(_:ultwable micro-eukaryotic diversity, which constitite

ronmental characteristics like pH (Koch and EkelunoIhe majority of the diversity for many taxonomic groups

2005; Weisse et al., 2013; Germond et al., 2013, 201.l£ﬁe Vargas et al., 2015; Pawlowski etal., 2012). Once
f

temperature (Pichrtova and Nemcova, 2011), salini e DNA is extracted from the env?ronment, amplicons
(Scholz and Liebezeit, 2012b; Nielsen et al., 2011) or ng- the DNA barcodes (metabarcoding) can be grouped

trients (Mitchell, 2004). This information is essentialaccordlng to their similarity to form operational taxo-

for most interpretations of ecological results despite pdlomic units (OT.U s) that constitute biological entities ki
eir morphological counterparts observed by microscopy

[ ilable for the | jority of micro-euk s
ing unavailable for the large majority of micro-eu aryOtegaberlet et al., 2012; Valentini et al., 2009). Each OTU
(Ekelund and Ronn, 1994). ; : L

. _ . can then be taxonomically assigned by comparing its char-
Micro-eukaryotic communities can be assessed by Mzteristic sequence to a DNA barcode database. The

croscopy preceded or not by a cultivation step (Singhypniained community matrix can then give a good proxy

1955; Foissner, 1983). These techniques have the il 55sess the responses of both dead or alive and active

vantage to be inexpensive and simple to perform. Thg inactive micro-organisms to environmental constrains
most probable number technique (MPN) allows estiiGiner et al., 2016).

mating the number of protists in a sample and can
give pure cultures as by-products, which can be used
for species description or experiment purposes (Sin
1955; Darbyshire et al., 1974). This technique mainl

makes it possible to assess opportunistic organisms t

Morphological methods

Since the beginning of protistology and mycology,

Within the last few years, the democratisation of high-
roughput sequencing allows assessing micro-eukaryotic
TU communities faster and from much more samples
Qtan before (Shendure and Ji, 2008). A constraint of

are not necessarily abundant in the environment b |g_h-throug_hput sequencing is 'Fhe. use of §hort fragments,
benet from the cultivation medium which is normallyWhICh provide I?SS phylogenetlc information but are less
rich in nutrients (Del Campo et al., 2013). Nevertherone t_o.break in the environment and/or form ch|mer_a

less, the cultivation medium can be adapted, to a Ce'(_\/alentlnl .EI al., 2009). Neverthele§s, t.hese sequencing
tain extent, to the environmental conditions of the Sam_technologles develop rapidly resulting in an increase in

ple of origin in order to better represent the originaF?quenceS length and numbers (Guzvic, 2013). Despite

community (Ekelund and Ronn, 1994). Direct Count_glving semi-quantitative results, the number of sequences

ing can also be used to avoid cultivation bias and th\{éelongmg to each OTU can be used to calculate eco-

have a better idea of the actual community (Foissne ogical metrics and give results in line with studies made

1983; Luftenegger et al., 1988). It was shown that Comc_ﬁn morphological data. Metabarcoding is now the golden

munities of large and well identi able organisms nké“a”‘_jf"“d _to assess high numbers ofr’r_1icro-e_ukaryotic com-
testate amoebae (Payne and Mitchell, 2009) or ciliatersnunltles in & reasonable amount of time (Figure 2).
(Posch et al., 2015) can be reliably assessed through

this technique. However, these two techniques suer g .

serious drawbacks (Ekelund and Ronn, 1994; Clarholrf, Soils

2005; Adl and Gupta, 2006). MPN is constrained by cul-

tivation bias, allowing only a part of the micro-eukaryotioN/hat is a soil?

community to grow. On the other hand, community as-

sessment by direct observations may fail to reveal small pils are the intersection between the geological,
inconspicuous organisms, particularly if the samples coaguatic, aerial and biological worlds. They re-
tain many particles as in soils. In addition, these methsult from the weathering of the bedrock through
ods are recognised as time consuming, which reduces fhlgysical and chemical processes and the action
number of samples that can be handled for a single study pioneer living organisms like lichen or mosses
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Figure 2: Schematic plan of the metabarcoding analysis of os sample
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(Coleman et al., 2004a; Bardgett, 2005b; Chen et alas its resistance to erosion or compaction (Boin et al.,
2000). These organisms contribute to the genesis of soll988). As an example, a clay-rich soil retains more water
by taking nutrients from the parental material and theand nutrients with a positive impact on soils organisms
carbon (CQ) and nitrogen (N) from the air (Bardgett, (Gobat et al., 2010e).

2005c; Gobat et al., 2010a,b; Coleman et al., 2004b).

The dead organic matter produced by the pioneer or-

ganisms accumulates and mixes with the fragmentéd/hat are its functions?

mineral substrate, allowing sequential colonisation wave

leading to a deeper soil and a more complex ecosystgtBove ground support

(Gobat et al., 2010c).

Soils can rstly be described vertically through theirS0ils are essential components of terrestrial ecosystems.
horizons going from the more mineral, closer to thdhey support plant growth that provides most of the or-
parental material, to the more organic at the surfac§@nic carbon that feeds terrestrial life, including humans
(Bardgett, 2005a). This vertical gradient obviously in-This support to plants is rstly in uenced by the capac-
uences, and is in uenced, by the soil organisms who ary Of the soil to provide nutrients, water and physical
more abundant in the upper horizons because of theftlPPOrt but also catalysed by the below ground diversity
higher content of nutrients and labile carbon. A soil cafnderson and Weigel, 2003). Indeed, many soil organ-
also be described by its texture (percentage of clay, siims contribute to plant well-being like mycorhizal fungi
and sand), as well as by the structure of its aggregate¥/hich increase the nutrients and water intake surface of a
These characteristics will in uence the porosity of thePlant (van der Heijden et al., 1998). Plants also benet

soil and its capacity to retain water and nutrients as weffom Soil micro-organisms from their production of bio-
available nitrogen as symbiotic nitrogen- xing bacteria
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(Pajares and Bohannan, 2016) or by releasing ammoniutration drops below an acceptable level (Towne, 2000;
as metabolic waste from the digestion of their microbiabeppey et al., 2016). These speci ¢ conditions are still
preys (Clarholm, 1985; Bonkowski, 2004). Vertebratesot fully explored and thus probably hide a high propor-
and invertebrates also physically aerate the soil and prtien of unknown diversity (Seppey et al., 2016).

vide privileged interstices for roots to pass (Gobat et al.,

20101). Elements cycles (Carbon and Nitrogen)
The quality of this support to above ground ecosys-

tems is directly a ected by what can impact soils physSoils also play a central role in the cycles of many el-
ically, chemically and biologically. An example are agréments, including carbon, the most well known. Soils
cultural soils which are physically compacted, and chentrstly stock a signi cant amount of the terrestrial organic
ically amended and treated with pesticides. The contarbon (2160 Pg; Gobat et al., 2010a; Davidson et al.,
paction can create a hardpan which reduces water in [2000), principally in waterlogged soils where the oxidatio
tration to deeper horizons, thus reducing the crop watedf organic matter is slowed down by anaerobic conditions
reserve for dry periods. In addition, water runo is in{Belyea and Malmer, 2004). This phenomenon is partic-
creased as the liquid is constrained to stay on the surfaagdlarly true in the case of peatlands which cover ca. 3% of
causing erosion (Boi n et al., 1988). Chemically, fertil- the terrestrial surface (Kivinen and Pakarinen, 1981) and
izers and pesticides have often detrimental e ects on theontain ca. 30% of its organic carbon (Gorham, 1991,
abundance and diversity of soil organisms thus hamperifiRydin and Jeglum, 2013; Clymo and Hayward, 2012).
their bene cial e ects on soils and plants (Mitchell, 2004;Depending on how these ecosystems respond to on-going
Todorov and Golemansky, 1992; Foissner, 1997). climate change they could either bu er or enhance global
warming. Indeed, climate change tends to lower the wa-
ter level, thus exposing the peat to oxidation. This oxy-
Heterogeneous habitat gen increase causes a shift from anaerobic to aerobic mi-

] ] . crobial communities which start to release ¢Qrigger-
Soils constitute the habitats of a plethora of macro- an g a warming positive feedback (Dieleman et al., 2015;
micro-organisms. One of the speci city which eXpIainﬁ)orrepaal et al., 2009).
this high diversity is heterogeneity. Indeed, soil char- . . . :
acteristics change in the vertical and horizontal spaces Soils are also a essentlgl compartment in the mt_r_ogen
according to e.g. topography, parental material, vegetaqy(_:le’ particularly in _ter_restnal ecosystem s Indeedslm
tion or human activity (IJUSS et al., 1999). At a smallerS(_)'I.S that the l_Jn-aSS|m+|IabIe atmospherig i xed by ni-
scale, soils also show micro-heterogeneity through thé”fy'ng bacteria as Nif™ that can than be taken by plants

aggregates, with interstices more or less humid or riCe[;]nd higher terrestrial trophic levels (Gobat et al., 2010b)

in nutrients. At the microbial scale, this alternationIn many ecosystems, nitrogen is the limiting factor for

of more or less suitable habitats can allow two specié)é'mary prodqcer growth and it is thus the reason why
competing for the same niche to live almost in théndustrlal xation produces up to 100 Tg of assimilable

same place (Adl and Gupta, 2006). Soil conditions al%itrogen per year for crop uses. Most of this input is how-

also temporally heterogeneous, for instance when pushre" leached in aquatic networks and contributes to the

ing many micro-organisms to encyst under temporall ;towi?] of algae an:_d the gutrophlct:_atlonf?r: th? ecl:ct))_system
harsh conditions (e.g. dryness) (Adl and Gupta, 2006 er the consumption and respiration of the alga’ biomass

This encystment of certain species allows others, thépuntmg etal,, 2016; Howarth and Marino, 2006).

are less competitive under optimal conditions but can
support the harsh conditions, to use the available nichg
(Adl and Gupta, 2006).

An excellent example of how soil spatial and tempor : : o :
. P P emp qjhe aim of this thesis is to improve knowledge about
heterogeneity can drive below-ground communities can

be illustrated with cadaver decomposition (Barton et aI.SOII ricro eukaryotu_: diversity and community ecology us
: . . . ing the metabarcoding approach. The diversity of micro-
2013). Cadaveric uids drastically change soil chemi- . . . . .
: . X eukaryotes is studied at di erent spatial scales and in re-

cal properties by altering pH (Benninger et al., 2008)

carbon or nitrogen concentration (Hopkins et al., 2000r;atIon to various disturbance factors (Figure 3).

Anderson et al., 2013) and other nutrients such as phos- The rst chapter assesses the very localised e ect of a
phorus (Towne, 2000) or potassium (Stokes et al., 2013fadaver perturbation on the community of euglyphid tes-
In addition, the soil can become temporarily anoxic dut@te amoebae. The e ect of the perturbation is studied
ing the most active parts of decomposition due to cadaRver more than two and a half years, allowing to measure
eric uids entering the soil (Aitkenhead-Peterson et al.the recovery of the euglyphid communities over time. In
2015) and main|y because of the intense bacterial resﬁddition, the molecular data revealed that, although most
ration (Dent et al., 2004). Over the short term, theseQTUs responded negatively, some could bene t from the
changes favour anoxic organisms and r-strategists, af@nditions brought by the cadavers.

kill most of the established diversity (Szelecz et al., 2014 The second chapter explores the interactions among
Dent et al., 2004). Nevertheless, these high nutrient cordi erent functional groups of micro-eukaryotes in four
centrations are favourable for speci c communities thapeatland micro-habitats. As these four micro-habitats
then ourish for some time after the nutrients concen-di er in nutrient content and humidity, the design allows

Thesis aims



linking the interactions between functions to the environtist diversity through a large territory as the topo-climiat
mental gradients. The interactions between OTUs arpredictors are easier to extrapolate to an area than local
assessed by co-occurrence networks, an innovative ariysico-chemical ones.

ysis in the eld of protistology. The results show that  The fourth chapter explores the functional and taxo-
the less diverse micro-habitat, which is nutrient-poor angomic diversity of micro-eukaryotes across Switzerland in
comparatively drier, is the one where the communities afgree common land-uses (forests, meadows, crop lands).
the most tightly linked, suggesting a higher resistance t¢he relations between the more dominant phagotroph
environmental changes. OTUs assigned to low trophi§Tys and the amount of sequences assigned to pho-
levels, like small predators or mixotrophs, show the highgstrophic micro-eukaryotes is assessed. Positive linear r
est degree of linkage. This suggests that the netwollktions are found for seven of the phagotrophic assigned
stability is based on low trophic levels functional group®TUs, cumulating between the third and the fourth of
implying a bottom-up driven trophic network in stresseqnhe phagotroph assigned sequences. Taxonomic evidence
habitats like peatlands. was found in the literature to support the hypothesis ac-

The third chapter shows the preliminary resultsof cording to which these OTUs would be related to algivo-
a study aiming to predict the micro-eukaryotic diversityous organisms. In addition, observations of three pratist
of meadow soils through the mountainous regional aresharing a similar taxonomy to the one used to assigned the
of the Swiss western Alps. Spatial distribution modelgutative algivores OTUs were done. This suggests that
are used to measure the predictive power of both local signi cant amount of carbon is entering the microbial
physico-chemical (e.g. pH, texture, soil temperatureloop through micro-eukaryotic algae.

and regional topo-climatic (e.g. slope aspect, air ttm- The fth and last chapter aims to compare the micro-
perature) environmental predictors on the diversity of topykaryotic diversity of world soils and plankton (marine
tal protists community and of nine broad phylogenetigng freshwater). The results show that soils host at least
groups. In general, the predictive power of regional prg much diversity as oceans and suggest that the diver-

dictors was similar to that of physico-chemical variablesiity of certain acknowledged aquatic taxa is higher in soils
These results open the door to the extrapolation of proman previously thought.

1 The discussion of this chapter should be extended with respe to the predictive power of topo-climatic and edaphic variables on
protist diversity. Nevertheless, the results about 1) the ommunities retrieved in that mountain area, 2) the dierenc e in explicative
power of two sets of variables (edaphic and topo-climatic) and, 3) the spatial prediction of soil protist diversity were considered innovative
enough to be included in the manuscript.
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1.1 Introduction hours to several days after death (Henssge et al., 2000;
Amendt et al., 2004; Wyss and Cherix, 2006). The sec-

o ] ) ond method, forensic entomology, is based on the obser-

The estimation of time since death and more generallyation of larval stages of necrophagous ies and beetles

the ability to detect the presence of cadavers even Whejhg can be used to establish a PMI up to some weeks
t_he re_mains are no longer present are the two major objegamendt et al., 2004 Wyss and Cherix, 2006). Although

tives in forensic research (Prangnell and McGowan, 20Q8g|| established, the accuracy of entomological methods
Rodriguez and Bass, 1985). has been questioned after the full development of the rst

Calculation of the post-mortem interval (PMI), angeneration of necrophagous insects (Wyss and Cherix,
essential element of legal medicine and criminal inve8006). Therefore, the development of additional indica-
tigation to estab- lish the timing of events that led totors for PMI estimates beyond 1 month would constitute
the death of a person, becomes less precise with thewelcome addition to the toolkit of forensic criminal in-

advance of the decomposition process. Until now, tweestigators.

main approaches are used to estimate the PMI. The according to Payne (1965), the decomposition of ca-
medical method provides information ranging from a few

9
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davers can be separated into six stages: fresh, bloat&f)08; Wanner and Elmer, 2009) and respond to environ-
active decay, advanced decay, dry and remain stag@sental change over a period of weeks. However, as eu-
During the “bloated' and “active decay' stages (Paynglyphids are highly sensitive to environmental conditions
1965; Carter et al., 2007), the release of cadaver lidhe e ects on communities can be expected to be long
uids into the soil changes the chemical parameters drassting under continuous environmental stress. So espe-
tically (Vass et al., 1992) This perturbation of the soilcially for estimating longer PMIs, euglyphids might be a
environment has been referred to as “ephemeral mgroup to consider for forensic applications.

source patches' (Barton et al., 2013) leading to the However, a current limitation to the development of
development of “cadaver decomposition islands’ (CDByglyphid analysis (or that of other soil protists) as a stan
(Carter et al., 2007). Although most of the decom-gard tool for PMI estimates is taxonomy. Sound taxon-
position takes place in the rst few weeks under oppmy s indeed a prerequisite for the use of a group of
timal conditions, cadaver e ects on the soil environgrganisms as bioindicators. Up to now, all ecological stud-
ment can be long lasting. For example, Towne (Townges on testate amoebae were based on morphology-based
2000) showed that nitrogen and phosphorus concentrapecies identi cations. The morphological identi cation
tion and pH were still signi cantly enhanced in soil sampf testate amoebae requires taxonomic expertise and is
ples taken under cadavers 2 years after laying ungulaighe-consuming. Furthermore, recent molecular taxon-
cadavers on a prairie, while Melis et al. (Melis et alomy studies on euglyphids have revealed the existence
2007) reported enhanced soil calcium content and plf a substantial higher diversity than estimated based
as late as 7 years post mortem in a CDI. Such envinjy on morphology (Chatelain et al., 2013; Heger et al.,
ronmental changes were shown to have an e ect on thgg11), and this hidden/unknown diversity may prove to
soil fauna (Bornemissza, 1957), bacteria (Horswell et alpaye bioindication value. The molecular approach pre-
2002; Howard et al., 2010; Moreno et al., 2011) and fundiented in this study overcomes the current limitation of
(Hawksworth and Wiltshire, 2011; Carter and Tibbett,morphology- based taxonomy and is also faster (i.e. weeks
2003). However, knowledge about cadaver e ects on sqfistead of months for the number of samples analysed
communities remains very limited, and almost nothing ifere).
known about the response of soil protists (Szelecz et al., . . :

Analysis of environmental samples (e.g. soil, water,

2014). faeces) targeting a speci c DNA barcode gene and aim-
In this study, we focused on euglyphid testate amogng at characterising the entire community is referred
bae (Rhizaria: Cercozoa), a highly diverse and abufly as metabarcoding (Taberlet et al., 2012). The V9
dant group of protists that reacts rapidly to environmen-region of the 18S rRNA gene has su cient variabil-
tal changes by shifts in community structure and abunyy for obtaining reasonably high taxonomic resolution
dance (Foissner, 1999b). Euglyphids include about ongmaral-Zettler et al., 2009; Adl et al., 2013) and two
quarter of the ca. 300 testate amoeba morphospeciggain advantages for biodiversity surveys as follows: (1) it
known to occur in soils (Foissner, 1999b). These amogs short and thus likely to be well preserved in environmen-
boid unicellular protists range mostly between 20 angy pNA samples and (2) it contains highly conserved sites
150 um in length, and their densities typically rang@jiowing to designing primers for virtually all eukaryotes
between ca. 10 and 1€ individuals per square me-(valentini et al., 2009). The advent of high-throughput
tre (Foissner, 1987). They build a shell (test) reinsequencing (HTS) now allows using the metabarcoding

these shells allow species identi cation even after the g spatial and/or temporal sampling).

death of the organism (Meisterfeld, 2000a,b). Most eug- In this study, we used a DNA metabarcoding approach
lyphids are heterotrophs and feed mainly on bacteria ana{jpplied to the ’\/9 region of the 18S rRNA gene to as-
fungi .(Gllbert etal., 2000). The d|.str|but|on patterns ess the temporal response of soil euglyphid testate amoe-
of soil testate amoebae along environmental grad|engsae to decomposing cadavers over a period of 35 months
and their response to environmental changes have be

well studied, including soil humidity (Bobrov et al., 1999&651 days). Given the sensitivity of the technique and
the well-documented response of testate amoebae to eco-

Booth, 2008; Swmd.les and Ruell, 2009); 'Eemperatur%gical gradients, changes and disturbances, we expected
(Beyens et al., 2009; Tsyganov et al., 2011); pH (Booth

2001; Charman, 2001; Mitchell et al., 1999, 2008); and "9 (1) & higher diversity of soil Euglyphids than gen-

pesticide (Petz and Foissner, 1989), nitrogen. phosphg—ra”y inferred from microscopic analyses and (2) a strong

: : enerally negative response of communities to decompos-
rus and sulphate concentration (Gilbert et al., 1998a,bg y hegative response mp
ihg cadavers with i) rapid disappearance of the majority

Mitchell, 2004; Payne et al., 2010). They can thus be . . S
of taxa following the massive release of cadaver uids in
expected to also respond to the presence of decomp

. . ) ) _the soil and ii) slow recovery after the end of the active
ing cadavers. The generation time of euglyphids, Whlcdecay phase, ca. 12 months after the peak of cadaver
ranges from ca. 2 days to 1 week under natural COMiid input in the soil. If such patterns were indeed found,

ditions (Heal, 1964), is considerably longer than tha{hls may lead to the development of new PMI indicators
of bacteria or smaller protozoa such as nano agellates

. . : i the future.
and this represents an advantage regarding their use as

bioindicators. It is indeed short enough to allow them
to (re)colonise rapidly suitable habitats (Wanner et al.,
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1.2 Materials and methods

Sampling site

The experimental site is situated in a beechiagus syl-
vatica) and oak- Quercus roburQ. petraed dominated
forest near Neuchétel (Switzerland 4D0' N; 06 56' E,
elevation 478 m). The overall average temperature me
sured over the course of the experiment was 10C4(SD

to decomposition stages (Table 1.1) (Payne, 1965). On
each sampling day, ca. 25 g of soil was taken to a depth of
10 cm in each plot and stored at -8QC. Soil subsamples
(3 g) were dehydrated (40 C, 12 h), ground to pow-
der and analysed for total organic carbon (Soil_C) and
total nitrogen (Soil_N) using combustion infrared spec-
troscopy (CHNEA1108-Elemental analyser, Carlo Erba
Instrument) after decarbonation with HCI (Harris et al.,
2001).

6.09 C). The mean annual precipitation of the nearest
meteorological station (Neuchéatel) for 1993 to 2013 wag/olecular analyses

974 mm per year (MétéoSuisse).

Experimental setup

The experiment included three treatments: control (plot
of forest soil left under natural conditions), fake pig (jga
tic bags lled with a volume of soil similar to that of the
pigs placed in a cotton cloth) and pigSus scrofa The

fake pig treatment was used to di erentiate the chemica
e ect of pig cadaveric liquids from the physical e ects

(i.e. humidity, soil compaction) due to the presence of
carcass on the soil. The bag volume was kept appro

DNA was extracted from soil samples using the MoBio
PowerSoil DNA Isolation Kit (Carlsbad, CA, USA) fol-
lowing the manufacturer instructions. The SSU rRNA
V9 region was amplied by PCR using the specic eu-

iaryotic primers 1380f/1510rCCCTGCCHTTTGTACACAC

CCTTCYGCAGGTTCAC QA& al-Zettler et al., 2009).
Forward primers were tagged on the 5' end with a 10 nu-
Fleotides strand, speci c to each sample. PCR reactions
were run in triplicate with a PTC-200 Peltier Thermo Cy-
cler (BioConcept, Allswill, Switzerland) with 1 ng of envi-

fonmental DNA, 6 pL of 10x PCR bu er, 0.6 pL of each

XI-.

rimer, 0.6 pL of each dNTP 400 pM (Promega) and 0.2

mately similar to that of the pigs by removing soil from’
the bag to mirror the volume loss of the pig cadaver L of 0.05 UL Go Taq (Promega). The volume was

over time. The pigs (20 kg1 kg) were killed on theadjusted to 30 L with ultra-pure water. Ampli cation
farm with .captive bolt stunnin_g and the cadavers immeaS conducted with the following conditions: denatura-

e- .
diately brought to the experimental site. The cadavert";n gt fgf' 6(? ;O;n?j r;;nbigrcgglisait dgi; feO;teSr?siz’n
were placed in strong metal wire cages (900100050 crrzd

to protect them from scavengers. The cages also allowe

72 C for 10 min (Amaral-Zettler et al., 2009). PCR
moving the cadavers for sampling. Pigs are commonFrOduqS were puri- ed through QIAquick PCR Puri ca-
used in comparable forensic studies due to the similaritiePéOn Kit (Qiagen, Hilden, Germany) and pooled together

th a 4 ng DNA of each sample.A DNA library was pre-

X : . W
with humans, comparable thoracic cage size and aImosareol using the New England Biolabs's kit NEBNext DNA
ample Prep Master Mix Set 1htp://www.neb.com/

naked skin (Stokes et al., 2013). Each treatment was ruﬁ
ebecomm/ManualFiles/manualE6040.pdf ) except for

in triplicate. The sampling plots were organised into thre€

randomised blocks (15 34 m apart). Within each block €€ . :

the plots were at least 4 m apart. the size selectlon_step. Sequencmg was done b)_/ the Ge-
nomics Core Facility at Brown University (Providence,

USA) with an lllumin&® HiSeq 2000 sequencer to ob-

tain paired-end reads covering the full length of the V9

region.

Eight sets of samples were collected from the onset

of the study (August %', 2009=D0) until June 2%,

2012 (Table 1.1). At the onset of the experimentseql"ence treatment

(.DO’ before the pigs and fake pigs were placed), 'NA database was constructed by selecting 44 complete eu-
tial control samples were collected from all samplin

plots and pooled for each block (i.e. three pooled sa __Iyphld V9 sequences from the GenBank database, us-

les in total). Sampling days were scheduled accordi |r§ sequences derived both from identi ed organisms and
P ' piing day Om related environmental sequences retrieved from Gen-

Bank. Each environmental V9 read was compared to
the database using thBLASTralgorithm (Altschul et al.,
1997) in order to select euglyphid sequences. Before the
BLASTn each nucleotide with a Phred score below 28
was changed to an unknown nucleotide "N' in order to

Sampling and chemical analyses

Table 1.1: Sampling dates and corresponding decompositiorstages
of the pig cadavers in a Fagus-Quercus forest above Neuchétel,
Switzerland.

Sample code  Sampling date  Decomposition stage

DO 05/08/2009 Fresh avoid unreliable nucleotides. THBLASTralgorithm was

D8 13/08/2009 Active decay setup with a match/mismatch ratio of 1:-1, gap open
g;g nggggggg gz iggg and extend penalty, respectively, of 0 and 2 and a word
D33 07/09/2009 Dry stage size of 32 nucleotides. We used an empirically deter-
D64 08/10/2009 Dry stage mined e-value threshold as the criterion for classifying a
D309 10/06/2010 Dry stage read as belonging to the euglyphids. To determine the
D1051 21/06/2012 Dry stage

appropriate e-value threshold, a subset of eukaryotic V9
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sequences (sample D309, block 2, pig treatment) wasterest (i.e. showing a strong response to cadavers) in a
compared byBLASTro the previously established eugphylogenetic tree, we used the sequence information in-
lyphid V9 sequence database with a permissive e-valdleded in the V9 region to design speci ¢ reverse primers
(i.,e. 10). The hit results were sorted by increasing eand ampli ed the rest of the SSU rRNA gene. We de-
value and compared to the GenBank databaseBWASTn signed specic primers to amplify specically two phy-
using the previous setup, until sequences correspondilaypes that responded positively to the pig treatment:
to taxa other than euglyphids were found. Once theugly 13R (CACGAACTGAAGGCAAGOLCaAly 666R
e-value threshold was found (i.e. 8%), each environ- (TTCACTTCCAATCACAGG#AGhewly designed primers
mental sequence was compared against the V9 euglyplgre used in combination with the euglyphid-speci ¢ for-
database usingBLASTn Only sequences over 130 nuward primer EuglylSSUFGCGTACAGCTCATTATATCAGCA
cleotides long and occurring at least ve times in the 6§Chatelain et al., 2013)) located at the beginning of the
samples were retained, in order to remove possible fal&SU rRNA gene. DNA extractions, where the OTU was
positive sequences. As our database showed that somest abundant, were selected for specic ampli cation
closely related but nevertheless morphologically and gef the SSU rRNA gene of interest. Cycling pro le was
netically (e.g. COI gene or full SSU) distinct euglyphidhe same as described above (with 40 cycles). PCR
morphospecies shared exactly the same V9 sequence (pmpducts were cloned into pCR2.1 Topo TA cloning vec-
Euglypha penardi(EF456753) andEuglypha cf. ciliata tor (Invitrogen) and used to transform E. coli TOP10'
(EF456754); Lara et al., 2007b), we considered each u®neShot cells (Invitrogen) according to the manufac-
ambiguous di erence in the nucleotide sequence as suturer's instructions. Up to ve clones per PCR prod-
cient for discriminating two OTUs. Conversely, when twaict were chosen for sequencing. Sequencing was per-
sequences diered only in ambiguous nucleotides, thégrmed with an ABI-3130xI DNA Sequencer (Applied
were considered as belonging to the same OTU. The rBiosystems). The new sequences obtained were placed
sulting OTU sequences were then counted in each sampileto an alignment that comprised all euglyphid sequences
retrieved from GenBank, which included both environ-
mental clones and sequences derived from identi ed or-
ganisms. The alignment was performed using MUSCLE
{fedgar, 2004). A maximum likelihood tree was built using

Numerical analyses

We assessed the response of the 51 OTUs found in t

66 samples to the di erent treatments using partial rete RAXML v7.2.8 algorithm (Stamatakis, 2006) as pro-

dundancy analysis (RDA) on Hellinger-transformed datB0Sed on the portal kttp://phylobench.vital-it.

(Legendre and Gallagher, 2001) with the blocks used §8/raxml-bb/ ) using a general time-reversible model.
conditional variable. Rare OTUs (present less than thrd@2t€ heterogeneity was estimated using a CAT model.
times in a minimum of ten samples) were removed thN® WO sequences can be found on GenBank with
reduce noise in the model and optimise the adjustd}® accession numbers KX999711.1 (eugly_666) and
R?> (Borcard et al., 2011). These thresholds were sd$X999712.1 (eugly_13).

lected after testing several options (presence threshold

1, 3, 5, 7; minimum number of presence 7, 10, 12,

14). The signicance of variables (Soil_C, Soil N, 1.3 Results

treatment) and ordination axes (rst, second and third)
were assessed using Monte Carlo tests (999 permuta~ : ;

tions, p value threshold=0.05). We assessed the et@versny and structure of euglyphid OTU
fect of the treatments, relative to control, on the OTU @ssemblages

responses over time using a principal response cu
(PRC) (van den Brink and Ter Braak, 1999). The mode?é(F the 247,366,905 raw Eukaryote reads, 187,566 were

was also tested using a Monte Carlo procedure (9§gemi ed as e}Jegphids and 57,533 of these were found
permutation, p value threshold=0.05). All statistical at least ve times overall (Table 1.2). These 57,533

analyses were performed with R-2.13.1 (R_Core Teany€@ds were divided into 198 OTUs. Of these, 51 OTUs

2013) using packageegan (Oksanen et al., 2013) for the

HeIIinger transformation, RDA and PRC analyses. Table 1.2: Summary of the sequence Itering of euglyphid tedate

amoebae from the control, fake pig and pig cadaver plots in aFagus-
Quercus forest above Neuchatel, Switzerland.

Retrieval of full-length SSU rRNA gene se- —
quences of selected taxa and phylogenetic  anaysis step Total - EBuglyphid - licated  EU9YPNId
analysis reads sequences reads OTUs

Because sequences of the V9 variable region of the S&@" fasta  247°366'905
rRNA gene are short (i.e. generally less than 200 bpiplast selection 187566  187'566
they are not suited for inferring the position of OTUS;ﬁi‘S’S >=5 57533  57'533 2'621
in phylog_enetlc trees. This is especially problematic T 0s buil ding £2'860 57724 2624 108
the considered sequences are suspected not to cover )

. . ; OTUs selection 52'860 52'860 51
a large part of the diversity of the group of interest

(Dunthorn et al., 2014). In order to place the OTUs of IMiplication DO 57640 57640 >1
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Table 1.3: Summary of total euglyphid testate amoeba OTU abun-
dance in the control, fake pig and pig cadaver plots in aFagus- Q -
Quercus forest above Neuchatel, Switzerland.
g s :
. Total 5 ‘
Euglyphid OTUs ;ghar:dance Buglyphid OTUS 1) indance ':} 8
o
eugly 59 4234 eugly_79 675 2
eugly 13 4205 eugly_33 504 o
eugly 2 4149 eugly_41 514
eugly_12 3873 eug:y—6° 417 §€ g -
eugly_666 3161 eug|y_§gcl) 2(1); =2 o
eugly_ 85 2 i
Euglypha rotunda 3056 _§ 5 i
AJ418783.1 eugly_98 382 28 g | |
Euglypha lifera 2583 eugly 320 367 o
AJ418786.1 eugly_992 349 g2 3+
eugly_66 2530 eugly_16 314 z .
Uncultured T T T T T T T T
eukaryote 2279 eugly_473 213 = @ © N 9 3 Q G
EF025028.1 eugly_862 253 s & & &8 8
eugly 81 2048 eugly_82 238 Sam
eugly 151 1949 eugly_76 211 amping day
eugly_156 1933 eugly_80 203 Figure 1.1: Temporal patterns of euglyphid OTU richness (a) and
eugly 5 1916 eugly 973 195 number of reads log +1 transformed (b) in soil samples from con-

- eugly 233 182 trol, fake pig and pig cadaver plots in aFagus-Quercusforest above
eugly_136 1630 gy Neuchatel, Switzerland. Treatments are represented by lie type
eugly 183 1451 eugly_1245 177 (plain: control, dashed: pig, dotted: fake pig). The vertical lines
eugly_322 1400 eugly_854 176 show the standard deviation of the richness and number of reds for

- Tracheleuglypha each treatment and sampling date. The lines for the three treat-
eugly_38 1227 dentata 176 ments are slightly o set to improve readability.
eugly_307 1199 X77698.1
eugly_54 1186 . . .

Assulina. eug:y—282 172 of the model variance, while time and treatments ex-
muscorum 1162 eugly_885 170 plained, respectively, 10 and 27 % of the variance. Qual-
AJ418791.1 eugly_371 165 itatively, the PRC diagram showed an overall negative
eugly_113 1086 eugly_250 141 e ect of the pig treatment (D8 to D1051) on the major-
eugly_234 946 eugly_120 134 ity of euglyphid OTUs and the positive response of a few
Cercomonadida eugly_1777 105 OTUs, especially eugly 666 and eugly 13, which were
E%zsg‘sgel 858 eugly_1716 9  therefore further studied.

: eugly 1890 87

Retrieval of full-length SSU rRNA gene se-
respected the thresholds and were thus retained for fUQ‘uences of eugly_13 and eugly 666
ther analyses. Six of these OTUs matched exactly with - -
sequences from our database. Total OTU abundance da#l clone sequences obtained were identical (n=5 and
are summarised in Table 1.3, and OTU richness and nur8; respectively). Phylogenetic analyses conrmed the
ber of euglyphid reads along time for the three treatmentsosition of the two phylotypes within euglyphid testate
are shown in Figure 1.1. amoebae (supported with 100 % bootstrap value) and

The partial redundancy analysis (RDA, Figure 1.2§howed that they did not belong to any barcoded fam-
with the blocks used as conditional variable revealed a si#y. (Figure 1.4) (Heger et al., 2010). They were basal to
ni cant correlation between euglyphid communities andll known euglyphid families.Eugly_13 branched robustly
Soil_N and Soil_C (Monte Carlo test, 999 permutations, (80 % bootstrap) with an environmental sequence from
both p=0.01). Axes 1 and 2 were signi cant (p=0.005 freshwater sediments (freshwater 13_2.2 AY620297). By
for both). The RDA ordination showed that the pig treat- contrast, eugly_666 did not branch robustly with any se-
ment samples diverged from the control and fake pigduence be it from environmental samples, cultures, or
along the soil nitrogen content gradient until day 309 afisolated cells.
ter which they converged again with the samples of the
other two treatments. The RDA also showed that most . .

OTUs responded negatively to the pig treatment. How1-4 Discussion
ever, some OTUs responded positively to the pig treat-

ment (e.g. eugly_13, eugly_666). Euglyphid community responses to decom-
The principal response curve (Figure 1.3) su osing pigs
marises the treatment e ects on OTUs over time an
shows the average responses of individual OTUs. Théis study showed that the presence of decomposing pig
rst PRC axis explained signi cantly (p<0.03) 42 % cadavers signi cantly a ected the community structure of
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testate amoeba communities (Gilbert et al., 1998a,b;

RDA1 [9.1%)] Mitchell, 2004). It is probable that most euglyphids died
because of anoxic conditions, but a direct or indirect e ect
Figure 1.2: Partial redundancy analysis (RDA) ordination diagram of high nitrogen content is also possible.

showing the temporal patterns of soil euglyphid testate amaeba
communities (OTUs) in control, fake pig and pig cadaver plots in However, two well-represented OTUs, namely eu-

a Fagus-Quercus forest above Neuchatel, Switzerland. Diamonds gly 13 and eugly 666 (eugly 991 also responded pos-
represent treatment centroids and arrows represent weightpercent- itivgly but was |egs abundanB responded positively to

age of total organic carbon (Soil C) and total nitrogen (Soil N). .
Percentages of variance explained by axes are shown in bragts. In the presence Of. cadavers, but only in the late decom-
Figure 2a, successive sampling dates for each treatment (Da0, 8, position stage (i.e. after 1 month to 1 year). These

15, 22, 33, 64, 309, 1051) are connected by lines. The lines aoers QTUs were present but rare at the beginning of the de-
correspond to the centroid (average for RDA1 and RDA2 coordi composition process as well as in the control and fake pig

nates) of three samples of the same treatment and same sampig . .
day. Treatments are indicated by line type (plain: control, dashed: treatment, but their abundance peaked, respectively, at
pig, dotted: fake pig), fonts of the sample labels (plain: control, D33 and D309 in the pig treatments only and in the three

bold: pig, italic: fake pig) and symbols (*+": control, tria ngle: repjicates simultaneously (Figure 1.5). This suggeststtha

fake pig, star: pig). Empty circles represent Day 0 for each tiock. they did not bene t from the initial perturbation brought

In Figure 2b, OTUs responses are represented by dots. The two A . .
OTUs for which full SSU sequences were obtained are represted DY the release of cadaveric uids but rather found opti-

in bold. The OTUs with a pe ect match with a data base sequence mal conditions (i.e. abiotic, e.g. soil water chemistry,dan
are represented with their names. biotic, e.g. prey and/or low level of competition or pre-
dation) for their growth in later stages. These organisms
euglyphid testate amoebae, showing a drastic decreasepimbably bene ted from changes in the bacterial com-
sequence abundance and in OTU richness (Figure 1.Mwnities, as these are supposed to change deeply and
This result is in agreement with our general workingrogressively underneath a cadaver (Allison and Martiny,
hypothesis. The negative e ect of a cadaver on eu2008; Fierer et al., 2012; Ramirez et al., 2010). Indeed,
glyphid communities was correlated to the large inpuprevious studies have shown that decomposing carcasses
of nitrogen and organic carbon in the soil. This recause an increase in soil bacterial biomass (Barton et al.,
sult was consistent with previous studies, which sho2013) but also drastically change bacterial community
that inputs of nitrogen strongly and negatively in uencedstructure (Howard et al., 2010; Moreno et al., 2011). As
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Figure 1.4: Maximum likelihood tree built on full SSU rRNA gene sequences of Euglyphida showing the phylogenetic postth of eugly_13
and eugly_666 full length sequences (in bold) obtained from pig cadaver plots in aFagus-Quercus forest above Neuchéatel, Switzerland.
The tree was built using RaxML on 1440 positions and rooted wih several cercozoan sequences retrieved from GenBank. Rabtness of
nodes was evaluated by bootstrapping (1000 replicates).

bacteria constitute a large part of euglyphid food regimei erent from the control than samples from fake cadav-
(Meisterfeld, 2000b), any change in the abundance a@rs (which could not have been contaminated by the new
community structure of bacteria is likely to also in uenceplastic bags and cotton cloth), and we therefore conclude
the abundance and community compaosition of euglyphidthat such contamination was negligible.

It may also be that these taxa represent nutrient-tolerant  The e ect of cadavers on euglyphids peaked at D309
organisms that bene t well from high abundance of preyrigure 1.3). This time interval seemed quite long in
organisms, but with low competitive ability in the nor-comparison with the results obtained by Szelecz et al.
mally more oligotrophic conditions. The precise mechgo014) from the same eld experiment (i.e. com-
nism for this response however remains to be elucidatgglete die-out of testate amoebae 22 days post mortem).
A possible bias could have been due to the import ¢tfowever, Szelecz et al. (2014) studied litter and not
euglyphids with the cadavers, either from the farm or duthe underlying mineral soil horizon as done here, and
ing transport. However, at D8, cadaver samples were lefeey used a direct observation (microscopy) approach,
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104 control a | testate amoebae in general) could be used as indicators
of cadaver presence over very long periods. The fact that
euglyphid communities still indicated an e ect of cadavers
either shows a lag in return to pre-disturbance community
structure or that they still responded to other di erences
(e.g. soil chemistry, abundance and composition of prey).

In addition and this is in itself an unexpected re-
sult the positive response of certain euglyphid OTUs
at certain time points (eugly_13 at D33, eugly 666 at
D309) (Figure 1.5) suggests that individual taxa may re-
spond speci cally and positively to some decomposition
stages. Such patterns suggest the possibility to use soil
testate amoebae as bioindicators for estimating the time
elapsed since death (post-mortal interval, PMI), a param-
eter of considerable importance in forensic sciences.

number of sequences
(log+1 transformed)

T T T
q [ <
[3\) [se] ©
o
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[a]
Sampling day
Unknown diversity of soil euglyphid testate
10 4 control b | amoebae

after removing rare OTUs, we still found 51 OTUs, 45 of
which did not match any sequence in the database. The
V9 region does not allow discrimination between close-
related species, and it is unclear to how many morpholog-
ically and genetically di erent taxa these 51 OTUs cor-
respond. Regardless of the short length of the barcode,
these results reveal the existence of a very high overall di-
. . . I I — Versity of euglyphids in forest soils. This technique ygeld
large amounts of data from small sample volumes, re-
6 quires much less taxonomic expertise than classical mor-
phological analyses and does not depend on the existence
of a reliable taxonomy (which is often lacking for protists)
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Perspectives and potential future applica-

Figure 1.5: Temporal pattern of number of sequences (log+1 trans- tion

formed) over time in control, fake pig and pig cadaver plots in a

Fagus-Quercus forest above Neuchétel, Switzerland for euglyphid . . .

testate amoeba OTUs eugly 13 (a) and eugly 666 (b). Full lin es Focusing our StUdy 0on a speci ¢ taxonomic group allowed

represent the number of sequence in each block. The dashedniéss US to de ne OTUs at high resolution, using a thresh-
represent the average sequence number in a sample indepemtly  old adapted to already barcoded morphospecies. This
of the treatment, block or sampling. approach allowed us to use metabarcoding at a taxo-

nomic resolution close to morphological analysis much

more than what is generally achieved in studies using gen-
which most likely underestimated diversity. Indeed, asrg| eukaryotic marker. Indeed in most studies, more se-
OTUs eugly_13 and eugly_666 did not belong to anyqyences are pooled into OTUs, each of which corresponds
known euglyphid family (Figure 1.4), their morphologyg proader taxonomic units than what we achieved in this
may di er signi cantly from known forms, they may be syydy. The approach we used to study the response of
very small and thus overlooked or lost in classical saryglyphid testate amoebae to the impact of decomposing
ple preparation protocols using 10 20-um lIters and/or cagavers can also be used to study the responses of any
they may represent naked forms (i.e. without test), agther group of soil eukaryotes. It is indeed very likely that
documented in foraminiferans (Pawlowski et al., 1999). many other taxonomic groups will also show comparable

The RDA and PRC both showed that euglyphid comresponses to those documented here for euglyphids. Our

munities had not completely recovered from the in ustudy shows that some of this unknown diversity could
ence of cadavers by the end of the experiment (i.be of potential use for applied purposes such as forensic
D1051). This pattern is in line with the observations okcience. If such patterns can be explored in details, we
Szelecz et al. (2014) who did not observe a full recovebgelieve that it will be possible to develop accurate and
by D309 (end of their experiment). This long resilienceeliable new molecular bioindicator tools for PMI estima-
time suggests that euglyphid communities (and probablyons and other applications.
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2.1 Introduction in marine systems (de Vargas et al., 2015). The photo-
synthetic partner is often preadapted to form symbioses
and will be found within larger eukaryotes, which often

Latest technological developments like high throughcannot live without them (Gomaa et al., 2014; Anderson,

put sequencing (HTS) are currently revealing an im2014). Parasitism is extremely widespread in the environ-

mense genetic diversity of microbial eukaryotes in th@ent (Geisen et al., 2015a; Mahé et al., 2017), and most
environment (Mahée et al., 2017; Pawlowski et al., 2011sften implies specialized partners. These broad functlona
de Vargas et al., 2015). These organisms, tagged preategories can also be cumulated, the most frequent and
tists, algae and fungi, are fUnCtiona”y diverse and MaYocumented examp|e being mixotrophy' where an organ-
act as primary producers, saprotrophs, symbionts (Mism combines heterotrophy and phototrophy. This strat-
tualists and parasites) or predators. These broad funq,;gy has been shown to be particularly e cient in olig-
tions group many subcategories; e.g. some predators agophic environments like oceans (Unrein et al., 2014) or
highly specialised on certain preys (Hess and Melkonigseaty lakes (Lara et al., 2015). Therefore, in line with its

2013) while others are more generalist (Johnke et alimmense genetic diversity, functional diversity in micro-

2014). Mutualistic symbiosis, often implying a phosja| eukaryotes ful Is an immense part of the roles micro-

totrophic and a heterotrophic partner, is very common

19
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organisms can have in an ecosystem. the weak points of interactions networks are to under-
In natural systems, these organisms interacitand the resistance of these microbial communities to

very intensively with each other.  These interacEnvironmental changes.

tions constitute complex networks called interactomes In a peatbog, several micro-habitats can be eas-
(Lima-Mendez et al., 2015), which can be measured witly characterised based on topology and also on as-
a series of metrics which evaluate their structure ansociated plant communities. These micro-habitats
robustness (Karimi et al., 2017). In environmental miare characterized by dierent values of water table
crobiology, these networks are computed on complalepth and hydrochemistry (pH, amounts of mineral
communities as provided by environmental DNA surveysutrient and water table depth) (Batzer and Baldwin,
mostly generated by HTS (Barberan et al., 2012). There2012; Rydin and Jeglum, 2013; Hajek et al., 2006;
each co-occurrence between two OTUs is used as a praitbert and Mitchell, 2006). They can be classied in
for interaction. The exact nature of the interaction be-function of gradients; for instance the dryness gradient
tween the organisms is in most cases unknown; thus, rdnges micro-habitats from hummocks (i.e. small mounds
is good practice to follow the few known interactions taca. 30cm above the average water table) to pools. Addi-
validate the others (Lima-Mendez et al., 2015). tionally, peat bogs are notably deprived of nutrients like

Patterns of diversity (including species richness and ditrogen (Lamers et al., 2000), especially in areas far from
versity indices) together with co-occurrence network anafhe water table like hummocks (Singer et al., 2016). Peat
ysis can reveal ecological thresholds along environmdlfgs forests however are an exception to the rule as the
tal gradients and tipping points beyond which perturbalf€€s provide nutrients from their litter regardless of a
tions such as pollution (Karimi et al., 2016; Payne et allow water table because of the trees evapotranspiration
2013), climate change (Delarue et al., 2015), or land-usdragazza et al., 2007).

(Lentendu et al., 2014) can cause shifts in the function- In this study, we aimed at characterizing both the
ing of ecosystems. While the function of most prokarymicro-eukaryotic diversity and interactome through di-er
otic OTUs encountered in the environment is still unent micro-habitats withinSphagnumpeatlands, in order
known, much more can be told about eukaryotes. Funde infer keystone organisms. Microbial communities were
tional assignation to eukaryotic environmental sequenceassessed using high throughput environmental amplicons
although not always straightforward, can be inferred asequencing (lllumina, V9 SSU rRNA) and the Operational
least to a certain extent. Indeed, entire groups can be Id@axonomic Units (OTUs) were identi ed taxonomically
belled as primary producers, like diatoms and chlorophytasd functionally. We hypothesized that the most restric-
for instance. Within ciliates, entire clades can be labélletive micro-habitats (here: hummocks) should be less di-
as rst order (like Scuticociliatia) or second order predaverse than other more nutrient-rich and wet microsites.
tors (Haptoria and Suctoria) (Lara and Acosta-MercadoQ©n the other hand, we assume that the number of inter-
2012). Other groups are entirely mixotrophic like Synuactions increase with harshness of the environment, in line
rales (Stramenopiles). Based on these functional assigith observations on numerous symbiotic associations in
nations, it is possible to interpret co-occurrence netwsrknutrient-deprived environments (Lara and Gomaa, 2017).
beyond usual metrics, in order to evaluate which orgamnd, nally, as nutrients are de cient in peatlands, bacte-
isms are keystone in an ecosystem and why. ria and yeasts should be limiting, and therefore, systems

In this work, we surveyed the diversity of microshould be bottom-up regulated, which implies that rst
eukaryotic communities associated to the di erent microorder predators (i.e. small bacterivorous and mixotrophic
habitats of Sphagnumdominated peatlands, and followedProtists) should be the keystone species in such environ-
the structure of their interaction networks in order to un-ments.
derstand their structure and characterize which organisms
are essential elements for the maintenance of the whole
ecosystems. In other terms, which organisms are keystoge?2 ~ Materials and methods
species, i.e. their removal would disrupt the network with
probably dramatic consequences on the ecosystem a
whole.

Sphagnurrdominated peatlands are of global signi -Sphagnumspp. samples were taken from v@phagnum
cance as they are responsible for one third of the who®minated peatlands (Le Cachot, Frasne, Praz-Rodet,
amount of C sequestered in soils at the global levgtang de la Gruére and Ponts-de-Martel) in the Jura
(Gorham, 1991; Clymo and Hayward, 2012). This funcmountains in Switzerland and France. The sites were
tion may be threatened by the on-going global warmocated at similar elevation (900-1000m a.s.l.) and have
ing. Indeed, under a global change scenario, peatlangfe same geomorphological settings. Sampling was con-
tend to become a C-source which emits more greefucted over a 4-days period in summer (24-28.06.2013).
house gases than it may stock C. This phenomenon |i$ each site, four contrasting micro-habitats were sam-
principally caused by an increase of microbial respiratigfled: hummock, lawn, pool and forest (Singer et al.,
(Dieleman et al., 2015; Gorham, 1991) and the loss @f016). These four micro-habitats were chosen because
mixotrophic organisms which are responsible for signithey capture the main environmental gradients $phag-
cant amounts of C mineralization (Jassey et al., 2015hum peatlands (Rydin and Jeglum, 2013). In order to as-
Hence, it is of utmost importance to understand whergess the intra-peatland variability ve samples per micro-

%a . . .
ampling and environmental variables
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habitats were taken in le Cachot bog while two replicateBlumerical analysis
per micro-habitat were taken in the four other sites. At
each sampling site, we collected ca. 2g of fr&ghagnum Community matrix preparation
in sterile conditions and samples were kept in DNA preser- ] ) ) _ )
vation bu er (Lifeguard, MoBio Carlsbad CA, USA). Every OTU assigned with a percentage of identity (pid)
. below 80% were regarded as undetermined, following the
The water table depth (WTd) was measured durin ;

S . ethod proposed in de Vargas et al. (2015). We also re-

the sampling in a 2cm diameter auger hole after ca. 3

) . ) moved sequences a liated to Embryophyceae and Meta-
minutes to allow the water level to stabilise (Singer et al. ; ) .
: 70a or to prokaryotes (pid < 65; threshold determined
2016). Total carbon (%) and nitrogen (%) were mea- o ) :
anually by aligning low pid environmental sequences

sured by combustion infrared spectroscopy (CHNEA110 50-80%) to the GenBank database witblast algo-

Elemental analyser, Carlo Erba Instrument) and yl .

. rithm). The number of sequences per sample was then
was measured according to the method proposed fbrmalised to 10'000 using the functiomarefy (vegan
Carter and Gregorich (2007). 9 9

package; Oksanen et al., 2013).

. Diversity analysis
Molecular analysis v y

We rst determined whether community composition was
The environmental DNA was extracted from ea8iphag- more in uenced by the micro-environment or by the peat-
num sample with the MoBio PowerSoil DNA Isolation Kitjand.  For this purpose, we performed a non-metric
(Carlsbad, CA, USA) following the manufacturer instrucmyltidimensional scaling analysis (NMDS) on all micro-
tions. The V9 region of the rDNA SSU was then ampgpitats. The e ect of the environmental variables (C, N,
pli ed using the general eukaryotic primers 1380f/1510pH, WTd), peatland and micro-habitat were then tested
(CCCTGCCHTTTGTACACBTTCYGCAGGTTCALEETAGH the NMDS ordination using a permutation test (10'000
cording to (Amaral-Zettler et al., 2009). The PCR reaCpermutations, functionenvfit packagevegan v. 2.0-
tions were run with a PTC-200 Peltier Thermo Cycleng: Oksanen et al., 2013). Supplementary NMDSs were
(BioConcept, Allswill, Switzerland) with 3 uL of environ-cgjcylated for each pair of micro-habitats in order to as-
mental DNA, 6 uL of 10x PCR buer, 0.6 pL of eachsess which communities di er from each other. Then,
primer, 0.6 pL of each dNTP 400 uM (Promega) andye calculated common metrics used to characterize di-
0.2 pL of 0.05 U/uL Go Taq (Promega) in a volumeyersity, i.e. species richness (R) and Shannon index of
adjusted to 30 pL. The PCR reactions were conductegiversity (H) for each sample. These calculations were
following a denaturation at 94 C for 3 min, followed performed with the functiondiversity , in the package
by 40 cycles at 94C for 30 sec, 57 C for 60 sec and yeganv. 2.0-10 (Oksanen et al., 2013). Based on these
72 C for 90 sec, and a nal extension at 72C for metrics, we characterized the diversity of the di erent
10 min (Amaral-Zettler et al., 2009). The ampli cation micro-habitats, and determined which ones were signif-
products were then puri ed through a QIAquick PCR PUjcantly di erent from each other, respectively. For this
ri cation Kit (Qiagen, Hilden, Germany). Amplicons wereprpose, we performed a multiple comparisons rank sums
sequenced paired-end using lllumina HiSeq HTS techngist (Nemenyi test; Hollander and Wolfe, 1999) using
ogy (Fasteris, Geneva, Switzerland). the function posthoc.kruskal.nemenyi.test  in the R
packagePMCMR 4.1; Pohlert, 2014). In order to avoid
the noise caused by rare OTUs, we only kept the ones
Bioinformatic analysis present in more than 10% of the 51 samples for analy-
sis (in this case, in 6 samples or more) (Schia no et al.,

The environmental sequences were merged with the prd016).

gram flash (Magoc and Salzberg, 2011). Sample tags

and primers were then trimmed and sequences were q€g-gccurrence network

multiplexed using a custom script (available on request).

Low quality sequences were removed from the analy&ier network analyses we considered only OTUs that
if the average of the probabilities of miss identi cationwere present in at least half of the samples of each
(based on the phred score) on a window of 50 nucleotidesicro-habitat, respectively. In order to estimate the
was higher than 0.01. Chimeras were removed from eachriability of the microbial networks and to compare
sample by, using thessearch program (Rognes et al., the networks structure between micro-habitats, we boot-
2016). In order to avoid artefacts, we retained only sestrapped six replicates of network using randomly 10
guences occurring at least three times in at least twiom the 13 (12 for the lawns) samples. A correlation
samples according to the method used in de Vargas et ahatrix was then computed Hmisc package v. 4.0-2;
(2015). We then clustered sequences into OTUs witklarrell Jr and Dupont, 2016) to identify non-random co-
the programswarmv. 1.2.5 (Mahé et al., 2014). OTUs occurrences between pairs of OTUs for each micro-habitat
were nally taxonomically assigned by aligning the domier bootstrap replicate. In order to test each correlation
nant sequence of each OTU to the trimmed PBatabase between OTU pairs, p-values were corrected and adjusted
(Guillou et al., 2013) using theggsearch36 program by the False Discovery Rate method for multiple compar-
(fasta package; Pearson, 2000). isons (Benjamini and Hochberg, 1995). The signi cant
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co-occurrences were selected for adjusted p-value be
the 0.05 threshold and were recorded in an adjacen
matrix. Correlations values and directions (i.e. pos
tive or negative) were used to estimate the interactio
weights. Non-signi cant correlations were interpreted & —
absence of links between OTUs and were replaced
0 in the adjacency matrix. Co-occurrence network wi
inferred using this adjacency matrix and structure ne
work indices were computed. For each bootstrap sal
ple, we assessed the connectance (packagnet v. -
2016.9; Handcock et al., 2016), the betweenness centr
ity for each OTU and the number of rst degree posi
tive links (packagdgraph v. 1.0.1; Csardi and Nepusz
2006). Betweenness centralities and number of rst de
gree links were summed according to each functior ]
group in order to assess which one maintains more lin

The taxonomy of each OTU involved in the network I I I

was individually veried by aligning the sequence c

the GenBank database. The eect of micro-habitat:

and functional groups on the connectance was test

by Nemenyi test (Hollander and Wolfe, 1999) (functionsigyre 2.1:  Non-metric multidimentional scaling (NMDS) ca lcu-
posthoc.kruskal.nemenyi.test , package PMCMR. lated on eukaryotic OTU communities from Sphagnum taken from
4.1; Pohlert, 2014)_ All statistical analyses were Corfgur micro-habitats (forests: ‘rounds, hummock_s: squares, lawns:
ducted with the R language v. 310 (R_Core_Team,Jamcnds, poos: randles) n ve pest bogs i Swizetand o
2014). the communities.

2.3 Results and discussion

Overall diversity Table 2.1: P-values obtained from the permutation tests (10000
permutations) calculated on the NMDSs. The left part shows the

We obtained a total of 4'625 OTUs mostly rare Or_signi cance of the two factors (peat bog and micro-habitats) and
! four variables (N, C, pH, WTd) on the micro-eukaryotic commu -

ganisms, from_ Whi_Ch we kept 1321 OTUS_ Tor thenities from Sphagnum taken from four micro-habitats in ve peat
analyses on diversity. From these, communitieS web8gs in Switzerland and France. The right part shows the sigi-
dominated by Fungi, mostly Ascomycota (29% of secance of the di erence between each pair of community accordng
quences: 151 OTUS), Mucoromycota (14% or Set_o the micro-habitats (forest: F, hummocks: H, lawn: L, pools: P).

guences: 17 OTUs) and Basidiomycota (10% of se-

guences: 115 OTUs). Chytridiomycota, Cryptomy- Variables | p-value | F H L
cota and Glomeromycota were also abundant, espe€seat hog 0.9 H | <0.001

cially in pools (Figure S2.1). Stramenopiles, the secmicro-habitat | < 0.01 L |<0001 >05

ond most abundant group in all micro-habitats, wereN <0.01 P | <0001 <0001 <0.001
represented by the phagotrophic/mixotrophic Chryso—C 8'2

phyceae/Synurophyceae (6% of sequences: 184 OTUsSjytg <01

and the often parasitic Oomycota (6% of sequences: 18
OTU). These two taxonomic groups had already been
identi ed as common peatland inhabitants (Singer et al.,

2016; Lara et al., 2010). In addition, four other supershare similar ordination space on the NMDS (Figure 2.1,
groups were found in all the four micro-habitats, namelgy 3)  The permutation test realised on tted factorial
Alveolata, Chlorophyta, Cercozoa and Cryptophyta. Th@ariables onto the NMDS also showed that communities
percentage of OTUs related to Fungi (excepted Chytridgj ered signi cantly among micro-habitats (P < 0.001)
iomycota and the insect parasites Entomophthtromypt not among peatlands (P > 0.05). N (P < 0.01) and
cota) decreases with WTd. In contrast, photosyntheyTq (marginally; P < 0.1) were also signi cantly corre-
sising organisms (Dinophyceae, Chlorophyceae, Crypigted to community composition. R (richness) was high-
phyceae and phototrophic Chrysophyceae) follow the oBst in forests and decreased sequentially to pools, lawns
posite trend. Forests stand out as an exception, possibdnd was lowest in hummocks (Figure 2.2). Grossly the
due to the higher amount of nutrients brought by pinesame pattern could be observed for Shannon diversity
leaves (Rydin and Jeglum, 2013). where forests and pools harbour higher values then lawns

OTU communities dier signicantly between and hummocks. As predicted, richness was lowest in the
all micro-habitats, with the exception of sam-most constrained environment (hummocks) because of
ples coming from hummocks and lawns whiclack of nutrients and free water (Figure S2.2).
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links should be highly resistant to secondary species loss
% — after random species extinction, even if diversity is low
\ , (Dunne et al., 2002). This would suggest that hummocks
N E _ E would be the most resistant micro-habitat studied here,
T < . _ ! i despite a lower diversity. In addition, a high connectance
< ! ! +O is also thought to be linked to a higher resilience of a
o5 community to perturbations (Tylianakis et al., 2010). As
| example, a community of generalist may be thought as
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| | | | which can be associated to a higher connectivity (May,
1972).
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Figure 2.2: Ecological diversity metrics (OTU richness: A,Shannon ;
index: B) calculated on eukaryotic OTU communities from Sphag- KeyStone Species

num taken from four micro-habitats (forests: F, hummocks: H, . .
lawns: L, pools: P) in ve peat bogs in Switzerland and France 1he OTUs characterized by highest betweenness cen-

The letters above the boxplots indicate the signi cantly di erentdis-  trality values can be considered as keystone species in
tributions accprding to a multiple comparisons of mean rank sums g environment (Karimi et al., 2017). The most central
test (Nemenyi test) to the threshold of 0.05. OTUs which presented the highest numbers of links (key-
stone OTUs) were, respectively, a mixotrophic chryso-
Co-occurrence network phyte related toChromulinasp. (lawns), a small Cerco-
zoan (hummocks) and another mixotrophic chrysophyte
The co-occurrence networks were calculated on 597, 36forests) (Figure S2.4). Beyond these examples, most
419 and 559 OTUs appearing in at least half of théeystone OTUs represented organisms that could be clas
samples of forests, hummocks, lawns and pools respeted either as rst order predators feeding on bacte-
tively. Connectance was signi cantly higher in humsia, or on small mixotrophs equally preying on bacte-
mocks than in pools and shows intermediate values i. Saprotrophs like Fungi developed also many links
the two other micro-habitats (Figure 2.3). Accord-although to a lesser extent. Parasites, phototrophs and
ingly, we observed a higher number of rst degree linksecond order predators were clearly less keystone as they
in hummocks (409) than in forests (110) and lawndad fewer links and were less central. This can be il-
(131), and very few links in pools (6) (Figure 2.4Justrated when the betweenness centrality is summed ac-
S2.4, S2.5). Models show that a system charactecording to the functional groups in each micro-habitat
ized by higher connectance and number of rst degre@igure 2.5). Indeed, rst order predators, mixotrophs
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Figure 2.4: Number of positive links between each pair of futional groups from co-occurrence networks of OTUs retrieved from four
micro-habitats in peat bogs of the Jura mountains. The size d the points represent the number of sequences found in the naro-habitat for
each functional group. The shade of each line represents theumber of links between two functional groups for a speci ¢ micro-habitat.

and saprotrophs always dominate. These results suggg@sbbably cannot easily obtain N in a pristine peatland,
that the stability of the communities is guaranteed by bacwhereas mixotrophic feeding may be much more advan-
terivorous protists plus some fungi, which in turn pointsageous.

towards a bottom-up control of foodwebs. This appears

logical since bioavailable nutrients are the limiting fac;

tor in peatlands, which maintain thus relatively low num-NUdeomorph presence

bers of bacteria compared with more productive SYSteMs |ink between two OTUS (X176 and X324) in pools
(Elser et al., 1995). Strictly phototrophic organisms, exéssigned respectively to &ryptomonas sp. and a '

tremely common in highly productive systems such as e fyptophyte nucleomorph attracted our attention (Fig-

trophic freshwater plankton (Falkowski and Raven, 201 fe S2.4)(Richards et al., 2005). Indeed, the two OTUs
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Figure 2.5: Proportion of shortest path between two OTUs (betweenness centralities: BC) calculated on co-occurrence etwork built
from OTU communities retrieved from three micro-habitats ( forests: A, hummocks: B, lawns: C) in peat bogs of the Jura mouwntains.
The BC were calculated for each OTUs and summed according to he functional group for each micro-habitat. For each micro-habitat,
the BC were plotted against the proportion of each functional group.

possibly came from the same organisms, which would exat nature, from symbiosis to simple facilitation. Highly
plained their co-occurrence in the micro-habitat. Despiteonnected networks become then resistant to secondary
the obvious biological reason to see these two OTUs cepecies loss (Dunne et al., 2002). If communities are in-
occur, no link respected the signi cance threshold for theeed bottom-up regulated, keystone eukaryotes depend
three other micro-habitats despite a signi cant correladirectly on nutrients directly (like Fungi) or indirectlylike
tion in each case (Pearson coe cient P < 0.05) (Figurebacterivorous protists). These results suggest that an ad-
S2.6). This raises the question whether the signi cancdition of nutrients like N or P would reduce the number of
threshold to assess a link between two OTUs might not biateractions, and hence the resistance of the system. Nu-
too stringent and produces a high rate of false negativerients (or the lack of them) are, therefore, the Achille's
heel of peatland ecosystems, and airborne N deposition

. may well be Paris' arrow.
General conclusions

Our results show negative relationship between diversi

(highest in more productive environments) and networkikanOWIedgementS

complexity. Such results are possible only if many organ-

isms do not interact in nutrient rich environments, butThis study was partly funded by Swiss National Science
create links in poor habitats. These links can be of di erFoundation projects no. 310003A 143960 to EL.
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Figure S2.2: Environmental variables (total nitrogen peraentage: A, total carbon percentage: B, pH: C, and water table depth: D)
retrieved from four micro-habitats (forests: F, hummocks: H, lawns: L, pools:P) in peat bogs of the Jura mountains. The letters above
the boxplots indicate the signi cantly di erent distribut ions according to a multiple comparisons of mean rank sums tst (Nemenyi test)
to the threshold of 0.05.



Figure S2.3: Non-metric multidimentional scaling (NMDSs) calculated on eukaryotic OTU communities from Sphagnum sp. taken from four micro-habitats (forests: rounds, hummocks: squares, lawns:
diamonds, pools: triangles) in ve peat bogs in Switzerland and France. Each sub- gure represents a pair of micro-habiats which are labelled on the top of each graphic (forests: Fhummocks: H, lawns: L,
pools: P). The signi cance of the habitat e ect on community is also shown on the top of each graphic. The peat bog e ect on he communities is not signi cant for any pairs of micro-habitat.
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Figure S2.6: Abundances of two OTUs assigned to a Cryptophyeae (X176) and probably its nucleomorph (X324). In each mico-habitat
the two OTUs correlate signi cantly (Pearson P < 0.05).
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3.1 Introduction 2014; Zaric et al., 2006; Fraile et al., 2008). The devel-
opment of such tools would be of primary importance to
predict a zone at risk of pathogenic micro-eukaryotes in-

Protists are acknowledged as a hyper-diverse group fektion or biodiversity hotspots.

organisms in SO'IS_ (Mahe_e_t al., 2017) and known_ 0 We aimed to model protist diversity, in general as well
respond to edaphic conditions such as pH, nutrienfg gneccally for nine broad taxa chosen within three
and moisture gradients as well as pesticides and othgf, ional groups, in an elevation gradients in the Swiss
perturbations (Foissner, 1997). These organisms ful|\esiem Alps. Protist communities were assessed from

many essential roles in this ecosystem as primary prosg o aadow soil samples by metabarcoding of the V4
ducers, saprotrophs, predators, or symbionts (both mLFegions of the small sub-unit rRNA. This study aimed

twalist and parasite) (Adl and Gupta, 2006). Interac+,"5ssess the extent of protist diversity in mountainous

tions range from specialized, for instance between pargseaqows and determine to what extent two sets of en-
;'t'c Apicomplexa and tr;_elr(;ammai‘ hOStrS] (Votypka etl a(;'vironmental variables (edaphic and topo-climatic) could
017), to more generalized, as for Phytomyxea cla %§<plain and predict this diversity. Based on this, we ex-

which can infect hosts from di erent eukaryotic kingdomtrapolated this diversity over the Swiss western Alps.
(Neuhauser et al., 2014). Predatory protists occupy dif-

ferent levels of the microbial food web, as primary con-

sumers of algae (cyanobacteria or eukaryotic), fungi an§ 2  Materials and methods
bacteria (Bonkowski and Clarholm, 2012; Dumack et al.,

2016b; Hess and Melkonian, 2014), to higher levels like .

other phagotrophic protists or even micro-Metazoa (e.go2Mpling

nematodes) (Ge_lsen et al._, 2015b; Gilbert et al., 2Oo%'/leadow soils were sampled from 178 plots distributed
The role of protists as primary producers (e.g. Bacil-

lariophyta, Chlorophyceae) is well recognised in aquaiacross the Swiss western Alps. Sampling was performed

c h t ; )
ecosystems where they are the main contributors to ph r_orr: ‘;l;lx]zﬁinto sStrezft?aen;bsrrm %hioiﬁitig?rd?r?etos:n:aﬂas
tosyhthesis and carbon sequestration (Falkowski, 2009o ping ) P

Nelson et al., 1995). However photosynthetic protistgbgsgsigﬁe:ﬂ?thveefss;l c((:)or;eesrs(incdnlhdelacﬁﬁzreerso:( asgch
also play essential roles in terrestrial ecosystems as g ep

sential components of cryptogamic crusts (e.g. TreP ot. The ve cores, were then_pooled ina sterilg plastic

bouxiophyceae) (Elbert et al., 2012; Pushkareva et aIIE),a.g and kept in an icebox untll the DNA extraction and

2016) and a still poorly documented, but probably Sig§0|I analyses. For more details, see Yashiro et al. (2016).

ni cant source of organic carbon for soil organisms

(Schmidt et al., 2016; Seppey et al., 2017). This diverEdaphic variables

sity has never been as close to be fully revealed than

with high-throughput sequencing (de Vargas et al., 2013/Ve selected eight edaphic variables that were measured

Mahé et al., 2017). These data give a valuable proxgirectly in the eld or on the soil samples. Soil temper-

about microbial communities and their functions, and caature was measured on the eld. The relative humidity

be used to calculate ecological metrics that allow to con{rh) was assessed by weighing the mass of the soil sample

pare microbes to other better-known groups of organismbefore and after drying at 105C during 2 days. Carbon
The eect edaphic characteristics (e.g. pH, tex-organic matter was determined by loss on ignition (LOI)

ture, humidity) have on protist taxonomic and functionaf@t 1050 C. The percentage of shale was determined by

diversities is largely recognized (Dupont et al., 2016{;1ser granulometry. The pH and electro-conductivity (EC)

Mills and Adl, 2006; Foissner, 1999b). If these variabld¥ere measured from a soil and Milli-Q water slurry in

give essential information on the conditions and mecf 1:2-5 and 1:5 (wt/vol) ratio respectively. Total phos-
anisms shaping the protists communities, they are diphorus amount was determined by colorimetric analysis

cult to integrate in spatial modelling at broad scalesfter @ mineralisation at 550 C with Mg(NGs),. C/N

in order to predict the diversity, or any other metricsr"_itio was calculated with the total organic carbon and_
calculated from the community matrix. For a spatialit’o9en percentages measured by ROCK EVAL pyrolysis

prediction of the diversity, all environmental parametergv'n(f' Tgchnologles, Ruell-Malmaison, France) and com-
used to predict the ecological metric are needed on egystlon-mfrared spectroscopy (Carlo Erba CNS2500 CHN)
ery point of the map, what is hardly feasible if the meal€SPectively.

surements need to be taken directly in the soil. On

the other hand, topo-climatic variables like slope steepFopo-climatic variables

ness or air temperature can be easily measured on large

scale areas using remote sensing methods like sateébr each sample location, seven topo-climatic variables
lite data. These last variables already did their proofaere retrieved from maps of 25 square meter resolu-
in spatial modelling of macro-organisms, mostly plantson. We used the growing degree day (gdd: thresh-
(Guisan and Zimmermann, 2000). However, much lesdd 0 C), potential evapotranspiration (etp), topography
examples of spatial modelling of micro-organisms afepo), slope southness (asp) and slope steepness (slp)
found, and when found it is mostly in aquatic environ{Zimmermann and Kienast, 1999; Zimmermann et al.,
ments (Mitchell et al., 2000; Langer et al., 2013; Bulit,2007). In addition, we also calculated the summer
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average temperature (tmean678) and precipitation surfthreshold veri ed manually by aligning low PID environ-
(psum678) for the months of June to August with val-mental sequences on GenBank database). From the 178
ues of monthly temperature means and precipitation sunpots, 4 were sampled twice and 13 were sampled three
from 1981 to 2010. times during the sampling period. For each of these 17
plots we took the average (2 samples) or median (3 sam-
ples) sequence abundance of each OTU for the samples
coming from the same plot. In addition of the total com-
unity matrix, we selected nine broad taxonomic reso-
tion taxa in three functional groups (parasites: Api-
complexa, Oomycota, Phytomyxea; phagotroph: Sar-
omonadea, Tubulinea, Spirotrichea; phototroph: Chloro-

Molecular analysis

DNA was extracted from the soil samples using thfg]
MoBio PowerSoil DNA extraction kit (Calsbad, CA,u
USA) following the manufacturer instructions. The V4c
fragments were then amplied using the general eu: . o
karyotic primers TAReuk454FWD1 and TAReukREthyceae’ Trebouxiophyceae, Bacillariophyta). For each

(CCAGCASCYGCGGTAATTCTYRATCAAGAACGAAA .fhe taxonomic groups, we established a PID thresh-
Stoeck et al., 2010). Both primers were tagged witﬁ)d veri ed manually on GenBank to discarded potential

: ; : isidenti cation (Apicomplexa: 80%, Oomycota: 80%,
ht leotides f t to allow th t X
an elgnt nucieotiges fragment 1o alow e sorting Ogg_ytomyxea: 75%, Sarcomonadea: 80%, Tubulinea:

sequences according to the samples. PCR mix were cQJl o
: : Y%, Spirotrichea: 90%, Chlorophyceae: 90%, Treboux-
stituted of 3 pL of 10 x diluted DNA extract, 0.4 pL . L
H - iophyceae: 85%, Bacillariophyta: 77%).

of BSA, 4 pL of PCR bu er (Promega GoTaq M7845),
0.2 pL of Taqg polymerase (Promega GoTaq M7845),

0.6 pL of dNTPs (Promega kit U1420), 0.6 pL of each )

primer (MicroSynth, Balgach, Switzerland), and 10.6 plNumerical analyses
of ultra-pure water. The PCR reactions started with a

denaturation step at 95 C for 5 min followed by 45 cyclesV€ rstly discarded certain variables (gdd, etp, psum) to
of 94 Cfor30's, 47 C for 45 s and 72C for 1 min, and keep the correlation between two predictors below 0.7 to

avoid collinearity issues (Zimmermann et al., 2007) (Fig-

For each DNA sample, the ampli cations were performel"® S3.2). For each of the ten communities (total com-
in triplicates with a PTC-200 Peltier Thermo Cycler (Bio-MUNity plus nine broad taxa), OTU richness and Shannon

Concept, Allswill, Switzerland). DNA was then quanti egdiversity (H) were measured, and the di erences between

to 20 ng for each replicate before to be pooled accordir{Be distributions tested by a_multiple comparisons of mean
to the replicate. A DNA library was prepared for therank sums test (Nemenyi test;_ Hollander and Wolfe,
three replicate pools using the TruSeq Nano PCR-frek?99, posthoc.kruska!.nemenyl.test function,

Library Preparation kit and the sequencing made with ah MCMBackage v. 4.1 Pohlert, 2014). For each of

llumina MiSeq by the University of Geneva (Moleculdf® t€n communities, H was modelled in function of the
Systematics & Environmental Genomics Laboratory). uncorrelated variables using Generalized Additive Model
(GAM). Variation partitioning and predictive power were

calculated on 100 bootstraps composed of 80% of the
Bioinformatics pipeline 178 samples. The adjusted’Rvas used to estimate the

variance explained and was calculated on three models;
Good quality sequences were then selected on the bagfe for each set of variables (topo-climatic and edaphic)
of their nucleotides phred scores. Every sequence withhaq a third on the overall variables. Variance explained
phred score average below 20 for a 50 nucleotides windgy each set of variables was calculated as the di erence
was discarded. The chimeras were then removed usipgtween the variance explained by the overall model and
the programvsearch v. 1.11.1, (Rognes et al., 2016)the variance explained by the other set of variables. For
by comparing the environmental sequences 1) with ea@ich H and each set of variables, the predictive power
other for each replicate and 2) against the PRatabase as estimated as the Root Mean Square Error (RMSE)
timmed according the V4 primers (downloaded the 18 the samples not included to build the model (20% of
September 2016; Guillou et al., 2013). To reduce thghe samples). The e ect of taxa and predictor nature on
noise caused by very rare sequences, we then remoyesl RMSE was tested by a Nemenyi test. Finally, the
every singleton. Replicates were then pooled accordifgersities of the nine broad taxa and total community
to their respective samples and OTUs were built withyere extrapolated on the full area of the Swiss western

the programswarmyv. 2.1.8 (Mahé et al., 2015). The a|ps with a GAM using the topo-climatic variables.
dominant sequence of each OTU was then taxonomically

assigned by aligning it to the trimmed PRlatabase us-
ing the global pairwise alignment prograggsearch v.
36.3.6 (Pearson, 2000). 3.3 Results

We then removed every OTU not assigned to pro-
tists, namely Metazoan, Embryophyceae and Fungi. WBiversity
also discarded OTUs with an obvious misidenti cation
(Syndiniales, Phaeophyceae, Radiolaria, Rhodophyta aki¢e retrieved a total of 24'322'487 good quality sequences
Opalinata) or a percentage of identity (PID) with the of which 97% were not chimaeric and 71% were not sin-
database below 65% as they were putative prokaryotgdetons. The 17'234'091 remaining sequences were

terminated with an elongation step of 72C for 10 min.
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Table 3.1: Number of sequences and OTUs through each step of Trebouxiophyceae) (Figure S3.1).

the analysis for the total community and for the nine broad taxa. . .. .
The numbers between parenthesis represent the percentagefdhe The nine chosen taxa jointly contributed to over half

total community. (54%) of all retained sequences and represented over 35%
of the total OTU richness (Table 3.1). The average rich-
| nb of sequences  nb of OTUs ness per sample of these clades varies from 7 (Phyto-
quality check 24'322'487 myxea) to 249 (Sarcomonadea). Richness (100 boot-
gmg“lgtrgnrfg:g;’j;l i?,gig;? straps of the samples) was lowest for phototrophs and
clustering 17'110'114 41'048 highest for phagotrophs (Figure 3.1). Shannon diversity
unwanted taxa removal 3230736 18287 indices followed the same trend, varying from an average
samples pooling 2'692'209 17969 value of 1.1 (Phytomyxea) to 4.3 (Sarcomonadea).
Apicomplexa 507'504 (13) 1'560 (6)
Oomycota 150'500 (5) 372 )
Phytomyxea 19631 (<1) 128 (<1) Explicative models
Sarcomonadea 486'693 (18) 3520 (18)
Tubulinea 208'943 (5) 1591 5) "
Spirotrichea 130016 5) 377 @ The perggntage of. variance of the tqtal and broad.taxa
Chlorophyceae 130'550 (5) 249 1) communities explained by the 12 environmental variables
Trebouxiophyceae 27542 (<1) 180 (<1) ranged from 6% (Oomycota) to 36% (Chlorophyceae)
Bacillariophyceae 19135 (<1) 800 () (Table 3.2). The environmental variables signi cantly (P

< 0.05) correlated to protist diversity in the model with

clustered into 41'048 OTUs of which 18'287 were assigndf€ tWo sets of variables were: slope steepness (5 taxa),
to protists and 17'696 remained after pooling the samplgdH (4 taxa), mean summer temperature (3 taxa), loss on
(Table 3.1). The protists community was dominated (prodgnition (2 taxa), shale percentage (1 taxon) and elec-
portion of sequences) by Cercozoa, (principally Sarcomofiic conductivity (1 taxon) (Table 3.2). None of the two
adea and Theco losea), and Alveolata of which more thag€ts of variables seemed to explain the diversity of pro-
half were assigned to Apicomplexa (dominated by 94% §gts more signi cantly. The two sets of variables seemed
Gregarine sequences) and ca. 40% to Ciliophora (mosif§ explain the diversity of phototrophic protists best and
from classes Spirotrichea, Oligohymenophorea, Litostarasites least.

matea and Colpodea) (Figure S3.1). The three other The variation partitioning showed that, in gen-
dominant groups were the Stramenopiles (i.e. includingral, topo-climatic variables explained less vari-
Oomycota and Bacillaryophyta), Amoebozoa (includingnce than the edaphic ones (except for Bacillario-
Tubulinea) and Archaeplastida (with Chlorophyceae anghyta) (Figure 3.2). Furthermore, for most taxa
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Figure 3.1: Shannon diversity and richness (log transformd) distributions of protist OTU communities retrieved from 187 plots in the
Swiss western Alps. The distributions are shown for the totd community as well as for nine coarse taxa. The letters abovehe boxplots
represent groups according to a multiple comparison mean rak sums test (Nemenyi test P < 0.05).
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Table 3.2: Signi cance of physico-chemical and topo-climatic predictors on the diversity modelled (Generalized Addfive Model) from
total micro-eukaryotic community and nine coarse taxonomic groups from OTUs gathered from Swiss western Alps meadow sts. The
+ and - signs show if the diversity is positively or negatively associated to the predictor and the number of signs inform @ the strength
of the association (between parenthesis: P < 0.1, one sign: P< 0.05, two signs: P < 0.01, three signs: P < 0.001). The -+ and + -
indicate minimum and maximum of diversity at mid-predictor value respectively. Details of the response of each taxonoio group to the
di erent variables can be found in Figure S3.3.

| Edaphic | Topo-climatic | R?

| Soiltemp rh pH EC P C/IN LOI Shale | topos asp slp  tmean678 |
Total | [ONG) | ) | 0.14
Apicomplexa -+ 0.21
Oomycota - (+) 0.06
Phytomyxea - 0.12
Sarcomonadea ++ (+) - 0.16
Tubulinea + -- 0.14
Spirotrichea + (+) +++ 0.20
Chlorophyceae - -+ (9) (+) 0.36
Trebouxiophyceae ++ (1) - + 0.31
Bacillariophyta -+ - 0.18

(except Apicomplexa, and Bacillariophyta), the varianc&Xxplicative power of topo-climatic and
explained jointly by topo-climatic and edaphic variablegdaphic variables

was in average higher than the variance explained by ei-

ther group of variables alone. The two groups that are better explained by the com-
bination of topo-climatic and edaphic variables are the
phototrophic Chlorophyceae and the Trebouxiophyceae.
Relationships between diversity of Chlorophyceae and
pH in soils (Lenarczyk, 2015) and other soil parameters
EGonzalez Garraza et al., 2011) have been found in vege-

Predictive models

Topo-climatic variables showed on average a better pre-

dictive power (RMSE) than edaphic variables for all tax ation studies i.e. based on morphological data. Accord-

. . Ingly, Trebouxiophyceae are often associated to lichens
except the Chiorophyceae. However, this was only S|gnz preti et al., 2015), which are well-known as bioindica-

icant for the Spirotrichea (Figure 3.3). The RMSE var- . )
L . : . .. tors and may have a narrow ecological tolerance with re-
ied in function of the taxonomic group and the diversity

of certain taxa were signi cantly better predicted (e.g.SpeCt to abiotic parameters (van Herk, 2001; Cobanoglu,
) 2015).
Oomycota) than others (e.g. Apicomplexa).
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General patterns of micro-eukaryotic diver- Spirotrichea
sity in soils

The high proportion of Cercozoa sequences was in lin€sacomonadea
with ndings from other soil eukaryotic DNA surveys

(Bates et al., 2013; Harder et al., 2016; Seppey et al., Phytomyxea
2017). Cercozoa were already known to be major compo-
nents of soil protist diversity before the advent of molec-
ular methods (Adl and Gupta, 2006). Ciliates were also  apicomplexa
well-represented in accordance to these previous stud-

ies, with Spirotrichea being the most abundant, in line Total
with other studies on soils (Lara et al., 2007a). Stra-
menopiles were the third best represented group, and

were dominated by oomycetes that are common and RMSE

diverse in temperate soil systems (Singer et al., 20:I-ﬁ'gure 3.3: Average and standard deviation of Root Mean Squee
Seppey et al., 2017) and contain many plant parasitegyror (RMSE) according to the predictor nature (micro / macr o
but also animal pathogens and free_”ving Saprotrophi@nvironmental variables) for the total protists community and nine

forms (Lara and Belbahri. 2011: Beakes et al 2012) Itl){oad taxa. For each of the 20 situations the RMSE distributions
! ! 7 " 'were calculated from 100 cross validations of Generalized dditive

contrast_, this group i? less abundant and d.iversi ed. iModels performed with 20% of the samples as test dataset. The
neotropical forest soil ecosystems, where it comprisegers on the right of the boxplots represent groups accordng to a
mostly animal parasites (Mahé et al., 2017). multiple comparison mean rank sums test (Nemenyi test P < 0.05).
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Total

Topo-clim Edaphic

0.84
+0.04
Apicomplexa Oomycota Phytomyxea
Topo-clim Edaphic Topo-clim Edaphic Topo-clim Edaphic

0.78 0.92 0.85
+0.05 +0.03 +0.04
Sarcomonadea Tubulinea Spirotrichea
Topo-clim Edaphic Topo-clim Edaphic Topo-clim Edaphic

0.82 0.85 0.77
+0.04 +0.04 +0.05
Chlorophyceae Trebouxiophyceae Bacillariophyta
Topo-clim Edaphic Topo-clim Edaphic Topo-clim Edaphic

0.63 0.75 0.84
+0.05 +0.05 +0.04

Figure 3.2: Variation partitioning of topo-climatic and ed aphic variables on the diversity of protist OTUs from total communities and
nine broad taxa retrieved from 178 meadow soils in the Swiss @stern Alps. The value represent the average and standard déation
(between parenthesis) of the adjusted R retrieved from 100 GAM bootstraps calculated on 80% of the sanples.

Slope steepness and pH were the two variables thetg of nutrients. Thus, steeper slopes may represent
were found most often to signi cantly explain protistmore stressful habitats and this may explain the gen-
diversity. Slope steepness aects drainage and leackral trend for lower diversity in steeper slopes. Soil
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Figure 3.4: Diversity of the total protist community and nin e coarse taxa predicted from Generalized Additive Model basd on the
topography, slope southness, slope steepness and averagemperature from June to August.

pH is well known as a major driver of microbial di{Dupont et al., 2016). In our case, diversity values were
versity, including bacteria (Santoyo et al., 2017), fungbften positively correlated with higher pH values, as most
(Noyce et al., 2016; Zhang et al., 2016) and protistof the soils were acidic (i.e. most values between 4 and
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6). ing agellated life stages for dispersal and do not encyst
Among the two datasets (i.e. edaphic and topo(Jeger and Pautasso, 2008). In addition, the high diver-

climatic) edaphic variables explained more variance tha&iy of Chlorophyta in the lowest temperature zone (Figure

topoclimatic variables, but most of the variance was ex3-4) could be explained by the fact that micro-eukaryotic

plained by both sets of variables. This result is in lindl92€ have a higher grow rate at low temperatures, favour-

with what was observed for euglyphid testate amoebd@d diversi cation in cold environments (Rose and Caron,

at a global scale, where edaphic variables such as tR@807).

C/N ratio were more or less equally co-responsible with

temperature to explain diversity distribution (Lara et al. lUSi

2016). Our results suggest that the use of both sets o(;'onc usions

explanatory variables may be extende_d to explain d!vers'@yur results suggest that topography and climate con-

patterns of many other groups of protists, and possibly tQy), e in explaining protist diversity and complement the

most of them. commonly used edaphic parameters very well. We also
showed that the diversity of some taxa and - to a cer-

Interpretation of the diversity spatial pat- tain extent - functional groups, are better explained than

terns modelled with topo-climatic variables others by the topo-climatic and edaphic conditions; par-
ticularly with phototrophic taxa when only topo-climatic

According to the diversity predictions, protists show aleavariables are taken into account.

spatial patterns (Figure 3.4), which seems to be positively This approach could be applied at ner taxonomic lev-
driven by the summer temperature in most of the casesis to predict the distribution of individual species, nbtg
(Table S3.1), either in a positive (Apicomplexa, Bacillarin the case of invasive pests of economic importance such
iophyta, Phytomyxea, Trebouxiophyceae and Tubulineags certain oomycetes. The models could be improved by
in a unimodal (Sarcomonadea and Spirotrichea) or in g ning the taxonomic groups as taxa responding more
negative way (Chlorophyceae, Oomycota). Positive rel@stomogeneously to the environment may show stronger
tionships correlated with altitudinal gradients are a typ-correlation with abiotic variables than the broad groups
ical pattern in macroecology, and this corresponds twe used. For instance, Oomycota contain organisms be-
the species-energy model (Fernandez et al., 2016). Umdnging to other functional groups than parasites (e.g.
modal distributions correspond to an optimum in diversaprotroph; Beakes et al., 2012; Lara and Belbahri, 2011)
sity which also as been reported in other studies. They targeting a wide range of hosts (e.g. Phytophothora
can be interpreted as a compromise between two gradimnamomi; Hardham, 2005). These improvements would
ents, like for e.g. temperature and moisture (water enpave the way to reliable extrapolation of protists diver-
ergy model: (Fernandez et al., 2016) others). Finallysity and provide useful tools to identify likely biodiveysi
Chlorophyceae and Oomycota are typically sensitive twtspots or predict spatially the risk of pathogen infec-
high temperatures and dessication, the latter often udion.
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Figure S3.2: Principal component analysis calculated on tle environmental variables (soil temperature: Soil_temp, dectro-conductivity: EC, relative humidity: rh, loss on ignition: LOI, percentage of
shale: Shale, pH, phosphorus percentage: P, C/N ratio: C_N, growing degree day: gdd, potential evapotranspiration: ep, topography: topo, slope southness: asp, slope steepnesslip, summer average
temperature: tmean678, summer precipitation sum: psum67§ measured from 178 plots through the Swiss western Alps. Therst and second, and rst and third axis are shown. Note the ti ght correlation

between the tmean678 and the variables removed for the nal aalyses, namely gdd, etp and psum678.
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Spatial modelling of soil protist diversity in the Swiss was Alps 53

Table S3.1: Signi cance of topo-climatic predictors on the diversity modelled (Generalized Additive Model) from the total micro-eukaryotic
community and nine broad taxonomic groups from OTUs gatherad from Swiss western Alps meadow soils. The + and - signs indiate
if the diversity is positively or negatively associated to he predictor and the number of signs inform on the strength of the association
(between parenthesis: P < 0.1, one sign: P < 0.05, two signs: P < 0.01, three signs: P < 0.001). The -+ and +- indicate minimum
and maximum of diversity at mid-predictor value respectivdy. Details of the response of each taxonomic group to the di erent variables
can be found at Figure S3.4.

| Topo-climatic | R2
| topos asp slp tmean678 |
Total | ¢ (++--) | 0.09
Apicomplexa (+) 0.05
Oomycota - 0.03
Phytomyxea + (+) 0.08
Sarcomonadea - + +- 0.08
Tubulinea ++ (+) 0.08
Spirotrichea +tto-- 0.15
Chlorophyceae - -ttt - 0.22
Trebouxiophyceae | ++-- ++ (+) 0.11
Bacillariophyta ) ++ ++ 0.13
Total P = 0.078 Total P = 0.059
“ | - |
‘(_g'- o | g o
s <1 - & < g
\_‘(;;/ 7]
R N
| N R N 1 T 1 T 1 T
-200 200 600 0 20 40 60 80 100
topos asp
Total P = 0.229 Total P = 0.006
“ | © o« |
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— [ee]
o s
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) w .
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Figure S3.4: Diversity of the total protist community and al | nine broad taxa in function of four topo-climatic predicto rs (topography,
slope southness, slope steepness, average temperature finoJune to September) through Generalized Additive Models.
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Spatial modelling of soil protist diversity in the Swiss was Alps
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Figure S3.5: Four topo-climatic predictors (topography: topos, slope southness: asp, slope steepness: slp, averagamperature from
June to August from 1981 to 2010), spatialized on the area of the Swiss western Alps. These four predictors were used to mad the
diversity of the total protist community and nine broad taxa through Generalized Additive Models.
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Distribution patterns of soil microbial
eukaryotes suggests widespread algivory by
phagotrophic protists as an alternative pathway
for nutrient cycling
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4.1 Introduction of this diversity corresponded to mutualistic and para-
sitic symbionts (de Vargas et al., 2015). Likewise, stud-
ies performed on terrestrial habitats are revealing sinhjla

Our perception of the diversity and functional roles ohigh diversity of protists with a dominance of saprotrophs

protists is rapidly changing due mainly to the applicaand parasites (Dupont et al., 2016; Geisen et al., 2014b,

tion of high-throughput sequencing (HTS) of environ-2015a). These studies also revealed that many protists
mental DNA (eDNA). HTS has revealed the extent ofeed on eukaryotes, thus questioning the long-held view
the huge unknown protist diversity in the photic zonghat soil phagotrophs fed mainly on bacteria (i.e. solil
of the world's oceans and shown that a large fractiomicrobial loop) (Dumack et al., 2016a,b; Geisen et al.,
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2015b; Geisen, 2016; Geisen et al., 2016). hypothesized when OTUs co-occur systematically across
Soil microbial eukaryotes, including protists andnany samples, as can now be assessed by HTS. In prac-
fungi, are involved in numerous biotic interactions anéice, the nature of these relationships (i.e. trophic,
recognised as key actors of biogeochemical cycliRyt also symbiosis, competition, etc.) is not known,
(Verni and Gualtieri, 1997; van der Wal et al., 2013)gnd co-occurrence data can thus be dicult to inter-
and are thus considered a key element in soil ferti€t in biological terms. Examples of known relation-
ity. However, the rst (and still often the only) recog- ships taken from the literature can however illustrate
nised functional role of soil protists was grazers of ba¥ell-supported co-occurrence and clarify the true na-
teria leading to the "soil microbial loop" paradigm, ac-ture of these relationships between organisms. Examples
cording to which phagotrophic grazing on soil bacted® manifold: predation of ciliates on fungi (Petz et al.,
ria releases labile compounds such as ammonium thE®85), of cercozoa on chlorophytes (Dumack et al.,
stimulate plant growth (Bonkowski and Clarholm, 20122016a; Hess et al., 2012; Hess and Melkonian, 2013) but
Clarholm, 1985). Although feeding on bacteria is unque@JSO symbioses, like between trebouxiophytes and testate
tionably widespread in phagotrophic microbial eukarygte8moebae (Gomaa et al., 2013). Putative relationships in-
there is increasing evidence that eukaryovory (i.e. tH&rred from metabarcoding studies can also be explored
act of feeding partially or exclusively on other eukarygte®y conducting new observations and experiments.
is also common (Dumack et al., 2016a,b; Geisen, 2016). Phototrophic protists (i.e. eukaryotic algae) in soils in-
This implies that soil nutrient cycles are likely more comelude mostly exclusive free-living phototrophs (e.g. Baci
plex than generally assumed. lariophyta, Chrysophyceae, Xanthophyceae) and photo-

Recent studies focusing on soil invertebrates have a@ynbionts as in lichens (e.g. Trebouxiophyceae). Soil
questioned the origin of the carbon source feeding the s§pkaryotic algae constitute an important part of the
communities, suggesting that very few soil invertebratei9-called cryptogamic crusts, which represent a signi -
depend on litter (Pollierer et al., 2009) and suggestin§ant carbon input in arid ecosystems (Elbert et al., 2012;
that soil algae represent a functionally relevant source sf€eman et al., 2009; Frey et al., 2013). They are how-
soil carbon (Schmidt et al., 2016). The latter experimen&Ver also widespread in more humid soils but their func-
tal study showed that autotrophic microbes contributedional role there is less well known and, consequently, has
up to 17% of the body carbon of collembolan and 3% d#ot been considered in the classical model of the soil mi-
earthworms over one week. However it is yet unclear fgobial loop (Berard et al., 2005).
what extent this input is direct or if algae are rstingested In order to assess the patterns of micro-eukaryotic
by microbial grazers such as soil phagotrophs. taxonomic and functional diversities and address ques-

Several soil protists are known to be highly Spélons such as the possible role of soil algae as a car-
cialised predators of eukaryotes. For example, gros,kgon source it is useful to compare contrasted terrestrial
glockneriid ciliates feed exclusively on fungi (Petz et alecosystems. Here we describe and compare the overall di-
1985). Parasitoids are also frequent in soils, includinggrsity and community structure of soil micro-eukaryotes
the widespread but still poorly studied Rozella group (ald forest, meadow and cropland soils from 44 sites in
known as "Rozellida": Lara et al., 2010 or Cryptomycota,SWitze”and based on lllumina sequencing of the V9 re-
Jones et al., 2011) which prey on chytrids, oomycetedion of SSU rRNA gene. Based on these data, we ex-
and green algae and also include endo-nuclear parasifd@red more speci cally the abundance patterns of pho-
of Amoebozoa that ultimately cause cell death and lyst§trophs and the co-occurrence patterns with their po-
(Corsaro et al., 2014). In those cases, nutrient release B§ntial phagotroph predators. This trophic link was also
protists does not rely on bacterivory, implying pathway8Xplored by direct microscopic observations.
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 abu#.2  Materials and methods
dance of taxa involved in these trophic relationships using
the now available data from massive sequencing of sg’lam lin
environmental DNA. piing

The true diversity of soil protists has long beemwe collected 44 soil samples in permanent plots of the
poorly known, mainly due to methodological limitationsswiss Biodiversity Monitoring program which aims to as-
for their isolation, culture and subsequent identi cationsess biodiversity all over Switzerland (BDtp://www.
(Ekelund and Ronn, 1994; Foissner, 1999b). Metabapiodiversitymonitoring.ch/en/home.html ). The
coding (environmental DNA amplicon based identi casites included three land-uses which cover most of the
tion) of high-throughput sequencing data is now theswiss territory (16 forests, 16 meadows and 12 croplands)
golden standard for environmental screening of microbigtigure 4.1, Table S4.1) and spanned a diversity of soil
diversity (Pawlowski et al., 2016). HTS data may als@ypes that could be arguably considered as representative
inform on the functioning of ecosystems based on the ggf the entire country. Likewise, samples were collected
netic identi cation of the organisms and knowledge onn a range of altitudes covering most of the Swiss ter-
their lifestyles (de Vargas et al., 2015; Lara et al., 2015itory (excepted alpine sites). We expect therefore to
Massana et al., 2014). The next step is to infer the bicover a signi cant part of the microeukaryotic diversity
otic relationships between these organisms, which can pgesent in Swiss soils. In this purpose, each sample was
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products were puri ed using QIAquick PCR Puri cation

{» Kit (Qiagen, Hilden, Germany) and pooled together at
the same concentration prior to sequencing. A DNA li-
S o brary was prepared using the New England Biolabs's kit
o |:Pc#:PA NEBNext DNA Sample Prep Master Mix Set 1. lllumina
§ o Al HiSeq sequencing was done by Fasteris (Geneva, Switzer-
° d5A°%A land) using an lllumina HiSeq 2000 technology to obtain
9 o o paired-end reads (2 X 100bp).
o o
DA OA q: 4 . .
. Bioinformatic analyses
o [ ]

The PR database (Guillou et al., 2013) was used as

the reference database for a rst taxonomic assigna-
Figure 4.1: Location of the 44 sampling sites in Switzerland The tion of reads and OTUs; on|y sequences Containing
squares, circle_s and triangles indicate forests, meadowsand crop- complete forward and reverse primers described above
lands, respectively. . .

were retained. SSU sequences from bacteria and ar-

chaea were also added to the PRiatabase from the
characterized using the typology of Swiss natural hab8ilva database (Pruesse et al., 2007) in order to iden-
tats (Delarze et al.) (Table S4.1). Forests included bothify and remove eventual prokaryotic sequences from
coniferous (e.g.Picea abiey or broadleaved trees (e.g.the analysis. Prokaryotic SSU sequences were trun-
Fagus sylvatica Most meadows were amended and usedated from the general primer 1389F TGTACACACCGCCC
to produce fodder. Croplands were used for maize, cerdmaral-Zettler et al., 2009) to the end of the SSU rRNA
als or tobacco cultivation. Meadows and croplands weequence and kept as ortholog of the eukaryotic V9 frag-
designed as open habitats as much more light reach theirent. The truncated prokaryotic sequences were then
soil surface than in forests. Sampling was performed ovee-replicated before being added to the PRatabase.
one month between September 272012 and October  Reads were merged using the prograftash (v.

31" 2012. At each site, three topsoil cores (5cm diamer 2 9: Magoc and Salzberg, 2011) and demultiplexed into
ter x 5cm depth) were taken along a circle of 1 m radiu§am|o|es using the prograrsabre (https://github.
in the same land-use and pooled. Soil samples were k%‘m/najoshi/sabre ). Only sequences containing com-
cool (in an icebox) and DNA was extracted within 2-3jjete forward and reverse primers described above were
days. kept. Good quality sequences were selected accord-
ing to the method used in de Vargas et al. (2015).
DNA extraction, amplication and se- Chimeric sequences were then discarded using the soft-

. ’ wareusearch (v. 7.0.1090; Edgar et al., 2011) by com-
quencing paring reads against the PR(Guillou et al., 2013) and

. . . Silva (Pruesse et al., 2007) databases and against reads

DNA was extracted using the MoBio PowerSoil exginin'the sample. In order to remove artefactual se-

tractlofn kit (C_arlsbao!, CA, %}S A) ngjcorgn% t\‘; 9 thequences, we kept only those that were found at least three
manufacturer instructions. € r Climes in two samples (de Vargas et al., 2015).

gion was amplied using the broad spectrum eukary- _
otic primers 1380F/L510R CCCTGCCHTTTGTACACAC OTUS were clustered using the softwassvarm (v.
CCTTCYGCAGGTTCACGMEal-Zettler et al., 2009). 1.2.5) (Mahé et al., 2014) wnh the defaul_t sgt—up. OTUs.
We used the smaller V9 region in this study instead of yere then taxonomically assigned by aligning the domi-
because (1) we expected to have less taxonomical biadkd!
by using a fragment whose length is almost constant 9 99search (Fasta package v. 36.3.6; Pearson, 2000).
all eukaryotes (as opposed to, for instance, the V4 regioﬁhe OTUs were considered as undetermined eukaryotes

(de Vargas et al., 2015)) and (2) because the fragment i their percentage identity with sequences of PRvas

shorter, the probability of generating artefactual diverlower than 80% as in de Vargas et al. (2015). We also

sity (i.e. chimeras) is lower (Valentini et al., 2009). pcReémoved sequences belonging to prokaryote, Metazoa or

reactions were run in triplicates with a PTC-200 PeltieEMPryophyceae. In order to homogenize the number of
Thermo Cycler (BioConcept, Allswill, Switzerland) withreads presentin all sampl|es for further numerical analyses
1 ng of environmental DNA, 6 pL of 10 x PCR bu er We randomly selected 50'000 for each sample.

0.6 pL of each primer, 0.6 pL of each dNTP 400 puM

(Promega, Dubendorf, Switzerland) and 0.2 pL of 0.05

U/UL GoTagq (Promega, Dubendorf, Switzerland). TheAssignation to functional groups and nu-
volume was adjusted to 30 pL with ultra-pure water. Ammerical analyses

pli cation was conducted with the following conditions:

denaturation at 94 C for 3 min, 30 cycles at 94C for We selected 41 taxa with well-characterized trophic func-
30s,57 Cfor60sand 72C for 90 s and nal extension tion (i.e. 5 osmotrophs, 5 parasites, 6 phototrophs, 25
at 72 C for 10 min (Amaral-Zettler et al., 2009). PCR phagotrophs) in the list of divisions, classes and orders
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of the PR assignation for the diversity analyses (Tabl@f this study.

S4.2). The pictures of Leptophrys voraxwere obtained
As a rst comparison of community composition,from an individual directly taken from a natural sam-
we calculated the Shannon index and performed a nople. Other organisms were cultured in Waris-H medium
metric multidimensional scaling (NMDS) analysis orfMcFadden and Melkonian, 1986) at room temperature
OTU abundances. We assessed the di erence in divesn a window bench and enriched wi@haraciumsp. and
sity among land-use types with a non-parametric multiplan undetermined coccoid green alga. The cultures were
comparisons Nemenyi test (Hollander and Wolfe, 199%hecked for potential algal ingestion after three days of
(posthoc.kruskal.nemenyi.test function, package incubation, using an inverted microscope (Nikon Eclipse
PMCMR. 4.1 (Pohlert, 2014)), and also calculatedTS-100, Japan) at 100x and 400x magni cation. Pictures
NMDSs for each pairs of land-use and tested the comvere taken with a Nikon digital sight DS-U2 camera (pro-
munity di erence by a permutation test énvfit func- gram: NIS-Elements v 4.13.04) and a Nikon Eclipse 90i
tion vegan package v. 2.0-10, (Oksanen et al., 2013))(DIC, up to 600x magni cation).
P-values were multiplied by three to take into account
multiple tests adjustment (Holm, 1979).

We then assessed in which environment sequences 6@3 Results
longing to phototroph organisms were most abundant us-
ing a Nemenyi test. To retrieve putative algae consumerBata quality and overall diversity
we measured the correlation between each of the 100 most
dominant phagotroph OTUs and the total abundance of he full dataset contained 15'365'116 raw reads, of which
phototrophs, taking also into account land-use as se®3.9% passed the quality check, 87.5% were found at least
ond environmental variable in linear models (LMs). Tdhree times in two samples, 87.4% were not considered
normalize the distribution of both phagotroph OTUs andas chimeras, and 77.4% were not considered as Meta-
total phototroph abundance we log transformed their sezoa, Embryophyceae or prokaryotes. Therefore, a total
quences abundanceslg¢costand function, vegan pack- of 11'893'5692 reads were left for further analyses. In the
age v. 2.0-10, (Oksanen et al., 2013)). The two environdataset adjusted to 50'000 sequences by sample, we re-
mental variables (i.e. total phototroph abundance, landtrieved a total of 18'586 OTUs, of which 87% could be
use) were tested independently in the LMs as none t#xonomically assigned unambiguously according to the
the model tested showed signi cant interaction. We -assignation threshold; altogether, representing 97% af th
nally adjusted the p-values of the two environmental varieads and 75% of the OTUs (Figure S4.1, S4.2). The
ables for the 100 models according to Holm (1979). Wenost abundant supergroup of eukaryotes in all samples
also veri ed if each of the LM respected conditions ofvere Opisthokonta (Fungi), followed by Rhizaria (Cerco-
residuals normality and homoscedasticity by performingzoa) and Stramenopiles.
Shapiro test on model residuals and non-constant vari- The most noticeable di erence in relative abundance
ance test (functionshapiro.test ~ and ncvTest, pack- of taxa could be observed between open and forest habi-
agescar v. 2.0-20; (Fox and Weisberg, 2011), and statsat, and was mostly due to a divergence in the abundance
v. 3.1-0; (R_Core_Team, 2014) respectively). OTUsof Basidiomycota (Figure S4.1). In contrast, richness did
respecting the LM conditions and showing a signi canhot di er deeply between land-use types, and varied be-
correlation with phototroph abundance, were selected ageen 2371 and 3516 OTUs. Richness was dominated by

putative alga consumers and their taxonomy was veri egoth Fungi and Rhizaria, more or less in equal proportions,
on GenBank by using Blast with the default parametersfollowed by Stramenopiles (Figure S4.2).

Shannon diversity and micro-eukaryotic community

Isolation of protists and microscopic obser- EOETDOSHLO” didefed Siggi Ca”t'ly bg“;"e(iln forest and Ope”d
; ; ; abitats (meadows and croplands) (Nemenyi test, an
vation on algivorous behaviour permutation test on NMDS after correction, P < 0.001)
To illustrate the trophic interactions among selected prowhile diversity and communities did not di er signi cantly
tists and test if identied co-occurrences indeed coul@etween meadows and croplands (P > 0.05; Figure 4.2,
be interpreted in terms of trophic relationships, we doc>4-3)-
umented by microscopical observations organisms from
the same genus/species as the OTUs whose abundangsi/ersity and abundance patterns
were positively and signi cantly correlated with those of
algae. Rhogostomasp. was isolated from leaf surfacesungi (the large majority of the osmotrophic taxa) repre-
(Cologne, Germany)l.eptophrys voraxwas isolated from sent more than 50% of the overall abundance and 43%,
a freshwater puddle (Cologne, Germany), afdnema 51% and 67% of all reads in croplands, meadows and
sp. appeared as a contamination in such protist cultureorests respectively (Figure S4.1). The dominance of
All protists were morphologically determined. The illusFungi in forest samples was mostly due to the presence
trated organisms were identi ed morphologically based oof a single Basidiomycota OTU (X3), which accounted
unmistakable criteria, which were corroborated by taxfor 38% of the totality of all reads in forests. Although
onomic literature (Howe et al., 2011; Hess et al., 201Zaxonomic resolution of the SSU rRNA is too low to dif-
Lara et al., 2007b) but were not sequenced in the framierentiate between fungal species, the OTU X3 could be
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Figure 4.2: Distribution of OTUs Shannon diversity for each environments (a) and non-metric multidimentional scaling (NMDS) based on
Bray-Curtis dissimilarities of 44 soil samples from Switzeland. The letters above the boxplots represent groups of emironments expressing
signi cant di erent diversity distribution according to a Nemenyi test (P < 0.05). The three land-uses are denoted by saiares (forests),
circles (meadows) and triangles (croplands).
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Figure 4.3: In the upper part, the relative abundance of phagtroph taxon sequences in the three land-use types. The radis of the pie-chart
represents the percentage of phototroph sequences in eaclahd-use. Taxa representing less than 1% of the land-use areepresented in the
"other Streptophyta” or "other Archaeplastida" section. O n the bottom right part, boxplots representing the abundance of phototroph
sequences according to the land-use. Letters on the top partof the boxplots represent the groups of land-use formed accaling to the
Nemenyi test (P < 0.05) on the phototroph sequences abundanes.

assigned (100% match) to a wide array of Agaricomyef parasites abundance regardless of the land-use (75%,

cotina, (e.g. Leucopaxillus Ampulloclitocybg. In addi-

61%, 57% in croplands, meadows and forests respec-

tion to Basidiomycota, the two next dominant groups oftively). The ve most abundant Oomycota OTUs were

fungi were the Ascomycota and the Mucoromycota.

assigned with con dence ( 94% of identity) to gen-

Potential parasites reached 3.9% of the overall aburfy@ Aphanomyces (X99Pythium (X53, X8), Pythiopsis
dance representing 2.7%, 4.4% and 4.8% of the read&31) and Saprolegnia(X30). Oomycota were followed
of croplands, meadows and forests respectively. Amo#yabundance by Mesomycetozoa, Gregarinasina and Phy-
these numbers, Oomycota represented the large majorfgmyxea, whose relative abundance varied depending on
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Figure 4.4: Biplots showing the regression between the abudance of total phagotroph and eight OTUs and phototroph abundance. The
identi ant of each OTU is shown on the top of each graphic. The asterisk indicate the OTU which belong to the ten most dominant
phagotroph OTU and respond signi cantly to the phototroph d espite an heteroscedastic distribution.

the land-use (8% to 21%, 4% to 17% and 5% to 11% OTU assigned to phagotrophic organisms accounted
respectively). for 32% (704'308 sequences) of all sequences. Seven

Sequences belonging to OTUs assigned to ph8f the 100 most dominant phagotroph OTUs showed a
totrophic organisms accounted for 1.9% (42'475 sdPositive correlation to total phototroph sequence abun-
quences) of all sequences. This proportion was highed@nce, and respected the conditions of residuals nor-
in open habitats, representing 3.5%, 1.8% and 0.9 % épality and homoscedasticity (Figure 4.4, S4.4 and Ta-
the sequences found in croplands, meadows and foredt} S4.4). These OTUs belong to Cercozoa (X2, X117,
respectively (Figure S4.1). As for overall community patX64, X54), Ciliophora (X321) and Stramenopiles (X12,
terns, this di erence was statistically signi cant betwee X343) and together account for 27% of the phagotroph
forests and the other two land-uses (Nemenyi test afeduence abundance and 8% of the total abundance of
ter correction, P < 0.01; Figure S4.1). The diversity ofall sequences of the dataset (Table S4.3). Apart from
phototrophic micro-eukaryotes was largely dominated Byne OTU assigned to Labyrinthulea (X343), all other
Chlorophyceae, followed by diatoms (=Bacillariophyta)OTU sequences obtained a good match (97%) with
and Trebouxiophyceae or Xanthophyceae; the rest beig§duences from the GenBank database (Table S4.3). In

shared by other typical subaerial algae like Ulvophycedgdition to these seven OTUs we observed that X34 (Glis-
and other Archaeplastida (Figure S4.1). somonadida, group of Viridiraptor) was correlated to the

abundance of eukaryotic algae and among the ten most
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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 communities in forest soils
(Behnke et al., 2011; Geisen et al., 2015a; 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 ec-
Figure 4.5: Pictures of three selected organisms, closelyalated to tom,ycorrhlza (e'g' LeUCOanIIIUS Ampu||OC|I'[O(.:be
the found OTUs correlating to the phototroph sequence abuncances (Cairney and Chambers, 1999) and thus most likely es-
(Rhogostoma sp. (a), Trinema sp. (b), Leptophrys vorax (c)). The tablishes symbiotic relationships with trees. Alternaty,
scale bar represent 10um. some Fungi represented also by OTU X3 (e.g. Auricu-
lariaceae ,Panaeolu} (Boddy et al., 2007) are known as
abundant phagotrophic OTUs despite the fact that theWOOd dgcomposers, which would explain their high abun-
linear model did not respect the conditions of hogances in forests.
moscedasticity (Figure 4.4, S4.4 and Table S4.3, S4.4). The next most represented groups (Stramenopiles,
In addition to these eight OTUs, seven other OTUs werBhizaria) comprise also organisms that can be encoun-
also correlated to total phototroph sequence abundandgred often in soils, such as Oomycota, Cercomonadida

but were rare and without a homoscedastic distributio®nNd Chrysophytes (Lesaulnier et al., 2008). Fungi, de-
(Table S4.4). spite of being by far, the most abundant microbial eu-

karyotes in soils, had a richness which was comparable to
Rhizaria (Figure S4.2). This is most probably due to the
Microscopic observations highly rami ed hyphae, and high biomass, in comparison
to the mostly small and unicellular Rhizaria.
We screened environmental samples to nd organisms cor- The distribution of parasites follows the di erent land-
responding to the taxonomic assignation of OTUs sigise characteristics. The deceasing abundance of Arthro-
ni cantly correlated to the sequence abundance of phgpod parasites (Mesomycetozoa and Gregarines) from
totrophic protist taxa and found three (i.e. X2, X64, andforests to meadows to is in line with the corresponding
X117) out of the seven identied by our analyses. Altlecline in plant biomass, habitat complexity and diversity
three organisms were observed with most likely ingestedl ecological niches for their hosts. Additionally, pesti-
algal material, either in the natural sample&dptophrys cide use is highest in cropland and further reduces insect
vorax potentially linked with X64), or when incubateddiversity and biomass (Lachat et al., 2011). Croplands
with algal cells Rhogostomasp., Trinemasp., potentially are associated with an increase in Oomycota abundance,
linked with X2 and X117) (Figure 4.5)Rhogostomaspp. where OTUs assigned with acknowledged crop diseases
are characterized by the presence of a hyaline theca wiK99: 100% identity withAphanomyces euteicheX53:
a cleft-like apertural opening (not shown) and lopodia.100% identity with a crop pathogen group of Rythium
Similar to Rhogostomaspp., Trinemaspp. exhibit lopo- sp.).
dia, but in contrast bear large circular scales and a sub-
terminal, ovoid or round aperture. The lose genliep-
tophrys voraxis characterized by being naked, sometiméghagotroph vs phototroph
with slightly orange cytoplasm, the ingestion of diverse
groups of algae and the transformation between the isde abundance of eight OTUs representing phagotrophs
diametric and expanded morphotype. Since all these fe@as strongly and signi cantly correlated to the total abun-

tures were observed in our isolates, we determined thegance of phototroph OTUs (Figure 4.4). Six of these
as such. could be assigned with con dence to known genera, their

sequences having over 97% identity with cultured organ-
isms (Table S4.3). Amongst these taxa, fouRKogos-
. . toma, Platyreta, Trinema and Pseudochilodonopsjsare
4.4 Discussion relatively grge sized protists>(20 um) - and thus poten-
tial predators of micro-eukaryotes, including phototroph
Metabarcoding studies are revealing not only a huge uliVe illustrate three of these species in the act of predat-
known diversity but also unsuspected trophic interactionisig algae (Figure 4.5). Rhogostomaspp. (Rhogosto-
in every studied environment (de Vargas et al., 2015)nidae, Theco losea) (X2) are closely related to recently
The predation of phototrophs by heterotrophic protistscharacterized eukaryvores that have been shown to avoid
suggested by our data implies a carbon input to the sditeding on bacteria (Dumack et al., 2016a,b). Although
ecosystem that was not taken into account by the trasome strains ofRhogostomaspp. can live exclusively
ditional microbial loop model and is in line with a reon a bacterial diet (Howe et al., 2009), we could show
cent study focusing on soil invertebrates (Schmidt et althat at least certain species of gen&hogostomalo feed
2016). on algae. OTU X64 is a member of the exclusively eu-
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karyvorous Leptophryidae (Vampyrellida). Members deeders to account for between one fth and one third
this family have been reported to be algal predators tof all phagotrophic sequences, an amount which is far
a large extent (see Figure 4.5, represented by the closélgm being negligible. It is noteworthy that, out of the
relatedLeptophrys vorax(Bass et al., 2009; Gong et al., 100 best represented phagotrophic OTUs, only seven were
2015; Hess et al., 2012). Co-occurrence patterns and otwbustly correlated to phototroph abundance. This low
servational data provide two lines of evidence that sugrumber suggests that the correlations observed are prob-
gest that X64 actually feeds on algae. The same conclably highly speci ¢, as demonstrated for X34 (Viridirap-
sions can be drawn fafrinemaspp. (Euglyphida) (X117) toridae; (Hess and Melkonian, 2013)). Although it is
where larger members of the genus feed to a large extdmtown that organisms such a&inema can feed oppor-

on micro-algae (Cyanobacteria and/or pigmented Eutunistically on various eukaryotes such as fungal conidia
karyotes) (Meisterfeld, 2000a; Santibanez A et al., 2011)Santibanez A et al., 2011), the food regime of all mem-
Our observations con rmed the ingestion of algal mabers of this very diverse genus (Lara et al., 2016) has not
terial (Figure 4.5). PseudochilodonopsigX321) are been surveyed and it is still possible that some members
considered as exclusive algivores specialized on diatcms specialized in eating algae, at least to a certain extent
(Hamels et al., 2004). At this point, only experimental evidence can demonstrate

Labyrinthulomycetes branching within the Amphi li- if the selected OTUs represent organisms that are exclu-
dae (X343) are a diverse group (Pan et al., 2016) incluciive algal predators or not.
ing bacterivores such aSorodiplophrys stercorariand Whatever percentage of environmental sequences
Amphila marina (Anderson and Cavalier-Smith, 2012from phagotrophic organisms interacting with pho-
Tice et al., 2016). The taxonomic as well as functionalotrophs is taken as a reference, the corresponding num-
diversity of this group is however only marginally dodyer of phototroph sequences is by far lower. As rRNA gene
umented, and the existence of algivorous forms is thisquence numbers can be considered to providing reason-
possible. The group oBpumellalike Chrysophyte (X12) ably accurate estimations of the relative biomass of the
is composed of small phagotrophic agellates having lostrganisms in DNA environmental surveys (Giner et al.,
their photosynthetic abilities secondarily. However, & 2016), this suggests that the standing biomass of soil
been shown that transitions between phagotrophic anahicroalgae is lower than that of their predators. By anal-
phototrophic strategies occurred often in the evolutioparogy to aquatic ecosystems, this can be explained by the
history of Chrysophytes. It is possible therefore that théaster turnover of phototrophs. Indeed, most potential
Spumellalike Chrysophyte X12 is actually mixotrophicalgal predators are large protists and can therefore be ex-
like many Chrysophyceae (Boenigk et al., 2005), angected to have relatively longer generation times.

therefore shares higher light requirements with other pho-  Trophic relationships inferred from correlative analy-

totrophs. Alternatively, it is possible that thé&pumella  sjs of metabarcoding data need to be further explored,

like Chrysophyte X12 feeds preferentially on bacteria thgjossibly with new statistical tools and datasets including

are associated to phototrophs and their exudates. Bagther climatic zones and soil types. Nevertheless, we ar-

terial communities associated to algae are highly in Uyye that what is now most needed is to characterise the

enced by the host in aquatic systems (Sapp et al., 200%any unknown OTUs, and conducting good observations

A similar explanation could possibly be given filtapsa and experimentation on these organisms to provide useful

(X54), a genus of small Cercozoan agellates formerly Cohatural history background needed for sound interpreta-

lectively classi ed under the nameHeteromita globosa tign of HTS data. As suggested by our study, we believe

(Howe et al., 2009). that future studies providing exact identities of the huge
To the contrary, OTU X34 is assigned to the Viridi-amount of unknown OTUs and revealing their life styles

raptoridae, a family of highly specialised Cercozoans feeghd ecology will provide sound interpretation of the ever-

ing as yet known exclusively on phototrophic orgarincreasing massive sequencing data.

isms (Hess and Melkonian, 2013). The linear model ob-

tained for this OTU did not respect the conditions of

homoscedasticity because of its high abundance in wAcknowIedgements

samples. Such high sequence abundance may correspond

to local blooms of these small agellates, which are regye would like to thank Kathleen Hasler for the eld work,
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= other Eukaryota = other Eukaryota = other Eukaryota = other Eukaryota
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Figure S4.1: Relative abundance of micro-eukaryotic sequeces in forest, meadow, and cropland soils in Switzerland. @ly taxa
representing at least 1% of the total OTU abundance for any given land-use are represented.
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Figure S4.2:
representing at least 1% of the total OTU number for a land-use are represented.
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Relative abundance of micro-eukaryotic OTU rchness in forest, meadow, and cropland soils in Switzerland Only taxa
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Table S4.1: Land-use, location (municipality), geographical coordinates and altitude of the 44 sampling sites.

Land-use Location Latitude (N) Longitude (E) Altitude
(m a.s.l.)
Zielebach 47 08'56 N 07 3502 E 458
Wassen 46 42'40 N 08 36'09 E 481
Muggio 45 54'51 N 09 23'59 E 489
Limpach 47 06'47 N 07 30'17 E 505
Siseled 47 02'27 N 07 11'20 E 548
Seleute 47 21'52 N 07 06'27 E 580
Moosseedorf 47 00'18 N 07 3016 E 600
forest Les Bois 47 11'03 N 06 57'49 E 772
Berolle 46 34'04 N 06 19'48 E 799
Savagnier 47 02'23 N 06 57'07 E 877
Oberschrott 46 43'01 N 07 16'07 E 1195
Saint-Cergue 46 27'27 N 06 0552 E 1262
Fontaines 47 04'32 N 06 52'20 E 1308
Vérossaz 46 12'44 N 06 57'39 E 1560
Orsieres 46 01'59 N 07 06'57 E 1573
Ried-Brig 46 17700 N 08 02'54 E 1735
Avenches 46 53'47 N 07 01'55 E 380
Saint-Léonard 46 20'54 N 07 2532 E 504
Schipfen 47 02'27 N 07 2048 E 569
Develier 47 21'53 N 07 15'60 E 582
Essertines-sur-Yverdon 46 42'52 N 06 3827 E 618
Chatonnaye 46 45'08 N 06 57'16 E 640
Rebeuvelier 47 19'44 N 07 2532 E 688
meadow L(? Bémont 47 15'22 N 07 01'45 E 971
Birgisch 46 19'13 N 07 5815 E 978
Le Noirmont 46 57'33 N 06 57'09 E 1014
La Sagne 47 02'21 N 06 47'38 E 1077
L'Abbaye 46 38'23 N 06 19'43 E 1113
Chaux-du-milieu 47 00'10 N 06 42'56 E 1180
Les Verrieres 46 53'21 N 06 2830 E 1190
Airolo 46 31'53 N 08 3555 E 1262
Provence 46 55'51 N 06 42'59 E 1344
Giubiasco 46 20'49 N 08 59'04 E 195
Kappelen 47 04'37 N 07 16'03 E 431
Donneloye 46 45'03 N 06 43'08 E 482
Aeschi 47 11'05 N 07 3946 E 502
Rapperwil 47 04'38 N 07 2532 E 552
crop Dudingen 46 51'39 N 07 11'22 E 575
Prez-vers-Noréaz 46 4719 N 07 01'57 E 642
Bern 46 55'59 N 07 20'48 E 647
Murist 46 47'14 N 06 47'49 E 681
Pierra fortscha 46 51'39 N 07 03'32 E 753
Cortébert 46 11'04 N 07 06'32 E 777
Montana 46 17707 N 07 30'13 E 780
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Table S4.2: List of micro-eukaryotic taxa identi ed based on the high-throughput sequencing of 44 soil samples from foest, meadow,
and cropland soils in Switzerland. Taxonomic assignation éllows the PR? database (Guillou et al., 2013).

Trophic group  Division Class Order
Ascomycota
Basidiomycota
Osmotroph Fungi Chytridiomycota
Glomeromycota
Mucoromycota
Apicomplexa Apicomplexa_X Gregarines
Fungi Blastoclamidiomycota
Parasite Mesomycetozoa
Cercozoa Phytomyxea
Stramenopiles Oomycota
Chlorophyceae
Chlorophyta Trebouxiophyceae
Phototroph Ulvophyceae
Streptophyta
(without
Embryophyceae)
. Bacillariophyta
Stramenopiles Xanthophyceae
Colpodea
Heterotrichea
Ciliophora Litostomatea
Oligohymenophorea
Phyllopharyngea Cyrtophoria
Spirotrichea
Mycetozoa-Dictostelea Dictyosteliida
Conosa Mycetozoa-Myxogastrea
Variosea
Discosea-Flabellinia Dactylopodida
Lobosa Discosea-Longamoebia Thecamoebida
Phagotroph Tubulinea
Discoba Euglenozoa Kinetoplastida
Heterolobosea
Opisthokonta Choano agellida
Endomyxa Vampyrellida
Filosa-Grano losea
Cercozoa Filosa-Imbricatea Euglyphida

Thaumatomonadida

Filosa-Sarcomonadea

Cercomonadida
Glissomonadida

Filosa-Theco losea

Stramenopiles

Bicoecea
Chrysophyceae
Synurophyceae
Labyrinthulea
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Figure S4.3: Non-metric multidimensional scaling (NMDS) ordinations based on Bray-Curtis dissimilarities for each pir of land-uses
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Table S4.3: Taxonomic assignation and abundance of eight OTUs which were correlate with total abundance of phototroph OTUs. Column 1 : high taxonomic level given by the ggsearch adgnation on
the PR? database. Columns 2-4 : ner taxonomy retrieved on GenBank. The top seven OTUs respect residual normality and homoscedgticity. The asterisk identi es an OTU which is known as exclusive
phototroph consumer and is among the ten dominant phagotropgh OTU but does not respect the condition of homoscedasticity of the linear model. Environmental sequences correspondin to these eight
OTUs are given below the table.

| Taxonomic information | OTUs importance in the dataset

PR2 GenBank veri cation GenBank Percent Number of  Proportion of
identi ant identity (%) sequences  phagotroph (%)

X2 Filosa-Theco losea Rhogostoma sp. HQ121460.1 99 123696 18

X12 Chrysophyceae-Synurophyceae Spumellalike sp. AB585967.1 100 45073 64

X117 | Euglyphida Trinema sp. AJ418792.1 97 6322 09

X64 Vampyrellida Platyreta sp. AY941201.1 99 3984 057

X54 Glissomonadida Allapsidae AM114807.1 100 3766 053

X321 | Cyrtophoria Pseudochilodonopsissp. KR611083.2 97 2499 035

X343 | Labyrinthulea Sorodiplophrys sp. KU728176.1 82 1112 016

*X34 | Glissomonadida Viridiraptor sp. KF207869.1 95 11493 163
>X2
CGCCCGTCGCTACTACCGATTGAATGGCTTAGTGAGCTCCGTGEMIBGEBEAACTTTGACACGCAAACGGGAAGGAGATTAAGBGERET AAAAGTCGTAACAAGGTTTCC
>X12
CGCCCGTCGCACCTACCGATTGAATGATTCGGTGAAACTTCTGGACEGUGECACGGCGACTAGATCGTAGGAAGTTATTTAMAGAGGCGARGSETGAAGTCGTAACAAGGTTTCC
>X117
CGCCCGTCGCTACTACCGATTGGATGGTTTAGTGAGGTOCRCEGASIGEEETCTCCGGTCCTGCGTATACGAGAAGT GIEBACAASB GGG TAAAAGTCGTAACAAGGTTTCC
>X64
CGCCCGTCGCTCCTACCGATTGAATGTTCCGGTGAATCCTCTEEAGETBGEGGAAACTCATTTTTAGAAGATTGGGAAGTRATBTARAGEEGAAGGAGAAGTCGTAACAAGGTTTCC
>X54
CGCCCGTCGCTACTACCGATTGAATGGATTAGTGAGCTTCAECGRIGBEGGAACACAATGCTGTGTCGCGAGAACTGABATRPNGAGGBAGTAAAAGTCGTAACAAGGTCTCC
>X321
CGCCCGTCGCTCCTACCGATTGAGTGATCCGGTGAACTTGTTABIEITCGAGGGGGAAGTTAAGTAAACCTTATCACTTAGAGGAASGABBGTTTCC
>X343
CGCCCGTCGCACCTACCGATTGGACGATCCGGCAAGATBAARTTGEASBTEBECTTAAAATTGTTGTCAAAGCTCCTCAAABGRFAASIGTGAAGTCGTAACAAGGTCTCC
>X34

CGCCCGTCGCTACTACCGATTGAATGAATTAGTGAGCTCTAGRBIGGGBEACCGGGGCAGATTGAGAACTGGATCAAAGBAGGEAGAARRPAGTCGTAACAAGGTTTCC
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Table S4.4: Summary results of linear models calculated on le total abundance of phagotrophs and the abundance of the 10 most abundant phagotroph OTUs according versus the total @undance of
phototroph OTUs in forest, meadow, and cropland soils in Swizerland. Both phagotroph and phototroph abundance were lag transformed prior to the analysis. Results are shown for two sets of analyses,
either not taking into account the interaction between land-uses and abundance of phototroph or including this interat¢ion. All p-values (phototroph and land-use e ect, and inte raction) were adjusted

according to Holm (1979). The residuals normality and homoscedasticity are also shown for every model. The last column lsow the coe cient of determination of the models calculated only against total

phototroph abundance.

| linear models without interaction | linear models with interaction | R? of the
phototroph land-use Shapiro ncv test phototroph land-use interaction Shapiro ncv test ?neon(fgfl
eect eect test eect eect test
phagotroph 1:7e 07 53e 02 9:5e 01 1:3e 01 1:5e 07 4:9e 02 2:0e 01 4:1e 01 2:2e 01 4:6e 01
X2 2:2e 02 1 5:6e 01 8:.0e 02 2:8e 02 1 1 79e 01 5:3e 02 2:6e 01
X9 1 1 1.7e 02 8:2e 01 1 1 1 49 03 6:2e 01 1:3e 02
X12 9:6e 04 1 2:1e 01 9:6e 01 1:5e 03 1 1 1:.9e 01 1 3:5e 01
X7 6:9e 02 19 01 4:7e 01 3:3e 01 8:4e 02 2:3e 01 1 4:1e 01 2:6e 01 1:9e 01
X51 4:7e 01 1 30e 02 2:4e 01 5:1e 01 1 1 42e 02 1:8e 01 1:6e 01
X34 2:9e 02 1 5:6e 02 2:2e 03 2:0e 02 1 1 1:1e 01 2:9e 02 2:7e 01
X42 1 1 6:2e 02 1:8e 01 1 1 1 31le 02 4:0e 01 1:2e 01
X69 1 1 2:7e 02 9.9e 01 1 1 1 49e 02 7:1le 01 5:7e¢ 03
X21 1 1 1l:4e 01 9:7e 01 9:2e 01 1 1 2:7e 01 9:3e 01 1:2e 01
X85 1 1 29 01 7.1le 01 1 1 1 3:3e 01 2:4e 01 8:le 02
X20 4:5¢e 01 1 20e 05 1.3e 02 3:5e 01 1 1 12e 04 7:4e 04 1.:6e 01
X43 1 1 1:8e 02 9:2e 01 1 1 1 1.3e 02 7:5e 01 1:7e 02
X28 1 1 36e 03 2:5e 01 1 1 1 7.3e 03 5:6e 01 6:9e 02
X35 1 1 3.9 01 8:6e 01 1 1 1 3:3e 01 8:1e 01 4:0e 02
X117 2:1e 02 1 1 3:.0e 01 2:9e 02 1 1 1 2:5e 01 2.9 01
X77 1:7e 01 1:3e 01 4:3e 02 3:2e 01 1:9e 01 1.5e 01 1 88e 03 5:3e 01 1:6e 01
X57 1 1 2:0e 03 4:2e 01 1 1 1 30e 03 9:5e 01 1:4e 03
X167 6:7e 01 1 1:3e 04 5:8e 01 6:4e 01 1 1 37e 04 4:1e 01 1:5e 01
X223 6:7e 01 1 7:6e 01 1:3e 01 7:5e 01 1 1 7:7e 01 8:3e 02 1l:4e 01
X73 1 2:9e 02 32e 02 4:4e 02 1 3:2e 02 1 88e 03 9:9e 02 7:8e 02
X66 1 2:0e 02 3:.0e 01 84e 04 1 1:9e 02 1 5:le 02 1:2e 03 8:4e 02
X158 1 1 2:8e 01 9:7e 01 1 1 1 2:5e 01 7:2e 01 1:3e 01
X46 3:.6e 02 1 9:8¢e 02 9:8e 04 1:5e 02 1 1 1:2e 01 52e 04 2:7e 01
X104 4:3e 02 1 2:1e 01 2:2e 02 4:1e 02 1 1 1.6e 01 1:2e 02 2:4e 01
X101 1 1 2:3e 01 5:3e 03 1 1 1 4:9e 01 32e 03 4:4e 02
X118 5:7e 01 1 95e 05 3:.0e 03 2:0e 01 1 2.0e 01 87e 04 1:5e 03 1:6e 01
X64 2:6e 02 1 1:8e 01 34e 01 2:0e 02 1 1 26e 02 6:4e 01 2:8e 01
X54 2:2e 04 1 7:2e 02 5:2e 01 1:4e 04 1 1 40e 02 4:2e 01 4:.0e 01
X219 3:i4e 01 1 1 1:8e 02 29 01 1 1 9:4e 01 4:9e 02 1:9e 01
X102 1 1 1l:1le 01 91e 03 1 1 1 1:.4e 01 1:3e 03 1:.9e 02
X49 1 1 4:4e 03 4:.9e 03 1 1 1 37e 03 6:6e 03 7:0e 02
X79 1 1 5:6e 04 9:8e 03 1 1 1 1.6e 03 1:8e 03 4:4e 02
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Table S4.4:; (continuation)

linear model without interaction | linear model with interaction | R? of the
- - general
phototroph land-use Shapiro nev test phototroph land-use interaction Shapiro nev test model
eect eect test eect eect test
X112 3:5e 01 1 29 02 5:3e 02 4:1le 01 1 1 4.6e 02 2:3e 02 1:7e 01
X75 1:7e 01 1 53e 05 1.2e 11 1:5e 01 1 1 23e 04 1:3e 09 2:1le 01
X122 1 1 1.6e 08 9:9e 02 1 1 1 1.3e 08 1l:1le 01 1:.9e 02
X56 1 1 5:3e 02 89 01 1 1 1 6:5e 02 8:6e 01 1:2e 01
X165 9:4e 01 1 6:8e 03 1:5e 01 5:7e 01 1 1 12e 02 2:1le 03 1:3e 01
X169 1 1 4:7e 03 1:6e 01 1 1 1 2:.0e 03 7:0e 02 1:7e 02
X91 1 8:8e 05 2:1le 02 29 04 1 7:7e 05 1 2:7e 03 4:9e 05 2:1le 02
X275 1 1 1:8e 01 4:2e 01 1 1 1 3:3e 01 8:7e 01 1:le 01
X321 4:1e 04 3:7e 02 7:2e 02 1:6e 01 4:3e 04 3:7e 02 1 9:9e 02 1l:le 01 3:2e 01
X83 1 1 2:4e 09 4:.9e 02 1 1 1 84e 10 9:0e 02 1:5e 03
X171 1 1 1:2e 01 1:6e 01 1 1 1 7:5e 01 6:2e 02 7:8e 03
X52 6:0e 01 1 5:9e 02 2:9e 01 6:1e 01 1 1 42e 02 2:4e 01 1:5e 01
X86 1 1 3:7e 08 5:3e 03 1 1 1 36e 08 6:9e 02 2:0e 02
X300 1 1 1:le 06 5:1e 02 1 1 1 1.6e 05 5:5e 03 1:3e 02
X286 1 1 6:4e 03 6:3e 01 1 1 1 5:2e 02 1:6e 01 2:1le 02
X96 1 1 2:6e 02 1:.0e 01 1 1 1 3:4e 01 1:2e 02 4:2e 02
X98 1 1 4:1e 05 8.0e 03 1 1 1 32e 05 5:2e 03 3:1le 02
X243 1 1 6:3e 02 93e 03 1 1 1 9:8e 02 99 04 3:4e 02
X221 1 1 4:3e 04 2:6e 01 1 1 1 30e 04 3:.0e 01 1:.4e 02
X135 6:8e 01 1 25e 02 1:6e 01 7.0e 01 1 1 7:0e 02 4:3e 02 1:5e 01
X81 1 1 8:1le 07 85e 14 1 1 1 1.0e 04 1:.8e 12 7:9e 02
X82 1:3e 01 6:0e 01 2:3e 02 7.4e 04 9:5e 02 4:4e 01 1 36e 03 4:2e 04 1:8e 01
X279 1 1 1.6e 02 34e 02 1 1 1 7.:6e 02 87e 04 5:.4e 02
X147 1 1 2:5e 07 1.2e 06 1 1 1 32e 07 2:9e 07 9:0e 03
X125 1 1 1l:le 01 3:7e 01 1 1 1 9:0e 02 2:1e 01 1:3e 01
X228 1 1:le 01 4:5¢ 01 6:7e 02 1 1:5e 01 1 4:7e 01 6:4e 02 5:4e 02
X131 1 1 1:2e 01 3:7e 01 1 1 1 1:8e 01 4:5e 01 1:.0e 01
X198 1 7:8e 01 1:.0e 01 1:9e 01 1 9:0e 01 1 5:2e 02 3:2e 01 8:2e 02
X126 1 1 5:5e 02 2:8e 02 1 1 1 4:1le 02 4:2e 02 5:.4e 02
X308 8:4e 07 2:1le 02 3:2e 01 l.le 02 1l:le 06 2:3e 02 1 7:6e 01 2:4e 02 4:.6e 01
X358 1 1 4:2e 02 6:8e 02 1 1 1 5:7e 02 1:3e 01 7:3e 02
X114 6:0e 01 1 89% 04 9:7e 02 4:4e 01 1 1 35e 05 5:1e 02 1:5e 01
X146 4:3e 01 1 4:1le 02 1:9e 01 3:7e 01 1 1 1:8¢e 01 49e 02 1:8e 01
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Table S4.4: (continuation)

linear model without interaction | linear model with interaction | R?2 of the
- - general
phototroph land-use Shapiro ncv test phototroph land-use interaction Shapiro nev test model
e ect e ect test e ect e ect test
X274 1 6:9e 01 1:5e 01 1.9e 02 1 4:7e 01 1 1:7e 01 3:8e 01 4:5e 02
X166 1 6:1e 01 6:8e 02 8:7e 01 1 7:3e 01 1 2:3e 01 6:1e 01 6:3e 04
X179 1 1 59 01 3:5e 01 1 1 1 6:6e 01 8:.0e 01 1:8e 02
X233 1 1 1:5e 02 1.0e 02 1 1 1 1.2e 03 1:6e 01 6:8e 02
X113 1 1 6:3e 08 1.6e 06 1 1 1 2:2e 07 4.6e 08 8:4e 05
X313 1 1 2:4e 04 9:2e 01 1 1 1 48e 04 2:7e 01 4:7¢ 03
X129 1 1 1:3e 02 59 02 1 1 1 85e 03 4:2e 01 1:5e 03
X142 1 1 1:8e 01 3:5e 01 1 1 1 29 01 2:8e 01 3:2e 02
X120 1 1 3:0e 01 6:7e 01 1 1 1 1:2e 01 2:7e 01 6:9e 02
X189 1 1 2:6e 04 7.0e 01 1 1 1 l4e 04 6:9e 01 1:3e 02
X407 1 1 1:2e 01 1:.0e 01 1 1 1 1:2e 01 9:0e 02 6:7e 02
X234 1 4:9e 02 5:7e 01 6:4e 01 1 7:0e 02 1 5:9e 01 6:8e 01 6:1le 02
X270 1:0e 02 1 9:6e 01 35e 02 1:0e 02 1 1 9:5e 01 1:3e 02 2:7e 01
X206 1 1 6:8e 06 1:2e 01 1 1 1 29e 05 9:8e 01 2:9e 02
X186 1 1 3:4e 01 4:3e 01 1 1 1 7:3e 02 4:5e 01 2:7e 02
X330 1 1 2:8e 04 5:3e 02 1 1 2:5e 01 1:3e 01 l:le 03 4:1e 02
X258 1 1 7:0e 03 34e 01 1 1 1 6:5e 02 1:7e 01 2.9 04
X343 2:4e 05 3le 01 8:5e 01 4:8¢e 01 3:2e 05 33e 01 1 7:7e 01 3:9e 01 4:2e 01
X172 1 1 6:9e 01 2:4e 03 1 1 1 7:1le 01 5:0e 03 5:2e 02
X251 1 1 4:7¢ 01 3:5e 01 1 1 1 l:le 01 6:6e 01 3:6e 03
X157 1:8e 04 1 6:2e 02 6:5e 03 2:0e 04 1 1 16e 02 1le 02 4:.0e 01
X272 1 1 l.le 02 3:9e 01 1 1 6:5¢ 01 4:7e 02 1:2e 01 1:le 02
X184 l:le 04 1 5:4e 02 6:5e 05 1:9e 04 1 1 8:3e 02 1:3e 04 4:4e 01
X151 1 1 2:3e 01 9:1le 01 1 1 1 6:8e 02 9:2e 01 53e 04
X254 1 1 34e 07 9:3e 01 1 1 1 5:2e 07 3:3e 01 8:3e 04
X176 1 1 2:4e 05 5.0e 04 1 1 1 4:4e 05 1:.8e 04 4:1e 02
X222 1 1 32e 04 2:.0e 02 1 1 1 2:3e 04 4:.0e 04 2:5e 02
X264 1 1 1:7e 03 8:.0e 02 1 1 1 1.0e 03 2:4e 01 1l:6e 02
X177 1 1 3:3e 01 9:2e 01 1 1 1 4:9e 01 5:4e 01 1:5e 02
X196 1 1 1l.6e 04 2.3e 04 1 1 1 37e 04 1:5e 03 9:1le 02
X203 1 1 5:2e 08 6:1e 03 1 1 1 2:8e 07 2:6e 08 2:0e 02
X201 1 1 4:7e 02 9:4e 01 1 1 1 6:2e 02 9:9e 01 6:5e 02
X212 5.0e 02 1 4:1e 01 1.5e 02 6:7e¢ 02 1 1 5:1e 01 1:5e 02 2:4e 01
X462 1 1 6:5e 02 9:6e 01 1 1 1 8:5e 02 4:3e 01 2:4e 02
X200 1 1 7:2e 02 39 01 1 1 1 2.9e 02 5:1e 01 3:5e 04
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Chapter 5

Hyper-diverse, easily accessible and least well
known: Micro-eukaryotic diversity is higher,
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82 Chapter 5

5.1 Introduction they apply top-down selection pressure on their preys
or hosts (Gonzalez et al., 1990; Hahn and Héle, 2001,

Murase et al., 2006; Dumack et al., 2016b; Geisen et al.,
Estimating global diversity, how it compares among broag015b,c, 2016). They also constitute an essential prey
taxonomic groups, how it varies across continents, biomessource for higher trophic levels (Turner, 2004).
and ecosystems and understanding the factors that drive \yile micro-eukaryotes are key players in all ecosys-

this diversity are among the oldest (Wallace, 1876), bufems it is clear that major ecosystem types strongly dif-
still open questions in biology (Mora et al., 2011; Gastoler iy the phylogenetic and taxonomic makeup of com-
2000; Tittensor et al., 2010; Wall et al., 2001). Thes&nynities and contribution to ecosystems functions. For
questions have remained largely unresolved because of 38 mpje, the dominant components of phytoplankton are
lack of common methodological approaghes for d'VerS'Uinophyceae (Alveolata) in oceans and Ochrophyta (Stra-
assessment but also due to imbalances in research e ofiganopiles) in fresh waters (Izaguirre et al., 2004). Envi-
among ecosystems and taxonomic groups (Geisen et @hnmental DNA studies are however revealing the exis-
2017). As a result, opinions diered on the tax0-gnce of some taxonomic groups in habitats where they
nomic richness of soils, freshwater and marine habitafgere not believed to occur, such as foraminifera in soils
(Andre et al., 2002; Brandt et al., 2007), between macroy gjzerowicz et al., 2010) or unsuspected diversity of tax-

scopic and microscopic organisms, between fungi and pigsomic and functional groups such as parasitic Apicom-

tists (Pawlowski et al., 2012) and within microbes be'plexa in soils (Mahé et al., 2017). These ndings call for

tween protists and bacteria (Grattepanche et al., 2014).3 ygassessment of the contribution of individual micro-
Although estimates of micro-eukaryotic diversity areukaryotic groups to taxonomic and functional diversities
still very uncertain, high throughput sequencing studiescross ecosystem types (Grossmann et al., 2016). This
clearly show that they represent a huge component efort should also contribute to lling the existing knowl-
global diversity in aquatic ecosystem (de Vargas et akedge gap in micro-eukaryotic diversity between aquatic
2015) as well as in soils (Mahé et al., 2017). and soil habitats and between protists and other groups
Micro-eukaryotes (protists and Fungi) dominate eu{Geisen et al., 2017; Mahé et al., 2017).
karyotic diversity in all major ecosystems on Earth A reassessment of micro-eukaryotic diversity across
(Pawlowski et al., 2012), and possibly also overecosystems, made possible by the development of high
all diversity as shown for ocean (de Vargas et althroughput sequencing technology, provides the opportu-
2015). They play essential roles in biogeochenmity to explore the role of environmental factors in shap-
ical cycles (Berner and Berner, 2012) including caing community composition and determining overall and
bon sequestration (Falkowski, 2002; Arrigo, 2005yithin-group diversity. The world's major ecosystem types
Landsberg and Sands, 2010), organic matter decomposépresented by oceans, freshwater and terrestrial ecosys-
tion (Davidson and Janssens, 2006; Caron and Hutchingm di er in key factors such as salinity, water availabylit
2012), and enhance nutrient remobilisation by preyingzmporal stability and the degree of habitat heterogeneity
on bacteria and other microorganism (Middelburg et al.(Chapin Il et al., 2011). Each of these factors are known
1993; Berg, 2000; Bonkowski and Clarholm, 2012p structure communities and require adaptations that
van der Wal et al., 2013). As predators or parasites
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have evolved to various degrees depending on the phyMolecular analysis

genetic group considered (Xu et al., 2008; Geisen et al.,
2014a; Jiang and Pu, 2009). Soil and freshwater DNA was extracted with the Mo-

Of these three general types of ecosystems soils are e d'P owerSoL: extractlc])(n kit (C"’,‘”Sbad’. CA, USI\?) ac-
most heterogeneous in space - at the micro to the macrg®rding to the m:nu.ahctur:er mstrucltlo_ns. b ark|lne
scales - and variable temporally - from short term such ?@NA was extracted with the DNA Elution buer kit

a rain event to seasonality. This complexity o ers a ver Mache_rey-NageI) littp://taraoceans. sb-roscoff. .
high diversity of contrasted conditions potentially allow r/EukDiv/" ). SSUTRNA V9 fragments were ampli ed as

ing a huge diversity of organisms to co-occur - althougﬂescribed in Seppey et al. (2017) for the Swiss soil sam-

strictly speaking not all at the exact same place and timBIeS’ Singer et al. (2016) for freshwater and t.he other soil
(Ettema and Wardle, 2002). By contrast aquatic habi_samples, and de Vargas et al. (2015) for marine plankton.
He amplicons were sequenced with a HiSeq Illumina se-

tats are generally more homogeneous and for this reasg ) :

should theoretically be less diverse. However, populaticghIenCer for both _SO'IS and freshwater, and with a Genome

dynamics driven by biotic interaction allow a high diverAnaIyser for marine samples.

sity to occur, and thus explain the paradox of the plank-

ton (Hutchinson, 1961). However, given the current sam

pling bias favouring aquatic ecosystems, it is not possib

to provide any reasonable comparison among ecosystems,
) . : f?atabase

types. A reassessment of diversity and community pat-

terns among major ecosystem types requires a Comma@n gereplicated rRNA SSU V9 fragments reference

methodology which is what we have aimed to do. database (PR2_Silva) of eukaryotic (PR Guillou et al.,
We assessed the micro-eukaryotic diversity in soil3013, downloaded the 14 September 2016) and

marine and freshwater plankton from a worldwide datasgirokaryotic (Silva; ?, downloaded the 8 August

comprising 163 samples (59 marine, 37 freshwater, ®016) sequences was constituted. The eukary-

soils) using high throughput sequencing metabarcoding etic sequences were trimmed according the eukaryotic

the V9 region of the small sub-unit (SSU) rRNA. Our aimgrimers use by Amaral-Zettler et al. (2009) (1380f/1510r:

were to assess how these three major ecosystem ty@®SCTGCCHTTTGTACACACCTTCYGCAGGTTCALCTAC

di ered in 1) taxonomic composition of micro-eukaryoticProkaryotic V9 fragments were obtained by trimming the

groups, 2) diversity of individual major eukaryotic groypsprokaryotic Silva sequences from the universal primers

3) alpha and beta diversities within samples, 3) commu:389fTTGTACACACCG@@@ral-Zettler et al., 2009) to

nity structure and heterogeneity among samples. Comhe end of the rRNA SSU.

sidering the likely role of habitat complexity and spatial

and temporal heterogeneity we hypothesised that diver-

sity would increase from the ocean to freshwater and tgipeline

soil habitats.

peioinformatic analysis

Environmental rRNA SSU V9 reads were rst trimmed
to remove the eukaryotic primers. We then removed low
quality reads de ned as those containing a 50 nucleotides
window with an average phred score below 20. Chimera
were removed by comparing the reads within each sam-
Sampling ple and against the PR2_Silva database. Sequences be-
longing to Metazoa, Embryophyceae of prokaryotes were
Our dataset was composed of a worldwide collection oémoved after environmental reads were taxonomically
163 samples: 59 marine plankton, 37 freshwater plankssigned by aligning them to the PR2_Silva database
ton and 67 soil samples, hereafter referred to as "ecosysith the programggsearch (v. 36.3.6; Pearson, 2000).
tems" (Table S5.1). Soil samples consisted of ca. 500 Bare reads found less than three times in two samples
of the upper organic horizon. Samples were taken in starere removed in order to avoid noise caused by rare se-
ile conditions and kept at low temperature during transquences (de Vargas et al., 2015). We then randomly se-
port to the laboratory. Freshwater samples (50 litres)ected 50'000 reads from each sample to homogenize the
were Itered either through a single mesh (0.2 pm) osampling e ort. To obtain comparable diversity patterns
sequential meshes (20 um and 0.2 um). The Itrategrom each sample taken in many fractions (e.g. marine
were sent to the laboratory at low temperature (-2@) or freshwater) we randomly selected, for each fraction,
for DNA extraction. Marine samples were taken at twa number of reads corresponding to 50'000 divided by
depths (surface and Deep-Chlorophyll Maximum: DCMbhe number of fractions and pooled the selected reads
(http://taraoceans.sb-roscoff.fr/EukDiv/ ). For into a single 50'000 reads sample. The resulting reads
each sample, 100 to 150'000 litres of marine water wekgere clustered into OTUs using the prograswarm(v.
sequentially Itered through meshes of 2000 um, 180 un2.1.8; Mahé et al., 2015). Each OTU was taxonom-
20 pm, 5 pym and 0.8 um, retrieving the 180-2000 pmically assigned by aligning the dominant read against
20-180 pm, 5-20 pm and 0.8-5 pum fractions. The I-the PR2_Silva database with the programgsearch (v.
trates were preserved separately in liquid nitrogen untd6.3.6; Pearson, 2000). The OTUs having a percentage of
DNA extraction. identity lower then 80% with the reference database were

5.2 Materials and methods
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Figure 5.1: Ordination plot (non-metric multidimensional scaling) ~Figure 5.2: Number of micro-eukaryotic OTUs retrieved in marine
of OTU micro-eukaryotic communities found in marine water (dark water, freshwater and soil samples from around the world. Tte grey

grey), freshwater (grey) and soil (pale grey) samples from aound shades represent this number normalized by the number of saples.
the world. All OTUs were averaged according to the ecosystems. Between

parenthesis, the number or OTUs respecting the thresholds 61)
have a minimum ecosystem average corresponding to at least%

considered as undetermined eukaryotes (de Vargas et a&f.the ecosystem averages sum and 2) have at least 10 sequerse
2015) in the full dataset.

Numerical analysis We computed and diversity metrics for each
ecosystem. For diversity we reported the OTU rich-
We assessed the similarity patterns among communitig@ss (R), Shannon index (H) and Pielou's evenness (J).
of the 163 samples by non-metric multidimensional scafor  diversity we calculated the Sorenserdiversity and
ing (NMDS) and the signi cance of di erences betweenits turnover and nestedness components (Baselga, 2010).
pairs of ecosystems by permutation tests (10'000 permwyye assessed if the threediversity metrics di ered among
tations; functionsmetaMD&nd envfit , packagevegan, ecosystems by bootstrapping 100 times one quarter of the
Oksanen et al., 2013). samples of each ecosystem (functibeta.sample , pack-

We compared the number of OTUs present in eacgebetapart ; Baselga et al., 2013). We then tested for
ecosystem, or group of ecosystems to measure the spetiierences among ecosystems for each diversity index and
city of the communities. We speci cally identi ed ubig-  diversity metric by pairwise tests for multiple compar-
uitous OTUs (i.e. present in the three ecosystems typesjon of mean rank sums (Nemenyi test, P < 0.05; func-
to assess which organisms can potentially cross abiotion posthoc.kruskal.nemenyi.test , packagePMCNMR
constrains like the salinity barrier or live in both soil andPohlert, 2014).
aguatic habitat. The ubiquity of each OTU was assessed
based on its average abundance in each ecosystem. An
OTU was considered as ubiquitous if 1) the lowest avﬁ R | d di .
erage among the three ecosystems was over 5% of t e3 esults an ISCUSSION
sum of these averages and 2) if the sum of these av-
erages was over 10 sequences on the full dataset. Thgyta results
rst threshold avoids considering extremely rare OTU in

a given ecosystem (which would not be ecologically relgye retrieved a total of 450'000'000 quality-checked se-
vant in that ecosystem) and the second avoids consideriwences from the 163 samples. Of these, 99% were not
overall rare OTUs (which would not be ecologically relgshimera and 53% were not assigned to a macro-organism
vant globally). (Metazoa, Embryophycea) or a prokaryote. From these
We computed accumulation curves for the total comea. 240'000'000 sequences over 210'000'000 were found
munity as well as for each major eukaryotic taxon, andt least three times in at least two samples and were
extrapolated the total number of OTUs by bootstrappingetained for further analysis. The 8'150'000 random se-
for each ecosystem (functiorspecaccumandspecpool, quences (163 X 50'000) resulting from the sample-size
packagevegan; Oksanen et al., 2013). For each ecosysiormalization were clustered into 57'649 OTUs. Of these,
tem, we assessed the relative sequences abundance a8# could not be taxonomically assigned at or above the
diversity of the major taxa. 80% identity threshold with our PR2_Silva database.
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Figure 5.3: Species accumulation curves (A) and ecologicaimetrics (B-D) calculated from micro-eukaryotic OTU commun ities retrieved
from marine (dark grey), freshwater (grey) and soil (pale grey) samples taken around the world. The horizontal plain anddashed lines
above the species accumulation curves (A) indicate the preitted number of OTUs (from bootstrap) and standard error associated for
each environment respectively. The barplots on the right sile (A) show the proportion of OTUs undiscovered (number of OTUs predicted
by bootstrapping minus number of OTUs found in the dataset). The ecological metrics represented are the Richness (R:A)Shannon
index (H:B) and Pielou's evenness (J:C). Letters above the dstributions represent the signi cantly di erent groups ( Nemenyi test P <

0.05).

Community patterns among and within spatially at ne- and broad-scales and temporally (e.g.
ecosystems dry-wet cycles strongly modifying both water availability
and soil water chemistry).

Micro-eukaryotic communities diered signicantly

among the three ecosystems (Figure 5.1, S5.2). Mdseneral taxonomic and functional compo-

rine samples were more clustered in the ordination spacgsjition of communities

re ecting more similar communities as compared to soils

or freshwater. This pattern matches the dierence inThe relative proportions of dierent eukaryotic super-

connectivity as well as a possible range of abiotic charagroups in the communities clearly di ered among ecosys-
teristics among the three ecosystems. Indeed, oceans &&es (Figure S5.1). Dinophyceae (Alveolata) and to
highly connected through global marine circulation and lower extent, Bacillariophyta (Stramenopiles) domi-

abiotic conditions are more homogeneous than lakes andted marine phototrophs. However, as a relatively large
soils. Lakes cover a broader range of conditions, espgcigdtoportion of marine Dinophyceae OTUs corresponded
water chemistry. Soils are even more heterogeneous bdth unknown (31%) or non-phototrophic organisms
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(e.g. Blastodinium; 6%), it is hard to assess the rati@nd terrestrial ecosystems is also in agreement with the
between phototrophy and other possible functions (i.diterature. Indeed, many species belonging to this genus
parasitism, phagotrophy) for this taxon and to accuseem to tolerate a broader range of salinity than other di-
rately infer its contribution to each functional group. Theatoms (Scholz and Liebezeit, 2012a,b). Three of the four
dominant phototroph micro-eukaryotes in freshwater anflingi OTUs present in the three habitats, were assigned
soils were Chryso/Synurophyceae (Stramenopiles), Aat 100% identity with acknowledged halotolerant organ-
chaeplastida and Cryptophyceae (freshwater only). Fuisms (X444: Hortaea werneckiji X785: Derbaryomyces
thermore, the proportion of sequences assigned to phsp., Candida sp., Pichia sp.; X493: Rhodotorulasp.)
totrophic organisms was lower in soils. However, he(&unde-Cimerman and Zalar, 2014). The fourth ubig-
too the real proportion of phototrophy cannot be in-uitous fungal OTU was assigned with many Agaricales,
ferred precisely as these dominant taxa contain a sigicluding many yeasts known to be able to live in oceans
ni cant proportion of OTUs with uncertain taxonomic (Jennings, 1983; Passarini et al., 2015). It is also note-
assignment or corresponding to non-phototrophic orgamworthy that a single V9 fragment matched perfectly with
isms (e.g. Goniomonadales; Novarino and Lucas, 1998any Agaricales species reported from di erent ecosys-
Oikomonas Boenigk, 2008). tems (Seppey et al., 2017).

Phagotrophs were dominated by Radiolaria (Rhizaria)
in oceans, and Ciliata (Alveolata) and Cercozoagaior taxa OTU richness and abundances
(Rhizaria) in soils and freshwater samples. Fungi (Opis-
toknota) were mainly composed by Dicarya (Ascomycotg@ihe total OTU richness inferred from our extrapolation
and Basidiomycota) and represent the principal group @fnalyses was higher for soils than for aquatic habitats
saprotrophs in continental ecosystems. OTUs assigngeigure 5.3). This was also the case for 66% (37/56) of all
to Dicarya clearly dominated terrestrial ecosystems, agnajor taxa (Figure S5.4). This suggests that soils are the
counting for over half of all soil eukaryotic sequences, ifost diverse ecosystems on Earth. The richness extrapo-
agreement with the known abundance of fungi in soilgtion predicted the existence of ca. 5100 more OTUs in
(Seppey et al., 2017). the marine plankton and ca. 4800 in soils. However, the

Parasites mainly consisted of the planktonic Synaumber of undiscovered OTUs was higher in soils for 52%
diniales (in marine and freshwater samples), and th@9/56) of all major taxa (Figure S5.4). This dierence
Apicomplexa (Alveolata) and Oomycota (Stramenopileshetween the overall and per taxa results can be explained
in soils. Sequences assigned unambiguously to pahy-the high number of predicted undiscovered OTUs in
sites were much more abundant in oceans (e.g. Sywery diverse taxa mostly found in marine plankton (e.g.
diniales: 12%) than in freshwater (e.g. Syndiniale)TU to discover: Syndiniales 845, Radiolaria 1032). In
1%) or soils (e.g. Apicomplexa + Oomycota: 3%).addition, 52% (29/56) of all major taxa were also more
While micro-eukaryotes were long thought to mainl@gbundant in soils than in aquatic ecosystem (Figure 5.4).
consist of phagotrophs and phototrophs it is increaddf these, eight taxa (Fungi: Cryptomycota, Basidiomy-
ingly clear that parasites constitute a major compo<ota, Ascomycota; Cercozoa: Imbricatea, Sarcomonadea,
nent of micro-eukaryotic diversity and likely play maTheco losea; Stramenopiles: Labyrinthulea, Oomycota)
jor roles in trophic networks and biogeochemical cyclingad more than 100 predicted undiscovered OTUs. Last,
(Guillou et al., 2008; Mahé et al., 2017). it is noteworthy that some taxa thought as mostly aquatic

(Choano agellida, MAST) were found to be quite abun-

. ) dant and diverse in soils (Figure S5.1).
Salinity and drought barriers

The analysis of the number of OTUs present in eacbiversity indices

ecosystem, or group of ecosystems, showed a clear abi-

otic conditions cleavage between marine and continental diversity indices (richness and Shannon's H per sam-
ecosystems which corresponds to the salinity barrier (Fi§le) were higher in soils and marine samples than in
ure 5.2). By contrast, many OTUs were found in bottireshwater samples and Pielou’s evenness (J) was high-
freshwater and soils, suggesting that drought represen@§t in soil, intermediate in marine samples and lowest in
a comparatively weaker ecological Iter. Only 201 oTudreshwater samples (Figure 5.3B-D). The higher evenness
were found in all three ecosystems, of which seven wdfesoils could be explained by the more variable micro-
considered as ubiquitous and respected the two threshol@@vironmental conditions in both space and time as com-
of 1) presence in all ecosystems and 2) su cient abunPared to aquatic ecosystems. Temporal variability in the
dance in the whole dataset. These seven OTUs includ&gale of minutes (e.g. rain) selects for a high proportion
two Kinetoplastida (X957: Bodo sp., X1020: Neobodo of encysted protists while higher spatial heterogeneity in
sp.), one Bacillariophyta (X3529Naviculasp.) and four Creases the number of potential ecological niches at the
Fungi (X444: Dothideale, X785: Debaryomycetaceadhicroscale.

X1086: Agaricale, X493:Rhodotorulasp.). Bodo and Sorensen diversity increased from marine plankton
Neobodowere indeed previously reported from both freshte freshwater to soils (Figure 5.5). This pattern re ected
water and marine ecosystems (Koch and Ekelund, 200%ie heterogeneity among samples in each ecosystem. Soil
Simpson et al., 2006). The presence of X3529, whiatharacteristics vary considerably in relation to bedrock,
matched perfectlyNaviculasp. (100%), in both marine chemistry, texture, hydrology, climate and vegetation.
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Figure 5.5: Sorensen beta diversity (A) as well as two of its omponents (Turnover: C, Nestedness: D) calculated from mico-eukaryotic

OTU communities retrieved from marine water, freshwater and soils taken around the world. The ratio between Turnover ard Nestedness
are also shown (B). For each ecosystem, the distribution of leta diversity was retrieved from 100 bootstraps made on one garter of the

samples. Letters above the distributions represent the sigi cantly di erent groups (Nemenyi test P < 0.05).

Freshwater bodies are less variable than soils but mareore easily be transported by the water masses moves
than the ocean. In all ecosystems, turnover constitutes passively by wind or birds from one water body to an
the main component of diversity (Figure 5.5C-D). This other.

is explained by the fact that the majority of OTUs are

only found in one or two samples (Figure S5.3). Soils . ]

also show the lowest turnover to nestedness ratio (FigufeOnclusion and perspective

5.5B). This signi es that OTUs found in less diverse soils . ) ) .
are also found in the richer ones, while OTUs found injuézt'rSt’ our results give an other line of evidence that abi-

a few samples of planktonic communities are distribute@fic factors like salinity or substrate type are signi cant

more randomly among the samples. The higher nesteflfivers of micro-eukaryotic communities. This di erence
jp,communities is also illustrated by the evolutionary dgi

ness in soils and to a lesser extent freshwater ecosystéﬁ - . ) )

also suggest an in uence of dispersal limitation. Indeec!xt,y _Of some major taxa (e.g. Ragholana, Dlplonemgg)
dispersal limitation would be favoured by the patchineé@h'Ch have not evolved the capacity to cross the salinity
of both habitats (Baselga, 2010). Dispersal could be prénd/or drought barriers. Nevertheless, other taxa have
dicted to being especially low for soil organisms lackinfed the corresponding ecological niches in freshwater

any dispersal mechanism while freshwater plankton c&7d Soil habitats.  Only few organisms, mostly halotol-
erant, can be found in the three ecosystem-types.
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Second, the predictions made on the OTU commuversity pattern then macro-organisms. In term of sample
nities suggest that there are probably not more OTUsize, if the same amount of soil would had been taken
in oceans than in soils. Although there would be morénen for the marine water, it is very likely that the diver-
diversity to discover in oceans - mostly because of hypesity would had been increased.
diverse taxa (Syndiniales, Radiolaria) - , most of the major
groups of micro-eukaryotes are expected to have a higher
unknown diversity in soils as compared to aquatic ecosys-
tems. Acknowledgements

This meta-analysis contain certain bias in term of ge-
ographical coverage and sample size. Nevertheless, th&be authors would like to thank all the peoples who took
bias support certain of our conclusion. The geographpart in the di erent samplings and the laboratory work.
cal coverage did not include tropical soils which are likelyhis study was partly funded by Swiss National Science
to be very diverse if micro-eukaryotes show the same dioundation projects no. 310003A 143960 to EL.

Supplementary materials

Table S5.1: Sampling location summary of 163 communities ofmicro-eukaryotes from marine and freshwater plankton, andsoils

Environment Continent Country Samples number  Published in
Mediterranean See - 13
Red See - 4
. South Atlantic - 8
Marine Water South Paci ¢ ] 17 (de Vargas et al., 2015)
Indian Ocean - 13
Antarctic Ocean - 4
Europe France 21
. . (Schia no et al., 2016)
Fresh water South America Argentina 12 (Lara et al., 2015)
Asia Russia 1
Antarctic - 3 (Schiano et al., 2016)
Switzerland 11  (Seppey et al., 2017)
Spain 5
United Kingdom 4
Europe Portugal 4
Greece 3
Turkey 3
Denmark 2
Scotland 1
) Canada 6
North America Alaska 1
. . Mexico 3
Soil Central America Costa Rica 1
Brazil 4
South America Argentina 2
Peru 2
Chile 1
China 3
Asia Kashmir 3
Nepal 1
Thailand 1
. Ghana 2
Africa South Africa 1
Oceania New Caledonia 1
Atlantic archipelago  Spain 2




Chapter 5

Marine water

Fresh water

Soll

B Alveolata

Amoebozoa
Archaeplastida

= Excavata

Opisthokonta

B Rhizaria

B Stramenopiles

B other Eukaryota phylums

B undetermined

Apicomplexa
Ciliophora

Dinophyta

Conosa
Chlorophyta

Streptophyta
Discoba
Fungi

Cercozoa

Radiolaria

Ochrophyta

other Stramenopiles divisions

Cryptophyta
Katablepharidophyta
other Eukaryota divisions
undetermined

B other Apicomplexa classes
® Colpodea
Litostomatea
Spirotrichea
other Ciliophora classes
Dinophyceae
Syndiniales
Variosea
Chlorophyceae
Mamiellophyceae
Trebouxiophyceae
Klebsormidiophyceae
Euglenozoa
Ascomycota
Basidiomycota
Cryptomycota
Mucoromycota
other Fungi classes
B Filosa.Imbricatea
Filosa.Sarcomonadea
¥ Filosa.Thecofilosea
Novel.clade.10.12
other Cercozoa classes
Acantharea
Polycystinea
other Radiolaria classes
B Bacillariophyta
Chrysophyceae.Synurophyceae
® Dictyochophyceae
Eustigmatophyceae
other Ochrophyta classes
Bicoecea
MAST
Oomycota
other Stramenopiles classes
B Cryptophyceae
= Katablepharidaceae
other Eukaryota classes
B undetermined
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Figure S5.2: Ordination plot (non-metric multidimensional scaling) of OTU micro-eukaryotic communities for every pair of environment (marine water: dark grey, freshwater: grey, soil: pale grey) from
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Figure S5.4: Species accumulation curves of micro-eukaryt@ taxa calculated on OTU communities retrieved from marine water (dark grey), freshwater (grey) and soil (pale grey) smples taken around
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number of OTUs undiscovered (number of OTUs predicted by bodstrapping minus number of OTUs found in the dataset).
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Discussion and conclusion
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Abstract: This thesis aimed to improve the knowledge on the ecology ofiero-eukaryotes in soils using high-throughput
sequencing metabarcoding. For the rst time this methodolyy, developed in the 2010's, allows revealing a more or less
complete picture of the huge environmental eukaryotic div@ty of these organisms. When coupled with both classical
and innovative ecological analyses, it revealed communimatterns which allowed inferring fundamental mechanisms i
ecosystem functioning. These conclusions could be drawnsbd on more than one century of knowledge accumulation on
microbial functional ecology. Metabarcoding, coupled witthe e ort of morphological studies on micro-eukaryotes,si a
promising eld of research to understand the role and impahce of micro-eukaryotes in soils.

1 Background Fungi for instance increase the root surface of plants
which signi cantly impacts the host growth (Harrison,
2005). As decomposers, they take up nutrients which
Micro_eukaryotes are key p|ayers in almost all envi'€ then made available to vascular plants through the
ronments on Earth. Some play fundamental roles dyedatory action of phagotrophic protists (Geisen et al.,
primary producers through photosynthesis, as decom016). These predator protists also feed on prokaryotes
posers, Symbionts or parasites of di erent Organisms dplarholm, 1985) This release of nutrients in the soil
as predators. As such, they play considerable rolg¥stem is complemented by phototrophic protists, which
in nutrient cycling. Primary producers (eukaryotic alPerform photosynthesis and are subsequently predated
gae) integrate C® into their biomass in very largeby phagotrophic organisms, as documented in Chapter
amounts: diatoms alone x as much carbon as all raird (Seppey et al., 2017). Through all these processes, mi-
forests on Earth (Smetacek, 1999; Gross, 2012). Fung;obial eukaryotes increase the soil pool of labile nutisen
are major p|ayers in degradation of organic matter ||@nd are thus direCtly reSponSible for soil fertlllty Car-
soils, but other groups can be also relevant in dierbon storage, in turn, depends on the e ciency of soil
ent ecosystems like thraustochytrids in marine sedimentgspiration. The importance of fungi in soil respiration
where they decompose highly refractory compoundis been long assessed (Anderson and Domsch, 1973).
which are inaccessible to bacteria (Bongiorni et alThey play a major role as decomposers, arguably more
2005; Bongiorni, 2012). Protists have established oblimportant than bacteria (de Boer et al., 2005) and there-
gate symbiotic relationships with animals like ruminantéore are important contributors in carbon release. Typi-
(Hunga’[e, 2013) or termites (Watanabe et a|_, 1998), a|_Ca”y, soil with low nutrient turnover like pea’[lands re-
lowing them digesting cellulose, and sustain the growti¢ase less C than they store, and can be considered as
of coral reefs (Little et al., 2004). As for parasitesC-sinks (Gorham, 1991). Typically, the speed and e -
malaria (Plasmodium falciparui alone was responsi_ciency of carbon storage and respiration is multi-factéria
ble for 438'000 death in 2015 according to the WorldPut fungi develop better in dry micro-habitats of the
Health Organisation Ifttp://www.who.int/malaria/ peatland (Jaatinen et al., 2007). Moreover, eukaryotic
media/world-malaria-report-2015/en/ ). microbes in uence other organisms through their posi-
Hon in microbial foodwebs. Parasitism is recurrent in
oils, and apicomplexans (animal parasites) are so im-
ortant in tropical soils that they are supposed to drive

A better knowledge about these communities an
their functioning is crucial for understanding ecologicasf

mechanisms at the global scale. Soils provide imp volution of arthronods throuah an arms r mech
tant ecosystem services such as nutrient recycling (ol-e. evolution ot arthiropods through an arms race mech-
anism (Mahé et al., 2017). Plant parasites, in turn, cor-

rectly linked to plant growth and fertility) and carbon d 1o th bacterial icultural ¢
storage, potentially mitigating greenhouse e ects. M espond to the many non-bacterial agricultural pests re-

crobial eukaryotes are key players in all these process%grted' which may be even more diverse in natural than in
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agricultural systems (Singer et al., 2016), what is undedoubtedly a habitat with a low plant diversity, harbour
standable considering the respective diversity of the host general a higher micro-eukaryotic diversity than, for
in the two ecosystems. instance, forests (H 5) (p. 63). The factors in uenc-

Until recently, micro-eukaryotes living in the soil werdnd their diversity have still not been fully characterized
considered as arduous to study for many reasons. Soil h#ttich makes the study of micro-eukaryotic communities
erogeneity rstly complicates the spatial and temporal as? SPeci ¢ eld of ecology where the theories need to be
sessment of a microbial community, thus requiring largétdapted.
experimental designs than those used in agquatic microbial Characteristic soil micro-eukaryotic communities typi-
ecology. Direct observation cannot always be used retially host many Fungi, typically Basidiomycota in forests
ably to identify communities, because most transparerand Ascomycota and Mucoromycota in open habitats
forms are hidden by soil particles (Foissner, 1999b). S¢Chapters 4). Other well represented large eukaryotic
protists spend most of the time as dormant cysts, and agroups are the Cercozoa (Rhizaria), represented mostly by
tive community composition is therefore di cult to assessan immense diversity of small agellates and amoebo ag-
(Foissner, 1999b). Many small forms can be overlookelates (Harder et al., 2016) (Chapter 2, 3, 4 and 5).
(Tarnawski and Lara, 2015) or their varied life stages caRurthermore, many taxa, thought as strictly aquatic, are
lead to taxonomic misinterpretations (Blandenier et al.more and more frequently found in soils like Foraminifera
2017). Cryptic diversity, i.e. forms that are morphologi{Lejzerowicz et al., 2010), MAST stramenopiles (Figure
cally identical but genetically di erent and may have als®.4) or dino agellates (Bates et al., 2013). In general,
di erent ecological optima, also biases observations lshsenicro-eukaryotic diversity (particularly protists) hasekn
on morphology (Singer et al., 2015). less studied in soils than in aquatic samples partly be-

However, given their immense diversity, a holistic viegause of di culties in isolating and cultivating soil stras
of micro-eukaryotic communities was impossible to agGeisen et al., 2017).
sess until recently because available tools (both micro- An outcome of the strong environmental Iters ex-
scopic and molecular) were insu cient to reveal their en-erted by soils is described in Chapter 1. The in uence of
tire diversity. Indeed, cloning/sequencing approached da cadaver on the soil underneath reveals a whole array of
not reach the sequencing depth to reveal a signi cantrganisms that have rarely or never been reported. These
part of the communities, especially the rare biosphemaicrobial eukaryotes are supposed to be transported as
(Schiano et al., 2016). High throughput sequencing cysts and to develop only when suitable conditions are
permitted accessing these rare organisms, and continmnet. They are, therefore, excellent bioindicators which
ous technological improvements brought the DNA basechn then be reliably used to estimate the interval elapsed
methods to become the golden standard in microbial consince death (post mortem interval estimation). Examples
munities assessments (Pawlowski et al., 2016). of bioindicators can be found in the euglyphids OTUs
eugly 666 and eugly 13 which appeared after one year
. (Seppey et al., 2016). Sequences from similar organisms
2 Achievements were found in a Japanese sewage (Miyaoka et al., 2017),
also characterized by high nutrient amounts. An ongoing

The main aims of this thesis were (1) to characterize sdfoject on the same dataset (Reczuga et al., in prep.) also
micro-eukaryotic diversity using the recent advances ifenti ed a cadaver indicator OTU related to the very ni-
molecular techniques, and to draw conclusions on ecosy&philic and rarely isolatedronticula alba(Worley et al.,
tem functioning and (2) to apply and adapt new statisti-1979). Altogether, extremely N-rich samples such as ca-

cal tools to the study of environmental micro-eukaryotiéavers or faeces host a very specialized eukaryotic di-
diversity. versity comprising many uncharted clades (Bass et al.,

2016).

Functional characterization of microbial eukaryotes
and the variation of their communities along ecologi-
tyal gradients can inform on ecosystem functioning. The

In this thesis, we showed that micro-eukaryotic diversi le of b . o . has b
was probably higher in soils than in other better stud'c © acterivorous protists in soil ecosystems has been

ied environments such as plankton (Chapter 5). Spfp_lghlighFed since t.he early eighties, yvhgn it was shlown
tial heterogeneity is most probably responsible for thi@at their preda_torlal e ect on bacteria liberated labile
mpounds which could be then taken up by plants.

higher richness; indeed, beta diversity was higher than ?r?] del led "microbial loon" (Glarhol
both freshwater and marine plankton, and its turnover NS Model, called “microbial loop™ (Clarholm, 1985),

component clearly higher (Chapter 5, p. 88). Thus\a> eventually_ rened later wh_en It was found that_
diversity accumulates at large scales and ends up B! oeba predation selected auxin-producing bacteria in

ing larger than in the plankton. This might be due totBe rrlzizoslf_h(;r(;adihui indir(—*;]ctly_dri_ving rootfarch_itecmr
the facts that (1) dispersal is not as straightforward aé Onkows I’h )l'< ater, the agq:jcancz onrotlslt pre- h
in planktonic systems and (2) local environmental condfjatlon on other eukaryotes was evidenced. Fungal growt

tions, which vary strongly from site to site, exert di eren-Ca" be controlled by PrO“StS' W,h'Ch may have deleteri-
ous e ects on plants if mycorrhizae are destroyed, but

tial ecological Iters that shape communities (Baselga, T . ) o
2010). Micro-eukaryotic diversity does not necessari?so positive if phytopathogenic species can be eliminated

follow above-ground patterns: croplands, which are u Geisen et al., 2016; Foissner, 1999a). In any case, by

Soil micro-eukaryotes diversity
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predating fungi or bacteria, protists release labile nutriMoschen et al., 2016) and, recently, to microbial ecology
ents in the system. In Chapter 4 (Seppey et al., 2017), w@arberan et al., 2012). These networks have been shown
showed another pathway for carbon to enter soil from theo be more sensitive than plain community composition
atmosphere through subaerial algae, that are consuméal monitor atmospheric pollution (Karimi et al., 2016),
by protists which can be specialized on this type of prewhich is extremely useful in environmental monitoring.
The role of phototrophic preys nutrient cycling has beein Chapter 2, we combined functional characterization
widely overlooked in soils in comparison to aquatic ecosyamad network analysis to determine which OTUs may be
tems but are potentially a signi cant carbon input in soilskeystone species in peatbog ecosystems, and, based on
trophic networks (Schmidt et al., 2016). The carbon xa-these considerations, inferred hypothesis on ecosystem
tion through micro-eukaryotic photosynthesis depends ndtinctioning as a whole. In our case, rst level predators
only on the taxonomic composition of the phototrophicand mixotrophs, which feed mostly on decomposers such
taxa but also on the ratio photosynthesis/phagotrophy euas bacteria and small yeasts, and the decomposers them-
karyotic algae are involved in. Indeed, this ratio can varyselves, constitute the keystone organisms. This suggests
lot according to light or nutrient amount as most of thesethat the system is bottom-up regulated. The advantage
organisms are potentially mixotrophs (Mitra et al., 2016)of mixotrophs and low level predators seems logical given
Considering the importance that mixotrophs and phothe characteristic lack of nutrients in peat-bogs.

totrophs can obtain in terrestrial ecosystems, the study

of eukaryotic photosynthesis in soils is a promising eld

of research. 3 Perspectives

Metabarcoding is undeniably a powerful tool to assess
the diversity and structure of micro-organisms commu-

The use of statistical tools in ecology was rst aimed tdlities. Even though this technique is nowadays mostly
study macroscopic organisms. In this thesis, we appli¢é§ed for academic research purposes, it increasingly ap-
some of them to microbial eukaryotic diversity. An exP€ars as promising for applied research like bioindication
ample is the application of spatial distribution models t¢" Polluted (Pawlowski et al., 2016) or perturbed zones
the diversity of protist groups in a landscape (Chapter 3\Seppey et al., 2016) and, as suggested previously, for
Initially developed to map abundance and distribution d?athogen risk assessment (Chapter 3). The advantages
macro-organisms like plants (Guisan and Zimmermanff metabarcoding are that it provides a quick and re-
2000), these analyses have been applied here to comni@ple picture of an environments diversity at relatively
soil protist groups to predict their diversity in the SwisdoW cost, which decreases year after year. This rapid
western Alps. Most studies on soil microbial diversity foscreening of the micro-eukaryotic diversity allows then
cus on local edaphic conditions (Ekelund and Ronn, 199 target interest organisms groups, that can be studied
Eisenhauer et al., 2012) rather than topo-climatic varifhrough their morphology or by other molecular markers.
ables (but see Lara et al., 2016). Here, we showed th&tigh throughput approaches like lllumina permitted sat-
in most cases, a large part of the diversity variance ca#fating OTU diversity in entire biomes, as it has been
be explained by both edaphic and topo-climatic variablegone for sunlit planktonic communities from the global
and that the predictive power is slightly better for topo-0cean in the TARA project (de Vargas et al., 2015). This
climatic predictors than for edaphic variables for most dechnology also multiplies the list of unknown OTUs
the taxa studied. The application of this type of mod-already started with cloning/sequencing approaches in
els may give precious clues about biodiversity hotspots € 2000's (van Hannen et al., 1999; Lopez-Garcia et al.,
zones at risk of pathogen infestations, like in the case éP01; Diez et al., 2001).
oomycetes, a well-known group of plant pathogens. In- Research on microbial eukaryotes has relied on mor-
deed, some species liRhytophthora cinnamomia wide phospecies described on the base of light- and sometimes
spectrum virulent tree pathogen) are nowadays expaneéiectron microscopy for a long time. Nowadays, it is
ing their distribution range, possibly taking advantage athe practice to add a taxonomically informative DNA se-
climate change (Hardham, 2005). The application ofuence, in addition to morphometrical data to the de-
spatial models would be extremely useful to predict, acription of species. In addition, data on diet, habitat
regional scale, its expansion in order to take the appr@nd behaviour are of utmost importance to gather the
priate measures (Duque-Lazo and Navarro-Cerrillo, 201fiost information on their functional ecology and thus
Hudgins et al., 2017). build a reference database that allows giving most mean-
Assessing community diversity may be seen as a rdd to environmental DNA surveys data. In this purpose,
step in the exploration of micro-eukaryotic communi& common, groundbreaking e ort is being recently under-
ties. However, beyond taxonomic and functional ditaken by the protistologist community to unite this exist-
versity, communities are also characterized by a den¥ knowledge in a single database, the UniEuk Project
and complex network of interactions between their men{Berney et al., 2017).
bers. The structure of these links can be characterized Nowadays, sequencing technology applied to environ-
with co-occurrence networks, a tool rst developed irmental DNA allows sequencing larger and larger frag-
the information theory. In biology, it has been appliednents, with sequencing depth increasing accordingly. It
to genomics (Friedman and Alm, 2012) transcriptomicsan be foreseen that in a near future, whole ribosomal

Use of unusual analyses
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operons will be ampli ed, which will help considerabljpomically informative DNA fragments, and organisms will
in improving the phylogenetic reconstruction of the eutherefore be characterized phylogenetically. In the mean-
karyotic tree (Marande et al., 2009). Availability of ITStime, scientists working on micro-eukaryotes genomics$ wil
sequences will also make studies at the population levetrease the size of genetic databases, what will allow an-
possible, as this marker is several times more variabietating these gene sequences obtained through environ-
than SSU rRNA and commonly used in protist populationmental sequencing and belonging to unchartered organ-
level studies (Pawlowski et al., 2012; Heger et al., 2011)sms. When these databases will be built and the corre-
At the same time, it will be possible to assemble partiadponding powerful bioinformatics tools will be developed,
genomes out of environmental DNA, allowing at least theve will be in a good position to give the "dark matter"
retrieval of functional genes in certain cases. These gena&ssoil diversity a face and a meaning.

will be linked to the ribosomal operons or other taxo-

sequence database
improvement

diet, habitat,
behaviour experiment

Organisms based J\L[eige]oJt=URe [\V/=TESI1\Y; Molecular based
microbial ecology "dark matter" microbial ecology

genome assembly of
all members of an

environmental
community

community screening

Figure S5.5: How organisms and molecular based methods camérease knowledge in reciprocals elds.
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