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"How could life be boring when there are still rhizopods to describe?"

Leidy

"My work, which I’ve done for a long time, was not pursued in order to gain the

praise I now enjoy, but chie�y from a craving after knoweledge, which I notice

resides in me more than most other men."

Leeuwenhoek, Letter of 12 June 1716

"Nobody exists on purpose. Nobody belongs anywhere.

We’re all going to die. Come watch TV."

Rick and Morty
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Abstract

The world eukaryotic diversity is dominated by

(mostly) single-celled organisms referred to as prot-

ists. Among them, the Amoebozoa are one of the

most numerous, diverse and characteristic groups

in soil, thus playing important roles in ecosystems

functioning. However, their study has been im-

peded by the di�culty in detecting them and the

lack of stable morphological traits in most groups.

Nevertheless, some amoebozoans such as the Hy-

alospheniformes (Arcellinida) are characterized by a

self-constructed test (i.e. shell) which facilitates their

identi�cation, and are then considered as a suitable

model group for investigating diversity patterns of

repartition. The recent development of DNA bar-

coding has helped considerably taxonomic identi�c-

ation, whereas metabarcoding has allowed revealing

microbial community composition without observa-

tional and cultivation biases. These methods have

proved e�cient for several microbial groups, but

only few studies have been designed for Amoebozoa

and available protocols are still rather scarce. The

aims of my thesis were then to 1) improve and de-

velop molecular methods to study the amoebozoan

diversity and ecology, 2) estimate the taxonomic and

functional diversity in the soil, 3) improve the taxo-

nomic and phylogenetic frame for this diversity in

order to build a sound basis for further research

and 4) characterize the ecological drivers which are

likely to in�uence microbial diversity at local, con-

tinental and global scales.

We �rst identi�ed a new molecular marker to

survey arcellinids taxa, which proved to be e�cient

for discriminating closely-related taxa and simul-

taneously investigating deep relationships among

distant taxa (Chapter 2). In addition, we also ad-

apted a metabarcoding protocol with speci�c COI

primers to survey the diversity within the genus Ne-
bela at a �ne taxonomical resolution (Chapter 6).

Then, we isolated, cultivated and described the

�rst member of a deep-branching environmental

clade of Amoebozoa (Chapter 3). This amoeba, one

of the smallest amoeboid species described, presents

a unique life cycle with an alternation of phago-

trophic active trophozoites and osmotrophic fungi-

like rami�cations. Its presence has been pervasively

reported in many soil metabarcoding studies, but

this organism had never been characterized. By con-

trast, Hyalospheniformes are known since the works

of Ehrenberg in the 19
th

century. However, their di-

versity at the species level remains poorly character-

ized. In chapter 4, we showed that the iconic testate

amoeba species Nebela militaris did not belong to

genus Nebela but branched as a separate entity in

the Hyalospheniformes tree. Therefore, we erected

the new genus Alabasta for this species (Chapter 4).

In addition, we demonstrated that Hyalospheni-

formes diversity had been greatly underestimated.

Indeed, our morphological and molecular results

have revealed the presence of several species within

the genera Apodera, Alocodera and Padaungiella.

This new diversity has implications on microbial

biogeography asApodera vas andAlocodera cockayni
were previously considered as two non-cosmopolite

species with very broad geographical ranges and

large ecological tolerances. Furthermore, we showed

that the situation was far more complex, suggesting

the existence of narrow local endemisms and eco-

logical specialists, similarly to genera Hyalosphenia
and Nebela (Chapter 5).

Finally, we explored the diversity patterns of the

genus Nebela along an elevation gradient (Chapter

6). We observed a decrease of abundance and di-

versity in high elevation corresponding to a typical

mid-domain e�ect. Our study also revealed several

unknown phylotypes restricted to the higher elev-

ation that seemed to present competitive exclusion

with the generalist taxa from lower elevation.

In conclusion, this thesis highlights that mo-

lecular methods associated to robust morphological

observations are e�cient to reveal and describe the

diversity of Amoebozoa. Furthermore, these micro-
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bial organisms display biogeographical and macroe-

cological patterns similarly to animals, plants and

fungi, when all groups are studied at the same taxo-

nomical rank, i.e. species level.
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Résumé

La diversité mondiale des eucaryotes est dom-

inée par des organismes (principalement) unicellu-

laires appelés protistes. Parmi eux, les Amoebozoa

sont l’un des groupes les plus abondants, diversi�és

et caractéristiques du sol, jouant ainsi des rôles im-

portants dans le fonctionnement des écosystèmes.

Cependant, leur étude a été entravée par la di�culté

de les détecter et le manque de traits morpholo-

giques stables dans la plupart des groupes. Toute-

fois, certains amibozoaires comme les Hyalospheni-

formes (Arcellinida) produisent une thèque (c.-à-d.

une coquille) caractéristique qui facilite leur identi-

�cation, et sont donc considérées comme un groupe

modèle approprié pour étudier les schémas de ré-

partition de la diversité. Le développement récent du

barcoding moléculaire a considérablement aidé pour

l’identi�cation taxonomique, tandis que le métabar-

coding a permis de révéler la composition des com-

munautés microbiennes sans biais d’observation et

de culture. Ces méthodes se sont révélées e�caces

pour plusieurs groupes microbiens, mais seulement

quelques études ont été conçues pour les Amoebozoa

et les protocoles disponibles sont encore assez rares.

Les objectifs de ma thèse étaient alors 1) améliorer et

développer des méthodes moléculaires pour étudier

la diversité et l’écologie des amibozoaires, 2) estimer

la diversité taxonomique et fonctionnelle présente

dans le sol, 3) améliorer la taxonomie et phylogénie

de cette diversité a�n d’établir une base solide pour

de futures recherches et 4) caractériser les facteurs

écologiques susceptibles d’in�uencer la diversité mi-

crobienne à l’échelle locale, continentale et mon-

diale.

Nous avons d’abord conçu un nouveau mar-

queur moléculaire pour étudier plusieurs groupes

d’arcellinides, qui s’est révélé e�cace pour dis-

criminer des taxons proches et étudier simultané-

ment les relations phylogénétiques profondes entre

des taxons éloignés (chapitre 2). De plus, nous avons

également adapté un protocole de métabarcoding

pour étudier le genre Nebela avec des amorces

COI spéci�ques et une résolution taxonomique �ne

(chapitre 6).

Ensuite, nous avons isolé, cultivé et décrit

le premier membre d’un clade environnemental

d’amibozoaires évolutivement très divergent

(chapitre 3). Cette amibe, l’une des plus petites es-

pèces d’amibes décrites, présente un cycle de vie

unique avec une alternance de trophozoïtes ac-

tifs phagotrophes et de rami�cations osmotrophes

ressemblant aux champignons. Sa présence a été

fréquemment reportée dans de nombreuses études

de métabarcoding du sol, mais cet organisme n’avait

jamais été caractérisé auparavant. En revanche, les

Hyalospheniformes sont connus depuis les travaux

d’Ehrenberg au XIXe siècle. Cependant, leur di-

versité au niveau de l’espèce reste mal caractérisée.

Dans le chapitre 4, nous avons montré que l’espèce

emblématique d’amibe à thèque, Nebela militaris,
n’appartenait pas au genre Nebela, mais constituait

une entité distincte dans l’arbre des Hyalospheni-

formes. Par conséquent, nous avons érigé le nou-

veau genre Alabasta pour cette espèce (chapitre 4).

De plus, nous avons montré que la diversité

des Hyalospheniformes avait été largement sous-

estimée. En e�et, nos résultats morphologiques et

moléculaires ont révélé la présence de plusieurs

espèces au sein des genres Apodera, Alocodera et

Padaungiella. Cette nouvelle diversité a des impacts

sur la biogéographie microbienne, car Apodera vas et

Alocodera cockayni étaient auparavant considérées

comme deux espèces non-cosmopolites avec des

aires de répartition géographique très étendues et

de grandes tolérances écologiques. Par conséquent,

nous avons montré que la situation était beaucoup

plus complexe, suggérant l’existence d’endémismes

locaux étroits et de spécialistes écologiques, à l’instar

des genres Hyalosphenia et Nebela (chapitre 5).

Finalement, nous avons exploré la diversité

du genre Nebela le long d’un gradient d’élévation

(chapitre 6). Nous avons observé une diminution de

l’abondance et de la diversité en haute altitude ce
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qui correspond à un e�et typique de « milieu de do-

maine ». Notre étude a également révélé plusieurs

phylotypes inconnus limités à de hautes altitudes

qui semblent présenter une exclusion réciproque

avec des taxons généralistes présents à des altitudes

inférieures.

En conclusion, cette thèse met en évidence

que des méthodes moléculaires associées à des ob-

servations morphologiques robustes sont e�caces

pour révéler et décrire la diversité des Amoebo-

zoa. De plus, ces organismes microbiens possèdent

des schémas biogéographiques et macro-écologiques

similaires aux animaux, plantes et champignons, dès

lors que ces groupes sont étudiés au même rang tax-

onomique, c’est-à-dire au niveau de l’espèce.
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1.1 Diversity

1.1.1 What are micro-eukaryotes and
protists?

The eukaryotes are all organisms that possess a

nucleus compartmented by endomembrane systems,

in contrast to prokaryotes (i.e. bacteria and archaea)

which have no organelles. Most known eukaryotic

groups are macroscopic, i.e. plants, animals and

many fungi as we can easily observe them and in-

teract with them. Nevertheless, it is now well accep-

ted that these three groups represent only a minor

fraction of the total eukaryotic diversity. Indeed,

since the discovery of the �rst micro-eukaryote in

the 17
th

century by Van Leewenhoeck (1676) the in-

terest for microbial diversity has gradually increased

in the scienti�c community, especially around the

end of the 20
th

century following the development

of molecular methods. The retrieval of molecular

data from a wide panel of microbial-sized eukaryotes

has evidenced that macroscopical groups were inter-

spersed in the tree of eukaryotes among unicellular

forms, which form the bulk of eukaryotic diversity

(Fig 1.1) (Simpson and Roger, 2004). This microbial

diversity is referred to as protists, which include all

eukaryotic organisms that do not belong to plants,

animals or fungi.

Protists display diverse and important functions

in all ecosystems. For example, heterotrophic forms

control bacterial (Azam et al., 1983; Clarholm, 2005),

but also eukaryotic microbial populations (Geisen

et al., 2016, 2015c). In addition, marine phototrophic

protists are responsible of half of the global car-

bon intake (Field et al., 1998), whereas soils prot-

ists probably also play a non-negligible role (Sep-

pey et al., 2017; Zancan et al., 2006). Parasitic forms

are very diversi�ed and abundant in all systems,

and most likely play fundamental roles in regulating

marine plankton communities (de Vargas et al., 2015)

and soil invertebrates (Mahé et al., 2017). This high

diversity of functions and environments is associ-

ated with an important morphological variability.

Indeed, protists from all clades of the eukaryotic

tree display a wide variety of �agella, cilia, and may

have more or less amoeboid shapes with pseudopo-

dia from all sizes and shapes. Some protists even

produce complex mineral skeletons of varying com-

positions (e.g. Acantharia, Polycystinea and Fo-

raminifera).

Eukaryotes are currently divided into several

monophyletic supergroups with common character-

istics, such as Rhizaria and Opisthokonta. These su-

pergroups are then organized into an eukaryotic tree

of life (Fig 1.1) (e.g. (Keeling et al., 2005; Pawlowski

et al., 2012; Simpson and Roger, 2004)) which is

still in progress (Burki et al., 2019). Despite being

very diverse and playing essential functions in all

ecosystems, protists are comparatively less studied

and understood than macroscopical eukaryotes or

other microorganisms such as fungi and bacteria.

Therefore, several important fundamental and ap-

plied questions still await to be answered (see Ap-

pendix E (Geisen et al., 2017)). In particular, ter-

restrial free-living organisms of non-economical val-

ues are particularly understudied groups (del Campo

et al., 2014).

1.1.2 What are Amoebozoa?

The Amoebozoa (Lühe 1913), represent one of

the oldest branching supergroup (Simpson and Ro-

ger, 2004) and are considered as the most diverse

amoeboid supergroup together with the Rhizaria

(Pawlowski, 2008; Pawlowski and Burki, 2009). This

supergroup is considered as one of the most dom-

inant protist lineages in several ecosystems as re-

cently reported from a beech leaf litter and ag-

ricultural soil surveys (Santos et al., 2020; Voss

et al., 2019). In the Amoebozoa, about 5000

morphospecies were described (Lahr et al., 2011c),

which is most likely an underestimation of the

real diversity as these organisms usually dis-

play few morphological characters for idendi�c-

ation (Bovee, 1953; Smirnov, 2008; Smirnov and

Goodkov, 1999). All amoebozoans are character-

ized by a �exible shape associated with cytoplas-

mic projections called pseudopodia (Smirnov, 2008)

and with a phagocytosis feeding strategy (Avery

et al., 1995). Some taxa possess �agella, like for

instance the Myxomycetes and the genera Mas-
tigamoeba, Phalansterium and Multicilia all re-

grouped within the Evosea (Kang et al., 2017; Lau-

terborn, 1895). Most amoebozoans are active het-

erotrophs in soils, e.g. Acanthamoeba and Ver-
mamoeba (Clarholm, 1981; Ekelund and Rønn, 1994),

or in freshwater, e.g. Dermamoebida (Smirnov

et al., 2011a), but also in marine environments

e.g. Dactylopodida (Volkova and Kudryavtsev, 2017).

Furthermore, some amoebozoans are also osmo-

trophs, at least during a certain period of their

life cycle, such as Acanthamoeba and the Myxo-

mycetes (Adl and Gupta, 2006; Ne�, 1957). Under

speci�c conditions, some groups can become hu-

man parasites, e.g. Acanthamoeba and Entamoeba
(Qvarnstrom et al., 2009; Visvesvara et al., 2007),

and are then considered as opportunistic para-

sites. Some organisms associated with photosym-

2



Figure 1.1 – Schematic representation of the major lineages in the eukaryotic tree of life from Geisen et al. (2018).

Multicellular non-protist taxa are highlighted in boxes, whereas brown dots represent abundant and diverse terrestrial

groups.

bionts can take advantage from the photosynthesis

by-products, and behave as mixotrophs e.g. Hy-
alosphenia papilio (Gomaa et al., 2014) (Fig 1.2).

Amoebozoa are capable of colonizing any habitat on

Earth that can host eukaryotic life and have been

found in extreme environments such as anoxic hab-

itats (Pelomyxa palustris, Mastigamoeba) (Margulis

et al., 1998) or hydrothermal springs (Echinamoeba
thermarum) (Baumgartner et al., 2003).

An increasing number of Amoebozoa is found to

display particular and complex life cycles including

the formation of fructi�cation structures that allow

the dispersion of propagules (Shadwick et al., 2009).

The ontogeny of these dispersal-related structures

varies from an aggregation of cells, such as in Dic-

tyostelids (Raper, 1984), to structures formed from a

single cell (“protosteloids”) (Shadwick et al., 2009).

Sex, in the sense of genomic recombination, of-

ten occurs within these life cycles. Indeed, al-

though amoebozoans such as Amoeba proteus were

traditionally considered as mainly asexual organ-

isms (Hurst et al., 1992), at least under cultural

conditions, several taxa (e.g. Myxomycetes, Dicty-
ostelium and Cochliopodium) are known to present

evidences of sex (i.e. meiosis and karyogamy)

(Lahr et al., 2011c; Wood et al., 2017). Hofstatter

et al. (2018) reported the whole set of meiosis related

genes, using transcriptomics data obtain from a wide

sampling of amoebozoan, suggesting the widespread

existence of sex-related processes in this group.

Hence, these authors proposed that all amoebozo-

ans should be considered as sexual unless proven
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otherwise. However, other studies argued that prot-

ists are rather mainly asexual and that meiosis-

speci�c genes are used in other processes, includ-

ing polyploidy control and homologous recombin-

ation, independent of meiosis (Maciver, 2019). New

research based on a combination of cultivation and

molecular characterization (see Methods section of

this chapter) is constantly revealing new species and

clades of Amoebozoa, and in the same time, de-

scribing uncharacterized life cycles ((Kudryavtsev

et al., 2019; Tice et al., 2016) and Chapter 3 (Blanden-

ier et al., 2017b)).

1.1.3 What are Arcellinida?

The Arcellinida (Kent, 1880), one particular or-

der of Amoebozoa, are characterized by a self-

constructed test (i.e. a shell) and belong to the poly-

phyletic group of testate amoebae, together with the

Euglyphida and some other Cercozoan clades (Im-

bricatea) (Cavalier-Smith and Chao, 2003) and the

Amphitremida (Poche, 1913) (Stramenopiles) (Adl

et al., 2019). The arcellinid test is made of a pro-

teinaceous matrix (i.e. cement) (e.g. Hyalosphenia
and Arcella). In addition, this matrix is generally re-

inforced either by 1) self-secreted (i.e. idiosomes)

siliceous plates (e.g. Quadrulella) siliceous rods (e.g.

Lesquereusia) or calcareous plates (e.g. Paraquad-
rula), 2) foreign agglutinated particles (i.e. xen-

osomes) (e.g. Di�ugia), and �nally, 3) agglutin-

ated plates taken from preys (e.g. Nebela) (Lahr

et al., 2015a; Meisterfeld, 2002). The morphology,

size and structure of the test are the most common

criteria for genus and species determination (Tsy-

ganov et al., 2016) (Fig 1.2), but the number, size

and shape of nuclei (Raikov, 1982; Penard, 1902)

or pseudopodia (Bonnet, 1961) are also very use-

ful traits, especially for deep phylogeny (Dumack

et al., 2019).

Arcellinida are an old group of organisms

which originate during the Neoproterozoic (Mo-

rais et al., 2017; Porter and Knoll, 2000; Riedman

et al., 2018). Indeed, this hypothesis has been sup-

ported by phylogenomic data (Lahr et al., 2019). Ar-

cellinida are common in all environments such as

lakes (e.g. Di�ugia), mosses (e.g. Arcella), peat-

lands (e.g. Hyalosphenia) and soil (e.g. Cyclopyxis).
These protists act as top predators in microbial food-

webs (Gilbert et al., 2000; Jassey et al., 2013), prey-

ing on a wide array of organisms such as bac-

teria, algae, fungi (Couteaux, 1985), protists includ-

ing testate amoebae (Chardez, 1985; De�andre, 1936)

and even small metazoans (Geisen et al., 2015c).

Some species are also decomposers of humic detritus

(Bonnet, 1964) and obligatory mixotrophs ((Gomaa

et al., 2014) see Appendix A (Macumber et al., 2019)).

In contrast to other protists, Arcellinida have a

long generation times varying from days to weeks

(Schönborn, 1992), and the majority of these spe-

cies displays narrow ecological tolerances. For ex-

ample, communities react to changes in the water

table depth (WTD) in a peatbog within days to weeks

(Charman and Warner, 1997; Mitchell et al., 2008).

A key characteristic of testate amoebae is that

the test is generally preserved in peat and sediments

for many years and even millennia (Warner, 1990).

Indeed, Arcellinida subfossils in peat are currently

used in palaeoecological studies in order to re-

construct or infer the past environmental condi-

tions based on local current species composition.

These studies have allowed to highlight climatic

�uctuations until the industrial era (Lamentowicz

et al., 2010), or even in the Bronze Age (Amesbury

et al., 2008), and also bioindication of past and cur-

rent pollution events (Patterson et al., 2012; Payne

et al., 2012). These researches, however, advocated

for an improved taxonomical frame that sets phylo-

genetic relationships between clades and also divides

the observed diversity into biologically-relevant spe-

cies. Molecular phylogenies have permitted to split

two large “wastebin” genera, i.e. Nebela (Kosakyan

et al., 2012) and Di�ugia (Gomaa et al., 2012) see

Appendix A (Macumber et al., 2019), into relevant

monophyletic units. Finally, a recent study based on

multigene phylogenies lead to the reconstruction of

deep phylogenetic relationships within Arcellinida

(Lahr et al., 2019).

1.1.4 What are Hyalospheniformes?

The Hyalospheniidae family (Schultze, 1877) was

recently raised to the infraorder rank Hyalospheni-

formes Lahr et al. (2019). They represent one of

the largest clades of Arcellinida in terms of num-

ber of described species and their abundance in the

environment. Like most other arcellinids, the Hy-

alospheniformes display a rigid test, largely used

for the species identi�cation, which is character-

ized by a �ask-vase shape, oval or piriform, usu-

ally dorso-ventrally compressed. In addition, an or-

ganic rim surrounding the aperture has been sugges-

ted as the synapomorphy of the group (Kosakyan

et al., 2012, 2016b). The Hyalospheniformes in-

clude some of the �rst described and most iconic

testate amoeba species, e.g. Nebela collaris (Ehren-

berg, 1848), Hyalosphenia papilio (Leidy, 1879) and

Apodera vas (Certes, 1889). Most species were de-

scribed between the end of 19
th

and the �rst half of
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Figure 1.2 – Scanning electron and light micrographs of several genera of Arcellinida illustrating the diversity of shape

and the variability of the test composition and organization. A. Gibbocarina sp.; B. Quadrulella longicollis; C. Nebela
collaris; D. Hyalosphenia papilio; E. Lesquereusia epistomium; F. Di�ugia elegans; G. Netzelia oviformis; H. Arcella gib-
bosa; I. Centropyxis spinosa. Image A by Q. Blandenier and images B-I modi�ed from Todorov and Bankov (2019). Scale

bars: A,I = 50 µm, B-H = 20 µm.

20
th

centuries in important faunistic records from

di�erent regions and environments, e.g. North

America fresh-water (Leidy, 1879), Lake Geneva in

Switzerland (Penard, 1890, 1902), soil and mosses

from Congo (Decloître, 1965; Gauthier-Liévre, 1957)

and New Zealand (Van Oye, 1956). These de-

scription were then reviewed in particular for gen-

era Nebela and Hyalosphenia by De�andre (1936)

and Grospietsch (1965). In addition, the sys-

tematic of Hyalospheniformes has been frequently

improved with several important works such as

Jung (1942); Schultze (1877); Taranek (1882). The

more recent taxonomic reviews, focusing on Ar-

cellinida, that include Hyalospheniformes are from

(Meisterfeld, 2002; Tsyganov et al., 2016) but none of

them present molecular phylogeny or barcoded taxa.

The Hyalospheniformes are one of the domin-

ant groups in peatlands (Amesbury et al., 2018; Gil-

bert and Mitchell, 2006; Koenig et al., 2018) but

are also abundant in forest litter (Bobrov and Ko-

sakyan, 2015; Todorov, 2002) as well as in other

wet soil systems with high amounts of humic

acids (Bonnet, 1964). To our knowledge, only one

strictly aquatic species have been described, i.e. Hy-
alosphenia punctata (Penard, 1891, 1899). On the

contrary, one species (Quadrulella texcalense) is ap-

parently restricted to biocrusts in a Mexican trop-

ical desert where the main humidity is assumed to

be related to speci�c dry-resistant mosses belonging

to the family Pottiaceae (Pérez-Juárez et al., 2017).

The Hyalospheniformes are chie�y predators of

other eukaryotes such as fungi, algae, protists and

even larger organisms including nematodes (Gilbert

et al., 2000; Yeates and Foissner, 1995). Most Hy-

alospheniformes are known for hunting speci�cally

smaller testate amoebae such as Euglyphida and us-

ing their silica scales to build their own tests (Lahr

et al., 2015a).
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Figure 1.3 – Molecular phylogeny of the Hyalospheni-

formes from Kosakyan et al. (2016b) based on a COI

marker with bootstrap values obtained by maximum like-

lihood analysis, posterior probability values obtain by

Bayesian analysis and parsimony scores obtain by max-

imum parsimony analysis.

Before the advent of molecular methods (see

Methods section), the taxonomy of Hyalospheni-

formes was mainly based on morphotypes de�ned

by direct microscopic observations. Like in

other arcellinids (and arguably many protists), Hy-

alospheniformes tests vary from one cell to another.

Therefore, sorting out morphological heterogeneity

between individuals (due to phenotypic plasticity or

intra-clonal variability (Medioli et al., 1987; Wan-

ner and Meisterfeld, 1994; Wanner, 1999)) and ge-

netically encoded variation can be challenging. The

combination of morphometrics and molecular stud-

ies has solved this issue at least for genus Nebela
(Kosakyan et al., 2013), showing a wide diversity of

pseudo-cryptic species, sometimes varying by slight

but pervasively found di�erences in shell size and

shape. These �ndings eventually lead to a taxonomic

revision of the genus which now includes eight

species described with molecular methods (Singer

et al., 2015). On the contrary, some groups like the

Hyalosphenia papilio species complex display a wide

phenotypic plasticity that probably mask genetically

encoded morphological variation, i.e. cryptic species

(Mulot et al., 2017).

The application of this combination of molecular

and morphological approaches resulted in improve-

ments in the knowledge of Hyalospheniformes sys-

tematics. Indeed, genus Nebela has been shown to

be paraphyletic (Lara et al., 2008) and split into sev-

eral genera that have been erected these last years,

i.e. Padaungiella (Kosakyan et al., 2012), Longine-
bela, Planocarina, Gibbocarina, Mrabella, Cornutheca
(Kosakyan et al., 2016b) and Alabasta (see Chapter 4

(Blandenier et al., 2018)). In addition, several species

have recently been described in the di�erent gen-

era, e.g. Longinebela (Nebela) meisterfeldi (Kosakyan

et al., 2012), Nebela guttata and N. gimlii (Kosakyan

et al., 2013; Singer et al., 2015), Quadrulella mad-
ibai and Q. texcalense (Kosakyan et al., 2016b; Pérez-

Juárez et al., 2017) and Cornutheca (Nebela) jiuhuen-
sis (Qin et al., 2016). The current phylogenies (Fig

1.3) indicate that hyalospheniids with an elongated

neck, i.e. genera Padaungiella and Alocodera, are

forming a sister clade to the other genera (Kosakyan

et al., 2016b) and Luketa (2015) has already pro-

posed the erection of the family Padaungiellidae for

these genera. However, erecting this clade to fam-

ily level has been considered as too premature due

to taxonomic undersampling (Kosakyan et al., 2016b)

and therefore the Hyalospheniidae (Schultze, 1877) is

currently the only family belonging to the recent in-

fraorder Hyalospheniformes and suborder Glutino-

concha (Lahr et al., 2019).

Kosakyan and co-authors (in prep) are �naliz-

ing a monograph that reviews current taxonomical,

systematical and ecological knowledge of the Hy-

alospheniformes. The infraorder is now composed

of 93 valid species distributed in 13 genera (Ko-

sakyan et al. in prep), but this number is expected

to increase largely in the following years. Indeed,

there are still many potential species remaining un-

detected, especially in under-explored ecosystems

and regions of the world (Pérez-Juárez et al., 2017).

The clade formed by genera Alocodera and Apodera
is thought to be distributed preferentially in the

Southern Hemisphere (Smith et al., 2008), an under-

sampled region of the world as compared to Europe

and North America (Smith and Wilkinson, 2007).
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These two genera are usually considered as mono-

speci�c (Zapata and Fernandez, 2008) while some au-

thors suggested the existence of several species (De-

�andre, 1936; Penard, 1911) and even described some

species, i.e. Apodera crenata Jung (1942) and Apodera
wellingtoniaDecloitre (1964). An investigation of the

diversity of these genera shows new perspectives

that challenged preconceptions about the Southern

Hemisphere as a less diverse region for testate amoe-

bae (see Chapter 5).

1.2 Ecology

1.2.1 Ecology of Hyalospheniformes

Since the beginning of the 20
th

century, early

authors noticed that testate amoebae species have

di�erent ecological preferences, e.g. water quality,

chemical composition, type of vegetation and nature

of the substrate (Penard, 1902). Indeed, Penard

noticed that species composition varied between

some speci�c habitats such as Sphagnum mosses

and “brown mosses”, both characterized with many

Hyalospheniformes, whereas deep lake habitats are

globally deprived of them. However, he admitted

that most testate amoebae species could not be as-

sociated to a speci�c habitat. Some years later, De-

�andre (1927) argued that inferring testate amoebae

species solely on the type of mosses present in the

habitat (e.g. Sphagnum) was not su�ciently accurate

to characterize the whole Hyalospheniformes com-

munity. Indeed, Sphagnum mosses are present both

in minerotrophic and ombrotrophic wetlands (re-

spectively refered to as fen and bogs), which present

important nutrient and acidic variation. Moreover,

Sphagnum–dominated peatlands often present con-

trasted microenvironments in term of water prox-

imity, i.e. pools that are usually �ooded, lawns
generally wet and hummocks that vary from hu-

mid to dry (Rydin et al., 2013). In some cases,

these ecological habitat categories were even wrong

as some hyalospheniids species supposedly restric-

ted to Sphagnum species were also found in oth-

ers mosses e.g. Calliergon and Hypnum. There-

fore, De�andre (1927, 1936) recommended perform-

ing deeper ecological descriptions focusing rather on

the water and oxygen availability over the months

(i.e. WTD �uctuations), as well as calcareous con-

tent and pH level instead of the mosses type.

Following the recommendations of De�andre,

several early attempts have been made to classify

Hyalospheniformes taxa into di�erent categories

of humidity (Jung, 1936; Meisterfeld, 1979; Schön-

born, 1962). Additionally, the pH and trophic

status of peatlands (i.e. gradient from bog to

fen) were shown to drive communities composition

(Mitchell et al., 1999; Tolonen et al., 1992; Warner

and Chmielewski, 1992), although their role re-

mained relatively minor as compared with the

in�uence of hydrology (Booth, 2001). Tolonen

et al. (1994) based their study on larger number

of environmental variables associated with mul-

tivariate analysis. These authors proposed moisture

and WTD as the most important factors for test-

ate amoebae communities, followed by dissolved or-

ganic carbon (DOC), trophic status and �nally pH.

In general, it has been considered that xerophil-

ous species possess large ecological tolerances (i.e.

eurytopic), while hygrophilous species possess com-

paratively narrow ecological tolerances (i.e. steno-

topic) (Charman and Warner, 1997; Lamentowicz

and Mitchell, 2005; Mitchell et al., 1999), which make

the latter more useful indicators of ecological and pa-

leoecological conditions. Indeed Alabasta (Nebela)

militaris is typically found in dry peatlands but also

in brown mosses and in forest litter (Krashevska

et al., 2018), whereas Padaungiella (Nebela) lageni-
formis is found in very diverse environments in-

cluding dry humic soil and corticolous mosses (Bon-

net, 1964, 1973), both are therefore poor indicat-

ors (Mitchell et al., 1999). However, because most

research on testate amoeba ecology has been de-

veloped on peat bogs in the Holarctic realm, we

virtually lack information on the ecology of Hy-

alospheniformes in other ecosystems and biogeo-

graphic areas. Some autecological works have been

published on forest litter testate amoebae in Europe

and Asia (Bonnet, 1964, 1990; Todorov, 2002; Bobrov

and Kosakyan, 2015) but most other regions have

never been studied under this perspective.

Several morphological features have been also

proposed to be associated with ecological prefer-

ences. For instance, Bonnet (1964) and Heal (1963)

demonstrated a strong correlation between test mor-

phology and the humidity content on the environ-

ment with larger forms mostly found in wet habitats

and smaller one in drier environments. Moreover,

several functional traits (e.g. decrease of pseudo-

stome size, decrease of biovolume, ventral or hidden

apertures position and test compression) have been

proposed to be adaptations to drought in order to

maintain activity in a thinner water �lm (Fournier

et al., 2015; Lamentowicz et al., 2015). These assump-

tions were recently con�rmed by an experimental

manipulation of the water table depth on peatland

mesocosms (Koenig et al., 2018).
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However, these early ecological studies were

limited by the previous di�culties to di�erentiate

some species, e.g. Padaungiella (Nebela) lageniformis
and P. wailesi (De�andre, 1936). Therefore it is prob-

able that these confusions have led to some misiden-

ti�cation which will have blurred ecological signals

(Heger et al., 2009; Mitchell and Meisterfeld, 2005).

Moreover several new species were described re-

cently (Kosakyan et al., 2016a) and there is often no

detailed description to know exactly which speci-

mens were previously investigated. Finally, current

ecological interpretations are complicated by previ-

ous approximate phylogeny organization, e.g. genus

Nebela sensu Bonnet (1990) included species now

related to genera Alabasta, Argynia, Longinebela,
Padaungiella, Physochila and Porosia, some of them

not even included in Hyalospheniformes (Kosakyan

et al., 2016a). Since the recent development of mo-

lecular methods (see Methods section) and the res-

ulting capacity to identify Hyalospheniformes spe-

cimens to species level (Kosakyan et al., 2016a) more

robust ecological patterns have been demonstrated.

Indeed, it has been evidenced that the community of

Nebela is mainly correlated to nitrogen variable with

some species such as N. tincta and N. guttata, restric-

ted to the most oligotrophic micro-environments in

peatland (i.e. lawns and hummocks), whereas N. col-
laris was rather found in the more nutrient riche

areas (i.e. fen) (Singer et al., 2018). These �rst

insights seem to indicate that some Hyalospheni-

formes at least express more complex ecological dis-

tribution patterns than previously expected without

molecular methods. Many studies are now needed to

describe the �ne ecology of the new diversity detec-

ted in other genera and species of this infraorder (see

Diversity section) and in other environments (e.g.

forest litter). For instance, to test if ecological distri-

bution observed with elevation or latitudinal gradi-

ents surveys of macroscopic taxa also applied in mi-

crobial organisms (see Chapter 6 and Appendix C

(Seppey et al., 2019). Finally, a particular care will

now be needed for the identi�cation of morphos-

pecies from di�erent regions as we are now aware

of the problematics of (pseudo)cryptic diversity pat-

terns in some taxa (see Chapter 5).

1.2.2 Biogeography of
Hyalospheniformes

The geographic distribution of microbial-sized

organisms across the globe has always been a cent-

ral question for environmental microbiologists and

for biogeographers alike. Darwin, in his voyage

on the Beagle collected diatoms in what is now

Tierra del Fuego and sent them to Ehrenberg for

identi�cation. Ehrenberg found forms that were

already described from other regions of the globe,

and Darwin concluded, in substance, that these old

forms had the time to disperse everywhere (Dar-

win, 1846; O’Malley, 2009). Penard, one of the fore-

fathers of testate amoeba research, was convinced

that because amoebozoan where very small and

able to encyst, they could be dispersed passively

through winds global circulation (Penard, 1902). In

his perception of protist distribution, similar habitats

everywhere on the globe will possess the same com-

munities (a view he latter modi�ed (Penard, 1938)),

whereas in di�erent habitats of a same region, test-

ate amoebae communities will di�er greatly. Some

years later, De�andre (1928) argued that it was di�-

cult to observed restricted distribution because of the

lack of comprehensive survey on some regions (e.g.

Arctic), and also because some rare taxa may have

been overlooked. De�andre (1936) showed never-

theless that some frequent Hyalospheniformes spe-

cies in the Southern Hemisphere had never been ob-

served in Europe or North America, e.g. Apodera vas,
Alocodera cockayni and Certesella certesi (all of them

previously in genus Nebela), whereas others were

observed in every latitude as long as the environ-

ment was suitable, e.g. Padaungiella (Nebela) lageni-
formis. On the following years the existence of spe-

cies with geographically limited distributions was

con�rmed with the description of many species from

undersampled parts of the world such as Africa and

New Zealand (Gauthier-Liévre, 1953; Van Oye, 1956).

Testate amoebae were then globally assumed to be

composed of two distinctive associations with spe-

cimens from Laurasia (i.e. North America, Europe

and Asia) and Gondwanaland (I.e. South America,

Africa, Australia, New Zealand and Antarctica) ori-

gins, with Central America and Indonesia as trans-

itional zones including varieties common to both

groups (Hoogenraad and De Groot, 1979).

A sudden regain of interest on microbial biogeo-

graphy occurred during the late 1990’s-early 2000’s

with a debate that crystallized around the sen-

tence “everything is everywhere, but, the environ-

ment selects”. This tenet took its roots in early

20
th

century (Baas Becking, 1934) but was later

made popular by authors like Tom Fenchel and

Bland J. Finlay (Fenchel et al., 1997; Finlay and

Fenchel, 1999; Finlay, 2002). They stated that prot-

ists were present everywhere because of their huge

populations and small size, which could induce

great dispersal capabilities, but that only groups

with favorable environmental conditions were act-
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Figure 1.4 – Map of the recorded global distribution of Apodera (Nebela) vas from Smith and Wilkinson (2007).

ive and dominant, whereas the rest were maintained

encysted and remained thus undetected (Fenchel

et al., 1997). On the other hand, several protists

have been shown to possess limited distribution

and follow biogeographical patterns similar to an-

imals and plants (Foissner, 1999). Therefore, Foiss-

ner (2006) proposed a moderate endemism concept

based on a selection of �agships taxa, i.e. unmis-

takable morphological taxa (Foissner, 2004), that

were not observed on similarly adequate envir-

onments in other regions of the world. Foiss-

ner included Apodera vas, a testate amoebae from

former Gondwana origin (De�andre, 1936), in his

�agships list of endemic species based on its ab-

sence from Holarctic area despites intensive re-

search (Smith and Wilkinson, 2007) (Fig 1.4). Fur-

ther records of A. vas distribution con�rmed Foiss-

ner argument and this species has now been fre-

quently found in South America: e.g. in Brazil, Chile

and Ecuador (Krashevska et al., 2007; Wailes, 1913),

Central America: e.g. Costa Rica, Guadeloupe,

Guatemala, Mexico, Nicaragua and Panama (Bon-

net, 1977a; Heger et al., 2011c; Laminger, 1973),

Africa: e.g. Congo, Madagascar and Tanzania

(Mitchell and Meisterfeld, 2005; Todorov and Gole-

mansky, 2014; Van Oye, 1956), Asia: e.g. Java

and Nepal (Bonnet, 1977b; Van Oye, 1949), Oceania:

e.g. Australia and New Zealand (Meisterfeld and

Tan, 1998; Penard, 1911) and even in Kerguelen is-

lands in Antarctica (Bonnet, 1981) (see Kosakyan

Monograph (in prep) for an exhaustive records list).

In contrast to Gondwanian Hyalospheniformes spe-

cies (i.e. A. vas, Alocodera cockayni and Certesella
certesi (Smith et al., 2008)), Hyalosphenia papilio is

frequently recorded in almost all Holarctic peatlands

(Amesbury et al., 2018; Heger et al., 2013) and is

systematically absent from similar Southern Hemi-

sphere habitats (Fernández et al., 2015; Swindles

et al., 2018). Finally, Cornutheca (Nebela) ansata is

restricted to a rather narrow region in the eastern

North America (Heger et al., 2011b).

However, besides these biogeographic “�agship

species”, most Arcellinida species are still considered

as cosmopolitan, or at least having wide distribution

areas. In other organisms, the limitations of the cur-

rent morphology-based taxonomy prevent the eval-
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uation of biogeographic patterns. As an example,

the morphospecies Nebela (now Argynnia) antarc-
tica was described as an endemism for Amsterdam

Island, an isolated land mass in the Southern Indian

Ocean, based on morphometrical comparisons with

the close resembling Argynnia dentistoma (Grospi-

etsch, 1971). However, the di�erences between the

two species as observed by Grospietsch did not resist

a further analysis including a wider sampling (Heger

et al., 2009). Taxonomical issues, sometimes gen-

erated by a natural tendency of lumping taxa can

also blur existing biogeographical patterns; group-

ing the Southern Hemisphere species Apodera vas
with the assumed cosmopolitan Lagenodi�ugia vas
lead to the wrong conclusion that this species is dis-

tributed everywhere. However, this conclusion was

rejected as, although some old drawings could lead

to confusion, both species di�ered morphologically

and ecologically (Mitchell and Meisterfeld, 2005).

However, the application of molecular methods

have revealed a more complex story for the distri-

bution of Hyalosphenia papilio, which is assumed to

be composed of a complex of cryptic species (Mu-

lot et al., 2017). Indeed, the di�erent genetic lineages

have been shown to possess di�erent ranges of dis-

tribution, some of them largely distributed through-

out Holarctic, whereas other are restricted to speci�c

regions (Heger et al., 2013). The phylogeographic

patterns of Hyalosphenia papilio have recently been

evidenced to be related to the history of Sphagnum-

peatland expansions and contractions in response

to Quaternary glaciations (see Appendix D (Singer

et al., 2019). Therefore, a particular care will now be

needed for the identi�cation of morphospecies from

di�erent regions in order to avoid lumping di�erent

cryptic morphospecies together and to highlight po-

tential hidden biogeographical patterns (see Chapter

5).

1.3 Methods

1.3.1 What are traditional methods?

Observation, isolation and cultivation of
Amoebozoa

Before the discovery of DNA, studies of prot-

ists were performed by microscopical observations

either by direct observations of the samples or after

cultivation of samples in enriched media. The

�rst case apply mainly to freshwater and mar-

ine samples that contains relatively few mineral

particles, whereas soils samples required to be di-

luted in water in order to limit opacity of the samples

(Anderson, 2002). Direct observations are typically

well suited to large organisms, like testate amoebae

(Foissner, 1987), while minute heterotrophic �agel-

lates and naked amoebae are usually elusive due to

their transparent bodies and lack of obvious distinct-

ive traits.

As these organisms are often encysted in soil

under normal conditions (Anderson, 2000), isola-

tion and cultivation steps are a good approach to

study them (Lara et al., 2007). One of the most ef-

�cient methods to isolates soil microbial organisms

is the most probable number (MPN) approach (Rønn

et al., 1995) which was originally developed to es-

timate the abundance of soil protists (Darbyshire

et al., 1974). The principle of this method consist on a

serial of gradually more diluted soil suspension into

a suitable growth medium (Ekelund and Rønn, 1994).

After a growth period of several weeks, the determ-

ination of the maximal dilution before no protists

can be observed allow estimating the original abund-

ance of cultivable soil protists. In addition, an ex-

amination with an inverted microscope may also re-

veal a bloom of single organism in some wells of the

lowest dilution that can then be transfer into culture

�asks (Cowling, 1991). Alternatively, isolations can

also be more selective by isolating individual cells

from enrichment cultures with a micro pipette under

an inverted microscope (Ekelund and Rønn, 1994). In

both case, it is challenging to determine which type

of media (e.g. (Page, 1976; Prescott and James, 1955)),

which food preferences (e.g. bacteria alone, algae,

fungi or �agellates (Ekelund and Rønn, 1994)), and

which culture conditions (e.g. temperature, presence

of light) are optimal for the target species. Therefore,

soil protists are often not able to grow in cultures un-

der controlled conditions (Foissner, 1987).

Nevertheless and despite being a laborious task,

obtaining pure cultures of amoeboid taxa is of-

ten mandatory to analyze their life cycle ((Brown

and Silberman, 2013) and chapter 3 (Blandenier

et al., 2017b)) or their autecology, e.g. feeding be-

havior (Dumack et al., 2016) or salinity tolerances

(Kudryavtsev et al., 2019). Some species of test-

ate amoebae like Euglypha rotunda or Assulina mus-
corum can be cultivated and are available in culture

collection such as CCAP (https://www.ccap.ac.uk/).

In Arcellinida, successful cultures have been ob-

tained mostly for generalist aquatic species such as

Arcella cf. intermedia and Phryganella paradoxa (Du-

mack et al., 2019; Porfírio-Sousa et al., 2017), but also

few terrestrial species such as Cyclopyxis kahli and

Di�ugia lucida (Ogden and Meisterfeld, 1991; Wan-

ner and Meisterfeld, 1994). Nevertheless, most arcel-
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linids, including Hyalospheniformes, are considered

as uncultivable (Lahr et al., 2011c), probably due to

their higher trophic requirements and prey selectiv-

ity.

Amoebozoan species identi�cation and charac-
terization

Naked amoebozoans identi�cations to spe-

cies level with light microscope is in most case

complicated or impossible due to the lack of

stable morphological traits (Bovee, 1953; Ekelund

and Rønn, 1994; Smirnov, 2008). According to

Smirnov (2008) the main criteria to identify a na-

ked amoeba species are 1) the movement of locomot-

ive and �oating forms, 2) the shape of subpseudopo-

dia, 3) the type of uroidal structures, 4) the number

and morphology of nuclei, 5) the glycocalyx (i.e. cell

coat) composition, and 6) the cytological morpho-

logy of organelle, e.g. mitochondria and Golgi com-

plex. Arcellinida identi�cation is more precise due to

the presence of a rigid test allowing more morpho-

metrical traits (Luketa, 2017a,b). In addition, the test

composition and ultrastructure can also be used as

taxonomical traits. Indeed the presence and shapes

of self-secreted plates or rods (i.e. idiosomes) or for-

eign agglutinated particles (i.e. xenosomes) are in-

dicative features allowing to discriminate di�erent

genera and are evolutionary conserved (e.g. Quad-
rulella and Di�ugia) (Meisterfeld, 2002).

Various approaches have been used to analyze

the di�erent features previously mentioned. For

instance, the development of microscopic contrast

enhancement like di�erential interference contrast

(DIC) and confocal microscopy, and the use of stain-

ing, such as Carmine Borax (Penard, 1902) high-

lighted the structure of the nucleus and other organ-

elles. Transmission Electron Microscopy (TEM) has

been widely used has a taxonomical tool to invest-

igates the external coating structures and evidence

di�erent morphological scales types displayed by

some naked amoeba (Schuler and Brown, 2019; Ud-

alov, 2016) and food strategy (Smirnov et al., 2011a).

TEM has also allowed the distinction of the

chromatin pattern of the nucleolus (Smirnov and

Goodkov, 2004; Tyml and Dyková, 2018), the

rough endoplasmic reticulum structure (Volkova and

Smirnov, 2016), the shape of mitochondrial cristae

and the position of microtubule-organizing centers

(MTOCs) (Melton III et al., 2019). Finally, scanning

electron microscopy (SEM) has permitted to describe

the coating of some naked amoebae, e.g. Armaparvus
languidus (Schuler and Brown, 2019), but has mostly

been used for the characterization of Arcellinida test

ultrastructure. Indeed the type of cement (i.e. rough,

fragile or strong) and its network structure has been

shown to be a useful taxonomic and even poten-

tial phylogenetic character, at least for agglutinated

taxa such as Di�ugia (Lahr and Lopes, 2006; Og-

den, 1979, 1983, 1991). Similarly the �ne composi-

tion of the test, i.e. the choice of construction ma-

terial, evidenced with SEM, has a direct in�uence on

the structure and the appearance of the test (Bian

et al., 2019) and adds therefore other morphological

criteria for taxa di�erentiation (Ogden, 1980). All

these methods have allowed reaching a high taxo-

nomical potential but also to de�ne several ecolo-

gical and biogeographical patterns in diverse Amoe-

bozoa (Anderson, 2018; Meisterfeld, 2002).

1.3.2 What are molecular methods?

Barcoding and molecular phylogeny

The emergence of molecular methods has trans-

formed biodiversity understanding, especially for

microbial organisms. Indeed, the barcoding ap-

proach, i.e. using a section of DNA from a

speci�c gene or genes to identify taxa, is now

commonly used as an e�cient tool for taxonomy

(Blaxter, 2004; Hebert et al., 2003). This method

is especially adapted for the determination of

uncultivable or limited morphological traits taxa

(Bovee, 1953; Smirnov, 2008). This approach has re-

vealed an important cryptic diversity in all Amoebo-

zoa (Douglas et al., 2011; Kalla et al., 2011; Kosakyan

et al., 2012). The main barcoding steps include 1)

the isolation of either single or couple of cells from

environmental sample or culture under an inverted

microscope, 2) DNA extraction with a modi�ed pro-

tocol (Blandenier et al., 2018) based on guanidine

thiocyanate bu�er (Chomczynski and Sacchi, 1987),

3) ampli�cation of a portion of a selected gene us-

ing speci�c primers through polymerase chain re-

action (PCR) and 4) sequencing of PCR product in-

cluding a facultative extra cloning steps depend-

ing on the sequence quality (Fig. 1.5) (Kosakyan

et al., 2012; Porfírio-Sousa et al., 2017).

Molecular phylogeny permits to illustrate rela-

tionships between taxa with statistical support. This

approach allowed the placement of both Arcellinida

and Hyalospheniidae in the eukaryotic tree of life

(Lara et al., 2008; Nikolaev et al., 2005), but also to

clarify relationship among Hyalospheniformes gen-

era (Kosakyan et al., 2016b) (see Diversity section)

and di�ugids taxa (Gomaa et al., 2017). Molecu-

lar phylogeny has also improved the phylogenetic

placement of many naked amoebae species to the
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Figure 1.5 – Schematic summaries of the di�erent steps required for the three molecular approaches used during my

thesis, i.e. the barcoding, the cloning-sequencing and the High Throughput Sequencing (HTS).

correct genus, such as Armaparvus languidus that

belong now to the genus Pessonella (Schuler and

Brown, 2019). Phylogenetic reconstruction has also

demonstrated the polyphyly of genus Rhizamoeba
(Smirnov et al., 2017).

Metabarcoding

Metabarcoding is a common tool to evaluate en-

vironmental biodiversity using molecular methods.

This approach consists in the extraction of DNA

from an environmental sample (e.g. soil, water, sed-

iments), then the ampli�cation of environmental di-

versity with a genetic marker (i.e. a barcode) and

�nally sequencing the resulting amplicons. The �rst

generation sequencing was originally performed by

a cloning sequencing strategy with a Sanger meth-

ods (Blaxter et al., 2005), while high throughput se-

quencing (HTS), also referred to as next generation

sequencing (NGS), is now carry out by Illumina se-

quencing technologies (Creer et al., 2016) (Fig. 1.5).

The fast technological improvements of sequencing

methods have permitted to drastically decrease the

price and the time of analyses while increasing the

yield and length of sequences (Gužvić, 2013), allow-

ing the metabarcoding approach to become the gold

standard of microbial communities survey. In or-

der to analyze the huge amount of data produced

(i.e. several millions of amplicon reads), several

bioinformatics tools have been developed to clean

the sequences and clusterize them, e.g. SWARM

(Mahé et al., 2015), into operational taxonomic units

(OTUs) that represent molecular biological entities

(Valentini et al., 2009). These OTUs can then be as-

signed, e.g. with ggsearch (Pearson, 2000), to spe-

ci�c species with accurate databases obtained from

previous barcoding studies of known taxa, e.g. Silva

(Pruesse et al., 2007) and PR
2

(Guillou et al., 2012).

Metabarcoding studies have permitted to cir-

cumvent observational and cultivation biases inher-

ent to microbial diversity, and revealed an unsuspec-

ted diversity of several environmental clades, such as

LKM74 in freshwater (van Hannen et al., 1999), see

also Chapter 3 (Blandenier et al., 2017b), or alveol-

ates (Lopez-Garcia et al., 2001), stramenopiles (Mas-

sana et al., 2006) and diplonemids (Lara et al., 2009)
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in the oceans. The TARA oceans expedition on sun-

lit oceans protists con�rmed the tremendous plank-

tonic diversity (i.e. more than 150’000 OTUs), but

also highlighted their heterotrophic dominant func-

tion, especially as parasites and symbionts (de Var-

gas et al., 2015). Finally, some applied metabar-

coding studies have also been performed in or-

der to screen the presence of bioindicators spe-

cies such as Foraminifera or Diatoms (Pawlowski

et al., 2016). Soils ecosystems have been comparat-

ively less studied due the high prevalence of fungal,

plant and metazoan sequences that concealed prot-

ists diversity (Lesaulnier et al., 2008). Nonetheless,

several soils environmental clades were also dis-

covered like the Opisthosporidia (Lara et al., 2010),

Foraminifera (Lejzerowicz et al., 2010) and Dino-

phyceae (Bates et al., 2013). Similarly to oceanic

ecosystem, several studies evidenced the importance

of soil parasitic diversity (Bates et al., 2013; Geisen

et al., 2015a; Mahé et al., 2017), but also unexpec-

ted importance of algivorous organisms in soils (Sep-

pey et al., 2017). Metabarcoding has proved to be

a successful approach for ecological studies such as

elevational transects on microbial organisms (Dahl

et al., 2018) and Chapter 6).

Limitations of the metabarcoding method

Due to the speci�city of the primers and

PCR biases, metabarcoding results are not ho-

mogeneous among groups and Amoebozoa are

often under-represented or excluded (Geisen

et al., 2019, 2015b; Stephenson et al., 2011; Voss

et al., 2019). The main reasons are that amoebo-

zoan are assumed to be too divergent (Fiore-Donno

et al., 2010; Nikolaev et al., 2005) and to possess in-

trons (i.e. portion of non-coding DNA present inside

coding regions) (Stephenson et al., 2011). Only a few

metabarcoding projects have focused on Amoebozoa

with speci�c primers, as recommended by de Groot

et al. (2016), and the target groups were only Myxo-

mycetes (Dahl et al., 2018; Gao et al., 2019; Shchepin

et al., 2019). Metabarcoding protocols for other

amoebozoan groups, e.g. Arcellinida, remain there-

fore to be designed (Chapter 6).

In comparison with Sanger sequencing, the

phylogenetic resolution obtained with metabarcod-

ing using NGS is low due to the short length of the

reads (2x300bp). Even if this size will increase gradu-

ally with technological innovation (Gužvić, 2013). In

addition, an ideal marker should not contain any in-

trons in the investigated groups of organisms, which

would hamper their ampli�cation. Primers targeting

new regions and new genes are therefore requested

to improve the range of ampli�cation. PCR ampli�c-

ation will also induce semi-quantitative data which

is a major issue for any abundance ecological study

(Von Wintzingerode et al., 1997).

Another limitation of metabarcoding methods is

caused by the tradeo� between universality and high
resolution of primers. In other words, a deep phylo-

genetic marker, conserves enough resolution to re-

trieve sequences from all eukaryotic lineages but will

be often too conserved to di�erentiate closely re-

lated species (Blaxter, 2004). The small subunit ri-

bosomal RNA gene (18S rRNA) molecular marker

is the best suited to obtain a good approximation

of eukaryotic diversity (Mahé et al., 2017; de Var-

gas et al., 2015). The main reason is that the 18S

rRNA gene function is extremely conserved across

the tree of life, impeding rapid mutational changes.

Therefore, this slow rate of evolution is problem-

atic for the di�erentiation of closely related spe-

cies. While some lineages have unusually fast-

evolving ribosomal operons, like Foraminifera (Mor-

ard et al., 2016), it has been shown that 18S rRNA

is not variable enough to resolve interspecies re-

lationships within several amoebozoan groups like

vannellids (Nassonova et al., 2010) and hyalospheni-

formes (Lara et al., 2008). Curiously, 18S rRNA can

also form slightly divergent paralogs within single

genomes, as evidenced for ciliates (Zhao et al., 2019),

but also Myxomycetes (García-Martín et al., 2019)

and Vannellida (Nassonova et al., 2010). This phe-

nomenon may biased interpretations of environ-

mental diversity in metabarcoding studies and rigor-

ous investigations are needed to disentangle mean-

ingful diversity from intra-individual polymorphism

and methodological artefact (Decelle et al., 2014).

Other markers have been developed and applied

in barcoding or metabarcoding studies (Pawlowski

et al., 2012) in order to obtain a higher taxonomic

resolution. For instance, the ribosomal internal tran-

scribed spacers (ITS) is the most accurate fungal

barcode (Schoch et al., 2012) and has been used

in di�erent protist lineages such as chlorarachnio-

phytes (Gile et al., 2010) and oomycetes (Robideau

et al., 2011). However, the use of ITS for barcoding

Amoebozoa has been impeded by important para-

logs in Vannellida (Nassonova et al., 2010), sim-

ilarly to some plants and animals studies (Chase

et al., 2005; Blaxter, 2004). Actin, a protein-coding

gene has also been used for DNA taxonomy of

Dactylopodida (Kudryavtsev and Pawlowski, 2015),

but mostly as phylogenetic marker of Amoebozoa

(Fahrni et al., 2003; Kudryavtsev et al., 2009). In

both cases numerous paralogs were found which
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prevent their use as optimal taxonomic markers, at

least for Arcellinida (Lahr et al., 2011b). In addi-

tion, mitochondrial genes have been expected to

be promising alternatives to nuclear markers be-

cause they generally do not produce paralogs and

are more accurate due to faster evolutional rates

(Brown et al., 1979; Fučíková and Lahr, 2016; Stone-

king, 2013). Indeed, the cytochrome oxidase sub-

units 1 (COI) gene has been frequently used as taxo-

nomical barcode (Hebert et al., 2003) on several

groups including Lepidoptera (Hebert et al., 2004a),

birds (Hebert et al., 2004b) and spiders (Barrett and

Hebert, 2005) due to its high level of species dis-

crimination. This marker was then shown to be

e�cient for several protists lineages, for instance

in red algae (Robba et al., 2006), ciliates (Barth

et al., 2006) and diatoms (Evans et al., 2007). Nas-

sonova et al. (2010) con�rmed that COI was ef-

�cient to discriminate amoebozoan species such

as Vannella and this marker has since been used

for Cochlopodium (Tekle, 2014), Rappella (Kudryavt-

sev and Gladkikh, 2017) and is now considered as

the canonical marker for Hyalospheniformes (Heger

et al., 2013; Kosakyan et al., 2016b; Singer et al., 2015).

However, the counterpart of this fast evolving

marker is that “universal primer”, e.g. Folmer’s

primer LCO1490-HCO2198 (Folmer et al., 1994),

are not suitable for all groups and di�erent spe-

ci�c primers have often to be developed (Kosakyan

et al., 2013; Kudryavtsev, 2014). Chapter 2 (Blanden-

ier et al., 2017a) focusses on the development and

experimentation of a new mitochondrial marker for

both deep phylogeny and taxonomy of Arcellinids

(see also Appendix A (Macumber et al., 2019)).

1.4 PhD aims

The global aims of my thesis are to 1) improve

and develop molecular methods to study amoebo-

zoan diversity and ecology, 2) obtain a better know-

ledge of this diversity that plays important functions

in nutrient cycling and, in �ne, soil fertility, 3) im-

prove the taxonomic and phylogenetic frame for this

diversity in order to build a sound basis for further

research and 4) characterize the ecological drivers

which are likely to in�uence microbial diversity at

local, continental and global scales. I used the in-

fraorder Hyalospheniformes (Arcellinida; Amoebo-

zoa) as my model group, but I also expanded my re-

search to other amoebozoans and even to all prot-

ists in collaborative projects (Fig 1.6). The logical

scheme of this thesis is to start by developing the

molecular tools required for the investigation of Ar-

cellinida, and especially of the Hyalospheniformes,

to use these methods to assess and characterize their

diversity and �nally to analyze their ecological re-

quirement and their distribution patterns. The Hy-

alospheniformes taxonomy has recently been con-

siderably improved (Kosakyan et al., 2016a), allow-

ing the evaluation of the ecological and biogeo-

graphical patterns with the highest taxonomical res-

olution. In this thesis, I will use a combination of

morphological, genetic and ecological data as sug-

gested for hyalospheniids (Singer et al., 2018) or Cy-

anobacteria (González-Resendiz et al., 2019). The �-

nal goal of my PhD will be to investigate how far the

diversity of eukaryotic microorganisms follows the

same ecological and distribution patterns compared

to their multicellular counterparts.

I have led all chapters of my thesis from the

design of the project to the publication or manu-

script preparation. In addition, I also had the op-

portunity to participate to some collaborations that

are presented in the appendices section. These side

projects have allowed me to investigate others taxo-

nomic groups and to develop alternative research in-

terests, for instance spatial modeling.

1.5 Summary of the di�erent
chapters and appendices

1.5.1 Chapters

CH2 - NAD: Development of a new molecu-
lar marker Based on the observation that mark-

ers based on the 18S gene were not adapted neither

for �ne-level taxonomy, nor to resolve the most an-

cient nodes within this clade, we developed a pro-

tocol to amplify and sequence a new mitochondrial

marker which includes two conserved genes and an

intergenic variable region. We tested our new pro-

tocol on several key Arcellinida taxa and applied it

to environmental DNA as a potential new marker

for metabarcoding studies. This marker combines

the qualities of a good (meta)barcode with a short

size but a high taxonomic resolution and simultan-

eously possesses a conserved region that allows to

reveal deep relationships between far-related taxa.

Published in European Journal of Protistology, DOI:
10.1016/j.ejop.2016.12.002.

CH3 - Mycamoeba gemmipara: the �rst cul-
tivated member of Clade LKM74 We discovered

and described Mycamoeba gemmipara, the �rst spe-

cies of a new clade of tiny naked amoeba (Amoe-

bozoa, Dermamoebidea). We then characterized its

morphology, phylogenetical position among Amoe-
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Figure 1.6 – Schematic outlook of my thesis highlighting the themes of the chapters (CH) and my collaborations (capital

letters) in function of the three main foci of my thesis (methods, diversity and ecology). *: Articles already published.

bozoa and ecology. Finally, we emphasized its as-

tonishing and unique life cycle based on an alterna-

tion of phagotrophic active trophozoites and osmo-

trophic fungi-like rami�cations. Published in Journal
of Eukaryotic Microbiology, DOI: 10.1111/jeu.12357

CH4 - Nebela militaris �nally �nd its home
in the new genus Alabasta We conducted a study

on the peat bog species Nebela militaris with mo-

lecular and morphological methods to place phylo-

genetically the species among the Hyalospheni-

formes. Our analyses based on genetic and mor-

phological criteria con�rmed that Nebela militaris
does not belong to genus Nebela. Therefore, we

erected the genus Alabasta to accommodate it and

other morphologically and ecologically similar spe-

cies. Published in European Journal of Protistology,
DOI: 10.1016/j.ejop.2018.08.005.

CH5 - Survey of the generaApodera andAlo-
codera from the Southern Hemisphere We as-

sessed the molecular and morphological diversity

of genera Apodera, Alocodera and Padaungiella and

discovered a vast diversity within each genus. The

sequences obtained for Alocodera are biogeograph-

ically separated by continent, while European and

Southern American Padaungiella isolates seemed

phylogenetically divergent. Altogether, our results

suggest that these Hyalospheniformes may contain

more endemic taxa than previously thought.

CH6 - Elevation impact on genus Nebela
We explored the diversity patterns of Hyalospheni-

formes along an elevation gradient and investigated

how this diversity was related to elevation and other

variables. We restricted our survey on a very ho-

mogenous habitat, i.e. forest Sphagnum-dominated

peatlands, and focused on genus Nebela, which was

already shown to present strong habitat selection.

We detected that the abundance and diversity of spe-

cies of this genus tend to decrease in high elevation

and that the richness distribution seems to present

a typical mid-domain e�ect. Moreover, we also dis-

covered competitive exclusion between high eleva-

tion specialist species and dominant low elevation

generalist ones.

1.5.2 Appendices

My contribution in the following side projects

varied from di�erent aspects of the work summar-

ized in Table 1.1: experimental design, sampling,

laboratory work, data analysis and writing. I di�er-

entiated my involvement as: not involved, slightly

involved, signi�cantly involved, and in charge of the
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Table 1.1 – Table 1.1- Summary of my involvement in the di�erent side projects realized during my PhD. NA = Not

Available, - = Not involved, + = Slightly involved, ++ = Signi�cantly involved, +++ = In charge of the whole section.
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A - Molecular and morphological tools to study genus Di�ugia ++ - + ++ ++

B - Alabasta militaris zoological code ++ NA NA +++ ++

C - Spatial modelling of microeukaryotes - - ++ - +

D - Holarctic phylogeography survey of Hyalosphenia papilio - - - ++ ++

E - 30 questions for soil protistology + NA + - +

whole section.

A - Molecular and morphological tools to
study genus Di�lugia We combined the high-

resolution marker NAD9-NAD7 with advanced

morphometrics to assess the phylogenetic signal of

morphological traits of elongated Di�ugia species.

The phylogenetical analyses revealed two clades

which could be reliably separated by test size and the

presence/absence of mixotrophy. We noticed that

mixotrophic taxa have generally larger tests char-

acterized by wide �at bases, and hypothesized that

these traits are bene�cial for endosymbionts per-

formance. Published in European Journal of Protisto-
logy, DOI: 10.1016/j.ejop.2019.125645.

B -Nebela bursella a complicated storyWhile

reviewing the history of Nebela militaris, we noticed

that this species was a subjective junior synonym of

Nebela bursella, and that the taxonomic relationship

of both species was confusing. We made a request to

the Bulletin of Zoological Nomenclature in order to

be allowed to keep the speci�c epithet militaris for

our new genus Alabasta and we reviewed the whole

history of these species. Published in Bulletin of Zo-
ological Nomenclature.

C - Spatial modelling of microeukaryotes
We compared the power of topo-climatic versus ed-

aphic variables for predicting the diversity of vari-

ous soil protist groups in the Swiss western Alps.

We generated the dataset through a metabarcod-

ing approach of environmental soil DNA from 178

sites, where several key topo-climatic and edaphic

variables were measured, and modelled the prot-

ists diversity patterns in Generalized Additive Mod-

els. We found that topo-climatic variables had

a better predictive power than edaphic variables.

However, predictive power varied among taxonomic

groups. Published in Journal of Biogeography, DOI:
10.1111/jbi.13755.

D - Holarctic phylogeography survey of Hy-
alosphenia papilio We investigated the diversity of

Hyalosphenia papilio genetic lineages and quanti�ed

their phylogeographical patterns to test if current

distribution can be explained by historical factors

or by the current distribution of suitable habitats.

We discovered higher diversity in Western North

America, which con�rmed our inferred geograph-

ical origin for this species complex. Moreover, we

proposed that the global distribution of H. papilio is

tightly linked to the history of Sphagnum-peatland

expansions and contractions in response to Quatern-

ary glaciations. Published in Molecular Ecology, DOI:
10.1111/mec.15117.

E - 30 questions for soil protistology Soil

protists diversity and their key ecological functions

in ecosystems have recently received an increas-

ing interest from the scienti�c community. This

is mainly due to methodological and technical ad-

vances that have made their study more access-

ible. Based on a synthesis of experts opinion, we

provided a synthesis of research gaps, in a broad

range of topics, that should be prioritized in future

studies of soil protistology to guide its ongoing re-

volution. Published in Soil Biology and Biochemistry,
DOI: 10.1016/j.soilbio.2017.04.001.
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Chapter 2

NAD9/NAD7 (mitochondrial nicotinamide adenine
dinucleotide dehydrogenase gene) —

A new “Holy Grail” phylogenetic and DNA-barcoding marker
for Arcellinida (Amoebozoa)?
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Abstract

Molecular phylogeny is an indispensable tool for assessing evolutionary relationships among protists.

The most commonly used marker is the small subunit ribosomal RNA gene, a conserved gene present in

many copies in the nuclear genomes. However, this marker is not variable enough at a �ne-level taxo-

nomic scale, and intra-genomic polymorphism has already been reported. Finding a marker that could

be useful at both deep and �ne taxonomic resolution levels seemed like a utopic dream. We designed

Amoebozoa-speci�c primers to amplify a region including partial sequences of two subunits of the mi-

tochondrial nicotinamide adenine dinucleotide dehydrogenase gene (NAD9/NAD7). We applied them

to arcellinids belonging to distantly related genera (Arcella, Di�ugia, Netzelia and Hyalosphenia) and to

Arcellinid-rich environmental samples to obtain additional Amoebozoa sequences. Tree topology was

congruent with previous phylogenies, all nodes being highly supported, suggesting that this marker is

well-suited for deep phylogenies in Arcellinida and perhaps Amoebozoa. Furthermore, it enabled dis-

crimination of close-related taxa. This short genetic marker (ca. 250 bp) can therefore be used at di�erent

taxonomic levels, due to a fast-varying intergenic region presenting either a small intergenic sequence or

an overlap, depending on the species.
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2.1 Introduction

Molecular phylogeny is the golden standard for

phylogenetic reconstruction as well as species-level

taxonomy. However, at both levels, currently avail-

able markers have their limits. Universal single-gene

markers for deep phylogeny are not readily applic-

able to several eukaryotic groups such as the en-

tire supergroup Amoebozoa (Lahr et al., 2011b; Tekle

et al., 2008, 2016). When available, universal primers

generally target the ribosomal small subunit (18S or

SSU rDNA gene), but present biases across the large

phylogenetic diversity of eukaryotes (Pawlowski

et al., 2012). Likewise, species-level markers such as

cytochrome oxidase subunit 1 (COI or COX) are gen-

erally useful only within small phylogenetic groups

and di�erent primer sets need to be designed for

each group (Kudryavtsev, 2014). Finding a marker

that would be useful for both deep phylogenetic and

species-level studies is a goal that few taxonomists

dare dream about – a true Holy Grail. Here we re-

port the �nding of a marker that comes very close to

such a dream.

The eukaryotic superclade Amoebozoa com-

prises mainly free-living, unicellular, heterotrophic

protists. Most species are characterized by meta-

bolic cell bodies, often highly variable in their shape,

as well as a unique way of moving and feeding

by means of cytoplasmic streaming or pseudopodia

(Grebecki, 1994). One group of Amoebozoa, the Ar-

cellinida, have a test (shell) and belong to a poly-

phyletic morphological group termed “testate amoe-

bae” (Kosakyan et al., 2016a). There are currently

about 2,400 described Amoebozoa species, mainly

catalogued using morphological approaches (Gray

et al., 2004). However, environmental DNA studies

have shown that this diversity is greatly underestim-

ated (Berney et al., 2015; Geisen et al., 2014). Under-

estimates are due to both a lack of universality with

general markers as well as low taxonomic resolution

at species level. Furthermore, Amoebozoa are usu-

ally underrepresented in environmental DNA stud-

ies based on 18S rDNA, owing to long 18S rDNA

sequence, frequent mismatches in primer regions

and presence of introns (Berney et al., 2004; Geisen

et al., 2015a; Pawlowski et al., 2012). The few existing

DNA barcoding studies based on COI have revealed

a multitude of genotypes hidden within morpho-

species, some of which are di�erentiable only based

on ultrastructural features and are referred to as

“pseudo-cryptic species” (Kosakyan et al., 2012; Nas-

sonova et al., 2010; Singer et al., 2015).

The most commonly used eukaryotic barcoding

marker is the nuclear gene coding for the 18S rDNA

because it is found in the genomes of all eukaryote

and possesses a mosaic of highly conserved and vari-

able nucleotide sequences (Pawlowski et al., 2012).

Yet, unlike in other groups (e.g. Foraminifera, (Mor-

ard et al., 2016; Pawlowski and Holzmann, 2014), the

18S rDNA gene is not su�ciently variable to resolve

interspecies relationships in several taxa including

Amoebozoa (Nassonova et al., 2010). Other nuclear

markers such as actin have been used to a lesser ex-

tent, but this marker is of limited usefulness in the

case of Arcellinida due to the presence of paralogs

(Lahr et al., 2011b). There are also concerns about

the possible existence of paralogs of the 18S rDNA

in the nuclear genome itself (Oliverio et al., 2014).

On the other hand, Amoebozoa 18S rDNA gene se-

quences often present high heterogeneity in rates of

evolution across sites and between species, and both

phenomena impair considerably the establishment

of deep phylogenies (Tekle et al., 2008). This prob-

lem has also been reported in arcellinids, where fast-

evolving taxa can be di�cult to place in trees and

distort the relationships among internal branches

(Kudryavtsev et al., 2009).

Mitochondrial genes are a promising alternat-

ive as they normally do not duplicate and evolve

generally faster than nuclear genomes (Brown

et al., 1979; Fučíková and Lahr, 2016; Stonek-

ing, 2013); on the other hand, genes coding for

some conserved protein genes may be easy to align

and conserved enough to infer ancient phylogen-

etic relationships (Fučíková and Lahr, 2016). The

commonly used mitochondrial barcoding marker

COI, which is now established as the canonical

barcoding marker for animals (Hebert et al., 2003)

has been used also for various Amoebozoa groups

(Kudryavtsev, 2014; Nassonova et al., 2010) and in

particular for arcellinid testate amoebae (Kosakyan

et al., 2012, 2013, 2016a; Singer et al., 2015). Although

this gene proved to be an excellent marker for �ne-

level taxonomy, it is too variable to assess ancient

dichotomies.

Nicotinamide adenine dinucleotide dehydro-

genases genes (NADH) have been hypothesized to

be the most conserved group of Amoebozoa mito-

chondrial genes (Heidel and Glockner, 2008). There-

fore, we hypothesized that potential barcode mark-

ers could be found in these genes. To date, ten com-

plete amoebozoan species mitochondrial genomes

from seven di�erent genera are available in Gen-

Bank under “Amoebozoa complete mitochondrion”

search (Table 2.1). These species belong to distantly-

related organisms (Lahr et al., 2011a; Nikolaev

et al., 2005; Smirnov et al., 2005). As mitochondrial
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genomes of Amoebozoa show high levels of syn-

teny (Fučíková and Lahr, 2016), we designed a set of

primers to amplify a presumably highly conserved

region in the NADH gene complex, i.e., the end of

NAD9 and the beginning of NAD7, in order to ob-

tain a marker that would be conserved enough in

evolution to resolve deep phylogenetic relationships

but which could be used to discriminate closely re-

lated species (due to the redundancy of the genetic

code and the putative variability of the intergenic re-

gion). We tested ampli�cation of this region with

a selection of arcellinid species covering the main

phylogenetic lineages, in order to evaluate the e�-

ciency of the proposed marker. In addition, we ap-

plied these primers to environmental DNA samples

to test whether this marker could be used in envir-

onmental barcoding studies.

2.2 Material and Methods

2.2.1 Testate amoeba collection and DNA
extraction

Testate amoebae were obtained from various en-

vironments (i.e., mosses, ponds, bog lakes and sedi-

ments) and di�erent geographical origins (Table 2.2).

Both Arcella lineages were collected from a pond in

Sao Paulo (BR), identi�ed in Utermöhl’s plankton

chambers (Hydro-Bios, Kiel, Germany) under inver-

ted microscope (Olympus IX81 mounted with Plan

Apo objectives (Mitutoyo, Japan) with 40x magni-

�cation), picked up with a stirred Pasteur pipette,

cleaned several times with sterilized pond water and

cultured in 25 ml �asks containing 1 ml of cereal

grass media (Lahr and Katz, 2009). For the other

species, two to 28 cells of similar morphology and

originated from the same sample were picked up in-

dividually, as explained above, and placed together

into Eppendorf tubes containing 100 µl of guan-

idine bu�er (Chomczynski and Sacchi, 1987). Ar-
cella cultures were spun in microcentrifuge tubes for

10 min at 5000x g and 800 µl of guanidine bu�er

was added to the resulting pellet. DNA extraction

was performed in these tubes as described in Go-

maa et al. (2012). DNA was �nally re-suspended

in sterile demineralized water. Environmental DNA

was extracted from Sphagnum mosses collected in

the peatland Le Cachot in the Swiss Jura Mountains

(Table 2.2). Env_L_1 and Env_L_2 are two environ-

mental clones belonging to a lawn and Env_B_1 to a

peatland border as described in Singer et al. (2016).

Testate amoeba cells were extracted from 20 g of

fresh Sphagnum and concentrated by sieving at 150

µm. The resulting fraction was used for global DNA

extraction with a MoBio Power Soil® DNA Isolation

kit according to the manufacturer’s instruction (Ko-

sakyan et al., 2015).

Cells used for DNA extraction were documented

using alternatively a Leitz Orthoplan and an Olym-

pus IX81 microscope. Shells were prepared and doc-

umented for scanning electron microscopy (SEM) as

described previously in Gomaa et al. (2012). The

following reference papers were used for species

identi�cation: Chardez (1967), De�andre (1928), Og-

den (1979, 1980). Test size, shape and composition,

as well as nucleus shape (especially in genus Di�u-
gia) were used as criteria for species identi�cation

and discrimination.

2.2.2 Primer design, PCR ampli�cation
and sequencing

We designed primers comparing the entire mi-

tochondrial genomes from the following amoe-

bozoans: Acanthamoeba castellanii (NC 001637),

Dictyostelium citrinum (NC 007787), Dictyostelium
discoideum (NC 000895), Polyspondylium pallidum
(NC 006862) and Vermamoeba vermiformis (NC

013986) (Table 2.1). Phalansterium (KC121006) and

Physarum polycephalum (NC 002508) mitochondrial

genomes were partly unannotated and therefore

could not be used for primer design. Acanthamoeba
polyphaga (KP054475) and Balamuthia mandrillaris
(NC 027736) genomes sequences arise after the

design of the primer. All the NADH dehydrogenases

sequences were obtained by a single polymerase

chain reaction (PCR) with two newly design primers

NAD9_386F (5′-TGG TTA GAA CGA GAA GTT

TGG GAT ATG T-3′) and NAD7_67R (5′-GTG CGC

AGC AGG RTG TTG WGG WCC- 3′) (list of all

primers designed in Supplementary material 1). The

DNA was ampli�ed in a total volume of 17 µl with

an ampli�cation pro�le consisting of a 3 min initial

denaturation at 94°C followed by 35 or 40 cycles pro-

gram of 30 s at 94°C, 30 s at 61°C, 1 min at 72°C and

a �nal elongation of 10 min at 72°C. Except for Net-
zelia tuberculata, all positive products were cloned

using a PCR2.1 Topo TA cloning vector and trans-

formed into E. coli TOP10’ One Shots cells (Invit-

rogen kit) according to the manufacturer’s instruc-

tions. N. tuberculata was sequencing without any

cloning step. The protocol used for amplifying en-

vironmental DNA was identical to the one used for

isolated cells and Arcella cultures. Sequencing of �ve

to ten clones for each amplicon (34 for each environ-

mental clones) was performed with single direction

by an initial ampli�cation using a BigDye197 Ter-
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Table 2.1 – List of the ten complete mitochondrial genomes.

Species NCBI reference sequence References

Acanthamoeba castellanii NC_001637 (Burger et al., 1995)

polyphaga KP054475 Karlyshev et al., unpublished

Balamuthia mandrillaris NC_027736 (Greninger et al., 2015)

Dictyostelium citrinum DQ336395 (Heidel and Glockner, 2008)

discoideum NC_000895 (Ogawa et al., 2000)

fasciculatum EU275727 (Heidel and Glockner, 2008)

Phalansterium sp. KC121006 (Pombert et al., 2013)

Physarum polycephalum NC_002508 (Takano et al., 2001)

Polysphondylium pallidum NC_006862 Burger et al unpublished

Vermamoeba vermiformis NC_013986 (Bullerwell et al., 2010)

Table 2.2 – List of sequenced species, sampling localization and sequences details.

Species Environments
Localisations

and countries
Co-ordinates

Number of

cells used per

extraction

Sequences

length (bp)
AT%

Genbank

number

Arcella intermedia pond Sao Paulo (BR) 23◦57’ S, 46◦73’ W 40k 253 (+ 5*) 80.7 KY499885

Arcella intermedia laevis pond Sao Paulo (BR) 23◦57’ S, 46◦73’ W 40k 253 (+ 5*) 79.5 KY499884

Di�ugia nodosa Bog lake Ljulin (BG) 42◦38’ N, 23◦09’ E 5 246 (+1*) 71.3 KY499878

Di�ugia nodosa pond Groeneveld (NL) 52◦21’ N, 5◦25’ E 21 245 (+1*) 70.7 KY499879

Di�ugia pyriformis pond Groeneveld (NL) 52◦21’ N, 5◦25’ E 28 267 (+1*) 70.9 KY499876

Di�ugia pyriformis ditch Laegieskamp (NL) 52◦28’ N, 5◦14’ E 20 267 (+1*) 70.5 KY499877

Env_L_1 Sphagnum sp Le Cachot (CH) 47◦00’ N, 6◦39’ E - 251 77.7 KY499887

Env_L_2 Sphagnum sp Le Cachot (CH) 47◦00’ N, 6◦39’ E - 260 70.8 KY499880

Env_B_1 Sphagnum sp Le Cachot (CH) 47◦00’ N, 6◦39’ E - 320 (+1*) 72.8 KY499888

Hyalosphenia papilio Sphagnum sp Le Cachot (CH) 47◦00’ N, 6◦39’ E 3 261 (+1*) 77.9 KY499886

Netzelia oviformis pond Neuchâtel (CH) 47◦00’ N, 6◦95’ E 2 256 77.0 KY499881

Netzelia tuberculata lake le Loclat (CH) 47◦02’ N, 6◦99’ E 4 253 (+1*) 79.8 KY499882

Netzelia wailesi sediments Sima-Moor (AT) 47◦58’ N, 12◦62’ E 3 262 (+1*) 78.6 KY499883

minator Cycle Sequencing Ready Reaction Kit (Ap-

plied Biosystems), further analysed with an ABI-

3130XL DNA sequencer (Applied Biosystems). Se-

quences were deposited in GenBank with the follow-

ing accession number: KY499876–KY499888.

2.2.3 Alignment and phylogenetic
analysis

Obtained sequences (environmental, cultures

and isolates-derived) were aligned against all Amoe-

bozoan sequences found in GenBank that included

the fragment of interest, plus the oomycete Phytoph-
thora ramorum NC 009384 as outgroup. The se-

quences were aligned manually using BioEdit soft-

ware (Hall, 1999). We built a Maximum Likeli-

hood phylogenetic tree with the software MEGA6

(Tamura et al., 2013). T92+G was selected as the best

model using the Akaike criteria as implemented in

the MEGA package. Robustness of the nodes was

calculated by performing 500 bootstraps replicates.

2.3 Results

2.3.1 Structure of the sequences

We used the primers combination which worked

the best (i.e., NAD9_386F–NAD7_67R) among all

possible (Supplementary material 1) on the collec-

ted species (Figure 2.1). We obtained 13 sequences

from at least ten di�erent arcellinid testate amoeba

taxa (Table 2.2) from four distantly related famil-

ies. Four sequences belonged to genus Di�ugia (two

isolates of D. nodosa and two of D. pyriformis), two

from clonal cultures of genus Arcella (A. interme-
dia and A. intermedia laevis), three to genus Net-
zelia (N. oviformis, N. tuberculata and N. wailesi),
one toHyalosphenia papilio and three environmental

clones sequence type (Env_L_1, Env_L_2 and Env_-

B_1) from Sphagnum samples.

The sequences ranged from 245 to 320 bp in

length. NAD9 formed the main part of the sequences

with a length between 210 bp (both Arcella lineages)

and 226 bp (both D. nodosa) whereas NAD7 was

much shorter, between 42 bp (both Di�ugia and

Netzelia species) and 61 bp (Hyalosphenia papilio).

The AT ratio was high, ranging from 70.5% to 80.7%

(Table 2.2) which is similar to Acanthamoeba castel-
lanii (70.6%), Dictyostelium citrinum (73%) and Poly-
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Figure 2.1 – Light (AK) and scanning electron (E) micrographs of the ten analysed species: A. Di�ugia pyriformis from

Groeneveld (NL); B–C. D. pyriformis from Laegieskamp (NL), in C an active cell showing a pseudopod; D. D. nodosa
from Groeneveld (NL); E. D. nodosa from Ljulin (BG); F. Netzelia wailesi from Sima-Moor (AT); G. N. oviformis from

Neuchâtel (CH); H. N. tuberculata from le Loclat (CH) showing pseudopods; I. Hyalosphenia papilio from Le Cachot

(CH); J. Arcella intermedia laevis from Sao Paulo (BR); K. A. intermedia from Sao Paulo (BR) with characteristic depres-

sions on the test. J and K Arcella pictures were taken by A. Por�rio at the University of Sao Paulo. Scale bar: A–E = 100

µm, F–K=20 µm.

sphondylium pallidum (75.8%). However, the AT:GC

ratio on the priming region was not too unbalanced;

furthermore, the high melting temperature of the

primers allowed high annealing temperatures in the

PCR cycling program, which reduced self-annealing

problems.

The relative con�gurations of the NAD9 and

NAD7 genes fell into three di�erent categories (Fig-

ure 2.2). In the �rst case (both D. pyriformis isolates,

N. oviformis, N. wailesi and Env_B_1) there was an

intergenic region with speci�c sequences. This nuc-

leotide indel is very short (i.e., 2–6 bp) and is made

solely of A and T except for the Env_B_1 with a

particularly long intergenic region (i.e., 46 bp) com-

posed of all four nucleotides. In the second case

(N. tuberculata and Env_L_2) the two genes are per-

fectly contiguous without any indels or overlaps. In

the last case, the two genes overlapped, either only

by 1 bp for Arcella (the A nucleotide at the end of

TAA corresponded to the beginning of ATG), 7 bp

for Env_L_1 as well as Hyalosphenia papilio, or 16 bp

for both D. nodosa. All NAD9 sequences possessed

a TGA codon (canonically a stop codon, Table 2.3).

This codon was located in nucleotide position 195

for all species, except for the sequence of Env_L_-

2 where it was present in position 204 and for both

Arcella and Netzelia which had two TGA codons in

position 195 and 204. The insertion of single nuc-

leotides in the sequences, corresponding to several

species or groups of species, suggests frequent mi-

tochondrial RNA editing, as demonstrated in other

Amoebozoa (Traphagen et al., 2010).

2.3.2 Phylogenetic relationships among
species

The phylogenetic tree (Figure 2.3) showed that

all our sequences branched together, forming a ro-

bust arcellinid clade with 85% bootstrap support (B).

Another robust clade (94% B) included all pyriform

Di�ugia. Likewise, both Arcella branch together ro-

bustly as well as both Netzelia (Table 2.5), all �ve se-

quences forming another robust clade (88% B). Hy-
alosphenia papilio and Env_L_1 were very similar

(di�ering by 14 bp), and branch together along with

Env_B_1 which is more basal (Figure 2.3). Finally,

Env_L_2 position is weakly supported (<50% B) and

is sometimes basal to the whole arcellinid tree (data

not show).

The sequences we obtained using the NADH

dehydrogenases primers allowed us to discriminate

accurately all species, even in the case of closely-

related species. The two isolates identi�ed as D.
nodosa di�ered by 14% in their NAD9/NAD7 se-

quences and the two D. pyriformis isolates by 6%.

Similarly, the three Netzelia species diverged by, re-

spectively, 9, 16 and 17% (Table 2.5).
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Figure 2.2 – Con�guration of the three types of intergenic region. The dark grey box represents the NAD9 gene and the

light grey one the NAD7. The three dots (···) express a continuation of the gene, whereas the single dot (·) expresses a

�ctive space between two codons. The �rst case represents the nucleotides insertion model, the second the contiguously

genes alignment and �nally the overlapping one.

2.4 Discussion

2.4.1 NAD9/NAD7 is an accurate
fragment for species identi�cation
and phylogenetic reconstructions

We describe here a pair of primers that work re-

liably across all Arcellinida. The designed primers

are, at �rst sight, incongruent with “canonical” prac-

tices, particularly GC content and length (Die�en-

bach et al., 1993). This is because the amoebozoan

mitochondrial genome is GC-poor (see Table 2.2),

stable in terms of coding capacity and gene order,

but present highly divergent nucleotide sequences,

impossible to align outside coding regions (Glock-

ner, 2013), resulting in lesser potential primer hy-

bridization regions. Our two primers NAD9_386F

and NAD7_67R successfully ampli�ed the target

genes for di�erent taxa spread across the arcellinid

tree.

The resulting fragment presents the advantage

of being small (i.e., less than 320 bp) and is there-

fore easy to amplify. This short size may likewise

allow their retrieval using high throughput sequen-

cing (HTS) approaches, opening the way for the

construction of a large Arcellinida sequence data-

set, which has been a challenge so far owing to

the di�culty to amplify the commonly used mark-

ers such as 18S rDNA. Indeed, environmental se-

quencing is very useful to strengthen the topology of

phylogenetic trees and to discover unknown clades

or new taxa within known clades. Here, we ob-

tained an environmental sequence (Env_L_1) that
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Figure 2.3 – Phylogenetic tree of Arcellinida based on NAD9-NAD7 genes sequences. The tree was rooted with the

Oomycete Phytophthora ramorum and based on a maximum likelihood analysis. Numbers at the nodes indicate the

resulting bootstraps (only values above 60% were kept). The scale bar indicates 0.1 sequence divergence.

was closely related to Hyalosphenia papilio. The

Sphagnum sample from which it derived contained

many cells of Nebela guttata, also belonging to Hy-

alospheniidae (Kosakyan et al., 2013). It is there-

fore most likely that the original organism from

which the sequence derived belonged to this family.

The other environmental clones encountered could

not be related to any known sequence. Env_B_1,

a clone from a peatland border, robustly branched

with Hyalospheniidae. It belonged, likely, to the

sister group of the clade; a good candidate could

be the group of Bullinularia, which has been pre-

viously shown to robustly branch with that family

(Gomaa et al., 2012). The third environmental clone

Env_L_2 belongs also to Arcellinida but represents

most likely a group unrelated to those represented

in our study. After improving the method and de-

velop a con�dent database, this marker might be

used in environmental diversity and ecological stud-

ies in which Amoebozoa are typically poorly covered

(Geisen et al., 2015a; Pawlowski et al., 2012).

On the other hand, NAD9/NAD7 may be used

also for discriminating closely-related species at �ne

taxonomic levels. Notably, the two Di�ugia nodosa
isolates could be separated on the basis of their se-

quences (Table 2.5). These organisms were morpho-

logically similar, with a large and robust pyriform

test compressed in cross-section and vacuoles that

were �lled with numerous zoochlorellae in agree-

ment with the description of Penard (1890). Accord-

ing toPenard (1890), the size ranges from 300 to 380

µm, yet the specimens from Groeneveld were con-

siderably larger (483 µm in average), while the ones

from Ljulin �tted the original description (353 µm).

This taxon represents a case where molecular meth-

ods reveal hitherto unknown diversity. Similar in-

stances are frequent in Arcellinida, as within the Ne-
bela collaris complex (Kosakyan et al., 2012, 2013)

or Di�ugia tuberspinifera with or without spines

(Gomaa et al., 2015). Thus, our study brings fur-

ther support to the idea that the diversity of ar-

cellinids has been underestimated by morphology-

based taxonomy (Kosakyan et al., 2016a; Porfírio-

Sousa et al., 2017).

Detailed study will most likely show that D.
nodosa represents a complex of di�erent molecular
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(and possibly morphological) species. This may be

also valid for D. pyriformis, which belongs to a con-

troversial group, the Di�ugia pyriformis complex

(Perty, 1849). Indeed, the morphological variation

among this taxon is high and the descriptions are

unclear (Mazei and Warren, 2014). A more detailed

morphological and molecular study of this species

complex would be needed to proceed to any taxo-

nomic action. Our identi�cations of the analysed

material were tentative as neither of our isolates cor-

responded in their dimensions to the original de-

scription of D. pyriformis. Indeed, cells from the

Groeneveld isolate measured 302–410 µm and those

from Laegieskamp 423 µm as compared to 140–200

µm for the original description (Perty, 1849).

The discrimination power of NAD9/NAD7 is due

partly to the fast evolution of the third position of

codons, but also to the varying size and sequences

in the intergenic space. In summary, our new ge-

netic marker contains both slow- and fast-evolving

regions that are useful for phylogeny.

2.4.2 Three possibilities exist in the
genetic frontier: insertion of an
intergenic region, contiguously or
overlap

All mitochondrial genes of Amoebozoa are

closely packed and the overlap we observed is wide-

spread in Amoebozoa (Burger et al., 1995; Ogawa

et al., 2000). The intergenic space region can also

possess a short sequence inserted (Figure 2.2) as

shown in the two isolates of Di�ugia pyriformis,
Netzelia wailesi, N. oviformis and the Env_B_1 se-

quence as well as for Dictyostelium discoideum, Poly-
sphondylium pallidum and Vermamoeba vermiformis.
It is mostly solely composed of A and T repeats

reaching up to six bp in Netzelia wailesi. Env_B_1 is

the only current exception with a large nucleotides

insertion (i.e., 46 bp) including two C and seven G

base pairs. The region varies systematically even

within one genus and each of the species surveyed in

this study presented a di�erent sequence. The case

of Netzelia tuberculata shows a di�erent con�gura-

tion than the two others Netzelia as the two genes

are perfectly contiguous. One could notice that the

number of nucleotides inserted among this genus is

diminishing from six in the case of N. wailesi, to two

for N. oviformis and nothing for N. tuberculata which

is more closely related to the previous species (Fig-

ure 2.3). However, in cases with overlap, the length

of the “common” region is stable within genus; this

is observed in both D. nodosa isolates, both Arcella,

as well as Env_L_1 and Hyalosphenia papilio. It is

noteworthy to mention that Acanthamoeba castel-
lanii (NC 001637) and A. polyphaga (KP054475) pos-

sess also together an identical overlapping of 13 nuc-

leotides (data not shown). This length can be pro-

posed, therefore, as a deeper phylogenetic marker to

be used for di�erentiating isolates at the genus level.

This proximity suggests that these two genes need

to be nearby to be e�cient; this could be due to the

existence of a single promoter for the regulation of

the mitochondrial DNA genes transcription (Ogawa

et al., 2000).

2.4.3 Arcellinids are using the same
genetic code as Acanthamoeba
castellanii and present RNA editing
evidences

Both universal and alternative genetic codes

have been identi�ed in mitochondria (Heidel and

Glockner, 2008). In Amoebozoa mitochondrial gen-

omes, examples of both genetic codes have also been

mentioned. Indeed, the social amoeba Dictyostelium
(Cole and Williams, 1994), Polysphondylium and Ver-
mamoeba use the universal code (i.e., TGA as a stop

codon) whereas, Acanthamoeba uses the alternative

option (i.e., TGA coding for tryptophan). All our

Arcellinida mitochondrial sequences seem to em-

ploy an alternative genetic code. Indeed, the NAD9

genes are not supposed to end with a TGA codon

(at position 195) given the presence of a trypto-

phan (W) located in the same position for Env_L_2

(Table 2.3), Dictyostelium, Polysphondylium and Bal-
amuthia. The same case happens in position 204 for

Env_L_2, both Arcella and Netzelia which possess

also a TGA codon whereas a tryptophan is present at

the homologous position in Hyalosphenia and Env_-

L_1, suggesting the use of a non universal code in

their mitochondria. As Vermamoeba and Arcellin-

ids are tubulinids and use di�erent genetic codes, it

seems that a transition took place within this clade.

It is not yet clear where it occurred in the phylo-

geny of the group, as we do not yet have enough

data to place this event; further data from more taxa

will be needed to show if this can be considered as

characteristic of Arcellinida. The same codon us-

age can be found in Acanthamoeba, likely resulting

from convergence. As we have never found a TAG

codon and all TGAs are coding for tryptophan, it is

possible that arcellinids have only maintained the

TAA stop codon in the mitochondria. This is not

true for the nucleus, demonstrated by other arcel-

linid genes that apparently use TGA as stop (Lahr

et al., 2011a,b, 2013). However, it is still necessary

to verify if RNA editing is not being used in these
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Table 2.3 – Amino acid sequence of NAD9 revealing the TGA codon (*) and the RNA editing sites (bold letter). The

character Ω represent the TAA stop codon.

Amino acid position 10 20 30 40 50 60 70
Di�ugia pyriformis Groeneveld (NL) GLKFILHLDLRRTLTDYGFKGHPLCKDYPLCGYVELRYDDIHHLICSAPVEVSQGFRCFKFSNP*KTLCIFSΩ
Di�ugia pyriformis Laegieskamp (NL) GLKFILHLDLRRILTDYGFKGHPLCKDYPLCGYIELRYDDIHHLICLAPVEVSQGFRCFKFGNP*KTLCIFSΩ
Di�ugia nodosa Ljulin (BG) GLKFILHTDLRRILTDYGFKGFPLRKEFPLSGYVELHYDDIYQSISVAPLEVSQGFRNHKYKNP*RNLCIMNKIΩ
Di�ugia nodosa Groeneveld (NL) GLNFILHTDLRRILTDYGFKGHPLRKESPLNGYVELRYDDIYQSINVKPIEVSQVFRNYKYVNP*KNSCTTSKIΩ
Netzelia oviformis Neuchâtel (CH) CIKFILHNDLRRILTDYGFHGHPLRKDYPLIGYVELYYNDLTQSIVFTSVEQMQGFRFFKFDNP*FN*KΩ
Netzelia tuberculata Le Loclat (CH) CLKFILHNDLRRILTDYGFHGHPLRKDYPLIGYVELFYNDLIQSIVFTNVEQMQGFRFFKFDNP*FN*KΩ
Netzelia wailesi Sima-Moor (AT) CIKFLLNNDLRRILTDYGFHGYPLRKDYPLIGYVELHYNDLMQSVIFYCVEQMQGFRFFKFENP*FN*KLΩ
Arcella intermedia laevis Sao Paulo (BR) GLKFYLHSDLRRILNDYGVKGFPLRKDFPLIGFIELFYDDVNQSIIIECVEQTQSFRFFKFENP*QN*KVΩ
Arcella intermedia Sao Paulo (BR) GLKFYLHNDLRRILNDYGFKGFPLRKDFPLIGFIELFYDDVNQSIIIECVEQMQSYRFFKFENP*QN*KVΩ
Hyalosphenia papilio Le Cachot (CH) GVKFLLHLDLRRLLTDYGFKGHPLRKDFPLIGYLEIRYDDILKIIISESVETSQSYRVYRFINP*FKWSFΩ
Env_L_1 Le Cachot (CH) GVKFLLHSDLRRLLTDYGFKGHPLRKDFPLIGYLEIRYDDILKIIISESVETSQSYRVYRFINP*FKWSFΩ
Env_L_2 Le Cachot (CH) GCRFLLHEDLRRILTDYGFEGFPLRKDFPLVGYFEIRYENTTSFISRDPLEASQALRIFFFDNPWLL*KYΩ
Env_B_1 Le Cachot (CH) GIKFLLHGDLRRLLTDYGFRGHPLRKDFPLIGYFEARYDDILKGIFTESVETAQVYRRYKFINP*AKLNLFΩ

non-canonical TGA positions.

RNA editing seems to occur in arcellinids as well

as for other Amoebozoa (Table 2.4), as already in-

ferred for COI (Oliverio et al., 2015). NAD RNA edit-

ing is thus consistent with previous knowledge. We

propose a nucleotide addition hypothesis (Table 2.4)

based on sequence similarities. However, the ex-

act location of editing sites remains di�cult to infer

in Env_L_1 and Hyalosphenia papilio. We observe

also a narrow phylogenetic distribution of this pro-

cess, especially for the Arcella lineages which shared

the six same nucleotides added to the same loci,

but also for both Di�ugia pyriformis isolates which

possessed in common a G addition in position 145

(Table 2.4). We did not observe nucleotide indels or

substitutions (Gray, 2012).

2.4.4 NAD9/NAD7 is a reliable
phylogenetic marker for the
Arcellinida

Our phylogenetic analysis with marker

NAD9/NAD7 supports the monophyly of Arcellinida

robustly (85% B) and separates genera congruently

to the current literature (Gomaa et al., 2015; Lara

et al., 2008). Such a result suggests that the new

marker may be useful also for deep phylogeny. Our

survey on di�erent genera is encouraging and in-

dicates that the addition of further sequences from

an even broader phylogenetic sampling (e.g., Nebela,

Centropyxis, Heleopera, etc.) will be useful to recon-

struct the Arcellinida tree.

Our new primers were e�cient to distin-

guish closely related species as expected with two

well-conserved mitochondrial genes. It is gener-

ally believed that mitochondrial genomes evolve

faster than nuclear genomes (Heidel and Glock-

ner, 2008). COI has indeed proven useful to dis-

criminate closely-related species in Hyalospheniids,

but failed to resolve more basal nodes (Kosakyan

et al., 2013). The nuclear ribosomal internal tran-

scribed spacer (ITS1/ITS2), possibly su�ers from

the same disadvantages, and may be present in

multiple copies in the genome as suspected for

other amoebozoans (Nassonova et al., 2010). Actin,

a commonly used protein-coding nuclear marker

(e.g., (Kudryavtsev et al., 2011; Kudryavtsev and

Pawlowski, 2015; Nikolaev et al., 2005) has been

shown to present high paralogy in Arcellinida gen-

omes (Lahr et al., 2011b). Finally, Arcellinids

possess highly variable 18S rDNA genes generat-

ing often long branches in the trees (Kudryavtsev

et al., 2009, 2011) and frequent mutations in the

priming sites, precluding the ampli�cation of full

length sequences. Furthermore, the frequent pres-

ence of introns and insertions in many taxa (Gomaa

et al., 2012, 2015; Lara et al., 2008) renders align-

ments even more di�cult. For instance, the inform-

ation provided for a comprehensive phylogeny of

the group including sequences of more than 2 kb in

length had to be reduced to 700 bp alignable molecu-

lar characters. In comparison, NAD9/NAD7, des-

pite its short length, contains enough phylogenetic

information to retrieve the relationships between

groups that can be observed with 18S rDNA. In-

deed, results recently obtained by other means such

as the monophyly of the Sphaerothecina (Kosakyan

et al., 2016a), as well as monophyly of the vase-

shaped members in genus Di�ugia are robustly sup-

ported. The node supporting the monophyly of Ar-

cellinida is also unambiguous. In addition, branch

lengths in the NAD9/NAD7 tree seem more even

than in 18S rDNA phylogeny (compare to (Gomaa

et al., 2012; Kudryavtsev et al., 2011)), suggesting that

reconstructions inferred from this fragment should

be less prone to long-branch attraction. From this

viewpoint, NAD9/NAD7 appears as an attractive ex-

ample of a gene that can be used both for barcod-

ing and relatively deep phylogeny. However, as for

any mitochondrial marker, the use of NAD9/NAD7

is limited to species living under aerobic conditions;

parasitic taxa such as the amitochondrial amoe-

bozoan Entamoeba histolytica lack a mitochondrial
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Table 2.4 – List of the RNA editing sites.

Species Nucleotide editing Positions Resulting codon

Di�ugia pyriformis Groeneveld (NL) G 144 A (GCT)

Di�ugia pyriformis Laegieskamp (NL) G 144 A (GCT)

Di�ugia nodosa Ljulin (BG) A 182 K (AAA)

Di�ugia nodosa Groeneveld (NL) G 97 G (GGT)

Netzelia tuberculata Le Loclat (CH) A 11 A (AAA)

Netzelia wailesi Sima-Moor (AT) C 146 Y (TAC)

Arcella intermedia laevis Sao Paulo (BR) T;T;A;A;A;T 15;55;89;143;196;246 Y (TAT); G (GGT); L (TTA); E (GAA); Q (CAA); L (TAA)

Arcella intermedia Sao Paulo (BR) T;T;A;A;A;T 15;55;89;143;196;246 Y (TAT); G (GGT); L (TTA); E (GAA); Q (CAA); L (TAA)

Hyalosphenia papilio Le Cachot (CH) T 147 S (TCA)

Env_B_1 Le Cachot (CH) T 147 S (TCA)

Table 2.5 – Nucleotide similarity for NAD9-NAD7 genes [%].
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D. pyriformis Groeneveld (NL) -

D. pyriformis Laegieskamp (NL) 94 -

D. nodosa Ljulin (BG) 78 77 -

D. nodosa Groeneveld (NL) 75 75 86 -

N. oviformis Neuchâtel (CH) 67 65 64 64 -

N. tuberculata Le Loclat (CH) 70 67 67 67 91 -

N. wailesi Sima-Moor (AT) 66 64 66 67 84 83 -

A. intermedia laevis Sao Paulo (BR) 68 68 70 68 76 75 75 -

A. intermedia Sao Paulo (BR) 67 67 70 67 76 77 76 94 -

H. papilio Le Cachot (CH) 67 67 67 67 69 69 67 70 72 -

Env_L_1 Le Cachot (CH) 67 67 66 67 67 69 67 70 73 96 -

Env_L_2 Le Cachot (CH) 64 64 65 61 60 61 59 66 66 64 64 -

Env_B_1 Le Cachot (CH) 64 63 64 66 67 67 67 69 69 76 76 61 -

genome (Loftus et al., 2005) and will therefore not be

covered by our proposed mitochondrial marker, and

this will be a limitation for environmental DNA sur-

veys.

Finding a marker that is useful for both deep

phylogenetic and species-level studies has long been

all but an unrealistic dream – indeed a potential bar-

coding “Holy Grail”. NAD9/NAD7 is as close to such

a dream as can be!
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Chapter 3

Mycamoeba gemmipara nov. gen., nov. sp.,
the �rst cultured member of the environmental

Dermamoebidae clade LKM74 and its unusual life cycle
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para based on observations made with light- and transmission electron microscopy. It is an extremely

small amoeba with typical lingulate shape. Unlike other Dermamoebidae, it lacked ornamentation on its

cell membrane, and condensed chromatin formed characteristic patterns in the nucleus. M. gemmipara
displayed a unique life cycle: trophozoites formed walled coccoid stages which grew through successive

buddings and developed into branched structures holding cysts. These structures, measuring hundreds of

micrometres, are built as the exclusive product of osmotrophic feeding. To demonstrate that M. gemmi-
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3.1 Introduction

Our vision of protist diversity has been radically

challenged since the introduction of observation-

independent environmental DNA surveys. Large

and deep-branching groups of eukaryotes have

been discovered with classical cloning/sequencing

strategies, thus overtaking our estimations on eu-

karyotic environmental diversity. Unsuspected al-

veolate clades appeared to be extremely diverse in

marine systems (Lopez-Garcia et al., 2001), and were

found later to be exclusively composed by parasit-

oids (Guillou et al., 2008). Likewise, many new stra-

menopile lineages were discovered in the early 2000s

in marine systems (Massana et al., 2004). These or-

ganisms, which include nowadays 25 di�erent lin-

eages spread all across the tree of stramenopiles,

were found to be the most diverse and numerous

bacterivores in the sunlit part of oceans (Massana

et al., 2014), and thus vesting them with a prominent

role in the oceanic microbial loop (Azam et al., 1983).

In deeper waters, a particular group of excavates,

the diplonemids revealed an immense diversity (Lara

et al., 2009; Lukes et al., 2015). New massive sequen-

cing technologies also revealed a large diversity in

opisthokonts (del Campo et al., 2015).

Other systems like soils, however, have been by

far not as deeply studied as the ocean. The high

prevalence of fungal, plant, and metazoan sequences

has been for a long time a major hindrance for stud-

ies on soil protist diversity (Lesaulnier et al., 2008).

Still, previously unsuspected deep branching clades

have also been discovered in soils, like the Opis-

thosporidia (also known as Rozellomycota) (Karpov

et al., 2013; Lara et al., 2010). Recently, the de-

velopment of high throughput sequencing has al-

lowed obtaining high numbers of phylotypes, show-

ing promising results in terms of overall microeuka-

ryotic diversity (Geisen et al., 2015a). Relationships

among organisms have been inferred using sound

experimental designs and approaches such as co-

occurrence networks (Lentendu et al., 2014). How-

ever, strong conclusions on the organisms’ morpho-

logy and function can only be provided by direct

observation or, even better, culturing. Therefore, a

current challenge in eukaryotic microbiology is to

identify the organisms hiding behind these environ-

mental clades and to infer their ecological function.

For this purpose several approaches have been used.

Fluorescence in situ hybridization (FISH) in combin-

ation with scanning electron microscopy has been

recently applied to the characterization of Paulinell-

ida (Euglyphida testate amoebae) living in forest lit-

ter (Tarnawski and Lara, 2015). Bulk soil protists re-

main, however, widely inaccessible to FISH probes

because of the large amount of soil particles unless

organisms are large enough to be isolated individu-

ally (e.g. ciliates, macroscopic mycetozoa, and test-

ate amoebae). Typically, naked amoebozoans are nu-

merous in soils (Geisen et al., 2015a), and harbour a

wide array of lifestyles and morphologies (Shadwick

et al., 2009).

The amoebozoan environmental clade LKM74,

named after the �rst clone encountered in an envir-

onmental DNA survey (van Hannen et al., 1999) is

quite abundant and well distributed in soils (Corsaro

and Venditti, 2013), but also present in freshwaters

(Di Filippo et al., 2015; Richards et al., 2005) and peat

bogs (Lara et al., 2011b). This clade has been re-

peatedly placed in the vicinity of Dermamoeba al-
gensis in small subunit ribosomal gene trees (18S

rRNA) (Corsaro and Venditti, 2013; Kudryavtsev

and Pawlowski, 2015), although this relationship re-

mained weakly supported. Despite its pervasive

presence in many environments, the organisms have

never been kept in culture and their morphology re-

mains unknown. In this study, we describe a tiny

naked amoeba isolated from the bulk soil of a con-

iferous forest by serial dilutions. We a�liated it to

LKM74 based on 18S rRNA gene sequences, charac-

terized its complex life cycle and feeding strategy,

and documented its ultrastructure. Furthermore, we

demonstrated that this species is a typical soil in-

habitant by following related sequence reads in an

environmental eukaryotic DNA survey of soils. This

study was conducted in an experimental setup where

pig cadavers were left to decompose and samples

were taken at regular intervals to follow modi�ca-

tions of the microbial eukaryotic communities in the

underlying soil during the process of decay.

3.2 Materials and Methods

3.2.1 Sample collection and identi�cation

The original sample from which the species was

described has been taken from a coniferous forest

(dominated by Picea abies) near Neuchâtel, Switzer-

land (47°00.8530N; 6°55.9590E) in August 2011. Soil

was suspended into phosphate bu�er, and serially di-

luted into a low nutrient medium in 96 well plates

as described in Lara et al. (2007). Active amoe-

bae were transferred into culture �asks containing

Page’s Amoeba Saline medium amended with 1 g

per 100 ml of Tryptone Soy Broth and Escherichia
coli as food organism. Amoebae were subcultured

regularly to obtain pure, monoprotistan strains and
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to lower the proportion of environmental bacteria.

Cultures were kept at 12°C.

Cultures were observed using Utermöhl’s plank-

ton chambers with an inverted microscope (Olym-

pus IX81). Cells were measured at di�erent life

stages, which were morphologically documented

and photographed with light microscopy. Di�erent

life stages were also documented using Methyl blue

(C37H27N3Na2O9S3) to stain cell walls and con-

densed cytoplasm.

We also used a full �ask containing active and

coccoid life stages for transmission electron micro-

scopy (TEM). In that purpose, we pelleted cells from

a thriving culture. Fixation, staining, and mounting

were achieved as described in Lara et al. (2006). Ob-

servations were made on a Philips CM 100 transmis-

sion electron microscope.

3.2.2 Molecular analyses

In addition, a �ask containing 10 ml of a thriv-

ing culture was used for DNA extraction. Cells were

removed from the �ask bottom with a cell scraper,

and the resulting supernatant was placed into a Fal-

con tube and centrifuged at maximum speed during

20 min. The obtained pellet was placed into 200 µl
of Guanidine thiocyanate bu�er and nucleic acids

were extracted following a protocol (Chomczynski

and Sacchi, 1987) adapted after Lara et al. (2007). We

ampli�ed the 18S rRNA gene using primers EK 82F

(5′-GAA ACT GCG AAT GGC TC-3′) and EK 1498R

(5′-CAC CTA CGG AAA CCT TGT TA-3′) in a total

volume of 30 µl with an ampli�cation pro�le con-

sisting of 4 min at 95°C followed by 35 cycles of

30 s at 94°C, 30 s at 55°C, and 1 min 30 s at 72°C

with a �nal elongation of 10 min at 72°C. Sequen-

cing was carried out using a BigDyeTM Terminator

Cycle Sequencing Ready Reaction Kit (PE Biosys-

tems, Genève, Switzerland) and analysed with a ABI-

3130XL DNA sequencer ABI PRISM 3700 DNA Ana-

lyzer (PE Biosystems). The sequence was deposited

in GenBank with the following accession number:

KX687875.

3.2.3 Phylogenetic analysis

The obtained sequence was placed in an align-

ment containing various sequences from Discosea

(with an emphasis on Longamoebia as de�ned in

Smirnov et al. (2011b)) derived either from isolated

cells or cultures, or from environmental clone se-

quences. The root was placed on Vannellida. The

alignment is available from the authors upon re-

quest. We build a maximum likelihood phylogen-

etic tree using the RAxML algorithm (Stamatakis

et al., 2008) as implemented on the web server

“http://embnet.vital-it.ch/raxml-bb”, and evaluated

the robustness of the nodes by bootstrapping.

Figure 3.1 – Di�erent morphologies of active trophozo-

ites. (A) Trophozoites showing a typical lingulate shape.

(B) Trophozoites when changing direction. (C) Stationary

form. Scale bar: A–C = 5 µm.

3.2.4 Screening of high throughput
sequencing data

The experimental setup from which the soil

samples were retrieved has already been published

in Szelecz et al. (2014). Brie�y, three pig (Sus scrofa)

carcasses were left to decompose during 1,051 d in a

forest and soil was sampled at di�erent time steps (21

samples in total). Three control soils (without pig)

situated at a few meters of distance were sampled

at the same time (24 samples). This experiment was

performed in the context of a forensic study aiming

at improving the estimation of the post mortem in-

terval based on the observation of soil eukaryotic

communities. DNA extraction, PCR of environ-

mental DNA and sequencing of the V9 region of

the 18S rRNA gene were performed as in Seppey

et al. (2016). The obtained reads were pretreated as in

de Vargas et al. (2015). The environmental sequences

were aligned against a database constructed from

publicly available V9 sequences of clones related to

Mycamoeba gemmipara as determined with BLAST

(GenBank: AY919786.1, AY919722.1, GQ861575.1,

GQ861565.1, GQ861560.1), plus the sequence derived

from the M. gemmipara culture. We determined em-

pirically a threshold based on e-values to assess if a

given environmental read belongs to the M. gemmi-
para group. The selected reads were then clustered
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into phylotypes using the SWARM v: 1.2.5 clustering

algorithm (Mahé et al., 2014). To determine if the

abundance of reads related to Mycamoeba changed

signi�cantly between control and cadaver plots, we

performed Wilcoxon test on the data. All statistical

analysis was done with R (Team, 2011).

3.3 Results

3.3.1 Light/electron microscopy
observations

Active trophozoites were extremely small (max-

imum 7 µm in length when moving towards a single

direction, and 2 µm width), had a �attened shape and

lobose pseudopodia. When moving in a single dir-

ection, trophozoites had the typical lingulate shape

observed in other Dermamoebidae (Fig. 3.1A), and

conical-shaped pseudopodia can be observed when

the amoeba changes direction (Fig. 3.1B). The sta-

tionary shape (Fig. 3.1C) showed small pseudopods

radiating in several directions. The hyaline zone

seemed to be generally only restricted on the extens-

ive pseudopodia and was not visible laterally. No

uroid or surface ridges were visible.

Figure 3.2 – Life cycle of Mycamoeba gemmipara includ-

ing its four developmental stages. (A) Trophozoites. (B)

Coccoid stage, stained with methyl blue. (C–C’) bud like

rami�cation. (D) Cysts released from branches of the

pseudomycelium rami�cation. Scale bar: A–B, D = 5 µm,

C–C’ = 10 µm.

The life cycle of M. gemmipara comprised four

stages (Fig. 3.2). (i) Active trophozoites were ob-

served moving and feeding on E. coli. At this

stage, no cell division could be observed. (ii)

Cells then became rounded-elongated and smooth

(coccoid phase), and stopped moving and feeding

(Fig. 3.2B). Cytoplasm became highly condensed,

and a cell wall was built. (iii) After about 24 h,

the coccoid cells started budding several times suc-

cessively, in a modular growth manner (Fig. 3.2C,

3.3A). The resulting structures grew, reaching up to

200 µm or more in length (Fig. 3.2C’). These struc-

tures in which cells cling together in chains corres-

pond to a pseudomycelium as it has been described

in several yeasts and bacteria. Old modules were

devoid of cytoplasm, which probably migrated to-

wards newly developed structures (Fig. 3.3B); still,

cell walls without cytoplasm remained up to several

months. Spherical dispersal cysts (Fig. 3.2D, 3.3B),

were formed at the tip of the branched structures,

the latter being �nally degraded (iv). Dispersal cysts

could then germinate into active amoebae immedi-

ately, but will do so most often when fresh medium

is provided, thus closing the cycle. A movie (Movie

S1) where the �rst steps of budding in coccoid cells

can be observed is available on the journal website.

Figure 3.3 – Development of the coccoid cells. (A) Bud-

ding of coccoid (ovoid shaped) cells. Black arrow indic-

ated cell wall. (B) Mature fructi�cations. Black triangles

indicate mature cysts (spherical shape); a young coccoid

cell �lled with cytoplasm is indicated with a black arrow;

old (empty) coccoid cells are shown with white arrows.

Scale bar: A–B = 10 µm. All structures have been stained

with methyl blue coloration.
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Transmission electron microscopy pictures did

not show any ornamentation on the cellular mem-

brane (Fig. 3.4). Chromatin in the nucleus appeared

inhomogeneous and presented several conspicuous

zones with higher density within the nucleus. These

zones were situated against the nuclear membrane,

as well as in the centre of the nucleus, and a large

nucleolus could be observed. Mitochondrial cristae

were tubular. Several phagocytosis vacuoles could

be seen containing bacteria at di�erent stages of di-

gestion. Small vesicles, probably containing digest-

ive enzymes could be seen surrounding the bacterial

cells.

Figure 3.4 – TEM sections of Mycamoeba gemmipara
showing: “M” the tubulicristate mitochondria; “N” the

nucleus with the particular arrangement of the chromatin

and “No” the nucleolus. Phagocytosed bacterial cells are

visible in the vacuoles “V”, where lysosomes can be no-

ticed in the process of releasing digestive enzymes.

3.3.2 Molecular phylogeny

Mycamoeba gemmipara branched within a group

that comprised the original LKM74 environmental

clone plus several other clones and unidenti�ed isol-

ates (Fig. 3.5). This clade, named genus Myca-
moeba hereafter, received a moderate support (boot-

strap value (BV) = 65). Furthermore, it branched ro-

bustly (BV = 87) at the base of a clade comprising

only freshwater forms, the B1 clade sensu Corsaro

and Venditti (2013). The monophyly of family

Dermamoebidae was recovered with high statistical

support (BV = 92), including genera Dermamoeba,

Paradermamoeba and, now, Mycamoeba.

3.3.3 Presence of Mycamoeba reads in
environmental DNA surveys

Our screen through the Illumina reads obtained

from the soil from the forensic experiment allowed

assigning 7,482 sequences to genus Mycamoeba (us-

ing an e-value alignment threshold below 1e−45
) out

of 25,579,257 environmental sequences, thus repres-

enting a total of 0.03% of all reads. These reads were

present in all the 45 samples. The clustering of the

environmental sequences resulted in a single Opera-

tional taxonomic unit (OTU) corresponding at 100%

of identity with the original sequences of M. gem-
mipara. Figure 3.6 shows the sequences abundances

distributions according to the control group and pig

treatment. Number of reads is signi�cantly lower in

the pig treatment samples than in the control group

(Wilcoxon test: p-value < 0.05).
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Figure 3.6 – Boxplot showing the number of V9 18S rRNA

reads related to Mycamoeba gemmipara in control treat-

ments and under the decomposing pig, suggesting a neg-

ative e�ect of cadaveric �uids on the amoebae.
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Figure 3.5 – Maximum likelihood phylogenetic tree based on complete 18S rRNA sequences of several Longamoebida,

showing the position of Mycamoeba gemmipara within Dermamoebidae. The tree was built using the RAxML algorithm

(Stamatakis et al., 2008).

3.4 Discussion

Mycamoeba gemmipara is the only described

representative of environmental clade LKM74. Its

size, clearly below 10 µm, places it among the

smallest known amoebozoans. Parvamoeba rugata
(Rogerson, 1993), Paravanella minima (Kudryavt-

sev, 2014) and Sapocribrum chiconteaguense (Lahr

et al., 2015b) may be shorter in average but the thin-

ner and �attened (lingulated) shape of M. gemmi-
para gives it a smaller biovolume. Coccoid forms

measure a little above 3 µm. The size of M. gemmi-
para and its inconspicuous aspect, plus the fact that

the amoeboid stage lasts a relatively short amount

of time is probably the reason why it had never

been detected previously. This small size may be

characteristic of the whole LKM74 clade, as the

isolates observed by Corsaro and Venditti (2013)

were also smaller than 10 µm. Recently, there has

been an increasing number of descriptions of nano-

sized Amoebozoa, summarized in Kudryavtsev and

Pawlowski (2015). As their 18S rRNA genes are often

fast-evolving like in many other Amoebozoa, they

remain undetected in DNA-based environmental di-

versity surveys, either because “general eukaryotic”

primers fail in amplifying their 18S rRNA, or because

their sequences cannot be assigned with con�dence

to a given group of eukaryotes. In that sense, applic-

ation of systematic cultural approaches to soils and

sediments are promising in revealing new lineages

of Amoebozoa.

Our DNA survey demonstrated that M. gem-
mipara was a genuine forest soil inhabitant, as it

has been found in all samples taken in the con-

trol group and under the pig carcasses. The site

where M. gemmipara was isolated was located a

few kilometres away from the experimental setup

(Szelecz et al., 2014), and we can therefore suppose

that this amoeba is widespread and probably abund-

ant in the forests surrounding Neuchâtel (Switzer-

land). Nevertheless, it branched at the base of a clade

comprising exclusively species from aquatic envir-

onments (Corsaro and Venditti, 2013). Other fruit-

ing amoebae, such as mycetozoa and “protosteliales”

were also recovered from aquatic environments,

where trophozoites are probably active (Lindley

et al., 2007). Therefore, it cannot be excluded that M.
gemmipara lives in both freshwater sediments and
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soils. Its ability to build bud like rami�cations in a li-

quid medium di�ers from most fruiting amoebae, al-

though instances of myxogastrids completing their

whole life underwater have been reported (Gotts-

berger and Nannenga-Bremekamp, 1971; Kappel and

Anken, 1992). Moreover, this organism could be used

as an indicator of certain environmental perturba-

tion as it responded signi�cantly to the e�ect of the

cadaver decomposition (release of high concentra-

tion of nutrient, anoxic conditions; Fig. 3.6).

Order Dermamoebida has been �rst sugges-

ted by Cavalier-Smith et al. (2004). It hos-

ted a single family, Thecamoebidae, with genera

Thecamoeba and Dermamoeba. Further analyses

based on 18S rRNA gene sequences suggested a

separated grouping for Thecamoeba (Kudryavtsev

et al., 2005), which formed the order Thecamoebida

including also genera Sappinia (Brown et al., 2007),

Stenamoeba (Smirnov et al., 2007), and Vermis-
tella (Tekle et al., 2016). A new, emended order

Dermamoebida comprised genera Dermamoeba and

Paradermamoeba (Dermamoebidae), and Mayorella
(Mayorellidae). To our knowledge, the monophyly

of order Dermamoebida has never been recovered

using 18S rRNA genes, as the grouping of genus

Mayorella with Dermamoebidae remained either

weakly supported (Pawlowski and Burki, 2009) or

not at all (Corsaro and Venditti, 2013). Its inclu-

sion within order Dermamoebida has been sugges-

ted on the base of the presence of a cell coat without

wrinkles (Smirnov et al., 2011b); however, a recent

multigene tree analysis suggested that Mayorella
was rather related to the mainly marine amoebozoan

clade Dactylopodida (Tekle et al., 2016).

The general lingulate shape of the locomotive

form and the conical pseudopodia of M. gemmi-
para are typically found in all other members of

Dermamoebidae (Kudryavtsev et al., 2011). Chro-

matin patterns in the nucleus of M. gemmipara
are very distinctive, makes condensed granules all

through the nucleus and especially near the bor-

ders of the nuclear membrane. All other known

Dermamoebidae possess homogeneous chromatin in

their nucleus with the exception of a large nucle-

olus. This includes D. algensis (Smirnov et al., 2011a)

and Paradermamoeba (Smirnov and Goodkov, 2004).

Genera placed within Dermamoebidae are charac-

terized by a conspicuous cell coat. Dermamoeba and

Paradermamoeba have a thick, highly structured cell

coat (Smirnov et al., 2011a), either cuticle-like or con-

sisting analogous glycostyle-like structures. In con-

trast, M. gemmipara does not possess any structure

around its cell membrane, at least during its tropho-

zoite life stage.

The peculiar life cycle of M. gemmipara has no

known equivalents in Amoebozoa. While troph-

ozoites actively ingest bacteria (as shown in TEM

images; Fig. 3.4), the cell walls that are formed

around coccoid cells preclude any phagocytosis.

Nevertheless, the organisms undergo a considerable

biovolume increase during pseudomycelium forma-

tion. Biomass incorporation can therefore only oc-

cur by osmotrophy. Its principle may remind the

polyphyletic “protosteliales” (Shadwick et al., 2009),

where a prespore stage (without cell wall) pre-

cede the formation of a stalk, which is used for

spore dispersal (Olive, 1967). However, the simple

shape of protostelids stalks di�ers considerably from

the branched formations observed in M. gemmipara
pseudomycelium (Fig. 3.2, 3.3). Moreover, in pro-

tostelids, stalks are formed from cysts when envir-

onmental conditions are degrading, whereas active

amoebae (trophozoites) undergo cell division (Dyk-

stra and Keller, 2000). In M. gemmipara, we did not

observe any cell division at the trophozoite stage,

which suggests that multiplication occurs only dur-

ing coccoid budding process. Globally, the struc-

tures produced by M. gemmipara resemble those ob-

served in Fungi. The reproductive mode by bud-

ding reminds strongly of yeasts such as Saccharomy-
ces cerevisiae, and many fungi revert from yeasts to

mycelial growth in a single organism (Rippon, 1982).

As M. gemmipara original culture was regularly sub-

cultured for about �ve years in the laboratory (thus

generating dozens of replicates), we rule out the pos-

sibility that budding coccoid cells and pseudomy-

celia could be originated by fungal contaminants,

which should have logically either disappeared or in-

vaded our cultures. The main di�erence between the

pseudomycelium observed in M. gemmipara and a

classical mycelium is that its structures are not per-

ennial and degrade once the cysts are released. M.
gemmipara combines thus two life strategies: phag-

otrophy in a �rst stage of its life cycle (probably

accumulating enough biomass to enter its next life

stage) and osmotrophy afterwards. This strategy

appears successful in freshwater and soil environ-

ments, and suggests a similar evolutionary pathway

as in the Nucletmycea. These latter also evolved

from amoeboid organisms, such as Nuclearia, to-

wards mycelial growing organisms such as the true

Fungi (Brown et al., 2009), which may have occurred

also in soils or freshwater.
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3.5 Classi�cation summary

3.5.1 Taxonomic summary: Mycamoeba
gemmipara nov. gen. nov. spec

Amoebozoa, Eudiscosea, Longamoebia,

Dermamoebidae, Mycamoeba, gemmipara

3.5.2 Genus Mycamoeba gen. nov

Description: �attened amoebae with lobose or

conical pseudopodia and a lingulate shape. Mi-

tochondrial cristae are tubular. No glycocalyx or

other ornaments on the cell surface. Possess a

complex life cycle where active cells transform into

coccoid stages, which undergo subsequent buddings,

eventually turning into rami�ed structures (pseudo-

mycelia) with spherical cysts in a terminal posi-

tion on the rami�cations. These structures dis-

appear and cysts are released prior to germinat-

ing into active trophozoites. Etymology: From an-

cient Greek: myces; mould, fungus, in reference to

the fungal-like structures appearing in the osmo-

trophic stage of its life-cycle, as well as its pecu-

liar mode of reproduction, atypical for an amoeba,

but reminding strongly yeasts. Sole species: Myca-
moeba gemmipara. LSID numbers for the genus no-

menclatural act urn:lsid:zoobank.org:act: 19381B2C-

F0AA-43B5-AA5B-DED65E6F2B40 and for this pub-

lication urn:lsid:zoobank.org:pub: 20DF93D4-E26A-

435F-AADB-10CA49CBB8AF.

3.5.3 Mycamoeba gemmipara sp. nov

Description: Small amoeboid cells up to 7 µm.

Chromatin is not distributed in a homogeneous

manner: there are conspicuous condensed regions

pressed against the nuclear membrane and also in

the centre of the nucleus. Ecology: has been de-

tected to date only in forest soils. Seems to avoid

important amounts of nitrogen (release of cadaveric

�uids) or other perturbations generated by cadaver

decomposition. Hapantotype: a culture has been de-

posited at the culture collection “Culture Collection

of Algae and Protozoa”. 18S rRNA gene sequence

of Mycamoeba gemmipara (1,738 bp) was deposited

in GenBank (KX687875). Etymology: gemmipara, as

a reference to the reproduction mode (pario, giving

birth in latin) through budding (gemma, a bud in

latin). LSID numbers for the species nomenclatural

act urn:lsid:zoobank.org:act: D0473730-785B-423A-

808D-35DCBA38CE6D.

3.6 Acknowledgements

We thank the Swiss NSF for funding (project

no. 31003A_163254). We are grateful to Daniel J.G.

Lahr (University of Sao Paulo, Brazil) for his insight-

ful comments, and also to an anonymous reviewer

whose constructive comments helped us in improv-

ing the manuscript. We thank also Idlikó Szelecz for

the soil samples. This work has been realized by

Quentin Blandenier during his undergraduate stud-

ies.

3.7 Supplementary data

Additional Supporting Information may be

found online in the supporting information tab for

this article: Movie S1. Time-lapse showing the de-

velopment of a rami�cation of Mycamoeba gemmi-
para.

37





Chapter 4

En garde! Rede�nition of Nebela militaris (Arcellinida,
Hyalospheniidae) and erection of Alabasta gen. nov.

39



En garde! Rede�nition of Nebela militaris (Arcellinida,
Hyalospheniidae) and erection of Alabasta gen. nov.

�entin Blandenier
a,b,f

, Clément Duckert
a,f

, Fanny A. L. Kupferschmid
a
,

Anush Kosakyan
c
, Edward A. D. Mitchell

a,d
, Enriqe Lara

b
, David Singer

a,e

Abstract
Molecular data have considerably contributed to building the taxonomy of protists. Recently, the system-

atics of Hyalospheniidae (Amoebozoa; Tubulinea; Arcellinida) has been widely revised, with implications

extending to ecological, biogeographical and evolutionary investigations. Certain taxa, however, still have

an uncertain phylogenetic position, including the common and conspicuous species Nebela militaris. A

phylogenetic reconstruction of the Hyalospheniidae using partial sequences of the mitochondrial Cyto-

chrome Oxidase Subunit 1 (COI) gene shows that N. militaris does not belong to genus Nebela, but should

be placed in its own genus. The morphological singularities (strongly curved pseudostome and a marked

notch in lateral view) and phylogenetic placement of our isolates motivated the creation of a new genus:

Alabasta gen. nov. Based on their morphology, we include in this genus Nebela kivuense and Nebela lon-
gicollis. We discuss the position of genus Alabasta within Hyalospheniidae, and the species that could

integrate this new genus based on their morphological characteristics.

Keywords:Amoebozoa; Biometry; DNA barcoding; Molecular phylogeny; Protist; Taxonomic revision

a
Laboratory of Soil Biodiversity, Institute of Biology, University of Neuchâtel, Rue Emile-Argand 11, 2000 Neuchâtel, Switzer-

land

b
Real Jardín Botánico, CSIC, Plaza de Murillo 2, Madrid 28014, Spain

c
Institute of Parasitology, Biology Centre, Czech Academy of Sciences, Branisovska 31, Ceske Budejovice 37005 Czech Republic

d
Botanical Garden of Neuchâtel, Chemin du Perthuis-du-Sault 58, 2000 Neuchâtel, Switzerland

e
Department of Zoology, University of Sao Paulo, 05508-090 Sao Paulo, Brazil

f
These authors contributed equally to the paper.

European Journal of Protistology, 2018, 66, 156-165

doi:10.1016/j.ejop.2018.08.005

40

https://doi.org/10.1016/j.ejop.2018.08.005


4.1 Introduction

Testate amoebae are ubiquitous microorgan-

isms in many terrestrial and freshwater to brackish

aquatic environments (Meisterfeld, 2002; Tsyganov

et al., 2016). Their ecological sensitivity, key func-

tional role in microbial foodwebs (Jassey et al., 2012),

and the good preservation of their test in sediments

and peat designates them as excellent bioindicat-

ors for present and past environmental conditions

(Amesbury et al., 2016; Mitchell et al., 2008), eco-

toxicology (Amacker et al., 2018), and even forensic

science (Seppey et al., 2016). Clear taxonomy is a

prerequisite for sound ecological work. However,

most original descriptions of testate amoeba spe-

cies were based only on morphological characters

(e.g. test composition, test and pseudostome dimen-

sions) and the validity and phylogenetic position

of many taxa are currently unclear. On one hand,

several studies have revealed cases of cryptic or

pseudo-cryptic diversity and proved that �ne mor-

phological di�erences of the shell indeed correspon-

ded to distinct species (Dumack et al., 2016; Heger

et al., 2011a; Kosakyan et al., 2013; Singer et al., 2015).

On the other hand, phenotypic plasticity of the test

has also been demonstrated experimentally (Mulot

et al., 2017; Wanner, 1999; Wanner and Meister-

feld, 1994).

Hyalospheniidae (Amoebozoa, Arcellinida) are

a widespread family of testate amoebae. They

build their test from a proteinaceous matrix (Hy-
alosphenia) (Meisterfeld, 2002), which can be rein-

forced by self-secreted siliceous plates (Quadrulella)

or by small silica elements taken from preys (e.g.

Nebela, Padaungiella, etc.), a process referred to

as kleptosquamy (Lahr et al., 2015a). They are

mostly found in forest litter (Krashevska et al., 2018),

fens and Sphagnum dominated peatlands (Singer

et al., 2018), but also in more extreme environments

like cryptogamic crusts in arid environments (Pérez-

Juárez et al., 2017). They have been a key ele-

ment in the debate over protist cosmopolitanism,

showing several examples of biogeographic “�ag-

ship species”, i.e. organisms with a conspicuous

morphology only found in a limited part of the

world (Heger et al., 2011a; Smith et al., 2008; Smith

and Wilkinson, 2007). Molecular approaches on

Hyalospheniidae opened new horizons in microbial

biogeography; indeed, cryptic species showed non-

overlapping geographic distribution areas (Heger

et al., 2013), disproving the cosmopolitan hypothesis,

for testate amoebae at least. Cryptic species also

showed diverging ecological preferences for di�er-

ent micro-niches in Sphagnum peatlands (Singer

et al., 2018), thus further demonstrating the need

for improved taxonomy. Consequently, there is cur-

rently an active e�ort to do a systematic revision of

testate amoeba taxonomy using combined molecular

and morphological approaches

The �rst molecular surveys of arcellinid test-

ate amoebae were focused on the Small Subunit Ri-

bosomal RNA (18S rRNA) gene and permitted to

place the Hyalospheniidae among the Arcellinida

(Nikolaev et al., 2005). As the 18S rRNA gene is very

conservative (Pawlowski et al., 2012), it is only of

limited use for species delineation in testate amoe-

bae. Other markers based on mitochondrial genes

(Blandenier et al., 2017a; Hebert et al., 2003) were

developed to overcome this limitation. The mi-

tochondrial Cytochrome Oxidase Subunit 1 (COI)

gene was shown to be useful to explore the cryptic

diversity of hyalospheniid species and to resolve

phylogenetic relationships within the family (Ko-

sakyan et al., 2013). This resulted in splitting genus

Nebela, the most species-rich genus of the family,

into genera Padaungiella (Kosakyan et al., 2012), Gib-
bocarina, Planocarina, Cornutheca, Longinebela and

Nebela (sensu stricto) (Kosakyan et al., 2016b).

However, the taxonomic validity and phylogen-

etic position of many hyalospheniids, including sev-

eral common taxa, remain unclear. Our focus here is

on Nebela militaris, an emblematic species in peat-

lands, where it typically occurs in relatively dry mi-

crohabitats (Sphagnum hummocks) with generally

low pH (Diaconu et al., 2017; Väliranta et al., 2012).

Its characteristic morphology and good preservation

in peat designates it as a valuable bioindicator in

ecological and palaeoecological studies of peatlands

(Amesbury et al., 2016; Mitchell et al., 2008). Despite

its unmistakable morphology, several morphologic-

ally similar taxa have been described, but as these

descriptions are lacunar (e.g. poor biometry or il-

lustrations, lack of di�erential diagnosis) their valid-

ity is unclear. Although N. militaris clearly belongs

to the Hyalospheniidae, its morphological characters

do not allow a clear assignation to one of the gen-

era as de�ned by Kosakyan et al. (2016b). Its phylo-

genetic position among the Hyalospheniidae thus re-

mains mysterious. Here, we characterized isolates

of Nebela militaris from a Swiss peat bog based on

detailed morphological observation and a single cell

barcoding approach and we clarify its phylogenetic

position and propose the new genus Alabasta.
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4.2 Material and Methods

4.2.1 Single cell isolation

Cells corresponding to the original description of

“Nebela militaris” (Penard, 1890) were isolated from

Sphagnum mosses in a wooded peatland (Pinus mugo
uncinata) in the Swiss Jura Mountains (Le Cachot

bog, 47° 00 15.23 N, 6° 39 52.83 E). Testate amoeba

cells were extracted from ca. 30 g of fresh Sphag-
num after �ltration through a 200 µm mesh �lter.

Cells were isolated individually under an inverted

microscope (Olympus IX81) with a narrow pipette.

Light microscopy pictures were taken at 600× mag-

ni�cation (Fig. 4.1) and morphometric characterist-

ics (length, breadth and width of the aperture) were

measured on 20 isolated cells (Fig. 4.2).
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Figure 4.2 – Length, width and aperture of Alabasta
militaris (n=20) taken from the same population as the

four barcoded specimens (Le Cachot peatland, Swiss Jura

Mountains).

4.2.2 DNA extraction

We used a speci�c procedure developed to ex-

tract DNA from a single cell of testate amoeba ad-

apted after Chomczynski and Sacchi (1987). We pre-

pared a thiocyanate guanidinium (TG) solution with

the following protocol: We �rst dissolved 60 g of TG

in 20 ml of EDTA (0.5M, pH 8) and 20 ml of H2O un-

der agitation at 65°C then when the solution reached

room temperature, we added 5ml of Sarkosyl 10%

(Na N-lauroylsarcisinate). Finally the solution was

topped up to 100 ml with H2O and �ltered at 0.2 µm
before being stored in the dark.

Each single cell was rinsed several times with

distilled water to eliminate contaminants and then

transferred into individual PCR tubes containing

50µl of TG solution. The tubes were heated at 65°C

during 30 min, then 50µl of isopropanol was added

and the tubes then left at 20°C during 12 h. The

cleaning step of the DNA consisted of a �rst cent-

rifugation at 15,000rpm during 20 min. The super-

natant was removed before two additional washing

steps with 180 µl of ethanol (70% and 99% respect-

ively, 15,000rpm during 5 min). The residual ethanol

is evaporated during 2 h under a fume hood.

4.2.3 PCR ampli�cation and DNA
sequencing

The PCR were processed by adding the com-

ponents and reagents directly into the PCR tubes

used for the extractions. Partial sequences of the

mitochondrial COI gene were obtained using a nes-

ted PCR protocol. The �rst PCR was conducted us-

ing the Arcellinida-speci�c forward primer Arcel-

Cox (5′-CAA AAT CAT AAA GAT ATT GGD AC-

3′) (Kosakyan et al., 2012) and the eukaryote-general

reverse primer HCO (5′-TAA ACT TCA GGG TGA

CCA AAA AAT CA-3′) (Folmer et al., 1994). The PCR

conditions were: Denaturation step at 95°C for 5 min,

then 45 cycles with a denaturation step at 95°C for

15 s, an hybridation step at 43°C for 15 s, an elong-

ation step at 72°C for 1 min, and a �nal elongation

at 72°C for 10 min. The second PCR was done us-

ing hyalospheniid-speci�c primers HPCOIF (5′-GTT

ATT GTT ACT GCT CAT GCC-3′) and HPCOIR (5′-
ATA CAA AAT AGG ATC ACC TCC ACC-3′) (Go-

maa et al., 2014) with the following conditions: De-

naturation step at 95°C for 5 min, then 40 cycles with

a denaturation step at 95°C for 15 s, an annealing

step at 55°C for 15 s, an elongation step at 72°C for 1

min, and a �nal elongation at 72°C for 10 min. PCR

products were puri�ed using a Milipore kit and se-

quenced with an ABI3730XL DNA sequencer (Ap-

plied Biosystems) at Macrogen, Amsterdam NL. Se-

quences were deposited in GenBank with the fol-

lowing accession numbers: MH616621–MH616624.

Light microscopy pictures of the DNA barcoded cells

are shown in Fig. 4.1.

4.2.4 Phylogenetic analysis

The sequences obtained were 482 nucleotides

long and were aligned using BioEdit (Hall, 1999) with
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(Vejdovsky 1882)
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N. bursella (Taranek 1882)
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(Gauthier-Lièvre

and Thomas 1961)

N. longicollis

(Penard 1890)
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Figure 4.1 – A–D Light microscopy pictures of the barcoded specimens of Alabasta militaris (GenBank accession num-

ber A: MH616621; B: MH616622; C: MH616623; D: MH616624). The arrows point to the position of the lateral pores.

E-I Reproduction of Nebela bursella sensu Taranek as it appears in Plate III Fig. 8, 9, 10, 7 and Plate IV Fig. 16 (Supple-

mentary material), respectively, in Taranek (1882). J-M Reproduction of N. longicollis, N. kivuense, N. bursella, and N.
militaris, respectively, as they appear in their original description. The size of E-I and L was approximated as no formal

scale was given in the original drawing, but the proportions of E-I were kept. Scale bar=20µm.

an exhaustive reference database composed of COI

sequences belonging to the Hyalospheniidae fam-

ily in the GenBank database (Heger et al., 2013; Ko-

sakyan et al., 2012, 2013, 2016b; Pérez-Juárez

et al., 2017; Singer et al., 2015; Qin et al., 2016).

Phylogenetic reconstruction was conducted using

the CIPRES Portal (Miller et al., 2010). A maximum

likelihood phylogenetic tree was built using the

RAxML v.8.2.10 algorythm (Stamatakis, 2014) with

the GTR+GAMMA+INVARIANT model and 1000

bootstraps. A Bayesian reconstruction was built

with MrBayes (Ronquist and Huelsenbeck, 2003) us-

ing the GTR+GAMMA+INVARIANT model and ran

on two independent chains for 200,000 generations

sampled every 100 generations resulting in 4,000

trees, of which 25% were discarded as the burn-

in. The trees were rooted using genera Alocodera
and Padaungiella as outgroup based on previous Hy-

alospheniidae phylogenies (Kosakyan et al., 2016b).

4.3 Results and Discussion

4.3.1 The morphology of the studied cells
is congruent with the original
description of “Nebela militaris”

The cells described in this study correspond

well to the original description of Nebela militaris
(Penard, 1890). They have the same morphology

(hyaline, yellowish or colourless and rigid test) and

the shape of an ancient cannon (hence the species

name given by Penard). The test is proteinaceous
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and can incorporate silica scales taken from prey.

Lateral pores are frequently observed in the �rst an-

terior third of the test. The pseudostome is fan-

shaped i.e. strongly curved in broad view, with a

notch in narrow view, and shows a �are just be-

fore the pseudostome (Fig. 4.1A–D). We recorded the

following measurements: Length: 61–77.5µm (mean

67.9µm), width: 31.5–53µm (mean 37.7µm), aperture

width (pseudostome long axis): 15.5–20.5µm (mean

18.1µm) (Fig. 4.2, Table 4.1). However, our isol-

ates di�er slightly from the original description be-

cause of their wider test (Fig. 4.2, Table 4.1). Also,

Penard (1890) originally described the pores on each

side of the pseudostome to be infrequent but later

stated that they are present in most cases

4.3.2 Clari�cation of the taxonomic
status of Nebela militaris

The taxonomic history behind Nebela militaris
is rather complicated as N. militaris is morphologic-

ally similar to two other taxa: Nebela bursella and N.
americana var. bryophila. It is thus unclear whether

N. militaris, N. bursella and N. americana var. bry-
ophila represent distinct taxa and the confusion en-

compassing those names comforts the idea that they

are merely the same morphospecies.

Nebela bursella was originally described by

Taranek (1881) as Nebela bursella Vejdovský, de-

scribed again by Vejdovský (1882) and was later re-

ported in Taranek (1882) monograph. In this mono-

graph, the illustrations that Taranek includes in the

description of N. bursella are confusing, since some

of them clearly correspond to the two �rst descrip-

tions of N. bursella made by himself and Vejdovský

while other depicted specimens are ambiguous. In-

deed, while two illustrations (Plate III Fig. 8 and

12 by Taranek (1882) (Supplementary material 1),

Fig. 8 here reproduced as Fig. 4.1E) resemble

Vejdovský’s and Taranek’s original drawings of N.
bursella with its characteristic curved pseudostome,

the other illustrations correspond to specimens that

are clearly broader. Based on modern knowledge of

Hyalospheniidae systematics, these illustrated spe-

cimens should rather be assigned to another species

within genus Nebela (Plate III Fig. 7 and Plate IV

Fig. 16 by Taranek (1882) (Supplementary material

1), reproduced here as Fig. 4.1H, I respectively) or,

possibly even, given the slit-like aperture, to genus

Heleopera (Plate III Fig. 9–11 by Taranek (1882), re-

produced here as Fig. 4.1F, G), resulting in one de-

scription possibly corresponding to three species.

This situation led to the misinterpretation that N.
bursella corresponded to the broader morphotype

rather than to the cells illustrated by Vejdovský. This

error was not corrected and N. bursella was ulti-

mately considered as a synonym to Nebela tincta
(Awerintzew, 1906). In his description of N. militaris
Penard (1890) states that his new species could be

considered by some as mere aberrant specimens of

N. bursella, thus suggesting that he too was misled.

However, unfortunately Penard did not explain what

features could be considered as aberrant. He actu-

ally based his concept of N. bursella on Taranek’s er-

roneous lumping and thus confused it with Nebela
tincta (see Penard (1902)). Penard then described N.
militaris, being certain that it was not only an ab-

errantly slender form of N. tincta, resulting in the

redescription of N. bursella as N. militaris.
Nebela americana var. bryophila Van Oye (1933)

was described as a smaller morphospecies of Ne-
bela americana (Taranek, 1882). The dimensions and

shape of the test are comparable to N. militaris but

Van Oye (1933) noted the absence of lateral pores on

his isolates. As the pores remain di�cult to observe,

we consider that the original description of Nebela
americana var. bryophila is too lacunar to allow dis-

tinguishing it fromN.militaris and we consider them

as synonyms.

For these reasons, we propose to synonymize N.
militaris, N. bursella and N. americana var. bryophila.

Although we are aware that the nameNebela bursella
precedes the others and thus should prevail, N. mil-
itaris has been consistently used since Penard’s de-

scription and is well known to the scienti�c com-

munity working on testate amoebae. Moreover, we

performed an extensive literature search and found

no report for N. bursella, after 1964 (Sudzuki, 1964).

For these practical reasons, we will invoke article

23.9.3 of the International Code of Zoological No-

menclature to keep N. militaris as the valid name

even though it is technically a junior synonym.

4.3.3 Erection of the genus Alabasta and
its phylogenetic position within the
Hyalospheniidae

We obtained four identical partial COI sequences

of 482 nucleotides from four di�erent cells. The

phylogenetic reconstruction does not place our se-

quences within the genus Nebela, but rather as a sis-

ter clade of the genus Planocarina (Fig. 4.3), this

position being weakly supported (bs 48, pp 0.97).

Moreover, the genetic distance between our se-

quences and the genetically closest species in genus

Nebela (i.e. N. �abellulum, 18% of dissimilarity) is

well above the barcoding gaps calculated for Hy-

alospheniidae and Amoebozoa in general (Kosakyan
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Table 4.1 – Measurements and shape of the di�erent species of Alabasta based on the literature.

Species General shape of the test Length (L) (µm) Breadth (B) (µm) L/B ratio Pseudostome shape and width (µm)

Alabasta militaris compressed, narrow piriform 50–82 25–46 1.8–2 deeply curved, 15-22

Alabasta kivuense compressed, narrow piriform 49–64 18–26 2.4–2.7 very curved, 12-16

Alabasta longicollis compressed, elongated piriform 120–140 40–45 3–3.1 deeply curved, n.a.

et al., 2012; Nassonova et al., 2010; Singer et al., 2018).

Our isolates cannot be ascribed to Planocarina either

due (1) to the genetic distance (ca. 20% of dissim-

ilarity with P. marginata), and (2) by the fact that

genus Planocarina is characterized by the presence

of a keel on the posterior part of the test (Kosakyan

et al., 2016b), whereas it is absent in N. militaris. This

justi�es the creation of a novel genus for N. militaris
here-after named Alabasta that incorporates species

with an elongated test and strongly curved pseudo-

stome with a �are and a marked notch in narrow

view.

4.3.4 Species to include in the genus
Alabasta gen. nov.

Two species �t the morphological description of

genus Alabasta: Nebela kivuense (Gauthier-Lièvre

and Thomas, 1961) and N. longicollis (Penard, 1890).

We thus formally move those species to genus Ala-
basta.

Alabasta (Nebela) kivuense (Fig. 4.1K) was de-

scribed by Gauthier-Lièvre and Thomas (1961) from

an area near Lake Edward in the Democratic Re-

public of Congo and was recently observed in two

wetland-coniferous forest ecosystems in southern

Ontario, Canada (Nicholls, 2015). A. kivuense may

potentially be mistaken for Alabasta (Nebela) mil-
itaris as both species having overlapping length

(Table 4.1), similar narrow piriform tests and deeply

curved pseudostome, however the pseudostome of

A. kivuense is less curved than Alabasta militaris
(Fig. 4.1).

Alabasta (Nebela) longicollis (Fig. 4.1V) has been

reported only on a few occasions, albeit from sev-

eral geographical regions worldwide. Alabasta lon-
gicollis is larger and more elongated than A. militaris
(almost twice as long and slightly wider, Table 4.1).

As the original descriptions present clear mor-

phological distinctions between A. militaris, A.
kivuense and A. longicollis we keep them as distinct

species. However further investigations using mo-

lecular data and precise environmental descriptions

are needed to investigate the relationships between

these three morphologically similar species and cla-

rify the true diversity within this genus.

4.3.5 Species morphologically related to
the genus Alabasta gen. nov.

Besides Alabasta (Nebela) longicollis and A. (Ne-
bela) kivuense there are several species that could be

considered as morphologically related toA. militaris.
Hyalosphenia elegans (Leidy, 1879) and H. insecta

(Harnisch, 1938) also share several common mor-

phological characteristics with Alabasta. Further-

more, based on the 18S rRNA gene Lara et al. (2008)

demonstrated that H. elegans does not branch with

H. papilio as it is placed as a sister clade to genus

Nebela. Thus, H. elegans and H. insecta could po-

tentially also be included in genus Alabasta. How-

ever, two major di�erences between these species

are 1) the inability of H. elegans and H. insecta to per-

form kleptosquamy as commonly observed in Ala-
basta militaris, A. longicollis and A. kivuense and 2)

the presence of circular to oval depressions at the

surface of the shell of H. elegans and H. insecta that

are not observed in Alabasta species. Thus, we be-

lieve that H. elegans and H. insecta likely represent

yet another clade (likely a new genus), but further

molecular data are required to determine this.

4.4 Conclusion

Alabasta militaris is a cosmopolitan spe-

cies that has been reported in the North-

ern and Southern Hemispheres and in

high to low latitudes (e.g. Fernández

et al. (2015); Golemansky (1962); Krashevska

et al. (2017, 2018); Van Oye (1956)). However, these

observations are based solely on rough morphology-

based observation, and a study combining morpho-

metry and single cell barcoding may well reveal

an unsuspected diversity of cryptic species (Du-

mack et al., 2016; Kosakyan et al., 2012, 2013; Lara

et al., 2011a; Singer et al., 2015). In parallel with �nd-

ings in other Hyalospheniidae, these closely-related

species may have di�erent ecological optima (Singer

et al., 2018) and may also have somewhat contras-

ted functional roles in microbial food webs (Geisen

et al., 2018). AsAlabastamilitaris in its present de�n-

ition has a narrow ecological tolerance, i.e. dry mi-

crohabitats in Sphagnum (Mazei and Bubnova, 2007),

the distribution of its lineages is arguably less likely

to be structured by geographic distance and barriers
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Figure 4.3 – Maximum likelihood phylogenetic tree of all COI gene sequences available on GenBank with the sequences

of four single cells of Alabasta militaris. Numbers between branches correspond respectively to bootstrap values (bs)

and posterior probabilities (p.p.) as calculated with Bayesian inference. The bs and p.p. values are indicated only for

supported nodes (bs>50 and p.p.>70). Well supported nodes (bs>80 and p.p.>90) are marked with a dot.

to dispersal than larger species such as Hyalosphenia
papilio (Heger et al., 2013). Finally, single cells tran-

scriptomic studies of amoebae (Kang et al., 2017) may

also provide new insight to the evolution of closely

related species. The present study of Alabasta will

pave the way to further studies in this iconic species

of protist which may prove a useful model for future

studies aiming to understand the general rules that

shape ecological, biogeographical and evolutionary

process in terrestrial protists.

4.5 Taxonomic actions

4.5.1 Description of new genus: Alabasta
gen. nov. Duckert, Blandenier,
Kosakyan and Singer

Taxonomic summary:

Arcellinida (Kent, 1880).

Hyalospheniidae (Schultze, 1877) Kosakyan

et al. (2012).

Alabasta gen. nov. Duckert, Blandenier, Ko-

sakyan and Singer.

Description: Test rigid, colourless or yellowish,

elongated in broad view with a maximal width at

about two thirds from the aperture and sides then

tapering towards the aperture. Test proteinaceous

often with incorporated silica scales taken from eu-
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glyphid preys. Pseudostome strongly convex with a

�are (i.e. fan shaped) in broad view and a deep notch

in pro�le. Lateral pores usually present at about one

third of the distance from the pseudostome to the

fundus.

Di�erential diagnosis: Alabasta can be distin-

guished from similar genera such as Nebela and

Longinebela by its fan-shaped pseudostome (i.e.

strongly curved with a �are) in broad view and a

deep notch in pro�le.

Type species: Alabasta militaris comb. nov.

(Penard, 1890) Duckert, Blandenier, Kosakyan and

Singer.

Included taxa: Nebela militaris Penard (1890); N.
kivuense Gauthier-Lièvre and Thomas (1961); N. lon-
gicollis Penard (1890).

Etymology: The name of the genus is derived

from the greek word “” (alabaster), in connection

with the diaphanous and yellowish aspect of the test

of this genus. Also, it appears that Alabasta is the

name of a �ctitious city established in the middle of

a desert in the manga One Piece (Oda, 1999), remin-

iscent of the ecological preferences of Alabasta mil-
itaris which is used as a dry indicator in peatlands

monitoring.

LSID numbers for the nomenclatural act

urn:lsid:zoobank.org:act: 7408C1E9-2DD6-4098-

97DA-3CF743954B5F and for this publication

urn:lsid:zoobank.org:pub:72E66220-2093-4765-

8D79-413E9B52071D.

4.5.2 Key to the species

1. Smaller species <100µm, test narrow piriform

in broad view

→ 2
1*. Larger species: L=120–140µm, test elongated

piriform in broad view, with an elongated neck.

A. longicollis
2. Wider species in broad view (L/B=1.8–2),

pseudostome wide (15–22) µm

A. militaris
2*. Slender species, often laterally curved,

in broad view (L/B=2.4–2.7) pseudostome narrow

(12–16µm)

A. kivuense

4.5.3 Rede�nition of Nebela militaris
Penard 1890

Alabasta militaris comb. nov. Duckert, Blanden-

ier, Kosakyan and Singer 1879 Nebela collaris (pars)

in Leidy, Freshw. Rhiz. N. America, p. 147, pl.

22 Fig. 11, 12, 16 (misidenti�cation). 1881 Nebela

bursella Vejdovský in Taranek (1881) Sitzber. böhm.

Ges. Wiss. p. 230, Fig. 2 1882 Nebela bursella
Vejdovský in Thierische Organismen der Brunnen-

wässer von Prag 1882 Nebela bursella Vejdovský

(pars) in Taranek (1882), 8, p. 36, pl. III, Figs. 8 and 12.

1890 Nebela militaris Penard, Mem. Soc. Phys. Hist.

Nat. Genève 31: 164 (creation of Alabasta gen. nov.

and transfer to the new genus) 1933 Nebela americ-
ana var. bryophila Van Oye, Arch. Naturgestch. Abt.

B., N.F. 2 (overlapping morphology).

Updated description: Test rigid, colourless or

yellowish, compressed in broad view, narrow piri-

form, reminding the shape of an ancient cannon

(hence the species name) with a maximal width at

about the �rst third from the posterior part and

the sides of the test tapering towards the aper-

ture. Test proteinaceous often incorporating silica

scales taken from euglyphid preys. Lateral pores fre-

quently observed at ca. one third of the distance

from the pseudostome to the fundus. Pseudostome

fan-shaped (i.e. strongly curved) in broad view,

with a notch in pro�le, and a thick organic lip (Fig.

4.1.A–D). We recorded the following measurements

(Fig. 4.2): Length: 61–77.5µm (mean 67.9µm), width:

31.5–53µm (mean 37.7µm), pseudostome (aperture)

long axis: 15.5–20.5µm (mean 18.1µm). Dimen-

sions based on previous observations: L=50–82µm,

B=25–46µm. Pseudostome 15–22µm wide.

Di�erential diagnosis: A. militaris may be con-

fused with A. longicollis and A. kivuense, from which

it di�ers respectively by a shorter test or by a

wider test and pseudostome (see Table 4.1). Also A.
kivuense is often laterally curved.

Neotype: Due to the absence of a type, we

declare the Specimen 516-2 isolated by Penard

and mounted on a permanent slide, now depos-

ited at the Natural History Museum of Geneva,

Switzerland as the name-bearing type (https://

commons.wikimedia.org/wiki/Category:Nebela_

militaris#/media/File:Collection_Penard_MHNG_

Specimen_516-2-1_Nebela_militaris.tif).

Type locality: Jura Mountains, Switzerland

Etymology: The name refers to its general shape

which reminds of an ancient military cannon.

Habitat: Sphagnummosses (relatively dry micro-

habitats such as hummocks), brown mosses, litter,

sediments (rare). Geographical distribution: Appar-

ently cosmopolitan
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Chapter 5

Morphological and genetic diversity of genera Apodera and
Alocodera from the Southern Hemisphere
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Abstract
Testate amoebae are good model organisms for studying microbial biogeography. Several �agship taxa,

among which the genera Apodera and Alocodera, are mostly limited to former Gondwanaland. Their true

diversity has however not yet been assessed using molecular tools, but, given the evidence for wide-

spread cryptic diversity within Hyalospheniformes it is likely that the diversity of these two genera is

high and that some cryptic or pseudocryptic species have limited geographical distributions. We investig-

ated the molecular diversity of genera Apodera, Alocodera and the closely related but cosmopolitan genus

Padaungiella using single cell DNA COI barcoding. As anticipated we found a high genetic diversity

within each genus, including a novel morphologically highly conspicuous Apodera-like species broadly

distributed across New Zealand peatlands characterized by a keel. The genetic divergence among these

species was considerably higher than the barcoding gaps reported for other Hyalospheniformes such as

genus Nebela. The phylogeographical pattern of genus Alocodera showed a strong biogeographical signal

with separate clades recorded in South America and New Zealand. Furthermore, all European Padaungi-
ella isolates branched together in a robust clade while other members of this genus were scattered across

the phylogenetic tree. As anticipated, our study revealed the existence of a considerable diversity within

genera Apodera, Alocodera and Padaungiella as well as complex geographical distribution patterns. This

diversity includes both cryptic and conspicuous species and calls for in-depth analyses combining morpho-

logical, ecological and molecular analyses of these fascinating model organisms for microbial biogeography.
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5.1 Introduction

The existence or not of geographic patterns in

microorganisms is an old debate in biology, going

back to the 19
th

century. The German protisto-

logist Christian Gottfried Ehrenberg identi�ed di-

atoms in dust samples collected on the Beagle by

Charles Darwin while sailing in the tropical Atlantic

and inferred a South American origin for some spe-

cies (Darwin, 1846). Darwin was convinced that,

just like macroscopic organisms, microbes presen-

ted distinctive distribution patterns, but also had a

formidable capacity for dispersal (O’Malley, 2009).

This capacity, together with their astronomic pop-

ulation sizes led to the idea that the distribution

of microorganisms is only restricted by environ-

mental conditions, summarized by the famous tenet

“everything is everywhere, but, the environment

selects” (Baas Becking, 1934). This premise was

later used at the turn of the 21
th

century to ex-

plain the distribution of microbial diversity, put-

ting protists at the centre of the debate (Finlay and

Fenchel, 1999). A central corollary of this paradigm

was that, in absence of allopatric speciation, mi-

crobial diversity should be low (Fenchel and Fin-

lay, 2003; Finlay et al., 2004). Opposing to this

viewpoint, some taxonomists and biogeographers

provided several examples of species that had been

found only in some regions of the globe, and whose

conspicuous morphology could not be overlooked

by researchers (Foissner, 2004, 2005). The validity

of these “biogeographical �agship species” became

a central element in the debate; amongst them, per-

haps the most iconic species being the arcellinid test-

ate amoeba Apodera vas (Foissner, 2006).

Apodera vas (Amoebozoa; Arcellinida; Hy-

alospheniformes) is a large species (typically

between 120-250 µm), considered as monotypic (Za-

pata and Fernandez, 2008), characterized by having

a test clearly separated into two chambers by a deep

constriction around the base of the “neck”. It is typic-

ally found in mosses, especially Sphagnum, and wet

forest litter under subantarctic temperate to tropical

climates, but has never been found beyond the Can-

cer tropic desert belt, despite the widespread pres-

ence of suitable environments further north (Smith

and Wilkinson, 2007). Several other Hyalospheni-

formes taxa such as the monotypic genus Alocodera
share a similar distribution (Smith et al., 2008), while

the closely-related genus Padaungiella is considered

cosmopolitan (Lara et al., 2008).

The application of DNA barcoding to study

the diversity of testate amoebae, especially using

the cytochrome oxidase subunits 1 (COI) marker

(Hebert et al., 2003), has revealed the existence of

high levels of cryptic diversity within nearly all in-

vestigated species of Hyalospheniformes (Kosakyan

et al., 2012). Detailed analyses of the morphology

of these barcoded organisms allowed the description

of several overlooked pseudo-cryptic species (Ko-

sakyan et al., 2013; Singer et al., 2015), which di�ered

in their ecological preferences (Singer et al., 2018).

A phylogeographic study of Hyalosphenia papilio, a

common species in northern Sphagnum-dominated

peatlands, revealed contrasted geographical distri-

butions (Heger et al., 2013) that could be explained

by historic events such as Pleistocene glaciations

(Singer et al., 2019). An accurate taxonomy, backed

by molecular data is thus key for understanding the

biogeography of testate amoebae and protists in gen-

eral (Heger et al., 2009). In particular, the systemat-

ics of Apodera and related genera needs to be bet-

ter characterized by means of single cell barcoding

in order to re-evaluate their “biogeographic �agship”

status.

Here, we combined detailed morphological and

molecular characterization of Apodera, Alocodera
and Padaungiella specimens from di�erent environ-

ments, substrates and locations mostly in New Zea-

land in order to search for, (1) a possible hidden

diversity within species, notably testing the mono-

typy of the genera, (2) the adequation of present tax-

onomy to phylogenetic relationships in order to con-

duct future biogeographical studies on these South-

ern Hemisphere species and (3) the existence of

probable biogeographical patterns.

5.2 Material and Methods

5.2.1 Cells isolation and morphological
characterization

Cells morphologically assigned to genera

Apodera, Alocodera and Padaungiella were retrieved

from di�erent environments and substrates from

New Zealand, Brazil, Bulgaria and Spain (Table 5.1).

Living cells were isolated using a narrow pipet un-

der an inverted microscope (Blandenier et al., 2018).

The cells were then photographed at 400x magni-

�cation with a light microscope (LM) and �nally

transferred into PCR tubes for DNA extraction.

Empty tests were prepared and documented for

scanning electron microscopy (SEM) as described

previously by Todorov and Golemansky (2007). In

addition, we also retrieved pictures from the liter-

ature (Kosakyan et al., 2012; Lahr et al., 2015a; Lara

et al., 2008; Mitchell and Meisterfeld, 2005; Yeates
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Figure 5.1 – Apodera vas SEM pictures from the literature (A-G): A-C. from Chile (Zapata and Fernandez, 2008), D. Tan-

zania (Mitchell and Meisterfeld, 2005), E. Marion Island (Lara et al., 2008), F. New Zealand (Yeates and Foissner, 1995)

and G. Argentina (Lahr et al., 2015a). SEM and LM pictures of Apodera specimens from New Zealand from current study

(H-M*): H-I. Apodera sp 3 (EM2540 and EM2540-19), J-K. Apodera sp 1 (EM2543 and EM2543-22) and L-M. Apodera sp

2 (EM2581, EM2556-1) (Table 5.1).

and Foissner, 1995; Zapata and Fernandez, 2008) in

order to compare cell dimensions and shapes with

our observations. LM and SEM pictures of su�cient

quality (Fig. 5.1-5.5) were used for measuring the

length and breadth as well as the width of the aper-

ture of each specimen.

5.2.2 DNA extraction, PCR ampli�cation
and DNA sequencing

DNA extraction was performed with a thiocy-

anate guanidinium (TG) solution following the pro-

tocol of Blandenier et al. (2018) adapted after Chom-

czynski and Sacchi (1987). PCR of partial mito-

chondrial cytochrome oxidase I (COI) gene were

mostly processed using a nested PCR protocol. The

�rst PCR was conducted with the eukaryote-general

primers LCO (GGT CAA CAA ATC ATA AAG ATA

TTG G) and HCO (TAA ACT TCA GGG TGA CCA

AAA AAT CA) (Folmer et al., 1994). When the �rst

PCR was not successful a second PCR was done us-

ing combinations of various primers including Ar-

celCOI and ApoCOI (Kosakyan et al., 2012), as well

as APO2F (TGG AAT TAG CAT ATC MGG AAT T), a

new forward primer speci�c to the group ofApodera,
Alocodera and Padaungiella. All primers combin-

ations and PCR conditions are detailed in Supple-

mentary material 1 (This table will be given after the
acceptation of the manuscript).

Two positives PCR products were cloned (Sup-

plementary material 1) as described in Blandenier

et al. (2017a), whereas the others were directly puri-

�ed using a Milipore kit and sent for sequencing with

an ABI3730XL DNA sequencer (Applied Biosystems)

at Macrogen, Amsterdam NL. The sequences were

deposited in GenBank with the following accession

numbers: (Numbers will be given after the accepta-
tion of the manuscript). Light microscopy pictures of

the corresponding cells are shown in Supplementary

material 2 (All pictures will be given after the accept-
ation of the manuscript).

5.2.3 Phylogenetic analysis

All sequences obtained were aligned and cor-

rected manually using BioEdit (Hall, 1999) together

with an exhaustive reference database composed of

three sequences of genus Alocodera and three of
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Figure 5.2 – SEM and LM pictures of several specimens of Apodera sp 3 presenting a characteristic keel expanding from

the neck until the posterior extremity. Pictures H6-H8. correspond to barcoded individuals EM2540-19, EM2540-14 and

EM2540-11. These specimens were all extracted from sample EM2540 (Mt. Taranaki, North Island, New Zealand, Table

5.1).

genus Padaungiella (Kosakyan et al., 2012) retrieved

from the GenBank database (Table 5.1). We con-

ducted the phylogenetic reconstruction on the com-

plete LCO-HCO fragment (i.e. 655 bp) using the

CIPRES Portal (Miller et al., 2010). A maximum like-

lihood phylogenetic tree was built using the RAxML

v.8.2.10 algorithm (Stamatakis, 2014) with the GTR +

GAMMA model and 1000 bootstraps.

5.3 Results

5.3.1 Morphology of specimens from
genera Apodera, Alocodera and
Padaungiella

We have compiled every available picture of

Apodera (Fig 5.1), Alocodera (Fig 5.3) and Padaungi-
ella (Fig 5.4) from the literature, with distribution

and morphometrical data. We compared these data

with the new pictures obtained from these three gen-

era (Fig 5.1-5.5). The general morphology of all spe-

cimens of each of the three genera �ts the original

description, i.e. an elongated neck for Padaungiella
taxa, associated with a septum (bi-cameral organiz-

ation) or a more or less pronounced lateral constric-

tion at the base of the neck forApodera andAlocodera
respectively.

Specimen in genus Apodera possessed variation

in test size which can reach 100% with the largest

specimen exceeding 250 µm in length (for instance

in specimens B and C) and the smallest less than 120

µm (e.g. G and J) (Fig 5.1). Some specimens were par-

ticularly roundish (L/B ratio below 1.5 for specimen

B and H), whereas others were much slender (L/B ra-

tio of 2.2 for specimen L and M). The larger morpho-

types from New Zealand were systematically char-
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Figure 5.3 – Alocodera SEM pictures from Kosakyan et al. (2012) (N-O): N. Alocodera sp 1 from Chile and O. Alocodera
cockayni from Argentina. New Zealand LM pictures from the current study (P-S*): P-Q. Alocodera sp 2 (EM2539-3 and

EM2638-7), R. Alocodera sp 3 (EM2583-6) and S. Alocodera sp 4 (EM2670-1) (Table 5.1).

acterized by a keel around the posterior part of the

tests starting from the constriction (specimens H and

I). Such a structure which is very similar to the keel

found in genus Gibbocarina had to our knowledge,

never been observed in this genus. Some keeled spe-

cimens extracted from the same sample are presen-

ted in �gure 5.2 to illustrate the range of morpholo-

gical variability within a population.

In contrast to genus Apodera, the size range of

genus Alocodera was much narrower, i.e. between

100-120 µm of length, with the exception of one

longer specimen of ca. 140 µm (specimen S). How-

ever we observed substantial morphological variab-

ility for the test breadth (ranging from roundish to

slender; L/B ratio between 1.5 and 1.9, specimens

Q and S respectively; Fig 5.3), the depth of the lat-

eral constrictions (ranging from almost impercept-

ible, e.g. specimen R, to more pronounced, as in the

type) and the shape of the neck (ranging from al-

most parallel sides, specimen S, to piriform, speci-

men R). Finally, we observed a granular texture in

some specimen (Alocodera sp 1, specimen N; (Ko-

sakyan et al., 2012)) while the shell of Alocodera is

generally transparent and amber coloured similar to

Hyalosphenia papilio.

All Padaungiella species share a similar general

morphology, with the notable exception of the test

with a circular cross section and presence of large

agglutinated mineral particles in P. nebeloides (To-

dorov et al., 2010; Todorov and Bankov, 2019) (Fig

5.4). Some studied specimen were on the range size

of P. lageniformis (i.e. 100-140 µm) (Penard, 1890),

while the dimension of the others correspond to P.
wailesi (i.e. 75-100 µm) (De�andre, 1936). The dis-
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Figure 5.4 – Padaungiella SEM pictures from the literature (T-W): T. Padaungiella nebeloides from France, U. Padaungi-
ella lageniformis from Bulgaria and V. Padaungiella wailesi from Switzerland (Kosakyan et al., 2012), and W. Padaungi-
ella wailesi from Bulgaria (Todorov and Bankov, 2019) which has been barcoded in the present study as Padaungiella
wailesi 1 BG. Padaungiella LM pictures from the current study (X-AA*): X. Padaungiella lageniformis 1 ES (ESMA2-6),

Y. Padaungiella lageniformis 2 BR (Pad4-10), Z. Padaungiella lageniformis 3 NZ (EM2534-7) and AA. Padaungiella wailesi
2 NZ (EM2543-1) (Table 5.1).

tinction between the neck and the main body form a

gradient between almost absent in P. wailesi CH and

P. lageniformis 3 NZ (i.e. V and Z) to a distinct sub-

parallel neck in P. lageniformis BG, P. wailesi 1 BG

and P. lageniformis 2 BR (i.e. U, W and Y). A lateral

constriction separating the neck from the posterior

part is the synapomorphy of the genus Alocodera,

which separates it best from the genus Padaungi-
ella (Jung, 1942). Specimens of Padaungiella lageni-
formis 2 BR observed in the same sample showed this

constriction to di�erent extents, from totally absent

to clearly marked, suggesting a transition towards

the morphology of Alocodera. Some specimens are

presented in �gure 5.5 to illustrate the range of vari-

ability observed in the shape of the neck in this spe-

cies.

5.3.2 Characterization of the molecular
diversity from genera Apodera,
Alocodera and Padaungiella

We obtained partial COI DNA sequences from 38

specimens, including 15 from genus Apodera (bar-

coded here for the �rst time with this marker), but

also 7 and 16 cells respectively for Alocodera and

Padaungiella. All of these sequences form a robust

monophyletic clade (79% bs) with respect to other

Hyalospheniformes (Fig 5.6).

All Apodera are monophyletic (79% bs) and form

two robust clades that grouped, respectively all spe-

cimens with a keel (99% bs) and those without a keel

(95% bs). Both clades presented important internal

genetical variation: The �rst clade is composed of

two keeled species, referred to as Apodera sp 3 and 4,

while the second clade includes specimens with reg-
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Figure 5.5 – Pictures of several specimens of Padaungiella lageniformis 2 BR presenting variation in the shape of the

neck. These specimens were all extracted from the same sample from Brazil (Table 5.1).

ular shape similar to the type (referred to as Apodera
sp 1) and others which are much more slender (i.e.

L/B ratio of 1.6 and 2.2 respectively, referred to as

Apodera sp 2; Fig 5.6). Genetic dissimilarity between

the two clades was measured around 18%.

The Alocodera sequences are mainly split into

two clades; the �rst (100% bs) grouped the South

American isolates A. cockayni and Alocodera sp 1,

while the second (83% bs) is composed of New Zeal-

and isolates Alocodera sp 2 and 3. The dissimilarities

values among this second clade reach 4% between

the most divergent sequences. Finally, the specimen

Alocodera sp 4 is more divergent and groups with

Padaungiella wailesi 2 NZ in a separate clade as a

sister clade to genus Apodera (85% bs), thus mak-

ing both genera Padaungiella and Alocodera para-

phyletic (Fig 5.6). Genetic dissimilarity between the

South American and New Zealand clades ranged

between 8 and 9%.

Finally, all Padaungiella sequences from speci-

mens collected from Europe branched robustly to-

gether (94% bs) in a homogenous clade, whereas

Padaungiella lageniformis 2 BR (from Brazil), P. la-
geniformis 3 NZ and P. wailesi 2 NZ (from New Zeal-

and) formed three independent groups (Fig 5.6). The

�rst clade includes two new molecular species from

Bulgaria and Spain, i.e. P. wailesi 1 BG and P. lageni-
formis 1 ES. The �rst species is basal and closely re-

lated to P. wailesi and P. nebeloides with a dissimil-

arity value of 2%, while the second is much diver-

gent and forms a single clade near the base of the

tree. Both P. lageniformis 2 BR and P. lageniformis 3

NZ form single clades at the base of genus Alocodera,

while P. wailesi 2 NZ groups withAlocodera sp 4. The

dissimilarity value between the former two species is

13%, while their respective genetic distance with the

European clade is 12%.

Although most clades display robust phylogen-

etic support, the basal organization of the tree is

weakly supported (Fig 5.6). Indeed, only genus

Apodera formed a monophyletic clade while genera

Padaungiella and Alocodera are currently paraphyl-

etic.

5.4 Discussion

5.4.1 Apodera and Alocodera are not
monotypic genera

Apodera and Alocodera are both traditionally

considered as monospeci�c genera and the mor-

phological variations observed were considered

as within the normal variability of these species

(Yeates and Foissner, 1995; Zapata and Fernan-

dez, 2008). However, some of this morpholo-

gical variability had been previously noted (De-

�andre, 1936; Penard, 1911; Wailes, 1913; Van Oye, 1956),

leading to the description of Apodera crenata
(Jung, 1942) and A. (Nebela) wellingtonia (De-

cloitre, 1964), and two varieties of Apodera vas, i.e.

A. vas var. longicollis and A. vas var. obliqua (Grospi-

etsch, 1971). However, A. crenata and A. wellingtonia
have not been reported since their description, and

because varieties are not accepted by the ICZN, A.
vas is now considered as monophyletic.

Our new data and synthesis of existing data

clearly demonstrates the existence of several species

within genera Apodera and Alocodera (Fig 5.1, 5.3).

The most prominent discriminating trait is probably

the keel observed in some New Zealand isolates (Fig

5.2). Hollow keels are a distinctive, taxonomically

relevant trait that constitutes the synapomorphy of

genus Gibbocarina and which can been observed in

several species of Hyalospheniformes, e.g. Nebela
aliciae andQuadrulella alata (Kosakyan et al., 2016b).

Accordingly, the presence of a robust monophyletic
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Figure 5.6 – Maximum likelihood phylogenetic tree of all COI genes sequences obtained during this study (bold font)

as well as the six sequences retrieved from Genbank from Kosakyan et al. (2012). The tree was rooted with several

hyalospheniid genera retrieved from Genbank (i.e. : Longinebela speciosa JN849044, Certesella certesi JN849064, Ala-
basta militaris MH616621, Nebela �abellulum JN849026, Nebela gimlii KP083297, Nebela rotunda JX682591, Quadrulella
symmetrica JN849047, Planocarina carinata JN849038, Cornutheca ansata JN849054 and Hyalosphenia papilio JN849016).

Numbers at the node correspond to bootstrap values (bs).

clade possessing a keel sister to the genus Apodera is

a strong evidence of important overlooked diversity.

Interestingly, the keeled specimens were all found on

Sphagnum mosses (Apodera sp 3) or brown mosses

collected in fens (Apodera sp 4), whereas non-keeled

Apodera sp 1 and 2 were retrieved from forest litter

(Table 5.1). Peatlands are well-known as a habitat for

a high diversity of hyalospheniformes. Sphagnum
mosses modify profoundly the abiotic conditions

through physical (water holding capacity) and chem-

ical mechanisms (acidi�cation, high nutrient uptake

capacity leading to nutrient depletion) (Clymo, 1973)

with a clear impact on the associated microbial com-

munities (Jassey et al., 2011), including testate amoe-

bae. Such ecological �ltering was suggested to be a

driving force for the evolution of speci�c diversity

(Fiz-Palacios et al., 2014). Overall, the clear genetic,

morphological and ecological di�erences observed

betweenApodera sp 1-2 andApodera sp 3-4 may even

suggest the erection of a new genus. Further work

including the characterization of more similar isol-

ates will be necessary to justify such possible taxo-

nomic action.

The genus Apodera shows a considerable range

of test size. Zapata and Fernandez (2008) already

demonstrated that Apodera vas was a polymorphic

species composed of several discrete morphotypes

in South America, however as the coe�cients of

variation were low (i.e. 1.4- 3.8%), these di�er-

ent morphotypes were considered as belonging to a

single species. We discovered fortuitously that the

reason of this erroneous interpretation is in fact due

to a calculation mistake. Indeed, the authors cal-

culated the ratio of the standard error (SE) to the
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mean (x̄) instead of the standard deviation (SD) to

the mean (x̄). As a result, the true coe�cient of vari-

ation (CV) value should be 10 X higher (i.e. 14-38%),

which would strongly suggest the existence of more

than one species. The morphological variability we

observed in Apodera s.l. in New Zealand con�rms

the strong polymorphism observed by Zapata and

Fernandez (2008) in Chile. Our data also suggests

that morphology is genetically determined. Indeed,

Apodera sp 1 and 2, which di�er in size and shape

(i.e. L/B ratio of 1.6 and 2.2 respectively) (Fig 5.1)

are genetically distinct (i.e. 13%) (Fig 5.6), above 4%

barcoding gap generally admitted for Hyalospheni-

formes (Singer et al., 2019).

The situation is even more complex (and rather

confusing) in genus Alocodera. Our new results

show that this genus is not monotypic and may be

polyphyletic. Alocodera isolates from South Amer-

ica and New Zealand (Alocodera species 2 and 3) are

clearly genetically distinct and branched robustly to-

gether. But Alocodera sp 4 branched totally outside

the group together with a specimen of Padaungi-
ella without constriction from New Zealand that was

classi�ed as Padaungiella wailesi 2 NZ. This node re-

ceived a strong support (85% bs), showing that Alo-
codera is actually currently paraphyletic. However,

as this result is very surprising and is based on a

single sequence, we will not discuss it further until

it is validated by additional data. The presence of a

constriction in the neck, de�ned by Penard (1911) as

the synapomorphy of the genus varies quite consist-

ently between species. Indeed, Alocodera sp 3 (Fig

5.3 R) has almost no constriction and branched with

New Zealand species (Fig 5.6). Interestingly, P. la-
geniformis 2 BR from Brazil showed an important

variation with respect to the shape of its neck, some

individuals showing a slight constriction, but others

none at all (Fig 5.5). This variation did not corres-

pond to any phylogenetic pattern, suggesting that it

represents individual variation, or phenotypic plas-

ticity (Mulot et al., 2017). A wider sampling includ-

ing more specimens and other geographical regions

would be needed to evaluate the validity of the ex-

istence and depth of the constriction as a valid taxo-

nomical criterion for species identi�cation.

Altogether, our results show the existence of

a wide diversity of taxa in genera Apodera, Alo-
codera and also Padaungiella. Padaungiella and pos-

sibly Alocodera being currently paraphyletic, valid-

ity of any morphological trait to separate genera

and species will need to be reassessed. Moreover,

even though considerable genetic distances separ-

ate European and Southern Hemisphere Padaungi-

ella species, we did not succeed in �nding morpholo-

gical traits that could represent synapomorphies for

each clade (Fig 5.4). Here too, a wider sampling of

individuals per species is needed to hopefully �nd

discriminating traits that can distinguish species.

5.4.2 Implications for the distribution of
microbial diversity, with particular
emphasis on biogeography

Evidences provided for non-cosmopolitanism of

protists used Apodera vas and Alocodera cockayni
as examples of geographically-limited distributions,

the argument being that these biogeographical �ag-

ships were commonly reported from the South-

ern Hemisphere and intertropical zone but were

never found in the Northern Hemisphere, despite

over 200 years of much more intensive investigation

(Smith and Wilkinson, 2007). Here, we show that

both Gondwanian �agships Apodera vas and Alo-
codera cockayni are composed of several, perhaps

many species. Within Alocodera, isolates from South

America and New Zealand were genetically dissim-

ilar, which may suggest vicariant distributions. If

this were the case, species distribution would be

more limited than previously thought, adding to

the evidence for narrow distribution in protists as

shown for the Hyalosphenia papilio species complex

(Singer et al., 2019) and Cornutheca ansata (Heger

et al., 2011b). A systematic exploration of other re-

gions of the Southern Hemisphere (e.g. Africa, Aus-

tralia) and Northern Hemisphere (especially North

America and Asia) would be needed to delineate the

distribution of species and identify the processes that

drove species present-day distributions.

According to the consensual “moderate endem-

icity” model, based mostly on ciliate morphological

data, most protists are cosmopolitan and only 30%

are endemic (Foissner, 2007). Under these assump-

tions, Padaungiella wailesi and P. lageniformis should

be both cosmopolitan species, as no clear morpho-

logical di�erence separates European and Southern

Hemisphere isolates (Fig 5.4). However, these two

groups are genetically di�erent, and while European

isolates form a unique, robustly supported clade

(94% bs), Southern Hemisphere isolates are scattered

across the tree. A probable scenario would thus fa-

vour a Southern Hemisphere origin of the whole

Apodera-Alocodera-Padaungiella clade, and a lim-

ited number of colonization events of the Northern

Hemisphere. More data are necessary to con�rm this

hypothesis, and especially molecular data to infer

biogeographical and phylogeographical patterns in

Hyalospheniformes. When applying systematically
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barcoding, the distribution of species appears frag-

mented as compared with morphology approaches

only (Singer et al., 2019). Although the consen-

sual “moderate endemicity” model seemed appeal-

ing at a time of heated debate, the most recent �nd-

ings in testate amoeba biogeography, and especially

the results from DNA barcoding of variable markers

providing species-level taxonomic resolution, rather

point to the existence of a gigantic diversity of loc-

ally distributed species.
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Chapter 6

Diversity patterns of genus Nebela (Arcellinida, Amoebozoa)
in Sphagnum-dominated peatlands along an elevation

gradient assessed by high throughput sequencing
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Diversity patterns of genus Nebela (Arcellinida, Amoebozoa)
in Sphagnum-dominated peatlands along an elevation

gradient assessed by high throughput sequencing

�entin Blandenier
a,b

, Matthieu Mulot
a
, Clément Duckert

a
, David

Singer
a,c

, Raphael Jauslin
d
, Amandine Pillonel

a
, Molly Baur

a
, Edward A. D.

Mitchell
a,e

, Enriqe Lara
b

Abstract
The study of diversity patterns along elevation gradients is a classical question in ecology but data for soil

protists are limited. High Throughput Sequencing of environmental DNA now allows addressing these

questions with the appropriate power and precision. Many characteristics of ecosystems, such as soil and

vegetation type vary along elevation gradients, potentially representing confounding factors. One way to

circumvent this limitation is to focus on well-de�ned and highly speci�c ecosystems. Our choice is Sphag-
num peatlands and focusing on genus Nebela (Amoebozoa; Arcellinida; Hyalospheniformes) comprising

at least eight species with contrasted ecological preferences. Our aim was to assess to what extent climatic

factors or basic soil characteristics (pH and nitrogen content) explained the species distribution within this

genus. We assessed the diversity of genus Nebela in Sphagnum-dominated peatlands along a 1200m eleva-

tion gradient in the Swiss Pre-Alps. We collected eight samples in each of 12 peatlands ranging from 620

to 1820 m asl. We ampli�ed the mitochondrial Cytochrome Oxidase subunit I (COI) gene of genus Nebela
from environmental DNA samples using speci�c primers. The analysis of ca. 26 million sequence reads

revealed 14 operational taxonomic units (OTUs) eight of which corresponded to known species and six

representing unknown phylotypes. Three OTUs largely dominated the communities accounting for 94%

of all sequences (i.e. N. rotunda (45%), N. gimlii (30%) and N. collaris (19%)). All known species are ubiquit-

ous along the gradient, while four of the six unknown phylotypes occur preferentially at high elevation.

Finally, some OTUs from high elevation are mutually exclusive with generalist OTUs. These results show

that novel diversity remains to be described even in this well-studied group and suggest that Hyalospheni-

formes respond to climatic gradients but the precise mechanisms of this response remain to be determined.

a
Laboratory of Soil Biodiversity, Institute of Biology, University of Neuchâtel, Rue Emile-Argand 11, 2000 Neuchâtel, Switzer-

land

b
Real Jardín Botánico, CSIC, Plaza de Murillo 2, Madrid 28014, Spain

c
Department of Zoology, University of Sao Paulo, 05508-090 Sao Paulo, Brazil

d
Institute of Statistics, University of Neuchâtel, Rue Emile-Argand 11, CH-2000 Neuchâtel, Switzerland

e
Botanical Garden of Neuchâtel, Chemin du Perthuis-du-Sault 58, 2000 Neuchâtel, Switzerland
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6.1 Introduction

Biodiversity has long been shown to be dis-

tributed following simple patterns across larger

scales. For instance, species richness generally

decreases along elevation or latitudinal gradients

(Gaston, 2000) and is positively correlated with

high summer temperature or habitat size. These

global patterns have long been described in macro-

organisms such as plants and animals, but only re-

cently for protists (Soininen, 2012). Protist diversity

was shown to vary in relation to latitude (Schia�no

et al., 2016), nutrient (Grossmann et al., 2016), wa-

ter availability (Harder et al., 2016) and pH (Shen

et al., 2014) but patterns along elevation gradients

are less clear (Geisen et al., 2017). Indeed, while

the speci�c richness of animals and plants gener-

ally decreases along an elevation gradient, some-

times peaking at mid elevation, studies focused

on protists have often yielded contradictory pat-

terns. Using DNA metabarcoding, Grossman and

colleagues did not �nd any correlation between elev-

ation and protist richness in alpine freshwater lakes

but attributed changes in community structures to

phosphorus concentration and lake size (Grossmann

et al., 2016). Similarly, Shen and co-authors repor-

ted that changes in the community structure of soil

protists were explained more by variation of pH

than by elevation (Shen et al., 2014). A study fo-

cusing on Myxomycetes combining metabarcoding

and morphological approaches demonstrated that

the main genera were present across the full length

of the gradient, with some exception that were

mainly found in the upper half of the transect (Dahl

et al., 2018).

Contrary to these studies, morphological obser-

vation surveys on testate amoebae have demon-

strated similar distribution patterns to macro-

organisms. These studies report either a simple

linear decrease of richness (Heger et al., 2016),

a maximal diversity at mid-elevation (Krashevska

et al., 2007; Lamentowicz et al., 2013; Todorov, 1998)

or on the contrary a “U-shaped” distribution with the

lowest speci�c richness at mid elevation (Tsyganov

et al., 2013).

Two major sources of discrepancies among these

studies might be the heterogeneity of the sampled

habitats across the elevation gradient and the taxo-

nomic resolution. On the one hand, vegetation

cover, litter type and soil physico-chemical charac-

teristics generally vary with elevation (Odum and

Barrett, 1971) such that the observed changes in

community might re�ect habitat di�erences instead

of an impact of elevation-related (climatic) factors

(Mitchell et al., 2004). While on the other hand, a

coarse taxonomic resolution might mask patterns in

species richness and community structure (Hanson

et al., 2012; Heger et al., 2009).

Here, using DNA metabarcoding coupled with

genus-speci�c primers targeting the Cytochrome

Oxidase subunit I (COI) gene, we assessed the di-

versity patterns and community structures of genus

Nebela in wooded Sphagnum-dominated peatlands

in Switzerland. This particular environment is char-

acterized by highly specialized vegetation (domin-

ated by Sphagnum mosses, sedges and ericaceous

shrubs), fauna (Borcard, 1991; Borcard and Mat-

they, 1996) and microbial assemblages (Dedysh

et al., 2006) and is thus very homogeneous independ-

ently of elevation within a region such as the Swiss

Alps. Species of genus Nebela are very common in

peatlands and the distribution patterns of closely-

related species have been shown to be strongly

linked to environmental factors (Singer et al., 2018).

Moreover, this genus is probably the most studied

Hyalospheniformes taxon with molecular methods,

and as a results, DNA-barcoding protocols are avail-

able as well as a curated COI database (Kosakyan

et al., 2013, 2016a; Singer et al., 2015).

6.2 Material and Methods

6.2.1 Sampling and physico-chemical
analysis

We selected 12 sites in homogenous well-

preserved peatlands ranging from 620 to 1820 m asl.

in Swiss Prealps, and performed all sampling dur-

ing the same week of June 2017 (Table 6.1). At each

site we selected eight sampling spots within homo-

geneous tall pine forest with dense Sphagnum cover

and a water table depth below 25 cm. At each spot

we collected one sample of ca. 200 g of fresh Sphag-
nummosses. For the molecular analysis 50 g of fresh

Sphagnum mosses was shaken in sterile distilled wa-

ters and �ltered with a 200 µm mesh. The �ltrate was

left to sediment for 30 minutes and the sedimented

particles, including the living testate amoebae, were

collected and transferred to a vial for DNA extraction

(Singer et al., 2018). Physico-chemical analyses were

performed on ca. 100 g Sphagnummosses oven-dried

during two weeks at 40°C. Percentage C, H, and N

and pH was measured following standard protocols

(Gregorich and Carter, 2007).
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Table 6.1 – List of sampling information.

Elevation

[m]

Site

number

National site

identi�cation*
Site Locality Canton

Sample

labels

Sampling

date
Coordinate WGS84

620 12 N°75 Sewelimoos Reutigen Bern 89-96 28.06.2017 46.7059 7.59834

840 3 N°59 Les Mosses– Rosez Sâles, Vaulruz Fribourg 17-24 20.06.2017 46.6259 6.97324

1100 1 N°130 Dévin des Dailles ChâtelSaintDenis Fribourg 1-8 20.06.2017 46.5213 6.96073

1180 4 N°555 Muschenegg Plasselb Fribourg 25-32 20.06.2017 46.7158 7.22554

1270 5 N°312 Stächelegg / Ghack Flühli Lucern 33-40 26.06.2017 46.8358 7.99744

1330 2 N°126 Tourbière des Alpettes Semsales Fribourg 9-16 20.06.2017 46.5699 6.97041

1400 6 N°319 Husegg-Ochsenweid Flühli Lucern 41-48 26.06.2017 46.8178 8.01058

1450 9 N°263 Seeliwald Sarnen Obwald 65-72 28.06.2017 46.9066 8.14927

1460 7 N°317 Gross Gfäl Flühli Lucern 49-56 26.06.2017 46.8112 8.01242

1500 8 N°260 Trogenwald Sarnen Obwald 57-64 28.06.2017 46.8889 8.10803

1670 11 N°256 Talhubel/Siterenmoos Sarnen Obwald 81-88 28.06.2017 46.9004 8.09848

1820 10 N°265 Ober Sewen Sarnen Obwald 73-80 28.06.2017 46.8902 8.07577

*https://www.admin.ch/opc/fr/classi�ed-compilation/19910009/index.html

6.2.2 Molecular analysis

Environmental DNA was extracted using a Mo-

Bio PowerSoil extraction kit according to the man-

ufacturer’s instructions. We performed a �rst PCR

with universal COI primers (Folmer et al., 1994) fol-

lowed by a nested PCR with Nebela-speci�c primers

as previously described (Kosakyan et al., 2013; Singer

et al., 2018). Positive PCR products were then quan-

ti�ed with a Qubit® 2.0 Fluorometer (Invitrogen)

and 20 ng of each DNA samples was pooled. A

DNA library was prepared from the pools using the

TruSeq Nano PCR-free Library Preparation kit and

the paired-end 2 × 300 bp sequencing was done on

an Illumina® MiSeq at the University of Geneva

(Molecular Systematics and Environmental Genom-

ics Laboratory) (Seppey et al., 2019).

6.2.3 Bioinformatic pipeline

We adapted the bioinformatical pipeline of Sep-

pey et al. (2019) to remove chimeras and low-

quality sequences. We used the Swarm 2.1.8 al-

gorithm (Mahé et al., 2015) with the default op-

tions (d = 1) to cluster the sequence into opera-

tional taxonomic unit (OTU). The OTUs were as-

signed manually based on barcoded sequences re-

trieved from Genbank from previous studies (Ko-

sakyan et al., 2013; Singer et al., 2015, 2018).

6.2.4 Phylogenetic reconstruction

We added all resulting OTUs to reference data-

base with 20 COI sequences representing the main

diversity within genus Nebela retrieved from Gen-

bank together with sequences from Padaungiella,
Alocodera and Certesella as outgroup. We aligned

the sequence manually using BioEdit (Hall, 1999).

Phylogenetic reconstruction was conducted using

the CIPRES Portal (Miller et al., 2010). A maximum

likelihood phylogenetic tree was built using the

RAxML v.8.2.10 algorithm (Stamatakis, 2014) with

the GTR + GAMMA model and 1000 bootstraps.

6.2.5 Statistical analysis

The original dataset was composed of 96 samples

and associated environmental geographical data

(pH, nitrogen, carbon, hydrogen, elevation, latitude

and longitude). We �rst discarded nine samples for

which data were missing, i.e. seven with unsuccess-

ful PCR and two with missing pH and CHN data.

We checked for extreme values for one of those

variables, which could yield erroneous interpreta-

tion in the downstream analysis. We then removed

11 outliers by computing the Minimum Covariance

Determinant (MCD), according to Leys et al. (2018)

which resulted in a �nal dataset composed of 76

samples (Table 6.2). Species read abundances were

standardized using log(x+1) to compensate the PCR

read ampli�cation bias. Sequence numbers are cor-

related to biovolume, and in order to obtain relat-

Table 6.2 – Summary of environmental and geographical variables.

N Mean SD Min Q1 Median Q3 Max

pH 76 4.56 0.22 4.08 4.4 4.54 4.71 5.05

nitrogen 76 0.96 0.17 0.49 0.84 0.94 1.06 1.36

carbon 76 43.44 0.60 42.36 43.02 43.45 43.78 44.93

hydrogen 76 6.08 0.13 5.79 5.97 6.09 6.16 6.33

elevation 76 1318 316 620 1180 1400 1480 1820

latitude N° 76 46.77 0.13 46.52 46.71 46.82 46.89 46.91

longitude E° 76 7.70 0.48 6.96 7.23 8.01 8.10 8.15
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Nebela �ncta JX682589 Switzerland

OTU 5 - Nebela �ncta

UP II MG764385 Switzerland

OTU 8 - UP II

OTU 12 - SP III

UP II MG764319 Switzerland

OTU 15 - UP I

UP I MG764348 Switzerland

UP I MG764377 Switzerland

OTU 3 - Nebela gimlii

Nebela gimlii KP083298 Switzerland, Austria

Nebela gu�ata JX682588 Switzerland, Russia

OTU 6 - Nebela gu�ata

Nebela �ncta var. major JN849067 Canada

Nebela aliciae JN849023 Costa Rica

Nebela �abellulum JN849026 Canada

OTU 2 - Nebela collaris G2

Nebela collaris G1 JN849042 Switzerland, Bulgaria, Italia

OTU 4 - Nebela collaris G1

Nebela sp. JN849025 Canada

UP III JX682599 Switzerland, Russia

Nebela rotunda JX682595 Switzerland, Austria

Nebela rotunda JX682591 Switzerland

OTU 1 - Nebela rotunda

OTU 14 - SP XIV

OTU 21 - SP XV

OTU 10 - SP XII

Nebela pechorensis G1 JX682593 Switzerland

OTU 9 - Nebela pechorensis G1

OTU 7 - Nebela pechorensis G2

Nebela pechorensis G2 JX682584 Russia

Certesella mar�ali JN849064 

Padaungiella sp. JN849065

JN849063 JN849066

Alocodera cockayni JN849043

UP III MG764387 Switzerland

Nebela rotunda JX682596 Switzerland

Nebela pechorensis G1 JX682581 Russia
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Figure 6.1 – Maximum likelihood phylogenetic tree of the 14 Nebela COI OTUs from Sphagnum peatlands along an el-

evation gradient in Switzerland and 20 COI sequences retrieved from Genbank representing the main diversity within

genus Nebela (Kosakyan et al., 2013; Singer et al., 2015, 2018). The tree is rooted with sequences from Padaungiella, Alo-
codera and Certesella as outgroup. Numbers at the node correspond to bootstrap values (bs) and only values above 50%

are shown.

ive abundances of individual cells, we corrected se-

quence numbers according to Kosakyan et al. (2015).

The biovolume of unknown taxa was assigned to the

largest testate amoeba species, i.e. Nebela collaris,
to avoid overestimating their relative abundance

in the community (Singer et al., 2018). Corrected

biovolumes were then standardized using Hellinger

transformation prior to ordinations.

6.2.6 Multivariate analysis

To assessed the relationships between the

Hellinger-transformed Nebela community data and

environmental variables, we performed a redund-

ancy analysis (RDA) using the function rda of the

vegan package v2.3-5 (Oksanen et al., 2016). We se-

lected the best explaining model using forward se-

lection with the ordistep function of the vegan pack-

age. Elevation being the sole variable with a sig-

ni�cant correlation, we studied the distribution of

each OTU along the elevation gradient. We then

performed a principal component analysis (PCA) on

the Hellinger-transformed Nebela community data

to explore the patterns of community composition.

As the PCA plot revealed the existence of four dis-

tinct clusters, we split the dataset into four groups

using a simple kmeans computed on the �rst two

principal components of the PCA. The clustering

were computed using 76 random seed to prevent bi-

ases induced by odd initial centroid position. We

then calculated the ecological optima and tolerance

of each OTU for elevation, using the method de-

scribes in Cristóbal et al. (2014). Finally, to assess

the possible existence of association or co-exclusion

between pairs of Nebela species we performed a

probabilistic co-occurrence analysis (Veech, 2013).
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Table 6.3 – Composition, abundance, proportion and assignation of the OTUs.

OTU

names

Number of

haplotypes

Number of

sequences*

Proportion of

total sequences
Assignation

1 696 1752894 45.44% N. rotunda
2 602 716380 18.57% N. collaris G2

3 510 1166687 30.24% N. gimlii
4 17 22103 0.57% N. collaris G1

5 15 56888 1.47% N. tincta
6 6 47587 1.23% N. guttata
7 7 44947 1.17% N. pechorensis G2

8 7 17384 0.45% UPII

9 4 24364 0.63% N. pechorensis G1

10 2 4035 0.10% sp XII

12 2 2907 0.08% SP III

14 1 713 0.02% SP XIV

15 1 595 0.02% UPI

21 1 128 0.00% SP XV

Total 1871 3857611 100.00%

*Corrected with biovolume
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Figure 6.2 – Optima and tolerance of Nebela COI OTUs from Sphagnum peatlands along an elevation gradient in Switzer-

land. Red points: species’ optima computed by weighted median; bold line: optimal ranges; narrow line: tolerance range.

6.3 Results and Discussion

6.3.1 Molecular diversity within genus
Nebela

We obtained 1878 unique haplotypes with

around 30’000 sequences on average per sample.

Our clustering approach revealed 21 OTUs, seven

of which were assigned to other genera (e.g. Ar-
cella) or unidenti�ed fragments of genomic DNA and

were thus discarded. The three dominant OTUs were

composed of 696, 602 and 510 haplotypes respect-

ively, whereas all others included fewer than 20 hap-

lotypes (Table 6.3). Similarly, the abundance of se-

quences among the di�erent OTUs varied consider-

ably. Indeed, the three most abundant OTUs accoun-

ted for 94% of the total sequences (i.e. 45%, 30% and

19% respectively), whereas the four rarest each ac-

counted for <0.1%.

The 14 OTUs present along our elevation gradi-

ent were related and assigned either to species

already described formally such as N. collaris, N. gut-
tata, N. pechorensis, N. rotunda, N. tincta and N. gim-
lii (Kosakyan et al., 2013; Singer et al., 2015), to un-

known phylotypes already recovered in former stud-

ies, i.e. UPI and UPII (Singer et al., 2018), or to un-

known phylotypes recovered here for the �rst time,

i.e. SP III, SP XII, SP XIV and SP XV. Four OTUs

related to di�erent haplotypes of N. collaris and N.
pechorensis were kept separate and are referred to

as group 1 and group 2 (G1, G2). Our OTUs rep-

resent the majority of the diversity usually present

in peatlands from the Jura Mountains the only ex-
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Figure 6.3 – Co-occurrence and co-exclusion of Nebela COI OTUs in Sphagnum peatlands along an elevation gradient

in Switzerland computed according to (Veech, 2013).
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Figure 6.4 – Abundance patterns of Nebela OTUs from Sphagnum peatlands along an elevation gradient in Switzerland.

The abundance values have been standardized using log (x+1) and Hellinger-transformed.

ception being UPIII, absent from our samples (Singer

et al., 2018). The four new OTUs could correspond

to at least two new species, forming a sister clade to

N. rotunda (Fig 6.1). Further investigations, includ-

ing morphological characterization as well as lin-

eage delineation, e.g. using the general mixed Yule-

coalescent (GMYC) model (Fontaneto et al., 2007)

and the automatic barcode gap discovery (ABGD)

method (Puillandre et al., 2012), are required to re-

solve this issue. The dominant OTUs belonged to

formally described species, whereas the uncharac-

terized OTUs (UP/SP I-XV) belonged to rare species

or species not dominant in this environment (Table

6.3).

6.3.2 Diversity patterns of genus Nebela
along the elevational gradient

None of the variables investigated were correl-

ated to elevation (Appendix 6.1). As elevation was

the only signi�cant variable in the RDA (F test, p <

0.05), we computed the elevation optimum and toler-

ance for each OTU. This analysis clearly shows that

while “common” OTUs are quite ubiquitous along

the elevation gradient, some newly discovered OTUs

occur preferentially at high elevation, sometimes

with a narrow range (Fig 6.2).

The probabilistic co-occurrence analysis re-

vealed that the OTUs occurring preferably in high

elevation range were mutually exclusive with more

common OTUs (Fig 6.3). For instance, Nebela SPXIV,

which occurs at a very narrow elevation range (1270-
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Figure 6.5 – Abundance patterns of Nebela OTUs from Sphagnum peatlands along an elevation gradient in Switzerland.

The abundance values have been standardized using log (x+1) and Hellinger-transformed.

1460 m), showed a mutual exclusion with N. pe-
chorensis G1, which it replaces in its optimal range.

The same observation can be made for Nebela SPXV

and the UPII which replace N. collaris G1 (Fig 6.4).

Such analyses should be performed on more sites

to further explore these patterns and their driving

causes.

Elevation was the only of the measured variable

to which OTUs assemblage were correlated (Fig 6.5).

Several of the newly discovered OTUs had an op-

timum for high elevation, being absent from lower

elevation sites. Our data does not allow us to de-

termine the possible causes for such a pattern but

it may be that these species have a low tolerance

for warmer or drier conditions that are more likely

to occur at the lower elevation sites. Longer snow

cover at higher elevation results in a shorter vegeta-

tion period and a reduced risk of hydrological stress

allowing specialized species to thrive, as exempli-

�ed with vegetation (Dvorský et al., 2015; Komac

et al., 2015). This could be explored using trans-

plantation experiments as done previously in the re-

gion (Bragazza et al., 2016). In the PCA, the OTUs

assemblages clustered into four groups correspond-

ing to elevation ranges, with little overlap (Fig 6.6).

These assemblages are mainly determined by the

newly discovered OTUs which are often absent be-

low 1500m.

In a previous study on Nebela communities in

Sphagnum-dominated peatlands of the Jura Moun-

tains at ca. 1000m elevation, no competitive exclu-

sion was observed and the Pianka index was low.

These �ndings suggested that the distribution of

these species among microhabitats of Sphagnum-

dominated peatlands was determined by e�ective

niche partitioning unrelated to competition (Singer

et al., 2018). This is in contradiction with our co-

occurrence analysis that revealed some cases of mu-

tual exclusion. Such a pattern corresponds to tree

succession along elevation gradients where gener-

alists species are outcompeted at high elevation by

specialists (Pavlović et al., 2019). However, with only

two studies on such patterns it is clearly too early

to reach general conclusions. But our study and the

one of Singer et al. (2018) show the potential of this

approach to address questions including alpha di-

versity, community ecology and macroecology.
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Chapter 7

Discussion and Conclusion
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7.1 Context

Improvements in the estimation of microbial di-

versity have always been directly related to meth-

odological developments. The onset of electron mi-

croscopy (both scanning and transmission) brought

considerable insights that allowed a more accur-

ate characterization of the organisms, allowing the

access to ultrastructural features. In protists, the

revolution brought by electron microscopy in the

mid-20
th

century permitted the characterization of

the smallest forms that could not be distinguished

with light microscopy. The English botanist Irene

Manton pioneered the use of electron microscopy

in protistology with observations on the ultrastruc-

ture of phototrophic (Manton and Parke, 1960; Man-

ton and Leedale, 1969) and heterotrophic (Manton

et al., 1976) organisms. Her works on the internal

cell structure of many algae permitted documenting

the immense structural variety hiding behind appar-

ently identical “little green balls” (Leadbeater, 2004).

Electron microscopy contributed to expand know-

ledge of testate amoebae as well, and contributed

in improving systematics, leading notably to the de-

scription of new species and setting the standards for

the morphological characterization of new species

(Coûteaux et al., 1979; Ogden and Meisterfeld, 1989).

The application of molecular techniques to the

estimation of protist diversity came afterwards, as

the molecular characterization of species became the

new standard amongst protistologists (Pawlowski

et al., 2012). However, due to the low phylogenetic

resolution (Lara et al., 2008; Nassonova et al., 2010)

and the possible existence of several diverging cop-

ies of the 18S rRNA gene (García-Martín et al., 2019),

the search for new molecular markers adapted for

Amoeboza has been a necessity. While actin proved

equally unreliable because of high paralogy levels

(Lahr et al., 2011b), the �rst subunit of the mitochon-

drial cytochrome oxidase gave the most satisfactory

results (Nassonova et al., 2010) and was later used

for Arcellinid testate amoebae. Barcoding, as de�ned

in Hebert et al. (2003), has been applied to test-

ate amoebae starting with the Hyalospheniformes

(Kosakyan et al., 2012) and revealing high levels of

pseudo-cryptic diversity. This has led to the descrip-

tion of many new species (Singer et al., 2015), and

set the methodological ground for the discovery of

many others more. This improved taxonomic frame

is a prerequisite to delve into more precise research

questions, such as those concerning community eco-

logy, biogeography and macroecology, and to reas-

sess previous �ndings.

The global aims of my thesis were to 1) improve

and develop molecular methods to study the amoe-

bozoan diversity and ecology, 2) estimate their taxo-

nomic and functional diversity in the soil, 3) im-

prove the taxonomic and phylogenic frame for this

diversity in order to build a sound basis for further

research and 4) characterize the ecological drivers

which are likely to in�uence microbial diversity at

local, continental and global scales.

7.2 Methodological achievements

7.2.1 Development of a new marker

Several studies demonstrated that common mo-

lecular markers such as 18S, ITS and actin are

not e�cient to discriminate closely related species

(Lara et al., 2008; Nassonova et al., 2010) and do

not allow an adequate detection of Amoebozoa in

metabarcoding surveys (Geisen et al., 2019; Stephen-

son et al., 2011). We con�rmed (Chapter 4, 5, 6 and

Appendix D) previous evidences that COI marker

was indeed adapted for molecular investigations of

Hyalospheniformes (Kosakyan et al., 2012), how-

ever di�erent speci�c primers often have to be de-

veloped in function of the group targeted (Kudryavt-

sev, 2014). Therefore we designed a new molecular

marker, localized between two mitochondrial nicoti-

namide adenine dinucleotide hydrogenase genes (i.e.

NAD9 and NAD7), in order to improve both taxo-

nomic resolution and molecular phylogeny (Chapter

2). With this marker we successfully ampli�ed and

sequenced specimens from several Arcellinida taxa

and con�rmed its potential for high taxonomical res-

olution, due to a fast-varying intergenic region, as

well as for deep phylogeny due to the slow evolving

nature of these genes. Moreover, conserved syn-

tenic loci in the primers annealing regions allowed

good PCR ampli�cation of distantly related organ-

isms. In addition, we also con�rmed the e�ciency

of this marker to disentangle “wastebin” genera such

as Di�ugia by examining members of two common

morphotypes of this genus(i.e. the “Pyriform” and

“Lanceolate” clades) and attest that they were phylo-

genetically clearly di�erentiated (Appendix A).

7.2.2 Investigation of genus Nebela with
HTS metabarcoding

Then we used the genetic COI marker to reveal

unknown diversity of genus Nebela. Protocols were

initially based on a cloning-sequencing approach ap-

plied to Sphagnum mosses, with a preliminary �l-

tration/sedimentation step to concentrate cells and

speci�c COI primers for genus Nebela (Kosakyan
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et al., 2013; Singer et al., 2018). Here, we adapted

these protocols further for the application of HTS

metabarcoding (Illumina MiSeq), which allows large

sampling designs for a limited cost and working time

(Chapter 6). Furthermore, we adapted the bioin-

formatics pipeline from Seppey et al. (2019) to clean

the sequences and build the OTU. Although HTS

metabarcoding based on COI has been applied to

monitor animal communities in several ecosystems,

including peat bogs (Garcés-Pastor et al., 2019), we

are not aware of any application of this methodology

to protist diversity. Therefore, our approach is novel

and very promising as it allows to combine the ad-

vantages of both high taxonomical resolution of COI

marker and huge sequencing depth of HTS.

7.3 Methodological limitations
and perspectives

7.3.1 DNA barcoding

DNA barcoding will certainly remain a valu-

able and accessible approach to characterize the

many Hyalospheniformes still uninvestigated. How-

ever, several drawbacks will have to be improved

to increase DNA barcoding e�ciency and sequences

quality, while decreasing the cost of analysis and

time of manipulations. Indeed, the COI barcoding ef-

�ciency is currently still rather low for amoebozoans

(at least for genera Nebela, Apodera, Alocodera and

Padaungiella) and even lower for NAD. Moreover,

PCR biases and sequencing errors are frequent, and

have to be manually corrected by observing other se-

quences or inferred based on the genetic code. These

corrections may lead to a wrong interpretation of the

data and possibly overestimate richness. The use of

high �delity proofreading enzymes such as Phusion
polymerases may improve both accuracy and yield.

This polymerase is expensive, but its great e�ciency

could balance the numerous failures previously ob-

tained with cheaper enzyme for a better quality. In

addition, the Nanopore (Oxford Nanopore) techno-

logy may improve the sequencing process by yield-

ing fast results at lower cost (compare to cloning lib-

rary on Sanger). Finally, the design of new speci�c

primers, adapted to various taxonomical levels (i.e.

from genus to order), will certainly improve the suc-

cess rate of barcoding and permit to investigate new

taxa.

7.3.2 Metabarcoding

We demonstrated that the metabarcoding ap-

proach is adapted for large scale environmental di-

versity and ecological studies (Chapter 3 and 6,

Apendixe C). However, I am convinced that the de-

velopment and adaptation of new environmental

methods and technologies, e.g. as reviewed by

Geisen et al. (2019), will expand the range of future

research possibilities and allow the improvement

of microbial diversity understanding. For instance,

Nanopore and PacBio (Paci�c Biosciences of Cali-

fornia) are promising technologies because they can

extend the sequences length compare to other ex-

isting plateforms, which may improve taxonomical

resolution, but also permit to amplify other markers

(e.g. complete 18S or COI maker) (Jamy et al., 2019).

Finally, the recent development of ‘omics’ and es-

pecially multi-‘omics’ approaches (i.e. metagenom-

ics and metatranscriptomic) could solve the issue of

bias of under-covered taxonomical groups of previ-

ous metabarcoding approaches by performing PCR-

free ampli�cation. Indeed, a metatranscriptomic

survey of beech litter has already revealed unpre-

cedented diversity of Amoebozoa (Voss et al., 2019),

however one main inconvenient of the use of this

methods at large scale is their important cost (Geisen

et al., 2019).

7.4 Diversity achievements,
limitations and perspectives

7.4.1 Characterization of new
environmental clade

There is a need for characterizing morphologic-

ally and functionally the huge environmental di-

versity of microbial eukaryote revealed by environ-

mental DNA surveys (de Vargas et al., 2015). This

must be achieved by so-called traditional methods

that rely on obtaining pure cultures or isolation of

single cells for those organisms that cannot be cul-

tured (such as many Arcellinida). This, of course,

requires a good knowledge of protist morphological

diversity and ecology, i.e. good naturalist skills

(Heger et al., 2014). These organisms can be bar-

coded, which allow further interpretation of molecu-

lar diversity such as determining relationship with

already described taxa or di�erentiating morpho-

types in coherent units. Nowadays, in addition, new

tools can help in this quest for the characterization

of molecular diversity. On the one hand, single cell

genomics coupled with microscopy gave interesting

results for characterizing Diplonemida, a clade of

elusive marine planktonic heterotrophic �agellates

particularly di�cult to isolate (Okamoto et al., 2019).

On the other hand, organisms that have been detec-
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ted molecularly can be documented a posteriori using

�uorescent in situ hybridization (FISH), as exempli-

�ed for the testate amoeba Micropyxidiella edaphonis
(Tarnawski and Lara, 2015).

In Chapter 3, we isolated, cultivated and de-

scribed the �rst member of the environmental

clade LKM74 (van Hannen et al., 1999) that re-

vealed to be a tiny naked amoeba belonging to

the Dermamoebidae. This genus has been fre-

quently detected in several freshwater and soils

environments (Di Filippo et al., 2015; Lesaulnier

et al., 2008; Richards et al., 2005), but also in peat

bogs (Lara et al., 2011b). Corsaro and Venditti (2013)

discovered a small amoeba molecularly related to

this clade in samples from freshwater sediments, but

could neither maintain nor describe the organisms

and its life cycle. Surprisingly, we discovered that

this amoeba presented a unique life cycle based on an

alternation of phagotrophic active trophozoites and

osmotrophic fungi-like rami�cations. We therefore

erected a new genus, named Mycamoeba based on

its similarity to mycelium, and described the species

Mycamoeba gemmipara as type. This example shows

that even deep branching amoeboid clades remain to

be discovered, but also, and most importantly that

novel life cycles and lifestyles still remain to be un-

veiled.

7.4.2 Hyalospheniformes diversity
overtake all estimations

At �ner taxonomic levels, we con�rmed in most

chapters that the diversity of Hyalospheniformes

was indeed greatly underestimated by traditional

methods and that barcoding was a very e�ective

approach to discriminate objectively closely related

species. Indeed, the species number in genus Ne-
bela has been continuously increasing since the �rst

barcoding studies with the description of N. guttata,
N. pechorensis, N. aliciae (Kosakyan et al., 2013), N.
gimlii and the three unknown phylotypes (UPI, UPII

and UPIII) (Singer et al., 2015). Four new phylotypes

(SPIII, SPXII, SPXIV and SPXV) were discovered in

our elevation gradient (Chapter 6) which suggests

that the genus Nebela is probably composed of more

than 15 species, although only eight have been form-

ally described so far with molecular and morpholo-

gical methods.

Heger et al. (2013) identi�ed 12 molecular lin-

eages in the Hyalosphenia papilio species complex of

cryptic species based on delineation statistics. Al-

though it is possible that several lineages remain to

be discovered, we retrieved only one additional spe-

cies despite a globally extensive sampling, suggest-

ing that we have now captured most of the group’s

diversity (Appendix D). Finally, our most striking

�ndings of gaps in diversity estimates were certainly

in Apodera vas and Alocodera cockayni. Indeed, des-

pite some early suggestions of numerous morpho-

types (De�andre, 1936) and even some species de-

scription (Jung, 1942), these two taxa are still usu-

ally assumed to be monospeci�c (Foissner, 2006).

In chapter 5, we show new morphological and

molecular evidence of numerous potential species.

In particular, we discovered several large Apodera-

related morphotypes in possession of a large and

obvious keel, surrounding the entire fundus of the

test, in di�erent sites in New Zealand. Similarly,

we also investigated several new morphotypes of

Alocodera and obtained clear molecular distinctions

with the previous barcoded specimens from Tierra

del Fuego and Chilean Patagonia respectively (Ko-

sakyan et al., 2012). In these Southern Hemisphere

genera, new diversity is not only cryptic or pseudo-

cryptic as in the taxa discussed previously, but obvi-

ous morphological di�erences corroborated by con-

sistent genetic distances do separate taxa. Southern

Hemisphere testate amoeba diversity is still poorly

known and more basic surveys are needed (Fernán-

dez et al., 2015).

The diversity of Hyalospheniformes is expected

to be increasingly revealed by metabarcoding sur-

veys, but also by exploring other regions and en-

vironments than Holarctic peatlands. In particu-

lar, temperate and tropical forests should possess

important richness, at least in humid habitats, that

will di�ers greatly from peatlands because of more

nutrient and di�erent mineral composition. These

habitats have been shown to harbour for instance

the genus Porosia (Bobrov and Kosakyan, 2015; Bon-

net, 1990; Todorov, 2002) that has never been char-

acterized with COI marker and that could reveal sev-

eral cryptic or pseudo-cryptic species similarly to

genera Nebela and Hyalosphenia. In addition, it re-

main to be demonstrate that specimens of Nebela in-

habiting forest mosses and litter truly belong to this

genus.

7.4.3 Hyalospheniformes diversity
characterization

Besides the exploration of new diversity it is

also important to rede�ne the diversity already de-

scribed, especially species description that relied

on approximate drawing and lacked type de�nition.

Therefore, in chapter 4 we redescribed the iconic hy-

alospheniid species Nebela militaris (Penard, 1890),

with up to date molecular and morphological meth-
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ods, and observed that its placement among genus

Nebela was incorrect as this species was shown to

branch as a sister clade of genus Planocarina, albeit

with low support. Therefore, we erected the genus

Alabasta to accommodate it as well as two other

species that shared its characteristic features, i.e.

narrow or elongated piriform shape with a deeply

curved pseudostome. During this project, we re-

viewed the taxonomic history of A. militaris and dis-

covered that this species had already been described

nine years before Penard (1890) by Taranek (1881)

under the name Nebela bursella Vejdovský. To re-

solve this issue we decided to synonymize Alabasta
(Nebela) militaris and Nebela bursella and to con-

serve the junior name valid because N. bursella has

not been used after 1964 whereas N. militaris has

been consistently used for more than one century.

In order to operate this taxonomic issue properly, we

invoked the article 23.9.3 of the International Code

of Zoological Nomenclature and reviewed the con-

text (Appendix B).

Besides Hyalospheniformes, there are many

incertae sedis arcellinid taxa that remain to be

investigated and rede�ned such as Argynnia,

(Vucetich, 1974), Heleopera, (Leidy, 1879), Pseud-
onebela, (Gauthier-Liévre, 1953) and Physochila,

(Jung, 1942; Kosakyan et al., 2016a). I expect that

further taxonomical and systematical studies on

“wastebin” genera, such as Di�ugia, will permit

to delineate precisely monophyletic and morpholo-

gically homogeneous clades and improved, in �ne,
survey on this group. Finally, developing a sound

taxonomy and phylogeny is of primordial import-

ance to obtain reproducible ecological and biogeo-

graphical surveys (Mitchell and Meisterfeld, 2005).

7.5 Ecology and biogeography
achievements, limitations and
perspectives

Hyalospheniformes were taken as a model group

for studying the distribution patterns in amoebo-

zoan protists at the continental scale (chapter 5

and appendix D) and at the local scale along an

elevation gradient (chapter 6). Biogeography and

macroecology are two disciplines that developed

over >100 years based on plants and animals

(Ebach, 2015; Humboldt, 1807; Wallace, 1876). Most

importantly, all the theoretical background and the

hypotheses that have been formulated are based on

species, a taxonomical rank that is complex to evalu-

ate for microorganisms (Martiny et al., 2006; Prosser

et al., 2007). In order to be able to test biogeograph-

ical or macroecological hypotheses on protists, it

is thus of capital importance that these organisms

could (1) be handy to sort individually (impossible

with smaller protists) and (2) be discriminated at the

species level, either molecularly or morphologically.

Hyalospheniformes ful�ll these requirements with

their relatively large size that allows individual cell

picking (Kosakyan et al., 2012), and also because COI

proved to be e�cient in identifying species (Singer

et al., 2018).

7.5.1 Hyalospheniformes biogeographical
patterns have been underestimated

In Chapter 5, we observed that genera Apodera
and Alocodera, which were previously believed to

be monospeci�c, are composed of species that have

probably limited geographical distributions and,

possibly, di�erent ecological optima. The genus

Padaungiella was already expected to include sev-

eral species, some of them assumed to be cosmopol-

ite with broad ecological niches. However, we detec-

ted only a single clade of Padaungiella that occurred

in the Northern Hemisphere, while in New Zealand

and Southern South America they appeared genetic-

ally more diverse. Finally, we also bring arguments

to suggest that the Southern Hemisphere may most

probably be the origin of the Alocodera, Apodera and

Padaungiella clade . All these preliminary observa-

tions still need to be con�rmed by larger sampling ef-

forts, especially toward more underexplored regions

(e.g. Africa and Asia) and diverse ecosystems, but

already illustrate the present lack of knowledge on

Southern Hemisphere testate amoeba diversity. Fur-

ther investigations on these clades will certainly re-

veal a richness of Hyalospheniformes species com-

parable to the one of Northern Hemisphere, as well

as new genera previously overlooked. Moreover,

I expect this diversity to present biogeographical

and macroecological patterns comparable to macro-

organisms once examined on similar taxonomical

resolution (Soininen, 2012).

In addition, our phylogeographical survey on

the Hyalosphenia papilio species complex con�rmed

the non-random lineages distribution observed by

(Heger et al., 2013). However, we completed their

previous conclusion showing that climatic condi-

tions are the main variable explaining distribution

patterns. Indeed, although our analysis demon-

strated also limited dispersal capacity of these or-

ganisms, we showed that historical factors, i.e. the

in�uence of Quaternary glaciations on Sphagnum-

peatland expansions and contractions, explain bet-

ter the present distribution than climatic conditions
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or current suitable habitats repartition (Appendix

D). We based this assumption on the evidence that

highest richness is observed in ice-free refugia that

allowed Sphagnum growth during glaciations (Shaw

et al., 2013) and that most “cosmopolitan” lineages

have a broader climatic niche. Further studies based

on other Holarctic testate amoebae inhabiting this

highly speci�c environment, such as genus Nebela,

may con�rm and clarify these �ndings.

These two projects, investigating specimens at

higher taxonomical resolution, i.e. with molecular

barcoding of the COI marker, revealed the �rst evid-

ences of �ne distribution patterns on Hyalospheni-

formes that were previously undetected based on

morphological observations alone (Fontaneto and

Hortal, 2013; Hanson et al., 2012; Mitchell and

Meisterfeld, 2005). However in a larger scale, be-

sides the few taxa investigated during this thesis,

most Hyalospheniformes are still believed to be cos-

mopolitan. I expect that molecular data and lar-

ger databases will reveal more limited restriction

and clarify some dubious �ndings such as Alabasta
kivuense geographical distribution. Indeed, this spe-

cies was �rst described from Congo (Gauthier-Lièvre

and Thomas, 1961) but recently reported in Canada

(Nicholls, 2015), which lead Nicholls to propose that

in this case the assumed endemism was the con-

sequence of species rarity. However, this may also

be another case of cryptic species with di�erent geo-

graphical distribution and more work is required to

clarify this.

7.5.2 Ecological patterns highlighted in
genus Nebela

Our analysis of the diversity of genus Nebela
along an elevation gradient showed that distribu-

tion patterns of some Hyalospheniformes at least are

correlated with altitude (Chapter 6), just like mac-

roscopic organisms (Soininen, 2012). Indeed, the

abundance and diversity of species of this genus ten-

ded to decrease in high elevation and the richness

seemed to correspond to a typical mid-domain e�ect

(Colwell and Lees, 2000). In addition, we noticed that

the species previously described are most abundant

and dominant at low and mid elevation, whereas

previously unknown species were rare and occurred

mostly at high elevation. Finally, our co-occurrence

analyzes indicated that some species present com-

petitive exclusion, with low competitors restricted

to the higher elevation.

Altogether, these results demonstrate that in-

vestigating microbial diversity at �ne taxonomical

resolution is required to investigate pattern of distri-

bution at regional scale. Further investigations with

this metabarcoding approach on other Hyalospheni-

formes and others environments will allow to de-

termine if our �ndings are unique to highly restric-

ted habitas such as peatlands or if this is character-

istic of all elevation gradients. Finally, this methods

could similarly been used to survey the impact of lat-

itudinal gradients and to test accurate ecological hy-

potheses (Fernández et al., 2016; Prosser et al., 2007).

7.6 Conclusion

The Amoebozoa are one of the most numerous,

diverse and characteristic group in soil, thus playing

important roles in ecosystems functioning. How-

ever, their taxonomy has always been di�cult to

investigate due to the lack of stable morphological

traits. The recent developments of molecular tools

such as metabarcoding have revealing large new

deep environmental clades and in�ate their diversity

estimates (Mahé et al., 2017; Santos et al., 2020; van

Hannen et al., 1999). But this discovery of hidden di-

versity was usually not followed by taxonomic re-

�nement, leading to many uncharacterized clades.

Testate amoebae, such as Hyalospheniformes, are

comparatively easier to identify because of their

rigid test (Meisterfeld, 2002). In addition, test-

ate amoebae have often been used as biogeograph-

ical and ecological protist models thanks to their

large size and the possibility to observe them eas-

ily in the environment (Foissner, 2006; Krashevska

et al., 2007; Smith et al., 2008). However, barcod-

ing tools have recently unveiled important pseudo-

cryptic or cryptic species diversity within most taxa

(Kosakyan et al., 2013; Mulot et al., 2017; Singer

et al., 2015), which could contradict previous �nd-

ings.

In this thesis, we improved the characterization

of several amoebozoans, especially within the Hy-

alospheniformes taxa, which principally resulted in

the description of two genera and one species. In

addition, we demonstrated that traditional isolation

and cultivation methods (Ekelund and Rønn, 1994)

were still e�cient and required for this purpose.

Moreover, we developed the new mitochondrial

marker NAD that could improve, in addition to

COI, the characterization of the Hyalospheniformes.

Further investigations using barcoding might reveal

morphological traits, which then allow discrimina-

tion between species presenting a continuum vari-

ation of shape, such as Padaungiella lageniformis
(Luketa, 2015, 2017b). Our results from chapter 5 and

6 showed that Hyalospheniformes diversity suggest
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narrow biogeographical patterns, and demonstrated

ecological variation in community structures, along

an elevation gradient. These �ndings are similar to

those obtained in recent studies on this infraorder

(Heger et al., 2013; Singer et al., 2018, 2019).

More globally, these results con�rmed that both

endemic and cosmopolitan species exist in Amoebo-

zoa (Dagamac et al., 2017), in accordance with the

moderate endemicity hypothesis (Foissner, 2007).

More importantly, these diversity patterns suggest

that some protists have more in common with mac-

roscopic organisms than previously assumed (Mar-

tiny et al., 2006; Hanson et al., 2012; Soininen, 2012).

Indeed, similar spatial structures were observed

between animals, plants and protists between Neo-

tropical forests, both at �ne taxonomic and phylo-

genetic levels (Lentendu et al., 2018). Microscopic

animals such as rotifers, nematodes and tardigrades

present also broad diversity in biogeographical pat-

terns with some con�rmed endemic and cosmopol-

ite taxa (Fontaneto, 2019). More globally this im-

plies that our ecological perception of microbial or-

ganisms’ complexity was generally underestimated

because of their important morphological crypticity

(Fontaneto et al., 2009).

Penard used to refer to Amoebozoa as “animal”

and believed that they display a capacity of reason-

ing, which is to some extent similar to “true” anim-

als (Penard, 1938, 1941). Similarly, Leidy was very

enthusiastic about its description of Hyalosphenia
papilio and then wrote “From its delicacy and trans-

parency, its bright colors and form, as it moves

among the leaves of sphagnum, desmids, and diat-

oms, I have associated it with the idea of a butter-

�y hovering among �owers” (Leidy, 1879). With this

thesis, I hope that I succeeded too in demonstrating

that these organisms are indeed fascinating and de-

serve as much attention as animals or plants.
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Abstract. Arcellinida (lobose testate amoebae) are abundant and diverse in many ecosystems, especially in 

moist to aquatic environments. Molecular phylogeny has shown that overall test morphology (e.g., spherical 

or elongate) is generally conserved in Arcellinida lineages, but the taxonomic value of other traits (e.g., size, 

ornamentation, mixotrophy/heterotrophy metabolism type) has not been systematically evaluated. 

Morphological and physiological traits that correspond to genetic differences likely represent adaptive traits 

of ecological significance. We combined high-resolution phylogenetics (NAD9-NAD7 genes) and advanced 

morphometrics to assess the phylogenetic signal of morphological traits of a group of elongate Difflugia 

species (Arcellinida). The phylogenetic analyses revealed two clades which could be reliably separated by 

test size and the presence/absence of mixotrophy. Differences in test size may reflect trophic level, with 

smaller organisms occupying lower trophic levels. In addition to having larger tests, elongate mixotrophic 

Difflugia are characterised by wide, flat bases and an inflation of the lower two thirds of their test. These 

morphological traits may provide additional volume for endosymbionts and/or increased surface area to aid 

light transmission. Our results showcase greater diversity within the elongate Difflugia and highlight 

morphological traits of ecological and evolutionary significance. 

Keywords. Difflugia; Centroid size; Geometric morphometrics; Molecular barcoding; Morphometry; NADH 

gene complex 

Introduction 

Arcellinida Kent, 1880 are an order of testate (shelled) Amoebozoa, characterized by broad and thick (lobose) 

pseudopods used for feeding and locomotion. Like other testate amoebae they enclose their cell body within 

a test, the morphology and composition of which can be used to identify species (Meisterfeld, 2002). Several 

features make Arcellinida valuable ecological indicators: (1) they occur in great abundances in moist 

habitats, from forest soils to peatlands to lakes and even brackish waters (Mitchell et al., 2008; Ogden and 

Hedley, 1980); (2) a relatively fast reproduction rate and a large scope of morphological plasticity within 

species could result in relatively rapid evolutionary change (Charman, 2001); (3) the tolerance of some taxa 
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to harsh environmental conditions (Pérez-Juárez et al., 2017); (4) the presence of a simple test facilitates 

identification and has resulted in several key taxonomic publications over two centuries of study (Leclerc, 

1815; Mitchell et al., 2008); and (5) they occupy several trophic levels according to their feeding behaviour 

(i.e., bacterivory, detritivory, predatory and mixotrophy; Jassey et al. 2013). In addition, the excellent 

preservation potential of their test (Lahr et al., 2019; Mitchell et al., 2008; Swindles and Roe, 2007), especially 

in Holocene and acidic sediments, means they are an excellent proxy for paleoenvironmental 

reconstructions. 

Poor taxonomy remains a major obstacle for the systematic use of Arcellinida as bioindicators for present 

and past environmental conditions (Kosakyan et al., 2016). Uncertainty as to the range of phenotypic 

plasticity – i.e., the natural variation of test morphologies not mirrored by variation in the genomes (Mulot et 

al., 2017) – lowers taxonomic precision in the Arcellinida. Mulot et al. (2017) demonstrated that test shape 

and pore numbers varied with environmental conditions in wild and cultured populations of Hyalosphenia 

papilio Leidy, 1874. Jennings (1916), in an early study of a clonal culture of Difflugia corona (now Netzelia 

corona (Wallich, 1864) Gomaa et al., 2017), observed a variation in both number and placement of spines that 

was independent of environmental conditions. Porfírio-Sousa et al. (2017) observed very little variability in 

the test or aperture diameter in clonal cultures of Arcella intermedia, but found that wild populations 

occupied a distinct morphometric space compared to clonal populations, corroborating previous studies 

(Wanner, 1999). Tremendous phenotypic plasticity present in wild Arcellinida populations was illustrated 

by Bobrov and Mazei (2004). For each species, results of test length and breadth measurements formed 

diffuse clouds of transitional morphotypes plotting around weak central peaks rather than dense 

distributions. Thus, differences in test Arcellinida morphology may not be the result of genomic differences, 

but merely reflect a species’ range of phenotypic variability. Notwithstanding this, Jennings (1916) showed 

that specific traits (e.g., number of spines and aperture crenulations) could be artificially selected across 

successive generations, possibly highlighting a pathway for speciation (West-Eberhard, 1989).  

Speciation events could result from specific morphotypes that have greater success at exploiting a novel 

niche (parapatric speciation) (Weisse, 2008). One such pathway could be the development of mixotrophy, 

whereby testate amoeba host symbiotic green algae (Treboyxiophyceae) in their cytoplasmic vacuoles 

(Gomaa et al., 2014; Lara and Gomaa, 2017). Mixotrophic taxa represent valuable ecological indicators as 

they signal nutrient poor conditions, especially in peatlands (Jassey et al., 2013). Jassey et al. (2013) 

demonstrated that species with large body sizes occupied higher trophic levels and consumed many food 

sources as compared to smaller species that shared low trophic levels with more specific food strategies. 

Thus, morphological changes that correspond to genetic differences could be of ecological relevance. Greater 

taxonomic precision would lead to more robust ecological inferences. 

Over a decade of molecular research (Nikolaev et al., 2005) has demonstrated several morphological features 

to be reliable predictors of genetic relatedness among the Arcellinida: (1) aperture outline (e.g., circular vs. 

slit); (2) presence of a neck; (3) shell outline (in both apertural and lateral view); and (4) shell composition 

(Gomaa et al., 2012; Kosakyan et al., 2016; Lahr et al., 2019). Lahr et al. (2019) presented a phylogenomic 

reconstruction based on 250 genes, obtained using single-cell transcriptomic techniques, which divided 

Arcellinida into five infraorders: (1) Sphaerothecina Kosakyan et al., 2016; Longithecina Lahr et al., 2019; 

Excentrostoma Lahr et al., 2019; Hyalospheniformes Lahr et al., 2019; and Vonustoma Lahr et al., 2019. For 

the Hyalospheniformes, ongoing molecular research has demonstrated that other test morphological 

features (e.g., compression, size, girth) can be used to reliably distinguish taxa at the genus and species level 

and how these features might be related to an organism’s autecology. This remains to be done for the other 

infraorders of Arcellinida, such as Longithecina, containing the family Difflugiidae Wallich, 1864, one of the 

most diverse and abundant in wild assemblages. 

To better define the boundary between baseline phenotypic plasticity and evolutionarily significant 

morphological differences, we require faster evolving genetic markers that can distinguish at the genus or 

species level and advanced morphometrics to characterise all features of the Arcellinida test. Blandenier et 

al. (2017) developed the application of the mitochondrial nicotinamide adenine dinucleotide dehydrogenase 
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gene marker (NADH) to construct Arcellinida molecular phylogenies that could both characterise deep 

phylogenetic relationships as well as finer (i.e., genus and species level) relationships. They were able to 

replicate the topology of the small subunit ribosomal gene (18S rRNA) trees but could also discriminate 

between two isolates of a single species (i.e., Difflugia nodosa (Leidy, 1879) and Difflugia pyriformis Perty, 

1849). Previous morphometric analyses used the average measurements (n = 20-30) of several Arcellinida 

test features (e.g., length, breadth, width) to construct “ideal-individuals” (Wanner, 1999). This approach 

does not separate size variation from shape variation and these measurements are often correlated since they 

overlap in what they are measuring (Zelditch et al., 2012). Geometric morphometric analysis provides a 

detailed summary of morphological variability across the entire specimen with the added benefit of 

separating size as an independent variable (Adams and Otárola-Castillo, 2013). Shapes are defined by the 

geometric configuration of landmarks (fixed anatomically definable locations found on all specimens) and 

by boundary curves drawn between the landmarks. Geometric morphometrics has been applied to 

paleontological studies (Adams and Otárola-Castillo, 2013), including microfossils (e.g. diatoms; Beszteri et 

al. 2005) but has yet to be applied to Arcellinida. 

By combining high-resolution molecular markers with advanced morphometrics analysis and applying them 

to Arcellinida with similar test morphologies we aim to further explore the boundary between phenotypic 

variability and evolutionarily significant morphological differences. We focus on the elongate type 

difflugiids as they are abundant in lacustrine habitats, and, like most difflugiids, are poorly characterised by 

current phylogenetic reconstructions. The results will improve ecological inferences based on morphotype 

assemblages, as a clearer distinction can be made on which morphological features are evolutionarily 

significant and likely represent an important ecological function. This can further be used to better 

understand the functional ecological role of Arcellinida and give a better estimate of the true diversity of this 

group. 

Material and Methods 

Sample collection and documentation 

Difflugia specimens were isolated from Sphagnum mosses on Pirin Mountain (Difflugia acuminata 

Ehrenberg, 1830) and lacustrine submerged vegetation from Sofia Southern Park Artificial Lake (Difflugia 

lanceolata Penard, 1890 and Difflugia oblonga Ehrenberg, 1838), both in Bulgaria (Table 1). Cells were 

identified based on several reference articles (e.g., Chardez 1967; Ogden 1979, 1980, 1983; see Appendix A 

Table A.1) with an Axio Imager M2-Carl Zeiss compound microscope with a digital camera (ProgRes C7) 

and specialised software (CapturePro Software 2.8). Tests were documented using scanning electron 

microscopy as described previously (Todorov et al., 2010). We analyzed a single cell extraction for both D. 

lanceolata and D. oblonga, and a sample consisting of five morphologically identical cells from the same site 

for D. acuminata (Table 1). 

DNA extraction, PCR amplification and sequencing 

DNA extraction was performed with a thiocyanate guanidinium solution following the protocol of Duckert 

et al. (2018) adapted from Chomczynski and Sacchi (1987). New sequences of NADH dehydrogenases were 

obtained with a novel nested PCR protocol using forward and reverse primers developed by Blandenier et 

al. (2017) (Table 2). The D. acuminata sequence was obtained using the nested PCR product, whereas we 

cloned the nested PCR product of D. lanceolata and D. oblonga using a PCR2.1 Topo TA cloning vector and 

transformed into Escherichia coli TOP10’ One Shots cells (Invitrogen kit) following the manufacturer’s 

instructions. For all three taxa, the final PCR product was purified using Millipore kit and sent for 

sequencing with an ABI3730XL DNA sequencer (Applied Biosystems) at Macrogen, Amsterdam, The 

Netherlands. Sequences were deposited in GenBank with the following accession numbers: MN524965-

MN524967.  
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Alignment and phylogenetic analyses 

Using BioEdit (Hall, 1999), we aligned the three obtained sequences with NAD sequences of Blandenier et al. 

(2017) and sequences from other Amoebozoan mitochondrial genomes retrieved on GenBank. In order to 

obtain a better resolution, the nucleotide sequences were converted into amino acid sequences and the 

intergenic region was removed (see Appendix B). The root was placed on the Discosea based on the 

phylogenetic reconstruction of Kang et al. (2017). Phylogenetic reconstructions were conducted using the 

CIPRES Portal (Miller et al., 2010). We used three distinct phylogenetic reconstruction methods: (1) we built 

a Maximum Likelihood phylogenetic tree using the RaxML v.8.2.10 algorithm (Stamatakis, 2014) with the 

JTT + Γ model. Bootstrapping was stopped after 150 replicates based on MRE bootstrapping criterion; (2) we 

built a Bayesian phylogenetic tree using MrBayes (Ronquist and Huelsenbeck, 2003) with a 

GTR+GAMMA+INVARIANT model ran on two independent chains for 200,000 generations sampled every 

100 generations resulting in 4,000 trees, of which 25% were discarded as the burn-in; and (3) parsimony 

analysis was performed using TNT version 1.1. (Goloboff et al., 2008), running 1,000 bootstrap replicates 

using the PAM 250 step matrix in a New Technology search allowing sectorial search, ratchet, drift and tree 

fusing parameters. 

Geometric morphometric analyses 

To quantify test size and shape variation we followed a modified geometric morphometric protocol based on 

MacLeod (2008) and Zelditch et al. (2012). Appendix C Table C.1 provides detailed information on the 

source of the images used for geometric morphometric analysis. Images were digitised using the “tps” series 

of software (Rohlf, 2015). To digitise an image, a landmark was placed on the left and right edge of the test 

aperture and a set of 28 equally spaced semilandmarks were used to outline the tests between landmarks 1 

and 2 (Fig. 1). Landmark and semilandmark coordinates underwent a Procrustes superimposition using 

sliders to align all specimens and isolate size variation as an independent variable (Rohlf, 2015; Zelditch et 

al., 2012). Size variation is quantified by centroid size, defined as the square root of the sum of squared 

distances of all the landmarks of an object to their centroid (Fig. 1; MacLeod 2008). The centroid is the center 

of gravity of an object obtained by averaging the x and y coordinates of all landmarks (Fig. 1). We modeled 

the Arcellinida test shape space using a principal components analysis (PCA) of the Procrustes 

superimposed landmarks using the “geomorph” R-package (Adams and Otárola-Castillo, 2013). This 

package was also used to create five shape models along the first principal component (PC1). We used the 

FIJI distribution of “ImageJ” with the “ObjectJ” plugin to measure test length (mm), width (mm) and 

aperture width (mm) from scaled Arcellinida test images. Surface area was estimated using the equation for 

the surface area of an ellipse. 

Results 

NADH phylogenetic tree 

We obtained sequences (254-257 bp) of the NAD9-NAD7 genes of D. oblonga, D. acuminata and D. 

lanceolata (Fig. 1 and Table 1). The sequence of D. oblonga possesses a short intergenic region (indel of 6 bp), 

whereas the sequences of D. acuminata and D. lanceolata possess an overlap of 1 bp as described for Arcella 

sequences in Blandenier et al. (2017). The phylogenetic reconstruction (Fig. 2) places the Arcellinida in a 

single clade (98 bootstrap support (bs)/1.00 posterior probability (pp)). Within Arcellinida, infraorder 

Sphaerothecina represents a robust clade (93 bs/0.99 pp) and our new sequences plot on two distinct clades. 

Difflugia lanceolata and D. acuminata form the “Lanceolate” clade (95 bs/0.99 pp) and D. oblonga along 

with D. nodosa and D. pyriformis comprise the “Pyriform” clade (95 bs/0.99 pp). The node supports for 

these three clades within Arcellinida are too low to make any inferences on their placement and relationship 

to one another (Fig. 2). 
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Geometric morphometric analysis 

The first two Procrustes PCA components explained 82.9% of test morphological variance (Table 3), with the 

first principal component (PC1) explaining 72.5%. We display geometric morphometric analysis results as a 

biplot of PC1 scores and centroid size (Fig. 3; see Appendix C Table C.1 for all results). We grouped data 

points by phylogenetic clade (symbol colour) and by taxa (symbol shape; Fig. 3). Specimens that have been 

sequenced are represented by larger symbols. 

Centroid size has a positive linear to superlinear relationship with test length (mm), test width (mm) and test 

surface area (mm2) (Appendix D Fig. D.1). Thus, centroid size serves as a proxy for test surface area and test 

volume for radially symmetrical tests such as D. lanceolata, D. acuminata, D. pyriformis and D. oblonga. 

Centroid size can be used to distinguish the “Pyriform” clade (centroid size > 486.5; Appendix C Table C.1) 

from the “Lanceolate” clade with minimal (n = 1) overlap (Fig. 3). Centroid size can also be used to 

characterise members of the “Lanceolate” clade as D. lanceolata has a smaller average centroid size (centroid 

size < 300; Appendix C Table C.1; Fig. 3). We note that the sequenced specimen of D. oblonga (small 

morphotype) from Gomaa et al. (2017) and Lahr et al. (2019) falls within the centroid size and PC1 score 

ranges of the “Lanceolate” clade rather than the “Pyriform” clade (Fig. 3).  

In Fig. 3, we show PC1 shape models ranging from negative to positive PC1 scores. Negative PC1 scores 

reflect columnar morphologies and acuminate bases, while positive PC1 scores reflect pyriform 

morphologies and wide flat bases. Difflugia oblonga has similar PC1 scores as members of the “Lanceolate” 

clade, making PC1 scores an unreliable metric to distinguish between the “Pyriform” and “Lanceolate” 

clades. However, test shape can be used, with minimal overlap, to distinguish between members of the 

“Pyriform” clade. Taxa known to house endosymbiotic algae (i.e., mixotrophic taxa) have positive PC1 

scores, reflective of wide flat bases and inflation of the lower two thirds of the test. 

Discussion 

Previous phylogenetic reconstructions of the Arcellinida have either lacked “Pyriform” taxa (Gomaa et al., 

2017; Lahr et al., 2019) or “Lanceolate” taxa (Blandenier et al., 2017). The addition of two “Lanceolate” taxa 

and a third “Pyriform” taxon to the NADH phylogenetic tree allows the molecular comparison of these two 

morphotypes and reveals significant diverging between them (Fig. 2). Importantly, the test morphologies of 

both the “Lanceolate” and “Pyriform” taxa are relatively similar, having elongate tests with terminal 

apertures (Fig. 1). It is thus appropriate to investigate the evolutionary significance of morphological traits 

other than an elongate test with a terminal rounded aperture. 

NADH phylogenetic tree 

Our NADH phylogenetic tree replicates the global topology of the 18S rRNA phylogenetic reconstruction of 

Gomaa et al. (2017) and Lahr et al. (2019) and the NADH phylogenetic reconstruction of Blandenier et al. 

(2017). They all show Arcellinida as monophyletic containing three well resolved infraorders: 

Sphaerothecina, Hyalospheniformes and Longithecina. Our tree suggests distinct diverging within the 

Longithecina between a “Lanceolate” clade consisting of D. lanceolata and D. acuminata, and a “Pyriform” 

clade that includes D. oblonga, D. nodosa, and D. pyriformis. 

Our phylogenetic placement of D. oblonga contradicts that of the 18S rRNA reconstructions of Gomaa et al. 

(2017) and Lahr et al. (2019) that placed it amongst the “Lanceolate” group. It should be noted that the same 

sequence for D. oblonga was used by both Gomaa et al. (2017) and Lahr et al. (2019). Fig. 3 demonstrates that 

their specimen of D. oblonga is morphologically similar, in both shape and centroid size, to other members 

of the “Lanceolate” group. Gomaa et al. (2017) first described this specimen as Difflugia parva (Thomas, 

1954) Ogden, 1983 but reclassified it as D. oblonga (small morphotype) following the recommendations of 

Mazei and Warren (2014), who indicated D. parva as a junior synonym of D. oblonga. The similarity in shape 

and centroid size of D. lanceolata, D. acuminata and D. parva could explain why they group together in the 
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18s rRNA tree of Gomaa et al. (2017). Thus, we recommend that because of its distinct size, D. parva should 

not be synonymized with D. oblonga sensu Mazei and Warren (2014). 

If the D. oblonga (small morphotype) sequenced in the 18S rRNA phylogenetic reconstructions is in fact D. 

parva, a member of the “Lanceolate” group and a distinct species from D. oblonga, this leaves no barcoded 

taxa from the “Pyriform” clade with the 18S rRNA marker. Mazei and Warren (2014) define D. oblonga as 

being of similar shape to D. pyriformis but being relatively narrower in breadth. Our NADH phylogenetic 

reconstruction further demonstrates that within the lanceolate to oblong shape range, centroid size may be a 

more reliable morphological trait than PC1 scores (i.e., shape) in predicting genetic relatedness. Our 

specimens of D. oblonga are distinct in centroid size from members of the “Lanceolate” group and represent 

an intermediate shape between the Lanceolate” group and D. pyriformis (Fig. 3). Centroid size is also an 

important characteristic in distinguishing other members of the “Pyriform” clade from the “Lanceolate” 

clade (Fig. 3). We propose that centroid size is a defining feature in the classification of D. oblonga sensu 

Mazei and Warren (2014) and differentiating it from other members of the “Lanceolate” group. 

There are four remaining difflugiids with 18S rRNA sequences, listed in decreasing PC1 score order (Fig. 3): 

Difflugia compressa Carter, 1864, Difflugia hiraethogii Ogden, 1983, Difflugia bryophila (Penard, 1902) Jung 

1942 and Difflugia bacillariarum Perty, 1849. Difflugia bacillariarum plots within the “Lanceolate” group on 

Fig. 3 and with the “Lanceolate” group in the 18S rRNA reconstructions (Gomaa et al., 2017; Lahr et al., 

2019). Difflugia bryophila has the smallest centroid size and PC1 scores that fall within the oblong shape 

range, but it is not found within the “Lanceolate” group in the 18S rRNA reconstruction (Lahr et al., 2019). 

Difflugia hiraethogii has a compressed and pyriform shape but a centroid size that falls within “Lanceolate” 

range and groups along with D. bacillariarum with the “Lanceolate” group in the 18S rRNA reconstructions 

(Gomaa et al., 2017; Lahr et al., 2019). Difflugia compressa has a centroid size at the lower end of the 

“Pyriform” range and a shape like that of D. nodosa. Difflugia compressa groups distinctly, along with D. 

bryophila, from the “Lanceolate” group in the 18S rRNA reconstruction (Lahr et al., 2019). Although D. 

compressa seems like a candidate for the “Pyriform” clade and thus could place this clade within the 18S 

rRNA reconstructions; grouping of D. compressa with D. bryophila in the 18S rRNA reconstructions, who 

do not share similar morphological characteristics, complicates the situation. It might be that other features 

unite these two taxa. The position of the “Pyriform” clade on 18S rRNA phylogenetic reconstructions 

remains uncertain and thus members of this clade should be the target of future molecular phylogenies. 

Test centroid size and its ecological significance 

Based on the data presented, test centroid size is a more reliable metric in differentiating between the 

“Lanceolate” and “Pyriform” clades than test shape (Fig. 3). Unlike estimates of biovolume that reduce test 

shape to an idealized shape (i.e., ellipse; Fournier et al., 2012), centroid size is based on the actual dimensions 

of the test (i.e., distance of each (semi)landmark from the centroid). Thus, centroid size is likely to be the 

most precise and accurate method for estimating test surface area and estimating test volume for radially 

symmetrical tests (i.e., D. lanceolata, D. acuminata, D. pyriformis and D. oblonga; see Appendix D Fig. D.1). 

The different test centroid size ranges of the “Lanceolate” and “Pyriform” clades might be related to 

ecological differences between these clades. Jassey et al. (2013) in their study of the microbial food web from 

a Sphagnum-peatland demonstrated that taxa with large body sizes, as estimated by test length and 

biovolume, occupy higher trophic levels with more varied food sources as compared to smaller taxa that 

occupy lower trophic levels, and have more specific feeding strategies. Coeval changes in test size of 

multiple taxa have been shown to occur in response to environmental stresses: (1) smaller biovolumes 

associated with higher temperatures could reflect cellular respiration increasing at a greater rate than oxygen 

diffusion (Wanner, 1999); (2) reduction in test size in response to warmer climates could be indirectly 

beneficial, by increasing CO2 access for the Chlorella symbionts in mixotrophic taxa, whose metabolism 

increases in warmer temperatures (Mulot et al., 2017); (3) Marcisz et al. (2016) observed a decrease in average 

Arcellinida test size in response to multiple disturbances (e.g., fire and peat farming) in their study of 

Sphagnum peatlands in Poland. Arcellinida test size is thus a trait of major ecological importance and it is 
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imperative to consider it in future studies of Arcellinida communities. We propose that test centroid size to 

be the most precise and accurate method (to date) of estimating test size and recommend its utilization. 

Mixotrophy 

Mixotrophic taxa represent valuable ecological indicators as they signal nutrient poor conditions in 

peatlands (Jassey et al., 2013) and perhaps in other environments such as lakes but this has yet to be tested. 

Penard (1902) observed that mixotrophic specimens could survive dysoxic conditions and lack of nutrition 

longer than non-mixotrophic specimens and hypothesized that it was due to the inclusions of zoochlorellae. 

Leidy (1879) characterised D. pyriformis and D. nodosa as being bright green and full of “chlorophyll 

grains” and stated that the cells of D. acuminata and D. lanceolata are colourless. The absence of mixotrophy 

in the “Lanceolate” clade might partly explain the genetic divergence from the “Pyriform” clade.  

All members of the “Pyriform” clade share a similar centroid size range (Fig. 3) but, unlike the other 

members, D. oblonga does not house endosymbionts (unpublished observation) making centroid size alone 

an unreliable metric to define mixotrophic taxa. Within the “Pyriform” clade, the combination of centroid 

size and test shape (i.e., PC1 scores) can characterise mixotrophic taxa as D. pyriformis and D. nodosa tend 

to have positive PC1 scores reflecting broader shapes with flatter bases and are greater centroid sizes on 

average as compared to D. oblonga (Fig. 3). In addition, D. nodosa is compressed lateral further helping to 

distinguish it from both D. oblonga and D. nodosa. Other mixotrophic taxa such as Difflugia capreolata 

Penard, 1902 and Difflugia bidens Penard, 1902 are also characterised by larger average sizes and broad 

morphologies, with D. bidens being compressed as well (Penard, 1902). There are several small ovoid 

arcellinid taxa that have been observed to house symbiotic algae: Netzelia gramen (Penard, 1902) Gomaa et 

al., 2017, Difflugia lobostoma Leidy, 1879, Difflugia labiosa Wailes, 1919, Difflugia urceolata Carter, 1864 and 

Cucurbitella mespiliformis Penard, 1902. However, the 18S rRNA phylogenetic reconstruction shows that 

these taxa, apart from D. urceolata and C. mespiliformis that have yet to be phylogenetically placed, belong 

to a separate infraorder, namely Sphaerothecina, characterised by ovoid to spherical and hemispherical tests 

(Gomaa et al., 2017). Based on our results, mixotrophic taxa with elongate tests and terminal apertures (i.e., 

Longithecina) are characterised by both larger average centroid sizes and broader morphologies, especially 

in the lower portion of the test. This hypothesis requires further testing through the sequencing of missing 

members of Longithecina. The larger average size of the tests could be the result of the greater amounts of 

energy provided by the endosymbionts, facilitating increases in test size and growth rate. The broader 

shapes could provide additional space to house endosymbionts in the cell body. In addition, broadening of 

the test increases surface area and could also allow for greater transmission of light, with the extreme being 

compression of the test as seen in D. nodosa and D. bidens.  

 

Conclusions 

Our approach of applying fast evolving genetic markers and advanced morphometric analysis to Arcellinida 

with comparable test morphologies was successful in highlighting ecologically relevant morphological traits, 

namely centroid size and characterising test morphology for mixotrophic taxa. Moreover, it represents a 

valuable tool for future taxonomic studies in creating detailed morphological descriptions of the phenotypic 

range of taxa. We did not erect new taxa names as the inability to anchor the clades within the Arcellinida 

makes inferences on their taxonomic rank (e.g., genus) uncertain. Our results highlight the importance of test 

centroid size when studying elongate difflugiids and the need for continued sequencing. A large test size 

range could be indicative of an organism’s ability to exploit several trophic levels or perhaps a range of 

different species. Mixotrophic elongate difflugiids are characterised by the inflation of the lower portion of 

the test, larger centroid size and in some cases lateral compression. Continued research into the ecological 

relevance of morphological traits will serve to strengthen ecological inferences, increasing the importance of 

Arcellinida as environmental proxies. 
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Figures  

 

Fig. 1. A-D. Scanning electron microscope images of taxa studied: (A) Difflugia oblonga; (B) D. acuminata; 

(C) D. lanceolata. All images are to scale. (D) Schematic diagram showing geometric morphometric 

digitization: numbers represent landmarks; small black circles semilandmarks; the white circle is the 

centroid from which centroid size is derived. 
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Fig. 2. Maximum likelihood phylogenetic tree of Arcellinida based on NAD9-NAD7 gene sequences. 

Numbers at the nodes correspond respectively to bootstrap values (bs), posterior probabilities (p.p.), as 

calculated with Bayesian inference, and parsimony scores (ps) obtained by maximum parsimony analysis. 

NA values correspond to cases where the topology was diverging between analysis. The tree was rooted 

with Discosea, as shown by Kang et al. (2017), and new sequences are highlighted in bold.  
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Fig. 3. A biplot of principal component 1 (PC-1) scores (x-axis) and centroid sizes (y-axis) from geometric 

morphometric analysis. Specimens are illustrated as coloured (phylogenetic clade) symbols (taxa). PC-1 

scores are translated into shape models illustrated along the top of the figure. Larger symbols represent 

specimens that have been sequenced and the letter reflects where the results were published: B - (Blandenier 

et al. 2017); G - (Gomaa et al. 2012, 2017); L - (Lahr et al. 2019); M - present study. 
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Appendices (available on https://www.sciencedirect.com/science/article/pii/S0932473919300823) 

Appendix A. Taxonomic details for Arcellinida in this study (Table A.1). 

Appendix B. Alignment after converting nucleotide sequences to amino acid sequences and the removal of 
the intergenic region (Table B.1). 

Appendix C. Details of the images used for morphometric analysis, including results from geometric 
morphometric analysis and ImageJ analysis (Table C.1). 

Appendix D. Biplots demonstrating the relationship between test centroid size (x-axis) and test length (mm), 
test width (mm) and test aperture size (mm) (Fig. D.1). 
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Nebela bursella a complicated story
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Bulletin of Zoological Nomenclature, 2020 

 

Abstract. The purpose of this application, under Article 23.9.3 of the Code, is to conserve the specific name 

Nebela militaris Penard, 1890, a junior subjective synonym of Nebela bursella Taranek, 1881 – referred to as 

Nebela bursella Vejdovský in the literature. Due to the absence of any type or reference specimen and due to 

the confusing original description, doubts about the taxonomic status of N. bursella persist. A review of the 

literature revealed that the names N. militaris and N. bursella originally referred to the same species, with 

the name N. bursella later being applied erroneously to another species. According to the Principle of 

Priority, N. bursella is the valid name of the species generally known as N. militaris, but there has been no 

mention of the former taxon since 1964 and its name is unknown to most active testate amoeba researchers. 

To avoid confusion, we propose to conserve the widely used species name Nebela militaris Penard, 1890 by 

granting it conditional precedence over Nebela bursella Taranek, 1881, and to designate a neotype.  

Keywords. Nomenclature; taxonomy; testate amoebae; Arcellinida; HYALOSPHENIIDAE; Nebela militaris; 

Nebela bursella. 

1. In 1880, František Vejdovský found specimens of an unknown species of testate amoeba, which he later 

described as Nebela bursella in Vejdovský (1882: 32, pl. II, fig. 2a-c). Before publishing, he mentioned his 

finding to a fellow naturalist, Karl J. Taranek, who reported this species in 1881 as Nebela bursella Vejdovský 

(Taranek, 1881: 230-231, fig. 2). In this publication, the description and illustration of Nebela bursella are 

congruent with those of Vejdovský (1882). Neither author designated a type specimen or provided any 

permanent reference slides, and the original material is considered to be lost (Duckert et al. 2018). Because 

Taranek (1881) attributed the name Nebela bursella to Vejdovský, various authors have subsequently 

referred to it as N. bursella Vejdovský, 1881 or as N. bursella Vejdovský, 1882. Despite this, Taranek did not 

explicitly attribute the text of his description to Vejdovský, and the specific name must be attributed solely to 

Taranek (1881). In consequence, Vejdovský’s specific name is simultaneously a junior homonym and junior 

subjective synonym of Taranek’s name. 
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2. Taranek (1882, pp. 36-38) reported on Nebela bursella again, and his illustrations clearly show that he 

included in this taxon specimens that differed markedly in morphology. While some of the illustrations 

(Taranek (1882): pl III, fig. 8, 12) are congruent with those of Taranek (1881) and Vejdovský (1882), others 

clearly do not match the original description. They depict larger and broader specimens which, based on the 

current taxonomy of the Arcellinida, should rather be assigned to another species of the genus Nebela 

(Taranek, 1882: pl. III, fig. 7; pl. IV, fig. 16), or potentially even to the genus Heleopera (Taranek, 1882: pl. III, 

fig. 9–11) (Duckert et al. 2018, see also Tsyganov et al. 2016 for a comparison between Nebela and 

Heleopera). This error was not corrected and led to the misinterpretation that Nebela bursella corresponded 

to the broader morphotypes, which ultimately resulted in Nebela bursella being synonymized with Nebela 

tincta (Leidy, 1879) (see Awerintzev, 1906) – now Nebela tincta sensu Kosakyan & Lara (2013).  

3. Penard (1890, p.164, pl. VII, fig. 16-22) described Nebela militaris Penard, 1890 but he neither 

designated a type nor mentioned any isolated specimens in his description. However, he did mention in his 

description the location (Tröllhattan, Rosersberg, Marstrand in Sweden and the Vallée de Joux in 

Switzerland) of the specimens on which he established his species and several permanent slides that he 

made, of which the exact year of creation is not known but thought to postdate 1900, are still preserved in 

two distinct collections in the Natural History Museum of London and the Natural History Museum of 

Geneva. We found five slides containing specimens of Nebela militaris after inspection of Penard’s 

permanent slides in both museums, but it is apparent that none of those specimens can be considered as type 

material, as the registers of the collections show that none have been isolated in the regions mentioned by 

Penard in his description of Nebela militaris. The registers of Penard’s permanent slide collections in both 

the Natural History Museum of London and the Natural History Museum of Geneva have been transmitted 

to the Commission Secretariat. Given that Penard did not designate any name-bearing type, that no 

specimen on which he could have based his description was found in his collections of permanent slides and 

that the absence of type was (and unfortunately still is) more the rule than the exception in the field of 

taxonomy of testate amoebae, we are certain that there is not any type material for Nebela militaris. The 

specimens that Penard isolated as well as his original description and illustrations of Nebela militaris 

(Penard, 1890) are very similar to the first description of Nebela bursella by Taranek (1881). Nonetheless, 

Penard stated that his was truly a distinct species while acknowledging that some may consider it to be 

merely an aberrant form of Nebela bursella. He did not explain what features of N. militaris could be 

considered as abnormal in comparison to N. bursella, but in a subsequent major monograph Penard (1902) 

considered N. bursella a synonym of N. tincta, cited by him as Hyalosphenia tincta Leidy, 1879. This allows 

us to infer that Penard (1890) based his concept of N. bursella on Taranek’s (1882) misidentified specimens 

and thought that his new species N. militaris might be regarded as an abnormally slender form of Nebela 

tincta. 

4. The name Nebela militaris was rapidly accepted by the scientific community. A list of 26 works by 53 

authors using this name as valid for the taxonomic species in question is held by the Commission Secretariat 

and available upon request. Among these works, we may mention Amesbury et al. (2016), Payne et al. 

(2011), Mitchell et al. (2008) and Charman et al. (2007). In contrast, the name Nebela bursella, having long 

been considered a junior synonym of Nebela tincta (Leidy, 1879) (Awerintzev, 1906) fell into disuse, being 

used as valid name for the last time by Sudzuki (1964). It is no longer found in its original meaning in major 

compendia such as Grospietsch (1958) and Tsyganov et al. (2016), and to revive it now as the valid senior 

subjective synonym of N. militaris would lead to confusion. 

5. Due to the absence of any type and the lacunar state of the taxonomy of testate amoebae, it is also 

required that a neotype be designated for Nebela militaris Penard, 1890.  It has been shown that species of 

testate amoeba can hide complexes of closely related species that differ only by slight variations in their 

morphology, even in the case of well-known species (see Kosakyan et al., 2013 as an example). As Nebela 

militaris has been recorded worldwide from a variety of different habitats it is likely that it corresponds to 
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such a species complex, with each species potentially having a restricted distribution and ecology. However, 

the illustrations and the descriptions originally made by Penard are not representative of the morphotype 

found in Europe, and establishing a species on specimens found in such a large area (Switzerland and 

Sweden) increases the chance of lumping distinct species. 

6. To avoid future confusion over the identity of Nebela militaris and any potential closely related species 

yet to be described, we propose to designate a neotype representative of the specimens found in the Swiss 

Jura mountains and propose this region as the type locality, as it is from this region that the specimens 

studied by Duckert et al. (2018) and the specimens isolated by Penard originate. Accordingly, we selected the 

specimen 516-2 from the Penard Collection now deposited at the Natural History Museum of Geneva in 

Switzerland 

(https://commons.wikimedia.org/wiki/Category:Nebela_militaris#/media/File:Collection_Penard_MHN

G_Specimen_516-2-1_Nebela_militaris.tif) to be set as the neotype. 

7. This application is submitted to coincide with the publication of Duckert et al. (2018), who reappraised 

the taxonomic status of Nebela militaris and Nebela bursella and thereby became aware of this 

nomenclatural problem. 

8. The International Commission on Zoological Nomenclature is accordingly asked: 

(1) to use its plenary power to give the specific name militaris Penard, 1890, as published in the 

binomen Nebela militaris, precedence over the specific name bursella Taranek, 1881, as published 

in the binomen Nebela bursella, whenever the two are considered synonyms; and 

(2) to place on the Official List of Specific Names in Zoology the following names: 

(a) militaris Penard, 1890, as published in the binomen Nebela militaris and as defined by the 

neotype (specimen 516-2 from the Penard collection in the MHNG) designated in para. 7, with 

the endorsement that it is to be given precedence over the name bursella Taranek, 1881, as 

published in the binomen Nebela bursella, whenever the two are considered synonyms; and 

(b) bursella Taranek, 1881, as published in the binomen Nebela bursella, with the endorsement that 

it is not to be given precedence over the name militaris Penard, 1890, as published in the 

binomen Nebela militaris, whenever the two are considered synonyms. 
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Abstract.  

Aim: Trends in spatial patterns of diversity in macroscopic organisms can be well predicted from correlative 

models, using topo‐climatic variables for plants and animals allowing inference over large scales. By 

contrast, diversity in soil microorganisms is generally considered as mostly driven by edaphic variables and, 

therefore, difficult to extrapolate on a large spatial scale based on predictive models. Here, we compared the 

power of topo‐climatic versus edaphic variables for predicting the diversity of various soil protist groups at 

the regional scale. 

Location: Swiss western Alps. 

Taxa: Full protist community and nine clades belonging respectively to three functional groups: parasites 

(Apicomplexa, Peronosporomycetes and Phytomyxea), phagotrophs (Sarcomonadea, Tubulinea and 

Spirotrichea) and phototrophs (Chlorophyta, Trebouxiophyceae and Diatomeae). 

Methods: We extracted soil DNA from 178 sites along a wide range of elevations with a random‐stratified 

sampling design. We defined protist Operational Taxonomic Units assemblages by metabarcoding of the V4 

region of the rRNA small subunit gene. We assessed and modelled the diversity (Shannon index) patterns of 

all above‐mentioned taxonomic groups based on topo‐climatic (topography, slope southness, slope 

steepness and average summer temperature) and edaphic (soil temperature, relative humidity, pH, 

electroconductivity, phosphorus percentage, carbon/nitrogen, loss on ignition and shale percentage) 

variables in Generalized Additive Models (GAM). 
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Results: The respective significance of topo‐climatic and edaphic variables varied among taxonomic and—to 

a certain extent—functional groups: while many variables explained significantly the diversity of the three 

phototrophs this was less the case for the three parasites. Topo‐climatic variables had a better predictive 

power than edaphic variables, yet predictive power varied among taxonomic groups. 

Main conclusions: Topo‐climatic variables (particularly slope steepness and summer temperature if we 

consider their significance in the GAMs) were, on average, better predictors of protist diversity at the 

landscape scale than edaphic variables. However, the predictive power of these variables on diversity 

differed considerably among taxonomic groups; such relationships may be due to direct and/or indirect (e.g. 

biotic) influences (like with parasitic taxa, where low predictive power is most likely explained by the 

absence of information on the hosts’ distribution). Future prospects include using such spatial models to 

predict hotspots of diversity and disease outbreaks. 

Keywords. Algae; functional groups; macroecology; meadow soils; microbial ecology; parasites; predictive 

modelling; protozoa; spatial modelling. 

Introduction 

Protists, i.e. all eukaryotes with the exception of fungi, plants and animals are hyper-diverse in soil systems 

(Geisen et al., 2018; Mahé et al., 2017), where they play many ecological roles as primary producers, 

saprotrophs, predators, or parasites (Adl & Gupta, 2006; Geisen et al., 2016), and, thus, play a key role in 

ecosystem functioning. Photosynthetic groups are essential components of cryptogamic crusts (Elbert et al., 

2012; Pushkareva, Johansen, & Elste, 2016) and constitute a significant source of organic carbon for soil 

organisms (Schmidt, Dyckmans, & Schrader, 2016; Seppey et al., 2017). Predatory protists occupy different 

levels of the microbial food web, as primary consumers of algae (cyanobacteria or eukaryotic), fungi and 

bacteria (Bonkowski & Clarholm, 2012; Dumack, Mueller, & Bonkowski, 2016; Hess & Melkonian, 2014), but 

also occupy higher trophic levels by predating on phagotrophic protists or even micro-Metazoa (e.g. 

nematodes) (Geisen et al., 2015; Gilbert, Amblard, Bourdier, Francez, & Mitchell, 2000). Parasites are thought 

to regulate natural populations, notably of animals (Mahé et al., 2017) and can be either very specific such as 

between the parasitic Gregarines and their animal hosts (Clopton, 2009), or generalist as for Phytomyxea 

species which can infect hosts from different eukaryotic kingdoms (Neuhauser, Kirchmair, Bulman, & Bass, 

2014). Characterizing such complex communities is essential to understand the main on-going ecological 

processes in soil, and represents a first step towards predicting the effects of environmental changes on 

communities and, consequently, on ecosystem functioning. 

As a whole, soil protist communities have been shown to respond to edaphic conditions, such as gradients of 

pH (Dupont, Griffiths, Bell, & Bass, 2016), nutrients and moisture (Singer et al., 2018), as well as pesticide 

amounts (Ekelund, 1999; Foissner, 1999; Nesbitt & Adl, 2014) and other perturbations (Foissner, 1997). These 

variables are rarely integrated in spatial modelling of biodiversity in general (Mod, Scherrer, Luoto, & 

Guisan, (2016) for plant communities), especially at broad spatial scales, because they are most often not 

available at the sites of species observations and not easily generalizable in a spatially-explicit way (Buri et 

al., 2017; Cianfrani, Buri, Verrecchia, & Guisan 2018; Dubuis et al., 2013). On the other hand, topo-climatic 

variables (such as slope steepness or air temperature) can be more easily modelled at large spatial scales 

using digital elevation models based on interpolations of weather stations and/or remote sensing methods. 

These variables have already proved themselves to be useful to model the spatial distribution of plants and 

animals (Franklin, 2010; Guisan, Thuiller, & Zimmermann, 2017; Peterson et al., 2011) but much more rarely 

applied to micro-organisms. As a consequence, spatial modelling of the distribution of microorganisms has 

been restricted to small areas or aquatic environments (Bulit, 2014; Fraile, Schulz, Mulitza, & Kucera, 2008; 

King et al., 2010; Langer, Weinmann, Loetters, Bernhard, & Roedder, 2013; Mitchell et al., 2000; Zaric, Schulz, 
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& Mulitza, 2006; Zinger, Shahnavaz, Baptist, Geremia, & Choler, 2009). Nevertheless, soil protists show 

broad spatial patterns in their distributions from very different environments and spatial scales (Fernández, 

2015; Lara, Roussel-Delif, Fournier, Wilkinson, & Mitchell, 2016; Lentendu et al., 2018; Schiaffino et al., 2016) 

and the understanding of their eco-geographic requirements could benefits from spatial modelling as much 

as it benefited macro-organisms. The development of such models at the landscape scale would, if repeated 

across many regions, allows assessing at a much broader scale the processes driven by micro-organisms, 

such as nutrient cycling or greenhouse gases fluxes and help improve climatic models. In addition, economic 

and sanitary management could benefit from microbes spatial modelling, for instance by predicting zones at 

risk of disease outbreaks and therefore make the use of a potential treatment more parsimonious. A third 

outcome of spatial modelling of soil microbes could also focus on their conservation by identifying microbe 

diversity hotspots or refine distribution zones of endemic microorganisms (Cotterill, Al-Rasheid, & Foissner, 

2008).  

Here, we built spatial predictive models of protist diversity, focusing on general communities as well as on 

nine broad protist taxa chosen within three functional groups - phototrophs, phagotrophs and parasites - 

along a wide elevation gradient in the western Swiss Alps. We assessed the diversity of protists in 178 

meadow soil samples, resulting from a robust random-stratified field survey by metabarcoding of the V4 

regions of the small sub-unit rRNA gene. This study assessed the extent of protist diversity in mountainous 

meadows and determined to what extent two sets of environmental variables (edaphic and topo-climatic) 

can predict this diversity over the whole Swiss western Alps of the Vaud state. In addition, we brought an 

interpretation of the patterns observed based on knowledge of the lifestyles of the different groups surveyed. 

Material and Methods 

Sampling 

Meadow soils were sampled from 194 plots distributed across the Swiss western Alps; of these plots, 178 

samples successfully yielded sequencing data and were used in the current study (see Appendix S1.1 in 

Supporting Information). Sampling was performed from July 4th to September 1st 2013 according to a 

random stratified sampling design. From each plot, five soil cores (100 g per core between the depths of 0-5 

cm after removing plants, mosses, and insects) were taken from the four corners and the center of a 2 m2 

plot. The five cores, were then pooled in a sterile plastic bag and kept in an icebox or at 4 °C until DNA 

extraction and soil analyses were done. A subsample of the pooled soil was also flash frozen at each 

sampling site and kept frozen until further soil analyses. For more details, see Yashiro et al. (2016). 

Edaphic variables 

We selected eight edaphic variables, one measured directly on site – the soil temperature at a depth of 5 cm 

(Soil_temp) – and seven in the lab from the soil samples collected. The soil relative humidity (rh) was 

assessed by weighing the mass of the soil sample before and after drying at 105 °C during 2 days. Soil 

organic Carbon content was determined by loss of ignition (LOI) at 1050 °C. The percentage of shale was 

determined by laser granulometry. The pH and electro-conductivity (EC) were measured from a soil and 

Milli-Q water slurry in a 1:2.5 and 1:5 (wt/vol) ratio respectively. Total phosphorus amount (P) was 

determined by colorimetric analysis after a mineralisation at 550 °C with Mg(NO3)2. The C/N ratio was 

calculated from the total organic carbon and nitrogen percentages measured by ROCK EVAL pyrolysis 

(Vinci Technologies, Ruell-Malmaison, France) and combustion infrared spectroscopy (Carlo Erba CNS2500 

CHN), respectively. All methods were described in details in Yashiro et al. (2016) and Buri et al. (2017). 

Topo-climatic variables 

Values for seven topo-climatic variables were retrieved from maps of 25 square meter resolution for each 

sample location. We used the number of growing degree-days above 0 °C (gdd), potential evapotranspiration 

(etp), topography (topo), slope southness (asp) and slope steepness (slp) (Zimmermann & Kienast, 1999; 

Zimmermann, Edwards, Moisen, Frescino, & Blackard, 2007). In addition, we calculated the summer 
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temperature average (tmean678) and precipitation sum (psum678) for the months of June to August with 

values of monthly temperature means and precipitation sums from 1981 to 2010. See Buri et al. (2017) for 

more details. 

Molecular analysis 

DNA was extracted from the soil samples using the MoBio PowerSoil DNA extraction kit (Calsbad, CA, 

USA) following the manufacturer instructions. The V4 region of the 18S rRNA gene was then amplified 

using the general eukaryotic primers TAReuk454FWD1 and TAReukREV3 (Stoeck et al., 2010). The PCR mix 

was composed of 3 μL DNA extract, 0.4 μL of 10 mg/mL BSA, 4 μL of PCR buffer (Promega GoTaq M7845), 

0.2 μL of Taq polymerase (Promega GoTaq M7845), 0.6 μL of dNTPs (Promega kit U1420), 0.6 μL of each 

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

a denaturation step at 95 °C for 5 min followed by 45 cycles of 94 °C for 30 s, 47 °C for 45 s and 72 °C for 1 min, 

and terminated with an elongation step of 72 °C for 10 min. For each DNA sample, the amplifications were 

performed in triplicate with a PTC-200 Peltier Thermo Cycler (BioConcept, Allschwil, Switzerland). DNA 

was then quantified with a Qubit® 2.0 Fluorometer (Invitrogen) and 20 ng of each triplicate were pooled. A 

DNA library was prepared from the pools using the TruSeq Nano PCR-free Library Preparation kit and the 

paired-end 2x300 bp sequencing was done on an Illumina® MiSeq at the University of Geneva (Molecular 

Systematics & Environmental Genomics Laboratory). Sequences are available on European Nucleotide 

Archive via the project number PRJEB30010 (ERP112373). 

Bioinformatics pipeline 

Good quality sequences were selected based on their nucleotides phred scores. Every sequence with a phred 

score average below 20 for a 50 nucleotides window was discarded. The chimeras were then removed using 

the program VSEARCH 1.11.1 (Rognes, Flouri, Nichols, Quince, & Mahé, 2016) by comparing the 

environmental sequences 1) with each other for each replicate and 2) against the PR2 database trimmed 

according to the V4 primers (downloaded on the 12 September 2016; Guillou et al. 2013). To reduce the noise 

caused by very rare sequences, we then discarded every singleton. Triplicates were then pooled according to 

their respective samples and OTUs were built with the program SWARM 2.1.8 (Mahé, Rognes, Quince, de 

Vargas, & Dunthorn, 2015) with the default options (d=1). The dominant sequence of each OTU was 

taxonomically assigned by aligning it to the trimmed PR2 database using the global pairwise alignment 

program GGSEARCH 36.3.6 (Pearson, 2000). 

We removed every OTU that did not belong to protists, namely Metazoa, Embryophyceae and Fungi. We 

also discarded OTUs with a percentage of identity (PID) below 65% with the database PR2 as sequences with 

such low PID are usually of prokaryotic origin (threshold verified manually by aligning low PID 

environmental sequences on GenBank database). From the 178 plots, 4 were sampled twice and 13 were 

sampled three times during the sampling period. For each of these 17 plots we took the average (2 samples) 

or median (3 samples) sequence abundance of each OTU for the samples from the same plot. In addition of 

the total protist community matrix, we also selected nine broad taxonomic groups (I.e. clades, low taxonomic 

resolution: Adl et al. 2019) from three functional groups (1) parasites: Apicomplexa, Peronosporomycetes, 

Phytomyxea; (2) phagotrophs: Sarcomonadea (sensu Howe et al., 2011), Tubulinea, Spirotrichea and (3) 

phototrophs: Chlorophyceae, Trebouxiophyceae, Diatomeae). These taxa were selected because they are 

abundant and diverse in soils and are functionally homogeneous. For each of these taxa, we established a 

PID threshold verified manually on GenBank to discard potential misidentification (Apicomplexa: 80%, 

Peronosporomycetes: 80%, Phytomyxea: 75%, Sarcomonadea: 80%, Tubulinea: 75%, Spirotrichea: 90%, 

Chlorophyceae: 90%, Trebouxiophyceae: 85%, Diatomeae: 77%). 

Richness and diversity analyses 

For each of the ten taxonomic data sets (all protists plus nine broad groups), OTU richness and Shannon 

diversity (H) were calculated, and the differences between their statistical distributions tested by a multiple 

comparisons of mean rank sums test (Nemenyi test; Hollander, Wolfe, & Chicken, 2015, 
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posthoc.kruskal.nemenyi.test function, ’PMCMR’ package 4.1; Pohlert, 2014). The relation between H and 

the proportion of sequences kept (non-Metazoa/Embryophyceae/Fungi) was also measured to verify if the 

percentage of non-wanted taxa were biasing the diversity estimate (Spearman correlation tests). 

To assess how much predictors impact the protist diversity and distribution, a nonmetric multidimentional 

scaling (NMDS) was calculated on the ten Bray-Curtis distance matrices and environmental predictors were 

fitted to the ordinations (envfit function, ‘vegan’ package 2.5-2; Oksanen et al., 2018). We ran the analyses on 

all samples with at least two OTUs. 

For each of the ten data sets, H was modelled as a function of the environmental variables using a 

Generalized Additive Model (GAM; assuming Gaussian residuals and identity link function). For each data 

set, three models were calibrated; the first with topo-climatic variables only, the second with edaphic 

variables only, and the third with both sets of variables. All models were iterated 100 times based on 

bootstraps composed of 80% of the 178 original samples. In total 10x3x100 models were fitted. For each 

model, the predictive power was estimated as the Root Mean Square Error (RMSE) calculated on the 

independent samples not included to build the model (20% left-out samples). The effect of taxonomic group 

and the set of predictors on predictive power (RMSE) was tested by a Nemenyi test. Finally, the diversity 

values of the nine broad taxa and total protist diversity were extrapolated across the full area of the western 

Swiss Alps based on a GAM including the topo-climatic variables (i.e. the only spatially-explicit variables). 

Results 

Observed diversity patterns 

We retrieved a total of 24’322’487 good quality sequences of which 97% were not chimeric and 71% were not 

singletons. The 17’110’114 remaining sequences were clustered into 41’048 OTUs of which 19’260 were 

assigned to protists (see Appendix S2.4 in Supporting Information). Protist diversity was dominated 

(proportion of sequences) by Cercozoa, (principally Sarcomonadea and Thecofilosea), and Alveolata of 

which more than half were assigned to Apicomplexa and ca. 45% to Ciliophora (mostly from classes 

Spirotrichea, Oligohymenophorea, Litostomatea and Colpodea) (see Appendix S2.6 in Supporting 

Information). The three other dominant groups were the Stramenopiles (including Peronosporomycetes and 

Diatomeae), Amoebozoa (including Tubulinea) and Archaeplastida (with Chlorophyceae and 

Trebouxiophyceae) (see Appendix S2.6). 

The nine taxa selected jointly contributed to more than half (54%) of all retained sequences and represented 

over 35% of the total OTU richness (see Appendix S2.4). The average richness per sample of these clades 

varied from 7 (Phytomyxea) to 249 (Sarcomonadea). Richness was on average lowest for phototrophs (15 

OTUs / sample) and highest for phagotrophs (122 OTUs / sample; Fig. 1). Shannon diversity indices 

followed the same trend, varying from an average value of 1.1 (Phytomyxea) to 4.3 (Sarcomonadea). The 

correlation tests revealed that only Spirotrichea, Trebouxiophyceae and Diatomeae were showing a relation 

between diversity and the proportion of sequences kept in a sample (see Appendix S2.5 in Supporting 

Information). 

Environmental models of diversity 

A total of 15 edaphic and topo-climatic parameters were determined for each site. Correlation analysis of 

topo-climatic and edaphic variables indicated clustering and interdependence for tmean678, gdd, etp and 

psum678 (|r| > 0.7; Dormann et al., 2013). Consequently, only tmean678 was kept from these four topo-

climatic variables for further analyses (see Appendix S1.2 and Appendix S1.3 in Supporting Information).  

We found that the distribution and diversity of the overall protist community and of each taxon were 

explained by different environmental factors. The overall protists and nine taxa community distribution was 

structured mostly by pH and rh as well as, on a lesser extent, by Soil_temp, shale, topo, and tmean678 (see 

Appendix S2.8 and Appendix S2.9 in Supporting Information). In contrast, distinct taxonomic groups were 
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structured by specific profiles of environmental predictors when diversity was modelled by GLM (Table1, 

see Appendix S3.10 in Supporting information). One example was the Diatomeae where the topo-climatic 

predictors (slp and tmean678) seemed to be as important in explaining diversity as edaphic predictors (pH 

and rh) for the overall community (Fig.2, see Appendix S3.10). Similarly, the diversity was much 

significantly explained by slp for Tubulinea, Sarcomonadea and Phytomyxea, tmean678 for Spirotrichea or 

pH for Sarcomonadea. The significance of certain environmental predictors was even more accentuated 

when only topo-climatic predictors were taken into account as for the tmean678 (see Appendix S4.11 and 

Appendix S4.12 in Supporting Information).  

The predictive power showed lower RMSE values (i.e. a better power) for the topo-climatic than for the 

edaphic variables for all taxa except for the Chlorophyceae, Trebouxiophyceae and Sarcomonadea for which 

the values were higher or similar (Fig. 2). In addition, the RMSE of the models calculated on the edaphic and 

topo-climatic variables together were never significantly lower than the RMSE calculated for the topo-

climatic variable alone. The RMSE also varied among taxonomic groups when a given set of variables was 

considered and the diversity of certain taxa were significantly better predicted (e.g. Peronosporomycetes) 

than others (e.g. Apicomplexa) (Fig. 3). The predictive power of the overall community was in general lower 

in comparison to the specific taxonomic groups for all sets of variables even if some taxa were less 

adequately predicted (e.g. Apicomplexa with the topo-climatic predictors or Diatomeae when all predictors). 

Discussion 

General patterns of protist communities in soils 

Our study revealed several important findings on patterns of protist communities across temperate 

mountain landscapes. Phagotrophs (e.g. Sarcomonadea & Tubulinea) and parasites (Apicomplexa) were the 

most abundant functional groups in terms of read abundance. Apicomplexan sequences, albeit numerous, 

were proportionally much less abundant and diversified than in Neotropical soils: as arthropods are less 

abundant and diversified in temperate regions, this brings further support to the hypothesis that soil 

apicomplexan communities mirror that of arthropods in the ecosystem (Mahé et al., 2017). Another 

abundant parasitic group is the Peronosporomycetes (until recently refered as Oomycota: Stramenopiles), 

which contains many plant parasites, but also animal pathogens and a few free-living, saprotrophic forms 

(Beakes, Glockling, & Sekimoto, 2012; Lara & Belbahri, 2011). Peronosporomycetes are shown to be common 

and diverse in temperate soil systems (Seppey et al., 2017; Singer et al., 2016). By contrast they are less 

abundant and diverse in neotropical forest soil ecosystems, where they comprise mostly animal parasites 

(Mahé et al., 2017). 

Within phagotrophs, the high proportion of sequences from Cercozoa (mostly to Sarcomonadea) was in line 

with previous soil eukaryotic DNA surveys (Bates et al., 2013; Harder et al., 2016; Seppey et al., 2017). 

Furthermore, earlier studies based on microscopy observations showed the prevalence of these groups in 

soils (Adl & Gupta, 2006). Ciliates were also a well-represented phagotrophic group, and were dominated by 

Spirotrichea, which corroborates also other findings on soil protist molecular diversity (Lara, Berney, 

Ekelund, Harms, & Chatzinotas, 2007). In summary, the protist communities found in the Swiss western 

Alps were typical for temperate soil ecosystems and the findings can likely be extrapolated to other 

climatically similar regions. However, soil communities have been shown to differ in their composition in 

contrasted climates such as neotropical rainforests (Mahé et al., 2017); therefore, it can be expected that 

communities from desert, hypersaline soils and other such extreme ecosystems may differ in their structure 

and may also be controlled by other sets of predictors. 

Our data are in accordance with previous studies related to the impact of edaphic variables on protist 

communities (Dupont, Griffiths, Bell, & Bass, 2016; Ekelund, 1999; Foissner, 1997; Foissner, 1999; Nesbitt & 

Adl, 2014; Singer et al., 2018) but we also show that topo-climatic predictors explain equally well soil protists 

distributions. Therefore, the method of measurement of the predictors (in situ for edaphic variables or 

remote sensing / modelling for topo-climatic) did not seem to affect our capacity to explain protist 

community distribution. 
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Model fit and predictive power of topo-climatic and edaphic variables on protist diversity 

Slope steepness and pH were the two variables most often found to significantly contribute to the fit of our 

different protist diversity models. Slope steepness affects drainage and leaching of nutrients and is generally 

inversely correlated to soil depth. Nevertheless, an enhanced drainage reduces the likelihood of water-

logging, which would select for very specialized protists tolerating anoxia and generally would lead to lower 

diversity. Soil pH is well known as a major driver of microbial diversity, including protists (Bates et al., 2013; 

Dupont et al., 2016; Shen, et al., 2014), but also bacteria (Santoyo, Hernández-Pacheco, Hernández-Salmeron, 

& Hernández-Leon, 2017; Yashiro et al., 2016), and fungi (Noyce et al., 2016; Pellissier et al., 2014; Zhang, Jia, 

& Yu, 2016). The relationship between pH and protist diversity was significant only for three groups, being 

negative for two groups of phagotrophs (Spirotrichea and Sarcomonadida) and positive for Chlorophyceae. 

It is unclear if these relationships reflect a direct effect of pH or rather indirect effects such as biotic effects 

(e.g. impact on bacterial or fungal food sources), the availability of nutrients for the growth of autotrophs 

(correlation coefficient between pH and EC = -0.14; P = 0.055), shifts in plant-microbial interactions and root 

exudate composition (Yashiro et al., 2018), or other drivers.  

Predictability varies also to a large extent among taxonomic groups. Indeed, while many variables explained 

significantly the diversity of the three groups of phototrophs and phagotrophs, it was less so for parasites 

(Apicomplexa and Peronosporomycetes) particularly when only topo-climatic variables were taken into 

account (see Appendix S4.11). The latter functional group depends directly on the availability of host species 

and only indirectly on environmental values for which the influence will be indirect and the fraction of 

variance explained by these variables and their significance will thus be lower. Additionally, the contrasted 

predictive power among taxonomic groups may be due to the fact that certain taxa are better discriminated 

by metabarcoding than others because of differences in taxonomic resolution of the 18S rRNA gene. In our 

dataset, many OTUs assigned to Apicomplexa and Tubulinea were considered as undetermined as their 

identity with the best match in the database did not reach 80% (see Appendix S2.7 in Supporting 

Information). Nevertheless, while the diversity of Apicomplexa was poorly predicted in comparison with 

other taxa, the models predicted the diversity of Tubulinea with an accuracy that was comparable with other 

taxa. For nine out of the ten taxonomic group tested, the predictive power of the topo-climatic variables was 

either significantly better, or at least not different than the ones including the edaphic variables. Moreover, it 

was never lower than the predictive power of the models including both sets of variables. This suggests that, 

within the levels of predictability achieved, predictive models built solely on topo-climatic variables are as 

accurate, or possibly even better, than the models built with the addition of edaphic variables. These 

variables are available at large scales and are already largely used for modelling the spatial distribution of 

macro-organisms (Guisan & Zimmermann, 2000), to the contrary of local edaphic values that are always 

tedious and costly to measure in the landscape across large regions and environmental gradients. These 

findings open the way to larger sampling designs that could further increase the performance of models. 

Interpretation of the spatial patterns of protist diversity modelled with topo-climatic variables 

As for macro-organisms (D’Amen, Pradervand, & Guisan, 2015; Dubuis et al., 2011; McCain, 2005; Reymond, 

Purcell, Cherix, Guisan, & Pellissier, 2013), and increasingly reported for other soil micro-organisms (Geml, 

Morgado, Semenova-Nelsen & Schilthuizen, 2017; Pellissier et al., 2014), protists diversity showed clear 

spatial and elevational patterns when only topo-climatic variables were taken into account to build the 

model (Fig. 4). This pattern seemed to be driven by summer temperature in most cases (see Appendix S4.11 

and Appendix S4.12), either in a positive (Diatomeae, Phytomyxea and Tubulinea), unimodal (Apicomplexa, 

Sarcomonadea and Spirotrichea) or negative way (Chlorophyceae, Peronosporomycetes). A positive 

correlation of diversity with temperature (and, thus, productivity) is a typical pattern in macroecology that 

can be related to the species-energy hypothesis as long as moisture is not a limiting factor. This pattern has 

already been demonstrated for protist communities, more exactly testate amoebae (Fernández et al., 2016; 

Lara et al., 2016), a paraphyletic group which comprises, interestingly, many Tubulinea (Adl et al., 2019). 

Other related models for diversity patterns, like elevation gradients (Huston, 1994; see Spehn & Körner, 

(2009)) have been also shown in testate amoebae (Heger et al., 2016). On the other hand, if moisture is 
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limiting, unimodal patterns are to be expected, and diversity peaks where both moisture and energy are 

optimal (water energy model: Fernández et al. (2016)) intermediate disturbance hypothesis or mid-domain 

effect (discussed for the same area in Dubuis et al. (2011)). Finally, Chlorophyceae and Peronosporomycetes 

are typically sensitive to high temperatures and desiccation, both including often flagellated life stages for 

dispersal that needs at least a thin water film to disperse (Jeger & Pautasso, 2008). In addition, 

Chlorophyceae high diversity in the lowest temperature zone (Fig.4, see Appendix S4.12) could be explained 

by the fact that micro-eukaryotic algae have a higher growth rate at low temperatures, favouring 

diversification in cold environments (Rose & Caron, 2007) or possibly reduced competition from vascular 

plants. However, while these patterns can be observed in some groups, they cannot be extended to the 

whole protist community; indeed, another study showed no significant correlation between elevation and 

diversity when considering entire microbial eukaryotic communities (Shen et al., 2014). 

Technical and methodological issues 

The correspondence between OTUs and biological species has always been a hot topic in eukaryotic 

environmental microbiology. The V4 region of the gene coding for the RNA molecule of the small subunit of 

the RNA (SSU rRNA or SSU for short) has been listed among a handful DNA fragment for protist barcoding 

(Pawlowski et al., 2012). However, a single SSU rRNA gene sequence may include, in certain groups, a wide 

diversity of species with different lifestyles and ecological preferences. This has been shown for different soil 

protists such as ciliates (Lara, & Acosta-Mercado, 2012). In contrast, in Myxomycetes (Amoebozoa), SSU 

sequences are truly hypervariable and discriminate relatively accurately between species; intragenomic 

polymorphism of SSU sequences has been even detected (Dahl et al., 2018), which may artificially inflate 

interpretations on environmental diversity. However, the accuracy of the estimation can be expected to 

increase with the narrowing of the taxonomic range of the investigated organisms, as evolutionary drivers 

become more homogeneous. In other words, comparing the diversity of e.g. Apicomplexans between two 

localities can be reasonably expected to be more accurate than comparing the whole eukaryotic diversity. 

Computation of H indices includes quantitative data, classically the proportion of a given species in a given 

sample, which can be reasonably inferred by numbers of reads in High Throughput Sequencing data. 

Indeed, there is a correspondence between this number of reads and the biovolume (calculated from simple 

measurements of the cell and assuming geometrical shapes; Charrière et al., 2006) of individual organisms 

that has been shown for many groups of protists (Giner et al., 2016; Kosakyan, Mulot, Mitchell, & Lara, 

2015;). De Vargas et al. (2015) showed a linear relationship between the logarithm of organisms length 

versus the logarithm of 18S rRNA copy numbers (see Supplementary figure W4 in that article). Thus, H 

indices provide a satisfactory cell quantification based on sequence data in species that display a stable 

rDNA copy number (Rodriguez-Martinez et al.2009). Nevertheless, if an organism violates the 

correspondence by inducing more reads per biovolume, its presence in a sample would be translated by 

OTUs covering a large proportion of the community which would result in lower diversity. For example, 

Foraminifera are particularly prone to biases in inferring the abundance from rDNA sequences due to 

alternation of generation, variation in ploidy, and variation in number of nuclei (Weber & Pawlowski, 2013). 

Similar biases have been shown for ciliates, which are known for having highly polyploid macronuclei, and 

sometimes smaller species may have higher rDNA copy number than larger cells (Dunthorn et al., 2014). To 

avoid such biases, the sequence abundance of each species needs to be normalized by rDNA copy number. 

However, such an approach requires a previous characterization of the species rRNA genes, and therefore 

cannot be applied to unknown biodiversity. It is therefore important to keep this in mind when assessing the 

diversity of groups with a heterogeneous number of reads per biovolume.  

In some cases, even when avoiding collinearity, it is possible that some edaphic and topo-climatic predictors 

still depend on each other (e.g. soil temperature and tmean678; Yashiro et al., 2016 see Appendix S1.2). 

Nevertheless, the comparison between two dependent variables coming from different measurement 

methods (in situ for edaphic and remote sensing for topo-climatic predictors respectively) is still interesting 

because we aim to assess if topo-climatic predictors achieve at least as accurate models as edaphic ones. 
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Conclusion 

We showed that the diversity of some taxa belonging to major functional groups in the Swiss western Alps, 

was explained up to >30% by topo-climatic and edaphic conditions. A somewhat surprising result was that 

topography and climate predicted protist diversity as well or better than the edaphic variables more 

commonly used in soil microbial studies. This implies that soil protist diversity patterns could be at least 

partly inferred, for some groups (e.g. Chlorophyceae) and to some extent (22%), based on topo-climatic 

spatial models only. The applicability of spatial modelling of protists diversity to soil under other climates 

than temperate is still to be established. Nevertheless, considering that spatial patterns of micro-organisms is 

increasingly recognized, it is likely that spatial modelling will become a powerful tool in microbial ecology 

in the near future. 

Such an approach could be applied at finer taxonomic levels to predict the distribution of individual species, 

which would be of high socio-economic relevance in the case of invasive agricultural or forestry pests of 

economic importance such as certain Peronosporomycetes. The models could be improved by refining the 

taxonomic groups, as taxa responding more homogeneously to environmental conditions may show 

stronger correlation with abiotic variables than the broad group classification we used. For instance, the 

Peronosporomycetes contain organisms belonging to other functional groups than parasites (e.g. saprotroph; 

Beakes et al., 2012; Lara & Belbahri, 2011) or able to target a wide range of hosts (e.g. Phytophothora 

cinnamomi; Hardham, 2005). Therefore, other modelling techniques, such as calculating the diversity after 

modelling the abundance of individual OTUs and stacking then (i.e. staked-SDMs; Guisah & Rahbek, 2011), 

could enhance the predictive power on certain taxa. These improvements would pave the way toward 

extrapolation of protists diversity across large spatial scales and provide useful tools to identify biodiversity 

hotspots, predict spatially the risk of pathogen infection or model soil protist diversity according to future 

environmental change scenarios. 
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Figures 

 

Figure 1: Shannon diversity and richness (log transformed) distributions of protist operational taxonomic 

units communities retrieved from 178 plots in the Swiss western Alps. The distributions are shown for the 

total community as well as for nine broad taxa. The letters above the boxplots represent groups according to 

a multiple comparison mean rank sums test (Nemenyi test P < 0.05). 
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Figure 2: Predictive power (Root Mean Square Error: RMSE) of edaphic (dark grey), topo-climatic (pale gray) 

and overall (white) predictors calculated on the diversity of protist operational taxonomic units from the 

total community and nine broad taxa retrieved from 178 meadow soils in the Swiss western Alps. The RMSE 

were calculated on 100 cross validation of Generalized Additive Models performed with 20% of the samples 

as test dataset. The letters on the right of the barplot represent significantly different groups according to a 

multiple comparison mean rank sums test (Nemenyi test P < 0.05) for each of the total communities and nine 

broad taxa. 
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Figure 3: Predictive power (Root Mean Square Error: RMSE) of edaphic (dark grey), topo-climatic (pale gray) 

and overall (white) predictors calculated on the diversity of protist operational taxonomic units from the 

overall community and nine broad taxa retrieved from 178 meadow soils in the Swiss western Alps. The 

RMSE were calculated on 100 cross validation of Generalized Additive Models performed with 20% of the 

samples as test dataset. The letters on the top of the boxplots represent significantly different groups 

according to a multiple comparison mean rank sums test (Nemenyi test P < 0.05) for each of the edaphic, 

topo-climatic and overall variables. 
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Figure 4: Diversity of the total protist community and nine broad taxa predicted from Generalized Additive 

Model through the Swiss western Alps based on the topography, slope southness, slope steepness and 

average temperature from June to August. 
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Abstract. Recent studies show that soil eukaryotic diversity is immense and dominated by micro‐ 

organisms. However, it is unclear to what extent the processes that shape the distribution of diversity in 

plants and animals also apply to micro‐organisms. Major diversification events in multicellular organisms 

have often been attributed to long-term climatic and geological processes, but the impact of such processes 

on protist diversity has received much less attention as their distribution has often been believed to be 

largely cosmopolitan. Here, we quantified phylogeographical patterns in Hyalosphenia papilio, a large 
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testate amoeba restricted to Holarctic Sphagnum-dominated peatlands, to test if the current distribution of 

its genetic diversity can be explained by historical factors or by the current distribution of suitable habitats. 

Phylogenetic diversity was higher in Western North America, corresponding to the inferred geographical 

origin of the H. papilio complex, and was lower in Eurasia despite extensive suitable habitats. These results 

suggest that patterns of phylogenetic diversity and distribution can be explained by the history of Holarctic 

Sphagnum peatland range expansions and contractions in response to Quaternary glaciations that 

promoted cladogenetic range evolution, rather than the contemporary distribution of suitable habitats. 

Species distributions were positively correlated with climatic niche breadth, suggesting that climatic 

tolerance is key to dispersal ability in H. papilio. This implies that, at least for large and specialized 

terrestrial micro‐organisms, propagule dispersal is slow enough that historical processes may contribute to 

their diversification and phylogeographical patterns and may partly explain their very high overall 

diversity. 

Keywords. distribution; Holarctic; Hyalosphenia papilio; phylogeography; protists; Sphagnum peatland 

Introduction 

The question of whether the same rules structure the diversity of all eukaryotes, micro‐ and macroscopic 

alike, has been the subject of heated debate since the early 2000s. The classical paradigm is that “everything 

is everywhere, but, the environment selects” (Baas‐Becking, 1934). Defenders of this paradigm have argued 

that geographical barriers are ineffective in preventing the dispersal of microbes (Fenchel, 2005; Finlay, 

1998). Other researchers, while accepting that some microbes do indeed occur worldwide, have argued that 

others are clearly restricted to certain regions: the “moderate endemicity” model (Foissner, 1999). This 

argument is based particularly on a limited number of so‐called “biogeographical flagship species,” with 

conspicuous morphology. 

The application of barcoding to protists has brought new nuance to the debate (Pawlowski et al., 2012). 

Single‐cell DNA barcoding studies (Pawlowski et al., 2012) of individual “morphospecies” are now 

revealing the existence of numerous “cryptic” biological species (Singer et al., 2018). Barcoding studies have 

recently demonstrated geographically limited distributions in soil (Ryšánek, Hrčková, & Škaloud, 2015), 

freshwater (Škaloud et al., 2019) and marine organisms (Santoferrara, Rubin, & Mcmanus, 2018), although 

cases of cosmopolitan distribution have also been reported (Geisen, Fiore‐Donno, Walochnik, & 

Bonkowski, 2014; Šlapeta, López‐García, & Moreira, 2005). The development of microbial phylogeography, 

combining biogeography and molecular phylogeny, in turn has allowed the evaluation of possible drivers 

of diversity patterns, and comparison with those known to drive plant and animal diversity (Martiny et al., 

2006). 

Among terrestrial micro‐organisms, testate amoebae are particularly useful models for phylogeographical 

studies. Testate amoebae are conspicuous and relatively easy to identify and are also large enough to be 

isolated individually for DNA barcoding. Many species have narrow ecological tolerances and thus can 

only colonize specific, often geographically discontinuous habitats (Singer et al., 2018). Furthermore, some 

species have well‐documented distributions and ecology. A good example is Hyalosphenia papilio, a 

widely recorded and morphologically distinctive testate amoeba taxon (Figure 1). Of particular interest for 

phylogeographical studies is that, based on single‐cell barcoding and the variable molecular marker 

cytochrome c oxidase subunit I (COI), H. papilio is known to represent a species complex of at least 12 

lineages (Heger, Mitchell, & Leander, 2013). 

Hyalosphenia papilio is found exclusively in Holarctic Sphagnum‐dominated peatlands (Amesbury et al., 

2018, 2016) and it is known to be absent from similar southern hemisphere sites despite extensive study 
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(Fernández, Lara, & Mitchell, 2015; Smith, Bobrov, & Lara, 2007). Sphagnum‐ dominated peatlands are 

comparatively young ecosystems, dating back to the expansion of boreal and subarctic environments near 

the Pliocene (Shaw et al., 2010). Sphagnum is an ecosystem engineer that modifies habitats by increasing 

soil wetness and decreasing pH and available nutrient content, producing decay‐resistant litter rich in 

phenols and sphagnan (van Breemen, 1995) and hosting very distinctive prokaryotic, algal and fungal 

communities (Kostka et al., 2016; Mutinová, Neustupa, Bevilacqua, & Terlizzi, 2016). Thus, Sphagnum 

represents a highly selective habitat for macro‐ and micro‐organisms. This explains why Sphagnum‐

dominated ecosystems are species‐poor and these same factors are likely to also drive evolutionary 

adaptations in testate amoebae (Kosakyan et al., 2016; Singer et al., 2018). Hence, it is likely that this taxon 

does not pre‐date the radiation of peat‐forming Sphagnum species between 17 and 7 Ma (Shaw et al., 2010). 

Large extents of Sphagnum comparable to modern Sphagnum‐dominated peatlands probably appeared 

during the late Miocene/early Pliocene, concomitantly with global cooling, that is, between 7 and 5.5 Ma 

(Herbert et al., 2016). While Sphagnum occurs at low as well as high latitudes it is only a dominant 

component of peatlands at higher latitudes (e.g., Tierra‐del‐Fuego and the boreal zone of the Holarctic). The 

taxonomic richness of the genus is low in the Southern Hemisphere high latitudes and high in the Northern 

Hemisphere high latitudes which correspond to its inferred origin (Shaw, Carter, Aguero, da Costa, & 

Crowl, 2019). 

Holarctic Sphagnum‐dominated peatlands have experienced considerable changes in their extent due to the 

repeated advances and retreats of ice sheets during the Quaternary. Many of the largest areas covered by 

peatlands today were under ice during the Last Glacial Maximum (e.g., Fennoscandia, boreal Canada), 

while peatlands may have persisted in others (e.g., Pacific coast of Canada) (Treat et al., 2019). These 

successive glacial expansions and contractions are known to have shaped genetic diversity in multicellular 

taxa (Schönswetter, Stehlik, Holderegger, & Tribsch, 2005), whose dispersal is assumed to be slow in 

contrast to eukaryotic micro‐organisms (Bahram et al., 2016). If, like plants and animals, protist dispersal is 

relatively slow, the genetic structure of their populations will bear traces of such range expansions and 

contractions, and the origin of taxa can potentially be inferred and the timing of phylogenetic events 

estimated based on molecular clocks (Arbogast et al., 2006; Arbogast, Edwards, Wakeley, Beerli, & 

Slowinski, 2002). By contrast, fast dispersal in protists would blur any such signature, and taxonomic or 

phylogenetic diversity would tend to be distributed randomly and peak in areas with the largest extent of 

favourable habitats (Forest, Colville, & Cowling, 2018). 

It follows that the phylogeographical pattern of a given taxon, here H. papilio, can be used to test  two 

alternative hypotheses. (a) Dispersal is low and/or slow enough so that traces of glacial cycles are reflected 

in its extant diversity. The highest diversity, and the probable geographical origin of H. papilio would be 

expected to occur in refugia corresponding to the margins of ice sheets during the Last Glacial Maximum 

where Sphagnum peatlands could survive. (b) Dispersal is high and/or fast, and diversity would be 

expected to be maximal where the largest expanses of Sphagnum peatlands are found today (e.g., 

western Siberia). Empirical evidence demonstrates a relationship between testate amoeba shell size and 

geographical range (Wilkinson, 2001). Population genetics analyses (Lara, Heger, Scheihing, & Mitchell, 

2011) and modelling (Wilkinson, Koumoutsaris, Mitchell, & Bey, 2011) show a decline in dispersal potential 

for testate amoebae and theoretical organisms of smaller sizes (c. 60 μm) than that reported for H. papilio 

(size range 90–175 μm). The ability of entering a dormant stage (cysts) which can withstand desiccation and 

other stresses is considered to be a key dispersal trait in protists (Geisen et al., 2018); however, such 

structures have never been reported in H. papilio. We therefore predict that the first hypothesis is more 

likely to be supported. 

Material and methods  

Data set preparation 

We retrieved all 360 existing COI gene sequences of Hyalosphenia papilio from GenBank, together with 

information on the origin of the cells from four studies (Gomaa et al., 2014; Heger et al., 2013; Kosakyan et 
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al., 2012; Oliverio, Lahr, Grant, & Katz, 2015). In addition, we isolated 57 single cells of H. papilio from 

Sphagnum samples collected at 13 new sites, targeting under‐sampled regions to compile a global data set 

(Table S1). Briefly, the cells were washed three times in autoclaved distilled water before DNA extraction, 

which was performed using the guanidine thiocyanate‐base protocol (Duckert et al., 2018). Amplifications 

of COI gene fragments were performed in two steps: a first polymerase chain reaction (PCR) was 

undertaken with the general COI primers LCO1490 and HCO2198 (Folmer, Black, Hoeh, Lutz, & 

Vrijenhoek, 1994), which was followed by a nested PCR, using H. papilio‐specific primers HPcoiF and 

HPcoiR (Gomaa et al., 2014). The first DNA amplification profiles consisted of an initial denaturation step 

for 3 min at 95°C, followed by 39 cycles of 15 s of denaturation at 95°C, 15 s of annealing at 43°C and 1 min 

of elongation at 72°C with an additional final elongation step at 72°C for 10 min. The procedure for the 

second PCR profile was the same except that the annealing temperature was increased to 55°C. Sequencing 

was carried out using a BigDye197 Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) 

and analysed with an ABI‐3130XL DNA sequencer (Applied Biosystems). Sequences were deposited in 

GenBank with the following accession numbers: MK823130–MK823186. COI sequences were edited and 

aligned (clustalw algorithm; Thompson, Gibson, & Higgins, 2003) using bioedit (version 7.2.3; Hall, 1999). 

The final data set including published and new sequences consisted of 418 sequences from 61 sites (Table 

S1). 

Lineage delineation 

We delimited genetic lineages following the approach described by Heger et al. (2013). Briefly, to obtain a 

general overview of the existing lineages, we first constructed the phylogenetic tree based on the matrix of 

the unique sequences (haplotypes) among the 418 considered in this study. The sequence lengths of the 

data set vary from 430 to 620 bp (depending on the primers used to barcode the isolated cells). We 

constructed both a maximum likelihood (ML) and a Bayesian tree, with the RAxML algorithm (Stamatakis, 

Hoover, Rougemont, & Renner, 2008) and mrbayes version 3.2.6 (Ronquist & Huelsenbeck, 2003), using in 

both cases a GTR + Γ model. We then tested if the haplotypes were distributed randomly by comparing our 

observed distribution with a null model obtained by haplotypes randomly attributed to lineages (10,000 

replicates). The tree root was placed between two major clades (clade I contains lineages L, K, M and J and 

clade II contains lineages C, DE, F, B, A, G, H and I) that appeared well supported in previous studies 

(Heger et al., 2013; Kosakyan et al., 2012). Bipartition support values were evaluated with 1,000 bootstrap 

replicates. Bayesian Markov chain Monte Carlo analysis was carried out with two simultaneous chains and 

50,000,000 generations. Trees were sampled every 1,000th generation and the burn‐in was set at 25%. The 

trees were rooted internally based on the topology of trees obtained in previous studies (Heger et al., 2013; 

Kosakyan et al., 2016), which showed two major clades with maximum support; we rooted the tree between 

these two clades. As both trees were congruent, we presented only the ML tree and used the Bayesian 

analysis to evaluate each node's posterior probability (pp). We used three independent methods of lineage 

delimitation to compare our assignments with those of Heger et al. (2013): (a) Automatic Barcode Gap 

Discovery (ABGD) (Fontaneto, Flot, & Tang, 2015; Puillandre, Lambert, Brouillet, & Achaz, 2011) using the 

ABGD web‐server http://wwwabi.snv. jussi eu.fr/publi c/abgd/abgdw eb.html; (b) sequence divergences 

using the Kimura 2‐parameter method (Kimura, 1980; Nassonova, Smirnov, Fahrni, & Pawlowski, 2010) 

using the “ape” package (version 3.2; Paradis, Claude, & Strimmer, 2004) in r (version 3.0.1; R Core Team, 

2014); and (c) generalized mixed yule coalescent (GMYC) analysis performed with the splits package, 

version 1.0‐19 (Fujisawa & Barraclough, 2013) coded in r, version 3.1.2 (R Core Team, 2014). 

Haplotype and lineage network 

Haplotypes (defined as genetic units separated by at least a single mutation) were assigned to the 

previously determined lineages. Haplotype networks were constructed using minimum spanning network 

analysis as implemented in the software popart (version 1.7; Leigh & Bryant, 2015 [Table S2]). Four main 

geographical zones (Eastern North America, Western North America, Europe and Asia) were defined to 

highlight the distribution of the haplotypes. 
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Historical biogeography 

We first tested whether the observed patterns could be due to chance or to a sampling bias by calculating 

the observed beta diversity (following Legendre & De Cáceres, 2013). We then tested if the observed beta 

diversity was higher than expected by chance. We simulated beta diversity values under null expectations 

and compared them to observed beta diversity values to obtain p‐values and standardized effect sizes 

(SESs). Simulated beta diversity values were calculated using the same approach (Legendre & De Cáceres, 

2013) on a permuted site by species matrix. Permutations were conducted using the permatswap algorithm 

of the r‐package “vegan” (Oksanen, Blanchet, & Kindt, 2015), which preserves column sums. This allows us 

to randomly attribute species to station while preserving species total abundance. 

To determinate whether species distribution areas were correlated with ecological tolerance, we 

determined the climatic niche breadth for each species using the tolerance index (Dolédec, Chessel, & 

Gimaret‐Carpentier, 2000), with the r package “ade4” (Dray & Dufour, 2007). This index estimates niche 

breadth based on environmental tolerance (i.e., climate) (Hurlbert, 1978; Thuiller, 2004) using the 

dispersion of geographical cells that contain the target species in the climatic multivariate space. Low 

values of the index suggest narrow tolerance while high values correspond to generalists. These indices 

were inferred based on geographical coordinates for each occurrence (Table S1) and interpolated climate 

data sets (Bioclim, 19 variables) that were generated at 2.5 arcmin resolution from meteorological data 

(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). We then estimated distribution areas of the species based 

on the number of plots in which a given species was observed (i.e., a rough estimate of the spatial range) 

and plotted it against the estimated climatic niche breadths. 

To evaluate the evolutionary events that may explain the current distribution of H. papilio (e.g., dispersal, 

extinction, rangeswitching, sympatry, vicariance and founder effect), we estimated the ancestral 

distribution and the frequency of event counts in each of 1,000 biogeographic stochastic mapping (BSM) 

analyses, using the biogeobears package (Matzke, 2013) in r (version 3.0.1; R Core Team, 2014). biogeobears 

allows for the estimation of ancestral geographical ranges on dated phylogeny, comparing several models 

of range evolution. We used the DEC model (Ree, Smith, & Baker, 2008) with two free parameters: “d” 

(dispersal rate) and “e” (extinction rate), and a fixed cladogenetic model (cladogenetic event allowed: 

vicariance, sympatric‐subset speciation and sympatric range‐copying). We also used a DEC model with an 

extra parameter, “j,” which represents the founder‐event speciation, where the new species “jumps” to a 

range outside of the ancestral range (DEC + j model). The comparison of these two models was performed 

using Akaike's information criterion (AIC). The age of the nodes of the rescaled beast tree of H. papilio was 

estimated by constraining its root to 7 Ma, which corresponds to the documented origin of Sphagnum 

peatlands (Stenøien, Shaw, Shaw, Hassel, & Gunnarsson, 2010), as all known lineages of H. papilio are 

restricted to these environments. This type of approach has been used to identify the geographical origin of 

multicellular taxa of different ages, dispersion strategies and lifestyles, including hyacinthoid monocots 

(Ali, Yu, Pfosser, & Wetschnig, 2012), chameleons (Tolley, Townsend, & Vences, 2013) and bees (Trunz, 

Packer, Vieu, Arrigo, & Praz, 2016), and is used here, to our knowledge, for the first time in micro‐

organisms. This approach allowed us to test the two hypotheses: if the frequency of event counts in each of 

1,000 BSM sustains a low frequency of dispersal events, related to other biogeographical events, the first 

hypothesis is supported ([a] dispersal is low and/or slow enough so that traces of glacial cycles are 

reflected in its extant diversity), and otherwise, the second hypothesis is supported ([b] dispersal is high 

and/or fast, and diversity would be expected to be maximal where the largest expanses of Sphagnum 

peatlands are found today). 

Results 

Lineage delineation and diversity 

The 418 mitochondrial COI sequences of Hyalosphenia papilio revealed the existence of 13 or 14 distinct 

lineages (Figure 2). The Kimura 2‐parameter test suggested the existence of 14 lineages based on a 

threshold of ≥1% sequence divergence. The GMYC method yielded 13 lineages (lower and upper confidence 
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intervals: 10 and 29 lineages, respectively; p = 0.046) based on single threshold methods. Finally, the ABGD 

method identified 13 lineages, using a distinctive barcoding gap of 7%. One of these lineages, called here 

“M,” has not been previously recorded. This lineage was recovered from localities not included in previous 

studies (Gomaa et al., 2014; Heger et al., 2013; Kosakyan et al., 2012; Oliverio et al., 2015). It was supported 

by all analyses, although the Kimura 2‐parameter test suggested dividing it into two (Figure 2). 

Phylogenetic reconstruction 

Sequences from the previously overlooked lineage M diverged from all others (pp = 1) and branched as a 

sister group to lineages J and K (Figure 2). Only a single haplotype was retrieved from lineage E, and five 

from lineage D (sensu Heger et al., 2013). Here again the genetic divergence was low (i.e., at most six 

nucleotides difference between the sequence of lineage E, and the five sequences of lineage D, all of which 

were separated by a single nucleotide [Figure 3]). 

Haplotype network 

The haplotype network (Figure 3) showed that some lineages (B, H and L) were composed of only a single 

haplotype, whereas others included several haplotypes, independently of the number of individual cells 

barcoded. Some lineages were relatively rare (e.g., B, L and M with seven, two and seven individuals, 

respectively) whilst others were extensively recorded (e.g., lineage A was identified more than 100 times). 

Null model analyses show that such a pattern is not expected under random assembly of lineages (Figure 

S1). 

Spatial patterns of phylogenetic richness 

We found that the observed beta diversity was significantly higher than expected by chance (SES = 1.71; p = 

0.99), showing a strong spatial structuring of diversity. We also found a strong positive correlation between 

niche breadth as estimated using Dolédec tolerance indices and distribution areas (R2 = 0.75; p = 0.001). We 

also found that lineages differed in their climatic niches with some lineages preferring colder and drier 

conditions (Figure S2, lineage H) and others preferring warmer conditions with abundant precipitation 

(Figure S2, lineage I). 

The geographical distribution of phylogenetic richness showed a clear contrast (Figures 1 and 3). Only four 

lineages (A, C, J and G) were recovered from all of Eurasia, five from Eastern North America (A,  F, K, J and 

M), and nine from Western North America (six in Alaska and five in the Pacific Northwest, only two being 

shared between these two regions). Thus, regional as well as overall diversity and diversity turnover were 

all higher in North America than in Eurasia. 

The distribution of the different lineages (Figure 3) suggests that several haplotypes are specific to certain 

geographical areas (B, DE, H, I and L occur only in Western North America, while K and M occurred only 

in Eastern North America), whereas others were geographically widespread (e.g., J is found throughout the 

Holarctic realm). Null model analyses show that such a pattern is not expected under random assembly of 

lineages (Figure S1). This structure in lineage distribution suggests that geographical dispersal has occurred 

comparatively slowly, allowing it to be recovered with a genetic marker such as mitochondrial COI used 

for species‐level delineation in this group of organisms (Kosakyan et al., 2012). 

Origin of lineages and evaluation of the diversification processes 

The AIC selection of biogeographical models implemented in biogeobears indicated that a DEC model was 

the best supported (Table S3). Based on this model, the most likely ancestral areas for H. papilio are in 

Western North America (Figure 4). The dispersal summary extracted from the 1,000 BSM maps showed 

that most of the dispersal events occurred from Western North America and Asia to the other 

biogeographical areas, and from Asia to Europe (Table S4). The results of the ancestral area estimation and 

number of dispersal events analyses showed that the most frequent process during the historical 

biogeography of H. papilio was narrow sympatry (i.e., when the ancestral range contains one area, and 
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both daughter lineages inherit that area), followed by a low frequency of dispersal events (range expansion) 

(Figure S1). The importance of vicariance and founder events was comparatively limited (Figure S1). 

Discussion 

Diversity and geographical distribution of the lineages and haplotypes 

The Hyalosphenia papilio species complex is represented by at least 13 lineages in the Holarctic region, one 

of which had not been previously detected. Although it is possible that some lineages remain to be 

discovered, our globally extensive sampling retrieved only one additional lineage (M), suggesting that we 

have now captured most of the group's diversity. The genetic distances determined by our taxon 

delineating approaches are consistent with the barcoding gap (<4%) used to discriminate species in other 

related testate amoebae lineages (e.g., genus Nebela, Hyalospheniidae). The above‐mentioned lineages 

were defined as species under multiple and independent concepts, including ecological, morphological and 

evolutionary (Singer et al., 2018). This might imply that the lineages retrieved in the present study can all be 

considered as separate species (Kosakyan, Gomaa, Mitchell, Heger, & Lara, 2013; Kosakyan et al., 2012; 

Singer, Kosakyan, Pillonel, Mitchell, & Lara, 2015; Singer et al., 2018). The accuracy of a species tree built on 

a single locus may be still questioned, especially in the case of recent radiations, as the existence of several 

caveats (e.g., sequencing pseudogenes, ongoing hybridization processes) cannot be ruled out and may 

distort the tree's topology. In Amoebozoa, COI has been chosen as the most accurate marker notably 

because of its sensitivity and lack of intra‐individual variability (Nassonova et al., 2010) and we therefore 

consider it reliable. 

Lineages of H. papilio show different distribution patterns over the Holarctic realm. Four lineages (J, A, C, 

G) were found in several regions with contrasting climates (Figure 1) suggesting that they have a greater 

ecological tolerance. This is corroborated by the strong correlation between climatic niche breadth and 

estimated distribution ranges (Figure 5), suggesting that colonization capacity is constrained by specific 

tolerance to climates. If these distributional patterns reflect evolutionary adaptation to long‐distance 

dispersal, it would then imply that the required physiological/ lifestyle adaptations to long‐range 

migration have appeared independently at least four times in the history of the H. papilio species complex 

(Figure 4). 

The existence of restricted distributions is even clearer at the haplotype level. Of the 74 total H. papilio 

haplotypes, only seven (9.2%) were present in two zones, two in three zones (2.6%) and no single haplotype 

was found in all four zones. This indicates that even widespread lineages (e.g., lineage J) show high 

infraspecific genetic structuring, which suggests limited gene flow among sites, and thus geographical 

isolation (Fernández, Hernández, Schiaffino, Izaguirre, & Lara, 2017; Lara et al., 2011). 

Hypothesis 2, that diversity is maximal where the largest expanses of Sphagnum peatlands are found 

today, cannot be supported by our data and analyses. Under this hypothesis, highest diversity would be 

expected in regions such as Western Siberia where peatlands are at their most extensive and cover more 

than 20% of the landscape (Peregon, Maksyutov, Kosykh, & Mironycheva‐Tokareva, 2008). However, only 

four “far travelled” lineages were found in all of Eurasia, as compared to 13 in North America. This is 

despite a larger overall area, greater extent of Sphagnum peatland and an extensive range of climatic 

conditions. Six lineages, 50% more than the entire of Eurasia, were found only in Alaska. Moreover, most 

genetic diversity seems to be located along the Western North American coast, a region where peatlands 

are typically small and scattered today. This fact, together with the strong spatial patterns in lineage 

distribution observed (Figures 1 and 4), advocates against our hypothesis 2 (fast dispersal). 

Geographical origin and influence of historical events 

All Eurasian lineages identified were also present in North America, while several lineages were restricted 

to North America. This observation alone suggests an American origin for H. papilio. Our ancestral range 

reconstruction corroborates this inference, placing the most probable origin of the H. papilio complex in 
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Western North America (Figure 4). 

Dating speciation events is difficult in testate amoebae as their lineages cannot be morphologically 

distinguished (Mulot et al., 2017); testate amoeba shell records in peat are rare before the Holocene. 

Nevertheless, it is still possible to infer a time window for the radiation of the lineages indirectly based on 

the very strict habitat specificity of this taxon. All lineages of H. papilio thus far identified are restricted to 

Sphagnum peatlands. It is therefore reasonable to assume that this highly adapted taxon evolved within 

these ecosystems. The oldest fossils of the genus Hyalosphenia were described from the Triassic (H. baueri, 

220 Ma) (Schönborn, Dörfelt, Foissner, Krienitz, & Schäffer, 1999). H. baueri shares some traits like an 

“indistinctly vase shape” and the presence of an organic lip surrounding the aperture with H. papilio. 

However, it is far from clear that the two taxa are directly related. First, it has been shown that the genus 

Hyalosphenia is paraphyletic, as H. papilio and H. elegans are only distantly related (Lahr et al., 2019; Lara, 

Heger, Ekelund, Lamentowicz, & Mitchell, 2008). Furthermore, a rough calculation can rule out the 

possibility of a very old age for H. papilio. “Standard” COI (estimated for animals) mutation rates are 

typically in the range of a few per cent per million years (Ho & Lo, 2013; Papadopoulou, Anastasiou, & 

Vogler, 2010), sometimes much higher (Ney, Frederick, & Schul, 2018). The most divergent H. papilio 

sequences are separated by roughly 10%, which implies that, in order for the deepest branching in the 

complex (see Figure 4) to be 100 million years old, the mutation rate would need to be of 0.01% Ma–1. This 

is far below all rates known to date, and even lower than the mutation rate of cnidarians, which are known 

for their extremely slow evolving mitochondria (Park et al., 2012). By contrast, to obtain an age of 7 million 

years the mutation rate would need to be 1.3% Ma–1, which is similar to the mutation rate of many 

arthropods and thus more parsimonious than the alternative. 

During the Pleistocene, large areas of North America were intermittently covered by ice although ice‐ free 

refugia remained. The area of Sphagnum peatlands probably repeatedly expanded during interglacial 

periods and contracted in response to glacial periods when ice masses covered most of the landscape (Shaw 

et al., 2014). This period is also contemporary with most cladogenesis in the H. papilio phylogenetic history, 

which suggests a series of speciation events by cladogenetic range evolution that may have occurred during 

interglacial periods (Figure 4). Indeed, our analyses show that at least eight out of 12 cladogenesis events 

occurred during the Pleistocene, immediately after the 2.5 Ma boundary (Figure 4). 

This hypothesis is also in line with the fact that the biogeobears analyses designated narrow sympatry or 

the inheritance of the ancestral area of a range by both daughter lineages, as a key process explaining the 

distribution of H. papilio lineages. At the onset of Quaternary glaciations (2.58 Ma), one lineage probably 

existed in Eastern and two in Western North America (Figure 4). While the first lineage probably survived 

south of the ice sheet, where conditions were wet enough to allow the development of peatlands (Shaw et 

al., 2010), the two others were probably confined to refugia in Western North America. 

The location of these refugia is known to have shaped the distribution of plants (Eidesen et al., 2013) and 

animals (Klütsch, Manseau, Anderson, Sinkins, & Wilson, 2017). In particular, Eastern Beringia (today 

Alaska and Yukon Territory) was wet enough to support the growth of Sphagnum mosses and Sphagnum 

peatlands (Shaw et al., 2013, 2014). These peatlands allowed the survival of associated organisms, probably 

including the lineages of H. papilio. In contrast, Western Beringia (today far eastern Russia) was too dry to 

support large expanses of Sphagnum peatlands (Shaw et al., 2013, 2014) and probably constituted a barrier 

for the migration of H. papilio westwards. Our data suggest that colonization of the Palaearctic region 

occurred recently, possibly after the last glaciation (Figure 1). Western Siberia, which was a cold desert 

during the Last Glacial Maximum, became covered with peatlands after 11,000 years ago (Velichko, 

Timireva, Kremenetski, MacDonald, & Smith, 2011) and could have constituted a bridge that facilitated the 

invasion of the Western Palaearctic by “far travelled” lineages of H. papilio. Interestingly, a similar pattern 

has been suggested for Sphagnum angermanicum (Stenøien et al., 2010). 

The present‐day distribution of lineages and the local palaeogeographical context designates Eastern 

Beringia or the Pacific Coast as the most probable origin for all extant H. papilio lineages. The higher 
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diversity of H. papilio haplotypes in North America as compared to Europe mirrors the higher diversity of 

vascular plants (Earl Latham & Ricklefs, 1993; Svenning, 2003), and both were probably similarly driven by 

glaciations. The phylogeographical history of H. papilio, used here as a convenient model taxon for protists 

lacking specialized morphological adaptation for dispersal, thus highlights the importance of historical 

processes in explaining the distribution of extant microbial diversity. 

Therefore, following a dispersal event, sympatric diversification could indeed have played a major role in 

shaping the current phylogeography of H. papilio (Figure S1). It remains to be determined if H. papilio is 

representative of free‐living micro‐organisms in general. H. papilio is large by microbial standards; testate 

amoebae mostly range between 20 and 200 μm and many other protists and most fungi and prokaryotes are 

smaller. H. papilio is also restricted to Sphagnum mosses, which, although widespread across the Holarctic, 

nevertheless constitute a very specific habitat. More generalist, smaller species and/or species possessing 

structures adapted to dispersal (e.g., fruiting bodies as in many other Amoebozoa; Shadwick, Spiegel, 

Shadwick, Brown, & Silberman, 2009) may show patterns which agree better with the second hypothesis. 

Elucidating the historical processes shaping the diversity of protists with different dispersal strategies, and 

comparing patterns with better known macroscopic organisms, will open the way to understanding the 

processes of diversification that produced the immense diversity existing today. 
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Figures 
 

 

Figure 1: Holarctic distribution of Hyalosphenia papilio lineages. Each circle corresponds to a sampling site 

where the lineage has been detected. Lineage codes correspond to phylogenetic groups, as identified in 

Heger et al. (2013). I and II provide a detailed representation of the Beringia area. Inset: light micrograph of 

H. papilio. The pyriform outline corresponds to the shell that protects the single‐cell body of the organism 

and its endosymbiotic microalgae (green dots). 
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Figure 2: Maximum likelihood (ML) and Bayesian concatenated phylogenetic tree from 76 unique 

sequences of Hyalosphenia papilio isolated from Sphagnum peatlands across the Holarctic realm. Numbers 

along branches represent, respectively, bootstrap support values obtained by ML and posterior 

probabilities as calculated with Bayesian analyses. Trees were rooted internally based on the topology of 

trees obtained in previous studies (Heger et al., 2013; Kosakyan et al., 2016), which showed two major 

clades with maximum support; we rooted the tree between these two clades. The tree also represents the 

different lineages obtained with the ABGD and GMYC analyses and the Kimura 2‐parameter test. 
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Figure 3: Median joining haplotype network of the cytochrome oxidase subunit 1 (COI) gene of 

Hyalosphenia papilio from Sphagnum peatlands in the Holarctic realm. Grey boxes and letters represent 

the different lineages identified in the present study. Colours indicate geographical regions (legend: bottom 

right inset). Circle sizes are proportional to the number of sequenced single cells of H. papilio within each 

haplotype. Cross lines show the number of mutational steps between haplotypes. 
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Figure 4: Biogeographical analysis of Hyalosphenia papilio from Sphagnum peatlands across the Holarctic 

realm using biogeobears. The four biogeographical areas are: Eastern North America (in blue), Western 

North America (in red), Europe (in purple) and Asia (in green). Pie charts at nodes indicate support for 

each area. The tips are labelled with present‐day distributions. The secondary colours indicate range 

combinations of the tip ranges. 

 

 
Figure 5: Relationship of lineage climatic niche breadth to lineage range size (estimated as the number of 

locations where a given lineage is present) of Hyalosphenia papilio. Climatic niche breadth was estimating 

from Bioclim variables using the tolerance index of Dolédec et al. (2000). 
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Abstract. Protists are the most diverse eukaryotes. These microbes are keystone organisms of soil ecosystems 

and regulate essential processes of soil fertility such as nutrient cycling and plant growth. Despite this, 

protists have received little scientific attention, especially compared to bacteria, fungi and nematodes in soil 

studies. Recent methodological advances, particularly in molecular biology techniques, have made the study 

of soil protists more accessible, and have created a resurgence of interest in soil protistology. This ongoing 

revolution now enables comprehensive investigations of the structure and functioning of soil protist 

communities, paving the way to a new era in soil biology. Instead of providing an exhaustive review, we 

provide a synthesis of research gaps that should be prioritized in future studies of soil protistology to guide 

this rapidly developing research area. Based on a synthesis of expert opinion we propose 30 key questions 

covering a broad range of topics including evolution, phylogenetics, functional ecology, macroecology, 

paleoecology, and methodologies. These questions highlight a diversity of topics that will establish soil 

protistology as a hub discipline connecting different fundamental and applied fields such as ecology, 

biogeography, evolution, plant-microbe interactions, agronomy, and conservation biology. We are 

convinced that soil protistology has the potential to be one of the most exciting frontiers in biology. 

Keywords. Soil protists; Protozoa; Microbial interactions; Food web; Biodiversity; Functional diversity 
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Introduction 

Protists are everywhere, in aquatic and terrestrial ecosystems, free-living, and as symbionts (including 

parasites) of many organisms including humans. These usually single-celled or colonial microorganisms are 

by far the most diverse eukaryotes (Adl et al., 2012) and their species-numbers might easily exceed 10 

million (Global Soil Biodiversity Atlas; www.globalsoilbiodiversity.org). Since the term ‘protista’ was 

introduced (Haeckel, 1866), profound taxonomic re-orderings have taken place. The vast majority of 

eukaryotic lineages has been shown to be protists, with the exception of the derived monophyletic 

multicellular lineages: animals, plants, and some fungi (Burki, 2014). Electron microscopy and molecular 

phylogenies have revealed that both algal and protozoan lineages are intermingled throughout the 

eukaryote phylogenies (Delwiche, 1999; Burki, 2014), and hence it is less confusing to use Haeckel's broader 

category of ‘protist’. Similarly, the classical protozoan morphological categories: flagellates, testate and 

naked amoebae e but not ciliates - are not monophyletic but distributed across the eukaryotic tree of life (Adl 

et al., 2012). A snapshot of the immense morphological and phylogenetic diversity of soil protists is 

visualized in Fig. 1. We therefore recommend to use ‘protist’ as a term for all single celled phototrophic, 

mixotrophic and heterotrophic eukaryotes, with the exception of fungi. 

The huge diversity of protist species has only recently become evident as many morphospecies recognizable 

under the microscope were shown to hide many cryptic species (Boenigk et al., 2012). This ‘dark matter of 

biodiversity’ suggests that protist taxon richness has been considerably underestimated. A recent study of 

environmental eukaryotic diversity based on state-of-the art high-throughput sequencing (HTS) showed that 

protists are considerably more diverse than plants and animals in the sunlit zone of oceans (de Vargas et al., 

2015). HTS studies of soil protists have shown a wide diversity of non-phagotrophic protists and the 

diversity of protists in soils is at least as diverse as that in aquatic systems e.g. (Bates et al., 2013; Geisen et al., 

2015c). Nevertheless, soil protists are much less well studied than their aquatic counterparts and this gap is 

increasing (Fig. 2a). 

Soil protists have received relatively little attention mainly due to methodological challenges, especially their 

isolation from the opaque soil matrix. These, however, do not entirely explain why soil protists are relatively 

less studied than other soil organisms, especially bacteria, fungi and nematodes (Fig. 2b). The volume of 

work on microbial bacteria and fungi far outweighs protist studies, possibly because of their direct role as 

primary decomposers, and they represent monophyletic groups that can more easily be studied with various 

targeted methodological approaches (Foissner, 1987; Mitchell, 2015). Even soil viruses have been subject to 

more studies than soil protists, despite being extremely challenging to study (Fierer et al., 2007) and their 

uncertain functional importance in soils. The under-studied nature of soil protists is exemplified by a 

comparison between research on protists and on soil archaea, a domain erected in 1990 and reported to be 

functionally important in soil only decade ago (Leininger et al., 2006; Bates et al., 2011). Historically studies 

mentioning soil protists in the title were eight times more abundant than those including archaea (Fig. 2b, 

Supplementary Table 2). However, in the last 15 years, this pattern entirely changed; studies on soil protists 

decreased by 15% while those on other common soil organisms increased by at least 30%, especially soil 

archaea which increased by 88% (Fig. 2b, Supplementary Table 2). 

The relative decline of papers on soil protists strongly contrasts with what we now know about their 

ubiquity, diversity, and perhaps more importantly, their functional significance. Soil protists can both make 

an important contribution to primary production (Jassey et al., 2015; Schmidt et al., 2016) and play a key role 

in the decomposition pathways as consumers of bacteria (Clarholm, 1981; de Ruiter et al., 1995), fungi, other 

protists, and small invertebrates; they can also act as parasites of plants and animals (Adl and Gupta, 2006; 

Jassey et al., 2012; Geisen, 2016b). As predators, protists transfer nutrients to higher trophic levels in the soil 

foodweb (de Ruiter et al., 1995; Crotty et al., 2012). Protist predation also stimulates microbial activity and 

nutrient cycling via the microbial loop, thus stimulating plant growth (Bonkowski and Clarholm, 2012) and 

representing an important link between aboveground and belowground components. 

170



The functional significance, abundance, environmental sensitivity, rapid response times and increasing ease 

of analysis of soil protists also makes them invaluable bioindicators of a variety of aspects of environmental 

change (Foissner, 1987; Gupta and Yeates, 1997; Payne, 2013). A particular example of this is in paleoecology, 

where the hard shells of testate amoebae, diatoms and foraminifera are widely used in the reconstruction of 

past environments and past climate change over a range of timescales (Mitchell et al., 2008; Adl et al., 2011; 

Charman, 2015). 

Most of these applications are, however, based on a few often small-scale studies. Thus significant taxonomic 

and functional aspects remain largely untouched. Our aim in this report is to pool expert knowledge and 

opinion across the diverse field of soil protistology and soil microbial ecology to identify major knowledge 

gaps that need to be addressed and their significance for soil processes and ecosystem services. 

Materials and methods 

Approach to identify the 30 most relevant questions 

Our aim was to review research gaps both in the field of soil protistology and in general soil biology with a 

special focus on protists. In line with recent studies (Sutherland et al., 2013; Seddon et al., 2014), we aimed to 

pool community expertise to identify the most important questions in different broad categories. We 

modified previously-used methods (Sutherland et al., 2013; Seddon et al., 2014) to obtain a list of most 

interesting questions through a democratic, transparent, multi-step curation process. 

The participants in this process are involved in a wide range of research areas, with self-determined primary 

research area expressed as being ecology (62%), paleoecology (12%), evolution (9%), biogeography (6%), 

phylogeny (6%), taxonomy (3%), parasitology (3%). Each participant formulated up to 10 questions that they 

believed were most relevant for their future research. The resulting 368 questions were then compiled via an 

integrative group effort into consensus questions and placed into six major categories following a discussion 

by 16 of the participants at the German Society for Protozoology meeting in February 2016. We included 

very broad, general questions as well as highly specialized topics into similar scaled consensus questions. 

The resulting consensus questions were then re-evaluated and groupings adjusted in a vote. These questions 

(Supplementary Table 1) were sent out to all 47 participants, who individually indicated up to 12 priority 

questions with at least one being allocated in each of the six following categories: (i) Morphology, 

Phylogeny, Taxonomy, Evolution and Physiology, (ii) Diversity, Community Composition and 

Biogeography, (iii) Interactions among Protists and other Organisms, (iv) Functions of Protists, (v) Global 

Change, Bioindicators and Applications, and (vi) Methodology. 

All 47 participants were asked to provide their key scientific expertise and literature references for studies 

that (partly) addressed individual questions. Finally, minor comments raised by individual participants 

during the vote were integrated to clarify the questions and give consistent formatting without changing the 

meaning of the questions that had been voted upon. 

All individual votes were combined and five questions per category chosen to result in the final list of 30 key 

questions. When more than one question received the same number of votes (as present in categories 1, 2, 

and 4), these questions were sent out to all 47 participants for another vote on the selected questions only. 

Potential limitations 

Biases in broad-scale studies are impossible to avoid (Sutherland et al., 2013). On the other hand, the more 

interdisciplinary the panel of authors is in terms of cultural and societal background and specific scientific 

expertise, the more biases are reduced. Researchers working on soil protists are often ecologists, whereas 

taxonomists, phylogeneticists, and physiologists more often focus on aquatic taxa that are easier to isolate 

and cultivate. Indeed, participants who indicated ecology as their first expertise dominated our list of 

participants (62%). Ecology, however, is a broad field and our division into finer categories such as 

biogeography, paleoecology, community structure, and interactions resulted in a broad diversification into 
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different subcategories. Additionally, 21% of the participants indicated topics such as taxonomy, phylogeny, 

evolution, and physiology as their main expertise corroborating the wide diversity of research fields among 

the co-authors. 

The majority of participants are PhDs (Professor: 38%; Graduated scientists: 29%; Post-doc: 24%) with an 

average number of publications on protists of 43 (minimum = 1; maximum = 230). A high proportion of the 

participants work on multiple ecosystems (41%). Many focus on testate amoebae (41%) although 26% of 

them work on multiple morphogroups (ciliates, heterotrophic flagellates, amoebae, etc.). A majority (74%) of 

participants have a European background, but Asia, North and South America are also well represented, 

thus reducing potential impacts of geographic origin. Furthermore, most participants have international 

collaborations that partly compensate for gaps in the geographic distribution of individuals. 

Despite these potential limitations, we found few biases in the way participants replied to questions 

(Supplementary Results 1). Most participants (70%) selected questions evenly distributed across the six 

categories, except a small group of people mostly constituted of researchers from the same institute and/or 

with the same kind of expertise (phylogeny, taxonomy and evolutionary; see Supplementary Results 1). This 

small group allocated 45% of their votes to the category (ii). Except this small bias, most participants selected 

questions regardless of their experience, age, geographic background, and most importantly, their expertise 

and group of interest. 

Questions were differently formulated, hence we had to make decisions and remove some nuances as we 

merged similar questions. This resulted in some discussions about how questions should be best stated and 

consequently combined and grouped into non-predetermined categories. However, we preferred to receive 

non-restricted questions to stimulate lateral thinking as previously suggested (Sutherland et al., 2013); due to 

intensive exchange and to a democratic group effort at all steps of the procedure, we are convinced that we 

have reached a consensus format. 

Results and discussion 

The 30 most relevant consensus questions 

From the 107 questions in the final vote, 94% received at least one, 79% two, 67% three and 50% five votes 

showing that the preselected questions had a wide general appeal to the scientific experts involved 

(Supplementary Table 1). Therefore, all questions seem to be relevant for future studies that focus on soil 

protists. However, as we aimed at providing a highly specific list of the major research gaps and open 

challenges in soil protistology, we only provide the top-ranked 30 questions classified in six major categories 

that most researches voted upon. 

Linking the individual topics of this category is one of the major tasks confronting soil protistology. The 

coupling of morphology and phylogeny is crucial to obtain a stable taxonomic framework for protists. This 

is, for instance, crucial to answer evolutionary questions on the origin of eukaryotes (López-García and 

Moreira, 2015). Soil protists may have an important role to play in such research as most taxa likely remain 

unknown and novel higher-level taxonomic groups are continuously being discovered (Berney et al., 2015; 

Bass et al., 2016; Singer et al., 2016; Tice et al., 2016). Soil protists might fill remaining phylogenetic gaps from 

better-studied aquatic taxa to improve phylogenetic resolution within and between protist clades, as strict 

soil protist clades seem to be common (Bass et al., 2016). Sequencing whole genomes will reveal ancient traits 

of eukaryotes and potential changes in their function during the evolution of eukaryotes. In this respect, soil 

protists must certainly play a key role for understanding the evolution of the eukaryotic cell and, therefore, 

of life as a whole. 

While the morphological and phylogenetic framework for ciliates is reasonably well established (Lynn, 2008; 

Foissner, 2016), it remains rudimentary for other morphogroups as well as phylogenetic clades of protists 

(Kosakyan et al., 2016). The taxonomy of the groups has profoundly benefited from (mainly) 18S rRNA 

genebased characterisations that have often led to drastic changes in phylogenetic placements of individual 
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species, genera, families or even orders (Boenigk et al., 2012; Berney et al., 2015; Bass et al., 2016). This is 

exemplified by the morphologically and functionally diverse Cercozoa, which was the first protist clade 

inferred solely based on molecular phylogenetic information, and has become home to ever more 

morphologically different organisms (Bass et al., 2016). Therefore, the true extent of morphological and 

genetic variability in different groups of soil protists remains largely unknown and is a key missing gap for 

future studies (Q2). 

A key feature of soil protist species is their capacity for cyst formation as this allows them to resist constantly 

changing conditions, especially with respect to moisture and temperature. Furthermore, given that protists 

can excyst after decades, even millennia (Shmakova et al., 2016), cyst formation may protect species from 

becoming extinct at local or even at the global scales, influence population dynamics and maintain 

biodiversity (Corliss and Esser, 1974; Jones and Lennon, 2010) The importance of the cyst bank in ecosystem 

functioning and resilience remains largely unknown and have consequently been identified as a key element 

for future studies (Q1). More generally, this applies to all specific (physiological) adaptations of soil protists 

in comparison to their aquatic relatives (Q3, Q4) and to reproduction (Q5). 

We are progressively shedding light into the soil ‘black box’; however, knowledge on protists lags behind 

that of other groups (Fig. 2) (Wilkinson, 2008). Traditional studies have focused exclusively on a few of the 

‘classic’ morphogroups, especially ciliates and testate amoebae, at least partly due to their ease of isolation 

and feature-rich morphologies (Foissner, 1999). Despite dominating many soil protist communities in terms 

of numbers and diversity, flagellates and naked amoebae have remained understudied, due to their often 

smaller sizes, lack of diagnostic features when studied by light microscopy, and the need to establish 

specialised enrichment cultivation for their isolation from soils (Berthold and Palzenberger, 1995; Foissner, 

1999; Smirnov and Brown, 2004; Tikhonenkov et al., 2010). The development of molecular tools such as DNA 

barcoding and metabarcoding has considerably improved the situation in the last decade (Pawlowski et al., 

2012) and allowed a phylogenetically based (morphogroup-independent) and consequently much more 

detailed analysis of the entirety of soil protist communities. These studies have revealed an enormous 

diversity of protists inhabiting soils, a phylogenetic diversity that might be similar to that of bacteria e.g., 

(Bates et al., 2013; Geisen et al., 2015c; Mahé et al., 2017). Also, groups of protists previously almost unknown 

from soils have been shown to be common e.g. choanoflagellates, foraminifera, dinoflagellates, parasitic 

apicomplexans and pathogenic oomycetes (Bates et al., 2013; Geisen et al., 2015c; Grossmann et al., 2016; 

Mahé et al., 2017). Therefore, we are only beginning to understand the diversity of soil protists (Q10), which 

part is active, how this diversity differs in different soil environments (Q6), how protist communities are 

structured by, e.g., abiotic factors (Q7, Q8) (Geisen et al., 2014a, 2015c; Lentendu et al., 2014; Dupont et al., 

2016). 

In addition, the biogeography of (soil) protists has been addressed in some studies, but it is still unclear 

which and how many groups display a restricted biogeography and what the factors are that shape these 

distributions (Q8, Q9). Although distribution of bacteria may support the hypothesis that “everything is 

everywhere, but, the environment selects” (Baas-Becking, 1934), its extrapolation to protists has been 

countered, particularly, by work on ciliates and testate amoebae (Foissner, 2006, 2008; Fernández et al., 2016). 

The diversity and biogeographical distribution of protists, is, therefore, one of degree (rather than all 

cosmopolitan or all limited) and the possibility exists that the investigation of cryptic diversity within 

morphospecies will allow a finer-scale resolution of these questions. 

Soil protists are still predominantly considered as being mainly bacterivorous (Bradford, 2016; Geisen, 

2016a). Differential feeding by protists stimulated by bacterial volatiles modifies the community composition 

of bacteria (Bonkowski, 2004; Glücksman et al., 2010; Schulz-Bohm et al., 2017), which results in functional 

changes in the bacterial community structure (see next section). Many free-living bacteria can, in turn, 

defend themselves against certain protist predators and even kill them (Greub and Raoult, 2004; Jousset et 

al., 2006). Several bacteria, viruses, and even other protists can also parasitize protist hosts (Barker and 

Brown, 1994; Raoult and Boyer, 2010). 
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The prey spectrum of protists has, however, repeatedly been shown to be much more diverse than bacteria. 

Indeed, archaea (Ballen-Segura et al., 2017), fungi (Gupta and Germida, 1988; Ekelund, 1998; Adl and Gupta, 

2006; Geisen et al., 2016), other protists (Page, 1977; Jassey et al., 2012), and nematodes (Bjørnlund and Rønn, 

2008; Geisen et al., 2015b) constitute prey for diverse protist species. Recently, HTS approaches have 

revealed the ubiquitous presence and dominant roles of protist parasites and pathogens in soils, and they 

likely represent a key component controlling other soil organisms including larger soil metazoans (animals) 

and plants (Geisen et al., 2015a; Dupont et al., 2016; Geisen, 2016b). This draws attention to the enormous 

complexity and importance of protist interactions with other organisms (Bonkowski, 2004). 

Due to our limited knowledge of protist diversity and because most studies have used only one or few 

protists as models, we lack understanding about most aspects of how soil protist communities interact with 

other organisms. Disentangling the diverse interactions of protists with other soil organisms (Q11, Q12, 

Q15), the exact mechanisms (Q14) and the resulting importance for functioning (Q13, Q14), therefore, are key 

knowledge gaps necessitating future research. 

Many acknowledged functions of soil protists are attributed to interactions with other organisms as outlined 

above. Especially important is the role of protists in driving the microbial loop, i.e. releasing nutrients 

(particularly nitrogen) bound in bacterial prey. The microbial loop has been demonstrated both in aquatic 

(Azam et al., 1983) and soil systems (Clarholm, 1985). This ground-breaking research identified protists as 

important drivers of the global ecosystem. Subsequent work on the microbial loop demonstrated that 

differential feeding by protists on bacterial prey is beneficial for plant growth (Bonkowski, 2004; Rosenberg 

et al., 2009). The main focus in earlier studies was, however, mainly on nitrogen cycling, and the importance 

of protists for cycling of other elements such as carbon and phosphorus has been relatively neglected, with 

few exceptions (Cole et al., 1977; Gupta and Germida, 1988; Treonis and Lussenhop, 1997; Frey et al., 2001; 

Murase et al., 2011; Eisenhauer et al., 2012; Jassey et al., 2015). Protists might even play a role in silica cycling 

as some use Si as reinforcing elements or in an exoskeleton (Aoki et al., 2007; Creevy et al., 2016). More 

thorough investigations about the functional roles of additional protist species and communities as a whole 

will likely reveal insights into the importance of protists in biogeochemical nutrient cycling. This was 

identified by most participants of this study as the most important question for future research (Q16). 

In contrast to free-living protists, plant pathogenic protists, such as oomycetes or plasmodiophorids, have, 

not surprisingly, attracted considerable attention due to their agro-economic impact (Anderson et al., 2004; 

Bell et al., 2006; Neuhauser et al., 2014). These were, however, until very recently often considered as ‘fungi’ 

(Schardl and Craven, 2003; Gams et al., 2011). Similarly, soil protists with immediate relevance for human 

diseases such as those directly harmful to humans (Schuster, 2002; Siddiqui and Ahmed Khan, 2012; Geisen 

et al., 2014b) and those that act as “Trojan horses” harbouring human-pathogenic bacteria (Brown and 

Barker, 1999; Molmeret et al., 2005) have received considerable attention. In turn, the role of protists in plant 

disease control due to, e.g., increasing bacterial biocontrol agents (Jousset, 2012) or by directly feeding on 

plant pathogens (Old and Chakraborty, 1986; Geisen et al., 2016) has received comparatively little attention. 

In line with their importance in nutrient cycling and as biocontrol agents, the role of individual protist 

species and that of protist diversity for the general functioning of soils and ecosystems (Q17, Q18, Q20), also 

in comparison to other groups of microbes (Q19), were identified as important questions to be addressed in 

future studies. 

Protist communities are often studied as bioindicators of past and present climatic conditions, land use 

changes and pollution (Gupta and Yeates, 1997; Mitchell et al., 2008). Abiotic changes affect protists in 

species-specific ways, thus forming the basis for their use as bioindicators (Fournier et al., 2012). They may, 

for instance, provide information on soil state in agro-ecosystems (Foissner, 1997, 1999; Bharti et al., 2015). 

Testate amoebae and their subfossil remains have been used to evaluate wetland hydrological conditions, 

applied, for instance, in studies of peatland restoration (Marcisz et al., 2014) and reconstruction of Holocene 

environmental change (Turner et al., 2014; Lamentowicz et al., 2015; Payne et al., 2015). However, more 

generally, there has been little progress on evaluating protists as bioindicators even though reliable 

indicators to assess soil quality continue to be of high relevance (Griffiths et al., 2016) as also revealed here 
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(Q22). Application of protists for stimulating plant performance in terms of nutrition, growth, productivity 

and disease suppression holds great promise but has received little attention (Q24). 

Effects of ongoing global climate change and human impact on the environment are the focus of increasing 

scientific attention. Global warming has been shown to alter the abundance and community structure of 

protists (Tsyganov et al., 2011; Jassey et al., 2013) in the limited number of studies that have been done. 

Predicted changes in precipitation regime will likely affect water availability, which will impact protist 

communities directly (Clarholm, 1981; Bates et al., 2013; Geisen et al., 2014a). Elevated atmospheric CO2 has 

also been shown to increase abundance and changes community structure of rhizosphere protists, possibly 

due to increased plant productivity and enhanced release of root organic exudates (e.g., (Treonis and 

Lussenhop, 1997; Anderson and Griffin, 2001; Rønn et al., 2002)). Increased air pollution by nitrogen, 

sulphur, tropospheric ozone and metals are also likely to alter protist abundance and diversity (Meyer et al., 

2012; Payne et al., 2012, 2013). Most of these studies focused on testate amoebae, but it is important to study 

how global environmental changes affect entire protist communities (Q21, Q23, Q25) as these changes are 

likely to have significant impacts on ecosystem functioning/ services and, consequently, on human welfare, 

and may provide more informative markers of environmental change. 

Diverse methods are used to study community structures of soil protists. Even with respect to more classical 

culturing and morphological observational techniques, the application of methods of non-protistological 

disciplines, such as mycology, have the potential of broadening our perspectives on the soil protist 

community (Spiegel et al., 2004). However, especially recent developments in molecular sequencing 

technologies, have changed and will continue to change our knowledge about protist diversity and 

community structure in soils (Bates et al., 2013; Geisen et al., 2015c). However, some issues relating to HTS-

based efforts remain as they provide relative abundances of taxa without providing information on absolute 

abundances. For example PCR-based HTS efforts have been shown to artificially alter the observed 

community structure of soil protists, a problem which needs to be solved to decipher their real community 

structure (Geisen et al., 2015a). PCR-free ‘omics-approaches’, i.e. metagenomics and metatranscriptomics, 

might resolve some of these issues (Geisen et al., 2015c; Jacquiod et al., 2016). Indeed, these sequence-based 

omics approaches and sequence-independent metaproteomics provide valuable information not only on 

taxonomic diversity but also on their potential functions (Prosser, 2015). Calibrating, standardizing and 

adopting community-defined methodologies to study soil protists will, consequently, be key for cross-study 

comparisons (Q27) and correct sampling and analyses through different scales need to be defined a priory 

(Q28, Q29). Furthermore, it is essential to identify the most meaningful taxonomic levels to use in the study 

of diversity and functioning of soil protists (Q26), but even the definition of a species remains a challenge 

(Boenigk et al., 2012) and integrating morphology to phylogeny to function remains missing (Q30). 

In addition, medical and novel imaging techniques applied to soil are revolutionising in situ work allowing 

us to study protist species in undisturbed soil and on plant roots. These include applications of NanoSIMS 

technology to precisely locate isotopic markers and isotopic composition of material in fixed preparations 

and to study dynamics of nutrient fluxes (Stockdale et al., 2009), which allows tracing nutrient flow from 

microbial prey to protist predator and further in the food web in high resolution. This will allow detailed 

investigations how protists selective interact in microsites with their prey, how nutrients become released 

and where they are translocated. Applications of a variety of X-ray based synchrotron spectroscopy and 

tomography with undisturbed soil is becoming technically feasible and permits the study of dynamics and 

fluxes at a very fine resolution without interfering with the matrix (Keyes et al., 2013). The ability to use soils 

with intact fine roots, and examining undisturbed natural soil communities finally provides access to 

rhizosphere processes. Techniques to measure and analyse chemically soil community molecular 

interactions and communications are now only a few steps away. 

(Partial) knowledge gaps and future directions 

In this paper we provide a guide to 30 highly relevant questions for future studies in soil protistology. 

Research has already been conducted on many of these questions. Literature searches and personal 
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knowledge of the literature allowed us to identify studies that addressed 91% of the initial and 97% of the 

final questions. However, many of these studies focus on organisms other than soil protists (e.g. aquatic 

protists or non-protist microbes), and may not be directly applicable to the situation with soil protists. The 

fact that these 30 questions have been identified by our pool of experts strongly implies that previous 

research has been insufficient to provide conclusive answers. In Supplementary Table 1 we provide an 

extensive bibliography of previous research relevant to addressing these questions. This bibliography will be 

a valuable literature guide to the current state of the art on soil protistology. 

We are beginning to understand many aspects of soil protist biology, as we are identifying the hyperdiverse 

nature of protist communities, determining their (a)biotic drivers, deciphering interactions with other 

organisms, and shedding light on their importance in ecosystem dynamics. So far, however, we are only 

seeing the tip of the iceberg. Addressing many of the 30 questions highlighted here will undoubtedly reveal 

novel insights, not only into soil protists, but also into other organisms, soils, and fundamental ecological 

processes. We hope that these questions will be used to catalyse soil protistology and to build research 

agendas for the future. More specifically, we encourage both protistologists and researchers in closely 

related fields to consider these questions carefully and to use them to develop new and innovative 

individual and collaborative projects. With newly available techniques, an increase in knowledge and a 

growing awareness of the importance of soil protists, we are at the start of a bright future for soil protist 

research! 
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Figures 

 

Figure 1: Common free-living soil protists as visualized by size (lengths), morphology and phylogenetic 

affiliation. Note, soil protists belong to a wide range of supergroups (in brackets), whereas animals are only 

placed in the supergroup Opisthokonta. Furthermore, soil protists span a much wider size range than 

commonly assumed. With the exception of ciliates, morphogroups are not phylogenetically conserved and 

are placed in different eukaryotic supergroups. Most soil protists can occur in different life forms including 

active form (amoeba, flagellate, ciliate), but most form cysts, while some can form special reproduction 

structures (sorocarps and fruiting bodies). 

 

 

 

Figure 2: (a) Overview of studies specifically mentioning protists in the title in 5-year intervals since 1980. 

Soil studies represent only about a fraction of aquatic studies (separated into freshwater, marine and those 

that more broadly indicate aquatic) showing a strong increase in protist research in aquatic, but not soil 

environments; (b) Comparison of soil studies specifically mentioning protists in the title with those on other 

micro-sized organisms including viruses (blue filled circles), archaea (green open circles), bacteria (red 

diamonds), fungi (orange crosses) and nematodes (green triangles). See Supplementary Methods for details 

on the search. (For interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
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