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bstract

Amoeboid protists are extremely abundant and diverse in natural systems where they often play outstanding ecological
oles. They can be found in almost all major eukaryotic divisions, and genomic approaches are bringing major changes in our
erception of their deep evolutionary relationships. At fine taxonomic levels, the generalization of barcoding is revealing a
onsiderable and unsuspected specific diversity that can be appreciated with careful morphometric analyses based on light and
lectron microscopic observations. We provide examples on the difficulties and advances in amoeboid protists systematics in

 selection of groups that were presented at the VIIIth ECOP/ISOP meeting in Rome, 2019. We conclude that, in all studied
roups, important taxonomical rearrangements will certainly take place in the next few years, and systematics must be adapted
o incorporate these changes. Notably, nomenclature should be flexible enough to integrate many new high level taxa, and a

nified policy must be adopted to species description and to the establishment of types.

 2020 Elsevier GmbH. All rights reserved.

eywords:  Cercozoa; Lobose amoebae; Myxomycetes; Taxonomy; Testate amoebae
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ntroduction

Amoeboid protists (=amoebae) designate those unicellu-
ar eukaryotes that use pseudopods, mobile extensions of the
ytoplasm supported by acto-myosin or tubulin cytoskele-

al elements, for feeding and locomotion. Such organisms
an be found in practically all environments on Earth that
re accessible to eukaryotic life, from deep sea to desert soil
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ncluding hydrothermal, hyperacidic, anoxic and endobiotic
abitats. They are mostly phagotrophic, and are generally
ssociated with substrates such as sediment and soil aggre-
ates where they use their pseudopodia for anchoring and
oraging on diverse prey items. They can be very abundant,
specially in soil where they reach abundances up to 105

ndividuals per gram of soil (Adl and Gupta, 2006). Their
redatory action on bacteria and other eukaryotes is crucial in

he cycling of nutrients in soil ecosystems and impacts in  fine
n fertility and plant production (Geisen et al., 2018). Envi-
onmental molecular diversity surveys suggest the existence
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f an immense diversity in some groups at least (Geisen et al.,
014a; Harder et al., 2016; Lecroq et al., 2011; Lejzerowicz
t al., 2010). This contrasts with the relatively limited num-
er of species described, that has been estimated to about
3,500 (Adl et al., 2007); interestingly, the groups that host
he largest organisms, that is, Foraminifera, Arcellinida and

yxomycetes/Dictyostelids represent together 94% of all
escribed species. The difficulty of observation and the lack
f obvious external morphological features in many taxa pre-
ented for a long time the establishment of a taxonomic frame
or amoebae (Smirnov et al., 2011). Nowadays, however, the
ombination of barcoding and genomic data with ultrastruc-
ural traits is currently overcoming this obstacle both for deep
odes and fine, species level taxonomy. It is well-known now
hat environmental diversity of protists is immense and cer-
ainly overtakes that of animals and plants in many terrestrial
Fiore-Donno et al., 2019a; George et al., 2019; Mahé et al.,
017) and marine habitats (de Vargas et al., 2015). Classify-
ng the immense, “nearly imponderable” diversity of protists
including amoebae) (Foissner, 1999) appears therefore as a
rerequisite to characterize the organisms that take part in
he many ecosystemic processes that are responsible for the

aintenance of the biosphere. It is also necessary to charac-
erize the evolutionary pathways followed by the eukaryotes
hat make up the bulk of the current diversity (Burki et al.,
020).

Amoeboid protists had been grouped within the Super-
lass Rhizopoda (lobose, heterolobose, filose, and reticulose
moebae, and mycetozoans), which, together with the Super-
lass Actinopoda (radiolarians and heliozoans), formed the
ubphylum Sarcodina (Levine et al., 1980). But the onset
f molecular data, from single gene to genome-wide have
ompletely changed this classification (Pawlowski and Burki,
009) as it is now known that amoebae are scattered almost
ll over the whole eukaryotic tree.

ntegrating the newly described diversity
nto  the system

These changes in amoeba classification reshuffled eukary-
tes systematics, revealing new clades (see Kang et al.,
017 for instance) which often shifted hierarchical ranks
nd caused the redefinition of taxa. A practical solution was
ffered by the using the Phylocode, which defines taxa based
n phylogenetic position and thus avoids name changes and
ank shifting when a new clade is defined (Cantino and de
ueiroz, 2020). The use of a rankless nomenclature has been

avored by protistologists (Adl et al., 2005, 2012) due to
he instability of eukaryotic phylogeny, although attempts
f ranking taxa have been made recently because of a sta-

ilization of deep eukaryotic nodes (Adl et al., 2019). The
stablishment of ranks depends therefore on the state of
nowledge in the groups; in the case of amoeboid protists,
esearchers adopted a consensual attitude, which integrates
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innean and phylogenetic nomenclatures. As an example, the
hylocode was used for higher hierarchical levels within
moebozoa (Kang et al., 2017) while Arcellinida were

reated as an order, followed by nested hierarchical levels
uch as suborders and infraorders (Lahr et al., 2019), thus
eeping a maximum of nomenclatural stability.

Another element that has been subject to debate is the
ature of types in Amoebozoan systematics. Types are
t the very core of Linnean systematics, as they serve as
eferences for species. As (sexual) eukaryotes (Lahr et al.,
011; Hofstatter and Lahr, 2019), the concept of species in
moebae does not change fundamentally from the larger
nd better-known plants and animals; a species being the
ost exclusive phylogenetic unit where individuals share

 common evolutionary history. It is therefore logical that
ypification follows the same rules. The description of any
ew species must be accompanied by a type that must be
ccessible to the other researchers; botanists for instance
ave access to herbaria containing dry material, from which
NA can be extracted after decades. For most amoebae,
owever, there is no straightforward solution. The ideal
ethod would certainly be preserving living strains in a cul-

ure collection. Yet, many amoeboid protists cannot be kept
n stable, monoprotistan cultures. Moreover, according to the
rovisions of the Codes of nomenclature, the type material
ust have a potential to be kept forever. This is often not the

ase for the cultures that can get degraded or lost not only
ue to negligence, but also for intrinsic reasons that are not
ntirely understood. Fixed material can alternatively be made
vailable to researchers online, as with Eugène Penard’s
wn collection at the Natural History Museum of Geneva
https://commons.wikimedia.org/wiki/Commons:Penard
roject). These specimens are kept in Canada balsam on
icroscope slides, and cannot be observed with electron
icroscopy, a prerequisite to the identification of many

moeboid species (Kudryavtsev and Smirnov, 2006; Lara
t al., 2007). For these reasons, we recommend the use of
icrographs as name-bearing types as suggested for protists

y (Duszynski, 1999), accompanied if needed with good
ine drawings. Because of the extensive cryptic diversity
ound in protists in general, we also strongly recommend
arcoding newly described species using an appropriate
arker as detailed in Pawlowski et al. (2012). A precise

escription of the terra  typica  of the new species and the
riginal biotope (vegetation, climate, local parameters like
H) should be provided with all new descriptions.
Based on the communications that have been given during

he symposium “Systematics of amoeboid protists” during
he VIIIth ECOP/ISOP meeting in Rome, August 2nd 2019,
e are giving here an overview of the latest advances and dif-
culties in the systematics of four chosen groups: Arcellinida,
yxomycetes, Vannellida and Himatismenida (Amoebozoa;
ig. 1) and shell-bearing Cercozoa (Rhizaria; Fig. 2). Our
im was not to provide an updated version of the classifica-
ion of amoeboid protists, as it has been recently reviewed in
Adl et al., 2019) and other specialized literature. Instead, we

https://commons.wikimedia.org/wiki/Commons:Penard_project
https://commons.wikimedia.org/wiki/Commons:Penard_project
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Fig.  1.  Schematic tree of the Amoebozoa showing the main subdivisions. The taxa documented in this study are shown in bold.

Fig.  2.  Overview of cercozoan (Rhizaria; Cercozoa; Filosa) diversity. Illustrations show shell-bearing amoeboid taxa. The branching of the
tree follows a consensus of current cercozoan phylogenies. Drawings are not in scale.



4  / Europ

w
t
t

A
e

t
p
t
m
b
b
i
i
l
m
t
g
2
p
m
i
2
w
r
e
u
o
t
v
s
c
d
t
M
s
n
m
b
r
f
a
t
o
a
i
b
h
r
s

e

s
d
t
b
a
m
g
r
a
c
u
f
a
t
a
i
t
s
(
N
N
t
B
r
d
o
o
l
h
i
t
d
c
i
t
d
s
e
m
t
s
d
a
2
2

C
s

M

 E. Lara, K. Dumack, J.M. García-Martín et al.

ished to highlight common issues in (amoeboid) protist sys-
ematics based on selected examples, and propose solutions
o overcome these difficulties.

rcellinida, a mega diverse group that
merged  before the animals

Arcellinida, the lobose testate amoebae, are a group of
errestrial and freshwater protists that build a test made of
rotein that is in most taxa reinforced with mineral elements
hat can be either self-secreted or taken up from the environ-

ent. Contrary to the previous opinion that there is a major
asal dichotomy of lobose amoebae between naked amoe-
ae (Gymnamoebia) and testate amoebae (Testacealobosia,
ncluding Arcellinida) (Page, 1987), the first molecular stud-
es have shown that Arcellinida were nested within naked
obose amoebae (Nikolaev et al., 2005). Arcellinida pre-

olecular deep systematics has been rapidly challenged by
he first molecular phylogenetic studies based on SSU rRNA
ene, as both most species-rich genera Nebela  (Lara et al.,
008) and Difflugia  (Gomaa et al., 2012) were shown to be
araphyletic. In general, overall test shape proved to be a
ore reliable trait for broad phylogeny than test composition,

n disagreement with the traditional taxonomy (Meisterfeld,
002). In contrast, pseudopodia shape (blunt vs. conical)
as retained as a major criterion, as it permitted the sepa-

ation of Phryganellina from all other Arcellinida (Dumack
t al., 2019). However, although the enrichment of the molec-
lar database with new sequences improved the topology
f the arcellinid tree, the long branches formed by certain
axa (Gomaa et al., 2017; Kudryavtsev et al., 2009) pre-
ented the construction of a robust phylogenetic tree based
olely on SSU rRNA gene sequences. A conserved mito-
hondrial marker that has been recently proposed to resolve
eep nodes seems perform well, but still needs to be applied
o a broader taxonomic sampling (Blandenier et al., 2017;

acumber et al., 2020). The application of single cell tran-
criptomics performed optimally in resolving the deepest
odes of Arcellinida (Lahr et al., 2019). Interestingly, the
orphological reconstruction of the ancestral shell shapes

ased on knowledge from modern Arcellinida clades cor-
esponded exactly with vase-shaped microfossils dated back
rom the Neoproterozoic (750 MYA), before the first animals
ppeared (Lahr et al., 2019). The diversity of shapes encoun-
ered in these fossils suggested that many functional types
f Arcellinida were already present back then and, as almost
ll arcellinids are voracious microbial eukaryote predators,
ndicates that their protistan preys were already diversified
efore the first animals had appeared. Still, many genera
ave not been characterized molecularly, and enriching cur-

ent dataset, especially with genomic data will be needed to
et the backbone of the Arcellinida tree.

While deep phylogenetics aim at unravelling the first
vents in eukaryotic life, “shallow taxonomy” concerns

M

a

ean Journal of Protistology 76 (2020) 125727

pecies-level diversity, which is the basic unit for measuring
iversity. While an approach to species delimitation based on
he mayrean biological species concept (Mayr, 1942) cannot
e applied easily to unculturable protists, a “three headed”
pproach has been proposed to discriminate individuals when
orphological discontinuities correspond to genetic diver-

ence and differing ecological preferences. Practically, this
equires the use of a genetic marker that can discriminate
t the species level; the first subunit of the mitochondrial
ytochrome oxidase, a classical barcoding marker widely
sed for animals (Hebert et al., 2003) has been proven use-
ul for certain Amoebozoa (Nassonova et al., 2010). The
pplication of this marker to Hyalospheniformes (arguably
he best known clade of Arcellinida) revealed a consider-
ble genetic diversity within practically every morphospecies
nvestigated (Kosakyan et al., 2012). After careful investiga-
ion, it appeared that genetically divergent forms could be
eparated based on morphology, at least in genus Nebela
Kosakyan et al., 2013). The species originally described as
ebela collaris  (Ehrenberg), N.  flabellulum  Leidy, 1876 and
. tincta  (Leidy, 1879) were found to fit the original descrip-

ions, including the typical environments and the terra  typica.
ased on its position in the phylogenetic tree, Nebela  tincta

otunda  was given species rank; other forms needed to be
escribed as new species (Kosakyan et al., 2013). A survey
f the distribution of these organisms across the microniches
f two peatbogs showed that each form had diverging eco-
ogical optima (Singer et al., 2018), thus fulfilling the “three
eaded” approach for species delimitation (Fig. 3). However,
n other genera like Hyalosphenia, extensive phenotypic plas-
icity seems to hide any possible traits that could be used to
iscriminate species; test size and pore numbers are more
orrelated to local hydro-regime and climate than to genet-
cs (Mulot et al., 2017). Nevertheless, the 13 genetic lineages
hat constitute the morphospecies Hyalosphenia  papilio  have
ifferent geographic distribution areas (Heger et al., 2013), a
ituation that can be explained by historical reasons (Singer
t al., 2019). This cryptic  diversity confirms the need for a
ulti-focus approach to species delimitation. Furthermore,

he illustrative examples of genera Nebela  and Hyalosphenia
how that a considerable specific diversity still awaits to be
escribed within Arcellinida, notably in less-known groups
nd in undersampled areas such as Eastern Asia (Qin et al.,
016) or the Mesoamerican corridor (Perez-Juarez et al.,
017).

Type  material  in Arcellinida consists in tests preserved in
anada balsam or on metallized stubs for observation with

canning electron microscope.

olecular systematics revolutionize

yxomycete taxonomy

Myxomycetes, also known as plasmodial slime molds, are
 diverse assemblage of amoeboid protists characterized by
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Fig.  3.  Illustration of members of the genus Nebela  inhabiting European peatlands. These species differ only slightly in morphology, are
genetically distinct, (A) N.  collaris, a generalist species; (B) N.  gimlii, found in forested peatlands under relatively dry conditions; (C) N.
guttata  found on nutrient-poor hummocks; (D) N.  pechorensis  from forests with relatively high nitrogen content; (E) N.  tincta, also from
h  10 �m
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ummocks; (F) N.  rotunda, also a typical forest species. Scale bar =

 complex lifecycle that includes, among other stages, free
iving amoebae and flagellate cells feeding on soil microor-
anisms, and macroscopic spore-bearing structures, called
porophores. Since the nomenclature of Myxomycetes Link
833 is specifically covered by the International Code of
omenclature for algae, fungi, and plants ICN, and most

pecies have been also described under that code, we advocate
or following it to preserve name stability (Lahr et al., 2012),
lthough most Amoebozoa fall within the International Code
f Zoological Nomenclature ICZN (Adl et al., 2019).

Given that neither amoeboid nor flagellated life stages
resent obvious distinguishing characters, Myxomycete tax-
nomy largely relies on sporophore morphology, but it
emains unclear how far the traits commonly used to separate
roups are real synapomorphies that can be used among nat-
ral clades. Indeed, intergeneric morphological differences
an be very subtle and some species present features that
ridge the gaps among different genera or even higher ranked
lades, thus casting doubt on the validity of the whole taxon-
my (Eliasson, 2017; Walker and Stephenson, 2016).

In the last two decades, there have been multiple attempts
o shed light on the phylogeny of Myxomycetes using SSU
RNA gene sequences, or these combined to EF-1�  gene
ata (Cainelli et al., 2020; Erastova et al., 2013.; Fiore-

onno et al., 2012, 2013, 2010, 2019b; Kretzschmar et al.,
016; Strelow et al., 2020). According to their results,
hree of the five orders traditionally recognized (Martin and

e
d
P

. Credit: photos by Anush Kosakyan.

lexopoulos, 1969; Nannenga-Bremekamp, 1991) are arti-
cial, and several genera are either para- or polyphyletic
Fig. 4). Nevertheless, and despite that Myxomycetes stand
mong the first protists molecularly characterized (Baldauf
nd Doolittle, 1997; Spiegel et al., 1995), a highly robust
nd comprehensive phylogeny for this group, and in particu-
ar for Physarales, does not exist due to the insufficient gene
nd species sampling used so far (Fiore-Donno et al., 2013;
arcía-Martín et al., 2018).
To address this issue, the evolutionary relationships of
yxomycetes have been investigated by using the first and

nly representative collection of transcriptome data gen-
rated for these organisms to date (García-Martín et al.,
npublished data). The preliminary results of this ongo-
ng study are promising and undoubtedly prove that the
lass Myxomycetes, the subgroups Amaurosporales and
amprosporales (Lister, 1925), and both orders Physarales
nd Trichiales are natural groups, confirming the valid-
ty of their respective synapomorphies to define high-level
elationshipsGarcía-Martín et al., 2019).

Furthermore, the internal relationships of Physarales, a
roup that has previously received little research attention
espite its tremendous morphological and ecological diver-
ity, have been analyzed using a four-gene dataset from an

xpanded taxon sampling (García-Martín et al., unpublished
ata). It includes the type species of most genera ascribed to
hysarales, a sine  qua  non  for proposing taxonomic changes,
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Fig.  4.  Schematic representation of the Myxomycete phylogenetic tree, sum
of several genera. Black dots represent fully supported nodes.

Fig.  5.  Sporophores of the species Diachea  leucopodia  (Bull.) Ros-
taf., the type species of genus Diachea. Scale bar = 0.5 mm. Credit:
p
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that sequence data are not available for many type species,
hoto by Carlos de Mier.

nd provides evidence for pervasive non-monophyly at famil-
ar and generic levels, with only the multispecies genus
iachea Fr. (Fig. 5) being valid as currently circumscribed

García-Martín et al., 2019). It has also been evidenced that
orphological homoplasy is exceedingly common so, on

heir own, most phenotypic traits traditionally used to define
he genera, such as the type of sporophore and capillitium,

he presence of clustered spores, the degree of calcification
f some structures, etc. (Keller et al., 2017), are of limited
se as taxonomic characters.

g
p

marizing previous phylogenies and illustrating the non-monophyly

Taxonomic issues are not dealt with here, but it is impor-
ant to note that para- and polyphyly are particularly rampant
n Physaraceae. To solve this problem, two approaches could
e used: (1) merging all genera together into a single genus or
2) splitting Physaraceae into well-supported monophyletic
ntities, recognizable based on a unique combination of phe-
otypic characters. The first strategy does not seem to be
dvisable as the resulting genus would be morphologically
ighly diverse, thus hardly diagnosable, and much nomen-
latural changes would be required. Therefore, following the
econd approach, several species have been transferred to
ther genera, the resurrection of generic names for those
lades comprising the type of a synonymized genus has been
onsidered and molecular signatures have been proposed for
ach clade as diagnostic traits, given the scarcity of non-
omoplastic morphological synapomorphies, as in (Sheikh
t al., 2018).

Both unpublished studies presented in Rome provide new
nsights into the phylogeny, taxonomy and systematics of

yxomycetes, and introduce considerable changes to the
enus-level taxonomy of Physarales. They also stress the
mportance of data acquisition and implementation of new

ethodologies, such as transcriptomics, while encourage
urther molecular research on these topics. However, phy-
ogenetic relationships among and within Myxomycetes are
ar from being fully resolved. Given the size of this group and
eneric boundaries are highly uncertain and some taxonomic
roblems still remain.
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Fig.  6.  Light micrographs (DIC) of the locomotive forms of vari-
ous small members of Vannellida, including Paravannella  minima
(Pm) Kudryavtsev, 2014, Ripella  spp. (R), Clydonella  sawyeri  (Cs)
Kudryavtsev and Volkova, 2018, and several still unnamed gen-
era. All to scale; scale bar = 10 �m. Credit: photos by Alexander
K
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Only by combining additional multigene phylogenies, that
ust include types, with thorough morphological, ecological

nd ultrastructure studies we will improve our understanding
f the systematics of these elusive protists.
Type  material  in Myxomycetes consists in dried fructifi-

ations that are preserved as herbarium material. Spores can
e obtained from this material and revived after decades.

idden diversity in the tiny species of naked
obose amoebae

While the two groups detailed before include large sized
rganisms with conspicuous morphologies, naked (non-
estate) amoebae always posed one of the most difficult
hallenges for protist taxonomists, especially those taxa that
nclude the smallest representatives. At the very beginning
f the foundation of lobose amoebae taxonomy based on
eproducible morphological traits (Schaeffer, 1926), an opin-
on was dominating that about 75% of all known naked
moebae species could be easily classified based on mor-
hology, while the remaining 25% were too small and too
oorly studied for this (Schaeffer, 1926). After the basis of
he classification was set by Schaeffer, the taxonomy has
een developing through the 20th century by descriptions
f more different taxa and a broad application of electron
icroscopy in hope to reveal more permanent characters

hat might prompt for phylogenetic relationships (Bovee
nd Sawyer, 1979; Page, 1987). However, the first molec-
lar phylogenetic studies of amoebae showed that many
tructural characters had lost traces of phylogenetic signal,
herefore, classifications created before wide application of
olecular phylogeny turned out to be artificial in many taxo-

omic levels (Smirnov et al., 2011). With the introduction
f molecular phylogenetics and phylogenomics, the clas-
ification has been significantly reshaped (Cavalier-Smith
t al., 2015; Kang et al., 2017) showing unprecedented
evels of diversity which contrast with the low numbers
f species described. However, currently available research
ools provide significant opportunities for correlating the
bserved molecular diversity with morphological innovations
hat exist even in the smallest species of amoebae. Given the
ecreasing costs of the phylogenomics data collection, the
endency emerges, to significantly rely on molecular data,
nd neglect the morphological evidence as the latter requires
uch more time-consuming investigations than sequenc-

ng.
The small amoebae from the order Vannellida are a

ypical example of a group where diversity has been
verlooked (Kudryavtsev, 2014). Our molecular analysis
ased on the SSU rRNA gene showed the existence of

t least six genus-level clades of marine and freshwater
mall vannellids (Kudryavtsev, unpublished). At the first
lance, these amoebae are extremely poor in morphological
haracters, and may look indistinguishable (Fig. 6). How-

t
C
m
s

udryavtsev.

ver, some of these forms differ deeply in their ecological
equirements (Kudryavtsev, unpublished), which justifies
ntirely their description as separate taxonomical entities.
areful light microscopic observation of their locomotive

orms shows significant differences between these clades.
o observe these, one needs to collect statistical data of

he frequency of different shapes the cell takes during loco-
otion under standard observation conditions (Fig. 7). This

equires the analysis of large numbers of active cells, a time-
onsuming task. However, the application of this approach
ighlights morphological differences between different taxa
lades otherwise poor in morphological characters.

Morphological and molecular diversity are related in a
imilar way in the order Himatismenida. Here, negligence
o the electron microscopic characters may lead to a sig-
ificant underestimation of the taxonomic diversity (Geisen
t al., 2014b). On the other hand, there are some truly cryp-
ic species that do not show any morphological differences
nd can only be distinguished by sequence data and eco-
ogical preferences, are known among naked amoebae. For
xample, the dactylopodid genus Cunea  (Kudryavtsev and
awlowski, 2015) appears to consist of at least three cryp-

ic species differing in their temperature and salinity optima
Kudryavtsev and Volkova, 2020). In summary, classify-
ng the smallest amoeboid protists requires, in all cases, a
ombination of molecular, observational and morphologi-
al data to correctly describe a species. For these reasons,
ype material  from naked lobose amoebae ideally con-
ists in cultures that are deposited in culture collections
nd several types of permanently stored preparations for
he case if the culture is lost. Ideally, slides preserved in

anada balsam, an epoxy resin embedding for the trans-
ission electron microscopy, and a purified DNA sample

hould be included in a type series whenever possible. In
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Fig.  7.  Several examples of the generalized shapes of the locomotive forms in a single species of vannellid amoeba (A–E). A generalized
s lydone
t  Alexa
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cheme to the left, and a corresponding micrograph of a living cell (C
o the right. Scale bar = 5 �m in all micrographs. Credit: photos by

rder to document at best the different locomotive forms, a
ideo record can be made available publicly (for the example
ee https://www.youtube.com/channel/UCRK3mXipI41tytx
pIC1qXQ). The practice of preserving specimens only in
anada balsam on microscope slides, as was often the case
ith some earlier described species should be considered

uboptimal.

hylogeny and evolution of Cercozoan
estate amoebae

Cercozoa belong to the eukaryotic supergroup Rhizaria
ogether with the large and conspicuous foraminiferans and
adiolarians. While the latter groups exhibit a characteris-
ic morphology, Cercozoa display a wide diversity of shapes
nd have only been shown to be closely related by molecular
nalyses. While most diversity is composed of naked flag-
llates and amoeboflagellates, several taxa bear a shell. The
hylogenetic position of the testate taxa with respect to other
roups is shown on Figure 2.
The best known group of cercozoan testate amoebae are

he Euglyphida, whose tests bear ornamented scales. While
he phylogeny of large species is now relatively well-known

Chatelain et al., 2013), there is a rich diversity of forms
hat are known only through environmental sequencing (Lara
t al., 2016). The characteristic shape of the shells is taxonom-
cally diagnostic (Couteaux et al., 1979), which has helped

a
c
p
t

lla  sawyeri  Kudryavtsev and Volkova, 2018 is taken as an example)
nder Kudryavtsev.

onsiderably in developing the systematics of this groups.
owever, the systematics of other groups is still relatively
nclear; “filose thecate amoebae are still (almost) uncharted
erritory” (Kosakyan et al., 2016). These organisms may play
evertheless a fundamental role in soil ecology: Rhogostoma,

 genus of previously barely investigated testate amoebae,
ave been shown to exhibit tremendous abundance. Their
bundance correlates with the abundance of algae (Seppey
t al., 2017) on which members of this genus feed (Dumack
t al., 2017a) accordingly species of Rhogostoma  can possi-
ly be considered as probably the most abundant algivorous
rganisms in soil (Seppey et al., 2017).

Shells in Cercozoa exhibit a tremendous diversity, starting
rom organic layers covering the cell membrane to highly
laborate shells reinforced either with xenosomes (i.e. for-
ign materials taken from the environment) or self-built silica
cales (Dumack and Siemensma, 2020; Dumack et al., 2018a,
018b; Scoble and Cavalier-Smith, 2014). Most shelled taxa
n Cercozoa belong to Imbricatea and Thecofilosea, but
he relationships between these taxa could not be assessed
rmly yet. However, there is evidence that suggests a sis-

er group relationship between these two groups which may
ave evolved from a scale-bearing ancestor (Cavalier-Smith
t al., 2018; Dumack et al., 2017b). However, based on molec-
lar data from both described and novel taxa (Siemensma
nd Dumack, 2020) it appeared that imbricatean and the-

ofilosean shells evolved independently. Their respective
ositions within Cercozoa with respect to other clades remain
o be confirmed, both by expanding taxon and gene sampling.

https://www.youtube.com/channel/UCRK3mXipI41tytxPpIC1qXQ
https://www.youtube.com/channel/UCRK3mXipI41tytxPpIC1qXQ
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Type  material  in Cercozoan testate amoebae consists
n cultures, metallized specimens for scanning electron

icroscopy and fixed specimens on microscope slides.

onclusions

The groups that have been illustrated here represent only
 fraction of the immense diversity of amoeboid organisms
hat can be found in different environments. They include
rganisms that diverge deeply in their sizes, lifestyles, ecolo-
ies and behaviors, and have been studied by researchers
temming from totally different research traditions. In all
roups, molecular phylogeny has completely revolutionized
ystematics. In particular, the use of multigene/genomic
ata has been instrumental in these changes but, perhaps
ven more importantly, the expansion of the number of
axa surveyed has been essential in the construction of
obust phylogenetic trees. At fine taxonomic levels, single
ell barcoding has considerably contributed to the knowl-
dge of species diversity. Yet, integrating this knowledge to
uild new systematics needs an adaptation of nomenclatural
odes to integrate the newly revealed groups; nomenclat-
ral stability should be sought as much as possible. The
rocess of description should be straightforward enough to
ake possible the treatment of the thousands of unknown

pecies, but should be rigorous enough so that species can
e found back by future researchers. It is crucial that all
axonomically relevant features (which vary among groups)
re documented, but also the terra  typica  and the type of
nvironment where the organisms have been found. For this
easons, traditional “protistological” skills and knowledge
re still timely for the researchers working with amoeboid
rotists, and need to be taught to the next generation of
esearchers.
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