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Summary

Predatory protists are poorly studied, although they are often representing important
deep-branching evolutionary lineages and new eukaryotic supergroups. This short
review/opinion paper is inspired by the recent discoveries of various predatory
flagellates, which form sister groups of the giant eukaryotic clusters on phylogenetic
trees, and illustrate an ancestral state of one or another supergroup of eukaryotes. Here
we discuss their evolutionary and ecological relevance and show that the study of such
protists may be essential in addressing previously puzzling evolutionary problems,
such as the origin of multicellular animals, the plastid spread trajectory, origins of
photosynthesis and parasitism, evolution of mitochondrial genomes.
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Predatory flagellates and diversity of eu-
karyotes

The well-studied multicellular animals, plants
and fungi immediately come to mind when we hear
the term “eukaryotes”. However, these groups of
organisms represent a minority in the real diversity
of evolutionary lineages of eukaryotes. Most euka-
ryotes are unicellular and only unicellular forms
existed during the most of eukaryotic evolution
(O’Malley et al., 2012; Betts et al., 2018; Keeling,
2019; Keeling and Burki, 2019).

An increasing number of metagenomic studies
devoted to total DNA sequencing of natural samples
revealed a huge number of sequences not belonging
to known species, thus illustrating the high potential
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of the hidden diversity of protists (Moon-van der
Staay et al., 2000; Lopez-Garcia et al., 2001; Edg-
comb et al., 2002; Massana et al., 2004; Richards
and Bass, 2005; Tarbe et al., 2011; de Vargas et al.,
2015). In particular, several prevailing and very abun-
dant ribogroups such as MALV, MAST, MAOP,
MAFO (marine alveolates, stramenopiles, opistho-
konts and fonticulids, respectively), deep-sea pe-
lagic diplonemids (DSPD) or eupelagonemids
(Guillou et al., 2008; Massana and Pedrys-Aliy,
2008; del Campo and Ruiz-Trillo, 2013; del Cam-
po et al., 2015; Okamoto et al., 2019) as well as
myriad of small new subgroups phylogenetically
associated with almost all large eukaryotic taxa
were identified in natural ecosystems (del Campo
et al., 2016; Keeling and del Campo, 2017). Most
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likely, the discoveries of new ribogroups of protists
will continue with the metagenomic sequencing of
almost any natural samples for many more years.

However, it is not always possible to evaluate
the diversity of protists reliably. Even metagenomic
approaches often do not work, especially those
utilizing universal primers for amplification of
ribosomal genes in total DNA from a sample. This
is especially true for predatory (eukaryotrophic)
protists that frequently do not reach high numbers
in natural communities. Keeling and Burki (2019)
provided a catchy example of such situation: “Ima-
gine for a moment that you are visiting the Earth
from another planet to investigate biodiversity, and
randomly select 1000 animals from a patch of the
Serengeti. You may come to the correct conclusion
that wildebeest and gazelles are common, but you
may not realize that lions and leopards even exist,
or you may write them off as insignificant ‘rare bio-
sphere’ taxa. But, of course, they play a crucial role
in the ecosystem and represent a significant branch
in the tree of animals”.

Therefore, researchers rarely observe predatory
flagellates microscopically and in the environmental
sequencing surveys. Most likely, this is because
such protists occupy the upper levels of microbial
food webs and never reach high abundances in the
communities, although they are able to play a critical
role in the matter and energy flows in the ecosystems
(Tikhonenkov et al., 2014). At the same time,
predatory flagellates may constitute a significant
part of eukaryotes’ taxonomic diversity (especially
considering the macrotaxa), including groups so far
unknown to researchers.

Ecological importance of predatory flagel-
lates

Actualization of ideas on biodiversity and eco-
logy is currently impossible without considering
unicellular heterotrophic protists. Heterotrophic
flagellates are the least studied component of water
and soil biocenoses, although the enormous role of
these protozoans in their functioning has long been
understood. These tiny organisms are a compulsory
link in “microbial loops” that provide effective
pathways for the transformation of matter and ener-
gy in aquatic ecosystems (Azam et al., 1983; Fenchel
et al., 1995; Domaizon et al., 2003). While being
characterized by heterotrophic nutrition, these tiny
unicellular eukaryotes vary significantly in trophic
preferences (bacteriotrophs, (pico) algophages,

detritophages, osmotrophs, eukaryotrophs, eury-
phages, etc.), feeding strategies, sizes, and many
other ecological characteristics (Arndt et al., 2000;
Boenigk and Arndt, 2002). Different species, even
within similar taxonomic groups, can often differ
in ecophysiology: polymorphism of life cycles,
degree of tolerance to physical and chemical factors,
different cellular metabolism, mode of locomotion,
nutritional strategies and methods of food capture
and absorption, bioenergetic growth balance (Fen-
chel, 1987; Sleigh, 2000). Flagellates are an extre-
mely diverse “hodgepodge” of the smallest and
most mobile eukaryotes with significantly different
evolutionary origin, metabolism and ecology. They
possess the full range of trophic and life strategies
seen in eukaryotes, albeit on a microscopic scale.
Assessment of their diversity, features of their bio-
logy and ecology are extremely important for a
deeper understanding of the role of these organisms
in the functional organization of aquatic ecosystems.

Predatory eukaryotrophic flagellates are the
worst studied in this regard. Their contribution to
the trophic structure and functioning of aquatic
ecosystems is not fully understood. Rapid feeding
behavior of Colponema, Acavomonas, Ancoracysta,
Rhodelphis and other predatory flagellates associated
with fast reproduction was observed (Tikhonenkov
et al., 2014; Janouskovec et al., 2017; Gawryluk et
al., 2019). Many of them are obligate eukaryovores
which actively feed on other flagellates (e.g. ubiqui-
tous heterotrophic chrysophytes and bodonids),
and could not be sustained on bacteria alone. This
points to a potentially important ecological role of
predatory flagellates as regulators of small flagellate
abundance, which are themselves often major
grazers of bacteria (Tikhonenkov et al., 2014). Study
of these protists is therefore critical for understan-
ding the functioning of microbial food webs.

Tree of life and evolutionary importance of
predatory flagellates

The division of eukaryotes into animal, plant,
fungi and protist kingdoms was commonly accepted
only 30 years ago. However, it turned out that ani-
mals, plants and fungi as descendants of some uni-
cellular ancestors possess closer relatives within
protists and therefore represent only small branch-
lets on the branched phylogenetic tree of unicellular
organismes.

At present, it is well known that protists represent
many phylogenetic lineages (Fig. 1), which are
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Fig. 1. The eukaryotic tree of life according current phylogenomic studies and morphological and cell-biology
data. The well-established supergroups are boxed in color. Unresolved places of the tree are indicated by dashed

lines.

equivalent to traditional kingdoms, and contain
a huge number of species that possess ancestral
cellular and genomic characteristics in relation to
their multicellular relatives (Keeling and Burki,
2019).

The development of ideas on the eukaryotic tree
of life is largely due to multigene phylogeny, often
based on data from transcriptomic and genomic
projects. Thisis largely due to the greater availability
of high-throughput sequencing methods on Illu-
mina and PacBio platforms, as well as nanopore
sequencing. As a result, the outlines of the general
eukaryotic macrosystem, the latest version of which
was published in 2019 (Adl et al., 2019), are currently
appearing in the works of various researchers. Two
giant eukaryotic superclusters, Amorphea and
Diaphoretickes, include supertaxa Obazoa, Amoe-
bozoa, CRuMs, Archaeplastida, SAR, Haptista,
Cryptista (Fig. 1). A large number of incertae sedis
eukaryotic groups are also known, the largest of them
being excavates (Excavata: heterolobose amoeba,

acrasids, trypanosomes, euglenids, trichomonads,
Giardia, etc.).

The main problems in terms of resolving family
ties, the origin and evolution of macrotaxa are asso-
ciated with the lack of data on organisms placed at
the base of the phylogenetic lineages of eukaryotes.
Heterotrophic flagellates — generally the oldest and
most simply organized eukaryotes, are the most
promising candidates, the study of which can help
solve these problems.

At present, the number of heterotrophic protists
with available molecular data (mainly on ribosomal
genes) is significantly increasing. Many new pro-
tists (new taxa sometimes) are discovered or redis-
covered, especially in poorly studied biotopes: soils,
bottom sediments, and extreme habitats. Thus,
the recent discovery and phylogenomic study of
representatives of a poorly known group of flagel-
lates Hemimastigophora has led to the disclosure
of a new high-ranking phylogenetic lineage of
eukaryotes. It turned out that the Hemimastigo-
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Fig. 2. Scheme of the putative evolutionary po-
sition (SSU RNA gene, maximum likelihood phy-
logeny) and geographic distribution (red circles) of
the probable new lineage of predatory flagellates
represented by seven clones (I-VII).

phora is most probably sister to the huge supercluster
Diaphoretickes, which includes almost all photo-
synthetic eukaryotes (Lax et al., 2018). It is obvious
that this is only the tip of the iceberg of unexplored
new evolutionary lineages of protists.

We have discovered several representatives of
the novel clade, which probably does not belong to
any known group of eukaryotes according to small
subunit ribosomal RNA gene phylogeny (Fig. 2).
These organisms may belong to another previously
unknown supergroup of eukaryotes although multi-
gene phylogenomic analyses are needed. These
protists were isolated from geographically remote
marine biotopes of different types including coral
reefs in Curacao, bottom sediments of Crimea, Arc-
tic Ocean plankton and North-East Pacific Ocean.
They are predatory flagellates resembling Ancora-
cystamorphotype, but become much smaller, about
3 um long if they starve in the absence of eukaryotic
prey, possibly representing the understudied pico-
fraction of eukaryotes in the ocean.

Our knowledge on predatory heterotrophic fla-
gellates is scarce presently, although phylogenetic
data on them are extremely valuable for reconstruc-
tion of the universal tree of life. Scarcity of data on
such organisms not only maintains a gap in our
understanding of microbial diversity, but also affects
our interpretation of their better-studied relatives.
The basal or intermediate evolutionary positions
occupied by these organisms make them particularly
important for elucidating the origin and evolution
of some major and well-studied lineages and groups
(Tikhonenkov et al., 2014) as well as for addressing
key questions of general interest.

ORIGIN OF PHOTOSYNTHETIC EUKARYOTES

The incorporation of photosynthetic cyanobac-
terium into the phagotrophic protozoa cell led to the
emergence and further radiation of Archaeplastida,
the eukaryotic supergroup, united by the common
origin of plastids by primary endosymbiosis.
Archaeplastids include Viridiplantae (green algae
and land plants), glaucophytes (Glaucophyta) and
red algae (Rhodophyta) (Adl et al., 2019).

Recent discovery of the predatory flagellates
Rhodelphis (Fig. 3, A), assigned to Rhodelphidia,
a new taxonomic phylum of eukaryotes (Gawryluk
et al., 2019), revealed that their representatives are
the closest relatives of red algae, although being
completely different in the way of life: they are non-
photosynthetic flagellate predators with gene-rich
genomes. They have a relict primary plastid, which is
involved only in haem biosynthesis. In all likelihood,
this means that the common ancestors of red algae
and green plants were unicellular predators that,
even after the acquisition of chloroplasts, retained
a mixotrophic type of nutrition for a long time
(predation + photosynthesis). Rhodelphis flagellates
are, in fact, unicellular predatory plants that have
survived to this day. It is possible that the ancestral
Archaeplastida could have resembled Rhodelphis
cells morphologically. We can assume that predatory
flagellates, such as Rhodelphis, capable of feeding on
relatively large (6—9 um) prey, could absorb large
cyanobacteria that became the primary plastids.

ORIGIN OF MULTICELLULAR ANIMALS

The origin of multicellular animals is one of the
largest and yet unsolved evolutionary mysteries. The
diversity and biology of known unicellular relatives
of animals has strongly enhanced our understanding
on the transition from unicellular organisms to the
multicellular Metazoa (King et al., 2008; Suga and
Ruiz-Trillo, 2013; Suga et al., 2013).

New species of predatory unicellular flagellates
Syssomonas and Pigoraptor (Hehenberger et al.,
2017; Tikhonenkov et al., 2020a), distant unicellular
relatives of animals playing an important role in
clarifying their origin, have recently been identified
and investigated. These protists (Fig. 3, B, C) possess
a complex life cycle, can form multicellular aggre-
gations and have eukaryotrophic nutrition unusual
for unicellular Holozoa. In addition, they have
genes encoding cell signal and adhesion proteins, as
well as genes of embryonic development of multi-



Fig. 3. External morphology of selected predatory
flagellates. A — Rhodelphis limneticus, B — Sysso-
monas multiformis, C — Pigoraptor chileana, D
— Colponema vietnamica, E — Telonema subtile,
F — Ancoracysta twista. Scale bars — 10 um.

cellular animals. It is assumed that the ancestor of
multicellular animals formed various types of cells
that could aggregate and had molecular mechanisms
of cell differentiation and adhesion. At the same
time, the nutrition of the Metazoa ancestor was more
complex than previously thought, including not
only bacteria, but also eukaryotic cells and organic
structures. Apparently, its ability to consume large
eukaryotic food objects could be a powerful trigger
in the origin and formation of both the aggregated
(formation of aggregations for co-nutrition) and
clonal multicellularity (hypertrophic growth with
subsequent palintomy) in Metazoa (Tikhonenkov
et al., 2020a).

EVOLUTION OF ALVEOLATE PROTISTS AND ORIGIN OF
MALARIA PARASITES

Alveolata is one of the largest and most diverse
macrotaxa of eukaryotic microorganisms, including
over 10,000 free-living and parasitic species. Two
representatives of the predatory flagellate protists
Colponema and Acavomonas, classified as two new
taxonomic phyla of eukaryotes, Colponemidia and
Acavomonidia within the supergroup Alveolata, have
been identified and studied recently (Janouskovec
et al., 2013; Tikhonenkov et al., 2014). The study
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of these protists and organisms related to them
allowed reconstructing the early evolutionary events
that gave rise to ciliates, malaria parasites and coral
endosymbionts. It turned out that Acavomonasis the
closest to the ancestors of apicomplexan parasites
(malaria plasmodium and other sporozoans) and
dinoflagellates (including zooxanthellae and toxic
red tide microalgae). Flagellates Colponema (Fig.
3, D) illustrate the ancestral form of all alveolate
protists (apicomplexans, dinoflagellates and ciliates)
(Tikhonenkov et al., 2020b). It has been established
that the sister group to parasitic apicomplexans is
the monophyletic clade, called “chrompodellids,”
including the predatory flagellates colpodellids
and chromerid algae (Janouskovec et al., 2015).
They revealed many protein-coding genes that
were previously thought to be specific for parasitic
apicomplexans, as well as those associated with
apical complex organelles (rhoptry and microneme
proteins, cytoskeletal SAS6L), which determine the
possibility of a parasitic lifestyle. Thus, the origin and
evolution of parasitic apicomplexans is associated
with the loss and modification of genes and cell
components that already existed in their free-living
ancestors and their modern analogues — chromerid
algae and predatory colpodellid flagellates (the phe-
nomenon of pre-adaptation). The revealed family
ties indicate a complex scenario for the acquisition,
loss or modification of plastids and the evolution of
parasitism in alveolates.

TREE OF EUKARYOTES AND EVOLUTION OF MITOCHON-
DRIAL GENOME

Recently, the eukaryote tree of life has been
deeply remodeled, mainly due to the maturation of
phylogenomics and the addition of numerous new
‘kingdom-level’ lineages of heterotrophic protists
(Burki et al., 2020). For example, the systematic
position of predatory flagellates telonemids ( 7elone-
ma, Fig. 3, E) has been established (Strassert et
al., 2019). It turned out that telonemids are a deep
phylogenetic lineage sister to the largest supergroup
of eukaryotes SAR (Stramenopiles, Alveolata, Rhi-
zaria). The SAR include heterokont algae (e.g.,
brown, diatom, golden, yellow-green algae),
dinoflagellates, ciliates, apicomplexans, foramini-
ferans and radiolarians, oomycetes and many other
microorganisms. Based on the topology of the
phylogenomic tree, a new mega-group of eukaryotes
was proposed, called TSAR (Telonemia + SAR).
Since Telonemia occupy a key evolutionary position
in exploring the origin of the SAR, further study will
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help shed light on how and due to what features/
factors the diversity of eukaryotes and their life
strategies grew.

The predatory flagellate Ancoracysta twista (Fig.
3, F), which does not belong to any of the known
eukaryotic macrotaxa and represents a new deep
phylogenetic lineage of the evolutionary tree, were
revealed in samples from marine corals (Janousko-
vec et al., 2017). It carries extrusive organelles
of an unknown type, called “ancoracysts”. The
mitochondrial genome of Ancoracysta is the most
gene-rich known to science after the unrelated jako-
bids and Diphylleia. The analysis of the mitochon-
drial genes of Ancoracysta and other eukaryotes
emphasizes that the gene-rich mitochondrial geno-
mes do not indicate the position of the organism
near the root of the eukaryotic tree. The evolutionary
importance of parallel gene transfer from mito-
chondria to the nucleus in various organisms, as
well as the exponential, lineage-specific reduction
of mitochondrial genomes over time, was noted
(Janouskovec et al., 2017).

Conclusion

Recent investigations and findings of new spe-
cies, high-level taxa and even previously unknown
phylogenetic lineages of eukaryotes demonstrate
that heterotrophic (especially predatory) flagellates
remain extremely poorly studied, although they
often represent the most important deep-branching
lineages of eukaryotes. They frequently form sister
groups to giant eukaryotic clusters on phylogenetic
trees, and illustrate an ancestral state of one or ano-
ther supergroup of eukaryotes. Recent studies of
predatory flagellates have provided new data essen-
tial for (a) revealing the early stages of evolution
of Opisthokonta, Alveolata, and Archaeplastida
supergroups; (b) leading to the revision of the
eukaryotic tree and ideas on mitochondrial evolu-
tion and the root of the tree of all eukaryotic orga-
nisms; (¢) demonstrating the ways of the emer-
gence and development of unique cellular and
genomic innovations that led to the formation of
multicellularity, photosynthesis, and parasitism.

Further investigations of predatory flagellates
are crucial for understanding the role of phagotrophy
in the origin of symbiogenetic organelles — plastids
and mitochondria; they will also help to clarify the
evolution of major eukaryotic supergroups and
resolve their relationships.
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