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Abstract

Soils host most biodiversity on Earth, with a major fraction of its taxonomic diversity still to be uncovered and most of its
functional knowledge to be determined. Much focus has been - and still is - on bacteria, fungi and animals. Clearly, without
any of those components, soils would not function as they do. However, the group that constitutes the bulk of eukaryotic
diversity and plays a central role for soil functioning is missing: protists. As the main consumers of the microbiome, protists
shape its composition and functioning. Other less known functions performed by protists may be equally important. Protists
also include primary producers, decomposers, animal parasites and plant pathogens. We briefly review the many functions
protists perform in soils and argue that soil biodiversity studies that ignore protists miss some potential mechanistic insight
into the drivers of observed patterns. We highlight that the immense functional repertoire of protist affects virtually every
soil process, from carbon cycling to primary production, including crop production. Therefore, we call for truly integrated
biodiversity assessments including protists, without which the soil food-web and processes cannot reliably be understood:

protists matter!

Keywords Soil biodiversity | Soil functioning | Plant-soil interactions | Soil food-webs | Microbiome

1. Introduction

Soil biodiversity is receiving increased recognition
due to its profound role underlying ecosystem processes.
As such, soil organisms can help in meeting many of
the sustainable development goals defined by the UN
including zero hunger, climate action and life on land
(Griggs et al. 2013). Indeed, soil organisms are the major
component of life on Earth, with respect to abundance,
biomass and diversity (Bar-On et al. 2018, Geisen et
al. 2019, Decaéns 2010). Soils are teeming with life
ranging from nano-scale viruses (if considered alive) to
microorganisms (bacteria, archaea, fungi and protists),

to differentially sized animals that form complex soil
networks and in synchrony drive soil functions (Geisen
et al. 2019). Research intensity — and resulting knowledge
— on these groups is uneven (Geisen et al. 2017). Here we
stress that this biased view on a fraction of soil organisms,
particularly bacteria, fungi and to some extent animals
is no-longer acceptable as soils would not function as
they do without all their biodiversity components, and
especially not without protists. Many of the points we
raise here are not new and have been reviewed in the last
years and decades (Geisen et al. 2017, Geisen et al. 2018,
Gao et al. 2019, Wilkinson 1998). However, we still feel
the need to bring protists to the attention of a broader
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group of soil biodiversity experts by highlighting some
novel findings and by showing why soil biodiversity
without protists cannot be considered soil biodiversity!

2. A heads up on (soil) protists

Most protists are microorganisms invisible to the naked
eye (Caron et al. 2008). Their size range is broad from
small in the low micrometer scale (commonly known as
nanoplankton in aquatic systems) to the largest single-
celled organisms (Geisen et al. 2017). Protists dominate
eukaryotic diversity in virtually any system on Earth (Adl
et al. 2019, Burki et al. 2020). Whereas fungi, plants and
animals represent single monophyletic branches within
distinct supergroups, protists are paraphyletic and spread
across all supergroups in the entire eukaryotic tree of
life (Burki et al. 2020). Considering the major lineages,
almost all eukaryotes are protists. Potentially millions of
protist species exist (Orgiazzi et al. 2016), but as species
delineation and identification classically required tedious
or nearly impossible cultivation or fixation processes,
more reliable estimates have only been possible with high
throughput sequencing (HTS) of phylogenetic marker
genes, a method commonly termed metabarcoding
or amplicon sequencing. These approaches clearly
demonstrated that protists indeed make up the bulk of
eukaryotic diversity (Geisen et al. 2018, Sunagawa et al.
2020). With such huge taxonomic diversity, it is logical
that protists functional importance is equally wide. In
aquatic systems protists compose the major fraction of
algae that fix half of Earth’s carbon (Falkowski 2002),
while heterotrophic protists are just as abundant and
important as consumers that drive the microbial loop
(Worden et al. 2015, de Vargas et al. 2015). Protists in
soil have received less attention due to methodological
challenges, but new tools and especially HTS now allow
rapid progress, confirming their numerical and functional
importance: similar to aquatic systems, soil protists are
indeed the major consumers of the microbiome including
bacteria, archaea and micro-eukaryotes (i.e. fungi, other
protists and micro fauna such as nematodes and rotifers)
(Bonkowski & Clarholm 2012, Geisen et al. 2016,
Ekelund 1998). A major fraction of up to 50% of protist
diversity can be parasitic and thereby potentially control
and shape animal communities (Mahé et al. 2017). Even
phototrophic protists (and mixotrophs [Jassey et al.
2015]) seem to play an important role as carbon fixers
in many soils (George et al. 2019, Oliverio et al. 2020),
with some protists appearing to be specialized algivores
(Seppey et al. 2017). A last thing to note is that protists
are morphologically diverse and offer a beautiful palette

of forms and structures as illustrated in Fig. 1. The huge
phylogenetic diversity of protists results from a plethora
of independent billion year-long evolutionary trajectories
(Adletal. 2019, Burki etal. 2020) and has led to an extreme
morphological diversification. This includes many
protective structures of the cell, either proteinaceous or
mineral, which do not readily decompose but remain for
various amounts of time depending on their composition
and the intensity of decomposition in the environment.
Among terrestrial ecosystems, preservation of such shells
is highest in the nutrient-poor, acidic and waterlogged
organic soils of peatlands, where the subfossil records of
mostly testate amoebae provide invaluable information
about past environmental conditions (Charman 2001,
Marcisz et al. 2020).

3. Discrepancies and commonalities
between protists and other
members of soil biodiversity

We still only have a crude understanding of protists
diversity at the global scale (Oliverioet al. 2020), likely
even more limited than our knowledge on the global
distribution of bacteria (Delgado-Baquerizo et al.
2018), fungi (Tedersoo et al. 2014), nematodes (van den
Hoogen et al. 2019) and earthworms (Phillips et al. 2019).
Nevertheless, the existing data (Fournier et al. 2020,
Zhao et al 2019) suggest that patterns structuring protist
communities are fundamentally different to those of other
soil biodiversity groups, most strikingly considering that
most soil protists depend on bacteria and fungi as prey.
While other factors like pH matter the most for bacteria
(Delgado-Baquerizo et al. 2018) or the amount of soil
organic matter for fungi (Tedersoo et al. 2014), soil
moisture is by far the key driver of protistan communities
(Oliverio et al. 2020). Also the composition of bacterial
communities as their suggested main prey seems not to
be a major determinant of protist communities (Oliverio
et al. 2020). This is in line with the idea that protists are
functionally much more diverse than previously thought
and do not only depend on bacteria as major nutrient
sources, in contradiction to what is still presented in most
food web models (de Ruiter et al. 1995).

The methodology to study protists diversity is rapidly
becoming accessible even for non-experts. Based on
commonly used DNA/RNA extraction techniques, the
same nucleic acid extract that is used to study bacteria
and fungi can also be used to study protists (Geisen &
Bonkowski 2018). This makes it possible to add protists to
former studies if nucleic acids have been preserved with
only different primers to be applied that target the 18S
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Amoeba proteus Didymium sp.

Arachnula impatiens Arboramoeba reticulata Trigonopyxis arcula

Euglypha sp. Sphenoderia lenta

Viridiraptor invadens Thaumatomonas sp. Cochliopodium vestitum

Figure 1. An illustration of the morphological diversity of protists including naked amoebae (the well-known aquatic model species
Amoeba proteus, the omnivorous Arachnula impatiens and the network-forming Arboramoeba reticulata), the semi-naked amoeba
Cochliopodium vestitum (the shell is covering the amoeba only from above), fruiting bodies of slime moulds (Didymium and Dicyostelium
sp), the flagellates Viridiraptor invadens (inside an algal cell) and Thaumatomonas sp. as well as a range of testate amoebae that build
shells from various materials.
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rRNA gene for eukaryotes and not the 16S rRNA gene for
prokaryotes or the ITS region for fungi. Similar to fungi
(Nguyen et al. 2016), we have a rather good knowledge of
the basic nutritional uptake modes of major protist groups
in soils as some common features such as parasitism,
phototrophy or phagotrophy are often conserved across
major taxonomic units (Adl et al. 2019). This information
is entirely missing for most soil bacteria. Therefore,
functional units can be defined for protists based on easily
obtainable environmental DNA sequences. In addition to
plain taxonomic composition, functional units provide
better insights in explaining changes in the systems and
their importance for soil functioning (Geisen et al. 2019).

4. Why should protists be conside-
red in soil biodiversity initiatives?

Without protists, biodiversity in soils but even
aboveground would be very different and much reduced
considering the estimated species richness of many
millions (Orgiazzi et al. 2016). In this part we explain
why including protists in soil biodiversity studies is
essential given their roles in soil nutrient dynamics and
as major controllers of animal and plant communities.

4.1 Nutrient uptake and food webs

Protists are key contributors to all soil functions, as
summarized in Fig. 2. Phototrophic protists are important
carbon fixers, especially in regions with little plant
cover, sometimes together with fungal partners in lichen
symbioses. This represents an important carbon source
for carbon-poor soils, thus providing the basis for soil
life and functions (Schmidt et al. 2016), but even might
add more labile carbon to carbon-rich soils (Seppey et
al. 2017). Consumer protists, those preying mostly on
other smaller microbes, represent by far the dominant
fraction of soil protists (Geisen et al. 2018, Oliverio et al.
2020). Their feeding actions are of uttermost importance
in driving the microbial loop— that summarizes the
release of nutrients bound in microorganisms into the
environment (Bonkowski & Clarholm 2012). This
nutrient ‘recycling’ allows plants to take up previously
chemically inaccessible compounds such as nitrogen
and phosphorous that lead to an increase in plant growth
(Geisen et al. 2018). Also other, more active microbes take
up the released nutrients that, together with specialized
feeding of protists on microbial prey (Schulz-Bohm
et al. 2017, Gliicksman et al. 2010, Jousset et al. 2009),
results in microbial community changes (Gao et al. 2019).

Plants can respond to these community changes when
pathogen-suppressive microbes increase or when growth
stimulants such as auxins are excreted (Gao et al. 2019,
Jousset et al. 2009, Krome et al. 2010). By increasing
microbial activity, and hence microbe-derived processes
such as decomposition, protists can stimulate litter
decomposition (Geisen et al. 2020 [in press]) and thereby
contribute to CO, emissions (Kuikman et al. 1990). Most
of these functional studies were performed with only
one or few protist species. Knowing the phylogenetic
diversity of protists and that distinct species have specific
prey preferences, many new and important findings can
be expected in the near future!

4.2 Beyond the classical food-chain: inver-
ted food-webs, parasites and pathogens

Food-chains are often considered to proceed linearly
with increasing sizes classes, from small to large. Beside
the classical top-down food chains, other interactions
affect diversity and functionality of a system. In
soils, hardly any example exists similar to those in
macroscopic systems such as piranhas, wolves or other
smaller organisms that pack-hunt larger prey. However,
some protists have this ability. Very common small
testate (shelled) amoebae have been shown to increase
in reproduction by actively preying, in groups, on much
larger nematodes (Geisen et al. 2015). Arguably even
more common is the role of protists as animal parasites
and plant pathogens. Often forgotten in food-web models,
parasites or other minute disease agents are major drivers
of the population dynamics and evolution of macroscopic
organisms, for example, the most devastating human
disease is malaria caused by the protist Plasmodium
falciparum. Parasites can profoundly affect phototrophic
carbon fixation in both marine and terrestrial systems
(Paseka et al. 2020 [in press]). Plant pathogenic protists
are ubiquitous in soils (Oliverio et al. 2020) and cause
significant losses in crops and forests; the most notorious
group is the Peronosporomycetes (=oomycetes), which
include the potato blight that contributed to the Great
Irish Famine in the 19" Century (Kamoun 2001).

4.3 Some unique features of protists vs
other soil dwellers

Recent major findings have revealed why protists are
special among soil organisms. They might be the most
responsive organisms to changes in soil condition, across
season, fertilization practices and land use (Zhao et al.
2020, Krashevska et al. 2014). As such, protists can be
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valuable indicators of soil quality. Protists also seem to
determine plant health early and through the entire plant
growth phase. Protist communities differed clearly in the
presence of a plant pathogen with respect to naive plants
much before plants developed visible symptoms; this
effect was much more obvious than in any other microbial
group (Xiong et al. 2020). Protist communities were even
better predictors for plant health than the abundance of
the pathogen (Xiong et al. 2020)! The sensitivity of soil
protist communities to environmental disturbances has
even lead to applications in forensics to provide precise
information on death incidences (Szelecz et al. 2014).

4.4 What would happen in soils without
protists?

Short answer: It is hard to imagine and luckily not
realistic in any natural soil and even extremely difficult
to establish under laboratory conditions as protist spores
are common in the air and quickly fill all new habitats
(Altenburger et al. 2010). But let’s be speculative and
assume a situation where protists are not present (Fig. 2),
as it is often implicitly suggested even in complex soil
biodiversity assessments.

Nutrients would be locked up much more in bacterial
and fungal biomass. Part of the role of protist consumers
would be taken over by viruses, predatory bacteria
and fungi, nematodes and larger soil animals (van den
Hoogen et al. 2019, Williamson et al. 2017, Petters et al.
2018). However, phagotrophic protists are likely by far
the key predators of especially bacteria (de Ruiter et al.
1995), a role that can hardly be compensated for; viruses
are very specific towards single hosts, other organisms
are less mobile and can only access bacterial biofilms,
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while most other microbial predators have a reduced
ability to access their prey in small soil aggregates. This
would have cascading effects on the entire food web;
the missing size class most protists fall into will reduce
the prey availability for many larger soil organisms and,
likely, would lead to reduced food web lengths. The
(extended) microbial loop would largely not exist as it
is nearly entirely based on protist predation (Bonkowski
& Clarholm 2012). This means that plants without
protists would work with a different set of metabolites
(Kuppardt et al. 2018) likely leading to a reduction of
nutrient-uptake, while also the microbial community
would likely be much less plant beneficial (Jousset et al.
2009, Henkes et al. 2018). In sum: plants would not do
well and this of course would affect crops! But protists
can also harm plants as plant pathogens do, which might
be good for (e.g. potato) farmers. Plant communities in
nature would lose biodiversity, as parasites are most
effective in reducing the dominance of abundant species
(Paseka et al. (2020 [in press]). Although we know much
less about the impact of protist parasites on animals, the
sheer diversity of parasitic protists (Mahé et al. 2017)
suggest similar effects on animal communities.

5. Conclusions

We briefly summarized the main justifications for having
a more open and integrative view on soil biodiversity as
illustrated by the example of protists. This perspective,
however, should be expanded to include other groups of soil
life including viruses and archaea, as well as little studied
animal groups that are also currently underrepresented in
research efforts. The functional importance of some of
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Figure 2. The central role of protists in soils showing their functional diversity and links to all other groups of below - as well as
aboveground life. Figure made in Inkscape.
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these groups in soils might vary among ecosystems, which
then also calls for more comparative studies. We believe
that no major group of soil life is redundant in function
with any other to the point of not deserving to being
studied. This is even less the case when the group is highly
diverse and abundant. This is exemplified for termites, a
group often ignored by soil ecologists because it is almost
absent from temperate zones where most scientists are
located or work in, but that is functionally essential at
lower latitudes. The same likely holds to various degrees
for all groups of soil life. Coming back to protists: the very
strong recent increase in research that has found its way
into broad-scale scientific journals illustrates the necessity
to include protists in biodiversity studies and calls on soil
biodiversity. Ongoing developments in molecular tools
such as (meta)genomics will bridge the knowledge gap
in the currently often-performed diversity inventories to
better estimate the real functional diversity of protists. Also
real organism numbers and biomass need to be determined
in addition to relative sequence data currently obtained to
show the quantitative importance of protists (Piwosz et
al. 2020). Many (but still a minority of) protists, unlike
most bacteria, can also readily be cultivated (Domonell et
al. 2013) — a possibility that allows a reliable functional
characterization of the distinct species (Keeling 2019). As
such, protists need to find their way into broad ecological
studies. Otherwise, those researches will miss the chance
to obtain a complete picture on major biodiversity groups
underlying crucial ecological questions. Soil protist life
indeed matters!
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