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General Introduction
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Chapter 1
The living soil

Soil is not just the ‘dirt’, it is a living natural resource that provides the basis for
plant growth. Soils are therefore essential in the provisioning of food, clothing and
building materials. Many soil properties are due to the activities of soil-dwelling
organisms, encompassing not only visible animals but also an enormous diversity of
microorganisms (Fierer, 2017). Soil microorganisms play crucial roles in terrestrial
ecosystem functioning, including improving soil fertility, sequestration of carbon,
nitrogen mineralization, decomposition and supporting plant health and growth
(Dilly et al., 2004; Heijden et al., 2008; Berendsen et al., 2012; Bardgett & Van Der
Putten, 2014). Bacteria and fungi have traditionally been the most studied groups
of soil-dwelling microorganisms, with numerous studies highlighting both their
high abundance and biodiversity (Frey et al., 1999; Tedersoo et al., 2014; Delgado-
Baquerizo et al., 2018). However, pure focus on bacteria and fungi only tells part
of the story in soil; we still have relatively little insight into the forces that drive
patterns of bacterial and fungal abundance and diversity. Many other soil organisms
interact within the complex soil food web, and these interactions may be critical
in determining soil microbiome structure and function (Thakur & Geisen, 2019).
Soil protists represent one of the most important predators of soil microbes that can
exercise top-down regulation of the soil microbiome.

What are protists?

Protists are a paraphyletic group encompassing most eukaryotic lineages, with the
exception of fungi, animals and plants. This unusual classification is a legacy of
the scientific discovery of protists, starting with the invention of the microscope by
Antoni van Leeuwenhoek in the 17th century. Most people are still not familiar with
the term ‘protist’. Instead, the term ‘protozoa’ has typically received more public
attention perhaps due to its association with rather rare, but particularly horrific,
protozoan infections (Visvesvara et al., 2007). However, after modern classification
based upon phylogenetic relatedness (Adl et al., 2005), protozoa is currently termed
as heterotrophic protist to avoid confusion. The term ‘protozoa’ has gradually been
discouraged in modern eukaryote taxonomy classification (Adl et al., 2013), although
this term is occasionally still used in the medical sciences (Marcos & Gotuzzo, 2013).

Protists are reasonably well studied in aquatic systems, with heterotrophic protists
displaying greater diversity than marine plants and animals based on the marine
plankton size spectrum (de Vargas et al., 2015). Furthermore, protist predation results
in major mortality of both heterotrophic and autotrophic bacteria. More recently,
DNA-based studies have revealed an expectedly high diversity of soil protists (Bates
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et al., 2013; Geisen, 2016a; Mah¢é et al., 2017; Xiong et al., 2018), sparking an
increased research focus on these organisms. However, despite the growing interest,
soil protists still receive far less attention than aquatic protists (Geisen et al., 2017)
or other soil microorganisms such as bacteria and fungi.

Morphological diversity of protists

The vast morphological diversity of protists first started to come into view with the
help of more sophisticated microscopes (Page, 1967; Foissner, 1999b; Smirnov &
Brown, 2004). Soil protists display a remarkable diversity with respect to size, with
body length ranging from micrometers up to 1 millimeter (Geisen et al., 2017). Other
than the protist size, soil protists also display a range of distinct morphologies, even
included plant-like morphologies of phototrophic protists that were formerly term
as algae (Seppey et al., 2017). Additionally, some soil protists exhibit a fungi-like
morphology, such as oomycete and species coined as ‘slime molds’, which take on
a flexible amoeboid shape when food resources are abundant (see Fig.1 (1)) and
congregate into a single body called a (pseudo-) plasmodium when food becomes
scarce (scan Fig.l (u), click P1-1 movement). Depending on the conditions, the
pseudoplasmodium can also form a fruiting body called a sporocarp.

Protists encompass a range of morphotypes, such as flagellate (the cell with 2 - 4
flagella or cilia, see Fig.1 (d)); naked amoeba (amoeba with flexible cell shape, see
Fig.1 (n)); testate amoeba (amoeba with a shell, see Fig.1 (1)); ciliate (the cell with
a great numbers of flagella or cilia). These morphotypes are the result of convergent
evolution and phylogenetically distinct groups can display very similar morphology

(Fig.1 () and (j)).
Phylogenetic diversity of protists

Protists dominate the eukaryotic tree of life (See Fig.1 in Adl et al., 2012), and
the advance of molecular studies has revealed an extremely high and unexpected
species diversity that supersedes that predicted by morphological characterizations
(Boenigk et al., 2005). In particular, the diversity of naked amoeba, such as in the
class Heterolobosea, was underestimated due to their indistinguishable morphotypes
under the microscope. The use of DNA sequence-based approaches targeting the
small subunit (SSU) rRNA gene, as well as other gene makers, can help resolve
phylogenetic affiliations at different levels of taxonomic resolution. For instance,
sequence analyses targeting the highly variable Internal Transcribed Spacer (ITS)
regions allow for detailed classification of some groups of morphologically similar
protists to the genus, species and even potentially to the strain level (De Jonckheere,
2004).
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Figure.1 Morphotypes of 20 protists species used in this study, the order of each protist
is visualized by the size (length). (a) Rosculus sp. C10D3; (b) Mycamoeba new sp.16;
(¢) Cercomonas sp. C7D2; (d) Cercomonas lentalike C5D3; (e) Cercomonas sp. S24D2;
(f) Allovahlkampfia sp. NL10; (g) Acanthamoeba sp. C13D2; (h) Naegleria clarki P145-
4; (1) Naegleria clarki NL81; (j) Vahlkampfti soli CN7; (k) Heterolobosea sp. S18D10; (1)
Didymium sp. P1-1; (m) Vermamoeba vermiformis 7; (n) Acanthamoeba sp. C2D2; (o)
Vannella sp. 33; (p) Vannella sp. P147; (q) Vannella sp. 45; (r) Cryptodifilugia sp. 75; (s)
Famella new sp. 27; (t) Cochliopodium minus 76; (u) QR code of iamoeba.space (https://
iamoeba.space/), in which all strains’ movements were exhibited.

By aligning molecular data to the functional characteristics of cultivated protist
strains, it is increasingly possible to putatively assign protist DNA sequences to a
specific protist functional group. Thus, molecular approaches have not only been
instrumental in revealing the enormous diversity of protists, they have also provided
important insights into the ecological roles of protists (Mahé et al., 2017; Xiong et
al., 2018). It should be noted that functional assignments are currently still according
to our knowledge of a relatively limited range of well-characterized taxa. Further
studies into revealing protist life history strategies and interactions with potential
prey within the soil food-web are therefore necessary to improve our ability to link
molecular data with inferences of protist ecology.

What do protists do in soil?

Protists are versatile microorganisms in soil and display a broad range of functional

10
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roles. The best-known role of soil protists is as bacteria feeders. Nevertheless, soil
protists can also be fungal feeders, other eukaryote feeders, primary producers or
parasites (Bates et al., 2013; Jassey et al., 2015; Geisen et al., 2015¢c; Singer et al.,
2016; Geisen, 2016b; Mahé et al., 2017). In this present work, I will zoom in on
predation on bacteria as protists have long been regarded as the main consumers
of soil bacteria. Protist consumption of bacteria can lead to the release of nutrients
locked in bacterial biomass. These released nutrients, especially nitrogen in the form
of NH,, are related to the higher C:N ratio of protists as compared to bacteria (Sherr
etal., 1983). However, protists do not feed on all prey bacteria equally, with selective
feeding being based for instance on prey size, surface properties, motility and
toxicity (Matz & Kjelleberg, 2005; Jousset, 2012). Furthermore, selective predation
by protists can shift prey bacterial community structure, which may be linking with
changes in soil community functioning (Bonkowski & Brandt, 2002; Rosenberg et
al., 2009; Krome et al., 2009).

Protist-induced impacts on ecosystem functioning
Nutrient cycling

Soil protists increase the turnover of nutrients, such as nitrogen, phosphorus, and
micronutrients. Most soil nutrients are usually locked within bacterial biomass.
As protists consume bacterial prey, they make these nutrients available to other
microbes, a phenomenon referred to as the microbial loop (Clarholm 1985). This
nutrient availability induced by protists will increase microbial turnover and stimulate
microbial activity, including microbial respiration (Trap et al. 2015) (Fig.2).

Such protist-related increases in nutrient turnover can benefit plants in two general
ways. In the first place, the increased liberation of nutrients can become directly
available to the plant to facilitate growth and plant nutrition (Ritz & Griffiths, 1987;
Kuikman et al., 1990; Bonkowski et al., 2000). In addition to such direct effects, the
associated increases in microbial activity can activate enzyme systems that lead to
further increases in nutrient availability to the plant. In particular, protists can strongly
facilitate mobilization of nitrogen from soil organic matter, thereby stimulating
decomposition and promoting plant growth (Bonkowski et al., 2000; Koller et al.,
2013a). The total effects of higher nutrient availability can lead both to an increase
in plant biomass as well as improved nutrition in the plant, with positive effects of
protists on plant carbon, nitrogen and phosphorous uptake (Bonkowski et al., 2000,
2001b; Somasundaram et al., 2008; Krome et al., 2009). Protists are also important
for the efficient functioning of arbuscular mycorrhizal fungi, which have a limited
ability to produce the enzymes required for soil organic matter breakdown. Protists
increase nutrient mineralization by hyphae-associated microorganisms, which can
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then be taken up by the mycorrhiza and transferred to the host plant (Herdler et al.,
2007; Koller et al., 2013c) (Fig.2)

Arbuscular mycorrhizal

fungi - /
3 2
. Predion @S Rejease 0

Frey Secreted nutrients f Higl‘_eral:ﬁ\ity Df
—p o —» remaining bacteria

Protists

Figure.2 Predation by protists as a driver of nutrient cycling. Protists consume bacterial prey
and release nutrients, those nutrients are available for 1: remaining bacteria; 2: plant uptake;
3: Arbuscular mycorrhizal fungi (AMF) that translocate nutrients to roots.

Shifts in microbiome and functionality
Non-specific effects of protists on bacterial community

Protist predation generally decreases total bacterial abundance and biomass (Ekelund
et al., 2009; Rosenberg et al., 2009). However, predation stimulates total bacterial
activity and species turnover by increasing the respiratory quotient and enhancing
niche spaces for active species (Bonkowski, 2004).

Selective predation and its impacts on bacterial communities

Protists possess refined mechanisms for prey selection, allowing them to discriminate
between potential prey based upon cell size, surface properties, motility and toxicity
(Gasol et al., 1995; Matz & Jiirgens, 2001, 2005; Jousset et al., 2006). For instance,
marine protists exhibit size-selective predation strategies that has led to a preference
for larger bacterial cells (Chrzanowski & Simek, 1990; Baltar et al., 2016). Other
structural features of potential bacterial prey, such as flagella and polysaccharides,
also play a crucial role in prey recognition (Wildschutte et al., 2004). Moreover,
chemical cues from prey bacteria may also influence predator selective feeding
(Schulz-Bohm et al., 2017).

12
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Selective feeding by protists can have important consequences for microbiome
structure and function. Protist predation helps to maintain diversity within bacterial
communities by feeding on the most dominant strains and enabling marginal bacteria
to improve their competitiveness, thereby leading to increased bacterial evenness
(Bell et al., 2010; Saleem et al., 2012). In addition, selective feeding by protists
can result in shifts in rhizosphere microbiome composition and functionality. For
instance, selective feeding can give a selective advantage to specific bacterial taxa
that can avoid predation (Kreuzer et al., 2006; Rosenberg et al., 2009) (Fig.3), thereby
promoting for instance Gram-positive bacteria in the rhizosphere that relatively well
protected by their thick cell wall (Renn et al., 2002; Murase et al., 2006). Moreover,
selective feeding by protists favors rhizosphere microbes that can produce plant
hormones. For instance, Acanthamoeba castellanii was shown to increase the
relative abundance of auxin producers and increase plant-free auxin concentrations
(Bonkowski & Brandt, 2002). However, in other cases, protist predation was not
observed to affect the density of IAA-producing bacteria in soil (Vestergérd et al.,
2007).

Different protist species vary greatly in their effect on bacterial community
composition. It can be hypothesized that impacts on soil microbial communities
might be related to protist phylogeny. Any such relationship would clearly depend
strongly on the taxonomic level investigated, and it has been observed that even
closely related protist species can have highly distinct impacts on prey bacterial
community structure (Gliicksman et al., 2010). On the other hand, Pedersen et al
(2011) showed that high-level taxonomic affiliations could be correlated with crucial
characteristics linked to interactions with prey, such as sensitivity to bacterial defense
compounds (Pedersen et al., 2011). Thus, while we do know that protist feeding
differs between species, most studies to date have focused on only one or very few
protist species, usually confined to a narrow phylogenetic range, thereby limiting our
ability to predict how specific protists will impact soil-borne microbial communities.

13
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Figure.3 Impact of selective predation by protists on bacterial community. Bacteria that
cannot express anti-predator strategies are consumed by protists and release nutrients.
Conversely, bacteria that are able to express anti-predator strategies, for instance changing
surface properties, increasing motility and release toxin, will gain a competitive advantage at
the cost of sensitive bacterial populations.

Microevolution

Protists may play an important role in driving evolutionary changes in potential
bacterial prey species. For instance, protist selective pressure may select for bacterial
strains with a heightened ability to produce secondary metabolites that deter protist
predation. Mutations that increase such secondary metabolite production would
be positively selected, and this selection should come at a metabolic cost, thereby
creating a selection tradeoff in the absence of protist predation. Thus, the selective
pressures of protists can drive diversification in prey populations (Meyer & Kassen,
2007).

Protists can also support microbiome cooperation by consuming defectors that
do not express public goods providing protection against protists such as toxic
metabolites (Jousset et al., 2009; Friman et al., 2014). Such compounds benefit the
entire population regardless of the individual investment, and defectors can still
take advantage of public goods without investing their fair share. Although total
population susceptibility may be a product of population-level secondary metabolite
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production, protists may be able to distinguish between individual cells with high
and low production of such compounds. In this way, protist selective feeding on
defectors could serve to increase the cooperator population and thereby further
stabilize microbial cooperation. Protist-imposed selection could also impact other
co-evolutionary and multitrophic interactions. For instance, protists may weaken the
selection strength of bacteria against bacteriophages and further phage infectivity
(Friman & Buckling, 2013).

Missing gap: linking protist traits to their impacts on soil communities

To date, most studies of protist ecology have largely focused on ciliates and testate
amoeba because of their distinct morphological features and the relative ease with
which they can be cultivated (Foissner, 1999b). Despite their high abundance and
diversity in soil communities, naked amoeba are still understudied, partially due to
challenges related to their identification (Smirnov & Brown, 2004). Both cultivation
and molecular-based approaches have shown naked amoeba to be dominant members
in soil protist community (Finlay et al., 2000; Robinson et al., 2002; Geisen et al.,
2015d), yet the majority of studies examining the functionality in soil protists has
been restricted to Acanthamoeba castellanii or other single protist species. In order
to more fully explore the ecology of protists in the soil ecosystems, it is imperative
that we expand the number and diversity of protists stains used in functional
characterizations.

As argued above, phylogenetic affiliation might not provide a solid framework
for explaining or predicting the effects of protist predation on soil-borne bacterial
communities. | therefore propose that a trait-based approach, as suggested by
Dumack et al. (2019), might offer new insights into protist ecology and impacts of
preferential feeding behaviors. In addition to growth rate, I principally focused on
morphological traits, as these are generally straightforward to examine, and they
have previously been shown to influence predator and prey interactions (Brose et
al., 2019).

Objectives and outline of the thesis

To date, it remains unknown to what extent protist predation can be predicted
because most studies have focused on only a single or a limited range of protist and
prey species. To fill in this gap, the main objective of this thesis was to investigate
if protists predation could be predicted using a trait-based approach. I focused
on 20 well-characterized soil protist species, and further investigated how protist
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morphological traits were linked to impacts of protist predation on soil-borne
bacterial communities. Specifically, | examined the extent to which predation effects
can be linked to either high-level phylogeny (Chapter 2) or morphological traits
(Chapter 3). Trophic interactions between protists and bacteria can influence a range
of ecological functions, including microbial cooperation. To examine this issue, I
examined the stability of microbial cooperation in the presence of protist predation
and competition (Chapter 4). Finally, [ provide a combined synthesis of protists-
driven effects on the rhizosphere microbiome, thereby providing a new perspective
on trait-based approaches that could be used to improve rhizosphere functionality
and plant growth (Chapter 5) (Fig.4).

In Chapter 2 I start by clarifying the taxonomic affiliations of the protists isolates used
in this thesis, with a special focus on Heterolobosea amoeba, which are widespread
and diverse in soil. Given the lack of morphologically useful characteristics in
Heterolobosea amoeba, I combined morphological identification and phylogeny
analysis of Heterolobosean amoeba based upon sequencing the small subunit (SSU)
rRNA gene and internal transcribed spacer (ITS) region.

In Chapter 3, I investigate the relationship between protist traits and their effects on
prey bacterial community structure. | measured a range of protists traits, including
growth rate, length, width, morphology and volume across my target 20 protist species
covering the main phylogenetic lineages found in soil. I further used microcosm
experiments to assess the effect of each species on the structure of a semi-natural soil
bacterial community. This work revealed that protists traits, especially cell volume,
could be linked to their predation effect on the bacterial community.

I then examine how protist predation affects the stability of cooperative interactions
in the soil microbiome. To this end, in Chapter 4 I tested the relative importance
of predation and competition as drivers of cooperation. I combined a pair of focal
cooperator and defector strains in the presence of competing soil bacterial community
and protists. I then followed the benefit of cooperation and defector invasion when
they are rare. This work revealed that multitrophic interactions strongly impacted
microbial cooperation.

In Chapter 5, I synthesize existing knowledge on soil protists and demonstrate
their importance as regulators of the rhizosphere microbiome. I first summarized
the different reported interactions between predators and prey in the rhizosphere. |
then addressed the known and hypothesized consequences of protists on microbiome
functionality and plant performance. This chapter concludes with the presentation
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of a framework to guide efforts to harness protists as a microbiome enhancer in

sustainable agriculture.

In Chapter 6, I discuss the results in this thesis and further provide personal
perspectives on the future directions and priorities related to research of soil protists.
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Figure.4 Cartoon of each chapter of this thesis. Chapter 2 shows the taxonomic affiliations of
the protists isolates with a special focus on Heterolobosea amoeba; Chapter 3 presents protist
traits and their effects on prey bacterial community structure; Chapter 4 examines the stability
of microbial cooperation in the presence of protist predation and competition; Chapter 5
provides a combined synthesis of protist-driven effects on the rhizosphere microbiome,
thereby providing a new perspective on trait-based approaches.
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Abstract

The class Heterolobosea is one of the major groups of free-living protists in
terrestrial ecosystems. The described diversity of soil heteroloboseans has rapidly
increased in the last years, but we likely have only scratched the surface of the largely
unknown diversity of heterolobosean amoebae in soils. Here, we provide an updated
phylogeny of this group, including the report of a new species. We isolated four
amoeba strains with morphological characteristics common for Heterolobosea from
soils samples in the Netherlands and China. Two strains always moved in a limax
locomotive form, one strain only occasionally showed a limax locomotive form and
one strain mostly exhibited a flabellate form. Together with 18S rRNA gene and
internal transcribed spacer (ITS) marker sequencing, one strain could be identified
as Naegleria clarki, while the other three could only reliably be identified to the
genus level: two strains as Allovahlkampfia spp. and one strain as Vahlkampfia sp.
Among the allovahlkampfiids, one strain was closely related to Allovahlkampfia sp.
NI164, while the other one most closely resembled ‘Solumitrus’ palustris, a species
that has repeatedly been shown to belong to the genus Allovahlkampfia. As there are
only two valid species described within Allovahkampfia, we combined all published
sequences related to Allovahlkampfia and propose five new clusters within this genus.
One strain was most closely related to Vahlkampfia orchilla, but sufficiently distinct
based upon both morphology and DNA sequence data to propose this strain as a new
species, Vahlkampfia soli, as it is the first described Vahlkampfia species from soil.
Together, our study extends the described diversity of soil heteroloboseans through
the description of a new Vahlkampfia species and by revising the morphologically
and phylogenetically diverse genus Allovahlkampfia.

20
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Introduction

Protists within the Heterolobosea have a global distribution ranging from tropical
to polar regions, including extreme environments (Jacob & Patterson, 1990; Park
& Simpson, 2011; Reeder et al., 2015; Tyml et al., 2016). Heteroloboseans are
morphologically diverse, including amoeba, flagellates, amoeboflagellates and “slime
molds” (Brugerolle & Simpson, 2004; Yubuki & Leander, 2008; Brown et al., 2012;
Harding et al., 2013; Panek et al., 2017). During locomotion, most heterolobosean
amoeba adapt a cylindrical limax shape with eruptive bulges (Page, 1985). Some
heterolobosean species, including several Naegleria species (the most well-studied
heterolobosean genus due to particular attention for the human pathogenic N.
fowlerii), can shift between an amoeba and a flagellate stage (De Jonckheere, 2002;
Visvesvara et al., 2007; De Jonckheere, 2011, 2012).

Classicalidentificationofheteroloboseanspecieshasmostlyrelieduponmorphological
characters (Page, 1967). However, molecular tools have revealed that morphological
characters can be ambiguous, with limited ability to distinguish between species
due to presence of only a limited number of discernable heterolobosean phenotypic
characters. Molecular sequencing using barcoding regions such as the 18S rRNA
gene and the ITS (internal transcribed spacer) region has substantially increased
the taxonomic resolution within Heterolobosea and corrected the often erroneous
taxon relatedness previously proposed based on morphological characters (Brown
& De Jonckheere, 1999; De Jonckheere & Brown, 2005). For example, the genus
designation Vahlkampfia was shown to be genuinely paraphyletic, resulting in
the erection of several new genera including Tetramitus, Neovahlkampfia and
Paravahlkampfia (De Jonckheere et al., 1997; Brown & De Jonckheere, 1999; De
Jonckheere & Brown, 2005).

To date, approximately 150 heterolobosean species, including ~26 soil heterolobosean
species, have been described (Sandon, 1927; De Jonckheere, 2002; Brown & De
Jonckheere, 2004; Murase et al., 2010; De Jonckheere et al., 2011; Anderson et
al., 2011; Geisen et al., 2015a; De Obeso Fernadez Del Valle & Maciver, 2017).
Despite the fact that heterolobosean species are ubiquitously found in soil habitats,
these species have to date only been placed in seven out of total of 35 genera
described within the Heterolobosea: Naegleria, Allovahlkampfia, Fumarolamoeba,
Parafumarolamoeba, Paravahlkampfia, Tetramitus and Vrihiamoeba (Panek et al.,
2017).

As explained above, Naegleria spp. have received a disproportionate amount of
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attention in research focused on (soil) Heterolobosea, which has led to a thorough
molecular species definition within the genus Naegleria (De Jonckheere, 2004).
However, much less is known about other heterolobosean genera. For instance,
recent studies have demonstrated the ubiquity and high diversity of Allovahlkampfia
in soils, but only two species, 4. spelaea (Walochnik & Mulec, 2009) and A. minuta
(De Obeso Fernadez Del Valle & Maciver, 2017) have been formally described. A
third species, which was previously misidentified as ‘Solumitrus ’palustris (Anderson
etal., 2011), has repeatedly been shown to be placed within Allovahlkampfia (Brown
et al., 2012; Geisen et al., 2015a).

The aim of the current study was to update the existing knowledge concerning
the diversity and phylogeny of soil Heterolobosea. To this end, we isolated four
distinct heterolobosean amoeba from soils of different origins, examined each
strain’s morphology and tested ranges of thermotolerance. We also sequenced the
18S rRNA gene and the ITS region, including the 5.8S rRNA gene, to allow for
robust phylogenic analysis of each strain. We could show that one strain was closely
affiliated with a known species within Naegleria, while two strains were identified
as new species/strains of Allovahlkampfia and one strain represented a new species
within the genus Vahlkampfia.

Methods
Isolation and cultivation

Four strains were isolated from two different soils; NL81 was isolated from a green
house in Rotterdam, the Netherlands (51°55°32”; 4°29°39”); CN7 was isolated
from the rhizosphere of tomato in Qilin town, Jiangsu province, China (32°03°09”,
118°55°36”); NL28 was isolated from a grassland soil in the province Friesland,
The Netherlands (51°56°60”; 6°10°59”); NL10 was isolated from rhizosphere soil
of Centaurea stoebe in the Netherlands (51°51°60”; 5°53°34”). Isolations used
one gram of soil sample suspended in 20 mL PAS (Page’s Amoeba Saline). Soil
suspensions were gently shaken for 30 min at Laboshake (Gerhardt GmbH & Co.
KG, Konigswinter, Germany), and one microliter of the mixed soil suspension
was pipetted into each well of 96-well plates (Costar, Corning, New York, USA)
containing Escherichia coli OP50 (E.coli) as food source. After several days of
incubation at 15°C, we screened each well to select novel protists under an inverted
microscope Nikon Eclipse TS100-F (NIKON, Tokyo, Japan). Wells containing
potentially novel protists were further diluted several times in order to purify a single
protist strain. All protists strains were maintained at 15°C and regularly transferred
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to new medium with E.coli.

In order to examine thermotolerance, we grew each protist species with E.coli in
96-well plates and incubated them at 15, 20, 25, 28, 32, 37 °C. We then tracked the
number of protists cells each day until encystment or extinction.

Morphological analysis

All four isolates were identified under locomotion, stationary and cyst stages. Ten
microliters of each active protist or protist cysts were deposited on a glass slide,
immediately covered by the glass slip, and the edges were sealed using nail polish. The
images of each protist trophozoite and cyst were acquired using a Nikon Eclipse Ti-E
inverted microscope (NIKON, Tokyo, Japan) with Differential interference contrast
(DIC) using a Plan Fluor 40x 1.30 N.A. oil objective (Nikon) and a CoolSNAP
HQ2 camera (Photometrics). The 16-bit images were projected onto the CCD chip
at a magnification of 107.5 nm/pixel with intermediate magnification 1.5X (Nikon).
The images were captured with 50 ms exposure time using MicroManager (v.1.4.22.
ImagelJ 1.48v). Time-lapse movies were generated with a time interval 1 second to
determine locomotive forms. Protist length and width were measured for at least 10
protist trophozoites or cysts per strain in ImageJ (1.48v). In short, the scale was set
by the image scale (1 pixel=107.5 nm), and we further measured length or width by
drawing a line from the top to bottom of the protist trophozoite. The formation of
floating and flagellate forms of each protist were investigated.

DNA extraction and amplification

Protist DNA was extracted from 100 puL of protist culture using the E.Z.N.A
Bacterial DNA extraction Kit (Omega, Bio-Tek Inc., Georgia, USA) and DNeasy
Blood & Tissue Kit (QIAGEN N.V., Maryland, USA) following the manufacturer’s
instructions, with an additional 2 min bead-beating step at maximum speed to
improve the DNA yield. Extracted DNA was stored at -20°C before polymerase
chain reaction (PCR) amplification.

The 18S rRNA gene was amplified using various pairs of general eukaryotic primers
as shown in Supplementary Table 1. The PCR procedure utilized an initial 3 min
95°C denaturation step followed by 38 cycles of 95 °C for 30s, a strain-specific
annealing temperature (see Supplementary Table 1) for 30s, elongation at 72°C for
90s, and a final extension step of 5 minutes.

23



Chapter 2

The ITS region, including the 5.8S rRNA gene, was amplified using the primers
JITS-F and JITS-F (De Jonckheere & Brown, 2005), PCR amplifications were run
in a Veriti 96-well thermal cycler (Applied Biosystems, California, USA) with the
following program: 95°C for 5 min, followed by 30 cycles with 95°C 30s, 50°Cfor
60s, and ending with 72°C for 120s.

PCR products (25 uL) were subjected to gel electrophoresis in 1% agarose dissolved
in Tris-borate buffer (2.5 mM disodium EDTA, 89 mM Tris base, and 8.9 mM boric
acid). The band containing the PCR product of interest was then excised from the
gel and purified using the QIAquick Gel Extraction Kit (QIAGEN N.V., Maryland,
USA). The cleaned PCR products were then sequenced (BaseClear B.V., Leiden,
The Netherlands) using species-specific primers (Supplementary Table 1).

Phylogenetic analysis

The taxonomic affiliation of each strain was first determined by comparison against
NCBI GenBank using a BLASTn search. To obtain resolved phylogenetic affiliations
of our strains, the sequences of closely affiliated species were also downloaded for
further analysis. In total, we generated the following four datasets, one including
30 18S rRNA gene sequences; one including the ITS regions for the same set of
30 species; one including the 18S rRNA gene and ITS region for 18 species in the
genus Allovahlkampfia; and one including the same region for 9 species in the genus
Vahlkampfia. All datasets were aligned with MAFFT (version 7) using the FFT-NS-2
method (Katoh et al., 2017) and further manually adjusted in SeaView (version 4.7)
(Gouy et al., 2010) to curate potential sequencing errors.

Maximum likelihood phylogenetic trees of all datasets were constructed within
SeaView. In order to assess the stability of the clades, phylogenetic analysis of all
datasets was performed based on Bayesian analysis using MrBayes 3.2 (Huelsenbeck
& Ronquist, 2001) and maximum likelihood using RAXML (v0.9.0) (Kozlov et al.,
2019). Bayesian analysis was conducted under 6 General Time Reversible (GTR)
substitution types with assumptions of rate variations across sites according to
gamma + invariable distribution. Markov chain Monte Carlo simulations were
performed for 10,000 generations, further sampled every 100 generations. The first
100 samples were discarded as burnin. Maximum likelihood analysis was also based
on GTR + GAMMA + I model for all datasets. All phylogenetic trees were illustrated
in FigTree (v1.4.4).
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Results
Culture and morphological identification

All four heterolobosean isolates exhibited a typical heterolobosean eruptive
locomotion and showed an irregular shape with eruptive pseudopods to various
directions during the non-locomotive stage (Fig.1). All strains formed cysts (Fig.1).
No specific floating forms, flagellate stages or formation of fruiting bodies could be
observed for any of the strains examined.

Strain NL10 mostly adopted an elongated limax locomotive form, but occasionally
showed an elongated flabellate shape (Fig.1a). A clear and large hyaline part was
observed in the locomotive form. Trophozoites (length: 6.02-11.1 um, width: 6.02-
10.33 um) of NL10 were uninucleate with one contractile vacuole being observed.
One nucleus was observed (nucleus diameter: 4.70-2.62 um, nucleolus diameter:
2.27-1.69 um). Cysts were round but profoundly differed in size, ranging from 6.02
to 11.1 pm (Fig.1b). NL10 could tolerate temperatures of up to 37°C (Table 1).

Strain NL28 occasionally moved in a limax shape, but more often moved in an
eclipse shape with an enlarged anterior with a small hyaline area (Fig.1c). At the
posterior end, strain NL28 showed a bulbous uroidal filament (Fig.1c). One to three
contractile vacuoles could be observed in trophozoites (length: 15.94-21.97 um,
width: 5.33-18.92 um) of strain NL28. One nucleus (diameter: 3.02-6.42 pum) and
one nucleolus (diameter: 1.69-3.39 um) was present. Cysts were round with a clear
and separated wall. Strain NL28 could tolerate temperatures up to 20 °C b, as even
cysts were not formed above that temperature (Table 1).

Strain NL81 mostly showed a limax shape during locomotion. The locomotive
trophozoite was 14.51-42.30 um in length and 7.83-21.48 pm in width and formed
a clear hyaline cap at the anterior end (Figl.d, Table 1). One nucleus with a single
nucleolus located in the center was observed in NL81 (nucleus diameter: 2.25-4.56
um, nucleolus diameter: 1.66-3.52 um). One large contractile vacuole was observed
in the granular cytoplasm at the posterior end. Cysts of NL81 were round (diameter:
6.64-13.74 um), with a clear nucleus and a perinuclear layer of granules, surrounded
by a smooth and separated cyst wall (Figl.d). The trophozoites and cysts of strain
NLS81 had a thermotolerance of 20 °C (Table 1).
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Figure.1 Differential interference contrast (DIC) images showing trophozoites and cysts of
all strains described in this study. (a) NL10 (4/lovahlkampfia sp.); (b) cysts of NL10, note
that size difference in cysts; (¢c) NL28 (4/lovahlkampfia sp.); (d) NL81 (Naegleria clarki); (e)
CN7 (Vahlkampfia sp.); Scale bar: 10pm.

CN7 showed a limax shape during locomotion. However, the hyaline area became
larger and formed asymmetrical bulges pointing towards different directions during
when the amoebae stopped moving (Fig.1e). Amoebae were 13.65-24.17 um long
and 4.42-11.38 pm wide during locomotion. The anterior end of CN7 was usually
broader than the posterior end, where sometimes a bulbous uroid was formed (Fig.1e).
No contractile vacuole was found in CN7. Cysts (diameter: 7.24-12.23 pm) were
round with a smooth wall and were uninucleate with a centered nucleolus (diameter:
2.05-3.11 pum). CN7 trophozoite had a thermotolerance of up to 37°C (Table 1)
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Phylogenetic analysis

We sequenced nearly the complete 18S rRNA gene of all strains (Table 2) except
NL81. Only half of the full-length 18S rRNA gene sequence could be obtained
for NL81, possibly because of primer limitations. The lengths of the ITS region,
including the 5.8S rRNA gene, were variable with especially NL81 showing a longer
ITS region than the other strains (Table 2). The 5.8S rRNA gene was 161bp long in
NL10 and strain NL28, while the 5.8S rRNA gene was longer (175bp) in NL81 and
shorter (156bp) in CN7 (Table 2).

Blastsearches ofthe 18SrRNA gene sequencerevealed NL81 as Naegleria clarkibased
on best hits and phylogenetic analyses (Fig.2,3). NL28 and NL10 were placed within
the genus Allovahlkampfia NL28 showed the closest affiliation with Allovahlkampfia
spelaea (Walochnik & Mulec, 2009), and NL10 with Allovahlkampfia sp. N164
(Geisen etal., 2015a) (Fig.2). The BLAST search of the ITS regions also revealed the
same affiliation for NL10 to Allovahlkampfia sp. N164. In contrast, the Blast search
of the ITS region suggested that strain NL28 most closely resembled ‘Solumitrus’
palustris (99% query cover but 89.9% identity) (Fig.3). CN7 most closely matched
Vahlkampfia inornate when Blasting the 18S rRNA gene, while Blasting the ITS
region suggested Vahlkampfia orchilla as the closest relative.
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Table 2. Sequence length (bp) of the 18S rRNA gene and ITS region of al strains

Strains 18S rRNA gene ITS1 5.8S ITS2
CN7 1883 167 156 456
NL10 2051 186 161 147
NL&81 1318 (~half length) 441 175 481
NL28 2103 305 161 152

Tetramitus dokdoensis KY463322

1100 oo Vahlkampfia inornata AJ224887
CN7
189 1100 Vahlkampfia avara 4171L JQ271723
Vahlkampfia avara CCAP1588/1 AJ224886

| Naegleria clarki 4546/1V AF338419
I NL81

Acrasis kona HM114344
Soil amoeba AND12 AY965862
Allovahlkampfia sp. SO/1P EU266548
Heterolobosea sp OSA DQ388520

0697/56|| Allovahlkampfia sp. Tib50 KF547918
Allovahlkampfia sp. Tib191 KF547919
Allovahlkampfia sp. Sar37 KF547915

NL28

Allovahlkampfia spelaea SK1 EU696948
Allovahlkampfia sp. F11 LC106122
Allovahlkampfia sp. AdOFdV MF680037
‘Solumitrus’ palustris GU569163
Allovahlkampfia sp. NL64 KF547916

0599/ NL10

Heterolobosea sp BA DQ388519
Allovahlkampfia sp. Sar9 KF547914
Allovahlkampfia sp. Tib32 KF547917
Allovahlkampfia sp.PKD JQ271668

084262 Allovahlkampfia sp. PS1073J JQ271669

4”9/gg | P ia francinae CDC_V595 FJ169185 AJ224891
2 s —— Fumarolamoeb sp. FUM FR719836
Paraft blamoeba alta Tib23 KF547920

003

0537

Figure.2. Maximum-likelihood tree based on 18S rRNA gene sequences. Support value at
each node presented for BI/RA x ML. Support values <0.5 BI and 50% RA x ML are not
shown. GenBank accession numbers of the 18S rRNA sequence used in the analysis are listed
next to the taxon names.
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Tetramitus dokdoensis KY463323
4|7 Vahlkampfia inornata AJ698838
— CN7
0.933/86|
‘”ﬁl_l } orchilla AJ973127
/100 082276 \/ahlkampfia sp. $10 EU154997

Vahlkampfia ciguana isolate18 MF624281
Vahlkampfia signyensis F21V LC106142
Vahlkampfia sp.1105 AJ698855
Vahlkampfia avara 4171L JQ271662

ossi9sl Vahlkampfia avara CCAP1588/1AT AJ698837
| Naegleria clarki 4564/IV DQ768739
INL81

1/100)

Allovahlkampfia sp. Sar37 KF547908
All ia sp. Tib191 KF547912
‘Solumitrus’ palustris JQ031196
NL28
Allovahlkampfia spelaesa SK1 EU696949
Allovahlkampfia sp. F11 LC106131
Allovahlkampfia sp. Tib50 KF547911
Allovahlkampfia sp. Sar9 KF547907
Allovahlkampfia sp. Tib32 KF547910
Allovahlkampfia sp. PKD JQ271644
Allovahlkampfia sp. AdOFdV MF677901
NL10
Allovahlkampfia sp. NI64 KF547909
Neo ia damariscottae AJ698839

4' P: inae CDC_V595 FJ169186
‘”ﬂ| Fumarolamoeba sp.FUM1

I ——
= FR719837
Parafumarolamoeba alta Tib23
X KF547913

Figure.3. Maximum-likelihood tree based on 5.8S rRNA gene sequences. Support value at
each node presented for BI/RA x ML. Support values <0.5 BI and 50% RA x ML are not
shown. GenBank accession numbers of the 5.8S rRNA sequences used in the analysis are
listed next to the taxon names.

As NL81 was clearly identified as Naegleria clarki, we focused our further analyses
on the remaining three strains. For the two strains resembling Allovahlkampfia spp.,
we constructed phylogenetic trees containing all published sequences resembling
Allovahlkampfia strains and further compared their sequence similarities (Fig.4 ITS
region, Table 3). This revealed that NL10 most closely resembled Allovahlkampfia.
sp. N164 (Fig.4 ITS region). Strain NL28 showed the highest similarity to ‘Solumitrus’
palustris based on the 18S rRNA (99.3%) and 5.8S rRNA genes (99.4%) (Table 3).

To resolve the identity of CN7, we performed phylogenetic analyses based on the
5.8S rRNA gene sequences with published sequences resembling Vahlkampfia
strains (Fig.5). CN7 formed a distinct, well-supported branch. Sequence similarity
of all strains in the closely related branches showed that CN7 had 99.0 % similarity
with closest related species Vahlkampfia inornate (18S rRNA gene), while showing
99.3 % similarity with Vahlkampfia orchilla (5.8S rRNA gene sequences; Table 4).
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pfia sp. Tib191 KF547912

Allovahlkampfia sp. Sar37 KF547908

1100

0.895:
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ia sp. PV66 JQ271645
Allovahlkampfia sp.Sar9 KF547907

Allovahlkampfia sp.4165 JQ271643

Allovahlkampfia sp.PS1073J JQ271644

395/57
Allovahlkampfia sp.Tib32 KF547910

Allovahlkampfia sp.NI64 KF547909

All

ptia sp.
F11LC106131

ia sp. Tib50 KF547911

pfia spelaea EU696949

006

‘Solumitrus ‘palustris
1“—|‘"’ JQ031196
NL28

Figure.4. Maximum-likelihood tree based on the entire ITS region in Allovahlkampfia strains
sequences. Support value at each node presented for BI/RA x ML. Support values <0.5 BI
and 50% RA x ML are not shown. GenBank accession numbers of the ITS sequences used in
the analysis are listed next to the taxon names.

1196

— CN7

1199

inornata
AJ698838

Vahlkampfia orchilla AJ973127

Vahlkampfia sp S10 EU154997

Vahlkampfia avara 4171L JQ271662

3
Vahlkampfia avara CCAP1588/1AT AJ698837

196

Figure.5. Maximum-likelihood tree based on

ciguana isolate18 MF624281

Vahlkampfia signyensis F21V
00 LC106142

Vahlkampfia sp. 1105 AJ698855

the entire ITS region in Vahlkampfia strains

sequences. Support value at each node presented for BI/RA x ML. Support values <0.5 BI
and 50% RA x ML are not shown. GenBank accession numbers of the ITS sequences used in

the analysis are listed next to the taxon names.
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Phylogenetic analysis supported the heterogeneity in the genus Allovahlkampfia
as previously addressed by Geisen et al., 2015a (Fig.4). By closely comparing all
strains in the genus Allovahlkampfia (Table 5, 6), we propose to divide the genus into
five clusters (Fig. 4, Table 5,6). The first cluster contains Tib191, Sar37 (Geisen et
al., 2015a) and PV66, as these species show a limax locomotive form and showed a
similarity within the ITS region between 85.3-89.2%. All strains in this first cluster
had a 162-163 bp long 5.8S rRNA gene, which was 1-2 bp longer than that of other
groups (161 bp) (Table 5). The second cluster consists of seven strains (Sar9, 4165,
Tib32, NL10, N164, A. minuta, PS1073J) (Geisen et al., 2015a; De Obeso Fernadez
Del Valle & Maciver, 2017). These seven strains clustered as a branch in the genus
Allovahlkampfia with 92.9-99.8% similarity across the entire ITS region (Fig. 4,
Table 6). Within the second cluster, Tib32, NL10 and N164 showed the highest degree
of similarity (99.0-99.8 %) with 1-5 bp differences. Despite the highest similarity,
these three species show slight morphological differences, specifically with NL10
showing a mostly limax locomotive form compared to the other two strains that
mostly moved in a flabellate form. The third group consists of 4. spelaea (Walochnik
& Mulec, 2009) and Tib50 (Geisen et al., 2015a) with higher ITS similarity (89.3%)
with each other in comparison to other strains. The fourth cluster consists of the single
strain F11, which has a low similarity (68.3-79.3%) with any other described strain
in the genus Allovahlkampfia. The last cluster consists of NL28 and ‘Solumitrus’
palustris, which show 95.0 % similarity across the entire ITS region (Table 6). Both
strains show a unique bulbous uroid (Table 5, Fig.1c¢).
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Heterolobosea new species

Discussion

In this study, we isolated four soil Heterolobosean strains, one of which we describe
as the new species Vahlkampfia soli. By adding NL10 and NL28 to the genus
Allovahlkampfia, we also amend the genus, proposing that it should contain (at least)
five separate species.

For CN7, which we eventually named V. soli, we found that it was most closely
related to V. inorate based on the 18S rRNA gene, but to V. orchilla (V. orchilla type
strain and V. orchilla strain 10) based on the ITS region (De Jonckheere, 2006a;
Yera et al., 2008). We attribute the lack of congruence to the absence of a published
18S rRNA gene sequence of V. orchilla in GenBank. Based on 5.8S rRNA gene
read comparison between reported species in the genus Vahlkampfia (Table 4), we
believe that V. orchilla is the sister species of V. soli. Future additions of sequences
of Vahlkampfia spp. will help to better reveal the relatedness of this likely still poorly
sampled genus. We justify the erection of a new species not only based on profound
molecular differences but also on distinct morphological features. In particular, CN7
lacks pink pigments that are present in V. orchilla (De Jonckheere, 2006a). CN7 is
smaller and has a bulbous compared with a filamentous uroid present in V. inorate.

So far, all reported species in the genus Vahlkampfia were isolated from aquatic
ecosystem or inside humans (Supplementary Table 2). The only possible exception
is Vahlkampfia signyensis strain 1105 that was found in soils from the South Orkney
Islands on Antarctica, but indeed was suggested to potentially represent a marine
species (Garstecki et al., 2005). Vahlkampfia species were reported from soil (Rahdar
et al., 2016), but just based on potentially outdated morphological and therefore
hardly reliable characteristics. As such, V. soli represents the first unequivocal soil
Vahlkampfia species.

NLS81 strongly resembled Naegleria clarki (Dykova et al., 2006). Interestingly,
our strain showed a much lower thermotolerance than previously reported (De
Jonckheere, 2014), especially considering that Naegleria species commonly have a
high thermotolerance. This could be caused by the origin of the different strains, with
the described Naegleria clarki strain originating form fish organs with potentially
higher body temperature (Dykova et al., 2001) than the strain originating from
temperate soil. No flagellate stages could be initiated in NL81, which is contrasting
previous studies (De Jonckheere, 2014).

NL10 was affiliated with the genus Allovahlkampfia and was mostly related to N164
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and Tib32 based on the 18S rRNA gene sequences - note that these two sequences
were nearly identical except for the group I intron, which present in NI64 but is
absent in Tib32 (Geisen et al., 2015a). However, further analyses showed that NL.10
was only closely related to N164 (Table 3), due to the slight 0.6 % dissimilarity
between N164 and Tib32 in the 5.8 S rRNA gene reported by Geisen et al., 2015a. Our
study also confirmed that NL10 has fewer bp difference with N164 than Tib32 based
on the ITS region (Table 6). Considerable variabilities in the morphology within
Allovahlkampfia species could also be found, which was consistent with previous
studies (Walochnik & Mulec, 2009; Geisen et al., 2015a). NL10 adopted more of
an elongated flabellate locomotive form occasionally, which is different from its
closest relative N164 that exhibits mostly a flabellate locomotive form (Geisen et
al., 2015a). The size of our strain was most strikingly different from that of N164,
as trophozoite length of NL10 only reached half of the length of N164. Interestingly
the mean cyst diameter of NL10 was larger than the N164, which might be due to
profound variations between cyst sizes within NL10, resulting in a bigger value of
mean cyst diameters (Fig.1b, Table 1). Thermotolerance also varied between N164
(below 30°C) and NL10 (37°C). Geisen et al., 2015a also reported similar levels of
variability with respect to ability to grow at high temperatures when comparing the
closely related species Tib32 and N164.

Strain NL28 showed different best BLAST matches, which is partly due to sequence
errors present in ‘S’. palustris reported in previous studies (Brown et al., 2012;
Harding et al., 2013; Geisen et al., 2015a). We further modified the alignments and
found that NL28 was closely related with ‘S’. palustris, which was also supported
by our phylogenetic analysis (Fig2, Table 3). Our study showed that NL28 and ‘S".
palustris were clustered in one group within A/lovahlkampfia. This confirms previous
reports suggesting that ‘S’ palustris should be included within Allovahlkampfia
and that analyses should trim the end of the sequences of ‘S’. palustris to eliminate
these errors (Brown et al., 2012; Geisen et al., 2015a). Morphological variabilities
confirmed differences between strain NL28 and the closely related ‘S’. palustris,
with NL28 being shorter and wider than the described ‘S’. palustris (Anderson et
al., 2011).

Our results were in line with the observed heterogeneity within the genus
Allovahlkampfia as addressed by Geisen et al, 2015a. By adding two Allovahlkampfia
strains, we proposed five Allovahlkampfia clusters based on the entire ITS region of
the described strains (Fig.4). Strains from the first cluster always had 1-2 bp longer
5.8S rRNA gene as compared to the clusters (Table 6), and both of the two described
strains (Tib191 and Sar37) were morphologically similar and displayed a limax
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locomotive form (Geisen et al., 2015a). The second cluster contained seven strains,
in which N164, NL10 and Tib32 showed only 1-5 bp length differences within each
other’s ITS region sequences. However, these three strains had a slight difference
in their locomotive form; Tib32 and N164 showed mostly a flabellate shape, while
NL10 showed mostly a limaxand occasionally a flabellate shape (Fig.1a, Table 5).
Variability in morphology could also be observed within the second cluster, with
specifically Sar9 showing the mostly limax shape, which differed from Tib32 and
NI164. NL10 might possess the transitional morphotype between limax and flabellate,
and there might be an additional group within the second cluster (Fig.4), which needs
to be evaluated in future studies. The fourth cluster was generally distinct from other
groups in the genus Allovahlkampfia. This might be because F11 was isolated from
Antarctica and evolved differently in extreme conditions, akin to other differences
observed for instance in the Naegleria polar cluster (De Jonckheere, 2006b). More
polar Allovahlkampfia strains are needed in the future in order to confirm similarity
within polar Allovahlkampfia strains. We included ‘Solumitrus’ palustris and NL28
in the fifth cluster of the genus Allovahlkampfia, as these two strains showed the
highest similarity with each other, and both of them showed a unique bulbous uroid
(Table 5, 6). We suggest the five clusters mainly based on the entire ITS sequences,
however, species lacking ITS sequences could not be included in the clusters. For
example, our phylogenetic analysis also confirmed that Heterolobosea OSA had
94.9-97.6% similarity with other Allovahlkampfia species. Future studies utilizing
new molecular data for identifying the clusters within the genus Allovahlkampfia are
needed to confirm the cluster definition.

Soil Amoeba ANDI12 formed a new clade in between two closely related genera,
Allovahlkampfia and Acrasis as found previously (De Jonckheere et al., 2011;
Geisen et al., 2015a). The genus Acrasis is known for its sorocarp form, however,
in the closely related genus Allovahlkampfia, only strain BA was so far reported
to induce sorocarp formation (Brown et al., 2012). Little is known concerning the
link between Allovahlkampfia and Acrasis, making soil amoeba strain AND12 an
interesting target for further study (Lara et al., 2007).

Conclusions

We report strain CH7 as a new species, Vahlkampfia soli, the first described
Vahlkampfia species isolated form soil. Furthermore, we identified two novel strains
that allowed us to revise the genus into 5 clusters and propose that new species should
be based on diverse clusters of sequenced and morphologically identified strains.
Together, our study extends the knowledge on soil Heterolobosea, but suggests that
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we are far from having captured a nearly complete inventory of this group of soil
protists.

Diagnosis
New species description: Vahlkampfia soli

Morphology: Trophozoites 13.65-24.17 um (average 18.70 um) in lengths and
5.0-11.38 um (average 7.28 um) in widths; limax locomotion with highly eruptive
pseudopodia; broader anterior than posterior end, where sometimes a bulbous uroid
was formed; no contractile vacuole visible. Cysts round with a smooth wall and
uninucleate with a centered nucleolus (nucleus diameter: 3.26 + 0.1 um, nucleolus
diameter: 2.38 = 0.07 pm); Thermotolerance of up to 37°C.

Phylogeny: 18S rRNA sequences of CN7 showed 99.0 % similarity with the closest
related species Vahlkampfia inornate. 5.8S TRNA gene sequences of CN7 had 99.3
% similarity with closest related species Vahlkampfia orchilla.

Differences with closely related species: no pink pigment as present in V. orchilla
(De Jonckheere, 2006a). Smaller than V. inorate and forming a bulbous instead of a
filamentous uroid present in V. inorate.

Food: bacterivorous

Habitat: Soil

Origin: Qilin town, Jiangsu province, China (32°03°09”, 118°55°36”)

Etymology: CN7 is the first described Vahlkampfia species isolated from soil, the
species name soli denotes its habitat in Latin (soil — soli)

Genus Allovahlkampfia, emended

Cluster 1 - Allovahlkampfia iam

Species: Tib191, Sar37 (Geisen et al., 2015a), PV66 (JQ271645)

Morphology: limax locomotive form
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Habitat: soil, but also extracted from a beer bottle

Phylogeny: The 5.8S rRNA gene is 162 or 163bp in lengths; high within- cluster
diversity of the entire ITS region (85.3 -89.2% similarities with each other), but
more than to other clusters (73.3 -81.4%).

Etymology: Three species in this group have 1-2bp longer of 5.8S rRNA gene than
species in other groups (161bp). The name iam denotes their longer 5.8S rRNA gene
in Latin (Jonger - iam)

Cluster 2 - Allovahlkampfia minuta emended

Species: Sar9, Tib32, N164 (Geisen et al., 2015a), NL10, 4. minuta (De Obeso
Fernadez Del Valle & Maciver, 2017), 4165 (JQ271643), PS1073] (JQ271644)

Morphology: limax or flabellate locomotive form

Habitat: soil, liver, lakeside

Phylogeny: The 5.8S rRNA gene is 161bp in length; high within- cluster diversity
of the entire ITS region (92.9 -99.8% similarities with each other), but more than to

other clusters (77.9 -87.0%).

Etymology: This cluster name is consistent with the reported species 4. minuta (De
Obeso Fernadez Del Valle & Maciver, 2017)

Cluster 3 - Allovahlkampfia spelaea emended

Species: Tib50 (Geisen et al., 2015a), A. spelaea (Walochnik & Mulec, 2009)
Morphology: limax or flabellate locomotive form

Habitat: soil, stromatolitic stalagmites

Phylogeny: 5.8S rRNA gene is 161bp in length; high within- cluster diversity of the
entire ITS region (89.3 % similarity with each other), but more than to other clusters

(72.7-86.2%).

Etymology: This cluster name is in consistent with reported species A. spelaea
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(Walochnik & Mulec, 2009)

Cluster 4 - Allovahlkampfia antartica
Species: F11 (Tyml et al., 2016)
Morphology: limax locomotive form
Habitat: Freshwater, Vega Island, Antarctica

Phylogeny: 5.8S rRNA gene is 161bp in length, this cluster species sequences of the
entire ITS region had 68.3 -77.6% similarity with other clusters.

Etymology: F11 was isolated form Antarctica, cluster name antartica denotes its
habitat

Cluster 5 — Allovahlkampfia palustris emended

Species: NL28, ‘Solumitrus’palustris (Anderson et al., 2011)

Morphology: limax locomotive form with bulbous uroid

Habitat: soil, freshwater

Phylogeny: 5.8S rRNA gene is 161bp in length; high within- cluster diversity of the
entire ITS region (95.0 % similarity with each other), but more than to other clusters
(68.3-79.3%).

Etymology: This cluster name is consistent with the reported species ‘Solumitrus’
palustris (Anderson et al., 2011) due to its similarity to the genus Allovahlkampfia,
we suggest Allovahlkampfia palustris as the new cluster name.
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Supplementary material

Supplementary Table 1. Primers and different annealing temperature used for the 18S rRNA
gene sequences

Strains Forward Primer Reverse Primer Annealing temperature (°C)

NL28 Pre3NDf (Bass & Cavalier-Smith, 2004) EukB (Medlin et al., 1988) 50

CN7 RibA (James et al., 1994) RibB (James et al., 1994) 50
NL10 Pre3NDf EukB 60
NL81 Pre3NDf EukB 60

Supplementary Table 2. Origins of reported strains in genus Vahlkampfia.

Species Accession number  Origins Reference

Vahlkampfia orchilla AJ973127 river De Jonckheere, 2006a
Vahlkampfia orchilla strain 10 EU154997 contact lens Yera et al., 2008

Vahlkampfia inornata AJ698838 water Page, 1967

Vahlkampfia signyensis LC106142 freshwater lake Tyml et al., 2016

Vahlkampfia sp. 1105 AJ698855 water De Jonckheere & Brown, 2005
Vahlkampfia ciguana MF624281 Nile water Al-Herrawy & Gad, 2015
Vahlkampfia avara 4171L JQ271662 kidney Dykova & Kostka

Vahlkampfia avara AJ698837 water De Jonckheere & Brown, 2005
CCAPI1588/1AT

Vahlkampfia avara LC191909 soil Rahdar et al., 2016
Vahlkampfia avara KC164242 compost Conza et al., 2013

43



44

@ @

)

/\2 /\2

@ ¢
kj) @

/S 7 N\

’ (=
o~ 3
\ § - ' :“

Microbiome function



Chapter 3

Protist volume is linked to differential
impacts on bacterial community structure

Zhilei Gao'

Stefan Geisen?
Alexandre Jousset!
George A. Kowalchuk!

Institute of Environmental Biology, Ecology & Biodiversity,
Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands

“Department of plant sciences, Laboratory of Nematology,
Wageningen University , 6700ES Wageningen, The Netherlands

45



Chapter 3

Abstract

Protists are increasingly being recognized as important regulators of the soil
microbiome via their selective feeding on bacterial prey and by exerting top-down
control within the microbial community. However, microbiome predation has
only been investigated for few protist species, rendering it impossible to obtain
any general knowledge-insights on differences between predators and any traits
potentially affecting these predator-prey interactions. Here, we identified traits and
determined feeding impact of 20 phylogenetically and morphologically distinct
protist species on microbiome composition to assess to what extent protist traits can
predict their impact on microbiome function. Protist volume was the major trait that
could be linked with changes in bacterial community structure, regardless of protist
morphological similarity and phylogenetic relatedness. Especially large volume
protist increased the abundance of bacteria reported to possess traits that may help
avoid predation. Our study suggests that protist traits, especially protist volume,
can predict predator and prey interactions and thereby impact soil microbiome
composition and potentially functioning.

46



Protist traits and bacterial community

Introduction

Soil microorganisms are highly diverse and are known to provide multiple
terrestrial ecosystem functions, such as enhancing soil fertility, driving nutrient
cycling and impacting plant growth and health (Heijden et al., 2008; Berendsen
et al., 2012). Advances in DNA sequencing methodologies have provided new
windows of observation with respect to revealing the breadth of diversity within
the soil microbiome (Fierer, 2017). In addition to providing cultivation-independent
inventories of bacterial and fungal diversity, such nucleic acid (DNA and RNA) -
based approaches have also led to a much greater appreciation of the distribution and
importance of soil protists (Geisen et al., 2015d).

Protists represent a catch-all group that encompasses the vast majority of the
phylogenetic diversity within the eukaryotic domain (Adl et al., 2012). Despite their
large numbers and high diversity across various ecosystems, they have often received
less attention than bacteria or fungi (Geisen et al., 2017). Within soil habitats, recent
studies have revealed a large diversity of protists across various soil types, as well
as patterns in protist community structure related to environmental conditions and
experimental treatments (Fiore-Donno et al., 2016; Xiong et al., 2018). Soil protists
also display a diverse range of morphological characters, such as in cell morphology
as well as sizes ranging from a few micrometers up to the centimeter scale (Geisen
etal., 2017).

Although protists can display diverse life-history strategies and positions within the
soil food web (Geisen et al., 2018), arguably their most important impact on the soil
microbiome comes through their predation on soil bacteria. Protists can selectively
feed on the bacterial community leading to a shift in bacterial community structure
(Ronn et al., 2002; Rosenberg et al., 2009). Such selection can lead to an increased
relative abundance of bacterial populations that have developed various strategies to
resist protist predation, for instance by changing their surface properties, increasing
their size or producing secondary metabolites (Jiirgens & Matz, 2002; Jousset et
al., 2006). Thus, selective protist predation can lead to changes in soil microbiome
functioning. Although some of the mechanisms by which protists impact bacterial
communities have been studied using model protists species, such as Acanthamoeba
castellanii or close relatives (Rosenberg et al., 2009; Gliicksman et al., 2010),
little is yet known about how protists traits dictate subsequent impacts on bacterial
communities.

Given the broad phylogenetic and morphological diversity of protists as their ability
to exert top down control on their bacterial prey, an important step to predict protist
impacts on the soil microbiome lies in linking protist traits with their specific
changes in soil microbial community structure. At the macroecological scale, size is
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regarded as one of the most fundamental characteristics, because size can be linked
to distribution, reproduction rate and interactions with potential prey (Peters, 1987;
Brose et al., 2006). With respect to protists, size and morphology can also dictate to
what extent they can gain access to small soil pores between soil (micro-) aggregates
(Finlay & Fenchel, 2001). Similar patterns can also be found in aquatic ecosystems,
where protist size determines the relationship between predator and prey, for instance,
as exemplified by the increased bacterivorous activity in marine and freshwater in
response to small-sized protists (<10um) (Sherr & Sherr, 1991). Gliicksman et al.,
2010 showed for soil cercozoans that other traits, such as volume and plasticity,
are responsible for driving changes in bacterial community structure. Moreover,
morphotype can be an indicator of protist-induced bacterial community shifts, as
the flexible body shape of amoeba species, with their elongated pseudopodia, allows
them to reach and penetrate into small water-filled soil pores (Elliott et al., 1980;
Darbyshire, 2005).

Soil protists are known to be potentially important drivers of soil microbiome structure
and functions (Gao & Karlsson, et al., 2019), but we still lack the knowledge to relate
protist identity and traits to subsequent impacts on microbial communities. This gap
impedes our ability to predict the exact function of potentially protist species-specific
predation on the soil microbiome. To fill in this gap, a systematic and broader approach
to link protists traits with impacts on their prey is needed. We therefore collected 20
protist species across a broad taxonomic and morphological range. We then assessed
the predation impact of each species on a microbial prey community composed of
diverse bacteria. We tested whether protist effects on bacterial communities could
be related to phylogenetic affiliation or to morphological or physiological features.
Our study seeks to provide a better understanding of predator - prey interactions,
thereby improving the prediction on the consequences of protist predation on soil
microbiome functioning.

Material and Method

Preparation of protists cultures

Twenty protists were isolated from soil in China and the Netherlands, all protists
were cultivated with E.coli OP50 (Escherichia coli OP50) as food resources at 15°C.
Protists were washed two times with PAS (Page’s Amoeba Saline) by centrifugation
(800 g, 5 min) to remove E.coli. The numbers of protists were evaluated under an
inverted microscope (Nikon Eclipse TS 100, Tokyo, Japan) and adjusted to 1000
individuals mL-".
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Protists traits measurement

Fifty-microliters of the protist suspension were incubated with 50 pL E.coli (10°
CFU ml") and PAS in 96 - well plate (Corning Incorporated, Kennebunk, USA) with
six replications. All traits measurement experiments were incubated at 15°C.

Length and width measurement

Images of each protist species were taken under the inverted microscope after 1-2
days of incubation. We measured the lengths and widths of trophozoites and cysts by
Imagel (1.48v) for at least 10 individuals of each protist.

Growth rate measurement

Numbers of protists were determined daily under the inverted microscope for a period
of one week. Growth data of each protist species was fitted to a growth parametric
model (grofit :: gcFitModel ) to calculate the growth rate of each species.

Volume calculation

We first determined morphotypes of each protist species and categorized them into
three groups based on their morphotypes (Smirnov & Brown, 2004; Smirnov et al.,
2011)

Group A: Morphotypes were always cylindrical or sub-cylindrical; as such, we used
a cylindrical volume as an approximation of protists volume:

VA = hnr?

h=length, r =width/2

Group B: Morphotypes of this group were either cylindrical or flat, depending
on environmental conditions; as such, we used a half cylindrical volume as an
approximation of protists volume:

VB =1/2 hnr?

h=length, r =width/2

Group C: Morphotypes were always flat, so we calculated the volume based on fan
shape; as such, we used a fan shape area as an approximation of protists volume:
VC=Ir/2

I=length, r=width
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When protist volume was below 500 um?, we categorized these species as small
volume protists, those above 500 pm* we categorized as large protists.

Protist phylogenetic relationship
DNA extraction and amplicon

Protist DNA was extracted from 100 pL protist sample using the E.Z.N.A Bacterial
DNA extraction Kit (Omega, Bio-Tek Inc., Georgia, USA) and DNeasy Blood
& Tissue Kit (QIAGEN N.V., Maryland, USA) following the manufacturer’s
instructions, with an additional 2 min bead-beating step to improve the yield of
protists DNA extraction. The extracted DNA samples were stored at -20°C prior to
subsequent polymerase chain reaction (PCR).

The 18S rRNA gene was amplified using several pairs of general eukaryotic primers
as shown in Supplementary Table 1. The general PCR procedure began with 3 min
95°C denaturation and was followed by 38 cycles of 95 °C for 30s, a strain- specific
annealing temperature for 30s, 72°C for 90s, and 5 minutes of final extension.

Twenty-five microliters of PCR products were subjected to electrophoresis in 1%
agarose dissolved in Tris-borate buffer (2.5 mM disodium EDTA, 89 mM Tris base,
and 8.9 mM boric acid). The gel with targeted fragments was cut and purified using
the QIAquick Gel Extraction Kit (QIAGEN N.V., Maryland, USA). Purified PCR
products were sequenced (BaseClear B.V., Leiden, The Netherlands) addition of the
appropriate primers (Supplementary Table 1).

Protist taxonomic affiliation

Resulting sequences were manually curated in BioEdit (version 4.0.6) and assembled
to obtain near full-length 18S rRNA gene reads. These reads were subjected to
BLASTn searches against NCBI GenBank. To obtain resolved phylogenetic
affiliations of our strains, the sequences of the closest affiliated species (1-2 species)
were downloaded for further analysis. All sequences, including 20 protists strain and
24 closely related species, were aligned in MAFFT (version 7) using the FFT-NS-2
method (Katoh et al., 2017) and further manually adjusted in SeaView (version 4.7)
(Gouy et al., 2010) to check for correct sequences and an accurate alignment of all
sequences.

In order to assess the stability of clades, phylogenetic analysis of all sequences was
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performed based on maximum likelihood using RAXML (v0.9.0) (Kozlov et al.,
2019). The phylogenetic tree was visually optimized in FigTree (v1.4.4).

Nearly full length 18S rRNA gene sequences were obtained for all protist strains
used in this study, revealing a broad range of taxonomy (Fig.1). Eleven strains
were affiliated with the supergroup of Amoebozoa, which is the most abundant
supergroup of soil protists (Geisen et al., 2015d); Five strains were affiliated with
the Excavate supergroup; Four species were affiliated with the Rhizaria supergroup
(Supplementary Table 2).

Preparation of predator- free soil bacterial communities

Predator - free soil bacterial communities were extracted from a natural soil (from
the Botanische Tuinen, de Uithof, Utrecht, the Netherlands) (52°05°16”; 5°10°14”).
Fifty grams of soil were dried overnight and further blended in a kitchen blender
with 200 mL 0.1% pyrophosphate buffer for 2 minutes. Bacteria were extracted
from the soil suspension using Percoll (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden), which is a density gradient centrifugation medium. Ten milliliters of
Percoll and ten milliliters of soil suspension were added to a S0 mL Falcon tube
and centrifuged using a fixed-angle rotor at 10000 x g for 20 min (Thermo Fisher
Scientific, Langenselbold, Germany). To remove protists from natural soil, the top
layer of soil suspension was transferred to a new falcon tube and further vacuum
filtered using glass filters with pore sizes of 3 um, 1.6 um and 1.2 pm. The filtrate
was diluted 10 times and incubated in 250 mL culture flasks in 1/300 TSB medium
(Tryptic Soy Broth). Culture flasks were incubated at 15°C and checked under the
microscope daily to test for contamination by protists (Adapted from (Renn et al.,
2002)).

Experimental set-up

One hundred microliters of predator- free soil bacterial suspension was used to
inoculate 3 g of gamma-sterilized sandy soil in a 5 mL Eppendorf tube. After 2 hours
of incubation, either 400 uL protist suspension (one of the 20 protist species) or PAS
as control treatment was inoculated into the tube, with 5 replications for each protist
treatment. In addition, we added 100 uL PAS into the tube to help the inoculant settle
into the soil. The tubes were covered with parafilm to avoid contamination while
allowing for air exchange. After 10 days, the soil was sampled for further analysis.

52



Protist traits and bacterial community

Soil DNA extraction and 16S rRNA gene tag sequencing

DNA from 0.5 g soil sample was extracted using the DNeasy PowerSoil Kit
(QIAGEN, USA), according to the manufacturer’s instructions. Bacterial 16S rRNA
gene tag sequencing was carried out using a two-step PCR protocol. Soil DNA was
diluted 5 times and amplified by modified primers (Caporaso et al., 2011). The first-
step PCR was performed in a 96-well PCR plate with 12.5 pL of Dream Taq Green
Master Mix (2X), 5 pL DNA template, 9.5 pL DNA- free water, and 2pL of SuM
combined forward and reverse primers (Supplementary Table 1). PCR amplification
was conducted in a Veriti 96 well thermal cycler (Applied Biosystems, California,
USA) using a program, consisting of 95°C for 3 min, following by 26 cycles with
95°C 20s, 55°C for 30s, 72°C for 30s.

PCR products were purified according to the 16S Metagenomic Sequencing Library
Preparation protocol (PCR clean-up). Purified PCR products were further amplified
using barcoded primers in a second round of PCR (Baym et al., 2015), with the
following thermocycling scheme; 95°C for 3 min, followed by 8 cycles of 95°C for
30s, 55°C for 30s, 72°C for 30s. PCR products were purified as described above,
resulting purified DNA quantified on a Qubit 3 Fluorometer (ThermoFisher, USA)
and equal amounts of each product combined for 16S rRNA gene tag sequencing
(Illumina Inc., San Diego, USA) using a 250-bp V2 paired-end protocol on a MiSeq
sequencer (Utrecht Sequencing Facility).

DNA reads were processed (pair-ends merge, quality filter, trimming) using
USEARCH , which is a part of the Uparse pipeline (Edgar, 2013). Sequences were
identified and clustered into Operational Taxonomic Units (OTUs) at 97% sequence
similarity level with the QUIIME1 (Caporaso et al., 2010) strategy using the
UCLUST algorithm (Edgar, 2010). Subsequently, 16S OTUs were aligned against
the SILVA 16S reference database, version 128 (Glockner et al., 2017)

Rarefaction of the OTU table to 12000 reads per sample was performed using the
rarefaction script of QIIMEI1. At this threshold, seven samples had to be removed
from the dataset due to low read numbers. The resulting OTU table was used for
further statistical analysis.

Data analysis

Analysis of bacterial community structure was conducted by Nonmetric
Multidimensional Scaling (NMDS) based on Bray Curtis dissimilarity (vegan
- metaMDS) (Oksanen et al., 2007). The distance of bacterial community was
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computed based on Bray Curtis dissimilarity (vegan :: vegdist) or UniFrac distance
(phyloseq :: distance) (McMurdie & Holmes, 2013). Pair-wise protist traits distance
was calculated by Euclidean distance (vegan .: vegdist). We used linear regression
(base :: Im) and mantel tests (vegan :: mantel) to analyze the association between
pair-wise prey bacterial community Bray Curtis dissimilarity and pair-wise protist
trait distance. DEseq2 (Love et al., 2014) was used to determine which OTUs were
significantly affected by protists with relatively small versus large volumes. All
results were conducted in R version 3.6.

Results
Protists traits

The collection of 20 protists strains displayed a wide range of morphological and
functional traits. The lengths of physically active protists (trophozoites) ranged from
5.68 to 33.77 um and widths varied between 4.84 and 18.15 um. Likewise, lengths
and widths of protist cysts showed a large degree of variation between the strains
examined (length: 4.58-17.62 um, width: 4.39-12.21 um). Similarly, large differences
were observed in growth rates in cultures growing on E.coli (Supplementary Table
2). Protist volume ranged from 100.035 pm?®to 4064.89 um? (Supplementary Table
2).

Relationship between phylogenetic affiliation and the impact on bacterial
community structure

Different protist strains in our study had disparate impacts on the bacterial
community structure. We tested the degree to which phylogenic affiliation could
explain the impacts of protist inoculation on bacterial community structure. We first
calculated pair-wise phylogenetical distance of all strains, based upon 18S rRNA
gene sequences. This matrix was matched against compositional dissimilarity of
bacterial communities as determined by pair-wise Bray Curtis dissimilarity. We did
not detect a correlation between pair-wise phylogenetic protist distance and Bray
Curtis dissimilarity (Supplementary Fig.1). This lack of a correlation between protist
phylogenetic affiliation and protist-induced shifts in bacteria community structure
is illustrated by the fact that even closely related protist species, such as Vannella
sp. strain 33 and Vannella sp. strain 45, had highly contrasting impacts on bacterial
communities (Fig.2).
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Figure.2 Effect of protist traits on prey bacterial communities, which was assessed by
Nonmetric Multidimensional Scaling. Points with different colors represent different protists
treatments; arrows represent different protist traits, note that the length of arrow means to
what extent that specific protist trait influences prey bacterial communities

Relationship between protists traits and impacts on microbial community
structure

We examined the degree to which several protist traits could explain protist-induced
impacts on bacterial community structure (Fig.2). Variation in protist trophozoite
length and protist volume exhibited the greatest explanatory power of the traits
tested, as illustrated by the length of the vectors in Fig.2. To further examine these
relationships, we calculated the pairs-wise Bray Curtis dissimilarity and pair-wise
protisttraits distance. This comparison showed that pair-wise Bray Curtis dissimilarity
was significantly associated with pair-wise protist volume distance (Fig.3), which was
further verified by linear regression and a Mantel test (Supplementary Table 3). This
association between protist volume and protist-induced bacterial community was
also found when taking prey bacteria phylogeny into consideration (Supplementary
Fig.2). However, we could not find any correlation between protist length and
shifts in bacterial community structure (Supplementary Table 3). As shown in the
Fig.2, other traits such as growth rate, protist cyst size and trophozoite width had
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little impact on the bacterial structure, and no correlations between those traits and
bacterial community changes were found (Supplementary Table 3).
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Figure.3 Correlation between pair-wise log 10 transformed protist volume distance and pair-
wise Bray Curtis dissimilarity of prey bacterial communities.

We examined protist volume further by comparing the dissimilarity of bacterial
community induced by protist treatments and control treatment without any protists.
We found that protists with a larger volume tended to yield more dissimilar bacterial
communities as compared to the control (Fig.4(A)), and this dissimilarity can be
explained by the lower phylogenetic diversity of the prey bacterial community
(Fig.4(B)). Larger volume protists tended to decrease the phylogenetic diversity
within the bacteria community.
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Figure.4 (A) Correlation between protists volume distance after log 10 transformation and
Bray Curtis dissimilarity as control without protists; (B) Correlation between protists volume
distance after log 10 transformation and phylogenetic diversity of prey bacterial communities.

To examine further how protist volume is related to impacts on bacterial community
composition, we grouped our collection of 20 protists into groups comprised of small
or large protists according to calculated volume; the small protists had volumes
less than 500 um?; the remaining protists were assigned into the large protist group
(Supplementary Table 2). In total, 12 OTUs showed significant relationships with
respect to protist size classes. Five OTUs were significantly increased by smaller
volume protists (Fig.5), while larger volume protists increased relative abundance of
seven OTUs. The choice to divide protists strains using a cutoff of 500 pm? was based
upon the fact that this gave a rather balanced analysis, while also adhering somewhat
to a natural separation in the data (Supplementary Fig.3). We also examined a range
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of different groupings of protists volumes, yielding very similar results (not shown).
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Figure.5 Significantly changed OTUs by predation of small or large volume protists. For
each bacterial OTU, a log2 fold change was calculated to represent the extent of the change.
Changes in log2 below 0 (read line) indicate that a particular OTU is overrepresented in
communities subjected to protists with a large volume. Conversely, log2 fold changes above
0 (red line) indicate a relative overrepresentation of a given OTU in communities inoculated
with smaller volume protists. Names of OTUs are represented by genus names; note that
two OTUs fall under Brevundimonas that were overrepresented in communities subjected to
protists with a small volume. Colors of each OTU indicate phylum information; sizes of each
OTU indicate mean abundance.

Discussion

Protists are important predators of bacteria, a trophic interaction that it is important
in soil food-webs and nutrient cycling (Clarholm, 1985). Protists represent the vast
majority of eukaryotic phylogenetic and functional diversity (Adl et al., 2012; de
Vargas et al., 2015; Geisen & Bonkowski, 2017), suggesting that different protists
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species may have highly disparate impacts on soil-borne microbial communities and
consequently soil functioning. However, studies to date that have tried to address
the differential feeding behaviors of protists have been limited to simple one-on-one
interactions, a limited range of protist taxa or low-resolution taxonomic identification
of bacterial communities. We therefore sought to examine the extent to which soil
protist traits can be linked to the impacts that they exert on bacterial communities
via predation. We utilized a collection of 20 soil protist species representing a
broad range of taxonomic groups (Fig.1). The majority of protist strains exerted a
significant impact on bacterial community structure (Fig.2), suggesting that different
protist strains had differential feeding behaviors when confronted with a diverse
assemblage of potential bacterial prey species. We, however, did not detect any
correlation between the phylogenetic relationship of protist strains and their impacts
on bacterial communities (Supplementary Fig.1). We further examined if protists
traits, such as growth rate, size and volume, could be linked to their predation
impacts. We found that a significant portion of protist predation effects could be
explained by protist cell volume (Fig.3).

Interestingly, we found no evidence for a link between protist phylogeny and their
predation effects on bacterial community composition and diversity (Fig.2). Our
results are in accordance with prior studies, which showed that even closely related
species had differential predation effects on prey bacteria (Gliicksman et al., 2010).
Even though protist predation on specific bacterial strain can be predicted through
high-level relatedness (Pedersen et al., 2011), our study could not find the link
between predator high-level phylogenic relatedness and effects on the prey bacterial
community (Fig.1,2), suggesting species-specific patterns of protist predation.

We adopted a more ecological approach, namely an examination based upon protists
traits. We first measured traits of each protist strain, such as growth rate, size and
volume, revealing a broad range of traits across the collection used in our study
(Supplementary Table 2). We further attempted to link protist traits to their predation
and found that protist traits are strongly associated with prey bacterial community
structure (Fig.2).

Among the protist traits examined, we found cell volume was most strongly linked with
protist predation effects (Fig.3.,4, Supplementary Fig.2). However, other measured
protists traits, such as length, width and growth rate did not have detectable effects.
We expected that the protist trophozoite size would affect feeding impacts, since as
smaller protists, in particular small trophozoite length, can access the soil pores in
order to capture more prey bacteria (Finlay & Fenchel, 2001). It has to be note that we
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only used one homogenized soil that might reduce the differences on natural settings.
We did not detect a relationship between protist length and feeding-induced changes
in the bacterial community. Thus, it appears that sheer ability to reach prey micro-
habitats is not sufficient to predict predator -prey interactions besides experimental
set-up limitation. Indeed, several steps are involved in the predator-prey interaction,
for instance, including ingestion and digestion abilities (Matz & Kjelleberg, 2005;
Jousset, 2012). With this in mind, we also expected high feeding and reproduction
rates to be linked with stronger impacts on bacterial community structure, but no
such relationship was found in our study (Supplementary Table 3).

Our results showed that protist volume was related to the impact of protist predation
on the bacterial community (Fig.3,4, Supplementary Fig.2). This is in accordance
to a prior study at microbial ecological scale by Gliicksman et al., (2010), which
showed that the differential volumes within Cercozoan species were correlated with
the protist predation activity. Also at macroecological scale, predator size can also
influence predation preference and serve as a proxy for feeding capacity (Schneider
et al., 2012; Brose et al., 2019). It is important to know that inclusion of geometric
body morphotypes (Hillebrand et al., 1999) was critical to our calculations of protist
volumes. Use of such a combined volume calculation acts an effective wrapper
incorporating several measures of size, thereby providing more information that for
instance cell length, whose influence actually opposed that of cell volume (Fig.2).

We further examined how cell volume of protists related to specific changes in bacterial
communities. For this we defined large and small protist size classes (Supplementary
Table 2) and examined which bacterial taxa were over or underrepresented after
incubation with either relatively small or large protists (Fig.5). We found that a range
of OTUs that showed differential abundance according to protist size class, with
five over in small volume treatment and seven over in big volume treatment. There
was no relationship between protist size class and total bacteria density based upon
QPCR data (not shown).

Interestingly, we found that large volume protists increased the relative abundance
of some bacterial taxa that have been reported to have potential mechanisms to avoid
predation by smaller volume protists (Supplementary Table 4). For instance, large
volume protist treatments hosted relatively larger populations of Pseudomonas,
Variovorax, and Flavobacterium (Rickard etal.,2003; Pehl etal.,2012; Rasamiravaka
et al., 2015; Rios-Castillo et al., 2018), which have been shown to form biofilms to
defend against protist predation (Matz & Kjelleberg, 2005; Jousset, 2012). Variovorax
spp. are also known to have the potential for a high level of, which may help in
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the escape from protist predation (Matz & Jiirgens, 2005). Secondary metabolite
production by Pseudomonas sp. has been shown to not only prevent plant pathogen
infection but also resist protist predation (Chin-A-Woeng et al., 2003; Jousset et al.,
2006). Given the overlap between bacterial traits that help avoid protist predation
and those involved in plant defense against pathogens (Iavicoli et al., 2003; Jousset
et al., 2010), our study suggests that larger volume protists might therefore steer
bacterial communities toward improved plant health promotion. However, this link
would still have to be tested experimentally.

The specific changes of prey bacteria community can be caused by protist feeding
strategy, specifically size selective feeding strategy. Studies on aquatic protists
reported that heterotrophic nanoflagellates (HNF) and ciliates exerted strong
predation pressure on bacterial cells ranging from 1-3 pum (Gonzalez et al., 1990;
Monger & Landry, 1991). We therefore used bacterial cell length information
available in the literature to examine if bacterial cell length of those bacterial OTUs
differentially affected by protists size classes exhibited differences in cell length. We
were unable to detect any relationship between predator volume and affected prey
size (Supplementary Table 4), although it must be said that this analysis was limited
to highly incomplete and somewhat speculative prey trait data.

Our study suggests that using protist morphological traits is more promising to
predict predation impacts than using approaches related to protist phylogeny.
However, we only were able to measure a limited range of morphological traits.
Clearly, information concerning more functional traits linked to protist predation,
such as nutrient requirement and tolerance to bacterial compounds, needs to also
be taken into consideration (Jousset et al., 2006; Dumack et al., 2019). Moreover,
protist functional traits can also interact with bacterial functional traits. Thus, studies
of interactions between protists and prey would benefit from a combined approach,
including both protist and bacterial traits. Such studies could also be extended to
examine impacts of protist predation on ecosystem functioning, especially in the
rhizosphere (Rosenberg et al, 2009; Krome et al., 2009), thereby potentially linking
protist traits to plant protection, growth and health (Gao & Karlsson, et al., 2019).

To fully appreciate the consequences of protist predation on the soil microbiome, it
appears to be important to take protist traits into consideration. Trait-based approaches
have been demonstrated to be highly informative in other facets of microbial
ecology, leading us to a better understanding on the relationship between community
composition and ecosystem functioning that transcends taxonomy (McGill et al.,
2006; Krause et al., 2014). Similar trait-based approaches have previously applied
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for bacteria and fungi (Bouskill et al., 2012; Ho et al., 2013; Crowther et al., 2014).
Our protist traits, such as cell volume which are linked to predation, can be a criterion
of functional grouping in trait-based approaches of protists, thereby providing a
predictive perspective of protist predation effects on soil microbiome functioning.

Conclusions

We observed species-specific effects of protist predation on soil microbial
communities, and this effect was not linked to the protist phylogeny. Protist traits,
especially cell volume, were found be more informative predictors of predation
effects on the soil microbiome. For instance, larger volume protists lead to the
resulting bacterial populations with potential for good predation defense strategies,
traits that may overlap with those that support plant protection. Our study enhances
the understanding in predator and prey interaction through the use of protists traits.
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Supplementary Table 1. Sequences of primers used for protists phylogeny of 18S rRNA gene

sequence and 16S rRNA gene tag sequencing preparation. NA means not available.

Sequence Primers Primers sequence Reference
Pre_3ndfor CAGCAGGCGCGCAAATTACC Bass & Cavalier-Smith, 2004
V4 1for CCAGCASCYGCGGTAATWCC Hartikainen et al., 2016
3NDfor GGCAAGTCTGGTGCCAG Cavalier-Smith et al., 2009
18S rRNA 12Nrev AACGGCCATGCACCACC NA
Sequence pibA ACCTGGTTGATCCTGCCAGT James et al., 1994
RibB TGATCCATCTGCAGGTTCACCTAC  James et al., 1994
EuklA_ 18Sfor CTGGTTGATCCTGCCAG Sogin & Gunderson, 1987
EuklA 18Srev TGATCCTTCTGCAGGTTCACCTAC Medlin et al., 1988
16SforA_NGS TCGTCGGCAGCGTCAGATGTG-
TATAAGAGACAGNNNNNaGTGC-
CAGCMGCCGCGGTAA
168 tRNA gene 16SforB_NGS TCGTCGGCAGCGTCAGATGTG-

tag sequencing

16SforC_NGS

16SrevA_NGS

16SrevB_NGS

16SrevC_NGS

TATAAGAGACAGNNNNNNaGTGC-
CAGCMGCCGCGGTAA

TCGTCGGCAGCGTCAGATGTG-
TATAAGAGACAGNNNNNNNaGTG-
CCAGCMGCCGCGGTAA

GTCTCGTGGGCTCGGAGATGTG-
TATAAGAGACAGNNNNNGGAC-
TACHVGGGTWTCTAAT

GTCTCGTGGGCTCGGAGATGTG-
TATAAGAGACAGNNNNNNGGAC-
TACHVGGGTWTCTAAT

GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGNNNNNNttG-
GACTACHVGGGTWTCTAAT

Caporaso et al., 2010
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Supplementary Table 3.Tests (linear regression and Mantel statistics) for a significant
association between pair-wise Bray Curtis dissimilarity of prey bacterial communities and
pair- wise protist traits distance.

Predictor Linear regression Mantel test
F - statistic P value Mantel r Significance
Phylogeny distance 0.796 0.3734 0.06493 0.32
Traits distance
Trophozoite length 1.814 0.1796 0.09776 0.251
Trophozoite width 0.05618 0.813 -0.01728 0.497
Cyst length 0.4265 0.514 -0.04758 0.592
Cyst width 0.4939 0.483 -0.05119 0.651
Growth rate 0.1449 0.704 0.02775 0.403
Volume 16.96 <0.001 *** 0.3731 0.025

Supplementary Table 4. Potential functions of significantly changed OTUs by small and large

volume protists.

OTUs length (um) Increased in Functions

Nubsella 1.0-5.0 Small volume protists ~ Nubsella zeaxanthinifaciens produces zeaxanthin,
which is carotenoid alcohols (Ryan & Pembroke,
2018)

Brevundimonas 1.0-4.0 Small volume protists Emerging global opportunistic pathogens
Survival on Mars (Dartnell et al., 2010)

Hydrogenophaga  0.6-5.5 Small volume protists Hydrogen-Oxidizing bacteria (Willems et al.,
1989)

Pirellula 1.12 Small volume protists  Plant pathogen (Glockner et al., 2003)

Pseudomonas 1.5-5.0 Large volume protists  Biofilm formation, Antibiotic resistance (Rasami-
ravaka et al., 2015)

Sphingomonas 1.4 Large volume protists ~ Yellow-pigmented colonies
Biodegradative and biosynthetic capabilities
(Balkwill et al., 20006)

Reyranella 1.59 Large volume protists Bacteria associated with Amoeba (Pagnier et al.,
2012)

Microbacterium 1.0-4.0 Large volume protists  Antibiotic and heavy metal tolerance (Learman et
al., 2019)

Leifsonia 1.2-2.5 Large volume protists ~ Ratoon stunting pathogen (Davis et al., 1980)

Variovorax 0.7-3.0 Large volume protists Motility and biofilm formation (Jamieson et al.,
2009; Pehl et al., 2012)

Flavobacterium 3.0-5.0 Large volume protists  Biofilm (Rios-Castillo et al., 2018)
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Abstract

Microorganisms often cooperate and jointly invest into public goods that increase their
fitness. Evolutionary theory predicts however that cooperation should rapidly break
down under the pressure of defectors, raising the question about why cooperative
behavior is so widespread in nature. Here we address to which extent resource
availability and multitrophic interactions including competition and predation jointly
stabilize cooperation by shifting the costs and benefits of public good production.
We grew the model cooperator Pseudomonas protegens CHAOQ, producing several
bioactive secondary metabolites, and a signal-blind isogenic mutant as defector, as
focal species along three orthogonal gradients of resource availability, competition
with a background semi-natural bacterial community and predation by protists. We
measured under each condition the benefit of cooperation when grown alone and the
defector invasion when defectors are rare. We observed strong interactions between
the different interactions, competition increased the net benefit of cooperation at
low and intermediate resource availabilities, however, predation followed the
opposite pattern, with increasing the net benefit of cooperation at intermediate and
high resource availabilities. Our results further showed the multitrophic interactions
constrained the defector invasion and promote cooperation, in particular, competition
prevented the spread of defectors, but this effect strongly depended on resource
availability. Our study suggests that cooperation may be more stable than expected
when placed in a multitrophic context.
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Introduction

The widespread occurrence of cooperation in microorganisms remains puzzling
from an evolutionary perspective (Crespi, 2001; West et al., 2006). Several bacteria,
despite of being single-cell organisms, engage in cooperative behaviors with their
neighbors. They produce for instance extracellular public goods such as siderophores,
enzymes or antimicrobial compounds (Griffin et al., 2004; Diggle et al., 2007).
As these compounds benefit both the producer and neighboring organisms, their
production is susceptible to defectors taking advantages of public goods without
contributing to their production (Travisano & Velicer, 2004; West et al., 2007;
Rankin et al., 2007). Consequently, in absence of control mechanisms, cooperation is
predicted to be unstable, a prediction in direct contradiction with the high prevalence
of cooperative behaviors in natural communities. Cooperation can be stabilized by
a range of environmental parameters including resource availability, policing, scale
of competition or predation (Dufty & Défago, 2000; Brockhurst et al., 2008; Jousset
et al., 2009; Manhes & Velicer, 2011; Inglis et al., 2011). To date, most studies on
the stability of cooperation have been based on model systems including few or no
species outside of the focal species. However, in natural systems, microorganisms
typically grow within multispecies communities, where their individual fitness is
constrained, in addition to kin competition, by the presence of diverse competitors
and predators (Fierer, 2017). In this work we aim to understand better the dynamics
of cooperation in a multitrophic context and disentangle which trophic interactions
are the most determinant as a driver of cooperative behaviors. In particular, we focus
on the fitness gain confered by cooperation and on the defector invasion when rare.

We therefore grew a model focal pair of cooperator and defector, grown alone or with
arare initial defector frequency. We used Pseudomonas protegens CHAO as a model
cooperator, a plant-associated bacteria producing a range of secondary metabolites
functioning as public goods (Voisard et al., 1994; Schnider-Keel et al., 2000; Jousset
et al., 2008). We used an isogenic gacS” mutant as defector, a signal-blind mutant
lacking most secondary metabolites produced by the wild type (Zuber et al., 2003;
Jousset et al., 2006). We measured the benefits of cooperation in two ways. First,
we compared the fitness of the cooperator and defectors when placed as a focal
species along three fully orthogonal gradients of nutrient availability, competition
with a semi-natural bacterial community and predation by two free-living amoebae.
We then measured the ability of a rare defector to invade a focal population of
cooperators under the same range of biotic interactions.

We hypothesized that multitrophic interactions increase the benefits of cooperation,
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as several of the produced public goods are directly involved in antagonizing
competitors and predators (Jousset et al., 2006, 2009; Bruce et al., 2017). We also
expected that resource availability increase cooperation because increasing resource
supply could reduce costs of cooperative behaviors (Brockhurst et al., 2008). In
terms of invasion of a cooperator by a rare defector, we expected that high resource
availability would reduce the probability of invasion by limiting the metabolic
burden of cooperation, while selective predators may in the opposite drive defectors
extinct by overconsuming them (Jousset et al., 2009; Friman et al., 2013).

Material and methods
Strain selection

We used Pseudomonas protegens CHAO (Voisard et al., 1994; Jousset et al., 2006)
as cooperator and its gacS isogenic mutant CHA19 (Zuber et al., 2003; Jousset et
al., 20006) as signal-blind defector that do not produce most of secondary metabolites
functioning as public goods. Both strains were with chromosomally tagged with
green fluorescent protein and a kanamycin resistance cassette (Jousset et al., 20006).
Bacteria were kept as frozen glycerol stocks. Prior to experiments, single colonies
were picked and grown overnight 1/3 Tryptic Soy Broth (TSB, Tryptone 17g L', Soy
Peptone 3g L', Glucose 2.5 g L', NaCl 5.0 g L', K. HPO, 2.5g L""). Tryptone and
Soy Peptone were purchased from BD Diagnostic systems (Heidelberg, Germany)
and washed three times using the diluted phosphate buffer Page’s Amoeba Saline
(PAS) (Page, 1988) to remove nutrients and reduce the salt concentrations to a level
allowing further predation experiments. Both strains were adjusted to an initial
concentration of 10° CFU mL".

Predator and competitors

We used two protists as predator, the Heterolobosea amoeba S18D10, which was
isolated form sandy soil in the Netherlands and Acanthamoeba sp. C2D2, which
was isolated form clay soil in the Netherlands as predators. Both strains were
identified based on 18S rRNA gene using eukaryotic 18S primers sets EuklA
(Sogin & Gunderson, 1987) and EukB (Medlin et al., 1988). Protists were grown on
Escherichia coli OP50 at 15°C and washed twice by centrifugation (800 g, 5 min)
to remove E.coli. Due to technical limitations we could only reduce E.coli density
to 1000 CFU mL" in the protist culture. However, this bacteria grows very poorly
at the temperature used for further experiments, limiting its impact on the results.
Protist populations were measured under inverted microscope Nikon Eclipse TS 100
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(NIKON, Tokyo, Japan) and adjusted to at 1000 individuals mL'.

We used as competitors a semi-natural soil bacteria community extracted from a
sandy soil (Botanical garden at de Uithof, Utrecht, the Netherlands) (52°05°16”;
5°10°14”), using a standardized protocol (Renn et al., 2002). Briefly, 50 g soil was air-
dried overnight and blended in a kitchen blender with 200 mL 0.1% pyrophosphate
buffer for 2 minutes. After decantation, bacteria were extracted from the soil slurry
by density gradient centrifugation: 10 mL Percoll (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) and 10 mL soil suspension were gently added to 50 mL falcon
tube on the top of Percoll and centrifuged using fixed-angle rotor 10000 x g for 20
min with acceleration and deceleration 1 (Thermo Fisher Scientific, Langenselbold,
Germany). The top layer was transferred to a new falcon tube (Greiner Bio-one,
Frickenhausen, Germany) and successively vacuum-filtered on glass microfiber
filters with pore sizes 3 pm, 1.6 um and 1.2 pm (Whatman GE Healthcare, Chicago,
USA). The filtrate was diluted 1:10 and incubated in in 250 mL culture flasks (Greiner
Bio-one, Frickenhausen, Germany) in 1/300 TSB. Culture flasks were incubated at
15°C and checked under the microscope for contamination with protists. Bacterial
communities without predator contamination were pooled together and centrifuged
(4500 rpm, 10min) to remove access nutrients before use.

Experimental set-up
Benefit of cooperation

The cooperator or defector separately were subjected to three environmental variables:
resource availability gradients (0.2, 0.5, 1.0 g L' TSB), predators (Heterolobosea
sp. or Acanthamoeba sp., 5000 individuals mL™") , competitor (predator - free soil
bacteria community, 10° CFU mL™') and combined variables with competitor and
predation.

Invasion by rare defectors

The cooperator and defector are mixed at a cooperator to defector ratio of 99:1.
This ratio was selected to keep defectors as rare as possible at the beginning while
avoiding too much bottleneck effects. The combination was also subjected to above-

mentioned three environmental variables.

Each treatment had six replications, which were randomly placed in 96 well plates
(Corning Incorporated, Kennebunk, USA). All replications were grown statically at
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20°C in obscurity.
Bacteria enumeration

After seven days, twenty microliters of each well were sampled and diluted 10000
times. Ten microliters of all samples were plated out on skim milk agar (Tryptic soy
broth 3g L', agar 15g L' and skim milk 150 mL L") supplemented with antibiotics
(Kanamycin 50pg mL-, Chloramphenicol 10pug mL", Ampicillin 40pg mL",
Cycloheximide 75ug mL™"). All plates were incubated at 28°C for two days. We
identified cooperators on the base of a halo on the silk milk agar and color change on
tryptophan side-chain oxidase (TSO) overlay (Oberhansli et al., 1991), conversely,
defectors were identified on the base of the lack of a halo and no color change.

Data analysis

All statistics analysis was performed under R version 3.6.

Benefit of cooperation for the focal species

We calculated the strength of each interaction (predation, competition and mix of
competition and predation) at each resource concentration as the log10-transformed
ratio of focal species density when grown alone in the target treatment. The net
benefit of cooperation for each condition was defined as the difference between the
interaction strengths on the cooperator and the defector.

Invasion of cooperators by rare defectors

We calculated the ability of defectors to invade a cooperator focal population. We
categorized invasion at the end of the experiment as failed (defector density dropped
below detection) or successful. We used Generalized Linear Models (MASS::glm)
with a binomial distribution to analyze the multitrophic effects on the invasion
success (Venables & Ripley, 2013).

Result

Benefits of cooperation

We first assessed the impact of trophic interactions on the population of the
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cooperators and defectors growing separately as focal species. Both cooperators and
defector population density were negatively affected by biotic interactions in most of
the treatments (Fig.1 A, B). However, cooperator population was consistently higher
than the defector, indicating a large decrease in defector density in comparison to the
cooperator density. At the lowest resource availability treatment, the presence of a
background community increased cooperator absolute density, pointing to potential
facilitation rather than competition. When the focal species was composed fully of
defectors, all multitrophic interactions strongly decreased the defector density in
comparison to the control treatment (Fig.1 B). Interestingly, when competition and
predation were combined, they showed an additive effect on cooperator or defector
populations (Fig.1 A, B).

The net benefit of cooperation was defined here as difference of each trophic
interaction on the cooperator and defector. The benefit of cooperation further varied
with resource availability (Fig.1 C): Cooperation conferred a competitive advantage
in the presence of competing bacteria especially at low resources availability, but this
advantage vanished when resource availability increased. In contrast, the benefit of
cooperation in terms of predation resistance followed the opposite pattern and only
was apparent at intermediate and high resource concentration. This highlights that
cooperation can help cope with both competition and predation, yet in a resource-
dependent way.
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Figure.1 Interactive effects of resource availability, predation and competition on the growth
of cooperator focal species Pseudomonas protegens CHAO (A) and the defector gacS mutant
CHA19 (B). Interaction strength was defined as the ratio between focal species density when
grown alone or in presence of the specific natural enemies. Red and blue arrows facilitation
or antagonism, respectively. Note each interaction strength was logl0 transformed. (C)
Net benefit of cooperation in presence of different resource availabilities, competitors
and predators. The net benefit is defined as the difference of each trophic interaction on
the cooperator and defector. Red and blue arrows indicate a net benefit or disadvantage of
cooperation, respectively.

Effect of multitrophic interactions on the defector invasion

Wenextinvestigated the stability of cooperation by assessing invasion of a cooperative
population by rare defectors present at an original relative abundance of 1% (Fig.2).
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We found that multitrophic interactions strongly constrained defector invasion at
the end of the experiment (Fig.2). In absence of natural enemies, defectors could
invade between 50% and 83% of the communities (Fig.2). Predation drove defectors
to extinction (below detection) in all replicate communities, yet this effect was only
apparent at intermediate and high resource availability (Fig.2: Predation; Table 1),
matching well the benefits of cooperation under these conditions.

Control Competition

Predation Competition+Predation

Defector invasion [fraction invaded defector]

Y o o

Resource concentration [g 1 T5B]

Figure.2 Probability of invasion by the signal-blind defector Pseudomonas protegens CHAO
AgacS under predation and competition when rare (1% initial relative abundance), defined
as the proportion of the defectors could successfully persist above detection (6 replications
in each treatment). Control: cooperators and defectors were grown alone. Competition:
defectors and cooperators were grown in presence of a semi-natural bacterial community;
Predation: defectors and cooperators were grown in presence of the bacterivorous amoeba
Heterolobosea sp.; Competition + Predation: defectors and cooperators were grown in
presence of both a semi-natural bacterial community and the predator Heterolobosea sp..

Competition with a background microbial community also constrained defector
invasion and there was a significant interactive effect with resource availability
(Fig.2: Competition; Table 1). Competition and predation had interactive effects,
with invasion being intermediate in predation + competition treatments (Fig.2:
Competition + Predation; Table 1).
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Table 1. ANOVA table summarizing the interactive effects of Resource availability (RA),
Competition (CO) and Predation (PR) on the probability of invasion of cooperators by rare

defectors.
Df %) Pr (>y)

Null
CO 1 2.3613 0.12438
PR 1 3.6273 0.05684 .
RA 2 4.5053 0.10512
CO X PR 1 2.3449 0.12570
CO X RA 2 8.4405 0.01469 *
PR X RA 2 0.6386 0.72665
CO: PR: RA 2 4.6082 0.09985 .
Residuals 69 93.51

Discussion

Benefits of cooperation

Microbial cooperation is an essential but yet hard to manage component of a range
of microbiome-mediated services including crop protection, nitrogen fixation, or
bioremediation of organic pollutants (Simms & Lee Taylor, 2002; Abraham et al.,
2002; Denison et al., 2003; Megharaj et al., 2011; Besset-Manzoni et al., 2018).
There is a growing awareness that the dynamics and stability of cooperation is highly
dependent on the environmental context, with for instance the presence of natural
enemies repeatedly reported to promote cooperation (Jousset et al., 2009; Morgan
et al., 2012; Mumford & Friman, 2017). However, these measures are all made in
a disparate set of experimental conditions, making it hard to stitch them together
into an overarching predictive framework. Here we sought to address how different
interactions such as competition and predation interactively shape the fitness of
cooperators and defectors, allowing to predict better the fate of cooperation in a
range of environmental conditions.

In line with previous studies, multitrophic interactions increased the benefits of
cooperation for the focal species. In almost all treatments, the presence of an intact
GacS gene (Heeb & Haas, 2001), which is essential for cell-to-cell communication
and secondary metabolite production helped the focal species Pseudomonas
protegens CHAOQ survive competition and predation. This pattern is in line with
previous studies showing that secondary metabolites of this strain can help resist
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predation (Jousset et al., 2006) and competition (Bruce et al., 2017).

Resource availability further modulated the importance of both competition and
cooperation. For instance, cooperator population was increased at low nutrient
availability but not at high resource availability in presence of competition. This
matches well previous studies showing that resource availability can affect the
costs and benefits of cooperation, with for instance high resource availability
being likely to reduce costs of public goods production (Brockhurst et al., 2008).
In a multitrophic context, competition increased the net benefit of cooperation at
low and intermediate resource availabilities. In contrast, predation effects on the
net benefit of cooperation had the opposite pattern along resource availability, in
particular predation increased the net benefit of cooperation at intermediate and high
resource availabilities. Consistence to previous studies we show that predators are
major factors shaping cooperation at higher nutrient level, because defensive traits of
prey is costly (Abrams, 2000) and high nutrients enable prey to develop more anti-
predator traits (Jiirgens & Matz, 2002; Friman et al., 2008; Corno & Jiirgens, 2008).
Moreover, due to these differential impacts, when competition and predation were
combined, net benefit of cooperation was always positive regardless of resource
availability (Fig.1 C).

Invasion of cooperating population by rare defectors

Multitrophic interactions prevent the spreads of defectors when rare and even drove
them to extinction in a majority of the communities. In absence of natural enemies,
defectors could invade in 50-83% population (Fig.2 Control), this proportion can be
reduced to 0 by predation (Fig.2 Predation). This is in line with prior studies showing
that protists can selectively consume defectors that do not produce secondary
metabolites (Jousset et al., 2009). It has to be noted that predation has a strong trend
on driving the survival of defectors to extinction, especially at intermediate and high
resource availabilities (Fig.2). We tested effects by predation on cooperation through
two protists respectively, the result only showed a predation effect by Heterolobosea
sp. and the same pattern of preventing defector invasion was found in presence
of predation by Acanthamoeba sp. (Supplementary Fig.1). Our results showed
that predators decreased the defector the most at intermediate and high resource
availabilities, which is line with prior studies showing that prey defense is stronger
at high resource environment (Friman et al., 2008).

Our results showed that competition had no effect on the defector invasion, however,
interaction between competition and resource availabilities significantly impacted
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defector invasion, especially at low nutrient availability competition decreased the
defector the most. This is contrast to our expectation because low resource availability
would increase the selective benefit of cheating, thereby increase defector invasion
(Harrison et al., 2008; Brockhurst et al., 2008). Our study suggests that competition
with natural soil bacterial communities could prevent defector invasion but that
strongly depended on resource availability.

Conclusion

Multitrophic interactions promote the cooperation stability from an ecological and
evolutionary perspective by increasing net benefits of cooperation and decreasing
defector invasion. Predation increased the net benefit of cooperation at intermediate
and high resource availabilities, however, cooperation followed the opposite
pattern, increasing the net benefit of cooperation at low and intermediate resource
availabilities. Predation constrained the spread of defectors when rare and enforced
cooperation. Competition also prevented the defector invasion, but this effect
significantly depended on resource availabilities. Our study suggests that cooperation
may be more stable than expected when in the context of multitrophic interactions.
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Supplementary Figure.1: Probability of invasion by the signal-blind defector Pseudomonas
protegens CHAOAgacS under predation and competition when rare (1% initial relative
abundance), defined as the proportion the defectors could successfully persist above detection
(6 replications in each treatment). Control: cooperators and defectors were grown alone.
Competition: defectors and cooperators were grown in presence of a semi-natural bacterial
community; Predation: defectors and cooperators were grown in presence of the bacterivorous
amoeba Acanthamoeba sp; Competition + Predation: defectors and cooperators were grown

in presence of both a semi-natural bacterial community and the predator Acanthamoeba sp..
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Highlights

. The rhizosphere microbiome is a major determinant of plant fitness

. The mechanisms driving microbiome assembly are however insufficiently
known, impeding efficient microbiome management

. Here we present free-living protists as an overlooked yet core component of
the microbiome that may offer a powerful leverage to improve microbiome function
. Protists shape microbiome structure by consuming bacteria and fungi and
can select for plant-beneficial functional traits

. Protist predation increases microbiome provisioning of services required for

improving plant growth and health

Outstanding Questions

. What is the relative importance of protist predation and resource competition
for rhizosphere microbiome dynamics?

. What are the direct effects of protists on plant physiology?

. What are general and species-specific effects of protists on the rhizosphere
microbiome and plant performance?

. What is the power of phylogeny and functional traits as predictors of the
impact of protist on microbiome functioning and plant performance?

. What are the ecological functions of unknown protist taxa recently discovered
via sequencing-based surveys that have not yet been isolated?

. How do free-living protists interact with microorganisms in the mycosphere?
. How can protists be used as a leverage to enhance microbiome function?

. How can application methods for protists as biostimulants be optimized?
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Abstract

The rhizosphere microbiome is a central determinant of plant performance.
Microbiome assembly has traditionally been investigated from a bottom-up
perspective, assessing how resources such as root exudates drive microbiome
assembly. However, the importance of predation as a driver of microbiome structure
has to date largely remained overlooked. Here we review the importance of protists,
a paraphyletic group of unicellular eukaryotes, as a key regulator of microbiome
assembly. Protists can promote plant-beneficial functions within the microbiome,
accelerate nutrient cycling and remove pathogens. We conclude that protists form
an essential component of the rhizosphere microbiome and that accounting for
predator-prey interactions would greatly improve our ability to predict and manage
microbiome function at the service of plant growth and health.

Key words: protists, amoeba, rhizosphere microbiome, predation, plant-microbe
interactions
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A multi-trophic perspective to the rhizosphere microbiome

Plant growth, nutrition and health are to a large extent determined by the activity
of associated microorganisms (Berg et al., 2016). In particular, plant roots are
associated with an active multispecies community, the rhizosphere microbiome
(Glossary), providing several important services to the plant. Root-associated
microbes for instance mineralise nutrients, manipulate plant hormonal balance and
suppress potential pathogens (Berendsen et al., 2012). The species composition of
the rhizosphere microbiome is now recognized to have direct effects on host plant
traits (Panke-Buisse et al., 2015). However, our understanding of the determinants
of microbiome community assembly and composition is still lacunar, restricting our
ability to predict and harness microbiome dynamics and functionality. To date, most
studies seeking to address the mechanisms underlying microbiome composition,
species turnover and function have focused on bottom-up drivers of microbial
community composition, such as plant developmental stage, soil type and host
genotype (Chaparro et al., 2014; Edwards et al., 2015; Wagner et al., 2016). While
bottom-up control are certainly crucial, they represent only half of the story (Figure
1). Microorganisms in the rhizosphere are subjected to top-down control by a range
of bacterial and eukaryotic consumers. Among them, free-living protists (Box 1),
a highly diverse group of mostly unicellular eukaryotes (Geisen et al., 2018), in
our opinion deserve a special attention. Protists are highly abundant and active
consumers of bacteria and arguably fungi, impact community structure, and play
a key role for nutrient cycling in the rhizosphere (Clarholm, 1985; de Ruiter et al.,
1995; Renn et al., 2002; Crotty et al., 2013; Kramer et al., 2016; Zhang & Lueders,
2017). This review primarily addresses the importance of free-living heterotrophic
protists, feeding on other organisms. For the sake of simplicity, we hereafter refer
to them as ‘protists’, deliberately omitting mutualistic or parasitic taxa, including
animal parasites or plant pathogens.

Despite their ubiquity and ecological importance for soil functioning, protists are
still a relatively misunderstood component of the soil and rhizosphere microbiome
(Caron et al., 2008; Geisen et al., 2017). This knowledge gap is especially striking
given that protists are comparably well investigated in aquatic ecosystems, where
they are recognised as an integral part of the microbial food web. However, when it
comes to soil, research has long focused on taxonomic species descriptions, with only
a handful of scientists assessing interactions with other microorganisms and plants.
This can partly be attributed to methodological constraints in studying protists as they
can be difficult to extract and cultivate, and reliable molecular methods have only
recently been developed (Geisen & Bonkowski, 2017). Better coverage of protist
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databases (Berney et al., 2017) and the emergence of high-throughput sequencing
approaches allowing in-depth interrogation of soil protist communities (Bates et al.,
2013) provide new opportunities to explore the diversity and ecological importance
of soil-borne protists. The time is ripe to shift the perception of plant-microbiome
interactions beyond bacteria and fungi and integrate protistology more solidly into
microbiome research.

Protists

o

Top-down control \

' ;/ Bacterial and
== = fungal prey

Bottom-up control ’

Root exudates  Soil organic matter

Resources
Figure.1 Bottom-up vs top-down drivers of the rhizosphere microbiome assembly

The microbiome is affected by a range of factors. Plants invest carbon into root exudates,
which together with soil organic matter fuel microbial activity in the rhizosphere (bottom-up
control). However, top-down control by protist consumers is also influencing microbiome
dynamics and functionality.

We aim here to place the rhizosphere microbiome into a multitrophic perspective.
We highlight the importance of free-living protists as an often overlooked but central
group of rhizosphere organisms that drive both microbiome structure and interaction
with the host plant. Our main goal is to combine the recent advances in protistology,
microbiology and general ecology, fostering exchanges between different disciplines
that often address the same topic but have long been disjointed. We synthesize the
current knowledge on the roles of protists within the rhizosphere microbiome and
propose new roads for future research. We demonstrate that protists pull the strings
of several processes in the rhizosphere and steer community structure, function and
evolution. Thanks to their versatility and central role as a major selective pressure on
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rhizosphere microbes, we argue that protists function as “puppet masters” steering
beneficial plant-microbe interactions that might be exploited to manipulate the
rhizosphere microbiome functionality.

Box.1 What are protists?

Protists represent a paraphyletic, extremely diverse group of unicellular eukaryotes,
encompassing by far the majority of eukaryotic phylogenetic diversity (Adl et al., 2012;
Burki, 2014). Soil protists can be found in all eukaryotic supergroups: Amoebozoa, Obazoa,
Archaeplastida, SAR and Excavata. Protists come in a wide range of morphological shapes
and locomotion modes. Soil protistology has formerly focused entirely on heterotrophic taxa
(previously ‘protozoa’) and have been grouped based on coarse morphological features into
naked amoebae, testate amoebae, flagellates and ciliates. Yet, in-between forms are the rule
and phylogenetic work has shown that all these groups with the exception of ciliates are
paraphyletic, rendering ecological interpretations based on this morphological classification
less meaningful. Many protists have a complex life cycle, most consisting of an active and
a resting stage, mostly in the form of a cyst, but some intermediate forms are also common
(Geisen et al., 2018). The inactive and persistent cyst stage is formed in response to
unfavourable environmental conditions. These protist cysts form an important fraction of the
soil microbial seed bank that can readily turn active in response more favourable conditions
such as the increased moisture along with presence of suitable prey (Clarholm, 1981).

Protists are abundant members of the soil microbiome, typically present at densities of 10*-
108 per gram of soil (Adl & Coleman, 2005). Protists, like their bacterial and fungal prey, are
especially enriched in the rhizosphere, the region directly surrounding, and influenced by,
plant roots. The protist community composition is shaped by a number of factors in addition
to the presence and composition of prey, including a range of biotic and abiotic factors such
as plant species and soil properties such as pH and humidity (Bates et al., 2013; Dupont et al.,
2016; Leff et al., 2018). The functional role of protists in soils is diversely linked to nutrient
cycling and includes phagotrophy [consumption of other (micro)organisms such as bacteria],
phototrophy, symbiosis, saprotrophy or a mix of these strategies (Geisen et al., 2018)

Predator-prey interactions in the rhizosphere microbiome

Protists interact with their preys in a variety of ways, including trophic interactions
and chemical communication (Figure 2A). These different interactions can in turn
result in important changes in microbiome structure and activity. In this section, we
highlight different types of interactions between protists, bacteria and fungi. We will
address the consequences for microbiome functioning and plant growth in the next
section.

First, consumption of microorganisms by protists increase nutrient turnover. A
reason for this is that protists have a higher C:N ratio than bacteria or fungi they are
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consuming. They will therefore excrete the excess N, making it available for other
microorganisms or the host plant (Clarholm, 1985; Cleveland & Liptzin, 2007).
Further, by consuming dormant cells, protists release limiting micronutrients (that
would otherwise remain locked in the microbial seed bank) that do not contribute
to microbiome function (Bonkowski, 2004). This increased nutrient turnover can
happen regardless of the traits from protists and their prey. In addition, microbial
consumption may have a range trait-dependent effects on community structure and
function when predation correlates with specific prey traits.

Most protists show strong prey selection patterns based on species-specific sets of
traits. For instance, the size ratio between predator and prey restricts which preys
can be ingested. Protist feeding mode and motility is also important. Amoeba can for
example reach for tiny pores in the soil matrix thanks to their extremely plastic body
shape and even digest biofilms thanks to the production of extracellular enzymes.
Filtrate-feeding ciliates can eat single bacteria or microcolonies. They show a
comparatively low selectivity but can have a high per-capita consumption rate
(Clarholm et al., 2007). Different feeding types are associated with a given level of
specialization. For instance, mycophagous Grossglockneriidae, a group of ciliates,
have a specialized needle-like feeding structures only permitting feeding on fungi
(Foissner, 1999a). Bacterivorous protists show refined patterns of prey selection
and can discriminate bacteria on the base of their size (Baltar et al., 2016), surface
properties (Wootton et al., 2007) or the presence of diffusible secondary metabolites
(Jousset et al., 2006). They are further attracted or repelled by volatile compounds,
such as terpenes, secreted by microorganisms (Schulz-Bohm et al., 2017). Protists
respond in a species-specific manner to these volatiles (Schulz-Bohm et al., 2017).

Bacteria have evolved a range of defense mechanisms to prevent detection, ingestion
or digestion by protists. These mechanisms can be either constitutive or be triggered
by the presence of protists and this variation in palatability is a fundamental driver
of selective feeding by protists. Bacteria sense chemical cues from protists and
specifically respond to predation pressure by adaptations such as changes in cell
size and shape (Pfandl et al., 2004), increased motility (Matz & Jirgens, 2005),
surface properties and secretion of defensive secondary metabolites (Jousset et al.,
2006). Secondary metabolites known to confer predation resistance against protists
include: pigments like violacein (Matz et al., 2004), polyketide antibiotics, hydrogen
cyanide, the exoprotease AprA (Jousset et al., 2006), cyclic lipopeptides (Mazzola
et al., 2009; Gotze et al., 2017). Several of the bacterial responses to predation are
expressed on the population level, such as formation of biofilms or filaments which
are less accessible for predators than single cells (Corno & Jiirgens, 2006; Queck
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et al., 2006). Likewise, several of the secondary metabolites conferring predator
resistance are regulated by quorum-sensing, such as the pigment violacein produced
by Chromobacterium violaceum (Matz et al., 2004). In Pseudomonas bacteria
coordinate production of several antibiotics with anti-predator activity is induced in
a density-dependent manner (Haas & Défago, 2005; Jousset et al., 2006).

Impact of protists on the microbiome
From biomass to function

Protist-prey interactions lead to a range of effects on several characteristics of the
microbiome (Figure 2B). Predation typically decreases total bacterial biomass
(Ekelund et al., 2009; Rosenberg et al., 2009). By increasing nutrient turnover, protist
predation stimulates microbial activity; this is evidenced by increased microbial
respiration and nutrient mineralization (Zahn et al., 2016; Hiinninghaus et al., 2017).
Simultaneously, selective feeding shifts rhizosphere microbiome composition and
gives a selective advantage to microbial groups that can avoid predation (Jousset
et al., 2008; Rosenberg et al., 2009). For instance, predation may promote Gram-
positive bacteria, which thanks to their thick cell wall are harder to digest (Renn
et al., 2002; Murase et al., 2006). Moreover, protist predation can help maintain
diversity within bacterial communities by feeding on the dominant taxa and thereby
increase the relative abundance of formerly rare bacteria, leading to increased
bacterial evenness and complementarity (Bell et al., 2010; Saleem et al., 2012).

Protist selective predation can further affect functional trait composition of the
microbiome. Predation results in an increased abundance of organisms harbouring
traits conferring resistance to protists (Jousset et al., 2009). Furthermore, predation
can stimulate expression of several traits linked to defense (Jousset & Bonkowski,
2010). These anti-predator traits can be highly relevant for the delivery of
microbiome function relevant for plant health. For instance, several secondary
metabolites conferring resistance against consumption by protists are also involved
in the suppression of plant pathogens and immunity (Jousset et al., 2006; Song
et al., 2015). We later discuss in detail how these different effects on microbiome
taxonomic and functional composition impact plant performance.
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Figure.2 Protist-prey interactions drive rhizosphere microbiome function and plant
performance

Protist-prey interactions, specifically the interplay between protist selective feeding and
prey defence traits (A), affect several characteristics of the microbiome (B). Here we use
production of secondary metabolites as an example of a bacterial defence trait. Protist
consumption increases species turnover and subsequent nutrient release that fuels further
microbial activity (1). Moreover, protist feeding is selective and shifts the taxonomic
composition of the microbiome as well as the frequency of functional traits (2). Bacteria
respond to protist consumption by increased expression of defence traits (3). Finally, protist
consumption acts as an evolutionary force on microbial populations (4). These effects on and
responses of the microbiome result in a range of changes in plant physiology, with various
implications for plant performance (C). Importantly, protist consumption unlocks nutrients
bound in rhizosphere microbes, which can be taken up by plant roots and stimulate growth
(1). Moreover, protists can increase lateral root branching by promoting auxin-producing
microbes (2). A last example is the production of certain antibiotics, which both confer
resistance against protists and inhibit plant pathogens and may thus protect plants against
diseases (3).

Protist species-specific effects
Recent studies have revealed unexpected diversity of soil protists (Dupont et al.,
2016; Mahé et al., 2017). This diversity is also reflected in diverse interactions with

their prey. Protists with different feeding modes have distinct effects on biofilm
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morphology (Weitere et al., 2005; Bohme et al., 2009). For instance, Acanthamoeba
polyphaga, which requires attachment to a firm surface to be able to feed, was most
efficient in reducing the biomass of biofilms. In contrast, the flagellate Bodo saltans
stimulated microcolony formation in biofilms, which conferred resistance against
this protist (Weitere et al., 2005). Moreover, protists representing different feeding
modes and motility types have species-specific effects on bacterial community
structure and diversity (Saleem et al., 2012; Hiinninghaus et al., 2017).

In addition to morphology, the phylogenetic affiliation of protists is an important
predictor of their effect on microbial communities. Such phylogenetic patterns can
emerge at different scales. For instance, when comparing the effects of nine Cercozoa
species on model preys communities, protist phylogenetic distance could not explain
variation in bacterial community structure (Gliicksman et al., 2010). In another
example, including protist species spanning several eukaryotic supergroups, broad—
scale taxonomic affiliation could be correlated with sensitivity to bacterial defense
compounds, a crucial characteristics linked to interactions with their prey (Pedersen
et al.,, 2011). Still, most studies investigating the effects of protists on microbial
community structure have been conducted with only one or very few model species.
We advocate that further studies should include more protist species to unravel the
links between protist taxonomy and traits and their impact on microbiome structure
and function.

Microbiome evolution

Beyond ecological interactions, protists can also drive the evolutionary dynamics
of the rhizosphere microbiome. Predation by protists creates a selection pressure
that impacts the evolution of microbial traits that are relevant for interactions
between microorganisms and with the host plant (Hiltunen & Becks, 2014).
Predation can trigger diversification (Meyer & Kassen, 2007), thereby increasing
the phenotypic pool available to the plant. Further, they may also guide the evolution
of specific traits. A range of bacterial traits have likely evolved at least partially
as an adaptation to protists, including size, surface properties or the secretion of
defensive secondary metabolites (Pfandl et al., 2004; Jousset et al., 2006; Wootton
et al., 2007). Alterations in these traits may impact bacterial growth, interactions
with competitors and ultimately the host plant. For instance, surface molecules such
as lipopolysaccharides play a central role in adhesion to roots and recognition by
the plant immune system. Their alteration to avoid recognition by protists may thus
change the way they interact with the plant (Wildschutte et al., 2004; Lugtenberg &
Kamilova, 2009).
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Protists also affect intraspecific interactions and can for instance enforce cooperation
by consuming defectors that use plant- derived resources but do not provide plant-
beneficial functions in return (Jousset et al., 2009). Therefore, they ensure the
evolutionary stability of social behaviours required for plant growth and health,
such as secondary metabolite production (Jousset et al., 2009; Friman et al., 2013).
Evolution of protist resistance may also have impacts in a multitrophic context, with
protists selecting for instance for bacteria susceptible to bacteriophages (Friman &
Buckling, 2013).

Evolution of microorganisms within protists may also affect microbiome function.
Protists carry several intracellular bacteria, ranging from pathogens to symbionts
(Gastetal., 2009). Some of these bacteria are also opportunistic pathogens of humans
and plants, and it has been proposed that virulence traits such as secretion systems and
elicitors have evolved originally as an adaptation to survive within vacuoles (Erken
et al., 2013). Protists may therefore function as a hotspot of pathogen evolution for
both human - and plant-pathogenic bacteria (Briissow, 2007). Vacuoles are also
a hotspot for horizontal gene transfer between microorganisms (Schlimme et al.,
1997), further exacerbated as predation by protists maintains conjunctive plasmids,
another central mechanism of microbial evolution (Cairns et al., 2016). The different
eco-evolutionary feedbacks of bacteria and protists still need to be investigated in
more detail in the rhizosphere and integrated into the community level in order to
understand protist effects on rhizosphere microbiome evolutionary dynamics.

Impact of protists on microbiome functionality and plant performance

The rhizosphere microbiome is increasingly recognized as an essential component
shaping plant physiology, nutrition and health (Friesen et al., 2011; Berendsen
et al., 2012). In the previous sections, we highlighted how protists can affect the
functional and taxonomic composition of the rhizosphere microbiome (Figure 2B).
Here, we will show that many of these changes can have concrete impacts on plant
performance (Figure 2C).

Plant nutrition

Soil microorganisms play essential roles in plant nutrition by fixing nitrogen,
mineralizing soil organic matter or solubilizing organically-bound nutrients that
would otherwise remain inaccessible to the plant (Falkowski et al., 2008). Protists
impact these activities in several ways. One central hypothesis, the microbial
loop, postulates that most biomass turnover occurs at a microscopic level. Protist
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consumption releases nutrients from bacterial biomass and make them available to
plants (Clarholm, 1985), resulting in increased plant nutrition and growth (Krome
et al., 2009). While much attention has been directed to the role of protists in
nitrogen cycling, recent work has emphasized their importance for phosphorous
mineralization in soil (Trap et al., 2015). The effects of protists are not restricted to
plant biomass, but can also influence nutrition and biomass allocation, increasing
for instance resource allocation to reproductive organs (Bonkowski et al., 2001a;
Krome et al., 2009). The effect of protists on plant nutrition is more pronounced in
presence of arbuscular mycorrhizal fungi, which on their own have a limited ability
to produce the enzymes required for soil organic matter breakdown. Protists increase
nutrient mineralization by hyphae-associated microorganisms, which can then be
taken up by the mycorrhiza and transferred to the host plant (Koller et al., 2013b).

Protists may also affect nutrition by selecting for or against specific bacterial groups
that are important for nutrient cycling and plant nutrition, such as nitrifiers (Rosenberg
et al., 2009) or phosphate solubilizers (Gomez et al., 2010). Protist predation can
moreover induce bacterial traits important for nutrient cycling, such as siderophores,
which chelate iron and thus modulate iron availability in soil (Levrat et al., 1992).
Finally, some protists such as testate amoebae are involved in the cycling of silica,
an element required for plant stress tolerance (Wilkinson & Mitchell, 2010; Creevy
etal., 2016) (Table 1).

Plant hormonal balance

Plants use various hormones to regulate their life history, including flowering time,
root morphology and stress resistance (Davies, 2010). Each of these traits is linked
with specific costs and benefits and a tight regulation is necessary to match the plant’s
phenotype to the specific environmental conditions it is facing. Root-associated
microorganisms can influence plant hormonal balance in several ways. Several
rhizosphere microorganisms can produce or degrade hormones such as ethylene,
auxin, cytokinin or gibberellin, with broad repercussions on plant phenotype and
fitness (Dodd et al., 2010; Ravanbakhsh et al., 2018). Protists can impact the effect
of microorganisms on the plant hormonal balance by altering both the abundance
and activity of the involved microorganisms: Protists promote for instance auxin-
producing bacteria (Bonkowski & Brandt, 2002), thereby stimulating lateral root
branching (Krome et al., 2010). Protists also increase cytokinin concentrations in
plants, possibly as a result of the increased nitrate concentration that occurs when
excess nitrogen is secreted (Krome et al., 2010). Finally, protists could alter the plant’s
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hormonal balance indirectly by affecting microbiome functions, for instance by
increasing the production of bacterial metabolites such as 2,4-diacetylphloroglucinol
(DAPG) (Jousset & Bonkowski, 2010), an antimicrobial compound that also
interferes with auxin signaling (Brazelton et al., 2008). The strong effect of protists
on the plant metabolome can most likely be linked to these multiple hormonal
changes (Kuppardt et al., 2018).

Table 1 Effect of protists on rhizosphere functions.

Function

Impact of protists

Reference

Nutrient turnover

Increased plant carbon uptake

Increased nitrogen release
Increased nitrogen mineralization

Increased plant nitrogen uptake

Increased plant phosphorus uptake

Increased plant magnesium and calcium

Increased silica mineralization

Bonkowski et al., 2000, 2001a; Krome et al.,
2009

Clarholm, 1985; Bonkowski et al., 2000
Ekelund et al., 2009; Koller et al., 2013b

Bonkowski et al., 2000; Somasundaram et
al., 2008; Ekelund et al., 2009; Krome et al.,
2009; Koller et al., 2013a,c

Bonkowski et al., 2001b
Herdler et al., 2007

Wilkinson & Mitchell, 2010; Creevy et al.,
2016

Plant hormones

Increased plant free auxin

Increased plant cytokinin levels

Krome et al., 2010
Krome et al., 2010

Disease suppression

Higher abundance of pathogen-

Jousset & Bonkowski, 2010

suppressing bacteria

Plant health

Plants are confronted with a broad range of pathogens. Plant-associated microbes
are unanimously recognized to be a central determinant of plant health by inhibiting
pathogens and stimulating plant immunity, with a power equaling the defense traits
encoded in the plant genome (Berendsen et al., 2012). However, not all microbiomes
suppress disease equally, with impacts ranging from full disease suppression
to disease promotion (Pieterse et al., 2016). Further, even if great strides have
recently been made in correlating patterns of community structure to the presence
of specific taxa or particular functional genes to disease suppression (Mendes et
al., 2011; Wei et al., 2015), the mechanisms underlying the presence or absence of
these microbiome characteristics remain elusive. As a result, disease suppression
by microbial communities is still unpredictable and hard to manage as we only
partially understand why a plant-protective microbiome configuration can emerge
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and be preserved. Predation by protists may be a missing link to understand soil
suppressiveness.

There are several potential means by which protists can influence the ability of
the microbiome to suppress diseases. Predation by protists can select for bacteria
producing compounds linked to disease suppression, such as cyclic lipopeptides,
polyketides, alkaloids or hydrogen cyanide (Jousset et al., 2006; Mazzola et al.,
2009; Klapper et al., 2016) and stimulate the expression of these traits (Jousset &
Bonkowski, 2010; Song et al., 2015). The overlap between the suite of bacterial
traits linked with predation resistance and pathogen suppression can be used as a
tool to promote specific functions throughout the microbiome. It may also provide a
stepping stone to enhance the performance of introduced biocontrol bacteria, which
are implemented as a sustainable alternative to pesticides but often fail to establish
under field conditions. The establishment of such biocontrol agents may be facilitated
by protists. Selective feeding by protists may favor introduced, secondary metabolite-
producing biocontrol Pseudomonas protegens (Jousset et al., 2008) by preferentially
consuming less defended resident species that compete with the biocontrol agents.
In addition, protists may even affect plant immunity: Some secondary metabolites
overproduced by bacteria in their defense response to predators (Jousset et al., 2010)
can prime plant immunity via the jasmonic acid pathway (Iavicoli et al., 2003),
thereby enhancing resistance to a range of belowground and aboveground pathogens.

Protists may also contribute to disease suppression by directly consuming pathogens,
reducing their survival in soil and potentially protecting plants (Chakraborty
et al.,, 1983). Mycophagous protist groups such as vampyrellid amoebae and
grossglockneriid ciliates are more widespread and abundant in different soils than
previously thought (Geisen et al., 2015b). Moreover, several species previously
considered bacterivorous were recently discovered to feed on a range of fungal
spores and yeast cells, including plant pathogenic fungi (Geisen et al., 2015b). This
widespread mycophagy suggests that mycophagous protists constitute a reservoir of
biocontrol agents that could directly consume fungal pathogens. In addition to direct
consumption, protists secrete several extracellular compounds, some of which show
bactericidal effects that may prevent the growth of bacterial pathogens (Long et al.,
2018). In conclusion, evidence from experiments in controlled environments suggest
that protists can influence the disease suppressive ability of microbial communities
directly or via changes in the microbiome composition. The next step is to investigate
whether and how these promising findings can be translated into applications to
control plant diseases.
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Protists as a microbiome optimisation tool for sustainable agriculture

Protists hold promise for future strategies to enhance microbiome function and
contribute to sustainable, high yield agricultural practices. One challenge of applying
beneficial microbes is achieving stable formulations, which is easier for organisms
forming resistant structures, such as spores (Schisler et al., 2004). Similarly, the
ability of protists to form cysts can facilitate efficient large-scale production efforts
for industrial applications such as seed coatings or soil amendments. The ability of
protists to enhance nutrient cycling and promote plant growth make them interesting
as biostimulants. Protists may for instance be used to speed up the mineralization
of organic fertilizer and increase the survival and activity of beneficial microbes
(Jousset et al., 2008; Weidner et al., 2017). The first protist-based biostimulants
and plant protection products have already hit the market [Ecostyle (https:/www.
ecostyle.nl/groensector/protoplusr)] or are under development [amoéba (http://www.
amoeba-biocide.com/en/news/w-magna-90-efficacy-mildew)]. We suggest that a
targeted approach focusing on determining which protist traits are linked to enhanced
plant performance may prove more fruitful in identifying beneficial protist taxa than
the traditional screening of a large number of species (Figure 3). We foresee that,
thanks to the overlap between predator defense and pathogen suppression, protists
may be a promising soil health improvement technology, alone or in combination
with introduced biocontrol microorganisms. Further, thanks to their key function
as a regulator of the rhizosphere microbiome, protists may be an excellent target
for soil enhancement practices. Protists readily respond to agricultural practices
such as soil tillage (Zhang et al., 2015), fertilization (Lentendu et al., 2014) or
pesticide application (Imparato et al., 2016) as well as sown plant species (Turner et
al., 2013; Leff et al., 2018). Protists may thus form an important leverage between
management practices and microbiome, helping managing microbiome function in
a more targeted and efficient way. For instance, addition of organic fertilizer was
shown to increase the relative abundance of heterotrophic protist taxa at the expense
of parasites and pathogens (Xiong et al., 2018). Protists could also be the target
of conservation biocontrol strategies where management practices, for example
different cultivars, are applied to promote indigenous taxa with biocontrol activity.
Future research should focus on identifying management practices that increase the
abundance and positive effects of specific protists that in turn foster desired traits in
the rhizosphere microbiome.
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Figure.3 Strategies to identify beneficial protist taxa

In order to identify protist taxa suitable as biostimulants a targeted approach based on,
for example, traits can be applied. In such an approach, protist traits are characterized
and linked to functional information. Based on that information, a guided taxon choice
can be made for future tests based on traits associated with beneficial effects on plants. In
comparison, untargeted approaches randomly test the effect of a wide variety of protists on
plant performance. We suggest the targeted approach to be more efficient in finding taxa
with the desired effects over time, as it reduces the number of taxa that need to be screened
and as it guides targeted screening for additional cultures. The aim of both approaches is to
identify beneficial protist taxa that can be applied alone or in combination to enhance plant
performance. Protists may also be combined with other beneficial microbes in order to reach

synergistic effects.
Concluding Remarks and Future Perspectives

In this review, we have summarized recent developments on soil protists, pointing
to their role as long-overlooked “puppet masters” of the rhizosphere, with broad
implications for microbiome function and services to plants. Protists may be a missing
link that helps us predict and enhance microbiome function. We advocate that future
efforts targeting the rhizosphere microbiome should include free-living protists as
top-down regulators of microbiome composition, balancing and completing the
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current prevailing research focus on bottom-up drivers such as root exudates and
plant genotype (see Outstanding Questions). Such a multitrophic approach could
combine species distribution patterns retrieved from metabarcoding surveys with
food-web modelling, providing testable predictions on the impact of given protists
on microbiome structure (Wang & Brose, 2018). By better deciphering the rules
underlying soil microbiome assembly and function, this approach will allow for
designing improved strategies harnessing the beneficial functions of the rhizosphere
microbiome. The time has come for protists to get out of their scientific niche and
become the next biotechnological tool to engineer microbiomes to promote the
functions that are needed to guarantee sustainable and resilient food production.

Glossary

Biostimulants: (microbial) organisms that promote plant performance such as by
serving as biofertilizers

Biocontrol agent: organism that can be applied to reduce pests or diseases

Bottom-up control: the population size is determined by the availability of nutrients
for growth or the productivity of primary producers.

Microbiome: the entity of interacting microbial taxa including bacteria, archaea,
fungi, viruses, protists and other microbial eukaryotes.

Microbial loop: nutrient release through consumption of bacteria or fungi by higher
trophic levels such as protists.

Protists: paraphyletic group comprising all eukaryotes with the exception of plants,
fungi and animals. In the soil, encompasses photoautotrophic (algae), heterotrophic
taxa (protozoa) and mixotrophs.

Rhizosphere: the zone in soils directly influenced by the presence of roots.

Top-down control: mortality due to consumption by organisms at higher trophic
levels determine the size of the population.

99



Chapter 5

Acknowledgements

ZG was supported by Chinese Scholarship Council (CSC), IK by the Swedish
Research Council for Environment, Agricultural Sciences and Spatial Planning

(FORMAS), and SG by a NWO-VENI grant from the Netherlands Organisation for
Scientific Research (016.Veni.181.078).

100



Protists — puppet masters of the rhizosphere microbiome

101



102



Chapter 6

General discussion and future perspectives

Zhilei Gao

103



Chapter 6

Protists are widely distributed and important members of the soil community. Soil-
borne protist diversity and the importance of specific protist taxa are increasingly
being recognized (Bates et al., 2013; Geisen et al., 2015d; Mahé et al., 2017).
However, our understanding of protist ecology in soils remains highly rudimentary.
This conspicuous knowledge on functions of protists is scare, because most studies to
date have only focused on one or a few closely related protists taxa. This thesis seeks
to fill this gap by considering a broad range of protist taxa in order to understand
predator and prey interactions.

Within this thesis, I focused on 20 protist species, representing a broad phylogenetic
and morphological diversity (Chapter 1, 2, 3). The central question of this thesis is
whether the effects of protist predation can be predicted. I proposed to use protist traits
as a means to address this question. I first investigated the phylogenetic affiliations of
the protist species used in this thesis (Chapter 2). I then went on to characterize the
growth rates and morphological traits within my protist strain collection (Chapter 3)
and examined how these traits are related to the impacts of protist predation on soil-
borne bacterial communities. Results showed that the effects of protists predation
could be related to differences in protist cell volume. To understand the functionality
of protists, I tested how predation affects microbial cooperation in soil and found that
predation can favor cooperation, leading to lower defector density; an effect that was
dependent on nutrient availability (Chapter 4). In Chapter 5, a range of approaches
is reviewed to provide new perspectives and approaches to understand and utilize
protist activities, especially as related to improving plant growth and health.

Integrating morphological and phylogenetic diversity

Determinations of cell morphology lie at the heart of traditional approaches of
examining protistdiversity, with particularattention to for instance the characterization
of easily isolated ciliates with unique morphological features (Foissner, 1999b).
However, other morphological groups, such as flagellates and naked amoeba, have
remained highly understudied, partially due to their smaller sizes and the fact that
they often have indistinguishable morphotypes under the light microscope (Smirnov
& Brown, 2004). The development of molecular tools, such as 18S rRNA gene
sequencing together with markers offering finer level phylogenetic resolution, such
as internal transcribed spacer (ITS) regions, has enabled cultivation-independent
interrogation of soil protists, revealing high levels of diversity and allowing us to
distinguish between morphologically similar protist species. In Chapter 2, I isolated
several new Heterolobosean amoeba from soil. I further combined morphological
characterization and molecular tools to identify these species and proposed a new
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species within the genus Vahlkampfia. This first soil Vahlkampfia species highlights
the need for additional efforts in the future to cultivate previously unknown soil
protists. The combination of morphological and molecular identification approaches
can clearly contribute to advance our knowledge of protist diversity in soil (Chapter
2).

Thanks to improved high-throughput sequencing techniques, such as DNA
barcoding, we are starting to recognize the enormous diversity of soil protists (Bates
et al., 2013, Geisen et al., 2015d; Mahé et al., 2017). Despite this quantum leap
in available sequence data, we still often lack sufficient information to interpret
such data from a functional perspective. Although advances have been made in the
assignment of protist marker sequences to functional groups (Geisen et al., 2016;
Xiong et al., 2018), there is still an urgent need for additional, well-characterized
reference strains, especially from taxonomic groups currently underrepresented or
absent from current culture collections. As demonstrated in Chapter 2, such efforts
not only inform the functional interpretation of sequence data, they also can provide
much-needed insight into protist ecology.

Appreciating the ecological roles of soil protists
Protists are far more than bacterivores

Throughout this thesis, I have principally focused on the ability of protists to feed on
bacterial prey (Chapter 3, 4). This attention to the bacterivorous activities of protists
stems mostly from the fact that protists are commonly regarded as important drivers
of bacterial mortality in soils (de Ruiter et al., 1995; Trap et al., 2015). However, it is
important to recognize that soil protists can occupy a broad range of positions within
the soil food-web. Recent studies have highlighted diverse interactions between
protists and other soil organisms, suggesting that protists also play important roles
in the consumption of archaea (Seppey et al., 2017), fungi (Ekelund, 1998; Adl
& Gupta, 2006; Geisen, 2016b), nematodes (Geisen et al., 2015¢) and even other
protists (Jassey et al., 2012). In addition, parasitic and phototrophic protists should
also not be overlooked (Zancan et al., 2006; Geisen et al., 2016; Mahé et al., 2017).
We are still far away from understanding the full extent of tropic interactions
involving protists, with most studies to date focusing on very specific interactions
between a single protist and one particular target organism of interest. As suggested
by this thesis (Chapter 3), studies examining a large collection of protists and
involving complex microbial communities will help to advance our understanding of
the ecological niches occupied by protists and help better define their roles within the
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soil food web (Hunt et al., 1987; de Ruiter et al., 1995). It is expected that emerging
isotope tracer methods, combined with metagenomics, will help such studies advance
our knowledge of soil protist ecology.

Eco-evolution of protists and prey interactions

Interactions between predators and their prey represent classic examples for the
study of coevolution. From the protist’s perspective, perception of, for instance,
volatile compounds produced by bacteria may result in differential feeding habits
(Schulz-Bohm et al., 2017). From the bacterial prey’s perspective, multiple pre-
ingestion strategies impeding predation have been developed, such as changes in
size, colonies formation, motility and production of effective toxic compounds (Matz
& Kjelleberg, 2005; Jousset et al., 2006; Briissow, 2007). In addition to pose a threat,
the presence of protists may also offer a suitable habitat, with some bacteria evolving
endosymbiotic relationships with specific protist species (Horn & Wagner, 2004).

It has been previously suggested that protists can increase the stability of microbial
cooperation by selectively feeding on bacterial defectors (Jousset et al., 2009).
The results presented in Chapter 4 demonstrated that bacterial defectors that fail
to produce certain secondary metabolites can be driven to extinction. As a result,
bacterial cooperators that do produce these secondary metabolites benefited by the
presence of the protist predator, with this positive effect of predation being strongest
under conditions of intermediate and high resource availabilities (Chapter 4). These
results are also in line with previous studies that reported a link between the positive
effects of predation on cooperation depends and resource availability (Friman et al.,
2008). It should be noted that I only tested such effects of predation for two protists
strains out of a collection of 20 protist species. In order to demonstrate the general
impacts of protist predation on bacterial cooperation, it will be necessary to examine
such effects across a broader spectrum of protist species.

Moving toward a predictive framework to understand predator and prey
interactions

Predator and prey interactions can result in shifts of microbial assembly and functions
(Ronn et al., 2002; Rosenberg et al, 2009). Such shifts in microbial assembly may
be due to differential abilities of potential prey bacteria to adapt to the presence of
the protist predator. However, we are still lacking a more comprehensive framework
to describe such effects, and this knowledge gap is principally caused by the narrow
range of protist species for which selective feeding has been studied. To fill in this
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knowledge gap, I investigated 20 protist species covering a broad morphological and
phylogenetic diversity (Chapter 1, 3). One of the central questions in this thesis was
whether protist predation can be predicted, and, if so, which protists characteristics
are most informative to explain the impacts of protist predation on bacterial prey
communities. [ proposed that protists traits may help to explain such predation
effects.

Protists have previously been shown to have some level of selective feeding on
bacterial prey, and such selective feeding differs between protists species. In general,
more phylogenetically related organisms might share a higher level of functionality.
I therefore first examined if protist phylogeny could explain their predation effects.
Previous results suggested that phylogeny may to some extent determine protist
impacts on bacterial prey, depending on the phylogenetic level examined (Pedersen
etal., 2011), and such patterns may be related to the production of bacterial defense
compounds. The results presented in Chapter 3, show that protist phylogeny could
not be linked to their predation effects on bacterial communities. This result was in
agreements with previous studies that have shown that even closely related protist
species can have highly contrasting effects on bacterial communities (Gliicksman et
al., 2010).

I further investigated if protist morphological traits could explain their predation
impacts. To this end, I characterized a range of protist traits including growth rate,
size, morphology and volume. I found that protist volume was significantly linked
to their predation impacts. This result is in line with a prior study that examined
closely related protist species (Gliicksman et al., 2010). The work presented in this
thesis demonstrated that protist volume can be linked to their predation effects even
across a broad range of phylogenetically distinct protist taxa. Given that our protist
collection had a high level of morphological diversity (Chapter 1), it was critical
that cell volume calculations were not only based upon cell size, but that they also
took geometric morphotype into consideration (Chapter 3). Future studies seeking
to detangle predation and prey interactions as related to protist cell volume should
therefore consider both cell size and morphotype.

In this thesis, mostly morphological traits of protists were investigated. However,
protist predation might also be highly dependent on other traits, such as motility,
nutrient requirements and habitat preferences (Dumack et al., 2019). It is therefore
important to expand trait-based studies of protists to include other characteristics that
are related to feeding impacts of soil-borne protists. As mentioned previously, protist
predation on bacteria involves the interaction and coevolution of both interacting
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parties. Bacterial traits clearly affect how they respond to protist predation. With
this in mind, it could be highly informative to adopt an approach that includes both
protist and bacterial traits. This would require a collection of protists with known
traits and a collection of bacteria with known traits.

It should be noted that the soil bacteria community examined in Chapter 3 only
targeted a single soil type. Differences in soil bacteria community are affected by
a range of factors that differ between different soils, including differences in soil
texture, organic matter content, plant communities, land-use, pH and moisture
(Kowalchuk et al., 2002; Fierer & Jackson, 2006; Singh et al., 2009; Lauber et al.,
2013). It is therefore important that predator/prey interactions between protists and
bacterial communities could be examined across a range of different soil types to
determine if, for instance, protist cell volume is a general explanatory factor of
protist predation impacts.

Moving toward to applications of soil protists

Plants recruit microbes via root exudates, those microbes recruited to the rhizosphere
in turn help to support plant growth and resistance to pathogen attack (Mendes et
al., 2011; Berendsen et al., 2012). In order to improve soil fertility, bacterial strains
with desired traits have often been utilized to improve rhizosphere functionality.
However, such introductions often have only a limited impact on plant performance,
mainly because a single introduced species will only reach a limited population size
in the highly diverse rhizosphere microbiome. In contrast, protists may despite of a
small total abundance have cascading effect on the whole bacterial community. They
therefore may offer a powerful tool to steer soil microbiome functionality at the
service of plant performance (Chapter 5).

Trait-based strategies to identify beneficial protist taxa

This thesis proposed a framework in which protist traits are used to identify plant-
beneficial protist taxa (Chapter 5). Morphological traits and taxonomic affiliation
of 20 protists species were characterized and examined (Chapter 2, 3), showing
that predation effects on the prey bacteria community could be linked to protist cell
volume. Although it was shown that cell volume can help explain changes in bacteria
communities, we still lack knowledge of how these shifts in bacterial community
structure impact plant performance. Follow-up steps could involve evaluation of
plant performance after transplantation of protist-affected bacteria communities
in the presence and absence of specific plant pathogens. This would facilitate the
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identification of protist taxa and traits associated with plant growth promotion and
defense. Such a framework could also be expanded to include plant traits as well, such
as shoot growth or root architecture to be linked with specific protist species or traits.
Thus, such a framework could potentially catalog heterotrophic protists into broadly
defined groups that share similar functional capabilities and ecological strategies: for
instance, ‘plant shoot promoting’ taxa that increase plant shoot biomass, ‘nutrition
facilitating’ taxa that can increase plant nutrient or ‘defense promoting’ taxa that can
improve plant defense against pathogens. Note that these specific functional taxa
are also related to the plant genotype, with cultivar-dependent effects (Fig.1). By
adopting this framework, specific protists may be linked to the promotion of specific
plant traits to allow for a tailor-made approach to improve plant performance.

Plant health

There is a growing body of evidence suggesting that protists are essential to
maintain disease suppression. Predation by protists can select for bacteria producing
compounds linked to disease suppression, such as cyclic lipopeptides and 2,4-DAPG
(Jousset et al., 2006; Song et al., 2015). I also found that large volume protist could
increase bacteria that putatively possess anti-predator strategies that overlap with
functions involved in disease suppression (Chapter 3). It should, however, be
stressed that this conclusion remains highly speculate due to its reliance on literature
related to a limited range of isolated bacterial strains. Further efforts to verify this
intriguing link are clearly necessary. For instance, large protists could be applied in
the rhizosphere with subsequent examination of plant performance and quantification
of the potential plant beneficial bacteria or bacterial genes mentioned in Chapter 3
using qPCR.
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Figure 1. Cartoon of a targeted approach to improve plant performance by identifying plant-
beneficial protist taxa.

Moreover, predation has been shown to stimulate beneficial bacterial activities in
vitro by upregulating the production of secondary metabolites, siderophores and
volatile compounds, which are also responsible for the disease suppressive ability
of many biocontrol bacteria (Andersen & Winding, 2004; Jousset & Bonkowski,
2010; Weidner et al., 2017). The overlap between the suite of bacterial traits for
antipredator and disease suppression abilities can be used to support the establishment
of introduced biocontrol bacteria in soil systems through protist selective feeding on
non-toxic bacteria, thereby increasing the abundance of toxic bacteria (Jousset et
al., 2009). However, this negative effect of predation on non-toxic bacteria is also
dependent on resource availability (Chapter 4). Taken together, protist predation
therefore confers a selective advantage to bacteria that also carry genes responsible
for biocontrol, indicating that they can improve the selective value of functional
genes otherwise present at a too low density to efficiently protect the plant (Miiller
etal., 2013).

Protists may also be relevant for the plant immune response to pathogens. The
selection of bacteria producing bioactive compounds may further serve to stimulate
plant immunity. Protists were shown to increase Pseudomonas spp. abundance
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(Chapter 3, 4) and some antibiotics of which can both confer resistance to predation
and induce jasmonic acid-mediated plant immunity (Iavicoli et al., 2003). These
links to plant immunity need to be tested in more detail and across different level of
resource availabilities (Chapter 4).

Protists may finally contribute to disease suppression by directly consuming
pathogens, reducing their survival in soil and potentially protecting plants
(Chakraborty & Old, 1982; Chakraborty et al., 1983). The newly discovered high
diversity of mycophagous protists in soil could also be a reservoir for protists with
biocontrol effects on fungal pathogens (Geisen, 2016b).

Taken together, this thesis suggests that protists could be a potential biostimulant
to boost the abundance of plant beneficial bacteria (Chapter 3, 4), however, the
functional impacts of protist predation on bacterial communities still requires further
research to prove this link and exploit protist activities to the benefit of plant health.

Concluding remarks

Within this thesis, I proposed the use of protist traits as a means to understand predator/
prey interactions. [ found that protist predation was not related to protist phylogeny,
but protists traits, namely, protist cell volume was informative with respect to protist
impacts on bacterial prey communities. Understanding predator/prey interactions
could help us better predict resulting changes in microbiome functionality.
Furthermore, this work has shown that predation can reinforce cooperation in soil,
thereby leading to higher numbers of cooperators, and such cooperation may be
linked to positive effects on plant disease suppression. Taken together, this thesis
investigated the effects of protist traits on predation and ecological interactions,
with the goal of providing a more systematic and ecological framework toward the
utilization of potentially beneficial protists for improved soil functioning.
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Layman summary

Soil is a living natural resource and essential in the provisioning of food, clothing
and building materials. Many soil properties are the product of soil-dwelling
organisms, encompassing not only visible animals but also enormous diversity of soil
microorganisms. Among soil microorganisms, bacteria and fungi have traditionally
been the most described groups, however, this is only a part of the story going on
in the soil, with the help of studies in soil food web, we are aware that soil bacteria/
fungi are under massive predation pressure by their predators — soil protists.

The best-known function of soil protists is as bacteria feeders, protists consume
bacteria prey and further release the nutrients which were locked in bacteria
biomass, those nutrients benefit the remaining bacteria and plant root. Moreover,
protists do not feed on all prey bacteria equally, this selective feeding by protists
can lead to shifting prey bacterial community structure, which may be linked with
changes in soil community functioning. Given the lack of a generalized pattern of
protists predation, the central question of this thesis is whether the protist predation
follow certain patterns. I proposed to use protist traits as a means to address this
question. Due to the focus of previous work on only one model protists and some
closely related protists, I then collected and isolated 20 protists species with diverse
morphotypes to investigate the central question.

I started by clarifying the taxonomic affiliations of the protists isolates used in
this thesis, with a special focus on Heterolobosea amoeba, which are widespread
and diverse in soil. Given the lack of morphologically useful characteristics in
Heterolobosea amoeba, I further combined morphological characterization and
molecular tools to identify these species and proposed a new species Vahlkampfia
soli. This first soil Vahlkampfia species highlights the need for additional efforts in
the future to cultivate previously unknown soil protists.

I continued to investigate the relationship between protist traits and their effects on
prey bacterial community structure. I measured a range of protists traits, including
growth rate, length, width, morphology and volume across my target 20 protist
species covering the main phylogenetic lineages found in soil. I further used m
experiments to assess the effect of each species on the structure of a semi-natural
soil bacterial community. This work revealed that protists traits, especially cell
volume, could be linked to their predation effect on the bacterial community. It was
critical that cell volume calculations were not only based upon cell size but also
considered geometric morphotype. Future studies seeking to detangle predation and
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prey interactions as related to protist cell volume should, therefore, consider both
cell size and morphotype.

To understand the functionality of protists, I then examined how protist predation
and competition with other soil bacteria communities affect the stability of bacterial
cooperative interactions. I utilized two types of bacterial strains, one is a cooperator
bacterial strain that produces the public goods, the other one is a defector (cheater)
bacterial strain that takes advantage of public goods without contributing to their
production. I combined these two types of bacteria in the presence of competing soil
bacterial communities and protists. This work revealed that multitrophic interactions
strongly impacted microbial cooperation, in particular, competition increased the
net benefit of cooperation at low and intermediate resource availabilities, however,
predation followed the opposite pattern. Moreover, multitrophic interactions
constrained the defector invasion and promote cooperation, but this effect strongly
depended on resource availability.

Finally, I synthesized existing knowledge on soil protists and demonstrate their
importance as regulators of the rhizosphere microbiome. I summarized the different
reported interactions between protists predators and prey in the rhizosphere. I then
addressed the known and hypothesized consequences of protists on microbiome
functionality and plant performance. I presented a framework to guide efforts to
harness protists as a microbiome enhancer in sustainable agriculture.

Overall, this thesis started with investigating protists traits, showing that protist
predation was related to protists traits, namely, protist cell volume was informative
concerning protist impacts on bacterial prey communities. Furthermore, this thesis
has shown that predation by protists can reinforce cooperation in soil, and such
cooperation may be linked to positive effects on ecological functions including plant
growth and plant disease suppression.
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De bodem is een levende natuurlijke hulpbron en essentieel bij de voorziening van
voedsel, kleding en bouwmaterialen. Veel bodemeigenschappen zijn het product
van bodem organismen, die niet alleen zichtbare dieren omvatten, maar ook een
enorme diversiteit aan bodem micro-organismen. Bacterién en schimmels zijn van
oudsher de meest beschreven groepen van bodem micro-organismen, maar deze
zijn slechts een deel van het verhaal in de bodem. Met behulp van studies over het
bodem voedselweb zijn we ons ervan bewust dat bodembacterién en - schimmels
onder enorme predatiedruk staan door hun predatoren (natuurlijke vijanden), de
bodemprotisten.

De bekendste functie van bodemprotisten is als predator van bacterién. Protisten
consumeren bacterién en ontsluiten daarna de voedingsstoffen die waren opgesloten
in de biomassa van bacterién, waarna die voedingsstoffen de resterende bacterién en
planten ten goede komen. Bovendien consumeren protisten niet alle prooibacterién
in gelijke mate. Doordat protisten selectief consumeren kan de structuur van deze
bacteriéle gemeenschap verschuiven, waardoor er mogelijk een verband is met
veranderingen in het functioneren van de bodemgemeenschap. Gezien het ontbreken
van een algemeen patroon van predatie, is de centrale vraag in dit proefschrift of de
protistenpredatie bepaalde patronen volgt. Mijn voorstel was om de eigenschappen
van protisten te gebruiken als een middel om deze vraag te beantwoorden. Omdat
de focus van eerder onderzoek voornamelijk op ¢én model protist en enkele nauw
verwante soorten lag, heb ik 20 soorten protisten met verschillende morphotypes
verzameld en geisoleerd om te gebruiken als een middel om deze vraag te
beantwoorden.

Ik begon met het verduidelijken van de taxonomische connecties van de protist
isolaten die in dit proefschrift worden gebruikt, met een speciale focus op
Heterolobosea amoeba, die wijdverspreid en divers in de bodem zijn. Gezien het
ontbreken van morfologisch bruikbare kenmerken in Heterolobosea amoeba, heb ik
verder morfologische karakterisering en moleculaire hulpmiddelen gecombineerd
om deze soorten te identificeren en een nieuwe soort Vahlkampfia soli voorgesteld.
Deze eerste bodem Vahlkampfia soort benadrukt de behoefte aan extra inspanningen
in de toekomst om voorheen onbekende bodemprotisten te cultiveren.

Ik ging door met het onderzoeken van de relatie tussen protist eigenschappen

en hun effecten op de structuur van de prooi bacterie gemeenschap. Ik heb een
reeks protist eigenschappen gemeten, waaronder groeisnelheid, lengte, breedte,
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morfologie en volume van mijn 20 target protist soorten die de belangrijkste
fylogenetische lijnen in de bodem omvatten. Ik gebruikte verder microcosm
experimenten om het effect van elke soort op de structuur van een semi-natuurlijke
bodembacteriegemeenschap te beoordelen. Uit dit werk bleek dat eigenschappen
van protisten, met name het cel volume, kunnen worden gekoppeld aan hun predatie-
effect op de bacteriegemeenschap. Het was van cruciaal belang dat berekeningen
van het cel volume niet alleen gebaseerd waren op de celgrootte, maar dat ook het
geometrische morfotype in beschouwing werd genomen. Toekomstige studies die
proberen predatie en prooi-interacties te ontwarren met relatie tot het cel volume van
protisten, moeten daarom zowel de celgrootte als het morfotype overwegen.

Om de functionaliteit van protisten te begrijpen, onderzocht ik vervolgens hoe
protist predatie en concurrentic met andere bodembacteriéngemeenschappen de
stabiliteit van bacteri€le codperatieve interacties beinvloedden. Ik gebruikte twee
soorten bacteriestammen; €én is een codperatieve bacteriestam die de publieke
goederen produceert, de andere is een defector (valsspeler) bacteriestam die
voordeel haalt uit de publieke goederen zonder bij te dragen aan hun productie.
Ik combineerde deze twee soorten bacterién in aanwezigheid van concurrerende
bodembacteriegemeenschappen en protisten. Uit dit onderzoek bleek dat multitrofe
interacties een sterke invloed hadden op microbiéle samenwerking, met name
concurrentie verhoogde het netto voordeel van samenwerking bij lage en gemiddelde
beschikbaarheid van middelen. Predatie echter volgde het tegenovergestelde
patroon. Bovendien beperkten multitrofe interacties de invasie van de defector en
bevorderden de samenwerking , maar dit effect hing sterk af van de beschikbaarheid
van middelen.

Tenslotte heb ik bestaande kennis over bodemprotisten gesynthetiseerd en hun belang
als regulatoren van het rhizosfeer microbioom aangetoond. Ik heb de verschillende
gerapporteerde interacties tussen predator en prooi in de rhizosfeer samengevat.
Vervolgens heb ik de bekende en veronderstelde gevolgen van protisten op de
microbioom functionaliteit en op prestatie van planten besproken. Ik presenteerde
ook een kader om de inspanningen te sturen om protisten als microbioom verbeteraar
te benutten in duurzame landbouw.

Samengevat begon dit proefschrift met het onderzoeken van eigenschappen van
protisten, waaruit bleek dat predatie door protisten gerelateerd was aan eigenschappen
van protisten. Met name het cel volume van de protisten was informatief wat
betreft de impact van protisten op de bacteri€éle prooi gemeenschap. Verder heeft
dit proefschrift aangetoond dat predatie door protisten de samenwerking in de

139



Nederlandse samenvatting

bodem kan versterken, en dergelijke samenwerking kan worden gekoppeld aan
positieve effecten op ecologische functies, waaronder plantengroei en plantenziekten
bestrijding.
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