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Soil protist communities form a dynamic hub in the
soil microbiome
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Soil microbes are essential for soil fertility. However, most studies focus on bacterial and/or fungal
communities, while the top-down drivers of this microbiome composition, protists, remain poorly
understood. Here, we investigated how soil amendments affect protist communities and inferred
potential interactions with bacteria and fungi. Specific fertilization treatments impacted both the
structure and function of protist communities. Organic fertilizer amendment strongly reduced the
relative abundance of plant pathogenic protists and increased bacterivorous and omnivorous
protists. The addition of individual biocontrol bacteria and fungi further altered the soil protist
community composition, and eventually function. Network analysis integrating protist, bacterial and
fungal community data, placed protists as a central hub in the soil microbiome, linking diverse
bacterial and fungal populations. Given their dynamic response to soil management practices and
key position in linking soil microbial networks, protists may provide the leverage between soil
management and the enhancement of bacterial and fungal microbiota at the service of improved soil
health.
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Protists are an often overlooked component of the
soil microbiome. They are abundant and extremely
diverse in soil, where they carry out a range of
functions (Foissner, 1997; Geisen, 2016a). Protists
are among the main consumers of soil bacteria and
fungi, but also algae and nematodes (Geisen, 2016a, b;
Seppey et al., 2017). Protist activity directly
increases plant performance by enhancing the
microbial loop (Bonkowski, 2004) and stimulating
plant growth-promoting rhizobacteria (Rosenberg
et al., 2009; Jousset, 2012). Further, soil protist
communities encompass a range of plant- and
animal-pathogenic species (Geisen et al., 2015b).
Given their functional diversity, protists exert con-
trol over various soil organisms and are likely of

critical importance for soil fertility. However, we
lack an understanding of how protist communities
are structured, how targeted soil management can
alter protist communities, how such changes might
affect protist functioning, and how they are in turn
linked to their potential bacterial and fungal prey.
Here, we experimentally examined under controlled
greenhouse conditions if applications of organic
versus conventional fertilizers could modify the
taxonomic and functional composition of protists,
as well as their putative interactions within the soil
microbiome. Furthermore, we added either a bacter-
ial (Bacillus amyloliquefaciens) or fungal (Tricho-
derma guizhouense) plant-protective agent (Wang
et al., 2013; Zhang et al., 2016) to organic fertilizer
(subsequently termed OF+B and OF+T, respectively)
to study if these biocontrol agents also impact protist
communities (Xiong et al., 2017 and Supplementary
Information for additional details).

Protist communities differed significantly
between all treatments one-year post application.
Organic fertilizer-treated soil contained a fundamen-
tally different protist community structure compared
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with the chemical fertilizer (CF) treatment (UniFrac-
weighted and -unweighted PCoA: Figure 1a;
Supplementary Figure 2; RDA: Supplementary
Figure 6), which is in line with former studies
(Heger et al., 2012; Murase et al., 2015). Organic
fertilizer (OF) amendment enhanced the relative
abundance of the most abundant protist taxonomic
groups, that is, Stramenopiles, Alveolata, Rhizaria,
Excavata and Amoebozoa (Figure 1b), most of which
are predators of other microbes. This can be
explained by the fact that organic fertilizer provides
a wider resource spectrum than chemical fertilizer,
which thereby promotes a higher biomass and
diversity of bacteria and fungi (Xiong et al., 2017).
This impact on primary consumers may foster
diverse and active protist consumers, as previously
observed in studies of paddy rice (Murase et al.,
2015). Organic fertilizer enriched with beneficial
microbes (Bacillus and Trichoderma) caused a
further shift in the protist community composition
by reducing Stramenopiles, Alveolata and Excavata,
and most strongly Rhizaria and Amoebozoa in the
OF+B treatment (Figure 1b). As a result, protist
richness (observed OTUs), diversity (phylogenetic
and Shannon) and evenness (Shannon) were lower
in the OF+B and OF+T treatments as compared with
the OF treatment (Supplementary Figure 1). These
results suggest that the added microbes differentially

affected specific protist taxonomic groups (Jousset
et al., 2006; Pedersen et al., 2011), possibly by
producing inhibitory compounds. Bacillus species
are known to produce a broad range of secondary
metabolites such as cyclic lipopeptide antibiotics
(Alvarez et al., 2012) and various volatile com-
pounds that can deter or even kill potential protist
predators (Mazzola et al., 2009; Schulz-Bohm et al.,
2017). Trichoderma may also have affected protists
via the production of antimicrobial compounds (Cai
et al., 2013) or by reducing fungal prey, but
information on protist-fungal interactions is too
scarce for reliably interpreting these data (Geisen,
2016a). Introduced microbes may also exert indirect
effects; the lower diversity of protists and lower
relative abundances of Stramenopiles, Alveolata and
Excavata in the two microbe-enriched organic
fertilizer treatments may be linked to the bacterial
genus Lysobacter, which increased ~ 6-fold in OF+B
and OF+T treatments compared with the CF treat-
ment (Xiong et al., 2017). Members of this genus are
known to produce a broad range of bioactive
secondary metabolites that can inhibit soil organisms
(Expósito et al., 2015).

Changes in protist taxonomic community compo-
sitions induced by fertilizer regime subsequently
resulted in shifts in the relative proportion of protist
functional groups (Figure 2). Several potentially

Figure 1 Protist community changes induced by fertilizations. (a) UniFrac-weighted principle coordinate analysis (PCoA) of soil protist
community in the four fertilizer treatments and (b) relative abundance of five main protist taxonomic groups (Stramenopiles, Alveolata,
Rhizaria, Excavata and Amoebozoa) with coarse phylogenetic affinities in the four fertilizer treatments. CF, chemical fertilizer; OF, organic
matter fertilizer; OF+B, Bacillus enriched organic fertilizer; OF+T, Trichoderma enriched organic fertilizer. Different letters above the bars
indicate a significant difference at the 0.05 probability level according to the Tukey’s test.
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plant pathogenic Pythium spp., a group of widely
distributed pathogens of thousands of plant species
(Schroeder et al., 2012), were indicative for CF
treatment (Figure 2b). In line, putative protist plant
pathogens, including Pythium spp., were signifi-
cantly reduced in all three organic fertilizer treat-
ments (OF, OF+B and OF+T) compared with CF
treatment (Figure 2a; Supplementary Table 2). This

may be due either to direct inhibition by the
introduced beneficial microbes, the stimulation of
antagonistic microbes, or simply the promotion of a
range of protists that consume or outcompete
Pythium in organic matter. Apicomplexa, known as
obligate parasites of vertebrates and invertebrate
hosts (Kopečná et al., 2006), were lower in all
organic fertilizer treatments as compared with the

Figure 2 Protists form a functional and dynamic hub in the soil microbiome induced by fertilizations. (a) Overview of the relative
abundance of protist functional groups in the four fertilizer treatments. CF, chemical fertilizer; OF, organic matter fertilizer; OF+B, Bacillus
enriched organic fertilizer; OF+T, Trichoderma enriched organic fertilizer. Different letters above the bars indicate a significant difference
at the 0.05 probability level according to the Tukey’s test. (b) Protist indicator OTUs for the four fertilizer treatments. Circles represent
protist OTUs and circle sizes correspond to their average relative abundance (log transformation) across all the samples. (c) Correlation-
based network analysis showing potential interactions between abundant bacterial and fungal genera as well as protist functional groups.
The node size is proportional to a taxon’s average relative abundance (log transformation) across all the samples. Lines connecting nodes
(edges) represent positive (blue) or negative (red) co-occurrence relationships.
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CF treatment (Supplementary Table 2). These results
suggest a relatively ‘pathogen and parasite’ driven
food-web in chemical fertilizer-treated soils. In
contrast, soils treated with OF were not only higher
in saprotrophs, but also in phototrophic algae
(Figure 2a), indicative of less disturbed soils and
increased soil carbon inputs (Zancan et al., 2006).
The indicator taxa for OF were mainly omnivores
consuming other eukaryotes (Figure 2b), suggesting a
more complex food-web. The addition of Bacillus
into OF, but not of Trichoderma, significantly
reduced the saprotrophic and phototrophic protists.
More targeted studies would be necessary to exam-
ine the functional changes in the protist commu-
nities after applying different biocontrol agents and
their long-term impact on soil functioning. It has to
be mentioned that we used a conservative approach
to assign the classified protists into different func-
tions, focusing merely on feeding mode. As any
inference tool, our database approach should be
interpreted with caution. It is necessarily reliant on the
limited number of characterized reference species
(Berney et al., 2017), and may therefore be biased
toward specific functions as some elements of func-
tional variation. Current efforts to expand and improve
this taxonomic and functional database (Berney et al.,
2017) will further improve this tool, and we anticipate
that this approach will become more useful in the
future to advance studies that seek to more meaningful
integrate protists in soil microbiome research.

Finally, we examined the role of protists as an
integral part of soil ecological networks. By con-
structing a combined co-occurrence network encom-
passing bacteria, fungi and functional groups of
protists, we found that protists form distinct hubs
in the soil network, linking a range of bacterial and
fungal taxa (Supplementary Information; Figure 2c).
Three main modules emerged in our constructed
network, with protists present in all modules.
Module 1 was dominated by bacteria such as
Lysobacter and several Acidobacteria groups and
contained five protist nodes from distinct taxonomic
and functional groups (the mainly plant pathogenic
Pythium, the bacterivorous Glissomonadida and
Naegleria). Module 2 was phototroph-dominated
(such as Bacillariophyta and Eustigmatophyceae).
Module 3 was dominated by omnivorous protists
(such as Spirotrichea, Vampyrellida and Eugly-
phida). Each module appeared to be generally
associated with a specific range of functions (Zhou
et al., 2011), suggesting interactions between simi-
larly functioning microbes that provide either a
stimulatory or inhibitory loop for soil functioning.
Parasitic protist taxa, including the potential plant
pathogenic Pythium and animal parasitic Apicom-
plexa, were present, but poorly connected to other
microorganisms in the network. This disconnected
position is likely related to the dependence of these
organisms on plants (Xu et al., 2012) and soil
animals (Geisen et al., 2015a) rather than other soil
microbes.

Our study highlights the multi-trophic nature of
the soil microbiome. This study is one of the first to
link taxonomically assigned protist taxa to functional
groups that are embedded within soil food webs. Soil
amendments strongly impacted protist communities
1-year after application, with addition of organic
material and beneficial microbes leading to profound
changes of protist community composition, and
eventually function. This study also serves as a plea
to the scientific community to better integrate
protists into microbiome studies. Given their large
impacts on multiple soil functions, we propose that
manipulation of soil protist communities offers new
avenues to promote soil health, plant performance
and other ecosystem services.
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