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Protist diversity and community complexity ")
in the rhizosphere of switchgrass are
dynamic as plants develop

Javier A. Ceja-Navarro'”'®, Yuan Wang?, Daliang Ning**, Abelardo Arellano’, Leila Ramanculova',
Mengting Maggie Yuan®, Alyssa Byer®, Kelly D. Craven®, Malay C. Saha®, Eoin L. Brodie®’, Jennifer Pett-Ridge® and
Mary K. Firestone®”"

Abstract

Background: Despite their widespread distribution and ecological importance, protists remain one of the least
understood components of the soil and rhizosphere microbiome. Knowledge of the roles that protists play in
stimulating organic matter decomposition and shaping microbiome dynamics continues to grow, but there
remains a need to understand the extent to which biological and environmental factors mediate protist community
assembly and dynamics. We hypothesize that protists communities are filtered by the influence of plants on their
rhizosphere biological and physicochemical environment, resulting in patterns of protist diversity and composition
that mirror previously observed diversity and successional dynamics in rhizosphere bacterial communities.

Results: We analyzed protist communities associated with the rhizosphere and bulk soil of switchgrass (SG) plants
(Panicum virgatum) at different phenological stages, grown in two marginal soils as part of a large-scale field
experiment. Our results reveal that the diversity of protists is lower in rhizosphere than bulk soils, and that temporal
variations depend on soil properties but are less pronounced in rhizosphere soil. Patterns of significantly prevalent
protists groups in the rhizosphere suggest that most protists play varied ecological roles across plant growth stages
and that some plant pathogenic protists and protists with omnivorous diets reoccur over time in the rhizosphere.
We found that protist co-occurrence network dynamics are more complex in the rhizosphere compared to bulk
soil. A phylogenetic bin-based null model analysis showed that protists’ community assembly in our study sites is
mainly controlled by homogenous selection and dispersal limitation, with stronger selection in rhizosphere than
bulk soil as SG grew and senesced.
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Conclusions: We demonstrate that environmental filtering is a dominant determinant of overall protist community
properties and that at the rhizosphere level, plant control on the physical and biological environment is a critical
driver of protist community composition and dynamics. Since protists are key contributors to plant nutrient
availability and bacterial community composition and abundance, mapping and understanding their patterns in
rhizosphere soil is foundational to understanding the ecology of the root-microbe-soil system.

Keywords: Soil protist, Soil microbiome, Switchgrass, Rhizosphere, Community assembly

Background

Plants evolved in a world dominated by prokaryotic and
eukaryotic microbes [1], and through evolutionary time
have established a dialogue with various soil microbial
dwellers that are part of the rhizosphere microbiome [2].
One way plants influence the types of microorganisms
that become part of their root microbiome is by releas-
ing specific chemical cues via root exudates [3, 4].
Mesocosm-scale studies demonstrate that the chemical
profile of root exudates changes as plants develop [4, 5]
and these changes result in a “rhizosphere effect” that
can be broadly defined as the influence of plant physi-
ology on the physicochemical and biological properties
of the root zone [6, 7]. This rhizosphere effect results in
the modification of the abundance, diversity and com-
position of bacterial communities, and is frequently
characterized by reduced diversity and more complex
co-occurrence networks in the rhizosphere compared to
bulk soil [5, 7, 8]. This effect also has broad ramifica-
tions for plant health, since members of the rhizosphere
microbiome play a crucial role in important plant pro-
cesses such as nitrogen (N) fixation, phosphorous (P)
solubilization, production of plant growth regulators,
and disease protection [9-12].

Although bacteria and fungi represent the most well-
studied groups of microorganisms in the rhizosphere, they
are only two components of the plant’s microbiome,
which also includes viruses and protists that may also be
influenced by the rhizosphere effect. The main groups of
protists relevant to soil ecology—based on abundance and
functional diversity—include the Amoebozoa, Cercozoa,
Ciliophora, Apicomplexa, and Chrysophiceae [13-15].
Most soils are dominated by protistan consumers which
span a wide range of feeding strategies, with prey includ-
ing bacteria, fungi, algae, other microeukaryotes, and small
protozoa [15]. Parasitism is another key protist functional
role, particularly in groups such as the Apicomplexa,
Oomycota, and Ichtyosporea [16], and phototrophy/mixo-
trophy in protists such as microalgae from the groups
Chrysophyceae and Chlorophyta [17, 18].

Given their abundance and variety of functional
trophic roles, protists play a critical part in shaping
bacterial dynamics [19-21] and the abundances of
other soil organisms [15]. Through their predatory

activity, protists release nutrients from their prey’s
biomass, making them available to plants and other
organisms in their environment [22-25], while stimu-
lating the rate of soil organic matter decomposition
[9]. Although much attention has been directed to-
ward the role of protists in N cycling, recent work
has emphasized their other roles in soil ecology, in-
cluding contributions to soil P mineralization [26].
For example, it has been demonstrated that protists
interact with fungi by providing them with bacteria-
derived nitrogen, which in turn improves plant nutri-
tion by enhancing plant access to P and N [27, 28].
Furthermore, it has been shown that the selective
pressure exerted by predatory activity of protists on
soil microbes is also associated with bacterial popula-
tions with lowered susceptibility to infection by lytic
phages [29, 30], indicating protists’ important roles as
drivers of bacterial community assembly and evolu-
tion [31].

Despite their widespread distribution and ecological
importance in soil microbial communities, protists re-
main a poorly understood component of the soil and
rhizosphere microbiome [32]. This has begun to change
as new molecular markers [33] and databases [34, 35]
have been developed and improved. Several studies have
deployed metabarcoding [36] and metatranscriptomics
[37] in diverse soil types and revealed that soil protist di-
versity is higher than previously thought. Other
molecular-based studies have shown that protist com-
munities respond to environmental factors (including
seasonal variations, water availability, and edaphic prop-
erties [15, 38]), external inputs such as fertilizers [39],
vary with bacterial and fungal communities depending
on the plant host type [40], and that consumer protists
vary in the rhizosphere between healthy and diseased
plants during plant establishment [41].

In a large-scale field experiment, we analyzed protist
communities associated with the rhizosphere and bulk
soil of switchgrass (SG) plants (Panicum virgatum)
through multiple phenological stages, from early vegeta-
tive growth to senescence. The SG plants were grown at
two marginal soil field sites where a limited reservoir of
nutrients is available for plants [42]. We postulate that
in this system, the rhizosphere effect influences
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community composition and network dynamics of rhizo-
sphere protist communities. We used amplicon sequen-
cing of ribosomal markers to assess the diversity and
differential abundance dynamics of protists throughout
SG growth stages in bulk and rhizosphere soil samples.
Co-occurrence network analyses were used to analyze
protist community dynamics as the SG plants grew. Our
results reveal that the diversity of protists is lower in the
rhizosphere than in bulk soil, indicating that the influ-
ence of plants on their microbiome cascades beyond
bacterial communities and includes protist populations.
We also demonstrate that protists network dynamics are
more complex in the rhizosphere than in bulk soil (a
phenomenon previously observed for bacterial commu-
nities), and that protist community assembly is con-
trolled by dispersal limitation and homogenous
selection. Overall, our results highlight the connection
between plant and protist communities in a large-scale
field experiment and illuminate the critical need to
include protists in rhizosphere microbiome and func-
tional studies.

Results

Protist diversity and community composition are
influenced by soil properties

Protist communities were characterized in bulk and
rhizosphere soil of switchgrass plants growing at two
agricultural field sites with marginal soils. Soils were
sampled at five times corresponding to different plant
growth stages, including: early (T1) and late vegetative
growth (T2), reproductive (T3), maximal growth (T4),
and senescence (T5). Both field soils, a sandy loam (SL)
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and a clay loam (CL) are characterized as marginal based
on their low total organic matter content and low plant
available N and P (See Supplementary Dataset 1).

A total of 582 libraries were prepared for both sites,
293 from the CL site, and 289 from the SL site (detailed
information can be found in the Supplementary Dataset
1, Tab 4). Together, the libraries yielded 6,533,093 18S
rRNA sequences that were used to generate exact se-
quence variants (9304 exact sequence variants or
ZOTUs, after dereplication). Non-protist groups were
removed after taxonomic assignment, resulting in 4955
protist ZOTUs. Groups identified in both the SL and CL
sites included protists from the divisions Alveolata, Rhi-
zaria, Amoebozoa, Stramenopiles, Excavata, Hacrobia,
Archaeplastida, Apusozoa, and Proteoalveolata. Diversity
accumulation (rarefaction) curves showed that the de-
tected communities were appropriately sampled for the
CL and SL sites across sampling times (Supplementary
Fig. 1). At the beginning of the experiment, bulk soil
protist communities were significantly more diverse in
the SL site relative to the CL site (alpha diversity,
Observed richness and Shannon index, Wilcoxon test p
< 0.001; Fig. la). Protist community composition was
strongly affected by site (PERMANOVA: df = 1, F =
26.9, p = 9.9 x 107°), which explained 35.5% of the data
variation. An analysis of association between the ordin-
ation patterns of the protist communities and pH/mois-
ture values further indicated significant associations
between community structure and soil properties (envfit
for 1°* and 2" axes, p = 0.06 for moisture and 0.007 for
pH). Figure 1b shows the moisture values from each soil
sample fitted onto the ordination biplot of protist
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Fig. 1 Diversity and community composition of protists communities in two marginal soil sites in southern Oklahoma. a Alpha diversity of protist
communities in the two marginal soil sites. In each boxplot, a point represents a replicated sample per site and its calculated diversity index, and
the diamond symbols represent the mean. The box boundaries represent the first and third quartiles of the distribution and the median is
represented as the horizontal line inside each box. Boxplots whiskers span 1.5 times the interquartile range of the distribution. b Ordination plot
depicting community structure of protist communities in the CL and SL sites calculated from a weighted Unifrac similarity matrix. The trend
surface of the variable moisture was plotted onto the ordination space using the ordisurf function of the vegan package. CL = Clay Loam, SL =
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communities, using a gam model to illustrate the ob-
served relation between moisture and the observed pat-
terns of community clustering (see Supplementary Fig. 2
for corresponding pH plot). Together, these results dem-
onstrate that these two soils contain markedly different
protist populations, and that protist community compos-
ition was influenced by the physicochemical properties
of the soil.

The diversity of protists is higher in bulk soil than in the
rhizosphere

At the initial stage of SG vegetative growth, protist com-
munity diversity (measured as observed richness and
Shannon index) was not significantly different between
bulk and rhizosphere soil, with the exception of the ob-
served richness at the SL site. However, for all the subse-
quent sampling points, rhizosphere diversity was
significantly lower than in paired bulk soils for both
metrics (Supplementary Fig. 3), reaching its lowest levels
during the reproductive growth stage (T3, Wilcoxon test
p =22 x 1077 and 0.0006) of SG plants in the SL site,
and during the maximal growth of the plants in the CL
site (T4, Wilcoxon test p = 0.006 and 0.09). Sampling
site (PERMANOVA: df = 1, F = 210.2, p = 9.9 x 107,
time point (PERMANOVA: df = 4, F = 10.6, p = 9.9 x
107°), and sample type (PERMANOVA: df = 1, F = 46.8,
p =99 x 107°) all had significant effects on community
composition, and explained 23.4, 4.6, and 5.1% of the
observed data variation, respectively. An ordination plot
comparing protist communities in the rhizosphere and
bulk soil (Fig. 2) demonstrates that at both sites the
rhizosphere community composition initially overlapped
with the bulk protist community (T1), after which they
diverged with time and continued plant growth (T3-
T5). Soil moisture (envfit for 1°* and 2™ axes, p = 0.012—
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0.001) and pH (envfit for 1° and 2™ axes, p = 0.001) had
a significant effect on protist community composition in
bulk and rhizosphere soil at both sampling sites and
across sampling times (Supplementary Figure 4 and 5).

Because the same plants from our large-scale field ex-
periment were sampled for both rhizosphere and bulk
soil over 5 sampling points (T1 to T5), we were able to
calculate the temporal variability of within sample alpha
and beta-diversity for protist communities (Supplemen-
tary figure 6 and 7). Overall, the temporal variation of
protist diversity was higher in the CL site than in the SL
site (in both rhizosphere and bulk soil). These differ-
ences in temporal variability were significant for bulk
communities between the two sites (Wilcoxon test p =
0.0003 and 4.86 x 107> for temporal variability in ob-
served richness and Shannon index), but not within
rhizosphere communities (Wilcoxon test p = 0.16 and
0.11). Similarly, the temporal variation in alpha diversity
was significantly different between bulk and rhizosphere
only in the CL site (Wilcoxon test p = 0.09 and 0.03 for
temporal variability in observed richness and Shannon
index). The significant high degree of temporal variabil-
ity in alpha diversity of bulk protist communities was
matched by high variability in community composition
measured as beta-dispersion (Supplementary fig. 7).
Comparison of p-dispersion between rhizosphere com-
munities showed no significant differences between the
two sites (Permutest df = 1, F = 0.76, p = 0.354), con-
trary to what was observed when comparing bulk com-
munities (Permutest df = 1, F = 27.89, p = 0.001).
Temporal dispersion was significant between bulk and
rhizosphere from corresponding sites (SL, Permutest df
=1, F = 23.34, p = 0.001; CL, Permutest df = 1, F = 71.3,
p = 0.001) as expected based on the beta-diversity ana-
lyses (Fig. 2).
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Fig. 2 Community composition dynamics from sampling time T1 to T5 for protists in bulk and rhizosphere soil samples. The percent value for
each axis represents the proportion of total variation explained. The ellipses were calculated around barycenters with a confidence level of 0.99
using the stat_conf _ellipse function in ggpubr v.0.2.4. SL = Sandy Loam site, CL = Clay Loam site. N values correspond to the number of
biological replicates that were used for analyses
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Fig. 3 Differential abundance patterns of protist groups in rhizosphere and bulk soil over time. Green color indicates log2-fold abundance
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Differential abundances of detected protist groups
were calculated for each time point to identify groups
that became significantly more prevalent in the rhizo-
sphere by comparing changes of each taxon across sam-
pling times (Fig. 3). At the SL site, the order
Peronosporales (which contains many plant pathogens)

had become significantly more prevalent in the rhizo-
sphere by T2 and remained so during all subsequent
sampling times. Also at T2, the group Sandonidae,
which includes bacterivore protists, was prevalent in the
rhizosphere, and became more abundant in the bulk soil
by T4. By the onset of reproductive growth (T3), we
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observed the emergence of protists from the genus Gre-
garina in the SG rhizosphere; this group includes patho-
gens of animals such as insects. These protists became
even more prevalent during T4 in the rhizosphere, and
then became more prevalent in bulk soil by T5. Also
during T3, the bacterivores Filamoeba and Limnofila
and protists from the families Vahlkampfiidae, and
Allapsidae were significantly more prevalent in the
rhizosphere, together with plant pathogenic protists
from the genus Pythium (Peronosporales). Omnivorous
groups, known to feed on bacteria and other protists, be-
came prevalent in the rhizosphere by T3, including pro-
tists from the families Flamellidae, Colpodida,
Leptomyxidae, and Platyophryida. The maximal growth
stage of the SG plants at the SL site coincided with the
emergence of bacterivore protists Agitata, the flagellate
Trimastix, along with members of the family Bodonidae.
By the point of SG senescence (T5), omnivore protists
from the families Colpodida and Flamellidae were more
abundant in the rhizosphere, together with the omnivore
ciliate Cyrtolophosis.

At the CL site, we measured a similar transition in
protist dynamics, with the largest number of
rhizosphere-enhanced protist groups emerging by T5,
the senescence phase. Putative plant parasitic protists
from the genus Sorosphaera were significantly more
prevalent during T2, together with the bacterivore
Protacanthamoeba, and omnivore ciliates from the
genus Colpoda (Fig. 3). By T3, the rhizosphere of the SG
experienced a significant increase in the abundance of
bacterial predatory protists from the genus Bicosoeca
and others from the family Colpodida, as well as the
animal parasite Gregarina. During maximal growth (T4),
groups that were significantly more prevalent in the
rhizosphere included members of the family Chilodo-
nella as well as bacterivores identified as the naked
amoeboflagellate Cavernomonas, and the flagellate Allas.
At the senescence (T5) stage of SG growth, we measured
the emergence of many microbial predatory protists, in-
cluding several amoebae belonging to the genera Echina-
moeba, Mastigamoeba, Mayorella, and the amoebozoan
lineage ANDI16. Flagellated protists such as Sandona,
Cryptomonas, Bicosoeca, together with the ciliates Sand-
manniella and Platyophrya (T5) and algae from the
Chrysophyceae Clade H, were also more prevalent in the
rhizosphere at plant senescence.

Changes in abundance of different protist groups were
also detected in the bulk soil over time (Fig. 3). These
changes in community prevalence are likely the result of
seasonal changes in precipitation and soil temperature
that occurred during the field sampling period (June to
November, see supplementary dataset 1, tab 3). Green
algae were among the more prevalent groups in the bulk
soil at both sites across sampling times (Fig. 3). These
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groups included Hemiflagellochloris at T2; Heterococcus,
Leptosira, and Neospongiococcum at T3; Bracteacoccus
and Planktosphaeria at T4; and Chlorococcum, Chlorote-
traedron, Protosiphon, Chlorosarcinopsis, and Hylodes-
mus at T5. The presence of these algae was
accompanied by the emergence of the algae-feeding
amoeba Vampirella during T5. Other groups detected in
bulk soil included known omnivores such as Spheno-
deria and Andalucia at T3; Goniomonas (T3/T4), Fla-
mella, Oxytricha, and Platyreta at T4, and Phacodinium
and Sandmaniella at T5.

Co-occurrence network complexity of protists is higher in
the rhizosphere

We used random matrix theory-based network analysis
to characterize changes in protist co-occurrence network
assembly in the rhizosphere and bulk soil of SG. Net-
works of protists in rhizosphere communities consist-
ently differed from those present in the bulk soil, during
each sampling time and at both sampling sites (Fig. 4a).
Protist community data reflect larger co-occurrence net-
works (more nodes) in the rhizosphere from both sites;
these were more connected (larger number of links) and
formed more modules than in the bulk soil (Fig. 4a, b).
The topological parameters (number of nodes, links,
modules) of the rhizosphere networks from both sites
increased with time from T1 to T4, and then decreased
to levels similar to those calculated for bulk networks at
T5 (plant senescence). Conversely, network size, con-
nectivity, and the number of modules in bulk soil
remained constant across all time points, with the excep-
tion of T5 at the CL site, where these topological param-
eters increased and converged to levels similar to those
of the rhizosphere network for the same time point. An-
other difference between the rhizosphere and bulk co-
occurrence networks was the type of associations that
dominated each environment (Fig. 4b). Bulk networks
from both sites had a higher percent of co-exclusion as-
sociations (negative correlations) than those detected in
the rhizosphere during all sampling points, with the ex-
ception of the SL site bulk network for T5.

We defined putative roles for protists that were part of
the constructed networks by classifying network nodes
based on their within-module connectivity (z-score) and
participation coefficient (p-score) (Supplementary Table
1). Most nodes were identified as peripheral (99.1%, re-
gardless of site or sampling time), and the remaining
nodes were module hubs and connectors. Module hubs
represent highly connected nodes within modules, and
connectors are nodes that connect modules. Due to their
contribution to network topology, module hubs and
connectors have been proposed to represent potential
keystone taxa [43]. Here, we refer to these network-
relevant nodes as hub taxa that may represent important
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Fig. 4 a Succession of rhizosphere and bulk soil networks for protist communities over time. The five sampling points corresponded
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with different developmental stages of switchgrass plants in two sampling sites. Networks represent RMT co-occurrence models from biological
replicates (minimum of 10) at each sampling point, where nodes represent ZOTUs or exact sequence variants, and links between nodes represent
significant correlations. Modules are randomly colored. Red and blue links represent significant negative and positive correlations. b Network

topological parameters for both sites over time for bulk and rhizosphere protists networks. SL = sandy loam site, CL = clay loam site

organisms contributing to the stability of overall protist
communities.

Protist hub taxa changed over time at both sites, and
relatively few groups persisted as hub taxa over time
(Table 1). At the SL site, T1 contained hubs identified as
the plant parasite Pythium, the bacterivore Paracercomo-

nas, the omnivore Rhogostoma, and the eukaryvore

Bresslaua. By T2, the hub taxa changed, and included
protists from the family Sandonidae, the order Cercomo-
nadida, and the class Heterolobosea. At T3, hub taxa
was mainly represented by omnivore protists including
Acanthamoeba, Stenamoeba, and Cercomonas. During

the maximal growth of SG (T4) at SL site, only one hub
was detected and identified as member of the order
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Table 1 Protists identified as putative hub taxa within the rhizosphere networks from the Sandy Loam (red box) and Clay Loam

(yellow box) sites

Protist Zi |Pi |T1|T2 w T4 | T5
Pythium®™ -1.21 | 0.67

Bressalaua® 0.00 | 0.63
Paracercomonas’ -0.87 | 0.63

Rhogostoma’ -0.87 | 0.63

Sandonidae _1.06 | 0.67 B
Cercomonadida -0.59 | 0.63 -
Heterobolosea 3.06 | 0.00

Acanthamoeba® 2.83 | 0.00 -
Stenamoeba® -1.01 | 0.67

Cercomonas® 3.28 | 0.00
Chlorosarcinopsis™ | -1.07 | 0.67

Tetracystis™ -0.76 | 0.63
Thraustochytriaceae | -0.82 | 0.72 B
Chrysophyceae -1.28 | 0.67

Cercomonadida 2.65 | 0.00 .-
Thaumatomonas” -0.20 | 0.64

Cercomonadidae 0.14 | 0.63

Cryomonandidae -0.44 | 0.63

Euglypha’ -0.23 | 0.63

Parietochloris™ 2.87 | 0.00

Allapsidae 2.58 | 0.00
Trebouxiophyceae 2.95 ] 0.38

Polymyxa™ -1.01 | 0.67

Eocercomonas’ 2.53 | 0.48

Platyophryida -0.83 | 0.63

Trimenatidae 2.53 | 0.00

Acanthamoeba” -0.68 | 0.63

Trinema’ -0.62 | 0.63
Paracercomonas’ 0.28 | 0.67
Oligohymenophorea | 2.57 | 0.24

Polymyxa'™” 2.89 | 0.00

Hub taxa are module hubs and connectors which are identified based on their within-module connectivity (Zi > 2.5) and among-module connectivity (Pi > 0.62).
Their removal from their corresponding networks may cause modules and networks to disassemble. Boxes filled in red color correspond to times in which a
protist was identified as keystone element of a rhizosphere network from the Sandy Loam site while yellow filled box correspond to keystone groups at the Clay
Loam site. T1 to T5 indicate the different sampling times. Feeding/nutrition preferences are indicated based on published reports (see materials and methods) for

protists identified at the genus level. b bacterivore, e eukaryvore, o omnivore (feeds on bacteria and protists), ph photoautotroph, m mixotroph, pp

plant pathogen

Cercomonadida. By the SG senescence stage (T5), hubs
included the bacterivore Thaumatomonas, and protists
from the family Cercomonadidae and the order Cryomona-
dida. Similar dynamism among hub groups was detected at
the CL site. T1 hub taxa included the omnivore Euglypha,
the algae Parietochloris, and other taxa identified at the
level of family such as Allapsidae and Trebouxiophyceae.

No hub taxa groups were identified during T2, and by T3,
hub taxa groups included the plant parasite Polymyxa, the
omnivore Eocercomonas. At T4, hub taxa included omni-
vore protists from the genera Trinema and Acanthamoeba.
The omnivore Trinema continued to be a hub taxa at plant
senescence (T5), together with the plant pathogen Poly-
myxa and the bacterivore Paracercomonas.
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Dispersal limitation and homogeneous selection shape
rhizosphere protist communities

We inferred community assembly mechanisms with a
phylogenetic bin-based null model iICAMP) [44] and found
that dispersal limitation and homogenous selection were the
key processes driving protist community assembly in both
sampling sites during the five sampling times. Dispersal limi-
tation had a larger effect on community assembly at the SL
site (67-73%), followed by homogenous selection (23—29%)
(Fig. 5a). At the CL site, both dispersal limitation and
homogenous selection had similar effects on protist commu-
nity assembly, 46—57% and 39-48% respectively (Fig. 5a). A
comparison between bulk and rhizosphere at each sampling
site showed that homogenous selection was more influential
in the rhizosphere of the CL site from late vegetative growth
through SG senescence (T2 to T5), and from maximal
growth to senescence (T4 to T5) at the SL site (Fig. 5b). In
contrast, the influence of dispersal limitation was overall
higher in the bulk soil at the CL site, while remaining similar
between bulk and rhizosphere from T2 to T4 at the SL site
and then higher in bulk soil by T5 (Fig. 5b).

Discussion
In this study, we explored protist communities, their dy-
namics, and mechanisms of assembly in rhizosphere and

bulk soil of switchgrass plants grown in two marginal
soil sites in southern Oklahoma. Because variations in
18S rRNA copy number per eukaryotic cell limits the
quantitative value of 18S rRNA barcoding [45, 46], and
given that 18S rRNA primers have the potential to amp-
lify non-targeted groups, we decided to (1) remove non-
targeted groups from our datasets prior to community
analyses and (2) make a point of comparing the preva-
lence within a taxon across sampling times to reduce the
effect of 18S rRNA copy number (as per Berdjeb et al.
[46]). We found that the diversity and composition of
protist communities are influenced by environmental
properties (pH, water content, soil type) that commonly
define important components of microsite niche hetero-
geneity in soil (Fig. 1). These results are in agreement
with previous work reported by Fiore-Donno et al. [38],
who demonstrated that Cercozoa protists were influ-
enced by edaphic factors including water and clay con-
tent over the course of a growing season in a temperate
grassland site. Together, this evidence suggests that pro-
tists are constrained by similar edaphic factor as their
main prey, bacteria [47, 48].

The presence of plant roots is known to differentiate
soil niche heterogeneity in rhizosphere soil, likely due to
the release of rhizodeposits that modify pH of the
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surrounding soil, as well as the availability of C, water,
and oxygen [49]. The influence of plant roots on soil
properties is known to select for a subset of bulk soil
bacterial populations with the genetic and metabolic
traits to subsist and grow in the rhizosphere, which in
turn results in the reduced microbial diversity that char-
acterizes the rhizosphere effect [7, 50-52]. The rhizo-
sphere protist community composition patterns we
measured parallel those that have previously been ob-
served for rhizosphere bacterial communities [5, 8] (Fig.
2). As SG plants grew, the diversity of protist communi-
ties in their rhizosphere declined and reached the lowest
levels by the plant’s reproductive stage (T3) and maximal
growth (T4), only to recover to diversity levels similar to
the early vegetative stage during the plant’s maximal
growth and senescence (T4 and T5) (Supplementary Fig.
3). This likely reflects the amount and composition of
SG rhizosphere deposits, which undoubtedly follow dif-
ferent temporal patterns in this perennial grass than
what has been previously observed in annuals. In
addition to the reduction of rhizosphere protist diversity
and dynamism with time, our study identifies select
groups that became significantly more prevalent in the
SG rhizosphere. With the exception of putative plant
pathogens, very few of these groups (that included
mostly bacterivore protists) continued to dominate in
the rhizosphere across all plant growth stages (Fig. 3).

Phototrophic protists were significantly more prevalent
in the bulk soil of our marginal soil sites across sampling
times and were accompanied by algivorous protists (Fig.
3). While somewhat surprising, this may be due to our
sampling depth (from 0 to 20 cm) and sampling strategy.
After soil cores were extracted from the ground, roots
were separated and washed to generate the rhizosphere
samples. Then, the remaining soil was mixed and used
as the bulk soil; this bulk soil portion likely included the
first centimeters of the soil surface, which may have
been colonized by a biocrust, particularly in early time-
points when there was relatively little plant cover. This
could explain why photosynthetic protists were prevalent
at several timepoints. It is also possible that the site’s ini-
tial soil cultivation may have resulted in the mixing of
surface crust-associated photosynthetic protists through-
out the top 20 cm of the soil profile.

Changes in protist diversity were accompanied by
modifications in community composition over time (Fig.
2), and our analyses of temporal variability demonstrated
that community variation for protist alpha and beta-
diversity was larger at the clay loam (CL) site than in the
sandy loam (SL) site (supplementary figures 6 and 7).
These analyses also showed that the observed temporal
variation for protist communities was larger in bulk soil
than in the rhizosphere, and non-significant when com-
pared between rhizosphere communities from the CL
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and SL site. Ecological theory predicts that more open
habitats with large species pools, bulk soil in our case,
should vary more through time [53], as we observed.
Similarly, our temporal variation analyses show that the
type of soil (CL vs. SL sites) plays a key role in commu-
nity dynamics. In the rhizosphere, protist communities
appear more stable (in terms of temporal variations of
diversity and composition) than in bulk soil, possibly
due to the steady supply of bacterial prey and to the
more homogenous, although still dynamic [54], niches
surrounding plant roots.

Rather than representing interactions, molecular eco-
logical networks can be applied to evaluate the complex-
ity of targeted communities [55, 56] and have been
successfully used to analyze the effects of environmental
properties on microbial communities [57]. Multiple
studies indicate that the rhizosphere effect filters bacter-
ial communities, influences their assemblages, and pro-
motes more complex network dynamics in the
rhizosphere than in bulk soil [8, 58, 59]. However, very
few studies have examined analogous patterns for pro-
tists, particularly at the field scale and over time [38].
Based on previous reports analyzing patterns observed
for bacteria, we postulate that the identified changes in
protist diversity and prevalence at the rhizosphere level
are accompanied by changes in protist network dynam-
ics which may result from direct root-based environ-
mental filtering of the bacterial food source and direct
filtering of protist populations. To test this, we first mea-
sured changes in community composition between bulk
soils for our sampling points and demonstrated that in
both sites the rhizosphere’s protist community compos-
ition changed relative to the bulk soil over time (Fig. 2).
Co-occurrence network analyses further demonstrated
these changes in protist community assembly where pro-
tist rhizosphere assemblages formed larger and more
complex co-occurrence networks than bulk soil commu-
nities that remained unchanged with the exception of
T5 for the CL site (Fig. 4a, b). Our analyses also showed
that rhizosphere networks developed in parallel with
plant growth (from vegetative growth to senescence)
(Fig. 4a). Network complexity (number of nodes, links,
and modules) reached its maximum level during repro-
ductive and maximal SG growth stages (T3 and T4),
then decreased during senescence, ultimately reaching
levels similar to those of the early vegetative stage (T1)
(Fig. 4b). In contrast to the rhizosphere networks, nodes
from bulk networks were predominantly connected
through negative associations. Co-occurrence studies
have demonstrated that rather than representing compe-
tition, negative correlations may be a result of abiotic
variation (niche heterogeneity) in the environment of
the analyzed communities [60, 61]. Here, we posit that
the higher percentage of negative correlations observed
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in bulk soils is the result of greater soil heterogeneity,
and a larger diversity of environmental niches. In com-
parison with bulk soil, the rhizosphere represents a more
homogeneous environment that, although changing over
time as a result of modifications in the plant’s physi-
ology, selects for reduced protist diversity occupying
more controlled niches near the plant root.

Module hubs and connectors are network nodes that
upon their removal may cause modules or networks to
disassemble [62, 63], and may represent keystone species
in an ecosystem [64, 65]. Most of the hub protist taxa
that we identified in the rhizosphere association net-
works were identified as hub taxa at only one sampling
time (Table 1, Supplementary Fig. 2) suggesting that the
roles played by these protists differed across plant
growth phases. Several protist groups were exceptions to
this episodic pattern with some organisms appearing as
hub taxa at a site during two of the five growth phases.
For example, two taxa, a Pythium and Polymyxa, were
identified as hub taxa in the SL and CL sites during the
time points T1 and T3, and T3 and T5, respectively.
Pythium and Polymyxa genera include plant pathogenic
organisms that may persist in the rhizosphere over time
[66, 67]. Another group of recurring keystone protists
was represented by taxa identified as members of the
order Cercomonadida including Cercomonas, Paracerco-
monas, and Eocercomonas, which are able to survive on
an omnivorous diet [68, 69]. Several other protists with
the capacity to survive on an omnivorous diet were also
detected as keystone taxa of the rhizosphere association
networks; these organisms included naked and testate
amoeba from the genera Rhogostoma, Acanthamoeba,
Euglypha, and Trinema [70-72].

As plants grow and develop, they release root exu-
dates, including different metabolites that regulate the
types of bacteria that become part of the rhizosphere
microbiome during different developmental stages of
the plant [4, 73]. Our results suggest that plants may
also influence the types of protists that become part
of their rhizosphere microbiome. In many perennial
grasses, young plants allocate more C to the roots,
whereas older plants allocate C to shoots, reducing
the inputs of total C to the rhizosphere [74] and also
changing exudate composition [4, 75]. The dynamic
selection by the plant for its bacterial and fungal
communities may also explain the continuous changes
in prevalent protist groups and network hubs that we
observed in the rhizosphere (Fig. 3, Supplementary
Table 1). Protists are selective feeders that choose
their prey based on chemical signals released by the
potential prey as well as morphological characteristics
such as size [76]. In this way, protists that are able to
select and survive on more than one type of diet,
such as omnivorous protists, may be better suited to

Page 11 of 18

occupy key roles in the different niches offered by the
plant in its rhizosphere.

We assessed protist community assembly processes in
both sampling sites to further understand the mecha-
nisms governing the observed differences in protist com-
munity properties between bulk and rhizosphere over
the phenological stages of SG. Dispersal limitation and
homogenous selection were identified as the main pro-
cesses of protist community assembly in the SL and CL
sampling sites (Fig. 5a). Dispersal limitation refers to a
mechanism in which the movement or establishment of
individuals to a new location is restricted, leading to dis-
similar structures among communities [77]. Homoge-
neous selection, on the other hand, is a mechanism in
which homogenous abiotic and biotic environmental
conditions lead to more similar structures among com-
munities [77]. The influence of homogenous selection
was higher in the rhizosphere as the plant developed (T2
to T5 at CL and T3-T5 at SL), possibly due to the
plants’ control over the biotic and abiotic properties at
the rhizosphere level and the formation of more
homogenous, but dynamic, environmental conditions
[54] (Fig. 5b). These results parallel our observation of a
higher proportion of positive correlations among protists
in the rhizosphere compared to bulk soil, as more posi-
tive correlations may result from lower niche heterogen-
eity [60, 61]. Dispersal limitation was higher in bulk soil
than in rhizosphere, and its differential influence was
more prominent at the CL site (Fig. 5b). This is likely
due to the differences between the two sites in soil type,
soil structure, and water content, which was lower at the
CL site (Supplementary Fig. 8) and may limit protists’
movement through the soil.

Conclusions

Here, we  present the first comprehensive
characterization of protist dynamics and community as-
sembly in the rhizosphere of plants as they undergo dif-
ferent phenological stages in a large-scale, multi-site
field experiment. We demonstrate that environmental
filtering is a dominant determinant of protist community
properties. Our results also provide evidence that plant
control over the physicochemical environment at the
rhizosphere level, and likely the well-known regulation
of root-associated bacterial communities, are critical
drivers of protist community composition and dynamics.
Based on these results and considering the well-known
effect of rhizodeposits on bacterial and fungal communi-
ties, we hypothesize the following mechanisms for pro-
tist community assembly in the rhizosphere: As the
plant enters the soil, it selects for specific bacterial com-
munities by modifying physicochemical conditions
through root exudates and other rhizodeposits. These
plant-filtered microbial populations encourage protist
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populations that migrate toward the rhizosphere. Bacter-
ial and fungal populations are known to change as the
plant develops, and these changes may lead to a succes-
sion of protist communities in the rhizosphere. Finally,
during senescence, the plant loosens its control over its
microbial populations (possibly due to declines in root
exudation), which translates into less complex and dense
protist networks. Future studies combining datasets
from different trophic levels or relying on the recon-
struction of trophic complexity in the rhizosphere can
help clarify the mechanisms that mediate cross-kingdom
community assembly in the rhizosphere microbiome. As
protists are key contributors to plant nutrient availability
and bacterial community composition and abundance,
mapping and understanding their patterns in rhizo-
sphere soil is foundational to understanding the ecology
of the root-microbe-soil system.

Methods

Sampling sites

The two sampling sites used in this study are part of a
long-term experiment by the Noble Research Institute
aiming to understand the factors that regulate switch-
grass establishment in marginal soils. Each plot mea-
sures 22 m by 27 m. The sandy loam site (SL) is located
in Burneyville, Oklahoma (33.882083, - 97.275233), and
the clay loam site (CL) is located in Ardmore, Oklahoma
(34.172100, —97.07953). Soil pH, soil organic matter,
water content, and plant available N and P were deter-
mined from soil samples collected from each site prior
to the start of the experiment following common analyt-
ical procedures. Briefly, 10 g of soil were used for deter-
mination of gravimetric moisture, pH measurement in
water, organic matter content using combustion, and
plant available P using the Mehlich III extraction
method [78]. Same amount of soil was used for KCI ex-
traction and the extract used to measure NH," and
NO;™ content using colorimetric assays. Soil properties
included in this analysis are presented in the Supple-
mentary Dataset 1 (Tab 1 and Tab 2).

Soil sampling

Five-hundred SG seedling plants (Panicum virgatum)
were planted in each cultivated site in May 2016, and 30
were randomly selected from each site for continuous
rhizosphere and bulk soil sampling using a 5 cm diam-
eter by 20 cm deep soil corer. These selected plants were
sampled at five sampling points corresponding to differ-
ent phenological stages of the switchgrass plants: T1—
vegetative growth (June), T2—late vegetative growth
(July), T3—reproductive growth (August/September),
T4—maximal growth (October), and T5—senescence
(November). Roots were separated from each core and
transferred to a 50 ml centrifuge tube, while leftover soil
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was labeled as bulk soil and stored at — 80 °C until fur-
ther processing, yielding a total of six-hundred samples.
Separated roots were processed immediately to wash the
1-2 mm of attached soil (rhizosphere soil) for DNA ex-
traction as follows: Tubes containing the roots received
50 ml of 1X phosphate buffer supplemented with 0.35%
tween 20, inverted 3—4 times, vortexed for 10 s, and son-
icated at a frequency of 100 (1/s). Samples were then
centrifuged at 2500xg for 5 min. Roots were removed
with sterile tweezers, and the leftover material was fil-
tered through a sterile funnel made of a polypropylene
mesh with 1 mm pores. The flow-through liquid was
collected in a 50 ml centrifuge tube and centrifuged at
2500xg for 5 min, the supernatant removed, and the re-
sidual soil stored at — 80 °C. For uniformity purposes, al-
iquots of bulk soil were also washed and concentrated
with the same procedures used for the rhizosphere soil,
prior to DNA extraction.

DNA extraction

Aliquots of 0.2 g of washed soil (rhizosphere or bulk
soil) were transferred to a 2-ml Lysing Matrix E tube
(MP Biomedicals, Solon, OH, USA), which received 500
ul of extraction buffer (5% CTAB, 0.5 M NaCl, 240 mM
K,HPO,, pH 8.0) and 500 pl of 25:24:1 phenol:chloro-
form:isoamyl alcohol. The samples were then bead
beaten in a Fast Prep instrument (MP Biomedicals,
Solon, OH, USA) at 4 m/s for 30 s, and centrifuged at
16,000 g for 5 min. The supernatant was transferred to a
MaXtract high density tube (Qiagen, Germantown, MD,
USA) containing 500 pl of chloroform:isoamyl alcohol
(24:1), and the lysis procedure repeated and supernatants
collected in their corresponding tubes. The samples were
centrifuged at 10,000xg for 1 min at 4 °C, and the super-
natants transferred to a microcentrifuge tube containing
1 ml of isopropanol and 1 pl of linear acrylamide
(Ambion, Grand Island, NY, USA). The DNA/RNA mix-
ture was precipitated by incubating for 10 min at room
temperature and centrifuged at 10,000xg for 5 min at 4
°C, and the isopropanol removed. The obtained pellet
was washed with 70% ethanol and centrifuged at 10,
000xg for 1 min at 4 °C. The ethanol was completely re-
moved, and the pellet dissolved in DEPC-treated water.
The crude extracts were transferred to a 96-well plate
and purified using magnetic beads as follows: Each sam-
ple received 1.2x volume of 2% magnetic beads (Speed-
beads, GE Healthcare, Chicago, IL) in 18% polyethylene
glycol 8000, 1 M NaCl, 10 mM Tris-HCI, pH 8, 1 mM
EDTA pH 8, 0.05% Tween 20. The plate was then incu-
bated in a shaking incubator at 100 rpm for 10 min. The
plate was placed on a magnetic stand and allowed to set-
tle for 5 min, and the supernatant removed. Each well
was washed twice with 200 pul of 80% ethanol and incu-
bated for 1 min. Then, the ethanol was removed, the
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samples left to dry for 5 min, and the beads were eluted
with 30 pl of elution buffer. The samples were trans-
ferred to a shaking incubator and incubated at 500 rpm
for 5 min, and transferred back to the magnetic stand
for 5 min. The resulting supernatant containing the
DNA was transferred to a clean plate and the DNA con-
centration determined with the use of a Qubit
fluorometer (Thermofisher Scientific, Waltham, MA).
Out of the 600 samples, 582 yielded DNA that was of
sufficient quality for amplicon library preparation. From
the 582 samples, 293 belonged to the CL site (145 from
the rhizosphere and 148 from bulk soil), and 289 from
the SL site (142 from rhizosphere and 147 from bulk
soil). Detailed information can be found in the Supple-
mentary Dataset 1, Tab 4.

Amplicon library preparation and sequencing
The amplicon libraries were prepared with a two-step
barcoding approach as described by Herbold et al. [79]
with some modifications. First, the target markers were
PCR-amplified with diagnostic primers synthesized with
a 16 bp head sequence (5'-GCTATGCGCGAGCTGC-
3’, modified from Rudi et al. [80]) at the 5" end for 25
cycles. After the 25 cycles, the PCR was paused, and a
second set of primers consisting of the 16 bp head se-
quence and a library-specific 8 bp barcode [81] was
added and amplified for 5 more cycles. Each PCR reac-
tion (45 pl in the first step, and 50 pl in second step)
consisted of 10 ng of DNA template, 1 unit of Titanium
Taq DNA Polymerase (Takara Mirus Bio Inc., WI,
USA), 100 ng of bovine serum albumin, 1x Titanium
Taq PCR buffer, 0.2 mM dNTP mix, 0.2 uM of forward
and reverse diagnostic primers, and 5 pM of the library-
specific barcodes (added during the last 5 PCR cycles).
Thermocycler conditions were 95 °C for 3 min; 95 °C for
30 s, 60 °C (for diagnostic primers), or 52 °C (barcodes)
for 30 s; 73 °C for 5 min. Obtained PCR products were
inspected by gel electrophoresis, purified using magnetic
beads following the protocol for magnetic purification
described in the DNA extraction section, and quantified
using a Qubit fluorometer. Products were equimolarly
combined and concentrated by bead purification to cre-
ate sequencing libraries, which consisted of 200 samples
at a time (200 out the 600 samples), yielding a total of 3
libraries. One microgram of each pooled library was
used for the ligation of adapters for Illumina sequencing
using the NEBNext Ultra II DNA Library Prep kit for
[lumina (New Englands Biolabs). Each adapter-ligated
library was quantified by qPCR using the NEBNext Li-
brary Quantification Kit. Each library was spiked with
10% phiX and sequenced on an Illumina Miseq using
the Miseq Reagent kit v3.

Before amplifying all our samples, we tested two-sets
of primers, targeting the V1V2 and V9, 18S rRNA
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regions, for the characterization of soil protist communi-
ties in our soils. The V1V2 primers were those published
by Fonseca et al. [82], FO4 (5'-GCTTGTCTCAAAGA
TTAAGCC-3") and R22 (5'-CCTGCTGCCTTCCT
TRGA-3’). The V9 primers were previously published
by Amaral et al. [83], 1380F (5'-CCCTGCCHTTTGTA
CACAC-3’), and 1510R (5'-CCTTCYGCAGGTTCAC
CTAC-3"). The results showed that, when used in our
soil samples, the V1V2 amplified more non-target se-
quences than the V9 primers (Wilcoxon test p = 4.9 x
1077), with 46.6% and 26.4% of the total belonging to
fungi (for the V1V2 and V9 markers, respectively; Sup-
plementary Fig 9). Our analysis also showed that the V9
primers amplified significantly more sequences (Wil-
coxon test p = 7.3 x 10~°) belonging to the protist div-
ision Alveolata (27.8% for V9 vs. 4% for V1V2), and also
detected sequences belonging to the division Apusozoa,
Hacrobia, Protalveolata, and the phyla Mesomycetozoa
and Rhodophyta which were not amplified by the V1-
V3 primers. Since the V9 primers outperformed the
V1V2 pair in representing protists and discriminating
fungal sequences (Supplementary Fig. 9), our subsequent
analyses were conducted with the V9-18S rRNA
primers.

Sequence analyses

Libraries were demultiplexed based on their unique bar-
codes using custom scripts and trimmed to the same
length. Sequences were dereplicated and sorted by de-
creasing abundance using USEARCH v11 [84]. The
dereplicated sequences were denoised, de-novo chimera
filtered, and zero-radius OTUs (ZOTU) generated using
unoise3 from USEARCH vl11. Resulting ZOTUs, which
are a form of amplicon sequence variants (ASVs), were
screened against the NCBI nucleotide database using
Blastn with an e-value of 1le-5 and keeping 100 hits. The
Blast file was imported into MEGAN Community edi-
tion v.6 [85] software for taxonomic parsing to identify
ZOTUs of protist origin. Filtered ZOTUs were taxonom-
ically characterized against the PR2 database v.4.12.0
[34] using Sintax (USEARCH v11) with a cutoff of 0.8,
and genus as the maximum taxonomic level. Total se-
quences were mapped against protist ZOTUs at a
97% identity and an abundance table was generated
that was subsequently transformed into a biom table.
Protists ZOTUs were then aligned using Clustalw,
and the alignment was used to generate a phylogen-
etic tree with IQ-TREE 2 [86] using the model GTR+
F+R10 (identified using model finder) and ultrafast
bootstrap approximation (UFBoot) with 1000 repli-
cates. The abundance table, mapping file, and phylo-
genetic tree were imported to the R software using
the Phyloseq package [87].
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Data analyses

Once imported into R, 43 underperforming libraries (with
less than 1000 protist sequences) were removed from the
dataset. For alpha diversity, measured as Observed Rich-
ness and the Shannon Index, the libraries were subsam-
pled to the minimum number of sequences 100 times
using a seed number of 3. A rarefaction analysis was per-
formed to show that this level of subsampling represented
the communities for the chosen diversity indices (Supple-
mentary Fig. 1). Temporal variability of within-sample di-
versity was assessed by calculating the coefficient of
variation (CV) for observed richness and the Shannon
index for each plant and its corresponding rhizosphere
and bulk samples in both field sites through time [88]. In-
dividual values were used to determine the per sample
median and mean values across environments (bulk/rhizo-
sphere) per sampling site, with higher values indicating
more variables communities [88]. Statistical significance of
the differences in alpha diversity and temporal variation
was assessed using the Kruskal-Wallis test and pairwise
comparisons with the Wilcoxon test and the Benjamini-
Hochberg method for p value adjustment. For community
composition analyses (beta-diversity), data was normalized
using the variance stabilization approach in DESeq2 [89],
and a weighted Unifrac distance matrix was generated
using the vegan package. The obtained distance matrix
was ordinated using multidimensional scaling in Phyloseq.
The samples were categorized based on sampling site (SL,
CL), environment (bulk, rhizosphere), sampling time (T1
to T5); the effect of these categories on data variation was
tested with Adonis (nonparametric permutation multivari-
ate analysis of variance), performed with 1000 permuta-
tions. Temporal dispersion of community composition
was assessed using betadisper and permutest (R package:
vegan). Correlations between environmental data and
community composition were tested using envfit (R pack-
age: vegan). Environmental data was fitted onto the ordin-
ation space with a gam model using ordisurf (R package:
vegan). Significant differential abundance of protists
groups in the rhizosphere relative to the bulk was deter-
mined using DESeq2 (p < 0.01), which adjusts p values
using false discovery rate (FDR) for multiple comparisons.
For the differential abundance analysis, the data was ag-
glomerated to the maximum identified taxonomic level
for each ZOTU, and the data are discussed as differential
abundance of protists populations rather than for exact se-
quence variants. Preferential feeding or nutrition strategies
for the protists populations was described only for those
protists identified at the genus level based on published
reports [17, 35, 38, 90-96].

Network construction and analysis
To investigate the dynamics of protist community pat-
terns over time in both marginal soils, we used random
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matrix theory (RMT)-based co-occurrence association
network analysis. Networks were constructed for rhizo-
sphere and bulk soil at each time point based on center
log ratio transformed abundance data, which was nor-
malized using the Microbiome R package. Prior to
normalization, the data was subsetted for each sampling
site (SL/CL), environment (bulk/rhizosphere), and time
point (T1 to T5), and underperforming samples (with
less than 1000 sequences) removed while keeping a
minimum of 10 replicates per dataset. Only ZOTUs de-
tected in at least 70% of each subset of replicated sam-
ples were used for network reconstruction. Network
reconstruction was conducted with the Molecular Eco-
logical Network Analyses pipeline (MENAP, http://ieg4.
rccc.ou.edu/mena/) with the following settings: for miss-
ing data fill blanks with 0.01 if data have paired values;
do not take logarithm as the data was already CLR nor-
malized; use Spearman Correlation similarity matrix; cal-
culate by decreasing cutoff from the top; and for speed
selection, regress Poisson distribution only. RMT was
used to automatically identify the appropriate similarity
threshold for network reconstruction [97, 98]. Modules
were detected using the greedy modularity optimization
method and network topological properties, including
number of nodes, links, and modules, were calculated
according to Deng et al. [43]. Proportion of negative
over positive correlations was also calculated from the
outputs of MENAP. The connectivity of each node was
determined based on its within-module connectivity (Zi)
and among module connectivity (Pi) [99], and used to
classify the nodes based on their topological roles that
they play in the network (Table 1 and Supplementary
figure 2). The general classification was based on cat-
egories defined in Deng et al. [43] that considers four
categories: module hubs (highly connected nodes within
modules, Zi > 2.5), network hubs (highly connected
nodes within modules, Zi > 2.5, Pi > 0.62), connectors
(nodes that connect modules, Pi > 0.62), and peripherals
(nodes connected in modules with few outside connec-
tions, Zi < 2.5 and Pi < 0.62) [43, 64, 97].

Inferring community assembly mechanisms

The relative influences of community assembly pro-
cesses were assessed by a phylogenetic bin-based null
model framework, iCAMP, which was recently reported
with substantially improved performance [44]. Briefly,
iCAMP divided taxa into different phylogenetic groups
(bins) to ensure adequate phylogenetic signal to infer se-
lection from phylogenetic diversity; then, the processes
(selection, dispersal, and drift or others) dominating
each bin were identified, according to the deviation of
observed phylogenetic and taxonomic diversity from
random patterns simulated by null models; finally, the
relative abundance of bins governed by each process was
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aggregated to evaluate its influence on entire community
assembly. The rarefied protist ZOTU table was used to
be applicable to ecological null model. Then, the analysis
was performed separately for the two sites, using the
“ICAMP version 1.2.9” with recommended default set-
tings on a pipeline built on Galaxy platform (http://ieg3.
rccc.ou.edu:8080). Results were summarized for each
group of samples from the same habitat (rhizosphere or
bulk soil) and the same time point, and then the succes-
sion of relative importance of each ecological process
was compared between habitats and sites. The signifi-
cance of differences was calculated based on bootstrap-
ping with 1000 replications.

Abbreviations
SG: Switchgrass; CL: Clay loam; SL: Sandy loam; ZOTU: Zero-radius OTUs
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The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-021-01042-9.

Additional file 1 Supplementary Figure S1. Mean rarefaction curves
for bulk and rhizosphere protist communities for different sampling
times (T1 to T5) corresponding to different developmental stages of
switchgrass. Rarefaction curves were determined for the Shannon
index and Observed species. A) Rarefaction curves for the Sandy
Loam (SL) site, B) for Clay Loam (CL) site. Supplementary Figure
S2. Ordination plot depicting community structure of protist
communities in the CL and SL sites. The trend surface of the variable
pH was plotted onto the ordination space using the ordisurf function
of the vegan package. CL= Clay Loam, SL = Sandy Loam; n = 30 for
SL, n= 29 for CL. Supplementary Figure S3. Alpha diversity
dynamics of rhizosphere and bulk soil protist communities during
different sampling times. The sampling times correspond to different
developmental stages of switchgrass. In each boxplot, a point
represents a replicated sample per sample site and its calculated
diversity index, and the diamond symbols represent the mean. The
box boundaries represent the first and third quartiles of the
distribution and the median is represented as the horizontal line
inside each box. Boxplots whiskers span 1.5 times the interquartile
range of the distribution and outliers are denoted as large points
outside of the whiskers. Statistical differences were evaluated with
Kruskal-Wallis test and pairwise comparisons were done using a two-
sided Wilcox test with P-values adjusted using the Benjamini-
Hochberg method. N values indicated at the x-axis correspond to the
number of biological replicates that were used for analyses after re-
moval of low-performing libraries (less than 1000 sequences after re-
moval of non-protist sequences). SL = Sandy Loam site, CL = Clay
Loam site. Supplementary Figure S4 Ordination plot depicting
community structure of protist communities in the bulk and rhizo-
sphere of the CL and SL sites during the five sampling points (T1—
T5). The trend surface of the variable % soil moisture was plotted
onto the ordination space using the ordisurf function (R package:
vegan). Correlations between environmental data and community
composition were tested using envfit. CL= Clay Loam site, SL =
Sandy Loam site. For the SL site n-values were as follows:
Rhizosphere-T1 = 24, T2 = 21, T3 = 12, T4 = 20, T5=28; bulk-T1 = 30,
T2 =26, T3 =29, T4 = 30, T5 = 29. For the CL site n-values were:
Rhizosphere-T1 = 24, T2 = 19, T3 = 24, T4 = 15, T5 = 21; bulk-T1 =
29, T2 =29, T3 =28, T4=29, T5 =28. Supplementary Figure S5. Or-
dination plot depicting community structure of protist communities
in the bulk and rhizosphere of the CL and SL sites during the five
sampling points (T1-T5). The trend surface of the variable soil pH
was plotted onto the ordination space using the ordisurf function (R
package: vegan). Correlations between environmental data and
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community composition were tested using envfit (R package: vegan).
ClL= Clay Loam site, SL = Sandy Loam site. For the SL site n-values
were as follows: Rhizosphere-T1 = 24, T2 = 21, T3 = 12, T4 = 20, T5=
28; bulk-T1 =30, T2 = 26, T3 = 29, T4 = 30, T5 = 29. For the CL site
n-values were: Rhizosphere-T1 = 24, T2 = 19, T3 = 24, T4 = 15,75 =
21; bulk-T1 = 29, T2 =29, T3 =28, T4=29, T5 =28. Supplementary
Figure S6. Temporal variability of protist communities for observed
richness and the Shannon index. Each point represents the temporal
variability of protist communities in a single plant sampled for rhizo-
sphere and soil bulk samples. The box boundaries represent the first
and third quartiles of the distribution and the median is represented
as the horizontal line inside each box. Boxplots whiskers span 1.5
times the interquartile range of the distribution and outliers are de-
noted as large points outside of the whiskers. Statistical differences
were evaluated with Kruskal-Wallis test and pairwise comparisons
were done using a two-sided Wilcox test with P-values adjusted
using the Benjamini-Hochberg method. CL= Clay Loam site, SL =
Sandy Loam site. N values indicated at the x-axis correspond to the
number of biological replicates that were used for analyses after re-
moval of low-performing libraries (less than 1000 sequences after re-
moval of non-protist sequences). Supplementary Figure S7.
Variability of protist community composition for bulk and rhizosphere
samples collected from the marginal soil sampling sites. Beta diversity
dispersion was calculated using betadisper (package: Vegan) and
group dispersions tested with a permutation-based test of multivari-
ate homogeneity using permutest (package: Vegan). The ellipses rep-
resent 1-standard deviation of the group distance to the centroid.
ClL= Clay Loam site, SL = Sandy Loam site. N values indicated at the
x-axis correspond to the number of biological replicates that were
used for analyses after removal of low-performing libraries (less than
1000 sequences after removal of non-protist sequences). Supplemen-
tary Figure S8. Soil moisture content from the two sampled sites
along sampling points. The box boundaries represent the first and
third quartiles of the distribution and the median is represented as
the horizontal line inside each box. Boxplots whiskers span 1.5 times
the interquartile range of the distribution and outliers are denoted as
large points outside of the whiskers. Statistical differences were evalu-
ated with Kruskal-Wallis test and pairwise comparisons were done
using a two-sided Wilcox test with P-values adjusted using the
Benjamini-Hochberg method. CL= Clay Loam site, SL = Sandy Loam
site. N values represent the number of biological replicates used for
this analysis. Supplementary Figure S9. Comparison of relative
abundance for detected eukaryotic groups using two sets of 18S
rRNA primers. The box boundaries represent the first and third quar-
tiles of the distribution and the median is represented as the hori-
zontal line inside each box. Boxplots whiskers span 1.5 times the
interquartile range of the distribution and outliers are denoted as
large points outside of the whiskers. Statistical differences were evalu-
ated with Kruskal-Wallis test and pairwise comparisons were done
using a two-sided Wilcox test with P-values adjusted using the
Benjamini-Hochberg method. *Groups identified at the level of
phylum. Tested samples correspond to bulk soil collected during T1
from the Clay Loam site, n = 25. Supplementary Table S1. Protists
identified as hub taxa within the rhizosphere networks from the
Sandy Loam (red box) and Clay Loam (yellow box) sites. Keystone
groups are module hubs and connectors which are identified based
on their within-module connectivity (Zi > 2.5) and among-module
connectivity (Pi > 0.62). Their removal from their corresponding net-
works may cause modules and networks to disassemble. Boxes filled
in red color correspond to times in which a protist was identified as
hub taxa in a rhizosphere network from the Sandy Loam site while
yellow filled box correspond to hub taxa at the Clay Loam site. T1 to
T5 indicate the different sampling times. Feeding/nutrition prefer-
ences are indicated based on published reports (see materials and
methods) for protists identified at the genus level. b = bacterivore, e
= eukaryvore, o = omnivore (feeds on bacteria and protists), ph =
photoautotroph, m = mixotroph, pp = plant pathogen.

Additional file 2. Supplementary Dataset 1. Dataset for environmental
data and barcodes/categories used in this study. File in excel format
containing multiple tabs. Tables for the soil series from the CL and SL
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sites (tab 1); soil physiochemical properties (tab 2); monthly weather
conditions for each site during the sampling points (tab 3); overall
sequencing metadata (barcodes, categories; tab 4), pH and % gravimetric
moisture for bulk soil during sampling T1 for both sites (tab 5); metadata
for samples/libraries used for comparison of primers (V1V2 vs V9, tab 6).

Acknowledgements

Sequencing was conducted at the Center of Comparative Genomics of the
California Academy of Sciences. We thank Kelly Craven, James Rogers, Shawn
Norton, Josh Barbour, Travis Simmons, and Melissa McMahon for facilitating
access, crop management and soil collection at the Noble Research Institute
farms. We thank Naijia Xiao from the University of Oklahoma (OU) for his
support in the use of the Molecular Ecological Network Analyses pipeline
(MENAP, http://ieg4.rccc.ouedu/mena/). We also thank Ulas Karaoz from
LBNL and Colin Bates from OU for constructive discussions about the
manuscript.

Authors’ contributions

MKF, JP-R KD.C, MCS, and JAC-N. conceived the research idea and
designed the experiments. YW, JAC-N, AA, LR, and J.P-R. conducted the
field sampling. Y.W. conducted DNA extractions. JACN, AA, LR, and AB.
conducted amplicon library preparation and sequencing. JA.C.-N. conducted
sequencing analyses. JACN. and M.Y conducted network analyses. JAC-N
and D.N. conducted community assembly analyses. JAC-N., JP-R, and MKF.
made major contributions to the manuscript. YW, AB, KD.C, M.CS, ELB,
and M.Y. contributed to editing the manuscript. All authors critically
reviewed, revised, and approved this version of the manuscript.

Funding

This research was funded by the U.S. Department of Energy Office of
Science, Office of Biological and Environmental Research Genomic Science
program via award number DE-SC0014079 to UC Berkeley and subcontracts
to the Noble Research Institute, Lawrence Berkeley National Laboratory
(LBNL) and Lawrence Livermore National Laboratory (LLNL). Part of this work
was performed at the Lawrence Berkeley National Laboratory under United
States Department of Energy contract number DE-AC02-05CH11231. Work
conducted at LLNL was supported by award SCW1555 and conducted under
the auspices of DOE Contract DE-AC52-07NA27344.

Availability of data and materials
Sequencing datasets were deposited in the NCBI Sequence Read Archive
under Bioproject number PRINA661380. R scripts are available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Bioengineering and Biomedical Sciences Department, Biological Systems
and Engineering Division, Lawrence Berkeley National Laboratory, Berkeley,
CA, USA. “Institute for Biodiversity Science and Sustainability, California
Academy of Sciences, San Francisco, CA, USA. 3Noble Research Institute, LLC,
Ardmore, OK, USA. “Institute for Environmental Genomics and Department of
Microbiology and Plant Biology, University of Oklahoma, Norman, OK, USA.
“State Key Joint Laboratory of Environment Simulation and Pollution Control,
School of Environment, Tsinghua University, Beijing, China. ®Department of
Environmental Science, Policy and Management, University of California,
Berkeley, CA, USA. 7Ecology Department, Earth and Environmental Sciences,
Lawrence Berkeley National Laboratory, Berkeley, CA, USA. ®Physical and Life
Sciences Directorate, Lawrence Livermore National Laboratory, Livermore, CA,
USA.

Page 16 of 18

Received: 27 December 2020 Accepted: 26 February 2021
Published online: 28 April 2021

References

1. Heckman DS. Molecular evidence for the early colonization of land by fungi
and plants. Science (80-) 2001;293:1129-33. https.//doi.org/10.1126/
science. 1061457

2. Lambers H, Mougel C, Jaillard B, Hinsinger P. Plant-microbe-soil interactions
in the rhizosphere: an evolutionary perspective. Plant Soil. 2009;321(1-2):83-
115. https://doi.org/10.1007/511104-009-0042-x.

3. Broeckling CD, Broz AK, Bergelson J, Manter DK, Vivanco JM. Root exudates
regulate soil fungal community composition and diversity. Appl Environ
Microbiol. 2008;74(3):738-44. https.//doi.org/10.1128/AEM.02188-07.

4. Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi S, et al. Dynamic
root exudate chemistry and microbial substrate preferences drive patterns
in rhizosphere microbial community assembly. Nat Microbiol. 2018;3(4):470-
80. https://doi.org/10.1038/541564-018-0129-3.

5. Chaparro JM, Badri DV, Vivanco JM. Rhizosphere microbiome assemblage is
affected by plant development. ISME J. 2014;8(4):790-803. https://doi.org/1
0.1038/ismej.2013.196.

6. Borruso L, Bacci G, Mengoni A, de Philippis R, Brusetti L. Rhizosphere effect
and salinity competing to shape microbial communities in Phragmites
australis (Cav.) Trin. ex-Steud. FEMS Microbiol Lett. 2014:359(2):193-200.
https.//doi.org/10.1111/1574-6968.12565.

7. Pett-Ridge J, Shi S, Estera-Molina K, et al. Rhizosphere carbon turnover from
cradle to grave: the role of microbe-plant interactions. In: Sharma AK,
editor. Gupta W. Interactions Between Microbes and Plants. Springer:
Rhizosphere Biology; 2021. p. 51-73.

8. Shi'S, Nuccio EE, Shi ZJ, He Z, Zhou J, Firestone MK. The interconnected
rhizosphere: High network complexity dominates rhizosphere assemblages.
Ecol Lett. 2016;19(8):926-36. https://doi.org/10.1111/ele.12630.

9. Tsurumaru H, Okubo T, Okazaki K, Hashimoto M, Kakizaki K, Hanzawa E, et al.
Metagenomic analysis of the bacterial community associated with the
taproot of sugar Beet. Microbes Environ. 2015;30(1):63-9. https.//doi.org/1
0.1264/jsme2.ME14109.

10.  Chhabra S, Brazil D, Morrissey J, Burke JI, O'Gara F, N. Dowling D.
Characterization of mineral phosphate solubilization traits from a barley
rhizosphere soil functional metagenome. Microbiologyopen n/a-n/a. 2013;
2(5):717-24. https://doi.org/10.1002/mbo3.110.

11. Majeed A, Abbasi MK, Hameed S, Imran A, Rahim N. Isolation and
characterization of plant growth-promoting rhizobacteria from wheat
rhizosphere and their effect on plant growth promotion. Front Microbiol.
2015;6. https://doi.org/10.3389/fmicb.2015.00198.

12. Massart S, Martinez-Medina M, Jijakli MH. Biological control in the
microbiome era: Challenges and opportunities. Biol Control. 2015;89:98-108.
https://doi.org/10.1016/j.biocontrol.2015.06.003.

13. Bonkowski M, Dumack K, Fiore-Donno AM (2019) The protists in soil—a
token of untold eukaryotic diversity. In: van Elsas JD, Trevors JT, Soares
Rosado A, Nannipieri P (eds) Modern Soil Microbiology, Third. CRC Press, pp
125-140, The Protists in Soil—A Token of Untold Eukaryotic Diversity

14. Warren A, Esteban GF (2019) Protozoa. In: Thorp and Covich's Freshwater
Invertebrates, 4th ed. Elsevier, pp 7-42

15.  Oliverio AM, Geisen S, Delgado-Baquerizo M, et al (2020) The global-scale
distributions of soil protists and their contributions to belowground
systems. Sci Adv 6:eaax8787. https://doi.org/10.1126/sciadv.aax8787

16. Mahé F, de Vargas C, Bass D, Czech L, Stamatakis A, Lara E, et al. Parasites
dominate hyperdiverse soil protist communities in Neotropical rainforests.
Nat Ecol Evol. 2017;1(4):0091. https://doi.org/10.1038/541559-017-0091.

17. AdI SM, Bass D, Lane CE, Luke$ J, Schoch CL, Smirnov A, et al. Revisions to
the classification, nomenclature, and diversity of eukaryotes. J Eukaryot
Microbiol. 2019;66(1):4-119. https.//doi.org/10.1111/jeu.12691.

18. Jones H. A classification of mixotrophic protists based on their behaviour.
Freshw Biol. 1997;37(1):35-43. https://doi.org/10.1046/j.1365-2427.1997.0013
8xX.

19. Murase J, Frenzel P. Selective grazing of methanotrophs by protozoa in a
rice field soil. FEMS Microbiol Ecol. 2008;65(3):408-14. https://doi.org/1
0.1111/.1574-6941.2008.00511 x.

20. Saleem M, Fetzer |, Dormann CF, Harms H, Chatzinotas A. Predator richness
increases the effect of prey diversity on prey yield. Nat Commun. 2012;3(1):
1305. https://doi.org/10.1038/ncomms2287.


http://ieg4.rccc.ou.edu/mena/
https://doi.org/10.1126/science.1061457
https://doi.org/10.1126/science.1061457
https://doi.org/10.1007/s11104-009-0042-x
https://doi.org/10.1128/AEM.02188-07
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1111/1574-6968.12565
https://doi.org/10.1111/ele.12630
https://doi.org/10.1264/jsme2.ME14109
https://doi.org/10.1264/jsme2.ME14109
https://doi.org/10.1002/mbo3.110
https://doi.org/10.3389/fmicb.2015.00198
https://doi.org/10.1016/j.biocontrol.2015.06.003
https://doi.org/10.1126/sciadv.aax8787
https://doi.org/10.1038/s41559-017-0091
https://doi.org/10.1111/jeu.12691
https://doi.org/10.1046/j.1365-2427.1997.00138.x
https://doi.org/10.1046/j.1365-2427.1997.00138.x
https://doi.org/10.1111/j.1574-6941.2008.00511.x
https://doi.org/10.1111/j.1574-6941.2008.00511.x
https://doi.org/10.1038/ncomms2287

Ceja-Navarro et al. Microbiome

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2021) 9:96

Bates ST, Clemente JC, Flores GE, Walters WA, Parfrey LW, Knight R, et al.
Global biogeography of highly diverse protistan communities in soil. ISME J.
2013;7(3):652-9. https://doi.org/10.1038/ismej.2012.147.

Clarholm M. Interactions of bacteria, protozoa and plants leading to
mineralization of soil nitrogen. Soil Biol Biochem. 1985;17(2):181-7. https.//
doi.org/10.1016/0038-0717(85)90113-0.

Clarholm M. Effects of plant-bacterial-amoebal interactions on plant uptake
of nitrogen under field conditions. Biol Fertil Soils. 1989;8(4). https://doi.
0rg/10.1007/BF00263171.

Krome K, Rosenberg K, Bonkowski M, Scheu S. Grazing of protozoa on
rhizosphere bacteria alters growth and reproduction of Arabidopsis thaliana. Soil
Biol Biochem. 2009:41(9):1866-73. https//doi.org/10.1016/j50ilbi0.2009.06.008.
Bonkowski M. Protozoa and plant growth: the microbial loop in soil
revisited. New Phytol. 2004;162(3):617-31. https://doi.org/10.1111/}.1469-813
7.2004.01066.X.

Trap J, Bonkowski M, Plassard C, Villenave C, Blanchart E. Ecological
importance of soil bacterivores for ecosystem functions. Plant Soil. 2016;
398(1-2):1-24. https://doi.org/10.1007/511104-015-2671-6.

Koller R, Rodriguez A, Robin C, Scheu S, Bonkowski M. Protozoa enhance
foraging efficiency of arbuscular mycorrhizal fungi for mineral nitrogen from
organic matter in soil to the benefit of host plants. New Phytol. 2013;199(1):
203-11. https//doi.org/10.1111/nph.12249.

Henkes GJ, Kandeler E, Marhan S, Scheu S, Bonkowski M. Interactions of
Mycorrhiza and protists in the rhizosphere systemically alter microbial
community composition, plant shoot-to-root ratio and within-root system
nitrogen allocation. Front Environ Sci. 2018:6. https://doi.org/10.3389/fenvs.2
018.00117.

Orméls-Odegrip A-M, Ojala V, Hiltunen T, Zhang J, Bamford JKH, Laakso J.
Protist predation can select for bacteria with lowered susceptibility to
infection by lytic phages. BMC Evol Biol. 2015;15(1):81. https://doi.org/10.11
86/512862-015-0341-1.

Johnke J, Baron M, de Leeuw M, Kushmaro A, Jurkevitch E, Harms H, et al. A
generalist protist predator enables coexistence in multitrophic predator-
prey systems containing a phage and the bacterial predator Bdellovibrio.
Front Ecol Evol. 2017;5. https://doi.org/10.3389/fevo.2017.00124.

Gao Z, Karlsson |, Geisen S, Kowalchuk G, Jousset A. Protists: Puppet Masters
of the Rhizosphere Microbiome. Trends Plant Sci. 2019,24(2):165-76. https://
doi.org/10.1016/j.tplants.2018.10.011.

Caron DA, Worden AZ, Countway PD, Demir E, Heidelberg KB. Protists are
microbes too: a perspective. ISME J. 2009;3(1):4-12. https://doi.org/10.1038/
ismej.2008.101.

Adl SM, Habura A, Eglit Y. Amplification primers of SSU rDNA for soil
protists. Soil Biol Biochem. 2013;69:328-42. https.//doi.org/10.1016/j.s0ilbio.2
013.10.024.

Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, et al. The Protist
Ribosomal Reference database (PR2): a catalog of unicellular eukaryote
Small Sub-Unit rRNA sequences with curated taxonomy. Nucleic Acids Res.
201241(D1):D597-604. https://doi.org/10.1093/nar/gks1160.

Dumack K, Fiore-Donno AM, Bass D, Bonkowski M. Making sense of
environmental sequencing data: Ecologically important functional traits of
the protistan groups Cercozoa and Endomyxa (Rhizaria). Mol Ecol Resour.
2020;20:398-403. https://doi.org/10.1111/1755-0998.13112.

Venter PC, Nitsche F, Domonell A, Heger P, Arndt H. The protistan
microbiome of grassland soil: diversity in the mesoscale. Protist. 2017;168(5):
546-64. https://doi.org/10.1016/j.protis.2017.03.005.

Geisen S, Tveit AT, Clark IM, Richter A, Svenning MM, Bonkowski M, et al.
Metatranscriptomic census of active protists in soils. ISME J. 2015;9(10):
2178-90. https://doi.org/10.1038/ismej.2015.30.

Fiore-Donno AM, Richter-Heitmann T, Degrune F, Dumack K, Regan KM,
Marhan S, et al. Functional Traits and Spatio-Temporal Structure of a Major
Group of Soil Protists (Rhizaria: Cercozoa) in a Temperate Grassland. Front
Microbiol. 2019;10. https://doi.org/10.3389/fmicb.2019.01332.

Guo S, Xiong W, Xu H, Hang X, Liu H, Xun W, et al. Continuous application
of different fertilizers induces distinct bulk and rhizosphere soil protist
communities. Eur J Soil Biol. 2018;88:83-14. https://doi.org/10.1016/j.ejsobi.2
018.05.007.

Sigrid Dassen, Roeland Cortois, Henk Martens, Mattias de Hollander, George
A. Kowalchuk, Wim H. van der Putten, Gerlinde B. De Deyn. Differential
responses of soil bacteria, fungi, archaea and protists to plant species
richness and plant functional group identity. Molecular Ecology. 2017;26(15):
4085-98

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 17 of 18

Xiong W, Song Y, Yang K, Gu Y, Wei Z, Kowalchuk GA, et al. Rhizosphere
protists are key determinants of plant health. Microbiome. 2020;8(1):27.
https://doi.org/10.1186/540168-020-00799-9.

Schroder P, Herzig R, Bojinov B, Ruttens A, Nehnevajova E, Stamatiadis S,
et al. Bioenergy to save the world. Environ Sci Pollut Res. 2008;15(3):196—
204. https://doi.org/10.1065/espr2008.03.481.

Deng VY, Jiang Y-H, Yang Y, He Z, Luo F, Zhou J. Molecular ecological
network analyses. BMC Bioinformatics. 2012;13(1):113. https://doi.org/10.11
86/1471-2105-13-113.

Ning D, Yuan M, Wu L, Zhang Y, Guo X, Zhou X, et al. A quantitative
framework reveals ecological drivers of grassland microbial community
assembly in response to warming. Nat Commun. 2020;11(1):4717. https.//
doi.org/10.1038/541467-020-18560-z.

Prokopowich CD, Gregory TR, Crease TJ. The correlation between rDNA
copy number and genome size in eukaryotes. Genome. 2003;46(1):48-50.
https://doi.org/10.1139/g02-103.

Berdjeb L, Parada A, Needham DM, Fuhrman JA. Short-term dynamics and
interactions of marine protist communities during the spring-summer transition.
ISME J. 2018;12(8):1907-17. https.//doiorg/10.1038/541396-018-0097-x.

Geyer KM, Altrichter AE, Takacs-Vesbach CD, van Horn DJ, Gooseff MN,
Barrett JE. Bacterial community composition of divergent soil habitats in a
polar desert. FEMS Microbiol Ecol. 2014;89(2):490-4. https://doi.org/1
0.1111/1574-6941.12306.

Yang F, Wu J, Zhang D, Chen Q, Zhang Q, Cheng X. Soil bacterial
community composition and diversity in relation to edaphic properties and
plant traits in grasslands of southern China. Appl Soil Ecol. 2018;128:43-53.
https://doi.org/10.1016/j.aps0il.2018.04.001.

Hinsinger P, Bengough AG, Vetterlein D, Young IM. Rhizosphere: biophysics,
biogeochemistry and ecological relevance. Plant Soil. 2009;321(1-2):117-52.
https://doi.org/10.1007/511104-008-9885-9.

Berg G, Smalla K. Plant species and soil type cooperatively shape the structure
and function of microbial communities in the rhizosphere. FEMS Microbiol
Ecol. 2009;68(1):1-13. https//doi.org/10.1111/j.1574-6941.2009.00654 X.
Schreiter S, Ding G-C, Heuer H, Neumann GA%, Sandmann M, Grosch R,

et al. Effect of the soil type on the microbiome in the rhizosphere of field-
grown lettuce. Front Microbiol. 2014;5. https://doi.org/10.3389/fmicb.2014.
00144.

Shi S, Nuccio E, Herman DJ, Rijkers R, Estera K, Li J, et al. Successional
trajectories of rhizosphere bacterial communities over consecutive seasons.
MBio. 2015;6(4):200746. https://doi.org/10.1128/mBio.00746-15.

Fukami T. Community assembly along a species pool gradient: implications
for multiple-scale patterns of species diversity. Popul Ecol. 2004;46(2).
https://doi.org/10.1007/510144-004-0182-z.

Nuccio EE, Starr E, Karaoz U, Brodie EL, Zhou J, Tringe SG, et al. Niche
differentiation is spatially and temporally regulated in the rhizosphere. ISME
J. 2020;14(4):999-1014. https://doi.org/10.1038/541396-019-0582-x.

Green S, Serban M, Scholl R, Jones N, Brigandt |, Bechtel W. Network
analyses in systems biology: new strategies for dealing with biological
complexity. Synthese. 2018;195(4):1751-77. https://doi.org/10.1007/511229-
016-1307-6.

Carr A, Diener C, Baliga NS, Gibbons SM. Use and abuse of correlation
analyses in microbial ecology. ISME J. 2019;13(11):2647-55. https.//doi.org/1
0.1038/541396-019-0459-z.

Barberdn A, Bates ST, Casamayor EO, Fierer N. Using network analysis to
explore co-occurrence patterns in soil microbial communities. ISME J. 2012;
6(2):343-51. https://doi.org/10.1038/ismej.2011.119.

Nuccio EE, Anderson-Furgeson J, Estera KY, Pett-Ridge J, de Valpine P,
Brodie EL, et al. Climate and edaphic controllers influence rhizosphere
community assembly for a wild annual grass. Ecology. 2016,97(5):1307-18.
https://doi.org/10.1890/15-0882.1.

Fan K, Cardona C, Li Y, Shi 'Y, Xiang X, Shen C, et al. Rhizosphere-associated
bacterial network structure and spatial distribution differ significantly from
bulk soil in wheat crop fields. Soil Biol Biochem. 2017;113:275-84. https://
doi.org/10.1016/j.50ilbio.2017.06.020.

Gotzenberger L, de Bello F, Brathen KA, Davison J, Dubuis A, Guisan A, et al.
Ecological assembly rules in plant communities-approaches, patterns and
prospects. Biol Rev. 2012;87(1):111-27. https;//doi.org/10.1111/j.1469-185X.2
011.00187x.

Brazeau HA, Schamp BS. Examining the link between competition and
negative co-occurrence patterns. Oikos. 2019;128(9):1358-66. https://doi.
0rg/10.1111/0ik.06054.


https://doi.org/10.1038/ismej.2012.147
https://doi.org/10.1016/0038-0717(85)90113-0
https://doi.org/10.1016/0038-0717(85)90113-0
https://doi.org/10.1007/BF00263171
https://doi.org/10.1007/BF00263171
https://doi.org/10.1016/j.soilbio.2009.06.008
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1007/s11104-015-2671-6
https://doi.org/10.1111/nph.12249
https://doi.org/10.3389/fenvs.2018.00117
https://doi.org/10.3389/fenvs.2018.00117
https://doi.org/10.1186/s12862-015-0341-1
https://doi.org/10.1186/s12862-015-0341-1
https://doi.org/10.3389/fevo.2017.00124
https://doi.org/10.1016/j.tplants.2018.10.011
https://doi.org/10.1016/j.tplants.2018.10.011
https://doi.org/10.1038/ismej.2008.101
https://doi.org/10.1038/ismej.2008.101
https://doi.org/10.1016/j.soilbio.2013.10.024
https://doi.org/10.1016/j.soilbio.2013.10.024
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1111/1755-0998.13112
https://doi.org/10.1016/j.protis.2017.03.005
https://doi.org/10.1038/ismej.2015.30
https://doi.org/10.3389/fmicb.2019.01332
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1186/s40168-020-00799-9
https://doi.org/10.1065/espr2008.03.481
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1139/g02-103
https://doi.org/10.1038/s41396-018-0097-x
https://doi.org/10.1111/1574-6941.12306
https://doi.org/10.1111/1574-6941.12306
https://doi.org/10.1016/j.apsoil.2018.04.001
https://doi.org/10.1007/s11104-008-9885-9
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.3389/fmicb.2014.00144
https://doi.org/10.3389/fmicb.2014.00144
https://doi.org/10.1128/mBio.00746-15
https://doi.org/10.1007/s10144-004-0182-z
https://doi.org/10.1038/s41396-019-0582-x
https://doi.org/10.1007/s11229-016-1307-6
https://doi.org/10.1007/s11229-016-1307-6
https://doi.org/10.1038/s41396-019-0459-z
https://doi.org/10.1038/s41396-019-0459-z
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1890/15-0882.1
https://doi.org/10.1016/j.soilbio.2017.06.020
https://doi.org/10.1016/j.soilbio.2017.06.020
https://doi.org/10.1111/j.1469-185X.2011.00187.x
https://doi.org/10.1111/j.1469-185X.2011.00187.x
https://doi.org/10.1111/oik.06054
https://doi.org/10.1111/oik.06054

Ceja-Navarro et al. Microbiome

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

(2021) 9:96

Paine RT. A conversation on refining the concept of keystone species.
Conserv Biol. 1995,9(4):962-4. https://doi.org/10.1046/}.1523-1739.1995.0904
0962.x.

Power ME, Tilman D, Estes JA, Menge BA, Bond WJ, Mills LS, et al.
Challenges in the quest for keystones. Bioscience. 1996;46(8):609-20. https://
doi.org/10.2307/1312990.

Olesen JM, Bascompte J, Dupont YL, Jordano P. The modularity of
pollination networks. Proc Natl Acad Sci. 2007;104(50):19891-6. https://doi.
0rg/10.1073/pnas.0706375104.

Berry D, Widder S. Deciphering microbial interactions and detecting
keystone species with co-occurrence networks. Front Microbiol. 2014;5.
https://doi.org/10.3389/fmicb.2014.00219.

Gerbore J, Benhamou N, Vallance J, le Floch G, Grizard D, Regnault-Roger C,
et al. Biological control of plant pathogens: advantages and limitations seen
through the case study of Pythium oligandrum. Environ Sci Pollut Res. 2014;
21(7):4847-60. https;//doi.org/10.1007/511356-013-1807-6.

Tamada T, Asher MJC. The Plasmodiophorid Protist Polymyxa betae. In:
Rhizomania. Cham: Springer International Publishing; 2016. p. 135-53.
https://doi.org/10.1007/978-3-319-30678-0_6.

Ekelund F. Enumeration and abundance of mycophagous protozoa in soil,
with special emphasis on heterotrophic flagellates. Soil Biol Biochem. 1998;
30(10-11):1343-7. https;//doi.org/10.1016/50038-0717(97)00266-6.

Bass D, Howe AT, Mylnikov AP, Vickerman K, Chao EE, Edwards Smallbone J,
et al. Phylogeny and classification of Cercomonadida (Protozoa, Cercozoa):
Cercomonas, Eocercomonas, Paracercomonas, and Cavernomonas gen. nov.
Protist. 2009;160(4):483-521. https://doi.org/10.1016/j.protis.2009.01.004.
Bamforth SS. Interactions between protozoa and other organisms. Agric
Ecosyst Environ. 1988,24(1-3):229-34. https://doi.org/10.1016/0167-
8809(88)90068-0.

Rodriguez-Zaragoza S. Ecology of Free-Living Amoebae. Crit Rev Microbiol.
1994,20(3):225-41. https://doi.org/10.3109/10408419409114556.

Trappeniers K, Van Kerckvoorde A, Chardez D, et al. Testate amoebae
assemblages from soils in the zackenberg area, Northeast Greenland. Arctic,
Antarct Alp Res. 2002;34(1):94. https://doi.org/10.2307/1552513.

Huang AC, Jiang T, Liu Y-X, et al (2019) A specialized metabolic network
selectively modulates Arabidopsis root microbiota. Science (80-) 364:
€aau6389. https;//doi.org/10.1126/science.aau6389

Pausch J, Kuzyakov Y. Carbon input by roots into the soil: quantification of
rhizodeposition from root to ecosystem scale. Glob Chang Biol. 2018;24(1):
1-12. https;//doi.org/10.1111/gcb.13850.

Rovira AD. Plant root excretions in relation to the rhizosphere effect. Plant
Soil. 1956;7(2):178-94. https://doi.org/10.1007/BF01343726.

Schulz-Bohm K, Geisen S, Wubs ERJ, Song C, de Boer W, Garbeva P (2017)
The prey's scent—volatile organic compound mediated interactions
between soil bacteria and their protist predators. ISME J 11:817-820. https.//
doi.org/10.1038/ismej.2016.144, The prey's scent — Volatile organic
compound mediated interactions between soil bacteria and their protist
predators, 3

Zhou J. Stochastic Community Assembly : Does It. Microbiol Mol Biol Rev.
2017:81:1-32.

Tran T Sen, Giroux M, Guilbeault J, Audesse P (1990) Evaluation of Mehlich-
Il extractant to estimate the available P in Quebec soils. Commun Soil Sci
Plant Anal 21:1-28. https://doi.org/10.1080/00103629009368212, 1-2
Herbold CW, Pelikan C, Kuzyk O, Hausmann B, Angel R, Berry D, et al. A
flexible and economical barcoding approach for highly multiplexed
amplicon sequencing of diverse target genes. Front Microbiol. 2015;6:1-8.
https;//doi.org/10.3389/fmicb.2015.00731.

Rudi K (2003) A novel multiplex quantitative DNA array based PCR (MQDA-
PCR) for quantification of transgenic maize in food and feed. Nucleic Acids
Res 31:62e - 62. https://doi.org/10.1093/nar/gng061

Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R. Error-correcting barcoded

primers for pyrosequencing hundreds of samples in multiplex. Nat Methods.

2008;5(3):235-7. https://doi.org/10.1038/nmeth.1184.

Fonseca VG, Sinniger F, Gaspar JM, Quince C, Creer S, Power DM, et al.
Revealing higher than expected meiofaunal diversity in Antarctic sediments:
a metabarcoding approach. Sci Rep. 2017;7(1):1-11. https://doi.org/10.1038/
541598-017-06687-x.

Amaral-Zettler LA, McCliment EA, Ducklow HW, Huse SM. A method for
studying protistan diversity using massively parallel sequencing of V9
hypervariable regions of small-subunit ribosomal RNA genes. PLoS One.
2009:4(7):.e6372. https:;//doi.org/10.1371/journal.pone.0006372.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 18 of 18

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26(19):2460-1. https.//doi.org/10.1093/bioinformatics/
btg461.

Huson DH, Beier S, Flade I, Gérska A, el-Hadidi M, Mitra S, Ruscheweyh HJ,
Tappu R (2016) MEGAN community edition—interactive exploration and
analysis of large-scale microbiome sequencing data. PLOS Comput Biol 12:
€1004957. https://doi.org/10.1371/journal. pcbi.1004957, MEGAN Community
Edition - Interactive Exploration and Analysis of Large-Scale Microbiome
Sequencing Data, 6

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von
Haeseler A, et al. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol Biol Evol. 2020;37(5):1530-4.
https://doi.org/10.1093/molbev/msaa015.

McMurdie PJ, Holmes S (2013) phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8
e61217. https://doi.org/10.1371/journal.pone.0061217

Flores GE, Caporaso JG, Henley JB, Rideout JR, Domogala D, Chase J, et al.
Temporal variability is a personalized feature of the human microbiome.
Genome Biol. 2014;15(12):531. https;//doi.org/10.1186/513059-014-0531-y.
Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeg2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/513059-014-0550-8.

Rodriguez Zaragoza S, Mayzlish E, Steinberger Y. Seasonal changes in free-
living amoeba species in the root canopy of Zygophyllum dumosum in the
Negev Desert, Israel. Microb Ecol. 2005;49(1):134-41. https.//doi.org/10.1007/
500248-003-1056-1.

Howe AT, Bass D, Vickerman K, Chao EE, Cavalier-Smith T. Phylogeny,
taxonomy, and astounding genetic diversity of Glissomonadida ord. nov.,,
The Dominant Gliding Zooflagellates in Soil (Protozoa: Cercozoa). Protist.
2009;160(2):159-89. https://doi.org/10.1016/j.protis.2008.11.007.

Sowell SM, Abraham PE, Shah M, Verberkmoes NC, Smith DP, Barofsky DF,
et al. Environmental proteomics of microbial plankton in a highly
productive coastal upwelling system. ISME J. 2011;5(5):856-65. https.//doi.
0rg/10.1038/ismej.2010.168.

Bernard C, Simpson AGB, Patterson DJ. Some free-living flagellates (protista)
from anoxic habitats. Ophelia. 2000;52(2):113-42. https://doi.org/10.1080/
00785236.1999.10409422.

Hsu SC, Lockwood JL. Biological Control of phytophthora root rot of
soybean by Hyphochytrium catenoides in greenhouse tests. J Phytopathol.
1984;109(2):139-46. https.//doi.org/10.1111/).1439-0434.1984.tb00701 x.

van der Plaats-Niterink AJ. Monograph of the Genus Pythium. Stud Mycol.
1981;21:1-242.

Ayers WA, Lumsden RD. Mycoparasitism of oospores of Pythium and
Aphanomyces species by Hyphochytrium catenoides. Can J Microbiol. 1977;
23(1):38-44. https://doi.org/10.1139/m77-005.

Zhou J, Deng Y, Luo F, He Z, Tu Q, Zhi X. Functional molecular ecological
networks. MBio. 2010;1(4). https://doi.org/10.1128/mBio.00169-10.

Zhou J, Deng Y, Luo F, et al. Phylogenetic molecular ecological network of
soil microbial communities in response to elevated CO2. MBio 2. 2011.
https://doi.org/10.1128/mBi0.00122-11.

Guimera R, Nunes Amaral LA. Functional cartography of complex metabolic
networks. Nature. 2005;433(7028):895-900. https://doi.org/10.1038/nature03288.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1046/j.1523-1739.1995.09040962.x
https://doi.org/10.1046/j.1523-1739.1995.09040962.x
https://doi.org/10.2307/1312990
https://doi.org/10.2307/1312990
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.3389/fmicb.2014.00219
https://doi.org/10.1007/s11356-013-1807-6
https://doi.org/10.1007/978-3-319-30678-0_6
https://doi.org/10.1016/S0038-0717(97)00266-6
https://doi.org/10.1016/j.protis.2009.01.004
https://doi.org/10.1016/0167-8809(88)90068-0
https://doi.org/10.1016/0167-8809(88)90068-0
https://doi.org/10.3109/10408419409114556
https://doi.org/10.2307/1552513
https://doi.org/10.1126/science.aau6389
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1007/BF01343726
https://doi.org/10.1038/ismej.2016.144
https://doi.org/10.1038/ismej.2016.144
https://doi.org/10.1080/00103629009368212
https://doi.org/10.3389/fmicb.2015.00731
https://doi.org/10.1093/nar/gng061
https://doi.org/10.1038/nmeth.1184
https://doi.org/10.1038/s41598-017-06687-x
https://doi.org/10.1038/s41598-017-06687-x
https://doi.org/10.1371/journal.pone.0006372
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/s13059-014-0531-y
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1007/s00248-003-1056-1
https://doi.org/10.1007/s00248-003-1056-1
https://doi.org/10.1016/j.protis.2008.11.007
https://doi.org/10.1038/ismej.2010.168
https://doi.org/10.1038/ismej.2010.168
https://doi.org/10.1080/00785236.1999.10409422
https://doi.org/10.1080/00785236.1999.10409422
https://doi.org/10.1111/j.1439-0434.1984.tb00701.x
https://doi.org/10.1139/m77-005
https://doi.org/10.1128/mBio.00169-10
https://doi.org/10.1128/mBio.00122-11
https://doi.org/10.1038/nature03288

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Protist diversity and community composition are influenced by soil properties
	The diversity of protists is higher in bulk soil than in the rhizosphere
	Co-occurrence network complexity of protists is higher in the rhizosphere
	Dispersal limitation and homogeneous selection shape rhizosphere protist communities

	Discussion
	Conclusions
	Methods
	Sampling sites
	Soil sampling
	DNA extraction
	Amplicon library preparation and sequencing
	Sequence analyses
	Data analyses
	Network construction and analysis
	Inferring community assembly mechanisms
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note



