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INTRODUCTION

Protists, functionally divided into consumers, phototrophs, and parasites act
as integral components and vital regulators of microbiomes in soil-plant
continuums. However, the drivers of community structure, assembly mecha-
nisms, co-occurrence patterns, and the associations with human pathogens
and different protistan trophic groups remain unknown. Here, we character-
ized the phyllosphere and soil protistan communities associated with three
vegetables under different fertilization treatments (none and organic fertiliza-
tion) at five growth stages. In this study, consumers were the most diverse
soil protist group, had the role of inter-kingdom connector, and were the pri-
mary biomarker for rhizosphere soils which were subjected to decreasing
deterministic processes during plant growth. In contrast, phototrophs had
the greatest niche breadth and formed soil protistan hubs, and were the pri-
mary biomarkers for both bulk soils and the phyllosphere. Parasites had
minimal input to microbial co-occurrence networks. Organic fertilization
increased the relative abundance (RA) of pathogenic protists and the num-
ber of pathogen—consumer connections in rhizosphere soils but decreased
protistan richness and the number of internal protistan links. This study
advances our understanding of the ecological roles and potential links
between human pathogens and protistan trophic groups associated with
soil-plant continuums, which is fundamental to the regulation of soil-plant
microbiomes and maintenance of environmental and human health.

human health through the one health concept
(Banerjee & van der Heijden, 2023). Soil, plant, and

Soil and plant microbiomes are closely interconnected
(Brevik et al., 2020). As one of the important sources of
plant microorganisms (Edwards et al., 2015), soil micro-
biomes can not only deliver essential elements for plant
growth but also shape the structure, composition, and
function of plant microbiomes (Trivedi et al., 2020). The
complex microbiomes associated with soil-plant contin-
uums serve as key determinants of multiple ecosystem
functions, including nutrient cycling, primary production,
plant performance, and pathogen suppression (Delgado-
Baquerizo et al., 2016, 2020; Fitzpatrick et al., 2020;
Martin et al., 2017; Wall et al., 2015). Thus, microbial
communities are crucial for the health of soil-plant con-
tinuums (Berg et al., 2020), which is inseparably linked to

© 2023 Applied Microbiology International and John Wiley & Sons Ltd.

human microbiomes are closely interconnected. For
example, microbes including opportunistic human patho-
gens derived from vegetables and soils can integrate
with the human gut microbiome by ingestion and thereby
affect human health (Hirt, 2020). Therefore, investigating
the characteristics of microbiomes associated with soil-
plant continuums is important for human and environ-
mental health.

Protists are phylogenetically diverse and functionally
important eukaryotes but arguably overlooked compo-
nents of the soil microbiome (Xiong et al., 2018). Based
on life history strategies, protists can be divided into
three major trophic groups: phototrophs, consumers,
and parasites (Singer et al., 2021). Phototrophs,
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including most free-living algae (Santos et al., 2020), are
important primary producers, fixing carbon through pho-
tosynthesis (Lambert et al., 2022). Approximately one-
quarter of the world’s photosynthesis is carried out by
phototrophs, highlighting their important contribution to
soil carbon sequestration (Seppey et al., 2017). Con-
sumers prey on a range of bacteria (including opportu-
nistc human pathogens), fungi, protists (Geisen
et al., 2016) as well as nematodes (Mitchell, 2015), with
recent studies considering consumers as key determi-
nants of plant health (Triplett et al., 2023) and crop yield
(Guo et al., 2021). Consumers can also act as so-called
Trojan horses, internalizing, sheltering, and potentially
transmitting opportunistic human pathogens such as
Pseudomonas, Mycobacterium, and Legionella (Nisar
et al., 2022). Parasites account for approximately 15%
of known protists (Sun & Luo, 2005). Despite their low
abundance, parasites such as Oomycota, Ichtyosporea,
and Giardia (Mahé et al., 2018) can cause plant, animal,
and human diseases (Bates et al., 2013). These diverse
protists interact with bacterial and fungal communities in
complex ways, and such inter-kingdom interactions may
affect soil microbiome function and the colonization and
transmission of potential human pathogens (Duran
et al., 2018). However, a detailed understanding of the
dynamics of each protistan trophic group associated with
soil-plant continuums, their microbial co-occurrence pat-
terns, and associations with the environment and human
health is currently unknown.

Protist communities associated with soil-plant con-
tinuums are known to respond to numerous environmen-
tal factors, including soil properties, biotic factors, and
human perturbation (Zhao et al., 2020). For example,
bacteria were the key factor driving changes in core soil
protist consumers, while core protist phototrophs were
governed by climate (Chen et al., 2021). A recent study
highlighted that protist consumers and parasites were
sensitive to nitrogen fertilization  (Fiore-Donno
et al., 2020). However, these studies only investigated
the influence of single factors on protists. In a soil-plant
continuum where multiple environmental factors interact,
it is unclear which factors are the main determinants for
the different protistan trophic groups and how they
respond to various environmental factors during plant
growth. Furthermore, deterministic and stochastic pro-
cesses also influence the protist community assembly in
the soil-plant continuum (Muller et al., 2016). Thus,
assembly mechanisms for protist communities during
plant growth remain poorly understood.

In this study, we used a microcosm experiment with
three vegetable species (Brassica oleracea var. capi-
tata, Lactuca sativa, and Brassica chinensis) to exam-
ine the dynamics of protistan communities associated
with the phyllosphere, rhizosphere, and bulk soils at
five growth stages under different fertilization
treatments (none and organic fertilization). Given the
widespread use of fertilizer for vegetable production

and the known impact of fertilizer on protists (Ren
et al., 2023), it is important to investigate the effects of
fertilization on the dynamics of protists associated with
the soil-plant continuum. We aim to (1) detail the
assembly mechanisms and characteristics of protists
with different life strategies (consumers, phototrophs,
and parasites) under the effects of agricultural manage-
ment (with or without organic fertilizer), plant species,
compartment niches (phyllosphere and rhizosphere
and bulk soils) and plant development stages; and
(2) disentangle the role of each protistan group associ-
ated with microbial co-occurrence networks and their
potential association with human pathogens.

EXPERIMENTAL PROCEDURES
Experimental design and sample collection

We conducted a pot experiment in a greenhouse (25°C)
from June to August 2020. Three vegetables, brassica
(B. chinensis), cabbage (B. oleracea var. capitata), and
lettuce (L. sativa) were grown with either an application
of organic fertilizer (80 g chicken manure g~ dry soil) or
no fertilization. These three vegetables are common
green leafy vegetables that consumers can buy in mar-
kets in daily life. For each vegetable, three replicates
were established for each treatment.

Soil collected from a vegetable field in Xiamen City,
Fujian, China (24°64' N, 118°05 E) was passed
through a 2-mm mesh sieve and pre-incubated for
1 week (25°C). To separate rhizosphere and bulk soils,
seeds were sown in nylon mesh bags (20 cm in height;
19.5 cm in diameter), limiting the development of a rhi-
zosphere environment but allowing moisture equilibra-
tion (Nuccio et al., 2020). All treatments were kept
around 70% water-holding capacity daily with deionized
water. All vegetables ripened after 60 days. Rhizo-
sphere and bulk soil samples (n = 154) were collected
at0, 14, 28, 42, and 60 days after sowing. Phyllosphere
samples were collected on Days 14, 28, 42, and
60, but samples collected at Day 14 were removed
from downstream analysis due to an insufficient num-
ber of protistan sequences.

All samples for molecular analyses were frozen
immediately at —20°C. Soil samples were sieved
<2 mm before analyses of soil physicochemical prop-
erties including, pH, moisture, dissolved organic car-
bon (DOC), dissolved total nitrogen (DTN), total
nitrogen (TN), and total carbon (TC). Briefly, soil pH
was measured with a soil-to-water ratio of 1:2.5 (w/v)
using a pH metre (IS126C, Insmark, Shanghai,
China). DOC and DTN were extracted at a soil-
to-water ratio of 1:5 (w/v) on a TOC analyser (TOC-
LCPH, Shimadzu, Japan). TC and TN were measured
using a combustion method using an element analyser
(Vario MAX C/N, Germany).
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DNA extraction and amplicon sequencing

Soil microbial DNA was extracted from 0.5 g of soil. For
phyllosphere DNA extraction, approximately 10 g of
leaves were placed into individual conical flasks
(250 mL) containing 100 mL 0.01 M sterile buffer solu-
tion (120mg NaCl, 4mg MgSO,7H,0O, 4 mg
CaCl,-2H,0, 359 mg Na,HPO4-12H,0, and 130 mg
KH,PO, in 1L of deionized water) and shaken
(200 rpm) at 25°C for 2 h. Phyllosphere samples were
sonicated for 10 min and filtered through a 0.22-pm cel-
lulose membrane to collect the microbial communities.
The membranes with adhering phyllosphere microbes
were cut into small pieces with sterilized scissors. Both
soil and phyllosphere DNA was extracted using a Fas-
tDNA Spin Kit for Soil (MP Bio, USA) according to the
manufacturer’s instructions. Extracted DNA was quanti-
fied using a NanoDrop Spectrophotometer (Nanodrop
2000, Thermo Scientific, USA) and visualized on a
1.0% agarose gel electrophoresis.

Primer sets 799F/1193R (Beckers et al., 2017),
ITSTF/ITS2R (Bodenhausen et al., 2013), and TAR-
eukFWD1F/TAReukREV3R (Stoeck et al., 2010) that
excluded chloroplasts, amplified the V5-V7 region of
the bacterial 16S rRNA genes, the fungal ITS1 region,
and the V4 region of the eukaryotic 18S rRNA gene.
Sequencing was performed using an lllumina MiSeq
PE300 sequencing platform (Majorbio, Shanghai,
China). Bacterial 16S rRNA was quantified using a
Roche 480 (Roche Inc., USA) following an SYBR
Green approach as described previously (Chen
et al., 2017).

Sequencing

Amplicon sequences were processed using the QIIME2
pipeline (version 2018.11, https://qiime2.org) (Bolyen
et al., 2019). Amplicon sequence variants (ASVs) were
identified using the DADA2 plugin (Callahan
et al., 2015) for error correction, chimera identification,
quality filtering, and doubleton removal. Protistan
sequences were taxonomically assigned using the Pro-
tist Ribosomal Reference (PR2) database version
4.14.0 (https://github.com/pr2database/pr2database).
Bacterial and fungal taxonomic identity was determined
using the Silva (silva_132_16S.97) (Quast et al., 2013)
and UNITE (Nilsson et al., 2019) databases, respec-
tively. Chloroplast and mitochondrial sequences were
removed from the bacterial, protistan, and fungal ASV
tables. Potential bacterial pathogen ASVs were identi-
fied by comparison with a reference database of bacte-
rial pathogen 16S rRNA sequences as previously
described with an E-value <1 x 10° and a strict simi-
larity threshold (>99%) (Yang et al., 2020). For protistan
ASV, any ASVs with a taxonomic assignment of ‘Fungi,
Metazoa, Rhodophyta, Streptophyta, or Embryophycaea’

were removed. Community matrices were rarefied to
1050 reads per sample for protists; 41,379 reads for
bacteria; and 11,035 reads for fungi. We defined core
protists and core soil protistan as protistan ASVs pre-
sent in either all samples or all soil samples, respec-
tively. Protistan trophic groups were assigned as
consumers (predators of bacteria, other protists, and
micrometazoa) (Geisen, Mitchell, Adl, Bonkowski, Dun-
thorn, Ekelund, Fernandez, et al., 2018), parasites (par-
asites of plants, protists, and metazoa), phototrophs
(photoautotrophic algae act as primary producers), or
undetermined (Adl et al., 2019). We also identified par-
asites associated with human and animal gut microbes
using a microeukaryotic gut parasite database derived
from wastewater ftreatment plants (Freudenthal
et al., 2022). Raw sequences have been deposited into
the GenBank Sequence Read Archive with accession
number PRINA849277.

HT-gPCR assays

Marker genes for human pathogens in soil samples col-
lected at Day 60 (harvest time) were quantified by a
TagMan probe-based HT-gPCR method (WaferGen
SmartChip Real-Time PCR system platform; WaferGen
Inc., USA) as previously described (An et al., 2020).
HT-gPCR assays were performed in triplicate using a
TagMan® Gene Expression Master Mix kit. Primer and
pathogen information is detailed in Table S1.

Statistical analysis

To determine the distribution of protistan communities
in the phyllosphere and soils with different treatments,
principal coordinates analysis (PCoA) was performed
based on Bray—Curtis dissimilarity measures. Permuta-
tional multivariate analysis of variance (PERMANOVA)
with 999 permutations was used to determine the effect
of factors on community dissimilarity using the ‘vegan’
R package (v3.6.2) (Oksanen et al., 2018). Protist
alpha diversity was determined using the number of
observed ASVs after subsampling from the rarefied
QIIME2 ASV table. Linear mixed models (LMMs) were
used to assess the effects of experimental treatments
on protistan diversity using the R package ‘Ime4’
(Bates et al., 2017). More detailed information about
LMMs was shown in the Supporting Information. Non-
parametric Mann—Whitney tests or Kruskal-Wallis tests
(SPSS, IBM, USA) were applied to compare microbial
abundances, diversity, or soil properties parameters.
SourceTracker analysis was used to identify the
sources of protistan communities in the soil—plant con-
tinuum (Knights et al., 2011). Indicator protists were
identified by linear discriminant analysis (LDA) and
effect size (LEfSe) using the suite of ‘Omicstuido’
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online tools (https://www.omicstudio.cn/tool/) (Segata
et al,, 2011). The modified stochasticity ratio (MST)
quantified the relative importance of stochastic and
deterministic processes for protistan community com-
position, with 50% set as the threshold for determining
whether deterministic or stochastic processes were
drivers (Ning et al., 2019). Niche breadth was calcu-
lated according to Levin’s niche breadth using the R
package spaa (Zhou & Ning, 2017). A wide niche
breadth indicates that an ASV occurs widely and evenly
among samples (Mo et al., 2020).

To explore the potential co-occurrence pattern of
protistan, bacterial (including identified potential patho-
gens), and fungal taxa associated with the soil-plant
continuum, networks of different compartment niches
were built with microbial ASVs occurring in >30% of
samples and visualized by Gephi 0.9.2. A pairwise
Spearman correlation with a coefficient of (o) >0.5
(or <—0.5) and an associated p-value <0.01 was
selected for the network analysis using the ‘psych’ R
package (Spearman; P. adjust method: FDR)
(Revelle, 2020). Nodes were assigned their network
roles based on their within-module connectivity (Zi) and
among-module connectivity (Pi) (Guimera & Nunes
Amaral, 2005). Nodes were classified as peripheral
(Zi<25 and Pi<0.62), module hub (Zi>2.5 and
Pi<0.62), network hub (Zi>2.5 and Pi>0.62),
and connector (Zi<25 and Pi>0.62) (Shi
et al., 2020). The number of each taxon as connectors
and module hubs, the number of pathogen—protist con-
nections, and the proportion of intra-kingdom and inter-
kingdom edges were also determined.

Structural equation models (SEM) were used to
analyse the effects of organic fertilizer, plant growth
stage, soil properties (pH, DOC, TN, TC, water content,
and DTN), compartment niche, bacterial, fungal, and
protistan communities of trophic groups within protistan
communities associated with soil-plant continuums. All
model indicators satisfied the following requirements:
chi-square (p > 0.05), high goodness of fit index
(GF1>0.9), and the root mean square error of approxi-
mation (RMSEA < 0.05) (Schermelleh-Engel
et al., 2003). SEM used Amos Graphics v22 (IBM
Corp., Armonk, NY, USA).

RESULTS
Dynamics of soil and phyllosphere protists

Phototroph PASV1 (Archaeplastida; Desmodesmus
komarekii) was the only core protist (Figure S1) present
in almost all soil and phyllosphere samples. We also
detected 37 core soil protists but no core phyllosphere
protists (Figure S1).

Archaeplastida (28.7%), Rhizaria (23.8%), and
Amoebozoa (16.4%) were the most abundant soil

protist phylum (Figure 1A). Driven by consumers, the
most diverse protists (Figure 1B; p < 0.05), the diversity
of soil protists was significantly greater than phyllo-
sphere protists (nearly seven-fold; Figure 1B;
p < 0.001). In terms of relative abundance (RA), con-
sumers with an average RA of 54.5% decreased until
42 days and thereafter slightly increased, whereas
phototrophs with an average RA of 41.4% had the
opposite trend, except for those associated with soil
and planted with Brassica (Figure 1A). The diversity of
soil consumers had a similar dynamic pattern to that of
RA (Figure 1C). Consumers had a greater RA in the rhi-
zosphere and fertilized soils than in bulk and control
soils (Figure 1A; p < 0.05), and were also the main pro-
tistan biomarkers in the rhizosphere and fertilized soils
(Figure S2A,B). In contrast, phototrophs were the main
protistan biomarkers in bulk and control soils
(Figure S2A,B) and had a greater RA than in rhizo-
sphere (Figure S3; p<0.001) and fertilized soils
(Figure 1A; p <0.05). Soil parasites had the lowest
diversity and RA (~2.6%) (Figure 1A,B) with Oomycota
(often plant pathogens) being the most abundant soil
parasite accounting for about 1.6% of total protists
(Figure S4). Fertilized bulk soil harboured more plant,
animal, and human parasites such as Oomycota, Anur-
ofeca, and Cryptosporidiidae, especially at Day
0 (Figure S4; p <0.05). Additionally, significant nega-
tive correlations were found between the absolute
abundance of Legionella spp. 23S rRNA (the most fre-
quently detected pathogen marker gene) and the diver-
sity of consumers and phototrophs in soil (Figure 1D;
p <0.05). The RA of consumers and phototrophs,
respectively positively and negatively correlated with
Legionella spp. 23S rRNA (Figure 1D; p < 0.001). Para-
sites were not correlated with human pathogen marker
genes.

The taxonomic composition and diversity of phyllo-
sphere protists differed significantly from soil
(Figure 1E; p = 0.001; Figure 1B; p < 0.001; Table S2;
PERMANOVA, R? = 22.9%, p < 0.001; Table S3; LMM
F? =629.4, p<0.001). The most abundant phyllo-
sphere protist phyla were Stramenopiles (63.3%) and
Archaeplastida (21.8%; Figure 1A). Phototrophs domi-
nated the phyllosphere protist communities with the
greatest RA (84.2%; Figure 1A; p < 0.05) and diversity
(p < 0.001; Figure 1B); however, their RA decreased
with time. Although 66% of phyllosphere protistan
ASVs (accounting for 86.2% of RA of phyllosphere pro-
tists) were present in soil (Figure S5A), external
sources were the largest contributor (72.1%) to phyllo-
sphere protist communities (Figure S5B).

Drivers of protist variation

To assess the contribution of potential drivers of protist
communities along soil-plant continuums, we used
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Different letters above the boxes indicate a significant difference determined by the nonparametric Kruskal-Wallis test. Significant differences
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distinct protistan communities in the soil-plant continuum with different fe

SEM analysis in combination with PCoA, PERMA-
NOVA, and LMM analyses. For soil protists, organic
fertilization, directly and indirectly, has an impact on the
community and diversity of phototrophs and con-
sumers. (Figure 2A,B; Table S2; PERMANOVA
R? =22.9%, p<0.001; Table S3; LMM F, =11.6,
p <0.01). Organic fertilization reduced consumer and
phototroph richness (Figure 1B; p < 0.001; Figure 2A),

rtilizer treatments.

whereas it increased consumer RA, and reduced
phototroph RA (Figure 1A; p <0.05). Growth time
directly influenced the community and diversity of
phototrophs and consumers (Figure 2A,B) and sepa-
rated the distribution of protists (Figure S6). Although
plant species had a limited influence on soil protists
(Tables S2 and S3; Figure S7A,B), it significantly influ-
enced phototroph diversity (Figure 2A). Phototrophs
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were also a biotic driver of consumer diversity and com-
position from both soils and the phyllosphere
(Figure 2A,B).

Plant species had a stronger influence on the phyl-
losphere than soil protist communities (Table S2).
Phyllosphere protistan communities were separated by
plant species, especially driven by Brassica
(Figure S8A). At the genus level, Navicula, Raphid-pen-
nateX, and Hrysophyceae CladeC were enriched in
cabbage, while Hantzschia and Sellaphora were
enriched in lettuce (Figure S8B; p < 0.05). Organic fer-
tilization directly and positively affected the RA of phyl-
losphere consumers and parasites (Figures 1A and 2B;
p <0.05) and consumer richness (Figures 1B and
2A; p < 0.05).

Community assembly of protistan trophic
groups

Protists in bulk and rhizosphere soils fitted the neutral
model better than phyllosphere protists (Figure 3A).
Mean MST of soil protists was generally greater than
the 0.5 threshold whereas MST values for phyllosphere
protists were mostly below, indicating that stochastic
processes had more effect on soil than phyllosphere
protists (Figure 3A). Stochastic processes had more
influence on all protistan trophic groups in fertilized bulk
soils than in control bulk soils (Figure 3A; p < 0.05).
The influence of stochastic or deterministic processes
on each protist trophic group and their respective niche

breadths were not significantly different between bulk
and rhizosphere soils (Figure 3A,B).

Phototrophs had the broadest niche breadth among
all protist trophic groups in both soils and the phyllo-
sphere (Figure 3B; p < 0.05). The effects of stochastic
processes on phototrophs in rhizosphere soil
decreased over time (Figure 3C). Soil consumers were
more affected by deterministic processes than other
protist trophic groups except in fertilized rhizosphere
soils. In the control soil, deterministic processes had a
greater relative contribution to consumers during early
growth (Day 14). However, the contribution of stochas-
tic processes to consumers gradually increased over
time and became dominant at Day 60 (Figure 3C).

Co-occurrence networks among protists,
bacteria, and fungi

Protists had the second-greatest number of nodes in all
soil networks and formed the largest and second-
largest modules in control and fertilized soil networks,
respectively (Figure 4A). Approximately one-third of
core soil protists in the control soil networks were mod-
ular hubs, whereas, in fertilized soil, they had multiple
roles (Table S4). In contrast, phyllosphere networks
were characterized by a few protistan nodes (only 11)
with low average degrees (Figure 4A,C) but stronger
links (all >0.7).

Consumers were the dominant protistan connectors
(79.4%—84.5%) in all soil networks (Figure 4B).
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FIGURE 3 The modified stochasticity ratio (MST) values (A) and niche breadth (B) of each protistan trophic group in the phyllosphere, bulk,
and rhizosphere soils of two treatments. Different letters above the boxes indicate a significant difference determined by the nonparametric
Kruskal-Wallis test. The dynamic MST values of each protistan trophic group in the phyllosphere, bulk, and rhizosphere soils of two treatments

during plant growth (C).

Consumer-bacteria links were the main inter-kingdom
connectivity in soil networks and were greater in rhizo-
sphere soils (Figure 4C,D). For example, consumers
tightly connected with Candidatus koribacter in control
rhizosphere soils and were closely linked to Candidatus
solibacter, Rhodoplanes, and Nitrospira in fertilized rhi-
zosphere soils (Figure S9). Soil phototrophs with the
greatest average degree (Figure 4C) were the domi-
nant protistan module hubs (75.0%—85.7%), especially
in control bulk soils (Figure 4B). Phototrophs, linked
mostly with consumers and other phototrophs
(Figure 4D), and occupied central positions in some
protistan modules, such as Module2 (Figure 4A).
Phototrophs were also the dominant phyllosphere pro-
tist accounting for 91% of phyllosphere protistan nodes.
Parasites were rare and mainly peripheral in soil-plant
networks.

Compared to the unfertilized group, organic fertili-
zation promoted inter-kingdom connections linking
(about 6.6 times) consumers and bacteria as well as
fungi and consumers, of which 14.7%—24.1% were
negative connections, particularly in rhizosphere soil
(Figure 4A,C,D). By contrast, the proportion of protis-
tan intra-kingdom links was fewer in fertilized soils
(Figure 4D) and protistan cluster module2 reduced
under fertilization (Figure 4A). Moreover, potential
human pathogens and protists (mainly consumers)
were more closely associated in the fertilized soils,
especially the rhizosphere (Figure 4D). This included
protists from the Amoeba, Cercozoa, and Chloro-
phyta, which were linked to potential pathogens
including Mycobacterium gilvum, Bacillus megater-
ium, Bacillus cytotoxicus, and Mycobacterium
sp. (Table S5).
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Bacteria-Consumer (BC); Bacteria-Fungi (BF); Bacteria-Phototroph (BPh); Fungi-Consumer (FC);
Fungi-Phototroph (FPh); Bacteria-Parasite (BPa); Bacterial human pathogen-Consumer (BHPC);
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Microbial network of the soil—plant continuum. (A) Co-occurrence networks of microbial amplicon sequence variants showing

microbial inter-kingdom network patterns differed among compartment niches (phyllosphere, rhizosphere soil, and bulk soil) and fertilized
treatments. Edges between nodes correspond to either positive (pale blue) or negative (red) correlations using the Spearman method. (B) The
number of each taxon node as connectors and module hubs. (C) Comparison of topological features (numbers of nodes and average degree)
among bacterial, fungal, consumers, phototrophs, and parasites taxa at different compartment niches. Different letters above the boxes indicate
a significant difference determined by the nonparametric Kruskal-Wallis test. (D) The proportion of intra-kingdom and inter-kingdom edges
showing positive (pale blue) or negative (red) correlations in the microbial networks.

DISCUSSION

Different protistan trophic groups have
different roles in soil-plant continuums

In this study, consumers which are known to be domi-
nant soil protists (Oliverio et al., 2020), were important
inter-kingdom protistan connectors, especially in rhizo-
sphere soils. With a range of dietary sources and occu-
pying different trophic niches (Geisen, Mitchell, Adl,
Bonkowski, Dunthorn, Ekelund, Fernandez, et al.,
2018), consumers are considered top-down regulators
of soil microbiome composition and function (Shu
et al., 2021) and are referred to as so-called ‘puppet
masters’ of the rhizosphere (Gao et al., 2019). Here,
some consumers connected tightly to multifunctional
bacteria in rhizosphere soils, for example, C. koribacter,
C. solibacter, and Rhodoplanes, all of which have previ-
ously been reported as key-stone phylotypes involved in
redox reactions and elemental cycling of carbon, nitro-
gen, phosphorus, and sulfur (Fan et al., 2021). Thus,
consumers may influence plant production (Guo
et al., 2021) and soil function (Xiong et al.,, 2020).

Consumers had a greater RA in rhizosphere soils and
were influenced by strong deterministic processes until
Day 14. This may be due to plant roots selectively
recruiting consumers at an early stage for building
healthy plant-associated microbial groups through root
exudation (Chase & Myers, 2011; Guo et al., 2018). The
decline in rhizosphere consumer diversity and RA over
time may be due to a weakening of the influence of
selective recruitment through declining root exudation
(Ceja-Navarro et al., 2021) and the subsequent stability
of protistan communities.

Soil phototrophs, which had the greatest average
degree, were the main protistan module hubs in soil
networks and mostly had intra-kingdom edges. A total
of 18 soil consumers including Vamprellda, Englyphida,
and Rhogo known as algivores (Seppey et al., 2017)
were closely connected (r > 0.7) to phototrophs (algae).
This concurred with a previous study that suggested
widespread algivory by consumers in croplands
(Seppey et al., 2017) and implied possible bottom-up
control of consumers by phototrophs (Thakur &
Geisen, 2019). Phototrophs may also influence other
protists (Bashir et al., 2022) by regulating nutrient
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cycling as they provide a carbon input to soils and con-
tribute to nitrogen mobilization (Schmidt et al., 2016).
The wider niche breadth of phototrophs indicated
greater environmental adaptability (Comte et al., 2014)
and their ability to obtain carbon through photosynthe-
sis (Leliaert et al., 2012), supported survival leading to
phototrophs predominating in oligotrophic phyllosphere
environments (Sun et al., 2021).

In the studied soil-plant continuum, parasitic pro-
tists were a minority component and had minor roles in
microbial co-occurrence networks. Notably, Oomycota,
which can infect plant roots (Thines, 2018) and reduce
plant growth (Bagchi et al., 2014) was the most abun-
dant soil parasitic protist class and had significantly
increased abundance in fertilized soil. This agrees with
that previously reported for soil with multiple fertilization
regimes (Sun et al., 2021). We also found that Oomy-
cota RA and total RA of genera associated with human
and animal gut microbes was greatest in recently fertil-
ized soils, suggesting an increased potential risk to
plant and human health associated with soil immedi-
ately after fertilization.

Fertilizers increased parasitic and
consumer—pathogen connections

In this study, organic fertilization stimulated consumer—
bacteria connections, especially in fertilized rhizo-
sphere soils, which were hotspots for inter-kingdom
connections (Schneider et al., 2015). Potentially,
organic fertilizer may have stimulated bottom-up regu-
lation by providing nutrients for bacterial growth
(Figure S10) (Li et al., 2022). Overgrowth of bacterial
biomass and increase in pH (Figure S11) after fertiliza-
tion are known key factors for the soil consumer com-
munity (Figure S12) (Dupont et al.,, 2016; Mazel
et al., 2021; Moerman et al., 2020; Murase et al., 2015),
leading to a possible activation of bacterivorous con-
sumers while inhibiting algivorous consumers
(Sanders, 2022). Additionally, a reduction in algivory,
combined with a reduction of protistan diversity may
lead to fewer internal linkages within protist communi-
ties associated with fertilized soils resulting in the inhibi-
tion of protistan module hubs (phototrophs).

The RA of human (Cryptosporidiidae) (Morgan-
Ryan et al.,, 2002) and plant (Oomycotes) parasites
was significantly increased by organic fertilization, sug-
gesting an increased potential risk for plant and human
pathogenicity. More consumer—pathogen connections
were also found in fertilized rhizosphere soils, suggest-
ing that more consumers preyed upon human patho-
gens. However, some human pathogens (Folkins
et al., 2020; Hoque et al., 2022) such as Legionella
spp. can resist digestion after predation and can repli-
cate and evolve within predatory amoebae before being

expelled into the environment (Park et al., 2020), which
may explain the positive correlation between con-
sumers RA and Legionella in this study.

CONCLUSIONS

In this study, consumers were essential soil intra-
kingdom connectors deterministically selected by the
rhizosphere during the early stages of plant growth.
Phototrophs were the dominant phyllosphere protists
and were the main soil network hubs closely associ-
ated with other protists, especially consumers.
Organic fertilizer promoted pathogenic protists and
consumer—pathogen associations in rhizosphere
soils, thus, posing a potential but small risk to human
health. However, organic fertilizer also suppressed
the internal network linking of soil protists and the
diversity of consumers and phototrophs. These find-
ings significantly advance our current understanding
of protistan community composition and highlight the
importance of protists associated with soil-plant
continuums.
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