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» Nitrogen fertilizers’ effects on protists in three paddy field soils
were analyzed.

« Different nitrogen fertilizers had distinctive effects on the protist
communities.

* The effect of nitrogen fertilizers on protist communities slightly
depended on the soil types.

* Predatory protists were the main groups that were affected by
nitrogen fertilizers.

Protists are one of the most diverse and dominant microbial groups
and they play critical roles in the soil ecosystem. Although nitrogen
fertilizers have a profound impact on protist communities, still less is
known about how different nitrogen fertilizer types affect protist
community composition in different soil types. Here we investigated the
effects of six inorganic nitrogen fertilizers (urea, ammonium nitrate,
ammonium sulfate, potassium nitrate, ammonium chloride, and
diammonium hydrogen phosphate) and an organic fertilizer (a mixture
of rice husk and cow manure) on protist community composition in
three paddy field soils using a high-throughput sequencing method.
The effect of the fertilizers on the functional groups of protists, namely
consumers (predators and decomposers), photoautotrophs, and para-
sites (plant pathogens and animal parasites) was also analyzed. The
results showed that nitrogen fertilizers had distinctive effects on the
beta diversity of the protists, while we also observed that the same
fertilizer had slightly different effects depending on the soil type. Amoe-
bozoa and Rhizaria were the most affected protist taxonomical groups,
while predatory protists were the main functional groups that were
affected by nitrogen fertilizers. Random forest analysis showed that
most of the fertilizer-affected protists were predators, among which
Cercozoa was the most affected taxa. In conclusion, our results
provide important insights into the impact of nitrogen fertilizers on soil
protist communities.
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1 Introduction

Protists are one of the most dominant and diverse microbial
groups in the soil ecosystem. They exhibit high taxonomic

Cite this: Soil Ecol. Lett., 2024, 6(3): 230221

diversity, allowing them to play important functional roles as
consumers (predators and decomposers), primary producers
(photoautotrophs), and parasites (plant pathogens and
animal /microbial parasites) (Geisen et al., 2018). Predatory
protists that feed on bacteria, archaea, fungi, nematodes,
and other protist species are the most dominant group of
protists in the soil ecosystem (Gao et al., 2019; Murase and
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Asiloglu, 2023). By feeding on microorganisms, predatory
protists control microbial community composition, accelerate
nutrient turnover, enhance bacterial activities, and increase
agricultural productivity (Gao et al.,, 2019; Asiloglu et al.,
2020; Murase and Asiloglu, 2023). Decomposers contribute
to the nutrient cycle by decomposing dead organic materials,
which results in increased microbial activities (Geisen et al.,
2018). Photoautotrophic protists, mainly algae, dominate the
surface soils of agricultural fields and have a significant
impact on the global soil carbon balance through carbon
fixation (Jassey et al., 2015, 2022). Not all protists are bene-
ficial as parasitic protists cause diseases in animals and
humans, while plant pathogenic protists cause serious harm
to agricultural productivity (Hultberg et al., 2010; Van Buyten
and Hofte, 2013). Despite their important roles in nutrient
cycling and agricultural productivity, soil protists are the less-
studied microbial group in the soil ecosystem (Caron et al.,
2009; Sibbald and Archibald, 2017; Asiloglu, 2022).

Protist community composition responds differently to
biotic and abiotic factors such as geography, climate, soil
water content, pH, root exudates, and inorganic or organic
fertilizers (Gao et al., 2019; Murase and Asiloglu, 2023).
Among those factors, nitrogen fertilizer is one of the most
important factors affecting protist diversity and community
composition (Guo et al., 2018; Zhao et al., 2019, 2020; Fiore-
Donno et al., 2022). According to Zhao et al. (2019), protist
communities show higher responsiveness to nitrogen fertil-
ization than bacteria and fungi. Nitrogen fertilizers have a
strong negative impact on protists by reducing protist diversity
(Guo et al.,, 2018; Zhao et al., 2019) and populations
(Schnurer et al., 1986; Zhao et al., 2020). The effect of nitro-
gen fertilizers on protist communities can be stronger than
those of water management or seasonality (Murase et al.,
2015) and plant genotype (Picot et al., 2021). Among the
functional groups of protists, predators are the most vulnera-
ble group to nitrogen addition (Zhao et al., 2020; Sun et al.,
2021; Li et al., 2021), which implies that nitrogen fertilizer is
an important determinant of the microbial food web (Murase
et al., 2015). Conflicting results were also observed in some
studies. For instance, Lentendu et al. (2014) showed that
protist communities were not affected by nitrogen fertilizers,
and Krashevska et al. (2014) showed a positive impact of
nitrogen fertilizers on testate amoeba populations. Since
studies are done in different agricultural soil types using
different amounts of nitrogen, it is difficult to evaluate the
conflicting results. In addition, different types of nitrogen
fertilizers are used in those studies: most of the studies are
done with urea (Krashevska et al., 2014; Zhao et al., 2019,
2020; Sun et al., 2021; Li et al., 2021), while only a few used
different fertilizer types such as ammonium nitrate (Picot
et al., 2021) and ammonium sulfate (Murase et al., 2015).
Therefore, although nitrogen fertilizers have a profound
impact on protist communities, still less is known about how

different nitrogen fertilizers affect protist community compo-
sition in different soil types.

Despite the number of protist studies being far behind that
of bacterial and fungal studies, protists are relatively well
studied in the paddy field ecosystems (Murase and Asiloglu,
2023). Due to irrigation, the paddy field is a unique environ-
ment with characteristic biogeochemical cycles (Kirk, 2004).
Although activities of micro-eukaryotes, especially fungi and
small soil animals are limited in paddy fields due to flooding
and anoxia (Nakamura et al., 2003; Murase et al., 2015;
Asiloglu et al., 2015; Asiloglu and Murase, 2016), protists
are well-adapted to the paddy fields, allowing them to play
important roles in the microbial food web in rice field soil
(Murase and Asiloglu, 2023). In addition, the interface
between the floodwater and soil (the oxic layer) in the paddy
field soil is an optimal environment for photoautotrophic
protists, contributing to the net primary production (Murase
and Asiloglu, 2023). Therefore, paddy fields provide a model
ecosystem to study protist community composition.

Here, we studied the short-term effects of six inorganic
nitrogen fertilizers (urea, ammonium nitrate, ammonium
sulfate, potassium nitrate, ammonium chloride, and diammo-
nium hydrogen phosphate) and a commercial organic fertil-
izer (a mixture of rice husk and cow manure) on protist
community composition in three paddy field soils with
distinct soil physicochemical properties. In this study, we
hypothesized that protist communities would be differentially
affected by the nitrogen fertilizers. High throughput sequenc-
ing and bioinformatics were used to reveal the changes in
protists’ taxonomic and functional community composition.

2 Materials and methods

2.1 Soil samples, experimental set-up, and sampling

Soil samples were taken from the plow layer (0-10 cm) of
three Japanese paddy fields. The fields were selected
based on their distinct physicochemical properties (Fujino
et al., 2023) to evaluate the effect of nitrogen fertilizers
under various soil types. Field 1 sample (ACH) was
collected on 18th April 2021 from Chita, Aichi (N34.98,
E136.89); Field 2 sample (SHD) was collected on 25th
March 2021 from Shindori Station in the Field Center for
Sustainable Agriculture and Forestry, Niigata University,
Niigata (N37.85, E138.96); and Field 3 sample (NAG) was
collected on 23rd April 2021 from Hata, Matsumoto City,
Nagano (N36.20, E137.87). Soil samples were obtained
from at least five locations in each field and then combined.
Each soil sample was air-dried, sieved (< 2 mm), individually
mixed to be homogenized, and then stored (4°C). Physico-
chemical properties and classifications of the soils are previ-
ously published (Kononov et al., 2022). World Reference
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Base for Soil Resources (WRB) was used to classify the soll
types. The soil properties were briefly provided in Table 1.

Commonly used inorganic and organic fertilizers at
field application doses were used in this study to mimic
the paddy field conditions. The inorganic fertilizers were
urea (CH4N,0), ammonium nitrate (NH,NO;), ammonium
sulfate ([NH,],SO,), potassium nitrate (KNO;), ammonium
chloride (NH,CI), and diammonium hydrogen phosphate
(INH4],HPO,). The organic fertilizer (OF) was a mixture of
rice husk and cow manure was obtained from a commercially
available product (Akagi Engei, Isesaki, Gunma, Japan).
The OF was autoclave-sterilized to eliminate the associated
microbial community. The nutrient content of the OF that
was determined after autoclaving was as follows: total nitro-
gen, 25 mg g~'; carbon/nitrogen ratio, 15; available phos-
phate, 34 mg g~'; available potassium, 31 mg g='. The
amounts of inorganic and organic fertilizers were calculated
so that they would include the same amount of nitrogen
(0.1 mg-N g soil™"). The inorganic fertilizers were dissolved
in sterile water and then passed through a 0.45 um filter.
Microcosms contained 40 g of the paddy field soils and
60 mL of water to keep them under submerged conditions
(2 cm water above topsoil). The microcosms were incubated
at room temperature (24°C) in the dark for 3 weeks. During
the incubation period, the water level was checked and addi-
tional water was added daily. Our previous studies showed
that protist communities are affected by environmental
factors in 3 weeks (Asiloglu et al., 2021c). By keeping the
incubation period short, we could identify the direct effect of
fertilizers, as the effect of fertilizers may decrease over time
in longer periods. Soil sampling from each container was
processed as described previously (Asiloglu et al., 2021a).
Briefly, the top water was removed and then the soil in the
microcosms was mixed thoroughly. The 0.5 g of the soil was
sampled for molecular analysis.

2.2 Molecular analysis and bioinformatics

The ISOIL for Bead Beating (Nippon Gene, Tokyo, Japan)
was used to extract DNA from 0.5 g of the soil samples
according to the manufacturer’s instruction and, then eluted
in TE buffer (100 pL). The V9 region of the 18S rRNA gene
in the extracted DNA was amplified using the universal

Table 1

eukaryotic primers (1389F/1510R) (Amaral-Zettler et al.,
2009) tailed with the barcoded adapters (lllumina, San
Diego, CA) (Caporaso et al., 2012). Primary polymerase
chain reaction (PCR) was performed as described elsewhere
(Amaral-Zettler et al., 2009). Then the PCR products were
purified, followed with the index PCR for lllumina MiSeq, and
then the lllumina MiSeq sequencing were performed as
described previously (Asiloglu et al., 2021c).

The QIIME2 pipeline (Version 2021.11, available at
giime2.org) was used for the primary analysis of raw FASTQ
data obtained from the high throughput sequencing. Error
correction, removal of forward and reverse primers, quality
filtering, singleton, and doubleton removal, and chimera
removal of the sequences were done by the DADA2 (Calla-
han et al., 2016). Only the reads with over a quality score >
30 were used in the following processes. QIIME2’s g2-
feature-classifier plugin was used against the most recent
Protist Ribosomal Reference (PR2) database (5.0.1) (Guillou
et al,, 2012) for the taxonomy assignment of the protists
(Burki et al., 2020). The non-protist sequences belonging to
Fungi, Metazoa, unidentified Opisthokonta, Streptophyta,
Rhodophyta, and unclassified eukaryotes were removed
from all samples using the Qiime2 (taxa filter-table/seq) to
obtain exclusive protist data. We then normalized the read
numbers to the minimum sequence reads (4500) to
compare the protist communities between the treatments.
The beta diversities were analyzed with permutational multi-
variate analysis of variance (PERMANOVA) with 999 ran-
dom permutations (p < 0.05) with the adonis function of the
vegan package. Three major functional groups (consumers,
photoautotrophs, and parasites) were used as described
previously (Asiloglu et al., 2021c). Briefly, all organisms
capable of photosynthesis were assigned as photoau-
totrophs, and all organisms using phagocytosis to uptake
nutrients grouped as consumers, including decomposers
and the predators. Any organisms showing a negative effect
on its host were labeled as parasites, including microbial/
animal/human parasites and plant pathogens. To distinguish
predatory protists from consumers, all protists that feed on
other microorganisms including mixotrophs, are labeled as
predators. The R program (Version 4.2.2, 2022.10.31;
available at r-project.org) was used for all of the statistical
analyses unless otherwise specified. Random forest classifi-

Physicochemical properties of the three paddy field soils used in the study.

Soil classification Sand Silt Clay

Total Total Organic Cation excange

Soil type Sampling site Sampling date (WRB) (%) (%) (%) pH (mS cm™1) (;agr%o_q) (nr::rgog(_e% (%ngtg-il;) ((rfgc?g}%l)
ACH Agui, Aichi 29 April 2019  Stagnosol 37.0 33.829.05.17 0.08 15.0 1.5 51.8 9.5
NAG Matsumoto, Nagano 24 April 2019  Silandic Andosol 33.9 24.44155.66 0.80 45.7 4.0 68.2 13.2
SHD Shindori, Niigata 3 October 2019 Gleyic Fluvisol ~ 48.0 24.0 28.0 5.05 0.12 18.6 1.7 50.6 5.5

*Original data: Kononov et al., 2022.



Nitrogen fertilizers affect protists communities

cation offers sensitive and accurate identification of microor-
ganisms in environmental samples (Roguet et al., 2018).
Here we aimed to use random forest analysis to understand
the effect of each nitrogen fertilizer type on protist ASVs. For
this aim, random forest analysis was separately conducted
for each treatment using the randomForest function in the
randomForest package (version 4.7-1.1) (Breiman, 2001;
Roguet et al., 2018). The significance of each predictor was
evaluated by the rfPErmute package (v2.5.1) (Archer, 2013).
The raw sequence data has been deposited in the NCBI
database under the BioProject ID PRJNA1009153.

3 Results

3.1 Taxonomic and functional composition of protist
communities

After removing the non-protist sequences, we obtained
543970 sequences with 3180 protist ASVs across the 72
samples (4500 reads per sample). Four indices were used
to evaluate the alpha diversity of protist communities, includ-
ing evenness, Faith, observed ASVs, and Shannon
(Figs. S1 and S2). The alpha diversity of protist communities
was different statistically between the soils according to
evenness and Shannon index (Fig. S1). While NAG showed
the highest evenness and Shannon, ACH had the lowest

Archaeplastida, Rhizaria, Amoebozoa, and Stramenopiles
were dominant in all soil types (Fig. 1A, B, C). A comparison
of the protist communities in three soil types showed that
each soil consisted of different protist communities. According
to the functional grouping of protists, the protist community
in all soils consists of 45.4%, 37.1%, and 11.8% of
consumers, photoautotrophs, and parasites, respectively
(Fig. 1D, E, F). In ACH, the most dominant group was
Archaeplastida with an average of 47.4% (Fig. 1A), while in
NAG, Rhizaria was the most dominant group with 38.1%
(Fig. 1B). In SHD, Rhizaria and Archaeplastida were the
most dominant groups with 26.0% and 24.7%, respectively
(Fig. 1C). Additionally, in SHD, Alveolata was the third most
dominant group, more dominant than the other two soils
(Fig. 1C). ACH, NAG, and SHD included 35.4%, 59.0%, and
44.8% of consumers, respectively (Fig. 1D, E, and F). NAG
and SHD were dominated by consumers, while ACH was
dominated by photoautotrophs (52.4%). In SHD, parasites
were relatively more abundant than in the other two soils
(Fig. 1F).

3.2 Effect of the nitrogen fertilizers on protist community
composition

The addition of nitrogen fertilizers did not affect evenness,
ASVs, and Shannon Index, although some fluctuations were
observed (Fig. S2). The observed difference was only signif-
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Fig. 1 Relative abundances of the taxonomic (A—C) and functional (D-F) diversity of protist communities in ACH (A and D),

NAG (B and E), and SHD (C and F) soils. Ctrl, control treatment with no fertilizer addition; Urea, Urea treatment; AmP, Ammonium
phosphate treatment; AmS, Ammonium sulfate treatment; AmC, Ammonium chloride treatment; AmN, Ammonium nitrate treat-

ment; KN, Potassium nitrate treatment; and OM, Organic matter.
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treatments in the Shindori soil. The effect of nitrogen fertilizers
on the protist beta diversity in each soil was observed as
shown in Fig. 2. The PERMANOVA analysis showed that
the nitrogen fertilizers significantly affected the beta diversity
in ACH (R2: 0.34108, p < 0.001), NAG (R2: 1.106, p = 0.021)
and SHD (R2: 1.1488, p = 0.006) soils (Fig. 2). In addition,
different applications of nitrogen fertilizers had different
effects on the protist community for each soil. The effects of
Urea, AmC, and AmS were different from the control group
in ACH (Fig. 2A), while AmC, AmS, Urea, and OM applica-
tions in NAG (Fig. 2B) and AmN application in SHD (Fig. 2C)
had the most significant impact.

The effect of nitrogen fertilizers on the protist community
composition was identified by random forest analysis and
the significance of the results was analyzed with the rfPer-
mute package in R (Fig. 3), which indicates only the signifi-
cantly affected taxa. Although the effect of each nitrogen
fertilizer slightly differed in each soil, the random forest anal-
ysis enabled us to detect the protist ASVs that were
commonly affected in all soil types. In Fig. 3A, the specific
ASVs associated with each respective nitrogen fertilizer
application consistently exhibit the highest relative abun-
dance within their corresponding treatment, as indicated by
the green color. We did not observe similar effects of the
application between AmC, AmN, AmS, and AmP, all of
which release ammonium ions, nor between KN and AmN,
which release nitrate ions. For instance, while the specific
ASVs associated with the AmS treatment were observed in
the highest abundance in OM and their lowest abundance
was observed in AmC, the specific ASVs related to the AmC
treatment were observed in the highest abundance in AmN,
and their lowest abundance was found in KN.

The random forest detected ASVs were taxonomically
classified, and they were dominated by Rhizaria, Stra-
menopiles, Amoebozoa, Archaeplastida, Alveolata, Exca-
vata, Opisthokonta, and Hacrobia respectively (Fig. 3B),

(A) R 0.34108, p<0.001 (B)

CS2 (14.5%)
CS2 (16.5%)

CS1(47.7%)

R2: 1.106, p=0.021 ©)
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while their relative abundances were dominated by Amoebo-
zoa, Opisthokonta, Stramenopiles, Rhizaria, Archaeplastida,
Excavata, Alveolata, and Hacrobia respectively (Fig. 3C).
The Urea application exhibited the highest number of ASVs,
followed by AmN, KN, AmC, AmP, OM, AmS, and Citrl,
which affected the least number of ASVs. Rhizaria showed
the highest number of ASVs in all treatments, while
Stramenopiles were more abundant in the fertilized
conditions than in Ctrl (Fig. 3B). As shown in Fig. 3C, Amoe-
bozoa exhibited the highest relative abundance except Ctrl,
where Stramenopiles displayed the highest relative abun-
dance.

When categorizing the number of ASVs based on their
functional classification, consumers had the highest number
of ASVs, followed by photoautotrophs and parasites in this
order. The relative abundance also showed the same
pattern. Consumers accounted for 59.2% of random forest
detected ASVs and the relative abundance was 56.2%
(Figs. 3D and E). Among all treatment groups, as indicated
by mean decrease Gini (MDG), Cercozoa demonstrated the
highest level of susceptibility (Fig. S3).

3.3 Effect of the nitrogen fertilizers on the predatory protists

Using biomarker ASVs that were detected by random forest
analysis, we identified the protist ASVs most affected by the
nitrogen fertilizer application. Figure 4A shows the number
of protist biomarker ASVs in supergroups and phyla of
protists for all soil types and treatments. Rhizaria, Stra-
menopiles, Amoebozoa, and Archaeplastida were the most
abundant supergroups affected by the nitrogen fertilizer
application (Fig. 4A). At the phylum level, Cercozoa
(Rhizaria), Ochrophyta (Stramenopiles), Chlorophyta
(Archaeplastida) and Lobosa (Amoebozoa) were the most
affected. Figure 4B shows the number in functional groups
affected. Nearly two-thirds of the biomarker ASVs, 64.6%,
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Fig. 2 Principal coordinates analysis (PCoA) was performed at the Amplicon Sequence Variant (ASV) level based on the
Bray-Curtis dissimilarity index for Aichi (A), Nagano (B), and Shindori (C) soil samples. Ctrl, control treatment with no fertilizer
addition; Urea, urea treatment; AmP, Ammonium phosphate treatment; AmS, Ammonium sulfate treatment; AmC, Ammonium
chloride treatment; AmN, Ammonium nitrate treatment; KN, Potassium nitrate treatment; and OM, Organic matter. The R? and p
values represent the results of PERMANOVA analysis for the beta diversity.
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were consumers, 49.5% of which belonged to Cercozoa
(Fig. 4B). The top 20 protist sequences based on MDG are
shown in Fig. 4C. Of 20 protist genera, 11 were consumers,
5 were photoautotrophs, and 2 were decomposers. Notably,
Cercomonas sp. emerged as the most prominently affected
protist species. Most of the protist species affected by the
nitrogen fertilizer applications were bacterial predators,
although some fungivorous protists were detected (i.e.,
Vampyrella sp.).

4 Discussion

Although the effect of nitrogen fertilizers on protist

communities is well-studied (Geisen et al., 2018; Guo et al.,
2018; Zhao et al., 2019; Fiore-Donno et al., 2022; Murase
and Asiloglu, 2023), only a few types of nitrogen sources
have been examined, including urea (Krashevska et al.,
2014; Zhao et al., 2019, 2020; Sun et al., 2021; Li et al.,
2021), ammonium nitrate (Picot et al., 2021) and ammonium
sulfate (Murase et al., 2015). In addition, most of the studies
did not evaluate the effect of nitrogen fertilizers in different
soil types. Here we investigated the effects of six inorganic
nitrogen fertilizers and one organic fertilizer on protist
communities in three types of paddy field soils and found
that the application of different fertilizers affected soil protist
communities differently (Figs. 2 and 3). Among the functional
groups, predatory protist communities were the most
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sensitive group to nitrogen addition (Fig. 3D-E and
Fig. 4B-C). Comparison of protist communities in different
soil types under field conditions is often challenging due to
the geographical differences including climate and soil water
content, which are major factors affecting protist communities
(Geisen et al., 2018; Murase and Asiloglu, 2023). To minimize
the effects of the geographical differences, we conducted a
short-term microcosm study to focus on the effects of
several nitrogen fertilizers on soil protist communities. This
approach, which was also used in our previous studies
(Asiloglu et al., 2021c, 2021b), enabled us to directly evaluate
how nitrogen fertilizers shape protist communities in different
soil types.

In our study, the effect of nitrogen fertilizers on protist
community composition was evaluated using both alpha and
beta diversity measures. Only a few significant changes

were observed in alpha diversity indices (Supplementary Fig.
S2), which may have resulted from the short experimental
period in our study. Beta diversity analysis revealed signifi-
cant differences in protist communities between different
fertilizer applications in each soil type in this study (Figs. 2
and 3). The results are in line with previous studies showing
that long-term nitrogen fertilization significantly changed the
community composition of protists rather than alpha diversity
(Li et al., 2021; Zhang et al., 2022).

The random forest analysis provided further insight into
the effect of nitrogen fertilizers on protists. The identification
of specific ASVs associated with each fertilizer application
highlighted the potential for nitrogen fertilization to affect
certain protist taxa. Moreover, the taxonomic classification of
ASVs revealed the sensitivity of Rhizaria, Stramenopiles,
Amoebozoa, and Archaeplastida to nitrogen applications
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(Figs. 3 and 4). The relative abundances of the protist ASVs
affected by nitrogen applications showed that Amoebozoa
and Stramenopiles were particularly sensitive. After the
application of ammonium-based fertilizers, the affected
protist ASVs differed depending on the type of fertilizers
used, suggesting that not only nitrogen sources but also
accompanying ions may alter protist community composition
in the soil. Although nitrogen fertilizers are among the major
factors affecting protists, other fertilizers such as phosphorus
and potassium are also known to alter protist communities,
including predatory protists and green algae (Murase et al.,
2015). We also observed some changes in the effect of the
same fertilization in different soil types, which is in line with
previous reports (Zhao et al., 2019; Murase and Asiloglu,
2023). Therefore, both soil type and applied fertilizer would
be essential determinants of the composition and function of
protists in paddy field soils (Murase et al., 2015) as demon-
strated in upland fields (Xiong et al., 2018).

Predators are the major functional group of protists across
soil ecosystems (Gao et al., 2019), including paddy fields
(Asiloglu et al., 2021c, 2021b; Murase and Asiloglu, 2023).
Compared to the upland soils, the paddy soils include higher
amounts of microbial biomass (Wei et al., 2022), which
would benefit predatory protists. Predatory protists potentially
impact microbial biomass more in rice field soil than in
upland soil (Murase and Asiloglu, 2023). Our previous study
in paddy fields showed that the top-down effects of predatory
protists are more significant than the bottom-up effects of
fertilizers on the bacterial communities (Asiloglu et al.,
2021a). Therefore, fertilizer-induced changes in the predatory
protist communities are likely to affect bacterial community
composition in soil. Predatory protists not only affect bacterial
community composition and function but also modulate
fungal communities (Huang et al., 2021). In this study, we
found several fungivorous protist ASVs (i.e., Vampyrella sp.)
were affected by nitrogen fertilizer applications. This
suggests that fertilizer-induced changes in predatory protist
community composition are likely to affect microbial food
webs and, then, alter microbial communities and functions in
paddy fields. However, still less is known about whether
nitrogen fertilizers directly affect predatory protists or not.
Although ammonium can be toxic to predatory protists
(Puigagut et al. 2005), it is unlikely that toxicity of ammonium
appeared in this study because only a small amount of nitro-
gen fertilizers (0.1 mg-N g soil~!) was added to the soil. A
possible indirect effect of nitrogen fertilizers on predatory
protists could be due to changes in the prey (bacterial and
fungal) communities (Xiong et al., 2018).

Although each nitrogen fertilizer affected different protist
groups, Cercozoa was the most affected taxonomic class in
all of the treatments. According to random forest analysis,
the biomarker ASVs with the highest MDG belonged to

Cercomonas sp. (Cercozoa). Cercomonas sp. is one of the
most common protists in the soil ecosystem and is highly
sensitive to changes in the soil nutrient status (Geisen et al.,
2018; Gao et al., 2019). According to Guo et al. (2021),
Cercozoan protists including Cercomonas sp. alter bacterial
communities and activities, which may have a positive
impact on plant growth. In addition, increases in
Cercomonas sp. population after fertilizer application play a
crucial role in plant health by suppressing a plant pathogen
(Guo et al., 2022). Although Cercomonas sp. has commonly
been known to be bacterivorous, it was shown that they also
feed on fungi, including plant-pathogenic Fusarium sp.
(Geisen et al., 2016). Taking together, it could be concluded
that nitrogen fertilizer application has an important effect on
predatory protist species in the paddy field soil, which in turn
affects microbiome dynamics, nutrient turnover, and plant
production.

5 Conclusion

Here we showed that nitrogen fertilizer application affected
protist community composition based on fertilizer types and
soil types. Although this was a short-term experiment using
the amount of nitrogen typically applied in paddy fields, we
were able to detect important changes in the soil protist
communities. The findings highlight the importance of fertil-
izer application on the protist communities, particularly on
the predatory protists, in the paddy soil. Considering that the
predatory protists are one of the most important determinants
controlling microbial (bacterial and fungal) communities and
functions in paddy field soils, future studies should focus on
trophic interaction between soil microorganisms that may be
modified by fertilizer application.
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