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Abstract
Soil protists, a diverse group of unicellular eukaryotic microorganisms, play a crucial role in soil 
ecosystems by regulating microbial populations, enhancing nutrient cycling, and contributing to 
soil fertility. As microbial predators, they facilitate organic matter decomposition, improve carbon 
sequestration, and interact with plant roots to promote growth, and their predatory activity suppresses 
soil-borne plant pathogens, thereby fostering disease-resistant agroecosystems. Beyond their ecological 
functions, protists serve as bio-indicators of soil health, responding to environmental changes, land 
use practices, and fertilization regimes. Recent advances in molecular techniques have expanded our 
understanding of protist diversity and function. However, research on soil protists remains limited, 
and their potential applications in sustainable agriculture are underexplored. This review examines the 
diversity, functional roles, and agricultural benefits of soil protists, focusing on their contributions to 
nutrient availability, plant-microbe interactions, and disease suppression. The recent methodological 
advancements, research challenges, and future perspectives for integrating protists into soil 
management strategies is also highlighted in this review. Unlocking the potential of soil protists could 
provide innovative solutions for improving soil fertility, enhancing crop productivity, and mitigating 
environmental stressors, ultimately promoting more resilient and eco-friendly agricultural systems.
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INTRODUCTION 

	 Soil is a biologically diverse environment 
that supports various microorganisms essential 
for maintaining its productivity and health. Among 
these, protists, the unicellular eukaryotes, are 
crucial yet often ignored in the soil microbiome.1 
They play essential roles in microbial population 
regulation, significantly influencing plant growth 
and soil health.2 Protists serve as primary 
consumers and predators within soil food webs, 
regulating microbial populations through predation 
on bacteria, fungi, and other microorganisms.3 This 
microbial grazing releases sequestered nutrients, 
promoting soil productivity and plant nutrient 
availability. The concept of microbial loop and its 
extension, the auxiliary microbial loop, highlights 
how protists indirectly enhance plant growth 
by stimulating beneficial rhizosphere bacteria.4 
Also, protists contribute to the improvement in 
soil structure and health by influencing microbial 
enzyme production and decomposition of organic 
matter.
	 Unlike bacteria and fungi, protists are 
highly sensitive to environmental disturbances 
such as fertilization regimes, land use changes, 
and climate fluctuations. Their responsiveness 
makes them valuable bio-indicators of soil health, 
helping to assess the impact of agricultural 
practices.5 Recent studies have shown that 
protistan communities influence the bacterial and 
fungal interactions to promote plant resilience and 
suppress soil-borne pathogens.6 Advancements in 
molecular techniques, such as environmental DNA 
sequencing and high-throughput analysis, have 
significantly improved the ability to understand 
soil protists, revealing their immense diversity and 
functional importance.7

	 Animal-like protists, are dominant in soil 
and play a crucial role in mineral cycling, organic 
matter decomposition, and microbial population 
control.8 These protozoa are classified into four 
groups based on their movement and life cycle 
characteristics. Sarcodines, such as Amoeba, 
move using pseudopodia, which are temporary 
cytoplasmic projections that aid in locomotion and 
capturing food. Ciliates, including Paramecium, 
utilize hair-like structures called cilia for movement 
and feeding. Flagellates, like Giardia, rely on 

whip-like flagella for propulsion through their 
environment. Sporozoans, viz., Plasmodium, are 
typically non-motile in their mature form and 
are often parasitic. In soil ecosystems, flagellates 
and amoeboids are the most abundant protist 
groups, actively feeding on bacteria and regulating 
microbial communities.9 Their predatory activity 
contributes to soil health and fertility by influencing 
the nutrient cycling and microbial dynamics.10

Diversity and functional roles
	 Soil protists are diverse eukaryotic 
microorganisms that play crucial roles in terrestrial 
ecosystems. They are the key drivers of nutrient 
cycling, particularly through their predation 
on bacteria and fungi, which release nutrients 
essential for plant growth.1 Beyond nutrient 
cycling, protists also contribute to soil fertility by 
influencing the diversity of microbial communities 
and promoting organic matter decomposition.10 
Their diversity encompasses various functional 
groups, including bacterivores, fungivores, and 
mixotrophs, each contributing uniquely to soil 
ecological processes. Additionally, protists exhibit 
remarkable adaptability to different environmental 
conditions, thriving in diverse soil habitats ranging 
from agricultural fields to forest ecosystems. 
Their interactions with other soil organisms, such 
as bacteria, fungi, and even plant roots, further 
highlight their importance in maintaining soil 
health and resilience.11

Diversity
	 Soil protists exhibit the highest b-diversity 
among terrestrial, freshwater, and marine 
environments, with over 4,955 unique protist 
sequence variants (ZOTUs) identified across 
different soil types. Soil environments harbor 
the highest taxonomic richness, containing 
approximately 16,000 OTUs of heterogeneous 
protists. This is exceeding the diversity observed 
in aquatic ecosystems, which host 11,000-12,500 
OTUs.12 Soil physicochemical properties, such 
as pH, also influence the protist composition, 
shaping their diversity and distribution.13 Studies 
on switchgrass (Panicum virgatum) indicate that 
bulk soil supports significantly higher protist 
diversity than rhizosphere soil, with a marked 
decline in rhizosphere protist diversity during 
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reproductive and maximal growth stages.8 Clay 
loam soils show greater temporal variability in 
protist diversity than sandy loam soils. However, 
the bulk soil display higher beta-diversity 
fluctuations than rhizosphere samples.14 Specific 
taxa such as Peronosporales, Sandonidae, and 
Colpoda dominate the soil environments, with 
Peronosporales increasing in rhizosphere soil 
during later plant growth.8 Photosynthetic protists 
dominate bulk soil communities, including 
Chlorophyta and Chrysophyceae, contributing 
to primary productivity and organic matter 
decomposition.15 Rhizosphere protists form 
complex co-occurrence networks, particularly 
during peak plant growth. The key hub taxa viz., 
Cercomonas and Paracercomonas played a vital 
role in soil microbial dynamics.16 These findings 
emphasize the importance of protists in soil 
ecosystems and highlight the need for further 
research on their functional roles in microbial 
dynamics.

Functional role
	 Soil protists, microscopic single-celled 
eukaryotes, are vital components of ecosystems, 
performing multiple functional roles. They 
significantly contribute to nutrient availability 
by consuming bacteria, fungi, and other 
microorganisms, releasing essential nutrients 
like nitrogen and phosphorus into the soil.1 
Their interaction within the soil microbiome 
helps in maintaining a balanced ecosystem by 
regulating microbial populations and preventing 
the overgrowth of certain bacterial or fungal 
species.17 Figure 1 illustrates the role of protists 
in agricultural ecosystem. 

Carbon cycling
	 Soil protists play a crucial role in carbon 
cycling by regulating microbial decomposition, 
influencing carbon storage, and contributing 
to organic carbon formation. Photosynthetic 
protists, such as soil algae and some flagellates, 
fix atmospheric carbon through photosynthesis, 
particularly in upper soil layers, enhancing 
soil organic matter content and promoting 
microbial activity.18 Heterotrophic protists, 
including ciliates and amoebae, function as 
predators that control bacterial populations 

and influence nutrient dynamics, while parasitic 
protists contribute to nutrient turnover through 
the host decomposition. Their predation on 
bacteria and fungi enhances microbial turnover, 
accelerating organic matter breakdown and CO2 
release. Studies have shown that protists activity 
increased the litter decomposition by 35% at low 
temperatures, highlighting their stronger role 
in carbon cycling in cooler regions where soil 
carbon storage is higher.19 Additionally, protists 
increased the microbial enzyme production, which 
also enhanced the decomposition and nutrient 
transformation. The soil microbiome, including 
protists, has been identified as a key component 
in global carbon cycling, sequestering 80% of 
the terrestrial carbon stocks and significantly 
mitigating the climate change.2 Understanding 
their functional role in soil carbon dynamics aids 
in developing soil management strategies that 
enhanced the carbon sequestration and promote 
sustainable agriculture.

Soil fertility
	 Soil protists play a vital but often 
overlooked role in soil fertility management. 
These microscopic organisms are abundant 
in soil and serve as primary consumers of 
bacteria, fungi, algae, and nematodes, making 
them crucial players in the soil ecosystem.20 
Their importance stems from their ability to 
enhance plant performance through multiple 
mechanisms. The increased nutrient availability 
through microbial loop, stimulating beneficial 
bacteria that promote plant growth, and helps 
in controlling the harmful microorganisms.21 
Several studies have highlighted key differences 
in how organic and chemical fertilizers influence 
protist communities. Organic fertilizers promoted 
beneficial protist populations, while chemical 
fertilizers tend to favor plant-pathogenic protists. 
Addition of beneficial microbes like Bacillus or 
Trichoderma when applied with organic manures, 
modified the protist communities and reduces 
the harmful protist populations.22 Wang et al.10 
demonstrated that protists act as a central hub 
in soil microbiome networks, connecting various 
soil microorganisms and contributing to complex 
soil food webs. Understanding and managing 
protist communities offers new opportunities for 
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sustainable agriculture by naturally enhancing 
the soil fertility, reducing plant pathogens, and 
improving nutrient transformation.
	 In a controlled greenhouse study, four 
different chemical fertilizers, organic manures, 
organic manures enriched with Bacillus (OF+B), 
and Trichoderma on soil fertility was studied 
and found that organic manures applied soil 
had predatory protists like Stramenopiles, 
Alveolata, Rhizaria, Excavata, and Amoebozoa as 
compared to chemical fertilizer treatment. Bacillus 
added with organic manures reduced the plant-
pathogenic protists, particularly affecting Rhizaria 
and Amoebozoa populations. Higher levels of 
potentially harmful Pythium species, damaging 
thousands of plant species was observed in 
chemical fertilizer treated plots.22

Enhanced bacterial movement 
	 Protists play a crucial role in increasing 
the bacterial movement within rhizosphere, 
influencing the spatial distribution of beneficial 
bacteria such as Sinorhizobium meliloti.23 Micciulla 
et al.24 demonstrated that protists, including 
Colpoda sp., Cercomonas sp., and Acanthamoeba 
castellanii, facilitate bacterial transport through 
ingestion and egestion, surface attachment, 
and hydrodynamic currents generated during 
movement. Colpoda sp. creates feeding currents 
that pull bacteria towards them, transporting 

bacteria without ingestion, while Cercomonas sp. 
carries bacteria on its surface, aiding in dispersal, 
and Acanthamoeba castellanii moves through 
pseudopodia, redistributing bacteria in thin 
water films. A study found that S. meliloti reached 
distal root regions up to 15 cm farther when co-
inoculated with protists as compared to bacterial 
inoculation alone. Colpoda sp. being particularly 
effective in increasing nodule formation in 
Medicago truncatula, resulted in enhanced 
nitrogen fixation.24 This interaction significantly 
improved the plant growth, as co-inoculation of 
protists and S. meliloti resulted in greater shoot 
biomass, comparable to nitrogen-fertilized plants. 
Protists also contribute to releasing of nutrients 
stored in microbial biomass and, benefiting plant 
health.25 These findings highlighted the potential 
role of protists as bacterial transport vectors 
in promoting efficient microbial colonization in 
plant roots, offering promising applications for 
sustainable agriculture.

Protist contributions to agroecosystems
Nutrient availability
	 Protists play a critical role in soil diversity 
and ecosystem functioning, serving as microbial 
predators, nutrient recyclers, and regulators of 
microbial populations. These microorganisms 
enhance nitrogen and phosphorus availability, 
by consuming bacteria and fungi, releasing 

Figure 1. Functional role of protists in Agricultural ecosystems
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essential nutrients into the soil. Clarholm26 
demonstrated that protists increased the plant 
nitrogen uptake by 75% through microbial 
grazing under controlled experimental conditions. 
Bonkowski et al.27 reported that soils inoculated 
with bacterivorous protists (Acanthamoeba 
castellanii) increased the phosphorus uptake in 
spruce seedlings by 30%, improved the mycorrhizal 
colonization in plant roots, and allowed more 
efficient phosphorus absorption through fungal 
networks. Another study conducted by Herdler 
et al.28 showed that inoculating the free-living 
amoebae into the rhizosphere of rice increased 
the root length and surface area in plants leading 
to improved phosphorus accumulation (25%). 
Protists also influence soil fertility by enhancing 
nitrogen fixation through bacterial and archaea 
interactions.29 A study conducted by Clarholm26 in 
nitrogen and phosphorus-deficient soils indicated 
that presence of protists increased the phosphorus 
solubilization by 40% via releasing bioavailable 
phosphorus through bacterial predation and 
increased nitrogen mineralization as ammonium 
(NH4

+) excretion, resulting in 75% higher nitrogen 
uptake by plants in a rhizosphere study.

Plant growth
	 Protists, particularly microbe-consuming 
taxa such as cercozoan species, play a significant 
role in promoting plant growth by fostering 
beneficial interactions within the soil microbiome.4 
Protists influence the rhizosphere microbiome, 
like Cercomonas lenta, which impacts rhizosphere 
bacterial communities by increasing the abundance 
of plant-beneficial bacteria like Pseudomonas 
and Sphingomonas, and reducing potentially 
antagonistic taxa such as Chitinophaga. These 
interactions enhanced the key processes such 
as biofilm formation, nutrient solubilization, and 
rhizosphere colonization, resulting in improved 
plant performance. Inoculation of C. lenta in 
cucumber plants increased the biomass by 92% 
in a rhizosphere study which linked to enhanced 
phosphate solubilization and suppression of 
antagonistic bacteria. This demonstrates the 
potential of protists as biological agents in 
sustainable agriculture to stimulate plant-
beneficial microbial consortia and improve 
nutrient availability and plant health.9,30 It plays 

a crucial role in soil diversity, with communities 
that vary across soil types, plant species, 
and environmental conditions. Studies have 
demonstrated that inclusion of organic manures 
and biofertilizers significantly enhanced the crop 
yields, correlating with pronounced shifts in 
protistan communities.31 The protists contribute 
to plant performance through several mechanisms 
like enhancing nutrient turnover, suppressing plant 
pathogens like Fusarium, and promoting plant-
beneficial microorganisms such as Trichoderma, 
Pseudomonas, and Aspergillus.9 Protists excrete 
ammonia (NH4

+) in a plant assimilable form and 
stimulate nutrient input by acting as carbon fixers 
and releasing after prey of N.32 Rice roots attract 
protists, which increased the nutrient solubility 
and availability by modulating the rhizosphere 
microbes.33 Recent research information on protists 
as predators of selective rhizosphere bacteria and 
fungi indicates its impact on modulating the plant 
growth promoting microbial communities.32,34

	 In the rhizosphere, bacterivorous 
protists, such as Acanthamoeba castellanii, 
enhanced the plant growth by regulating the 
bacterial microbiome and influencing the nutrient 
availability. Additionally, soil protists interact 
with mycorrhizal fungi, improving phosphorus 
acquisition and root architecture. Greenhouse 
experiments with cercozoan taxa like Cercomonas 
lenta and Cercomonas S24D2 showed a significant 
increase in plant biomass with their effects 
amplified in the presence of beneficial fungi like 
Trichoderma.3 The co-inoculation of heterotrophic 
protists and plant growth-promoting rhizobacteria 
(PGPR) such as Azospirillum sp. demonstrated 
a synergistic effect on early rice plant growth 
in sterilized soil. Protists enhanced the survival 
of PGPR, significantly improving plant biomass 
(155.1%) and nitrogen uptake (226.0%).35 Qihui 
et al.36 states that the interaction between 
protists and Bacillus reshaped rhizosphere 
bacterial communities, increasing the tomato’s 
fresh weight, dry weight, and plant height. High-
throughput sequencing revealed that protists 
altered the indigenous bacterial community, 
benefiting specific genera like Azospirillum and 
Massilia while reducing others. These findings 
highlighted the potential of leveraging protists 
as sustainable biofertilizers to manipulate soil 
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Table 1. Different species of protists in soil and its role in plant growth promotion

Protozoan	 Host	 Associated	 Root	 Increased	 Shift in	 Ref.
Species	 Plants	 Bacteria	 Structure 	 biomass	 Bacterial
			   Modification		  Community

Vermamoeba vermiformis,	 Oryza 	 Azospirillum	 Yes	 Yes	 Yes	 35
Naegleria sp., Colpoda steinii,	 sativa 	 sp. B510
Heteromita globosa	
Acanthamoeba castellani	 Arabidopsis	 Native soil	 Yes	 Yes	 ND	 37
	 thaliana	 bacterial 
		  community
Cercozoan protists	 Cucumis sativus	 Trichoderma, 	 Yes	 ND	 Yes	 3
		  Plant-beneficial 
		  microorganisms
Cercomonas lenta	 Cucumis sativus	 Pseudomonas, 	 ND	 Yes	 Yes	 30
		  Sphingomonas, 
		  Chitinophaga
Cercomonas longicauda, 	 Zea mays 	 Native soil	 ND	 Yes	 Yes	 38
Tetrahymena pyriformis, 		  bacterial
Acanthamoeba polyphaga		  community

microbiomes and improve agricultural productivity 
in an environmental friendly manner. Table 1 
represents the role of different protists species in 
plant growth promotion.
 
Disease suppression
	 Protists play a critical role in disease 
suppression within the soil  microbiome, 
functioning as key regulators of soil health and 
plant pathogen control. 

Mechanisms of suppression
	 Their ability to increase soil borne 
pathogen suppressiveness is attributed to their 
predatory behavior, which regulates populations 
of pathogenic microorganisms while fostering 
beneficial microbial communities.6 Studies have 
highlighted the association between protist activity 
and improved nutrient cycling, which indirectly 
supports plant defense mechanisms. Furthermore, 
protists contribute to the establishment of 
disease-suppressive soils by influencing soil 
moisture and nutrient availability. Specific soil 
microbiomes enriched with protists have been 
shown to suppress pathogens like Fusarium and 
Rhizoctonia solani through microbial predation 
and the induction of plant systemic resistance39 

(Figure 2). These suppressive effects are often 
linked to complex soil legacies and manipulations, 
such as crop rotations and organic amendments, 

which enhanced the soil’s capacity to sustain a 
diverse and functional microbiome. 

Experimental evidence of suppression
	 The suppressive mechanisms are 
supported by direct experimental evidences 
from various studies. For instance, Naegleria 
altered the rhizosphere bacterial community 
across tomato growth stages, increasing beneficial 
bacteria like Pseudomonas and reducing Ralstonia 
solanacearum.40 Similarly, addition of Cercomonas 
lenta along with poultry manure suppressed the 
Fusarium oxysporum by 85% while increasing the 
density of Bacillus.41 The suppression of Rhizoctonia 
solani has been linked to an increased presence 
of pathogen-suppressing microorganisms,42 
while Pythium ultimum is controlled through 
the biosynthesis of extracellular secondary 
compounds by Pseudomonas fluorescens.43 
Additionally, amoebae species have been found 
to produce extracellular secondary compounds 
that suppress Xanthomonas oryzae pathovars 
oryzae and oryzicola,44 and protists directly 
consume Ralstonia solanacearum, reducing its 
prevalence.30 These interactions demonstrate the 
potential of protists as natural disease suppressors, 
contributing to sustainable agricultural practices 
by promoting healthier soils and reducing reliance 
on chemical pesticides.
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Interaction of  soi l  protists  with other 
microorganisms
	 In soil ecosystems, bacteria-feeding 
protists play a crucial regulatory role in shaping 
microbial communities. They exert predation 
pressure that act as a significant selective force 
driving bacterial evolution and adaptation. 
Unlike aquatic environments, soil protists 
operate within a complex spatial structure that 
influences predator-prey dynamics. Ronn et 
al.45 used advanced molecular tools to study soil 
bacterial communities and found the absence of 
grazing-resistant filamentous forms common in 
aquatic systems, suggesting distinct evolutionary 
adaptations in soil environments. In response to 
protist predation, bacteria have developed various 
defense mechanisms, including the production 
of toxic compounds46-49 and antibiotic-resistant 
systems.17 For example, Chromobacterium 
violaceum produces a quorum-sensing-regulated 
toxic pigment called violacein to evade predation,50 
while Pseudomonas fluorescens responds to 
grazing by Naegleria americana by upregulating 
lipopeptide and putrescine biosynthesis,51 
highlighting specific adaptations in competitive 
rhizosphere environment. 
	 Advanced molecular techniques such as 
fluorescent in situ hybridization, stable isotope 

probing, metagenomics, phospholipid fatty 
acid (PLFA) analysis, and 16S rRNA amplicon 
sequencing have provided insights into these 
interactions.52-54 PLFA analysis indicates that 
Gram-positive bacteria, particularly Arthrobacter 
spp., tend to increase in response to protist 
grazing, whereas Gram-negative bacteria often 
decline,45,55 suggesting that the complex cell-wall 
structure of Gram-positive bacteria makes them 
less suitable as a food source. However, some 
Gram-negative bacteria, such as Pseudomonas 
spp., resist protist grazing.45 Protists also influence 
fungi and other microbial groups within the soil 
microbiome. They can indirectly promote fungal 
colonization of plant roots by modifying bacterial 
communities that interact with mycorrhizal 
fungi. Furthermore, predatory protists can alter 
competitive interactions between bacteria and 
fungi, enabling beneficial fungal taxa to thrive.8 It 
additionally affect the presence of plant growth-
promoting rhizobacteria (PGPR), which are 
predominantly found in the Proteobacteria and 
Bacteroidetes phyla. Protist inoculation has been 
shown to enhance the survival of Azospirillum sp. 
(B510), a beneficial nitrogen-fixing bacterium, 
promoting its positive effects on rice growth by 
enhancing nitrogen mineralization and increasing 
bacterial genes involved in nitrogen cycling 

Figure 2. Role of Protists in disease suppression and in soil microbiome
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processes such as dissimilatory nitrate reduction 
and nitrate assimilation.35

Methodological approaches for studying soil 
protists
	 Advancements in molecular techniques 
have significantly improved the study of soil 
protists, revealing their vast taxonomic and 
functional diversity. High-throughput sequencing 
methods, such as targeting hyper-variable 
regions of 18S rRNA gene like V4 and V9, have 
revolutionized protist diversity surveys.56 Beyond 
these, meta-transcriptomics has emerged as a 
powerful approach for analyzing metabolically 
active protist communities by sequencing small 
subunit ribosomal RNA (SSU rRNA) transcripts, 
providing deeper insights into community 
composition.57

	 The use of multiple primer sets for 
metabarcoding has further enhanced taxonomic 
resolution, minimize biases in protist richness 
assessments.58 Metagenomics, which sequences 
entire genomic content without PCR amplification, 
allows functional profiling of protist communities, 
unveiling their metabolic potential and interactions 
with other microorganisms.59 Additionally, full-
length 18S rRNA gene sequencing using long-read 
technologies has improved taxonomic resolution 

and species identification.60 Hybrid methodologies 
that combine culture-dependent and molecular 
approaches are also being adopted to validate 
the findings and minimize sequencing biases.61 
Furthermore, advancements in bioinformatics 
pipelines are streamlining the analysis of large 
datasets, enabling more precise phylogenetic 
and ecological interpretations.62 These integrated 
molecular approaches are transforming the 
understanding of soil protists, their ecological 
roles, and responses to environmental changes. 
Figure 3 illustrates the Molecular Strategies for 
Soil protist analysis.

Applications of soil protists in sustainable 
agriculture
	 Soil protists play a crucial role in 
sustainable agriculture by enhancing plant 
growth, improving soil health, and suppressing 
plant diseases (Table 2). They contribute to 
increased nutrient uptake and boost crop yields 
by facilitating the release of essential nutrients 
through microbial interactions.63 Their role in 
maintaining soil health is equally significant, as 
they improve microbial diversity and accelerate 
organic matter decomposition, leading to better 
soil structure and fertility.18 Additionally, protists 
help suppress phytopathogens by reducing harmful 

Figure 3. Integrative Molecular Strategies for the analysis of Soil Protists
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microbial populations while promoting beneficial 
microbes that enhanced the plant resilience. 
Natural biocontrol agents support the growth 
of beneficial bacteria such as Pseudomonas and 
Bacillus, which further aid in disease suppression 
and nutrient solubilization.41 By integrating protists 
into farming systems, eco-friendly agricultural 
practices can be promoted, reducing reliance on 
chemical fertilizers and pesticides while ensuring 
long-term soil sustainability and improved the crop 
productivity.44

Challenges
	 Despite significant progress, the study 
of soil protists faces numerous challenges. 
Primer biases and amplification errors in high-
throughput sequencing lead to incomplete 
or  inaccurate representat ion of  protist 
diversity.65 The lack of comprehensive and 
curated genetic reference databases further 
complicates taxonomic assignments, leaving many 
sequences unidentified.66 Moreover, functional 
interpretations of molecular data remain limited, 
as many protists’ ecological roles and interactions 
are poorly understood. Technical difficulties 
in isolating and culturing novel taxa restrict 
experimental validation of molecular findings. 
Despite these advancements, several technical 
challenges remain unanswered. Primer bias can 
skew metabarcoding results due to preferential 
amplification of certain taxa, leading to under 
representation of others.58,65 Sequencing limitations 
also pose issues, as short-read technologies may 
fail to distinguish closely related species, while 
long-read methods, though more precise, are 
often costly and less accessible.59,66 Additionally, 
many protist sequences lack reference genomes, 
making functional predictions uncertain and 
hindering accurate ecological interpretations.65 

These limitations underscore the need for 
integrative approaches that combine molecular 
data with ecological and morphological studies to 
elucidate the multifaceted roles of protists in soil 
ecosystems.9

CONCLUSION

	 Soil protists are vital components of soil 
ecosystems, playing crucial roles in nutrient cycling, 
microbial regulation, and pathogen suppression, 
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contributing significantly to soil fertility and plant 
health. Their diverse interactions within the soil 
microbiome enhance nutrient availability, promote 
beneficial microbial populations, and suppress 
plant pathogens naturally. Despite their ecological 
importance, challenges such as cultivation 
difficulties and limited taxonomic characterization 
restricted their agricultural application. However, 
recent advances in molecular techniques, including 
high-throughput sequencing and metagenomics, 
have expanded our understanding on protist 
diversity and function. 
	 Therefore, integrating protists into 
sustainable agriculture through organic manures 
and microbiome management certainly improves 
soil health and crop productivity. This approach 
directly supports broader sustainability goals by 
reducing reliance on synthetic chemical inputs 
and enhancing the long-term resilience of 
agroecosystems.
	 Future research must focus on optimizing 
protist-based biofertilizers, exploring synergistic 
interactions with bacteria and fungi, and identifying 
key taxa that influence plant growth, yield, and 
resilience to abiotic stresses such as drought and 
salinity. The application ofartificial intelligence 
and machine learning aid in deciphering complex 
protist dynamics in soil ecosystems. Overcoming 
existing research challenges will enable better 
utilization of protists in enhancing soil resilience. 
Their application in agroecosystems holds 
greater promise for sustainable food production. 
Unlocking the full potential of soil protists 
revolutionizes eco-friendly, sustainable soil fertility 
and plant nutrition.

Future perspectives
	 Future research on soil protists will focus 
on their potential applications in sustainable 
agriculture, particularly in enhancing soil fertility 
and plant health. Developing effective methods 
for large-scale production and application of 
beneficial protists as biofertilizers and biocontrol 
agents could revolutionize soil management 
practices and improve plant nutrition. Advances 
in molecular techniques, including metagenomics, 
metatranscriptomics, and proteomics, are 
expected to uncover the functional roles of protists 

in nutrient cycling and microbial interactions. 
Future advancements will also aim to bridge 
knowledge gaps by linking taxonomic diversity 
with functional traits. Efforts to develop more 
universal primers and expand genetic reference 
databases are essential to overcome current biases 
and enhance accuracy in diversity assessments. 
Artificial intelligence and machine learning are 
anticipated to play vital roles in analyzing complex 
datasets, predicting protist functions, and modeling 
ecosystem-level interactions. Understanding the 
mechanisms through which protists influence 
root exudation, auxin signaling, and plant nutrient 
uptake will further clarify their contributions to 
crop resilience. Their role in mitigating stress under 
drought, salinity, and heavy metal contamination 
also requires deeper exploration. Long-term field 
studies are necessary to evaluate the impact of 
protist-driven microbial shifts on soil health and 
agricultural productivity. Additionally, protists 
show promise as bioindicators for soil quality 
monitoring and pollution assessment in precision 
agriculture. Collaborative research among 
molecular biologists, ecologists, and taxonomists 
will be the key to leveraging the full potential of 
protists in ecosystem management. Policy support 
for the adoption of protist-based technologies can 
promote their integration into sustainable farming 
systems. Ultimately, harnessing soil protists 
offers innovative and eco-friendly solutions to 
support global food security and environmental 
sustainability.
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