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biocontrol agents. We also provided information on 
isolation techniques and application methods of pred-
atory protists that can be used as biocontrol agents in 
agricultural systems.
Conclusion  We highlighted that predatory protists 
can be an important solution for the sustainable man-
agement of plant pathogens. Since there is a huge 
knowledge gap in this area, further studies should 
focus on protist-pathogen interaction and its applica-
tion for sustainable plant productivity.
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Introduction

Sustainable agriculture is essential for meeting the 
challenges that agricultural and food systems around 
the world are facing. The aim of sustainable agricul-
ture is to improve food security and nutrition for all, 
alleviate poverty, conserve natural resources, mitigate 
climate change, and build more sustainable, resil-
ient, and inclusive food systems. One of the main 
challenges in maintaining sustainable agriculture is 
the plant pathogens, which are mainly controlled by 
excessive usage of chemicals, especially pesticides, 
and are harmful to the environment (Kaur et al. 2024).

The major plant pathogenic microorganisms 
include bacteria, fungi and protists (mainly oomy-
cetes). The plant pathogens in the rhizosphere, the soil 
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Background  Biological control (biocontrol) organ-
isms are the key component of the sustainable agri-
culture. Although the majority of the research on 
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protists in pathogen suppression through direct (by 
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ing bacterial activities related to pathogen suppres-
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protists in plant pathogen suppression, and 2) high-
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surrounding the roots of the living plants, have seri-
ous negative effects on plant health (Dean et al. 2012; 
Mansfield et  al. 2012). Infection by plant pathogens 
leads to changes in primary metabolism that affect 
plant growth and development, as well as changes in 
secondary metabolism based on the induction of plant 
defenses (Asadi and Millar 2024). Thus, the attack 
by the plant pathogens on the plant roots causes a 
decrease in the yields, even when the pathogen-plant 
interactions do not show obvious disease symptoms 
(Chaloner et al. 2021). Protection against plant patho-
gens is one of the primary necessities to maintain the 
agricultural production. Pesticides are the most com-
mon approach to disease control in agriculture. How-
ever, some pesticides have adverse effects on human 
health, the environment, and living organisms (Kaur 
et  al. 2024), which makes researchers around the 
world to search for alternative strategies to pesticides. 
Currently, the best alternative strategy is the micro-
bial biological control agents (biocontrol agents) that 
are the key components of sustainable agriculture, 
offering potentially eco-friendly and long-term solu-
tions for integrated plant pathogens and disease man-
agement (Trivedi et al. 2020).

Research on biocontrol agents and their use in 
agriculture to reduce the infection density and dis-
ease-causing activity of pathogens has spread rap-
idly in recent decades. Biocontrol-mediated disease 
suppression is the results of interactions between 
plants, pathogens and microbial communities in the 
rhizosphere soil (Trivedi et  al. 2020). Several bacte-
rial genera such as Bacillus, Pseudomonas and Agro-
bacterium, and fungal genera such as Trichoderma, 
Talaromyces and Candida have been registered and 
are currently being used as biocontrol agents (Trivedi 
et  al. 2020). The biocontrol agents belonging to 
bacteria and fungi employ a range of mechanisms 
including antimicrobial activity, resource competi-
tion with plant pathogens, interference with pathogen 
virulence, and induction of plant defenses to protect 
plants from diseases caused by the pathogens (Tham-
bugala et  al. 2020; Bonaterra et  al. 2022). In recent 
years, it has been recognized that not only bacteria 
and fungi but also protists play important roles in 
the pathogen control (Xiong et  al. 2020). However, 
despite countless studies that have been conducted 
for bacteria and fungi in the biocontrol context, less is 
known about protists, the vast majority of eukaryotes. 
To the best of our knowledge, this is the first review 

directly focusing on predatory protists as biocontrol 
agents.

Protists are extremely diverse and abundant and 
play important roles in the soil ecosystems including 
the rhizosphere (Geisen et al. 2018; Murase and Asi-
loglu 2023). Nearly half of the protist taxa are preda-
tors feeding on microbes. The decomposer protists 
are one of the key microorganisms in nutrient cycling 
through the decomposition of organic matter (Geisen 
et  al. 2018). Protists with photosynthesis ability are 
crucial members of soil carbon cycling and they 
mainly inhabit the top layer of soil where the sunlight 
is adequate (Jassey et al. 2022). Several members of 
protists are parasites and plant pathogens that have 
important negative impacts on host health and plant 
productivity, respectively (Mahé et al. 2017). Among 
the functional groups, predatory protists that feed on 
bacteria, fungi, and other microbes are the most abun-
dant and taxonomically diverse group of protists in 
several soil ecosystems (Gao et  al. 2019). There are 
important consequences of predatory protists feed-
ing on the prey microorganisms. Firstly, the preda-
tory activity of protists is one of the major factors 
controlling community composition and population 
of the soil microbiome (Asiloglu et al. 2021a). Once 
a protist feeds on a microorganism, excess nutrients 
including nitrogen, phosphorus, and other microele-
ments are released into the environment, which then 
become available for non-preyed microorganisms and 
plants (Gao et al. 2019). Thus, predators do not only 
decrease the targeted bacterial populations but also 
have a positive impact on the remained or the non-
preyed microbial communities. The presence of pro-
tists in the rhizosphere soil has a positive impact on 
plant growth and productivity through nutrient turn-
over and enhanced bacterial activities (Bonkowski 
2004; Gao et al. 2019; Murase and Asiloglu 2023).

In addition to the effects of predatory protists on 
microbial communities and plant growth, predatory 
protists play important roles in pathogen suppres-
sion through direct (by feeding on plant pathogens) 
and indirect (by enhancing bacterial activities related 
to pathogen suppression) mechanisms. This review 
focuses on the role of predatory protists in control-
ling plant pathogens. We argued that predatory pro-
tists can be promising biological control agents, pre-
senting current research findings. Furthermore, we 
explained how to isolate and use predatory protists for 
agricultural applications.
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Roles of predatory protists in the suppression 
of plant pathogens

Predatory protists are involved in the suppression 
of plant pathogens and have a vast potential to be 
used as biocontrol agents. Two distinct mechanisms 
are involved in how predatory protists suppress the 
growth and disease incidence of the plant pathogens: 
the indirect mechanism, where protists enhance bacte-
rial secondary metabolite production that is involved 
in pathogen suppression, and the direct mechanism 
through predation on the plant pathogens (Fig. 1).

The indirect mechanism

Predatory protists have selective feeding behavior 
meaning that not all bacteria can be preyed upon 
(Gao et  al. 2019). Bacteria can sense chemical cues 
from protists and can survive predation through 
adaptations such as changes in cell size and shape, 
increased motility, filamentous formation, and secre-
tion of defensive secondary metabolites (Matz and 
Kjelleberg 2005). Among them, the secretion of 
defensive secondary metabolites is also known to 
suppress the growth of plant pathogens (Bonaterra 
et  al. 2022). This was first shown by Jousset et  al. 

(2006) who studied the interactions of three different 
protists (amoeba, ciliate, and flagellate) with Pseu-
domonas fluorescens strain CHA0, a root-colonizing 
biocontrol agent. They showed that the exometabolite 
production in P. fluorescens CHA0 was contributed to 
the avoidance of protist predation and helped P. flu-
orescens CHA0 to sustain higher populations in the 
rhizosphere. Later, the same group also showed that 
predator–prey interactions were determinants of toxin 
production by Pseudomonas fluorescens in the rhizo-
sphere (Jousset and Bonkowski 2010). Although the 
studies by Jousset et al. (2006, 2010) did not focus on 
plant pathogens, their findings on how predatory pro-
tists enhance bacterial secondary metabolite produc-
tion including toxins became a key component of the 
later studies on the protist-pathogen interaction.

The indirect mechanism of pathogen suppression 
by predatory protists often studied in field conditions 
where addition of organic fertilizers enhanced preda-
tory protists’ abundance, which then enhanced the 
bacterial activities on secondary metabolite produc-
tion, resulting in suppression of the plant pathogens 
(Fig. 1). One of the initial studies showing the indi-
rect mechanism of predatory protists to control plant 
pathogens were conducted by Xiong et  al. (2020), 
who studied the rhizosphere microbiome of the 

Fig. 1   Mechanisms of 
pathogen suppression by 
predatory protists in the 
rhizosphere soil. Pres-
ence of predatory protists 
enhance bacterial secondary 
metabolite production (prey 
defense), which is known 
to suppress the growth of 
plant pathogens, protecting 
plants. Organic fertiliza-
tion causes an increase in 
the abundance of preda-
tory protists, enriching the 
pathogen-suppressive bac-
teria. It often triggers the 
indirect mechanism (Left). 
Predatory protists directly 
feed and grow on plant 
pathogenic microorganisms 
and suppress their growth 
and disease incidences via a 
direct mechanism (Right)
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healthy and diseased tomato plants. They showed a 
negative correlation between the abundance of preda-
tory protists and the plant pathogens. The bacterial 
metabolism gene analysis showed that the predatory 
protists enhanced bacterial activities in pathogen-
suppressing secondary metabolite production, which 
mitigated success in pathogen control. Later, Guo 
et  al. (2022) investigated soil and root microbiomes 
in banana cultivation under long-term conventional 
and organic fertilization systems, which was suf-
fering from the Fusarium wilt disease. In the treat-
ments with organic fertilization, disease incidence 
was reduced and yield was increased. Their results 
showed that the decrease in the disease incidence 
was best explained by relatively higher abundance of 
predatory protists and pathogen-suppressive bacteria 
in the organic fertilization treatments. The confirma-
tion experiments showed that the interaction between 
Cercomonas spp. and Bacillus spp. suppressed the 
plant pathogens and enhanced the plant health (Guo 
et al. 2022). Similarly, the protist-bacteria interaction 
suppressing the plant pathogen, Fusarium sp., in the 
rhizosphere of broad bean has been also shown previ-
ously (Bahroun et al. 2021).

In a more recent study, Gao et  al. (2024) studied 
the protist communities in the soil of healthy and dis-
eased chili peppers affected by Fusarium wilt disease, 
and integrated the data with the bacterial and fun-
gal communities from previous studies. The results 
showed the enrichment of predatory protists in dis-
eased chili peppers. Differences were also observed in 
the networks among predatory protists, bacteria, and 
fungi in healthy and diseased chili peppers. The rela-
tive abundance of several functional genes associated 
with bacterial prey defense was found to be increased 
in diseased chili peppers, along with the increased 
relative abundance of predatory protists. Their results 
highlighted the indirect role of protists in the rhizos-
phere under pathogenic stress by influencing micro-
bial community and functionality (Gao et  al. 2024). 
As predatory protists indirectly reducing plant dis-
eases is a recent hot topic, the number of studies has 
been increasing for several plant species under differ-
ent environmental conditions. Although in each con-
dition, predatory protist species, protist-affected bio-
control bacterial species, and pathogens are changing 
(Guo et  al. 2024), the mechanism remains the same 
(Fig. 1). Further efforts on enhancement of pathogen-
suppressing predatory protist abundances in field 

conditions should allow us to create sustainable man-
agement of the plant pathogens.

The direct mechanism

Although facultative and obligate mycophagous pro-
tists that feed on plant pathogenic fungi have long 
been recognized (Drechsler 1936; Old and Darbyshire 
1978; Chakraborty and Old 1982; Petz et  al. 1985; 
Ekelund 1998), the majority of the researchers treated 
protists as solely bacterivorous; probably due to that 
it is relatively easier to study bacterivorous protists 
via the traditional cultivation methods (Geisen et  al. 
2016). Nevertheless, several studies have proved that 
protists directly feed on important plant pathogens 
(Drechsler 1936; Chakraborty and Old 1982). As 
early as 1936, two testate amoeba species attacking 
oospores of Pythium ultimum, an important pathogen 
of hundreds of plants, have been reported (Drechsler 
1936). Since then, studies focused on amoeba preying 
on fungal species. Among those studies, a few showed 
that protists can directly feed on plant pathogenic 
fungi, leading to the development of the first idea 
using protists (amoeba) as biocontrol agents in 1970s 
(Old and Patrick 1979). Later studies isolated pro-
tists from the pathogen-infected fields. For instance, 
an amoeba that was isolated from a field experienc-
ing a decline in the take-all disease was tested for its 
efficiency in feeding on three plant pathogenic fungi 
(Chakraborty and Old 1982). Although promising 
results for protists feeding on pathogens are obtained, 
to the best of our knowledge, all studies conducted in 
laboratory cultures and protists have not been tested 
as biocontrol in the presence of plants with either pot 
or field experiments.

After 1980s, protist-plant pathogen interactions 
have been mostly neglected until the study conducted 
by Geisen et  al. (2016), in which the mycophagous 
protists in the soil food web were revisited. Thanks 
to the recent development in molecular biology, they 
were able to show that mycophagous protists had a 
greater diversity than previously assumed and feed on 
a variety of fungi, including plant pathogens (Fusar-
ium sp.). Their study was conducted to investigate 
eight protist isolates (Acanthamoeba sp., Acantham-
oeba castellanii, two Cercomonas sp., Cryptodifflugia 
operculate, Leptomyxa sp., two Mayorella sp., and 
Thecamoeba sp.) for their feeding habits on diverse 
fungi (Saccharomyces cerevisiae, Cryptococcus 
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laurentii, and Fusarium culmorum). Two flagellates 
of the genus Cercomonas, the testate amoeba Crypto-
difflugia operculata, and four genera of naked amoe-
bae (Acanthamoeba sp., Leptomyxa sp., two Mayor-
ella sp. and Thecamoeba sp.) that was previously 
assumed to be solely bacterivorous feed on fungi. 
Four genera (Cercomonas sp., Leptomyxa sp., Mayor-
ella sp., and Thecamoeba sp.) grew on spores of the 
plant pathogenic fungi, F. culmorum. In addition, 
Guo et al. (2024) investigated microbial mechanisms 
of suppression of Rastonia solanacearum. From the 
rhizosphere soil of tomato, they isolated the predatory 
protist, Colpoda sp., that was thought to suppress R. 
solanacearum. The greenhouse experiments using a 
sterilized soil showed that Colpoda sp. directly con-
sumed R. solanacearum. This indicates that Colpoda 
sp. had a direct impact on the incidence of disease. 
Ren et al. (2023) studied the soil microbiome of bulk 
and rhizosphere soil of sorghum with inorganic and 
organic fertilizers in the long term. Although their 
research does not directly prove that protists feed on 
pathogens, they showed that the decrease in the rela-
tive abundance of fungal plant pathogens was sig-
nificantly correlated with the enhanced relative abun-
dance of the predatory protists and they conclude that 
rather than bacterial taxa, predatory protist were the 
predictors of the decrease in the abundance of fun-
gal pathogens. Similarly, a study in the paddy fields 
showed a negative correlation between the relative 
abundance of predatory protists and Pythium sp. (Asi-
loglu et  al. 2021c). In conclusion, predatory protists 
have the potential to directly control plant pathogens, 
which is likely to be a better solution than the indi-
rect mechanism. Although recently, studies focusing 
on the direct effect of protists on plant pathogens have 
been increasing (Sacharow et  al. 2023; Guo et  al. 
2024), more studies are needed to evaluate the effi-
ciency of protists as biocontrol agents. Perhaps, iso-
lating potential biocontrol protist species and testing 
the efficiency with pot and field experiments would 
allow the development of the first protist biocontrol 
agent.

Contradictory section: association of protists with the 
pathogens

Although the majority of the studies on predatory 
protist–plant pathogen interactions reported the posi-
tive impact of predatory protists, potentially protists 

can carry, protect, and enhance the survival of patho-
genic microorganisms, especially bacteria (Goura-
bathini et al. 2008). Indeed, the association of food-
borne pathogenic bacteria with predatory protists is 
considered as an important factor for the maintenance 
of these pathogens in the environment (Vaerewi-
jck et al. 2014). Protists are common in food-related 
environments and even on foods (Vaerewijck et  al. 
2014). Since several bacterial species cannot be fully 
digested by protists, some bacteria can survive and 
grow inside the food vacuole of predatory protists 
(Gourabathini et  al. 2008) and even escape into the 
environment (Santos and Enninga 2016). Studies 
showed that predatory protist species such as Acan-
thamoeba sp. and Tetrahymena sp. act as a host to 
foodborne pathogenic bacteria and protect internal-
ized bacteria from desiccation and exposure to dis-
infectants (Snelling et  al. 2006) and low concentra-
tions of calcium hypochlorite (Brandl et  al. 2005). 
Although, so far, no similar case has been reported 
in the soil ecosystem and almost all of the related 
studies focused on the foodborne pathogens, similar 
interactions may occur between predatory protists 
and soil-borne pathogenic bacteria or fungal spores. 
Therefore, the possibility of protists being carriers 
or protectors of plant pathogens should be carefully 
investigated before they can be used as biocontrol 
agents. In addition, although so far, no risks of using 
predatory protists as biocontrol agents have been 
reported in the soil ecosystem, potentially, predatory 
protists can feed on beneficial bacteria and enhance 
the growth of plant pathogens. The risks of using 
predatory protists as biocontrol agents should be con-
firmed strictly in further studies.

Isolation and culture

Traditional methods are still used to isolate preda-
tory protists. Briefly, an appropriate dilution of soil 
can be cultured in 96-well plates including Amoeba 
Saline nutrient solution (Page 1988) supported with 
Escherichia coli as a food source, which is one of the 
most often used methods. Although the dilution rates 
can be changed depending on soil type and the aim, 
50 µL of × 1000 dilution of soil solution and 100 µL 
Amoeba Saline nutrient solution with E. coli cells 
(final volume of 107 cells mL) often provide good 
results. However, the isolation of protists that directly 
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feed on plant pathogens requires some modifications. 
Two steps are crucially important, the food microor-
ganism and the separation method of different pro-
tist species. A small modification in the food source 
can provide an efficient solution to isolate predatory 
protists that feed on pathogenic organisms. Using 
the plant pathogen species, even its spores, as a sole 
food source would allow almost exclusive growth 
of predatory protists that can feed on the pathogens 
(symbiotic protists should be considered). Then serial 
dilutions till a few or a single cell is left can be effi-
cient enough. Other methods such as the migration 
method (Neff 1958), centrifugation, and pipetting 
method (works for big-size protists such as ciliates) 
can be used for separating different types of protists. 
Since the separation of the plant pathogens and pro-
tists might be tricky, we recommend using heat- or 
autoclave-killed pathogens in the first step. Once the 
protist isolation is done, the efficiency of protists to 
feed on living pathogens can be further checked in 
the same way. Please note that most likely bacterial 
cells will accompany the isolated protists and some 
protist cysts can carry pathogenic bacteria in them 
which is an issue for potential pathogens (Vaerewijck 
et  al. 2014). Therefore, potential pathogens should 
be checked in the cultures of the isolated protists. 
To obtain axenic protist isolates, different methods 
such as antibiotic treatment can be used (Jones et al. 
1973). Isolation of protists that can directly feed on 
plant pathogens is a key point in conducting experi-
ments. For instance, once several protists are isolated, 
screening a variety of protist species may help dis-
cover which protistan groups suppress which type of 
plant pathogens. It should be noted that methodology 
and technology of large-scale cultivation of bacteria 
and fungi is more advanced than protists and there are 
still challenges in the large-scale cultivation of pro-
tists at the application level compared to bacteria and 
fungi.

Preparation and application of predatory protists

One of the major problems of the application of 
microbial biocontrol agents is the variability in 
efficacy, especially the survival rate; therefore, the 
effectivity of bacterial and fungal biocontrol agents 
can be very low (Xiao and Tang 2008). In addition, 
the application of biocontrol agents in agricultural 

systems may have negative impacts. For instance, 
bacterial biocontrol agents producing chitinase or 
toxins may harm non-target fungi, nematodes, and 
earthworms (Jangir et al. 2019). On the other hand, 
predatory protists are known to stimulate microbial 
activity and enhance soil fertility and plant produc-
tivity, while no negative side effects of predatory 
protists on soil microbial life and soil fertility have 
been reported so far (Gao et al. 2019). Additionally, 
the survival rate of predatory protists is much higher 
in soil compared to the introduced bacterial species. 
Almost all predatory protists build cysts allowing 
them to survive under extreme conditions such as 
lack of food, water, high and low temperatures etc. 
The cyst stage can make dry formulation possible, 
which can significantly increase the shelf life of 
the biocontrol agents. Additionally, the stock solu-
tions can be stored at room temperature making it 
easy to handle the product and transportation. Once 
successful results are obtained through in vitro and 
pot experiments, protist biocontrol agents can be 
applied to fields with pathogen problems. Taken 
together, the usage of predatory protists as biocon-
trol agents potentially has beneficial impacts.

Several application methods can be used similar 
to bacterial and fungal biocontrol agents. Although 
we did not test the application methods, poten-
tially, seed coating, introducing protists to irriga-
tion water or drip irrigation systems can be effec-
tive. Predatory protists also play a role as catalyzers 
of organic matter breakdown (Geisen et  al. 2021). 
Indeed, we previously showed that the presence of 
protists enhanced the positive effect of biochar on 
plant growth (Asiloglu et  al. 2021b). Therefore, 
potentially, protists can also be applied to fields 
within organic fertilizers such as biochar and com-
post. Additionally, protists are known to have syner-
gistic interaction with PGPR and biocontrol agents. 
For instance, protists enhance the survival of plant 
growth-promoting bacterial species, therefore, they 
can also be applied in combination with PGPR spe-
cies (Asiloglu et al. 2020). In addition, protists are 
known to enhance the secondary metabolite pro-
duction of bacterial species, which then suppress 
pathogens (Jousset et  al. 2006, 2010). Although 
most of the results introduced above are obtained 
from soil protists, protists are an important com-
ponent of leaf microbiota as predators (Flues et al. 
2017). Therefore, protists can also be used for the 
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potential suppression of leaf pathogens through 
foliar application.

Conclusion

Despite the vast potential of protists to be used 
as effective biocontrol agents, our knowledge of 
microbial biocontrol agents is almost exclusively 
derived from bacterial and fungal studies. Here 
we highlighted the potential mechanisms of plant 
pathogen suppression by predatory protists. Two 
main mechanisms can be classified as indirect and 
direct. In the indirect mechanism, predatory protists 
enhance the activities and populations of biocontrol 
bacterial species, which then suppress plant patho-
gens. The direct mechanism involves predatory pro-
tists’ predation power directly on plant pathogens. 
Although the indirect mechanism has been studied 
relatively better than the direct mechanism, trophic 
interaction between bacteria and protists is involved 
in the indirect mechanism, which can be a limita-
tion in obtaining consistent results under different 
soil types as different soils may have different bac-
terial communities. The direct mechanism, on the 
other hand, does not rely on the presence of other 
microorganisms, however, finding predatory protist 
species that feed on various plant pathogens can be 
challenging as prey-predator interaction between 
protists and plant pathogens can be species-specific. 
Nevertheless, we believe that predatory protists can 
be an important solution for the sustainable man-
agement of plant pathogens. Since there is a huge 
knowledge gap in this area, further studies should 
focus on protist-pathogen interaction and its impli-
cations for sustainable plant productivity.
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