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Highlights:

Abstract: Biochar applications have an enormous impact on the soil microbial community and functionality. How-
ever, the majority of the knowledge on biochar-microbe interaction derives almost exclusively from bacterial and fun-
gal studies, while the vast majority of eukaryotic diversity, protists, are mostly neglected. Protists play important roles
in the soil ecosystem as microbial predators, decomposers, photoautotrophs, pathogens, and parasites and they are
essential for a healthy soil ecosystem. Toward a comprehensive understanding of the effects of biochar application,
we need more studies on protists across the full breadth of eukaryotic diversity. The aim of this article is to highlight
the research needs and discuss potential research ideas on biochar—protist interaction, which would advance our

+ Biochar—microbe interaction is almost exclusively studied for bacteria and fungi.
+ Only a few studies are available on how soil protists react to biochar application.
+ More research on biochar—protist is needed for a better understanding of biochar—microbe interaction.
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1 Introduction

Protists, any eukaryotic organism that is not a plant,
fungi, or animal, are a major group in the soil microbi-
ome (Geisen et al. 2018; Chandarana and Amaresan
2022). Their enormous taxonomic diversity reflects
immense functionalities. The major functional group of
protists is the predators, representing more than half of
the protist diversity (Gao et al. 2019). The predatory pro-
tists feed on other organisms, including bacteria, archaea,
fungi, and nematodes, and thus, control soil biodiversity
and their population, stimulate microbial activity, and
substantially contribute to nutrient cycling and plant
productivity (Geisen et al. 2018; Gao et al. 2019; Xiong
et al. 2020; Guo et al. 2021; Chandarana and Amaresan
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2022). Decomposer protists play crucial roles in nutri-
ent cycling via organic matter degradation (Geisen et al.
2018). Protists include photoautotrophic organisms,
which are major players in the global soil carbon balance.
For instance, carbon fixed by the soil algae corresponds
to about 6% of the net primary production of the whole
terrestrial vegetation (Jassey et al. 2022). Not all soil pro-
tists are beneficial as plant pathogenic protists (mainly
belonging to Oomycetes) cause enormous negative
impacts on agricultural production. Animal and micro-
bial parasites negatively affect the health of their hosts.
Taken together, protists play essential roles in soil bio-
diversity, nutrient cycling, and agricultural productivity
and provide valuable information to understand the soil
ecosystem dynamics (Geisen et al. 2018). Recent studies
have shown that protists may react differently from bac-
teria and fungi to environmental variables and are highly
affected by soil-originated factors (Zhao et al. 2019; Asi-
loglu et al. 2021c).
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Biochar is an often-used soil amendment and one of
the most important practices in sustainable agricul-
ture (Singh et al. 2022). Biochar-induced changes in soil
physicochemical properties such as increased nutrients,
enhanced water holding capacity, and changes in soil
pH, EC, and porosity affect the life in the soil, especially
microorganisms (Palansooriya et al. 2019). In general, the
effects of biochar amendment on the taxonomic compo-
sition of the microbial communities are often associated
with changes in soil pH and nutrient contents, as well as
the changes in physical properties of soil (Gul et al. 2015;
Palansooriya et al. 2019). Depending on the source and
pyrolysis method of biochar, a subset of microbial assem-
blage responds to specific biochar properties (Sheng
and Zhu 2018; Singh et al. 2022). However, despite the
mounting number of research on biochar—-microbe inter-
action, major gaps limiting the taxonomic and functional
knowledge of soil microbiome exist as the research inten-
sity on microbial groups (viruses, bacteria, archaea, fungi,
and protists) is uneven (Fig. 1). The majority of biochar
research has been focused on bacteria and fungi and to a
lesser extent on archaea and viruses (Fig. 1). Unquestion-
ably, those groups are extremely important for ecosys-
tem functioning. However, the group that plays a central
role in soil functioning and constitutes the vast majority
of eukaryotic diversity, protists, is mostly missing from
the biochar research, representing only 0.2% of the stud-
ies on biochar—microbe interaction (Fig. 1). This article

Page 2 of 6

aims to present current knowledge on biochar—protist
interaction, highlight the research needs and discuss
potential research topics on biochar—protist interaction,
which would advance our knowledge of biochar—microbe
interaction.

2 Effects of biochar on protists
So far, only a few studies have focused on biochar—protist
interaction (Table 1). Briefly, those studies showed that
biochar alters protist community composition (Noyce
et al. 2016; Asiloglu et al. 2021a), affects the population
of predatory protists (Hansen et al. 2017; Liu et al. 2020),
and decreases trophic interaction between bacteria and
predatory protists (Liu et al. 2020; Asiloglu et al. 2021b).
Biochar is known to affect protist community com-
position (Noyce et al. 2016; Asiloglu et al. 2021a).
Noyce et al. (2016) studied the effect of wood biochar
made from sugar maple on eukaryotic communities
in forest soil. Although they mainly focused on fungi,
their results also included some protist groups mostly
belonging to Alveolata. The relative abundance of the
protists was significantly enhanced in the biochar treat-
ment, which included flagellate and amoeba species
that were exclusively present in the biochar-amended
soil. A short-term in vitro study conducted in paddy
field soil with two biochars originating from rice husk
and poultry litter showed that the protist community
composition was differently affected depending on the
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Fig. 1 Comparison of published biochar studies on protists with those on other microbial groups including viruses (grey), archaea (orange),
bacteria (blue), and fungi (green). A) Percentage values of the total studies B) Number of published papers per years. The data represent articles
available on Web of Science database. For the search crieteria and terminology of keywords, please see Geisen et al. (2017). It should be noted that
the research on biochar production from protists (algae) was not included since the aim of the study is to focus on biochar-protist interaction,
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Table 1 Studies on biochar-protist interaction

Studies Raw material of biochar Soil type Focus on protists Conclusion of the study References

1 Wood bicohar (Sugar mapple) Forest soil Community composition Increased relative abundance of ~ Noyce et al. (2016)

2 Wheat straw Crop rotation field
(Wheat- Oilseed rape-
Barley)

3 Wheat straw Rapeseed field soil

4 Poultry litter & Rice husk Paddy field soil

5 Poultry litter & Rice husk Paddy field soil

Population (Predators)

Population (Predators)

Community composition

Functionality (Predators)

protists (Alveolata)

Positive impact on predatory
protists

Hansen et al. (2017)

Positive impact on flagellates,
negative impact on amoeba

Liu et al. (2020)

Biochar differently affects protist
communities depending on the
originated raw material

Asiloglu et al. (2021a)

Decreased effect of predatory
protists on bacterial community
composition

Asiloglu et al. (2021b)

raw material of the biochars (Asiloglu et al. 2021a).
The increased total pore volume and C/N ratio of the
paddy field soil by the rice husk biochar correlated with
an increase in the relative abundance of Stramenopiles.
The relative abundances of Amoebozoa, Alveolata, and
Excavata were increased by the poultry litter biochar,
and those increases were correlated with the enhanced
pH and nutrients in the soil. Although the rice husk and
poultry litter biochars tended to have distinct effects on
protists, the only functional group that was similarly
affected (negatively) by both biochars was the plant
pathogenic protists (Asiloglu et al. 2021a).

Two studies using wheat straw biochar in upland fields
showed that the total population of predatory protists
was enhanced by the biochar amendment (Hansen et al.
2017; Liu et al. 2020). However, by separately counting
amoeba and flagellates, Liu et al (2020) showed that bio-
char decreases the population of amoeba, while increas-
ing the flagellate population. In addition, Liu et al (2020)
showed that biochar exerted negative impacts on the
microbial trophic interactions, including predatory pro-
tists. This finding was later confirmed by Asiloglu et al.
(2021b) in paddy field soil using poultry litter and rice
husk biochar. The predatory effect of protists on bacterial
taxa was negatively affected by both biochars depending
on the applied dose. On average, the number of bacterial
taxa affected by protist predation was decreased by 51.6%
in 2% biochar (w/w) amended soil, while the 4% (w/w)
biochar application caused 72.2% decrease in the num-
ber of bacterial taxa affected by protist predation. Over-
all, the results of the two studies (Liu et al. 2020; Asiloglu
et al. 2021b) suggested a new insight into the effects of
biochar on the soil microbiome via altering the trophic
interactions.

3 Research needs

3.1 Protist diversity and community composition

Due to the limited biochar studies on protists, basic
information on how biochar affects protist community
composition and functionality is missing (Table 2). The
knowledge obtained from bacterial and fungal studies
suggests that the charosphere, the immediate soil sur-
rounding biochar particles, provides a habitable space
for microorganisms enhancing microbial activities
(Palansooriya et al. 2019). However, less is known about
whether a specific protist community inhabits the charo-
sphere or not (Q1). Enhanced activities of the prey (bac-
teria and fungi) in the charosphere are likely to attract
predatory protists; thus, the presence of predatory pro-
tists in the charosphere would not be surprising. Addi-
tionally, the charosphere that is rich in nutrients can be a
potentially favorable habitat for decomposer protists such
as oomycetes (Q1). Physicochemical properties of bio-
char such as the chemical content, pH, particle size, and
pore size distribution highly depend on the raw material
(Greenough et al. 2021) and the preparation methods
(Amalina et al. 2022), which are crucial factors affecting
the soil microbiome (Lehmann et al. 2011; Singh et al.
2022). However, still, less is known about how different
raw materials (Q2), processing and preparation methods
of biochar (Q3) would affect protist communities. So far,
biochar research on protist community composition has
been conducted in forest soil (Noyce et al. 2016) and wet-
land paddy field soil (Asiloglu et al. 2021a). Research on
biochar—protist interaction under upland fields is needed
to understand how biochar impacts protist communities
under different soil types (Q4), especially in long-term
field studies (Q5).
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Table 2 Key questions highlighting important topics on biochar-protist research

Protist diversity and community composition

Topics Research questions
Q1 Charosphere Is there a specific protist community inhabiting charosphere?
Q2 Raw material Do biochars from different raw materials have different affects on protist communi-
ties?
Q3 Processing and preparation Does pyrolization temperature and method affect protist communities?
Q4 Soil type Does biochar has consistent impact on protists under different soil types?
Q5 Long-term impact How protists are affected by long-term biochar amendment under field conditions?

Protist funtionality

Functional groups

Research questions

Q6 Predators (Trophic interactions)
Q7

Q8

Q9 Photoautotrophs

Q10 Decomposers

Q11 Pathogens

Q12 Parasites

Do small pores of biochar provide a protective shelter to bacteria?

Does the absorption of bacterial volatiles by biochar interrupt with bacterial detec-
tion by protists?

Does decreased trophic interaction by biochar amendment affect C-release?
Is C-fixation by algae affected by biochar amendment?

Does protists play a role in the decomposition of biochar?

How does biochar suppress plant pathogenic protists?

Does biochar have an impact on animal/microbial parasitic protists?

3.2 Protist functionality

Predation on bacteria and fungi is one of the major func-
tional roles of protists (Asiloglu and Murase 2017; Gao
et al. 2019; Chandarana and Amaresan 2022). Although
previous studies showed that biochar amendment has
a detrimental effect on multitrophic levels (Liu et al.
2020) and decreases the prey—predator interaction
between protists and bacteria (Asiloglu et al. 2021b),
the mechanism is not yet clarified. Although no quan-
titative evidence is available, it has been long hypoth-
esized that biochar protects bacteria from predators by
allowing them to explore the micro-pore habitat of itself
(Lehmann et al. 2011), which is too small for predators.
This hypothesis was further supported by a decreased
population of relatively big-sized predators, bacterivo-
rous nematodes and amoeba in biochar amendment soils
(Kamau et al. 2019; Liu et al. 2020). On the other hand,
protists can pass through channels much smaller than
their body size (Wang et al. 2005) and micro-pores as
small as 2 pm are accessible to many small soil flagellates
and amoeba (Edwards 2003). Therefore, whether small
pores of biochar provide a protective shelter to bacteria
or not should be carefully tested, considering the traits of
protists such as size, feeding style and most importantly
their ability to access small pores (Q6). In addition, bio-
char is known to adsorb volatiles (Zhang et al. 2017). As
microbial volatiles are directly involved in predator—prey
interactions between protists and bacteria (Schulz-Bohm
et al. 2017), adsorption of bacterial volatiles by biochar
would potentially obscure the prey detection mecha-
nism of some predatory protists (Q7). A simple in vitro

experiment, perhaps similar to the previously established
method (Schulz-Bohm et al. 2017), in the presence and
absence of biochar could answer this question. Another
important aspect of microbial trophic interaction is the
increased microbial-driven CO, release (Gralka et al
2020). However, whether the decreased prey-predator
interaction by biochar amendment affects soil CO, emis-
sion or not is yet to be studied (Q8).

Not only predators but also the other functional groups
of protists can be directly affected by biochar amend-
ment. Photoautotrophic protists, especially algae, are
important players in the carbon cycle, and therefore their
activities are likely to be affected by biochar amendment
(Q9). The role of protists in the decomposition of biochar
is another important subject that should be further inves-
tigated (Q10). The plant pathogens (Q11) and animal/
microbial parasites (Q12) are the other important pro-
tist functional groups that have negative impacts on the
soil microbiome and agricultural productivity. Suppres-
sion of plant pathogens by biochar is well-known (Graber
et al. 2014), which is also true for protists (Asiloglu et al.
2021a). Although the mechanism of how biochar sup-
presses protist pathogens is unknown, it is suggested
that biochar-released organic compounds can be photo/
biotoxic, or the volatile compounds of biochar, which
have been traditionally used as pesticides could act as
pathogen inhibitors for protists. Taken together, there are
growing research needs on protist—biochar interaction,
which is promising to extend our knowledge on biochar—
microbe interaction and for further discoveries.
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4 Conclusion

Despite the enormous roles of protists in soil fertil-
ity and agricultural productivity, protists are the over-
looked component in biochar studies. Although protist
research is often separated from bacterial and fungal
studies, protists are considered a central hub in the soil
ecosystem affecting the whole soil microbiome, soil fer-
tility, and plant productivity. Therefore, the research on
protist—biochar interaction would not only enhance our
knowledge of protistology but also take biochar—-microbe
interaction to the next level. Although protist research
can be challenging and requires good knowledge and
skillset, the recent methodological advances in molecular
biology have made studying protists more accessible to
even non-experts. For instance, based on commonly used
soil DNA/RNA extraction techniques, the same nucleic
acid extract used to study bacteria and fungi can also be
used to study protists (with a different set of PCR prim-
ers, 18s rRNA/rDNA). Therefore, the effect of biochar
application on protist community composition (Q1-Q5)
can be easily studied with high throughput sequencing
methods. Unlike bacteria, the functional roles of protists
can be estimated through DNA/RNA-based results; thus,
molecular biology techniques such as high throughput
sequencing create not only taxonomic but also functional
knowledge of protists. This makes it possible to add pro-
tist research to even former biochar studies if nucleic
acids have been properly preserved, which can accelerate
research in biochar—protist interaction.
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