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Abstract
Biochar-induced changes in microbial communities are exclusively derived from the studies on the soil bacterial and fungal
communities, and we lack an understanding of how biochar can affect taxonomic and functional communities of protists. Here,
the short-term effects of two biochars originating from rice husk and poultry litter (hereinafter referred to as RH and PL,
respectively) on taxonomic and functional community compositions of protists in a rice rhizosphere were studied using high-
throughput sequencing. Soil physicochemical properties were differentially affected by the RH and PL amendments. The relative
abundance of Stramenopiles, mainly oomycetes (Peronosporomycetes), was increased in the RH-amended soil, which was
correlated with the increased total pore volume and C/N ratio. In the PL amended soil, the relative abundances of Amoebozoa,
Alveolata, and Excavata were increased, and those increases were correlated with the enhanced pH and nutrient conditions.
Among functional groups, the relative abundance of phagotrophic protists increased by the PL amendment, while the relative
abundance of plant pathogens was decreased by both the RH and PL amendments. Network analysis indicated that phagotrophs
were the keystone group and were sensitive to the biochar amendments. The keystone taxa in each biochar treatment were
different: Cercozoa (Rhizaria) in control, Conosa (Amoebozoa) in RH, and Discoba (Excavata) in PL. The impact of biochar on
protist communities correlated with its physicochemical properties, which depends on the source material.

Keywords Protozoa . Biochar . Protists . High-throughput sequencing . Phagotrophs . Rhizosphere

Introduction

Soil microbial composition, which is fundamental for the eco-
system functioning and agricultural productivity, is often af-
fected by agricultural managements (García-Delgado et al.
2019; Schmidt et al. 2019), especially by chemical and organ-
ic fertilisations (Lin et al. 2019; Yang et al. 2019; Zhao et al.
2019). The use of chemical fertilisers has several negative
impacts on the environment, including the microbiome
(Kamaa et al. 2011; Wang et al. 2011; Zhang et al. 2012).
Organic fertilisers, on the other hand, are one of the core
aspects of sustainable agriculture and climate-smart soils
(Paustian et al. 2016). They ameliorate the negative impact
of chemicals on the environment (Bastida et al. 2015; Jilani
et al. 2007). Among them, biochar, a carbon-rich product of
organic materials/wastes, has been receiving widespread at-
tention as an organic soil amendment and considered to be
one of the important materials for climate-smart soils
(Paustian et al. 2016). Biochar amendment has been found
to improve carbon sequestration, reduce greenhouse gas
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emission, ameliorate soil fertility and quality, and enhance
agricultural productivity in soil (Mierzwa-Hersztek et al.
2018; Sheng and Zhu 2018; Sohi et al. 2010; Zheng et al.
2019).

Biochar amendment induces several changes in the soil
physicochemical properties (Gul et al. 2015), which subse-
quently alters the community composition of micro
(Lehmann et al. 2011) and macro-organisms (Kamau et al.
2019). Depending on the source of biochar, a subset of the
microbial assemblage responds to the specific biochar proper-
ties (Hale et al. 2015; Kolton et al. 2011; Sheng and Zhu 2018;
Wu et al. 2016). In general, effects of biochar amendment on
the taxonomic composition of the microbial communities are
often associated with changes in soil pH and nutrient contents
(Dai et al. 2018; Hale et al. 2015), as well as the changes in
physical properties of soil (Gul et al. 2015). In addition to the
altered taxonomic composition of the soil microbiome, en-
hanced microbial functionality by biochar addition was also
demonstrated. For instance, enhanced nitrous oxide reduction
(Krause et al. 2018), nitrification (Prommer et al. 2014; Song
et al. 2014), and methane oxidation (Reddy et al. 2014; Zhang
et al. 2010) has been previously reported. The shifts in the soil
microbial community composition were suggested to play
roles to slow organic C turnover (Chen et al. 2018) and to
reduce the mobility and bioavailability of heavy metals
(Cheng et al. 2018). Biochar can influence the root colonisa-
tion and functioning of mycorrhizal fungi (Warnock et al.
2007). However, our knowledge of biochar–microbe interac-
tions exclusively comes from bacteria and fungi, and we still
lack an understanding of the responses of the taxonomically
and functionally diverse communities of protists to biochar
amendment. This gap limits our knowledge of the interaction
between biochar and microbes, which is incomplete if we do
not understand the effect of biochar on the largely unrevealed
component of the microbiome, the protists.

Protists are one of themajor groups of soil microorganisms,
and they comprise a vast majority of the eukaryotes (Geisen
et al. 2018). Protists are taxonomically diverse (Adl et al.
2018) with versatile functionality, which has an enormous
impact on the microbiome and plant performance (Geisen
et al. 2018). Therefore, the community composition of protists
provides valuable information to understand the ecosystem
functioning in a soil environment (Payne 2013).
Phagotrophic protists are one of the main factors controlling
bacterial and fungal communities in soil (Gao et al. 2019;
Geisen 2016; Geisen et al. 2018). Nutrients immobilised in
microbial biomass are released through the predation activity
of phagotrophic protists, which accelerates nutrient turnover
and increases the plant nutrient uptake (Bonkowski 2004;
Clarholm 1985; Kuikman and Van Veen 1989) .
Furthermore, protists play important roles in nutrient cycling
by organic matter degradation and carbon fixation (Jassey
et al. 2015; Kramer et al. 2016). Economically important

protist species include plant pathogens and parasites that have
negative impacts on the soil microbiome and agricultural pro-
ductivity (Latijnhouwers et al. 2003; Mahé et al. 2017).

Linking taxonomic profile to functionality has often been
used in studies of bacteria and fungi and provides valuable
information to understand ecosystem functioning (Langille
et al. 2013). Assigning functionality to the taxonomy of pro-
tists (de Araujo et al. 2018; Dumack et al. 2019; Fiore-Donno
et al. 2019; Guo et al. 2018; Mitra et al. 2016; Xiong et al.
2018) is underdeveloped compared to their bacterial and fun-
gal counterparts. Taxonomically similar protists can play dif-
ferent roles from microbial predators to plant pathogens and
parasites, and as well, organisms belonging to different taxo-
nomic groups have evolved to similar trophic feeding modes
(Geisen et al. 2018; Parry 2004). Therefore, studying not only
taxonomy but also the potential functionality of protists would
provide valuable information as has been suggested recently
(Xiong et al. 2018) (Dumack et al. 2019).

Taken together, the diverse taxonomy and versatile func-
tionality of protists reflect their importance in the soil ecosys-
tem and for agricultural productivity. However, we are still in
the infancy of understanding how environmental factors shape
the protist communities. Soil protists are known to respond
differently to the changes in the physicochemical properties of
soils. For instance, the abundance of phagotrophic protists
may increase with the increased nutrient conditions by appli-
cation of organic fertilisers (Guo et al. 2018; Xiong et al.
2018), while oomycetes were controlled by the soil physical
properties such as porosity, clay, and water contents (Rojas
et al. 2017). Therefore, we hypothesised that the response of
protist groups differs depending on the physical and chemical
properties of biochar. To test this hypothesis, we applied two
types of biochar: rice husk biochar (RH), which has relatively
low nutrient content and high surface area, and poultry litter
biochar (PL), which has relatively high nutrient content and
low surface area and at two doses (2% and 4% (w/w)). We
then studied the taxonomic and functional community com-
positions of rhizosphere protists in the early rice plant growth
stage as affected by biochar amendments using high-
throughput sequencing by using primers targeting the V9 re-
gion of the 18S rRNA gene (Amaral-Zettler et al. 2009). The
taxonomic profiles were assigned to the potential functional-
ities of protists. The biochar effect on the correlations among
taxonomic and functional groups of protists was then studied
with a co-occurrence network analysis.

Materials and methods

Biochar production, soil samples, and rice seedlings

The raw materials of RH (Oryza sativa L.) and PL were
obtained from a commercial enterprise in Çorum,
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Turkey, and from the Research Plant of Agriculture
Faculty, Ankara University, Ankara, Turkey, respective-
ly. The raw materials were dried at 105 °C for 24 h,
sieved through a 2-mm mesh, and stored at room tem-
perature (25 °C) until pyrolysis. The raw materials were
subjected to pyrolysis in an anaerobic pyrolysis chamber
(Ankara University, Ankara, Turkey) at 300 °C with a
heating rate of 10 °C min−1 for 120 min to obtain the
biochars. To prevent the co-inoculation of microbes, the
biochars were sterilised with three-time autoclaving at
121 °C for 60 min, as this was suggested to be the
most efficient method for DNA-based molecular studies
(Otte et al. 2018). Autoclaving may affect the physico-
chemical properties of the samples (Otte et al. 2018);
however, the physicochemical properties of the biochars
(Table 1) were analysed after the autoclave sterilisation.

The collection of soil samples and preparation of
sterile rice (Oryza sativa L. Nipponbare) seedlings was
performed as described previously (Asiloglu et al.
2020). The soil sample had the following characteristics:
sand, 33.6%; silt, 47.0%; clay, 19.4%; TC, 1.6%; TN,
0.2%; pH, 5.0 (H2O); CEC, 15 meq·100 g−1. The sterile
rice seedlings planted in agar media were grown for
26 days in a growth chamber at 24 °C with a day
length of 16 h (250 μmol m−2 s−1). Prior to the exper-
iment, the agar particles that remained around the roots
were gently washed-off with sterile ddH2O.

Experimental set-up and sampling

Centrifuge tubes (50 mL) were filled with 40 g ± 0.1 g of the
paddy field soil and 2 or 4% (w/w) of either RH or PL with 3
replications per treatment. The control treatment was filled
with only paddy field soil. As fertilizer, the Kasugai nutrient
solution (per kg soil: 0.04 g [NH4]2SO4, 0.02 g Na2HPO4·
12H2O, 0.03 g KCl, 0.004 g CaCl2, 0.006 g MgCl2·2H2O,
0.005 g FeCl3) was added to all microcosms. All microcosms
were pre-incubated under submerged conditions. After 3 days
of pre-incubation, one rice seedling was transplanted to each
microcosm. The microcosms were covered with aluminium
foil from the sides to block light penetration and watered daily
to maintain submerged conditions during their 36 days of
incubation in a growth chamber at 25/30 °C (day/night) with
a day length of 16 h (250 μmol m−2 s−1). The microcosms
were destructively sampled after 36 days of incubation, and
plant growth parameters were measured as described by
Asiloglu et al. (2020). The rhizosphere samples were obtained
as follows. First, the surface water of microcosms was re-
moved, and the plants with soil were transferred from the
microcosms into a 300-mL sterilised beaker. After the plant
shoots were cut off, the rice roots, which densely grew in the
microcosms, were cut (<5 mm) with sterilised scissors in the
beaker and mixed with the soil. The mixture of the rice roots
and soil were sampled for further analysis (hereafter called
rhizosphere).

Physicochemical analyses of the biochars, the soil,
and plant samples

The pH of biochars and the soil samples was measured in de-
ionised water at a 1:2 (w/w) mass ratio using a pH meter
(Mettler Toledo, FP20). The electrical conductivity (EC) of
biochars was measured using an EC meter (Consort, C3010)
as described by Rajkovich et al. (2012). The ash and organic
matter contents of the biochar samples were determined by
burning at 550 °C for 8 h. The surface area of the biochars
and soil samples was analysed in a surface analyser (Nova,
Quantachrome Instruments 77K, USA) with N2 and was cal-
culated by the Brunauer-Emmett-Teller (BET) equation
(Brunauer et al. 1938). The biochar and the soil samples were
degassed at 100 °C for 18 h prior to N2 physisorption. The
total C and N contents (TC and TN, respectively) in the bio-
char, soil, and plant shoot samples were analysed after drying
at 105 °C for 24 h using an MT-700 Mark 2 CN analyser
(Yanaco, Kyoto, Japan). The available P was extracted from
the samples using 0.002 N H2SO4 and measured by the
colourimetric method using a spectrophotometer (Shimadzu,
UV-160A, Kyoto, Japan) with the Truog method (Truog
1930). Exchangeable forms of Ca, Mg, K, and Na in the
biochars, and soil samples were extracted according to
Pansu and Gautheyrou (2006) with neutral 1 M ammonium

Table 1 Physicochemical properties of the biochars

Physicochemical properties RH PL

pH 7.93 ± 0.12b 10.1 ± 0.14a

EC (dS m−1) 0.74 ± 0.06b 4.67 ± 0.21a

Ash (%) 33.8 ± 0.89a 33.8 ± 1.11a

OM (%) 66.1 ± 2.10a 66.2 ± 1.92a

BET surface area (m2 g−1) 12.8 ± 2.42a 7.36 ± 1.62b

Bulk density 0.20 ± 0.01a 0.41 ± 0.02b

CEC (cmolc kg−1) 31.1 ± 3.22b 48.4 ± 2.27a

Total C (mg g−1) 208 ± 20.3b 250 ± 32.6a

Total N (mg g−1) 6.38 ± 0.82b 29.3 ± 2.44a

C/N 32.6 ± 0.72a 8.56 ± 0.29b

Available P (g kg−1) 0.85 ± 0.21b 4.16 ± 0.18a

K (g kg−1) 5.82 ± 0.25b 34.6 ± 0.68a

Mg (g kg−1) 0.53 ± 0.02b 0.57 ± 0.02a

Ca (g kg−1) 1.43 ± 0.03b 2.79 ± 0.04a

Na (mg kg−1) 0.15 ± 0.01b 1.91 ± 0.08a

RH rice husk biochar, PL poultry litter biochar

Different letters indicate significant difference (p < 0.05, ANOVA).
Italicised numbers indicate a significant difference compared with control
treatment
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acetate and measured using the polarised Zeeman atomic ab-
sorption spectrophotometer (Za3300, Hitachi High-Tech Ltd.,
Tokyo).

Molecular analyses, bioinformatics, and statistical
analyses

DNA was extracted from 0.5 g soil samples using ISOIL for
Bead Beating (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s instruction and eluted in 50 μL of TE buffer.
The hypervariable V9 region of the 18S rRNA gene was am-
plified from the extracted DNA using the universal eukaryotic
primers (1391F and EukBr) (Amaral-Zettler et al. 2009) tailed
with Illumina barcoded adapters (Caporaso et al. 2012).
Primary polymerase chain reaction (PCR) was performed as
described previously (Murase et al. 2014). Purification of the
PCR product, the second PCR, and the Illumina Miseq se-
quencing were performed as described previously (Asiloglu
et al. 2020). Possible contamination of the DNA extraction kit
was checked with negative control.

After sequencing, the primary analysis of raw FASTQ data
was processed using the QIIME2 pipeline (version 2018.11,
https://qiime2.org) (Bolyen et al. 2019) as described previous-
ly (Asiloglu et al. 2020). The taxonomic alignment was done
as described elsewhere (Zhao et al. 2019). Briefly, DADA2 in
QIIME2 has used to denoise the paired-end sequences into
amplicon sequence variants (ASVs) (Callahan et al. 2016).
QIIME2’s q2-feature-classifier plugin was used for taxonomy
assignment against the SILVA reference database (132 re-
lease) (Quast et al. 2012) at 99% OTUs. To obtain exclusive
protist data, Fungi, Metazoa, Plantae, Rhodophyta,
Streptophyta, Opisthokonta, and unclassified eukaryotes were
removed from all samples (Qiime taxa filter-table/seq). To
compare protist communities between the treatments, se-
quence read numbers were normalised to the minimum se-
quence number (10,000 reads) by random subsampling
(Supplementary Fig. S3). Shannon index, Faith’s phylogenet-
ic distance, evenness, and observed ASVs were obtained.
Non-metric multidimensional scaling (NMDS) analysis was
performed based on the Bray–Curtis dissimilarity index to
visualise the beta diversity dissimilarities at the genus level.
To correlate the environmental parameters associated with the
samples, we used the envfit function in the vegan package of R
program version 3.6.1 (https://www.r-project.org/). Protist
taxonomies were assigned to functional groups as described
elsewhere (de Araujo et al. 2018; Xiong et al. 2018). Briefly,
the taxonomic information at multiple taxonomic levels was
used to match with the known functional roles of protists.
Each protist taxon was separately categorised. The full list of
the taxonomic information and the assigned functionalities is
available in the Supplementary Table S5. To reveal the
bioindicator species in each biochar-amended soil, a linear
discriminant analysis effect size (LEfSe) method (Segata

et al. 2011) was performed using the Galaxy server (http://
huttenhower.sph.harvard.edu/galaxy/).

The microbial co-occurrence network was analysed as de-
scribed previously (Williams et al. 2014) using pairwise cor-
relation analysis of the taxonomic abundance matrices. The
co-occurrence between all pairs of protists (using all samples)
at the genus level within each treatment group was evaluated
using the Spearman’s correlation coefficient in R (p < 0.05).
The significant positive (r > 0.75, p < 0.05) and negative (r <
− 0.75, p < 0.05) correlations were screened out, and co-
occurrence networks were visualised in the Cytoscape soft-
ware v. 3.7.2 (Shannon 2003). The node sizes indicate the
mean taxonomic abundances of protists. The interactions be-
tween and within each functional or taxonomic group were
calculated manually as follows. The edges directed from a
functional or taxonomic group to the other groups were se-
lected with special care not to include the connections that
originated from the other groups. From the edge table menu
of the Cytoscape, the connections were copied to an Excel
sheet and counted, which gave us the number of connections
from a taxonomic group to the other groups. Then, the select-
ed edges were hidden on the Cytoscape, and the left connec-
tions gave us the number of connections within a functional or
taxonomic group. The topological properties of the networks
were calculated using the network analyser tool in the
Cytoscape software. All statistical analyses were performed
using the R program version 3.6.1 unless otherwise specified
(https://www.r-project.org/) as described in Asiloglu et al.
(2020) or as already described above.

Results

Physicochemical properties of biochar and soil and
plant growth parameters

The RH and PL exhibited differential physicochemical char-
acteristics (Table 1). The nutrient contents of PL, especially
the C, N, P, and K, were higher than those of RH. The pH and
ECwere higher in PL, while RHwas characterised by a higher
surface area and C/N ratio. The soil physicochemical proper-
ties were affected (ANOVA, p < 0.05) by the biochar amend-
ments, dose, and biochar × dose interactions (Table 2 and
Supplementary Table S1). The soil pH was not affected by
the RH application. The PL treatment increased the pH de-
pending on the applied dose by 11.2% and 21.1% in the PL2
and PL4 treatments, respectively. The total pore volume was
increased by 25.9% and 33.3% in the low (2%) and high (4%)
doses of RH treatments. The total C content of the soil was
increased by about 25% by the RH and PL amendments de-
pending on the applied dose. Only the PL amendment in-
creased the total N content of soil depending on the applied
dose (29.0% and 66.6% increase), which caused a decrease in

Biol Fertil Soils

Author's personal copy

https://qiime2.org
https://www.r-roject.org/
http://huttenhower.sph.harvard.edu/galaxy/
http://huttenhower.sph.harvard.edu/galaxy/
https://www.r-roject.org/


the
C
/N

ratio,w
hile

the
C
/N

ratio
ofR

H
treatm

ents
increased.

A
vailable

P
w
as

affected
by

biochars,applied
dose,and

bio-
char×

dose
interactions.T

he
PL

application
increased

K
and

M
g
contents

ofthe
soil.T

he
biocharapplication

did
notaffect

C
a
and

N
a
contents

of
the

soil.
T
he

PL
am

endm
entincreased

the
rice

plantgrow
th

and
N

and
C

uptake
(A

N
O
V
A
,
p
<
0.05),

w
hile

the
R
H

did
not

(Supplem
entary

Fig.S
1).T

he
PL

at
both

low
(2%

)
and

high
(4%

)
doses

increased
the

shoot
biom

ass
by

about
30%

(Supplem
entary

Fig.S1A
).N

itrogen
uptake

by
the

rice
plants

w
as

1.93
and

2.38
tim

es
higher

in
the

low
er
and

higher
doses

of
PL

,respectively
than

the
control

soil
(Supplem

entary
F
ig.

S
1B

).
T
he

P
L

increased
the

total
C

content
in

the
rice

shoots,
but

the
applied

dose
did

not
affect

(S
upplem

entary
Fig.S

1C
).

Taxonom
ic
com

m
unity

com
position

of
protists

In
total,

908,403
quality

sequences
(q

>
30)

w
ere

obtained
after

the
rem

oval
of

chim
eric,

singleton,
and

doubleton
se-

quences
w
ith

47,692–71,878
sequences

obtained
from

each
m
icrocosm

(m
ean

frequency
of

60,560).T
he

sequences
w
ere

assigned
to

716
to

961
operational

taxonom
ic
units

(O
T
U
s).

A
bout

60%
of

the
eukaryotic

sequences
w
ere

unclassified,
a
n
d

4
.6
6
%

o
f
th
e

se
q
u
e
n
c
e
s
b
e
lo
n
g
e
d

to
fu

n
g
i

(Supplem
entary

Fig.
S2).

A
fter

rem
oving

the
non-protist

se-
quences,

a
total

of
176,642

protist
sequences

w
ere

obtained
w
ith

a
m
ean

frequency
of11,776

(totalof774
O
T
U
s)ranging

from
10,273

to
16,294.

N
o
significant

differences
w
ere

ob-
served

for
the

S
hannon

index,Faith’s
phylogenetic

distance,
evenness,and

num
ber

of
O
T
U
s
(Supplem

entary
T
able

S2).
T
he

biochars
significantly

affected
the

beta
diversity

of
protists

(PE
R
M
A
N
O
V
A
,
R
2
=
0.2705,

p
=
0.022),

w
hile

the
effects

of
applied

dose
(P
E
R
M
A
N
O
V
A
,
R
2
=
0.0871,

p
=

0.127)
and

biochar×
dose

interaction
(PE

R
M
A
N
O
V
A
,R

2
=

0.0595,
p
=
0.394)

w
ere

not
significant

(S
upplem

entary
T
a
b
le

S
3
).

T
h
e

P
L

a
m
e
n
d
m
e
n
t
sig

n
ific

a
n
tly

(PE
R
M
A
N
O
V
A
,R

2
=
0.16325,p

=
0.010)affected

the
protist

com
m
unity

com
position,

and
the

effect
of

R
H

am
endm

ent
(PE

R
M
A
N
O
V
A
,R

2
=
0.10725,p

=
0.097)w

as
notsignificant

(Supplem
entary

T
able

S4).T
he

N
M
D
S
analysis

differentiated
the

protist
com

m
unity

com
position

in
the

R
H

and
PL

treat-
m
ents

(F
ig.

1).
T
he

protist
com

m
unity

com
positions

of
the

controlsoilw
ere

clustered
in

the
centre,and

the
com

m
unities

in
the

R
H

and
PL

am
ended

treatm
ents

w
ere

clustered
in

op-
posite

directions
based

on
the

N
M
D
S
1
axis,

w
hile

the
N
M
D
S2

axis
show

ed
no

treatm
ent

effect.W
e
found

thatim
-

pact
of

the
PL

on
protist

com
m
unity

com
position

correlated
w
ith

increased
pH

(p
<
0.01)

and
N

(p
<
0.004),P

(p
<
0.02),

K
(p

<
0.004),and

M
g
(p

<
0.004),w

hile
thatof

R
H
w
as

cor-
related

w
ith

increased
total

pore
volum

e
(p

<
0.03)

and
C
/N

ratio
(p

<
0.001).

Table 2 Impact of the biochar amendments on soil properties

Treatment pH Total pore volume
(cm3 g−1)

CEC
(cmolc kg−1)

Total C
(mg g−1)

Total N
(mg g−1)

C/N ratio Available P
(mg kg−1)

K
(mg kg−1)

Mg
(mg kg−1)

Ca
(g kg−1)

Na
(mg kg−1)

Ctrl 4.88 ± 0.1
c

0.27 ± 0.01 b 24.4 ± 2.7 a 17.4 ± 0.5 d 1.65 ± 0.03 a 10.5 ± 0.1 c 47.30 ± 5.19 d 77.26 ± 49.37 b 273.25 ± 9.81 b 1.53 ± 4.64
a

181.55 ± 124.44
a

RH2 4.88 ± 0.1
c

0.34 ± 0.01 a 23.3 ± 4.1 a 20.6 ± 0.5 c 1.59 ± 0.08 a 12.95 ± 0.4
b

66.06 ± 4.97 cd 35.18 ± 6.72 b 288.43 ± 4.57
ab

1.20 ± 0.80
a

112.37 ± 42.81 a

RH4 4.90 ± 0.1
c

0.36 ± 0.01 a 23.4 ± 3.1 a 22.2 ± 0.3 b 1.64 ± 0.03 a 13.5 ± 0.2 a 70.91 ± 7.16 c 85.89 ± 2.98 b 275.30 ± 12.77
b

1.63 ± 0.07
a

89.55 ± 33.48 a

PL2 5.43 ± 0.1
b

0.28 ± 0.01 b 22.3 ± 4.2 a 20.8 ± 0.4 c 2.13 ± 0.05 b 9.74 ± 0.1 d 109.69 ± 8.73 b 207.4 ± 46.88 ab 396.56 ± 15.12
a

1.99 ± 0.28
a

137.92 ± 17.25 a

PL4 5.91 ± 0.2
a

0.30 ± 0.01 b 25.2 ± 2.7 a 23.8 ± 0.4 a 2.75 ± 0.10 c 8.64 ± 0.2 e 174.14 ± 9.04 a 344.93 ± 138.59
a

373.97 ± 90.36
ab

1.97 ± 0.33
a

161.25 ± 83.20 a

Ctrl control, RH rice husk biochar, PL poultry litter biochar, 2 and 4 percentage of added biochar (w/w)

Different letters indicate significant differences between the treatments (p < 0.05, Tukey’s HSD). Italicised numbers indicate a significant difference compared with control treatment
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In general, Stramenopiles (41.1%) were the most dominant
group in all treatments followed by Archaeplastida (19.4%),
Alveolata (18.4%), Rhizaria (14.6%), Amoebozoa (4.4%),
Excavata (2.1%), and Haptophyta (0.21%). Taxonomic super
groups differed between the treatments. The PL and RH
amendments differentially affected the taxonomic groups of
protists (Fig. 2a). Stramenopiles tended to increase in the RH
amendment, while Alveolata, Rhizaria, Archaeplastida, and
Amoebozoa tended to increase the PL amendment. Compared
with the control treatment, only Stramenopiles significantly
increased in the RH2 treatment and decreased in the PL4
treatment. The relative abundances of Stramenopiles,
Alveolata, Rhizaria, Archaeplastida and Amoebozoawere dif-
ferentially affected by the PL and RH treatments. This was
confirmed by the LEfSe analysis, in which significantly dis-
tinct protist groups at multiple taxonomic levels between the
RH and PL treatments were characterised regardless of the
applied doses (Fig. 3a and b). Both PL and RH affected sev-
eral protist groups. LEfSe revealed that the biomarker protists
in the RH amendment were Stramenopi les and
Peronosporomycetes, while biomarker protist groups in the
PL amendment were Alveolata, Amoebozoa, and Excavata.
The LDA scores ranged from 3 to 5 (Fig. 3b). Total biomarker
protists at multiple taxonomic levels detected by LEfSe were
31 for PL and 4 for RH treatments.

Functional community composition of protists

The assignment of the taxonomic profiles to their respective
functionalities revealed the effects of biochar amendment on
the potential functionalities of protists (Fig. 2b). In general,
autotrophs were the most dominant group (26.4%), followed

by phagotrophs (15.4%), omnivores (11.0%), plant pathogens
(4.8%), and parasites (3.8%). We observed differences in the
functional groups among the treatments (Fig. 2b). Compared
with the control treatment, the addition of 2% and 4% of PL
increased (ANOVA, p < 0.05) the relative abundance of
phagotrophs by 47.4% and 113.7%, respectively. The relative
abundance of plant pathogens was decreased (ANOVA,
p < 0.05) by both RH and PL amendments. Compared with
the control treatment, the decrease in the relative abundance of
plant pathogens in the RH2, RH4, PL2, and PL4 treatments
was 75.2%, 62.2%, 64.0%, and 48.0%, respectively.

The impacts of biochar treatments on the relative abun-
dance of functional groups are shown for significantly affect-
ed taxa in Table 3 (ANOVA, p < 0.05) (A full list is available
in the Supplementary Table S5). The relative abundance of
several phagotrophs was increased in the PL2 (Filamoeba,
Echinamoeba, and Olygohymenophorea) and PL4 treatments
(Filamoeba, Echinamoeba, Hartmanella, Heterolobosea,
Naegleria, Colpodea, and Gymnophyrs). The relative abun-
dance of Hartmanella was decreased in both RH2 and RH4
treatments, and MAST (Stramenopiles) was decreased in only
the RH4 treatment. The phagotrophic protist increased by the
RH addition was only Soil_amoeba_AND16 in the RH4 treat-
ment. Although no significant difference was observed for
Archaeplastida and Xanthophyceae in RH and PL treatments
compared with control treatment, Archaeplastida was signif-
icantly higher in the PL4 than the RH2, and Xanthophyceae
was significantly lower in the PL4 than the RH2 and RH4.
The relative abundance ofDiatomeawas increased in the PL4
treatment. Relative abundances of the plant pathogens,
Aphanomycetes and Phytium, and the parasite Apicomplexa
were decreased in both PL and RH treatments .

Fig. 1 Non-metric
multidimensional scaling
(NMDS) plots calculated based
on the Bray–Curtis dissimilarity
index of protist communities with
significant correlations between
protist community composition
and soil physicochemical proper-
ties. Red colour, poultry litter
biochar treatment (PL); blue col-
our, non-biochar control treat-
ment (Ctrl); green colour, rice
husk biochar treatment (RH); cir-
cle, control with no biochar addi-
tion; triangle, 2%(w/w); and
square 4%(w/w) biochar treat-
ments. Arrows indicate signifi-
cant correlations among protist
communities and environmental
parameters (p < 0.05)
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Peronosporomycetes that could not be assigned to a functional
group were increased in the RH treatment and decreased in the
PL treatment; however, it was only significant between the
RH2 and PL4 treatments.

Co-occurrence of protist communities

Co-occurrence analyses and network visualisations were per-
formed to better understand the taxonomic relations of protists

within the treatments. Furthermore, protist communities were
sub-grouped to their functionalities to reveal the relationship
within and between the functional groups (Fig. 4, Table 4, and
Supplementary Table S6). The correlations between the taxo-
nomic or functional groups were much higher than those within
the taxonomic or functional groups (Table 4). We observed 62%
more correlations within the functional groups than those within
taxonomic groups. Compared with the control treatment, the
number of nodes and abundance of the correlations were
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Fig. 2 Comparison of taxonomic supergroups (a) and functional groups
(b) of protists. Bar plots showing the average percentage of protist
abundances. Error bars represent standard deviations. Different letters
indicate significant differences within each taxonomic or functional
groups among the treatments (ANOVA). Asterisk after the names of the
taxonomic or functional groups indicates the significant factor of one-way
ANOVA results: * p < 0.05; ** p < 0.01; *** p < 0.001. Blue colour, non-

biochar control treatment (Ctrl); light green colour, 2%(w/w) rice husk
biochar treatment (RH2); dark green colour, 4%(w/w) rice husk biochar
treatment (RH4); light red colour, 2%(w/w) poultry litter biochar treat-
ment (PL2); dark red colour, 4%(w/w) poultry litter biochar treatment
(PL4). SAR represents a clade (the SAR supergroup) including
Stramenopiles, Alveolates, and Rhizaria
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increased in the RH2, RH4, and PL2 treatments, but were rela-
tively less in the PL4 treatment. The proportion of negative cor-
relations decreased upon treatment with both biochars.

To explore module–trait relationships, the protist network
was clustered into modules (Supplementary Fig. S4).
Phagotrophic protists dominated all of the modules regardless
of the treatment. The dominance of plant pathogens decreased
in all modules in the RH and PL treatments compared with the
control.

Correlations within and between each functional and taxo-
nomic group are shown in Supplementary Table S6.
Correlations between different functional groups showed that
phagotrophic protists had the most abundant positive and neg-
ative correlations with other functional groups. Correlations
within the functional groups were more abundant in
phagotrophs than the correlation within any other functional
groups. Taxonomically, Rhizaria had the most abundant cor-
relations with the other taxonomic groups, as well as with
themselves. However, correlations within the Amoebozoa
group and between the Amoebozoa group with the other tax-
onomic groups were more abundant than the other taxonomic
groups in the RH treatment (Supplementary Table S6).

Discussion

Shifts in microbial communities caused by agricultural
practices, especially fertilisers, have a direct impact on

ecosystem functioning and agricultural productivity of
soil, which makes it a necessity to understand how
microbiome responds to agricultural practices. A great
body of research has been conducted to understand the
effect of biochar on microbial communities, as well as
on their interactions (Graber et al. 2014; Lehmann et al.
2011; Zhu et al. 2017). Those studies provide essential
knowledge of how biochar affects bacterial and fungal
communities (Chen et al. 2019; Dai et al. 2018;
Lehmann et al. 2011; Yu et al. 2018). This is the first
study to reveal the effects of biochar amendment on tax-
onomic and functional groups of soil protists. The univer-
sal primers used in this study are not free of biases and
likely lead to a significant underestimation of the true
numbers of protistan taxa (Geisen et al. 2015, 2019;
Jeon et al. 2008; Lentendu et al. 2014). However, in this
study, we focused on the comparison of overall protist
community composition as affected by biochar amend-
ments, and our results indicate the effect of biochar
amendment on the protist groups. We showed that protist
communities are differentially affected by two biochars
that originated from poultry litter and rice husk, indicating
the importance of the source material of biochar for its
impact on protists. Furthermore, the biochar influences
the interactions among protists. Our study highlights the
potential importance of biochar application for ecosystem
functioning in the soil through its effect on the protist
community composition.
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Fig. 3 A linear discriminant analysis effect size (LEfSe) method iden-
tifies the significantly different (p < 0.05, Kruskal–Wallis test, LDA
score > 2.0) protists at multiple taxonomic levels by comparison of protist
communities in the rice husk biochar and poultry litter biochar treatments.
Cladograms are illustrating the taxonomic groups that explain the most
variation among protist communities between rice husk biochar (RH) and
poultry litter biochar (PL) treatments (a). Coloured dots represent the taxa
with significantly different abundances between treatments, and from the

centre outward, they represent the kingdom, phylum, class, order, family,
and genus levels. The coloured shadows represent trends of the signifi-
cantly differed taxa. Green colour rice husk biochar (RH); red colour,
poultry litter biochar (PL). Histograms show the LDA scores of signifi-
cant differences of protists (b). The words in the parentheses show the
taxonomic level: sg supergroup, p phylum, sp. subphylum, c class, o
order, f family, g genus, s species
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Biochar impact on the composition of protists

The differences in the protist community composition were
explained by the opposite changes in the nutrient content of
soils induced by biochars. The major protist group affected by
the nutrient-rich biochar were the bacterial and fungal preda-
tors, phagotrophs. It is well known that biochar application
favours bacteria and fungi by increasing soil nutrient availabil-
ity (Lehmann et al. 2011; Mierzwa-Hersztek et al. 2018).
Therefore, we suggest that the response of phagotrophs to
the changes in the soil physicochemical properties was likely
indirect, mediated by potential shifts in their microbial food
sources . The re la t ive abundance of Oomyce tes

(Stramenopiles) that are mainly controlled by the soil’s phys-
ical properties such as porosity, clay, and water contents
(Rojas et al. 2017), increased in the RH treatments, where soil
porosity was enhanced. Therefore, we suggest that biochar-
induced changes in the soil physiochemical properties have
direct and indirect effects on the protist community composi-
tion depending on the source material.

There is a growing body of research showing that bio-
char application of soils is suppressing microbial patho-
gens (Graber et al. 2014), and our data on oomycetes
support this evidence. Although the rice husk and poultry
litter biochars tended to have opposite effects on protists,
the only functional group that was affected similarly by

Table 3 Relative abundance (%) of each taxon from the functional groups of protists

Functional
groups

Taxonomic groups Treatments ANOVA results

Ctrl RH2 RH4 PL2 PL4 Pr (>F) F
value

Phagotrophs Amoebozoa Filamoeba** 0.09 ± 0.02 b 0.25 ± 0.11
ab

0.16 ± 0.01 b 0.35 ± 0.06
a

0.35 ± 0.07
a

2.3E-03 9.05

Soil_amoeba_
AND16***

0.00 ± 0.00 b 0.00 ± 0.00 b 0.05 ± 0.02
a

0.00 ± 0.00 b 0.00 ± 0.00 b 1.1E-04 19.36

Echinamoeba*** 0.03 ± 0.02 c 0.06 ± 0.01
bc

0.08 ± 0.05
bc

0.12 ± 0.02
b

0.36 ± 0.02
a

3.1E-07 68.85

Hartmannella*** 0.51 ± 0.10 b 0.15 ± 0.03 c 0.20 ± 0.06 c 0.68 ± 0.04 b 0.98 ± 0.06
a

9.5E-08 87.95

Excavata Heterolobosea*** 0.00 ± 0.00 b 0.11 ± 0.04 b 0.09 ± 0.06 b 0.14 ± 0.09 b 0.60 ± 0.08
a

2.4E-06 44.65

Naegleria*** 0.30 ± 0.07 b 0.59 ± 0.33 b 0.39 ± 0.23 b 1.17 ± 0.28 b 2.70 ± 0.82
a

2.4E-04 16.03

Alveolata Colpodea*** 1.95 ± 0.32 b 3.32 ± 0.59 b 2.44 ± 0.29 b 3.02 ± 1.86 b 7.18 ± 0.74
a

3.9E-04 14.29

Oligohymenophorea ** 0.07 ± 0.13 b 0.02 ± 0.03 b 0.49 ± 0.46
ab

0.94 ± 0.04
a

0.00 ± 0.00 b 1.1E-03 11.07

Rhizaria Cercomonadidae* 3.46 ± 1.12
ab

1.66 ± 1.26 a 2.13 ± 0.93
ab

2.29 ± 0.85
ab

4.85 ± 1.05 b 2.5E-02 4.49

Gymnophrys*** 0.44 ± 0.40 b 0.29 ± 0.08 b 0.31 ± 0.29 b 0.79 ± 0.22 b 3.46 ± 0.28
a

2.4E-07 72.71

Stramenopiles MAST** 1.68 ± 0.02
ab

1.37 ± 0.24
bc

1.13 ± 0.24 c 1.19 ± 0.20
bc

1.92 ± 0.21 a 3.1E-03 8.41

Autotrophs Archaeplastida Archaeplastida* 21.0 ± 1.74
ab

14.6 ± 3.12 b 16.5 ± 2.52
ab

19.6 ± 6.10
ab

25.4 ± 2.50 a 3.1E-02 4.15

Stramenopiles Diatomea*** 1.12 ± 0.73 b 0.73 ± 0.48 b 0.80 ± 0.52 b 2.35 ± 0.48 b 9.01 ± 2.35
a

2.2E-05 27.61

Xanthophyceae* 2.13 ± 0.22
ab

1.13 ± 0.17 a 1.21 ± 0.77 a 1.72 ± 0.55
ab

2.76 ± 0.71 b 2.2E-02 4.69

Plant pathogens Stramenopiles Aphanomyces*** 3.72 ± 0.62 a 0.00 ± 0.00
b

0.57 ± 0.45
b

0.00 ± 0.00
b

0.05 ± 0.09
b

4.0E-07 65.08

Pythium*** 3.27 ± 0.14 a 0.68 ± 0.22
b

0.79 ± 0.14
b

1.33 ± 0.36
b

1.14 ± 0.42
b

3.0E-06 42.62

Parasites Alveolata Apicomplexa** 3.60 ± 0.33 a 2.02 ± 0.17
b

2.40 ± 0.28
b

2.24 ± 0.32
b

2.70 ± 0.61
ab

3.4E-03 8.21

Unassigned Stramenopiles Peronosporomycetes*** 26.1 ± 4.08
bc

50 ± 9.27 a 34.2 ± 2.99 b 20.8 ± 1.34 c 2.23 ± 1.56
d

4.1E-06 39.93

Ctrl control, RH rice husk biochar, PL poultry litter biochar, 2 and 4 applied biochar percentage (w/w)

Asterisks indicate significant codes: *** p < 0.001; ** p < 0.01, * p < 0.05. Different letters indicate significant differences between the treatments
(Tukey’s HSD)

Italicised numbers indicate significant differences compared with control treatment. The full list is available in Table S5
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both biochars was plant pathogens, which is an intriguing
part of our results (Fig. 2b). Thus, we assume that rather
than changes in soil nutrients, pH, or physical properties,
a different mechanism may control biochar–pathogen in-
teraction. In line with our results, previously, four bio-
chars that differed in physical and chemical properties
showed strictly similar patterns to suppress plant patho-
gens including Pythium sp. (Stramenopiles) (Graber et al.
2014; Jaiswal et al. 2014). Although no direct evidence
was shown in this study, it is likely that biochar-released
organic compounds that can be photo/biotoxic or the vol-
atile compounds, which have been traditionally used as
pesticides (Orihashi et al. 2001; Yatagai et al. 2002),
could act as pathogen inhibitors for protists.

Correlation among protists

Our approach to group protists based on functionality and
analyse interactions within and between the functional groups
provided better visualisation of the correlation among protists
(Fig. 4). To the best of our knowledge, this is the first study
showing a possible relationship within and between functional
groups of protists. Among functional groups, most nodes and
interactions were linked to phagotrophs (Fig. 4,
Supplementary Fig. S4 and Supplementary Table S6), al-
though they were not the most dominant group by the relative
abundance. It has been reported that predator–prey interac-
tions increase network stability and complexity (Allesina
and Tang 2012), and phagotrophic protists are suggested to
be the keystone taxa in the microbial networks (de Araujo
et al. 2018; Xiong et al. 2018). This is no surprise as
phagotrophic protists affect almost all microorganisms within
their network. Microorganisms preyed by phagotrophs may
be dramatically reduced below detection limit (Glücksman

et al. 2010; Rosenberg et al. 2009). Other microorganisms that
have not preyed (i.e., non-preferred or predation-resistant mi-
crobes) can benefit from the nutrients released from the
protist-preyed microbial biomass (Bonkowski et al. 2000;
Griffiths 1994) and/or gain a competitive advantage as a con-
sequence of protist predation on their strong competitors (Bell
et al. 2010; Flues et al. 2017; Jousset et al. 2008; Saleem et al.
2012). Therefore, our results suggest that microbial commu-
nities are likely to have a phagotroph-driven network.

Although the number of nodes and correlations of
phagotrophs did not change by the biochar addition, the taxa
having most nodes and correlations were linked to different
phagotrophic groups in each biochar treatment: Cercozoa
(Rhizaria) in control, Conosa (Amoebozoa) in RH, and
Discoba (Excavata) in PL (Fig. 4 and Supplementary
Table S6). Considering that different protists have distinct
impacts on the bacterial community composition (Asiloglu
et al. 2020; Rønn et al. 2002), the biochar-induced shift in
the network and correlation among phagotrophic protists
may have an indirect impact on the shifts in bacterial commu-
nities. Further studies on the biochar’s effect on prey–predator

Table 4 Correlations and
topological properties of the
networks

Network properties Treatments

All Ctrl RH2 RH4 PL2 PL4

Clustering coefficient 0.779 1 1 1 1 1

Number of nodes 147 41 60 52 50 37

Significant correlations 1812 (218) 269 (62) 577 (30) 433 (85) 408 (49) 212 (11)

Between FG 1355 (160) 206 (49) 449 (23) 303 (52) 308 (40) 157 (9)

Within FG 457 (58) 63 (13) 128 (7) 130 (33) 100 (9) 55 (2)

Between TG 1530 (176) 224 (47) 490 (25) 367 (71) 350 (39) 176 (9)

Within TG 282 (42) 45 (15) 87 (5) 66 (14) 58 (10) 36 (2)

“Between FG/TG” indicates the interaction of a functional or taxonomic group with the other groups, while
“within FG/TG” indicates interaction within each group. Numbers indicate the total value of groups. For indi-
vidual interactions of each group, see Table S6

All all of the treatments, Ctrl control, RH rice husk biochar, PL poultry litter biochar, 2 and 4 % (w/w) biochar
dose, FG functional groups, TG taxonomic groups

The number in parentheses shows the significant negative interactions (ρ < −0.75, p < 0.05)

�Fig. 4 Microbial co-occurrence networks based on the correlation anal-
ysis from taxonomic profiles of protist communities. The nodes were sub-
grouped based on their assigned functionality, and node sizes indicate the
mean taxonomic abundances. Taxonomic supergroups were illustrated in
different colours. Numeric labeling in the nodes represents taxonomic
subgroups. Positive co-occurrence correlations (Spearman’s r > 0.75,
p < 0.05) were indicated with green-coloured edges, while negative co-
occurrence correlations (Spearman’s r < − 0.75, p < 0.05) were indicated
with red-coloured edges. All, indicates the whole community in all treat-
ments; Ctrl, control treatment with no biochar addition; RH2, 2% rice
husk biochar treatment; RH4, 4% rice husk biochar treatment; PL2, 2%
poultry litter biochar treatment; PL4, 4% poultry litter biochar treatment
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interaction would provide a better understanding of biochar-
induced changes in soil microbiome.

Conclusion

In conclusion, both rice husk and poultry litter biochars altered
the taxonomic and functional community composition of pro-
tists regardless of the applied doses. Our results indicated that
the biochar effect is highly correlatedwith its physicochemical
properties, especially pH, nutrients, and total pore volume.
The network analysis indicated the importance of biochar on
both protist–protist and prey–predator interactions. Overall,
our results suggested that poultry litter biochar may contribute
to ecosystem functioning, especially for C sequestration and
plant growth through its impact on protist communities. It
must be noted that our results and conclusions are based on
the short-term impacts of the two biochars. We suggest that
the potential effect of long-term biochar amendment on taxo-
nomic and functional groups of protists should be further
investigated.

Availability of data The raw sequence data obtained in this study have
been deposited in the NCBI database under the BioProject ID
PRJNA615322.

Authors’ contributions RA conceived and designed the study, analysed
the sequence data, performed bioinformatic and statistical analyses,
interpreted the data, and prepared the manuscript. RA, BS, SOS, MOA,
and PAB performed the laboratory works. KS, JM, OCT, and NH pro-
vided feedback and valuable comments. The authors read and approved
the final manuscript.

Funding information This research was partly supported by The Yanmar
Environmental Sustainability Support Association (K30059) and by a
Kakenhi grant (19H00305H) from the Japan Society for the Promotion
of Science to R.A.

Compliance with ethical standards

Ethics approval Not applicable

Conflict of interest The authors declare they have no conflict of interest.

References

Adl SM, Bass D, Lane CE, Lukeš J, Schoch CL, Smirnov A, Agatha S,
Berney C, Brown MW, Burki F, Cárdenas P, Čepička I,
Chistyakova L, del Campo J, Dunthorn M, Edvardsen B, Eglit Y,
Guillou L, Hampl V et al (2018) Revisions to the classification,
nomenclature, and diversity of eukaryotes. J Eukaryot Microbiol.
https://doi.org/10.1111/jeu.12691

Allesina S, Tang S (2012) Stability criteria for complex ecosystems.
Nature 483:205–208. https://doi.org/10.1038/nature10832

Amaral-Zettler LA, McCliment EA, Ducklow HW, Huse SM (2009) A
method for studying protistan diversity using massively parallel se-
quencing of V9 hypervariable regions of small-subunit ribosomal

RNA genes. PLoS One 4:e6372. https://doi.org/10.1371/journal.
pone.0006372

Asiloglu R, Shiroishi K, Suzuki K, Turgay OC, Murase J, Harada N
(2020) Protist-enhanced survival of a plant growth promoting
rhizobacteria, Azospirillum sp. B510, and the growth of rice
(Oryza sativa L.) plants. Appl Soil Ecol 154:103599. https://doi.
org/10.1016/j.apsoil.2020.103599

Bastida F, Selevsek N, Torres IF, Hernández T, García C (2015) Soil
restoration with organic amendments: linking cellular functionality
and ecosystem processes. Sci Rep 5:15550. https://doi.org/10.1038/
srep15550

Bell T, Bonsall MB, Buckling A, Whiteley AS, Goodall T, Griffiths RI
(2010) Protists have divergent effects on bacterial diversity along a
productivity gradient. Biol Lett 6:639–642. https://doi.org/10.1098/
rsbl.2010.0027

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith
GA, Alexander H, Alm EJ, ArumugamM, Asnicar F, Bai Y, Bisanz
JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ,
Caraballo-Rodríguez AM, Chase J et al (2019) Reproducible, inter-
active, scalable and extensible microbiome data science using
QIIME 2. Nat Biotechnol 37:852–857. https://doi.org/10.1038/
s41587-019-0209-9

Bonkowski M (2004) Protozoa and plant growth: the microbial loop in
soil revisited. New Phytol 162:617–631. https://doi.org/10.1111/j.
1469-8137.2004.01066.x

Bonkowski M, Griffiths B, Scrimgeour C (2000) Substrate heterogeneity
and microfauna in soil organic ‘hotspots’ as determinants of nitro-
gen capture and growth of ryegrass. Appl Soil Ecol 14:37–53.
https://doi.org/10.1016/S0929-1393(99)00047-5

Brunauer S, Emmett PH, Teller E (1938) Adsorption of gases in multi-
molecular layers. J Am Chem Soc 60:309–319. https://doi.org/10.
1021/ja01269a023

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes
SP (2016) DADA2: high-resolution sample inference from Illumina
amplicon data. Nat Methods 13:581–583. https://doi.org/10.1038/
nmeth.3869

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer
N, Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA,
Smith G, Knight R (2012) Ultra-high-throughput microbial commu-
nity analysis on the Illumina HiSeq andMiSeq platforms. ISME J 6:
1621–1624. https://doi.org/10.1038/ismej.2012.8

Chen J, Sun X, Zheng J, Zhang X, Liu X, Bian R, Li L, Cheng K, Zheng
J, Pan G (2018) Biochar amendment changes temperature sensitivity
of soil respiration and composition of microbial communities 3
years after incorporation in an organic carbon-poor dry cropland
soil. Biol Fertil Soils 54:175–188. https://doi.org/10.1007/s00374-
017-1253-6

Chen L, Jiang Y, Liang C, Luo Y, Xu Q, Han C, Zhao Q, Sun B (2019)
Competitive interaction with keystone taxa induced negative prim-
ing under biochar amendments. Microbiome 7:77. https://doi.org/
10.1186/s40168-019-0693-7

Cheng J, Li Y, GaoW, Chen Y, Pan W, Lee X, Tang Y (2018) Effects of
biochar on Cd and Pb mobility and microbial community composi-
tion in a calcareous soil planted with tobacco. Biol Fertil Soils 54:
373–383. https://doi.org/10.1007/s00374-018-1267-8

Clarholm M (1985) Interactions of bacteria, protozoa and plants leading
to mineralization of soil nitrogen. Soil Biol Biochem 17:181–187.
https://doi.org/10.1016/0038-0717(85)90113-0

Dai Z, Enders A, Rodrigues JLM, Hanley KL, Brookes PC, Xu J,
Lehmann J (2018) Soil fungal taxonomic and functional community
composition as affected by biochar properties. Soil Biol Biochem
126:159–167. https://doi.org/10.1016/j.soilbio.2018.09.001

de Araujo ASF, Mendes LW, Lemos LN, Antunes JEL, Beserra JEA, de
Lyra M d CCP, Figueiredo M d VB, Lopes ÂC d A, Gomes RLF,
Bezerra WM, Melo VMM, de Araujo FF, Geisen S (2018) Protist
species richness and soil microbiome complexity increase towards

Biol Fertil Soils

Author's personal copy

https://doi.org/10.1111/jeu.12691
https://doi.org/10.1038/nature10832
https://doi.org/10.1371/journal.pone.0006372
https://doi.org/10.1371/journal.pone.0006372
https://doi.org/10.1016/j.apsoil.2020.103599
https://doi.org/10.1016/j.apsoil.2020.103599
https://doi.org/10.1038/srep15550
https://doi.org/10.1038/srep15550
https://doi.org/10.1098/rsbl.2010.0027
https://doi.org/10.1098/rsbl.2010.0027
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1016/S0929-1393(99)00047-5
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1007/s00374-017-1253-6
https://doi.org/10.1007/s00374-017-1253-6
https://doi.org/10.1186/s40168-019-0693-7
https://doi.org/10.1186/s40168-019-0693-7
https://doi.org/10.1007/s00374-018-1267-8
https://doi.org/10.1016/0038-0717(85)90113-0
https://doi.org/10.1016/j.soilbio.2018.09.001


climax vegetation in the Brazilian Cerrado. Commun Biol 1:135.
https://doi.org/10.1038/s42003-018-0129-0

Dumack K, Fiore-Donno AM, Bass D, Bonkowski M (2019) Making
sense of environmental sequencing data: ecologically important
functional traits of the protistan groups Cercozoa and Endomyxa
(Rhizaria). Mol Ecol Resour 20:398–403. https://doi.org/10.1111/
1755-0998.13112

Fiore-Donno AM, Richter-Heitmann T, Degrune F, Dumack K, Regan
KM, Marhan S, Boeddinghaus RS, Rillig MC, Friedrich MW,
Kandeler E, Bonkowski M (2019) Functional traits and spatio-
temporal structure of a major group of soil protists (Rhizaria:
Cercozoa) in a temperate grassland. Front Microbiol 10. https://
doi.org/10.3389/fmicb.2019.01332

Flues S, Bass D, Bonkowski M (2017) Grazing of leaf-associated
Cercomonads (Protists: Rhizaria: Cercozoa) structures bacterial
community composition and function. Environ Microbiol 19:
3297–3309. https://doi.org/10.1111/1462-2920.13824

Gao Z, Karlsson I, Geisen S, Kowalchuk G, Jousset A (2019) Protists:
puppet masters of the Rhizospheremicrobiome. Trends Plant Sci 24:
165–176. https://doi.org/10.1016/j.tplants.2018.10.011

García-Delgado C, Barba-Vicente V, Marín-Benito JM, Mariano Igual J,
Sánchez-Martín MJ, Sonia Rodríguez-Cruz M (2019) Influence of
different agricultural management practices on soil microbial com-
munity over dissipation time of two herbicides. Sci Total Environ
646:1478–1488. https://doi.org/10.1016/j.scitotenv.2018.07.395

Geisen S (2016) The bacterial-fungal energy channel concept challenged
by enormous functional versatility of soil protists. Soil Biol
Biochem 102:22–25. https://doi.org/10.1016/j.soilbio.2016.06.013

Geisen S, Tveit AT, Clark IM, Richter A, Svenning MM, Bonkowski M,
Urich T (2015) Metatranscriptomic census of active protists in soils.
ISME J 9:2178–2190. https://doi.org/10.1038/ismej.2015.30

Geisen S, Mitchell EAD, Adl S, Bonkowski M, Dunthorn M, Ekelund F,
Fernández LD, Jousset A, Krashevska V, Singer D, Spiegel FW,
Walochnik J, Lara E (2018) Soil protists: a fertile frontier in soil
biology research. FEMSMicrobiol Rev 42:293–323. https://doi.org/
10.1093/femsre/fuy006

Geisen S, Vaulot D, Mahé F, Lara E, de Vargas C (2019) A user guide to
environmental protistology: primers, metabarcoding, sequencing,
and analyses. bioRxiv:850610. https://doi.org/10.1101/850610

Glücksman E, Bell T, Griffiths RI, Bass D (2010) Closely related protist
strains have different grazing impacts on natural bacterial commu-
nities. Environ Microbiol 12:3105–3113. https://doi.org/10.1111/j.
1462-2920.2010.02283.x

Graber ER, Frenkel O, Jaiswal AK, Elad Y (2014) How may biochar
influence severity of diseases caused by soilborne pathogens?
Carbon Manag 5:169–183. https://doi.org/10.1080/17583004.
2014.913360

Griffiths BS (1994) Microbial-feeding nematodes and protozoa in soil:
their effects on microbial activity and nitrogen mineralization in
decomposition hotspots and the rhizosphere. Plant Soil 164:25–33.
https://doi.org/10.1007/BF00010107

Gul S, Whalen JK, Thomas BW, Sachdeva V, Deng H (2015) Physico-
chemical properties and microbial responses in biochar-amended
soils: mechanisms and future directions. Agric Ecosyst Environ
206:46–59. https://doi.org/10.1016/j.agee.2015.03.015

Guo S, Xiong W, Xu H, Hang X, Liu H, Xun W, Li R, Shen Q (2018)
Continuous application of different fertilizers induces distinct bulk
and rhizosphere soil protist communities. Eur J Soil Biol 88:8–14.
https://doi.org/10.1016/j.ejsobi.2018.05.007

Hale L, Luth M, Crowley D (2015) Biochar characteristics relate to its
utility as an alternative soil inoculum carrier to peat and vermiculite.
Soil Biol Biochem 81:228–235. https://doi.org/10.1016/j.soilbio.
2014.11.023

Jaiswal AK, Elad Y, Graber ER, Frenkel O (2014) Rhizoctonia solani
suppression and plant growth promotion in cucumber as affected by
biochar pyrolysis temperature, feedstock and concentration. Soil

Biol Biochem 69:110–118. https://doi.org/10.1016/j.soilbio.2013.
10.051

Jassey VEJ, Signarbieux C, Hättenschwiler S, Bragazza L, Buttler A,
Delarue F, Fournier B, Gilbert D, Laggoun-Défarge F, Lara E,
Mills TER, Mitchell EAD, Payne RJ, Robroek BJM (2015) An
unexpected role for mixotrophs in the response of peatland carbon
cycling to climate warming. Sci Rep 5:16931. https://doi.org/10.
1038/srep16931

Jeon S, Bunge J, Leslin C, Stoeck T, Hong S, Epstein SS (2008)
Environmental rRNA inventories miss over half of protistan diver-
sity. BMC Microbiol 8:222. https://doi.org/10.1186/1471-2180-8-
222

Jilani G, Akram A, Ali RM, Hafeez FY, Shamsi IH, Chaudhry AN,
Chaudhry AG (2007) Enhancing crop growth, nutrients availability,
economics and beneficial rhizosphere microflora through organic
and biofertilizers. Ann Microbiol 57:177–184. https://doi.org/10.
1007/BF03175204

Jousset A, Scheu S, Bonkowski M (2008) Secondary metabolite produc-
tion facilitates establishment of rhizobacteria by reducing both pro-
tozoan predation and the competitive effects of indigenous bacteria.
Funct Ecol 22:714–719. https://doi.org/10.1111/j.1365-2435.2008.
01411.x

Kamaa M, Mburu H, Blanchart E, Chibole L, Chotte J-L, Kibunja C,
Lesueur D (2011) Effects of organic and inorganic fertilization on
soil bacterial and fungal microbial diversity in the Kabete long-term
trial, Kenya. Biol Fertil Soils 47:315–321. https://doi.org/10.1007/
s00374-011-0539-3

Kamau S, Karanja NK, Ayuke FO, Lehmann J (2019) Short-term influ-
ence of biochar and fertilizer-biochar blends on soil nutrients, fauna
and maize growth. Biol Fertil Soils 55:661–673. https://doi.org/10.
1007/s00374-019-01381-8

Kolton M, Meller Harel Y, Pasternak Z, Graber ER, Elad Y, Cytryn E
(2011) Impact of biochar application to soil on the root-associated
bacterial community structure of fully developed greenhouse pepper
plants. Appl Environ Microbiol 77:4924–4930. https://doi.org/10.
1128/AEM.00148-11

Kramer S, Dibbern D, Moll J, Huenninghaus M, Koller R, Krueger D,
Marhan S, Urich T, Wubet T, Bonkowski M, Buscot F, Lueders T,
Kandeler E (2016) Resource partitioning between Bacteria, Fungi,
and Protists in the detritusphere of an agricultural soil. Front
Microbiol 7:1524. https://doi.org/10.3389/fmicb.2016.01524

Krause HM, Hüppi R, Leifeld J, El-Hadidi M, Harter J, Kappler A,
Hartmann M, Behrens S, Mäder P, Gattinger A (2018) Biochar
affects community composition of nitrous oxide reducers in a field
experiment. Soil Biol Biochem 119:143–151. https://doi.org/10.
1016/j.soilbio.2018.01.018

Kuikman PJ, Van Veen JA (1989) The impact of protozoa on the avail-
ability of bacterial nitrogen to plants. Biol Fertil Soils 8:13–18.
https://doi.org/10.1007/BF00260510

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes
JA, Clemente JC, Burkepile DE, Vega Thurber RL, Knight R, Beiko
RG, Huttenhower C (2013) Predictive functional profiling of micro-
bial communities using 16S rRNA marker gene sequences. Nat
Biotechnol 31:814–821. https://doi.org/10.1038/nbt.2676

Latijnhouwers M, de Wit PJGM, Govers F (2003) Oomycetes and fungi:
similar weaponry to attack plants. Trends Microbiol 11:462–469.
https://doi.org/10.1016/j.tim.2003.08.002

Lehmann J, Rillig MC, Thies J, Masiello CA, HockadayWC, Crowley D
(2011) Biochar effects on soil biota – a review. Soil Biol Biochem
43:1812–1836. https://doi.org/10.1016/j.soilbio.2011.04.022

Lentendu G, Wubet T, Chatzinotas A, Wilhelm C, Buscot F, Schlegel M
(2014) Effects of long-term differential fertilization on eukaryotic
microbial communities in an arable soil: a multiple barcoding ap-
proach. Mol Ecol 23:3341–3355. https://doi.org/10.1111/mec.
12819

Biol Fertil Soils

Author's personal copy

https://doi.org/10.1038/s42003-018-0129-0
https://doi.org/10.1111/1755-0998.13112
https://doi.org/10.1111/1755-0998.13112
https://doi.org/10.3389/fmicb.2019.01332
https://doi.org/10.3389/fmicb.2019.01332
https://doi.org/10.1111/1462-2920.13824
https://doi.org/10.1016/j.tplants.2018.10.011
https://doi.org/10.1016/j.scitotenv.2018.07.395
https://doi.org/10.1016/j.soilbio.2016.06.013
https://doi.org/10.1038/ismej.2015.30
https://doi.org/10.1093/femsre/fuy006
https://doi.org/10.1093/femsre/fuy006
https://doi.org/10.1101/850610
https://doi.org/10.1111/j.1462-2920.2010.02283.x
https://doi.org/10.1111/j.1462-2920.2010.02283.x
https://doi.org/10.1080/17583004.2014.913360
https://doi.org/10.1080/17583004.2014.913360
https://doi.org/10.1007/BF00010107
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1016/j.soilbio.2014.11.023
https://doi.org/10.1016/j.soilbio.2014.11.023
https://doi.org/10.1016/j.soilbio.2013.10.051
https://doi.org/10.1016/j.soilbio.2013.10.051
https://doi.org/10.1038/srep16931
https://doi.org/10.1038/srep16931
https://doi.org/10.1186/1471-2180-8-222
https://doi.org/10.1186/1471-2180-8-222
https://doi.org/10.1007/BF03175204
https://doi.org/10.1007/BF03175204
https://doi.org/10.1111/j.1365-2435.2008.01411.x
https://doi.org/10.1111/j.1365-2435.2008.01411.x
https://doi.org/10.1007/s00374-011-0539-3
https://doi.org/10.1007/s00374-011-0539-3
https://doi.org/10.1007/s00374-019-01381-8
https://doi.org/10.1007/s00374-019-01381-8
https://doi.org/10.1128/AEM.00148-11
https://doi.org/10.1128/AEM.00148-11
https://doi.org/10.3389/fmicb.2016.01524
https://doi.org/10.1016/j.soilbio.2018.01.018
https://doi.org/10.1016/j.soilbio.2018.01.018
https://doi.org/10.1007/BF00260510
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.tim.2003.08.002
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1111/mec.12819
https://doi.org/10.1111/mec.12819


Lin Y, Ye G, Kuzyakov Y, Liu D, Fan J, Ding W (2019) Long-term
manure application increases soil organic matter and aggregation,
and alters microbial community structure and keystone taxa. Soil
Biol Biochem 134:187–196. https://doi.org/10.1016/j.soilbio.2019.
03.030

Mahé F, de Vargas C, Bass D, Czech L, Stamatakis A, Lara E, Singer D,
Mayor J, Bunge J, Sernaker S, Siemensmeyer T, Trautmann I,
Romac S, Berney C, Kozlov A, Mitchell EAD, Seppey CVW,
Egge E, Lentendu G, Wirth R, Trueba G, Dunthorn M (2017)
Parasites dominate hyperdiverse soil protist communities in neotrop-
ical rainforests. Nat Ecol Evol 1:0091. https://doi.org/10.1038/
s41559-017-0091

Mierzwa-Hersztek M, Klimkowicz-Pawlas A, Gondek K (2018)
Influence of poultry litter and poultry litter biochar on soil microbial
respiration and nitrifying bacteria activity. Waste and Biomass
Valorization 9:379–389. https://doi.org/10.1007/s12649-017-0013-
z

Mitra A, FlynnKJ, Tillmann U, Raven JA, Caron D, Stoecker DK, Not F,
Hansen PJ, Hallegraeff G, Sanders R, Wilken S, McManus G,
Johnson M, Pitta P, Våge S, Berge T, Calbet A, Thingstad F,
Jeong HJ, Burkholder JA, Glibert PM, Granéli E, Lundgren V
(2016) Defining planktonic protist functional groups on mecha-
nisms for energy and nutrient acquisition: incorporation of diverse
mixotrophic strategies. Protist 167:106–120. https://doi.org/10.
1016/j.protis.2016.01.003

Murase J, Takenouchi Y, Iwasaki K, Kimura M (2014) Microeukaryotic
community and oxygen response in rice field soil revealed using a
combined rRNA-gene and rRNA-based approach. Microbes
Environ 29:74–81. https://doi.org/10.1264/jsme2.ME13128

Orihashi K, Kojima Y, Terazawa M (2001) Deterrent effect of rosin and
wood tar against barking by the gray-sided vole (Clethrionomys
rufocanus bedfordiae). J For Res 6:191–196. https://doi.org/10.
1007/BF02767092

Otte JM, Blackwell N, Soos V, Rughöft S, Maisch M, Kappler A,
Kleindienst S, Schmidt C (2018) Sterilization impacts on marine
sediment—Are we able to inactivate microorganisms in environ-
mental samples? FEMS Microbiol Ecol 94:fiy189. https://doi.org/
10.1093/femsec/fiy189

Pansu M, Gautheyrou J (2006) Exchangeable cations. In: Handbook of
soil analysis. Springer, Berlin. https://doi.org/10.1007/978-3-540-
31211-6

Parry JD (2004) Protozoan grazing of freshwater biofilms. Adv Appl
Microbiol 54:167–196. https://doi.org/10.1016/S0065-2164(04)
54007-8

Paustian K, Lehmann J, Ogle S, Reay D, Robertson GP, Smith P (2016)
Climate-smart soils. Nature 532:49–57

Payne RJ (2013) Seven reasons why protists make useful bioindicators.
Acta Protozool 52:105–113. https://doi.org/10.4467/16890027AP.
13.0011.1108

Prommer J, Wanek W, Hofhansl F, Trojan D, Offre P, Urich T, Schleper
C, Sassmann S, Kitzler B, Soja G, Hood-Nowotny RC (2014)
Biochar decelerates soil organic nitrogen cycling but stimulates soil
nitrification in a temperate arable field trial. PLoS One 9:e86388.
https://doi.org/10.1371/journal.pone.0086388

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glöckner FO (2012) The SILVA ribosomal RNA gene database
project: improved data processing and web-based tools. Nucleic
Acids Res 41:D590–D596. https://doi.org/10.1093/nar/gks1219

Rajkovich S, Enders A, Hanley K, Hyland C, Zimmerman AR, Lehmann
J (2012) Corn growth and nitrogen nutrition after additions of bio-
chars with varying properties to a temperate soil. Biol Fertil Soils 48:
271–284. https://doi.org/10.1007/s00374-011-0624-7

Reddy KR, Yargicoglu EN, Yue D, Yaghoubi P (2014) Enhanced micro-
bial methane oxidation in landfill cover soil amended with biochar. J
Geotech Geoenvironmental Eng 140:04014047. https://doi.org/10.
1061/(ASCE)GT.1943-5606.0001148

Rojas JA, Jacobs JL, Napieralski S, Karaj B, Bradley CA, Chase T, Esker
PD, Giesler LJ, Jardine DJ, Malvick DK, Markell SG, Nelson BD,
Robertson AE, Rupe JC, Smith DL, Sweets LE, Tenuta AU, Wise
KA, Chilvers MI (2017) Oomycete species associated with soybean
seedlings in North America—part II: diversity and ecology in rela-
tion to environmental and edaphic factors. Phytopathology 107:
293–304. https://doi.org/10.1094/PHYTO-04-16-0176-R

Rønn R,McCaig AE, Griffiths BS, Prosser JI (2002) Impact of protozoan
grazing on bacterial community structure in soil microcosms. Appl
Environ Microbiol 68:6094–6105. https://doi.org/10.1128/AEM.
68.12.6094-6105.2002

Rosenberg K, Bertaux J, Krome K, Hartmann A, Scheu S, Bonkowski M
(2009) Soil amoebae rapidly change bacterial community composi-
tion in the rhizosphere of Arabidopsis thaliana. ISME J 3:675–684.
https://doi.org/10.1038/ismej.2009.11

Saleem M, Fetzer I, Dormann CF, Harms H, Chatzinotas A (2012)
Predator richness increases the effect of prey diversity on prey yield.
Nat Commun 3:1305. https://doi.org/10.1038/ncomms2287

Schmidt JE, Kent AD, Brisson VL, Gaudin ACM (2019) Agricultural
management and plant selection interactively affect rhizosphere mi-
crobial community structure and nitrogen cycling. Microbiome 7:
146. https://doi.org/10.1186/s40168-019-0756-9

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C (2011) Metagenomic biomarker discovery and ex-
planation. Genome Biol 12:R60. https://doi.org/10.1186/gb-2011-
12-6-r60

Shannon P (2003) Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res 13:
2498–2504. https://doi.org/10.1101/gr.1239303

Sheng Y, Zhu L (2018) Biochar alters microbial community and carbon
sequestration potential across different soil pH. Sci Total Environ
622–623:1391–1399. https://doi.org/10.1016/j.scitotenv.2017.11.
337

Sohi SP, Krull E, Lopez-Capel E, Bol R (2010) Chapter 2: a review of
biochar and its use and function in soil. Adv Agron 105:47–82.
https://doi.org/10.1016/S0065-2113(10)05002-9

Song Y, Zhang X, Ma B, Chang SX, Gong J (2014) Biochar addition
affected the dynamics of ammonia oxidizers and nitrification in
microcosms of a coastal alkaline soil. Biol Fertil Soils 50:321–
332. https://doi.org/10.1007/s00374-013-0857-8

Truog E (1930) The determination of the readily available phosphorus of
soils. Agron J 22:874. https://doi.org/10.2134/agronj1930.
00021962002200100008x

Wang W, Niu J, Zhou X, Wang Y (2011) Long-term change in land
management from subtropical wetland to paddy field shifts soil mi-
crobial community structure as determined by PLFA and T-RFLP.
Polish J Ecol 59:37–44

Warnock DD, Lehmann J, Kuyper TW, Rillig MC (2007) Mycorrhizal
responses to biochar in soil – concepts and mechanisms. Plant Soil
300:9–20. https://doi.org/10.1007/s11104-007-9391-5

Williams RJ, Howe A, Hofmockel KS (2014) Demonstrating microbial
co-occurrence pattern analyses within and between ecosystems.
Front Microbiol 5:1–10. https://doi.org/10.3389/fmicb.2014.00358

Wu H, Zeng G, Liang J, Chen J, Xu J, Dai J, Li X, Chen M, Xu P, Zhou
Y, Li F, Hu L, Wan J (2016) Responses of bacterial community and
functional marker genes of nitrogen cycling to biochar, compost and
combined amendments in soil. Appl Microbiol Biotechnol 100:
8583–8591. https://doi.org/10.1007/s00253-016-7614-5

Xiong W, Jousset A, Guo S, Karlsson I, Zhao Q,Wu H, Kowalchuk GA,
Shen Q, Li R, Geisen S (2018) Soil protist communities form a
dynamic hub in the soil microbiome. ISME J 12:634–638. https://
doi.org/10.1038/ismej.2017.171

Yang Y, Wang P, Zeng Z (2019) Dynamics of bacterial communities in a
30-year fertilized paddy field under different organic–inorganic fer-
tilization strategies. Agronomy 9:14. https://doi.org/10.3390/
agronomy9010014

Biol Fertil Soils

Author's personal copy

https://doi.org/10.1016/j.soilbio.2019.03.030
https://doi.org/10.1016/j.soilbio.2019.03.030
https://doi.org/10.1038/s41559-017-0091
https://doi.org/10.1038/s41559-017-0091
https://doi.org/10.1007/s12649-017-0013-z
https://doi.org/10.1007/s12649-017-0013-z
https://doi.org/10.1016/j.protis.2016.01.003
https://doi.org/10.1016/j.protis.2016.01.003
https://doi.org/10.1264/jsme2.ME13128
https://doi.org/10.1007/BF02767092
https://doi.org/10.1007/BF02767092
https://doi.org/10.1093/femsec/fiy189
https://doi.org/10.1093/femsec/fiy189
https://doi.org/10.1007/978-540-6
https://doi.org/10.1007/978-540-6
https://doi.org/10.4467/16890027AP.13.0011.1108
https://doi.org/10.4467/16890027AP.13.0011.1108
https://doi.org/10.1371/journal.pone.0086388
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s00374-011-0624-7
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001148
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001148
https://doi.org/10.1094/PHYTO-04-16-0176-R
https://doi.org/10.1128/AEM.68.12.6094-6105.2002
https://doi.org/10.1128/AEM.68.12.6094-6105.2002
https://doi.org/10.1038/ismej.2009.11
https://doi.org/10.1038/ncomms2287
https://doi.org/10.1186/s40168-019-0756-9
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.scitotenv.2017.11.337
https://doi.org/10.1016/j.scitotenv.2017.11.337
https://doi.org/10.1007/s00374-013-0857-8
https://doi.org/10.2134/agronj1930.00021962002200100008x
https://doi.org/10.2134/agronj1930.00021962002200100008x
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.3389/fmicb.2014.00358
https://doi.org/10.1007/s00253-016-7614-5
https://doi.org/10.1038/ismej.2017.171
https://doi.org/10.1038/ismej.2017.171
https://doi.org/10.3390/agronomy9010014
https://doi.org/10.3390/agronomy9010014


YatagaiM, NishimotoM, Hori K, Ohira T, Shibata A (2002) Termiticidal
activity of wood vinegar, its components and their homologues. J
Wood Sci 48:338–342. https://doi.org/10.1007/BF00831357

Yu J, Deem LM, Crow SE, Deenik JL, Penton CR (2018) Biochar appli-
cation influencesmicrobial assemblage complexity and composition
due to soil and bioenergy crop type interactions. Soil Biol Biochem
117:97–107. https://doi.org/10.1016/j.soilbio.2017.11.017

Zhang A, Cui L, Pan G, Li L, Hussain Q, Zhang X, Zheng J, Crowley D
(2010) Effect of biochar amendment on yield and methane and
nitrous oxide emissions from a rice paddy from Tai Lake plain,
China. Agric Ecosyst Environ 139:469–475. https://doi.org/10.
1016/j.agee.2010.09.003

Zhang Q-C, Shamsi IH, Xu D-T, Wang G-H, Lin X-Y, Jilani G, Hussain
N, Chaudhry AN (2012) Chemical fertilizer and organic manure
inputs in soil exhibit a vice versa pattern of microbial community
structure. Appl Soil Ecol 57:1–8. https://doi.org/10.1016/j.apsoil.
2012.02.012

Zhao Z-B, He J-Z, Geisen S, Han L-L, Wang J-T, Shen J-P, Wei W-X,
Fang Y-T, Li P-P, Zhang L-M (2019) Protist communities are more
sensitive to nitrogen fertilization than other microorganisms in di-
verse agricultural soils. Microbiome 7:33. https://doi.org/10.1186/
s40168-019-0647-0

Zheng N, YuY, ShiW,YaoH (2019) Biochar suppresses N2O emissions
and alters microbial communities in an acidic tea soil. Environ Sci
Pollut Res 26:35978–35987. https://doi.org/10.1007/s11356-019-
06704-8

Zhu X, Chen B, Zhu L, Xing B (2017) Effects and mechanisms of
biochar-microbe interactions in soil improvement and pollution re-
mediation: a review. Environ Pollut 227:98–115. https://doi.org/10.
1016/j.envpol.2017.04.032

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Biol Fertil Soils

Author's personal copy

https://doi.org/10.1007/BF00831357
https://doi.org/10.1016/j.soilbio.2017.11.017
https://doi.org/10.1016/j.agee.2010.09.003
https://doi.org/10.1016/j.agee.2010.09.003
https://doi.org/10.1016/j.apsoil.2012.02.012
https://doi.org/10.1016/j.apsoil.2012.02.012
https://doi.org/10.1186/s40168-019-0647-0
https://doi.org/10.1186/s40168-019-0647-0
https://doi.org/10.1007/s11356-019-06704-8
https://doi.org/10.1007/s11356-019-06704-8
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.envpol.2017.04.032

	Biochar affects taxonomic and functional community composition of protists
	Abstract
	Introduction
	Materials and methods
	Biochar production, soil samples, and rice seedlings
	Experimental set-up and sampling
	Physicochemical analyses of the biochars, the soil, and plant samples
	Molecular analyses, bioinformatics, and statistical analyses

	Results
	Physicochemical properties of biochar and soil and plant growth parameters
	Taxonomic community composition of protists
	Functional community composition of protists
	Co-occurrence of protist communities

	Discussion
	Biochar impact on the composition of protists
	Correlation among protists


	This link is https://doi.org/10.1016/S0065-04)54007-,",
	This link is https://doi.org/10.1016/S0065-10)05002-,",
	Conclusion
	References


