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Biochar has been reported to play a positive role in disease suppression against airborne
pathogens in plants. The mechanisms behind this positive trait are not well-understood.
In this study, we hypothesized that the attraction of plant growth-promoting rhizobacteria
(PGPR) or fungi (PGPF) underlies the mechanism of biochar in plant protection. The
attraction of PGPR and PGPF may either activate the innate immune system of plants
or help the plants with nutrient uptake. We studied the effect of biochar in peat substrate
(PS) on the susceptibility of strawberry, both on leaves and fruits, against the airborne
fungal pathogen Botrytis cinerea. Biochar had a positive impact on the resistance of
strawberry fruits but not the plant leaves. On leaves, the infection was more severe
compared with plants without biochar in the PS. The different effects on fruits and
plant leaves may indicate a trade-off between plant parts. Future studies should focus
on monitoring gene expression and metabolites of strawberry fruits to investigate this
potential trade-off effect. A change in the microbial community in the rhizosphere was
also observed, with increased fungal diversity and higher abundances of amplicon
sequence variants classified into Granulicella, Mucilaginibacter, and Byssochlamys
surrounding the plant root, where the latter two were reported as biocontrol agents. The
change in the microbial community was not correlated with a change in nutrient uptake
by the plant in either the leaves or the fruits. A decrease in the defense gene expression
in the leaves was observed. In conclusion, the decreased infection of B. cinerea in
strawberry fruits mediated by the addition of biochar in the PS is most likely regulated
by the changes in the microbial community.
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INTRODUCTION

Biochar, a by-product of pyrolysis, is the subject of many
agricultural studies (Lehmann and Joseph, 2009). Particularly for
soilless cultivation, biochar has been reported to be beneficial:
first, because it can partially replace peat (Blok et al., 2017),
and second, because it improves plant-based traits (De Tender
et al., 2016b; Nieto et al., 2016). Biochar application improves
structural stability and water- and air-holding capacity. Biochar
can successfully replace up to 25% of bulk peat (Lehmann
and Joseph, 2009; Blok et al., 2017; Dumroese et al., 2018;
Chrysargyris et al., 2019). However, even in small quantities,
biochar has beneficial effects on agricultural and horticultural
crops. For instance, the addition of 2 g/L of biochar to
white peat enhances root formation, plant biomass, and fruit
production in strawberry plants (De Tender et al., 2016a,b). In
addition, low concentrations of biochar in growing media have
been reported to support disease suppression (Frenkel et al.,
2017). Symptoms of airborne diseases caused by pathogens,
such as Botrytis cinerea, Colletotrichum acutatum, Podosphaera
aphanis, and Leveillula taurica (Elad et al., 2010; Meller Harel
et al., 2012; De Tender et al., 2016a,b), as well as soilborne
pathogens, such as Pythium, parasitic nematodes, and Fusarium
oxysporum (Huang et al., 2015; Frenkel et al., 2017; Jaiswal et al.,
2018, 2020), are reduced on the application of biochar to the
growing media or soil. No direct toxic effect of biochar on
pathogens has been reported (e.g., Huang et al., 2015; Wang
et al., 2020), indicating that other mechanisms play a role in
disease suppression.

Nutrient availability for the host plant is an important
factor in disease control (Agrios, 2005). Previous studies have
shown that biochar can act as fertilizer and thus influences the
nutrient availability in the growing medium, leading to increased
phosphorus (P) contents in wheat and strawberry (Olmo et al.,
2016; Amery et al., 2021), potassium (K) concentration in
strawberry (Amery et al., 2021), magnesium (Mg) and manganese
(Mn) contents in maize plants (Glaser et al., 2015), and
nitrogen (N) and P levels and uptake efficiency in tomato
and sweet pepper (Levesque et al., 2020). Nutrient deficiencies
and toxicities can directly affect plant disease resistance and
tolerance (Marschner, 1995; Agrios, 2005). K for instance can
decrease the susceptibility of the plant up to the optimal level
for growth (Huber and Graham, 1999). Another important
nutrient in terms of disease resistance is calcium (Ca), which
is important for the stability and function of plant membranes
and an important component of the cell wall. Ca also plays
a role in pattern-triggered immunity (PTI) responses, where
Ca2+ bursts lead to activation of Ca-dependent protein kinase
signaling (Bredow and Monaghan, 2018). A drop in the Ca level
in the plant can therefore result in an increased susceptibility
to pathogens (Dordas, 2008). However, the extensive use of
nutrients can also be harmful to the plants. For instance, excessive
N concentration can lead to increased susceptibility to plant
pathogens and higher rates of infection (Nam et al., 2006; Dordas,
2008; De Tender et al., 2021).

The positive impact of biochar on plant health has been linked
to the changes in the microbial community of the rhizosphere

of the plant—the zone of soil or growing medium located
immediately around the plant root (Philippot et al., 2013; De
Tender et al., 2016b; Jaiswal et al., 2017; Kolton et al., 2017).
The addition of biochar can change the microbial community
(Palansooriya et al., 2019; Wu et al., 2020) of the rhizosphere,
with more abundance of the above-described plant growth-
promoting rhizobacteria (PGPR) and fungi (PGPF), such as
members of the genera Pseudomonas, Bacillus, and Trichoderma
(Bakker et al., 2013; Mehari et al., 2015; De Tender et al., 2016a,b;
Jaiswal et al., 2018). However, the longevity of the microbial
changes in the rhizosphere is unknown and requires investigation
(Jaiswal et al., 2019).

The microbial mechanisms associated with disease
suppression in plants include the competition for nutrients,
antibiosis, and induced resistance (IR) in host plants (Bakker
et al., 2013). For foliar pathogens specifically, the latter is
proposed to be the main mode of action, as root colonization
by PGPR and PGPF can promote IR (Bakker et al., 2013;
Mehari et al., 2015; Samain et al., 2017, 2019). Inducing the
innate defense system of plants through the application of
biochar can reduce the susceptibility to diseases by activating
the “Induced resistance” phenotype. This phenotype occurs
in plants after they are triggered by certain pathogens, pests,
beneficial microbes, chemical agents, physical wounding, or
herbivory, where they exhibit enhanced resistance against
future challenges when compared with naïve control plants
(De Kesel et al., 2021). Two major forms of IR have been
described in plants, namely, induced systemic resistance (ISR)
and systemic acquired resistance (SAR), where ISR is most
commonly attributed to the presence of PGPR and PGPF and
is often related to phytohormones like ethylene and jasmonic
acid (Pieterse et al., 2014), and SAR can be triggered by both
chemical and biological elicitors and is mainly mediated through
the phytohormone salicylic acid (Sticher et al., 1997; Vlot
et al., 2009). The establishment of IR is not always correlated
with a strong direct defense response on the application of
an IR trigger. In some cases, IR is associated with earlier,
stronger, and/or faster activation of defense on pathogen attack
when compared with non-IR plants, a phenomenon known as
“(defense) priming” (De Kesel et al., 2021). Induction of ISR
via biochar application has been shown for airborne pathogens
(Elad et al., 2010; Meller Harel et al., 2012; Mehari et al., 2015)
and soilborne pathogens (Huang et al., 2015; Jaiswal et al.,
2020).

Previously, we have shown that amending PS with biochar
made from holm oak feedstock leads to a reduced susceptibility
to B. cinerea in strawberry (De Tender et al., 2016a,b). From
the study by De Tender et al. (2016a), we hypothesized that this
increased disease resistance might be related to either one or a
combination of three mechanisms.

The first mechanism involves a change in the nutrient
composition in the plant leaves, with higher uptakes of nutrients,
such as K, N, and Ca. In previous study, we showed that the
addition of biochar results in higher nutrient concentrations in
the PS (De Tender et al., 2016a,b), and we did not know so far if
this also leads to a higher uptake of nutrients by the plants and
increased concentrations in the plant leaves and fruits. Therefore,
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in this study, the nutritional status of both the growing medium
and the strawberry plant leaves and fruits are measured.

The second mechanism is an induction of the immune system
or defense priming of plants. In this study, we measured the
expression of plant defense genes by using reverse transcription
quantitative PCR (RT-qPCR) and RNAseq at several time points
after inoculation of strawberry with B. cinerea.

The final mechanism is the attraction of PGPR and PGPF to
the plant root. From a previous study, we knew that biochar
has the potential to alter the rhizosphere microbial community
as measured using 16S and ITS2 rRNA gene metabarcoding. In
this study, we also analyzed the microbiome of the bulk peat
substrate (BS) to verify that these changes in the rhizosphere
are due to an active attraction or stimulation of PGPR in
the zone in close collaboration with the plant root. Thus, we
demonstrated a “rhizosphere” effect of the biochar rather than a
“generalized” biochar effect.

MATERIALS AND METHODS

Experimental Design
Strawberry plants (Fragaria × ananassa cultivar Elsanta) were
grown in 1.5 L pots containing NOVOBALT white peat 100%
(AVEVE Lammens, Wetteren, Belgium), mixed with 0.35 g/L
of Ecomix organic fertilizer, 1.43 g/L of lime (RHP, MG’s-
Gravenzande, The Netherlands), and 0.35 g/L of Haifa Multi-
mix 14 + 16 + 18 (+micronutrients) PGMix fertilizer (Haifa
North-West Europe). Half of the PS mixture was used without
amendments (PS), while the other half was mixed with 2 g
of dry matter (DM) biochar/L PS (PS + BC). Biochar was
prepared from holm oak at 650◦C for 12–18 h (as used in
previous studies; De Tender et al., 2016a,b). To obtain 40%
water-filled pore space (WFPS), all pots were wetted and put
in a closed bag to pre-incubate at 15◦C for 1 week. During
plant growth, no additional fertilizer was used. Based on the
loss of mass, the moisture content of the substrate was adjusted
each week to 40% WFPS by adding water to the tray under
the pot. Cold-stored bare-root strawberry (Fragaria × ananassa,
cultivar Elsanta) transplants were planted in half of the pots;
the other half contained one of the BS mixtures (PS or
PS + BC). Pots with and without plants were arranged in
the greenhouse in a semi-randomized design as described by
De Tender et al. (2021) and grown at 20◦C for 11 weeks. In
total, six biological replicates were sampled every week per time
point × growing medium combination. At week 8 of plant
growth, the B. cinerea bioassay was performed on the leaves of
the remaining plants.

Measurement of Plant Physiological
Parameters
Strawberry plants were sampled every week. The aboveground
biomass [fresh weight (FW) and dry weight (DW, 48 h at 70◦C)]
and the belowground root system were weighed after sampling
for the rhizosphere microbiome analysis and rinsing the roots
with sterilized water (see section “Microbial analysis”).

From week 6 onward, fruits started to appear on the plants.
Per plant and at four time points (week 6 until 9), ripened fruits
were picked, counted, and weighed (FW). A part of these fruits
was inoculated with B. cinerea after picking (see section “Botrytis
cinerea bioassay”). The remaining fruits were used for chemical
characterization.

Chemical Characterization of the PS,
Plant Leaves, and Strawberry Fruits
The PS was sampled every week during the entire duration of
the experiment (11 weeks). In total, three biological replicates
per condition were studied. The DM content was determined
according to EN 13040. Electrical conductivity (EC; EN 13038)
and pH–H2O (EN 13037) were measured in a 1:5 soil to water
(v/v) suspension. Water-extractable PO4-P, NO3-N, Cl, SO4,
NH4-N, C, Cu, Si, K, Ca, Mg, and Na concentrations were
measured with either a 5110 VDV Agilent ICP-OES, Dionex DX-
3000 IC ion chromatograph or a Skalar SAN++ flow analyzer, as
described by De Tender et al. (2019).

In addition, plant leaves of three biological replicates [per time
point × mixture (PS, PS + BC)] were chemically analyzed at
weeks 3, 6, and 9 of the experiment. Leaves were dried at 70◦C
and ground, and the material of the two plants was mixed and
considered as one biological replicate. Fruits were freeze-dried
before grinding. Total N was determined by using the Thermo
Scientific—flash 4000 N analyzer (ISO 16634-1), and the total
concentrations of P, K, Mg, and Ca were determined by using
5110 VDV Agilent ICP-OES in the extract based on adding 10 ml
of HCl (1N) to the ash after incineration of 0.5 g for minimum
6 h at 450◦C. The assessment of the optimal range and nutrient
deficiency for foliar composition was based on the study by
Pritts et al. (2015). The total uptake in the leaves and fruits was
calculated by multiplying the measured concentration by the dry
mass of leaves/fruits.

Microbial Analysis
The analysis of the bacterial and fungal microbial community
was done each week for six biological replicates taken from
either the strawberry rhizosphere (pots with plants), according
to Lundberg et al. (2012), or the BS (pots without plants) by
sampling 250 mg of medium per pot. The DNA of the samples
was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden,
Germany) according to the instructions of the manufacturer and
stored at−20◦C before use.

Metabarcoding of the bacterial and fungal rhizosphere was
done on the V3–V4 fragment of the 16S rRNA gene and the
ITS2 gene fragment, respectively (Illumina, San Diego, CA,
United States). Library preparation, quality control, and pooling
were done as described by De Tender et al. (2016b). The
resulting libraries were sequenced using Illumina MiSeq v3
technology (2× 300 bp) by Admera Health, South-Plainfield, NJ,
United States, spiked with 30% PhiX DNA.

Demultiplexing of the raw sequencing reads was done by
the sequencing provider. Reads are available for download at
the NCBI sequence read archive (SRA) under project numbers
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PRJNA576171 and PRJNA576339 for the bacterial and fungal
sequences, respectively.

Trimming, filtering, merging of the reads, dereplication,
sorting, amplicon sequence variant (ASV) calling, and chimera
removal were done using the DADA2 algorithm v1.10 (Callahan
et al., 2016) and described in detail by De Tender et al. (2021).

Botrytis cinerea Bioassay
After 8 weeks of plant growth, leaves of half of the plants were
inoculated with B. cinerea (strain PCF895; Debode et al., 2013)
according to the method of Meller Harel et al. (2012), described
in detail by De Tender et al. (2016b). The other half of the
plants were inoculated with sterile potato dextrose agar plugs.
The resulting lesions were recorded 1 week after inoculation
using a 0–4 disease scale (De Tender et al., 2021). This scoring
was used to calculate the disease severity index (DSI) per plant
(i), used as input for statistical analysis.

DSIi = 100×
1× ni1 + 2× ni2 + 3× ni3 + 4× ni4

4× ni

where ni1, ..., ni4 represent the number of leaves of each infection
score, and ni =

∑4
l=0 nil = 9 is the number of leaves measured

for each plant. This index has values in the interval [0, 100], with
a minimum index if all leaves score 0 and a maximum if all leaves
score 4. Inoculated leaves remained on the plant until the end
of the experiment.

From the time that fully ripened strawberry fruits appeared,
they were picked, and 10 fruits per treatment were inoculated
with B. cinerea according to the method of Bhaskara Reddy
et al. (2000) and described in detail by De Tender et al.
(2016b). The area under the disease progress curve (AUDPC) was
calculated based on the disease scores (Campbell and Madden,
1990; Schandry, 2017). In total, the inoculation was repeated
independently four times for both experiments.

RNA Extraction and Gene Expression
Analysis
Six plugs (ø 0.5 cm) of plant leaves were collected per plant,
pooled, flash-frozen in liquid nitrogen, and stored at −80◦C
until use. Samples were taken from plant leaves 1 week after
inoculation (qPCR and RNAseq), from inoculated and non-
inoculated plants. To avoid excessive necrosis, leaves with an
infection score of 1 were taken from the plants inoculated with
B. cinerea (Windram et al., 2012).

Gene expression was analyzed in leaves from strawberry plants
grown in (1) PS, mock-inoculated (PS), (2) biochar-enriched PS,
mock-inoculated (PS + BC), (3) PS and B. cinerea inoculated
(PS + I), or (4) biochar-enriched PS and B. cinerea inoculated
(PS + BC + I). Three biological replicates were taken for each
sample type. RNA was extracted from the plant leaves according
to Luypaert et al. (2017) and described in detail by Debode
et al. (2018). DNase treatment was done using the DNA-free
Kit (Ambion, Thermo Fisher Scientific). For cDNA synthesis,
the Tetro cDNA Synthesis Kit (Bioline, Meridian Bioscience,
London, United Kingdom) was used, starting from 1.5 µg
of DNA-free RNA.

First, the gene expression was studied by using RT-qPCR
on nine genes (three reference genes and six defense-related
genes), as described in detail by Debode et al. (2018). We used
SYBR Green as implemented in the SensiMix-SYBR-no-ROX-
Kit (Meridian Bioscience, London, United Kingdom) of GC
biotech for RT-qPCR.

Second, to obtain a comprehensive overview, RNA sequencing
was used to study the overall gene expression of the plant leaves.
Library construction, sequencing, read filtering, and trimming
were done as described in detail by De Tender et al. (2021).
Raw reads can be found in the Gene Expression Omnibus
data accession number GSE144526. The resulting reads were
mapped to the F. ananassa reference genome (Hirakawa et al.,
2014) with STAR v2.6.1d (Dobin et al., 2013). Based on the
resulting alignment files, a count table was built (R package
GenomicAlignments; Lawrence et al., 2013), taking only uniquely
mapping reads into account. This count table was further used for
differential expression analysis with edgeR.

RNA sequencing results were analyzed in more detail using
the Gene Ontology (GO) enrichment analysis. This tool uses
a distinct set of gene IDs based on different Fragaria vesca
annotations. To convert the gene IDs of the F. ananassa reference
genome, the annotation and corresponding gene sequences were
retrieved for F. vesca through the F. vesca v1.1 assembly from
Phytozome (version 13; Goodstein et al., 2012). Corresponding
gene sequences were used to create a BLAST database using a
locally installed version of the NCBI BLAST service (v2.9.0+;
Tao, 2008). The database was subsequently masked using the
DustMasker algorithm. Gene sequences of F. ananassa were
blasted against each of these databases. GO visualization was
done using REVIGO (Supek et al., 2011). AgriGO was used
for the parametric analysis of gene set enrichment using the
log2 fold change values of all genes. Benjamini and Hochberg
false discovery rate (FDR) correction was performed using the
default parameters to adjust the p-value. Genes were considered
to be differentially expressed at FDR <0.05. Two-sided binomial
tests were used to determine the significant tendencies toward
upregulation or downregulation.

Statistical Analysis
Chemical concentrations of the PS mixtures (PS, PS+ BC), plant
leaves and fruits, and the diversity measures from the bacterial
and fungal community were statistically analyzed with a general
linear model (LM) in which biochar treatment and time were
set as two factors. To obtain data normality, the concentration
of nutrients was log-transformed. Homogeneity of variances was
checked using box plots.

The temporal evolution of the FW, DW, and root FW
content of plants was expected to be nonlinear. Therefore,
a generalized additive model was used to analyze these
response variables, making use of a loess smoother, as
described by De Tender et al. (2021).

Before starting the analysis of shifts in the bacterial and
fungal community, the ASV tables were first filtered to remove
low abundant counts. ASVs with a count of two in at
least six samples were kept for the analysis. The multivariate
analysis was done using the R package vegan (version 2.5.4)
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(Oksanen et al., 2010). A dissimilarity matrix was built, based
on the Bray–Curtis dissimilarity index, from the ASV table as
generated by DADA2 for both bacterial and fungal sequences.
Homogeneity of variances was checked on this dissimilarity
matrix by using the betadisper function. Furthermore, the
significance of biochar treatment, time, sampling type (BS
or rhizosphere), and the interaction factors were analyzed
using the PERMANOVA analysis in which the Bray–Curtis
dissimilarity matrix was used as an input and visualized
by a principal coordinate analysis (PCoA) plot. In addition,
differential abundances were assessed using likelihood-ratio tests,
for which we tested the effect of biochar treatment within
each time point, specifically for the rhizosphere samples. The
analyses were done at the ASV level, but visualizations were
made by clustering the samples at the genus level. These
analyses were done using an edgeR package, version 3.24.3
(Robinson et al., 2010), and were described in more detail by
De Tender et al. (2016a).

For plant leaf infection, the DSI was used as a response variable
for the disease score. A linear mixed effect model was fitted with
days after inoculation (DAI) (7, 9, and 12 days) and biochar
treatment as fixed main effects and the plant as the random
effect. For B. cinerea infection on fruits, the AUDPC value was
used as the disease index. According to the study by Schandry
(2017), a generalized LM was used with biochar treatment and
repeated (infection was scored at four independent time points)
as main effects.

To analyze the differential gene expression (DE) based on
the RT-qPCR data, the relative quantification technique was
used and described in detail by Debode et al. (2018). Statistical
significance of the DE levels was analyzed using an LM in which
biochar treatment and B. cinerea infection were set as main
effects and the interaction treatment × infection was taken into
account. DE genes were analyzed using edgeR version 3.4.3 for
the RNA sequencing data. After a trimmed mean of M value

normalization, a negative binomial model with main effects
for treatment and infection as well as treatment × infection
interaction was used. Significant DE genes were obtained by using
the likelihood-ratio tests on the appropriate contrasts.

RESULTS

The aim of this study was to investigate if and how biochar
amendment can protect strawberry from infection by the fungal
pathogen B. cinerea on leaves and fruits. We postulated that
the changes in the microbiome are essential for the effect
of biochar amendment on plant disease resistance and that
microbial changes in the rhizosphere lead to (1) a change in
the nutrient content of the plant and/or (2) activation and/or
priming of plant defense genes. First, we evaluated the effect of
biochar on the disease resistance of strawberry leaves and fruits
toward B. cinerea. Second, 16S rRNA and ITS2 gene amplicon
sequencing was used to study shifts in the bacterial and fungal
community in the growing medium (PS or PS + BC) and the
strawberry rhizosphere. Third, the nutritional content of the
growing medium and strawberry leaves and fruits was evaluated.
Finally, RT-qPCR and RNAseq were used to study the changes in
the gene expression in strawberry leaves.

Biochar Induced Resistance to
B. cinerea in Fruits but Enhanced
Susceptibility in Leaves
The effect of adding biochar to the PS on the disease resistance
of strawberry was tested. Inoculation assays with B. cinerea were
performed on both leaves and fruits.

Plant leaves were scored at 7, 9, and 12 DAI with B. cinerea.
The overall infection rate on plant leaves grown in PS + BC
was similar in comparison to the plants grown in PS and even
slightly lower at 9 DAI in the biochar-treated plants (Figure 1A).

FIGURE 1 | Scoring Botrytis cinerea infection on strawberry plant leaves and fruits. (A) Strawberry plant leaves were inoculated at 8 weeks of plant growth. In total,
three fully expanded leaves per plant were inoculated and per condition [peat substrate (PS)] or biochar-amended PS (PS + BC)] and 12 plants were inoculated. The
disease was scored with a value of 0 (no infection) to 4 (100% infected leaf) at 7, 9, and 12 DAI. The score abundances over all plants and leaves are visualized.
(B) Strawberry fruits (n = 6 per time point per tray) were inoculated with B. cinerea after picking. Fruits were discarded once infection symptoms were observed, and
the AUDPC was calculated based on this measurement and was visualized per treatment. The AUDPC value per tray (n = 5) is represented in a boxplot. In total, this
was repeated four times, indicated by the values 1–4. Statistical significances are indicated with asterisk (**p < 0.01; ***p < 0.001).
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However, when infection occurred on the strawberry leaves
grown in PS+ BC, the lesion size was larger compared with those
grown in PS, indicating a more severe infection 12 days after
infection [generalized linear model (GLM), p < 0.01; Figure 1A].

In contrast, for strawberry fruits, a decrease in the AUDPC
value (LM, p < 0.01) was observed for plants grown in PS + BC;
this was observed in all four replicates over time (Figure 1B).

In conclusion, the addition of biochar resulted in fewer
symptoms on strawberry fruits, while the symptoms on the leaves
were more severe.

Biochar Amendment Leads to Moderate
Shifts in the Bacterial and Fungal
Community of the Strawberry
Rhizosphere
To study if microorganisms increased in and/or were attracted to
the plant root, the bacterial and fungal community in the BS and
rhizosphere was studied using metabarcoding of the 16 rRNA and
ITS2 genes, respectively.

After filtering low abundant counts, 3,209 bacterial and
2,073 fungal ASVs were retrieved. No significant differences in
bacterial or fungal community diversity were observed in the
rhizosphere community, while a trend toward higher fungal
diversity in the BS was observed, especially at the start of
the experiment (Supplementary Figure 1). The community
diversity remained quite stable, but the bacterial and fungal
community composition differed between BS and rhizosphere
(LM, p = 0.001) and varied over time (LM, p < 0.001;
Supplementary Tables 1, 2 and Figure 2). Furthermore, the
addition of biochar to PS shifted the bacterial (PERMANOVA,
p = 0.001) and fungal (PERMANOVA, p = 0.001) community
composition. Additionally, the shift induced by the addition
of biochar was different when comparing BS and rhizosphere
(PERMANOVA, bacteria: p = 0.014; fungi: p = 0.001) and varied
over time (Supplementary Tables 1, 2).

Bacteria and fungi known to influence plant defense can be
found in close relation with the plant. Therefore, we first focused
on the bacterial and fungal ASVs responsible for these shifts in
the strawberry rhizosphere. The PCoA plots and PERMANOVA
analyses illustrated that the effect of biochar differed over time:
for the bacterial community, biochar only had a noticeable effect
in the first 3 weeks. In the first week of the experiment, 24
ASVs increased and 1 decreased in absolute abundance, in the
second week, 13 increased and 4 decreased in relative abundance,
and in the third week, this diminished to 3 increases and 5
decreases in relative abundance (Supplementary Table 3). Later,
the total number of ASVs changed by the addition of biochar,
either enriched or depleted, but never exceeded 6. From the
43 ASVs shifted in the first 3 weeks, 5 could be attributed to
the genus of Granulicella and 10 to the genus Mucilaginibacter.
When taking all ASVs attributed to either one of these genera
into account, both showed a trend toward higher abundance in
the strawberry rhizosphere, with a significant change observed
only within the first 2 (Mucilaginibacter) or 3 (Granulicella)
weeks (Figure 2B).

The PERMANOVA analysis showed that the effect of biochar
was different in BS than in the rhizosphere (Supplementary
Figure 2A). The detailed examination revealed that only a limited
number of bacterial ASVs changed significantly by the addition of
biochar (eight in total, spread over the five time points measured).
Most of these ASVs were classified as Mucilaginibacter (three)
or Pseudolabrys (four). In fact, when the effect of biochar on the
Mucilaginibacter and Granulicella genus was analyzed, the same
trend is observed as seen in the rhizosphere.

As observed in bacteria, the time of sampling of the fungal
community also greatly determined the measured effect of
biochar, whereas biochar especially influenced the bacterial
community at the start of the experiment, and shifts in the
fungal community were almost solely observed from 7 weeks
onward (Supplementary Table 4). The taxonomy linked with
these ASVs reveals wide diversity. Remarkably, one ASV in
the strawberry rhizosphere, classified as Byssochlamys, increased
consistently (9 out of the 11 weeks) with an increase of
0.001 ± 0.01% to 0.005 ± 0.002% in relative abundance
(Figure 2C). However, this genus was almost absent in the BS
(Supplementary Figure 2). No other trends can be noticed in the
fungal community.

Biochar Increased the Concentration of
Plant-Available N
The nutrient availability of plants was measured each week in
the PS in the presence and absence of plants. The concentration
of plant-available N (NO3-N, NH4-N) was significantly lower
in biochar-amended PS (GLM, p = 0.023) in the first 3 weeks
of the experiment, after which the values dropped below the
limit of detection. In contrast, in the absence of plants (BS), no
effect on either NO3-N or NH4-N was observed, with even a
nonsignificant tendency toward elevated NO3-N concentrations
for PS + BC (Figure 3A). Furthermore, the addition of biochar
led to a significant decrease in P concentration during the first
3 weeks of the experiment (GLM; p = 0.009) and led to an
increase in SO4 concentration in the PS solely in the absence
of plants (Supplementary Figures 3, 4). No changes in pH, EC,
DM content, and the concentrations of Mg, Ca, K, Na, or C were
observed in biochar-amended substrates.

The reduced level of plant-available N and P measured
in the growing medium due to the addition of biochar may
be due to an increased uptake by the plant. However, when
analyzing the N and P concentrations of the strawberry leaves
(Figure 3B and Supplementary Table 5) and fruits (Figure 3C
and Supplementary Table 6), no statistically significant increase
in the concentration could be noted in either plant part. In
general, 6 weeks after starting the experiment, the concentrations
of N and P in the plant leaves dropped below the optimal range
for both plants grown in PS and PS+ BC. The addition of biochar
resulted in even lower concentrations and the total amount of
N in the plant leaves 9 weeks after starting the experiment
(Supplementary Table 5). In accordance with the K, Mg, and
Ca availability in the PS, biochar amendment did not lead to the
changes in the concentrations of K, Mg, or Ca in the strawberry
leaves or fruits (Supplementary Tables 5, 6).
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FIGURE 2 | Effect of the addition of biochar on the bacterial (the V3–V4 fragment of the 16S rRNA gene) and fungal (ITS2 gene) community of the strawberry
rhizosphere over time. (A) The principal coordinate analysis plot showing that the bacterial and fungal community shift over time (symbols are getting bigger when
going further in time during the experiment). Only minor effects of the addition of biochar can be observed on the bacterial community (left), while for the fungal
community (right), an effect of the addition of biochar can be identified. (B) Bacterial genera are consistently increased by the addition of biochar in the first 2–3
weeks of the experiment. (C) The fungal genus Byssochlamys is consistently increased in the strawberry rhizosphere due to the addition of biochar. For all plots,
samples taken from PS are indicated in light gray, while biochar-amended PS is indicated in black. Statistical significances are indicated with an asterisk (*p < 0.05).

This limitation in nutrient availability in the growing medium
is not reflected in plant physiological traits. Although the addition
of biochar did not change the average plant biomass (both
fresh and dry weight [GAM; p > 0.05]), an increase in average
root weight (GAM; p < 0.001) and a nonsignificant tendency
toward a bigger strawberry fruit (GLM; p = 0.08) were observed
(Supplementary Figure 5).

Addition of Biochar to PS Has a Slightly
Negative Effect on the Plant Defense
Response in the Leaves
To test the possible effects of the addition of biochar on the plant
defense gene expression in strawberry, leaves sampled 1 week
after B. cinerea inoculation were used for the RT-qPCR analysis
and RNA sequencing. Both inoculated (I) and mock-B. cinerea

inoculated plants grown in PS or PS + BC were studied to
evaluate potential priming of the foliar defense response. Biochar
amendment showed no significant effect on the strawberry
transcriptome when uninfected. The mere addition of biochar
(PS vs. PS + BC) did not appear to upregulate or downregulate
any of the genes. Infection of the plants with B. cinerea (PS
vs. PS + I) resulted in an overall downregulation of host gene
expression (86 downregulated, 46 upregulated, p = 0.0006313;
Supplementary Table 7), as previously noted (De Tender et al.,
2021). The addition of biochar (PS vs. PS + BC + I) resulted in
a much lower number of upregulated and downregulated genes
(14 upregulated genes and 1 downregulated gene, Table 1). To
study the biological relevance of these genes, GO enrichment
analyses were performed, revealing enrichment of GO terms
related to “response to stimulus,” “RNA stability,” and “circadian
rhythm” (Figure 4A).
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FIGURE 3 | Chemical characterization of the PS with plants, strawberry fresh leaves, and strawberry fruits over 11 weeks of plant growth. (A) Plant-available nitrogen
(N) (NO3-N and NH4-N), phosphorous (P) concentrations of either of the PS mixtures [without or with 2 g of biochar per liter added (PS + CH)] in which plants were
grown (left), and NO3-N, NH4-N, and SO4 concentrations of either PS mixtures in which no plants were grown (right). Dots represent the mean value with the SD as
error bars (n = 3). If no values occur, the measurement was below the detection limit. (B) Total N and P contents (in mg/pot) measured in plant leaves per plant on
weeks 3, 6, and 9 of the experiment. Mean values are represented as lines, and dots represent the values of the biological replicates (n = 3). (C) Concentrations of N
(percentage on DM) and P (in g/kg DM) of strawberry fruits are represented (n = 5). Replicates are considered as all fruits picked from all plants grown in either PS or
PS + BC at one specific time point (at 5, 6, 7, 8, and 9 weeks of plant growth). Statistical significances are indicated with an asterisk (*p < 0.05).

The RT-qPCR analyses confirmed that there is no induction
of defense genes in leaves of biochar-treated plants, either under
non-infected (PS + BC vs. PS) or under infected conditions
(PS + BC + I vs. PS + I). In accordance with the increased
disease response after B. cinerea inoculation on strawberry leaves,
the addition of biochar even seems to lower the relative gene
expression; this was only significant for Bglu and WRKY1 genes
(Figure 4B). In general, no evidence for a direct activation
(PS + BC) or a primed defense response (PS + BC + I) could
be found in biochar-treated vs. control plants.

DISCUSSION

Biochar amendment in soil and substrate has been shown
to have positive effects on plant defense for both soilborne
and airborne pathogens (Elad et al., 2010; De Tender et al.,
2016b; Frenkel et al., 2017; Jaiswal et al., 2020). Other reports
show neutral and even negative effects on plant defense in
lettuce and strawberry plants (De Tender et al., 2016a,b). In

accordance with those results, our study shows that the addition
of biochar resulted in a more severe infection of B. cinerea on
strawberry leaves, as illustrated by larger lesions. In contrast,
infection symptoms on strawberry fruits decreased when biochar
was added. This is in accordance with previous findings (De
Tender et al., 2016a) where strawberry plants were grown
under similar conditions. In contrast, under conditions of strict
nutrient limitations, biochar amendment results in positive
effects on plant leaves when infected with B. cinerea (De Tender
et al., 2016b). Such findings point out the importance of the
fertilizer dose on the mode of action of biochar. In addition
to nutrient availability, previous study has shown that the
results are highly dependent on the biochar dose, feedstock,
production conditions, and pathosystems (Jaiswal et al., 2020).
Amery et al. (2021) illustrated the effect of four types of biochar
in strawberry at higher fertilizer application rates. Only one
out of four biochar showed a low but significant suppressive
effect on B. cinerea on the leaves. In studies of the effect of
biochar on plant disease, lower concentrations (≤1 wt%) of
biochar have been shown to suppress several diseases, while
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TABLE 1 | Upregulated and downregulated genes (RNA sequencing) by the
addition of biochar and Botrytis cinerea infection on the leaves.

Gene ID Gene annotation Log2
fold

change

FANhyb_rscf00000642.1.g00003.1 Polyphenol oxidase −8.2

FANhyb_rscf00003700.1.g00001.1 Uncharacterized
N-acetyltransferase p20-like

1.3

FANhyb_rscf00001060.1.g00002.1 Chaperone protein DnaJ-like 1.6

FANhyb_rscf00000005.1.g00035.1 Sugar isomerase (SIS) family
protein

1.7

FANhyb_rscf00001389.1.g00001.1 Ribonucleoprotein A 1.7

FANhyb_rscf00002652.1.g00001.1 Stress response protein
NhaX-like

1.8

FANhyb_rscf00000002.1.g00026.1 DNAJ heat shock N-terminal
domain-containing protein

1.9

FANhyb_rscf00000700.1.g00003.1 Hypothetical protein
PRUPE_ppa1027140mg

2.2

FANhyb_icon00002769_a.1.g00001.1 Zinc finger protein
CONSTANS-LIKE 9-like

2.3

FANhyb_icon00003278_a.1.g00001.1 Hypothetical protein
PRUPE_ppa013060mg

2.5

FANhyb_rscf00000382.1.g00011.1 Cold regulated gene 27 2.7

FANhyb_icon19730437_s.1.g00001.1 MATE efflux family protein 6-like 2.8

FANhyb_rscf00000752.1.g00004.1 Unknown protein 3.4

FANhyb_icon00015166_a.1.g00001.1 Auxin responsive SAUR protein 3.4

FANhyb_icon00027985_a.1.g00001.1 Unknown protein 4.1

higher concentrations (≥3 wt%) are either largely ineffective
or even induce plant disease (Frenkel et al., 2017). For the
use as horticultural peat replacement, the recommendation
is to standardize biochar feedstocks and concentrations to
provide growers with consistent and reproducible biochar
with guaranteed effects (Frenkel et al., 2017). For strawberry

cultivation, the biggest concern is fruit infection, resulting in
yield losses through spoilage. Despite the contradictory effects
on the leaves in the current and previous experiments, we can
thus conclude that the addition of biochar under low fertilization
applications positively affects disease suppression of B. cinerea
infection on strawberry fruits: all the present experiments show
positive results on the fruit, with higher fruit weight noted at the
end of the experiment. Standardization of the feedstock, fertilizer
dose, and the optimal biochar concentration is thus desirable and
should be the focus of future research.

The variability in plant responses and the poor understanding
of the mechanisms involved in disease suppression may be one of
the key factors hampering the widespread adaptation of biochar
as a soil amendment (Jaiswal et al., 2020). The same issues may
be found when applying biochar in PS and other growing media.
With the aim of generating generally applicable knowledge about
biochar and disease suppression, in this study, we elaborated on
the effect of biochar on plant defense. We believed that the effect
is mediated through (1) changes in the plant nutritional status,
(2) changes in the root microbiome, or (3) induction of the plant
defense mechanism.

Manipulating the root microbiome through biochar
application might be more beneficial in comparison to the
use of external biocontrol agents, owing to the difficulties
of establishing a stable microbial community and colonizing
new species in a complex environment (Herschkovitz et al.,
2005). The increase in microbial diversity in and around the
plant root has been proposed to facilitate the induction of
plant systemic defenses, and previous studies do show higher
bacterial diversity under biochar application (De Tender et al.,
2016a,b; Kolton et al., 2017). Despite higher abundances of
fungal species in the BS, we did not detect increases in bacterial
or fungal diversity in the rhizosphere of biochar-amended
plants in this study, thus failing to confirm previous results.

FIGURE 4 | Gene expression in strawberry leaves. (A) Gene ontology (GO) enrichment analysis (biological process) of genes differentially expressed in PS vs.
PS + BC + I comparison. The size of the boxes corresponds with the significance of the GO terms. (B) Relative gene expression values (by reverse transcription
quantitative PCR) of six defense genes in strawberry for PS and biochar treatments (PS + BC), inoculated with B. cinerea (I) or mock-inoculated. Expression values
are expressed in log2 fold changes (mean ± SE). The PS treatment is used as the control treatment; for this treatment, the expression value is set to 0. Statistically
significant differences are indicated with different letters.
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Another contrast to previous study is that no induction of plant
defense genes could be detected in strawberry leaves in the
current experiments. There are two possible explanations for
this: (1) the fertilizer dose and (2) the applied bioinformatics
pipeline. First, in our 2016 experiment (De Tender et al., 2016b),
only a low amount of fertilizer was added. In nutrient-limiting
situations, biochar proves to be efficient as a nutrient supplier,
which can have a direct and positive effect on the diversity
of the microbial community and disease resistance. However,
in the following report (De Tender et al., 2016a), we also saw
a slight increase in diversity, though much less pronounced
than in the study by De Tender et al. (2016b). As this study
made use of the same experimental setup as in the study by
De Tender et al. (2016a), we expected similar results; however,
the data analysis procedure was slightly different, as, in this
experiment, we analyzed ASVs instead of operational taxonomic
units (OTUs). Joos et al. (2020) showed that the use of ASVs
instead of OTUs has an immediate effect on the diversity
metrics, especially for fungal species. OTUs tend to overestimate
the community richness, while ASVs give better results in
determining diversity measures.

In addition to the changes in diversity, attracting specific
beneficial organisms to the root might help plants cope
with pathogens and pests. In previous studies, the addition
of biochar has resulted in higher abundances of bacterial
families (Pseudomonadales and Flavobacteriales) and genera
(Bdellovibrio, Pseudomonas, Rhizobium, Rhodanobacter, and
Trichoderma) known to contain PGPR, PGPF, and biocontrol
organisms (De Tender et al., 2016a,b; Jaiswal et al., 2018,
2019). Negative effects of biochar on beneficial bacteria, such as
Burkholderia ambifaria, Pseudomonas chlororaphis, and Bacillus
pumilus have also been described (Wu et al., 2020). As
observed in the current experiment, the addition of biochar
also significantly influenced the root microbiome, with increased
abundances of bacteria in the first 3 weeks of plant growth and
changes in the fungal community later on in the experiment
(from week 7 onward). Interestingly, only three organisms
appeared to be consistently influenced, either in the first
3 weeks (Granulicella, Mucilaginibacter) or over the entire
experimental period (Byssochlamys). Both Mucilaginibacter sp.
and Byssochlamys sp. have been isolated from the rhizosphere
and were shown to include PGPR/PGPF members within their
genus (Madhaiyan et al., 2010; Bosso et al., 2016). To verify
whether the activity of PGPR and PGPF is, in fact, important
for plant defense, we suggested that these organisms should be
isolated, cultivated, and tested in disease challenge studies. In
addition, an experiment could be setup in which biochar is added
to sterilized (e.g., autoclaved) and non-sterilized PS to verify if
the effect of biochar on plant defense is regulated through the
microbiome solely, or if other biochar-related effects, such as
the addition of minerals to the PS, modulate plant physiology
and induce resistance in the fruits. The results of this study,
in combination with our previous studies on strawberry, show
that biochar causes beneficial shifts in the microbial community
toward higher abundances of genera related to PGPR/PGPF
members. In this study, we focused on the general change in the
microbiome, rather than shifts in the specific microorganisms,

because these can differ from study to study. Such differences are
expected, as each study uses fresh plant material and PS, which
are known to be the biggest drivers of the microbial community
(Mendes et al., 2013).

The call to look into the longevity of changes in the
rhizosphere community after the addition of biochar seems to
be valuable (Jaiswal et al., 2019). Specifically, for the bacterial
community, the changes in the rhizosphere microbiome only
occur within the first week and do not appear to be stable.
Three weeks after the start of the experiment, the bacterial
community of plants grown in PS or biochar-amended PS showed
great similarities. The root microbiome is mainly recruited from
the surrounding soil in the early phases of plant development
(Garbeva et al., 2004; Bulgarelli et al., 2013). In addition, seedlings
seem to be most sensitive to diseases and infection during
their very early growth stage (Ben-Yephet and Nelson, 1999;
Jaiswal et al., 2019). Modification of the microbiome during
the early germination and plant growth can thus provide an
additional defense layer.

The fungal genus Byssochlamys, which shows great increases in
abundance on the addition of biochar, is described as a biocontrol
organism producing bioactive compounds (e.g., Rodrigo et al.,
2017). The abundance of the genus strongly increases at the
time of fruit set. In this study, we noted better disease resistance
to B. cinerea in the fruit when biochar was present, pointing
to a positive effect of the increased prevalence of this genus.
Interestingly, this genus is rarely found in the BS, indicating that
this organism is specifically related to the strawberry roots.

Compared with peat, biochar contains higher nutrient
concentrations, which may affect the nutrient availability in the
growing medium (Amery et al., 2021). Previous study has shown
that biochar can increase the concentrations of nutrients in
PSs. P, K, Ca, and Mg are reported to be present in elevated
concentrations, especially under nutrient-limited conditions (De
Tender et al., 2016b). However, in this study, the differences
in nutrient availability due to the addition of biochar to PS
are limited for the pots with plants. Mineral N and water-
extractable P, Ca, and Mg concentrations are lower when
biochar was added. This may be due to higher plant uptake,
sorption onto the biochar, or uptake by the microbial biomass in
the growing medium.

Plant susceptibility to pathogens is influenced by the
nutritional status of the plant (Nam et al., 2006; Lecompte et al.,
2010; Xu et al., 2013). If the observed elevated concentrations of
nutrients in the PS observed in this and previous studies also
lead to an increased uptake of nutrients by the plant, this could
be the basis for the reduced fruit susceptibility to Botrytis. For
example, higher Ca concentrations increase the plant membrane
structural integrity (Bateman and Basham, 1976; Kelman et al.,
1989), whereas plants that are deficient in K are less resistant
to pests and pathogens (Römheld and Kirkby, 2010). This study
shows that despite the significantly lower N concentration in the
growing medium in the case of the addition of biochar (indicating
elevated uptake), no increased concentrations in either the plant
fruits or leaves were noted. In contrast, both the N concentration
and the total N uptake in the leaves were lower for the peat
amended with biochar. The other nutrients were not altered in
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the concentration or by the total uptake due to the addition
of biochar to the growing medium, with exception of the Mg
concentration in the leaves. In comparison with the study of
Jaiswal et al. (2018), which shows that nutrient availability to
plants is not a factor for plant disease resistance against soilborne
pathogens, we can conclude that for our experimental setup, the
changes in the nutritional status of the plant are not the main
driver regarding plant defense.

To elucidate the effect of the addition of biochar on disease
suppression of B. cinerea on strawberry (negative for leaves
and positive for fruits), we studied if there is an activation or
priming of plant defense genes. Initially, we intended to do
this on both leaves and fruits, but we were unable to extract
a sufficient amount of RNA of good quality from strawberry
fruits. Therefore, we chose to work exclusively on the leaves.
However, we acknowledged that the study of defense genes
and priming by qPCR and RNA sequencing of the fruit is
important and valuable, as the most promising results in disease
suppression were measured on the fruit. Therefore, we intended
to setup new experiments to study defense priming by biochar on
strawberry fruits, making use of recently published methods for
the extraction of RNA from fruits (Haile et al., 2019).

Botrytis cinerea infection leads to general suppression of gene
expression in plants grown in the non-amended substrate (De
Tender et al., 2021). However, the addition of biochar does
also seem to have a negative effect on plant defense in the
leaves, with downregulation of several known defense genes in
strawberry, two of which were significant (FaBglu, WRKY1).
This can explain the more severe infection on the plant leaves.
A more in-depth analysis using RNA sequencing shows that
biochar has only a minor effect on plant gene expression: only 14
genes are upregulated and 1 downregulated. These results are in
contrast with a recent study by Jaiswal et al. (2020) that examined
the molecular mechanisms of biochar-elicited suppression of
soilborne plant diseases, with a focus on tomato plants. In their
experiment, biochar was found to have a priming effect on
gene expression of the tomato stem base and upregulated genes
involved in plant defense, such as jasmonic acid, brassinosteroids,
cytokinins, and auxins. In the study of Meller Harel et al.
(2012), an upregulation of defense genes of strawberry leaves is
noted when biochar is applied. However, when they applied a
dose of 3(w:w)% biochar and inoculated strawberry leaves with
B. cinerea, the expression of defense genes dropped, even below
the expression of the control condition (regular peat, no biochar,
and no inoculation), which is in accordance with the observations
in this study. Based on these results, we can therefore hypothesize
that: (1) the response of the plant is different toward soilborne
and airborne pathogens due to the addition of biochar and/or
(2) the response depends on the biochar feedstock, application
concentration, and the plant system.

Biochar application induced disease resistance on strawberry
fruits while increasing the susceptibility toward B. cinerea on
the leaves. Recently, we observed the opposite effect when chitin
is applied to PS: chitin results in a priming response in the
strawberry leaves, while the infection on fruit becomes more
severe (De Tender et al., 2021). This raises the idea of a possible
trade-off between fruits and leaves in terms of defense. Recently,

a study on tomatoes has shown that the metabolite composition
in leaves and fruits differs among tissues (Nunes-Nesi et al.,
2019). More specifically, they show that fruits can contain up
to eight times more metabolite quantitative trait loci compared
with leaves, indicating that the metabolite levels of leaves are
under far greater environmental and probably genetic influence
than fruits or seeds. The composition and concentration of plant
metabolites can be crucial to mount an effective plant defense
response (Ramírez-Gómez et al., 2019). In addition, it has been
hypothesized that the changes in the metabolite composition in
strawberry fruits lead to changes in disease susceptibility (Wang
et al., 2016). Despite the lack of change in the leaf or fruit
nutrient content observed in this study, we found differences
in the rhizosphere microbiome. Differences in the microbial
composition in the rhizosphere are related to changes in the
plant metabolite concentration (Jacoby et al., 2021); therefore,
the trade-off between fruits and leaves in terms of plant defense
might be related to differences in metabolite concentration on
the addition of biochar. This could be an interesting focus
for future studies.

CONCLUSION

The present experiment revealed that in the presence of biochar,
a more severe infection with B. cinerea was observed on the
leaves of strawberry plants, while disease symptoms on fruit were
reduced. No effect in nutrient release and uptake by the plant
was observed under the addition of biochar, leading us to rule
out the role of enhanced nutrient availability in plant defense.
Most likely, the disease suppressiveness of biochar-amended
peat is mediated by the attraction of biocontrol agents to the
plant root, especially in the earliest weeks of plant development.
Future experiments should focus on defense gene expression in
strawberry fruits, elaborate on the role of the microbiome and
disease suppression, and additionally examine possible trade-
offs between fruits and leaves in plant defense by studying the
metabolites in those tissues.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, PRJNA576171; https://www.ncbi.nlm.nih.gov/,
PRJNA576339; https://www.ncbi.nlm.nih.gov/geo/, GSE144526.

AUTHOR CONTRIBUTIONS

CD, BVa, TK, and JD performed the conception and/or
design of this study. CD and SO collected the data. CD
performed the metabarcoding analysis, bioinformatics, statistical
data analysis and interpretation, and drafted this study.
SO performed the plant physiological data analysis and
interpretation. BVa performed the nutrient content analysis

Frontiers in Plant Science | www.frontiersin.org 11 August 2021 | Volume 12 | Article 700479

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-700479 August 17, 2021 Time: 14:51 # 12

De Tender et al. Biochar Improves Strawberry Disease Resistance

and interpretation. BVe performed the RNA sequencing data
analysis and interpretation. BVa, BVe, SO, TK, and JD critically
revised this study. All authors gave final approval of the version
to be published.

FUNDING

This study was funded and executed within the BASTA project
and funded by the Research Foundation Flanders (FWO) with
application number S000119N. CD received a grant from
the Research Foundation Flanders (FWO) with application
number 12S9418N.

ACKNOWLEDGMENTS

We thank Paul Quataert and Lieven Clement for their insights
and help with the statistical analysis and Miriam Levenson for
English language editing of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
700479/full#supplementary-material

REFERENCES
Agrios, N. G. (2005). Plant Pathology, 5th ed., United States. Cambridge, MA:

Elsevier-Academic Press.
Amery, F., Debode, J., Ommeslag, S., Visser, R., De Tender, C., and Vandecasteele,

B. (2021). Biochar for circular horticulture: feedstock related effects in soilless
cultivation. Agronomy 11:629. doi: 10.3390/agronomy11040629

Bakker, P. A. H. M., Doornbos, F. R., Zamioudis, C., Berendsen, R. L., and Pieterse,
C. M. J. (2013). Induced systemic resistance and the rhizosphere microbiome.
Plant. Pathol. J. 29, 136–143. doi: 10.5423/ppj.si.07.2012.0111

Bateman, D., and Basham, H. (1976). “Degradation of plant cell walls and
membranes by microbial enzymes,” in Physiological plant pathology, eds R.
Heitefub and P. Williams (Berlin: Springer), 316–355. doi: 10.1007/978-3-642-
66279-9_13

Ben-Yephet, Y., and Nelson, E. B. (1999). Differential suppression of damping-
off caused by Pythium aphanidermatum, P. irregulare, and P. myriotylum in
composts at different temperatures. Plant Dis. 83, 356–360. doi: 10.1094/pdis.
1999.83.4.356

Bhaskara Reddy, M. V., Belkacemi, K., Corcuff, R., Castaigne, F., and Arul, J.
(2000). Effect of pre-harvest chitosan sprays on post-harvest infection by
Botrytis cinerea and quality of strawberry fruit. Postharvest Biol.Tec. 20, 39–51.
doi: 10.1016/s0925-5214(00)00108-3

Blok, C., van der Salm, C., Hofland-Zijlstra, J., Streminska, M., Eveleens, B.,
Regelink, I., et al. (2017). Biochar for horticultural rooting media improvement:
evaluation of biochar from gasification and slow pyrolysis. Agronomy-Basel
7:23.

Bosso, L., Scelza, R., Varlese, R., Meca, G., Testa, A., Rao, M. A., et al. (2016).
Assissing the effectiveness of Byssochlamys nivea and Scopulariopsis brumptii in
pentachlorophenol removal and biological control of two Phytophthora species.
Fungal Boil. 4, 645–653. doi: 10.1016/j.funbio.2016.01.004

Bredow, M., and Monaghan, J. (2018). Regulation of plant immune signaling
by calcium-dependent protein kinases. Mol. Plant Microbe Interact. 32, 6–19.
doi: 10.1094/mpmi-09-18-0267-fi

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E., and Schulze-
Lefert, P. (2013). Structure and functions of the bactieral microbiota of plants.
Annu. Rev. Plant Biol. 64, 807–838.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Campbell, C. L., and Madden, L. V. (1990). Introduction to plant disease
epidemiology. New York, NY: John Wiley & Sons.

Chrysargyris, A., Prasad, M., Kavanagh, A., and Tzortzakis, N. (2019).
Biochar type and ratio as a peat additive/partial peat replacement
in growing media for cabbage seedling production. Agronomy-Basel
9:20.

De Kesel, J., Conrath, U., Flors, V., Luna, E., Mageroy, M. H., Mauch-Mani, B.,
et al. (2021). The induced resistance lexicon?: do’s and don’ts. Trends Plant Sci.
2021:1. doi: 10.1016/j.tplants.2021.01.001

De Tender, C., Haegeman, A., Vandecasteele, B., Clement, L., Cremelie,
P., Dawyndt, P., et al. (2016a). Dynamics in the strawberry rhizosphere

microbiome in response to biochar and Botrytis cinerea leaf infection. Front.
Microbiol. 7:14.

De Tender, C., Mesuere, B., Van der Jeugt, F., Haegeman, A., Ruttink, T.,
Vandecasteele, B., et al. (2019). Peat substrate amended with chitin modulates
the N-cycle, siderophore and chitinase responses in the lettuce rhizobiome. Sci.
Rep. 9:9890.

De Tender, C., Vandecasteele, B., Verstraeten, B., Ommeslag, S., De Meyer, T., De
Visscher, J., et al. (2021). Chitin in strawberry cultivation: foliar growth and
defense response promotion, but reduced fruit yield and disease resistance by
nutrient imbalances. MPMI 34, 227–239. doi: 10.1094/mpmi-08-20-0223-r

De Tender, C. A., Debode, J., Vandecasteele, B., D’Hose, T., Cremelie, P.,
Haegeman, A., et al. (2016b). Biological, physicochemical and plant health
responses in lettuce and strawberry in soil or peat amended with biochar. Appl.
Soil Ecol. 107, 1–12. doi: 10.1016/j.apsoil.2016.05.001

Debode, J., De Tender, C., Cremelie, P., Lee, A. S., Kyndt, T., Muylle, H.,
et al. (2018). Trichoderma-inoculated miscanthus straw can replace peat in
strawberry cultivation, with beneficial effects on disease control. Front. Plant
Sci. 9:213.

Debode, J., Van Hemelrijck, W., Creemers, P., and Maes, M. (2013). Effect of
fungicides on epiphytic yeasts associated with strawberry. Microbiologyopen 2,
482–491. doi: 10.1002/mbo3.85

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al.
(2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21.
doi: 10.1093/bioinformatics/bts635

Dordas, C. (2008). Role of nutrients in controlling plant diseases in sustainable
agriculture. Rev. Agron. Sustain. Dev. 28, 33–46. doi: 10.1051/agro:2007051

Dumroese, R. K., Pinto, J. R., Heiskanen, J., Tervahauta, A., McBurney, K. G.,
Page-Dumroese, D. S., et al. (2018). Biochar can be a suitable replacement for
sphagnum peat in nursery production of Pinus ponderosa seedlings. Forests
9:21.

Elad, Y., Rav David, D., Meller Harel, Y., Borenshtein, M., Ben Kalifa, H., Silber,
A., et al. (2010). Induction of systemic resistance in plants by biochar, a soil-
applied carbon sequestering agent. Phytopathology 100, 913–921. doi: 10.1094/
phyto-100-9-0913

Frenkel, O., Jaiswal, A. K., Elad, Y., Lew, B., Kammann, C., and Graber, E. R.
(2017). The effect of biochar on plant diseases: what should we learn while
designing biochar substrates? J. Environ. Eng. Landsc. Manag. 25, 105–113.
doi: 10.3846/16486897.2017.1307202

Garbeva, P., Van Veen, J. A., and Van Elsas, J. D. (2004). Microbial diversity in
soil: selection of microbial populations by plant and soil type and implications
for disease suppressiveness. Annu. Rev. Phytopathol. 42, 243–270. doi: 10.1146/
annurev.phyto.42.012604.135455

Glaser, B., Wiedner, K., Seelig, S., Schmidt, H. P., and Gerber, H. (2015). Biochar
organic fertilizers from natural resources as substitute for mineral fertilizers.
Agron. Sustain. Dev. 35, 667–678. doi: 10.1007/s13593-014-0251-4

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., et al.
(2012). Phytozome: A comparative platform for green plant genomics. Nucleic
Acids Res. 40, 1178–1186. doi: 10.1093/nar/gkr944

Haile, Z. M., Nagpala-De Guzamn, E. G., Moretto, M., Sonego, P., Engelen, K.,
Zoli, L., et al. (2019). Transcriptome profiles of strawberry (Fragaria vesca) fruit

Frontiers in Plant Science | www.frontiersin.org 12 August 2021 | Volume 12 | Article 700479

https://www.frontiersin.org/articles/10.3389/fpls.2021.700479/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.700479/full#supplementary-material
https://doi.org/10.3390/agronomy11040629
https://doi.org/10.5423/ppj.si.07.2012.0111
https://doi.org/10.1007/978-3-642-66279-9_13
https://doi.org/10.1007/978-3-642-66279-9_13
https://doi.org/10.1094/pdis.1999.83.4.356
https://doi.org/10.1094/pdis.1999.83.4.356
https://doi.org/10.1016/s0925-5214(00)00108-3
https://doi.org/10.1016/j.funbio.2016.01.004
https://doi.org/10.1094/mpmi-09-18-0267-fi
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.tplants.2021.01.001
https://doi.org/10.1094/mpmi-08-20-0223-r
https://doi.org/10.1016/j.apsoil.2016.05.001
https://doi.org/10.1002/mbo3.85
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1051/agro:2007051
https://doi.org/10.1094/phyto-100-9-0913
https://doi.org/10.1094/phyto-100-9-0913
https://doi.org/10.3846/16486897.2017.1307202
https://doi.org/10.1146/annurev.phyto.42.012604.135455
https://doi.org/10.1146/annurev.phyto.42.012604.135455
https://doi.org/10.1007/s13593-014-0251-4
https://doi.org/10.1093/nar/gkr944
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-700479 August 17, 2021 Time: 14:51 # 13

De Tender et al. Biochar Improves Strawberry Disease Resistance

ineracting with Botrytis cinerea at different ripening stages. Front. Plant Sci.
10:11131.

Herschkovitz, Y., Lerner, A., Davidov, Y., Okon, Y., and Jurkevitch, E. (2005).
Azospirillum brasilense does not affect population structure of specific
rhizobacterial communities of inoculated maize (Zeamays). Environ. Microbiol.
7, 1847–1852. doi: 10.1111/j.1462-2920.2005.00926.x

Hirakawa, H., Shirasawa, K., Kosugi, S., Tashiro, K., Nakayama, S., Yamada, M.,
et al. (2014). Dissection of the octoploid strawberry genome by deep sequencing
of the genomes of Fragaria species. DNA Res. 21, 169–181. doi: 10.1093/dnares/
dst049

Huang, W. K., Ji, H. L., Gheysen, G., Debode, J., and Kyndt, T. (2015). Biochar-
amended potting medium reduces the susceptibility of rice to root-knot
nematode infections. BMC Plant Biol. 15, 1–15.

Huber, D. M., and Graham, R. D. (1999). “The role of nutrition in crop resistance
and tolerance to disease,” in Mineral nutrition of crops fundamental mechanisms
and implications, ed. Z. Rengel (New York, NY: Food Product Press),
205–226.

Jacoby, R. P., Koprivova, A., and Kopriva, S. (2021). Pinpointing secondary
metabolites that shape the composition and function of the plant microbiome.
J. Exp. Botany 72, 57–69. doi: 10.1093/jxb/eraa424

Jaiswal, A. K., Alkan, N., Elad, Y., Sela, N., Philosoph, A. M., Graber, E. R., et al.
(2020). Molecular insights into biochar-mediated plant growth promotion and
systemic resistance in tomato against Fusarium crown and root rot disease. Sci.
Rep. 10:13934. doi: 10.1038/s41598-020-70882-6

Jaiswal, A. K., Elad, Y., Cytryn, E., Graber, E. R., and Frenkel, O. (2018). Activating
biochar by manipulating the bacterial and fungal microbiome through pre-
conditioning. New Phytol. 219, 363–377. doi: 10.1111/nph.15042

Jaiswal, A. K., Elad, Y., Paudel, I., Graber, E. R., Cytryn, E., and Frenkel, O.
(2017). Linking the belowground microbial composition, diversity and activity
to soilborne disease suppression and growth promotion of tomato amended
with biochar. Sci. Reports 7:44382.

Jaiswal, A. K., Graber, E. R., Elad, Y., and Frenkel, O. (2019). Biochar as
management tool for soilborne diseases affecting early stage nursery seedling
production. Crop Prot. 120, 34–42. doi: 10.1016/j.cropro.2019.02.014

Joos, L., Beirinckx, S., Haegeman, A., Debode, J., Vandecasteele, B., and
Baeyen, S. (2020). Daring to be differential: metabarcoding analysis
of soil and plant-related microbial communities using amplicon
sequence variants and operational taxonomical units. BMC Genomics 21,
1–17.

Kelman, A., McGuire, R., and Tzeng, K. (1989). “Reducing the severity of
bacterial soft rot by increasing the concentration of calcium in potato
tubers,” in Soilborne plant pathogens: management of diseases with macro- and
microelements, ed. A. Engelhard (St Paul, MN: American Phytopathological
Society), 102–123.

Kolton, M., Graber, E. R., Tsehansky, L., Elad, Y., and Cytryn, E. (2017). Biochar-
stimulated plant performance is strongly linked to microbial diversity and
metabolic potential in the rhizosphere. New Phytol. 213, 1393–1404. doi: 10.
1111/nph.14253

Lawrence, M., Huber, W., Pagès, H., Aboyoun, P., Carlson, M., Gentleman, R., et al.
(2013). Software for computing and annotating genomic ranges. PLoS Comput.
Boil. 9:e1003118. doi: 10.1371/journal.pcbi.1003118

Lecompte, F., Abro, M. A., and Nicot, P. C. (2010). Contrasted responses of Botrytis
cinerea isolates developing on tomato plants grown under different nitrogen
nutrition regimes. Plant Pathol. 59, 891–899. doi: 10.1111/j.1365-3059.2010.
02320.x

Lehmann, J., and Joseph, S. (2009). Biochar for EnvironmentalManagement: Science
and Technology. London: Earthscan.

Levesque, V., Jeanne, T., Dorais, M., Ziadi, N., Hogue, R., and Antoun, H. (2020).
Biochars improve tomato and sweet pepper performance and shift bacterial
composition in a peat-based growing medium. Appl. Soil Ecol. 153:12. doi:
10.1016/j.apsoil.2020.103579

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S.,
et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature
488, 86–90. doi: 10.1038/nature11237

Luypaert, G., Witters, J., Van Huylenbroeck, J., De Clercq, P., De Riek, J., and De
Keyser, E. (2017). Induced expression of selected plant defence related genes
in pot azalea, Rhododendron simsii hybrid. Euphytica 213:227. doi: 10.1007/
s10681-017-2010-5

Madhaiyan, M., Poonguzhali, S., Lee, J., Senthilkumar, M., Lee, K. C., and
Sundaram, S. (2010). Mucilaginibacter gossypii sp. Nov. and Mucilaginibacter
gossypiicola sp. Nov., plant-growth promoting bacteria isolated from cotton
rhizosphere soils. Int. J. Syst. Evol. Microbiol. 60, 2451–2457. doi: 10.1099/ijs.
0.018713-0

Marschner, H. (1995). Mineral Nutrition of Higher Plants, 2nd Edn. London:
Academic Press.

Mehari, Z. H., Elad, Y., Rav-David, D., Graber, E. R., and Meller Harel, Y. (2015).
Induced systemic resistance in tomato (Solanum lycopersicum) against Botrytis
cinerea by biochar amendment involves jasmonic acid signaling. Plant Soil 395,
31–44. doi: 10.1007/s11104-015-2445-1

Meller Harel, Y., Elad, Y., Rav-David, D., Borenstein, M., Shulchani, R., Lew, B.,
et al. (2012). Biochar mediates systemic response of strawberry to foliar fungal
pathogens. Plant Soil 357, 245–257. doi: 10.1007/s11104-012-1129-3

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere
microbiome: significance of plant beneficial, plant pathogenic, and human
pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/
1574-6976.12028

Nam, M. H., Jeong, S. K., Lee, Y. S., Choi, J. M., and Kim, H. G. (2006).
Effects of nitrogen, phosphorus, potassium and calcium nutrition on strawberry
anthracnose. Plant Pathol. 55, 246–249. doi: 10.1111/j.1365-3059.2006.01322.x

Nieto, A., Gasco, G., Paz-Ferreiro, J., Fernandez, J. M., Plaza, C., and Mendez, A.
(2016). The effect of pruning waste and biochar addition on brown peat based
growing media properties. Scientia Horticulturae 199, 142–148. doi: 10.1016/j.
scienta.2015.12.012

Nunes-Nesi, A., Alseekh, S., de Oliveira Silva, F. M., Omranian, N., Lichtenstein,
G., Minezhad, M., et al. (2019). Identification and characterization of metabolite
quantitative trait loci in tomato leaves and comparison with those reported for
fruits and seeds. Metabolomics 15:46. doi: 10.1007/s11306-019-1503-8

Oksanen, J., Blanchet, G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B.,
et al. (2010). Vegan: community ecology Package. R package version 2.0-10.
Available online at: http://CRAN.R-project.org/package=vegan (accessed date
28 November 2020)

Olmo, M., Villar, R., Salazar, P., and Alburquerque, J. A. (2016). Changes in soil
nutrient availability explain biochar’s impact on wheat root development. Plant
Soil 399, 333–343. doi: 10.1007/s11104-015-2700-5

Palansooriya, K. N., Wong, J. T. F., Hashimoto, Y., Huang, L., Rinklebe, J., Chang,
S. X., et al. (2019). Response of microbial communities to biochar-amended
soils: a critical review. Biochar 1, 3–22. doi: 10.1007/s42773-019-00009-2

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013).
Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev.
Microbiol. 11, 789–799. doi: 10.1038/nrmicro3109

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees,
S. C. M., and Bakker, P. A. H. M. (2014). Induced systemic resistance by
beneficial microbes. Annu. Rev. Phytopathol. 52, 347–375.

Pritts, M., Heidenreich, C., McDermott, L., and Miller, J. (2015). Berry Soil and
Nutrient Management–A Guide for Educators and Growers. Ithaca, NY: Cornell
University.

Ramírez-Gómez, X. S., Jiménez-Carcía, S. N., Bletrán Campos, and García
Campos, L. (2019). “Plant metabolites in plant defense against pathogens,”
in Plant diseases – current threats and management trends, ed. S. Topolovec-
Pintaric (Londen: Intechopen Limited).

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Rodrigo, S., Santamaria, O., Halecker, S., Lledó, S., and Stadler, M. (2017).
Antagonism between Byssochlamys spectabilis (anamorph Paecilomyces variotii)
and plant pathogens: Involvement of the bioactive compounds produced by the
endophyte. Ann. Appl. Biol. 171, 464–476. doi: 10.1111/aab.12388

Römheld, V., and Kirkby, E. A. (2010). Research on potassium in agriculture: needs
and prospects. Plant Soil 335, 155–180. doi: 10.1007/s11104-010-0520-1

Samain, E., Aussenac, T., and Selim, S. (2019). The effect of plant genotype, growth
stage, and Mycosphaerella graminicola strains on the efficiency and durability of
wheat-induced resistance by Paenibacillus sp. Strain B2. Front. Plant Sci. 10:587.

Samain, E., van Tuinen, D., Jeandet, P., Aussenac, T., and Selim, S. (2017).
Biological control of Septoria leaf blotch and growth promotion in wheat by
Paenibacillus sp. Strain B2 and Curtobacterium plantarum strain EDS. Biol.
Contr. 114, 87–96. doi: 10.1016/j.biocontrol.2017.07.012

Frontiers in Plant Science | www.frontiersin.org 13 August 2021 | Volume 12 | Article 700479

https://doi.org/10.1111/j.1462-2920.2005.00926.x
https://doi.org/10.1093/dnares/dst049
https://doi.org/10.1093/dnares/dst049
https://doi.org/10.1093/jxb/eraa424
https://doi.org/10.1038/s41598-020-70882-6
https://doi.org/10.1111/nph.15042
https://doi.org/10.1016/j.cropro.2019.02.014
https://doi.org/10.1111/nph.14253
https://doi.org/10.1111/nph.14253
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1111/j.1365-3059.2010.02320.x
https://doi.org/10.1111/j.1365-3059.2010.02320.x
https://doi.org/10.1016/j.apsoil.2020.103579
https://doi.org/10.1016/j.apsoil.2020.103579
https://doi.org/10.1038/nature11237
https://doi.org/10.1007/s10681-017-2010-5
https://doi.org/10.1007/s10681-017-2010-5
https://doi.org/10.1099/ijs.0.018713-0
https://doi.org/10.1099/ijs.0.018713-0
https://doi.org/10.1007/s11104-015-2445-1
https://doi.org/10.1007/s11104-012-1129-3
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/j.1365-3059.2006.01322.x
https://doi.org/10.1016/j.scienta.2015.12.012
https://doi.org/10.1016/j.scienta.2015.12.012
https://doi.org/10.1007/s11306-019-1503-8
http://CRAN.R-project.org/package=vegan
https://doi.org/10.1007/s11104-015-2700-5
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/aab.12388
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1016/j.biocontrol.2017.07.012
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-700479 August 17, 2021 Time: 14:51 # 14

De Tender et al. Biochar Improves Strawberry Disease Resistance

Schandry, N. (2017). A practical guide to visualization and statistical analysis of R.
solanacearum infection data using R. Front. Plant Sci. 8:623. doi: 10.3389/fpls.
2017.00623

Sticher, L., Mauch-Mani, B., and Métraux, J. P. (1997). Systemic acquired
resistance. Annu. Rev. Phytopathol. 35, 235–270.

Supek, F., Bošnjak, M., Škunca, N., and Šmuc, T. (2011). Revigo summarizes and
visualizes long lists of gene ontology terms. PLoS One 6:e21800. doi: 10.1371/
journal.pone.0021800

Tao, T. (2008). Standalone BLAST Setup for Unix. BLAST R©Help.
Bethesda (MD): National Center for Biotechnology Information (US).
Available online at: https://www.ncbi.nlm.nih.gov/books/NBK52640/
(accessed October 7, 2019).

Vlot, A. C., Dempsey, D. M. A., and Klessig, D. F. (2009). Salicylic acid, a
multifaceted hormone to combat disease. Annu. Rev. Phytopathol. 47, 177–206.
doi: 10.1146/annurev.phyto.050908.135202

Wang, K., Liao, Y., Xiong, Q., Kan, J., Cao, S., and Zheng, Y. (2016). Induction
of direct or priming resistance against Botrytis cinerea in strawberries by β-
aminobutyric acid and their effects on sucrose metabolism. J. Agric. Food Chem.
64, 5855–5865. doi: 10.1021/acs.jafc.6b00947

Wang, W., Wang, Z., Yang, K., Wang, P., Wang, H., Guo, L., et al. (2020).
Biochar application alleviated negative plant-soil feedback by modifying soil
microbiome. Front. Microbiol. 11:799. doi: 10.3389/fmicb.2020.00799

Windram, O., Madhou, P., McHattie, S., Hill, C., Hickman, R., Cooke, E., et al.
(2012). Arabidopsis defense against Botrytis cinerea: chronology and regulation
deciphered by high-resolution temporal transcriptomic analysis. Plant Cell 24,
3530–3557. doi: 10.1105/tpc.112.102046

Wu, H., Qin, X., Wu, H., Li, F., Wu, J., Zheng, L., et al. (2020). Biochar mediates
microbial communities and their metabolic characteristics under continuous
monoculture. Chemosphere 246:125835. doi: 10.1016/j.chemosphere.2020.
125835

Xu, X., Robinson, J., and Else, M. A. (2013). Effects of nitrogen input and
deficit irrigation within the commercial acceptable range on susceptibility of
strawberry leaves to powdery mildew. Eur. J. Plant Pathol. 135, 695–701. doi:
10.1007/s10658-012-0106-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 De Tender, Vandecasteele, Verstraeten, Ommeslag, Kyndt and
Debode. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 14 August 2021 | Volume 12 | Article 700479

https://doi.org/10.3389/fpls.2017.00623
https://doi.org/10.3389/fpls.2017.00623
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.1371/journal.pone.0021800
https://www.ncbi.nlm.nih.gov/books/NBK52640/
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1021/acs.jafc.6b00947
https://doi.org/10.3389/fmicb.2020.00799
https://doi.org/10.1105/tpc.112.102046
https://doi.org/10.1016/j.chemosphere.2020.125835
https://doi.org/10.1016/j.chemosphere.2020.125835
https://doi.org/10.1007/s10658-012-0106-2
https://doi.org/10.1007/s10658-012-0106-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Biochar-Enhanced Resistance to Botrytis cinerea in Strawberry Fruits (But Not Leaves) Is Associated With Changes in the Rhizosphere Microbiome
	Introduction
	Materials and Methods
	Experimental Design
	Measurement of Plant Physiological Parameters
	Chemical Characterization of the PS, Plant Leaves, and Strawberry Fruits
	Microbial Analysis
	Botrytis cinerea Bioassay
	RNA Extraction and Gene Expression Analysis
	Statistical Analysis

	Results
	Biochar Induced Resistance to B. cinerea in Fruits but Enhanced Susceptibility in Leaves
	Biochar Amendment Leads to Moderate Shifts in the Bacterial and Fungal Community of the Strawberry Rhizosphere
	Biochar Increased the Concentration of Plant-Available N
	Addition of Biochar to PS Has a Slightly Negative Effect on the Plant Defense Response in the Leaves

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


