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Abstract

Numerous studies have demonstrated that soil applications of biochar contribute to plant disease suppression and
growth promotion. Here, we quantitatively evaluated the performance of biochars on plant disease suppression

and production using meta-analysis of literature data. The results indicated that biochar amendment dramatically
reduced disease severity (DS) by 47.46% while increasing plant biomass by 44.05%. The highest disease suppres-

sion was achieved with soil application of straw-derived biochar compared to biochar from other feedstocks, while
no significant increase in yield was found with straw-derived biochar. Biochars pyrolyzed at medium temperatures
(350-600 °C) facilitate both disease controlling and growth promotion. Soil application of biochars between 3 and 5%
significantly decreased plant DS by 59.11%, and inverted U-shaped biochar dose/DS suppression curve and biochar
dose/growth curve were observed. In cash crop fields, the DS of plants amended with biochar was reduced over 50%,
which was significantly higher than that of grain crops and perennial trees. Furthermore, biochar performance on
plant disease suppression was higher for airborne pathogens than for soilborne pathogens, possibly due to the sys-
temic activation of plant defences by biochar amendment. Additionally, a reduction of DS by biochar was observed
on plants grown in agricultural soils. Our work contributes to the standardization of biochar production and provides
a reference for improving the function of biochar in disease control.

Article highlights

+ A meta-analysis of biochar preparation and application methods for disease severity and plant growth is needed.

+ Soil application of biochar from straw at 350—600 °C and at 3—5% rate was effective in reducing disease severity.

+ Biochar application has better suppression effect on cash crop diseases caused by airborne pathogens.

+ The results of the meta-analysis are particularly useful for maximizing the effect of biochar on plant disease con-
trol.
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1 Introduction
Plant diseases have been a persistently great challenge
to global food security (Strange and Scott 2005; Ristaino
et al. 2021). The average yield losses associated with path-
ogens and pests globally was estimated at 21.5%, 30.0%,
22.5%, 17.2%, and 21.4% for wheat, rice, maize, potato,
and soybean, respectively (Savary et al. 2019). In addi-
tion, the occurrence of plant diseases leads to famines
and threatens human health due to the shortage of food
(Ristaino et al. 2021). This situation became even worse
as growing evidence showed that the rising global tem-
perature intensified both the range and severity of plant
diseases (Evans et al. 2008; Barford 2013; Chaloner et al.
2021). Chemical control has always been the major and
effective method for plant disease control (Hirooka and
Ishii 2013; Elmer et al. 2018). However, the excessive
application of such agrochemicals is detrimental to the
ecosystems and even toxic to human beings (Beketov
et al. 2013; Nicolopoulou-Stamati et al. 2016; Yang et al.
2022b). With the growing strict regulation of chemical
pesticides, growing studies were focused on plant dis-
ease control using biocontrol, which refers to plant dis-
ease control using a population of beneficial organisms
to reduce or prevent plant infection by pathogens (Abbas
et al. 2019; He et al. 2021; Yang and Zhang 2019).
Increasing studies have shown that plant health and
productivity are reliant on the ecosystem services pro-
vided by indigenous soil and plant-associated microbi-
omes (Dignam et al. 2019; Huang et al. 2020). Soil with
healthy rhizosphere microbial communities can greatly
reduce the incidence of plant diseases by preying on,

inhibiting, and metabolically inactivating competing
pathogens (De Corato 2020; Nwokolo et al. 2021). For
example, the diversity and richness of Pseudomonas spe-
cies were primary parameters that explained the variation
of disease suppressive capacity of soils among different
treatment, and a more frequent organic residue return-
ing enhanced the diversity and activities of plant-ben-
eficial bacterial (Dignam et al. 2019). Therefore, healthy
soil management is considered as an effective method to
plant disease control (Nwokolo et al. 2021).

Biochar, the carbon-rich solid material derived from
thermal conservation of biomass under oxygen-deficient
environment, has great potential as a soil amendment,
pollution remediation, and carbon sequestration (Joseph
and Lehmann 2015; Chen et al. 2019). Land application
of biochar helps to improve soil physicochemical proper-
ties as well as nutrient biogeochemical cycling by impact-
ing soil microorganism abundance and richness (Gul and
Whalen 2016; Yu et al. 2019). Due to their specific chemi-
cal properties, abundant nutrients, and porous structure,
biochar is capable of recruiting microbes and its land
application is capable of reshaping the microbial com-
munity structure in soils (Lehmann et al. 2011; Zhu et al.
2017).

The first report by Elad et al. (2010) on biochar appli-
cation for plant disease suppression indicated that soil
application of biochar derived from citrus wood induced
systemic resistance to Botrytis cinerea and Leveillula
taurica on both pepper and tomato. They further attrib-
uted the induced response of biochar on plant disease
suppression to the phytotoxic compounds or chemical
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elicitors (Elad et al. 2010). Subsequently, continuous
research has been conducted to explore the influence of
biochar on plant pathogens, and the knowledge on bio-
char’s influence on plant disease control has expanded.
For example, increased microbial diversity and changes
in metabolic potential in the rhizosphere microbiome
enhanced plant growth and disease suppression (Kolton
et al. 2017). However, the efficiency of biochar on plant
disease suppression was dose-dependent and greatly
varied among biochars, plant species, and cultivat-
ing systems. Therefore, a comprehensive and quantita-
tive response synthesis of the preparation methods and
application concentration of biochar affecting disease
severity and plant growth is greatly needed (Poveda et al.
2021; de Medeiros et al. 2021). Although a few recently
published articles detailed the influence of biochar on
plant pathogen control, for example, Frenkel et al. (2017)
and Poveda et al. (2021), a quantitative evaluation of
the biochar’s influence on plant disease suppression is
needed. Here, a meta-analysis was conducted to make
a comprehensive evaluation of biochar performance on
plant disease suppression and explore the impacts of dif-
ferent agricultural and environmental conditions. The
results of this study could provide the basis for clean and
safe plant disease control and greatly expand the scope of
biochar application in agriculture.

2 Materials and methods

2.1 Literature collection

To establish a comprehensive database concerning the
influence of biochar on plant disease suppression, peer-
reviewed articles published between 2010 and April 2022
were systematic searched from the online database of
Web of Science (http://apps.webofknowledge.com), Else-
vier Science Direct (https://www.sciencedirect.com), and
Google Scholar (https://scholar.google.com) with key-
words “biochar” and “plant disease” or “plant-pathogen”
The following criteria were used to select articles: (1) at
least three replications per treatment; (2) both biochar
and control treatment in the same experimental site or
under the same experimental conditions; (3) reported
biochar application rates; and (4) contained statistics
data of disease severity and plant growth (i.e., root or
shoot dry weight).

A total of 49 research articles were included in this
meta-analysis after passing the acceptance criteria (Addi-
tional file 4: Table S1). The spatial distribution of targeted
sites was shown in Additional file 1: Fig. S1. As indi-
cated, the research on biochar influence on plant disease
attracted worldwide interest, while the majority of stud-
ies were conducted in China and the USA.
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2.2 Data categorization and treatment

The following categorical groups were established to
assess the influence of biochar on plant disease suppres-
sion: biochar feedstock types (grouped into food waste,
greenhouse waste, straw, and wood), production temper-
atures (grouped into <350 °C, 350-600 °C, and > 600 °C),
biochar application rates (grouped into<1%, 1-3%,
3-5%, 5-10% and > 10%), plant types (grouped into cash
crops, grain crops, and trees), plant pathogens (grouped
into airborne and soilborne), and cultivation systems
(grouped into soil and commercial potting mixture)
(Table 1).

As various resistance assessment indexes were used in
each study, we chose a more centralized disease sever-
ity (%) for assessment. Depending on plant species, plant
growth was measured as plant dry weight, shoot dry
weight, root dry weight, grain yield, and fruit per plant
in each study. If more than one growth data was provided
(e.g., both shoot and root biomass) in one study, the data
point that is related to the diseased part of the plant was
used in the meta-analysis (Additional file 5: Table S2).
For data presented in graphs and figures, values of the
mean and standard deviation were extracted using Get-
Data Graph Digitizer 2.26 (http://getdata-graph-digitizer.
com).

2.3 Meta-analysis

In the presented study, the response ratio (RR, thereaf-
ter response ratios) was measured to compare the impact
of biochar application on the occurrence of plant disease
and the influence of pathogens on plant growth. To facili-
tate statistical tests, a natural logarithm of RR was calcu-
lated as the effect size (Hedges et al. 1999).

RR = InZt
= In—,
X, 1)

Table 1 Categorical groups of biochar and plants for the meta-
analysis

Moderator variable Categorical group

Biochar

Grain residues; wood;
greenhouse wastes; food
wastes

<350; 350-600; > 600

Feedstock material

Pyrolysis temperature (°C)

Load (%) <1;1-3;3-5,5-10;>10
Plant
Plant type Grain; tree, cash crops

Plant pathogen Airborne; soilborne

Cultivation system Soil; potting mixture
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where X, represents the mean under biochar applica-
tion treatment, and X, represents the mean of the con-
trol group for a given experiment. The log-transformed
values were used for meta-analysis in the calculation of
summary biochar effects and confidence limits. In the
tested variable, the values of RR greater than zero indi-
cated that the application of biochar has a positive effect,
while those less than zero indicated a negative effect. The
values of RR close to zero indicate little or no effect of
biochar addition.

In all meta-analyses and meta-regressions, cumulative
effect sizes (RR ) were weighed by the inverse of the sam-
pling variances, and the calculation formula is as follows:

ViRR) = S, ¢ @)
1 - Ntth NCX62;
71 3
wi = ,
" ovitr? ®)
>ie) WiRR;
RR4==Z—— (4)

where S, and S, represent the standard deviations of X,
and X,, respectively. N, and N represent the sample sizes
of the treatment group and the control group, respec-
tively. w represents the weighting factor. 7° represents
the between-study variance component (Veroniki et al.
2016).
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The percentage changes in disease suppression and
plant productivity (Additional file 6: Table S3) were cal-
culated from the weighted effect size (RR,) and confi-
dence interval (CI) through exponential transformation
(Wang et al. 2019b):

Percentage change = [exp (RRyor 95%CI) — 1] x 100%.
(5)

2.4 Statistical analysis

Random-effects meta-analysis was performed in R 3.2.2
software with the metafor package to assess overall het-
erogeneity in the data due to multiple effect sizes per
study and species (Viechtbauer 2010; R Core Team 2013).
All analyses were run separately for plant disease sever-
ity and biomass. Once the significant heterogeneity was
observed in the random-effects meta-analysis, meta-
subgroup analyses were conducted to explain with differ-
ent categorical groups. Publication bias was tested using
Funnel plots and Egger tests by including precision (1/
SE) as a covariate in rma.mv function, and using meta-
analytic residuals (Egger et al. 1997).

3 Results and discussion
3.1 Biochar application on disease suppression and plant
growth

Severe plant diseases dramatically reduced plant growth
(Fig. 1a, p<0.001). By comparison, biochar application
leads to an average reduction in plant disease sever-
ity by 47.46% (C1=41.42%, 52.88%) and an elevation of
plant biomass by 44.05% (CI1=22.41%, 69.52%) (Fig. 1b).
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Fig. 1 Influence of disease severity on biomass (a) and forest plots of effect size estimates for disease severity and plant production, respectively (b)
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Fig. 2 Influence of biochar feedstock (a, b), production temperature (c, d), application rate (e, f) on plant disease suppression and plant growth,
respectively

Additionally, the broad interpretation range of effect
sizes indicated a high variance of biochar performance
on plant disease suppression and growth enhancement.
Accordingly, a series of in-depth analyses were carried
out for each categorical biochar group.

3.2 Influence of biochar properties

Studies indicated that feedstock varieties and production
conditions had a great influence on biochar physicochem-
ical properties, and hence impacted their performance in
agricultural and environmental applications (Kambo and
Dutta 2015; Haris et al. 2021; Zhou et al. 2021). Likely, in
this study, biochar feedstock, production temperature, as
well as application rates had a great influence on biochar
performance on plant disease control and plant growth
enhancement (Fig. 2).

3.2.1 Biochar feedstock
As illustrated in Fig. 2a, biochars, regardless of the feed-
stock species, effectively reduced plant disease severity.
More specifically, biochars produced from straw residue
(— 0.81, p<0.001) showed greatest suppression on plant
disease (up to 55.29%). Followed by biochars produced
from wood (— 0.62, p<0.001), which inhibit plant dis-
eases by 46.1%. The influence of biochars derived from
greenhouse waste had the least effect on plant disease
inhibition (— 0.55, p<0.001), but still reached 42.4%. In
terms of plant biomass enhancement, the application of
greenhouse waste-derived biochars dramatically pro-
moted plant growth, with the mean effect size at 1.11
(p<0.001). However, the influence on plant biomass
is limited for biochars derived from straw and wood
(Fig. 2b).

Feedstock choice has the largest influence on bio-
char physicochemical properties compared to pyrolysis
temperatureand pyrolysis type (Ippolito et al. 2020). As
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biochars derived from different feedstocks are distinct in
the elemental composition and ash constitution (Zhou
et al. 2021; Weber and Quicker 2018), dissimilarities in
the levels of active substances in biochars, such as soluble
organic compounds, silicon, and calcium, etc., would be
the main reason for the distinct performance of biochar
on plant disease suppression (Dordas 2008). For example,
Wang et al. (2019c¢) attributed the greater plant disease
suppression to the higher silicon (Si) content in straw
residue derived biochars. As a beneficial element, Si is
beneficial for plant growth and efficient Si in plants can
inhibit the penetration of pathogenic fungi by strength-
ening cell walls (Shabbir et al. 2020). For this reason, the
application of high-Si biochar in soils reduced gray leaf
spots by over 50% (Wang et al. 2019a). Probably, calcium
(Ca) and potassium (K), which were also abundant ele-
ments in biochars, are essential for maintaining plant cell
walls and cell membranes, as well as enhancing growth
and metabolism, respectively (Wang et al. 2013; Sugi-
moto et al. 2010).

Furthermore, studies also found biochar derived from
lignocellulosic material has a high surface area and well-
developed porous structure, which helps the adsorption
of cell wall-degrading enzyme and toxic metabolites, thus
effectively reducing the infection by pathogens (Daoud
et al. 2010; Jaiswal et al. 2018).

In contrast, the enhanced plant growth was mainly
attributed to the abundant nutrients (mainly nitrogen
and phosphorus) in biochars derived from greenhouse
waste. Biochar land application elevates crop production
and the increases in crop yield was greater among bio-
chars produced from animal waste compared with those
from crop residue and wood waste (Farhangi-Abriz et al.
2021), which is likely a function of greater amino acids
and proteins present in these materials.

3.2.2 Pyrolysis temperature

Figure 2c shows the influence of pyrolysis temperature
on the performance of biochar on plant disease suppres-
sion. The application of biochar produced between 350
and 600 °C dramatically reduced plant disease severity
by 44.8% (— 0.59, p<0.001). However, no significant dif-
ferences were observed for biochars produced <350 °C
and > 600 °C. Additionally, the application of biochar
that is produced at lower temperatures effectively ele-
vated plant biomass (1.16, p<0.001). By comparison, the
influence of biochar produced in the medium tempera-
ture range (350-600 °C) was lower than that of biochar
produced at lower temperatures, and the application of
biochar produced at temperatures > 600 °C had no sig-
nificant effect on crop growth (Fig. 2d).
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Numerous studies have indicated that pyrolysis tem-
perature is the most important factor that determined
biochar physicochemical properties (Hassan et al.
2020; Anand et al. 2022). Apart from the surface area,
pH, and cation exchange capacity, which help to medi-
ate soil physiochemical properties, the formation of
organic compounds, especially those dissolved com-
pounds, would also affect biochar disease suppression
efficiency as well as plant growth. For example, the for-
mation of volatile organic compounds (VOCs), poly-
cyclic aromatic hydrocarbons (PAHs), polychlorinated
dioxins and furans (PCDD/DFs) with the carbonization
of organic compounds makes biochar toxic to both soil
microorganisms and plants (Hale et al. 2012; Buss and
Masek 2014). Lyu et al. (2016) found that PCDD/DFs
and PAHs were mainly produced at 300-400 °C, while
biochars produced at higher temperatures became less
toxic and lower potencies of AhR-mediated effects.
Accordingly, we suggested that the reduction in plant
disease occurrence was mainly attributed to toxin for-
mation, while the comprehensive influence of toxic-
ity and fertility determined the overall plant growth
under biochar-involved treatments. Furthermore, stud-
ies found organic compounds in biochars like benzoic
acid, glycol, and phenols, function as plant immunity
inducers to enable plants to perform immune response
by stimulating systemic resistance (Mehari et al. 2015;
Jaiswal et al. 2020; Yang et al. 2022).

3.2.3 Application rate

As indicated, biochar applied at rates of < 10% had posi-
tive effects on plant disease suppression. Compared
with the control, biochar application at a rate of <1%,
1-3%, 3-5%, and 50-10% significantly reduced plant
disease severity by 37.0% (p<0.01), 50.1% (p<0.001),
59.1% (p<0.001) and 41.5% (p<0.05), respectively.
Only a higher application rate of 10% had no significant
effect on plant disease severity (Fig. 2e). Likewise, the
greatest plant growth enhancement was also observed
under an application rate of 3—-5% (Fig. 2f).

As a multifunctional soil amendment, soil applica-
tion of biochar helps to improve soil physicochemical
properties including pH, porosity, bulk density, water
retention, organic compounds, and nutrient con-
tents (Herath et al. 2013; Zhang et al. 2021). All these
changes in the soil microenvironment regulate the
abundance and distribution of soil microorganisms
and ultimately affect the occurrence of plant diseases.
Since the optimal growth conditions for soil-borne
plant pathogens are narrow and greatly impacted by
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Fig. 3 Influence of plant type (a, b), plant pathogen (c, d), cultivation system (e, f) on plant disease suppression and plant growth, respectively

soil Eh—pH, biochar induced pH increase in the rhizo-
sphere dramatically reduced the viability of pathogens.
For example, the difference in the soil pH, Ca, Mg, and
CEC greatly impacted Pythium species diversity, com-
munity composition, and disease incidence (Broders
et al. 2009). Likely, the lesion, lance, spiral, and pin
nematode population densities are at moderate-high
risk levels based on soil region, cropping sequence, till-
age, soil pH, silt content, and electrical conductivity
(Simon et al. 2018).

It is worth noting that the application rate of bio-
char is not the only factor that affects soil properties,
which are also dependent on biochar properties, such
as particle size, elemental composition, and ash content
(Fu et al. 2021). For example, the particle size distribu-
tion of biochar is an important factor that determines
the diminishing of pathogenic bacterial (Sasidharan
et al. 2016). Furthermore, although various application
rates were used in research from<5 t ha™! to over 100
t ha™!, an application rate less than 2.5% was recom-
mended by International Biochar Initiative (IBI 2015).

3.3 Effects of plant type, plant pathogen, and planting
system
3.3.1 Plant type
Biochar application can dramatically suppress disease
severity of cash crops (including vegetables, berries
and tobacco) by 51.5% (p<0.001), and enhanced plant
growth by 52.6% (p<0.001) (Fig. 3a). However, the bio-
char amendment had limited influence on plant disease
and plant growth for cereal grains and perennial trees
(Fig. 3b). Accordingly, biochar application on cash crops
would be the most optimal in terms of disease suppres-
sion and plant growth enhancement.

Our findings were similar to those from a previous
study, in which Ojiambo and Scherm (2006) declared
that biocontrol is more effective on annual crops than
perennials plants. One possible reason for the distinct
efficiencies of biochar on plant disease suppression
among different plant types is the agricultural practice,
including planting, fertilization, and management. Gen-
erally, a long-term intensive planting leads to more severe
plant disease in the vegetable field than the cropland and
perennial ecosystems (Huang et al. 2013; Kerdraon et al.
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2019; Fareed Mohamed Wahdan et al. 2020). For exam-
ple, the cropping history, litter saprotrophic fungi and
spatial patterns greatly impacted the composition of soil-
borne pathogens and the outbreak of plant disease (Van
Agtmaal et al. 2017). For these reasons, biochar influ-
ence on plant disease suppression through modifying soil
microbe structure was magnified in those less-intensive
crop systems (Zhang et al. 2021; Rasul et al. 2022). How-
ever, current studies related to biochar performance on
disease suppression was mainly focused on vegetables,
and limited studies were conducted for crops and trees.
Additionally, the forest plot should be updated to be
more objective when more data become available.

3.3.2 Plant pathogens

Plant diseases evaluated in this meta-analysis were
caused by a wide variety of plant pathogens, and wecat-
egorized them into the plant diseases caused by airborne
pathogens and plant disease caused by soilborne patho-
gens according to the site of infection that occurred.
Contradicted to our assumption, biochar application
dramatically reduced the occurrence of plant diseases
caused by airborne pathogens (60.0%, p <0.001) than that
caused by soilborne pathogens (34.0%, p <0.001) (Fig. 3¢).
Simultaneously, biochar application greatly elevated the
biomass of plants infected by airborne pathogens (50.7%,
p<0.001). However, no obvious growth-enhancing effects
were observed among plants infected by soilborne patho-
gens (Additional file 7: Table S4).

Further analysis indicated that plant foliar diseases
caused by four airborne-pathogen species were effec-
tively inhibited by biochar amendment, and the effi-
ciencies decreased in the order of L. taurica (powdery
mildew)>A. solani (early blight)>B. cinerea (gray
mould) >P. aphanis (powdery mildew) (Additional
file 2: Fig. S2). By comparison, only half of the soilborne
pathogen types were effectively controlled by the land
application of biochars, which were Phytophthora spe-
cies, Ralstonia solanacearum, Fusarium species, and
replant disease (Fig. 3e). Moreover, biochar applica-
tion greatly enhanced the growth of plants infected by
A. solani (92.0%, p<0.001) and replant disease (69.2%,
p<0.05). However, soil application of biochar signifi-
cantly decreased the growth of plants infected by Rhizoc-
tonia solani (p<0.01). This result is consistence with the
report by Copley et al. (2015), who found that an increas-
ing biochar application rate increased Rhizoctonia damp-
ing-off of all 11 plant species. The authors attributed the
increased damping-off severity under biochar amend-
ments to the potential metabolism of organic compounds
in biochars. Further investigation found biochar applica-
tion increased the susceptibility of soybeans to a foliar
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disease by modifying the expression of soybean genes
and changes in salicylic acid hormonal balance (Copley
et al. 2017).

Intriguingly, biochar additions to soil significantly
reduced the incidence of replant disease (Fig. 3e), which
is a soilborne disease that negatively affects tree growth
and reduces the yields in replanted orchards (Wang et al.
2019d). Numerous nematodes, fungi, oomycete and
bacteria can cause replant disease, of which Fusarium,
Rhizoctonia, Cylindrocarpon, Phytophthora, and Pythium
are the main pathogenic genera associated with this soil-
borne disease (Tewoldemedhin et al. 2011). Although the
mechanisms are still unknown, biochar effectively alle-
viated replant disease on peach and apple trees, respec-
tively, compared with the control (Wang et al. 2019d;
Atucha and Litus 2015).

3.3.3 Cultivation system

As shown in Additional file 4: Table S1, 32 of 49 col-
lected reports (65.3%) selected pot experiments to study
the influence of biochar amendment on plant disease
suppression. It should be noted that most of the plant
growing medium used in these studies belonged to pot-
ting mixture with soil and commercial horticultural sub-
strates, in which the organic matter content was much
higher than that in agricultural soils. Therefore, we cat-
egorized the cultivation systems into two groups: agricul-
tural soils and potting mixture. Biochar application has
significant disease suppression effects on plants grown
in agricultural soils (54.9%, p<0.001), whereas biochar
addition did not obviously reduce the disease severity on
plants grown in potting mixture (Fig. 3e, f). Correspond-
ingly, biochar involvement dramatically elevated the
plant production by 57.8% (p<0.001) in the pot system
(Fig. 3f), whereas no obvious growth-promoting effect
was observed in potting mixture system (Additional
file 7: Table S4).

Soil organic matter (SOM) is the foundation for agri-
cultural soil. SOM content is a critical indicator of soil
health through positive impact on soil properties and
processes (Doran and Zeiss 2000; Lal 2020). The further
analysis illustrated a 68.7% reduction in disease sever-
ity (»<0.001), and a 49.6% increase in plant production
(p<0.001) when SOM content<10% (Additional file 3:
Fig. S3). In different land use types and history, the actual
SOM content in soils ranged between 1.7% and 8.8%
(Pulleman et al. 2000). Biochar amendment has a posi-
tive effect on increasing SOM content, thereby promot-
ing crop health and crop yields. By comparison, biochar
involvement has little effect on promoting plant growth
in the potting mixture, due to the fact that horticultural
substrates contain a higher proportion of organic matter
content.



Yang et al. Biochar (2022) 4:43

Page 9 of 12

Triger plant
systemic
resistance

rhizosphere-root-soil-pathogen

Establish complex

system

nutrient

Reshape soil-microbial
communities and functioning

o a\“ogef\

Enhance plant

supplication

Fig. 4 Scheme of biochar application for plant disease suppression in the root and shoot parts. (part of the figure is adapt from https://www.onhyd
roponics.com/index.php/en/74-news-nutrients-en/99-silicon-supplementation-en)

* Biochar properties Mediated soil chemical pmpenies;

« Higher surface area

+ Abundant nutrients

+ DOC induced fungicide
+ Adsorption of toxins

* Elevated soil pH

Biochar-Soil

1
1
1
i
: i
composite !
1
1

Pafhogen

- Improved soil structure  Medi:

d soil biological propertieq'
« Aggregate formation
* Reduced soil bulk density

sound soil mit 1

-_ Enhanced aeration 1

3.4 Potential mechanisms of biochar on plant disease
suppression and future implications

As a whole, the mechanisms of biochar application for
plant disease suppression and growth enhancement
were generally the enhanced plant nutrient supplication,
improved host systemic resistance, modified soil-micro-
bial communities and functioning, reduced allopathic
and phytotoxic compounds, and established complex
rhizosphere-root-soil-pathogen system (Graber et al.
2014; Bonanomi et al. 2015) (Fig. 4). Of note, soil type,
soil physicochemical properties and nutrient/pathogen
content in soil varied in each study, which had a signifi-
cant impact on the disease suppression under biochar
amendment (de Medeiros et al. 2021). We acknowledge
that there are additional factors potentially affecting the
efficiencies of biochar land application on plant disease
suppression and plant growth that were not included in
our meta-analysis. There was still much uncertainty on
the relationship between the underlying biochar physico-
chemical properties and plant disease suppression per-
formance of biochar, which is useful to guide engineering
biochar production for achieving better disease suppres-
sion efficiencies.

The results of our meta-analysis also showed that the
addition of biochar to soil exposes a significantly greater
effect on the progress of diseases caused by airborne
plant pathogens than that caused by soilborne plant
pathogens, especially for vegetables and fruits (Fig. 3).
These observations suggested that the effect of biochar
on the priming of plant systemic resistance is stronger
than the direct toxicity to plant pathogens, although bio-
char amendment has been reported to affect the progress
of diseases caused by soilborne plant pathogens. Biochar
has a porous structure with high surface area, which
makes it an effective soil amendment for increasing for
microflora settlement (Yang et al. 2020; Quilliam et al.
2013). When biochar is added to soils, it can profoundly
affect the complex rhizosphere microbiome, resulting in
direct and indirect domino effects on plant development
and disease progress (Graber et al. 2014; Bonanomi et al.
2015). In turn, high surface area and porous structure of
biochar may provide a suitable habitat for soilborne plant
pathogens simultaneously, thereby compromising the
disease-suppressive effect of biochar application (Fig. 4).

Additionally, emerging evidence indicated that biochar
can alter the rhizosphere microbial community for plant
disease management (Silva et al. 2020; Zheng et al. 2020).
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For instance, the 80 g/kg biochar treatment promoted
plant growth by improving fungal communities in the
rhizosphere of apple trees and decreasing the abundance
of the soilborne pathogen E solani (Wang et al. 2019d).
Rice hull biochar amendment significantly suppressed
the disease incidence and index of bacterial wilt through
increasing soil bacterial composition and decreas-
ing pathogen Ralstonia abundance (Chen et al. 2020).
Likewise, Biochar addition increased the richness and
diversity of the bacterial community in the tobacco rhizo-
sphere to protect plants against bacterial wilt (Zhang
et al. 2017). These results imply that the analysis of bio-
char-soil-microbiota interactions is extremely impor-
tant for assessing the effect of biochar on plant disease
suppression. Nevertheless, to date, there is little reports
regarding the relationship between plant disease sup-
pression with biochar addition and rhizosphere microbial
abundance. Moreover, the microbial community research
methods and index statistics are varied, which makes
the data difficult to extract. The meta-analysis of biochar
amendment on controlling plant diseases by altering
soil microbial communities can be continued only after
numerous related reports emerge in the future.

4 Conclusion

Biochar soil application can be effective in decreasing
plant disease severity while increasing plant biomass
simultaneously. However, feedstock type, pyrolysis
temperature and application rate all impacted biochar
performance on plant disease suppression. In gen-
eral, soil application of biochar from grain residues at
a medium temperature and at 3%-5% was effective in
reducing disease severity. Simultaneously, plant type,
plant pathosystem and cultivation system also influ-
enced the effect of biochar application on disease sup-
pression and plant growth promotion. In the future, it
is necessary to standardize the production and applica-
tion of biochar to maximize its effect on plant disease
control.
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