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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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(Glaser et al. 2002; Haider et al. 2016), improvement in 
pH of acidic soils (Yamato et al. 2006; Chan et al. 2007), 
enrichment in beneficial soil microorganisms (Kolb et al. 
2009; Kolton et al. 2011), and reductions in greenhouse 
gas emissions (Kammann et al., this issue). Several pot and 
field trials have shown that adding different biochars to 
soils can enhance productivity and performance of crops 
such as wheat, maize, cucumber, bean, tomato, strawberry, 
and sweet pepper (Graber et al. 2010; Meller Harel et al. 
2012; Cornelissen et al. 2013; Jaiswal et al. 2014; Jaiswal 
et  al. 2015; De Tender et  al. 2016), including when the 
biochar is used as a fertilizer carrier (Joseph et al. 2013) 
or has been previously loaded with nutrients e.g. by co-
composting (Kammann et al. 2015). In contrast, a number 
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Abstract. The increasing demand for soilless substrates and rising environmental concerns about the use of non-
renewable resources such as peat has led to the search for alternative constituents of growing mixtures for containe-
rized plants. In this report we reviewed the works concerning biochar as constituent of growing media, targeting its 
influence on plant growth and plant disease. Biochar mostly has positive or neutral influences on plant growth com-
pared with peat media when present in concentrations higher than 25% (v:v). However, studies of biochar influence 
on plant disease reveals that while lower concentrations (≤1%) of biochar often suppressed several diseases, higher 
concentrations (>3%) were mostly ineffective or induced plant disease. For use as horticultural peat replacement, it is 
recommended that biochar feedstocks and concentrations be standardized and the potential effect of biochar on plant 
disease be considered, so that growers can rely on consistent and reproducible biochars for desired effects.

Keywords: Clavibacter michiganensis, damping-off, disease control, foliar pathogen, hormesis effect, organic amend-
ments, plant nurseries, peat replacement, root rot, soilborne pathogens.

Introduction

Research and development into biochar, the application of 
charcoal to soil, has been increasing substantially over the 
last decade. The major driver of interest is biochar’s lon-
gevity in the soil, with many biochar types having estimat-
ed half-lives of 100s to 1000s of years or more. This means 
that by adding biochar to soil, carbon that originated in 
the atmosphere as CO2 can be sequestered, leading to a 
desirable carbon removal from the atmosphere. In addi-
tion to this benefit, an increasing number of studies point 
to positive influences of biochar addition to soil, such as 
increased cation exchange capacity in organic matter-poor 
soils (Silber et al. 2010; Cornelissen et al. 2013; Obia et al. 
2015), increased nutrient and water retention in light soils 
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of studies have shown no effect of biochar on crop yields 
(Jeffery et  al. 2011; Ruysschaert et  al. 2016), and some 
have also shown that biochar additions to soil can have 
unwanted effects on crop productivity, often due to tying 
up of nitrogen (Kammann et al. 2015; Haider et al. 2016), 
particularly in clay-rich fertile soils. Other works have 
pointed to biochar inactivation of soil-applied pesticides 
(Graber, Kookana 2015) and to soil contamination arising 
from biochar addition. Seeing that biochar has such a long 
half-life and that cannot be removed once it has been ap-
plied, it seems prudent to take small measured steps in its 
deployment, before widespread use. 

A convenient “pre-soil” stage and research play-
ground may be the addition of biochar to detached soil-
less growth media for partial peat replacement or peat-free 
growth media improvement. This idea has a number of 
advantages over the approach of widespread application 
to field soils, particularly in the initial stages: 

1. Horticultural media can be used more easily as 
a model system for studying different aspects of 
biochar types and doses, including very general 
phenomena but also for fine tuning; 

2. Horticultural crops are generally high return 
crops, which can justify investment in biochar 
more readily than extensive, low return field crops;

3. It is low risk and although not always strictly mim-
icking field studies, it still may assist us to detect 
some general phenomena and to outline the biochar 
positive borders. In addition, if there are any unex-
pected negative impacts of the added biochar on 
plant performance and health, no permanent dam-
age to non-renewable soil resources has been done;

4. Usually, the culture turnover time is faster than 
the field and can comprise several cultures per 
year, speeding up the gain of knowledge and expe-
rience;

5. Economically successful implementation of bio-
char in horticultural detached media can have a 
positive impact on both industries; 

6. The pyrolysis/biochar platform may be a welcome 
green solution for local nursery wastes;

7. Successful implementation of biochar in nursery 
media will encourage more extensive use of bio-
char in the future, and its benefits will be more 
easily quantified after gaining valuable experience 
in the nursery setting; 

8. Peat deposits, which are non-renewable resources, 
are over-exploited. The growth media industry 
and various R&D initiatives have been trying to 
replace peat for a couple of decades, with limited 
success. Biochar as a partial peat replacement, or 
tool for improving the performance of peat-free 
alternative growth media, may help achieve this 
goal.

This last point, biochar as a potential peat replace-
ment, has been examined in detail in a companion paper 
in this volume (Kern et al., this issue) and will not be ex-
amined here. The emphasis of the current communication 
is the effect of biochar additions to detached soilless media 
and the unrecognized influence it may have on plant sus-
ceptibility to diseases caused by plant pathogens, as plant 
protection is an economically very important aspect of 
modern horticulture. 

1. Current state of the art

Biochar as a component of soilless substrates has been 
tested in several experimental systems; data are summa-
rized in Table 1. Studies were conducted with various types 
of biochars, and several works involved combinations of 
biochar with other supplements such as mycorrhiza and 
fertilizers (Conversa et al. 2015), and humic acid products 

Table 1. List of studies that involve biochar as a peat replacement in soilless media. Data include the range of concentrations in 
which biochar was found to be beneficial or non-harmful to plant growth are presented in the 2nd column. Concentrations at which 
negative effects on plant growth were detected are presented in the 3rd column  

Crop Beneficial impact 
(% biochar)

Negative impact 
(% biochar) Reference

Blanket flower (Gaillardia spp.) 25 50 Dumroese et al. (2011) 

Calathea (Calathea insignis) 20–35 Zhang et al. (2014)

Calathea (Calathea rotundifola) 50 >50 Tian et al. (2012)

Crown of Thorns (Euphorbia x Lomi) 15–60 Fascella (2015)

Horse-shoe pelargonium (Pelargonium  zonale) 30 70 Conversa et al. (2015)

Kale (Brassica oleracea L. var. acephala) 1–5 Kim et al. (2016)

Lettuce (Lactuca sativa) 38–70 Mendez et al. (2015)

Lettuce (L. sativa) 50–75 Nieto et al. (2016)

Sunflower (Helianthus annuus) 25–75 100 Steiner and Harttung (2014)

Tomato (Solanum lycopersicum) & Marigold (Tagetes erecta) 5 Vaughn et al. (2013)
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(Zhang et al. 2014). The studies tested elevated ratios of 
biochar: growth media (mostly peat) occasionally reach-
ing very high biochar percentages (>60%) (Steiner, Hart-
tung 2014; Mendez et al. 2015; Nieto et al. 2016). Analyses 
included chemical properties and various parameters of 
plant growth and other measurements such as chlorophyll 
(Fascella 2015). In most cases, biochar had a neutral or 
positive influence on plant growth compared with peat 
media when present in concentrations lower than 30% 
(v:v) (Dumroese et al. 2011; Conversa et al. 2015), and in 
some works even a much higher concentration was found 
to be not harmful (Fascella 2015; Mendez et al. 2015; Ni-
eto et al. 2016). However, all of these studies focused on 
plant survival and several growth parameters, and did not 
consider the influence on plant diseases.  

A positive influence of biochar on reducing plant dis-
eases such as rust in wheat and mildew in other crops was 
first reported some 170 years ago (Allen 1847) and drew 
attention in the last decade where several pathosystems 
were studied by different groups worldwide (Elad et  al. 
2010; Elmer, Pignatello 2011; Jaiswal et al. 2014; Copley 
et  al. 2015; Jaiswal et  al. 2015). Pathosystems included 
both foliar pathogens and soil borne pathogens (Elad et al. 
2011; Graber et al. 2014a). Lately, Bonanomi et al. (2015) 
reviewed and summarized the data from 13 pathosystems 
that tested the effect of biochar on plant disease. In their 
analysis, they reported that 85% of the studies showed a 
positive influence of biochar in reducing plant disease se-
verity, 12% had no effect, and only 3% showed that bio-
char additions were conducive to plant disease. However, 
their analysis did not consider the fact that many of these 
studies revealed that plant susceptibility/resistance to dis-
ease was dependent on the crucial factor of the biochar 
dose. 

In Table 2, we inspected the systems reviewed in 
Bonanomi et al. (2015) and additional newer studies. We 
summarized the data from 15 pathogens (fungi, oomy-
cetes and nematodes) in 30 different pathosystems (i.e. 
plant/pathogen system). We then compared the effect of 
the highest tested biochar concentration on disease sever-
ity to the effect of the unamended control and also to the 
biochar concentration which had the most positive effect 
on disease suppression. The data show that for 60% of the 
pathogens and in 70% of the pathosystems, the highest 
tested biochar concentrations (ranging in most cases be-
tween 0.5 to 5%) had neutral to negative effects on plant 
disease, compared with the control or with the maximally 
effective biochar concentration, thus demonstrating the 
start of an inverted U-shaped biochar dose/response 
curve (that may also be described as negative quadratic 
relationship curve) in the majority of systems (Jaiswal 
et al. 2014, 2015). Moreover, several studies on biochar in 
detached growing media reported that while relatively low 

concentrations (≤1%) of biochar suppressed the diseases 
(Jaiswal et al. 2014, 2015; Huang et al. 2015), higher con-
centrations (3%) were mostly ineffective or even acceler-
ated plant disease (Jaiswal et al. 2014, 2015; Copley et al. 
2015; Huang et al. 2015). These studies currently encom-
pass 12 different hosts and 5 different biochars including 
biochars with very different characters in terms of mineral 
content, alkalinity, and carbon content, suggesting that 
most, if not all, plant disease responses would eventually 
show such inverted U-shaped dose/response relationships 
if biochar dose would be further increased.

Interestingly, this effect was less obvious in foliar 
pathogens where only 2 out of 6 pathosystems (33%) 
demonstrated potential U-shaped relationships (Elad 
et al. 2010, 2011; Meller Harel et al. 2012) but was very 
common in the soilborne pathogen pathosystems (20 out 
of 24 pathosystems, 83%). As the experiments with the 
foliar pathogens showed milder susceptibility response 
(and for only one pathogen (B. cinerea)) and were not 
tested at concentrations relevant to partial peat replace-
ments (>10%), a nursery tray experiment was conducted 
with the foliar bacterial pathogen Clavibacter michiganesis 
subsp michiganesis, the causal agent of bacterial canker of 
tomato plants. The following experiment was conducted 
twice: tomato seeds (Cv. Fantasia) were grown in a com-
mercial nursery growing mixture with added biochar con-
centrations (0, 3, 6 and 18% w/w). Biochar was produced 
from greenhouse wastes of pepper plants (chemical and 
physical property of the biochar are described by Graber 
et al. (2014b)). Seedlings were grown under commercial 
condition with foliar fertigation. Twenty-one days after 
sowing, seedlings at the second leaf stage were trans-
ferred from the nursery to the laboratory and sprayed 
with 108/ml of the bacterial pathogen C. michiganensis 
and placed in 25 °C growth chambers. After 8 days, dis-
ease symptoms appeared as white blisters on the leaves 
and disease severity was evaluated as the number of blis-
ters on each plant which has been shown to be a reliable 
disease severity assessment method (Frenkel et al. 2016). 
While no differences were detected in plant biomass, the 
disease symptoms in the unamended control was  8.6 le-
sions/plants, and were not significantly lower at 3% and 
6% biochar (6.4 and 9.4 lesions/plant). However, the dis-
ease symptoms were significantly more severe at a higher 
biochar concentration of 18% when compared with the 
unamended control (15.1 versus 8.6 lesions/plants, respec-
tively; Fig. 1). In this experiment, not only did the biochar 
have no positive effect at any tested concentration, but it 
had a negative effect at the highest one, demonstrating ad-
ditional evidence for a U shape dose response for foliar 
pathogens and strengthening the point that high concen-
trations of biochar in growth media might be problematic 
also in the presence of a foliar pathogen. 
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Table 2. List of the studies that tested biochar in growth media on soilborne and foliar plant diseases. The last column gives the 
biochar concentration which exhibits negative influence on plant health compared with the control (no biochar) or compared with 
the biochar concentration having the most positive effect on disease suppression treatment, therefore representing the phenomena 
of the U-shape dose response

Pathogen Host plant Feedstock of biochar Reference Biochar % 
needs attention

Botrytis cinerea (F)1

Lycopersicum 
esculatum

Citrus wood (3, 5%)
Eucalyptus wood (0.5, 1, 3%)
Olive pomice (0.5, 1, 3%)
Greenhouse waste (0.5, 1, 3%)

Elad et al. (2010)
Elad et al. (2011)

Mehari et al. (2015)

N2

3%
N

Capsicum annum Greenhouse waste (0.5, 1, 3%) Elad et al. (2010) N

Fragia x ananassa Citrus wood, Greenhouse waste (3, 5%)
Holm oak (1, 3%)

Meller Harel et al. (2012)
De Tender et al. (2016) 

N
N

Colletotrichum 
acutatum (F) Fragia x ananassa Greenhouse (1, 3%) Meller Harel et al. (2012) N

Leveilulla taurica (F) C. annum Citrus wood (1, 3%) Elad et al. (2010) 3%
Podosphora aphanis (F) Fragia x ananassa Citrus wood, Greenhouse waste (1, 3%) Meller Harel et al. (2012) N

Fusarium oxysporum 
f.sp asparagi (S) Asparagus sp.

Commercial Quest biochar (0.5, 1.5, 3%) Elmer and Pignatello (2011) N
Coconut charcoal (10, 30%) Matsubara et al. (2002) N

Fusarium oxysporum 
f.sp lycopersici (S) L. esculatum Wood & Green waste biochar  (3% v/v) Akhter et al. (2015)

Akhter et al. (2016)
3% (v/v)3

Meloidogyne gramini
cola (Root knot nema-
todes; (S)

Oryza sativa Oak wood (0.6, 1.2, 2.5, 5%) Huang et al. (2015) 5%

Phytophthora cactorum 
(S) Acer rubrum Wood (0.5, 10, 20%) Zwart and Kim (2012) >5%

Phytophthora 
cinnanomi (S) Quercus rubra Wood (0.5, 10, 20%) Zwart and Kim (2012) >5%

Pythium ultimum (S) C. annum, 
Ocimum basilicum

Spruce bark
(50% v/v)

Gravel et al. (2013) 50% (v/v)

Plasmodiophora 
brassica (S) Brassica rapa Miscanthus (0.4, 0.8%) Knox et al. (2015) 0.5%

Pratylenchus penetrans 
(root lesion nematodes; 
(S))

Daucus carota

Pine wood (0.8%)
Pine bark (0.92)
Wood (1.24%)
Spelt husks (0.64%)

George et al. (2016) 0.8%

Ralstonia solanacearum 
(S) L. esculatum Municipal waste (0, 20%)

Peanuts shells (2%)
Nerome et al. (2005)
Lu et al. (2016)

N
N

Replant disease (S) Prunus persica Wood 10, 20% ( v/v) Atucha and Litus (2015) N

Rhizoctonia solani (S)

Cucumis sativus
Phaseolus vulgaris

Greenhouse waste and Eucalyptus 
wood (0.5, 1, 3%)

Jaiswal et al. (2014)
Jaiswal et al. (2015)

1%
3%

Glycine max, 
Pisum sativum, 
Beta vulgaris, 
Medicago sativa,
 C. annum,
 L. esculatum, 
C. sativus, 
Raphanus sativus,
D. carota, 
Allium 
ampeloprasum

Maple bark 
(1, 3, 5%)

Copley et al. (2015) 3%

1 The letter F relates to foliar pathogens and the letter S to soil borne pathogens.
2 The letter N represents studies where no significant negative effect was detected in any concentration compare with the control or 
with the biochar concentration with the most positive effect on disease control treatment.
3 Concentration of biochar was determined as wt:wt unless otherwise stated as v:v.  
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2. The shifted dose response between plant growth and 
disease response 

Jaiswal et al. (2015) noted that not only is plant resistance 
to disease frequently biochar-concentration-dependent, 
but also that in many instances, an unwanted effect on 
plant growth and biomass occurred at relatively higher 
biochar doses (Rondon et al. 2007; Rajkovich et al. 2012; 
Spokas et al. 2012).  Moreover, even when high biochar 
content has positive impacts on plant growth, there 
will be potentially irreversible damage if plant disease 
emerges and spreads. It has been noted that biochar 
dose-response curves for plant growth and plant dis-
ease are frequently shifted relative to each other along 
the biochar dose axis, with diseased plants being much 
more sensitive to higher biochar doses than healthy 
plants. Jaiswal et al. (2015) described this phenomenon 
while testing the impacts of biochars produced from 
greenhouse wastes and from eucalyptus wood chips on 
beans and cucumbers infected with the soilborne patho-
gen R. solani. In that study, biochar concentrations up to 
3% by weight resulted in higher plant biomass in healthy 
plants, but in diseased plants, the biochar was beneficial 
only up to 1 wt %. Jaiswal et al. (2015) termed this phe-
nomenon the “Shifted Rmax–Effect”, where Rmax refers to 
the biochar dose at which there is a maximum growth 
response (G–Rmax) and maximum disease reduction (D–
Rmax). This finding was later corroborated in additional 
reports. Akhter et  al. (2015) described a similar phe-
nomenon using 3% green waste biochar, wherein tomato 
root and shoot length were both increased in disease-free 
growing medium while the same biochar concentration 

was found to be conducive to diseases caused by the 
pathogen F. oxysporum lycopersici. 

We postulate that the “Shifted Rmax–Effect” underlies 
the reports (Viger et al. 2014) of positive effects of high 
biochar doses (4.2 and 8.4%) on Arabidopsis growth and 
concomitant down-regulation of defense-related genes. 
Viger et  al. (2014) found that when Arabidopsis thali
ana plants were subjected to increasing amounts of bio-
char mixed with soil, the leaf area, rosette diameter and 
root length were stimulated between 50 to 150 percent. 
By checking the response of more than 10,000 genes of 
A. thaliana, they suggested that up-regulation of genes in-
volved in the brassinosteroids and auxin pathways, both 
known as growth-promoting hormones and signaling 
molecules, was a key to the growth stimulation observed 
in biochar treatments. However, the positive impacts of 
biochar were coupled with negative findings for a suite of 
genes that are known to determine the ability of a plant to 
withstand attack from pests and pathogens. These defense-
related genes were consistently down-regulated following 
biochar application to the soil, including genes that regu-
late jasmonic acid, salicylic acid and ethylene pathways. 
The shifted Rmax paradigm also could resolve apparent 
contradictions between Viger et al. (2014) and an earlier 
report by Meller Harel et  al. (2012), which showed im-
proved strawberry plant growth, decreased disease sus-
ceptibility, and up-regulation of defense-related genes in 
systems at relatively lower biochar doses (1 and 3 wt %; 
(Meller Harel et al. 2012). 

These examples may all be related to wide range of 
materials that stimulate positive effects at low concentra-
tions but cause toxicity and inhibition at higher doses 
(hormesis effect) (Jaiswal et al. 2014; Kammann, Graber 
2015). As an example, low doses of an herbicide such as 
glyphosate might be used to beneficially modulate plant 
growth, development, or composition. At higher con-
centrations, glyphosate is a highly effective herbicide 
(Kortekamp 2011). Biochars can contain a plethora of 
small and large organic molecules that may individually 
or in combination have hormone-like or phytotoxic ac-
tivities that are dose dependent. One example is the emis-
sion of ethylene from some biochars (Spokas et al. 2010). 
The plant hormone ethylene plays a significant role at low 
doses both as a plant growth promotor and in promot-
ing plant defenses against various stressors. At higher 
concentrations, its influence on those aspects is nega-
tive (Kammann, Graber 2015).  Different dose/response 
curves to ethylene concentrations for plant growth and 
plant defense could potentially be one of the mechanisms 
that explain the shifted Rmax effect. The hormesis effect 
might also be related to macro and micro nutrients that 
are well known to influence disease severity along with 
plant growth, but are not necessarily correlated to the 
same positive ranges. The hormesis effect on plant disease 

Fig. 1. The influence of increasing greenhouse waste biochar 
concentrations (w/w) on the disease severity caused by 
Clavibacter michiganensis subsp. michiganensis on tomato 
seedlings. Tomato cv. Fantasia was grown from seeds in 
commercial nursery. 17 days after sawing, seedlings were 
inoculated until runoff with 108 CFU/ml. Disease severities as 
white blisters on leaves were counted on each plant 8 days after 
inoculation. Vertical lines = Standard error. Asterisk represents 
treatment which is significantly different from the rest of the 
treatments by using Tukey HSD test (α = 0.05) 
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is still widely unknown and needs to be further investi-
gated. Hormesis might be caused by organic compounds 
that are abundant in some biochars, as a function of the 
biochar feedstock and preparation temperatures (Spokas 
et al. 2012). Some compounds may cause minor stresses 
at low concentrations and hence prime systemic resistance 
defenses, but at higher concentrations may be toxic or di-
rectly weaken the root and collar region of the plant. Such 
stresses and minor wounding may be the weak point that 
provides soil borne pathogens with favorable conditions to 
successfully attack and penetrate the mechanical defense 
layer of the root surface (Jaiswal et al. 2014, 2015). This 
possibility should be tested as one hypothesis for why fo-
liar pathogens seem to be less sensitive to higher biochar 
concentrations than soilborne pathogens.

3. The challenge of the U shape effect: how to use 
biochar in soilless media

Considering the frequent U-shaped biochar dose/re-
sponse curves, we suggest that caution should be taken 
before using biochar as an extensive peat replacement at 
high concentrations. We suggest that at the current stage, 
biochar be considered a supplemental additive at lower 
doses, where in many cases it improves plant performance 
against pathogens. This approach is at odds with the idea 
that biochar can make up a substantial proportion of the 
soilless media and serve to replace peat on a large scale. 

While it is true that plant nurseries take strict sanita-
tion and control measures and therefore disease risks may 
be considered low, there are several bacterial and fungal 
diseases that are highly problematic during the nursery 
stage, including Xanthomonas campestris (Krauthausen 
et  al. 2011); C. michiganesis (Frenkel et  al. 2016) and 
oomycetes pathogens such as Pythium aphanidermatum 
(Hendrix, Campbell 1973). Moreover, biochar positive 
or negative effects on plant responses may be long-lived, 
as suggested by Elmer and Pignatello (2011) and Elmer 
(2016), who reported a decrease in asparagus plant size in 
the second year of their experiment. 

Moreover, as previously found (Jaiswal et  al. 2014, 
2015), different biochars have different optimum appli-
cation rates for disease suppression. There is not yet any 
“one concentration fits all” paradigm that can be adopted 
for biochar application in soilless culture. This requires 
more studies of individual crop-pathogen-biochar sys-
tems. More importantly, it is essential to understand the 
mechanisms that are involved in disease suppression and 
promotion under biochar addition, in order to develop 
methods that will encompass a range of optimum applica-
tion protocols. Some or all of the following mechanisms 
may be operating: i) induced resistance; ii) alteration of 
beneficial microbial communities; iii) nutrient content 
and supply; and iv) hormesis effects of biochar-derived 

phytohormones. In the meanwhile, care should be taken 
to standardize biochar feedstocks, production conditions, 
and concentrations, so that growers can rely on consistent 
and reproducible biochars for the desired effects. 

Last, we believe that an additional approach should 
involve testing a range of treatments that might stretch the 
positive boundaries of biochar application in substrates. 
These means may include pre-treatment of biochar sub-
strates with physical and biological enhancers and com-
bining biochar with other growing media alternatives such 
as compost (Akhter et al. 2015; Kammann et al. 2015). The 
benefits of such combinations have yet to be shown in rig-
orous scientific studies and indeed provide a big challenge 
to the desired standardization process. This approach may 
also include addition of beneficial microorganisms: bio-
logical control agents and plant growth promoting bac-
teria. There are already several works which investigated 
the role of arbuscular mycorrhizal fungi combinations 
with biochar plant pathogens, and usually reported that 
biochar increased the density of arbusular mycorrhiza 
(Elmer, Pignatello 2011; Lecroy et al. 2013; Akhter et al. 
2015) and plant growth promoting bacteria (Saxena et al. 
2013). However, very few works have included biological 
control agents (Postma et al. 2013), such that additional 
known agents like Trichoderma harzianum and commer-
cial bacillus strains can be tried. Another aspect worthy 
of research involves whether, in the presence of biochar, 
doses of fungicides and other pesticides in plant nurseries 
can be reduced. It may also be that damage caused by soil 
fauna such as nematodes may be reduced when biochar 
is added to the potting medium (George et al. 2016); this 
should be further explored. 

Conclusions 

In summary, biochar as a peat replacement in high con-
centrations may pose a hidden risk by weakening the 
plants’ defenses or predisposing the roots to pathogen at-
tack if applied in concentrations that are too high. Deter-
mining the safe limits of biochar concentrations in patho-
systems that are common in nurseries and soilless culture 
systems may help stretch limits of beneficial (i.e., eco-
nomically meaningful) biochar use in horticulture. Such 
benefits are needed if biochar is to have a role as partial 
peat replacement or as improver of peat-less alternative 
growth media.
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