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ABSTRACT 

Elad, Y., Rav David, D., Meller Harel, Y., Borenshtein, M., Ben Kalifa, H, 
Silber, A., and Graber, E. R. 2010. Induction of systemic resistance in 
plants by biochar, a soil-applied carbon sequestering agent. Phyto-
pathology 100:913-921. 

Biochar is the solid coproduct of biomass pyrolysis, a technique used 
for carbon-negative production of second-generation biofuels. The 
biochar can be applied as a soil amendment, where it permanently 
sequesters carbon from the atmosphere as well as improves soil tilth, 
nutrient retention, and crop productivity. In addition to its other benefits 
in soil, we found that soil-applied biochar induces systemic resistance to 
the foliar fungal pathogens Botrytis cinerea (gray mold) and Leveillula 
taurica (powdery mildew) on pepper and tomato and to the broad mite 

pest (Polyphagotarsonemus latus Banks) on pepper. Levels of 1 to 5% 
biochar in a soil and a coconut fiber-tuff potting medium were found to 
be significantly effective at suppressing both diseases in leaves of 
different ages. In long-term tests (105 days), pepper powdery mildew was 
significantly less severe in the biochar-treated plants than in the plants 
from the unamended controls although, during the final 25 days, the rate 
of disease development in the treatments and controls was similar. 
Possible biochar-related elicitors of systemic induced resistance are 
discussed. 

Additional keywords: induced systemic resistance, systemic acquired 
resistance. 

 
As a result of growing concern over global climate change 

caused by manmade, anthropogenic greenhouse gas emissions, 
there is a worldwide drive to shift from a petroeconomy fueled by 
fossil carbon to an economy fueled by renewable energy 
resources, including biomass (35). Pyrolysis, the direct thermal 
decomposition of biomass in the absence of oxygen to solid 
(biochar, or charcoal), liquid (bio-oil), and gas (syngas) bioenergy 
products, is one of the tools suggested to help drive this paradigm 
shift (30,31,35). Being an exothermic process, pyrolysis of bio-
mass produces more energy than is invested in the heating process 
(52). The liquid and gaseous co-products are utilized for energy 
or chemicals, whereas the biochar is applied to the soil, where its 
turnover is so slow (half-life of hundreds to thousands of years) 
that C is considered to be permanently removed from the atmos-
phere (30,32). As such, pyrolysis of biomass and soil amendment 
by biochar is a carbon-negative process. Importantly, biochar 
additions to soil have been shown to significantly improve soil 
tilth, nutrient retention and availability to plants, and crop pro-
ductivity (7,19,33,51). 

Improved crop response as a result of biochar amendment can 
be attributed to its nutrient content and to several indirect effects, 
including increased nutrient retention (7,19,33,51); improvements 
in soil pH (38,51); increased soil cation exchange capacity 
(38,51); effects on P and S transformations and turnover (12,13); 
neutralization of phytotoxic compounds in the soil (62); improved 
soil physical properties such as increased water-holding capacity 
(26), reduced soil strength (8), and increased soil bulk density 

(19); promotion of mycorrhizal fungi (26,63); and alteration of 
soil microbial populations and functions (42,50). Many of these 
effects are interrelated and may act synergistically to improve 
crop performance. 

Based on the chemical, microbial, and physical improvements 
reported for biochar-amended soil, it could be anticipated that 
biochar would also have a positive impact on plant resistance to 
disease. However, to the best of our knowledge, there have been 
virtually no studies of disease suppression and resistance induced 
by biochar. The single published study of which we are aware, 
while principally concerned with the effect of arbuscular mycor-
rhizal fungal inoculations on asparagus tolerance to Fusarium root 
rot, incidentally demonstrated that biochar amendments had a 
suppressive effect on the soil pathogen (36). Biochar suppression 
of soil pathogens may stem from a myriad of mechanisms similar 
to those by which compost is thought to suppress soil pathogens 
(24,29): (i) stimulation of microbes which provide direct pro-
tection against pathogens via antibiosis, competition, or parasi-
tism; (ii) promotion of plant growth by providing nutrients and 
improving nutrient solubilization and uptake; or (iii) induction of 
plant defense mechanisms against disease. 

Induced disease resistance in plants is a physiological state of 
enhanced defensive capacity elicited by specific stimuli, whereby 
the plant’s innate defenses are potentiated against subsequent 
challenges (56). This enhanced state of resistance is effective 
against a broad range of pathogens and parasites, including fungi, 
bacteria, viruses, and nematodes (56). The two most clearly 
defined forms of induced resistance are systemic acquired resis-
tance (SAR) and induced systemic resistance (ISR) which, in 
model plant systems, can be differentiated by the nature of the 
elicitor and regulatory pathways. SAR is associated with the 
production of pathogenesis-related (PR) proteins and mediated 
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via a salicylic acid (SA)-dependent process. SAR develops 
subsequent to a localized hypersensitive reaction. ISR develops 
systemically in response to colonization of plant roots by plant 
growth-promoting rhizobacteria (PGPR) and fungi (PGPF) (57). 
This type of resistance does not involve expression of PR proteins 
and is mediated by a signaling pathway in which the phyto-
hormones jasmonic acid (JA) and ethylene (E) play key roles 
(58). SAR is effective for a variety of plant species, while the 
ability of PGPR and PGPF to promote ISR is specific to certain 
plant species and genotypes (59). 

Both chemical elicitors and biological elicitors (virulent, 
avirulent, and nonpathogenic microorganisms) can trigger SAR 
(56). For example, Trichoderma spp. can release compounds that 
induce SAR much as they elicit ISR (22). Chemical inducers of 
systemic resistance include the synthetic SA analogues 2,6-
dichloroisoniciotinic acid (INA) and acibenzolar-S-methyl (BTH) 
(25,41), methyl jasmonate (6), chitin (44) and chitosan (5), 
laminarin (55), and -aminobutyric acid (BABA) (21). Phosphate 
salts, silicon, amino acids, fatty acids, and cell wall fragments can 
also stimulate systemic resistance (45,61,66), as can environmen-
tal agents such as osmotic, moisture and proton stresses, mechani-
cal wounding, and temperature extremes (4,65). 

Frequently, induced disease resistance is associated with an 
overall heightened capacity of the plant to induce cellular defense 
responses upon encountering stresses (i.e., “the primed state of 
the plant”) (54). Although the physiological and molecular 
mechanisms underlying primed responses are widely unknown, 
priming has been observed to be an integral part of both SAR and 
ISR. Primed plants display faster and stronger activation of 
cellular defense responses after pathogen challenge compared 
with nonprimed plants (10), including earlier oxidative burst and 
stronger upregulation of defense genes (2,11). The priming effect 
is not restricted to biotic stresses but has been observed also for 
abiotic stresses such as salt, heat, cold, and drought (54). 

The present study was designed to test whether root-zone-
applied biochar was capable of inducing systemic resistance in 
plants by evaluating the development of biotrophic (Leveillula 
taurica) and necrotrophic (Botrytis cinerea) foliar pathogens, as 
well as a foliar mite pest. We examined the effect of plant potting 
medium, biochar content, temporal and spatial effects, and long-
term exposure on the ability of biochar to suppress foliar fungal 
infection and mite infestation of pepper and tomato plants. 

Powdery mildew, caused by L. taurica, is a destructive problem 
in pepper and tomato (15,40). Part of the L. taurica life cycle 
takes place inside the leaf, whereas other powdery mildew fungi 
grow only on the leaf surface. Most of the visible symptoms can 
be found on the lower leaf surface, either because of the higher 
density of stomata on this side or because the microclimate there 
is more suitable for disease development, but typical symptoms 
may sometimes appear on the upper side of the leaf as well (40). 
Light yellow spots occur on the upper surface while white 
colonies grow on the lower surface. Powdery mildew colonies 
may coalesce during severe epidemics (40). A major problem in 
this pathosystem is the fact that pepper leaves are shed when they 
are infected by powdery mildew, meaning that the lost 
photosynthetic area is greater than the area covered by powdery 
mildew colonies (15). As a result of leaf shedding, fruit are 
exposed to sun burn damage (40). In tomato plants, infected 
leaves die intact. The management of L. taurica powdery mildew 
relies mainly on fungicides, among which sulfur is an important 
control agent (15). Heat treatment was suggested for the control 
of this disease and it was suggested that at least part of its activity 
stems from induced resistance mode of action (15). L. taurica 
powdery mildew can be suppressed by systemic induced resis-
tance (46). 

B. cinerea (gray mold) infects many vegetable, ornamental, and 
horticultural crops (16), including several greenhouse crops 
(18,16). Plant physiology, as affected by plant nutrition, can also 

affect susceptibility to B. cinerea infection (17,23,60). In some 
cases, calcium (Ca) fertilization and the presence of high con-
centrations of Ca in the plant tissues have been shown to 
effectively reduce gray mold severity (23,60,67). ISR was found 
to be effective in suppression of gray mold in several crops (12). 

The broad mite (Polyphagotarsonemus latus Banks; order: 
Acari, family: Tarsonemidae) has a large host range, including 60 
families of plants. Its vegetable hosts include beet, bean, cucum-
ber, eggplant, pepper, potato, and tomato. Damage is especially 
severe in bell pepper. The damage is caused by secretion of a 
plant growth regulator or toxin as the mite feeds, and significant 
damage can occur at very low pest density. Symptoms include 
leaf and fruit distortions, shortening of internodes, blistering, 
shriveling and curling of leaves, and leaf discoloration. Fruit may 
be deformed, split, or russeted. Infestations in pepper can cause a 
bronzing of terminal growth and are frequently associated with a 
characteristic S-shaped twisting of the main stem in leaves. Some 
acaricides provide excellent control, and biocontrol is developed 
for this mite (64). 

MATERIALS AND METHODS 

Plants and biochar. Biochar prepared from citrus wood in a 
traditional charcoal kiln (lump charcoal) was obtained. The 
biochar contained 70.6% C, 0.6% N, 2.3% H, and 26.4% O, and 
the only mineral phases identified by X-ray diffraction in the 
biochar were quartz and calcite, at relatively low levels (un-
published data). The biochar was ground into a powder of less 
than 0.5-mm particles and stored in a sealed sterile metal box 
until use. The biochar powder was mixed with either an organic 
matter (OM)-poor sandy soil (Besor region, western Negev, 
Israel; 0.4% OM, 92% sand, 1.5% silt, and 6.5% clay) or a 
coconut fiber-tuff (unsorted to 8 mm) (7:3, vol/vol) potting 
mixture. Plants of tomato (Lycopersicum esculentum) cv. 1402 
(Hazera Genetics, Ltd., Brurim M.P. Shikmim, Israel) and sweet 
pepper (Capsicum annuum) cv. Maccabi (Hazera Genetics, Ltd.) 
were obtained from a commercial nursery (Hishtil, Ashkelon, 
Israel) at 40 to 50 days after seeding and transplanted into 1-liter 
pots containing the soil or potting medium without or with bio-
char at 1, 3, or 5% by weight. Plants were fertigated propor-
tionally with drippers two to three times per day with 5:3:8 NPK 
fertilizer (irrigation water was planned to have total N, P, and K 
concentrations of 120, 30, and 150 mg/liter, respectively; EC  
2.2 dS/m), allowing for 25 to 50% drainage. Plants were main-
tained at 20 to 30°C in a pest- and disease-free greenhouse for  
1 to 2 months and then transferred to an area where diseases were 
allowed to develop following inoculation of intact or detached 
leaves as described below. 

Gray mold inoculation and evaluation. B. cinerea (isolate 
BcI16) (53) was cultured on potato dextrose agar (PDA) (Difco 
Laboratories, Detroit) in petri dishes incubated at 20°C. Conidia 
were harvested from 10- to 14-day-old cultures by agitating 1 cm2 
of agar bearing mycelium and conidia in a glass tube with tap 
water. The suspension was then filtered through cheesecloth. The 
concentration of conidia was determined using a hemacytometer 
and a light microscope, and adjusted to 5 × 105 cells/ml. Because 
B. cinerea conidia need carbon and phosphate for germination 
and penetration (9), 0.1% glucose was added to the final conidial 
suspension together with 0.1% KH2PO4. These supplements have 
been shown to facilitate germination of B. cinerea conidia and 
subsequent leaf infection (14). 

Attached tomato leaves were examined. Whole plants were 
kept in a humidity chamber at 20  1°C, 97  3% relative 
humidity, and 1,020 lux light intensity. Five leaves/plant from at 
least five plants were each inoculated with a 10-µl drop of a 5 × 
105 conidia/ml suspension. The severity of the resulting necrotic 
lesion on each leaf was determined according to the scale 
described below (20). The diameter of a 10-µl drop of inoculum 
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on a leaf was 3 mm, which corresponded to an area of 7 mm2. 
Disease developed gradually and was first visible at 3 to 5 days 
after inoculation. Initially, each infection was observed as a small 
necrotic lesion covering only part of the area originally covered 
by the drop of B. cinerea conidial suspension. The diameter of a 
B. cinerea lesion on a typical tomato leaf 9 to 10 days after 
inoculation was 9 mm, which corresponded to an area of  
63.5 mm2. A 12-mm-diameter lesion (corresponding to an area of 
113 mm2) was used as a base size and assigned a value of 100%, 
because this was the maximum lesion size observed. A pictorial 
scale of lesion sizes was used for evaluating the observed disease, 
including the following relative sizes: 0, 1, 2, 5, 10, 20, 40, 75, 
and 100% of a 113-mm2 lesion. Lesion size (a measure of disease 
severity) was determined for each lesion using this pictorial scale 
(20). Alternatively, detached pepper leaves were inoculated with 
3-mm-diameter mycelium agar discs of 4-day-old B. cinerea 
cultures, and the diameter of the developing rot was measured and 
its area calculated. 

Powdery mildew inoculation and evaluation. L. taurica was 
isolated from young leaves of sweet pepper plants grown in a 
commercial greenhouse at the Besor Research and Development 
station, western Negev, Israel. Conidia of the pathogen were 
collected by rinsing infected leaves with sterile water and were 
counted under a light microscope using a hemacytometer. For the 
artificial infection of pepper leaves, the concentrations of these 
conidia suspensions were adjusted to 105/ml and the suspensions 
were sprayed onto plants at a volume of 2 ml/plant within 10 to 
15 min of the initial conidia collection. Disease severity was 
evaluated several times after infection. There were 5 to 10 plants 
in each treatment. Leaves at three plant heights were evaluated for 
the determination of percent coverage with powdery mildew 
symptoms. The severity (percentage) of leaf coverage in each 
plant was calculated by averaging the severity values at different 
plant heights. One leaf was sampled at each plant height over the 
sampled plants in each treatment (15). 

Broad mite inoculation and evaluation. The broad mite (P. 
latus) infestation was natural on the pepper plants placed in the 
greenhouse at 20 to 30°C. Symptoms of leaf distortions, shorten-
ing of internodes, blistering, and shriveling and curling of leaves 
were evaluated on a 0 to 100% scale where 0 = completely 
normal-looking plant and 100 = fully damaged plant. 

Experimental design and statistical analysis. Treatments in 
experiments were replicated 5 to 10 times. Replicates of each 
treatment were arranged randomly. Disease severity (leaf cover-
age) was averaged per leaf level (node), plant, and replicate, and 
area under the disease progress curves (AUDPC) values were 
calculated. Data in percentages were arcsin-transformed before 
further analysis. Disease severity and AUDPC data were analyzed 
using analysis of variance and Fisher’s protected least significant 
difference test. Standard errors (SEs) of the means were calcu-
lated and disease levels were statistically separated following a 
one-way analysis of variance. Statistical analysis was done using 
the R version 2.10.1 software (http://www.r-project.org). Experi-
ments were carried out three to four separate times; exemplary 
results are presented below. In the long-term experiment, a logit 
calculation was used to describe the epidemic rate, using the 
formula (ln[x/(100 – x)] where x = disease severity value (in the 
range of 0.5 to 99.5%). 

RESULTS 

Effect of biochar, plant growth substrate, and leaf height on 
pepper powdery mildew. The effect of biochar presence in the 
root zone on plant susceptibility to foliar pathogens was first 
tested with the biotroph pathogen L. taurica. Pepper plants grown 
in biochar-amended soil and potting medium had a significantly 
lower severity of powdery mildew. This is shown for lower leaves 
of pepper plants grown in both soil and potting medium 31 days 

following infection (Fig. 1A). Interestingly, the coconut fiber-tuff 
soilless potting medium was found to be more conducive to 
disease development than the soil (Fig. 1A). Powdery mildew 
reduction was observed on leaves at three heights on pepper 
plants grown in biochar-amended soil (Fig. 1B), with a significant 
difference (P = 0.002) in the calculated whole-plant disease 
severity values for control plants and 5% biochar-amended plants 
of 11.8  1.4 (average  SE) and 4.2  0.3%, respectively, 31 days 
following infection. 

Effect of biochar on gray mold. Leaves of tomato and pepper 
plants grown in potting medium amended with 5% biochar or in 
the nonamended potting medium were infected by B. cinerea  
52 days after planting in order to test whether the effect of biochar 
is also extended to a necrotrophic pathogen. Gray mold on 
mycelium-infected detached pepper leaves from the biochar-
amended medium was significantly reduced by 58% (calculated 
from AUDPC values, P = 9 × 10–7) (Fig. 2). Gray mold on 
conidia-infected tomato leaves attached to the whole plants grown 
in biochar-amended medium was also significantly reduced by 
75% compared with the nonamended control (calculated from 
AUDPC values, P = 0.05) (Fig. 3). 

Effect of biochar concentration. Biochar applied to the 
potting medium at concentrations of 3 and 5% was effective in 
inducing the suppression of pepper powdery mildew at all leaf 
heights and throughout the 60-day sampling interval following 
infection (Fig. 4). AUDPC of disease severity at the different 
plant heights was also significantly reduced by each of the bio-
char-tested concentrations (P = 0.00002 to 0.0007). There were 
no significant differences between the biochar concentrations as 
demonstrated in the calculated whole-plant disease severity 
calculations (Table 1) or its AUDPC of whole-plant severity that 
reached values of (average  SE) 1,017  126, 299  88, and  
199  25% × days in the untreated control, 3 and 5% biochar 
treatments, respectively. 

In addition, the biochar induced the suppression of symptoms 
caused by the broad mite on the pepper canopy, with no 
significant difference between the two biochar levels (3 and 5%) 
(P = 0.003) (Fig. 5). Similarly, the AUDPC of gray mold severity 
in leaves of whole tomato plants was significantly reduced by 3 

 

Fig. 1. Effect of biochar on development of powdery mildew (Leveillula 
taurica) on A, lower leaves of pepper plants grown in soil or potting medium 
and B, leaves at three different heights of pepper plants grown in soil. 
Evaluation was carried out 31 days after infection and disease severity is
expressed as percentage of leaf coverage. Plants were grown at 20 to 30°C. 
Bars represent the standard error of the mean of six replicates. Data points
labeled by a common letter are not significantly different according to Fisher’s 
protected least significant difference test. 
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and 5% biochar (P = 0.0013), with no significant difference 
between the two levels; however, at 6 days after infection, severity 
of the disease was significantly lower at 5% biochar than at 3% 
biochar (Fig. 6). 

Effect of leaf age and exposure duration on induced 
resistance by biochar. Leaves of pepper plants planted in potting 
medium with 0, 1, and 3% biochar were sampled 50 and 94 days 
after planting for B. cinerea challenge. Young leaves were less 
susceptible to gray mold development than older leaves; never-
theless, the induction by biochar at both concentrations resulted in 
complete suppression of grey mold (Fig. 7A and B). There was 
still a significant suppressive effect of the biochar treatment on 
disease progression 44 days later (compare Fig. 7C to B). 

Tomato powdery mildew was evaluated four times during a 
period of 30 to 59 days after infection with L. taurica. Severity of 
disease in the control plants reached 75 to 100% leaf coverage in 
the older leaves (Fig. 8B and C) and 18% on younger leaves (P  
0.05). Biochar applied to the potting medium at concentrations of 
1 and 3% significantly suppressed the severity of disease in both 
young and old leaves (Fig. 8). The calculated whole-plant disease 
severity was significantly reduced by both biochar concentrations 
at all four sampling dates and as calculated for the entire sampling 
period, as shown for the AUDPC (Table 2). 

Long-term effect of biochar on disease resistance. The 
severity of pepper powdery mildew was significantly lower on 
plants treated by 1 and 3% biochar than on untreated control 

 

Fig. 3. Effect of biochar mixed in potting medium on development of gray
mold (Botrytis cinerea) on attached leaves of tomato plants 21 days after
planting. Disease is presented as percentage of maximal severity values
following inoculation with drops of conidia suspension and as area under the
disease progress curve  standard error (AUDPC  SE) through 6 days. Plants
were incubated at 20  1°C, 97  3% relative humidity, and 1,020 lux light 
intensity. Bars represent the standard error of the mean of eight replicates. At a 
given sampling date data points labeled by a common letter are not signifi-
cantly different according to Fisher’s protected least significant difference test.

 

Fig. 4. Effect of biochar in potting medium on powdery mildew (Leveillula 
taurica) on pepper plants inoculated 35 days after planting and evaluated on 
A, upper; B, middle; and C, lower leaves. Disease is presented as percentage 
of leaf coverage and as area under the disease progress curve  standard error 
(AUDPC  SE) through 60 days. Plants were incubated under conditions of 
20 to 30°C. Bars represent the standard error of the mean of six replicates. At 
a given sampling date data points labeled by a common letter are not signifi-
cantly different according to Fisher’s protected least significant difference test.

 

Fig. 2. Effect of biochar mixed in soil on development of gray mold (Botrytis 
cinerea) on leaves detached from treated pepper plants 52 days after planting.
Disease is presented as rot area following infection by mycelium disks and as 
area under the disease progress curve  standard error (AUDPC  SE) through 
7 days. Plant material was incubated at 20  1°C, 97  3% relative humidity,
and 1,020 lux light intensity. Bars represent the standard error of the mean of
eight replicates. At a given sampling date data points labeled by a common
letter are not significantly different according to Fisher’s protected least
significant difference test. 
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plants throughout a period of 105 days (Fig. 9). Disease at all 
three leaf height levels was significantly reduced by both biochar 
treatments throughout the full period of observation (results not 
shown). Calculated whole-plant disease severity was also reduced 
by both biochar treatments throughout the full period of obser-
vation (Table 3). The reduction in whole-plant severity was due to 
the delay in the development of the epidemic in the biochar 
treatments compared with the untreated control (Fig. 9; Table 4) 
rather than a reduction in the rate of disease progression, which 
was similar in all the treatments (Table 4). It is possible to 
calculate from the linear regression of the logit transformation 
that the delay period was 20 days. 

DISCUSSION 

In the present research, mixing biochar in the soil and potting 
medium resulted in reduction of damage caused by necrotrophic 
(B. cinerea) and biotrophic (L. taurica) foliar pathogens on two 
crops (pepper and tomato) and by one mite pest (P. latus) on 
pepper plants. The fact that the biochar location during all stages 
of plant development was spatially separated from the site of 
infection is strongly suggestive that there was no direct toxicity 
toward the causal agents, and that the phenomenon we observed 
is systemic induced resistance in the form of either ISR or SAR. 
Systemic resistance induced by biochar in the present study was 
significantly effective at biochar concentrations of 1 to 5% in both 
crops, both plant diseases, and across leaves located at the three 
plant levels and representing different tissue ages. In most 
instances, there was no significant difference in biochar effective-
ness at different application levels (Figs. 4 and 5, 3 versus 5%; or 
Figs. 7 to 9, 1 versus 3%). However, one system (B. cinerea on 
attached leaves of tomato plants grown in potting medium) (Fig. 
6) did display significantly superior disease suppression at  
5% compared with 3% biochar. There is no standard recom-
mended application rate for biochar; however, the levels used in 
this research are similar to those commonly reported in the 
literature (7,19,33,51). Clearly, more research must be done to 
quantify the extent to which biochar elicits systemic plant 
defenses, and in which plant–biochar–porous medium systems. 

It is well known that the medium in which a plant is grown can 
affect disease incidence. For example, compost has frequently 
been reported to have a disease-suppressive effect on soilborne 
diseases (34,39). Many mechanisms have been suggested to 
account for compost disease suppressive effects on soil patho-
gens, including competition for nutrients, antibiosis, and preda-
tion of pathogens by the compost–indigenous microbial consor-
tium, increase in soil nutrient levels, and induced resistance via 
abiotic or biotic elicitors (24,29,37). By way of contrast, biochar 
is initially sterile, being prepared by thermal anaerobic decom-
position of biomass at temperatures exceeding 350°C. Therefore, 
there is no biochar-borne population of microorganisms to 
potentiate disease suppression. 

Although biochar does not have an indigenous consortium of 
microorganisms, there are a number of potential ways in which 
biochar amendments may induce systemic plant defenses against 
disease: improved nutrient supply, stimulation of a beneficial soil 

microbial consortium, input of chemical elicitors such as salts and 
organic chemicals, or improvement in soil physical qualities. The 
possibility that these factors were responsible for the observed 
induced resistance is considered below. 

Concentrations of nutritional elements in tomato and pepper 
leaves were within the optimal range for tomato and pepper  
plants (1,49) and, importantly, there were no significant differ-

Fig. 5. Effect of biochar in potting medium on symptoms of broad mite 
(Polyphagotarsonemus latus) on pepper plants 57 days after planting. Severity 
is presented as percentage of plant damaged. Bars represent the standard error 
of each mean. Plants were incubated at 20  1°C, 97  3% relative humidity, 
and 1,020 lux light intensity. Each mean is an average of five replicates. Treat-
ments followed by a common letter are not significantly different according to 
Fisher’s protected least significant difference test. 

TABLE 1. Effect of biochar concentrations (Conc.) on whole pepper plant powdery mildew (Leveillula taurica) severityy 

 Time after infection (days) 

Conc. (%) 12 16 23 30 41 48 60 

0 0.8  0.3 az 2.1  0.5 a 3.9  0.5 a 5.9  0.8 a 15.2  3.3 a 44.7  7.5 a 59.4  7.1 a 
3 0.1  0.1 b 0.4  0.3 b 0.9  0.5 b 2.2  0.7 b 2.9  0.5 b 11.1  3.9 b 23.1  7.4 b 
5 0.1  0.1 b 0.2  0.2 b 1.3  0.6 b 1.1  0.5 b 2.1  1.2 b 6.3  1.2 b 16.5  4.3 b 
P = 0.008 0.008 0.006 0.007 0.00002 0.00002 0.0005 

y Plants in pots were incubated at 20 to 30°C. Powdery mildew was evaluated as severity of coverage on leaves at three plant heights; results (means  standard 
error) are presented as percent leaf coverage at each sampling date. 

z Treatments in each column followed by the same letter are not significantly different according to Fisher’s protected least significant difference test. 

 

Fig. 6. Effect of biochar in potting medium on development of gray mold 
(Botrytis cinerea) on attached leaves of tomato plants 21 days after planting. 
Disease is presented as percentage of maximal severity values following
inoculation with drops of conidia suspension and as area under the disease 
progress curve  standard error (AUDPC  SE) through 6 days. Plants were 
incubated at 20  1°C, 97  3% relative humidity, and 1,020 lux light inten-
sity. Bars represent the standard error of the mean of six replicates. At a given 
sampling date data points labeled by a common letter are not significantly 
different according to Fisher’s protected least significant difference test. 
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ences between the various treatments and controls (unpublished 
data). As such, nutrient supplementation in the biochar-amended 
treatments could not explain the observed systemic induced 
resistance. 

Biochar has been reported to affect some soil physical proper-
ties, including increased soil water retention (26). In the experi-
ments, water was supplied in two to three doses daily and in 
excess of plant need between 25 to 50%. Accordingly, we do not 
expect that water stress had a role in the observed induced 
resistance. Nor is it anticipated that osmotic or pH stresses had 
any function in the observed induced resistance, because the EC 
of a 10% biochar/water extract was only 1.6 dS/m (compared 
with the EC of the fertigation solution of 2.2 dS/m), and pH was 
7.6 (unpublished data). 

Biochars contain residual tars which comprise a complex 
mixture of dozens of individual organic compounds (47,48). In 
general, some compounds found in the tar fraction of chars have 
been found to aid in seed germination, others to trigger the 
growth of microorganisms, and yet others to have biocidal 
properties (3). In the biochar used in the present work, com-
pounds in the residual tars represented a number of major chemi-
cal classes, including medium- and long-chain n-alkanoic acids, 
hydroxy and acetoxy acids, benzoic acids, short- and medium-
chain diols and triols, phenols and polyphenols, and aliphatic 
hydrocarbons (unpublished data). A number of the identified 
compounds are known to exhibit phytotoxic and biocidal 
activities; for example, ethylene and propylene glycol, hydroxy-
propionic and butyric acids, benzoic acid and o-cresol, quinones 
(1,3-dihyroxybenzene and 1,4-dihydroxybenzene), and phenoxy-
ethanol. These compounds are present in the biochar at relatively 
low levels. It may be hypothesized that plants in the biochar-
amended soils responded to the stress of low levels of phytotoxic 
compounds in the root zone via an induced resistance mechanism 
such as reported for Arabidopsis thaliana in the presence of low 
levels of ()-catechin (43). In that study, A. thaliana exhibited an 

inverted U-shaped growth response to ()-catechin, which is 
phytotoxic at high concentrations. At low concentrations where 
growth was promoted, plant leaves inoculated with Pseudomonas 
syringae pv. tomato, a pathogen of A. thaliana, developed re-
stricted lesions only at the site of inoculation, whereas the control 
plants exhibited widespread infection, indicating the development 
of systemic induced resistance in the face of low levels of phyto-
toxic compounds (43). 

We found that culturable populations of bacteria, actino-
mycetes, yeasts, filamentous fungi (including Trichoderma spp.) 
were augmented in the biochar-amended soil and potting medium 
(unpublished data). A number of species belonging to the aug-
mented groups are known to potentiate plant systemic resistance 
in many systems (22,27). For example, Trichoderma harzianum-
mediated ISR was shown to reduce gray mold symptoms in 
Arabidopsis (28); tomato, pepper, and bean plants (12); and grape 
(41). The shifts in microbial populations may have been 
stimulated by the low levels of biocidal agents present in the 
biochar. Alternatively, the porous structure of the biochar may 
have provided physical refuge for various beneficial micro-
organisms. 

In conclusion, in this pioneering study, we found that additions 
of biochar (1, 3, and 5% by weight) to a typical potting mixture 
and to a sandy soil successfully induced resistance against two 
foliar fungal pathogens (B. cinerea and L. taurica) in both pepper 
and tomato plants, and to a pest (Polyphagotarsonemus latus) in 
pepper plants. Given that the biochar was soil applied and a 
suppressive effect was found for foliar pathogens and a foliar 
pest, it is clear that the biochar was able to induce a systemic 
response. The induced response may have been promoted by 
biotic agents, as a result of stress derived from the presence of 
low levels of phytotoxic compounds, or through the action of 
chemical elicitors. Improved plant nutrition and water balance can 
be eliminated as factors in the suppressive effect. Future research 
(already underway) is focusing on characterizing the involved 

 

Fig. 7. Effect of leaf age and duration of exposure to biochar mixed in potting medium on the development of gray mold (Botrytis cinerea) on leaves detached 
from treated pepper plants. Leaves were sampled A and B, 50 and C, 94 days after planting from A, upper and B and C, lower plant parts. Disease is presented as
rot area following infection by mycelium disks and as area under the disease progress curve  standard error (AUDPC  SE) through 10 days. Leaves were 
incubated at 20  1°C, 97  3% relative humidity, and 1,020 lux light intensity. Bars represent the standard error of the mean of ten replicates. At a given sampling 
date data points labeled by a common letter are not significantly different according to Fisher’s protected least significant difference test. 
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elicitors and in deciphering the induced resistance pathways, as 
well as on examining the impact of biochar on plant priming 
against abiotic stresses. Improved plant resistance to biotic 
stresses is yet an additional benefit to be had from biochar appli-
cation in soil, together with improved crop production, soil water 
retention, and soil tilth. The development of agricultural markets 

 

Fig. 9. Long-term effect of biochar mixed in potting medium on powdery 
mildew (Leveillula taurica) on tomato plants inoculated 50 days after planting 
and evaluated on leaves at three plant heights. Disease is presented as
percentage of leaf coverage on a whole plant average and as area under the 
disease progress curve  standard error (AUDPC  SE) through 105 days. 
Plants were incubated under conditions of 20 to 30°C. Bars represent the 
standard error of the mean of six replicates. At a given sampling date data
points labeled by a common letter are not significantly different according to 
Fisher’s protected least significant difference test. 

 

Fig. 8. Effect of biochar mixed in potting medium on powdery mildew
(Leveillula taurica) on tomato plants inoculated 60 days after planting and 
evaluated on A, upper; B, middle; and C, lower leaves. Disease is presented as
percentage of leaf coverage and as area under the disease progress curve 
standard error (AUDPC  SE) through 59 days. Plants were incubated under
conditions of 20 to 30°C. Bars represent the standard error of the mean of six
replicates. At a given sampling date data points labeled by a common letter are
not significantly different according to Fisher’s protected least significant
difference test. 

TABLE 3. Effect of biochar concentration (Conc.) on severity of powdery 
mildew (Leveillula taurica) on three levels of leaves of pepper plants grown in 
a long-term experimenty 

 Leaf levelz 

Conc. (%) Lower Middle Upper 

0 2,063  157 a 1,679  128 a 1,643  104 a 
1 585  57 b 536  64 b 841  57 b 
3 443  108 b 469  32 b 573  104 b 
P = 5 × 10–9 4 × 10–9 1 × 10–7 

y Severity of powdery mildew was evaluated as percentage of leaf coverage;
results (means  standard error) are presented as areas under disease pro-
gress curves (AUDPC; % × days) through 105 days after infection. Plants in 
pots were incubated at 20 to 30°C. 

z Treatments in each column followed by the same letter are not significantly
different according to Fisher’s protected least significant difference test. 

TABLE 2. Effect of biochar concentrations (Conc.) on severity of powdery mildew (Leveillula taurica) on leaves of tomato plantsy 

Time after infection (days)   
Conc. (%) 30 40 47 59 AUDPC 

0 5.6  0.7 az 13.8  2.8 a 25.9  5.1 a 66.1  4.3 a 829.7  61.2 a 
1 1.3  0.4 b 3.4  1.4 b 4.4  1.1 b 3.9  1.1 b 111.0  29.1 b 
3 0.8  0.6 b 1.5  0.6 b 2.7  0.6 b 2.0  0.6 b 62.0  23.2 b 
P = 1 × 10–6 9 × 10–5 2 × 10–5 6 × 10–12 1 × 10–7 

y Powdery mildew was evaluated as severity of leaf coverage; results (means  standard error) are presented as percent leaf coverage at each sampling date and as
areas under disease progress curves (AUDPC; % × days) through 59 days after infection. Plants in pots were incubated at 20 to 30°C. 

z Treatments in each column followed by the same letter are not significantly different according to Fisher’s protected least significant difference test. 

TABLE 4. Rate of disease development of epidemics of pepper powdery
mildew (Leveillula taurica) as affected by biochar soil treatmentsx 

Biochar 
concentration 
(%) 

Rate of change  
in disease severity  
(logit) ( error)y,z 

 
Intercept  
( error)z 

 
 

R2 

0 0.096  0.082 –8.700  0.664 0.989 
1 0.109  0.009 –11.604  0.759 0.989 
3 0.100  0.019 –11.086  1.647 0.966 

x Disease severity values are based on epidemics that developed during 
105 days after infection.  

y Logit values (ln[x/(100 – x)]) were calculated for the disease severity values 
following disease inoculation. The change was calculated according to the
slope and intercept of the best fit linear regression line for time (x-axis) 
versus disease severity logit values (y-axis). 

z Error of estimated parameters of best-fit linear regression line. 
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for biochar products, including as a disease control agent, can 
help promote the adoption of biomass pyrolysis as an important 
tool in both mitigation of, and adaptation to, climate change. 
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