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Abstract
In this study, the effect of six commercial biocontrol strains, Bacillus pumilus INR7,  
B. megaterium P2, B. subtilis GB03, B. subtilis S, B. subtilis AS and B. subtilis BS and four 
indigenous strains Achromobacter sp. B124, Pseudomonas geniculate B19, Serratia marces-
cens B29 and B. simplex B21 and two plant defense inducers, methyl salicylate (Me-SA) and 
methyl jasmonate (Me-JA) were assessed on suppression of wheat take-all disease. Treat-
ments were applied either as soil drench or sprayed on shoots. In the soil drench method, 
the highest disease suppression was achieved in treatment with strains INR7, GB03, B19 
and AS along with two chemical inducers. Bacillus subtilis S, as the worst treatment, sup-
pressed take-all severity up to 56%. Both chemical inducers and bacterial strains AS and P2 
exhibited the highest effect on suppression of take-all disease in the shoot spray method. 
Bacillus subtilis S suppressed the disease severity up to 49% and was again the worst strain. 
The efficacy of strains GB03 and B19 decreased significantly in the shoot spray method 
compared to the soil drench application method. Our results showed that most treatments 
had the same effect on take-all disease when they were applied as soil drench or sprayed on 
aerial parts. This means that induction of plant defense was the main mechanism in sup-
pressing take-all disease by the given rhizobacteria. It also revealed that plant growth was 
reduced when it was treated with chemical inducers. In contrast, rhizobacteria not only 
suppressed the disease, but also increased plant growth. 
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Wheat take-all caused by Gaeumannomyces tritici 
(J. Walker) Hern.-Restr. & Crous is the most important 
soil-borne disease which in some cases caused 80% 
damage to wheat yield (Cook 2003). Several strategies 
such as pH control, fertilizer application, crop rotation 
and fumigation have been introduced for take-all con-
trol (Kwak and Weller 2013). However, these methods 
are costly and only partially reduce the disease. Inter-
estingly, the wheat monoculture makes the soil sup-
pressive to the disease, a so-called “take-all decline” 
phenomenon. It has been found that take-all decline 
develops because during monoculture the population 
of 2,4-DAPG producing Pseudomonas fluorescens in-
creases (Shirzad et al. 2012; Kwak and Weller 2013). In 

addition to fluorescent pseudomonads, Bacillus strains 
also contributed to controlling the disease, for example, 
B. cereus A47 and B. subtilis B908 were effective in the 
control of cereal take-all (Ryder et al. 1998). Soil treat-
ment by B. pumilus 7KM not only inhibited the take-
all severity up to 52% but also significantly increased 
the shoot and root dry weights (Sari et al. 2007). The 
endophytic strain B. subtilis E1R-j suppressed take-all 
by 61.9% under field conditions (Liu et al. 2009). 

Plant growth promoting rhizobacteria (PGPR) ex-
ploit different mechanisms and metabolites to com-
municate with host plants (Sharifi et al. 2010; Karnwal 
2017; Lemanceau et al. 2017; Sharifi and Ryu 2017). 
They modulate the plant hormones and signaling 
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pathways to improve plant growth and defense against 
pest and pathogens (Chung et al. 2016; Sharifi et al. 
2017). Several bacterial determinants are involved in 
plant-bacteria communication (Djavaheri et al. 2012; 
Weller et al. 2012; Deori et al. 2018). Among them, 
bacterial volatile compounds (BVCs) play important 
roles in modulating plant physiology. BVCs such as 
indole, acetoin and butanediol modulate signaling 
pathways involved in plant growth and nutrition ef-
ficiency as well as defense signaling networks (Ryu et 
al. 2003; Bailly et al. 2014). Furthermore, plants also 
exploit volatile organic compounds such as Me-SA, 
Me-JA, indole, linalool and β-caryophyllene in intra- 
and inter-species communication with neighboring 
plants (Sharifi et al. 2018). There are examples of in-
ducing systemic resistance against plant pathogens on 
monocot plants by means of plant and bacterial volatiles 
(Desmond et al. 2006; Cortes-Barco et al. 2010). Thus, 
volatile compounds can potentially be applied on seeds 
or by spraying plant leaves under field conditions. 

This study was designed to first, compare the in-
duction of systemic resistance by bacterial strains with 
chemical inducers and second, to check the possibility 
of their application during the crop growing season by 
spray application. The fitness cost of induced systemic 
resistance was evaluated by recording plant growth 
factors.

Materials and Methods

The microbial inocula

The strains used in this study (Table 1) were obtained 
from the Department of Plant Protection, College 
of Agriculture and Natural Resources, Razi Univer-
sity of Kermanshah. Strains B. pumilus INR7 and 
B. subtilis GB03 were kindly provided by Prof. Joseph 
Kloepper, Auburn University, USA. For bacterial 

inocula, a full loop of 48-hour culture of each strain 
from NA medium was transferred to flasks containing 
100 ml of Nutrient Broth (NB) medium and then placed 
on a rotary shaker at 120 rpm for 48 h at 28°C. The 
bacterial cells were centrifuged at 6,000 rpm for 
10 min and washed several times with a physiologi-
cal serum solution (8 g ⋅ l–1 NaCl). The bacterial cells 
were re-suspended in 1% carboxymethylcellulose so-
lution. To prepare the fungus inoculum, a wetted mix-
ture of sawdust, wheat bran and perlite at a ratio of 
2 : 1 : 1 (v/v/v) in 500-ml flasks, was autoclaved twice 
for 20 min for two consecutive days. The substrate was 
then inoculated with mycelium plugs from the periph-
ery of fresh culture of G. tritici. The flasks were incu-
bated at 25°C for 15 days. 

Greenhouse experiment

In this experiment, the effects of 10 bacterial strains 
and two plant defense inducers on inhibiting wheat 
take-all were examined under greenhouse conditions. 
The treatments were applied in two different ways. In 
the first experiment, the bacterial strains and chemical 
inducers were added to the soil at sowing. In another 
experiment, after seedling growth, the treatments were 
sprayed on the leaves and the pathogenic fungus was 
inoculated into the soil after 48 h.

The seed and soil treatment bioassay

The wheat seed cultivar, Pishgham, was disinfected 
with 2.5% sodium hypochlorite for 3 min and washed 
three times with distilled water. The wheat seeds were 
immersed in suspensions of bacteria and shaken at 
70 rpm for half an hour. Then, 10 seeds were planted 
in plastic pots (15 × 15 cm) containing autoclaved field 
soil and perlite (2 : 1). In the case of chemical induc-
ers, 8 ml of 100 µM solution of Me-SA and Me-JA was 
added to the pot per kg of soil (Jeun et al. 2004).

Table 1. Bacterial strains used in this study

No. Bacteria code Providers Scientific name

1 BS Department Collection Bacillus subtilis

2 B29 Department Collection Serratia marcescens

3 B19 Department Collection Pseudomonas geniculata

4 B21 Department Collection Bacillus simplex

5 B124 Department Collection Achromobacter sp.

6 INR7 Auborn University Bacillus pumilus 

7 GB03 Auborn University Bacillus subtilis 

8 S Department Collection Bacillus subtilis 

9 P2 AgriLife India Bacillus megaterium

10 AS Shahid Beheshti University Bacillus subtilis 
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SAS institute, Cary, NC). Mean comparisons were per-
formed by Fisher protected least significance difference 
(FLSD) (p < 0.05). In all experiments, a completely 
randomized design was used with four replications. 

Results

Soil treatment bioassay

Analysis of the results showed that all treatments 
were able to significantly suppress the disease severity 
(p < 0.0001, df = 13, F = 60.89) (Fig. 2). In the plants 
treated with the strain B. pumilus INR7 and the chemi-
cal inducer Me-JA, no symptoms of necrosis were ob-
served on the root. The treatments B. pumilus INR7, 
Me-JA, Me-SA, B. subtilis GB03, P. geniculata B19, 
and B. subtilis AS were the best treatments of this 
experiment. Other strains also were able to signifi-
cantly reduce the disease severity. Compared to the 
control, the lowest suppression level of the disease was 
recorded in B. subtilis S, which suppressed disease se-
verity by 56%. 

The pathogen reduced the mean shoot dry weight 
by 35% (Table 2). The soil treatment with two defense 
inducer compounds, Me-JA and Me-SA, did not im-
prove plant growth. In contrast, all bacterial strains 
significantly improved the shoot dry weight in com-
parison to the infected control and were in the same 
statistical group as the healthy control (p < 0.0001, 
df = 13, F = 6.65). No significant differences were ob-
served between the strains. It was also determined 
that the pathogen reduced the root dry weight by 
about 40%. The bacterial strain B. subtilis AS was ef-
fective in reducing the disease but did not show 

Fig. 1. Spray inoculation method to suppress take-all disease 
under greenhouse conditions

Fig. 2. Suppression of take-all disease by bacterial strains and plant defense inducers in the soil 
treatment test. The means comparison was performed by least significant difference (LSD) at 
5% probability level. The means that have a common statistical letter do not differ significantly

The foliar spray treatment bioassay

In this experiment, A 3-cm-diameter plastic tube was 
implanted in the center of each pot and un-inoculated 
seeds were sown in pots (Fig. 1). Two weeks after plant-
ing, plants were sprayed with 1 × 10⁹ CFU ⋅ ml–1 of 
bacterial strains or 200 µM of Me-SA or Me-JA. After 
48 h, the tube was removed from the soil and the hole 
was filled with the pathogen inoculum. The disease se-
verity was assessed 50 days after planting. After wash-
ing both healthy and infected roots were counted and 
the percentage of infected roots was obtained (Mandal 
et al. 2009).

Data analysis

The data were subjected to analysis of variance in gen-
eral linear model procedure (GLM) of SAS (SAS 9.1 

Bacterial strains
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a significant difference in the root dry weight com-
pared to the infected control. In contrast, both 
Me-JA and Me-SA which had no significant effect on 
the shoot dry weight, significantly increased the root 
dry weight (Table 2). These compounds increased the 
root dry weight by 46 and 45%, respectively, compared 
to the infected control. The strain B. subtilis GB03 was 
the best treatment and increased root dry weight up to 
2.7 times compared with the infected control. In ad-
dition to increasing the plant growth, the treatments 
used in this study also affected spike formation. Me-SA 
and Me-JA along with the infected control had the low-
est spike numbers. The treatments B. megaterium P2, 
P. geniculate B19, B. simplex B21, B. subtilis GB03 and 

B. pumilus INR7 increased the spike number compared 
to the infected control, but no significant difference 
was observed when compared to the healthy control. 
Five other strains increased the spike number signifi-
cantly over the healthy control (Table 2). About 60% 
of the wheat plants treated with the strain B. subtilis S, 
produced spike which was more than three times that 
of the healthy control. 

Foliar spray treatment bioassay

With foliar spray, all the experimental treatments sig-
nificantly suppressed disease severity. Disease severity 
in infected control was 37.73%. Two chemicals, Me-JA 

Table 2. The effect of bacterial strains and plant defense inducers on plant growth factors in soil and spray treatment experiments

Treatments
Soil treatment Spray treatment

SDW RDW SN SDW RDW SN

Bacillus subtilis BS 4.47 a 1.65 a 44.72 b 4.29 a 1.81 ab 47.5 a

Serratia marcescens B29 4.28 a 1.57 a 38.85 bcd 3.73 abc 1.21 cd 28.2 cd

Pseudomonas geniculata B19 4.18 a 1.58 a 27.65 de 3.20 bcd 1.83 ab 24.42 de

Bacillus simplex B21 3.94 a 1.36 ab 28.87 cde 2.60 d 0.96 d 29.92 bcd

Achromobacter sp. B124 4.16 a 1.46 ab 43.35 bc 3.69 abc 1.20 cd 45.20 ab

Bacillus pumilus INR7 4.47 a 1.41 ab 29.92 b-e 3.93 ab 1.82 ab 33.85 a-d

Bacillus subtilis GB03 4.44 a 1.99 a 29.65 b-e 2.83 cd 1.90 a 38.85 a-d

Bacillus subtilis S 4.12 a 1.85 a 59.17 a 3.80 ab 1.53 abc 43.60 abc

Bacillus megaterium P2 3.90 ab 1.49 ab 20.55 ef 2.85 cd 1.06 cd 29.52 cd

Bacillus subtilis AS 4.32 a 0.79 b 41.52 bcd 3.86 ab 1.82 ab 41.65 abc

Methyl salicylate 3.21 bc 1.33 ab 2.77 g 2.86 cd 1.16 cd 13.60 e

Methyl jasmonate 2.99 c 1.34 ab 8.75 fg 3.36 bcd 1.08 cd 29.97 bcd

Healthy control 3.90 ab 1.21 ab 19.45 ef 2.92 cd 1.31 bcd 30.80 bcd

Infected control 2.53 c 0.73 b 9.55 fg 2.59 d 0.99 d 13.05 e

SDW – shoot dry weight; RDW – root dry weight; SN – spike number
The means comparison was performed by least significance difference (LSD) at 5% probability level. The means that have a common statistical letter 
do not differ significantly

Fig. 3. Suppression of take-all disease by bacterial strains and plant defense inducers under 
greenhouse conditions. Treatments sprayed on aerial parts 2 weeks after sowing. Pathogens were 
applied 2 days post inoculation. The means comparison was performed by least significant 
difference (LSD) at 5% probality  level

Bacterial strains
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and Me-SA were among the best treatments. Bacillus 
megaterium P2 and B. subtilis AS also did not signifi-
cantly differ from the plant defense inducer compounds 
and suppressed the disease by 93.1 and 89.6% in com-
parison to infected control, respectively (Fig. 3). Strains 
B. pumilus INR7 and B. subtilis BS with averages of 83.1 
and 82.35, respectively, had a good effect on disease 
suppression. Strain B. subtilis S was the weakest treat-
ment and suppressed disease severity by 47.2% com-
pared to infected control. In this experiment, although 
all strains significantly suppressed the severity of the 
disease, the order of effect was not the same as the soil 
treatment bioassay. The treatment B. megaterium P2, 
which was a weak treatment in the soil application test, 
controlled the disease better with spray application. 
In contrast, the efficiency of strains B. pumilus INR7 
and B. subtilis GB03 were reduced in spray application. 
However, a slight difference was observed between ap-
plication methods in other treatments. 

Infection with the pathogenic fungus caused a 21% 
reduction in shoot dry weight. The B. subtilis GB03,  
B. megaterium P2, Me-SA, P. geniculate B19 and Me-JA 
treatments did not have a significant effect on the dry 
weight of the plants compared with the infected con-
trol (Table 2). In contrast, the B. subtilis BS, B. pumilus 
INR7, B. subtilis AS and B. subtilis S treatments in-
creased plant growth significantly, which was statisti-
cally even higher than the healthy control (p = 0.0002, 
df = 13, F = 5.15). The shoot dry weight in B. subtilis BS 
was 1.6 fold more than the infected control and 1.4 fold 
more than the healthy control. Bacillus subtilis GB03, 
P. geniculata B19, B. pumilus INR7, B. subtilis AS, 
B. subtilis BS and B. subtilis S significantly improved 
root growth compared with the infected control. Ba-
cillus subtilis GB03 increased root dry weight in com-
parison with the infected control by 1.99 fold and com-
pared with the healthy control by 1.44 fold (Table 2). 
Results also showed that only 13% of the infected con-
trol plants produced spikes compared to about 30% in 
healthy control. The treatments Me-SA and P. genicu-
late B19 did not show a significant difference with the 
infected control. The highest number of spikes was 
47% and was related to strain B. subtilis BS. Strain 
B. subtilis S, which had the greatest effect on spike 
numbers in the soil application, could also be consid-
ered as a top strain in the foliar spray. In general, strain 
B. subtilis BS was not only an effective strain in con-
trolling the disease but also could significantly increase 
growth traits and the number of spikes of the plant.

Discussion

In this study, the effect of several bacterial strains, 
mainly related to Bacillus spp., were assessed for 

biological control of wheat take-all disease. Me-SA and 
Me-JA, as elicitors of SA and JA/ET signaling pathways, 
were also included as references. Treatments were ap-
plied either as soil drench or as foliar spray to check 
induced systemic resistance mechanisms. Foliar spray 
treatment had some potential advantages over seed 
and soil treatments. Wheat seeds are normally disin-
fected with fungicides and the possibility of adverse 
effects of these pesticides on the bacterial population 
exists. For example, it has been reported that fungicide 
Benomyl has a harmful effect on N-stabilizing bacte-
ria (Handelsman and Stabb 1996). The disinfection of 
potato pods with Mancozeb affected P. fluorescens and 
P. putida populations, negatively (Zablotowicz et al. 
1991). Also, adapted indigenous microorganisms are 
in strong competition with the microbial inoculant in 
the rhizosphere, while the microbial population of the 
phyllosopheric region is much lower which allows eas-
ier establishment of the introduced bacteria (Beneduzi 
et al. 2012).

Data analysis revealed that inducing systemic re-
sistance is a predominant mechanism in most bacterial 
strains such as B. subtilis AS, B. subtilis BS and Serratia 
marcescens B29. In other strains, induction of resist-
ance was also dominant in controlling the disease. Ba-
cillus pumilus INR7 causes complete suppression of the 
disease in the soil treatment, while it causes 83% dis-
ease suppression compared to the infected control with 
spray treatment. Perhaps the effect of this strain on the 
soil treatment can be attributed to the rhizosphere be-
havior of this strain. This strain had no inhibitory effect 
on the pathogens under in vitro condition (Kloepper 
et al. 2004) but suppressed the disease caused by Ral-
stonia solanacearum and X. axonopodis pv. vesicatoria 
by 72 and 52%, respectively, under greenhouse condi-
tions (Yi et al. 2013).

Bacillus subtilis GB03, as an active ingredient of 
Kodiak, suppressed the take-all disease by 58% with 
foliar spray treatment and suppressed the disease by 
92% in the soil treatment. This indicates that the men-
tioned rhizospheric strain has the potential for low 
survival under phyllosophere conditions, or that this 
strain may, in addition to resistance induction, use a 
direct mechanism for inhibiting the pathogen. This 
strain has the high ability to colonize monocot roots 
and produce an itorin antibiotic that is effective against 
a wide range of fungi (Brannen and Kenney 1997). 
However, one of the main mechanisms for controlling 
the pathogens in this strain is inducing plant defense 
by producing volatile compounds (Ryu et al. 2004; 
Sharifi and Ryu 2016).

According to our results, Me-SA in the soil and 
foliar spray treatments inhibited 96% and 94% of the 
disease, respectively. Me-JA showed almost the same 
ability in suppression of take-all disease. However, it 
is known that Me-SA activates the SA pathway which 
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is effective against biotrophs, and Me-JA activates the 
JA/ET pathway against necrotrophs (Pieterse et al. 
2009). As a general rule, these two pathways negatively 
affect each other; the phenomenon called cross-talk 
(Moon and Park 2016). Recently, it has been shown 
that for the pathogens with hemibiotrophic behavior, 
the time-dependent resistance pathway is expressed to 
control the pathogen. In the first few hours of infection, 
when the pathogen is conquering the host tissues and 
the necrotrophic phase has not begun, the SA pathway 
is activated. By entering the necrotrophic phase, the JA 
pathway is activated and effectively inhibits the patho-
gen. Some resistance inducer agents can stimulate and 
activate the pathway based on the pathogenicity of the 
pathogen (Martínez-Medina et al. 2017).

The treatment with resistance inducers had a nega-
tive effect on the host growth. The application of Me-
JA reduced shoot dry weight in the soil application and 
foliar spraying treatments by 23 and 21%, respectively, 
compared to the healthy control. The application of 
Me-SA in the soil application and foliar spraying treat-
ments also reduced root dry weight by 18 and 3%, re-
spectively, compared to the healthy control. Increasing 
the expression of resistance genes is costly for the plant, 
which means that the expression of the defensive genes 
affects the plant’s fitness negatively. The plant has lim-
ited resources and should use them purposefully and 
in accordance with the need and urgency (Heil 2002). 
Using chemical inducers such as salicylic acid, isoni-
cotinic acid and benzothiadiazole has a negative effect 
on plant growth (Walters and Heil 2007). Therefore, 
application of plant defense inducers could be recom-
mended based only on epidemiological data.

Inducing the resistance by PGPR and plant probi-
otic fungi increases PR proteins such as chitinases, glu-
canases, proteinase inhibitors and oxidative enzymes 
such as peroxidase, polyphenol oxidase and lipoxy-
genase just after pathogen challenge (Hoffland et al. 
1997). Indeed, these agents sensitized the plant defense 
system to respond to pathogens stronger and faster, a 
phenomenon called plant defense priming (Kohler et 
al. 2002; Conrath et al. 2006). PGPR can improve plant 
defense without negative effects on it fitness (Sharifi 
and Ryu 2018).

In conclusion, some PGPR were able to signifi-
cantly suppress take-all. In contrast to chemical de-
fense inducers, PGPR did not show negative effects 
on plant growth. Therefore, the application of these 
strains under field conditions can be considered as 
a promising approach in controlling take-all disease. 
In addition to soil drench, foliar spray showed that 
PGPR and chemical defense inducers can be exploited 
to control take-all throughout the crop growing season. 
Often farmers seek products that prevent the disease 
from spreading after its appearance in the field. Most 
plant probiotic products are designed to be applied in 

the soil. However, it is necessary to develop bacterial 
formulations to be applied under phyllosphere condi-
tions. Of course, suitable surfactant and UV protectant 
should be considered in developing these types of for-
mulations. It is noteworthy that we used rhizobacteria 
in this work, but phyllosphere-dwelling bacteria are 
also a good source of biocontrol agents in screening 
plant defense inducer bacteria. 
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