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Abstract
Disease management with the use of conventional pesticides has emerged as a major threat to the environment and human 
health. Moreover, the increasing cost of pesticides and their use in staple crops such as rice is not economically sustainable. 
The present study utilized a combination of two commercial powder formulations of biocontrol agents, Trichoderma harzi-
anum (Th38) and Pseudomonas fluorescens (Pf28) to induce resistance against sheath blight disease via seed biopriming in 
basmati rice variety Vasumati and compared the performance with systemic fungicide carbendazim. Sheath blight infection 
significantly increased the levels of stress indicators such as proline (0.8 to 4.25 folds), hydrogen peroxide (0.89 to 1.61 
folds), and lipid peroxidation (2.4 to 2.6 folds) in the infected tissues as compared to the healthy control. On the contrary, 
biopriming with biocontrol formulation (BCF) significantly reduced the level of stress markers, and substantially enhanced 
the levels of defense enzymes such as peroxidase (1.04 to 1.18 folds), phenylalanine ammonia lyase (1.02 to 1.17 folds), 
lipoxygenase (1.2 to 1.6 folds), and total phenolics (74% to 83%) as compared to the infected control. Besides, improved 
photosynthesis (48% to 59%) and nitrate reductase activity (21% to 42%) showed a positive effect on yield and biomass, 
which compensated disease induced losses in bio-primed plants. Conversely, the comparative analysis of the efficacy levels 
of BCF with carbendazim revealed BCF as a potential and eco-friendly alternative for reducing disease impact and maintain-
ing higher yield in rice under sheath blight infection.

Keywords Biocontrol agent · Bio-Priming · Carbendazim · Physiological traits · Rice · Sheath blight

Introduction

Rice (Oryza sativa L.) is the staple food for more than half 
of the world population providing 20 percent of their daily 
calorie intake (Sen et al. 2020). Global rice production is Sudeshna Das and Sayanta Kundu have contributed equally to this 
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facing substantial yield loss due to the frequent incidence of 
pathogens due to changing climate. Sheath blight caused by 
Rhizoctonia solani Kühn., a common soil-borne pathogen, 
is one of the most destructive diseases prevalent in rice-
growing environments, which has the potential to lead to 
an annual yield loss of up to 45% (Singh et al. 2019). Con-
ventionally, pesticides have been used widely in crops such 
as rice, wheat, maize, pea, tomato and pepper for protec-
tion against different diseases. However, the indiscriminate 
use of pesticides during the post-green revolution period 
has been documented as a serious threat to the environ-
ment safety and human health (John and Babu 2021). Driven 
by the increasing global concerns about the sustainable food 
production, and adverse impact of chemical pesticides on the 
environment, a shift to find environment friendly alternatives 
are critically important. Therefore, the adoption of sustain-
able environment-friendly approaches, such as the appli-
cation of biological controls (agents/methods/approaches) 
or chemical elicitors capable of inducing broad-spectrum 
resistance in plants, can significantly reduce the need for 
hazardous pesticide application. Several biocontrol agents 
and chemical elicitors have been reported for achieving a 
broad-spectrum plant defense in different agricultural crops 
(Bahuguna et al. 2012; Panpatte et al. 2016; Ghazanfar et al. 
2018). Nevertheless, replacing the conventional pesticides 
with biocontrol agents and chemical elicitors warrants a sys-
tematic evaluation of their efficacy levels against a broader 
range of pathogens.

Trichoderma sp. commonly occurs in the soil, rhizopheric 
regions, bark and wood, either epiphytically or endophyti-
cally. Several studies have reported that strains of Tricho-
derma harzianum are beneficial in controlling numerous 
foliar and root diseases in rice (Chinnaswami et al. 2021) 
They encourage plant growth through release of phytohor-
mones, fungal cell wall degrading enzymes, antimicrobial 
secondary metabolites, and organic volatile compounds 
(Guzmán-Guzmán et al. 2019). Similarly, plant growth pro-
moting rhizobacteria (PGPR) such as Pseudomonas fluore-
scens is also used as a biocontrol agent owing to its ability 
to release antibiotics, phytohormones, and siderophores 
that help to improve root growth and nutrient acquisition 
in plants (Suresh et al. 2021). Interestingly, the control over 
pathogenic diseases by inoculation of individual bioag-
ent has limitations due to the ecological factors and load 
of pathogenic inoculum present in soil (Abd-Elgawad and 
Askary 2020). Thus, integrative approaches of co-inoculat-
ing T. harzianum and P. fluorescens have been studied in 
several crops to show compatibility under in-vitro as well 
as field condition for biocontrol potential (Belkar and Gade 
2012; Kabdwal et al. 2019; Patkowska et al. 2020; Poveda 
and Eugui 2022). A synergistic interaction between the 
biocontrol agents and its antagonistic effect against sheath 
blight pathogen (R. solani) individually and in consortium/ 

combination is well documented (Mathivanan et al. 2005; 
Singh et al. 2010, 2016, 2021; Rana et al. 2019; Abbas et al. 
2022). Apart from the biocontrol mechanism, the organ-
isms have been proved to induce a systemic resistance in 
various crop plants individually and in combination (Val-
lad and Goodman 2004; Hoitink et al. 2006; Madhavi and 
Devi 2018; Suresh et al. 2022; Elsharkawy et al. 2022). 
Interestingly, the efficacy levels of the co-inoculation of the 
bio-control against any pathogenic diseases was found to 
be much higher than the efficacy levels of the individual 
bio-control inoculation (Sandheep et al. 2013; Vij et al. 
2022). Thus, an increasing number of studies are being car-
ried out with standardized bioformulations of bioagents as 
they ensure microbial viability and efficient plant coloniza-
tion overcoming any inconsistencies in biocontrol efficacy 
(Bejarano and Puopolo 2020). Nevertheless, a systematic 
analysis of the impact of seed bio-priming with bioagent 
formulation on different physiological traits associated with 
disease resistance and growth physiology in rice remains 
poorly understood. In addition, a comparative account of the 
disease suppression efficacy level of bioagents formulation 
with conventional pesticides and the impact of bioagents 
on sustaining yield under disease is warranted. Thus, the 
present study was conducted to explore (i) the impact of the 
combination of bioagent (T. harzianum + P. fluorescence) 
formulations on the physiological and biochemical traits 
associated with disease and yield components, and (ii) the 
comparative efficacy levels of the combination of bioagent 
(T. harzianum + P. fluorescence) formulations to the com-
mercial systemic fungicide (carbendazim) in suppressing the 
sheath blight disease in rice.

Materials and methods

Experimental design

A pot experiment was conducted during the Kharif season 
2018 under greenhouse conditions at Department of Plant 
Physiology, G B. Pant University of Agriculture and Tech-
nology, Pantnagar, Uttarakhand. Seeds of semi-dwarf, high 
yielding basmati variety, Vasumati (LET 15391) were obtained 
from Crop Research Center, G.B. Pant University of Agri-
culture & Technology, Pantnagar, Uttarakhand. With its semi 
dwarf stature (110 cm) and good tillering capacity, Vasumati 
was selected as the susceptible host for the sheath blight patho-
gen (Bahuguna et al. 2012). The commercial talc-based bio-
control agent formulations were obtained from the Biocontrol 
laboratory, Department of Plant Pathology, G. B. Pant Uni-
versity of Agriculture & Technology, Pantnagar, India. For 
bio-priming, the seeds were primed with the talc-based mixed 
formulation of T. harzianum (biocontrol agent Th38 @ 5 g 
formulation/kg seed) and P. fluorescens (biocontrol agent Pf28 
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@ 8 g formulation/kg seed) in the recommended ratio of 1:1.6 
hereinafter referred as biocontrol formulation (BCF). The 
primed seeds were kept overnight in a moist chamber (humid-
ity 80–85%) at 30 °C before direct sowing in the earthen pots 
(12" × 18"). The pots were filled up in accordance with Bahu-
guna et al. 2018 with slight modifications owing to the size 
of the pot and amount of soil in the pots. Each pot contained 
0.2 kg of FYM, 10 kg autoclaved fine loamy soil supplemented 
with 2 g ammonium phosphate, 2 g single super phosphate 
and 1 g muriate of potash as N, P and K sources, respectively. 
Initially three seeds were sown per pot. However, one healthy 
seedling was maintained per pot after 14 days of germina-
tion. For the pesticide treatment, rice seeds were dipped in 
4 mM Carbendazim, Bavistin DS (BASF Corporation, USA) 
solution hereafter referred to as systemic fungicide (BCM) for 
2 h and then thoroughly washed with distilled water before 
direct sowing in pots as described earlier. The experiment was 
divided into six treatment combinations viz., (i) control, no 
treatment, no pathogen inoculation (also referred to as healthy 
control); (ii) Rs, challenge inoculation (CI) of R. solani given 
with the immature sclerotia (5 days old) of Rhizoctonia solani 
as described by Bahuguna et al. (2012) (also referred to as 
infected control); (iii) BCF, seed treatment with the mixed 
formulation of biocontrol agents Th38 and Pf 28 (1:1.6); (iv) 
BCF + Rs, seed treatment with the mixed formulation of bio-
control agents Th38 and Pf 28 (1:1.6) followed by challenge 
inoculation of R.solani; (v) BCM, seed treatment for 2 h and 
foliar application with 4 mM carbendazim (Bavistin DS); and 
(vi) BCM + Rs, seed treatment for 2 h and foliar application 
with 4 mM carbendazim (Bavistin DS) followed by artificial 
inoculation with R. solani. Each treatment consisted of three 
replicates with one independent set of pots for the vegetative 
and reproductive stages. Sheath blight challenge inoculation 
(CI) to corresponding groups was given at the active tillering 
stage  (CIAT; 40 days after sowing) or flowering stage  (CIH; 
at heading stage). Plant samples for analyzing biochemical 
and physiological traits were obtained seven days after arti-
ficial inoculation from the leaves having infected sheath and 
visible lesions while the yield traits were recorded at physi-
ological maturity. Samples at the vegetative and reproductive 
stages were harvested from the topmost fully expanded leaf at 
active tillering and flag leaf, respectively. Observations were 
recorded in three replicates to get a mean value for each treat-
ment for each growth stage.

Disease index, growth, and yield components

Disease severity was estimated by calculating the relative 
lesion height (RLH) according to the following formula given 
by Vidhyasekaran et al. (1997).

For the yield components, plant samples were har-
vested at physiological maturity. Plant height was meas-
ured with a measuring scale and the numbers of tillers and 
panicles were counted manually from each hill. The har-
vested plants were divided into panicles and straws. The 
straw was oven-dried at 70 °C until a constant weight was 
obtained and the panicles were sundried in net bags. The 
straw and panicles were thereafter weighed using an ana-
lytical balance (Sartorius AG, Germany) and their com-
bined dry weight was recorded as the above-ground total 
biomass. The total number of spikelets was counted man-
ually for each panicle. Grain yield per hill was recorded 
after tuning the data with the standard moisture content 
(0.14 g  H2O  g−1) as described by Peng et al. (2010).

Physiological traits and stress indicators

Photosynthetic pigments—chlorophyll a, chlorophyll b 
and total chlorophyll contents were analyzed from the 
topmost/flag leaf as described by Hiscox and Israelstam 
(1979). Soil plant analysis data (SPAD) readings, which 
are referred to as relative greenness or relative nitrogen 
content of plants (Hoel and Solhaug 1998), were recorded 
using a portable SPAD meter (Opti Science, CMM-200, 
USA). Photosynthesis (A) (μmol  CO2  m−2  s−1), stomatal 
conductance  (gs) (mol  H2O  m−2  s−1), and chlorophyll fluo-
rescence (Fv/Fm ratio) were determined using LI-COR 
portable photosynthesis system (IRGA LI-6400 model, 
LI-COR, Nebraska, USA). A  CO2 mixer control unit was 
used to regulate the  CO2 concentration of the incoming 
reference air at the leaf chamber. The  CO2 concentration of 
the reference air was calibrated approximately to 400 ppm 
keeping a constant flow rate of 500 μmol  s−1. Observations 
were recorded with a photosynthetic photon flux density 
(PPFD) at 1000 μmolm−2  s−1 supplied/equipped with red 
light-emitting diodes (LI-6400–02). The chamber block 
temperature was maintained as per the ambient/optimum 
conditions and the relative humidity was adjusted approxi-
mately to 70 percent. SPAD and gas exchange traits were 
observed from the top three leaves to get an average value 
per plant and all the readings were recorded on the eighth 
day of the CI at AT and H growth stages, respectively 
between 0900 and 1130 h.

Hydrogen peroxide  (H2O2) content was estimated with 
200 mg of the top/flag leaf homogenized in a mortar and 
pestle with 2 ml of 0.1% trichloroacetic acid. The homoge-
nate was then centrifuged at 10,000 rpm for 30 min at 4 °C. 
Aliquots of 0.5 ml were taken to which 0.5 ml of 0.1 M 

Relative LesionHeight (%)

=
Highest point a lesion is seen (cm)

Plant height (cm)
× 100
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potassium phosphate buffer (pH = 7.6) and 2 ml of 1 M 
potassium iodide were added to form a reaction mixture 
which was incubated at room temperature in dark for 1 h. 
The absorbance of the incubated mixture was measured at 
390 nm. The amount of  H2O2 (µmol  g−1 Fresh Weight) was 
calculated according to Alexieva et al. (2001), by plotting 
the standard curve of  H2O2. Proline content was estimated 
with 0.5 g fresh leaf homogenized in 10 ml 3% aqueous 
sulpho-salicylic acid and the homogenate was centrifuged 
at 8000 rpm for 10 min and 2 ml of filtrate was used for 
proline estimation. To the 2 ml of sample, 2 ml of acid 
ninhydrin reagent and 2 ml of glacial acetic acid were 
added to each tube. This mixture was incubated at > 95ºC 
for 1 h in a water bath. The reaction was terminated in an 
ice bath. 4.0 ml toluene was added to the reaction mixture 
and mixed vigorously with the help of a vortex mixture for 
15 s. The chromophore containing toluene was aspirated 
from the aqueous phase. The pink-coloured aqueous phase 
was warmed to room temperature and absorbance was 
recorded at 520 nm using toluene as blank. The amount of 

proline (µmol  g−1 FW) was calculated according to Bates 
et al. (1973), by plotting the standard curve of proline.

Malondialdehyde (MDA) content measured as thiobarbi-
turic acid reactive substances (TBARs) was determined as 
described by Heath and Packer (1968), with some modifica-
tions. In brief, 200 mg of fresh leaf sample was macerated 
in 3 ml of 0.1% TCA and was centrifuged at 10,000 rpm for 
10 min. 0.3 ml of the supernatant was extracted and 1.2 ml 
of 0.5% (w/v) thiobarbituric acid in 20% (w/v) TCA was 
added to it and the mixture was incubated in a water bath 
at 95 °C for 30 min. The reaction was terminated in ice and 
centrifuged at 10,000 rpm for 10 min. The absorbance of 
the supernatant was determined at 532 and 600 nm. After 
subtracting the non-specific absorbance at 600 nm from the 
absorbance value of 532 nm, the MDA concentration (µmol 
 g−1 FW) was determined using the extinction coefficient of 
155  mM−1  cm1.

μmoles proline g−1 fr wt.=
�g proline/ml xml toluene

115.5 × g sample
× 5

MDAcontent (MDA/g freshweight) =

(

A532 − A600

)

155

Plant defense‑related enzyme estimation

Superoxide dismutase (SOD, E.C.1.15.1.1) assay in the 
topmost leaf/flag leaf was carried out by the procedure 
originally described by Beauchamp and Fridovich (1971). 
1000 mg of fresh clean leaf tissue was ground in a pre-
chilled pestle and mortar with 10 ml ice-cold 50 mM 
potassium phosphate buffer of pH 7.8. The homogenate 
was centrifuged at 10,000 rpm for 10 min at 4 °C. The 
supernatant was then utilized as the enzyme source. A 3 ml 
reaction mixture cocktail was prepared to contain 50 mM 
potassium phosphate buffer of pH 7.8, 13 mM methio-
nine, 2 µM riboflavin, 0.1 mM EDTA (Ethylenediamine 
tetraacetic acid), 75 µM NBT (Nitroblue tetrazolium) and 
50 µl crude enzyme extract and the volume was made up 
by adding double distilled water. A blank sample without 
enzyme and NBT was set up to calibrate the spectropho-
tometer. Another control having NBT, but no enzyme was 
used as a reference control. All the tubes were exposed to 
400 W (4 X 100 W bulbs) bulb for 15 min. Absorbance at 
560 nm was measured immediately after 15 min.

The 50% inhibition of the reaction between riboflavin 
and NBT in the presence of methionine is taken as 1 unit 
of SOD activity. Total peroxidase (POD, E.C.1.11.1.7) 
activity in the topmost leaf/flag leaf with infected sheath 
was assayed by measuring the increase in optical density 
due to the oxidation of guaiacol to tetra-guaiacol (Cas-
tillo et al. 1984). A 3 ml reaction mixture was prepared 
to contain 16 mmol guaiacol, 2 mmol  H2O2, 50 mmol 
phosphate buffer (pH 6.1) and 0.1 ml of 10 times diluted 
enzyme extract. Absorbance, due to the formation of tetra-
guaiacol, was recorded at 470 nm and the enzyme activ-
ity was calculated as per the extinction coefficient of its 
oxidation product, tetra-guaiacol (26.6   mmol−1   cm−1). 
The enzyme activity was expressed as µmol tetra-guai-
acol formed  min−1  g−1 fresh weight (FW). Phenylalanine 
ammonia lyase (PAL, E.C. 4.1.3.5) activity in the top-
most leaf/flag leaf with infected sheath was determined 
by measuring the conversion of L-phenylalanine to 
trans-cinnamic acid (Edwards and Kessmann 1992) with 
modifications. In brief, fresh leaf tissues (200 mg) were 
ground on ice and the enzyme was extracted with 2 ml 
of the extraction buffer, containing 0.05 mol Tris–HCl 
(pH 8.8), 0.5 percent ascorbate, 10 percent glycerol, and 
10 mM β-mercaptoethanol. Crude enzyme extract (100 µl) 
was combined with 400 µl of 0.05 mol Tris buffer (pH 
8.8), containing 0.2 mM phenylalanine as substrate. The 

% inhibition ofNBT reduction by SOD=
Optical density (OD) of control−ODof treatment

ODof control
× 100
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reaction mixture was incubated for 60 min at 37 °C. The 
reaction was terminated by adding 100 µl of 0.5 mol HCl. 
Cinnamic acid was extracted with 1 ml of toluene and 
absorbance was measured at 290 nm with toluene as a 
blank. The enzyme activity was expressed as nmol trans-
cinnamic acid  min−1   g−1 FW. Lipoxygenase (LOX, EC 
1.13.11.12) activity in the topmost leaf/flag leaf with 
infected sheath was measured according to the method 
of Schweizer et al. (1997). In brief, 100 mg of fresh leaf 
samples were homogenized in ice-cold 1.0 ml of 10 mM 
sodium phosphate buffer (pH 6.5) containing 1% (v/v) 
Tween 20. The extract was again incubated on ice for 
60 min and centrifuged at 13,000 rpm at 4 °C. To 10 µl 
of extract supernatant, 100 µl of 10 mM linoleic acid was 
added and the final volume was made up to 1 ml by adding 
100 mM sodium phosphate buffer (pH 6.5). LOX activ-
ity was measured at room temperature by recording the 
absorbance at 234 nm and expressed as ΔOD234  min−1  g−1 
FW. The total phenolic content was estimated from the 
fresh leaf samples (1000 mg) homogenized in 10 ml of 
80% methanol and agitated for 15 min at 70 °C (Swain and 
Hillis 1959). In brief, 5 ml of distilled water and 250 μl 
of Folin’s-Ciocalteu reagent were added to 1 ml of the 
extract, and the solution was kept at 25 °C. After 3 min, 
1 ml of a saturated solution of  Na2CO3 and 1 ml of dis-
tilled water were added, and the reaction mixture was incu-
bated for 1 h at 25 °C. The absorption of the developed 
blue colour was measured using a spectrophotometer at 
725 nm. Results were expressed as phenol equivalents (μg 
 g−1 FW) by plotting the standard curve of phenol. Nitrate 
reductase (NR, E.C. 1.6.6.1) activity was assayed using the 
procedure developed by Hageman and Hucklesby (1971) 
with modifications described in Bahuguna et al. (2012). 
In brief, fresh leaves (200 mg) were homogenized infiltra-
tion medium containing 3.0 ml each of 30 mM potassium 
nitrate and 0.3 M potassium phosphate buffer (pH 7.5). 
The homogenate was incubated in the dark at 30 °C for 
40 min in a water bath. Aliquots of 0.2 ml were taken from 
each set at different time points of incubation and 2.0 ml 
colouring reagent (mixture of 0.02% n-1-naphthylethylen-
ediamine dihydrochloride and 1% sulphanilamide in 1:1 
ratio) was added to it resulting in a pink-colour mixture 
which was measured by a spectrophotometer at 540 nm 
and expressed as µmol  NO2

−  h−1  g−1 FW.

Statistical analysis

All the experimental data were analyzed by GENSTAT 14Ed. 
(Rothamsted Experimental Station). The experiment was 
conducted in a two factorial completely randomized design 
(CRD). The data were analyzed as a completely randomized 
design following two-way ANOVA with treatment and growth 
stage as major factors. The means were compared with the 

least significant difference (LSD) and the levels of significance 
were represented with the P-value significance level. A com-
parison of means was obtained from Tukey’s honest signifi-
cant difference (HSD) test. Means with the same letter are not 
significantly different at (P < 0.05).

Results

Disease severity, growth, and yield

Sheath blight infection was recorded highest in Rhizocto-
nia solani (Rs) infected plants across the treatments with 
a significantly (P < 0.001) higher RLH (75%) recorded in 
plants infected at the flowering stage (H) (Fig. 1). Plants 
pre-treated with BCF and BCM recorded significantly 
lower RLH (30 to 40%) both during AT and H (Fig. 1). A 
significant treatment (P < 0.001) effect was noted for all 
growth and yield components (Table 1). Pathogen infec-
tion reduced plant height (16.24% at AT and 4.20% at 
H), number of tillers  hill−1 (29.41% at AT and 16.67% at 
H), number of panicles  hill−1 (43.75% at AT and 18.75% 
at H), total biomass  hill−1 (52.97% at AT, 26.01% at 
H), spikelets  panicle−1 (28.5% at AT and 5.39% at H) 

Fig. 1  Relative lesion height (%) in plants pre-treated with the combi-
nation of talc-based biocontrol agent formulation (BCF) and systemic 
fungicide BCM (4  mM carbendazim) followed by inoculation with 
Rhizoctonia solani, the sheath blight pathogen, independently at two 
growth stages viz. active tillering (AT) and flowering stages (H). Bar 
represents the means of three replicates ± SE. Comparison of means 
was obtained from Tukey’s HSD test. Means with the same letter 
are not significantly different at (P < 0.05). [Rs = Rhizoctonia solani; 
BCF = Biocontrol Formulation; BCM = carbendazim (Bavistin DS)]
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and grain weight  hill−1 (44.44% at AT, 39.29% at H) as 
compared to the healthy control plants (Table 1). It is 
evident from the percent reductions of the growth and 
yield components that the decline in the growth param-
eters due to pathogen infection at AT was more severe 
and significant (P < 0.01 to 0.001) when compared to H 
(Table 1). Conversely, plants treated with BCF recorded 
better growth and yield components when compared to 
the infected control plants as evidenced by the higher 
number of tillers and panicles, total biomass, and grain 
yield  hill−1 (Table 1). The severity of sheath blight infec-
tion was significantly reduced in plants pre-treated with 
BCF and BCM. BCF pre-treated plants showed signifi-
cantly higher growth and produced higher spikelets (32% 

at AT and 4% at H), total biomass (78% at AT and 41% 
at H) and grain yield (60% at AT and 53% at H) as com-
pared to the non-primed Rs infected plants. Moreover, 
BCM treatment did not show any influence on growth 
parameters positively but minimized the grain yield loss 
due to pathogen infection (Table 1).

SPAD and gas exchange traits

Rs infection significantly reduced relative greenness (SPAD 
value) up to 44.77% at AT and 48.37% at H stage as com-
pared to the healthy control plants. However, the SPAD value 
was recorded to be higher in plants pre-treated with BCF 
or BCM (Fig. 2a). Plants pre-treated with BCF recorded a 

Fig. 2  Effect of the combination of talc-based biocontrol agent for-
mulation (BCF) and systemic fungicide BCM (4  mM carbendazim) 
on chlorophyll index (SPAD) value a, photosynthesis b, stomatal con-
ductance c and chlorophyll fluorescence (Fv/Fm ratio) d in flag leaves 
of rice at active tillering (AT) and flowering stages (H). Rice plants 
were pre-treated with biocontrol agent formulation or BCM followed 

by inoculation with Rhizoctonia solani AG1A, the sheath blight path-
ogen, independently at AT and H. Bar represents the means of three 
replicates ± SE. Comparison of means was obtained from Tukey’s 
HSD test. Means with the same letter are not significantly different at 
(P < 0.05). [Rs = Rhizoctonia solani; BCF = Biocontrol Formulation; 
BCM = carbendazim (Bavistin DS)]
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higher SPAD value (45.67 at AT, 48.67 at H) when com-
pared to the infected control. Sheath blight infection sig-
nificantly (P < 0.001) reduced the photosynthesis (28.48% 
at AT and 31.46% at H), stomatal conductance (40% at AT 
and 45.33% at H) and chlorophyll fluorescence (26.92% at 
AT and 38.27% at H) as compared to the healthy control 
plants with a higher sensitivity noted for photosynthesis and 
stomatal conductance at H (Fig. 2b-d). Interestingly, BCF 
pre-treated plants recorded higher photosynthesis and stoma-
tal conductance at H. Under sheath blight infection, photo-
synthesis, and stomatal conductance of the BCF pre-treated 
plants were recorded to be at par with those of the healthy 
control plants (Fig. 2b, c).. Conversely, BCM treated plants 
recorded non-significant enhancements in photosynthesis, 
stomatal conductance and Fv/Fm ratio under sheath blight 
infection (Fig. 2b-d).

Oxidative stress and membrane stability

Sheath blight infection increased the TBARs (MDA) content 
substantially and was found to be maximum (9.0 µmol  g−1 
FW) in untreated infected plants at H. However, the MDA 
content was significantly (P ≤ 0.05) reduced in BCF and 
BCM treated plants. MDA accumulation in infected plants 
treated with BCF was reduced to 4.23 µmol  g−1 FW at AT 
and 3.89 µmol  g−1 FW at H whereas for the BCM treated 
infected plants, the MDA content at AT and H was observed 
to be 5.38 and 4.47 µmol  g−1 FW, respectively (Table 2). 
Similarly, the membrane stability index (MSI) (%) was 
severely affected by sheath blight infection, reducing it from 
91 to 56% at AT and from 88 to 52% at H across the treat-
ments. Interestingly, MSI in the sheath blight infected plants 
pretreated with BCF was significantly higher (72% to 76%) 
across the growth stages (Table 2).

A significant (P < 0.001) growth stage, treatment and 
growth stage x treatment effect was observed for proline 
content. The highest accumulation of proline content was 
obtained in the infected control plants (15.75 µmol  g−1FW) 
at AT whereas the BCF treated pathogen infected plants 
recorded the lowest proline accumulation (6.23 µmol  g−1 
FW). A similar trend was observed during H as well, 
wherein the highest and lowest proline accumulation was 
observed in the infected control (6.68 µmol  g−1FW) and 
BCF (5.00 µmol  g−1FW) treatments, respectively (Table 2). 
 H2O2 followed the distinct pattern of accumulation as that of 
proline and MDA. A significant treatment effect (P < 0.001) 
was recorded for the  H2O2 content (Table 2). The highest 
accumulation of  H2O2 content at AT was obtained in the 
infected control (2.35 µmol   g−1 FW) plants which were 
reduced by 24% and 23% in the BCF pretreated and BCM 
pre-treated pathogen-infected plants respectively. Similarly, 
during H, the reduction in  H2O2 content was higher in BCF 
treated pathogen infected plants (39%) than in BCM treated 

pathogen infected plants (27%) when compared to the non-
primed infected control (2.77 µmol  g−1FW) (Table 2).

Pathogen defense enzymes and NR activity

A significant increase for all growth stages (P < 0.001), treat-
ments (P < 0.001) and growth stage x treatment interaction 
(P < 0.01) was observed for the SOD activity (Fig. 3a). Pre-
treatment with BCF showed considerably higher levels of 
total SOD activity (2.7 Units  min−1  g−1 FW) and the increase 
in total SOD activity particularly at AT was more prominent 
in BCF treatments coupled with sheath blight infection. The 
average SOD activity was 2.32 Units  min−1  g−1 FW at AT 
and 2.00 Units  min−1  g−1 FW at H with a maximum activity 
of 3.25 Units  min−1  g−1 FW noted at AT (Fig. 3a). Similarly, 
a significant growth stage x treatment interaction (P < 0.001) 
was observed for the peroxidase activity. BCF treated plants 
showed a considerably higher level of peroxidase activity 
(~ 1.3 µmol  min−1  g−1) across the growth stages. The maxi-
mum range of peroxidase activity was observed in plants 
pre-treated with BCF followed by the sheath blight infec-
tion (1.92 µmol  min−1  g−1 FW at VS), was 1.18 folds higher 
than the infected control. BCM treatment did not affect the 
peroxidase activity; however, pathogen infection enhanced 
the peroxidase activity by 59% at AT and 118.87% at H in 
BCM pre-treated plants across the growth stages (Fig. 3b).

A significant treatment effect (P < 0.001) was observed 
for PAL and LOX activity. PAL activity, in the case of BCF 
treated plants, was found to be 59.76 nmol trans-cinnamic 
acid  min−1  g−1 FW, which was 3.47 folds higher than the 
healthy control plants. However, BCM treated plants did 
not show any significant change in PAL activity as com-
pared to the healthy control plants. The highest PAL activ-
ity (60.75 nmol trans-cinnamic acid  min−1  g−1 FW) was 
noted in Th + Pf + Rs treatment at AT (Fig. 4a). Like PAL, 
pathogen infection did enhance the LOX enzyme activity 
by 0.9 and 0.7 folds at AT and H respectively as compared 
to the healthy plants. However, BCF pretreated pathogen 
infected plants resulted in 3.3 and 3.5 folds increase in the 
LOX activity at AT and H respectively. The highest LOX 
activity was recorded in plants treated with Th + Pf + Rs 
(∆OD234 = 0.55  min−1  g−1 FW) at H. BCM treatment with 
or without infection did not show any significant effect on 
the LOX activity (Fig. 4b). A significant (P < 0.001) treat-
ment and growth stage effect was recorded for the total 
phenolic content wherein the total phenolics increased up 
to 1.82 folds at AT and 1.74 folds at H in BCF treated 
pathogen-infected plants than in the infected control 
(Fig. 4c). The highest accumulation of phenolics across 
the growth stages was observed in the infected leaves pre-
treated with BCF (248 µg  g−1 FW at AT and 284 µg  g−1 
FW at H). In contrast, BCM pre-treatment coupled with 
pathogen-infected showed a significantly (P ≤ 0.05) lower 
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level of phenolics (72 µg  g−1FW at AT and 109 µg  g−1FW 
at H) (Fig. 4c). On the contrary, NR activity was observed 
to reduce under pathogen infection and this reduction 
was found to be significant for the treatment (P < 0.001), 
growth stages (P < 0.001) and treatment x growth stages 
(P < 0.01). NR activity in infected control was reduced 

by 34% at AT and 31% at H. However, this reduction was 
significantly lower in BCF treated plants (Fig. 4d). Higher 
NR activity was noted in the plants treated with BCF 
and showed maximum levels of NR activity (> 6 µmol 
 NO2

− produced  h−1  g−1 FW) at H. BCM treatment at AT 
did not change NR activity, however, BCM treated plants 
showed a 25% decrease in NR activity at H (Fig. 4d).

Discussion

A pot experiment was conducted to evaluate the effect of 
biopriming on rice growth, sheath blight disease severity and 
the efficacy of bioagent formulation (BCF) as compared to 
conventional systemic fungicide (BCM). The major findings 
of the study are discussed below.

Sheath blight infection at tillering and heading 
stage reduced rice growth and yield

The incidence and severity of sheath blight disease have 
always been alarming in rice cultivation. The present study 
has demonstrated a significant growth reduction and yield 
loss in basmati rice (Var. Vasumati) due to sheath blight 
infection. Our findings were in line with previous reports 
(Bahuguna et al. 2012; Zheng et al. 2013; Koshkdaman et al. 
2021) Susceptibility or resistance to pathogens has been 
documented to vary with age and growth stage of the crop 
plants (Kus et al. 2002). Although sheath blight infection 
significantly reduced total biomass and shown higher RLH 
when infection was given at H (Fig. 1; Table 1), the impact 
of sheath blight disease on yield components was higher 
when infection occurred at vegetative (AT) stage. The water-
soaked lesions on the leaf blades and sheaths at the active 
tillering stage could decrease the photosynthetically active 
leaf area and thus substantially affected the photosynthesis, 
tillering and panicle development (Fig. 2b; Table 1). Lakpale 
et al. (1996) and Rodrigues et al. (2003) also advocated that 
tillering stage is the most sensitive stage for sheath blight 
infection. However, there are studies (Sharma et al. 1990; 
Savary and Mew 1996; Mehi et al. 2014; El-Shafey et al. 
2019) which suggest sheath blight infection to be more del-
eterious at the reproductive stage. Hence, the genetic back-
ground, environmental variations (temperature, humidity) 
and planting density could be strong factors determining 
overall impact of sheath blight infection across the growth 
stages. Interestingly, priming with BCF has positive impact 
on photosynthesis, stomatal conductance and Fv/Fm ratio 
(Fig. 2b, c and d) even under sheath blight infection, result-
ing in better growth of BCF primed plants.

Fig. 3  Effect of the combination of talc-based biocontrol agent for-
mulation (BCF) and systemic fungicide BCM (4  mM carbendazim) 
on superoxide dismutase (SOD) activity a and peroxidase (POD) 
activity b in flag leaves of rice plants at active tillering (AT) and flow-
ering stages (H). Rice plants were pre-treated with biocontrol agent 
formulation and BCM followed by inoculation with Rhizoctonia 
solani, the sheath blight pathogen, independently at VS and FS. Bar 
represents the means of four replicates ± SE. Comparison of means 
was obtained from Tukey’s HSD test. Means with the same letter 
are not significantly different at (P < 0.05). [Rs = Rhizoctonia solani; 
BCF = Biocontrol Formulation; BCM = carbendazim (Bavistin DS)]
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BCF priming reduced biochemical signatures 
of disease severity

Priming with BCF significantly reduced the disease 
severity (Fig. 1). BCF primed plants showed significantly 
(P ≤ 0.05) reduced levels of chlorophyll a/b ratio, pro-
line,  H2O2 and MDA content under sheath blight infec-
tion, which are reported to increase with an increase in 
disease severity (Mohanty and Sridhar 1982; Göbel et al. 
2003; Xi et al. 2021). Chlorophyll b is more sensitive than 
chlorophyll a due to its structural property, localization 
and tendency to convert to chlorophyll a during stress 
conditions (Fang et al. 1998; Bahuguna et al. 2012). This 
ultimately results in a higher chlorophyll a/b ratio under 
the stress (Djanaguiraman et al. 2006; Bahuguna et al. 

2012; Banks 2018). Thus, the loss of chlorophyll b under 
infection and vulnerability of chlorophyll a/b ratio under 
sheath blight infection could be considered as a surro-
gate physiological marker for determining early infection 
severity. A more pronounced effect was observed on sto-
matal conductance and chlorophyll fluorescence, and both 
have been reported to be reduced under pathogen infection 
(Yun et al. 2000; Moradi and Ismail 2007; Bahuguna et al. 
2012). On the contrary, proline is a multi-faceted molecule 
which is known to accumulate in high concentrations in 
response to a variety of abiotic stresses (Kavi Kishor and 
Sreenivasulu 2013; However, it is still undefined whether 
proline accumulation itself or the enzyme activity influ-
encing its homeostasis is significant to withstand stress 
(Kavi Kishor and Sreenivasulu 2014). In the present study, 

Fig. 4  Effect of the combination of talc-based biocontrol agent for-
mulation (BCF) and systemic fungicide BCM (4  mM carbendazim) 
on phenylammonia lyase (PAL) activity (a), lipoxygenases (LOX) 
activity (b), total phenolics (c) and nitrate reductase (NR) activity 
(d) in flag leaf of rice plants at vegetative (VS) and flowering stage 
(FS). Rice plants were pre-treated with biocontrol agent formulation 

and BCM followed by inoculation with Rhizoctonia solani AG1A, 
the sheath blight pathogen, independently at AT and H. Bar repre-
sents the means of three replicates ± SE. Comparison of means was 
obtained from Tukey’s HSD test. Means with the same letter are 
not significantly different at (P < 0.05). [Rs = Rhizoctonia solani; 
BCF = Biocontrol Formulation; BCM = carbendazim (Bavistin DS)]
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the proline content did not show any direct relation with 
infection severity of defense response. On the other hand, 
malondialdehyde (MDA) content is reported to increase 
particularly with the infection of necrotrophic pathogens, 
which directly kill the host cells and produce toxins that 
could affect the membrane integrity (Göbel et al. 2003; 
Chhabra et al 2022), which was in line with our observa-
tions (Table 2).

BCF priming enhanced antioxidants and pathogen 
defense enzymes contributing to systemic 
resistance in plants

Total phenolic content, the activity of antioxidant enzyme 
SOD, and enzymes related to systemic resistance (POD, 
PAL, LOX) were significantly higher in plants primed with 
BCF. Phenolics with their direct anti-pathogenic property 
play an important role to cope with the infection (Ferrazzano 
et al. 2011; Wallis and Galarneau 2020), whereas SOD is a 
crucial enzyme well documented for keeping harmful super-
oxide radicals under threshold limit by converting them to 
 H2O2 (Gill and Tuteja 2010), which has a critical role in the 
signalling pathway involved in pathogen defense pathway 
(Torres et al. 2006; Cheeseman 2007; Saxena et al. 2016; 
He et al. 2018). On the other hand, phenylalanine ammonia 
lyase is the key enzyme of the salicylic acid biosynthesis 
pathway, and central to the systemic acquired resistance 
signalling in plants (Karthikeyan et al. 2006; Zeier 2021). 
PAL responds to various types of resistance inducers and is 
associated with an enhanced level of systemic resistance in 
plants against invading pathogens (MacDonald and D’Cunha 
2007; Jiang et al. 2022). Similarly, LOX is a key enzyme of 
the jasmonic acid pathway and, thus, LOX activity is sup-
posedly involved in the JA mediated induced systemic resist-
ance pathway (Turner et al. 2002; Singh et al. 2022). Other 
than systemic enzymes, bioinoculants i.e. P. fluorescens 
release several fungal cell wall degrading enzymes includ-
ing chitinase, β-1,3-glucanase that inhibit the growth of R. 
solani in rice (Borges Chagas et al. 2015). Furthermore, pre-
vious studies reported that T. harzianum had a direct antago-
nistic activity against the sheath blight pathogen (Shalini 
and Kotasthane 2007; de França et al. 2015; Ferreira and 
Musumeci 2021; Safari Motlagh et al. 2022), and the present 
study showed that BCF influenced different biochemical pro-
cesses that supposedly induced broad-spectrum resistance 
against sheath blight infection.

BCF positively influenced photosynthesis 
and nitrogen assimilation to improve growth 
and yield under sheath blight infection

Besides disease suppression, seed priming with BCF signifi-
cantly induced NR activity and photosynthesis, which could 

plausibly contribute to the growth and yield components 
of rice plants (Fig. 4d & Table 2). Nitrate reductase, a key 
enzyme of nitrogen assimilation (Hemalatha 2003; Fu et al. 
2020), is known to be associated with disease severity. The 
enzyme is reported to be very sensitive to external as well 
as internal stimuli owing to its dependence on the process of 
photosynthesis for energy and reductants (Ali et al. 2007). 
Since BCF pre-treatment improved photosynthesis, stomatal 
conductance and Fv/Fm ratio (Fig. 2b, c and d), it also con-
tributed to the protection of the NR activity through the sup-
ply of energy and reductants which could in turn increase the 
nitrogen assimilation of the diseased plants. This increase 
and protection of NR activity in turn indicates the possibil-
ity of an enhanced nitrogen assimilation in plants through 
an increase in the production of NAD(P)H via the pentose 
phosphate pathway (Du et al. 2011; Wang et al. 2021). The 
present study demonstrates better plant growth and produc-
tivity for the BCF primed plants over the infected control. 
This could be validated by the beneficial impacts of Tricho-
derma and Pseudomonas species which positively modulates 
the number of proto and meta xylem vessels, dimensions of 
vascular bundles and diameter of root cortex of rice roots. 
These anatomical regulations of the internal structures of 
the rice roots by the microbes could have probably led to a 
greater disease tolerance and nutrient uptake system in the 
plants (Rˆego et al. 2014; Tripathi et al. 2022). Moreover, 
the mode of disease tolerance for these micro-organisms 
includes the elicitation of the induced systemic resistance 
(ISR) in plants and upgrades the Fe and Zn uptake of the 
plants through the induction of Fe deficiency response and 
elevating the production of the phenols (Nagarajkumar et al. 
2004; Verbon et al. 2017; Romera et al. 2019; Singh and 
Prasanna 2020). Similarly, Pseudomonas species positively 
manipulates several plant processes such as P-solubilization, 
biosynthesis of plant hormones, ACC deaminase, sidero-
phore and exopolysaccharides production (Forni et al. 2017; 
Nafis et al. 2019), which in turn assists in the P uptake from 
the rhizosphere and enhances plant growth and development 
(Etesami 2020; Tripathi et al. 2022). The species of Pseu-
domonas through the process of acidification, chelation and 
exchange reactions have been reported to release potassium 
from the minerals into the rhizosphere (Liu et al. 2018; Trip-
athi et al. 2022). Apart from rice, the beneficial effects of flu-
orescent Pseudomonas have also been reported in chickpea 
and wheat genotypes where it has been reported to induce 
anatomical changes in the root hairs, endodermis, cortex, 
and vascular bundles through the production of siderophores 
thus enhancing the iron accumulation in the plants (Khalid 
et al. 2015; Singh et al. 2018; Kümmerli 2022).
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Comparative efficacy of BCF and BCM 
against Sheath blight disease

In the present study, the efficacy of BCF against sheath blight 
pathogen was evaluated in comparison to the conventional 
systemic fungicide carbendazim (BCM). BCF treatment sig-
nificantly limits the sheath blight infection across the growth 
stages (Fig. 1 and Table 1). However, the efficacy of BCF 
was comparable to the BCM, where primed plants showed 
approximately a 60% reduction in sheath blight symptoms. 
Interestingly, a positive influence of BCF on growth and 
yield components could substantially compensate for sheath 
blight induced losses in growth and yield.

The role of microbes in plant growth and yield promo-
tion is established. On the other hand, the effect, and conse-
quences of pesticides on the environment and human health 
is also well known. The time taken for the degradation of a 
pesticide in an environment depends upon the environmen-
tal conditions, its chemical properties, and its application 
rate. Thus, it may take hours, days or even years to degrade 
completely from the environment adversely affecting the air 
quality, aquatic environment, soil quality, and human health. 
Therefore, we need to find other environmentally friendly 
approaches to growing pesticide-free crops. Nevertheless, 
there are certain limitations in adopting these techniques 
as adequate data on the efficacy levels of these microbes on 
field crops, and their comparative evaluation with known 
chemical pesticides are undetermined. Hence, commercial 
formulations of potential bioagents need to be tested and 
validated for their efficacy levels. However, the comparison 
should include the beneficial effect of bioagents on growth 
and yield, which will substantially improve plant perfor-
mance across disease-free and infected plants reducing the 
input cost and pesticide residue in crops and soil. Thus, the 
use of BCF per se could fulfill the criteria of an eco-friendly 
and economic alternative for the future pesticide-free rice 
production.
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