Evaluation of Biocontrol-BasedFormulationsAgainst Late Leaf Spot and Rust in
Groundnut

ABSTRACT

This study investigated the efficacy of various biocontrol-basedformulationsagainst late leaf
spot (LLS)(Phaeoisariopsispersonata) and rust (Puccinia arachidis) in groundnut. Pot
culture and field experiments were conducted during the Kharif season (June-September) of
2022. Disease incidence of both late leaf spot and rust was significantly lower in groundnut
plants treated with a combination of biocontrol-basedformulationscompared to control. The
most effective eco-friendly treatment included a combination of Trichoderma asperellum,
Pseudomonasfluorescens, fortified lignite fly ash and Annamalai mixture. This combination
significantly reduced lesion frequency and Percent Disease Index (PDI)for both diseases at
50, 70 and 90 DAS, compared to other treatments. The combination of biocontrol-based
formulationsalso significantly increased the pod yield. Furthermore, the same treatment
increased the induction of defense enzymes peroxidase (2.22fold), polyphenol oxidase (1.28
fold) and phenylalanine ammonia-lyase (6.25 fold). While Carbendazimeffectively reduced
disease incidence, it was surpassed by the biocontrol-based modulein terms of both disease
control and yield.These findings suggest that biocontrol-basedformulationscan be a
sustainable approach for managing LLS and rust diseases in groundnut cultivation.
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1. INTRODUCTION
Groundnut (Arachishypogaea L.), is often hailed as the "king of oilseeds.” Globally, Indiahas
the largest cultivation area,ranking second in global production. In India, groundnut
production in the kharif season is 68.57 lakh tonnes with an average productivity of 1,562
kg/ha (IOPEPC, 2023). Groundnutfosters soil health through symbiotic nitrogen fixation with
Rhizobia bacteria, promoting sustainable agricultural practices.Groundnut cultivation faces a
formidable challenge from fungal diseases like late leaf spot (LLS), rust,Alternaria blight,
stem rot, dry root rot and collar rot [1,2].Among these, LLSdisease caused by
Phaeoisariopsis personata and rust disease caused by Puccinia arachidis pose the most
significant threats. These widespread fungal pathogens inflict severe damage on groundnut
crops.In. most cases, these two pathogens occur together and hamper groundnut
production[3]. In India, these diseases have been documented to cause yield losses exceeding
70%, significantly impacting groungnutproductivity[4]. Leaf rust alone could cause yield
reduction reaching up to 65%, especially in areas with high rainfall [5]. The detrimental
effects extend beyond yield reduction, as the quality of groundnut seeds is also compromised
by these fungal infections.

In groundnut cultivation, conventional disease management practices for controlling
LLS and rust often rely on chemical fungicides. Their indiscriminate use has led toconcerns
about environmental and human health risks[1].Environmental contamination, disruption of
ecological balance due to harm to beneficial soil microbes, and potential health risks to
humans and non-target organisms are some of the concerning consequences associated with
chemical fungicide application[6,7].The emergence of eco-friendly alternatives presents a
promising solution for sustainable groundnut production[8]. Antagonistic microorganisms
offer a particularly effective approach for managing these fungal diseases. These beneficial
microbes can act against pathogens through multiple mechanisms, including competition for
resources, production of antibiosis compounds, predation and parasitism [9]. Additionally,
some antagonists have the potential to induce systemic resistance within the plant itself[10].



These mechanisms offer a multifaceted approach to disease control, potentially mitigating the
need for harmful chemical fungicides.

This work explores use of antagonist microorganisms, as a sustainable and effective
disease management strategy againstthe detrimental fungal pathogens, P. personata and P.
arachidis in groundnut.

2. MATERIALS AND METHOD
2. 1 Survey of late leaf spot and rust disease incidence in groundnut
Field surveys were employed to assess the prevalence and severity of groundnut LLS and rust
diseases in Cuddalore district. Villages with a history of groundnut cultivation were targeted
to capture representative data. Ten locations were chosen for fixed-plot surveys. Within each
plot, the number of groundnut plants exhibiting symptoms of LLSand rust disease were
recorded alongside the total number of plants observed.
2.2Inoculum culture of P. personata and P. arachidis
Naturally infected leaves with LLS and rust disease symptoms were collected from fields
within the Cuddalore district. These diseased leaves served as the inoculum source for P.
personata and P. arachidis. The inoculum was maintained through pot culture containing
groundnut plants.
2.3Assessment of disease severity
Groundnut seeds (cv. VRI 2) were grown in pots (20 cm dia, 5 plants/pot) for 30 days within
a polyhouse. The potting medium consisted of a 2:1:1 ratio of field soil, farmyard manure
(FYM) and sand. The plants were then inoculated with a spore suspensionmixture of P.
personata and P. arachidis. The spore suspension was prepared by following the protocol of
Subrahmanyam et al.(11).To achieve optimal infection conditions, an alternating wet and dry
period was implemented following inoculation. The inoculated plants were maintained at 24
+ 2°C. Each treatment group within the glasshouse experiments comprised 15 plants with
three replicates. Disease severity of both P. personata and P. arachidis were assessed using
disease incidence and lesion frequency following the methods established by Subrahmanyam
etal. (11).

Quantification of lesion incidence in response to various treatments for combined
LLS and rust disease [3].

Lesion frequency (LF) = Number of lesion or pustules/cm?leaf area
Disease scoring was done with modified 9-point (1-9) scale [11].

Sum of individual rating 100

Percent diseases index (PD)% = X ;
(PD1)% Total no. of leaves observed Maximum grade

2. 4 Preparation of biocontrol based formulations.

Aliguots of bovine urine, bovine dung, ovine dung, poultry litter, and neem cake were
obtained at a conc. of 100% (w/w) and homogenously mixed in a 1:1:1:1:1 ratio to prepare
Annamalai mixture. The resulting organic amendment was filtered and subsequently diluted
to 20%, 40%, 60%, and 80% (v/v) using distilled water at the time of application[12].

The antogonists, T.asperellum and P. fluorescens, were cultivated in Potato Dextrose
broth and King’s B brothrespectively. Class F lignite fly ash (LFA), obtained from Neyveli
Lignite Corporation, Neyveli, India, was used as the carrier material. One kilogram of LFA
was mixed thoroughly with 10 grams of carboxymethyl cellulose (CMC). The LFA-CMC
mixture was then autoclaved for two consecutive days to ensure proper sterilization.To 1000
g of sterilized LFA-CMC carrier,400 ml of bacterial suspension, containing approximately 8
x 10° CFU/mL, were separately added. 20 ml of molasses was then incorporated into the
mixture, followed by thorough mixing. The fortified LFA was shade-dried for 2 h under
sterile conditions to remove excess moisture. The final product, designated as fortified lignite



fly ash, was packaged in polyethylene bags and stored at 28°C = 2°C. To monitor the
viability, the population of antagonistic strains within the fortified LFA was periodically
evaluated using the serial dilution technique[13].
2. bEvaluation ofantogonists based formulations against LLS and rustunder
pot culture condition
The experiment included 10 treatments with three replications, conducted fromJune to
September 2022 at the Department of Plant Pathology, Annamalai University. Previously
isolated and available biocontrol agents (BCAs), specifically T.asperellum(PP348038) and P.
fluorescens(PP348041) were evaluated for their ability to suppress the targeted pathogens.
Fifteen kilograms of sterilized topsoil from a groundnut field were filled in 45 x 30 cm
earthen pots. Groundnut seeds of a susceptible cultivar (VRI-2) were surface sterilized using
3% NaOCI solution for 30 sec, followed by two washes with sterile water. Five seeds were
sown per pot. Biocontrol-based components including these BCAs, fortified lignite fly ash
(FL-ash) and Annamalai mixture were tested against LLS and rust. The treatments include
talc formulation of T.asperellum and P. fluorescens (2 x 10° CFU g™) as seed treatments (10
g/kg) and soil drench after sowing, FL-ash as seed treatment (10 g/kg) and soil drench (40
kg/ha equivalent), Annamalai mixture as a seed treatment (10 ml/kg) and foliar spray (20
L/ha equivalent). Spore suspensions of P. personata and P. arachidis (10® spores/ml) were
sprayed on plants in the evening at two-time points with a four-day interval, starting 30 days
after sowing (DAS). Agar plate technique was employed to confirm the absence of seed-
borne pathogens before sowing. Disease incidence and severity were likely assessed
throughout the experiment.
2. 6Field evaluation of Biocontrol based strategy against P. personata and P.
arachidis
A field experiment was carried outin an endemic field from June to September, 2022in
Sivapuri village, Cuddalore, Tamil Nadu. Groundnut cv. VRI-2 was sown in 33 x 13 feet
plots. The biocontrol-based components tested in a previous greenhouse experiment were
applied here except for pathogen control, following the same schedule. Standard agricultural
practices were maintained throughout the season. PDI and lesion frequency along with
growth plant parameters and yield attributes were likely measured.
2.7Effect of eco-friendly amendments on activity of defense enzyme
In apolyhouse experimenton VRI-2 variety of groundnut( as mentioned in 2.3) subsequent to
inoculation with the two targetpathogens at 35 days post-sowing, plant samples were
obtained at designated time points (1-, 3-, 5- and 7-days post inoculation) from each
treatment.Groundnut plant tissues were immediately frozen in liquid N, and subsequently
homogenized. A sample oflgmixed with 2 mL of 0.1 M sodium phosphate buffer (pH 7.0) at
4°C. The homogenate was subsequently centrifuged at 10,000 rpm for 20 min. and used for
enzyme assays.
Peroxidase (PO) activity was determined by following the method of Srivastava [14]and the
enzyme activity was expressed as the change in absorbance/min/g of fresh weight tissue.The
polyphenol oxidase (PPO) activity was assayed as per Mayer and Harel (15). The change in
absorbance at 495 nm/min/g of fresh-weight tissue is used to express PPO
activity.Phenylalanine  Ammonia-Lyase (PAL)was assayed following the procedure of
Srivastava (14) and expressed as micromoles (umol) of trans-cinnamic acid formed per
minute per gram of fresh tissue weight (umol min™ * g~ * fresh weight).
2. 8STATISTICAL DATA ANALYSIS
A Completely Randomized Block Design (CRBD) and Randomized Block Design (RBD)
with three replicates was used for the pot culture and field experiments respectively.
Statistical analysis was performed using SAS software (version 9.4, SAS Institute, Cary, NC,
USA) to assess treatment effects. Following a significant analysis of variance (ANOVA),



Dunnett's multiple comparison test (DMRT) was employed to identify statistically significant
differences (p< 0.05) between treatment means and the control. All the treatments were
replicated thrice.
3.RESULTS AND DISCUSSION
3. 1 Survey on the disease incidence
Asubstantial variation in disease incidence across the surveyed locations. LLS exhibited a
prevalence ranging from 8.24% to 32.84%, with the highest incidence observed in Mathur.
Similarly, rust incidence varied between 7.21% and 30.78%, with Mathur again recording the
most severe infection. These findings suggest that geographical factors, cultivar type, and
pathogen genetics within the region may significantly influence the severity and distribution
of the pathogens[16-18].The co-infection of both P. personata and P. arachidiscauses severe
foliar disease in all major groundnut growing areas of Tamil Nadu.
3.2 Efficacybiocontrol-based components under pot culture conditions

A significant reduction in disease incidence of LLS and rust in plants treated
withseveral biocontrol based formulations was found.Among the treatments, the combination
(seed and soil application) of T.asperellum, P.fluorescens, fortified lignite fly ash, and
Annamalai mixture (denoted as T7) had most significantly lowered the lesion frequency of
LLSand disease severity index (PDI).The same treatment also significantly reduced the
disease incidence of rust and PDI of rust.Additionally, T7 resulted in a considerable increase
in pod vyield.The findings also suggested that strategically combined biocontrol-based
formulations offer a promising approach for managing LLS and rust diseases, potentially
surpassing the efficacy of individual eco-friendly components and even a standard chemical
fungicide (Table 1).The microbial consortia could potentially proliferate in the soil and
survive throughout the cropping season and protect the crop from harmful pathogenic
infection [19,20].Earlier workers have proven that thenative isolate of bioagents could reduce
the disease intensity of LLS and rust[21,22].The biocontrol agents like Trichoderma and
Pseudomonas produce antibiotics, iron-chelating agents, cell wall degrading enzymes and
secondary metabolites that act on pathogens tosuppress the pathogens’ growth effectively
[23,24]. Annamalai mixture has been proven as an effective disease suppressor and plant
growth promoter[25]. Themixture contains animal excretes thatimprove the soil health and
protect the plants against various diseases by promoting plant growth[13,12].
Table 1. Evaluation of biocontrol-based formulations against leaf spot and rust under
pot culture condition

Disease incidence PDI
Late leaf spot (No. Rust (No. of .
Treatment of lesion ustule Late leaf spot Rust Z](/'&Ign t
50 70 90 50 70 90 50 70 90 50 70 90

DAS | DAS | DAS | DAS | DAS | DAS | DAS DAS DAS DAS DAS DAS

T, 0989 [1.14° |1.32° |0.64° |0.89° [1.27¢ |129 136 141 1108 4112 1138 oo

(21.04)° | (21.64)° | (22.05)° | (19.18)° | (19.55)° | (21.80)°

15.9 16.1 16.9 15.2 16.4 17.7

g g h (¢] h h
T2 1.34%11.527 12,027 1 1107 | 1487 1 1.637 | 53 4qyn| (73 65" | (24.27)"| (22.94)" | (23.88)" | (24.87)"

10.3 11.9 13.6 7.0 8.3 117

C c d d d d
Ts 0.63" 11.02" 1124710497 10.717 1 1.09° | 15 79y0| 20 17)¢ | (21.64)%| (15.34)° | (16.74) | (20.00)"

14.1 153 15.9 12.5 13.0 13.9

e e f f f f
Ta 1197 11.267 | 1571087 11167 |1.32° | (55 65v1| (23.02)" | (24.27)' | (20.70)" | (21.13)' | (21.89)

15.0 15.9 16.3 14.5 15.3 16.1

(22.78)0| (23.49)° | (23.81)° | (22.38)° | (23.02)7 | (23.65)° | *1"

Ts 1.27" |1.44" |1.63% |1.05° |1.399 |1.529

9.7 10.2 12.9 6.2 7.9 10.8

(18.14)° | (18.62)° | (21.04) | (14.42)¢ | (16.32)° | (19.18)° | ®

Te 0.42° |0.97° |1.13° |0.37° |0.67¢ | 1.03°

7.3 8.9 11.3 52 7.1 9.0

(15.67)* | (17.35)° | (19.64)" | (13.18)° | (15.45)° | (17.45)°| 8%

T 0.31% |0.62% |0.98% | 0.18% |0.31% | 0.60°

8.9 9.8 12.6 5.9 7.6 9.9

(1735 | (18.24°| 20.79)° | (14.05)° | (16.00)°| (18.33)" | 8"

Ts 0.37° |0.84" [1.02° [0.29" |0.53" | 0.89"




_ _ _ _ _ 383 [41.8 [421 [355 [387 [412 _
T, 311 [456' [6.05 |2.17' |3.63 |5.220 [(38.23) |(40.28) |(40.45) |(36.57) |(38.46) |(39.93) |45
J J ] ] J ]

, ‘ 238 [283 [349 [196 [237 [308 _
Tio 2.45" |3.26" 3.40' |2.03" [3.25' |3.47' |(29.19) |(32.13) |(36.21) |(26.27) |(29.13) |(33.70) |51’
I I 1 1 I 1

* Means of three replications, Values in the column followed by same letters not differ significantly by DMRT (p=0.05)

3. 3 Evaluation of biocontrol-based formulations components under field
conditions

The results of the potculture experiments were confirmed in the field. Again, the
treatment(T7) demonstrated the most significant reductions in disease incidence for both LLS
and rust. Treatment T7 displayed consistently lower lesion frequency and percent disease
index (PDI) of LLSand rust diseases at 50, 70, and 90DAS, respectively. Additionally, T7
resulted in the highest yield. The combined application of these biocontrol based formulations
was proven to bea more effective approach for managing LLS and rust in groundnut crops
compared to individual applications or a chemical fungicide control (Table 2).Combined
application of bioproducts have beenknown to control diseases effectively by employing
more than one mechanism of direct or indirect pathogen suppression[26,27]. Such approaches
include combination of organic products with biocontrol agents[13], a combination of plant
products with biocontrol agents [28,29] and a combination of fungicides with biocontrol
agents [30].These bioproducts also promoted plant growth significantly and increased the
yield of the crop [31].The major reason for the increased plant growth and yield parameters
have been attributed to the significant induction of plant growth-promoting substances like
auxin, gibberellic acid and abscisic acid induced by thebioproducts [32,33].The lignite fly ash
used as carrier material contains a trace amount of minor nutrients like Ca, K, and Si[34].
These minor nutrients trigger the plant defense response and protect the plants [35].

Table 2. Evaluation of various eco-friendly components against Phaeoisariopsis
personata and Puccinia arachidis under field condition
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(For treatment descriptions, please refer to the foot note in the Table 1. T10 was not present in field experiment).

3. 4 Defense enzyme activity in groundnut plants against P. personataand P.
arachidis

Combined application of bioproducts (treatment T7) resulted in the most significant induction
of activities of the defense enzymes,PO, PPOand PAL. This peak induction occurred 5 days
post-challenge inoculation with the respective pathogens. Interestingly, plants solely
inoculated with the pathogens also exhibited elevated levels of defense enzymes compared to
the healthy control group up to the fifth day (Fig.1). This stimulation of defense enzymes
suggests that the combined application of these biocontrol components possibly are involved
in systemic resistance in groundnut plants, potentially improving their tolerance against these
fungal diseases [36].Peroxidases are a diverse group of enzymes that detoxify reactive
oxygen species (ROS) produced by pathogens [37].These ROS are highly reactive and can
damage cellular components [38]. By detoxifying ROS, peroxidases prevent oxidative
damage to proteins, lipids, and nucleic acids, maintaining cellular integrity and promoting
plant survival[39]. PPO catalyzes the oxidation of phenolic compounds, leading to the
formation of quinones. These quinones disrupt pathogen membranes and inactivates their
enzymes, directly inhibiting infection(39).
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Fig. 1. Induction of defence enzymes by eco-friendly components in groundnut plants
against Phaeoisariopsispersonata and Pucciniaarachidis.(a) Peroxidase, (b) Polyphenol

oxidase, (c) Phenylalanine ammonia-lyase.(For treatment descriptions, please refer to the foot note in the
Table 1).




4. CONCLUSION

Surveys of Late Leaf Spot(LLS) and rust in groundnut crops across the Cuddalore district,
Tamil Nadu, India revealed significant geographical variation in disease incidence, with
Mathur exhibiting the highest infection rates for both diseases. A combination of
Trichodermaasperellum, Pseudomonasfluorescens, fortified lignite fly ash and Annamalai
mixture most significantly reduced the disease incidence for both LLS and rust and increased
groundnut yieldunder both pot culture and field conditions. Induction of defense enzyme
activity in groundnut plants treated with these biocontrol-based components suggests a
potential mechanism for disease resistance.

6. REFERENCE

1.

10.

Pal KK, Dey R, Tilak KV. Fungal diseases of groundnut: control and future
challenges. Future challenges in crop protection against fungal pathogens. 2014:1-29.
DOI 10.1007/978-1-4939-1188-2.

Joshi E, Sasode DS, Singh N, Chouhan N. Diseases of groundnut and their control
measures. Biotica Res. Today. 2020;2(5):232—-237.

Kishore GK, Pande S. Integrated management of late leaf spot and rust diseases of
groundnut (Arachis hypogaea L.) with Prosopis juliflora leaf extract and
chlorothalonil. Int. J. Pest Manag. 2005;51(4):325-332. DOIl:
10.1080/09670870500404567.

Subrahmanyam P, Rao VR, McDonald D, Moss JP, Gibbons RW. Origins of
resistances to rust and late leaf spot in peanut (Arachis hypogaea, Fabaceae). Econ.
Bot. 1989;43(4):444-455.

Cole DL. Rust disease of groundnut in southern Africa: present situation and possible
interactions with other groundnut foliar diseases. In Citation: ICRISAT (International
Crops Research Institute for the Semi-Arid Tropics). 1987. Groundnut rust disease.
Proceedings of a Discussion Group Meeting, 24-28 Sep 1984, ICRISAT Center, India.
Patancheru, AP 502324, India: ICRISAT;1987.

Goswami SK, Singh V, Chakdar H, Choudhary P. Harmful effects of fungicides-
Current status. Int. J. Agric. Environ. Biotechnol. 2018;11:1011-1019. ISSN: 1974—
1712.

Boudh S, Singh JS. Pesticide Contamination: Environmental Problems and
Remediation Strategies. In: Bharagava R, Chowdhary P. (eds) Emerging and Eco-
Friendly Approaches for Waste Management. Springer, Singapore. 2019:245-269.
https://doi.org/10.1007/978-981-10-8669-4_12.

Verma DK, Pandey AK, Mohapatra B, Srivastava S, Kumar V, Talukdar D, Yulianto
R, Zuan AT, Jobanputra AH, Asthir B. Plant growth-promoting rhizobacteria: An eco-
friendly approach for sustainable agriculture and improved crop production. In
Microbiology for Sustainable Agriculture, Soil Health, and Environmental Protection
2019:3-80. Apple Academic Press.

Raaijmakers JM, Mazzola M. Diversity and natural functions of antibiotics produced
by beneficial and plant pathogenic bacteria. Annu. Rev. Phytopathol. 2012;50:403—
424. https://doi.org/10.1146/annurev-phyto-081211-172908.

Adam M, Heuer H, Hallmann J. Bacterial antagonists of fungal pathogens also control
root-knot nematodes by induced systemic resistance of tomato plants. PloS one.
2014;9(2):90402. https://doi.org/10.1371/journal.pone.0090402.


https://doi.org/10.1007/978-981-10-8669-4_12
https://doi.org/10.1146/annurev-phyto-081211�172908
https://doi.org/10.1371/journal.pone.0090402

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Subrahmanyam P, McDonald D, Waliyar F, Reddy LJ, Nigam SN, Gibbons RW, Rao
VR, Singh AK, Pande S, Reddy PM, Rao PS. Screening methods and sources of
resistance to rust and late leaf spot of groundnut. Information Bulletin no. 47.
International Crops Research Institute for the Semi-Arid Tropics; 1995: 1-20.
Thamamarai Selvi M, Kurucheve V, Darwin Christdhas Henry |, Sutha Raja Kumar R
and Jaiganesh V. Effect of animal excreta on mycelial growth of Pyricularia oryzae.
J. Pharmacogn. Phytochem. 2019;8(3):3373-3375.

Newton DK, Christopher DJ. Evaluation of Bio Inoculants Fortified Lignite Fly Ash
(LFA) against Sheath Blight (Rhizoctonia solani Kuhn) and Sheath Rot (Saracladium
oryzae (Sawada) Games and Haksworth) Diseases of Rice in Cauvery Delta Region of
Tamil Nadu. J. Biol. Cont. 2017;31(3):172-183. DOl:
https://doi.org/10.18311/jbc/2017/15848.

Srivastava SK. Peroxidase and poly- phenol oxidase in Brassica juncea plants
infected with Macrophomina phaseolina (Tassai) Goid. and their implication in
disease resistance. J. Phytopathol. 1987;120(3):249-254.
https://doi.org/10.1111/j.1439-0434.1987.tb04439.x.

Mayer AM, Harel E. Polyphenol oxidases in plants. Phytochem. 1979;18(2):193-215.
https://doi.org/10.1016/0031-9422(79)80057-6.

Shaw MW, Osborne TM. Geographic distribution of plant pathogens in response to
climate change. Plant Pathol. 2011;60(1):31-43. https://doi.org/10.1111/j.1365-
3059.2010.02407 .x.

West JS, Townsend JA, Stevens M, Fitt BD. Comparative biology of different plant
pathogens to estimate effects of climate change on crop diseases in Europe. Eur. J.
Plant Pathol. 2012;133:315-331. https://doi.org/10.1007/s10658-011-9932-x.

Jain A, Sarsaiya S, Wu Q, Lu Y, Shi J. A review of plant leaf fungal diseases and its
environment speciation. Bioengineered. 2019;10(1):409-424.
https://doi.org/10.1080/21655979.2019.1649520.

Vishwakarma K, Kumar N, Shandilya C, Mohapatra S, Bhayana S, Varma A.
Revisiting plant-microbe interactions and microbial consortia application for
enhancing sustainable agriculture: a review. Front. Microbiol. 2020;11:560406.
https://doi.org/10.3389/fmich.2020.560406.

Mondal S, Halder SK, Yadav AN, Mondal KC. Microbial Consortium with
Multifunctional Plant Growth-Promoting Attributes: Future Perspective in
Agriculture. In: Yadav A, Rastegari A, Yadav N, Kour D. (eds) Advances in Plant
Microbiome and Sustainable Agriculture. Microorganisms for Sustainability, vol 20.
Springer, Singapore. 2020:219-258. https://doi.org/10.1007/978-981-15-3204-7_10.
Dey U, Dhutraj DN, Suryawanshi AP, DAS A, Das SP. Comparative economics of
spray scheduling for the management of late leaf spot of groundnut incited by
Phaeoisariopsis personata. Indian Phytopathol. 2016;69(2):149-154.

Kumhar DR, Meena AK, Meena PN. Efficacy of bio agents and fungicides against
collar rot and early leaf spot of groundnut. Indian Phytopathol. 2018;71:549-554.
https://doi.org/10.1007/s42360-018-0080-5.

Prashar P, Kapoor N, Sachdeva S. Biocontrol of plant pathogens using plant growth
promoting  bacteria.  Sustainable  Agriculture  Reviews: 2013;12:319-360.
https://doi.org/10.1007/978-94-007-5961-9_10.

Lahlali R, Ezrari S, Radouane N, Kenfaoui J, Esmaeel Q, EI Hamss H, Belabess Z,
Barka EA. Biological control of plant pathogens: A global perspective.
Microorganisms. 2022;10(3):596.https://doi.org/10.3390/microorganisms10030596.
Lananya J, Kave Newton DE, Jaiganesh V, John Christopher D. "Evaluation of
ecofriendly components viz., fortified lignite fly ash, Annamalai mixture and bio-


https://doi.org/10.18311/jbc/2017/15848
https://doi.org/10.1111/j.1439-0434.1987.tb04439.x
https://doi.org/10.1016/0031-9422(79)80057-6
https://doi.org/10.1111/j.1365-3059.2010.02407.x
https://doi.org/10.1111/j.1365-3059.2010.02407.x
https://doi.org/10.1007/s10658-011-9932-x
https://doi.org/10.1080/21655979.2019.1649520
https://doi.org/10.3389/fmicb.2020.560406
https://doi.org/10.1007/978-981-15-3204-7_10
https://doi.org/10.1007/s42360-018-0080-5
https://doi.org/10.1007/978-94-007-5961-9_10
https://doi.org/10.3390/microorganisms10030596

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

inoculants against groundnut stem rot diseases caused by Sclerotium rolfsii Sacc."”
2019; 865-869.

Lastochkina O, Seifikalhor M, Aliniaeifard S, Baymiev A, Pusenkova L, Garipova S,
Kulabuhova D, Maksimov |. Bacillus spp.: efficient biotic strategy to control
postharvest diseases of fruits and vegetables. Plants. 2019;8(4):97.
https://doi.org/10.3390/plants8040097.

Nguyen SD, Trinh TH, Tran TD, Nguyen TV, Chuyen HV, Ngo VA, Nguyen AD.
Combined application of rhizosphere bacteria with endophytic bacteria suppresses
root diseases and increases productivity of black pepper (Piper nigrum L.).
Agriculture. 2020;11(1):15. https://doi.org/10.3390/agriculture11010015.
Muthukumar A, Eswaran A, Nakkeeran S, Sangeetha G. Efficacy of plant extracts and
biocontrol agents against Pythium aphanidermatum inciting chilli damping-off. Crop
protect. 2010;29(12):1483-1488. https://doi.org/10.1016/j.cropro.2010.08.009.

Akila R, Rajendran L, Harish S, Saveetha K, Raguchander T, Samiyappan R.
Combined application of botanical formulations and biocontrol agents for the
management of Fusarium oxysporum f. sp. cubense (Foc) causing Fusarium wilt in
banana. Biol. control. 2011;57(3):175-183.
https://doi.org/10.1016/j.biocontrol.2011.02.010.

Santos FM, Viera LS, Camargo DP, Muniz MF, Costa IF, Guedes JV, Santos JR,
Silva JC. Integrating a Bacillus- based product with fungicides by foliar application to
protect soybean: a sustainable approach to avoid exclusive use of chemicals. Pest
Manag. Sci. 2022;78(11):4832-4840. https://doi.org/10.1002/ps.7104.

Radwan MA, Farrag SA, Abu-Elamayem MM, Ahmed NS. Biological control of the
root-knot nematode, Meloidogyne incognita on tomato using bioproducts of microbial
origin. Appl. Soil Ecol. 2012;56:58-62. https://doi.org/10.1016/j.apsoil.2012.02.008.
Khalid A, Arshad M, Shaharoona B, Mahmood T. Plant Growth Promoting
Rhizobacteria and Sustainable Agriculture. In: Khan M, Zaidi A, Musarrat J. (eds)
Microbial Strategies for Crop Improvement. Springer, Berlin, Heidelberg. 2009:133—
160. https://doi.org/10.1007/978-3-642-01979-1 7.

Maheshwari DK, Dheeman S, Agarwal M. Phytohormone-Producing PGPR for
Sustainable Agriculture. In: Maheshwari D. (eds) Bacterial Metabolites in Sustainable
Agroecosystem. Sustainable Development and Biodiversity, 12. Springer, Cham.
2015:159-182. https://doi.org/10.1007/978-3-319-24654-3 7.

Ram LC, Srivastava NK, Tripathi RC, Jha SK, Sinha AK, Singh G, Manoharan V.
Management of mine spoil for crop productivity with lignite fly ash and biological
amendments. J. environ. manag. 2006;79(2):173-187.
https://doi.org/10.1016/j.jenvman.2005.06.008.

Omidvari M, Abbaszadeh-Dahaji P, Hatami M, Kariman K. Biocontrol: a novel eco-
friendly mitigation strategy to manage plant diseases. Plant Stress Mitigators.
2023:27-56. https://doi.org/10.1016/B978-0-323-89871-3.00020-3.

Kawano T. Roles of the reactive oxygen species-generating peroxidase reactions in
plant defense and growth induction. Plant Cell Rep. Plant cell rep. 2003;21:829-837.
https://doi.org/10.1007/s00299-003-0591-z.

Almagro L, Gomez Ros LV, Belchi-Navarro S, Bru R, Ros Barcelo A, Pedrefio MA.
Class 11l peroxidases in plant defense reactions. J. exp. bot. 2009;60(2):377-390.
https://doi.org/10.1093/jxb/ern277.

Madkour LH. Function of reactive oxygen species (ROS) inside the living organisms
and sources of oxidants. Pharm. Sci. Anal. Res. J. 2019;2:180023. ISSN: 2640-6659.
Sharma P, Sharma P, Arora P, Verma V, Khanna K, Saini P, Bhardwaj R. Role and
regulation of ROS and antioxidants as signaling molecules in response to abiotic


https://doi.org/10.3390/plants8040097
https://doi.org/10.3390/agriculture11010015
https://doi.org/10.1016/j.cropro.2010.08.009
https://doi.org/10.1016/j.biocontrol.2011.02.010
https://doi.org/10.1002/ps.7104
https://doi.org/10.1016/j.apsoil.2012.02.008
https://doi.org/10.1007/978-3-642-01979-1_7
https://doi.org/10.1007/978-3-319-24654-3_7
https://doi.org/10.1016/j.jenvman.2005.06.008
https://doi.org/10.1007/s00299-003-0591-z
https://doi.org/10.1093/jxb/ern277

stresses. In Plant signaling molecules, Woodhead Publishing; 2019.



