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Abstract

The world population is increasing, and it is becoming more difficult to feed the world using traditional
agriculture methods. Farmers use different types of agrochemicals such as chemical pesticides and
fertilizers to increase agricultural production. The use of agrochemicals is increasing and due to their
extensive usage has been shown to negatively impact soil, water, the environment, and ultimately the
health of plants and humans. Thus, scientists are developing several advanced strategies to improve
agricultural production and identify the most environmental friendly ones. Application of beneficial
soil microorganisms (BSMs) and their based bioformultions (biopesticides and biofertilizers) is
considered a good alternative to agrochemicals because they contain a typical population of beneficial
microorganisms that supply nutrients from soil needed by plants and control pests without harming the
environment. The beneficial effects of BSMs on crop growth and development have been reported by
several researchers. This study aims to explore the role of BSMs as an environment friendly and
sustainable alternative for agrochemicals in agriculture.
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Introduction

Agriculture is vital for human existence, and humans are completely dependent on
agriculture for food and other sources. Modern agriculture produces unsustainable
agricultural production and the agricultural sector is under extreme pressure due to the
increasing population and food demand. To meet the food demand, farmers use various
agrochemicals like chemical pesticides and fertilizers in agriculture. These agrochemicals
and their residues remain in the environment for a long time and have many negative effects
on biological systems (Geisseler and Scow 2014) [43],

Agriculture is adversely affected by different types of pests which cause annual crop losses
of up to 45% (Mundt 2014) 61, Pesticides have led to increased agricultural production
throughout the world by controlling the pests. Pesticide use is as old as human civilization as
human beings started cultivating a sustainable life. In many developing countries,
indiscriminate use of pesticides in agriculture has resulted in serious human health issues
(Turabi et al., 2007) 39, An estimated 80,000 tonnes of pesticides are used annually, with
the majority of them being used on cotton (45%), rice (23%), fruit and vegetables (8%),
cereals, pulses, oilseeds, and millets (6-7%). (Arora et al., 2019) I3, This increased
consumption has resulted in environmental pollution, diminishing soil fertility, and a
reduction in sustainable agricultural production. Chemical fertilizers increase agriculture
production but it has serious negative impacts on agriculture and as well as the environment.
Chemical fertilizer residues lead to an imbalance in the soil's nutritional composition and
impair the soil's capacity to retain water and fertility (Hazra 2016) ¢, Humans and other
living organisms are exposed to toxic residues when they consume the crops (Arora et al.,
2022) [,

Therefore, there is a great demand for safer agrochemical alternatives that are sustainable,
non-toxic, easy to handle, safe for both humans and plants and environmental friendly. BSMs
are beneficial microorganisms for plant growth and soil ecosystem and play a vital role in
sustainable agricultural production without any negative impact on the environment (Gupta
2007) 39, The application of BSMs based bioformultions like biopesticide and biofertilizer is
increasing due to increased awareness of
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the negative environmental effects caused by the excessive
use of agrochemicals and a better understanding of the
interactions between plants and all soil microorganisms in
the rhizosphere. The use of BSMs-based bioformultions in
agricultural production has recently become more well-
known as a sustainable way to improve crop productivity
and manage pests (Hannah and Max 2013, Annunzio et al.,
2014) 02 54, BSMs-based biopesticides are used to
effectively control pests without negative effects (Adeleke
et al., 2022) €1, BSMs produce many compounds that are
important in controlling pests and a lot of research has been
done in the past few years to develop and commercialize
BSM-based biopesticides (Ruiu 2018) 2. BSMs-based
biofertilizers are helpful tools in the agricultural ecosystem
that mitigate the adverse effects of chemical fertilizers by
enriching the soil with beneficial elements such as nitrogen,
vitamins, proteins, and water-holding capacity (Jacob and
Paranthaman 2022) 5%, To preserve a healthy ecosystem,
soil and plant-associated BSMs perform important
biogeochemical cycles and decompose organic materials
(Paul 2015) %31, BSMs play a crucial role in producing
microbial-based biofertilizers, which are applied to seeds or
soil to improve soil nutrient availability, plant nutrient
absorption, and disease resistance (Lopes et al., 2021, Riaz
et al., 2020) I8 1101, This review paper discusses the role of
BSMs as an alternative for agrochemicals in agriculture.

Negative consequences of agrochemicals

Chemical fertilizers are vital in modern agriculture to
enhance plant growth and agriculture production. Farmers
use chemical fertilizers indiscriminately to supply essential
nutrients like nitrogen, phosphorus, and potassium to plants
to increase growth (Guo et al., 2022) [, The excessive use
of chemical fertilizers changes the pH of the soil, raises soil
acidity, stunts plant growth, reduces organic matter, and
negatively affects soil microorganisms (Liliane and Charles
2020) [l Chemical fertilizers impact agriculture because
their residues alter the soil's fertility, water-holding capacity,
and nutritional balance (Hazra 2016) 9. During the
production of chemical fertilizers, several harmful
byproducts such as toxic gases like NH4, CO2, and CH4 are
released (Kumar et al., 2019) 2, Only half of the chemical
fertilizers used in fields are utilized by plants; the remaining
fertilizers enter the atmosphere through volatilization and
contaminate groundwater (Kilig et al., 2020) [, The
excessive use of chemical fertilizer enhances crop yields
resulting in harmful greenhouse gas emissions that destroy
the ozone layer, causing global warming and exposing
humans to damaging UV radiation (Savci 2012) 161, The
massive use of chemical fertilizers leads to the generation of
nitrogen oxides (NO, N20, and NO2), one of the reasons
behind air pollution (Cooper et al., 2018) 4. Regular
application of chemical fertilizers causes heavy metal
pollution in agriculture (Sonmez et al., 2007) [, Chemical
fertilizers also damage several important soil properties and
reduce the number and diversity of soil microorganisms
(Sterner and Elser 2017) (211,
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The use of chemical pesticides to control agricultural pests
and enhance crop yields has been used since ancient times
(Anani et al., 2020) M, The World Health Organization
(WHO) recently estimated that approximately 20,000
individuals die globally each year and that over 25 million
people in developing nations experience acute occupational
pesticide poisoning. Several pesticides such as carbamates,
pyrethroids, neonicotinoids,  organochlorines,  and
organophosphates have been developed and widely used
globally in agriculture since the discovery of DDT
(dichloro-diphenyl-trichloroethane) with no regulation or
oversight. Despite their beneficial positive effects on
agriculture, chemical pesticides have some detrimental
consequences on aquatic life, animals, humans, and soil
biodiversity (Farooq et al., 2019) 13, Pesticides have
detrimental side effects that put living organisms at risk for
long-term threats. Pesticides cause various diseases like
cancers, foetal impairments and several other diseases and
they remain in the environment for a long time due to their
non-biodegradable nature (Kalliora et al.,, 2002) 3],
Therefore, the government and public are aware of their
negative impact and legislation is limiting their use in
agriculture which is causing a 2% annual decrease in the use
of chemical pesticides and a 10% increase in the use of
biopesticides as an alternative (Damalas and Koutroubas,
2018) 1. The use of biopesticides to protect crops from pest
infestations and the resulting losses has received a lot of
interest in recent years.
Biopesticides and biofertilizers alternatives to
agrochemicals

Biopesticides are one of the most important subclasses of
pesticides that are based on biological organisms and inhibit
the growth and proliferation of pest populations through
different methods (Tijjani et al., 2016; Marrone, 2019 [85 128];
Nuruzzaman et al., 2019 ®; Wattimena and Latumahina,
2021) 41, The application of biopesticide in agriculture is
an effective approach in pest control which is derived from
natural materials or microorganisms and it has the potential
to reduce crop loss without sacrificing product quality.
Biopesticide application in agriculture is a sustainable
alternative to chemical pesticides and it is safe for humans,
low cost, residue-free, target-specific and not linked to

as

greenhouse gas emissions (Borges et al., 2021) [,
Microbial-based pesticides, biochemical biopesticides
(phytopesticides and  semiochemicals), and plant-

incorporated protectants are some examples of biopesticides
(Fig 1) (Abdollahdokht et al., 2022; Pan et al., 2023) [5 1011,
Biopesticides account for 5% of the global pesticide market,
with microbial biopesticides leading the pesticide market.
Biopesticides are effective in controlling pests and are
important for sustainable agriculture because they are
derived from natural materials (Kumar et al., 2021) "4,
Biopesticides are host-specific and environment friendly and
due to this, they are significantly more beneficial than their
conventional chemical equivalents (Essiedu et al., 2020) 44,
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Fig 1: Different categories of Biopesticides

A substance containing living microorganisms that colonize
the rhizosphere zone and promote plant growth and
development by enhancing the accessibility of essential soil
mineral nutrients is referred to as a "biofertilizer,” also
known as "micro inoculants” (Verma et al., 2019, Malusa et
al., 2012) 184 1351, The primary roles of microorganisms found
in biofertilizers include fixing nitrogen, converting
phosphorus from an insoluble form to a soluble one,
producing compounds that support plant growth, protect
against pathogens (Thomas and Singh 2019, Hayat et al.,
2010) 55 1271, Apart from facilitating the uptake of nutrients,
several biofertilizers also synthesize different types of
vitamins and phytohormones that support plant development
(Bhardwaj et al., 2014, Abd El-Fattah et al., 2013) 3, By
producing different growth-stimulating chemicals, they can
also promote plant growth and development, and their
stability is indicated by their C:N ratio of 20:1 (Wani et al.,
2013) [ts91,

Biofertilizers are receiving more attention worldwide,
especially in developing nations, as a result of concerns
about chemical-free and sustainable agricultural practices.
The demand for biofertilizers in several countries such as
China, Europe, Canada, the United States, India and others
increased (Raimi et al., 2021, Malusa et al., 2016) [&3 108],
These countries are continuously working on the usage,
development and promotion of biofertilizers because they
are aware of the many advantages that these fertilizers offer
and because their demand for organic products is increasing
(Masso et al., 2015, Adeleke et al., 2019, Raimi et al., 2017)
[7. 861 Biofertilizers are gaining popularity in agriculture
because they provide a suitable alternative to chemical
fertilizers, enhance soil health, low cost, and boost
production by 10-25% without causing negative effects on
the environment and soil (Rashid et al.,, 2016) [,
Biofertilizers can also aid in enhancing water retention and
reduce soil erosion (Asoegwu et al., 2020) I8, Additionally,

~ 45~

biofertilizers remediate soil pollution, raise agricultural
productivity by improving tolerance to harsh conditions, and
aid with several unfavourable conditions including
salinization (Abbas et al., 2019, Liu et al., 2022, Hossain et
al.,, 2022) & 5% 71 To lower costs, enhance quality, and
increase farmers' acceptance of biofertilizers, agricultural
scientists and researchers are continuously working on the
development of biofertilizers. Numerous newly created
technologies, such as nanotechnology, nanofertilizers,
nanobiofertilizers, and others, are being developed and are
successfully used in agriculture (Thirugnanasambandan
2018) 12261,

BSMs-based biopesticides

BSMs-based biopesticides are applied in agriculture to
manage pests, and are made from compounds produced by
microorganisms such as bacteria, fungi, viruses, protozoa,
and algae (Adeleke et al., 2022) I, Several BSMs species,
including Trichoderma harzianum, Beauveria bassiana,
Bacillus thuringiensis, and Bacillus subtilis, are used in
agriculture for pest management (Table 1). BSMs-based
biopesticides have been discovered and developed over the
past 10 years as a result of intensive research efforts and
also aid in their commercialization (Ruiu 2018) 12, BSMs-
based biopesticides often have no negative effects on the
environment, farmers, or consumers because their
constituents are widely regarded as harmless and target-
specific (Guven et al., 2021) 4. Many BSMs species and
strains, along with their valuable toxins and virulence
factors, were discovered due to the successful application of
Bacillus thuringiensis (Bt) and a few other microbial
species. Some of these discovered strains have also been
turned into commercial products (Ujvary 2001) (34, BSMs
controls plant diseases and pests by several methods, such as
toxin creation, enzyme and volatile compounds synthesis,
direct colonization, inducing resistance in plants, and
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competition for resources (nutrients) and space (Freimoser
et al., 2019) ¥, Toxins such as antibiotics produced by
microorganisms have various features like they are
biodegradable, highly specific to a particular target, acting at
relatively low concentrations, and can be produced in situ.
BSMs produced different types of secondary metabolites
and antibiotics which are used as biopesticides and control
various types of pests. Coagulin from B. coagulans,

https://www.agriculturaljournals.com

gentamicin from Micromonospora purpurea, pseudomonine
from Pseudomonas, bacilysocin from B. subtilis and
erythromycinA from Streptomyces erythreus are example of
bacterial based biopesticides (Fig 2). Penicillin from
Penicillium chrysogenum, oxaline from Penicillium
raistricki, lovastatin from Aspergillus terreus and limonene
from Trichoderma viride are the example of fungal based
biopesticides (Fig 3).
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Fig 3: Biopesticide/ Secondary metabolites from Fungus

Table 1: BSMs used in different pest control in agriculture

S. No. BSMs Class Pest Host References
[69] : [27]
Caterpillars, elm leaf beetle, alfalfa weevil| Vegetables, fruits, 2011; _Bravo et al.2([Jl(1)37],
. L - - - Saberi et al. 2020,
1 Bacillus thuringiensis |Insecticide| Alfalfa weevil, black flies, larvae of | ornamentals, and [74]
; Lee et al. (2021)
mosquitoes cereals
Botrvtis sop. Macroohomina phaseolina Vegetables and Koul 2011 59I: Bravo et al.,
2 Bacillus subtilis Fungicide y andprl]:IL’Jsariump raminez?rum ' fruits 2007, 1 Torres et al., 2016,
g (2291 Zhao et al., 2014 [44]
3 Beauveria bassiana | Insecticide Whitefly Ornamental plant [Mcguire and northfield 2020 [67]
Trichoderma harzianum, Sclerotinia sclerotiorum, Fusarium
4 Piriformospora indica | Fungicide oxysporum, Rhizoctonia solani and - Dolatabadi et al., 2011 (38
and Sebacina vermifera Rhizoctonia zeae
5 Chondrostereum Herbicide Weeds - Bailey 2014 [18]
Purpureum
6 | Paecilomyces lilacinus |[Nematicide Nematodes Vegetables, fruit, Moreno-gavira et al., 2020 [°4
and ornamentals

~ 46~


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

https://www.agriculturaljournals.com

Miranpuri and khachatourians
7 Beauveria bassiana | Insecticide Crucifer flea beetle, cotton leafworm, and i 1995, [9] Kaur et al., 2011, 67
cyclocephala lurida, tuta absoluta Wau et al., 2016, 141 Tadele and
emana 2017 [123]
8 | Paecilomyces lilacinus |[Nematicide Meloidogyne incognita Black gram Bhat et al., 2012 [24
. . - ) Erler and Ates 2015, [0
9 Metarhizium sp. Insecticide June beetle and ceratitis capitate - Lozano-tovar et al. 2015 ]
Pseudomonas Fungicide, . . . . . Prasad et al., 2015, [108] Akhtar
10 fluorescens nematicide Pathogenic fungi, Meloidogyne incognita Blackgram etal, 2012 [0
11 Verticillium lecanii | Insecticide Trialeurodes vaporariorum - Bouhous and Larous 2012 [26]
12 Trichodermaspp.  |Nematicide Meloidogyne javanica - Javeed et al., 2016 [61
13 | Beauveria brongniartii | Insecticide Caterpillar Pine Fan et al., 2013 42
Wau et al., 2016, 141 Tadele and
14 | Metarhizium brunneum | Insecticide| Cyclocephala lurida, and tuta absoluta, Common bean [Emana 2017, '231 Bugeme et al.,
2015 [
15 | Phytophthora capsici | Fungicide Phytophthora capsici Pepper Naing et al., 2013 [¥7]
- -~ - - - )
16 Hirsutella thompsonii Insecticide Spider mites and whitefly i Saranya et al. (2021)
Isaria fumosorosea . Termites, grasshoppers, caterpillars, and Gautam (2020) 7
17 Insecticide beetles -
Paecilomyces 2]
18 fUMOSOroSeUs Insecticide Insects and mealy bugs ) Abbas (2020)
- - [52]
19 Myrothecium verrucaria Insecticide Nematodes Sugar beet plants Hagag (2021)
- . . Kaczmarek and Bogus (2021)
20 Lagenidium giganteum Insecticide Mosquito ) 64]
Bacillus thuringiensis (Bt) is the most common BSMs used in the preparation of biofertilizer aid in the

microorganisms known for insect control in agriculture and
it covers 90% of the microbial biopesticide market. It is a
Gram-positive bacterium which functions as an insecticide
by generating exudates like toxic parasporal crystals and
endospores. These exudates ingested by insects, dissolve in
their midgut due to the alkaline environment and release a
protein called delta-endotoxin, which is fatal to insects
(Xiao and Wu, 2019) 4, B. thuringiensis can manage
lepidopterans in several plants and is used to decrease pest
infestation in potatoes and cabbage (Berini et al., 2018 [24;
Samada and Tambunan, 2020) 4, In 2015, 32,000 tonnes
of B. thuringiensis-based products were sold globally,
making them the second most popular insecticides
(including chemical insecticides) (Casida and Bryant 2017)
[39, The specificity and limited acute effects on beneficial
and non-target species as well as the lack of environmental
persistence of Cry proteins are probably the reasons why B.
thuringiensis dominates the biopesticide industry (Betz et
al., 2000, Federici and Siegel 2007) 22 #1. Trichoderma
controls soil-dwelling fungi that cause root rot in groundnut,
chickpea, black gram, and other crops (Samada and
Tambunan, 2020) 114, Infestations of several insects such as
thrips, beetles, weevils, and mites in ornamental crops,
fruits, and vegetables have been reported to be controlled by
Beauveria bassiana and M. brunneum (Dara, 2017; Arthurs
and Dara, 2019) [*5.37],

BSMs-based biofertilizers

The biofertilizer used in agriculture contains several
important BSMs, such as nitrogen-fixing microorganisms
(primarily  Azotobacter spp. and Azospirillum spp.),
phosphorus solubilization microorganisms (Pseudomonas
spp.) effective fungi (Trichoderma spp.), rhizosphere
bacteria (Pseudomonas spp. and Bacillus spp.), or
arbuscular mycorrhizal fungi. (Castiglione et al., 2021) 2.
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growth and development of plants by facilitating nutrient
uptake, stimulating root surface growth, increasing plant
biomass, yield, and many other benefits (Table 2) (Backer et
al., 2018) 7. Rhizobium, Azotobacter, Frankia and
Azospirillum are examples of beneficial microorganisms that
may fix atmospheric nitrogen into an easily accessible form
that is readily absorbed by plants and promotes plant growth
(Sessitsch et al., 2010, Cassan et al., 2020) 3171, BSMs that
solubilize and  mineralize  phosphorus, such as
Pseudomonas, Bacillus, and others, can convert both
organic and inorganic forms of phosphorus into accessible
forms for plant uptake (Tao et al., 2008) [*?3]. Several BSMs
such as Azotobacter and Azospirillum secret some chemicals
that accelerate root development and improve nutrient
uptake (Halpern et al., 2015, Egamberdiyeva 2007) [ 53],
Some BSMs release plant growth regulators (hormones) like
auxins, cytokinins and gibberellins that promote plant
growth (Luo et al.,, 2022, Ahmed et al., 2014) B 81,
Furthermore, BSMs can protect plants from several stressors
such as biotic and abiotic by producing secondary
metabolites, antibiotics, and enzymes (Stewart and Roberts
2012, Daniel et al., 2022) [ 122 BSMs colonize in root
surface and produce a phytostimulating effect with the help
of direct and indirect mechanisms. Phytohormone synthesis
and nutrient availability in soil (such as nutrient
mobilisation and solubilisation) are examples of direct
mechanisms (Basu et al., 2021, L6pez-Bucio et al., 2015) [
™, The secretion of enzymes, antibiotics, secondary
metabolites, siderophores, and volatile and non-volatile
compounds, and enhanced induction of systemic resistance
for the suppression of detrimental phytopathogens are
examples of indirect mechanisms (Olanrewaju et al., 2017,
Hossain et al., 2017) [58 19, |n addition to being beneficial
for plant growth, BSMs is also important for the
environment and soil ecosystem (fig 4).
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Fig 4: Impact of beneficial soil microorganisms on soil, plants and the environment

The nitrogen content of the soil that chemical fertilizers
deliver to the soil is lost due to denitrification, runoff,
leaching, and erosion. Nitrogen is abundant in the
atmosphere, but plants cannot easily access it in its gaseous
state until it is converted to ammonia (Miller and Cramer
2005) 41, BSMs can promote nitrogen assimilation in this
situation primarily by mineralization and nitrogen fixation,
increasing the efficiency of N usage (Visconti et al., 2020)
137, Biofertilizers containing N -fixing BSMs decrease N
leaching and enhance growth and development in sugarcane
and macadamia plants (Paungfoo-Lonhienne et al., 2020,
Gallart et al., 2021) 6 104, P another crucial nutrient for
plant growth and development, is available in the soil in
enough amounts, but only in trace amounts in the chemical
form that plants can absorb (Wang et al., 2017) [38, BSMs
play an important role in P solubilization. Paenibacillus and

~ 48~

Trichoderma solubilize the P by the organic acids
production (Li et al., 2015, Brito et al., 2020) [28. 731,

The application of biofertilizers is increasing due to
increased awareness of the negative environmental effects
caused by the excessive use of chemical fertilizers and a
better understanding of the interactions between plants and
all soil microorganisms in the rhizosphere. This potential of
these microorganisms supports efforts to identify and isolate
different types of BSMs that exhibit the ability to promote
plant development by directly or indirectly enhancing plant
nutrient intake. The use of biofertilizers in agricultural
production has recently become more well-known as a
sustainable way to improve crop productivity and soil health
(Hannah and Max 2013, Annunzio et al., 2014) [2.54,
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S. No BSMS Host Mechanisms Beneficial effects References
Rodrigues et al.,
[111]
Azotobacter spp., Azospirillum amazonense, |Chickpea, white . . 2008, [légarma e.t
o o - Biological N - al., 2017, Shoeip
Anabaena, Clostridium, Rhizobium, spruce and rice . Increased yield [118] .
. - fixation(BNF) et al., 2022, Puri
Frankia, Nostoc, and Klebsiella 107
et al., 2020, (207
Aasfar et al., 20211
'VValverde et al., 2007,
[133]
Bacillus circulans, Bacillus subtilis, Bacillus Ansan etal,
- ; - - 2012, Upadhyay et
licheniformis, Bacillus polymyxa,
- . . al., 2012, (32
Pseudomonas striata, Pseudomonas Chickpea, Enhanced biomass of ' '
. Phosphorus Mohamed et al.,
fluorescens, Pseudomonas extremaustralis, | Wheat, tomato, RO root and shoot and P 93
> X i . solubilization g 2022, 81 Kudoyaroval
Glomus intraradices, Penicillium spp.,  [pepper and chili concentration in host etal. 2017011
Microccocus agrobacterium, Enterobacter '
. : Mahdi et al., 2020,
asburiae, Aereobacter and Flavobacterium 821 13k ;
1821 Jiménez-Gomez
etal., 2017 63
Bacillus spp., Arthrobacter spp., and Rice Potassium solubilization Enhanced yield and K | Etesami et al., 2017,
Aspergillus niger nutrition in host Jha 2017 162
. . Increased lengths of the| Kamran et al., 2017,
Mycorhiza, Pseudomonas spp., Bacillus h d | [66] |
spp., Pantoea dispersa, and Enterobacter | Wheat, maize Zinc solubilization  |° OOtS. an roots, along Mumtaz et al.,
" cloaceyte ' with increased 2022, %1 zahra et al.,
dryweights 2023 [143]
Promoted plant growth [134]
Pseudomonas fluorescens Siderophore production | and enhanced iron Vansu;;toe(;?al.,
inside plant tissues
Bhardwaj et al.,
2014, 128 Mohamed
. . Onion, Maize, . etal., 2014, %2
Thiobacillus spp. PumpKin Sulfur oxidizing - Najafi et al., 2021,
[98] |telima et al.,
2018 59
Poupin et al., 2016,
1105 Meents et al.,
Burkholderia phytofirmans, Aspergillus 2019, 881 Contreras-
fumigatus, Fusarium proliferatum, Rice, Bitter Increased crop Cornejo et al., 2009,
Piriformospora indica, Trichoderma gourd, Plant arowth hormones productivity, improved| [3 Backer et al.,
harzianum,Trichoderma atroviride, Gladiolus, 9 roduction nutrient availability, 2018, 171 Zulueta-
Pseudomonas spp., Bacillus spp., Rhizobium| Arabidopsis P primary root growth, | Rodriguez et al.,
spp., Enterobacter, Streptomyces, and Petunia, Pinus, and root elongation | 2014, 1431 Singh et
Xanthomonas al., 2017, Modi et al.,
2022, "1 Barriuso et
al., 2008 [*9
Promoted plant growth,| Tahir et al., 2017,
Pseudomonas fluorescens, Bacillus subtilis,| Tomato and Volatile organic increased biomass and |[1241 Park et al., 2015,
and Trichoderma spp., arabidopsis | compounds production modified root [102] | eg et al., 2016
architecture (73]

Conclusion

Agrochemicals are effective in agriculture by controlling
pests and improving yield and these chemicals have been
used since many years. However, these chemicals have
many negative effects that cannot be ignored. These
chemicals negatively affect plants, soil, humans and the
entire environment. Therefore, BSMs-based bioformulations
are gaining popularity due to their eco-friendly nature and
could be used as sustainable alternatives of agrochemicals.
They are not only beneficial for agriculture but also
beneficial for humans and the environment because they
reduce the chemical application and some BSMs degrade
harmful chemicals in the soil ecosystem.

References

1.

Aasfar A, Bargaz A, Yaakoubi K, Hilali A, Bennis I,
Zeroual Y, et al. Nitrogen-fixing Azotobacter species as
potential soil biological enhancers for crop nutrition and
yield stability. Front Microbiol. 2021;12:628379.

2. Abbas MST. Interactions between entomopathogenic

fungi

and entomophagous

2020;8:130-146.

insects.

Adv Entomol.

~ 49~

Abbas R, Rasul S, Aslam K, Baber M, Shahid M,
Mubeen F, et al. Halotolerant PGPR: A hope for
cultivation of saline soils. J King Saud Univ Sci.
2019;31:1195-1201.

Abd El-Fattah DA, Eweda WE, Zayed MS, Hassanein
MK. Effect of carrier materials, sterilization method,
and storage temperature on survival and biological
activities of Azotobacter chroococcum inoculant. Ann
Agric Sci. 2013;58:111-118.

Abdollahdokht D, Gao Y, Faramarz S, Poustforoosh A,
Abbasi M, Asadikaram G, et al. Conventional
agrochemicals  towards  nano-biopesticides:  An
overview on recent advances. Chem Biol Technol
Agric. 2022;9:13. https://doi.org/10.1186/s40538-021-
00281-0


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Adeleke BS, Avyilara MS, Akinola SA, Babalola OO.
Biocontrol mechanisms of endophytic fungi. Egypt J
Biol Pest Control. 2022;32:1-17. doi:10.1186/s41938-
022-00547-1

Adeleke RA, Nunthkumar B, Roopnarain A, Obi L.
Applications of plant-microbe interactions in agro-
ecosystems. In: Microbiome in Plant Health and
Disease. Singapore: Springer; 2019. p. 1-34.

Ahmed A, Hasnain S. Auxins as one of the factors of
plant growth improvement by plant growth promoting
rhizobacteria. Polish J Microbiol. 2014;63(3):261-266.
Ahsan ML, Ali A, Ahmed I. Biofertiliser a highly
potent alternative to chemical fertilisers: Uses and
future prospects. J Chem Eng Biol Sci. 2012;6:10-23.
Akhtar A, Abbasi H, Sharf R. Antagonistic effects of
Pseudomonas fluorescens and Bacillus subtilis on
Meloidogyne incognita infecting Vigna mungo L. Int J
Plant Anim Environ Sci. 2012;1:55-63.

Anani OA, Mishra RR, Mishra P, Enuneku AA, Anani
GA, Adetunji CO. Effects of toxicant from pesticides
on food security: current developments. In: Mishra P,
Mishra RR, Adetunji CO, editors. Innovations in Food
Technology. New York, NY: Springer; 2020. p. 313-
321.

Annunzio R, Lindquist E, MacDicken KG. Global
forest land-use change from 1990 to 2010: An update to
a global remote sensing survey of forests. Food and
Agriculture Organization of the United Nations; 2014.
Arora S, Arora S, Sahni D, Sehgal M, Srivastava DS,
Singh A. Pesticide use and its effect on soil bacteria and
fungal populations, microbial biomass carbon, and
enzymatic activity. Curr Sci. 2019;116(4):643-649.
Arora S, Murmu G, Mukherjee K, Saha S, Maity D. A
comprehensive  overview of nanotechnology in
sustainable agriculture. J Biotechnol. 2022;355:21-41.
Arthurs 'S, Dara SK. Microbial biopesticides for
invertebrate pests and their markets in the United
States. J  Invertebr  Pathol.  2019;165:13-21.
https://doi.org/10.1016/}.jip.2018.01.008

Asoegwu CR, Awuchi CG, Nelson KC, Orji CG,
Ulunma NO, Egbufor UC, et al. A review on the role of
biofertilizers in reducing soil pollution and increasing
soil nutrients. Himal J Agric. 2020;1:34-38.

Backer R, Rokem JS, llangumaran G, Lamont J,
Praslickova D, Ricci E, et al. Plant growth-promoting
rhizobacteria: Context, mechanisms of action, and
roadmap to commercialization of biostimulants for
sustainable agriculture. Front Plant Sci. 2018;9:1473.
Bailey KL. The bioherbicide approach to weed control
using plant pathogens. In: Abrol DP, editor. Integrated
Pest Management. Academic Press; 2014. p. 245-266.
Barriuso J, Solano BR, Santamaria C, Daza A, Mafiero
FG. Effect of inoculation with putative plant growth-
promoting rhizobacteria isolated from Pinus spp. on
Pinus pinea growth, mycorrhization and rhizosphere
microbial ~ communities. J  Appl  Microbiol.
2008;105(6):1298-1309.

Basu A, Prasad P, Das SN, Kalam S, Sayyed RZ,
Reddy MS, Enshasy HE. Plant growth promoting
rhizobacteria (PGPR) as green bioinoculants: Recent
developments, constraints, and prospects.
Sustainability. 2021;13(3):1140.

Berini F, Katz C, Gruzdev N, Casartelli M, Tettamanti
G, Marinelli F. Microbial and viral chitinases: attractive

~50~

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

https://www.agriculturaljournals.com

biopesticides for integrated
Biotechnol Adv. 2018;36:818-838.
https://doi.org/10.1016/j.biotechadv.2018.01.002

Betz FS, Hammond BG, Fuchs RL. Safety and
advantages of Bacillus thuringiensis-protected plants to
control insect pests. Regul Toxicol Pharmacol.
2000;32(2):156-173.

Bhardwaj D, Ansari MW, Sahoo RK, Tuteja N.
Biofertilizers function as key players in sustainable
agriculture by improving soil fertility, plant tolerance,
and crop productivity. Microb Cell Fact. 2014;13:66.
Bhat MY, Wani A, Fazal M. Effect of Paecilomyces
lilacinus and plant growth-promoting rhizobacteria on
Meloidogyne incognita inoculated black gram, Vigna
mungo plants. J Biopesticides. 2012;1:36-43.

Borges S, Alkassab AT, Collison E, Hinarejos S, Jones
B, McVey E, et al. Overview of the testing and
assessment of effects of microbial pesticides on bees:
strengths, challenges and perspectives. Apidologie.
2021;52:1256-1277.  https://doi.org/10.1007/s13592-
021-00900-7

Bouhous M, Larous L. Efficiency of the
entomopathogenic fungus Verticillium lecanii in the
biological control of Trialeurodes vaporariorum
(Homoptera: Aleyrodidae), a greenhouse culture pest.
Afr J Microbiol Res. 2012;10:2435-2442.

Bravo A, Gill SS, Soberon M. Mode of action of
Bacillus thuringiensis Cry and Cyt toxins and their
potential for insect control. Toxicon. 2007;49:423-435.
Brito LF, Lopez MG, Straube L, Passaglia LMP,
Wendisch VF. Inorganic phosphate solubilization by
rhizosphere bacterium Paenibacillus sonchi: Gene
expression and  physiological  functions.  Front
Microbiol. 2020;11:588605.

Bugeme DM, Knapp M, Ekesi S, Chabi-Olaye A, Boga
HI, Maniania NK. Efficacy of Metarhizium anisopliae
in controlling the two-spotted spider mite Tetranychus
urticae on common bean in screenhouse and field
experiments. Insect Sci. 2015;22:121-128.
https://doi.org/10.1111/1744-7917.12111

Casida JE, Bryant RJ. The ABCs of pesticide
toxicology: Amounts, biology, and chemistry. Toxicol
Res. 2017;6(6):755-763.

Cassan F, Coniglio A, Lépez G, Molina R, Nievas S, de
Carlan CL, et al. Everything you must know about
Azospirillum and its impact on agriculture and beyond.
Biol Fertil Soils. 2020;56:461-479.

Castiglione AM, Mannino G, Contartese V, Bertea CM,
Ertani A. Microbial biostimulants as a response to
modern agriculture needs: Composition, role, and
application of these innovative products. Plants.
2021;10(7):1533.
https://doi.org/10.3390/plants10071533
Contreras-Cornejo HA, Macias-Rodriguez L, Cortés-
Penagos C, Lépez-Bucio J. Trichoderma virens, a plant
beneficial fungus, enhances biomass production and
promotes lateral root growth through an auxin-
dependent mechanism in Arabidopsis. Plant Physiol.
2009;149(3):1579-1592.

Cooper J, Reed EY, Hortenhuber S, Lindenthal T, Lges
AK, Méder P, et al. Phosphorus availability on many
organically managed farms in Europe. Nutr Cycl
Agroecosyst. 2018;110:227-239.

pest management.


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

Damalas CA, Koutroubas SD. Current status and recent
developments in biopesticide use. Agriculture.
2018;8:13. https://doi.org/10.3390/agriculture8010013
Daniel Al, Fadaka AO, Gokul A, Bakare OO, Aina O,
Fisher S, et al. Biofertilizer: The future of food security
and food safety. Microorganisms. 2022;10(6):1220.
Dara S. Microbial control of arthropod pests in small
fruits and vegetables in temperate climates. In: Lacey
LA, editor. Microbial Control of Insect and Mite Pests.
Amsterdam: Elsevier; 2017. p. 209-221.

Dolatabadi KH, Goltapeh EM, Varma A, Rohani N. In
vitro evaluation of arbuscular mycorrhizal-like fungi
and Trichoderma species against soil-borne pathogens.
J Agric Technol. 2011;7:73-84.

Egamberdiyeva D. The effect of plant growth
promoting bacteria on growth and nutrient uptake of
maize in two different soils. Appl Soil Ecol.
2007;36(3):184-189.

Erler F, Ates AO. Potential of two entomopathogenic
fungi, Beauveria bassiana and Metarhizium anisopliae
(Coleoptera: Scarabaeidae), as biological control agents
against the June beetle.

Essiedu JA, Adepoju FO, Ivantsova MN. Benefits and

limitations in using biopesticides: A review. In:
Proceedings of the VII International Young
Researchers’ Conference-Physics, Technology,

Innovations (PTI-2020), Ekaterinburg, Russia, 18-22
May 2020. Vol. 2313, p. 080002.

Fan J, Xie Y, Xue J, Liu R. The effect of Beauveria
brongniartii and its secondary metabolites on the
detoxification enzymes of the pine caterpillar,
Dendrolimus tabulaeformis. J Insect Sci. 2013;44:1-13.
https://doi.org/10.1673/031.013.4401

Farooq MA, Arif MJ, Gogi MD, Nawaz A, Atta B.
Comparative efficacy of different pesticide residue
mitigation modules in mango. Am J Biomed Sci Res.
2019;4:214-219.
https://doi.org/10.34297/AJBSR.2019.04.000801
Federici BA, Siegel JP. Safety assessment of Bacillus
thuringiensis and Bt crops used in insect control. In:
Handbook of Major Pests in Agriculture. 2007; p. 45-
102.

Freimoser FM, et al. Biocontrol yeasts: Mechanisms
and applications. World J Microbiol Biotechnol.
2019;35(10):154.

Gallart M, Paungfoo-Lonhienne C, Gonzalez A,
Trueman SJ. Nitrogen source influences the effect of
plant growth-promoting rhizobacteria (PGPR) on
Macadamia integrifolia. Agronomy. 2021;11(5):1064.
Gautam UK. Effect of the entomopathogenic fungus
Isaria fumosorosea on physiological processes in
insects. Faculty of Science, University of South
Bohemia in Ceské Bud&jovice; 2020.

Geisseler D, Scow KM. Long-term effects of mineral
fertilizers on soil microorganisms-A review. Soil Biol
Biochem. 2014;75:54-63.

Guo J, Li C, Xu X, Sun M, Zhang L. Farmland scale
and chemical fertilizer use in rural China: New
evidence from the perspective of nutrient elements. J
Clean Prod. 2022;376:134278.

Gupta PK. Toxicity of herbicides. In: Gupta RC, editor.
Veterinary toxicology: Basic and clinical principles.
Elsevier; 2007. p. 567-586.

~g1~

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

https://www.agriculturaljournals.com

Guven O, Aydin T, Karaca I, Butt T. Biopesticides
offer an environmentally friendly solution for control of
pine processionary moth (Thaumetopoea wilkinsoni
Tams) larvae and pupae in urban areas. Biocontrol Sci
Technol. 2021;31:35-52.
https://doi.org/10.1080/09583157.2020.1826905

Hagag ES. Evaluation of metabolites of Myrothecium
verrucaria as a biological nematicide against root-knot
nematode, Meloidogyne incognita, in vitro and in vivo
on sugar beet plants. J Plant Protect Pathol. 2021;12:47-
53. https://doi.org/10.21608/jppp.2021.52745.1007
Halpern M, Bar-Tal A, Ofek M, Minz D, Muller T,
Yermiyahu U. The use of biostimulants for enhancing
nutrient uptake. Adv Agron. 2015;130:141-174.

Hannah R, Max R. Land Use. Our World in Data. 2013.
Retrieved from https://ourworldindata.org/land-use
Hayat R, Ali S, Amara U, Khalid R, Ahmed I. Soil
beneficial bacteria and their role in plant growth
promotion: A review. Ann Microbiol. 2010;60:579-598.
Hazra G. Different types of eco-friendly fertilizers: An
overview. Sustain Environ. 2016;1:54.
https://doi.org/10.11648/j.sust.20160101.15

Hossain A, Ali ME, Maitra S, Bhadra P, Rahman MM,
Ali S, et al. The role of soil microorganisms in plant
adaptation to abiotic stresses: Current scenario and
future perspectives. Plant Perspectives to Global
Climate Changes. Netherlands: Elsevier; 2022. p. 233-
278.

Hossain MM, Sultana F, Islam S. Plant growth-
promoting fungi (PGPF): Phytostimulation and induced
systemic resistance. In: Singh D, Singh H, Prabha R,
editors. Plant-Microbe Interactions in Agro-Ecological
Perspectives. Vol. 2. Singapore: Springer; 2017. p. 135-
191.

Itelima J, Bang W, Onyimba I, Oj E. A review:
Biofertilizer; a key player in enhancing soil fertility and
crop productivity. J Microbiol Biotechnol Rep.
2018;2(3):22-28.

Jacob SM, Paranthaman S. Biofertilizers: An advent for
eco-friendly and sustainable agriculture development.
Vegetos. 2022;35(1):1-13.
https://doi.org/10.1007/s42535-022-00141-3

Javeed MT, Al-Hazmi AS, Molan YY. Antagonistic
effects of some indigenous isolates of Trichoderma spp.

against Meloidogyne javanica. Pak J Nematol.
2016;2:183-191.
Jha Y. Potassium mobilizing bacteria: Enhance

potassium intake in paddy to regulates membrane
permeability and accumulate carbohydrates under
salinity stress. Braz J Biol Sci. 2017;4(8):333-344.
Jiménez-Gomez A, Celador-Lera L, Fradejas-Bayon M,
Rivas R. Plant probiotic bacteria enhance the quality of
fruit and horticultural crops. AIMS Microbiol.
2017;3(4):483-501.

Kaczmarek A, Bogu$ MI. Fungi of entomopathogenic
potential in Chytridiomycota and Blastocladiomycota,
and in fungal allies of the Oomycota and Microsporidia.
IMA Fungus. 2021;12:1-13.
https://doi.org/10.1186/s43008-021-00074-y

Kalliora C, Mamoulakis C, Vasilopoulos E,
Stamatiades GA, Scholtz MT, Voldner E, et al. A
pesticide emission model (PEM). Part I: Model
development. Atmos Environ. 2002;36:5005-5013.


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kamran S, Shahid I, Baig DN, Rizwan M, Malik KA,
Mehnaz S. Contribution of zinc-solubilizing bacteria in
growth promotion and zinc content of wheat. Front
Microbiol. 2017;8(12):2593.

Kaur S, Kaur PH, Kaur K, Kaur A. Effect of different
concentrations of Beauveria bassiana on development
and reproductive potential of Spodoptera litura
(Fabricius). J Biopesticides.  2011;2:161-168.
https://doi.org/10.1371/journal.pone.0084732

Kilic O, Boz I, Eryillmaz GA. Comparison of
conventional and good agricultural practices farms: A
socio-economic and technical perspective. J Clean
Prod. 2020;258:120666.

Koul O. Microbial biopesticides: Opportunities and
challenges. CAB Rev Perspect Agric Vet Sci Nutr Nat
Resour. 2011;6:1-26.

Kudoyarova GR, Vysotskaya LB, Arkhipova TN,
Kuzmina LY, Galimsyanova NF, Sidorova LV, et al.
Effect of auxin producing and phosphate solubilizing
bacteria on mobility of soil phosphorus, growth rate,
and P acquisition by wheat plants. Acta Physiol Plant.
2017;39(12):253.

Kumar J, Ramlal A, Mallick D, Mishra V. An overview
of some biopesticides and their importance in plant
protection for commercial acceptance. Plants (Basel).
2021;10:1185. https://doi.org/10.3390/plants10061185
Kumar R, Kumar R, Prakash O. The impact of chemical
fertilizers on our environment and ecosystem. In:
Research Trends in Environmental Sciences. Vol. 35.
Rohini, New Delhi, India: AkiNik Publications; 2019.
p. 69.

Lee S, Yap M, Behringer G, Hung R, Bennett JW.
Volatile organic compounds emitted by Trichoderma
species mediate plant growth. Fungal Biol Biotechnol.
2016;3(1):1-14.

Lee YK, Jin NY, Kim HJ, Yu YM, Yasunaga-Aoki C,
Youn YN. Investigation and characteristics of novel
biological control agents for controlling dipteran pests.
J Faculty Agric. 2021;66:183-190.

Li RX, Cai F, Pang G, Shen QR, Li R, Chen W.
Solubilisation of phosphate and micronutrients by
Trichoderma harzianum and its relationship with the
promotion of tomato plant growth. PLoS One.
2015;10(6):e0130081.

Liliane TN, Charles MS. Factors affecting yield of
crops. In: Agronomy-Climate Change and Food
Security. London: Intech Open; 2020. p. 9.

Liu A, Wang W, Zheng X, Chen X, Fu W, Wang G, et
al. Improvement of the Cd and Zn phytoremediation
efficiency of rice (Oryza sativa) through the inoculation
of a metal-resistant PGPR strain. Chemosphere.
2022;302:134900.

Lopes MJ, Dias-Filho MB, Gurgel ES. Successful plant
growth-promoting microorganisms: Inoculation
methods and abiotic factors. Front Sustain Food Syst.
2021;5:606454.
https://doi.org/10.3389/fsufs.2021.606454

Lépez-Bucio J, Pelagio-Flores R, Herrera-Estrella A.
Trichoderma as biostimulant: Exploiting the multilevel
properties of a plant beneficial fungus. Sci Hortic.
2015;196:109-123.

Lozano-Tovar MD, Garrido-Jurado |, Lafont F,
Quesada-Moraga E. Insecticidal activity of a destruxin-
containing extract of Metarhizium brunneum against

~g5)~

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94,

95.

https://www.agriculturaljournals.com

Ceratitis capitata (Diptera: J Econ
Entomol. 2015;2:462-472.
https://doi.org/10.1093/jee/tov041

Luo L, Zhao C, Wang E, Raza A, Yin C. Bacillus
amyloliquefaciens as an excellent agent for biofertilizer
and biocontrol in agriculture: An overview for its
mechanisms. Microbiol Res. 2022;259:127016.

Mahdi I, Fahsi N, Hafidi M, Allaoui A, Biskri L. Plant
growth enhancement using rhizospheric halotolerant
phosphate solubilizing bacterium Bacillus licheniformis
QA1 and Enterobacter asburiae QF11 isolated from
Chenopodium  quinoa  Willd.  Microorganisms.
2020;8(6):948.

Malusa E, Pinzari F, Canfora L. Efficacy of
biofertilizers: Challenges to improve crop production.
In: Microbial Inoculants in Sustainable Agricultural
Productivity. New Delhi: Springer; 2016. p. 17-40.
Malusé E, Sas-Paszt L, Ciesielska J. Technologies for
beneficial  microorganisms  inocula  used as
biofertilizers. Sci World J. 2012;2012:491206.

Marrone PG. Pesticidal natural products: Status and
future potential. Pest Manag Sci. 2019;75:2325-2340.
https://doi.org/10.1002/ps.5433

Masso C, Ochieng JRA, Vanlauwe B. Worldwide
contrast in application of bio-fertilizers for sustainable
agriculture: Lessons for sub-Saharan Africa. J Biol
Agric Healthc. 2015;5:34-50.

McGuire AV, Northfield TD. Tropical occurrence and
agricultural importance of Beauveria bassiana and
Metarhizium anisopliae. Front Sustain Food Syst.
2020;4:6.

Meents AK, Furch ACU, Almeida-Trapp M, Ozyiirek
S, Scholz SS, Kirbis A, et al. Beneficial and pathogenic
Arabidopsis root-interacting fungi differently affect
auxin levels and responsive genes during early
infection. Front Microbiol. 2019;10:380.

Miller AJ, Cramer MD. Root nitrogen acquisition and
assimilation. Plant Soil. 2005;274(1):1-36.

Miranpuri GS, Khachatourians GG.
Entomopathogenicity of Beauveria bassiana toward flea
beetles,  Phyllotreta  cruciferae Goeze  (Col.,
Chrysomelidae). J Appl Entomol. 1995;119:167-170.
Modi K, Jha S, Patel P, Suthar H. Isolation and
characterization of Bacillus consortia for plant growth
promotion in rice (Oryza sativa L.). Plant Sci.
2022;5(2):17-28.

Mohamed AA, Eweda WE, Heggo A, Hassan EA.
Effect of dual inoculation with arbuscular mycorrhizal
fungi and sulphur-oxidising bacteria on onion (Allium
cepa L.) and maize (Zea mays L.) grown in sandy soil
under greenhouse conditions. Ann Agric Sci.
2014;59(2):109-118.

Mohamed AH, Abd EI-Megeed FH, Hassanein NM,
Youseif SH, Farag PF, Saleh SA, et al. Native
Rhizospheric and Endophytic fungi as sustainable
sources of plant growth promoting traits to improve
wheat growth under low nitrogen input. J Fungi (Basel).
2022;8(2):94.

Moreno-Gavira A, Huertas V, Didnez F, Sanchez-
Montesinos B, Santos M. Paecilomyces and its
importance in the biological control of agricultural pests
and diseases. Plants. 2020;9:1746.

Mumtaz MZ, Ahmad M, Zafar-ul-Hye M, Saqgib M,
Akhtar MF, Zaheer MS. Seed-applied zinc-solubilising

Tephritidae).


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

Bacillus biofertilisers improve antioxidant enzyme

activities, crop productivity, and biofortification of

maize. Crop Past Sci. 2022;73(4):503-514.

Mundt CC. Durable resistance: A key to sustainable

management of pathogens and pests. Infect Genet Evol.

2014;27:446-455.

Naing WK, Anees M, Nyugen HX, Lee SY, Jeon WS,

Kim YS, Kim HM, Kim YK. Biocontrol of late blight

diseases (Phytophthora capsici) of pepper and the plant

growth promotion by Paenibacillus chimensis KWNJ8.

J Phytopathol. 2013;2:164-165.

Najafi S, Nasi HN, Tuncturk R, Tuncturk M, Sayyed

RZ, Amirnia R. Biofertilizer application enhances

drought stress tolerance and alters the antioxidant

enzymes in medicinal pumpkin (Cucurbita pepo convar.

pepo var. Styriaca). Horticulturae. 2021;7(10):588.

Nuruzzaman M, Liu Y, Rahman MM, Dharmarajan R,

Duan L, Uddin AFMJ, et al. Nanobiopesticides:

composition and preparation methods. In: Koul O,

editor.  Nano-Biopesticides Today and Future

Perspectives. London: Academic Press; 2019. p. 69-

131.

100.0Olanrewaju OS, Glick BR, Babalola OO. Mechanisms
of action of plant growth promoting bacteria. World J
Microbiol Biotechnol. 2017;33(12):197.

101.Pan X, Guo X, Zhai T, Zhang D, Rao W, Cao F, et al.
Nanobiopesticides ~ in  sustainable  agriculture:
developments, challenges, and perspectives. Environ
Sci Nano. 2023;10:41-61.
https://doi.org/10.1039/D2EN00605G

102.Park YS, Dutta S, Ann M, Raaijmakers JM, Park K.
Promotion of plant growth by Pseudomonas fluorescens
strain SS101 via novel volatile organic compounds.
Biochem Biophys Res Commun. 2015;461(3):361-365.

103.Paul EA, editor. Soil microbiology, ecology, and
biochemistry: An exciting present and great future built
on basic knowledge and unifying concepts. In: Sail
Microbiology, Ecology and Biochemistry. 4th ed.
Elsevier; 2015. p. 1-14.

104.Paungfoo-Lonhienne C,  Watanarojanaporn N,
Jaemsaeng R. Plant growth promoting rhizobacteria
enhance the efficiency of the combination of organic
and chemical fertilisers in sugarcane. Open J Ecol.
2020;10(6):440-444.

105.Poupin MJ, Greve M, Carmona V, Pinedo I. A complex
molecular interplay of auxin and ethylene signaling
pathways is involved in Arabidopsis growth promotion
by Burkholderia phytofirmans PsJN. Front Plant Sci.
2016;7:492.

106.Prasad R, Chandra H, Sinha BK, Srivastava J.
Antagonistic effect of Pseudomonas fluorescens
isolated from soil of Doon Valley (Dehradun-India) on
certain phyto-pathogenic fungi. Octa J Biosci.
2015;2:92-95.

107.Puri A, Padda KP, Chanway CP. Can naturally-
occurring endophytic nitrogen-fixing bacteria of hybrid
white spruce sustain boreal forest tree growth on
extremely nutrient-poor soils? Soil Biol Biochem.
2020;140:107642.

108.Raimi A, Roopnarain A, Adeleke R. Biofertilizer
production in Africa: Current status, factors impeding
adoption, and strategies for success. Sci Afr.
2021;11:e00694.

96.

97.

98.

99.

~53~

https://www.agriculturaljournals.com

109.Rashid A, Mir MR, Hakeem KR. Biofertilizer use for
sustainable agricultural production. In: Plant, Soil, and
Microorganisms. Berlin: Springer; 2016. p. 163-180.

110.Riaz U, Mehdi SM, Igbal S, Khalid HI, Qadir AA,
Anum W, et al. Bio-fertilizers: Eco-friendly approach
for plant and soil environment. In: Bioremediation and
Biotechnology: Sustainable Approaches to Pollution
Degradation. Springer; 2020. p. 189-213.

111.Rodrigues EP, Rodrigues LS, De Oliveira ALM,
Baldani VLD, Teixeira KRDS, Urquiaga S, et al.
Azospirillum amazonense inoculation: Effects on
growth, yield and N: fixation of rice (Oryza sativa L.).
Plant Soil. 2008;302(1-2):249-261.

112.Ruiu L. Microbial biopesticides in agroecosystems.
Agronomy. 2018;8(11):235.

113.Saberi F, Marzban R, Ardjmand M, Pajoum SF,
Tavakoli O. Optimization of culture media to enhance
the ability of local Bacillus thuringiensis var.
tenebrionis. J Saudi Soc Agric Sci. 2020;19:468-475.

114.Samada LH, Tambunan USF. Biopesticides as
promising alternatives to chemical pesticides: A review
of their current and future status. Online J Biol Sci.
2020;20:66-76.
https://doi.org/10.3844/0jbsci.2020.66.76

115.Saranya S, Ramaraju K, Jeyarani S. Ovicidal action of
different fungal pathogens against two-spotted spider
mite, Tetranychus urticae (Koch) under laboratory
conditions. J  Biol  Control.  2021;35:37-40.
https://doi.org/10.18311/jbc/2021/27410

116.Savci S. An agricultural pollutant: Chemical fertilizer.
Int J Environ Sci. 2012.

117.Sessitsch A, Howieson JG, Perret X, Antoun H,
Martinez-Romero E. Advances in Rhizobium research.
Crit Rev Plant Sci. 2010;21:323-378.

118.Shoeip AM, Hameed AE, Samia M, Gad DA, Aboud
FS. Improving growth, yield and essential oil of
lavender (Lavandula officinalis L.) by using compost
and biofertilizer application in clay soil. Egypt J Agric
Res. 2022;100(3):357-370.

119.Singh R, Pandey D, Kumar A, Singh M. PGPR isolates
from the rhizosphere of vegetable crop Momordica
charantia:  Characterization and application as
biofertilizer. Int J Curr Microbiol Appl Sci.
2017;6(4):1789-1802.

120.Sonmez |, Kaplan M, Sonmez S. Investigation of
seasonal changes in nitrate contents of soils and
irrigation waters in greenhouses located in Antalya-
Demn region. Asian J Chem. 2007;19:5639.

121.Sterner RW, Elser JJ. Ecological Stoichiometry. United
States: Princeton University Press; 2017.

122.Stewart WM, Roberts TL. Food security and the role of
fertilizer in supporting it. Proc Eng. 2012;46:76-82.

123.Tadele S, Emana G. Entomopathogenic effect of
Beauveria bassiana (Bals.) and Metarrhizium anisopliae
(Metschn.) on Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) larvae under laboratory and glasshouse
conditions in Ethiopia. J Plant Pathol Microbiol.
2017;8:411.

124.Tahir HAS, Gu Q, Wu H, Raza W, Hanif A, Wu L, et
al. Plant growth promotion by volatile organic
compounds produced by Bacillus subtilis SYST2. Front
Microbiol. 2017;8:171.

125.Tao GC, Tian SJ, Cai MY, Xie GH. Phosphate-
solubilizing and mineralizing abilities of bacteria


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

isolated from soils. Pedosphere. 2008;18(4):515-523.
https://doi.org/10.1016/S1002-0160(08)60042-8

126.Thirugnanasambandan T. Advances and trends in nano-
biofertilizers. SSRN. 2018;3306998.

127.Thomas L, Singh I. Microbial biofertilizers: Types and
applications.  In:  Biofertilizers for  Sustainable
Agriculture and Environment. Berlin: Springer; 2019. p.
1-19.

128.Tijjani A, Bashir KA, Mohammed I, Muhammad A,
Gambo A, Musa H. (Year missing).

129.Torres MJC, Brandan P, Petrosellic G, Erra-Balsellsc R,
Audisioa MC. Antagonistic effects of Bacillus subtilis
subsp. subtilis and B. amyloliquefaciens against
Macrophomina phaseolina: SEM study of fungal
changes and UV-MALDI-TOF MS analysis of their
bioactive compounds. Microbiol Res. 2016;182:31-39.
https://doi.org/10.1016/j.micres.2015.09.005

130.Turabi A, Danyal A, Hassan S, Ahmad YSM, Rashid
MA, Asif AH. Evaluation of suspected chronic
pesticide poisoning among residents near agriculture
fields. Biomedica. 2007;23(A).

131.Ujvéry I. Pest control agents from natural products. In:
Krieger RI, Krieger WC, editors. Handbook of
Pesticide Toxicology. 2nd ed. Academic Press; 2001. p.
109-179.

132.Upadhyay SK, Singh JS, Saxena AK, Singh DP. Impact
of PGPR inoculation on growth and antioxidant status
of wheat under saline conditions. Plant Biol.
2012;14(4):605-611.

133.Valverde A, Burgos A, Fiscella T, Rivas R, Velazquez
E, Rodriguez-Barrueco C, et al. Differential effects of
coinoculations with Pseudomonas jessenii PS06 (a
phosphate-solubilizing bacterium) and Mesorhizobium
ciceri C-2/2 strains on the growth and seed yield of
chickpea under greenhouse and field conditions. In:
First International Meeting on Microbial Phosphate
Solubilization. Berlin: Springer; 2017. p. 1-12.

134.Vansuyt G, Robin A, Briat JF, Curie C, Lemanceau P.
Iron acquisition from Fe-pyoverdine by Arabidopsis
thaliana. Mol Plant Microbe Interact. 2007;20(4):441-
447.

135.Verma M, Mishra J, Arora NK. Plant growth-promoting
rhizobacteria:  Diversity —and  applications. In:
Environmental Biotechnology: For Sustainable Future.
Berlin: Springer; 2019. p. 129-173.

136.Verma P, Yadav AN, Kumar V, Singh DP, Saxena AK.
Beneficial plant-microbes interactions: Biodiversity of
microbes from diverse extreme environments and its
impact for crop improvement. In: Singh D, Singh H,
Prabha R, editors. Plant-Microbe Interactions in Agro-
Ecological Perspectives. Berlin: Springer; 2017. p. 543-
580.

137.Visconti D, Fiorentino N, Cozzolino E, Woo SL,
Fagnano M, Rouphael Y. Can Trichoderma-based
biostimulants optimize N use efficiency and stimulate
growth of leafy vegetables in greenhouse intensive
cropping systems? Agronomy. 2020;10(1):121.

138.Wang D, Lv S, Jiang P, Li Y. Roles, regulation, and
agricultural application of plant phosphate transporters.
Front Plant Sci. 2017;8:817.

139.Wani SA, Chand S, Ali T. Potential use of Azotobacter
chroococcum in crop production: An overview. Curr
Agric Res J. 2013;1:35-38.

~ 54~

https://www.agriculturaljournals.com

140.Wattimena MAC, Latumahina FS. Effectiveness of
botanical biopesticides with different concentrations of
termite  mortality. J Belantara. 2021;4:66-74.
https://doi.org/10.29303/jbl.v4i1.630

141.Wu S, Youngman RR, Kok LT, Laub CA. Sublethal
effect of Beauveria bassiana and Metarhizium
brunneum  (Hypocreales: Clavicipitaceae)  on
Cyclocephala lurida (Coleoptera: Scarabaeidae). J
Entomol Sci. 2016;1:43-53.
https://doi.org/10.18474/15-19.1

142.Xiao Y, Wu K. Recent progress on the interaction
between insects and Bacillus thuringiensis crops. Philos
Trans R Soc B Biol Sci. 2019;374:20180316.
https://doi.org/10.1098/rsth.2018.0316

143.Zahra ST, Tarig M, Abdullah M, Azeem F, Ashraf MA.
Dominance of Bacillus species in the wheat (Triticum
aestivum L.) rhizosphere and their plant growth
promoting potential under salt stress conditions. PeerJ.
2023;11:e14621.

144.Zhao Y, Selvaraj JN, Xing F, Zhou L, Wang Y.
Antagonistic action of Bacillus subtilis strain SG6 on
Fusarium graminearum. PLoS ONE. 2014;3:1-11.
https://doi.org/10.1371/journal.pone.0092486

145.Zulueta-Rodriguez R, Cordoba-Matson MV,
Hernandez-Montiel LG, Murillo-Amador B, Rueda-
Puente E, Lara L. Effect of Pseudomonas putida on
growth and anthocyanin pigment in two poinsettia
(Euphorbia pulcherrima) cultivars. Sci World J.
2014;2014:810192.


https://www.agriculturaljournals.com/

