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Abstract

Chemical fertilizers and pesticides are an integral part of modern agriculture and are often associated with numerous envi-
ronmental problems. Biological agents such as microorganisms can largely replace chemical fertilizers and pesticides. The
proper use of selected microorganisms such as bacteria, fungi and viruses have several benefits for agriculture. These include a
healthy soil microbiota, biological production of important compounds that promote plant health, and to be used as biocontrol
agents (BCAs) that provide protection from plant pathogenic microorganisms. Scientists have found that several bacterial
genera including Bacillus and Pseudomonas have antimicrobial activity against numerous pathogenic bacterial and fungal
plant pathogens. Trichoderma, Aspergillus, and Penicillium are among the most common fungal genera used as BCAs against
both bacterial and fungal plant pathogens. Several bacteriophages and mycoviruses are also found effective as BCAs against
selective plant pathogens. Fusarium oxysporum is a commonly found microbial plant pathogen causing wilts and rots in
plants. Overall, it can be concluded that the use of microbial BCAs is an effective practice against microbial plant pathogens.

Keywords Biocontrol agents (BCAs) - Plant pathogens - Biopesticides - Biofertilizers - Fungicides - Plant growth
promoting bacteria (PGPB)

Introduction

Agriculture has been one of the most important practices
in the world for centuries. Fertilizers and pesticides are
widely used to increase crop productivity, promote plant
growth, and inhibit growth and damage caused by plant
pathogenic microorganisms. These chemicals, referred to
as agrochemicals, are an integral part of modern agricul-
ture, providing farmers with high crop yields at low costs
(Malik et al. 2017). However, these chemical compounds
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degrade soil quality, cause pollution, disrupt ecological bal-
ance by disturbing natural microflora and food chains, and
cause problems for human health (De Silva et al. 2019).
With simultaneous growth of human population and with it
the growth of demand for food, producing high-quality crops
with limited application of chemical fertilizers and chemi-
cal pesticides is a major challenge. Organic farming with
minimal use of chemical fertilizers has gained popularity
in recent decades, as organic crops are considered healthier
and more environmentally friendly.

Various biological strategies are implemented to control
plant diseases mediated by pathogenic microorganisms,
including the introduction of natural predators and inhibi-
tors of microbial pests. These microbial pests are eliminated
either by direct inhibition strategies such as the production
of enzymes, antibiotics, or toxins, or by indirect inhibition
through competition for niches and nutrients. Microbial bio-
control agents (BCAs) have been in use for decades to con-
trol plant diseases and to repel pathogens. Commonly used
BCAs include bacteria such as Agrobacterium sp., Bacillus
sp., and Pseudomonas sp.; and fungi such as Aspergillus
spp., Ampelomyces sp., Candida sp., Coniothyrium sp.,
Gliocladium sp., and Trichoderma sp. (Gawai 2018). The
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use of microorganisms and microbial products has several
advantages over chemical fertilizers: they are target-specific,
can be used in small quantities, are more rapidly degradable,
and can be used for both disease control and plant growth
promotion. However, besides the advantages, such micro-
bial agents also have some major disadvantages, such as
resistance adaptation of target pests with repeated use of
the same biocontrol species, susceptibility to abiotic condi-
tions, and lower economics of the process due to high cost
of biofertilizers.

Biocontrol agents or BCAs are natural or modified organ-
isms that eliminate undesirable disease-causing pests and
organisms while promoting the growth of beneficial insects
and microorganisms (Singh et al. 2020). In terms of disease
control and increasing agricultural yields, BCAs such as
microorganisms (bacteria, fungi, and viruses), plant feed-
stocks, and vermicompost are effective. These BCAs can
effectively control plant diseases and improve pathogen
resistance by interacting with pathogens through parasit-
ism, competition, release of antimicrobial compounds, and
destruction of spores, mycelium, cells, and endospores of the
pathogens. Biological pesticides are substitutes for chemical
fertilizers and pesticides, but have secondary effects on the
environment and human health. Biofertilizers are microbial
inoculants used in agriculture. They can be either active
or latent strains of microorganisms as sole species or in
combination with algal or fungal components that activate
microbial activity and enhance nutrient uptake from the soil
(Suyal et al. 2016).

The criteria of modern agriculture, which tend to use a
minimum of chemical pesticides, can be met by the applica-
tion of biopesticides, but are considered expensive compared
to chemical agents. Several biopesticides are available in the
market, of which about 75% are bacterial (Siegwart et al.
2015). In European countries, biopesticides have attracted
much attention compared to Asian countries. In the Indian
pesticide market, biopesticides accounted for only 4% in
2014 (Singh 2014), which increased to 9% of the overall pes-
ticide consumption in India by 2020 with an overall increase
of 40% from 2014 to 2019 (Nayak and Solanki 2021). About
970 biopesticides were registered till 2021 by the Central
Insecticides Board and Registration Committee (CIBRC) in
India (Nayak and Solanki 2021). One of the major problems
with the use of biopesticides is the development of resistance
in pests, which calls into question the sustainability of such
strategies (Siegwart et al. 2015). Bacillus thuringiensis (Bt)
is considered one of the most successful biopesticides to
date, used both as a Bt spray and as genetically engineered
plants with Bt insecticide genes. Resistance to Bt pesticides
and plants has been found in a wide range of pest species
(Jurat-Fuentes et al. 2021).

Biological pest control can be briefly divided into natural,
conservation, classical, and supplemental biocontrol. Natural

@ Springer

biocontrol refers to pest control by natural means without
human intervention in all types of ecosystems around the
world. In the conservation type biocontrol strategy, the
natural antagonists of pests and microbial plant pathogens
are stimulated by human intervention (van Lenteren et al.
2018). In classical biological control, natural inhibitor
organisms of a pest are collected from its area of origin and
introduced into areas where the pests have become invasive.
This method is called classical because it is one of the first
widely used biological control methods. In complementary
biological control, specific BCAs are applied to specific
crops to inhibit the target pests, but the inhibitory effect is
not carried over to the next crop cycle (Cock et al. 2010; van
Lenteren et al. 2018). Much research has been done on vari-
ous aspects of biological control, but we need to continue
to look forward and conduct new research to enable new
biocontrol technologies and applications by improving the
efficacy of biocontrol agents and their biocontrol potential.

Microorganisms as BCA

Microbial biocontrol agents help control plant pathogens
through various methods, including inducing resistance or
priming of plants to pathogenic microorganisms, competing
for space and nutrients, or other methods that involve dis-
rupting growth conditions necessary for pathogen growth.
Various microorganisms are known to produce antibiotics,
enzymes, and various other metabolites and compounds
that help control plant pathogens. Microorganisms with
such properties are used as antagonists (Kohl et al. 2019).
Several microorganisms have both pathogen-inhibiting and
plant growth-promoting properties. Microorganisms colo-
nize plant surfaces and form plant-microbe interactions.
These microorganisms may be bacteria, fungi, protozoa,
actinomycetes, nematodes, or microarthropods that pro-
mote plant growth and crop yield. Phytopathogenic fungi
and bacteria cause many diseases in agricultural crops and
postharvest agricultural products, leading to global food
security problems that are difficult to control. Chemical fun-
gicides and bactericides are commonly used by farmers to
control microbial diseases because they are usually cheaper
and readily available in markets. A biological and environ-
mentally friendly approach is to use microorganisms with
antagonistic properties for the biological control of plant
pathogenic microorganisms (Kohl et al. 2019). Various
bacteria, fungi, and viruses are known to have antagonistic
properties against a variety of fungal pathogens that cause
disease in agricultural crops to biocontrol them. As part of
an environmentally friendly approach, BCAs can be used
effectively alone or in combination with chemical fertilizers
to reduce plant diseases. Several microbial species have been
found to have antagonistic activities and to be effective in
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biocontrol of phytopathogenic bacteria and associated plant
disease control. Figure 1 shows the different microbial BCAs
and their general modes of biocontrol. Commercially, there
are many microbial products available in the market all over
the world for disease control in agricultural crops. Some of
these products are tabulated in Table 1.

Fungi as BCAs

Several species of fungi have properties that make them
ideal BCAs of plant pathogens. Trichoderma has been found
to be effective against a wide range of plant pathogens and
is therefore considered one of the best biocontrol agents
(Mukhopadhyay and Kumar 2020). Many Trichoderma
strains and its secondary metabolites are found to suppress
proliferation of microbial plant pathogens, stimulate plant
growth, enhance root systems, as well as suppress several
plant diseases (Zin and Badaluddin 2020). Some common
secondary metabolites and their related Trichoderma strains
are mentioned in Table 2. Penicillium, Gliocladium, Asper-
gillus and Saccharomyces are some of the other common
fungal genera that have antagonistic properties like direct
parasitism and secondary metabolite production (e.g., antibi-
otics, toxins) (Prajapati et al. 2020; Ram et al. 2018) against
fungal plant pathogens such as Phytophthora, Fusarium,
Alternaria, Pythium, Rhizoctonia, Botrytis, Pyricularia and
Gaeumannomyces (Tariq et al. 2020).

Fungal species are used as BCAs because of their abil-
ity to produce antibiotics and enzymes to compete for
space and nutrients, induce systemic resistance, or produce
lytic enzymes that lead to direct mycoparasitism (Kumar
and Ashraf 2017; Ghorbanpour et al. 2018). Besides these
properties, fungal BCAs are also host specific, efficient,
cause high levels of host destruction, easy maintenance and

Fig. 1 Types of microbial
biocontrol agents and the dif-
ferent biocontrol mechanisms
they adapt for the biocontrol of
microbial plant pathogens

Bacteria
Bacillus subtilis,
s Pseudomonas
fluorescence, and
- several other bacteria
~ belonging to the genera

e Gliocladium, Aspergillus

and Saccharomyces are
some of the most effective
and commonly used

Virus

Several dsRNA
Mycovirus like CHV-1
and bacteriophage
like ACPWH, CN8
etc.

environmentally friendly in nature, which makes fungal
BCAs ideal for plant disease control (Savita and Sharma
2019). The arbuscular mycorrhizal fungus (AMF) Funnel-
liformis mosseae and the rhizobium Sinorhizobium medi-
cae can effectively inhibit the fungus Fusarium oxysporum,
which is responsible for wilt and root rot in alfalfa (Wang
et al. 2019). Antagonistic fungi belonging to the genera
Trichoderma, Gliocladium, Pythium sp., non-pathogenic
Fusarium sp., Rhizoctonia sp. and Laestisaria sp. and
antagonistic bacterial genera Bacillus, Pseudomonas and
Streptomyces are widely studied for biological control of
fungal plant pathogens in soil (Jensen and Lumsden 1999).

Fungi, particularly Trichoderma sp, are widely known
to biocontrol phytopathogenic bacteria by producing anti-
microbial secondary metabolites (Table 2). Fungi of the
genus Trichoderma, including T. pseudoharzianum (T113),
T. asperelloides (T136), T. pseudoharzianum (T129), and
T. pseudoharzianum (T160), have been found to produce
secondary metabolites that have antimicrobial properties
against phytopathogenic bacteria Ralstonia solanacearum
and Xanthomonas compestris (Khan et al. 2020).

Bacteria as BCAs

Bacterial species commonly known as plant growth pro-
moting bacteria (PGPB) are effectively used as bioferti-
lizers and BCAs (Singh et al. 2019). PGPB is a group of
bacterial species that enhance plant growth by improving
nutrients for host plants, secretion of important enzymes
and phytohormones, as well as induction and enhancement
of pathogen resistance in host plant. Some common bacte-
ria belonging to the PGPB group includes Agrobacterium
radiobacter, Azospirillum lipoferum, Bacillus licheniformis,
B. cereus, B. subtilis, B. amyloliquefaciens, Pseudomonas

e Competition

Antibiosis

Direct biocontrol

Hyperparasitism

|

Lytic enzymes

r Growth promotion
Induced resistance in plants

Indirect biocontrol
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Table 2 Some common secondary metabolites produced by Trichoderma that has biocontrol ability

Secondary metabolite

Secreting organism

Target microorganism

Biocontrol strategy

References

Peptaibols

Siderophores, chitinase,
amylase, and protease
enzymes

Polyphenols and flavonoids

Trichoderma. asperellum
and T. longibrachiatum

T. longibrachiatum S12, T.
asperellum S11, and T.
atroviride PHYTAT7

T. erinaceum (IT-58), T.

Fusarium moniliforme, F.
culmorum, F. gramine-
arum, F. oxysporum spe-
cies complex, Alternaria
solani and Rhizoctonia
solani

Rhizoctonia solani

Pythium myriotylum

Induced systemic resistance
in plants

Inhibited mycelial growth

Inhibited mycelial growth

Rahimi et al. (2020)

Sallam et al. (2021)

Tchameni et al. (2020)

gamsii (I1T-62), T. afro-
harzianum (P8), and T.
harzianum (P11)

Pyrone and cyclooctanol T. viride and T. harzianum

compounds

Alternaria alternata

Causes damage to the Yassin et al. (2022)

pathogenic hyphae

fluorescens, P. solanacearum, P. syringae, Rhizobium spp.,
etc. (Khabbaz et al. 2019). The introduction of bacteria into
soil and plants for the promotion of plant growth and devel-
opment is widely known. Bacteria of certain species per-
form nitrogen fixation that provides usable nitrogen to the
plant body, degrades toxic compounds, and helps control
plant pathogenic microorganisms (Tariq et al. 2020). PGPB
like Rhizobacteria, stimulate plant growth by colonizing
the root system of plants as well as the soil surrounding
the root system (known as the rhizosphere) up to a certain
radius that can be of 4 mm or above which is determined
by numerous factors like pH, N- and other compounds, soil
water content, root exudates, and several other organic and
inorganic compounds and nutrients (Kuzyakov and Razavi,
2019). In many cases, rhizobacteria have been found to colo-
nize as endophytes by entering the plant system through the
roots. Several rhizobial strains have antagonistic proper-
ties and growth inhibitory activity against phytopathogenic
fungi in soil such as Fusarium, Rhizoctonia, Sclerotium and
Macrophomina (Das et al. 2017). The antagonistic activ-
ity of rhizobia is primarily by the production of antibiotics,
hydrocyanic acid (HCN), mycolytic enzymes, and sidero-
phores under iron-limiting conditions. Kanouni et al. (2018)
reported the growth inhibitory properties of various Rhizo-
bia isolates against pathogenic Alternaria sp., Penicillium
sp., Cladosporium sp. and Humicola sp. There are several
other PGPB that occur naturally as endophytic colonizers.
PGPB mediate biocontrol of pathogenic microorganisms
through mechanisms such as competition for niches and sub-
strates, secretion of allelochemicals such as siderophores,
and activation of the host plant immune system to induce
systemic resistance to pathogens and environmental stress
(Compant et al. 2005; Reddy 2014).

Numerous bacterial species are known for their antifun-
gal properties. Saechow et al. (2018) reported the mycelial

inhibitory potential of Bacillus amyloliquefaciens against
some fungal pathogens of rice, including Curvularia
lunata, Fusarium semitectum, and Helminthosporium
oryzae. Several PGPB species like Bacillus simplex, B.
subtilis, B. amyloliquefaciens, B. licheniformis, B. velezen-
sis etc., produce antifungal compounds that inhibit fun-
gal pathogens and compete with them for space and food
(Choub et al. 2022). There are reports of antagonistic activ-
ities of Streptomyces isolates from soil with high antago-
nistic activity against Curvularia sp., Helminthosporium
sp., A. niger, and Fusarium sp. (Evangelista-Martinez
2014). The bacterial genus Bacillus produces several sec-
ondary metabolites such as bacteriocins, antimicrobial
peptides and lipopeptides, polyketides, and siderophores
with antagonistic properties (Fira et al. 2018). Bacillus
amyloliquefaciens FZB42, a commercially available bac-
terial strain, produces bacillomycin D, which contributes
to the antifungal properties of the bacterial strain against
the fungus Fusarium graminearum that infects wheat and
barley (Gu et al. 2017). Fengycin BS155, a cyclic lipopep-
tide produced by Bacillus subtilis BS155, was described
by Zhang and Sun (2018) as the major antifungal com-
pound against the phytopathogen Magnaporthe grisea, the
agent that cause rice blast. Fengycin BS155 was found
to alter the morphology of the M. grisea hyphal plasma
membrane and cell walls, causing organelle dysfunction,
disrupting mitochondrial membrane potential, oxidative
stress, and chromatin condensation, leading to hyphal
cell death. Several bacteria found in the plant microbi-
ome have antifungal properties mediated by the produc-
tion of specific compounds. Chen et al. (2018c) reported
that Pseudomonas piscium ZJU60 isolated from the wheat
microbiome exhibited antifungal activity against Fusarium
graminearum by inhibiting growth, reducing virulence,
and suppressing mycotoxin production by releasing the

@ Springer
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bacterial compound phenazine-1-carboxamide (PCN).
This report suggests that ZJU60 can be used for biocontrol
of the plant disease Fusarium head blight (FHB) caused
by F. graminearum. Durairaj et al. (2017) reported the
bacterial species Pseudomonas aeruginosa and Bacillus
stratosphericus with antagonistic activity against several
bacterial plant pathogens such as Pseudomonas syringae,
Burkholderia glumae, Xanthomonas oxyzae pv. Oryzae,
Pectobacterium carotovorum and Ralstonia solanacearum.
The bacterial species P. aeruginosa and B. stratospheri-
cus produce siderophores and secondary metabolites such
as chitinase, protease, and amylase, which contribute to
antagonistic activity. The authors also reported that local
application of P. aeruginosa and B. stratosphericus on
tomato plants stimulated the expression of the gene PR
-1a, which was able to stimulate the salicylic acid defence
mechanism against infecting pathogens.

Plant growth promoting bacteria (PGPB) such as many
strains of the genera Bacillus (strains of B. subtilis, B.
amyloliquefaciens, B. velezensis), Pseudomonas (strains of
P. aeruginosa, P. fluorescens), Streptomyces sp. and various
other PGPB proteobacteria and Firmicutes have bio-con-
trolling properties against bacterial plant pathogens. PGPB
can control phytopathogenic plant diseases through several
mechanisms, including repression and physical suppression
of the phytopathogen, secretion of siderophores, synthesis
of antibiotics, synthesis of growth inhibitory compounds and

Table 3 Some recently reported bacterial BCAs

enzymes, and stimulation of systemic resistance in the plant
(Glick and Bashan 1997). A few recent reports of bacteria
as BCA have been depicted in Table 3.

Viruses as BCAs

Several DNA and RNA viruses are used in biocontrol of
fungal plant pathogens. Mycoviruses cause hypovirulence
in fungi, where the pathogenicity of phytopathogenic fungi
is reduced due to mycovirus infection (Abid et al. 2018).
Although the presence of mycoviral dSRNAs has been
reported in Fusarium solani, F. oxysporum, F. poae, and F.
graminearum, their incorporation into hypovirulent host has
been detected in only a few isolates, including F. gramine-
arum strain DK21. Transmissible viruses carried by hypo-
virulent strains of plant pathogenic fungi have attracted the
attention of researchers because they can be used as BCAs
and serve for understanding the fungal pathogenesis mecha-
nisms. Some cases of mycovirus-associated hypovirulence
include mitoviruses infecting Ophiostoma novo-ulmi and
Sclerotinia homoeocarpa, as well as mycoviruses infecting
Diaporthe ambigua, Fusarium graminearum, and Botrytis
cinerea (Sharma et al. 2018). Viruses are responsible for
natural suppression of the fungal pathogens such as, Cry-
phonectria parasitica, Gaeumannomyces graminis, Scle-
rotinia sp. and Ophiostoma novo-ulmi, which cause chest-
nut blight, powdery mildew, Sclerotinia rot and Dutch elm

Biocontrol agent Mechanism of biocontrol

Target pathogens

Disease caused by the References

pathogen

Bacillus velezensis Inhibited mycelial growth
and spore germination by
producing extracellular

enzymes

Bacillus velezensis Reduced ability to colonize
plant roots by inhibit-
ing mycelial growth and

conidial germination

arum

Pseudomonas chlororaphis Production of HCN
R47 inhibiting mycelium also
zoospore germination
inhibition

Pseudomonas aeruginosa  Synthesis of fungal cell-
B18 wall-degrading enzymes

B. amyloliquefaciens Antifungal lipopeptides R. solani

synthesis
Production of bioactive
metabolites

Beauveria bassiana

B. thuringiensis Induce systemic response
in plants by simultane-
ously activating SA, JA,

and ET signaling pathway

xylostella

Coniella vitis

Fusarium pseudogramine-

Phytophthora infestans

Sporisorium scitamineum

Botrytis cinerea

S. sclerotiorum and P.

Grape white rot Yin et al. (2022)

Fusarium crown rot (FCR)
of wheat

Zhang et al. (2022b)

Potato blight Anand et al. (2020)

Sugarcane smut Singh et al. (2021b)

Rhizome rot disease in
turmeric

Chenniappan et al. (2019)

Grey mould disease in
tomato and chili pepper
crops

Barra-Bucarei et al. (2019)

Sclerotiniose in Brassica
campestris L.

Wang et al. (2020)
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disease, respectively. Thus, a broad spectrum of microbial
pathogens, including viruses, bacteria, and fungi, possess
antagonistic activities against an equally broad spectrum of
fungal pathogens (Elad and Freeman 2002).

Bacteriophages are parasites for bacteria and depend
on host bacteria to complete their life cycle. Virulent lytic
phages are of greatest interest for biocontrol of phytopatho-
genic bacteria in agriculture because they are capable of
lysing host cells and are highly host specific with a narrow
target range. To use phages for biocontrol, it is important
to select those phage that do not undergo a lysogenic life
cycle and do not induce transduction of bacterial genes as
in such case resistance may be induced in host bacteria due
to integration of bits of previous host bacterial genes into
phage genetic material (Barua and Nath 2018). Biocontrol
by phages helps in addressing the problem of bacterial anti-
biotic resistance. Voronina et al. (2019) reported a podovirus
PP16 that infects strains of Pectobacterium carotovorum, the
causal agent of blackleg and soft rot of potato, and inhib-
its bacterial infection both in vitro and in planta. Because
phages are highly host specific, the use of a cocktail of phage
particles is often considered to increase the reach of bio-
control. Carstens et al. (2019) reported the preparation of
a phage cocktail of 6 species to reduce soft rot of potato
caused by a number of Pectobacterium atrosepticum strains.
They reported 61% and 64% reduction in disease occurrence
and severity, respectively, indicating the potential of phage
control of P. atrosepticum strains.

Mechanism of biological control

Severity of plant diseases may be influenced by numerous
factors, such as, plant sensitivity, virulence of the patho-
gens, and the abiotic environment. Several researches have
been conducted to understand the mechanisms of action of
various BCAs. The basic biocontrol mechanism of bacteria
and fungi against microbial phytopathogens involves various
strategies of antagonism. Viruses such as bacteriophages, on
the other hand, follow the lytic and lysogenic life cycles to
infect the host, which in some cases lead to the production
of microbial toxins with antimicrobial properties.

Microbial antagonism

Antagonistic properties of various fungi, bacteria, PGPB,
and rhizobacteria are commonly used as a biocontrol strat-
egy, whereby these microbial species secrete substances
that are harmful to the target organisms. Such antagonistic
microbial species employ various antagonistic strategies,
including hyper-parasitism, production of inhibitory com-
pounds such as enzymes, toxins, or antibiotics, and com-
petition for space and food (Prajapati et al. 2020; De Silva

et al. 2019). The use of antagonistic properties of various
endophytic microbial species as a biocontrol strategy has
attracted considerable attention. Endophytic fungal species
belonging to different genera such as nonpathogenic mutant
strains of Colletotrichum magna, C. gloeosporioides, Clad-
osporium oxysporum, Fusarium verticillioides, F. gramine-
arum, Pestalotiopsis cocculi, and several Trichoderma spe-
cies such as T. gamsii, T. polysporum etc., have been shown
to be effective in controlling plant diseases (De Silva et al.
2019). Chen et al. (2018b) reported the antagonistic prop-
erty of Galactomyces candidum JYC1146 against the fungus
Botrytis cinerea that causes gray mold. Yang et al. (2019)
reported the antagonistic properties of Streptomyces cor-
chorusii stain AUH -1 through the production of secondary
metabolites against a variety of soilborne plant pathogens,
including Fusarium oxysporum f. sp. niveum, Phytophthora
parasitica var. nicotianae, Rhizoctonia solani, P. capsica,
Botryosphaeria dothidea, F. oxysporum f. sp. vasinfectum,
Verticillium dahliae, and F. oxysporum f. sp. cacumerinum.
Chen et al. (2020a) reported the antagonistic nature of the
novel endophytic LAB Lactobacillus plantarum CM-3 iso-
lated from strawberry against the fungus Botrytis cinerea,
which causes gray mold rot in strawberries.

The mode of action of antagonistic microorganisms
against pathogenic targets varies depending on the biocon-
trol agent, pathogen species, host species, and abiotic con-
ditions. One known mode of action is antibiosis, in which
microbial BCAs secrete toxins or antibiotic compounds that
inhibit pathogen growth. Antibiotics are secondary metabo-
lites whose efficacy depends on their biochemical composi-
tion, which inhibits the metabolism and growth of pathogens
(Ram et al. 2018). Various microbial species, including both
bacteria and fungi, are known for producing several antibi-
otics, of which the most common fungal genera includes
Trichoderma and Gliocladium, and several bacterial species
belonging to the genera Bacillus and Pseudomonas (Praja-
pati et al. 2020). Bacillus amyloliquefaciens strain DH-4 has
shown antagonistic activity by producing some heat tolerant
compounds such as macrolactin, bacillaene, iturins, fengy-
cin, and surfactin, that damage the ultrastructure of Penicil-
lium digitatum pathogenic cells that cause green mold rot of
citrus (Chen et al. 2018a). The rhizobacterium Lysobacter
capsici AZ78 releases antimicrobial secondary metabolites
of the families 2,5-diketopiperazines, cyclic lipodepsipep-
tides, macrolactones and macrolides that are active against
various plant pathogens and Gram-positive bacteria, as well
as AZ78 was also found to produce dihydromaltophilin or
Heat Stable Antifungal Factor effective against Plasmopara
viticola (Brescia et al. 2021). Several plant growth-promot-
ing rhizobacteria (PGPR) such as Pseudomonas fluorescens
(David et al. 2018), several Bacillus sp. (Choub et al. 2022),
Azospirillum e.g., Azospirillum baldaniorum Sp245 (Pan-
dey et al. 2022), Rhizobium, and Serratia are involved in
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plant protection by producing antibiotics through a cascade
of signals that regulate antibiotic synthesis, such as sen-
sor kinases, N-acylhomoserine lactones, and sigma factors
(Kenawy et al. 2019). Several broad-spectrum antibiotics
belonging to polyketides, heterocyclic nitrogen compounds,
and lipopeptides are produced by PGPR that promote
induced systemic resistance in plant systems in addition to
antipathogenic activity (Kenawy et al. 2019).

Hyper parasitism is a widely used method of control-
ling plant pathogens in which a microbial hyperparasite
invades or kills the cells and spores of pathogenic bacte-
ria and fungi. Several bacterial and fungal species produce
specific enzymes that target specific microbial pathogens.
Chen et al. (2020b) reported the production of enzymes
such as protease, phosphatase, lysozyme, and siderophores,
and 12 other secondary metabolites by Lysobacter enzy-
mogenes LE16, which has antagonistic properties against
various plant pathogens such as Colletotrichum gloeospori-
oides, Penicillium italicum, Alternaria alternate, Rhizocto-
nia solani, Didymella bryoniae, Sclerotinia sclerotiorum,
Phytophthora nicotianae, and Phytophthora capsica. Hyper-
parasites can repel plant pathogens by several mechanisms,
including antibiosis induced resistance in plants, and com-
petitive exclusion of pathogens from the host plant. Tricho-
derma, a rhizospheric fungus and a commonly used BCA
against pathogenic fungi, is capable of secreting antibiotics
and lytic enzymes such as chitinases and glucanases that
aid in cell wall degradation (Viterbo et al. 2002). Penicil-
lium brevicompactum, Clonostachys rosea, and Simpicillium
aogashimaense were able to significantly reduce the germi-
nation rate of various Puccinia sp. rust urediospores through
antibiotic and antifungal effects (Wilson et al. 2020). The
hyperparasitic Cladosporium cladosporioides isolated from
the rust fungus Puccinia striiformis f. sp. tritici (Pst) was
able to reduce the production and germination rate of Pst
urediospores (Zhang et al. 2022a). The fungal virus Cryph-
onectria hypovirus 1 (CHV1) reduced the virulence of the
chestnut blight pathogen Cryphonectria parasitica, mainly
by reducing the metabolism of the fungus (Stauber et al.
2022).

Competition

Competition between microbial communities for space
and food occurs when two or more microbial species are
present in the same space and require the same nutrients.
This characteristic is cleverly exploited to inhibit plant
pathogens using biocontrol agents. Sarrocco et al. (2020)
reported endophytic colonization of wheat roots by Tricho-
derma gamsii T6085 reduced colonization of Fusarium
graminearum, the causal agent of late blight in wheat, and
Fusarium oxysporum isolate (7121), a natural competitor
of wheat plant residues. T6085 was also responsible for
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increased expression of plant defense mechanism PALI
genes. Plant microbes are thought to rapidly colonize and
consume all available substrates and surfaces to make
them inaccessible to plant pathogens. In doing so, they
compete primarily for macronutrients produced by plants.
Iron is one such macronutrient that attracts multiple plant
pathogens, leading to competition between rhizospheric
and pathogenic microorganisms. Francesco and Baraldi
(2021) reported that strains L1 and L8 of Aureobasidium
pullulans compete with the fungal pathogen Monilinia
laxa for iron by producing siderophores that reduce path-
ogen growth and germination at low iron concentrations.
Plant root exudates serve as a food source for microor-
ganisms in the rhizosphere. The rhizosphere consists of a
limited supply of iron, resulting in a competitive situation.
Many microorganisms secrete siderophores to scavenge
iron. Siderophores are secondary metabolites with high
affinity for iron and have the ability to promote or inhibit
competing microbial species, depending on the presence
of transporters or channels for siderophore uptake in com-
petitors (Niu et al. 2020).

Induced resistance

Induced resistance in plants may consist of activation of
resistance in plants using external agents by nonspecifi-
cally activating plant defense genes without causing any
changes in the plant genome. Endophytic plant micro-
organisms are an option associated with strengthening
host plant induced defenses. Endophytes are responsible
for inducing resistance in plants by several mechanisms
including increasing synthesis of phytoalexins (Asghari
et al. 2020) and pathogenesis-related (PR) proteins (Jha,
2022), depositing lignin and glucans that thickens plant
cell walls (Benhamou et al. 2000), as well as thickening
cuticles which prevents pathogens from development and
plant cell wall penetration (Fontana et al. 2021). There-
fore, it is critical to understand the role of endophytic
microorganisms to enhance agricultural productivity using
natural biocontrol strategies that are often compromised
by the use of chemical bactericides and fungicides. The
endophytic Burkholderia gladioli BG -E39 exhibited fun-
gicidal activity that caused mycelial cell death of several
fungal saffron pathogens including Fusarium oxysporum
by producing chitinase and $-1,3-glucanase that degraded
the fungal cell wall. The endophyte prevented tuber blight
by antibiosis, increased endogenous jasmonic acid con-
tent (JA), and increased expression of the JA signaling
pathway for systemic resistance in the host plant (Ahmad
et al. 2022).
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Factors affecting the efficacy of biocontrol

Numerous biotic and abiotic factors influence the activ-
ity and behavior of BCAs, including pH, temperature,
moisture, texture and components of the soil, native field
microflora, and pesticide use. Experiments and trials with
BCAs are first conducted under laboratory conditions on a
small scale to avoid natural antagonists of the agricultural
field environment. When these BCAs are tried on a large
scale in natural field environments, they often do not show
acceptable biocontrol activities. Controlled greenhouse
conditions that meet environmental criteria such as pH,
temperature, and other biotic and abiotic factors may be
suitable for the application of antagonistic BCAs. When
planning the use of BCAs against microbial plant patho-
gens, it is important to consider the various environmental
factors that affect the proper functioning of BCAs. Growth
and reproduction of several BCAs depend on substrates
excreted by host plants through roots and shoots. These
strongly influence microbial composition and the expres-
sion of genes responsible for the production of antibiotics
and other microbial metabolites.

Mycoparasitic Trichoderma strains are strongly influ-
enced by pH properties and water activity (Aw) (Kredics
et al. 2004; Daryaeiet et al. 2016), which varies from
strain to strain. pH 6 has been reported as the optimum
for growth inhibition of Fusarium sp. and sporulation of
Trichoderma sp. from onion soils in Sri Lanka (Abeyratne
and Deshappriya 2018).

Antibiotic production by bacterial BCAs can be influ-
enced by various abiotic factors such as oxygen, tempera-
ture, soil moisture, pH, carbon and nitrogen sources, and
microelements, while biotic factors include the type of
plant host and pathogen, local microflora, and cell density
of the producing strain (Raaijmakers et al. 2002).

Combination of BCAs to enhance efficacy
of biocontrol

The efficacy of BCAs can be synergistically enhanced by
combining them with several other BCAs or with sev-
eral agronomic, physical, or chemical agents so that all
partners in the combination reap the benefits. Combin-
ing BCAs with other control agents provides a broader
control spectrum and allows the use of control methods
that are typically less effective as stand-alone agents. The
combination of BCAs with chemical pesticides against tar-
get organisms has attracted much attention. This reduces
chemical pesticide use, which is replaced by BCAs in the
control of plant diseases. For example, a BCA can be com-
bined with a chemical fungicide to improve the efficacy

of the BCA and minimize the dosage of the fungicide.
For such combinations, BCAs must be resistant to such
chemicals, which can occur naturally or be produced by
genetic manipulation. In a report by Zhang et al. (2021),
cowpea wilt disease caused by Fusarium oxysporum was
very effectively controlled by the combined application of
the BCA Trichoderma asperellum strain SC0O12 and a fun-
gicide hymexazol. The Trichoderma strain proved resistant
to hymexazol and showed hyperparasitism to F. oxyspo-
rum. The fungicides Nativo (tebuconazole 50% + trifloxys-
tobin 25%) and propiconazole were found to be compatible
with T. harzianum strain IRRI-1 in vitro at concentrations
of 10 ppm, 15 ppm, 20 ppm, and 25 ppm for control of
various plant pathogens in an integrated system (Singh
et al. 2021a). Dubey et al. (2020) reported in a study that
Fusarium wilt of tomato could be controlled by the com-
bined application of Pusa biopellet (7. harzianum or T.
viride) in soil along with dipping seedling roots in Pusa
5SD (T. harzianum/T. viride) + Vitavax Power.

Several agronomic practices promote BCAs. These
include informative practices for crop selection, soil types,
crop rotations, soil amendments, and use of appropriate
plowing, planting, and seeding regimes. Combining BCAs
with appropriate agronomic practices can be an effective
biological control strategy that further enhances the effec-
tiveness of BCAs.

Figure 2 depicts the general factors that have both positive
and negative effects on the efficacy of BCAs.

Effects of agrochemicals on BCAs

Agrochemicals include various chemical compounds used in
agriculture in the form of pesticides, fertilizers, and chemi-
cal growth promoters. It is important to understand the
effects of agrochemicals on natural and human-introduced
microbial biocontrol agents. Several complex agrochemicals
are used in the form of fertilizers and pesticides that reach
non-target soil microorganisms (Patibanda and Ranganath-
swamy 2018). Some agrochemicals have drastic effects on
non-target soil microorganisms and disrupt vital cellular
functions leading to microbial cell death (Kalia and Gosal
2011). Such toxic agrochemicals have direct effects on the
soil microbiota and lead to a decrease in soil fertility (Meena
et al. 2020). Fungal pathogens are known to be one of the
major causes of diseases in agricultural crops. Since chemi-
cal fungicides are cheap and readily available, they are used
all over the world. Many of these fungicides are known to
destroy non-target microorganisms (Yang et al. 2011).
Agrochemicals usually have a negative image in people's
minds. However, several researchers have found that agro-
chemicals can have both harmful and nontoxic (sometimes
beneficial) effects on soil microbial communities. Ba¢maga
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Fig.2 Factors affecting the
efficacy of Biocontrol agents
(BCAs)

Factors affecting the
efficacy of Biocontrol
agents (BCAs)

et al. (2018) reported that chlorothalonil, a widely used agro-
chemical pesticide, increased the number of heterotrophic
bacteria and actinobacteria at an acceptable dosage, while
it had inhibitory effects on fungi. Chlorothalonil was also
reported to improve soil biochemical properties. Fournier
et al. (2020) reported that both chemical fungicides (Fos-
etyl-Al and propamocarb hydrochloride) and biopesticides
(Clonostachys rosea) showed non-significant but different
changes in soil microbial community composition.

Although BCAs have been shown to be effective in
controlling diseases in plants as a replacement to various
chemical pesticides, disease management is incomplete
and efficacy is largely dependent on environmental abiotic
conditions. In this regard, an integrated system combining
BCAs with agrochemicals could be a perfect solution. It is
expected that the combination of BCAs with fungicides in
an integrated pest management of fungal plant pathogens
will reduce the dosage of chemical fungicides as well as
the selectivity of BCAs and adaptation of resistance (Ons
et al. 2020).

Recent advances in biological control
In general, BCAs do not achieve satisfactory results under

natural conditions compared to chemical pesticides and lab-
oratory conditions. Advances in molecular methods have
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improved the efficacy and properties of BCAs in recent dec-
ades, and this is to the credit of numerous researchers in the
field. Genetic modification of BCAs is intended to achieve
a variety of goals. However, among the most common are
improving efficacy in controlling plant pathogens, increasing
resistance to chemical pesticides, and improving the stabil-
ity of BCA strains to a variety of biotic and abiotic factors.
The goals are to be achieved with minimal risk to the natural
ecosystem.

The most common entomopathogenic bacterial genera to
which genetic engineering has been applied include Bacil-
lus, Lysinibacillus, Pseudomonas, Serratia, Photorhabdus,
and Xenorhabdus (Azizoglu et al. 2020). Jing et al. (2020)
reported the genetic modification of the root-colonizing bac-
terium Pseudomonas protegens Pf-5 as a biocontrol agent.
Inactivation of retS genes generated a retS mutant strain that
increased the production of the antibiotic 2,4-diacetylphlo-
roglucinol and effectively inhibited the growth of Rhizocto-
nia solani. They also reported the introduction of nif genes
into the retS mutant, which showed significant nitrogenase
activity.

Genetic modification in the host plant
Genes can be modified, silenced, or introduced into host

plants using vectors and other means as a biocontrol strategy
against microbial pathogens. The process is complicated but
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not impossible, as there are reports of it. However, more
research is needed in this area to reduce the use of chemi-
cal pesticides. Gene silencing strategy was used to suppress
Asian soybean rust (ASR) in soybean leaves caused by Pha-
kopsora pachyrhizi. The host-induced gene silencing strat-
egy using modified bean pod mottle virus (BPMV) vectors
in soybean was able to suppress the expression of 45%—80%
of target genes, thereby reducing ASR symptoms in soybean
leaves after inoculation with P. pachyrhizi. Direct spraying
of dsRNAs for genes encoding an acetyl-CoA acyltrans-
ferase, a 40S ribosomal protein S16, and a glycine cleav-
age system H protein onto detached soybean leaves before
inoculation with P. pachyrhizi also reduced P. pachyrhizi
accumulation by up to 75% (Hu et al. 2020).

Expression of bacteriocins in crops through genetic
modification is an effective strategy for controlling bacterial
diseases in agricultural crops. Rooney et al. (2020) demon-
strated efficient expression of PL1 in Nicotiana benthamiana
and Arabidopsis, resulting in quantitative and qualitative dis-
ease resistance to PL1-susceptible strains of Pseudomonas
syringae (Ps). They also reported that the link between the
LPS biosynthetic machinery and mutations associated with
PL1 insensitivity/tolerance and that increased PL1-tolerant
Ps mutants are still unable to induce disease symptoms in
transgenic plants. They conclude that transgenic expression
of a bacteriocin in plants can lead to robust disease resist-
ance to the bacterial phytopathogen Ps.

A gene editing system to improve resistance in crops for
biocontrol of microbial plant pathogens has been recently
introduced and widely accepted by the name of clustered
regularly interspaced short palindromic repeats (CRISPR)/
Cas9 (Karmakar et al. 2022; Verma et al. 2022). This sys-
tem consists of several steps that include selection of the
gene of interest, preparation of ribonucleoprotein (RNP),
incorporation of the foreign RNP into plant cells, identifica-
tion of the transformation occurred using Next Generation
Sequencing (NGS), and evaluation of the expression of the
gene of interest, followed by breeding new varieties of the
modified target plant (Liu et al. 2021). This technology has
been found to be highly precise, low off-target edits and can
edit multiple sites in the genome (Bansal et al. 2022). The
use of CRISPR technology has been dramatically increasing
to induce disease resistance in crop plants by introducing
genes responsible for production of metabolites with antimi-
crobial and antibacterial properties against microbial plant
pathogens in crop plants (Sharma et al. 2022).

Induction of fungicide resistance in the host plant

BCAs are not considered 100% effective when used as the
sole means of controlling fungal plant pathogens. This
requires that the BCAs have significant resistance to the
chemical fungicides so that both the chemical fungicide

and the biocontrolling microorganisms can work efficiently.
Genetic engineering techniques can be used to improve
the fungicide resistance of such BCAs. Hirpara and Gajera
(2018) reported the development of Trichoderma interfu-
sants by protoplast fusion of mycoparasitic 7. virens NBAII
Tvs12 and fungicide-tolerant 7. koningii MTCC 796, tol-
erance to the fungicides mancozeb, thiram, tebuconazole,
and carbendazim, and increased antagonistic activity against
Sclerotium rolfsii sacc.

Genetic modification of biocontrol agents

Some mycoviruses are known to induce hypovirulence in
phytopathogenic fungi. Hypovirulence is the reduction in
the ability of pathogens to cause disease. Transgenic hypo-
virulent strains of Cryphonectria parasitica generated by
integrating hypovirus cDNA into nuclear DNA result in
hypovirulence-mediated biocontrol of pathogenic C. para-
sitica as viral cDNA is transferred to fungal progeny (Nuss
2005).

The efficiency of BCAs producing bacteriocins can be
improved by genetic modification. Knowledge of the genetic
organization and biosynthetic pathways of various bacteri-
ocins has enabled the analysis and modification of bacte-
riocins and their production hosts to improve the efficacy
of bacteriocins as antimicrobial agents. Bacteriocins with
unique properties can be produced by mutation or fusion of
genes from different bacterial species encoding bacterioc-
ins. Genetic modification has several advantages over using
bacteriocins and bacteriocin producers in their natural form,
such as broadening the damage spectrum of bacteriocins
using gene fusion techniques, as they often have a narrow
killing range and may not be effective against all strains of
a targeted pathogen (Gillor et al. 2005).

Conclusion

Microorganisms such as bacteria, fungi and viruses can be
effectively used as a biocontrol agent to protect plants from
other pathogenic microorganisms. Microbial biocontrol
agents provide biocontrol by several mechanisms includ-
ing direct antagonism, production of secondary metabolites,
competition, as well as induction of resistance in the host
plant. Though researches have been going on extensively in
this field all around the globe, more research is required on
the combined usage of microorganisms among themselves
and chemical compounds for better and longer effects. New
technologies such as CRISPR have been widely accepted as
an efficient method for the induction of resistance in host
plants as well as production of antimicrobial compounds by
the host plants using genetic modification for plant disease
control. Genetic modification of BCAs is also a futuristic
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approach for better biocontrol. These technologies can be
more researched upon and can be further utilized for creat-
ing mutant plant species and genetically modified microbial
BCAs with a wide range of target pathogens.

There are several practical aspects yet to be covered
to replace chemical pesticides with microbial biocontrol
agents, costs and availability being one of the major prob-
lems in this regard. Educating farmers to use microorgan-
isms for biocontrol instead of chemical pesticides is another
aspect to be considered.
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