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Phyto-parasitic nematodes are the main risks to the agroecosystem that cause agricultural output to
decline in a variety of crops around the world. An intriguing and promising substitute for the chemical
practice of shielding plants against the growing hazards of these pathogens lies in biological plant
protection. This approach focuses on using biological control agents (BCAs) using microbial-based
biocontrol techniques to inhibit the growth of phytopathogens responsible for plant diseases. Microbial
BCAs interact with pathogens or plant hosts to increase their resistance, which may be a useful way to
control the development of agricultural diseases. However, in comparison to a single strain, microbial
consortia with distinct modes of action might exhibit a multifunctional and more resilient effect as
a biocontrol. The market is currently offering only a small number of microbial consortia-based
biocontrol interventions as these products are still in their infancy of development and demand
substantial research to avert phyto-parasitic nematodes. The employment of BCAs to combat
phytopathogens will become an increasingly vital component of sustainable agriculture in the future.
Thus, this article provides a thorough review of the current status of bacteria and fungi and their
microbial consortia-based biocontrol for plant protection research through a biological manner
considering upcoming and advanced technological developments. Commercialization of biocontrol
products and associated challenges and ways to overcome these hurdles are also discussed as future
perspectives. The present review also summarizes the latest research done (particularly the past five
years' data) on the activity of BCAs bacteria, fungi and their consortium against various plant pathogens
with their enormous benefits for upgrading plant growth and defense mechanisms. The present review
efficiently contributes to sustainable development goal 2, which is concerned with food security and
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Environmental significance

The major source of our food system is contributed by the plants and a substantial proportion of plant-based food losses occurs yearly due to agricultural pests
including plant parasitic nematodes. The substantial and perpetuated overuse of agrochemicals to control these pests poses serious threats to the environment
by reducing the fertility and quality of soil, contamination of water sources and affecting health. Therefore, investigating feasible and secure agrochemical
substitutes for combating plant diseases is crucial to preserving soil and crop quality and attaining the sustainable development goal 2 (SDG 2) related to food
security and sustainable agriculture and ‘One Health Program’. One such approach is the use of biocontrol agents (bacteria and fungi or their consortia) using
different microorganisms to control nematodes. It is vital to comprehend the importance of potential microbes and their synergistic association for future
commercialization as a potent biocontrol product to mitigate crop losses and boost agricultural productivity, thereby safeguarding the environment (soil, water)
and improving health by avoiding the harmful impact of conventionally used agrochemicals.

1. Introduction

Food quality and quantity are continuously being depleted
during production, which is defined as food loss, negatively

impacting food security and safety globally. According to the
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decline of food production is one of the primary causes of
famine and malnutrition.” There is a growing need for food as
the world's population rises, with plants making up the primary
food source globally.

Plants cover approximately 80% of the food we consume.
However, agricultural pests, including plant parasitic nema-
todes (PPNs), cause around 40% of food crop losses yearly.?
Plant diseases, both endemic and newly surfacing, are
spreading and getting worse because of several factors,
including pathogen repercussions, the creation of novel path-
ogen lineages, transmission through international food trade
networks, and climate change.*

Though agrochemicals have boosted agricultural output and
quality to fulfill the world's expanding requirement for food
security,’ the agricultural soil system has become contaminated
because of the substantial and perpetuated use of agrochemi-
cals.” Artificial compounds (synthetic chemicals) can reduce the
fertility and quality of soil, increase the risk of sickness from
heavy metal intake and reduce the nutritional value of plants
when used consistently or arbitrarily to encourage plant
growth.*” Agrochemical contamination poses serious threats to
the environment.**° To achieve Sustainable Development Goal
2 (SDG 2), which is concerned with food security, sustainable
agriculture, and the “One Health Program,” it is imperative that
viable and secure agrochemical alternatives be looked into for
combatting plant diseases. This will preserve the quality of the
soil and crops.™

PPNs, or roundworms, are large organisms belonging to the
phylum Nematoda. Nematodes are present in both parasitic
and free-living forms in plants and animals and are adapted to
survive in different habitats. PPNs are a pathogenic group found
in many plants and crops worldwide, decelerating agricultural
yield by restricting plant growth and lowering crop produc-
tivity.” In total, 4100 PPNs species were considered a severe
constraint for global food security.™

Nematode assault in crops manifests as leaf chlorosis,
stunted growth, sluggish growth rate, and falling of leaves.
Nevertheless, these symptoms can vary according to the type of
nematode attacking the plant. According to Rosmiza et al.**
there are four types of nematodes: (1) lesion nematode (Praty-
lenchus sp.), (2) leaf nematode (Aphelenchoides sp.), (3) root-knot
nematodes (RKNs) (Meloidogyne sp.), and (4) rice root nematode
(Hirschmanniella sp.).**

The European and Mediterranean Plant Protection Organi-
zation (EPPO) proposed member states of the EU regulate
nematodes, which are Radopholus similis (Cobb, 1893, Thorne,
1949, Tylenchida: Pratylenchidae), Aphelenchoides besseyi
(Christie, 1942, Tylenchida: Aphelenchoididae), Meloidogyne
enterolobii (Yang & Eisenback, 1983, Tylenchida: Hetero-
deridae), Globodera pallida (Stone, 1973, Tylenchida: Hetero-
deridae), Heterodera glycines (Ichinohe, 1952, Tylenchida:
Heteroderidae), Globodera rostochiensis (Wollenweber, 1923,
Tylenchida: Heteroderidae), Meloidogyne fallax (Karssen, 1996,
Tylenchida: Meloidogynidae), Meloidogyne mali (Ito, Oshima &
Ichinohe, 1969, Tylenchida: Meloidogynidae), Xiphinema rivesi
(Cobb, 1913, Dorylaimida: Longidoridae), Bursaphelenchus
xylophilus  (Steiner & Buhrer 1934, Nickle 1981,
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Parasitaphelenchidae: Bursaphelenchus), Meloidogyne chit-
woodi (Golden, O'Bannon, Santo, & Finley, 1980, Tylenchida:
Heteroderidae) and Ditylenchus dipsaci (Kuhn, 1857, Tylen-
chida: Anguinidae)."**

The United States reports that the global economic loss in
crop yield due to PPNs infection is estimated to be over USD 173
billion. According to the global index, PPNs account for 12.3% of
losses annually in 40 important crops, and 14.6% in developed
nations.” Recent studies show the annual losses to crops
considering all pests and diseases in India estimated at Rs. 500
billion, of which 20.4% of losses in crop production caused by
nematodes reported by many Centres of All India Coordinated
Research Project (AICRP) (Nematodes).” According to reports,
pine nematodes cause an average annual total economic loss of
CNY 7.17 billion in China, out of which CNY 1.53 billion are
direct economic losses and CNY 5.64 billion are indirect
economic losses.”® A study shows pests and diseases are
responsible for losses of 10-28% worldwide in soybeans, 25-41%
in rice, 20-41% in maize, 8-21% in potatoes, and 10-28% in
wheat.”* Crop losses each year due to the problem of rice pests,
such as nematode assaults, have reached 25%. It attacks vege-
table crops such as tomato, cucumber, lettuce, zucchini and
watermelon causing yield loss of about 85%, 59%, 40%, 36%,
and 29% respectively.”® More information about the percentage
yield loss due to PPNs in different crops is covered in Table 1.

Such a huge agriculture productivity loss must promptly be
mitigated through various environmentally friendly approaches.
One such approach is the use of biocontrol agents (BCAs) having
different microorganisms to mitigate the crop productivity losses
due to nematodes. The BCAs, including bacteria and fungi or
both, could be employed to minimize the agricultural losses
caused by these nematodes. Moreover, single-strain inoculants
could often is not a potent biocontrol due to low competitiveness
against native microorganisms and changing environmental
conditions.* Integrating multiple strains that encompass an
expanded spectrum of target organisms and environments has
been suggested as a strategy for navigating these problems.*
However, there are not many effective examples of microbial
consortia functioning effectively.

Nowadays, the study is much more focused on the consortia
of different microorganisms that might safeguard to protect
from pests in an eco-friendly way. Biological defense against
plant disease is a feasible and intriguing approach to chemical
approaches for protecting plants against the growing threat of
plant diseases. BCAs are used in this method to lower the
activity of important plant diseases. Microbial BCAs are an
efficient way to control the spread of crop diseases.?* However,
the existing efficacy of biological approaches is insufficient,
opening up novel avenues towards environmentally friendly
plant monitoring. There are currently very few readily available
microbial consortia-based biological control formulations,
despite scientific efforts to find or create microbial consortia
that can help with crop protection. As a result, the focus of the
present article is to provide an in-depth assessment of the
present status of bacteria, fungi, and microbial consortium-
based biocontrol and to explore potential future research
avenues for biological protection of plant research with new

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Yield loss caused by PPNs to different crops

View Article Online

Environmental Science: Advances

S. no. Crops Nematodes species Part affected Yield loss (%) References
Vegetables
1. Tomato Meloidogyne incognita 40 27
2. Okra M. incognita, Meloidogyne Root-knot 38 28
Cucumber Javanica and Meloidogyne arenaria 31
Tomato 17
Eggplant/beans 8
3. Onion Pratylenchus Root-knot 29.7 29
Meloidogyne spp. 95.7
Scutellonema 51.5
Helicotylenchus 81.6
4. Bitter gourd M. incognita Root-knot 13.5 19
Bottle gourd 22
Brinjal Meloidogyne spp. 21
Capsicum 10
Carrot 34
Chilli 15
Okra 19.5
Cucumber 12
Tomato 23
Potato Globodera spp. Cyst 26
5. Radish Meloidogyne spp. Different parts 8-20 30
6. Pumpkin M. incognita Different parts 27 27
Sponge gourd M. incognita 15
Bottle gourd M. incognita 35
Bean M. incognita 27
Pea M. incognita 20
Eggplant Pratylenchus spp. and M. incognita 43
Carrot M. incognita 25
7. Pointed gourd M. incognita Different parts 20-50 31
8. Ivy gourd M. incognita Different parts 35.09 32
Fruits
1. Pomegranates Helicotylenchus digitus and M. incognita Root-knot 40.2 33
2. Pineapple Rotylenchulus reniformis Different parts 86.4 34
3. Watermelon M. incognita & M. javanica Different parts 37 35
Spices
1. Black pepper Meloidogyne spp. Different parts 52-65 35
2. Turmeric M. incognita 33 19
3. Ginger M. incognita 29-33
Pulses
1 Chickpea M. incognita Different parts 40-55 36
2 Pigeon pea M. javanica, M. incognita and M. javanica Different parts 14.2-29.4 and 27.5
3. Mung bean M. incognita and R. reniformis Different parts 19-49
4. Urd bean M. incognita, M. javanica and R. reniformis Different parts 29-49
5 Field bean M. javanica Different parts 15.2
6. Lentil M. javanica Different parts 15.4
Rice Meloidogyne graminicola Different parts 42 37

technical breakthroughs. Thus, this review explains the role of
BCAs against PPNs and provides a glimpse of the effective use of
bacterial and fungal strains singly or in combination including
emerging novel microbial consortia. It provides the knowledge
of possible routes by which nematodes infect plants. It also
elaborates on different biological control mechanisms of
bacteria and fungi, alone and in consortia, with their significant
roles, such as hyper-parasitism, lytic enzyme production,
induced systematic resistance, antibiosis, siderophores, phyto-
hormone, volatile compound, and nematicidal toxin synthesis,
potassium, phosphate solubilization and nitrogen-fixing capa-
bilities as BCAs to fix the nematodes effects on plant and
improves its disease resistance. This review also provides

© 2025 The Author(s). Published by the Royal Society of Chemistry

information on the commercially available BCAs, challenges
associated with their formulations and futuristic approaches to
make BCAs a feasible sustainable option to mitigate phytopar-
asites. Thus, this review contributes efficiently towards
sustainable development goal 2 which relates to food security
and sustainable agriculture.

2. Life cycle and mechanism of
infection of plant parasite nematodes

PPNs are nematodes that consume plant components and are
commonly found in soil used for agriculture. There are three life

Environ. Sci.. Adv., 2025, 4, 335-354 | 337
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Fig. 1 Life span and mechanism of PPNs [modified from ref. 38 and 40].

phases for nematodes: eggs, juveniles, and adults. The envi-
ronment, the toxicity of the nematode species, the plant's
tolerance to nematode feeding, and the initial worm numbers
upon planting all interact complexly to cause crop harm.

PPN s fall into three primary categories: endoparasitic, semi-
endoparasitic and ectoparasitic, based on their feeding habits.
Ectoparasitic nematodes only come in physical touch with their
hosts. They live their complete life cycle outside the host during
the implantation of a protracted, strict feeding style. The
posterior of semi-endoparasitic nematodes stays in the soil
while they eat by penetrating roots. Endoparasitic nematodes
consume interior tissues after fully penetrating the root. These
feeding categories are further separated into sedentary and
migratory lifestyles. As they move through root tissues to feed
on plant cells, migratory endoparasites (such as the burrowing
nematodes Radopholus spp. and the root-lesion nematodes
Pratylenchus spp.) inflict tissue damage on their host cells. In
opposition to this, sedentary endoparasites drive host cells to
develop into multinucleate, hypertrophic feeding cells when
they enter the vascular cylinder. The two main PPNs in the
sedentary group are RKNs, Meloidogyne sp., and the cyst
nematodes (CNs), which comprise the genera Heterodera sp.,
Globodera sp.*®

The life cycle of RKNs can last 20-40 days at 27 °C; however,
the duration of each life stage varies according to temperature,
soil moisture content, and, to a lesser extent, host species. The
female deposits about 500 eggs into a viscous matrix that is
produced by her six anal glands. The 25-30 days process that
separates the egg from the adult is divided into six stages: the
egg stage, four juvenile or larval phases, and the adult stage.*

Initial phase juveniles (J1s) are created inside the egg during
embryogenesis, and they molt to become juveniles in the

338 | Environ. Sci.: Adv., 2025, 4, 335-354

second stage (J2s), which are contagious. J2 enters the plant
using the root zone, moves through the cell elongation site, and
begins feeding by injecting secretions from the esophagus into
the root cells, forming multinucleate large cells (Fig. 1). RKNs
and CNs both release virulence effectors with the help of stylet.
PPNs release effectors such as proteins needed for developing
feeding cells, enzymes that disrupt cellular barriers, and
inhibitors of anti-nematicidal plant enzymes. J2 enters the plant
through the root zone, moves through the cell elongation site,
and begins feeding by infusing secretions from the esophageal
gland into the root cells, forming ‘giant cells’.

The nematode takes on a sausage-like shape and becomes
sedentary following the creation of large cells. The J2s molt into
third-stage juveniles (J3s) under optimum conditions. Another
molt produces fourth-stage juveniles (J4s), which include root
galling. J4s also exhibit sexual dimorphism, while J3s lack
a functioning stylet. The males are vermiform, emerge from the
stem, and become free to live in the soil if they are found. The
stationary adult female resumes eating and has a sausage or
pear-like shape.

The adult female keeps getting bigger and laying eggs. The
generation of eggs leads to a large population of nematodes,
which restricts plant growth and development thereby leading
to substantial economic loss. The majority of PPNs feed by
using structures called stylets, which resemble needles, to
pierce and kill root cells. This kind of feeding is used by lesion,
lance, needle, sting, stunt, and sting nematodes, among other
nematodes. Some nematodes, such as the RKNs and the
soybean cyst nematode, enter roots and form persistent feeding
sites where they complete their life cycles without damaging the
surrounding cells. These nematodes can cause enormous
economic loss. Nematode infection symptoms can mimic both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biotic causes like stem and root rots and abiotic stressors like
nutritional deficits and drought because they are comparable to
symptoms of reduced root growth and function. Nematodes
generally cause wilting, yellowing, and stunting along with
a decrease in production. When it comes to SCN, visible to the
unaided sight female bodies that range in color from white to
pale yellow are indicators of infection.

3. Different aspects to reduce plant
parasitic nematodes pathogenicity

Sustainable and agrosystem-friendly action must be taken to
reduce these economic losses caused by PPNs. Various well-
verified methods are being used to control plant parasite
nematodes, such as chemical, crop rotation, host plant resis-
tance, Soil amendments, irrigation and soil solarization, but all
these methods are more laborious, high in cost and without
long-term solutions. Sometimes, chemical methods are very
effective, but they are not available everywhere, and day by day,
PPNs are becoming more resistant to synthetic chemical
nematicides.** It influences farmers to increase doses and
quantities of it in their agricultural fields, negatively impacting
the soil and its microflora in the long run, creating ecological
disbalance and a toxic environment. Crop rotation, soil solari-
zation amendments, and irrigation are also good alternatives to
chemical methods, but these methods need adequate land and
induce more labor costs.

In the present scenario, BCAs play a magnificent role in
suppressing the PPNs in crop ecosystems by their direct or
indirect mechanisms Fig. 3. BCAs can combat their natural
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enemies by providing plant growth-promoting effects to
enhance their defense mechanism to decrease formed diseases
through nematodes.”> It also shows antagonistic effects,
including parasitisation and the secretion of molecules or
substances to inhibit nematodes.** Several positive effects of
using BCA to invade PPNs are shown in Fig. 2. It is one of the
best pest management methods that may be opted against
PPNs, which sounds environment-friendly and economically
sustainable.

4. Biocontrol agents

Microorganisms are essential for controlling plant diseases as
well as enhancing the health and profile of the soil, which
promotes plant development and growth. By their inherent
mode of action, microorganisms can be used as BCAs to treat
the majority of plant diseases that are transmitted through the
soil.** Bacillus thuringiensis was the first microbe noticed for
biological plant protection, and it is used to fight insect pests
like the silk moth (Bombyx mori Linnaeus, 1758, Lepidoptera:
Bombycidae).** There was 100% inhibition of J2 juvenile,
reduction in egg masses, female population and decline of root
nodule problem studied against M. incognita infected tomato
plant under greenhouse when B. thuringiensis isolates were
applied through their spore crystal production mechanism.*
Similarly, in Aphelenchoides besseyi infested rice, B. thuringiensis
strain GBAC46 and NMTD81 were applied and showed 88.80%
and 82.65% nematicidal activity by producing novel Cry 31A
protein which acts as pore formation toxin and also activates
systematic resistance in rice.*® According to recent studies,
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Dactylaria brochopaga and Drechslerella dactyloides caused
a decrease in the infection rates of M. incognita in tomato roots-
knots (67.2-70.4%), females (80.5-85.8%), eggs, and juveniles
(84.9-88.8%). Their primary output was conidial traps that
lacked a mycelial phase.*” The grape pathogenic nematode
Xiphinema index is significantly reduced by nematode-trapping
fungi (NTF) Arthrobotrys flagrans (Duddingtonia flagrans).** In
the infected tomato plant, Bacillus megaterium C3, B. safensis
VW3, Lysinibacillus sp. VW6, L. fusiformis C1, Pseudomonas res-
inovorans VW4, and Sphingobacterium daejeonense LV1 demon-
strated their potential to biocontrol the RKN M. javanica.*® The
bacterium Pseudomonas simiae MBS751 showed strong nema-
ticidal activity and performance against M. incognita by
producing cyclic dipeptides that act as potential BCA.>* An
endospore-forming bacteria Pasteuria penetrans parasitizes the
J2s of RKNs. When J2s bear bacterial spores, they become
immobile and are not able to pass through the roots. After
adhering to the nematode's cuticle, bacterial spores emerge
from the germination tube, develop into endospores within the
body, and ultimately cause the nematode to die.** Furthermore,
it has been shown that 88-93% of M. incognita J2s die, while 88—
83% of Serratia plymuthica and Pseudomonas protegens eggs
hatch in greenhouse tomatoes. The metabolites of both bacteria
reduced the number of egg masses and root galls, but the P.
protegens enhanced plant development and seed germination.*
Thus, using advantageous microorganisms (BCAs) upon
chemical pesticides would remove the negative consequences of
pesticides and reduce the detrimental impact of chemicals on
the environment. BCAs have several beneficial responses as they
increase plant productivity qualitatively and quantitatively for
a long duration without any environmental threat.”

4.1. Bacterial and fungal interaction (BFIs)

Bacteria and fungi frequently coexist in microhabitats where
they come together to form vibrant, coevolving ecosystems.
These bacterial-fungal communities comprise microorganisms
from a broad range of fungal and bacterial groups and have
been found to exist in almost all habitats. Numerous ecosys-
tems depend on the interactions between fungi and bacteria to
function properly. These microorganisms are essential to
communities that drive biochemical cycles and are involved in
plant and animal health sickness.> In agricultural settings,
bacterial fungal interactions (BFIs) are significant since they can
determine the health of crops. Expanding our understanding of
the mechanisms behind the interactions between fungi and
bacteria would give agricultural biological control over pests
and diseases a stronger foundation.* Utilizing nematophagous
fungi as endophytes, or having BCAs colonize the rhizosphere,
is a viable approach for plant-parasitic nematode biocontrol.
Endophytes could establish themselves in the root system
before nematodes are drawn to roots since they are reasonably
simple to introduce as inoculants to seeds or seedlings.*® Both
internally and externally, bacteria and fungi can interact, and
the nature of the relationship is influenced by substances
released by the bacteria and fungal and bacterial surface
molecules and the morphology of the fungal cells. Furthermore,
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BFIs are exhibiting facultative endofungal activity. Ascomycete
and Basidiomycete fungi that interact with Alphaproteobacteria
and Gammaproteobacteria are involved in the majority of these
facultative partnerships. An endosymbiont of the fungus Pir-
iformspora indica called Rhizobium radiobacter helps the fungus
and a variety of plants build a beneficial symbiotic relation-
ship.’” When subjected to nematode-derived cues, such as
a conserved family of pheromones called the ascarosides,
Arthrobotrys oligospora, and other nematode-trapping fungi
develop specialized structures for parasite capture. Through
conserved MAPK and cAMP-PKA pathways, A. oligospora detects
ascarosides.®® A stable interaction between bacteria and fungi in
soil may invade the growth of nematode. A tailor-made
consortium of bacteria and fungi by checking their coordina-
tion and stability can evolve a better biocontrol agent. Under-
standing the signaling pattern of bacteria and fungi is an
important factor in this regard. BCAs can control plant diseases
in a variety of ways. An understanding of the mechanisms
underlying the beneficial role of microorganisms will facilitate
the optimization of biocontrol. In contrast to pests, this will
encourage the development of BCAs in the rhizosphere,
resulting in the formation of biofilms that stop pathogens from
invading the roots, the release of vital micronutrients like
siderophores, and an efficient system for absorbing micro-
nutrients.* BFIs are a crucial factor in consortium development
which decides the faith of the plant growth and development.
An analyzed well-developed bacterial and fungal consortium
with a proper understanding of their work pattern may be much
more effective than one species. As bacteria make food and
fungi give shelter the mutualistic behaviour can change the soil
quality and reduce the pathogen activities.

4.2. Microbial consortia as potent BCA

Microbial associations can contain various microorganisms
with varying environmental habits including host plant and soil
type, preferred colonized areas, and action against different
pathogen species.®® The spectrum of microbial strains' efficacy
against a variety of plant diseases can be expanded by assem-
bling many microorganisms into consortia, even if individual
strains may have different modes of action.®* Additionally, the
microorganisms in biocontrol consortia may enhance the
growth of plants and other bacteria, boosting the potential of
such products.®” Consortia construction requires an under-
standing of the roles played by different single strains and the
potential interactions between different inoculants within
a consortium. To develop microbial consortium there is a need
to incorporate functional characteristics like redundancy,
composition and variety with metabolic complementarity.** The
consortium's protective effect exceeds single-strain inocula-
tions, despite a meta-analysis showing that consortium activi-
ties are higher in greenhouses than in outdoor settings.™
Regardless of the extensive possibilities of the microbial
consortium, the market currently lacks biocontrol products in
microbial-based consortia.** The subsequent discovery of
penicillin a few years later astonished the scientific commu-
nity.** As a result, it seemed sensible to examine possible

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00216d

View Article Online

Advances

Environmental Science

itical Review

Cr

/L DPUDISSDG DLI2ANDIG
€'G8 uononpoxd wnunvld wnijjoaanding
06 9'¢8 eadmoD ppugoour "W UIX0) pue JWAZUD ‘AJTATIOR d1ISTUO3eIUY avrydosiup wniziywiam ‘9
(Burgorey
s339) ¢ 01 dn pue Kemyped
68 (Aerrowr atuaan() ¢'se OJewIO], ppudoour "W Zurpeudis Ie[nod[ow/salIjoqeldw pazieroads WNUIS10.43]9S WNIUOWIILIY 'S
S6 ~dds vuwapoyorg,
88 19°L6 DO paudoour "W 90UB)SISAI JIFeWISAS paonpur wnuadosCiys wnomuad 8%
(uonyeuuioy [1es) punoduod
/8 €'/¥ pue (s332) 8'1¢ ojewIo], ppudoour "W 1919 9PLIO[Y201PAY 21enId [AYIDWIA-S‘T snowodp! snyjidiadsy '€
59 snundyov.iq aseueon(3-¢‘1-g pue ‘oseprxorad TYTIV Wnuvizivy *J,
98 5% ueaqhos snyoua)(wid ‘aseuniyo SuIA[oAUT UONIe dewAzuyg 00.L Winja.Ladsn DULIPOYILL], T
G8 GG EBIN| pjoUNUDLS wsnIsered PTod suLofijiuow wniwsng T
svDd se 1dung
(sossew 833) 71~ sonoiqnue apndadodr pue
¥8  pue (uonewoj [[e3 ur) £'69 0JewIO], ppudoour ‘W SOWIAZUD dNAJOIPAY ‘S9IT[0qBIOW ATRPU0IDS 01d synqns ‘g T
c'18 10118 0EL 14]D SNIIDGIUIDT
€8 'S8 3 0JBWIOL pausoour "W 90URB)SISAI JBWIAISAS paonpuf 80V wuvygulin g ‘1T
(11os ur uononpai 1s4)
78 09 pue (A1reley arruaan() oz ueaq4hos sou}s | (A1anoe onsruodejue) wisnisered £15qaus myvyqolw snjjovg 0T
(4 96 ur 3uryorey aseprxorad
$339) 59°09 pue (Y ¥¢ pue ‘aseprxo [ouayd4jod ‘asei[-eruowrtue
18 ul Aireyrowr d[uaan() 78 ce EBIN | pjooUNUDLS * suruereAuayd SOWAZUD o) JO SANIANOY £-DD aDISIPOY.L SDUOULOPNIST ‘6
saproofuiopnasd snjjrong pue
DSOULSNLID SDUOWIOPNIS] ‘SNa.LaD °q ‘S1Suauofo]
uononpoid punodwod snjpong ‘snpund snjj1ovg ‘SIUIUIPasIUDIIO
08 96'69 01 dn 0jJBWO], paudoour "W [e1qoIdTwInUE R A1anse Junoword-yamoin "SNIpIng ‘11y20y NIV ‘SUDI]0I0IVY SNIJIODT '8
(Buryorey s339)
8, ‘(Airerey orruaan() L6 sngns g
(Buryorey s339) 22 (eseuntyo pue aseuesoyd
6L ‘(Arrerzowr aqtuaan() 00T oap1a uy ppugoour "W ‘oseanoid) A1anoe dnBWAZUD Ie[N[90RIIXT vxwdGod snjjovqiuang A
96°66 vpudosur W
sun3ajo
8L 68°LL 0JeWO], SYIPGDY.LOUIDD (urxoy se syoe pidy) sursoduryds TS Sna.tad snyong )
89°¢6-BaIR
LL 1001 pue 8§ '¥8-eaIe [10S 193u1n paudoour ‘W wsnisered ‘uoneziuoioD (0VOTDDINY) Stuzpnap Snovg 'S
9z 8'G8 220D paudoour ‘W wsnIsereq 694D saalworda.ng 8%
£70L-[10S J[LIANS
SL 0S<-04710 U rueueyg vowuvav! W wsnIseIed +ds saofwoyda.ng €
T1°€L -eale J00Y
74 98°T8-BaIR 10§ 1addad yoerg “ds audSopr0jo (oseuntyo pue aseajoid) L1anoe onewszug 6SA wnrwsau g ‘T
8'18 (zdq) smpnund snjpong
8 (¢sq) symqns g
€L 869 eadmoD ppugoour ‘W SUIX0)} pue SOWAZUD ‘SONoIqIUY (13d) suaosasonyf ‘q ‘T
SyDd St eld)deg
EERlIETCIEN | % ‘uononpay doip SNdd 19831e], (punodwos [epronewaU) UONIE JO IPOIN sjuade [onuo0d [edrdojorg ‘ou
S

Ayianoe bunowoad-ymodb yueld yym saiuadoud yuabe |03U001q SMOYS Sulel)s |ebuny pue elssyoeq jenuayod Jo 1S g alqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
“INd ¥T:T2:TT 9202/20/9T U0 papeojumod 720 Nideses) Bxxey £2 U0 paus!ind 801y sseooy usdO

Environ. Sci.. Adv, 2025, 4, 335-354 | 341

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00216d

Open Access Article. Published on 23 Kaxxa Garablu 2024. Downloaded on 16/02/2026 11:21:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

microbes in agricultural practices, specifically to look for strains
that produce antibiotics effective against essential plant
infections.

Indeed, this has led to the identification of numerous
bacterial strains from the genera Bacillus and Pseudomonas,
which are well-known for producing a wide range of antibiotics
and antimicrobials.®® Consequently, the first biocontrol product
based on living microorganisms (Galltrol) was enhanced with
Agrobacterium radiobacter K84, the source of the antibiotic
agrocin 84 against A. tumefaciens.® In liquid, powder, and
isotonic solution (0.01 M MgSO,) formulations containing
three, four, or five bacteria in mixtures of the bacteria, Bacillus
amyloliquefaciens FR203A, B. megaterium FB133M, B. thur-
ingiensis FS213P, B. thuringiensis FB833T, Bacillus weihen-
stephanensis FB25M, Bacillus frigoritolerans FB37BR, and
Bacillus fluorescens FP805PU were assessed in the concentra-
tions of 10°, 10% and 10° colony-forming units per milliliter.
These three created consortia demonstrate a notable decline in
the populations of Meloidogyne ethiopica and Xiphinema index
vineyard nematode.®” Similarly, combining strains of Fusarium
oxysporum using the parasite egg fungus Purpureocillium lilaci-
nus decreased populations of Radopholus similis by 68.5%,
whereas in greenhouse circumstances, combining Fusarium
oxysporum with Bacillus firmus decreased PPNs populations by
86% in bananas.®® Consortium of Bacillus subtilis, Pseudomonas
fluorescens, Beauveria bassiana, Metarhizium anisopliae, Tricho-
derma harzianum and P. lilacinum lowers M. incognita egg
hatching up to 55.65% during 96 hours of exposure.®® However,
the “magic bullet” approach of finding a single strain that could
protect different crops from different diseases in different types
of soil tends to fail.” Three biocontrol bacterial strains Provi-
denciavermicola AAU PR1 (NCBI ACCN: KJ161325), Pseudomonas
putida AAU PR2 (NCBI ACCN: KJ161326), and P. fluorescens AAU
PR3 (NCBI ACCN: KJ161327) were developed and found to be
effective in controlling M. incognita in laboratory settings by the
plant growth-promoting rhizobacterial (PGPR) consortium in
a study.” Following 24, 48, and 72 hours of exposure, the strains
that had been fortified with botanical extracts—specifically,
Azadirachta indica, Ipomoea carnea, and Brassica juncea
(mustard cake)—showed the largest reduction in egg
hatching.®

The activity of biocontrol strains was shown to be regulated
by the setting in which they were deployed.®® As a result,
microbial mixes with varied modes of action were offered as
a strategy to get beyond the obstacles associated with
substandard colonization circumstances and improve the
durability of biocontrol products’ shielding impact.®>”*
Potential bacterial and fungal strains against specific PPNs are
highlighted in Table 2.

5. Mechanism of BCAs towards plant
protection

Different mechanisms underlie the activity of BCAs, contrib-
uting to plant protection from nematodes as summarized in
Fig. 3.
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5.1. Direct mechanisms

Different BCAs activities have come under direct mechanisms
as follows:

5.1.1. Hyper-parasitism. Hyper-parasitism is the direct
antagonistic mechanism where species parasitize another
parasite by disintegrating their cell membrane and active
enzymes. According to Oliveira et al,” P. penetrans is an
endospore-forming bacteria that exhibits hyperparasite activity
towards RKNs, specifically Meloidogyne spp. Trichoderma spp.
can provide tripartite interaction between Trichoderma spp.,
plant and pathogenic fungi and may be a suitable candidate for
pest management for nematodes.**

5.1.2. Lytic enzyme production. Several enzymes, including
lyases of phenylalanine ammonia, chitinases, lipases, gluca-
nases, peroxidases, proteases, B-glucanase, phosphatases, and
dehydrogenases with growth-promoting traits are being
synthesized by plant-promoting bacteria as a biocontrol
agent.”*® In research, the nematicidal and antifungal proper-
ties of the chitinases generated by Chitinophaga sp. (S167) strain
were reported to produce extracellular chitinase which has the
potential to invade 85% of the growth of M. incognita at their
second growth stage.”® Lysobacter enzymogenes (B25) strain can
synthesize extracellular enzymes like chitinase, protease, and
gelatinase to denature nematode cuticles and eggshells
(protein, chitin, and lipids). It can be applied as an eco-friendly
biocontrol agent to prevent Meloidogyne spp.”” Trichoderma and
endophytic fungi are promising and durable BCAs that produce
extracellular enzymes and stop the expansion of PPNs.*®

5.1.3. Alteration in plant exudates. In the case of Arbuscular
mycorrhizal fungi (AMF), the lytic enzymes cannot be produced
to break down organic compounds, the protection concerns the
change of plant exudates.’® AMF can control root-knot nematode
infection due to the effect of AMF and mycorrhizal root exudates
on the initial steps of M. incognita infection, namely movement
towards and penetration of tomato roots.'® In a twin-chamber
setup with a control and mycorrhizal (Glomus mosseae) plant
compartment (Solanum lycopersicum cv. Marmande) connected
by a bridge, M. incognita soil migration and root penetration were
assessed. Penetration into control and mycorrhizal roots was also
evaluated when non-mycorrhizal or mycorrhizal root exudates
were applied, and nematode motility was tested in vitro with the
root exudates present. The application of mycorrhizal root
exudates further decreased nematode penetration in mycorrhizal
plants and momentarily paralyzed nematodes, in comparison to
the application of water or non-mycorrhizal root exudates.
Nematode penetration was decreased in mycorrhizal tomato
roots, and mycorrhizal root exudates likely played a role in this by
influencing nematode motility.**

5.1.4. Antibiosis. Another nematode technique where
biocontrol chemicals are used is antibiosis which plays
a magnificent role in reducing the nematode population by
producing low molecular weight chemical compounds like
antibiotics, alkaloids, flavonoids, peptides, phenol, steroids,
VOCs, secondary metabolites, etc.' These chemical
compounds prevent nematodes’ growth, reproduction, survival,
and juveniles.'” Recent studies revealed that Trichoderma
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Fig. 3 Direct and indirect methods of BCAs to prevent PPNs [modified from ref. 91].

showed positive results in inhibiting the growth of nematode M.
incognita by producing secondary metabolites.”® Similarly,
Streptomyces sp. and Bacillus sp. suppress the growth of nema-
todes by an antibiosis mechanism."**

5.1.5. Nematicidal toxin and volatile organic compound.
Some bacteria and fungi secrete toxins with the help of some
proteins present in their cell, showing nematicidal activity in
agroecosystems. It is reported that B. thuringiensis produces
nematicidal toxins through crystal protein families Cry5, Cry6,
Cry12, Cry13, Cry14, Cry21, and Cry55."* It also invaded the
hatched eggs and juveniles of Meloidogyne hapla by producing
protoxin from the Cry6Aa2 protein.'®

Low molecular weight substances with high vapor pressure
found in plants and microbes are known as volatile organic
compounds or VOCs. It is considered a direct method as it
readily diffuses through air, water and soil. Chemically VOCs
are alkenes, alkynes, alkyl compounds, ketones, esters, ethers,
phenols, and aldehydes which help with nematicidal activity.'*
P. polymyxa KM2501-1 shows volatile compound characteristics,
reducing M. incognita juveniles by 87.66% in vitro and 82.61% in
tomatoes under greenhouse conditions.*”’

5.1.6. Siderophore synthesis. Iron plays a very crucial role
in cellular reactions. It is required in biological processes such
as nitrogen fixation, photosynthesis, respiration, tricarboxylic
acid cycle, oxidative phosphorylation, electron transport chain,
and biosynthesis of aromatic compounds. In plants, main-
taining iron levels is essential as it is associated with various
activities, such as the production of toxins, pigments, antibi-
otics, porphyrins, and cytochromes.**®

Iron is insoluble in soil; therefore, plants cannot absorb it
directly. The insoluble form of iron can be bound by

© 2025 The Author(s). Published by the Royal Society of Chemistry

microorganisms through the production of low molecular
weight compounds siderophore.'” Streptomyces sp. (CMU-
LPS003), Actinomycetes and Aspergillus sp. (CMU-LPS019) fungi
produce siderophore and show nematicidal activity.'*® T.
asperellum (FbMi6) is also reported as a siderophores producer
and nematophagous fungus against M. incognita."** Similarly, P.
aeruginosa AC17 strain showed a nematicidal effect against M.
hapla in strawberry plants.'*?

5.2. Indirect mechanism

5.2.1. Phytohormones. Microorganisms produce phyto-
hormones (abscisic acids, cytokines, auxin, and ethylene),
which induce cumulative plant development and growth.'**
Plant growth-promoting bacteria and fungi can fix nitrogen,
mineralize the organic compound, and solubilize phosphate,
potassium, and zinc from the agroecosystem, which fulfils all
nutrient demands of plants and gives immunity against
diseases. Phytohormones such as gibberellic acid, ethylene,
polyamines, jasmonates, strigolactones, salicylic acid, cytokines
(trans-zeatin ribose, isopentenyl adenine riboside, isopentenyl
adenosine, and zeatin), and auxins (indole butyric acid, indole
acetic acid, and phenylacetic acid) are secreted by bacteria and
fungi that encourage plant growth. All plant growth activity and
metabolism are regulated by these phytohormones."™ To
promote appropriate cell division, tissue elongation, the
synthesis of osmoprotectants and antioxidant enzymes, and to
lessen the negative effects of stimulation brought on by various
environmental factors, microbial phytohormones primarily
stimulate plant growth.'**"” The generation of indole acetic
acid by the P. simiae MB751 strain has demonstrated a note-
worthy function in managing M. incognita and promoting plant
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growth.> reflected 44-57% inhibition of
nematodes.

5.2.2. Nitrogen fixation. Nitrogen is a primary macronu-
trient essential for plant overall growth. In the atmosphere
abundance (78%) of nitrogen is present, but it is not available
for plants directly. Plant growth-promoting bacteria stimulate
plants in nitrogen fixation and nutrient supplementation. There
are two types of nitrogen-fixing bacteria symbiotic and free-
living. Through means of enzymatic processes, bacteria stimu-
late plant growth and convert atmospheric nitrogen (N,) into
ammonia (NH;), a form that plants may easily absorb."*® Bur-
kholderia vietnamiensis B418 has shown a 71.5% reduction in
RKN growth. P. fluorescens and Trichoderma viride also reduced
M. incognita growth in tomato plants."™ P. polymyxa nitrogen-
fixing bacterium exhibiting nematicidal activity.””® These
nitrogen-fixing bacteria may be sustainable BCAs that help
plant development and create a nematode-free environment.

5.2.3. Phosphate solubilization. Phosphorus is an essential
plant element in different aspects such as the synthesis of
proteins, nucleic acids, tissue expansion, cell division, and
complicated energy conversion. It constitutes about 0.2-0.8% of
dry plant weight.*** Phosphorus remains available in the soil in
very small amounts. Most of the time, phosphorous forms
complex compounds with other cations, such as Ca*>*, AI**, and
Fe**, in soil and remains insoluble.’** Phosphate-solubilizing
microorganisms can convert immobilized forms to mobilized
forms of phosphorous with the help of chelation and organic
acid generation activity."”® These phosphate-solubilizing
microorganisms help to develop plants and fight against
different pests, including nematodes, to make plants disease-
free. Nematophagous fungi have the dual properties of phos-
phorous solubilization and nematode infestation."* P. fluo-
rescens (BHU1) was reported as a potential strain against M.
incognita.**

5.2.4. Potassium solubilization. Potassium is a third major
nutrient required by plants for their growth and development.
Low potassium in plants can cause slow growth, poorly devel-
oped roots, and nonviable seed formation."® 95% potassium
remains insoluble form in the soil. At the early growth age of
plants, potassium is required more than phosphorous and
nitrogen in both physiological and biochemical ways."”” B.
megaterium and Pseudomonas sp. help to solubilize potas-
sium."® Penicillium sp. and Aspergillus sp. could be employed as
BCAs to prevent plant pests and can solubilize potassium
also.™

5.2.5. Induced systematic resistance. Plants need a good
immune system for beneficial interaction with soil microbiota.
As the roots of the plants are exposed to a wide range of
microbes, it's important to sense the beneficial microbes for
their interaction and not form symbiosis with the pathogenic
candidates present there.”® The plant needs to differentiate
between beneficial and non-beneficial microbes. To enhance
the defense response against a broad spectrum of pathogen
BCAs, it shows an induced systematic resistance mechanism
towards plants, which helps in priming the whole body. Pseu-
domonas, Bacillus, Trichoderma, and mycorrhizal fungal are re-
ported as BCAs that induced systematic resistance for the plants

growth
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in the rhizosphere zone.”" Polyphenol oxidase, peroxidase,
superoxide dismutase, proteinase, B-1,3-glucanase ascorbate,
phenylalanine ammonia-lyase, catalase, lipoxygenase, and chi-
tinase are enzymes that participate in induced systematic
resistance mechanism by producing phytoalexins and phenolic
compounds.” B. cereus was reported as reduced growth of M.
incognita and M. javanica populations in roots of Arabidopsis
using a systemic resistance mechanism.** Similarly, AMF
reduce the population of Pratylenchus penetrans by 87% and M.
incognita 45%."**

5.2.6. Molecular signaling pathway: signal transduction in
nematode-plant interaction. PPNs must develop a variety of
molecular strategies to overcome the plants’ defense mecha-
nisms to enter and infect their host plants. Despite being
essential to the process of infection, nematode-associated
molecular patterns (NAMPs) such as ascarosides and certain
proteins can be sensed by the host plants.”® This sets off
a sequence of events that eventually result in the activation of
fundamental defense mechanisms. Certain worms can coun-
teract host resistance by introducing effectors into vulnerable
hosts' cells, which rewires the basal resistance signaling. They
can also alter the hosts' gene expression patterns, which makes
it easier to create nematode-feeding sites (NFSs).

Using damage-associated molecular patterns (DAMPs) and
NAMPs, PPNs can activate several signaling pathways that
facilitate advantageous interactions with plants.™® To overcome
the plant defense system, they are released at the early stages of
intracellular root invasion.”®>*** PPNs' effector proteins enable
them to trigger and regulate several signaling pathways in
plants. These effectors can induce auxin and cytokinin
signaling for the synthesis of NFSs, as well as block the path-
ways of salicylic acid (SA) and jasmonic acid (JA) signaling to
elude host defense mechanisms.**

PPNs emit NAMPs that initiate signaling for plants to
develop NAMPs-triggered immunity (NTI) based on camalexin.
The BCAs, like GPCRs/GTPases (G-Protein-coupled receptors)
and MAPK-cascade (Mitogen-Activated-Protein Kinases) trap
nematodes via the signal transduction pathway. GPCRs/
GTPases generate the protein to increase nematicidal activity,
and MAPK retains the cell wall's integrity.”*” A study found that
the nematodes of plant pathogenic roots, M. hapla, and sugar
beet cysts, Heterodera schachtii, are inhibited by the genetic
expression of A. oligospora, Monacrosporium cionopagum, and
Arthrobotrys dactyloides.**®

Similarly, the secretions of nematodes can start several
signaling cascades in plants, activating genes necessary for the
creation of PPNs in those plants. In addition, the innate defense
mechanism is triggered by the host plants' identification of
these NAMPs as a defense mechanism to protect them from
nematode invasion.** Additionally, it has been suggested that
nematodes could use their ability to create effector proteins to
alter the cytoskeleton, small RNA synthesis, and cell cycle of
plants to get beyond the host's basic defenses against
parasitism.*****

Moreover, PPNs can influence several signaling pathways in
their hosts, including post-transcriptional alterations, gibber-
ellin (GA), cytokinin, jasmonic acid-salicylic acid (JA-SA), and
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gene silencing pathways. Receptors for pattern recognition
(PRRs) concentrated in membranes are found next to the cell
wall. They are capable of identifying conserved pathogen/
microbe-associated molecular patterns (PAMPs/MAMPs),
which include cell wall derivatives, proteins, lipids, and carbo-
hydrates."' Following PAMP/MAMP recognition, PRRs start
a conserved downstream cellular signaling cascade inside the
host cell's cytoplasm known as PAMP-triggered immunity
(PTI).*** Reactive oxygen species (ROS) are produced, mitogen-
activated protein kinases (MAPKs) are activated, and signaling
pathways are induced by jasmonic acid (JA) and salicylic acid
(SA).135
In a different investigation, it was discovered that whilst a T-
DNA-insertion mutant of PAD3 resulted in increased suscepti-
bility, the overexpression of both WRKY33 and MKK4 boosted
resistance against H. schachtii in Arabidopsis.**>* Members of the
CLAVATA/ESR (CLE) family of signaling peptides have also been
found to be present in PPNs. It was found in a different study
that CLE peptides have a dual role in plant meristematic tissues:
they stimulate and inhibit cell development. CLE peptides are
involved in CLE signaling, which promotes plant nematode
parasitism, and they are essential for meristem development.
A different study claims that host plants use venom allergen-
like proteins (Vap), which are essential PPN components, to
detect nematode infections and mount a defense."** To cause
PCD and increase resistance to the infection by G. rostochiensis,
there are strong connections between the G. rostochiensis Vap
protein (Gr-Vap1) and the tomato cysteine protease, Rer3pim,
and immune receptor protein, Cf-2."** These two genes seem to
play a significant role in tomatoes' ability to perceive signals and
how those signals combine with unknown R proteins to produce
resistance responses. There have been suggestions that the
nematode effector protein Mj-FAR-1 from M. javanica may be
involved in inhibiting JA-mediated signaling and regulating
lipid-based molecular signaling in plant-nematode interactions.
A small quantitative trait locus (QTLs) controlling nematode
resistance was additionally documented, in addition to the well-
characterized R genes. Among these, Rhg and Cre are well-
known examples that give defense against soybean cyst nema-
todes (SCN) and cereal cyst nematodes (CCN) in soybean and
wheat, respectively. Naturally occurring QTLs called Rhg1 and
Rhg4 have been found in soybeans to regulate resistance reac-
tions to SCN.™* Finding resistant QTLs may also be accom-
plished with the help of genome-wide association studies
(GWAS). For example, 13 single nucleotide polymorphisms
(SNPs) were shown to be linked to soybean cyst nematode
resistance in soybeans, and 3 of these SNPs were connected to
the Rhgl and Rhg4 QTLs that have been described before.**?
Studies reveal that nematodes alter RNA silencing pathways
to facilitate the infection process: Plant responses to abiotic and
biotic stressors often involve RNA silencing, a tactic in which
microRNAs (miRNAs) play a key role as modulators. It was
discovered that the Arabidopsis microRNA mi396 interacts with
transcription factors like Growth-Regulating Factor, GRF1/
GRF3 to control how the infection caused by H. schachtii
reprogrammes root growth.'*® Recognizing molecular signaling
in interactions between plants and nematodes may be aided by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in-plant RNA silencing of PPNs and host plant genes implicated
in different signaling pathways.® To identify genes that
interact in different signaling pathways linked to plant defense
systems, new transcriptomic technologies like high-throughput
RNA-seq will be useful.**®

Many differently regulated plant genes have been found in
PPNs secretomes and diverse host plant transcriptomes® and
these genes may be useful in understanding how syncytia
silencing is site-specific and enhances plant resistance to
nematodes.* New molecular methods, for high throughput,
techniques like deep sequencing could be helpful in research to
give a comprehensive picture of the signaling pathways that
control plant-nematode interactions.'*® Sequencing of RNA
from gland cells may be used to comprehend how different
effectors are connected to the signaling cascade function.'
Analogously, genome editing techniques such as CRISPR-Cas9
can be utilized to investigate the roles of different genes in
plants and nematodes that are associated with both positive
and negative interactions. The way of interaction between the
nematode effector proteins and plant R proteins (GETs) may be
more fully understood with the aid of these genome editing
techniques.***

6. Market size and commercialization
of bacterial and fungal BCAs

The market for biological control agents is presently estimated
to be worth more than USD 5.23 billion, and by the end of 2032,
it is expected to have grown to USD 20.4 billion, with
a compound yearly growth rate (CAGR) of more than 16.4%
from 2024 to 2032."** The market is divided into categories
based on crops: fruit and vegetables, grains and cereals, pulses,
and others (such as mushrooms and oilseeds). In 2023, fruits
and vegetables accounted for a significant 42% of the market,
and through 2032, growth is predicted to be more profitable.**®
In India, the market for BCAs is projected to be worth 1.95
billion USD in 2024 and 2.57 billion USD by 2029, expanding at
a CAGR of 5.67% from 2024 to 2029."* This data show the
upcoming market opportunity and the demand for biological
control in the future. Day by day public demand is increasing
for organic farming and production for better health perspec-
tive. Thus, in the current situation, the addition of BCAs used in
the agriculture field to chemicals is a safer approach towards
the health of soil and plants which is directly and indirectly
associated with all living aspects on earth.

BCAs are suitable candidates that can be used as an alter-
native to chemical nematicides. It can fulfill all the needs of
plants by enhancing plant growth and development, soil
fertility also fighting against disease. To achieve eco-friendly
sustainable agriculture, biocontrol may be formulated for
commercialization. For the formulation process, it's essential to
understand the microflora and their symbiotic association for
consortium development. Proper isolation, screening, and
several field trials can scale up the potential microbes from the
lab to the agriculture field. Various effective BCAs are available
commercially (Table 3).
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The delay in the registration process of products based on
many strains of microorganisms can also be attributed to
several issues. These include the difficulties in developing and
sustaining products that contain live organisms, as well as the
gradual adoption of technology and regulations intended for
chemical products.”® Nonetheless, there is hope for improve-
ment in this situation primarily because of scientific efforts to
enhance the functionality of such drugs and identify the cause
of unstable action.**"*>>

Moreover, the agricultural sector acknowledges biological
control as a possible source of cutting-edge “pesticides” for use
in organic (green) farming.'*® The simplicity and speed with
which microorganism-based agricultural commodities can now
be registered is an observable trend; this opens the door for
a variety of microbial consortia-based products to reach the
market."® The benefits of biocontrol consortia over single
species are more efficient, robust, and modular methods. The
capacity of microorganisms, particularly their mixes, to protect
plants from illness and stimulate plant growth is a significant
benefit of pathogen biological management.”” This makes it
possible for a microbial consortium to be approved as a bio-
fertilizer, which frequently happens through a less complicated
product registration procedure.**

Farmers can be encouraged by biofertilizers that shield
plants against illness, particularly those who are interested in
conventional, sustainable, or organic farming, to adopt bio-
logical approaches.” It is a continuous process in which new
strains need to be identified to lower the resistant power of
PPNs in laboratories, and the best candidate should be taken to
the pilot level for commercialization Fig. 4.

7. Challenges and future prospectives

Utilizing bacteria, fungi, and their consortia as BCAs to manage
phyto-parasitic nematodes is a viable strategy for reducing the
need for chemical nematodes and mitigating the detrimental
effects of nematodes on crop productivity. However, there are
still several challenges that need to be addressed to fully utilize
these BCAs effectively and sustainably. The first and foremost
among these issues is that, akin to other pest management
approaches, biological control offers numerous advantages;
however, since it impacts the natural environment, we must
preferably predict, any possible risks that could result from its
implementation. Therefore, before using BCAs, a comprehen-
sive analysis of the advantages and hazards should be con-
ducted to give stakeholders the knowledge they need for
effective, secure, and long-term pest control and production.®*

Another obstacle is that while many microbial strains and
isolates show promise when evaluated in vitro for the biological
control of PPNs, not all of them can be effectively transformed
into bio-nematicides since not all of them consistently produce
positive results when used in field settings. For instance, there
aren't many commercially available plant growth-promoting
rhizobacteria that serve as BCAs against PPNs. Similarly, not
all BCAs, may be used as independent tools for PPN manage-
ment."”> Conversely, microbial consortia are at the cutting edge
of extensive study and have considerable potential for
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Fig. 4 Schematic showing the commercialization process of BCAs.

biocontrol; yet, barriers to BCA registration may deter the use of
commercial plant protection solutions.

As BCAs are typically selective and only kill the intended
organisms; their application is highly biodegradable and prof-
itable to improve crops and crop quality, understanding the
epidemiology, survival, and molecular mechanism of action of
BCA is an essential part of delivering an effective nematicidal
activity. Recently, attention has turned to the molecular
underpinnings of the interactions between nematodes and
microbes.'”* Knowing the molecular mechanisms behind these
interactions is a crucial part of understanding how the plant
host reacts to this interaction as well as how nematodes react to
BCAs and vice versa.'’? Similarly, there is growing interest
globally in the identification and application of metabolites
from bacteria and fungi that have nematostatic and nematicidal
properties.””* To properly understand the scope of these inter-
actions, biological control, an ecologically grounded field,
should thus constantly take an evolutionary stance, taking into
account the innate diversity in behavior, phenotype, and
genetics of BCAs and their targets.'”® Naturally, new avenues for
biological control are being opened up by the growing accessi-
bility and affordability of DNA sequencing, as well as the
capacity to modify an organism's genome and create new traits
in it."® Using multi-omics data, which is increasing in number,
could be an intriguing route for such a study.'”” By employing

openly accessible genomes, transcriptomes, phenomes,

348 | Environ. Sci: Adv., 2025, 4, 335-354

Commercialization of
BCAs
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metabolomes, and proteomes in the meta-analysis, we can
identify broad trends in scientific experimentation.'”

The process by which plants discern between good and
harmful bacteria is still unknown. However, it has been
proposed that plants can adjust their microbiome by releasing
certain nutrients to increase competitiveness."”® Plant-
beneficial microbes produce and withstand a variety of anti-
microbials, giving them an edge in competitive environ-
ments.”? Furthermore, microbial strains can encourage the
production of metabolites required for their protective function
against plants and outcompete or inhibit them.****** Because of
its intricacy, microbial consortia composition for biological
plant protection is more challenging. Therefore, examining how
extremely hostile strains interact in biocontrol is essential to
guiding the generation of successful consortia. Climate and
environmental factors can impact the effectiveness of biological
control agents in the domain. Temperature, humidity, and the
availability of suitable habitats are some of the characteristics
that affect the adaptation and establishment of an imported
species.'® Understanding suitable strains according to different
zone climates is an important factor that can be acquired by
analyzing the soil properties. More focused management
approaches could be developed by looking into PPNs that have
been neglected. Moreover, much recent research lacks realistic
applicability in natural settings and is conducted in vitro using
single inoculants or by-products (lysates and filtrates).'®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Teaching farmers about the application of soil organic
amendments is also necessary., which promotes the establish-
ment of soil microbes capable of reducing PPN populations and
strengthening plant and soil fertility development.*®** Along with
other control methods, this also lowers labor costs.*®>'8”

Nevertheless, insufficient knowledge sharing between industry
and academics may also be the reason for the comparatively low
number of biocontrol formulations.®® Therefore, it is imperative
that scientists, companies that make plant protection products,
farmers, and regulatory bodies communicate better. When
managing dangerous pests, in particular, common knowledge,
experience, and resources can be used to successfully undertake
a global biocontrol program. It is vital to comprehend the
importance of potential microbes and their synergistic associa-
tion for future commercialization as a potent biocontrol product
to mitigate crop losses and boost agricultural productivity.

Although it takes much budget and planning to accumulate
a biological control system, biological control can be costly
initially but can end up being cost-effective in the long term
because BCA is self-sustaining in the environment.'®***

However, no matter how promising, BCAs still have a lot of
obstacles to overcome. The biology of the BCA might not be
appropriate for the location in which it would be best used or
compatible with the application method and formulation."
However, the bulk manufacture of microbial agents, their
storage and release techniques, their long-term effects, and
their potential to harm non-target creatures continue to be
some of the major barriers to the effective application of
biocontrol measures.

Similarly, microbial BCAs can lose their effectiveness in
unfavorable climatic settings, and although it is difficult to
forecast, climate change may damage natural adversaries and
impair their capacity to control pests in otherwise mild climate
circumstances.™

8. Conclusions

Soil microorganisms have emerged as vital components of crop
management approaches that attempt to contribute to agricul-
tural sustainability. However, farmers tend to advocate the
implementation of chemical-based fertilizers regardless of the
vast quantity and diversity of microorganisms considered to be
BCAs. Chemical preference is the reason for the limited efficacy of
microbial-based treatments as well as the challenges posed by
cropping system variety. The biological control of pests and plant
diseases in agriculture by the use of helpful microorganisms is
a feasible substitute for conventional pesticides. Single microor-
ganism application was the traditional method of crop protection
using microbe-based biocontrol techniques. Although the efficacy
of microorganisms in managing pests and illnesses has been
extensively studied, the significant obstacle to their broader
implementation in agriculture is the wunpredictability of
outcomes frequently observed under field conditions. Their
intricate relationships with the soil microbiota and the
surrounding environment have a significant impact on the
durability and functionality of the inoculant. Variable environ-
mental circumstances and low competitiveness against native

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bacteria may contribute to the inconsistent or inefficient perfor-
mance of single-strain inoculants. Combining diverse strains to
cover a larger range of target organisms and environments is one
of the best ways to address these problems. Therefore, a major
biotechnology development that is being exploited for economic
gain in the context of sustainable agriculture is the formation of
microbial consortia to boost the dependability of already utilized
biological control approaches. However, there are very few
examples of microbial consortia performing better and they are
often related to growth or yield promotion and generally involve
Aureobasidium, Trichoderma, Bacillus and Pseudomonas.
Combining beneficial microorganisms that are compatible and
have complementary impacts on a variety of targets, direct and
indirect ways of control, and effectiveness in a range of conditions
would produce biocontrol products with greater versatility. For
the products to be commercialized, they must first undergo
testing and validation through repeated field trials in the inten-
ded geographic areas. This might be a crucial step in successfully
using this environmentally-friendly technology in farming. This is
because microbial-based plant protection solutions, particularly
those containing numerous species, will likely remain chal-
lenging and need further research. By examining unexplored
microbial diversity, future studies must concentrate on finding
novel strains with strong biocontrol characteristics. Finding
bacteria and fungi with broad-spectrum capability to invade
various plant diseases may entail a thorough sample and
screening of varied habitats. Researchers might benefit more
from learning about the interactions between diseases and
beneficial microorganisms by combining contemporary omics
and metagenomic techniques. The transcriptome, proteome, and
genome profiles of microbes and plants may provide important
insights into the mechanisms and variables influencing disease
suppression during biocontrol interactions.

It is essential to evaluate the different roles of single bacterial
and fungal strains for novel consortia development. Finally, for
the adoption of biological control agents over chemical methods,
there is an utmost requirement that industry, government and
academia should come forward to dig out the various beneficial
synergistic combinations of microorganisms that can surpass
chemical pesticides for mitigating the plant pathogens thus
providing plant protection in a greener way. Eventually, the
productivity and sustainability of agriculture may be greatly
impacted by the development of efficient microbial consortium
strategies for mitigating phyto-nematode infestations.
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